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ABSTRACT: This study introduces the modeling and analysis of the extraction process of bioactive
compounds from fenugreek seeds in different solid-to-solvent ratios (0.5-60 g/L) and extraction times.
Maceration was applied with agitation for the extraction processes and total phenolic compounds, total
flavonoid content and antioxidant activity of the extracts were measured as experimental data. The
amount of extractable phenolic compounds having antioxidant effect was increased by adjusting the solid-
to-solvent ratio. According to obtained results, the highest values were determined as 12564.08+376.88 mg
gallic acid/100 g dry sample, 7540.44+39.67 mg quercetin/100 g dry sample and 1904.80+17.43 mM
Trolox/100 g dry sample for total phenolic compounds, total flavonoid content, and antioxidant activity,
respectively. The extraction process was modeled using standard Artificial Neural Networks (ANN) and
Pi-Sigma Neural-Networks (PSNN). The PSNN model had a higher prediction efficiency with lower
RMSE (%) values varied between 0.94% and 1.30% for both training and testing.

Keywords: Fenugreek Seed, Phenolic Compounds, Antioxidant Activity, Modelling, Artificial Neural
Network

1. INTRODUCTION

Fenugreek (Trigonella foenum-graecum L.) is a legume of the Leguminosae family that grows in the
Mediterranean region, and its seeds are the most valuable plant part. Fenugreek seeds were used as
medicine in ancient times, and today it is generally used as a spice with its unique flavor [1-2]. In addition
to being preferred to give taste and flavor to curries, the seeds are used in the food industry to enhance
flavor, prevent bacterial contamination, and extend shelf life. Fenugreek seeds are also added to many
food products such as bakery and meat products, alcoholic beverages, candies, syrups, and sugary sauces,
chewing gums, and sugar creams [3]. Also, fenugreek has been widely used as an important dietary
supplement in several countries and most supplements are made from fenugreek seeds or seed extracts
[2].

Fenugreek seed is a product with a very rich composition in terms of phenolic substances, dietary
fiber, protein, oil, nitrogenous compounds, various minerals, and vitamins. Due to its rich composition,
fenugreek seed is known to have important and positive effects on human health [4-5]. It is known that
fenugreek seeds have antioxidant and antimicrobial properties, anti-inflammatory, hypoglycemic,
antipyretic, hypolipidemic, anticholesterolemic, anthelmintic, antileprotic and antibronchitic effects [3, 6-
7]. These effects of fenugreek seeds have been associated with flavonoids such as vitexin, tricine,
narinjenin, quercetin, luteolin and molecules with antioxidant effects such as ascorbic acid, glutathione,
[B-carotene, alpha tocopherol in their extracts [8-10]. Therefore, the extraction of phenolic compounds
having antioxidant activity from fenugreek seeds can potentially increase the economic value of this plant
and create new usage areas for the product.

*Corresponding Author: Selami BEYHAN, selami.beyhan@idu.edu.tr
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Artificial neural networks (ANNSs) are one of the well-known learning models that holds an important
place in artificial intelligence and have been recently used in many applications of food processes [11]. So
far, single-layered ANN models are used in many fields of science due to design and implementation
advantages. The hidden layer and output layers of these ANN models are usually in the same standard
form. Therefore, a numerous number of ANN synthesis studies can be found using this standard form in
literature. However, single-layer ANN models are not uniform either. High-order neural networks
(HONN) are also single-layered ANN models [12], and have likewise fast learning capacity, strong
approximation, large storage capacity, high fault tolerance, and accurate mapping capability. On the other
hand, multi-layered neural networks have disadvantages due to the large number of parameters, time-
consuming training process for the complex and nonlinear processes [13]. The fundamental difference of
conventional ANN and HONN models is based on the output construction that can be constructed with
multiplicative and additive neuron models [14]. Pi-Sigma Neural-Networks (PSNN) are a class of HONN
with a high-approximation capability that were introduced in [12]. PSNN is much more successful in
prediction of time series or time-series-like data compared to conventional one hidden-layered ANN and
other HONN models [13-15] and has fast convergence speed compared to the multi-layer perceptron
networks [16]. Recently, convergence analysis of a new sigma-pi-sigma neural-network convergence
analysis has been presented in [17]. In food processes, there are time series-like behaviors under unknown
inputs of the environment and PSNN model has been known to be very successful in estimating time
series.

In literature, ANN based modelling has been recently applied for simulation and optimization for the
extractions of phenolic compounds from garlic [18], green and black tea [19], cocoa shell [20], sweet potato
peel [21], peppermint [22], grape skin pomaces [23], and to predict the particle size of phenolic compounds
in nano-systems [24]. However, there have been no studies modeling and analyzing the extraction of
phenolic compounds from fenugreek seeds by ANN. Furthermore, with the best knowledge of authors,
PSNN model has not been used in food processes of literature. Due to the importance of bioactive
components, extraction must be achieved efficiently, so this study is conducted to analyze and optimize
the extraction process. The aims of the present study are to propound the contents of phenolic compounds
and antioxidant activity of fenugreek seeds, and to model the extraction process and simulate the effects
of solid-to-solvent ratio on extraction efficiency.

2. MATERIALS AND METHODS
2.1. Material

Fenugreek seeds were purchased from a local market in Turkey. After removing the impurities, the
seeds were granulated using a grinder (Sinbo SHB 3020, Turkey). The particles were sieved using a pore
diameter of 630 um sieve and the powder taken under the sieve was used in extraction processes. All
chemicals (Folin-Ciocalteau reagent, sodium carbonate (Na2COs), sodium nitrite (NaNO2), aluminum
chloride (AICIs), sodium acetate (CH3COONa), 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic acid, Trolox,
quercetin) used were of analytical better/grade.

2.2. Extraction processes

Extraction of polyphenols from fenugreek seeds were carried out using classical extraction only with
distilled water as a solvent. A magnetic stirrer was used at 400 rpm for agitation of the fenugreek powder
and distilled water. The effect of extraction time and solid-to-solvent ratio on total phenolic compounds
(TPC), total flavonoid content (TFC) and antioxidant activity (AA) of the extracts were investigated.
Accordingly, 30-360 minutes of extraction times and solid-to-solvent ratio of 0.5-60 g/L were chosen as the
extraction parameters. All the extraction processes were performed at 25°C. After extraction processes,
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samples were centrifuged at 6000 rpm for five minutes, and supernatants were used for the analysis. All
the experiments were duplicated.

2.3. Total phenolic compounds (TPC)

Folin-Ciocalteau method was used for determination of TPC present in fenugreek seed extracts [37].
The extract was mixed with diluted Folin-Ciocalteau at a ratio of 1:1 (v/v). A solution of Na2COs (210 g/L)
was added to this mixture. The mixture was incubated at room temperature for 25 minutes and then the
samples were centrifuged at 3800 rpm for 10 minutes. The absorbances of the supernatants were measured
at 760 nm (PG Instruments T80, UK). TPC was presented as mg gallic acid/100 g dry sample.

2.4. Total flavonoid content (TFC)

TEC of the fenugreek seed extracts was determined by aluminum chloride method [6]. The extract
diluted with distilled water was mixed with NaNO: and incubated for 5 minutes. Then 10% AICls was
added, and incubation was continued for 6 minutes more. At the end of the incubation, 1 M NaOH
solution was added and the absorbances of the samples were read at 510 nm wavelength. Total flavonoid
compounds are expressed as mg quercetin/100 g dry sample.

2.5. Antioxidant activity (AA)

AA of the samples were measured with DPPH radical scavenging activity method [25]. 50 pL of
sample was mixed with 0.1 mM (prepared in ethanol) of 1.95 ml DPPH. After incubation for 30 minutes,
the absorbance of the samples was determined at 515 nm wavelength. The AA of the samples was
explicated as mM Trolox/100 g dry sample.

2.6. Predictive modeling using artificial neural-networks

The extraction process is mathematically assumed as nonlinear, discrete-time, casual, two-input and
single-output static mapping function which is modeled by artificial neural-network as:
9 = ANN(ty, C., W) 1)
where y(k) is the predicted output variable, ANN is the optimized artificial neural-network model, k is
the experiment number or sample index, t; is the time (duration of extraction process), Cy is the solid-to-
solvent ratio and W is the optimized parameters of the network. Designed model provides the predictions
of there outputs such as TPC, TFC and AA at the same time. By doing that any of the input time and solid-
to-solvent ratio input values the output predictions can be obtained by the designed artificial neural-
networks. Figure 1 illustrates a one hidden layer standard ANN structure where its functional form is
formulated as:

y =Wy f(Wix + B) @)
where  is the predicted output and x is the input values of the model. The W; and W, are input-layer and
output-layer weighting parameters, respectively. The B vector is the bias parameter vector for hidden-
layer neuron to prevent their sleepness. In equation (2), total parameter matrix can be rewritten as W =
[W, W; B] to be optimized for the construction of optimal model for input-output approximation. The f(.)

is the activation function of the neuron cells. Conventional logistic function is
1

fO) == (3)

here used as an activation function of the neurons [12, 15].
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Predicted Output
Solid-to- (TPC, TFC, AA)

solvent ratio

Figure 1. Standard ANN model.

2.7. Pi-Sigma Neural-Network (PSNN)

PSNN model was first introduced in Shin and Ghosh [12] where the multiplication of the linear
combinations of the network inputs construct the output of the network. The linear combination of the
network inputs shows the degree of the PSNN. When the problem definition is highly nonlinear and
complex, in order to model the input-output behavior, there is need a relatively large degree. The large
degree of PSNN provides better prediction results, but needs more computational time of training due to
the overfitting. For standard regression data, small number of the linear combination might be enough for
the output modeling. The PSNN model with n inputs and m outputs are illustrated in Figure 2. The linear
combination of the inputs are calculated by tunable W; parameter and biases parameter vector B is added
to calculte the outputs of the hidden neuron cells. The j* neuron output of the hidden-layer is calculated
as

by = fnCZi Wi +By)  k=1..H 4
where, f hidden activation function is selected as a linear activation function as f,(x) = x. However, the

outputs are calculated using logistic activation function f(x) = m as
1

Ir = fTR=1 () = Treop (I, () T = 1..m )
In Figure 2, the neuron activation functions of hidden layer use linear combination of previous
features then summation passes through a linear activation function. The outputs of the hidden layer
neurons are multiplied to construct the output of the network where these outputs are passed through a
nonlinear activation function such as logistic, tangent hyperbolic etc. The most important difference is that
the W, weight parameters of the PSNN are fixed constant and not trained. Input data of the designed
models are normalized to [0,1] interval and LM optimization is used to optimize their parameters. The
output prediction performance of the models is calculated by RMSE given as

RMSE = J%EL |é(k)|? (6)

where N is the number of the testing dataset and é(k) = y(k) — y(k) is the prediction error of kt*index
[13].
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) Predicted Output
Solid-to- (TPC, TFC, AA)

solvent ratio

Figure 2. PSNN model.

3. RESULTS AND DISCUSSION
3.1. Effect of extraction parameters on bioactive extracts

Extraction is a process in the recovery of bioactive compounds from natural sources. The extraction
conditions depend on factors such as the extraction method to be used, solvent type, pH, temperature,
sample-to-solvent ratio, and extraction time as well as the nature of the bioactive components to be
extracted [25]. Therefore, it is necessary to know how these parameters affect the extraction efficiency in
obtaining fenugreek seed extracts rich in phenolic compounds. In this study ten different solid-to-solvent
ratios varied from 0.5-60 g/L were used at different extraction times keeping all other parameters constant.
According to obtained results, at 5 g/L and 180 min, the highest values were determined as 12564.08+376.88
mg gallic acid/100 g dry sample, 7540.44+39.67 mg quercetin/100 g dry sample and 1904.80+17.43 mM
Trolox/100 g dry sample for total phenolic compounds, total flavonoid content, and antioxidant activity,
respectively. When the extraction studies with fenugreek seeds were examined, it was seen that the TPC
of the fenugreek seed extracts obtained using organic solvents such as methanol, ethyl acetate and hexane
was 942-10631.6 mg gallic acid/100g dry [6, 8]. In addition, using pure water only, the TFC value was
determined as 1749 mg quercetin/100 g dry sample, and it was reported that TFC comprised
approximately 37% of the total phenolics in fenugreek seeds [4]. In a different study, it was stated that
fenugreek seeds can contain flavonoids up to 100 mg/g dry sample level depending on the climatic
conditions of the region [26]. From this point of view, higher values than the literature obtained in the
current study showed that water can be used as a successful solvent that contains a solution to the problem
of solvent toxicity as well as being inexpensive, highly accessible and environmentally friendly.

Fig 3a, Fig 3c and Fig 3e illustrate the effects of solid-to-solvent ratio on total phenolic compounds,
total flavonoid contents, and antioxidant activity of fenugreek seeds. The amount of extractable phenolic
compounds with antioxidant effect was increased by adjusting the solid-to-solvent ratio. It was seen that
the amount of extracted phenolic compounds increased with increasing in the solid-to-solvent ratios up
to a certain point (5 g/L), but then decreased and remained almost constant with the increase of the solid-
to-solvent ratio (Fig 3). The concentration gradient between the vegetable tissue and the solvent is
increased by increasing the amount of solvent for a fixed amount of solid matrix, resulting in a faster
extraction rate [27]. Therefore, the increase in the amount of phenolic compounds in the extracts at
increasing solid concentrations (up to 5 g/L) can be explained by the increase in concentration gradient.
However, Wani et al. [36] stated that more gums could be extracted from the fenugreek samples rather
than bioactive compounds if the distilled water is used as a solvent. Due to the increase in solid matter
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content at high solid-to-solvent ratios (after 5 g/L), more gums were extracted, and highly viscous
solutions were obtained during the process which may have affected the filtration process, resulting in
lower TPC and TFC values. A similar trend of the TPC and TFC was observed for the AA of the samples
which indicated that the phenolics and flavonoids were responsible for the antioxidant activity of the
fenugreek seed extracts (Fig 3e). Hence, the literature studies [28-30] revealed that AA of fenugreek seed
extract was highly correlated with TPC and TFC.

As can be seen from Figure 3b, Fig3d and Fig3f, the highest extraction rate was reached in the first 150
minutes. However, after this period, the extraction rate started to decrease and almost stabilized. As the
concentration gradient decreases over time, the extraction yield starts to decrease with the increasing
extraction times. Therefore, an excessive time is not needed to be able to extract more phenolic compounds
from fenugreek seeds. Similar results observed in different extraction studies of phenolic compounds [31-
33].

3.2. Predictive modeling of extraction process

Artificial neural network (ANN) modeling is a challenging method in the estimation and prediction
process parameters and food properties in a broad spectrum such as estimation of coumarin extraction
yield from Cuscuta reflexa [34], prediction of particle size and polydispersity index of phenolic compound-
loaded nanosystems [24], microwave-vacum drying characteristic of carrot [35], and etc. In this study,
there are performed 70 experiments with different time periodes and concentration rates such that
modeling of phenolic compounds for the extraction process is achieved based on all data sets or
experiments instead of one-by-one time periods and solid-to-solvent ratios. It means that the designed
models correspond to all cases of the extraction process. In the future, anyone can predict an estimate of
phenolic compound output for a different combination of the solid-to-solvent ratio and time. Table 1
shows the RMSE and RMSE (%) performance results of the prediction errors for all modeling experiments.
Remember that the ANN is the one hidden-layered conventional neural-network, PSNN is also one

hidden layered higher-order neural-network with different functionalized outputs. RMSE results indicate
RMSE

max(|y])
the obtained RMSE is relative to the maximum value of the output. RMSE value can be considered

relatively large for a neural-network prediction but, its RMSE (%) is very small which shows that very

a mean error per data calculated by Equation (6). However, RMSE (%) = x 100 shows how large

acceptable predictions are obtained for the modeling of the extraction experiments. In other words,
designed models have a high learning and generalization capability for the extraction process. Although
it has fewer parameters, PSNN was shown here with experimental results that it predicts much better than
standard ANN, and it is predicted to be used in future food processes.



318 S. BEYHAN, H. ISLEROGLU

I~ 14000 A30 minutes 14000
= ©90 minutes @
g P} ¥ X150 minutes g 0}
g 12000 [ ®= @ 0180 minutes § 12000 [}
S : ﬁ +210 minutes %‘ ‘ g X
= !
o o ®270 m!nutes > 10000 M
=} 360 minutes S
g 10000 g ¥ .
3 = * *
S a B ¥ & 8000 ; a i
E
= 8000 é - L 3 % = A &
3 5] g ] 2 6000 g %05 g/L
=3 © & 2 ©1g/L
5 6000 [ 14 g A2l
° h 8 4000 05 gL
% . © x ©10g/L
2 5 +20 g/L
2 4000 lg & S 2000 30 glL
= = %40 g/L
g & & & A A s z gg g;L
L o g L
] ] ] ] ] ] [ 0
2000
0 10 20 30 40 50 60 0 50 100 150 200 250 300 350 400
Solid-to-solvent ratio (g/L) Time (minutes)
(a) solid-to-solvent ratio vs. TPC (b) time vs. TPC
T 8000 — A30 minutes 8000
?Ez T i S ©90 mln.utes 3 ° =) ‘
§ 7000 [ X X150 minutes £ 7000 & S 4
> :‘ = 00180 minutes 2 " * 2
£ B ! > 2 8
> 2 +210 minutes 5 6000 f+;
g 6000 T %270 minutes S g I - -
b i & 5 360 minutes ] 5000 x * _
8 5000 E T = g x !
5 = e g = - F &
2 & B . 1 S 4000 5 &
4 T T 5] B 5 %05 g/
2 4000 4 ,5 gL
E & & PN = o1glL
= L3 £ 3000 Q A2g/L
g g 05 giL
£ 3000 £ 0109/l
5 = [
8 F A & g 2000 g +20 g/L
2 2 30 giL
§ 2000 A 2 1000 %40 g/L
g & & & A B %50 g/l
5 : . . ! ! ! ! AGO QL ,
3 1000 s
= 0 10 20 20 40 50 60 e 0 50 100 150 200 250 300 350 400
Solid-to-solvent ratio (g/L) Time (minutes)
(c) solid-to-solvent ratio vs. TFC (d) time vs. TFC
2000 m A30 minutes 2000
@ & ©90 minutes T Q2 o 0]
T O
£ 1800 I3 £ g %150 minutes S 1800 Q g ‘ g
8 © 01180 minutes 8 1600 ! M x
€ 1600 X +210 minutes z )
2 %270 minutes 2 1400 2 = ==
S 1400 g T 360 minutes 5] *= =
3 T % X 1200 3 ¥ § g g
8 S -
£ 1200 & ¥ . £ 1000 % &
z o = § %05 g/l
£ A4 ] £ a0 olgl
£ 1000 T g s A2giL
A s St
= 800 8 _
g g +20 g/L
(]
g & é 400 X ool
2 600 & 2 200 x40 g/L
: s : A
& Iy & . 0 A60g
400 . 1
0 10 20 30 20 50 50 0 50 100 150 200 250 300 350 400
Solid-to-solvent ratio (g/L) Time (minutes)
(e) solid-to-solvent ratio vs. AA (f) time vs. AA

Figure 3. Experimental results (a-b) total phenolic compounds (TPC), (c-d) total flavonoid content (TFC),
(e-f) antioxidant activity (AA).
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Table 1. RMSE performances of neural networks.

For Training Data For Testing Data
TPC TFC AA TPC TFC AA
RMSE 142.02 212.12 16.28 178.95 201.87 24.20
ANN RMSE (%) 1.13 2.80 0.85 1.42 2.67 1.27
PSNN RMSE 118.75 66.93 15.92 163.19 96.67 20.23
RMSE (%) 0.94 0.87 0.83 1.30 0.27 1.06

Figure 4 illustrates modeling and prediction results where the collected data of the extraction
experiments are divided into two parts as training and testing parts. The training dataset has 50 data
points, testing dataset has 20 data points where both randomly chosen from the experiments. Then,
modeling and prediction results are plotted according to randomly selected datasets. Notice that we did
not use validation dataset for the structural design of the neural networks instead, we applied grid-search
for the model design. According to the grid search of parameter space, optimal neural-networks models
are obtained as follows: i) ANN has 1 hidden layer with 30 neurons and totally 90 weighting parameters,
PSNN has 1 hidden layer with 10t order output neuron then there exist totally 30 weighting parameters,
respectively. Figure 4a and Figure 4b demonstrate the prediction results of TPC for training and testing
samples. There is seen that 7 experiments exist with 10 data points where data points are taken in cascade
form. In the extremum points of the TPC, there are relatively large prediction errors. Figure 4c and Figure
4d show the prediction results of TFC. Note that all plots are obtained by PSNN model with 10t order. In
the TFC modeling, the same random points are used for training and testing, but small RMSE errors are
calculated. From Figure 3, it is seen that the changes on the TFC data are relatively small compared to the
TPC and AA therefore ANN models can easily approximate and predict the future values. Figure 4e and
Figure 4f give the prediction results of AA. Even though training data points are modeled with the smallest
RMSE performances, the RMSE results of testing are large. In general, it is provided that all RMSE results
are less than 1.3% which is very acceptable for future applications.

4. CONCLUSIONS

This study presents two important results. The first is the investigation of the effects of solid-to-solvent
ratio and time on the extraction of phenolic compounds. Although the amount of phenolic compounds
and antioxidant capacity obtained at different solid-to-solvent ratios and times vary, quite high amounts
of phenolic compounds were obtained in the applied process. The experimental results showed that even
if only water is used as a solvent, fenugreek seed extracts containing high amount of bioactive components
can be obtained by adjusting the solid-to-solvent ratios and processing time. These extracts can be used
for the development of functional foods and/or pharmaceutical industry for their health benefits if the
extraction process can be scaled up. The second is modeling and estimation of the extraction processes
with two different neural-network models such as standard ANN and PSNN. By simulating the extraction
process with the created ANN models, bioactivity can be predicted for different conditions, thus
facilitating the transfer of processes to a large scale. In addition, modeling and prediction are needed to
obtain optimal phenolic compounds for automatic extraction processes.
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e Tirkiye'nin en biiyiik dordiincii peribacasi olan Cihanbeyli-Celil Bogazi peribacalar1 hakkinda ilk kez
makale yazilarak bu sit alanin1 hakkinda 6nemli bilgiler verilmis ve bu bolgenin tanitimi yapillmigtir.

e Cihanbeyli-Celil Bogaz1 peribacalarmi olusturan ana kayacin mineralojisi, fiziksel ve mekanik
Ozellikeri belirlenmistir.

e Cihanbeyli-Celil Bogaz: peribacalarini olusturan ana kayaci asindiran etmenlerin neler olabilecegi
hakkinda detayl bigiler verilmistir.

e Bu bolgenin jeopark ilan edilmesi, daha ¢ok yesillendirilmesi, bolgeyi korumak igin gtivenlik
kollarinin gorevlendirilmesi, bélgeye yakin konumda yasayan halkin bolgenin 6nemi hakkinda
bilgilendirilmesi ve turizme agilmasi, jeoojik miras olan Cihanbeyli-Celil Bogazi peri bacalarinin hem

korunmasini, hemde tanitilmasi gerektigi tizerinde vurgu yapilmistir.
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OZ: Cihanbeyli (Konya) siirlari icerisinde bulunan Kusca bolgesindeki peribacasi tiiriindeki jeolojik
olusumlar, dogal giizellik yoniinden goriilmeye deger olup bolge turizmi agisindan ¢ok yiiksek
potansiyele sahiptir. Dogal miras 6zelligi bulunan bu tiir jeolojik olusumlarin ayrintihi bir sekilde
arastirilarak turizm potansiyellerinin belirlenmesi ve bolgeye bir jeopark statiisiiniin kazandirilmasinin
saglanmas1 onemli bir konudur. Bu amag¢ dogrultusunda bu ¢alismada, bdlgede bulunan peri bacas:
olusumlarindan alinan kayag¢ Ornekleri iizerinde ince kesit analizi ve bazi fiziko-mekanik deneyler
yapilarak analiz sonuglar: degerlendirilmistir. Cihanbeyli-Celil Bogazi Peribacalarmi ousturan kayacin,
jeoojik taniminin kumtasi (vake tas1) ya da dismikrit oldugu ince kesit analizi soucunda anlasilmistir. Bu
calismada 6rnek teskil eden kumtasi numuneleri {izerinde yapilan fiziko-mekanik deneyler neticesinde
elde edilen veriler incelendiginde, kumtas: 6rneklerinin sertlik degerlerinin 18,40 oldugu belirlenmis olup,
“az yumusak” smifta oldugu tamimlanmistir. ISRM 1981’in 6nerdigi yontemlere uygun olarak yapilan
yogunluk ve porozite belirleme deneyleri neticesinde kumtasi 6rneklerinin diisiik yogunluklu ve yiiksek
porozite Ozelliklerine sahip oldugu belirlenmistir. Tek eksenli basing dayanimi test sonuglarina gore
kumtas1 6rneklerinin ortalama tek ekseni basing dayaniminin 8,09 MPa oldugu belirlenmistir. Bu sonuca
gore peri bacasini temsil eden kumtasi, “diisiik dayanimli” bir kayag¢ olarak tanimlanmistir. Nokta
ylikleme dayanimi test sonuglari incelendiginde kumtas: orneklerinin ortalama nokta yiikleme
dayanimimin 1,16 MPa oldugu saptanmis olup, “diisiik direngli” kayag¢ kategorisinde oldugu
belirlenmistir. Bolgeden alman kumtas: ornekleri iizerinde ISRM 1981’in 6nerdigi yontemlere uygun
olarak gerceklestirilen suda dagilma dayanimi neticesinde 6rnek kumtasi kayaclarinin suda dagilmaya
kars1 gostermis oldugu direncin “yiiksek” oldugu belirlenmistir. Cihanbeyli-Celil Bogazi Peribacalarin
ousturan kaya¢ numuneleri {izerinde yapilan test sonuglar1 biitiin olarak diisiiniildiigiinde diisiik
yogunluk gosteren, yiiksek poroziteli, diisitk mekanik 6zelliklere sahip tipik bir kumtas1 6zellikleri tastyan
kayaglar olduklar1 belirlenmistir. Bu sayede Cihanbeyli-Celil Bogaz1 peribacalar1 olusumlar1 hakkinda
onemli bilgiler edinilmis ve bu jeolojik olusumu tanitma ¢alismalar: adina ilk adimlar atilmistir. Yapilan
calisma ile bolgenin tamitimi amaglanmis ve bolgenin jeoljik yapisinin jeopark olarak nitelendirilme
potansiyeli degerlendirilmistir..

Anahtar Kelimeler: Cihanbeyli (Konya), Peri Bacalari, Jeolojik Sit, Jeopark, Jeolojik Miras, Kumtasi, Jeoloji ve
Madencilik

Investigation of Fairy Chimneys of Cihanbeyli-Celil Strait (Konya) and Determination of Physico-
Mechanical Properties

ABSTRACT: Fairy chimney-type geological formations in the Kusca region within the borders of
Cihanbeyli (Konya) are worth seeing in terms of natural beauty and have a very high potential in terms of
regional tourism. Itis an important issue to determine the tourism potentials of such geological formations,
which have natural heritage characteristics, in detail, and to provide the region with a geopark status. For
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this purpose, in this study, thin section analysis and some physico-mechanical experiments were carried
out on the rock samples taken from the fairy chimney formations in the region, and the analysis results
were evaluated. The geological definition of the rock forming the Cihanbeyli-Celil Strait Fairy Chimneys
was found to be sandstone (wake stone) or dismicrite as a result of thin section analysis. It was determined
to be 40, and it was defined as being in the “less soft” class. As a result of the density and porosity
determination experiments performed in accordance with the methods suggested by ISRM 1981, it was
determined that the sandstone samples had low density and high porosity properties. According to the
uniaxial compressive strength test results, it was determined that the average uniaxial compressive
strength of the sandstone samples was 8.09 MPa. According to this result, the sandstone representing the
fairy chimney was defined as a "low strength" rock. When the point loading strength test results were
examined, it was determined that the average point loading strength of the sandstone samples was 1.16
MPa, and it was determined that it was in the "low resistance" rock category. As a result of the slake
durability resistance performed on the sandstone samples taken from the region in accordance with the
methods suggested by ISRM 1981, it was determined that the resistance of the sample sandstone rocks to
dispersion in water was "high". When the test results on the rock samples forming the Cihanbeyli-Celil
Gorge Fairy Chimneys are considered as a whole, it has been determined that they are low density, high
porosity, low mechanical properties and typical sandstone rocks. In this way, important information was
obtained about the formations of the Cihanbeyli-Celil Strait fairy chimneys and the first steps were taken
to introduce this geological formation. The aim of the study was to introduce the region and the potential
of the region's geological structure to be described as a geopark was evaluated.

Keywords: Cihanbeyli (Konya), Fairy Chimneys, Geological Site, Geopark, Geological Heritage, Sandstone, Geology
and Mining

1. GIRIS INTRODUCTION)

Jeodinamik modellere (manto konveksiyonunun levha hareketlerine ve deniz tabaninin yayilmasina,
dag olusumu, volkanlar, depremler ve fay olusumu gibi jeolojik fenomenler) gore Anadolu neotektonigi
Avrasya ve Afrika kitalarinin ¢arpigsmasi sonucu gelismistir [23], [7], [27]. Tiirkiye'deki genis volkanik
kusak (Bat1 Anadolu, I¢ Anadolu, Dogu Anadolu ve Giineydogu Anadolu Bélgeleri ayni zamanda Neojen
ve Kuaterner volkanizmalannin da yer aldig1 bogeler), Miyosen ve Kuvaterner jeolojik zamanlarinda
gelismistir. Anadolu blogunun yani sira Avrupa, Afrika ve Arap plakalarini igine alan aktif sinurlar
arasinda konumlanmistir. Tiirkiye’deki volkanizmanin kokeni, yast ve tektonik iligkileri birkag
arastirmaci tarafindan incelenmistir [17], [28], [29], [25], [30], [31], [26], [22].

Kusca beldesi, Konyanin kuzeyinde, Cihanbeyli ilgesinin kuzey-batisinda 50 km2 lik bir alanda yer
almaktadir. Bélgenin deniz seviyesinden yiiksekligi ortalama 1200 m civarindadir. inceleme alan1 Konya
il merkezine 130 km, Cihanbeyli ilce merkezine ise 30 km uzaklikta yer almaktadir. Bolgede, yazlar kurak
ve sicak, kiglar soguk ve sert seyretmektedir. Kusga'nin kuzeyinde Kelhasan ve Kiitiikkusagi, giineyinde
Insuyu ve Kay1, batisinda Bégriidelik ve dogusunda Yeniceoba kdyleri yer almaktadir (Sekil 1).
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Sekil 1. Cihanbeyli-Celil Bogazi peribacalarinin yer bulduru haritas: (yaklasik olarak 1000 m &lgekli
haritada, 38°50'02"N-, 32°43'26"E)
Figure 1. Location map of the Cihanbeyli-Celil Strait fairy chimneys (approximately on a 1000 m scale map, 38°50'02"N-,
32043'26"E)

Kusca mahallesine yaklasik 2 km mesafede yer alan Celil Mahallesi civarinda peribacasi olusumlari
bulunmaktadir. Kusca formasyonu olarak adlandirilan birimin yagi Ust Miyosen-Orta Eosen olarak
tanimlanmaktadir. Orta-kalin katmanli, orta tutturulmus, c¢akiltasi, ¢amurtasi, kiltagi, kumtagi, killi
kiregtas1 ve volkanik kiillerden olusan bu formasyon gri ve beyaz alacali, yesil, kirmizi, sarims: kahve
renklerle karakteristiktir. Birimin kayag tiirii, mineralojik ve yapisal 6zellikleri yaninda bitki ortiisii, yagis
siddeti, nispi yiikselti farki peri bacas: olusumu igin 6nemli faktorlerdendir [1].

Peribacalar1 genelde yar1 kurak ve kurak iklime sahip alanlarda goriilen, volkanik kayag ve tiifleri ya
da kirintili sedimanter kayaclarin yaygin oldugu yerlerde farkli formlarda ayrismasi sonucu ortaya ¢ikan
dogal sekillerdir [6], [21, [3], [10], [8], [11], [15].
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Peribacalar1 genellikle koni, silindir, piramit, kule seklinde olmakla birlikte tepeleri yuvarlak,
semsiyeli, sivri geometriye sahiptirler. Peribacalarinin yiiksekligi birka¢ metreden baslayip 15-20 m
yiikseklige kadar ¢ikmaktadir [21].

Kusca mahallesine 2 km uzaklikta bulunan Celil Bogazi peri bacalar1 Cihanbeyli Belediyesinin kisitl
imkanlar1 ile korunmaya ve tanitilmaya calisiimaktadir. Ancak kisith korumadan kaynakli olarak,
bolgedeki jeolojik degerlerde yiizeysel asinmanin yanisira; bolgedeki insanlar belli zamanlarda, peri
bacalar1 olusumlarini patlayict madde ve gesitli kazici araglarla tahrip edip ortaya ¢ikan kaya maddesini
yap1 malzemesi olarak kullanmislardir. Bolgenin erezyona, dis etmenlere karsi korunakli hale getirilmesi,
bu jeolojik mirasin nesilden nesile aktariminda 6nemli rol oynayacaktir. Erozyonun engellenebilmesi icin
bolgesel agaclandirma, insan kaynakl dis etkileri igin ise bolgenin hizli bir sekilde koruma bolgesi olarak
nitelik kazandirilmasiyla saglanabilecektir. Bolge bir¢ok jeosit alani icermekle birlikte bir¢ok eski yerlesim
yeri olan magara icermektedir. Bu jeolojik doga harikasiolusumun, tanitimi yapilarak iilke turizmine
kazandirilmasi, jeopark haline getirilerek gelecek nesillere jeolojik miras alani olarak birakilmasi
gerekmektedir. Jeoparklara ilgi son zamanlarda artis gostermekte olup, ziyaretgi sayist ve bu tiir
bolgelerdeki planlamalar dogru yapildig: taktirde bolgede ekonomik canlilik, istihdam artis1 ve kirsal
kalkinma gibi bir ¢ok pozitif etki birakacag1 ongoriilmektedir.

Bu calismada, inceleme alaninda yer alan peribacalarinin oncelikle bolge halkina tanitimi
amaglanmistir. Bu sayede bolgenin koruma altina aliabilmesi ve dis kaynakli etkilerden zarar gérmemesi
hedeflenmektedir. Kaya birimlerinin miithendislik 6zellikleri, kayaclarin dis etkilerer kars: (sicaklik farks,
yagis, donma - ¢oziinme, tuz kristallenmesi gibi) direncinin bir 6l¢iisii olarak ifade edilebilir. Calismada,
bolge kayaglarmin asinma direncini, dayanimlarini ve miithendislik 6zelliklerini ortaya koymak amaciyla,
numuneler {izerinde yapilmis bazi fiziksel ve mekanik deneylerin sonuglar1 sunulmaktadir.

1.1. Kusca peri bacalar1 (Kusca fairy chimneys)

Kapodokya, Afyon ve Narman peribacalarindan sonra Tiirkiye'nin 4. biiyiik peribacas1 olusumu,
Konya ili, Cihanbeyli Ilgesi simirlari igerisinde bulunan Cihanbeyli-Celil Bogaz1 peribacalary’dir [4].

Ge¢ Miyosen-Erken Pliyosen doneminde (giiniimiizden yaklasik 20 milyon yil dnce), bugiinkii Konya
Ovast'nin biiyiik bir boliimiinii ve Cihanbeyli-Celil Bogazi peribacalarinin yer aldig: alani kaplayan ismi
kaynaklarda ge¢meyen biiyiik bir deniz yer almaktaydi. Bu denizin epirojenik hareketler sonucu
baglantis1 kesilmis ve bir i¢ deniz ¢ukuru olugsmustur. Daha sonra bu i¢ denizin iklim kosullar1 sonucu
geri cekilmesi neticesinde bu i¢ deniz yerini gegici gollere birakmustir. Bu lagiinlerde kirintil, kalin karasal
seriler yaninda, kurak ve yar1 kurak iklim kosullarindaki buharlasma sonucu jips yataklar: da olusmustur.
Bunun yani sira peribacalarinin bulundugu alanin 5 ila 10 km uzaginda, yerin yiizlerce metre altindaki
tuz domlarindan ¢6zelti madenciligi yontemi ile kaya tuzu iireten bir tesis yer almaktadir ve bu tuz
domlar1; denizin ¢ekilmesiyle olusan daglar arasindaki ¢orak basenlerde tuzlu bataklik ve goller meydana
gelmesi, akarsularin yataklarinda da kirintili olusuklar depolanmis olmas: ve playa olarak adlandirilan
gecici gollerde jips ve diger evaporitler ¢okelmesi ile olusmustur.

Marn, killi kiregtas, kiltas1 ve ¢akiltaglar1 gibi gol ¢cokellerinin yaninda aglomeralar i¢inde biiyiik kaya
bloklarinin yer aldig1 volkanik akintilar Cihanbeyli-Celil Bogazi peribacalarinin jeolojik yapisini
olusturmaktadir. Aglomera ve cakiltas:t birimleri asinmaya karsi direngliyken, kumtas: igerikli gol
¢Okelleri daha kolay asinmaktadir. Sekil 12’de yer alan ve bogeye ait olan 2022 yilindaki sicaklik ve yagis
grafikleri incelendiginde, bogede yillik yagis miktar1 yaklasik 200 mm’dir. Bolgedeki yillik ortalama
sicaklik ise yaklasik 13 °C’dir. Peltier diyagramina gore bolge, yarikurak bir bolge niteligi tasimakla
birlikte bolgedeki peribacalariin ayrisma-bozusmasinda daha ¢ok yarikurak iklimin daha etkili oldugu
goriilmektedir (Sekil 2), [14].
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Sekil 2. Peltier’e gore bolgeler diyagram

Figure 2. Zones diagram according to Peltier

Celil Bogaz1 peribacalar1 oncelikle yagmur sularinin formasyon igerisindeki catlaklari oymas: ile
baslamis olup, sonrasinda riizgar ile sekillenmistir [16]. Sekil 2’de asinmay1 gozler Oniine seren,
Cihanbeyli-Celil Bogazi peribacalari’ndan bir Ornek goriilmektedir. Cihanbeyli-Celil Bogazi
peribacalarindaki faylanmanin olusturdugu ezik ve catlakli zonlar daha kolay asinmis, ezik ve gatlak
zonlar1 disinda kalan kesimler ise daha yavas asinmistir. Binlerce yil siiren bu asinma sonucunda sapkali
dogal anuit goriiniimlii sekiller ortaya ¢ikmistir. Bolgede yer alan peribacalarinin boyu 4 ila 5 m arasinda
degismektedir. (Sekil 3).

Sekil 3. Cihanbeyli-Celil Bogazi peribacalari’'ndan bir peri bacasinin élgeklenndirilmis goriiniisii
Figure 3. A scaled view of a fairy chimney from the Cihanbeyli-Celil Strait fairy chimneys

Eosen flisleri ve ofiyolitlerden kaynakl c¢akiltasi ve kumtaslar1 diger birimlerden daha yashdir ve
genellikle karbonat ¢cimentoludurlar [2]. Sekil 4'te Cihanbeyli-Celil Bogaz1 peribacalarindan bir goriiniim
yer almaktadir.
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Sekil 4. Cihanbeyli-Celil Bogaz1 peribacalarindan iisten genel goriiniim (iistte), Cihanbeyli-Celil Bogazi
peribacalarindan birine ait goriiniim(altta)

Figure 4. General view from the top of the Cihanbeyli-Celil Strait fairy chimneys (above), view of one of the Cihanbeyli-Celil Strait

fairy chimneys (below)

2. MATERYAL VE METOD (MATERIAL AND METHOD)
2.1. Calismada kullanilan kayacin tanimlanmasi (Identification of the rock used in the study)

Cihanbeyli-Celil Bogaz1 peribacalarindan alman kaya drneklerinin mineralojik kayag tanimlamasinin
yapilmast igin ince kesit 6rnegi alinmistir. Alinan ince kesit 6rnegi Konya Teknik Universitesi, Jeoloji
Miihendisligi boliimii tarafindan ilgili yetkililer tarafindan polarize mikroskop alltinda analiz edilmistir.
Cihanbeyli-Celil Bogaz1 peribacalarini temsil eden kayanin polarize mikroskop altindaki ince kesit
goriintiileri asagida yer almaktadir (Sekil 5).
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Sekil 5. Cihanbeyli-Celil Bogaz1 peribacalarini temsil eden kayanin polarize mikroskop altindaki tek
nikol ve ¢ift nikoldeki ince kesit goriintiieri

Figure 5. Thin section images of the rock representing the Cihanbeyli-Celil Strait fairy chimneys in single and double nicol under
polarized microscope

Cihanbeyli-Celil Bogaz1 peribacalarin temsil eden kayanin baglayicis1 mikrit olup allokem olarak %1-
2 oraninda intraklast mevcut olmakla birlikte %1 oraninda ise zeolit ekstraklasti yer almaktadir. %1
oraninda ise organik malzeme icermekle birikte kaya birimi genel olarak mikritten olusmaktadir. Folk,
1962'ye gore kaya “dismikrit” olarak adlandirurken Dunham, 1962’ye gore kaya tanimi Vera tasi
olmaktadir [12], [9].

2.2. Laboratuvar ¢alismalari (Laboratory studies)

Bu calisgmada Cihanbeyli-Celil Bogaz: peribacalarindan Celil Bogaz1 peribacalarimi olusturann orjin
kayaglarindan kaya¢ numuneleri temin edilerek 6rnekler almarak Konya Teknik Universitesi, Maden
Miihendisligi Laboratuvarinda ilgili kaya¢ numunelerinin 6zelliklerini belirlemek icin bazi fiziko-
mekanik deneyler gerceklestirilmistir. Kusga Peribacalari’nin bulundugu bélge civarindan temin edilen
ve peri bacalarmin olustugu kayaclar tasvir eden kaya¢ numuneleri iizerinde; Bunlar; dogal yogunluk,
porozitegoriiniir gozeneklilik, tek eksenli basing dayanimi, suda dagilma dayanimi, nokta yiikleme yiikii
dayanumi deneyleri olarak yapilmistirsiralanabilir. Laboratuvar ¢alismalarindan elde edilen sonuglara
Deney sonuglarindan elde edilen sonuglara gore, Cihanbeyli-Celil Bogazi peribacalarin1i Kusga
Peribacalari’n1 olusturan ana kayacin fiziko -mekanik 6zellikleri tanimlanmistir. Cihanbeyli-Celil Bogaz1
peribacalarindan temin edilen numunelerin alindig1 yerin harita iizerinde gosterimi asagida yer
almaktadir (Sekil 6).
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Sekil 6. Cihanbeyli-Celil Bogaz1 peribacalarindan alinan numunelerin konum olarak goterimi
Figure 6. The location of the samples taken from the fairy chimneys of the Cihanbeyli-Celil Strait
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Cihanbeyli-Celil Bogaz1 peribacalar1 sit alani oldugu icin bu bodgeden temin edilen vake tasi
numuneleri orjinlerini koruyacak sekilde geneli tasvir eder nitelikte, miihendislik tecriibelerine ve
kaydelere bagli olarak toplanmistir. Temin edilen numunelerin yaklasik olarak enlem, boylam ve rakimi

asagida yer almaktadir (Cizelge 1).

Cizelge 1. Temin edilen numunelerin yaklasik olarak enlem, boylam ve rakimi1

Table 1. Approximate latitude, longitude and altitude of the samples supplied

Numuneler Enlem (°) Boylam (°) Rakim (m)
Numune-1 38,8265901 32,7234789 1183,42
Numune-2 38,8255901 32,7254989 1163,42
Numune-3 38,8256746 32,7251909 1215,28
Numune-4 38,8274147 32,7137681 1147,33
Numune-5 38,8263091 32,7161383 1162,45
Numune-6 38,8306664 32,7143732 1121,31

Temin edilen vake tas1 6rneklerinden laboratuvar 6lgekli diisey eksenli karot alma makinesi ile karot
alimi gerceklestirlmis ve alinan karotlar, numune kesme-boyutlandirma makinesi ile istenilen standartlara
getirilmistir (Sekil 7). Karot alma makinesi ile NX karot boyutunda yani yaklasik 54 mm ¢apinda drnekler
hazirlanmistir. Her bir deneyde 10 adet numune kullanilmis olup deneyler kuru sartlar altinda

gerceklestirilmstir. Deneyler ISRM 1981’in 6nerdigi yontemler 1s181inda yiiriitiilmiigtiir [19].

Sekil 7’de kayac¢ oOrneklerinden alinan karotlar ve kullamilan karot makinesine ait bir gorsel

bulunmaktadir.
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Karot alma makinesi ile NX karot boyutunda yani yaklasik 54 mm ¢apinda 6rnekler hazirlanmistir.
Deneyler ISRM’81’in 6nermis oldugu standartlar ¢ercevesinde yiiriitiilmiistiir.

Cihanbeyli-Celil Bogazi Kusga Peribacalari’min bulundugu boélgeden civarindan temin edilenalinan
ve peri bacalarinin olustugu kayaglari tasvir temsil eden kaya¢ numuneleri (vake tasi) iizerinde; dogal
yogunluk, porozitegdriiniir gozeneklilik, tek eksenli basing dayanimi, suda dagilma dayanimi, nokta
yiikleme yiikii dayanimi deneyleri yapilmistir. Yapilan deneyler sirasiyla anlatilmisaktadir ve sonuglar
tablolar halinde verilmistir.

2.2.1. Schmidt sertligi belirleme deneyi (Schmidt hardness determination test)

Araziden elde edilen dogal tas bloklarialinan 6rnekler {izerinde Konya Teknik Univesitesi Maden
Miihendisligi Boliimii laboratuvarinda bulunan L Tipi Schmidt cekici (Sekil 8) kullamilarak kayaglarin
vake taslarinin sertlikleri 6l¢tilmuistiir.

| . 7 -{» | A & '._ :
Sekil 7. Kayag 6rneklerinden alian karotlar ve kullanilan karot alma makinesi
Figure 7. Cores taken from rock samples and the used core drilling machine
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Figure 8. L Type Digital Schmidt hammer used to find rock strength

Schmidt sertligi belirleme deneyi ISRM 1981’in 6nerdigi yontemler 1s5181nda gergeklestirilmistir [19].
Bolge kayaglarindan toplanan toplamda 6 adet vake tast numunesi iizerinde gerceklestirilen sertlik
belirleme deneyleri sonucunda bolge kayaglarinin ortalama Schmidt sertlik degerinin 18,4 oldugu
saptanmistir. ISRM (1978) standartina (Cizelge 2) gére yorumlandiginda kayag¢ taniminin az yumusak
smifinda oldugu belirlenmistir [18].

Cizelge 2. Schmidt ¢ekicine gore kaya sertliginin siniflandirilmas:
Table 2. Classification of rock hardness according to Schmidt hammer

Schmidt Sertlik Degeri Siniflandirilmasi
0-10 Yumusak
10-20 Az yumusak
20-30 Az sert
30-40 Sert
40-50 Oldukgca Sert
>60 Cok Sert

2.2.2. Yogunluk ve gozeneklilik belirleme deneyi (Density and porosity determination experiment)

Yogunluk ve gozeneklilik belirleme deneyi i¢in , numune boyutlar1 TS EN 1936'nin 6n gordiigii deney
standartlarina uygun olarak hazirlanmistir. Bu deneyde ilk olarak numunelerin hacimleri hesaplanmis
olup, hacimleri belirlenen bu numuenelerin kuru agirliklar1 belirlenmistir. Kuru agirliklar: belirlenen
numunelere 48 saat siire ile suya doygun hale getirilmis, doygun agirliklar1 ve su igerisindeki agrliklari
belirlenmistir. Belirlenen bu degerler ile kayacin goriiniir gozeneklilik ve dogal yogunluk degerleri
hesaplanmistir. Deney sonucunda, kayaglarin ortalama yogunlugu 1,27 gr/cm3, gozeneklilik derecesi ise
% 43,57 olarak belirlenmistir. Bu sonuglara gore kayag diisiik yogunluklu ve yiiksek poroziteye sahip tipik
bir kumtasi ya da vake tas1 6zelligi gostermektedir.
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2.2.3. Tek eksenli basing dayanim deneyi (Uniaxial compressive strength test)

Tek eksenli basing dayanimi deneyi i¢in hazirlanan numune boyutlar1 ve deney prosediirii ISRM 1981'in
onerdigi yontemler 1s181nda yapilmistir [19]. Toplamda 10 numune iizerinde tek eksenli basing dayanim
deneyi uygulanmistir. Numunelerin boy/cap oranlar1 2.5-3.0 arasinda segilmistir. Deneylerde Konya
Teknik Universitesi Maden Miihendisligi'nde bulunan 3000 kN kapasiteli hidrolik pres kullanilmistir
(Sekil 9).

\;‘\ i
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Sekil 9. 3000 kN kapasiteli hidrolik pres
Figure 9. Hydraulic press with 3000 kN capacity

Yapilan tek eksenli basing dayanimi deneyleri neticesinde, kayaclarin ortalama tek eksenli basing
dayanum degeri 8,09 MPa olarak belirlenmistir. Tek eksenli basin¢ dayanim sonucu, ISRM (1981) gore
yorumlandiginda (Cizelge 3), peribacalarinin diisitk dayaniml bir kumtas:1 6zelligi gosterdigi tespit
edilmistir.

Cizelge 3. Tek eksenli basing dayanimi deney sonucu siniflamasi
Table 3. Classification of uniaxial compressive strength test results

ISRM
Tammlama Tek Eksenli Basma
Dayanim (MPa)
Cok diistik <6
Diisiik 6-10
Orta 20-60
Yiiksek 60-200

Cok yiiksek >200
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2.2.4. Nokta yiikii dayanim deneyi (Point load strength test)

ISRM 1985’in 6nerdigi yontemler 1s1ginda gore gergeklestirilen nokta yiikii dayanimi deneyinde,
numuneler boy/cap oranlar1 0,5-0,55 arasinda boyutlandirilmistir [20]. Nokta yiikii dayamm
deneylerinde, 10 adet numune hazirlanmis ve bu numuneler {izerinde eksenel nokta yiikleme deneyleri
gerceklestirilmistir (Sekil 10). Yapilan deneyler sonucunda kayaglarin ortalama nokta yiikiidayanum
degeri 1,16 MPa olarak belirlenmistir. Bieniawski (1975)'e gore Cihanbeyli-Celil Bogaz1 Peribacalarn
temsill eden kumtas1 numuneleri diisiik direngli kayag¢ gurubundadir [5], (Cizelge 4).

Sekil 10. Nokta yiikleme dayanim cihazinin gosterimi
Figure 10. Illustration of point load strength device

Cizelge 4. Kayagclarin nokta yiikii dayanimina gore siniflandirilmasi
Table 4. Classification of rocks according to point load strength

Kaya Sinifi Isso (MPa)
Cok diisiik direngli <1
Distik direngli 1-2
Orta direncli 2-4
Yiiksek direngli 4-8
Cok yiiksek direngli >8

2.2.,5. Suda dagilma dayanim deneyi (Slake durability test)

Chandra (1970) tarafindan onerilen suda dagilma dayanimi deneyi daha sonra Franklin ve Chandra
(1972) tarafindan gelistirilmistir. Bu deney 1981 yilinda standartlasarak ISRM tarafindan kaya
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mekaniginde yapilmasi 6nerilen testlerden biri haline gelmistir. Deney 40-60 gr arasinda tolam 10 adet
yaklasik kiire sekilli numuneler hazirlanarak ISRM 1981'in  Onerdigi yontemler 1s18inda
gerceklestirilmistir [19]. Deneyler sonucunda Id-1 degeri % 96,60 ve Id-2 degeri ise 93,84 olarak
belirlenmistir. Bu sonuglara gore kayacglarin suda dagilmaya dayanimi “orta-yiiksek” grubunda oldugu
belirlenmistir (Cizelge 5). Deney sonuglar1 Cihanbeyli-Celil Bogaz1 Peribacalar1’nin suya kars1 dagilmaya
kars1 gosterdigi dayanimin yiiksek oldugunu gostermektedir. Deneyin gercekestirildigi cihaz Sekil 11’de
gosterilmektedir.

5 'j;;u & ,f,g'h'hh‘-l;'
Sekil 11. Suda dagilma dayanim deney cihazi
Figure 11. Slake durability test device

20 p0

Cizelge 5. Suda dayanim deneyi siniflama tablosu [13]
Table 5. Classification chart for slake durability test [13]

indeks Degeri (Is1) (%) indeks Degeri (Is2) (%) Dagilma Dayanim Siniflamasi

<60 0-30 Cok Diisiik

60-85 30-60 Diisiik

85-95 60-85 Orta Derecede

95-98 85-95 Orta-Yiiksek

98-99 95-98 Yiiksek
>99 >98 Cok Yiiksek

3. SONUCLAR VE TARTISMA (RESULTS AND DISCUSSION)

Cihanbeyli-Celil Bogaz1 Peribacalarini ousturan kayacin, jeoojik tanimimin kumtagi (vake tasi) ya da
dismikrit oldugu ince kesit analizi soucunda anlagilmistir. Cihanbeyli-Celil Bogaz1 Peribacalarini temsil
eden ve bolgenin gesitli yerlerinden alinmis ayni grupta yer alan kumtasi kaya numuneleri tizerinde bazi
fiziko-mekanik testler gerceklestirilmis olup, deney sonuglar1 Cizelge 6’da sunulmaktadir.
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Cizelge 6. Celil Bogazi Peribacalarini olusturan kayaglarin bazi mekanik test sonuglar:
Table 6. Some mechanical test results of the rocks forming the Celil Gorge Fairy Chimneys

Ortalama Deger ve

Deneyler Numune Sayis1
Standart Sapma

Schmidt Sertligi 5 18,40+0,7
Yogunluk (gr/cm?) 5 1,27+0,05
Gozeneklilik (%) 5 43,57+2,12

Tek Eksenli Basing Dayanimi (MPa) 10 8,09+0,89
Nokta Yiikleme Dayanimi (MPa) 10 1,16+0,43

1. indeks degeri: 96,60

Suda Dagilma Dayarnimi Degeri (%) 10

2. Indeks degeri: 93,84

Bu calismada Ornek teskil eden kayaglar kumtasi numuneleri iizerinde yapilan fiziko-mekanik
deneyler neticesinde elde edilen veriler incelendiginde, bolgeyi tasvir edecek nitelikte toplanan
kayagumtas1 6rneklerinin sertlik degerlerinin 18,40 oldugu belirlenmis olup, “az yumusak” sinifta oldugu
tanimlanmustir. ISRM 1981’in 6nerdigi yontemlereISRM’81 standartlarina uygun olarak yapilan yogunluk
ve porozite belirleme deneyleri neticesinde kayaclarin kumtasi 6rneklerinin diisiik yogunluklu ve yiiksek
porozite Ozelliklerine sahip oldugu belirlenmistir. Tek eksenli basing dayanimi test sonuglarina gore
kayacin kumtas1 6rneklerinin ortalama tek ekseni basing dayaniminin 8,09 MPa oldugu belirlenmistir. Bu
sonuca gore kayagperi bacasii temsil eden kumtasi, “diisitk dayanimli” bir kayag olarak tanimlanmustur.
Nokta ytikleme dayanimi test sonuglari incelendiginde kaya¢ kumtasi orneklerinin ortalama nokta
yilikleme dayaniminin 1,16 MPa oldugu saptanmis olup, “diisiik direngli” kayag¢ olarak tasvir
edilmektedirkategorisinde oldugu belirlenmistir. Bolgeden alinan kaya¢ kumtasi drnekleri tizerinde ISRM
1981’in 6nerdigi yontemlereISRM'81 standartlarina uygun olarak gerceklestirilen suda dagilma dayanimi
neticesinde 6rnek kumtasi kayaclarinin suda dagilmaya kars: gostermis oldugu direncin “yiiksek” oldugu
belirlenmistir. Cihanbeyli-Celil Bogaz1 Peribacalarini ousturan kayag numuneleriOrnek kayaglar tizerinde
yapilan test sonuglar1 biitiin olarak diisiiniildiigiinde diisiik yogunluk gosteren, yiiksek poroziteli, diisiik
mekanik Ozelliklere sahip tipik tiif bir kumtas: 6zellikleri tasiyan kayaglar olduklar: belirlenmistir.

Konya ili, Cihanbeyli ilgesinin 2021 yilim1 kapsayan meteorolojik verileri géz oniine alindiginda,
bolgede, yazlar kurak ve sicak, kislar soguk ve sert seyretmektedir. Diisiik yogunluk, yiiksek porozite ve
diisitk dayanim igeren Cihanbeyli-Celil Bogaz1 peri bacalari daha ¢ok riizgar, kar ve kuraklik gibi dogal
etkenlerden etkilenerek deformeye ugramaktadir (Sekil 12).
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Sekil 12. Konya ili, Cihanbeyli ilgesinin 2022 yilin1 kapsayan meteorolojik verileri [24]
Figure 12. Meteorological data of Konya province, Cihanbeyli district covering the year 2022 [24]

4. SONUCLAR (CONCLUSIONS)

Ulkemiz smirlar igerisine bir ¢ok dogal giizellik mevcuttur. Bu dogal giizelliklerin tanitiminin
yapilmasi, korunmas: ve nesilden nesile aktarimi olduk¢a 6nemli bir konudur. Cihanbeyli sinirlari
igerisinde bulunan Kusca bolgesindeki peribacast tiiriindeki jeolojik olusumlar dogal giizellik yoniinden
goriilmeye deger olup;, taritildig1 takdirde, bolge turizmi agisindan ¢ok yiiksek potansiyele sahip bir
dogal olusumdur. Dogal giizelliklerin tanitimi turizme agilmasi bolge ekonomisi agisindan oldukga fayda
saglamaktadir. Zira bolge jeolojik miras orneklerinin bir arada bulundugu 6zel doga koruma niteligi
tastyan ender goriilen jeolojik olusumlara sahiptir. Ancak, daha 6nemlisi ise bu giizelliklerin korunmas:
ve nesillerden nesillere aktarimin saglanmasidir. Bu bdlgenin jeopark ilan edilmesi, daha ¢ok
yesillendirilmesi, bolgeyi korumak icin giivenlik kollarinin gorevlendirilmesi, bolgeye yakin konumda
yasayan halkin bolgenin 6nemi hakkinda bilgilendirilmesi ve turizme agilmasi, jeoojik miras olan
Cihanbeyli-Celil Bogaz1 peri bacalarinin hem korunmasini, hemde tanitilmasini saglayacaktir.
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ABSTRACT: As Covid-19 pandemic affected everyone in various aspects, people have been expressing
their opinions on these aspects mostly on social media platforms because of the pandemic. These opinions
play a crucial role in understanding the sentiments towards the pandemic. In this study, Turkish tweets
on Covid-19 topic were collected from March 2020 to January 2021 and labelled as positive, negative, or
neutral in terms of sentiment using BERT which is a pre-trained text classifier model. Using this labelled
dataset, a set of experiments were carried out with SVM, Naive Bayes, K-Nearest Neighbors, and CNN-
LSTM model machine learning algorithms for binary and multi-class classification tasks. Results of these
experiments have shown that CNN-LSTM model outperforms other machine learning algorithms which
are used in this study in both binary classification and multi-class classification tasks.

Keywords : Sentiment Analysis, Turkish Twitter, Classification, LSTM
1. INTRODUCTION

Since the start of Covid-19 pandemic, the society has faced different situations in various aspects from
economics to daily life activities [1]. It caused people to experience unexpected situations like wearing
mask in public or staying inside for long periods of time and so they share their opinions on these
situations and experiences in some virtual environments. Nowadays, the opinion-sharing process is
mostly happening on social media platforms such as Twitter, Instagram and Facebook. Furthermore, the
pandemic has increased social media usage even more since conventional ways of communication
between people have been less accessible like office environments, coffee-shops etc. This had led to an
expected increase in usage of social media. One of these social media platforms, Twitter, is a platform
where users express their opinions mostly in the form of text and within the 280 character per tweet limit
and Twitter has become a valuable resource for opinion mining of mass groups of people [2]. Twitter has
become quite popular in Turkey in 2020 as well.

Since tweets contains tweet texts, likes, retweets, followers, hashtags, mentions and so on, there is a
lot of data in them, and all these types of data could be useful in different contexts. However, to extract
valuable information from massive amounts of data Twitter contains, manual techniques may be
insufficient. Therefore, different computational techniques should be used for sentiment analysis, topic
modelling and clustering using tweet texts, classification of tweets using hashtags and like counts [3].

Sentiment analysis, which deals with sentiments and subjectivity in a text using computational
methods, is one of the most popular techniques to extract or identify information from massive data [4].
One of the methods that sentiment analysis is performed is classification using machine learning
algorithms. However, machine learning algorithms require labelled data for training. Labeled data refers
to data being tagged with labels which identify a property of each instance in the dataset such as sentiment
of a tweet.

There are two main types of machine learning algorithms which are unsupervised and supervised.
Unsupervised algorithms learn by itself with unlabeled data how the output should be. Whereas
supervised algorithms require labelled data for training and uses information learnt from training set to

*Corresponding Author: Mustafa CATALTAS, mcataltas@ktun.edu.tr



mailto:mcataltas@ktun.edu.tr
mailto:mcataltas@ktun.edu.tr
mailto:f181213042@ktun.edu.tr
mailto:nbaykan@ktun.edu.tr
https://orcid.org/0000-0002-5598-9659
https://orcid.org/0000-0001-5495-9282
https://orcid.org/0000-0002-4289-8889

342 M. CATALTAS, B. USTUNEL, N. AKHAN BAYKAN

predict target feature given input features. Regression and classification are two main types of supervised
learning. Classification is a supervised task where model is first trained with a train set which consists of
data points and labels of these data points [5]. Using training sets, classification algorithms learn to predict
labels of new data points. Some supervised machine learning algorithms that are generally used in
classification are Support Vector Machines, k-Nearest Neighbors, Decision Trees, Multi-Layer Perceptrons
etc.

In this study, Turkish tweets were used to measure Turkish society’s opinions to Covid-19 and the
preventions using machine learning and deep learning methods. During the pandemic process, it was
thought that it could help to understand the psychology of the society according to the positive or negative
opinions of people in the country. Moreover, the performances of machine learning and deep learning
methods were compared, and most successful model was determined according to the data content.

For this study, sentiments of Turkish Covid-19 tweets in 2020 are analyzed separately by restricting
the region to Turkey and language to Turkish. The labels indicate the sentiment of tweets as positive,
negative, or neutral. Unfortunately, this information is not available in Twitter, so a pre-trained model
named BERT was used to label tweets. The proposed model has utilized a combination of Convolutional
Neural Network (CNN) and Long Short-Term Memory (LSTM) models to perform sentiment analysis.
Classification was also made with k-Nearest Neighbors, Naive Bayes and Support Vector Machine
traditional machine learning algorithms and compared with the results of the CNN-LSTM model.

The organization of this paper is as follows; Section I gives a brief introduction of problem and
methodology used in the project. Section II contains selected related works, Section III provides detailed
information on methodology used in the project, and Section IV includes experimental setups and results
from these experiments. Finally, Section V concludes the problem, methods, results and discusses on
possible future work of this project.

2. RELATED WORKS

Opinion mining on social media platforms using machine learning and natural language processing
techniques has been quite popular topic since 2010s. In previous works on opinion mining on Twitter,
Oztiirk et al. [6] applied both classification and clustering techniques on tweets which are related to flu
and allergy. They used a handful search strategy to label the tweets while collecting data from Twitter. In
clustering task, they obtained 3 clusters using K-Means algorithm and when compared to original clusters,
they achieved 68% accuracy. In classification task, they achieved 97% accuracy using Random Forest
algorithm. In [7], multi-label classification problem for textual data in which every entry in the dataset
could have multiple target classes is studied. The method which was proposed to solve this problem
combined CNN and LSTM to create a hybrid model. With the proposed model, they achieved 99%
accuracy and 81% F1-score on Wikipedia comments dataset which contains Wikipedia comments labelled
by their toxicity level.

There has been works before that dealt with sentiment analysis of Covid-19 related tweets in English
[8-10]. In [9], sentiment analysis on English Covid-19 dataset collected from Twitter from January 2020 to
July 2020 is performed by utilizing a logistic regression classifier which is fed with collected tweet texts.
Their main goal was to analyze sentiment change of the society through different stages of the pandemic.

There has also been an ongoing effort for sentiment analysis on Turkish social media. In previous
works in this area [11-15], various traditional machine learning algorithms were utilized for sentiment
classification of microblogging entries in earlier works [11]. In recent years, with the rapid enhancement
of deep learning model, sophisticated models like LSTMs, RNNs and Transformers has been deployed for
this task [15]. In [12], a comparison of machine learning models and pretrained language models on
sentiment analysis task was given. The results showed that pretrained language model scored 98.7%
accuracy, while the most successful machine learning model scored 98.4% accuracy.
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In [13], to perform sentiment analysis on English Twitter-Covid-19 dataset, an LSTM model was
utilized with tweets labelled with sentiments obtained by a pre-trained model. The results of the LSTM
model were compared to traditional machine learning models. From these comparisons, it was seen that
the LSTM model perform much better than traditional machine learning algorithms. LSTM model gave
0.75 F1-score, while Support Vector Machine, the best performing traditional machine learning algorithm
in the study, gave 0.60 F1-score.

3. METHODOLOGY

An overall flow of the methods used in this study is given in Figure 1. Detailed explanations of these
methods are given in below subsections.

Query Tweet: Tweets

Preprocessing &
Feature Extraction

Twitter API

Preprocessed
Tweet Texts
& Sentiment

Labels

Vectorization with Vectorization with
] TE-IDF&SVD Embedding
o
o
=t @ 100 xn @ 100 xn
2
3 Classification with KNN Classification with
and Naive Bayes CNN-LSTM model

Figure 1. An overview of proposed methods.

3.1. Dataset

To be able to satisfy the data needs, tweets were retrieved from Twitter API. Using the utilities of
Twitter API, tweets from March 2020 to January 2021 which contain “Tiirkiye”, and “Corona” terms were
retrieved. At the end of this process, 55K tweets on Covid-19 topic were collected.

Since labelled data is required for classification task, the collected data needs to be labelled where
labels indicate the sentiment class of each tweet. To achieve this, a pre-trained model BERT (Bidirectional
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Encoder Representations from Transformers) on Turkish Sentiment Datasets was used [16]. In Table 1,
example tweets are given for each sentiment class from the dataset.

Table 1. Example tweets, their preprocessed versions, and sentiments classes for collected dataset.

Example Tweet Preprocessed Tweet Sentiment Class
Corona Tiirkiye'de yokken gelmeyecek gibi corona turkiyede yokken gelmeyecek
hissediyorduk simdi gitmeyecek gibi hissediyorduk simdi gitmeyecek Negative
hissediyoruz hissediyoruz
31 Mart - Tiirkiye igin corona vaka sayis1 31 mart turkiye corona vaka sayisi

. Neutral
aciklandt! acikland1
Bence su olay biterse Tiirkiye anlasip aymn bence su olay biterse tiirkiye anlasip

anda sokaklara inip kosalim, diisiinsenize deli ~ayni anda sokaklara inip kosalim .
o . . . . . Positive
gibi kosan insanlar bence muhtesem #corona diisiinsenize deli kosan insanlar bence

#EvdeKalTurkiye #COVID19 muhtesem

As can be seen from Table 2, the dataset contains mostly negative tweets which are expected because
of the topics of these tweets. When the data distributions are examined, it is seen that there is an
unbalanced data in terms of the classes. For classification, this may affect the outcome success of
experimental studies. For this reason, the results are given not only by accuracy, but also by precision and
recall values, and by the confusion matrices. Thus, the classification successes of each class are shown
according to classifiers.

Table 2. Distribution of data for each sentiment class
Sentiment Class Tweet Count

Positive 12534
Negative 38910
Neutral 4072

3.2. Preprocessing

Preprocessing steps were applied to text for normalization. These steps include removal of duplicate
tweets, non-alphanumerical character including emojis, punctations, equalizing the number of documents
in sarcastic and non-sarcastic classes.

To improve the results in classification, tweets in the dataset were subjected to several preprocessing
steps before text vectorization. At first, duplicate tweets were removed, and all tweets were converted to
lowercase so that there will not be any ambiguity. Then, tweets were cleaned from any unwanted character
in the text by removing URLs, any non-alphanumerical character including emojis, punctations. After
these steps, documents that are shorter than 5 token were removed from the dataset just as duplicate
documents. In Figure 2, these steps are shown.
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Figure 2. Preprocessing steps of study

3.3. Feature Extraction

To extract features from text, the methods used are TF-IDF [17] which creates a vector for each
document in the dataset. TF-IDF is a scoring system for determining the relative importance of a word to
the entire document in a corpus [17]. It utilizes two terms: Terms Frequency (TF) which represents number
of occurrences of a word in a document and Inverse Document Frequency (IDF) which represents the ratio
of total number of documents that contains the term. Equations (1)-(3) show the detailed calculation steps
of TF-IDF.

tfidf(t,d,D) = tf(t,d) x idf (t, D) (1)
tf(t,d) = 1+ logf(t,d) 2)

N
idf(t,D) = log(m) @3)

In here, tf is term frequency, idf is inverse document frequency d representing current document and
t representing current term. Equation 3 shows how inverse document frequency is calculated, with N
being number of documents in the dataset and n(t) representing the number of documents which contain
term t.

As shown in [18], dimension reduction to TF-IDF can be achieved using Singular Value
Decomposition (SVD) which is a dimensionality reduction method that works well with sparse matrices.
Equation 4 shows how SVD is calculated. In this equation, TE-IDF matrix which is represented by C is
decomposed into factorization of three matrices. For a € matrix with the dimension mxn, these matrices
are U,X and V. U is an nxn unitary matrix whose columns are the orthogonal eigenvectors of CC T ¥Yisa
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mxn diagonal matrix with singular values of Cand V is an nxn unitary matrix whose columns are the
orthogonal eigenvectors of CTC.
c=uxvT 4)

Truncated Singular Value Decomposition is based on SVD which is also called Latent Semantic
Analysis (LSA) in information retrieval [19]. Truncated SVD makes it possible to restrict the number of
features in the training set by applying low-rank approximation to TF-IDF matrix. In Equation 5, k
represents the number of features. In truncated SVD, only highest k singular values are kept in X, others
are set to 0. When Cj, is computed, all rows are comprised of Os except first k rows as shown in Equation
5.

C,=UZ VT (5)

For LSTM model, input text is first tokenized by splitting the input text by spaces. In the result of
tokenization, since number of tokens in different input texts differs, a different sequence length is seen in
resulting feature set. To make all of them have the same length, sequences are padded until they reach the
length of 100. Therefore, final sequence lengths for all sequences have become 100.

3.4. Classification
3.4.1. Traditional Machine Learning Algorithms

Text vectors generated in previous phase are first fed into traditional machine learning models which
are Support Vector Machine (SVM), k-Nearest Neighbors (k-NN) and Naive Bayes (NB). k-NN is one of
earliest and simplest machine learning algorithms [20]. Despite this, it is an effective baseline method for
classification task. The algorithm of k-NN is quite simple. To assign a class to a given data point, it
calculates determined distance between the data point and all other points in dataset and finds closest k
data points. Dominant class with these k points’ classes is selected as the class of the given data point. The
number of neighbors indicated by parameter (k) is selected as 10 and Euclidean distance was used as
distance function for this study. Naive Bayes (NB) is one of the basic probabilistic models that is utilized
in text classification, especially with binary text classification [21]. Naive Bayes uses conditional
probability to calculate most probable target class in classification tasks. Support Vector Machines are
known as powerful method for finding decision boundaries between classes which is also called
hyperplanes [22]. Although SVM was originally designed to have a linear classifier, it can be used in higher
dimensional problems by using SVM with kernel functions such as sigmoid kernel function or hyperbolic
tangent kernel function.

3.4.2. CNN-LSTM Model

In the processing of variable-length sequences, the Recurrent Neural Network (RNN) has been widely
used [23]. However, because most RNNs are multi-layer feed-forward neural networks, a huge amount
of historical data provided by long sequences will result in vanishing gradient and information loss. Long
Short-Term Memory (LSTM) [23] is an enhanced version of RNN where information loss and vanishing
gradient problems are resolved by adding memory cell state and three control gates to RNN design. “Cell
State” can be explained as a communication line and network memory that carries meaningful information
across cells to make predictions. In this way, the short-term memory problem is solved, and old data can
be moved along the network chain. The information that the Cell State must carry throughout this journey
is determined through the gates. These gates can determine what information is necessary or unnecessary
which is decided using a sigmoid function.

Convolutional neural networks (CNN) are a type of artificial neural network (ANN) that is used to
evaluate visual data [24]. CNNs are based on a shared-weight architecture of convolution kernels or filters
that slide along input features to produce translation-equivariant outputs called feature maps. They're
employed in a variety of applications, including image and video recognition, recommender systems. As
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stated in [25], adding convolution layers before LSTM layer could be beneficial. Therefore, we end up with
model that utilizes convolution layer before LSTM layer. A representation of the model used in this study
can be seen in Figure 3 and parameters of the model are given in Table 3.

]
\
LSTM —
Embedding Convolution Max LST™ [ | Output
M Pooling Dense | —— »
Layer Layer Laver
4 LSTM [
LSTM |
| — — | Output Size = 70
] Pool Size = 4
Kernel Size =5
Embedding Size = 128 Filters = 64

Max. Tokens = 20000
Figure 3. CNN-LSTM network architecture

Table 3. Parameters of CNN-LSTM model

Parameter Value
Optimizer Adam
Learning rate 0.001
Loss Function Categorical Cross Entropy
Dropout 0.25
Batch Size 30
Number of Epochs 2

4. EXPERIMENTS AND RESULTS
4.1. Experimental Setup

All experiments in this study were conducted in Google Colaboratory which provides its users with
Tesla K80 GPU and support Python programming language. For deep learning and machine learning part
of the study, Scikit-learn [26], TensorFlow [27] and Keras [28] libraries were used. For experiments to be
repeatable, random state for all random operations was selected as 42. For all experiments, randomly
selected 25% of the dataset was reserved as test set and remaining data in the dataset was used for training
which is 75% of the whole dataset. Since the dataset contains sufficient data for classification algorithms,
cross-validation techniques were not applied.

The experimental setup includes two different classification tasks, a binary classification task where
tweets are classified as positive or negative and a multi-class classification task where tweets are classified
as neutral, positive, or negative. The reason for this, as can be seen from Table 1, neutral class contains
much less data than other classes which causes imbalance in the dataset. To eliminate this issue, tweets
which are labeled as neutral were discarded for binary classification task.

For traditional machine learning algorithms, tweet texts were vectorized through two different ways
which TF-IDF with 2000 maximum features limitation and TF-IDF + SVD with 100 maximum features
limitation. For CNN-LSTM model, padded sequences were used to vectorize tweet texts with parameters
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maximum features as 20000 and sequence length as 100 tokens. These parameters are used for both 2-class
and 3-class classification tasks. While in Table 4, scores for 3-class classification are given, Table 5 gives 2-
class scores.

4.2. Metrics

Metrics used to evaluate result of classification task in this study are accuracy, precision, recall and
F1-score [29]. These parameters are calculated using confusion matrices. Confusion matrices are also used
to evaluate the results of machine learning algorithms. Creation of confusion matrix for binary
classification is given in Figure 4 and same logic can be applied to confusion matrices for multi-class
classification.

Predicted Class
1 0

1 True Positive (TP) False Negative (FN)

True Class
0 False Positive (FP) True Negative (TN)

Figure 4. Confusion matrix for binary classification

The accuracy gives a baseline for comparing the rate at which classifications are correct. From the data,

it can be observed that the deep methods perform best. The equation used to calculate accuracy is given
in (4).

Correct prediction 4)

Accuracy =
y total number of predictions

The other metric is F1-score which considers the precision and recall of classifiers and gives a better
sense of the classification performance [29]. The F1-score equation is given in (5).

. 1 . ®)
precision = recall

F1 —score = 2x

Recall and precision are other classification metrics that constitutes F1-score [29]. Their equations are
given in (6) and (7) respectively.

True Positive 6)
Recall = — -
True Positive + False negative
L True Positive (7)
Precision =

True Positive + False Positive

4.3. Classification Results

As can be seen from Table 4 and Table 5, TE-IDF alone and TF-IDF with SVD methods performed
similar results for most of the cases, however the feature vector length is much higher when TF-IDF used
alone. This increases the computation of TF-IDF and thus TF-IDF with SVD becomes more suitable for
computation time.

The difference in results of classification models for 2-class and 3-class classification tasks can be seen
from Table 4 and Table 5. Classification model performs better in 2-class classification task, which is
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expected since the probability of guessing the correct label. Furthermore, the eliminated class -neutral-
constitutes a small portion of the dataset which results in affecting the classification models adversely.

One observation that is depicted from confusion matrices in Figure 5 and Figure 6 is that SVM can
guess wrong labels if the sample is not from the dominant class. Another observation is CNN-LSTM model
used in this study outperform traditional machine learning algorithms in both scenarios.

Table 4. Results for 3-class classification (negative-neutral-positive)

Classifier Vectorizer Accuracy  Precision* Recall* Fl-score*
k-NN TF-IDF 0.74 0.71 0.74 0.71
k-NN TF-IDF + SVD 0.74 0.71 0.74 0.71
Naive Bayes TF-IDF 0.46 0.63 0.46 0.48
Naive Bayes TF-IDF + SVD 0.46 0.64 0.46 0.48
SVM (linear kernel) TF-IDF 0.73 0.65 0.73 0.65
SVM (linear kernel)  TF-IDF + SVD 0.72 0.65 0.72 0.64
LSTM-CNN model Padded Sequences 0.76 0.82 0.77 0.77

*Weighted averages were used when overall precision, recall and F1-score.

Table 5. Results for 2-class classification (negative-positive)

Classifier Vectorizer Accuracy  Precision* Recall* F1-score*
k-NN TF-IDF 0.79 0.77 0.79 0.77
k-NN TF-IDF + SVD 0.79 0.77 0.79 0.77
Naive Bayes TF-IDF 0.54 0.72 0.54 0.56
Naive Bayes TF-IDF + SVD 0.54 0.72 0.54 0.57
SVM (linear kernel)  TF-IDF 0.77 0.77 0.77 0.71
SVM (linear kernel)  TF-IDF + SVD 0.77 0.77 0.77 0.71
LSTM-CNN model Padded Sequences 0.84 0.84 0.84 0.84

*Weighted averages were used when overall precision, recall and F1-score.
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Figure 5. Confusion matrices for 3-class classification results of (a) k-NN, (b) Naive Bayes, (c) SVM
trained with vectors created by TF-IDF + SVD and (d) CNN-LSTM model trained with vectors created
by padded sequences.

5. CONCLUSION

Sentiment analysis has become a significant field of research in information retrieval in the field of
NLP. Sentiment analysis techniques aim to extract or identify subjective information from textual data
with rule-based or machine learning techniques. In recent years, the increase in the popularity of this field
comes from advancements in deep learning field which includes more powerful architectures and pre-
trained language models.

Turkish is an agglutinative language, so it is difficult and different from English. Turkish has some
challenges to make sentiment analysis due to its structural difficulties and therefore there are a limited
number of Turkish language studies in the literature. In this study, it was aimed to classify Turkish Twitter
posts according to their sentiments analysis and to contribute to the literature.

For the study, a Turkish Twitter dataset on Covid-19 which is retrieved from Twitter API and labelled
by a pre-trained BERT model was used. After preprocessing applied to collected tweets, they were
vectorized through TF-IDF, TF-IDF with SVD and padded sequences. Then k-NN, NB and SVM traditional
machine learning (ML) algorithms and CNN-LSTM network were applied for sentiment analysis for
binary and multi-class classification tasks. The results show that there is no significant difference between
ML algorithms for both classifications, binary and multi-class. Even the most successful model -kNN- had
classification accuracy as 0.74 in the 3-class and 0.79 in the 2-class, while the CNN-LSTM model had
accuracy as 0.76 and 0.85 in the 3-class and 2-class classification, respectively. The results of experiments
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conducted have shown that CNN-LSTM model performs better at both classification tasks. The
performance comparison of methods can be helped to new future similar studies on Turkish Tweets.

KNN - 2 Class 9000 Naive Bayes - 2 Class
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= 6000 5 3500
el el
o 5000 o 3000
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Figure 6. Confusion matrices for 2-class classification results of (a) k-NN, (b) Naive Bayes, (c) SVM
trained with vectors created by TF-IDF + SVD and (d) CNN-LSTM model trained with vectors created
by padded sequences.
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Highlights

e The diagnosis of COVID-19 was performed by distinguishing the cough sounds of COVID-19
positive people from those of COVID-19 negative ones.

e The study was carried out on the “Virufy”open access cough sound dataset.

e Variational Mode Decomposition (VMD) method produced new features for the discrimination of
cough sounds.

e Data balancing performed with the oversampling technique has significantly increased the
performance.

¢ Ensemble machine learning methods showed high performances to identify cough sounds as

COVID-19 and Non-COVID-19 through classification.
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ABSTRACT: According to the World Health Organization, cough is one of the most prominent
symptoms of the COVID-19 disease declared as a global pandemic. The symptom is seen in 68% to 83%
of people with COVID-19 who come to the clinic for medical examination. Therefore, during the
pandemic, cough plays an important role in diagnosing of COVID-19 and distinguishing patients from
healthy individuals. This study aims to distinguish the cough sounds of COVID-19 positive people from
those of COVID-19 negative, thus providing automatic detection and support for the diagnosis of
COVID-19. For this aim, “Virufy” dataset containing cough sounds labeled as COVID-19 and Non
COVID-19 was included. After using the ADASYN technique to balance the data, independent modes
were obtained for each sound by utilizing the Variational Mode Decomposition (VMD) method and
various features were extracted from every mode. Afterward, the most effective features were selected
by ReliefF algorithm. Following, ensemble machine learning methods, namely Random Forest, Gradient
Boosting Machine and Adaboost were prepared to identify cough sounds as COVID-19 and Non
COVID-19 through classification. As a result, the best performance was obtained with the Gradient
Boosting Machine as 94.19% accuracy, 87.67% sensitivity, 100% specificity, 100% precision, 93.43% F-
score, 0.88 kappa and 93.87% area under the ROC curve.

Keywords: ADASYN, Cough Sound, COVID-19, Ensemble Machine Learning, ReliefF, Variational Mode
Decomposition (VMD)

1. INTRODUCTION

The coronavirus disease called as COVID-19 emerged in Wuhan, China, in December 2019. It
triggers what doctors call a respiratory infection and it is declared a global pandemic in 2020 by the
World Health Organization (WHO) [1, 2]. There have been 622.389.418 confirmed cases of COVID-19,
including 6.548.492 deaths, reported to WHO (as of October 18, 2022). COVID-19 is spreading rapidly
and related deaths are increasing day by day. Therefore, early diagnosis of this disease is very important
in terms of taking early precautions, reducing deaths and better management of a pandemic.

The WHO states that coughing, high fever, fatigue, headache, muscle, sore throat and shortness of
breath are common symptoms of COVID-19 [3, 4]. Cough is the predominant of them since it is one of
the early symptoms of respiratory tract infections. Also it occurs in 68% to 83% of people with COVID-19
who come for a medical examination [2, 3]. Therefore, automatic detection of COVID-19 from coughing
by using cough sound signals and machine learning has recently been one of the popular and important
fields of study for early diagnosis.

When the literature studies were evaluated in terms of early diagnosis of patients with and without
COVID-19, it was seen that some researchers classified only a single cough sound signal with different
machine learning methods. Bagad, et al. [5] benefited from cough sounds and CNN-based framework to
find COVID-19. They obtained area under of ROC curve (AUC) of 72%. Chaudhari, et al. [6] detected
COVID-19 and Non COVID-19 with AUC of 77.1% using cough sounds and Ensemble Deep Learning
Model. Imran, et al. [7] distinguished COVID-19 coughs and several types of Non COVID-19 coughs
through classical machine learning and deep learning methods. Accuracy of 92.85% was accessed in the
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study. Fakhry, et al. [8] utilized cough sounds and Multi-Branch Deep Learning Network for diagnosis
of COVID-19. Researchers acquired average AUC of 91.0%. Melek Manshouri [9] defined the coughs of
subjects with COVID-19 and Non COVID-19 using Support Vector Machine method. As a result of their
study, accuracy of 95.86% was reached. Pahar, et al. [2] discriminated coughs of patients with COVID-19
from both COVID-19 negative and healthy coughs by means of different machine learning classifiers.
98% and 94% AUC values were obtained with Resnet50 and LSTM respectively. Kamble, et al. [10]
developed several systems using cough sounds and machine learning methods. Their best system
obtained AUC of 76.31% employing light gradient boosting machine (LightGBM) backend. Rao, et al.
[11] developed a model using VGGI13 deep learning architecture for detection of COVID-19 cough
sound. Their model achieved an average AUC of 78.3%. Erdogan and Narin [12] detected COVID-19
patients from cough data. The highest accuracy in the study was found to be 98.4%. Tena, et al. [13]
diagnosed COVID-19 with accuracy of 90% using cough sounds and supervised machine-learning
algorithm. Islam, et al. [14] used cough sounds and a deep neural network. Thus, they developed an
algorithm for automated diagnosis of COVID-19. The researchers automatically detected COVID-19
cough sounds with accuracies of 89.2%, 97.5%, and 93.8% using different feature vectors. In addition to
these studies, some researchers classified different biological signals such as breathing and speech
sounds along with cough sounds for the same purpose. Aly, et al. [15] studied the diagnosis of COVID-
19 using cough, breathing and speech sounds together with Deep Model and Shallow classifiers.
Average AUC of 96.4% performance was obtained in their study. Coppock, et al. [16] studied with cough
and breathing sounds. They used ResNet and accessed AUC of 84.6%. Khriji, et al. [17] recognized
positive COVID-19 cases via a deep learning technique-based COVID-19 cough and breathe analysis. In
their study, Deep LSTM framework achieved up to accuracy of 80%. Grant, et al. [18] used crowd-
sourced database consisted of cough, speech and breath sounds of COVID-19 and Non COVID-19
subjects. Random forests (RF) and deep neural networks (DNN) classifiers were utilized and AUC of
68.36% for cough sounds was obtained. Lella and Pja [19] prefered to classify voice, dry cough, and
breath sounds with multi-channeled Deep Convolutional Neural Network. They obtained accuracy of
95.45% for the detection of COVID-19 disease from these sounds.

As a result of all literature studies, it has been concluded that cough sound are of great importance
in the diagnosis of COVID-19 and in most cases, it achieves high success even when used alone. Based
on this inference, the aim of this study was established and the automatic detection of COVID-19 was
carried out for early diagnosis. For this aim signal processing method, appropriate machine learning
methods and “GitHub’ open source cough dataset ““Virufy”” were used. In this study, diagnosis is based
on distinguishing of COVID-19 and Non COVID-19 cough sounds by classification.

It has been a difficult task to determine features that will enable characterize the signals. Researchers
in literature have often used mel frequency cepstral coefficients (MFCC), mel spectrogram, short time
fourier transform (STFT) signal processing methods and similar features such as log frame energies, zero
crossing rate (ZCR), skewness, kurtosis to extract characteristic features from sound signals. Within the
scope of this study, unlike the previous ones, Variational Mode Decomposition (VMD) method has been
used to search new features used in distinguishing COVID-19 coughs from those of Non COVID-19.
VMD is a new modal decomposition method proposed in recent years and can effectively solve the
shortcomings of the conventional Empirical Mode Decomposition (EMD) such as sensitive to noise and
mathematical expression. VMD decomposes signal into a number of sub-signals in other words
independent modes [20]. Since VMD independent modes can capture the distinctive features of signals
at different frequencies, the features extracted from these modes will be effective for the analysis and
discrimination of cough sounds and therefore for the diagnosis of COVID-19 disease [21]. For this
reason, in this study, after the data augmentation process with ADASYN technique, cough sound signals
have been decomposed into independent modes by 5-layer VMD method and features have been
extracted from each mode. Then, the most effective features have been determined through ReliefF
feature selection algorithm [22]. By using these features with different ensemble machine learning
methods, namely Random Forest (RF), Adaboost and Gradient Boosting Machine (GBM), the cough
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sounds of COVID-19 patients were separated from those of Non COVID-19. The findings of the study
indicate that COVID-19 cough sound signals can be identified with acceptable classification accuracy
and AUC.

As a result of the study, it was concluded that automatic detection of COVID-19 from cough sounds
were achieved with high success thanks to data augmentation, VMD-based features and ensemble
machine learning methods. Thus, early diagnosis of COVID-19 can be possible.

2. MATERIALS AND METHODS

2.1. Dataset

Virufy COVID-19 open-access Cough Dataset [6] available on “GitHub"was used in this study.
Collection of the cough sound data from subjects were carried out in a hospital under supervision by
physicians, following standard operating procedures (SOPs) and informed patient consent. Cough
sounds were recorded from 16 subjects using the smartphone app upon the request of Stanford
University as seen in Figure 1 [6]. Some of the subjects have various symptoms such as fever chills etc.,
while others have no symptoms. These subjects were labeled as COVID-19 and Non COVID-19
according to PCR test status. Information about the subjects is shown in Table 1 [9].

Cough sounds records of the patients are in mp3 format with a 48000 Hz of sampling rate in a single
channel (mono). After the preprocessing steps were carefully done on the cough sounds, dataset
consisted of these coughs is available on “GitHub”. Also, in the dataset, there are 121 cough sound
segments resulting from the segmentation of these sounds. 73 of the segments are Non COVID-19 and 48
are COVID-19. Following the segmentation process, the each subject’s cough time was 1640 ms (ms). The
segmentation step makes a major contribution to the analysis by emphasizing the significance and
dominance of infected regions [23]. Therefore, segmented forms of cough sounds were used in this
study.

Figure 1. Recording of cough sounds [6]
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Table 1. Information of 16 subjects
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Patient Age Gender Any chronicillness Complaints and symptoms PCR

No result

1 53 M None None N

2 50 M Congestive heart failure  Shortness of breath P

3 43 M None Sore throat N

4 65 M Asthma or lung disease ~ Shortness of breath, worsening P
cough

5 40 F None Sore throat, Loss of taste, Loss P
of smell

6 66 F Diabetes None N

7 20 F None None N

8 17 F None Shortness of breath, Sore N
throat, Body aches

9 47 M None Worsening cough N

10 53 M None Fever, chills, or sweating, P
Shortness of breath, worsening
cough, Sore throat, Loss of
taste, Loss of smell

11 24 F None None P

12 51 M Diabetes Fever, chills, or sweating, P
worsening cough, Sore throat

13 53 M None None N

14 31 M None Shortness of breath, worsening P
cough

15 37 M None None N

16 24 F None Worsening cough N

*M: Male, F: Female, N: Negative, P: Positive

2.2 Pre-processing

COVID-19 positive and negative cough sounds in the Virufy dataset are unbalanced (73 Non
COVID-19 and 48 COVID-19). The number of positive labeled coughs is very small and this insufficiency
may result in failed COVID-19 and Non COVID-19 classification results. To effectively identify COVID-
19 coughs, in the pre-processing step, the ADASYN [24] oversampling technique is applied to sound
signals. The ADASYN technique is derived from Synthetic Minority Over Sampling Technique
(SMOTE). The SMOTE technique creates synthetic samples based on the location of the data. Firstly, it
randomly selects a point belong to minority class, then search the k nearest neighbors of the same class
[25]. A new point is created in the vector between them for each of these pairs, this new point is located
in a random percent of the way from the original point [25]. The ADASYN technique, on the other hand,
adds a small random bias to the points after generating the samples, not making them linearly related to
their parents. Although this is a small change, it causes an increase of the variance in synthetic data [25].

The parameters determined for the ADASYN technique were the cough data, labels, the number of
k-nearest neighbors and beta value. The number of k-nearest neighbors was set to 5. Beta value is the
desired level of balance, where 0 means that the size of the minority class will not be changed, and 1
means that the minority class will be ADASYNed to have (approximately, due to rounding) the same
size as the majority class [26]. This value was chosen as 1. In this study, thanks to the use of the
ADASYN oversampling technique, 34 synthetic positive samples were generated. Thus, 82 positive
cough sounds have been available. In total, 155 cough sounds were reached, of which 73 were Non-
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COVID-19 and 82 were COVID-19. As a result of the pre-processing, the number of cough data in the
dataset was augmented.

2.3 Feature Extraction

Dragomiretskiy and Zosso in 2014 [20] has proposed VMD model. It is a non-recursive optimization
signal decomposition method that employs the Hilbert transform and Wiener filtering. The method
decompases the real valued signal into a finite number of independent modes (IMFs) [20]. In the VMD
method, it is considered that each mode has a limited bandwidth of center frequency. In this method, the
sum of each mode's predicted bandwidth is also minimized under the constraint that the sum of each
mode equals the original signal [27]. Detailed description of the technique and mathematical formulas
can be found in the reference [20].

Before the decomposition process, values of VMD parameters should be determined. In this study,
decomposition number of modes (k), data fidelity constrained (o) and tolerance convergence criteria
(tol) were determined as 5, 120 and 107 respectively. These parameters were determined according to
literature studies associated with sound signals [21, 28].

Choosing the decomposition number of modes (k) as 5 was also supported by correlation analysis.
This analysis was carried out utilizing the study of Yang, et al. [29]. Researchers proposed the analysis of
the Spearman correlation coefficient between the reconstructed signal from IMFs and the original signal.
According to them, if the correlation coefficient reaches the determined threshold value, the VMD is
considered to be sufficiently decomposed. Otherwise, k is incremented. In this study, this principle was
adopted. The threshold value was determined as 0.80 because it represents very high correlation
between sequences. k value was set to 2 initially. Then, VMD decomposition was carried out on each of
COVID-19 and Non COVID-19 cough sounds to obtain k IMFs. After that, Spearman correlation
coefficient was calculated between reconstructed and original cough sounds. The k value was increased
as long as correlation coefficient was less than 0.80. As a result of this process, the k value was found to
be 4 for some cough sounds and 5 for others. Choosing a k value of 4 causes insufficient decomposition
for cough sounds where this value is found as 5. In the end, it was decided to have a k value of 5 since it
included all sounds in the study.

The 5-layer VMD method used in cough sound signals of Non COVID-19 subjects (a) and COVID-19
patients (b) is shown in Figure 2.
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Figure 2. 5-Layer VMD decomposition a) of Non COVID-19 cough sound b) of COVID-19 cough sound

VMD independent modes can capture the distinctive features of signals at different frequencies.
Therefore, following features was extracted from each of the modes (IMFs) such that will be effective for
the analysis and discrimination of cough sounds.

i.Statistical features

Cough sounds of COVID-19 patients have different signal characteristics than healthy people.
COVID-19 coughs may have different statistical characteristics than non-COVID-19 coughs. The
variations can be evaluated using the mean, variance, skewness, and kurtosis properties of the time-
domain signals at the independent modes. Hence, the mean, variance, skewness and kurtosis statistical
values belong to time domain signal of each mode were used as features for COVID 19 disease analysis.

ii.Frequency corresponding to the peak in the spectrum

Figure 3 shows independent modes of Non COVID-19 cough sounds and their associated spectra.
As can be seen from this figure, different frequency values correspond to the peak values in each mode.
Figure 4 shows independent modes of COVID-19 cough sounds and their associated spectra. Here, too,
different frequency values correspond to the peak values in each mode. The frequency values
corresponding to the peaks differ not only according to the modes, but also according to the cough
sounds of COVID-19 and Non-COVID-19. Therefore, the frequency corresponding to the peak in the
spectrum was used as feature in the analysis.
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Figure 3. Independent 3 modes of Non COVID-19 cough sound signal and their spectrums (a) IMF1
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iii.Peak amplitude

Time-domain peak amplitudes of coughs belong to Non COVID-19 subjects and COVID-19 patients
varies. This has led us to use this value as feature for COVID-19 disease analysis.

iv.Energy
In this study, energy of time domain signal at each mode was calculated as seen in Eq. 1 and it was

used as a feature for analysis of COVID-19 disease. In the Eq. 1, N denotes the total number k" mode’s
time domain signal samples, x;, (n) is the k™ mode’s time domain signal.

Ep = Z:=1|Xk(n)|2 Eq. 1
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v.Entropy measures

Entropies are mathematical algorithms developed to measure repeatability, predictability, and
complexity in a signals [30]. In this study, Permutation Entropy, Renyi’s Entropy and Spectral Entropy
measures were calculated for time domain signal of each mode as features for analysis of COVID-19.

Permutation entropy (PerEnt) measures the randomness of a signal [31]. A high PerEnt value indicates
that the signal is more random. It is considered that the randomness of Non-COVID-19 cough sound is
different from that of the COVID-19 cough sound. This measure is calculated as stated in the reference
[21].

Renyi’s entropy (ReEnt) gives information about the spectral complexity of the signal [32]. It is
calculated as in referance [21].

Spectral entropy (SpecEnt) presents the regularity of signal [32]. The regularity of independent modes’
signals of Non-COVID-19 cough sounds may differ from those of the COVID-19 patients” coughs. It is
computed as in reference [21].

Taking these features from each of the 5 Modes into account, it can be stated that the feature vector
of each cough sound signal is obtained by combining the statistical features (mean, variance, skewness,
and kurtosis), the frequency corresponding to the peak in the spectrum, peak amplitude, energy, PerEnt,
ReEnt, and SpecEnt. Therefore, dimension of resulting feature vector for each cough sound will be 50.

2.4 Feature Selection

In this study, dimension of features for each cough sound signal is too much. Using all of these
features can both reduce performance and require more time. However, not all features may be effective
in differentiating COVID-19 and Non COVID-19 cough sounds for the purpose of the study. Therefore,
it is necessary to determine the most effective ones among the extracted features. This process will
reduce the processing time of the next step, the classification process, and will contribute to high
performance by eliminating the redundant features.

ReliefF algorithm gives positive weights to features in the same class that are close to each other, and
negative weights to features in the other class that are close to each other [33]. In this way, it calculates a
relevancy index for each feature. A high relevance index will be assigned to features that result in the
best class separation across all observations in the training set [33]. In this study, ReliefF feature selection
algorithm was chosen to determine the most effective features for separating of COVID-19 and Non
COVID-19 cough sounds. With this algorithm, 9 features were selected among 50 features as effective.
These features are listed below.

v IMF1-Skewness
IMF1-Energy
IMF1- ReEnt
IMF2-Kurtosis
IMF2-Frequency corresponding to the peak in the spectrum
IMF2-Peak Amplitude
IMF2-ReEnt
IMF3-Frequency corresponding to the peak in the spectrum
IMF5-Kurtosis

Considering the selected features, it can be said that Mode-1 (IMF1) and Mode-2 (IMF2) are the best
modes to characterize the signals. Moreover, it is seen that kurtosis among the statistical features,
frequency corresponding to the peak in the spectrum and RenEnt among the entropies more effective
than others.

AN N N N NN
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2.5 Classification Using Ensemble Machine Learning Methods

Ensemble learning technique puts together a group of independent learners to improve the model’s
performance [34]. Because its variance is decreased, the combined estimator is often superior than any
single-based estimator [35]. The most well-known of these ensemble methods and used also in this study
are Random Forests (RF), Gradient Boosting Machines (GBM) and Adaboost.

Random Forest was declared by Tin Kam Ho [36] in 1995. It's frequently used for classification as
well as regression. The RF method uses the bagging technique to build an ensemble of decision trees. It
is based on the developing of many decision trees depending on random data and random variable
selection. Thus, the forest's bias usually increases slightly (in comparison to the bias of a single non-
random tree), but its variance drops as well, frequently more than compensating for the bias increase,
resulting in a superior overall model [37].

Yoav Freund and Robert Schapire [38] introduced Adaboost. It focuses on instances that were
classified incorrectly. To begin, weights are assigned to the samples in the training set to establish the
focus level [39]. During the first iteration, all samples in the training set are assigned the same weight.
With the increase in the number of iterations, the weights of the misclassified samples increase. In the
same time, the weights of correctly classified samples are gradually reduced. Additionally, when using
the produced ensemble to make a prediction, weights are applied to individual baseline learners based
on their aggregate prediction performance [40]. Variance reduction occurs since the models are built
iteratively on randomly sampled but re-weighted training samples [40].

Gradient Boosting Machines is the ensemble method based on boosting. This method, like the
adaboost method, iteratively builds base learners by reweighting misclassified observations. GBMs, on
the other hand, vary from AdaBoost in that they calculate weights using the loss function's negative
partial derivatives at each training observation [40].

Evaluation of the COVID-19 and Non COVID-19 cough classifications performed with the
mentioned ensemble learning methods was carried out with the k cross validation technique. Classically,
the value of k was determined as 10. Performance assessment was made with classification accuracy
(CA) in Eq. (2), sensitivity in Eq. (3), specificity in Eq. (4), precision in Eq. (5), F-score in Eq. (6), Kappa
statistic in Eq. (7) and AUC metrics by benefitting the confusion matrix obtained at the end of each
classification. Table 2 represents the confusion matrix structure in the classifications of this study.

Table 2. Confusion matrix structure
Predicted Class

Non-COVID19 COVID-19
True Class Non-COVID19 TP FN
COVID-19 FP TN
TP+TN
CA= TP TN+EP+EN Eq.2
S _ TP
Sensitivity(Sens.) = TPTEN Fa.3
Specificity(Spec.) = _IN
TP
Precision (P)= ————
TP+FP Eq.5

precision x sensitivity

F-score= 2 x — —— Ea. 6
precision + sensitivity q-




COVID-19 Detection Using Variational Mode Decomposition of Cough Sounds

Kappa statistics (K )= >

Pe in Eq. (7) is calculated as in Eq. (8).

o - [TP+ FP)X TP+ FN)L+ [(FN +TN) (FP+TN ]
¢ (TP+TN + FP+FN)’

3 RESULTS AND DISCUSSION
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Eq. 7

In this study, for the distinguishing of COVID-19 and Non COVID-19 cough sounds, 50 features
were extracted from them using VMD method. After that, most effective 9 features were selected by
ReliefF algorithm. The results obtained by using these effective features with RF, GBM and Adaboost
methods are shown in Table 3. Table 4, Table 5 and Table 6 show the confusion matrices from which

these results were achieved by the RF, GBM and Adaboost methods, respectively.

Table 3. Performance of Ensemble Learning Methods for classification of 155 cough sounds

Ensemble Learning Method  CA (%) Sens. (%) Spec.(%) P (%)  F-score K

AUC (%)

RF (number of trees: 85,

Number of attributes 92.26 83.56 100.00 100.00 91.04 0.84
considered each split: 2)

GBM

(Scikit-learn, the number of 94.19 87.67 100.00 100.00 93.43 0.88
trees: 270, learning rate: 0.899)

Adaboost

(the number of estimators: 81.94 79.45 84.15 81.69 80.50 0.64
100, learning rate: 1)

91.78

93.84

81.80

Table 4. Confusion matrix obtained by effective features and RF

Non COVID-19
COVID-19
Non COVID-19 61 12
COVID-19 0 82

Table 5. Confusion matrix obtained by effective features and GBM

Non COVID-19
COVID-19
Non COVID-19 64 9
COVID-19 0 82

Table 6. Confusion matrix obtained by effective features and Adaboost

Non COVID-19
COVID-19
Non COVID-19 | 58 15
COVID-19 13 69

As presented in Table 3, the highest performance was obtained using the GBM ensemble method. By
this method, all of the COVID-19 cough sounds were detected correctly, as seen in Table 5. In other
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words, 100% specificity and precision measures could be obtained. Only 9 cough sounds of subjects
diagnosed with Non COVID-19 were misclassified, so 87.67% sensitivity was obtained. This method also
produced F-score of 93.43% and AUC of 93.84% values. Also, 0.88 kappa statistics value was reached by
this method. As can be seen from Table 3, Table 4 and Table 5, although the RF method recognized all
COVID-19 cough sounds like GBM, it was able to recognize fewer Non COVID-19 cough sounds than
GBM. Therefore, other performance metrics of RF except for specificity were lower than GBM method.
On the other hand, the Adaboost ensemble method provided the lowest performance in terms of all
performance measures.

To emphasize the number of data and legitimacy of ADASYN technique, original 121 cough sounds
(73 Non COVID-19 and 48 COVID-19) before the augmentation process were also classified using 9
effective features and ensemble learning methods. The results of the classifications are shown in Table 7.

Table 7. Performance of Ensemble Learning Methods for classification of 121 cough sounds

Ensemble Learning Method = CA (%) Sens. (%) Spec.(%) P (%) F-score K AUC (%)

RF (number of trees: 100,

Number of attributes 80.17 86.30 70.83 81.82 84.00 0.58 78.6
considered each split: 2)

GBM

(Scikit-learn, the number of 81.82 86.30 75.00 84.00 85.14 0.62 80.65
trees: 200, learning rate: 0.921)

Adaboost

(the number of estimators: 71.07 78.08 60.42 75.00 76.51 0.39 69.25
100, learning rate: 1)

Table 7 showed that the highest performance was again obtained with the GBM method. However,
if both Table 3 and Table 7 are examined together, it can be seen that although there was no significant
change in the recognition success (sensitivity) of Non COVID-19 cough sounds, the recognition success
(specificity) of the minority class i.e. COVID-19 coughs were reduced considerably. Because most
machine learning algorithms are designed around the assumption of an equal number of samples for
each class, the imbalance in the dataset poses a challenge for predictive modelling. This results in models
with poor predictive performance, especially for the minority class. The data balancing process
performed on a data set with such unbalanced classes has an improving effect on the performance. In
this study, this process was carried out using the ADASYN oversampling technique, and the data set
was balanced by producing synthetic data belonging to the minority class. Thus cough data were
augmented. According to results seen in Table 3 and Table 7, it was concluded that augmentation using
ADASYN helps in increasing the performance of classifiers significantly.

There are many studies in the literature to automatically detect COVID-19 by analyzing both
COVID-19 and Non COVID-19 cough sounds for early diagnosis. The comparison of this study with
only few studies using the "Virufy" dataset as one of the datasets is given in Table 8.
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Table 8. Comparison of this study with literature.

Study Dataset Type of Sound  Features Classifiers Results
[6] Coswara Cough Mel- spectrogram Ensemble 77.1% AUC
Coughvid MECC Deep Learning
Virufy Model
[15] Coswara Cough MFCC -RMS -ZCR  Deep Model 96.4% AUC
Virufy Breathing Spectral Rolloff / Shallow 9%% CA
Speech Centroid/etc. classifiers
[9] Virufy Cough STFT - MFCC SVM classifier 95.8% CA
with RBF  98.6% sens.
kernel 91.7% spec.
This Virufy Cough VMD-based RF 94.19% CA
study features GBM 87.67% Sens.
Adaboost 100% Spec.

100% Precision
93.43% F-score
0.88% Kappa
93.84% AUC

As it can be seen in Table 8, this study is competitive with other studies that use the Virufy dataset
as one of their sets in terms of different performance measures. Moreover, this study produced highest
specificity performance metric throughout VMD-based features and GBM ensemble learning method.
Despite all this, it should be noted that most of the studies in Table 8 considered not only the Virufy data
set, but also different data sets, as well as sounds other than cough sounds. As a result, studies gave the
performance criteria seen in Table 8 as average values. For this reason, it would not be right to compare
this study with other studies in Table 8 exactly.

Most of the studies in this field in the literature have used different cough sound datasets. Despite
the different datasets, this study is also comparable to other studies focusing on the automatic detection
of COVID-19. Some of these studies using only cough sound signals gave the AUC value as a measure of
success. This study found the AUC success criterion for detection of COVID-19 to be 93.84%. In terms of
this metric, this study outperformed Bagad, et al. [5], Chaudhari, et al. [6], Fakhry, et al. [8], Kamble, et
al. [10] and Rao, et al. [11] which achieved AUC of 72%, 77.1%, 91.0%, 76.31% and 78.3% respectively. If
this study is compared with studies using only cough sounds and showing CA as a measure of success,
it outperformed Imran, et al. [7] and Tena, et al. [13] which achieved CA of 92.85% and 90% respectively.
Although this study showed lower performance in terms of CA metric than that of Erdogan and Narin
[12] with CA of 98.4%, it provided a higher performance in terms of specificity obtaining 100% success. If
we compare with studies using different signals along with cough sounds, this study is better than
Coppock, et al. [16] with AUC of 84.6%, Grant, et al. [18] with AUC of 68.36% and Khriji, et al. [17] with
CA of 80.0%. Apart from these, this study is comparable to Melek Manshouri [9], Islam, et al. [14], Aly, et
al. [15] and Lella and Pja [19] which accessed CA of 95.86%, CA of 89.2%, 97.5, 93.8%, CA of 96.4% and
CA of 95.45%.

Among the studies focused on the automatic detection of COVID-19, there have also been those that
used only the lung/breath sounds without including the cough sounds. Raj, et al. [41] performed
nonlinear time series and principal component analyses to diagnose the COVID-19 through lung sounds.
Tuncer, et al. [42] detect COVID-19 with CA of 95.43% using lung sound, Novel Local Feature
Generation Technique and SVM. TUNCER, et al. [43] carried out automated Covid-19 respiratory sound
classification with CA of 91.02% by utilizing lung sounds.

Considering the literature studies and their results, it can be said that; Although a detailed
comparison cannot be made due to different feature sets, this study can compete with the studies in the
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literature. Also, it shows the use of cough sounds alone may be sufficient for COVID-19 detection
without the need for other signals.

When the literature studies are evaluated from another perspective, it has been seen that generally
similar feature extraction methods, especially MFCC, were used for the analysis of cough sound signals.
This study, unlike other studies, examined the VMD method and decompose the each cough sound
signal into different independent modes. Then, it extracted several features from these modes to
characterize COVID-19 and Non COVID-19 coughs. As a result of using these features with the GBM
method, which is one of the ensemble learning methods, the study achieved its purpose and was able to
detect COVID-19 with high success by identifying positive and negative cough sounds.

4 CONCLUSION

This study aimed to detect COVID-19 by distinguishing cough sounds of people with the COVID-19
from coughs of healthy people, thus contributing to the diagnosis of COVID-19 disease. For this aim, it
used the public Virufy cough sounds dataset, ADASYN oversampling technique, VMD feature
extraction method and ensemble machine learning methods namely RF, GBM and Adaboost.

Firstly, the cough sounds included in the study were pre-processed in order to eliminate the
imbalance between the classes. In this way, the number of COVID-19 cough sound signals, which were
few in number, was increased with the ADASYN technique. Then, 5-layer VMD technique was applied
to each cough sound and the sounds were separated into 5 independent modes (IMFs). Since VMD
discrimination modes can capture the distinctive features of signals at different frequencies, several
features (mean, variance, skewness and kurtosis statistical features, frequency corresponding to the peak
in the spectrum, peak amplitude, energy, PerEnt, ReEnt and SpecEnt) were extracted from each mode of
every sound. However, it has resulted in the emergence of a large number of features that will force the
next step, discrimination of COVID-19 coughs and Non COVID-19 coughs by classification via RF, GBM
and Adaboost. Therefore, ReliefF algorithm was used and 9 features were selected as the most effective
features for the purpose of this study. Finally, cough sounds were recognized through classification by
using 9 active features and RF, GBM, and Adaboost methods. The best performance was obtained by
GBM ensemble learning method. All COVID-19 cough sounds were identified correctly and fewer Non
COVID-19 sounds were misidentified. So, the diagnosis of COVID-19 from cough sounds were
performed with acceptable accuracy.

As a result of the study, it can be said that the cough sound is one of the most prominent symptoms
of COVID-19, and even this sound alone can indicate the presence of COVID-19. Just like in this study,
with the analysis of cough sounds in digital environments automatically, negativities such as one-to-one
interaction and crowded environment in hospitals that accelerate the spread of COVID-19 can be
prevented. According to the results of the study, it can also be said that VMD method chosen different
from those used in the literature is convenient for cough sound analysis by capturing the distinctive
features of signals at different frequencies. Moreover, the augmentation performed to balance the
different classes is very important in terms of improving the performance. Also, based on the working
principle of ensemble methods by combining multiple models, successful results have been produced
for the detection of COVID-19 in the study. Even, the GBM ensemble learning method outperformed the
RF and Adaboost methods as each tree corrected the classification error of the previous tree and grew
trees sequentially, increasing overall performance.

Although the performed study also requires validation on a larger dataset, the obtained results are
very promising and show that detection of COVID-19 based on the automatic classification of only
cough sounds is feasible.
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OZ: Bu calismada kitosan ve glukozun farkli ¢oziicli ortamlarinda belirli sicaklik ve siirede
tungstofosforik asit katalizorliigiinde tek basamakta hidrolizi ve levulinik aside dontistimleri
incelenmistir. Katalitik doniistim prosesinde kiitlece 1:5 oraninda (yardimci ¢oziicii-su) sulu ortama
eklenen vy-valerolakton, kitosanin levulinik aside doniisiim verimini degistirmezken, glukoz doniisiim
verimini yaklasik iki katma ¢ikarmistir.  Sulu ortama ayni oranda 1-biitil-3-metilimidazolyum
hidrojenstilfat ilavesinde ise hem kitosan hem de glukoz doniisiimlerinde levulinik asit verimi sirasiyla
%3,7 ve %22,7'ye ulasmistir. Kitosamn su/1-biitil-3-metilimidazolyum hidrojensiilfat ortaminda
dontistimii sonras1 toplam indirgen seker miktari ve kat1 atigin FT-IR spektrumu incelendiginde iyonik
stvinin asidik karakterinin hidroliz ve doniisiim {izerinde etkili oldugu goriilmektedir. Katalizorsiiz sulu
ortamda biyokiitle doniigiimiinde levulinik asit olusmazken, tungstofosforik asit kullanildiginda
kitosandan %3,1, glukozdan ise %7,0 verimle levulinik asit elde edilmistir.

Anahtar Kelimeler: Kitosan, Tungstofosforik Asit, Levulinik Asit, [yonik Stvi, y-Valerolakton

Production of Levulinic Acid from Chitosan in Different Solvent Mediums Using Tungstophosphoric
Acid as Catalyst

ABSTRACT: In this study, tungstophosphoric acid catalyzed one-step hydrolysis and conversion of
chitosan and glucose to levulinic acid in different solvent mediums at a certain temperature and time
were investigated. In catalytic conversion process, y-valerolactone added to the aqueous medium at a 1:5
mass ratio (cosolvent-water) did not change the levulinic acid conversion efficiency of chitosan, but
increased glucose conversion efficiency by two-fold. When 1-butyl-3-methylimidazolium
hydrogensulfate was added to the aqueous medium at the same ratio, the yield of levulinic acid in both
chitosan and glucose conversion reached 3.7% and 22.7%, respectively. When the total amount of
reducing sugar after the conversion of chitosan in water/1-butyl-3-methylimidazolium hydrogensulfate
medium and FT-IR spectrum of solid waste were examined, it can be seen that the acidic character of
ionic liquid is effective on hydrolysis and conversion. While no levulinic acid was obtained during the
biomass conversion in aqueous medium without any catalyst, by using tungstophosphoric acid,
levulinic acid was obtained with a yield of 3.1% from chitosan and 7.0% from glucose.

Keywords: Chitosan, Tungstophosphoric Acid, Levulinic acid, fonic Liquid, y-Valerolactone

1. GIRIS INTRODUCTION)

Levulinik asit (CsHsOs), yapisindaki karboksilik asit ve keton gruplari sayesinde ¢ok yonlii sentezler
icin kullarilabilen, ticari olarak petrokimyasal yolla maleik asit ve furfuril alkolden elde edilen degerli
bir 6ncii bilesiktir. Giiniimiizde fosil kaynaklarin hizla tiikenmekte olusu ve yarattiklar1 gevresel
sorunlar, bircok endiistriyel kimyasalin ve yakitin sentezinde onemli anahtar rol oynayan levulinik
asidin, alternatif olarak ucuz ve kolay bulunan karbonhidrat igerikli yenilenebilir biyokiitle
kaynaklarindan eldesini 6nemli hale getirmistir [1]. Bu kapsamda kullanilabilecek biyokiitle kaynaklar1
arasinda dogada en ¢ok bulunan ikinci dogal biyopolimer olan, {3-(1,4)-N-asetilglukozamin
birimlerinden olusan kitin ve kitinin deasetillenmis formu kitosan da yer almaktadir. Sahip oldugu
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fiziksel ve kimyasal 6zelliklerden dolay: kitosanin gida, ilag, tekstil ve kozmetik gibi farkli endiistriyel
alanlarda kullanimi son zamanlarda oldukga yayginlagmistir. Kitosamin sudaki ¢dziiniirliigiiniin diisiik
olmasi kullanimini sinurlandirirken bu polimerik yapinin hidroliz reaksiyonu ile daha kiigiik birimlerine
parc¢alanmasi uygulama alanlarin arttirmak icin tercih edilen bir yoldur [2].

Biyokiitle materyallerinin degerli kimyasallara doniisiimiinde aktivitesi yiiksek, yesil, stirdiiriilebilir
katalizorlerin, ucuz hammaddelerin ve uygun ¢oziicii sistemlerinin kullanimi maliyeti diisiiriip verimi
arttirmada oldukga Onemlidir. Yapilan bu ¢alismada kitosan biyokiitlesinin farkli ¢dziicii ortamlarinda,
belirli sicaklik ve siirede, tungstofosforik asit katalizorliigiinde hidrolizi ve levulinik aside doniisiim
verimi incelenmis ve sonuglar en basit yapili model bilesik olarak kullanilan glukoz ile karsilastirilmistr.
Coziicii sistemi olarak yesil ve ¢evreci olmast nedeniyle su tercih edilirken, katalitik etki gdstermesi 6n
goriilen +y-valerolaktonun (GVL) ve 1-biitil-3-metilimidazolyum hidrojensiilfatin ([Bmim]HSO4)
yardimcr ¢oziicli olarak etkisi incelenmistir. Biyobazli ve gevreci bir ¢dziicii olan GVL'nin biyokiitle
doniisiim uygulamalarinda kullanimi oldukga yeni olmasina ragmen [3]-[6] karbonhidratlarin degerli
kimyasallara doniisiimil sirasinda istenmeyen yan reaksiyonlar sonucu olusan, ¢dziinmeyen amorf
makromolekiillerin karisimi olan hiiminleri ¢6zdiigii yapilan calismalarla belirlenmistir [7]-[9]. Bu
avantaji sayesinde levulinik asit (LA) eldesinde ¢6ziicii sistemi olarak su/GVL kullamlmasi ile 6n islem
maliyetinin de Oniine gecilebilecegi ongoriilmektedir. Bir diger yardimar ¢oziicii olan [Bmim]HSOs ise
asidik karaktere sahip bir iyonik sividir. Erime noktas: 100°C altinda olan ve bir katyon ile bir anyondan
olusan iyonik sivilar (IL), diisiik buhar basincina, termal kararhiliga, yiiksek iletkenlige sahip olmas: gibi
Ozellikleri ve c¢esitli anyon/katyon kombinasyonlar1 ile farkli amaclarla hedefe yonelik olarak
sentezlenebilmeleri nedeniyle son yillarda biyokiitle doniisiimii uygulamalarinda sikca
kullanilmaktadir. IL olarak [Bmim]HSO+'m tercih edilmesinin sebebi, sahip oldugu asitlik sayesinde
kitosan hidrolizinde glikozit baglarimin kirilmasimi kolaylastirarak reaksiyona Kkatalitik etkisinin
oldugunun bilinmesidir [10]. Calismada katalizor olarak heterojen ve homojen asit katalizli sistemlerde
siklikla kullanilan bir heteropoliasit olan tungstofosforik asit tercih edilmistir. Tungstofosforik asit,
H250s4 veya HCl gibi inorganik asitler ile kiyaslandiginda korozif etkisinin olmamasi, termal kararlihiga
sahip olmasi1 ve kuvvetli Bronsted asitligi gostermesi nedeniyle levulinik asit eldesi igin uygun bir
katalizor olarak goriilm{istiir [11], [12].

2. MATERYAL ve YONTEM (MATERIAL and METHOD)
2.1. Malzemeler (Materials)

Calismada biyokiitle olarak orta molekiiler agirhikli kitosan (75-85 deasetilatli, Sigma-Aldrich) ve
d-(+)-glukoz monohidrat (Sigma-Aldrich), katalizor olarak tungstofosforik asit hidrat (HzOxPW12.xH-O,
Merck), ¢oziicli ortami olarak ise saf su ile birlikte 1-biitil-3-metilimidazolyum hidrojen siilfat (%98,
Acros Organics) ve vy-valorelakton (%99, Sigma-Aldrich) kullanilmistir. DNS  reaktifinin
hazirlanmasinda 3,5-dinitrosalisik asit (Sigma-Aldrich), sodyum siilfit (Panreac) ve potasyum-
sodyumtartarat tetrahidrat (Horasan Kimya) kullanilmistir. HPLC analizlerinde kalibrasyon grafiklerini
olusturmak i¢in analitik standart olarak 5-hidroksimetilfurfural (5-HMF, Sigma-Aldrich) ve levunilik asit
(Sigma-Aldrich), mobil faz olarak metanol (=% 99,9, Sigma-Aldrich) ve fosforik asit (%85, Merck)
kullanilmigtir.

2.2. Deney Kosullar1 ve Analizler (Experimental Conditions and Analysis)

Kitosan ve glukoz doniisiimlerinde daha 6nce yapilan ¢alismalar g6z 6niinde bulundurularak 0,18 g
biyokiitle, 0,075 g katalizor ve kiitlece 1:5 (yardimc1 ¢oziicii-su) oraminda ¢dziicii sistemi kullanilmis ve
deneyler kesikli tip 6zel {iretim reaktorde (50 mL) 180°C’de 1 saat siirede gercgeklestirilmistir [13]. Deney
sonunda reaktorden alinan ¢ozeltilerin 5-HMF ve LA iceriklerinin analizi sivi kromatografisi (HLPC,
Agilent) ile ACE C18 kolonda (250 x 4,6 mm) 210 ve 280 nm dalga boyunda (UV dedektor) %0,001
fosforik asit ve metanol hareketli fazlar1 kullanilarak gerceklestirilirken, ¢Ozeltiler analiz Oncesi
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filtrelenmigtir. Tim dontisim deneyleri iki tekrarli (gerektiginde ti¢ tekrarli) olacak sekilde
gerceklestirilmistir.

Deney sonunda cozeltilerde kalan toplam indirgen seker miktar1 glukoz esdegeri olarak DNS
yontemi [13] ile 540 nm’de UV-VIS Spektrofotometrede (Agilent, Carry60) absorbans okumalar
yapilarak belirlenmistir.

Doniisiim deneyleri sonrasi LA ve 5-HMF {iriin verimleri asagidaki sekilde hesaplanmistir:

Verim LA (%) = (m2/m1)x100 (1)

Verim 5-HMF (%) = (m3/m1)x100 (2)

m1l: baslangi¢ biyokiitle miktari (g)

m?2: elde edilen LA miktari (g)

m3: elde edilen 5-HMF miktar: (g)

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)

3.1. Kitosan ve Glukozun Levulinik Aside Katalitik Doniigiimii (Catalytic Conversion of Chitosan and Glucose
to Levulinic Acid)

Kitosan ve glukozdan yalmiz su, su/GVL ve su/[Bmim]HSOs ¢6ziicii ortamlarinda tungstofosforik
asit katalizorliigiinde elde edilen LA ve ara {iriin 5-HMF miktarlar1 Sekil 1'de, doniisiim verimleri ise
Sekil 2’de verilmistir. Kitosanin katalitik doniistimiinde en etkili yardimci ¢oziicii [Bmim]HSOs olmustur
ve %3,7 verimle g kitosan basina 37,2 mg levulinik asit elde edilmistir (Sekil 1.a ve 2). Kullarulan bu
yardimei ¢oziiciiniin etkin olmasi kuvvetli Brensted asit 6zelligine sahip olmasi ile iliskilendirilmektedir.
Doniisiim reaksiyonlarinda Lewis asidi varliginin glukozun fruktoza izomerasyon reaksiyonlarini
katalizledigi, Brensted asidi varhigimin ise homo/heteropolimerik (seliilloz, kitosan vb.) yapinin
monosekerlere hidrolizini ve olusan monosekerlerin (glukoz, fruktoz) dehidrasyon ile 5-HMF ye ve
ardindan LA’ya doniisiimiinii katalizledigi bilinmektedir. Brensted asit 6zelligine sahip oldugu bilinen
tungstofosforik asit ve iyonik sivinin ortamda birlikteligi sinerjik etki olusturmaktadir. Literatiirde yer
alan benzer bir calismada [C3SOsHmim]-katyonlu 6 farkl asidik iyonik sivinin sulu ortamda (kiitlece 1:4
oraninda) kitosandan levulinik asit eldesi {izerine etkisi incelenmistir. 170°C’de 250 mg baslangig
maddesi ile en yiiksek LA verimi (%49,0) [C:SOsHmim]HSOs, en diisitk LA verimi ise (%8,5)
[CsSOsHmim]H2POs iyonik sivist ile elde edilmistir. Bu dontisiimdeki yiiksek verim, glukozidik
oksijenin protonlanmas: ile kitosanin zincir boliinmesi reaksiyonuna asidik katalizin etkisine
baglanmistir [2]. Ayrica, konjuge baz yapisindaki anyon, yapidaki hidroksil gruplar ile hidrojen bag:
yapma egilimi ile polisakkarit yapisindaki molekiil i¢i ve dig1 hidrojen baglarini, dolayisiyla da kristal
yapiy1 bozmaya baslar, bu da hidrolizi etkinlestirmektedir [14].
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Sekil 1. Farkli ¢oziicli ortamlarinda elde edilen 5-HMF ve LA miktarlar a. kitosan doniistimii sonrasi b.

glukoz doniisiimii sonrasi
Figure 1. The amount of 5-HMF ve LA obtained in different solvent mediums after a. chitosan conversion b. glucose conversion

Misir samanu biyokiitlesinin aymni sicaklik ve siire kosullarinda su-[Bmim]HSOs ¢oziicii ortaminda
katalizorsiiz doniisiimiine ait bir ¢calismada ise g misir samamni basina 32,2 mg levulinik asit ve 11,0 mg
5-HMF elde edilmis olup burada katalizoriin ortama ilavesiyle LA ve 5-HMF veriminin artacagi
sonucuna varilmistir [13]. Kitosan doniistimiinde yalnizca su ortaminda tungstofosforik asidin katalizor
etkinligi incelenirse, katalizorsiiz denemede LA olusmazken, katalizorlii ¢alismada LA miktarinin g
kitosan basina 31,2 mg’ a ¢iktig1 goriilmektedir (Sekil 1.a).
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Sekil 2. Farkli ¢oziicii ortamlarinda katalitik doniisiim sonrasi1 LA ve 5-HMF verimlerinin kiyaslanmasi
Figure 2. The comparison of LA ve 5-HMF yields in different solvent mediums after the catalytic conversion

Deneyler sonucunda hidrolizatlarin toplam indirgen seker igerikleri kiyaslandiginda (Cizelge 1)
iyonik s1v1 iceren ortamda kalan indirgen seker miktarinin yiiksek oldugu goriilmektedir. Bu durum da
yine iyonik sivinin hidrojen baglarinin kirilmasini saglayarak kitosanin hidroliz oranini arttirdiginin ve
asidik karakteri ile katalizoriin asidik 6zelligini desteklediginin gostergesidir [15].

Cizelge 1. Doniisiim deneyleri sonrasi ¢ozeltilerdeki toplam indirgen seker miktarlarinin kiyaslanmasi
Table 1. Comparison of the total reducing sugar in the solutions after the conversion experiments

Toplam indirgen seker

Coziicl (mg glukoz/g biyokiitle)

Glukoz Kitosan
su (katalizorsiiz) 537,9+17,2 13,3+5,7
su 262,5+ 15,8 30,0+7,1
su/GVL 326,0+117,8 36,5 +0,5
su/[Bmim]HSOx 181,9 £ 73,7 89,6 +5,8

Kitosanin katalitik doniisiimiinde, polar aprotik yardimar ¢oziicii olarak GVL kullanildiginda yalniz
su ortamina kiyasla 5-HMF miktar: artarken, LA miktar1 dolayisiyla da LA verimi diismiistiir (Sekil 1.a
ve 2). Seliilozun hidrotermal hidrolizi {izerine yapilan bir ¢alismada sulu ortamda GVL'nin aktivasyon
enerjisini diislirdiigii, hem kat1 hem siv1 fazdaki hidroliz reaksiyonlarini arttirdigi belirtilmistir. Organik
faz varligimin suyun seliiloz yiizeyindeki davramisini etkiledigi ve hidroliz verimini arttiracak sekilde
suyun glikozidik bag oksijenleri ile daha kuvvetli hidrojen bag: yapmasim sagladigi soylenmektedir
[16]. Bu calismada ise, GVL'nin asidik kosullarda kitosan doniistimiinde sulu ortamda hidroliz oran1 ve
iriin verimini arttirma noktasinda kayda deger bir etkisinin olmadii gozlenmistir. 5-HMF nin
rehidrasyonu yalmz su ortamindakine kiyasla daha yavastir, bu durumun nedeni polar aprotik ¢oziicii
varliginda 5-HMF molekiiliiniin su yerine GVL ile daha ¢ok etkilesimi sonras1 degradasyonunun
baskilanmas: ile agiklanabilir [17]. Bu durumda farkli organik ¢dziicii oranlarinin denenmesinin verimi
iyilestirmek agisindan etkili olacag: diisiiniilmektedir. Yalniz su ve su/GVL ortamlarindaki doniistimler
sonrasi hidroliz ¢ozeltilerinde kalan toplan indirgen seker miktarlar1 da GVL'nin diisiik aktivitesini
destekler nitelikte birbirine ¢ok yakindir (Cizelge 1).
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Glukozun katalitik doniisiimiine bakildiginda ise, %22,7 verim ve g basina 226,6 mg LA ile eldesi ile
yine en etkili yardimai ¢oziictiniin [Bmim]HSOs oldugu goriilmektedir (Sekil 1.b). Tungstofosforik asit
katalizli reaksiyon sonunda {iriin verimi artarken, hidroliz ¢6zeltisinin toplam indirgen seker miktar1
yalmz suyun ¢dziicii olarak kullamldig1 ortama goére %31,0 oraninda azalmistir. Glukoz doniisiimiinde,
katalizorlii sulu ortamda g glukoz basina 67,2 mg LA elde edilmistir (Sekil 1.b). Kitosan ve glukoz
hidrolizatlarinin toplam indirgen seker miktarlarina bakildiginda ise katalizor kullanilan sulu ortamdaki
iiriin (5-HMF ve LA) artisina paralel olarak bu degerlerin yari-yariya diistiigii goriilmektedir (Cizelge 1).

Zhao ve digerlerinin [18] heteropoliasit katalizorliigiinde iki fazli ¢oziicli ortaminda kiitlece %10'Tuk
fruktoz ¢Ozeltisinin dontistimiint inceledikleri ¢alismada 115°C’de 1 saat reaksiyon siiresi sonunda
sirasiyla %71,4 ve %14,5 oranda 5-HMF ve LA verimi elde edilmistir. Chang ve dig. [19] tarafindan
yapilan benzer calismada silika destekli tungstofosforik asidin yalmizca 1-etil-3-metilimidazoliyum
kloriir ([Emim]Cl) iyonik sivi ortaminda glukozdan 5-HMF doniisiim verimi incelenmistir. 140°C’de 3
saat reaksiyon siiresi sonunda daha diisiik biyokiitle/katalizér oram ile (yaklasik 1,4) %68.8 glukoz
doniistimii ve %74,7 5-HMF verimi elde edildigi belirtilmistir. Calismada reaksiyon sicakliginin diisiik
tutulmasi levulinik asidin olusumundan ziyade daha ¢ok glukozun dehidrasyonu ile 5-HMF olusumunu
destekleyecek niteliktedir. Ayrica reaksiyon ortaminin yalnizca iyonik sivi kullanimi maliyet ve toksik
etkiler diisiintildiigiinde esasen bir dezavantaj olarak diisliniilebilir. Silika destekli tungstofosforik
asidin katalizor olarak kullamildigi farkli bir ¢alismada ise N,N-dimetilformamid (DMF) ortaminda
glukoz doniistimii katalizor etkisi ile %34,2 oranda artmus, 130°C’de 3 saat reaksiyon siiresi sonunda
%30,4 verimle glukozdan 5-HMF elde edilmistir [20]. Metal organik kafes yapisi-bazli tungstofosforik
asit katalizorii ile glukozdan levulinik asidin {iretildigi bir calismada ise 150°C’de 9 saat reaksiyon siiresi
sonunda en yiiksek %57,9 oranda LA verimine ulasilabilmistir [21].

Reaksiyon ortaminda yalniz su yerine su/GVL kullanildiginda ise %17,1 verimle g basina 155,3 mg
LA elde edilmis, dolayisiyla LA miktar1 sulu ortama kiyasla 2,3 katina ¢ikmistir. Glukozun
tungstofosforik asit katalizorlii doniisiimiinde sulu ortama hem GVL hem [Bmim]HSOs katkis1 5-HMF
ve LA {irtin verimini oldukga arttiric1 yonde etki etmistir.

3.2. Déniisiim Prosesi Sonras1 Hidroliz Olmayan Kitosan Kat1 Atiginin Yapisal Incelemesi (Structural
Investigation of Non-hydrolyzed Solid Waste of Chitosan After Conversion Process)

Kitosan doniisiim deneyleri sonrasinda katalizorsiiz sulu ortamda ve katalizorlii iyonik sivi-su
ortaminda elde edilen kati atigin yapisal degisikliklerini gozleyebilmek igin FT-IR spektrumlari
kiyaslanmistir (Sekil 3). Spektrumda 3400 cm™de gozlenen genis bant kitosan yapisinda bulunan N-H
ve O-H gruplarina ait gerilme titresimlerini gostermektedir. 2925 cm™! ve 2869 cm™! pikleri karakteristik
C-H gerilme titresimleri, 1381 cm™ piki ise C-H egilme titresimlerine aittir. 1643, 1556 ve 1318
cm pikleri amit baglarina karsilik gelmekte ve kismi deasetilasyondan kaynaklanmaktadir [22], [23].
1093-894 cm™! araligindaki bantlar ise piranoz iinitelerine karsilik gelmektedir [21]. Bu piklere su-iyonik
sivi ortamindan alinan katida rastlanmamasi kuvvetli asidik kosullarda tamamen hidroliz olduklarim
gostermektedir. Kuvvetli asidik ortamda hidrojen bagi olusumu da bozulmustur. Su-[Bmim]HSOs
ortaminda gozlenen 1080, 983, 888 ve 805 cm™ bantlar1 kati {izerinde kalan katalizoriin Keggin yapisina
ait karakteristik bantlardir [24]. Katalizorsiiz hidrotermal islem sonrasi orijinal kitosan ana yapisinin
korundugu sonuglardan goriilmektedir.
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Sekil 3. Doniisiim sonras: kitosan kat1 atiginin FT-IR spektrumu
Figure 3. FT-IR spectra of chitosan solid waste after conversion

4. SONUCLAR (CONCLUSIONS)

Calismada bir heteropoliasit olan tungstofosforik asidin sulu ortamda kitosan hidrolizi ve levulinik
asit verimini arttiran bir katalizor olma 6zelligi tasidig1 gozlenmistir. Reaksiyon ortaminda su ile birlikte
yardimcr ¢oziicii olarak kullanilan iyonik sivimin, asidik ozelligi sayesinde kitosan ve glukozdan
levulinik asit eldesi verimini arttirdigi, organik ¢oziiciiniin ise yalmizca glukoz doniisiim verimini
arttirdig1 goriilmektedir. Son yillarda yapilan ¢alismalarda levulinik asidin petrokimyasal hammaddeler
yerine yenilenebilir, karbonhidratlar agisindan zengin, atik biyokiitle materyallerinden {iretimine
odaklanilmistir. Bu c¢alismada, biyokiitle materyali olarak kitosan ve model bilesik glukozun tek
basamakta hidrolizi ve levulinik aside doniisiimii prosesinde katalizor ve ¢oziicii ortami etkinligi ile
ilgili elde edilen bu sonuglar sonraki ¢calismalar icin literatiire katk: saglayacaktir.

5. SEMBOLLER (SYMBOLS)

GVL: y-Valerolakton

IL: Tyonik siv1

5-HMEF: 5-hidroksimetilfurfural

LA: Levulinik asit

[Bmim]HSO:s : 1-biitil-3-metilimidazolyum hidrojen stilfat
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0Z: Bu calismada, Heusler ailesinden L21 fazinda Ni2ZnAl alasimimn temel durumdaki yapisal
parametreleri optimize edildi. Hesaplanan orgii parametresi ulagilabilen literatiir verisi ile uyum
igerisindedir. Optimize parametreler kullanilarak elastik sabitleri hesaplandi. Hesaplanan elastik
sabitlerinin Born mekanik kararlilik kriterlerini karsiladig1 goriildii. Bu sabitler kullanilarak malzemenin
elastik modiilii, Vicker sertligi, anizotropik dogasi, erime sicaklig1 gibi bir takim mekanik ve termodinamik
ozellikleri detayli olarak arastirildi. Hesaplamalar Ni2ZnAl alasiminin, siinek, yumusak ve anizotropik
oldugunu gosterdi. Bu hali ile sertlik gerektirmeyen uygulamalar i¢in aday malzemedir. Ni:ZnAl
alasiminin serbest enerjisi, titresim enerjisi, entropisi ve 1s1 sigasi 0-800 K araliginda yar1 harmonik
yaklagim kullanilarak incelendi. Toplam enerji hesaplamalarinin tamami acik kaynak kodlu Quantum
Espresso yazilimi ve GGA dikkate alinarak ilk prensipler psédo potansiyel yontemi kullanilarak
gerceklestirildi. Calisma sonucunda elde edilen verilere gore, Ni2ZnAl alasimi endiistriyel kullanim igin
potansiyel bir adaydir.

Anahtar Kelimeler: Ni2ZnAl, Heusler, Mekanik Ozellikler, Termodinamik Ozellikler

Examination of The Ni2ZnAl Alloy by First Principles Method

ABSTRACT: In this study, ground state properties of Ni2ZnAl alloy in L2: phase from Heusler family
were optimized. The calculated parameters are in harmony with the available literature data. Elastic
constants were calculated using optimized parameters. The calculated elastic constants were found to meet
the Born mechanical stability criteria. By using these constants, some mechanical and thermodynamic
properties of the material such as elastic modulus, Vicker hardness, anisotropic nature, melting
temperature were investigated in detail. Calculations showed that the Ni2ZnAl alloy is ductile, soft, and
anisotropic. As such, it is a candidate material for applications that do not require hardness. The free
energy, vibrational energy, entropy, and heat capacity of the Ni2ZnAl alloy were investigated using a semi-
harmonic approach in the range of 0-800 K. All the total energy calculations were performed using the
open-source Quantum Espresso software and ab-initio pseudopotential method based on the density
functional theory (DFT) scheme within a generalized gradient approximation (GGA). According to the
data obtained because of the study, Ni2ZnAl alloy is a potential candidate for industrial use.

Keywords: Ni:ZnAl, Heusler, Mechanical Properties, Thermodynamic Properties
1. GIRIS INTRODUCTION)

Heusler bilesikler {iglii inter metalik, yiiz merkezli kiibik kristallerdir (FCC). Kimyasal formiilleri
genellikle yar1 Heusler icin XYZ, tam Heusler icin X2YZ seklindedir. Burada X ve Y gecis metalleri, Z ise
ana grup elementidir. X2YZ formunda genel olarak, Co2FeSi bilesiginde oldugu gibi, iki kere tekrarlayan
element formiiliin bagina ana grup elementi de sonuna yazilir. Istisnai olarak LiCu2Sb bilesiginde oldugu
gibi bir element kesin olarak en elektro pozitif olarak tamimlanabiliyorsa bu element bir kere
tekrarlamasina ragmen formiiliin basma konulur. XYZ formunda, MnNiSb ornegindeki gibi en
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elektropozitif element formiiliin basina konulur. Heusler bilesiklerinin miimkiin olan kombinasyonlarinin
genel bir goriiniimii Sekil 1’de verilmistir. Sekil 1'de gosterildigi gibi sayisiz Heusler bilesik
vardir/tasarlanabilir. Sayisiz iiyesi ile Heusler ailesi, ferro manyetiklerden manyetik olmayan yar1
iletkenlerden, siiper iletkenlere ve topolojik yalitkanlara kadar genis bir yelpazede istenen 6zelliklere
sahip malzeme tasarim segenegi sunmaktadir [1]. Valans elektron sayilarina bakilarak da bir¢ok Heusler
bilesiklerinin &zellikleri tahmin edilebilmektedir. Ornegin 27 valans elektronu ile manyetik olmayan
Heusler bilesikler siiper iletkendirler. Kimyasal kompozisyonlarinin degisimi ile band bosluklar sifir ile
yaklagik 4 eV araliginda ayarlanabilmektedir. Bundan dolayr hem giines pili hem de termoelektrik
uygulamalar igin potansiyel malzemeler olarak dikkat cekmektedir. Uglii bilesiklerde iki veya daha fazla
ozelligin birlesmesi ile ¢ok fonksiyonel tasarimi miimkiindiir [2].

2
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Sekil 1. Heusler bilesikler [1]
Figure 1. Heusler compounds (Bai et al. 2012)

Heusler bilesikler, 1903 yilinda Fritz Heusler tarafindan kesfinden bu yana bir asirdan daha fazla
zaman ge¢mesine ragmen, sahip olduklari iistiin 6zelliklerden dolay1 hala aktif bir calisma konusudur [3].
Bir seri Heusler alasiminin olusum entalpisi ve 6rgii sabiti Gilleflen (2009) tarafindan belirlenmistir. S6z
konusu ¢alismada Ni2ZnAl alasiminin olusum entalpisi -178,7 kJ/mol [4] oldugu rapor edilmistir. Rapor
edilen bu sonuca gore Ni2ZnAl alasimi deneysel olarak sentezlenebilir.

Gelisen bilgisayar teknolojisinin hesaplama giicii arastirmalarda kullanilarak sentezlenen veya hentiz
sentezlenmemis malzemelerin Ozellikleri gercege ¢ok yakin bir degerde teorik olarak
hesaplanabilmektedir. Bu teorik ¢alismalar malzeme ve zaman israfinin da Oniine gegebilmektedir.
Boylece istenen Ozellikte malzemeler ile c¢alisilarak/kullanilarak amaglanan uygulamalara malzeme
tasarimi yapilabilmektedir. Bir malzeme hakkinda yeteri kadar bilgi elde edilip uygulama safhasina
gelindiginde mekanik 6zellikleri 6nem arz etmektedir. Yapilan literatiir taramasinda Ni2ZnAl alasimimn
mekanik ozelliklerine rastlayamadik. Bu anlamda Ni:ZnAl alasimi ilk defa galisilacaktir. Teknolojik
oneme haiz Heusler ailesinden olan Ni2ZnAl alasiminin yapisal ve mekanik 6zellikleri arastirilarak
literatiire katki yapilmasi amaglanmaistir.

2. MATERYAL-METOT (MATERIAL-METHOD)

Kiibik yapida, Fm-3m(no:225) uzay grubunda ve L2: fazinda c¢alisilan Ni2ZnAl alasiminin
optimizasyon parametreleri kullarularak, XCrySDen yazilimi [5] ile gorsellestirilen birim hiicresi Sekil
2’de verilmistir.
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Sekil 2. Ni2ZnAl alagiminin birim hiicresi
Figure 2. Unit cell of Ni2ZnAl compound

Ni2ZnAl alasimi igin yapilan tiim hesaplamalarda Quantum-Espresso (QE) [6] internet sitesinde
bulunan psodo potansiyellerden USPP (Ultra Soft Pseudo Potansiye) tipi PBESOL fonksiyonel dosyalar
ve Genellestirilmis Gradyent Yaklasimi (GGA) tercih edilmistir. Yapisal optimizasyondan Once
hesaplamalarda kullanilan kesilim enerjisi (Ecut= 160 Ry), yiikk yogunlugu (EcutRho= 1120 Ry), smearing
parametresi (0,01) ve k-noktalar1 (13x13x13) optimize edilmistir. Akabinde bu optimize parametreler
kullanilarak yapisal optimizasyon gerceklestirilmistir. Geometri optimizasyonunda BFGS algoritmasi
kullanilmistir. Smearing parametresinde methfessel-paxton (mp) metodu [7] tercih edilmistir. Elastik
sabitler, hacim korunumlu zorlamanin (volume-conserving metot) bir fonksiyonu olarak toplam enerji
hesaplamalarindan yararlanilarak belirlenmistir [8], [9].

3. BULGULAR VE TARTISMA (FINDINGS AND DISCUSSION)

Acik kaynak QE yazilimi kullanilarak Ni2ZnAl alagiminin optimize parametrelerle hesaplanan 6rgii
sabiti 5,71A. Literatiir taramasindan, The Open Quantum Database (OQMD) internet sitesinde 5,751 A
[10], [11], GillefSen (2009) tarafindan yapilan ¢alismada orgii sabiti 5,788 A4 rapor edilmistir. OQMD
rapor edilen veri ile kiyas yapildiginda elde edilen sonucun %0,8 farkl oldugu goriilmektedir. Bu hali ile
oldukga tutarhidir. Ni2ZnAl alasiminin yapisal optimizasyonu gergeklestirildikten sonra, optimize
degerler kullanilarak QE yazilim paketi ile dagitimi yapilan THERMO_PW scripti ile alagimin elastik
sabitleri hesaplanmistir (Cizelge 1). Bu calisma ile bulunan degerlerin kiyaslanabilecegi bir veriye
ulasilamadigindan Fm-3m uzay grubu ve L21 fazinda Co2ScAl [12] ve RhoFeAl [13] bilesikleri i¢in ulasilan
sonuglar ile kiyaslanmistir.

Kiibik yapidaki bir kristalin elastik sabitleri C11, C12 ve Cu olarak sembolize edilen ii¢ bagimsiz degeri
vardir. Bu elastik sabitlerin degerlerine bakilarak malzemenin mekanik olarak karli/kararsiz oldugu, eger
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mekanik olarak kararh ise elastik modiilleri, karakteristik Debye sicakligi, anizotropi, minimum termal
iletkenlik, erime noktasi gibi bir takim fiziksel 6zellikleri incelenebilmektedir. Bir kristalin mekanik olarak
kararl olabilmesi igin,

Ci1>0,Cqq > 0,Cy > [Cial, (€11 +2C15) >0 (1)

kararhilik kriterleri olarak bilinen bu sartlar: saglamasi gerekmektedir [14], [15]. Cu1 elastik sabiti eksenler
boyunca sikisma direncini, Cu ise malzemenin sertligini yoneten énemli bir parametredir [16]. Calisilan
bilesik, Esitlik 1’de verilen sartlar1 sagladig1 icin mekanik olarak kararli oldugu soylenebilir. Ni2ZnAl
alasim1 mekanik olarak kararli oldugu icin bulk, shear ve Young modiilleri hesaplanmistir (Cizelge 1).
Hesaplamada kullanilan esitlikler;

Bulk modiil,

By = Bg = (C11 +2C413)/3 ()

Shear modiil,

_ C11—C12+3Cy4 _ 5(C11—C12)C4q _ Gr+Gy
Gy = 5 R 4C44+3(C11—C12) G = 2 ®)
Young modiil,
E =9BG/(3B+ G) 4)

Modiillerin hesabinda kullarulan esitliklerde gegen alt indislerden “R” Reuss, “V” Voight yaklasimin
gostermektedir. R ve V'nin aritmetik ortalamasi olan Hill yaklagimi, deneysel degerlere en yakin sonucu
vermektedir. Hill yaklasiminda herhangi bir alt indis kullanilmamustur.

Cizelge 1. Hesaplanan elastik sabitler ve elastik modyiil degerleri
Table 1. Calculated elastic constants and elastic modulus values

Elastik Sabitler (GPa) Elastik Modiil (GPa)
Ref. Cn Cn2 Cu B Gy Gg G Ey Eg E
Bu calisma 189,36 162,87 126,51 171,7 81,2 28,62 54,9 210,4 81,34 1489
Co25cAl 180,16 162,26 150,86 168,2 94,1= 20,52 57,32 23792 59,22 1544
RhoFeAl 258,02 168,24 127,26 1982 94,3 73,39 839 244,22 196,0= 220,5

a Literatiirden alinan elastik sabitlerden hesaplandi.

B (171,7), G (54,91) ve E(148,86) degerleri malzemenin sertlik/rijitligini tahmin etmektedir. Bu
degerlerin bliyiikliigii malzemenin sertligine isaret etmektedir. Biiyiikliik goreli oldugundan malzemenin
sertligini daha belirgin olarak ifade edebilmek icin Vicker sertligi hesaplandi. Bir malzemenin Vicker sertligini
B, G ve E degerlerinden tahmin eden ampirik bagintilar literatiirde mevcuttur. Bunlardan Tian ve dig.. (2012)
onerdigi esitlik [17],

Hv — 0’92 k1,137G0,708 (5)

Verilen bu esitlik kullanilarak Ni2ZnAl alasimimn Vicker sertligi 4,29 GPa olarak hesaplanmistir. Co2ScAl
ve RhoFeAl alasimlar igin hesaplanan ortalama Vicker sertlik degerleri sira ile 4,55 ve 8,36 GPa’dur.
Hesaplanan bu sonuglara gore Ni2ZnAl alagimi Co2ScAl ayarinda bir sertlige sahiptir. Literatiirde Vicker
sertlik degerine gore malzemeler, yumusak, yumusak olmayan ve sert malzeme olarak siniflandirilmistir.
Bu siniflandirmaya gore Vicker sertlik degeri 10 GPa’dan kii¢iik malzemeler yumusak malzeme smifina
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girmektedir[18]. Bu sonuca gore Ni2ZnAl, Co2ScAl ve Rh2FeAl alasimlariin Vicker sertlik degerlerinin 10
GPa’dan kiigiik olmasindan dolay1 yumusak malzeme kategorisine girdigi soylenebilir.

Malzeme bilimi ve miithendisliginde bir malzemenin siinek (ductile) veya kirilgan (brittle) 6zellik
gosterdiginin/gostereceginin bilinmesi onem arz etmektedir. Bu bakimdan Ni2ZnAl alasimimn
kirilgan/siinek dogasi da analiz edilmistir. Bir malzemenin G/B oram 0,5'ten kiigiik ise siinek aksi halde
kirilgan davranis sergiler[14]. Poisson orani icin kritik deger 0,26’dir[14]. Cauchy basincinda (Cp=Ci2-
Cwu)[19] ise pozitif/negatifligine bakilir. Eger pozitif ise siinek oldugu sOylenir. Yapilan hesaplamalar
sonucunda Ni2ZnAl, Co2ScAl ve RhoFeAl alasimlari igin elde edilen sonuglar Cizelge 2’de verilmistir.
Cizelge 2’den de goriilecegi lizere her ii¢ alasimin G/B oram 0,5ten kiigiik Poisson orani 0,26’dan biiyiik
ve Cauchy basinc pozitif oldugundan siinek karaktere sahiptirler. G/B orani, Poisson orani ve Cauchy
basinai ile ulasilan yargi kendi aralarinda tutarlidir. Bu tutarliik hesaplamanin giivenirligini
arttirmaktadir.

Cizelge 2. Hesaplanan elastik sabitlerden hesaplanan G/B ve Poisson orani, Cauchy basinci
Table 2. G/B and Poisson ratio, and Cauchy pressure calculated from the elastic constants.

Ref. G/B Poisson orani  Cauchy basmc1  Karakter
Bu calisma 0,32 0,36 36,4 Siinek
Co2ScAl = 0,34 0,35 11,4 Siinek
RhoFeAl® 0,42 0,32 41,0 Siinek

a Literatiirden alinan elastik sabitlerden hesaplandi.

Poisson orani malzemenin siinek/kirilgan dogas1 hakkinda bilgi vermekle ayni zamanda etkili olan
bag kuvvetleri ve atomik baglanma hakkinda da bilgi vermektedir. Eger Poisson orani 0,25-0,50 araliginda
ise merkezi kuvvetlerin etkili oldugu sdylenir. Buna gore Poisson oram bu limitler dahilinde oldugundan
Ni2ZnAl, Co2ScAl ve RhaoFeAl alasimlarinda merkezi kuvvetler etkindir. Hesaplanan Poisson oram
malzemenin kovalent/iyonik karakteri hakkinda da bilgi vermektedir. Poisson orani 0,1’e yakin ise
kovalent, 0,25’e yakinsa iyonik, 0,33 ise metalik malzemedir [15], [20]. Hesaplanan Poisson oranina
bakilarak metalik karakterde olduklar: sdylenilebilir.

Uygulamalarda 6nem arz eden bir diger 6zellik malzemenin anizotropik dogasidir. Literatiirde, teorik
olarak malzemenin anizotropisini tahmin eden evrensel anizotropi (4Y) [21] gibi esitlik/modeller
mevcuttur. Izotropik malzemelerde AV degeri sifirdir. Sifirdan sapma miktar1 malzemenin
anizotroplugunun derecesini gosterir. Ni2ZnAl alasiminin anizotropi degeri 9,187 olarak hesaplanmistir.
Elde edilen bu sonuca gore calisilan malzemelerin anizotrop oldugu sdylenebilir. Anizotropinin daha
anlasilir olmasi i¢cin ELATE [22] yaziliminda, minimum degerler yesil, maksimum degerler mavi renk ile
gosterilerek gorsellestirilen anizotropik yapi1 Sekil 3'de verilmistir. Asir1 derece yiike maruz birakilan bir
malzeme gerilim yoniinde uzama egilimi gostererek deformasyona neden olur. Bundan dolayi, Young
modiiliiniin diizlemler boyunca degisimi Sekil 3.a’da verilmistir. Ni2ZnAl alasimin anizotrpisi tizerine
yapilmig herhangi bir calisgmaya rastlanilmadigindan benzer yapidaki X:Tial (X=Au, Ru, Zr) alagimlarinin
anizotropisi [19] ile kiyaslandiginda, bu yapilar ve teorik hesaplamalardan elde edilen veriler ile tutarhidir.
Yapilan hesaplamalar ve Sekil 3'de verilen gorseller dikkate alindiginda, Ni2ZnAl alasiminin anizotrop
ozellik gosterecegi soylenebilir.
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Sekil 3. Ni2ZnAl alagiminin anizotropisi
Figure 3. Anisotropy of Ni2ZnAl compound

Ni2ZnAl alasiminin optimize yapisi kuasi harmonik Debye modeli 0-800 K araliginda serbest enerji
(Sekil 4), titresim enerjisi (Sekil 5), entropi (Sekil 6) ve 1s1 sigas1 (Sekil 7) QE programina biitiinlesmis
thermo_pw yazilimi ile hesaplanarak Sekil 4-7’de verilmistir.
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Serbest Enerji (kJ / (N mol))

Titresim Enerijisi (kJ / (N mol))
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Sekil 4. Ni2ZnAl alasiminin serbest enerjisi
Figure 4. Free energy of Ni2ZnAl compound
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Sekil 5. Ni2ZnAl alagiminin titresim enerjisi
Figure 5. Vibration energy of Ni2ZnAl compound
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Figure 6. Entropy of Ni2zZnAl compound
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Sekil 7. Ni2ZnAl alasiminin 1s1 s1gas1
Figure 7. Heat capacity of Ni2ZnAl compound

Sekil 4'ten de goriildiigii gibi serbest enerji sicaklikla ters orantili olarak artmistir. Yani artan sicaklik
degerlerine kars: serbest enerji degeri azalmistir. Bagka bir ifade ile artan sicaklik degeri ile serbest enerji
degeri daha negatif olmustur. Negatif serbest enerji degerine sahip bir malzeme termal tepkimeye daha
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rahat girer ve yiiksek sicakliklarda daha iyi termodinamik kararlilik gosterir. Titresim enerjisi, bir
malzemedeki atomlarin veya molekiillerin etkilesimlerinden iiretilen enerjiyi ifade eder. Diger bir ifade
ile sistemde saklanan enerjidir [23]. Sekil 5'te verilen titresim enerjisini degisimi incelendiginde, artan
sicaklik degerine kargin titresim enerjisi de artmustir. Sicakligin artmasiyla artan titresim enerjisi serbest
enerjinin azalmasina neden olmustur. Sekil 6’da verilen entropi-sicaklik egrisinden de goriildiigii gibi
artan sicaklikla birlikte entropide de bir artis séz konusudur. Ciinkii artan sicaklik atomik hareketi ve
sistemin kinetik enerjisini arttirir. Serbest enerji, entropik katkidan ileri geldiginden entropi ile serbest
enerji iligskilendirilebilir. Boylece serbest enerji ne kadar negatif olursa entropi de o kadar ytiksek olur.
Entropideki artis, alagimin atomunun yan capi ile dogrudan iligkilidir. Atomik yaricap arttikca entropi
degeri de daha hizli artar [24]. Grafikler kendi aralarinda ve benzer yapidaki Ru2YGa (Y=Sc, Ti ve V) ile
kiyaslandiginda sonuglarin tutarh oldugu goriilmektedir. Is1 sigasinin sicaklik ile degisim grafigi(Sekil 7)
incelendiginde doygunluga ulasmadan 6nce 200 K kadar hizla hemen hemen dogrusal bir degisim
gosterdigi ancak 600 K sicaklik degerine gelindiginde Dulong-Petit [25] degerine yaklastig
goriilmektedir. Literatiirde benzer yapidaki Co:ScAl bilesigi ile kiyaslandiginda sonuglarin uyum
igerisinde oldugu goriilmektedir [12]. Bir malzemede en yiiksek frekans modunun uyarildig: sicaklik
olarak isimlendirilen ve 1s1 sigasinin doyum noktasina ulasmaya basladigi Debye sicakhig1 367,102 K olarak
hesaplanmustir.

Uygulamalarda bir diger 6nemli 6zellikte erime sicakligidir. Ni2ZnAl alasiminin erime sicaklig1 elde
edilen elastik sabitler kullanilarak hesaplanabilir [26].

Tm =560.4 +7.805C11 - 3.094C12 — 1.086Css 6)

Ozer (2018) tarafindan bildirilen esitlik kullanilarak Ni2ZnAl alasiminin erime sicaklig11397,1 K olarak
tahmin edildi. Tahmin edilen erime sicaklig1 1000 K iizeri oldugundan Ni2ZnAl alagimi yiiksek sicaklik
malzemesi olarak kullanilmaya potansiyel aday malzeme olabilir.

Is1iletkenlik kat say1s1, malzemenin kimyasal ve fiziksel yapisina bagh olarak 1s1y1 ne kadar ilettiginin
bir ifadesidir. Literatiirde, minimum termal iletkenligi ortalama ses hiz1 ve E’den tahmin eden esitlikler
Onerilmistir.

k 2
Kmin = 52=m3 (2v; + 1) [27] (7)

1

Koin, = {% [2(2 +20)3/% + (ﬁ B 0)3/2]} 3 ym?/3 (5)1/2 28] ®

Onerilen bu modeller kullanilarak hesaplanan minimum termal iletkenlik degerleri; 0,326 (Long
model), 0,480 (Cahil model), ortalama olarak 0,403 W/mK'dir. Literatiirde Ni2ZnAl alasimina ydnelik
yapilan bir 1s1 iletkenlik ¢alismasina rastlanamadigindan herhangi bir kiyaslama yapilamadi.
Okuyucunun zihninde kolay bir yargiya ulasmasi igin baz1 yap1 malzemelerinin 1s1 iletkenlik kat sayilars;
beton (0,814 W/mK), granit (2,855 W/mK) ve tugla (0,692 W/mK)[29]. Yap1 malzemeleri ile kiyaslandiginda
Ni2ZnAl alasimmin 1s1  yalitimi gerektiren uygulamalarda kullamilmasinin  uygun olacagi
disuniilmektedir.

4. SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Yapilan bu ¢alismada 6ncelikle Ni2ZnAl alasiminin temel durumdaki optimize yapisal parametreleri
belirlenmistir. Daha sonra bu parametreler kullanilarak elastik sabitleri hesaplandi. Hesaplanan elastik
sabitler mekanik kararlilik kriterlerini sagladigindan, Ni2ZnAl alasimi1 mekanik olarak kararlidir. Mekanik
kararli bilesiklerin elastik modiileri, sertlik, anizotropi ve Debye sicakligi gibi bir takim fiziksel
ozelliklerine teorik olarak bakilabilmektedir. Yapilan hesaplama ve analizlerin sonucuna gore,
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Ni2ZnAl alasitminin 10 GPa Vicker sertliginden daha kiigiik bir degere sahip olmasindan dolay: sert
olmayip yumusak bir malzeme oldugu sdylenebilir. Bu bakimdan sertlik gerektiren uygulamalarda
kullanilmas: ¢ok da uygun degildir.

Calisilan malzemenin siinek/kirilgan olarak kategorize edilmesi gerekirse siinek sinifinda oldugu
gortldii.

izotropi bakimindan degerlendirildiginde, malzeme anizotrop bir yapiya sahiptir.

1000 K {izeri erime sicaklig1 tahmin edildigi icin yiiksek sicaklik uygulamalarina potansiyel aday
malzeme olarak degerlendirilebilecegi yargisina ulasilmigtir.
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OZ: Pandemi siirecinde saglik kuruluslarinda ¢alisan hemsirelerin, uzun ¢alisma saatlerinin psikolojik
ve fiziksel anlamda hemsireleri olumsuz etkiledigi goriilmektedir. Pandemi siireciyle hastanelerde artan
is yiikii, ozellikle 24 saat siiren vardiya ve nobet sistemi i¢inde galismanin agir ve yorucu olmasi ve
hemsirelerin diizensiz bir is programina maruz kalmas: sonucunda personellerin is ve kisisel yasam
kalitesi olumsuz yonde etkilenmektedir. Bunun sonucu olarak hastalara verilen hizmetin kalitesi de
diismektedir. Hem hemsirelerin ¢alisma sartlarindan kaynakli olumsuzluklarin giderilmesi hem de
hasta memnuniyetinin artirilmas1 amaciyla bu ¢alismada hemsire ¢izelgeleme problemi ele alimmuistir.
Bir devlet hastanesinin noroloji yogun bakim {initesinde calisan 18 hemsirenin cizelgelenmesi problemi
icin iki ¢oziim Onerisinde bulunulmustur. Ik olarak hastanenin mevcut calisma sartlar: dikkate alinarak
0-1 hedef programlama yéntemi ile ¢oziim sunulmustur. Ikinci olarak 24 saatlik vardiyadan kaynakl
olusabilecek risklerin 6niine gegebilmek icin 8 ve 16 saatlik iki vardiya sistemi iizerinde ¢alisilarak yeni
bir model 6nerisinde bulunulmustur. Onerilen modellerde hastanenin kurallar, hemsire 6zel istekleri ve
tecriibeleri dikkate alinarak adil ve dengeli bir ¢alisma programi olusturulmustur. Bu ¢alisma gergek
hayat problemini ele almakla birlikte mevcut durum analizi ve yeni vardiya sistemi 6nerisiyle hemsire
cizelgeleme problemine yeni bir bakis acis1 sunmaktadir.

Anahtar Kelimeler: Hemsire Cizelgeleme Problemi, 0-1 Hedef Programlama, Personel Yonetimi, Hastane
Yonetimi, Pandemi

Goal Programming Model for Nurse Schedule Problem in the Pandemic Process

ABSTRACT: It is observed that nurses working in health institutions during the pandemic process, long
working hours negatively affect nurses in psychological and physical terms. As a result of the pandemic
process, the increasing workload in hospitals, especially the heavy and exhausting 24-hour shifts and
work in the seizure system, and the fact that nurses are exposed to an irregular work schedule, the
quality of work and personal life of staff is adversely affected. As a result of this, the quality of service
provided to patients also decreases. In order to eliminate the negativity caused by the working
conditions of nurses and to increase customer satisfaction, the problem of nurse scheduling was
discussed in this study. Two solutions have been proposed for the nurse scheduling problem in the
neurology intensive care unit, where 18 nurses work at the state hospital. Firstly, the solution was
presented with the 0-1 goal programming method taking into account the current working conditions of
the hospital. Secondly, in order to prevent the risks that may arise from a 24-hour shift, a new model was
proposed by working on a two-shift system of 8 and 16 hours. In the proposed models, a fair and
balanced work program has been established taking into account the rules of the hospital, the specific
wishes and experiences of the nurses. This study not only addresses the real-life problem, but also
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provides a new perspective on the nurse scheduling problem with the analysis of the current situation
and the proposal of a new shift system.

Keywords: Nurse Scheduling Problem, 0-1 Goal Programming, Personnel Management, Hospital Management,
Pandemic

1. GIRIS INTRODUCTION)

Simirli kaynaklara ragmen isletme ihtiyacimi karsilamak {izere isgiicii kaynaklarimin en iyi sekilde
tahsis edilmesi personel cizelgeleme olarak tanimlanabilir. Personel ¢izelgeleme problemi, ¢cok asamali
ve karmasik bir problemdir[1]. Hizmet sektdriinde ise hasta memnuniyetinin saglanmasi, ¢ok asamali
karmasik bir problem olan personel cizelgeleme ile dogrudan iliskilidir. Hem hasta memnuniyetinin
saglanmast hem de c¢alisanlarin potansiyellerini maksimum verimlilikte kullanabilmesi igin
personellerin ¢alisma ¢izelgelerinin optimize edilmesi gerekmektedir [2].

Saglik kuruluslar1 hizmetlerini 7 giin, 24 saat kesintisiz bir sekilde siirdiirmeleri elzemdir. Bu durum
hastane hizmetlerinde biiyiik rol oynayan hemsireler i¢in olduk¢a zorlayici ¢alisma sartlarini da
beraberinde getirmektedir. Yogun is temposuna sahip olan hemsirelerin is gizelgelerinin adil ve dengeli
olmas1 hem hasta sagligi hem de personel saglig1 agisindan biiyiik 6nem arz etmektedir. Aksi takdirde
hemsireler fiziksel ve psikolojik acidan olumsuz etkilenmektedirler [3].

Personel cizelgeleme literatiirii incelendiginde saghk alaninda yapilan c¢alismalar konunun
oneminden dolay1 ilk sirada yer almaktadir. Bu sektorde iizerinde en ¢ok durulan problemlerden bir
tanesi hemsire cizelgelemedir. Hemsirelere diisen hasta sayilarinda fazlalik, vardiyalar icin gerekli
hemsire sayisindaki yetersizlik, calisma sartlarindaki olumsuzluklar gibi etkenler verilen hizmetin
kalitesini diisiirmektedir. Covid-19 pandemi siirecinin de getirmis oldugu zorluklara ragmen verimli
calisma ve kaliteli hizmet sunabilmek igin hemsirelerin vardiyalara adil ve dengeli atanmasi, 6zel izin
isteklerinin dikkate alinmasi, vardiyalara atanan stajyer, tecriibeli hemsire sayilarinin dengeli olmasi gibi
etkenlere dikkat etmek gerekmektedir. Bu noktada beklentilere karsilik dengeli ve esit bir hemsire
cizelgeleme yapmak onemlidir.

Ozel izin isteklerinin ve hemsgire yetkinliklerinin dikkate alindigi bu caligmada matematiksel
programlama modeli kullanilarak ¢oziim elde edilmistir. Model olusturulurken hemsirelerin ilgili
giniin herhangi bir vardiyasina atamip atanmama durumunu gostermek amaciyla 0-1 Hedef
Programlama (HP) yonteminden yararlanilmistir.

Bu calismada, bir devlet hastanesinin 3. basamak noroloji yogun bakim {initesinde ¢alismakta olan
18 hemsirenin dort haftalik ¢alisma donemi igin ¢izelge hazirlanmistir. 24 saat hizmet veren boliimde
gindiiz (08:00-16:00), gece (16:00-08:00) ve tam giin (08:00-08:00) olacak sekilde ii¢ vardiya calisma
sistemi uygulanmaktadir. Ele alman gercek hayat probleminde giinlere ve vardiyalara gore talep
degismektedir. Calismanin birinci asamasinda hastanenin kurallari, hemsire 6zel istekleri ve tecriibeleri
dikkate alinarak mevcut durum i¢in aylik ¢alisma plani hazirlanmistir. Calismanin ikinci asamasinda ise
hastanede uygulanan 24 saatlik vardiyalar nedeniyle hastalara yapilan yanlis uygulamalarin ve
istenmeyen sonugclarin Oniine ge¢mek amaciyla 8 ve 16 saatlik iki vardiyali sisteme gecilmesi
onerilmistir. Onerilen yeni sistemde aylik olarak galisilmasi gereken toplam vardiya saati, haftalik olarak
en az 40 en fazla 45 saat olarak her haftaya esit sekilde dagitilmis ve ¢izelgede daha dengeli atamalar
gerceklestirilmistir.

Bu calisma dort boliimden olusmaktadir. Tkinci boliimde ¢6ziim yontemi olan hedef programlama
hakkinda bilgi verilmistir. Uglincii boliimde hastanede yapilan uygulamaya yer verilmistir. Son olarak
dordiincii boliimde yapilan ¢alismanin sonuglarina vurgu yapilmis ve ileride yapilacak calismalar igin
Oneriler sunulmustur.
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2. LITERATUR TARAMASI (LITERATURE REVIEW)

Literatiirde saglik alaninda 6zellikle doktor [4]-[6], ameliyathane [7]-[9] ve performans cizelgeleme
[10], [11] problemleriyle birlikte daha ¢ok hemsire cizelgeleme [12]- [14] problemleri yer almaktadir.
Moz ve Pato [15] yaptiklar1 ¢alismada Portekiz devlet hastanesindeki hemsirelerin atama probleminin
¢6zimii igin tam sayili programlamadan yararlanirken Burke ve dig. [16] ise Oncelikle literatiirde yer
alan calismalari incelemis, hemsire kayitlarinin daha uzun zaman periyodunu kapsayan planlamalarda
oynadig1 role dikkat ¢ekmislerdir. Ayrica yoneylem arastirma tekniklerinden yapay zeka yontemlerine
kadar olan disiplinler arasi spektrumdaki ¢6ziim yaklasimlarini tanimlamis ve elestirel olarak
degerlendirmislerdir. Hemsire ¢izelgeleme alaninda sik¢a basvurulan ¢alismalardan olan Azaiez ve Al
Sharif [17] gerceklestirdikleri ¢alismada Fransa’da bir kamu hanesindeki anesteziyoloji hemsirelerinin
cizelgeleme problemini ¢6zmek icin tam sayili programlama ve kisit programlama ile iki matematiksel
model gelistiren Trilling ve dig. [18] ise bu iki modelin kiyaslamasi ile adaletli bir ¢izelge olusturmay
hedeflemislerdir. Iki asamali olarak hemsire cizelgeleme problemini ele alan Tsai ve Li [19] ise
problemlerinde matematiksel model ile genetik algoritma yontemlerini kullanarak ilk asamada,
hemsirelerin optimal tatil programlarini, ikinci asamada ise hemsire siralama ¢izelgesini olusturmus ve
Tayvan’daki bir hastane igin gerceklestirdikleri uygulamada hiikiimet diizenlemelerini, hastane
yonetiminin gerekliliklerini dikkate alarak model ¢6ziim siirelerinin 6nerilen yaklasimla iyilestigini de
vurgulamiglardir. Tam sayili programlama ile komsu arama yontemlerini kullanarak hibrit bir model
Oneren Burke ve dig. [20] ¢cok amach bir model Onerisi ile Hollanda’da bir hastanedeki hemsireler i¢in
uygulama yapmiglardir. Topaloglu ve Selim [21] de gergeklestirdikleri calismada ¢ok amagh tam sayili
programlama ile modellerini kurmuslar ve bunun yaru sira {i¢ farkli bulanik hedef programlama modeli
gelistirmislerdir. Diger ¢alismalardan farkli bir yaklasim ile kidem farkini da ele alan Zen-El-Din ve dig.
[22] ise ikili tam sayili programlama yonteminden yararlanip hemsireler arasinda bireysel tercihleri de
dikkate alarak adaletli bir cizelge olusturmay1 amaclamislardir. 0-1 hedef programlama yontemini
kullanan Bag ve dig. [23] hemsire cizelgeleme problemini ¢6zmek icin hedef agirhiklarimi ANP yontemi
ile belirlerken Hedef programlamay: kullanan diger yazarlardan olan Varli ve Eren [24] ise
calismalarinda Kirikkale’de bir hastanenin yogun bakim, ameliyathane ve acil boliimlerinde, hastanenin
her vardiyada ihtiya¢ duydugu hemsire sayisini karsilamaya ¢alismislar, Aktiirk ve dig. [2] bir devlet
hastanesinde ¢alisan hemsirelerin belirlenmis olan dort vardiyaya 6zel izin kisitlarimi baz alarak dengeli
bir sekilde atanmalarini hedeflemisler ve Varl ve dig. [25] ise bir hastanede calisan hemsireler igin bazi
ozel kisitlar1 dikkate alarak aylik ¢alisma planlarini en iyi sekilde olusturmay1 amaglamiglardir. Yine Al-
Hinai ve dig. [12] acil serviste calisan hemsirelerin vardiya dagilimindaki adaleti artirmak, Aktung ve
dig. [13] sert ve yumusak kisitlar1 olan ¢ok amagcl bir tamsay1 programini revize edip, adil is yiikii
saglayan optimal bir ¢izelge tiretmek icin hedef programlamay1 kullanmislardir.

Literatiirde ele alinan hemsire ¢izelgeleme problemlerinde onerilen modeller incelendiginde tek
amagclt ve ¢ok amagh c¢alismalar bulunmaktadir. Tek amacli modellerde yetkinlik amacini ele alan
calismalar bulunmaktadir [26]-[32]. Yetkinlik disinda sadece esitlik amacini dikkate alan ¢alismalar da
literatiirde yer almaktadir [19], [32], [34]. Bu ¢alismalar disinda hem esitlik hem de yetkinlik amaglarini
birlikte degerlendiren calismalar bulunmaktadir [35]-[37]. Iki amaci birlikte kullanan bir diger ¢alismada
ise esitlik ve fazla mesai maliyetini birlikte degerlendirmislerdir [38]. Lim ve dig. [39] ise fazla mesai
maliyeti ve yetkinlik amaglarini birlikte degerlendirmislerdir. Son olarak esitlik, fazla mesai maliyeti ve
yetkinlik amagclarinin hepsini birlikte degerlendiren calismalar bulunmaktadir [40]-[42]. Literatiirde
hemsire cizelgeleme problemini ele alan ¢alismalar incelendiginde modellerin tek amacgh ve ¢ok amaclh
olmasimin yani sira kullanilan kisitlar agisindan da farklilik gosterdigi tespit edilmistir. Genellikle ardigik
is giinlerinin kisitlara eklendigi gozlemlenmistir. Ardindan ardisik izin giinleri dikkate alinan kisitlar
arasindadir. Son olarak modellerde en az kullanilan vardiyalar arasindaki minimum dinlenme siiresi
kisitidir. Sonug olarak hemsire ¢izelgeleme problemini ele alan ¢alismalarin amaglar ve kisitlar agisindan
ozeti Cizelge 1’de verilmistir.
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Cizelge 1: Literatiirdeki ¢alismalarin 6zeti
Table 1: Summary of studies in the literature
AMACLAR KISITLAR

Fazla Ardisik  Ardisik Vardiyalar

Calisma Esitlik  mesai Yetkinlik is izin
maliyeti glinleri  giinleri

arasmndaki
minimum dinlenme
suiresi

Mason ve Smith [26]
Jaumard ve dig. [40]
Bard ve Purnomo [35]
Eveborn ve Rénnqvist
[36]

Purnomo ve Bard [43]

v
v

SNEN
NEENENEY

v
v
v
v

Maenhout ve

Vanhoucke [27]

Tsai ve Lee [19] v

He ve Qu [37] v

Burke ve Curtois [32]

Leksakul ve Phetsawat

[38]

Legrain ve dig. [28]

Santos ve dig. [29]

Ceschia ve dig. [30]

Lim ve Mobasher [41] v v
Lim ve dig. [39] v
Zhong ve dig. [33] v
Rahimian ve dig. [44]

Rahimian ve dig. [45]

Inafune ve dig. [31] v
Strandmark ve dig. [46]

Ozcan ve dig. [34] v

Guo ve Bard [42] v v v
Bu calisma v

NESENENES <A
S NEUEN
<

NENENEN
NENENEN

Bu c¢alismada diger hemsire cizelgeleme calismalarindan farklhi olarak literatiirde de ayri
degerlendirilen birden fazla, karmasikliga neden olabilecek hedefler ayni1 anda ele alinmistir. Sistemin
ozel kisitlari modele yansitilmistir. Ayrica 24 saatlik vardiya kaldirilarak hemsire ¢izelgeleme
problemine yeni bir bakis agis1 getirilmigtir. Onerilen yeni model ile 24 saatlik vardiya sonucunda
olusabilecek dikkat eksikliginden kaynakli kaza ve yanlis uygulamalarin oniine gegilerek hemsire
uygulamalarindan kaynakl sakatlik veya 6liimlerin oniine gegilmistir. Bununla birlikte hemsirelerin 24
saatlik vardiya ¢ikisinda yorgunluk veya dikkat eksikli§inden kaynakli olusabilecek trafik kazas: gibi
o0lim veya sakatlikla sonuglanabilecek olumsuz durumlarin dniine gecilmesi hedeflenmistir. Ayrica
pandemi siirecinde uygulanmasi Onerilen yeni vardiya sistemi ile viriisii kapan bir hemsirenin 24 saat
boyunca arka arkaya bakacag1 hasta sayis1 miktar1 azalacagi i¢in bu agidan da hem uygulamaya hem de
literatiire katki saglamaktadir.

3. HEDEF PROGRAMLAMA (GOAL PROGRAMMING)

Bu c¢alismada kullanilan hedef programlama yodnteminin temeli dogrusal programlamaya
dayanmakta olup birden fazla hedefi ayni anda gergeklestirme prensibine sahiptir. HP yontemi ile
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sistem kisitlarinin saglandigr ve miimkiin oldugunca tiim amaglara ulasan bir ¢oziim elde edilir.
Belirlenen amaglarin tam olarak gerceklesmedigi durumlarda ise hedef degerlerden sapmalar minimize
edilmektedir. Sapmanin oldugu durumda bazi amaclar en iyi ¢dziime ulasirken bazilar1 en iyi ¢dziime
ulagsamasa da etkin bir ¢6ziim elde edilmig olacaktir [47].

Dogrusal programlama ile hedef programlama arasindaki temel fark, dogrusal programlamada
amag¢ fonksiyonunu optimal kilan ¢6ziim aramirken hedef programlamada hedeflere ait sapma
degerlerinin minimizasyonu tizerine durulmasidir. Hedef programlamada kullanilan tamimlar su
sekilde siralanabilir:

Hedef: Model ¢6zlim sonucunda kesin olarak ulagilmasi istenen ifadedir.

Hedef Kisitlar: Ulasilmasi istenen hedefler, hedef programlama modeline hedef kisitlar1 olarak
aktarilir. Hedef kisitlarinin saglanmasi sistem kisitlarinin gerceklestirilmesinden sonra gelir ve ¢ok kat1
olmay1p, sapmalarin agiklanmasiyla ortaya ¢ikan esnek kisit fonksiyonlaridir.

Sapma Degiskenleri: Modelde yalnizca hedef kisitlarinda ve amag fonksiyonunda bulunan sapma
degiskenleri, her bir hedef veya alt hedeften, pozitif ve negatif sapmalar1 gostermektedir. Belirlenen
hedef icin altinda kalma veya asilma durumlarindan ikisi ayn1 anda gergeklesemeyecegi igin bu iki
sapma degiskeninden biri daima sifir degerini alacaktir [47].

Negatif Sapma Degiskeni (d; ): Hedefin ne kadar altinda kalindigini gosteren degiskendir.

Pozitif Sapma Degiskeni (d;"): Hedefin ne kadar asildigini gosteren degiskendir.

Hedef programlamada degiskenler ve parametreler:

x;:j. karar degiskeni

b; : i. hedef icin ulasilmak istenen deger

a;;: i. hedefin j. karar degiskeni katsayisi

d; : i. hedefin negatif sapma degiskeni

d;: i. hedefin pozitif sapma degiskeni

Genel gosterim sekli asagida verilmistir:

Minimize Z = Y, (df +d}) (1)
Yriajx +df +di = by i=12 ...m (2
X =0 j=12 ...n (3
df,di =0 i=12..m 4

4. UYGULAMA (CASE STUDY)

Bu ¢alismada bir devlet hastanesinin 3. basamak noroloji yogun bakim {initesinde galismakta olan
hemsirelerin 6zel izin istek ve personel yeterlilikleri dikkate almarak ilk olarak 8, 16 ve 24 saatlik {ig
vardiyali caligma sistemi icin dengeli ve esit sekilde 4 haftalik cizelge yapilmasi amaclanmugtir. Tkinci
olarak ise 24 saatlik vardiyalar nedeniyle hastalara yapilan yanlis uygulamalarin ve istenmeyen
sonuglarin oniine ge¢mek amaciyla 24 saatlik vardiya kaldirillarak 8 ve 16 saatlik iki vardiyali sistem
tizerinde ¢alisilmis ve yeni bir model 6nerisinde bulunulmustur. Uygulamada sirasiyla takip edilen
adimlar asagida Sekil 1’deki akis semasinda gosterilmektedir.
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Problemin Tanimlanmasi

o P . . Varsayim ve parametrelerin
Verilerin toplanmast Problem tiiriiniin belirlenmesi el es

Y ontemin Belirlenmesi

Literatiir taramasi Sistem analizi

Problemin 0-1 Hedef Programlama ile Coziilmesi

Mevcut durum igin modelin ¢oziilmesi Yeni model 6nerisi

Sonuglarin Degerlendirilmesi
Mevcut durum igin bulunan sonuglarin ‘

degerlendirilmesi
Sekil 1. Uygulama akis semasi
Figure 1. Application flow chart

Yeni modelin sonuglarin degerlendirilmesi

4.1. Mevcut Durum icin Onerilen Model (Suggested Model for Current Situation)
4.1.1. Problemin tanimlanmasi (Problem definition)

Calismada; bir devlet hastanesinin 3.basamak noroloji yogun bakim {initesindeki 18 hemsire igin 28
glinii kapsayan bir cizelgeleme amacglanmaktadir. 24 saat hizmet veren boliimde giindiiz (08:00-16:00),
gece (16:00-08:00) ve tam giin (08:00-08:00) olacak sekilde 8, 16, 24 saatlik ii¢ vardiya ¢alisma sistemi
uygulanmaktadir. Hafta ici giindiiz ve gece vardiyasina en az 4, en fazla 5; hafta sonu tam giin
vardiyasina en az 3, en fazla 4 hemsire atanmalidir ve diger hemsireler izinli olmalidur.

4.1.2. Verilerin toplanmasi (Data collection)

Calisma i¢in gerekli veriler su sekilde siralanabilir:

Hastane yonetimi tarafindan belirlenen ¢alisma kurallari:

e Her hemsire bir donemde en az 160 saat, en fazla 180 saat caligmalidir.

e Her hemsire hafta ici iki vardiyadan sadece birinde bulunmalidir.

e Her hemsire izinli oldugu giinlerde ¢alismamalidir.

e Her vardiya i¢in gerekli hemsire say1s1 karsilanmalidir.

e Hafta i¢i glindiiz ve gece vardiyalarinda en az 4, en fazla 5 hemsire bulunmalidir.

e Hafta sonu vardiyasinda en az 3, en fazla 4 hemsire bulunmalidir.

e Her hemsire ardisik en fazla 24 saat ¢alisabilir.

e Herhangi bir hemsire, herhangi bir giinde gece vardiyasina atanmigsa bir sonraki giiniin giindiiz
ve gece vardiyasina atanmamalidir.

e Herhangi bir hemsire tam giin vardiyasina atandiktan sonra 24 saat izinli olmalidur.

Hemgire 6zel izin istekleri:

e 1 numarali hemsire persembe ve cuma giinleri sadece giindiiz vardiyasina atanmalidir.
(Aksamlar1 evde hasta bakimi yapmaktadir.)

e 3 numarali hemsire 11. giinde yillik izine ayrildig: i¢in calismamalidar.

e 3 numaral hemsire 16. ve 18. giinler arasinda yillik izine ayrildig: i¢in calismamalidar.
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¢ 11 numarali hemsire 9. ve 10. giinler arasinda yillik izine ayrildig: i¢in ¢calismamalidir.

Yetkinlik/Yeterlilik kisiti:

e 10, 11, 12, 13, 14, 15, 16, 17, 18 numarali tecriibeli hemsirelerden en az birinin hafta sonu
vardiyalarinda olmasi istenmektedir.

e Her vardiyada en fazla bir 6grenci bulunabilir. (3 ve 8 numarali hemsireler stajyer)

4.1.3. Varsayimlarin belirlenmesi (Determination of assumptions)

Hastane verileri ve dnceki cizelgelemeler incelenmistir. Inceleme sonucu yapilacak gizelgeleme icin
belirlenen varsayimlar:

e Cizelgeleme donemi 28 giin olarak alinmistir.

e Planlanmus izinler disinda herhangi bir izin kullanilmadig1 varsayilmaistir.

e Hafta i¢i tam giin vardiyasina atanan hemsire nobetci olarak ¢alismaktadir.

4.1.4. Parametreler (Parameters)

i: Hemsire indeksi i=1,2,...n

n: Serviste ¢alisan hemsire sayisi n=18

j: Glin indeksi i=12,..m

m: Giin sayis1 m=28

hi: hafta icine denk gelen giinler kiimesi hi=1, 2,..., 12, 15, ..., 19, 22, ..., 26
hs: hafta sonuna denk gelen giinler kiimesi hs=6,7,13, 14, 20, 21, 27, 28
persembe: persembe giiniine denk gelen giinler kiimesi persembe =4, 11, 18, 25

cuma: cuma giiniine denk gelen giinler kiimesi cuma =5, 12,19, 26

k: Vardiya indeksi k=12, ...t

t: Vardiya sayis1 t=3

W k. vardiyanin ¢alisma siiresi k=12,..t W, =8 W,=16 W;=24

4.1.5. Karar degiskenleri ve sapma degiskenleri (Decision variables and deviation variables)

X {1, i.hemsire j. giinde k. vardiyaya atanirsa
Uk=10, diger durumlarda

i=12,...n j=12,...m k
d17:i. hemsire icin birinci vardiya hedefinden pozitif sapma degeri
d1;:i. hemsire icin birinci vardiya hedefinden negatif sapma degeri
d2}:i. hemsire icin ikinci vardiya hedefinden pozitif sapma degeri
d2;:i. hemsire i¢in ikinci vardiya hedefinden negatif sapma degeri
d3}:i. hemsire icin haftasonu tgiinci vardiya hedefinden pozitif sapma degeri
d3;:i. hemsire icin haftasonu u¢lncl vardiya hedefinden negatif sapma degeri
d47:i. hemsire icin haftasonu giinlerinin yetkinlik hedefinden pozitif sapma degeri
d4; :i. hemsire icin haftasonu ginlerinin yetkinlik hedefinden negatif sapma degeri

1,2,...t

4.1.6. Matematiksel modelin amag¢ fonksiyonu ve kisitlar1 (Objective function and constraints of the
mathematical model)

iki adet hedef kisiti bulunan model asagida gosterilmistir.

Kisit 1: Herhangi bir hemsire hafta i¢i {i¢ vardiyadan sadece birinde bulunmalidir. Béylece giin
icinde sadece bir vardiyaya atanma saglanmaktadir.

Yk X <1 i=12,...n Vj € hi (5)

Kisit 2: Her vardiya icin gerekli hemgire sayis1 karsilanmalidir. Her vardiyaya talep edilen sayida
personelin atanmasint miimkiin kilan kisittir.

Hafta i¢i ihtiya¢ duyulan hemsire sayist:
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e Xije =4 Vj € hi k=12 (6)

Yiei Xijk <5 Vj € hi k=12 (7)

Hafta sonu ihtiya¢ duyulan hemsire sayist:

Yiea Xije =3 Vj € hs k=3 (8)
LiXije <4 Vj € hs k=3 )

Yiei Xijk =0 Vj € hs k=12 (10)

Kisit 3: Her hemsire ayda en az 160 saat ¢alismalidir. Hastane kuralinin yerine getirilmesi gereken
sert kisitidir.

YT et Wi Xiji + WoXiji + WaXip) = 160 i=12..n 11)

Kisit 4: Her hemsire ayda en fazla 180 saat ¢alismalidir. Hastane kuralinin yerine getirilmesi gereken
sert kisitidir.

M S (Wi + WoXip + WaXi ) < 180 i=12..n (12)

Kisit 5: Her hemsire ardisik en fazla 24 saat calisabilir. Personelin verimli olabilecegi ve is, kisisel
yasam kalitesini diisiirmeyecegi maksimum saat sinirinda atama yapilmasi kisitidir.

WiXij1 + WoXijp + AWaXij3 Wi X1 + WaXiGen2 tWaXiv1yz < 24
i=12,..n j=12,..m—1(13)

Kisit 6: Herhangi bir hemsire, herhangi bir giinde gece vardiyasina atanmigsa bir sonraki giiniin
giindiiz ve gece vardiyasmna atanmamalidir. 16 saatlik gece vardiyalarindan sonra 24 saatlik bir
dinlenme payz1 ile hemsirelerin memnuniyetinin amaglandig kisittir.

Xijz + Xigenn + Xigenz + Xigens < 1 i=12,..n j=12..(m-1) (14

Kisit 7: Tam giin vardiyasina atanan hemsireler ertesi giin herhangi bir vardiyaya atanmamalidir.
Personelin 24 saatlik ¢alismasindan sonra en az 24 saatlik izin hakedis kisitidur.

Xijz + Xigeon + Xigenz + Xigens < 1 i=1,2..n j=12..(m-1) (15

Kisit 8: Her vardiyada en fazla bir tane 6grenci olmasi istenmektedir. (3 ve 8 numarali hemsireler
stajyer) Yogun bakimda kritik durumdaki hastalarin takibi sirasinda olusabilecek riskleri dogru bir kriz
yOnetimi ile karsilamak amach istenmektedir.

Xyjpe + Xejre < 1 j=12.m k=12,...t (16)

Kisit 9: Her hemsire art arda en fazla 3 giin calisabilir. Personellerin vardiya atamalarinin esit ve
dengeli olmas1 amaglanmaistir.

Xijk + XiG+nk T XiGeok T X4 <3 i=1,2,..n j=1,2,...(m-3) k=123 (17)

Kisit 10: Her hemsire ayda en az 5 giin giindiiz vardiyasina, en az 3 giin gece vardiyasina ve en fazla
4 giin tam giin vardiyasina, atanmalidir.

YjeniXij1 =5 i=1,2,...n (18)
jejn Xij2 = 3 i=1,2,...n (19)
;n:le]3 S4’ l=1,2,n (20)

Hemsire Ozel Izin Istekleri

Kisit 11: 1 numarali hemsire persembe ve cuma giinleri sadece giindiiz vardiyasma atanmalidur.
Persembe ve cuma giinleri aksamlar1 evde hasta bakimina gitmektedir.

X =0 Vj e persembe k=23 (21)

X =0 Vj € cuma k=23 (22)

Kisit 12: Hemsireler yillik izne ayrildig: giinlerde ¢alismamalidir. Yillik izin isteklerinin dikkate
alindig1 kisitlarda hemsire numaralar: ve izin alacaklar giinler asagida verilmektedir.

3 numaral1 hemsire 11. giinde yillik izne ayrildig1 i¢in ¢calismamalidir.

X311, =0 k=123 (23)
3 numaral1 hemsire 16. ve 18. giinler arasinda yillik izne ayrildigi icin ¢alismamalidir.
X3k =0 j=16,17,18 k=123 (24)

11 numarali hemsire 9. ve 10. giinler arasinda yillik izne ayrildig1 igin ¢alismamalidir.
Xi1jk =0 j=910 k=123 (25)
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Hedef Kisitlar:: Modelde personel yeterliliklerini ve esit is yiikii dagilimini dikkate alan toplamda 2
adet hedef bulunmaktadr.
Hedef Kisit1 1: Hemsirelerin toplam vardiya atamalar1 miimkiin oldugunca esit ve dengeli sekilde

dagitilmalidir.
Y (Xijn — Xqanp) +d 17 —d 1} =0 i=12,..(n—-1) (26)
Y (Xijz — Xgsnjp) +d 27 —d 2} =0 i=1,2,..(n-1 (27)
Y (Xijs — Xaenyjz) +d 37 —d 3] =0 i=12,..m-1) (28)

(i). hemsirenin (i+1). hemsire ile giindiiz, gece, tam giin vardiyalarmin farkinin Oa esit olmas1 hedefi
ile her bir vardiya bazinda, hemsirelerin esit vardiya sayisinda c¢alismalarini saglayacaktir. Boylece
cizelgeleme dagiliminda daha dengeli bir atama olacaktir.

Hedef Kisit1 2: Hafta sonu vardiyalarinda 10-18 numarali tecriibeli hemsirelerden sadece birinin
olmasi1 istenmektedir. Hafta sonu vardiyalar1 hastanedeki personel eksikligi bakimindan ve 24 saat
olmasi sebebi ile hemsirelere daha fazla sorumluluk diisen vardiyalardir. Kritik konumdaki hasta takibi
ve kriz yonetimi bakimindan tecriibeli hemsirelerin hafta sonu vardiyalarmma atanmasi
hedeflenmektedir.

Y20 Xijz+d4 —d4f =1 Vj€hs (29)

Modelin amag fonksiyonu ise hemsirelerin toplam vardiya atamalarinin ve tecriibeli hemsirelerin
hafta sonu vardiya atamalarinin miimkiin oldugunca esit ve dengeli sekilde dagitilmasidir.

MinZ = ¥,(d1; +d1f +d2; +d2{+d3; +d3]) + Xjens d 4;

Elde edilen ¢6ziime gore olusturulan Ek A’da yer alan cizelge incelendiginde hemsirelerin aylik
olarak vardiya sayilar1 esit goriiniiyor olsa da haftalik incelendiginde is yiikiinde dengesizlikler
goriilmektedir. Cizelgede bir hemsire i¢in haftalik olarak 24 saat ¢alisma saati goriilebiliyorken, diger
hemsirelerde bu siire 48 hatta 64 saatlere kadar ¢iktig1 goriilmektedir. Haftalik 40-45 saatin {izerinde
calisma durumu, personellerin dengeli bir ¢alisma sistemine sahip olmadigini gostermektedir. Bu
ylizden hemsire bazinda aylik vardiya sayisinin yani sira haftalik olarak dengeli olabilecek bir vardiya
calisma sistemi i¢in iyilestirme gerekmektedir.

4.2. Yeni Model Onerisi (New Model Proposal)

0-1 HP yontemi kullanilarak ¢6ziilen matematiksel model ile mevcut durum igin uygun bir ¢o6ziim
elde edilmistir. Ancak 24 saat gibi uzun siireli vardiyalarda personelin tam kapasite calismas1 insani
olarak miimkiin degilken 24 saatlik vardiyalar sonrasinda ise hayatlarini idame ettirebilmeleri de
oldukga zordur. 3. basamak noroloji yogun bakim iinitesi gibi hasta takibinin riskli oldugu boliimlerde
ise 24 saatlik vardiyalar nedeniyle hastalara yanlis uygulamalar yapilabilmekte ve sonuglar: sakatlik
olim gibi istenmeyen sekillerde sonuglanabilmektedir.

Bu durumun 6niine gegmek amaciyla hastanede uygulanan vardiya sistemi (giindiiz 8 saat, gece 16
saat ve tam giin 24 saat) yerine iki vardiyali (giindiiz 8 saat ve gece 16 saat) sisteme gecilmesi Snerilmis
ve yapilan iyilestirme sonucunda daha uygun planlamalarin yapilabilecegi tespit edilmigtir. Karar
degiskenleri ayn1 olup degisen parametreler 4.2.1 boliimiinde verilmistir.

4.2.1. Parametreler (Parameters)

k: Vardiya indeksi k=1,2,...t
t: Vardiya sayis1 t=2
Wi k. vardiyanin ¢alisma siiresi k=1,2,...t W, =8 W,=16
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4.2.2. Sapma degiskenleri (Deviation variables)

d1}:i. hemsire icin birinci vardiya hedefinden pozitif sapma degeri

d1;:i. hemsire icin birinci vardiya hedefinden negatif sapma degeri

d2}:i. hemsire icin ikinci vardiya hedefinden pozitif sapma degeri

d2;:i.hemsire i¢in ikinci vardiya hedefinden negatif sapma degeri

d3}:i. hemsire icin haftasonu birinci vardiyamn yetkinlik hedefinden pozitif sapma degeri
d3;:i. hemsire i¢in haftasonu birinci vardiyanin yetkinlik hedefinden negatif sapma degeri
d4t:i. hemsire icin haftasonu ikinci vardiyanin yetkinlik hedefinden pozitif sapma degeri
d4;7:i. hemsire icin haftasonu ikinci vardiyanin yetkinlik hedefinden negatif sapma degeri

4.2.3. Onerilen matematiksel modelin amag¢ fonksiyonu ve kisitlari (Objective function and constraints of the
proposed mathematical model)

Iki adet hedef kisiti bulunan modelin amag fonksiyonu agsagida gosterilmistir. Bu boliimdeki amag
hemsirelerin toplam vardiya atamalarinin ve tecriibeli hemsirelerin hafta sonu vardiya atamalarimin
miimkiin oldugunca esit ve dengeli sekilde dagitilmasidir.

n

MinZ = ) (d17 +d1} +d2; +d2]) + Z(d 37 +d 47)
i=1 jehs
Kisitlar: Modelin dokuz kisit1 asagida agiklamalar ile birlikte verilmistir.

Kisit 1: Herhangi bir hemsire iki vardiyadan sadece birinde bulunmalidir.

e X <1 i=12..n j=12..m (30)
Kisit 2: Her vardiya igin gerekli hemsire sayis1 karsilanmalidir.

L Xije =4 Vj € hi k=12 (31)
Yic1 Xijk <5 Vj € hi k=12 (32)
Yiea Xijk =3 Vj € hs k=12 (33)

LaiXijk <4 Vj e hs k=1,2 (34)
Kisit 3: Her hemsire haftada en az 40 saat ¢calismalidir.

Y (WiXijy + WoXijp) = 40 i=12..n (35)
YHWiXijy + WoXijp) = 40 i=12..n (36)
Y2 Wi Xy + WoXijp) = 40 i=1,2..n 37)
Y38 (WiXij + WoXj) = 40 i=1,2,...n (38)
Kisit 4: Her hemsire haftada en fazla 45 saat calismalidir.

Y (WiXijy + WoXijp) < 45 i=12..n (39)
YH(WiXijp + WoXjp) < 45 i=12..n (40)
YA Wi Xy + WoXijp) < 45 i=1,2..n (41)
Y38 (WiXij + WoXj) < 45 i=1,2,...n (42)

Kisit 5: Herhangi bir hemsire, herhangi bir giinde gece vardiyasmna atanmigsa bir sonraki giiniin
giindiiz ve gece vardiyasina atanmamalidir.

Xij2 + Xigjens + Xigenz < 1 i=12..n j=12..(m-1) (43)

Kisit 6: Her vardiyada en fazla bir tane 6grenci olmasi istenmektedir. (3 ve 8 numarali hemsireler
stajyer)

X3ji + Xgjie < 1 j=12,..m k=12 (44)

Kisit 7: Her hemsire art arda en fazla 3 giin ¢alisabilir.

Xijk + xi(jtl)k + xi(j-+2)k + Xi(j+3)k <3 i=12,..n ] =1, 2,(m - 3) k=12 (45)

Hemsire Ozel 1zin Istekleri

Kisit 8: 1 numarali hemgire persembe ve cuma giinleri sadece gilindiiz vardiyasina atanmalidir.
Persembe ve cuma giinleri aksamlar1 evde hasta bakimina gitmektedir.

X1j2=0 Vj € persembe (46)

X1j2=0 Vj € cuma (47)
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Kisit 9: Hemsgireler yillik izne ayrildig1 giinlerde ¢alismamalidir. Yillik izin isteklerinin dikkate
alindig kisitlarda hemsire numaralari ve izin alacaklar giinler asagida verilmektedir.
3 numarali hemsire 11. giinde yillik izne ayrildigi icin ¢alismamalidir.

X311 =0 k=12 (48)
3 numarali hemsire 16. ve 18. giinler arasinda yillik izne ayrildig: i¢in ¢alismamalidir.
X3k =0 j=16,17,18 k=12 (49)
11 numarali hemsire 9. ve 10. giinler arasinda yillik izne ayrildig: i¢in ¢alismamalidar.
Xi1jk =0 j=910 k=12 (50)

Hedef Kisitlari: Modelde personel yeterliliklerini ve esit is yiikii dagilimini dikkate alan toplamda 2
adet hedef bulunmaktadir.
Hedef Kisit1 1: Hemsirelerin toplam vardiya atamalar1 miimkiin oldugunca esit ve dengeli sekilde

dagitilmalidir.

Hedef Kisit1 2: Hafta sonu vardiyalarinda 10, 11, 12, 13, 14, 15, 16, 17, 18 numaral tecriibeli
hemsirelerden en az birinin olmasi istenmektedir. Kritik konumdaki hasta takibi ve kriz yonetimi
bakimindan tecriibeli hemsirelerin hafta sonu vardiyalarina atanmasi hedeflenmektedir.

20X +d3;—d3f =1 Vj€hs (53)
BloXij,+da —d4ar =1 Vjehs (54)

Onerilen model ile elde edilen ¢oziime gore olusturulan Ek B’de yer alan cizelge incelendiginde
aylik olarak calisma saatlerinin yani sira haftalik olarak da dengeli bir atama yapildig1 goriilmektedir.
48, 56, 64 gibi haftalik calisma saatlerini (40-45) asan siireler yapilan iyilestirmeler sayesinde hemsire
bagina haftalik 40 saate indirgenmistir. Onerilen model ile diizenlenen gizelgenin daha adil ve dengeli
bir dagilim saglamis oldugu goriilmektedir.

5. SONUC VE TARTISMA (CONCLUSION AND DISCUSSION)

Saglik sektoriinde hastalara verilen hizmetin de en iyi sekilde yerine getirilebilmesi ve icinde
bulundugumuz pandemi siirecinin kontrol altina alinmasi icin yapilan ¢alismalarin dogru ve etkili bir
sekilde yiiriitiilebilmesinde hemsirelerin rolii son derece Snemlidir. Hemsirelerin ise daha verimli
calisabilmek icin etkin bir calisma cizelgesine ihtiyaglar1 vardir. Hemsire ¢izelgeleme problemleri;
hastane kurallari, personel istekleri, maliyet, hasta ve hasta yakinlar: istekleri gibi bir¢ok etken altinda
her hedefin ger¢eklesmesinin saglanmas: ve ayni1 zamanda adil ve dengeli bir sekilde personel atamasi
yapilmasi agisindan gittikge karmasiklasabilecek problemlerdir.

Bu ¢alismada, saglik personeli ¢calisma yonetmeligi, hastane kurallari, personel yeterlilikleri, hemsire
Ozel izin istekleri ele alinarak bir hemsire ¢izelgesi olusturulmus ve sonug {izerinden iyilestirme
calismalarinda bulunmak amaciyla yeni bir model Snerisi sunulmustur. Vardiya atamalarina yeni bir
diizenleme getirilmis ve calisma sistemi her hemsire i¢in haftalik calisma saati bazinda esit ve adil
olunmasi saglanmistir. Iyilestirilmis yeni model sayesinde &zellikle de pandemi gibi olaganiistii hal
teskil eden ve yogun calisma temposu gerektirecek, durumlar séz konusu oldugunda hemsirelerin
dengeli atamalari ile daha uygun kosullar olugsmus olacaktir.

Hemsire ozel izin isteklerini dikkate alarak motivasyon artirilmasi ve buna bagh olarak hizmet
kalitesinin de artmasi planlanmaktadir; yogun bakim {initesindeki durumu kritik olan hastalarin
takibinin daha iyi saglanabilmesi icin de vardiya atamalarinda personel tecriibeleri gbz 6niine alinmustir.
Calisma kapsaminda ilk olarak hastanenin 3. basamak ndroloji yogun bakimui {initesi i¢in 18 hemsirenin
atamalar1 HP yontemi ile yapilarak adil ve dengeli bir cizelge olusturulmustur. Ikinci asamada ise 24
saatlik vardiyalarin neden oldugu yanlis uygulamalarin ve istenmeyen sonuglarin oniine geg¢mek
amaciyla iki vardiyali sisteme gegilmesi onerilmistir. Onerilen yeni sistemde aylik olarak calisiimasi
gereken toplam vardiya saati, haftalik olarak en az 40 en fazla 45 saat olarak her haftaya esit sekilde
dagitilmis ve cizelgede daha dengeli atamalar gergeklestirilmistir. Personel planlama ve hastane yonetim
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siireci uygulamalarinin iyilestirilmesinde de rol oynayabilecek bu 6neri hemsire ¢izelgeleme problemine
yeni bir bakis a¢is1 sunmaktadir.

Ancak 24 saat gibi uzun siireli vardiyalarda personelin tam kapasite calismas: insani olarak
miimkiin degilken 24 saatlik vardiyalar sonrasinda ise hayatlarini idame ettirebilmeleri de oldukga
zordur. 3. basamak noroloji yogun bakim {iinitesi gibi hasta takibinin riskli oldugu boliimlerde ise 24
saatlik vardiyalar nedeniyle hastalara yanhs uygulamalar yapilabilmekte ve sonuglar: sakathk 6liim gibi
istenmeyen sekillerde sonuglanabilmektedir.

Gliniimiizde ¢izelgeleme alaninda yapilmis bir¢ok calisma bulunmaktadir. Hizmet sistemlerinde ve
saglik alaninda hemsire ¢izelgeleme tizerine de calisma alani fazla oldugundan farkli 6zel kisitlar ve
farkli modeller ile de problemler ele alinmistir. Calismada hem hastane hem personel hem de hasta
bakis acisindan ilerlenen bir model olusturulmustur. Hastanenin mevcut durum modeli ile olusturulan
cizelgenin daha adil bir cizelge olabilmesi igin yapilan vardiya atama iyilestirmeleri ile yeni model
Onerisi, literatiirde yapilacak iyilestirme ¢alismalar igin fikir olusturmada yardimci olacaktir.

fleride yapilacak projelerde 6nerilen bu model diger servislere uyarlanabilir. Bunun disinda vardiya
sisteminde farkli degisiklikler yapilarak yeni model onerisinde bulunulabilir. hemsire cizelgelerinin
olusturulmasi i¢in uygulanabilir. Bununla birlikte, ¢izelgenin hizli bir sekilde elde edilmesi igin 6nerilen
modeller karar destek sistemleri ile desteklenebilir.
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Nurse schedule for current situation

Ek A
Mevcut durum i¢in hemsire ¢izelgesi

1 | Gindiiz ‘ ‘ 2 | Gece ‘ ‘ 3 ‘ Tam Gilin
Giinler Vardiyalar =
N e | ®
Hemgireler 20 (3 ({3
1(2|3]4] 5 71819 (10|11(12|13 |14 (15|16 |17 |18 |19 (20|21 22|23 |24 25|26 27|28 :g QQDJ £ §
) = | %
1 2 2 1112 3 2 1 3 1112 5 5 2 12
2 2 1|2 1|1 1|2 1|2 2 3|5 5 2 12
3 1|3 1 2 2 2 2 3 2 1111 5 5 2 12
4 2 1|1 1|2 1|3 2 2 3 1|2 5 5 2 12
5 12 2 1|1 2 2 2 1|13 5 5 2 12
6 1|2 1 1|2 3 2 2 3 1112 5 5 2 12
7 11113 2 2 1111 2 2 2 3|5 5 2 12
8 2 2 2 1|1 3 1 1 3 1|2 2 5 5 2 12
9 2 1 2 1|2 12 1|2 3 3|5 5 2 12
10 2 1|1 2 1|2 2 3 2 1|3 5 5 2 12
11 2 1|2 2 1|3 1|2 1|1 5 5 2 12
12 1 2 2 2 1|3 1|2 3 2 5 5 2 12
13 2 2 1|2 2 1 3 2 1 3 5 5 2 12
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17 1|1 3 1112 3 2 2 2 1|2 5 5 2 12
18 1|2 1 1112 2 2 1 3 2 3 5 5 2 12
Toplam
Hemsire 1019 (10| 9 | 10 411019 |110{9 9|4 |3|10/9|10| 8|10 4 | 4|9 |10, 8|10|8 |3 |4
Sayis1
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Giinler Vardiyalar | -
N 5
Hemsireler = y | »®
1123 ]4 10 ({11 ({12 |13 |14 |15 |16 |17 |18 (19|20 |21 |22 |23 |24 | 25|26 | 27 | 28 :g 8 g
O =
<
1 1)1 2 2 2 112 2 1 2 6 7 |13
2 2 1 2 1|2 2 2 1|2 6 7 |13
3 2 2 1 2 1 2 1|1]2 1 6 7 |13
4 1] 2 2 2 1 1|2 1)1 2 112 6 7 |13
5 11 2 1 1|2 2 1|2 2 6 7 |13
6 1 1 2 2 2 2 1 2 2 6 7 |13
7 1] 2 2 2 1 2 2 1 2 1 6 7 |13
8 2 1 1 2 1)1 1|2 1 2 2 6 7 |13
9 2 1 2 112 2 1 1|1 2 6 7 |13
10 2 11 2 1|2 2 2 2 1 6 7 |13
11 1111 2 2 1 2 2 1|2 6 7 |13
12 2 2 2 1112 2 6 7 |13
13 12 1|2 2 2 1|2 11 6 7 |13
14 2 1|2 1 2 2 2 2 1 6 7 |13
15 1] 2 2 2 11 2 2 1 2 6 7 |13
16 1 2 2 1|1 2 2 1 2 6 7 |13
17 112 1 2 2 1|2 1|2 1)1 6 7 |13
18 2 2 1|2 2 1 2 2 1 2 6 7 |13
Toplam
Hemsgire |10 9 | 8 | 9 919191717 191919|19(9|6|7|8]10/9|9]|9|7 |7
Sayis1
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Onemli Katkilar (Highlights)

e Hiperbolik kayma deformasyon teorisi kapsaminda poroz ortotropik tabakali plaklarin stabilitesi
incelendi.

e Poroz ortotropik tabakali plak tabaka kalimliklar: boyunca ti¢ farkli kosiniis fonksiyonu kullanilarak
modellendi.

¢ Kayma deformasyonun, porozitenin, ortotropinin, yiikleme faktorlerinin ve geometrik o6zelliklerin
poroz kompozit plaklarin kritik burkulma ytikiine etkileri arastirildi.

e Porozite varliginin tabakali plaklarin kritik burkulma yiikii degerlerini azalttig1 sonucu elde edildi.
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OZ: Bu calismada, yiiksek mertebe kayma deformasyon teorisi kullanilarak poroz ortotropik tabakali
plaklarm burkulma davranisi arastirilmaktadir. Plagin tek ve iki eksenli basinca maruz kaldig1 ve plak
kalinlig1 boyunca 6zel fonksiyonlarla tanimlanan ti¢ farkli porozite dagilimi dikkate alinmaktadir. Stabilite
denklemleri virtiiel is prensibiyle tiiretilmektedir ve elde edilen kismi tiirevli diferansiyel denklemlere
Galerkin yontemi uygulanarak kritik burkulma ytikii ifadesi elde edilmektedir. Tiiretilen kritik burkulma
yiikii ifadesiyle elde edilen sonuglar, literatiirdeki uygun sonuglarla kiyaslanarak dogrulanmaktadir.
Kritik burkulma ytikiiniin kayma deformasyonuna, poroziteye, ortotropiye, yiikleme faktoriine ve farkl
geometrik 6zelliklere duyarliligini gézlemlemek icin parametrik bir analiz yapilmaktadir.

Anahtar Kelimeler: Burkulma, Porozite, Poroz Plak, Tabakali Plak, Kayma Deformasyon Teorisi

Buckling Analysis of Porous Orthotropic Laminated Plates Within Higher-Order Shear

Deformation Theory
ABSTRACT: This study investigates the buckling behavior of porous orthotropic laminated plates using
high-order shear deformation theory. The plate is under uniaxial and biaxial compressive loadings. Three
different porosity distributions defined by specific functions throughout the plate thickness are
considered. The stability equations are derived by the virtual work principle, and the critical buckling load
relation is obtained by applying the Galerkin method to the partial differential equations obtained. The
results obtained with the derived critical buckling load expression are verified by comparing with the
appropriate results in the literature. A parametric analysis is performed to observe the sensitivity of the
critical buckling load to shear deformation, porosity, orthotropy, loading factor, and different geometric
properties.

Keywords: Buckling, Porosity, Porous Plate, Laminated Plate, Shear Deformation Theory
1. GIRIS AINTRODUCTION)

Havacilik, denizcilik, otomotiv ve savunma sanayi gibi bir¢cok sektdrde kullanilan malzemelerin
yiiksek mukavemet/diisiik agirlik 6zelliklerinin ¢ok iyi olmasi istenmektedir [1]. Yap1 elemanlarinin hafif
olmasi, gozenekli veya bosluklu formda {iretilmesiyle miimkiin olabilmektedir. Bu tiir gozenekler, iiretim
esnasindaki mikro-kusurlardan olabilecegi gibi 6zel sebeplerden Otiirii iiretim yontemleriyle de
olusturulabilmektedir. Bu durumda, poroz yap1 elemanlarinin malzeme 6zellikleri noktadan noktaya
farklibk gostermektedir. Bundan dolayi, bu gozeneklerin veya kusurlarin yap1 elemaninin statik ve
dinamik davraniglar: tizerindeki etkilerinin belirlenmesi gerekmektedir.

Onemli bir miihendislik uygulamasi olan poroz yapi elemanlarmin (plak, kabuk vs.) stabilite
davranislarina olan ilgi giderek artmaktadir. Yapilan bir¢ok ¢alismada poroz malzeme 6zelliklerinin yap1
elemaninin kalinlig1 boyunca 6zel bir fonksiyona bagli olarak degistigi varsayilmaktadir ve porozitenin
yap1 elamaninin burkulma davranigina etkileri arastirilmaktadir [2-11]. Klasik plak teorisinde enine
kayma deformasyonlari ihmal edilerek problemin ¢oziimiinde kolaylik saglanmaktadir. Ancak, enine
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kayma deformasyon etkilerinin yap1 elemanlarinin statik ve dinamik davranislar1 tizerindeki etkileri
oldukc¢a o6nemli olmaktadir. Bundan dolay1 arastirmacilar yeni kayma deformasyon teorileri igin
arastirmalar yapmislardir. Bu ¢alismalarin bir¢ogu yiiksek mertebeden kayma deformasyon teorilerini
kapsamaktadir [12-19]. Bu gelismelerle birlikte, poroz yapi elemanlarinin kayma deformasyon teorisi
kapsamindaki burkulma analizi ¢alismalar: artis gdstermistir [20-27].

Tabakali kompozit plaklar tek katmanh klasik plaklara nazaran tabakalar arasi siireksizlik,
dogrultulara gore rijitlik farkliliklar: ve kayma dayanimlarinin zayif olmasi gibi sebeplerden 6tiirii farkl
problemlerle karsilasabilmektedir. Farkli tabaka dizileme ve farkli yonlenme acilarina bagh olarak da
cesitli yiikleme durumlarinda farkli davranislar sergilemektedir. Bu gibi durumlarin tabakali kompozit
plaklarin davraniglar {izerindeki etkileri yiiksek mertebe kayma deformasyon teorileri ve 3B elastisite
teorisi kapsaminda incelenmistir [28-30]. Tabakali kompozit malzemelerin {iretimi esnasinda meydana
gelen mikro-kusurlarin da incelenmesi ve tabakali kompozit plaklarin statik ve dinamik davrarislari
tizerindeki etkilerinin belirlenmesi gerekmektedir. Bu ihtiyagtan &tiirii son yillarda poroz tabakal1 yap:
elemanlarinin egilme problemlerinin ¢oziimiine egilim artmistir [31-33].

Yapilan literatiir arastirmasi, poroz ortotropik tabakali plaklarin stabilite probleminin kayma
deformasyon teorisi kapsaminda yeterince ele almmadigimi ortaya koymaktadir. Bu c¢alismada,
porozitenin ortotropik tabakali plaklarin kritik burkulma yiikii tizerindeki etkileri arastirilmaktadar.

2. MATERYAL ve METOT (MATERIAL and METHOD)

Yap1 elemanlarmin tretimi sirasinda teknik hatalardan kaynakli mikro bosluklar ve porozite
meydana gelmektedir. Dolayisiyla, kompozit malzemelerden olusan yapi elemanlarmin iginde var
olabilen bu porozitelerin yap1 elemanlarinin statik ve dinamik davramslari iizerindeki etkilerinin
incelenmesi 6nemli ve zorunlu hale gelmektedir. Buna bagh olarak, bu baslik altinda poroz ortotropik
tabakali kompozit plaklarin temel denklemlerinin tiiretilmesi sunulmaktadir.

2.1. Matematiksel Model (Mathematical Model)

Poroz ortotropik tabakali kompozit plak, Sekil 1a’da gosterildigi gibi (x,y,z) Kartezyen koordinat
siteminde tanimlanmaktadir. xy —diizlemi plak orta diizlemi olarak tanimlanmaktadir ve z —ekseni
kalmlik dogrultusunu gostermektedir. N tane poroz ortotropik tabakadan meydana gelen plagin
uzunlugu, genisligi ve toplam kalinlig1 sirasiyla a, b ve h olarak ifade edilmektedir. Sekil 1b’de gosterilen
z —koordinatlari, plak kalmnlig igindeki herhangi bir noktanin orta diizleme olan uzakliklarini
tanimlamaktadir. Ayrica y;,¥,,..., Yy agilar tabaka yonlenme agis1 adini almaktadir.

Porozitesiz malzemelerin malzeme o&zellikleri konumdan bagimsiz olurken, poroz malzemelerin
malzeme Ozellikleri ise konumun stirekli bir fonksiyonu olarak degisim gostermektedirler. Bu ¢calismada,
M,, M,, M5 ve M, olmak iizere dort tip porozite dagilimi modeli dikkate alinmaktadir.

(b)
Sekil 1. Poroz ortotropik tabakali kompozit plak: (a) yiitkleme durumu, (b) enkesit detay1

Figure 1. Porous orthotropic laminated composite plate: (a) loading condition, (b) cross-section
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Buna bagli olarak, poroz ortotropik malzemelerden olusan tabakali kompozit plaklarin konuma baglh
malzeme Ozellikleri asagidaki gibi ifade edilmektedir:

Biy (@) = By (1 = ad® (@), B3 (2) = gy (1 = ad®(2)), B3 (2) = By (1 — ad®(2)), a
B (2) = B (1 — as®(2)), BR(2) = B (1 — ad®(2)),k = 1,2,..,N,Z = z/h

Burada ,B(k) ve [?312() sirasiyla x ve y dogrultularindaki porozitesiz ortotropik malzemenin elastisite

GG ORE . . .
modilleridir. f315, Bg13 Ve g,z ise porozitesiz ortotropik malzemenin sirasiyla xy, xz ve yz
diizlemlerindeki kayma modiilleridir. a@ porozite katsayis1 olup elastisite ve kayma modiillerinin
degisimini karakterize etmektedir ve 0 < a <1 kosulu gecerli olmaktadir. Ayrica, @ =0 olmasi
porozitesiz ortotropik malzeme durumuna (M,) karsilik gelmektedir. A® (Z) ise k. tabakanin porozite

degisim fonksiyonu olup asagidaki gibi tanimlanmaktadar:

cos(nZ), M,
A0(z) = cos(nZ/2 + m/4), M, @)
cos(|nZ| —m/2), My

Denklem (2)’den de goriilecegi tizere, en alt ve en iist noktalarinda daha rijit olmak tizere simetrik bir
porozite dagilimi (M,), tabakalarin en alt noktalarinda daha rijit olmak iizere simetrik olmayan bir
porozite dagilimi (M;) ve tabakalarin orta kisimlarinda daha rijit olmak tizere simetrik bir porozite
dagilimi (M3) elde edilmektedir.

2.2. Temel Bagint1 ve Denklemler (Fundamental Relation and Equations)

Klasik plak teorisi enine kayma gerilmelerini dikkate almamaktadir. Dolayisiyla, enine kayma
deformasyonlar1 meydana getiren o,, ve gy, kayma gerilmeleri klasik plak teorisine ilave edilmelidir.
Buna bagli olarak, kayma deformasyon plak teorisi kapsaminda k. poroz ortotropik tabakanin gerilme —
sekil degistirme bagintisi [1,19]:

o\ S Sz 0 0 36 ) Ex
Oy S1 Sz O 0 3z &y
Oyz =(0 0 S44 S45 0 Eyz (3)
Oxz 0 0 S[us Jsz O Exz
O'xy Sl6 SZ6 0 0 366 Exy

olarak yazilmaktadir. Burada, &, ve &, sembolleri tabakal1 plagin orta diizlemi {izerinde olmayan herhangi
bir noktasindaki x ve y dogrultularindaki deformasyon bilesenlerini; ¢,,, €,, ve &, sembolleri sirasiyla
xz, yz ve xy diizlemlerindeki kayma deformasyon bilesenlerini; 3 ‘”( ) (i,j = 1,2,..,6) sembolleri ise k. poroz
ortotropik tabakanin doniistiiriilmiis malzeme 6zellikleridir [1,17,18].
S11 = Vg€ + Rpps* + 2(Ryp + 2R46)57¢?, Jyp = (Ryg + Ry — 4Rg)s%c? + Ryp(s* +¢%),
J1e = (Ryg — Ryp — 2Rg6)sC® + (Ryp — oy + 2R66)5°¢, Iz
= N11$4 + N22C4 + 2(&12 + 2N66)52C2

Fpe = (Ryy — Ny — 2R 34+ (R, — X 2Rg6)C3 )

26 = (Ryg 12 66)CS” + (Rq; 22 + 28ge)C’s,

Se6 = (Ry1 + Rpp — 285 — 2Rg6)c?s? + Rgg(s* + ™)

Vaa = Vg€ 4+ V55?2, Ius = (N5 — Rypn)CS, I = Nyys? + Rec?, s =siny,c =cosy

Burada, y agst global ve lokal x —eksenleri arasindaki agidir. Ng.c)(i, j=12,..,6) sembolleri k. poroz
ortotropik tabakanin malzeme 6zellikleri olup asagidaki gibi ifade edilmektedir:

(k)( 7) (k) (k)( 7) (k) (k)( 7) (k)( 7)

(k) 2 = (k) 2) = (k) 2) = (k) 2 =
U(k)v(k)’ —® (k)' & (k)’ 00, (K (5)
12 721 12 721 12 21 12 21

Ni’?(Z) B (2), 8% (2) = Bfk)(Z) " (2) = ﬁf’? (Z),Z = z/hk = 1,2, N
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Burada, v, ve v,, sembolleri poroz ortotropik tabakalarin Poisson oranlar1 olup, kalinlik koordinatina
gore degisiminin etkisi az oldugundan sabit kabul edilmektedir ve v;,6,,(Z) = v,1611(Z) kosulunun
saglandig1 varsayilmaktadir.

Poroz ortotropik tabakali kompozit plaklarin kayma deformasyon plak teorisi kapsamindaki kuvvet
ve moment bilesenlerini bulmak i¢in, klasik plak teorisi igin yazilan ifadelere ek olarak enine kesme
kuvveti ifadeleri de eklenmelidir. Bu agiklamalar 1s181nda, bu ¢alismadaki probleme uygun olacak sekilde
kuvvet ve moment bilegenleri:

(n 1y, M) = Zf al?, y(k), ,E’;))dz (mye,my,my,) = Zf o®, 5 (k) (k))zdz
k1 Zk-1

d
(Se Sy, Sy) = Zf (07,619, 65N b (@) dz, (qx,qy) = f (0%, 0¥ ¢iz)

Zk-1 Zk—1

(6)

olarak yazilmaktadir. Burada, n kuvvet, m moment, q enine kesme kuvveti ve s yiiksek mertebeden
kuvvet bilesenlerini temsil etmektedir. Ayrica burada ¢(z) kayma deformasyon fonksiyonudur. Bu

calismada, [19] tarafindan kullanilan ¢(z) = gtanh(ZE) #}12(1)(

fonksiyonu kullanilmistir. Denklem (3), Denklem (6)'da yerine yazilip elde edilen integraller sonugclar:
virtiiel is prensibinde kullanilirsa poroz ortotropik tabakali plaga ait asagidaki ifadeler elde edilmektedir:

7) hiperbolik kayma deformasyon

a3u 3 3 4 4

0y 4~ 4~ (0, 4 1%0) — 2y — e (n + 20

ax3 " " 9xdy? dx2dy ax* "Mt ax2ayz Tt

a X 3 (7a)
X A0

9°xy S xx
ax 37711+a 20y n12+n66)+aa;2n26 0

+

P*u o v v rw L 'w

W(Um + 7)66) + Taynee + a_y37]22 - W (21 + 2n66) — 6_3/47722 7b)
, xy £

(7721 + e6) + #ngz +

T ox a 2 x2oy e =0

3u 3u 3v 3v 1w,
9x3 — 1 + 9xdy EWETT) (31 + 2066) + 555 ax2dy (12 + 2n86) + 5 6 3 N2z = ot Sz M1
o*w 64W 3y, .
_W (%2 + 31 +4nge) — ay* n5, + ax; M1 + (7712 + 27g6) (7¢)

23y 0w 02w 62w

. YA _
Ep” 6 EWEW > (31 + 216) +6—y3n%2 —F a2 2F, oxdy E ay? 0

u P®v P®u o 0w atw ”
ﬁnn +a—(7)12 +7)66) + 9xdy? Nes — axt N1 — 9x20y? (12 + 27ig6)

3y, . 3y, . oy
+ ax 3x7)%1 (7)12+77g6)+a axz fige — M3s 69: =0

(7d)

03%u 03v 03v 0 0*w o*w

W(ﬁgl+ﬁgﬁ)+a—y3ﬁ32+a 26yﬁ66_a 29y 2(7721"'27766) ay* — 132

7
0° Xy ~2 aXy ( e)

23 Xy .
¢ 9y? M52 = Nia—5— dy =0

26yn66 +

6x6 a2 (7721 + M) +

Burada n ve 7j terimleri kompozit malzemenin 6zelliklerine bagh katsayilar olup agik ifadeleri asagidaki
gibidir:
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N
Zy Zk
()8 dz, i}y = Z f ()2 p(2)°0*+2)3W dz, i, j = 1,2,6;7 = 0,1,2
k=1"%k-1 k=1"%k-1

(7f)
N 2
Zk (d¢(2)
1 _ (k) s
ni = E < e ) Sij dz,i,j = 4,5

2.3. Coziim Prosediirii (Solution Procedure)

Tiim kenarlarindan basit mesnetli dikdértgen kompozit plak icin asagidaki sinir kosullar1 gegerli
olmaktadir:

x=0q;u=w=y, =0, y=0bjv=w=y,=0 (8)
Denklem (8)’deki simir kosullarin saglayan gerekli yaklasim fonksiyonlari:

( u \ Uy cos(Ayx) sin(A,y)

v vy sin(Ayx) cos(Ay) | A, = mrn
w A =< w; sin(Ax) sin(ALy) ¢, m(;n' )
Xx x1c08(Ax) sin(A,y) | A2 = >

y X2 Sin(A1x) cos(A,y)

Burada, uy, v, wy, x1, x» bilinmeyen katsayilardir. Denklem (9)’ daki yaklasim fonksiyonlar: Denklem (7)
kismi tiirevli diferansiyel denklem sisteminde yerine yazilip 0 < x <a ve 0 <y < b araliklan i¢in
Galerkin yontemi uygulanmaktadir. Daha sonra, elde edilen denklem sistemi matris formda yazilip elde
edilen bu matris formun katsayilar matrisinin determinantinin sifira esitlenmesiyle poroz ortotropik
tabakali plaklarin burkulma yiikii ifadesi asagidaki gibi bulunmaktadir:

73131 + T332 + 13434 + 135935
P33

Burada r3;(j = 1,2,..,5) ve ¥3;(j = 1,2,..,5) katsayilarinin agik ifadeleri sirasiyla Ek A ve Ek B’de
verilmektedir. Tabakali kompozit plagin asagidaki yiik durumunda maruz kaldig: varsayilsin:

A%Fx‘l'/’{%Fy = 7'33 -

(10)

F, = —Fo,F, = —(Fy,Fy, = 0 (11)

Burada ¢ terimi yiik parametresi olup { = 0 olmasi tek eksenli basing durumuna ve ¢ > 0 olmasi iki eksenli
basing durumuna karsilik gelmektedir. Denklem (11), Denklem (10)'da yerine yazildiginda poroz
ortotropik tabakali kompozit plagin kayma deformasyon teorisi ¢ercevesindeki burkulma yiikii asagidaki
gibi ifade edilmektedir:

kot _ 13131 + T32P30 + 134934 + 135035 — 133133
Fo - 2 2 (12)
P33(A1 + 430)

Denklem (12)’deki enine kayma gerilmeleri veya enine kayma deformasyonlari ihmal edilerek klasik
plak teorisi kapsaminda sonuglar elde edilmektedir. Hem kayma deformasyon plak teorisi hem de klasik
plak teorisi icin ifadeler yardimiyla elde edilen sonuglar dalga sayilarina gore minimize edilerek kritik
burkulma yiikii bulunmaktadir. Calismada boyutsuz kritik burkulma ytikleri asagidaki ifade yardimiyla
elde edilmektedir:

12(1 - U12U21)b2
2By, k3

FKDT _
Fgoh =

FgPT (13)
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3. BULGULAR ve TARTISMA (RESULTS and DISCUSSION)

Bu baslik altinda, poroz ortotropik tabakali kompozit plaklarin kritik burkulma ytikii degerleri klasik
plak teorisi ve yiiksek mertebe kayma deformasyon teorisi kapsaminda incelenmektedir. Kayma
deformasyonun, porozitenin, ortotropinin ve geometrik oranlarin kritik burkulma yiikii {izerindeki
etkileri arastirllmaktadr.

3.1. Dogrulama Calismasi (Validation Study)

Ik karsilagtirmada, farkli malzeme 6zelliklerine sahip tabakali kompozit plagin kayma deformasyon
teorisi kapsamindaki kritik burkulma ytikii degerleri, [28] ve [30] ¢alismalarinda elde edilen boyutsuz
kritik burkulma yiik degerleri ile kiyaslanmaktadir. Karsilastirmada su plak karakteristikleri ve malzeme
ozellikleri kullanilmistir: a/h = 10, a/b = 1, Bo12 = Po1z = 0.6L92, Lo23 = 0.5F42, V12 = 0.25. Cizelge 1'de
degisik malzeme 6zellikleri i¢in sunulan degerlerin uyum iginde oldugu gozlemlenmektedir.

Cizelge 1. Tek eksenli basinca maruz 0°/90°/90°/0° porozitesiz (M,) ortotropik tabakali kompozit

plagin boyutsuz kritik burkulma ytikii degerlerinin karsilastirilmasi
Table 1. Comparison of dimensionless critical buckling load values of non-porous (M,) orthotropic 0°/90°/90°/0° layered composite plate
subjected to uniaxial compression

F§PT = F§PT (b%/Bozh®)

Bo1/Boz [28] [30] Bu caligma
10 9.7740 9.7621 9.944(1,1)
30 19.957 19.3040 19.698(1,1)

Ikinci karsilastirmada, farkli tabaka dizilisine ve geometrik karakteristiklere sahip ortotropik tabakalt
kompozit plagin boyutsuz kritik burkulma degerleri [29] ¢alismasindaki degerlerle kiyaslanmaktadir.
Karsilagtirmada su plak karakteristikleri ve malzeme 6zellikleri kullamilmistir: a/b = 1, a/h = 20, 1 =
4092, Bozz = 0.5802, Boi2 = Bo1z = 0.6B42, v1, = 0.25. Cizelge 2’de degisik malzeme Ozellikleri igin
sunulan degerlerin uyum i¢inde oldugu gozlemlenmektedir.

Cizelge 2. Tek eksenli basinca maruz ve farkl tabaka dizilisine sahip porozitesiz (M,) ortotropik tabakali

kompozit plagin boyutsuz kritik burkulma yiikii degerlerinin karsilastirilmasi
Table 2. Comparison of dimensionless critical buckling load values of non-porous (M) orthotropic laminated composite plate subjected to
uniaxial compression and having different layer sequences

FOSDT = ngDT(bz/ﬁozm)

Tabaka dizilisi [29] Bu calisma
0°/90°/0° 30.922 31.073(1,1)
0°/90°/90°/0° 31.737 31.678(1,1)

3.2 6zgiin Analizler (Original Analysis)

Porozitesiz ve poroz ortotropik tabakali kompozit plaklarin kritik basing yiikii degerleri klasik plak
teorisi ve kayma deformasyon teorisi kapsaminda sayisal olarak elde edilmektedir. Tabakali kompozit
plaklarin meydana geldigi ortotropik malzeme Ozellikleri, Sy, = 206.844GPa, f8,, = 18.616GPa,
Bozz = 2.551GPa, By12 = Po13 = 4482GPa, vy, = 0.21 olarak dikkate alinmaktadir. Poroz ortotropik
tabakali kompozit plaklarin kritik burkulma ytikii degerlerinin a/b = 2,{ = 0; 1 vea = 0.8igin a/h’abagh
degisimi Cizelge 3'te verilmektedir. (0°) ve (90°/0°/90°) gibi iki farkli tabaka dizilimi ile M; ve M,
modelleri dikkate alinmaktadr.
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a/h'1in artisina bagh olarak klasik plak teorisi i¢in elde edilen kritik burkulma yiikii degerleri sabit
kalirken kayma deformasyon teorisi kapsaminda ortaya ¢ikan kritik burkulma yiikii degerleri ise
artmaktadir. Tek eksenli yiikleme durumunda elde edilen kritik burkulma yiikii degerleri, iki eksenli
ylikleme durumunda ortaya ¢ikan degerlerden daha biiyiik olmaktadir. Her iki yiikleme durumu
arasindaki kritik burkulma yiikii degeri farki a/h’in artisina bagl olarak klasik plak teorisinde sabit
kalirken kayma deformasyon teorisinde ise artmaktadir. Her iki durumda da M; modelinin kritik
burkulma yiik degerleri M, modelinin degerlerinden daha kiigiiktiir. Tabaka dizilisleri kendi aralarmda
mukayese edildiginde, iki eksenli yiikleme durumunda ii¢ tabakali plaklarin kritik burkulma yiikii
degerleri tek tabakali plaklarinkinden daha biiyiik olmaktadir. Tek eksenli yiikleme durumunda ise klasik
plak teorisi kapsaminda tek tabakali plaklarin, kayma deformasyon teorisi ¢ercevesinde ise {i¢ tabakali
plaklarm kritik burkulma yiikii degerleri daha kii¢iik olmaktadir. Tabaka dizilisleri arasindaki bu kritik
yiik degeri farki a/h’1n artisina bagl olarak klasik plak teorisi i¢in sabit kalmaktadir. Kayma deformasyon
teorisi icin ise iki eksenli yiikleme durumunda artarken tek eksenli yiikleme durumda M;modeli i¢in énce
artip sonra azalirken M, modeli i¢in 6nce azalip sonra artmaktadir.

Cizelge 3. Tek ve iki eksenli eksenel basinca maruz poroz ortotropik tabakali kompozit plagin boyutsuz

kritik basing yiikii degerlerinin a/h oranina bagl degisimi
Table 3. Variation of dimensionless critical buckling load values of porous orthotropic laminated composite plate subjected to uniaxial and
biaxial compression depending on the a/h ratio

10F,
¢=0 (=1
)
Klasik Plak Teorisi Kayma Def(?r.masyon Klasik Plak Teorisi Kayma Def(?r.masyon
Teorisi Teorisi
a/h M, M, M, M, M, M, M, M,
10 2.071(2,1) 4.665(21) 0.556(1,1) 1.030(1,1)
20 4260 (1,1) 6.624(1,1) 0.852(1,1) 1.325(1,1)
30 5216(1,1) 7.341(1,1) 4.740(1,1) 7.003(1,1) 1.043(1,1) 1.468(1,1) 0.948(1,1) 1.401(1,1)
40 4937 (1,1) 7.147(1,1) 0.987(1,1) 1.429(1,1)
50 5.034(1,1) 7.215(1,1) 1.007(1,1) 1.443(1,1)
(90°/0°/90°)
a/h M, M, M, M, M, M, M, M,
10 1.324(4,1) 3.149(4,1) 0.952 (2,1) 2.102(2,1)
20 2.961(4,1) 5.734(3,1) 2.090 (3,1) 3.969 (3,1)
30 5.551(4,1) 8.319(3,1) 3.955(4,1) 6.887(3,1) 3.905(3,1) 5.759(3,1) 2.773 (3,1) 4.768 (3,1)
40 4.508(4,1) 7.436(3,1) 3.160(3,1) 5.148(3,1)
50 4.829(4,1) 7.727(3,1) 3.387 (3,1) 5.349 (3,1)

Kritik burkulma ytikii tizerindeki porozite etkisi tiim tabaka dizilislerinde ve yiikleme durumlarinda
a/k'm artisina bagh olarak klasik plak teorisi icin sabit kalirken kayma deformasyon teorisi igin ise
azalmaktadir. C)rnegin tek eksenli yiikleme ve (90°/0°/90°) icin a/h’in 10’dan 50’ye artisina bagli olarak
porozitenin etkisi klasik plak teorisi i¢in (-%33.3) ile sabit kalmaktadir. Benzer sekilde, porozitenin etkisi
kayma deformasyon teorisi icin (-%58)'den (-%37.5)'e azalmaktadir. Iki eksenli yiikleme durumunda
ortaya ¢ikan porozite etkisi tek eksenli durumda ortaya ¢ikan etkiden daha kiiciik olmaktadir. Her iki
durum arasindaki bu porozite etkisi fark: tek tabakali plaklarda daha biiyiik olmaktadir ve a/h'in artisina
bagh olarak klasik plak teorisi i¢in sabit kalirken kayma deformasyon teorisi igin ise azalmaktadir.
Ornegin tek tabakali plaklarda her iki yiikleme durumu arasindaki porozite etkisi farki a/h’in 10’dan
50’ye artisina bagli olarak kayma deformasyon teorisi i¢in (%9.6) azalmaktadir. Her iki tabaka dizilisi
arasindaki en biiyiik porozite etki farki (%6.4) olarak a/h = 10’da elde edilmektedir.



Yiiksek Mertebe Kayma Deformasyon Teorisine Dayal1 Poroz Ortotropik Tabakali Plaklarin Burkulma Analizi 415

Kritik burkulma yiikii tizerindeki kayma deformasyon etkisi tiim tabaka dizilislerinde ve yiikleme
durumlarinda a/h'in artisia bagh olarak azalmaktadir. Ornegin iki eksenli yiikleme durumunda tek
tabakali plaklar i¢in a/h’mn 10’dan 50’ye artisina bagl olarak kayma deformasyon etkisi M; modelinde
(%46.7)den (%3.5)'e ve M, modelinde (%29.8)'den (%1.7)'ye azalmaktadir. Tek eksenli yiikleme
durumunda ortaya ¢ikan kayma deformasyon etkisi iki eksenli yiikleme durumunda elde edilen etkiden
daha biiyiik olmaktadir ve a/h’'m artisia bagli olarak azalmaktadir. Ornegin, M, modelinde tek ve iki
eksenli yiikleme durumlari arasindaki kayma deformasyon etkisi farki a/h’m 10’dan 50"ye artisina bagh
olarak tek ve ii¢ tabakali plaklar icin sirasiyla (%6.6) ve (%1.4) azalmaktadir. Tabaka dizilisleri kendi
aralarinda mukayese edildiginde, ii¢ tabakali plaklar i¢in elde edilen kayma deformasyon etkisi tek
tabakali plaklar i¢in ortaya ¢ikan etkiden daha biiyiik olmaktadir ve tabaka dizilisleri arasindaki bu kayma
deformasyon etkisi farki a/h'm artisma bagh olarak azalmaktadir. Ornegin iki eksenli yiikleme
durumunda tek ve ii¢ tabakali plaklar arasindaki en biiyiik kayma deformasyon etkisi farki M; ve M,
modelleri i¢in sirastyla (%28.9) ve (%33.7) olmaktadir.

Poroz ortotropik tabakali kompozit plaklarin kritik burkulma yiikii degerlerinin a/h = 10, { = 0; 1 ve
a = 0.8 i¢in a/b’ye bagh degisimi Tablo 4'te sunulmaktadir. (0°) ve (0°/90°/0°) gibi iki farkli tabaka
dizilimi ile M, ve M, modelleri dikkate alinmaktadir.

Cizelge 4. Tek ve iki eksenli eksenel basinca maruz poroz ortotropik tabakali kompozit plagin boyutsuz

kritik basing ytiikii degerlerinin a/b oranina bagl degisimi
Table 4. Variation of dimensionless critical buckling load values of porous orthotropic laminated composite plate subjected to uniaxial and
biaxial compression depending on the a/b ratio

10F,
(=0 {=1
0°)
Klasik Plak Teorisi Kayma Defgr@asyon Klasik Plak Teorisi Kayma Defggnasyon
Teorisi Teorisi
a/b M, M, M, M, M, M, M, M,
1.0 5.061(1,1) 12.141(1,1) 3.668(1,1) 8509 (1,1) 2.448(1,2) 5.873(1,2) 1.776(1,2) 4.119(1,2)
1.5 3214(1,1) 7711(1,1) 2373(1,1) 5515(1,1) 0.989(1,1) 2.373(1,1) 0.730(1,1) 1.697(1,1)
2.0 3.060(1,1) 7.341(1,1) 2.085(2,1) 4.665(2,1) 0.612(1,1) 1.468(1,1) 0.444(1,1) 1.030(1,1)
25 3529(1,1) 8.466(1,1) 1.601(2,1) 3.590(2,1) 0.487(1,1) 1.168(1,1) 0.331(1,1) 0.764(1,1)
3.0 3214(21) 7711(21) 1.270(3,1) 2.785(3,1) 0.436(1,1) 1.045(1,1) 0.270(1,1) 0.617(1,1)
(0°/90°/0°)
a/b M, M, M, M, M, M, M, M,
1.0 4779(1,1) 12.141(1,1) 3.368(1,1) 7.967(1,1) 2.389(1,1) 6.071(1,1) 1.684(1,1) 3.984(1,1)
1.5 3.455(1,1) 8319(1,1) 2516(1,1) 5734(1,1) 1.063(1,1) 2.560(1,1) 0.774(1,1) 1.764(1,1)
2.0 3.752(1,1) 8.605(1,1) 1.895(2,1) 4.205(2,1) 0.750(1,1) 1.721(1,1) 0.531(1,1) 1.176(1,1)
25 3777(2,1) 9.358(2,1) 1.436(3,1) 3.109(3,1) 0.652(1,1) 1.451(1,1) 0.424(1,1) 0.924(1,1)
3.0 3455(2,1) 8319(21) 1.115(41) 2.378(4,1) 0.614(1,1) 1.345(1,1) 0.356(1,1) 0.770(1,1)

a/b'nin artisina bagh olarak kayma deformasyon teorisi kapsamindaki kritik burkulma yiikii
degerleri azalirken, klasik plak teorisi cercevesindeki kritik yiik degerleri ise 6nce azalip sonra artip tekrar
azalmaktadir. Tek eksenli yiikleme icin elde edilen kritik burkulma yiikii degerleri iki eksenli yiikleme
igin ortaya ¢ikan kritik yiikten daha biiyiik olmaktadir. Her iki yiikleme durumu arasindaki kritik
burkulma yiikii degeri farki a/b'nin artisina bagh olarak kayma deformasyon teorisinde azalmaktadir.
Klasik plak teorisinde ise 6nce azalip sonra artip tekrar azalmaktadir. Her iki yiikleme durumunda da M,
modelinin kritik burkulma yiikii degerleri M, modelinin degerlerinden daha kiigiiktiir. Tabaka dizilisleri
kendi aralarinda kiyaslandiginda, iki eksenli yiikleme icin a/b > 1 araliginda ii¢ tabakali plagin kritik
burkulma yiikii degeri tek tabakali plakta ortaya ¢ikan degerlerden daha biiyiik olmaktadir. Benzer
sekilde tek eksenli yiikleme durumunda, tek tabakali plagin kayma deformasyon teorisi kapsamindaki
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kritik burkulma ytikii degeri {i¢ tabakal1 plagin degerlerinden daha biiyiik olmaktadir. Klasik plak teorisi
i¢in a/b > 1 araliginda tek tabakali plagin klasik plak teorisi ¢ergevesindeki kritik burkulma ytikii degeri
ti¢ tabakal1 plagin degerlerinden daha kiigiik olmaktadir.

U tabakal: plaklarin kritik burkulma yiikii tizerindeki porozite etkisi a/b’nin artisina bagh olarak
azalmaktadir. Tek tabakali plaklarin kritik burkulma yiikii izerindeki porozite etkisi ise a/b'nin artisina
bagli olarak iki eksenli yiikleme durumunda sabit kalmaktadir ve tek eksenli yiikleme durumunda ise
klasik plak teorisi icin sabit kalirken kayma deformasyon teorisi igin ise azalmaktadir. Ornegin iki eksenli
yiikleme durumunda ii¢ tabakali plagin kritik burkulma yiikii tizerindeki porozite etkisi a/b’nin 1’den 3’e
artisina bagli olarak kayma deformasyon teorisinde (-%57.7)den (-%53.8)'e azalirken klasik plak
teorisinde ise (-%60.7) den (-%54.4)'e azalmaktadur. Iki eksenli yiikleme durumunda kayma deformasyon
teorisi igin ortaya ¢ikan porozite etkileri tek eksenli yiikleme durumundakilerden daha biiyiik olmaktadir.
Klasik plak teorisi icin tek tabakali plaklarda her iki yiikleme durumunda elde edilen porozite etkileri
hemen hemen ayni olmaktadir. Ug tabakali plaklarda ise a/b > 2.5 arahiginda tek eksenli yiikleme
durumunda elde edilen porozite etkileri iki eksenli yiikleme i¢in ortaya ¢ikan etkilerden daha biiyiik
olmaktadir. Her iki yiikleme durumu arasindaki porozite etkisi farki a/b’'nin artisina bagh olarak
artmaktadir. Ornegin, ii¢ tabakal plaklari igin her iki yiikleme durumu arasindaki porozite etkisi farki
a/b’'nin 1'den 3’e artisina bagh olarak kayma deformasyon ve klasik plak teorilerinde sirasiyla (%0.7) ve
(%4.1) azalmaktadir. Tabaka dizilisleri kendi aralarinda mukayese edildiginde, iki eksenli yiikleme
durumunda a/b > 1 araliginda tek tabakali plaklarda meydana gelen porozite etkisi {i¢ tabakali
plaklardakinden daha biiyiik olmaktadir. Tek eksenli yiikleme durumunda ise kayma deformasyon
teorisi kapsaminda a/b > 1 araliginda ti¢ tabakal1 plaklarda elde edilen porozite etkisi, klasik plak teorisi
cercevesinde ise 1 < a/b < 3araliginda tek tabakali plaklarda ortaya ¢ikan porozite etkisi daha kiigiik
olmaktadir. Her iki tabaka dizilisi arasindaki porozite etkisi farki a/b'nin 1’den 3’e artisina bagli olarak
iki eksenli yiikleme durumunda yaklasik (%1.6) artmaktadir. Tek eksenli yiikleme durumunda ise kayma
deformasyon teorisi i¢in (%0.4) artarken klasik plak teorisi igin (%2.1) azalmaktadir.

Kritik burkulma yiikii tizerindeki kayma deformasyon etkisi a/b’nin artisina baglh olarak once azalip
sonra artmaktadir. Tki eksenli yiikleme durumunda tek tabakali plaklarm kritik burkulma yiikii
iizerindeki kayma deformasyon etkisi a/b'nin 1’den 3’e artisina bagh olarak once yaklasik (%1.4)
azalirken sonra yaklasik (%12.5) artmaktadir. Tek eksenli yilikleme durumunda ortaya ¢ikan kayma
deformasyon etkisi iki eksenli yiikleme durumundaki etkiden daha biiyiik olmaktadir ve her iki ytikleme
durumu arasindaki kayma deformasyon etkisi farki a/b'nin artisina bagh olarak artmaktadir. Ornegin, iig
tabakali plaklarda her iki yiikleme durumu arasindaki kayma deformasyon etkisi farki a/b'nin 1’den 3’e
artisia bagl olarak M, ve M, modellerinde sirasiyla (%25.6) ve (%28.7) artmaktadir. Uc tabakali plaklarda
elde edilen kayma deformasyon etkisi tek tabakali plaklarda ortaya ¢ikan etkiden daha biiyiik olmaktadir.
Her iki tabaka dizilisi arasindaki en biiyiik kayma deformasyon etkisi farki tek eksenli yiikleme igin
(%17.6) ile a/b = 2’de elde edilirken iki eksenli yiikleme durumunda ise (%4.5) ile a/b = 1'de ortaya
¢ikmaktadir.

Poroz ortotropik tabakali kompozit plaklarin kritik burkulma yiikii degerlerinin a/b = 2; a/h = 10,
a = 0.8 ve { =0;1 icin By1/Po, ye bagl degisimi Sekil 2’de sunulmaktadir. (0°) ve (0°/90°/0°) gibi iki
farkli tabaka dizilimi ile M5 ve M, modelleri dikkate alinmaktadir.

Diizlem igi ortotropi orani fy;/fy, ‘nin artisina bagh olarak kritik burkulma yiikii degerleri
azalmaktadir. M; modelinden olusan tabakal: plaklarin kritik burkulma yiikii degerleri M, modelinden
meydana gelen tabakali plaklarinkinden daha kiigiik olmaktadir. Tek eksenli yiikleme durumunda elde
edilen kritik burkulma yiikii degerleri iki eksenli yiikleme icin ortaya ¢ikan kritik yiik degerlerinden daha
biiyiik olmaktadir. Her iki yiikleme arasindaki bu kritik burkulma yiikii degeri farki B/, ‘nin artisina
bagl olarak azalmaktadir.
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Sekil 2. (a) Tek eksenli ve (b) iki eksenli eksenel basinca maruz poroz ortotropik tabakali kompozit

plagin boyutsuz kritik burkulma ytikii degerlerinin Sy, /. oranina bagl degisimi
Figure 2. Variation of dimensionless critical buckling load values of porous orthotropic laminated composite plate subjected to (a) uniaxial and
(b) biaxial axial pressure, depending on the By, /o, ratio

Tabaka dizilisleri kendi aralarinda mukayese edildiginde, iki eksenli yiikleme durumunda tek
tabakali plaklarin kritik burkulma yiikii degerleri {i¢ tabakali plaklarin degerlerinden daha kiigiik
olmaktadir. Tek eksenli yiikleme durumunda ise dort tabakali plaklarin kritik burkulma yiikii degerleri
tek tabakali plaklarin degerlerinden klasik plak teorisi kapsaminda daha biiyiik olurken kayma
deformasyon teorisi cercevesinde ise M, modelinde daha kiigiik, M3 modelinde daha biiyiik olmaktadir.
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Uc ve tek tabakall plaklar arasindaki bu kritik yiik degeri farki B4,/fy, ‘nin artisina bagh olarak klasik
plak teorisi igin artarken kayma deformasyon teorisi i¢in azalmaktadir.

Kritik burkulma yiikii tizerindeki porozite etkisi 91/, ‘nin artisina bagh olarak sadece tek tabakali
plak icin klasik plak teorisi kapsaminda sabit kalmaktadir. Bunun disindaki tiim durumlarda Sy, /8, ‘nin
artisia bagli olarak kritik burkulma yiikii iizerindeki porozite etkisi azalmaktadir. Ornegin iki eksenli
yliklemeye maruz {i¢ tabakal1 plak i¢in Sy1/fy, ‘nin 10°dan 50’ye artisina bagh olarak kritik burkulma
yiikii tizerindeki porozite etkisi kayma deformasyon teorisi i¢in (-%62)’den (-%49.7) e ve klasik plak teorisi
igin (-%65.8)'den (-%60.1)’e azalmaktadir. Her iki yiikleme durumu porozite etkisi agisindan
kiyaslandiginda, iki eksenli yiiklemeye maruz ii¢ tabakali plaklarin kayma deformasyon teorisi
kapsamindaki porozite etkileri tek eksenli yiikleme durumundaki etkilerden daha biiyiik olurken bunun
digindaki tiim durumlarda her iki yiikleme durumundaki porozite etkisi esit olmaktadir. Ug tabakali
plaklarin kayma deformasyon teorisi kapsamindaki yiikleme durumlar: arasindaki porozite etkisi farki
Bo1/Po2 ‘nin 10’dan 50’ye artisina baglh olarak yaklasik (%2) artmaktadir. Kritik burkulma yiikii tizerindeki
porozite etkisi ii¢ tabakali durumda daha kiigiik olmaktadir. Tek ve {i¢ tabakali plaklar arasindaki bu
porozite etkisi farki By1/fy, ‘nin artisina bagh olarak artmaktadir. Ornegin, her iki tabaka dizilisi
arasindaki porozite etkisi farki Sy, /o, ‘nin 10’dan 50"ye artisina bagl olarak tek ve iki eksenli yiikleme
durumlarinda sirasiyla (%6) ve (%8) civar: artmaktadir.

Kritik burkulma yiikii iizerindeki kayma deformasyon etkisi fy,/fy, ‘nin artisina bagh olarak
artmaktadir. Ornegin ii¢ tabakali plaklar icin fy;/Bo; ‘nin 10’dan 50'ye artisgina bagli olarak kritik
burkulma yiikii tizerindeki kayma deformasyon etkisi tek eksenli yiikleme durumunda her iki model icin
de (%26) civar: artarken iki eksenli yiikleme durumunda ise M3 ve M, modellerinde sirasiyla (%20) ve
(%25) artmaktadir. Ug tabakali plaklar i¢in ortaya ¢ikan kayma deformasyon etkisi tek tabakali plaklar
igin elde edilen degerlerden daha biiyiik olmaktadir. Tki tabaka dizilisi arasindaki kayma deformasyon
etkisi farki y;/f,; ‘nin artisina bagh olarak artmaktadair. Ornegin, M; modelinden meydana gelen tek ve
i¢ tabakal1 plaklar arasindaki kayma deformasyon etkisi farki fy1/f, ‘nin 10’dan 50’ye artisina bagl
olarak tek eksenli yiikleme durumunda (%15.3)'ten (%25.6)'ya ve iki eksenli yiikleme durumunda
(%1.1)’ den (%4.5)’e artis gostermektedir.

4. SONUCLAR (CONCLUSIONS)

Bu c¢alismada, poroz ortotropik tabakali plaklarin burkulma davrams: yiiksek mertebeden kayma
deformasyon teorisi kapsaminda incelenmektedir. Plaklarin tek ve iki eksenli eksenel basing yiikiine
maruz kaldig1 varsayilmaktadir. Poroz ortotropik tabakali plaklarin kritik burkulma yiikii {izerindeki
geometrik parametrelerin, porozitenin, kayma deformasyonun, yiikleme kosullarmin ve diizlem igi
ortotropinin etkileri detayli olarak incelenmektedir. Bu analizler sonucunda ortaya ¢ikan genel sonuglar
asagida sunuldugu gibidir:

1. Kayma deformasyon teorisi kapsamindaki kritik burkulma yiikii degerleri a/h oraninin artisina bagh
olarak artarken klasik plak teorisi kapsaminda elde edilen kritik yiik degerleri ise sabit kalmaktadir.

2. Kayma deformasyon teorisi kapsamindaki kritik burkulma yiikii degerleri a/b oraninin artisina baglh
olarak azalirken klasik plak teorisi kapsaminda elde edilen kritik yiik degerleri ise 6nce azalip sonra
artip tekrar azalmaktadir.

3. Kullanilan her iki teori kapsaminda elde edilen kritik burkulma yiikii degerleri fy,/fy, oranlarinin
artisina bagl olarak azalmaktadir.

4. Tek eksenli yiiklemeye maruz poroz tabakali plaklarin kritik burkulma yiikii degerleri, iki eksenli
yliklemeye maruz poroz tabakali plaklarin kritik burkulma yiikii degerlerinden daha biiyiik
olmaktadr.

5. Kayma deformasyon teorisi kapsaminda her iki yiikleme durumu arasindaki kritik burkulma ytikii
deger farki a/h oraninin artisina bagh olarak artarken, a/b ve 4/, oranlarinin artisina bagh olarak
azalmaktadir.

6. Porozitenin varlig: tabakal plaklarin kritik burkulma yiikii degerlerini azaltmaktadir.
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10.

11.

12.

13.

Poroz tabakali plaklarin kritik burkulma ytikii tizerindeki porozite etkisi, kayma deformasyon teorisi
kapsaminda a/h oraninin artisina bagh olarak azalmaktadir. Klasik plak teorisi i¢in ise a/h oranimin
artisina bagh olarak sabit kalmaktadir.

Poroz ¢ok tabakali plaklarin kritik burkulma yiikii iizerindeki porozite etkisi a/b ve Bo1/Bo
oranlarinin artisina bagh olarak azalmaktadir.

Tek ve iki eksenli yiikleme kosullar1 arasindaki porozite etkisi farki kayma deformasyon teorisi
kapsaminda a/h oraninin artisina bagh olarak azalirken a/b oramimin artisina bagh olarak ise
artmaktadir.

Tabaka dizilisleri arasindaki porozite etkisi farki fy,/fy, ve a/b oranlarmmin artisina bagh olarak
artmaktadir.

Poroz tabakal1 plaklarin kritik burkulma yiikii tizerindeki kayma deformasyon etkisi, a/h oranimmin
artisina bagh olarak azalirken fy,/fy, oranlarinin artisina bagh olarak artmaktadir. a/b oranmnin
artigina bagh olarak ise dnce azalip sonra artmaktadir.

Tek ve iki eksenli yiikleme kosullar1 arasindaki kayma deformasyon etkisi farki a/h oraninin artisina
bagh olarak azalirken a/b oraninin artisina bagl olarak ise artmaktadur.

Cok tabakali poroz plaklar ve tek tabakali poroz plaklar arasindaki kayma deformasyon etkisi farki
a/h oraninin artisina bagli olarak azalirken Sy, /By, oranlarinin artisina bagl olarak ise artmaktadir.
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EK A (APPENDIX A)

r = (301 + 1 45186), 112 = 132, (012 + 1), 113 = —[A1n11 + 232512 + 2n86)],

11y = (B30 + 11431106), 115 = 250, (1192 + 1126), 21 = 114531 + 16),

T2 = (1%1277(6)6 + Agrl(z)z)'rm = _[A%A% (77%1 + 277%6) + /1‘2177%2],7”24 = /11/1%(7731 + flge),

125 = (M a006 + 3192), 131 = [0y + 11453, + 2nge)],

T32 = [/1377%2 + /1%/12(77%2 + 27)%6)]'7"33 = _[/1‘{77%1 + A%A%(U%Z + 7]%1 + 47726)+A§77%2]'

Ta3 = (/pr + ﬂ-%py) — 133,134 = [A3011 + 11 25(A31 + 276)],

135 = [B37%, + B4, (A1, + 2iee)] 1aa = (309 + 1L 251606), a2 = A2, (A3, + Tige),
3 = —[A011 + B3 002 + 2036)], 1aa = (305 + 1125086 + Ain3s), Tas = 15, (03, + 126),
51 = L A5(131 +71g6), Ts2 = (A 42106 + 23119,), 153 = —[A325 (131 + 27ige) + 2513, ],

sy = 1 A5(131 + 126), Tas = (M Aa086 + 2315, + AaMia)
EK B (APPENDIX B)

Y31 = 112723 (TaaTss — TasTsa) + 112743 (25754 — T24Ts5) + 112753 (124735 — T25744)
+713745 (22754 — T24Ts52) + T1372a(TasT52 — T22755) + 113742 (124755 — T25754)
+714723(TasTs2 — TazTss) + 114722 (TasTss — TusTs3) + 114725 (TazTs3 — Taslsz)
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Y3z = —T11723(TaaTss — TasTs5a) — T117a3 (25754 — 124755) — 111753 (124745 — Ta5724)
—113745(T21754 — T24Ts51) — T137aa(TosTs51 — 121755) — T13741 (24755 — T25754)
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Highlights
e The remote control process of industrial collaborative robotic arm over 5G communication is
presented.

e  The control process is implemented over deep learning methods such as YOLOv4 and YOLOVS.

e  The robotic hand is remotely controlled using a glove equipped with flex sensors.
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ABSTRACT: Factories focusing on digital transformation accelerate their production and surpass their
competitors by increasing their controllability and efficiency. In this study, the data obtained by image
processing with the aim of digital transformation was transferred to the collaborative robot arm with 5G
communication and the robot arm was remotely controlled. A 3D-printed humanoid hand is mounted
on the end of the robot arm for bin picking. Each finger is controlled by five servo motors. For finger
control, the user wore a glove, and the finger positions of the user were transferred to the servo motors
thanks to each flex sensor attached to the glove. In this way, the desired pick and place process is
provided. The position control of the robot arm was realized with image processing. The gloves worn by
the user were determined by two different YOLO (You only look once) methods. YOLOv4 and YOLOv5
algorithms were compared by using Python software language in object detection. While the highest
detection accuracy obtained with the YOLOv4 algorithm during the test phase was 99.75% in the front
camera, it was 99.83% in the YOLOVS5 algorithm; YOLOv4 detection accuracy was the highest in the side
camera of 97.59%, and YOLOVS5 detection accuracy was 97.9%.

Keywords: Collaborative Robot Arm, Digital Transformation, Object Detection, Remote Control, YOLO
1. INTRODUCTION

Digital transformation has entered a new era with artificial intelligence, augmented reality, big data
and 3D printer technologies. All data is transferred to digital environment by transforming the
production processes of companies from analog (manual) controls to digital (automatic) control. Because
digital transformation requires adapting to new conditions, it takes time for a company to complete the
digital transformation process. Digital transformation mostly proceeds through automation systems.
Automation systems are being developed and transforming into robotic systems. During this period, the
need for operators is being eliminated. Robotic systems are evolving to do all the work a human can do.
However, there may be a need for the robot control to be controlled by a human. Especially in studies
for the disabled, robot control is carried out with brain signals. In a study using camera and EEG
sensors, brain signals were controlled by an industrial robot arm [1, 2]. In studies using only cameras,
predetermined hand movements were classified by deep learning methods and robot arm control was
provided [3-5]. With the advancement of technology, studies involving human-robot interaction are
increasing. Thanks to the digital twin of the factories, human-robot interaction can be transferred into
the digital environment [6]. Digital twins enable all real-time data in the process to be stored and
analyzed in a virtual environment. In this way, the appropriate and safe working environment required
for human-robot interaction can be established. Human-robot interaction applications are also used in
the fields of agriculture [7] and health [8] apart from production factories. In a study in the field of
agriculture, the image taken by the robot is sent to the remote operator. The operator marks the product
to be purchased and the robot takes the product [7]. In the study conducted in the field of health, the
robot arm supports the doctors in surgeries with eye tracking made from the camera [8]. In the future,
these studies will allow patients to have surgery in their own country in hospitals where appropriate

*Corresponding Author: Miicahid BARSTUGAN, mbarstugan@ktun.edu.tr
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devices are available, without going to the country where the doctor is located. With the spread of 5G
technology, communication will accelerate, and remote-control systems will become widespread. In this
way, robots with 5G communication will be able to enter areas where humans cannot enter, and robots
will be able to do things that humans cannot do with remote control systems. Remote control systems
can be a controller, an artificial intelligence algorithm or a system with sensors.

The YOLO method (You Only Look Once), which is one of the popular artificial intelligence
algorithms, is used in many different areas. Food [9-12], hand gesture detection [13], construction [14],
agriculture [15-17], occupational health and safety [18-20], unmanned aerial vehicle [21-25], object
detection [26, 27], medical [28], maritime [29], fire detection [30], traffic sign [31] and mask detection [32,
33]. With this study, real-time applications of the YOLO method are carried out. A summary of the
literature studies is presented in Table 1.

Table 1. The literature summary

Paper  Year Field of the Paper Dataset Detected object Method
YOLOVS, Faster-
1 F H heat H ’
[9] 202 ood GWHD Wheat Heads RCNN
[11] 2022 Food Leaf Leaf Disease YOLOvV5
Posture Custom YOLOV3, YOLOV4,
[13] 2021 Detection Dataset Hand YOLOv5
[14] 2022 Construction Custom Aggregate YOLOv4, YOLOvVS
Dataset
[16] 2021 Agriculture Custom Insect on Soybean y -y (4 yorOvs
Dataset Crop
[15] 2022 Agriculture Plant Village Leaf Disease YOLOv4, YOLOV5
[20] 2022 Occupational  Safety Helmet |\ Detection YOLOV5
Safety Wearing
Occupational . YOLOvV3, YOLOV4,
[19] 2022 Safety SHEL5K Helmet Detection YOLOVS
Unmanned Aerial YOLOV3, YOLOV4,
[22] 2022 Vehidle A2G Drone Images YOLOVS
[26] 2022  Object Detection Custom Pantry Objects YOLOV5
Dataset
. . Infrared Image
[27] 2021 Object Detection KAIST, FLIR ) YOLO-FIRI
Objects
. . YOLOV3, YOLOV4,
[28] 2021 Medical BRATS Brain Tumors YOLOVS
[29] 2021 Marine Maritime Ship Types YOLOv4, YOLOV5
[31] 2022  Object Detection Custom Traffic Signs SSD, YOLOVS
Dataset
. . Mask R-CNN,
[33] 2022 Mask Detection ViDMASK Face Mask YOLOV4, YOLOVS

The literature studies summarized in Table 1 show that the YOLO algorithm is used in real-time
applications and has high success in most applications. In non-real-time artificial intelligence studies,
hardware cost and performance, communication speed between products are ignored, and they are
trained and tested on ready data sets. In this study, a data set was created from scratch and tested on
real-time camera images. The generated algorithm has been optimized by testing the hardware
performance and communication speeds of the system. Thanks to the 5G infrastructure, remote control
was provided in the installed system. In the Table 1, remote control process was performed in [7] only.

This study established a real-time experimental environment and controlled a collaborative robot
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arm remotely with high performance. In the application, the basis of remote robot arm control was laid
with 5G communication. In the system, the right arm of the operator was monitored with a camera from
two different angles and the right arm movement detected by artificial intelligence was transferred to
the robot arm. The flex sensor glove worn on the right hand sensed the finger movements of the
operator and controlled the fingers mounted on the robot arm. Artificial intelligence data has been
transferred to the robot and digital environment with 5G communication. Thanks to the data transferred
to the digital environment, the operator can control the robot from different environments. Thanks to
this technology, nuclear, chemical, poisonous gas, etc. areas, which people cannot enter, robots will be
sent, and tasks will be completed by remote control. Another advantage of this technology will be the
transfer of human abilities to the robot. The delicate workmanship of the craftsmen will be copied to the
digital environment and more than one robot worker will be able to do the same delicate work.

The study consists of four parts. In Section 2, the introduction of the materials used in the study and
the creation of a data set are explained. In Section 3, the results of the system are presented, and the
operation of the system is explained. In Section 4, the findings are evaluated and information about
future studies is given.

2. MATERIAL AND METHODS
2.1. Material

In this study, a computer with powerful hardware, a human hand model printed with a 3D printer,
a collaborative robot arm, PLC, two sim cards attached to two 5G modems, servo motor drivers and two
USB cameras (Logitech C270 webcam) were used. High speed metal gear dual ball bearing servo motors
were used to control the fingers. The operation voltage of the servo motors is 5V. Each servo has an
operation speed as 0.2sn/600 for 4.8V operation voltage. Identical webcams for used in the experiment.
The resolution of webcam is 720P at 30 FPS (frame per second).

2.1.1 Human hand model and gloves

The human hand model designed and produced to pick products is mounted on the 6th axis of the
robot arm. After the robot arm was moved to a certain position, the bin picking process was carried out
by moving the fingers. The flex sensor glove that reads the finger movements and the servo motor block
that moves the 3D printed fingers are shown in Figure 1.

B

Figure 1. (a) Glove, (b) Servo motors
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2.1.2. Collaborative robot arm

As an alternative to standard industrial robots working at high speeds with safety equipment,
collaborative robots that operate at lower speeds (250 mm/sec) but can work in the same environment
with humans without the need for any safety equipment are preferred in studies involving human
interaction. In this study, 6 axis RV-5AS5-D model Mitsubishi Electric collaborative robot arm model was
used. It has a reach of 910 mm, a carrying capacity of 5 kg and a position repeatability of 0.03 mm. It has
advanced torque sensing feature with J5 series Mitsubishi electric servo motors used in each axis, so it
stops suddenly in case of any contact during operation. Apart from the collaborative working mode of
the robot, there is also a high-speed operation mode (1000 mm/sec), this feature can be used by selecting
the robot working area from the scanning sensors or the program. Thanks to the CC-Link IE Field Basic
communication built into it, the data exchange in the project is provided with the communication feature
over the directly assigned fields with the PLC. The axis characteristics and reach of the robot arm are
presented in Table 2.

Table 2. Robot arm reach distance

Axis Axis Motion Range (Degree)

1 +2400
2 +1480
I3 +150°
J4 +240°
J5 +1200
16 +200°

2.1.3. Experimental setup

The experimental setup in which the remote robot arm control application is carried out is presented
in Figure 2. It was established in Experimental Istanbul Expo Center and has fixed lighting in the indoor
area.

‘\
Collaborative
Robotic Arm

| \.ﬂ 5G Modems
“

o ™ ¢ Front View

.:f

=

MITSUBISHI
ELECTRIC

Figure 2. Experimental setup in which the control process is performed

2.1.4. Dataset preparation

The data set used in the study was created from images taken from two separate cameras. Both
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cameras are identical and 640*480 images were taken. The front-view model was created with the images
taken from the first camera, and the side-view model was created with the images taken from the second
camera. The images taken from the camera also include the face area, but those parts were cropped
while putting them into the paper. Images taken from two cameras at the same time were recorded
separately. Target regions were obtained by labeling the obtained images. For front and side views, 808
images were collected for both views from 10 different people and two different models were trained.
The tagging process was done on the makesense.ai website and the tags containing the region to be
detected were saved as *.txt. Example images and labels (the region to be detected) for front and side
views are presented in Figure 3.

Figure. (a) Front vie, (b) Side view

2.2. Method

Two different deep learning structures and communication methods were used in the study.
YOLOvV4 and YOLOVS5 structures, which are used as deep learning structures, were compared in terms
of training and test performances. The general scheme of the system used in the study is shown in
Figure 4.

Camefa 1 Came(a 2

L‘L H
Pjrlhun EnvmnmentH Data Transfer H PLC ]—)[ Robotic Arm ]

Fingers mounted
Seolioos

Figure 4. The general scheme of the system

The proposed method uses two cameras for hand position. The detected positions are transferred to
PLC over Python. The PLC sends hand position data to the robotic arm. The PLC also reads analog
inputs to detect glove finger positions to control the servo motors.

2.2.1. YOLO (You only look once)

Deep learning algorithms can perform object detection, classification, and object recognition with
high accuracy. However, these algorithms require high processing power. The YOLO method, on the
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other hand, is a technique that can detect real-time objects with high accuracy with low processing
power and is based on CNN (Convolutional Neural Network). R-CNN model, which is one of the other
popular deep learning algorithms, analyzes each region with a network structure after dividing the
image into regions. YOLO, on the other hand, presents the image to the structure once and then divides
the image into grids. Searches for the object within each grid. In this way, the processing time is
shortened, and the accuracy rate increases [34]. Grid and object search stages are shown in Figure 5.

L |
Ill=ln//;

Figure 5. The grids and object searching process

The YOLO algorithm generates a confidence score for each grid. The confidence score includes the
probability of detecting the object in the grid and the box surrounding the object. Intersection of Union
(IoU), Precision (P), Recall (R), F1-Score, Mean Average Precision (mAP) and detection speed metrics are
used for performance measurement of the YOLO algorithm. The IoU metric indicates how closely the
tagged region (A) in the training data and the region (B) predicted by the training result intersect. An
IoU value above 0.5 indicates a successful detection process. In cases where the IoU value is above 0.5,
the frame number is calculated as TP (True Positive), while values below 0.5 are calculated as FP (False
Positive). In cases where no frames are found, the frame count is calculated as FN (False Negative).
Metric equations appear in Equation 1-5.

lou =|AB (1)
AUB
Precision = @)
TP+FP
Recall = _TP 3)
TP+FN
N
F1— score = 2* Prec_ls_lon Recall (4)
Precision + Recall
K 1
mAP = %Z AP, where AP, = j P.(R)dR, )
i=1 0

The YOLOv4 algorithm runs on the Darknet framework and was developed with C/CUDA.
Therefore, the Darknet framework has been downloaded and installed in the working environment for
training and testing processes. CUDA-GPU connection was made by defining GPU (Graphical
Processing Unit). Thanks to this process, the images taken are working on the GPU, and FPS (frame per
second) values are obtained by performing high-speed image processing.

The YOLOVS5 algorithm emerged shortly after YOLOv4 was published. While YOLOv4 works on
Darknet, which was developed in C language, YOLOv5 was developed with PyTorch library. The
advantage of YOLOV5 over YOLOWV4 is that the trained network file is much smaller and thus training
can be performed in a shorter time. The output vector of a YOLO algorithm includes information “p”
(object present-not present information in grid), “x center”, “y center”, “width”, “height”, and “class
information” [18]. The structure of the YOLOV5 algorithm is presented in Figure 6.
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BackBone Neck (PANet) Head (Output)

Figure 6. YOLOV5 structure

In the BackBone region seen in Figure 6, the properties of the input images (color, edge, contrast,
etc.) are extracted. The model detects objects using these features. The features represent image data
with high accuracy and low loss. The Neck area is placed between the BackBone and the Head. Features
from the BackBone region are used for the task of detecting possible objects located in the Neck region.
There may be many possible objects in the Neck region. The possible objects detected needs a
classification process. This classification process is implemented in Head part. Head performs the
detection process by classifying the objects [18].

2.2.2. The calibration of camera-robotic arm

Two cameras were used to take images in the experimental environment. The first camera looks at
the operator and extracts the hand position information. As a result of the YOLO vector, “x center pixel”
information is used to control the “Y axis” of the robot, and “y center pixel” information is used to
control the “Z axis” of the robot. The second camera, on the other hand, extracts hand position
information by looking from the side. The “x center pixel” information in the YOLO vector result is used
to control the “X axis” of the robot. By using the position information from the camera, the robot arm-
camera calibration was performed to move the robot arm at the desired level. The “x pixel” change in
the first camera is between 250~370 pixels in the image. In this range, the robot arm moves between the
position of -180~+300 mm in the “Y-axis”. In any information coming out of the range of 250~370, the
robot arm does not go beyond the limit of -180~+300 mm. In the first camera, the “y-pixel” change is
between 50~450 pixels in the image. In this range, the robot arm moves between +150~+425 mm position
in the “Z axis”. In any information coming out of the range of 50~450, the robot arm does not go beyond
the limit of -150~+425 mm. In the second camera, the “x pixel” change is between 130~400 pixels in the
image. In this range, the robot arm moves between the +280~+480 mm position on the “X-axis”. In any
information coming out of the range of 130~400, the robot arm does not go beyond the limit of +280~+480
mm.

The conversion of pixel information to robot position information in the real world for each axis was
done by linear regression and camera pixel value was converted to robot arm position information. The
transformation equation and R? value obtained for each axis because of the linear regression process are
shown in Equation 6-8.

Front View x axis = Robot y axis, Robot_y =4*camera_x — 1180, R*>=1 (6)
Front View y axis> Robot z axis, Robot_z =0.6875%camera_y + 115.63, R>=1 7)
Side View x axis = Robot x axis, Robot_x =0.7407*camera_x + 183.7, R2=1 8
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2.2.3. The calibration of glove-servo motors

PLC is one of the most durable hardware products that adapt to the industrial environment and has
many features. The purpose of using PLC in this study is to read analog data and move motors with fast
outputs. Five flex sensor data on the glove was read with Mitsubishi Electric brand FX5U series PLC and
ADP485 analog module. The read data was sent to the servo motors as position information using the
fast outputs of the PLC and the servo motors were moved to the desired position (fully open - fully
closed - intermediate points). Linear Regression method was used in the conversion of analog
information to servo motor position information. In the study, a separate estimation equation was
created for each finger by finding the relationship between the analog information read from the flex
sensors and the position information. When the operator changes, the analog information changes in the
open and closed state of the hand. When the operator wearing the glove was changed, the calibration
process was performed using the obtained regression equations and the fingers were fully opened and
closed each time. The equations and R2 values obtained for each finger are as follows:

Thumb finer equation > Motor 1 position = Analog input 1* 0.17 + 1600, R>=1 )
Forefinger equation =~ - Motor 2 position = Analog input 2 * 0.19 + 1610, R>=1 (10)
Middle finger equation = Motor 3 position = Analog input 3* 0.18 + 1662, R*=1 (11)
Ring finger equation = Motor 4 position = Analog input * 0.17 + 1666, R?=1 (12)
Little finger equation - Motor 5 position = Analog input * 0.25 + 1548, R>=1 (13)

2.2.4. The system operation

This section explains the Python-Robot arm communication flow, robot arm movement and hand
control with PLC. The detailed scheme of the work carried out is shown in Figure 7.
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Figure 7. The block diagram of the system setup

After the operator puts on the gloves, first the calibration process is done manually, and the system
starts to operate. Two cameras are started to find hand position. The hand is detected by YOLO
methods, and the center of the hand area is sent to PLC. Y and Z data is obtained from the Camera 1,
and the X data is obtained from Camera 2. X, Y and Z position information from image processing is
transferred to Robot Arm via PLC via 5G communication. Two 5G modems were used for data transfer.
The first modem is connected to the computer, and the second modem is connected to the PLC. The data
is written to the first modem from Python and sent to the second modem. The PLC reads data from the
second modem and send to the robot arm. The robot arm reads the incoming position information and
moves towards the position. While moving towards the position, when a movement in the opposite
direction is received, it stops and moves towards the new position. When there is not any movement, if
the operator is standing still in front of the camera, it has been observed that the incoming information
varies between 1-4 pixels. Therefore, the robot arm does not execute the motion command unless there is
a pixel difference of more than 5 pixels. In this way, the robot arm is prevented from moving while the
operator is stationary. When the operator moves his hand over the object to be taken, he closes his
fingers and grabs the object and lifts it.

3. RESULTS AND DISCUSSION

In the YOLOv4 training phase, a computer with an Intel i7-8700 processor, Nvidia GTX 1080
graphics card and 32 GB RAM was used, and the training process was carried out on the GPU. The
configuration file was configured in accordance with the data set and the training process was carried
out. The YOLOvV5 model was trained on the Google COLAB system. The Precision, Recall, F1-Score,
mAP and IoU values obtained during the training process are presented in Table 3.
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Table 3. Training results of YOLOv4 and YOLOvV5

Evaluation Side View Front View

Maetric YOLOvV4 Result YOLOV5 Result YOLOvV4 Result YOLOV5 Result
Precision 1.00 0.975 1.00 0.99964
Recall 1.00 1.00 1.00 1.00
mAP@0.5 1.00 0.99 1.00 0.995

TIoU 0.842 0.857 0.8604 0.9238
Training Time 12.52 h (GPU) 4.7 h (COLAB) 12.5 h (GPU) 4.7 h (COLAB)

Table 3 shows that YOLOv5 showed higher performance than YOLOvV4 in front and side camera
image training. After the training process was completed, the models obtained for the two cameras were
recorded. Each model has been tested in real time for both cameras. Visual test results of images from
two cameras for YOLOv4 and YOLOVS5 are presented in Figure 8-11.

Figure 9. Comparative results for Test 2
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Figure 11. Comparative results for Test 4

Although training environments of YOLOv4 and YOLOVS are different, the two models were tested
on the same environment (Nvidia GTX 1080 graphics card). Four of the test results obtained in real time
are presented in Table 4.

Table 4. Test results of YOLOv4 and YOLOvV5

Evaluation Metric Side View Front View
6
(Cogcéf:;l ce YOLOv4 Result YOLOv5 Result YOLOvV4 Result YOLOV5 Result

Test 1 55.39 82.35 93.16 98.92
Test 2 97.59 97.9 69.81 92.93
Test 3 87.06 96.06 99.75 99.83
Test 4 89.93 95.45 93.96 98.75
FPS (CPU) 5.55 7.14 5.55 7.14
FPS (GPU) 44.54 81.3 44.54 81.3

Table 4 shows that the YOLOV5 algorithm gave higher performance than YOLOv4 in terms of
training and test success on the dataset used in this study. While detection rates of 55.39% and 69.81%
could be seen in YOLOV4, the detection rate did not fall below 80% in YOLOVS. Looking at the FPS
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numbers, it has been reported that the graphics card performs approximately 10 times the operation on
the hardware where this work is performed, according to the processor. During the testing process,
robot arm control and bin picking process are presented step by step in Figure 12.

Figure 12. Robot motion according to the arm position

I. The operator directs the robot arm.

II. The robot arm moves in the desired direction and is located top of the bin.

III. When the robot arm is on top of the bin, the operator lowers the robot arm.

IV.When the robot arm comes over the product, the operator closes his hand and picks the bin.
V. Operator raises the closed hand and robot arm lifts bin.

VI.The operator directs the robot and place the bin at the drop zone

4. CONCLUSIONS

With 5G communication, remote quick control operations are made possible. By sending robots to
dangerous areas where human hands cannot enter or where humans cannot go, it will be possible to
solve problems more quickly and easily. When the problem-solving ability of humans and the
knowledge and experience of the workforce are taught to robots, it will be possible for robots to work in
the same environment with humans. For this purpose, the factories of the future should focus on the
flexible development of production technologies for humans to work with robots. With the new phase of
factory automation, production theories in factories will change. Trained and controllable collaborative
robots will take part in the development of production theories. With this study, the infrastructure
works of the factories of the future have started. Since the factories of the future will be equipped with
artificial intelligence systems, the integration of artificial intelligence-factory automation has become an
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important issue. The YOLO algorithm, which is used in various fields and shows real-time high
performance, is an algorithm that can be integrated into factory automation. In Table 5, YOLO methods

studied on different subjects and successful results are presented.

In the next stage of this R&D work, the servo motors in the hand model will be replaced with
industrial servo motors. The hand model extracted from the 3D printer will be updated. In this study, 3-
axis control has been provided, and in future studies, necessary software and hardware additions will be

made for 6-axis control. In addition, a sensor will be placed on the fingertip in each hand model and a
haptic sensor hand structure will be developed, which will provide feedback to the user. For remote
control, virtual reality glasses, in which camera images are transferred to the user, will be added to the
system and the user and robot environment will be made independent of each other.

Table 5. The results of literature studies

Paper Detected object Method MAP (%)
YOLOV5 71.92
[ Wheat Heads Faster-RCNN 70.85
[11] Leaf Disease YOLOV5 94.48
YOLOv3 71.2
[13] Hand YOLOv4 72.3
YOLOV5 75.3
YOLOv4 99.62
[14] Aggregate YOLOVS 99.6
YOLOV4 94
[16] Insect on Soybean Crop YOLOVS 99.5
. YOLOv4 90.7
[15] Leaf Disease YOLOVS 90.7
[20] Helmet Detection YOLOV5 93.8
YOLOv3 41.7
[19] Helmet Detection YOLOv4 76.93
YOLOV5 86.87
YOLOv3 82.3
[22] Drone Images YOLOv4 81.5
YOLOV5 91.3
[26] Pantry Objects YOLOV5 94
[27] Infrared Image Objects YOLO-FIRI 98.5
YOLOv3 84.3
[28] Brain Tumors YOLOvV4 88.71
YOLOV5 95.07
. YOLOv4 495
[29] Ship Types YOLOVS 56.8
. SSD 90.14
[31] Traffic Signs YOLOV5 977
Mask R-CNN 74.71
[33] Face Mask YOLOv4 68.22
YOLOV5 65.5
This YOLOV4 86.04
study Hand Dataset YOLOV5 92.38
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ABSTRACT: Hydrogels are cross-linked polymeric networks which retain large amounts of water. The
hydrogels with response capability to various stimuli such as pH and temperature have received great
attention in many fields. In this study, hydrogels were synthesized by free radical solution polymerization
through optimization of acrylamide/sodium acrylate mole ratio and ethylene glycol dimethacrylate
content. With the addition of sepiolite as filler into the hydrogel network which had highest swelling
percent, hydrogel composites were obtained. In the presence of 10 wt% sepiolite, maximum swelling
percent was determined as approximately 10600%. Swelling properties of the hydrogel composite
including 10 wt% sepiolite was investigated depending on pH, salt effect and temperature. With increasing
pH value, swelling percent of the hydrogel composite showed an increase. At high temperatures, the
hydrogel composite exhibited higher swelling percent. Swelling tests in 0.1 M NaCl, CaClz and FeCls
solutions revealed that the lowest swelling percent was observed in 0.1 M FeCls solution. Fourier transform
infrared spectroscopy (FTIR) analyses verified successfully preparation of the hydrogel composites.
Regular layers of the sepiolite in the hydrogel network which made water diffusion easily were shown by
scanning electron microscopy (SEM) analyses. Thermogravimetric analyses (TGA) indicated that thermal
stability of the hydrogel network was increased with the addition of sepiolite.

Keywords: Sepiolite, Hydrogel, Swelling Ratio, Thermal Properties

1. INTRODUCTION

Hydrogels are three dimensional polymer networks consisting of hydrophilic functional groups that
make hydrogels water swelling materials. Swelling properties of hydrogels change depending on cross-
linking degree, chemical composition, type of solvent and external stimulus [1]. Physically cross-linked
hydrogels have reversible swelling ability under various stimuli such as pH, temperature, pressure, light,
magnetic and electric field [2]. pH responsive hydrogels consist of ionizable pendant groups which alter
hydrogel charge in case of pH changes. Formation of electrostatic interactions or repulsion forces in
hydrogel network results in swelling or shrinkage of hydrogels, respectively [3]. Temperature responsive
hydrogels are classified into two groups: (1) negative temperature responsive hydrogels which swell at
temperatures below lower critical solution temperatures and (2) positive temperature responsive
hydrogels which swell at temperatures above upper critical solution temperatures [4].

Hydrogel composites have received great attention in water treatment, biosensors, drug delivery,
tissue engineering and implant industry [5]. In general, hydrogel composites have been prepared by four
different methods: (1) gel formation in filler suspension, (2) in situ filler growth after gel formation, (3)
filler impregnation after gel formation and (4) gel formation in the presence of filler as matrix or cross-
linker [6]. To enhance mechanical properties, adsorption capacity, stimuli responsive ability, thermal
stability and adhesion properties of hydrogel network, many fillers including carbon nanotubes,
graphene, metals, metal oxides and clays have been used [7]. Recently, clays such as kaolin, bentonite,
montmorillonite and sepiolite have been utilized in the preparation of hydrogel composites for different
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applications in literature studies. Yilmaz, et al. [8]) prepared pH responsive poly(acrylamide-co-
methacrylic acid) hydrogels including kaolin and investigated swelling behavior of the hydrogel
composites in different pH values. Khan, et al. [9]) examined pharmaceutical contaminant removal
capacity of montmorillonite-poly(methacrylic acid) hydrogel nanocomposites. Peighambardoust, et al.
[10]) studied on dye removal performance of montmorillonite-carboxymethyl cellulose-g-polyacrylamide
hydrogel nanocomposite. Thakur, et al. [11]) utilized xanthan gum-cl-poly(itaconic acid)-bentonite
hydrogel nanocomposites for drug release. Saraydin, et al. [12]) prepared N-isopropyl acrylamide-itaconic
acid-acrylamide hydrogels including sepiolite for enzyme immobilization.

Sepiolite (MgsSi2030(OH)4(H20)4.8H20) is an abundant and low-cost clay consisting of two
dimensional tetrahedral layers in addition to octahedral layers. Owing to discontinuity of octahedral
layers, internal channels are formed in sepiolite structure that provides synergistic effects on its sorption
ability [13]. Sepiolite has high surface area as well as 320 m? g-! with surface functional groups. The active
groups like Si-OH and -OH on the sepiolite surface increase compatibility between sepiolite and polymer
matrix [14].

In this study, acrylamide-sodium acrylate hydrogels were synthesized by free radical solution
polymerization. Optimum acrylamide-sodium acrylate molar ratio was determined depending on
swelling tests in water through tea-bag method. Different amount of sepiolite was added to optimized
monomer solution to prepare sepiolite-acrylamide-sodium acrylate hydrogel composites. Swelling
properties of the hydrogel composites were examined as a function of pH and temperature. Their swelling
ratio was also investigated in various saline solutions. Characterization of the samples was conducted by
FTIR, SEM and TGA analyses to show the effect of sepiolite addition on the properties of acrylamide-
sodium acrylate hydrogels.

2. EXPERIMENTAL
2.1. Materials

Acrylamide as monomer was purchased from Merck. Sodium acrylate as monomer, ammonium
persulfate as initiator, ethylene glycol dimethacrylate as cross-linker and N,N,N’,N’-
tetramethylethylenediamine as accelerator were purchased from Sigma-Aldrich. NaCl, CaClz and FeCls
were obtained from Sigma-Aldrich to prepare saline solutions. The chemicals were used without further
purification. Sepiolite was utilized as filler in the preparation of hydrogel composites.

2.2. Preparation of hydrogel composites

Acrylamide-sodium acrylate hydrogels were synthesized by free radical solution polymerization.
First, acrylamide solution was prepared in distilled water, and then sodium acrylate was added with
different mole ratio (acrylamide/sodium acrylate: 1-1; 1-2; 1-3; 2-1; 3-1). For cross-linking, ethylene glycol
dimethacrylate (different content: 0.05 mL; 0.10 mL; 0.20 mL; 0.40 mL) was mixed with the monomer
solution in the flask equipped with reflux condenser. The solution was stirred with 100 pL N,N,N’,N’-
tetramethylethylenediamine at about 50 °C after the addition of 0.01 g ammonium persulfate into the
solution. The gelation was observed in a short time. Gel washing with distilled water three times was
carried out at ambient conditions followed by gel drying at 50 °C.

To prepare hydrogel composites, different weight percent of sepiolite (1 wt%; 3 wt%; 5 wt%; 10 wt%)
was added to solution after the incorporation of ethylene glycol dimethacrylate. Gel washing and drying
steps were applied as mentioned above.

2.3. Swelling tests

Swelling tests of the hydrogel composites were conducted using tea-bag method in distilled water at
room temperature. Moreover, swelling properties of the hydrogel composites were investigated at
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different pH values (pH 2; pH 7; pH 9), in various salt solutions (0.1 M NaCl; 0.1 M CaClz; 0.1 M FeCls)
and at different temperatures (25 °C; 30 °C; 40 °C; 50 °C). For swelling test, the tea-bag with dry hydrogel
composite was dipped in distilled water or other solutions. At certain times, the tea-bag with wet hydrogel
composite was wiped using a filter paper to remove excess liquid on the tea-bag and weighed. The
swelling percent (S, %) was calculated using Eq. (1) [15]:

W, — W,
S (%) = — X 100 ¢y

0
where W1 (g) and Wo (g) is weight of the tea-bag with wet and dry hydrogel composite, respectively.
2.4. Characterizations

Chemical structure of the hydrogel composites were examined by Fourier transform infrared
spectroscopy (FTIR) analyses on Bruker Vertex 70 spectrometer. Morphological characterization of the
hydrogel composites were carried out through scanning electron microscopy (SEM) analyses by SM Zeiss
LS-10 equipment. Before SEM analyses, surface of the hydrogel composites was coated with gold layer.
Thermal properties of the hydrogel composites were investigated by thermogravimetric analyses (TGA)
with heating rate of 10 °C min! by METTLER STAR SW thermal analyzer.

3. RESULTS and DISCUSSIONS
3.1. Swelling properties

Swelling percent of the hydrogels with different acrylamide/sodium acrylate mole ratio is shown in
Figure 1a. It was clear that swelling percent of the hydrogel significantly increased with increasing sodium
acrylate mole ratio. Optimum acrylamide/sodium acrylate mole ratio was determined as 1-3. In the
presence of high mole of sodium acrylate in the hydrogel network, hydrophilicity of the hydrogel
increases due to —COO- functional groups belonged to sodium acrylate monomer. An increase in
hydrophilic groups of hydrogel structure provides to increase swelling percent [16].

Swelling percent of the hydrogel with 1-3 acrylamide/sodium acrylate mole ratio as a function of
ethylene glycol dimethacrylate content is shown in Figure 1b. The highest swelling percent was indicated
as about 10000% in the case of using 0.05 mL ethylene glycol dimethacrylate. The swelling percent of the
hydrogel decreased, while ethylene glycol dimethacrylate content was increasing. It can be explained with
possible formation of highly cross-linked hydrogel networks. Generally, high cross-linking in hydrogel
structure behaves as a barrier against water diffusion; so swelling ratio of hydrogels can significantly
decreases [17].

Swelling percent of the hydrogels with 1-3 acrylamide/sodium acrylate mole ratio and 0.05 mL of
ethylene glycol dimethacrylate is shown depending on amount of sepiolite in Figure 2. In general,
incorporation of optimum amount of sepiolite into hydrogel network has synergistic effects on the
swelling properties of hydrogels due to internal channels of sepiolite as well as its -OH functional groups.
However, more sepiolite in hydrogel network acts as a cross-linker that increases cross-linking density
leading to decrease water diffusion [18]. An increase in swelling percent of the hydrogel was observed
with increasing amount of sepiolite in this study. And also, an increase in amount of sepiolite provided
fast reaching to equilibrium swelling point. For example, the hydrogel composite including 1 wt%
sepiolite reached to equilibrium swelling point in ~500 min; whereas, the hydrogel composite reached to
equilibrium swelling point in ~350 min in case of 10 wt% sepiolite addition.
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Figure 1. Swelling percent of the a) hydrogels with different acrylamide/sodium acrylate mole ratio and
b) hydrogels with different content of ethylene glycol dimethacrylate in water
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Figure 2. Swelling percent of hydrogel composites in water

Swelling percent of the hydrogel composite including 10 wt% sepiolite at different pH values is shown
in Figure 3a. It was obvious that the lowest swelling percent of the hydrogel composite was observed at
pH 2. At low pH, -COO- functional groups belonged to hydrogel networks tend to form hydrogen
bonding that restricts their swelling [19]. With increasing pH, swelling percent of the hydrogel composite
showed an increase. It was contributed to a decrease in interactions between —-COO- groups at high pH
values. Relaxation of hydrogel network chains makes diffusion of water molecules into hydrogel network
easily which increases swelling percent of hydrogel [20].

It is known that osmotic pressure difference between salt solution and hydrogel network is one of the
main factors affecting swelling capacity of hydrogel in salt solutions. Generally, shrinkage of hydrogels is
determined depending on a decrease in the osmotic pressure difference which causes screening effect of
cations belonged to the salt solutions. Also, complexation between cations with high ionic charge and
carboxylate groups is too easy that limits relaxation of hydrogel network chains [21, 22]. Swelling percent
of the hydrogel composite including 10 wt% sepiolite in different salt solutions with same concentration
is shown in Figure 3b. Swelling percent of the hydrogel composite in NaCl and CaClz solutions was almost
same with its swelling percent in water. However, swelling capacity of the hydrogel composite
significantly decreased in FeCls solution. Compared to Na* and Ca? ions, complexing ability of Fe* ions
with -COO- groups is high that decreased water diffusion into the hydrogel composite structure.
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Figure 3. Swelling percent of the hydrogel composite including 10 wt% sepiolite under the effect of
different a) pH values, b) salt solutions and ¢) temperatures

Swelling percent of the hydrogel composite including 10 wt% sepiolite as a function of temperature is
shown in Figure 3c. The temperature rising up to 40 °C provided to increase swelling capacity of the
hydrogel (~12000%) that was attributed to relaxation of hydrogel network chains as well as strong
interactions of water molecules with -OH and -COO- functional groups of hydrogels [23, 24]. In case of
50 °C, a slight decrease in swelling percent of the hydrogel composite was identified. At high
temperatures, water release can be dominant which decreases swelling capacity of hydrogels.

3.2. FTIR analyses

FTIR spectrum of the hydrogel and hydrogel composite including 10 wt% sepiolite shows successful
synthesis of the materials (Figure 4). The peaks between 3400 cm! and 3600 cm™ indicated ~OH stretching
vibrations [25]. The broad peaks centered on 3182 cm and 3343 cm™ were attributed to N-H stretching
vibrations of amide groups [26]. C-H asymmetric stretching vibrations placed in hydrogel network chains
and cross-linking points were observed at about 2932 cm-!. The peak at 1663 cm-! was contributed to -OH
stretching vibrations [27]. -COO- asymmetric and symmetric stretching vibrations were determined at
1549 cm! and 1408 cm!, respectively [28]. The peak at 1450 cm™ was originated from C-N stretching
vibrations which confirm amide groups. The peaks from 1100 cm- to 1400 cm? was related to C-N
deformation vibrations and CHz groups in general [29]. The peak belonged to C-H bending vibrations was
specified at 666 cm. In spite of similar FTIR spectrum of the hydrogel and hydrogel composite, the peak



444 F. CiRLi, G. GUZEL KAYA, H. DEVECI

at 1058 cm! assigned to Si-O-Si bonds of sepiolite appeared in FTIR spectrum of the hydrogel composite
[30].
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Figure 4. FTIR spectrum of the hydrogel and hydrogel composite including 10 wt% sepiolite

3.3. SEM analyses

SEM image of the hydrogel and hydrogel composite including 10 wt% sepiolite is shown in Figure 5.
The hydrogel surface was smoother than that of the hydrogel composite (Figure 5a). In the presence of
sepiolite, layered structure of the hydrogel composite with no agglomeration was observed (Figure 5b).
Uniform dispersion of sepiolite and its layered structure had synergistic effects on the water diffusion into
the hydrogel network. In literature studies, it is indicated that regular layers of clays in a hydrogel network
generally increases swelling capacity of hydrogels [31, 32].
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Figure 5. SEM image of the hydrogel and hydrogel composite including 10 wt% sepiolite

3.4. TGA analyses

TGA curve of the hydrogel and hydrogel composite including 10 wt% sepiolite is shown in Figure 6.
Until 200 °C, evaporation of water molecules from the samples resulted in mass loss [33]. The sharp
decrease in the TGA curve of the hydrogel was observed at about 315 °C that was related to decomposition
of polymeric side chains [29]. The incorporation of sepiolite into the hydrogel network provided to
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increase decomposition temperatures of the hydrogel network owing to the heat barrier effect of the
sepiolite. The residue of the hydrogel at 600 °C was increased by 5% in the presence of sepiolite. Many
studies in literature also reveal that the addition of clay type fillers has positive effects on the thermal
stability of a hydrogel network [34-36].
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Figure 6. TGA curve of the hydrogel and hydrogel composite including 10 wt% sepiolite

4. CONCLUSIONS

In this study, the hydrogels were synthesized by free radical solution polymerization. First, the effect
of acrylamide/sodium acrylate mole ratio and ethylene glycol dimethacrylate content on the swelling
percent of the hydrogel in water was investigated. The highest swelling percent of the hydrogel was
determined in the case of acrylamide/sodium acrylate mole ratio: 1-3 and ethylene glycol dimethacrylate
content: 0.05 mL. With the incorporation of different amount of sepiolite (1 wt%; 3 wt%; 5 wt%; 10 wt%)
into the hydrogel network, the hydrogel composites were successfully prepared. Swelling percent of the
hydrogel increased with increasing amount of sepiolite. Moreover, the hydrogel composite reached to
equilibrium swelling point with the 10 wt% sepiolite addition in a shorter time. Different swelling
behaviour of the hydrogel composite at various pH values and temperatures showed that the hydrogel
composite was pH and temperature responsive material. The lowest swelling percent of the hydrogel
composite was identified in FeCls solution when compared to NaCl and CaCl: solutions.

The presence of the characteristic peaks in the FTIR spectrum of the acrylamide-sodium acrylate based
hydrogel composite was indication of the successfully preparation of the composite with the combination
of hydrogel network and sepiolite. Layered structure of the hydrogel composite with no agglomeration
was observed in the SEM image of the hydrogel composite. And also, TGA analyses revealed that sepiolite
addition increased thermal stability of the hydrogel network.

The results showed that the hydrogel composite with the advantages such as high swelling percent,
pH and temperature responsive ability and high thermal stability can be utilized in various fields such as
tissue engineering, drug delivery and biosensors.
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ABSTRACT: Optimization problems occur in three different structures: continuous, discrete, and
hybrid. Metaheuristic algorithms, which are frequently preferred in the solution of optimization
problems today, are mostly proposed for continuous problems and are discretized with subsequent
modifications. In this study, a novel binary version (Bin_MRFOA) of the manta ray foraging
optimization algorithm, which was frequently used in the solution of continuous optimization problems
before, was proposed to be used in the solution of binary optimization problems. The Bin_MRFOA was
first tested on ten classical benchmark functions, and the effect of the transfer function on performance
was examined by comparing the variants obtained using eight different transfer functions. Then the most
successful Bin. MRFOA variant was run on the eighteen CEC2005 benchmark functions. The results were
compared with the algorithms in the literature and interpreted with Wilcoxon signed-rank and Friedman
tests, which are nonparametric tests. The results revealed that Bin MRFOA is a successful, competitive,
and preferable algorithm compared to the literature.

Keywords: Binary Optimization, Manta Ray Foraging Optimization, S-shaped and V-shaped Transfer Functions
1. INTRODUCTION

Today, evolutionary computing has become an effective method of choice for solving complex
optimization problems. Evolutionary computation is handled in two groups, evolutionary algorithms
(EA) and swarm intelligence-based algorithms. EAs are nature-inspired algorithms (genetic algorithm,
differential evolution algorithm, etc.), while swarm intelligence-based algorithms (particle swarm
algorithm, bat algorithm, etc.) are inspired by the social behavior of animals to solve problems.
Optimization problems appear in three different structures: continuous, discrete, or hybrid. Continuous
problems can take an infinite number of input values in a given range and produce an infinite number of
output values in response to these inputs. A binary optimization problem is represented as a binary-
based problem space, and it is a type of combinatorial optimization problem. [1]. In continuous
optimization, the search space is continuous and the search agents receive continuous values. In binary
optimization, search agents scattered throughout the search space take the value "0" to represent absence
and "1" to represent presence.

Many studies have been published in the literature to propose binary versions of metaheuristic
algorithms. Korkmaz et al. developed the basic artificial algae algorithm using a new solution update
rule and used it for solving binary optimization problems [2]. Wang et al. proposed the binary version of
the chimpanzee optimization algorithm and used the proposed algorithm for the continuous
optimization task [3]. Al-Tashi et al. proposed a binary algorithm using a hybrid of gray wolf
optimization and particle swarm optimization for use in solving feature selection problems. [4]. Bag and
Ulker proposed and used a binary version of the social spider algorithm for continuous optimization [5].
Aslan et al. proposed a novel optimizer predicated on the Jaya algorithm and the xor logic operator and
tested this algorithm on the CEC 2015 benchmark functions and uncapacitated facility location problems
[6]. Hussein et al. proposed an adaptation of the original whale optimization algorithm to deal with
binary optimization problems [7]. Cmar and Kiran presented a new tree seed algorithm for binary
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optimization problems developed using logic gates and similarity measurement techniques. [8]. Rizk-
Allah et al. proposed a novel binary version of the salp swarm algorithm based on a developed arctan
transform so that the salp swarm algorithm can be adapted to binary problems [9]. Arora and Anand
developed a binary variant of the butterfly optimization algorithm and used it to select feature subsets
for classification [10]. Mafarja et al. proposed a binary dragonfly-based wrapper-feature selection
algorithm. The algorithm was tested with eighteen benchmark datasets and eight different transfer
functions mapping the continuous search space to the discrete search space [11]. Akan et al. presented a
binary variant of the battle royale optimization algorithm [12]. Abdel-Basset et al. introduced a binary
version of the marine predator optimization algorithm using a wide variety of transfer functions to map
continuous values to binary [13]. Kaya proposed the binary galactic swarm optimization algorithm,
which employs the binary artificial algae algorithm as the primary search algorithm [14]. Chauhan and
Yadav designed a new binary variant of the artificial electric field algorithm to enhance its performance
in discrete problems [15]. Sahman and Cinar mapped the tree seed algorithm to binary search space with
the help of transfer functions to solve binary optimization problems. The proposed algorithm was used
to solve the uncapacitated facility location problems for different sizes [16]. Dehghani et al. proposed the
Binary Spring Search Algorithm based on the simulation of Hooke's Law (physics) for the conventional
system of weights and springs to solve binary problems. The performance of the proposed algorithm
was extensively validated for functions with unimodal and multimodal features [17]. Beheshti proposed
the x-shaped binary PSO algorithm using a new x-shaped transfer function to enhance the exploration
and exploitation capabilities of binary PSO in binary search space. The proposed algorithm was run on
the 0-1 multidimensional knapsack problems, maximization functions, and minimization functions [18].
Kalra et al. presented the binary Emperor Penguin Optimizer algorithm for efficient solution of binary
nature problems, leveraging the power of the standard Emperor Penguin Optimizer. The performance of
the algorithm is evaluated over twenty-nine benchmark functions and binary feature selection problem
[19]. Chantar et al. proposed an advanced binary grey wolf optimizer within a wrapper feature selection
approach for solving Arabic text classification problems. The binary grey wolf optimizer was used in
this algorithm as a wrapper-based method of feature selection [20]. Nadimi-Shahraki et al. presented a
wrapper feature selection approach based on the Aquila optimizer. The proposed S-shaped binary
Aquila optimizer and V-shaped binary Aquila optimizer were used for feature selection in medical
datasets and real COVID-19 datasets [21]. He et al. proposed a new binary differential evolution
algorithm based on taper-shaped transfer functions. The algorithm was used to solve the knapsack
problem and the uncapacity facility location problem [22]. Hakli proposed a new binary algorithm based
on the elephant herding optimization algorithm in order to develop a powerful algorithm that can deal
with binary problems. The proposed method was applied to the problems of 0-1 knapsack,
uncapacitated facility location, and wind turbine placement [23]. Pourrajabian et al. investigated the
robustness and accuracy of the continuous and binary genetic algorithm approaches for the wind
turbine blade design problem [24]. Mohammadzadeh and Gharehchopogh presented three efficient
binary methods based on the Symbiotic Organism Search algorithm to solve the feature selection
problem. In these methods, the S-shaped transfer function, the V-shaped transfer function, and two new
operators named binary mutualism and binary commensalism were used to make the algorithm binary.
The proposed methods were tested on the standard UCI dataset and on the spam e-mail dataset [25].
Ghosh et al. proposed a new feature selection approach based on the Manta ray foraging optimization
algorithm, which models the foraging behavior of manta rays [26]. Feng and Wang proposed a self-
learning-based binary moth search algorithm for solving multidimensional knapsack problems [27]. Xi
et al. proposed the binary African Vulture Optimization Algorithm to solve discrete optimization
problems. This algorithm uses the X-shaped transfer function. The algorithm was tested on benchmark
problems, engineering problems, and the uncapacitated facility location problem [28].

The performances of binary optimization algorithms proposed in the literature are also frequently
investigated when optimizing continuous functions [29-31]. Evolutionary computing or swarm
intelligence algorithms can be used to optimize functions with continuous decision variables. However,
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because the problem can be generalized as desired and the optimum solutions are known, comparing
binary optimization methods with each other on these problems is simple and informative. Therefore,
most researchers also test the performance of binary optimization algorithms on such continuous
functions [32]. With this motivation, in this study, the manta ray search optimization algorithm was
discretized to be used in the solution of binary problems, and the binary version of the algorithm was
proposed. The proposed Bin_MRFOA algorithm was tested on continuous problems such as CEC2005
and classical benchmark functions. The remaining of this paper is organized as follows: The material and
method are detailed in Section 2. Experimental results obtained from Bin_MRFOA on classical and
CEC2005 benchmark functions are shown in Section 3. The discussion and conclusions about
Bin_MRFOA are presented in Section 4.

2. MATERIAL AND METHOD

2.1. Manta Ray Foraging Optimization Algorithm (MRFOA)

Manta rays are organisms that feed on plankton, which is a type of aquatic microfauna. They use the
angular heads of their mouths to absorb water and prey during feeding and have upgraded rabbles to
filter their prey out of the water. Manta rays are creatures that work in an organized way to find the best
food. The manta ray foraging optimization algorithm was created based on the manta rays' mentioned
features. This algorithm, proposed by Zhao et al. in 2020, mimics three different search strategies: chain,
cyclone, and tumble foraging [33].

MRFOA, like many meta-heuristic algorithms, the initialization step is randomly created as given in
Equation 1.

X = Lb# + rand = (UbE — Lb%) i=1,...,N d=1,...,D (1)

where D is the number of dimensions, N is the population size, and Lb and Ub are the lower and upper
limits for the dimensions.

21.1. Chain foraging

In MRFOA, manta rays can detect a plankton's position and swim towards it. The higher the
plankton density in a location, the better the location, and manta rays are thought to tend to be directed
towards high-density areas. Manta rays form a foraging chain by aligning themselves from head to tail
for this reason. With the exception of the first individual, they have a tendency to look both at the food
and at the individual in front of them. Each individual is updated after each iteration using both the
solution that came before it and the best solution thus far. The mathematical model of chain foraging is
expressed as given in Equation 2.

t+1 _ Xlgest,t +rox (Xlgest,d - Xit,d) +oax (Xlgest,d - XiL:d) i=1
Xia® = t t t t t - )

Xig+7* (Xi—l,d _Xi,d) +ax (Xpesta — Xi,d) i=2,...,N
a=2x*1x*/|log(M| (3)

In Equation 2, r is a vector consisting of random numbers in the interval [0,1], a is the weight coefficient
given in Equation 3, X/, is the position of the ith individual at time t of the dth dimension, and Xj 4 is
the high-density best location.
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2.1.2. Cyclone foraging

When a swarm of manta rays spots a piece of plankton in deep water, in addition to spiraling
toward the piece of plankton, each manta ray swims towards the one in front of it. In other words,
swarms of manta rays move in a spiral and line up. The mathematical model of the aforementioned
cyclone foraging is as given in Equation 4.

P Xlgest,d +rx (Xlgest,d _Xit.d) +B* (Xlgest,d - Xit.d) i=1 4

T X O 7 (XEyg = X)) + B (Xbespa — XEa)  i=2,N ()
best r i-1d id ﬁ best,d i,d t rrny

_ 2 rlT—t+1 X 2 1 5

B=2e T =xsin(2nrl) ©)

where £ is the weight coefficient given in Equation 5, T denotes the maximum number of iterations, and
rl is a random number between 0 and 1.

Furthermore, to improve population search and exploration capabilities, MRFOA generates a new
location at random during the optimization process and then makes a spiral search at that location. As a
result, MRFOA conducts a comprehensive global search, and its mathematical model is shown in

Equation 7.

XLy = Lb% + 1 % (Ub? — Lb%) (6)

X+ — Xia+7*(Xfa— Xit,d) +B* (X q —Xit,d) i=1 )
YUK g e (X g — XEg) + B * (XEg — XEg) i=2..,N

where Xt ; represents a random location in the search space(Equation 6), Lb% and Ub? are the lower and
upper limit values for the dth dimension, respectively.

2.1.3. Somersault foraging

Each individual swims back and forth around a food location viewed as a pivot and somersaults to a
new position in this strategy. As a result, individuals update their location based on the best location
found thus far. Equation 8 is used to create a mathematical model of this behavior.

XU =Xty +S*(r2 * Xfoorq — 73 * XEy), i=1,..,N (8)
In the Equation, 72 and r3 are two random numbers in the interval [0, 1]. S is a somersault factor, which

determines the somersault distance.
The pseudocode of MRFOA is given in Figure 1.
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1. Determine T,,,., N, Ub,Lb, t = 1

2. Initialize population according to Equation 1.

3. Compute the fitness of each individual f(X;)

4. Obtain best individual (X}..¢)

5.  While stop criterion is not satisfied do

6. For =1to N

7. If rand < 0.5 then /I Cyelone foraging

8. If t/Tmax <rand then

0. Generate a random individual(X,.(t)) according to Equation 6.

10. Create a new candidate individual (X,(t + 1)) according to Equation 7.
11. Else

12. Create a new candidate individual (X;(t + 1)) according to Equation 4.
13. End If

14. Else /{Chain foraging

15. Create a new candidate individual (X;(f + 1)) according to Equation 2.
16. End If

17. Compute the fitness of each individual f(X;(t + 1))

18. If f(Xi(t + 1)< f(Xpese) then

19. f(Xpese) = f(Xi(t + 1))

20. End If

21. End For

22 Fori=1toN /[Somersault foraging

23. Create a new candidate individual (X,(t + 1))according to Equation 8.
24, Compute the fitness of the individual f(X,(t + 1))

25. If f(Xi(t + 1)< f (Xpest) then

2. F (Xpese) = F(X,(E + 1)

27. End If

28. End For

29 End While

Figure 1. Pseudocode of MRFOA

2.2. Binary Manta Ray Foraging Optimization Algorithm (Bin_MRFOA)

The manta ray search optimization algorithm is a swarm intelligence-based algorithm proposed for
continuous optimization, with advantages such as strong global search capability, few parameters to
adjust, and robustness [34]. The objective of this study is to present a binary MRFOA for solving
continuous optimization tasks. MRFOA was chosen for this study because it is a new heuristic algorithm
and binary MRFOA studies are rare in the literature. Initially, a manta ray population of N individuals is
created. Each manta ray has n dimensions created with binary values generated using Equation 9. It
randomly generates 0 or 1 for each ith position of each manta ray (X;). The dth dimension is given a
value of 1 if a random number in the range of (0,1) is greater than 0.5, otherwise a value of 0.

i

{ 1 if rand(0,1) > 0.5 9)
0 otherwise

The decision variables of the comparison functions used in this study take continuous values. For
this reason, in the proposed Bin_MRFOA, binary values are converted to continuous values to solve
these problems and calculate the fitness values of each individual. This conversion is done according to
the equation given in Equation 10.

(Highj—Lowj)DecValue;

C; = Low; + (10)

MaxValue

In Equation 10, while Cj denotes the continuous value of the jth dimension of the individual, and
High; and Low; denote the upper and lower bound values of the jth dimension. DecValue; indicates the
integer value in the decimal number system of the binary number in the jth dimension. MaxValue
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represents the maximum decimal integer value that the binary number can take, according to the bit
length determined for each dimension [32]. For example, assuming that the binary values are
represented by 4 bits, the binary value in the jth dimension is "1110" and the continuous value of the
dimension is in the range of [-2, +2], the continuous value conversion is calculated as follows:

P Clu ) L2 S Y
a 2 -1 15

The transfer function is the most important aspect of binary optimization. Eight different transfer
functions are used in this study to map MRFOA's continuous search space to the binary search space.
Transfer functions use a real value as input and normalize it to a value between 0 and 1 using one of the

equations in Table 1 [35-37]. Equation 11 is used to convert this number between 0 and 1 to a binary
value.

if F(a) > rand(0,1) (11)
otherwise

F@={

Table 1. Transfer functions
V-Shaped S-Shaped

2
V1 F(a)= | ;arcTan (ga)‘ S1  F(a) =

1+e@
\% F(a) = |tanh s2 S
(a) = |tanh(a)| F@) =1 7

a
V3 F(a) = |— S3  Fla)= 7
V1 + a? 1+e2
V4 F(a) = |erf (ﬁ a) S4 Fla)= a
2 1+e73

Binary solution space is well suited for logic gates with binary input and output values. Exclusive-or
(Xor) gate is often used in logic circuits. According to the truth table given in Table 2, the probability of
the output being 0 or 1 in the Xor gate (@) is equal. Because of this feature, it supports diversity and is
frequently used in the literature[6, 8]. In this study, the Xor gate was employed according to the formula
given in Equation 12 for candidate solution(CX;) generation.

CXid ZXfl@Xgest (12)

Table 2. Xor truth table
Xt x4 XE X

L

0 0 0
0 1 1
1 0 1
1 1 0

50%=0 50%=1

The pseudo-code of Bin_MRFOA is shown in Figure 2.
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1. Determine T,,,., N, Ub,Lb,t =1

2. [Initialize population according to Equation 9.

3. Convert binary values to continuous values according to Equation 10.

4. Compute the fitness value f(X;) of each individual in the population.

5. Obtain best individual (Xp..¢)

6. While stop criterion is not satisfied do

7. For i=1to N

8. If rand < 0.5 then I/ Cyclone foraging

0. If t/Tmax <rand then

10. Generate a random individual(X,.(t)) according to Equation 6.

11. Create a new candidate individual (X;(t + 1)) according to Equation 7.
2. Else

13. Create a new candidate individual (X,(t + 1)) according to Equation 4.

14. End If

15. Else //Chain foraging

16. Create a new candidate individual (X,(t + 1)) according to Equation 2.

17. End If

18. Convert X, (t + 1) to binary form with the help of selected transfer functions.

19. Generate candidate solution using XOR gate according to Equation 12.

20. Convert binary values to continuous values according to Equation 10.

21. Compute the fitness of candidate individual f({X;(t + 1))

22. If fXi(t +1))= f(Xpese) then

2. F(Xpest) = FOX(E + 1))

24, End If

25. End For

26. Fori=l1to N //Somersault foraging

27. Create a new candidate individual (X;(t + 1))according to Equation 8.

28. Convert X, (t + 1) to binary form with the help of selected transfer functions.

29. Generate candidate solution using XOR gate according to Equation 12.

30. Convert binary values to continuous values according to Equation 10.

31 Compute the fitness of the candidate individual f(X;(t + 1))

20 If (X + 1)< f(Xpesr) then

33, F(Xpest) = FOX,(E + 1))

34. End If

35. End For

36. End While
Figure 2. Pseudocode of Bin_ MRFOA

3. EXPERIMENTAL RESULTS

In this section, the performance of the proposed Bin_MRFOA on the classical and CEC2005
benchmark functions is examined. Classical functions have been used to determine the ideal population
size and the best performing transfer function for the algorithm, and these functions and their properties
are given in Table 3. The classical functions used in the testing process consist of a total of ten functions,
three of which are multimodal and seven of which are unimodal. For classical functions, the maximum
iteration is 500, and the dimension is 10. Each function was run independently 30 times and the mean
and standard deviation values of the obtained results were found.

Firstly, the proposed algorithm was run for five different population size (N) values to determine
the effect of population size selection on performance. During this test, sigmoid (S1) was used as the
transfer function, and the results are given in Table 4. The best mean value obtained for each function
was shown in bold in the table. When the results were examined, it was seen that the best mean values
for the functions could not be obtained from a single population size value and varied for each function.
Therefore, the results obtained for different population values were evaluated statistically, and the
Friedman test was applied, which enables sorting between the groups by comparing the mean in cases
where the assumption of normality between the dependent groups is not provided [38-40]. The mean
rank values obtained as a result of this test, which was applied separately for mean and standard
deviation values, are presented comparatively in the graphic in Figure 3. According to the graphic, the
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smallest mean rank values in both comparisons were obtained when the population size was 50. Based
on this result, the population size was taken as 50 in the tests that will be mentioned in the following

sections.
Table 3. Classic benchmark functions
Function Range fmin Characteristic
d
F1(x) = Z X2 [~100,100] 0 T
i=1
d d
F2(x) = Z X7+ Hlxil [~10,10] 0 T
i=1 i=1
d i
F3(x) = Z(Z x)? [~100,100] 0 T
=1 j=1
F4(x) = max;{|x;[,1<i<d
() il | } [=100,100] 0 T
d-1
F5(x) = 2[100 (tir — X2 + (1 — 1)?] [-30,30] 0 T
i=1
d
F6(x) = Z([xi +0.5])2 [~100,100] 0 T
i=1
F7(x) = Z i % x* +rand[0,1) [~1.28,1.28] 0 T
i=1
d
F8 = Z —x;sin(y/]x) [~500,500] -418.9829 xd C
i=1
d
F9 = Z[xf — 10 cos(2mx;) + 10] [-5.12,5.12] 0 C
i=1
d d 1 d
F10(x) = Z —20exp (—O.Z\/% x,z) — exp (EZ cos(erxi)> +20+e [-32,32] 0 C
i=1 i=1 i=1
Table 4. Comparative results for various population sizes (N)
N=10 N=20 N=30 N=40 N=50
Function
Mean Std Mean Std Mean Std Mean Std Mean Std
F1 4,401E+03 1,348E+03 4,021E+03 1,280E+03 4,024E+03 1,140E+03 4,452E+03 9,856E+02 4,444E+03 8,892E+02
F2 1,549E+01 2,941E+00 1,665E+01 2,314E+00 1,702E+01 1,912E+00 1,739E+01 2,540E+00 1,697E+01 2,742E+00
F3 4,383E+03 1,285E+03 4,283E+03 1,229E+03 4,422E+03 8,495E+02 4,681E+03 7,793E+02 4,349E+03 9,205E+02
F4 3,580E+01 4,858E+00 3,629E+01 3,860E+00 3,540E+01 4,774E+00 3,495E+01 3,680E+00 3,461E+01 4,408E+00
F5 1,460E+06 8,290E+05 1,838E+06 9,119E+05 1,980E+06 1,034E+06 1,984E+06 9,700E+05 1,746E+06 6,008E+05
F6 3,486E+03 1,131E+03 4,211E+03 9,086E+02 3,823E+03 1,094E+03 4,113E+03 9,859E+02 4,181E+03 9,194E+02
7 8,553E-01 2,245E-01 7,979E-01 2,417E-01 9,486E-01 2,829E-01 9,494E-01 3,419E-01 8,522E-01 3,202E-01
F8 -2,396E+03 1,552E+02 -2,400E+03 1,459E+02 -2,447E+03 1,580E+02 -2,452E+03 1,832E+02 -2,441E+03 1,532E+02
F9 6,819E+01 5,556E+00 6,860E+01 6,843E+00 6,580E+01 6,651E+00 6,622E+01 8,105E+00 6,290E+01 9,100E+00
F10 1,628E+01 7,251E-01 1,625E+01 6,321E-01 1,652E+01 6,671E-01 1,576E+01 1,199E+00 1,649E+01 6,230E-01
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After determining the ideal population size, variants of the proposed algorithm were created using
eight different transfer functions to determine the effect of the selected transfer function on performance
and to determine the most successful transfer function. Comparison results of Bin_ MRFOA variants are
given in Table 5. When the results in the table were examined, it was found that the variant obtained
with the V2 transfer function in four of the functions and the variant obtained with the V4 transfer
function in the remaining six functions achieved a more successful mean value. It was determined that
the best values were found by the variants created with the V2 and V4 transfer functions, except for the
F9 function. The sums of the mean and standard deviation values acquired by Bin_MRFOA variants for
all functions are compared in the graphics given in Figure 4 and Figure 5, respectively. According to the
graphics, it was seen that the smallest sum values were generally obtained by variants created using V-
shaped transfer functions, and the lowest sum values were found from the V4 variant in both graphics.

Table 5. Bin_ MRFOA variants' statistical results on classical benchmark functions

Tl;lr;ier Best Median Worst Mean Std
S1 2969E+03  4.533E+03 5.794E+03 4.562E+03 7.734E+02
52 2.354E+03 3.597E+03 6.206E+03 3.928E+03 1.035E+03
S3 2617E+03  4.399E+03 6.477E+03 4.447E+03 8.707E+02
- S4 2.093E+03 4.677E+03 5.843E+03 4.431E+03 1.130E+03
Vi 9.775E+00 1.399E+02 1.806E+03 2.427E+02 4.058E+02
V2 7.270E-26 6.828E+01 6.513E+02 1.334E+02 1.681E+02
& 1.852E+03 3.540E+03 5.073E+03 3.376E+03 9.564E+02
V4 9.241E-01 2.215E+01 1.657E+03 2.179E+02 4.473E+02
s1 6.752E+00 1.611E+01 2.096E+01 1.608E+01 3.000E+00
S2 1.344E+01 1.632E+01 1.916E+01 1.629E+01 1.735E+00
S3 1.382E+01 1.711E+01 2.146E+01 1.751E+01 1.903E+00
. S4 1.067E+01 1.635E+01 2.023E+01 1.664E+01 2.310E+00
Vi 8.882E-14 1.206E+00 5.054E+00 1.426E+00 1.336E+00
V2 8.457E-11 3.340E-01 6.987E+00 7.399E-01 1.512E+00
V3 5.727E+00 1.144E+01 1.572E+01 1.168E+01 2.577E+00
V4 8.882E-14 1.675E-01 4.445E+00 5.390E-01 1.110E+00
S1 1.008E+03 4.385E+03 5.538E+03 4.083E+03 1.253E+03
52 3.046E+03 4.907E+03 5.974E+03 4.698E+03 7.693E+02
F3 S3 1.987E+03 4.903E+03 6.813E+03 4.676E+03 1.031E+03
S4 2.013E+03 4.287E+03 5.970E+03 4.250E+03 1.067E+03
Vi 1.639E+02 1.464E+03 5.440E+03 1.739E+03 1.313E+03
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V2 2.911E-07 1.115E+03 3.749E+03 1.325E+03 1.151E+03
V3 2.377E+03 4.697E+03 5.376E+03 4.386E+03 8.376E+02
V4 1.424E+02 9.446E+02 3.131E+03 1.166E+03 8.025E+02
s1 3.014E+01 3.604E+01 4.276E+01 3.605E+01 2.932E+00
52 2.754E+01 3.705E+01 4.528E+01 3.647E+01 4.456E+00
S3 2.145E+01 3.519E+01 4.335E+01 3.537E+01 4.344E+00
Fa S4 2.761E+01 3.258E+01 4.320E+01 3.358E+01 4.561E+00
Vi 6.941E+00 1.866E+01 3.542E+01 2.005E+01 7.507E+00
V2 3.308E+00 1.689E+01 3.056E+01 1.617E+01 8.693E+00
V3 2.283E+01 3.393E+01 4.037E+01 3.368E+01 4.874E+00
V4 2.700E-13 7.975E+00 2.334E+01 9.261E+00 6.448E+00
S1 5.922E+05 1.712E+06 3.646E+06 1.888E+06 1.008E+06
52 3.061E+05 1.535E+06 4.363E+06 1.781E+06 9.780E+05
53 3.065E+05 1.775E+06 3.322E+06 1.692E+06 8.229E+05
- S4 6.667E+05 2.071E+06 4.906E+06 2.050E+06 1.079E+06
Vi 2.234E+03 5.772E+04 2.308E+06 2.275E+05 5.277E+05
V2 4.984E+02 5.693E+03 2.375E+06 1.325E+05 5.283E+05
V3 3.888E+05 1.158E+06 2.423E+06 1.281E+06 6.055E+05
V4 2.501E+01 1.028E+03 7.733E+04 5.041E+03 1.709E+04
S1 1.678E+03 4.209E+03 6.106E+03 4.292E+03 1.165E+03
52 2.797E+03 4.369E+03 6.474E+03 4.372E+03 1.006E+03
S3 2.229E+03 4.513E+03 5.339E+03 4.234E+03 8.727E+02
e S4 2.903E+03 4.097E+03 5.547E+03 4.194E+03 7.752E+02
Vi 4.218E+00 1.413E+02 1.718E+03 2.693E+02 4.013E+02
V2 1.827E+00 1.960E+01 9.749E+02 1.095E+02 2.338E+02
V3 8.050E+02 3.311E+03 5.322E+03 3.428E+03 1.132E+03
V4 1.304E+00 5.812E+01 1.722E+03 1.780E+02 3.852E+02
S1 3.066E-01 9.120E-01 1.445E+00 9.333E-01 3.088E-01
S2 3.964E-01 8.927E-01 1.351E+00 8.764E-01 2.748E-01
S3 4.031E-01 7 404E-01 1.283E+00 8.074E-01 2.573E-01
o S4 3.377E-01 9.161E-01 1.299E+00 8.687E-01 2.453E-01
Vi 2.571E-02 8.980E-02 5.158E-01 1.391E-01 1.431E-01
V2 3.431E-04 6.138E-02 2.537E-01 8.173E-02 6.613E-02
V3 3.054E-01 6.883E-01 1.016E+00 6.939E-01 1.998E-01
V4 1.113E-02 3.975E-02 4.447E-01 6.540E-02 9.410E-02
s1 -2.682E+03  -2.412E+03  -2.186E+03 -2.408E+03  1.330E+02
S2 -2.896E+03  -2.551E+03  -2.276E+03 -2.559E+03  1.737E+02
$3 -2.741E+03  -2.396E+03  -2.143E+03 -2.424E+03  1.732E+02
r8 S4 -2.928E+03  -2.424FE+03  -2.189E+03 -2.430E+03  1.957E+02
Vi -4.027E+03  -3.856E+03  -3.392E+03 -3.825E+03  1.616E+02
V2 -4.123E+03  -4.058E+03  -3.566E+03 -3.982E+03  1.566E+02
V3 -3.722E+03  -3.347E+03  -2.721E+03 -3.317E+03  2.612E+02
V4 -4.160E+03  -3.973E+03  -3.393E+03 -3.949E+03  1.968E+02
s1 3.318E+01 6.580E+01 7.638E+01 6.370E+01 9.759E+00
- 52 4.597E+01 6.758E+01 7.579E+01 6.347E+01 8.716E+00
S3 4.286E+01 6.738E+01 8.201E+01 6.502E+01 1.029E+01
S4 5.693E+01 6.790E+01 7.685E+01 6.767E+01 5.344E+00
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Vi 4.690E-12 2.245E+01 5.457E+01 2.484FE+01 1.403E+01

V2 2.472E+00 7.367E+00 2.246E+01 1.010E+01 6.485E+00

V3 3.841E+01 5.726E+01 7.189E+01 5.738E+01 8.095E+00

V4 4.079E-01 8.802E+00 4.062E+01 1.112E+01 9.420E+00

S1 1.352E+01 1.657E+01 1.729E+01 1.624E+01 9.814E-01

S2 1.180E+01 1.606E+01 1.711E+01 1.588E+01 1.198E+00

$3 1.306E+01 1.630E+01 1.722E+01 1.591E+01 1.309E+00

10 S4 1.388E+01 1.651E+01 1.753E+01 1.636E+01 8.847E-01

Vi 3.265E+00 5.826E+00 1.170E+01 6.343E+00 2.544E+00

V2 1.429E+00 3.956E+00 9.940E+00 4.210E+00 2.015E+00

V3 1.102E+01 1.474E+01 1.650E+01 1.428E+01 1.551E+00

Va 2.080E-01 3.177E+00 9.385E+00 3.864E+00 2.468E+00
2,50E+06
2,00E+06
1,50E+06
1,00E+06
5,00E+05
0,00E+00

m51 m52 m53

Sum of mean

54 MVl mvV2 mVv3 mv4

Figure 4. Comparision of the sum of the mean results

1,50E+06

1,00E+06

5,00E+05

0,00E+00

H51l E52 m53

Sum of 5STD

54 mV1l mvVZ mvV3: mv4d

Figure 5. Comparision of the sum of the standard deviation results
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In addition, the convergence graphics obtained from the variants for each function and plotted
according to the best value are presented in Figure 6. When the graphics are examined, the V2 variant in
the F1, F3, and F7 functions, the V4 variant in the F4, F5, F6, F8, and F10 functions, and the V1 variant in
the remaining F2 and F9 functions converged faster and found the best value. In light of these results, it
can be said that the variants using the transfer function with a V-shaped converge faster than the other

variants.
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Figure 6. Convergence graphics for the variants on classic benchmark functions

After the performance evaluation of Bin_MRFOA on the classical benchmark functions, the
algorithm was run on the CEC2005 benchmark functions. The findings were compared with the
algorithms in the literature. The properties of the CEC2005 benchmark functions used are given in Table
6. To make a fair comparison, the algorithms were run under the same conditions as the compared
algorithms. According to this, parameter settings are as follows: the population size (N) is set to 40, and
the maximum iteration number as the stopping criterion is set to 500. All of binary algorithms are
independently run 50 times. The dimensions of functions F1-F14 are 5 while hybrid composition
functions F15-F18 are 10. In addition, the Bin_MRFOA variant obtained by using the V4 transfer
function, which was found to be more successful in the previous section, was used for literature
comparison.
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Table 6. CEC2005 benchmark functions

Function  Name Bound Tain
Unimodal Functions

Fl Shifted Sphere Function [—100, 100] —430
F2 Shifted Schwefel's Problem 1.2 [-100,100]  —430
F3 Shifted Rotated High Conditioned Elliptic Function [-100,100]  —430
F4 Shifted Schwefel’s Problem 1.2 with Noise in Fitness [—100, 100] —430
F3 Schwefel’s Problem 2.6 with Global Optimum on Bounds [—100, 100] -310
Multimodal fonctions

F6 Shifted Rosenbrock’s Function [-100,100] 390
F7 Shifted Fotated Griewank’s Function without Bounds [0, e00] -180
F§ Shifted Fotated Ackley’s Function with Global Optimum on Bounds [—32,32] —140
F9 Shifted Rastrigin’s Function [-5.5] —330
F10 Shifted Fotated Rastrigin’s Function [-3.5] -330
F11 Shifted Fotated Weierstrass Function [0 .5, 03] 20
Fi2 Schwefel’s Problem 2.13 [4.4] —460
Expanded functions

F13 Expanded Extended Griewank’s plus Rosenbrock’s Function (F8F2) [-3.1] -130
F14 Expanded Rotated Extended Scaffe’s F& [-100,100]  -300
Hybrid composition functions

F13 Hybrid Composition Function 1 [-5.5] 20
F16 Fotated Hybrid Composition Function 1 [-5.5] 20
F17 Fotated Hybrid Composition Function 1 with Noise in Fitness [-5.5] 20
F18 Fotated Hybrid Composition Function 2 [-5.5] 10

In the literature comparison, the Bin. MRFOA was compared to the findings of the algorithms
mentioned in the studies of Beheshti [41] and Bas [42]. Comparison results are showed in Table 7.
According to Table 7, Bin_ MRFOA found a more successful mean value in 10 of the 18 functions.
Similarly, 12 of the 18 functions obtained a better standard deviation value. Pairwise comparisons of the
algorithms were made using the Wilcoxon signed-rank test. The Wilcoxon signed-rank test gets to
decide the difference between two samples and offers an alternate position test influenced by the
amplitude and sign of these differences. This test is also used to decide whether one algorithm
outperforms another [40, 43]. The symbols +, -, and ~show the number of test functions in which the
Bin_MRFOA is better, worse, and equal than the other algorithm, respectively. The significance level of
the Wilcoxon signed-rank test was set at 0.05. Accordingly, since the obtained p value was less than 0.05,
it was determined that there was a significant difference between the Bin MRFOA and BPSO
algorithms. In other words, the Bin_ MRFOA algorithm outperformed BPSO. Since the p value of the
remaining algorithms was greater than 0.05, there was no significant difference between them and
Bin_MRFOA. The algorithms had similar performances. In addition, in the ranking among algorithms
based on the Friedman test, the Bin. MRFOA algorithm took second place with a mean rank of 2,61.
According to this result, it can be said that the proposed algorithm is a successful and competitive
algorithm compared to the literature.
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Table 7. The comparison results of Bin_ MRFOA and algorithms in the literature on CEC2005 benchmark

functions
Function TVMS-BPSO MS-BPSO TV-BPSO BPSO BinSSA4 Bin_MRFOA
[41] [41] [41] [41] [42]

F1 Mean -446.97 -420.73 -446.1 -432.56 -431.45 -450.00
Std 5.4981 60.906 5.9235 16.237 8.412 0.00

F2 Mean -438.98 -395.92 -436.31 -421.95 -435.47 -450.00
Std 17.377 181.1 22.081 24.169 21.452 0.00

E3 Mean 98.287 3.47E+05 1.05E+05 2.98E+05 98.265 1.95E+05
Std 1.13E+05 3.68E+05 1.11E+05 2.59E+05 1.02E+05 3.35E+05

F4 Mean -441.74 -406.59 -433.73 -409.16 -445.45 -450.00
Std 12.37 56.808 25.236 31.834 13.42 0.00

F5 Mean -241.97 -225.78 -127.65 -4.5091 -125.41 -310.00
Std 106.14 694.32 270.05 106.95 220.41 0.00

F6 Mean 503.45 10.293 1625 4926.8 2412.4 390.00
Std 146.36 22.647 7752.8 9628.2 4124.5 0.00

F7 Mean 266.25 266.66 266.43 269.87 266.55 220.20
Std 265.9 265.95 266.04 267.37 274.14 182.71

F8 Mean -120.05 -120.01 -120.24 -120.05 -120.05 -120.06
Std 0.74112 0.31108 1.7162 0.62672 0.7452 0.50

F9 Mean -328.55 -328.03 -328.54 -323.75 -328.45 -329.99
Std 1.3196 1.3623 1.1191 2.2942 1.4285 0.03

F10 Mean -325.6 -322.63 -325.14 -320 -321.41 -322.10
Std 1.9871 4.0479 2.6135 3.6903 3.4152 3.37

F11 Mean 91.167 91.698 91.293 92.447 91.165 91.91
Std 0.65567 0.70823 0.67296 0.44508 0.64855 0.63

F12 Mean -238.13 -64.804 -224.79 -98.765 -121.41 -460.00
Std 222.15 457.07 277.22 237.39 250.411 0.00

F13 Mean -129.77 -129.66 -129.78 -129.3 -129.65 -130.00
Std 0.095197 0.21671 0.10462 0.22568 0.4122 0.00

Fl14 Mean -298.87 -298.75 -298.86 -298.57 -298.77 -297.78
Std 0.28931 0.35812 0.31671 0.17735 0.3214 0.25

F15 Mean 379.16 388.99 406.85 639.77 390.41 120.00
Std 154.18 146.18 157.16 101.61 185.411 0.00

F16 Mean 261.86 280.98 267 373.48 260.41 312.76
Std 17.854 33.481 18.718 23.068 18.12 13.90

F17 Mean 276.62 278.69 270.22 399.26 352.41 311.48
Std 24911 27.625 22.168 23.941 22.412 25.83

F18 Mean 795.26 911.25 776.61 976.16 845.74 988.43
Std 208.3 136.76 207.36 92.887 205.11 53.06

Wilcoxon signed-rank test
(+/-/=) (11/7/0) (11/7/0) (10/8/0) (16/2/0) (13/5/0)
p value (=) 0,472 (=) 0,215 (=) 0,420 (+) 0,001 (=) 0,145
Friedman test
Mean Rank Value 2,17 4.39 2.78 5.44 3.61 2.61
Rank 1 5 3 6 4 2
4. CONCLUSIONS AND DISCUSSION

The manta ray foraging optimization algorithm has advantages such as strong global search
capability, few parameters to adjust, and robustness. In this study, a new binary version of the manta ray
foraging optimization algorithm was proposed to benefit from the mentioned advantages. At the same
time, thanks to the proposed Bin_MRFOA, since the problem can be generalized as desired and the
optimum solutions are known, a simple and informative algorithm was obtained to compare with other
algorithms on binary optimization problems. The proposed algorithm was first tested for ten classical
benchmark functions. Firstly, with this test process, the ideal population size was found. Then, the
results of the variants obtained using eight different transfer functions were compared, and it was
decided that the most effective transfer function was V4. Furthermore, as a consequence of these
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comparisons, it was concluded that the transfer functions of V-shaped are more effective than the
transfer functions of S-shaped in general. Then, the most successful variant was run on eighteen
CEC2005 benchmark test functions. The obtained results were compared with the algorithms in the
literature. The algorithms’ performance was interpreted by the Wilcoxon signed-rank and Friedman
tests. According to Wilcoxon signed-rank test results, the Bin_MRFOA algorithm outperformed one of
the compared algorithms. It performed similarly with the remaining four algorithms and no significant
difference was found between them. In addition, among the compared algorithms, the proposed
Bin_MRFOA algorithm took second place, revealing that it is a successful and competitive algorithm.
Despite successful results, the optimal value could not be reached for functions except for F1, F2, F4, F5,
F6, F12, F13, and F15 in all compared algorithms. It would be useful to consider the reason for this
situation as a separate research topic. To comment, though, these functions are expensive functions
created through rotation, shifting, and hybridization. Most metaheuristic algorithms experience
performance decreases in such expensive functions when compared to classical functions. In light of
these results, it can be said that the binary algorithms in the study should be strengthened with
approaches such as mutation, crossover, similarity measurement technology, etc. that will contribute to
the ability to create candidate individuals. In a future study, the performance of Bin_MRFOA on
different binary problems can be examined.
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OZ: Cevresel faaliyetlerin sonuglarinin tahmini ve ayni1 zamanda bu faaliyetlerin ortami hakkinda bilgi
elde etmek i¢in ses verisinin kullanilmas: ¢ok onemlidir. Kentlerde meydana gelen giiriiltii kirliligi,
glivenlik sistemleri, saglik hizmetleri ve yerel hizmetler gibi faaliyetlerin isleyisini ve temel bilgilerini elde
etmek igin ses verisinden faydalanilmaktadir. Bu anlamda Cevresel Seslerin Smiflandirmasi (CSS) kritik
onem kazanmaktadir. Artan veri miktar1 ve ¢oziimlemedeki zaman kisitlamalarindan dolay1r anlik
otomatik olarak seslerin tanimlanmasim saglayan yeni ve giliclii yapay zeka yontemlerine ihtiyag
duyulmaktadir. Diger alanlardaki kullanimlari ile yiiksek dogruluk oranlarini elde eden Evrisimsel Sinir
Ag1 (ESA) modelleri ile ihtiya¢ duyulan bu yontemler gelistirilebilir. Bu sebeple yapilan ¢alismada iki
farkli CSS veri setinin siniflandirilmas: igin ESA tabanli yeni bir yontem Onerilmistir. Bu yontemde ilk
olarak sesler goriintii formatina ¢evrilmistir. Daha sonra goriintli formatindaki bu seslerin
siniflandirilmasi i¢in 6zgiin ESA modelleri tasarlanmistir. Her bir veri seti igin tasarlanan birden fazla ESA
modelleri igerisinden en yiiksek dogruluk oranina sahip ESA modelleri elde edilmistir. Calismada
kullanilan veri setleri sirasiyla ESC10 ve UrbanSound8K’dir. Bu veri setlerindeki ses kayitlar1 32x32x3 ve
224x224x3 boyutuna sahip goriintii formatina gevrilerek 4 farkli goriintli formatinda veri seti elde
edilmistir. Bu veri setlerini siniflandirilmasi icin gelistirilen ESA modelleri sirasiyla, ESC10_ESA32,
ESC10_ESA224, URBANSOUNDSK_ESA32 ve URBANSOUNDSK_ESA224 olarak isimlendirilmistir. Bu
modeller veri setleri {izerinde 10-Kat Capraz Dogrulama yapilarak egitilmistir. Elde edilen sonuglarda,
ESC10_ESA32, ESC10_ESA224, URBANSOUNDSK_ESA32 ve URBANSOUNDSK_ESA224 modellerinin
ortalama dogruluk oranlari sirasiyla %80.75, %82.25, %88.60 ve %84.33 olarak elde edilmistir. Bu sonuglar
ayn veri setleri {izerinde literatiirde yapilan diger temel calismalarla karsilastirildiginda daha iyi sonuglar
elde edilmistir.

Anahtar Kelimeler: Derin Ogrenme, Evrisimsel Sinir Ag1, Cevresel Ses Siniflandirilmasi, ESC10, UrbanSound8K

Classification of Environmental Sounds with Convolutional Neural Networks

ABSTRACT: The use of sound data is critical for predicting the effects of environmental activities and
gathering information about the environment of these activities. Sound data is utilized to obtain basic
information about the functioning of urban activities such as noise pollution, security systems, health care,
and local services. In this sense, Environmental Sound Classification (ESC) is becoming critical. Due to the
increasing amount of data and time constraints in analysis, there is a need for new and powerful artificial
intelligence methods that enable instant automatic identification of sounds. These methods can be
developed with Convolutional Neural Networks (CNN) models, which have achieved high accuracy rates
in other fields. For this reason, in this study, a new CNN based method is proposed for the classification
of two different CSR datasets. In this method, the sounds are first converted into image format. Then,
novel ESA models are designed for the classification of these sounds in image format. For each dataset,
the ESA models with the highest accuracy rate were obtained among the multiple ESA models designed.
The datasets used in the study are ESC10 and UrbanSound8K, respectively. The sound recordings in these
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datasets were converted to image format with 32x32x3 and 224x224x3 dimensions, and four different
image format datasets were obtained. The CNN models developed to classify these datasets are named
ESC10_ESA32, ESC10_ESA224, URBANSOUNDSK_ESA32, and URBANSOUNDSK_ESA224,
respectively. These models were trained on the datasets using 10-fold cross-validation. In the obtained
results, the average accuracy rates of the ESC10_ESA32, ESC10_ESA224, URBANSOUNDSK_ESA32, and
URBANSOUNDSK_ESA224 models are 80.75%, 82.25%, 88.60%, and 84.33%, respectively. When these
results are compared with other baseline studies in the literature on the same datasets, it is seen that these
models achieve better results.

Keywords: Deep Learning, Convolutional Neural Network, Environmental Sound Classification, ESC10,
UrbanSound8K

1. GIRiIS INTRODUCTION)

Ses verisi, gorsel verinin saglayabilecegi bilginin yarni sira anlamsal olarak daha zengin bilgi igerir [1].
Ozellikle gorsel olarak izlenemeyen bir ortam hakkinda bilgi elde edebilmek igin ses verisi kullanilabilir.
Giinliik hayatta bazi uygulamalarin gercgeklestirilmesi i¢in konusma ve miizik seslerinin aksine gevresel
seslerin kullanilmasi gerekmektedir. Bu sebeple son yillarda cevresel seslerin smiflandirilmasi iizerine
calismalar yogunlasmistir. CSS, konusma dis1 ses siniflandirma gorevinin en 6nemli konularindan biri
olarak bilinir [2]. CSS ile ilgili, giiriiltii kirliligi analizi [3, 4], gozetleme sistemleri [5-7], makinenin duymas1
[8-11], cevresel gozetleme [12], cinayetlerin onceden kestirilmesi [13] ve akilli sehirler [14, 15] gibi
uygulamalar mevcuttur.

Literatiirde CSS icin farkl istatistiksel ve klasik makine 6grenmesi yontemleri kullanilmistir [16-23].
Derin 6grenmenin [24] 2012 yilindan imageNet [25] yarismasi ile yiiksek bir basar1 degeri elde ettiginden
dolay1 birgok farkli problemlerin ¢6ziimlenmesinde kullanilmaya baslanilmistir. Elde edilen bu basaridan
dolayi farkli alanlarda kullanilmaya baslandig1 gibi son yillarda CSS i¢in derin 6grenme modelleri siklikla
kullanilmaya baslamistir [26-40]. Piczak [26] tarafindan yapilan c¢alismada {i¢ farkli veri setinin
siniflandirimasinda ESA modeli kullamilmig. Onerilen ESA modeli iki konvoliisyon katmani bir
ortaklama katmani ve iki tamamen bagh katmandan olusmaktadir. Elde edilen sonuglarda ESA modelinin
mevcut diger yontemlere gore daha iyi performans sergiledigi gostermistir. Salamon ve Bello [27]
tarafindan yapilan calismada iki temel amag hedeflemistir. Birincisi CSS'nin siniflandirilmas: icin ESA
modelinin kullanilmasi, ikincisi ise ESA modellerinin egitilmesi igin gereken yiiksek miktarda verilerin
elde edilmesi icin veri artirma islemleri yapilmistir. Veri artirma ile ESA modelinin daha iyi bir
performans sergiledigi goriilmiistiir. Takahashi ve ark. [28] akustik olaylarin tespiti igin VGGNET ten
ilham alinarak yeni bir ESA modeli ve egitim islemlerinde verilerin artirilmasi igin yeni bir yontem
Onermistir. Derin 6grenme modellerinin egitim asamasinda verilerin modeli beslenmesi icin farkli bir
strateji Tokozume ve ark. [29] gelistirmis. Siniflar aras1 6grenme (Between-Class learning) adindaki bu
yontemde farkli siniflara ait iki sesi rastgele oranlarda karistirarak siniflar aras: sesler iiretilmektedir.
Yapilan calismada siniflar arasi 6grenme yonteminin ses tanima aglarinda ve veri artirmada iyi
performans sergiledigi belirtilmistir. Calismada ayrica CSS'nin smiflandirilmasi igin bir ag tanimlanmis
olup onerilen yontem ile egitilmis. Elde edilen sonuglar, insan ses tanima hata degerinden daha diisiik
degerler oldugu ifade edilmistir. Boddapatia ve ark. [30] AlexNet ve GoogLeNet derin 6grenme modelleri
kullanilarak ESC10, ESC50 ve UrbanSound8K veri setlerinde siniflandirma islemi gergeklestirmistir. Veri
setlerindeki ses sinyalleri spectrogram, MFCC ve CRP yontemleri kullanilarak goriintii haline ¢evrilmis.
Daha sonra elde edilen goriintiilerde AlexNet ve GoogLeNet kullanilarak sinuflandirma islemi
gercgeklestirilmistir. Li ve ark. [31] yaptiklar1 ¢alismada 6zgiin bir yigilmis ESA modeli énermislerdir.
Onerilen agda azaltilmus filtre sayilar1 ile coklu konvoliisyon katmanlari kullanmiglardir. Yéntemde log-
mel Ozellikleri ile ham ses sinyal verileri kullanilarak iki farklt ESA ag1 egitilmektedir. Bu iki model daha
sonra Dempster-Shafer (DS) kanut teorisi kullanilarak birlestirilip CSS igin DS-CNN adinda yeni bir model
onermislerdir. Onerilen modelin ESC10, ESC50 ve UrbanSound8K veri setlerinde ESA tabanli diger
modellere gore daha iyi performans sergiledigi belirtmislerdir. Su ve ark. [32] yaptiklar ¢alismada
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CSS'nin daha kapsamli temsil edilmesi i¢in iki farkli Ozelliginin birlestirilmesini Onermislerdir.
Siiflandirma islemi i¢in dort katmanli bir ESA ag1 tasarlamislardir. Farkl 6zelliklerle egitilen ESA aglar:
DS kanut teorisi kullanilarak birlestirmislerdir. Onerilen TSCNN-DS modeli UrbanSound8K veri setinde
%97.2 dogruluk orani elde etmistir. Mushtaq ve ark. [33] tarafindan yapilan ¢alismada akustik kaynak ile
mikrofon arsinda mesafe ile gevrede bircok ses kaynaginin dahil olmasiyla seslerin iist {iste binmesi
karmasikligi arttirdigini vurgulamiglardir. Bu karmasikligi CSS'nin dogrulanmais ses 6zellikleriyle birlikte
derin konvoliisyonlu sinir ag1 kullanmislardir. Calismalarinda ESC-10, ESC-50 ve kentsel ses (Us8k) veri
kiimeleri icin ii¢ ses Ozniteligi ¢ikarma teknigi, Mel spektrogrami (Mel), Mel Frekans Cepstral Katsayisi
(MFCC) ve Log-Mel diisiintilmiis. Asir1 uyum riskini kaldirmak i¢inde maksimum ortaklama islemi
uygulamiglardir.. Elde edilen dogruluk degerleri sirasiyla ESC-10, ESC-50 ve US8K igin %94.94, %89.28 ve
%95.37 olarak elde etmislerdir. Mushtaq ve ark. [34] tarafindan yapilan galismada verilerin anlamli bir
sekilde arttirilarak ESA ile smiflandirilmada spektral goriintiiler {izerine bir yaklasim ortaya
koymuslardir. Sunulan yaklasimda kullanilan Mel spektrogram 6zelligidir. Rastgele secilen 7 veya 9
katmanli ESA modelleri ile ESC-10, ESC-50 ve Us8k verileri kullanilmistir. Dogrudan ses iizerinden
anlamli veri arttirma yontemi kullanilarak etkin ve yiiksek dogruluk elde edildigi vurgulanmuistir.
Kullanilan modeller arasinda ResNet-52, ESC-10 i¢in %99.04, Us8k veri kiimeleri i¢in %99.49 ve DenseNet-
161, ESC-50 icin % 97.57 dogruluk oranlarina ulagsmislardir. Chen ve ark. [35] tarafindan yapilan ¢alismada
CSS problemi genisletilmis ESA ile ele almislardir. Bu yapinin kullanilmasi ile konvoliisyon katmanindan
sonra kullanilan max-ortaklama isleminden daha yiiksek smiflama dogrulugu sonucu elde edildigi
belirtmislerdir. Ayn1 zamanda farkli genisleme oranlari ile evrisim katmani sayisinin sonuglara olan
etkisini arastirmislardir. CSS probleminde genisletilmis ESA, maksimum ortaklamali ESA’dan daha iyi
sonuglar elde ettigi; fakat filtrelerin sayis1 ve oranimn artirilmasi siniflama dogrulugunu olumsuz yénde
etkiledigi ifade etmislerdir. Abdoli ve ark. [36] tarafindan yapilan ¢alismada CSS smniflandirilmas i¢in bir
boyutlu (1D) ESA ag1 kullanmisladir. Giris verisi icin ses sinyali iizerinden cergeveler alinmis. Insan isitsel
yapisini modelleyen bir Gammatone filtre bankasi ile ESA’nin giris katmaninin baslatilmas: ve farkh girdi
filtre boyutlarim olusturan farkli mimarileri arastirmislardir. Yapilan deneysel ¢alismalar sonucunda
UrbanSound8K veri seti {izerinde %89 ortalama dogruluk degeri elde etmislerdir. Ham giris verisinin
kullanilmas: ile ugtan uca yapilan ¢alismalar igerisinde en iyi performans sergiledigi ifade etmislerdir.
Ayrica Onerilen yontemin literatiirdeki diger modellerden daha az parametreye sahip oldugunu
belirtmislerdir. Medhat ve ark. [37] tarafindan Kosullu Sinir Ag1 (CLNN) ve onun uzantist olan Maskeli
Kosullu Sinir Ag1 (MCLNN) oOnerilmis. Yapilan calismada sesin dogal halinden faydalanilarak sesin
zaman-frekans gosterimini modellemislerdir. Onerilen MCLNN ile farkli miizik ve CSSlerin
siniflandirma islemi gerceklestirmislerdir. MCLNN siniflama dogrulugu ESA tabanli modellerden daha
iyi performans sergiledigi belirtilmis. Zhang ve ark. [38] tarafindan yapilan ¢calismada ESA’lardaki evrigim
katmanindaki filtrelerin boyutlar1 ve aktivasyon fonksiyonlarinin CSS’ye etkisini arastirmiglardir. Bu
amagla genisletilmis ESA tabanli bir model (D-CNN-ESC) nermislerdir. Onerilen sistem iig farkli ses veri
setine uygulanmis. UrbanSound8K veri setinde diger yontemlere gore %10 daha az hata degeri elde
edilmistir. Lim ve ark. [39] tarafindan yapilan ¢alismada ses olaylarinin smiflandirilmasi i¢cin ESA tabanh
bir yontem onermislerdir. Onerilen yontem UrbanSound8K [41], BBC Sound FX [42], DCASE2016 [43], ve
FREESOUND veri setleri {izerinde 30 farkli ses olaymin %81,5 dogruluk oraninda sinuflandirdig:
goriilmiistiir. Akbal’'in [40] yapmis oldugu calismada cevresel seslerden meydana gelen faaliyetin
konumunu belirlemek, dijital adli tip icin 6nemli oldugu vurgulanmis. ESC ile konum belirlenmis ve
bunun igin kararli 6zellik ¢ikarma yontemi sunulmustur. Calisilan bu yontemin 3 temel asamadan
meydana geldigini, bunlar Ozellik olusturma, se¢me ve smiflandirma islemlerini kapsadigim
belirtmektedirler. Ozellik cikarimi igin tek boyutlu yerel ikili desen (1D-LBP), tek boyutlu iiglii desen (1D-
TP) ve istatistiksel Ozellik olusturma yontemleri, simiflandirma igin de kiibik (3. Polinom Dereceli
Cekirdek) destek vektor makinesi kullanmislardir. Bu ¢alismada onerilen yontem ESC-10 veri setine
uygulanip veri setindeki seslerin siniflandirilmasi saglanmistir. Bu 6nerilen yontem ile % 90.25 dogruluk
orani elde etmislerdir. Son olarak Inik [44] tarafindan yapilan galisgmada CSS icin ESA modellerinin
parametre optimizasyonu yapilarak yiiksek dogruluk oranlarini elde etmistir. Parametre optimizasyonu
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i¢in pargacik siirii optimizasyon optimizasyonu yeniden diizenlenerek ESA parametreleri bir doniistiirme
islemi yapilmayarak optimize edilmistir. Derin 6grenme modelleri ile elde edilen basari oranlar1 makine
O0grenmesi veya diger yontemler ile elde edilen sonuglardan daha iyi oldugu goriilmiistiir. Bunun temel
sebebi, derin 6grenme modellerindeki 6zellik kegfinin otomatik yapilmasi olarak 6zetlenebilir. Literatiirde
yapilan c¢alismalar incelendiginde CSS'nin simiflandirilmasina yonelik basari oranlarinin arttirabilir
oldugu goriilmiistiir.

Bu calismanin devaminda Bolim 2’de kullanilan materyal ve metot hakkinda bilgilendirmeler
yapilmigtir. Bu béliimde ESA hakkinda bilgiler ve kullanilan ses veri setleri detaylica anlatilmigtir. Béliim
3’te Onerilen yontemin mimarisi ve bu mimaride gelistirilen ESA modellerinin 6zellikleri sunulmustur.
Boliim 4’te deneysel calismalar verilmistir. Bu boliimde 6ncelikle performans olgiitleri hakkinda gerekli
agiklamalar yapilarak, dnerilen yontemin diger yontemlerle test sonuglari karsilastirilip gerekli tartismalar
yapilmistir. Boliim 5’de, sonuglar ve tartisma bilgileri verilmistir.

2. MATERYAL (MATERIAL)
2.1. Evrisimsel Sinir Ag1 (Convulutional Neural Network)

Derin 0grenmenin ana mimarisi olarak kabul edilen ESA, 6grenme islemini ham veri iizerinde
yaparak kendine 6zgii 6zellikleri kesfetmesi sonucunda; siiflandirma, tanimlama, segmentasyon gibi
problemlerde yiiksek performans sergilemektedir [45]. Bu sebeple miihendislik, tip, savunma sanayisi
gibi bircok alanda kullanilmasi sonucunda yaygin hale gelmistir. Ozellikle otomatik &zellik kesfi
sayesinde devasa verilerde kullanilmasi ile Amazon, Google, Facebook gibi firmalarin algoritmalarinda
kullanmaya baslamasiyla daha popiiler hale gelmistir [46]. ESA’lar nesnelerin tanimlanmasinda art arda
gelen birden ¢ok katmandan olusan bir katmanin ¢iktis1 diger katmanin girdisi olan ileri beslemeli ¢alisma
prensibine dayanan ve genel olarak nesneleri parcalayarak 6zellik haritalarim ¢ikararak ag1 egitmesini
saglayan otomatik sistemlerdir. ESA’larin O6zellik haritalarimi kendi ¢ikarmasimin saglamis oldugu
avantajin yani sira arastirmacinin kullanacagt modelde katman sayisi, katman dizilisi ve bu
katmanlardaki parametreleri belirlemede 6zgiir birakilmistir. Bu sayede arastirmaciya olusturacag:
modelde en yiiksek performans oranina ulasmasinda sayisiz deneme alan birakilmistir.

2.2. Veri Setleri (Datasets)

Literatiirde son yillarda yapilan gevresel seslerin siniflandirilmas: i¢in yogun olarak kullanilan iki
farkli veri seti bulunmaktadir. Bu veri setleri sirasiyla ESC10 ve UrbanSaund8K’dir. Bu veri setleri
hakkinda detayl bilgileri asagida verilmistir.

2.2.1. ESC 10 Veri Seti (ESC10 Data Set)

ESC10 veri seti Karol J. Piczak [47] tarafindan olusturulmustur. Veri setinde toplam 10 smuf
bulunmaktadir bu siniflar sirasiyla kopek havlama sesi, yagmur sesi, deniz dalga sesi, bebek aglama sesi,
saat tik-tok sesi, hapsirma sesi, helikopter sesi, elektrikli testere sesi, horoz sesi, ates kivilcim sesidir. Her
bir siufta 40 tane ses kaydi bulunmaktadir. Her bir kayit ortalama 5 saniye uzunluktaki kayittan
olugmaktadir. Veri setindeki her bir simifa ait seslerin 6rnek bir gosterimi Sekil 1’de verilmistir. Bu veri
seti ESC50 veri setinin bir alt kiimesidir. Belli bir standardin elde edilmesi i¢in ilk olarak bu veri seti
olusturulmustur.
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Sekil 1. ESC-10 veri setindeki siniflara ait kayitlarin grafiksel gosterimi
Figure 1. Graphical representation of records of classes in the ESC-10 dataset.

2.2.2. UrbanSound8K Veri Seti (UrbanSound8K Data Set)

Bu veri seti Salamon ve ark. [41] tarafindan hazirlanan 8732 etiketli seslerden olusan bir veri setidir.
Veri setindeki her bir kayit yaklasik 4 saniye uzunluktadir. Bu veri seti www.freesound.org. sitesinde
yliklenen kayitlar igerisinden elde edilmigtir. Veri seti toplamda 10 smufa sahiptir. Bu siruflar sirasiyla;
klima, araba kornasi, oynayan ¢ocuklar, kopek havlamasi, delme, motor rdlantisi, silah sesi, kirici, siren
ve sokak miizigi seklindedir. Bu veri setindeki her bir sinifa ait seslerin grafiksel bir gosterimi Sekil 2’de
verilmistir.

Delme Klima
1 1
1 % i
1 1
o 05 1 25 2 o 0.5 1 15 2
10° %10°
Korn: Kopek haviamasi
0.2 Npa 1 P ]
¥ m i
0.2 1
0 1 2 3 0 5000 10000 15000
10
Kirici Motor rélanti

o 0.5 1 15 2
10°
Siren
0.2
0 o
s -0.2
2 4 6 8 10 o 0.5 1 15 2
104 x10°
Sokak miizigi 0.05 Gocuk oynamasi
0.2 |
0 o
-0.2
0.05
0 05 2, 15 2 o 0.5 1 15 2
<10° <10°

Sekil 2. UrbanSaund8k veri setindeki siniflardaki her bir kayda ait 6rnek gosterim
Figure 2. Example representation of each record in the classes in the UrbanSaund8k dataset.
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3. ONERILEN YONTEM (PROPOSED METHOD)

Yapilan bu caligmast icin 6nerilen yontemin mantiksal tasarimi Sekil 3'te verilmistir. Onerilen yontem
iki asamadan olugsmaktadir. Birinci asamada veri setinin ESA modellerinde kullanilmak tizere 6n
islemlerin yapilmasi, ikinci asamada ise bu veri setlerinin smniflandirilmasi i¢in 6zgiin ESA modellerinin
tasarlanmasi, egitilmesi ve test edilmesi icermektedir. Birinci asamada literatiirde siklikla kullanilan ve
belli standartlarda elde edilmis iki farkl: veri setinde her bir kayit ESA modellerinin egitilmesi i¢in sinyal
formatinda goriintii formatina gevrilmistir. Cevirim islemi Matlab Wavelet modiilii ile gerceklestirilmistir.
Ses sinyalleri bu modiilde ki scalogram yontemi ile gerceklestirilmistir. Scalogram, zaman ve frekansin
bir fonksiyonu olarak cizilen bir sinyalin Siirekli Dalgacik Doniisiimiiniin (CWT) mutlak degeri olarak
ifade edilir.

Doniistim isleminden sonra ESA modellerinin egitilmesi i¢in her iki veri setindeki goriintiiler 32x32x3,
224x224x3 boyutlarinda olmak tizere iki farkli veri seti olusturulmustur. Boylelikle ESA modellerinin
egitilmesi i¢in dort farkli veri seti elde edilmistir. Ikinci asamada elde edilen veri setlerine uygun olarak
ESA modelleri tasarlanmistir. Her bir veri seti i¢in birden fazla ESA modelleri tasarlanmis olup bu
modeller igerisinde en iyi performansi sergileyen model kaydedilmistir.

Veri On Isleme

AR N ]
pent ) | —

Gevresel Ses Kaynagt

ESA modeli ile Simflandirma

Sekil 3. Onerilen yontemin mantiksal tasarimi
Figure 3. Architecture of the proposed method

Sekil 3’te gosterilen yontemde, en iyi sonucu veren dort adet ESA modeli elde edilmistir. Bu modeller
sirastyla  ESC10_ESA32, ESC10_ESA224, URBANSOUNDSK_ESA32, URBANSOUNDSK_ESA224
seklinde isimlendirilmistir. Bu modellerin tasarim yapilar1 ve parametreleri hakkinda detayl bilgi asagida
verilmigtir.

3.1. ESC10_ESA32 Modeli (ESC10_ESA32 Model)

Bu model ESC10 veri setinin 32x32x3 giris goriintii boyutuna sahip veriler i¢in tasarlanmistir. Modelin
tasarim mimarisi Sekil 4'te verilmistir. Bu mimarideki birinci evrisim katmanindaki filtreler Sekil 5 ve bu
filtrelerin giris goriintiisiine uygulamasindan sonra elde edilen 6zellik haritalar1 Sekil 6’da verilmistir. Bu
mimariye ait biitiin parametreler Cizelge 1'de verilmistir.
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Evrigim Katmani_1 +Relu_1 % Katman 2
Evrigim Katmani_2 + Reli_2 AN
5

/ l i Kt 3 + Relo 3 . Smflandinics
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Sekil 4. ESC10_ESA32 modelinin mimarisi
Figure 4. Architecture of model ESC10_ESA32
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Cizelge 1. ESC10_ESA32 modelindeki her bir katmana ait parametre degerleri
Table 1. Parameter values for each layer in the ESC10_ESA32 model
. . Toplam
Katman Katman Adi Boyut Filtre  Filtre  Adim Parametreler Parametre
Sirasi Sayis1  Boyutu Sayisi Sayist
1 Girig Katmani 32x32x3 - - - - 0
2 Evrisim Katmani_1 32x32x212 212 5x5 Ix1 5x5x3x212 15900
3 Relii katmani_1 32x32x212 - - - - 0
4 Evrisim Katmani 2 32x32x71 71 4x4 Ix1 4x4x212x71 240832
5 Relii katmani_2 32x32x71 - - - - 0
6 Evrigim Katmani_3 32x32x191 191 6x6 1x1 6x6X71x191 488196
7 Relii katmani_3 32x32x191 - - - - 0
8 Ortalama Ortaklama 8x8x191 - 2x2 4x4 - 0
9 Tam Baglantili Katman 1 1x1x893 - - - 893x12224 10916032
10 Diigiim seyreltme katman1 ~ 1x1x893 - - - - 0
11 Relii katmani_4 1x1x893 - - - - 0
12 Tam Baglantili Katman 2 1x1x50 - - - 50x893 44650
13 Softmax 1x1x50 - - - - 0
14 Smiflandirma Katmani 1x1x50 - - - - 0

Sekil 5. ESC10_ESA32 modelinin birinci evrisim katmanindaki filtreler
Figure 5. Filters in the first convolutional layer of the model ESC10_ESA32

Sekil 6. ESC10_ESA32 modelinin birinci evrisim katmanindaki filtrelerin giris goriintiisiine

uygulandiktan sonra elde edilen 6zellik haritalar:
Figure 6. Feature maps obtained after applying the filters in the first convolution layer of the ESC10_ESA32 model to the input image.
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3.2. ESC10_ESA224 Modeli (ESC10_ESA224 Model)

475

Bu model ESC10 veri setinin 224x224x3 giris goriintii boyutuna sahip veriler i¢in tasarlanmistir.
Modelin tasarim mimarisi Sekil 7’de verilmistir. Bu mimarideki birinci evrisim katmanindaki filtreler Sekil
8 ve bu filtrelerin giris goriintiisiine uygulamasindan sonra elde edilen ozellik haritalar1 Sekil 9'da
verilmistir. Bu mimariye ait biitlin parametreler Cizelge 2’de verilmistir.
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Sekil 7. ESC10_ESA224 modelinin mimarisi
Figure 7. Architecture of model ESC10_ESA224

Tam Baglantili
Katman 2

Cizelge 2. ESC10_ESA224 modelindeki her bir katmana ait parametre degerleri
Table 2. Parameter values for each layer in the ESC10_ESA224 model

. . Toplam
Katman Katman Adi Boyut Filtre - Filtre - Adim Parametreler Parzfmetre
Sirasi Sayis1 Boyutu Sayisi Sayisi
1 Girig Katmant 224x224x3 - - - - 0
2 Evrigim Katmani_1 224x224x28 28 6x6 1x1 6x6x3x28 3024
3 Relii katman1_1 224x224x28 - - - - 0
4 Mak. Ortaklama Katmani_1 111x111x28 - 4x4 2x2 - 0
5 Evrigim Katmani 2 111x111x174 174 2x2 Ix1  2x2x28x174 19488
6 Relii katmani 2 111x111x174 - - - - 0
7 Maksimum Ortaklama 36x36x174 - 6x6  3x3 - 0
Katmani_2
8 Evrisim Katmani 3 36x36x129 129 6x6 Ix1 6x6x174x129 808056
9 Relii katman1_3 36x36x129 - - - - 0
10 Mak. Ortaklama Katmani 3 5x5x129 - 4x4 X7 - 0
11 Evrigim Katmani 4 5x5x80 80 5x5 Ix1  5x5x129x80 258000
12 Relii katmani 4 5x5x80 - - - - 0
13 Tam Baglantili Katman_1 1x1x897 - - - 897x2000 1794000
14 Diigiim Seyreltme Katmani 1x1x897 - - - - 0
15 Relii katmani_5 1x1x897 - - - - 0
16 Tam Baglantili Katman 2 1x1x10 - - - 10x897 8970
17 Softmax 1x1x10 - - - - 0
18 Sniflandirma Katmani 1x1x10 - - - - 0
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Sekil 8. ESC10_ESA224 modelinin birinci evrisim katmamndaki filtreler
Figure 8. Filters in the first convolutional layer of the ESC10_ESA224 model

Sekil 9. ESC10_ESA224 modelinin birinci evrisim katmanindaki filtrelerin giris goriintiisiine

uygulandiktan sonra elde edilen 6zellik haritalar1
Figure 9. Feature maps obtained after applying the filters in the first convolution layer of the ESC10_ESA224 model to the input image.

3.3. URBANSOUNDSK_ESA32 Modeli (URBANSOUNDSK_ESA32 Model)

Bu model URBANSOUNDSK_ESA32 veri setinin 32x32x3 giris goriintli boyutuna sahip veriler igin
tasarlanmigtir. Modelin tasarim mimarisi Sekil 10’da verilmistir. Bu mimarideki birinci evrisim
katmanindaki filtreler Sekil 11 ve bu filtrelerin giris goriintiisiine uygulamasindan sonra elde edilen
Ozellik haritalar1 Sekil 12’de verilmistir. Bu mimariye ait biitiin parametreler Cizelge 3’te verilmistir.
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Sekil 10. URBANSOUNDSK_ESA32 modelinin mimarisi
Figure 10. Architecture of model URBANSOUND8K_ESA32
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Cizelge 3. URBANSOUNDSK_ESA32 modelindeki her bir katmana ait parametre degerleri
Table 3. Parameter values for each layer in the URBANSOUNDSK_ESA32 model

. . Toplam
Katman Katman Adi Boyut Filtre - Filtre = Adim Parametreler Parapmetre

Sirasi Sayis1 Boyutu Sayisi Sayist

1 Girig Katmant 32x32x3 - - - - 0

2 Evrisim Katmani_1 32x32x45 45 5x5 Ix1  5x5x3x45 3375

3 Relii katmani_1 32x32x45 - - - - 0

4 Evrisim Katmani 2 32x32x193 193  8x8 Ix1  8x8x45x193 555840

5 Relii katmani_2 32x32x193 - - - - 0

6 Ort. Ortaklama Katmani 10x10x193 - 3x3 3x3 - 0

7 Evrisim Katmani 3 10x10x139 139  10x10 1x1  10x10x193x139 2682700

8 Relii katman1 3 10x10x139 - - - - 0

9 Tam Baglantili Katman_1  1x1x891 - - - 891x13900 12384900

10 Diigiim Seyreltme Katman: 1x1x891 - - - - 0

11 Relii katmani_4 1x1x891 - - - - 0

12 Tam Baglantili Katman 2 1x1x10 - - - 10x891 8910

13 Softmax 1x1x10 - - - - 0

14 Smiflandirma Katmani 1x1x10 - - - - 0

Sekil 11. URBANSOUNDS8K_ESA32 modelinin birinci evrisim katmanindaki filtreler
Figure 11. Filters in the first convolutional layer of the URBANSOUNDSK_ESA32 model

Sekil 12. URBANSOUNDSK_ESA32 modelinin birinci evrisim katmanindaki filtrelerin giris

goriintiisiine uygulandiktan sonra elde edilen 6zellik haritalar:
Figure 12. Feature maps obtained after applying filters in the first convolution layer of the URBANSOUNDS8K_ESA32 model to the input
image.

3.4. URBANSOUNDSK_ESA224 Modeli (LIRBANSOUNDSK_ESA224 Model)

Bumodel URBANSOUNDSK_ESA224 veri setinin 224x224x3 giris goriintii boyutuna sahip veriler igin
tasarlanmigtir. Modelin tasarim mimarisi Sekil 13’te verilmistir. Bu mimarideki birinci evrigim
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katmanindaki filtreler Sekil 14 ve bu filtrelerin giris goriintiisiine uygulamasindan sonra elde edilen

Ozellik haritalar1 Sekil 15'te verilmistir. Bu mimariye ait biitiin parametreler Cizelge 4’te verilmistir.
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Sekil 13. URBANSOUNDS8K_ESA224 modelinin mimarisi
Figure 13. Architecture of model URBANSOUNDS8K_ESA224
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Cizelge 4. URBANSOUNDSK_ESA224 modelindeki her bir katmana ait parametre degerleri
Table 4. Parameter values for each layer in the URBANSOUNDSK_ESA224 model

Katman Filtre Filtre Adim Toplam
Katman Adi1 Boyut Parametreler Parametre
Sirasi Sayis1 Boyutu Sayisi
Sayis1
1 Girig Katmani 224x224x3 - - - - 0
2 Evrisim Katmani_1 224x224x28 28 6x6 1x1 6x6x3x28 3024
3 Relii katmani_1 224x224x28 - - - - 0
4 Mak. Ortaklama Katmani_1 111x111x28 - 4x4 2x2 - 0
Mak. Ortaklama Katmani_2 36x36x28 6x6 3x3
5 Evrisim Katmani_2 36x36x174 174 2x2 1x1 2x2x28x174 19488
6 Relii katmani_2 36x36x174 - - - - 0
7 Mak. Ortaklama Katmani1_3 11x11x174 - 6x6 3x3 - 0
8 Evrisim Katmani_3 11x11x129 129 6x6 1x1 6x6x174x129 808056
9 Relii katmani_3 11x11x129 - - - - 0
10 Mak. Ortaklama Katmani_4 4x4x129 - 4x4 2x2 - 0
11 Evrisim Katmani_4 4x4x180 180 5x5 1x1 5x5x129x180 580500
12 Relii katmani_4 4x4x180 - - - - 0
13 Tam Baglantih Katman_1  1x1x897 - - - 897x2880 2583360
14 Diigiim Seyreltme Katmani 1x1x897 - - - - 0
15 Relii katmani_5 1x1x897 - - - - 0
16 Tam Baglantih Katman_2  1x1x10 - - - 10x897 8970
17 Softmax 1x1x10 - - - - 0
18 Siniflandirma Katmani Ix1x10 - - - - 0
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Sekil 14. URBANSOUNDSK_ESA224 modelinin birinci evrisim katmanindaki filtreler
Figure 14. Filters in the first convolutional layer of the URBANSOUNDS8K_ESA224 model

Sekil 15. URBANSOUNDSK_ESA224 modelinin birinci evrisim katmanindaki filtrelerin giris

goriintiisiine uygulandiktan sonra elde edilen 6zellik haritalar
Figure 15. Feature maps obtained after applying filters in the first convolution layer of the URBANSOUND8K_ESA224 model to the input
image.

4. DENEYSEL CALISMALAR (EXPERIMANTAL STUDIES)

Bu calismada CSS icin iki farkl veri seti iizerinde farkli ESA modelleri giris goriintii boyutuna gore
egitim islemleri gerceklestirilmistir. 32x32x3 ve 224x224x3 giris goriintii boyutuna sahip veri setleri
iizerinde 10-Kat Capraz Dogrulama (10-Fold Cross Validation) yapilarak modeller egitilmistir. ESA
modellerinin egitilmesi igin Matlab R2020a yazilimimin Derin Ogrenme kiitiiphanesi kullanilmistir.
Yapilan tiim egitim ve test islemleri tizerinde Intel Core i9-7900X 3.30GHzx20 islemci, 64 GB Ram ve 2 x
GeForce RTX2080Ti ekran kart: bulunduran 6zellikte bir bilgisayarda gerceklesmistir. Modellerin egitimi
i¢in kullanilan parametreler Cizelge 5'te verilmistir. Modellerin basar1 dlciitleri dogruluk degerine gore
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yapilmigtir. Bu boliimde her bir modelin egitim asamasindaki elde ettikleri yakinsama grafikleri,

performans degerleri ve literatiirdeki diger calismalarla karsilastirilmas: verilmistir.

Cizelge 5. ESA’larin egitiminde kullamlan parametrelerin degerleri
Table 5. The values of the parameters used in the training of CNNs

Parametre Adi

Parametre Degeri

Optimizasyon algoritmasi

Baslangi¢c 6grenme oramn

Devir sayis1
Paket boyutu

Ogrenme hiz1 diigme faktorii

Ogrenme hiz1 diisme periyodu

SGDM
0.001

50
64
0.8
10

4.1. Basar1 Metrikleri (Performance Metrics)

Bu calismada tasarlanan ESA modellerinin performans olgiitleri karisiklik matrisi [48] kullarularak
elde edilmistir. Karisiklik matrisi yapilacak bir siniflandirma isleminde gercekte olan ve tahmin edilen
siniflar hakkinda bilgi verir. Iki boyutta olan karisiklik matrisi bir boyutu nesnenin gergekte olan sinifini
gosterirken diger boyutu smiflandirict tarafindan tahmin edilen boyutu gosterir [49]. Karisiklik
matrisindeki 6rneklem ifadeleri Sekil 16’da verilmistir.

KARISIKLIK MATRISI

TAHMIN EDILEN DEGER

Pozitif Negatif
E Pozitif Dogru Pozitif Yanls Pozitif
e (TP) (FP)
=)
»
= Yanlis Negatif Dogru Negatif
= Negatif anls Negati ogru Negati
[G] (FN) (TN)

Sekil 16. Karigiklik matrisi

Figure 16. confusion matrix

TP: Pozitif 6rnegin dogru simiflandirilmasi islemidir.
TN: Negatif 6rnegin dogru sinuflandirilmasi islemidir.

FP: Negatif 0rnegin yanlis simiflandirilmasi islemidir.

FN: Pozitif 6rnegin yanls siniflandirilmasi islemidir.

Sekil 16’da verilen karisiklik matrisine gore; Dogruluk (Accuracy), Hassashik (Precision), Duyarlhilik

(Recall) ve F-6l¢iisii (F-measure) sirasiyla Esitlik 1-4’e gore hesaplanmaktadir.

. TP+ TN
Dogruluk = 4o Fp  FN TN
TP
Hassaslik = TP+ FP
TP
Duyarllllk = TP+—FN
. . . 2xDuyarlilik x Hassaslik
F — Olgiisti =

Duyarlilik + hassaslik

M)
@

®)

(4)
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4.2. ESA Modellerin Egitim ve Test Sonugclari (Training and Test Results of CNN Models)

Calismada 10 kat ¢apraz dogrulama kullanildigi igin her bir modelin egitim ve test islemi 10 defa
gerceklestirilmistir. Her bir egitim isleminde verilerin %90'n1 egitim, geriye kalan %10'nu test icin
kullanilmigtir. Modellerin egitim asamasinda elde ettigi yakinsama grafikleri hep benzer sonuglar verdigi
i¢cin bu ¢alismada sadece ilk egitim sonucundaki grafikler verilmistir. Benzer sekilde, her bir egitimdeki
test sonucunda elde edilen karigiklik matrisi (biitiin modeller icin toplam 40 matris) vermek yerine
bunlarin toplamindan olusan karigiklik matrisi verilmistir. Ornegin ESC10_ESA224 modeli on kez
calistirilarak on farkli karisiklik matrisi elde edilmistir. Bu on matris toplanarak tek bir matris haline
getirilerek makalede sunulmustur. Boylelikle her bir sesin egitim sonucunda dogru simiflandirilan 6rnek
sayist ile yanlis siniflandirilan 6rnek sayisinin toplami elde edilmistir. Bu matris tizerinden ortalama
performans metrikleri hesaplanmistir. Literatiirde ¢alismanin yapildig1 veri setleri de 10 kat capraz
dogrulama yapilacak sekilde hazirlandigindan bu ¢alismada da adil bir karsilastirma i¢in benzer sekilde
deneysel caligmalar yapilmistir. Ayrica derin 6grenmenin en popiiler modellerinin giris goriintii boyutu
genellikle 224x224x3 oldugu icin veri setleri bu boyutta elde edilmistir. Bu boyuta ilaveten daha az veri ile
daha yiiksek dogruluk degerlerinin elde edilmesini arastirmak igin ikinci bir boyut olarak 32x32x3
goriintii boyutu secilmistir. Bu goriintii boyutlar {izerinde elde edilen sonuglari asagida detayl olarak
verilmistir.

4.2.1. ESC10 veri setinde goriintii boyutu 32x32x3 i¢in elde edilen sonugclar (Results for image size 32x32x3 in
ESC10 dataset)

ESC10 veri seti tizerinde ESC10_ESA32 modelinin egitim asamasinda ilk egitim sonucunda elde ettigi
yakinsama grafigi Sekil 17'de verilmistir. Egitim asamasinda her bir dogrulama sonucu elde edilen
matrislerin toplamindan elde edilen karisiklik matrisi ise Sekil 18’de sunulmustur.
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Sekil 17. ESC10_ESA32 modelinin egitim asamasindaki yakinsama grafigi
Figure 17. Convergence graph of ESC10_ESA32 model in training

Sekil 17’de modellerin egitim esnasinda ezberleme yapmadan daha iyi yakinsama gerceklestirdikleri
goriilmiistiir. ESC10_ESA32 modelinin 10-kat ¢apraz dogrulama sonucunda Sekil 18'de elde edilen
karnigiklik matrisine bakildiginda, ortalama dogruluk orani %80.75’tir. En yiiksek dogruluk sinifiin 40
dogrulama goriintiisiiniin 37 tanesini dogru etiketleyerek %92.50 basar1 oram elde edilen horoz sesi
oldugu anlasilmistir. En diistik siniflandirma ise %60 ile saat tik-tak sesi oldugu goriilmiistiir. Yapilan
degerlendirmede en ¢ok bu simifa ait kentsel sesin diger ses siniflariyla karistirildig1 anlagilmistir. Genel
olarak ESC10_ESA32 modeli, saat tik-tok sesi, dalga sesi ve kopek havlama sesi disindaki diger simiflarda
%80 tizeri bir dogruluk orani ile siniflandirma islemi yaptig1 goriilmiistiir.
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Sekil 18. ESC10_ESA32 modelinin egitimindeki dogrulama verisinden elde edilen on matrisin toplamini

ifade eden karigiklik matrisi. Bu modelin ortalama dogruluk degeri %80.75'tir.
Figure 18. Confusion matrix, which is the sum of the ten matrices obtained from the validation data in the training of the
ESC10_ESA32 model. The average accuracy of this model is 80.75%

4.2.2. ESC10 veri setinde goriintii boyutu 224x224x3 icin elde edilen sonuglar (Results for image size 224x224x3

in ESC10 dataset)

ESC10 veri seti lizerinde ESC10_ESA224 modelinin egitim agamasinda ilk egitim sonucunda elde
ettigi yakinsama grafigi Sekil 19'da verilmistir. Sekil 19’a bakildiginda modellerin egitim esnasinda
ezberleme yapmadan daha iyi yakinsama gerceklestirdikleri goriilmiistiir. Egitim asamasinda her bir
dogrulama sonucunda elde edilen 10 matrisin toplamindan elde edilen karisiklik matrisi ise Sekil 20’de

verilmigtir. Bu matris iizerinden ortalama performans metrikleri hesaplanmisgtir.
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Sekil 19. ESC10_ESA224 modelinin egitim asamasindaki yakinsama grafigi
Figure 19. Convergence graph of ESC10_ESA224 model in training
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Sekil 20. ESC10_ESA224 modelinin egitimindeki dogrulama verisinden elde edilen on matrisin

toplamini ifade eden karisiklik matrisi. Bu modelin ortalama dogruluk degeri %82.25'tir.
Figure 20. Confusion matrix, which is the sum of the ten matrices obtained from the validation data in the training of the

ESC10_ESA224 model. The average accuracy of this model is 82.25%.
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Sekil 20'de gosterilen ESC10_ESA224 modelinin egitim asamasinda her bir dogrulama sonucu elde
edilen matrislerin toplamindan elde edilen karsiklik matrisine bakildiginda, ortalama dogruluk oram
%82.25'tir. En yiiksek dogruluk siifinin 40 goriintiiniin 36 tanesini dogru etiketleyerek %90 basar1 orani
elde edilen ates kivileim sesi oldugu anlasilmistir. En diisiik siruflandirma ise %75 ile helikopter sesi
oldugu goriilmiistiir. Yapilan degerlendirmede en ¢ok bu sinifa ait kentsel sesin diger ses simniflariyla
kanistirildigr anlasiimistir. Genel olarak ESC10_ESA224 modeli, deniz dalga sesi ve helikopter sesi

disindaki diger siniflarda %80 iizeri bir dogruluk oran ile simiflandirma islemi yaptig1 goriilmiistiir.

4.2.3. Urbansound8k veri setinde goriintii boyutu 32x32x3 i¢in elde edilen sonuglar (Results for image size

32x32x3 in Urbansound8k dataset)

UrbanSound8K veri seti tizerinde URBANSOUNDSK_ESA32 modelinin egitim asamasinda elde
edilen yakinsama grafigi Sekil 21’de verilmistir. 10 kat caprazlama sonucunda elde edilen her bir matrisin

toplamindan elde edilen karisiklik matrisi ise Sekil 22’de sunulmustur.
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Sekil 21. URBANSOUNDSK_ESA32 modelinin egitim asamasindaki yakinsama grafigi

Figure 21. Convergence graph of URBANSOUNDS8K_ESA32 model in training phase
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Sekil 22. URBANSOUNDSK_ESA32 modelinin egitimindeki dogrulama verisinden elde edilen on

matrisin toplamini ifade eden karisiklik matrisi. Bu modelin ortalama dogruluk degeri %88.60tir.

Figure 22. Confusion matrix, which is the sum of the ten matrices obtained from the validation data in the training of the
URBANSOUNDSK_ESA32 model. The average accuracy of this model is 88.60%

URBANSOUNDSK_ESA32 modelinin $Sekil 22’de elde edilen karisiklik matrisine bakildiginda,
ortalama dogruluk orani %88.60 olarak elde edilmistir. En yiiksek dogruluk simfinin 374 gériintiiniin 360
tanesini dogru etiketleyerek %96.30 basar1 orani elde edilen silah atis sesi oldugu anlasilmistir. En diisiik
siniflandirma ise %76.90 ile ara¢ korna sesi oldugu goriilm{istiir. Yapilan degerlendirmede en ¢cok bu sinifa
ait kentsel sesin diger ses smiflariyla karistirildig: anlasilmistir. Genel olarak URBANSOUNDSK_ESA32
modeli, ara¢ korna sesi disindaki diger siniflarda %80 {izeri bir dogruluk orani ile smiflandirma islemi

yaptig1 goriilmiistiir.

4.2.4. Urbansound8k veri setinde goriintii boyutu 224x224x3 icin elde edilen sonuclar (Results for image

size 224x224x3 in Urbansound8k dataset)

UrbanSound8K veri seti tizerinde URBANSOUNDSK_ESA224 modelinin egitim asamasinda elde
edilen yakinsama grafigi Sekil 23'te ve 10 kat caprazlama sonucunda elde edilen matrislerin toplamini

ifade eden karisiklik matrisi ise Sekil 24’te verilmistir.
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Sekil 23. URBANSOUNDSK_ESA224 modelinin egitim asamasindaki yakinsama grafigi
Figure 23. Convergence graph of URBANSOUNDS8K_ESA224 model in training phase
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Sekil 24. URBANSOUNDSK_ESA224 modelinin egitimindeki dogrulama verisinden elde edilen on

matrisin toplamini ifade eden karisiklik matrisi. Bu modelin ortalama dogruluk degeri %84.33"tiir
Figure 24. Confusion matrix, which is the sum of the ten matrices obtained from the validation data in the training of the
URBANSOUNDSK_ESA224 model. The average accuracy of this model is 84.33%.

URBANSOUNDSK_ESA224 modelinin Sekil 24'te elde edilen ortalama dogruluk oranina sahip
karisiklik matrisine bakildiginda, ortalama dogruluk oran1 %84.33 oldugu ve en yiiksek dogruluk
sinifinin 374 goriintiiniin 360 tanesini dogru etiketleyerek %96.30 basar1 orani elde edilen silah atis sesi
oldugu anlagilmistir. En diisiik siniflandirma ise %68.80 ile ara¢ korna sesi oldugu goriilmiistiir. Yapilan
degerlendirmede en ¢ok bu sinifa ait kentsel seslerin diger ses siniflariyla karistirildig anlagilmagtir.
Genel olarak URBANSOUNDSK_ESA224 modeli, ara¢ korna sesi, oyun oynayan ¢ocuk sesleri ve sokak
miizik sesleri disindaki diger siiflarda %80 {izeri bir dogruluk oran ile siniflandirma islemi yaptig:
gorilmiistiir.

Caligmada tasarlanan dort farkli ESA modelinin farkh goriintii boyutuna sahip veri setleri {izerinde
elde ettigi performans metriklerinin ortalama sonuglar1 Cizelge 6'da verilmistir. Cizelgeye gore ESC10
veri seti i¢in en yiiksek dogruluk, Hassaslik, Duyarlilik ve F &lgiisii degerleri sirasiyla %82.25, %82,25,
%82.51 ve %82.30 olarak elde edilmistir. Urbansound8K veri setinde ise bu oranlar sirasiyla %88.61,
%88.44, %88.86 ve % 88.62 olarak elde edilmistir.

Cizelge 6. Onerilen modellerin elde ettigi performans metriklerinin ortalama degerleri (%)
Table 6. Average values of performance metrics obtained by the proposed models (%)

Onerilen Model Ad1 Dogruluk Hassaslik Duyarlilik F Olgiisii
ESC10_ESA32 80.75 80.75 80.83 80.61
ESC10_ESA224 82.25 82.25 82.51 82.30
URBANSOUNDSK_ESA32  88.61 88.44 88.86 88.62
URBANSOUNDSK_ESA224 84.33 84.21 84.62 84.39

4.4. Diger Calismalar ile Karsilastirilmasi (Comparison with Other Studies)

Cevresel seslerin simiflandirilmast ile ilgili literatiirde birden fazla ¢alismanin oldugu bilinmektedir.
Bu calismada kullamilan veri setleri iizerinde yapilan calismalar cizelgeler halinde verilmistir.
Cizelgelerdeki calismalarda, gelistirilen modeller 224x224x3 giris goriintii boyutuna sahip modellerdir.
Cizelge 7'de ESCI10 veri seti iizerinde yapilan bazi ¢alismalar gosterilmigtir. Cizelge 7’e bakildiginda
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Onerilen yontemin digerlerinden daha basarili oldugu goriilmektedir. UrbanSound8K veri seti i¢in
gelistirilen modelin literatiirdeki diger modellerle karsilastirilmas: Cizelge 8'de verilmistir. Cizelge 8'e
bakildiginda 6nerilen modelin diger modellerden ¢ok daha bagarili oldugu goriilmektedir.

Cizelge 7. ESC10 veri seti ilizerinde yapilan ¢alismalarin karsilagtirilmasi
Table 7. Comparison of studies on ESC10 dataset

Dos
Calismay1 Yapanlar - Referans Kullarmilan Yontem ( (;) g);ruluk
Karol J. Piczak - [26] SVM 80

Pillos ve ark. - [50] Random Forest Multi-Layer 74.5

Su ve ark. - [32] MC-Net 72
Salamon ve Bello - [27] SB-ConvNets 72
Salamon ve Bello - [20] Spherical k-means 74

Zhu ve ark. Multitemp 74

Karol J. Piczak - [26] ESA 80.5
Karol J. Piczak - [47] Ensemble (Random forest) 72.7
Khamparia ve ark. - [51] Spectrogram Images (ESA + TDSN) 56.0
Onerilen Model (ESC10_ESA224) ESA 82.25

Cizelge 8. UrbanSound8K veri seti tizerinde yapilan ¢alismalarin karsilastirilmasi
Table 8. Comparison of studies on UrbanSound8K dataset

Calismay1 Yapanlar - Referans Kullarulan Yontem Dogrul(t(l)/l:)Degerl
Yan Chen ve ark. - [35] Dilated convolution %78

Karol J. Piczak - [26] ConYolutional layers with max- ou7a

pooling

Justin Salamon ve Juan Pablo Bello - [52] Unsupervised feature learning %73.6
Nelauzjon Maxudoy ve ark. - [53] Long segments/majority voting %71.8
Justin Salamon ve ark. - [41] Baseline system %68

Karol J. Piczak - [26] ESA 73.7

Inik ve Seker - [54] ESA 82.5
Onerilen Model (URBANSOUND_ESA32) ESA 88.60

SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Yapilan ¢alismada iki farkli CSS veri setinin siniflandirilmasi igin 6zgiin derin 6grenme mimarileri
gelistirilmistir. Bu veri setleri sirasiyla ESC10 ve UrbanSound8K veri setleridir. Bu veri setleri literatiirde
CSS icin iyi olusturulmus arastirma veri setleridir. Bu veri setlerindeki ¢evresel sesler sinyal formatindan
goriintii formatina doniistiiriilmiistiir. Bu verilerden 32x32x3 ve 224x224x3 boyutlarinda iki farkli veri seti
i¢cin toplamda dort veri seti olusturulmustur. Bu veri setleri i¢in ESC10_ESA32, ESC10_ESA224,
URBANSOUNDSK_ESA32 ve URBANSOUNDSK_ESA224 adinda ESA modelleri gelistirilmistir. Bu
modeller 10-kat ¢apraz dogrulama yapilarak veri setleri ile egitilmistir.

ESC10_ESA32 modeli ortalama dogruluk orani %80.75 olarak elde dilmistir. Bu modelin elde ettigi en
yliksek dogruluk oram %92.50 ile horoz sesi sinfi iken en diisiik orani %60 ile saat sesi olmustur.
ESC10_ESA224 modelinin elde ettigi ortalama dogruluk orani %82.25’dir. Bu model kivilcim seslerini %90
basar ile en yiiksek dogruluk orani ile simflandirmasia karsin %75 ile helikopter sesini en diisiik
dogruluk oraninda yapmustir. Yapilan degerlendirmede ESC10 veri seti tizerinde giris goriintii boyutunun
224x224x3 olmas1 dogruluk oranimni artirdigi goriilmiistir. URBANSOUNDSK_ESA32 modelinin elde
ettigi ortalama dogruluk degeri %88.60 olmustur. Bu model silah sesini %96.30'luk bir dogruluk oram ile
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en yiiksek seviyede smuflandirmistir. Korna simfim ise en %76.90 gibi diisiik oranda siniflandirmistir.
URBANSOUNDSK_ESA224 modelinin elde ettigi ortalama dogruluk orami ise %84.33 oldugu
goriilmiistiir. Bu model en yiiksek dogruluk oranini %96.30 ile silah sinifinda en diisiik %68.8 oraninda
korna sinifinda elde etmistir. ESC10 veri setinden farkli olarak UrbanSound8K veri setinde giris gortintii
boyutu diisiik olan model daha yiiksek dogruluk oram elde edilmistir.
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OZ: Thlamur, yapisindaki 6nemli biyoaktif maddelerden (antioksidan, fenolik bilesikler) dolay1 saglik
acgisindan 6nemli bir tiirdiir. Kurutulduktan sonra 6zellikle ¢ay olarak tiiketimi oldukga yaygindir. Bu
calismada, konvektif (KK) ve modifiye sicaklik kontrollii mikrodalga (SKM) kurutma firininda 40, 45 ve
50 °C sicakliklarinda ihlamur kurutulmustur. Kurutma iglemlerinde ithlamur 6rnekleri 3.21+0.19 nem
degerinden 0.12+0.02 g nem/g kuru madde nem degerine kadar kurutulmustur. KK isleminde belirtilen
sicakliklar i¢in thlamur 6rnekleri sirasiyla 23.5, 15 ve 8.5 saatte kurumustur. SKM isleminde ise belirtilen
sicakliklar icin sirasiyla 8.25, 3.75 ve 2.25 saatte kurumustur. KK yonteminde tespit edilen ortalama
kuruma oram degerleri 0.004025-0.008274 g nem/g kuru madde.dakika, SKM yonteminde ise ortalama
0.006178-0.0228 g nem/g kuru madde.dakika degerleri arasinda degismistir. Efektif difiizyon degerleri
KK isleminde 1.46x10-6.02x10¢ m?/s arasinda, SKM isleminde ise bu deger 1.06x10-¢-2.35x107 m?/s
arasinda degistigi belirlenmistir. Aktivasyon enerji degerleri KK ve SKM islemleri i¢in sirasiyla 74.50 ve
122.47 kJ/mol olarak hesaplanmustir. Renk kalitesi agisindan en uygun (p<0.05) kurutma islemi olarak
SKM yontemi tespit edilmistir. KK ve SKM yontemlerinde buharlasma enerji degerleri sirasiyla 0.6998-
0.8312 ve 0.5267-0.6497 kWh degerleri arasinda degismistir. Bu ¢alismada thlamurun kuruma kinetigj,
renk kalitesi ve buharlasma enerji parametreleri agisindan kurutma yontemi olarak modifiye edilen
sicaklik kontrollii mikrodalga (SKM) 6nerilmektedir.

Anahtar Kelimeler: Kurutma Islemleri, Mikrodalga Kurutma, Kuruma Kinetigi, Efektif Difiizyon-Aktivasyon
Enerji, Kalite Ozelligi, Buharlagma Enerjisi

Investigation of Some Physio-Chemical Properties of Lime Dry in a Convective and Modified
Temperature Controlled Microwave Oven

ABSTRACT: Linden is an important species for health due to the important bioactive substances
(antioxidant, phenolic compounds) in its structure. After drying, it is widely consumed, especially as tea.
In this study, linden was dried at 40, 45 and 50 °C temperatures in a convective (CD) and modified
temperature controlled microwave (TCM) drying oven. In the drying processes, linden samples were
dried from a moisture value of 3.21+0.19 to 0.12+0.02 g moisture/g dry matter moisture value. For the
temperatures specified in the CD process, the linden samples were dried in 23.5, 15 and 8.5 hours,
respectively. In the TCM process, it dried in 8.25, 3.75 and 2.25 hours, respectively, for the specified
temperatures. The average drying rate values determined in the CD method ranged from 0.004025-
0.008274 g moisture/g dry matter.minute, and in the TCM method, the average values between 0.006178-
0.0228 g moisture/g dry matter.minute. It was determined that the effective diffusion values changed
between 1.46x105-6.02x10¢ m?/s in the CD process and between 1.06x10-6-2.35x107 m?/s in the TCM
process. Activation energy values were calculated as 74.50 and 122.47 kJ/mol for CD and TCM processes,
respectively. TCM method was determined as the most suitable (p<0.05) drying process in terms of color
quality. Evaporation energy values in the CD and TCM methods varied between 0.6998-0.8312 and
0.5267-0.6497 kWh, respectively. In this study, a modified temperature controlled microwave (TCM)
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drying method is recommended in terms of drying kinetics, color quality and evaporation energy
parameters of linden.

Keywords: Drying Processes, Microwave Drying, Drying Kinetics, Effective Diffusion-Activation Energy,
Quality Property, Evaporation Energy

1. GIRIS AINTRODUCTION)

Aromatik bitkiler yapilarindaki biyoaktif maddelerden dolay:1 saglik problemlerinin iyilesmesine
onemli katkilar saglamaktadir. Son yillarda tiiketimi artan aromatik bitkileri iilkelerin tarim sektoriinde
onemli gelir kaynaklar1 arasinda yer almaktadir. Bununla birlikte FAO (Gida ve Tarim Orgﬁtﬁ)
raporuna gore {iretilen ilaglarin ortalama % 30'unda tibbi/aromatik bitkilerden {iiretilen bilesiklerin
oldugu bildirilmistir [13-6]. Comtrade [7] ve TUIK [30], yil1 verilerine gore Diinya toplam aromatik bitki
ihracat degerinin 207.475.944 dolar ithalat degerinin ise 205.887.100 dolar oldugunu bildirmislerdir.
Diinya’da bulunan 250.000 damarh bitki tiirtiniin yaklasik 85.000" inin tibbi 6zelliklere sahip oldugu
bilinmektedir. Tiirkiye’de ise 500" ii tibbi ve aromatik ozellikte oldugu ve bu degerin 200" iiniin ticari
potansiyeli oldugu belirtilmistir [6]. Aromatik bitkilerden birisi de kurutulduktan sonra gay1 demlenerek
tiiketilen ve analjezik, sakinlestirici etkisi olan thlamur (Tilia platyphyllos Scop.) bitkisidir [32]. Thlamur
yapisinda bulunan fenolik bilesikler, flavanoid maddelerinden dolay1 1sisal reaksiyonlardan ¢ok fazla
etkilenmektedir [23]. Kurutma sartlarinin iyi belirlenmemesi enzimatik olmayan renk kayiplarin
meydana getirmektedir. Bu durum ticari degerini ciddi oranda azaltmaktadir.

Kurutma termal islemle {iriinlerdeki nem igeriginin azaltilmasi islemidir. Buradaki temel amag,
oksidatif ve enzimatik reaksiyonlarla gerceklesebilecek bozulmalarin engellenmesi ve iiriiniin tat, aroma
ve renk Ozelliklerinin korunmasidir [5]. Bu amac1 gergeklestirirken uygulanan bir ¢ok kurutma yontemi
vardir. En eski bilineni agikta giines ya da golge ortamina serilerek yapilan kurutma seklidir. Bu yontem
ucuz ve pratik olmasma ragmen kuruma siiresinin ¢ok uzun olmasi, homojen nem igerigine sahip
olmayan son kuru iiriin eldesi, cevre kosullarindan olumsuz etkilenme (hijyen olmayan durumlar) gibi
olumsuz yonleri vardir [9]. Agikta yapilan kurutma islemlerinde nitel ve nicel kay1p orani yaklasik % 30-
40 oraninda oldugu bildirilmistir [4]. Acikta kurutma islemlerinde karsilasilan sorunlar1 azaltmak igin
yapay kurutucular daha yaygin kullanilmaya baglanmistir. Bu sebeple kurutma endiistrisinde en yaygin
kullanilan kurutma yontemlerinden biriside konvektif sicak havali ve mikrodalga kurutuculardir [27].
Konvektif sicak havali kurutma isleminde acgikta kurutmaya gore kuruma siiresi daha kisa olmakta,
giivenli depo edilebilir nem degerine daha kolay diisiiriilebilmekte ve iiriiniin son kalite degerlerinde
daha iyi sonuglar alinmaktadir. Ancak mikrodalga kurutuculara gore termal iletkenligi daha diisiiktiir.
Bu durum kuruma siiresini uzatmaktadir [11]. Mikrodalga kurutma islemlerinde ise sicaklik iiriiniin ig
kismindan dis kismina dogru oldugu i¢in enerji ve 1s1 dagilimi konvektif kurutuculara gore daha
tiniform olmaktadir. Bunun yaninda enerji tiiketimi ve suda ¢oziinebilir kuru madde kayiplar1 konvektif
kurutuculara gore daha az seviyede kalmaktadir [12]. Fakat mikrodalga kurutma islemlerinde gii¢ (W)
degeri ayarlanarak calistig1 i¢in iiriinde olusturdugu sicaklik degerleri yiiksek olmaktadir. Bu durum
renk kayiplarina ve iiriin yiizeyindeki keskin koselerde yanmalara sebebiyet vermektedir. Bu sebeple
calismanin amaci imal edilen sicaklik kontrollii mikrodalga kurutucunun performansini kurutulan {iriin
agisindan test etmek ve kurutma islemlerin ihlamurun kuruma, buharlasma enerjisi ve kalite
Ozelliklerine etkisi arastirilarak literatiire katk: saglamaktur.

Bu ¢alismada, thlamur sicak havali konvektif kurutucu ve sicaklik kontrollii mikrodalga kurutucuda
(40, 45, 50 °C) kurutarak iiriintin; (1) kuruma-nem oranlari, (2) efektif difiizyon-aktivasyon enerjisi, (3)
kuruma modeli, (4) buharlasma enerjisi, (5) renk degerleri tespit edilmistir.
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2. MATERYAL ve YONTEM (MATERIAL AND METHOD)
2.1. Materyal (Material)

Calisma kapsaminda kullanilan thlamurlar Tokat Gaziosmanapasa Universitesi Ziraat Fakiiltesi
bahgesinde bulunan agaclardan haziran ayinda hasat edilmistir. Ihlamur yiginindaki yaprak, dal gibi
yabanci materyaller ayiklandiktan sonra nem kaybetmemesi igin iki giin boyunca buzdolabi
kosullarinda +4+0.5 °C sicaklikta muhafaza edilmistir.

2.2. Kurutma Cihazlar1 (Drying Devices)

Ihlamurlarin kurutulmasi igin Simsek laborteknik marka-ST-055 model sicak havali kovektif
kurutucu kullanilmistir. Kurutulan 6rneklerin agirlik degisimini takip etmek i¢cin AND marka GF-300
model hassas terazi (0.01 g) kullanilmistir. Mikrodalga kurutucu ise sicaklik kontrollii olup kurutulan
uriin ylizendeki olusan sicaklik degerini 6l¢gme prensibi ile ¢alismaktadir (Sekil 1).

a)

Sekil 1. Kurutucular; a) Modifiye edilen sicaklik kontrollii mikrodalga, b) konvektif

Figure 1. Dryers; a) Modified temperature-controlled microwave, b) convective

Kenwood marka 13]28 model mikrdoalga firin iizerine teknik ozellikler dikkate almarak Optris
marka temassiz kizil Otesi sicaklik sensorii monte edilmistir. Mikrodalga firin igerisinde yer alan
kurutma materyali donen bir cam tepsi {izerine konularak kurutulmustur. Kullanilan mikrodalga firin
230 V, 50 Hz, 800 W teknik ozelliklere sahiptir. Bunun yaninda 2450 MHz 6zelligine sahiptir. Kurutma
materyalinin ytizey sicakligl temassiz kizilotesi sicaklik sensorii (1) ile dlciilmektedir. Olgiilen degerler
kontrol paneline (2) iletilmektedir. Uriiniin yiizey sicaklig1i kontrol panelinde ayarlanan kurutma
sicakligina ulastiginda mikrodalga firin otomatik olarak durmakta ve kontrol panelinde 6n denemede
belirlenen dinlenme siiresi kadar beklemektedir. Uriin sicakligi 15 saniye dinlenme siiresi sonunda
belirlenen kurutma sicakligimin altina diistiigiinde (+2 °C) mikrodalga firin (3) tekrar otomatik olarak
calismaya baslamaktadir. Eger bu siire igerisinde iiriin sicakligi kurutma sicakliginin alt degerine
diismedigi durumda belirlenen siire kadar daha kurutucu calismadan beklemektedir. Uriiniin nem
icerigi % 10 (y.b.) seviyesine kadar 15er dakika siire araliklarinda firindan c¢ikartilip tartilmistir.
Kurutma islemi, {iriin nem igerigi belirlenen kritik nem degerine diisene kadar bu sekilde devam
etmektedir [29-22].

2.3. I"Jriin Nem igerigi (Product Moisture Content)
Uriiniin nem tayinini belirlemek icin 70 °C sicakliga ayarlanmus [15], firinda (Simsek laborteknik

marka-ST-055 model) agirlik degisimi sabitlenene kadar kurutulmustur. Ihlamurun ilk nem igerigi yas
baza (y.b.) gore belirlenmesi i¢in 1 numarali esitlik kullanilmistir [33].
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N =M1 10 M

Burada: M;; Tlk agirlik (g), My; son agirlik (g).
2.4. Kuruma Orani (DR) (Dry Ratio)

Ihlamur orneklerinin kurutma oranlarinin belirlenmesi i¢in 2 numarali esitlik kullanilmigtir [10].

DR = Me-Mevar (2)

dt

Burada: Mg, t anindaki nem igerigi (g nem/g kuru madde), dt; dakika, DR; kuruma orani (g nem.g
kuru madde dakika).

2.5. Nem Orani (MR) (Moisture Ratio)

Kurutma islemi esnasindaki thlamurdan uzaklasan nem miktarinin siireye bagh oran degerlerini
belirlemek icin 3 numaral esitlik kullanilmistir [19].

MR = M—-M,

T Mg-M,

(©)

Burada: MR; Nem orani, M; Uriiniin anlik nem icerigi [(g nem/g kuru madde)], Me; Uriiniin denge
nem igerigi [(g nem/g kuru madde)], Mo; Uriiniin ilk nem igerigidir. [(g nem/g kuru madde)]. En uygun
ince tabaka kuruma modelini belirlemek i¢in kullanilan esitlikler (4-6) arasinda verilmistir.

2.6. Matematiksel Modelleme (Mathematical Modeling)

Tespit edilen siireye bagli deneysel nem orani degerleri ince tabakali matematiksel modellerde
islenerek nem orani-siire iliskisini tespit etmek i¢in en uygun model belirlenmistir. Calisma kapsaminda
literatiirde en yaygin olarak kullanulan modellerden bazilar1 segilmistir. Bu modeller literatiirde en
yaygin kullanilanlar arasinda oldugu ve iyi sonuglar alindig; igin tercih edilmistir.

Lewis MR = exp(—k.t) [18] 4)
Jena-Das MR = k.exp(—h.t + j(t°%) + m) [34] (5)
Wang-Sing MR =1+ k.t +h.t? [31] (6)

Burada: h, j, k, m; modellere ait katsayilar, t; siire
2.7. Efektif Difiizyon-Aktivasyon Enerjisi (Effective Diffusion-Activation Energy)

Kurutma islemlerinde thlamurdan uzaklasan nemin efektif kiitle difiizyon degerlerini hesaplamak
icin 7 numarali esitlik kullanilmistir [8].

_ i _ 7"72'Deff-t
InMR = ln— ———~"— (7)

Burada: Def; efektif difiizyon degerini (m2/s), L; tiriiniin kalinlik degerinin (m) yarisini temsil
etmektedir.
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Uriin kalinlik degeri kumpas (0.01 mm) aracihigiyla kiigiik bir yiginin yataydaki ortalama degeri
tespit edilmistir. Uriin kalinhig1 0.01+0.0035 m olarak tespit edilmistir. Thlamurdan kurutulan sartlar
altinda bir mol nem uzaklastirabilmek igin gerekli aktivasyon enerji degeri ise 8 numarali esitlik
kullanilarak tespit edilmistir.

Detrepoexn(-E4) ®
Burada: R; gaz sabiti (8.3143 kJ/mol K), Ea; akitvasyon enerjisi (kJ/mol) ve T (K°); kurutma havasi
sicakligl, Do; difiizyon katsayisini temsil etmektedir.

2.8. Buharlasma Enerjisi (BE) (Evaporation Energy)

Kurutma islemlerinde thlamurdan buharlasan nemin enerji degerini hesaplamak i¢in 9 numaral
esitlik kullanilmistir [2].

Qw = hgy Xm,, )

hfg = 2.503 x 10° — 2.386 x 10 x (T, — 273.16)
273.16 < T,4(K) < 338.72

hrg = V(7.33 X 102 — 1.60 x 107 X T)
338.72 < T, < 533.16

Burada: Qw; buharlasma enerjisi (kWh), hfg; buharlasma gizli enerjisi (kJ/kg), mw; buharlasan nem
miktar1 (kg). Te; kurutma sicakligs (°K).

2.9. Renk Degeri (Color Value)

Taze ve kurutulan thlamur 6rneklerinin parlaklik (L), kirmizi/yesil (a) ve sari/mavi (b) degerlerini
dlgmek icin CR400 model/Japan renk dl¢iim cihazi kullamilmistir. Olgiilen degerler laboratuvar degerler
olup bunlar kullanilarak kroma, hue ve toplam renk degisim degerleri hesaplanmistir (10-12). Kroma
degeri iirliniin renk tonunu belirtirken solgun iiriinlerde diisiik kaliteli {iriinler ise yiiksek degerler
hesaplanmaktadir. Hue degeri iiriin renk degerlerinin 360%lik bir radyanttaki yerini belirtmektedir. Sinir
agis1 degerlerinden 0% kirmizi, 180 yesil, 90 ¢; sar1 ve 270% mavi ana renkleri temsil etmektedir. Toplam
renk degisim degeri ise kurutma islemlerinde 1siyla parcalanan (enzimatik olmayan) renk
pigmentlerinin toplam degisimini gostermektedir. Hesaplanan renk degerlerini daha ¢ok ticari degeri ve
tiikketici igin karar verici olmasi agisindan onemlidir. Bu degerleri hesaplamak igin (10-12) esitlikler

kullanilmistir.
2 | p2y1R2 (10)
Kroma C= (a +b ) [25]

b

Hue °=tan"1(—
R =tan™ Q) [1] (11)
N _ 2 2 2 [28] (12)

Renk degisimi AE = |[L-L*?*+(a—-ax)?+((b-bx

L* a* ve b* degerleri kurutulmus ithlamur orneklerinin parlaklik, kirmizilik ve sarilik renk
degerlerini gostermektedir.

2.10. Belirsizlik Analizi (Uncertainty Analysis)

Kurutma islemi ve 6lglim asamalarinda gerceklesen standart sapma degerlerinden kaynakli toplam
belirsizlik degerini hesaplamak igin 13 numaral: esitlik kullanilmistir [20-16].
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W, = VI(X)? + (X2)? + (Xz)? + -+ (X,)? 13)
X1; X2; X3; ... Xn Olglim aletlerinin hassasiyetlik degerlerinin gostermektedir.
2.11. istatistiksel Analiz (Statistical analysis)

Kurutulan ithlamur 6rneklerinin matematiksel modellerini olusturmak icin (P<0.05) SigmaPlot 10.
Programi kullanilmistir. Calisma kapsaminda elde edilen bulgular istatistiksel agidan degerlendirmek
i¢in SPSS 17. programinda Duncan ¢oklu karsilastirma testi (P<0.05) yapilmustir.

3. BULGULAR VE TARTISMA (RESULTS AND DISCUSSION)
3.1. Nem ve Kuruma Orani (Moisture and Dry Ratio)

Konvektif (1) ve imal edilen sicaklik kontrollii mikrodalga (2) kurutucu ile kurutulan ithlamur
orneklerinin kuruma egrileri Sekil 2’de verilmistir.

Ihlamur orneklerinin nem degeri 3.21+0.19'den 0.12+0.02 g nem/g kuru madde degerine kadar
kurutulmustur. Sekil 2’ye gore, imal edilen sicaklik kontrollii mikrodalga kurutucu ile ihlamurlar
istenilen nem diizeyine daha kisa siirede ulagmustir. Sicaklik kontrollii mikrodalgada kurutucu konvektif
kurutucuya gore kuruma siiresini % 69.69 oraninda azaltmustir. Kurutma sicakliginin artmasiyla tiriiniin
hem nem orani hem de kuruma orani degerleri artmistir. Kurutma sicakliginin artmasi birim zamanda
daha fazla nem uzaklastirmistir. Bu olay kuruma oranmin artirmistir. Sicaklik kontrollii mikrodalga
kurutucuda thlamur 6rnekleri konvektif kurutucuya gore daha hizli kurumustur. Konvektif kurutma
isleminde tespit edilen en yiiksek kuruma oram 0.0252 g nem/g kuru madde.dakika olarak tespit
edilirken sicaklik kontrollii mikrodalga kurutucuda bu deger 0.0814 g nem/g kuru madde.dakika olarak
tespit edilmistir. Modifiye edilen sicaklik kontrollii mikrodalga kurutucu thlamurun kuruma oranimni %
69.04 oraninda artirmistir. Kuruma ve nem orani parametreleri igin sicaklik kontrollii mikrodalga
kurutucu performansinin daha iyi olmasi 1s1y1 direkt iiriin igerisinde olusturarak kiitle difiizyonunun
daha efektif bir sekilde gerceklesmesine neden oldugu diisiiniilmektedir. Nguyen ve dig. [21], limon
otunu konvektif bir kurutma firiminda 50, 55, 60 ve 65 °C sicakliklarda kuruttugu calismada kuruma
siiresi degerlerine sicakligin onemli etkisi oldugunu tespit etmislerdir. Sicakligin artmasiyla uzaklasan
nemin orani ve kuruma orani degerlerinin arttigini bildirmislerdir. Calismalarinda maksimum kuruma
orani degerini 0.14 g nem/g kuru madde.dakika (65 °C) olarak tespit etmisledir. Ihlamur igin tespit
edilen maksimum kuruma orani degerinden daha fazla olmasinin baslica nedeni kurutma sicakliginin
yiiksek olmasi ve bunun yaninda iiriinlerin mikro-yap1 ve fiziksel 6zelliklerininde farkli olmasindan
kaynaklandig: diisiiniilmektedir. Selvi [26], thlamur yapraklarini infrared kurutucu ile 50, 60 ve 70 °C
sicakliklarda 0.10 g nem/g kuru madde degerine kadar kurutmustur. Kurutma sicaklik degerlerine gore
thlamur ornekleri sirasiyla 50, 30 ve 20 dakikada istenilen nem degerine diistiigii goriilmiistiir. Yapilan
calismada ise thlamur 6rnekleri sicaklik kontrollii mikrodalgada 40, 45 ve 50 °C sicakliklar icin sirastyla
495, 225 ve 135 dakika olarak tespit edilmistir. Bunun sebebi sicaklik kontrollii mikrodalgada yapilan
kurutma islemleri kesikli (on-off) kurutma prensibiyle ¢alistig1 i¢in toplam kuruma siireside daha fazla
olmustur. Bunun yaninda infrared ve mikrodalga enerjilerin termal ozelliklerinin farkli olmasida
etkilemistir.
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Sekil 2. Kurutulan thlamur 6rneklerinin a) nem orani, b) kuruma orani degerleri, ¢) MR-N(d.b.)
Figure 2. a) moisture content, b) drying rate values of dried linden samples, c) MR-N(d.b.)

3.2. Matematiksel Modelleme (Mathematical Modeling)

Ihlamur érneklerinin deneysel kuruma oranlarina ait model sonuglar1 Cizelge 1’de verilmistir.
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Cizelge 1. Matematiksel modellere ait veriler
Table 1. Data of mathematical models

Modeller Yontem Slijé()l 1k k h j m P R2
40 02511 ; ; ; <0.0001 0.9784
Konvektif 45 0.3000 ; ; ; <0.0001 0.9891
Lewis 50 0.4386 ; ; ; <0.0001  0.9952
40  0.0089 ; ; ; <0.0001  0.9560
Sic. kont. 45 00152 - ; - <0.0001 09891
mikrodalga
50 0.0319 ; ; - <0.0001 0.9954
40 09655 05171 05817 -0.0286 <0.0001 0.9938
Konvektif 45 09756 05438 05281 -0.0217 <0.0001 0.9923
Jena Das 50 09841 06141 03873 -0.0157 <0.0001 0.9967
40 09497 04078 07999 -0.0567 <0.0001 0.9689
Ste. kont. 45  1.0280 04119 07918 -0.0234 <0.0001 0.9922
mikrodalga
50 09949 04197 07762 -0.0047 <0.0001 0.9955
40  -01353 0.0043 - - <0.0001 0.8419
Wang Konvektif 45  -0.1918 0.0089 ; - <0.0001  0.9159
Singh 50  -0.3106 0.0243 ; ; <0.0001  0.9579
40  -0.0056 0.0008 ; ; <0.0001 0.8168
Ste. kont. 45 00110 00031 - - <0.0001 0.9778
mikrodalga
50  -0.0203 0.0001 ; ; <0.0001  0.9379

Cizelge 1’e gore Lewis modeli ithlamur O6rneklerinin deneysel nem oranlarini en iyi (R% 0.9954)
sicaklik kontrollii mikrodalga kurutucu ile 50 °C sicaklikta yapilan kurutma islemi icin tahmin etmistir.
Jena-Das modeli deneysel nem orani degerlerini en iyi (R% 0.9967) konvektif kurutucu ile 50 °C sicaklikta
yapilan kurutma islemi igin tahmin etmistir. Wang-Sing modeli ise nem orani degerlerini en iyi (R
0.9778) sicaklik kontrollii mikrodalga kurutucuda 45 °C sicaklikta tahmin etmistir. Modeller arasinda
thlamur orneklerine ait her sicaklik igin elde edilen deneysel nem orani degerlerini en iyi Jena-Das
modeli tahmin etmistir.

3.3. Efektif Difiizyon ve Aktivasyon Enerji Degerleri (Effective Diffusion and Activation Energy Values)

Kurutulan ihlamur oOrneklerinin efektif difiizyon ve aktivasyon enerji degerlerine kurutma
islemlerinin etkisi Cizelge 2’de verilmistir.

Cizelge 2. Ihlamur 6rneklerine ait efektif difiizyon-aktivasyon enerji degerleri
Table 2. Effective diffusion-activation energy values of linden samples

Kurutma yéntemi Efektif difiizyon Aktivasyon enerji
(m?/s) (kJ/mol)
40 °C 6.02x10-¢
Konvektif 45 °C 8.25x10-6 74.50
50 °C 1.46x10°
40 °C 2.35x107
Sic. Kont. 45 °C 5.88x107 122.47

Mikrodalga 50 °C 1.01x10-6
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Cizelge 2'ye gore kurutma yontemi ve sicaklik degerlerinin 1thlamur 6rneklerinin efektif difiizyon
degerlerini etkilemistir. Sicaklik kontrollii mikrodalga kurutucu ile yapilan kurutma islemlerinin efektif
difiizyon degerleri konvektif kurutma yontemine gore daha diisiik oldugu bulunmustur. Bunun sebebi
konvektif kurutucuda thlamur orneklerinin kuruma oramni sicaklik kontrollii kurutucuya gore daha
diisiik oldugu i¢in buharlasan nemin daha aerosol bir hal aldig1 diistiniilmektedir. Bu sebeple nemin
yayildigi alan miktarininda artmasina neden oldugu diisiiniilmektedir. Bunun diger nedeni genel
mikrodalga firmlarin ¢alismasindan farkhh olarak bu kurutucuda kontrol paneline girilen dinlenme
siiresine gore kesikli bir sekilde kuruma gerceklesmesi neden olmustur. Konvektif kurutma isleminde
tespit edilen efektif difiizyon degerleri 1.46x10--6.02x10-¢ m?/s arasinda degismistir. Sicaklik kontrollii
mikrodalga kurutma isleminde ise bu degerler 1.06x10-6-2.35x107 m?%/s arasinda degistigi belirlenmistir.
Konvektif yontemle kurutulan thlamurun aktivasyon enerji degeri 74.50 kJ/mol, sicaklik kontrollii
mikrodalgada ise bu deger 122.47 kJ/mol olarak hesaplanmistir. Aktivasyon enerji degerinin sicaklik
kontrollii mikrodalga kurutma isleminde daha yiiksek olmasinin nedeni iiriinden ilk buharlasmanin
olabilmesi icin daha fazla enerji gerektigini gostermektedir. Bunun sebebi imal edilen sicaklik kontrollii
mikrodalga kurutucunun kesikli (on-off) kurutma prensibiyle c¢alismasindan kaynaklandig:
diisiiniilmektedir. Bunun yaninda mikrodalga enerjisi direk tiriin igerisinde bir 1s1 olusturmakta fakat
tirtin firmn igerisinde stirekli hareket halinde olmas: ve iiriiniin mikrodalga enerjisi agisindan termal
ozellik, di elektrik faktorii gibi parametrelerininde aktivasyon enerji {izerinde etkili oldugu
diisiiniilmektedir. Nguyen ve dig. [21], konvektif kurutucu ile 50, 60 ve 70 °C sicakliklarda kuruttuklar
limon otunun efektif difiizyon degerinin 7.64x 10-11-1.48x10-1° m?/s arasinda degistigini tespit etmislerdir.
Bu calismada limon otu igin belirlenen efektif diftizyon degerlerinin daha diisiik olmasinin nedeni
kurutucunun termodinamik 6zelliklerinin farkli olmasi ve tirtinlerin fiziksel yapisinin farkli olmasindan
kaynaklandig1 diistiniilmektedir.

3.4. Renk Verileri (Color Values)

Taze ve kurutulan ihlamur Orneklerinin renk degerleri kurutma yomtemi ve sicakliklarin etkisi
Cizelge 3’te verilmistir.

Cizelge 3. Ihlamur 6rneklerinin renk degerleri
Table 3. Color values of linden samples
Kurutma yoéntemi L a b C AE
Taze 55.05+4.55ab  -5.71+4.06c = 23.11+2.23a  24.06+2.90a -

40 °C 46.48+9.77d  -0.82+2.25ab  16.47+2.86d  16.64+2.84e 15.08+6.30a

Konvektif 45 °C 59.29+2.03a -2.58+1.66b  19.46+1.79b  19.69+1.75bc  8.63+3.07b
50°C  53.52+7.78bc 0.72¢1.93a  18.71+3.00bc 18.82+2.96cd 11.76+5.57ab

40°C  54.76£2.71ab  -1.18+235b  16.90+3.16cd 17.09+3.13de  9.22%3.94b
Sic. Kont. 45°C  48.82+5.52cd 0.74+2.78a 20.62+1.51b  20.81#1.50b  12.08+4.56ab
Mikrodalga 50°C 51.10+5.78bcd  -1.31+2.29b  17.46+2.37cd 17.63+2.53de  10.82+5.70b

Cizelge 3’e gore taze thlamurun parlaklik degerleri ile sicaklik kontrollii mikrodalgada 40 °C’de
kurutulan 6rnekler hari¢ diger yontemlerde kurutulan drnekler arasinda 6nemli diizeyde (p<0.05) bir
fark olmustur. Parlaklik degeri agisindan sicaklik kontrollii mikrodalgada 40 °C’de kurutulan 6rnekler
arasinda istatistiksel olarak 6nemli diizeyde (p>0.05) bir fark olmamuistir. Taze thlamurun “a”, “b” ve “C”
degerleri icin tiim yontemlerde kurutulan érneklerin “a”,”b” ve “C” degerleri arasinda 6nemli diizeyde
(p<0.05) bir fark olmustur. Taze ihlamur Orneklerinin kroma degerini en iyi sicaklik kontrollii
mikrodalgada 45 °C sicaklikta yapilan kurutma islemi muhafaza etmistir. Toplam renk degisimi
agisindan en uygun kurutma islemi olarak ise konvektif kurutucuda 45 °C ile sicaklik kontrollii
mikrodalgada 40 ve 50 °C sicakliklarin daha uygun oldugu bulunmustur. Selvi ve ark. [26], taze
thlamurun renk degerlerine infrared kurutucu ile yapilan sicakliklarin 6nemli diizeyde (p<0.05) etki
ettigini tespit etmistir. Taze thlamurun “L” ve “C” ile 50 °C sicaklikta kurutulan 6rneklerin “L” ve “C”
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degerleri agisindan Snemli diizeyde (p>0.05) bir fark olmamistir. Calismada diisiik sicaklikta (50 °C)
thlamurun kurutulmas: renk degerleri acisindan daha iyi sonug¢ aldigini tespit etmistir. Yapilan bu
calisma ile kiyaslandiginda her iki kurutma yonteminde diisiik kurutma sicakliklarinda (40, 45 °C)
tazenin renk Ozelliklerini daha iyi muhafaza etmistir. Bunun nedeni thlamur 6rneklerindeki “a (yesil)”
ve “b (sar1)” renk pigmentlerin yiiksek sicakliklara karsi hassas oldugu ve pargalanarak kayboldugu
diistintilmektedir. Beigi [3], ¢alismasinda 40, 50 ve 60 °C sicakliklarda kuruttugu nane bitkisinin son
renk degerleri acisindan benzer bir durum oldugu goriilmiistiir.

2.5. Buharla§ma Enerj isi (Evaporation Energy)

Ihlamur yapraklarinin kurutulmas: islemlerinde ortaya ¢ikan buhar enerjisinin kinetigi Sekil 3’te
verilmistir.
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Sekil 3. Kurutulan thlamur 6rneklerinin buharlasma enerjisi
Figure 3. Evaporation energy of dried linden samples

Kurutma islemleri i¢in belirlenen ortalama buharlasma enerji degerleri Sekil 4’ te veirlmistir.
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Sekil 4. Kurutulan thlamur 6rneklerinin ortalama buharlagsma enerjisi
Figure 4. Average evaporation energy of dried linden samples

Sekil 4’e gore kurutma yontemleri ve sicakliklart buharlasma degerlerine etki etmistir. Konvektif
yontemle yapilan kurutma islemlerinde kurutulan ithlamur 6rneklerinin buharlasma enerjileri sicaklik
kontrollii mikrodalga kurutucularda kurutulan 6rneklere gore daha fazla oldugu belirlenmistir. Bunun
sebebi efektif difiizyon degerlerinin daha yiiksek olmasindan kaynaklandig: diistiniilmektedir. Ciinkii
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uzaklasan nem daha biiyiik alana yayilarak nemin siipiirdii§ii yiizey alanmin artmasi dolayisiyla
buharlasma enerjisinide artirdig1 diisiiniilmektedir. Konvektif kurutucuda 40, 45 ve 50 °C sicakliklarda
kurutulan ithlamur 6rneklerinin ortalama buharlagma enerji degerleri sirasiyla 0.6998, 0.8312 ve 0.8117
kWh olarak hesaplanmistir. Sicaklik kontrollii mikrodalga kurutucuda yapilan kurutma isleminin
ortalama buharlasma enerji degerleri sirastyla 0.5267, 0.6497 ve 0.5726 kWh olarak hesaplanmistir. Rabha
ve dig. [24], konvektif kurutucuda 50 °C sicaklikta kurutulan biber kurutma calismasinda buharlasma
enerji degerini 0.6636 kWh (2.37 MJ/kg) olarak hesapladiklarini bildirmisglerdir. Literatiirde tespit edilen
verilerle calisma kapsaminda elde edilen bulgularin uyumlu oldugu tespit edilmistir.

2.6. Belirsizlik Analizi (Uncertainty Analysis)

Kurutma islemi esnasinda kullanilan 6l¢iim alet ve ekipmanlarin hassasiyet degerleri kullanlarak
belirsizlik analizi yapilmistir. Calismada kullanilan 6l¢iim alet ve ekipmanlarin hassasiyet degerleri
Cizelge 4’te verilmistir.

Cizelge 4. Hassasiyet degerleri

Table 4. Sensitivity values

Olgiim aletleri Hassasiyet degerleri
Tartim cihazi +0.001g
Kumpas +0.2 mm
Renk o6lger (AE igin) +0.6
Sicaklik dl¢timii (Konvektif) +15¢
Sicaklik 6l¢timii (Sic. kont. mikrodalga) +2°

Veriler Esitlik 13’de islenerek kurutma isleminde kontrol edilemeyen belirsizlik degeri 6.651 olarak
hesaplanmistir. Kumar ve dig. (2015), yaptiklar ¢alismada belirsizlik degerini 1.06 olarak tespit etmisler.

3. SONUC (CONCLUSIONS)

Kurutma yontemleri ve sicaklik degerlerinin ihlamurun kuruma kinetigi, renk kalitesi ve
buharlasma enerji degerine etki ettigi belirlenmistir. Her iki yontem de kurutma sicakliginin artmasiyla
kuruma siiresinin 6nemli oranda azaldig1 goriilmiistiir. Imal edilen sicaklik kontrollii mikrodalga
kurutucu konvektif kurutucuya gore kuruma siiresini azalttigi, kuruma oranimu artirdigi, renk
degerlerini daha iyi korudugu goriilmiistiir. Ihlamur ornekleri konvektif kurutma isleminde daha
yliksek efektif difiizyon degerleri ve buharlasma enerjisi ve daha az renk degisimine neden oldugu
goriilmiistiir. Modifiye edilen sicaklik kontrollii mikrodalga kurutucunun bu g¢alismada incelenen
performans 06zellikleri agisindan thlamurun kurutulmasi igin uygun oldugu bulunmustur.
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ABSTRACT: Several constant breadth curves are defined that can be used as cam profiles in constant
breadth cam mechanisms that are closed cam mechanisms. There are two objectives for this study. One of
them is to study the kinematic analysis of different type of constant breadth cam mechanisms. The other
objective is to obtain a dwell period for constant breadth cam driven linkages that is impossible for a
standard cam mechanism. A general kinematic analysis of a constant breadth cam mechanism with
translating flat-faced follower was carried out with the principle of kinematic inversion. With the results,
the kinematic analyses of the constant breadth cam driven inverted slider crank mechanism and four bar
mechanism were examined in detail and a general method is given for all constant breadth cam profiles
and cam driven linkages. It has been seen that a dwell period of 45° (with the fixed joint coordinates as x,
=18 mm and y,= 8.5 mm) and 40° (with the fixed joint coordinates as x,, = 18.5 mm and y,= 8.5 mm) can
be obtained in designed cam driven four bar and inverted slider crank mechanism respectively. After the
displacement analysis, some velocity and acceleration analysis examples are given by taking the derivative
of displacement. Similar kinematic analyses are possible for cam-driven mechanisms with more links.
Also, it has been seen that changing the location of fixed joint of the cam profile can affect the displacement,
velocity and acceleration graphics of the mechanism. With this, the dwell period can be changed too.

Keywords: Support Function, Constant Breadth Curve, Constant Breadth Cam Mechanism, Cam Driven
Mechanism, Kinematic Analysis

1. INTRODUCTION

Profiles with a curved surface that either have a point or line contact are called cam and the
mechanisms that convert the circular motion into alternative motion and have cams as a link are called
cam mechanisms.

Cam mechanisms play an important role in modern automatic machines due to their high speed and
high precision. The transmission accuracy, stability and lifetime of a cam-follower system are highly
related to its kinematic and dynamic performances, while the kinematic and dynamic performances
depend essentially on the mathematical characteristic of the cam profile[1].

One of the most important problems to be considered in cam mechanisms is to ensure continuous
contact between the follower and the cam profile. In this respect, these mechanisms are divided into form
closed cam mechanisms and force closed cam mechanisms. Force closed cam mechanisms, in which pre
tension elements such as springs are used, are the most widely used cam mechanisms in practice. An
important advantage of constant breadth cam mechanisms, which are form closed cam mechanisms,
compared to force closed cam mechanisms is that they provide simplicity and cheapness in construction
since there is no need to use pre tension elements such as springs. Therefore, this type of cam mechanisms
are highly preferred systems in many applications that do not require high precision at medium speed [1],
[2].

There are many studies in the literature on constant breadth curves that can be used as cam profiles
in constant breadth cam mechanisms. An extensive list of literature on this topic is given in reference [3].
Theoretical information on constant breadth curves and constant breadth bodies are also included in the
same resource.
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Rabinowitz [4] and many other researchers [2], [3], [5], [6] used support functions to obtain constant
breadth curves, after that, they studied the parametric and polynomial equations of the curves. They also
showed that many different constant breadth curves could be obtained by giving different values to the
equation variables used. H. L. Resnikoff, in his study [7], studied the constant breadth curve equation and
the parameters (support function, the radius of curvature, curve arc length, curve area, etc.) of constant
breadth curves by using the Fourier series. The author also stated that he obtained many constant breadth
surfaces based on the Fourier series. In a similar study, Andrew David Irving [8] calculated the parameters
of constant breadth curves without using the Fourier series and simplified the radius of curvature formula
to be limited to constant breadth curves. The author also stated that he obtained some theoretical results
about constant breadth curves. In his comprehensive book, Harold A. Rothbart [2] examined the dynamic
analysis, synthesis, manufacturing methods of cam mechanisms with different types and properties and
differences of cam mechanisms to other mechanisms. The author dealt with many geometric, kinematic,
and dynamic concepts related to cam mechanisms in detail and gave theoretical and practical information
about them. Chatchawan Panraksa and Lawrence C. Washington [9] stated that there are isolated points
outside the original curve in the constant breadth curve that Rabinowitz studied, and they tried to
construct that constant breadth curve without isolated points. Lucie Paciotti [10] studied the Reuleaux
triangle, a circle and Rabinowitz's constant diameter curve with equal breadth. The author stated that
these curves could be obtained and the difference between these curves can be determined by creating
shadow functions with the principle of shedding light from a certain direction. As a result of the author's
work, Lucie Paciotti stated that the parameters of any differentiable curve could be found with the shadow
function of that curve. In their study, S. G. Dhande and N. Rajaram [11] studied the kinematic analysis of
constant breadth cam mechanisms using two different constant breadth cam profiles and two different
follower types, translating and oscilating follower. The first of the cam profiles is the profile consisting of
Reauleux type circular arcs. The other is the three cusped hypocycloid-based constant breadth cam profile
previously introduced by Euler [3]. In the analysis of the second profile, they used geometric properties
of the hypocycloid. Zhang Jinjiang [12] stated that he found a new type of constant breadth curve using
polar tangent coordinates in his work. The author analyzed the parameters of this type of curve
mathematically. Zhang Jinjiang stated that in convex constant breadth curves, symmetrical constant
breadth curves are mostly obtained with circular arcs, and asymmetric constant breadth curves are
obtained mostly with Reuleaux triangles. Giorgio Figliolini and Pierluigi Rea [13], examined motion
analysis in mechanisms that use the Reuleaux triangle and the modified Reuleaux triangle. They stated
that they did the motion analysis of mechanisms by formulating suitable algorithms as a result of many
simulations. From there they analyzed a square-hole drill that makes use of the modified Reuleaux triangle
with a rounded corner, along with the motion analysis of the Wankel engine. $. Yiizbas: and M.Karagayir
[14] studied to obtain a solution for first order linear differential equation system characterizing curves of
constant breadth in Euclidean 3-space. They stated that they outlined a numerical method for the solution.
The method they used relies on transforming the given problem to a system of linear equations, whose
solution yields three polynomials of degree N as the approximate solutions. According to the obtained
numerical results, increasing the parameter N improves the accuracy of the solution. The authors also
stated that the proposed method can be used to solve models of similar type with a high accuracy. Honda
Satoshi and Tanaka Shun [15] stated that they integrated the reduction mechanism into the constant
breadth cam mechanism to be used in the inchworm engine. They analyzed the relational expression
between rotations of the constant breadth cam and the engaging approach of the inchworm motion. Also
they examined the performances of the reduction mechanism integrated into the constant breadth cam
mechanisms. Liangwen Wang and his friends studied [16] the configuration of a bionic horse robot for
equine-assisted therapy. The mechanism's structure is that a single-leg system with two degrees of
freedom (DOFs) is driven by a cam linkage, and it can adjust the span and height of the leg end-point
trajectory. In their analysis, they stated that using a constant breadth cam driven four bar mechanism
simplifies the robot's control system. Asgari et al. [17] designed and manufactured a wearable passive
cam-driven shoulder exoskeleton. They used modular spring -cam-wheel module that generates an
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assistive force to compensate the shoulder elevation moment due to gravity. They also performed a pilot
biomechanics study to evaluate the effect of the exoskeleton on muscle activity and shoulder kinematics.
After obtaining the results, they stated that, the exoskeleton they proposed can assist shoulder movement
against gravity. Enrique and Irene [18], designed, manufactured and measured metallic and plastic
constant breadth cam mechanisms. They compared the cams in terms of dimensional accuracy and surface
finish. Their aim was to evalueate if it would be possible to replace metallic cam with a plastic one for a
short period of time. According to the results they obtained, they stated that, the replacement is only
recommended for applications of low-power transmission. Artobolevsky [19], gave many examples of
cam mechanisms in practice, including constant breadth cam mechanisms, and explained their working
principles. Mechanisms similar to the constant breadth cam driven linkages, which will be discussed in
this study, are also included in Artobolevsky's book.

The aim of this paper is to study the kinematic analysis of different type of constant breadth cam
mechanisms and obtain a dwell period for constant breadth cam driven linkages that is impossible for a
standard cam mechanism. In this study, firstly, the theory about constant breadth curves is discussed and
several constant breadth curves that can be used as cam profiles in constant breadth cam mechanisms are
obtained. Then a general kinematic analysis of a constant breadth cam mechanism with translating flat-
faced follower was studied with the principle of kinematic inversion. With the results, the kinematic
analysis of the constant breadth cam driven four bar and inverted slider crank mechanism were examined
in detail. In kinematic analysis, examples related to velocity and acceleration analysis are given after
displacement analysis. Similar kinematic analysis can be performed for cam-driven mechanisms with
more links.

2. CONSTANT BREADTH CURVES AND SUPPORT FUNCTION

The equation of the family of lines tangent to a continuous, closed and convex planar curve can be
written as:

xcosB + ysin® = p(0) 1

Here x and y are the coordinates of the tangent point and 0 is the angle between the perpendicular
side joining the curve center to the tangent and the horizontal side. The function p(0) defined in this way
is called the support function and gives the length of the said perpendicular [4]-[6].

The curve in question can be defined as the envelope of this line family [20]. If the envelope theory is
applied, the parametric equation of the curve will be as follows:

x(0) = p(0) cos® — p'() sinb 2)
y(0) = p(0) sin® + p'(0) cosO 3)

For a curve to be a constant breadth curve, the perpendicular distance between its tangent at any point
and its parallel tangent on the other side of the curve must be the same. (Figure 5). This condition is

expressed as:
w =p(08) + p(6 + ) = constant #)

Where the w represents the width of a constant breadth curve. The radius of curvature (p) must satisfy
the following condition to prevent undercutting on a constant breadth curve:

_e)”
P="r e >0 ©)
If equations 2 and 3 are substituted in equation 5 and simplified [3], [21]:
p=pO)+p"(6)> 0 (6)

In order for this equation to be satisfied, the support function should be as follows [5] or similar
trigonometric form:

p(6) = a cos? (kz—e) + b sin? (?) +c (7)
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The a, b, c and k are constants. If a =b = 0 and c#0 are taken here, the curve becomes a circle. If b=0,
k=3 and a#0, c>0, the simplest three-lobed constant breadth curve [4] is obtained. The parameters, a =4, k
=3, and ¢ = 23 are chosen to be suitable constant breadht curve and be the same width as the other curves.
Obtained constan breadth curve from these parameters is given in Figure 1.

Figure 1. Constant breadth curve

Different forms of constant breadth curves can be obtained by using trigonometric functions. Support
functions of four different constant breadth curves are given as an example below. All of these satisfy
equations 4 and 5. The curves obtained with trial-and-error method, some symmetrical and others
asymmetrical, are shown in Figure 2.

a.p(B) =sin30 + gsin 30 cos20 + 25

b. p(8) = 2c0s?20 sin30 + 25

c. p(8) = 2sin(mcosO) - cos(msin®) + 25

d. p(6) = sin26 cos30 + cos36 + 25

h

v

A A
NN

a) b) <) d)
Figure 2. Examples of constant breadth curves used as a constant breadth cam profile

e
_

Constant breadth curves can also be expressed by a closed-form polynomial equation [4], [8]. The
above parametric expressions are preferred for ease of processing mathematically.

3. CONSTANT BREADTH CAM MECHANISMS

Constant breadth cam mechanisms are generally form closed mechanisms. A constant breadth cam
profile can be created in two ways; the first is the Reuleaux triangle method. In this method, the profile is
created with circular arcs. The second method uses a suitable constant breadth curve as the cam profile.
All of the constant breadth curves mentioned above can be used as cam profiles. In the mechanism, the
cam is the actuating member, the member that the cam moves can make a translating movement or an
oscillating movement, as in Figure 3. In such a mechanism, it is sufficient that the cam and the 3rd link
frame that the cam actuates are tangent at two points in the direction perpendicular to the movement
direction; there is no need for contact since there is no movement in the other direction. Thus, a two degree
of freedom cam pair is formed, and the total degree of freedom of the mechanism becomes F=1 according
to the Kutzbach criterion [22].

A constant breadth cam driven linkage can also be formed in a different structure, as in Figure 4.
According to the structure of such a four bar mechanism, there will be a mechanism similar to a four bar,
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inverted slider crank, or slider crank mechanism. Here, the frame of the 3rd link must be in contact with
the constant breadth cam profile from four points in two parallel directions perpendicular to each other,
as in Figure 4, because the movement of the 3rd link in both directions is possible. Thus, the cam pair has
one degree of freedom, and the total degree of freedom of the mechanism becomes F=1 [22]. Here, the
perpendicular distances between the parallel tangents must be equal to the constant breadth (w) of the
cam in both directions; that is, the frame will be in the form of a square.

Figure 4. Cam driven mechanisms a) Four bar mechanism b) Inverted slider crank mechanism

In the cam mechanism in Figure 3, the 3rd link, which makes translational movement, is always
tangent to the constant breadth cam profile. The kinematic inversion principle can be applied to obtain the
displacement equation of this link. For this, considering that the cam is fixed and the 3rd link rotates
around it, as seen in Figure 3, the perpendicular distance of the link line tangential to the cam at any
position to the cam rotation center (A) will be the linear displacement s of the link.

The slope of the tangent line “m”at point P,

dy _ dy/de _y’ . ;
== == and the line equation,
dx  dx/de «x' quation,

y=yt+m(x—xt) isin the form.

The slope of the perpendicular drawn from the fixed joint A(xy, y,) of the cam to the tangent m-m'
=-1, m'=-1/m and its equation, y =yn+m'(x —x,) isin the form.

The intersection point D of these two lines is found from the joint solution of the equations below:

_ mZxe+m(ye=yn)+y,

X = TR0 o ®)
_ mZYH+m(Xn_Xt)+Yt

yq = Tt mOn 9)

at any O value, the coordinates x, and y, and their derivatives x, y; are calculated via equations 2 and 3.
The linear position “s” of 3rd link is equal to the length of AD:

s =5(8) = y/(Xa — Xn)? + (Va — ¥n)? (10)
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Here, the point coordinates are determined by the axis set at the cam center (Figure 5). Example
displacement graphics of the cam profiles in Figure 2 with fixed joint coordinates x,=16 mm and y,=7.5
mm are given in Figure 6.

P 0 e

Figure 5. Constant breadth cam and its tangents

157 314 471 628
6 (rad)

|=—— Fig.2a == = Fig.2b = - ' Fig.2c

Fig.2d |

Figure 6. Follower displacement graphs of the constant breadth cam mechanism with translating flat-
faced follower in Figure 3

3.1. Constant Breadth Cam Driven Four bar Mechanism

Figure 7 results if the four bar mechanism, the first of the cam driven four bar mechanisms in Figure
4, is drawn schematically at any position of the constant breadth cam. Here, points A, B, and D are the
revolute pair centers of the cam, 3rd, and 4th link, respectively. The side length of the square frame of the
3rd link surrounding the cam is equal to the constant breadth of the cam, w. It is assumed that the center
of the 34 revolute pair connecting the 3rd and 4th link is connected to this frame perpendicularly from the
G, which is the midpoint of the square edge, because this is the most appropriate in terms of the balance
of forces and dynamics. Even if the connection is made from a different point, analysis can be made by
considering that there is a connection in this way geometrically. Let C be the point where the GD direction
intersects the horizontal fixed link line of AB. The perpendicular length drawn from the point A, which is
the rotation center of the constant breadth cam, to the other side of the frame is determined by the
expression s(0) in equation 10. With this direction, s; = w — GF, which is the perpendicular distance of
point F to the other side of the frame, is equal to the perpendicular distance of point A to the same edge,
as can be seen from Figure 7, this perpendicular distance is equal to the value s(0 + 71/2).

in perpendicular triangle CAF, CA = % and taking into account the frame geometry,
3
AF=s5-0.5w, CF=CAcosB; and CD=w + r; —s; + CF is written.
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Figure 7. Schematic illustration of a constant breadth cam driven four bar mechanism
If the horizontal and vertical projections of the sides of the CDB triangle are written;

r, cos 0, + CDcosBO; = r; + CA (11)
r, sin 8, = CDsinB; (12)

If these two expressions are arranged, leaving the r, terms on the left and squared and summed side
by side, only 83 remains in the equations:

r2 = CD? + (r; + CA)? — 2CD(ry + CA)cos0; (13)

After equation 13 is arranged, substituting tan 92—3 with t yields a quadratic equation for O

at? + 2bt + ¢ =0 (14)
Here,

a=(r{+w+r;—5s)%+(s—0.5w)? —r? (15)
b = 2r;(s — 0.5w) (16)
c=( —w—r3+5s)*+(s—05w)? —r3 (17)
0; = 2arctan [@] (18)

For the mechanism configuration to be as in Figure 7, the (+) sign should be used in this expression.
The (-) sign indicates reverse configuration. At any value of the cam angle 0, the values s(0) and s; =s(0 +
11/2) be calculated, and the corresponding 63 value can be found. If the discriminant is negative, there is
no real solution for 03 at the 0 value, meaning that the mechanism cannot make a full rotation.

In the two positions where the CD direction passes through the fixed joint point A, the mechanism
passes through dead-centre positions, where points A and F overlap. In the dead-centre position where
point C is to the right of point A, the values of 6 and O3 are equal; it can be seen from Figure 7 that 6 =
0; + m when to the left.

. . . I 04 .
To find the value of 8, arranging equation 12 and substituting tam?4 with p;

ep? —2r,p+e=0, here,
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e=[w+r; —s; + (s — 0.5w)cotB;]sinB; (19)
[r4— rZ-e? ]
e

The angular displacements of the links in the mechanism will vary according to the cam and link
lengths and the selected cam profile. When the coordinates of the fixed joint are taken as x,=18 mm and
y»=10 mm, for the constant breadth cam profile in Figure 1, the mechanism positions are shown in Figure
8 for the cam rotation angle 8 = 0°, 8 = 100° and 6 = 280°. The link lengths and the constant breadth of the
cam are taken as r; = 70 mm, r; = 65 mm, r, = 90 mm and w = 50 mm.

6, = 2arctan (20)

[=—6=0° =—— 6=100° = 5=250°|

Figure 8. Positions of a constant breadth cam driven four bar mechanism

Taking link lengths r; = 80 mm, r; = 70 mm, r, = 105 mm and fixed joint coordinates x,, = 18 mm,
¥n = 8.5 mm, in the mechanism, graphs showing the change of 6, angle with respect to cam angle 0 are
given in Figures 9a and 9b, respectively, for the cam profile in Figure 1 and some cam profiles in Figure 2
(w=50 mm).

|=— Fig. 2a = = Fig. 1| |=—— Fig 2c = - Fig 2d|

75 75

70 70
565 =63
3 60 3 60

35 55

50 30

45 45 . . . .

1.57 314 471 628 1.57 314 471 628
8 (rad) & (rad)
a) b)

Figure 9. Constant breadth cam driven four bar mechanism a) 8, displacement graphs of cam profiles in
Figure 1 and 2a b) 8, displacement graphs of cam profiles in Figure 2c and 2d

In this type of constant breadth cam driven four bar mechanism, a dwell period can be obtained in the
4th link. If the coordinates of the fixed joint taken as x, = 18 mm and y,= 8.5 mm for the cam profile in
Figure 2a in the mechanism given as an example above, a dwell period of approximately 45° occurs around
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8 = 31/2 rad in the movement of the 4th link, as seen in the black graph of Figure 9a. It is impossible to
achieve such a dwell period in the classical four bar mechanism. This feature also has potential value for
the practical use of this constant breadth cam driven mechanism.

The angular velocities of the 3rd and 4th links can be found by taking the derivatives of equations 11
and 12 to cam rotation angle. If the derivative is taken in Equation 12;

T,04C050, = [—w,S] + w,s’ cotB3 — (s — 0.5w)w3 (1 + cot?83)]sinB; + [w + 13 —s; + (s —
0.5w) cot B3] w;cosO; (21)

here s’'=ds/d6 , s; =ds;/d6 , w, =dO/dt, w, is the angular velocity of the cam, which is 2nd
link.
In Equation 11, there is also an equation for the angular velocity w, by similarly taking the derivative,
and angular velocity expression is obtained from these two equations. Since the expression is long, it is
given in Appendix 1.

In these equations, angular acceleration expressions are obtained by taking one more derivative to
cam rotation angle. Taken w, = 1 unit, the graphics of said mechanism's angular velocity (w,) and

angular acceleration (au) are given in Figure 10 and 11, respectively.

|— Fig 2a = 'Fig.ll [ Fig 2¢ == = Fig 2d|

20 20
= s =
B )
g 10 § 10
S kS
] 0 . . . \
1507 314 471 \628
8 rad
10 (rad)
-20
b)

a)
Figure 10. Constant breadth cam driven four bar mechanism a) w, angular velocity graphs of cam
profiles in Figure 1 and 2a b) w, angular velocity graphs of cam profiles in Figure 2c and 2d

|— Fig 2c == = Fig. 2d|

|=— Fig. 22 = = Fig. 1|

30

o (deg:".:z:l
M(deg!sz]

a)
Figure 11. Constant breadth cam driven four bar mechanism a) a, angular acceleration graphs of cam
profiles in Figure 1 and 2a b) a, angular acceleration graphs of cam profiles in Figure 2c and 2d
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3.2. Constant Breadth Cam Driven Inverted Slider Crank Mechanism

The structure of the constant breadth cam driven inverted slider crank mechanism is shown in Figure
4b. Here, pair 34 is a prismatic pair, 3rd link makes a sliding motion on the 4th link. Unlike the four bar
mechanism above, here the length of 3rd link (r;) is variable. The schematics of the mechanism are
completely similar to that of Figure 7. As in the classical inverted slider crank mechanism, the directions
of 3rd and 4th links are always perpendicular to each other, and if this perpendicularity is taken into
account in Figure 7, it can be seen that 83 + 8, = 90°. In this mechanism, equations 11 and 12 for
displacement analysis are written similarly.

If 90 -6, is written and edited instead of 83 in equation 12;

r,sin@, = [w+r; —s; + (s — 0.5w)tan6,]coso, (22)

T4 Sin 04—wcos04+51c0504—5 sin 04+0.5wsin 04

I3 = cosO, (23)
If the expression r; is substituted in equation 11 and simplified;

r;cosb, —r, +s—05w =0 (24)
If the k = tan % transformation used in the solution of trigonometric equations is arranged;

fk? —g=0, here, (25)
f=r,—s+05w+r,, g=r;+s—05w—-r, (26)
From equation 25, 04 is simply calculated;

0, = Zarctanm (27)

For the configuration of the mechanism to be as in Figure 7, the positive root in equation 25 should be
used; the negative root denotes the reverse configuration.

When the coordinates of the fixed joint of the cam profile in Figure 1 are taken as x,=12 mm, y,=12
mm, for the cam rotation angle 6 = 55°, 120° and 230° the mechanism positions are shown in Figure 12.
The link lengths and the constant breadth of the cam are taken as r; = 110 mm, r, = 70 mm and w =
50 mm.

[=—8=55" =——6=120°

5=230°]

Figure 12. Positions of constant breadth cam driven inverted slider crank mechanism

Taking link lengths r; = 130 mm, r, = 70 mm and fixed joint coordinates x,, = 18.5 mm, y, = 8.5 mm
in the mechanism, graphs showing the change of 8, angle with respect to cam angle 6 are given in Figures
13a and 13b, respectively, for the cam profile in Figure 1 and some cam profiles in Figure 2. (w=50 mm)
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|=—— Fig.2a =— - Fig 1| = Fig 2b == = Fig 2d|
707 70
60 60
o &
e %
50 . 50
40 . . : . 40 | . ' .
157 314 471 628 157 314 471 628
8 (rad) 6 (rad)
a) b)

Figure 13. Constant breadth cam driven inverted slider crank mechanism a) 6, displacement graphs of
cam profiles in Figure 1 and 2a b) 8, displacement graphs of cam profiles in Figure 2b and 2d

As with the constant breadth cam driven four bar mechanism, the constant breadth cam driven
inverted slider crank mechanism can be obtained dwell period. If the coordinates of the fixed joint taken
as X, = 18.5 mm and y,= 8.5 mm for the cam profile in Figure 2a in the mechanism given as an example
above, a dwell period of approximately 40° occurs around 8 = 1 rad in the movement of the 4th link, as
seen in the black graph of Figure 13a.

In Equation 24, the angular velocity expression (w,) of 4th link can be found simply by taking the
derivative to cam rotation angle:

riwy(—sind,) +s'w, =0,

here, s’ =ds/d8, w, =d8/dt, w, is the angular velocity of the cam.

W, = S'w,/(r;5ind,) (29)

Here, by taking w, = 1 unit, which is, normalizing according to w,, the angular velocity graphs of
w, for the above mentioned mechanism are given as an example in Figure 14, respectively.

(28)

| Fig.2a === = Fig. 1| | Fig 2b === = Fig 2d|
15 15
N
E]J E‘U 10
= =]
% % 3
W/
157 314\ 471 628
-5 6 (rad)
-10
-15
a) b)

Figure 14. Constant breadth cam driven inverted slider crank mechanism a) w, angular velocity graphs
of cam profiles in Figure 1 and 2a b) w, angular velocity of cam profiles in Figure 2b and 2d
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If the angular velocity of the cam w, is assumed to be constant and the derivative is taken once more
with respect to cam rotation angle in equation 28, the angular acceleration expression of 4th link (o) is

found:
ria,(—sin®,) + (r,w5cos8,) + s" w3 =0
here, s = d%s/d8?
a, = (s" w3 — rywicos8,)/(r;sinb,) (31)
By taking w, = 1 unit a, angular acceleration graphs for the above mechanism are given as an

(30)

example in Figure 15, respectively.

| == Fig. 2a = - Fig 1| [== Fig 2b = « Fig. 2d|

20 I\ 2

aéf[a’égf::z]
Lxéf(de?gfszl

_2[}.

b)
Figure 15. Constant breadth cam driven inverted slider crank mechanism a) o angular acceleration
graphs of cam profiles in Figure 1 and 2a b) asangular acceleration of cam profiles in Figure 2b and 2d
Analysis of a constant breadth cam driven slider crank mechanism with a similar construction can be

done in a similarly.
Nomenclature can be found in Appendix 2.

4. CONCLUSION AND DISCUSSION

There are many studies on constant breadth cam mechanisms. The vast majority of existing studies
are also related to Reuleaux type mechanisms. A method based on hypocycloid geometry was used in the
kinematic analysis of the hypocycloid-based constant breadth cam mechanism, which was considered
together with the Reuleaux type cam mechanism. In this study, a general method valid for all constant
breadth cam profiles and cam driven linkages is presented. This method can be applied similarly in such

linkages that have more links.
As shown by the examples here, different motions with different characteristics can be obtained with

different constant breadth cam profiles. Also, the motion profile can be changed by changing the location
of the fixed joint of the cam profile. It is also possible to obtain dwell motion with appropriate lengths in

the mechanism.
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APPENDICES
Appendix 1

The formulation of the angular velocity w, of an exemplary constant breadth cam driven four bar
mechanism is given below from the derivatives of equations 11 and 12 to cam rotation angle :

[(W+rz—s1)s]+(0.5w—s)s']sin (83-6,)

Wy = ra[(W+rz—s;)(sin20,-sinZ203)+0.5(s—0.5w)(sin20,4—sin203)] W2 (34)
Appendix 2
Table 1. Nomenclature
8; Rotation angle
S Displacement of follower
51 The distance s rotated by 90°
p(6) Support function
p Radius of curvature
Xn x coordinate of fixed joint
Yn y coordinate of fixed joint
T Link length
w Constant breadth of the cam
m The slope of the tangent line
m’ The slope of the perpendicular to the tangent
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OZ: Kendiliginden yerlesen betonlar (KYB) yiiksek islenebilirlige sahip, vibrasyon islemi gerektirmeyen
ve donati sikiginin fazla oldugu kaliplarda kolayca yerlesebilen bir 6zel beton tiiriidiir. KYB'lerin
kullanimu gliztimiizde gittikce yayginlasmakta olup 6zellikle bu tiir betonlarda kullanilan yiiksek ¢cimento
dozajin1 azaltarak maliyeti diisiirmek igin bir¢ok calisma yapilmaktadir. Betonun en yiiksek maliyetli
bileseni olan ¢imentonun bir kisminin yerine atik driinler kullanilmasi bu c¢alismalarin basinda
gelmektedir. Bu ¢alismada, atik ¢inko ciiruf tozu ¢imentonun yerine agirlikca %5, 7.5 ve 10 oraninda
kullanilmis olup, iiretilen KYB’lerin taze beton 6zellikleri ile 7 ve 28 giin standart kiir sonunda basing
dayanimi sonuglar1 incelenmistir. Taze beton deneyleri olarak; yayilma deneyi, V-hunisi deneyi, L-kutusu
deneyi ve U-kutusu deneyi gerceklestirilmistir. Sonuglar incelendiginde, atik ¢inko ciiruf tozunun KYB
taze beton Ozelliklerini iyilestirebildigi goriilmiis olup, bu malzemenin kullanilmasi ile iiretilen KYB
betonlarinin yiiksek dayamima ve kontrol betonuna es deger basing dayanimina sahip oldugu
belirlenmisgtir.

Anahtar Kelimeler: Kendiliginden Yerlesen Beton, Atk Cinko Ciirufu, Taze Beton Ozellikleri, Basing Dayanima

Investigation of Fresh Concrete and Mechanical Properties of Self-Compacting Concrete with Waste
Zinc Slag Admixture

ABSTRACT: Self-compacting concrete (SCC) is a special type of concrete that has high workability, does
not require vibration and can easily settle in molds where reinforcement density is high. The use of SCCs
is becoming more and more widespread in our day, and many studies are being carried out to reduce the
cost, especially by reducing the high cement dosage used in this type of concrete. The use of waste products
instead of the part of cement, which is the most costly component of concrete, is at the forefront of these
studies. In this study, the waste zinc slag powder was used instead of cement at a rate of 5, 7.5 and 10% by
weight, and the properties of fresh concrete and compressive strength results at the end of 7 and 28-days
of standard curing of the produced SCCs were investigated. As fresh concrete experiments; slump-flow
test, V-funnel test, L-box test and U-box test were performed. When the results were examined, it was seen
that waste zinc slag powder could improve the fresh concrete properties of SCC, and it was determined
that SCC concretes produced by using this material had high strength and compressive strength equivalent
to control concrete.

Keywords: Self-compacting Concrete, Waste Zinc Slag, Fresh Concrete Properties, Compressive Strength

*Corresponding Author: Tiirkay KOTAN, turkay.kotan@erzurum.edu.tr


mailto:turkay.kotan@erzurum.edu.tr
mailto:turkay.kotan@erzurum.edu.tr
mailto:metehan.ardahanli@erzurum.edu.tr
mailto:omer.ozbey56@erzurum.edu.tr
https://orcid.org/0000-0002-9125-8220
https://orcid.org/0000-0002-8091-2792
https://orcid.org/0000-0003-2413-7792

Atik Cinko Ciiruf Tozu Katkili Kendiliginden Yerlesen Betonlarin Taze Beton ve Mekanik Ozelliklerin Incelenmesi 519

1. GIRIS INTRODUCTION)

Kendiliginden yerlesilebilirlik kavramui ilk olarak 1986 yilinda Tokyo’da Prof. Dr. Hajime Okamura
tarafindan ortaya c¢ikmistir [1]. Kendiliginden yerlesen betonlar (KYB) sahip oldugu; vibrasyon
gerektirmemesi, en sik donati araliklarindan kolayca gecebilmesi ve segregasyon yapmadan kolayca
yerlesebilmesi gibi bir¢ok avantaji sayesinde son zamanlarda tercih sebebi olmustur [2]-[4]. Bu
avantajlarinin getirdigi temel sonug ise bosluksuz beton tiretimidir [5]. KYB'lerin sahip oldugu 2 6énemli
ozellik dikkat ¢ekmektedir; bunlardan ilki yiiksek ince malzeme miktarina sahip olmalari, ikincisi ise
tiretiminde yiiksek oranda su azaltan siiper akiskanlastiricilarin kullanilmasidir. Bu iki énemli 6zellik
KYB'lerin diisiik su/¢cimento oranina sahip olmasini ve dolayisiyla yiiksek performansh beton grubuna
girmesini saglar [6]-[8].

Beton bilesenleri icerisinde maliyeti en yiiksek olan malzeme c¢imentonun, KYB’lerde yiiksek
dozajlarda kullanilmasi, bu tiir 6zel betonlarin maliyetinin yiiksek olmasina neden olmaktadir. Bu sebeple
KYB {iretiminde cesitli attk maddeler 6giitiiliip ¢cimento yerine agirlik¢a belirli oranlarda ikame olarak
kullanilarak hem maliyetin diisiiriilmesi hem de kullanilan malzemenin yeterli performans: saglamasi
istenir. Bu malzemeler ¢ogunlukla yapay puzolan olarak adlandirilan mineral katkilardir [9]-[12]. Bu
mineral katkilarin KYB’lerde kullanildig1 bir¢ok ¢alisma mevcuttur;

Ugucu kiil ve yiiksek firin ciirufu 3 farkli oranda (%20, 40 ve 60) ¢cimentoya ikame edilerek olusturulan
kendiliginden yerlesen betonlarda kapilarite ve basing dayanimi incelendiginde, ugucu kiil ikamesi
kapilarite katsayisi tizerinde anlamli bir etki olusturmazken, yiiksek firin ciirufu ikame oraninin artmasi
kendiliginden yerlesen betonlarin kapilarite katsayilarinin 6nemli diizeyde diismesine neden olmustur ve
en yiiksek basmng dayanimi %20 oraminda ikamesi ile elde edilmistir [13]. Ayrica ugucu kiiliin
kendiliginden yerlesen betona etkisinin arastirildig: bir baska ¢alismada, ¢imento yerine %20 oraninda
ugucu kiil kullanilmasinin dayanim agisindan optimum sonuglar1 verecegi tespit edilmistir [14]. Farkli
oranlarda F simifi ugucu kiil (UK) iceren kendiliginden yerlesen beton (KYB) karisimlarina karisim
siiresinin etkisi incelendiginde, karisim oranlari ¢ok iyi ayarlanmis dahi olsa, karistirma siiresi 3
(dakika/45 litre) degerinden fazla oldugu zaman taze betonda ayrisma oldugu sonucuna varilmistir [15].
Mineral katki maddesi olarak ¢imento yerine agirlik¢ca %5, 10 ve 15 oranlarinda silis dumani ve %25, 40
ve 55 oranlarinda F tipi ucucu kiil kullanilarak tiretilen KYB iiretiminde en yiiksek basing dayanimi degeri
88 MPa degeri ile %15 silis dumani kullanilarak iiretilen betonlardan elde edilirken [16], ¢imento yerine
%40, 50, 60 oranlarinda F tipi ugucu kiil ikame edilmesi sonucunda en iyi akicilik ve en iyi basing dayanimi
%40 oraninda oldugu goriilmiistiir [17]. Iki farkli kiir sart: ve farkli oranlarda silis dumani (%10, 15, 20)
ile ugucu kiil (%10, 20, 30, 40, 50) ikamesi ile ayr1 olarak ve hibrit seklinde tiretilen KYB’lerde sadece ugucu
kiil kullanarak elde edilen KYB’lerde en yiiksek dayanimin %30 oraninda, sadece silis dumani
kullanilarak elde edilen KYB’lerde ise en yiiksek dayanimin %15 oranunda ve 28 giin su kiiriinde ucucu
kiildeki optimum dayanum degerinin silis dumanindaki optimum degerden daha diisiik oldugu, hibrit
oran olarak %10 ugucu kiil+%10 silis dumani ikamesi ile elde edilen KYB’lerde en yiiksek hibrit dayanimin
elde edildigi gozlemlenmistir [18]. Celik clirufunun ¢imento yerine %5, 10, 15, 20, 25 ve 30 oranlarinda
kullanilarak {iiretilen KYB'lerin taze beton ve sertlesmis beton 6zellikleri incelendiginde ¢elik ciirufunun
%15 oranina kadar kullaniminin KYB'lerde olumlu etki gosterdigi [19] ve ¢elik clirufunun KYB tokluk ve
yorulma direncini artirdig1 [20] belirlenmistir. Ayrica bakir clirufunun KYB’lerde basing dayanimini
artirdig [21] ve KYB taze beton 6zelliklerini iyilestirdigi [22] goriilmiistiir.

Sanayi sektdrii basta olmak {izere gesitli alasimlarin {iretilmesinde, yapilarin cat: kaplama islerinde,
lastik ve pil gibi malzemelerinin iiretimi gibi bir¢ok alanda ¢inko metali kullanilmaktadir. Cinko metalinin
iilkemizde rezervi 2.3 milyon iken diinyada bu deger 200 milyon seviyelerine kadar gikabilmektedir. Bagta
ABD olmak tizere Kanada, Cin ve Avustralya ¢inko rezervi agisindan en zengin iilkelerdir. Diinyada bu
rezervlerden 8 milyon ton {iretim yapilirken bunun 0.5 tonu atik ¢inko ciirufu olarak ortaya ¢tkmaktadur.
Ulkemizde ise ¢inko metalinin tiiketim seviyesi yiiksek degerlerde olup yaklasik olarak 60 bin tondur.
Her gecen giin sanayi sektoriiniin artisina bagl olarak bu degerler artmaktadir. Tiirkiye’de ¢inko yataklar1
cogunlukla kursun-g¢inko yatag1 olarak Dogu Karadeniz Bolgesinde (Sekil 1) yaygin olarak
bulunmaktadir [23].
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Sekil 1. Tiirkiye’deki Kursun-Cinko Yataklar1 [23]
Figure 1. Lead-Zinc Deposits in Turkey [23]

Atik ¢inko clirufunun agrega yerine kullanildig1 bir¢cok ¢alisma mevcut iken [24]-[27] ¢imento yerine
ikame olarak normal beton ve harg¢larda kullanildig1 ¢alismalar sinirh sayidadir;

Atik ¢inko ciirufunun %10, 20 ve 30 oranlarinda c¢imento yerine agirlik¢a ikame olarak kullanilmas:
ile elde edilen harglarin 3 farkh kiir siiresi sonunda (7, 14 ve 28) en yiiksek basing dayaniminin %10
oraninda ¢inko clirufunun kullanilmasi ile elde edildigi belirlenmis olup [28] ¢inko ciirufunun puzolanik
malzeme olarak kullanilabilecegi belirlenmistir [29].

Literatiir incelendiginde atik ¢inko ciirufunun normal beton ve harglarda kullanimina ait ¢aligmalar
mevcuttur fakat bu malzemenin bir 6zel beton tiirii olan KYB {iretiminde kullanimina dair herhangi bir
calisma mevcut degildir. Bu durum ¢alismaya ayrica bir 6zgiinliik katmaktadir. Calisma sonunda atik
¢inko ciirufu kullanilarak KYB {iretilmesi ile hem bir atik malzemenin dogadan uzaklastirilmas: hem de
bu malzemenin ¢imento yerine kullanilmasiyla KYB’deki yiiksek ¢cimento dozajindan kaynakli ekonomik
problemlerin giderilmesi amaclanmustir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)
2.1. Materyal (Material)

Bu calismada, Erzurum Askale Cimento Fabrikasindan CEM I 42.5 R tipi ¢imento ve Kayseri ili
Cinkom Fabrikasindan atik ¢inko clirufu (Sekil 2) temin edilmistir. Calismada kullanilan ¢imento ve atik
¢inko clirufuna ait kimyasal 6zellikleri, ilgili {iretim fabrikalarindan temin edilmis olup Cizelge 1’de
verilmistir. Calismada 4 farkli boyutta (0-2, 2-4, 4-8, 8-16) bazalt agregas1 kullanilmis olup, agregaya ait
ozellikler Cizelge 2’de, ¢inko clirufunun fiziksel 6zellikleri ise Cizelge 3’de yer almaktadir.
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Sekil 2. Atik Cinko Ciirufu
Figure 2. Waste Zinc Slag

Cizelge 1. Cimento ve Atik Cinko Ciirufunun Kimyasal Ozellikleri
Table 1. Chemical Properties of Cement and Waste Zinc Slag

Kimyasal Bilesenler Cimento (%) Atik Cinko Ciirufu (%)
Si0:2 18.10 16.10
ALO:s 4.48 8.53
Fe20s 3.09 26.47
CaO 63.65 29.83
MgO 2.58 3.22
SOs 2.84 -
Kizdirma Kayb1 3.9

Na20 0.21

K0 0.62

Na20+0.66K20 0.62

cl 0.015

Olgiilemeyen 0.52

Toplam 100

Serbest CaO 0.44

Coziilemeyen Miktar 0.55

Cizelge 2. Bazalt Agregasmin Fiziksel Ozellikleri

Table 2. Physical Properties of Basalt Aggregate

521

Agrega Boyutu DKY Tane Yogunlugu Su Emme Oram Stok Nemi
(mm) (gr/cm3) (%) (%)
0-2 2.61 2.98 2.59
2-4 2.61 2.95 2.39
4-8 2.63 1.40 1.49
8-16 2.63 1.47 1.17
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Cizelge 3. Cinko Ciirufunun Fiziksel Ozellikleri
Table 3. Physical Properties of Zinc Slag

Ciiruf Boyutu DKY Tane Yogunlugu Su Emme Orani
(mm) (gr/cm3) (%)
0-4 2.22 10.2
4-8 2.23 9.5

Los Angeles cihaz1 yardimiyla ogiitiilen atik ¢inko cilirufu malzemesinin, 63 mikron ve 75 mikron
boyutunda kare gozlii eleklerden gegen yiizdesi Cizelge 4’de verilmistir.

Cizelge 4. Atik Cinko Ciirufunun Inceligi
Table 4. Fineness of Waste Zinc Slag

Elek Cap1 (mikron) Elekten Gegen (%)
75 85
63 60

2.2. KYB Karisim Gruplar1 (KYB Mixture Groups)

Polikarboksilik eter esasli 2. nesil siiper akigskanlastirici ¢imento agirliginca %2.63 oraninda
kullanilarak olusturulan KYB karisim gruplar1 Cizelge 5 de verilmistir. Uygun ve dogru akiskanlastirici
orani i¢in bir¢ok 6n deneme yapilmistir. KYB karisim gruplary; kontrol grubuna ek olarak atik ¢inko
clirufunun ¢imento yerine agirlik¢ca %5, 7.5 ve 10 oranlarinda kullanilmasi ile olusturulmustur.

Cizelge 5. KYB Karisim Gruplar:
Table 5. KYB Mixture Groups

KYB Malzeme Miktar1 (kg/m?3)
Gruplan

C CC Agrega (mm) S S/B SA

0-2 2-4 4-8 8-16

K 578 - 568 353 308 307 208 036 152
CC5 549 29 568 353 308 307 208 036 152
CC7.5 535 43 568 353 308 307 208 036 152
CC10 520 58 568 353 308 307 208 036 152

K: Kontrol KYB Grubu, C: Cimento, CC: Cinko Ciirufu S: Su, S/B: Su/Baglayict Orani, SA:
Stiperakiskanlastiric

2.3. Yontem (Method)

2.3.1. Taze beton deneyleri (Fresh Concrete Tests)

2.3.1.1. Yayllma deneyi (Flow-table test)

KYB’nin yayilma deneyinde, taze betonun kendi agirlig ile yayilma ¢ap1 ve T50 siiresi belirlenir. Bu
deneyde, diiz bir yiizey {izerinde slump hunisine doldurulan KYB'nin, huni g¢ekildikten sonra
yayilabildigi maksimum cap ile 50 cm dairesel ¢ap Ol¢iisiine yayilma siiresi belirlenir. Deney (Sekil 3) TS
EN 12350-8 [30] standardina uygun olarak yapilmistir.
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Sekil 3. Yayilma Deneyi
Figure 3. Flow-Table Tests

2.3.1.2. V-Hunisi deneyi (V-Funnel Flow test)
V-hunisi deneyi (Sekil 4), KYB'nin bosluklardan gegebilme kabiliyetini 6l¢mek i¢in kullanilir. Bu

deneyde, KYB'nin kendi agirligi ile V-hunisinin dar olan kismindan bosaldig: siire 6l¢iiliir. Deney TS EN
12350-9 [31] standardma uygun olarak gergeklestirilmistir.

Sekil 4. V Hunisi Deneyi
Figure 4. V-Funnel Flow Test

2.3.1.3. L-Kutusu deneyi (L-Box Test)

KYB'nin donatilar arasindaki gecis ve kaliba kendiliginden yerlesme yetenegini 6l¢mek icin
uygulanir. Deneyde, (Sekil 5) siirgiilii kapak agildiktan sonra L-kutusunun her iki ucundaki ytiikseklikler
Olgiilerek aradaki fark tespit edilir. Deney TS EN 12350-10 [32] standardma uygun olarak
gerceklestirilmistir.
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Sekil 5. L-Kutusu Deneyi
Figure 5. L-Box Test

2.3.1.4. U-Kutusu deneyi (U-Box test)

Taze durumdaki KYB'nin, donatilar arasindan kendi agirlig: ile gegebilme yeteneginin belirlendigi
deney (Sekil 6) yontemidir. Bu deneyde, U-kutusunun iki bolmesi arasindaki siirgiilii kapak kapali
durumda iken, bir bélmesine doldurulan ve kapagin acilmasiyla diger bolmede yiikselen KYB'nin iki
bolmedeki yiikseklik fark: olgtiliir.

Sekil 6. U-Kutusu Deneyi
Figure 6. U-Box Test

2.3.2. Sertlesmis beton deneyi (Hardened concrete test)
2.3.2.1. Basin¢ dayanimi deneyi (Compressive strength test)
Basing dayanimi deneyi 150x150x150 mm boyutlu numunelerde 7 ve 28 giin standart kiir sonunda TS

EN 12390-3 [33] standardina uygun olarak yapilmistir. Deneyde, standarda uygun olarak yiikleme hizi
0.4 MPa/s olarak alinmistir (Sekil 7).
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Sekil 7. Basing Dayanumi Deneyi
Figure 7. Compressive Strength Test

3. BULGULAR VE TARTISMA (FINDINGS AND DISCUSSION)
3.1. Taze Beton Deney Sonuclar1 (Fresh Concrete Test Results)

Farkli oranlarda atik ¢inko ciiruf tozu ikameli KYB gruplarina ait taze beton deney sonuglar1 Cizelge
6’da verilmistir.

Cizelge 6. KYB Taze Beton Deney Sonuglari
Table 6. KYB Fresh Concrete Test Results

. KYB Karisim Gruplar
KYB Taze Beton Ozellikleri
Birim K CC5 CC75 CC10

Yayilma Cap1 cm 90 94 98 86
T-50 Siiresi S 2.25 1.92 1.64 2.25
V Hunisi Siiresi S 5.36 3.91 4.98 4.2
L Kutusu Yiikseklik Orani (h1/h2) - 1.13 1.11 1.08 1.10
U Kutusu Yiikseklik Farki (h1-h2) cm 1 0.5 0.6 0.8

K: Kontrol, CC: Cinko Ciirufu

Cizelge 6 incelendiginde, atik ¢inko cliruf tozu ikameli KYB gruplarinin yayilma ¢apr degerlerinin
yliksek oldugu ve en yiiksek yayilma ¢apinin 98 cm ile CC7.5 KYB grubunda elde edildigi belirlenmistir.
EFNARC [34] standardina gore KYB betonlarinin minimum 65 cm yayilma ¢apina sahip olmasi gerektigi
belirtilmektedir. Elde edilen en yiiksek yayilma ¢apinin ise minimum yayilma ¢apindan %51, kontrol KYB
betonundan ise %9 daha fazla oldugu belirlenmistir. Ayrica yayilma capimnin en yiiksek ¢iktig1 CC7.5 KYB
grubunun T-50 stiresi en az ¢itkmis ve bu durum atik ¢inko ciirufu malzemesinin kullanildi1g1 KYB’lerin,
kendi agirlig: ile yayilma caplarmin artacagi ve yayilma siirelerinin ise azalacagi sonucunu ortaya
koymustur. Agirlik¢a ¢imento yerine %7.5 oraninda kullanilan atik ¢inko clirufunun %10 oranina ¢tkmasi
ile yayilma cap1 ve T-50 siiresi azalmis iken KYB'lerin taze beton &zellikleri i¢in olumsuz durum olan L
Kutusu Yiikseklik Orani (h1/h2) ve U Kutusu Yiikseklik Fark: (h1-h2) ise artis gostermistir. Atik ¢inko
ciiruflarinin sahip oldugu yiiksek su emme oranlari nedeniyle betonda kullanim oraninin artisina bagh
olarak iglenebilirligi olumsuz etkiledigi diisiiniilmektedir.
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Atik ¢inko clirufu iceren KYB'lerdeki V-hunisi deneyi siireleri, L-kutusu yiikseklik orani ve U-kutusu
yiikseklik farki miktar1 kontrol KYB grubuna gore daha diisiik ¢tkmistir. Bu deney sonuglarinin kontrol
KYB grubuna gore diisiik ¢ikmasi, KYB i¢in istenilen bir sonugtur [16].

Atik ¢inko ciiruf tozu iceren KYB gruplar biitiin KYB taze beton deneylerinde olumlu sonug vermis
olup, bu atik malzemenin KYB tasarimlarinda kullanilabilecegi sonucuna varilmistir. Atik ¢inko ciiruf
tozunun KYB’lerde kullanulmas: ile islenebilirligi artirabilecegi belirlenmistir. Puzolanik katkilarin
iglenebilirligi olumlu etkiledigi bilinmektedir [18], [35]. Bu durum atik ¢inko ciiruf tozunun KYB'lerin taze
beton 6zelliklerinde bir puzolan katkis1 gibi ¢alisabilecegini ortaya koymaktadar.

3.2. Sertlesmis Beton Deneyi Sonuclar1 (Hardened Concrete Test Results)
3.2.1. Basin¢ Dayanimi1 Sonuglari (Compressive Strength Results)

Atik ginko ciiruf tozu katkili ve kontrol KYB gruplarma ait 7 ve 28 giin standart su kiirii sonunda, her
bir gruba ait ticer adet numuneden elde edilen ortalama basing dayanim sonuglar: Cizelge 7 ve Sekil 8'de
verilmistir.

Cizelge 7. Basing Dayanimi Sonuglari
Table 7. Compressive Strength Results

KYB Gruplan Ortalama Basin¢ Dayanimi (MPa)
7 Giin 28 Giin

K 69 77

CC5 64 68

CC7.5 62 67

CC10 68 74

K: Kontrol, CC: Cinko Ciirufu
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Sekil 8. Basing Dayanimi Sonuglar:
Figure 8. Compressive Strength Results

Cizelge 7 ve Sekil 8 incelendiginde, 7 ve 28 giin standart kiir sonunda atik ¢inko ciiruf tozu ikameli
KYB karsim gruplarinin basing dayanim sonuglari, her iki kiir siiresinde de kontrol grubu dayanim
sonuglarina yaklasik es deger oldugu goriilmektedir.
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Atik ¢inko cliruf tozu katkil1 KYB gruplarinda, her iki kiir siiresinde de en yiiksek basing dayanimlar:
CC10 grubunda elde edilmistir. Atik ¢inko ciiruflu gruplarda, 7 giin standart kiir sonunda minimum 62
MPa, 28 giin standart kiir sonunda minimum 67 MPa basing dayanumi elde edilmis olup, atik ¢inko ciiruf
tozu ikamesi ile yiiksek dayanimli KYB’lerin elde edilebilecegi belirlenmistir. Atik ¢inko ciirufu tozunun
kimyasal bilesiminde yer alan SiO: miktarmin kullanilan ¢imento ile yakin olmasi ve sahip oldugu
kimyasal 6zellikler sayesinde (CaO>%10 ve Al203+5iO2+Fe203>%50) C tipi ugucu kiil gibi kendiliginden
baglayicilik 6zelliklerine sahip olabilecegi diisiiniilmektedir. Bu nedenle ilk zamanlarda (7 giin kiir siireli)
atik cinko ciirufu tozu iceren KYB’lerin basing dayamimi sonuglar: referans KYB’nin basing dayanimi
sonuglarina yakin olarak elde edilmistir. Cinko ciirufu katkisinin artisina bagl olarak, 28 giin standart kiir
sonunda basimg dayanimlari 74 MPa seviyelerine ulagsmis olup, bu durum atik malzemenin KYB igerisinde
puzolanik katki maddesi olarak kullanilabilecegini gostermektedir.

4. SONUCLAR VE ONERILER (CONCLUSIONS AND RECOMMENDATIONS)

Bu calismada, atik ¢inko ciirufu malzemesinin bir 6zel beton turii olan KYB tiretiminde
kullanilabilirligi incelenmis ve bu kapsamda ¢imento yerine agirlik¢a 3 farkli oranda (%5, 7.5 ve 10) ikame
edilerek karisim gruplari olusturulmustur. Calisma kapsaminda, taze beton deneylerine ek olarak,
tretilen numuneler tizerinde basing dayanimi deneyi uygulanmistir. Calismada elde edilen sonuglar
Ozetle;

* Atk cinko ciiruf tozunun KYB {iretiminde katki maddesi olarak kullanilabilecegi belirlenmistir.

e Uretilen tiim atik ginko ciiruf tozu katkili gruplarin, KYB taze beton 6zelliklerini iyilestirdigi ve
en iyi sonuglarin ise %7.5 ve %10 oraninda kullanilmasi ile elde edildigi belirlenmistir.

e Atik cinko ciiruf tozu kullanilarak elde edilen KYB gruplarinda, 28 giin standart kiir sonunda
minimum 62 MPa basing dayanimi elde edilmis olup, her iki kiir siiresinde de en iyi sonuglarin CC10
grubunda oldugu tespit edilmistir.

® Basing dayanimi sonuglari incelendiginde, atik ¢inko ciiruf tozu katkili KYB’lerin basing dayanim
sonuglari, kontrol grubunun dayanim sonuglarina yaklasik esdeger oldugu belirlenmistir.

* (Cimento yerine atik ¢inko ciiruf tozunun kullanilmasiyla hem KYB maliyetleri azaltilabilecek hem
de bir atik malzeme dogadan uzaklastirabilecek ve boylece daha cevreci bir beton iiretimi
gerceklestirilebilecektir.

Sonraki ¢aligmalarda;

o Atik ¢inko ciiruf tozu kullanilarak tiretilen KYB’lerin ¢esitli durabilite 6zelliklerinin incelenmesi,

o Bu atik malzemenin diger 6zel beton tiirlerinde kullanilabilirliginin arastirilmasi,

o Basing dayanimi sonuglarinin daha uzun kiir siirelerinde incelenmesi,

o Atik¢inko ciiruf tozu iceren KYB’lerin ayrisma direnglerinin belirlenmesinde reometre deneyi gibi
daha ileri testlerin kullanilmasi,

o Atik ¢inko ciliruf tozunun inceligi artirilarak, daha o6nceki sonuglar ile karsilagtirilmasi
onerilmektedir.
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e Nitrogen (N) and argon (Ar) plasmas can be used to obtain hydrophilic PMMA surface.
e To reach the lowest contact angle value of PMMA surface, high plasma power is needed.
¢ High frequency (40.68 MHz) CCP RF plasmas can be used effectively to enhance the wettability of

polymer surfaces.
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ABSTRACT: Poly(methyl methacrylate) (PMMA) has a wide variety of applications due to its attractive
physical and optical properties. Due to its hydrophobic (water-repellent) character, the surface of PMMA
should be modified before being used in applications. In this study, the surface of PMMA films were
modified by 40.68 MHz high frequency CCP (capacitive-coupled plasma) RF system with nitrogen (N)
and argon (Ar) gases. The experiments carried out under various plasma powers while the pressure and
treatment time were kept constant. The wettability of the plasma treated surfaces was analyzed with
contact angle and surface free energy (SFE) measurements. Also, the change in the chemical structure of
the surfaces was investigated with X-ray photoelectron spectroscopy (XPS). The results showed that all
plasma treatments enhanced the hydrophilicity of the surfaces and the lowest contact angle values
obtained at high plasma power. The total SFE of the treated surfaces increased with power and the main
contribution to total SFE came from polar components. The polar groups formation on the surface after
plasma treatment was proved with XPS results. Hence, it was found that high frequency CCP RF
plasmas can be used effectively to obtain hydrophilic polymer surfaces.

Keywords: Surface Engineering, Plasma Surface Modification, PMMA, Wettability, Polymer
1. INTRODUCTION

PMMA is a low cost material and it has exceptional features such as thermal stability, chemical
inertness and flexibility. It is widely used in applications in membranes [1], photonics [2], coatings and
biomedicals [3]. In addition, it is an alternative to glass materials due to its high light transmittance
[4,5]. The main problem of PMMA is its hydrophobic surface which leads to pore adhesiveness.
Therefore, it is necessary to modify the surface of the polymer to obtain hydrophilic surfaces before
being used in some applications especially in biomedical fields where the metal films, proteins and cells
adhering to the polymer surface [6,7]. There are various surface modification techniques for polymers
such as wet chemical modification [8] and plasma treatment [9]. The most advantageous method in
tailoring the surface is plasma treatment, since the bulk properties of the material remain unchanged
and only the surface of the material is modified. Moreover, plasma modification is time efficient and
solventless method. In addition, this process is carried out without generating chemical waste. Plasma,
partially ionized gas, consists of electrons, ions and reactive neutral particles with high energy levels.
These energetic particles interact with the material surface and give their energy to the material through
the collisions. As a result, some bonds on the surface are broken and radicals are formed leading to
cross-linking [10,11] and formation of functional groups on the surface with the interaction of particles
with plasma and enviroment [12-14]. Plasma parameters such as plasma power, gas, pressure etc. affects
the treatment process.

Nitrogen containing plasmas are used to improve surface wettability [15], electrical conductivity [16]
and biocompatibility [17]. Nitrogen gas plasma contains molecules located at many different electronic
levels. Therefore, it is a rich source of excited molecules. Argon plasma, on the other hand, is used for
many purposes such as removing surface contamination [18] and cross-linking [19]. Although argon is a
noble gas, its plasma causes the formation of polar groups on polymer surfaces [20]. Oxygen (O) and
nitrogen containing groups on the surface are responsible of hydrophilicity.

*Corresponding Author: Zahide TOSUN, zahidetsn@selcuk.edu.tr
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PMMA surface treatments before used in applications has been investigated for a long time [21] and
still the effect of different plasma systems on modification of PMMA films has been studied [22, 23]. In
the literature, for capacitevely coupled RF plasmas, the system which has 13.56 MHz driven frequency
were used generally for processing polymer surfaces [24-26]. In this study, PMMA surfaces were
exposed to plasma generated at high frequency (40.68 MHz) CCP RF system at constant pressure with
different plasma powers. Both the wettability of films and the effect of high-frequency plasmas on the
processing of polymer material surfaces were investigated. It was found that high frequency CCP RF
plasmas can be used effectively for surface modifications of PMMA.

2. MATERIAL AND METHOD
2.1. Preparation of PMMA Films

PMMA powder, the chemical structure of which is given in Figure 1, (Molecular weight 120.000 Da)
was dissolved in chloroform (20%, w/w) at room temperature (25 °C) and a homogeneous mixture was
obtained by mixing the solution with a magnetic stirrer for two hours. Then it was poured onto
microscope glasses in order to obtain PMMA films. The films were kept at room temperature for 7 days
and dried by allowing the solvent to evaporate.

CH,

/
_ECHZ_C&F'I_
\C—O
C=
@)

CH;

Figure 1. Chemical structure of the monomer unit of PMMA

2.2. Plasma Surface Treatment

The surface of PMMA films were treated with CCP RF plasma system. It consists of a cylindrical
reactor with two aluminum electrodes placed parallel to each other, a 40.68 MHz RF power supply, a
matching network and vacuum pumps (Figure 2.). The diameters of the electrodes used in the system
are 200 mm. The distance between these two identical electrodes is 30 mm. Plasma processes were
carried out under vacuum conditions in order to protect the surfaces from the effects of air molecules.
The rotary pump reduces the internal pressure to 1072 torr, while the turbo molecular pump reduces
this value to 1073 torr. The matching network is placed between the reactor chamber and the RF power
supply in order to provide maximum power transfer to the reactor chamber by minimizing the power
reflected from the reactor through the circuit elements. After the PMMA films were placed in the system,
the system was put into vacuum and then gas was supplied to the system. Argon and nitrogen gases as
plasma were used in the experiments. Since pressure increased due to plasma during the experiment,
the system pressure was kept at constant value by means of valves. Longer exposure times did not cause
any significant effect on the contact angle values in our high frequency RF system. So, only the plasma
power effect on the wettability of polymer films was investigated. All of the experiments were
performed at different plasma powers (25 W, 100 W and 150 W), at a constant pressure of 0.7 torr and
treatment time of 5 minutes. After the surface treatment process, the system was filled with the working
gas to stabilize the polymer surfaces and prevent it from direct contact with air. Then, the system was
removed from the vacuum and the surfaces of the materials were analyzed.
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Figure 2. Experimental set up of plasma treatment

2.3. Contact Angle and SFE Measurements

Wettability is a measurement of liquids ability to spread over the surface of a particular solid. The
contact angle of the surface is a measure of the wettability, and defined as the angle at which the liquid
gas interface meets the solid surface. When water contact angle decreases, the wettability of the surface
increases, or vice versa. Moreover, chemical groups on the surface of solid material affect wettability.
One of the measurement methods that gives information about these groups is the SFE. SFE is the work
that is necessary to increase the surface area of a solid and it has an influence on the wettability of solids
by liquids. The relation between contact angle and SFE is given with Young's equation and defined as

Ys = Vs T vic05(0) 1)

where y; is the SFE of the liquid, ys is the SFE of the solid material, y; is the solid-liquid interface free
energy, and 6 is the contact angle. There are some methods in the literature to find y; using contact
angles of different liquids [27]. Among them, geometric and harmonic mean approaches are widely used
to calculate the SFE of polymers [27,28]. SFE has dispersive and polar components that can be calculated
from the geometric mean and harmonic mean approaches. In order to find the SFE of the solid surface, at
least two contact angle measurements are required. So, not less than two liquid selections is necessary.
One of the test liquids must be selected from the polar liquids, and the other liquid must have
dispersive effect. Water, diodomethane and formamide can be used for SFE measurements [28]. In this
study, the surface contact angles of the treated and untreated PMMA films were made with Attension
Theta goniometer. The static contact angles of the film surfaces were measured by dropping 5 ul drop of
distilled water, diiodomethane (DIM, Sigma-Aldrich) and formamide (FA, Sigma-Aldrich) onto the
surface at 25 °C room temperature. All plasma treatment experiments were carried out three times and
contact angle values were taken for all the surfaces with five different points in order to obtain more
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accurate results. SFE values of PMMA films were obtained by using the contact angle values of liquids
with both geometric and harmonic mean approaches.

2.4. XPS Measurement

XPS is a high precision surface analysis technique. When the material exposes to X-rays, the
electrons are emitted from the surface and the kinetic energies of the electrons are analysed by a
detector. These energies are related to the bonding energies of the atom and by measuring them the
information of elemental composition and bonds on the surface can be obtained.

In this study, XPS measurements were carried out with the PHI 5000 VersaProbe 55 brand XPS
device with aluminium monochromatic X-ray source, at a 45° take off angle both on the treated and
untreated surfaces of PMMA films. For detailed peak analysis XPS peak program was used.

3. RESULT AND DISCUSSION
3.1. Contact Angle Results

In order to investigate the plasma effect on the surface, contact angle measurements of different
liquids (water, diodomethane and formamide) were carried out. The contact angle values of the surfaces
treated with argon and nitrogen plasmas under different plasma conditions are given in Table 1 and the
graphics of contact angle values of PMMA versus plasma power for nitrogen and argon plasmas are
given in Figure 3.. The water contact angle for the untreated PMMA film surface is 71.3°. As can be seen
from this table, a serious decrease in water contact angle was observed even at 25 W plasma power on
the surface treated with both nitrogen and argon plasmas. The water contact angle values decreased as
the plasma power increased and the most hydrophilic surfaces were obtained for the films treated with
argon and nitrogen plasmas at 150 W plasma power. While the contact angle change of formamide
showed similar behavior with water contact angle for nitrogen plasma, surface treatments did not cause
great changes in contact angles of diodomethane. The similar behavior of formamide and water on the
treated surfaces is due to polar structure of formamide and water. Diodomethane is a non-polar liquid.
So, small changes in the contact angles of diodomethane may be due to the increase of polar groups on
the surface and the decrease of dispersive groups such as C-C and C-H. Dorranian et al. [29] found that
diodomethane contact angle slightly change with plasma treatment time while water contact angle
decreasing due to increase of polar groups on the surface.

Table 1. Water (6,,), diodomethane (8,), formamide (6¢) contact angle values on PMMA film surfaces
treated with nitrogen and argon gas plasma at different plasma powers

Contact Angle
Sample Power 0, ® 04 (® 0; (©)

Untreated ow 71.3 324 54.8

Treated in nitrogen plasma 25 W 46.7 32.1 15.5
100 W 40.6 32 12

150 W 17.2 31.1 7.5

Treated in argon plasma 25 W 42 34 16.1
100 W 329 31.7 12
150 W 20.9 13.9 8

For argon plasma, water and formamide contact angle decreased with power increase similar to the
results of nitrogen plasma treatments. However, as different from nitrogen plasma process, there is a
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sharp decrease in diodomethane contact angle when the power reached 150 W. The decrease of contact
angle value of all liquids may stem from the change in surface roughness for argon plasma at high
plasma power. It is the aim of our further study to investigate the surface morphology in detail.

—=— Water —s— Water
80 —e— Diodomethane 80 —e— Diodomethane
70 —a— Formamide < 70 —a— Formamide

(0]
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@ 40
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Figure 3. Contact angle values of PMMA films treated using (a) nitrogen, (b) argon plasma with
respect to plasma power

3.2. SFE Results

SFE and its components give important information about which chemical effects dominate in
making the surface hydrophilic. The measured contact angles of water and different liquids are used to
calculate the total SFE and its components. The results obtained for different plasma conditions is given
in Table 2, and the grafics of SFE of PMMA versus plasma power for nitrogen and argon plasma are
given in Figure 4. Surface energy consists of two different components: polar and dispersive. Both of
them contribute to total surface energy. While the polar component is responsible for the polar groups
on the surface, dispersive one shows the hydrophobic character of the surface or crosslinked structure.
Ygeor Vaeor Yeeo Show the total SFE calculated by geometric mean approach, its polar and dispersive
components respectively. In addition, ypar, y,f’ar, v&, show the total SFE calculated by the harmonic
mean approach, its polar and dispersive components, respectively. Total SFE of untreated PMMA film
obtained with geometric mean approach is 42.7 mJ/m? and harmonic mean approach is 45.8 mJ/m?.
These values increased to 68.8 and 73.1 mJ/m? for nitrogen plasma treatment at 150 W plasma power.

Table 2. Total SFE and its polar and dispersive components of nitrogen and argon plasma treated
PMMA films calculated with harmonic and geometric mean approaches

Total SFE Polar Component Dispersive Component

(mJ/m*) (mJ /m?) (mJ/m?)

Sample Power VYgeo Vhar  Ygeo Vhar Ygeo Vhar
Untreated OW 427 458 6.5 10.2 36.2 35.6
Nitrogen plasma 25W 59.6 63.1 17.8 23 41.8 40.1
100W 618 656  20.7 25.9 41.1 39.7
150W 688 731 294 34.9 39.4 38.2
Argon plasma 25W 606 642 20.4 25.4 40.2 38.8

100W 644 682 24 29.2 40.4 39

150 W 694 739 25.3 32 44.1 41.9
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Figure 4. SFE of PMMA films treated using (a) nitrogen, (b) argon plasma with respect to plasma power

The calculations made with the geometric mean approach show that while the increase of polar
component is 22.9 mJ/m?, that of dispersive component is 3.2 mJ/m?. For harmonic mean these values
are 24.7 mJ/m?* and 2.6 mJ/m?, respectively. It is clear that the contribution to the total SFE is mostly
due to the polar component regardless of the approach. Since the polar component stems from the
orientation of permanent electric dipoles, involving charge transfer interactions, dipole-dipole
interactions, dipole-induced dipole interactions, hydrogen bonds, etc., it is expected to see a decrease of
contact angle value accompanying an increase of SFE with its polar component due to hydrogen
bonding ability of the surface. The dispersive component is related to the internal electron motions, and
it is independent of the dipole moments. So, when the polar group is introduced to a polymer surface, it
has no much effect on dispersive part. This is the reason of slight change in dispersive components of
SFE. When it comes to argon plasma treatments, the total SFE of all modified surfaces is higher than the
value of untreated samples for both geometric and harmonic mean approaches. Just as the plasma
power increased, the polar groups increased on the surface and the polar component gave the most
contribution to the total SFE for both approaches. As it compared with nitrogen plasma, the increase in
dispersive component with plasma power for argon plasma is slightly higher than obtained for nitrogen
due to the crosslinked network which was supported with XPS results.

3.3. XPS Results

To investigate the change of chemical bonds on PMMA surfaces, untreated films and the films
treated at 150 W plasma power, which form the the most hydrophilic surfaces, were analyzed by XPS.
Cls XPS spectra of untreated, nitrogen and argon plasma treated (at 150 W) PMMA films are given in
Figure 5. Since the bonds related to C atom in the untreated PMMA structure are C-C, C-H, C-O and O-
C=0, Cl1s envelope is curve fitted into three components at binding energies of 285 eV( C-C/C-H), 286.7
eV (C-O) and 289 eV (O-C=0) [30]. The fitted curves of untreated, nitrogen and argon plasma treated (at
150 W) PMMA films are ploted in Figure 6.
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Figure 5. C1s XPS spectra of untreated, nitrogen and argon plasma treated PMMA films

Table 3. Concentration of chemical groups in the untreated and treated PMMA film surfaces with
nitrogen and argon plasma at 150 W plasma power

C-C/C-H C-O relative 0-C=0 relative peak
relative peak peak area (%) area (%)
Sample area (%)
Untreated 60 27 13
Treated in nitrogen plasma 51 26 23

Treated in argon plasma 54 24 22
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Figure 6. Deconvolved Cls XPS spectra of (a) untreated, (b) nitrogen and (c) argon plasma treated
PMMA films (at 150 W). Peak 1( C-C/C-H), peak 2 (C-O), peak 3 (O-C=0).

For treated samples, as will be mentioned in N1s spectrum analysis, there are nitrogen containing
functional groups such as C-N, C=N. But they overlapped with carbon-oxygen bond peaks and their
concentration was very low (proved with the noise like structure of N1s) [31]. So it is difficult to
distinguish them. In this study, it was focused on the change of main peaks in PMMA structure. In
Figure 6 the Cls spectra of the untreated surfaces were compared with the Cls spectra of the plasma-
treated surfaces. As can be seen in Figure 5. C-C/C-H peaks decreased and O-C=O peaks increased in
Cls spectra for nitrogen and argon plasma treatments. With the aim of proving these results and for
detailed analysis, the peaks were fitted and the areas of the peaks representing the bonds were
calculated (Table 3).

The peak percentages of the bonds are 60% for C-C/C-H, 27% for C-O and 13% for O-C=O for
untreated films. These data were in good agreement with the literature [32]. Gilliam et al. [32] found 57%
for C-C/C-H, 29% for C-O and 14% for O-C=0 for untreated PMMA surfaces. The C-C/C-H ratio for
untreated PMMA decreased on treated surfaces whereas a significant increase in O-C=0O bonds has been
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observed. The particles with sufficient energy in the plasma broke C-C/C-H bonds in the polymer
structure and caused the formation of polar groups which was demonstrated with SFE analysis. It is
expected to see an increase for all oxygen containing bonds due to polar groups. However, C-O bond
slightly decreased after treatments. This can be explained by disruption of the C-O bonds and formation
of functional groups containing nitrogen, which has similar binding energies with O=C-O [33]. C-C/C-H
bond percentage is slightly higher in argon plasma treatments than that of nitrogen plasma. This proves
the formation of crosslinked network on the PMMA surface and increase in the dispersive component of
SFE.

For nitrogen plasma, active nitrogen groups in plasma can break the bonds in the polymer chain,
causing the formation of nitrogen containing polar groups (such as imine, amide and nitroso). In the
literature, it was found that nitrogen containing groups generally have peaks around 400 eV for nitrogen
plasma treated polymer surface [34]. To investigate the presence of nitrogen containing groups on the
surface, N1s XPS spectra were examined for both untreated surfaces and plasma-treated surfaces (Figure
7). The C bond ratio in the PMMA structure is considerably higher than the nitrogen ratio on the treated
surfaces. So, when the nitrogen peaks are magnified, noise-like peaks are observed, unlike the Cls
spectrum. Since the PMMA polymer does not contain nitrogen in its structure, its ratio on the untreated
surfaces in the N1s XPS spectrum is quite low.

—— Untreated
—— Treated in nitrogen plasma
—— Treated in argon plasma

r T T T T T T T T T T T T T
394 396 398 400 402 404 406 408 410
Binding Energy (eV)

Figure 7. N1s XPS spectrum of PMMA films untreated, treated in nitrogen and argon plasma

On the plasma treated surfaces, peaks of nitrogen were observed between 398 eV and 402 eV.
Therefore, nitrogen dependent groups were formed on the treated surfaces. An example reaction
diagram of how these groups can be formed is given in Figure 8. Moreover, since the surfaces of the
samples become active after treatment, the oxygen and nitrogen in the atmosphere after the treatment
can be adsorbed on the surface and cause the formation of oxygen containing groups. The increase in O-
C=0 bonds for treated surfaces is caused by the atmospheric environment. Also, nitrogen peak was
observed after argon plasma treatments (Figure 7). The nitrogen containing groups formation on
polymer surface can be explained with the interaction of the surface with atmosphere after treatment. As
a result, the formation of both O-C=0 and nitrogen containing groups on the surface lead to an increase
in the polar part of the SFE for all treatments.
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Figure 8. Some possible reactions that may occur on the surface as a result of the interaction of PMMA
plasma with nitrogen gas plasma and air. (a) The process of activation of PMMA surfaces after plasma
treatment, (b) the formation of stable nitrogen compounds with plasma [34], (c) The interaction of active

4. CONCLUSION

surfaces with air.

This study clearly shows that high driving frequency CCP RF plasmas have important effect on
PMMA surface modification. In all experiments the water contact angle of the surfaces decreased which
proves the hydrophilic properties of the films. The lowest contact angle values obtained at high plasma
power. When the SFE were examined, the highest total SFE values were found with both geometric and
harmonic mean approaches at high plasma power and the most contribution comes from polar
component due to the oxygen and nitrogen containing polar groups which was proved with XPS results.
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These results show that high frequency (40.68 MHz) CCP RF plasmas can be also used to obtain
hydrophilic PMMA films. The interactions of plasma particles (i.e radicals, ions and electrons) affect the
surface wettability. Changing the plasma parameters such as plasma power changes the plasma
environment and plasma-surface interactions. In order to analyse which processes in the plasma
environment affect the surface chemistry, it is necessary to diagnose the plasma with the techniques such
as optical emission spectroscopy and Langmuir probe [35, 36].
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OZ: Giiniimiizde, polimerik nanokompozit malzemeler kompozit malzemeler icinde dncelikli olarak
tercih edilen malzeme grubunda ilk sirada bulunmaktadir. Nano boyutta takviye taneciklerinin yer
aldig1 kompozit malzemelerin niteliklerinin bulunmasi, gelistirilmesi ve {iiretilmesi olduk¢a 6nem arz
etmektedir. Bu ¢alismada, P3HT-PCBM ve PVP-Ag nanotoz (PVP-Agnr) ince filmleri dondiirmeli
kaplama yontemi ile hazirlandiktan sonra siiper kritik CO, tavlamasi yapilmustir. Uretilen filmlerin
daha sonra optik mikroskop, taramal1 elektron mikroskobu ve atomik kuvvet mikroskop ile analizleri
yapilmistir. Bu arastirmalarin sonucunda, P3HT-PCBM ve PVP-Agne numunelerinde, CO, tavlama
degiskenleri iizerinden partikiillerin yiizeysel faz ayrismasi ile yiizey gocii kontroliiniin kapsamli bir
sekilde yapilabildigi gozlenmigtir. Polimer icinde yer alan CO: miktarma bagh olarak partikiil
konsantrasyon dagiliminin degiskenlik gosterdigi saptanmistir. Boylelikle polimer nanokompozitlerin
oOzelliklerinin anlasilarak kullanim alanlarinin genisletilmesi, diisiik maliyete sahip yeni malzemelerin
tiretilmesi ve CO:2 kritik 1slatma mekanizmasimin farkli sistemler ile en iyi sekilde kullanilabilecegi
anlagilmigtir.

Anahtar Kelimeler: PSHT-PCBM, PVP-Ag, Siiperkritik Karbondioksit, Ince Film Kaplama

Control of Nanoparticle Distribution of Super Critical CO2in P3HT/PCBM and PVP-AgNP Materials

ABSTRACT: Today, polymeric nanocomposite materials are in the first place in the group of primarily
preferred materials among composite materials. It is very important to find, develop, and produce the
properties of composite materials with nano-sized reinforcement particles. In this study, supercritical
CO, annealing was performed after PSHT-PCBM and PVP-Ag nanopowder (PVP-Agnr) thin films were
prepared by spin coating method. The produced films were then analyzed with optical microscope,
scanning electron microscope, and atomic force microscope. As a result of these investigations, it has
been observed that surface migration control can be made comprehensively by superficial phase
separation of particles over CO, annealing variables in P3HT-PCBM and PVP-Agnr samples. It has been
determined that the particle concentration distribution varies depending on the amount of COz2 in the
polymer. Thus, by understanding the properties of polymer nanocomposites, it has been understood
that expanding the usage areas, producing new materials with low cost and the CO: critical wetting
mechanism can be used in the best way with different systems.

Keywords: PSHT-PCBM, PVP-Ag, Supercritical Carbon Dioxide, Thin Film Coating
1. GIRIS AINTRODUCTION)

Glintimiiz teknolojisinde istenilen malzeme ve 6zellik iliskisine gore metal-metal alasimlar1 yerini
farkli yapilardaki kompozit malzemelere birakmistir. Akademik ve endiistriyel 6nemi giderek artan
kompozit malzemelerden yiiksek 6zellige sahip farkl tiirden takviye elemanlar1 ile matrisleri igeren
malzemelerin gelistirilmesi ise biiyilk onem arzetmektedir. Kompozit malzemeler incelendiginde
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polimerik nanokompozit malzemelerin giiniimiizde 6ncelikli olarak ve yogunlukla tercih edildigi
goriilmektedir. Nano boyuttaki takviye taneciklerini ihtiva eden kompozit malzemelerin 6zelliklerinin
bulunmasi, bu O&zelliklerin gelistirilmesi ve dolayis1 ile uygulama alanlariin genisletilerek
malzemelerin {iretilmesi giiniimiizde oldukca 6nemli bir ¢alisma alanini icine almaktadir. Farkli
alanlarda (6rnegin; sensor teknolojisi, otomotiv sektorii, tip) malzemelerin ara yiizey ile yiizey
ozelliklerinin kontrol edilebilmesi adina nanopartikiil ilavesinin yapildig1 goriilmektedir. Malzemelerin
nihai Ozellikleri nanopartikiillerin seklinden, boyutundan ve tiirtinden bagimsiz olarak matris
icerisindeki dagilimina bagh olarak da degiskenlik gostermektedir. Tek katmanli polimer matris
icerisindeki nanopartikiillerin istenildigi gibi kontroliiniin saglandig1 bir sistem heniiz tam olarak
gelistirilememistir.

Maddenin basinci hangi degerde olursa maddenin sivi halde bulunabilecegi miimkiin olan en
yliksek sicaklik degeri o maddenin kritik sicaklig1 (Tc) olarak adlandirilir. Kritik basing (Pc) ise kritik
sicakliktaki maddenin buhar basina olarak tanimlanir. Madde, kritik nokta {izerindeki sicaklikta ve
basingta iken maddenin hallerinden farkli olarak yeni bir bolge ortaya ¢ikar. Bu bolgedeki akiskan,
‘siiper kritik akigkan’ olarak adlandirilmaktadir. Kritik noktada tiim maddeler karakteristik bir 6zellik
sergilemektedir. Siiper kritik akiskanlarin yogunluklari, viskoziteleri ve diger 6zellikleri, maddenin s1v1
ve gaz fazindaki Ozellikleri arasinda yer almaktadir. Siiper kritik akiskanlarin pek ¢ok avantajinin
bulunmasinin yani sira ¢oziicii etkisi de bulunmaktadir. Coziintirliigii diisiik olan bilesiklerin siiper
kritik bolgede ¢oziiniirliigii artirilabilirken, bazi bilesikler bu bolgede ¢ok iyi ¢oziinebilmektedir [1].

Stiper kritik bolgede tek faz bulunmakla birlikte bu bolgede yer alan akigskanlar hem sivi hem gaz
olmak tiizere iki 6zelligi de birden gostermektedir. Akiskan olarak bilinen siiperkritik akiskanlarin akis
ozelligi gazlara benzerken, yogunluk bakimindan ozelligi sivilara benzemektedir. Siiperkritik
akigkanlar diisiik viskoziteye, yiizey gerilimine ve kiitle transferine olanak saglayan yiiksek yaymirlik
katsayisina sahiptir.

Stiperkritik akigskanlarin ¢dzme giicii yogunluga baghdir. Bu yogunluk, basing ve sicakligin
degistirilmesi ile ayarlanabilir. Basing arttikca, stiperkritik akiskanin yogunlugu da artar. Stiperkritik
akiskanlarin ¢6zme giiciiniin kontroliiniin saglanmasi, siv1 ¢oziiciilere nazaran daha basittir [2].

Stiper kritik akigskan siireclerinde su, alkol, amonyak, amin vb. gibi pek ¢ok cesit akiskan
kullanilmaktadir. Bu akiskan cesitleri arasinda ise en yaygin kullanilan karbondioksittir (CO2). Zehirli
degildir ve tutusma 6zelligi bulunmamaktadir. Uriinden uzaklastiriimasi ise basittir [3][2]. CO2’in kritik
sicaklig1 ve kritik basinci sirasiyla 31.1°C ve 73.8 bar’dir (Sekil 1). Bu kritik kosullarda isletme siiresi
diiserken verim de artmaktadir [4] [5].

Hem bilimsel hem de teknolojik agidan bir polimer bilesenindeki nanopartikiil dagiliminin kontrolii
biiyiik 6nem arzetmektedir. Bir yandan daha genis arayiizey alanlari ile inorganik nanopartikiillerin
homojen dagiliminin tribolojik, manyetik, mekanik ve optoelektronik 6zelliklerinin gelistirilmesinde
kullanilabilirken diger yandan nanopartikiillerin bir polimer/substrat ara yiizeyine termal tavlama ile
tercihli segregasyonu polimer ince filmlerin kopmasini (dewetting) Onlemek icin kullanilabilir.
Nanopartikiillerin dagilim (montaj) islemleri tek bir polimer bileseninde bile sentetik yilizey
modifikasyonlarimin gereksinimleri ve hem entalpik hem de entropik katkilarla iligkili hassas bir denge
nedeniyle karmasiktir. Burada, polimerlerde gomiilii sekilde bulunan nanopartikiillerin uzamsal
dagilimlarmimin  kontroliiniin  saglanabilmesi amaciyla siiper kritik karbondioksit (skCOz)
kullanmilmistir (Tc: 31,3 °C ve Pc: 7,38 MPa). Siiperkritik karbondioksit, ¢cogu polimerler i¢in etkin bir
plastiklestirici 6zellige sahiptir ve parcacik yiizeyinde kritik nokta yakiminda bir 1slatma tabakas:
olusturarak polimer matrise ve gdmiilii bulunan nanopartikiillere bir ¢6ziicii gibi davranabilir. Koga
ve grubu [6],[7],[8][9] bu entalpik katkinin aksine bunun entropi odakli ayrisma olarak adlandirildigin
ve yer degistiren nanopartikiillerin, polimer zincirlerinin konfigiirasyonlarindaki sinirlamalarda
onemli oldugunu ve hatta polimerlerle uyumlu olarak, nanopartikiillerin polimer / hava yiizeyine
hareketini gostermislerdir.

SkCO2’in Onemi heniiz tam olarak polimerler {izerinde anlasilamamistir. Bunun baslica nedeni
skCO:2'nin uygun parametreler altinda (T<100°C, P<60MPa) belirli sirufta yer alan silikon esash
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”

polimerler “COz-seven ” ile yiiksek miktarda flor iceren polimerler i¢inde ¢oziinebilmesidir. [10].
Bununla birlikte yapilan ¢aligmalar kapsaminda diisiik ¢oziintirliige sahip y1gin (bulk) polimerlerinin
ince filmlerinin skCO: altinda yiiksek miktarlarda (~100nm) CO: molekiiliinii absorbe ettigi
belirlenmistir [11][12]. Bu absorbasyonun polimer-CO: etkilesiminden bagimsiz olarak evrensel bir olay
oldugu anlagilmistir. Koga ve grubu CO>'in bu alisilagelmisin disindaki absorpsiyonunun geleneksel
¢oziiclilerin aksine kritik akigkanin yogunlugundaki dalgalanmalardan kaynakli oldugunu
gostermistir. [6]. Polimerin ytizey Ozellikleri tizerindeki kontroliin saglanabilmesi agisindan bu
uygulama yeni ve etkili bir polimer-arayiizey stire¢ yonetimi olarak kabul edilmektedir. Bu kapsamda
yar1 kristal haldeki polimerlerin molekiiler yapilarinin diizenlenmesinde skCO:z etkili bir plastiklestirici
olarak da uygulanabilmektedir [13][14].

Yapilan arastirmalar, skCO:'in yogunluk dalgalanmalarimin ayni zamanda farkli polimer
matrislerde, farkli boyutlardaki nanopartikiillerde ve nanopartikiil ligantlarinin farkli tiirlerinde
polimer/CO: ara yiizeyinde nanopartikiillerin yiizey migrasyonunu uyardigini gostermistir [12].
Viskoz bir polimer matrisinde yer alan sivilarin simrli penetrasyon gilicii sebebiyle bir polimer
matrisinde sivi molekiillerin konsantrasyon gradyamni olusturulur. Kritik smmira yakmn olan CO2
molekiillerinin kritik 1slanmasimna maruz kalan nanoparcaciklar, yiizeyin yakinindaki CO:
konsantrasyonunun dik bir konsantrasyon gradyantindan yararlanarak CO: agisindan zengin faza

gegerler.
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Sekil 1. CO: i¢in sicaklik-basing faz diyagramai [4].
Figure 1. Temperature-pressure phase diagram for CO: [4].

Akigkan bir polimer matrisindeki sivilarin simrh penetrasyon kuvveti sebebi ile bir polimer
matrisinde, akiskan molekiillerin konsantrasyon gradyam olusturulur. Asada ve grubu [12], smur
durumundaki yogunluk dalgalanmas: ve sonrasinda uygulanan hizli kurutma islemi sonrasinda
dondurulmus PS/PCBM nanokompozit ince filmler iizerinde calisma yapmis ve CO:2 sonrasi
nanopartikiillerin yiizeye dogru olusan tasinimini dogrulamislardir. Bu nedenle, bu calisma, ilgili
tasinimin kontrollii bir sekilde yapi-6zellik iliskisine hizmet edecek bir sistem seklinde olusturulmas:
i¢in farkli polimer nanokompozit sistemleri {izerinden optimize edilmesini kapsamaktadir.

Bu calismada geleneksel 1s1l islemle faz ayrisimi kuvvetli bir sekilde gerceklesmis oldugundan ve
bu yiizeyde heterojen bir yap1 gozlenmesinden 6tiirii, basing, sicaklik, zaman ve etkilesim parametresi
gibi daha fazla parametre iizerinden daha esnek yap1 kontrolii saglayan 6zgiin bir calisma yapilmigtir.
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P3HT-PCBM ve PVP-Ag nanokompozit malzeme kullanilarak skCO:ile partikiillerin yiizeye gocii ve
ylizeysel faz ayrismasina olan etkisi incelenmistir.

2. MATERYAL VE YONTEM (MATERIAL AND METHOD)
2.1. Materyal (Material)

Polivinilpirolidon (PVP, Sigma Aldrich, Mw ~ 40.000), Poly (3-hekziltiyofen-2,5-diyil) (P3HT (Mn ~
54.000-75.000, regioregular, American Dye Source Inc) ve Poly 6, 6-fenil C 61-biitrik asit metil ester
(PCBM, Nano-C, ortalama tane boyutu 2 nm) malzemeleri ince film olusturmak i¢in kullanilmistir. Saf
su icerisinde ¢6ziinebilir olmas: sebebi ile PVP polimerleri tercih edilmistir. Bunun tercih edilmesinin
nedeni ise, nanopartikiil katkiya sahip polimer ince filmi sentezlemek i¢in 3 nm boyutuna sahip giimiis
nano toz dispersiyonu (Nanografi, %99.9, 2200 ppm) saf su icinde gelmesinden otiiriidiir. Farkh
oranlarda karistirilan farkli ¢oziiciilerin nanopartikiil katkili polimer ince filmlerinde makro faz
ayrisimlarina sebep oldugu bilinmektedir. Buna ilaveten ¢Oziicii olarak saf suyun kullanildig:
polimer/giimiis partikiil sistemine alternatif olarak matris/katki uyumunun yiiksek oldugu
P3HT/PCBM sistemi belirlenmistir. Bu sistemde PCBM karbon esashi (C60) bir nanopartikiil katk:
bilesenidir. Coziicii olarak toliien P3HT/PCBMyapisinda kullanilmistur.

lcm x1em boyutundaki Si destekler altlik olarak kullanilmistir. Bahsi gegen altliklar 100mm ¢apinda
ve <100> yoneliminde olacak sekilde University Wafer firmasindan temin edilmistir. Buna ilaveten Si
(silisyum) altlik ytiizeyini temizlemek amaciyla kullanilan azot gazi ve yiiksek saflikta (>%99) bulunan
CO2 gaz1 Kayseri’'de yer alan Gazsan isimli firmadan temin edilmistir.

2.2. Yontem (Method)
2.2.1. Altliklarin temizlenmesi (Cleaning the substrates)

Piranha ¢ozeltisi, 1:1:1 oraninda % 98 lik Siilfiirik Asit (H>SO,, 98.05 g/mol), saf su ve Hidrojen
Peroksit (H,O,) ¢ozeltisi hazirlandi. Piranha ¢ozeltisi i¢ine daldirilan Si altliklar 60°C’de 1 saat ¢ozeltide
bekletildi. Daha sonra piranha ¢ozeltisinden kalabilecek olan safsizliklarin uzaklastirilmasi i¢in 6nce saf
suya daldirilip daha sonrasinda azot gazi ile Si altlik ylizeyine temizleme iglemi yapilmistir. Bu iglem
sonras1 hidrofilik bir ylizey olusturmak adina saf etanol igerisine konulan Si altliklarin ultrasonik
cihazinda birka¢ dakika bekletilmistir. Ardindan, 15 dakika stire ile Si altliklarin UV-Ozon cihazinda
(BioForce UV-O Pro Cleaner) oksit tabakas: olusturma ve yiizey temizleme islemine devam edilmistir.
Bu islemden sonra althiklar film kaplama islemine hazir hale getirilmistir.

2.2.2. Cozelti Hazirlama (Solution preparation)

Cozelti hazirlama islemi sirasinda; P3HT/PCBM ¢ozeltisi, 1sitict {izerinde (yaklasik 50-60°C’de)
toliien igerisinde polimer ve katkinin ayr1 ayr1 seyreltilerek ¢oziildiigii ve devaminda PCBM/toliien ve
polimer/toliien ¢6zeltisinin karistirildigr bir yontemle iiretilmistir. %1’lik polimer ¢ozeltisi ¢oziiciiye
bagl olarak filmler tiretilmistir.

Diger yandan, agirlik¢a %2’lik PVP/Etanol karisimi homojen olacak sekilde ¢ozdiiriilmiistiir. Diger
bir kapta, agirlikca %0,5' ik giimiis katkili nano toz etanol igerisine eklenip homojen bir goriinim
saglanincaya kadar karisturldi. Hazirlanan Ag katkili nano toz/etanol ¢ozeltisi ile PVP/Etanol ¢ozeltisi
agirlikca 1/1 oraninda yaklasik 1 saat siire karistirildi.

1 cm x 1 cm boyutlarinda kesilen Si althiklar yiizey temizleme islemleri sonrasinda belirlenen
oranlarda hazirlanan homojen polimer/nano katk: ¢ozeltisi ile 4000 rpm hizda 30 sn siire ile vakumlu
dondiirmeli kaplama cihazinda (Laurell 23 NPP, 3-150 mm, 12000 rpm) dondiirmeli kaplanmugtir.
Kaplanmis olan altliklar buharlasma sicakliginin hemen iistiindeki bir sicaklik ile (saf su i¢in 105°C ve
toliien icin 60°C) vakum firininda 2 saat geleneksel 1s1l isleme maruz birakilarak ¢oziiciilerin yiizeyden
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uzaklastirilmas1 ve althik/polimer arayiizeyinin gliglendirilmesi saglanmugtir. Boylelikle ¢6ziicii/CO2
etkilesiminden 6tiirii polimer ince filmin etkilenme ihtimali CO2 ortaminda ortadan kaldirilmistir.
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Sekil 2. Yiiksek Basing Odasinin Sematik Gortintiisii.
Figure 2. Schematic View of the High Pressure Chamber

2.2.3. CO:z uygulamasi (CO: process)

Sekil 2."de gosterilen basing hiicresi ile COzin sicaklig1 ve basincit kontrol edilebilmektedir. Basing
hiicresinin etrafinda sarili bulunan bakir tesisat iginden gecen radyator sivist ile hiicre igindeki gazin
sicaklig1 ayarlanabilmektedir. Radyator sicakliginin ve basing hiicresi igine uzatilan bir termokupl
vasitasi ile CO2 sicakliginin kontrolii sistem tizerinden hassas bir sekilde saglanabilmektedir.

Hazirlanan ince filmler, skCO: prosesi icin tasarlanmis yiiksek basing hiicresine yerlestirilir.
Numuneler izotermal (T=36 °C) kosulda 6, 8, 10 MPA’daki siiper kritik basingta ve etrafinda yiiksek ve
diisiik basinglardaki CO:’e kisa (2 saat) siire ile ve uzun (12, 24 saat) stire ile maruz birakilir. Sonrasinda
sistemin basinci, polimer matrisinin vitrifiye edilmesi ile film yapilarini katilastirmak amaci ile, hizla
atmosfer basincina diisiiriliir.

2.2.4. Karakterizasyon (Characterization)

Filmlerin morfolojisi optik mikroskop (Zeiss A5 polarized), Taramal1 Elektron Mikroskobu (SEM,
Zeiss GEMINI 500 model FESEM) ve atomik kuvvet mikroskobu (Veeco Multimode 8) analizleri
edilmistir. Film kalnliklarida Spektroskopik Elipsometre (Gaertner LSE-USB) Testi ile film kalmnlig:
6l¢timleri yapilmustir.

3. BULGULAR (RESULTS)

Si tek kristallere, organik fotovoltaik giines hiicreleri olarak, alternatif yapilardan biri de PCBM
katkili P3HT'dir. Bu yapilarin ticari potansiyeli ise cihaz verimliligine baghdir. Iki fazh yapimn
optimazasyonu ile maksimum verim elde etmek miimkiindiir. Bu demek oluyor ki, n ve p tipi yarn
iletkenlerin faz ayrisiminin kontrolii bu agidan ¢ok onemlidir. Taktisite agisindan daha diisiik kristal
yapiya sahip, regiorandom (atactic) olarak adlandirilan (agirlik¢a 1:1 oraninda) P3HT ye katkilanan
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PCBM'nin, CO: kosullarmma bagh olarak P3HT icerisindeki yiizeysel dagilimi Sekil 3 (a-c)'de
goriilmektedir. Kritik ve stiperkritik CO: kosullarinda yiizeydeki PCBM konsantrasyon dagiliminin
geleneksel 1s1l islem Ornegine gore daha genis bir aralikta kontrol edilebildigi goriilmektedir. Ayrica
daha kiiclik aglomeralarin yiizey kaplamasimin homojen bir sekilde saglanabildigi goriilmektedir.
Ayrica regioregular (sindiotaktik) polimerin CO: ile etkilesiminin PCBM'ye gore daha zayif oldugu ve
dolayistyla CO: altindaki PCBM partikiillerinin yiizeye daha fazla gekildigi goriilmektedir. Bu,
parcacikli katki maddesinin konsantrasyon dagilimini kontrol etmek i¢in CO2 kullaniminin da polimer
etkilesimine bagh oldugu anlamina gelir.

Regiorandom
sk CO, sk CO, Geleneksel Isil islem
8 MPa, 36°C, 24 sa. 10 MPa, 36°C, 24 sa. 170°C, 24 sa.

S

}

s

-~
i

- aa

Sk CO, Sk CO,
8 MPa, 36°C, 24 sa.

Sekil 3. PCBM katkili Regiorandom (a-c) ve Regioregular (d-e) P3HT ince film ytiizeylerinin geleneksel

1s1l islem ve CO: ile tavlama sonrasindaki optik mikroskop goriintiileri.
Figure 3. Optical microscope images of PCBM doped Regiorandom (a-c) and Regioregular P3HT thin film surfaces after COz and
conventional heat treatment annealing.

Onceden belirlenen ortam kosullarinda tavlanan polimer nanokompozitin yiizeyinde zamana baglh
olarak olusan faz ayrisimi Sekil 4'te incelenmistir. Uygulama zamaninin regioregular P3HT/PCBM
numuneleri i¢in faz ayrigimimin bir parametresi oldugu goriilmektedir. Uygulama zamanmin
artirilmasi ile birlikte nanopartikiillerin ytizeye daha fazla ¢ekilebildigi ve partikiil konsantrasyonunun
ylizeyde artmast ile birlikte mikro boyutlardaki bir topaklamanin da gergeklestigi anlasiimaktadir. Sekil
3'te ve 4'te faz ayrnisiminin geleneksel 151l islem ile kuvvetli bir sekilde oldugu ve yiizeyde heterojen bir
yap1 goriilmektedir. Bu nedenle basing, etkilesim parametresi, sicaklik, zaman gibi bir¢ok parametre
iizerinden daha esnek yap1 kontrolii saglayabilen skCO: ‘in kullanim1 6zgiin bir yaklagim olarak
karsimiza gitkmaktadir.

Buna ilaveten geleneksel 1sil islem ve CO: numunelerinin karsilastirilmasi sonucunda diisiik
sicaklik uygulamas: yapilan CO: numunelerinin yiizey dagilimlarinin daha homojen oldugu ve
partikiillerin hava arayiizeyine olan yonelimlerinin ise daha fazla oldugu tespit edilmistir. Geleneksel
1s1l islem numunelerinde daha biiyiik topaklanmalarin goriilmesinin nedeninin, yiizey altinda bulunan
partikiillerin yiizeye ¢ekilememesinden ve yiizeyde bulunan partikiillerin topaklanmasindan 6tiirii
kaynaklandig1 diistiniilmektedir. 7 giin boyunca numuneler geleneksel 1sil islem ile tavlanarak bu
durumun geleneksel yontem icin kararl bir yap1 olup olmadig: arastirilmistir (Sekil 4). Arastirma
sonucunda faz ayrigiminin sinirl oldugu ve yapinin ¢ok fazla degiskenlik gostermedigi goriilmektedir.
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Regioregular

Sk CO; Sk CO: Sk CO;
8 MPa, 36°C, 2 sa. 8 MPa, 36°C, 12 sa. 8 MPa. 36°C. 24 sa.

Sekil 4. PCBM katkili Regioregular P3HT ince film ytizeylerinin CO: (a-c) ve geleneksel 1s1l islem (d-e)

tavlama sonrasi optik mikroskop goriintiileri.
Figure 4. Optical microscope images of PCBM doped Regioregular P3HT thin film (100 nm) surfaces after CO2 (a-c) and conventional heat
treatment (d-e) annealing

Faz ayrigiminin siddetini belirleyen dinamiklerin polimer/CO2 ve partikiil/CO2 etkilesimlerinin
oldugu yukaridaki sonuglarda belirtilmistir. Bu sebeple farkli bir sistem olan PVP/Ag nanopartikiil
lizerinde de g¢alismalar yapilarak s6z konusu tavlama mekanizmasimin evrenselligi incelenmistir.
Bununla baglantili olarak agirlik¢a 1:1 oraminda elde edilen PVP/Ag sisteminin CO2 6ncesi ve CO2
sonras1 goriintiisii sekil 5'te, zamana baglh olarak yiizeylerinin kritik iistii CO2 tavlama sonrasindaki
optik mikroskop goriintiileri ise Sekil 6’da yer almaktadir. Buradan elde edilen sonuglarda yiizey faz
ayriminin CO2 kosullarina bagl olarak kontrol edilebilecegi sonucuna varilmistir. Ag nanopartikiillerin
ylizeye yonelimleri ile yiizeyde mikrometre biiyiikliigiinde topaklar olusturabildikleri ve bu
ayrismanin zamana bagh olarak artabildigi goriilmektedir.
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Sekil 5. Farkli basinglarda Ag nanopartikiil katkili PVP ince film (100nm.) optik mikroskop
goriintiileri.
Figure 5. Optical microscope images of Ag nanoparticle doped PVP thin film (100nm.) at different pressures.
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Sekil 6. Farkli zamanlarda Ag nanopartikiil katkili PVP ince filmin (100nm) kritik tistii CO2 tavlama

sonrasi optik mikroskop goriintiileri.
Figure 6. Optical microscope images of Ag nanoparticle-doped PVP thin film (100nm) after supercritical CO2 annealing at different times.

CO2 yardimi (kritik 1slatma) ile nanopartikiillerin yiizeye cekilmesi asamasinda etken bir
parametrenin de nanopartikiil boyutunun olabilecegi; boyutsal kisitlamalar ve yiizey aktif alanin
artirilmasi veya azaltilmasi ile ve boyutsal kisitlamalar ile bu faz ayrisiminin sinirlandirilabilecegi
ongorilmiistiir. Bu sebeple Sekil 5'te ve Sekil 6’da gosterilen numunelerle ayni kosullar altinda
hazirlanan ancak nanopartikiil yerine Ag (giimiis) katkili nanotoz eklenmesi ile elde edilen numunelere
ait sonuglar Sekil 7'da ve Sekil 8'da verilmektedir. Katki miktar1 bu numunelerde de (agirlik¢a 1:1
oraninda) sabit tutulmustur. Boylelikle boyut etkisinin ele alinabilmesi igin partikiil boyutu disinda
kalan tiim parametreler sabit tutulmustur.
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Sekil 7. CO:z tavlama Oncesi ve sonrast Ag nanopartikiil katkili nanotoz/PVP ince film (100nm.)
ylizeylerinin optik mikroskop goriintiileri.
Figure 7. Optical microscope images of Ag nanoparticle doped nanopowder/PVP thin film (100nm.) surfaces before and after CO2 annealing.

Sekil 7’deki ve Sekil 8 deki sonuglar karsilastirildiginda nanopartikiil katkili numunelerin aksine
CO: tavlamas: Oncesinde bile nanotoz numunelerinde yiizey faz ayrisimimin oldugu tespit
edilebilmektedir. Bunun ¢oziiniirliik (miscibility) {izerinde partikiil boyutunun etki etmesinden Gtiirii
oldugu diistintilmektedir. Coziintirliik ile partikiil boyutunun ters orantili olarak degistigi bilinmesine
ragmen yiizey faz ayrisiminin yine COz ile kontrol edilebildigi (nanotoz numuneleri kendi iginde
degerlendirildiginde) ve nanotozlarin y1gin (bulk) numuneden ytiizeye ¢ekilebildigi gortilm{istiir.
Ozellikle Sekil 7(b) numunesinde 6 MPa CO: altinda tavlanan kompozitlerin yiizeyinde kontrol
numunesine gore daha az topaklanma oldugu goriilmektedir. Bu da aglomere olan nanotozlarin CO2
vasitasiyla ayristigini ve ylizeyde daha homojen dagildigin gostermektedir.
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10 Mpa, 24 sa. 10 Mpa, 48 sa.

Sekil 8. Zamana bagli Ag nanopartikiil katkili nanotoz/PVP ince film (100nm.) yiizeylerinin kritik

iistli CO2 tavlama sonrasi optik mikroskop goriintiileri.
Figure 8. Optical microscope images of time-dependent Ag nanoparticle doped nanopowder/PVP thin film (100nm.) surfaces after
supercritical CO:2 annealing.

Daha 6nce bahsedildigi tizere nanopartikiil katkili numunelere nazaran, nanotoz katkili PVP
numunelerinin faz ayrisiminin daha yiiksek oldugu goriilmiistiir. Buna ilaveten zamana bagh olarak
Sekil 8(a) ve Sekil 8(b) de nanotozlarin topaklandigi ve topaklanmanin artmasiyla birlikte ise heterojen
bolgelerin olustugu tespit edilmistir. Sekil 8(b)’de mavi ve sar1 olarak gozlemlenen renk degisimlerinin,
film kalinliklarimin degisimiyle baglantili bir 151k kirimimi oldugu diisiiniilmektedir. Yani polimer
zincirlerini 6teleyen biiyiik topaklar ince ve kalin bolgelerin olusumuna yol agmistir.
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Sekil 9.a) Kritik kosulda (8 MPa, 36 °C) 24 saat, b) Kritik Ustii Kogulda (10 MPa, 36 °C) 24 Saat siireyle
islem goren P3BHT/PCBM ve c) Ag nanopartikiil katkili nanotoz/PVP ince filmin (8MPa, 36 °C) AFM

Gortintiileri.
Figure 9.a) PSHT/PCBM Atomic Force Microscope Images Treated for 24 Hours at Critical Condition (8 MPa, 36 °C), b) for 24 Hours at
Supercritical Condition (10 MPa, 36 °C).
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Sekil 10. 50 nm P3HT / PCBM termal tavlanmis ince filmlerin 2um 6lgekli (solda) ve kritik

kosullarda CO:ile tavlanmis (8Mpa) ince filmlerin (sagda) SEM goriintiileri.
Figure 10. SEM images of 50 nm P3HT / PCBM thermally annealed thin films at 2um scale (left) and CO:2 annealed (8Mpa) thin films
(right) at critical conditions.

Atomik kuvvet mikroskobu goriintiileri Sekil 9(a) ve 9(b) de incelenen P3HT/PCBM ince filmlerinin;
24 saatlik siireyle 170 °C’de 1s1l islem sonrasi ve siiper kritik kosulda (36 °C, 8 MPa) 24 saatlik siire
sonundaki goriintiileri SEM (taramal1 elektron mikroskobu) ile de incelenmistir (Sekil 10). Sekil 9(c)” de
Ag nanopartikiil katkili nanotoz/PVP ince filmin (8MPa, 36 °C) AFM goriintiisii verilmistir.
Goriintiilere gore; film ylizeyinde 1s1l islem sonrasi platoya benzeyen alanlarin olustugu fakat bu
ylizeyin kritik kosullar altinda (36 °C, 8 MPa) COzile islem gordiikten sonra PCBM’ce zenginlestigini
gosteren topaklasmalarin mevcut oldugu goriilmiistiir. Kritik kosullar altinda COzile sekil kontrolii,
ylizey dagilimi ve boyut kontrolii daha esnek bir sekilde yapilabilmektedir.

*Corresponding Author: Selda TOPCU SENDOGDULAR, selda.topcu@erciyes.edu.tr
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Sekil 11. 100 nm PVP/Agnrince filmlerin termal tavlama sonrasi (a) ve kritik alt1 (b) , kritik (c) ve kritik

tistii (d) kosullardaki SEM goriintiileri.
Figure 11. SEM images of 100 nm PVP/Agnp thin films after thermal annealing (a) and subcritical (b), critical (c), and supercritical (d)
conditions.

100 nm PVP/Agnrince filmlerin Sekil 11’de termal tavlama sonrasi (a), kritik alt1 (b) , kritik (c) ve
kritik tistii (d) kosullarindaki SEM goriintiileri goriilmektedir. Coziiciiniin zayif bir ugucu olmasi
dolayisiyla diger numunelere nazaran PVP ince filmleri hidrofilik yiizeylere kaplanmistir. Partikiillerle
olan etkilesimin hidrofilik arayiizeyde kuvvetli oldugu goriilmektedir. Bu nedenle 6zellikle 10 MPa CO2
basina ile tavlanmis filmlerde taneciklerin alt tabaka arayiiziinde yogunlastig1 ve hava arayiiziine
dogru yonelimlerinin zayif oldugu goriilmektedir. Ayrica CO: etkilesiminin kritik noktada substrat
araytiiziine gore daha baskin oldugu goriilmektedir.

4. SONUC ve TARTISMALAR (RESULTS and DISCUSSIONS)

Bu calismada, geleneksel 1s1l isleme alternatif olarak polimerik nanokompozitler {izerinde CO2
tavlamasinin, COz/malzeme etkilesimi ve CO: tavlama parametrelerinin nihai yap1 iizerindeki etkileri
incelenmistir. Organik ¢oziiciilere nazaran daha az toksik olmasi ve diisiik sicaklikta uygulanabilmesi
(31-36°C) sebebiyle CO2 tavlamasi ¢evreci bir uygulama olarak degerlendirilmektedir. Geleneksel 1s1l
islemin faz ayrisiminda sahip olmadig1 esneklik, polimer nanokompozit ince filmlerin CO:z tavlamast ile
saglanabilmektedir. Hazirlanan numunelerin, optik mikroskop, SEM ve AFM ile analizleri yapilmustir.
Bu sonuglara gore, numune ile CO: etkilesiminin son yapz1 tizerinde etkili oldugu ve bu etkilesimin CO2
kosullarina bagli meydana gelen yogunluk dalgalanmalar1 ve malzemenin boyutu (aktif yiizey alani)
ile polimer-partikiil sisteminin malzeme esash icerigiyle degiskenlik gosterdigi saptanmistir. Yogunluk
dalgalanmalarimin en yogun sekilde gerceklestigi siiper kritik bolgede partikiillerin yiizeye daha
kuvvetli ¢ekildigi anlasilmistir. Bunun dncelikli nedeninin, kritik 1slatma ve polimer matris i¢inde artan
CO: miktari olarak diisiiniilmektedir. skCOzaltinda polimer zincirlerinin maksimum uzama gosterdigi
literatiirde yer alan Onceki ¢alismalarda belirtilmistir [6],[7]. Bu ise polimer zincirlerinin, CO:2 ile
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etkilesimini ilgili kosulda artirabilmek adina, uzayarak aktif ylizey alamm (Rg) arttirmak istedigi
seklinde yorumlanabilir. Buna ilaveten polimer/hava ara yiizeyine taginan partikiillerden COz/polimer
etkilesiminin CO2/partikiil etkilesiminden daha zayif oldugu anlasilmaktadir. Bunun nedeni hava ara
ylizeyindeki CO:2 yogunlugunun maksimum seviyede olmasi sebebiyledir. Buradan anlasildig: tizere
COx'nin partikiil etrafinda bir (kritik 1slatma) tabaka olusturdugu ve partikiillerin polimer igerisindeki
hareket yetenegini (mobility) yiikselttigi diisiiniilmektedir.

Diger bir yandan, PVP-Agne ve P3HT-PCBM numunelerinde CO, tavlama parametreleri tizerinden
partikiillerin yiizeysel faz ayrismasinin ve yiizey gociiniin kapsamli bir sekilde kontrol edilebildigi de
gozlenmistir. Polimer igerisindeki CO2 miktari ile s6z konusu olan partikiil konsantrasyon dagiliminin
degiskenlik gosterdigi goriilmiistiir. Konsantrasyon dagilimim kontrol eden parametreler; basing,
partikiil tane boyutu, etkilesim parametreleri (interaction parameters, p) ve uygulama zamani olarak
saptanmuistir. CO: ile tavlama yonteminin partikiil konsantrasyon dagilimi kontroliinde geleneksel 1s1l
islem tavlama yOntemine nazaran daha esnek (dinamik) bir yontem oldugu anlasilmistir. Polimer
kompozit sistemler i¢cin CO2 tavlama isleminin etkilerinin farkli malzemeler iizerinde incelenmesi ile bu
islemin evrensel bir yontem oldugu sonucuna ulasilmistir.

Bu yontemler polimer/hava arayiizeyi kontrol edilebilmesi ile, antibakteriyel yiizey, organik
fotovoltaik giines hiicreleri ve yiizey gliclendirilmis rezonans (SERS) konularinda patent unsuru
gelismelerin kaydedilebilecegi ongoriilmektedir.

Enerji uygulamalarindan elektrik malzemelere ve hatta tip alanina kadar polimer/nanopartikiil
kompozit sistemleri ¢ok genis bir alanda onemli olmaktadir. Bu sistemlerde son firiiniin makro
oOzellikleri tizerinde polimer matris i¢inde bulunan katkinin hacimsel konsantrasyon dagilimi belirleyici
olmaktadir. Yiizey uygulamasi ve elektronik agisindan kontrollii faz ayrisimi tercih edilebilirken,
mekanik agidan bu dagilimin homojen olmasi tercih sebebi olabilir. Dolayisi ile s6z konusu
mekanizmanin kontrollii bir sekilde uygulanmasi hem yeni malzemeler {iretilmesine hem de var olan
malzemelerin verimliliginin arttirilmasina imkan saglayacaktur.
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ABSTRACT: The development of optimization algorithms attracts the attention of many analysts as it has
advantages such as increasing performance, revenue, and efficiency in various fields, and reducing cost.
Swarm-based optimization algorithms, which are among the meta-heuristic methods, are more commonly
preferred because they are generally successful. In this study, the alpha wolf class, also called the wolf
leader class, in the Grey Wolf Optimization (GWO), has been improved with the Whale Optimization
Algorithm (WOA). This improved method is called ILGWO. To evaluate the ILGWO, 23 benchmark test
functions, and 10 CEC2019 test functions were used. After running 30 iterations of the suggested
algorithm, average fitness and standard deviation values have been acquired; these findings have been
compared to the literature. Based on the literature's comparisons of the algorithms, the ILGWO algorithm
has achieved the most optimal result in 5 of 7 functions for unimodal benchmark functions, 3 of 6 functions
for multimodal benchmark functions, 9 of 10 functions for fixed-dimension multimodal benchmark
functions, and 8 of 10 functions for CEC2019 test functions. So the proposed algorithm is generally better
than the literature results. It has been found that the suggested ILGWO is encouraging and may be used
in a variety of implementations.

Keywords: Grey Wolf Optimization, Alpha Wolf, Whale Optimization Algorithm, Benchmark Test
Functions

1. INTRODUCTION

Meta-heuristic optimization methods are used by many researchers because of their advantages, such
as being used in various application areas, being easy to apply, and avoiding the local optimum as much
as possible [1-4]. The purpose of using nature-inspired meta-heuristics is to aim for the successful solving
of real-world and mathematical function problems [5]. For this purpose, new optimization algorithms are
constantly being developed, or these enhanced algorithms are combined with existing algorithms to create
new ones. In this way, performance and efficiency in applications are increased, and costs and energy
consumption are reduced. It is possible to divide meta-heuristic methods into three main categories:
swarm-based, physics-based, and evolutionary-based [1]. The literature contains examples of swarm-
based optimizations, such as: Artificial Bee Colony (ABC) [3], Harris Hawks Optimization (HHO) [4],
Particle Swarm Optimization (PSO) [6], Whale Optimization Algorithm (WOA) [1], Optimal Foraging
Algorithm (OFA) [7], Grey Wolf Optimization (GWO) [2], Butterfly Optimization Algorithm (BOA) [8],
Grasshopper Optimization Algorithm (GOA) [9], Optimal Foraging Algorithm (OFA) [7].

GWO and WOA, which are swarm-based methods inspired by nature, have been used in many areas
of the literature in recent years. In [10], a hybrid approach, called HGWWO and based on Whale and Grey
Wolf Optimization algorithms, is proposed to generate solutions for scheduling problems in cloud tasks.
It was proposed in [11] to use a hybrid GWO and genetic WOA to analyze moving objects efficiently. They
developed the OWC (Optimal Weighted Centroid) procedure for this hybrid method. A fusion of the
WOA and GWO is used in the OWC procedure, which is a dynamic clustering technique for splitting up
moving objects. To solve the coordination problem of directional overcurrent relays, a new algorithm that
consists of hybrid metaheuristic optimization is presented in the [12]. By using a leadership hierarchy of

*Corresponding Author: Onur INAN, oinan@selcuk.edu.tr
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the GWO, the proposed method enhances the exploitative phase of the WOA. An integrated landslide
modeling framework is described in [13] to reduce the risk of fatalities and financial losses in Anyuan
County, China by combining an ANFIS with the two optimization algorithms GWO and WOA. Multi-
objective versions of GWO and WOA for resolving bi-objective next release problem (NRP) are presented
in [14]. Moreover, four datasets were used to solve NRP problem instances using these two algorithms
and three other evolutionary algorithms. In [15], an improved form of the ant-lion optimization algorithm
(IALO), using a new boundary reduction procedure, is proposed to solve the image clustering problem.
In order to obtain well-separated clusters, an objective function has been developed for image clustering
in the literature. This is achieved by minimizing inter-cluster distances and minimizing inter-cluster
similarities. Based on the sexual motivation and individual intelligence of chimps in their group hunting,
[16]" paper proposes a novel metaheuristic algorithm called Chimp Optimization Algorithm (ChOA).
ChOA has been evaluated using both tests and real-world issues. The findings show that ChOA performs
better than the other benchmark optimization techniques. A feature selection approach called INOAIKEFS,
which includes an improved whale optimization algorithm (IWOA) and improved k-nearest neighbors
(IKNN), is proposed in [17]. The experimental findings demonstrate that IWOA not only performs better
in optimization while solving benchmark functions of various dimensions but also when IKNN is utilized
for feature selection, IWOAIKFS performs better in classification. In order to segment the brain's
subregions, a hybrid method that combines the WOA and GWO is suggested in [18]. The suggested
approach aids in the diagnosis of Alzheimer's disease. In [19], a new WOA with Gathering strategies
(HWOAG) is suggested, and many innovative strategies are collected into WOA for high-dimensional
function optimization issues and Fuzzy C-Means (FCM) optimization.

In this study, the development of the alpha wolf class, which is the most important class in the wolf
hierarchy and takes important decisions such as hunting, was carried out using WOA in GWO. Since the
alpha class in GWO is a class that contains the most important and valuable solutions, it contributes more
to the algorithm than other classes. Therefore, it is aimed to improve this class in particular. In addition,
since the alpha class is the leader of the wolf pack in nature, this developed method is called the ILGWO
algorithm. F1-F23 benchmark test functions and CEC2019 functions are used to measure the performance
of ILGWO. It is proved by the results that the ILGWO algorithm is further developed by the GWO.
Furthermore, the ILGWO algorithm consistently outperformed other approaches in the literature when
these findings were compared to those of other methods. Sections 2 and 3 present, respectively, the GWO
and WOA. The ILGWO approach is described in Section 4. The ILGWO method's results are provided in
Section 5, along with a comparison of those results to previous research. The ILGWO method's conclusions
are provided in Section 6.

2. GREY WOLF OPTIMIZATION (GWO)

GWO is an optimization method improved by Mirjalili et al., emerging from the hunting strategies
created by grey wolves according to the hierarchy among them [2]. As displayed in Figure 1, grey wolves
are divided into 4 groups in terms of hierarchy: alpha(ca), beta(p), delta(d), and omega(w). Alpha consists
of a female and a male wolf, and they are the lead wolves who make important decisions such as hunting.
Beta wolves are the second-ranked wolves who help implement the decisions made by the alpha wolves.
Delta wolves are the third-placed wolves, obeying the decisions of the alpha and beta wolves. The bottom
of the hierarchy is the omegas. So omegas are the last wolves to be allowed to eat. The three best solutions
from the GWO represent alpha (o), beta (8) and delta (d), respectively, while the remaining candidates'
solutions represent omega (w).
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Figure 1. The Grey wolves” hierarchy representation

The GWO method consists of 4 stages: Encircling prey, hunting, attacking prey (exploitation) and
search for prey (exploration).
The grey wolves' encirclement of prey is expressed by Egs. (1) and (2).
X (t+1)=X I(t)—=AD (1)

—

D=

C.X |(t)—7<(t)‘ )

- -
where X (t+1) is the location of a grey wolf. X I(t) indicates the prey's location at iteration i. A and

C are the coefficient vectors derived from Egs. (3) and (4).

A=2a.r+a 3)
C-= 2.?2 (4)
- -

where I[ and I, are random numbers in the range of [0,1] and a value are linearly decreased from 2

to 0. By adjusting the A and C vectors, the best agent's nearby new positions can be checked.

After the encircling phase, the search for the best solution begins in the hunting phase. In this phase,
alpha guides the hunt, while beta and delta occasionally participate in this process. Thus, grey wolves’
location is updated by using Egs. (5), (6), and (7).

D, =|C, .X,—X|, D,=|C,.X, —X|- D,=|C,. 5—x‘ ()
- - > o > > NN — - - -

X,=X,—A.D,, 2:Xﬂ_A2'Dﬁ’ 3= Xs—A.D; (6)
)9((t+1)=# 7)

After hunting phase, the phase of attacking the prey begins. When prey stops moving, the grey wolves
attack the prey and finish the hunt. This phase is achieved by reducing the value of a. After attacking the
prey phase, the phase of search for prey begins. According to the value of A, the search agent looks for
better prey at this stage.

To summarize, in the GWO algorithm, the haphazard population is generated. Alpha, beta, and delta
wolves forecast the likely prey's position. Then, distance of the candidate solution is updated. Then, a is
reduced from 2 to 0 in order to emphasize exploration and exploitation, respectively. Next, If A<I, they go
forward the prey. if A>1, they move away from attacking the prey. At long last, the GWO has arrived at
an acceptable outcome and is ended [2]. The GWO pseudocode is presented in Figure 2.
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Figure 2. The GWO pseudocode [2]

3. WHALE OPTIMIZATION ALGORITHM (WOA)

Metaheuristic optimization algorithms have a wide range of use in recent years, as they can produce
solutions to problems in different fields. Whale optimization algorithm, one of them, was proposed by
Mirjalili and Lewis in 2016. WOA is inspired by the techniques used by humpback whales for bubbling
and squeezing the prey into a bubble spiral [1].

Humpback whales collect prey, which usually consists of small fish communities, thanks to air
bubbles, then rise to the surface and narrow the circle of target fish by making the movement of narrowing
the bubble circle. The representation of hunting whales is given in Figure 3 [1]. WOA consists of the
following stages: encircling prey, bubble-net attacking, and searching for prey.

In encircling prey stage, the location of prey is determined by humpback whales and so they wrap
prey. Eq. (8) and Eq. (9) are mathematically given this behavior.

Figure 3. The representation of hunting whales [1]

5:‘8.?(*(0—)?(0‘ ®)
X (t+1)=|X*(t)— AD )
where X stands for the position vector, X* for the optimal solution, and ¢ for the current iteration.
A=2a.r-a (10)

N

C=2r (11)
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Using the variables r, a random vector between 0 and 1, and g, a linearly decreasing value between 2
and 0, the vectors A and C, which are coefficient vectors in Egs. (10) and (11), are produced. Using the
following formula, the a in Eq. (10) is produced:

a=2t—2 (12)
MaxlIter

The number of iterations is given in Eq. (12) as ¢, and the greatest number of iterations denoted as
Maxlter.

The bubble-net attacking stage consists of decreasing encircling movement and spiral movement. The
decreasing encircling movement takes place by decreasing a in Eq.(10). The spiral movement occurs by
Eq.(13).

X (t+1)=D'e".cos(2xl) + X* (t) (13)

The D’ is the distance between the whale and its prey in Eq. (13), and [ is a random number between
-1 and 1. The b indicates the spiral's shape [20].

Whales randomly choose one of these two shaped paths and this situation is symbolized in Eq.(14).

;((t+1):{Use Eq.9 |T(p<0.5) (14)

Use Eq.13 if (p=0.5)

During the hunt for prey, the prey is randomly searched by the whale. Hence, vector A, which
produces random values, is employed. This mechanism is presented mathematically in Egs. (15) and (16)
[20].

5:‘5.x;d—7<‘ (15)
X(t+)=X,,~A.D (16)
Eq.(9) is used in case of | A|<1l and Eq.(16) is used in case of | A[>=1. In Figure 4, the WOA'’s

pseudocode is given.

Figure 4. Pseudocode of the WOA algorithm [1]
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4. THE PROPOSED METHOD

GWO optimization may not produce the best solutions for each iteration until it reaches the
maximum iteration. In order to improve these bad solutions, the wolf leader of the GWO method was
improved with WOA. This improved method is called ILGWO and the flow diagram of the ILGWO
method is given in Figure 5. In the ILGWO method, the alpha value of the GWO algorithm is aimed to
be the best value to be obtained in the population. For this purpose, if the difference between the old
fitness value and the new fitness value in the pure GWO algorithm is smaller than the value determined
as a parameter, WOA is run using the same population members. The leader score obtained from WOA
is compared with the alpha score obtained from GWO, and if a better WOA leader score is obtained than
the alpha score of GWO, the population of WOA is assigned to GWO. Thus, more successful results were
obtained.

In this method, the initial population is created first. The first population is given the GWO for the
first iteration. In the GWO, the first best fitness value is assigned to the alpha score and its position to the
alpha position, according to the fitness function obtained from the initial population. The second best
fitness value is assigned to the beta score and its position to the beta position. The third best fitness value
is assigned to the delta score and the position to the delta position.

In the GWO algorithm, if the difference between the old fitness value and the new fitness value is
less than the value determined as a parameter, WOA is run using the same population members. In WOA,
the fitness value is calculated for each search agent in the initial population, and then the processing steps
for the WOA are run. Positions are updated according to these transaction steps and the best position is
obtained. The fitness value of this best position is then assigned as the Leader score and the position as
the Leader position.

Compares the Leader score from WOA with the Alpha score from GWO. If the Leader score is lower
than the Alpha score, both the Alpha score will be replaced by the Leader score and the Alpha position
will be replaced by the Leader position. To improve optimization in GWO, the current search agent
position is updated with a high alpha coefficient and the fitness value of these positions is calculated.
According to the updated positions, both the score and the position are updated for alpha, beta, delta. It
is aimed to get the best result by performing this operation in each iteration.

5. RESULTS AND DISCUSSION

The F1-23 benchmark functions, which are made up of unimodal, multimodal, and fixed-
dimension multimodal, were utilized to test the ILGWO approach. To compare with various methods
described in the literature, these functions were used. To accurately compare this study to the literature,
the same parameters were utilized as much as feasible, therefore it was attempted to locate papers that
had the same parameters. The maximum iteration number, population number, and independent run
number for the WOA, PSO, and GWO algorithms, respectively, were utilized in the literature as 500, 30,
and 30 [1, 2]. The population number, the maximum number of iterations, and the number of independent
runs for the ALO and IALO algorithms, respectively, were used in the literature to be 40, 500, and 30,
respectively [15]. The suggested ILGWO algorithm ran each test function 30 times in order to compare
with the literature. The independent run number and maximum iteration number were taken as 30 and
500, respectively. From these run data, mean and standard deviation results have been calculated. When
the suggested ILGWO has been compared against the GWO, WOA, ALO, PSO, and IALO approaches, it
has been discovered that the ILGWO generally produced better results. In Table 1, unimodal F1-F7
functions are listed. Range is the limit of the function's search space while fmin is the optimum value. A
low border is Lb, while an upper boundary is Ub. Dim stands for the size of the function. F1 through F7
functions can evaluate the capacity and performance of the optimization method during the exploitation
process.
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Figure 5. Flowchart of the proposed ILGWO



564

Table 1. Unimodal functions
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Func.
Num

Function

foi Range
min U_b

Dim ’

F(r)
F,(r)
F(r)
Fa(r)
Fs(r)
Fs(r)
F(r)

I
pAES § B
Zinzl(zij—l rJ')2

max, {|r|, 1<i<n}

> I00(r,, — £2)? + (F —1)°]

S (5 +0.5])

>" ir* +random[0,1)

Lb

0 -100 100

0 -10 10

0 -100 100

0 -100 100

0 -30 30

0 -100 100

0 -1.28 1.28

30
30
30
30
30
30
30

Unimodal functions’ results are presented in Table 2. In 5 of 7 functions for unimodal functions, the
ILGWO algorithm produced the best outcome. As a result of the findings, it is evident that the GWO
algorithm has been developed. Moreover, ILGWO has been found to be better than the other comparison
algorithms except for the F2 and F6 results. WOA produced the best results for F2, while IALO produced
the best results for F6. The best examples for F1-F7 functions in search and objective space are given in

Figure 6.

Table 2. Unimodal functions’ results

F GWO[2]

WOA[1]

ALO [15] PSO[1]

IALO [15]

ILGWO

Stan.
Ave. Dev. Ave.

Stan. Dev.  Ave.

Stan. Dev. Ave.

Stan.

Dev. Ave.

Stan.
Dev.

F1 6.5900E-28 6.3400E-05 1.4100E-30 4.9100E-30
F2 7.1800E-17 2.9014E-02 1.0600E-21 2.3900E-21
F3 3.2900E-06 7.9150E+01 5.3900E-07 2.9300E-06
F4 5.6100E-07 1.3151E+00 7.2581E-02 3.9747E-01
F5 2.6813E+01 6.9905E+01 2.7866E+01 7.6363E-01
F6 8.1658E-01 1.2600E-04 3.1163E+00 5.3243E-01
F7 2.2130E-03 1.0029E-01 1.4250E-03 1.1490E-03

4.3800E-09 1.8100E-09 1.3600E-04 2.0200E-04 3.6800E-11 1.1400E-10 8.4249E-32
5.5354E-01 1.3245E+00 4.2144E-02 4.5421E-02 3.4600E-04 7.7400E-04 7.0959E-21
6.5900E-04 8.3500E-04 7.0126E+01 2.2119E+01 5.7663E-01 6.2807E-01 3.3126E-10
8.5600E-04 1.1980E-03 1.0865E+00 3.1704E-01 2.7898E-02 9.2275E-02 9.6518E-08
2.7842E+01 6.2201E+01 9.6718E+01 6.0116E+01 3.4984E+02 7.4489E+02 2.5789E+01
4.6200E-09 2.2200E-09 1.0200E-04 8.2800E-05 4.5400E-11 1.7600E-10 7.6812E-01
1.5767E-02 9.8230E-03 1.2285E-01 4.4957E-02 1.3740E-02 9.3790E-03 4.04897E-04

5.5081E-32
3.0817E-21
2.6852E-10
3.6654E-08
2.9517E-01
2.1301E-01
1.4293E-04

Parameter space

2

)
)

aﬂ

R3T: X,

S

Best score obtained so far

— 100

Objective space
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Best score obtained so far
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Iteration

(F3)

(F5)

Figure 6. The best examples for F1-F7 functions in search and objective space

Table 3 lists multimodal F8-F13 functions. F8-F13 functions can assess an optimization algorithm's
strength in terms of its ability to avoid local optima since in order to attain the global optimum, the
optimization algorithm must attempt to avoid all local optimums.
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Table 3. Multimodal functions
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Func. Functi _ Range Dim
Num unction fmm Lb Ub
R > —nsin(fr]) -418.9829x5 -500 500 30
R X[ —10cos(27r; +10) | 0 512 512 30
Fo(r)  —20exp(-0.2 lz_nflriz)—exp(EZ?flcos(Z;rri))qLZOqLe 0 32 32 30
n <= n <=
1 n 2 n r
Fu (r — > =] | ,cos(—=)+1 )
R TP I b (ﬁ) 0 600 600 30
Z{10sinGey,) + 37 (v D) [1+10sin” (zy,0) |+ (v, D7)
+> " u(r;,10,100,4)
F -
12 (1) - K —a)" rsa 0 50 50 30
yi=1+'T u(r,a,k,m) = 0 —a<r<a
k(-r-a)" r<-a
0.1{sin® 3zr)+>." (1 —1)°[1+sin’(3zr, +1)
Fio (1) { Yo [n ] 0 50 50 30

+(r, —1)*[1+ sin2(27rrn)]} +>0

' u(r,,5,100,4)

Table 4 displays the outcomes of the multimodal functions. In 3 of the 6 multimodal comparison
functions, the ILGWO algorithm produced the best result. According to the results of F8-F13, half of the
results are improved. F9-F11 has been found to be better than the other comparison algorithms. ALO
produced the best results for F8 and F13, while PSO produced the best results for F12. The best examples

for multimodal functions in search and objective space are given in Figure 7.

Table 4. Multimodal functions’ results

GWOI[2] WOA[1] ALO [15] PSOJ1] TALO [15] ILGWO
Ave. Stan. Dev. Ave. Stan. Dev. Ave. Stan. Dev. Ave. Stan. Dev. Ave. Stan. Dev. Ave. SDt::'
-6.1231E+03 -4.0874E+03 -5.0808E+03 6.9580E+02 -2.4391E+03 4.4985E+02 -4.8413E+03 1.1528E+03 -2.8191E+03 3.1346E+02 -7,1924+03 2,4306+02

F9 3.1052E-01 4.7356E+01 0 0 1.9402E+01 1.1247E+01 4.6704E+01 1.1629E+01 1.4725E+01 5.0693E+00 0 0
F10 1.0600E-13 7.7835E-02 7.4043E+00 9.8976E+00 2.9240E-01 6.1341E-01 2.7602E-01 5.0901E-01 7.8411E-01 1.0061E+00 2'8112456E_ 3'1410591]3_
F11 4.4850E-03 6.6590E-03 2.8900E-04 1.5860E-03 2.2125E-01 1.0754E-01 9.2150E-03 7.7240E-03 2.0489E-01 1.0017E-01 0 0
F12 5.3438E-02 2.0734E-02 3.3968E-01 2.1486E-01 1.4850E+00 1.7889E+00 6.9170E-03 2.6301E-02 1.1932E-01 2.3377E-01 4 4980E-02 7’21)(;7]5_
F13 6.5446E-01 4.4740E-03 1.8890E+00 2.6609E-01 7.0100E-04 3.8380E-03 6.6750E-03 8.9070E-03 2.1990E-03 4.4720E-03 82727 E-01 1'2%619 E-
Parameter space Objective space Parameter space Objective space
5 10 ILGWO & 10 i ILGWO
2 ~ 100 2
s ol 21070
= @107 500 \ 2 2
50 ~ 500 @
0 o
50 100 150 200 r -500 .500 ¢ 50 100 150 200 250
Iteration ! Iteration
(F9) (F11)

Figure 7. The best examples for F8-F13 functions in search and objective space
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Table 5 presents fixed-dimension multimodal F14-F23 functions. Since optimization algorithms must
keep the balance between the exploitation and exploration stages of the search process, F14-F23 functions
can evaluate this balance.
Table 5. Fixed-dimension multimodal F14-F23 functions

Func. . ‘ Range .
Num Function fin b Ub Dim
1 25 1 a1
Fu(n) (e + 20 1 65 65 2
14 500 = J +Zi2:1(ri - g; )°
2
r,(b?+br
Fo) |5 - B HBE) 000030 -5 5 4
=1 b’ +br, +r,
Fe(r) 4r?-2.1r" +%r16 +rnr, —4r} +4r) -1.0316 -5 5 2
F,(r) (r, — 5'12 r? +E r, —6)° +10(1fi) cosr, +10 0.398 -5 5 2
A V4 87
[1+(r, +1, +1)° (19-14r, + 35 —14r, + 61,1, +3r7) |
Fg (1) , , , 2 2 2
[30+(2r, —3r,)” x (18- 32r, +1217 + 48, — 36,1, +271;) |

Flg (r) _Z?:lci exp(_zj:laij (rj - pij)z) -3.86 1 3 3
on(r) _Z?:lci exp(_z(j:laij (rj - pij)z) -3.32 0 1 6
Fa 37 [(R-a)(R-a) +c | 4101532 0 10 4
Fe() =37 [(R-a)R-a) +c | -10.4028 0 10 4
Fa() -3 [(R-a)R-a) +c ]| 105363 0 10 4

Table 6 presents the results of the F14-F23 functions. In 9 of 10 functions for fixed-dimension
multimodal comparison functions, the ILGWO algorithm produced the best result. As can be seen from
the results obtained, the GWO algorithm has been developed. Moreover, ILGWO has been found to be
better than the other comparison algorithms except for the F17 results. For the F17, the best performance
has been attained by WOA. The best examples for F14-F23 functions in search and objective space are
given in Figure 8.

Table 6 F14-F23 functions’ results

F GWO[2]

WOA[1]

ALO [15]

PSOJ[1] IALO [15] ILGWO

Ave.

Stan. Dev.

Ave.

Stan. Dev. Ave.

Stan. Dev.

Ave. Stan. Dev. Ave. Stan. Ave.
Dev.

Stan. Dev.

F14 4.0425E+00
F15 3.3700E-04
F16 -1.0316E+00
F17 3.9789E-01
F18 3.0000E+00
F19 -3.8626E+00
F20 -3.2865E+00
F21 -1.0151E+01
F22 -1.0402E+01
F23 -1.0534E+01

4.2528E+00
6.2500E-04
-1.0316E+00
3.9789E-01
3.0000E+00
-3.8628E+00
-3.2506E+00
-9.1402E+00
-8.5844E+00
-8.5590E+00

2.1120E+00
5.7200E-04
-1.0316E+00
3.9791E-01
3.0000E+00
-3.8562E+00
-2.9811E+00
-7.0492E+00
-8.1818E+00
-9.3424E+00

2.4986E+00 2.7076E+00
3.2400E-04 2.8430E-03
4.2000E-07 -1.0316E+00
2.7000E-05 3.9789E-01
4.2200E-15 3.0000E+00
2.7060E-03 -3.8628E+00
3.7665E-01 -3.2624E+00
3.6296E+00 -6.3766E+00
3.8292E+00 -7.1015E+00
2.4147E+00 -8.2471E+00

2.3599E+00
5.9450E-03
9.8600E-14
5.5900E-14
3.3100E-13
2.3000E-13
6.0657E-02
3.2796E+00
3.4428E+00
3.3601E+00

3.6272E+00 2.5608E+00 1.2295E+00 6.2052E-01 9,9800E-01
5.7700E-04 2.2200E-04 2.1910E-03 4.9450E-03 3,0773E-04
-1.0316E+00 6.2500E-16 -1.0316E+00 5.7600E-16 -1.0316E+00
3.9789E-01 0.0000E+00 3.9789E-01 0.0000E+00 3,9788E-01
3.0000E+00 1.3300E-15 3.0000E+00 4.9300E-15 3.0000E+00
-3.8628E+00 2.5800E-15 -3.8628E+00 2.8900E-12 -3,8603E+00
-3.2663E+00 6.0516E-02 -3.2775E+00 5.9564E-02 -3,3219E+00
-6.8651E+00 3.0196E+00 -7.2848E+00 2.7947E+00 -1,0151E+01
-8.4565E+00 3.0871E+00 -8.3333E+00 3.2587E+00 -1.0402E+01
-9.9529E+00 1.7828E+00 -8.2543E+00 3.3636E+00 -1,0535E+01

7,9583E-12
2,59658E-07
7,78488E-10
3,15429E-08
9,81502E-08
2,3151E-03
3,74551E-06
5,0788E-04
5,6599E-04
3,1834E-04
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Figure 8. The best examples for F14-F23 functions in search and objective space

There are 10 functions in this contemporary benchmark collection that were created for the CEC

conference [21]. For an annual optimization challenge known as "The 100-Digit Challenge," these ten

functions were developed. All of these functions have scalable dimensionalities despite having various
dimensionalities. Dimensionalities vary between functions CEC01, CEC02 and CECO03 [22]. The
dimensionality of the other functions is [-100,100]. Functions for CEC2019 are listed in Table 7 [21, 23].

Table 7. CEC2019 Benchmark Functions

No,

Functions

= . .. D Search Range
r = F(x)

Storn’s Chebyshev
Polynomial Fitting
Problem

Inverse Hilbert Matrix
Problem

Lennard-Joes Minimum
Energy Cluster

Rastrigin’s Function

Griewangk's Function

Weierstrass Function

Modified Schwefel's
Function

Expand Schaffer's F6
function

Happy Cat Function

Ackley Function

9 [-8192,8192)

16 [~16,384, 16,384]

18 [~4.4]

10 |
10 [-
10 |
10 |

10 [-

10 |
10 [-

100,
100,
100,
100,

100,

100,

100,

100)
100
100]
100]

100]

100]
. 100]

The CEC2019 functions’ results are presented in Table 8. The proposed ILGWO is compared with
ChOA, WOA, and GWO. The maximum iteration number, the population number, and the independent
run number for this table were used as 500, 30, and 30, respectively. The ILGWO algorithm achieved
optimum results in 8 of 10 functions for CEC2019 functions. The best of objective space samples for
CEC2019 functions are given in Figure 9.

Table 8. Results of CEC2019 functions

CEC ChOA[23] WOA[22] GWO ILGWO

Ave. Stan. Dev. Ave. Stan. Dev. Ave. Stan. Dev. Ave. Stan. Dev.
1 4.24E+09 9.67E+09 411E+08 542E+08 7.8299E+08 1.0886E+09 1.2690879E+07 1.6934569E+07
2 1.8408E+01 1.858E-02 1.7349E+01 45E-03 1.9847E+01 3.6134E-15 1.984762E+01 3.6134E-15
3  1.37024E+01 7.11E-06 1.37024E+01 0 1.3702E+01 1.9515E-04  1.3702E+01 1.4108E-09
4 5.93262E+03 2.8552E+03 3.9467E+02 2.4856E+02 2.1180E+02 5.5601E+02 4.1676E+01 6.5916E+00
5 4.2094E+00 8.873E-01 2.7342E+00 2.917E-01 2.3266E+00 2.4688E-01  2.1862E+00 3.1306E-02
6 1.2154E+01 6.826E-01 1.0708E+01 1.0325E+00 1.1918E+01 7.9262E-01  1.0102E+01 7.3297E-01
7 1.0071E+03 1.7901E+02 4.9068E+02 1.9483E+02 4.4050E+02 3.1599E+02 1.4273E+01 6.4592E+01
8 6.7846E+00 1.562E-01 6.909E+00 4.269E-01 5.2205E+00 9.2289E-01  3.6725E+00 3.0476E-01
9 4.4927E+02 2.4549E+02 5.9371E+00 1.6566E+00 5.3354E+00 6.9542E-01  4.5957E+00 1.7125E-01
10 2.14985E+01 7.195E-02 2.1276E+01 1.111E-01 2.1501E+01 1.0239E-01  2.0586E+01 3.0153E+00
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Figure 9. The best of objective space samples for CEC2019 functions

Wilcoxon signed-rank test (p value) statistical comparison of the results obtained by running ILGWO
and GWO 30 times is given in Table 9. According to the p-value results of this test, all of the 23 classical
functions except F6 and all of the functions of CEC2019 except F2 are less than 0.05, which shows that the
proposed ILGWO method is successful in GWO.

Table 9. Wilcoxon signed-rank test (p value) statistical comparison of the ILGWO and GWO

Classical ILGWO vs. Classical ILGWO vs. CEC2019 ILGWO vs.

Benchmark GWO Benchmark GWO Benchmark GWO
1 1,73E-06 13 2,6E-05 1 1,73E-06
2 1,73E-06 14 1,73E-06 2 1
3 1,73E-06 15 1,73E-06 3 1,73E-06
4 1,73E-06 16 1,73E-06 4 1,92E-06
5 1,73E-06 17 1,73E-06 5 5,32E-03
6 9,915E-01 18 1,73E-06 6 1,73E-06
7 1,73E-06 19 3,41E-05 7 1,73E-06
8 1,73E-06 20 5,22E-06 8 1,73E-06
9 1,6E-06 21 2,6E-06 9 5,22E-06
10 1,63E-06 22 1,73E-06 10 1,73E-06
11 1,56E-02 23 5,75E-06
12 3,85E-03

6. CONCLUSION

In this study, the alpha class, which is the top class of grey wolves and called leader wolves, was
improved by using the WOA algorithm. Here, because the leader wolf was improved in the GWO, this
method was named ILGWO. Since the basis of optimization is to increase efficiency and reduce costs,
these objectives were targeted in the development of this ILGWO algorithm. For testing the efficiency of
this algorithm, 23 mathematical functions were used. The proposed method has been run 30 times. Later,
the average fitness and standard deviation values were compared with those in the literature. The ILGWO
was compared with the WOA, GWO, ALO, PSO, and IALO algorithms. It was found that ILGWO achieved
the best results in 5 of 7 tests for unimodal benchmarks, 3 of 6 tests for multimodal benchmarks, and 9 of
10 tests for fixed-dimension multimodal benchmarks. In addition, 10 CEC2019 test functions were used to
evaluate the ILGWO, and it has been compared with the WOA, GWO, and ChOA methods. It has been
found that ILGWO achieved the best results in 8 of the 10 tests for the CEC 2019 benchmarks. As a
consequence, the suggested method performs better than the results from the literature in general. Also,
objective space sample representations of the test functions are given.
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According to the results, the proposed ILGWO method appears to be promising. In addition, it has
been revealed that it can be used in engineering applications. It is planned to test the proposed method in
more test functions and engineering implementations. We also want to use this strategy to develop various
hybrid approaches.
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Highlights

e Ground engineers’ responsibilities have not been changed at all. They have to supply evaluations for
stable spaces and structures for urban life in/on earth crust as they have always been required.

¢ Engineers dealing with earth for its properties, features, stabilities for different engineered structures
like; dam, bridge, tunnel, mine gallery & stopes, pits, foundations of buildings etc. have their tough
decisions under various uncertainties.

¢ Some European countries have gradually provided specifications to define ground engineering under
EUR-ING qualifications.

¢ Rock engineering contributions to ground engineering have been assessed here by pointing Eurocode
7 progresses in time.

e Ingeneral, legal procedures may be started to check engineering standards, engineers’ responsibilities
and their professions, material qualities and documentations, structural designs, laboratory test
results, official design approval procedures, foundation tests and their stability analyses etc., for
detailed research.

e Therefore, engineers should certainly define their professions, expertise and responsibilities according
to supplied standards. Thus, they should restrict themselves from getting loaded responsibilities and
uncover their certificated professions and expertise.

¢ Engineering applications related to earth crust require excavations in soil and rock formations.

¢ Different types of surface and underground excavations could possibly be realised through diverse
engineering designs due to their specific requirements.

e Engineering branches which have concentrated different aspects of works in/on earth crust have wide
ranges of knowledge and experiences for ground engineering including in Eurocode 7 applications.

e Combination efforts of ground engineers have increasingly provided new dimensions and research

areas for the stability concerns of engineered structures in/on earth crust (rock/soil masses).
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ABSTRACT: While engineering has recently been presented in medias by computers and laboratory
outfits, responsibilities of ground engineers who perform works in/on earth crust have not been changed
at all. They have to supply stable spaces and structures for urban life in/on earth as they have been always
required. Engineers dealing with earth for its properties, features, stabilities for different civil work
circumstances like; dam, bridge, tunnel, mine gallery & stopes, pits, foundations of buildings etc. have
their tough decisions under various uncertainties. They have recently been categorised as ground
engineers including, soil and rock engineers, geotechnics, geomechanics, geologist, civil and mining
engineers etc. subjects. Some European countries have gradually provided specifications to define ground
engineering under EUR-ING qualifications. Engineers who have been controlling product qualities,
organising works for employees, testing in laboratories have their work places which have not been
changed regularly, as it is the case for ground engineers. Rock engineering, (concepts based mainly on
rock mechanics in geology, mining and civil engineering) contributions to ground engineering have been
worked here under Eurocode 7 applications and evaluations performed by engineers.

Keywords: Eurocode 7, Ground Engineering, Rock Mechanics, Soil Mechanics, Geotechnics,
Geomechanics, Eur-Ing

1. INTRODUCTION

Earth crust contents vary in different parts of the globe and supply requirements for humans and their
civilisations. Engineers dealing with geology and geophysics have their works on formation and
structures of rocks and soils layers shaped in geological eras. Civil engineers in soil mechanics subjects
and rock engineers have works to understand soil & rock materials and their behaviours. Beside the usage
of rocks and soils as construction materials in different human related activities, especially excavation and
construction works for safe & stable spaces in/on earth crust for different usage purposes have been
evaluated here to present rock engineering contribution in ground engineering concept.

Different types of open spaces, volumes, in/on rock masses have been designed & engineered for their
shapes, dimensions, stabilities, ventilation (air quality and temperature suitability) properties etc. to
comfort human requirements. These spaces have been supplied by mining and civil engineering
construction works in/on the crust through history. It has been already known that, caves, sinkholes,
underground city spaces, houses, buildings, skyscrapers and other types of structures have their
unceasingly changing stability conditions which are partly depended on earth crust properties and their
structural features. The earth mass has various types of soil and rock formations. Their behaviours under
different stress conditions together with variable water & gas contents have been researched for several
engineering purposes. For these purposes, the first task is often the discontinuity analysis to reveal the
deterministic features of discontinuities such as cracks, joints, faults in different rock masses. Rock masses;
massive, dry, saturated, fissured, fractured, swelling types etc. have been diversely researched to define
more comprehensive explanations for their stability cases in engineering activities. Discontinuities supply
weakness surfaces in fractured rock masses which should be evaluated for their positive and negative
influences on engineered projects. These projects can be designed to realise in/on rock masses. Material
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properties of rock and soil masses and their structural features have common bases in some limits to be
tested. Decisions, on the other hand, which should be supplied by ground engineering evaluations have
supposed to cover whole aspects of earth crust (soil & rock masses). Understanding behaviours of soil and
rock masses have gradually released the decision burdens over ground engineers in last decades.
Supplying decisions for suitability of designs related with rock & soil masses have their own risks which
are related with uncertain rock & soil features, (due to their natural characteristics). Experiences gained
for certain earth localities and regions have played important roles in design decisions supplied for
foundations, tunnel excavations & supports, slope reinforcement etc.

Eurocode 7 has recently started to be applied for ground engineering cases as a standard, (including
risk evaluations as well). Engineers who work on soil and rock engineering fields have supplied their
experiences and research results to point their evaluations related with Eurocode 7 applications. This
study realised here have focused mainly on rock engineering evaluation of those researchers to present
importance of joint works for the cases of Eurocode 7 allegations. At this point, it is required to mention
statements of Alejano et al. [1] reported by Vagnon et al. [2] that, engineers had considered and followed
standard code EN1997-1, [3], (called as Eurocode 7, EC7), as a reference design code for their geotechnical
design circumstances in ground engineering cases in the CEN, (European Committee for Standardization),
member countries. Their designs have possibly included rock engineering related subjects whenever
necessary. Thus, Eurocode 7 has gradually become comprehensive standard application due to its new
concerns & attitudes in ground engineering considerations in CEN countries. Actually, there are several
other states which are not members of CEN are also aimed to follow Eurocode 7 procedures as well [4].
Understanding the background features of Eurocode 7 and related rock engineering impacts have
progressively revealed more realistic engineering strategies in ground engineering projects.

2. GROUND ENGINEERING CONSIDERATION IN CONTENT OF EUROCODE 7

European countries have followed several engineering standards in national bases but, they have
gradually enforced to follow common European standards. They are commonly called as Eurocodes and
one of them is EC7 and it is related with ground engineering, geotechnical, geomechanical features of
earth crust. In the cases of urban areas, foundations of any buildings & constructions and tunnels &
infrastructure excavations etc. in Eurozone countries have to be engineered gradually according to EC7.
Engineering projects related with earth crust including dam & bridge constructions, metro tunnels &
stations, underground passageways, underground storage spaces, underground cities, protection works
for caves, sinkholes rehabilitations, mine related excavations and support designs etc. have progressively
been planned also according to EC7 for European countries. Usage of Eurocodes can likewise be a manner
in engineering mobility for companies and engineers throughout the Eurozone countries. Efforts to
develop Eurocodes have their difficulties mentioned in literatures but also have opportunities to
reconsider national engineering standards. New approaches and technological developments could also
be introduced into standards under developing stages. Engineering efforts supplied in underground
excavations, tunnels and all types of space designs as working places in mining operations have to follow
strict work & workplace safety and health related legislative rules including environmental and social
concerns. These safety rules have gained throughout the mining histories of related nations. Underground
metro tunnel excavations, bridge & dam constructions, big scale buildings & industrial plants and other
works for modern urban life have also their success and failure stories in their stabilities. Similarly,
geomechanical and geotechnical experiences gained for certain regions have collected after performing
different works & tests and observing behaviours of foundations for examples through their usages. Civil,
mining, geological and geophysical engineers who have extra professions on geotechnics, geomechanics,
rock engineering, soil mechanics, foundations, excavation methods etc. have their contract works, project,
performed in/on earth crust through different soil and rock masses for years. Each of this profession has
its own good practices. Thus, experiences gained in their performances & projects are very valuable assets
for our civilisation in this modern world. Engineering standardizations in these areas (related with earth
crust) have therefore their own specifications and difficulties under discussions.
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Governing authorities in the world on the other hand have their own experiences accumulated
through successes and failures of the ground engineering projects. Disasters and aftermaths of them have
always their traumas on societies. Coal mining explosions, water inrushes into mines and tunnels, collapse
of mine galleries and tunnels, collapses or damages occurred at houses & constructions due to their
structure and/or foundation problems, damages occurred at cities and towns partly due to earthquakes,
slope failures, landslides, collapsing of the dams and resultant flood disasters etc. have caused many
casualties which societies sometimes have difficulties to bear their traumatic scales.

Uncertainties in earth related engineering data have common facts and designing structures in/on
earth crust have their approaches & criteria for those uncertain parameters in design stages. The questions
have always aroused after those disasters if the casualties and/or collapsing of the urban structures could
be prevented by applying different engineering methodologies. Legislative court procedures started after
those disasters have their own methodologies which may or may not consider risks related with
uncertainties in earth crust related engineering parameters. Engineering standardization in ground
engineering efforts therefore, have gradually brought relief to ground engineers, earth crust related
projects owners & employers and governing bodies of societies. Engineering standards describe basic
rules to follow in engineering applications. Eurocode 7 includes also risk considerations controversially
in analyses to cope with unpredicted design factors and uncertainty characteristics of earth crust related
data sets. It is basic knowledge that stresses and strains, for example, could not be measured in full scale
in surrounding rock masses around tunnels or beneath large scale concrete foundation slaps. That means
there are always uncertainties in test measurements, eventually input parameters of engineering designs
which should be predicted and modelled by test results but also with experiences of engineers (empirical
and observational analyses, numerical approaches etc.).

New approaches and technologies might decrease the number of uncertain parameters in time. But,
there are still many of them for current project conditions. Positive aspects of earlier socio-economic,
environmental and ground engineering related projects which had been furnished with available
theoretical, analytical, observational and numerical solutions have progressively forced governing bodies
to pursue their procedures as flagship operations. However, new approaches in earth related projects have
their own conditions to be considered. Therefore, there should be methodologies described in engineering
standards covering most of the hesitations supplied by related engineers, contractors, project owners,
governing bodies, societies etc. Thus, in order to discuss positive and negative influences of engineering
standards in ground engineering works, remarks forwarded in the literature should also be taken into
considerations. For instance; sentences written by Bolton [5] who stressed on influences of standards on
engineering skills put some limitations forward arose due to application of the new standards (EC7 in this
content) into words as follows; “It is therefore possible to imagine optimistically that a new generation of codes
might free the engineer from unnecessary constraints by emphasising proper objectives and acceptable methodology
while eliminating references to specific guidelines which lawyers might interpret as “rules”. It is equally possible,
however, that new codes might become even more detailed and specific, offering less scope to the skilful designer, and
possibly even forcing him into avenues which his professional judgement warns him are erroneous”. Similar
remarks and their contents are helpful to re-evaluate forwarded EC7 contents to maximise its outcomes
to the societies.

3. “/ADEQUATE ENGINEER” PHENOMENA IN EUROCODE 7

Eurocode preparations have enlightened one case also, that is requirements of adequate engineers,
technicians and workers. Defining “common bases” for different branches of engineers educated and
graduated in different European countries has a deal to be resolved. Thus, European engineering
definition, EUR-ING in short abbreviation, has emerged to describe engineers who obtain extra
certification to play their engineering activities in any European country. At this point it is necessary to
mention “The fédération Européenne d'associations nationales d’ingénieurs”, FEANIL which was founded in
Europe in 1951 to bring together 25 European countries’ national engineering associations. Number of
members in/out of Europe is currently 34 countries, (including: Austria, Belgium, Bulgaria, Croatia, Cyprus,
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Czech Republic, Denmark, Estonia France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Kazakhstan, Malta,
Netherlands, North Macedonia, Norway, Poland, Portugal, Romania, Russia, Serbia, Slovakia, Slovenia, Spain,
Sweden, Switzerland, Turkey, Ukraine, United Kingdom, Affiliated member Amngola). Purpose of this
organisation was defined as “To secure the recognition of European engineering titles and to protect those titles,
in order to facilitate the freedom of engineers to move and practise within and outside Europe”, [6]. Thus, defining
the engineering education, training, experiences in accepted manners described in FEANI has vitally
important for the certification. National education differences in engineering education and their
recognition and registration systems (if any) in national engineering associations have stayed as diversity
of applications. In FEANI system, engineering types and required education backgrounds have been
defined to follow for candidates to be called as a “European engineers”, [6]. In order to perform
engineering works, projects or procedures in different European countries, graduates of engineering
faculties (or any other types of education systems) should be fulfilled the requirements of the application
steps of EUR-ING.

Engineers in “ground engineering” common subject title who work in their projects by following EC7
procedures cover; geotechnical, geomechanical, geological, engineering geology, rock engineering,
mining engineering, civil engineering, foundations engineering etc. graduates. Thus, next generations in
faculties who would like to be “engineer” and have EUR-ING certificate, must understand the limits and
descriptions in FEANI system. In this aspect; descriptions related with certification of EUR-ING engineer
in ground engineering is also be documented [7]. European countries such as, Germany, Macedonia,
Austria etc. have already started EUR-ING certifications. Moreover, this certification procedure has
already started new understanding in engineering and engineering educations in Eurozone countries.
Non-European countries which follow European engineering standards for their common economic
relations might also accept EUR-ING certifications gradually in time. Discussion and debates have been
continued about Eurocodes and EUR-ING applications but, the codes have already accepted together with
several years of adaptation periods. In this respect, universities offering engineering educations in Europe
should evaluate their programs and courses together with their ECTS credits to follow requirements of
Eurocodes and European engineering, EUR-ING, certification procedures. Logically they would like to
graduate engineers who have legitimate to apply EUR-ING certifications directly. Requirements of
adequate engineering acts in Eurocodes have reshaped, modelled, the future of engineering in different
industries in Europe and other countries which have close economical connections & relations.

For the cases of ground engineering Jovanovski et al. [8§] mentioned EC7 and requirement of experts
in engineering activity covering “ground engineering” subjects. They wrote that “Eurocode 7 (EN 1997,
EC7), beside other important aspects, introduces the necessity of qualified and experienced personnel needed
for adequate design and safe construction of geotechnical structures”. They pointed out also the works
which should be performed by educated & trained experts listed in EN 1997-1, [3], Paragraph 1.3 as;
“Data required for design are collected, recorded and interpreted by appropriately qualified personnel;
Structures are designed by appropriately qualified and experienced personnel; Execution is carried out
according to the relevant standards and specifications by personnel having the appropriate skill and
experience”. Engineers, technicians, workers and employers of companies (consulting, design,
measuring, excavating, construction, supporting, maintaining etc.) who have works related with
earth crust should realise that, their projects in Europe have to be started & finished by following
standard rules supplied in EC7. European countries have education and diploma procedures for their
educated human resources in engineering in different manners. ECTS credit system has been offered
to supply common platform for European university educations. However, Jovanovski et al. [8]
pointed that “The question is how to insure "common platform” for necessary requirements and qualifications
for engineers and to find a legal definition consistent with the European Directive 2005/36/EC on Recognition
of Professional Qualifications in engineering disciplines”. According to these authors “This question is
maybe most complex for professionals involved in ground engineering, because geotechnics deals with variety
of problems, covered by engineering geology, soil mechanics, rock mechanics, foundation engineering, risks,
environment etc.”. Description of engineers who should perform required works and analyses to supply
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reports and decisions as they are required in EC7 has complicated and several branches of engineering
associations had been asked earlier to resolve meaningful procedures. On this subject, Bock et al. [9] and
then Buggy et al. [10] reported about, a Joint European Working Group, JEWG. They wrote that JEWG
was established in July 2002, and this group had included joint efforts of International Society for Soil
Mechanics and Geotechnical Engineering (ISSMGE), International Association for Engineering Geology
and Environment (IAEG), and International Society for Rock Mechanics (ISRM) to provide common
understanding in required engineering activities in EC7. Jovanovski et al. [8] pointed also that; “JEWG
intensively works on the problem of qualification requirements in EC7. Moreover, it held three workshops: in
Leuven (2016), Oslo (2017) and Reykjavik (2019)”. These authors pointed also that, the JEWG early
report in 2008 presented that “An idea for professional competencies of all three primary disciplines (soil and
rock mechanics and engineering geology) in terms of key and general competences, as well as specialized fields
for work in ground engineering”. Bock et al. [11] wrote on “qualification” description also for ground
engineering. These authors mentioned on the German Geotechnical Society, (DGGT) procedures and
pointed that “Neither EN 1997 nor the various national annexes and/or Building Codes specify precisely what these
“appropriate”’ qualification and experience requirements might be”. They wrote that unclear description of
qualified people performing EC7 reports and documentations will “opens the door for all sorts of self-declared
“experts”’ to carry out ground investigations and to submit Ground Investigation and Geotechnical Design
Reports”. According to them this situation is “The detriment of safety”. The German Geotechnical Society
(DGGT) had previously worked also on the subject and presented a document titled; “Geotechnical
Professionals Requirements on qualification and experience”, [12]. Approaches to define ground engineering
considerations in EC7 subjects have still under considerations through joint efforts. Engineering societies
in European countries like the other countries have members graduated from predetermined departments
of universities. They supply engineering decisions through reports in different subjects of earth crust for
example according to their engineering education background. Logically, societies which have high
enrolments (as official members) in a country, have focused more about their engineering branches during
categorising subjects of interest related with “ground engineering”. Truly, engineering works,
applications in/on earth crust have gradually been complicated while the urban populations and their
necessities are also increased. Almost carbon-free energy harvesting through geothermal projects, urban
spaces in underground, deeper open pit and underground mines, foundation designs for high-rise
buildings etc. have pushed scale of ground engineering dealing with earth crust further away from the
regular considerations. Lamas et al. [13] evaluated EC7 facts by considering involved engineering subjects
under discussions. They critically pointed that; “Introduction of EC7, bringing structural safety concepts in
geotechnical design, was an important step forward in many European countries. It is interesting to note that several
European countries, with well-established codes for structural design of buildings and bridges, had no code for
geotechnical design before EC7”. Engineers reporting currently about soil properties for construction
companies can be different in different countries. They can be graduated different branches of engineering
and earth sciences, such as; civil engineering, foundation engineering, engineering geology, geology,
geotechnics, geomechanics, etc. Defining safety of engineering projects in/on earth crust (weak soil, soil,
hard soil, hard soil-soft rock, weak rock, rock, hard rock etc. masses) needs adequate engineering
considerations including risk of failure decisions as well.

Availability of detail building codes related with construction bodies (concrete types, properties of
applicants etc.) but less concentration on buildings’ foundations (properties of soils and rocks masses)
might be the results of different considerations in earlier times. However, modern urban life enforcements
to have higher & heavier buildings; deeper infrastructures (including metro lines and underground living
spaces and depositories); bigger ports & industrial plants; deeper mine activities etc. have progressively
transformed design efforts and considerations in last decades. Discussions on earth crust properties and
behaviours may continue among the earth mass related engineering professions but, currently engineers
(or groups of engineers in consulting companies) might have been in a position to supply ground related
decisions for their planned projects. Those decisions should be taken with the requirements related with
official ground engineering evaluations on the bases of EC7 if the rules are applicable in that country.
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Therefore, any discussions, “Regarding applicability of the design principles of the Eurocodes to geotechnical
structures, and also regarding its application in practice to geotechnical construction works”, should be resolved,
[13]. These researchers pointed in 2014 also that rock engineering subjects are missing in EC7. According
to them, the reason of this gap has been originated due to soil related subjects & problems dominations in
EC7. Design and other efforts supplied for engineered structures, such as; dams, bridges, tunnels, mine,
buildings, constructions, etc. in/on the rock masses should also be included in EC7 coverage.

Rock engineers and related researchers have mainly mining, petroleum and geological engineering
backgrounds. EC7 have soil engineering background in early version, so rock mechanics issues had not
included to the code as far as required. However, as already point before, designing for soil and rock
masses differs due to nature of the engineered masses. Soil can be somehow considered continuum
material but, rock masses have discontinuities and they cannot be issued as massive or continuum media.
Underground spaces opened in rock masses have required special design considerations supplied in
rock and soil mechanic texts. Each underground space has its own local design conditions originated
through the earth crust parts surrounding. Moreover, even the same engineered volume design in
underground can possibly have different surrounding rock formations. Therefore, different
engineering procedures for example have suggested in rock engineering for different rock
behaviours. Thus, defining standard procedures for rock and soil engineering assets have application
difficulties. In addition, these earth crust masses have their uncertainties in their property tests and
behavioural analyses & considerations. Decisions given through earth crust properties & behaviours
for designed spaces in/on the crust have their responsibilities related with engineering, social and
environmental considerations. Therefore, engineers and related consultant and engineering
companies have full load of their decisions and works. Legal and moral responsibilities of these
decisions in ground engineering have reasonably forced these engineers to deal with more secure
sections of the projects. Actually, defining responsibilities of a project without mentioning
uncertainties in input data (mostly related with properties and behaviours of earth crust) is not fair.
Experiences have played important roles here to handle those data to produce reasonable conclusive
decisions. Risks of misjudgement encountered here also possible to predict actual facts (full scale
behaviours, stresses, strains, properties etc.) related with rock and soil masses. Descriptions,
(coverage), of methods in excavation design or similar activities are not directly supplied, because
earth crust conditions for each project are different. Similar considerations stated by Koc [14] as; “It
is not clearly stated that in the Eurocode how the tunnels should be designed”. Feeling engineering
responsibilities of contracted projects in/on earth crust have forced the engineers in creative but
stressed work environments. Due to numerous design factors; uncertainties related with collected
input data; results of analyses based on criteria, (approaches, numerical iterations etc.), it should be
logical that ground engineers would like to supply their decisions with associated risks of coverage.

Quality of engineering works, analyses, designs, and adequate engineering on related subjects
(together with reliable collected inputs, data) make the differences among the offered or realised
projects in/on earth crust. Olsson & Palmstrom [15] wrote that “The Eurocodes were initiated for bridge
construction, and have then been applied in more and more applications, such as in soil mechanics and finally in rock
engineering”. That means the official standards are not fully descriptive at their early versions, they are
getting reliable as the reviews have been recognised and performed.

4. RESPONSIBILITY OF ENGINEERS: PROFESSIONS, DECISIONS AND LIABILITY

Engineers deal with soils and rock masses to provide engineered structures & spaces for urban
requirements have pressured to define their subjects and responsibilities in more detail in social disputes
when there are legislative sessions after failure of any urban structure or space with fatalities. Casualties
(if there is any) especially are main engineering concerns. When social and governing bodies’ efforts
related with the failures (or disasters) turn into official investigations to determine the failure causes, all
the design and operational documents can be asked for re-evaluation. In addition, failure of urban
structures can also be occurred due to earthquakes, slope failures, landslides, sinkholes, caving etc.
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Researches have also been performed to analyse main causes of collapses and damages. In similar cases,
(i.e. exemplified hypothetically here), engineers worked for such a project have to define their duties,
positions and responsibilities through their field of professions and professional applications according to
national and international standards and rules. In general, legal procedures may be started to check
engineering standards, engineers’ responsibilities and their professions, material qualities and
documentations, structural designs, laboratory test results, official design approval procedures,
foundation tests and their stability analyses etc., for detail researches. Therefore, engineers should
certainly define their professions, expertise and responsibilities according to supplied standards. Thus,
they should restrict themselves for getting loaded responsibilities uncover their certificated professions
and expertise. Buggy and Franzén [16] wrote about their evaluation about “ground engineering” concept.
They concluded that, “Given the critical role of ground engineering professionals in the planning, design and
construction of major infrastructure, industrial, mining, commercial and residential development in the modern
world, it is readily apparent that the interests of both public safety and the minimisation of economic losses from
failure are served by having qualified and competent persons perform these services”. These researchers analysed
also the registration of engineers for the cases of EC7 in different European countries. These countries have
different procedures followed already and they concluded that, “a common platform fully compliant with EU
Directive 2005/36/EC is a much more distant aspiration which requires many more countries to participate and is
unlikely to be achieved in the short term”.

5. ROCK ENGINEERING CONSIDERATIONS AND EC7

Usages of underground spaces and facilities have common practices gradually. Accessibility supplied
by underground metro tunnels and additional underground spaces designed for shopping centres, car
parks, sport centres, passageways have already under practices. Engineering activities related with them
cover rock and soil mass considerations. Harrison et al. [4] wrote that; in 2010, EC7 became the Reference
Design Code for geotechnical design within the European Union. These authors reported also that,
applications of EC7 rules in “ground engineering” projects which include rock engineering subjects have
difficulties. Therefore, reviewing of EC7 procedures had progressed starting from 2011 to finish in 2020,
[4]. Researching to understand ground behaviours around underground spaces have supplied
suggestions for related engineers to evaluate their decision. For example, Rahimi, et al. [17] wrote that
deep mining operations had special attention required for their stability. They said that “The main
challenges at great depth are high rock stress levels, seismic events, large-scale deformation, sudden failures and high
temperatures that may cause abrupt and unpredictable instability and collapse over a large scale”. Therefore, they
presented support design through “strategic, tactical, and operational” design stages. Similar research on
the bases of different evaluations (conceptual, analytical, theoretical, observational, etc.) can be followed
for shallow and deep underground space stabilities.

Earth crust can be different in characters around or under the engineered spaces. It can be deposited
sediments (soil types) or rock formations. Dimensions and shapes of engineered spaces in earth crust or
foundations on ground surfaces could be different according to offered projects” purposes. However, the
“primary” objectives of the projects certainly cannot be changed; they should be stable, safe, socially and
environmentally approved. In this subject, paper presented by Uotinen et al. [18] can be forwarded here.
They wrote that, “In Finland (and Sweden and Norway), there is no formal procedure on how to design rock spaces.
The design is based on a designer’s expertise, experience, views, and specific procedures”. They also mentioned
their concerns about differential design outcomes for “identical initial data”. According to them; “The
Eurocodes do not explicitly state how to design rock spaces, but they define the minimum requirements on how to
design structures”. These researchers evaluated that; description of tunnels in FISE, “Qualification of
Professionals in Building, HVAC and Real Estate Sector in Finland”, has more practical interpretation
compared to EC7 covers. Therefore, they preferred to suggest FISE tunnel classification. According to
them “The clarifying note given in EC7 is unreasonably restrictive for geotechnical classification purposes”.

Similarly, Buyukkagnici and Isik, [19], compared the outcomes of Turkish Standard-TS8853; British
Standard-BS8006 and EC7 by considering slope stability conditions. They worked by handling limit
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equilibrium and finite element methods. Their works presented that outcomes could have diversity
among the applications of different standards. Applications and real-world experiences in rock
engineering field have gradually produced additional experiences as well. Thus, revisions of EC7 have
seemed to be on going procedure to keep good practices applicable.

6. CONCLUSIONS

Engineering applications related with earth crust require excavations in soil and rock formations.
Different types of surface and underground excavations could possibly be realised through diverse
engineering designs due to their specific requirements. Primary targets in these engineering plans is
always obtaining safe and stabile structures, constructions. Therefore, workers, foreman, engineers,
experts dealing different concepts of earth crust in case of data collecting, evaluating, analysing,
modelling, designing, back testing and analysing, rock blasting, excavating, supporting etc. have to be
adequate in their professions. Required education levels (definitions) for engineers have stated in FEANI
for EUR-ING titles for its members. Works and projects required for modern urban life have gradually
located in deeper in earth crust. New underground space requirements have been accelerated with new
metro lines, rock caverns, underground storages, roads, parks, shopping & sport centres, and other urban
facilities. Therefore, engineers adequate to handle risk based design procedures should also be
experienced in surface and underground engineering activities in different rock and soil mass conditions.
Engineering decisions have been taken through ground engineering projects influence stabilities of
engineered structures in/on earth crust. Standardisation efforts progressed in European Union include
ground engineering subjects in EC7 procedures. EC7 has brought modified new attitudes for engineers to
deal with their projected works’ stabilities in/on earth crust. Engineers with rock engineering experiences
(certificated) in rock cutting, mining, tunnelling, rock slope excavation, rock supports etc. might also be in
service in EC7 applications. Lamas et al. [13] presented deliberate features of EC7, for example, in rock
engineering designs in their study and, they pointed that, rock mass related; discontinuities, classes,
matrixes, anisotropies, failure modes, strength considerations are the ones in several other factors to be
considered carefully to supply related ground engineering decisions cases. As the results have gradually
supplied through research studies which have been performed to observe suitability and effectiveness of
EC7, its comparisons with national standards will also be involved progressively like given by
Buyukkagnici & Isik [19] and Uotinen et al. [18]. Thus, revision steps which will be expected, in future, in
EC7 should then include improvements according to on-going engineering researches and experiences.
Engineering branches which have concentrated different aspects of works in/on earth crust have wide
ranges of knowledge and experiences for ground engineering including in EC7 applications. Combination
efforts of them have increasingly provided new dimensions and research areas for the stability concerns
of engineered structures in/on earth crust.
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ABSTRACT: The paper aims to carry out a systematic literature review to determine what computer vision
techniques are prevalent in the field of precision agriculture, specifically for weed control. The review also
noted what situations the techniques were best suited to and compared their various efficacy rates. The review
covered a period between the years 2011 to 2022. The study findings indicate that computer vision in
conjunction with machine learning and particularly Convolutional Neural Networks were the preferred
options for most researchers. The techniques were generally applicable to all situations farmers may face
themselves with a few exceptions, and they showed high efficacy rates across the board when it came to weed

detection and control.

Keywords: Computer Vision, Machine Vision, Precision Agriculture, Smart Farming, Weed Control

1. INTRODUCTION

The agricultural sector grapples with the dual tasks of maintaining a high crop yield from farms and doing
so in a sustainable way, such that resources are utilized efficiently for costs and environmental friendliness
[1]. Weeds refer to plants that are invasive in some way and are unwanted in a particular situation. The
unmitigated proliferation of weeds in a farm setting can have a severe negative impact on crop yields,
resulting in diminished yields, poorly utilized resources, and environmental degradation, particularly with
respect to herbicides and farmer labour efforts. Traditional measures currently employed when dealing with
weeds include the blanket use of herbicides over large tracts of farmland, which while effective to some extent,
may also harm biodiversity in the region and cause environmental pollution in the process of weed removal.
Steps thus need to be taken to ensure that only the unwanted weeds are removed from the main crop
population, with minimal detrimental effects on the environment.

Advances in research and the fusion of technology and agriculture have resulted in precision agriculture,
which is a boon to farmers worldwide. Precision agriculture consists of agricultural methods that utilize
advanced sensors, software, and cameras for data collection and analysis, with the goal of higher yields,
higher profits, and more sustainable land use [2]. Computer vision, which seeks to imitate the human eye’s
act of perceiving and understanding the world, features several implementations for the task of precision
agriculture [3] These include; the use of computer vision and deep learning to locally detect pockets of weeds
and subsequent removal through chemical, mechanical or electrical systems [1]; the use of robotics and
computer vision to automatically wipe out the weeds with minimal human intervention [2]; ground-level
mapping and subsequent navigational techniques of farms for monitoring crop health and identification of
weeds through computer vision [4]; and even the use of a “farm-copter”, that is, a quad-copter with cameras
that flies over farmland and captures images of crops, which are then analyzed and relevant data provided to
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the farmer, allowing them to take actions to combat against weeds and pests [5].

The aforementioned techniques are all excellent applications of computer vision in conjunction with
precision agriculture to the problem of weed control. However, there still exists a gap in research, particularly
in how disparate the various methods that are currently being employed are. This paper sought to identify
and catalog the relevant studies, critically analyze them and thus provide a detailed review of past research
on the topic. This will enable future researchers and farmers to identify what techniques already exist, their
different levels of success and feasibility, and which techniques work best for their particular unique
situations. To meet this objective, the following research questions were asked;

1-What are the different computer vision techniques currently being used for weed control?

2-In which situations do computer vision techniques give the most accurate results?

3-What is the efficacy of the different techniques being used?

2. MATERIAL AND METHOD

The study implemented a systematic literature review (SLR) to identify and select relevant articles while
minimizing the chance of possible bias during the review process [6].

2.1. Search Strategy

The systematic literature review began with a search for the selected keywords that were relevant to the
subject matter of the study. The keywords employed were “Computer Vision” AND “Precision Agriculture”
AND “Weed Control” coupled with the synonyms listed in the following table. These keywords were then
used to search through high-quality databases, namely Scopus, IEEE, and ScienceDirect, between a period of
eleven years, from 2011 to 2022. These three journals were selected as they covered the fields of Agricultural
and Biological Sciences and Computer Science, making them ideal sources of journals for this particular
literature review.

Table 1. Keywords search query

Keyword Synonyms
MAIN  “Computer Vision” “Machine Vision” OR “Vision”
AND “Precision Agriculture”  “Precision Farming” OR “Smart Farming”
AND “Weed Control” “Weed Management”

2.2. Inclusion and Exclusion Criteria

The study used inclusion and exclusion criteria as part of the selection process to obtain articles that were
relevant to the researchers’ aims. The inclusion criteria stipulated that only research articles published in the
English language and that were fully accessible in the aforementioned databases, were to be chosen. The
records that did not meet these conditions were excluded from the review.
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Table 2. Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria
Research articles published in the English Papers that were not written in the English
language language

Documents published within the last eleven years Duplicated papers
from 2011 to 2022

Full text papers that are accessible and Full text of the document is not accessible on the

downloadable internet

Available within the selected databases The study aim is not clearly defined

Studies that focused on Computer Vision, Relevant studies, but either Computer Vision,

Precision Agriculture, and Weed Control Precision Agriculture, or Weed Control are not
the main objects of impact

Studies that considered Computer Vision, Conference Papers, editorial materials, and

Precision Agriculture, and Weed Control as the literature reviews

main objects of impact

2.3. Selection Criteria

The PRISMA diagram was used to screen records for the primary study selection process that fall into the
aforementioned parameters. The acronym PRISMA stands for, “Preferred Reporting Items for Systematic
Review and Meta-Analyses” [6]. It allowed the researchers to exclude papers duplicated between the
databases. It also allowed the researchers to exclude studies without clearly defined aims, studies that are not
relevant to the research questions, and studies that only focused on one keyword as opposed to all of them,
i.e,, computer vision, precision agriculture, and weed control.

A total of one thousand and thirty (n=1030) articles were retrieved from a preliminary search of the three
databases, with the individual databases contributing records as follows: Scopus (n=398), IEEE (n=101), and
ScienceDirect (n=531). Out of these results, records whose full text was not accessible on the Internet totaled
four hundred and fifty (n=450). Papers other than research articles were also removed, and these totaled four
hundred and twenty-four (n=424) Papers not in the English language totaled nine (n=9), and these were
removed in the process as well.

Up next was a check for duplicates, which identified five (n=5) sets of duplicates among the articles. Upon
merging them, the new total number of articles came down to 142 research articles. Thus, a hundred and forty-
two articles (n=142) were left to be assessed for eligibility. The remaining articles were then examined against
the research questions to ensure that they could provide some insight into them and subsequently the theme
of the paper. After applying the aforementioned criteria, a total of thirty-five (n=35) articles remained as
primary studies for review. These excluded articles whose study aim was not clearly defined and articles that
were relevant but did not focus on computer vision, precision agriculture, and weed control.

2.4. Data Extraction

Data extraction was carried out on the remaining articles that met the selection criteria. This was
conducted following the parameters shown in the table below.
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Table 3. Data Extraction Form
Data Item Description

Author, Citations, Location, Year ~ Give the author names, citation count, publication
location, and year of publication

Theory considered Which theory/area of expertise was considered in
the study

Purpose of the study The main aim of the study

Research design What research design was utilized

Key findings Show the main results from the articles

Challenges What limitations were faced in the research
process

2.5. Data Analysis

After the data was collected and extracted from the articles, it was synthesized through the construction
of a summary table and subsequently evaluated along methodological and theoretical aspects based on the
utilization of computer vision in precision agriculture for weed control. This was carried out to answer the
established research questions.

3. RESULTS
3.1. Computer Vision Techniques for Weed Control

Several computer vision techniques were utilized in the studies with the aim of weed control. Studies
primarily focused on accurately distinguishing between crops and weeds from image analysis through
semantic segmentation, which then allowed the farmers to combat the infestation with precision as opposed
to conventional blanket herbicide applications [7, 8, 9, 10, 11]. A few studies focused on real-time detection
technology of weeds, with some employing sensor technology coupled with computer vision to detect weeds,
analyze soil fertility, and alert on fires in the field [12, 13, 14, 15]. Some studies also focused on holistic systems
for weed control, providing the mechanisms for weed detection and subsequent targeting via herbicides all
in one solution e.g., through a smart sprayer or automated mechanical weed remover solutions [13, 16, 17].
Some studies also utilized 3D approaches and geometric analysis in their machine vision experiments in an
attempt to produce better detection algorithms [18, 19, 20, 21].

A large number of studies implemented machine vision techniques in conjunction with some machine
learning technologies. These included deep neural networks, convolutional neural networks, supervised and
semi-supervised learning, Support Vector Machines, Radom Forest classification, and K-nearest neighbors’
classification. Of note is a study that used fuzzy logic and children’s guesses as a starting point in building
their system as opposed to training neural networks [22]. This method yielded insightfully positive results,
outperforming more conventionally trained, neural-network-backed computer vision techniques.
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3.2. Computer Vision Techniques and the Conditions They are Most Successful

The aforementioned methods were all found to be high in efficacy, except for end-to-end or fully
autonomous solutions. The rest of the methods required relatively little capital to implement and were
accessible to most farmers in the know of their existence. However, the autonomous and vehicular solutions
needed an infusion of capital to implement and this may be out of the reach of farmers who are not too well
off, such as smallholders and those in third-world countries [13, 23, 24, 25].

As for the knowledge backing needed, implementation of computer vision with the aim of weed control
primarily required some background knowledge of what machine vision architecture one was going to
implement and the machine learning method to be used.

3.3. Efficacy Rates of the Different Computer Vision Techniques Being Used for Weed Control

All the methods showed exceptional results in aspects such as accuracy and sensitivity. A convolutional
neural network implementation within computer vision was the most prevalent iteration of a robust precision
agriculture system, and coincidentally also made up the most accurate system, with an accuracy rate of 99.19%
when it came to crop and weed detection. Most models were able to achieve accuracy rates of 90% and
upwards, with the lowest-scoring one coming in at 59.8% [15, 24].

4. DISCUSSION

The review worked to analyze the various computer vision techniques utilized in precision agriculture
for weed control. Most of these implemented a facet of machine learning, be it Support Vector Machines, Back
Propagation, or Convolutional Neural Networks. These Al tools were then used in the machine vision systems
to create models that accurately detected weeds, pests, and diseases in crops.

The results show that generally, computer vision is primarily employed in image analysis as opposed to
the less common application within real-time autonomous weed detection and control systems. Farmers and
researchers alike use computer vision as a first step in mitigating weed population, then once they can get a
working model and identify the problem areas, additional weed control efforts are sought. Prevention and
early detection are preferred to fighting full-blown infestations, and as such, the farmers’ and researchers’
methodologies have merit in that regard.

Another point of note is that autonomous systems are relatively expensive to build and utilize. Retrofitting
tractors with expensive cameras, building smart sprayers and use of autonomous vehicles represent
significant investments that are not to be taken lightly and thus may be out of the range of quite a few
researchers and farmers.

New techniques are being explored in research in addition to machine learning implementations, and
these involve Masks’ Law, Clifford Algebra, 3D techniques, and even the use of children’s minds in
conjunction with fuzzy logic. These methods are arguably faster to implement, as all the aforementioned
machine learning models need to undergo some aspect of training. They are also more cost-effective as they
typically do not require as much computing power as machine learning systems to conduct vision analysis.

While techniques deployed singularly on their own are adept at weed control, it is the synergy brought
about by the combination of two or more techniques that brings the greatest payoff to researchers and farmers
alike in precision agriculture. The confluence of fluorescent imaging, crop signaling, and 3D localization
algorithms yielded significant payoffs while offering a unique method of weed detection and control to
researchers in one case. In another case, wireless sensor networks together with machine learning
implementations of Support Vector Machines and Random Forest were able to accurately monitor for pest
and weeds and was also affordable to set up. Simple systems involving Convolutional Neural Networks and



587

Computer Vision in Precision Agriculture for Weed Control: A Systematic Literature Review

smartphones were used to detect corn leaf disease in real time, functioning even when the software was not
connected to the internet. In these cases, synergistic approaches to precision agriculture represented attainable
end-to-end real-world applications of computer vision in the task of weed control.

Table 4. General Description of The Studies

Ref  Author/Number GfE/Theory Purpose of the Research Key finding (s) Challenges
# of Citation(s) considered study design
(C)/Location (L)
4. (Zhao et al., Transfer Create a pipeline  Experimental The new object The study should
2021) learning, deep to improve study detection method have employed
learning object detection resulted in a smaller ~ more real images
C=5 using deep need for manual- from which to build
L=USA learning, with labeling tasks, synthetic images for
applications in saving time and the training of the
precision effort. It also pipeline.
agriculture. showed
improvements in
object detection after
training from
augmented datasets,
can scale to other
crops, and work as
an effective weed
combating measure.
7. (Youetal, 2020) Deep Neural Improve on Experimental While previous The model having to
Network (DNN)  semantic study studies only used contend with
C=8 Based segmentation DNN alone for various lighting
L=South Korea segmentation (pixel-wise segmentation, the conditions and
model for classification) introduction of a image capture
crop/weed networks for CNN and angles from the
recognition, weed/crop DropBlock improves  camera, which was
coupled with a identification the model’s overcome by the use
convolutional performance by of a CNN.
layer (CNN) and 4.65% and 1%
DropBlock respectively.
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10.

(Asad & Bais,
2020)

C=20
L=Canada

(Sodjinou et al.,
2022)

C=5
L=Benin

(Wang et al.,
2020)

C=12
L=China

Deep learning,
semantic
segmentation,
Maximum
Likelihood
Classification
(MLC)

Semantic
segmentation,
K-means
algorithms

Semantic
segmentation,
deep learning

Propose a two-
step approach
for manually
labeling weeds
in agricultural
images and use
of semantic
segmentation for
the detection
and mapping of
weeds. These
are coupled with
iterations over
different feature
extractors and
meta-
architectures.

Segment
between crops
and weeds in
images where a
complex
presence of
weeds exists
through
semantic
segmentation
and K-means
algorithm.
Carry out pixel-
wise semantic
segmentation
via an encoder-
decoder deep
learning
network.

D. KARAGOZLU, J. K. MACHARIA, T. KARANFILLER

Quantitative
study

Experimental
study

Experimental
study

The two-step
approach for
manually labeling
images saves time,
reduces errors, and
increases labeling
efficiency. Semantic
segmentation was
promising for weed
detection, with a
Mean Intersection
Over Union (MIOU)
value of 0.8288 and
Frequency Weighted
Intersection Over
Union value of
0.9869. SegNet was
found to be the
better meta-
architecture and
ResNet-50 feature
extractor was found
to have better
performance over
VGG16.

Accurate
segmentation of
crops and weeds
was achieved where
images had a
complex presence of
weeds and attained
a maximum
accuracy of 99.19%
with their method.

The deep learning
network applied did
not require a lot of
training data. Near
Infrared Information
(NIR) improved
segmentation
accuracy of the
process,
compensating for
poor illumination
conditions in the
system.

The study did not
include soil samples
which would have
shed even more
light between soil
characteristics and
weed densities.

Image quality
decreased once
semantic
segmentation was
implemented to
detect weeds. This
may be dealt with in
the future through
quality

enhancement.

The model is bulky
as is, and cannot be
deployed to more
portable systems
such as mobile
devices without first
subjecting it to
compression.
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11.

12.

13.

14.

15.

(Zhang et al.,
2022)

C=3
L=USA

(Bhanu et al.,
2019)

C=11
L=India

(Partel et al.,
2019)

C=91
L=USA

(Kamath et al.,
2019)

C=23
L=India

(Cubero et al.,
2020)

C=8
L=Spain

Support Vector
Machines
(SVM), Visual
Group
Geometry 16
(VGG16)

Multi-agent-
based context-
aware
information
gathering,
Wireless
Multimedia
Sensor
Networks
(WMSN).

Neural
Networks to aid
in target
detection and
classification,
deep learning,
transfer
learning,
Convolutional
Neural
Networks.

Wireless sensor
network
applications,
Raspberry Pi,
Random Forest,
Support Vector
Machines

Robotics, remote
sensing

Identify and
classify crops
and weeds
through RGB
image texture
features and
contrast
between ML and
DL methods

Experimental
study

Develop a Simulation
system of sensor
networks
coupled with
context-aware
systems and
agent
technology for
monitoring
agriculturei.e.,
to detect weeds,
fire, diseases,
and soil fertility.
To build a low-
cost, smart
sprayer that
allows for the

Experimental
study

precision
targeting and
management of
pests and
weeds.

Develop a Experimental

wireless sensor study
network system
using Raspberry
Pis to monitor
paddy crops for
weeds and carry
out their
targeted
elimination.
Create a remote-
controlled field
robot for
detecting
maladies and
pests in crops
via remote

Experimental
study

sensing
techniques.

Deep Learning
performed better
than machine
learning efforts to
detect weeds and
crops, with VGG16
classifiers beating
out SVM classifiers
with scores of over
93%.

The proposed
system performed
better than the
previous Context
Aware Wireless
Irrigation Systems
(CAWIS) in terms of
context detection
time, energy
consumption, delay,
and fusion time.

A low-cost system
($1500) was built for
precision targeting
and spraying of
weeds which when
coupled with Al,
was able to achieve
a precision rate of
71% and a recall rate
of 78% on real

plants.

A wireless sensor
network was
successfully
developed and
implemented. It was
low-cost and was
able to watch the
crops for pests and
weeds.

A remote-controlled
robot that can detect
maladies and pests
with accuracies of
up to 67.3% in the
lab and 59.8% in the
field was developed.
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The study was
limited to only a few
species of weeds
and crops found in
the midwestern
region of USA.

The increase in the
number of nodes
caused
communication
delays, increases in
energy use, context
detection time, and
fusion time. The
introduction of more
sink nodes is
recommended for
future research.

Price of Graphics
Processing Units;
the more expensive
ones yielded better
results. The sprayer
performed slightly
worse in shadow-
less areas and
experienced a
majority of misses
on its right side for
inconclusive
reasons.

The sensor network
could be expanded
with more
functionality, such
as soil analysis,
humidity sensing,
and illumination
analysis.

The system relies on
remote piloting,
which may be labor-
intensive, as
opposed to a
completely
autonomous system.
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16.

17.

18.

19.

(Dimililer &
Kiani, 2017)

C=11
L=North Cyprus

(Albanese et al.,
2021)

C=1
L=ltaly

(Smith et al.,
2018)

C=11
L=UK

(Khan et al.,
2019)

C=14
L=China

Back
propagation
neural network
(BPNN),
robotics

Artificial
intelligence,
machine
learning (ML),
smart cameras,
deep neural
networks (DNN)

3D crop
analysis,
photometric
stereo

Clifford
geometric
algebra,
unmanned
aerial vehicles
(UAVs)

Create a
framework from
neural network
algorithms that
enables farmers
to conduct real-
time maize plant
detection and
simplify their in-
row weeding
efforts.

Present a smart
trap that
autonomously
identifies and
captures pests
and alerts the
farmer of their
location for
pesticide
application

Develop a 3D
approach to
computer vision
that overcomes
the current 2D
approach’s
limitations i.e.,
perspective,
occlusion,
changes in
background
light, and
parallax.

Implement
Clifford
geometric
algebra in
tandem with the
use of UAVs to
get authentic
color space
image
processing and
better carry out
precision
agriculture.

D. KARAGOZLU, J. K. MACHARIA, T. KARANFILLER

Experimental
approach

Quantitative
study

Experimental
approach

Experimental
study

The BPNN
implemented was
accurate 88% of the
time. The entire
system was flexible,
fast, and robust,
with the BPNN able
to finalize its
training after 2213
iterations within 82
seconds.

The system used ML
algorithms to
identify pests
captured in the traps
and provide an early
warning system for
farmers. ML
analysis occurs on
board the smart
trap, thus
bandwidth costs for
wireless
transmission of
images are reduced.
An energy harvester
for the trap was also
implemented.

The 3D system was
able to accurately
determine plant
textures with high
resolutions even
under direct
sunlight. It also
measured the size of
produce in the field
to an accuracy of
within 10% under a
range of
environmental
conditions.

The use of Clifford
algebra (CA) yields
genuine color space
image processing
over the typical RGB
segmentation
approaches. Edge
detection may be
carried out using
CA and it can be
used to detect and
measure plant
variability and soil
changes.

The image datasets
used for the training
and testing of the
BPNN could have
been more
expansive, as the
study only used 30
images for the
training set and 50
images for the
generalization set.
The limited energy
of the smart traps,
which the
researchers
attempted to
mitigate via an
energy harvesting
mechanism installed
alongside the trap.

Real-world
conditions for
testing the 3D
imaging system
were hampered as
the tractor which
held the system had
issues related to

power supply.

More studies
implementing
Clifford Analysis in
segmentation need
to be carried out
concerning precision
agriculture.
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20.

21.

22.

23.

(Del-Campo-
Sanchez et al.,
2019)

C=12
L=Spain

(Su et al., 2022)

C=2
L=China

(Kiani et al.,
2017)

C=1
L=North Cyprus

(Shorewala et
al,, 2021)

C=2
L=India

Artificial neural
networks,
geometry

Fluorescent
imaging, crop
signaling, 3D
localization
algorithm

Children, Early-
age child
recognition,
Fuzzy logic.

Deep Learning-
based Semi-
Supervised
Approach for
robust
approximation
of weed density
from images
captured by
autonomous
robots.
Convolutional
Neural
Networks
(CNN) also
used.

To determine
the impact that
the Jacobiasca
lybica pest has
on vineyards
through artificial
neural network
techniques and
geometric
techniques.
Develop a
method of
distinguishing
between
soybean crops
and weeds
through crop
signaling and
computer vision
algorithms

Build an
automated
system for
mechanically
pulling out
weeds, starting
first by using
actual human
children to make
guesses as to
what plant is a
weed and later
honing this
systematic
analysis with
fuzzy logic
Develop an
economically
feasible way for
analyzing farm
images, and
seek an
alternative to the
resource-
intensive
supervised ML
approaches that
need huge
amounts of
manually
annotated
images to train.

Experimental
study

Experimental
study

Quantitative
study

Quantitative
study

The use of machine
vision and
geometric
techniques was able
to improve results
during pest
detection.

Soybean plants were
identified from
weeds through crop
signaling, through
seeds being treated
with an Rh-B
marker, and 3D
imaging as the
marker gave off
unique optical
characteristics.

An Application
Programming
Interface (API) that
emulated the human
brain and did not
rely upon neural
networks was built.
The APl is
implemented on
low-cost platforms
and its use resulted
in a 95% accuracy
rate which slightly
outperforms typical
neural network-
based classifiers.
Proposed approach
detected weeds from
the images provided
with a maximum
recall of 0.99 and an
accuracy of 82.13%.
The study reduced
reliance on
manually annotated
images as it
employed semi-
supervised learning.
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Soil and affected
vegetation in a 2D
space suffer from
similar radiometric
responses, which
can be a source of
error.

The study may have
benefitted from
coupling the 3D
imaging system
with actual weed
removal
mechanisms and
tested it as such.

The experiment was
only carried out
under extreme July
sun lighting
conditions and does
therefore not
account for overcast
weather.

Several iterations are
necessary to come
up with vegetative
masks for the model,
which is time-
consuming.
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24.

25.

26.

27.

(Dankhara et al.,
2019)

C=5
L=India

(Li et al,, 2022)

C=0
L=UK

(Patayon &
Crisostomo,
2021)

C=1
L=Philippines

(Liu & Chahl,
2021)

C=0
L=Australia

Autonomous
robots, IoT,
Supervised
Learning.

Robotics, Lane
Detection, Novel
Image
Processing
Pipeline

Deep learning,
neural networks.

Deep Neural
Networks
(DNN),
Convolutional
Neural
Networks
(CNN)

To propose an
architecture for
the use of IoT in
smartweed
detection and
precision
agriculture.

Develop a new
image
processing
pipeline to
detect and
follow narrow
cereal crop rows
with high
fidelity. It is
intended to be
integrated with
robotic
applications.
Propose a
system
implemented
through
computer vision
and artificial
intelligence to
detect abaca
bunchy top
disease.

Create a
machine vision
system capable
of detecting
invertebrates on
crops in the field
for precision
application of
pesticides.

D. KARAGOZLU, J. K. MACHARIA, T. KARANFILLER

Exploratory
research

Experimental
study

Experimental
study

Quantitative
study

An IoT-based
intelligent robot
built from a
Raspberry Pi,
Sprayer, Pi Camera,
and software
components may
increase the
accuracy and
precision of weed
removal from the
field. Reduction of
herbicides present in
the field would
occur, reducing
health problems
arising from their
use.

Initial machine
vision efforts were
prioritized over later
ML manipulations.
The new method can
pick out rows
despite cases of
significant
occlusion, work on
low-cost hardware,
in real-time, and on
high/low-resolution
images.

For precision under
the DSLR,
performance of the
model is better
when images of
leaves and petioles
are used for training
while performance
of the model is
better when images
of petioles are used
under mobile device
image capture.

The system aided
early detection of
invertebrates on the
crops. A novel
virtual ML model
training database
was also created.
The study found
that ResNet
performed better
than AlexNet and
VGG for pest
classification.

A shortage of good
quality pixel-wise

images reduces the
accuracy of results.

The robotics aspect
of the study may not
hold up to drastic
terrain shifts as it
has only been tested
on straight rows.

The study was
limited by its dataset
of training images
and did not explore
other architectures
such as ResNet,
AutoML, or
GoogleNet.

Limited training
data for the CNN
which the
researchers
mitigated through
the use of a virtual
database.
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28.

29.

30.

(Partel et al.,
2021)

C=0
L=USA

(Hu et al., 2021)

C=2
L=USA

(Kamath et al.,
2020)

C=7
L=India

Machine vision,
artificial
intelligence,
sensor systems,
Convolutional
Neural
Networks
(CNN)

Convolutional
Neural
Networks
(CNN)

Laws’ Masks
based texture
classification,
Random Forest
Classification.

Develop a real-
time smart
sprayer sensing
system capable
of classifying
tree leaf health,
and tree leaf
density, can
adapt to
environmental
changes, and
can also pick out
trees from other
objects.

Determine
effects of
illumination
consistency and
picture quality
on the
performance of
convolutional
neural networks.

Propose a
different
approach to
weed
identification
from images by
use of Laws’
masks, which is
primarily
utilized in
healthcare but
may be adapted
for agricultural
purposes.

Experimental
study

Simulation
study

Experimental
study

The system cost
$2000 to develop
and was able to
estimate tree height
with low average
error of 6%. It also
classified trees based
on whether they
were young, mature,
old, dead, or if they
were not trees with a
success rate of 84%.
It also better-
targeted weeds for
spraying, reducing
spraying volume by
28% in contrast to
conventional
spraying (where the
nozzle is always
open).

Using more
variability in image
illumination for
training purposes
may mitigate the dip
in performance of
the CNN brought
about by real-world
illumination
variability, but it
does not match up
to the benefit that is
brought to the
CNN'’s performance
by using images
from similar lighting
conditions.

Laws’ masks
classification was
able to extract a total
of 70 features from
the images, and
subsequently use
these to train the
Random Forest
Classifier to detect
weeds with an
accuracy of 94%
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The cameras on the
smart sprayer
system are
susceptible to dust,
sunlight, and water.
The smaller field of
view may also be a
limitation for the
cameras.

The simulation of
image degradation
contained images
that still possessed
some level of blur
and noise and thus
the best
convolutional neural
network
performance that is
feasible remains
unknown.

Low number of
publicly-available
crop and weed
benchmark datasets
for researchers to
use.
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31.

32.

33.

34.

(Le et al., 2020)

C=7
L=Australia

(Mishra et al.,
2020)

C=18
L=India

(Varalakshmi &
Aravindkumar,
2019)

C=0
L=India

(Singh et al.,
2019)

C=74
L=India

Local binary
patterns,
contour masks,
feature
extraction,
Support Vector
Machines (SVM)

Deep learning,
Convolutional
Neural Network
(CNN)

Support vector
machines
(SVM), Sobel
detection, active
contour

Multilayer
Convolutional
Neural Network
(MCNN)
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Quantitative
study

Develop a way
of combining
features
extracted from
local binary
pattern
operators and
contour masks
to increase the
discrimination
rate between
broadleaf plants.

Develop a way
through
machine
learning
algorithms to
recognize corn
leaf disease in

Experimental
approach

real-time.

Develop an Experimental

automated study
system for the

detection and

analysis of

diseased leaves

for the targeted
application of

pesticides.

Create a way of
effectively
diagnosing
mango leaves
suffering from
Anthracnose
fungal disease
through
integrating deep
learning and
machine vision.

Experimental
study

The system reduced
noise, improved
plant classification
accuracy, and
exhibited peak
performance at
98.63% in
identifying
morphologically
similar plants. The
system allowed for
real-time detection
and classification of
plants.

A deep CNN was
designed and
deployed that
identified corn
diseases in real-time
with accuracies of
up to 98.40%
without the need for
the Internet. The
algorithm also
identified corn
diseases from
images captured on
smartphones with
an accuracy of
88.66%.

The SVM approach
was found to offer
higher accuracy over
other methods,
having better
sensitivity among
the selected
classifiers and
overall performing
better than them.
The model
performed well,
being able to detect
anthracnose disease
97.13% of the time.
The model
developed was also
simple and efficient
in terms of
computational
power used.

The system may
have further-
reaching
applications, not just
those of identifying
morphologically
similar crops and
weeds and other
avenues should be
explored.

The dataset was
limited in terms of
the number of maize
diseases it included.

The method may be
expanded to also
give
recommendations as
to exactly what
treatment is needed
to tackle the plant
disease, enriching
the precision
farming experience.
Working with real-
time data sets
caused the study to
encounter some
inconsistencies in its
experiments.
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35.

36.

37.

38.

(Pallottino et al.,
2018)

C=12
L=Switzerland

(Bosilj et al.,
2018)

C=12
L=UK

(Kiani &
Mamedov, 2017)

C=17
L=North Cyprus

(Montalvo, et al.,
2012)

C=127
L=Spain

k-Nearest
Neighbour (k-
NN), shape
analysis,
machine vision.

Attribute
morphology,
segmentation,
classification,
Support Vector
Machines

Fuzzy analysis

Vision system
atop an
autonomous
mobile
agricultural
vehicle, image
segmentation,
and double
thresholding for
crop row
detection.

Develop a
system fitted
onto tractors to
allow real-time
field operations
and control
tillage, aiding in
Pprecision
agriculture,
particularly
weed control.

Develop a new
method for
image
processing that
relies on
attribute
morphology for
segmentation
and
classification, as
opposed to
commonly used
thresholding
techniques.
Develop a
method to
identify plant
disease through
machine vision
based on fuzzy
logic and human
brain
approximations,
without the
need for neural
networks or
lengthy training
of the system.
Develop an
automatic
method for crop
row detection in
maize fields
with high weed
pressure for
precision
targeting with
herbicides.

Experimental
study

Experimental
study

Experimental
study

Quantitative
study

k-NN algorithm
performed well
under conditions of
poor ambient
lighting, which
contrasted with the
poor performance of
the initial
unsupervised
algorithms.

The proposed
approach can be
used to segment the
finer details of crop
areas locally, can
identify
discriminating
features, and classify
plants as either
weeds or crops at
competitive rates.

The study was able
to develop a system
free of neural
networks that was
accurate for
detection and
segmentation of
crop maladies 97%
of the time and took
1.2 seconds to
compute the results.

Initial thresholding
recovers both weeds
and crops, but upon
the second
thresholding, only
crops are positively
identified, even in
areas with high
weed pressure. This
indicates that the
addition of a second
thresholding step is
beneficial in areas
with high weed
densities.
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At times, the tractor
adversely cast two
distinct lighting
conditions on the
Crop rows,
muddling the
efficacy of the k-NN
and machine vision
system. The system
was also not
currently feasible at
speeds greater than
1km/h-1.

The pipeline was not
optimized to yield
maximum speed,
which is a limitation
that can be tackled
in later iterations.

Strong outdoor sun
illumination
hampered the
identification of
disease in some
cases.

Weeds and crops
have similar Red.
Green and Blue
(RGB) spectral
values and the
vibrations from the
vision system
mounted on the
vehicle impede
image capture.
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39. (Burgos-Artizzu
etal., 2011)

C=194
L=Spain

40. (Tellaeche et al.,
2011)

C=102
L=Spain

Fast Image
Processing (FIP)
and Robust
Crop Row
Detection
(RCRD)

Support Vector
Machines
(SVM), Machine
Vision
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Quantitative
study

Develop an
accurate
computer vision
system
comprising FIP
and RCRD that
is capable of
functioning in
the field in real-
time and under
uncontrolled
lighting
conditions for
weed
discrimination.
Develop an
automatic
computer vision
system capable
of detecting
avena sterilis

Quantitative
study

which is a weed
that grows
among cereal
crops.

The combination of
the FIP and RCRD
results in 85%
detection of weeds
and 69% of crops
with videos
subjected to
blurriness/lighting
changes and 95%
detection of weeds
and 80% of crops in
fair videos.

Since avena sterilis
and cereal crops are
similar in
appearance, the new
proposed approach
is broken down into
two stages,
segmentation, which
is first carried out
using regular
processing
techniques, and
decision-making,
which is carried out
by use of SVM.

The system was only
tested on videos;
thus, it remains to be
seen if the accuracy
statistics will hold
up once tested in the
field.

The system may not
be robust against
lighting variability.

5. CONCLUSION

The field of precision agriculture is poised to be an abundant research area. This coupled with reducing
costs of computer processors and cameras means that more researchers and independent practitioners will
continue to experiment with various iterations of computer vision techniques with different implementations
in precision agriculture for weed control. The interest of researchers in the last decade alone is promising,
given the rising trend in publications on the subject matter. Machine learning plays a big part in computer
vision techniques, with methods such as Convolutional Neural Networks, Support Vector Mechanisms, and
k-nearest neighbour algorithms being utilized extensively. Unconventional methods such as the fusion of
fuzzy logic and children’s guesses or crop signaling via fluorescent imaging must not be disregarded as they
offer their own speed and efficiency contributions to the area. Synergistic applications whereby several
techniques are used in tandem offer the best chance of effective weed control and are worth pursuing as they
pool together several strengths from disparate methods. Research on weed control has come a long way and
current studies promise to reduce the labor efforts of farmers significantly, all at relatively inexpensive costs,
and also increase crop profits and aid the environment in its recovery.

The systematic literature review was limited by the time period within which it bound itself, i.e., 2011 to
2022. It was also bound by the selection criteria used and the databases employed in the review process.
Further studies may incorporate more databases and also seek out articles on the subject matter in different
languages, not just those written in the English language.
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