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This study investigates the snow cover depths trend in Konya
province according to different approaches. For this purpose,
trend analysis was carried out using the annual maximum snow
cover depths data of 5 different stations in Konya. Trend data
analysis at the stations was performed according to the Mann-
Kendall and Innovative Sen Methods. In addition, the slope of
the trend was found with Sen's Slope Estimator Test. According
to the Mann-Kendall method, an increasing trend was observed
in the annual maximum snow cover depth recorded in Beysehir,
but no trend was observed in other stations. According to the
innovative Sen method, an increasing trend was observed in
Konya Airport, Beysehir, and Cihanbeyli stations, and a
decreasing trend was observed in Aksehir and Eregli. Trends
obtained with different approaches reveal that the available TS
EN 1991-1-3 standard, which determines snow loads, needs to
be re-evaluated for Konya Airport, Beysehir, and Cihanbeyli.
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Bu ¢alismada Konya ilindeki kar ortiisii derinligi yonelimi farklt
yaklagimlara gore aragtirilmistir. Bu amagla Konya'daki 5 farkli
istasyonun yillik maksimum kar Ortiisii derinligi verileri
kullanilarak yonelim analizi yapilmustir. Istasyonlardaki egilim
verisi analizi Mann-Kendall ve Inovative Trend Analizi’ne gore
yapilmistir. Ayrica egilimin egimi Sen'in Egim Tahmin Testi ile
bulunmugtur. Mann-Kendall ydntemine gore Beysehir'de
kaydedilen y1llik maksimum kar ortiisii derinliginde artis egilimi
gozlenirken, diger istasyonlarda egilim go6zlenmemistir.
Inovative Trend Analizi’ne gore Konya Havalimani, Beysehir ve
Cihanbeyli istasyonlarinda artig egilimi, Aksehir ve Eregli'de
azalis egilimi gozlenmistir. Farkli yaklasimlarla elde edilen
egilimler, kar yiiklerini belirleyen mevcut TS EN 1991-1-3
standardinin Konya Havalimani, Beysehir ve Cihanbeyli icin
yeniden degerlendirilmesi gerektigini ortaya koymaktadir.
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Investigation of Konya Meteorological Snow Cover Depth Trend Using MK and ITA

1. INTRODUCTION

In addition to dynamic and other static loads, snow loads also significantly impact the design of steel
structures. Building collapses due to unexpected snow loads cause financial losses and threaten human life.
As far as followed by the media, such situations are often encountered in our country [1]. However, in
Turkey, insufficient statistical information on roof collapses and damages caused by snow accumulation
prevents a precise evaluation of the issue. One of the main reasons for roof collapses in buildings is the
excessive snow load accumulated on the roof, which is higher than the expectation of the design code. The
characteristics of meteorological events in recent years have become a matter of concern for the design of
steel structures.

Climate change is experienced in the world due to many factors. Climate change is defined as changes in
the average state of the climate over a long period caused by different variables [2-4]. It is vital to know the
change in meteorological data over time to reveal the possible consequences of the effects of snowfall on
steel structures due to climate change. Changes in meteorological data over the years are determined using
methods such as trend analysis with the help of statistical approaches. The trend means an increase or
decrease in the values of a time-dependent random series over time [5-6]. Determining the existence of a
trend in a time-dependent random series allows us to obtain information about how that series behaves from
past to present. Based on the knowledge of the behavior of the series, predictions can be made about the
possible future behavior of the variable in the series [7-9]. As a result of trend studies, future increases or
decreases in snowfall can be predicted, and various precautions can be taken, or plans can be made to
minimize the adverse effects of the possible situation.

One of the main reasons for collapses in roofs is that the snow load values taken into account in the design
of steel buildings are smaller than the actual snow loads that occur during snowfall and thus accumulate on
the building roof [10]. Especially considering the collapses that occurred in Tiirkiye in the past years due
to very heavy snowfall, it is very important to reconsider and update snow loads to ensure that buildings
can resist heavy snowfall [11].Turkey has different climate types in its geography. For this reason, the snow
loads to be used in building designs must be considered according to the current climate conditions of the
location where the building will be built. If we want to ensure the safety of buildings in Tiirkiye, we must
update the snow loads in the standards according to the current climate conditions.

Some researchers have presented studies revealing the deficiencies of the standards valid in Tirkiye for
snow load [1,12,13]. Durmaz and Daloglu [1] made statistical analyses of snow cover depths obtained from
nearly 100 stations in Tirkiye. They converted the snow cover depth to snow-water equivalent. Using
appropriate distributions, they obtained the ground snow load values for the last 50 years and compared
them with those recommended in Turkish codes. Aladag [12] revealed the deficiencies of the available
codes for snow load by creating current snow load calculation values and maps with the help of appropriate
probability distributions using the data obtained from the General Directorate of Meteorological Affairs.
Tiirkes et al. [4] investigated the observed changes in rainfall intensity and anomalies with the data obtained
from 111 stations in their study. They used the Mann-Kendall (MK) and Innovative Trend Analysis (ITA)
to examine the rainfall trend at the designated observation stations. Baltaci et al. [13] conducted a
climatological analysis using daily new snow cover data from 93 meteorological stations over Turkey.
Baltaci et al. [14] made a climatic analysis of snowfall events for winter periods in Istanbul. For this
purpose, they first obtained the daily snow cover depths for 1971-2006 and then investigated the role of
snowfall events under the influence of the Black Sea in the formation of snow bands.

Although snow cover depth has many adverse effects on our social and economic life, there are a limited
number of snowfall studies for our country. In contrast, most studies focus on satellite snow cover data
[13]. Despite the increasing literature on precipitation trends, drought, and satellite snow cover analyses
due to climate change, the number of studies representing the snow cover depth trends of certain parts of
our country is insufficient.

This study uses different approaches to determine the annual maximum snow cover depth trends in Konya
city center and its four districts.
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2. MATERIAL AND METHOD

2.1. Study Area and Data

Our study area, the Konya Closed Basin, has limited water resources and large agricultural lands. Konya
has a continental climate. Summers are dry and hot; winters are cold and snowy. The temperature difference
between day and night is between 16-22 degrees in summer. In spring and winter, due to humidity, this
difference drops to 9-12 °C. Snow stays on the ground for an average of 3 months. Konya is greatly affected
by the hot-cold air centers around it. Although it is located in the southernmost part of Central Anatolia, it
is colder than other Central Anatolian cities. This is because the central Taurus Mountains completely block
the effect of the sea [14].

As the scope of this study, five stations in Konya, established by the General Directorate of Meteorology
Affairs, were considered. The stations are in Konya Airport, Aksehir, Beysehir, Cihanbeyli, and Eregli
districts. They are numbered 17244, 17239, 17242, 17191, and 17248, respectively. Numerical information
of the stations is given in Table 1, and their geographical locations are given in Figure 1. The data shows
annual maximum snow cover depths.

Table 1. Location of the stations

Location Station no Altitude Coordinate information
Konya Airport 17244 1016 37°59'01.3"N 32°3426.4"E
Aksehir 17239 1025 38°22'07.7"N 31°25'46.9"E
Beysehir 17242 1131 37°40'39.7"N 31°44'46.7"E
Cihanbeyli 17191 955 38°39'02.1"N 32°55'18.7"E
Eregli 17248 1055 37°31'31.8"N 34°02'54.6"E
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Figure 1. Map locations of stations

Figure 2-6 shows the distribution of meteorological data of Konya Airport, Aksehir, Beysehir, Cihanbeyli,
and Eregli stations over time and their 5-year average values, respectively. Annual maximum snow cover
depth data for the stations examined within the scope of the study were obtained from the General
Directorate of Meteorology Affairs. The beginning of the time series for Konya airport is 1922. It is 1941
for Aksehir, 1931 for Beysehir, and 1964 for Cihanbeyli and Eregli. The data in the time series continues
until 2023.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Eyliil 2025

ze0T = — T ——
—_—— 70T — 770z <aoe = 7707 e0e X
g, 6102 8 Er g 6102 £ = 020¢ = 0202 $
] 910¢ 5 o A 8102 a 8102 X
> €10z a 9102 ™ o1o¢ = = 3
5 g = = 5 5 9107 5 9107 3
58 wor § [ Sy § |vs & |98 S [Sg vz o IR
5 2 @ 4 = 010z .3 = 2 otoe -2 g 2 ATUANE: B F$- AUANCE
= &= ot s = oz 3|22 ooz = fZ> =010 = |57 oz § IS
o] = = R=! @ = %)
= . seel .m 5% — r00z £ 8 = ro0z £ |EF — sz & (59 800 =
3 EE 25 — 10z & g9 = 10z 2 |E8 o0z § |EB 00z ©
S 72 et g | Ez 5 5 < 5 |E< = £ |E< I~
> 25 w61 £ mm = 8661 < o = g1 B |S= — 00T = S5 vooz 2 RS
= =k 6361 2 =g = 651 O =3 - s |23 wr & |28 oz S ot
¥ 5'¢ 9861 = Ein — s N — S661 o £ 000z S 2 000 =
5 mW S g0 = 661 = 2 = 5 m.w = s m.w 3
S i 61 5 | £ — O R 1 = 661 3 & — 8661 & i 8661 —
3 — 0361 -5 — _ = ¢ g — _ = 63615 — _ 9661 — — 9661 -2
& LL618 S =R 98612 — V6615 3, 6615 2
- PL6TH B €861 S = = — o S
] & - & €361 2 cesL” = 661 5
M. MWMW M m 0861 m - 0861 m = 0661 Mlnw 0661 m
5 3 LL61 g 2 — 8861 8861 E
5 s961 2 = .0 - 61 E = 9861 & 9861 G
S w6l E S = 8 “— bt
s o = % vLoT o = ¥361 © v861 &
= 6561 3 = 61 0 .0 = 7861 & 5
s 96T % =l g1 B = 161 G —_ RS 861 B
2 3 ? 2 = 2 0861 © 0861 o
3 €61 5 = 961 2 = 8%1 o = 861 o E
3 0sel o = g o6 E g 8LET (=
RS Lv61  E = 61 & -= &= — 961 = 9L6T g
g —— b1 = 6561 D = Wl F vL6T s yL6T @
3 — 161 M — os6l 5 = Ov6T & el o = 761 B,
= = 886l % = 6l = = L1 2 § 0T B = 061 =
W — S¢61 &0 b6 = b6l = 8961 2 8061
S = 7561 M p— = 9961 — I
& - = [}6] — r— 996
== 6761 = 1¢61 L = 961 = $961
kS =) = =) o o o o o =) ¥96
5 RS2 ° 7z g ® z g8 3 2gRgR8° Sssssso
g (wo) pda( 10A0D mousg (wo) yda(] 1040)) moug (wo) yyde( 1040 moUg (wo) mda 10400 moug (urd) da( 12400 Mmoug

@
N
=
=

~




Mehmet Fatih SAHAN, Biisra YESILGUL, Ismail UNSAL

It is observed from Figure 2-6 that the highest snow cover depth at Konya airport reached 65 cm in 1945.
The highest snow cover depth reached 111 cm in Aksehir in 1946, 120 cm in Beysehir in 1960, 52 cm in
Cihanbeyli in 1991, and 44 ¢cm in 1992 in Eregli.

2.2. Mann-Kendall Trend Test
The Mann-Kendall Trend Test (MK) is one of the methods of testing the trend when considering a time

series. This non-parametric method was developed by Mann [16] and Kendall [17]. The MK test statistic
is calculated as follows:

n-1
n
S= > sgn(xy - x) (1
j=k+1
k=1
1 (x—x )0
sgn(x]- - xk) =<0 (x]- - xk) =0 )

-1 (xj - xk)<0

Positive S values indicate an expanding (increasing) trend and a negative S value reveals a decreasing trend
in the data time series. Here, 7 is the length of the dataset, x; and x; are the successive information esteems
on occasion j and 7, and sgn(xj-xk) means the sign capacity that takes on the values 1, 0, or—1. Variance of
S with normal distribution and zero mean is calculated by:

n(n—1)(2n +5)

= 3
Var(S) 18 (3)
The equation below is obtained for tests n >10:

-D2n+5) =Xt — D@t +5
Var(s) _nn-1D@n+5) - ¥it(t — D@t +5) @)
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The standardized test statistic Z value, which determines whether the Mann-Kendall test is significant or
not, is calculated by utilizing the following equations:

S—-1
—_— §>0
JVar(S)
Z=<0 §=0 (5)
S+1
$<0

JVar(S)

The Mann-Kendall test determines the significance by comparing Z with the critical Z value. Depending on
which a significance level the study is examined, if the |z|<z. condition is valid, it is accepted that there is
a trend. If there is a trend, it is concluded that there is an increasing trend if the Z sign is (+) and a decreasing
trend if it is (-). Since this method does not have to comply with any distribution, it appears useful among
researchers [18]. Many researchers have used this approach for their trend studies [19-22] because of this.

2.3. Innovative Trend Analysis

The Innovative Trend Analysis (ITA), developed by Sen [23], is a method that presents the data obtained
as a result of the analysis in linear graphic form. The approach differs from other non-parametric trend
analysis methods. It gives results even if the data do not follow a normal distribution, the data is small, and
there is internal dependence on the data [23].
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In this approach, the data time series is divided into two equivalent parts, and each sub-series is organized
in ascending order independently. The sub-arrangement's first half (x;) is put on the x axis, and the second
half (x;) is set on the y axis of a Cartesian coordinate system.

1:1 line is drawn on the graph. There is no trend if the data points in a scatter plot are collected in a straight
line 1:1. If the data points accumulate in the triangular area below the 1:1 straight line, the time series shows
decreasing trends. If above, it means that the time series shows increasing trend [23]. Another advantage
that distinguishes this method from other non-parametric methods is that it allows time series to be divided

LRI

into three categories: “low”, “medium” and “high” (Figure 7).
8 1 High

Increasing Trend
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Low A

Second half

i~ 1:1 no trend line
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Figure 7. Graphical representation of the ITA

Sen [24] proposed Equation 6. to determine ITA's slope (S). The slope determined by the equation also
shows the magnitude of the trend.

2% -)
- n

S (6)

The standard deviation of the trend slope and confidence limit (CL) of the trend are calculated in equations
7 and 8, respectively.

242
="Zg (1—-p 7
Os n\/ﬁg pxy ( )
CLin-1) = 0 * Sy,05 3

Here, n is the length of the dataset, x is the average of the first half-time series, and y is the average for the
second half. pgy; in Equation (7) refers to the cross-correlation coefficient between the first and second half
of the series, and o is the standard deviation of the slope. Equation (8) was created to determine the upper
confidence and lower confidence limit values, which are the confidence limits. The term Sk, in this equation
refers to the critical Z value at the relevant confidence level. If the slope value S of each station is outside
the lower and upper confidence limits, it indicates a trend in the time series. A positive S value indicates an
increasing trend, while a negative value indicates a decreasing trend [24].

2.4. Sen's Slope Test
Sen [25] presented a non-parametric method to estimate the magnitude of trends in the data time series. In

this method, the slope of “n” pairs of data ((Ti) i = 1, 2, ... n ) can be estimated by using the following
equation:
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_ X% T Xk
T = Tk )
{TM n (odd)
2
B=11 (10)

= (Tx + TN+2) n (even)
2\ 2 2

3. RESULTS AND DISCUSSION

Within the scope of the study, annual maximum snow cover depths taken from 5 different stations in Konya
province were considered, and trend analyses were performed using the MK and ITA. The slope was
estimated with the help of Sen's Slope Estimator Test.

The MK test was used to evaluate trend analysis at a 0.05 significance level (95% confidence limit). If the
absolute value of the standardized Z statistic obtained from the trend analysis was greater than 1.96, the
trend was considered statistically significant. If the absolute value of Z was less than 1.96, it was concluded
that there was no statistically significant trend.

MK trend analysis results of the annual maximum snow cover depth series at the stations are given in Table
2.

Table 2. Mann-Kendall test results

Stations S O Z Tr(zric(l) /: ;E)lte
Konya Airport 403 93425.67 1.315 None
Aksehir 2158 49620.00 -0.705 None
Beysehir 471 44015.67 2240 Sta?;gg:;iyn:t‘fgfgam
Cihanbeyli 134 134.00 0.871 None
Eregli 79 79.00 0.511 None

According to the MK test, a statistically significant increasing trend was detected at the Beysehir station at
the 5% significance level (Z =2.240, p < 0.05). Although the trend is upward in the data of Konya Airport,
Beysehir, Cihanbeyli and Eregli, there is no trend in statistical significance. In the Aksehir data, the trend
is decreasing and again no statistically significant trend is observed.

Within the scope of the study, Sen's innovative method was also used to investigate trends. In ITA, the
slope value S of each station is compared with the lower and upper confidence limits. If the S value is
outside the confidence limits, it is concluded that there is a trend in the time series. Trend analysis results
obtained with ITA are given in Table 3. As a result of the ITA test conducted for the data of Konya Airport,
Beysehir, and Cihanbeyli stations, s values were calculated as 0.0095, 0.0753, and 0.0608, respectively.
Comparing these slope values with the lower and upper confidence limits resulted in the conclusion that
there is an increasing trend, considering that the s values are outside the limits and the s values are positive.
s values for Aksehir and Eregli were calculated as -0.0609, -0.0561, and it was concluded that there was a
decreasing trend. Graphical results of the ITA are shown in Figure 8.

Table 3. Innovative trend analysis results based on confidence limit at 95%

Stations Slope(s)  Indicator ;;3;(:?; Correlation Ll?r‘g;r [lJiI;rIl)ietr l;iz?ed

Konya Airport 0.0095 0.2807 0.0043 0.9869 -0.0083 0.0083  Increase
Aksehir -0.0609 -0.6962 0.0178 0.9502 -0.0348 0.0348  Decrease
Beysehir 0.0753 1.1620 0.0302 0.8701 -0.0592 0.0593  Increase
Cihanbeyli 0.0608 0.9302 0.0108 0.9801 -0.0211 0.0211  Increase
Eregli -0.0561 -0.8348 0.0099 0.9741 -0.0194 0.0194  Decrease
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Figure 8. Trend graphs for snow cover depths obtained by the ITA (a) Konya Airport, (b) Aksehir, (c)
Beysehir, (d) Cihanbeyli, (e) Eregli

Detailed information about the trends can be obtained by examining the graphs in Figure 8. In the ITA chart
of Konya Airport station (Figure 8.a), it is understood that the data is mainly located in the upper triangle
but in the lower area. This shows that the trend is increasing but at a low level. According to the chart given
for Aksehir station (Figure 8.b), however, some of the data is located in the lower area of the upper triangle;
most of the data is in the middle and the higher area of the lower triangle. Therefore, it is concluded that
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the trend is decreasing. When the graph obtained for Beysehir (Figure 8.c¢) is examined, most of the data is
located in the lower area of the upper triangle. Thus, it is concluded that the trend is increasing. At
Cihanbeyli station (Figure 8.d), almost all of the data is in the upper triangle, scattered in the lower and
middle areas. This shows that the trend is increasing. At Eregli station (Figure 8.¢), while the majority of
the data is in the lower triangle, it is seen that the data in the lower triangle is in the middle and higher area.
According to ITA, a decreasing trend was determined at this station.

A comparison of the results of trend analysis using MK and ITA for the stations within the scope of the
study is given in Table 4. The trend analysis conducted for Beysehir station revealed that the trend was
increasing in both methods. While no trend was observed for the other four stations according to MK, an
increasing trend is seen in some stations and a decreasing trend in others, according to ITA.

Table 4. Comparison of trend tests

Stations Man-Kendall test Inovative Sen test
Konya Airport None Increase
Aksehir None Decrease
Beysehir Statistically significant increasing trend Increase
Cihanbeyli None Increase
Eregli None Decrease

Sen's Slope Estimator test was also performed on the stations' annual snow cover data evaluated within the
study's scope (Table 5.). The test results were obtained as 0.0395, -0.0556, 0.1508, 0.0667, and 0.0303 at
Konya airport, Aksehir, Beysehir, Cihanbeyli, and Eregli stations. As a result of Sen's slope estimator test,
it shows that the trend is increasing as the slope values are positive in Konya airport, Beysehir, Cihanbeyli,
and Eregli. In Aksehir, the slope value is negative, with a decreasing trend.

Table 5. Sen’s slope estimator test results

Stations Sen’s slope estimator test
Konya Airport 0.0395
Aksehir -0.0556
Beysehir 0.1508
Cihanbeyli 0.0667
Eregli 0.0303

4. CONCLUSION

The study discusses the annual maximum snow cover depths of Konya Airport, Aksehir, Beysehir,
Cihanbeyli, and Eregli stations in Konya Province. Mann-Kendall, Innovative Trend Analysis and Sen's
Slope estimator test were conducted on these data, and the obtained trend analysis results were compared.

e According to ITA, an increasing trend was determined at Konya Airport station, while no trend was
found as a result of MK.

e According to ITA, a decreasing trend was determined at Aksehir station, while no trend was found
due to MK.

e An increasing trend was determined at Beysehir station according to both MK and ITA methods.

e According to ITA, an increasing trend was determined at Cihanbeyli station, while no trend was
found due to MK.

e According to ITA, a decreasing trend was determined at Eregli station, while no trend was found
due to MK.

e According to Sen's slope test, it is seen that the slope values in Konya airport, Beysehir, Cihanbeyli
and Eregli are positive and the trend is increasing, while in Aksehir the slope value is negative and
the trend is decreasing.

As a result of all these studies, an increasing trend emerged in both methods at Beysehir station, while
dissimilar results emerged from the methods used for other stations. Although it was concluded that there
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was no trend according to the MK approach at Konya Airport, Beysehir, and Cihanbeyli stations, it was
observed that there was an increasing trend according to the ITA approach. Considering this situation, there
is a need to re-evaluate the snow loads for Konya Airport, Beysehir, and Cihanbeyli in the current TS EN
1991-1-3 standard [26], which determines the snow loads in our country.
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This study examines the impact of steaming duration and
temperature on pilling resistance and fastness properties in
fabrics printed using the Vigoureux technique. The Vigoureux
printing method, which dates back to the 1800s, involves
printing patterns on fiber tops, blending these with unprinted
fibers, and producing mélange-like yarns used in textile
applications. In this study, polyamide and wool fibers printed
with acid dyes were subjected to varying steaming durations
(50-70 minutes) and temperatures (85-105°C). Subsequently,
the yarns were processed into knitted fabrics and subjected to a
series of tests to assess their pilling, rubbing, washing, and water
fastness properties. Results indicated that increased steaming
duration and temperature led to reduced pilling resistance but
enhanced fastness properties, likely due to improved dye
penetration. The study emphasizes the critical role of steaming
parameters in optimizing textile performance, providing insights
for enhancing the durability of Vigoureux-printed fabrics.
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Bu calismada, vigore teknigi kullanilarak baski yapilan
kumaglarda buharlama siiresi ve sicakliginin boncuklanma
direnci ve haslik 6zellikleri iizerindeki etkisi incelenmektedir.
1800'i yillara dayanan Vigore baski teknigi, elyafin {izerine
desenler basmayi, bunlar1 baskisiz elyaflarla karigtirmay1 ve
tekstil uygulamalarinda kullanilan melanj benzeri iplikler
iiretmeyi amaglamaktadir. Bu ¢alismada, asit boyalarla baskist
yapilan poliamid ve yiin elyaflar1 degisen buharlama siirelerine
(50-70 dakika) ve sicakliklara (85-105 °C) tabi tutulmustur.
Baskilt elyaflar iplik haline getirilip Oriildiikten sonra
boncuklanma, siirtiinme, yikama ve su hashigl ozellikleri
degerlendirilmistir. Buharlama siiresi ve sicakliginin artmasi
boncuklanma  direncini  azalttigini  ancak  muhtemelen
iyilestirilmis boya penetrasyonu nedeniyle haslik 6zelliklerini
artirdigmi gostermistir. Bu calisma vigore baski tekniginde
buharlama parametresinin kritik roliinii 6nemini ortaya ¢ikararak
vigore baskili kumasglarin kalitesini ve dayanikliligini artirmak
i¢in Oneriler sunmaktadir.
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1. INTRODUCTION

One of the methods used to increase the value added in textile products is to create the visual effect
techniques such as the surface appearance, colors, and patterns of the fabrics in clothing and home textiles.
These techniques are of great interest in the industry [1]. Many methods are used to provide surface
appearance effect on fabrics on fabrics, such as printing, dyeing, and mechanical finishing techniques like
brushing or sanding, which help to alter the texture, color, and overall visual appeal of the fabric. In
addition, different surface appearance effects are given to the fabrics by using many different printing
methods in printing technologies. One of the methods that contains limited information in the literature and
dates to 1800 years is the Vigoureux printing method. The Industrielle Vigoureux of St. Denis was granted
patent rights in 1863, but the potential for extending the work was minimal since the patent reserved the
exclusive right to utilize his privileges for the full length of the Grant [2,3]. In this method, the fiber tops
are first printed with the desired patterns and colors, then the printed fiber tops are mixed with the white
unprinted fiber tops and the yarns produced in ring spinning process have a similar effect mélange yarn and
then evaluated in fabric production. Mélange yarns are the fancy yarns, which have fibers or filaments of
different colors. They are usually made by mixing slivers of different colours or printed in stripes. The
properties of the fibers that make up yarn are crucial for its functionality and appearance, and altering these
fibers can enhance the overall quality of the yarn [4-9]. Vigoureux printing technique is used to obtain well
blended colors in worsted spinning system. The traditional Vigoureux printing and continuous Vigoureux
printing (Fleissner's system and Siro-print system) are the two prominent techniques in Vigoureux printing.
[10,11]. This printing technique enhances the aesthetic value of yarn or fabric by generating a natural,
vibrant, and multi-tonal pattern. It is widely utilized in the fashion, sportswear, and home textiles industries
due to its ability to provide visual complexity while also concealing surface pilling, thus improving the
overall durability and appearance of the fabric.

There are few studies on Vigoureux printing system in the literature. Kaimori et al. [12,13] studied on
development of a new continuous dyeing and multi-color printing system for slivers to resolve some defects
(color bleeding at blotch edge, and multi-color printing etc.) in the Vigoureux printing system. It was stated
that the disadvantages in Vigoureux printing system were eliminated with the new system they developed,
and multi-color printing, printing without gilling, and clear printed patterns were obtained. Additionally, a
crucial assessment for the absorption of dye liquids by slivers was conducted using specially designed
apparatus.

Studies were conducted on mélange or Vigoureux printing of wool by Delmenico in 1957. The study
covered developing a method for increasing the rate of dye fixation in Vigoureux printing system. The
duration for fixing dyes can be shortened from 1 or 2 hours under standard atmospheric conditions to mere
minutes by employing the right solvents in the printing mixture and increasing the steam pressure. In
experimental studies, the depth of color increased using suitable solvents were achieved with a given
amount of dye [14].

Buxtorf and Wiazmitinow described the equipment, and the methods used in the Vigoureux printing process
for wool, rayon staple, and polyamide fiber slubbing in their work published in 1953 [15]. Potter’s work
[2] was on the printing of wool including the mélange or Vigoureux printing of other staple fibers. The
mélange process is giving a more intimate blend of colored and uncolored fiber. There are claims that the
product has a more pleasant handle, but the primary appeal of this printing style stems from the special
effects it generates, which cannot be replicated by blending dyed and undyed wool fibers. Bell et al. [16]
studied on the effect of solvents in wool printing. The advantages of using benzyl alcohol in print pastes
were highlighted in their work on Vigoureux printing with wool slubbing and standard printing on wool
textiles.

There are many steps involved in Vigoureux printings. Single or multi fiber tops printing in this process
can be done as a rope shown in Figure 1. The printing process is done with pressure rollers on tops. Usually
diagonal and diagonal striped patterns are printed. Printing can be done in the desired number of colors.
However, printing in more than two colors is not common. After the printing process, the printed tops first
go through the pre-drying unit, which is located on the Vigoureux printing machine, and then they are
placed inside the steaming machine. Steaming is done in the machine for 90 or 105 min at 100, 105 °C.
After steaming, fiber tops are dried in a dryer, the fibers are transferred into tops again, yarn is obtained in
the ring spinning system and fabric is produced by a flat knitting machine. Vigoureux printing process is
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mostly applied to wool, polyester and polyamide tops. Especially, it is more preferred in worsted wool tops
[17].

Considering the critical role of the steaming stage in the Vigoureux printing process and the limited number
of studies conducted on Vigoureux printing, this study aimed to investigate the impact of varying durations

and temperature levels during the steaming stage on the pilling performance and some important fastness
values of wool and polyamide fibers printed by acid dyes using the vigorous printing method.

2. MATERIAL AND METHOD
2.1. Material

In this study, 3.3 dtex 100% polyamide fiber and 26.5 micron 100% wool fiber were used in the tops form.
The staple length of wool and polyamide are 54.3 £ 7 mm and 56.8 = 4 mm, respectively. The C.I. Acid
Red 414, C.1. Acid Yellow 116, and C.I. Acid Blue 193 were used in Vigoureux printing process for both
fiber types.

2.2. Printing Process

The Vigoureux printing process was given in Figure 1.

Pressure rollers

JE U5 SDEU LS Sntui i

/

Needlestick field

© O,
O O

— Feltroller

Transfer roller ~—

Printing paste — Y\ /

Figure 1. a) Vigoureux printing machine, and b) its components

After printing, the steaming process was applied to fiber samples via a HT batch steamer (Figure 2a). The
fiber samples entered the steaming machine in bags (tulles) (Figure 2b). These bags were made of fine tulle
and the total weight of the printed fiber was 4 kg. The reason for using tulles in steamers was to achieve
complete dye penetration into the fiber by aiding the steaming process.

Figure 2. a) HT steamer, and b) tulles (bags) for printed fiber tops
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In a steaming process, following the initial 3 minutes during which water is taken into the chamber, the
temperature rises to 98 °C over the subsequent 10 minutes. The following 2 min are dedicated to the process
of bluffing, which involves the removal of excess air from the chamber. Over the subsequent 5 min, the
temperature is elevated to 105 °C for a period of 60 min. In this study, the duration and temperature at
steaming step were varied. Applied temperature and duration values, and sample coding system were given
in Table 1.

Table 1. Applied temperature and duration values, and sample coding system

Sample code Fiber type Temperature (°C) Duration (min)
P85-50 50
P85-60 85 60
P85-70 70
P95-50 . 50
P95-60 Polyamide 95 60
P95-70 70
P105-50 50
P105-60 105 60
P105-70 70
W85-50 50
W85-60 85 60
W85-70 70
W95-50 50
W95-60 Wool 95 60
W95-70 70
W105-50 50
W105-60 105 60
W105-70 70

2.3. Knitted Fabric Production Process

Sample yarns with a yarn count of Nm 35/1 and a twist of 400 T/m were spun from printed polyamide and
wool fiber tops using ring spinning machines with a feed speed of 24 m/min. The yarn parameters were
selected in accordance with the fiber fineness and length to ensure optimal compatibility and performance.
Yarn production parameters for polyamide and wool are total draft 28-31, twist 500-600 TPM, spindle
speed 10,000 rpm and twist coefficient 134 am. Then, the plain knit fabrics were produced on Brother KH-
864 manual flat weft-knitting machine with 5E fineness for pilling and fastness tests.

2.4. Characterization

The printed samples in fabric form were subjected to pilling resistance, rubbing fastness, washing fastness,
and water fastness tests according to TS EN ISO 12945-1, TS EN ISO 105-X12, TS EN ISO 105-C06
(A2S), TS EN ISO 105-E01, respectively. The multifiber strip fabric was utilized as an adjacent material
during washing and water fastness tests. The gray scale was employed for staining.

The results were subjected to statistical analysis of variance (ANOVA) to evaluate the effects of steaming

temperature and duration on pilling and selected fastness properties using Design Expert 13.0 package
program. The results were statistically significant at p<0.05.

3. RESULTS AND DISCUSSION

3.1. Characterization

The pilling test results of the wool and the polyamide samples according to steaming temperature and
duration are given in Figure 3.
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Pilling Grade

Sample Code
Figure 3. Pilling box test results

In pilling performance evaluation, a rating of 1 denotes a high degree of pilling, whereas a rating of 5
indicates the absence of any observable pilling on the fabric surface. The pilling performance was decreased
with increasing of steaming duration for both wool and polyamide samples from 50 min to 70 min. The
pilling performance was also decreased with increasing of steaming temperature for both wool and
polyamide samples from 85 °C to 105 °C. This phenomenon can be attributed to the fact that elevated
temperatures and extended periods of time result in greater damage to the fibers that comprise yarn
structures. Because polyamide and wool fibers demonstrate distinct thermal and moisture sensitivities.
Wool is prone to structural swelling and weakening under heat and humidity, while polyamide tends to
undergo surface deformation due to softening at elevated temperatures. The effect of temperature
(p=0.0035) and duration (p<0.0001) of the steaming process on the pilling performance were statistically
significant.

3.2. Rubbing Fastness Test Results

Dry and wet rubbing fastness test results of the wool and the polyamide samples according to steaming
temperature and duration are given in Table 2.

Table 2. Rubbing fastness test results

Sample code Dry rubbing fastness Wet rubbing fastness
P85-50 3-4 2-3
P85-60 4 3
P85-70 4 3-4
P95-50 4 3
P95-60 4 3
P95-70 4-5 3-4
P105-50 4 3-4
P105-60 4-5 4
P105-70 4-5 4
W85-50 4 3
W85-60 4-5 3-4
W85-70 4-5 3-4
W95-50 4 3-4
W95-60 4-5 4
W95-70 4-5 4
W105-50 4-5 4
W105-60 4-5 4-5
W105-70 4-5 4-5
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The dry and wet rubbing fastness properties were generally increased with increasing of steaming duration
for both wool and polyamide samples from 50 min to 70 min. Those properties were also increased with
increasing of steaming temperature for both wool and polyamide samples from 85 °C to 105 °C. This may
be related to the fact that raising the temperature accelerates diffusion, especially into the fiber. Longer
duration also enhanced this. The effect of temperature (p=0.0427) and duration (p=0.0108) of the steaming
process on the dry rubbing were statistically significant. Also, the effect of temperature (p<0.0001) and
duration (p=0.0012) of the steaming process on the wet rubbing were statistically significant.

3.3. Washing Fastness Test Results

Washing fastness staining test results of the wool and the polyamide samples according to steaming
temperature and duration are given in Table 3.

Table 3. Washing fastness test results

Sample code Staining
CA (6{0) PA PES PAN WO

P85-50 1-2 2 2 2 2 2
P85-60 1-2 3 2 3 3 2-3
P85-70 2 3-4 2-3 4 4 3
P95-50 4 4 4 4 4 4
P95-60 4-5 4-5 4 4-5 4-5 4
P95-70 4-5 4-5 4-5 4-5 4-5 4-5
P105-50 4 4 4 4 4 4
P105-60 4-5 4-5 4-5 4-5 4 4-5
P105-70 4-5 4-5 4-5 4-5 4-5 4-5
W85-50 2 2 2 2 2 2
W85-60 2-3 3-4 2-3 3-4 3-4 2
W85-70 2-3 3-4 2-3 4 4 3
W95-50 4-5 4 4 4 4 4-5
W95-60 4-5 4 4-5 4-5 4-5 4-5
W95-70 4-5 4-5 4-5 4 4-5 4-5
W105-50 4-5 4-5 4 4 4 4
W105-60 4-5 4-5 4-5 4-5 4-5 4-5
W105-70 4-5 4-5 4-5 4-5 4 4-5

CA: Cellulose Acetate, CO: Cotton, PA: Polyamide, PES: Polyester, PAN: Acrylic, and WO: Wool.

The washing fastness staining performance was generally increased with increasing of steaming duration
for both wool and polyamide samples from 50 min to 70 min. It was also increased with increasing of
steaming temperature for both wool and polyamide samples from 85 °C to 105 °C. Raising the temperature
speeds up diffusion into fibers resulting in higher washing fastness values. The effect of temperature
(p<0.0001) and duration (p<0.0001) of the steaming process on the dry rubbing were statistically
significant.

3.4. Washing Fastness Test Results

Water fastness staining test results of the wool and the polyamide samples according to steaming
temperature and duration are given in Table 4.
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Table 4. Water fastness test results

Sample code Staining
CA co PA PES PAN WO

P85-50 1-2 2 3 3 = !
P85-60 2 ) ] 4 ; 2
P85-70 2.3 23 14 " : -3
P95-50 4 4 1 N " ]
P95-60 4 4 45 45 i s !
P95-70 4-5 45 4 s i '
P105-50 4 4 . s ; 4
P105-60 4.5 45 45 s i s !
P105-70 4-5 4.5 45 s s -
W85-50 23 2 3 ) = :
W85-60 23 23 ; " ! 2.
W85-70 23 3 14 N s -
W95-50 4 45 s 45 " 2
W95-60 4.5 4 45 s i s "
W95-70 4.5 45 s s " +
W105-50 4.5 45 4 s " "
W105-60 45 45 45 s s +
W105-70 45 45 15 s s -

CA: Cellulose Acetate, CO: Cotton, PA: Polyamide, PES: Polyester, PAN: Acrylic, and WO: Wool.

The water fastness staining performance were increased with increasing of steaming duration for polyamide
samples from 50 min to 70 min. It was also increased with increasing of steaming temperature for both
wool and polyamide samples from 85 °C to 105 °C. The increase in temperature accelerates the diffusion
into the fibers and results in higher water fastness values. The effect of temperature (p<0.0001) and duration
(p=0.0023) of the steaming process on the dry rubbing were statistically significant.

4. CONCLUSION

This study examined the impact of steaming duration and temperature on the pilling resistance and various
fastness properties of polyamide and wool fibers printed using the Vigoureux method with acid dyes. The
results demonstrated that increased steaming temperature and duration tend to reduce pilling resistance,
attributed to the fiber damage induced by prolonged heat exposure. However, these conditions significantly
improved rubbing, washing, and water fastness properties due to enhanced dye diffusion and fixation within
the fibers. The findings reveal that optimizing steaming parameters is crucial for balancing durability and
aesthetic qualities in Vigoureux-printed fabrics. While higher temperatures and longer steaming durations
may be necessary to achieve desired fastness levels, these settings should be adjusted carefully to mitigate
adverse effects on pilling resistance. Upon examination of the test results in general, it was observed that
the test results obtained at 105 °C were similar to those obtained at 95 °C. Based on these findings and
considering the energy consumption, it can be posited that steaming conditions could be selected as 95 °C
and 60 minutes. This study contributes to a deeper understanding of the Vigoureux printing process,
providing valuable insights for textile manufacturers aiming to improve the quality and longevity of printed
fabrics through controlled steaming.
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Helisel kaziklar derin temel uygulamalarinda popiilerligi gittikce
artan sistemlerdir. Bu ¢alismada 1x2 diziliminde diizenlenmis
olan helisel kazik grubunda, kaziklar arasi mesafenin ve
kaziktaki helis varliginin, gevsek kum zeminde, basing etkisi
altinda tasima giiciine etkisi laboratuvar model deneyleri
kullanilarak  incelenmis  ve  yilik-deplasman  egrileri
yorumlanmistir. Deneylerde helis ¢aplart ve sayisi sabit
tutulmustur. Kaziklar arast mesafe 200 mm’den 700 mm’ye
kadar arttirilmis ve her aralik i¢in yiik deplasman grafikleri elde
edilmigtir. Helisli ve helissiz kaziklar, kaziklar aras1 mesafe sabit
tutularak kendi aralarinda yorumlanmistir. Deney sonuglarindan
elde edilen yiik-deplasman egrilerinin nihai gd¢me yiikiini
bulmak i¢in %5D ve %10D limit deplasman kriterleri
uygulanmistir. Sonuglar, kaziklar arasi mesafenin artmasinin
tagima giiciinde azalmaya sebep oldugunu, helis varligmin ise
tagima giiclinii arttirdigini1 gostermistir.
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Helical piles are increasingly popular systems in deep foundation
applications. In this study, the effect of the distance between
piles and the presence of helices on the load-bearing capacity
under pressure in loose sand, within a group of helical piles
arranged in a 1x2 configuration, was investigated using
laboratory model tests, and the load-displacement curves were
interpreted. In the experiments, the helix diameters and numbers
were kept constant. The distance between the piles was increased
from 200 mm to 700 mm, and load-displacement graphs were
obtained for each interval. Piles with helix and without helix
were interpreted among themselves while keeping the distance
between the piles constant. To find the ultimate failure load from
the load-displacement curves obtained from the test results, the
%35D and %10D limit displacement criteria were applied. The
results showed that the increase in the distance between the piles
caused a decrease in load-bearing capacity, while the presence
of the helix increased the load-bearing capacity.
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1. GIRIS

Kazik sistemleri genel olarak zemin tasima kapasitelerinin arttirilmasi ve oturma miktarlarinin azaltilmasi
amactyla kullanilan ve de 6zellikle tasima kapasitesi zayif zeminlerde fazlaca tercih edilen sistemlerdir. Bir
veya daha fazla helisel tagima plakasina sahip ¢elik kazik tiirleri de helisel kazik olarak tarif edilmektedir.
Helisel kaziklar, eksenel basing altinda yiiksek performans sergileyen alternatif bir temel sistemidir [1].
Helisel kaziklar temellerde, yiiksek basing ve ¢ekme kapasiteleri, hizli kurulum hizi, zorlu zeminlerde
kullanim kolayligi ve maliyetlerin etkin kullanilmas: gibi avantajlarla 6ne ¢ikmustir [2]. Helisel kaziklar
genel olarak u¢ ve uzatma bolgelerinden olusur. Uzatma bolgesi saft kismini da igerir. Ug bolgesinde ise
helisel tasima plakalar1 yer alir [3]. Birgok arastirmaci helisel kaziklar iizerine ¢aligmalarda bulunmustur
[4-15].

Alwalan ve Alnuaim [16] tarafindan yapilan ¢alismada, kum zemine yerlestirilmis farkli geometri ve
konfigiirasyonlardaki helisel kazik gruplarinin davranigini degerlendirmek i¢in sayisal modelleme yoluyla
bir dizi analiz yapilmistir. Bu analizlere gore kaziklar arasi mesafe S ve helis ¢apt D’nin oranlari; S/D < 4
oldugunda helisel kazik grubu, helis bolgesinde olusan derin bir toprak bloguyla birlikte biitiinsel davranis
sergilerken; S/D > 4 durumunda kaziklar bireysel davranmaya baslamis ve gegis noktas1 S/D = 4 olarak
belirlenmistir. S/D > 5 oldugunda ise grup i¢indeki kazik gdmiilme oraninin helis ¢apina oran1 L/Dh etkisi
ihmal edilebilir diizeye ulagmstir. Eksenel basing yiikleri altindaki helisel kazik gruplarinin performansini
degerlendirmek icin Elsherbiny ve El Naggar [17] tarafindan helisel kaziklar iizerinde kapsamli bir sonlu
elemanlar analizi (FEA) ¢alismasi yapilmistir. Parametrik analizler, performansin esas olarak kaziklar arasi
mesafeye bagli oldugunu, helisler aras1 mesafenin ise sinirl etkide kaldigini gdstermistir. Lanyi-Bennett ve
Deng [18] tarafindan yapilan ¢alismada buzul kil zemine gémiilii eksenel basing yiikii altindaki tek ve 2x2
grup helisel kaziklar {izerinde saha deneyleri gergeklestirilmistir. Grup kazik davraniginda ayrik kazik
gdemesinin baskin oldugu ve grup veriminin diisiik araliklarda azaldig: belirlenmistir. Mittal ve Mukherjee
[19] tarafindan yapilan ¢aligma eksenel yiiklerin etkisi altindaki farkli sayida helisel plakali ankrajlarin (1,
2, 3 ve 4) performansinin deneysel aragtirmasini igermektedir. Ankraj sayisi arttik¢a tagima kapasitesinde
artis gozlenmis, ancak artig oran1 daha yiiksek degerlerde azalmaya baslamustir.

Nowkandeh ve Choobbasti [20] tarafindan sonlu elemanlar (FE) modellemesi kullanilarak hem kumlu hem
de killi zeminde tek ve grup helisel kaziklarin eksenel basing davranisinin kapsamli bir arastirmasi
yapilmistir. Calisma, zemin tipine bagli olarak helisel kaziklar arasinda dnerilen minimum araligin farklilik
gosterdigini ortaya koymustur. Shaheen ve Demars [21] tarafindan yapilan ¢alismada graniiler zemine
gomiilii helisel ankraj grubunun davranigi incelenmistir. Sik1 kumda grup davranigini etkileyen kritik aralik
belirlenebilmigken, gevsek kumda bu aralik bolgesel kayma nedeniyle net tanimlanamamaistir. Vignesh ve
Muthukumar [22] tarafindan yapilan ¢alismada, yumusak kil zemine yerlestirilen grup helisel kaziklarin
¢ekme ve yanal davraniglari sonlu elemanlar modeli kullanilarak kapsamli bir sekilde analiz edilmistir.
Calisma, grup verimliliginin sadece geometriye degil, ayni zamanda yiikleme kriterlerine ve kazik diizenine
de bagli oldugunu gostermistir.

Bak ve arkadaslar1 [23] tarafindan yapilan calismada eksenel basing yiikii altinda model grup ve tekil helisel
kaziklarin kum zemin davranislar1 incelenmistir. Grup helisel kazik deneyleri, degisken helis araligi (d, 3d
ve saft ¢ap1) ve kaziklar aras1 mesafe (3D, 5D, 6D, 9D, 12D ve 15D) seklinde gerceklestirilmistir. Grup
helisel kazik deneylerinde 1d ve 3d helis araligindaki kaziklarin tagima giicii yiiklerinin 5D ve 6D kazik
araliginda maksimum noktaya ulastigi gézlenmistir. Elsherbiny [24] tarafindan yapilan ¢alismada helisel
kazik gruplarmin performans 6zellikleri eksenel basing ve yanal yiiklere maruz iken birbirinden bagimsiz
olarak degerlendirilmistir. Kum zemin ve kil zeminden olusan iki farkli zeminde gergeklestirilen bes adet
eksenel basing ve ii¢ adet yanal yiik deneyleri tam 6lgekli sekilde yapilmis ve sonuglar modellenmistir.
Caligmada kazik yerlesimleri, helis ¢apinin 1, 2 ve 3 kati kadar helisler aras1 mesafeye sahip ¢ift helisli
kaziklar ile tekil ve helis ¢apinin 2, 3, 4, 5 ve 10 katinda olmak tizere bes farkli kazik araligia sahip grup
kaziklar olarak secildigi goriilmektedir. Helisel kaziklar i¢in tipik grup araliklarinda grup etkisinin ihmal
edilebilir diizeyde oldugu tespit edilmistir. Mendoza ve arkadaslar1 [25] tarafindan yapilan calismada
Brezilya Federal Bolgesi’nin tipik zemininde kurulan helisel vidali kaziklarla inga edilen standart gruplarin
ve kazikli radyelerin davranisi incelenmistir. Deney sonuglart sonlu elemanlar yontemine dayanan Abaqus
yazilimi ile modellenmistir. Grup i¢i kaziklar arasinda gerilme-sogani cakismasi sinirli diizeyde olup,
sistem genelinde bireysel kazik davranigi 6n plana ¢ikmistir. Mukherjee ve Mittal [26] tarafindan kum
zeminde ayni seviyede yerlestirilmis grup helisel ankrajlarin davranislarini incelemek i¢in bir deney serisi
aragtirmalar sunulmustur. Deneyler farkli gomiilme derinliklerinde gergeklestirilmis ve s1g ve derin temel
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davranis bicimleri gézlemlenmistir. Nihai ¢ekme kapasitesinin, ankrajin montaj derinligi ve ankraj sayisi

ile 6nemli Olciide degistigi gozlenmistir. Ayrica Plaxis 3D sonlu elemanlar yontemi ile model deney
sonuglar1 dogrulanmis ve mitkemmel bir uyum sagladigi belirtilmistir.

Sakr ve arkadaglar1 [27] tarafindan yapilan ¢alismada ¢ekme yiiklemesi altinda toplam 60 adet model deney,
grup ve tekil helisel kaziklar tizerinde gergeklestirilmistir. Caligmada grup etkinligi, farkli sayida kazik ve
kazik araliginda sabit helis araligi, gdmiilme derinligi, helis sayis1 ve helis ¢ap1 gibi farkli parametrelerle
degerlendirilmistir. Ayrica kazik gruplarinin verimliligi etkisinin, zemin yogunluguna énemli 6l¢tide bagh
oldugu gozlenmistir. Sonug olarak grupta kazik araligi, kazik sayisi arttikga grup etkinliginin de arttig1 ve
kum bagil yogunlugu arttik¢a grup etkinliginin diistiigii belirlenmistir.

Literatiir verileri grup helisel kaziklarda kazik araligmin incelendigi ¢aligmalarin oldukg¢a sinirh sayida
oldugunu gostermistir. Bu ¢aligma kapsaminda biiyiik bir veri setinde kazik araligmin incelenmis olmasi
ve kaziklarda tasima giicliniin farkli yontemlerle bulunmus olmasinin, ¢alismanin 6zgiin degerini ortaya
cikardig1 diigiiniilmektedir.

Literatiirde, grup helisel kaziklarin tasima kapasitesine etki eden en dnemli parametrelerinin kazikta helis
varlig1 ve kaziklar aras1 mesafe oldugu goriilmektedir. Bu ¢caligmada, sadece 1x2 dizilimindeki grup helisel
kaziklar i¢in helisli ve helissiz sistemlerin ve kaziklar aras1 mesafelerin, tagsima kapasitesi iizerindeki etkisi
laboratuvar model deneyleri ile incelenmistir. Bu dogrultuda toplam 9 adet model deney yapilmistir.
Deneylerde, kaziklar aras1 mesafe sabit 20cm 30cm ve 40cm iken helis varliginin etkisi ve kaziklar arasi
mesafeler 20 cm’den 70 cm’ye kadar arttirilmis ve tagima kapasitesindeki degisim yorumlanmustir.

2. MATERYAL VE YONTEM

Bu ¢alismada deneyler Iskenderun Teknik Universitesi Miihendislik ve Doga Bilimleri Fakiiltesi Geoteknik
Laboratuvari'nda yapilmistir. Deney i¢in 1500mm x 1200mm x 1000 mm boyutlarinda Sekil 1’de

goriildiigii iizere metal kum deney havuzu kullanilmistir.

Sekil 1. Kum havuzu ve helezonik sistem

Caligma esnasinda kullanilan kum tag ocagindan temin edilmis ve laboratuvar ortaminda 0.18 mm ile 2.00
mm arasinda 6lgiilen 6zel eleklerden gegirilerek islenmistir. Bu kum zeminin 6zellikleri ve parametreleri
Cizelge 1°de gosterilmistir. Burada D3 danelerin %30unun, Dso ise danelerin %601mnin gectigi elek ¢apimi
ifade etmektedir.
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Cizelge 1. Kum zemin parametreleri

Parametreler Degerler
Efektif dane ¢api, Dio (mm) 0.260
D30 (mm) 0.441

Dso (mm) 0.775
Uniformluk katsayisi, Cu 2.972
Siireklilik katsayisi, Cr 0.962
Zemin sinifi, (USCS) SP

Rolatif sikilik, zeminin mevcut sikiliginin en gevsek ve en siki durumlari arasindaki konumunu gosteren,
genellikle yiizde (%) cinsinden ifade edilen bir parametredir. Temel olarak, zeminin dogal halindeki sikilig1
veya gevsekligi hakkinda bilgi verir. Deneylerde kullanilan kumun rélatif sikilig1 %30-35 araliginda olup
bu deger, ASTM DA4253 ve D4254 standartlarina uygun olarak belirlenmistir. Bu deger araligi, zeminin
gevsek smifta oldugunu gostermektedir. Kohezyonsuz zeminlerde rolatif sikilik degerlerine gore yapilan
siniflama Cizelge 2’de verilmistir:

Cizelge 2. Kohezyonsuz zeminlerde sikilik [28]

Rolatif sikilik, Dr (%) Sikilik
0-15 Cok gevsek
15-35 Gevsek
35-65 Orta sik1
65-85 Sik1

85-100 Cok siki

Kum havuzu sistemini doldurma ve bosaltma islemleri helezonik makine ile yapilmistir. Bu sistem, 50 rpm
hizinda donebilme kapasitesine sahip bir elektrik motoru, 250 mm ¢apinda ve 45° egime sahip bir helisel
boru ve 25° egime sahip bir besleme haznesinden olusmaktadir [29-30]. Zemin aktarma diizeneginden
zeminin deney kasasina yagmurlama seklinde aktarilmasi i¢in 1190 mm x 1190 mm ebatlarinda goz agiklig1
5 mm x 5 mm olan bir ahsap ¢erceve hazirlanmistir. Bu sistem, deney kasasinin iist kismina yerlestirilen
bir caraskal ile istenilen seviyede durabilmektedir. Kullanilan kaziklar ¢elikten imal edilmis olup, saft
caplart sabit 22 mm olacak sekilde iretilmistir. Bu ¢alisma kapsaminda kullanilan kaziklar helissiz diiz
kazik ve 100 mm capinda helisli kazik seklindedir. Laboratuvardaki kazik tipleri ve kazik geometrisi Sekil
2a ve 2b’de gosterilmistir.

Basing
yiikii

Gomiilii kazik|

uzunlugu, L
ap1, D
P Helis
— T yiiksekligi
—>|dje
B = Saft capi
(a) (b)

Sekil 2. (a) Model helisel kaziklar, (b) Helisel kazik geometrisi

Bu kaziklar 6zel iiretilen bir tork motoru vasitasiyla Sekil 3(a)’da goriildiigii iizere 6nceden kum ile
doldurulmus havuza yerlestirilmistir. Yerlestirilen grup kaziklarin lizerine 780 mm uzunlugunda delikli
kirig sistemi eklenmis ve onun iizerine hidrolik basing sistemi monte edilmistir. Yiikleme iglemlerinde 5
ton kapasiteli S tipi bir yiik hiicresi kullanilmis ve tasima giicii bu sayede lglilmiistiir. Sistemin kurulu hali
Sekil 3(b)’de yer almaktadir.
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Hidrolik basing sistemi ile kaziklarin oturma miktar1 20mm olana dek basin¢ kuvveti uygulanmis ve
deplasman 6lcerlerden oturma miktari tespit edilmistir. Yiik hiicresi ve deplasman 6lgerden veri kaydetme
iinitesi vasitasiyla bilgisayara veriler cekilmis ve alman sonuglar ile yiikk deplasman grafikleri
olusturulmustur.

(a) Tork sistemi ) (b) Kiris ve hidrolik sistem
Sekil 3. Laboratuvar model deney sistemleri

Kazik yiikleme deneylerinin sonuglarindan elde edilen yiik-deplasman egrileri; 20 mm’lik oturma altinda,
FHWA (%5D) ve ISSMFE (%10D) yontemleri gibi farkli yontemler kullanilarak degerlendirilmektedir.
Bu yontemler sayesinde kaziklarin eksenel basing kapasitelerini belirlenmekte ve yorumlanmaktadir.

FHWA (%5D) yontemiyle belirlenen nihai eksenel basing kapasitesi, kazik u¢ c¢apinin %5'1 kadar
deplasmana karsilik gelen yiik degeridir. Helisel kaziklar i¢in ug ¢ap helis ¢apina, ¢cakma kaziklar i¢in saft
capina esittir [31]. ISSMFE (%10D) yaklasimu ise, kazik ¢apinin %10 undaki deplasman degerini saglayan
yiik miktarini nihai kazik kapasitesi olarak tanimlar. Bu ydntemin biiyiik ¢apli kaziklarin ve diger kazik
tiirlerinin kapasitesini yiiksek tahmin ettigi sdylenmektedir [1].

Bu ¢aligmada, deney sonuglarindan elde edilen yilik-deplasman egrileri hem kendi aralarinda hem de nihai
gocme yiikiinii belirlemek i¢cin 20mm’lik oturma altinda, FHWA (%5D) ve ISSMFE (%10D) yontemleri
kullanilarak degerler elde edilmistir. Bu degerler 15181inda sonuclar yorumlanmustir.

3. BULGULAR VE TARTISMA

Grup helisel kazik deneyleri 1x2 yerlesim diizeninde gergeklestirilmis ve Helisel Plaka Sayisi (N), Helisel
Plaka Cap1 (D) ve Kaziklar Arasi Mesafe (S) degisken parametreleri kullanilmistir. Bu parametreler
1s18inda 9 farkli laboratuvar model deneyi yapilmistir. Yapilan deneyler ve deney isimleri Cizelge 3’te
sunulmustur.

Cizelge 3. Laboratuvar model deneyleri

Helisel plaka sayis, Helisel plaka capa, Kaziklar arasi mesafe,

Deney adi N (adet) D (mm) S (mm)
LMD-1 Helissiz - 200

LMD-2 Helissiz - 300

LMD-3 Helissiz - 400

LMD-4 1 100 200=2D
LMD-5 1 100 300=3D
LMD-6 1 100 400 =4D
LMD-7 1 100 500=5D
LMD-8 1 100 600 = 6D
LMD-9 1 100 700 =7D
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Deney sonuglari ile ¢esitli yiik deplasman egrileri olusturulmustur. Model kaziklar ile yapilan deneylerde
kaziklar aras1 mesafe, helis etkisi sabit tutularak Sekil 6’da sunulan helissiz durum igin ve Sekil 4°te sunulan
helisel kazikli durum i¢in grafiklerde incelenmistir.

300
LMD-1
250
LMD-2
200
— LMD-3
é 150
=
>
100
50
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Deplasman (mm)
Sekil 4. Kaziklar aras1 mesafenin etkisi (Helissiz kazikli durum)
3500
3000 B3
LMD-6
2500 LMD-7
LMD-8
= 2000 LMD-9
&
)
=
> 1500
1000
500 /
0 [

0 1 2 3 4 5 6 7 8 9 10 Il 12 13 14 15 16 17 18 19 20
Deplasman (mm)
Sekil 5. Kaziklar aras1 mesafenin etkisi (Helisel kazikli durum)

Sekil 4 ve Sekil 5 incelendiginde laboratuvar model deney egrileri icin kaziklar arasi mesafe azaldik¢a
tagima giiciinde artis meydana geldigi goriilmistiir. Kaziklar aras1 mesafesi 200 mm olan helissiz kazik
grubu; 300 mm olana gore 1.28 kat ve 400 mm olana gore 1.46 kat daha fazla tasima kapasitesi saglamistir.
Kaziklar aras1 mesafesi 200 mm (2D) olan helisli kazik grubu; 300 mm (3D) olana gére 1.06 kat, 400 mm
(4D) olana gore 1.14 kat, 500 mm (5D) olana gore 1.22 kat, 600 mm (6D) olana gore 1.32 kat ve 700 mm
(7D) olana gore 1.49 kat daha fazla tasima kapasitesine sahiptir. Bu durumun sebebinin kaziklar arasi
mesafe arttika grup etkisinin azalmasi ve kaziklarin daha bagimsiz ¢alismaya baslamasi oldugu
diistiniilmektedir. Zemin i¢indeki gerilme dagilimi genis bir alana yayildigi i¢in, aralarindaki zemin gégme
mekanizmasindan dolay1 daha az sikigmaktadir.

Farkli helisel kazik arasi mesafeleri (S) i¢in helissiz ve helisli durumlari temsil eden yiik-deplasman
iligkileri Sekil 6’da sunulmustur. Sekil 6(a) kaziklar aras1 mesafenin 200 mm oldugu durumu, Sekil 6(b)
kaziklar aras1 mesafenin 300 mm oldugu durumu ve Sekil 6(c) kaziklar aras1 mesafenin 400 mm oldugu
durumu ifade etmektedir.
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Sekil 6. Helisli ve helissiz durumlar i¢in kaziklar aras1 mesafe etkisi

Sekil 6 incelendiginde kaziklar aras1 mesafenin sabit oldugu durumlarda kazikta helis bulunmasinin tagima
giiciinli 6nemli dlgiide arttirdigi tespit edilmistir. Buna gore 200 mm aralikta (Sekil 6(a)) helisli kazik,
helissiz kaziga gore yaklagik 12 kat, 300 mm aralikta (Sekil 6(b)) yaklasik 14.5 kat, 400 mm aralikta (Sekil
6(c)) 15.4 kat daha fazla tasima kapasitesi saglamigtir. Bu durumun sebebi kazikta helis varliginin, zeminde
ilave yatay kesme yiizeyleri olusturmasi ve gd¢cme ylizeyinin daha genis bir alana yayilmasi ile
aciklanabilir.
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Sekil 7. 1x2 dizilimli grup helisel kaziklarda kaziklar aras1 mesafe etkisi
Sekil 7°de yapilan tiim deneylerden elde edilen yiik deplasman egrileri toplu olarak tek bir grafikte
verilmistir. Deney sonuglari, helis varliginin tasima giiclinii arttirma etkisini net bir sekilde ortaya

koymustur.

Cizelge 4. Deneysel nihai yiik kapasiteleri

Deney adi Helisel plaka ¢api, Kaziklar arasi Nihai yiik (% 5D) Nihai yiik (%10D)
D (mm) mesafe, S (mm) ON) ON)
LMD-1 - 200 141.921 200.086
LMD-2 - 300 126.216 152.391
LMD-3 - 400 131.103 150.646
LMD-4 100 200 738.685 952.438
LMD-5 100 300 497.436 704.341
LMD-6 100 400 886.771 1075.281
LMD-7 100 500 654.08 856.016
LMD-8 100 600 662.781 884.822
LMD-9 100 700 525.572 678.950

Literatiirde grup helisel kaziklarin basing etkisi altindaki durumlari incelendiginde; kaziklar arasi mesafe
arttikca yiik tagima kapasitesinin azaldig1 ve kazigin helisli olmasinin yiik tagima kapasitesini 6nemli 6l¢iide
arttirdigl, %5D ve %10D yontemleri 15183inda optimum degerin 400 mm’de saglandigi belirlenmistir.
Yapilan deneyler sonucunda elde edilen veriler literatiirdeki 6nceki ¢alismalarla paralellik gostermektedir
[32-33].

4. SONUCLAR

Bu caligma verileri ile literatiirde grup kaziklarin deneysel c¢alisma eksikligine katki saglamasi
amaclanmistir. Calismada gevsek kum zeminde 1x2 dizilimli grup helisel kaziklarda helis varligi ve
kaziklar aras1 mesafenin etkisi laboratuvar model deneyleri ile incelenmistir. Bu amagla helis sayisi sabit
tutulup kaziklar aras1 mesafenin etkisine ve kaziklar arasi mesafe sabit tutulup helis etkisine ait gesitli
degerlendirmeler yapilmistir. Bu parametreler 1518inda elde edilen verilerle yiik-deplasman egrileri elde
edilmis ve asagidaki sonuglara ulagilmistir.

o Kaziklar arasi mesafe etkisinde, helis sayisinin 1 adet 10 cm ¢apinda helis ile sabit tutuldugu durumda,
20 mm’lik kazik gémiilme deplasman degeri sabit tutularak tagima giici degerlendirmesi yapilmus,
kaziklar aras1 mesafe arttik¢a tagima giicliniin azalma gosterdigi belirlenmistir. Bu degerlendirmelere
gore kaziklar aras1 mesafesi 20 cm olan kazik grubu; 30 cm olana gore % 5.6, 40 cm olana gore %
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13.7, 50 cm olana gore % 22.4, 60 cm olana gore % 31.6 ve 70 cm olana gore % 49.4 daha fazla
tasima kapasitesine sahiptir.

» Kaziklar aras1 mesafe etkisinde, helis sayisinin helissiz diiz kazik ile sabit tutuldugu durumda, 20
mm’lik kazik gomiilme deplasman degeri sabit tutularak tasima giicli degerlendirmesi yapilmis,
kaziklar arasi mesafenin etkisinin helissiz kaziklarda da daha az farkla ayni sonuglarn verdigi
gozlenmistir. Bu sonuglara gore kaziklar aras1 mesafesi 20 cm olan kazik grubu; 30 cm olana gore %
28.1 ve 40 cm olana gore de % 46.3 daha fazla tagima kapasitesi saglamistir.

* Helis varlig1 etkisi incelendiginde, kaziklar arasi mesafe sabit 20 cm, 30 cm ve 40 cm olarak
belirlenmis, 10 cm ¢apinda sabit helisli ve helissiz diiz kazigin 20 mm gé¢mede ne kadar tagima
giicine sahip oldugu degerlendirilmistir. Bu degerlendirmeye gore 20cm aralikta helisli kazik
helissize gore yaklasik %1200, 30 cm aralikta yaklasik % 1450 ve 40 cm aralikta % 1540 daha fazla
tasima kapasitesi tespit edilmistir.

» Kaziklar arasi mesafe azaldiginda ve helis sabit 10 cm ¢apli tutuldugunda % 50’lere varan tasima giicii
artig1 gozlenmistir. Helis plakast olmayan durumda kaziklar arasi mesafe azaldiginda ise % 47’lere
varan tagima giicii artis1 elde edilmistir. Kazikta helis bulunmasi da kazigin tasima giiciinii yaklasik
%1400 kadar arttirmaktadir.

*  %5D yontemine gore yorumladigimizda, Helissiz kaziklarda tasima giicii oldukga diistiktiir ancak
helisli kaziklarda, %5D kriterine gore nihai yiik optimum deger i¢in %600 - %700 kadar artmistir.
Optimum degere ulagmasinin ardindan sabit kalma ve azalma egilimine girmistir. Bu durum, helisel
plaka varliginin tagima giiciinii optimum degere kadar 6nemli 6l¢iide artirdigini, optimum degerden
sonra bir miktar sabit kalma ve azalma egiliminde oldugunu gostermektedir.

%10D yonteminde helisel plaka ¢ap1 100 mm olan kaziklarda, tagima giicii helisizlere gére optimum deger
icin %400 - %500 kadar artmistir. Optimum noktadan sonra sabit kalma ve azalma egilimine girmistir Bu
veri, helisel plakalarin tagima giiciinii optimum degere kadar 6nemli 6lgiide artirdigini, optimum degerden
sonra bir miktar sabit kalma ve azalma egiliminde oldugunu gdstermektedir.
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In recent years, Federated Learning (FL) has emerged as a
powerful paradigm for training machine learning models across
decentralized data sources while preserving data privacy. This
study proposes an FL framework for the classification of liver
tumors from the ATLAS dataset, which provides images of
hepatocellular carcinoma cases. A comparative evaluation was
performed utilizing CNN, EfficientNet, MobileNetV3,
ResNet50, and VGG16 architectures within the federated
environment. Among these models, the FL implementation
based on EfficientNet achieved superior performance, reaching
an accuracy of 93.75% and a ROC-AUC score of 99.19%. The
results demonstrate that federated approaches can attain
performance levels comparable to centralized learning while
ensuring patient data confidentiality. The potential of developing
a privacy-preserving collaborative model using the FL. method
has been demonstrated.
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Son yillarda, Federasyonlu Ogrenme (FO), veri gizliligini
korurken merkezi olmayan veri kaynaklari arasinda makine
Ogrenimi modellerini egitmek icin giiclii bir paradigma olarak
ortaya c¢ikmistir. Bu calisma, hepatoselliller karsinom
vakalarinin goriintiilerini saglayan ATLAS veri setinden elde
edilen Manyetik Rezonans Goriintiilerini kullanilarak karaciger
timorlerinin ~ simflandirilmast — igin ~ bir FO  cergevesi
onermektedir. Federasyonlu ortamda Evrisimli Sinir Ag,
EfficientNet, MobileNetV3, ResNet50 ve VGG16 mimarileri
kullanilarak karsilastirmali bir degerlendirme yapilmigtir. Bu
modeller arasinda, EfficientNet tabanli FO uygulamasi,
%93,75'lik bir dogruluk ve %99,19'luk bir ROC-AUC puanina
ulasarak {istiin bir performans elde etmistir. Sonuglar,
federasyonlu yaklagimlarin hasta verilerinin gizliligini saglarken
merkezi  Ogrenmeye  benzer performans  seviyelerine
ulasabilecegini gdstermektedir. FO ile gizliligi koruyan isbirlik¢i
model gelistirme potansiyeli oldugu gosterilmistir.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Diagnosis of Hepatocellular Carcinoma - HCC Liver Cancer Using Federated Learning on MR Images

1. INTRODUCTION

The liver, as the largest internal organ in the human body, plays a vital role in numerous physiological
functions, including detoxification, enzyme production, blood clotting, and metabolic regulation [1]. Given
its critical importance, timely and accurate diagnosis of liver-related disorders is crucial for effective
treatment and improved patient outcomes.

Magnetic Resonance Imaging (MRI) has become a cornerstone in liver disease diagnostics due to its non-
invasive nature and its ability to generate high-resolution anatomical and functional images. The evolution
of MRI techniques has significantly improved the early detection and characterization of hepatic
abnormalities [2]. Alongside these advancements, Deep Learning (DL) techniques have increasingly gained
attention for their ability to analyze complex medical imaging data with high precision.

DL, a subset of Machine Learning (ML), has shown transformative potential in healthcare, especially in
radiology [3]. It allows for automated detection, classification, and segmentation of medical images while
minimizing diagnostic variability and aiding clinicians in decision-making processes [4]. These advances
are particularly important in diagnosing critical diseases like Hepatocellular Carcinoma (HCC).

HCC remains one of the most prevalent and fatal forms of liver cancer, with projections estimating over
one million cases globally by 2025 [5]. It is commonly observed in regions with high hepatitis B and C
virus prevalence, such as sub-Saharan Africa and Eastern Asia. Although dynamic Computed Tomography
(CT) is a standard imaging technique for HCC diagnosis [6,7], its interpretation requires expert knowledge
and is both time- and labor-intensive [8]. Recent research has demonstrated that automated methods, such
as computer vision, can enhance diagnostic efficiency and reduce human error [9,10].

Pre-trained Convolutional Neural Networks (CNN), including MobileNetV3, EfficientNet, ResNet50, and
VGG16, have proven effective in medical image classification tasks. However, their performance is highly
dependent on large and diverse training datasets. In medical domains, data acquisition and sharing are
constrained by strict privacy laws and ethical considerations.

As data privacy and security remain top concerns, Federated Learning (FL) has emerged as a viable
alternative to centralized training approaches. FL allows multiple institutions to collaboratively train ML
models locally, without sharing sensitive data. Only model parameters are exchanged and aggregated,
preserving patient confidentiality while enabling large-scale collaborative research.

In this study, an FL-based classification framework is applied by using EfficientNetB5 for liver tumor
identification in MRI images. To assess its effectiveness, we compared the FL. model’s performance with
centralized implementations of widely used DL architectures, including CNN, EfficientNet, MobileNetV3,
ResNet50, and VGG16. This comparison aims to evaluate FL's advantages not only in classification
accuracy but also in addressing data privacy concerns.

The limitations of centralized data usage in medical imaging—particularly regarding privacy, ethics, and
regulatory compliance—have led to increased interest in decentralized learning frameworks. FL provides
a robust solution by enabling collaborative model training across institutions without transferring raw
patient data. This privacy-preserving approach ensures compliance with legal standards while maintaining
diagnostic performance. In the context of this study, FL was applied to liver tumor classification using MRI
data. Figure 1 illustrates the architecture of the proposed FL framework and its operational flow in a
healthcare setting, highlighting how the model aggregates local updates while preserving data
confidentiality (adapted from [11]).
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Federated Learning in Healthcare

Figure 1. FL technology in the healthcare domain [11]

In conclusion, the study addresses the detection of HCC, a significant issue in medical imaging, by
integrating FL to protect data privacy, which is of considerable importance in light of current concerns
regarding patient data security. The study also observes that the combination of EfficientNetBS with FL
represents a novel approach and that the comparative analysis with traditional DL models adds significant
value.

2. LITERATURE REVIEW

In the realm of medical imaging, the application of ML and DL techniques has led to significant progress,
particularly in the classification and diagnosis of liver tumors using MRI images. This section examines
relevant studies in the field, emphasizing key approaches, findings, and their connection to the present
research (Table 1).

Roth et al. [12] demonstrated the effectiveness of FL in breast density classification by involving seven
clinical institutions in a collaborative effort that ensured confidentiality. Their FL-trained model
outperformed single-institution models with a 6.3% performance gain and showed a 45.8% improvement
in generalizability across external datasets. Despite its success, the study lacks analysis of computational
costs and overlooks challenges in large-scale FL deployment, such as infrastructure heterogeneity and data
standardization.

Bernecker et al. [13] applied two FL methods, FedNorm and FedNorm+, to perform liver disease
segmentation using CT and MRI data from 428 patients across six datasets. FedNorm+ demonstrated
superior performance in comparison to local models and equaled the performance of centralized models by
attaining a high Dice score of up to 0.961. However, the study is not accompanied by metrics that would
allow for an assessment of its accuracy. These limitations, despite the study's initial success in
demonstrating the efficacy of the segmentation approach, render it difficult to apply to actual clinical
settings.

Mahlool et al. [14] proposed a novel classification model that integrates DL with the FL algorithm. The
model was evaluated using the CT-small 2¢ and CT-large 3¢ datasets, yielding classification accuracies of
0.82 and 0.96, respectively. The researchers' findings indicate that classification systems developed in FL
can offer high reliability and prove effective in clinical decision support systems.
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Table 1. Summarization for related works
Number of Data set Accuracy /

Authors Year patients / images description dice (%) Methodology
FL for breast density
Roth Mammography 6.3 (avg.), . . .
etal. 2020 715.000 (BIRADS, multi-institutional) 4538 (gen.) class1ﬁcat10nsicersoss 7 clinical
. FedNorm and FedNorm+
Bernecker ), 428 CT and MRI images from 6y, 0. o6 | algorithms for FL-based
et al. different public datasets .
segmentation
253 BT-small-2¢c: MRI. BT-small-2¢
Mabhlool (BT-small-2c), BT-large-3c: MRI Acc: 82, . . .
etal 2022 3.064 (3 tumor types, BT-large-3c FL for brain tumor diagnosis
(BT-large-3c) 500 healthy) Acc: 96
Trivedi AlexNet-based FL tested on
ctal 2023 576 MRI Acc: 99.59 IID Liver dataset with
: lightweight CNNs
Chai Giene expression data from FL with AdFed, DeepSurv-
2024 733 TCGA and GEO (cross- Acc: 54.2 - ed, eepst
et al. Lo . based survival prediction
institutional, anonymized)
41 whole-shd‘e images Centralized F L applied to hlgh-resqlutlon
. . (JPEG2000), divided into om0/ histopathology images; images
Lusnig 41 patients . Acc: 97%); . .
2024 . 1024x1024-pixel patches; categorized into transplant-
etal. /4,400 images . Federated . . :
balanced dataset with 1100 Acc: ~90% suitable vs. unsuitable; used
images per stage ' ’ HQNN for classification
Shankar Multi-modal dataset Prediction of liver disease
etal 2025 (CT, MR, ultrasound + lab Acc: 79.05 using FL from imaging and
) values) clinical data

Trivedi et al. [15] evaluated lightweight FL strategies for HCC classification using several pre-trained
CNNs, with AlexNet achieving a peak accuracy of 99.59%. A distinguishing feature of their study is its
emphasis on system efficiency and deployable architectures. However, the study lacks a detailed discussion
on real-world application challenges such as dataset size and communication costs, or training latency.

Chai et al. [16] proposed AdFed, an FL framework for survival prediction in multiple cancers, including
liver cancer. Using 733 genetic profiles, the model achieved an AUC of 0.605 for liver cancer, surpassing
comparable FL approaches. A major strength is its biological interpretability, with half of the top genes
already known to be associated with liver cancer. However, the limited sample size and lack of discussion
on real-world FL challenges, such as scalability and communication overhead, weaken its practical
applicability.

Lusnig et al. [17] introduced an FL framework using hybrid quantum neural networks (HQNNs) for
classifying Non-Alcoholic Fatty Liver Disease (NAFLD) from histopathological biopsy images. The model
achieved 97% accuracy under centralized training and around 90% under FL, demonstrating strong
performance while preserving data privacy. Despite the promising results, the study is limited by a small
dataset (41 patients) and potential scalability issues due to quantum infrastructure requirements.

Shankar et al [18] developed an FL framework that combines CT, MRI, and ultrasound medical imaging
data with clinical test data (e.g., bilirubin, ALT, AST) for liver disease prediction. The approach is to
achieve an acceptable accuracy of 79.05% while maintaining data confidentiality. However, this study lacks
transparency regarding the dataset size and patient numbers. The objective of this study is to identify cases
of general liver disease as opposed to tumor-specific classification.

Fofanah et al. [19] presented a comprehensive study that employed CNN and DL techniques for the purpose
of detecting skin cancer. The proposed method in this study achieved an 84.3% accuracy rate in skin cancer
detection.

Firat and Uzen [20] proposed a DL method for the classification of Alzheimer's disease on MRI. This
method was based on Inception and CNNs. Utilising this approach, the researchers attained a classification
accuracy of 98% on a four-class dataset.
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3. METHOD
3.1. Dataset Description

This study utilizes a publicly available dataset from the ATLAS (A Tumour and Liver Automatic
Segmentation) challenge, comprising contrast-enhanced T1-weighted MRI scans from 90 patients
diagnosed with inoperable HCC [21]. The dataset includes segmentation masks for both liver and tumor
regions, allowing for binary classification into "normal" and "tumor" categories. A total of 3.623 training
and 1.553 test images were balanced across both classes, as illustrated in Figure 2. All images were resized
to 224x224 pixels and preprocessed accordingly. The data was randomly split into 70% training and 30%
testing sets to ensure generalizability. Additionally, Figure 3 presents representative examples that highlight
variations in tumor morphology and anatomical structures.

Distribution of Images in Train and Test Sets

1808 1815 Normal
1750 Tumor

1500
1250
1000

7501

Number of Images

500

250

Train Test
Dataset Type

Figure 2. The numerical distribution of normal and tumor images in the training and test datasets

Tumor Normal Tumor Tumor

Tumor Normal Tumor

Figure 3. Sample images from the dataset
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3.1.1. Data Preprocessing

In this study, a comprehensive data preprocessing pipeline was implemented to enhance the performance
of the model and ensure consistency across the dataset. Initially, all MRI images were resized to 224 x 224
pixels, ensuring uniform input dimensions for all models. To improve the generalization capability of the
model and mitigate overfitting, several data augmentation techniques were employed. These included
rotation (+40°), horizontal flipping, zooming (+30%), brightness adjustments (range: 0.8—1.2), width and
height shifting (+30%), and shear transformations (+30%). These augmentations not only expanded the
diversity of the dataset but also contributed to improving the model’s robustness. Additionally, all images
were normalized by scaling pixel values to the [0,1] range, which ensured numerical stability throughout
the training process. To avoid class imbalance and reduce potential bias, a class-balancing strategy was
applied, ensuring an equal representation of tumor and non-tumor images. Finally, the dataset was
partitioned into training and test sets, with 70% of the images allocated for training and the remaining 30%
used for evaluation. These preprocessing steps were essential for optimizing the performance of the
FL-based classification model.

3.2. Federated Learning

Al has significantly transformed the field of medical imaging by enabling the automation of diagnostics
and enhancing accuracy across diverse healthcare settings. However, developing robust Al models requires
access to large and varied labeled datasets—a challenge in clinical environments due to stringent data
privacy regulations, inter-institutional differences, and the limited availability of annotated medical data.
To address these challenges, collaborative and privacy-preserving approaches have been introduced, with
FL emerging as a leading decentralized technique. FL enables multiple medical institutions to train models
locally on their private datasets and contribute to a shared global model by sending only model updates,
thereby safeguarding sensitive patient information within the original institution while facilitating
knowledge aggregation from varied data sources [22]. In this study, a strategy of full client participation
was employed to maximize the collaborative potential of FL.

In this study, all three clients actively participated in the model training process during each federated
round. Each client trained its local model for 3 epochs on its respective dataset, with this process being
repeated across 10 federated rounds. The strategy of full participation guarantees that model updates from
all clients are integrated into the global model in every round, thereby fostering more efficient and balanced
learning.

The training dataset, comprising 90 ATLAS patients and 3,623 images, was partitioned equally and
independently among three FL clients to simulate an Independent and Identically Distributed (IID) data
setting. Each client received approximately one-third of the total data with balanced class distributions,
ensuring statistical similarity across clients. This configuration represents an ideal FL scenario, where data
is evenly and randomly distributed among clients, facilitating fair evaluation of model performance.

Federated Averaging (FedAvg) is one of the most widely used optimization algorithms in horizontal FL,
where client data remains decentralized and is not shared with a central server. This method has been
extensively studied for its convergence properties under various conditions, including data heterogeneity
and variations in loss functions, demonstrating its robustness in collaborative learning environments [23].
In this study, FedAvg was employed as the aggregation mechanism to synchronize the local models of the
three clients into a unified global model. After each client trained its local model over three epochs, the
learned weights were sent to the central server, where layer-wise averaging was conducted. The resulting
global weights were then redistributed to all clients for the subsequent training round. This iterative process
was repeated across 10 federated rounds, allowing the global model to progressively improve by
incorporating knowledge from all clients, all while maintaining data privacy.

While FedAvg facilitates collaborative model training without direct data sharing, it does not inherently
guarantee complete privacy. FedAvg remains vulnerable to privacy attacks such as gradient inversion and
membership inference, which can potentially expose sensitive client information. This study acknowledges
these limitations and considers the integration of advanced privacy-preserving mechanisms as important
directions for future work to enhance the robustness of the FL framework.
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For the training of the FL, the binary cross-entropy loss function was employed, which is well-suited for
the liver tumor classification task due to its binary nature. This loss function effectively measures the
difference between predicted probabilities and actual class labels in binary classification tasks, making it a
standard and reliable choice for such applications. The model was optimized using the Adam optimizer,
renowned for its adaptive learning rate and strong performance in DL tasks. Alongside the minimization of
the loss function, various performance metrics were monitored during both training and evaluation,
including accuracy, precision, recall, F1-score, and ROC-AUC. These metrics provided a comprehensive
evaluation of the model’s classification capabilities, particularly in a clinical context where both sensitivity
and specificity are crucial for decision-making.

Figure 4 illustrates the training and testing process implemented in this study, following the FL framework.
In this setup, separate models are trained locally on distinct clients using their respective data. Following
each training round, the local model weights are sent to a central server, where the FedAvg algorithm is
applied to update the global model. This iterative process continues until the model achieves optimal
accuracy. Once the final model is obtained, its performance is assessed using the central test dataset.

Data Preprocessing
- Data Collection

- Data Augmentation
- Train/Test Split

Model Training (Federated Learning)
- Model Selection
- Federated Learning Updates
- Federated Averaging

Model Testing & Evaluation
- Accuracy, Precision, Recall
- F1 Score, ROC-AUC

Results Analysis & Comparison
- FL vs Traditional Models
- Privacy & Performance Trade-off

Figure 4. The flowchart of the proposed training and testing process for liver tumor classification
3.3. Comparison Models for Liver Tumor Classification

To assess the performance of the proposed FL model for liver tumor classification, five well-established
DL architectures—CNN, EfficientNet, MobileNetV3, ResNet50, and VGG16—were implemented as
baseline models. These models were selected for comparison and were trained under identical
hyperparameter settings to ensure consistency and fairness in the evaluation process. Specifically, each
model underwent training for 10 epochs with a batch size of 32, utilizing the Adaptive Moment Estimation
-Adam optimizer and binary cross-entropy as the loss function. ReLU activation was applied to the hidden
layers, while the output layer employed the sigmoid activation function, which is suitable for binary
classification tasks. Table 2 provides an overview of the training configurations for these models.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Diagnosis of Hepatocellular Carcinoma - HCC Liver Cancer Using Federated Learning on MR Images

Table 2. Training configurations for models

Number of Batch size Optimizer Loss function Activz}tion Output

epochs functions layer
CNN 10 32 Adam Binary Crossentropy Relu Sigmoid
EfficientNet 10 32 Adam Binary Crossentropy Relu Sigmoid
MobileNetV3 10 32 Adam Binary Crossentropy Relu Sigmoid
ResNet50 10 32 Adam Binary Crossentropy Relu Sigmoid
VGG16 10 32 Adam Binary Crossentropy Relu Sigmoid

3.3.1. Convolutional Neural Networks

In this study, a custom CNN was developed as a baseline model for liver tumor classification. The
architecture includes three convolutional layers with progressively larger filter sizes (32, 64, and 128), each
followed by a MaxPooling2D layer to reduce spatial dimensions and mitigate overfitting. After the
convolutional operations, the feature maps are flattened and passed through a fully connected dense layer
containing 128 neurons, activated by the ReLU function. Finally, a sigmoid-activated output layer is
employed to perform binary classification. This relatively straightforward yet efficient architecture serves
as a foundational model for comparing the performance of more advanced, pre-trained models in liver
tumor classification.

3.3.2. EfficientNet

In the comparative analysis, EfficientNet was employed to evaluate the performance of liver tumor
classification. The model was fine-tuned by unfreezing the last 50 layers of the pre-trained base and
retraining them on the target dataset. To tailor the model for binary classification, additional layers were
incorporated on top of the base, including a GlobalAveragePooling2D layer, a dropout layer with a 0.3 rate
to mitigate overfitting, and two dense layers—one with 128 neurons activated by ReL.U, and a final output
layer with a sigmoid activation function. This architecture enabled the model to capture domain-specific
features while leveraging the benefits of transfer learning for improved performance.

3.3.3. ResNet50

The ResNet50 architecture with 50 layers deep was developed by Microsoft Research in 2015, considered
to be among the most popular CNN architectures around, which employs skip connections to address the
vanishing gradient problem, enabling effective training of deeper networks. This model has shown robust
performance in medical imaging classification, particularly in identifying complex patterns within tumor
images. However, its computationally intensive nature may pose challenges for deployment in real-world
medical settings, where resources may be limited.

3.3.4. MobileNetV3

In this study, MobileNetV3 Small was adapted using a transfer learning approach specifically designed for
medical image classification tasks. The model utilized pre-trained weights, with the initial layers frozen to
retain low-level feature extraction capabilities. The MobileNetV3 small architecture was employed,
followed by the addition of a Global Average Pooling layer, a fully connected dense layer with 128 neurons
and ReLU activation, a Dropout layer with a 0.5 rate to mitigate overfitting, and a final output layer with a
single neuron using sigmoid activation for binary classification. The training process utilized the Adam
optimizer along with the binary cross-entropy loss function. Additionally, the learning rate was dynamically
adjusted using the ReduceLROnPlateau technique, which monitored the validation loss and reduced the
learning rate when further improvements plateaued.

3.3.5. VGG16

One of the comparison models employed in this study was the VGG16 architecture. The base of the model
consisted of the VGG16 network, which was pre-trained on ImageNet, with its top layers removed. To
minimize overfitting and allow the model to focus on training the newly added layers, the weights of the
pre-trained layers were frozen. A Global Average Pooling layer was incorporated to flatten the feature
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maps, followed by a fully connected dense layer comprising 128 neurons and ReLU activation, and a
Dropout layer with a rate of 0.5 to reduce overfitting. The final output layer incorporated a sigmoid
activation function to facilitate binary classification. The model was constructed with the Adam optimiser,
with a learning rate of 0.001 and binary cross-entropy as the loss function.

4. RESULTS

To evaluate the effectiveness of the proposed FL model in liver tumor classification, five distinct DL
architectures were implemented for comparison. The custom-designed CNN employed a simplified
architecture consisting of three convolutional layers, each followed by max-pooling and fully connected
layers. EfficientNet was fine-tuned by unfreezing its last 50 layers and enhanced with a Global Average
Pooling layer, dropout regularization, and dense layers. Similarly, MobileNetV3 and ResNet50—both
initialized with ImageNet pre-trained weights—were adapted with additional layers including Global
Average Pooling, ReLU-activated dense layers, and dropout to improve generalization. The VGG16 model
was also employed by freezing its convolutional base and appending dense layers for the binary
classification task. All models were trained under consistent settings using the binary cross-entropy loss
function and the Adam optimizer, which is an optimisation algorithm that is frequently employed in the
training of DL models. This approach synthesises the merits of two other extensions of stochastic gradient
descent (SGD): AdaGrad and RMSProp. The architectural and training configurations of these models are
summarized in Table 3, ensuring a fair and systematic comparison of model performances.

Table 3. Architectural and training configurations of DL models used for image classification

Pretrained Dropout Dense
Model . Trainable layers Pooling type P layer
weights rate .

(units)
CNN No All MaxPooling2D None 128
EfficientNet ImageNet Last 50 layers GlobalAveragePooling2D 0.3 128
MobileNetV3 ImageNet Frozen (feature extractor) GlobalAveragePooling2D 0.5 128
ResNet50 ImageNet Frozen (feature extractor) GlobalAveragePooling2D 0.5 128
VGG16 ImageNet Frozen (feature extractor) GlobalAveragePooling2D 0.5 128

To comprehensively assess the performance of the proposed liver tumor classification model, five key
evaluation metrics—accuracy, precision, recall, F1-score, and ROC-AUC score—were utilized. These
metrics offer valuable insights into the model’s ability to correctly classify MRI images, differentiate
between normal and tumor cases, and perform effectively in a real-world diagnostic setting.

The evaluation of performance criteria constitutes a pivotal step in both ML and DL. The True Positive
(TP), True Negative (TN), False Positive (FP), and False Negative (FN) outcomes are pivotal for the
evaluation of the performance of classification models. These metrics facilitate comprehension of the extent
to which their models can generate precise predictions and subsequently optimise them for discrete or
particular decisions, thereby enhancing decision-making processes across diverse domains.

TP: The number of times the model correctly predicted the positive class.

TN: The number of cases where the model correctly predicted the negative class.

FP: The number of instances where the model incorrectly predicted the positive class.
FN: The number of cases where the model incorrectly predicted the negative class.

Accuracy is one of the most fundamental metrics for evaluating the overall performance of a classification
model. It is defined as the ratio of correctly classified instances—both positive and negative—to the total
number of predictions made, as shown in Equation 1. While accuracy can serve as a reliable indicator in
balanced datasets, it may become misleading in imbalanced scenarios.

p ~ TP + TN
CeUracy = b TN + FP + FN

M
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Precision is defined as the proportion of predicted positive cases that are actually positive and is formally
expressed in equation 2. A high precision score indicates that the model effectively minimizes false
positives, meaning its positive classifications are more reliable.

TP

- 2
TP + FP )

Precision =

Recall assesses the model’s ability to identify positive cases correctly and is mathematically defined in
equation 3. This metric is particularly important in applications where failing to detect a positive case can
have serious consequences, such as in medical diagnosis

Recall = —
= TP I EN 3)

F1-Score is the harmonic mean of precision and recall, as defined in Equation 4. It is particularly effective
in evaluating model performance on imbalanced datasets, as it considers both false positives and false
negatives. A high F1-score reflects the model’s ability to strike a balance between precision and recall,
effectively minimizing both types of errors. The F1-Score serves as a crucial metric, ensuring that the model
not only avoids false alarms but also captures the majority of true positive cases.

1 ) Precision * Recall @)
i = *
score Precision + Recall

ROC-AUC Score is a graphical representation that is used to evaluate the performance of a classification
model at various threshold values. The Area Under the Curve (AUC) represents the area beneath the
Receiver-Operating Characteristic Curve (ROC) and measures the model's overall discriminative ability.
The ROC-AUC metric is particularly important for evaluating classification models on imbalanced
datasets. As illustrated in Figure 5, the ROC curves of the models under investigation are displayed.

ROC Curves with Fixed Colors and Clear Legend

True Positive Rate

—— Federated Leaming (AUC = 0.9900)
02 prs —— CNN (AUC = 0.9900)

e — EfficientNet (AUC = 1.0000)
MobileNetv3 (AUC = 0.9788)

o —— ResNet50 (AUC = 0.9835)
o —— VG616 (AUC = 0.9970)
L -=-- Random Guess

0.0 0.2 0.4 0.6 08 10
False Positive Rate

Figure 5. ROC curves
The classification performance of the models studied is shown in Table 4.

Table 4. Performance of models

Accuracy (%) Precision (%) Recall (%) F1-Score (%) ROC-AUC (%)
FL 93.75 99.71 87.79 93.37 99.19
CNN 98.58 99.74 97.43 98.57 98.59
EfficientNet 99.55 99.61 99.49 99.55 99.55
MobileNetV3 95.43 97.20 93.57 95.35 97.88
ResNet50 94.01 94.54 93.44 93.99 98.35
VGG16 98.71 99.74 97.69 98.70 99.70

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Burak UZDUR, Erkut TEKELI, Turgay IBRIKCI, Harun Ur RASHID, Geetha RAMACHANDRAN

Figure 6 presents a graphical representation that compares the classification performance of the models.
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Figure 6. Comparison of model performances
To empirically justify our choice of hyper parameters in the FL setup, we conducted an ablation study by
varying local epochs and global rounds. Table 5 summarizes the performance metrics across four different

configurations.

Table 5. Ablation study of FL configuration
Local epochs Rounds Accuracy (%) Precision (%) Recall (%) F1-Score (%) ROC-AUC (%)

3 10 93,75 99,71 87,79 93,37 99,19
1 5 92,14 90,80 93,83 92,29 97,40
1 10 92,98 96,65 89,07 92,71 98,49
1 20 82,68 75,02 98,07 85,01 97,62

As shown in Table 5, the configuration with 3 clients, 3 local epochs, and 10 rounds yielded superior results
in terms of accuracy and ROC-AUC compared to the other evaluated configurations. Based on these
findings, this setup was selected for use in the subsequent experiments.

As the final results, the FL-based model achieved an accuracy of 93.75% and a precision value of 99.71%.
These results demonstrate that the model provides highly reliable and accurate positive results in the
diagnosis of liver tumors, while also effectively differentiating between classes. The F1-Score was 93.37%,
and the ROC-AUC value was measured at 99.19%, both of which indicate the high overall performance of
the model and its potential for use in critical decision-support systems in healthcare.

It is observed that the centralized EfficientNet model achieves a higher accuracy (99.55%) compared to the
FL model (93.75%). This performance gap is expected and can be attributed to the inherent challenges of
FL, such as data heterogeneity across clients, communication constraints, and the absence of direct access
to the full training dataset.

Despite this difference, the FL model still achieves a high level of accuracy and offers substantial privacy
advantages by enabling model training without centralized data aggregation. In real-world medical
environments, such as inter-hospital collaborations, data sharing is often limited by strict privacy
regulations (e.g., HIPAA, GDPR). Consequently, the observed reduction in accuracy is justified by the
critical need to maintain data privacy, particularly in healthcare settings where centralized data sharing is
not feasible.
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In the diagnosis of HCC using MRI, sensitivity (recall) rates are typically reported in the range of 85% to
95% [24, 25, 26]. Deep learning-based models have also achieved recall rates comparable to those of expert
radiologists [24]. In our study, the achieved recall rate of 87.79% falls within the lower bound of this
clinically accepted range. However, this corresponds to a 12.21% false-negative rate, which could lead to
missed diagnoses in practice. According to the Liver Imaging Reporting and Data System (LI-RADS)
developed by the American College of Radiology, sensitivity levels above 88% are considered desirable
for MRI-based HCC diagnosis [27]. In our study, the recall rate of 87.79% falls within the lower limit of
the range accepted as clinically acceptable in the literature.

In comparison, EfficientNet exhibited the highest performance with an accuracy of 99.55%. Its precision
and recall values are very close, reflecting the model's success in accurately diagnosing tumors. Both
VGG16 and CNN models also showed high accuracy rates (98.71% and 98.58%) and excellent precision
values (99.74%). However, when compared to the FL model, these models exhibited higher recall values
(97.69% and 97.43%), which is a crucial factor in healthcare applications, where false negatives can have
significant consequences. This situation demonstrates that further development of FL is required in order
to offer a more balanced and reliable solution.

MobileNetV3 and ResNet50 models, with accuracy rates of 95.43% and 94.01%, respectively, presented
the lowest performance. Nevertheless, their precision and F1-score values are still at levels suitable for
healthcare applications, providing useful results.

5. CONCLUSION AND DISCUSSIONS

Accurate diagnosis of HCC is essential for guiding life-saving treatments. In this study, it is shown that
FL—a privacy-preserving ML approach—can reliably detect HCC from MRI medical imaging. The
necessity to classify liver cancer while protecting patient privacy has become increasingly important. This
study investigates the feasibility of using FL and DL to categorize liver cancer. The study also examines
the comparisons of CNN, EfficientNet, MobileNetV3, ResNet50, and VGG16 with FL.

This study confirms that FL, particularly when integrated with EfficientNetBS5, is a viable solution for
privacy-preserving liver tumor classification in MRI imaging. The findings demonstrate the system's
capacity to generate outcomes that are competitive with those of the baseline system, while utilizing fewer
resources and ensuring superior data privacy. These results underscore the practical viability of FL for HCC
classification in clinical environments.

Conversely, it is imperative to recognise that the Federated EfficientNet model exhibits a lower
classification accuracy (93.75%) in comparison to its central counterpart (99.55%). This performance gap
is expected, given the decentralized training constraints and the limited global information available to each
client. However, this trade-off is justified in privacy-sensitive environments where direct data sharing is
infeasible. Future work will aim to reduce this gap by incorporating more sophisticated aggregation
techniques (e.g., FedProx, FedOpt), dynamic client selection, and hybrid learning approaches that strike a
better balance between performance and privacy.

Although the proposed FL framework achieved promising accuracy and ROC-AUC scores, the recall value
remained relatively lower compared to clinical expectations. This indicates that the model may still miss a
portion of true positive cases, which is critical in hepatocellular carcinoma diagnosis. To address this
limitation, future work will explore advanced strategies such as cost-sensitive learning, focal loss functions,
and ensemble techniques tailored to enhance recall. Additionally, incorporating clinical metadata (e.g.,
patient history, lab results) alongside imaging data could improve diagnostic robustness. Finally,
investigating personalization techniques in FL, such as federated fine-tuning or clustering-based model
adaptation, may further reduce false negatives by tailoring models to client-specific distributions.

While FedAvg facilitates privacy-aware training by avoiding direct data sharing, recent studies have shown
that it is still vulnerable to privacy leakage through indirect inference attacks. In particular, gradient
inversion attacks [28] can reconstruct sensitive input data from shared model updates, while membership
inference attacks [29] can expose whether a particular data point was part of a client's training set. These
vulnerabilities highlight the need for complementary privacy-preserving mechanisms such as differential
privacy, secure aggregation, or homomorphic encryption. Incorporating such techniques in future
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implementations will be critical to ensuring stronger privacy guarantees without compromising model
performance.

Future work may also involve the deployment of FL frameworks in multi-institutional hospital networks
and the integration of multimodal clinical data.
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Hidden Markov Models (HMMs) are widely used in many
sequential decision-making problems due to their ability to
model time-related dependencies. The standard decoding
methods in these models, such as the Viterbi algorithm, are
limited by their dependence on past observations only. Thus,
this leads to unpredictability when future information is
available. In this work, we propose a decoding strategy called
Beam-Limited k-Step Lookahead that looks k-step ahead,
drawing parallels to k-step discrete control synthesis, to make
use of future information. The proposed method achieves a
balance between decoding accuracy and computational
complexity by constraining the search space to the top M most
promising paths. Experimental results on synthetic HMM data
show that our new decoding strategy significantly improves
decoding accuracy over classical Viterbi decoding. The findings
highlight the potential of this new strategy to improve the
performance of sequential decoding systems.
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Gizli Markov Modelleri (HMM 'ler), zamanla ilgili bagimliliklart
modelleme yetenekleri nedeniyle birgok ardigik karar verme
probleminde yaygin olarak kullanilir. Bu modellerdeki standart
kod ¢6zme yontemleri, Viterbi algoritmasi gibi, yalnizca ge¢gmis
gozlemlere olan bagimhiliklartyla smirhidir. Bu nedenle,
gelecekteki bilgiler mevecut oldugunda Ongoriilemezlige yol
acar. Bu ¢alismada, gelecekteki bilgileri kullanmak i¢in (yani
kontrol teorisindeki k-adiml1 ayrik kontrol sentezine benzer bir
yaklagimla) k-adim ileriyi géren Isin Simirli k-Adim ileriye
Bakis ad1 verilen bir kod ¢dzme stratejisi dneriyoruz. Onerilen
yontem, arama alanini en umut verici M yolla smirlayarak kod
¢ozme dogrulugu ve hesaplama karmasiklig1 arasinda bir denge
saglar. Sentetik HMM verileri iizerindeki deneysel sonuglar,
yeni kod ¢6zme stratejimizin kod ¢ézme dogrulugunu klasik
Viterbi kod ¢6zmeye kiyasla onemli o6lgiide iyilestirdigini
gostermektedir. Bulgular, bu yeni stratejinin ardisik kod ¢6zme
sistemlerinin ~ performansini iyilestirme  potansiyelini
vurgulamaktadir.
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1. INTRODUCTION

The utilization of machine learning-based models in scientific research has become firmly settled. Up-to-
date works are now directed towards enhancing the effectiveness and efficiency of existing Machine
Learning (ML) models through the combination of different models or tools. As is well-known, the Hidden
Markov Model (HMM) is considered a powerful ML tool employed for modeling sequential data in several
fields such as speech recognition[ 1], bioinformatics[2], and handwriting recognition[3].

Three distinct algorithms are employed for three fundamental problems in HMM. The decoding problem,
which is the central focus of this study, is typically solved by the Viterbi algorithm. The algorithm gives
the most probable sequence of underlying hidden states as its output given a sequence of observations [4].
However, the standard Viterbi algorithm, exclusively uses the past observations. Due to its inherent
structure rooted in the Markov assumption, it potentially ignores the future observations. This causal
dependency means that Viterbi cannot leverage potentially rich information contained in subsequent
observations by its design. This aspect leads to suboptimal state estimations in scenarios where future
context is available and relevant. This limitation naturally leads us to the following question: In the context
of the decoding problem, could knowledge of observations a few steps into the future help us to determine
more optimal and probable sequence of hidden states?

To find a proper answer to this question, we introduce a k-step lookahead decoding strategy that
incorporates future knowledges when performing state estimations with the decoder algorithm. We
suppsose that utilizing information from the future in this manner will yield a more accurate estimation of
the most likely hidden state sequence. However, a significant challenge arises in the computations: the
computational complexity of the k-step lookahead calculation increases exponentially with the depth of k.
Adapting a model that performs such expensive calculations to real-world applications will be difficult.

Effectively overcoming the computational complexity induced by the depth of the k value requires strategic
method. Thus, we integrate the beam search pruning technique into the lookahead process. This method
allows us to keep only the M most promising paths at each step, thereby aligning with the fundamental
objective of decoding, which is to retain the path with the highest probability among the current
possibilities. The proposed method offers a scalable framework that adeptly balances accuracy and
computational efficiency.

Our work is determined by combining k-step lookahead with beam pruning in a lightweight and efficient
manner. It is specifically applied for HMM decoding without the need for retraining or model restructuring.

1.1. Related Work

There are several works that have been proposed to improve decoding performance in Hidden Markov
Models. The Viterbi algorithm [5] is the classical approach, finding the most likely sequence of hidden
states based on given observations. However, this method does not exploit the information of future
observations.

Lookahead decoding techniques have been investigated to address the use of future information. For
instance, k-step lookahead strategies, as studied in [6] where the proposed decoder method uses future
observations to improve prediction accuracy. The difference between this work and ours is positioning
based on the lookahead module. Their approach depends on depth-first search and our study's lookahead is
based on k-step discrete controller synthesis. We perform the decoding operation with a discrete controller
for the decoding problem.

Beam search is a heuristic method widely used in natural language processing. [7] provides a practical
solution by limiting the number of paths considered during decoding. Some works have applied beam
search to sequence models [8,9]. However, in their works, integration with k-step lookahead has been
limited.

Other approaches, such as particle filtering [10] and deep learning-based sequence models [11], have been
studied for sequential decoding. Yet, these methods require large-scale computational resources.
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1.2. Related Work

The remainder of this paper is organised as follows: Section 2 formally defines the problem, Section 3
describes the proposed method, Section 4 presents experimental evaluations, Section 5 discusses the results,
and Sections 6 conclude with insights and future directions.

2. PROBLEM DEFINITION

An HMM is a well-known ML tool that provides a probabilistic framework for modelling sequential data,
where transitions of the system between hidden states while emitting observable outputs [12]. The goal of
HMM-based decoding is to determine the most probable sequence of hidden states that could have
generated a given sequence of observations [5]. This is called Decoding Problem which is one of the
classical problems of HMM. This is commonly solved using the Viterbi algorithm, which applies dynamic
programming to identify the proper state path. However, the structure of the standard Viterbi is inherently
causal [2]. It means that it only depends on the previous condition. Thus, its predictive capability is limited
when future information is known and available. Yet, directly apply lookahead idea into into the decoding
process increases computational complexity dramatically. In this point, we need an efficient decoding
strategy to utilize the future observations without suffering from exponential cost. Thus, we propose a novel
decoding approach to addresses this problem.

2.1. Definition of Hidden Markov Model
Hidden Markov Model (HMM) is defined by the following components [13]:

® A finite set of hidden states : § = {s;, 55, ..., Sy},
A finite set of observations: 0 = {04, 05, ..., 0y},

® A transition probability matrix: A = [al-]-], where a;; = P(qu =s; | q. = si)
® An emission probability matrix: B = [,Bj (k)],wherbj (k)=P(o, =0, | q: = Y )e,

® An initial state distribution: m = [q;], where q; = P(qo = s;)-

The goal is to decode the most probable hidden state sequence Q = (qq, ¢, ..., qr) depending on given
obervation sequence 0 = (04, 0y, ..., 07).

t=1 t=2 t=3 t="T

01 02 03 or

Figure 1. HMM structure showing transitions between hidden states q; and corresponding emissions O
2.2. Standard Viterbi Algorithm

The standard decoding algorithm, Viterbi, is a dynamic programming approach to find the most probable
hidden state sequence depending on given observation sequence. The formal computation is [14];

Q= argmax P(Q|0) ¢))

It defines;

8,(J) = max P(qq,..,q¢-1,9: = S, 01, ..., 0p) 2)
q1q1-1
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The steps of this algorithm are;

e Initial step: 61 (j) = m;b;(0,)

e Recursion step: 6;(j) = miax[(‘it_l(i)aij]bj (0p)

The optimal path is reconstructed using backtracking when t=T.

t=20 t=1 t=2

01 02 or

Figure 2. Viterbi decoding as dynamic programming over possible state paths that are illustrated with red
arrows

2.3. Limitations and Definitions of the Proposed Model

The standart decoding algorithm oh HMM is optimal under the assumption that only past informations (i.e.
observations) are known [15]. Thus, it does not exploit the future observations during the process. On the
other hand, while our proposed model facilitates the consider of future steps into the calculation, thus
offering a novel strategy for decoding, extending the lookahead by k steps leads to an exponential increase
in computational complexity.

The problem statement:
e Given:
o AHMM (4,B,n)
o An observation sequence O = (04, ..., 0r)
o A desired lookahead depth k
o A beam width constraint M
e Design a decoding

o Use k -step lookahead to consider future observations
o Avaoids exponential computation

o  Use near-optimal M value within practical runtime

This work proposes a novel decoding approach that directly addresses this problem via a beam-limited
lookahead mechanism. The core challenge we tackle is utilizing k-step future observations efficiently while
bounding computational complexity through beam pruning. The k-step lookahead strategy employed in this
work can be designed as a form of k-step discrete control synthesis. This approach arises from the decision-
making process at each time step. The system synthesizes a sequence of future hidden states where
maximizes the overall likelihood of the given future observations. This process analogous to a controller
optimizing future actions based on predicted states. Unlike traditional depth-first search (e.g. as [6])
methods that might explore all branches exhaustively, our approach implicitly guides this "synthesis"
through probabilistic maximization. With this way, the proposed method prepares the beam pruning to
efficiently manage the search space.
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3. METHOD

In this section, we detail our proposed model, including definitions of the tools employed and their
operational principles. As illustrated by the model's name, we will begin by defining the k-step lookahead.
Next, we will discuss the application of beam search pruning to reduce the computational cost associated
with the k-step. To clarify the operational principle, we will present a pseudocode representation and
theoretically support the proposed strategy by providing relevant theorems and proofs.

3.1. k-Step Lookahead Formulation

HMM is traditionally designed to make sequential state estimations based only on past observations and
the current hidden state. However, in this work, access to future observations can improve the accuracy of
decoding. To utilize future information, we introduce a k-step lookahead strategy where at each step, future
[J observations are added into the state estimation process.

As mentioned the definition of HMM in Section 2.1, the objective is to maximize the joint probability of
P(q; | 04, ...,07) at each time t. However, the proposed method instead maximizes the joint probability

of P(qt qes1s ++» Qesk | 01, .., 07 ) . This joint probability can be expanded by using Bayes’ rule and
Markov assumptions :

k
P(q:, qes1s - Qesto O Ot -+ Opak) X P(qy) 1_[ A, ilerii Bqt+i(0t+i) 3)
i=0

Here, multiple future states and observation symbols are considered during decoding at each time step.

3.2. Beam Search Pruning

The main challenge with k-step lookahead decoding is the exponential growth of the possible state paths.
The computational complexity of the classical decoding algorithm is quadratic. However, the proposed
method has N¥ computation cost, and this causes the model to become unmanageable for practical
applications. We integrate a Beam Search strategy to address this issue by limiting the number of paths
explored at each step. It is introduced in two parts as;

Strategy:

e Beam Width M : Keep only M top paths with highest probabilities.
e Pruning: Discard the outside of the top M paths to reduce the computational complexity.

Processs:
e Expend the path by considering all possible next states for active paths at t-1.
e Calculate the scor for each extended path:

k

Score(path,-) = 1_[ aiIt+iJIt+i+1 BQHi(OH‘i) ! Vj =1..,N (4)
i=0

e Sort the all scores.
e Keep only the top M paths for next expansion.

This strategy ensures that the calculation cost remains manageable while maintaning paths with high
probabilities. The most significant value provided by the new strategy in this process is reducing the
computational complexity. The exponential computation resulting from the classical k-step lookahead
implementation is reduced to a manageable N X M~ with the new strategy where M is the Beam width.
It is a small and feasible integer value such that M < N*. The whole process is illustrated in Algorithm 1.
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Algorithm 1: Beam-Limited k-Step Lookahead HMM Decoding

Input:

e  Transition matrix A

e  Emission matrix B

e Initial probabilities

e  Observation sequence O = (04, 0y, ..., 07)

e  Lookahead depth k

e Beam width M
Output:

Most likely state sequence § = (43, @5, ..., 1)

Initialization:

1.  Create initial paths for each state :
P(s;) = m;b;(0;)
2. Keep top M paths depending on their probabilities.
Iteration fort = 2toT:
1. Foreach active path at time t — 1 :
1.a. Expand the path by considering all possible next states.
1.b. For each expansion, compute the cumulative path score by considering:
Score(path;) = H]I'(=0AQt+j—1'Qt+j X Blh+j (0t+j)
,where A represents the transition probability P(q;4;|q¢+j-1) and B represents the
emission probability P(0;4;|q¢+;). Future emissions and transitions up to k steps are
multiplied.
2. Collect all extended paths.
Sort the paths depending on their score in desending order.
4. Keep only the top M paths

w

Termination:

1. Att =T, select the path with max score
Output the corresponding state sequence Q

3.3. Beam Width Selection

Selecting an appropriate beam width [] is another important issue to handle for a good balance between
decoding accuracy and computational efficiency in this work. Based on our experimental observations, a
proper M value can be considered in the following aspects:

Trade-off Between Accuracy and Efficiency

e  Small M values (e.g., M=3) yield faster runtime and less memory usage. However, it may discard
promissing paths and returns lower decoding accuracy.

e Large M values (e.g. M=50) preserve more promissing paths and it improves the accuracy. But
computational cost increases.

e The results suggest that moderate beam widths (e.g., M=20) typically provide a good trade-off,
achieving high decoding accuracy with manageable runtime and memory usage.

Application-Specific Adaptation

e Inreal-time systems where runtime constraints are critical. A smaller beam width may be preferred
for this kind of system. However, keep in mind, slight sacrifices are accepted for faster decoding.

e A larger beam width can be used to achieve maximum accuracy in the offline process without
concern for runtime.

Adaptive Beam Width Adjustment

e  Future implementations may benefit from the dynamic adjustment of [ during decoding based on
the following scenarios:

o For instance, if score differences between paths are large, a smaller beam width might
suffice. Thus, unnecessary calculations are discarded.

o Ifmany paths have close scores then expanding the beam width temporarily could prevent
discarding optimal paths. In this scenario, the computational cost increases but the
protection of the paths that have the highest probability among the competing paths is
secured.
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The precise adjustment of the beam width may vary depending on the available computational resources
and application requirements. For instance, the following optimal M values are provided as examples based
on the number of states utilized in two distinct models. It is probable that these values will exhibit variability
according to the specific task being addressed.

4. IMPLEMENTATION DETAILS

In this section, we describe practical reviews that were included in the implementation of the proposed
Beam-Limited k-Step Lookahead HMM decoding algorithm. These details are important for establishing
stability and computational efficiency.

The procedure of the proposed algorithm is shown as a flowchart in Figure 3. Here, the k-step value is
reduced due to the potential event of a condition such as T—t<k. In other words, the value of k is dynamically
decreased based on the remaining number of steps. Another adjustment made to enhance stability is the
utilization of logarithmic probabilities. It will improve numerical stability by using summation instead of
multiplication.

4.1. Dynamic Adjustment of Lookahead Depth

The classical structure of standard k-step lookahead decoding processes over k future observations at every
time step. However, towards the end of the given observation sequence, specifically when the remaining
number of time steps (T-t) is less than the desired lookahead depth (k), the algorithm cannot look ahead by
the full k steps. To handle this issue and ensure the algorithm always considers only available future
observations:

e The k-step depth is dynamically adjusted:
keffective = min(k' T- t) (5)

at each time step t. This adjustment ensures that as the decoding process approaches the end of the
observation sequence: the lookahead depth gracefully decreases, preventing out-of-bounds access and
maintaining computational accuracy. At the final time step, the decoding process secures only the available
number of future observations that are added into the calculations of the path score. The stability is
preserved in this way.
e At the final time step, the decoding process secures only available number of the future
observations that are added into the calculations of path score. The consistency is maintained with
this way.

[Start: Initialize paths with m; x b;(o; )]

Expand each path to
all possible next states
Compute cumulative k-step
scores (using log probabilities)

Sort all extended
paths by their scores

Retain top M paths
(Beam Pruning)

]

’ Optional: Normalize path scores |

Increment t Adjust kif 7' —t < k

| Select best path |

Output best state sequence

Figure 3. The flowchart of proposed method
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4.2. Logarithmic Probability Computation

The result of direct multiplication may go underflow due the path score include the product of multiple
transition and emission probabilities. Even, long sequences or small probabilities are also affect the result
goes underflow. To address this:

e All probability products are calculated in logarithmic.
e Then, we sum logarithmic results:

log(M;(p)) = Z;(log(py) (6)
e  The cumulative score calculation for a path:

log S core(path) = ZJ’;O (log Aqyyjo1.aee; T 108D, ; (ot+j)) 7

e This process provides numerical stability and improves computational robustness on path scores
without changing the order of path.

4.3. Pruning Strategy

After computing the score of all extended paths we need to update the pruning strategy depending on k-
step adjustment and logarithmic computation. Thus,

e Path are sorted depending on their logarithmic calculated scores.

e  Only save the top M paths.

e Any ties are solved arbitrarily or by chosen paths with fewer transitions. It is done depending on
the application scenario.

This simple but effective pruning strategy makes the decoder remain computationally efficient while
maintaining high-quality path candidates.

5. EXPERIMENTS

5.1. Experimental Setup

In this section, we evaluate the performance of the proposed decoding algorithm: Beam-Limited k-Step
Lookahead HMM. We use synthetic datasets and varying algorithmic parameters to design a series of
controlled experiments.

5.1.1. Data Generation
The synthetic data that is used in this work was created with an original HMM by the following parameters:

e  The number of hidden states (N) is 5.

e  The number of emission symbol (M) is 6.

e Transition matrix A is generated randomly and row-stochastic. Specifically, elements were
initially sampled from a uniform distribution between 0 and 1, and each row was then normalized
to sumto 1.

e Emission matrix B is generated randomly and row-stochastic. Similarly, elements were sampled
from a uniform distribution between 0 and 1, and each row was then normalized to sum to 1.

e The initial state distribution & is randomly uniformly distributed over all hidden states.

All observation sequences were generated by simulating A and B matrices according to parameters of
HMM. 1000 independent observation sequences were generated and the length of each is 100.
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5.1.2. Algorithm Parameters
The algorithm parameters were varied systematically during evaluation as;

e kdepth value: {1,2,3,4}
e M width: {5,10,20,50}

In testing part, each combination of (k,M) was tested to show the effects of different levels of lookahead
and pruning depth on the decoding.

5.1.3. Evaliation Metrics
The metrics that are used to estimate the performance of the algorithm are:

e Decoding Accuracy: The quantity of correct decoded hidden states compared to the original
hidden state sequence.

¢ Runtime: The average of time that is required to decode a sequence.

e Memory Usage: Calculate the memory consumption during decoding to measure using profiling
tools.

We provide a comprehensive view of the trade-off between accuracy, computational time, and memory
efficiency with these metrics.

5.1.4. Computational Environment

The following system specifications were used to conduct all experiments:

Intel Core 17-12700H CPU
16 GB RAM

Python 3.12, Numpy, SciPy
Windows 11

We averaged the timing measurements over 10 independent runs for each experimental configuration to
decrease variability.

5.2. Computational Environment

As mentioned in the previous section, the generated synthetic dataset was used to compare the performance
of both the proposed and classical (i.e. Viterbi) decoding algorithms. We performed variety of tuple
lookahead depth k and beam width M on decoding process to illustrate metric performance over on
accuracy, runtime, and memory consumption.

5.2.1. Decoding Accuracy

Figure 4 illustrates the correlation between decoding accuracy and beam width (M) for varying lookahead
depths (k). A stable trend across all tested k values reveals that increasing the beam width leads to a
corresponding improvement in decoding accuracy. Especially, at limited beam widths, such as M=5, an
observable drop in accuracy is evident when comparing the performance of full k-step lookahead decoding.
However, even with quite expanded beam widths (e.g., M=20), we achieved accuracy levels closely
approximating (within a 2-3% margin) those obtained by full lookahead decoding. Furthermore, the results
show that greater lookahead depths (k=3,4) consistently yield superior decoding accuracy compared to
casual lookahead depths (k=1,2). Thus, the advantage of containing future observations is underlined in the
decoding process.
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Decoding Accuracy vs Beam Width

g
>
v
e
>
v
v
<
[=)]
£
©
o
v
[
o

80 -

75 A

10 20 30 40 50
Beam Width (M)

Figure 4. Decoding accuracy vs beam width

The corresponding graph visually represents this analysis by plotting beam width (M) on the x-axis and
decoding accuracy (in percentage) on the y-axis with distinct lines defining the performance for each k
value. This visualization effectively demonstrates the trade-off between computational efficiency
(influenced by beam width) and decoding accuracy for different levels of future consideration.

5.2.2. Runtime Performance

Figure 5 presents the analysis of the average runtime per sequence. Here, again, we examine the relationship
with varying beam widths (M) and lookahead depths (k). As expect, the data consistently exhibits that
increasing the beam width leads to a corresponding arise in runtime. In particular, the full k-step lookahead
decoding where executed without any pruning, shows the highest computational cost. On the contrary, the
proposed method, Beam-Limited k-Step Lookahead, significantly shorten runtime when compared to the
exhaustive search approach. This advantage becomes more notable at higher values of k.

Runtime vs Beam Width
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Figure 5. Runtime vs beam width
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This valuable reduction in runtime is directly pointed to the effective avoiding of exponential growth in
computation through the implementation of pruning techniques. The graph visually supports these
observations, plotting the Beam Width (M) on the x-axis against the Average Runtime (in seconds) on the
y-axis. Here, we see the efficiency obtained by the proposed method.

5.2.3. Memory Usage

Figure 6 illustrates the memory consumption depending on varying beam widths (M) for different
lookahead depths (k). A key result is that the Beam-Limited decoding strategy significantly reduces
memory usage when compared to a full lookahead decoding approach. While an increase in beam width
(M) does cause higher memory consumption, the process remains well within feasible limits for practical
values (e.g., M<20).

This characteristic makes the Beam-Limited approach particularly important. Using a smaller M width for

applications, such as real-time or embedded systems, which are operated under strict memory constraints
presents a pretty trade-off due to balancing computational performance with efficient resource utilization.

Memory Usage vs Beam Width
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Figure 6. Memory usage vs beam width

The graph presents these relationships, illustrating peak memory usage (in MB) on the y-axis against beam
width (M) on the x-axis. The separated lines show the memory profiles for each k value. This spots the
practical benefit of beam pruning in optimizing memory traces without strongly compromising accuracy.

5.2.4. Trade-Off Analysis

Figure 7 effectively summarizes the complex trade-off between decoding accuracy and runtime across
various beam widths (M). The plot readably reveals a smooth curve to illustrate where the beam width
increases while decoding accuracy improves although at the cost of increased runtime. An obvious "sweet
spot" comes out around M=20. This means an optimal balance where the algorithm achieves an exceptional
level of accuracy without suffering high computational expense.

These findings have significant practical inferences as the beam width value can contribute as a crucial

mechanism where it can be adapted as a decoder behaviour to specific application constraints. If the priority
is speed or maximal accuracy then adjusting the beam width can allow for flexible optimization.
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Accuracy vs Runtime Trade-Off
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Figure 7. Accuracy vs runtime trade-off

The graph shows the terms which are runtime on the x-axis and decoding accuracy on the y-axis. Each
point on the curve represents a different beam width value. This graph provides a clear roadmap for
researchers to navigate the performance aspect and they can make proper decisions based on their system's
requirements.

6. DISCUSSION

In this work, we proposed a new decoding strategy that is called Beam-Limited k-Step Lookahead for
Hidden Markov Models (HMMs). This strategy uses the future information to find the most proper path in
decoding. The calculation of the future information could increase the complexity, so we aim to balance
decoding accuracy and decrease computational cost in this work. In this section, we discuss our
experimental findings, limitations of the strategy, and directions for future work.

6.1. Insights from Experimental Results
We got several important trends to handle from the experiments, such as:

e Improve accuracy with k-step lookahead: As known that the classical decoding algorithm (i.e.
lookahead value k=1) of HMM has no attribute to consider the future information in decoding
processs, so we consider the beyond the k=1 step to anticipate future observations and incrasing
more informed decisions.

e Control parameter - Beam Width (M): This parameter plays a key role in the trade-off between
accuracy and computational complexity. For instance, if faster decoding is required a small M
value is enough, but, on the other hand, the result may be in suboptimal paths. If accuracy is
important, then a larger beam width should be used; however, increased runtime must be accepted.

e Classical Viterbi vs k-Step: The proposed method with modest value k-Step and moderate beam
width substantially outperforms classical Viterbi decoding (i.e. k=1) in terms of accuracy and
validating the value of future observations.

e Memory efficiency: The proposed decoding algorithm has slightly increased memory usage
according to standard decoding algorithm. However, the Beam-Limited approach remains
practical and scalable for reasonable beam width values (i.e. M < 20).

6.2. Limitations

The proposed method has an exponential complexity of k-step lookahead decoding. But it still takes over
the limitations such as:
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e Beam width parameter: The value of beam width M is key parameter. Very small M may cause
early pruning of optimal paths and this causes weak accuracy.

e Dynamic environments: The benefit of lookahead may be decreased while the environment is
highly dynamic or non-stationary where the unpredictability of future information.

e  Scalability: While the beam pruning effectively reduces the exponential computational cost of full
k-step lookahead, the scalability of the proposed method may still present significant
computational and memory challenges for extremely large-scale HMMs. In such scenarios, even
with beam-limiting, the number of paths to manage and the computations per step can become
restrictive. Addressing these limitations for ultra-large HMMs might require a combination of
advanced optimization strategies beyond the current scope. These could include:

o Distributed Computing: Using distributed systems to parallelize the path expansion and
scoring across multiple processing units or nodes [16].

o Hierarchical HMMs (HHMMs): For very complex systems, adopting hierarchical HMM
structures could reduce the effective state space at each level, thereby simplifying the
decoding problem.

o Approximation Techniques: Exploring more aggressive approximation or early exit
strategies within the beam search when confidence in a path becomes exceptionally high.

o State Aggregation/Reduction: Pre-processing techniques to reduce the number of
effective hidden states if the application allows for some loss of granularity.

While these approaches are beyond the focus of the current work, these strategies can represent crucial
directions for extending the applicability of beam-limited lookahead decoding to highly complex real-world
systems.

6.3. Future Work
Future research can be emerged from this work. There are several directions such as:

e Adaptive beam width: The beam width value M can be adjusted during decoding based on the
confidence score.

e Parallelization: GPU based expansion could dramatically increase the fast of decoding.

¢ Robustness in noise: Research the robustness of the proposed decoding stragey under the noisy
observations could be the next step of this work.
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Calismada, portakal kabugu ve portakal agaci yapragindan
ekstraktlar elde edilmistir. Elde edilen dogal boyarmaddelerin lif
yiizeyine baglanabilmesi i¢in farkli oranlarda aliiminyum siilfat
(Alx(S04)3.8H,0) ile yapilan mordanlama, boyama ile
eszamanli olarak gergeklestirilmistir. Hazirlanan karisimlarla
yiin, akrilik, polyester, poliamid, pamuk ve asetat igeren ¢oklu
lif kumas1 renklendirilmistir. Boyama sonrasi, spektrofotometre
ile yapilan 6l¢iimler yazilim araciligryla degerlendirilmis; renk
kuvveti (K/S), kirmizilik-yesillik (a*), sarilik-mavilik (b*) ve
aciklik-koyuluk (L*) degerleri analiz edilmistir. Tim
numunelere yikama uygulanmig ve yikama sonrasi toplam renk
farki (AE) degerleri elde edilmistir. Lif tiirleri arasinda en yiiksek
renk verimi yin ve poliamid igeren numunelerde
gozlemlenmistir. Yiinli kumaslarda en yiiksek K/S degeri, %1
oraninda aliiminyum siilfat i¢eren portakal kabugu ekstrakti ile
elde edilirken; poliamid kumaslarda ise %3 oraninda aliiminyum
siilfat igeren portakal agaci yapragi ekstrakti ile en yiiksek renk
verimi saglanmistir. Bu numunelerde yikama hasligi da diger
liflere gore daha yiiksek bulunmustur.
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In the study, extracts were obtained from orange peels and
orange tree leaves. Mordanting with different proportions of
aluminum sulfate (Alx(SO4);.8H,O) was carried out
simultaneously with dyeing to ensure the binding of the obtained
natural dyes to the fibers. Multifiber fabrics containing wool,
acrylic, polyester, polyamide, cotton, and acetate were dyed
using the prepared dyeing solutions. After dyeing, measurements
taken with a spectrophotometer were evaluated via software, and
color strength (K/S), redness-greenness (a*), yellowness-
blueness (b*), and apparent darkness (L*) values were analyzed.
All samples were washed, and total color difference (AE) values
were obtained after washing. According to the results, the
highest color yield among the different fiber types was observed
in samples containing wool and polyamide. While the highest
K/S value in wool fabrics was obtained with orange peel extract
containing 1% aluminum sulfate, the highest color yield was
achieved in polyamide fabrics with orange tree leaf extract
containing 3% aluminum sulfate. Washing fastness in these
samples is also higher than in other samples.
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1. GIRIS

Giiniimiizde ¢evresel siirdiiriilebilirlige olan ilgi arttik¢a, dogal boyarmaddeler ve dogal boyama yontemleri
de tekrar popiilerlik kazanmustir. Bitkiler, hayvanlar ve minerallerden elde edilen dogal boyarmaddeler,
sanayi devrimi Oncesinde tekstil iiriinlerinin renklendirilmesinde yaygin olarak kullanilmistir. Ancak,
sentetik boyarmaddelerin kesfi ve yayginlasmasiyla dogal boyarmaddelerin kullanimi biiyiik 6lciide
azalmistir. Son yillarda, ¢evresel ve saglikla ilgili kaygilar, dogal boyarmaddelerin yeniden popiilerlik
kazanmasma neden olmustur. Sentetik boyarmaddelerin iiretimi ve kullanimi sirasinda ortaya ¢ikan
kimyasal atiklar ve bu boyarmaddelerin insan saglig1 iizerindeki olumsuz etkileri, tiikketicileri ve iireticileri
daha siirdiiriilebilir ve ekolojik alternatif olan dogal boyarmaddelere tekrar yonlendirmistir. Meyve kabugu
ve yaprak gibi bitkisel atiklarin tekstil sektoriinde boyar madde olarak degerlendirilmesi, ekolojik a¢idan
onemli avantajlar sunmaktadir. Ayrica bazi dogal kaynakli boyarmaddeler, yiizeylere antibakteriyel 6zellik
kazandirarak insan saglig1 agisindan da ek faydalar saglayabilmektedir [1].

Narenciye iiriinleri de dogal boyarmadde kaynagi olarak farkli ¢alismalarda kullanilmistir. Portakal agaci
yapraklar1 ve portakal kabuklart hem evsel 6lgekte hem de meyve suyu ireticileri gibi gida isleme
endiistrisinden atik olarak biiyiik Ol¢ekte toplanabilen firiinlerdir [2]. Bu da tekstil endiistrisinde
kullanilabilmesi igin biiyiik bir avantaj olusturmaktadir. Ozellikle baz1 ¢aligmalarda portakal kabugunu
olusturan bilegenlerden olan karotenoidler ile tekstil iirlinlerine turuncumsu-sar1 renkler kazandirilabildigi
belirtilmistir [3].

Benli ve Bahtiyari [4], viskon icerikli kumaslari renklendirmek i¢in portakal agaci yapraklarindan (Sekil 1)
iki farkli konsantrasyonda (25 ve 50 g/L) ekstraktlar elde etmislerdir. Farklt mordanlar ile kumaslara 6n
mordanlama iglemi uygulanmistir. Sonuglarda portakal agaci yapragimin dogal boyarmadde elde etmek i¢in
uygun bir bitkisel kaynak oldugu, farkli mordanlar ile kumasta farkli tonlarda renk elde edilebilecegi tespit
edilmistir. Tayyab ve arkadaslar [5] yaptiklari caligmada portakal kabugundan ekstrakt elde ederek %100
lyosel igerikli kumag numunelerini renklendirmislerdir. Bu numuneler boyama dncesi demir siilfat ve bakir
siilfat mordanlar1 (%2 ve %4 konsantrasyonda) ile 6n islem gérmiistiir. Demir siilfat ile mordanlanan %4
konsantrasyonda ekstrakt ile renklendirilmis numunelerin renk kuvveti (K/S) degerlerinin diger
numunelere gore daha yiiksek oldugu goriilmiistiir. Edeen [6] portakal kabugundan ekstrakt elde etmis ve
bu ekstrakti kullanarak emdirme metoduyla pamuklu kumaslar1 renklendirmistir. Portakal kabugunun
yapisindaki renk verici bilesenlerden olan p-karoten (Sekil 2) propanon ile ayristirilip boyarmadde olarak
kullanilmistir. Boyama Oncesi ekstrakta sodyum alignat ve sodyum siilfat eklenmistir. Sonuclarda B-
karotenin pamuklu kumasa yesilimsi sar1 rengi kazandirdigi, boyanan numunelerin renk kuvvetinin yiiksek,
renk hasliklarmin diisiik oldugu goriilmiistiir.

Sekil 2. Portakal kabugunda bulunan -karotenin yapisi [6]

Baska bir ¢alismada portakal kabugu ve limon kabugundan elde edilen dogal boyarmaddeler ile pamuklu
kumaslar renklendirilmistir [8]. Ekstraksiyon i¢in organik ¢6ziicii olarak etanol kullanilmistir. Kurutulmus
kabuklardan o6giitiilerek elde edilmis parcaciklar farkli konsantrasyonda ¢oziicii ile karigtirilmistir. %30
mordanla islem goéren numunelerin boyarmadde aliminin en fazla orana yaklagtigi, hem limon hem de
portakal kabugundan elde edilen boyarmadde ile yiiksek renk veriminin elde edildigi tespit edilmistir.
Etanol ve kurutulmus kabuk igeren 1:1 banyo oraniyla, kuru ve yas siirtiinmeye karsi renk hasliginda en iyi
sonug elde edildigi ortaya konmustur.
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Taura ve arkadaslart [9], portakal kabugundan dogal boyarmadde elde ederek pamuklu kumaslari
renklendirmiglerdir. Konvansiyonel mordanlar yerine kumaslarin boyanabilirligini artirmak i¢in sodyum
hidroksit ile ortam pH seviyesini (3.34, 3.36, ve 3.34) degistirmistir. Boyamalarda sodyum hidroksit
konsantrasyonu ve sicaklik arttikga numunelerin boya alimmin artti§i sonucuna varmislardir. Sodyum
hidroksitin boyali numunelerde dis etkiler sonucu solmasini azalttigini tespit etmislerdir.

Portakal kabugundan elde edilen dogal boyarmadde ile pamuklu kumaslarin renklendirilmesi igin mordan
madde olarak tanik asitin kullanildig1 bir ¢aligmada mordanlama zamani (boyama Oncesi, sonrast ve
boyama ile es zamanli), mordan madde konsantrasyonu, boyama sicakligi ve boyama siiresi degisken
parametre olarak belirlenmigtir [10]. Calisma sonucunda tanik asitin dogal boyarmaddenin renk verimini
artirdig1, boyama sirasinda eklenen tanik asitin boyama siiresinin ve sicakligin renge etkisinin diistik oldugu
tespit edilmistir. Diger bir calismada, portakal kabugu artiklar1 ile yine dogal boyarmadde elde edilmis ve
pamuklu kumaslar renklendirilmistir [11]. Ekstraksiyon i¢in hekzan, aseton ve etanol olmak {izere ii¢ farkli
¢ozlict kullanilmistir (50 °C’de 60 dk boyunca). Mordan madde olarak aliiminyum ve bakir siilfat metal
tuzlart kullanilmistir. Kabuktaki renklendirici bilesen olan karetonidin elde edilmesi bakimindan
¢oziiciilerin uygunluklari azalan sirayla aseton, hekzan ve etanol seklinde tespit edilmistir. Bakir siilfat
kullanimiyla ise en yiiksek renk kuvveti (K/S) degeri elde edilmistir. Ancak bakir siilfat {izerine yapilmis
calismalarda hem ekolojik olarak hem de insan sagligi agisindan zararl oldugu vurgulanmaktadir [12,13].

Dogal kaynaklardan elde edilen boyarmadde ile elyaf arasindaki afiniteyi saglamak igin metal tuzlar
(metalik mordanlar), tanin ve tanik asitler veya yag bazli mordanlar kullanilabilmektedir [14]. Metal
tuzlarindan olan aliiminyum siilfat diger bakir, krom bazli mordanlara goére daha ekolojik ve giivenli bir
iiriindiir. Bir aragtirmada aliiminyum siilfat pamuklu kumaslari mordanlamasi i¢in kullanildiginda sadece
%?20-22 oraninda kumas tarafindan emildigi geri kalaninin ise atik su haline geldigi tespit edilmistir [15,16].
Ancak aliiminyum tuzlarin, toksik olmamasi ve ¢evreye zararimin neredeyse hi¢c olmamasi bu kimyasal
mordan madde olarak tercih edilebilir bir {iriin haline getirmektedir. Bu sebeplerle bu ¢alismada aliiminyum
siilfat (Al2(SO4)3. 18H20) mordan madde olarak se¢ilmistir.

Daha 6nce yapilmis ¢alismalarda pamuk, rejenere seliiloz ve yiin haricinde bagska hammadde igeren tekstil
iiriinlerine portakal tiriinlerinden elde edilmis ekstraktlarin renklendirme etkisinin karsilagtirtlmadigi tespit
edilmistir. Bu ¢alismada hem portakal kabugu hem de portakal agact yapragindan dogal boyarmadde elde
edilmistir. Bu boyarmaddelerin yiin, akrilik, polyester, poliamid, pamuk ve asetat gibi farkli hammadde
igeren kumaslardaki renklendirici etkisi kargilastirilmistir.

2. YONTEM
2.1. Materyal

Caligma kapsaminda renklendirme i¢in kullanilan goklu lif iceren standart kumas (multifibre bezi) sirasiyla
asetat (filament), pamuk (agartilmis), poliamid (nylon 6.6), polyester, akrilik ve kamgarn yiin icermektedir
[17]. Bu kumasin atki ipligi tek bir cins elyaftan (pamuk) olusup, ¢6zgii ipligi farkli lif tiirlerinden meydana
gelmektedir. Kumas seritler halinde farkli lif igeren bolgelerden olusmaktadir.

Dogal boyarmaddenin kumasa baglanmasi i¢in aliiminyum siilfat (Al2(SO4)318H20, CAS No: 10043-01-
3, 98%) metal tuzu kullanilmustir. Portakal kabugu ve yapraklar1 Adana ili bdlgesinden Mayis aymda
toplanmistir. Toplandiktan sonra etiiv igerisinde 90 °C’yi gegmeyecek sekilde 3 saat boyunca
kurutulmustur. Kuruduktan sonra ekstraksiyon islemine kadar golgede bekletilmistir.

2.2. Metot

Ekstrakt hazirlamak igin kurutulan portakal kabugu ve yapraklar kiigik pargalar (yaklasik 0,5 cm
kalinlikta) haline getirilmistir. Hem portakal kabugu hem de portakal agac1 yapragi 30 g/L konsantrasyonda
olacak sekilde saf su ile karistirilmistir. Karisimlar manyetik karistirici 6zelligi olan 1siticilarda tutulmustur.
Renklendirici bilesenlerin suya ge¢mesi icin bu karisimlar 60 dk boyunca 1sitict iizerinde kaynatilmistir.
Bu islem tamamlandiktan sonra filtre kagidi yardimiyla pargaciklar siiziilmiis ve ekstrakt elde edilmistir.

Kumaglar 5 cm (~1,5 g) ene sahip olacak sekilde kesilerek numuneler hazirlanmistir. Boyama islemi i¢in
kizilétesi ile galisan laboratuvar tipi boyama makinesi (Termal) kullanilmistir. Tiiplerin ig¢ine 150 ml
ekstrakt, mordan madde ve kumas numunesi eklenmistir. Banyo orani yaklasik 1:100 seklindedir.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Portakal Kabugu ve Portakal Agaci Yapragindan Elde Edilen Ekstraktlarla Standart Cok Lifli Kumasin Boyanmast

Aliiminyum siilfat miktarinin numunelerdeki renklendirici etkisini gérmek i¢in farkli oranlarda tiiplere
ilave edilmistir. Numune kodlar1 ve 6zellikleri Cizelge 1’de sunulmustur.

Cizelge 1. Numune kodlar1 ve 6zellikleri

Numune kodu Ekstrakt icerigi Aluminyum siilfat oram
K-M1 Portakal kabugu %1
K-M2 Portakal kabugu %2
K-M3 Portakal kabugu %3
Y-M1 Portakal agaci yapragi %1
Y-M2 Portakal agac1 yapragi %2
Y-M3 Portakal agaci yapragi %3

Dolu boyama tiipleri cihaza yerlestirildikten sonra uygulanan boyama isleminin ayrintilarini sunan boyama
programu grafigi Sekil 3’te sunulmustur.

90°C 45dk 90°C

4

Sekil 3. Boyama programi grafigi

Cihaz durdurulduktan sonra tiiplerden ¢ikarilan numuneler su ile durulanmis ve kurumaya birakilmistir.
Dogal boyali numunelerin renk 6l¢iimleri i¢in Minolta CM 3600 model spektrofotometre ve renk analizleri
i¢in RealColor1.3® yazilimi kullanilmistir. Olgiimler 400—700 nm dalga boylar1 arasinda, D65 giin 1s131nda
ve 10° gdzlemci agisi ile yapilmustir. Olgiimler sirasinda parlaklik bileseni (Spekiiler bilesen dahil, SCI)
yansimaya dahil edilmistir. Boyanan numunelerin renk verimini belirlemek i¢in Kubelka-Munk esitligi (1)
ile 400—700 nm goriiniir spektrum dalga boylari arasinda 6l¢iim yapilarak elde edilen K/S (renk kuvveti)
degerleri hesaplandi. Denklemdeki 'R' 6rneklerin yansima degerini temsil etmektedir. K/S degerleri
numunelerin maksimum absorpsiyon dalga boyundaki R degeri esas alinarak hesaplanmistir. Ayrica renkli
numunelerin CIELab renk sistemine gére 3 boyutlu renk koordinatlari olan a*(kirmizilik-yesillik),
b*(sarilik-mavilik), C (kroma), L*(agiklik) degerleri elde edildi ve bu degerler degisken parametrelere gore
kiyaslandi.

K/S=(1-R)?/ 2R (1)

Boyanan numunelerin yikamaya kars1 renk direncini tespit etmek i¢in TS EN ISO 105-C06 standardinda
belirtilen sartlara gore tiim numuneler, yikama hasligi cihazinda standart ECE deterjani (4 gr) ile 40 °C’de
30 dk (tiiplerin i¢ine gelik bilye ilave etmeden) yikanmustir. Cikarildiktan sonra durulanmis ve serbest halde
kurumaya birakilmigtir. Yikama sonrast renk degisimini tespit etmek i¢in numunelere tekrar
spektrofotometre ile renk Sl¢limii yapilmistir. Sonrasinda yikama Oncesi ve yikama sonrast toplam renk
farki (AE) degerleri elde edilmistir.

3. ARASTIRMA BULGULAR

3.1. Numunelerin Renk Kuvveti

Portakal kabugu ile boyanan numunelerin Kubelk-Munk formiiliine goére hesaplanmig renk kuvveti
degerlerinin bulundugu grafik Sekil 4’te; portakal agaci yapragi ile boyanan numunelerin renk kuvveti
degerleri ise Sekil 5’te sunulmustur. K/S degerleri, minimum reflektans degerinin goriildiigii dalga boyu
olan 400 nm’de tespit edilmistir. Mordan madde olarak kullanilan aliiminyum siilfat miktarindaki artigin
portakal kabugu ile hazirlanmis boyarmaddenin yiin, poliamid ve asetat i¢erikli numunelere verdigi renk
kuvvetine etkisinin pozitif yonde olmadig1 dikkat gekmektedir. %3 konsantrasyonda kullanilan aliiminyum
siilfat polyester ve pamuk icerikli numunelerin renk kuvvetine az miktarda katki saglamistir. Akrilik iceren
numunede ise renk kuvveti degerinde 0,5’ten 1’e dogru bir artig saglanmigtir. En yiiksek K/S degeri yiin ve
onun ardindan poliamid igerikli numunelere ait ¢ikmistir. Yiin lifinin yapisindaki amino (NH,), karboksil
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(COOH) gibi gruplarin portakal kabugundaki fenolik bilesenlerden hidroksil (-OH) grubuyla hidrojen bag1
kurarak etkilesim kurmustur [18-19]. Poliamid, yapisinda bulunan amid (-CONH-), aminil (-NH,) ve
karboksil gruplar araciligiyla dogal boyarmaddedeki hidroksil gruplari ile hidrojen baglar1 olusturmakta
ve bu sayede kumasa iyi renk tutuculugu sagladigi ifade edilebilmektedir [20]. Portakal kabugu ekstrakti
iceren dogal boya igerisindeki aliiminyum siilfat miktarindaki artisin, yiin ve poliamid igeren numunelerde
renk kuvvetini diisiirdiigii dikkat cekmektedir. Ozellikle dogal boyarmaddenin daha ¢ok renk verdigi bu
numunelerde mordan madde miktarindaki artigin kompleksleri siklagtirarak boyarmaddenin difiizyonunu
engelledigi diisiiniilmektedir. Aliiminyum siilfat miktarindaki artis adsorpsiyonu artirarak polyester
kumasin K/S degerini yiikseltmistir. Akrilik ve asetat igerikli liflerin K/S degerlerinin ise aliiminyum siilfat
miktarinin artigindan etkilenmedigi sdylenebilmektedir. Pamuk lifi ise ylizeyindeki hidroksil gruplara
ragmen dogal boyarmadde ile bag kuramamistir. Dogal boyamada demir siilfat, bakir siilfat ve aliminyum
siilfat mordan maddelerinin pamuklu numunelerdeki renk kuvvetinin karsilagtirildigi bir ¢alismada,
aliminyum siilfat kullanilan numunelerin K/S degerlerinin digerlerine kiyasla daha diisik oldugu
belirlenmistir [21]. Bu durum, dogal boyarmaddenin life tutunmasinda, diger mordanlara kiyasla daha zayif
baglarin olugmasina neden olmustur. Bu ¢alismada da benzer sekilde, baglayict madde olarak kullanilan
aliminyum siilfat, dogal boyarmaddenin pamuk lifine baglanma mekanizmasi agisindan yeterli uyum
gostermemistir.

Sekil 5’teki degerler incelendiginde ise 6zellikle poliamid i¢eren numunelerde renk kuvveti degerinin
yiiksek oldugu dikkat ¢cekmektedir. K/S degeri agisindan poliamidin ardindan ise yiin igerikli liflerin geldigi
goriilmektedir. Portakal kabugu ekstrakti ile oldugu gibi portakal agaci yapraginda bulunan hidroksil
(fenolik bilesenler), karboksil (fenolik asit) gibi gruplar metal tuzu olan aliiminyum siilfatin da etkisiyle
giiclii bag kurmus ve iyi bir renklendirme saglanmistir [22-23]. Aliiminyum siilfat konsantrasyonunun
%]1°den %2’ye artis1 ylinlii kumasin boyarmadde-lif arasindaki koordinat bag olusumunu giiglendirmis,
renk kuvvetini artirmigtir. Ancak konsantrasyon %3’e ulastiginda K/S degeri diisiis egilimi gostermistir.
Bu durumun, portakal kabugu ekstrakti ile yapilan boyamalarda oldugu gibi, artan mordan miktarinin
boyarmaddenin  life  niifuzunu  engellemesinden  kaynaklandigi  diisliniilmektedir. ~ Mordan
konsantrasyonundaki artis, poliamid liflerde renk kuvvetinde dogrusal bir artig saglarken; pamuk ve asetat
liflerinde ise sinirlt bir etki gostermistir. Aliiminyum siilfat konsantrasyonunun %3 oldugu boyamalarda ise
asetat liflerinde en yiiksek renk kuvveti degeri elde edilmistir.

Her iki ekstrakt ile polyester, akrilik, pamuk ve asetat liflerinde yeterli renk kuvveti saglanamamustir.
Polyester lifinin hidrofobik yapiya sahip olmasi, dogal boyarmadde ile bag kurabilecek aktif gruba sahip
olmamasi (aliiminyum siilfat kullanilmasina ragmen) renk kuvvetinin az olmasina neden oldugu
diistiniilmektedir. Polyester kumasin %10, 20, 30, 40 konsantrasyondaki portakal kabugu tozu ile
renklendirildigi bir ¢alismada konsantrasyon artisinin K/S degerine etkisinin dikkat ¢ekici olmadig: tespit
edilmistir [24]. Akrilik ipliklerin dogal boyarmadde ile renklendirildigi bir caligmada, pH seviyesinin 2-3
oldugu kosullarin optimum boyama sartlarin1 sagladigi belirlenmistir. Ancak akrilik liflerin, dogal
boyarmaddede bulunan flavonoid ve fenolik bilesiklerle bag kurabilecek aktif grup sayisinin az olmasi ve
apolar yapida bulunmasi, renk kuvvetinin diisiik olmasini agiklamaktadir [25]. Asetat lifinin asetillenme
sebebiyle hidrojen bagi kurma potansiyeli diisiiktiir.

3,5
3
2,5

2
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Sekil 4. Portakal kabugu ile boyanan numunelerin K/S degerleri
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Sekil 5. Portakal agaci yapragi ile boyanan numunelerin K/S degerleri
3.2. Numunelerin Farklh Renk Degerleri

Portakal kabugu ve portakal agaci yapragi ekstraktlari ile boyanan numunelerin agiklik-koyuluk (L*)
degerleri Sekil 6’da sunulmustur. Renk kuvvetleri (K/S) degerleri ile paralel olarak her iki farkli dogal
kaynaktan elde edilmis boyarmadde ile hem yiinlii hem de poliamid igerikli numunelerde en koyu renk
degerleri elde edilirken; polyester, akrilik, pamuk ve asetat liflerinin daha acik tonda oldugu goriilmiistiir.
Dogal boya igerisindeki aliiminyum siilfatin artan konsantrasyonunun renk koyuluguna etkisi anlaml
degildir. Yiinlii numuneler haricindeki tim numunelerde genel olarak portakal kabugu ile yapilan boyama
islemi ile portakal agac1 yapragina gore daha koyu bir renk elde edilmistir. Portakal kabugunda flavonoid,
B-karotenin gibi bilesenler mevcutken, portakal agaci yapraginda sadece flavonoid agirlikli bilesenler
bulunmaktadir. Koyu ve doygun renkli pigment olan karotenoidler sayesinde portakal kabugu ekstrakti ile
numunelerde daha yiiksek renk yogunlugu meydana geldigi s6ylenebilmektedir.
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Sekil 6. Boyanan numunelerin L* degerleri

Sekil 7°de boyanan numunelerin a* ve b* degerleri goriilmektedir. Sekil 8’de ise boyanan numunelerin
gorselleri sunulmugtur. Her iki farkli dogal boyarmadde ile yapilan renklendirme islemi ile polyester,
akrilik, pamuk, asetat lifi igeren kumaslarin a* degerinin negatif yani yesil renge yatkin olduklar
goriilmektedir. Portakal kabugu ile pamuklu numunelerin renklendirildigi bir ¢alismada renk o6lgiimil
sonucunda kumas renginin yesile dogru egilim gosterdigi tespit edilmistir [6-10]. Yiin ve poliamid lifi
iceren numunelerde ise a* degeri pozitif yani kirmizi renge egilimli olduklari ortaya ¢ikmistir. Dogal
boyarmaddeler ile renklendirilen tim numunelerin b* degerleri pozitiftir. Yani tim numunelerin rengi mavi
degil sar1 renge dogru egilim gostermektedir. Yiinli kumaslarin mordan kullanmadan portakal kabugu ile
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renklendirildigi baska bir ¢aliymada da a* ve b* degerleri pozitif oldugu ortaya koyulmustur [26]. Ayrica
bu c¢aligmada aliiminyum metal tuzunun kullanimiyla rengin daha sari tonlara kaydigi tespit edilmistir.
Sekil 7°deki b* degerleri incelendiginde de tim numunelerin sarilik degerinin aliiminyum siilfat
konsantrasyonu arttikca yiikseldigi goriilmektedir. Aliiminyum siilfat suda ¢dziindiigiinde AI** iyonlar1
vermektedir. Bu iyonlar lifte bulunan hidroksil, amino gibi gruplarla ve dogal boyarmadde igerisindeki
hidroksil ve karboksil gruplari ile kompleks olusturmaktadir [27]. AI** iyonlar1 elektron yapis1 sebebiyle
rengi parlaklastirir ve sar1 rengin doygunlugunu artirir. Bu sebeple dogal boyarmaddenin life kazandirdigi
renk yogunlugunu ve doygunlugunu artirarak sar1 rengi belirginlestirdigi sdylenebilmektedir.
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3.3. Boyanan Numunelerin Yikama Sonucu Renk Degisimleri

Numunelerin yikama dncesi renk degerleri ile yikama sonrasi renk degerlerinin karsilastiriimasi sonucunda
elde edilen toplam renk farki degerleri Sekil 9°da sunulmustur. Yikama sebebiyle en az renk degisiminin
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K/S degerleri en yiiksek olan yiin ve naylon igeren numunelerde oldugu goriilmektedir. Portakal kabugu
ekstrakti, portakal agaci yapragina gore dzellikle yiin ve naylon liflerinde daha iyi sabitlenmis ve yikama
sonrasi diger lif tiirlerine gore daha diisiik renk farki gostermistir. Portakal kabugu ekstrakti ile yiin,
poliamid ve seliiloz asetat igerikli liflerin renklendirildigi bir ¢caligmada numunelerin K/S degerinin yikama
sonrasi renk koordinatlarimin bir miktar degistigini, K/S degerlerinin diistiigiinii tespit etmislerdir [28]. Bu
calismada dogal boyanan numunelerin yikama hasliginin boya banyosunun pH’1 iglem sicakligi ve siiresinin
optimizasyonu ile iyilestirilebilecegi sonucuna varilmistir.
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Sekil 9. Numunelerin yikama dncesi ve sonrasi toplam renk farki degerleri

Akrilik ve Pamuk liflerinde yikama sonrasi (K-M1, K-M2, K-M3) AE degerleri oldukga yiiksektir. Bu, bu
liflerin dogal boyarmadde ile arasindaki bagin zayif ya da boyarmaddenin stabilitesinin zayif oldugunu
gostermektedir. Ozellikle akrilik icin K-M2 ve K-M3 degerleri yaklasik 10’un iizerindedir; bu, gorsel
olarak fark edilir derecede renk degisimi oldugu anlamina gelmektedir. Boyamada aliiminyum siilfat
konsantrasyonu artis1 akrilik, polyester, naylon igerikli sentetik numunelerde yikama sonrasi renk
degisiminin artmasina sebep olmustur. Bu durumun metal tuzunun liflerle etkilesime girerek boyarmaddeyi
sabitlemek yerine boyarmadde gociine neden olabilecegini ve bu mordanin boyarmaddenin yikama
sirasinda kaybini artirmasindan kaynaklandigi disiiniilmektedir. Aliminyum siilfatin dogal boyamada
mordan olarak kullanildigi bir ¢aligmada da numunelerin yikama hasliginin demir ve bakir siilfat
kullanimina gore daha diisiik oldugu tespit edilmistir [21]. Aliiminyum siilfatin yiin ve naylon kumaslarda
yikamaya kars1 renk hasligini iyilestirebilecegi, portakal kabugu ekstrakti ile boyanan bu numuneler i¢in
uygun olan mordan konsantrasyonunun ise %3 oldugu sonucuna varilmistir. Yaprak ekstrakti ile yapilan
boyamalarda degisen aliiminyum siilfat oraninin yiin ve naylon liflerinin yikama hasligina etkisi anlaml
degildir. Bu grupta en az renk degisimi ise %2 ve %3 oraninda mordan kullanilan yiinlii numunelerde
oldugu goriilmiistiir.

4. SONUCLAR

Calismada farkli konsantrasyonda aliiminyum siilfat mordan olarak kullanilarak portakal agaci yapragi ve
portakal kabugu ekstraktlar ile yiin, akrilik, polyester, poliamid, pamuk ve asetat i¢erikli farkli numuneler
renklendirilmistir. Yapilan renk analizleri dogrultusunda en yiiksek renk verimi yiin ve poliamid igerikli
numunelerde elde edilmistir. Yiinlii kumaslarda en yiiksek K/S degeri %1 aliiminyum siilfat igeren portakal
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kabugu ekstrakt: ile elde edilirken, poliamid kumaslarda %3 aliiminyum siilfat iceren portakal agaci
yapragi ekstrakti ile elde edilmistir. Diger numunelerde 400 nm dalga boyunda K/S degeri 1’den diisiik
cikmistir. Dogal boyarmadde ile renklendirilmis yiin ve poliamid numunelerinin renk tonu kirmiziya
egilimli iken; diger numunelerin renginin kirmizi degil yesil tona egilimli ¢ikmistir. Numunelerin yikama
sonrasi renk degisimi davranisi incelendiginde en az renk degisiminin (daha yiiksek yikama hasliginin) yiin
ve poliamid igerikli numunelere ait oldugu goriilmiigtiir. Diger numunelerde ise boyarmadde stabilitesinin
diisiik oldugu goriilmiistiir. Daha sonra yapilacak ¢aligmalarda portakal agaci ve portakal kabugunun dogal
boyama agisindan ¢oklu liflere etkisini gelistirmek i¢in boya banyosunun pH’1, islem sicakligi ve siiresinde
optimizasyon yapilmasi 6ngoriilmektedir.
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This study conducts a detailed performance comparison between
two large-scale photovoltaic (PV) power plants, each with an
installed capacity of 1 MW. One system follows a conventional
PV configuration, while the other incorporates a battery energy
storage system (BESS) for enhanced functionality. The BESS-
integrated system employs a peak-shaving strategy, aiming to
store excess energy generated beyond 1 MW during daytime
hours. The primary goals are to extend the PV system’s energy
supply into peak demand periods following sunset and to
improve responsiveness to energy demand fluctuations. Both
configurations were independently modeled using the same
simulation environment, with a focus solely on technical
performance, excluding economic considerations. Simulation
results reveal that the BESS-enhanced system delivers an
additional 153.18 MWh annually to the grid and achieves a 4.8%
improvement in performance ratio. These findings highlight the
technical benefits of BESS integration in PV systems,
particularly its contribution to improving energy continuity.
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Bu caligma, her biri 1 MW kurulu giice sahip iki biiyiik 6lgekli
fotovoltaik (FV) enerji santrali arasinda ayrintili bir performans
kargilagtirmasi yiiriitmektedir. Sistemlerden biri geleneksel bir
PV konfigiirasyonunu takip ederken, digeri gelismis islevsellik
icin bir batarya enerji depolama sistemi (BEDS) i¢cermektedir.
BEDS entegreli sistem, giindiiz saatlerinde | MW" iizerinde
iiretilen fazla enerjiyi depolamay1 amaglayan bir tepe tiraslama
stratejisi kullanmaktadir. Birincil hedefler, PV sisteminin enerji
arzini giin batimindan sonraki tepe talep donemlerine kadar
uzatmak ve enerji talebi dalgalanmalarina duyarlilig
iyilestirmektir. Her iki konfigiirasyon da ayn1 simiilasyon ortami
kullanilarak, ekonomik hususlar hari¢ tutularak yalnizca teknik
performansa odaklanilarak bagimsiz olarak modellenmistir.
Benzetim sonuglari, BEDS ile gelistirilmis sistemin sebekeye
yillik ek 153,18 MWh sagladigim1 ve performans oraninda
%4,8'lik bir iyilestirme sagladigini ortaya koymaktadir. Bu
bulgular, ozellikle enerji siirekliligini iyilestirmeye katkist
olmak iizere, FV sistemlerine BEDS entegrasyonunun teknik
faydalarini vurgulamaktadir.
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1. INTRODUCTION

With the increasing population and developing industry in the world, the energy demand is increasing
rapidly. A large part of the energy demand is still provided by fossil fuels. Fossil fuels create serious
concerns for the society in terms of the sustainability targets. For this reason, the tendency towards
renewable energy in the world is increasing day by day and official steps are being taken and targets are
being determined in this regard. Finally, it is the transition to completely renewable energy and zero carbon
emission. Although renewable energy sources are accepted as an unlimited energy source in theory, in
practice, the dependence on fossil fuels still continues today due to the fact that energy continuity and never
and instantly respond [1,2]. By nature, photovoltaic power plants (PV) can only produce energy when
sunlight directly reaches the PV modules. Therefore, solar power plants only have the potential to generate
electricity during daylight hours. They are also directly affected by momentary weather changes. This
directly affects the power plant's output, i.e. the amount of energy injected into the grid. On the other hand,
energy consumption, i.e. energy demand, differs from this production cycle. Energy demand usually
reaches its highest levels in the early morning and evening hours. In this context, solar power plants have
difficulty responding to this demand. Because these plants can only reach their highest generation capacity
at noon in clear and sunny weather [3,4].

Recent developments in battery technology have created a serious potential for the attainability of the
ultimate zero carbon emission target. In this context, it is aimed to store the excess energy in batteries as
soon as it is produced and inject it into the grid during periods of high demand. In addition, excess energy
that exceeds the maximum output power of the plant within the scope of the contract is also transferred to
the batteries. For these reasons, applications have begun to integrate battery systems into photovoltaic
power plants. In the coming years, it is expected that this integration will accelerate further with the decrease
in battery unit costs [5].

The three most commonly used methods with energy storage systems (ESS) in PV power plants are peak
shaving, self-consumption optimization and load shifting applications. Peak shaving aims to store the
excess production remaining above the peak of the production license in batteries and integrate it into the
grid during periods when production decreases during the day or during periods when demand increases
after sunset. Self-consumption optimization increases the use of this energy directly in the facility by storing
the excess electricity generated from solar energy in batteries and increases the on-site usage rate instead
of selling it to the grid. Load shifting is an effective strategy to reduce energy costs by charging the battery
during low-cost hours and discharging it during high-tariff periods; this provides a great advantage
especially in systems where time-of-use (TOU) tariffs are applied. These three methods are the most
common and profitable applications of PV+BESS integration in terms of both energy efficiency and
economic return [6].

In addition, battery energy storage systems (BESS) significantly facilitate the grid integration of PV
systems. PV systems have an inherently variable and intermittent generation profile, which can lead to
problems with grid frequency and voltage stability, especially during sudden generation changes such as
cloud transitions. While this variability complicates direct integration into the grid, BESS solutions
compensate for such fluctuations, making PV system outputs more stable and predictable. With services
such as ramp rate control, frequency regulation and voltage support, BESS enables the safe and stable
integration of PV systems into the grid. BESS integration to PV systems and grid integration of these
systems has been a very popular research and development topic in recent years [7].

Rodriguez-Gallegos et al. conducted a study on the cost and benefit analysis of storage and non-storage
systems in different geographical regions [8]. Okafor et al. presented a study on the techno-economic
analysis of the integration of BESS into on-grid PV system [9]. Sharma et al. performed a comparative
analysis of different battery technologies and discussed to determine the most suitable size for solar power
plant applications [10]. Li et al. investigated performance of lithium-ion batteries in solar power plants in
detail [11]. Rouholamini et al. examined the annual generation and grid interaction of grid-connected solar
power plants with and without energy storage systems [12]. Hill et al. investigated the integration of solar
energy into the system in order to overcome the problems that may arise from the intermittent nature of
solar energy in the integration of these two systems as solar energy becomes more popular and the transition
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to smart grids were examined [13]. Rahimi et al. conducted a study to discuss a simple method to achieve
peak load reduction through energy storage systems for a utility [14]. Cervantes and Choobineh performed
a study for optimal sizing of a nonutility-scale solar power system and battery energy storage system.
Analysis shows that the size of the solar system is affected by labor cost and load size, while the battery
storage size is sensitive to load size and battery cost [15]. Lange et al. performed a study for sizing battery
energy storage systems for peak shaving based on a real-time control algorithm. A simulation environment
to determine the behavior of the energy system, a real-time peak shaving control algorithm and a sizing
process consisting of an optimization process to determine the battery algorithm parameters were proposed
[16].

Consequently, this literature review focused on the performance analysis of on-grid PV systems with and
without energy storage systems. The conducted literature survey show that energy storage systems have the
potential to improve solar integration, increase grid stabilization and improve overall system efficiency.
However, it is emphasized that local conditions, technological developments and economic factors should
be carefully considered for optimal system design.

The primary objective of this study is to model and analyze the performance of grid-connected PV power
plants integrated with BESS. The main focus is on enhancing energy dispatchability and grid interaction.
By incorporating BESS into conventional PV systems, the research aims to evaluate how energy storage
can mitigate the intermittent nature of solar energy, enable peak shaving, and improve system reliability
during periods of high demand or low solar generation. Through comprehensive simulation-based
modeling, the study investigates the impact of BESS integration on key performance metrics such as energy
yield, performance ratio, and energy injected into the grid.

The rest of the paper is organized as follows: Section 2 presents material and methods. System description
is performed in Section 3. In Section 4, the performance results of the PV power plant with and without
battery energy storage system. Finally, conclusions are highlighted in Section 5.

2. MATERIALS AND METHODS

The simulation study for the Karacadéren PV Power Plant project was carried out using a simulation software
widely used in the sector. The system has a grid-connected structure and does not include a battery system,
while the secondary project includes a BESS integrated into the same system.

The power plant is located in the Karacadren region of Karaman province in southern Tiirkiye. The
geographic coordinates that used in the simulation are as follows [17]:

e Latitude: 37.50° North
e Longitude: 33.21° East
e Altitude: 1112 meters
e Time Zone: UTCH3

This location is quite suitable for photovoltaic energy production due to its high insolation potential. The
meteorological data used in the simulation is based on the Meteonorm 8.1 dataset. These data are synthetic
data based on multi-year averages between 2003-2010 and have 100% satellite coverage. Monthly average
global horizontal irradiance (GlobHor) is taken as 1834 kWh/m? on an annual basis. The albedo value,
which is the reflection coefficient of the ground surface, is defined as 0.20. This value is an average
reflectivity ratio suitable for open terrain conditions.

The simulation software that used in this project is a professional simulation software widely used to
perform performance analysis of photovoltaic systems. After the equipment used in the design stage were
determined externally, the system configuration, energy production, system losses and annual performance
rates in the Karacadren project are calculated by this software. The shadowing effect was not taken into
account in the simulation and 3D scene definition was not made. Since the two variants are simulated in
the same conditions, these ignored parameters have a minimal effect on the obtained results.
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The photovoltaic panels used in the project are manufactured by HT-SAAE and the model name is HT66-
18X-500. The fact that it is manufactured in a location close to the project area in Tiirkiye and after-sales
support factors played an important role in the selection of this module. The basic technical features of the
system are given in Table 1.

Table 1. Technical features of the system

Nominal power of modules at STC 500 Wp

Total number of modules 3060 units

Total installed PV power 1530 kWp

Series connection configuration 170 strings x 18 modules

The output power of the system at 50°C operating temperature is calculated as 1406 kWp. The operating
voltage obtained at this temperature is 623 V and the current is 2256 A.

On the inverter side, Huawei Technologies’ SUN2000-100KTL-M1-400Vac model was used. The reason
for choosing this material is that it has proven itself with its previous versions as a string inverter and its

after-sales support advantages. The basic technical features of the inverter configuration are presented in
Table 2.

Table 2. The basic technical features of the inverter configuration

Unit power 100 kWac
Total number of inverters 11 units
Total AC power 1100 kWac
DC:AC power ratio 1.39
Operating voltage range 200 - 1000 V

The storage system is configured with BYD Battery Box Premium HVS 12.8 model batteries. The storage
system features are given in Table 3.

Table 3. The storage system features

Total number of batteries 102 (2 series x 51 parallel)
Voltage 1024 V

Nominal capacity 1275 Ah

Total storage energy 1044.5 kWh

Minimum discharge level (SOC) 20%

Storage strategy Peak shaving

Charge time When grid power limit is exceeded
Discharge time After sunset

Charger unit 380 kWdc, 97% efticiency
Discharge inverter 280 kWac, 97% efficiency

The system without BESS integration is called Variant 0 (VCO0), the system with BESS integration is called
Variant 1 (VC1).

3. SYSTEM DESCRIPTION
3.1. PV System without BESS and Peak Shaving
Karacadren PV Power Plant is configured as a grid-connected photovoltaic power plant with an installed

capacity of 1530 kWp. There is no BESS in this variant. The system is installed on a fixed inclined plane
and shading factors are not taken into account. General system parameters are given in Table 4.
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Table 4. General system parameters

Total PV power 1530 kWp

PV module type HT-SAAE HT66-18X-500 (500 Wp)
Number of modules 3060 pcs (170 strings x 18 modules)
Number of inverters 11 pcs

Total AC power 1100 kWac

System tilt / azimuth 32.5°/0°

Load to grid Unlimited

Albedo 0.20

Shading No shadings

Single-line diagram of the constructed PV system without BESS is illustrated in Figure 1.

18x HT66-18X-SOOW | 6 inverters R d
15 strings J "| 100KTL-M1 e
18x HT66—18X-SOOW | 5 inverters
16 strings J 100KTL-M1

Figure 1. VCO single line diagram
The limits of these inverters are depicted in Table 5.

Table 5. The limits of utilized inverters

Unit power 100 kWac

Total inverter power 1100 kWac

DC:AC power ratio 1.39

Operating voltage range 200 — 1000 V
Maximum output at rated power 110 kWac (at 33°C)

3.2. PV System with BESS and Peak Shaving

In this variant, the BESS system consisting of BYD Battery Box Premium HVS 12.8 model lithium-ion
batteries are integrated into the PV system. The main purpose of the system is to ensure supply continuity,
prevent instantaneous peaks and support grid loads.

Battery box general features are given in Table 6.

Table 6. Battery box general features.

Battery type Lithium-ion

Model BYD Battery Box Premium HVS 12.8
Total number of units 102 (2 series x 51 parallel)

Total storage capacity 1044.5 kWh

Nominal voltage 1024 V

Capacity 1275 Ah

Operating temperature Fixed 20°C

Minimum discharge level (SOC) 20%
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Single-line diagram of the constructed PV system with BESS is illustrated in Figure 2.

2sx 51p
HVS 12.8

18 x HT66-18X-500 6 inverters

15 strings J ™ 100KTL-M1 > grid

18 x HT66-18X-500 S inverters
16 strings J 100KTL-M1

A

Figure 2. Variant 1 Single line diagram

Power conversion system is ignored in this project. The operating principle of BESS is determined as peak-
shaving. With this strategy, excess energy beyond the grid limit is stored in batteries and injected into the
grid when demand is high.

When the instantaneous output power of the PV system exceeds the 1000 kW threshold, the BESS is
activated and stores the energy above this limit, while the discharge is active towards the grid after sunset.

Charge/discharge parameters are given in Table 7.

Table 7. Charge/discharge parameters

Max. charge power 380 kWdc
Max. discharge power 280 kWdc
Efficiency 97% max

4. RESULTS AND DISCUSSIONS

Table 8 lists the monthly and annual total energy production data and performance ratios (PR) of the
variants according to the simulation results:

Table 8. VCO0/1 simulation results

Month Production Production Production (%)- Production (%)-
(kWh)-V0 (kWh)-V1 V0 \4!
January 153,397 162,004 87.2 92.1
February 167,290 174,585 86.6 90.4
March 205,732 219,415 80.8 86.1
April 223,467 238,421 78.4 83.6
May 259,739 275,482 79.3 84.1
June 256,734 274,317 77.0 82.3
July 266,609 280,787 77.8 81.9
August 260,678 277,942 75.9 81.0
September 240,067 256,772 77.0 82.4
October 207,073 221,467 79.4 84.9
November 168,392 176,882 85.2 89.5
December 152,673 156,961 90.5 93.0
Total 2,561,851 2,715,034 80.2 85.0
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It is calculated that 153.18 MWh is injected into the grid via BESS at VC1 after battery conversion losses,
which cannot be injected into the grid at VCO under normal conditions. It is also observed that VC1 offers
4.8% higher performance in terms of performance ratio.

When the daily power output curves are examined, it is seen that the power output at VCO flattens out on
clear days due to reaching its peak limit at noon as shown in Figure 3.
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Figure 3. VCO injected energy to grid in a clear sky day

The curve of the clear sky day presented for VCO and the curve of the same day in the VC1 simulation are
illustrated in Figure 4.
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Figure 4. VC1 injected energy to grid in a clear sky day
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When the daily power output curves are examined, it is seen that the power output in VCI reaches its peak
at noon and follows a horizontal course on clear days, while the energy remaining above the peak is charged
to the batteries to be discharged in the evening.

When Figures 3 and 4 are compared, it is seen that VCO cuts the power output increase when it reaches the
grid injection point and is fixed at 1000 kW, that is, it limits the maximum output power to 1000 kW.
However, since there is no limit criterion in VCI, the output power up to 1000 kW is injected into the grid,
while the system keeps the output power fixed at 1000 kW without restricting itself for more energy output
and stores the excess value in batteries to be injected into the grid after sunset when the energy supply
increases. The simulation loss diagram for VCO is presented in Figure 5.

1834 kWh/m? Global horizontal irradiation

+13.9% Global incident in coll. plane

-2.7% IAM factor on global

2032 kWh/m? * 7266 m? coll. Effective irradiation on collectors

efficiency at STC = 21.10% PV conversion

3115777 kWh Array nominal energy (at STC effic.)

\) -0.5% PV loss due to irradiance level

-6.2% PV loss due to temperature

+0.8% Module quality loss

-2.1% Mismatch loss, modules and strings

-1.1% Ohmic wiring loss
2837765 kWh Array virtual energy at MPP

1.7% Inverter Loss during operation (efficiency)

-8.2% Inverter Loss over nominal inv. power

k) 0.0% Inverter Loss due to max. input current
N 0.0% Inverter Loss over nominal inv. voltage
k) 0.0% Inverter Loss due to power threshold
N 0.0% Inverter Loss due to voltage threshold
\) 0.0% Night consumption

2561851 kWh Available Energy at Inverter Output
2561851 kWh Energy injected into grid

— "

Figure 5. VCO loss diagram

It has been determined that there is a serious loss at this point because the inverters cannot provide output
power over 1000 kW and are limited according to the connection agreement. The simulation loss diagram
for VC1 is presented in Figure 6.
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1834 kWh/m? Global horizontal irradiation

+13.9% Global incident in coll. plane
-2.7% |AM factor on global
Effective irradiation on collectors
Array nominal energy (at STC effic.) PV conversion

3115777 kWh Array nominal energy (at STC effic.)

-0.5% PV loss due to irradiance level
-6.2% PV loss due to temperature
+0.8% Module quality loss
2.1% Mismatch loss, modules and strings
-1.1% Ohmic wiring loss

2837765 kWh Array virtual energy at MPP

-1.8% Inverter Loss during operation (efficiency)
-1.6% Inverter Loss over nominal inv. power
N 0.0% Inverter Loss due to max. input current
\) 0.0% Inverter Loss over nominal inv. voltage
N 0.0% Inverter Loss due to power threshold
N 0.0% Inverter Loss due to voltage threshold
N 0.0% Night consumption
2740193 kWh Available Energy at Inverter Output
N 0.0% Unused energy (battery full or conv. overload)
\) -0.3% Battery IN, charger loss
A+0.0% Battery Stored Energy balance
Stored Direct use
d5% 93.5% Battery Storage
k) -0.4% Battery global loss
(6.3% of the battery contribution)
\) -0.3% Battery OUT, inverter loss
2715034 kWh Energy injected into grid

—

Figure 6. VCI loss diagram

It is seen that the inverter nominal limit loss of 8.2% has decreased to 1.64% with the BESS integration and
the system operates with less loss. In addition, it has been observed that the losses of the batteries during
the charge/discharge cycle are in accordance with the battery label efficiency values and it is understood
from the loss diagrams that the system operates stably.

As mentioned in the paragraph comparing Figures 3 and 4, on days with clear weather and long sunshine,
the grid output power limitation in VCO prevented the injection of more than 1000 kW into the grid, limiting
the system and targeting a maximum output power of 1000 kW during this period. Therefore, VCO remained
below its current potential, meaning the energy it could generate. This is technically considered a loss.
However, while 1000 kW was injected into the grid without any restrictions in VCI1, no generation loss
occurred as long as the remaining value did not exceed the maximum charging power, which is the threshold

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Modeling and Performance Analysis of Battery Energy Storage Incorporated Grid-Connected Photovoltaic Plants

value of 1380 kW for VC1 (1000 kW maximum grid injection power limit plus 380 kW maximum charging
power). Based on this, the major loss item in Figures 5 and 6 can be explained.

It should be noted that there are many advantageous and disadvantageous of BESS assisted PV systems in
technical, environmental, and economic perspectives. Providing energy time-shifting and peak shaving,
reducing PV output fluctuations and curtailment, enhancing grid stability via frequency/voltage support,
availability revenue from ancillary services, facilitating higher penetration of renewable energy for
reducing greenhouse gas emissions make BESS integration an attractive option for modern power systems.
However, limited cycle life and calendar degradation, requiring advanced energy management system and
complex control structure, high initial investment cost and maintenance cost, safety issues, and recycling
challenges makes them disadvantageous

5. CONCLUSION

This study focuses on the integration of BESS into PV systems in Karaman, Tiirkiye, and presents a
comparison that focuses on technical efficiency without any economic concerns. The major goal is to
provide a deeper technical understanding of the operational benefits and limitations of BESS-enhanced PV
systems, offering valuable insights for optimizing system design, planning, and control strategies in modern
renewable energy applications. Simulations were performed using the current software of a popular
simulation program in the sector, without adding data manually, and with the correct data in the database
of the software. First, VCO was designed, then BESS was designed and integrated into the system with the
peak-shaving method and the storage capacity that would work efficiently with VCO, and as a result, the
VCl variant was created. According to the simulation results of both variants, it is inferred that both systems
work efficiently.

According to the simulation results obtained, BESS integration has provided significant benefits in terms
of efficiency and grid stabilization to the PV system. In VCI, an increase of 153.2 MWh is observed
compared to VCO, while a 4.8% increase is observed on the PR side. The main reason for these
improvements is that the energy above the grid power limitation during peak of the inverters enters the
useful energy class with VCI.

In different conditions and situations, for example; in a scenario where energy demand on the grid is high
and supply is low, if hourly energy unit prices vary, it is possible in practice to pull the peak shaving limit
below the grid power limitation so that BESS can store more and create supply during periods with high
unit prices when demand is high.

In addition, regarding grid interaction, BESS strengthens the optimization of the PV system to the grid.
Due to its nature, instant decreases and increases in the output power of PV systems can be seen depending
on weather conditions. These situations can strain the grid frequency because keeping the grid frequency
stable is the primary priority for energy continuity. In instant peak situations, BESS helps to keep the grid
frequency constant by smoothing the power curve.

As a result, BESS integration has provided advantages to the PV system in many areas such as higher
production and more efficient operation, and helping with grid frequency balancing. However, in order to
be able to carry out such works, these advantages must be considered economically. Although large-scale
battery systems are developing rapidly, they are relatively new technology and therefore they are quite
costly materials, and operational expenses such as failure and maintenance should not be ignored because
periodic maintenance and repairs are essential for the system to operate properly and stably, which creates
additional labor and costs.

In addition, although there are now official regulations with almost complete boundaries for PV systems, it
should not be ignored that the current regulations on BESS systems can be updated according to current
conditions and situations. Since current regulations are in question, there is no financial energy purchase
guarantee or additional support for current energy sales unit prices for BESS integrated PV systems in the
location where the project is designed. Since these factors are techno-economic feasibility issues, it is
recommended that the investment be made by the investor by examining the possible investments in detail
in accordance with current regulations.
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The environmental results of the BESS integration into PV systems are quite essential because, as
mentioned at the beginning, the dependency on fossil fuels can only end when renewable energy sources
become permanent energy sources. For this reason, the availability of batteries loaded with energy to
respond to energy demand on-site can be interpreted as a promising step, although not completely at this
stage, and it is possible to approach or reach the targeted zero carbon emission with the developing
technology and official and social steps to be taken in this field in the coming years.
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Bu c¢aligmada, endiistriyel makinelerde dengesizlik hatalarinin
teshisinde makine Ogrenimi ve derin 6grenme modellerinin
etkinligi incelenmis, frekans tabanli 6zellik ¢ikarimi i¢in Hizli
Fourier Doniisiimii (FFT) kullanilmistir. Dengesizlik, ekipman
omriini kisaltip bakim maliyetlerini artirdigindan, titresim
verileri analiz edilerek FFT ile frekans bilesenleri ¢ikarilmis ve
smiflandirma yapilmistir. Destek Vektor Makinalari, Rastgele
Ormanlar ve Cok Katmanli Algilayici modelleri; dogruluk,
hassasiyet, geri c¢agirma ve Fl-skoru  metrikleriyle
karsilagtirilmistir. Cok Katmanli Algilayict, %99 dogrulukla en
iyi performansi gostermis, FFT ile ¢ikarilan oriintiileri en iyi
yakalamistir. Rastgele Ormanlar basarili tahminler yapmig ancak
bazi smiflarda hata orani yiiksek bulunmustur. Destek Vektor
Makinalar1 ise daha diisiik dogruluk sunmustur. FFT ve makine
O6grenimi kombinasyonu, doner makine ariza teshisine katki
saglamaktadir.  Gelecekte, daha biiylik veri setleri,
hiperparametre optimizasyonu ve dalgacik doniisiimii gibi
yontemlerle model performansi artirilabilir.
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1. INTRODUCTION

Imbalance faults, which are common in machine systems, reduce equipment performance, increase
vibration levels and cause serious productivity losses in industrial processes due to increased maintenance
costs. If such imbalance faults in machine elements are not detected and eliminated at an early stage,
unexpected equipment failures may occur, resulting in long-term downtime in production processes.
Therefore, the development of effective methods for diagnosing and preventing imbalance-related problems
is of great importance for the reliability and sustainability of industrial applications. Improving the accuracy
of fault diagnosis, particularly through the use of methods such as vibration analysis, signal processing
techniques and artificial intelligence-based approaches, can make a significant contribution to extending
the life of machinery and reducing operating costs.

In recent years, machine learning and artificial intelligence-based approaches have gained an important
place in fault diagnosis and predictive maintenance processes [1]. Traditional methods are usually based
on expert knowledge and cannot provide sufficient efficiency in automated decision-making processes with
large data sets. In particular, the use of vibration analysis, signal processing techniques and deep learning-
based models allows for more accurate detection of imbalance faults [2].

Accordingly, several studies have been conducted to evaluate the impact of different machine learning
algorithms on fault diagnosis. Recent studies have shown that classification algorithms such as Support
Vector Machines (SVM), Random Forest and Multilayer Perceptron (MLP) provide high accuracy in
imbalance fault diagnosis [3]. However, a detailed comparison of model performance and their integration
into industrial processes is of great importance for the development of an effective fault diagnosis approach

[4].

In this study, a machine learning based model for imbalance fault diagnosis is developed, Fast Fourier
Transform (FFT) is used for frequency-based feature extraction and the most appropriate method is
determined by comparing different algorithms. The data set used consists of a wide range of vibration
measurements including imbalance scenarios under different operating conditions. The time domain signals
are decomposed into frequency components using FFT. Through this transformation, important frequency
components in the vibration data are extracted as features and given as input to the classification algorithms.
Three different classification algorithms such as SVM, Random Forest and MLP were used to evaluate the
success of the model and the results obtained were compared using metrics such as accuracy, precision,
recall and F1 score. By combining FFT with frequency-based feature extraction and machine learning
techniques, the model proposed in the study aims to support early diagnosis in industrial maintenance
processes, contribute to the prevention of machine failures and reduce maintenance costs.

2. LITERATURE REVIEW

In this section various studies have addressed data generation and balancing techniques to solve the
imbalanced data problem, and especially the effectiveness of deep learning-based methods in this area has
been examined.

Zhang et al. addressed the issue of imbalanced data in machine fault diagnosis using generative adversarial
networks (GANS). By generating realistic synthetic data, the model's generalization ability was enhanced,
enriching the training dataset. Tests on rotating machinery datasets validated the effectiveness of this
approach [5].

Jiang et al. developed a temporal-spatial multi-order weighted graph convolution network (TSMOW-GCN)
to improve fault diagnosis under imbalanced data conditions. The model enhances feature associations
within graph structures and aggregates high-order neighborhood information, avoiding traditional data
generation approaches [6].

Zhao et al. introduced an improved weighted extreme learning machine (IWELM) with an adaptive cost-
sensitive strategy for fault diagnosis with imbalanced data. The model optimizes a cost-sensitive matrix
and employs a multi-objective optimizer, improving classification performance, especially for minority
classes [7].
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Jia et al. proposed a deep normalized convolutional neural network (DNCNN) to address imbalanced fault
classification in machinery diagnosis. The framework integrates a weighted softmax loss function to
counter class imbalance and uses neuron activation maximization (NAM) for improved interpretability.
Experiments show that DNCNN outperforms conventional CNN-based models [8].

He et al. applied contrastive feature-based deep reinforcement learning (D3QN) for imbalanced fault
quantitative diagnosis under variable working conditions. By integrating SimCLR-based contrastive
learning with prioritized experience replay, the model optimally learns discriminative features while
addressing dataset imbalance [9].

Shi et al. proposed a graph embedding-based deep broad learning system (GEDBLS) for fault diagnosis
with imbalanced data in rotating machinery. The model improves the classification loss function by
considering class weights and intra-class compactness. Experiments confirm the model's superior feature
extraction and data imbalance processing capabilities [10].

Pan et al. introduced a robust smooth constrained matrix machine (RSCMM) for fault diagnosis of roller
bearings under imbalanced data conditions. The model employs a dynamically adjusted loss term to
improve classification performance, mitigate noise impact, and accelerate convergence. Experimental
results show that RSCMM achieves high accuracy under different imbalance ratios [11].

Wang et al. proposed a trackable multi-domain collaborative generative adversarial network (TMCGAN)
for rotating machinery fault diagnosis under imbalanced conditions. The model improves data
augmentation by integrating multi-domain feature learning and parallel frequency loss, enhancing
classification credibility and interpretability [12].

Wu et al. introduced a holistic semi-supervised method for imbalanced fault diagnosis with out-of-
distribution samples. Their framework uses pseudo-labelling and consistency regularization combined with
an adaptive threshold to enhance class confidence balancing and robustness in real-world industrial
applications [13].

Lin et al. developed a generalization classification regularization generative adversarial network
(GCRGAN) to tackle data imbalance in machinery fault diagnosis. The model incorporates a generalization
module and a novel regularization loss to improve sample diversity and stability under limited training data
scenarios [14].

Yang et al. proposed an improved generative adversarial network (IGAN) combined with an enhanced deep
extreme learning machine (EDELM) for chiller fault diagnosis under imbalanced data conditions. The
method integrates multi-head attention (MHA) in GAN and adaptive boosting (AdaBoost) for sample
weighting, achieving high classification accuracy [15].

Chang et al. designed an extended attention signal transformer with adaptive class imbalance loss (EAST-
ACIL) to address long-tailed data distribution in rotating machinery fault diagnosis. The framework
enhances feature extraction using CNN-transformer architecture while dynamically reweighting training
data to prioritize rare fault classes [16].

Li et al. introduced an auxiliary classifier Wasserstein generative adversarial network with gradient penalty
(ACWGAN-GP) for rotating machinery fault diagnosis under data imbalance. The method generates high-
quality synthetic fault samples to balance datasets, improving model accuracy [17].

3. MATERIAL AND METHOD
3.1. Dataset

The MAFAULDA (Machinery Fault Database) consists of 1951 multivariate time-series data collected
using the SpectraQuest Alignment-Balance-Vibration (ABVT) Machinery Fault Simulator (MFS). The
dataset includes six different machine states: normal operation, imbalance, horizontal and vertical
misalignment, and inner and outer bearing faults. These conditions were systematically simulated to
provide a comprehensive dataset for fault diagnosis in rotating machinery [18].
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Imbalance faults were introduced by attaching additional weights ranging from 6 g to 35 g to the rotor. The
data collection process maintained the same 49 different rotational speed levels used for normal operation.
However, for weights 30 g and above, excessive vibration limited the system’s maximum operational speed
to 3300 rpm due to stability concerns. The measurements for each imbalance weight condition are detailed
in the Table 1 below:

Table 1. Weight distribution and number of measurements

Weight (g) Number of measurements
6 49
10 48
15 48
20 49
25 47
30 47
35 45
Total 333

Each dataset instance consists of 5 seconds of recorded data at a 50 kHz sampling rate, totaling 250000
samples per measurement. The imbalance fault conditions were tested using a 1/4 HP DC motor operating
within a 700-3600 rpm speed range. The test system, weighing 22 kg, included a 16 mm diameter shaft
with a 520 mm shaft length, while the rotor diameter measured 15.24 cm, and the bearing span was 390
mm.

The data acquisition system incorporated various sensors to capture machine dynamics:

e Accelerometers: Three IMI Sensors Model 601A01 were used to measure radial, axial, and
tangential vibrations, while a triaxial IMI Sensors Model 604B31 captured three-dimensional
acceleration data.

e Tachometer: A Monarch Instrument MT-190 analog tachometer was employed for speed
measurement.

e Microphone: A Shure SM81 microphone recorded audio data within a 20 Hz - 20 kHz frequency
range.

e Data Acquisition Modules: Two National Instruments NI 9234 modules were utilized, operating
at a 51.2 kHz sampling rate to collect vibration, speed, and audio signals.

3.2.FFT

The Fourier transform is a powerful mathematical tool that decomposes a signal in the time domain into its
frequency components. This transform, in both continuous and discrete versions, is used in many areas of
engineering and science [19]. The Discrete Fourier Transform (DFT) is used for frequency analysis of
finite-length signals, and the FFT is an algorithm that optimises the computational process of the DFT [20].
The DFT is defined as

N-1

X[k] = Z x[k] e=i@m/N)in 6

n=0

Through DFT, the signal can be decomposed into amplitude and phase information of different frequency
components, where X[K] is the signal in the frequency domain after Fourier transform, x[n] is the n th data
point in the signal in the time domain, N is the total number of data points, and j is the imaginary unit.

3.3. SVM Model

SVM is a supervised learning technique that is effectively used in data classification and regression
problems [21]. SVM performs classification by determining the best hyperplane that separates data points
[22]. This hyperplane is chosen to maximise the margin between two classes. For a linearly separable data
set, the hyperplane is expressed as follows:
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In the equation, w is the direction that determines the normal vector of the hyperplane that distinguishes
which class the data points belong to. The x is the input feature vector that represents each data point. The
bias term b optimises the classification process by adjusting the position of the hyperplane.

3.4. RF Model

Random forest is an ensemble learning method based on decision trees and is used in both classification
and regression problems [23]. The model created by combining several decision trees provides higher
accuracy and generalisation ability than a single tree [24]. For classification, the prediction of the model is
expressed as follows:

T
D k() @

Where T is the total number of trees, h,(x) is the prediction class and y is the class label. Random forest
uses random subsampling (bootstrapping) and random feature selection during training for each tree to
increase the diversity of decision trees and avoid overlearning. This method is particularly successful on
large and complex datasets.

~ =

V=

3.5. MLP Model

MLP is a feedforward Artificial Neural Network model with a fully connected structure and is a powerful
deep learning architecture widely used for tasks such as learning and classifying complex non-linear
relationships [25]. In this study, an artificial ANN model with MLP architecture is used. The model is
designed to solve a multi-class classification problem and has a deep network structure consisting of six
hidden layers. Rectified Linear Unit (ReLU) activation function is used in each hidden layer of the model
and Softmax activation is preferred in the output layer for multi-class prediction. The weights of the model
were initially assigned using the random uniform distribution method and trained using the Adam
optimisation algorithm. The loss function used was sparse_categorical_crossentropy, which is widely used
in multiclass classification problems. In addition, an early stopping mechanism was added to minimise the
risk of overfitting and to prevent unnecessary prolongation of the training process if no improvement is
observed within the specified tolerance level. The labels in the input to the model are processed with
LabelEncoder and converted into numerical form to convert them into a format suitable for machine
learning models. The proposed model is a fully connected neural network structure and is applicable to
classification tasks on a large dataset.

3.6. Performance Metrics

To evaluate the success of machine learning models, key performance metrics such as precision, recall,
accuracy, and F1 score are used [26,27]. These metrics are critical for measuring the predictive ability of
the model and analysing classification errors. TP (True Positive), TN (True Negative), FP (False Positive)
and FN (False Negative) values are required for the calculations.

Accuracy is the ratio of the number of samples correctly predicted by the model to the total number of
samples and is calculated as follows:

TP+ TN

A = 5
CCuracy = TP Y TN+ FP + FN ®)
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Precision, The proportion of samples predicted to be positive by the model that are actually positive:

Precision x Recall
Flscore = ©

Precision + Recall

4. EXPERIMENTAL RESULTS

In the experimental studies, SVM, RF and MLP models were used to evaluate the classification
performance of imbalance errors. Performance metrics such as accuracy, precision, recall and F1-score
were calculated and compared to measure the success of the models. The learning processes of each model
were examined by analyzing the accuracy and loss values during the training process. In addition, the
confusion matrix was used to determine the incorrect predictions between classes and the classification
ability of the model was evaluated in detail.
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Figure 1. Distribution of attributes in the frequency spectrum

Figure 1 shows histograms showing the distribution of different features in the dataset. These histograms
provide information about the overall structure of the dataset by visualising the frequency of values for
each variable. The figure shows that some features are close to a normal distribution, while others are
skewed to the right or left. In particular, the histograms in the top rows are bell-shaped and close to a normal
distribution, while some variables in the bottom rows show significant skewness and irregularity.

These distributional analyses provide important information that should be taken into account as the model
learns. While normally distributed characteristics allow the model to learn more consistently, skewed
distributions can negatively affect the learning process. In addition, the presence of a high number of
outliers in some variables may reduce the generalisation ability of the model and may require the application
of special techniques in the data pre-processing phase.

In this context, scaling and transformation of features is an important step to improve model performance.
In particular, methods such as Min-Max normalization or StandardScaler can make the data distribution
more balanced. For variables with skewed distributions, techniques such as log or square root
transformation can be applied to enable the model to learn these variables more efficiently. In conclusion,
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the histogram analysis presented in Figure 1 plays a critical role in understanding the structure of the dataset
and determining appropriate data preprocessing strategies.
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Figure 2. Correlation matrix between attributes

Figure 2 shows the correlation matrix, which visualises the relationship between the attributes in the dataset.
The values in the cells represent the Pearson correlation coefficient between pairs of variables. VValues range
from -1 to 1, with values close to 1 indicating a strong positive correlation and values close to -1 indicating
a strong negative correlation. Light blue shades represent low correlation and dark blue shades represent
high correlation.

In the figure, high correlations (e.g. 0.85, 0.77) are observed between some variables, which may indicate
that these attributes carry similar information. On the other hand, the correlation values between some
variables are quite low (e.g. 0.01-0.03), suggesting that these variables are independent. This analysis can
help to remove unnecessary or highly correlated variables in the feature selection process and increase the
generalisation ability of the model.
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Figure 3. Model accuracy and loss during training and validation. a) SVM, b) RF, ¢) MLP

Figure 3 shows the accuracy and loss values of the SVM, Random Forest and MLP models in the training
and validation phases. While all three models have generally high accuracy rates, the MLP model (Figure
3-c) shows the most stable learning process. Especially from the early epochs, the accuracy values increase
rapidly and the training and validation accuracies are very close to each other. The loss graph shows that
MLP achieved the lowest loss value compared to the other models and completed the learning process in
the most balanced way.

The Random Forest model (Figure 3-b) showed a rapid increase in accuracy during the training process and
the validation accuracy also reached a high level. However, the fluctuations seen in the loss plot suggest
that the model has more variance in some epochs and does not perform fully balanced learning. The SVM
model (Figure 3-a), on the other hand, is successful in terms of accuracy, but the difference between the
training and validation accuracies is relatively larger in the early epochs, suggesting that the model initially
follows a more erratic learning process. Overall, the MLP model had the most stable learning process and
achieved high accuracy with lower loss compared to the other models. Due to its deep learning based
structure, it has a strong ability to learn more complex patterns in the data.

Table 2. Metrics for the classification performance of the models

Algoritma Accuracy Precision Recall Fiscore
SVM 0.96 0.96 0.96 0.96
RF 0.98 0.98 0.98 0.97
MLP 0.99 0.99 0.99 0.99

Table 2 shows the accuracy, precision, recall and F1 scores calculated to evaluate the classification
performance of the SVM, Random Forest and MLP models. Although all three models have high accuracy
rates, the MLP model performed best by achieving the highest value in all metrics.
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The Random Forest model showed a consistent classification performance with an accuracy of 98% and
outperformed the SVM model in all metrics. The SVM maodel, on the other hand, performed a successful
classification with an accuracy rate of 96%, but it was observed that it had lower metric values compared
to the other models.

Overall, the MLP model achieved the highest success with 99% accuracy, precision, recall and F1 score.
These results show that MLP has a high learning capacity in complex data structures and is more successful
than other models in classification tasks.
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Figure 4. Confusion matrix showing the classification performance of the models. a) SVM, b) RF, c)
MLP

Figure 4 shows the confusion matrices generated to compare the classification performance of the SVM,
Random Forest and MLP models. Although all three models have generally high accuracy rates, the MLP
model (Figure 4-c) has the best classification performance. In particular, it had the lowest error rate in the
Normal (0) and Imbalance (1) classes, minimising misclassifications.

The Random Forest model (Figure 4-b), although providing high accuracy in general, made more incorrect
predictions, especially in the Misalignment (2) class. Due to its decision tree-based structure, it has
difficulty discriminating between some classes. The SVM model (Figure 4-a), on the other hand, made
more incorrect predictions than the other models, especially in the Misalignment (2) class, indicating that
the model has difficulty discriminating between some classes.
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The MLP model achieved the highest accuracy rate and performed more evenly across classes. Thanks to
its deep learning-based structure, it has a high capacity to learn more complex data patterns.

Table 3. Bootstrap 95% confidence intervals for classification performance metrics

Model 95%Cl 95% ClI 95% CI (Recall) 95% Cl
(accuracy) (precision) (Fascore)
SVM 0.949-0.971 0.948-0.971 0.949-0.971 0.949-0.971
RF 0.973-0.987 0.973-0.987 0.973-0.987 0.969-0.985
MLP 0.985-0.995 0.985-0.995 0.985-0.995 0.985-0.995

Table 3 presents the 95% confidence intervals (Cl) for the classification performance metrics—Accuracy,
Precision, Recall, and F1-score—of the SVM, RF, and MLP models. The Cls were computed using
bootstrap resampling with n = 300 iterations, providing a robust estimation of the variability in model
performance. The results demonstrate that the MLP model achieved the narrowest confidence intervals
across all metrics, indicating a high degree of stability and consistency in its predictions. The RF model
also exhibited strong and reliable performance with relatively tight intervals, whereas the SVM model,
despite slightly wider intervals, maintained competitive classification accuracy and balanced metric values.

Table 4. Hyperparameter search ranges, final selections, and rationale for each model

Component  Search range / limit Final selection (example)  Rationale
SVM (RBF) C € [10%, 103,y € [10% 101], e (C=10,y=0.01 Prevents overfitting
kernel=RBF e 5-fold CV Macro-F1,  while maintaining a
Accuracy; CI stable decision
narrowing boundary
Random n_estimators € {200, 400, 800}; e n_estimators=400, Variance-bias
forest max_depth € {None, 10, 20, 40}; max_depth=20, balance and stable
min_samples_split € {2,5,10}; max_features=sqrt performance across
max_features € {sqrt, log2}; e 5-fold CV Macro-F1; classes
bootstrap=True training time
MLP Layers: 3-6; Neurons: o 256-128-64, Highest accuracy +

{256,128,64,32}; Dropout: 0.2—
0.5; Norm: Batch/Layer (opt.);
L2: {0, 10°%, 10"*}; Epoch < 200,
min_delta=10*; LR: 10°3—10*
(plateau)

Dropout=0.3, BN
included, L2=10?,
5-fold CV Macro-F1
& Accuracy; CI
narrowing; training

narrow CI; prevents
overfitting

time

Table 4 summarizes the hyperparameter search spaces, the final selected configurations, and the rationale
for each model. The selection process prioritized high classification performance, narrow bootstrap
confidence intervals, and prevention of overfitting, while ensuring balanced performance across all classes.

5. CONCLUSION

This study compares the performance of machine learning and deep learning-based models for imbalance
fault diagnosis using FFT for frequency-based feature extraction. In the experimental process, SVM,
Random Forest and MLP models were applied and their classification performance was evaluated using
metrics such as accuracy, precision, recall and F1 score. Confusion matrices and model learning processes
were investigated and the strengths and weaknesses of each model were analysed. In the study, time domain
vibration data was decomposed into frequency components using FFT and these components were used as
input to the classification models. In this way, imbalance faults can be more accurately distinguished on
the basis of distinct frequency features. According to the results obtained, the MLP model has the highest
accuracy rate and the lowest error rate, and has the best performance in identifying imbalance faults by
learning the features extracted by FFT in the best way. Thanks to its deep learning-based structure, it was
found to have a greater ability to learn complex patterns by better modelling the relationships between
frequency components. The Random Forest model generally made successful predictions, but the false
prediction rate remained relatively high in some classes. Although the SVM model had a stable learning
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process, it achieved lower accuracy values compared to the other models. This study demonstrates how
machine learning and deep learning-based models can be used in rotating machinery fault diagnosis by
extracting frequency components with FFT and comparatively evaluates the effectiveness of different
algorithms. In the future, the generalisation capability of the models can be increased by using larger and
more diverse data sets, and the performance of the models can be further improved by hyper-parameter
optimisation. In addition, the accuracy rates for imbalance fault detection can be further improved by using
different time-frequency transforms (e.g. wavelet transform) or advanced deep learning architectures.
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karmagik akil  yiiriitme
yeteneklerinin gelistirilmesi ve degerlendirilmesi amaglanmustir.
Bu kapsamda, SFT (Gézetimli Ince Ayar) ve GRPO (Grup
Goreli  Politika Optimizasyonu) gibi egitim stratejilerinin
Gemma 3 1B ve Gemma 4B modelleri iizerindeki performansi
incelenmigtir. Temel modellerin degerlendirilmesi siirecinde,
SFT ile Diisiince Zinciri (CoT) formatinin gretilmesi ve GRPO
ile akil yiiriitmenin rafine edilmesi adimlarini igeren ¢ok asamali
bir yaklasim izlenmistir. GPT-4.1 hakem modeliyle yapilan
degerlendirmeler sonucunda, model performansinin belirgin
sekilde artirlldigr gosterilmistir. SFT ve GRPO egitimleriyle
modelin mantiksal olarak tutarli bir akil yiiriitme siireci
olusturma becerisinin (Mantik  Yiriitme Dogrulugu’nun
%26’dan %31’e yiikseltilmesiyle) basariyla gelistirildigi ortaya
konmustur. Bu durum, modelin cevaplar1 ezberlemek yerine
nasil diislineceginin 6grenildigini kanitlamaktadir.
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This study aimed to develop and evaluate the complex reasoning
capabilities of the Gemma 3 1B and Gemma 4B large language
models within the medical domain. In this context, the
performance of training strategies such as SFT (Supervised Fine-
Tuning) and GRPO (Group Relative Policy Optimization) on the
Gemma 3 1B and Gemma 4B models was investigated. A multi-
stage approach was followed, starting with the evaluation of the
base models, then teaching the Chain-of-Thought (CoT) format
via SFT, and finally refining the reasoning process with GRPO.
Evaluations conducted using the GPT-4.1 as a judge model
demonstrated a significant improvement in model performance.
It was shown that SFT and GRPO training successfully enhanced
the model's ability to generate a logically consistent reasoning
process, evidenced by an increase in Reasoning Accuracy from
26% to 31%. This outcome proves that the model learned how
to think rather than merely memorizing answers.
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1. GIRIS

Biiyiik dil modelleri (Large Language Model - LLM), klinik karar destek sistemlerinden hasta egitimine
kadar uzanan genis bir yelpazede sunduklar1 potansiyel ile saglik hizmetleri alaninda devrim yaratma
potansiyeline sahip olunmaktadir. Literatiirdeki ¢aligmalarda, ¢esitli GPT tabanli modellerin; tibbi bilgi
¢ikarimi, teshis destegi ve hastalik tahmini gibi spesifik gorevlerdeki basarisi ortaya konmustur. Benzer
sekilde, kiiciik dil modelleri (Small Language Model- SLM) ise maliyet etkinligi ve veri gizliligi
avantajlartyla one ¢ikarilmistir. Akil yiiriitme yeteneklerinin gelistirilmesi amaciyla ¢alismalarda takviyeli
Ogrenme gibi gelismis yontemlerin kullanildigi ve modellerin dogrulugunu artirmaya odaklanildig:
goriilmektedir. LLM'lerin tibbi alandaki yeteneklerini artirma literatiirii igindeki 6zgiin katkimiz,
HuatuoGPT [1] ve MedReason [2] gibi yaklasimlarin iirettigi akil yiiriitme verilerinin giivenilirligini
Olgmek ve dogrulamak igin temel bir mekanizma ve metodoloji sunarak bu "kendini iyilestirme
dongiisii"niin kalitesini yiikseltmeye odaklanmaktadir.

Ancak mevcut ¢aligmalarin biiyiikk bir kisminda, model performansi yalnizca nihai “Cevap Dogrulugu
(Answer Accuracy)” metrigi izerinden 6l¢iilmiistiir. Bu yaklasim, karmasik ve acik uclu tibbi problemlerin
degerlendirilmesinde modelin gercek yetenegini dlgmekte yetersiz kalabilmektedir. Bunun nedeni, bu tiir
problemlerin birden fazla klinik olarak gegerli yolun veya cevabin bulunmasina olanak saglamasidir.
Ayrica, bir modele dogru cevaba sans eseri veya mantiksal olmayan yollarla ulasma imkaninin verilmesi,
klinik giivenilirlik agisindan ciddi bir risk olarak degerlendirilmektedir. Mevcut ¢aligmalar, Bilgi Grafikleri
biitiinlestiren MedReason [2] gibi yaklasimlarla sentetik veri kalitesini siirekli artiran bir "kendini
iyilestirme dongiisii" tizerine kuruludur. Ancak, bu dongiiniin en kritik sorunu, tretilen akil yiiriitmenin
kalitesini 6l¢gme problemidir.

Bu ¢alismada, literatiirdeki bu boslugun doldurulmasi hedeflenmistir. Arastirmamizda, birgok ¢alismadan
farkli olarak yalnizca modelin dogru sonuca ulasip ulasmadigina degil; ayn1 zamanda bu sonuca ulagilan
Diisiince Zinciri (Chain-of-Thought - CoT) siirecinin mantiksal tutarlilifina ve tibbi gecerliligine basari
6l¢iitii olarak odaklanilmigtir. Calismamiz, yalnizca nihai sonuca degil, siirecin tibbi saglamligina dayanan
"Akil Yiiriitme Dogrulugu" adli yeni bir metrik 6nererek, davranigsal egitimin modelin problem ¢dzme
giivenilirligini nasil artirdigini kantitatif olarak gostermektedir.

Bu amagla, Gemma 3 ailesinden farkli dlgekteki (1B ve 4B) modellerin performansi; temel (baseline)
durumdan baslanarak, Gozetimli ince Ayar (Supervised Fine-Tuning - SFT) ile davranissal formatin
kazandirilmasi ve akil yiiriitmelerinin rafine edilmesi asamalarindan gegirilerek sistematik bi¢imde analiz
edilmektedir.

Calismamizda ortaya konan temel hipotez, SFT ve GRPO gibi egitimlerin, cevap dogrulugunda bir artig
saglanmasa bile modelin nasil digiineceginin 6grenilmesini miimkiin kilarak Mantik Yiiriitme
Dogrulugunun (Reasoning Accuracy) gelistirilebilecegidir. Bu sayede, tibbi uygulamalarda daha giivenilir
ve yorumlanabilir modellerin gelistirilmesinin 6nemi vurgulanmustir.

1.1. ilgili Cahsmalar

Biiylik dil modellerinin (LLM) saglik ve biyomedikal alanlardaki en kritik gelisim alanlarindan biri,
karmagik akil yiiriitme yeteneklerinin artirilmasidir. Bu amagla arastirmacilar, takviyeli 6grenme ve 6zel
egitim gibi gesitli teknikler gelistirmektedir. Ornegin, Junying Chen ve arkadaslari [1], dogrulayici destekli
egitimle HuatuoGPT-O1 modelini gelistirerek bu alandaki etkinligi kanitlamigtir. Benzer bir yaklasimla
Yuxiang Lai ve arkadaslar1 [3], Med-R1 adli pekistirmeli 6grenme yontemiyle GPT-4 dahil bir¢ok modeli
geride birakan ve uzman hekimlerce daha ¢ok tercih edilen basarili sonuglar elde etmistir. Bu alandaki bir
diger onemli gelisme ise, Juncheng Wu ve arkadaglarinin [2] galismasi olan biiyiik dil modellerinin tibbi
akil yiiriitme becerisini gelistirmek i¢in tibbi bilgi grafilerinden (knowledge graph) yararlanarak olgusal
diisiince zincirleri (Chain-of-Thought) lireten MedReason metodolojisidir. Bu yaklasimla egitilen modeller,
performanslarini 6nemli dlgiide artirarak kendi siniflarinda en son teknoloji (state-0f-the-art) sonuglar elde
etmistir. Akil yiiriitme performansini artiran diger 6nemli calismalar arasinda DeepSeek-R1 [4] modeli, Fei
Ding ve arkadaslariin [5] gelistirdigi iki katmanli MGRPO yo6ntemi ve Robert Tinn ile ekibinin [6] ince
ayar (fine-tuning) siirecindeki kararsizlig1 azaltan teknikleri yer almaktadir.
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Modellerin akil yiiriitme yeteneklerini objektif bir sekilde 6lgmek ve degerlendirmek de bu siirecin ayrilmaz
bir parcasidir. Bu dogrultuda, Wei Dai ve arkadaglar1 [7], uzman hekimlerce hazirlanan 1.719 soruluk
yiiksek kaliteli QoQ-Med benchmark setini sunmustur. Bu testler, GPT-4 ve Claude-3 gibi gelismis
modellerin basarisini teyit ederken, bazi agik kaynakli modellerin giivenilirlik agisindan eksik kaldigini
gostermistir. Benzer sekilde, Mianxin Liu ve takim arkadaslar1 [8], Cin tibbina 6zgii multimodal LLM'leri
degerlendirmek amaciyla MedBench'i gelistirmis ve bu alanda da ChatGPT gibi modellerin yiiksek
performansini ortaya koymustur.

Mevcut modellerin performansini karsilastiran caligmalar, LLM'lerin potansiyelini ve sinirlarmi gozler
Oniine sermektedir. Cagatay Umut Ogdu ve arkadaglari [9], MedMCQA ve PubMedQA veri setleri izerinde
yaptiklar1 testlerde, dzellikle GPT-4'iin ROUGE skorlart ve Semantik Benzerlik lglimlerinde iistiin
oldugunu belirtmistir. Ancak, Hazrat Ali ve arkadaslar1 [10] ile Jin Li ve ekibinin [11] de vurguladig: gibi,
bu modellerin tip sinavlarindaki basar1 potansiyeline ragmen hata ve yanlilik riskleri bulunmaktadir. Bu
nedenle, GPT-4 ve Gemini gibi en gii¢lii modellerin dahi klinik kullanima sunulmadan 6nce kapsamli bir
dogrulamadan gegmesi kritik bir zorunluluktur.

Biiytik dil modelleri (LLM'ler), saglik sektoriinde klinik dil anlama, bilgiye erisim ve karar destek sistemleri
gibi alanlarda devrim yaratma potansiyeli tagimaktadir. Bu alanda, Xi Yang ve arkadaslarinin [12]
gelistirdigi GatorTron gibi modeller, karmagsik klinik dogal dil isleme gorevlerinde yiiksek performans
gostermektedir.

LLM'lerin ¢ok yonlii uygulamalari, birgok ¢alisma ile kanitlanmistir. Ornegin, Rajendra Kumar ve ekibi
[13] LLM ve NLP entegrasyonuyla klinik karar destegi sunarken, Sirui Ding ve arkadaslar1 [14] CKLE
yontemiyle ¢ok modlu EHR verilerinden saglik olaylarimi tahmin etmistir. Cai Wang ve ekibinin [15]
KEMedGPT'si tibbi danigmanlikta, Cheng Peng ve arkadaslarinin [16] GatorTronGPT'si biyomedikal iligki
cikariminda, Laila Rasmy ve calisma arkadaslarmin [17] Med-BERT'i ise hastalik tahmininde 6nemli
basarilar elde etmistir. Ayrica, M. Arif Rahman ve ekibi [18] Acil Saglik Hizmetleri'ne 6zgii EMS-BERT!,
Wengiang Li ve arkadaglar1 [19] Cince tibbi soru-cevaplar i¢in DoctorGPT'yi ve Akilesh S. ile ekibi [20]
kullanic1 dostu bir tibbi sohbet botu gelistirmistir. Georgios Peikos ve ¢alisma arkadaslari [21] ise kiiciik,
acik kaynakli LLM'lerin klinik deney eslestirmesinde bile etkili olabildigini gostermistir.

Kisisellestirilmis tip alaninda Dr. Kumar P. ve ekibinin [22] Medify-Al sistemi ile Dr. Rakesh Kumar M
ve ekibinin [23] MedHub projesi gibi kullanict dostu sistemler gelistirilmistir. Shadi AlZu’bi ve arkadaslari
[24], LLM'leri Makine Ogrenmesi (Machine Learning) ve Derin Ogrenme (Deep Learning) ile entegre
ederek tani dogrulugunu ve tedavi Onerilerini iyilestirmistir. Son olarak, Fernando S.P.A.A. ve Dilani
Wickramaarachchi [25], saglik hizmetine erigimi kisitli bdlgeler igin bir 6n tibbi danigmanlik platformu
olusturmustur.

Bununla birlikte, Zabir Al Nazi ve Wei Peng [26] ile Shubo Tian ve arkadaslarinin [27] da vurguladig: gibi,
bu biiyilik potansiyele ragmen veri gizliligi, 6nyargilarin azaltilmasi ve etik gibi zorluklar halen ¢dziim
beklemektedir.

Kiigtik dil modelleri (SLM'ler), biiyiik dil modellerinin (LLM) getirdigi yiiksek maliyet ve yogun kaynak
ihtiyac1 gibi zorluklara kars1 saglik alaninda pratik ve erisilebilir bir ¢ézlim olarak 6ne ¢ikmaktadir. Bu
modeller, ince ayar (fine-tuning) gibi 6zel egitim yontemleriyle belirli tibbi gérevler i¢in optimize edilebilir.
Boylece hem veri gizliligi ve giivenlik avantajlari sunar hem de daha verimli bir performans sergilerler.

Bu verimli uyarlamay1 saglayan yontemlerin baginda Edward Hu ve arkadaslarinin [28] yapmis oldugu
caligma olan LoRA (Low-Rank Adaptation) gelmektedir. Edward Hu ve arkadaglari tarafindan 6nerilen bu
yontemde, biiylik dil modellerini uyarlamak i¢in ana model agirliklari dondurulup yalnizca kiigiik, "diistik
riitbeli" (low-rank) matrisler egitilir. Bu yaklasim, egitilebilir parametre sayisini ve bellek kullanimini
biiyiik 6lciide azaltirken, tam yeniden egitme (full fine-tuning) ile ayni veya daha iyi performansi, ¢ikarim
sirasinda ek gecikme olmadan saglar.
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Bu alandaki ¢aligmalar, SLM'lerin potansiyelini somutlastirmaktadir. Ornegin, Aditya Karnam Gururaj Rao
ve arkadaslari [29], LLama 3.2 3B gibi kii¢iik modellerin ince ayar ile saglik sohbet botlarinda ne kadar
etkili olabilecegini gostermistir. Benzer sekilde, Hyunjae Kim ve ¢alisma arkadaslarinin [30] gelistirdigi
Meerkat-7B ve Meerkat-8B modelleri, tibbi akil yiiritme konusunda GPT-4'e yakin bir performans
sergileyerek giivenli ve erisilebilir alternatifler sunmaktadir.

Gizlilik konusundaki potansiyeli ise Matteo Magnini ve arkadaglari [31], yerel olarak ¢aligtirilan SLM'lerin
tibbi sohbet botlari i¢in giivenli senaryolar olusturabilecegini belirterek vurgulamigtir. SLM'lerin bir diger
onemli kullanim alani ise mobil sagliktir. Xin Wang ve arkadaslar1 [32], bu modellerin mobil saglik takip
uygulamalarinda diisiik gecikme ve az kaynak tiikketimiyle ne kadar verimli ¢aligtigini kanitlamustir.

1.2. Calismamizin Literatiirdeki Yeri ve Katkis1

Yukarida Ozetlenen galismalar, tibbi alanda LLM'lerin artan yeteneklerini ve ¢esitliligini ortaya
koymaktadir. Bizim ¢alismamiz, bu genis literatiir i¢inde, 6zellikle akil yiiriitme kalitesinin {iretimi, egitimi
ve en Onemlisi 6l¢iimii konularina odaklanarak 6zgiin bir katki sunmaktadir.

Mevcut literatiir, daha giiglii temel modelleri bir "jiiri" olarak kullanarak siirekli daha kaliteli sentetik veri
iireten bir "kendini iyilestirme dongiisii" {izerine kurulmustur. Bu dongiide, HuatuoGPT-01 [1] gibi
calismalar, davranigsal bir siiregle akil yiiriitme verisi tiretirken; MedReason [2] gibi daha yeni yaklagimlar,
Bilgi Grafikleri (Knowledge Graph) entegre ederek iiretilen verinin faktdrel dogrulugunu artirmis ve
dongiiniin kalitesini bir iist seviyeye tagimistir. Bu veri zenginlestirme yaklagimlari, modelin bilgi tabanini
genisletirken, iretilen akil yiiriitme siirecinin igsel kalitesini ve giivenilirligini 6lgme sorununu da
beraberinde getirmektedir.

Bizim ¢alismamiz, bu kendini iyilestirme dongiisiiniin en kritik noktasina, yani kalite kontrol ve davranissal
etki'nin 6l¢iimiine odaklanmaktadir.

1. Metrik Olarak Akil Yiriitme Kalitesine Odaklanma: Diger ¢alismalardan farkli olarak, biz basariin
birincil dlgiitii olarak, bu sentetik veri iiretim hatlarinin ¢iktilarin1 sadece nihai sonuca gore degil, ayni
zamanda siirecin kendisinin tibbi olarak ne kadar saglam olduguna goére degerlendiren yeni bir standart olan
Akil Yiiriitme Dogrulugu metrigini 6neriyor ve uyguluyoruz. Bu metrik, "sans eseri dogru" cevaplari,
"faydali ama teknik olarak yanlis" olan klinik olarak degerli ¢iktilardan ayirt etmemizi saglayarak, bir
modelin gergek giivenilirligini 6l¢mek i¢in daha hassas bir yontem sunmaktadir.

2. Davranigsal Egitimin Etkisini Olgme: SFT ve GRPO gibi egitimlerin modele yeni tibbi bilgi
"ezberletmekten" ziyade, onun problem ¢6zme "davranigini" degistirdigini ve bu davranigsal degisimin,
modelin giivenilirligini dogrudan artirdigini kantitatif olarak kanitliyoruz.

Ozetle, calismamiz mevcut literatiire, HuatuoGPT [1] ve MedReason [2] gibi veri zenginlestirme
yaklagimlarinin tirettigi akil yiiriitmenin kalitesini 6l¢gmek ve dogrulamak i¢in yeni bir metrik ve metodoloji
sunarak katkida bulunmaktadir. Bu yaklasim, s6z konusu "kendini iyilestirme dongiisii"niin sadece daha
fazla veri tiretmesini degil, ayn1 zamanda kanitlanabilir sekilde daha giivenilir veri iiretmesini saglayacak
temel bir mekanizmadir.

2. MATERYAL VE YONTEM

Bu calismada, biiyliik dil modellerinin (LLM) tibbi alandaki karmasik akil yiiriitme yeteneklerinin
gelistirilmesi ve degerlendirilmesi amaciyla ¢ok asamali bir egitim ve analiz metodolojisi izlenmistir.
Arastirmanin temel amaci dogrultusunda, model o&lgeginin (1B ve 4B parametre), farkli egitim
stratejilerinin (SFT ve GRPO) ve gorev tiirlerinin (RAG ve dogrudan sorgu) model performansi tizerindeki
etkisi sistematik olarak ortaya konulmustur. Nihai hedef olarak, yalnizca dogru cevabin bulunmasi degil,
ayni zamanda bu cevaba giden Diislince Zinciri (Chain-of-Thought - CoT) siirecinin mantiksal ve tutarli
bir sekilde olusturulabilme becerisinin dlgiilmesi amaglanmustir.
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2.1. Modeller ve Veri Setleri

2.2.1. Temel Modeller ve Egitim Teknigi

Caligmada, model 6lgeginin etkisini karsilagtirmak amaciyla Gemma 3 ailesinden 1B ve 4B parametreli
modeller temel olarak kullanilmigtir. Tiim egitim siireglerinde, hesaplama verimliligi saglamak amaciyla
LoRA (Low-Rank Adaptation) teknigi, Unsloth kiitiiphanesi araciligiyla uygulanmistir. Bu sayede
modellerin ana agirliklart dondurulmus ve yalnizca kiigiik adaptor katmanlari egitilmistir.

3.2.2. Egitim ve Degerlendirme Veri Setleri

Caligmada, her biri farkli bir amaca hizmet eden dort temel veri seti veya bunlardan tiiretilen veri setleri
kullanmlmustir [33-37].

Tablo 1. Caligmada kullamlan egitim ve degerlendirme veri setleri

Veri seti ad1 Kaynak . Secilen Kullamim amaci
ornek sayisi
SFT egitim seti Freedomintelligence/ medical-o1-reasoning-SFT ~19,700 g‘;:z_?;lmh ince ayar
GRPO egitim seti Yujivus/mmlu_health_ grpo_gsm8k_format ~1,200 féggtg;neh ogrenme
Degerlendirme seti 1 PubMedQA 100 Degerlendirme (RAG)
< . . . . e Degerlendirme
Degerlendirme seti 2 Freedomintelligence/ medical-ol-verifiable-problem 100 (Dogrudan sorgu)

Egitim Veri Setleri
Model egitiminde iki agsamal1 bir yaklagim benimsenmistir:

Gozetimli ince Ayar (SFT) Asamasi: Modelin temel davranissal formatini, yani bir soruya cevap vermeden
once adim adim akil yiritme (Chain-0f-Thought) siirecini sergilemesini &gretmek amaciyla,
Freedomintelligence/medical-o1-reasoning-SFT veri setindeki yaklasik 19,700 ornek iizerinde egitim
yapilmistir.

Pekistirmeli Ogrenme (GRPO) Asamasi: SFT ile temel diisiinme becerisini kazanan modelin, 6zellikle tibbi
alandaki akil yiiritme kalitesini daha da rafine etmek i¢in pekistirmeli 6grenme uygulanmistir. Bu agamada,
MMLU veri setinin tip, biyoloji ve saglikla ilgili alt kiimelerinden 06zel olarak hazirladigimiz ve
Yujivus/mmlu_health grpo _gsm8k format adiyla toplulugun kullanimina sundugumuz, yaklasik 1,200
soruluk bir veri seti kullanilmustir.

Degerlendirme Veri Setleri
Modelin performansini farkli senaryolarda 6l¢mek i¢in iki ana degerlendirme veri seti kullanilmagtir:

RAG Gorevi (PubMedQA): Modelin, kendisine sunulan bir metin (baglam) igerisinden akil yiiriiterek
cevap ¢ikarma, yani Geri-Getirme Destekli Uretim (Retrieval-Augmented Generation - RAG) yetenegini
6lemek amaciyla standart PubMedQA benchmark'inin test seti kullanilmustir.

Dogrudan Sorgu Gorevi (Dogrulanabilir Problemler veya Freedomlintelligence/ medical-ol-verifiable-
problem): Calismamizin ana odagi olan, modele herhangi bir ek baglam verilmeden, dogrudan kendi igsel
bilgisi ve muhakeme yetenegiyle karmasik tibbi problemleri ¢dzme becerisini 6lgmek igin
Freedomintelligence/medical-ol1-verifiable-problem veri seti kullanilmistir.

Veri Kirliliginin Onlenmesi (Data Decontamination): Modelin genelleme yetenegini adil bir sekilde 6lgmek
hayati énem tasidigindan, "Dogrudan Sorgu Gérevi" i¢in kullanilan bu nihai test setinin, SFT ve GRPO
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egitim agamalarinda kullanilan verilerle higbir kesisime sahip olmadigi garanti edilmistir. Test seti,
medical-ol-verifiable-problem setinden, SFT setindeki tiim sorularin ¢ikarilmasiyla olusturulmustur. Bu
titiz ayrim, modelin 6grendigi becerilerin transfer edilebilirliinin Olciilmesi i¢in giivenilir bir zemin
saglamaktadir.

Dogrulanabilir Problemler Veri Setinde Kullanilan Soru Ornegi: Based on the chest radiograph and
abdominal CT scan of a middle-aged male complaining of nagging abdominal pain for the past 2 weeks,
what is the probable diagnosis that should be considered?

Cevab1: Hydatid Cyst.
3.3. Egitim Asamalar1 ve Metodolojisi

Asama 1 - Temel Model Performansinin Belirlenmesi: Egitimden 6nce, 1B ve 4B parametreli Gemma
3 temel modelleri, her iki degerlendirme veri seti iizerinde test edilerek "sifirinci giin” performanslari
kaydedilmistir. Bu islemle, sonraki asamalarda ger¢eklesecek gelisimin 6l¢iilmesi igin kritik bir baslangig¢
noktasi saglanmistir.

Asama 2 - SFT ile Davramissal Ogrenme: Modelin temel davranissal formatini, yani bir soruya cevap
vermeden 6nce adim adim akil yiiriitme (Chain-of-Thought - CoT) siirecini sergilemesini 6gretmek
amaciyla, FreedomlIntelligence/medical-01-reasoning-SFT veri seti kullanilarak goézetimli ince ayara tabi
tutulmustur. Bu agamanin birincil amaci1 modele yeni tibbi bilgiler 6gretmek degil, karmasik problemleri
yapilandirilmig bir CoT formatinda sunma becerisini kazandirmaktir.

Asama 3 - GRPO ile Akil Yiiriitmenin Rafine Edilmesi: SFT ile temel diisiinme becerisini kazanan
modelin akil yiiriitme kalitesini daha da rafine etmek igin Pekistirmeli Ogrenme (GRPO) uygulanmistir. Bu
asamada, Yujivus/mmlu_health grpo gsm8k format veri seti kullanilmistir. Egitim sirasinda, modelin
hem yapisal formati korumasini hem de dogru cevabi vermesini tesvik eden ¢ok bilesenli bir 6diil sistemi
tasarlanmugtir. Bu 6diil fonksiyonu {i¢ ana kisimdan olugmaktadir:

Tam Format Uyumu (match_format_exactly): Modelin ¢iktisinin, <start working_out>, <SOLUTION>
gibi etiketleri igeren tam ve dogru yapisal formata sahip olmas: durumunda yiiksek bir pozitif 6diil (+3.0)
verilir.

Yaklasik Format Uyumu (match_format approximately): Bu kritik etiketlerin varligini veya
yoklugunu kontrol ederek kismi bir 6diil veya ceza uygular.

Dogru ve Tekil Cevap (check for_unique_pair_final_batched): Modelin <SOLUTION> etiketleri
arasina, sorudaki ¢oktan se¢meli siklardan yalnizca bir tanesini ve dogru olani eklemesi durumunda biiytik
bir 6dil (+5.0) verilirken, birden fazla sik sunarak belirsizlik yaratmasi negatif bir 6diil (-2.0) ile
cezalandirilir.

3.4. Degerlendirme Metodolojisi

Model performansinin biitiinsel bir resminin elde edilmesi amaciyla, basit dogruluk metriklerinin &tesine
gecen, hakem LLM tabanl bir degerlendirme siireci benimsenmistir. Tiim degerlendirmelerde, endiistri
standard1 olarak kabul edilen GPT-4.1 modeli, “hakem” olarak kullanilmistir. Bu sayede, 6zellikle acik
uclu cevaplarin ve karmagik mantik zincirlerinin niiansli bir sekilde degerlendirilmesi saglanmistir. Her bir
model ¢iktisi, hakem LLM tarafindan iki ana eksende degerlendirilmistir: Cevap Dogrulugu, model
tarafindan iiretilen nihai sonucun, veri setindeki “gercek deger (ground-truth)” cevap ile eslesip eslesmedigi
(es anlaml1 ya da klinik olarak ¢ok yakin terimlere karsi tolerans gosterilmistir) ve Mantik Yiirlitme
Dogrulugu, cevaba ulagirken sunulan akil yiiriitme siirecinin (varsa) tibbi olarak gegerli ve mantiksal olarak
tutarli olup olmadiginin degerlendirilmesidir. Dogru cevaba bariz mantik hatalariyla ulasilan durumlar,
“sans eseri dogru” olarak kabul edilmistir.
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Sekil 1. Sistem mimarisi

Bu mimari, model performansint hem Cevap Dogrulugu hem de Akil Yiiriitme Dogrulugu eksenlerinde
6lgmek igin izlenen veri akigim gostermektedir. (1) FreedomlIntelligence/medical-o0l-verifiable-problem
veri setinden alinan agik uglu tibbi problemler, temel (egitilmemis) veya ince ayar yapilmig (SFT/GRPO)
Gemma modellerine girdi olarak sunulur. (2) Modelin soruya karsilik {irettigi tam cevap (akil yiiritme
slireci ve nihai ¢6ziim dahil) bir veritabaninda saklanir. (3) Ardindan, Hakem LLM (GPT-4.1), ii¢ temel
bilgiyi girdi olarak alir: orijinal problem, modelin iirettigi tam cevap ve veri setindeki nihai dogru cevap
(ground truth). (4) Hakem LLM, bu girdileri karsilagtirarak modelin mantik zincirinin kalitesini ve nihai
cevabinin dogrulugunu degerlendirir. Bu siire¢, calismamizda kullanilan Akil Yiriitme Dogrulugu
metriginin temelini olusturur.

3. DENEYSEL BULGULAR

Tablo 2°de, Gemma 3 serisinin 1B ve 4B parametreli temel (base) modellerinin, standart bir tibbi soru-
cevap veri seti olan PubMedQA iizerindeki baslangi¢ (baseline) performansi ortaya konmustur. Bu
degerlendirme, sonraki egitim asamalarinin etkisinin Olgiilmesi i¢in bir referans noktasi olarak
kullanilmustir. Sonuglar aracilifiyla, model Slgeginin performansa dogrudan ve pozitif bir etkisinin
bulundugu agik bir sekilde gosterilmigtir.

4B modelinin, %71 Cevap Dogrulugu ve %85 Akil Yiiriitme Dogrulugu ile 1B modelinin (%54 ve %50)
oldukea ilerisinde oldugu ortaya koyulmustur. Bu durum, daha biiyiik modele dogal olarak daha gelismis
bir bilgi taban1 ve muhakeme kapasitesinin kazandirildigini teyit etmektedir. 4B modelinde gézlemlenen
yiiksek Akil Yiiriitme Dogrulugu sayesinde, hakem LLM tarafindan modelin kisa cevabinda dahi 6rtiik bir
mantiksal tutarliligin tespit edildigi veya cevap dogrulugunun daha yiiksek bir giivenle degerlendirildigi
ima edilmistir.
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Tablo 2. Temel Gemma modellerinin PubMedQA veri seti ile degerlendirmesi

Test edilen Egitim Test veri seti Cevap Akl yiiriitme
model durumu (Benchmark) dogrulugu (%) dogrulugu (%)

Gemma 3 1B Temel (Base) PubMedQA 54% 50%

Gemma 3 4B Temel (Base) PubMedQA 71% 85%

Tablo 3’°de, modellerin temel halleri {izerinden FreedomlIntelligence/medical-01-reasoning-SFT veri seti ile
Gozetimli ince Ayar (Supervised Fine-Tuning - SFT) isleminden gegirildikten sonraki PubMedQA
performansi analiz edilmistir. Metodolojide acikca belirtildigi {izere, bu agamanin birincil amaci modele
yeni tibbi bilgi kazandirmak degil, karmasik problemleri yapilandirilmis bir Diisiince Zinciri (CoT)
formatinda ifade etme davranisinin modele kazandirilmasidir. Bu baglamda, PubMedQA {izerindeki
performans degisimlerinin dikkatle yorumlanmasi gerekmektedir. 4B modelinde, Cevap Dogrulugu sabit
tutulurken (%71), Akil Yiritme Dogrulugu %85’ten %81’e hafifce gerilemistir. Bu durum, model
tarafindan genel bir gérev formatindan (dogrudan cevap) daha spesifik ve yapisal bir formata (CoT) gegisin
bir yan etkisi olarak yorumlanmaktadir. Daha kii¢iik olan 1B modelde ise hem Cevap Dogrulugunda
(%54’ten %53’¢) hem de Akil Yiiriitme Dogrulugunda (%50’den %38’e) daha belirgin bir diisiisiin
gozlemlendigi raporlanmaktadir. Bu da, daha smirli kapasiteye sahip 1B model tarafindan, yeni bir
davranigsal format 6grenilmeye caligilirken genel muhakeme yeteneginde daha fazla "hizalama vergisi"
(alignment tax) 6dendigini diisiindiirmektedir.

Tablo 3. SFT ile egitilmis modellerin PubMedQA veri seti ile degerlendirmesi

Test edilen Egitim Test veri seti Cevap AKkil yiiriitme
model durumu (Benchmark) dogrulugu (%) dogrulugu (%)
SFT 0 0
Gemma 3 1B (Huatuo) PubMedQA 53% 38%
SFT 0 0
Gemma 3 4B (Huatuo) PubMedQA 71% 81%

Tablo 4’te, temel modellerin dogrudan sorgu yoluyla karmasik teshis yetenegini 6lgen "Dogrulanabilir
Problemler" veri seti ilizerindeki ham yetenekleri gosterilmistir. Bu veri setinin zorluk seviyesinin,
PubMedQA’ya kiyasla ¢ok daha yiiksek oldugu belirtilmektedir. Elde edilen sonuglarla, her iki temel
modelin de bu karmagik gorevde 6zel bir egitim almaksizin oldukga diisiik bir basar1 oranina sahip oldugu
ortaya konmustur. 4B modelinin (%29 Cevap Dogrulugu, %26 Akil Yiiriitme Dogrulugu), 1B modeline
(%8 Cevap Dogrulugu, %4 Akil Yiiriitme Dogrulugu) kiyasla daha iyi bir performans sergiledigi gosterilse
de, bu skorlarla temel modellerin yapilandirilmis ve ¢ok adimli tibbi akil yiiritme konusunda ciddi
sinirlamalara sahip oldugu kanitlanmustir. Elde edilen bu bulgularla, SFT gibi hedefe yonelik egitim
stratejilerinin neden gerekli oldugu agik bir sekilde ortaya konmustur.

Tablo 4. Temel Gemma modellerinin dogrulanabilir problemler ile degerlendirilmesi
Test edilen Egitim Test veri seti Cevap Akl yiiriitme
model durumu (Benchmark) dogrulugu (%)  dogrulugu (%)

Dogrulanabilir problemler

0 0
(Verifiable problems) /08 /o4

Gemma 31B  Temel (Base)

Gemma 34B  Temel (Base) Dogrulanabilir problemler 29% 26%

Bu ¢alismanin en dikkat ¢ekici bulgularindan biri Tablo 5’te sunulmus ve SFT egitiminin "Dogrulanabilir
Problemler" gérevindeki etkisi detayli sekilde incelenmistir. Ozellikle Gemma 3 4B modelinde
gozlemlenen degisimle, SFT asamasiin basarist gozler oniine serilmistir: Modelin Cevap Dogrulugu
%29’dan %27’ye marjinal bir diisiis gostermis; buna karsin, Akil Yiiriitme Dogrulugu %26’dan %29’a
yiikselmistir.

Bu sonugla birlikte, SFT nin amacina ulastig1 giiglii bir sekilde ortaya konmustur. Egitim siireci boyunca,
modele dogrudan dogru cevabimn ezberletilmesinden ziyade, teshise giden yolda mantiksal olarak daha
tutarli ve tibben gecerli bir Diisiince Zinciri (CoT) olusturma becerisinin kazandirildigi goriilmektedir.
Nihai teshis formiile edilirken kiigiik hatalar yapilmis olsa bile, sorunun analiz edilmesi ve mantiksal
adimlarin sunulmasi konularinda modelin daha yetkin hale geldigi anlagilmaktadir.
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Bu gelisim, modelin pratik tibbi uygulamalardaki denetlenebilirligi ve giivenilirligi agisindan, salt cevap
dogrulugundan ¢ok daha degerli bir kazanim olarak degerlendirilmektedir. Sonug olarak, SFT ile modele
hedeflenen davranigsal yetenegin basartyla kazandirildigi Tablo 5’te net bir sekilde gosterilmistir.

Tablo 5. SFT ile egitilmis Gemma modellerinin dogrulanabilir problemler ile degerlendirilmesi

Test edilen Egitim Test veri seti Cevap Akl yiiriitme
model durumu (Benchmark) dogrulugu (%)  dogrulugu (%)
Gemma 3 1B SFT Dogrulanabilir %8 o%d
(Huatuo) problemler
Gemma 3 4B SFT Dogrulanabilir 27% 29%
(Huatuo) problemler

GRPO ile Akl Yiiriitmenin Rafine Edilmesi ve Metriklerin Sinirlar

SFT asamasinin sonuglariyla, 1B modelinin bu karmagik davranigsal egitimi 6ziimsemede kapasite
stirlamalar1 sergiledigi ortaya konmustur. Ozellikle PubMedQA’daki akil yiiriitme performansinda
gozlemlenen belirgin diisiis ile "Dogrulanabilir Problemler" veri setinde herhangi bir ilerlemenin
kaydedilememesi sonucunda, bu modelin daha ileri egitim adimlar1 i¢in uygun bir aday olmadigi
belirlenmistir. Bu nedenle, ¢aligmanin bir sonraki agamasi olan GRPO ile pekistirmeli 6grenmenin yalnizca
daha yiliksek kapasiteli ve SFT’ye daha olumlu yanit verdigi gozlemlenen 4B model iizerinde
uygulanmasina karar verilmistir.

GRPO egitiminin ardindan elde edilen sonuglarla, caligmanin en ilgi ¢ekici bulgular1 sunulmustur: Modelin
Cevap Dogrulugu %27’den %26’ya diisiiriilmiis; buna karsin, Akil Yiiriitme Dogrulugu %29°dan %31’e
yiikseltilmistir. Bu durumla birlikte, SFT ve GRPO egitimlerinin birlesik etkisiyle modelin muhakeme
kalitesinin nihai sonugtan daha fazla 6nceliklendirildigi goriilmektedir.

Paradoksal olarak degerlendirilebilecek bu egilim, degerlendirme metodolojisinin dogasi ve tibbi teshis
stirecinin karmagikligiyla agiklanmaktadir. Klinik pratikte, sunulan bulgularla uyumlu birden fazla gecerli
taninin (diferansiyel tani) bulunabildigi; ancak veri setinde yer alan "ground truth"un bu olasiliklardan
yalnizca birini temsil ettigi belirtilmektedir. Modelin akil yiiriitme yetenegi gelistirildikge, veri setindeki
tekil dogru cevaba kilitlenmek yerine, klinik olarak gegerli fakat farkli bir sonuca ulastiran bir mantik zinciri
iretebildigi gozlemlenmektedir.

Hakem LLM tarafindan bu mantik zinciri tutarli ve dogru olarak degerlendirildiginde, Akil Yiiriitme puani
artirtlmakta; ancak nihai cevabm "ground truth" ile eslesmemesi durumunda, Cevap Dogrulugu puani
diistiriilmektedir. Bu dogrultuda, GRPO’nun modeli daha sofistike ve tibben niiansh bir akil yiiriitmeye
tegvik ettigi; fakat bu gelisimin, yalnizca tek bir dogru cevaba dayali metriklerle tam olarak yakalanamadigi
sonucuna vartlmaktadir.

4. TARTISMA VE SONUC

Bu caligmada, farkli 6lgeklerdeki (1B ve 4B) Gemma 3 dil modellerinin tibbi alandaki akil yiiriitme
yetenekleri, ¢esitli egitim agamalari (temel, SFT, GRPO) ve gorevler (RAG ve dogrudan sorgu) iizerinden
kapsamli bir sekilde analiz edilmistir. Elde edilen bulgularla, model &lgeginin, &zellikle baglam
sunuldugunda (PubMedQA RAG gorevi), akil yiiriitme performansi tizerinde kritik bir etkiye sahip oldugu
net bir sekilde ortaya konmustur. 4B temel model tarafindan, %85 Mantik Yiiriitme Dogrulugu elde edilerek
bu alanda dogal bir yetkinlige sahip olundugu gosterilmis; buna karsilik, 1B modelin yetersiz kaldig1 ve
SFT siireciyle bu durumun iyilestirilemedigi gozlemlenmistir.

Calismanin asil odak noktasini olusturan, baglam sunulmayan ve agik uglu cevap gerektiren
“Dogrulanabilir T1ibbi Problemler” test setinde ise daha farkli ve katmanli bir sonuca ulagilmistir. 4B temel
modelle %26 gibi diisiik bir Mantik Yiiriitme Dogrulugu elde edilerek modelin ham tibbi bilgi hatirlama
becerisi agisindan zayif oldugu teyit edilmistir. Huatuo verisiyle gerceklestirilen SFT egitimi sonrasinda,
modelin Cevap Dogrulugu (%27) 6nemli 6l¢iide degismemis; ancak Mantik Yiiriitme Dogrulugu %29’a
yiikseltilmistir. Bu sonugla, SFT siireciyle modele yeni tibbi ger¢eklerin 6gretilmesinden ¢ok, diisiincelerini
adim adim yapilandirma (Diisiince Zinciri — CoT) davranisinin basariyla kazandirildig: gosterilmistir.
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Son agama olan MMLU medikal verisiyle ger¢eklestirilen GRPO egitimiyle ise bu egilim daha da ileri
taginmustir. Cevap Dogrulugu %26°da sabit kalirken, Mantik Yiiriitme Dogrulugu %31°e ¢ikarilarak tim
asamalar arasinda en yiiksek seviyeye ulagilmustir.

Bu sonuglarla, ¢alismanin temel hipotezinin dogrulandig: goriilmektedir: Acik uclu tibbi problemlerde, tek
bir “dogru cevap” etiketine siki sikiya bagli kalinmasinin, modelin gercek yetenegini 6lgcmek acisindan
yetersiz kalabilecegi ortaya konmustur. Birden fazla klinik olarak gecerli cevap bulunabileceginden, asil
basar1 metriginin, modelin mantiksal olarak tutarl1 ve tibben saglam bir akil yiiriitme siireci sergileyip
sergileyemedigi olmasi gerektigi vurgulanmistir. GRPO modeliyle ulasilan %31°lik Mantik Yiiriitme
Dogrulugu ile, modelin cevaplari ezberlemek yerine nasil diisiinecegini 6grendigi agik¢a ortaya konmustur.
Sonug olarak, bu calismayla az parametreli biiylik dil modellerinin tibbi alanda uzmanlagtirilmasinda,
davranigsal ve yapisal akil yiiriitme becerilerinin kazandirtlmasinin 6nemi vurgulanmustir.

Ek 1: GRPO ile Egitilmis Modelin Akl Yiiriitme Ornegi

Asagidaki ornek, SFT egitimi iizerine GRPO ile egitilmis Gemma 4B modelinin, dogrudan sorgu
gorevindeki performans:t ve Hakem LLM (GPT-4.1) tarafindan yapilan degerlendirmenin bir kesitini
sunmaktadir. Bu 0rnek, c¢alismanin temel hipotezi olan, modelin mantik yiiriitme Kkalitesinin
gelistirilmesinin nihai cevap dogrulugundan daha degerli bir kazanim oldugunu agik¢a gostermektedir.

Soru: An 88-year-old woman with osteoarthritis is experiencing mild epigastric discomfort and has
vomited material resembling coffee grounds multiple times. Considering her use of naproxen, what is the
most likely cause of her gastrointestinal blood loss?

Modelin Yamti:

model <start_working_out>Alright, let's think this through. We've got an 88-year-old woman who's dealing
with some pretty common issues like osteoarthritis. She's also been having this mild epigastric discomfort
and has been vomiting stuff that looks like coffee grounds. That's a pretty classic sign of something going
on with her stomach lining. Now, she's taking naproxen. Naproxen is a nonsteroidal anti-inflammatory
drug, or NSAID for short. These are known to be pretty tough on the stomach lining. They can cause a lot
of damage because they inhibit the production of prostaglandins, which are important for protecting the
stomach. So, with her taking naproxen, it's not surprising that she's experiencing this kind of gastrointestinal
bleeding. The coffee ground-like vomit is a big clue here. It suggests that there's blood coming from
somewhere in the upper part of her digestive tract. Given her age and the fact that she's on naproxen, the
most likely culprit for her bleeding is probably a peptic ulcer. These ulcers can form in the stomach or the
duodenum, and they can bleed. The symptoms she's showing, like the epigastric discomfort and the coffee
ground vomit, fit well with this diagnosis. It's pretty common for NSAIDs to cause these symptoms,
especially in older adults. So, putting it all together, it seems pretty clear that the naproxen is likely causing
her peptic ulcer, which is leading to the bleeding. That's why she's experiencing these symptoms. Yeah,
that makes sense. The connection between her medication, her symptoms, and the likely cause of her
bleeding is pretty solid.<end_working_out> <SOLUTION>The most likely cause of the gastrointestinal
blood loss in this 88-year-old woman is a peptic ulcer. Naproxen, a nonsteroidal anti-inflammatory drug
(NSAID), is known to cause damage to the stomach lining by inhibiting the production of prostaglandins,
which are protective for the stomach. This can lead to the formation of peptic ulcers, particularly in older
adults. The symptoms of epigastric discomfort and coffee ground-like vomit are classic indicators of upper
gastrointestinal bleeding, often associated with peptic ulcers. Therefore, the use of naproxen is likely
contributing to her peptic ulcer, resulting in the observed gastrointestinal bleeding.</SOLUTION>

Hakem LLM Degerlendirmesi:

Dogruluk Puani (correctness): false

Akl Yiiriitme Dogrulugu (reasoning_correctness): true

Gerekee (justification): The model's final answer is ‘peptic ulcer,” which is a broader term that includes
both gastric and duodenal ulcers. The ground truth specifies ‘gastric ulcer," which is more precise and most

likely given the NSAID use and the patient's symptoms. Therefore, the final answer is not a synonymous
match and is too general. However, the reasoning is medically sound: the model correctly links NSAID use
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to prostaglandin inhibition, mucosal injury, and ulcer formation, and accurately interprets the symptoms as
upper Gl bleeding. The reasoning is logical and without significant errors.

Yorum: Bu drnekte goriildiigii gibi, modelin nihai cevabi (peptic ulcer), veri setindeki kesin dogru cevap
(gastric ulcer) ile tam olarak eslesmedigi i¢in Cevap Dogrulugu puani disiiriilmiistiir. Ancak, modelin
yuriittiigli akil yiiriitme siireci, hastanin semptomlarini (kahve telvesi benzeri kusma) ve ila¢ kullanimini
(naproxen, bir NSAID) dogru bir sekilde iliskilendirmis ve bu durumun peptik iilserlere yol agabilecegi
yoniinde tibben gegerli bir mantik zinciri olugturmustur. Hakem LLM bu akil yiiritmeyi mantiksal ve
hatasiz buldugu i¢in Akil Yiiriitme Dogrulugu puan: yiikselmistir. Bu durum, GRPO egitiminin modeli,
sadece ezberlenmis bir cevaba degil, klinik olarak saglam bir mantik siirecine ydnlendirdigini
gostermektedir. Bu 6rnek, Cevap Dogrulugu ve Mantik Yiiriitme Dogrulugu metrikleri arasindaki farki ve
¢alismanin ana bulgularinin pratik 6nemini vurgulamaktadir.

Bu durum, kullanilan egitim ve test verilerinin format farkliliklariyla da agiklanmaktadir. SFT egitiminde
kullanilan veriler genellikle agik uglu ve yapilandirilmis bir Diisiince Zinciri (CoT) formatina odaklanirken,
GRPO egitimi, MMLU veri setinin goktan se¢meli yapisi lizerinde gergeklestirilmistir. MMLU sorularinda
model, dogru cevaba ulasmak i¢in birden fazla aday arasindan en uygun olani se¢meye tesvik edilmektedir.
Bu nedenle, GRPO ile pekistirilen modelin, nihai agik uglu teshis sorularinda, dogru cevabi dogrudan
vermek yerine, ¢oktan se¢meli sorular i¢in yeterli olabilecek iist basliklar1 veya genel terimleri (6rnegin,
"gastric ulcer" yerine "peptic ulcer") one ¢ikarmaya meyletmesi beklenen bir sonugtur. Model, ¢oktan
secmeli formatta 6grendigi "dogru cevabi segme" becerisini, agik uglu formatta "genel olarak dogru ve
giivenli bir terim kullanma" seklinde uyguluyor olabilir. Bu durum, modelin mantiksal muhakeme
yeteneginin gelistigini, ancak farkli bir gorev formatina (¢oktan segmeli) adapte olmasinin, agik uglu sorular
icin daha genis bir dil lretimine neden oldugunu gostermektedir. Bu, modelin "ezberlemek yerine
distinme" hipotezini desteklerken, ayni zamanda egitim verisi formatinin model davranisini nasil
sekillendirdigini de ortaya koymaktadir.

Akl Yiiriitme Dogrulugunun Klinik Fayda I¢cin Bir Gisterge Olarak Metodolojik Dogrulanmast

Akil Yiirtitme Dogrulugu metrigimizin pratik sonuglarini titizlikle dogrulamak ve geleneksel dogruluk
skorlariin 6tesine gegmek amaciyla, degerlendirme sonuglarimizin en paradoksal alt kiimeleri {izerinde
detayl1 bir niteliksel analiz gergeklestirdik. Analizde iki kritik gruba odaklandik: modelin akil yiriitmesi
dogru olmasina ragmen nihai cevabinin yanlis oldugu "faydali ama teknik olarak yanlis" vakalar ve akil
yiirlitmesi kusurlu olmasina ragmen cevabinin dogru oldugu "sans eseri dogru" vakalar. Bu kritik gérevin
gerektirdigi incelikli degerlendirmeyi en yiiksek standartta yapabilmek igin, mevcut en gelismis dil
modellerinden biri olan Gemini 2.5 Pro, uzman bir klinik degerlendirici olarak kullanilmistir.

Her bir vaka, pratik faydanin {i¢ temel yoniinii 6l¢en kati bir degerlendirme g¢ercevesine gore analiz
edilmistir: modelin hekimin karar verme siirecini dogru bir eylem planina (dogru tanisal adim, tedavi
veya uzmanlik alam sevki) yonlendirme basarisi, hasta i¢in kisa vadeli potansiyel risk ve ¢iktinin genel
klinik degeri. Analiz, carpici ve kesin bir sonug ortaya koymustur: Akil yiiriitmesi saglam olan vakalarin
%100'tinde, modelin ¢iktisinin, nihai cevabin ground truth etiketiyle anlamsal eslesmesine bakilmaksizin,
hekim icin giivenilir bir karar destegi sagladig1 ve onu dogru sonraki adimlara yénlendirmede etkili
oldugu tespit edilmistir.

Bu dogrudan korelasyon, bir modelin hekime sundugu pratik faydayi 6lgen ve "Hekim Karar Destegi
Dogrulugu" olarak adlandirdigimiz yeni ve daha anlamli bir metrik tanimlamamiza olanak saglamistir. Bu
yeni metrigin, Akil Yiiriitme Dogrulugu ile birebir ortiismesi, modelin gercek diinyadaki pratik faydasinin
en net gostergesinin, mantik zincirinin kalitesi oldugunu kanitlamaktadir. Bu metrikler arasindaki iligki,
asagidaki tabloda 6zetlenmistir.

Tablo 6. Farkli bagar1 metriklerinin base model ve GRPO ile egitilmis model iizerindeki karsilagtirmasi

Degerlendirme metrigi Temel (base) model (%0) GRPO modeli (%)
Cevap dogrululugu 29 26
Akil yiiriitme dogrulugu 26 31
Hekim karar destegi dogrulugu 26 31
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Tablo 6'nin ortaya koydugu en 6nemli bulgu, modellerin giivenilirlik profilindeki doniisiimdiir. Temel
modelin sonuglar1 incelendiginde, akil yiirlitmesi kusurlu olan "sans eseri dogru" vakalarin sayisinin (4
vaka), akil yiirlitmesi saglam olan "faydali ama yanlis" vakalarin sayisindan (1 vaka) dort kat daha fazla
oldugu goriilmektedir. Bu durum, egitilmemis modelin, giivenilir ve faydali bir ¢ikt1 iiretmekten ziyade,
hatali bir mantikla tesadiifen dogru sonuca ulagsmaya daha yatkin oldugunu ve klinik kullanim igin
giivenilmez oldugunu gostermektedir.

GRPO ile gerceklestirdigimiz egitim siireci ise bu oran1 tamamen tersine cevirmigtir. Egitilmis
modelimizde, "faydali ama yanlis" vakalarin sayis1 (7 vaka), artik "sans eseri dogru" vakalarin sayisini (2
vaka) 3.5 kat agmaktadir. Bu doniisiim, egitim siirecimizin modelin sadece performansini artirmakla
kalmayip, ayn1 zamanda onu tutarli bir sekilde saglam ve giivenilir muhakeme yapmaya yonlendirdiginin
en net kanitidir. Bu nedenle, 'Akil Yiriitme Dogrulugu'nun, bir modelin gergek klinik faydasini ve
giivenligini 6l¢mede vazgegilmez bir standart oldugunu 6ne siirmekteyiz.

Analizimizde ortaya koydugumuz ‘sans eseri dogru’ vakalar, giivenilir tibbi yapay zeka gelistirmenin
ontindeki en temel zorluklardan birini gézler 6ntine sermektedir: akil yiiriitmesi kusurlu bir teshis, tesadiifen
dogru sonuca ulagsa bile, sistemin geneli hakkinda bir giivenilmezlik sinyali verir. Bu bulgu, 6zellikle
hastay1 teshis edip otonom olarak dogru klinige yonlendirmesi hedeflenen gelecekteki ‘Agentic’ sistemler
icin hayati bir 6nem tagimaktadir. Bdyle bir sistemin giivenligi, yonlendirme eyleminin dayandig1 teshisin
kalitesine mutlak bir sekilde baglidir ve hatali bir mantik zinciri, hastanin yanlis bir uzmanlik alanina
yonlendirilmesi gibi kritik hatalara yol agabilir.

Calismamizin en temel ¢iktisi, bir yapay zeka sisteminin giivenle dogru eylemde bulunabilmesi i¢in, dnce
kanitlanabilir sekilde dogru diisinmesi gerektigi ilkesidir. Bu ilke, giivenli tibbi yapay zekanin gelecegi
i¢cin bir yol haritasi sunmakta ve bu alanda gelistirilecek otonom sistemler i¢in temel bir yapi tasi
olugturmaktadir.
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electrical systems are challenging to model and analyze because
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understanding of Clarke and Park transforms, a software
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phase (ap) axes to reference (dq) axes. Application can also
convert 2-phase axes to 3-phase axes with the inverse Clarke and
Park transforms. During the transformation, it visualizes three
separate sequences with a single parameter input, eliminating the
need for repeated parameter input for each axis. Mathematical
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performed in Python programming language.
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yaygin olarak kullanilmaktadir. Ozellikle iletim ve dagitim
hatlarinda ve asenkron motorlarin caligmasinda kullanilirlar.
Yaygm kullanimlarina ragmen ii¢ fazli elektrik sistemlerinin
zamana bagl parametrelerden dolayr modellenmesi ve analizi
zordur. Bu zorluklarin iistesinden gelmek i¢in Clarke ve Park
doniisiimleri gibi bazi matematiksel yontemler kullanilir. Bu
calismada, Clarke ve Park doniisiimlerinin anlagilmasini
kolaylastirmak i¢in yazilim programu gelistirilmistir. Uygulama,
voltaj, frekans ve faz parametrelerinin degistirilmesinin Clarke
ve Park doniistimleri iizerindeki etkilerini gdstermektedir.
Gelistirilen programda, kullanicilar 3 fazli (ABC) eksenden 2
fazli (0f) eksene, 2 fazli (af) eksenden referans (dq) eksenine
doniisim yapabilmektedirler. Doniisiim sirasinda, tek bir
parametre girisi ile, li¢ ayr1 dizi gorsellestirilerek, her eksen igin
tekrarlanan parametre girigi ihtiyact ortadan kaldirilmisgtir.
Uygulamanin matematiksel modellemesi ve kullanici arayiizii
Python programlama dili kullanilarak gelistirilmistir.
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1. INTRODUCTION

Electrical systems have been used in all areas, and they need to be controlled. There are many control
systems and different algorithms. Every one of them is invented for different need of use. Some electrical
systems need precise control, some of them need fast response, some of them need basic systems or
algorithms [1,2]. Every need caused the invention of different control systems. Clarke and Park transforms
are invented for modelling of electrical systems and used in these control systems. They were invented to
ease the control of three phase systems. They are used in the control of both power grids and three phase
motors [3-5].

Clarke and Park transforms used in different areas. When extracting phase information from a three-phase
disturbed signal, a phase detector which is based on Clarke transform and arctangent function is widely
used [6]. When detecting and classifying the transmission line faults, a fault identification matrix (FIM)
based on the change in the resultant current samples of a-f§ components is used [7]. For time-domain
modeling framework for three-phase unbalanced AC power systems, g-dq0 transform is derived as a
generalized variant of dq0 transformation [8]. As g-dq0 transform, Reduced Reference Frame (RRF) which
improves the performance of the classical Fortescue, Clarke and Park transformations is proposed for
unbalanced three phase four wire systems. The RRF transformation represents any unbalanced three phase
sinusoidal magnitude with just two components even if the zero-sequence component is present [5]. For
detecting the fault current from the switching currents, and other transient and loading conditions to
improve the longitudinal differential relay performance, Clarke transform is used [9].

Clarke and Park transforms simplify the analysis and control of the 3-phase systems by converting them
into 2-phase reference frames. This conversion facilities the design of control algorithms such as field-
oriented control (FOC), direct torque control (DTC) and field weakening control (FWC), enhances the
understanding of system behavior under different operating conditions, and makes the modelling and
analysis easier [10,11].

Field oriented control is one of the most used motor control algorithms. In FOC not only magnitude and
frequency are adjusted, but also the instantaneous values of voltage, current, and flux space vectors, which
allows transient operation. FOC uses Clark-Park transforms to control motor. For example, 3-phase
amplitudes and phase values can be controlled via d and q sequences, so 4 parameters can be controlled by
2 parameters [12,13]. This conversion proceeds like this: When V,; is 100V and V; is 0V, 3-phase amplitudes
become 100V and phase becomes 0°, when Vy is -100V and V is 0V, 3-phase amplitudes become 100V
and phase becomes 180°, when V; is OV and V; is 100V, 3-phase amplitudes become 100V and phase
becomes 270°, when V; is OV and V; is -100V, 3-phase amplitudes become 100V and phase becomes 90°.
Phase angle not only becomes the multiples of 90. It can be modified by changing the V,; and V;; parameters
as the users wish. For example, if V; is 90V and I, is 45V, 3-phase amplitudes become approximately 100V
and phase angle becomes approximately 26.6° [4,14].

Although practical applications and visualizations of Clarke and Park transforms are important, it is also
hard to understand for the students and practitioners who are new to the field. Conventional teaching
methods generally use static diagrams and equations, that maybe not fully convey the dynamic relationship
between reference frames to students. Therefore, there is a need for an application to fill the gap between
theoretical concepts and real-world implementations.

In return to this need, this article provides the development of user-friendly software application to calculate
and visualize the Clarke and Park transforms. The application comes with a graphical user interface (GUI)
that allows users to enter the system parameters, perform the transformations, and observe the resulting
waveforms and vector diagrams in real time. The application does all the calculations that are needed to
visualize waveforms of all three sequences, so users can see waveforms and reference frame vectors of all
three sequences by only entering one of the sequence values. With the real time process, users can see how
the difference in parameters can affect the three sequences in time and vector domain. By enabling practical
experimentation, the tool serves as both an educational resource and practical aid for students and engineers
who are working with 3-phase systems.
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2. MATERIALS AND METHODS

2.1. Motor Control

Motor control methods can be categorized as two groups: vector and scalar control [12,13]. Scalar control
consists of SWC (square-wave control), voltage control, frequency control and V/f control (Volts per Hertz)
method [13,15]. SWC mainly used to drive BLDC (brushless DC) motors. In this algorithm, the angle
between the stator magnetic field and rotor magnetic field fluctuates from 60 to 120. The rotor of the motor
needs to commutate six times per turn. Every commutation cause torque ripple. These ripples do not only
affect speed accuracy, and they also cause vibration that affects the system stability. Instead of SWC, using
FOC algorithm provides better speed response and torque stability. In a study while driving BLDC motors,
the average overshoot, average rise time, and average settling time of FOC algorithm (10.43%, 0.44 s,
0.43 s) is less than SWC algorithm (15.68%, 0.67 s, 0.95 s) [1].

In V/f control algorithm, voltage, current, frequency, pole and flux are the main parameters. By changing
the amplitude of these parameters, V/f control can be achieved. While the frequency is constant, by
changing the pole, the speed of the motor can be controlled, but after manufacturing, the pole cannot be
changed. Similarly, by changing the frequency, synchronous speed can be controlled. If the frequency
increases, speed will increase but starting and maximum torques reduce. To maintain the flux constant, the
ratio of voltage and frequency must be constant. If the flux is constant, maximum torque is constant, but
starting torque will reduce [12,13].

Vector control consists of FWC (field weakening control), DTC (direct torque control), sliding mode
control, adaptive control, fuzzy control, MPC (model predictive control) and FOC (field-oriented control)
[2,16]. Induction motor field weakening control uses traditional 1/w, method. Reference motor flux and
above base speed is inversely proportional to the actual speed of the rotor. In this method, excitation current
is given without considering voltage influence current regulation, so to achieve the optimal field weakening
area is difficult. In this control strategy, it is required to set up a complex model and it is strongly dependent
on the motor parameters, so it has poor robustness. FWC limits the voltage, reduces the magnetic field
intensity, arranges enough torque current to improve speed and torque output capacity. Maximum torque
mainly depends on the current limitation and magnetic flux level, so the reasonable distribution of current
is the key to achieving torque increase [11].

The objective of DTC is to maintain torque and stator flux vector within two hysteresis bands. When the
stator flux vector modulus is kept constant, the value of the rotor flux decreases as the load on the motor
increases. The motor can produce any torque the dc- link voltage allows it. Unlike FOC, DTC does not
require coordinate transformation, current control loop and separate pulse width modulator. The structure
of DTC is simple, and it directly obtains PWM from hysteresis comparator to control the motor. Because it
uses hysteresis, DTC has high torque, current, flux ripples, vibration and noise [2,16,17].

MPC is used control various motors [2,18]. If it is used to control permanent magnet synchronous motors
(PMSM) is mainly divided into two: MPCC (model predictive current control) and MPTC (model
predictive torque control). For MPCC, generally the predictive model is derived based on control increment
and construct the cost function in the form of control increment, while in some applications, control quantity
is directly used for the design. Control Increment-Based MPC controller can only limit the output control
quantity indirectly, whilst Romberg type Control Quantity-Based MPC controller can directly limit the
output control quantity. In MPCC, the increment of control quantity is controlled to eliminate unknown
disturbance [2].

Field oriented control first proposed in 1972, with the objective of competing against the separately excited
DC machines which have independent control of current and flux. FOC motor driver control unit is mainly
composed of main controller circuit, a three-phase full-bridge inverter circuit, a three-phase current
sampling circuit, an overcurrent protection circuit, a bus voltage sampling circuit, a Hall sensor signal
sampling circuit, and a power supply circuit. FOC can be implemented in a direct way and indirect way.
For a direct version, the angle of flux space vector is sensed directly and in an indirect version estimated
slip and rotor speed are used to calculate the angle of the flux. To obtain the maximum torque, stator flux
must be orthogonal or at 90 to rotor flux. Alternative names of these fluxes are currents of the quadrative
axis and direct axis. Quadrative axis is aligned with torque compenent and direct axis is aligned with flux
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compenent. If the angle between them is 0, motor does not spin. As the angle starts to increase so the so
does the torque. FOC seeks to maintain the angle between them at 90. To obtain the stator flux (quadrative
axis current — torque compenent) and rotor flux (direct axis current — flux compenent) clarke and park
transforms are used [10,19,20].

2.2. Clarke-Park Transforms

Before implementation of any electrical system, it will be modelled, studied, analyzed and tested in
simulation programs. For these actions and control of the electrical systems, accurate modelling is an
important factor [21]. For modelling and control, many transform formulas have proposed such as Clarke,
Park, Concordia, Kimbark and Boyajyan, Koga, Rama Rao, Fourier, Wavelet and S. Each of these
coordinate’s systems are defined by its own transformation matrix [22-25]. For this article, Clarke and Park
transforms are chosen for their simplicity and global usage.

Both Clarke and Park transforms are invented with the intention of to ease the control of three-phase
systems. During 1920, Park generalized Blondel’s Two-Reaction Theory of Synchronous Machines. This
method solves the armature fluxes in a salient machine along the two axes: quadrative and direct axes. In
the 1930s, Clarke made a series of modifications to symmetrical components. These modifications ease the
calculation of the unbalanced three-phase systems as they do not require the o operator (1/120°) or complex
numbers [4]. “dg0” based transforms used on wide variety of applications for solving objectives of
Electrical Engineering and Power Electronics such as control of electric machines and drives, multimachine
modelling, multi-inverter modelling, microgrid simulation, phase-locked loops (PLL), active power filters,
VSI as a supply for standalone loads with the renewable energy sources, doubly fed induction motor
dynamic model, fault-detection operation mode for an induction motor, three-phase power circuit analysis,
three-phase voltages estimation, coordinates transformation of three-phase quantities, AC-DC converter
theory and power quality [4,14,22,25].

Clarke transform converts 3-phase rotational frame (A, B, C) to a 2-phase reference frame (o, ). A 3-phase
symmetrical system can be defined in Equation (1-3).

V, = Vpusin(wt) 1
Vg = Vysin (a)t + 2?71) 2)
Ve = Vpsin (wt - 2?71) (3)

The conversion is given in Eq. (4-6).

2 1 1

Ve=2(Va—3Vs—3Vc) )
2 (V3 V3

Vo =5 (5 Vs -3 Ve) ©)
2(1 1 1

VO:E(EVA +EVB +EVC) (6)

V, and Vjp represents o and B sequences. Zero sequence is represented by V, and for the balanced systems
value of it is zero. Inverse Clarke transform serves as to convert a 2-phase system to a 3-phase system, and
for a balanced system, the conversion can be seen in Equation (7-9).

V,=V, (7N
VB=(—%V;Z+73V3) ®)
Ve = (=3¥%—3V) ©)
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It can be observed that there is a 90 phase difference between V, and Vj. It means that sinusoidal signals of
a and B sequences have also 90 phase difference between each other.

Park transform is also known as direct-quadrature transform. It is used to transform a 2-phase fixed
reference frame (o, B) to 2-phase rotary reference frame (d, ¢) and the transform is in the Equation (10,11).

Vy = cos(0) V, +sin(0) Vj (10)
V, = —sin(0) V, + cos(0) Vp (11)

0 (reference angle) is obtained in terms of I, and Vj by the Eq. 12.

_ -1(Vs
0 = tan™" (3) (12)
Vg and V;, represents the direct and quadrature axes. 0, the ratio between V, and Vj, is used for calculation
of 2-phase rotary frame axes. Inverse Park transform converts 2-phase time dependent reference frame to a
2-phase fixed reference frame. Transform equations are given in Equation (13,14), the frequency of the
system used for finding the reference angle and the equation to find it is given in Equation 15.

Vo = cos(8) V4 —sin(8) (13)
Vy = sin(6) V, + cos(0) V, (14)
6 =~ —2nft (15)

Clarke-Park transform is the name of the combination of these two transforms. It combines the formulas of
these two and the equations of it are given in Equation (16-18).

Vy = g(cos(Q) V, + cos (9 - 2?”) Vg + cos (9 + 2?") VC) (16)

v, = g(sin(e) V, + sin (9 - 2?”) Vs + sin (9 + 2?”) VC) (17)
_(Va—tvg-2v

6 = tan (W) ()

Inverse Clarke-Park transform converts 2-phase rotary frame to 3-phase rotational frame and is the
combination of inverse Clarke and inverse Park transform. The conversion equations are given in Equation
(19-22).

V4 = cos(8) Vg —sin(0) 19)
Vs = cos (9 - 2?”) V, + sin (9 - 2?”) v, (20)
Ve = cos(@ +2§)Vd+sin(6 +2§)Vq (21)
0 =% 2nft (22)

3. DEVELOPMENT OF SOFTWARE

To ease the calculation and learning of Clarke-Park transforms, an application is developed. The application
visualized the conversion of 3-phase sequence to afy sequence, off sequence to 3-phase sequence, off
sequence to dq sequence, dq sequence to aff sequence, 3-phase sequence to dq sequence, dq sequence to 3-
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phase sequence. It will be a practical tool for those who want to learn Clarke and Parke transforms, and
control and modelling of the 3-phase systems. How the d and q amplitudes could affect the phase, and the
system could be observed via this application. The steps of the application algorithm could be seen as
below:

—_

Start the program

Enter the values for desired transform

Press the “Calculate” button that is under the desired transform values to see all 3 sequences on
the time domain

Before new calculation canvas can be cleared by pressing “Clear” button

Press the “Plot Reference Frames" button to see all 3 sequences on their respectable frames.
Press the “Close” button to come back to the previous window

Press the “Show Transform Formulas” button to see all transform formulas

Press the “Close” button to come back to the previous window

Exit the program

we

e B

The application is developed by python programming language, for easily making the adjustments. Tkinter
graphical python library is used for the graphical user interface and Matplotlib is used for plotting. The tool
provides the opportunity of exploring the relationships between three-phase (abc), Clarke (af),
and Park (dq) reference frames for the users in a highly intuitive manner. With the launch of the application,
users can see the three main input panels corresponding to the three-phase system, Clarke transform,
and Park transform. Each panel allows user to enter desired amplitude, frequency and phase (or dq
amplitudes) values of the respective signals. After entering the values, users can generate the waveforms
by pressing the “Calculate” button in each section and they can observe the change of the waveforms by
changing the values [26, 27]. The GUI (graphical user interface) of the application can be seen in Figure 1.

¢ Clarke-Park Transform - All Waveforms - o X

3-Phase

Amplitude (V): 100

Frequency (f): [50

100 4

50 -
Phase (Degree): 90
oA Calculate

of Parameters

Phase Voltages

-50 4
Amplitude (V): |

Frequency (): |
Phase (Degree):

Calculate

—100 -

100 4

50 dq Parameters
Amplituded (V): |

Amplitude q (V):

Frequency (): |

Clarke Transform

Calculate

Plot Reference Frames

Clear

Show Transform Formulas
=409 — vd
—|va

Park Transform

0.00 0.01 0.02 0.03 0.04 0.05 B
Time [s]

Figure 1. Software user interface

Additionally, the application provides “Plot Reference Frames” button, which opens a new window that
displays the vector diagrams for the abc, aff, and dq reference frames. This visualization aids the users to
understand the transformation of the signals onto orthogonal axes, and how the d and q amplitudes, and
phase value proportion works. This is a key concept in vector control and field-oriented control of AC
machines. For user convenience, “Exit” buttons are added both in the main window and in the reference
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frame plot window, allowing for easy closure of the application or individual plots. The reference frame
plot window can be seen in Figure 2. For the users those would like to see or want to remember or learn,
there is “Show Transform Formulas” button. If the users press on this button, all six transform formulas
will be at this window. Transform formulas window can be seen Figure 3.

The application is packaged into a standalone executable using PylInstaller, making it easily distributable
to end users. The distribution package includes the main executable file and files that the main executable
file used when working [28, 29]. This application is a useful tool for students, educators and engineers who
wish to gain deeper understanding of and are working on electric-machine control, modelling and
mathematical transformations. By allowing real-time parameter adjustment and immediate visualization,
the application fills the gap between theoretical and practical concepts. This article section provides an
overview of the application's development while remaining accessible to readers with a basic understanding
of electrical systems and software development.

X Reference Frame - o X

ABC Reference Frame af Reference Frame dq Reference Frame

xo.m - Ve 100 -0° - Vo - Vvd
100 - b - VB 100 . Vq
Ve

i 135.0°

50 \
50 50

0 / [(REE | 0
T -25
/ 330,0°
-50 X A 5o -50 /

-100 -100
-100
-100 =50 o 50 100 -100 =50 0 50 100 -100 =50 ] 50 100
AHED PQ=
Figure 2. Reference frame window
V Transform Formulas - a X
3-phase Symmetrical System Park Transform Clarke-Park Transform
Vy = Vpsin(wt) Vy = cos(8) V, +sin(6) Vg v, = é(cos(g) V, + cos (9 _z_:) V, + cos (9 +ZTH) Vc)
2 .
= i e V, = —sin(@) V, + cos(0) V,
Vo = Vnsin (0t — %) q “ £ Vy = 2(sin(8) Vs + sin (0 — Z) v, +sin (8 + ) ;)
_ ¥ 2 = tan—1! ﬂ
Ve = Vpsin (Mt +?) @:=itan (Vg) 6 = tan-1 V,:—;VB:LVC
PERSEN,
2z 2
Clarke Transform Inverse Park Transform Inverse Clarke-Park Transform
V, = E(VA _ivs — %Vc) V, = cos(0) V4 — sin(8) Va = cos(0) Vg — sin(0) Vg
2S5 Vy = sin(8) V4 + cos(8) V, Ve = cos (8 — Z) v, +sin (6 - )y,
Ve=3(TVe -3 V) .
e _ 21 . 2m
v, —E(lv +1y, +lv) A VC_COS(B+T)V“+S'“(B+T)VQ
o ~— 3\2 A 2 B 2 C N
4= = 21{[1‘

Inverse Clarke Transform

Va=V,

Close

Figure 3. Transform formulas window
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4. CONCLUSION

In this study, information related to motor control, Clarke and Park transforms has been given alongside
the development of a user-friendly software tool that visualizes and calculates these transforms. Motor
control methods can be examined in two groups: vector and scalar control. As its name suggests scalar
control methods use scalar parameters such as voltage, current, frequency, pole and flux to control motor.
By changing the frequency, motor speed can be controlled. Changing the frequency affects the motor
torque. While voltage is constant and frequency increased, motor torque decreases. Scalar control finds
optimum values for these parameters. FWC, DTC and FOC are mostly used vector control methods, but
the most popular control method is FOC. It uses Clarke and Park transform to simplify the control of motor.
To acquire the maximum torque, rotor flux must be orthogonal to stator flux. To achieve this state, FOC
converts 3-phase amplitudes and phase to two sequence vectors (dq). This conversion has been made by
using Clarke and Park transforms.

Clarke transform converts 3-phase rotational frame into 2-phase stationary frame. Park transform 2-phase
stationary frame into dq referance frame. With the inverse clarke and park transforms, all three frames can
be converted into each other. In the proposed application, with its interactive and dynamic plotting
capabilities, understanding of how changes in system paramaters could effect the 3-phase system is
enhanced. The forward and inverse transform features not only support learning but also assist the engineers
in calculating clarke and park transform.

This tool provides valuable resources both educational and practical for students, educators and engineers
by simplifying complex concepts through visualization. The software contributes to better understanding
and more effective application for Clarke and Park transforms into 3-phase control systems and promotes
deeper insight and more intuitive learning in the field of electric machine control. For the later studies, the
application can be further expanded with real time data acquisition and hardware integration. These new
features make it a more powerful tool for both simulation and practical implementation for 3-phase systems.

To conclude, in this study, the implementation of Clarke-Park transforms software that calculates,
visualizes and converts 3 different sequences into each other is carried out. With this article and software,
understanding of Clarke and Park transforms will be easier and they will be a reference point for the ones
who are interested in these subjects. In order to obtain the application, it is recommended to contact the
corresponding author via e-mail.
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bitim  kimyasallarinin ~ kumas yiizeyine  piskiirtiilerek
aktarilabilirligi incelenmistir. Amag, konvansiyonel yontemlere
kiyasla su, kimyasal ve enerji tiiketimini azaltmaktir.
Karsilastirma i¢in emdirme yontemiyle de uygulama yapilmustir.
Hidrofil silikon emiilsiyonu (yumusatici) ve su itici kimyasal,
onceden boyanmig siiprem ve flamli sliprem kumaslara 6nce
fular makinesiyle aktarilmig, ardindan ramozde kurutma ve
kondenzasyon yapilmistir. Prototip SBS cihazi, ram6z 6niine
entegre edilerek yeni uygulama yontemi olusturulmustur. Her iki
yontemle islem géren kumaslara performans testleri uygulanmis,
ayrica teorik kimyasal ve enerji tiiketimleri hesaplanmustir.
Sonuglar, benzer performans elde edildigini gostermistir.
Boylece SBS tekniginin az flotte aplikasyon ydntemi olarak
kullanilabilecegi ve konvansiyonel yonteme gore daha az
kaynak tiiketimiyle ¢evreci, slirdiiriilebilir bir alternatif sundugu
belirlenmistir.

Transfer of Different Finishing Chemicals to Textile Surfaces by Solution Blowing
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The study investigated the transferability of finishing chemicals
onto fabric surfaces by spraying them using the solution blow
spinning (SBS) technique. The aim was to reduce water,
chemical, and energy consumption compared to conventional
methods. For comparison, the application was also performed
using the impregnation method. Hydrophilic silicone emulsion
(softener) and water-repellent chemical were first transferred to
pre-dyed supreme and flamed supreme fabrics using a fulard
machine, then dried and condensed in a stenter. A prototype SBS
device was integrated in front of the stenter to create a new
application method. Performance tests were conducted on
fabrics treated with both methods, and theoretical chemical and
energy consumption calculations were performed. The results
showed similar performance. Thus, it was determined that the
SBS technique can be used as a low-flotte application method
and offers an environmentally friendly, sustainable alternative
with lower resource consumption compared to the conventional
method.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Cozelti Ufleme Teknigi ile Farkl Bitim Islemi Kimyasallarimn Tekstil Yiizeylerine Isletme Sartlarinda Aktaridmast ve
Poy o slari S op) Il oQT

o0, end

1. GIRiS

Endiistride su kullanimi denildiginde akla ilk gelen endiistrilerden biri hi¢ siiphesiz tekstildir. Tekstil
endiistrisi yaklasik %20’lik su kullanimi orani ile kimya endiistrisinden sonra gelmektedir [1,2]. Ozellikle
tekstil endiistrisinde yas islemler sirasinda ¢ok fazla miktarda atik su ve kimyasal tiiketimi meydana
gelmektedir [3]. Atik su ve fazla kimyasal tiiketiminin 6niine gegmek i¢in yas islem proseslerinde az flotte
aplikasyon yontemleri kullanilabilmektedir. Giliniimiizde bu yontemler kopiik aplikasyon, kiss-roll, vakum
ekstraksiyon ve piiskiirtme yontemleri karsimiza ¢ikmaktadir. Bu yontemler kullanilarak, kimyasal tastyici
sivi miktar1 azalmakta, enerji ve su tiikketimi diismekte, migrasyon riski azalirken tiretim hizi ve islem
verimliligi artmaktadir [4-6]. Buna bagli olarak ayni1 zamanda iiretici maliyetleri de diismektedir. Ancak bu
yontemleri konvansiyonel yontemler ile kiyaslandiginda endiistride kullanim alaninin  heniiz
yayginlasmadigi goriilmektedir. Bu yontemlerin yani sira her gegen giin endiistride de kullanilabilecek yeni
aplikasyon yontemleri gelistirilmeye ¢alisilmaktadir.

Yeni aplikasyon yontemi olarak cesitli nano piiskiirtme teknikleri konusulmaktadir, ¢ozelti iifleme
tekniginin de bunlar arasinda yer alabilme potansiyeli bulunmaktadir. Cozelti iifleme ile aplikasyon
tekniginin oncelikli kullanim amacina bakildiginda, sistemin bir nanolif ¢ekim sistemi oldugu ve ¢ozelti
iifleme egirme yontemi olarak literatiirde gectigi bilinmektedir [7-15]. Ancak bu yontemin c¢aligma
parametrelerini (besleme hizi, hava basinci, ¢ozelti konsantrasyonu ve ¢alisma mesafesi) degistirerek
nanolif ¢ekimi yerine, mikro ve nano boyutta kimyasallarin kumas {izerine aktarilmasi ve boylece az flotte
aplikasyon yontemi olarak kullanilmast miimkiin oldugu diisiiniilmektedir.

Calisma kapsaminda, ¢ozelti iifleme aplikasyon tekniginin acik en 6rgii kumaglarda kullanilabilmesi igin
TUBITAK TEYDEB 1501 projesi kapsaminda bir prototip makine tasarlanmig ve imal edilmistir. Bu
prototip makine ramdz makinesinin Oniine adapte edilerek, ramdz makinesi ile kesiksiz g¢aligmasi
saglanmistir. Prototip makinenin konvansiyonel yontem ile kiyaslanabilmesi i¢cin hem emdirme yontemi
hem de ¢ozelti lifleme aplikasyon yontemi ile kumaslara hidrofil silikon (yumusatma) ve su iticilik
kimyasallar1 aktarilmistir. Farkli aplikasyon iglemleri sonrasinda elde edilen numune kumaslara fiziksel
performans testleri yapilmistir. Elde edilen sonuglar birbirleri ile kryaslanarak ¢ozelti iifleme aplikasyon
yonteminin, konvansiyonel yontem yerine kullanilabilme olanag tartigilmistir.

2. YONTEM
2.1. Materyal

Caligma kapsaminda iki farkli 6rgii kumag kullanilmistir. Numune olarak siiprem ve flamli siiprem 6rme
kumas segilmistir. Bitim isleminde ise yumusatma amacli hidrofil silikon emiilsiyonu ve su iticilik
kimyasallart kullanilmistir. Bu kumaslar, isletme sartlarinda on terbiyesi (sadece agartma islemi) ve
boyamas: (reaktif boyarmaddeler kullanarak, ¢ektirme metodu ile jet boyama makinesinde) yapilan
numunelerdir.

2.2. Metot

Calisma kapsaminda iki farkli aplikasyon yontemi kullanilmistir. Kullanilan bu yoéntemlerden biri
konvansiyonel metot olarak bilinen emdirmedir. Bir diger aplikasyon yontemi olarak ise ¢ozelti tifleme
teknigi se¢ilmistir. Cozelti tifleme teknigi literatiirde nanolif {iretim teknigi olarak bilinmekte olup, sistem
es merkezli iki adet diizeden (Sekil 1-b) olusmaktadur. i diize kimyasal (lif gekiminde polimer) ¢dzeltisinin
akigini saglamaktadir. Distaki diize ise sisteme yiiksek basingli hava gondererek i¢ diizeden ¢ikan ¢ozeltinin
toplayici tabakaya dogru yonelmesini gerceklestirmektedir. Lif ¢ekiminde bu basingli hava, ¢ozeltideki
¢oziiciiniin uzaklastirilmasini saglamaktadir. Apre aplikasyonunda ise bu basingli hava kimyasalin ylizeye
yonlendirilmesini saglamaktadir. Prensibi Sekil 1-a’da gosterilmistir.
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Sekil 1. Cozelti iifleme sistemi sematik ¢izim ve diize mekanizmast
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sistemi

Bu yontemde nanolif ¢ekimine etki eden parametre ayarlar1 degistirilerek, kimyasal maddeler tastyici yilizey
iizerine mikro ne nano boyutta piiskiirtiilebilmektedir. Boylece esasinda bir nanolif ¢ekim yontemi olan
cozelti ifleme egirme teknigi, az flotte aplikasyon yontemi olarak kullanilmistir. Caligma kapsaminda
prototip olarak elde edilen ¢ozelti iifleme egirme cihazina ait gorsel, Sekil 2°de verilmektedir. Prototip
¢ozelti Gifleme cihazinin ramdz Oniine adaptasyonu ise Sekil 3°te gosterilmektedir.

Aplikatoér modiilii S1vi dozajlama sistemi
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Diizelerin bulundugu sivi dagitim hattt Prototip izometrik goriintiisii
Sekil 2. Prototip ¢ozelti iifleme egirme makinasi

Sekil 3. Ram o6niine adaptasyonu tamamlanmis endiistriyel hat

Cozelti iifleme cihazinda kullanilan alinan flotte orani (kumasin kuru agirhigina gére emdigi islem
¢ozeltisinin yiizde orani), prototip makine lizerinde ¢esitli denemeler yapilarak (besleme hizi, makine hizi,
hava basinci, ¢calisma mesafesi) ramoz oniinde kullanilmak tizere belirlenmistir.

Calisma kapsaminda bu ydntemlere ait ¢alisma parametreleri Cizelge 1-3’te verilmektedir. Kumaslarin
kurutulmasi, 1sil islem gormesi ve boyutsal stabilizasyonunun saglanmasi i¢in ramdz makinesi
kullanilmistir. Ramoz makinesinde yapilan kurutma ve kondenzasyon islemi her 2 aplikasyon i¢in de sabit
sec¢ilmistir.

Cizelge 1. Emdirme yOntemi caligma parametreleri

Makine hiz1 (m/dk) Alinan flotte orani (%) Sikma basinci (bar)
10 90 2,5
Cizelge 2. Cozelti lifleme yontemi ¢alisma parametreleri
Makine hiz1 (m/dk)  Alinan flotte oram (%) Hava basinci (bar) Calisma mesafesi (cm)
10 67 5 25
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Cizelge 3. Ramdz makinesi ¢alisma parametreleri
Makine hiz1 (m/dk) Kurutma sicakhigi (°C) Kondenzasyon sicakhigi (°C)
10) 140 170

Calisma kapsamasinda olusturulan deney plani Cizelge 4’te verilmistir. Referans olarak her numuneden de
islemsiz (apresiz-boyal) numune alinmis ve bunlara “Ref 1ve Ref 2” kodu verilmistir. Caligma kapsaminda
aplikasyon tipi degisken olarak se¢ilmistir. Buna gore toplam 4 aplikasyon denemesi gergeklestirilmistir. 2
adet islemsiz numune ile toplam 6 numune elde edilmistir. Yumusatma denemeleri Referans 1°e, su iticilik
denemeleri ise Referans 2’ye yapilmustir.

Cizelge 4. Deney plani

Denemeler Aktarma yontemi Kodlar
islemsiz kumas-1(Pamuklu siiprem) - Ref-1
ii)ugﬁslﬂdroﬁl silikon Emdirme HS-E-1
;((,“;S;,}dmﬁl silikon Cézelti iifleme HS-CU-1
%;llzlfnslllzsggizif)_z - Ref-2
Ifél(;lgizsu iticilik Emdirme SI-E-2
Ifél(;lgsﬂzsll iticilik Coeelti ifleme Si-CU-2

2.3. Testler

Calisma kapsaminda emdirme ve ¢ozelti {ifleme teknigi ile bitim islemi uygulanarak elde edilen 6 numune
kumasgin fiziksel ve fonksiyonel performanslarinin degerlendirilmesi i¢in gramaj (EN ISO 3801), patlama
(TS EN ISO 13938-2) mukavemeti, dikey kilcallik emme testi (AATCC 197), su iticilik (AATCC 22),
pilling (ISO 12945-1), kuru ve yas siirtmeye karsi, yikamaya kars1 (ISO 105-C06), suya kars1 (ISO 105-
EO01), asidik ve bazik tere kars1 (ISO 105 E04) renk hasligi testleri yapilmustir.

3. ARASTIRMA BULGULARI

Isletme sartlarinda her iki aktarma yontemi ile bitim islemleri yapilan numunelerin performanslari gesitli
testlerle degerlendirilmistir. Caligma amaci diisiiniildiigiinde, SBS teknigi ile elde edilen performansin,
emdirme teknigine gore listiin olmasi beklenmemektedir. Temel amag, en azindan ayni performansi elde
ederek, daha az su, kimyasal ve enerji tilketimiyle sonuca ulagmaktir. Yani ¢aligmada sadece performans
iyilestirmek degil, ayn1 zamanda siirdiiriilebilir {iretim saglamakta hedeflenmistir. Cizelgelerde verilen
sonuglarm bu sekilde degerlendirilmesi uygun olacaktir.

Cizelge 5’te bitim iglemleri sonrasinda numunelere ait pilling, kuru ve yas siirtme haslig1 test sonuglari
verilmektedir.

Cizelge 5. Numunelere ait pilling, kuru ve yas siirtiinmeye kars1 hasligi test sonuglari

- Siirtme Siirtme
Kodlar Pilling (kuru) (yas)
Ref-1 4 4/5 2/3
HS-E-1 4 4/5 3
HS-CU-1 4 4/5 3
Ref-2 4 4/5 2/3
SI-E-2 4 4/5 2/3
SI-CU-2 4 4/5 2/3
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Cizelge 5’te elde edilen sonuglar incelendiginde, her iki yontem ile kumaslara aktarilan silikon emiilsiyonu
ve su itici kimyasalin kumas performansi tizerinde herhangi bir degisiklige neden olmadig: tespit edilmistir.
Cizelge 6’da numunelere ait yikamaya karsi renk hasligi, suya karsi renk hasligi, asidik ve bazik tere kars1
renk haslig1 sonuglari verilmektedir.

Cizelge 6. Numunelere ait yikamaya karsi renk hasligi, suya kars1 renk hasligi, asidik ve bazik tere karsi
renk hasligi sonuglart

Kodlar Hashk
Yikama Su Asidik ter Alkali ter

Ref-1 4/5 4/5 4/5 4/5
HS-E-1 4/5 4/5 4/5 4/5
HS-CU-1 4/5 4/5 4/5 4/5
Ref-2 4/5 4/5 4/5 4/5
SI-E-2 4/5 4/5 4/5 4/5
SI-CU-2 4/5 4/5 4/5 4/5

Cizelge 6°da verilen haslik sonuglar incelendiginde, aktarma yonteminden bagimsiz olarak kumaslarin
haslik performanslarinda bir degisiklik meydana gelmedigi goriilmiistiir.

Numunelere ait kilcallik test sonuglar1 Cizelge 7°de verilmektedir.

Cizelge 7. Numunelere ait kilcallik test sonuglari

Kilcalhk
Kodlar
En (mm) Boy (mm)
Ref-1 105 110
HS-E-1 138 160
HS-CU-1 130 155
Ref-2 108 130
SI-E-2 0 0
Si-CU-2 0 0

Kilcallik test sonuglari incelendiginde, her iki aktarma yontemi ile bitim islemi uygulandiktan sonra benzer
sonuglara ulasildig1 goriilmistiir. Hidrofil silikon ile islem sonrasinda kilcallik degerlerinde aktarma
yontemine bakilmaksizin artis meydana geldigi goriilmiistiir. Ciinkii hidrofil silikonlarin kullanilmasiyla
birlikte kumasin yiizey enerjisi artmis, su temas agisini azalmis, kumas yiizeyinde film tabakasi olusarak,
su damlaciklarinin lif yiizeyine yapisma egilimi diismiistiir. Boylece, su lif ylizeyine daha iyi yayilmistir.
Hidrofilik gruplarin lif yiizeyinin 1slatma kabiliyeti sayesinde lifler arasindaki bosluklarda suyun niifuz
etme hiz artmig ve son olarak lifler siserek diizenli bir kanal yapisi olugsmustur. Buna nedenle kumasin
hidrofilite degerlerinde artis meydana gelmistir [16-18]. Benzer sekilde su iticilik kimyasalinin uygulandigi
numunelerde de aplikasyon ydntemine bakilmaksizin ayni sonucun alindigi (0) goriilmiistlir. Su itici
kimyasallar, lif yiizeyine uygulandiginda liflerin yiizey enerjisini diisirmiis ve liflerin su ile 1slanabilirligini
azaltmigtir. Boylece su damlaciklar1 kumas yiizeyinde yayilmak yerine, yiiksek temas agisiyla kiiresel
formda kalmistir. Bu durum, kilcallikla emme mekanizmasmimn ilk asamasi olan yiizey islanmasini
engellemektedir. Oysa kilcallikla emme, lif ylizeyinin suyu emmesi ve lifler aras1 mikro kanallar boyunca
kapiller kuvvetlerle yukar1 dogru tasimasiyla gergceklesmektedir. Ancak hidrofobik yiizey kapiller hareketi
baslatacak kadar temas alan1 sunmadigi igin su, lif ylizeyine tutunamaz ve mikro kanallara niifuz edemez.
Boylece kilcallik mekanizmasi devre dis1 kalmakta ve kumasin dikey emme performansi 6nemli 6lgiide
azalmaktadir [19-21].

Su iticilik kimyasali uygulanmis numunelere yapilan sprey test sonuglari Cizelge 8 de verilmektedir.
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Cizelge 8. Numunelere ait sprey test sonuglari

Kodlar Su iticilik degerleri
Ref-2 1
SI-E-2 5

SI-CU-2 4

Sprey test sonuglarina gore su iticilik bitim iglemi gérmemis kumasin su iticilik degerinin “1” yani kumasin
1slanabilir diizeyde oldugu goriiliirken, ¢ozelti iifleme ile aplikasyon sonrasinda su iticilik degerinin “4”
oldugu goriilmiis ve kumasm su iticiliginde artis meydana geldigi tespit edilmistir. Emdirme islemi
sonrasinda ise su iticilik degerinin “5” oldugu belirlenmistir. Buna gore su iticilik bitim iglemleri sonrasinda
her iki yontem ile su iticilik 6zellik kazandirilabilecegi goriilmiistiir. Ancak ¢ozelti tifleme isleminin
performansi “1” derece diisiik ¢ikmistir. Bu diisiisiin nedeninin ise alinan flotte oraninin diismesi ile birlikte
su itici kimyasalinda bulunan aktif madde oranmin diigmesinden kaynaklandig: diistiniilmektedir. Alinan
flotte oran1 ¢ok diisiik oldugunda (diisiik aktif madde), hidrofobik etkinin 6zellikle yikama sonrasi hizla
azalmasi s6z konusu olurken; asir1 yiiksek oranlarda, kumasin hava gegirgenligi, biikiilme dayanimi ve
konfor parametrelerini olumsuz etkileyebilmektedir. Dolayistyla, optimum aktif madde aktarim miktarmnin
belirlenmesi, hem hedeflenen su iticilik seviyesini saglamak hem de kumasmn kullanim performansini,
tutumunu ve gevresel siirdiiriilebilirligini korumak agisindan 6nem arz etmektedir [22-24].

Numunelere ait patlama mukavemeti ve gramaj test sonuglari Cizelge 9’da verilmektedir.

Cizelge 9. Numunelere ait patlama mukavemeti ve gramaj test sonuglari

Kodlar Gramaj Patlama mukavemeti
(g/m?) (kPa)
Ref-1 144,10 157,3
HS-E-1 144,40 157,80
HS-CU-1 145,00 158,10
Ref-2 152,00 122,60
SI-E-2 153,00 122,90
Si-cU-2 152,30 123,00

Cizelge 9 incelendiginde, bitim islemleri sonrasinda elde edilen gramaj ve patlama mukavemeti
degerlerinde referans kumaslara gére dnemli bir degisiklik olmadig1 goriilmistiir.

Cizelge 5-9°da 6 numunenin sonuglari verilmistir. Sonuglar genel olarak incelendiginde emdirme ve SBS
teknigiyle yapilan aplikasyonlar sonucu elde edilen numunelerin kendi aralarinda 6nemli farklar olmadigi
belirlenmistir.

Boylece calismanin ilk asamasi basariyla sonuglanmustir. Performans farkinin olmamasinin tespitin
ardindan, siirdiiriilebilirlik analizi yapilmistir.

Bu nedenle her iki yontem kimyasal ve enerji tiikketimi bakimindan kiyaslanmustir.
Buna gore;

Emdirme aplikasyon yontemi ile m?> kumas iizerine aktarlacak ¢ozelti miktart
* Kumas m? gramaji: 200 g/m?

* Alinan flotte oran1 (%): 90

 m? gramaj iizerine alinacak ¢ozelti miktari: 180 mL

» Makine hiz1: 10 m/dk
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* Fular kapasitesi: 100 L
* Kumas Eni: 150 cm
- 1 saatte aplikasyon yapilacak kumags metresi: Makine hiz1 m/dk* 60 dk: 600 m/s
- 1 saatte aplikasyon yapilacak kumas m?: 600 m *1,5 m= 900 m*kumas
- 1 saatte kumas lizerine aktarilacak toplam ¢6zelti miktari:
(900 m? *180 mL)/1000= 162 L + 100 L (islem sonras1 fularin bosaltilmas1) = 262 L
- Saatlik kumas m? basina ¢ozelti ihtiyaci: 262 L/ 900 m?>= 291 mL/m?

Cozelti Ufleme Sistemi ile m? kumas iizerine cozelti ihtiyact

* Makine hizi: 10 mL/dk
* Kumas Eni: 1,50 m
* Besleme hizi: 1500 mL/sa
- 1 saatte aplikasyon yapilacak kumas metresi: Makine hiz1* 60 dk: 600 m/s
- 1 saatte aplikasyon yapilacak kumas m?: 600 m*1,5 m= 900 m? kumas
- 1 saatte kumas iizerine aktarilacak toplam ¢6zelti miktari: 1500 mL * 24 diize =36 L
- Saatlik kumas m? bagina ¢ozelti ihtiyaci: 36.000 mL / 900 m*= 40 mL/m’

Yapilan kimyasal tiiketimi hesaplar1 incelendiginde, emdirme aplikasyonu i¢in 1 metrekare kumas igin 291
mL gerekliyken, ¢ozelti iifleme teknigi ile uygulamada 40 mL gerekmektedir. Yapilan bu hesaba gore
cozelti lifleme teknigi ile kimyasal tiiketiminin emdirme ydntemine gore yaklasik %86 oraninda diistiigi
goriilmektedir.

Cizelge 10. Kurutma maliyeti hesabi igin gerekli veriler

Parametreler Emdirme aplikasyonu Cozelti iifleme aplikasyonu
Kumas gramaj (kg/m?) 0,2 0,2
Kurutma dncesi alinan flotte oran1 (%) 90 67
Kurutma sonrasi alinan flotte orani (%) 8,5 8,5

Bu iki yontemin enerji tiikketimi kiyasi Cizelge 10°da verilen bilgiler kullanilarak ve asagida verilen formiil
ile yapildiginda [25-27];

Exn = kx (PUéncesi - PUsonram) X Mikumas X hevap (1)

Ejr: Kurutma igin gereken enerji (kJ)

PUpsneesi: Uygulama 6ncesi alinan flotte orani
PUsonrasi: Uygulama sonrast alinan flotte orant
Miumas: Kumas kiitlesi (kg)

hevap: Suyun buharlagma entalpisi (2256 kj/kg)
k: Sistem verimlilik faktorii (1 olarak alinmustir)

Emdirme i¢in;

Evury-emdirme = 1 X (0,90 — 0,085) x 0,2kg x 2256 kj/kg
Euru-emdime = 367,728 k_]

Cozelti tifleme teknigi igin;
Eruru-gozetti ifleme = 1 X (0,67 — 0,085) x 0,2kg x 2256 kj/kg
Ekuru-qézelli iifleme = 263,952 k_]
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Teorik kurutma enerjisi emdirme yontemi i¢in 367,728 kj hesaplanirken, bu SBS teknigi i¢in 263,952 kj
olarak hesaplanmigtir. Emdirme yontemi uygulanmis kumaslar i¢in teorik kurutma enerjisi oranin ¢ozelti
iifleme yontemine gore yaklasik %39 daha fazla oldugu tespit edilmistir.

4. SONUCLAR

Calismada TUBITAK TEYDEB 1501 projesi kapsaminda prototip olarak gelistirilen ¢ozelti {ifleme
cihazini, igletmede ¢alisan bir ram6z kurutma makinesi 6niine ¢esitli revizeler yapilarak entegre edilmistir.
Boylece ramoz ile kesiksiz ¢alisan yeni bir aplikator yapilmistir. Daha sonra bu ramoz ile ¢alisarak iki farkli
kumasa, yumusatici ve su iticilik bitim islemleri uygulanmistir. Bu kimyasallar ayni zamanda ayni ramozde,
emdirme yontemi ile de kumaslara aktarilarak iki yontemin kumas performansi iizerine olan etkileri
incelenmistir. Uygulanan pilling, asinma dayanimi, haslik, kilcal emme ve su iticilik testleri incelendiginde,
¢ozelti iifleme cihazinin kumasa aktarilmasiyla daha diisiik alinan flotte orant (%90 alinan flotte orani
degerinden - %067 alinan flotte oran1 degerine) ile ayn1 kumas performansina ulasilabildigi goriilmiistiir.
Buna gore siirdiiriilebilirligin son derece 6nemli oldugu bu dénemde hem kimyasal hem su tiiketimin hem
de buna bagli enerji tiiketimin ¢ozelti iifleme teknigi kullanilarak diisiiriilebilecegi ispat edilmistir.
Caligmada su tiiketiminde %86, enerji tiikketiminde ise %39 oraninda diisiis tespit edilmistir. Ayrica az su
tilketimine bagli olarak ayni oranda ¢evreye daha az atik yiik getirdigi i¢in, bu yontemin konvansiyonel
yonteme gore ¢ok daha ¢evreci oldugu sdylenebilmektedir. Boylece iiriin bazli karbon ayak izi ve su ayak
izinde disiisler elde edilebilecektir.
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Bu galisma, 3191059 nolu “Cozelti Ufleme Teknigi Kullanilarak Ramdz Onii Aplikasyon Sistemi Tasarimi,
Apre Proseslerinin Gelistirilmesi” bashikli TUBITAK TEYDEB 1501 Sanayi Ar-Ge Projeleri Destekleme
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kayiplara hem de sebeke giivenilirliginin azalmasina yol agan en
kritik sorunlardan biridir. Bu ¢aligsmada, elektrik hirsizlig1 tespiti
(EHT) i¢in veri dengesizligi ve model iyilestirme problemlerini
ayni anda ele alan gelismis bir makine 6grenmesi algoritmasi
sunulmaktadir. Oncelikle, meskenlerden elde edilen gergek
elektrik tiiketim verilerine on isleme adimlart uygulandiktan
sonra dengesizligi azaltmak i¢in K-ortalamalar tabanli bir
dengeleme ydntemi uygulanmistir. Boyut indirgeme
asamasinda, modelin yalnizca en anlamli girdilerle egitilmesi
amactyla karsilikli bilgi temelli en iyilerin secilmesi yontemi
tercih edilmistir. Smiflandirma asamasinda hafif gradyan
artirmali makine (LightGBM) algoritmasi kullanilmis ve tahmin
performans1 Bayes optimizasyon yontemi ile iyilestirilmistir.
Test wverisi ilizerinde yapilan degerlendirmelerde, Onerilen
yontemin sirasiyla %89,1 dogruluk, %97,2 kesinlik, %80,6
duyarlilik ve %88,1 F1 skoru ile giicli sonuglar verdigi
gorillmiistiir.
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Electricity theft is one of the most critical issues in distribution
systems causing both economic losses and reduced network
reliability. In this study, an advanced machine learning
framework is proposed for electricity theft detection along with
addressing data imbalance and model improvement problems
simultaneously. Firstly, after applying preprocessing steps to the
actual electricity consumption data obtained from households, a
K-means-based balancing method was employed to reduce data
imbalance. In the dimension reduction stage, the SelectKBest
method based on mutual information was preferred to ensure that
the model was trained with only the most significant inputs. In
the classification phase, the light gradient boosting machine
(LightGBM) algorithm was employed and the prediction
performance was enhanced using the Bayesian optimisation
method. Evaluations on the test dataset demonstrated that the
proposed method achieved strong results with 89.1% accuracy,
97.2% precision, 80.6% recall, and 88.1% F1-score,
respectively.
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1. GIRIS

Akilli sebekelerin gelisimi, enerji aglarmin isletimini ve yo6netimini koklii bir sekilde degistirmistir.
Geleneksel gii¢ sistemlerinin dijitallesmesi, veriye dayali enerji yonetimini kolaylastirmakta ve enerji arz
giivenligi ile sistem istikrar1 gibi temel bilesenlerin etkin sekilde saglanmasini gelistirmektedir. Ancak bu
doniistim stireci, akilli sayaclardan ve dijital enerji yonetim sistemlerinden elde edilen verilerin giivenligini
tehlikeye atan yeni sorunlar da dogurmustur. Bu gegiste 6ne ¢ikan 6nemli bir gelisme, elektrik iretim,
iletim, dagitim ve tiiketim silireclerini doniistiiren ileri 6l¢lim altyapisinin (AMI) yaygin olarak
uygulanmasidir. AMI’nin temel bir bileseni olan akilli sayaglar, kurcalamaya ve miidahaleye kars1 oldukca
savunmasiz olan geleneksel elektromekanik sayaclarin yerini giderek daha fazla almaktadir [1]. Akill
sebekelerin hizl1 benimsenmesine ve 6niimiizdeki on y1l i¢inde 50 milyar dolar1 agmasi beklenen bu pazarin
biiylimesine ragmen, elektrik sistemleri hala 6nemli operasyonel kayiplar yasamaktadir.

Bu kayiplar genellikle iki ana grupta smiflandirilir: teknik kayiplar ve teknik olmayan kayiplar. Teknik
kayiplar, elektrik iletimi ve dagitimi sirasinda dogal olarak ortaya cikar; iletkenlerde ve trafolar gibi
ekipmanlarda enerji kayb1 seklinde goriiliir. Buna karsilik teknik olmayan kayiplar biiyiik 6lgiide elektrik
hirsizligindan kaynaklanir. Bu durum, bolgesel, altyapisal ve teknolojik faktorlere bagli olarak farkl
sekillerde ortaya ¢ikan, kiiresel ol¢ekte yaygin bir sorundur. Akilli sebeke uygulamalari hizla artarken,
ozellikle sayag altyapisina yetkisiz erigim veya kotii niyetli miidahalelerden kaynaklanan teknik olmayan
kayiplarin azaltilmasi hem dagitim sirketleri hem de diizenleyici kurumlar igin kritik bir dncelik haline
gelmistir [2]. Elektrik hirsizligi, dagitim sistemlerinin ekonomik siirdiiriilebilirligini zora sokmakta, dagitim
sistemi operatorlerine (DSO) ve tiiketicilere ciddi mali kayiplar yasatmaktadir.

Elektrik hirsizliginin temel nedenleri arasinda sayag arizalari, sayaca miidahale ile tikketimin eksik veya
yanlis Olglilmesi, dagitim hattina dogrudan baglantilar ve tiiketim-faturalama uyumsuzluklar1 yer
almaktadir [3]. Elektrik hirsizligimin goriilme sikligi iilkelere ve bolgelere gore degisiklik gostermekte, bu
durum hem DSO’lara hem de ulusal ekonomilere zarar vermektedir. Northeast Group’un 2021 tarihli
arastirmasina gore, hirsizlik ve kayiplarin kiiresel maliyeti yilda 101,2 milyar dolar1 asmaktadir [4].
Tiirkiye'nin iiyesi oldugu Ekonomik is Birligi ve Kalkinma Orgiiti (OECD) igerisinde kayip/kagak
tahminlerindeki siralamasi Sekil 1a'da gosterildigi gibi 38 iiye iilkenin ortalamasindan daha yiiksektir [5].
Bununla birlikte, 2004 yilinda gergeklestirilen ilk 6zellestirmeler 6ncesinde, elektrigin dagitimi tek bir
catidan gergeklestirilmekteydi. 2013 yilina kadar devam eden bu siire¢ sonucunda Tiirkiye Elektrik Dagitim
Anonim Sirketi’nin (TEDAS) 6zellestirilmesi ile Tirkiye 21 farkli dagitim bolgesine ayrilmustir. Tiirkiye
elektrik gii¢ sistemi incelendiginde, 2023 yili Enerji Piyasasi Diizenleme Kurumu (EPDK) raporuna gore
DSO'larn fiili ve hedef kayip oranlar1 Sekil 1b'de gosterilmektedir. Sekil 1b'ye gére en biiyiik li¢ kayip
oraninin %42,79 ile Dicle bolgesinde, %32,35 ile Vangdlii bolgesinde ve %16,61 ile Aras bdlgesinde
oldugu goriilmektedir [6].

Elektrik hirsizligi sadece finansal kayiplara yol agmakla kalmamakta, ayni zamanda sebekenin
giivenilirligini ve istikrarini da olumsuz etkilemektedir. Literatiirde EHT i¢in 6nerilen yontemler; sosyal ve
ekonomik ¢alismalara dayali teorik yaklagimlar, maliyetli ve entegrasyonu zor donanim tabanli yontemler
ve ek donanim gerektirmeyen, mevcut altyapiya kolayca uygulanabilen veri odakli yontemler olmak {izere
ii¢ grupta ele alinmaktadir [7]. Bu veri odakli yontemler genellikle makine 6grenmesi tekniklerini icerir ve
geligsmis Oriintii tanima ile tahmin yetenekleri sayesinde yenilik¢i ¢oziimler sunar. Enerji internetinin
gelisimi, DSQO’lara ait akilli sayaglardan, kablosuz sensor aglarindan ve diger izleme cihazlarindan elde
edilen biiyiik veri kiimelerinin makine d6grenmesi teknikleri ile analiz edilmesini miimkiin kilmistir [8].
Boylece tiiketim profillerindeki karmasik anormallikler tespit edilebilmekte ve miisteriler diiriist veya
diiriist olmayan seklinde smiflandirilabilmektedir.
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Dagitim Sistem Operatorleri

Sekil 1. (a) OECD iiyesi tilkelerdeki kayip/kagak oranlari, (b) DSO'larin 2023 yilinda gerceklesen ve
hedeflenen kayip oranlart.

Veri tabanli yontemler, siirekli 6grenme ve uyum saglama 6zellikleri sayesinde dogruluklarini zamanla
artirabilir ve farkli dagitim bolgelerindeki kayiplarin tespitine uygun hale getirilebilmektedir [9]. Son
donem caligmalarda, denetimli, denetimsiz ve pekistirmeli, derin, topluluk ve melez yontemler elektrik
hirsizhiginin tespitinde kullanildigi goriilmistiir. Ancak mevcut aragtirmalarin biiyiik bir kismu, elektrik
hirsizligina dair gercek veri setlerinin kullaniminin eksikligi nedeniyle sinirlidir. Literatiirde, gercek
hirsizlik vakalarinin nadirligi, dengesiz veri dagilimi ve etiketleme zorluklari, veri odakli modellerin
basarisint olumsuz etkilemektedir [10]. Bu ¢alismanin 6zgiin katkilari asagidaki sekilde 6zetlenebilir:

e Veri dengesizligi problemini ¢ézmek amaciyla K-ortalamalar tabanli bir dengeleme ydntemi
Onerilmistir.

e Modelin yalnizca en anlamli degiskenlerle egitilmesi i¢in karsihikli bilgi temelli en iyilerin
secilmesi yontemi uygulanmig, boylece hem 6grenme kapasitesi hem de yorumlanabilirligi
gelistirilmistir.

e Smiflandirma asamasinda LightGBM algoritmas1 kullanilmigs ve hiperparametreler Bayes
optimizasyon ile ayarlanarak yiiksek ve kararli performans elde edilmistir.

Giris boliimiinde literatiire yonelik kisa bir degerlendirmeye yer verilmesinin ardindan makale su sekilde
diizenlenmistir: Literatlir arastirmasi bdliimiinde, EHT ye iligkin mevcut c¢aligmalarin giincel durumu
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ortaya konulmakta ve kuramsal ¢ergeve sunulmaktadir. Materyal ve metot boliimiinde, kullanilan veri seti
tanitilmakta ve temel 6zellikleri agiklanmakta; ayrica onerilen yaklasimin metodolojisini gosteren bir akis
diyagrami sunulmakta ve kullanilan yontemler ayrintili bigimde agiklanmaktadir. Bulgular ve tartigsma
boliimiinde, uygulanan yontemlerden elde edilen sonuglar analiz edilmekte ve literatiirle kargilagtirmali
olarak tartigilmaktadir. Son olarak, sonuglar boliimiinde ¢alismanin temel ¢iktilar1 6zetlenmekte ve gelecek
aragtirmalara yonelik katkilar ortaya konulmaktadir.

2. LITERATUR ARASTIRMASI

Bu boliimde, literatiirdeki dagitim sistemlerinde EHT ¢alismalart sunulmaktir. Bu ¢alismalar 6grenme
yontemlerine gore gozetimli, gozetimsiz, pekistirmeli, derin, topluluk ve melez olarak ayr1 alt bagliklar
altinda incelenmistir. Asagidaki alt bolimlerde, EHT de uygulanan her bir 6grenme teknigine iliskin
ayrintili bir literatiir incelemesi sunulmakta; bu tekniklerin metodolojileri, etkinlikleri ve pratik
uygulamalari analiz edilmektedir. Bu caligma o6zellikle son ii¢ yilda gerceklestirilen arastirmalara
odaklanmakta ve makine 0grenmesi tabanli alanindaki giincel gelismeleri ve ortaya c¢ikan egilimleri
vurgulamaktadir. Ayrica, Cizelge 1 incelemeye dahil edilen caligmalara iliskin kapsamli bir 6zet
sunmaktadir.

Cizelge 1. Giincel denetimli, denetimsiz, pekistirmeli ve derin dgrenme, topluluk, melez tabanli EHT
yaklasimlaria genel bakis

Referans Teknikler Alt kategori Giiclii yonler Smirhiliklar
Simif dengesizligini melez bir agin  Asiri 6rnekleme nedeniyle giirtiltii ve
[11] ADASYN- Gézetimli ornekleme—az 6rnekleme yaklasimiyla — smif  Ortiismesi  olusabilir; model
SGWO-PRF etkili bir sekilde yonetir; PRF hattiile  performanst on isleme asamalarinin
yiiksek dogruluk saglar. dikkatli ayarlanmasina baglidir.
Dinamik artik grafik aglari kullanarak ~ KNN grafik yapmmnda k-degerine
T karmagik zamansal ve yapisal iliskileri ~ duyarlidir; yiik egrilerinden derin
[12] DGRGNN Gozetimli yakalar; gercek zamanli topoloji  ozellikler ¢ikarmakta zorlanr.
giincellemelerini entegre eder.
LOF ile kiimeleri birlestirerek ortiisen ~ LOF ortiisen aykir1 degerlerle zorlanr;
aykiri degerleri tespit eder; genis bir  gergek tiiketime ¢ok benzeyen kiigiik
[13] CLOF Gozetimsiz sahtecilik ~ davranigt  yelpazesini  saldirilarda performans diisebilir; kiime
belirlemede etkilidir; dengesiz veri  yapilandirmasina baglhidir.
kiimelerine kars1 dayaniklidir.
Giivenli gozlemci sayag verilerini ve  Performans,  godzlemci  sayacglarin
dalgacitk tabanli Ozellik ¢ikarimmi  kalitesi ve yapilandirmasindan
[14] DWT-FCM Gézetimsiz entegre eder; farkli kullanict tiirleri ve  etkilenebilir; gergek kurcalanmis veri
saldir1  senaryolar1 arasinda {stiin  lizerinde test edilmemistir; hesaplama
performans ve diisiik yanhs alarm  verimliligine dair smirl bilgi vardir.
saglar.
On isleme olmadan veri dengesizligini  Gergek hirsizhk  verisi  eksikligi
. . giderir; Ozellik-maliyet verimliligini nedeniyle sentetik verilere dayanir;
[15] DQN Pekistirmeli entegre eder. optimum ozellik se¢imi ve yakinsama
icin kapsaml benzetim gerektirir.
Tiiketim kaliplarindaki degisikliklere —Model karmasiklig1 nedeniyle
ve yeni saldirilara uyum saglar; kesif  hesaplama yiikii fazladir; yiiksek
[16] DQN Pekistirmeli ve sOmiirli mekanizmalar1 sayesinde dinamik ortamlarda asir1 grenmeye
tam yeniden egitmeden kagnir. yatkindir,  biiyiikk  veri  kiimeleri
gerektirir.
Ozellik mithendisligi ile  Orantili veya ters manipiilasyonlar
yorumlanabilirligi  artirir;  dikkat  tespit etmekte zorlanabilir; 6zellik
[17] CNN Derin mekanizmasina dayali ¢ok oOlgekli  cikarim kalitesine duyarlidir.
CNN kullanarak anomali tespiti ve
performans gelistirir.
Kotii niyetli ve iyi niyetli anomalileri ~ Yiiksek hesaplama gereksinimleri ve
. ayirt eder; gergek zamanli 6z 6grenme  yeni  sebeke teknolojilerine  sinirh
[18] D-FFNN Derin ve hava durumu gibi dis faktorleri uyum; yanlis siniflandirma riski.
entegre eder.
Coklu enerji  yiikleri arasindaki  Sinirli kapsam; konut dig1 ortamlar i¢in
bagimliliklar yakalar; elektrik, 1sitma,  genelleme zayif olabilir; meteorolojik
[19] ChebGCN Derin sogutma ve su sistemleri arasindaki veya voltaj verileri gibi ek girdiler

korelasyonlart modeller; ChebGCN

kullanir.

dahil edilmemistir.
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Cizelge 1. Devami

Referans Teknikler Alt kategori Giiclii yonler Smirhliklar
SCADA verilerini  XGBoost ile Degerlendirme, simiilasyon tabanl
entegre ederek birden fazla sentetik senaryolarla sinirhdir; gergek zamanlt
[20] XGBoost Topluluk saldir tipini yiiksek dogrulukla tespit uygulama tartigmasi eksiktir.
eder.
Saglam Ozellik ¢ikarimi ve otomatik Karmasik mimari ve asir1 uyum
optimizasyon i¢in AutoXGB ile OS- riskinden  dolayr  zarar  goriir;
[21] XGBoost Topluluk CNN o6nermektedir. hiperparametre ayarinda potansiyel
asirtya kagma yasanabilir.
Diisik ornekleme oranma sSahip Veri seti kisitlamalart ve disik
122] XGBoost Topluluk geleneksel Olgiim verilerine melez  frekansli okumalar Gizerine odaklanma
makine  Ogrenmesi uygular; az  nedeniyle genellestirilebilirligi
arastirilmis bir baglami ele alir. sinirlidir.
Dengesiz  ve anormal verilerde Prototip temsiliyetine baghdir; yiiksek
[23] CNN-LSTM Melez performansi artirmak igin topluluk  veri giriiltiisii veya kaymalarinda daha
Ogrenmesi ve prototip Ogrenmeyi  az etkili olabilir.
birlestirir.
Melez CNN-AdaBoost modeli 6nerir  Melez model nedeniyle yiiksek
ve ADGM’yi tanitarak tabular hesaplama maliyeti igerir; diiriist
[24] CNN- Melez verilerle EHT modeli dayanikhiligim1  olmayan veri tek bir veri seti
Adaboost kacis saldirilarina  karsi etkili bir  kullanilarak tretilmistir, bu da model
sekilde degerlendirir. genellestirilebilirliginin
degerlendirilmesini sinirlar.
LSTM-Bi- Dengesiz  verilerde  performanst  Modelin karmasikligi ve birden fazla
LSTM-GRU- artrmak  i¢in  saglam  yeniden temel/meta-simiflandiriciya olan
[25] Bi-GRU Melez ornekleme  teknikleriyle  birlikte  bagimliligi, artan hesaplama
SVM-RF- yigilmis topluluk O0grenmesini  maliyetine yol agabilir.
DT-AdaBoost kullanir.

2.1. Gozetimli Ogrenme

Literatlirde EHT kapsaminda farkli denetimli 6grenme yaklagimlarinin kullanildigi goriilmektedir. Tripathi
ve arkadaslari, asir1 6rnekleme, 6zellik secimi ve siniflandirma adimlarin bir arada ele alan uyarlanabilir
sentetik 6rnekleme yaklagimi (ADASYN), alt kiime gri kurt optimizasyonu (SGWO) ve boru hatti rastgele
orman siniflandiricist (PRF) tabanli bir makine 6grenmesi yontemi gelistirmistir [11]. Zhuang ve
arkadaslari, diiglim bilgisi toplama dogrulugunu artirmak amaciyla dinamik artik grafik sinir ag:
(DGRGNN) modelini 6nermistir [12].

2.2. Gozetimsiz Ogrenme

Literatiirde veri odakli yontemlerin bir alt kiimesi olan denetimsiz 6grenme teknikleri de EHT’de
kullanilmaktadir. Bu teknikler, etiketli verilere ihtiya¢ duymadan veri kiimesini benzerlik ve farkliliklara
gore gruplara ayirmaktadir. Bu baglamda tiiketiciler, yiik profilleri tizerinden diiriist, kotii niyetli veya hileli
olarak siniflandirilabilmekte ve anormal tiiketim davranislari tespit edilebilmektedir. Peng ve arkadaslari,
k-ortalama ve yerel aykir1 faktér (LOF) yontemlerini birlestiren korelasyon tabanli yerel aykir1 faktor
(CLOF) yaklagimini 6nermistir [13]. Bunun yani sira Qi ve arkadaslari, tiiketici yiik profilleri ile gozlemci
sayac profillerini analiz ederek hileli kullanicilar tespit etmeyi amaglayan, ayrik dalgacik dontisiimii
(DWT) ve bulanik c-ortalama kiimeleme (FCM) tabanli yeni bir denetimsiz 6grenme ydntemini
gelistirmistir [14].

2.3. Pekistirmeli Ogrenme

Pekistirmeli 6grenme, bir ajanin gevresiyle etkilesime girerek 6diil ve ceza mekanizmasi lizerinden karar
verme stratejileri O6grenmesine dayalidir. Elektrik hirsizligi tespitinde ise tiiketim anomalilerinin
uyarlanabilir bigimde izlenmesi ve tespit stratejilerinin gelistirilmesi amaciyla kullanilmaktadir.
Literatiirde, Lee ve arkadaslar gii¢c sebekelerinde teknik olmayan kayiplarin tespiti i¢in derin Q-6grenme
tabanli bir yontem gelistirmis ve bu sayede veri dengesizligi problemini asarak veri ¢cogaltmaya gerek
kalmadan hirsizlik tespitini miimkiin kilmustir [15]. EI-Thoukhy ve arkadaslari ise dinamik tiiketim kaliplari
ve siber saldirilarin tespitine yonelik derin pekistirmeli 6grenme (DRL) tabanli bir yaklasim dnermistir. Bu
yontem, yeni tiikketim aligkanliklarini ve saldir tiirlerini 6grenebilme kapasitesiyle 6ne ¢ikmaktadir [16].
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2.4. Derin Ogrenme

Derin 6grenme, makine dgrenmesinin bir alt dali olup ¢ok katmanli yapay sinir aglarini kullanarak biiyilik
ve karmasik veri setlerinde hiyerarsik temsil 6grenmeyi amaglamaktadir. Insan beyninin isleyisinden
esinlenen bu yontem, dzellikle ¢cok boyutlu ve yogun verilerde yiiksek basar1 gostermektedir. Literatiirde,
Zhang ve Dai, 6zellik mithendisligi tabanli bir¢ok 6lgekli anomali tespit modeli 6nermistir. Bu modelde
ozellik ¢ikarimu i¢in dzellik mithendisligi, 6zellik se¢imi i¢in asir1 gradyan artirma (XGBoost) algoritmasi
ve anomali tespiti i¢in dikkat mekanizmasiyla desteklenen ¢ok Slgekli evrisimsel sinir ag1 (CNN) yapist
kullanilmustir [17]. Althobaiti ve arkadaslari ise ¢ift katmanli derin ileri beslemeli sinir ag1 (D-FFNN)
tabanli uyarlanabilir bir sistem gelistirmis ve bu sistem, enerji hirsizligi ile yanlis yapilandirmalari ayirt
etmede yliksek dogruluk saglamistir [18]. Liao ve arkadaslari ise ¢oklu enerji yiiklerinden gizli 6zellikleri
ve korelasyonlar1 yakalamak amaciyla Chebyshev grafik evrisimsel ag (ChebGCN) tabanli bir yontem
Onermistir [19].

2.5. Topluluk Ogrenmesi

Topluluk &grenmesi, birden fazla bireysel modeli bir araya getirerek tahmin dogrulugu ve saglamligi
artirmay1 hedefleyen bir makine 6grenmesi yaklagimidir. Bu yontemin temel mantigi, farkli modellerin
ciktilarinin birlestirilmesiyle tek bir modelin tek basina ulasabileceginden daha iyi bir performans elde
etmek; asirt uyum, varyans ve yanlilik risklerini azaltmaktir. Literatiirde, Sharma ve Tiwari, denetim
kontrol ve veri toplama (SCADA) sistemiyle entegre edilmis optimize edilmis bir XGBoost smiflandirict
onermis ve akilli sebekelerde anomali tespitinde daha yiiksek dogruluk elde etmistir [20]. Zhu ve
arkadaglari, sentetik azinlik asir1 6rnekleme teknigi ile diizeltilmis en yakin komsular (SMOTEENN)
tabanli melez bir 6rnekleme yontemi ile birlikte min—maks 6lgekleme ve sifir—skor standartlastirma gibi 6n
isleme tekniklerini kullanarak ¢ok olgekli CNN ve Otomatik XGBoost (AutoXGB) modellerini entegre
ederek elektrik hirsizlig1 tespiti i¢in bir yaklasim gelistirmistir [21]. Norouzi ve arkadaslari ise geleneksel
sayagclarin kullanildig1 bolgelerde, diisiik 6rnekleme hizina ve eszamanli olmayan veriye iligkin zorluklari
gidermek amactyla aylik veri doniistimii, sentetik veri dengeleme yontemleri ve XGBoost smiflandiric
iceren melez bir ¢cergeve dnermistir [22].

2.6. Melez Ogrenme

Melez Ogrenme, farkli 6grenme paradigmalarini, modellerini veya tekniklerini bir araya getirerek her
birinin gii¢lii yonlerinden faydalanmay1 ve genel performansi artirmay1 hedefleyen bir makine 6grenmesi
yaklagimidir. Bu yontem, bireysel modellerin sinirliliklarini asarak daha iyi genelleme, verimlilik ve
uyarlanabilirlik saglamay1 amaglamaktadir. Literatiirde, Sun ve arkadaslari, CNN ve uzun kisa siireli bellek
ag1 (LSTM) tabanli 6zellik ¢ikarimu ile prototip tabanli siniflandirmayi birlestiren melez bir EHT ¢ergevesi
Onermistir [23]. Nirmal ve arkadaglari, CNN ile uyarlamali artirma (AdaBoost) tabanli bir gergeve
gelistirmis ve modeli hizli gradyan isareti yontemi (FGSM) ve diisman veri iiretim yontemi (ADGM)
kullanarak diisman saldirilart altinda test etmistir [24]. Ullah ve arkadaslari ise birden fazla makine
6grenmesi modelini birlestirerek yi1gilmis genellestirme (stacked generalisation) yaklasimina dayali melez
bir ¢er¢eve sunmustur [25].

3. MATERYAL VE METOT

Elektrik dagitim sistemlerinde EHT i¢in onerilen metodoloji, Sekil 2°de gosterildigi lizere ¢ok asamali ve
organize bir siirecten olusmaktadir. Siire¢, irlanda Enerji Diizenleme Komisyonu (CER) veri seti
kullanilarak Python ortaminda ham veri setinin olusturulmasi ile baslamaktadir. Bu asamay1 takiben, veri
setini zenginlestirmek amaciyla diiriist olmayan miisterilere ait veri tiretimi gerceklestirilmekte, ardindan
veri 0n igleme adimlarinda eksik verilerin giderilmesi i¢in zaman Serisi durum-uzay modellerine dayali
Kalman ARIMA filtreleme (KA), aykir1 verilerin tespiti i¢in modifiye Z-skoru tabanl kiiresel medyan
mutlak sapma (Kiiresel MAD) islemleri gerceklestirilmektedir. Bu asamadan sonra, veri setinin
dengelenmesi  K-ortalamalar yontemi kullanilarak gerceklestirilmekte, boylece simf dagilimlart
iyilestirilmekte ve nihai veri seti olusturulmaktadir. Veri setinden elde edilen Oznitelikler, ortalama,
medyan, varyans, standart sapma, minimum, maksimum ve deger aralig1 gibi istatistiksel dl¢iiler ile ¢alisma
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saatleri enerjisi, gece saatleri enerjisi, toplam enerji ve etkin deger (RMS) gibi enerji temelli 6zelliklerden
olusmaktadir [26]. Oznitelik ¢ikarimi sonrasi, boyutlarin indirgenmesi amaciyla karsilikli bilgi temelli en
iyilerin secimi gergeklestirilmekte, ardindan Bayes yontem kullanilarak hiperparametre optimizasyonu
uygulanmaktadir. Son asamada ise, LightGBM tabanli yontem ile elektrik hirsizligi tespiti yapilmakta ve
elde edilen sonuglar duyarlilik, kesinlik, Fl-skoru ve dogruluk gibi performans metrikleri ile
degerlendirilmektedir.

Makine Ogrenmesi Yontemi

Veri Toplama iOni i indi .
p! Veri On Iglemesi ve Boyut Indirgeme ile Modelleme
Meskenlere Ait Veri Seti Pyl:r;omn S:r?g::ida Ozrlutellk Cikarma I-é)lp;?rgarametre
— Olusturul > | Istatistiksel Plmizasyon
CER= ) p==lrilz=]) | {13
Commission for Energy Regulation Eksik Verilerin .+ —
e o Giderilmesi Veri Setinin Veri Tabanli Yéntemin

Dengelenmesi Uygulanmasi
KalmanARIMA

Veri Setinden Elde Edilen Oznitelikler Aykin \*erilerin v v
Ortalama| |Minimum| [ Calisma Tespiti Veri Setinin Elektrik Hirsizhigi Tespitinin
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Sekil 2. EHT i¢in 6nerilen metodoloji.

Gergeklegtiriimesi
Performans Metrikleri

3.1. Materyal

Bu bdliimde, literatiirden elde edilen diiriist veri seti ve diiriist veriden elde edilen diiriist olmayan veriler
sunulmaktadir.

3.1.1. Diiriist Veri Seti

Bu makalede, CER kapsaminda elde edilen enerji tiiketim kayitlar: kullanilmistir. Bu veri setinde yarim
saatlik araliklarla 5.000’den fazla tiiketiciye ait veri noktas1 bulunmaktadir. Kullanict sayisinin fazlaligi
nedeniyle bu ¢alisma, arastirmalar i¢cin onemli bir kaynak olusturmaktadir [27]. Veri seti 535 giinliik bir
zaman periyodunu kapsamaktadir ve drnekleme araligi 30 dakikadir. Basitlik adina, tiim 2009 ve 2010
yillarina ait 1.000 miisteri dikkate alinmstir.

3.1.2. Diiriist Olmayan Veri Seti

Bu arastirma boyunca, diiriist olmayan miisteri davraniglarina iligkin veri toplama siirecinde siirekli bir
zorluk ortaya ¢ikmaktadir. Cizelge 2’de gosterildigi gibi alt1 farkli saldir1 fonksiyonu kullanilarak, yapay
sekilde yeni ornekler tiretilmistir. Tip 1 ve Tip 3 siber saldir1 fonksiyonlar1 ayn1 zamanda kismi azaltma

saldirilari olarak da adlandirilmaktadir [28]. Fonksiyon y, (X(t)) icin, enerji tiiketim degeri rastgele segilen
bir kesir (« ) ile azaltilmaktadir; burada « , 0.1 ile 0.8 araligindan rastgele segilmektedir. Bu islem,
bildirilen elektrik tiiketim degerini diisiirmek amacryla yapilmaktadir. Fonksiyon Yy, (X(t)) ’de, o zamanla
degiskenlik gostermektedir. Tip 2, enerji hirsizlif1 ve siber saldirinin en yaygin yontemlerinden biridir.
Belirli bir zaman aralif1 i¢in fonksiyon yz(x(t)) devreye girer ve geri kalan degerler orijinal sekilde

yansitilir. Bu saldirt genellikle segici bypass saldirisi olarak adlandirilir. Tip 5’te, fonksiyon Y5(X(t))

verilerin ortalamasini alarak enerji tiiketim profilini sabit tutar. y, (X(t)) fonksiyonunda ise kullanicilar,

ortalama alindiktan sonra verileri a azaltma katsayisi ile ¢arpar; boylece enerji profilinde belirgin bir azalma
goriilebilir. Son olarak y, (x(t)) fonksiyonunda, enerji tiiketim profili tersine gevrilerek maksimum kar
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elde edilmektedir [29]. Zaman serisi lzerinde alti farkli saldiri tiiriine iliskin Ornekler Sekil 3’te
gosterilmistir.

Cizelge 2. Elektrik hirsizligi tiplerinin matematiksel gosterimi.

H1_r51zl!k Matematiksel gosterimi
tipleri
Tipl y (x(t))=ax(t), a=rastgele(0.1,0.8)
Tip 2 ((1) = [0 T <t <To + Tongtnge = Fastgele(0,47 — zaman )
1 aksitaktirde | stire = rastgele(zaman,48), T, =T, , 0.0 +SUre
Tip3  y (x t)):ﬂ ()x(t), A(t)=rastgele(0.1,0.8)
Tip4 y, (x(t))=A(t)ortalama(x(t)), A(t) =rastgele(0.1,0.8)
TIPSy (x(t))=ortalama(x,)
Tip6 ye(x(t)):X48 t
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Sekil 3. Farkli tip hirsizlik senaryolari i¢in elektrik tiikketim profillerinin karsilastiriimasi
3.2. Metot
Bu béliimde, EHT igin 6nerilen metodolojideki yontemler sunulmaktadir.

3.2.1. KalmanARIMA

ARIMA sinifi modeller, uygun bir doniistimle durum-uzay bi¢imine yazilabildiginden parametre kestirimi,
filtreleme, yumusatma ve Ongdrii adimlar1 Kalman filtresi ile birlestirilebilir. Bu yaklasim literatiirde
siklikla KA olarak anilir ve 6zellikle eksik gozlemler, diizensiz drnekleme araliklart veya giiriiltiili
Olciimler iceren uygulamalarda esneklik saglar. Matematiksel olarak, Kalman filtreleri asagidaki
denklemlerle verilen durum-uzay modellerine dayali olarak iki asamada uygulanir [30].

% =FX,+¢ 1)
y(t)=Hx +ao 2

Burada X , t anindaki sistemin durum vektériinii, Y, ise ayni anda elde edilen dl¢iim vektoriini temsil
etmektedir. F,, sistemin durum gegis parametresi, &, rastgele durum giiriiltii terimi, H, 6lgiim parametresi

ve W, 6l¢lim hatasi terimidir.
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3.2.2. Kiiresel MAD

Modifiye Z-skoru tabanl kiiresel medyan mutlak sapma yontemi, aykiri deger tespitinde medyana dayali
dayanikli bir 6lgek kestiricisi kullanir ve tiim zaman serisi/6zellik boyunca tek bir kiiresel esik ile ¢aligir.

Serinin medyan1 m ve medyan mutlak sapmasi
MAD = median (|, —m|) ©)

ile hesaplanir. Normal dagilim altinda MAD =~ 0.67450 oldugundan, modifiye Z-skoru

—m
M, =0.6745 31 @
MAD
seklinde tanimlanir [31]. Gozlem X, | Mt| > 7 ise aykiri sayilir, literatiirde 7 =3.5 sik kullanilan bir egiktir.
Uygulama adimlari ele alindiginda, (i) Her degisken igin m ve MAD kiiresel olarak hesaplanir. (ii) M,
degerleri bulunur ve |Mt| >7 olanlar kiiresel aykir1 olarak etiketlenir. (iii) Zaman serilerinde

trend/mevsimsellik baskinsa yontem, ham veri yerine farklar ya da ayrigtirma artiklarina uygulanir. (iv)
MAD =0 durumunda tespit devre dis1 birakilir veya kiigiik bir & ile diizenleme yapilir. Cok degiskenli
senaryolarda tespit degisken bazinda yiiritiiliir ve bayraklarin birlesimi alinir [32].

3.2.3. K-Ortalamalar
Smif dengesizligini giderirken 6rnek uzaymin yapisimi korumak amaciyla ozellik uzayr Kk kiimeye

boliinerek her sinif icinde kiime-tabanli 6rnekleme yapilir. K-ortalamalar, ama¢ fonksiyonunu en aza
indirerek her kiime i¢in bir merkez g, tretir [33].

K 2
{urz?'i{lgc} Z Z "Xi —H " (5)

c=1 x €S,

Her sinif y € {0,1} i¢in kiime boylar1 n,*” ve toplami N olmak iizere, simf i¢i dagilimi korumak adina

hedef kiime paylari
(¥)
n
) _ <
e - N (y) (6)
tanimlanir. Siif bagma hedef 6rnek sayisi N. belirlendiginde, kiime bazli hedefler
tc(y) _ [ﬁc(y) N*] 7)

olarak atanir. Boylece yeniden drnekleme her sinifin kiime i¢i morfolojisini korur.

Prosediir aciklanmak istenirse (i) siirekli degiskenler standartlastirilir, k-ortalamalar yalnizca egitim
boliimii {izerinde uygulanir. (i) Her siuf igin n® ile t.* karsilagtirilir. Asiri temsil durumunda her

kiimeden olasilikga orantili alt-5rnekleme yapilir. Yetersiz temsil durumunda her kiimede t. —n_® adet

sentetik drnek iiretilir. Sentetik iiretim, kiime-igi iki komsu x_,x, € S, {izerinden
K=(1-2)x, + 4%, A0T1(0,2) (8)

ile gerceklestirilir, kategorik &znitelikler icin moda-korumali ¢ogullama uygulanir. (iii) Uretilen/secilen
ornekler birlestirilir, dogrulama/test boliimleri dokunulmadan birakilir. Uygulama kismina gegildiginde ilk
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deginilmesi gereken nokta k degerinin dirsek veya siliiet katsayisi ile adaylar arasindan segilmesi ve kiime
kararliliginin ¢apraz dogrulama boyunca izlenmesidir. Aykir1 degerlerin etkisini azaltmak i¢in kiimelemeye
Kiiresel MAD temizligi sonrasi girilir.

3.2.4. Karsihkh Bilgi Tabanh k-En Iyi Ozellik Se¢imi

Bu metotta her aday 6znitelik X, ile hedef degisken Y arasindaki bagimlilik karsilikli bilgi (KB) ile

Ol¢iilir ve KB puanlarina gére en iyi bilgi tasiyan k Oznitelik segilir. KB dogrusal iligki varsayimi
gerektirmeksiniz ortak dagilimdaki bilgi kazanimini niceler [34]:

p(xy)
1(X:Y)=Y p(x,y)log——2— C)]
O = 2 P86 (y)

Stirekli degiskenler i¢in | (X ;Y) kestirimi pratikte k-en yakin komsu veya pargali-ayriklastirma temelli

pratik olmayan tahmincilerle gerceklestirilir. Smiflandirmada I(X;Y) siif bilgisini, regresyonda ise

dogrusal olmayan iligkileri de igerecek bicimde bagimlilig: yakalar.
3.2.5. Bayes Yontemiyle Hiperparametre Optimizasyonu

Modelin dogrulama kayb1 f(A) kapali formda bilinmeyen ve degerlendirmesi maliyetli bir kara kutu

olarak ele alinmistir. Bayes optimizasyon, bu amaci yaklasim modeli ile istatiksel olarak modelleyip yeni
denemeleri bir edinim fonksiyonu ile secerek bulur. Gauss siireci yaklagimina odaklanildiginda,

f(2)~GP(m(2).k(A,A")) varsayim altinda, t. iterasyona dek toplanan D, ={(4,,y, )}ti:l ile artakalan
glirtiltiisti e~ N(?) (0, O-EZ) kabul edilirse, yeni bir 4 noktasi igin artik dagilim

#(2)=k(2) (K+0?1) "y, 62(2)=k(2,2)-k(2) (K+0?1) k(4) (10)

seklinde elde edilir. Burada K kovaryans matrisi, k(/l) ise egitim noktalariyla kovaryans vektoriidiir.

Edinim fonksiyonlar1 incelendiginde ise yeni deneme 4., edinimi maksimize eden noktadir. Beklenen
iyilesme (EI)

)

El (2)=(f"- (1) p(2) + o,(A)$(2), where z = 5. (1)

(11)

ile  hesaplanir  ve f° meveut en iyi gozlemdir, ¢@,¢ ise standart normal
kimalatif dagilim fonksiyonu/yogunluk fonksiyonu dur. Ust giiven smir1 (UCB) ise asagidaki
formiilasyonla hesaplanir.

UCB, (1) = 14 (1) - Ko, (1) (12)

Burada kiigiik degerler daha iyi sonug¢ vermekle birlikte K kesif-somiirii dengesini ayarlar. Istege bagl
olarak iyilesme olasilig1 da kullanilabilir [35].

3.2.6. LightGBM
LightGBM gradyan artirimli karar agaglarmin yaprak-odakli biiyiime stratejisini ve histogram tabanli

bdlme algoritmasini kullanan, hafif ve yiiksek hizli bir 6grencidir. Amag, yinelemeli olarak zayif 6grenciler
f, (X) ekleyerek modeli

Fo(¥) = F, 1 00 +Vf, () (13)
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seklinde giincellemektir [36]. Her yinelemede smiflandirma kaybinin ikinci mertebe Taylor acilimi
kullanilir, gozlem i i¢in gradyan ve Hessian

_ ag(yilyi)

oy,

= (14)
ile hesaplanir. ikili smiflamada ¥, lojit ve p,=o(y,) olmak iizere lojistik kayip
2y, 9:)=-y.log p, —(1—-vy;)logl—p.) ; buradan g, =p,—y;,, h =p,L—p;) elde edilir. Bir bdlmenin
getirisi, diiglim toplam gradyan/Hessian’lart G, H ile

2 2 2
Gain == G, + Ce + & -y (15)
2\H +4 Hz;+4 H;+1

seklinde hesaplanir ve 4 L2 ceza, y yaprak cezasini temsil etmektedir. LightGBM yaprak-odakli olarak,
getirisi en yilksek yapragi biiyiitiir, agir1 uyumu smirlamak igin max_depth ve num_leaves kisitlari

uygulanir. Gain ifadesi sonrasinda LightGBM, yaprak-odakli stratejiyle getirisi en yiiksek yapragi biiyiitiir;
asir1 uyumu smirlamak i¢in num_leaves, max_depth ve min_data_in_leaf kisitlari ile L1/L2 cezast

uygulanir [37-39].
4, BULGULAR VE TARTISMA

Bu ¢alismada, tiim hesaplamalar MacOS Sequoia isletim sistemi siiriim 15.6, 2.4 GHz islemci (Intel Core
i5) ve 8 GB bellek ile donatilmig bir Macintosh bilgisayarda gerceklestirilmistir. Tiim hesaplama gorevleri
icin entegre bir gelistirme ortami olarak Python programlama dili kullanilmistir. Ayrica, Onerilen
metodolojiyi uygulamak igin sklearn, lightgbm ve optuna paketleri kullanilmigtir. CER veri setine
uygulanan on isleme siireci, ham verilerin Python ortamina aktarilmasiyla baglamistir. Veri kiimesi; (i)
1000-1999 araliginda hane kimlik numaralari, (ii) giin ve 30 dakikalik periyotlar: temsil eden kodlanmig
zaman bilgisi ve (iii) kW cinsinden tiiketim degerlerinden olusmaktadir. On isleme kapsaminda, kodlannmig
zaman bilgisi okunabilir formata doniistiiriilmiis, veriler hane bazinda gruplandirilmig ve her grup igindeki
kayitlar kronolojik olarak siralanarak analiz igin tutarli bir zaman serisi yapisi elde edilmistir.

Veri 6n iglemenin ikinci asamasinda, eksik gozlemler KA yontemi ile tahmin edilmistir. Uygulama
oncesinde, eksik veri oran1 %5’in {izerinde olan tiiketici serileri analiz dis1 birakilmistir. Kalan serilerde,
kisa donemli bagimliliklart (p=1), duraganlagtirmay1 (d=1) ve ge¢mis hata terimlerinin etkilerini (q=1)
dikkate alan KA modeli kullanilmigtir. Bu yaklagim, zaman serisinin dinamik yapisini yansitarak 6zellikle
dalgal1 tiiketim bolgelerinde tutarli sonuglar saglamig ve serinin siirekliligini koruyarak sonraki analizlerin
giivenilirligini artirmistir. Uglincii asamada, aykir1 degerlerin belirlenmesi amaciyla Kiiresel MAD yéntemi
uygulanmis; esik degeri 3,5’in iizerinde kalan goézlemler aykiri olarak etiketlenerek veri setinden
¢ikarilmigtir [40]. Bu islem, tiiketim profilindeki olagandisi artis ve dislislerin basarili bir sekilde
ayrisgtiritlmasini saglamis, temizlenen veri seti ise sonraki dznitelik ¢ikarimi ve siniflandirma adimlarinda
daha istikrarli ve giivenilir sonuglar elde edilmesine katki sunmustur.

Dordiincii agamada, gercek tiiketim profilleri iizerinden literatiirde tanimlanan alti farkli saldirt tipi
kullanilarak yapay veri setleri olusturulmus ve diiriist olmayan tiiketici davraniglarinin ¢esitli senaryolari
giivenilir bigcimde benzetilmistir. Besinci agamada ise, veri setinden giinliik bazda 6znitelikler ¢ikarilarak
diiriist ve diirtist olmayan tiiketim profilleri arasindaki farkliliklarin belirlenmesine ve sonraki siniflandirma
stirecinin desteklenmesine katki saglanmistir. Son asama olan Veri boyut indirgeme asamasinda kargilikli
bilgi temelli en iyilerin se¢im yontemi kullanilmig ve elde edilen sonuglara gore en iyi performans,
minimum deger, deger aralifi, medyan, maksimum deger, ortalama, standart sapma ve RMS
Ozniteliklerinden olusan yedi 6znitelik secildiginde elde edilmistir. Boylece yiiksek boyutlulugun getirdigi
giiriiltii azaltilmig, daha agiklayici ve ayirt edici bir 6znitelik kiimesi elde edilmistir.

Makine 6grenmesi yontemi ile modelleme agsamasinda, Bayes optimizasyon temelli hiperparametre segimi,
LightGBM siniflandiricisinin  performansint anlamli bigimde iyilestirmistir. Optuna kiitiiphanesi ile
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gerceklestirilen 60 deneme sonucunda, dogruluk, duyarlilik, Fl-skor ve kesinlige gore en uygun
parametreler elde edilmistir. Bu siiregte, 6grenme orani, yaprak sayisi, derinlik ve diizenlilestirme
katsayilar1 gibi kritik hiperparametrelerin otomatik ayarlanmasi, modelin hem dogruluk hem de genelleme
yetenegini artirmustir. Capraz dogrulama sonuglari, modelin farkli veri béliinmelerinde kararli performans
gosterdigini ortaya koymustur. Sonug olarak, Bayes optimizasyon yaklasimi ile desteklenen LightGBM
modeli, elektrik hirsizlig1 tespitinde yiiksek dogruluk ve giivenilirlik sunarak, yontemin pratik
uygulamalara uygunlugunu gostermistir.

Modelin performansim1 degerlendirmek igin dogruluk, kesinlik, duyarlilik ve F1-skoru metrikleri
kullanilmigtir. Bu metrikler sirasiyla asagidaki esitliklerde tanimlanmaktadir. Caligmada, her bir model
¢iktis1 bu oOlgiitler lizerinden degerlendirilmis ve elde edilen sonuglar tablo ve sekillerde karsilastirmali
olarak sunulmustur.

TP+TN

Dogruluk = 16
e TP TN FP+ PN (10
Kesinlik = _TP a7

TP+FP

TP
Duyarhlik = —— 18
YA = TP PN (18)

* 1 1k *
F1-Skor — 2 Ke_zsn.ﬂlk Duyarlhlik (19)
Kesinlik + Duyarlilik

Sekil 4 (a) ve (b)’de boyut indirgeme oncesi ve sonrasi i¢in dogrulama ve test setlerine ait karmasiklik
matrisleri verilmistir. Optimizasyon Oncesinde yanlis smiflandirmalar ozellikle negatif siniflarda
yogunlasirken, optimizasyon sonrasinda dogru pozitif (TP) ve dogru negatif (TN) degerleri artmis, yanlis
pozitif (FP) ve yanlis negatif (FN) degerleri azalmigtir. Bu durum, boyut indirgeme ve hiperparametre
optimizasyonunun modelin ayirt ediciligini giiclendirdigini, siniflandirma dengesini artirdigini ve
genelleme yetenegini korudugunu gostermektedir. Cizelge 3 incelendiginde, optimizasyon ve boyut
indirgeme adimlarinin tiim performans metriklerinde anlamli iyilesmeler sagladigi goriilmektedir.
Dogruluk oran1 %83,3-86,0 seviyelerinden %87,0-89,1 araligina yiikselmistir. Kesinlik %92,7-93,3’ten
%94,9-97,2’ye, duyarlilik %72,2—77,6’dan %78,2-80,6’ya ¢ikmus, F1-Skor ise %81,2—84,7’den %85,7—
88,1 araligina ulagsmistir. Bu sonuglar, yanls pozitiflerin azaldigini, pozitif sinifin daha dogru tespit
edildigini ve genel model performansinin dnemli dl¢iide giiglendigini gostermektedir.

(a) (b)

Optimizasyon Oncesi * Dogrulama Optimizasyon Oncesi * Test Optimizasyon Oncesi * Dogrulama Optimizasyon Oncesi * Test

Negatif Negatif JE:EERE:] Negatif Negatif
- - - -
] 2] ] [
= =y 4 2
U L) v Ll
(6] U} (6] v}
Pozitif Pozitif 71164 Pozitif Pozitif
Negatif Pozitif Negatif Pozitif Negatif Pozitif Negatif Pozitif
Tahmin Tahmin Tahmin Tahmin
Optimizasyon Sonrasi « Dogrulama Optimizasyon Sonrasi = Test Optimizasyon Sonrasi » Dogrulama Optimizasyon Sonrasi « Test
Negatif SSEEELES Negatif JEEEREL] Negatif JLEER] Negatif JELERL:] =
x x x x
[ 7] ] U
= = =4 =4
T T 7] 7]
] 9 (U] Q

Pozitif 61536 Pozitif 77032 Pozitif H 63255 Pozitif “ 79277

Negatif Pozitif Negatif Pozitif Negatif Pozitif Negatif Pozitif
Tahmin Tahmin Tahmin Tahmin

Sekil 4. (a) Boyut indirgeme 6ncesinde, optimizasyon Oncesi ve sonrasi i¢in dogrulama ile test setlerine
ait karmagiklik matrisi sonuglari, (b) Boyut indirgeme sonrasinda, optimizasyon dncesi ve sonrasi igin
dogrulama ile test setlerine ait karmagiklik matrisi sonuglari
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Cizelge 3. Boyut indirgeme ve optimizasyon oncesi/sonrasi igin dogrulama ve test setlerinde elde edilen
performans metrikleri

Boyut indirgeme Optimizasyon Veri seti Dogruluk Kesinlik Duyarlilik F1-Skor

Oncesi Dogrulama 83,3 92,7 72,2 81,2

Oncesi Sionras1 87,0 94,9 78,2 85,7
Oncesi Test 83,6 93,3 72,3 81,5
Sonrasi 87,0 94,8 78,3 85,7
Oncesi Dogrulama 86,0 93,3 77,6 84,7
Sonrasi 89,0 97,1 80,4 87,9

Sonrasi . .
Oncesi Test 86,0 93,3 77,6 84,7
Sonrast 89,1 97,2 80,6 88,1

5. SONUC

Bu calismada, akilli sebekelerde elektrik hirsizligmin tespiti i¢in veri odakli ve gelismis bir makine
ogrenmesi yaklasimi dnerilmistir. Onerilen metodoloji, KA tabanli eksik veri doldurma, Kiiresel MAD ile
aykir1 deger tespiti, K-ortalamalar tabanli veri dengeleme, karsilikli bilgiye dayali 6zellik secimi ve Bayes
optimizasyon ile iyilestirilmis LightGBM smiflandirici adimlarini igeren ¢ok agamali bir yapiya
dayanmaktadir. Elde edilen sonuglar, Onerilen yaklagimin tiim performans metriklerinde anlamli
iyilestirmeler sagladigin1 gostermektedir. Boyut indirgeme ve optimizasyon 6ncesinde dogruluk orani
%83,3-86,0 araliginda iken, bu deger optimizasyon ve boyut indirgeme sonrasinda %87,0-89,1
seviyelerine yiikselmistir. Benzer sekilde, kesinlik %92,7°den %97,2’ye, duyarlilik %72,2’den %80,6’ya,
F1-skoru ise %81,2’den %88,1’e ulagmstir. Bu iyilesmeler, yanlig siniflandirma oranlarimin azaldigini,
ozellikle pozitif sinifin daha gilivenilir bigimde tespit edildigini ve modelin genelleme yeteneginin
giiclendigini ortaya koymaktadir.

Sonuglar, gelistirilen yontemin yalnizca akademik agidan degil, ayni zamanda dagitim sirketleri i¢in pratik
uygulamalarda da kullanilabilecek diizeyde giivenilir oldugunu gostermektedir. Yontem, farkli kagak
kullanim senaryolarini basariyla ayirt edebilmis ve elektrik hirsizliginin tespitinde mevcut yaklagimlara
kiyasla daha yiiksek dogruluk sunmustur. Ayrica 6nerilen ¢ergevenin esnek yapisi, farkli veri setleri ve
dagitim bolgelerine uyarlanabilir olma potansiyeli tagimaktadir.

Gelecek cgaligmalar kapsaminda, yontemlerin akilli sebekelerde gerg¢ek zamanli karar destek sistemlerine
entegre edilmesi, siber saldiri senaryolariyla birlikte degerlendirilmesi ve agiklanabilir yapay zeka
yaklasimlariyla desteklenerek seffafliginin artirilmasi hedeflenmektedir. Bdylece, elektrik hirsizligimin
tespitine yonelik daha dayanikli, 6l¢eklenebilir ve giivenilir ¢éztimler gelistirilmesi miimkiin olacaktir.

6. TESEKKUR

Bu calisma, Adana Alparslan Tiirkes Bilim ve Teknoloji Universitesi Bilimsel Arastirma Proje Birimi
tarafindan proje numarasi 24803005 ile desteklenmistir.

7. KAYNAKLAR

1. Kebotogetse, O., Samikannu, R. & Yahya, A. (2022). A concealed based approach for secure
transmission in advanced metering infrastructure. IEEE Access, 10, 84809-84817.

2. Esmael, A.A., DaSilva, H.H., Ji, T. & da Silva Torres, R. (2021). Non-technical loss detection in power
grid using information retrieval approaches: A comparative study. IEEE Access, 9, 40635-40648.

3. de Souza Savian, F., Siluk, J.C.M., Garlet, T.B., do Nascimento, F.M., Pinheiro, J.R. & Vale, Z. (2021).
Non-technical losses: A systematic contemporary article review. Renewable and Sustainable Energy
Reviews, 147, 111205.

4. Northeast Group, (2021). Electricity theft and non-technical losses: Global markets, solutions, and
vendors. https://northeast-group.com/2021/10/20/electricity-theft-non-technical-losses/.

5. Tasdoven, H., Fiedler, B.A. & Garayev, V. (2012). Improving electricity efficiency in Turkey by
addressing illegal electricity consumption: A governance approach. Energy Policy, 43, 226-234.

6. T.C. Enerji Piyasas1 Diizenleme Kurumu (EPDK), (2024). 2023 y:ili elektrik piyasas: gelisim raporu.
https://www.epdk.gov.tr/Detay/Icerik/4-14475/duyuru. Erigim tarihi: 30 Agustos 2024.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Alall Sebekelerde Elektrik Hirsizligy Tespiti Icin Gelismis Makine Ogrenmesi Yontemlerinin Uygulanmast

7. Zulu, C.L. & Dzobo, O. (2023). Real-time power theft monitoring and detection system with double
connected data capture system. Electrical Engineering, 105(5), 3065-3083.

8. Kawoosa, A.l., Prashar, D., Faheem, M., Jha, N. & Khan, A.A. (2023). Using machine learning
ensemble method for detection of energy theft in smart meters. IET Generation, Transmission &
Distribution, 17(21), 4794-4809.

9. Abdulaal, M.J., Ibrahem, M.I., Mahmoud, M.M., Khalid, J., Aljohani, A.J., Milyani, A.H. & Abusorrah,
A.M. (2022). Real-time detection of false readings in smart grid AMI using deep and ensemble learning.
IEEE Access, 10, 47541-47556.

10. Zarkovi¢, M. & Dobri¢, G. (2024). Artificial intelligence for energy theft detection in distribution
networks. Energies, 17(7), 1580.

11. Tripathi, A.K., Pandey, A.C. & Sharma, N. (2024). A new electricity theft detection method using
hybrid adaptive sampling and pipeline machine learning. Multimedia Tools and Applications, 83(18),
54521-54544.,

12. Zhuang, W., Jiang, W., Xia, M. & Liu, J. (2024). Dynamic generative residual graph convolutional
neural networks for electricity theft detection. IEEE Access, 12, 42737-42750.

13.Peng, Y., Yang, Y., Xu, Y., Xue, Y., Song, R., Kang, J. & Zhao, H. (2021). Electricity theft detection
in AMI based on clustering and local outlier factor. IEEE Access, 9, 107250-107259.

14.Qi, R., Zheng, J., Luo, Z. & Li, Q. (2022). A novel unsupervised data-driven method for electricity theft
detection in AMI using observer meters. IEEE Transactions on Instrumentation and Measurement, 71,
1-10.

15. El-Toukhy, A.T., Badr, M.M., Mahmoud, M.M., Srivastava, G., Fouda, M.M. & Alsabaan, M. (2023).
Electricity theft detection using deep reinforcement learning in smart power grids. IEEE Access, 11,
59558-59574.

16. Chen, J., Nanehkaran, Y.A., Chen, W., Liu, Y. & Zhang, D. (2023). Data-driven intelligent method for
detection of electricity theft. International Journal of Electrical Power & Energy Systems, 148, 108948.

17.Zhang, W. & Dai, Y. (2024). A multiscale electricity theft detection model based on feature engineering.
Big Data Research, 36, 100457.

18. Althobaiti, A., Rotsos, C. & Marnerides, A.K. (2023). Adaptive energy theft detection in smart grids
using self-learning with dual neural network. IEEE Transactions on Industrial Informatics, 20(2), 2776-
2786.

19. Liao, W, Yang, D., Ge, L., Jia, Y. & Yang, Z. (2025). Electricity theft detection in integrated energy
systems considering multi-energy loads. International Journal of Electrical Power & Energy Systems,
164, 110428.

20. Sharma, A. & Tiwari, R. (2024). Anomaly detection in smart grid using optimized extreme gradient
boosting with SCADA system. Electric Power Systems Research, 235, 110876.

21.Zhu, S., Xue, Z. & Li, Y. (2024). Electricity theft detection in smart grids based on omni-scale cnn and
autoxgh. IEEE Access, 12, 15477-15492.

22.Norouzi, A., Ahmadi, 1., Nazari, M., Pourrostami, H. & Hoseini-Kordkheili, H. (2025). A novel
framework to detect electricity theft in regions with traditional metering; applying a hybrid machine
learning-based approach to low-sampling-rate data. Results in Engineering, 25, 104478.

23.Sun, X., Hu, J., Zhang, Z., Cao, D., Huang, Q., Chen, Z. & Hu, W. (2023). Electricity theft detection
method based on ensemble learning and prototype learning. Journal of Modern Power Systems and
Clean Energy, 12(1), 213-224.

24.Nirmal, S., Patil, P. & Shinde, S. (2025). Adversarial measurements for convolutional neural network-
based energy theft detection model in smart grid. e-Prime-Advances in Electrical Engineering,
Electronics and Energy, 100909.

25.Ullah, A., Khan, I.U., Younas, M.Z., Ahmad, M. & Kryvinska, N. (2025). Robust resampling and
stacked learning models for electricity theft detection in smart grid. Energy Reports, 13, 770-779.

26. Kiling, E. (2024). Comparison of feature extraction methods in high dimensional time series. Cukurova
Universitesi Miihendislik Fakiiltesi Dergisi, 39(4), 991-997.

27. CER Smart Metering Project - Electricity Customer Behaviour Trial, commission for energy regulation
(cer), 2009-2010, https://www.ucd.ie/issda/data/commissionforenergyregulationcer/.

28. Fei, K., Li, Q., Zhu, C., Dong, M. & Li, Y. (2022). Electricity frauds detection in Low-voltage networks
with contrastive predictive coding. International Journal of Electrical Power & Energy Systems, 137,
107715.

29. Takiddin, A., Ismail, M., Zafar, U. & Serpedin, E. (2022). Deep autoencoder-based anomaly detection
of electricity theft cyberattacks in smart grids. IEEE Systems Journal, 16(3), 4106-4117.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Omer Can TOLUN, Kastm ZOR, Onder TUTSOY

30.K. Zor, (2019). Research and application of real-time short-term electrical energy consumption
forecasting using artificial intelligence based techniques. Ph.D. dissertation, Cukurova University,
Adana.

31.Leys, C., Ley, C., Klein, O., Bernard, P. & Licata, L. (2013). Detecting outliers: Do not use standard
deviation around the mean, use absolute deviation around the median. Journal of Experimental Social
Psychology, 49(4), 764-766.

32. Lohrer, A., Kazempour, D., Hiinemérder, M. & Kroger, P. (2024). CoMadOut—a robust outlier
detection algorithm based on COMAD. Machine Learning, 113, 3553-3580.

33.Xu, Z. & Shen, D. (2021). A cluster-based oversampling algorithm combining SMOTE and k-means
(KNSMOTE).

34. Vergara, JR. & Estévez, P.A. (2014). A review of feature selection methods based on mutual
information. Neural Computing and Applications, 24(1), 175-186.

35. Snoek, J., Larochelle, H. & Adams, R.P. (2012). Practical bayesian optimization of machine learning
algorithms. Advances in Neural Information Processing Systems, 25, 2960-2968.

36. Bentéjac, C., Csorgd, A. & Martinez-Mufoz, G. (2021). A comparative analysis of gradient boosting
algorithms. Artificial Intelligence Review, 54, 1937-1967.

37. LightGBM Developers, (2025). LightGBM documentation (Parameters & LGBMClassifier).

38. Omotehinwa, T.O., Oyewola, D.O. & Dada, E.G. (2023). A light gradient-boosting machine algorithm
with tree-structured parzen estimator for breast cancer diagnosis. Healthcare Analytics, 4, 100218.

39. Atalay, B.A. & Zor, K. (2025). Xgboost (asir1 gradyan artirimli karar agaglari) ile hidroelektrik enerji
tahmini. Cukurova Universitesi Miihendislik Fakiiltesi Dergisi, 40(1), 205-218.

40. Yaro, A.S., Maly, F., Prazak, P. & Maly, K. (2024). Outlier detection performance of a modified z-
score method in time-series rss observation with hybrid scale estimators. IEEE Access, 12, 12785-
12796.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Cukurova Universitesi

Muhendislik Fakiiltesi Dergisi

Journal of the Faculty of Engineering

ISSN: 2757-9255

CILT/VOLUME: 40 SAYI/ISSUE: 3

Cukurova University

EYLUL/SEPTEMBER 2025

Entegre Sabit Filmli Aktif Camur Sistemi ve Membran Biyoreaktor ile
Farkh Yapidaki Biyofilm Performanslarinin Degerlendirilmesi

Tiirker TURKEN 2, Ozgiin YILMAZ *°

Ystanbul Teknik Universitesi, Insaat Fakiiltesi, Cevre Miihendisligi Boliimii, Istanbul, Tiirkiye

30RCID: 0000-0003-0550-5975; PORCID: 0000-0001-7440-9448

[eY4

Makale Bilgileri
Gelis 1 20.03.2025
Kabul  :12.09.2025

DOI: 10.21605/cukurovaumfd.1661989
Sorumlu Yazar

Tiirker TURKEN

turken@itu.edu.tr

Anahtar Kelimeler

Ifas

Membran biyoreaktor

Su geri kazanmmi

Auf sekli: TURKEN, T., YILMAZ, O.,
(2025). Entegre Sabit Filmli Aktif Camur
Sistemi ve Membran Biyoreaktor ile

Farkl Yapidaki Biyofilm
Performanslarimin - Degerlendirilmesi.
Cukurova  Universitesi, — Miihendislik

Fakiiltesi Dergisi, 40(3), 643-653.

Su tiiketimindeki artis, mevcut kaynaklar {izerindeki baskiy1
artirmakta ve gelecekte su krizine yol agabilecegi dngoriilmektedir.
Bu nedenle atiksularin geri kazanimi giderek daha fazla 6nem
kazanmaktadir. Bu caligmada, alan ihtiyacini en aza indiren ve
yiikksek aritim verimi saglayan membran biyoreaktér (MBR)
sistemleri ile entegre biyofilm sisteminin (IFAS-MBR) performansi
laboratuvar 6l¢eginde arastirilmigtir. Calismada farkli biyotasiyict
medyalar kullanilarak sistem performansina etkileri incelenmistir.
Sonuglar, hibrit sistemin yliksek organik madde gideriminde etkili
oldugunu gostermisti. KOI giderimi %94 seviyesinde
gergeklesmis, toplam azot (TN) giderimi %35, toplam fosfor (TP)
giderimi %61 olarak belirlenmistir. Cikis suyu bulaniklik degerleri
10 NTU’nun altinda kalmistir. Biyofilm entegrasyonu sayesinde
diisik SRT kosullarinda dahi nitrifikasyonun gergeklestigi
gbzlenmis, ayrica membrana gelen yiik azalttig1 igin transmembran
basincinin artis1 yavaslamis ve kimyasal yikama ihtiyact azalmastir.
Bu bulgular, IFAS-MBR hibrit sisteminin KOI, azot ve fosfor gibi
6nemli  parametrelerin  giderimi ile membran Omriiniin
uzatilmasinda da avantaj sagladigini ortaya koymaktadir.
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Increasing water consumption exerts pressure on available resources
and is expected to cause a water crisis in the future. Therefore,
wastewater reclamation has become increasingly important. In this
study, the performance of an integrated fixed-film activated sludge—
membrane bioreactor (IFAS-MBR) system, which minimizes land
requirement while ensuring high treatment efficiency, was
investigated at laboratory scale. Different bio-carrier media were
tested to evaluate their effects on system performance. The results
demonstrated that the hybrid system was effective in removing high
organic loads. The chemical oxygen demand (COD) removal
efficiency reached 94%, while total nitrogen (TN) and total
phosphorus (TP) removal efficiencies were 35% and 61%,
respectively. Effluent turbidity remained below 10 NTU. Biofilm
integration enhanced nitrification even under low sludge retention
time (SRT) conditions, and reduced the loading on the membrane,
which slowed down the increase in transmembrane pressure (TMP)
and lowered chemical cleaning requirements. These findings
indicate that the IFAS-MBR hybrid system provides advantages not
only in COD removal but also in nitrogen and phosphorus removal,
as well as in extending membrane lifespan.
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1. GIRIS

Artan niifus ve endiistriyel faaliyetler nedeniyle temiz su kaynaklarina ulagmak zorlagmistir. Bu nedenle,
giin gectikge atik su geri kazanimi ve daha diisiik alan kaplayan aritma tesislerinin kullanimi ihtiyaci
artmaktadir. Membran teknolojileri, konvansiyonel aritma sistemleri ile birlikte veya ayr1 olarak kullanilan
aritma teknolojileridir. Membran biyoreaktdr (MBR) sistemleri, biyolojik aritma ve filtrasyon sistemlerinin
kombinasyonu olarak calismakta ve yapilan ¢aligmalarda MBR sistemlerinin hem alan ihtiyacini azalttigi,
hem de daha yiiksek kalitede ¢ikis suyu eldesi sagladig1 gézlenmistir.

Buna ek olarak, Entegre Sabit Aktif Camur (IFAS) sistemi ise atik su aritimu i¢in siirdiiriilebilir bir ¢6ziim
saglayan onde gelen proseslerden biridir. IFAS, yiizeyde ve askida biiylime sistemlerini entegre ederek
Hareketli Yatak Biyoreaktor (MBBR) sisteminin gelistirilmis bir hali olarak agiklanabilir. Bu sistem,
yiiksek oranda besin giderimi, tam nitrifikasyon, daha uzun kat1 madde tutma siiresi gibi geleneksel aktif
¢amur sistemlerine gore avantajlar sunar. Son zamanlarda gelistirilen IFAS reaktorleri ayrica metan {iretimi,
algler veya mikrobiyal yakit hiicreleri yoluyla enerji tiretimi i¢in verimli sonuglar igermektedir.

Son yillarda IFAS-MBR hibrit sistemleri tizerine yapilan ¢alismalar, hem organik madde giderimi hem de
azot-fosfor giderimi agisindan umut verici sonuglar vermistir. Bu kapsamda yiiriitillen bir pilot dl¢ekli
calismada IFAS-MBR sistemlerinin geleneksel MBR sistemlerine gore daha yiliksek performans sergiledigi
gosterilmistir. IFAS’1n pilot ve tam 6l¢ekli uygulamalarda kompakt tasarimi ve yiiksek biyofilm stabilitesi
sayesinde gelecekte daha yaygin kullamilacagi ongérmektedir [1]. Yine baska bir ¢aligmada IFAS
sistemlerinde nitrifikasyon veriminin %98’e kadar ¢ikabildigini belirtmistir [2]. Ayrica Yiiksekdag [3]
calismasinda, nanolif membranlarda yiizey modifikasyonlarinin membran performansini ve antimikrobiyal
ozelliklerini iyilestirdigi, bu islemin de tikanmayi azaltma potansiyeli sundugu bildirilmistir.

Goriildugii tizere batik tip membranlar ile ¢alisan sistemler igin literatiir, IFAS-MBR hibrit sistemlerinin
cesitli avantajlara sahip oldugunu gostermektedir. MBR sistemlerinden once daldirilan biyotasiyict
sayesinde membranlar daha yiiksek gecirgenlikli akis kosullarinda calistirilabilir, membran yiizeyindeki
kirlilik yiikii azaltilir ve daha kompakt bir sistem olarak daha az alan gerektirir. Bu kapsamda olusturulan
pilot 6l¢ekli IFAS-MBR hibrit sistem diizenegi, hem karbonu hem de besin maddeleri olan azot ve fosforu
gidermek ve en uygun morfolojik yapiya sahip biyotasiyiciy1 belirlemek i¢in tasarlanmustir.

Calisma kapsaminda, PVDF polimeri kullanilarak iiretilmis ince bosluklu membran filtre biyoreaktori ile
entegre edilmis farkli morfolojik yapilara sahip iki biyotasiyict kullanilmistir. Uygun biyotasiyici

materyalinin belirlenmesi igin, evsel nitelikli atik su numunesi ile laboratuvar 6l¢ekli deneyler yapilmis ve
bazi parametreler izlenmistir.

2. YONTEM
Laboratuvar 6lgekli entegre IFAS-MBR sistemi i¢in yapilan tayinler agsagida detayl olarak verilmistir.
2.1. Atik Su Karakterizasyonu

Yapilan calismada evsel karakterli sentetik atik su hazirlanmigtir. Kullanilan kimyasallar ve besleme
camuruna ait veriler asagidaki ¢izelgede verilmektedir.

Cizelge 1. Sentetik atik su recetesi [4]

Parametre Birim Deger
Glikoz mg/L 400
Bactopeptone mg/L 115
(NH4)2S04 mg/L 104,8
KH2PO4 mg/L 21,75
MgSO4 mg/L 15,63
CaCl2 mg/L 2,45
MnSQO4 mg/L 1,8
NaHCO3 mg/L 2555
MLSS mg/L 5580
KOI(Beslenen Camur) mg/L 460
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2.2. KOI Tayini

KOI giderim verimlerini bulmak icin reaktdriin icindeki besleme atik suyundan ve aritilmis siiziintii
suyundan periyodik olarak numuneler alinarak KOI analizleri yapilmistir. Yontem olarak standart
yontemlerden biri olan 5220-C kapali reflii yontemi kullanilmistir. KOI tiiplerine 2,5 ml seyreltilmis
numune, 1,5 ml standart K,Cr,07 soliisyonu ve 3,5 ml HoSO4 reaktifi eklenmistir.

Tiipler 150°C'de Hach marka DRB 200 model termoreaktére yerlestirilmis olup 2 saat sonra numuneler oda
sicakligina sogumaya birakilmistir.

Soguyan numuneler erlene alindiktan sonra 1-2 damla ferroin indikatorii ilave edilerek Demir Amonyum
Siilfat (DAS) ¢ozeltisi ile kiremit kirmizisi renk elde edilinceye kadar titre edilmistir. Deneyde kullanilan
DAS soliisyonunun molaritesi Esitlik 1 ile, KOI degerleri ise Esitlik 2 ile mg/L cinsinden hesaplanmustir.

DAS Molaritesi = Titre edilen Potasyum Dikromat Hacmi * 0,1 (1)
olaritesi = DAS Hacmi (ml)

Kol mg.__ (A—B)*M*8000 @
( L ) = Numune hacmi (ml)

2.3. AKM Tayini

Reaktorlerdeki ve IFAS fiberleri tizerindeki kati madde degerleri diizenli araliklarla izlenmigtir. Bu amagla
gravimetrik 6l¢lim yontemi kullanilmigtir.

[k olarak filtrenin yikanmasi prosediirii uygulannustir. Bunun igin, filtre, filtrasyon setine yerlestirilip,
vakum pompasi yardimiyla vakum uygulanarak distile su ile yikanmistir. Filtrede su kalmayincaya kadar
vakum uygulamasina devam edilmis ve yikama suyu dokiilmiigtiir. Filtre 103-105°C etiivde 1 saat
kurutulup hem havadaki nemden etkilenmeyecek hem de tamamen kuruyacak sekilde desikatorde
bekletilmistir. Sabit tartima gelen filtre desikatorden dikkatlice alinarak tartilmistir.

Ardindan reaktor igerisinden 20 ml numune alinip vakum uygulanarak hazirlanan filtreden siiziilmistiir.
Filtre bir forseps yardimiyla aparattan dikkatlice ¢ikarilip aliiminyum bir kaba yerlestirilerek 103-105°C
etiivde en az | saat kurutulmaya birakilmigtir. Etiivden sonra desikatorde oda sicakligina getirildikten sonra
tartilmigtir. Ardindan, filtre ve {izerindeki tortu 550°C'deki kiil firmninda 30 dakika yakilmistir. Yakma
islemi sonucunda desikatdrde soguduktan sonra tartim islemi yapilmistir. AKM hesaplamalari Esitlik 3 ile
yapilmistir.

mg ;Y\ _ (A — B) *1000
AKM ( /l) Numune hacmi (ml) ®

IFAS fiberlerinden 14 giinliik ¢alismada 3., 5., 10. ve 12. giinlerde numuneler alinarak iizerlerinde tutunan
kat1 madde analizleri yapilmistir.

Distile su igerisinde bir kasik yardimiyla fiberlerin i{izerinden kati maddeler siyrilmig ve etiivde
kurutulmustur. Bu islemden sonra agirlik 6liimii yapilarak birim hacimdeki kati madde miktari
hesaplanmustir.

2.4, Toplam Azot Tayini

Bu galismada belirli periyotlarda toplam azot 6lgtimleri, Hach-Lange marka 5-40 mg/L araligindaki kitlerle
Olglilmistiir.

Kit ol¢iimii i¢in gerekli prosediirler uygulandiktan sonra DR 5000 Hach-Lange spektrofotometre ile
sonuglar elde edilmistir. Olgiimler sonucunda gikan degerler yapilan galismalarin dogru sonug verdigini
gostermistir.
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Deser,

2.5. Toplam Fosfor Tayini

Standart Yonteme (APHA, 2005) gore yuriitillen toplam fosfor analizi Hach-Lange marka LCK 350 deney
kitleri ile DR 5000 Hach-Lange spektrofotometre iizerinde 507 nm dalga boyunda dl¢iilmistiir.

2.6. Bulaniklik Tayini

Bulaniklik, bir goriiniim 6zelligidir, 6zellikle numunenin 15181 nasil ilettiginin bir dl¢iimiidiir. Bulanik su
15181 ¢ok iyi iletmez. Bunun nedeni, sudaki kolloidal pargaciklardan kaynaklanan 151k sagilimidir.

Bulanik olan su genellikle daha yiiksek seviyelerde BOI, KOI ve patojenlere sahiptir. Isik gegirgenligi,
mevcut kolloidal pargaciklarin hem boyutuna hem de sayisina bagli oldugundan bulanikligi TSS ile
dogrudan iliskilendirmenin de oldukga zor olduguna dikkat etmek dnemlidir.

Bulaniklik, NTU tarafindan belirlenirken AKM, hacim bagina kiitle birimi cinsinden 6l¢iiliir. Entegre IFAS-
MBR sistemi ile evsel atik su aritma islemi sonrasinda atik su igerisindeki AKM, ¢ikis suyunda bulaniklik
cinsinden Slgiilmiistiir. Ayn1 AKM seviyelerine sahip iki numune, farkli par¢acik boyutu dagilimlarina
sahiplerse farkli bulaniklik degerlerine sahip olabilir.

2.7. SEM Analizi
Isletme oncesinde ve sonrasinda IFAS fiberlerinin yiizey &zelliklerinin belirlenebilmesi igin Taramali
Elektron Mikroskop analizi yapilmistir. Olgiimde kullanilan cihaz FEI marka Quanta Feg 250 modelidir.

SEM analizi yapilabilmesi i¢in fiberlerin kuru ve ortam neminin ¢ok diisiikk olmas1 gerekmektedir.

Analiz i¢in etanol/su karigimi igeren soliisyonda yikandiktan sonra oda sicakliginda kurutulan numuneler
6zel numune hiicrelerine yerlestirilerek Au-Pt ile yilizey kaplamasi yapilmustir.

2.8. IFAS Modiillerinin Yapihsi

MBR ile entegre calistirilacak IFAS modiilleri ayn1 malzeme, farkli yilizey alanlari ve karakteristik
ozelliklere sahip Sekil 1°de gosterilen polyester fiberlerden olusmaktadir.
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Uglarindan birlestirilen IFAS fiberleri tank igerisine Sekil 2’de goriildiigi gibi yerlestirilmistir. Tank
hacminin yiizde 40" kaplayacak sekilde yerlestirilen modiiller MBR ile entegre isletildiginde yiiksek
verimli IFAS modiilii belirlenmeye calisiimistir.

Sekil 2. Tanka yerlestirilen IFS modiilleri
2.9. MBR Modiillerinin Yapilhisi

Laboratuvar 6lgekli sistem igletilmesi i¢in son olarak ince bosluklu i¢i bos fiber membranlarin da modiil
haline getirilip uygun sekilde tanka yerlestirilmesi gerekmistir. Bu nedenle asagida verilen esitliklere
(4,5,6) gore yapilan hesaplamalar sonucunda 104 adet fiber membran kullanilarak distan i¢e dogru akigh
ve vakum ile ¢alisan Sekil 3’°teki modiil tretilmistir.

Ortalama Debi (m3/h) * 1000
Aki (L/m? xh)
~ 0,002 (m?/h) * 1000
B 15

Membran Alani (m?) =

(4)

Membran Alant = 0,137 m? Membran Fiber Alant (m?)
0,0021 * m* (Fiber Uzunlugu (m) * 1000)
- 1000
0,0021 * 3,14 % (0,2 *1000)
- 1000
Membran Fiber Alant = 0,0013 m?

(®)

Membran Alant (m?)
Membran Fiber Alanit (m?)

_ 0,137 (m?) (6)
©0,0013 (m?)
Membran Miktar:t = 104 adet

Membran Miktar: (adet) =
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Tanka yerlestirilen membran modiilii Sekil 3’te gosterilmektedir.

Sekil 3. MBR modiilii

Evsel karakterli atik sularin artiminda segilen aki degeri 15-25 L/m?h arasinda degismektedir [5]. Bu
veriler dogrultusunda segilen aki degeri 15 L/m?h'dir.

2.10. IFAS-MBR Sisteminin isletilmesi

Laboratuvar oOlgekli IFAS-MBR sistemi PLC sistemine baghidir ve tiim kontroller bu ekrandan
yapilabilmektedir. MBR sisteminde filtrasyon ve geri yikama olmak iizere iki farkli proses vardir. PLC
ekraninda tiim sistem semas1 goriilebilmekte ve gerektiginde iinitelere iligkin Geri yikama, filtrasyon
basinci, aki ve debi gibi ¢aligma parametreleri bu ekrandan degistirilebilmektedir. Sekil 4’te sistemin
isletme sirasindaki bir goriintiisii verilmektedir.

Besleme pompasi vasitasiyla IFAS tankina alinan atik su MBR tankina savaklanarak aktarilmistir. Loblu
pompa ile vakumlanan atik su membran filtresinden gegerek siiziintii tankinda toplanmustir.

9 dakika filtrasyon islemi ve 1 dakika geri yikama islemi yapilarak membran yiizeyinde olusabilecek
tikanikliklar engellenebilmekte ve membran filtrasyonunun verimi istenilen seviyelerde tutulabilmektedir.

Sekil 4. Isletilen IFAS-MBR sistemi

3. ARASTIRMA BULGULARI

Laboratuvar o6l¢ekli IFAS-MBR sistemi isletme sonuglarma goére, IFAS modiillerinin MBR sistem
calismasina cesitli etkilerinin oldugu goézlemlenmistir. IFAS malzemesi, genis yilizey alani sayesinde
MLSS'nin iizerine yapigmasini saglar ve boylece aerobik reaktér hacmi ihtiyacini azaltir. SEM
goriintiilerinde goriildigi gibi, piliriizlii yiizeyli IFAS malzemesi, piiriizsiiz yiizeyli IFAS malzemesinden
daha fazla biyofilm tutmustur. Bu baglamda piiriizlii yiizeye sahip IFAS malzemesinin kullanildig:
sistemlerde aerobik reaktor hacmi daha diisiik tutulabilmektedir.
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Hem MBR hem de IFAS sistemlerinin ¢ikis amaci aritma tesislerinin alan ihtiyacim azaltmak olsa da IFAS-
MBR sisteminin alan ihtiyaci konvansiyonel sistemlere gére ¢ok daha disiiktiir. IFAS-MBR sisteminin
alan gereksiniminin de hem sabit hem de hareketli biyotasiyici sistemlerine ve MBR sistemlerine gore daha
diistik oldugu goriilmektedir. IFAS tasiyicilart {izerine biyofilm yapismasi nedeniyle MBR sisteminin
kimyasal yikama sikliginin azaltilabilecegi gozlemlenmistir. Bu sayede membran modiillerin 6mriiniin
uzatilabilecegi diistiniilmektedir.

Laboratuvar 6lgekli ¢alisma sonrasinda Sekil 5’te de goriilebilecegi gibi, IFAS B'de daha fazla biyofilm
tutunmast gézlemlenmistir. Biyofilm tutunmasinin sebepleri sonu¢ kisminda daha detayli agiklanmustir.
IFAS modiillerinden belirli kesitler alinarak oda sicakliginda 24 saat kurutularak SEM analizi yapilmistir.

Sekil 5. Cahma sonrasindaki IFAS modiilleri

SEM ol¢timii ti¢ farkl biiyiitme 6lgeginde gergeklestirilmistir. SEM ¢iktilarina gore, daha az yiizey alanina
sahip IFAS modiiliindeki biyofilm ince iken daha genis yilizey alanli ve piiriizlii IFAS biyotasiyicida
biyofilmin daha kalin oldugu goriilmiistiir. Bu sonucun elde edilmesinde biyofilmin tutunabildigi ylizey
alaninin daha genis olmasi ve IFAS dokusunun daha piiriizlii olmasi etkilidir. Kirli modiiller i¢in her {i¢
biiyiitme oranindaki SEM goriintiilerine bakildiginda IFAS B yiizeyinin tamamina biyofilm tutunmasi
gerceklestigi goriilirken IFAS A’da hala temiz bolgeler bulundugu saptanmistir (Sekil 6 ve Sekil 7).

Sekil 6. IFAS A i¢in ¢aligma Oncesi(sol) ve sonrasi(sag) sirasiyla 100, 500 ve 1000 kat biiyiitiilmiis SEM
goriintiileri
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Sekil 7. IFAS B i¢in ¢alisma 6ncesi(sol) Vesonra51(sag) 51r51y1a 100, 500 ve 1000 kat biiyiitiilmiis SEM
goriintiileri

IFAS modiilleri tizerine biyofilm tutunmasi ile membran biyoreaktorde tikanma ve birikimin geciktigi ve
ekonomik dmriiniin uzadig: belirlenmistir. Ayrica filtrasyon siiresi uzatilarak geri yikama ve membran
havalandirma gibi maliyetli girdilere olan ihtiyag azaltilir. IFAS gibi biyotasiyicilarin kullanimi, geleneksel
atik su aritma sistemlerine kiyasla havalandirma havuzlarinin hacmini azaltir. Konvansiyonel sistemlerde
MBR kullanimi ile gerekli alan ihtiyacinin yari yariya azaldigi da bilinmektedir [6]. Bu kapsamda IFAS ve
MBR sisteminin entegre kullanimi sonucunda ihtiyag duyulan alamin onemli olglide azaltilabilecegi
goriilmiistiir. IFAS'In yiizeyinde olusan biyofilm tabakasinin kalinliginin artmasi ile tabakanin ig¢
kisimlarinda oksijensiz (anoksik) bir ortam olustugu ve bu sayede nitrifikasyon isleminin gerceklestigine
dair literatiirde ¢aligmalar mevcuttur [7].

Sistem sentetik atiksu ile beslenmistir. Bu nedenle giris atik sularinda AKM degeri yoktur. Ancak Atiksu
Aritma Tesisinden alinan aktif ¢amurun MLSS konsantrasyonu 5580 mg/L olarak &l¢lilmistiir. Bu
kapsamda MBR tankina ait MLSS konsantrasyon degisim grafigi asagida verilmistir (Sekil 8).

Sekil 8’¢ gore, iizerinde daha fazla biyokiitle birikimi gézlenen IFAS B’deki MLSS konsantrasyonunun
IFAS A’ya gore daha diisiik mertebelerde oldugu goriilmektedir.
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Sekil 8. Tank icindeki ve IFAS modiilleri iizerindeki MLSS degisimi
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Ayni zamanda MBR ¢ikisindaki AKM konsantrasyonu 10 mg/L'nin altinda oldugu i¢in ¢ikista AKM
Olciimii  yapilmamis, bulaniklik 6l¢imii yapilmigtir. IFAS-MBR sisteminin ¢ikigindan alinan su
numunesinin bulaniklik degisim grafigi asagida verilmistir (Sekil 9).

IFAS performanslari ve MLSS konsantrasyonlart goz oniine alindiginda bulaniklik degerlerinin ayni
dogrultuda sonuglar verdigi goriilmektedir.
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Bulaniklik (NTU)

Gunler

Sekil 9. Bulaniklik degisimi

MBR sisteminin filtrasyon dongiisii 9 dakika filtrasyon ve 1 dakika geri yikama olacak sekilde
ayarlanmistir. Verilen grafikte (Sekil 10) filtrasyon basincinin (TMP) zamana gore degisimi, aki ve debi
degerleri PLC verilerine gore hazirlanmistir. Grafikte goriilen ani basing degisiklikleri, filtrasyonun 9
dakikalik dongiisiinii tamamladigin1 ve 1 dakikalik geri yikamanin basladigini gostermektedir. Ayni
zamanda debi ve aki degerlerindeki ani diisiisiin nedeni geri yikamanin baglamis olmasidir. MBR
tizerindeki baski negatif basing olarak okunur ve grafige bakildiginda basingta zamanla artis gézlenir. Bu
artisa bagli olarak membranlarin kimyasal yikama islemi gerceklestirilir.
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Sekil 10. TMP-debi-aki degisimi

Laboratuvar 6lgekli IFAS-MBR ¢alismasi sonucunda aritma verimi grafigi (Sekil 11) ve ortalama giris ve
cikis degerleri (Cizelge 2) asagida verilmistir. Sonuglara gore verim degerleri ortalama degerden fazla
sapmamaktadir. Besinci giinde gozlemlenen yiiksek azot giderimi, IFAS modiilii iizerinde biriken
biyofilmin alt tabakasinda anoksik boélge olusumu ile meydana gelen denitrifikasyon isleminin sonucu
olarak agiklanabilir. Dordiincii gilindeki yiiksek fosfor giderimi, sentetik atiksuda bulunan FeCls
konsantrasyonundan dolayr ¢okelme ile agiklanabilir. Verimlilik degerleri genellikle yedinci giinde
yiiksektir.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Entegre Sabit Filmli Aktif Camur Sistemi ve Membran Biyoreaktor ile Farkli Yapidaki Biyofilm Performanslarinin

~4—KOl Giderim Verimi
50 =~ Toplam Fosfor Giderim Verimi
Toplam Azot Giderim Verimi

b CoZUNMUs KOI Giderim Verimi

0 1 2 3 4 § 6 7 8 9 10 11 12 13 14 1S

Sekil 11. Aritma verimi degisimi

Cizelge 2. Ortalama giris ve ¢ikis degerleri

Parametre Birim Ortalama giris degeri Ortalama cikis degeri
KOI mg/L 360 22,9
TN mg/L 40 26
TP mg/L 8,83 34
MLSS mg/L 7155 -
4. SONUCLAR

Temiz suya ulagmanin zorlasmasi ve alan ihtiyaglarinin azalmasi gerekliligi nedeniyle, konvansiyonel
aritma sistemleri yerini su geri kazanim sistemlerine birakmaya baslamistir. Bu kapsamda, son ¢okeltim
havuzlarinin kapladig: yiiksek alanlari ortadan kaldirmak ve daha yiiksek giderim verimleri elde etmek i¢in
gelistirilen MBR sistemlerinin daha az alanda daha fazla atik su aritimi ve geri kazanimi sagladig birgok
caligma ile kanitlanmistir. IFAS’larin da sisteme entegre edilmesi sayesinde kimyasal yikamaya duyulan
ihtiyacin azaltilarak MBR sistemlerin ¢alisma dmriiniin uzadigi da goriilmektedir.

Yiiriitiilen galismada elde edilen %94 KOI giderimi literatiirde bildirilen degerlerle uyumludur; yapilan
benzer bir ¢alismada %92 giderim raporlamis olup, bu ¢caligmadaki deger bir miktar daha yiiksektir [1]. Bui
et al. [2] tarafindan raporlanan yiiksek nitrifikasyon verimleri ile karsilagtirildiginda, biyofilmin diigik SRT
kosullarinda bile nitrifikasyonu destekledigi goriilmiistiir. Benzer sekilde, [FAS-Anammox entegrasyonu
caligmalarinda goriilecegi iizere biyofilm tabakalarmin i¢ kisimlarinda anoksik bolgelerin olusmasi
denitrifikasyonu artirmistir  [8]. Ayrica, modelleme c¢aligmalarinda One ¢ikan parametrelerle
karsilagtirildiginda bu ¢alismadaki MLSS ve TMP verileri benzer egilimler gostermistir [9]. Calisma
kapsaminda diger performans parametreleri de degerlendirilmis; toplam azot (TN) giderimi %35 (40 mg/L
— 26 mg/L), toplam fosfor (TP) giderimi %61 (8.83 mg/L — 3.4 mg/L) olarak Ol¢iilmiistiir.

Cikis suyu bulanikligi diisiik seviyelerde seyretmis ve 10 NTU’ nun altinda kalmistir. Piiriizli yiizeye sahip
biyotasiyict kullanilan IFAS modiiliinde daha fazla biyofilm tutunmasi sayesinde MBR tankinda daha
diisik MLSS degerleri gbzlenmistir. Yesiltas ve Yilmaz [10] c¢alismasinda da, koagiilasyon
uygulamalarinin su kalitesini iyilestirerek membran 6ncesi yiikii azaltabilecegi ve filtrasyon performansini
olumlu etkileyebilecegi belirtilmistir. TMP (transmembran basinci) ise siire¢ boyunca artig gostermesine
ragmen biyofilm entegrasyonu sayesinde kimyasal yikama ihtiyaci azalmistir. Tiim bu bulgular, sistemin
sadece KOI degil ayn1 zamanda azot ve fosfor giderimi ile operasyonel siirdiiriilebilirlik agisindan da etkili
oldugunu ortaya koymaktadir.

Yapilan laboratuvar dlgekli ¢alismada IFAS sistemi ve MBR sisteminin entegre edildigi hibrit sistem
sayesinde, alan ihtiyaci minimuma indirilmis ve yiiksek giderim verimi eldesi ile yiiksek kirletici
konsantrasyonlarina sahip atiksularin geri kazanilabilecegi goriilmiistiir. Gelecekte, IFAS malzeme yapisi,
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yilizey alani ve geometrik sekil gibi degerleri degistirilerek daha yiiksek verimlilige sahip sistemlerin
gelistirilmesi 6ngoriilmektedir.
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The COVID-19 pandemic has underscored the urgent need for
rapid, accurate, and affordable diagnostic tools to complement RT-
PCR testing. This study proposes a novel multi-head attention
framework that integrates VGG19 and MobileNet for automated
COVID-19 detection from chest X-rays. The model employs a
hybrid mechanism combining spatial, channel, and self-attention
components, enhancing feature representation while preserving
efficiency.

Evaluations on 7,132 chest X-ray images across four categories
(COVID-19, Normal, Pneumonia, Tuberculosis) demonstrated
outstanding performance: 99.0% accuracy, 99.0% macro and
weighted F1-scores, with near-perfect class-specific results (100%
Tuberculosis, 99.7% COVID-19, 99.5% Normal, 96.0%
Pneumonia). Inference time was only 63 ms per image, with a
compact 14.8 MB model size.

These results surpass baseline MobileNet and DenseNet121 by
2.63% and 4.32%, respectively. The proposed framework offers
reliable rapid screening and differential diagnosis, supported by
interpretable attention maps, making it highly suitable for
deployment in resource-limited healthcare and point-of-care
settings.
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COVID-19 pandemisi, RT-PCR testlerini destekleyecek hizli, dogru
ve maliyet etkin tan1 araglarma duyulan ihtiyaci ortaya koymustur.
Bu ¢aligmada, gdgiis rontgeni goriintiilerinden otomatik COVID-19
tespiti icin VGG19 ve MobileNet mimarilerini entegre eden yeni bir
¢ok bash dikkat gergevesi dnerilmektedir. Model, uzamsal, kanal ve
¢ok basl 6z-dikkat mekanizmalarini birlestirerek dzellik ¢ikarimini
giiclendirirken hesaplama verimliligini korumaktadir.
Yaklagimimiz 7.132 goriintiiden olugan dort sinifli veri kiimesinde
test edilmistir (COVID-19, Normal, Pnémoni, Tiiberkiiloz). Dikkat
mekanizmastyla gelistirilmis MobileNet %99,0 dogruluk, makro ve
agirlikli F1 skorlan elde etmistir. Sinif bazinda %100 Tiiberkiiloz,
%99,7 COVID-19, %99,5 Normal ve %96,0 Pnémoni dogrulugu
kaydedilmistir. Ayrica model, 14,8 MB boyutu ve 63 ms ¢ikarim
siiresi ile klinik uygulanabilirlige sahiptir.

Sonuglar, mevcut yodntemlere gore %2,63—%4,32 iyilesme
gostermekte olup, modelin giivenilir hizli tarama ve ayirici tanida
etkili oldugunu gostermektedir.
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1. INTRODUCTION

The COVID-19 pandemic continues to pose significant global health challenges, with over 770 million
confirmed cases and more than 6.9 million deaths reported worldwide as of January 2024 [1]. While reverse
transcription-polymerase chain reaction (RT-PCR) remains the gold standard for diagnosis, its limitations
including high cost (average $100-150 per test), time de- lays (24-48 hours for results), and potential false
negatives (reported rates of 2-33%) have necessitated the development of complementary diagnostic
approaches [2]. In this context, medical imaging analysis, particularly chest X-rays (CXR), has emerged
as a crucial rapid screening tool, offering immediate results at approximately one-tenth the cost of RT-PCR
tests [3].

Recent advances in deep learning have revolutionized medical image analysis, enabling automated detection
of COVID-19 from CXR images with increasing accuracy [4]. Convolutional Neural Networks (CNNs) such
as VGG19 and MobileNet have shown remarkable success in this domain, offering different trade-offs
between computational complexity and accuracy [5]. However, these traditional architectures face several
key challenges:

* Feature Extraction Limitations: Standard CNNs often struggle to capture subtle radiological
patterns characteristic of early-stage COVID-19, such as ground-glass opacities and peripheral
consolidations [6]

* Attention Deficit: Traditional architectures lack the ability to dynamically focus on relevant image
regions, potentially missing critical diagnostic features

* Computational Efficiency: Many existing solutions require significant computational resources,
limiting their practical deployment in resource-constrained healthcare settings

Attention mechanisms have emerged as a powerful enhancement to standard CNN architectures, enabling
models to focus on the most relevant regions of medical images [7]. These mechanisms, inspired by human
visual attention processes, have demonstrated significant improvements in various medical imaging tasks
[8]. However, the optimal integration of attention mechanisms with established CNN architectures for
COVID-19 detection remains an active area of research [9].

This paper presents a comprehensive comparative analysis of attention-enhanced VGG19 and MobileNet
architectures for COVID-19 detection from chest X-rays. Our approach makes several key contributions:

1. Novel Attention Architecture: We propose a hybrid attention mechanism that combines spatial
and channel attention in a multi-head configuration, specifically optimized for identifying COVID-
19 radiological patterns. Our architecture achieves a 4.2% improvement in detection accuracy
compared to baseline models.

2. Efficient Implementation: We develop a lightweight implementation (14.8 MB model size) that
maintains high accuracy while reducing computational overhead by 35% com- pared to traditional
attention mechanisms. This makes our solution viable for resource- constrained healthcare
settings.

3. Comprehensive Evaluation: We present extensive experimental results on a large-scale dataset of
7,132 images, including detailed ablation studies and performance analyses across various metrics
(accuracy, F1-score, inference time, and memory usage).

4. Clinical Applicability: We provide thorough analyses of the attention mechanisms’ impact on
feature extraction and model interpretability, including visualization of attention maps that align
with radiologists’ diagnostic patterns.

Despite the rapid advancement of deep learning techniques for COVID-19 detection, existing models
continue to face major barriers that limit their clinical translation. Most notably, the reliance on single-
stream CNN architectures and isolated attention mechanisms constrains their ability to capture the subtle,
complex radiological features characteristic of COVID-19, such as bilateral infiltrates and ground-glass
opacities. Moreover, the trade-off between accuracy and efficiency remains unresolved in current literature,
as many high-performing models demand significant computational resources rendering them impractical
for real-time diagnosis in resource-constrained or emergency settings. Additionally, interpretability remains
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a persistent challenge; many models operate as “black boxes,” offering little to no transparency into the
rationale behind diagnostic outputs, which undermines clinical trust and adoption.

To address these challenges, this study introduces a novel hybrid attention-enhanced framework that
strategically combines multi-head self-attention with both spatial and channel attention mechanisms,
enabling robust local and global feature representation. Coupled with a synergistic dual-backbone
architecture that integrates VGG19’s deep representational power with MobileNet’s lightweight efficiency,
the proposed model achieves state-of-the-art performance (99% accuracy) while maintaining a compact
size (14.8MB) and ultra-fast inference time (63ms). These innovations ensure the model’s suitability for
diverse clinical environments, from large-scale screening to mobile point-of-care deployment. Furthermore,
the generated attention maps offer radiologically meaningful insights, supporting transparent and
explainable Al-based diagnosis. By overcoming the limitations of existing approaches, this work not only
advances the field of automated COVID-19 detection but also contributes a deployable and clinically
relevant tool for broader respiratory disease diagnosis.

The remainder of this paper is organized as follows: Section Il reviews related work in deep learning-based
COVID-19 detection and attention mechanisms. Section Il presents our proposed attention-enhanced
architectures. Section IV describes the experimental methodology and dataset. Section V discusses the
results and comparative analysis. Finally, Section VI concludes the paper and outlines future research
directions.

2. RELATED WORK

Recent advances in deep learning approaches for COVID-19 detection from chest X-ray images have shown
remarkable progress, particularly in the integration of attention mechanisms with various architectures. This
section presents a comprehensive review of these developments, organized chronologically and
thematically to highlight the evolution of methodologies. Advanced Attention Mechanisms in Medical
Imaging: The application of sophisticated attention mechanisms has revolutionized medical image analysis
beyond COVID-19 detection. Kili¢ [10] developed an attention-based dual-path deep learning framework
for blood cell image classification, successfully integrating ConvNeXt and Swin Transformer architectures
with multi-head attention mechanisms. This approach demonstrated remarkable performance
improvements in cellular image analysis, achieving state-of-the-art accuracy while maintaining
computational efficiency. The study's innovative combination of CNN and transformer architectures with
attention mechanisms provides valuable insights for our current research on hybrid attention frameworks
for respiratory disease detection.

CNN Architectures in Medical Imaging: Convolutional Neural Networks have demonstrated exceptional
capabilities in medical image analysis across various domains and pathological conditions. Oziipak [11]
successfully applied CNN architectures for malaria detection from cell images, achieving remarkable
accuracy in identifying parasitic infections through automated microscopic image analysis. This work
exemplifies the versatility of CNN-based approaches in medical diagnostics, demonstrating how
established architectures can be effectively adapted for different types of pathological image recognition
tasks. The success of CNN architectures in cellular image analysis provides valuable insights for our
respiratory disease detection framework, particularly in understanding how different architectural choices
affect feature extraction capabilities for medical imaging applications.

Initial research in COVID-19 detection focused on adapting established CNN architectures. Han et al. [12]
pioneered the application of multi-head attention mechanisms with VGG-16, achieving 94.2% accuracy on
a dataset of 13,800 images. Their work demonstrated the potential of attention mechanisms in medical
image analysis. Simultaneously, Karthik et al. [13] introduced channel attention with ResNet-50, achieving
96.5% accuracy on a three-class classification task, establishing the effectiveness of channel-wise feature
recalibration.

The year 2021 marked significant advancements in spatial attention mechanisms. Zhang et al. [14]
developed a spatial attention approach using DenseNet-121 as the backbone, achieving 93.8% F1-score on
a four-class classification task. Their method introduced novel spatial feature mapping techniques that
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improved the model’s ability to focus on relevant anatomical regions. Xu et al. [15] further enhanced this
approach by implementing a hybrid attention mechanism with EfficientNet, achieving 97.2% accuracy
through the combination of spatial and channel attention.

Parketal. [16] introduced a dual attention path architecture using ResNeXt as the backbone, achieving 95.9%
F1-score. Their innovation lay in parallel processing of spatial and channel at- tention features, allowing for
more comprehensive feature extraction. Singh et al. [17] enhanced this concept with attention gates in
DenseNet-169, reaching 97.4% accuracy by implementing adaptive feature refinement.

Zhou et al. [18] developed a multi-scale attention approach using ResNet-101, achieving 98.1% accuracy.
Their framework processed features at multiple scales simultaneously, enabling better capture of both fine
and coarse details. Akter et al. [19] extended this concept with a pyramid attention structure in
EfficientNetB7, achieving 97.8% F1-score on a four-class classification task.

Liu et al. [20] focused on computational efficiency with MobileNetV3, achieving 96.3% accuracy while
maintaining low computational overhead. Wang et al. [21] introduced Vision Transformer-based
approaches, achieving 98.3% accuracy through efficient self-attention mechanisms. Hybrid Deep Learning
Architectures: The integration of multiple deep learning architectures has emerged as a promising approach
for enhancing diagnostic accuracy in medical imaging. Kili¢ [22] introduced HybridVisionNet, an advanced
hybrid framework for automated multi-class ocular disease diagnosis using fundus imaging, demonstrating
the effectiveness of combining multiple CNN architectures for complex medical classification tasks. This
work established the foundation for hybrid approaches in medical imaging, achieving superior performance
compared to single-architecture methods and highlighting the potential of architectural synergy in diagnostic
applications.

Recent developments have focused on adaptive attention mechanisms. Lin et al. [23] implemented an
adaptive attention network using ConvNeXt, achieving 98.7% F1-score. Their approach dynamically
adjusted attention weights based on input characteristics. Wang et al. [24] developed a composite attention
mechanism with CoAtNet, reaching 98.9% accuracy through hierarchical feature processing. Wang et al.
[25] introduced cascaded attention with RegNet, achieving 97.6% accuracy through sequential feature
refinement.

Table 1. Comprehensive review of deep learning methods for COVID-19 chest X-ray classification
Study Base model Key innovation Dataset size  |Performance |Year
Wangetal. [26] |VGG-16 Multi-head attention 13,800 94.2% Acc 2020
Li et al. [27] ResNet-50 Channel attention 8,900 96.5% Acc 2020
Zhangetal. [28] |DenseNet-121  (Spatial attention 15,200 93.8% F1 2021
Liu et al. [29] EfficientNet Hybrid attention 11,500 97.2% Acc 2021
Chenetal. [30] |MobileNet Self-attention 9,800 95.4% Acc 2021
Kumar et al. [31] [Inception-v3 Cross-attention 12,400 96.8% Acc 2021
Park et al. [32] ResNeXt Dual attention path 14,200 95.9% F1 2021
Singhetal. [33] |DenseNet-169  |Attention gates 10,900 97.4% Acc 2021
Zhouetal. [34] |ResNet-101 Multi-scale attention 16,500 98.1% Acc 2022
Kim et al. [35] EfficientNetB7  [Pyramid attention 13,300 97.8% F1 2022
Lee et al. [36] MobileNetV3 Lightweight attention 12,800 96.3% Acc 2022
Wu et al. [37] ViT Multi-head 15,800 98.3% Acc 2022
Linetal. [23] ConvNeXt /Adaptive attention 17,200 98.7% F1 2023
Wangetal. [24] |CoAtNet Composite attention 16,900 98.9% Acc 2023
Liuetal. [38] ConvNext-V2 Cross-scale attention 18,400 98.8% F1 2023
Lee et al. [39] MaxViT /Axial attention 19,200 99.1% Acc 2024
Chenetal. [40] [ConvNeXt-XL  |[Multi-axis attention 20,100 99.2% F1 2024
Our method MobileNet Multi-head hybrid 7,132 99.0% Acc 2025
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The most recent developments show significant improvements in both accuracy and efficiency. Lee et al.
[39] achieved 99.1% accuracy using MaxViT with axial attention, setting a new benchmark in performance.
Wu et al. [41] introduced grid attention with CCLNet, achieving 98.8% accuracy while improving
computational efficiency.

Sergio et al. [42] developed dynamic token attention using MobileViT-V2, achieving 98.4% accuracy while
maintaining mobile-friendly computational requirements. Chen et al. [43] achieved the highest reported
accuracy of 99.2% F1-score using ConvNeXt-XL with multi-axis attention, demonstrating the continued
potential for improvement in this field.

A comprehensive summary of the major developments in deep learning-based COVID-19 detection
methods is presented in Table 1. As shown in the table, there has been a clear progression in both architectural
sophistication and performance metrics, with accuracy improvements from around 94% in early approaches
to over 99% in recent studies. Our proposed method achieves comparable state-of-the-art performance
while using a significantly smaller dataset, demonstrating the effectiveness of our multi-head hybrid
attention approach.

3. MATERIAL AND METHOD
3.1. Dataset

The dataset for this study, sourced from Kaggle [44], includes 3,168 chest X-ray images across four
diagnostic categories: Normal (40.0%, 1,266 images), Pneumonia (33.0%, 1,045 images), COVID-19
(14.5%, 460 images), and Tuberculosis (12.5%, 397 images). Images are high- quality JPEGs or PNGs in
grayscale, with various resolutions.

For deep learning optimization, images were standardized to 224x224 pixels with pixel intensities
normalized to [0,1]. To mitigate class imbalance and enhance generalization, data augmentation methods
such as £15-degree rotations, horizontal flips, brightness adjustments, and zooms (0.9-1.1) were applied.
The dataset was divided into training (80%, 2,534 images) and testing sets (20%, 634 images), preserving
class distribution.

Table 2. Dataset distribution and characteristics

Class Images Ratio (%)
COVID-19 460 14.5
Normal 1,266 40.0
Pneumonia 1,045 33.0
Tuberculosis 397 125
Total 3,168 100.0

The inherent class imbalance in our dataset (COVID-19: 14.5%, Tuberculosis: 12.5% vs Normal: 40.0%,
Pneumonia: 33.0%) poses significant challenges for deep learning model training. Recent comparative
studies on data balancing methods for medical image classification [45] have demonstrated the importance
of addressing class imbalance in healthcare datasets, particularly for neurodegenerative disease
classification. Building upon these insights, we implemented a comprehensive data balancing strategy that
combines data augmentation techniques with weighted loss functions to ensure robust model performance
across all diagnostic categories, preventing bias toward majority classes while maintaining diagnostic
accuracy for minority classes.

3.2. Proposed Architecture

Our proposed deep learning architecture introduces a novel approach that synergistically com- bines the
robust feature extraction capabilities of two prominent CNN backbones (VGG19 and MobileNet) with
sophisticated multi-head attention mechanisms. The architecture is systematically designed to maximize
COVID-19 detection accuracy while maintaining computational efficiency, comprising four essential
components: feature extraction backbone, multi-head attention module, feature fusion module, and
classification head.
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Figure 1. Proposed Multi-Head Attention Enhanced Deep Learning Architecture for COVID-19
Detection. The architecture integrates four main components: (a) Input Processing Module that handles
224x224x%3 images with normalization and augmentation, (b) Dual Feature Extraction Networks utilizing
parallel VGG19 and MobileNet paths for comprehensive feature learning, (c) Multi-Head Attention
Module incorporating both spatial and channel attention mechanisms for focused feature enhancement,
and (d) Classification Head that processes the enhanced features for final diagnostic prediction across
four classes (COVID-19, Normal, Viral Pneumonia, and Bacterial Pneumonia). Each component is
optimized for medical image analysis, with particular emphasis on capturing subtle radiological patterns
characteristic of COVID-19 infection

Feature Extraction Framework: The foundation of our architecture lies in its dual-stream feature
extraction approach, lever- aging the complementary strengths of VGG19 and MobileNet architectures.
VGG19, with its deep hierarchical structure, excels at capturing intricate spatial patterns, while MobileNet
provides efficient feature extraction through depthwise separable convolutions. These parallel paths
process the input images independently, generating rich feature representations that capture different
aspects of the radiological patterns. The feature maps from each backbone are mathematically defined as:

HxWxC o)

HxWxC )

FVGG19 =9VGG19(X) ER

FMobileNet =¢MobileNet (X) ER

where X represents the input image, H and W denote the spatial dimensions, and C represents the number
of feature channels. This parallel processing ensures comprehensive feature extraction while maintaining
computational efficiency.

Multi-Head Attention Mechanism: Our novel multi-head attention module introduces a sophisticated
three-component architecture specifically designed for COVID-19 detection in chest X-ray images. This
innovative approach combines spatial attention, channel attention, and multi-head self-attention
mechanisms to create a comprehensive feature enhancement framework that significantly improves the
model’s ability to identify subtle radiological patterns characteristic of COVID-19 and other respiratory
conditions.

Spatial Attention Mechanism: The spatial attention component plays a crucial role in identifying
diagnostically significant re- gions within the chest X-ray images. This mechanism dynamically generates
spatial attention maps that highlight areas of potential pathological importance. The spatial attention
computation is formulated as:

Ms(F) = o (fx7([AvgPool(F); MaxPool(F)])) 3)
where o represents the sigmoid activation function, ensuring attention weights are normal- ized between

[0,1]. The mechanism employs both average pooling (AvgPool) and maximum pooling (MaxPool)
operations to capture different aspects of spatial information:

* AvgPool(F) captures global spatial context and overall intensity distributions
* MaxPool(F) identifies the most prominent features and high-intensity regions
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» f7x7 represents a convolutional layer with 7x7 kernel size, chosen specifically to capture local
spatial relationships at an appropriate scale for chest X-ray analysis

The concatenation operation [; ] combines these complementary pooling features, allowing the model to
leverage both average and maximum intensity information for more robust spatial attention computation.

Channel Attention Mechanism: The channel attention mechanism implements an adaptive channel
weighting strategy that enhances the model’s ability to focus on the most informative feature channels. This
component is mathematically expressed as:

Mc(F) = o (MLP(AvgPool(F)) + MLP(MaxPool(F))) 4)
The mechanism incorporates several key components:

* Dual MLP networks process pooled features independently, each consisting of two fully connected
layers with a reduction ratio of 16

* The first MLP layer reduces channel dimensionality to C/r, where r is the reduction ratio

* The second MLP layer restores the original channel dimensionality

* RelLU activation is applied between the MLP layers to introduce non-linearity

This design enables the model to learn channel-wise relationships and importance weights, effectively
prioritizing channels that contain the most relevant diagnostic information.

Multi-Head Self-Attention: The multi-head self-attention component, inspired by transformer architectures
but specifically adapted for medical image analysis, enables the model to capture complex, long-range
dependencies in the feature maps. The computation follows:

MultiHead(Q,K,V) = Concat(head,, ..., head,)W° (5)
where each attention head operates independently:
head; = Attention(QWS°, KWX,vw}) (6)

The attention scores are computed using scaled dot-product attention:

Attention(Q,K,V) = softmaxt (\frac{QKT}{,/{dk}}-l ) |4 @)

Details the multi-head self-attention mechanism is designed to optimize the model's ability to process
complex relationships within input data by leveraging multiple attention heads. Each attention head (h)
operates independently, allowing the model to capture diverse perspectives of the input features. In this
implementation, the number of heads is empirically set to 8, a value determined to provide a balance
between computational efficiency and representational power. This configuration ensures that the model
can process intricate patterns effectively while maintaining optimal performance in medical image analysis
tasks.

The mechanism incorporates key vectors with dimensionality represented as d_k, which is set to 64 in this
implementation. This parameter defines the size of the feature representation within the attention
calculations and plays a critical role in ensuring that the model captures sufficient detail from the input data.
The matrices W”Q _i, WAK_i, and WAV _i are learnable parameters corresponding to the query, key, and
value projections, respectively. These matrices enable the model to transform the input features into
meaningful representations for the attention mechanism, enhancing its ability to focus on the most relevant
aspects of the data.
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To prevent attention scores from becoming disproportionately large during the computation process, a
scaling factor of Vd_k is applied. This normalization ensures that the dot-product operation between the
query and key vectors remains numerically stable, thereby preventing gradient instability and improving
model convergence. The combination of these design elements results in a robust self-attention mechanism
that is both computationally efficient and highly effective in capturing long-range dependencies within
medical images, such as those critical for accurate COVID-19 diagnosis.

3.2.1. Integration and Synergy

The proposed architecture achieves its exceptional performance through the synergistic integration of three
complementary attention mechanisms, each contributing uniquely to the enhancement of feature
representations. The spatial attention mechanism serves as the primary anatomical pattern identifier,
precisely locating and highlighting relevant pathological regions within the chest X-rays. Working in
concert with this, the channel attention mechanism performs intelligent feature prioritization, dynamically
adjusting the importance of different feature channels based on their diagnostic significance. The multi-head
attention mechanism completes this trio by establishing and maintaining complex relationships between
different regions and features, enabling comprehensive analysis of both local and global image
characteristics.

This sophisticated combination of attention mechanisms endows our model with several powerful
capabilities that are crucial for accurate COVID-19 detection. The model demonstrates remarkable ability
to automatically identify and focus on regions exhibiting potential COVID-19 manifestations, while
simultaneously maintaining awareness of broader contextual information. Through adaptive channel
weighting, it dynamically emphasizes the most diagnostically relevant features, ensuring that critical
pathological indicators are given appropriate consideration in the decision-making process. The
architecture’s ability to capture both local and global dependencies in the feature representations, while
preserving essential spatial in- formation, results in highly discriminative feature maps that effectively
differentiate between various respiratory conditions.

The effectiveness of this integrated approach is comprehensively demonstrated by our model’s exceptional
performance metrics, achieving a remarkable 99.0% accuracy in COVID-19 detection while maintaining
computational efficiency. Beyond mere numerical performance, our attention mechanism design
significantly enhances the model’s interpretability by generating attention maps that closely align with
radiological expertise. These attention maps not only validate the model’s decision-making process but
also provide valuable visual insights that correspond with established radiological diagnostic patterns,
making our system particularly valuable for clinical applications. This harmonious integration of multiple
attention mechanisms thus represents a significant advancement in automated COVID-19 detection,
offering both superior accuracy and practical clinical utility.

3.3. Feature Fusion and Training Strategy

Our architecture optimizes feature fusion through an adaptive weighted mechanism, dynamically balancing
spatial and channel attention features. The fusion is represented by:

F_fused = a F_spatial + (1 — a) F_channel (8)
where « is a learnable parameter, initially set at 0.5 and adjusted during training to optimize feature
integration. This adaptive method has proven superior to static fusion strategies in managing the diverse

manifestations of COVID-19 in chest X-rays.

We address the challenges of medical image classification with a sophisticated loss function combining
cross-entropy and focal loss:

Litotary = Mlicey + 42 9)
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The loss components are defined as:
LCE = —-X({=1toC)y_ilog(¥_i) (10)
L focal = =X (i=1toC) (1 — y_.D) v y_ilog(§_i) (12)

The training strategy for our model is designed to optimize performance while ensuring robustness and
efficiency We utilize the Adam optimizer, a widely recognized optimization algorithm, combined with
weight decay to prevent overfitting and improve generalization. To further enhance the training process,
we implement a cosine annealing learning rate schedule with warm restarts. This dynamic adjustment of
the learning rate allows the model to escape local minima and converge more effectively. The initial
learning rate is set to 1x10* and is reduced every 10 epochs to facilitate smooth optimization. A batch size
of 32 is employed to balance memory efficiency and convergence speed, and the training is conducted over
100 epochs. Early stopping is applied to terminate training if validation performance ceases to improve,
while gradient clipping is used to stabilize the training process by preventing excessively large gradient
updates.

Throughout the training, the model is evaluated using training and validation curves, which reveal minimal
oscillation and no signs of overfitting. This stability demonstrates the efficacy of the chosen training
strategy and its ability to generalize well to unseen data. The integration of these techniques leads to
exceptional performance, with the model achieving an impressive accuracy of 99.0%. These results
underline the effectiveness of the training strategy in producing a reliable and efficient model suitable for
real-world applications, particularly in medical image analysis where precision is paramount.

Data Processing Pipeline: Our preprocessing pipeline for chest X-ray analysis is designed to optimize
model performance while preserving diagnostic integrity. The preprocessing sequence is mathematically
modeled as:

Xprocessed =N (R(Xraw)) (12)

Initially, images undergo spatial standardization to 224x224 pixels via the R operation, using bi cubic
interpolation to retain essential details critical for diagnosis, particularly for COVID-19. This resolution
balances diagnostic detail retention and computational efficiency. Subsequently, the N operation
normalizes pixel intensities to the [0,1] range, facilitating consistent feature extraction.

Data augmentation, including + 1 5 rotations and horizontal flips with a probability of 0.5, reflects
realistic patient positioning and enhances training data diversity. Intensity adjustments for brightness and
contrast are controlled within [0.8, 1.2], ensuring diagnostic validity after consultations with radiological
experts. Local histogram equalization is also applied to highlight features critical for detecting subtle disease
indicators.

Quality control is maintained through validation checks post-transformation to verify image integrity, using
statistical analysis to ensure no significant artifacts are introduced. This rigorous preprocessing supports
the model’s high accuracy and robustness in detecting COVID-19, achieving a 99.0% diagnostic accuracy
rate.

4. EXPERIMENTAL RESULTS

We conducted comprehensive experiments to evaluate our attention-enhanced deep learning models for
COVID-19 detection. Our analysis includes both the training dynamics and final performance metrics of
the models.

Training Dynamics: The training progression of both models showed interesting characteristics, as
illustrated in Figure 2.
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Figure 2. Training and validation curves showing accuracy and loss progression

The attention-enhanced MobileNet demonstrated exceptional convergence characteristics throughout the
training process, showcasing remarkable learning efficiency and stability. In the initial phase, the model
exhibited rapid learning capabilities, achieving an impressive 97% accuracy within the first epoch - a
significant milestone that indicates the effectiveness of our architectural design. This swift initial convergence
can be attributed to the synergistic interaction between the base MobileNet architecture and our custom
multi-head attention mechanism.

As training progressed, the model demonstrated consistent and robust improvement in its validation
performance. Notably, the validation accuracy showed a steady upward trajectory, ultimately reaching a
peak of 99% by the third epoch. This rapid achievement of near-perfect accuracy is particularly noteworthy
in the context of medical image classification, where such high levels of performance typically require
significantly more training iterations or more complex architectures.

One of the most compelling aspects of the training process was the model’s exceptional stability. The
training exhibited minimal signs of overfitting, which is evidenced by the remark- ably close tracking
between the training and validation curves. This characteristic is particularly valuable in medical diagnostic
applications, where generalization capability is crucial. The close alignment between training and validation
performance suggests that our attention mechanism effectively captures genuine discriminative features
rather than memorizing training data patterns.

The loss trajectory further validates the model’s efficiency and stability. The training process demonstrated
highly effective error reduction, with the loss value consistently decreasing and ultimately stabilizing at
approximately 0.03 in the final epoch. This low and stable loss value, combined with the high accuracy,
indicates that the model not only makes correct pre- dictions but does so with high confidence.
Furthermore, the smooth convergence of the loss function, without significant fluctuations or spikes,
suggests that our learning rate scheduling and optimization strategies were well-tuned for the task.
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These training dynamics are particularly impressive considering the complexity of the multi- class medical
image classification task and the challenging nature of distinguishing between different respiratory
conditions. The model’s ability to achieve such high performance with relatively few epochs not only
demonstrates the effectiveness of our attention mechanism but also has practical implications for clinical
deployment, as it suggests efficient training requirements for potential retraining or fine-tuning in different
clinical settings.

Model Performance Analysis: The confusion matrices (Figure 3) reveal the detailed classification
performance of both models.
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Figure 3. Confusion matrices showing class-wise performance

These results are quantified in Table 3. The experimental results, as shown in Figure 3 and Table 3,
demonstrate the exceptional dis- criminative capabilities of our attention-enhanced MobileNet architecture
across all diagnostic categories. Particularly noteworthy is the model’s perfect performance in Tuberculosis
detection, achieving 100% accuracy with all 428 cases correctly identified, indicating robust feature learning
for this specific pathology. For COVID-19 detection, the model showed remarkable precision at 99.7%

(426 out of 427 cases), highlighting its potential as a reliable screening tool for COVID-19 diagnosis.

Table 3. Class-wise performance metrics for MobileNet

Class Precision Recall F1-score Support
COVID-19 0.997 0.998 0.997 427
Normal 0.996 0.995 0.995 427
Pneumonia 0.960 0.962 0.961 428
Tuberculosis 1.000 1.000 1.000 428

The model maintained similarly high performance for Normal cases with 99.5% accuracy (425/427),
demonstrating its ability to reliably identify healthy patients and minimize false positives. While the
accuracy for Pneumonia cases was slightly lower at 96.0% (411/428), it still represents a clinically
significant level of performance. These quantitative results, further detailed in Table 3, show consistently
high precision, recall, and F1-scores across all classes, with F1-scores ranging from 0.961 to 1.000, indicating
a well-balanced model that maintains both high sensitivity and specificity across different diagnostic
categories. The balanced performance across all metrics and the clear separation between classes visible in
the confusion matrices (Figure 3) suggest that the model has successfully learned to distinguish between
different respiratory conditions while maintaining clinical reliability.

Comparative Analysis: To contextualize our results, we first evaluated traditional transfer learning
approaches and then compared them with our attention-enhanced architectures. Figure 4 presents the
comprehensive comparison of various architectures.
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Figure 4. Comparison of model accuracies across different architectures

Our comparative analysis of different architectural approaches in transfer learning revealed a broad
spectrum of performance. The baseline MobileNet architecture excelled, achieving 96.37% accuracy.
DenseNet121 and InceptionV3 also performed well, with accuracies of 94.68% and 93.74% respectively.
More complex models like InceptionResNetV2, MobileNetV2, Xception, and NASNetMobile showed
performances ranging from 91.87% to 93.33%, with VGG19 at 90.23% and ResNet50 at 85.03%. The
EfficientNetBO0 lagged significantly, recording only 24.97% accuracy.

Introduction of attention mechanisms significantly enhanced model performances, notably our attention-
enhanced MobileNet, which surged to 99.0% accuracy. This model outperformed the base MobileNet by
2.63% and showed substantial improvements over other models like DenseNet121 (4.32%) and
InceptionV3 (5.26%), with the attention-enhanced VGG19 also improving to 86.0% accuracy. These
enhancements demonstrate the profound impact of integrating multi-head attention mechanisms, which
markedly increased classification accuracy and the model’s ability to discern subtle radiological signs
critical for precise COVID-19 diagnosis.

The efficacy of our approach underscores the potential of architectural innovations in boosting the
performance of medical image classification models. Notably, the success of our attention- enhanced
MobileNet highlights the feasibility of achieving superior performance without the need for very deep or
complex architectures, which is vital for practical applications in resource- constrained clinical
environments. These findings validate the integration of multi-head attention with established
architectures, significantly outperforming traditional transfer learning methods.

Ablation Study and Model Analysis: To thoroughly evaluate the effectiveness of our proposed attention
mechanisms and understand the contribution of each component, we conducted a comprehensive ablation
study. This systematic analysis involved progressively incorporating different attention components into
the base architecture and measuring their individual and cumulative effects on model performance. Starting
with the base MobileNet architecture, which achieved a baseline accuracy of 91.2% and F1-score of 0.909,
we systematically integrated each attention component. The results of this progressive enhancement are
presented in Table 4.

Table 4. Ablation study results

Model configuration Accuracy F1-Score Time (ms)
Base MobileNet 0.912 0.909 45
+ Spatial attention 0.934 0.932 52
+ Channel attention 0.945 0.943 58
+ Multi-head attention 0.990 0.990 63
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The incorporation of a spatial attention mechanism initially boosted the model’s accuracy to 93.4% and F1-
score to 0.932, with only a 7ms increase in inference time, highlighting its role in focusing on critical
regions in chest X-rays for COVID-19 diagnosis.

Adding channel attention further raised performance to 94.5% accuracy and a 0.943 F1- score, with a
reasonable computational overhead increase of 6ms, demonstrating its effective- ness in prioritizing
relevant feature channels.

The integration of multi-head attention significantly enhanced the model, achieving 99.0% accuracy and a
0.990 F1-score. This notable improvement came with an additional 5ms in inference time, totaling 63ms.
Our computational efficiency analysis reveals a compact memory footprint of 14.8MB, an inference time
of 63ms suitable for real-time processing, minimal incremental costs for each attention mechanism relative
to performance gains, and suitability for deployment in resource-limited clinical settings. This ablation
study showcases the effec- tiveness of the multi-stage attention approach, with each component contributing
significantly to state-of-the-art accuracy and maintaining practical computational demands. The results
affirm the model’s balance between performance and efficiency, ideal for clinical applications in COVID-
19 diagnosis.

5. DISCUSSION AND CONCLUSION

This study presents a novel and clinically deployable deep learning architecture for the automated detection
of COVID-19 and other pulmonary conditions from chest X-ray images. Unlike prior approaches that
typically adopt single-stream backbones and limited attention mechanisms, our model introduces a unique
synergy of spatial, channel, and multi-head self-attention mechanisms in conjunction with a dual-backbone
design that combines the representational depth of VGG19 with the computational efficiency of MobileNet.
This integrated attention-enhanced MobileNet architecture achieved an overall diagnostic accuracy of 99%,
surpassing several established benchmarks and demonstrating a significant improvement of 4.2% over
baseline models.

Through comprehensive evaluation on a dataset of 7,132 chest X-ray images, our model achieved
outstanding diagnostic performance across all categories: 99.7% for COVID-19 detection, 100% for
tuberculosis, 99.5% for normal classification, and 96.0% for pneumonia. These results reflect superior
sensitivity, specificity, and robustness compared to standard models such as DenseNet121 and InceptionV3,
with improvements of up to 5.26% in classification accuracy. More importantly, the proposed model is
optimized for real-world clinical deployment, featuring a compact 14.8MB model size and a low inference
time of 63 milliseconds, thereby enabling potential integration in low-resource and mobile healthcare
environments.

Despite these notable advancements, several limitations warrant consideration. First, the dataset used,
although substantial, is derived from a single source and may not fully reflect the diversity encountered in
global clinical settings. Second, the class imbalance—particularly in COVID-19 and tuberculosis
categories—could affect generalization under varying prevalence distributions. Third, since the data
corresponds to specific phases of the COVID-19 pandemic, longitudinal validation across emerging
variants and radiological patterns is essential. Additionally, while attention visualizations offer
interpretability, they may not yet align entirely with radiological expertise. Finally, even though our model
is lightweight, deployment in extremely resource-constrained environments may still necessitate hardware
adaptations.

Looking ahead, several future directions emerge from our findings. Incorporating multimodal data such as
laboratory results, clinical symptoms, and demographic information could enrich diagnostic power. Cross-
institutional validation with datasets from different geographic and demographic populations will further
enhance the model's reliability. Moreover, real-world clinical trials are needed to assess integration
challenges, physician trust, and system adaptability. Enhancing model explainability through advanced
XAl techniques and designing adaptive learning frameworks capable of updating with novel disease
presentations will be vital. Ultimately, expanding to mobile-based diagnostics can extend access to
underserved communities, offering impactful solutions in global healthcare.
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In conclusion, this research demonstrates the effectiveness of strategically combining multiple attention
mechanisms within a hybrid deep learning framework for high-precision medical image classification. The
proposed architecture sets a new standard for COVID-19 detection, achieving both exceptional diagnostic
performance and practical feasibility for clinical use. By addressing both technical and deployment-related
challenges, our model contributes a highly promising tool for pandemic preparedness, respiratory disease
screening, and broader Al-driven diagnostic initiatives. Future work will focus on external validations,
interpretability improvements, and scalable deployment strategies to advance toward clinically integrated,
next-generation diagnostic systems.
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secenegiyle karst karsiya kalmakta, bu da
kisisellestirilmis iceriklere erisimi zorlastirmaktadir. Oneri
sistemleri bu soruna ¢ozim sunmakla birlikte, geleneksel
yaklagimlar genellikle tek boyutlu puanlara dayanmakta ve
popiiler igerikleri O6ne c¢ikarma egilimindedir. Bu durum
onerilerin  gesitlilik ve adaletini sinirlandirmaktadir. Bu
calismada, ¢ok boyutlu veriler {izerinde kullanicilarin puanlama
davraniglarini baglamsal olarak analiz eden yeni bir yontem olan
RelPop onerilmektedir. RelPop, ayni1 puanin farkli kullanicilar
icin goreli anlamin1 dikkate alarak igerikleri yeniden
siralamakta, boylece Onerilerin 6zgiinliik ve adalet diizeyi
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Users are faced with an overwhelming number of products and
services, making personalized content harder to access.
Recommender systems address this challenge, but traditional
approaches often rely on one-dimensional ratings and tend to
prioritize popular items. This limits diversity and fairness in
recommendations. To overcome these issues, this study proposes
RelPop, a novel method that contextually analyzes users’ rating
behaviors on multi-dimensional data. RelPop accounts for the
relative meaning of the same score across different users, re-
ranking items according to individual evaluation habits. This
leads to more original, fair, and user-specific recommendations.
Furthermore, a new performance metric, ADPI, is introduced to
objectively measure popularity bias by evaluating how much
recommended items deviate from the popularity center in a non-
directional way. Experimental results on two multi-criteria
datasets demonstrate that RelPop enhances novelty and
uniqueness, while ADPI provides a more precise assessment of
popularity bias.
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1. GIRIS

Dijitallesmenin ve ¢evrimici platformlarin yayginlagsmasiyla birlikte, kullanicilarin karsilastig iirin ve
hizmet segeneklerinin cesitliligi hizla artmaktadir [1]. Ornegin, Netflix' te 5000' den fazla film ve dizi,
Amazon' da milyonlarca iiriin, Spotify'da 70 milyondan fazla sarki bulunmaktadir [2]. Bu artis,
kullanicilarin kendi ilgi ve ihtiyaclarina uygun igeriklere ulasmasini zorlastirmakta ve karar verme
stireclerini karmasiklastirmaktadir [3]. Kullanicilar, bu genis icerik havuzunda kendilerine en uygun
secenekleri bulmakta zorlanmakta ve bu durum "se¢im paradoksu" olarak adlandirilan bir soruna yol
agcmaktadir. Ornegin, bir kullanic1 Netflix' te film secerken, binlerce secenek arasindan kendisine en uygun
olani bulmakta zorlanabilir ve bu durum karar verme siirecini olumsuz etkileyebilmektedir [4]. Dolayisiyla
e-ticaret, dijital medya ve ¢evrimigi hizmet platformlarinda, kullanicilarin ihtiyaglarina ve zevklerine uygun
iceriklere ulasabilmesi igin Oneri sistemleri vazgecilmez bir arag haline gelmistir [S]. Bu sistemler,
kullanicilarin ge¢mis davraniglarini, tercihlerini ve etkilegimlerini analiz ederek kisisellestirilmis 6neriler
sunmaktadir [6]. Ancak, geleneksel Oneri sistemlerinin ¢ogu, kullanicilarin degerlendirmelerini tek bir
genel puan iizerinden modellemekte ve iiriinlerin cok boyutlu dogasim goz ardi etmektedir [7,8]. Ornegin,
bir film degerlendirmesinde kullanicilar oyunculuk, senaryo, yonetmenlik, gorsel efektler gibi farkl
kriterleri dikkate alirken, sistem bu degerlendirmeleri tek bir genel puan {lizerinden ele almaktadir [7,9]. Bu
yaklagim, kullanicilarin her bir kriter i¢in farkli beklentileri ve oncelikleri oldugu gercegini gz ardi
etmektedir [10,11]. Bu ¢ok yonlii degerlendirme ihtiyacini karsilamak {izere gelistirilen ¢ok 6l¢iitlii 6neri
sistemleri, her bir lirlin veya hizmetin ¢esitli yonlerini ayr1 ayri analiz ederek daha rafine ve kullanici odaklt
Oneriler sunmaktadir [11,12]. Bu sistemler, kullanicilarin farkli kriterlere verdikleri 6nem derecelerini
dikkate alarak, daha dogru ve kisisellestirilmis dneriler olusturabilmektedir [13]. Ornegin, bir film 6neri
sisteminde, bir kullanict oyunculuk performansina daha fazla 6nem verirken, bagka bir kullanici senaryo
kalitesine daha fazla 6nem verebilir. Cok olgiitlii 6neri sistemleri olarak adlandirilan bu yapilar, bu
farkliliklar1 dikkate alarak her kullanici i¢in daha uygun Oneriler sunabilmektedir. Ancak, her ne kadar
oldukca basarili tavsiyeler tiretip kullanici memnuniyetini arttirsa da bu sistemler popiilerlik yanlilig1 olarak
ifade edilen problemle karst karsiya kalabilmektedir. Bu problem, sistemlerin ¢ogunlukla yiiksek oylama
almis ya da genis kitlelerce bilinen igerikleri 6ne ¢ikarmasi; buna karsilik daha az bilinen, ancak kullaniciya
potansiyel olarak daha uygun igerikleri arka planda birakmasi seklinde ortaya ¢ikmaktadir [14,15].
Literatiirde bu sorunun etkilerini azaltmaya yonelik gesitli algoritmalar ve kullanict egilimi modelleme
yaklagimlart gelistirilmis olmakla birlikte, ¢aligmalarin biiylik ¢ogunlugu ya tek Olgiitlii sistemlere
odaklanmakta ya da kullanicilarin kriterler arasi tercih farkliliklarini yeterince dikkate almamaktadir [16],
[17]. Omegin, Klimashevskaia ve arkadaslar1 [18], isbirlik¢i filtreleme tabanli algoritmalarin popiiler
triinleri agirt 6ne ¢ikardigini ve bunun kisisellestirme kalitesini olumsuz etkiledigini gostermistir. Kowald
ve Lacic [19] ise popiilerlik yanliliginin hem iriin hem de kullanici diizeyinde farkli yansimalarini ele
alarak, popiiler igeriklere ilgi duymayan kullanicilar i¢in 6neri dogrulugunun anlamli sekilde diistiigiinii
ortaya koymustur. Ayrica, Abdollahpouri ve arkadaslari [20], bu yanliligin adalet ve kalibrasyon iizerindeki
etkilerini incelemis, popiiler olmayan iriinlerin bu iriinlere ilgi duyan kullanicilara dahi yeterince
onerilmedigini vurgulamistir. Bu kapsamda, oneri sistemlerinde popiilerlik etkisini daha dogru sekilde
degerlendirmek lizere Steck [21] “popularity-stratified recall” metrigini 6nermis, Wei ve arkadaslari [22]
ise nedensel ¢ikarim ve karsit-gergeksel analiz teknikleriyle popiilerlik etkisini ayrigtirmaya ¢alismustir.
Dolayisiyla galismalarin her birinde ¢ok 6lgiitlii yapilar iizerinde bu problemin etkisinin g6z ard1 edildigi
goriilmektedir.

Bu calismada, oneri sistemlerinde siklikla karsilasilan popiilerlik yanliliginin ¢ok odlgiitlii sistemlerde
etkisini azaltmaya yonelik olarak, kullanicilarin ge¢mis puanlama davranmislarini dikkate alan yenilik¢i bir
kullanict popiilerlik egilimi hesaplama yontemi olan Goreceli Popiilerlik Skoru (RelPop) onerilmektedir.
RelPop yontemi, her bir kullanicinin puanlama 6lgegini baglamsal olarak analiz ederek, benzer puanlarin
farkli kullanicilar nezdinde farkli anlamlar tagiyabilecegi gergegini temel almaktadir. Bu baglamda yontem,
mutlak puan degerlerinden ziyade, puanlarin kullanicinin kendi puanlama egilimleri igindeki goreli
konumunu dikkate alarak, bireysel memnuniyet diizeyini daha hassas bicimde modellemektedir. Ornegin,
genel olarak diisiik puanlar veren bir kullanicinin bir iiriine verdigi 4 ya da 5 gibi yiiksek bir puan, bu {iriiniin
$6z konusu kullanict i¢in ger¢ekten dne ¢ikan ve tatmin edici bir deneyim sundugunu isaret ederken; sikca
yiiksek puanlar veren bir kullanici ig¢in benzer bir puan daha siradan bir degerlendirme olarak
yorumlanabilir. RelPop yontemi bu farkliliklar sistematik bigimde analiz ederek, kullanicilarin goreli
memnuniyet diizeylerini nesnel sekilde hesaplamay1 ve bu sayede Oneri listelerinde daha cesitli, daha az
popiiler ama potansiyel olarak daha ilgi ¢ekici igeriklerin yer almasini saglamay: amaclamaktadir. Bu
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yaklagim, 6neri sistemlerinin bireysel baglamlari daha etkin bi¢imde dikkate almasini saglayarak hem igerik
cesitliligini hem de kullanici adaletini artirma potansiyeline sahiptir.

Caligmanin baslica katkilar1 asagida 6zetlenmektedir:

e Kullanicilarin goreli puanlama egilimlerine dayal olarak popiilerlik egilimini daha hassas bigimde
Olgebilen yeni bir hesaplama yontemi gelistirilmistir. Bu yontem, kullanicilarin genel
degerlendirme davramislarini dikkate alarak sistematik bir popiilerlik analizi yapma olanagi
sunmaktadir.

e Bu yontem, cok Olciitlii Oneri sistemlerine uyarlanarak farkli algoritmalarla kapsamli
kargilagtirmali deneyler yapilmistir.

e Onerilen yontem, cok olgiitlii 6neri sistemlerine uyarlanarak farkli algoritmalarla kapsamli
karsilastirmali deneyler gergeklestirilmistir. Bu kapsamda, dneri performansi ve popiilerlik egilimi
acisindan ¢esitli sistemlerin duyarliliklari karsilagtirmali olarak degerlendirilmistir.

e Popiilerlikten sapma diizeyini yonsiiz bi¢imde Slgen yeni bir degerlendirme metrigi olan Mutlak
Popiilerlik Egilimindeki Sapma (Absolute Deviation in Popularity Inclination-ADPI) 6nerilmistir.
Bu metrik, mevcut literatiirdeki yonlii 6l¢iitlerin tamamlayicisi olarak sistemlerin popiilerlikten
sapma derecelerini daha biitlinciil bigimde analiz etme olanagi sunmaktadir.

e Ayrica, ¢ok Olgiitlii dneri sistemleri alaninda popiilerlik yanliligina yonelik ¢aligmalarin siirlt
sayida olmast goz oniinde bulundurularak, bu ¢alisma s6z konusu boslugu doldurmay: ve alana
yeni bir bakig acist kazandirmay1 hedeflemektedir

Bu caligma alt1 boliimden olugmaktadir. Calisma boyunca kullanilan yontemler ve metotlar Bolim 2° de
yer alirken; Boliim 4 ve 5’ te sirasiyla Deney metodolojisi ve Deneysel sonuglar yer almaktadir. Son boliim
ise sonug ve Onerilerden olusmaktadir.

2. ON CALISMALAR

Bu béliimde ¢alisma boyunca kullanilan yontemlere ve metotlara yer verilmistir.
2.1. Kullanici Popiilerlik Egilimi Belirleme Yontemleri

Oneri sistemlerinde popiilerlik yanhiligini azamaya yonelik gelistirilen pek ¢ok yontem, genellikle 6neri
listelerini sonradan isleme teknikleriyle yeniden siralamaya odaklanir; bu siiregte popiiler irtinler geri plana
itilirken, daha az bilinen iiriinler 6ne ¢ikarilir. Ancak bu yaklagimlar, cogu zaman kullanicilarin tirtinlerin
popiilerligiyle ilgili ger¢ek tercihlerini dikkate almaz. Oysa pratikte, bazi kullanicilar daha ¢ok popiiler
icerikleri tercih ederken, bazilar1 ise daha az bilinen segeneklere yonelmektedir. Bu nedenle, kullanicilara
daha kisisellestirilmig ve tatmin edici Oneriler sunabilmek i¢in, onlarin popiilerlik egilimlerinin dogru
sekilde tespit edilmesi ve Oneri algoritmalarina entegre edilmesi gerekmektedir. Bu boliimde, literatiirde
kullanicilarin popiilerlik egilimini 6l¢mek amaciyla yaygin olarak kullanilan yontemler dzetlenmektedir.

2.1.1. Popiiler Uriinlerin Oram Yaklasim

Popiiler iirtinlerin oran1 yaklasimi (RPI), kullanicilarin 6neri sistemlerinde yaygin olarak tercih edilen
iceriklere ne kadar ilgi gosterdigini anlamak i¢in kullanilan bir metriktir. Bu yaklagimda, sistemdeki tiim
Ogeler, aldiklar1 toplam oy veya puan sayisina gore siralanir. En ¢ok oy alan ve sistemdeki toplam oylarin
yaklagik beste birini olusturan 6geler “popiiler” olarak tanimlanirken, geri kalanlar “az popiiler” olarak
kabul edilir [20]. Bu dogrultuda bu yontem, bir kullanicinin etkilesimde bulundugu igeriklerin ne kadarinin
bu popiiler gruba girdigini hesaplar. Ornegin, bir film 6neri platformunda, kullanic1 A nin izledigi 10 filmin
7’si en ¢ok izlenenler listesindeyse, bu kullanicinin RPI degeri 0,7 olur. Bdylece, oneri sistemi kullanicilarin
popiiler igeriklere mi yoksa daha nis seceneklere mi yoneldigini daha iyi analiz edebilir.

(i € Iu|i € H}

RPIu =
[Tu| 1)

Burada, ly kullanicinin degerlendirdigi tiim 6geleri, H ise sistemde popiiler olarak tanimlanan 6geleri temsil
etmektedir.
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2.1.2. Derecelendirilen Uriinlerin Ortalama Popiilerligi

Derecelendirilen firiinlerin ortalama popiilerligi (APRI), kullanicilarin popiiler igeriklere olan egilimini
6lgmek icin gelistirilmis bir metriktir. Bu metrik, her bir 6genin popiilerligini, o 6geyi degerlendiren
kullanici sayisinin sistemdeki toplam kullanici sayisina orani olarak tanimlamaktadir [23].

[{u' e Uli e I}
|Tu |U| 2
Elu

APRI, =

Burada, U tiim kullanict kiimesini, I, herhangi bir kullanicinin daha 6nce degerlendirme yaptigi triinler
kiimesini ifade etmektedir.

2.1.3. Ortalamadan Daha Iyi Yaklagim

Bu yontemde kullanicilarin derecelendirdigi tiim iiriinler yerine yalnizca begendikleri {irlinler dikkate
alinmaktadir. Onceki boliimlerde agiklanan RPI veAPRI ydntemlerinin bu mantiga (BTAgrpi, BTAapri)
uyarlanmasidir [24]. BTAgrei degeri, begenilen 6gelerin popiiler kategorideki oranini 6lgerek, kullanicinin
degerlerinin agirlikli ortalamasini alarak popiiler icerik egilimini &lgmektedir. Her iki yaklasimda da
yalnizca begeni esigini agan ogeler dikkate alinarak, kullanicinin gergek tercihleri lizerinden popiilerlik
egilimi analiz edilir.

2.1.4. Kullamic1 Popiilerlik Egilimini Tespit Etmek Icin Onerilen Yeni Yaklasim: Géreceli
Popiilerlik Skoru

Kullanicilarin puanlama davraniglarinin daha derinlemesine ve niteliksel olarak analiz edilebilmesi icin,
Lee ve arkadaglar1 [25] gelistirdigi tercih modeli bu ¢aligmada referans alinmigtir. S6z konusu model,
kullanicinin bir {iriine verdigi puani, o kullanicinin genel puanlama aligkanliklariyla birlikte ele alarak
degerlendirir. Bu sayede, ayni puan degeri, farkli kullanicilar i¢in farkli anlamlar tasiyabilmektedir.
Ornegin, cogunlukla yiiksek puanlar veren bir kullanici ile nadiren yiiksek puan veren bir kullanicinin aym
uriine verdigi yiiksek puan, tercih diizeyi agisindan aym sekilde yorumlanmamalidir. Tercih Skoru
(Preference Score) olarak adlandirilan bu yoéntemde, her bir kullanicinin degerlendirdigi iiriinler arasinda,
belirli bir tiriine verdigi puanin goreceli konumu dikkate alinarak bir tercih skoru bulunmaktadir (Esitlik 3).

pref > (ru) | pref = ()
T ®)

Pre f(ru,i) =qa
Esitlik 3’te:

» pref > (ry;): Kullanicinn i {iriiniine verdigi puandan daha diisiik puan verdigi iiriinlerin sayzsi,
» pref = (ry;)): Kullanicinin i {iriiniine verdigi puanla ayn1 puan verdigi tiriinlerin sayisi,

* R} Kullanicinin degerlendirdigi toplam iiriin sayisi,

e ave B: Agirlik parametreleri olup, literatiirde genellikle sirasiyla 1 ve 0,5 olarak alinmaktadir

Onerilen bu yaklagimda (Géreceli Popiilerlik Skoru, RelPop), yukarida tanimlanan tercih puanlari, her
kullanici i¢in degerlendirdigi tiim iiriinler iizerinde ortalama alinarak, kullanicinin genel popiilerlik egilimi
skoru asagidaki denklem kullanilarak elde edilmistir.

1
RelPop, = m Z Pref(ru'i)
wien, (4)

Esitlik 4’de I,,, u kullanicisinin degerlendirdigi tirlinlerin kiimesini ifade etmektedir. Bu yontem sayesinde,
kullanicilarin  puanlama davraniglarindaki bireysel farkliliklar dikkate alinarak, daha adil ve
kisisellestirilmis bir popiilerlik egilimi 6l¢limii saglanmustir.
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RelPop yontemi ile gelencksel isbirlik¢i filtreleme algoritmalarinin siklikla g6z ardr ettigi 6nemli bir
soruna, yani kullanicilarin puanlama davraniglarindaki baglamsal ve goreli farkliliklarin dikkate
alimmamasi problemine dogrudan ¢éziim sunmasi amaglanmistir. Klasik yontemler, tiim kullanicilarin ayni
puani benzer anlamlarla verdigi varsayimiyla hareket ederek, bireysel degerlendirme o6lgeklerindeki
farkliliklar1 g6z ardi etmekte ve bu durum Onerilerin dogrulugunu, ¢esitliligini ve kullaniciya olan
uygunlugunu sinirlamaktadir. Bu calismada Onerilen bu yaklasim, kullanicilarin ge¢mis puanlama
dagilimlarini analiz ederek her bir puanin o kullanici 6zelindeki anlamini modellemekte ve bdylece daha
gercekei bir tercih temsili sunmaktadir. Bu yontem sayesinde, onerilen igeriklerin yalnizca popiilerlige
dayali olarak degil, kullanicilarin goéreli memnuniyet diizeyleri dogrultusunda kisgisellestirilmis bi¢cimde
sunulmas1 miimkiin hale getirmesi amaglanmistir. Sonug olarak, sistem hem popiilerlik yanliligin1 azaltacak
hem de kullanici memnuniyetini ve dneri kalitesini arttiracaktir. Ozellikle gok 6lgiitlii karar ortamlarinda
bu baglamsal analiz, 6neri sistemlerinin adil, dengeli ve kullanict odakli hale gelmesine énemli katkilar
saglayacaktir.

2.2. Popiilerlik Yanhhigim Azaltmaya Yoénelik Algoritmalar

Oneri sistemlerinde karsilagilan temel sorunlardan biri olan popiilerlik dnyargisi, sistemin etkinligini ve
kullanici memnuniyetini énemli 6l¢iide diisiirmektedir [20]. Bu sorunun ¢6ziimiine yonelik olarak,
literatiirde: artirilmig fayda iiretimi (Aug), ¢arpimsal fayda 6grenme (Mul) ve popiilerlik duyarli 6ge
agirliklandirma (Paiw) gibi yaklagimlar sunulmus ve her biri bu béliimde incelenmistir.

2.2.1. Artirllmus Fayda Uretimi Algoritmasi

Artirllmig fayda {iiretimi algoritmasi (Aug), Oneri sistemlerinde icerik dagilimini dengelemek icin
gelistirilmis yenilikei bir yaklagimdir [26]. Bu yontem, makine 6grenmesi modelinin tahmin ettigi kullanict
ilgisini, i¢erigin popiilerlik seviyesine gore belirlenen bir dengeleme katsayisiyla birlestirerek daha dengeli
Oneriler sunmay1 amaglar. Bu sayede, ¢ok popiiler igeriklerin agirlig1 azaltilirken, daha az bilinen igerikler
one ¢ikarilir.

2.2.2. Carpimsal Fayda Ogrenme Algoritmasi

Carpimsal fayda 6grenme algoritmasi (Mul), 6neri sistemlerinde popiiler igeriklerin etkisini azaltmak igin
gelistirilmis yenilik¢i bir siralama teknigidir. Her i¢erigin tahmini puani, popiilerlik seviyesiyle ters orantili
bir katsayiyla ¢arpilarak, popiiler igeriklerin puanlart belirgin sekilde disiriliir. Bu sayede, ana akim
iceriklerin 6neri listelerinde baskin olmasi engellenir ve kullaniciya daha gesitli igerikler sunulur [27].

2.2.3. Popiilerlik Duyarh Oge Agirhklandirma Algoritmasi

Popiilerlik duyarli 6ge agirliklandirma (Paiw), oneri sistemlerinde igerik g¢esitliligini artirmak icin
gelistirilmis bir yaklasimdir. Yontem, iceriklerin popiilerlik seviyelerine gore logaritmik bir doniigiimle
agirliklar hesaplar; popiiler igerikler diisiik, az bilinenler ise yiiksek agirlik alir. Bu agirliklar, tahmini 6neri
puanlariyla A parametresiyle birlestirilerek, hem kullanici tercihlerine uygun hem de ¢esitli 6neriler sunulur.
Paiw, Oneri kalitesini koruyarak cesitliligi artirir [28].

3. DENEY METODOLOJISi

Bu ¢alismada, onerilen RelPop yonteminin etkinligini degerlendirmek i¢in kapsamli bir deneysel gergeve
tasarlanmistir. Degerlendirme siireci, yaygin olarak kullanilan tek-¢ikish ¢apraz (leave-one out) dogrulama
stratejisi temel alinarak yapilandirilmistir. Her bir degerlendirme iterasyonunda, veri setinden rastgele bir
kullanici test kullanicist olarak segilirken, kalan kullanicilar egitim setini olusturmak i¢in kullanilmistir.
Egitim verileri kullanilarak, test kullanicisinin {iriinleri i¢in tahmini puanlar1 olugturmak {izere bir igbirlik¢i
filtreleme algoritmas1 uygulanmis ve bu tahmini degerlerden en yiiksek 10 {irlin kullanictya oneri olarak
verilmistir. Bu kapsamda, iki farkli analiz senaryosu tasarlanmistir. ilk senaryoda, kullanicilarin film ve
otellere verdikleri genel puanlar dikkate alinarak analiz gergeklestirilmistir. Bu yaklasimda her bir
kullanicinin tek bir biitiinsel degerlendirmesi iizerinden tercih egilimleri modellenmis ve Oneri sistemi
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performansi, bu genel puanlar {izerinden test edilmistir. Boylece, sistemin genel begeni diizeyini ne 6l¢iide
yakalayabildigi ortaya konulmustur. ikinci senaryoda ise, kullanicilarin her bir kriter igin (6rnegin filmler
i¢in hikdye, oyunculuk, yonetmenlik, gorsel efektler; oteller i¢in konum, temizlik, hizmet, deger ve odalar)
ayr1 ayri verdikleri puanlar kullanilarak kriter bazli analiz uygulanmistir. Bu yontemde, kullanicilarin
tercihlerinin farkli boyutlarini yansitan ¢ok dlciitlii verilerden yararlanilmig ve oneri sistemi performansinin
bu ayrntili tercihler altinda nasil degistigi incelenmistir. Bu iki senaryonun kargilagtirmali
degerlendirilmesi sayesinde, 6nerilen yontemin hem genel degerlendirmeler temelinde hem de ayrintili
kriter bazinda kullanici tercihlerini ne 6l¢iide yansittigi ortaya konulmustur. Boylece, 6neri sisteminin farkli

veri senaryolarinda gosterdigi basari ve esneklik hakkinda daha kapsamli bir analiz yapilmistir.

Calismamizin ilk asamasi olan kullanic1 popiilerlik analizinde, test setindeki her bir kullanici geleneksel
yontemlere (APRI, RPI, BTAapri, BTArpi) ek olarak dnerilen RelPop yontemine gore egilimler tespit edilip,
bunlarin karsilastirmalt analiz sonuglari verilirken; ikinci asamada 6nerilen bu yontemin performansi, Mul,
Paiw ve Aug gibi popiiler yeniden siralama yontemleriyle karsilastirilmistir.

3.1. Veri Seti

Bu calismada, oneri sistemleri alaninda yaygin olarak kullanilan ¢ok 6l¢iitlii Yahoo! Movies (YM) ve
TripAdvisor (TA) veri setleri kullanilmistir. YM20 veri seti, 429 kullanic1 ve 491 filmden olugmakta,
toplam 18.504 degerlendirme igermektedir. Her film, hikdye, oyunculuk, yonetmenlik ve gorsel efektler
olmak tizere dort kriter tizerinden degerlendirilmistir [29]. TA veri seti ise 1.354 kullanici ve 1.291 otelden
olugmakta, toplam 38.512 degerlendirme i¢ermektedir [30]. %99,72 seyreklik orani ile oldukga seyrek bir
yapidadir ve kullanici basina ortalama 28,44 degerlendirme ile diisiik etkilesim gostermektedir. TA, konum,
temizlik, hizmet, deger ve odalar olmak tizere bes kriter igermektedir. Her iki veri seti de 1-5 arasi
degerlendirme Olgegi kullanmakta ve seyreklik oranlari ile kullanici bagina degerlendirme sayilari
bakimindan farklilik gostermektedir. Bu farkliliklar, Oneri sistemleri igin gesitli zorluk seviyeleri
olusturmakta ve kullanict davranis profillerinin analizine olanak saglamaktadir. Veri setlerine iligkin 6zet
bilgiler Cizelge 1’de sunulmaktadir.

Cizelge 1. YM ve TA veri seti ile ilgili bilgiler

Veri seti #Kullanici #Uriin #Oylama
YM20 429 491 18.504
TA 1346 1289 38.512

3.2. Degerlendirme Metrikleri

Oneri sistemlerinde popiilerlik 6nyargisimin ~ degerlendirilmesinde  cesitli performans dlgiitleri
kullanilmaktadir. Bu ¢alismada, ilk olarak sistemin kullaniciya 6zel dneriler sunma basarisini ve popiiler
igeriklere olan egilimini analiz etmek amaciyla kesinlik metrigi temel alinmistir.

3.2.1. Kesinlik

Kesinlik metrigi, Oneri sistemlerinde hem alaka diizeyinin hem de yanlilik etkisinin Olgiilmesinde
literatlirde yaygin olarak tercih edilmekte ve bu metrikte aktif kullanici igin ilging iiriinlerin 6nerilme orani
belirlenmektedir [31]. Asagidaki esitlik kullanilarak hesaplama yapilabilmektedir:

|Rel , N RecK|

Kesinlik@K (u) = |Reck]
u

®)

Esitlik 5°te, Rely kullanic1 u igin ilgili 6geler kiimesini, RecX ise kullanic1 u igin onerilen en iyi K 63e
kiimesini ifade etmektedir.

3.2.2. Geri Cagirma
Oneri sistemlerinin basarisim degerlendirmek igin yaygin olarak kullanilan temel élgiitlerden biridir. Bu

metrik, sistemin kullaniciya ait tiim ilgili 6geler arasindan ne kadarimi oneri listesine dahil edebildigini
gosterir [32] ve matematiksel formiilasyonu asagida yer almaktadir:
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|Rel , N Reck|
|Recy|

Geri ¢cagirma@K (u) = (6)

Kullanicr u igin ilgili 6gelerin tamami Rel,, kiimesinde yer alirken, sistemin kullaniciya sundugu en iyi K
adet 6neri ise RecX kiimesinde bulunmaktadir (Esitlik 6).

3.2.3. F1-Oliitii

Kesinlik ve geri ¢agirma degerlerinin harmonik ortalamasi olan F1-6lgiitii, bu iki performans metrigini
dengeli bir sekilde birlestirerek sistemin genel basarisini degerlendirmeye olanak tanir. Bu oOlgiitiin
matematiksel ifadesi su sekildedir (Esitlik 7):

Fl@K — o x Precision@K (u) X Recall@K (u) 7
W = Precision@K (u) + Recall@K (u) )

3.2.4. Yenilik

Yenilik metrigi, oneri sistemlerinin kullanicilara tanidik olmayan ancak ilgi alanlarina uygun yeni igerikler
sunma yetenegini 6lger. Bu metrik, sistemin kullanicilarin daha 6nce karsilagmadigi fakat begenme olasiligi
yiiksek olan 6geleri nerme basarisini degerlendirir. Yiiksek bir yenilik degeri, sistemin kullanicilar1 yeni
ve ¢esitli iceriklerle tanigtirabildigini, boylece kullanici deneyimini zenginlestirdigini gosterir [33].

1
Yenilik = W Z; —log,(p(i)) (8)

Oneri listesindeki toplam 6ge sayis1 R ile gosterilirken, p(i) degiskeni, i. genin herhangi bir kullanict
tarafindan degerlendirilme olasiligini ifade eder (Esitlik 8).

3.2.5. Ortalama Uzun Kuyruk Popiilerligi

Ortalama uzun kuyruk popiilerligi (APLT), oneri sistemlerinin kullanicilara sundugu 6neri listesinde yer
alan az popiiler veya nis igeriklerin dagilimini degerlendiren bir metriktir [33]. Herhangi bir K kullanicis
igin, sistemin olusturdugu Nk Oneri listesindeki uzun kuyruk oOgelerinin orami, asagidaki denklem
kullanilarak hesaplanabilir

IT N Nl

m 9)

APLT, =

Burada, uzun kuyruk 6gelerinin kiimesi T ile gosterilirken, APLT degerinin diisiikk olmasi, sistemin oneri
listesinde yeterli cesitlilik saglayamadigim ve genellikle popiiler igeriklere agirlik verdigini ifade
etmektedir. Buna karsilik, yiiksek APLT degerleri, sistemin uzun kuyruk iceriklerini basariyla Oneri
listesine dahil edebildigini isaret eder. Ancak, yiiksek APLT degeri tek basina 6neri kalitesinin iyi oldugunu
garanti etmez, ¢iinkil sistem az popiiler igerikleri 6nerirken kullanici tercihlerini géz ardi edebilir eder [34].

3.2.6. Uzun Kuyruk Kapsami

Uzun Kuyruk Kapsami (LTC) metrigi, 6neri sisteminin tiim kullanicilar igin olusturdugu oneri listelerinde
yer alan az popiiler igeriklerin genel dagilimini degerlendirilmektedir (Esitlik 10):

Iy N T|

LTC
IT|

(10)

LTC metriginin yiiksek degerler gdstermesi, oneri sisteminin az popiiler veya nis igerikleri daha kapsamli
bir sekilde oneri listelerine dahil edebildigini isaret eder. Bu durum, sistemin sadece popiiler igeriklere
odaklanmak yerine, daha genis bir igerik yelpazesini kullanicilara sunabildigini gosterir. Yiksek LTC
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degerleri, oneri sisteminin gesitlilik agisindan daha basarili oldugunu ve popiilerlik yanliligindan daha az
etkilendigini ortaya koyar. Bu da kullanicilarin daha gesitli ve kisisellestirilmis oneriler almasint saglar
[35].

3.2.7. Gini indeksi Olgiitii

Gini Indeksi 6lgiitii, veri setindeki simiflarin dagilimini analiz ederek, bir diigiimdeki verilerin ne kadar
heterojen oldugunu ortaya koymaktadir.

Gini(D) = 1 —Zpiz (11)

Gini degeri hesaplanirken Esitlik 11°de, D ile gosterilen veri setindeki her bir sinifin (i) dagilim orani p;
degiskeni ile ifade edilir. Gini degerinin sifir olmasi, incelenen diigiimdeki tiim verilerin ayn: smifa ait
oldugu, yani tam bir homojenlik saglandigini agiklayabilir [36].

3.2.8. Popiilerlik Egilimindeki Sapma

Popiilerlik Egilimindeki Sapma (Deviation in Popularity Inclination-DPI): Kullanicilarin mevcut
yontemlerle hesaplanan popiilerlik egilimleriyle yeni dnerilen teknikler sonucunda elde edilen popiilerlik
egilimleri arasindaki farki normalize ederek 6l¢mektedir:

P,—¢
DPI, = % (12)

u

Esitlik 12°de, &, mevcut yontemlerle hesaplanan kullanici popiilerlik egilimi iken, P, yeni yontemle
hesaplanan kullanict popiilerlik egilimini temsil etmektedir. DPI degerinin negatif ¢ikmasi, Onerilen
yontemin kullanicilara daha az popiiler, dolayisiyla daha &zellestirilmis ya da farkli i¢erikler sundugunu
gostermektedir [24].

3.2.9. Mutlak Popiilerlik Egilimindeki Sapma

Mutlak Popiilerlik Egilimindeki Sapma (Absolute Deviation in Popularity Inclination-ADPI):
Kullanicilarin mevcut yontemlerle hesaplanan popiilerlik egilimleriyle yeni onerilen teknikler sonucunda
elde edilen popiilerlik egilimleri arasindaki mutlak farki normalize ederek Slgmektedir. Onerilen bu
yontemde popiilerlik egilim farkinin artik pozitif/negatif yonii degil, sadece biiyiikliigii dikkate alinir.

Pu_gu

ADPI, = (13)

&u

Mutlak DPI degeri, klasik yontemle Onerilen igeriklerle yeni yontemin &nerileri arasindaki popiilerlik
egilimi farkinin biyiikliigiinii gostermektedir. Bu 6l¢iit sayesinde sistemin 6neri davranigindaki sapmalarin
yoniinden bagimsiz olarak, dneri ¢esitliligi ve popiilerlikten uzaklasma diizeyi degerlendirilebilmektedir
(Esitlik 13).

4. DENEYSEL SONUCLAR

Calismanin temel amaci, Oneri sistemlerinde kullanicilarin degerlendirme davraniglarindaki baglamsal
farkliliklar1 dikkate alarak popiilerlik yanliligini azaltmaya yonelik daha etkili ve kullanici odakli bir
yaklagim geligtirmektir. Bu kapsamda, 6nerilen RelPop yontemi ile literatiirde yaygin olarak kullanilan
BTAaprri, BTArpi, APRI ve RPI yontemleri, iki farkli ¢ok 6l¢iitlii veri kiimesi (YM20 ve TA) iizerinde
karsilastirmali olarak incelenmistir. Analizlerde, gelencksel performans metriklerine ek olarak popiilerlik
yanliligint daha hassas 6lgen yeni bir ADPI metrigi de kullanilmistir. Kullanici popiilerlik egilimlerinin
tespitine yonelik karsilastirmali analiz sonuglart Sekil 1-4’te sunulmustur.
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Sekil 1. TA veri seti lizerinde DPI analiz sonuglari

Sekil 1’de TA wveri kiimesi iizerinde gercgeklestirilen DPI analizleri sunulmaktadir. Genel tabanli
degerlendirmede, BTARPI yontemi, negatif medyan degeri ve genis dagilim araligryla dikkat ¢gekmekte;
bu durum yo6ntemin, kullaniciya sunulan igerikleri daha az popiiler hale getirme potansiyeline sahip
oldugunu gostermektedir. Diger taraftan, APRI yontemi de negatif degerlere sahip olmakla birlikte, daha
dar bir dagilim sergilemekte ve onerilerin popiilerlikten sinirli bigimde uzaklastigini ortaya koymaktadir.
RPI ve BTAapr yontemleri ise DPI acgisindan neredeyse sifira yakin degerlere sahip olup, kullanicilara
sunulan igeriklerin mevcut popiiler egilimlerden anlamli bigimde sapmadigimi gostermektedir. Kriter
tabanli degerlendirmede de benzer bir egilim gézlemlenmis; BT Arpi yontemi en diisiik medyan degeri ile
one cikarken, APRI yontemi negatif degerlere sahip olmakla birlikte daha sinirlt sapma gdstermistir. RPI
ve BT Aapri yontemlerinin ise gesitliligi sinirli tutan daha sabit sonuglar {irettigi goriillmektedir.

Genel Tabanli Kriter Tabanh
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Sekil 2. YM20 veri seti lizerinde DPI analiz sonuglari

Sekil 2” de ise bir diger veri seti olan YM20 {izerindeki sonuglara yer verilmektedir. Genel tabanli analizde,
BTARre yontemi ug degerlerin etkisiyle genis bir varyans araligina sahiptir; bu durum, yontemin bazi
kullanicilar i¢in 6nerilen igeriklerin popiilerlikten giiglii bigimde sapabildigini gdstermektedir. Buna karsin,
RPI ve BT Aapri yontemleri, diisiik varyans ve sifira yakin DPI degerleriyle daha tutarli ancak popiilerlige
yakin onerilerde bulunmaktadir. APRI ydntemi ise negatif degerler liretmesine ragmen Oneri ¢esitliligi
acisindan oldukga sinirli bir etki gostermektedir. Kriter tabanli degerlendirmede ise BT Arpi yontemi, yine
popiilerlik yanliligindan uzak oneriler sunarken, diger yontemler —6zellikle BTAapri Ve RPI- istikrarl
ancak olduk¢a benzer dagilimlar gostermistir. Bu durum, klasik yontemlerin kullaniciya dnerdigi igeriklerin
popiilerlige olan bagimliliginin siirdiigiinii ortaya koymaktadir.
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Sekil 3. TA veri seti lizerinde ADPI analiz sonuglari

Sekil 3 incelendiginde, mutlak sapma baglaminda BT Agps yontemi, medyan agisindan en diisik ADPI
degerine sahip olup o6nerilerin, kullanicilarin genel egilimlerinden sapma derecesinin kontrollii oldugunu
gostermektedir. RPI ve BTAapri yontemleri neredeyse sabit ve yiiksek ADPI degerleriyle dikkat
¢cekmektedir; bu durum, onerilerin kullanicilarin mevcut popiilerlik egilimlerinden anlamli diizeyde
sapmadigin1 gostermektedir. APRI yontemi ise genel tabanli analizde en yiiksek ADPI degerine sahiptir;
bu durum, dnerilerin farklilagsma acisindan goreceli olarak daha uzak oldugunu ancak bu farklilasmanin
rastlantisal bicimde olusabilecegini diislindiirmektedir. Kriter tabanli sonuglarda da benzer oriinti
korunmus, BT Arp) goreli olarak daha diisiik ADPI degerleri iiretirken, diger yontemler sabit ve yiiksek
degerlere sahip olmustur.
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Sekil 4. YM20 veri seti tizerinde ADPI analiz sonuglari

Ayni performans metriginin diger veri setindeki sonuglar1 Sekil 4’te gosterilmektedir. Genel tabanli
analizde BTAgps yontemi, ADPI degerlerinde diisitk medyan ve genis dagilim araligi ile bazi kullanicilar
i¢in Onerileri ciddi bicimde 6zellestirirken, bazilari i¢in daha dengeli igerikler sunmaktadir. RP1 ve BT Aapri
yontemleri ise sabit ve yiilksek ADPI degerleriyle, sistemin popiilerlik merkezli ¢alistigin1 gostermektedir.
APRI ise yliksek medyan ve dar varyansla, Onerilerin kullanicilarin popiilerlik egilimlerinden ok
sapmadigini ortaya koymaktadir. Kriter tabanli analizde de benzer bir goriiniim sergilenmis, BTAgp gorece
diisiik sapma ile 6ne ¢ikarken, diger yontemler yliksek ve homojen sapma diizeylerinde kalmistir.

Genel olarak, DPI ve ADPI analizleri 6neri sistemlerinin popiilerlik yanliligi agisindan farkli performanslar
sergiledigini gostermektedir. BTAgp), her iki veri kiimesinde de popiilerlik egiliminden saparak daha
Ozellestirilmis Oneriler sunma potansiyeli tasimaktadir. APRI, onerilerin popiilerlikten uzaklastigim
gosterse de bu sapma genellikle sinirli kalmistir. RP1 ve BTAapr ise popiilerlik odakli éneriler sunmaya
devam etmekte, bu da gesitliligin artirilmasinda yetersiz kalindigin1 gostermektedir. Sonuglar, Oneri
sistemlerinde adil ve gesitli oneriler icin DPI ve ADPI metriklerinin birlikte degerlendirilmesinin 6nemini
vurgulamaktadir. Ozellikle BTAgp yontemi, farkli kullanici gruplari igin popiilerlik yanliligini azaltmada
etkili bir yaklagim sunmaktadir.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Niliifer BALLI, Tugba TURKOGLU KAYA

Calismanin ikinci asamast olan, kullanicilarin popiilerlik egilimlerinde meydana gelen degisimlerin
kapsamli analizi Sekil 5-10 arasinda gosterilmektedir.

Genel tabanh Kriter tabanlhi

LTC LTC

APLT APLT
Yenilik Yenilik
F1-olcutd Fl-dlcitd

Geri Cagirma

Geri Cagirma

Kesinlik

Kesinlik

0,4 0,6 0,4 0,6

Aug mMul ~ Paiw Aug mMul  Paiw

Sekil 5. YM20 veri seti {izerinde ADPI analiz sonuglari

Sekil 5’te, YM20 veri seti lizerinde BTArpi yontemiyle yapilan genel ve kriter tabanli analizlerin sonuglari
sunulmaktadir. Aug, Mul ve Paiw algoritmalarinin performanslar1 yedi farkli metrik {izerinden
karsilagtirilmigtir. Her iki analizde de Gini, APLT ve yenilik metriklerinde tiim algoritmalar yiiksek ve
benzer degerlere ulasmistir; bu da Oneri sistemlerinin ¢esitli ve yenilik¢i igerikler sunmada basarili
oldugunu gostermektedir. Yiiksek Gini indeksi, oneri listelerinin kullanicilar arasinda dengeli ve adil
dagildigini, popiilerlik yanliliginin azaldigini géstermektedir. Buna karsilik, LTC metrigi tiim algoritmalar
icin disiik kalmig, sistemlerin uzun kuyruktaki nis igerikleri 6nerme oranmin sinirlt oldugunu ortaya
koymustur.

Dogruluk metrikleri olan kesinlik, geri ¢agirma ve F1-6l¢iitii ise tiim algoritmalarda diisiik ¢ikmigtir; bu da
sistemlerin isabetli ve ilgili Oneriler sunmada yetersiz kaldigin1 gostermektedir. Genel ve kriter tabanli
analizler karsilastirildiginda, metriklerin dagilimi ve algoritmalarin siralamasi biiyiik dl¢lide benzerdir.
Sonug olarak, Aug, Mul ve Paiw algoritmalari gesitlilik ve yenilik agisindan basarili olsa da, dogruluk ve
uzun kuyruk kapsami a¢isindan gelistirmeye ihtiyag duymaktadir. Bu analizler, 6neri sistemlerinin yalnizca
dogruluk degil, ayn1 zamanda yeni ve ¢esitli icerik sunma kapasitesiyle de degerlendirilmesi gerektigini
gostermektedir.

Kriter tabanl

Genel tabanh

LTC m

LTC

APLT APLT

Yenilik Yenilik
F1-6lctd
girma
Kesinlik
0,4 0,6 0,6
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Sekil 6. YM20 veri seti {izerinde BTAapri analiz sonuglart

Sekil 6’da, ayn1 veri setinin BT Aapr) yontemiyle yapilan analiz sonuglar1 sunulmaktadir. Grafikler, Aug,
Mul ve Paiw algoritmalarinin Gini, APLT ve Yyenilik metriklerinde 0,95’in {izerinde, yiiksek degerlere
ulastigini gostermektedir. Ozellikle yenilik degerinin 0,98’ yaklagmasi, dneri listelerinin bilyiik dlgiide
yeni ve kullanict i¢in kesfedilmemis iirlinlerden olustugunu ortaya koymaktadir. Buna karsilik, LTC
metriginin 0,03’iin altinda kalmasi, oneri listelerinde nis iceriklerin simirli oldugunu gdstermektedir.
Dogruluk metriklerinde ise kesinlik yaklasik 0,04, geri cagirma ve F1-6lgiitii ise 0,01’in iizerindedir; bu da
sistemlerin isabetli ve kisisellestirilmis Oneriler sunmada yetersiz kaldigini1 gostermektedir. Genel ve kriter
tabanli analizler benzer sonuglar vermis, yalnizca kriter tabanl analizde APLT ve yenilikte kiiciik artiglar
gozlenmistir. Sonug olarak, Aug, Mul ve Paiw algoritmalar1 ¢esitlilik ve yenilikte basarili olsa da, dogruluk
ve uzun kuyruk kapsami agisindan gelistirmeye ihtiyag duymaktadir. Ozellikle LTC ve dogruluk
metriklerindeki diisiik degerler, sistemlerin nis iceriklere ve kullaniciya 6zel Onerilere daha fazla
odaklanmasi gerektigini gdstermektedir.
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APLT

Yenilik p

F1-6lgiitd

Genel tabanh
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Sekil 7. YM20 veri seti iizerinde RPI analiz sonuglari

Sekil 7°de, Aug, Mul ve Paiw algoritmalarinin Gini, APLT ve yenilik metriklerinde 0,95’in iizerinde ve
birbirine yakin degerlere ulastigi goriilmektedir; bu da sistemlerin yenilik¢i ve ¢esitli igerikler sunmada
basarili oldugunu gostermektedir. LTC metriginde ise Mul algoritmasi, digerlerine gore daha yiiksek bir
degere ulagarak uzun kuyrukta yer alan igerikleri dnerme konusunda kismi bir avantaj saglamistir. Dogruluk
metrikleri genel olarak diisiik kalirken, Aug algoritmasi ise kesinlik ve F1-6l¢iitlerinde digerlerine gére
daha iyi performans gostermistir. Kriter tabanli analizde ise APLT ve yenilikte kiigiik artislar gézlenmis,
bu da kriter bazli yaklasimin gesitlilik ve yenilik iiretimini bir miktar artirdigini géstermektedir. Sonug
olarak, RPI yontemi altinda algoritmalar yenilik ve cesitlilikte giiclii performans sergilerken, Mul uzun
kuyruk kapsami, Aug ise dogruluk metriklerinde 6ne ¢ikmustir.

LTC m

APLT
Yenilik

F1-6lgata

Genel tabanli

LTC =

APLT
Yenilik

Fl-olcita

Kriter tabanli
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Sekil 8. YM20 veri seti lizerinde APRI analiz sonuglari

Sekil 8°de, YM20 veri setinde APRI yontemiyle yapilan analizlerde Aug, Mul ve Paiw algoritmalar1 Gini,
APLT ve yenilik metriklerinde yiiksek degerler elde ederek gesitlilik ve yenilikte basarili olmustur. Ancak,
LTC ve dogruluk metrikleri tiim algoritmalarda diisiik kalmis, 6zellikle kesinlik degerlerinin 0,1’in altinda
olmas sistemlerin isabetli Onerilerde yetersiz oldugunu gostermistir. Kriter tabanli ve genel analizler
arasinda anlamli bir fark goriilmemis, APRI yontemi tutarli bir performans sergilemistir. Sonug olarak,
algoritmalar yenilik ve cesitlilikte giicli, dogruluk ve uzun kuyruk kapsami agisindan ise gelistirmeye
aciktir.

Genel tabanh Kriter tabanl
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Yenilik Yenilik
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Sekil 9. YM20 veri seti tizerinde RelPop analiz sonuglari
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Sekil 9°da, RelPop yontemiyle YM20 veri setinde algoritmalarin genel ve kriter tabanli performanslari
kargilagtirtlmigtir. Tim algoritmalar Gini, APLT ve yenilik metriklerinde {ist sinira yakin degerlere
ulasarak, RelPop’un hem ¢esitliligi hem de 6neri 6zgiinliiglinii korudugunu gdstermistir. Gini degerlerinin
yiiksek ve birbirine yakin olmast, 6nerilerin kullanicilar arasinda dengeli dagildigini isaret etmektedir. LTC
metrigi ise orta diizeyde kalarak, RelPop’un nis igerikleri dengeli sekilde onerdigini gostermektedir.
Dogruluk metriklerinde Aug algoritmasi, kesinlik ve F1’de digerlerine gore daha tutarli sonuglar vermistir.
Kriter tabanli analizde ise yenilik ve APLT’deki kii¢iik artislar, kullanici tercih agirliklarinin oneri
kalitesine olumlu katki sagladigin1 gostermektedir. Sonug olarak, RelPop yontemiyle algoritmalar, ¢esitlilik
ve kullanic1 odaklilikta dengeli ve tatmin edici bir performans sergilemis, onerilerde denge odakli bir
yaklagim sunmustur.

Genel tabanlh

Kriter tabanli

LTC
LTC p
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Sekil 10. TA veri seti tizerinde BTApri, BTAapri, RPI, APRI ve RelPop analiz sonuglar

Sekil 10°da, TA veri seti iizerinde farkli yontemlerle yapilan genel ve kriter tabanli analizlerin sonuglari
sunulmustur. Tiim algoritmalar Gini, APLT ve yenilik metriklerinde yiiksek skorlar elde ederek, kullaniciya
gesitli ve 6zgiin icerikler sunmada basarili olmustur. Ancak, LTC metrigi tiim yontemlerde diisiik kalmus,
sistemlerin uzun kuyruktaki nis igerikleri onermede yetersiz oldugunu gostermistir. Dogruluk metrikleri de
genel olarak diistik ¢ikmus, 6zellikle kesinlik ve geri ¢agirma oranlarinin zayif olmasi, sistemlerin isabetli
Oneriler sunmakta zorlandigini ortaya koymustur.

Genel ve kriter tabanli analizlerde benzer sonuglar alinmast ise, TA veri setinin seyrek yapisindan
kaynaklanmaktadir. TA veri seti, caligmadaki en seyrek veri seti oldugundan, kullaniciya kisisel oneriler
sunabilmek i¢in kullanilan oylama degerleri oldukga sinirlidir. Bu durum, yontemlerin tiim metriklerde ayni
degerleri tiretmesine yol agmig ve algoritmalar arasi farklarin belirginlesmesini engellemistir. Sonug olarak,
yontemler gesitlilik ve yenilikte basarili, ancak dogruluk ve uzun kuyruk kapsami agisindan sinirli kalmisgtir;
veri setinin seyrekligi ise performans farklarinin ortaya ¢ikmasini zorlastirmistir.

5. SONUC VE ONERILER

Bu calismada, oneri sistemlerinde popiilerlik yanliligini azaltarak kullaniciya daha ¢esitli, adil ve baglama
duyarli icerikler sunmayr amaglayan RelPop yontemi ile bu amaca yonelik gelistirilen yeni bir
degerlendirme metrigi olan ADPI o6nerilmistir. RelPop, kullanicilarin mutlak puanlamalarindan ziyade
kendi puanlama ge¢misleri i¢indeki goreli egilimlerine odaklanarak, kisisel anlami1 daha etkili bir sekilde
modellemektedir. Boylece oneri listelerinde hem cesitliligin hem de kisisellestirme kalitesinin artirilmasi
hedeflenmistir. YM10 ve TA veri setleri iizerinde yliriitiilen deneysel c¢aligmalar sonucunda, RelPop
yonteminin Ozellikle yenilik, APLT ve Gini endeksi gibi cesitlilik ve adalet odakli metriklerde yiiksek
performans sergiledigi gdzlemlenmistir. Ayrica, RelPop’un Aug algoritmasiyla birlikte kullanildiginda, az
bilinen ve potansiyel olarak kullaniciya uygun igeriklerin oneri listelerine daha dengeli bir sekilde dahil
edildigi goriilmiistiir. Bu durum, RelPop’un popiiler igeriklerin baskinligini azaltarak daha kapsayici ve
kullanic1 odakli éneriler sundugunu gostermektedir. Ozellikle diisiik etkilesimli kullanicilar veya farkl
kriterlere gore degerlendirme yapan kullanicilar agisindan da sistemin etkili sonuglar iirettigi belirlenmistir.
Ancak, kesinlik, geri ¢agirma ve F1-0lgiitii gibi klasik dogruluk metriklerinde RelPop’un geleneksel
yontemlere benzer smirhiliklart bulunmaktadir. Ayrica, TA veri setinin seyrek yapist ve YM20 veri
setindeki kullanici sayisinin azlig1, yontemin potansiyelinin tam olarak ortaya konmasini kisitlamustir.

Performans degerlendirmesi kapsaminda kullanilan DPI ve onerilen ADPI metrikleri, 6neri sistemlerinin
popiilerlik yanliligindan ne olgiide saptigini degerlendirmede birbirini tamamlayici niteliktedir. DPI,
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sapmanin yoniinii ve bilylikliigiinii gosterirken; ADPI, sapmanin ydniinden bagimsiz olarak biiyiikliigiini
6l¢mektedir. DPI metriklerinin kullanici odakli ¢esitlilik analizlerinde; ADPI’nin ise farkli yontemler
arasindaki genel performans farklarini karsilagtirmada daha uygun oldugu sonucuna ulagilmistir.

Bu kapsamda elde edilen bulgular dogrultusunda asagidaki dneriler sunulabilir:

e Ogzellikle seyrek veri setlerinde kullanici-6ge etkilesimlerinin artirilmasi, RelPop’un baglamsal
analiz giiciinii daha da gelistirecektir.

e RelPop’un ¢esitlilik ve adalet agisindan sundugu avantajlar, dogruluk odakli algoritmalarla
birlestirilerek hibrit dneri sistemleri tasarlanabilir.

®  Gelecek caligmalarda farkli veri setleriyle benzer analizler yapilarak yontemin genellenebilirligi
ve sinirliliklar1 daha kapsamli bicimde degerlendirilebilir.

Bununla birlikte, yontemin genellenebilirligini artirmak i¢in yalnizca film ve otel gibi belirli alanlarla sinirl
kalinmamasi, farkl: tiirde veri setlerinde (6r. miizik, e-ticaret, sosyal medya) test edilmesi 6nemlidir. Veri
seti smirliliklarinin azaltilmasi amaciyla sentetik veri iiretme veya transfer learning tabanli yaklagimlar
gelecekte degerlendirilebilir. Ayrica RelPop’un, ¢ok 6lgiitlii sistemlerde her bir kriter i¢in ayr1 ayr1 veya
kriterlerin agirliklandirilmas: yoluyla hesaplanmasi, daha rafine kigisellestirme imkani saglayarak
yontemin ¢ok 6l¢iitlii yapilara 6zgii avantajini ortaya koyacaktir. Bu tiir genisletmeler, RelPop’un yalnizca
popiilerlik yanliligin1 azaltmakla kalmayip, ayni zamanda kullanicilarin bireysel kriter dnceliklerini de
dikkate alan daha esnek ve kapsamli 6neri sistemlerinin gelistirilmesine katki sunacaktir.
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Bu calismada, %20 ve %40 oranlarinda volkanik kdkenli
bazaltik pomza kullanimi ile iiretilen geopolimer harglarin
mekanik Ozelliklerine olan etkisi incelenmistir. Geopolimer
numuneler Uretilirken baglayici olarak F-tipi ugucu kil ile
yiiksek firm ciirufu, alkali aktivator olarak ise sodyum silikat ile
sodyum hidroksit kullanilmistir. Calismada %20 ve %40
oranlarinda baglayict malzeme yerine kullanilan pomza (P) ile
iiretilmis numunelerin 7., 28., ve 56. glinlerde basing ve egilme
dayanimlari, ultrasonik ses gegig hizlart irdelenmistir. Ayrica
farkli sodyum hidroksit molaritelerinin (8M, 12M ve 16M)
mekanik dayanimina olan etkisi arastirilmistir. Sonuglara gore,
pomza orani arttikca basing dayaniminin azaldifi, sodyum
hidroksit molaritesi arttitkga da basing dayaniminin arttigi
bulunmustur. 56. giinde en yiiksek dayanim degerleri PO-16M
numunelerinde 61.62 MPa bulunurken, en diisiik dayanimsa
P40-8M numunelerinde 44.14 MPa bulunmustur. Baglayici
olarak ciiruf ve ugucu kiil yerine %40 oranlarina kadar bazaltik
pomza kullanilarak {iretilen geopolimer numuneler, mevcut
standartlarda belirtilen yapilarin insasinda kullanilabilecek
minimum C25/30 beton basing dayanimi sinifim1 saglamaktadir.
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In this study, the influence of 20% and 40% volcanic origin
basaltic pumice on the mechanical properties of geopolymer
mortars was examined. F-type fly ash and ground granulated
blast furnace slag were used as binders, and sodium silicate and
sodium hydroxide were used as alkali activators. Compressive
and bending strengths, and ultrasonic pulse velocities of
geopolymers produced with pumice (P) at 20% and 40% ratios
were examined on the 7., 28., and 56. days. Also, effects of
different sodium hydroxide molarities (8M, 12M and 16M) on
mechanical strengths were investigated. It was found that
compressive strength decreases as pumice ratio increases, and
compressive strength enhances as sodium hydroxide molarity
increases. The highest compressive strength was obtained as
61.62 MPa in the P0-16M sample, while the lowest compressive
strength was obtained as 44.14 MPa in the P40-8M sample at 56
days. Geopolymers up to 40% pumice provide the minimum
C25/30 concrete compressive strength class that can be used in
the construction of structures specified in current standards.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025



https://orcid.org/0000-0001-8050-4062
https://orcid.org/0000-0001-9092-8088
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1. GIRIS

Diinyada 2014 yilindan sonra geleneksel Portland c¢imentosu iiretimi 4,3 milyar ton degerine ulastig
belirtilmektedir ve 2050 yilinda geleneksel Portland ¢imentosu iiretiminin 5,5 milyar ton degerine ulasacagi
tahmin edilmektedir [1]. Cimento iretiminin ¢ok 6nemli g¢evresel etkileri bulunmaktadir ve tretimi
strasinda 3 milyar ton hammadde tiiketirken 4700 MJ/ton enerjiye ihtiya¢ duymaktadir [2]. Genel olarak 1
ton ¢imento tiretimi sirasinda atmosfere yaklasik 900 kg karbondioksit (CO3) salinimi gergeklesmektedir.
Bu da su an geleneksel Portland ¢imento liretimiyle beraber ¢evreye ¢ok yiiksek miktarda CO; salindigi ve
bu miktarin 2050 yilina kadar daha da artmasi beklenmektedir. Bu gevresel etkiyi dnlemek adina son
zamanlarda arastirmacilar ¢imentosuz beton olarak adlandirdiklar: yeni nesil ¢evreci bir yapt malzemesi
lizerine caligmalarint yogunlastirdilar. Geopolimer olarak isimlendirilen ¢imentosuz yapi malzemesi,
baglayici olarak ¢imento yerine diisiik kalsiyum icerikli ugucu kiil ve 6giitiilmiis graniile yiiksek firin cilirufu
kullanmaktadir. Bu malzemelerden F-tipi ucucu kiil termik santral atig1, 6giitiilmiis graniile yiiksek firin
clirufu ise demir-gelik endiistrisi atig1 olmasindan &tiirli bu malzemelerle liretilecek yeni nesil siirdiiriilebilir
yapt malzemeleri atik malzemelerin yeniden degerlendirmesi agisindan da ¢evreye cok biiyiik katki
saglamaktadir. Ayrica ¢imento yerine ugucu kiil ve ciiruf gibi malzemelerin kullanilmasi diger atik
malzemelerin depolanma veya gémiilme problemlerini de ortadan kaldirmakta ve dogal kaynaklarin daha
az kullanimi agisindan da son derece 6nem arz etmektedir [3].

Diger taraftan pomza, volkanik patlamalar sonunda ortaya ¢ikmis, bosluklu ve slingerimsi yapiya sahip,
kimyasal ve fiziksel etmenlere kars: direngli bir volkanik kayagtir. Pomzanin olugmasi sirasinda biinyesinde
bulunan gazlarm yapiy1 hizli bir sekilde terk etmesi ve sonrasinda sogumasi sonucunda biinyesinde ¢ok
sayida gozenek icermektedir. Dolayisiyla pomzanm birim hacim agirhig diiserek yaklasik 500 kg/m?®
olmaktadir. Bosluklu yapist sayesinde ses ve 1s1 yalitimina uygun bir malzemedir. Pomza kisin soguga
kars1, yazin ise sicaga karsi yiiksek yalitim gorevi gormektedir. Pomzanin kimyasal igeriginde ise yaklagik
%75 civarlarinda silis bulunmaktadir. Pomzada bulunan silisyum oksit (SiO2) miktar: pomza malzemesine
abrasif 6zelligi kazandirmaktadir. Bu abrasif 6zellikten dolay1 pomzanin ¢eligi bile rahat¢a asindiracak bir
kimyasal yapis1 vardir. Pomzanin kimyasal igerigindeki %15 aliiminyum oksit (Al2O3) bileseni ise ates ve
1stya kag1 yiiksek yalitim saglar [4-6].

Pomza asidik ve bazaltik olmak iizere ikiye ayrilmaktadir. Bazaltik pomzanin 6zgiil agirhg 1-2 g/cm3
civarinda, rengi ise siyah, kahverengi ve koyu olmaktadir. Asidik pomzanin ise 6zgul agirligi 0,5-1 g/cm3
civarinda, rengi ise genellikle beyaz ve beyaza yakin olmaktadir. Igeriginde aliiminyum, potasyum, sodyum
ve silis igerdigi i¢in agik renge sahiptir [7]. Asidik pomza genelde insaat endiistrisinde kullanilmakta ve
iilkemizdeki pomzanin %80’ hafif beton agregasi olarak kullanilmaktadir. Pomza kullanilarak iiretilen
betonlarin daha hafif olmasiyla hem is¢ilikten hem de zamandan tasarruf edilmektedir [8,9]. Ayrica pomza
ile retilen betonlar hafif beton olacag: icin deprem bdlgelerinde yapilara daha az deprem yiikiiniin
gelmesini saglayabilirler. Pomzanin beton agregasi olarak kullanildiginda, kirilmadan biiyiik deformasyon
yapabilme yetenekleri sayesinde, deprem bdlgelerinde 6nemli sekil degistirme kapasitesi saglayacagi
diistiniilmektedir. Su an pomza kullanimi bims ve briket {iretimi ile duvarlarin ingasiyla sinirli kalmaktadir.
Pomza kullanimu ile 1s1 yalitimi da saglanmasi enerji tasarrufu saglamasi bakimindan énem arz etmektedir.
Ek olarak pomza zemin stabilizasyonunda da kullanilabilmektedir [10].

Pomza hafif agrega olarak kullanilabilecegi gibi, kimyasal bilesimindeki yiiksek oranda silis igermesinden
dolay1 puzolanik 6zelligi gosterip baglayici olarak kullanilabilmesi de miimkiindiir. Bunun yan sira pomza
bir dolgu malzemesi olarak kullanilabilmektedir. Yapilan ¢aligmalarda %15-%25 oranlarinda pomzanin
dolgu olarak kullanim: ASTM standardina gdre uygun olabilecegi belirtilmis olup, daha yiiksek oranlarda
pomza kullaniminin dayanim degerlerini diisiirdigii belirtilmistir [10].

Son yillarda yapilan arastirmalar ¢imento iiretimi sebebiyle neden olan ¢evre kirliligini ve enerji talebini
azaltmak amaciyla pomza ve diger malzemelerin kullanilmasi iizerinedir. Yapilan bir ¢aligmada hafif
betonda iri agrega ve ¢imento yerine pomza kullanimi arastirilmigtir. Calismada ¢imento yerine %0-25
oranlarinda 6giitiilmiis pomza tozunun kullanilarak, pomzanin taze ve sertlesmis hal 6zelliklerine olan
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etkileri arastirilmistir. Sonug olarak ¢imento yerine %15 oranlarina kadar kullanilan 6giitiilmiis pomzanin
betonlarin fiziksel ve kimyasal 6zelliklerini olumlu etkiledigi belirtilmistir [11]. Bagka bir ¢caligmada %20
ucucu kiil ve bazaltik pomza agregasi kullanilarak iiretilen betonlarda basing dayaniminin 29 MPa oldugunu
bunun da yapilarda kullanilmasi gereken minimum basing dayanimi olan 25 MPa degerinden biiyilik
oldugunu belirtmiglerdir [12]. Yapilan diger bir ¢alismada bazaltik pomzanin hafif yap1 malzemesi olarak
kullanilabilirligi irdelenmis olup, bazaltik pomza kullanilarak 28. giinde 30 MPa basing dayanimina sahip
hafif beton iiretiminin miimkiin oldugu belirtilmistir [13]. Bagka bir ¢alismada ise pomza agregasi, silis
dumani ve ugucu kiil kullanilarak hafif betonlar iiretilmis olup, iiretilen numuneler farkli dayanim testlerine
tabii tutulmustur. Elde ettikleri sonuglara gore, pomza kullanilarak tiretilen hafif beton dayanimlarmin ACI
213R standardinda belirtilen yiik tagiyan hafif beton dayanimini agtigini belirtmislerdir [ 14].

Geopolimer beton ise ¢imentosuz olarak iiretilen yeni nesil bir beton tipidir. Ciiruf bazli geopolimer 1s1
kiirline ihtiyag duymaksizin erken basing dayanimina sahip olurken, ucucu kiil bazli geopolimerlerde ise
yiiksek erken dayanim igin 1s1 kiiriine ihtiya¢ vardir. Ciiruf bazli geopolimerlerde biiziilme ¢atlaklart ve
erken priz alma problemleri olurken, ugucu kiil kullanilarak {iiretilen geopolimerlerde ise bu sorun biiyiik
oranda ortadan kalkmaktadir. Son zamanlarda yapilan caligmalarda %50 ugucu kil ve %50 ciiruf
kullanilarak iiretilen geopolimer numunelerde biiziilme ¢atlaklar1 ve ani priz alma gibi problemlerin ortadan
kalktig1 rapor edilmistir. Ayrica liretilen bu betonlar yiiksek basing ve egilme dayanimina ve farkli kimyasal
etkilere kars1 da yiiksek dirence sahiptir [3].

Literatiirde bazaltik pomza tozunun baglayici olarak kullaniminin geopolimer harglarin tizerindeki etkisini
inceleyen ¢ok az caligma mevcuttur. Zeyad ve arkadaslar1 yaptigi bir ¢aligmada pomzanin bosluklari
doldurma etkisi ve pomzanin puzolanik reaktif olmasi sebebiyle geleneksel Portland ¢imentolu
numunelerde basing dayaniminin arttigini belirtmistir [15].Geopolimer numunelerde yapilan ¢aligmalarda
ise benzer sonuglar gostermektedir. Geopolimer baglayicinin bir kisminin volkanik pomza tozu ile yer
degistirmesinin daha yogun bir mikro yapi ile sonuglandigi, gdzenekliligin azaldig1 ve basing dayaniminin
arttig1 rapor edilmistir [16-18]. Yapilan bagka bir ¢alismada [19], farkli oranlarda pomza tozu ikamesinin
(%25, %50 ve %75) geopolimer numunelerin farkli giinlerdeki (7, 28 ve 56 giin) basing dayanimina olan
etkisi aragtirtlmistir. Elde edilen sonuglara gore, geopolimer numunelerin basing dayaniminin zamanla
arttigl fakat 28 giin sonrasindaki dayanim artigin ¢ok diigiik oldugu hatta bazi numunelerde basing
dayaniminda diisisler gézlemlenmistir. Bunun sebebine ise deginilmemistir. %25 pomza eklenmesinin
geopolimer numunelerinin 7. giin basing dayanimini %8.79, 28. giin basing dayanimini ise %8.68 oraninda
diistirdiigii belirtilmistir. Daha yiiksek pomza ikamesinde (%50 ve %75) ise bu dayanimdaki azalmanin ¢ok
fazla oldugu rapor edilmistir. %50 oraninda pomza ilavesinin basing dayanimini 42.6 MPa degerinden 34.1
MPa degerine, %75 oraninda pomza ilavesinin ise basing dayanimini 16.69 MPa degerine diistirdiigii
gozlemlenmigtir [19].

Dolayistyla yapilan bu ¢alisma kapsaminda %20 ve %40 oranlarinda bazaltik pomza tozu, F-tipi ugucu kiil
ve ogiitiilmiis graniile yiiksek firin clirufu yerine ikame edilerek geopolimer har¢lardaki mekanik 6zelliklere
olan etkisinin arastirilmasi amaglanmistir. Ayrica, bazaltik pomza tozunun farkli sodyum hidroksit

molaritesinin (8M, 12M ve 16M) degisimi ile hangi oranda degistigi 7., 28. ve 56. gilinlerde detaylica
irdelenecektir.

2. DENEYSEL CALISMA
2.1. Malzemeler ve Karisim Oranlari

Geopolimer harglarin liretiminde bazaltik pomza tozu (P), F-tipi ugucu kiil ve 6giitilmiis graniile yiiksek
firin clirufu baglayict olarak kullanmilmigtir. Bazaltik pomza tozu %0, %20 ve %40 oranlarinda diisiik
kalsiyum igerikli F-tipi ucucu kiil ve ciiruf yerine esit oranda kullanilmistir. Pomzasiz serilerde ugucu kiil
ve ciiruf oranlari sirasiyla %50 ve %50, %20 oraninda pomza i¢eren numunelerde ugucu kiil ve ciiruf
oranlar1 %40 ve %40, %40 oraninda pomza i¢ceren numunelerde ugucu kiil ve ciiruf oranlar1 %30 ve %30
olarak kullanilmustir. Kullanilan bazaltik pomza, F-tipi ugucu kiil ve yiiksek firin ciirufu Sika sirketi
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tarafindan temin edilmistir. Kullanilan ince agrega, 4 mm’nin altinda dane boyutuna sahip dogal kumdur.
Toz halindeki pomzanin pargacik boyutu 200 pm’den kiigiiktiir; pomzanin 6zgiil agirligt 2,5 (g/cm?®) ve
Blaine inceligi 3700 (cm?/g) olarak belirlenmistir. Agrega dane dagilimi egrileri, diger ¢caligmalara benzer
bulunmustur [20, 21]. Cizelge 1’de pomza, ugucu kiil ve ciirufun fiziksel ve kimyasal 6zellikleri verilmistir.
Alkali aktivator olarak sodyum hidroksit (NaOH) ve sodyum silikat (Na;SiOs) kullamilmustir. Calisgmada
ayrica 3 farkli sodyum hidroksit molaritesi 8 M, 12 M ve 16 M kullanilmistir. Sodyum silikat ¢dzeltisi
(Na20: %11,4, SiOy: %30,1, su: %57,5 kiitlece) sivi olarak, NaOH ise %97-98 saflikta peletler halinde
temin edilmistir. NaOH ¢ozeltisi kullanilmadan en az bir giin 6nce hazirlanip, sogumasi saglanmistir.

Cizelge 1. Pomza, ciiruf ve ugucu kiiliin fiziksel 6zellikleri ve kimyasal bilesimi
Kimyasal Si02  AlOs CaO Fe:03 MgO SOs NaO K20

Yanma  Ozgiil

o 6009 60 69 o0 60t o0 G
Bazaltik 5812 21 1147 7 7 041 516 186 - 1.68 25
pomza

Ciiruf 3797 1327 3792 116 564 023 084 056 001 001 2.95

F-tipi ugucu

kil 56.15 26.37 1.79 6.44 235 005 1.1 3.8 0.09 2.2 2.05

2.2. Numunelerin Hazirlanmasi ve Kiir Kosullari

Pomza bazli geopolimer har¢ numuneleri beton iiretimine benzer sekilde laboratuvar ortaminda iiretilmistir.
Bir giin dncesinde alkali ¢dzeltisi hazirlanmis ve laboratuvar ortanunda 24 saat sogutulmustur. Ilk &nce
kuru malzemeler (kum, ciiruf, kiil, varsa pomza) homojenlik saglamak icin mikserde 2 dakika
karigtirilmistir. Daha sonra, dnceden hazirlanan alkali aktivatdr ¢ozeltisi mikserin i¢ine eklenmis ve 2
dakika daha karistirilmistir. Ardindan, siiper akiskanlastirici karigima dahil edilmis ve ek olarak 2 dakika
daha karigtirma iglemi gergeklestirilmistir. Pomza bazli geopolimer har¢larin karigtirma iglemi toplamda 6
dakika siirmiistiir. Islenebilirligi artirmak icin yiiksek oranda su azaltic1 katki maddesi (Sika Plastiment-15)
kullanilmis olup, dayanim i¢in ise sodyum silikat/sodyum hidroksit orani 2.5, aktivatdr/baglayici orani ise
0.45 olarak belirlenmistir [22, 23]. Numunelerde bazaltik pomza olmayan numuneler PO, %20 pomza iceren
numuneler P20 ve %40 pomza iceren numuneler ise P40 olarak isimlendirilmistir. ikinci terim NaOH
molaritesini gostermektedir. Ornegin, P40-16M numunesi %40 pomza igermekte olup, sodyum hidroksit
molaritesi 16 Molar olan geopolimer numuneleri gostermektedir.

Basing dayanim testi icin 50x50x50 mm kiip numuneleri iiretilip ASTM C39 standardina gore test
edilmistir. Egilme dayanim testi igin ise 40x40x160 mm prizmatik {iretilerek egilme dayanimlar
EN1015-11 standardi kullanilarak belirlenmistir. Numuneler {iretildikten hemen sonra tizeri alkali
¢ozeltinin buharlagsmasint Onlemek amaciyla plastik torbalarla kaplanmis ve geopolimerizasyon
aktivasyonu i¢in 65°C'de 48 saat siireyle 1s1 kiiri uygulanmustir. Is1 kiirii sonrasi geopolimer numuneler test
zamani gelene kadar oda sicakliginda (23+£2°C) tutulmustur. Sekil 1’de bazaltik pomza tozu, iiretilen
numuneler, uygulanan 1s1 kiiri ve egilme testi gosterilmistir. Cizelge 2’de ise geopolimer numunelerin
tiretilmesinde kullanilan malzeme miktarlar1 verilmistir. 8 M, 12 M, 16 M ifadelerinde ise sodyum hidroksit
molaritesi degismektedir.

ZZZTTTITNSSSSSSEE

Sekll 1. Bazaltlk pomza katkil geopohmer numuneler
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Cizelge 2. Geopolimer harglarda kullanilan malzeme miktarlar1 (g/l)

Malzeme PO P20 P40
(50C+50UV) (40C+40U+20P) (30C+30U+40P)

Kum 1608 1598 1587

Bazaltik pomza 0 107 212

Ciiruf 268 213 159

Ugucu kiil 268 213 159

Sodyum silikat 172 172 172
Sodyum hidroksit 69 69 69
Akigkanlagtirici 2 2 2

3. BULGULAR VE TARISMA
3.1. Birim Hacim Agirhk

Cizelge 3’de 50x50x50 mm ebatlarindaki kiip geopolimer harglarin birim hacim agirliklar: verilmistir. Elde
edilen sonuglara gore, pomza oranmin artmasi numunenin birim hacim agirhgmi azaltmaktadir. Birim
hacim agirliklarindaki azalmanin sebebi ise pomzanin 6zgiil agirligr ile mineral katkilarin 6zgil agirlig:
arasindaki farkla iligkilidir [24]. Bagka bir ¢alismada da pomza tozunun kademeli olarak artmasi birim
hacim agirhigimi diiglirmiistiir [25]. Ayrica, birim hacim agirliklart sodyum hidroksit molaritesi arttik¢a az
da olsa artmaktadir. Sodyum hidroksit molaritenin artmasi kati sodyum hidroksit par¢aciklarinin miktarinin
artirdigi i¢in numunelerdeki birim hacim agirligr artmstir.

Cizelge 3. Geopolimer numunelerin birim hacim agirliklar

Numune adi (g/cmd) Numune adi (g/cm?) Numune adi (g/ecm?)
PO -8M 2.36 PO -12M 2.38 PO -16M 242
8M P20-8M 2.34 12M P20-12M 2.35 16M P20-16M 2.38
P40-8M 2.28 P40-12M 2.30 P40-16M 2.32

3.2. Basin¢ Dayaninu Sonuglari

Cizelge 4°de ise farkli sodyum hidroksit molaritesine sahip ve pomza katkili geopolimer numunelerin 7.,
28. ve 56. giinlerdeki basing dayanimi sonuglar1 verilmistir. Her bir seri i¢in 3 numunenin ortalama basing
dayanim degeri alinarak numunelerin basing dayanimi elde edilmistir. Elde edilen sonuglara gore, en
yiiksek basing dayanimi PO-16M numunelerinde elde edilirken, en diisiik basing dayanimi ise P40-8M
geopolimer har¢ numunelerinde elde edilmistir. Sonuglara gore, geopolimer numunelere 65 °C 48 saat 1s1
kiiri uygulanmasina ragmen, basing dayanimlarindaki artisin zamanla devam ettigi goriilmektedir
(Sekil 2). Bu da geopolimerizasyon reaksiyonlarinin tamamlanmadigini gostermektedir. Ist kiri
uygulandiktan sonra artan basing dayanimlar literatiirde de rapor edilmistir [26,27]. Kullanilan pomza
oraninin artmasi geopolimer har¢ numunelerinde basing dayanimini diisiirmistiir. Fakat %20 pomza
kullanimi ile %40 pomza kullanimi arasindaki dayanim farki 6zellikle ¢ok azdir.

%40 pomza kullaniminda dahi 28. glinde elde edilen basing dayanim degerleri bir¢ok standartta yapilarin
ingaasinda kullanilmasi gereken beton numunelerde minimum basing dayanimi olan 25 MPa (silindir) ve
30 MPa (kiip) degerlerinden daha fazladir. Sekil 3’de ise sodyum hidroksit molaritesi degisiminin
geopolimer har¢ numunelerde basing dayanima olan etkisi gosterilmektedir. Sonuglara gore, sodyum
hidroksit molaritesi arttikga pomza katkili geopolimer numunelerin basing dayanimi da artmaktadir. En
diisiik basing dayanimi 8M numunelerinde, sonra 12M numunelerde, en yiikksek dayanim ise 16M
geopolimer numunelerde elde edilmistir. Molaritenin artmasi sonucu elde edilen daha alkali bir ortam,
pomzadan silika ¢6ziinmesini kolaylastirarak, dayanim artigina katki saglayan sodyum aliiminyum silikat-
hidratl jel (N-A-S-H), C-S-H (kalsiyum silikat-hidratli jel) ve C-A-S-H (kalsiyum aliiminyum silikat-
hidrath jel) geopolimerizasyon {irlinlerinin artmasini saglayarak dayanima katkida bulunmaktadir [3].
Ozellikle yiiksek kalsiyum igerigine sahip ciirufun alkali aktivasyonu sonucunda C-S-H ile C-A-S-H jelleri
olusurken, ugucu kiiliin aktivasyonu sirasinda ise ana jel N-A-S-H jelleri olusarak, geopolimer numunelerde
basing dayaniminin artmasii saglamaktadir [28,29]. Sonuglara gore, geopolimer har¢ numunelerde
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ogiitiilmiis graniile yiiksek firmn cilirufu ve F-tipi ugucu kiil yerine %40 oranlarina kadar bazaltik pomza
ikamesi yapilmasinin uygun olabilecegi sdylenebilir.
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Sekil 2. Numunelerinin farkli giinlerdeki ortalama basing dayanimi (MPa)
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Sekil 3. Numunelerinin farkli giinlerdeki ortalama basing dayanimi1 (MPa)

Cizelge 4. Numunelerin farkli giinlerdeki ortalama basing dayanimlari
Ortalama basing dayanimi (MPa)

Numune ad1 7 giin 28 giin 56 giin
P40-8M 21,6 33,3 44,14

8M P20-8M 26,4 36,56 44,77
P0-8M 33,3 45,32 53,46

P40-12M 23 35,71 45,95

12M P20-12M 26,8 37,14 46,06
P0-12M 35,9 46,43 56,61

P40-16M 27 37,95 48,11

16 M P20-16M 30,3 39,89 50,88
PO-16M 39,9 51,90 61,62

3.3. Egilme Dayanimi Sonuclari

Cizelge 5’te farkli sodyum hidroksit molaritesine sahip ve pomza katkili geopolimer numunelerin 7., 28.
ve 56. giinlerdeki ii¢ noktali egilme dayanimi sonuglar verilmistir. Her bir seri i¢in 3 numunenin ortalama
egilme dayanim degeri alinarak numunelerin ortalama egilme dayanimi elde edilmistir. Basing dayanimi
sonuglarina benzer sekilde, en yiiksek egilme dayanimi P0-16M numunelerinde 9.40 MPa olarak elde
edilirken, en diisiik egilme dayanimi ise P40-8M numunelerinde 5,84 MPa olarak elde edilmistir. Pomza
orani arttik¢a egilme dayanimi degerleri diismektedir. Sekil 4’de bazaltik pomza katkili geopolimer harg
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numunelerin farkli giinlerdeki ortalama egilme dayanim sonuglar1 gésterilmistir. Geopolimer numunelere
1st kiiri uygulanmasina ragmen, zaman arttikga numunelerin egilme dayanimlari artmistir. Bu da
geopolimerizasyon siirecinin ilk gilinlerde tamamlanmadigini, devam eden geopolimerizasyon
reaksiyonlarindan 6tiirii olusan C-S-H, C-A-S-H ve N-A-S-H jel olusumunun egilme dayanimini arttig
soylenebilir. Sekil 5’de ise sodyum hidroksit molaritesi degisiminin bazaltik pomza katkili geopolimer harg
numunelerin egilme dayanima olan etkisi gosterilmektedir. Sonuglara gore, sodyum hidroksit molaritesi
arttikca pomza katkili geopolimer numunelerin egilme dayamimi az da olsa artmaktadir. Ozellikle 7. giin
egilme dayanimlar1 sonuglarina gore en yiiksek egilme dayanimina sahip numuneler sodyum hidroksit
molaritesi 12M olan numuneler olmustur. Sonraki giinlerde ise en yiiksek egilme dayanimlart 16M
geopolimer har¢ numunelerde olmustur. Bunun sebebi olarak alkali ortamin kisa zamanda pomzadaki silisi
¢ozememesi olarak gosterilebilir. Elde edilen bu bulgular, pomza orani ve sodyum hidroksit molaritesinin
egilme dayanimi iizerinde belirleyici bir etkiye sahip oldugunu gostermektedir.

Cizelge 5. Bazaltik pomza katkili numunelerinin farkl giinlerdeki ortalama egilme dayanimi (MPa)
Ortalama egilme dayanimi (MPa)

Numune adi 7 giin 28 giin 56 giin
P40-8M 5,84 6,71 8,90
8M P20-8M 6,01 7,20 8,51
P0-8M 6,64 8,03 9,13
P40-12M 6,71 7,19 8,16
12M P20-12M 7,20 7,33 8,59
PO -12M 8,03 8,21 9,21
P40-16M 5,96 6,67 8,21
16M P20-16M 6,71 7,58 8,63
PO-16M 7,10 9,02 9,40
12
£ 10
=
= 8 I I =
g 6 = I = . : -
<
5 4
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o 2
= 0
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Sekil 4. Bazaltik pomzali geopolimer numunelerinin farkli giinlerdeki egilme dayanimi (MPa)

B7 glin W28 giin ™56 giin
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Sekil 5. Farkli molariteye sahip geopolimer numunelerinin ortalama egilme dayanimi (MPa)
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3.4. Ultrasonik Geg¢is Hiz1 Sonuclari

Yapilan caligma kapsaminda bazaltik pomza katkili geopolimer har¢ numunelerinin ultrasonik gegis hizi
(UPV) degerleri de elde edilmistir. Deneyde TS EN 12504-4’te belirtilen ultrases gegis hizinin tayini deneyi
uygulanmistir. Deneyde, 0,1 pus duyarlikli ultrases aleti ile t, pus ses gecis siireleri ve ultrasonik gecis hizi
(m/s) degerleri olgiilmiistiir.Cizelge 6’da bazaltik pomza katkili geopolimer har¢ numunelerin UPV
sonuglar1 gosterilmistir. Neville [30] ¢aligmasinda UPV degerlerine gore betonun mitkemmel, iyi, orta ve
kot olarak siralamistir. UPV degerleri < 3000 m/s ise kotii, 3000-3500 m/s arasi ise orta, 3500-4500 m/s
arasi ise iyi, >4500 m/s ise miikkemmel olarak siralamustir.

Cizelge 6. Pomza katkili numunelerinin farkli giinlerdeki ultrasonik ses gegis hizi (UPV) (m/s)
Ultrasonik ses gegis hizi (UPV) (us)

Numune ad1 7 giin 28 giin 56 giin

P40-8M 3002 3775 4493

8M P20-8M 3317 3991 4535
PO -8M 3776 4571 5110

P40-12M 3094 3935 4613

12M P20-12M 3347 4030 4620
PO -12M 3949 4645 5319

P40-16M 3357 4083 4756

16M P20-16M 3574 4212 4939
PO -16M 4211 5007 5650

Sekil 6’da 7., 28. ve 56. giinlerde UPV sonuglar1 gosterilmektedir. 7 giinlitk UPV sonuglar1 irdelendiginde
geopolimer har¢ numuneleri orta, 28 giinlik UPV verilerine gore iyi, 56 giinlik UPV sonuglarina gore
miikemmel olarak yorumlanabilir. UPV verilerinin diigitk olmasi bosluklu bir i¢ yapiya ve diisiikk yogunluga
isaret ederken, UPV verilerinin yiiksek olmasi i¢in bosluksuz ve yogun bir i¢ yapiy1 ve yiiksek yogunlugu
gostermektedir. Sekil 7°de ise farkli molariteye sahip bazaltik pomza katkili geopolimer har¢ numunelerin
UPV degerleri gosterilmektedir. Pomza kullanim oraninin artmasi geopolimer har¢ numunelerde UPV
degerlerini diigiirmiigtiir. UPV sonuglari basing dayanimi sonuglart ile kiyaslandiginda benzer sonuglar elde
edilmistir. Dolayisiyla UPV sonuglari ile basing dayanimi sonuglari arasinda bir iliski vardir. UPV
degerlerinin yiiksek olmasi geopolimer har¢ numunelerinde basing dayaniminin yiiksek olacagina isaret
etmektedir. Literatiirde de UPV degerleri ile basing dayanim degerleri arasinda dogru orantili bir iliski
oldugu rapor edilmistir [31].

16000
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‘g 14000 520 5319
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N 12000 4620 4756
= 4498453 2613
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o 7
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O 8000 W
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Sekil 6. Bazaltik pomzali geopolimer humunelerinin ortalama ultrasonik ses gegis hizi (m/s)
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Sekil 7. Farkli molariteye sahip geopolimer numunelerinin ultrasonik ses gegis hizi (m/s)

4. SONUCLAR

Yapilan bu ¢alismada %20 ve %40 oranlarinda F-tipi ugucu kiil ve 6giitiilmiis graniile yiiksek firin ciirufu
yerine kullanilan bazaltik pomza ile {iretilmis geopolimer numunelerin 7., 28., ve 56. giinlerde basing ve
egilme dayanimlar1 ve ultrasonik ses ge¢is hizi (UPV) sonuglari irdelenmistir. Ayrica farkli sodyum
hidroksit (NaOH) molaritelerinin (8 M, 12 M ve 16 M) bazik pomza ikameli geopolimer harglarin mekanik
dayanimina olan etkisi de aragtirilmistir. Elde edilen sonuglara gore;

Uretilen bazaltik pomzali geopolimer harglarin taze birim hacim agirhigi, pomzasiz karigimlara gore
azalmistir. Ozellikle %40 ve %20 pomza igeren karisimlar, %0 pomza igeren karisimlara kiyasla daha
disiik birim hacim agirligt degerlerine sahiptir. Bu durum, pomza kullanim orani arttikga geopolimer
harglarin agirhiginda azalma oldugunu ortaya koymaktadir. Sonug olarak, pomza kullanimi geopolimer
harglarla daha hafif yapilarin elde edilmesi sayesinde insaat uygulamalarinda 6nemli avantajlar saglayabilir.

Basing ve egilme dayanimi sonuglarina gore, pomza kullanim oranindaki artigin dayanim sonuglarinda bir
diisiise neden oldugu gozlemlenmistir. Elde edilen dayanim sonuglara gore, en yiiksek basing ve egilme
dayanimlar1 PO-16M numunelerinde elde edilirken, en diisiik basing ve egilme dayanimlari ise P40-8M
geopolimer har¢ numunelerinde elde edilmistir. Sonuglara gére, geopolimer numunelere 65 °C 48 saat 1s1
kiiri uygulanmasina ragmen, basing ve egilme dayanimlarindaki artisin zamanla devam ettigi
goriilmektedir. Bu da geopolimer numunelerde geopolimerizasyon reaksiyonlarinin uzun siire devam
ettigini kanitlamaktadir.

Basing ve egilme dayanim degerleri ultrasonik ses gegis hizi degerleri ile iliskili olup, elde edilen UPV
degerlerine gore 7 giinlilk pomza katkilt numuneler orta, 28 giinliik numuneler iyi, 56 giinliik numuneler
ise mitkkemmel olarak siniflandirilmaktadir. Hem dayanim hem de UPV sonuglarina gore yiiksek firmn
clirufu ve ucucu kiil yerine %40 oranlarinda bazaltik pomza baglayici olarak geopolimer numunelerin
iiretiminde kullanilabilir.

8M, 12M ve 16M sodyum hidroksit molaritesinin dayanim sonuglarina etkisi incelendiginde, artan sodyum
hidroksit molaritesi pomza katkili geopolimer numunelerin dayanim degerlerini artirmistir. Molaritenin
artmastyla beraber pomzadaki silisin ¢6ziinmesini daha kolay hale gelmekte, bu da dayanim artigina katki
saglayan N-A-S-H, C-A-S-H ve C-S-H geopolimerizasyon triinlerinin olusumunu saglayarak dayanima
katkida bulunmaktadir
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effectiveness in achieving an electric vehicle design's
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Bu aragtirma, gelismis yapisal optimizasyon teknikleri, 6zellikle
topoloji ve sekil optimizasyonu kullanilarak bir elektrikli
otomobil batarya paketi muhafaza profili optimizasyonuna
odaklanmaktadir. Sekil optimizasyonu agamasinda, izin verilen
gerilme kisitlamalarini ihlal etmeden bilesenin agirligini en aza
indirmek i¢in yeni gelistirilen Runge-Kutta optimizasyon
algoritmast (RKOA) uygulanmistir. Hedef ve kisit
fonksiyonlarim1 dogru bir sekilde modellemek igin yapay sinir
agl (ANN) vekil modelleme yontemi kullanilmistir. Bulgular,
RKOA'nin Harris Hawks algoritmasina kiyasla daha iyi
optimizasyon sonuglari verdigini ve hafif ve yapisal olarak
saglam bir elektrikli ara¢ batarya paketi muhafaza kutusu
tasarimi elde etmede etkinligini gosterdigini ortaya koymaktadir.
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1. INTRODUCTION

The automobile has been widely used in daily life for over a century. The demand for low-cost and
lightweight vehicle components is increasing in the automotive industry to meet cost-effective solutions.
Automotive components are often subjected to unpredictable loads that can cause localized deformations.
Therefore, defining proper design criteria is crucial to ensure the desired performance characteristics.
Among these components, the electric vehicle's battery pack housing profile plays a vital role in vehicle
safety.

Recently, software tools based on structural optimization techniques have gained considerable attention for
enabling rapid and efficient design of automotive components [1-9]. For instance, [2] aimed to reduce
weight in electric vehicle body structures by employing carbon twill weave fabric composites. In [7], an
automotive cross-car beam's topology, size, and shape optimization were investigated to enhance its
structural performance. Using advanced finite element analysis and optimization techniques, they explored
design variations that minimize weight while maintaining stiffness and crashworthiness. The study
confirmed that optimized cross-car beam designs can significantly reduce mass without sacrificing safety
or functionality. Various design scenarios were analyzed numerically to evaluate structural performance
under lightweight conditions. The results demonstrated that the composite body structure can provide
significant mass savings without compromising safety and stiffness. As the service life of a vehicle is
closely linked to its weight, weight reduction efforts are paramount in automotive design. Topology
optimization is a widely adopted structural optimization approach used to generate optimal geometries and
material distributions for components. This method offers an efficient material layout that assists designers
in initiating the product development process with a strong foundation.

Swarm intelligence-based optimization technigues have been successfully implemented to solve real-world
problems across many disciplines, including the automotive and healthcare sectors. These methods offer
effective solutions for almost all design problems and outperform conventional techniques by not requiring
derivative information [10-20].

With the increasing interest in automobiles, the selection of appropriate optimization methods has become
crucial to achieving optimal designs and contributing to efficient product development. In this study, the
Runge-Kutta optimization algorithm (RKOA) was employed to design the optimal battery pack housing
profile of an electric vehicle. Introduced in [10], the Runge-Kutta optimization algorithm (RKOA) has been
successfully applied to problems such as gear design, three-bar truss structures, and marine propeller
optimization. Moreover, [16] demonstrated its superiority in solving complex engineering design
optimization problems, including brake disc design, welded beam problems, DC motor design, and motor
speed reducers, outperforming other algorithms in these cases.

Given its proven success in engineering design applications, the Runge-Kutta optimization algorithm
(RKOA) was selected for use in this study. An electric vehicle's battery pack housing profile was optimized
using the Runge-Kutta optimization algorithm and the Harris Hawks algorithm. Comparative results
demonstrate that the Runge-Kutta optimization algorithm(RKOA) performs better. These findings indicate
that the Runge-Kutta optimization algorithm(RKOA) can be effectively employed to solve challenging
design optimization problems.

2. MATERIAL AND METHOD

This paper uses the Runge-Kutta optimization algorithm(RKOA) to optimize battery pack housing profiles
of electric vehicles. The Runge-Kutta optimization algorithm (RKOA) [16] is a metaheuristic technique
inspired by the classical Runge-Kutta method used in numerical analysis. It applies a step-by-step
prediction and correction strategy to improve the precision of solution updates throughout the optimization
process. The Runge-Kutta optimization algorithm (RKOA) effectively balances global exploration and
local exploitation by modeling solution trajectories in a multi-dimensional space. It is especially suited for
tackling challenging nonlinear optimization problems where conventional algorithms often fall short.
Additionally, RKOA’s adaptive nature helps preserve diversity within the population and reduces the risk
of getting trapped in local optima.
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3. STRUCTURAL OPTIMIZATION OF THE ELECTRIC VEHICLE BATTERY
PACK HOUSING PROFILE

The battery pack housing profile of an electric vehicle has a vital role in vehicle design, as shown in Figure 1.
This research optimized the structural design using the Runge-Kutta optimization algorithm (RKOA). ST37
steel was selected as the construction material due to its suitable mechanical properties. The optimization aimed
for performance while maintaining structural integrity.

Figure 1. Battery pack housing profile of electric vehicle three-dimensional representation
This design problem can be formulated as follows:
Min  F(x) = Weight(x) @
Constraints:

Stress(x) < Maximum Stress (2)

Xl <x; <x¥% i=1,TSD, (3)

The goal of the problem is to reduce the structural mass by adjusting the design variables within the
specified lower (xI) and upper (xu) bounds. A stress constraint is included to ensure the design remains safe
under operational loading conditions. The maximum stress is limited to 200 MPa, which corresponds to the
yield strength of the chosen material. This constraint is represented by the peak stress experienced by the
component under the defined boundary conditions.

P

Figure 2. Boundary conditions of the battery pack housing profile of an electric vehicle

The initial geometry and boundary conditions applied to the battery pack housing profile of the electric
vehicle are presented in Figures 1 and 2, respectively. The finite element model developed for the analysis
comprises 13.026 nodes and 11.415 elements. In the conducted topology optimization, the objective
function was set as compliance minimization, while volume reduction served as the constraint. This
configuration established the foundation for the battery pack housing profile of the electric vehicle’s
topology optimization process.
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Figure 3. Optimized material layout from topology optimization

Using the topology optimization results in Figure 3, a new battery pack housing profile for electric vehicle
design was developed. The white areas in Figure 3 represent regions where material can be eliminated.
Guided by these results, a redesigned 3D model was created, as shown in Figure 4, reflecting the optimized
geometry suggested by the finite element analysis. Stress distribution for the redesigned battery pack
housing profile of the electric vehicle is shown in Figure 5.

Figure 4. Redesigned the battery pack housing profile of an electric vehicle

Figure 5. Stress distribution for the redesigned battery pack housing profile of an electric vehicle
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Figure 6. Design variables

In the battery pack housing profile of electric vehicle’s shape optimization, three key design parameters
were selected, as illustrated in Figure 6, with their values restricted between specific upper and lower
bounds: 5 < X; <20, 6 < X><22, 8 <Xs3<26, 30 < X4 <50, and 5< Xs< 15. The optimization problem,
governed by Equations (1-3), was addressed using the Runge-Kutta optimization algorithm (RKOA)
applied in this study. The artificial neural network (ANN) surrogate modeling technique was employed to
obtain the objective and constraint functions accurately.

The objective was to achieve the minimum possible weight for an electric vehicle's battery pack housing
profile while maintaining stress levels within safe limits. Both the goal and the constraint functions were
explicitly formulated to reflect these conditions.

Figure 7. The optimum battery pack housing profile of electric vehicle design obtained using the
Runge-Kutta optimization algorithm

The final optimized design obtained through the shape optimization process is depicted in Figure 7. In
Figure 8, the stress distribution for the optimum battery pack housing profile of an electric vehicle is shown.

Figure 8. Stress distribution for optimum battery pack housing profile of an electric vehicle
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Table 1 summarizes the outcomes of the battery pack housing profile of electric vehicle optimization using
the RKOA algorithm. Following the optimization, the weight of the battery pack housing profile of the
electric vehicle decreased from 1252.6 grams to 1068.3 grams. This change represents a weight reduction
of approximately 14.7% compared to the initial design.

Table 1. Optimization outcomes for the electric vehicle battery box side profile

Method Weight (grams) Stress (MPa)
Initial design 1252.6 118
Redesigned model of the side profile 1194.1 136
Harris Hawks algorithm 1134.1 178
Runge-Kutta optimization algorithm 1068.3 190

Table 2 displays the comparison results obtained from 30 separate optimization runs. Each run was
conducted with a population size of 30 and iterated over 100 generations. The Runge-Kutta optimization
algorithm (RKOA) outperformed the Harris Hawks algorithm (HHA) across all key metrics, including
minimum, maximum, mean, and standard deviation. These findings highlight the effectiveness and
consistency of RKOA in addressing the shape optimization of the battery pack housing profile of an electric
vehicle.

Table 2. Optimization statistics for the battery pack housing profile of an electric vehicle

Method Minimum _ Mean Maximum
weight (grams) weight (gram) weight (gram)
Initial design 1252.6 1252.6 1252.6
Redesigned model of the side profile 1194.1 1194.1 1194.1
Harris Hawks algorithm 1134.1 11504 1180.6
Runge-Kutta optimization algorithm 1068.3 1085.7 1098.6

4. RESULTS AND DISCUSSION

This research explores the application of the Runge-Kutta optimization algorithm (RKOA) for the structural
optimization of the battery pack housing profile of electric vehicle components. The study aims to support
the development of lightweight yet structurally sound designs, addressing the increasing demands of
optimization in the automotive sector. By applying the Runge-Kutta optimization algorithm (RKOA), the
weight of the battery pack housing profile of the electric vehicle was reduced by 14.7% from 1252.6 g to
1068.3 g without exceeding allowable stress thresholds. A comparative evaluation in Tables 1 and 2
confirms that the Runge-Kutta optimization algorithm (RKOA) outperforms the Harris Hawks algorithm
in terms of efficiency, reliability, and consistency. The results demonstrate that the Runge-Kutta
optimization algorithm (RKOA) is a promising tool for tackling various engineering optimization tasks.
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Biiyiik verilerin hayatimiza girmesi ile bu verilerle elde edilebilecek
bilgiler de artmustir. Ozellikle derin 6grenmeye yénelik olmak iizere
makine Ogreniminin yaygin kullanimi sayesinde biiyiik veri
kiimelerinden anlamli c¢ikarimlar yapabilmek miimkiin hale
gelmistir. Ancak son kullanicilar, olusturulan modellerin seffaflik,
yorumlanabilirlik ve giivenilirlik gibi bazi eksiklikleri ile karsi
karsiya kalmaktadir. Bu eksikliklerin giderilmesi i¢in gelistirilen
“Agiklanabilir Yapay Zekd (AYZ)”, sistematik bir yaklagim ile
olusturulan modelin ve alinan kararlarin kullanicilar tarafindan
anlasilmasini ve modellerin giivenilirliginin nasil degerlendirilmesi
gerektigini agiklayabilmektedir.

Bu calismada saglik alaninda AYZ kullanimi ve faydalar1 hakkinda
bilgi verilmektedir. Ayrica ¢alisma, saglik alaninda AYZ
kullanimina 6rnek olmasi agisindan, meme kanseri hastalarinin
cesitli  parametrelere bagl  olarak  sag/6li  durumlarinin
ongoriilmesine olanak saglayan bir uygulama icermektedir.
Oncelikle, makine Ogrenmesi algoritmalari  kullanilarak
siiflandirma  ¢aligmas1  yapilmigtir.  Ardindan en bagarili
siniflandirma modelinin sonuglarinin agiklanabilirligi i¢in bir AYZ
yontemi olan SHAP teknigine bagvurulmustur. Sonuglar, AYZ
kullanimmin modelin karar verme siirecinin nedenlerini daha iyi
anlamamiza yardimei oldugunu gostermektedir.
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With the advent of big data, the potential to derive valuable insights
has significantly increased. The widespread use of machine
learning, especially deep learning, has made it possible to extract
meaningful patterns from large datasets. However, end-users often
encounter issues related to the transparency, interpretability, and
reliability of these models. To address such concerns, Explainable
Artificial Intelligence (XAl) has been developed to systematically
clarify how models work and how their decisions can be understood
and trusted.

This study explores the use and benefits of XAl in the healthcare
domain. As an example, it presents an application that predicts the
survival status (alive or deceased) of breast cancer patients based on
various clinical parameters. Initially, classification was performed
using machine learning algorithms. To interpret the results of the
most successful model, the SHAP (SHapley Additive exPlanations)
technique, a prominent XAl method, was applied. Findings indicate
that XAl enhances understanding of model decisions and supports
trustworthy Al applications in healthcare.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Saghk Alaninda Aciklanabilir Yapay Zeka Kullanimi Uzerine Bir Uygulama

1. GIRIS

Yapay zeka (YZ) giinlimiizde bir¢ok endiistride 6nemli bir rol oynamaktadir. YZ, bilgisayar sistemlerine
insan benzeri zekaya sahip olma yetenegi kazandiran bir bilim dalidir. Bu teknoloji, biiyiik veri setlerinden
anlamli bilgiler ¢ikarma, karmagik problemleri ¢6zme, 6ngorii yapma ve kararlar alma gibi bir dizi avantaj
saglamaktadir. YZ, birgok farkli alanda ¢esitli uygulamalara sahip ¢ok yonlii bir teknolojidir. YZ, finansal
hizmetlerde; risk degerlendirmesi, sahtecilik tespiti, portfoy yonetimi ve miisteri hizmetleri gibi alanlarda
kullanilmaktadir. Perakende ve e-ticarette, biiylik veri analizi ve Oneri sistemleri gibi YZ teknikleri, miisteri
davraniglarin1 anlama, stok yonetimi, fiyatlandirma ve kisisellestirilmis pazarlama gibi alanlarda
kullanilmaktadir. YZ Ulasim ve lojistik alaninda; trafik yonetimi, rotalama, teslimat planlamasi ve
stirliciisliz ara¢ teknolojileri gibi alanlarda 6nemli bir rol oynamaktadir. Enerji ve ¢evre sektdrlerinde, enerji
verimliligi, glines paneli optimizasyonu, akilli sebeke yonetimi gibi alanlarda enerji tiiketimini optimize
etmeye yardimci olurken, ¢evre koruma alaninda da su kalitesi izleme, hava kirliligi izleme gibi
uygulamalarda kullanilmaktadir. Egitim sektoriinde ise YZ, 6grenci performansini izleme, kigisellestirilmis
O0grenme deneyimleri sunma ve egitim materyallerini gelistirme gibi uygulama alanlarina sahiptir. YZ,
saglik sektoriinde, hastaliklarin erken teshisi, tedavi planlamasi, tibbi goriintii isleme ve ilag kesfi gibi
konularda kullanilabilmektedir [1].

YZ goriildiigii tizere, veri yogun ve karar verme gerektiren hemen hemen her alanda kullanilabilecek genis
bir potansiyele sahiptir. Ancak, YZ'nin kullanimi bazi dezavantajlari da beraberinde getirmektedir.
Ozellikle, derin 6grenme gibi karmasik YZ modelleri, genellikle karar alma siireclerinin nedenlerini
aciklamakta zorlanmaktadir ve bu da giivenilirlik, seffaflik ve yorumlanabilirlik eksikliklerine yol
acabilmektedir. [2]. YZ’nin karar alma siire¢lerinde nihai karara ulagmasina olanak saglayan yap1 kara kutu
modeller olarak nitelendirildigi i¢in, alinan kararlarin gerekgelerinin son kullanici tarafindan
anlagilabilirligi bir sorun olarak karsimiza ¢ikmakta, bu da giivenilirlik noktasinda eksikliklere neden
olmaktadir. Bu eksiklikleri gidermek i¢in Agiklanabilir Yapay Zeka gelistirilmistir [3]. AYZ, yapay zeka
modellerinin karar verme siireglerini seffaf hale getirerek kullanicilarin modelin isleyisini anlamasina ve
alman kararlarin giivenilir bicimde degerlendirilmesine olanak saglamaktadir. AYZ i¢in kullanilan
teknikler arasinda LIME (Local Interpretable Model-agnostic Explanations), SHAP (SHapley Additive
exPlanations) ve ICE (Individual Conditional Expectation) gibi yontemler bulunmaktadir [4].

Saglik alaninda, YZ teknolojisinin genis bir kullanim alan1 mevcuttur. Hastalara daha iyi bakim saglamak
ve saglik hizmetlerini optimizasyonu, hastaliklarin erken teshisi, tedavi planlamasi, hasta monitdrizasyonu,
tibbi goriintiileme analizi ve ilag kesfi gibi bir¢ok alanda siklikla kullanilmaktadir [5]. Ancak, bu alanlarda
kullanilan karmasik YZ modellerinin karar alma siireglerini agiklamakta zorlanmasi, saglik profesyonelleri
ve hastalar arasinda giiven sorunlarina neden olabilir. Bu nedenle AYZ’nin saglik alaninda kullanimi
eksikliklerin giderilmesini saglar. AYZ, karmasik yapay zeka modellerinin karar alma siireclerini
aciklayarak, saglik profesyonellerine ve hastalara kararlarin nedenlerini anlama ve giivenle degerlendirme
olanag1 sunar. Ornegin, bir hastaligin teshis edilmesinde kullanilan AYZ modelleri, hangi belirtilerin teshis
icin belirleyici oldugunu ve teshisin nasil yapildigin1 anlatarak, doktorlarin hastalik durumunu daha iyi
anlamalaria yardimei olabilir [6]. Bu da tedavi planlamasi ve hasta bakiminda daha iyi kararlar alinmasina
olanak tamimaktadir. Saglik alaninda, AYZ'nin kullanimi sadece hastalarin daha iyi bakim almasini
saglamakla kalmaz, aym1 zamanda saglik hizmetlerinin etkinligini artirir, maliyetleri azaltir ve saglik
profesyonellerinin karar alma stireclerinde daha giivenli hissetmelerini saglar. Bu nedenle, saglik alaninda
AYZ'nin kullaninu giderek daha biiyiik bir 6nem kazanmaktadir [7].

AYZ’nin saglik alaninda kullanimi1 da hizla yayginlasmaktadir. Hastalik teshisi i¢in literatiirde ¢ok farkl
ornekleri bulunmaktadir. Maymun Cigegi deri lezyonlarinin simiflandirilmasinda [8], tiiberkiiloz teshisinde
[9], beyin tiimorii tespitinde [10], Alzheimer hastaliginin siniflandirilmasinda [11], akciger kanseri tespiti
[12] vb. calismalarda ¢ogunlukla da goériintii isleme ile entegre AYZ teknikleri kullanilmaktadir. Ayrica
ameliyat yontemlerinin degerlendirilmesi asamasinda da literatiir hizla genislemekte ve ameliyat
yontemlerinin hangisinin tercih edilecegi noktasinda hekimlere agiklanabilir, seffaf kararlar sunulmaktadir
[13]. Saglik alaninda AYZ uygulamalari ile ilgili detayli literatiir taramalari i¢in Yang [14], Tjoa ve Guan
[15] ve Sun ve arkadaslar1 [16] nin ¢alismalar1 irdelenebilir.
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Mevcut literatiirde saglik alaninda AYZ uygulamalari agirlikli olarak goriintii isleme temelli tani
sistemlerine odaklanmaktadir. Bununla birlikte, klinik ve demografik parametrelerin agiklanabilir
modellerle degerlendirilmesine yonelik calismalar sinirlidir. Bu boslugu gidermek amaciyla, bu calisma
meme kanseri hastalarinin hayatta kalma durumunu makine 6grenmesi algoritmalar ile siniflandirmakta
ve en basarili modelin sonuclarini SHAP yontemi ile yorumlamaktadir. Calismanin 6zgiin katkisi, yalnizca
dogru tahminler yapmakla kalmayip, ayn1 zamanda tahminlerin hangi faktorlerden kaynaklandigini seffaf
bi¢cimde ortaya koymasidir. Boylece saglik alaninda AYZ tabanli karar destek sistemlerine duyulacak
giivenin artirilmasi hedeflenmektedir.

Bu calismada AYZ’nin saglik alaninda ne amagla ve nasil kullanilabilecegini agiklamak i¢in detayli bir
ornek verilecektir. Calismanin 2. Boliimiinde kullanilacak olan ydntemlerden bahsedilecek olup, 3.
Boliimde saglik alaninda 6rnek bir AYZ uygulamasi yapilacaktir. 4. Béliimde sonuglar irdelenecektir. 5.
Boliimde gelecek ¢aligmalardan bahsedilecektir.

2. YONTEM

Seffaflik, yorumlanabilirlik ve aciklanabilirlik AYZ’nin kara kutu modellere nazaran sagladigi en 6nemli
avantajlardandir. Kara kutu modeller, son kullanicilarin modelin davranigini anlamasint zorlastirmakla
beraber, potansiyel Onyargilari veya hatalar1 tespit etmelerini veya modeli kararlarindan sorumlu
tutmalarin1 engeller. Bu eksikliklerin giderilmesi amaci ile kullanimi gittikge yayginlasan AYZ, akademik
calismalar ve uygulayicilar tarafindan yaygin sekilde kullanilmaya baslanmistir. Google Trend verilerinden
elde edilen bilgilere gére son 10 y1l i¢in diinya genelinde “Agiklanabilir Yapay Zeka (Explainable Artificial
Intelligence)” terimine gosterilen ilgi Sekil 1°de goriildiigi iizere 2018 sonrasinda keskin bir sekilde artis
gostermistir. Bu artisin arkasinda Avrupa Birligi'nin GDPR (Genel Veri Koruma Tiiziigii) gibi
diizenlemelerle otomatik karar alma mekanizmalarinda seffaflig1 zorunlu kilmasi, yapay zekanin saglik ve
finans gibi yiiksek riskli alanlarda yayginlasmasiyla hesap verilebilirlige olan ihtiyacin artmasi ve etkili
aciklanabilirlik yontemlerinin literatiire kazandirilmasi gibi 6nemli etkilerin oldugu diistiniilmektedir.

100

75

50
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Mot
Not

1 Mar2015 1Nis 2018 1 May 2021 1Haz 2024

Sekil 1. AYZ Google Trend verileri

AYZ terimi literatiirde ilk olarak simiilasyon oyunlari uygulamalarinda yapay zeka tabanli entitilerin
(nesnelerin) davramislarini agiklamak i¢in Van Lent vd. nin ¢alismasinda tanimlanmustir [17]. Genel olarak
AYZ Sekil 2°de gosterilen bir akisa sahiptir. ilk olarak, veri toplama ve on isleme adimlar
gerceklestirilmektedir. Bu agamada veriler temizlenir, eksik degerler diizenlenir ve modellemeye uygun
hale getirilir. Tkinci asamada, egitim, test ve dogrulama siiregleri ile makine 6grenmesi veya derin 6grenme
temelli kara kutu modelleri olusturulur. Ancak bu modellerin i¢ isleyisi kullanici tarafindan dogrudan
gorlilemez veya kolayca yorumlanamaz. Bu modeller yiiksek dogruluk oranlar1 saglayabilse de, karar
siireglerinin neden ve nasil olustugu c¢ogunlukla anlasilamamaktadir. Ugilincii asamada, modelin
performansi cesitli istatistiksel olgiitler (dogruluk, hassasiyet, duyarlilik vb.) ile degerlendirilmektedir.
Ancak kara kutu yapinin temel sinirliligi, yalnizca bu performans 6l¢iimleri ile yetinilmesi ve modelin karar
mantiginin kullaniciya agiklanamamasidir. Olusturulan YZ modelinin basarisinin degerlendirilmesinin
ardindan AYZ igin uygun model (LIME, SHAP, ICE vb.) yontemleri segilir ve uygulanir [18] [19]. Son
asamada devreye giren AYZ teknikleri, olusturulan modellerin karar mekanizmasim seffaflagtirmayi
amaclamaktadir. Bu sayede, kullanicilar modelin hangi girdilerden nasil etkilendigini anlayabilmekte ve
sonuglart daha giivenilir bigimde yorumlayabilmektedir [20].
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Sekil 2. Kara kutu modeller ve AYZ

Son yillarda hizla biiyiiyen bir literatiire sahip olan AYZ’ye ait taksonomi Sekil 3°te verilmistir [21]. Bu
calismada modellerin aciklanabilirligi i¢cin kullanilan SHAP yontemi tercih edilmistir. SHAP yonteminin
tercih edilmesinin baglica nedenlerinden biri saglik alanindaki modellerde yalnizca lokal degil, kiiresel
aciklamalarin da yapilabilmesinin biiyiik 6nem tasiyor olmasidir [22]. SHAP, hem tiim hasta grubu igin
genel egilimleri hem de tek bir hasta igin bireysel tahminleri yorumlama imkani sunmaktadir. Ayrica
SHAP, ozellikler arasindaki dogrusal olmayan iligkileri daha iyi yakalayabilmekte [23] ve bu durum
karmagik yapili klinik verilerin agiklanmasinda ek avantaj olarak karsimiza ¢ikmaktadir. Bu nedenlerle,
caligmada agiklanabilirlik yontemi olarak SHAP kullanilmasi uygun bulunmustur. Kullanilacak olan SHAP
AYZ tekniginin detaylar1 Bolim 2.1°de verilmistir.

AYZ
taksonomisi
| | - | | | | |
Asama Kapsam |Prob|em Tipi| Girdi Verisi| [Ciktt Format1|
——
Ante-Hoc Post-Hoc Yerel (Local)[f=Siniflandirm Niimerik/ Niimerik
Kategorik
Modelden Kiiresel =
Bagimstz | (Global) Regresyon Gorsel Kural
=Modele Ozgii

Metinsel Metinsel

Zaman Serisil Gorsel
-4 Vektorel |

Karisik

Sekil 3. AYZ taksonomisi [21]

2.1. SHAP

Makine 6grenimi modellerinin karar verme siireglerini seffaf hale getirmek icin gelistirilen SHAP yontemi,
oyun teorisine dayali olarak her bir 6zelligin tahmine katkisini adil bigimde hesaplamay1 amaglar [24]. Bu
yaklasim, Shapley [25] tarafindan ortaya konulan Shapley degerlerini temel alir ve her bir 6zelligin
(6zellikle i) model ¢iktisina yaptig1 marjinal katkiyi, tiim olasi 6zellik kombinasyonlari iizerinden ortalama
alarak tanimlar. SHAP degerinin matematiksel formiilasyonu Esitlik 1°deki gibidir:
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ISItAFI=|S|-1)!
|F|!

?;(f) = Xscr [f (SU{i} = f(S)] (1)
Bu denklemde F ozellikler kiimesini, S ise bu kiimenin i'yi igermeyen bir alt kiimesini temsil eder. Ayrica
@;(f), ozellik i’nin katkist; f(S)] ise S altkiimesinin modele sagladigi katkiy: ifade etmektedir. Esitlik, i
ozelliginin modele ne kadar katki sagladigini hesaplamak igin, i'nin dahil edilip edilmemesi durumundaki
model ¢iktisi farklariin ortalamasini alir [26]. Bu yaklagim, modelin agiklanabilirligini artirirken karar
destek sistemlerinde giivenilirlik agisindan 6nemli avantajlar sunmaktadir.

3. UYGULAMA CALISMASI

Bu uygulama c¢aligmasinda, meme kanseri hastalarinin teshis aldiktan sonra &lii/ hayatta kalma
durumlarmin veri madenciligi teknikleri ile tahmini ve ardindan modelde ele alinan hasta 6zelliklerinin
model tahmini iizerinden etkisi ve modelin sonuglarinin AYZ teknikleri ile agiklanabilirligi tizerine
odaklanilmistir.

Kullanilan veri seti agik bir kaynaktir ve meme kanseri hasta veri seti, Ulusal Kanser Enstitiisii’niin
(National Cancer Institute) niifus tabanli kanser istatistikleri saglayan SEER Programi’ndan elde edilmistir.
Ulusal Kanser Enstitiisii’niin veri tabaninda bilimsel ¢alismalarda kullanilmak iizere paylasilmig olan veri
seti, 2006-2010 yillar1 arasinda infiltratif duktal ve lobiiler karsinom meme kanseri tanis1 almig hastalarin
kayitlarini igermektedir [27]. Veri seti, meme kanseri teshisi sonrasi 3408 sag kalim, 616 6liim olmak iizere
4024 hastaya ait 14 farkli parametrenin bilgilerini igcermektedir.

Veri setine iliskin 6zellikler asagida verilmistir:
A. Girdi degiskenleri:
1.Demografik Ozellikler:
e Yas, Irk ve Medeni Durum
2.Tiimér Ozellikleri:
e  Timdr Boyutu: Tiimdriin boyutunu temsil etmektedir.
e T Evresi: Tiimoriin T evresini (tiimor biiyiikliigii ve yayilim 6l¢iisii) temsil etmektedir.
e N Evresi: Tiimoriin N evresini (lenf diigiimii tutulumu 6l¢iisii) temsil etmektedir.
e 6. Evre: Kanserin genel evresini (T, N ve M evrelerinin kombinasyonu) temsil etmektedir.
e Derece (Grade): Tiimdr derecesini (kanser hiicrelerinin ne kadar anormal goriindiigiini)
temsil etmektedir.
e Farklilagsma: Tiimor hiicrelerinin ne kadar farklilastigini temsil etmektedir.
3. Hormonal Durum:
e Ostrojen Durumu: Tiimdriin &strojen reseptdr durumunu temsil eder, sayisal olarak
kodlanmustir.
e Progesteron Durumu: Tiimoriin progesteron reseptér durumunu temsil eder, sayisal olarak
kodlanmustir.
4. Bolgesel Lenf Diiglimleri:
e Bolgesel Diigiim incelendi: Incelenen bélgesel lenf diigiimlerinin sayisini temsil etmektedir.
e Bolgesel Diigiim Pozitif: Kanser agisindan pozitif olan bdlgesel lenf diigiimlerinin sayisini
temsil etmektedir.
5. A Evresi:
e A Evresi: Kanserin A evresini (metastaz 6l¢iisii) temsil eder, sayisal olarak kodlanmistir.
B. Cikt1 Degiskeni:
Durum: Hastanin hayatta kalma durumunu temsil etmektedir (0: Olii, 1: Hayatta).

3.1. Veri On isleme

Caligmanin tiim kodlamalar1 Python programlama dili aracihig1 ile yapilmustir. Oncelikle veri seti veri n
isleme asamasina tabii tutulmustur. On islemede girdi ve ¢ikt1 siitunlarinda yer alan verilerin yapisi tespit
edilmistir. Verilerin tamsay1, kategorik vs. gibi siniflandirmalar1 yapilmistir. Bos hiicre olup olmadig: da
es zamanli olarak kontrol edilmistir. Cizelge 1°de verilerin 6zellikleri goriilmektedir.
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Cizelge 1. Veri yapilan

Degiskenler Dolu hiicre Veri tipi
Yas 4024 Niimerik
Irk 4024 Kategorik
Medeni durum 4024 Kategorik
T_evresi 4024 Kategorik
N_evresi 4024 Kategorik
6.Evre 4024 Kategorik
Farklilasma 4024 Kategorik
Derece 4024 Kategorik
A evre 4024 Kategorik
Timor boyutu 4024 Niimerik
Ostrojen durumu 4024 Kategorik
Progesteron durumu 4024 Kategorik
Bolgesel diigiim incelendi 4024 Niimerik
Bolgesel diigiim pozitif 4024 Niimerik
Son durum 4024 Kategorik

Bazi girdi degiskenlerinin ¢ikt1 degiskeni ile iliskisi gorsellestirilmis olup bunlar Sekil 4 ve Sekil 5’te
verilmistir. Yas ve meme kanseri sonucu hayatta kalma durumu arasindaki iliski i¢in Sekil 4’e ve tiimor
boyutu ve hayatta kalma arasindaki iligki i¢in ise Sekil 5’e bakilabilir. Sekil 4’te yasa bagli 6liim artist
egilimi oldugu goriilmektedir. Ayrica Sekil 5’te tiimor boyutunun artmasinin hayatta kalma {izerindeki
olumsuz etkisi de gézlemlenebilmektedir.

Yas-Durum Dagilimi

SonDurum
Hayatta
250 A1 olu
200 1
£ 150 -
m
I
i
100 A
50 1
o] T T T T T T T T T
30 35 40 45 50 55 60 65 70

Yas

Sekil 4. Yas ve son durum degiskenleri arasindaki iligki grafigi

Bu grafikler ham veriler yardimi ile her girdi degiskeni i¢in ¢izilebilir. Ancak bu grafiklerde hastanin son
durumu ile sec¢ilen girdi degiskeni arasinda bir korelasyon gorsel olarak algilansa da hastanin sag kalma/
6lme durumu tek bir parametreden kaynakli olmayip birgok parametrenin etkilesimi ile ortaya ¢ikabilecek
karmasik bir olaydir. Farkli parametre etkilesimleri ile YZ yardimui ile herhangi bir vakanin durumunun ne
olacagmin 6ngériilmesi ve AYZ yardimi ile kurulan modellerin hangi parametrelerinin ne seviyede
olmasinin sag kalma/ 6lme durumu iizerinde etkili oldugunun irdelenmesi gerekmektedir.
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Sekil 5. Tiimér boyutu ve son durum degiskenleri arast iligki grafigi

Veri 6n islemede 6nemli sathalardan birisi verilerin kodlanmasidir. Veriler kategorik ya da niimerik gibi
farkli yapilarda olabilir. Kategorik degiskenler, bir¢ok makine 6grenimi modelinde oldugu gibi dogrudan
analiz i¢in kullanilamadigindan, her model i¢in uygun bir formata doniistiiriilmelidir. Bir degiskenin bir
metin (string) olarak temsil edilmesine ek olarak, eger degerlerin biiyiikliigii veya siralamasi sayisal olarak
anlam ifade etmiyorsa, bu degigkenin kategorik bir tiir olarak ele alinmas1 gerekir. Kategorik degiskenleri
kodlamak icin One-Hot Encoding (Tek Sicaklik Kodlamasi), Dummy Encoding (Sahte Degisken
Kodlamasi), Ordinal Encoding (Sirali Kodlama), Binary Encoding (ikili Kodlama), Count Encoding
(Frekans Kodlama) ve Target Encoding (Hedef Kodlama) gibi gesitli yontemler kullanilmaktadir [28].
Verinin yapisina gore farkli kodlama teknikleri se¢ilebilir. Bu ¢alisma 6zelinde degiskenlerin yapist dikkate
alinarak sirali, ikili ve tek sicaklik kodlamasi yontemleri uygulanmustir.

e Sirali Kodlama:
A evresi: Bolgesel, metastaz ve uzak metastaz olmak iizere ii¢ kategoriden olugsmaktadir.
T evresi: T1, T2, T3, T4 olmak tizere dort kategoriden olusmaktadir.
N evresi: N1, N2, N3 olmak iizere ii¢ kategoriden olugmaktadir.
6. Evre: 1IB, IIIA, IIIB, IIIC olmak iizere dort kategoriden olusmaktadir.
Farklilagma: Farklilasma yok, Cok az farklilasma, Orta dereceli farklilasma, Cok fazla farklilagma olmak
iizere dort kategoriden olusmaktadir.
Kodlama asamada bu kategoriler sayisal degerler ile degistirilmistir. Grup sayisi kadar kod numarasi
verilmistir. Ornegin 6. Evre: IIB, IIIA, IIIB, IIIC gruplarmdan olusmaktadir. Sirast ile gruplar 1,2,3,4 kod
numaralari ile degistirilmistir.

e  ikili kodlama ile:
Ostrojen ve Progesteron durumu Pozitif ve Negatif olmak iizere iki kategoriden ve Son durum degiskeni
ise Hayatta ve Olii olmak iizere iki kategorilerinden olusmaktadir. Bu degiskenler 0-1 seklinde
kodlanmustir.

e Tek sicaklik kodlama ile Irk ve Medeni durum degiskenleri kodlanmistir.
Irk ve medeni durum igin asagida verilen kategoriler yeni birer 6znitelik gibi ele alinmis ve sadece hangi
satirda bu kategoriler bulunuyorsa o satira “1” degeri verilmis, digerleri “0” seklinde kodlanmustir. Irk
degiskeni: Irk Beyaz, Irk Diger, Irk Siyah; Medeni Durum degiskeni: Medeni Durum Ayri, Medeni Durum
Bekar, Medeni Durum Dul, Medeni Durum Evli, Medeni Durum Bosanmus siitunlarina donustiiriilmiistiir.
Niimerik veriler i¢in de 6n isleme gerekmektedir. Amaci, 6zellikleri benzer bir dlgege getirmek olan
normalizasyon, sayisal verileri diger sayisal verilerle ayn1 6l¢ege doniistirmek anlamina gelmektedir. Bu,
modelin performansini ve egitim kararliligini artirmaktadir [29]. Niimerik degiskenleri normalize igin L1-
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L2 normalizasyonu, bir araliga 6l¢eklendirme (Min-Max), kirpma (Clipping), Logaritmik dl¢eklendirme
(Log scaling) ve Standardizasyon/Z-skoru (Z-score) gibi yontemler bulunmaktadir. Bu ¢aligmada sayisal
veriler igerin yas, timoér boyutu, bolgesel diigiim gibi 6zellikler min-max normalizasyon yontemi ile
normalize edilmistir. Kullanilan min-max normalizasyon formiilii Esitlik 2°deki gibidir:

x—min
normy =

max—min (2)
Veri 6n isleme agamasinin tamamlanmasinin ardindan tiim veriler kategorik ve normalize edilmis siirekli
degerlere donistiiriilmiistiir. Bu asama sayesinde, daha sagliklt YZ modellemesi yapilabilecektir. Cizelge

2’de, verilerin bir kismina ait 6n isleme dncesi ve sonrasi degerler goriilmektedir.

Cizelge 2. Veri 6n isleme Oncesi (a) ve sonrast (b)
a) Veri 0n isleme dncesi

Yas Ik Medeni T . N . 6.Evre Farklilagma Derece A Ostrojen
durum evresi  evresi evre durumu

68 Beyaz Evli Tl N1 A Cok az farklilagma 3 Bolgesel Pozitif
50 Beyaz Evli T2 N2 A Orta dereceli farklilagma 2 Bolgesel Pozitif
58 Beyaz Bosanmisg T3 N3 1"nc Orta dereceli farklilagma 2 Metastaz ~ Negatif
58  Siyah Evli T1 N1 A Cok az farklilagma 3 Bolgesel Pozitif
47  Beyaz Bosanmig T2 N1 11B Cok az farklilagma 3 Bolgesel Pozitif

b) Veri 6n isleme sonrasi
Medeni Medeni

Yas Irk durum durum T . N . 6.Evre  Farklilagsma Derece A Ostrojen
Beyaz - evresi  evresi Evre  durumu
Bosanmig  Evli
0,71 1 0 1 1 1 1 2 3 1 1
0,45 1 0 1 2 2 3 3 2 1 1
0,51 1 1 0 3 3 5 3 2 2 0
0,51 0 0 1 1 1 1 2 3 1 1
0,41 1 1 0 2 1 2 2 3 1 1

3.2. Makine Ogrenmesi

Cesitli degiskenlere gore ¢ikti degerine ait bir sinifin tahmin edildigi modeller siniflandirma modelleri
olarak adlandirilmaktadir. Bu ¢alismada makine 6grenmesinde siniflandirma amaci igin gelistirilmis olan
Rassal Orman Siniflayici (ROS), Gradient Boosting Siniflayict (GBS), Lojistik Regresyon (LR), Karar
Agaclart (KA), Destek Vektorii Simiflayict (DVS) ve K-En yakin Komsu (KNN) smiflayict modelleri
kullanilmig ve performans yoniinden modeller birbiri ile kiyaslanmigtir. Kullanilan yontemlerin genel
caligma mekanizmalari su sekilde tanimlanabilir: Lojistik Regresyon, ikili siniflandirma problemlerinde sik
kullanilan, dogrusal iliskilere dayal1 olasiliksal bir modeldir [30]. Karar Agaglari, veriyi dallara ayirarak
smiflandiran, yorumlanabilirligi yiiksek, hiyerarsik yapida bir yontemdir [31]. Rassal Orman Siiflayici,
birden fazla karar agacinin topluluk (ensemble) yontemiyle birlestirilmesiyle olusur; asir1 dgrenmeyi
azaltarak daha kararli sonuglar iiretilmesine olanak tanir [32]. Gradient Boosting Siniflayici, hatalari ardigik
olarak diizelten zayif 6grenicilerin (weak learners) birlesiminden olusan gii¢lii bir topluluk yontemidir [33].
Destek Vektorii Siniflayici, siiflar arasindaki ayrimi en iyi saglayacak hiper diizlemi bulmaya g¢alisir;
ozellikle karmasik ve yiiksek boyutlu verilerde etkili olmaktadir [34]. K-En Yakin Komsu algoritmast ise,
yeni bir 6rnegi, egitim verisindeki en yakin komsularinin siifina gore siniflandiran, basit ve 6rnek tabanli
bir algoritmadir [34].

Calismada kullanilan algoritmalar farkli yapisal 6zelliklere sahiptir ve birbirleriyle kiyaslanarak en iyi
performans gosteren modelin belirlenmesi amaglanmistir. Ornegin, Lojistik Regresyon dogrusal iliskilerin
anlasilmasina imkan tanirken, Rassal Orman ve Gradient Boosting algoritmalar1 degiskenler aras1 karmasik
iliskileri yakalayabilmektedir. Karar Agaglar1 yorumlanabilirlik agisindan giigliidiir, KNN ise drnekler
arasindaki benzerliklere dayali tahminler yapabilmektedir. Destek Vektdr Makineleri ise siniflar arasindaki
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smirlart optimize etmeye odaklanmaktadir. Bu ¢esitlilik sayesinde, farkli bakis agilari sunan modellerin
karsilagtirtlmasi ve en uygun modelin segilmesi hedeflenmistir.

Modeller i¢in egitim ve test verisi boliimlendirmesi, %80 egitme ve %20 test olacak sekilde yapilmistir.
Makine 6grenmesi agsamasinda kullanilan siiflandirma modellerine ait parametreler Python scikit-learn
kiitiphanesinde tanimlanan varsayilan degerler olarak kullanilmistir. Veri seti, sinif sayilarinin 3408 sag
vaka ve 616 0lii vaka olmasi nedeni ile dengesiz bir yapidadir. Dengesiz veri setlerinde model basarisi
diisebilmekte, makine 6grenmesi algoritmalarinda performansi artirmak i¢in SMOTE (Synthetic Minority
Over-sampling Technique) [35], Sinif Agirlhigi (SA)[36] gibi farkli tekniklerin algoritmalara entegre
edilmesi gerekmedir. Bu ¢aligmada, dengesiz veri setinin tahmin performansina olan etkisini azaltmak igin
Sinif Agirligi ve SMOTE yontemlerine yer verilmistir. Snif Agirligi yontemi, modelin egitim sirasinda
farkli siniflarin 6rneklerine farkli agirliklar vermesini saglar. Azinlik smifinin &rneklerine daha yiiksek
agirlik verilirken, cogunluk sinifinin 6rneklerine daha diistik agirlik verilir. Modelin kayip fonksiyonu (loss
function) hesaplanirken, her 6rnegin katkisi o drnegin ait oldugu sinifin agirligs ile ¢arpilir. Daha yiiksek
agirlik verilen azinlik sinifi 6rneklerindeki yanlis tahminler, modelin toplam kaybina daha fazla katkida
bulunur. Bu da modelin egitim sirasinda azinlik sinifi 6rneklerini dogru tahmin etmeye daha fazla
odaklanmasini saglar. SMOTE yontemi ise dengesiz veri kiimelerinde azinlik sinifinin rneklerini sentetik
olarak artirmak i¢in kullanilan popiiler bir iist 6rnekleme (oversampling) teknigidir [35]. Gradient Boosting
ve KNN algoritmalar1 yapilar1 geregi sinif agirligi modellerinin kullanimina uygun degildir. Iki yaklagim
dikkate alinarak makine 6grenmesi modelleri uygulanmis, elde edilen sonuglar Cizelge 3’te verilmistir.

Cizelge 3. Makine 6grenmesi modelleri sonug degerleri

Makine Kesinlik  Duyarlilik Fl

Kesinlik ~ Duyarlilik  F1 skoru

6%3;%?51 Yaklasim  Dogruluk (Olii) (Olii) ‘Z‘IC()?LL; (Hayatta) ~ (Hayatta)  (Hayatta)
ROS SA 0,85 0,54 0,13 0,21 0,86 0,98 0,92
LR SA 0,70 0,27 0,62 0,38 0,91 0,72 0,80
DVS SA 0,71 0,27 0,61 0,37 0,91 0,72 0,81
KA SA 0,78 0,28 0,30 0,29 0,88 0,87 0,87
GBS SMOTE 0,79 0,33 0,39 0,35 0,89 0,86 0,87
ROS SMOTE 0,79 0,30 0,32 0,31 0,88 0,87 0,87
KNN SMOTE 0,69 0,23 0,48 0,31 0,89 0,72 0,80
DVS SMOTE 0,73 0,27 0,50 0,35 0,90 0,77 0,83
KA SMOTE 0,75 0,25 0,34 0,28 0,88 0,82 0,85

Modellerin performanslarini degerlendirmek i¢in dogruluk (accuracy), kesinlik (precision), duyarlilik
(recall) ve F1 skoru degerleri hesaplanmistir. Bu metriklerin hesaplanmasinda kullanilan temel kavramlar:
Gergekte pozitif olan (6rnegin, “6li” smift) ve dogru tahmin edilen 6rnekleri ifade eden “TP (True
Positive)”, Gergekte negatif olan (6rnegin, “hayatta” sinifi) ve dogru tahmin edilen 6rnekleri ifade eden TN
(True Negative), Gergekte negatif oldugu halde pozitif tahmin edilen 6rnekleri ifade eden FP (False
Positive) ve Gergekte pozitif oldugu halde negatif tahmin edilen 6rnekleri ifade eden FN (False Negative)
parametreleridir. Ardindan bu parametrelere bagli olarak modelleri birbiri ile kiyaslayabilmek adina
asagidaki formiiller yardimu ile dogruluk, kesinlik, duyarlilik ve F1 skoru degerleri hesaplanmustir.

Tim dogru siiflandirmalarin toplam 6rnek sayisina oranini ifade eden Dogruluk degeri Esitlik 3’teki gibi
hesaplanmaktadir.

(TP+TN)

Dogruluk = o

®)

Pozitif olarak tahmin edilenlerin iginde gergekten pozitif olanlarin oranini ifade eden kesinlik degeri Esitlik
4’teki gibi hesaplanmaktadir:

(TP)

Kesinlik = TPFD) 4)
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Gergekte pozitif olanlarmn i¢inde dogru tahmin edilenlerin oranini ifade eden Duyarlilik degeri Esitlik 5
kullanilarak hesaplanmaktadir:

_(@P)
Duyarlilik = T 5)

Kesinlik ve duyarliligin harmonik ortalamasini ifade eden F1 skoru degeri ise Esitlik 6 ile
hesaplanmaktadir:

Kesinlik x Duyarlilik (6)
(Kesinlik+ Duyarlilik)

F1=2X

Bu olgiitler sayesinde modeller yalnizca dogruluk acisindan degil, ayn1 zamanda azinlik sinifi olan “61i”
grubunu dogru tahmin edebilme basarisi agisindan da daha kapsamli bir sekilde degerlendirilmistir. Ayrica
ozellikle dengesiz sinif dagilimina sahip veri kiimelerinde Dogruluk degerine gére model performansina
karar vermek yaniltic1 olabilmektedir. Yiiksek dogruluk, modelin sadece ¢cogunluk sinifin1 dogru tahmin
etmesinden kaynaklanabilir. F1 Skoru ise hem Duyarlilik hem de Kesinligi dikkate aldig1 i¢in dengesiz veri
kiimelerinde daha bilgilendiricidir. Yiiksek bir F1 Skoru, modelin hem yanlis pozitifleri hem de yanlis
negatifleri diisiik tutarak iyi bir denge kurdugunu gostermektedir.

Cizelge 3’te goriildiigi lizere genel dogru tahmin agisindan ve hayatta kalanlarin dogru siniflandirilmasi
acisindan Rassal Orman Siniflayict model daha basarilidir. Dengesiz veri seti izerinde performans artirici
tiim calismalara ragmen sayica az olan sinifin tahminleme basarisi % 62’yi gecememektedir. Ancak bu
degerin SMOTE ve Sinif Agirligi yontemleri entegre edilmeden 6nce % 15 civarinda oldugu tespit
edilmistir. Ozellikle ele alinan veri setinde “Olii” siif sayisinin azlig1 dikkate alindiginda ve ayrica 6lii bir
hastayr yanlis sinifa atamanin maliyeti daha yiiksek olacagi i¢in 6li sinifina ait duyarlilik degeri baz
alinarak bir tercih yapilmalidir. Sekil 6’da F1 skoru agisindan en basarili olan Lojistik Regresyon siniflayici
modeline ait hata matrisleri verilmistir. LR hata matrisinde de goriildiigii iizere 746 sag hasta sag olarak
tahmin edilirken, 110 hasta 6lii hasta 6lii sinifinda tahmin edilmistir.

Hata Matrisi - Lojistik Regresyon (Class Weight)

700
=) 600
S T 110
0
500
£
=
=
a
2 - 400
i)
=
7]
]
E - 300
1+
= - 287
g
S -200
T
- 100
1
Olu (0) Hayatta (1)

Tahmin Edilen Durum

Sekil 6. Lojistik Regresyona ait hata matrisi

Makine 6grenmesi asamasinda LR modeli i¢in 6zellik 6nemine ait bilgiler elde edebiliriz. Sekil 7°de ve
Cizelge 4’te bu iki yonteme ait 6zellik onem grafigi ve degerleri goriilmektedir.
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Ozellik Katsayilar - Lojistik Regresyon (Class Weight) (En Etkili ilk 10)

BolgeselDugumPoziif 4 _

BolgeselDugumincelendi 4

Yas 4

OstrojenDurumu 4

ProgesteronDurumu -

Ozellik

MedeniDurum_Ayry yasyyor 4
TumorBoyutu -
N_Evresi 4

T_Evresiq

ik Diger | [

-2 -1 0 1
Katsayi Degeri

Sekil 7. Ozellik 5nem siralamasi grafigi

Sekil 7°de ve Cizelge 4’te LR siniflandirma modelinin tahmininde en etkili parametrenin Pozitif Bolgesel
Diigiim oldugu gériilmektedir. Ardindan sirasi ile incelenen bolgesel diigiim sayisi, yas, dstrojen durumu,
progesteron durumu gibi parametreler gelmektedir. Sekil 7°de LR modelinde model performansi iizerinde
en etkili parametrelerin dnem sirasi ve ne derece 6nemli oldugu ¢ubuk grafiklerle gorsellestirilmistir.
Katsay1 degeri negatif bolgede olan parametrelerin sag kalim iizerinde olumsuz yonli etkisi oldugu
anlagilmaktadir.

Cizelge 4. Ozellik 6nem dereceleri

Lojistik regresyon

Ozellik Onem
1 Bolgesel diigiim pozitif 2,73
2 Bolgesel diigiim incelendi 1,71
3 Yas 1,08
4 Ostrojen durumu 0,70
5 Progesteron durumu 0,61
6 Medeni durum_ayri 0,55
7 Timor boyutu 0,45
8 N_evresi 0,43
9 T _evresi 0,40
10 Irk_diger 0,40

Makine 6grenmesi modellerinin performans olgiimleri, modelin ne kadar iyi tahmin ettigi ve nerede
zorlandig1 hakkinda bilgi verirken; bu sonuglari modelin neden belirli bir tahmin yaptigini1 veya hangi
Ozelliklerin belirli bir sonug iizerinde en 6nemli etkiye sahip oldugunu agiklayamamaktadir. Burada
devreye AYZ teknikleri girmektedir. SHAP gibi yontemler, bireysel tahminler i¢in "yerel" agiklamalar
sunarak, hangi dzelliklerin (&rnegin yas, tiimér boyutu, evre vb.) belirli bir hastay1 "Oli" veya "Hayatta"
olarak tahmin etmede en etkili oldugunu ve bu etkinin yoniinii anlamamiz1 saglamaktadir. Bu durum,
yalnizca model performansini degerlendirmek igin degil, ayn1 zamanda modele giiven olusturmak,
¢iktilarin1 dogrulamak, olast dnyargilar engellemek ve hatta alan uzmanlarimin (doktorlar gibi) modelin
tahminlerini yorumlamalarina ve kullanmalarina yardime1 olmak i¢in de 6nemlidir.

3.3. SHAP Teknigi ile Aciklanabilir Yapay Zeka Analizi

Bu asamada, sadece “Olii” sinifin1 tahmin etmede basar1 gosteren LR sonuclari AYZ tekniklerinden olan
SHAP teknigi yardimi ile ¢ikarimlarda bulunulmustur. LR katsayilar1 genel egilimleri gosterirken, ROS
gibi daha karmasik modeller birer kara kutu gibi davranabilmektedir. Ancak SHAP, her bir tekil gozlem
i¢in, her bir 6zelligin modelin nihai tahminine ne kadar ve hangi yonde katkida bulundugunu matematiksel
olarak saglam bir temelde agiklayarak yerel yorumlanabilirlik saglamakta ve model performansinin
Otesinde, giiven olusturmaya ve alman kararlar1 anlamlandirmaya yardimci olmaktadir.

Bu baglamda, hangi 6zelliklerin ¢iktiyr ne yonde etkiledigini anlamak igin SHAP &zet tablosundan
faydalanmak miimkiindiir. Sekil 8°de “Olii” sinifinin tahmininde kullanilan LR modeli ¢iktilar1 iizerinden
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en 6nemli 10 6zellige ait SHAP 6zet tablosu verilmektedir. Sekil 8’de eger 6zellik niimerik bir girdi ise;
kirmuz1 veriler ilgili 6zelligin yiiksek sayisal degerlerini ifade ederken, mavi veriler diisiik sayisal degerleri
ifade etmektedir. SHAP degerinde 0 degerinin sag tarafi “Hayatta” sinifinin tahminini 1 olarak bulmamiza
neden olan 6zellikleri ifade ederken sol tarafi “Hayatta” sinifinin degerini 0 olarak tahmin etmemize neden
olan degerleri gostermektedir (“Olii” olarak tahmin edilen sonuglar). Ayrica kategorik siniflandirma yapilan
ozellikler icin mavi renk, kod numarasi diigiik olan grubu ifade ederken, kirmizi renkli veriler kod degeri
yiiksek olan verileri ifade etmektedir. Bu sonuglara gére Olii simifi tahminlemede en basarili olan LR
modeline ait Sekil 8’de verilen SHAP 6zet tablosu yorumlandiginda yapilan ¢ikarimlar asagidadir:

e T Evresi i¢in T4, T3 ve T2 sirast ile (timdriin meme duvarina veya cilde yayiliminin artmasini
ifade eder) “Oli” smifi tahminini artirmaktadar.

e N Evresii¢in N3, N2 sirasi ile (kanserin daha uzak veya daha fazla sayida lenf diiglimiine yayildig:
durumu ifade eder) “Olii” sinifi tahminini artirmaktadir.

e Yas degiskeni igin ileri yaslarda olmak “Olii” smifi tahminini artirmaktadar.

e Farklilagsma degiskeni i¢in “Farklilagsma yok™ ve “Cok az farklilagsma” olmasi (kanser hiicrelerinin
normal meme hiicrelerine ¢ok az benzedigi anlamina gelir ki bu agresif bir kanser tiiriine isaret
eder [37]) “Oli” siifi tahminini artirmaktadir.

Lojistik Regresyon (Class Weight) icin SHAP Ozet Grafigi (En Onemli 10
Ozellik) - OlG Sinifi Tahmini
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SHAP Degeri (model ciktisi katkisi)

Sekil 8. Olii sinifimin tahmini i¢in kullamlan LR modeline ait en nemli 10 dzellik i¢in SHAP 6zet
tablosu

e Bodlgesel diigliim pozitif degiskeni i¢in kanser hiicrelerinin lenfatik sisteme yliksek yayilimini ifade
eden degerler “Olii” simifi tahminini artirmaktadir.

e Bolgesel diigiim incelendi degiskeni igin daha az sayida lenf diigiimii incelemesi “Oli” smifi
tahminini artirmaktadir.

e Negatif progesteron ve Ostrojen degeri meme kanserinin hormonlara duyarsiz oldugu ve bu
nedenle hormonal tedavinin ise yaramadigi grup olarak “Olii” sinifi tahminini artirmaktadir.

e  Tiimér boyutu kiigiik degerler igin “Olii” grubuna ait tahmin olasilig1 artryor goriilmektedir. Ancak
bu durum tek basina degerlendirme igin yeterli gdzilkmemektedir. Negatif progesteron ve dstrojen
degerli kiiclik bir tiimér, daha biiylik boyutlu ancak pozitif progesteron ve 6strojen degerli bir
tiimorden daha agresif olabilmektedir.

e Evli olmayan grup igin “Olii” sinifi tahmini artirmaktadir. Literatiirde birgok calismada evli
olmanin meme kanseri dahil olmak iizere bir¢ok kanserde bagimsiz bir sagkalim artirict faktor
oldugu gosterilmistir [38]. Ayrica Sekil 9°da LR modeli igin “Olii” sinifini tahmin etmede en etkili
10 ozellik ve etki oranlarina iliskin grafik goriilmektedir. Buradan modelin “Oli” degeri
tahminlemede en c¢ok etkilendigi Ozellikler dnem sirasina gore goriilmektedir. Elde edilen
bulgularin bilimsel ger¢eklerle de uyumlu oldugu goriilmektedir.
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Sekil 9. SHAP analizine gére LR modelinin “Olii” sinifina ait tahmin yapmasinda etkili olan 10 girdi ve
ortalama mutlak SHAP degerleri

AYZ ayrica, tekil bir 6rnek i¢in modelin neden belirli bir tahmin iirettigini derinlemesine anlamak i¢in ok
kullanighidir. Bu durumda karar grafiginden faydalanabilir. Sekil 10 (a, b, ¢ ve d)’da belirli hastalarin
ciktisinin tahmin edilmesine etki eden parametreler ve ne yonde etki ettigi goriilmektedir. Karar grafigi
iizerinde tahmin hattinin saga dogru ilerlemesine neden olan 6zellik degerlerinin, bu dzelligi “Oli” sinifi
olarak tahmin etme yoniinde katki sagladigin1 gostermektedir.
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(2). Dogru negatif tahmin; 6rnek no: 1702
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(b). Yanlis pozitif tahmin; 6rnek no: 1937
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(c). Dogru pozitif tahmin; 6rnek no
Yanlis Negatif (FN) Gmek (3306) - Gergek: 1, Tahmin: 0
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(d). Yanlig negatif tahmin; 6rnek no: 3306
Sekil 10. Tahmin sonuglari iizerine girdi degiskenlerinin etkisini gdsteren SHAP kuvvet grafigi
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Ayrica yeni gelen bir vakanin belirlenen en iyi makine 6grenmesi algoritmasina gore sonucunun ne olacagi
ve ardindan bu sonucun tahmin edilmesinde etkili olan girdi degiskenlerinin neler oldugu da SHAP yardinu
ile dngoriilebilmektedir. Bu baglamda belirli girdi degerlerine sahip yeni bir hasta i¢in modelin tahmini ve
bunu etkileyen girdi degerleri incelenebilmektedir. Ornek hastaya ait dzellikler su sekildedir: Yas: 62, Irk:
Beyaz, Medeni Durum: Dul, Tiimér Boyutu: 38, Derece: 3, T Evresi: T3, N Evresi: N2, 6.Evre: IIIC, A
Evre: Bélgesel, Ostrojen Durumu: Negatif, Progesteron Durumu: Negatif, Farklilasma: Cok az farklilasma,
Bolgesel Diigiim Incelendi:5, Bolgesel Diigiim Pozitif:14. Belirtilen yeni 6zelliklere sahip vaka icin LR-
SA yéntemi sonucu “Olii” siifi olarak tahmin edilmistir. Sekil 11°de SHAP kuvvet grafigi analizi ile
sonuca etki eden parametreler irdelenmistir. Vakanm “Oli” smifinda tahmin edilmesinin en 6nemli
etkenleri olarak Bolgesel Diigiim Pozitif degiskeninin degeri, Progesteron ve Ostrojen varliginin negatif
olmast tespit edilmistir.

Omek Yeni Gozlem SHAP Agiklamasi - Tahmin Edilen Durum: Ol
-2 A1 [, 1 2 3 1 5 6

S
o
bl

0.00 ==
]
3.00

0.00
1.00
0.00
2.00
0.07

T_Evresi
N_Evres

OstrojenDurumu
selDugur

MedeniDurum_Ewvli
selDugumin

Bolge:
g

Sekil 11. Belirli 6zelliklere sahip bir vakanin tahminine etki eden degigkenlere ait SHAP kuvvet grafigi

4. TARTISMA VE SONUC

Bu calismada elde edilen bulgular, literatiirdeki benzer arastirmalarla karsilagtirildiginda genel olarak
literatiire uyumluluk gostermektedir. Oncelikle, literatiirde belirtildigi gibi [39] dengesiz veri setleri ile
yapilan calismada SMOTE tekniginin kullaniminin, meme kanseri hastalarinin sagkalim tahmininde
kullanilan makine 6grenmesi algoritmalarinin bagarisini arttigi yoniinde bulgular elde edilmistir. Ayrica
SHAP’1in meme kanseri hastalarinda sagkalim tespitinde daha onceki c¢aligmalarda da belirtilen etkin
kullanim1 [40] sayesinde makine 6grenmesi modellerinden klinik olarak anlamli sonuglar ¢ikarilmustir.
SHAP yontemi ile elde edilen ¢ikarimlar, Sekil 8 ve 9°da da verildigi {izere literatiirde meme kanseri
sagkalimina etki eden risk faktorleriyle benzerlik gostermektedir. Yas, T evresi, N evresi gibi degiskenlerin
model ¢iktilar1 tizerinde belirleyici etkilerinin bulundugu bulgusu, mevcut literatiirde rapor edilen
sonuclarla ortiismektedir [41]. Tlave olarak medeni durumun da bulgular destekler sekilde sagkalim
tizerinde etkisi oldugu tespit edilmistir [38]. Bu durum, AYZ’nin meme kanseri sagkalim tahminlemede ve
nedenlerini agiklamada bagarili sonuglar verdiginin gostergesidir. Ayrica genelleme yapilacak olursa,
saglik alaninda AYZ kullanim1 sayesinde hastalar, hastaliklar ve tedaviler ile ilgili 6zel ve genel ¢ikarimlar
yapilabilecegi anlasilmaktadir.

AYZ, makine 6grenmesi ile olusturulan modellerin ¢aligma mekanizmasini anlamamiz, bdylece model
tahminlerinin neden olustugunu anlamlandirmamiz agisindan olduk¢a 6nemlidir. Bu modeller sayesinde
daha seffaf ve anlamlandirilabilir ¢ikarimlar yapmak miimkiindiir. Bu durum 6zellikle saglik gibi yanlis
karar vermenin maliyetinin yiiksek oldugu alanlarda karar vericilere 6nemli bir katki saglamaktadir.
Literatiir orneklerinden de anlagildig1 tizere ¢ok farkli alanlarda kara kutu modelleri agiklama ve
anlamlandirma yetenegi olan AYZ, saglik alaninda tani, teshis, tedavi, girisimsel ve girisimsel olmayan
tedavilerin sonuglarinin tahmini i¢in yaygin olarak kullanilmaya baslanmaistir.

Bu calismada 6ncelikle saglik alaninda AYZ’nin hangi amaglarla kullanildigina iliskin literatiir sunulmus,
ardindan dengesiz simif kiimelerinden olusan meme kanseri verileri lizerinde ¢esitli makine 6grenmesi
algoritmalar1 uygulanmistir. Veri setinin dengesiz sinif dagiliminin negatif etkilerini gidermek icin SMOTE
ve sinif agirligi yontemlerinden faydalanilmis bu yontemler sayesinde model performanslar1 6nemli 6lgiide
iyilestirilmistir. Modellerin basaris1 &zellikle F1 skoru baz alinarak degerlendirilmis, genel dogruluk
acisindan en yiiksek performans %85 ile Rassal Orman modelinde, 6li siifina ait en yiiksek duyarlilik ise
%062 ile Lojistik Regresyon modelinde elde edilmistir. F1 skoru dikkate alindiginda en basarili modelin
Lojistik Regresyon oldugu goriilmiistiir. Ardindan bu modelin test sonuglar1 dikkate alinarak AYZ
tekniklerinden SHAP ile siniflandirma sonuclarinin nedenleri arastirilmistir. Elde edilen ¢ikarimlar, meme

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Giilhan TOGA

kanseri hastalarinin hangi 6zellikler dolayisiyla riskli sinifta yer alabilecegi hakkinda bilgi vermis ve
sonuglarin literatiirle uyumlu oldugu gézlemlenmistir.

Bu calisma, yalnizca dogru tahminler yapabilen bir model gelistirmekle sinirli kalmayip, ayni zamanda
model kararlarinin nedenlerini seffaf bir bigimde agiklamasi ve klinik karar siireclerine agiklanabilirlik
getirmesi acisindan literatiire 6zgiin bir katki sunmaktadir. Literatiirdeki bircok ¢aligmanin goriintii tabanl
uygulamalara odaklandig1r dikkate alindiginda, bu yaklasimin saglik verilerinin farkli boyutlarin
degerlendirmede 6zgiin bir katki sundugu diisiiniilmektedir.

5. GELECEK CALISMALAR

Bu ¢aligma, meme kanseri sagkalim tahmininde AYZ kullaniminin 6nemini ortaya koysa da, bulgular1 daha
da giiclendirmek ve eksikliklerini gidermek amaciyla cesitli yonlerde gelecek arastirmalara aciktir. Tlk
olarak, makine Ogrenmesi asamasinda parametre optimizasyonu ile performans artirimi saglanabilir.
Calismada uygulanan SHAP yonteminin yani sira, diger AYZ tekniklerinin karsilastirmalt bir analizi
yapilabilir. Bu sayede, farkli agiklanabilirlik yaklagimlarinin uzmanlar tarafindan anlasilirlik, giivenilirlik
ve kullaniglilik agisindan nasil algilandigi degerlendirilebilir. Veri setinin niteligi ve kapsami iizerine de
onemli iyilestirmeler yapilabilir. Mevcut ¢alismadaki dengesiz veri yapisinin model performansi iizerindeki
sinirlayici etkisi goz 6niine alindiginda, daha biiyiik ve dengeli veri setleriyle calisilmasi modelin genelleme
yetenegini artiracaktir. Ayrica, genetik faktorler, tedavi yontemleri veya yagam tarzi faktorlerin de modele
dahil edilmesi, tahminlerin klinik gegerliligine 6nemli dl¢tide katki saglayabilir. Bir diger 6nemli ¢aligma
alan1 ise, bu modellerin gercek diinyada klinik ortamlara entegrasyonudur. Gelistirilen tahminleme
modellerinin ve AYZ yonteminin entegre bir klinik karar destek sistemi haline getirilmesi ve hekimlerle
yapilacak kullanilabilirlik ¢caligmalarindan gegirilmesi bu gibi calismalarin degerini artiracaktir. Son olarak,
bu ¢alismada sunulan metodolojik yaklagimin akciger, prostat veya kolon kanseri gibi diger kanser tiirlerine
uyarlanarak test edilmesi, yaklagimin genel gecerliligini gosterecektir.
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sonuglari ile yiliksek diizeyde uyum sagladigi gosterilmistir.
Gelistirilen yazilim, mevcut diger uygulamalardan farkli olarak
tasarim ve analiz asamalarinda yenilikler sunmaktadir. Bu
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In this study, a mobile application software capable of
performing integrated blast design and analysis processes has
been developed. Named iRockBlast, the application enables
users to carry out primary bench blast designs using field data
provided on-site. It also allows for the prediction of
environmental impacts such as ground vibration, air
overpressure, and fly rock, as well as fragment size distribution.
The application was developed using the Flutter framework and
Dart programming language, making it compatible with both
iOS and Android operating systems. It is built upon algorithms
derived from well-established literature models. The accuracy of
the application was verified through a case study, demonstrating
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Basamak Patlatma Tasarimi ve Analizi Yapabilen Bir Mobil Uygulama Yaziliminin Gelistirilmesi

1. GIRIS

Insanlik tarihinin cesitli dénemlerinde karsimiza ¢ikan patlayict maddeler, zamanla kaya kazisinda da
kullanilmaya baslanmustir. Patlatmali kazilar, madencilik, tag ocag1 igletmeciligi, ingaat sektorleri ve kazi
gerektiren diger altyapi islerinde yaygin olarak kullanilmaktadir ve bu islemin kendisinden sonra gelen tiim
islemlere etkisi bulunmaktadir. Bundan dolay:1 patlatma tasarmmu kritik bir 6nem tagimaktadir. Patlatma
tasarimi bagariya veya basarisizliga bagli olarak degiskenlik gosterirken, planlayicilar kontrol edilemeyen
parametreleri g6z oniine alarak kontrol edilebilen parametreleri diizenlemektedirler. Bagarili ve ¢evresel
etkileri en az olan kontrollii patlatmalar1 gerceklestirmek, atim yapilacak alandaki kayacin 6zelliklerinin iyi
bilinmesine ve bu dzelliklere uygun patlatma tasariminin yapilmasina baglidir. ideal bir patlatma tasarimi;
en diisiik delme, patlatma, yiikleme, tasima ve kirma maliyetleriyle istenen par¢alanma oranini saglamay1
hedefler. Artan sehirlesmeyle birlikte madencilik, tas ocakg¢iligi, metro, tiinel, baraj, yol ve temel kazilari
gibi bir¢ok alanda patlatmadan kaynaklanan gevresel etkilerle yogun bir sekilde karsilasiimaktadir. Bu
cevresel etkiler titresim, asir1 hava basinci ve kaya savrulmalari gibi sorunlari igerir ve bu etkiler belli sartlar
altinda ¢evreye zarar verebilmektedir. Patlatma tasariminda gevresel etkilerin kontrolii hem etkin hem de
ekonomik ¢ozlimler sunarak madencilik faaliyetlerinin siirdiiriilebilirligini saglamaktadir [1-7].

Literatiirde basamak patlatmasi tasarimi yapabilmek icin gelistirilmis pek ¢ok tasarim modeli mevcuttur.
Kayag ozellikleri, isletme kosullari, istenen parcalanma oranlari gibi degiskenlere bagl olarak patlatma
tasarim parametreleri belirlenmektedir. Birincil tasarimlarin sahada uygulanmasi ve sonuglara gore
tasarimin gelistirilmesi ile nihai tasarim elde edilmektedir. Olofsson [8] tarafindan basamak patlatma
tasarimi ve bir delikte bir ara sikilama uygulamasi ile ¢ift yemleme kullanilmasina yonelik gelistirilmis bir
model mevcuttur. Patlatma tasariminda delik gecikme siireleri Konya ve Walter’in [9] 6nerdigi esitlikler
ile belirlenebilmektedir. Patlatma kaynakli ¢evresel etkilerin 6nceden tahmin edilebilmesi igin
aragtirmacilar tarafindan gelistirilmis ¢esitli ampirik esitlikler bulunmaktadir. Yer titresimi tahmininde
Duvall ve Fogelson [10] tarafindan gelistirilen 6l¢ekli mesafe — en yiiksek pargacik hizi esitligi agik ocak
patlatmalarinda sik¢a kullanilmaktadir. Patlatma kaynakli kaya savrulma mesafeleri i¢in farkli senaryolara
gore gelistirilmis cesitli esitlikler mevcuttur. Lundborg ve arkadaglari [11] tarafindan en kotii durum
senaryosu esitligi, Richards ve Moore [12] tarafindan basamak aynasi (yatay) ve sikilama (diisey) yonlerde
kaya savrulma mesafeleri esitlikleri, McKenzie [13] tarafindan ise olgekli gomme derinligi esitligi
Onerilmistir. Patlatma kaynakli hava soku miktarlarinin tahmininde Siskind ve arkadaslari [14] tarafindan
gelistirilmis bir esitlik bulunmaktadir. Patlatma iglemi sonucu ana kayadan kopup parcalanan kayaglarin
olusturacagi yigmin tane boyut dagilimimin 6nceden tahmin edilebilmesi amaciyla Cunningham’in [15]
Onerdigi iyilestirilmis Kuz-Ram modeli gergek sonuglar ile uyumlulugu nedeniyle tercih edilmektedir.

Son yillarda yapay zeka (Al) ve nesnelerin interneti (IoT) gibi teknolojiler, patlatma miithendisligi alaninda
onem kazanmaya baslamistir. Al, makine 6grenmesi (ML) ve derin 6grenme (DL) gibi alt dallara
ayrilmaktadir. Bu algoritmalar, basamak patlatma tasarimi, ¢evresel etkilerin tahmini ve parga boyut
dagilimmin tahmini amaciyla birgok c¢aligmada kullanilmistir. Literatiirde, patlatma kaynakli yer
titresiminin tahmini i¢in [16-20]; asir1 hava basinci tahmini igin [21-26]; kaya¢ savrulmasi tahmini igin
[27-31]; parca boyut dagilimi tahmini i¢in ise [32-36] gibi ¢aligmalar mevcuttur. Gradyan inigi gibi
yontemler kullanilarak, Al algoritmalarindan alinan ¢iktilarin belirli bir limitin altina disiiriilmesi i¢in
girdiler optimize edilebilmektedir. Bu durum, tahmin sonuglarina gore patlatma tasariminin revize
edilmesini saglamaktadir. Literatiirde yer alan pek ¢ok ¢aligmanin sonuglarina gore Al tabanli yontemler,
ampirik yontemlere oranla daha yiiksek tahmin bagarisi sunmaktadir. Ancak dogasi geregi kara-kutu olarak
tanimlanan bu yontemler, tahmin basarisini arttirirken ampirik yontemlerin sagladigi acgiklanabilirligi
azaltmaktadir. Ayrica, yapilan calismalarin bircogu bilimsel 6lgekli olup, saha uygulamalarinda kullanimi
son derece kisithdir. IoT tabanli sensorler ile saha kosullarinda verilerin gercek zamanli olarak toplanmasi
ve Al algoritmalariyla analiz edilmesi, patlatma miihendisliginde yeni bir yaklasim olarak ortaya
¢ikmaktadir. Bu yaklagim sayesinde, titresim, asirt hava basinci ve kayag savrulmasi gibi ¢evresel etkiler
anlik olarak takip edilebilecek ve elde edilen sonuglara gore patlatma tasarimlari hizla revize edilebilecektir.
Aruna ve dig. [37] tarafindan yapilan ¢alismada, IoT teknolojisinin Al ile kullanildiginda, patlatma
stireglerinde gevresel etkilerin daha dogru tahmin edilmesine katki sagladig1 gosterilmistir.

Patlatmanin tasarim asamasi dinamik bir yapidadir. Patlatmanin tasarimi ve analizi fazla sayida degiskenin
eszamanli olarak degerlendirilmesini gerektiren karmasik bir siiregtir. Patlatma planlayicilari saha {izerinde
her zaman anlik olarak yeni bir patlatma tasarimi gelistirebilecek zamani bulamayabilmektedir. Patlatma
tasarimi, parcalanma tahmini ve gevresel etki tahminleri amaciyla gelistirilmis pek ¢ok masaiistii yazilim
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mevcuttur ancak saha kosullarinda bilgisayarlara erisim her zaman miimkiin olamamaktadir. Bu durum,
patlatma planlayicilarinin ani degisikliklere hizlica tepki vermesini zorlagtirmakta, tasarim-analiz-yenileme
dongiisiinii yavaslatmaktadir. Geligen teknolojiye paralel olarak gelisen akilli telefon teknolojisi, akilli
telefonlar1 kisisel birer cep bilgisayar1 haline getirmistir. Son donemde akilli telefonlar, patlatma tasarimi
ve analizi i¢in uygun bir donanim olarak karsimiza ¢ikmaktadir. Mobil cihazlara entegre ¢coziimler, karar
stireclerinde zaman avantaj1 saglayabilmektedir [38].

Daha 6nce benzer amaclarla patlayici firmalari ve/veya yazilim firmalari tarafindan gelistirilen uygulamalar
[39-45] incelendiginde higbir uygulamanin patlatma tasarimi, ¢evresel etki analizi ve parga boyut dagilimi
analizi konularinin tamamin biitiinciil bir sekilde ele alamadigi, ¢esitli konularda eksiklikleri oldugu ve
kullanici odakli ¢dzlimler sunamadiklar goriilmiistiir.

Bu ¢alismanin amaci, anlik olarak kullanici tarafindan uygulamaya girilecek olan saha, patlayict madde ve
patlatma geometrisi ile ilgili veriler iizerinden birincil patlatma tasarimi yapabilen, bu tasarimdan yola
cikarak yer titresimi, kaya savrulmasi, hava soku gibi ¢evresel etkileri ve par¢a boyut dagilimlarini patlatma
Oncesi tahmin edebilen ve tiim sonuglari raporlayarak bu anlamda patlatma planlayicilarina karar destegi
saglayabilecek bir mobil uygulama yazilimi gelistirmektir. Bu ¢oziim, sahada gercek zamanl
degerlendirme yapilabilmesini miimkiin kilarak hem giivenlik hem de ekonomik verimlilik agisindan
onemli avantajlar saglayacaktir.

2. YONTEM

Patlatma tasarimi ve analizleri siireclerini biitiinlesik bir sekilde gergeklestirilebilen mobil bir uygulama
yazilimi gelistirilmesi kapsaminda, asagidaki agsamalar sistematik bigimde gergeklestirilmistir. Caligmada
izlenen yonteme ait metodolojik akis Sekil 1’de verilmistir.

Kullanici ihtiyaglarinin belirlenmesi,

Uygun yazilim dili ve mobil uygulama gelistirme platformunun belirlenmesi,
Uygulama algoritmasinda kullanilacak literatiir bilgilerin tespiti,

flgili algoritmalarin gelistirilmesi ve yazilim kodlarina déniistiiriilmesi,
Kullanic arayiizlerinin tasarlanmasi,

Gergek zamanli testlerin gergeklestirilmesi.

ok wNE

A Test asamasi
Kullanic

A arayiizlerinin
Olusturulan olusturulmasi
A - algoritmalar

Algortimalar iizerinden

A — n kodlarin

Literatiir olugturulmasi yazilmasi

A arastirmasi
Uygulama

— gelistirme
Ihtiyaglarin platformunun
belirlenmesi belirlenmesi

Calismanin birinci asamasinda mevcut olan benzer mobil uygulamalar analiz edilmistir. Bu uygulamalarin
sahip oldugu ve eksik kalan yonleri belirlenerek gelistirilecek olan yazilimm fonksiyonel kapsami
tanimlanmigtir. Uygulamanin hem iOS hem de Android isletim sistemlerine sahip cihazlarda ¢alisabilir
olmas1 hedeflenmistir. Bu nedenle, tek bir kod tabani ile birden fazla platformda c¢aligabilen, zaman ve
maliyet agisindan daha verimli olan Flutter ¢apraz platform gelistirme platformu tercih edilmistir.
Programlama dili olarak ise Flutter ile entegre sekilde ¢alisan Dart dili segilmistir. Uygulamanin ihtiyag
duyacag1 hesaplamalar ve bu hesaplamalarda kullanilacak bilgiler i¢in literatiir taramas1 yapilmistir. Elde
edilen bilgiler ile algoritmalar gelistirilmis, bu algoritmalar kodlara doniistiiriilmiistiir. Kullanict araytizleri
tasarlanmig ve sistemin calisabilirligi gercek zamanli olarak test edilmistir. Nihai testler ve uygulamadan
elde edilen sonuglarin saha verileri ile karsilagtirilmasi ile gelistirme asamasi sonlandirilmstir.
Uygulamaya iRockBlast ad1 verilmistir. Uygulama; birincil patlatma tasariminin yapilmasini, yer titresimi,
kaya savrulmasi ve agir1 hava basinci gibi c¢evresel etkilerin 6nceden tahmin edilmesini, par¢alanma

Sekil 1. Metodolojik akis
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oranlarinin analiz edilmesini ve tiim bu adimlarin sonuglarinin bir rapor halinde kullaniciya sunulmasini
saglamaktadir. Uygulama toplamda 6209 satir kod icermektedir. Uygulama algoritmasinda, kullaniciya
kolaylik saglamak amaciyla ii¢ ayr1 veri tabani olusturulmustur. Bu veri tabanlari, uygulamaya entegre
bicimde caligmaktadir. Veri tabanlar1 kullanici tarafindan yapilan segimlere gore sorgulanmakta ve bu
sorgulardan gelen degerler hesaplamalar i¢in gerekli bazi parametreleri saglamaktadir. Bu veri tabanlari su
sekildedir;

a) Yer Titresimi Veri Tabani: Bu veri tabany, titresim tahminlerinde kullanilmak iizere tasarlanmustir.
Saha iletim (k) ve jeolojik (B) sabitlerinin ilgili sahaya 6zgii olarak belirlenebilmesi igin istatistiki
giivenilirlik diizeyi (> 30 atim 6lciimii) gerekmektedir. On veri eksikligi bulunan sahalarda
kullanilabilmesi i¢in ulusal literatiirden alinan denklem sabitleri derlenerek bir veri tabani
olusturulmustur.

b) Hava Soku Veri Tabani: Hava soku tahminleri i¢in de yer titresiminde oldugu gibi benzer bir
yaklagim benimsenmistir. Literatlirdeki giivenilir hava soku yayilim formiilleri ile olusturulan veri
tabani, kullanicilarin sahadan yeterli sayida dl¢im verisine sahip olmadan 6ncesinde giivenli
tasarim yapabilmesine imkan tanimaktadir.

c) Patlayic1 Malzeme Bilgi Veri Tabani: Tiirkiye’de ve diinyada yaygin olarak kullanilan ticari
patlayicilarin marka, model ve yogunluk bilgilerini igermektedir. Kullanici, tasarim agsamasinda
patlayici secimi yaparken veri tabanindaki teknik oOzelliklere dogrudan erigsmekte; bdylece
hesaplama siirecinde ek bir aragtirma yapmasina gerek olmamaktadir.

3. UYGULAMA OZELLIiKLERi VE KULLANICI ARAYUZU

Bu bdliimde gelistirilen uygulamanin ¢aligma mantig1 agiklanmis ve kullanici arayiizii gorselleri verilmistir.
Uygulamanin yapist bes ana modiil iizerine kurulmustur. Bunlar siras1 ile anasayfa, basamak patlatmasi
tasarimi, hasar riski analizi, parca boyut dagilimi analizi ve rapor olusturma modiilleridir. Uygulamadaki
sayfalarin alt-iist iligkileri Sekil 2°de sunulmustur.

Tiirkge Dil Ingilizee Dil
Paketi Paketi

=

EasyLocalization
Eklentisi

Firebase Firestore
Eklentisi

Uygulama Tema

Provider Eklentisi
Ayarlar

v

Anasayfa

|
! ! ! !

Basamak Patlatmasi Hasar Riski Analizi Tane Bayuml ]?agﬂum Rapor Olustur
Tasarimi Analizi
l ¥ l ¥ l l
S?Sﬂlllak ]iallalmm Yer Titresimi Analizi Kaya Sav!'u.lmam Asir Hava .B?SIIICI Tane P:U)'u( Dagilim Rapor Cikiist
Tasarimi Sonuglart Analizi Anallizi Sonuglart

Sekil 2. Uygulama sayfalar1 arasindaki iligkiler
3.1. Anasayfa

Gelistirilen uygulamanin anasayfa algoritmasi, uygulamanin temel kodlarina yer vermektedir. Bu kodlar
uygulamanin baslatilmasi, uygulamanin ihtiya¢ duyacagi eklentilerin tanimlanmasi, kullanici arayiizii
tasarimlari, sayfalar arasi gegisler, uygulama dil segenekleri gibi iceriklere sahiptir. Uygulamaya entegre
olarak c¢alisan veri tabanlar1 ve uygulamada hesaplanan degerlerin bellekte saklanmasi ve gerekli
sayfalardaki degiskenlere atanmasi i¢in gerek duyulan durum yonetimi sistemi ve uygulamanin c¢alisacagi
dil dosyalar1 bu sayfa igerisinde tanimlanmistir. Tasarim ve analiz islemlerine gecisler anasayfa iizerinden
yapilmaktadir. Uygulamanin anasayfa ekran gortintiileri Sekil 3°te verilmistir.
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Rock

iRockBlast Hakkinda ~

iRockBlast saha ve patlayici bilgileri girilerek
birincil tasarimlarin yapilabildigi, birincil
tasarimlardan alinan sonuglarla hasar riski
analizi, parga boyutu dagilimi analizi gibi
islemleri yapabilen mobil bir uygulamadir,

Dil Segimi
Tirkge

ingilizce

= - -

@ (b)
Sekil 3. Anasayfa ekran goriintiileri (a) Genel goriiniim (b) Dil se¢im ekrani

3.2. Basamak Patlatma Tasarim Sayfasi

Bu sayfada kullanicidan istenen veriler ile Olofsson [8] tarafindan gelistirilen tek ve ¢ift kademeli patlatma
tasarim modeli esitlikleri kullanilarak tasarim parametreleri hesaplanmaktadir. Olofsson modeli, tasarim
i¢in daha az sayida veri girisine gerek duymasi ve daha pratik olmasi nedeni ile tercih edilmistir. Ayrica,
Onerilen ¢ift kademeli hesaplamalarin uygulamaya dahil edilmesi ile ¢evresel etki degerlerinin izin verilen
limitleri agmas1 durumunda bir ara sikilama uygulamasi ile delik icerisindeki patlayict madde miktarinin
boliiniip farkli zamanlarda ateglenmesi sonucunda g¢evresel etki degerleri diisiiriilebilmektedir. Delikler ve
siralar aras1 gecikme hesaplamalar1 Konya ve Walter [9] tarafindan 6nerilen yaklasim ile yapilmaktadir.
Bu sayfanin ekran goriintiileri Sekil 4’te verilmistir. Arayiizde kullanicidan girisi istenen parametreler su
sekildedir;

e Atm Bilgileri: Delik ¢api, delik egimi, basamak yiiksekligi, attim uzunlugu, atim genisligi ve kaya
sabiti.

e Patlayici Bilgileri: Kademe sayisi (tek/cift), patlayict sarj tiirii (kolon/kolon ve dip), yemleyici
patlayici tiirii, yemleyici patlayict miktari, delik igi kapsiil gecikme siiresi, ara kapsiil gecikme
stiresi, ara sikilama uzunlugu, dip sarj patlayict modeli, dip sarj patlayict tiirii, dip sarj patlayici
yogunlugu, kolon sarj patlayici modeli, kolon sarj patlayici tiirii, kolon sarj patlayict yogunlugu.

e  Gecikme Bilgileri: Atim sonrasi istenen sonuglar, kayag faktorii.

Yapilan parametre girislerinin uygunlugu arayiiz tarafindan kontrol edilmekte, uygun degil ise hata mesaj1

gosterilmektedir. Uygun ise literatiir esitliklerine gore hesaplamalar yapilmakta ve asagidaki parametreler
hesaplanmaktadir;
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e Kolon sarj konsantrasyonu, dip sarj konsantrasyonu, maksimum dilim kalinlig1, delik taban payz,
delik boyu, delik hata payi, pratik dilim kalinlig1, siralar aras1 mesafe, atim genisligine uyarlama,
pratik siralar aras1 mesafe, delik sayisi, sira sayisi, toplam delik sayisi, 6zgiil delme, sikilama boyu,
secildi ise dip sarj boyu, dip sarj miktari, kolon sarj boyu, kolon sarj miktari, secildi ise ¢ift
kademeli sarj hesaplamalari, toplam sarj miktar1, gecikme bas1 en yiiksek sarj miktar1, 6zgiil sarj,
delikler aras1 gecikme stiresi, siralar arasi gecikme siiresi.

=

Basamak Patlatmasi Tasarimi Basamak Patlatmasi Hesap Sonuglari
Parametre Sonug Birim
Atim Bilgileri Delik Gap! 89 mm
Delik Egimi 90 °
Delik Gap! Basamak Yiiksekligi 8.000 m
89 T Atim Uzunlugu 30.000 m
Atim Genisligi 6.000 m
o Maks. Dilim Kalinhg 3.315 m
DElLk Egimi Delik Taban Payi 0.994 m
el v Delik Boyu 8.994 m
Delik Hata Payi 0.359 m
Basamak YUksekligi Pratik Dilim Kalinligi 2.956 m
8 m Siralar Arasi Mesafe 3.695 m
Delik Sayisi 10 adet
Atim Uzunlugu Sira Sayisi 4 adet
30 m Toplam Delik Sayisi 40 adet
Patlatma Kademe Tur Tek kademeli
Atim Genisligi Patlayici Sarj Tipi Kolon
6 m Sikilama Boyu 2.956 m
Ara Sikilama Boyu 0.000 m
Kayag TOr0 Dip Sarj Konsantrasyonu 0.000 kg/m
Zayif Kayag - Dip Sarj Boyu 0.000 m
Dip Sarj Miktar 0.000 kg
Kolon $arj Konsantrasyonu 4.977 kg/m
o Kolon $arj Boyu 6.039 m
Yemleyici Patlayici Miktar 1.000 kg
Toplam $arj Boyu 6.039 m
Gecikme Bagl Maksimum Sarj 31.053 kg
Ozgiil Delme 0.103 m/m?
@ Vvarsayilan m Azgul Sar] 0.355 kg/m?
Delik Igi Kapsiil Gecikme 500 ms
Delikler Arasi Gecikme Suresi 17 ms
Siralar Arasi Gecikme Siresi 50 ms
@ % Basamak Patlatmasi Tasarimi g
(@) (b)

Sekil 4. Basamak patlatmasi tasarimi sayfasi ekran goriintiileri (a) Veri giris kutulari (b) Tasarim hesap sonuglari

Uygulama, bu tasarim islemleri sirasinda deliklerdeki su durumuna goére esnek patlatma tasarimi
yapilabilmesi adina kullaniciya kolon ve dip sarj seceneklerini ve bu sarjlarda kullanilacak patlayic
maddelerin se¢imine imkan tanimaktadir. Patlayict madde se¢imi, uygulamanin patlayict madde veri tabani
ile baglantilidir. Bu veri taban1 Tiirkiye’de ve diinyada yaygin olarak kullanilan bir¢ok patlayici tireticisinin
iiriin portfoylinde yer alan patlayicilarin yogunluk degerlerini igermektedir. Yapilan secime gore patlayict
yogunluk degeri veri tabanindan alinmaktadir. Patlayici yogunluk degerleri el ile de uygulamaya
girilebilmektedir. Yapilan hesaplama sonuglar1 “Basamak Patlatma Tasarimi Sonuglar1” sayfasinda bir
tablo halinde kullaniciya gosterilmekte ve durum ydnetimi sistemi ile kendisinden sonra gelen analiz ve
rapor sayfalarina iletilmektedir. Bu modiilde kullanilan algoritmanin akim semasi1 Sekil 5°te verilmistir.

C.U. Miih. Fak. Dergisi, 40(3), Eyliil 2025




Baris KADEM, Abdulkadir KARADOGAN

Kullanmicidan Bilgileri Al

Delik Capi

Delik Egimi
Basamak Yiksekligi
Atim Uzunlugu
Atim Genisligi
Kaya Sabiti

Segim: Tek Kademeli, Kolon Sarj

Patlayic Bilgileri

Kademe Sayisi

(Tek / Cift)

Patlayier Sarj Tirii
Kolon / Kolon + Dip

Se¢im: Tek Kademeli, Kolon ve Dip

Sari

Segim: Cift Kademeli, Kolon Sarj

Gecikme Bilgileri

« Kayagc Faktirii
« Aum Sonras: Istenen
Sonuglar

Secim: Cift Kademeli, Kolon ve Dip
Sarj

|

l

|

KULLANICIDAN ISTE:

KULLANICIDAN ISTE:
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+ Yemleyici Patlayier Tiirii o . S +  Yemleyici Patlayier Miktan PR I
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o T . « Dip Sarj Patlayici Modeli e A «  Ara Kapsill Sikilama Uzunlugu
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o e + Dip Sarj Patlayic: Yogunlugu o . + Dip Sarj Patlayic: Tiirii
+ Kolon Sarj Patlayic: Tiirii + Kolon Sarj Patlayic: Modeli ) -
- - « Kolon Sarj Patlayici Modeli - « Dip Sarj Patlayiei Yogunlugu
+ Kolon Sarj Patlayict Yogunlugu - Mod + Kolon Sarj Patlayse: Tiirl ) T ]
- » Kolon Sarj Patlayici Tiirii Kol : Patlavier Yosunlug + Kolon Sarj Patlayict Modeli
« Kolon Sarj Patlayic Yogunlugu + Kolon $arj Patlayte1 Yogunlugu + Kolon Sarj Patlayicr Tirit
+ Kolon Sarj Patlayicr Yogunlugu
A
Segilen Patlayic1 Madde Modeli ve Tiirii
Patlayic
Yogunluk Patlayier Yogunluk Degieri
Veritabam
Y
Veri Kontrolii: Hayir
Tiim Alanlar Harta Mesaji Gaster
Dolduruldu mu?
Evet
Y
Senlen Provider Hesaplamalan Y [
Eklentisi lle Sonraki (€ P P e

Sonuglan" Sayfasma
Gonder

Sayfitara Gomder (Literattir Esitlikleriyle)

islemi Sonlandir
Sekil 5. Basamak patlatmasi tasarimi sayfasi algoritmasi
3.3. Hasar Riski Analizi Sayfasi

Uygulamanin bu modiiliinde patlatma kaynakli ¢evresel etkilerin atim dncesi tahmin edilebilmesi amaci ile
olusturulmus olan yer titresimi analizi, kaya savrulmasi analizi ve asir1 hava basinci analizi alt sayfalarina
yer verilmigtir. Her bir tahmin sayfasinin a¢iklamasi asagida sunulmustur.

3.3.1. Yer Titresimi Analizi Sayfasi

Yer titresimi analizi sayfasinda agik ocak patlatmalarinda titresimin en yiiksek pargacik hizini tahmin
etmedeki basarisi nedeniyle Duvall ve Fogelson [10] tarafindan 6nerilen titresim yayilim denklemi esitligi
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kullanilarak en yiiksek pargacik hiz1 degeri girildi ise, gecikme basi en yiiksek sarj miktari; gecikme basi
en yliksek sarj miktar1 girildi ise en yiiksek pargacik hizi degerleri hesaplanmaktadir. Bu sayfada
kullanicidan istenen parametreler su sekildedir;

e En yiiksek parcacik hizi, gecikme basi en yiiksek sarj miktari, mesafe, il, il¢e, kayac tiirii, arazi
iletim sabiti, saha jeolojik sabiti.

Bu sayfa ile baglantili olarak c¢aligsan yer titresimi veri tabani igerisinde ulusal yayinlardan elde edilen
titresim yayilim denklemi sabitleri yer almaktadir. Sayfa igerisinde kullanicinin yapacag il-ilge ve kayag
tirli secimlerine gore uygun titresim yayilim denklemi sabitleri veri tabanindan alinmakta ve
hesaplamalarda kullanilmaktadir. Bu degerler el ile de girilebilmektedir. Yer titresimi analizi sayfasmnin
ekran goriintiileri Sekil 6’da verilmistir.

3.3.2. Kaya Savrulmasi Analizi Sayfasi

Kaya savrulmasi analizi sayfasi, kullanicinin ihtiya¢ duyabilecegi farkli yonlerdeki kaya savrulma
mesafelerini tahmin edebilmek amaciyla atim sonucu savrulabilecek kayaglar ortalama tane boyutunun
ve en kotli durum senaryosu [11], basamak aynasi yoniinde ve sikilama yoniinde [12] ve 6lgekli gomme
derinligi [13] esitliklerine gore kaya savrulma mesafelerinin hesaplandigi sayfadir. Bu sayfanin ekran
gorintiileri Sekil 7°de verilmistir. Kullanicidan istenen girdi parametreleri su sekildedir;

e Delik ¢api, delik egimi, dilim kalinlig1, kaya sabiti, sikilama boyu, toplam sarj boyu, toplam sarj
miktari, ortalama patlayict yogunlugu.

3.3.3. Hava Soku Analizi Sayfasi

Hava soku analizi sayfasi, atim sonrasi olusacak olan asiri hava basinct degerlerinin dnceden tahmin
edilebilmesi amaciyla olusturulmustur. Hesaplamalar Siskind ve arkadaslari [14] tarafindan Onerilen
esitlikler ile yapilmaktadir. Bu sayfada kullanicidan istenen girdi parametreleri su sekildedir;

e  Mesafe, gecikme basi en yiiksek sarj miktari, patlatma tiirii, saha iletim sabiti, saha jeolojik sabiti.

Bu sayfa ile baglantili olarak ¢alisan hava soku veri tabani igerisinde patlatma tiirlerine gore giivenilir olarak
kabul edilen hava soku yayilim denklemi sabitleri yer almaktadir. Uygulama igerisinde kullanici tarafindan
yapilan patlatma tiirli secimine denk gelen yayilim denklemi sabitleri hesaplamalarda kullanilmaktadir. Bu
degerler el ile de girilebilmektedir. Hava soku analizi sayfasinin ekran goriintiileri Sekil 8’de verilmistir.

3.4. Parca Boyut Dagilimi Analizi Sayfasi

Parga boyut dagilimi analizi sayfasi, kullanicidan alinan veriler ve/veya yapilan birincil patlatma
tasarimindan alinan sonuglar iizerinden tahmin basarisinin gergek degerlere yiiksek uygunlugu ve kullanim
kolayligiyla bilinen iyilestirilmis Kuz-Ram parcalanma modeli [15] kullanilarak, atim 6ncesinde parca
boyut dagilim oranlarmin belirlenmesi amaciyla kullanilmaktadir. Bu sayfada kullanicidan istenen
parametre girisleri su sekildedir;

e Kayag Bilgileri: Ozgiil agirlik, elastisite modiilii, tek eksenli basing dayanimi, kaya kiitle
siniflamasi, eklem diizlem araligi, eklem diizlem yonelimi.

e Atim Bilgileri: Delik ¢api, dilim kalinlig, siralar aras1 mesafe, basamak yiiksekligi, dip sarj boyu,
kolon sarj boyu, delik diizeni.

e Patlayici Bilgileri: Patlayicinin agirlikca kuvveti, gecikme basi en yiiksek sarj miktari.

e Parcalanma Dagilim Hedefleri: Elek iistii boyutu, optimum boyut, elek alt1 boyutu.

Kayag faktorii, ortalama parga boyutu, iiniformite indeksi, karakteristik boyut, patlatilabilirlik indeksi gibi
parametreler hesaplandiktan sonra % gecen — boyut egrisi ve tablosu olusturulmakta ve tiim hesaplama
sonuglar1 arayiizde kullaniciya gosterilmektedir. Bu sayfanin ekran goriintiileri Sekil 9°da verilmistir.
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Sekil 9. Parca boyut dagilimi analizi sayfasi ekran goriintiileri (a) Veri girig kutulari (¢) Hesaplama sonuglari
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3.5. Rapor Olustur Sayfasi

Rapor olustur sayfasi, uygulama tarafindan iiretilen patlatma tasarimi, ¢evresel etki analizi ve parca boyut
dagilimi analizi sonug¢larimin PDF formatinda yazili ve gorsel olarak bir rapor halinde {iretilebildigi sayfadir.
Bu sayede olusturulan tasarim ve analiz sonuglar1 kaydedilebilmekte ve paylasilabilmektedir. Bu modiil
tarafindan tiretilen raporun ekran goriintiileri Sekil 10°da sunulmustur.
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4. VAKA CALISMASI

Bu béliimde, Ozyurt ve arkadaslar1 [39] tarafindan Trakya bdlgesinde gerceklestirilen érnek bir atima ait
bilgiler ve sahadan elde edilen 6l¢iim sonuglar: kullanilarak gelistirilen uygulamanin tasarim, gevresel etki
ve pargalanma tahminleri sonuglart karsilastirilmaktadir. Arastirmacilar tarafindan sahada uygulanan
patlatma tasarimina ait bilgiler ve sahada dlgiilen sonuglar Cizelge 1°de sunulmustur.

Cizelge 1. Ornek saha calismasina ait bilgiler [39]

Uygulanan patlatma tasarim Olgiilen cevresel etki sonuglari
Parametre Deger Birim Parametre Deger Birim
Patern bilgileri i )
Basamak yilksekligi 3 - Olgiim cihazi: Instantel BE10709
Delik ¢ap1 89 mm | Maksimum Pargacik Hizi 1,397 mm/s
Delik boyu 10 m Frekans 12,80 Hertz
Dip delgi 2 m Hava Soku 126,60 dB
Dilim kalinlig: 2,70 m Mesafe 149,00 m
Siralar aras1 mesafe 2,70 m Kaya savrulma mesafesi
Ozgiil delme 0,17 m/m?
Delik adeti 40 adet -
Patlayic1 yogunlugu 0,80  glem?® 3 e
Sikilama boyu 2,50 m +
Sarj boyu 7,50 m A
Sarj konsantrasyonu 4,97 kg/m N
Bir delikteki yemleyici miktari 1 kg ’
Bir delikteki ANFO miktari 37,275 kg
Bir delikteki toplam patlayic1 miktar 38,275 kg <
Toplam patlayici miktart 1491 kg k- ‘Yv“ |
Cakigan delik sayisi 2 adet ' @:L an N
Gecikme bag1 sarj miktar 76,55 kg &.ic . \:"" o 3
Ozgiil sarj 047  kg/m? - ‘-:'", \ ,t“ \ ‘ e
Delik i¢i gecikme 500 ms - - s
Yiizey gecikmesi 25 ms
Siralar aras1 gecikme 42 ms Par¢a boyut dagilim analizi sonuglart
Saha - kayag bilgileri Pao 118,33 mm

Tek eksenli basing dayanimi 47.63 MPa | Pso 227,01 mm
Siireksizlik aralig 1.70 m Pgo 354,01 mm
Yogunluk 2497  g/lcm® | En Biiyiik Parca Boyutu 657,59 mm

4.1. Basamak Patlatmasi Tasarimi Sonug¢larinin Karsilastirilmasi

Ornek saha caligmasindan alman tasarim parametreleri (Cizelge 1) uygulamaya girilerek hesaplamalar
yapilmistir. Uygulama tarafindan {iretilen hesaplama ¢iktilar1 Cizelge 2°de sunulmustur. Uygulama ¢iktilari
ile saha uygulamasinda kullanilan tasarim parametreleri arasinda genel olarak yiiksek benzerlik soz
konusudur. Farkliliklarin  bir kismu uygulamanin literatiir bilgilere gore hesaplama yaparken,
planlamacilarin bu bilgilere ek olarak deneyimsel tecriibelerini de hesaplamalarda kullanmasindan
kaynaklanmistir. Elde edilen sonuglar, gelistirilen uygulamanin literatiir temelli tasarim algoritmasinin,
saha degerleri ile yiiksek diizeyde ortiistiigiinii gostermektedir.

Aragtirmacilar, 6rnek ¢aligmada ayni gecikme siirelerinde iki delik ateslemis, bu nedenle gecikme bas1 en
yliksek sarj miktari, delik ici toplam sarj miktarmin iki kati olmustur. Uygulamada bundan sonraki
hesaplamalarda gecikme bagi en yliksek sarj degeri icin saha sartlarina uygun bi¢cimde delik i¢i toplam sarj
miktarmin iki kat1 kabul alinmustir.
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Cizelge 2. Basamak patlatmasi tasarimi i¢in uygulamaya girilen degerler ve alinan sonuglar

Girdiler Ciktilar
Parametre Deger Birim Parametre Sonug¢ Birim
Anm bilgileri Delik taban pay1 0,994 m
Delik ¢ap1 89 mm Delik boyu 8,994 m
Delik egimi 90 ° Delik hata pay1 0,359 M
Basamak yiiksekligi 8 m Dilim kalinlig 2,956 m
Atim uzunlugu 30 m Siralar aras1 mesafe 3,695 m
Atim genisligi 6 m Delik say1s1 10 adet
Kayag tiirii Zayif kayag Sira sayis1 4 adet
Patlayici bilgileri Toplam delik say1s1 40 adet
Patlatma kademe sayist Tek kademeli Sikilama boyu 2,956 m
Patlayici sarj tipi Kolon sarj Sarj konsantrasyonu 4,997 kg/m
Yemleyici patlayict tiirii Jelatinit dinamit Sarj boyu 6,039 m
Yemleyici patlayict miktari 1 kg Kolon sarj miktari 30,053 kg
Delik i¢i kapstil gecikmesi 500 ms Delik sarj miktari 31,053 kg
Kolon sarj modeli ANFO Gecikme basi sarj miktari 31,053 kg
Kolon sarj tiirii Toplam sarj miktari 1242,12 kg
Kolon sarj patlayici yogunlugu 0.8 g/lcm?® Ozgiil delme 0,103 m/m®
Gecikme bilgileri Ozgiil sarj 0,355 kg/m?®
Kayag faktorii Bazi kiregtaslari, seyl vb. Delikler arast gecikme 25 ms
Atim Sonrast istenen sonuglar Minimum geri kirtlma ve daginik y18in | Siralar arasi gecikme 50 ms

4.2. Patlatma Kaynakl Cevresel Etki Sonuglarinin Karsilastirilmasi

Cevresel etki tahminleri, uygulamanin yer titresimi, kaya savrulmasi ve hava soku modiilleri kullanilarak
gerceklestirilmis ve Cizelge 1°deki saha dl¢iimleriyle karsilastirilmistir. Hasar riski analizi i¢in kullanilan
girdi parametreleri ve alinan sonuglar Cizelge 3’te verilmistir. Asagida her bir etki tiirli i¢in kullanilan
yontem ve elde edilen sonuglar agagida 6zetlenmistir:

a. Yer Titresimi: Uygulamanin titresim veri tabanindan, ayni sahada daha dnce 6l¢iilmiis ve veri tabaninda
kayith Istanbul-Catalca-Sarikayatepe Tas Ocagi titresim yayilim denklemi sabiti verileri alinmistir ve
hesaplamalarda kullanilmistir. Uygulama tahmini ile saha dl¢limlerinin en yiiksek pargacik hizi degerleri
arasindaki farkliligin, jeolojik heterojenite ve 6lgiim anindaki atmosferik kosullar gibi kontrol edilemeyen
degiskenlerden kaynaklandig: diisiiniilmektedir. Onemli olan husus, bu sapmanin kabul edilebilir diizeyde
kalmasi ve tahmin edilen en yiiksek pargacik hizi degerlerinin gevresel sinirlar igerisinde kalmasidir.

b. Kaya Savrulmasi: Sahada gergeklestirilen atima ait video gérintiisii Kinovea uygulamasi ile basamak
yiiksekligi (8 m) baz alinarak analiz edilmistir. Video goriintiilerinin gériinen kisminda kaya pargalarinin
yatay yonde yaklasik 20 metre savruldugu goriilmiistiir. Bu pargaciklar bir miktar daha serbest hareketine
devam edecek, sonrasinda ise yerde siiriiklenecektir. Sahadaki kaya savrulma mesafelerinin yaklagik 30
metre olacagl on goriilmistiir. Gelistirilen uygulama ile yapilan kaya savrulma mesafelerinin tahmin
sonuglari ile sahada uygulanan atimin yatay yondeki sonuglar1 6rtiismektedir. Atim videosundan elde edilen
yatay yondeki savrulma mesafesi, uygulamada hesaplanan kaya¢ savrulma mesafesi sinirlarinin igerisinde
kalmaktadir.

. Hava Soku: Bu hesaplama i¢in uygulamada patlatma tiirii olarak “tas ocagi basamak patlatmasi” se¢imi
yapilmig, bu se¢ime karsilik gelen deger uygulamanin veri tabanindan alinarak hesaplamalarda
kullanilmistir. Hesaplanan hava soku degeri ile 6rnek saha ¢alismasinda yapilan 6l¢iim sonuglar1 arasinda
yaklagik 8 dB’lik bir fark s6z konusudur. Elde edilen sonuglar ayni etki seviyesi icerisinde kalmaktadir.
Cihaz hassasiyeti ve yerel atmosferik kosullar g6z 6niinde bulunduruldugunda bu sonug kabul edilebilir
sapma seviyesindedir.

4.3. Parca Boyut Dagilimi Sonu¢larinin Karsilastirilmasi

Uygulamaya girilen parametre degerlerinden alinan parc¢a boyut dagilim analizi sonuglari ile 6rnek saha
calismasinda arastirmacilar tarafindan goriintii isleme teknikleri kullanilarak elde edilen y1gin parca boyutu
dagilimi sonuglar1 biiyiik oranda benzerlik gostermektedir. Sahadan elde edilen verilerde, sadece yi1ginin
fotografta goriinen ylizeysel kisimlar1 analiz edilebildiginden, uygulamadan alinan sonuglar ile sahada
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yapilan dl¢limler arasinda bazi farkliliklarin olmasi normal bir durumdur. Basamak patlatmasi sonuglarinin
karsilagtiritlmasi amaci ile uygulamaya girilen degerler ve alinan sonuglar Cizelge 4’te verilmistir.

Bu vaka caligmasi, gelistirilen uygulamanin sahada uygulanan gergek tasarim ve dl¢timlerle yiiksek uyum
sagladigini, ayni zamanda literatiir tabanli hesaplamalarin pratikte gegerli sonuclar verdigini ortaya

koymaktadir.

Cizelge 3. Hasar riski analizi i¢in uygulamaya girilen degerler ve alinan sonuglar

Girdiler Ciktilar
Parametre Deger Birim Durum Sonug¢ Birim
Yer titresimi analizi
Gecikme bas1 maksimum sarj 62,106 kg
Mesafe 149 m
Saha iletim sabiti 340 1,763 mm/s
Saha jeolojik sabiti 1,79
Kaya savrulmas: analizi
Delik ¢ap1 89 mm | Ortalama parca boyutu 0,231 m
Delik egimi 90 ° En kotii durum senaryosu 599,806 m
Dilim kalinligt 2,956 m Olgekli gdmme derinligi 45,383 m
Kaya sabiti 25 Basamak aynasi yoniinde 31,979 m
Sikilama boyu 2,956 m Sikilama yo6niinde 63,957 m
Sarj boyu 6,036 m
Sarj miktari 31,053 kg
Patlayict yogunlugu 0,8 g/cm?®
Hava soku analizi
Mesafe 149 m Hava basinci 1,099 mBar
Gecikme basi maksimum sarj 62,106 kg Hava basinct 134,923 dB
Saha iletim sabiti 37,1 Etki seviyesi Act baglangici
Saha jeolojik sabiti 0,97
Cizelge 4. Parga boyut dagilimi analizi i¢in uygulamaya girilen degerler ve alinan sonuglar
Girdiler Ciktilar
Parametre Deger Birim Parametre Sonug¢ Birim
Kayag bilgileri Kayag faktorii 6,717
Ozgiil agirlik 2.497 t/m® | Ort. parga boyutu 19,191 cm
Elastisite modiilii 40,00 GPa | Uniformite katsayis 1,807
Tek eksenli basing dyanimi 47,63 MPa | Karakteristik boyut 0,235 m
Kaya kiitle siniflamasi Bloklu Elek tistii boyutu 0,001 %
Eklem diizlem aralig >1.0 m Optimum boyut 64,143 %
Eklem diizlem yonelimi Aynaya paralel Elek alti boyutu 35,856 %
Atum bilgileri Yiizde gegen, % Boyut, m
Delik ¢ap1 89 mm 0,000 0,00
Dilim kalinligt 2,956 m 5,919 0,05
Siralar aras1 mesafe 3,695 m 19,220 0,10
Basamak yiiksekligi 8,000 m 35,856 0,15
Dip sarj boyu 0,000 m 52,606 0,20
Kolon sarj boyu 6,039 m 67,287 0,25
Delik diizeni Sagirtmali/sesbes 78,845 0,30
Patlayici bilgileri 87,154 0,35
Patlayici agirlikga kuvveti 100 92,661 0,40
Gecikme bas1 maksimum sarj 62,106 kg 97,994 0,50
Pargalanma dagilim hedefleri 99,563 0,60
Elek tsti boyutu 0,90 m 99,971 0,75
Optimum boyut 0,45 m 99,996 0,90
Elek alt1 boyutu 0,15 m 100,000 0,95

5. KARSILASTIRMA VE SONUCLAR
5.1. Mevcut Uygulamalarin Karsilastirilmasi

Bu ¢alismada ele alinan konu ile ilgili daha once ¢esitli patlayic1 ve/veya yazilim firmalar: tarafindan
gelistirilmis mobil uygulamalar bulunmaktadir. Bu uygulamalarin listesi ve ozellikleri Cizelge 5°te
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sunulmustur. Bu boliimde, bu c¢alismada bahsedilen uygulama ile daha once gelistirilmis olan
uygulamalarin 6zellikleri karsilastirilmusgtir.

Cizelge 5: Benzer amagla daha dnce gelistirilmis olan mobil uygulamalar

Uygulama ad1 Uygulama ézellikleri Yaymn durumu Kaynak

Patlatma tasarim parametrelerinin her biri farkli bir sayfada
hesaplanmaktadir. Yer titresimi ve asir1 hava basinci tahminleri

O-Pit Blast Guide yapilabilmektedir. Kaya¢ savrulmasi ve parga boyut dagilim AP +GPS [40]
analizine yer vermemektedir.
Pocket Blast Guide Delik bas1 sarj miktari, 6zgiil sarj, patlatilacak toplam kaya¢ hacmi, AP + GPS [41]
Mobile App yer titresimi hesaplamalar gibi birkag temel 6zellige sahiptir.
Explosives Engineers' Birkag temel patlatma tasarim parametresi hesabi yapabilmektedir. AP + GPS [42]
Mobile App Yer titresimi ve asirt hava basinci tahmini yapabilmektedir.
Planlanan basamak patlatma tasarim parametreleri uygulamaya
Nelson Brothers App girildigim‘?e toplam delgi miktari, patlatl@cak kayagi hacmi gibi AP + GPS [43]
sonuglar iiretmekte, planlanan tasarimda diizeltmeler 6nermekte ve
en yiiksek pargacik hizi, 6lgekli mesafe gibi sonuglart iiretmektedir.
Birden fazla patlatma tasarim parametresinin tek sayfada
BME Guide hesaplanabildigi bir modile ve bu parametrelerin ayri ayr AP + GPS [44]

hesaplanabildigi ek modiillere sahiptir. Yer titresimi tahmini
yapabilmektedir.
*AP: AppStore, GPS: Google Play Store

Benzer amagla daha once gelistirilen Smart Blasting App [45] adli uygulama yayindan kaldirilmistir.
Sakcali ve arkadaslar1 [46] tarafindan gelistirilen uygulama ise hi¢bir uygulama marketinde
yaymlanmamistir. Bu uygulamalar karsilastirmaya dahil edilememistir. Calisma kapsamindaki uygulama
ile, benzer amagla daha once gelistirilmis diger uygulamalar karsilastirildiginda elde edilen sonuglar su
sekildedir;

e  Gelistirilen uygulama diger uygulamalarin aksine patlatma tasarimi, ¢evresel etki tahminleri ve
pargalanma orani analizlerini tek bir uygulamada birlestirmistir. Bu hesaplamalarin her birini
farkli modiiller iginde biitiinlesik olarak yapmaktadir. Diger uygulamalarin bir¢ogunda bu
ozelliklerin biri/birka¢ci mevcut degildir ya da her bir modiildeki parametreler ayri ayri
hesaplanmaktadir. Uygulama, diger uygulamalardan farkli olarak kaya savrulmasi tahminlerinde
birden fazla senaryoya gore hesaplamalar yapabilmektedir. Par¢a boyut dagilimi analizinde ise
sonuglari tablo ve grafik {izerinde sunabilmektedir.

e  Gelistirilen uygulamada diger uygulamalarin aksine patlatma tasarimi asamasi sirasinda patlatma
deliklerindeki su varligi durumuna gore kolon ya da kolon ve dip sarj yontemleri uygulanarak
patlatma tasarimi yapilabilmektedir. Ayrica sarj miktarlarinin ¢evresel etkiler agisindan izin
verilen limitleri agmasi durumunda bir delikte bir ara sikilama uygulamasi ile sarj miktarini
bolerek iki ayr1 patlatma gerceklestirilmesine imkan tantyan ¢ift kademeli patlatma tasarimlarinin
yapilabilmesini saglamaktadir.

e Uygulama, cesitli veri tabanlari ile baglantilidir. Yer titresimi ve hava soku veri tabanlari
sayesinde arazi iletim ve jeolojik sabitleri istatistiksel olarak belirlenene kadar daha giivenli
patlatma tasarimlarinin yapilabilmesi amaglanmistir. Uygulamanin patlayici bilgi veri tabaninda
ise, diger uygulamalarin aksine Tirkiye’de ve diinyada faaliyet goOsteren birgok patlayic
firmasinin  iiriin  bilgilerine yer vermektedir. Patlayict firmalar1 tarafindan gelistirilen
uygulamalarda sadece kendi liriinlerine yer vermisglerdir.

e  Geligtirilen uygulama, kullanictya tiim sonuglarin bir rapor halinde sunulmasini saglamaktadir.
Gorsel ve metinsel olarak tiim hesaplamalar tek bir rapor iizerinde kaydedilebilmekte ve
paylasilabilmektedir. Bu 6zellik diger uygulamalar tarafindan desteklenmemektedir.

Diger uygulamalarda yer alan metrik/ingiliz 6lgii sistemi segenekleri, patlatma literatiir dokiimantasyonu,
bazi patlatma tasarim parametreleri ve hesaplama sonuglari (sikilama malzemesinin optimum tane boyutlar1
gibi) 6zelliklerine sahip degildir.

5.2. Sonuclar ve Gelecek Calismalar
Bu caligmada, kullanicidan alinan saha bilgileri, patlayici bilgileri ve patlatma geometrisi ile ilgili

parametreleri kullanarak patlatma tasarimi yapabilen, pargalanma oranlar1 ve ¢evresel etki (yer titresimi,
hava soku, kaya savrulmasi) analizleri sunabilen, elde edilen tiim verileri rapor halinde PDF formatinda
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kullaniciya sunabilen bir mobil uygulama gelistirilmigtir. Dart programlama dili ve Flutter mimarisi
kullanilarak insa edilen iRockBlast adli bu uygulama hem iOS hem de Android isletim sistemlere sahip
cihazlarda ¢aligmaktadir.

Uygulamanin giivenilirligini tespit etmek amaciyla, 6rnek bir saha calismasi tizerinden gelistirilen
uygulamanin tasarim ve analiz hesaplamalarindan elde edilen sonuglar hem literatiirdeki bilgilerle hem de
gercek saha verileriyle karsilastirilmistir. Bu kapsamda, uygulama tarafindan iiretilen ¢iktilar ile sahada
yapilan Ol¢liimler karsilastirmali olarak analiz edilmistir. Saha caligmasinda, sahada fiilen uygulanan
tasarim parametreleri temel alinarak, uygulamanin irettigi tasarim, gevresel etki ve yign parga boyut
dagilimi sonuglar1 karsilastirilmigtir. Tasarim agamasinda elde edilen bulgular, tasarim parametrelerine
iligkin uygulama c¢iktilarinin saha verileri ile biiylik dlgiide Ortiistiigiinii gostermektedir. Gozlemlenen
kiigiik farkliliklarin ise, planlamacilarin kisisel deneyimlerini tasarim siirecine dahil etmelerinden
kaynaklandigi degerlendirilmistir. Cevresel etki analizlerine iliskin sonuglar da genel anlamda saha
verileriyle yiiksek uyum gostermistir. Gozlemlenen kiiciik miktardaki farkliliklarin, sahadaki jeolojik
heterojenite, patlatma anindaki atmosferik kosullar gibi degiskenlerden etkilendigi diisiiniilmektedir.
Parcalanma analizine iliskin karsilastirmalarda ise, uygulamadan elde edilen sonuclar ile arastirmacilar
tarafindan goriintii isleme teknikleri kullanilarak yapilan analiz arasinda genel bir uyum gozlenmistir.
Bununla birlikte, goriintii isleme teknikleri ile yapilan analizlerde yalnizca yigimm yiizey kismi analiz
edildiginden, kiiciik farkliliklarin ortaya c¢ikmasi dogal kabul edilmektedir. Genel bir degerlendirme
yapildiginda, uygulamanin irettigi ¢iktilarin hem saha verileri hem de literatiirdeki bilgilerle yiiksek
derecede tutarlilik gosterdigi ve saha kosullarina uyum sagladigi sonucuna varilmistir.

Mevcut durumda gelistirilen uygulama, benzer mobil ¢dziimlerden farkli olarak tek bir platformda
biitiinlesik patlatma tasarimi, ¢evresel etki analizi ve parcalanma analizi modiillerini daha gelismis bir
bi¢cimde sunmaktadir. Getirdigi yenilik¢i ¢ozlimler ile patlatmanin tasarim ve analiz agamalarinda kullanict
dostu bir yap1 sergilemektedir. Patlatma operasyonlari; yiiksek maliyetleri, cevresel etkileri ve par¢alanma
derecelerinin sonraki proseslere olan etkisi nedeniyle titizlikle planlanmalidir. Basamak patlatma
tasarimlarinin hazirlanmasi, gevresel etki analizlerinin yapilmasi ve par¢a boyut dagilimimin 6ngdériilmesi
zaman alic1 ve karmasik iglemler gerektirmektedir. Giiglii bir literatiir altyapisi {izerine insa edilen bu
uygulama, planlamacilarin bu siireglerdeki zaman kayiplarini azaltmakta ve karar verme siireglerini
hizlandirmaktadir. Tasarim parametrelerinin anlik olarak degistirilebilmesi ve sonuglarin eszamanlt
hesaplanabilmesi, olasi tasarim hatalarmin minimize edilmesini saglayarak operasyonlarin daha verimli
yiiriitiilmesine katki sunmaktadir. Iyi planlanmis bir patlatma tasarin yalmzca patlatma asamasini degil,
ayni zamanda yiikleme, nakliye, kirma ve 0giitme gibi sonrasinda gelen tiim madencilik iglemlerini
dogrudan etkilemekte; islem maliyetlerini azaltarak toplam igletme verimliligini artirmaktadir. Dolayistyla
gelistirilen bu ve benzeri mobil uygulamalarin yayginlasmasi, patlatma planlamacilarinin sahada tasarim
ve analiz slireclerini anlik olarak gerceklestirebilmesine olanak tantyacak; bdylece yalnizca teknik dogruluk
degil, ayn1 zamanda maliyet, zaman ve giivenlik agisindan da somut faydalar saglayacaktir.

flerleyen donemlerde, gelistirilen bu mobil uygulamanin kapsaminin genisletilmesi planlanmaktadar.
Ozellikle yeralt1 ve tiinel patlatmalari igin tasarim modiillerinin eklenmesi kullamlabilirligi artiracaktir.
Ayrica, patlatma maliyet analizini gerceklestirebilecek yeni modiillerin entegrasyonu ile ekonomik
degerlendirme siireglerinin  desteklenmesi hedeflenmektedir. Cevresel etkilerin daha dogru
modellenebilmesi i¢in kullanilan yer titresimi ve hava soku yayilim denklemlerine ait sabitlerin bulundugu
veri tabanlarinin veri ¢esitliliginin artirilmasi da planlanan gelistirmeler arasindadir. Bunun yaninda, IoT
sensOr entegrasyonu ile sahadan gergek zamanli verilerin toplanmasi, uygulamanin yalnizca tahmine dayali
degil, 6l¢lim verilerine dayali bir karar destek sistemi olarak kullanilabilmesine olanak saglayacaktir. Yapay
zekd ve optimizasyon algoritmalarinin sisteme entegre edilmesiyle birlikte tasarim parametrelerinin
otomatik optimize edilmesi hem giivenlik hem de maliyet agisindan daha etkin ¢dziimler sunabilecektir.
Mobil platformlara bu yeni teknolojilerin entegrasyonunun saglanmasi ile uygulamanin, patlatma
miihendisligi alaninda hem yiizey hem de yeralt1 kosullarina kullanilabilen, kapsamli ve akilli bir platform
haline getirilmesi ongoérillmektedir.
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Healthcare workers often experience thermal discomfort when
using multilayer protective clothing, as barrier protection is often
prioritized over comfort. This study evaluated a Madaline®-
based multilayer textile system developed for medical
applications, consisting of an outer Madaline® layer, two
polyurethane membranes, and a quilted Nomex® Comfort liner.
Results showed that adding membranes increased thermal
resistance, with Membrane B performing slightly better than
Membrane A. The inclusion of the quilted liner further enhanced
insulation (65.43 mK-m?W) but reduced vapour permeability
(=21-23%) and increased RET (14.2-15.8 Pa-m*W), placing
both three-layer systems in the moderate comfort range. The
Membrane B + liner assembly is more suitable for high-risk
environments requiring maximum protection, while the
Membrane A + liner offers a better balance of comfort and safety
for moderate-risk or extended-wear conditions.
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Saglik ¢alisanlari, ¢ok katmanli koruyucu giysiler kullanirken,
genellikle koruyucu bariyer performansinin konforun oniinde
tutulmasi nedeniyle termal rahatsizlik yagamaktadir. Bu ¢aligsma,
tibbi uygulamalar igin gelistirilen, dig Madaline® katmani, iki
poliliretan membran ve kapitone Nomex® Comfort astardan
olusan ¢ok katmanli bir tekstil sistemini degerlendirmistir.
Bulgular, membran eklemenin termal direnci artirdigini ve
Membran B’nin Membran A’ya gore biraz daha iyi performans
gosterdigini ortaya koymustur. Kapitone astarin dahil edilmesi,
yaliimi daha da artirmis (65.43 mK-m?/W), ancak su buhari
gecirgenligini  azaltmis (=%21-23) ve RET degerini
yiikseltmistir (14.2—-15.8 Pa-m*W). Bu durum, her iki {g¢
katmanli sistemi de orta konfor kategorisine yerlestirmistir.
Membran B + astar kombinasyonu, maksimum koruma
gerektiren yiiksek riskli ortamlar i¢in daha uygunken, Membran
A + astar kombinasyonu orta riskli veya uzun siireli kullanim
kosullarinda konfor ve giivenlik arasinda daha iyi bir denge
saglamaktadir.
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Thermophysiological Insights Into Madaline®-Based Multilayer Textiles For Medical Protection

1. INTRODUCTION

Healthcare professionals frequently operate in thermally challenging environments where physiological
comfort, moisture management, and adequate protection against biological hazards are essential for
sustaining performance, safety, and well-being. Work in healthcare settings, such as wards, operating
rooms, or emergency environments, often requires wearing multilayered clothing systems that prioritize
barrier protection over thermal comfort, leading to increased thermal strain and discomfort [1-3]. Such
discomfort has been shown to reduce perceived work performance, impair concentration, and increase the
risk of heat-related illnesses, particularly under conditions of high physical activity or limited
environmental control [4-8].

Protective medical clothing is designed primarily to act as a barrier against pathogens and hazardous fluids;
however, these protective properties frequently come at the expense of breathability and moisture vapor
permeability [9]. Previous research has shown that surgical gowns, scrub suits, and cleanroom apparel differ
considerably in their thermal insulation and evaporative resistance values, directly affecting
thermophysiological responses and subjective comfort of the wearer [10-13]. Studies have emphasized the
necessity of balancing thermal insulation with vapor transmission to prevent excessive heat and moisture
accumulation within the clothing microclimate. Inadequate moisture management can increase skin
wetness and perceived clamminess, which in turn accelerates heat strain and impairs comfort [9-10].

A growing body of empirical work has evaluated thermal comfort of healthcare workers across diverse
environments and garment systems. For example, Wang et al. demonstrated that medical protective
clothing in hot and humid conditions significantly elevates skin temperature, sweat accumulation, and
cardiovascular strain, particularly during high-intensity tasks [14]. Abreu, et al. compared the thermo-
physiological behavior of single-use scrub suits and demonstrated significant differences in thermal
insulation, highlighting how ensemble design directly affects comfort [15]. Derks et al. showed that staff
in hospital wards often report “slightly warm” sensations that lower work performance [1], while
Khodakarami & Knight found that measured thermal comfort conditions in Iranian hospitals were often
unacceptable compared with international standards [16].

Recent research highlights the growing importance of advanced textile solutions for managing thermal
comfort in protective and functional clothing. Studies on personal thermal management garments show that
localized cooling strategies and adaptive garment designs can effectively address body-specific comfort
needs, improving both physiological stability and wearer perception [17]. Similarly, investigations into cold
intolerance emphasize how innovative textile engineering and multilayer constructions enhance heat
retention and user comfort in challenging conditions [18]. Research focused on high-thermal comfort
wearables for sports underscores the relevance of material selection, coatings, and system-level textile
design in enhancing breathability and heat dissipation [19]. Within medical contexts, pilot studies assessing
disposable protective clothing confirm that safe working durations are limited by physiological heat strain,
highlighting the need for improved thermal management in such garments [20]. Experimental
investigations have also demonstrated that personal protective equipment substantially elevates heat stress
in hot environments, affecting both physiological responses and subjective comfort [21]. To address these
challenges, targeted interventions such as water-absorbing resins and condensation—-dehumidification
technologies have been proposed, showing measurable reductions in heat burden and discomfort [22].
Finally, recent reviews synthesize advances in thermoregulatory clothing, noting that dual-mode and
responsive textile architectures offer promising pathways toward integrating protection with enhanced
comfort [23]. These studies demonstrate that innovation in textile engineering from sportswear applications
to medical protective clothing provides essential strategies for achieving both thermal comfort and
protective functionality in healthcare and other high-intensity settings.

Recent reviews emphasize that advances in nanomaterials, phase-change composites, and multilayer textile
architectures can significantly enhance thermoregulation without compromising protective performance
[24]. Similarly, research on smart clothing systems has demonstrated how responsive fabric technologies
can actively support personal thermal management, offering potential applications in healthcare apparel
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[25]. Hygroscopic and adaptive fibers can play a key role in buffering rapid changes in humidity and
temperature, thereby improving thermophysiological comfort during and after activity. For instance, Peng
et al. introduced an integrated cooling (i-Cool) textile that combines heat conduction and sweat
transportation, significantly enhancing perspiration management and thermal comfort [26]. Similarly, Chai
et al. demonstrated that thermoregulatory clothing incorporating temperature-adaptive, multimodal body
heat regulation can dynamically adjust to thermal loads, reducing heat stress while maintaining comfort
[27]. Together, these studies confirm that advanced fiber engineering and textile architectures provide
promising strategies to balance moisture management, thermal regulation, and comfort in protective
clothing systems.

Phase-change inserts and active cooling systems, such as ice vests and forced-air devices, have also
demonstrated effectiveness in reducing heat strain for healthcare personnel [28]. Experimental results
demonstrate that integrating phase-change cold storage into protective apparel leads to marked
improvements in both physiological and perceptual comfort [29]. Beyond garment engineering, several
field investigations have highlighted how contextual factors, such as hospital ventilation systems, ward
zoning, and local climate, affect comfort. For instance, Udom found that healthcare workers in remote hot-
arid clinics often faced conditions outside comfort limits, showing the need for climate-specific comfort
standards [30]. Likewise, indoor studies in Iran [31] revealed that standard PMV (Predicted Mean Vote)-
based indices often underestimate discomfort in hospital environments due to clothing and activity-specific
effects. These finding highlights the importance of integrating both environmental and clothing parameters
into comfort evaluation.

Given these complexities, standardized and quantitative evaluation methods are essential. Tools such as the
sweating guarded hot plate [ISO 11092] and thermal manikins [ASTM F1291, F2370] have been widely
applied to measure thermal resistance (Rct), evaporative resistance (Ret), and permeability index across
single and multilayer systems [32-33]. Studies using thermal manikins to assess surgical gowns, scrub suits,
and protective ensembles [28,32] provide objective metrics that, when combined with wearer trials, yield
valuable insights into how fabric density, membrane type, and air layer thickness influence thermal and
moisture transfer.

In light of these considerations, the present study focuses on the development and evaluation of a
Madaline®-based multilayer textile system specifically designed for medical protective applications. The
system integrates an outer Madaline® fabric with inherent liquid repellency, two types of polyurethane
membranes with different densities, and a quilted Nomex® thermal liner. This configuration was selected
to optimize the trade-off between thermal comfort and protective performance by enhancing moisture vapor
transmission, regulating heat flow, and ensuring effective liquid barrier protection. By systematically
assessing thermophysiological parameters such as thermal conductivity, resistance, and water vapor
permeability, this study aims to provide new insights into how Madaline®-based multilayer assemblies can
inform future standards for healthcare garment design and improve occupational comfort for medical
personnel working under demanding conditions. While previous studies have explored thermal comfort and
barrier properties of protective clothing in general, this work uniquely investigates the combined
performance of Madaline® fabric with polyurethane membranes and a Nomex® Comfort liner under
standardized 1SO 11092 testing. This integrated approach offers a novel perspective on optimizing both
comfort and protection in medical apparel.

2. MATERIALS AND METHODS
2.1. Materials

In this study, a multilayer textile system was developed to ensure user comfort, moisture regulation, and
protection against biological fluids. The system consists of three distinct layers: a functional outer
protective layer, a middle membrane layer for moisture management, and an inner quilted layer for thermal
insulation.
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Table 1 summarizes the detailed characteristics of the multilayer textile system components used in this
study, including key parameters such as material type, basis weight, thickness, and the functional role of
each layer. Figure 1 provides a visual representation of the multilayer textile system components, showing
the arrangement of the layers within the system.

Outer Layer (Functional Protective Layer):

The outermost fabric used was Madaline®, a nonwoven microfiber textile provided by Mogul Nonwoven,
composed of 70% polyester (PET) and 30% polyamide 6 (PA6), with a basis weight of 130 g/m*. Produced
using bi-component spunbond technology, this fabric combines softness, strength, and high dimensional
stability. It was treated to be blood- and alcohol-repellent, making it well-suited for use in protective
clothing intended for medical or hazardous settings.

Madaline® has a dense microfilament structure, which provides effective barrier and filtration properties
while remaining breathable and quick-drying. It also shows good moisture management, thermal insulation,
and wind resistance. In addition, its fabric-like handling characteristics allow for standard textile processes
such as dyeing, cutting, and sewing, making it versatile for garment manufacturing.

Middle Layer (Moisture Management):

To promote moisture vapor transfer and improve overall physiological comfort, two types of polyurethane
(PU) membranes were utilized in separate configurations. Membrane A is polyurethane membrane with a
basis weight of 145 g/m?, offering enhanced flexibility and improved moisture permeability. Membrane B
is polyurethane membrane with a basis weight of 859 g/m?, providing a more robust barrier effect and
structural support.

These membranes were placed between the outer and inner layers in various combinations to assess their
influence on comfort, moisture transport, and garment breathability.

Inner Layer (Thermal Insulation):

The innermost layer consisted of a two-layer nonwoven structure (55 g/m? + 55 g/m?) quilted to a Nomex®
Comfort fabric, forming the inner lining of the system. This multilayer configuration was selected to
provide thermal insulation, flame resistance, and wearer comfort. Nomex® Comfort offers inherent heat
and flame protection while maintaining breathability and a soft textile feel, which enhances user comfort
during extended wear. The quilted construction improves air permeability, contributes to thermal
regulation, and ensures mechanical stability, making the layer suitable for high-performance protective
garments.

Table 1. Characteristics of the multilayer textile system components

Basis weight Thickness
(g/m?) (mm)

Fabric type Function

Blood and alcohol repellent
barrier; primary defense
against biological fluids and
contaminants

Enhances moisture vapor

Madaline® fabric (70% PET/
Outer layer 30% PAS6, bi-component 130 0.51 (£ 0.02)
spunbond nonwoven)

Polyurethane (PU)

Membrane A lightweight membrane 145 0.31 (0.004) permeability

Membrane B Polyurethane (PU) 859 0.48 (£ 0.004) Enhance_s moisture vapor
dense membrane permeability

Thermal Two-layer nonwoven structure Provides thermal insulation,

- o-lay 55+ 55 1.73 (£ 0.05)  flame resistance, and wearer

liner quilted to Nomex® Comfort comfort
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— Moisture
barrier

Figure 1. Visual representation of the multilayer textile components used in the study:
Face and back surfaces of a) Outer layer (b) Membrane A (c) Membrane B (d)Thermal liner, and
e) Placement/stacking sequence of layers

2.2. Method

The thermal properties of the fabric samples and their multilayer assemblies were evaluated in accordance
with the ISO 11092 standard [34], which specifies the determination of thermal conductivity (1), thermal
absorptivity (b), thermal diffusivity (a), and thermal resistance (r).

The Alambeta instrument (Sensora, Czech Republic) was employed to precisely assess thermal
characteristics, while the Permetest device (Sensora, Czech Republic) was used to measure water vapour
permeability and evaporative resistance (RET), simulating skin perspiration under steady-state conditions.
These evaluations provided key thermophysiological parameters essential for understanding the
performance of different textile configurations. The calculations were based on standardized formulas and
widely reported methodologies in the literature [35], ensuring reliable and consistent results across all fabric
systems tested.

3. RESULTS AND DISCUSSION

3.1. Evaluation of Thermal Properties

The results of the thermal performance measurements are presented in Table 2, which summarizes the
thermal conductivity, diffusivity, absorption, resistance, thickness, and maximum heat flux values for each
fabric configuration. All measurements were conducted in accordance with related standard and average
values are accompanied by standard deviations to reflect measurement repeatability and material
uniformity. In addition, Figure 2 specifically illustrates the thermal conductivity and thermal resistance
values for the same fabric configurations, offering a complementary graphical representation of these two
key parameters.
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Table 2. Thermal performance parameters of the fabric combinations, Including thermal conductivity (La),
Thermal diffusion (a), Thermal absorption (b), Thermal resistance (r), Thickness (h), and
Maximum heat flux (gmx) Values measured for each sample configuration

Sample arou La a b r h Omax
PIEQIOUP  mwimK)  (mmZs)  (Ws¥2m2K)  (mK.mZW) (mm) (W/m?)
Outer layer 344+121  0.05:002 12;‘?2* 1477£021 051002 674.53+34.39

Membrane A 33.63+1.88  0.053+0.02  150.46+19.8 9.4+ 0.43 0.31+0.004 810.1+4.05

Membrane B 40.53+1.16  0.048+0.02 191.4+334 11.9+0.25 0.48 +£0.004 790.6 +52.3

Thermal layer 34.7+£2.76 180102(?8 97.1+5.83 50.03+5.6 1.73+£0.05 489.4+8.07
Outer layer + 131.67+
Membane A 41.03+1.06  0.08+0.06 2197 21.40+0.70  0.87+0.02 663.93+50.86

Outer layer +

Membrane A+ 41.47+0.98 0.12+0.01 122.33+4.60 61.33+1.29  2.54+0.05 618.07+15.45
Thermal layer
Outer layer +
Membane B
Outer layer +
Membrane B + 42.6 +£0.52 0.11+0.01 129.63+4.45 65.43+0.81 2.79+0.02 647.80+52.48
Thermal layer

44,93+ 0.91 0.10+ 0.02 140.77£9.73  23.07+0.50 1.04+0.004 689.77+22.34

80
65,43
70 61,33
60
20 41,03 41,4 44,93 42,6
40 34,4
30 21,4 3,07  La (mW/m.K)
20 A, 77 H r(mK.m2/W)
0
Outer layer Outer layer + Outer layer + Outer layer + Quter layer +
Membane A Membrane A Membane B Membrane B
+ Thermal + Thermal
layer layer

Figure 2. Thermal conductivity and thermal resistance of the fabric combinations

The outer layer alone, with the lowest basis weight of 130 g/m?, exhibited the lowest thermal conductivity
(34.4 £ 1.21 mW/m-K), which is expected for a single textile layer without any additional insulating or
structural components. This result reflects the relatively simple construction of the fabric, which limits its
ability to conduct heat and provides only a basic barrier to thermal transfer. When Membrane A (145 g/m?)
was added, the thermal conductivity increased to 41.03 + 1.06 mW/m-K. Despite being only slightly heavier
than the outer layer, its denser polymer matrix offers more continuous pathways for heat transfer, increasing
conduction. However, when the thermal liner (110 g/m?) was incorporated alongside Membrane A, the
conductivity value (41.47 £ 0.98 mW/m'K) remained almost the same as the membrane-only configuration.
The liner’s quilted structure traps air within its layers, reducing heat transfer and compensating for the
increase caused by the membrane [36]. This balance shows how lower-density, air-trapping components
like the liner counteract the conductive effects of slightly denser materials, maintaining stability in overall
conductivity [37,38].

The highest thermal conductivity was measured in the outer + Membrane B configuration (44.93 = 0.91
mW/m-K) which can be attributed to the high density (859 g/m?) and compact microstructure of Membrane
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B, facilitating more efficient heat conduction compared to other membrane type [39]. In contrast, the outer
+ Membrane B + thermal liner assembly exhibited a slightly lower conductivity (42.6 + 0.52 mW/m-K).
This reduction is likely due to the insulating effect of the quilted Nomex® thermal liner, which introduces
additional air gaps and reduces the direct conductive pathways present in the membrane-only configuration
[40]. The layered construction of the liner, combined with its inherent low thermal conductivity, counteracts
some of the conduction-enhancing effects of Membrane B, resulting in an overall decrease in measured
conductivity [41].

Thermal diffusivity, a key measure of how quickly a material responds to temperature changes [42], was
found to be 0.05 £ 0.02 mm?/s for the outer layer and ranged between 0.08 and 0.12 mm?/s in the layered
assemblies, exhibiting relatively low variation across samples. These values are consistent with typical
textile diffusivity ranges and indicate that the materials respond at a stable and controlled rate when exposed
to temperature fluctuations. The small standard deviations further suggest excellent repeatability and
uniformity in sample structure. The diffusivity trend aligns with material density: denser layers like
Membrane B react slightly faster to temperature changes due to their continuous, compact structure, while
lighter layers provide more buffering effects.

Thermal absorption (b), also known as thermal absorptivity, represents a material's ability to absorb heat,
especially in the initial contact phase, and is often associated with the feeling of immediate warmth or
coolness upon touch. In our measurements, the outer layer alone exhibited the highest thermal absorption
(154.50£22.16 W-s'/2/m*-K), which then decreased with the addition of layers. Incorporating Membrane
A reduced absorption to 131.67 W-s'/%m?-K, and the further addition of the thermal liner brought it down
to 122.33 W-s'/2/m?-K. A similar trend was observed with Membrane B combinations, where absorption
dropped from 140.77 W-s'/2/m*-K (outer + Membrane B) to 129.63 W-s!/2/m?-K when the liner was added.
This reduction is directly linked to the increasing total thickness and air entrapment in the lower-density
quilted liner, which slows heat uptake and creates a warmer tactile sensation. This behavior is supported by
the study reported by Sampath [43], which has demonstrated that fabrics with lower thermal absorptivity
impart a warmer sensation upon contact due to slower heat uptake from the skin, typically seen in materials
with thicker or more insulating structures.

For thermal absorption (b), the highest standard deviation was observed in the outer layer configuration (+
22.16 W-s'/2/m?-K), indicating greater variability in heat uptake due to the fabric’s unprotected, single-
layer structure. The addition of Membrane A slightly reduced the standard deviation to + 21.97
W-s!2/m?-K, while the inclusion of the thermal liner alongside Membrane A significantly lowered it to +
4.60 W-s'/2/m?-K. On the other hand, adding Membrane B to the outer layer reduced the standard deviation
to + 9.73 W-s'2/m?K, and combining it with the thermal liner yielded the lowest deviation of all
configurations (+ 4.45 W-s!/2/m?-K). The substantial reduction in standard deviation when the thermal liner
is incorporated can be attributed to its quilted, multi-layer structure, which increases measurement
consistency by minimizing localized variations in heat absorption and reducing the influence of surface
irregularities during testing [44].

Thermal resistance (r) increased progressively with material density. The outer layer (lightest, 130 g/m?)
had the lowest resistance (14.77 mK-m*W). Adding Membrane A (145 g/m?) raised resistance to 21.40
mK-m?W, while incorporating the liner significantly increased it to 61.33 mK-m*W. Membrane B’s dense
structure produced slightly higher resistance (23.07 mK-m?*/ W) than Membrane A. When the liner was
added, the value peaked at 65.43 mK-m?/W. This demonstrates the strong insulating synergy between dense
materials like Membrane B and lightweight, air-trapping layers like the liner, which together maximize
insulation [45]

The maximum heat flux (qm.x) vValues ranged from 618.07 W/m? to 689.77 W/m? across all configurations.
For the outer layer, gm.x was 674.53 W/m?, decreasing to 663.93 W/m? with the addition of Membrane A,
and further to 618.07 W/m? when the thermal liner was incorporated, reflecting a progressive reduction in
heat transfer capacity as insulation layers were added. In contrast, combining the outer layer with Membrane
B resulted in the highest gmax value of 689.77 W/m?, slightly exceeding that of the outer + Membrane A
combination. When the thermal liner was added to this configuration, gm.x decreased to 647.80 W/m?, but
remained higher than the equivalent Membrane A+liner assembly. This trend aligns with previous findings
showing that thermal resistance and maximum heat flux, while often inversely related, are not always
directly proportional. Thermal resistance describes a material’s overall ability to impede steady-state heat
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transfer over time, which improves with additional layers, trapped air, and low-conductivity components.
In contrast, qmax represents the peak instantaneous heat transfer rate and is strongly influenced by surface
density, intrinsic material conductivity, and contact characteristics. This occurs because qmax reflects the
transient surface heat transfer upon contact, which depends heavily on surface density and thermal
absorptivity, not just insulation [46,47]. Membrane B’s dense and compact microstructure enhances barrier
performance and increases thermal resistance but also provides more direct conductive pathways at the
surface, resulting in higher peak heat transfer. The addition of the quilted Nomex® thermal liner mitigates
this effect by introducing insulating air gaps and reducing both conductive and convective heat flow;
however, the influence of Membrane B’s higher intrinsic conductivity remains evident in the heat flux
measurements.

3.2. Evaluation of Water Vapour Permeability & Water Vapour Resistance Properties

Figure 3 summarises the water vapour permeability and resistance (RET) values for each fabric
configuration.

The results of the water vapour permeability and resistance (RET) measurements provide important insights
into the balance between barrier protection and physiological comfort in multilayer textile systems. The
outer layer alone exhibited the highest water vapour permeability (72.9%) and the lowest resistance to water
vapour transfer (RET = 1.7 Pa-m?/W). According to the ISO 11092 classification of comfort ranges, values
below 6 Pa-m?/W are considered to reflect very good to excellent breathability [34]. This confirms that the
outer layer, with its relatively simple structure and absence of additional membranes or liners, provides
minimal restriction to vapour transfer and is highly suitable for maintaining comfort during prolonged use.

Incorporating Membrane A reduced permeability to 44.4% and increased RET to 5.4 Pa-m*W, reflecting
the membrane’s barrier effect, which restricts moisture diffusion through the fabric system. Nevertheless,
its ability to maintain RET below 6 suggests that Membrane A still supports adequate moisture management
while enhancing fluid protection. When the thermal liner was added alongside Membrane A, permeability
further decreased to 21.2% and RET increased substantially to 15.8 Pa-m*W. This classifies the assembly
in the satisfactory but limited comfort category (13-20) [34]. The increase reflects the influence of the
quilted Nomex® liner, which adds bulk, increases thickness, and introduces more tortuous diffusion paths
for vapour. Consequently, although this configuration offers improved thermal insulation and protective
performance, it significantly compromises breathability, which may elevate wearer discomfort during
extended periods of activity.

90

80 72,9

70 W Water vapor
permeability (%)

60 50,9

50 44,4

40 B Water vapor
resistance

30 21,2 232 (RET/m2-Pa/W)

20 15,8 14,2

10 17 5,4 . 4,1 .

0 — [ [

Outer layer Outer layer+  Outer layer+  Outer layer+  Outer layer +
Membane A MembraneA+ MembaneB MembraneB +
Thermal layer Thermal layer

Figure 3. Water vapour permeability and resistance of the fabric combinations

The outer layer + Membrane B configuration demonstrated a water vapour permeability of 50.9% with a
corresponding RET value of 4.1 Pa-m?W, classifying it within the “very good breathability” category (RET
< 6) according to 1SO 11092 standards [34, 48]. The addition of the quilted thermal liner markedly reduced
permeability to 23.2% and increased RET to 14.2 Pa-m* W, which corresponds to “satisfactory but limited
comfort” (Ret value of 13—20). A similar decline was observed in the Membrane A combinations, where
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permeability dropped from 44.4% (RET = 5.4 Pa-m?/W) to 21.2% (RET = 15.8 Pa-m* W) with the inclusion
of the thermal liner. However, across both two- and three-layer configurations, Membrane B assemblies
consistently showed slightly higher vapour permeability and lower RET values compared with Membrane
A. This indicates that, although Membrane B is considerably heavier (859 g/m? vs. 145 g/m?) and denser,
its structural characteristics, likely related to its pore distribution and microstructural compactness, permit
marginally greater vapour diffusion than Membrane A. Previous textile studies have reported that
membrane morphology, including pore size and connectivity, exerts a dominant influence on moisture
vapour transfer, sometimes overriding thickness effects [49-50]. The dense but potentially more
interconnected microstructure of Membrane B may therefore facilitate limited vapour transmission while
still ensuring a high barrier effect against liquids.

In both membrane types, the addition of the thermal liner significantly reduced permeability and increased
RET. This effect is due to the liner’s quilted nonwoven Nomex® structure, which increases thickness,
introduces additional air gaps, and creates more tortuous diffusion paths, thereby impeding vapour transfer
[48,51].

These results emphasize the inherent trade-off in multilayer protective textiles. While the integration of
membranes and quilted liners improves thermal insulation and protective capacity, it also restricts moisture
transmission and increases evaporative resistance. This dual effect highlights the importance of careful
design optimization to achieve adequate protection while maintaining acceptable levels of wearer comfort
in medical and other high-risk settings.

4. CONCLUSION

This study examined the thermophysiological performance of Madaline®-based multilayer textile systems
for medical protective clothing, emphasizing the balance between thermal insulation, liquid barrier
protection, and wearer comfort. The multilayer system consisted of a Madaline® outer layer, two
polyurethane membranes with different densities, and a quilted Nomex® thermal liner. Results
demonstrated that incorporating the membranes significantly improved thermal resistance and barrier
performance compared to the outer layer alone. Notably, the outer + Membrane B + liner configuration
provided the highest insulation (65.43 mK-m?W) and superior barrier protection. However, this
improvement was accompanied by a marked decrease in water vapor permeability (23.2%) and an increase
in evaporative resistance (RET = 14.2 Pa-m* W), placing it in the moderate comfort range according to ISO
11092 standards.

While the Membrane B + liner assembly offers maximum thermal protection and liquid barrier
performance, making it highly suitable for high-risk medical applications such as surgical procedures or
emergency response duties in contaminated environments, it compromises breathability during extended
wear. In contrast, the outer + Membrane A + liner system demonstrated slightly lower insulation (61.33
mK-m?*W) but provided a more favorable balance between comfort and protection, making it better suited
for moderate-risk healthcare settings or long-duration activities, particularly in warmer climates.

These findings emphasize the inherent trade-off between protection and comfort in multilayer protective
textiles. They also highlight the importance of selecting fabric configurations based on specific healthcare
contexts, environmental conditions, and activity levels. Ultimately, this work provides practical guidance
for optimizing Madaline®-based protective garments, supporting the development of future standards
aimed at improving both safety and occupational comfort for healthcare professionals.
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