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Abstract

This paper introduces a new measure for individual thermal comfort, inspired by the current standards for
population thermal comfort, and a statistical model allowing us to imitate individuals’ thermal comfort
preferences. Our approach is based on the observation that an individual has a temperature range around his or her
desired temperature point in which he or she is comfortable with the surrounding thermal environment. The crucial
parameters of our statistical model, which represents the thermal characteristic of individuals of building
occupants, have been assumed to be normally distributed random variables so that the thermal comfort preferences
of different individuals can be generated for the further simulation purposes. When aggregated to a population’s
general thermal comfort parameters, the variables of these distributions have been adjusted in such a way as to
bring very close consistency with the current standards, which define the criteria for acceptable thermal conditions
of human occupancy in a built environment.

Keywords: Modeling, Thermal Comfort, Indoor Environment, PMV, PPD

Bireysel Isisal Memnuniyet icin Yeni Bir Olcii
Oz

Bu ¢alisma topluluk i¢in 1s1sal memnuniyet standardindan esinlenerek bireysel 1sisal memnuniyet icin yeni bir
Ol¢ii ve kisilerin 1sisal konfor tercihlerini taklit etmemizi saglayan istatistiksel bir model sunmaktadir.
Yaklasimimiz, bir bireyin arzu ettigi sicaklik degeri civarinda kendilerini ¢evreleyen 1sisal ortamdan memnun
olduklar1 bir sicaklik araligina sahip olduklar1 gézlemine dayanir. Bina sakinlerinin bireysel 1sisal tercihlerini
temsil eden istatistiksel modelimizin 6nemli parametrelerinin normal dagilima sahip rastgele degiskenler oldugu
varsayilmistir, boylece daha sonra gergeklestirilmek istenebilecek benzetimler igin farkli bireylerin 1sisal konfor
tercihleri iiretilebilir hale gelecektir. Bu dagilimin degiskenleri, topluluga ait 1s1sal konfor parametlerini elde etmek
i¢in birlestirildiginde bir bina igerisindeki kabul edilebilir isisal kosullar1 belirleyen standartlara ¢ok yakin tutarlilik
saglayacak sekilde ayarlanmistir.

Anahtar Kelimeler: Modelleme, Isisal Memnuniyet, Kapali Mekan, PMV, PPD

1. Introduction

Buildings utilize one-third of energy consumption in the US, and nearly 40 — 60% of the overall energy
consumption in buildings is comprised of typical heating, ventilating, and air conditioning systems for
maintaining thermal comfort [1]. Advancing technology of society leads to most people (more than
95%) in industrially developed countries spending more than 90% of their time in a man-made,
artificially climatic environments (buildings, vehicles, etc.) [2], [3]. Because of this fact, the interest in
environmental systems has been increased for decades.
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Researchers have presented many studies about thermal comfort indices in the literature. We will give
a brief introduction of the relevant studies in this section. Then, the standards for thermal comfort of
human occupancy will be explained.

The first study regarding thermal comfort was presented by Houghton and Yaglou in 1923 [4]. In order
to measure thermal comfort in an environment, they introduced the first temperature scale in terms of
dry bulb temperature and humidity level. This scale was named the original American Society of
Heating and Ventilating Engineers (ASHVE) Effective Temperature (ET) comfort chart and was widely
used for almost 50 years all over the world. After the 1930s, there has been a significant increase in the
number of studies on making a realistic prediction of comfort and body and skin temperatures. Realistic
models of energy exchange between the skin surface and the ambient environment have been the main
factor of thermal comfort indices [5], [6]. Winslow et al. [5] described a skin wettedness index of thermal
discomfort in terms of different parts of body surface. Two concentric cylinders, which are a core
cylinder and a thin skin cylinder surrounding it, were used to imitate the human body. Their index
estimates thermal discomfort using skin wettedness and air temperature. Yaglou [6] developed a
different scale reducing the effect of humidity towards lower temperatures. In 1971, Gagge et al. [7]
showed the importance of dry bulb temperature and humidity in thermal comfort of human occupancy.
In their study, they improved the original ASHVE ET comfort chart derived by Houghton and Yaglou
in [4]. Their new Effective Temperature (ET") and standard effective temperature (SET") is based on
the heat production of the human body and sweating. SET" stands for an effective temperature relative
to a standard person in a standard indoor environment. They used the same cylindrical model of the
human body as the one Winslow used in his study [5].

Fanger presented a more realistic approach to thermal comfort in 1967 [8]. Unlike Gagge et al.’s ET"
[7], which specifically takes into account only ambient temperature and humidity, Fanger’s index
accounts for the following six crucial variables: metabolic rate, clothing, air temperature, radiant
temperature, air velocity, and relative humidity. Fanger’s overall goal is to calculate thermal comfort
for a large group of people with regard to their surrounding environmental conditions. In his study,
Fanger [8] established a basic comfort equation in terms of air temperature, humidity, mean radiant
temperature, air velocity, activity level, and the insulation value of clothing. He assumed that both the
mean skin temperature and the sweat secretion related to internal body temperature are primary
parameters influencing thermal comfort.

Fanger [8] presented his comfort equation based on the heat balance of the human body. First, he
developed a heat balance equation for a large group of people under the assumption that the heat
generation of the human body is equal to its heat loss when it is exposed to a steady state thermal
environment in his study. His comfort equation is used to calculate all the combinations of
environmental variables such as air temperature or air humidity, to achieve optimal thermal comfort for
a population with a given activity level and clothing value. This comfort equation, however, does not
point out the degree of discomfort of a population. Therefore, it is not appropriate for the prediction of
thermal comfort for a whole population at a certain environmental condition.

Starting from his comfort equation, Fanger introduced a new thermal sensation index (Predicted Mean
Vote — PMV ) in 1972 as well [2], which makes it possible to predict the thermal satisfaction of a
population under any indoor environmental conditions. In order to develop a thermal sensation index,
he used the 7-point psycho-physical ASHRAE scale changing from -3, cold, to +3, hot. The meaning
of the scale is given in Table 1.

Table 1 7 — point PMV scale

Vote Meaning
-3 Cold
-2 Cool
-1 Slightly cool
0 Neutral
+1 Slightly warm
+2 Warm
+3 Hot
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By establishing a relationship between this 7-point ASHRAE scale and his comfort equation, he
developed his PMV equation based on the experimentally collected data of McNall et al. [9] and Nevins
et al. [10]. In these experiments, 1396 subjects submitted their votes with regard to their surrounding
thermal environmental conditions in a place where the clothing, activity, and environmental parameters
were strictly controlled. This PMV equation estimates the thermal sensation of a large group of people
with any combination of personal and environmental variables.

In addition to this PMV equation, Fanger also showed how to correlate that equation with the discomfort
level of a large group of people by giving a relationship between the percentage of dissatisfied people
and their mean votes. He presented a table of Predicted Percentage of Dissatisfied (PPD) people for
different PMV values by using the experimentally acquired data of Fanger [2], Nevins et al. [10], and
Rohles [11]. In these experiments, 1296 subjects were allowed to vote with regard to their thermal
satisfaction with the surrounding environment based on the seven - point scale. Using Gagge et. al’ s
definition of thermal satisfaction in [12], Fanger classified the people voting —3 ( cold ), =2 ( cool ), +2
( warm ), and +3 ( hot ) as measure of their dissatisfaction, and the people voting —1 ( slightly cool ), 0
( neutral ), and +1 ( slightly warm ) as measure of their satisfaction with their surrounding thermal
environment. This two-state classification is called a binary approach in this study.

Both PMV and ET" have been developed under the assumption of the steady-state heat transfer between
a clothed human body and the environment. In order to take into account humidity effects in detail,
Gagge et al. modified Fanger’s Predicted Mean Vote equation by introducing a new thermal sensation
index, called SPI in [13]. They proposed the new SPI for any humid or dry environment by substituting
operative temperature in Fanger’s PMV equation with SET". However, the current standards still utilize
Fanger’s PMV and PPD equations to define thermal comfort requirements of occupants in built
environments as a standard.

The modified PMV equation and a fitted curve to Fanger’s PPD data (equation 1), which is illustrated
in Figure 1, have been widely accepted by the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers ( ASHRAE ) and the International Organization for Standardization ( 1SO ) as
a standard for the thermal satisfaction of human occupancy in a built environment. This function, which
is given in equation 1, estimates the dissatisfaction level of a population for a given PMV value.

PPD = 100 — 95 * exp(—0.03353PMV* — 0.2179PMV ?) (1)
100

P
]
EN
=
-
M
(]

PMV (-3, +3)
Figure 1 Predicted Percentage of Dissatisfied as a function of Predicted Mean Vote

The published standards, such as those of ASHRAE 55 — 2004 [14] and the ISO 7730:2003 [15] adopted
Fanger’s study with small modifications. These standards specify the criteria for maintaining acceptable
thermal environmental conditions to a majority of the occupants wherever man-made climates are
supplied for human occupancy based on a combination of personal factors (thermal resistance of the
clothing and activity level) and environmental factors (air temperature, mean radiant temperature,
relative air velocity, and relative humidity). If a building’s occupants are in the same surrounding
environment, then it will be impossible to satisfy everybody with regard to their surrounding thermal
environmental conditions at the same time because of the individuals’ biological and psychological
differences. Therefore, the standards are based on average criteria for population comfort. Buildings and
their environmental control systems are designed according to the descriptions in these standards to

3
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provide an acceptable thermal environment to 80% of a large group of people. The conventional comfort
perception in ASHRAE Standard 55 — 2004 specifies a comfort zone of temperatures to be applied
uniformly through a space that is regulated by a small number of thermostats.

The outline required environmental conditions for human thermal comfort have been defined above. In
the next section, we will introduce our approach to thermal comfort which allows us to generate thermal
comfort preferences of occupants in a building.

2. Methods

In this study, our aim is to model thermal comfort characteristic of individuals and to validate this model
with the standards when aggregated to population’s thermal comfort. In this section, we will present our
approach to individual thermal comfort.

2.1 Individual Thermal Comfort

Fanger’s classification of dissatisfied and satisfied people [2] and Rohles’s survey data [16] confirmed
that a person is in comfortable thermal environment at a range of temperatures rather than at a single
temperature point. In this study, we did not have the opportunity of doing thermal comfort experiments
of indoor environmental control systems with human subjects. Two random distributions have been
developed for the future simulated experiments to generate preferred temperature, T, and temperature
tolerance (comfort range) for departure from T,, 4 for each individual.

The variables T, and 4 must ensure the conditions given as follows:

1. An individual vote should be zero (neutral) when the surrounding temperature T, equals to the
person’s desired temperature Tp.

2. The value of each individual vote should be +1.5 or —1.5 when the deviation between the ambient
temperature Ta and the desired temperature T, is A, corresponding to Fanger’s classification of
dissatisfied and satisfied people based on the discrete seven-point ASHRAE thermal sensation
scale.

3. Each individual predicted vote (PV) value should reach the minimum (—3) or the maximum (+3)
value of thermal sensation scale depending on T, after the deviation is 24 from T,.

4. The mean value of individual PVs should match up Fanger’s PMV equation at a given ambient
temperature.

We assumed that an individual vote is a first order function of the ambient temperature T, when the
activity level, clothing value, and the environmental parameters are constant. When the individual is in
a steady indoor environment at temperature Ta, his predicted vote (PV ) is assumed to be determined
according to equation 2, which is illustrated in Figure 2.

+3, (1,-T,)>2a
PV(T,)= -3, (1,-T,)<2a ?)
3

Z(Ta —Tp), otherwise
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+3

+
—
m

Predicted Vote (-3, +3)
=

T:r—E_‘. T T': T, T:izg
Ambient Temperature T_ (°C)
Figure 2 Predicted individual vote

We have chosen that linear function because of its simplicity, although any smooth and continuous
function satisfying the conditions mentioned above could be used.

A new measure — the Degree of Individual Dissatisfaction ( DID ) — is also introduced to define
individual dissatisfaction as a fuzzy concept over a continuous scale from 0O (totally satisfied) to 1 (totally
dissatisfied) rather than a binary one, which has been utilized by Fanger in [2]. A binary approach
implies an intuitively implausible discontinuity in satisfaction, while our DID measure allows the
concept of dissatisfaction to change smooth with the predicted vote, ranging from 0 when the person is
completely satisfied to 1 when the person is fully dissatisfied. In order to develop this concept, we will
assume that a smooth, symmetric, closed - form function can be found to represent the relationship
between DID and individual vote. A hyperbolic tangent function, which is illustrated in figure 3, has
been used in this study since it is smooth and easily differentiable. If future experimental studies lead to
other functional representations, equation 3 can be modified easily without any conceptual or
algorithmic complications.

The DID function should satisfy the following three conditions:

1. The DID value of an individual should be 0 when PV is zero: The occupant is 100% satisfied
when T, equals T,

2. The DID value of an individual should be 0.5 when PV is +1.5 or —1.5: The occupant is 50%
satisfied when the difference between T and T,is 4.

3. The DID value of an individual should be 1 when PV is +3 or —3: The occupant is 100%
dissatisfied when the difference between T, and Ty is 24.

1+ tanh(2/PV|-3)
2

DID(PV )= (3)

When equations 2 and 3 are combined to equation 4, a bucket - shaped DID curve demonstrated in figure
3 can be generated for each member of population in a building.

+1

T, —T,|>2A
(4)

DID(T, )= 1{1+tanh(3
2

=T, -T,|- BH otherwise
A
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Ambient Temperature T_ (°C)

A
gt

-
=

(01D

0.2

Degree of Individual Dissatisfaction

= s 0 s =3
Fredicted Vote (-3, +3)
Figure 3 Individual dissatisfaction curve

The curves will be different due to individual preferences about a value of T, and with a width A. One
consequence may be that there is no single temperature with which everyone is completely satisfied. At
this moment, we are capable of generating populations of building occupants having characteristic
thermal comfort preferences with the presented model. Figure 4 is an example of a given population of
9 individuals, which are generated with our individual thermal comfort model.

S —
O\,
RN
08
1
\
0.6+,
o n
[ a1
0.4 |-
1 Ill
W
0.2+ ¥
\
995 20 25 30 35
Ambient Temperature T_ (°C)

Figure 4 A generated population of 9 individuals

The only way to validate our individual thermal comfort model is to compare it with the thermal comfort
standards for a large group of people. Therefore, we will need to calculate the dissatisfaction level of a
generated population using the PV lines and DID curves of every individual. The average of the
individual PVs and the average DID values of individual occupants at a given ambient temperature (T,)
allows us to calculate PMV and PPD values for the population at that temperature, respectively.

1 N
PMVgen = WZ (5)
i=1
1 (6)
I:>I:>Dgen (Ta ) = W,Z,: DlD(PVI (Ta ))
3. Results
In order to assign values to the parameters of our statistical model, some assumptions have been made

for all of the personal and some of the environmental parameters of thermal sensation. Individual
occupants are assumed to do basic office activities while wearing business clothing in a steady state
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thermal environment. The ASHRAE standard restricts the air velocity to be not greater than 0.2 m/s.
Therefore, we also assumed that air velocity is 0.1 m/s, having 50% relative humidity. In order to adjust
the mean values and standard deviations of both distributions of T, and 4 with the above assumptions,
a Monte - Carlo simulation has been run with those parameters. We repeatedly generated a population
of 1000 individuals with different distribution parameters in each iteration to find reasonable parameters
allowing the overall PPDgen— PMVgen curve of the generated population to fit the standard PPD — PMV
curve in [14].

We found several mean values and standard deviations for T,, and 4 resulting in similar deviations from
the standards. Our analysis yielded mean values for T, and 4 of 24 °C, and 3.2°C, respectively, and
standard deviations for T, and 4 of 1.2 °C, and 0.5 °C, respectively.

Figure 5 shows the generated PMV to the original PMV equation in the ASHRAE standard as a function
of Ta when the personal and the other environmental parameters are constant with the root mean squared
error of 0.08. The PMVge, of a generated population will be neutral when the ambient temperature Ta is
the mean value of T, (24 °C).

3 :
— Original PMV /
v Generated PMV

1 /

7 /
2o /
> /
=
o -1 /

) A

_3 ————— ’//

15 20 25 30 35

Ambient Temperature T, (°C)
Figure 5 Original and Generated PMV as a function of T,

Figure 6 shows the generated PPD-PMV curve to the original PPD-PMV curve in the ASHRAE standard
55 with the root mean squared error of about 0.01.

100k 1 1 1
—Original PPD
80 -——Generated PPD
60

PPD (%)

40 \

-3 -2 -1 0 1 2 3
PMV (-3, +3)
Figure 6 Original and Generated PPD curves

The following is an example of thermal comfort computation for a generated population via our
distributions at a given ambient temperature.
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An Example Population

Our individual thermal comfort model is capable of assigning two different functions to a population of
occupants into any building. Figure 7 demonstrates the histograms of desired temperatures and
temperature ranges for an example population of 49 occupants, who are simulated with the presented
distributions of individual thermal comfort preferences (preferred temperature, T,, and comfortable
temperature range, A).

2 T T 18
Th-------- —r - - - -l b---- S ——— T T SRR [ S ————
P e B St o I EEEE I CEEEREEEERES PR - R I I
2 2 n
@ Efemmmaaan — - S . [ 1 1 T
o Em
=3 - B ) I A — =T S L —
o o
N D - I S B EEEEEEE. o gloo. SO O S
] P - B S =AY WO ) N
T IRIRIRIRI TN H ' 1
2

[ =

1 2z 23 24 25 3 P 5
T, (C) A [°C)
Figure 7 The histograms of T, and A of an example population

The DID level of every occupant at a given temperature point can be found by looking at the DID curve
of every individual, which is illustrated in figure 3, at that temperature point. When this population is
assigned to a building whose thermostats are adjusted to 21°C, the following histogram of the DID levels
of the 49 individual occupants is obtained in figure 8.

8

[o)]

Number of People
N
|

N
i

LI L]

0 1
0.0 0.1 0.2 0.3 04 05 06 0.7 08 09 1
DID Level

Figure 8 The histogram of DID levels of the occupants in the example population

According to the ASHRAE standard for the thermal comfort of human occupancy, at least 80% of the
population has to be satisfied with the thermal environment making less than 20% of the population
dissatisfied. The overall PPD value of this example population can be obtained through equation 6. A
PPDgen Of 46% is obtained when the surrounding temperature of every individual is 21°C for this
particular population. Because the thermostats in the building were not adjusted according to the
ASHRAE standard, the initial thermostat settings do not satisfy its 20% PPD requirement.

4. Conclusion

We have presented a new measure to individual’s thermal comfort by introducing the degree of
individual dissatisfaction in a fuzzy concept allowing us to scale an individual dissatisfaction level from
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0 (totally satisfied) to 1 (totally dissatisfied) for a given surrounding temperature. We were able to
generate a close match to standard population curve from the aggregated curves of our generated thermal
comfort preferences of different individuals.

By utilizing our thermal comfort concept introduced in this paper, the simulation of indoor
environmental control systems taking into account thermal comfort of individuals and populations will
be much more practical than setting up an experimental environment with a large number of people.

Before our concept to thermal comfort, individuals have been considered either satisfied, which is 0 in
our model, or dissatisfied, which is 1 in our model, with their surrounding thermal environment. In an
optimization problem of indoor environmental control systems, satisfaction of individual occupants can
be utilized as constraints or an objective function. This binary or crisp satisfaction criterion makes the
constraints or an objective function of such an optimization problem discontinuous. Therefore, the
solution may not be obtainable when the constraints or the objective function are not continuous or
differentiable. The presented DID measure of individual occupants in a building takes into account
satisfaction criteria as a fuzzy or continuous concept described in equation 4, and that makes such an
optimization problems of indoor environmental control systems solvable in which thermal comfort
preferences of individuals are utilized as constraints or an objective function.In this section you can find
information on how to format tables and figures in your paper.
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Abstract

In exploratory data analysis and machine learning, partitioning clustering is a frequently used unsupervised
learning technique for finding the meaningful patterns in numeric datasets. Clustering aims to identify and classify
the objects or the cases in datasets in practice. The clustering quality or the performance of a clustering algorithm
is generally evaluated by using the internal validity indices. In this study, an R package named ‘fcvalid' is
introduced for validation of fuzzy and possibilistic clustering results. The package implements a broad collection
of the internal indices which have been proposed to validate the results of fuzzy clustering algorithms.
Additionally, the options to compute the generalized and extended versions of the fuzzy internal indices for
validation of the possibilistic clustering are also included in the package.

Keywords: internal validity indices, fuzzy clustering, possibilistic clustering, data analysis, R

fcvalid: Olasilikhi ve Olabilirlikli Béliimleyici Kiimelemede Bulanik
Gecerlilik Indeksleri icin Bir R Paketi

0Oz

Boliimleyici kiimeleme, kesifsel veri analizi ve makine Ogrenmesinde sayisal veri kiimelerindeki anlaml
ortintiileri bulmak i¢in yaygin olarak kullanilan denetimsiz 6grenme tekniklerinden biridir. Kiimeleme, pratikte
veri kiimesindeki nesneleri veya olgular1 tanimay1 ve siniflandirmay1 amaglar. Bir kiimeleme analizinin kalitesi
veya bir kiimeleme algoritmasinin performansi genellikle i¢ gegerlilik endeksleri kullanilarak degerlendirilir. Bu
calismada, bulanik ve olabilirlikli kiimeleme sonuglarinin dogrulanmasi i¢in ‘fcvalid' adinda bir R paketinin
islevleri tamitilmaktadir. Paket, bulanik kiimeleme algoritmalarinin sonuglarini dogrulamak i¢in 6nerilen gok
sayida i¢ endeksin uygulamasini igermektedir. Ayrica, olabilirlikli kiimelemenin dogrulanmas: i¢in bulanik i¢
endekslerin genellestirilmis ve genigletilmis stirlimlerini hesaplama segenekleri de pakete dahil edilmistir.

Anahtar Kelimeler: i¢ gecerlilik endeksleri, bulanik kiimeleme, olabilirlikli kiimeleme, veri analizi, R

1. Introduction

Clustering is one of the frequently used unsupervised learning techniques to explore the meaningful
substructures or patterns in examined datasets. The objective of clustering is to divide a dataset into c
subsets by using a clustering algorithm. As a result of clustering, similar set of data points are brought
together to form groups or classes so-called clusters. In the related literature, numerous clustering
algorithms have been introduced using different approaches to divide a dataset into subsets. These
algorithms can primarily be categorized as the hierarchical and the non-hierarchical (or flat) clustering
algorithms. The non-hierarchical algorithms can also be further classified into the partitioning
algorithms, the density-based algorithms, the grid-based algorithms and the model-based algorithms.

As the subject of this study, the partitioning clustering algorithms assign data points into one of ¢
clusters, a predefined number of clusters. Then, they iteratively reallocate data points to reach a good
quality of clustering result. According to the constraints to define membership degrees of data points to
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clusters, the partitioning clustering algorithms can be probabilistic, possibilistic and combined version
of probabilistic and possibilistic ones. Further they can be hard and soft in regard of expression of the
membership degrees of data points. The well-known K-means algorithm and its successors such as K-
medoids PAM, CLARA etc. are the examples of probabilistic partitioning algorithms produce hard
clustering results. Here, the term "hard" means that a data point can be a member of only one cluster.
But, in reality, some data points can be in an equidistant location to the centres of two or more clusters
in a dataset. So they should be member of several clusters with some degrees of membership. The
algorithms assigning such fuzzy points to more than one clusters with varying membership degrees are
called "fuzzy" or "soft" algorithms.

Fuzzy C-Means Clustering (FCM) algorithm [1] and its modifications which have been developed later
are the well-known examples of soft probabilistic partitioning algorithms. However it is sensitive to
outliers in datasets. FCM has been the primary algorithm for fuzzy clustering in numerous applications.
Krishnapuram and Keller [2-3] developed Possibilistic C-Means (PCM) algorithm. They proposed to
relax the probabilistic constraint of FCM in order to fix the outliers problem with FCM. However, if the
algorithm poorly initialized, PCM can produce coincident clusters Later, the mixed algorithms have
been proposed by combining FCM and PCM to overcome the issues with FCM and PCM algorithms.
The algorithm Fuzzy Possibilistic C-Means (FPCM) [4] was one of the earlier examples of this kind of
algorithms. It has been revealed that FPCM algorithm has the row sum constraints problem for the
probabilistic part of its objective function. For this reason, Pal et al [5] proposed Possibilistic Fuzzy C-
Means (PFCM) to solve the above mentioned problems with FCM, PCM and FPCM. As another
algorithm, Possibilistic Clustering Algorithm (PCA) was developed to improve FCM and PCM [6].
Recently, as an improved version of PCA, Wu et al [7] introduced Unsupervised Possibilistic Clustering
(UPFC) algorithm in order to eliminate the problems such as noise sensitivity and coincident clusters.
UPFC has also the advantage that it does not require an FCM initialization for possibilistic part of the
clustering.

In partitioning clustering, be either probabilistic or possibilistic, a partitioning task performed with the
actual number of clusters in an examined dataset or at least a close value to it, results with a good quality
of clustering. Hence, in order to ensure the quality of a clustering analysis, its result should be validated
by using the internal fuzzy validity indices. Most of the fuzzy indices have been proposed for validation
of the results of the basic FCM algorithm and its successor that can produce fuzzy membership degrees
only [8-11]. So, the fuzzy internal indices cannot directly used in validating the possibilistic results.
Since various variants of FCM and PCM such as PFCM and UPFC compute both probabilistic
membership degrees and possibilistic typicality degrees, the extended and generalized validity indices
are needed to simultaneously evaluate the probabilistic and possibilistic clustering results.

As stated by Jain and Dubes [12], the validation of clustering results is the most difficult and deterrent
task in cluster analysis. Therefore, while there is a need for development of more effective indices, there
is also a strong need for their implementations. Although the availability of some software components
and stand-alone tools to be used in fuzzy clustering validation, most of them lack the options that
validate possibilistic clustering results. Additionally, most of existing tools only serves a limited number
of validity indices for evaluating the result of fuzzy clustering. Therefore, in this study, an R package
named ‘fcvalid' is introduced as a useful tool to be used for validating the clustering results from FCM,
PCM, FPCM, PFCM, UPFC and the other fuzzy and possibilistic clustering algorithms.

2. Probabilistic and Possibilistic Partitioning Clustering Algorithms

In this study, FCM, PCM and UPFC were used as the representatives of probabilistic, possibilistic and
combined algorithms to test the functions of internal validity indices. In this section, a compact
motivation is given to introduce these algorithms. LetV = {v,,v,, ..., v} be a prototypes matrix for the
cluster centres in dataset X = {x;, x,, ..., x,,} to be partitioned. Here, p is the number of variables or
fetaures, ¢ is the number of partitions, and n is the number of data points. Bezdek's original FCM
algorithm [1] uses the objective function in Equation 1.
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JremX; U V) = ZZ L]A (1)

i=1j=

Although the classical K-means algorithm works with squared distances, the objective function of FCM
uses weighted squared distances. In the objective function in Equation 1, a fuzzy partititon of X is given
with the membership matrix U of nxc dimension.

U= [uij] € MFCM (2)

In Equation 2, uj; is the membership degree of x; to the cluster i. So, the column i in U includes the
membership degrees of n data points to the cluster i. In Equation 3, V is a cluster prototypes matrix.

V =[vy,v,, ..., 0], v; ERP (3)

In Equation 1 above, disz is the distance between the center of the cluster i and the data point j. As seen
in Equation 4, it is calculated as a squared inner-product distance norm.

diia = ||x; - Vi”j1 = (x; —v)TA(x; —v)) (4)

In Equation 4, the matrix A is symmetric and positive norm matrix. When the matrix A equals the unit
matrix I, dl]A is computed in squared Euclidean norm. In Equation 1, m is a weighting exponent which
is set to a real number greater than 1.1f m goes to 1 clustering becomes crisper. On the other hand, as it
approaches infinity, clustering becomes more fuzzy. The exponent value is generally set to 2 for many
applications. The constraints of the objective function of FCM are given in Equation 5.

c

n
uijE[O,l],Vi,j ;Eui]’=1,Vj; 0< Zuij<n,‘v’i (5)

i=1 j=1

FCM is an iterative algorithm whose details are given below.
1. Initialize the matrices U and V.
2. Update the matrix V with Equation 6.

ulnx
vi——]l L vi (6)
j=1Uij
3. Update the matrix U with Equation 7.
-1
(Z(duA/dm)z/ m- ”) Vi k 7

If | U™ — U= 1)|| < €0 I > Imaxthen stop else go to the step 2.

As seen the algorithm above, FCM updates the matrices U and V with Equation 6 and Equation
7 at each iteration step. It stops if the number of iterations (r) is greater than a user-defined value for
maximum number of iterations (rmax). It also stops when the difference between the sums of objective
function in two successive iteration steps is less than a user-defined convergence value (g).

Possibilistic C-Means (PCM) introduced by Krishnapuram and Keller [2-3] is the first possibilistic
algorithm that solves the FCM's problem because of outlier values by omitting the row sum constraint
in Equation 5. With PCM algorithm, the data points closer to the cluster centers are evaluated to be
"typical" members whereas the data points away from the cluster centers are considered as "atypical"
members of the clusters in a dataset. The typicality degrees obtained with PCM range from 0 to 1. A
data point having zero and near zero typicality degree is a typical member of a cluster, while those close
to one can be considered noise. The objective function of PCM is formulated as given in Equation 8.
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FenGT =Y N @ d () + Y m ) (A-)" ®)
Jj=1 =1 i=1 Jj=1

The row sum constraint of FCM in Equation 5 is not taken into account as the constraint of PCM
objective function as seen in Equation 9.

n; >0; Vi, € [0,1]; Vi, j 9)

In Equation 8, ¢;; is the typicality degree of x; to the cluster i. For a good start of PCM, Krishnapuram
and Keller [3] suggested to use a clustering configuration obtained from an earlier FCM run. In Equation
8, n; is a penalty term trying to make t;; close to 1. It is specifically calculated for each of the clusters
in datasets as seen in Equation 10.

n n
n; = Kz e d2(x;,v;) /z e K >0 (10)
j=1 j=1

In Equation 10, K is a positive number which is generally defined as 1. If #; is obtained as 0 with
Equation 10, PCM gives the same partitioning result with FCM. The updating equations in PCM
algorithm are given in Equations 11 and 12.

-1
d2(x;, v; 1/(m-1)
tix = (1 + [—(r; L)] ; Vi, (11)
i
Zn ltlk x]

m ’
J 1tl}

v; = Vi, j 12
i j (12)

When compared to FCM, for a dataset containing the outliers, PCM is considered more efficient in
calculation of the cluster centers during partitioning. But, unfortunately, since it is sensitive to the initial
values input for starting the prototype matrix V. When the initial values in this matrix are started close
to each other, the overlapping clusters may be obtained from a PCM run. As the objective function in
Equation 8 approaches a local minimum only some of the centres will be overlapped but PCM has also
the other problems. Yang and Wu [6] proposed a possibilistic clustering algorithm named Possibilistic
Clustering Algorithm (PCA) which has also the coinciding clusters defect like PCM.

Wu et al [7] proposed a clustering algorithm named Unsupervised Possibilistic Fuzzy C-Means (UPFC)
in order to eliminate the disadvantages of FCM and PCA. Unlike PCM, UPFC needs not to the matrix
U returned by a previous FCM analysis since it does not use the sample variances of the features as seen
in Equation 13. This results with a remarkable decrease the execution time in cluster analysis.

n Cc
Jupre(X; U V) = Zj—1zi—1(a ult remt b pea) d2(x,v;)

B N N . ; (13)
* nz\/EEjzl Eizl(uij,PCAlog Uiipca — uij,pCA)
The constraints of the objective function of UPFC are given in Equation 14.
c
Z”U‘rwzl; Vji;0< wjpem<1L,a>0b>0m>1Ln>1 (14)

i=1
As a recent represantive of mixed c-means algortihms, UPFC computes both membership and typicality
degrees simultaneously. In Equation 13, u;; rcy and u;j pc4 are respectively the fuzzy membership and
typicality degrees of x; to the cluster i. The parameters m and # are respectively the exponents for

fuzziness and typicality, which are set to 2 in general. The values a and b in Equation 13 are the
weighting coefficients, which defines the relative importance of fuzziness and typicality in the objective
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functions of UPFC. If b is zero, the objective functions of UPFC and FCM are equal to each other.
Generally, these coefficients are defined equal to 1.

In order to minimize the objective function of UPFC, the membership degrees (u;; rcp) and typicalities
(wij,pca) are updated as in Equation 15 and Equation 16, respectively.

-1
PN (15)
. = v" '
ulj,FCM (Zj:l (d(le v])) l ]
bnecd*(x;, v i, j ?
iy pea = XD (%) Vi, j (16)

In Equation 16, S is a variance measure, which is computed using the distances between the overall
mean and data points as shown in Equation 17.

1~ 1~
=_ 2 ) o= — . 17
p=d, D=1 5 (17)

Through the iterations the cluster centers are updated by using both w;; ey and w;; pca as formulated
in Equation 18.

n m n
T=1(@ Wi rem + b Ui pea) X

n m n
K=1(a Uijrem T b uij,pc,q)

Vi (18)

i=

3. Internal Validity Indices for Fuzzy Clustering

The internal indices are often used to assess the clustering quality because clustering is an unsupervised
learning technique. That is, it is used to determine the clustering pattern in a dataset in which the
clustering structure is unknown. Therefore, internal validation quantifies the quality of a clustering
relying only on information intrinsic to the examined dataset. It means that the internal indices help to
determine the quality of a clustering without respect to any external information.

In the literature, various internal validity indices have been proposed for validating clustering analysis.
The detailed information of the internal indices is out of the scope of this study but the details about
them can be found in the package manual of ‘fcvalid' as well as in some thorough surveys [9-11]. Also
the logic behind the indices can be found in the original articles, cited in Table 1. The package 'fcvalid'
includes the functions of the internal indices, which are listed in chronological order in Table 1.

Table 1 Internal Validity Indices Implemented in the Package ‘fcvalid'

Index Description

PC Partition Coefficient [13]

PE Partition Entropy [13]

APD Average Partition Density [14]
FHV Fuzzy Hyper Volume [14]

FS Fukuyama-Sugeno Index [15]

XB Xie-Beni Index [16]

AWCD Average Within-Cluster Distance [17]

K Kwon Index [18]

CS Compactness / Separation Ratio [19]
MPC Modified Partition Coefficient [20]
CwWB Composed Within and Between Scattering Index [21]

SsC Separation/Compactness Ratio [22]

CL Chen-Linkens Index [23]
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Table 1 Internal Validity Indices Implemented in the Package ‘fcvalid' (cont.)

PBMF Pakhira-Bandyopadhyay-Maulik Index [24]
TSS Tang, Sun & Sun Index [25]
FSIL Fuzzy Silhouette Index [26]
MCD Minimum Centroid Distance [27]
KPBM Modified Kernel Form of Pakhira-Bandyopadhyay-Maulik Index [28]

The formulae of the internal validity indices implemented in the package ‘fcvalid' are given in Table 2.
As can be seen from the formulae in Table 2, the indices differ how they measure the compactness
(within-cluster variability) and the separability (between-clusters distance). Since clustering aims to
maximize compactness and separability, the validity indices try to measure the compactness and
separation of clusters after a clustering session. Compactness is a measure how the data points in a
cluster are interrelated or adherent to each other. Separation reveals how much a cluster is separated or
far from each other. So, the low compactness and high degree of separation indicate a good quality of
clustering. Secondly, the internal indices differ which type of information they use in their formulae.
However, the majority of them use both the matrices U and V in addition to the original dataset X, a few
of them use only the matrix U.

Table 2 Formulae of the Internal Validity Indices Implemented in the Package 'fcvalid'

Index Formula Op.V.
PC Ipc(U) == (Z U max
MPC | Iypc(0) =1 —:(1 — Ipc) p——

1 -
" lpp(U) = (B Bjma wi logb(uu)) min
1 .

CL I, (U) = Z] 1{’2332(1&1) Zc S 1; Xic Zf:p,l (;Z?zlmm(uij,ulj)) max
" 2 1 2 | min
Irs(GV,U) = 35, S0y ul |l —vilF — S5, Sy ) || o — 285 v
%8 S S bl min

IXB(X; V, U) = 1m{n1 Jih=J
n (o i limvil2)
“ =22 te ’ min
IK(X, V, U) — ZL—IZ] ul.]”xinl“:ll” Zl 1||Ul ‘nzl 1xl”
iik{”vl Vk” }
2 n
799 s ey ufjllag—vill*+ s B v 2 x| min
Irss(X;V,U) = —
1<izc; ik Vi Vkll? }+—
PBMF e 5 —
IPBMF(X, V; U) - <_ L 121 luU ”x] VL” 1<l¥(rlc L;‘:k”vl vk”)
KPBM | X-V.U) = 1 1 na — —
wran ) CXiy X ulfllxi- vL|| ik= 1,..,c; i#k vk 1%
FHV nooome. o NTre N7 \1/2 i
ey GV, U) = (6, dee [Hi 00 L700] )
j=1Uij
FSIL SN _
Ips (X5 V,U0) = 1 ”) (maxg’i'ai))
Zl 1(ull uu)
APD 1 Yxex; Uij po——
Lapp (X;V, U) =;Zf:1< vj )
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Table 2 Formulae of the Internal Validity Indices Implemented in the Package 'fcvalid' (cont.

CS ) wc  Xjmquid?(xpvi) min
les(XiV,U) = LY wy Syl wl?
CWB | Isyp(X;V,U) = aScat(c) + Dis(c) min
Seat(c) = 23 (g =il )l
XTx

Dis(c) = 2wl ge (s |1, — v, )2

min(||lvi—vil)

| vty o Tdvsle Sty ) | X
e S ol /5avy) | Sa(mantu Yy maxtu)

AWCD LS T Wil min
Liwcp(X;V,U) = ne o ult

Vich - . T max
Iycp (V) Lk:‘ﬂ}giik””k vy

In the formulae in Table 2;

vj : prototype (centres) vector for cluster i,

X; : feature vector for data point j,

d?(x;, vi) : Euclidean distances between prototype vi and the data point x;,
uij : fuzzy membership degree of data point j to the cluster i,

m : weighthing exponent for fuzziness,

¢ : an integer defining the number of clusters to be used in clustering.

A possibilistic algorithm, i.e. PCM, produces only typicality degrees but not membership degrees. Since
PCM is free for the row sum constraint in Equation 5, the fuzzy indices in Table 2 become completely
useless and do not work properly for typicality degrees. In a pioneer study to validate possibilistic
results, Yang and Wu [6] proposed an approach based on normalization of typicality used with the
existing fuzzy validity indices.
ti;

u,i]' — : Jt” ; Vl,] (19)
i=1%1
This technique so-called the generalized index makes the typicality degrees suitable for processing with
all of the fuzzy internal indices, as demonstrated for the validity index PE in Equation 20.

i=1 Xj=1 Wij logy(W'yj) (20)
n

The use of normalized T values with existing internal indices is an option to validate possibilistic
clustering results. But other solutions are needed for the results from the mixed c-means algorithms,
such as PFCM and UPFC that generate both membership and typicality degrees simultaneously. A
limited number of solutions have been proposed for validation of the results from mixed c-means
algorithms. For having an idea, here, an example is given for the extended use of XB index in Equation
21. As exemplified for the index XB in Equation 21, the fuzzy indices are extended by using the element-
wise sum of U and T instead using the matrix U only. The extended versions of the fuzzy validity indices
have already been introduced in detail in a comparative study by Cebeci et al [29].

c yn (omy |y — . 2
Elyg(X,U,T,V) = l_lzj‘nlli(glf L])” i = vl
n ([ e = i)

Glpp(U") =

(21)
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4. Demonstration of the Functionality of the Package 'fcvalid’

The package 'fcvalid' includes the functions which are the implementations of a broad collection of the
internal indices which are formulated in Table 2 in the previous section. The names of the functions in
the package are given in the first column of Table 1. Additionally the package contains two functions
named as al lindexes for listing the values of all of the indices plus the function named ws for
weighted summation index, which is an ensemble index combining the other indices with certain
weights. As usual for every R package, the package ‘fcvalid' has also a package manual and vignette
describing its functions with the examples.

The recent version of the package ‘fcvalid' is distributed on Github repository. In order to install the
package from GitHub, at first the 'devtools' package [30] from CRAN should be installed in the local
system. Then the package ‘fcvalid' is installed by using instal 1_github of devtools package as
shown in the following code chunk in R environment [31].

> if(lrequire(devtools)) {install.packages(“devtools™); library(devtools)}
> install_github("zcebeci/fcvalid®)

In order to get a compiled version of the vignettes of the package, the package ‘fcvalid' alternatively is
installed by running install_github with build_vignettes argument set to TRUE. For
rendering of the vignette during installation, the package ‘rmarkdown’ [31] should also be already
installed into the local system from CRAN as follows:

> install.packages("rmarkdown*®)

After installation of the package 'fcvalid', it is loaded into R working space using library or
require as seen below.

> library(fcvalid)

In this study, some functionalities of the package is demonstrated with the validation for fuzzy clustering
on the iris dataset [33], a well-known real dataset consisting of four features ('Sepal.Length’,
'Sepal.Width', 'Petal.Length' and 'Petal.Width") plus a class variable named 'Species' shows the natural
classes of three Iris species in the last column. This four-dimensional dataset contains totally 150 data
objects, 50 in each class. After loading the dataset into R working space, its last column is removed for
applying partitioning clustering on it.

> data(iris)

> x <- iris[,-5]

> pairs(x, col=iris[,5])

The pairs function in the package stats of R can be used to display the scatterplots between the
pairs of features in dataset. Figure 1 illustrates the natural cluster structure in iris dataset. This
pairwise-scatterplots may also be helpful to compare the existing pattern with the clustering structures
obtained with runs of the partitioning algorithms.
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Figure 1 Cluster Structure in Iris Dataset

In R environment, several dozen of R packages are available for almost every kind of clustering
methods. In this study, since it has many functions for probabilistic and possibilistic clustering, the R
package 'ppclust’ [34] are used to get the outputs from the clustering algorithms in order to test the
internal indices. If the package ‘ppclust has been already installed in the local system, it can be loaded
to R working space with the commands require or Library as follows:

> library(ppclust)

The functions fcm, pcm and upfc of the package 'ppclust were used to demonstrate the validation of
the results of FCM, PCM and UPFC algorithms, respectively. For this purpose, these functions were
called as follows:

> resfcm <- fem(X,centers=3,m=2,nstart=5)

> respcm <- pcm(X,centers=resfcm$v,memberships=resfcm$u, eta=2,nstart=5)
> resupfc <- upfc(x,centers=3,m=2,eta=2,nstart=5)

In all of the function calls above, x denotes the name of data frame. The fuzziness parameter m and the
typicality parameter eta were set to 2. All of the functions were started 5 times with the nstart
argument, and the number of clusters centers were set to 3. The clustering results obtained from the
runs of the functions fcm, pcm and upfc can be displayed with summary function of the ppclust
package. This function can be called for displaying resfcm, respcm and resupfc, which are the
cluster objects obtained as the results of the FCM, PCM and UPFC runs in the above examples.

The cluster structure from a clustering analysis can be visually be inspected by using plotcluster
function of the "ppclust’ package.

> plotcluster(resfcm, trans=TRUE)
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Figure 2 Clusters Found with the FCM Runs on the Dataset Iris for Three Clusters

In addition to visual inspection, clustering results can be displayed using summary function. In the
following output a small part of clustering result from the object resfcm is given for as an example.

> summary(resfcm)
Summary for "resfcm”
Number of data objects: 150
Number of clusters: 3
Crisp clustering vector

[112222222222222222222222222222222222222
[38]2222222222222313111111111111111111111
[/511113111111111111111111111131333313333
[112] 3313333313131331133333133331333133313
[149] 3 1

Initial cluster prototypes:
Sepal _.Length Sepal _Width Petal .Length Petal _Width

Cluster 1 6.6 2.9 4.6 1.3
Cluster 2 4.8 3.4 1.6 0.2
Cluster 3 7.6 3.0 6.6 2.1

Final cluster prototypes:
Sepal .Length Sepal .Width Petal .Length Petal .Width

Cluster 1 5.888932 2.761069 4 _.363952 1.3973150
Cluster 2 5.003966 3.414089 1.482816  0.2535463
Cluster 3 6.775011 3.052382 5.646782 2.0535467

Certainly, a ppclust cluster object consists of many other components, which are listed by using
names function of R as follows:

> names(resfcm)

[1] u” vt "vO" d X
[6] "cluster” "'csize" 'sumsqgrs'’ K "m"
[11] “iter™ "pbest.start” "func.val" "comp.time"™ "inpargs"

[16] "algorithm™ ‘“call”
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The functions associated with the internal indices in the package ‘fcvalid' uses the matrices u, v and x
in clustering objects returned by the clustering algorithms. In order to validate the clustering results
obtained in the runs of FCM, PCM and UPFC, the related function of a cluster validity indices can be
called individually as shown for the indices XB and Kwon in the following code chunk. In the example
X is name of dataset, u is the matrix of fuzzy membership degrees, v is the matrix of final cluster centres,
m is the fuzziness amount, and finally tidx is the type of internal index. The default value of tidx is
"f", stands for fuzzy indices.

> xb(x=resfcm$x, u=resfcm$u, v=resfcm$v, m=resfcm$m, tidx="f")
xb
0.1369082
> kwon(x=resfcm$x, u=resfcm$u, v=resfcm$v, m=2, tidx="f")
kwon
21.95462

Although, the function calls exemplified above can be applied with the results from the other clustering
packages of R, they are also more practically called for the results from the package ppclust as
follows:

> xb(resfcm)
xb
0.1369082
> kwon(resfcm)
kwon
21.95462

However, the clustering quality with a couple of interested internal indices can usually be evaluated as
demonstrated above, the validity measures of all of the indices might also be obtained altogether. For
this purpose, the function al I indexes of the package 'fcvalid' can be used as follows:

> allindexes(resfcm)

$pc

[1] 0.7833975
$mpc

[1] 0.6750962
$pe

[1] 0.3954916
$xb

[1] 0.1369082
$kwon

[1] 21.95462
$tss

[1] 2.502368
$fs

[1] -1732.456
$pbm

[1] 33.09688
$kpbm

[1] 0.04379026
$awcd

[1] 0.5381878
$cl

[1] 0.7374719
$fthv

[1] 0.04722804
$apd

[1] 3275.88
$sc

[1] 3.205439
$si

[1] 0.8091446
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$cwb

[1] 0.1126691
$cs

[1] 30.34248

Since the algorithm UPFC produces both the fuzzy and possibilistic partitions of datasets the internal
fuzzy validation indices cannot be directly applied to validate clustering results from this algorithm. The
generalized and extended versions of the internal validity indices can be used for validation of the
possibilistic clustering results [29]. In the following example, the generalized index values of a UPFC
run are computed for the indices XB and Kwon.

> xb(resupfc, tidx="g")
xb.g
0.247465
> kwon(resupfc, tidx="g")
kwon.g
39.11381

Alternatively, the extended index values can be computed to validate the fuzzy and possibilistic
clustering results. An extended index value is obtained by summation of fuzzy and possibilistic
membership degrees (typicalities) for the algorithms producing both types of partitions. In the package
fcval id, the extended index value for an index is calculated by setting the index type argument tidx
to "e". An extended index values is labeled with an " _ e postfix in the validation results. The following
code example demonstrates how to obtain the extended values for the indices XB and Kwon.

> xb(resupfc, tidx="e')
xb.e
0.1613088
> kwon(resupfc, tidx="e")
kwon.e
50.38669

Outputs from the functions of ‘fcvalid' can be used to compare the performances of several clustering
algorithms, as well as to determine the optimal performance when an algorithm is run with different
parameters. It can even be used to compare the efficiencies of the internal validity indices in finding a
previously known number of clusters for a given dataset. In order to decide to an optimal clustering
result or to find an optimal value of number of clusters in datasets, cluster analysis should be repeated
for a range of number of clusters. In the code chunk below, FCM algorithm is run for five different
levels of ¢ (range from 2 to 6). The index values obtained by using the matrices U and V from the run,
which has the smallest objective function value among the three starts of FCM is seen as the output of
after the code chunk.

options(scipen=100, digits=3, width=120)
cl <- 2
c2 <-5

indnames <- c('"PC","MPC","PE"™,"XB","K", "TSS", "CL", "FS",
"PBMF","FSIL","FHV', "APD'")
indvals <- matrix(ncol=length(indnames), nrow=c2-cl+1)
colnames(indvals) <- indnames
rownames(indvals) <- pasteO('c=",cl:c2)
i<-1
for(c in cl:c2){
resfcm <- fcm(x=x, centers=c, nstart=3)
indvals[i,1l] <- pc(resfcm)
indvals[i,2] <- mpc(resfcm)
indvals[i,3] <- pe(resfcm)
indvals[i,4] <- xb(resfcm)
indvals[i,5] <- kwon(resfcm)
indvals[i,6] <- tss(resfcm)
indvals[i,7] <- cl(resfcm)
indvals[i,8] <- fs(resfcm)

+++++++++VVVVVHVVVY

22



Sakarya University Journal of Computer and Information Sciences

Zeynel Cebeci

+ indvals[i,9] <- pbm(resfcm)
+ indvals[i,10] <- si(resfcm)$sif
+ indvals[i,11] <- fhv(resfcm)
+ indvals[i,12] <- apd(resfcm)
+ 01 <- i+l
+
> print(t(indvals))

c=2 c=3 c=4 c=5
PC 0.8922 0.7834 0.7068 0.6658
MPC 0.7844 0.6751 0.6091 0.5822
PE 0.1957 0.3955 0.5611 0.6751
XB 0.0542 0.1369 0.1953 0.2277
K 8.3762 21.9546 31.9776 38.2385
TSS 7.8778 5.4255 24.9135 24 .5540
CL 0.8657 0.7375 0.6560 0.6202

FS -1864.9751 -1732.4557 -1607.7954 -1581.0464
PBMF 50.4147 63.7654 68.9058 51.4233
FSIL 0.8845 0.8091 0.7704 0.7632
FHV 0.0357 0.0472 0.0657 0.0906
APD  5220.8579 4012.6392 3119.0546 2588.1829

The index values in each row of the matrix above are checked to find the optimal number of clusters.
The number of cluster for the value fits to the lower or upper limits for an index, which are listed in the
last column of Table 1, is determined as the optimal number of clusters giving the best clustering
configuration. These values are marked in bold in the matrix above. For example, since the maximum
value is 0.8922 for the index PC the optimal number of clusters is determined as 2 (column c=2 in the
matrix) for this index. According to the results in the matrix of index values, most of the indices proposes
2 as the optimal number of clusters for Iris dataset. There are three classes in iris dataset. But the class
'setosa’ is linearly separable from the other two classes while the classes ‘versicolor' and 'virginica' are
not. Thus most of the internal indices propose the optimal number of clusters as 2 while a few indices
can propose as 3. For this reason, a result of 3 shows the good performance of the examined internal
validity index. Although it is not an objective of this study, the results show that only the index TSS was
discriminated the overlapped clusters while the index PBMF proposed the number of cluster as 4 that is
overestimation of the actual number of clusters in the iris dataset.

The computed index values can be visually inspected by using barplots, line graphs or other kinds of
graphics. In order to visual inspection of the increasing or decreasing trend of the index values, the code
chunk below plots the line graphs of the computed index values as seen in Figure 3.

> par(mfrow=c(4,3), mar=c(2,2,1.5,1.5), cex.main=1.2)

> for(i in 1:length(indnames)){

plot(0,0, type = "n",
cex.lab=0.8, cex.axis=0.8, cex.main=1.2, cex.sub=0.8,
xlim = c¢(1, nrow(indvals)),
ylim = c(min(indvals[,i]),max(indvals[,i])),
xaxt="n", xlab="number of clusters", ylab="index value",
main=indnames[i], sub=" ')

axis(side=1l, at=seq(l, nrow(indvals), by=1),
labels=pasteO(*'c=",cl:c2), col.axis="black™, las=1)

lines(indvals[,i], type="b", col="blue™, Ity=1, lwd=2)

++ + + + + + + + o+
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Barplots are the graphics for easier inspection of the magnitudes of index values. So the following code
chunk can be used to plot the barplots of index values as seen in Figure 4.

> par(mfrow=c(4,3),
in 1:length(indnames))
+ barplot(indvals[,i],

> for(i
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Figure 4 Barplots of the Values of Some Internal Indices from the FCM Runs on the Iris Dataset
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5. Conclusions

As demonstrated in the previous sections, the R package 'fcvalid' is an all-in-one tool in order to validate
the results from the probabilistic and possibilistic clustering algorithms. It provides the implementations
of most of the available internal indices for fuzzy clustering validation. Additionally, for evaluation of
the possibilistic clustering, the options to compute the generalized and extended versions of the internal
indices are also included in the package.

The functionalities of the package makes the researcher to concentrate on substantive issues, without
being thinking about the constraints or limitations imposed by the software. Consequently, the package
can be used as a test tool for evaluating the performances of partitioning algorithms as well as for finding
the optimal number of clusters in fuzzy datasets.
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Abstract

Texture analysis is one of the basic procedures used in solving problems in computer vision and image processing.
In this study, we propose a new local binary pattern (LBP) method based on neutrosophic set. The proposed method
is named as the NZ —LBP. In the proposed NZ —LBP method, the texture image is converted into a
neutrosophic set and the texture image is expressed by truth membership set. The local binary pattern features are
calculated, by using the neutrosophic truth set instead of the original input image. The neutrosophic membership
sets are more resistant to noise than the original input image. The neutrosophic set suppresses noise components,
so that edge information can be calculated more accurately. Thus, utilization of the neutrosophic truth set instead
of the original image has provided more effective local binary pattern features. The proposed method is able to
achieve high classification accuracy with low feature size, reasonable computational cost. Experimental results
show that the proposed method increases the accuracy of the local binary pattern method to the classification by
approximately 11% without increasing the feature dimension. The obtained results reveal that the proposed method
is applicable for real-time applications.

Keywords: Neutrosophic set, local binary pattern, texture classification

Notrozofik Dogruluk Temelli Yeni Bir Doku Siniflandirma Yontemi
Oz

Doku analizi, bilgisayar gormesi ve goriintii isleme alanlarindaki problemlerin ¢dziimiinde bagvurulan temel
islemlerden biridir. Bu ¢aligmada, notrozofik kiime temelli yeni bir yerel ikili 6riintii (LBP) yontemi dnerilmistir.
Onerilen yontem NZ —LBP olarak isimlendirilmistir. Onerilen NZ —LBP yénteminde doku gdriintiisii
nétrozofik kiimeye doniistiiriiliir ve doku goriintiisii dogruluk tiyelik kiimesi ile ifade edilir. Gorlintiiniin yerel ikili
oriintli 6znitelikleri orijinal girig goriintlisii yerine notrozofik dogruluk kiime goriintiisii kullanilarak hesaplanir.
Notrozofik iiyelik kiimeleri orijinal giris gorilintiisiine gore giiriiltiiye karsi daha dayaniklidir. Notrozofik kiime
giiriiltii bilesenlerini baskilar ve bu sayede kenar bilgileri daha dogru bir sekilde hesaplanabilir. Boylece orjinal
gorintiiniin yerine nétrozofik dogruluk kiimesinin kullanilmasi daha etkili yerel ikili 6riintli 6zniteliklerinin elde
edilmesini saglanustir. Onerilen yontem diisiik 6znitelik boyutu, uygun hesaplama maliyeti ile yiiksek
smiflandirma dogruluklar: elde edebilmistir. Deneysel sonuglar 6nerilen yontemin dznitelik boyutunu artirmadan
yerel ikili oriinti yonteminin smiflandirma dogrulugunu yaklasik 11% artirdigini gostermektedir. Elde edilen
sonuglar dnerilen yontemin gergek zamanli uygulamalar i¢in uygulanilabilir oldugunu ortaya koymaktadir.

Anahtar Kelimeler: Notrozofik kiime, yerel ikili oriintii, doku siniflandirma

1. Giris

Bilgisayar gdrmesi ve Orlinti tamima alanlarmmdaki problemlerin ¢6ziimiinde bagvurulan temel
islemlerden birisi doku analizidir. Doku, goriintiide ilgilenilen bolgedeki nesneleri tanimlamada
kullanilan en 6nemli karakteristiklerden biridir. Doku analizi ile gériintiilerdeki farkli siniflarin ayirt
edici 6zelliklerinin elde edilmesi amac¢lanmaktadir. Her bir sinifi tanimlayan benzersiz 6zelliklerin elde
edilmesi ile goriintiilerdeki farkli dokular siniflandirilabilmektedir. Ancak goriintiilerde 6zellikle ayni
siif igerisindeki donme, aydinlanma ve bakis a¢isi degisimleri doku analizini ve siniflandirmasini
zorlagtiran en temel problemlerdendir. Bu nedenle sadece renk ve kenar bilgileri gibi &zellikler
kullanilarak goriintiileri analiz etmek istenen sonuglar1i vermemektedir. Bunun sonucu olarak,
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goriintiileri farkli ve giiclii yaklagimlar ile analiz eden 6zellik ¢ikarma metotlar1 kullanilarak etkin
sonugclar elde edilebilmistir [1], [2].

Etkili bir goriintli analizi gergeklestirmenin yolu goriintiideki doku yapilarinin temel karakteristiklerini
ifade ve analiz etmekten ge¢mektedir. Literatiirde yapilan ¢alismalar incelendiginde bir¢cok doku
Ozniteligi elde eden ve yorumlayan yontem oldugu goriilmektedir. Bu yontemler genel olarak
istatistiksel [3], [4], model tabanli [5], yapisal [6] ve filtre tabanli [7]-[9] yontemler olmak iizere dort
kategoriye ayrilmistir. Istatistiksel ve model temelli yontemler genellikle kiigiik piksel komsuluklarimni
temel alarak piksellerin uzamsal iligkilerini analiz etmektedir. Bu yontemlerin en bilinenleri gri seviye
es olusum matrisi (GLCM) [10], Markov rastgele alanlar modeli (MRF) [11] ve yerel ikili 6rtintii (LBP)
yontemleridir [12]. Yapisal yontemler ise dokusal temellerin (textural primitives) diizenli yerlesimlerini
temel alarak dokuyu karakterize ederler [6]. Filtre temelli yontemler icerisinde dalgacik doniigiimii [13],
[14], Gabor doniistimii [15] ve filtre bankalar [3] gibi bir¢ok yontem gelistirilerek doku analizi ve
stmiflandirmasi yapilmustir. Gabor filtreleri sinyal analizinde kullanilan lineer filtrelerdir. Insan gérme
sistemine benzer tasarlanan farkli 6lgek ve acilardaki Gabor filtreleri ile donme bagimsiz doku analizi
yapabilmektedir [15]. Bagka giincel bir calismada ise Gaussian tiirev filtrelerinden elde edilen doku
ozellikleri kullanilarak goriintii siniflandirmasi yapilmistir [16]. Bu yontemlerin disinda yonlii gradyan
histogrami (histogram of oriented gradients, HOG) ve yonlii gradyan es olusum histogrami (co-
occurence histogram of oriented gradients, CoHOG) gibi yontemler ile de olduk¢a basarili doku
siniflandirma galigmalar1 yapilmistir [17], [18].

Bilindigi gibi doku simiflandirma yéntemleri iki temel adimdan meydana gelmektedir. Ik adim dokuyu
karakterize eden doku 6zeliklerinin ¢ikartilmasidir. ikinci adim ise farkli dokular ayirt etmek icin elde
edilen Oznitelikler kullanilarak yapilan smiflandirma islemidir. Son yillarda evrisimsel sinir aglari
(ESA) yaklagimlart kullanilarak 6znitelik ¢ikarma ve smiflandirma islemleri birlikte yapilmaktadir.
Geleneksel bir ESA mimarisi genellikle ¢oklu evrisim katmanlar1 ve bunlar takip eden tam bagl
katmanlar ile SoftMax smiflandiricinin  birbirine baglanmasindan olusmaktadir. Hand-crafted
Ozniteliklerden farkli olarak, ESA tarafindan 6grenilen tam bagli katman 6zellikleri yiiksek seviyeli
anlamsal bilgi icermektedir [19]. Bu o6zelliklerinden dolayr bir¢ok c¢alismadan ESA mimarileri
kullanilarak etkin doku siniflandirma ¢alismalar1 yapilmistir [20], [21]. Talo ve digerleri ise derin
transfer Ogrenme metotlar1 ile normal ve anormal Magnetic resonance (MR) goriintiilerini
siiflandirmiglardir [22]. Yapilan derin 6grenme tabanli ¢calismalar incelendiginde bazi iistiin ve zayif
yonlerinin oldugu gériilmektedir. Oncelikle yiiksek dogruluk ve detayli tanimlayici bilgi sunabilmeleri
en onemli avantajlar1 olarak 6ne ¢ikmaktadir. Bununla birlikte yiiksek hesaplama maliyeti, 6grenme
siireci i¢in ylksek boyutlu veriye ihtiyag duymalart ve donanim gereksinimi en énemli zayifliklart
olarak goriilmektedir. Bu nedenle geleneksel o6zellik ¢ikarma yontemlerine olan ihtiyag devam
etmektedir. Bu nedenle LBP, dalgacik doniisiimil, ve Gabor doniisiimii gibi geleneksel ve giicli
yontemlerin gelistirilmesine yonelik ¢aligmalar devam etmektedir [23], [24].

Ojala ve digerleri tarafindan gelistirilen LBP yontemi gri seviye goriintiilerin uzamsal karakteristiklerini
hesaplayan etkili bir gri seviye doku operatoriidiir [12]. Bu yontemin performansini iyilestirmek igin
bir¢ok LBP yontemi 6nerilmistir. Boylece doku bilgilerini gii¢li bir sekilde ayirt etmekle birlikte diisiik
hesapsal karmasikliga sahip LBP yontemleri gelistirilmistir. Gelistirilen yontemler orijinal LBP
yonteminin giiriiltli, donme ve 151k degisimlerine kars1 giiclii kalmasini saglamistir. Bunun sonucu olarak
yiiz tanima [2], doku siniflandirma [25], [26], duman tespiti [27] ve medikal goriintii igleme [28] gibi
alanlarda yogun bir sekilde kullanilmaktadir. Heikkila ve digerleri tarafindan gelistirilen center-
symmetric LBP (CS-LBP) yontemi merkez piksel ile komsularimi karsilastirmak yerine piksellerin
merkez simetrik ciftlerini karsilagtirmaktir [29]. LBP yonteminin stabil doku doku analizi yapmasini
saglamak i¢in local concave and convex microstructure patterns (LCvMSP and LCxMSP) yontemleri
geligtirilmistir [30]. Bu ozellikler ile doku oOriintiilerinin yerel dalgalanmasi ortaya ¢ikarilir ve
degisimleri ifade edilir. Elde edilen concave ve convex 6zellikler Binary Thresholding fonksiyonlar
kullanilarak esiklenir. Boylece merkez pikselin etrafinda kapali bir yol etrafindaki pikseller detayl
olarak karakterize edilmistir.

Doku goriintiilerindeki sinif i¢i ve siniflar aras1 degisimi daha iyi karakterize etmek igin, bu ¢aligmada
nétrozofik kiime teorisi temelli LBP yontemi (NZ-LBP) gelistirilmistir. Yapilan kapsamli literatiir
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arastirmasi sonucunda, nétrozofik kiime teorisinin LBP yonteminin doku siniflandirma giiciinii artirmak
icin ilk kez entegre edildigi gortilmiistiir. Boylece LBP yonteminin &znitelik vektor boyutunu artirmadan
siniflandirma basarisi arttirilmis ve doku siniflandirma problemine karsi iyi sonuglar iiretilmistir.
Onerilen yontemde giris goriintiisiiniin ndtrozofik kiime bilesenlerinden dogruluk kiime bilgisi LBP
yontemine giris parametresi olarak verilmistir. NZ-LBP ydnteminin uygulanmasinda notrozofik kiime
icin farkli 7 tiirev filtreleri ve LBP yontemi i¢in farkli R yarigap degerleri kullanilarak hesaplanmaistir.
Her bir # tiirev filtresi ve R yarigap degeri i¢in hesaplanan yonelimden bagimsiz LBP Oznitelikleri
kullanilarak nihai 6znitelik vektorii elde edilmistir. Boliim 2’de noétrozofik kiime teorisi ve LBP
yontemleri kisaca agiklanmistir. Boliim 3’te 6nerilen yeni doku siniflandirma yontemi agiklanmustir.
Boliim 4’te farkl1 veri setleri iizerinde gerceklestirilmis deneysel sonuglar verilmistir. Onerilen yonteme
ait genel sonuglar Boliim 5’te sunulmustur.

2. ilgili Cahsmalar

2.1. Geleneksel Yerel ikili Oriintii

Geleneksel LBP yonteminde bir merkez piksel onun komsu pikselleri ile karsilastirilarak belirlenir [12].
Merkez piksel i¢cin LBP 6znitelikleri denklem (1)’de verildigi gibi hesaplanmaktadir.

P-1
LBP, ;= 5(g,-2.)2" (1)

p=0

burada g merkez pikselin gri seviye degerini, g, ise merkez pikselin ilgili komsu pikselinin degerini
gostermektedir. P komsu sayisini, R ise dairesel komgsuluk yarigapimi gostermektedir. s(x)ise
esikleme fonksiyonu olup denklem (2)’de verildigi gibi tanimlanmaktadir.

I x=0
s(x) = {0 (2)

x<0

LBP yonteminin farkli dokusal durumlarda etkinligini arttirmak i¢in farkli modelleri gelistirilmistir [12].
Bunlar {iniform, yonelimden bagimsiz, and yonelimden bagimsiz tiniform LBP metotlaridir. Bir LBP
Oriintiisiiniin tiniform degeri dairesel uzamsal (spatial) gegislerin sayisini ifade edip denklem (3)’de
verildigi gibi tanimlanabilir. Denklem 4’te eger U <2 ise, LBP oOriintiileri tiniform oriintiilere atanir.
Diger durumda ise LBP oriintiileri {iniform olmayan oriintiiler olarak siniflandirilir.

U(LBP, x) =|s(g, 1 —8.) (g~ &.)|+
P )
Dls(g, —g)-s(g,1 - &)
p=1
P-1
LB = pz_os(gp g) U(LBPFz)<2 (4)

P+1 degilse

2.2. Notrozofik Kiime

Notrozofik kiime (NK), felsefenin bir dali olup dogay1 ve nétralitenin kapsamini inceleyeren bir alandir
[31]. Notrozofide her olay sadece dogruluk, yanlislik ve belirsizlik derecesine sahiptir. Notrozofik
dizide belirsizlik dogruluk derecesi, belirsizlik derecesi ve yanlislik derecesi ile olciilebilir.

U bir evrensel kilme ve bu kiilme NK A4 ’y1 igersin. 4 kiimesi icerisindeki bir x elemani, ¢ ’nin T
i¢inde, i ’nin 7 ic¢inde ve f ’nin F i¢inde degiskenlik gosterdigi x(z,i, f) olarak gosterilsin. x(¢,i, )
elemani, agagidaki sekilde A kiimesi ile iliskilendirilir. Bu eleman %z dogru, %i belirsiz, % f yanlistir.
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Burada olarak 7',7,F fyelik kiimeleri olg'nakla beraber, T,/ ve F bilinen ve/veya bilinmeyen
parametrelere bagl olarak fonksiyonlardir. Ornek doku goriintiisiiniin nétrozofik doniigiimii ile elde
edilen 7, F ve I kiimesi goriintiileri Sekil 1°de goriilmektedir.

(@) ) ©

Sekil 1 Girig doku goriintiisiiniin nétrozofik kiimeye doniistiiriilmesi ile elde edilen alt kiime goriintiileri. (a)
Orijinal goriintii, (b) 7' dogruluk kiimesi, (c) F yanliglik kiimesi, (d) 7 belirsizlik kiimesi

3. Onerilen Yontem

LBP yonteminin giiriiltii ve kontrast eksikligi gibi dis etkilere kars1 yeteri kadar dayanikli olmamasi
Oznitelik ¢ikarma islemi iizerinde olumsuz etkilere yol agabilmektedir. Giris goriintiisiinde bulunan
giiriiltii ve 151k degisimi gibi istenmeyen faktorler elde edilecek Oznitelik kalitesini etkilemektedir.
Bunun sonucunda bilgi kayb1 meydana gelmekte, siniflandirma veya boliitleme gibi siireglerde bagari
orani diismektedir. Notrozofik kiime giiriiltii bilegenlerini baskilamasi ve bu sayede kenar bilgileri daha
dogru bir sekilde hesaplanabilmesi, kaliteli 6znitelik ¢ikarilmasi anlaminda olduk¢a 6nemlidir. Bu
noktada goriintiiniin farkli bolgelerindeki ayirt edici 6zniteliklerin korunmasi saglanmalidir. Aksi halde
goriintiiden ayirt edici 6znitelik bilgisi elde edilemediginden siniflandirma performansi diisecektir.

Bu ¢alismada doku goriintiilerindeki sinif i¢i ve siniflar arasi degisimi daha iyi karakterize etmek i¢in
nétrozofik kiime teorisi temelli LBP yontemi (NZ-LBP) gelistirilmistir. Bu amagla oncelikle, gri
seviyeli giris goriintiisii ndtrozofik alana dontstiiriiliir. Giris doku goriintiisii yerine kullanilacak olan
notrozofik dogruluk kiimesi 7 hesaplanir. Bu kisim Boliim 3.1°de ayrintili olarak anlatilacaktir.

3.1. Goriintiiniin Notrozofik Kiimeye Doniistiirillmesi

U evrensel kiime ve pikselin parlakligini gosteren @ < U olsun. Bir nétrozofik goriinti PNS T ,1 ve
F olmak {izere ii¢ lyelik kiimesi tarafindan tamimlanir. Ppikseli p(¢,i, f)olarak tanimlanir ve
asagidaki yol ile w’ye ait olur. P pikseli, piksel parlaklig1 kiimesi igerisinde %¢ dogru, %i belirsiz ve
% f yanlistir. Boylece goriintii alanindaki P(7, j) pikseli, notrozofik alana doniistiiriiliir [32], [33].

PNS(i, ))={T(i, )), I(i, ), F(i, ) }. T(i, j), I(i, j) veF (i, j)iyelik degerleri denklem (5), (6), (7), (8)
ve (9)’da verildigi gibi tanimlanir.

76, jy= 880" &

(5)
gmax _gmin
_ 1 i+w/2  j+w/2
g, )=—=- D, Y glmn) (6)
wx m=i—-w/2n=j-w/2
.. 00, =0,
I — min
@i, /) . (7)
8(i, j) = abs(g(i, /)~ g(i, j)) (8)
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F@,))=1-TG,)) 9)

g(i, j)sembolii (i, j) pikselinin yogunluk degerini gosterirken, g(z’, j) sembolil g(i,j) degerinin lokal
ortalama degerini gostermektedir. 5(i, j) sembolii ise, g(i, j) ve onun lokal ortalama degerini gdsteren

g(z‘, j) arasindaki mutlak deger farkidir.

Denklem (5)’de T giris gorintiisiiniin ndtrozofik alana doniistiiriilmesi ile elde edilen nétrozofik
dogruluk kiimesi goriilmektedir. Onerilen yontemde giris goriintiisiiniin nétrozofik kiime
bilesenlerinden dogruluk kiime bilgisi LBP yontemine giris parametresi olarak verilmistir. NZ-LBP
yonteminin uygulanmasinda notrozofik kiime i¢in farkli tiirev filtreleri ve LBP yontemi igin farkli
yarigap degerleri kullanilarak hesaplanmistir. Her bir tiirev filtresi ve yarigap degeri i¢in hesaplanan
yonelimden bagimsiz LBP 6znitelikleri kullanilarak nihai 6znitelik vektorii elde edilmistir.

Boylece giris goriintlislinii temel alarak yapilan Oznitelik ¢ikarma siirecine yeni bir bakis agisi
kazandirilmigtir. N6trozofik kiime bilesenlerinin 6znitelik ¢ikarma siirecinde kullanilmasi ile etkin
oznitelik hesaplamalar1 gergeklestirilmistir. Bu sayede degisimin yogun oldugu bélgelerde daha ayirt
edici dznitelikler elde edilirken, homojen bélgelerdeki bilgi kayb1 azaltilmistir. Onerilen yontemin akis
diyagrami Sekil 2’de verilmistir.

Giris
goriintiisii

Nitrozofik déniisiim

.

TR
ot 2 2
A
Mimi

Nitrozofik U Nitrozofik T Nitrozofik F

o|®o|® |

— I Ill
-—-III I---.—.

o|0|@ LBP izniteliklerinin elde edilmesi

Sekil 2 Onerilen ydntemin temel islem adimlari

4. Deneysel Sonuclar

Onerilen NZ-LBP yonteminin doku siniflandirma problemindeki etkinligini gdstermek igin kapsamli
veri tabanlar1 kullanilarak farkli deneysel calismalar yapilmistir. Onerilen metodun ayirt edici giiciinii
ortaya ¢ikarmak i¢in dogrusal ayrimcilik siniflandirici (Linear discriminant classifier) kullanilmusgtir.

Onerilen NZ —LBP(}}’,, r yontemi 3 farkli parametre igermektedir. Bunlar 6rnekleme komsulugu P,

nétrozofik filtre 4 ve ornekleme yarigapt R ’dir. Bu ¢alismadaki biitiin deneylerde, 6zellik vektorii
boyutunu ve hesaplama siiresini diisiirmek i¢in P =8 olarak sabitlenmistir. Ancak tiirev filtrelerinin
tasariminda kullanilan nétrozofik filtre # ve LBP 6rnekleme yarigapt R parametreleri farkli degerlerde
kullanilarak onerilen yontemin siniflandirma dogrulugu test edilmistir. Outex TC 00010 [34] ve
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Brodatz [35] veri setleri 6zellikle ayn1 sinif icerisindeki donme, aydinlanma ve bakis agis1 degisimleri
gibi doku analizini zorlagtiran faktorler icerdiginden literatiirde yogun olarak kullanilmaktadir. Bu
nedenle, farkli parametrelerin degerlendirmeleri i¢in Brodatz veriseti kullanilmigtir. Bunun yaninda
literatlir kiyaslamasi i¢in ise Outex TC 00010 [34] ve Brodatz [35] veri setleri kullanilmuistir.
Outex TC 00010 veri seti 128x128 boyutunda 24 farkli doku sinifina ait 4320 adet goriintiiden
olugmaktadir. Brodatz veri seti ise 128x128 boyutunda 112 farkli doku sinifina ait 1792 adet goriintiiden
olugmaktadir. Simiflandirma performansinin degerlendirmesi i¢in dogruluk (accuracy) Oolgiitii
kullanilmistir. Dogruluk 6l¢iitiiniin nasil hesaplandigr denklem (10)’da goriilmektedir. Burada, TP,
gercekte o sinifa ait olan ve dogru olarak tahmin edilen 6rnek sayisini; FN, gercekte o sinifa ait olan
ancak hatali sekilde tahmin edilen 6rnek sayisini; FP, ger¢ekte o sinifa ait olmayan ve hatali sekilde o
sinifa ait olarak belirlenen 6rnek sayisini; TN, gergekte o sinifa olmayan ve dogru sekilde tahmin edilen
ornek sayisini ifade etmektedir.

Dogruluk= TP+ 1N (10)
TP+ FP+TN + FN

Tablo 1 Brodatz veriseti igin farkli # ve R degerleri i¢in siniflandirma sonuglari (%).

NZ—LBP H=1 H=2 H=3 H=4 H=5
(P.R)=(8.1) 91.39 91.95 91.87 91.02 91.97
(P.R)=(8.2) 89.78 89.72 89.63 90.38 90.34
(P.R)=(8.3) 89.87 90.54 90.47 91.10 91.56
(P.R)=(8.4) 94.14 95.06 95.56 95.63 95.24
(P.R)=(8.5) 96.01 96.02 96.21 98.19 97.75

Notrozofik Dogruluk kiimesi hesaplanirken notrozofik ortalama filtre (average filter) kullanilmaktadir.
Bu filtrelerin yarigap1 2 parametresi ile belirlenmektedir. Eger  degeri ¢ok kiiciik segilirse, elde edilen
filtrelenmis goriintii giiriiltiiye kars1 hassas olmaktadir. Daha biiylik degerli # kullanilarak tasarlanan
filtreler doku detaylar1 ve kenar-kose gibi dnemli degisim bilgilerini géz ardi edebilmektedir. Yapilan
calismada /4 degerinin optimal degerleri deneysel olarak analiz edilerek ¢ok &lgekli doku analizi
gergeklestirilmistir. Yapilan farkli deneysel ¢caligmalarda 1 ile 5 arasinda degisen farkli # degerleri ile
yontem analiz edilmigtir. Farkli parametrelerin siniflandirma basarisi iizerindeki etkisi Brodatz veri seti

kullanilarak analiz edilmistir. ilk olarak farkli # ve R degerlerinin énerilen NZ —LBP(};J’R) yontemi

izerindeki etkileri gbzlemlenmistir. Tablo 1’°de goriilecegi iizere en yiiksek dogruluk degerine #» degeri
4 ve 5 alindiginda ulasilmigtir. Bunun yaninda, R degeri arttikga dogruluk degerinin arttigi sonucuna
ulagtlmistir. En yiiksek basarit R =5 ve 4 =4 iken elde edilmistir.

Tablo 2 Outex TC 00010 veri seti i¢in literatiir kiyaslama sonuglar1 (%)

Yontem Dogruluk Yaymlandig: Yer Oznitelik Boyutu
Onerilen Yontem 98.80 59
SLGP [43] 97,79 SPL 2018 168
EMCLBP [44] 99,61 MTAP 2018 8712
LSP [45] 86,12 Optik 2016 -
LNP [46] 94,97 TCSVT 2015 -
LCP [47] 98,65 SPL 2014 180
PRICoLBP [48] 94,48 TPAMI 2014 3540
Dis(S + M) [49] 98,93 PR2012 2668
LDDP [50] 98,64 NCAA2012 1100
LBPV [51] 97,63 PR 2010 2211
LBP [12] 97,7 TPAMI 2002 864
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Onerilen NZ —LBP(IZ,’ ) yontemi giincel LBP yontemleri ile Outex TC_00010 ve Brodatz veri setleri
iizerinde karsilastirilmistir. Deneysel sonuglar Tablo 2 ve Tablo 3’de verilmistir. Karsilastirmada
kullanilan yontemlerin sonuglari orijinal literatiirden alinmistir. Gelistirilen NZ —LBFZ};)’ ) yontemi tim

veri setlerinde en yliksek siniflandirma dogrulugu elde etmistir. Vurgulanmasi gereken en 6nemli nokta
sudur: Notrozofik kiimenin giiriiltii bilesenlerini baskilamas1 ve bu sayede kenar bilgileri daha dogru bir
sekilde hesaplanabilmesi ile daha ayirt edici 6znitelikler elde edilmistir. Notrozofik dogruluk kiimesinin
LBP 6znitelikleri elde edilerek nihai doku analizi gerceklestirilmistir. Dolayisiyla LBP yonteminin doku
analiz giicii ile nétrozofik kiimenin giicli birlestirilmistir. Tablo 2 ve 3’de gorildigi gibi, onerilen
yontem diisiik 6znitelik boyutuna ragmen tiim veri setlerinde iyi sonuclar elde etmistir. Brodatz veri seti
icin smmiflandirma dogrulugunu en az %1 en fazla %56 oraninda artirilmistir. Ayrica geleneksel LBP
yonteminin siniflandirma dogrulugunu %11 oraninda artirtlmistir.

Tablo 3 Brodatz veri seti igin literatiir kiyaslama sonuglari (%).

Yontem Kaynakca Dogruluk
Onerilen Yontem 98.19
LDENP [36] Pillai et al. (2018) 95.86
LBDP[37] Dubey et al. (2016) 97.08
dLBPa[38] Kaya et al. (2015) 97.28
AECLBP_CJ[39] Kechen et al. (2015) 43.54
LBPD[40] Hong et al. (2014) 51.12
NTLBP[41] Fathi and Naghsh-Nilchi (2012) 97.85
LOSIB[42] Garca-Olalla et al. (2014) 86.71
LBP Ojala et al. (1996) 87.30

Gelistirilen yontem yiiksek dogruluk sonuglari elde etmekle birlikte ayn1 zamanda hesaplama maliyeti
agisindan da ¢ok uygun bir konumdadir. Bu durum Sekil 3'de agik¢a goriilmektedir. Deneyler Intel Core
15-7400 CPU ve 8GB RAM ozelliklerine sahip bir bilgisayarda bir goriintii icin 6znitelikleri hesaplamak
icin farkli yontemlerin ortalama caligma stireleri karsilagtirilmistir. Zaman karsilagtirmasi igin LBP [52],
RALBGC [53], LDTP [54], LCxMSP [30], MRELBP [55], PCLBP [56], BPPC [57], LGDiP [58],

LGBPHS [59] yontemleri kullanilmustir. Gelistirilen NZ —LBFZ};,,R) yontemi geleneksel LBP

yonteminin siniflandirma dogrulugu 6znitelik boyutunu artirmadan iyilestirilmistir. Ayrica 6nerilen
yontem siniflandirma dogrulugunu artirirken hesapsal maliyeti dikkate deger oranda artirmamustir.

Bununla birlikte, nétrozofik kiime hesaplamasi ¢ok zaman alic1 olmadigindan, 6nerilen NZ — LBP(},',, R
yonteminin ger¢cek zamanli uygulamalarda kullanimi uygundur.
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Sekil 3 Ornek test goriintiisii i¢in yontemlere ait dznitelik ¢ikarma siireleri
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5. Sonuc¢

Bu calismada doku siiflandirma problemi i¢in yerel ikili oriintii (LBP) yontemi ndtrozofik kiime
temelinde yeniden yorumlanmig ve ndtrozofik kiime bilesenlerini kullanan yeni bir 6znitelik ¢ikarma
yontemi Onerilmistir. Onerilen yontemde geleneksel LBP tanimlayicilarr hesaplanirken orijinal giris
goriintlisii yerine gorlintiiniin ndtrozofik dogruluk kiimesi kullamilmistir. Boylece giiriiltii etkileri
azaltilmis daha anlamli bir goriintii elde edilmistir. Notrozofik kiimenin giiriiltii bilesenlerini
baskilamasi ile kenar ve dokusal bilgiler daha anlamli bir sekilde hesaplanmistir. Notrozofik dogruluk
kiimesinin LBP 06znitelikleri elde edilerek nihai doku analizi gerceklestirilmistir. Dolayisiyla LBP
yonteminin doku analiz giicii ile nétrozofik kiimenin giicii birlestirilmistir. Onerilen yontem, diisiik
Oznitelik boyutu, uygun hesaplama maliyeti ile yiiksek siniflandirma dogruluklart elde etmistir.
Deneysel sonuglar onerilen yontemin 6znitelik boyutunu artirmadan yerel ikili Oriintii yonteminin
simiflandirma dogrulugunu yaklagik %11 artirdigim gostermektedir. Elde edilen sonuglar 6nerilen
yontemin gercek zamanli uygulamalar icin uygulanilabilir oldugunu ortaya koymaktadir. Onerilen
yontem siiflandirma, anlamsal bdliitleme ve nesne takibi gibi bircok alanda ara islem olarak
kullanilabilir. Bununla birlikte 6rnekleme komsulugu P, nétrozofik filtre # ve drnekleme yaricapr R
parametreleri sonuglar iizerinde etkili olmakla beraber yontemin parametre bagimliligini arttirmaktadir.
Ayrica Oznitelik c¢ikarma islemi Oncesinde goriintii notrozofik alana doniistiiriildiigii i¢in, LBP
yontemine gore kismen zaman maliyeti icermektedir.

Kaynak¢a

[1] G. Doretto, A. Chiuso, Y. N. Wu, and S. Soatto, “Dynamic Textures,” Int. J. Comput. Vis., vol.
51, no. 2, pp. 91-109, 2003, doi: 10.1023/A:1021669406132.

[2] M. A.Mugeetand R. S. Holambe, “Local binary patterns based on directional wavelet transform
for expression and pose-invariant face recognition,” Appl. Comput. Informatics, vol. 15, no. 2,
pp. 163-171, Jul. 2019, doi: 10.1016/J.ACI1.2017.11.002.

[3] M. Varma and A. Zisserman, “A Statistical Approach to Texture Classification from Single
Images,” Int. J. Comput. Vis., vol. 62, no. 1/2, pp. 61-81, Apr. 2005, doi:
10.1023/B:VIS1.0000046589.39864.ce.

[4]  P.P.Ohanian and R. C. Dubes, “Performance evaluation for four classes of textural features,”
Pattern Recognit., vol. 25, no. 8, pp. 819-833, Aug. 1992, doi: 10.1016/0031-3203(92)90036-1.

[5]  A. Speis and G. Healey, “Feature extraction for texture discrimination via random field models
with random spatial interaction,” IEEE Trans. Image Process., vol. 5, no. 4, pp. 635-645, Apr.
1996, doi: 10.1109/83.491339.

[6] W.-K. Lam and C.-K. Li, “Rotated texture classification by improved iterative morphological
decomposition,” /IEE Proc. - Vision, Image, Signal Process., vol. 144, no. 3, p. 171, 1997, doi:
10.1049/ip-vis:19971198.

[7] T. Randen and J. H. Husoy, “Filtering for texture classification: a comparative study,” [EEE
Trans. Pattern Anal. Mach. Intell., vol. 21, no. 4, pp. 291-310, Apr. 1999, doi:
10.1109/34.761261.

[8]  N.Dasguptaand L. Carin, “Texture analysis with variational hidden Markov trees,” IEEE Trans.
Signal Process., vol. 54, no. 6, pp. 2353-2356, Jun. 2006, doi: 10.1109/TSP.2006.872588.

[9]  A. Maleki, B. Rajaei, and H. R. Pourreza, “Rate-Distortion Analysis of Directional Wavelets,”
IEEE Trans. Image Process., vol. 21, no. 2, pp. 588-600, Feb. 2012, doi:
10.1109/TIP.2011.2165551.

[10] R. M. Haralick, K. Shanmugam, and I. Dinstein, “Textural Features for Image Classification,”
IEEE Trans. Syst. Man. Cybern., vol. SMC-3, no. 6, pp. 610-621, Nov. 1973, doi:
10.1109/TSMC.1973.4309314.

35



[13]

[14]

[15]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

Sakarya University Journal of Computer and Information Sciences

Nuh ALPASLAN

G. R. Cross and A. K. Jain, “Markov Random Field Texture Models,” IEEE Trans. Pattern Anal.
Mach. Intell., vol. PAMI-S5, no. 1, pp. 25-39, Jan. 1983, doi: 10.1109/TPAMI.1983.4767341.

T. Ojala, M. Pietikainen, and T. Maenpaa, ‘“Multiresolution gray-scale and rotation invariant
texture classification with local binary patterns,” IEEE Trans. Pattern Anal. Mach. Intell., vol.
24, no. 7, pp. 971-987, Jul. 2002, doi: 10.1109/TPAMI.2002.1017623.

P. Subudhi and S. Mukhopadhyay, “An efficient graph reduction framework for interactive
texture segmentation,” Signal Process. Image Commun., vol. 74, pp. 42-53, May 2019, doi:
10.1016/J.IMAGE.2019.01.010.

C.Li, Y. Huang, X. Yang, and H. Chen, “Marginal distribution covariance model in the multiple
wavelet domain for texture representation,” Pattern Recognit., vol. 92, pp. 246-257, Aug. 2019,
doi: 10.1016/J.PATCOG.2019.04.003.

C. Li, Y. Huang, and L. Zhu, “Color texture image retrieval based on Gaussian copula models
of Gabor wavelets,” Pattern Recognit.,, vol. 64, pp. 118-129, Apr. 2017, doi:
10.1016/J.PATCOG.2016.10.030.

Y. Song et al., “Gaussian derivative models and ensemble extreme learning machine for texture
image classification,” Neurocomputing, vol. 277, pp. 53-64, Feb. 2018, doi:
10.1016/J.NEUCOM.2017.01.113.

K. Hanbay, N. Alpaslan, M. F. Talu, and D. Hanbay, “Principal curvatures based rotation
invariant algorithms for efficient texture classification,” Neurocomputing, vol. 199, pp. 7789,
Jul. 2016, doi: 10.1016/j.neucom.2016.03.032.

K. Hanbay, N. Alpaslan, M. F. Talu, D. Hanbay, A. Karci, and A. F. Kocamaz, “Continuous
rotation invariant features for gradient-based texture classification,” Comput. Vis. Image
Underst., vol. 132, pp. 87-101, 2015, doi: 10.1016/j.cviu.2014.10.004.

X. Bu, Y. Wu, Z. Gao, and Y. Jia, “Deep convolutional network with locality and sparsity
constraints for texture classification,” Pattern Recognit., vol. 91, pp. 34—46, Jul. 2019, doi:
10.1016/J.PATCOG.2019.02.003.

S. Basu et al., “Deep neural networks for texture classification—A theoretical analysis,” Neural
Networks, vol. 97, pp. 173-182, Jan. 2018, doi: 10.1016/J.NEUNET.2017.10.001.

J. Zhang, Y. Xie, Q. Wu, and Y. Xia, “Medical image classification using synergic deep
learning,” Med. Image  Anal., vol. 54, pp. 10-19, May 2019, doi:
10.1016/J.MEDIA.2019.02.010.

M. Talo, U. B. Baloglu, O. Yildirim, and U. Rajendra Acharya, “Application of deep transfer
learning for automated brain abnormality classification using MR images,” Cogn. Syst. Res., vol.
54, pp. 176—188, May 2019, doi: 10.1016/J.COGSYS.2018.12.007.

G. Srivastava and R. Srivastava, “Salient object detection using background subtraction, Gabor
filters, objectness and minimum directional backgroundness,” J. Vis. Commun. Image
Represent., vol. 62, pp. 330-339, Jul. 2019, doi: 10.1016/J.JVCIR.2019.06.005.

X. Zhao, Y. Lin, and J. Heikkila, “Dynamic Texture Recognition Using Volume Local Binary
Count Patterns With an Application to 2D Face Spoofing Detection,” IEEE Trans. Multimed.,
vol. 20, no. 3, pp. 552-566, Mar. 2018, doi: 10.1109/TMM.2017.2750415.

Z.Pan, Z. Li, H. Fan, and X. Wu, “Feature based local binary pattern for rotation invariant texture
classification,” Expert Syst. Appl., vol. 88, pp. 238-248, Dec. 2017, doi:
10.1016/J. ESWA.2017.07.007.

N. Alpaslan and K. Hanbay, “Multi-Resolution Intrinsic Texture Geometry-Based Local Binary
Pattern for Texture Classification,” [EEE Access, vol. 8, pp. 54415-54430, 2020, doi:
10.1109/ACCESS.2020.2981720.

F. Yuan, X. Xia, and J. Shi, “Mixed co-occurrence of local binary patterns and Hamming-

36



(28]

[29]

[30]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Sakarya University Journal of Computer and Information Sciences

Nuh ALPASLAN

distance-based local binary patterns,” Inf. Sci. (Ny)., vol. 460-461, pp. 202-222, Sep. 2018, doi:
10.1016/J.INS.2018.05.033.

S. Naeem, F. Riaz, A. Hassan, and R. Nisar, “Description of Visual Content in Dermoscopy
Images Using Joint Histogram of Multiresolution Local Binary Patterns and Local Contrast,” in
International Conference on Intelligent Data Engineering and Automated Learning, 2015, pp.
433440, doi: 10.1007/978-3-319-24834-9_50.

M. Heikkild, M. Pietikdinen, and C. Schmid, “Description of Interest Regions with Center-
Symmetric Local Binary Patterns,” in Computer Vision, Graphics and Image Processing, 20006,
pp. 58-69, doi: 10.1007/11949619 6.

Y. El merabet and Y. Ruichek, “Local Concave-and-Convex Micro-Structure Patterns for texture
classification,”  Pattern = Recognit., vol. 76, pp. 303-322, Apr. 2018, doi:
10.1016/J PATCOG.2017.11.005.

F. Smarandache, 4 Unifying Field in Logics: Neutrosophic Logic. Neutrosophy, Neutrosophic
Set, Neutrosophic Probability, Third edit. American Research Press, 2003.

K. Hanbay, “Nétrozofik Kiime Temelli Difiizyon Metodu Kullanilarak Gériintiilerdeki Ortiisme
Problemini Azaltma,” Eur. J. Sci. Technol., no. 18, pp. 505-514, Apr. 2020, doi:
10.31590/ejosat.695191.

J. Mohan, V. Krishnaveni, and Y. Guo, “MRI denoising using nonlocal neutrosophic set
approach of Wiener filtering,” Biomed. Signal Process. Control, vol. 8, no. 6, pp. 779-791, Nov.
2013, doi: 10.1016/j.bspc.2013.07.005.

T. Ojala, T. Méenpad, M. Pietikdinen, J. Viertola, J. Kyllonen, and S. Huovinen, “Outex - New
framework for empirical evaluation of texture analysis algorithms,” Proc. - Int. Conf. Pattern
Recognit., vol. 16, no. 1, pp. 701-706, 2002, doi: 10.1109/icpr.2002.1044854.

Y. Xu, H. Ji, and C. Fermiiller, “Viewpoint invariant texture description using fractal analysis,”
Int. J. Comput. Vis., vol. 83, no. 1, pp. 85-100, Jun. 2009, doi: 10.1007/s11263-009-0220-6.

A. Pillai, R. Soundrapandiyan, S. Satapathy, S. C. Satapathy, K. H. Jung, and R. Krishnan,
“Local diagonal extrema number pattern: A new feature descriptor for face recognition,” Futur.
Gener. Comput. Syst., vol. 81, pp. 297-306, Apr. 2018, doi: 10.1016/j.future.2017.09.055.

S. R. Dubey, S. K. Singh, and R. K. Singh, “Local Bit-Plane Decoded Pattern: A Novel Feature
Descriptor for Biomedical Image Retrieval,” IEEE J. Biomed. Heal. Informatics, vol. 20, no. 4,
pp. 11391147, Jul. 2016, doi: 10.1109/JBHI1.2015.2437396.

Y. Kaya, O. F. Ertugrul, and R. Tekin, “Two novel local binary pattern descriptors for texture
analysis,” Appl. Soft Comput., vol. 34, pp. 728735, Sep. 2015, doi:
10.1016/J.ASOC.2015.06.009.

K. Song, Y. Yan, Y. Zhao, and C. Liu, “Adjacent evaluation of local binary pattern for texture
classification,” J. Vis. Commun. Image Represent., vol. 33, pp. 323-339, Nov. 2015, doi:
10.1016/j.jvcir.2015.09.016.

X. Hong, G. Zhao, M. Pietikdinen, and X. Chen, “Combining LBP difference and feature
correlation for texture description,” IEEE Trans. Image Process., vol. 23, no. 6, pp. 25572568,
2014, doi: 10.1109/TIP.2014.2316640.

A. Fathi and A. R. Naghsh-Nilchi, “Noise tolerant local binary pattern operator for efficient
texture analysis,” Pattern Recognit. Lett., vol. 33, no. 9, pp. 1093-1100, Jul. 2012, doi:
10.1016/j.patrec.2012.01.017.

0. Garcia-Olalla, E. Alegre, L. Fernandez-Robles, and V. Gonzalez-Castro, “Local oriented
statistics information booster (LOSIB) for texture classification,” in Proceedings - International
Conference on Pattern Recognition, 2014, pp. 1114-1119, doi: 10.1109/ICPR.2014.201.

T. Song, L. Xin, C. Gao, G. Zhang, and T. Zhang, “Grayscale-Inversion and Rotation Invariant

37



[44]

[45]

[46]

[47]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Sakarya University Journal of Computer and Information Sciences

Nuh ALPASLAN

Texture Description Using Sorted Local Gradient Pattern,” /EEE Signal Process. Lett., vol. 25,
no. 5, pp. 625-629, May 2018, doi: 10.1109/LSP.2018.2809607.

M. H. Shakoor and R. Boostani, “A novel advanced local binary pattern for image-based coral
reef classification,” Multimed. Tools Appl., vol. 77, no. 2, pp. 2561-2591, Jan. 2018, doi:
10.1007/s11042-017-4394-6.

S. Du, Y. Yan, and Y. Ma, “Local spiking pattern and its application to rotation- and
illumination-invariant texture classification,” Optik (Stuttg)., vol. 127, no. 16, pp. 6583—6589,
Aug. 2016, doi: 10.1016/j.ijle0.2016.04.002.

S. Wang, Q. Wu, X. He, J. Yang, and Y. Wang, “Local N-Ary Pattern and Its Extension for
Texture Classification,” IEEE Trans. Circuits Syst. Video Technol., vol. 25, no. 9, pp. 1495—
1506, Sep. 2015, doi: 10.1109/TCSVT.2015.2406198.

T. Song et al., “Noise-robust texture description using local contrast patterns via global
measures,” [EEE Signal Process. Lett., vol. 21, no. 1, pp. 93-96, 2014, doi:
10.1109/LSP.2013.2293335.

X. Qi,R. Xiao, C. G. Li, Y. Qiao, J. Guo, and X. Tang, ‘“Pairwise rotation invariant co-occurrence
local binary pattern,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 36, no. 11, pp. 2199-2213,
Nov. 2014, doi: 10.1109/TPAMI.2014.2316826.

Y. Guo, G. Zhao, and M. Pietikdinen, “Discriminative features for texture description,” Pattern
Recognit., vol. 45, no. 10, pp. 3834-3843, Oct. 2012, doi: 10.1016/j.patcog.2012.04.003.

Z. Guo, Q. Li, J. You, D. Zhang, and W. Liu, “Local directional derivative pattern for rotation
invariant texture classification,” Neural Comput. Appl.,vol.21,no. 8, pp. 1893-1904, Apr. 2012,
doi: 10.1007/s00521-011-0586-6.

Z. Guo, L. Zhang, and D. Zhang, “Rotation invariant texture classification using LBP variance
(LBPV) with global matching,” Pattern Recognit., vol. 43, no. 3, pp. 706719, Mar. 2010, doi:
10.1016/j.patcog.2009.08.017.

T. Ojala, M. Pietikainen, and T. Maenpaa, “Multiresolution gray-scale and rotation invariant
texture classification with local binary patterns,” IEEE Trans. Pattern Anal. Mach. Intell., vol.
24, no. 7, pp. 971-987, Jul. 2002, doi: 10.1109/TPAMI.2002.1017623.

I. El Khadiri, M. Kas, Y. El Merabet, Y. Ruichek, and R. Touahni, “Repulsive-and-attractive
local binary gradient contours: New and efficient feature descriptors for texture classification,”
Inf. Sci. (Ny)., vol. 467, pp. 634—653, Oct. 2018, doi: 10.1016/J.INS.2018.02.009.

A. Ramirez Rivera, J. Rojas Castillo, and O. Chae, “Local Directional Texture Pattern image
descriptor,”  Pattern Recognit. Lett., vol. 51, pp. 94-100, Jan. 2015, doi:
10.1016/j.patrec.2014.08.012.

L. Liu, S. Lao, P. W. Fieguth, Y. Guo, X. Wang, and M. Pietikdinen, “Median Robust Extended
Local Binary Pattern for Texture Classification,” IEEE Trans. Image Process., vol. 25, no. 3, pp.
1368-1381, Mar. 2016, doi: 10.1109/T1P.2016.2522378.

Q. Kou, D. Cheng, L. Chen, and Y. Zhuang, “Principal curvatures based local binary pattern for
rotation invariant texture classification,” Optik (Stuttg)., vol. 193, p. 162999, Sep. 2019, doi:
10.1016/J.1JLEO.2019.162999.

S. Shojaeilangari, W. Y. Yau, J. Li, and E. K. Teoh, “Feature extraction through Binary Pattern
of Phase Congruency for facial expression recognition,” in 2012 12th International Conference
on Control, Automation, Robotics and Vision, ICARCYV 2012, 2012, pp. 166170, doi:
10.1109/ICARCV.2012.6485152.

S. M. Z. Ishraque, A. K. M. H. Banna, and O. Chae, “Local Gabor directional pattern for facial
expression recognition,” in Proceeding of the 15th International Conference on Computer and
Information Technology, ICCIT 2012, 2012, pp- 164-167, doi:

38



[59]

Sakarya University Journal of Computer and Information Sciences

Nuh ALPASLAN

10.1109/ICCITechn.2012.6509762.

W. Zhang, S. Shan, W. Gao, X. Chen, and H. Zhang, “Local Gabor Binary Pattern Histogram
Sequence (LGBPHS): A novel non-statistical model for face representation and recognition,” in
Proceedings of the IEEE International Conference on Computer Vision, 2005, vol. 1, pp. 786—

791, doi: 10.1109/ICCV.2005.147.

39



SAKARYA UNIVERSITY JOURNAL OF COMPUTER AND INFORMATION SCIENCES
VOL. 3, NO. 1, APRIL 2020
DOI: 10.35377/saucis.03.01.705777

SAUCIS
MBBench: A WCET Benchmark Suite

Metin KUZHAN?, "“/'Veysel Harun SAHIN?
!Corresponding Author; Sakarya University, Institute of Natural Sciences, Department of Computer and
Information Sciences; metin.kuzhan@ogr.sakarya.edu.tr; ORCID: 0000-0001-6420-8327
2 Sakarya University, Faculty of Computer and Information Sciences, Department of Software Engineering;
vsahin@sakarya.edu.tr; ORCID: 0000-0002-3381-1702

Received 18 March 2020; Accepted 21 April 2020; Published online 30 April 2020

Abstract

One of the important features of any real-time software is the worst-case execution time (WCET). To get an
understanding of the timing behavior of real-time systems and to prove that the real-time software meets its
deadlines, WCET analysis is performed. Today, researchers actively develop new WCET analysis methods and
tools. Therefore, they need benchmark programs to evaluate and compare their work. To meet this need, in this
study we present a new benchmark suite, called MBBench. MBBench includes a collection of C programs for
Linux operating system and RTEMS real-time operating system. Its main aim is to help the evaluation and
comparison of measurement-based WCET analysis methods/tools. MBBench has been published as open source.
It can be obtained freely over the Internet.

Keywords: Real-Time Systems, Benchmark, WCET analysis, Software Engineering

MBBench: WCET Kiyaslama Kiimesi
Oz

Herhangi bir gergek zamanli yazilimin en 6nemli dzelliklerinden birisi, en koti durum yirtitme stresidir (WCET).
Gergek zamanli sistemlerin zamanlama davranigini anlamak ve ger¢ek zamanli yazilimin son teslim tarihlerini
kargiladigimi kanitlamak icin WCET analizi yapilir. Giiniimiizde aragtirmacilar aktif olarak yeni WCET analiz
yontemleri ve araglari gelistirmektedir. Dolayisiyla, ¢aligmalarini degerlendirmek ve karsilastirmak igin kiyaslama
programlarina ihtiya¢ duymaktadirlar. Bu ¢aligmada, bu ihtiyaci karsilamaya yardime1 olmak amaciyla MBBench
isminde yeni bir kiyaslama kiimesi sunuyoruz. MBBench, Linux isletim sistemi ve RTEMS gercek zamanli igletim
sistemi i¢cin C programlar1 koleksiyonu icermektedir. Kiyaslama kiimesinin temel amaci, dl¢iim tabanli WCET
analizi yontemlerinin/araglarinin degerlendirilmesine ve karsilagtirilmasia yardimer olmaktir. MBBench, agik
kaynak kodlu olarak yaymlanmstir ve Internet iizerinden iicretsiz olarak edinilebilir.

Anahtar Kelimeler: Gergek Zamanl Sistemler, Kiyaslama, WCET analizi, Yazilim Miihendisligi

1. Introduction

Today, real-time systems [1], [2] are widely used in many different areas from aviation to automotive
industry, from home appliances to health equipment. Large amount engineering and scientific study are
being held on real-time systems. One of the essential parts of any real-time system is real-time software.
Real-time software’s correctness depends both on producing the correct output(s) and meeting its
deadlines. Because of this, a crucial property of any real-time software is the execution time. Before
deploying any real-time system, the developers should prove that the real-time software meets its
deadlines. For this purpose, the worst-case execution time (WCET) of the real-time software is
calculated. The process of this calculation is called WCET analysis or timing analysis.

WCET analysis of real-time software is a hot topic in real-time research. Many approaches are proposed,
and new tools are developed actively. Detailed information and comparison of different timing analysis
approaches can be found in [3]-[7].
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One type of WCET analysis approaches is measurement-based approach. In this approach, firstly the
real-time software is run several times with different inputs on actual hardware or on architecture
simulator. During this phase, the execution time of each run is collected. Then this information is
processed by using various methods to inference about the WCET of the software. Readers can get more
information about measurement-based approach from [8], [9]. Researchers who develop these
approaches, need to evaluate their methods. They also need to compare the performance of their methods
against others’. During this evaluation and comparison, they need common programs. In other words,
they need benchmark programs.

In addition to WCET analysis methods, there are also WCET analysis tools. Main objective of these
tools is to ease WCET analysis procedure. There are currently several tools available, both commercial
and open source. For example Chronos [10], Otawa [11] and Heptane [12], [13], are open source WCET
tools. RapiTime [14] developed by Rapita Systems and aiT [15] developed by Absint are two
commercial tools. WCET tool developers also need benchmark programs to evaluate and compare their
software with others’.

The main motivation of this study is the need for benchmark programs for the evaluation of WCET
analysis methods and tools. For this purpose, in this paper we introduce the first version of a new
benchmark suite, named MBBench (MBBench 1.0). There are also different benchmark suites available
today for WCET community. We give detailed information about benchmarks in the next section. Each
benchmark addresses different aspects of WCET analysis. The principle aim of MBBench is to cover
the need for benchmark programs to evaluate measurement-based WCET analysis methods/tools. The
contributions of this study to the WCET community are listed below:

e This paper introduces MBBench benchmark suite which aims to help the evaluation and
comparison of measurement-based WCET analysis methods/tools.

e MBBench supports multiple platforms. It includes programs for Linux operating system [16]
and RTEMS real-time operating system [17] operating systems.

e MBBench includes multi-path programs.

e MBBench is published as open source. It is freely available over the Internet. Readers can access
the benchmark suite through the Sakarya University, Faculty of Computer and Information
Sciences, Department of Software Engineering, Real-Time Systems Research Laboratory
homepage [18].

Although MBBench specifically targets measurement-based WCET methods/tools, it can also be used
for the evaluation and comparison of other types of WCET methods/tools, real-time platforms and
computer systems.

The rest of the paper is organized as follows. Second section describes benchmarking and several
benchmark suites. Third section gives a detailed explanation of MBBench. In the fourth section, we tell
about our experiences and discuss the MBBench. The sixth section concludes the paper with the
information about future work.

2. Benchmark

Currently benchmark programs are used widely in computer science and engineering for several
different purposes like evaluating central processing unit (CPU) performance, measuring power
characteristics, timing analysis, testing network resources. In addition, they help the evaluation of
various computer systems, e.g. personal computers (PC), servers, virtualization platforms, real-time and
embedded systems, internet of things (1oT), mobile systems. Besides these they are also used to validate
and compare newly created methods/tools by researchers. Benchmarks are of vital importance for both
commercial organizations and research community. Therefore, many benchmark suites for several
different purposes are present both commercial and open source. In this section we explain some of the
benchmark suites.
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One of the well-known benchmark suites are developed by Standard Performance Evaluation
Corporation (SPEC) [19]. SPEC develops many kinds of benchmarks for different computing
environments and for evaluating different characteristics. For example, while SPEC CPU 2017 is used
to evaluate CPU performance of systems, SPEC SFS 2014 is used to evaluate the performance of file
servers.

Embedded Microprocessor Benchmark Consortium (EEMBC) [20] develop different types of
benchmarks specially for mobile and embedded systems. Some of them are loTMark for 10T devices,
ADASMark for advanced driver-assistance systems (ADAS), and DENBench for digital entertainment
products.

Apart from these, there are individual benchmark suites developed by different scientific communities
for specific needs. For example, PARSEC benchmark suite [21] includes several applications to help
the study of chip-multiprocessors (CMPs). BigDataBench-S [22] is an open source benchmark suite that
focuses the evaluation of big data systems. The DaCapo benchmark suite [23] has been developed to
evaluate the Java platforms. It is open source and includes client-side Java programs. CDx [24] is
another benchmark suite specifically targets real-time specification for Java (RTSJ) [25].

As for the WCET analysis there are also several benchmark suites and applications are available. One
of the well-known WCET benchmark suite is the Méalardalen benchmark suite [26], [27]. It includes
several programs which have various programming constructs and properties. The programs in
Mélardalen benchmark suite are mostly single path and small programs mainly aimed at flow analysis.
They were written in C programming language.

PapaBench [28] is an open source benchmark application based on Paparazzi. Paparazzi is an unmanned
aerial vehicle (UAV) control application. PapaBench is also developed for the comparison of WCET
analysis methods/tools.

TACLeBench [29] is a benchmark collection which can be used in WCET research. As its name implies
it is a collection of several open source benchmark applications and suites like sequential benchmarks,
parallel benchmarks, real-life applications. The programs in TACLeBench are self-contained. The
inputs of the programs are embedded in the source code.

PBench [18], [30] is another open source benchmark suite. The objective of PBench is to provide parallel
benchmark programs for WCET analysis in the context of multi-core platforms. It includes both
sequential and parallel versions of each program to better help the comparison. It is developed in C
programming language.

3. MBBench

In this section we give a detailed explanation of the first version of MBBench benchmark suite
(MBBench 1.0). MBBench is an open source benchmark suite, designed and developed to help
measurement-based WCET analysis research. However, it can also be used for the comparison of the
other type WCET analysis approaches, real-time platforms and computer systems.

3.1 Method

In this section we explain the method which we followed during the MBBench study. Because it is a
software development project, we have four main phases: design, development, test, and publish.

In the design phase of the MBBench, we considered three design criteria which are listed below.
e programming language
e operating system
e algorithms

For the first criterion we decided to use C programming language, as it is widely preferred in the
development of real-time systems. All of the programs in MBBench is written in this language.
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For the second criterion we decided to support two different kinds of operating systems: Linux operating
system and RTEMS real-time operating system. This choice has two motives. The first one is the wide
usage of these two operating systems in both industry and academia. The second one is about RTEMS.
To the best of authors’ knowledge there are not many benchmarks available that target RTEMS. To
support both operating systems, we developed two versions of each program. We tried to write the
different versions of the same program as similar as possible for better comparison of different
platforms.

For the third criterion (algorithms), we first identified the requirements for the benchmark. The
requirements are listed below.

e  Our main focus is measurement-based WCET analysis. Therefore, we need programs that take
inputs and operate on those inputs.

e Each program should include various program constructs (loops, decisions etc.).

e Each program should include several program properties (single-threaded, external routine
usage etc.).

e Programs should carry out operations on different data types (floating point, integer etc.) and
data structures (array).

e At least one program should include bit level operations.

Then depending on the requirements, we determined the features which we want to support. Afterward,
we gave an acronym to each feature for simplicity. The features are shown in Table 1.

Table 1 Features

Name Acronym Description
Single-threaded ST The program is single-threaded.
Multi-threaded MT The program is multi-threaded.
External routine ER The program uses external routine.
Single path SP The program always runs the same execution path in each run.
Multi path MP The program may follow different execution paths in each run.
Dynamic Memory DM The program makes dynamic memory allocation.
Loop L The program includes loops.
Nested loop NL The program includes nested loops.
Recursion R Recursive function calls are present.
Decision D Decision structures (if...else etc.) are used.
Array A The program operates on arrays.
Bit Level Operation BLO Bit level operations are present.
Floating Point Operation FPO Floating point operations are present.
Integer Operation 10 Integer operations are present.
Input Vector IVEC The program takes a vector as input.
Input Value IVAL The program takes a single value as input.
Input File IF The program takes a file as input.

Later, taking into account those features we selected algorithms that will be implemented. The
algorithms were selected from well-known computer science problems. We selected algorithms in a
way that the implementation of each of them will require to use different sets of features. By doing this,
we aimed to create a benchmark suite that successfully represents all types of program structures and
properties.

After the planning phase we wrote programs in C programming language. Each program implements
one algorithm and thus solves one kind of problem. Also, each program has two versions for each
operating system.

The Linux versions of the programs in MBBench and the supported features are shown in Table 2. In
the table, rows indicate features, and columns indicate programs. A plus sign (+) in a cell means that the
program in that column provides the corresponding feature. A minus sign (-) means the feature is not
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supported. As seen in Table 2, we currently don’t support all the features we determined. In future
versions of the MBBench, we plan to cover more features by adding new programs

Table 2 MBBench 1.0 Programs (Linux version) feature matrix
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ST + + + + + + + + + + - + + + +
MT - - - - - - - - - + - - - -
ER + + + + + + + + + + + + + + +
MP + + + + + + + + + + + + + + +
DM - - - - + - - - - - + - + - -
L + + + + - + + + + + + + + + +
NL - + - + + + + - - - - + + - +
R - - - - - - - + + + + + + + +
D + + + + + + + + + - + + + + +
A + + + + - + + + - - + + + - +
BLO + - - - - - - - - - - - - - -
FPO - - - - - + - - - - - - - + -
10 + + + + + + + + + + + + + + +
IVEC + + + + + + + + - - + + + + -
IVAL - - - - - - - - + + - - - - -
IF - - - - - - - - - - - - - - +

The RTEMS versions of the programs in MBBench, and the supported features are shown in Table 3.
In the table, rows indicate features, and columns indicate programs. A plus sign (+) in a cell means that
the program in that column provides the corresponding feature. A minus sign (-) means the feature is
not supported. As seen in Table 3, we currently don’t support all the features we determined. In future
versions of the MBBench, we plan to cover more features by adding new programs

Table 3 MBBench 1.0 Programs (RTEMS version) feature matrix
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Table 3 MBBench 1.0 Programs (RTEMS version) feature matrix (cont.)
10 + + + + + + + + + + + + + + +
IVEC - - - - - - - - - - - - - - -
IVAL - - - - - - - - - - - - - - -

The compilation of Linux versions of the programs was performed by using GNU Compiler Collection
(GCC) 7.2.0. Both the compilation and test runs were executed on XUbuntu 17.10 linux distribution.

RTEMS versions of the programs were compiled with the cross-compilation tools bundled with RTEMS
5.0.0. Test runs were executed on SPARC emulator.

3.2 Details of Programs in MBBench 1.0

The programs in MBBench 1.0 is listed in Table 4. In the second column of the table we give the name
of the algorithm which the corresponding program implements. Each program implements one
algorithm that is well known in computer science. Interested readers can get more information about
algorithms from [31]. Booth’s algorithm can be found in [32]. In the third column of the table brief
descriptions of the algorithms and programs can be found.

Table 4 MBBench 1.0 Programs

Program Name Algorithm Description
booth Booth's algorithm Multiplies two single-digit positive numbers.
bucket_sort Bucket sort algorithm Sorts integers.
cesar Cesar algorithm Encrypts a string.
counting_sort Counting sort algorithm Sorts integers.
gcd Greatest common divisor | Finds the greatest common divisor of two positive
numbers.
huffman Huffman code algorithm Compresses a string.
knapsack 0-1 knapsack problem Finds the maximum value that can be fitted in a backpack.
merge_sort Merge sort algorithm Sorts integers.
miller_rabin Miller-Rabin primality test | Finds whether a number is prime or not.
pollard_rho Pollard rho algorithm Finds the multipliers of a number.
quick_sort Quick sort algorithm Sorts integers.
rabin_karp Rabin-Karp algorithm String matching algorithm.
radix_sort Radix sort algorithm Sorts integers.
rsa RSA Cryptosystem Encryption and decryption of a string.
standard_deviation | Standard deviation Calculates the standard deviation.

3.3 Benchmark Directory Organization

In the repository, each benchmark program is stored in its own directory. The directory name is the
name of the program. Inside each program’s directory there two separate directories: linux and rtems.
As their name implies, linux directory includes the Linux version, and rtems directory includes the
RTEMS version.

In each version’s directory we provide the source code of the program with a “c” extension; a README
file which gives information about the program; a Makefile which helps the compilation of the program;
call graph and scope hierarchy graph of the program. A sample call graph of the Linux version of the
huffman program is shown in Figrue 1. In Figure 2, a sample scope hierarchy graph of the same program
is shown.
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main
A 4

strong

Figure 1 Call graph of huffman program (Linux version)

main

[main_L1 ] [ main_L4 ] [ main_L5 ] [ main_strong]

™

[main_LZ] [ main_L3 ] [ main_strong_L1 ]

Figure 2 Scope hierarchy graph of huffman program (Linux version)

4, Results and Discussion

In this work we have developed a benchmark suite and released its first version MBBench 1.0. It has
been published as open source. It is freely available over the Internet [18]. Research community can
freely obtain the benchmark and use it to their needs freely.

In this section firstly, we discuss the MBBench and other benchmarks. Then we share our experiences
and explain the problems we faced during the development.

4.1 Discussion of Benchmarks

The main motivation of this study is to help the evaluation and comparison of WCET analysis
methods/tools. There are several benchmark suites available to help WCET community. Each suite
covers different aspects of WCET analysis.

Mélardalen benchmarks are mainly focused on flow analysis and they have weak support for
measurement-based WCET analysis [27]. Main aim of MBBench is to help the evaluation and
comparison of measurement-based WCET analysis methods/tools. Especially the Linux version of
MBBench has strong support for measurement-based WCET analysis.

TACLeBench benchmarks include self-contained programs [29]. The inputs are embedded into the
source code of programs. On the other hand, Linux version of MBBench supports inputs from the
environment. 12 programs take input vector from command line, 2 programs take single input value
from command line and 1 program uses input file. RTEMS version MBBench does not support to take
input from command line and files. The inputs are hardcoded in these programs. The researcher needs
to change hardcoded inputs of RTEMS versions, for strong support of measurement-based WCET
analysis.

As the programs of MBBench Linux version get input from the environment, they can take different
paths during different runs. In other words, these programs are multipath programs.
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MBBench targets different operating systems: Linux and RTEMS. For this support, we developed two
versions of each program; one for Linux and one for RTEMS. We also tried to make different versions
as similar as possible.

PBench focuses on parallel benchmarks for WCET analysis [30]. It helps the evaluation of WCET
analysis methods/tools from multithreaded viewpoint. MBBench currently does not include parallel
programs. Both benchmarks support RTEMS operating system.

PapaBench [28] is based on an unmanned aerial vehicle (UAV) control application. From this viewpoint
it resembles an industrial real-time application. MBBench does not include real-time industrial
applications.

4.2 Experinces

4.2.1 Input Problem

Because of our main focus is measurement-based WCET analysis methods/tools, we concentrated on
the problems which need inputs during algorithm selection. We made those selections based on three
kinds of inputs: single input value (IVAL), input vector (IVEC), and input file (IF).

We have successfully implemented all of the algorithms in Linux versions of programs. 11 programs
use vectors, 2 programs use single values, and 1 program uses file as input.

However as stated above, RTEMS is a real-time embedded operating system. It is not designed to run
programs from command line, and to get inputs from command line environment. Therefore, we did not
use external command line inputs in the RTEMS versions of the programs. Instead, we hard coded the
needed inputs inside the program by hand. If researchers plan to use different inputs for RTEMS
programs they need to change inputs by hand and compile the programs before every run.

Also, as a result of this, Linux versions of the programs are multipath programs, and RTEMS versions
of the programs are single path programs. Linux versions of the programs can follow different paths
depending on the inputs. On the other hand, RTEMS versions of the programs always follow the same
path because inputs are hard coded. To change this behavior, researchers may follow the
abovementioned procedures.

4.2.2 Random Number Generation Problem

In booth, bucket_sort, counting_sort, gcd, merge_sort, radix_sort, and rsa programs we generate random
values in Linux versions successfully. But during our tests, we could not generate random values in
RTEMS versions of the programs. In each run of the programs the generated random values were the
same.

This is because of the emulator usage during the tests of RTEMS programs. Random value generation
is based on time information. In each run of the emulator, time information starts from a fixed value.
Also, the program code does not change between runs, and hence the random value generating
instructions persist at the same location of the program. Therefore, whenever a random value is
generated it is based on the exact same time information. As a result of this, the same value is generated
by the program in each run instead of different values.

Because of this, we decided to remove random number generation property in RTEMS versions of the
programs. We hard coded the values by hand. Because of this, if researchers plan to use different values
for RTEMS programs they need to change these hard-coded values by hand and compile the programs
before every run. Alternatively, if they work on a system which can get current time information or
some other kind of randomization source, they may consider adding randomize function in RTEMS
versions as well.
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5. Conclusions and Future Work

In this study we developed a benchmark suite to help researchers who work on measurement-based
WCET analysis. Although we focused on measurement-based approach, we believe that our benchmark
suite can also be used for other WCET analysis methods/tools. They also can be used for general
computer system benchmarking.

Because real-time and embedded systems become prevalent, we believe that scientific and engineering
studies will increase in this field. As a result of this, more and different kind of benchmarks will be
needed. Benchmark development will continue to be an important field in computer science.

Currently MBBench does not cover all the features we determined. In the future, we plan to add more
benchmark programs to better represent our feature matrix.

From operating system perspective, supporting more real-time operating systems can be a good addition
to MBBench. There are several open source real-time operating systems. For example, Zephyr [33] from
the Linux Foundation can be a good candidate.

From a programming perspective, supporting different programming languages like Ada, Java and some
functional programming languages may be very valuable.
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Abstract

One of the most common disorders is vitamin D deficiency. Vitamin D deficiency in individuals with a
vitamin D level of less than 20 ng / ml has been studied in previous studies, which is also associated with
other diagnoses. The aim of this study was to investigate the association of vitamin D deficiency patients
with other diagnoses. In this respect, a data set consisting of patients whose vitamin d levels have been
measured in a public hospital for the last 3 years has been provided. Using this data set, the association
rule analysis of data mining techniques was performed. Apriori algorithm was preferred in the analysis.
As a result of the analysis, 22 association rules were determined and interpreted.

Keywords: Vitamin D Deficiency, Data Mining, Association Rule, Apriori Algorithm

D Vitamini Eksikligi ile Hastalarin Diger Tamilar1 Arasindaki iliskinin
Veri Madenciligi Teknikleriyle Analizi

0Oz

Giinlimiizde en sik goriilen rahatsizliklardan bir tanesi D vitamini eksikligidir. D vitamini seviyesi 20
ng/ml’ den diisiik olan bireylerde konulan D vitamini eksikligi rahatsizligi diger teshislerle de iliskili
oldugu ge¢mis ¢aligmalarda incelenmistir. Caligmanin amact D vitamini eksikligi olan hastalarin diger
teshislerle birlikteligini arastirmaktir. Bu dogrultuda bir devlet hastanesinde son 3 yilin d vitamini diizeyi
Ol¢iimii yapilan hastalardan olugan veri seti temin edilmistir. Bu veri seti kullanilarak veri madenciligi
tekniklerinden birliktelik kurali analizi yapilmistir. Yapilan analizde ise Apriori algoritmasi tercih
edilmistir. Analiz sonucunda 22 adet adet birliktelik kurali tespit edilmis ve yorumlanmustir.

Anahtar Kelimeler: D Vitamini Eksikligi, Veri Madenciligi, Birliktelik Kurali, Apriori Algoritmast

1. Giris

D vitamini eksikligi yaygin goriilen rahatsizliklardan bir tanesidir. D vitamini, kalsiyum homeostazi,
kemik sagligi, diisme ve kiriklar1 6nlemek icin yagda ¢6ziinen temel bir vitamindir ve digerlerinin yani
sira hipertansiyon, diyabet, metabolik sendrom, kanser, otoimmiin ve bulasici hastaliklar ile de
iliskilendirilmistir [1]. Bu konuda yapilan ¢alismalarda D vitamini eksikliginin diger teshislerle
birlikteligini destekler niteliktedir. Bunlardan Zhou ve ark., pnémoni rahatsizligi ile D vitamini
eksikliginin birlikteligini analiz etmislerdir [2]. Aypak ve ark., erigskin obez hastalarda D vitamini
diizeyinin viicut kitle indeksi ile iliskisini incelemislerdir [3]. Ozcan ve ark. ise Fibromiyaljili kadin
hastalarda vitamin D diizeyleri ve agri, depresyon, uyku ile iligkisini arastirmislardir [4]. Erol ve ark.,
calismalarinda fiziksel tip ve rehabilitasyon poliklinigine bagvuran hastalarda d vitamin diizeyi ile
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lipid profili iliskisini incelemisleridir [5]. Yener, ¢alismasinda kas iskelet sistem agris1 ile D vitamini
diizeyleri arasindaki iligkiyi arastirmistir [6].

Bu calismada ise D vitamini diizeyi diisiik hastalarin teshisleri veri setinden incelenerek veri
madenciligi birliktelik kurallarindan apriori algoritmasi kullanilarak D vitamin diizeyi diisiik hastalarin
diger teshislerle birlikteligi arastirilmistir. Bununla birlikte hastalarin yas ve cinsiyet bilgilerinin de
veri setinden alinarak teshis ve D vitamini diizeyleri arasindaki iliski olup olmadig1 saptanmaya
calisilmustir.

2. Tlgili Calismalar

Veri madenciligi yontemleri ile ilgili saglik sektoriinde yer alan veri setleri kullanilarak son yillarda
pek cok caligma yapilmustir. Bunlardan Alan, ¢alismasinda hastane servisleri arasinda birliktelik kurali
olup olmadigini veri madenciligi teknigi ile arastirmaya ¢alismistir [7]. Tarimer ve Elmas ise, veri
madenciligi birliktelik kurali algoritmalarindan Apriori ve Gri algoritmalarimi kullanarak kalp krizi
geciren hastalarin kan degerlerindeki degisimleri tetikleyen faktorleri tespit etmeye calismus elde
edilen sonuglar ile yapilan analizin basarnni dlgmiislerdir [8]. Koyuncugil ve Ozgiilbas, calismalarinda
veri madenciligi yontemlerinin tip ve saglik hizmetleri alaninda kullanimi ve uygulamalarini
aragtirmigtir [9]. Sebik ve Biilbiil, ¢alismalarinda teshisi konulmus vakalarin yer aldigi veri setini
kullanarak veri madenciligi yazilimi WEKA’da hangi algoritmanin daha basarili olabilecegini 6lgmiis
bu alanda en basarili algoritma olarak Naive Bayes algoritmasini tespit etmislerdir [10]. Giilliioglu,
saglik alaninda veri madenciligi tekniklerinin kullanimu ile alakali bir ¢aligmanin nasil olmasi ile
alakali bir 6n ¢alisma yapmustir [11]. Jhang ve ark., yaptiklar1 ¢alismada veri madenciligi birliktelik
analizlerinden apriori algoritmasini kullanarak bunama teshisi konulan hastalar ve onlarin bakim
verenler icin spesifik bunama alt tiplerine goére Ozel bakim ihtiyaglart kombinasyonlarini
aciklamiglardir [12]. Zhang ve ark., ¢alismalarinda veri madenciligi teknikleri kullanarak pediatrik
katarakt hastalarinin postoperatif komplikasyonlarini tahmin etmeye caligmaiglardir [13]. Yang ve
ark., caligmalarinda apriori algoritmasina dayali iligkilendirme kurali analizleri yaparak kolon
karsinomunun tedavisinde bilesik kushen enjeksiyonunun kombine ilag tedavisi arasindaki iliskiyi
dogrulamaya calismiglardir [14]. Chen ve ark., calismalarinda apriori algoritmasi kullanilarak kigik
hiicre olmayan akciger kanserli hastalarda olumsuz olaylarin farmakoterapi ile iliskilerini
arastirmiglardir [15]. Tang ve ark. ise, ¢aligmalarinda apriori algoritmasi kullanarak dncelikle cerrahi
operasyon (OP) ve ardindan diger tedavilerle tedavi edilen oral skuamdéz hiicreli karsinom (OSCC)
hastalarinda 5 yillik sagkalim ile iliskili klinikopatolojik faktorlerin katkisini hesaplamislardir [16].

3. Veri Seti

Calisma kapsaminda bir devlet hastanesinde 2017,2018 ve 2019 yillarinda d vitamini diizeyi 6l¢iilen
hastalarin veri seti temin edilmistir. Veri setinde toplam 31540 veri bulunmaktadir. Bu verilein 22111
adeti d vitamini diizeyi labratuvar sonuglarina gore (Referans Aralig: 20-150) diisiik seviyededir.
Bireyde D vitamini diizeyini anlamak i¢in 25(OH)D diizeyine bakilmaktadir. Bu diizey 20 ng/ml’ den
diisiik ise D vitamini eksikligi, 21 ile 29 arasinda ise D vitamini yetersizligi, 30 ng/ml ile 150 ng/ml
arasinda ise D vitamini diizeyi normal, 150 ng/ml’den yiksek ise D vitamini dlzeyi yuksektir [17].

Dolayistyla D vitamini degeri 20 ng/ml’den az olan veriler elenmistir. 22111 verinin 9249’u birden
fazla teshis konmus hastadan olusmaktadir. Calismada kullanilan 9249 hastanin demografik bilgileri
Tablo 1 ve Tablo 2’de gosterilmistir.

Tablo 1 Hastalarin Cinsiyet Bilgileri

Cinsiyet Frekans (n) Yuzde (%)
Erkek 1621 18
Kadin 7629 82
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Tablo 2 Hastalarin Yas Bilgileri

o, | Froars | visepy | Famin | vie0o | Fries | vieoo
17 ve alt1 790 8,5 227 2,45 563 6,08
18-35 3855 41,7 493 5,33 3362 36,35
36-53 2535 27,4 415 4,49 2120 22,92
54-70 1493 16,1 331 3,58 1162 12,56
71-88 544 59 149 1,61 395 4,27
89 ve st 33 0,4 6 0,06 27 0,29

Calismada kullanilan veri setinde yer alan hastalarin cinsiyetlerine bakildiginda hastalarin %82’si
kadin %181 ise erkektir. Hastalarin yas araliklari ise %8,5’1 17 yas ve alti, %41,7’si 18 ile 35
araliginda, 27,40 36-53 araliginda 16,1’ 54-70 araliginda, 5,9’u 71- 88 araliginda, 0,4’1i ise 89 ve
iistii oldugu tespit edilmistir. Ayn1 zamanda konulan teshisler incelendiginde veri setinde 512 adet
farkli teshis oldugu saptanmustir. Bu teshisler tek tek incelenerek 25 gruba ayrilmustir.

Tablo 3 Teshis Gruplar1
Sira No | Teshis Ad Say1
1 Solunum_Yolu Enfeksiyonlar 1145
2 Cilt_Hastaliklari 378
3 Diyabet 1032
4 Hipertansiyon 672
5 Psikiyatrik Hastaliklar 101
6 Alzheimer 2
7 Koah-Astim 300
8 Eklem_Agrilari 407
9 Romatizmal Hastaliklar 52
10 Sindirim Sist Hastaliklar 2624
11 Dikkat_Eks_Otizm 8
12 Anemiler 2866
13 Kanser 38
14 Miyalji 2347
15 Hormon Bozuklugu 1303
16 Vitamin Eksikligi 5841
17 Uriner Sist Hastaliklan 714
18 Yumusak Doku Travmasi 208
19 Metabolik Kemik Hastaliklart 156
20 Kalp Hastaliklar 334
21 Gut 8
22 Beslenme Bozukluklar 223
23 Noroloji 739
24 Brusella 22
25 Gebelik 25
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4. Calismanin Metodolojisi

Calismanin konusu olan D vitamini eksikligi olan hastalara hangi teshislerin birlikte kondugunun
analiz edilmesi amaciyla veri madenciligiyle elde edilen verilerin birliktelik kurali yontemi
uygulanmasi planlanmustir.

4.1 Veri Madenciligi

Genel ifade ile veritabaninda bilgi kesfi olarak tanimlanan veri madenciligi kavram veri ambarlarinda
depolanmis olan biiyiik 6lgekli veri yigimi igerisinden 6nceden bilinmeyen ve degerli olan bir bilgiyi
elde etmeyi amaglamaktadir [18].

Veri madenciligi siireci bir diize islemden meydana gelmektedir. Bunlar sirasiyla
I.  Veri Toplama
Il.  Veri Temizleme ve Doniistiirme
I1l.  Model Kurma
IV. Model Degerlendirme
V. Raporlama
V1. Degerlendirme (Scoring)
VII.  Uygulama Entegrasyonu
VIIl.  Model Yo6netimi [19] olmak iizere 8 asamadir.

[lk asamada ilgili kuruluslarin veritabanlarindan analizi yapilacak veriler cekilirler. Daha sonraki
asama verileri temizleme ve doniistirme asamasidir. Bu asamada veriler analiz edilmeye uygun hale
getirilmektedir (normalizasyon, doniistirme, boyut indirgeme vb.). Daha sonra model kurma
asamasinda ise kullanilacak algoritma g¢aligmanin amacina uygun olacak sekilde belirlenir. Model
degerlendirme asamasinda da kullanilan algoritmalar calistirildiktan sonra elde edilen algoritmanin
uygunlugu degerlendirilir. Raporlama asamasinda elde edilen bulgular veri madenciligi araglar
vasitasiyla raporlanir. Degerlendirme asamasinda ise veri Uzerinde veri madenciligi uygulandiktan
sonra alman sonuglar yorumlanir ve g¢alismanin dogru sonuca ulasip ulasmadigi arastirilir. Ayni
zamanda farkli metodlar uygulanmigsa onlarin karsilastirmas: yapilir. Daha sonra entegrasyon
asamasinda kurulan veri madenciligi modeli ger¢ek zamanli olarak ¢alistirilmmak amaciyla uygulama
icerisine gdmullr. Son asamada ise modelin veriler degistik¢e giincellenmesine gerek olup olmadigi
denetlenir.

Veri madenciliginde veri tabanlarindan bilgi kesfi igin smiflandirma, kiimeleme, regresyon, yapay
zeka, yapay sinir aglari, birlik kurallari, karar agaglari, genetik algoritma, en yakin komsu yontemi vb.
gibi cesitli algoritmalar ve teknikler kullanilmaktadir [20]. Bu teknik ve algoritmalar ginimuzde
bankacilik, pazarlama, sigortacilik ve saglik gibi bir¢ok alanda uygulanmaktadir. Bu calismada ise
birliktelik kurali algoritmalarindan apriori algoritmasi tercih edilmstir.

4.2 Birliktelik Kural

Veri madenciliginin en 6nemli tekniklerinden biri olan birliktelik kurali madenciligi veritabanlarindaki
veya diger veri havuzlarindaki ogeler kiimesi arasinda ilging korelasyonlar, sik kaliplar,
iliskilendirmeler veya gegici yapilar ¢ikarmay1 amaglamaktadir. Birliktelik kurallar teekomiinikasyon
aglar1, pazar ve risk yonetimi, envanter kontrolii gibi ¢esitli alanlarda yaygin olarak kullanilmaktadir
[21]. Birliktelik ve korelasyon genellikle biiyiik veri kiimeleri arasinda sik sik madde seti bulgular
bulmaktir. Bu tiir bir bulgu, isletmelerin katalog tasarimi, ¢apraz pazarlama ve miisteri aligveris
davranis analizi gibi belirli kararlar1 almalarina yardimci olur. Birliktelik kurali algoritmalarinin,
birden fazla giiven degeri olan kurallar olusturabilmesi gerekir. Bununla birlikte, belirli bir veri
kiimesi igin olas1 birliktelik kurallar1 sayisi1 genellikle ¢ok fazladir [20].
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Birliktelik Kurallari, belli bir destek (Support) degerinin istiindeki 6geleri bulur ve bundan sonra
kalan 6geler arasindan belli bir giiven (Confidence) stiindeki ait istenilen kurallar: dretir. Lift kurali

ile X ve Y’nin istatiksel olarak bagimsiz olmas1 durumda ne kadar birlikte gegtiklerini bulunur [22].

Destek (Support) = %X’Y)

frqX,y)

Given (Confidence) = FralO

. S t
Lift = uppor

Support(X)x Support(Y)

4.3 Apriori Algoritmasi

M)

)

®)

Agrawal ve Srikant [22] tarafindan sunulan Apriori algoritmasi, Kullanici tanimli minimum destege
gore sik 0ge kiimeleri bulmaktadir. Algoritmanin ilk gegisinde, aday 1 6ge kiimesini olusturur.
Algoritma daha sonra, destek degerleri minimum destekten diisiikse, bazi aday 1 6ge kiimelerini
budayarak sik 1 6ge kiimeleri olusturur. Algoritma, tiim sik rastlanan 1 6ge kiimelerini bulduktan
sonra, sik 2 6ge kiimesini olusturmak i¢in aday 2 6ge kiimeden bazi sik olmayan 6ge kiimelerini
budamak i¢in sik 1 6geyi birlestirir. Bu islem, daha fazla aday 6ge kiimesi olusturulamayana kadar

tekrarlanir [24].

Sekil 1 Apriori Algoritmasi [25]

L1 = { Genis 1- nesne kimeleri }
for (k=2; Li1 # 0; k++) do begin
Cx = apriori -gen (L-1); /I 'Yeni adaylar
for all islemler t € D do begin
Ci=alt kime ( Ck,1); [/l ticindeki adaylar
for all adaylar ¢ € C; do
c.count ++;
end
end

answer = Uy L.

5. Bulgular

Calismada ag¢ik kaynak kod 6zelligine sahip Weka programinin 3.8.3 siiriimii kullanilmistir. Veriler
Weka programinda yer alan Apriori algoritmasiyla %80 ve iizeri giiven seviyesi belirlenerek 22 kural

olusturulmustur. Kurallar Tablo 4’de verilmistir.
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Tablo 4 Birliktelik Kurallar

E‘;a Birliktelik Kurah Conf. | Lift
1 YAS='(18-35]" anemiler=T vitamin_eks=T 1226 ==> CINSIYET=Kadin 098 | 119
1199

2 YAS='(18-35]" anemiler=T 1567 ==> CINSIYET=Kadin 1527 0.97 | 118
3 Anemiler=T vitamin_eks=T 2162 ==> CINSIYET=Kadin 205 095 | 1.15
4 Anemiler=T 2866 ==> CINSIYET=Kadin 2699 094 | 114
5 Vitamin_eks=T SONUC='(6.48-9.18]" 1162 ==> CINSIYET=Kadin 1050 0.9 1.1
6 Sindirim_sist_hast=T vitamin_eks=T 1387 ==> CINSIYET=Kadin 1248 0.9 1.09
7 SONUC='(-inf-6.48]" 1115 ==> CINSIYET=Kadin 1000 0.9 1.09
8 YAS='(18-35]" sindirim_sist_hast=T 1056 ==> CINSIYET=Kadin 940 0.89 | 1.08
9 YAS='(18-35]" vitamin_eks=T 2845 ==> CINSIYET=Kadin 2528 0.89 | 1.08
10 YAS='(18-35]' 3855 ==> CINSIYET=Kadin 3362 0.87 | 1.06
11 SONUC='(6.48-9.18]' 1813 ==> CINSIYET=Kadin 1577 0.87 | 1.05
12 hormon_bozuk=T 1303 ==> CINSIYET=Kadin 1128 0.87 | 1.05
13 YAS='(36-53]' vitamin_eks=T 1527 ==> CINSIYET=Kadin 1321 0.87 | 1.05
14 Vitamin_eks=T SONUC='(9.18-11.88]' 1293 ==> CINSIYET=Kadin 1111 | 0.86 | 1.04
15 Vitamin_eks=T 5841 ==> CINSIYET=Kadin 4990 085 |1.04
16 Miyalji=T vitamin_eks=T 1237 ==> CINSIYET=Kadin 1053 0.85 |1.03
17 Vitamin_eks=T SONUC='(11.88-14.58]' 1151 ==> CINSIYET=Kadin 975 |0.85 | 1.03
18 Sindirim_sist_hast=T 2624 ==> CINSIYET=Kadin 2205 084 |1.02
19 YAS='(36-53]' 2535 ==> CINSIYET=Kadin 2120 084 |101
20 SONUC='(9.18-11.88]' 1968 ==> CINSIYET=Kadin 1630 083 |1
21 Miyalji=T 2347 ==> CINSIYET=Kadin 1923 0.82 |0.99
22 SONUC='(11.88-14.58]' 1812 ==> CINSIYET=Kadin 1468 0.81 |0.98

%98 giiven seviyesine sahip ilk kuralda, yagslar1 18 ile 35 arasinda olup anemi ve vitamin eksikligi
teshisi konulmus 1199 kadim hasta D vitamini eksikligi gdzlemlenmistir. Tkinci kuralda ise D vitamini
eksikligine sahip ve yaslar1 18 ile 35 arasinda olan 1527 anemi teshisi konulan hastalarin 1527 si yani
%97°si kadindir. Ugiincii kuralda vitamin eksikligi ve anemi teshisi konmus D vitamini eksikligi olan
hastalarin %95°1 kadindir. %94 giiven seviyesine sahip dordiincii kuralda ise D vitamini eksikligine
sahip anemi teshisi konulan 2866 hastanin 2699’u kadindir. Besinci kuralda; D vitamini eksikligi olup
D vitamini degerleri 6.48 ile 9.18 araliginda olan ve vitamin eksikligi teshisi konmus 1162 hastanin
1050’si kadin hastadir. Altinc1 kuralda %90 giiven seviyesinde D vitamini eksikligi olan kadin
hastalara ayni zamanda sindirim sistem hastaliklar1 ve vitamin eksikligi teshisi konmusgtur. Yedinci
kuralda ise D vitamini diizeyi 6.48’den disik 1115 hastanin 1000’1 kadin hasta oldugu
gOzukmektedir. Yiizde 89 giiven seviyesine sahip sekizinci kuralda yasi 18 ile 35 arasinda olan
sindirim sistemi hastaliklar1 teshisi konmus kadin hastalarda D vitamini eksikligi gozitkmektedir.
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Dokuzuncu kuralda ise yaslar1 18 ile 35 arasinda olan vitamin eksikligi teshisi konmus 2528 kadin
hastanin D vitamini diizeyinin referans araliginin altinda oldugu tespit edilmistir. Guven seviyesi
yiizde 87 olan onuncu kuralda yaglar1 18 ile 35 arasinda olan kadin hastalarda D vitamnini eksikligi
gozlemlenmektedir. Guven seviyesi %87 ile %81 giiven seviyesine sahip diger 18 kuralda benzer
birlikteliklere sahiptir.

6. Sonug ve Oneriler

D vitamini (25-hidroksivitamin D veya 250HD), ¢esitli hastaliklarin patogenezinde anahtar bir role
sahiptir. D vitamini eksikligi, yaygin bir kiiresel halk sagligi sorunudur. D vitamini eksikligi ile iligkili
hastaliklarin tespiti de bu konuda 6nem tasimaktadir.

Teshislerin birlikteliklerini analiz edebilmek i¢in veri madenciligi yontemlersnden birliktelik kuralina
basvurmak gerekmektedir. Olaylarin birlikte ger¢eklesme durumlarini ¢éziimleyen veri madenciligi
yontemlerinden Birliktelik Kurali farkli algoritmalara sahiptir.

Calismada D vitamini eksikliginin diger hastaliklarla birlikte teshis edilip edilmedigi, birliktelik kurali
yontemlerinden apriori algoritmasi kullanilarak analiz edilmistir. Analiz sonucunda elde edilen
kurallar bazi hastalik teshislerinin belirli bir yas araliginin ve cinsiyetin birlikteligi tespit edilmistir. Bu
kurallardan en yiiksek giliven seviyesine (0.98) sahip birinci kuralda yaslar1 18 ile 35 arasinda degisen
D vitamini eksikligi olan kadin 1199 hastaya anemi ve vitamin eksikligi teshisleri konulmustur. Ayni
sekilde diger kurallarda benzer niteliktedir.

Bu ¢alismada yapilan analizler sonucunda ¢aligmanin, ileride yapilacak D vitamini eksikliginin diger
hastaliklarla iligkisi konusunda yapilan ¢alismalara katki saglamasi diigiiniilmektedir.
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Abstract

The interest in renewable energy sources has grown with the increase of environmental pollution and the decrease
of fossil fuels. It is possible to provide energy supply security and diversity by using renewable energy sources. In
this regard, wind energy, which is one of the renewable energy sources whose share in energy production increases
day by day, emerges as a local and environmentally friendly solution. Many different types of generators are used
in wind turbines and these have advantages and disadvantages according to each other. Permanent magnet
synchronous generators (PMSG) are preferred because of their advantages such as high efficiency, high power
density and being used directly in wind turbines without the need for gear system. In this study, the performance
of the 2,5 kW PMSG, with a 14-pole surface placement, internal rotor, suitable for use in wind turbines, has been
examined by changing the physical structure of the magnet. For this purpose, performance parameters such as total
magnet consumption, efficiency, power loss have been successfully estimated using single and double hidden
layered multi layer neural network (MLNN), elman neural network (ENN) and radial basis function neural network
(RBFNN).

Keywords: multilayer neural network, elman neural network, radial basis function neural network,
permanent magnet synchronous generator

Sabit Miknatish Senkron Generator Performansinin Yapay Sinir Ag1
Modelleri ile Kestirimi

Oz

Cevre kirliliginin artmasit ve fosil yakitlarin azalmasi ile yenilenebilir enerji kaynaklarina ilgi artmistir.
Yenilenebilir enerji kaynaklarmi kullanarak enerji arz giivenligini ve cesitliligini saglamak miimkiindiir. Bu
baglamda, enerji iiretiminde pay1 her gecen giin artan yenilenebilir enerji kaynaklarindan biri olan riizgar enerjisi,
yerel ve cevre dostu bir ¢dziim olarak ortaya ¢gikmaktadir. Riizgar tiirbinlerinde birgok farkli tipte jenerator
kullanilmaktadir ve bunlar birbirlerine gore avantaj ve dezavantajlara sahiptir. Sabit miknatisli senkron
generatorler (SMSG) yiiksek verim, yiiksek giic yogunlugu ve disli sistemine gerek olmadan direkt olarak riizgar
tiirbinlerinde kullanilma gibi avantajlarindan dolay1 tercih edilmektedirler. Bu ¢alismada, riizgar tiirbinlerinde
kullanima uygun 14-kutuplu yiizey yerlestirmeli, i¢ten rotorlu, 2,5 kW SMSG’nin performansi miknatisin fiziksel
yapisi degistirilerek incelenmigtir. Bu amagla toplam kullanilan miknatis miktari, verim, gii¢ kayb1 gibi performans
parametreleri tek ve iki gizli katmana sahip ¢ok katmanli sinir ag1 (MLNN), elman sinir ag1 (ENN) ve radyal
tabanli fonksiyon sinir ag1 (RBFNN) kullanilarak basarili bir sekilde kestirilmistir.

Anahtar Kelimeler: ¢ok katmanli sinir agi, elman sinir ag1, radyal tabanli fonksiyon sinir agi, sabit
miknatish senkron generator
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1. Giris

Gelisen teknoloji ve artan niifus, elektrik enerjisine olan ihtiyaci her gegen giin arttirmaktadir. Azalan
fosil yakit kaynaklartyla birlikte artan ¢evresel endiseler enerjinin arz giivenligi sorununu 6n plana
¢ikarmustir. Yenilenebilir enerji kaynaklar1 ucuz, yerel ve ¢evre dostu bir enerji tlirli olmasi sebebiyle
bu soruna ¢oziim olarak 6n plana ¢ikmaktadirlar. Yenilenebilir enerji kaynaklarindan faydalanilarak
enerji arz glivenliginin saglanmasi ve ¢esitliliginin arttirilmasi i¢in ¢aligmalar yogun bir seklide devam
etmektedir. Yenilenebilir kaynaklar enerji giivenirliliginin arttirilmasi, disa bagimliligin azaltilmasi ve
cevre problemleri ¢ozlimlerinde 6nemli rol oynamaktadir [1,2]. Bununla birlikte, yerel ¢6zim olan bu
kaynaklarin kullanimu ile cari agigin énemli bir bileseni olan enerji ithalatinin da azalmasi saglanabilir
[2]. Hidrolik, riizgar, giines, jeotermal ve biyokiitle baslica yenilenebilir enerji kaynaklari olarak
siiflandirilabilir. Son yillarda rizgar enerjisi ile elektrik {iretiminde 6nemli bir artis goriilmektedir.
Tarkiye’nin ruzgar enerjisi kurulu giicii 2010 yilinda 1320,2 MW iken 2018 yilinda 7005,4 MW
seviyesine ¢ikmugtir [3]. 2019 yilinda Tiirkiye’de {iretilen toplam elektrik enerjisi 289815,303 GWh iken
riizgar kaynakli toplam tiretim 21512,28 GWh olarak gergeklesmistir. Buna gore riizgarin elektrik
tiretimindeki payi1 bir 6nceki yila gore yaklasik %9,4 artis gostererek %7,42 olmustur [4].

Riizgar tiirbinlerinde bir¢ok generator ¢esidi kullanilmaktadir. Kullanilan generatdrlerin birbirine gore
bir¢ok avantaj ve dezavantajlart mevcuttur [5]. Kullanilan generatorler arasinda sabit miknatish senkron
generatorler (SMSG) yiiksek gii¢c yogunlugu ve verim avantajlari ile 6n plana ¢ikmaktadirlar. NdFeB
alasimli kalici miknatislarin kesfedilmesi ve motor siiriicti teknolojilerinde meydana gelen gelismeler
ile sabit miknatisli makinalar hizli bir sekilde gelisim gdstermislerdir. NdFeB tipi miknatislar yiiksek
BHmax ¢arpimina sahip olduklarindan elektrik makinalarinda yaygin olarak kullanilmaktadir. Bu tip
miknatislarin kullanimu ile yiiksek hava araligi aki yogunluguna sahip kompakt makinalar elde
edilebilmektedir. Kalict miknatish makinalar diisiik devir ve degisken hiz uygulamalarinda endiistride
siklikla tercih edilmektedirler. Verim ve gii¢ katsayisi gibi parametrelerin, donis hizindan bagimsiz
olmasindan dolay1 bu makinalar diisiik devir uygulamalari i¢in olduk¢a uygundur [6-8].

Elektrik makinalarinin tasarimi gergeklestirilirken elektromanyetik, 1s1l ve mekanik kistaslar dikkate
almmalidir. Elektrik makinalarinin performansi, geometrik yapist ve kullanilan malzemelerin
karakteristiklerine baglidir. Makinanin geometrik yapisindaki degislikler dogrudan egsdeger manyetik ve
elektrik devre modelini etkileyeceginden makinanin performansini da degistirir. Gergeklestirilen
tasarimin, maliyet ve istenilen performans agisindan endistriyel bir Griin olabilmesi igin birgok ileri
calismaya ihtiyag duyulmaktadir [9,10]. Elektrik makinalarinin tasariminda sonlu eleman ve sonlu fark
gibi yaklasim metotlar1 kullanilarak makinanin istenilen tasariminin ve davranis modelinin
olusturulmas1 miimkiindiir. Elektrik makinalarinin, sonlu elemanlar metodu (SEM) kullanilarak yiiksek
dogrulukta elektromanyetik parametreleri belirlenebilir. Elektrik makinasinin 2 boyutlu (2B) ve 3
boyutlu (3B) modeli olusturularak sonlu elemanlar analizleri (SEA) yapilabilmektedir. Bu analizlerin
gerceklestirilmesiyle sargi endiiktanslari, indiiklenen gerilim, niive kayiplari, manyetik aki yogunluklari
gibi ¢ikis parametreleri elde edilebilir. Ancak, gerceklestirilen tasarim ve analiz islemleri zaman alict
caligmalardan olugsmaktadir [11, 12].

SEM, siirekli oldugu bolge iizerinde kismi diferansiyel denklemler yardimiyla belirlenen degiskenlerin
yaklasik sayisal ¢oziimlerini bulmak amaciyla kullanilan bir yontemdir. Bu yontemde ¢oziimii
gerceklestirilecek kisim, sonlu sayida kiigiik ag yapilarina (bolge) ayrilarak ¢oziimii istenen degiskenin
bu boélgelerde siirekli oldugu ve diferansiyel denklemin her eleman iizerinde gegerli oldugu varsayilir.
Bolgedeki bir noktada ¢6ziimii elde etmek icin, noktay1 ¢evreleyen elemanlarin belirlenen noktaya
katkilar1 dikkate alinir. Bu yiizden, bolgedeki diiglimlere iliskin biiyiikliikler zincirleme sekilde birbirine
baglanmis olur. Sonug olarak, diigiim sayis1 kadar diferansiyel denklemi olan dogrusal denklem takimi
¢ikartilir. Denklem takiminin ¢oziimii ile istenen parametreler hesaplanabilir [11,13]. Ancak bu metodun
kullanim i¢in ¢ok fazla hesaplama ve zaman gereklidir. Ayrica bu hesaplama siiresi ve karmasikligi,
olusturulacak model ve istenilen dogruluk ile de artis gésterebilecektir. Bu durum, tasarimciy1 dogruluk
ve hesaplama yliikii arasinda bir karar vermek zorunda birakabilmektedir.

Esnek hesaplama yontemleri, son yillarda elektrik makinalarinin tasariminda ve 0zellikle kontroliinde
bagarili bir sekilde kullanilmaktadir. Bu yontemler, geleneksel matematiksel metotlarla ¢céziilemeyen
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problemlere ¢6ziim iiretmek amaciyla bir dizi hesaplama yaklasimi kullanmaktadirlar. Esnek hesaplama
yontemleri kullanilarak SEA parametrelerinin iyilestirilmesi yoluyla déner elektrik makinalarinin
verimlerinin 6nemli Ol¢iide arttirildigr goriilmektedir [14]. Bu agidan degerlendirildiginde yiksek
performansli elektrik makinalarinin gelistirilmesi, esnek hesaplama tekniklerinin kullanilmasi ve
gelistirilmesi ile dogrudan iliskilidir. Literatiirde esnek hesaplama yontemlerinin kullanimu ile elektrik
makinalarinin kontréliinde birgok ¢aligma olmasina ragmen o6zellikle elektrik makinalarinin tasarimi
konularinda yapilan ¢alismalar kisithidir [14]. Elektrik makinalari uygulama 6rnekleri incelendiginde,
Dalcal1 ve digerleri ¢aligmalarinda tek ve iki gizli katmandan olusan ¢ok katmanli sinir ag1 modeli
kullanarak sargi icerisinde hareket eden cisim {izerindeki kuvvet kestirimini basart ile
gergeklestirmiglerdir [15]. Celik ve digerleri eksenel akili sabit miknatisli senkron generatoriin
verimliligini ve ¢ikis giiciinii tahmin etmek i¢in ileri beslemeli ¢ok katmanli bir yapay sinir ag1 modeli
onermislerdir. Gergeklestirilen testler onerilen ag yapisinin olduk¢a uygun oldugunu gostermistir.
Boylelikle sabit miknatislt bir generatérde verim ve gii¢ ifadelerinin sinir ag1 yapilar1 kullanilarak
tahmin edilebilecegini ¢aligmalarinda sunmuglardir [16]. Genel olarak, yapay sinir agi1 teknikleri
kullanilarak gelistirilen makalelerin sonuglarina gore, bu ydntemin bagarni ile uygulanabilecegi
soylenebilir.

Bu calismada, riizgér tlirbinlerinde kullanilabilen 14-kutuplu 2,5 kW anma giiciinde ylizey yerlestirmeli,
igten rotorlu, sabit miknatisli senkron generatoriin tasarimi gerc¢eklestirilmistir. Miknatis geometrisi ve
dolayisi ile toplam miknatis kullanimi motor performansi {izerinde énemli bir yere sahiptir. Caligmada
rotor miknatislarinin kayki (skew) miktar1, kutup yayl/ kutup adimi orani, kutup yay ofseti ve miknatis
kalinliginin, generatoériin verim, cikis giicli, toplam giic kaybi, vuruntu torku, toplam harmonik
bozulmasi (total harmonic distortion-THD) ve toplam miknatis agirligina etkisi radyal tabanli fonksiyon
sinir ag1, cok katmanl sinir ag1 ve elman sinir ag1 modelleri kullanilarak yiiksek dogrulukla tahmin
edilmistir.

2. Sabit Miknatish Senkron Generator Modeli

Elektrik makinalarinin tasariminda en az malzeme kullanimi ile en kiigiik hacimden en fazla gii¢ elde
edilmek istenmektedir. Sabit miknatisli makinalar, asenkron ve anahtarlamali tip reliikktans makinalara
kiyasla yiiksek birim gii¢ ve tork yogunluguna sahiptirler [17,18]. SMSG’ler kolay iiretim, diisiik tork
dalgalanmasi, yiiksek verim ve ylksek giic yogunlugu Ozelliklerine sahiptirler. Sabit miknatish
generatorler digli sistemine gerek duymaksizin direkt olarak riizgar tiirbinlerinde kullanilabilirler. Bu
durum SMSG’lerin riizgar tiirbinlerinde yogunlukla kullanilmasini saglamaktadir [19]. Calismada
kullanilan generatoriin tasarim parametreleri Tablo 1°de verilmektedir.

Tablo 1 PMSG’iin tasarim parametreleri

Parametre Deger Parametre Deger
Anma guci (W) 2500 Kutup sayis1 14
Anma hiz1 (d/d) 428,5 Oluk sayi1s1 84

Anma gerilimi (V) 120 Nive malzemesi M470-50A
Stator Dis Cap1 (mm) 280 Miknatis malzemesi N35
Rotor Dis Cap1 (mm) 198,4 Oluk bagina iletken 33
Paket Uzunlugu (mm) 54 Hava araligi (mm) 1,8

Generatoriin tasarim detaylari ve matematiksel modeli, icerigin uzunlugu ve tek basina farkli bir
¢alismanin konusunu olusturmasi nedeniyle burada sunulmamistir. Matematiksel modeli ve tasarim
detaylar1 ilgili ¢alismalardan [7, 8, 20] bulunabilir. Sekil 1°de ilk tasarima ait generat6riin 3B modeli ve
kesit gorliniimii verilmistir.
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Sekil 1 Tasarlanan generatériin 3B modeli ve kesit gérinimi

[lk tasarimi yapilan generatoriin anma yiikiindeki performansi Tablo 2’de sunulmustur.

Tablo 2 Analiz sonuglari

Parametre Deger

Cikis giicii (W) 2520

Verim (%) 88,33

Toplam gii¢ kayiplar1 (W) 332,98
Toplam miknatis agirhigi (kg) 0,95
Stator dis ak1 yogunlugu (T) 1,70
Hava araligi aki yogunlugu (T) 0,79
Vuruntu torku (Nm) 0,49
Stator oluk doluluk orani (%) 68,4
Stator sarg1 faktorii 0,94

Generator performanst {lizerinde miknatis geometrisinin Onemi biiyiiktiir. Sabit miknatisli yapida
miknatislar rotora gomiilii veya yiizey yerlestirmeli olarak Uretilebilmektedir. Yiizey yerlestirmeli yapi,
yiikksek kutup sayisinda daha kiigiikk rotor ¢apina imkan saglamaktadir [21]. Calismada yiizey
yerlestirmeli yapi tercih edildiginden, miknatis geometrisinin degiskenleri bu kriter ve geometrik
kistaslar goz oniinde bulundurularak belirlenmistir. Calismada dort kriter géz Oniine alinmustir. ilki
kutup yayr/kutup adimi orami olup kutuplar arasindaki acikligi ifade etmektedir. Ikincisi nuknatis
kalinligidir. Diger bir degisken ise miknatisin kenarlarindan basiklik diizeyini ifade eden kutup yay ofset
miktaridir. Son kriter ise miknatisin ¢arpikligim ifade eden skew miktaridir. Tablo 3’te belirlenen
kriterlerin ¢alismada alinan alt ve st limitleri verilmistir.

Tablo 3 Parametrelerin limitleri

Parametre Belirlenen aralik
Kutup yayr/Kutup adimi Orant 0,7<X1<0,9
Miknatis kKalinligi (mm) 4,7<X2<5,5
Kutup yay ofseti (mm) 0<X3<50
Kayki (Skew) 0<X4<1

Bu parametreler yapay sinir ag1 modellerinin giris degiskeni olarak belirlenmistir. Optimum generator
tasarimu i¢in sabit miknatishi bir generatérde dikkate alinmasi gereken en 6nemli faktorler verimlilik,
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vuruntu torku, maliyet ve toplam harmonik bozulma miktar1 olarak gériilebilir. Bu anlamda generatoriin
verimi, ¢ikis giicli, toplam giic kaybi, vuruntu torku, toplam harmonik bozulma miktar1 ve toplam
miknatis agirligi ¢ikis olarak belirlenmistir.

3. Yapay Sinir Ag1 Modelleri

Bagarili bir sinir ag1 modeli gelistirmek i¢in ag mimarisinin olusturulmasi, 6grenme algoritmasinin
belirlenmesi, aktivasyon fonksiyonunun secilmesi, egitim ve test verilerinin tiretilmesi 6nemlidir [15].
Bu ¢alismada ii¢ farkli sinir ag1 modeli kullanilmugtr.

3.1 Elman Sinir Ag:

Bu ¢alismanin ilk asamasinda performans tahmini i¢in ENN kullanilmugtir [22]. ileri beslemeli sinir
aglarinda, giris sinyalleri giris katmanindan ¢ikis katmanina dogru akarken ENN modelinde verinin geri
yonde akigini saglayan geri besleme dongiileri de mevcuttur. Bu durumda, agin ¢ikisi hem mevcut hem
de Onceki girisin durumuna gore belirlenmektedir. Geri bildirim baglantilarinin uygun degerlerde
se¢ilmesi Elman sinir aginin basarisin1 dogrudan etkilemektedir [23]. Sekil 2’de gosterilen ag yapisi ¢ok
katmanli olup giris katmani, tekrarlayan gizli katman ve ¢ikis katmanindan olugsmaktadir.

0+»w -0 »w
Y Y ™  J
G]ris 1 w5 % 1 W+ % s + > |/_‘ > (;||(|§
A A A A b I
4 b b — 6 6
100 36

Sekil 2 Elman sinir ag1 yapisi

Iki gizli katmana sahip ENN modeli giris katmanindan ¢ikis katmanina sirastyla 4, 100, 36 ve 6 nérona
sahiptir. Gizli katmanlarda aktivasyon fonksiyonu olarak hiperbolik tanjant fonksiyonu kullanilmistir.
Cikis katmaninda ise logaritmik sigmoid fonksiyonu kullanilmistir. ENN modelinde kullanilan esitlikler
Denklem 1-3’te verilmistir [22].

2
XM(n) = -1

W= exp (—2(bM(n) + T, wh (). Uy(n) + T30 wht (). XM (n — 1)) @)

2

X2 m) = -1
‘ 1+ exp (—2 (b;(‘2 n) + 2}\7:11 w]"k2 (n).X}’.11 (n) + ;V=1A4"1N+21 w}‘kz (n).X*(n — 1))) 2)
1
Yo(n) =

ol 1+ exp(b(n) + Z,’:’il whe(n). X2(n)) 3)

burada j degeri [1 — N;]araligindadir ve N ilk gizli katmanin diigim sayisini, k degeri [1 — N,]
araligindadir ve N, ikinci gizli katmanin digiim sayisini, € degeri [1 — N3] araligindadir ve N3 ¢ikis
katmaninin diigiim sayisini, W[}l ilk gizli katmanin agirliklarini, Wj’}f ikinci gizli katmanin agirliklarini,
W,?f cikis katmaninin agirliklarma, bjhl ilk gizli katmanin bias degerlerini, b2 ikinci gizli katmanin bias
degerlerini, b cikis katmaninin bias degerlerini, U;(n) agm girislerini, X! (n — 1) ilk gizli katmanmn
zaman gecikmeli ciktilarmi ve Xl-h2 (n —1) ikinci gizli katmanin zaman gecikmeli ¢iktilarimi ifade
etmektedir.
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ENN modelinin egitimi i¢in dlgeklendirilmis eslestirmeli gradyan geri yayilim algoritmasi (Scaled
Conjugate Gradient-SCG) kullanilmistir. Moller [24] tarafindan gelistirilen yontem adim biyiikliigiini
hesaplarken ikinci dereceden tiirevleri kullanir. SCG algoritmasinin detayli hesaplamalarina [24]
calismasindan ulasilabilir.

3.2 Cok Katmanh Sinir Ag

Yapay sinir ag1 modelleri arasinda en ¢ok kullanilan yontemlerden biri bilginin giris katmanindan ¢ikis
katmanina dogru aktigit MLNN yapisidir [23]. Calismanin ikinci asamasinda SMSG’lerin performansini
tahmin etmek amaciyla tek ve iki gizli katmandan olusan MLNN modelleri kullanilmistir. Girig
katmanindan ¢ikis katmanina 4, 100 ve 6 noérondan olusan tek gizli katmanli ve 4, 26, 44 ve 6 ndrondan
olusan iki gizli katmanli MLNN ag yapilar sirastyla Sekil 3 ve Sekil 4°te gosterilmistir.

—~ Q0 — —~ 0 —
Girig g %— - g k —> Clkis
b A b A
6 6

4 100

Sekil 3 Cok katmanli ag yapisi (Tek gizli katman)

Girig — +—=v7|£— +--‘«»7’£—' g IC — Gikig
b b -
26 44 6 6

Sekil 4 Cok katmanl ag yapisi (iki gizli katman)

Her iki ag i¢in de gizli katmanlarda aktivasyon fonksiyonu olarak hiperbolik tanjant fonksiyonu, ¢ikis
katmanlarinda ise logaritmik sigmoid fonksiyonu kullanilmistir. MLNN modelinde kullanilan esitlikler
Denklem 4-6’da verilmistir [22].

ih — 2 —
X"(n) = 1+ exp(—Z(Wih(n) x u(n) + bih(n))) 1 4)
Xhh(n) = 2 ; -1 ®)
1+ exp(—2(Wh"(n) x X" (n) + btk (n)))
1
Y =17 exp(—1(wh°(n) x X"(n) + b"*(n))) ©

burada u(n) agm giris degerlerini, X** ilk gizli katmanin ciktilarim, X™* ikinci gizli katmanin
ciktilarmi, wi ilk gizli katmanim agirlik degerlerini, w* ikinci gizli katmanin agirlik degerlerini, wh®
cikis katmaminin agirlik degerlerini, b™ ilk gizli katmanin bias degerlerini, b™ ikinci gizli katmanin
bias degerlerini, b ¢ikis katmanimin bias degerlerini, Y (n) agimn ¢ikis degerlerini ifade etmektedir.

Cok katmanli sinir agimin egitimi i¢in kullanilan Levenberg — Marquardt (LM) algoritmasi1 Gauss-
Newton ile gradyan inis yontemi arasinda enterpolasyon yapar [25]. LM algoritmasi bu iki yontemin
sinirlamalarini kaldirir. LM algoritmasinin detayli hesaplamalar [25, 26]’da mevcuttur.

3.3 Radyal Tabanh Fonksiyon Sinir Ag1

Calismanin son asamasinda, SMSG’lerin performansini tahmin etmek amaciyla radyal tabanli
fonksiyon sinir ag1 kullanilmistir. Sekil 5°te gosterilen RBFNN, giris katmanindan gizli katmana gegiste
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radyal tabanli aktivasyon fonksiyonlar1 ve dogrusal olmayan bir kiimeleme analizi kullanan ¢ok
katmanli bir yapiya sahiptir [27].

W e B
Giris — X | > — Cikis
b 3 b 4
4 14641 6 6

Sekil 5 Radyal tabanli fonksiyon ag yapist

RBFNN agmin boyutu, kullanilan diger aglara kiyasla ¢ok daha biiyiiktiir. RBFNN yapisinin egitimi
¢ok boyutlu uzayda egri uydurma yaklagimidir ve kullanilan formiiller Denklem 7-10’da verilmistir [23]

X; = o(||af — || x b™) (7)
o(x) = exp(—x?) 8)
_0.833
blh — (9)
S
h
C;=b + ho  X; 10
DR’ (10)

burada A f giris vektoriini, ¢; j. gizli digiimiin merkez vektoriini, b radyal tabanli katmanin esik
terimini, ¢ dogrusal olmayan radyal tabanli fonksiyonu (Gauss), b/*° ¢ikis katmaninin esik degerini, C;
1. cikisi, Wﬁo 1. ¢ikis digimi ile j. gizli diiglim arasindaki agirligt ve s yayilma faktoriinii ifade
etmektedir.

4. Tartisma ve Sonuclar

Bu ¢alismada, riizgar tiirbinlerinde kullanilabilen 14-kutuplu 2,5 kW anma giiclinde yiizey yerlestirmeli,
icten rotorlu, sabit miknatish senkron generatoriin performansinin {i¢ farkli yapay sinir ag1 modeli
kullanilarak kestirimi gergeklestirilmistir. Bu amagla radyal tabanli fonksiyon sinir ag1, ¢ok katmanli
sinir ag1 ve elman sinir ag1 modelleri kullanilmistir.

Yapay sinir aglarmin giris degiskenleri; kutup yayv/kutup adim orani, miknatis kalmhigi, kutup yay
ofseti ve kayki olmak tizere dort parametreden olusmaktadir. Generatoriin verimi, ¢ikis giicti, toplam
gii¢ kayb1, vuruntu torku, toplam harmonik bozulma miktar1 ve toplam miknatis agirlig1 ise yapay sinir
aglarin alt1 ¢ikisini belirtmektedir.

Sekil 6-9’da, cikis parametrelerinin yapay sinir ag1 yontemleriyle kesitirilen ve SEA ile hesaplanan
degerlerinin dagilimi verilmistir. Sekillerden gortldiigii {izere vuruntu torku parametresinin
kestiriminde diger parametrelere gore basari daha diisiik olmustur. Elman ag: ile kestirim yapilirken
verim parametresinin kestiriminde en iyi performans elde edilmistir.
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Sekil 6 Elman agi ile elde edilen parametre kestirim sonuglart
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Sekil 6 incelendiginde, vuruntu torku parametre kestiriminde saglanan basar1 diger parametrelere
nazaran daha diistiktiir. Elman ag1 igin en basarili kestirim verimde gozlenmesine ragmen diger sekiller
incelendiginde Elman aginin verim kestiriminde en diisiik performansi sergiledigi ve diger ag
modellerinin gerisinde kaldigi gorilmektedir.
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Sekil 7 MLNN (tek gizli katmanl) ile elde edilen parametre kestirim sonuglari

115

Sekil 7°de tek gizli katmanlit MLNN i¢in verilen kestirim performanslari incelendiginde, ag yapisi tipki
Elman ag: gibi en basarili tahimini verim kestiriminde ger¢eklestirmistir. Ayrica toplam harmonik
bozulma miktarinin tahmininde de basarili performans sergilemistir. Sekilden goriilecegi lizere vuruntu
torku parametresi icin hesaplanan hata degeri digerlerine nazaran daha yuksektir.
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Sekil 8 MLNN (iki gizli katmanl) ile elde edilen parametre kestirim sonuglari

Sekil 8 ile verilen iki gizli katmanli MLNN kestirim sonuglari incelendiginde, agin 6zelikle vuruntu
torku igin en basarili tahimini gergeklestirdigi goriilmektedir. Her ne kadar vuruntu torku kestiriminde
en basarili ag yapisi olsa da agin genel basaris1 diger parametrelerin kestiriminde de gostermis oldugu
performanstan kaynaklanmaktadir. Diger parametrelerin hesaplanan ve kestirim yapilan degerleri
incelendiginde agin yliksek basaris1 goriilmektedir.

RBFNN ile elde edilen parametre kestirim sonuglari incelendiginde 6zellikle vuruntu torkunda agin
kestirim performansinin diisiik oldugu goriilmektedir. Buna karsin Sekil 9’dan da gortildiigii iizere
RBFNN verim, ¢ikis giicii, toplam kayip ve toplam miknatis agirhigi parametrelerinin kestiriminde
yuksek basari sergilemistir.
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Sekil 9 RBFNN ile elde edilen parametre kestirim sonuglari

Alt1 ¢ikis parametresi i¢in farkli sinir aglan ile elde edilen % hatalar ve ortalama bagil hata degerleri
Tablo 4’te gosterilmistir. Ortalama bagil hatalar g6z oniinde bulunduruldugunda en iyi performansi
%1,4604 hata degeri ile MLNN (iki gizli katmanli) gostermistir. Bu modeli sirasiyla %1,9368 ile MLNN
(tek gizli katmanli), %2,3346 ile ENN ve %4,0709 ile RBFNN izlemistir.

Tablo 4 Performans degerleri

Hatalar (%) Ortalama
. Toplam Bagil
Yontem verim C}kl_§ Toplam | Vuruntu THD ml]fnatls Hata (%)
gicu kayip torku o1
agirhg
ENN 0,0935 0,1553 0,1106 12,8271 0,6415 0,1793 2,3346
MLNN (tek gizli 0,0035 0,0633 0,0485 11,0847 0,3671 0,0534 1,9368
katmanli)
MLNN (iki gizli 0,0265 0,1172 0,0900 7,9651 0,4356 0,1284 1,4604
katmanli)
RBFNN 0,0014 0,0431 0,0311 23,7862 0,5636 0,0001 4,0709
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Her bir parametre ayr1 ayr1 degerlendirildiginde; verim, ¢ikis giicii, toplam kayip ve toplam miknatis
agirligi icin en bagarili ag yapisinin RBFNN, vuruntu torku i¢in iki gizli katmanlt MLNN ve %THD i¢in
tek gizli katmanli MLNN ag1 oldugu goriilmektedir.

MLNN modelinin ENN yapisina gére performansinin daha iyi olmasi, biiyiik veriler i¢in LM 6grenme
algoritmasinin ENN modelinde isletilememesi ve ENN modelinde kullanilan SCG algoritmasinin LM
algoritmasi kadar basarili yakinsama yapamamasindan kaynaklanmaktadir.

RBFNN modeli ise diger ag yapilarina gore biiylik boyutlu olmasina ragmen daha diisiik performans
gostermistir. RBFNN’nin yetenekleri biylk 6l¢lide radyal tabanli katman diigiimlerinin sayisinin,
konumlarinin ve genisliklerinin uygun olup olmadigma baglidir. RBFNN’nin boyutu, artan egitim
diizenleriyle artmaktadir. RBFNN, biiyiik boyutlu problemler i¢in gizli katmanlarda sigmoid néronlar
olan MLNN’den ¢ok daha fazla nérona sahip olma egilimindedir ve bu problemler ile basa ¢ikmak igin
pratik degildir [27].

Genel olarak degerlendirildiginde, kullanilan her bir yontemin SMSG’nin belirlenen parametrelerini
kestiriminde basarili oldugu soylenebilir. RBFNN, sistem modellemede basarili sonuglar vermekle
beraber gizli katman néron sayisi 6rnek biiyiikliigi ile artmaktadir. ENN’nin yapisinda bulunan geri
besleme baglantilari, MLNN’ye gore islem yiikiinii arttirmaktadir. Bununla birlikte 6nerilen yontemler
icerisinde en bagarili yontem %1,46 ortalama bagil hata ile iki gizli katmana sahip olan MLNN yapisidir.
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