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ABSTRACT

Addressing traffic congestion holds paramount importance due to its severe economic and environmental
repercussions. This study introduces an approach to address this pervasive issue by employing a wide-area control
strategy for diverse road networks. The strategy leverages a dynamic offset control method and a multi-agent model
to create a unigque solution. In this framework, individual intersections function as distinct agents, engaging in
negotiations, establishing connections, and forming a dynamic offset control zone resembling a tree structure. Within
this structure, agents collaboratively manage green wave synchronization based on real-time traffic conditions at the
network boundaries. To evaluate the effectiveness of this approach, comprehensive tests utilize both a simulated road
network (Experiment 1) and an actual grid-like road network (Experiment 2). In Experiment 1, the proposed method
consistently reduces lost time, resulting in an average reduction of 15% across all scenarios. Experiment 2
demonstrates a reduction in lost time across various intervals, with an impressive average reduction of 34% in lost
time across all scenarios. These results demonstrate the strategy's ability to dynamically and adaptively establish
green waves that significantly enhance traffic flow. In conclusion, this study demonstrates that the proposed method
autonomously conducts offset control, effectively contributing to the smooth flow of vehicles.

Keywords: Traffic congestion, dynamic offset control, multi-agent model, green wave control, traffic flow
enhancement

OZET

Trafik sikisikliginin giderilmesi, ciddi ekonomik ve ¢evresel yansimalari nedeniyle biiyiik 6nem tasiyor. Bu ¢alisma,
cesitli yol aglari i¢in genis alanli bir kontrol stratejisi kullanarak bu yaygin sorunu ¢ézmeye yonelik bir yaklagim
sunmaktadir. Strateji, benzersiz bir ¢dziim olusturmak i¢in dinamik bir dengeleme kontrol yonteminden ve ¢ok
etmenli bir modelden yararlanir. Bu gercevede bireysel kesisimler, miizakerelere katilan, baglantilar kuran ve bir
agac yapisia benzeyen dinamik bir dengeleme kontrol bdlgesi olusturan ayr1 aktorler olarak islev goriir. Bu yap1
icerisinde aracilar, ag simirlarindaki gercek zamanl trafik kosullarina dayali olarak yesil dalga senkronizasyonunu
isbirligi icinde yonetir. Bu yaklagimin etkinligini degerlendirmek i¢in, kapsamli testler hem simiile edilmis bir yol
agimi (Deney 1) hem de gercek 1zgara benzeri bir yol agini (Deney 2) kullanir. Deney 1'de 6nerilen yontem, kayip
zaman siirekli olarak azaltarak tiim senaryolarda ortalama %15'lik bir azalmaya yol act1. Deney 2, tiim senaryolarda
kayip siirede ortalama %34'lik etkileyici bir azalmayla, ¢esitli araliklarla kayip siirede bir azalma oldugunu
gostermektedir. Bu sonuglar, stratejinin trafik akisin1 6nemli 6l¢iide artiran yesil dalgalar1 dinamik ve uyarlanabilir
bir sekilde olusturma yetenegini gostermektedir. Sonug olarak bu ¢alisma, 6nerilen yontemin otonom olarak ofset
kontrolii gergeklestirdigini ve araglarin diizgiin akisina etkili bir sekilde katkida bulundugunu géstermektedir.

ToCite: ERGUN, S., (2023). A STUDY ON OPTIMIZING TRAFFIC SIGNAL CONTROL FOR
IMPROVED TRAFFIC FLOW. Kahramanmaras Siitcii Imam Universitesi Miihendislik Bilimleri Dergisi,
26(0Ozel Say1) 1097-1108.
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Anahtar Kelimeler: Trafik sikigikligi, dinamik ofset kontrolii, ¢ok etmenli model, yesil dalga kontrolii, trafik akigi
gelistirme

INTRODUCTION

Traffic congestion is a condition where the volume of vehicles on a road network exceeds its capacity, resulting in
slower traffic flow, longer travel times, and often complete standstills. It is a significant urban transportation problem
characterized by reduced mobility, environmental harm, and economic costs. Congestion leads to increased fuel
consumption, lost productivity, and additional maintenance expenses for vehicles. Moreover, it contributes to air
pollution, greenhouse gas emissions, and adverse health effects due to prolonged exposure to traffic-related
pollutants. It also has a negative impact on the quality of life, causing stress and reducing leisure time for residents
of congested areas (Abdurakhmanov, R., 2022).

Addressing traffic congestion is vital for several reasons. It has a substantial economic impact, resulting in lost
productivity and increased operating costs for businesses. It can also discourage investment and economic growth in
congested regions. From an environmental standpoint, congestion contributes to air pollution and worsens climate
change by increasing greenhouse gas emissions. It has public health implications, as it can lead to stress and health
issues such as cardiovascular and respiratory problems. Reducing congestion improves the efficiency of
transportation networks, facilitating the movement of people and goods, which, in turn, boosts economic activity.
Congestion management is an integral part of urban planning, ensuring the development of livable and sustainable
cities (Cao etal., 2022; Alsaawy et al., 2022). It also promotes equity by providing equitable access to jobs, education,
and services for all members of the community. In essence, addressing traffic congestion is crucial for creating more
efficient, environmentally friendly, and socially inclusive urban environments.

Traffic congestion has emerged as a pressing concern, attributed to the escalating traffic demand on road networks
resulting from increased motorization and economic growth (Yang, 2023). Given the detrimental effects of traffic on
pollution, resolving congestion holds significant importance. Extensive research efforts are underway to enhance
traffic signal control and augment the processing capacity of existing road networks for improved traffic flow (Babaei
et al., 2023; Abdurakhmanov, R., 2022).

Signal control parameters encompass cycle length, split, and offset, among others. This study focuses on offset
control, which refers to the phase difference between adjacent signalized intersections (Alsaawy et al., 2022).
Effective control of offsets can minimize the frequency of vehicle stops at red lights. Notably, approaches such as
GreenWave (Yuan and Zheng, 2022; Cao et al., 2022) prioritize offset control to optimize directional traffic flows.
In recent years, the concept of Bidirectional Green Wave (Zhu et al., 2023; Karimov, 2023), which facilitates
synchronized traffic flow in both directions, has been proposed. Additionally, offset control methods utilizing real-
time traffic information through intersection communication have gained prominence (Ji and Cheng, 2022).

One notable example of early online control is proposed by Soon et al. (2019), which employs statistical parameter
design and fine-tuning based on sensor data. While these methods continue to be widely utilized, recent years have
witnessed an increase in proposals for more dynamic or real-time offset control techniques. One such proposal
involves a distributed control method that divides the mixed integer linear programming problem into intersections,
with the objective function centered on the link queue length (Ma and He, 2019; Khamis and Gomaa, 2014).

Numerous control methods have been suggested for determining the offset value (Yang and Yang, 2022). However,
most of these methods concentrate on fixed control target areas, predominantly focusing on single arterial roads (Lu
et al., 2022; Wu et al., 2014). Addressing this limitation, this study introduces an online offset control model that
dynamically constructs offset control areas on a road network using a multi-agent model.

The proposed method operates on the fundamental principles of GreenWave. A tree structure is established, primarily
focusing on intersections with high traffic concentration, and the offset values are determined based on directional
traffic flows. Experiments conducted using both a simulated grid-like road network and an existing road network
showcased the dynamic and autonomous capabilities of the proposed method in constructing GreenWave.
Furthermore, it demonstrated a remarkable efficacy in smoothing traffic flow compared to the existing control system
in France.
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The urgency of mitigating traffic congestion is underscored by its far-reaching consequences on the environment and
daily life. The evolution of offset control methods, as evidenced by this study, highlights the ongoing pursuit of
innovative solutions to enhance traffic flow and reduce congestion, ultimately contributing to more sustainable and
efficient urban transportation systems.

The contributions of this study to the literature can be summarized as follows:

Comprehensive Understanding of Traffic Congestion: This study provides a comprehensive overview of traffic
congestion, outlining its multifaceted nature, including its impact on mobility, economics, environment, and public
health. It sets the stage for understanding the urgency of addressing this urban transportation challenge.

Focus on Offset Control: The study emphasizes the importance of offset control as a key parameter in traffic signal
management. It highlights how effective offset control can alleviate congestion by reducing unnecessary stops at
traffic lights, thus improving traffic flow.

Exploration of Innovative Solutions: By introducing an online offset control model that employs a multi-agent
approach, the study delves into innovative solutions for addressing congestion. It breaks away from traditional fixed-
control methods and explores dynamic, real-time approaches.

Application of GreenWave Principles: The study builds on the fundamental principles of GreenWave, a well-
established concept in traffic management. It adapts these principles to develop a dynamic offset control strategy that
can be applied in various road network scenarios.

Empirical Evidence: Through experiments conducted in both simulated and real-world road network settings, the
study provides empirical evidence of the effectiveness of the proposed online offset control model. This empirical
validation contributes to the practicality and applicability of the research findings.

In summary, this study not only serves as a comprehensive primer on traffic congestion but also introduces innovative
offset control strategies and provides empirical support for their effectiveness. It contributes to the ongoing discourse
on congestion management, offering valuable insights and solutions for creating more sustainable and efficient urban
transportation systems.

The structure of the paper is as follows: Problem statement is presented in Section 2, the proposed method is proposed
in Section 3. The evaluation experiments and results are given in Section 4. And finally, the conclusion and outlook
part is given in Section 5.

PROBLEM STATEMENT

The challenge of traffic congestion presents significant economic and environmental implications (Wang and
Hussain, 2021). Traffic congestion occurs when the road's capacity to facilitate smooth traffic flow is exceeded by
the volume of vehicles, leading to increased travel times, elevated fuel consumption, and higher emissions, resulting
in substantial economic losses and environmental harm (Tobita and Nagatani, 2013).

The focus of this study lies in the optimization of traffic signal control, a critical strategy for congestion mitigation
(Chen and Chang, 2016). To effectively implement offset control using GreenWave, it is imperative that a consistent
cycle length is maintained across all signalized intersections (Tobita and Nagatani, 2013). The cycle length,
signifying the duration of a complete sequence of signal phases at an intersection, including green and red phases, is
crucial for the success of GreenWave-based traffic signal coordination, as it ensures the smooth progression of
vehicles through the network.

To establish this uniform cycle length, the unique characteristics of each intersection are considered, including link
distances, system speeds, the number of vehicles entering from specific links, and the traffic capacity of the
intersection per cycle (Wang and Hussain, 2021). These factors play a pivotal role in determining the optimal cycle
length and, consequently, the effectiveness of offset control in enhancing traffic flow.

Therefore, the central problem addressed in this research is the strategic optimization of traffic signal control, with a
specific focus on the establishment of a consistent cycle length across various signalized intersections, aiming to
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alleviate traffic congestion and enhance the overall efficiency of the road network. This approach seeks to minimize
travel times, reduce fuel consumption, and mitigate environmental impacts, contributing to a more sustainable and
economically viable transportation system.

In Figure 1, the adjacent signalized intersections (Wang and Hussain, 2021) are depicted at the bottom, and the
variables are defined as follows:

Li,j) represents the link distance between i and j.

v(;,j) denotes the system speed between i and j.

p(i,j) represents the number of vehicles entering from link i->] to intersection i in a single cycle.

Cap; is traffic capacity of intersection i per cycle.

Capj: indicates the traffic capacity of intersection i per cycle, encompassing the traffic capacity of link i — j per
cycle.

For this research, the traffic capacity is calculated as 0.5 veh. lane™1.s7 1,

Let J represent the set of intersections adjacent to intersection i. The total number of vehicles entering intersection i
during one cycle is defined by Equation 1.

P=) pG.0) M

je]

To implement offset control using GreenWave, it is essential to ensure that the cycle length remains consistent across
all intersections (Tobita and Nagatani, 2013). In alignment with the methodology employed in this study, where
GreenWave is utilized, it is assumed a uniform cycle length for all intersections under control (Chen and Chang,
2016). This means that the duration of green and red phases at each signalized intersection is synchronized to be the
same, ensuring that vehicles progress smoothly through the network. The need for a uniform cycle length arises from
the core principles of GreenWave, where the coordination of traffic signals relies on synchronized timing.

Figure 1. Two Adjacent Intersections

PROPOSED METHOD

In this method, each signalized intersection is virtually assigned an agent. In addition to the information outlined in
the Problem Statement section, the agent is assumed to have access to the signal schedule information. Control
operations are executed based on the information surrounding the assigned intersection.

The agent assesses the level of traffic congestion at the assigned intersection, determining whether the application of
offset control is warranted. It's important to note that while the offset value is always present, the agent's role involves
dynamic adjustments to this value based on real-time traffic conditions.
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If the agent deems offset control necessary, it initiates negotiations with neighboring intersections to establish
cooperative measures. Through a series of actions, the agent dynamically constructs an organizational framework for
collaborative control and conducts offset control within this framework.

Furthermore, when it is determined that the degree of traffic congestion has significantly reduced, coordinated control
is concluded.

Agent Configuration

Each agent is constantly in one of the five following states (modes):

Isolation: A state characterized by non-coordination.

Root: The central state of cooperative control.

Sub-Root: A state in which the agent serves as a component of the area.

Clearance Root: A state occurring just before the Root agent concludes cooperative control.

Clearance Sub-Root: The state immediately preceding the conclusion of cooperative control by the sub-agent.

Collaborative Functions

Let A; represent the agent at a specific intersection, and A; denote the agent at an adjacent intersection j to intersection
i. If A; is a Sub agent, AR refers to the root agent of the organization to which A; belongs.

Root Generation

The Isolation agent verifies the satisfaction of Eq. 2 by the Sub agent and confirms if Eg. 3 is met to determine
whether a transition to the Root agent is required. This assessment is conducted on a per-cycle basis. In this context,
« denotes a constant, and Pf represents the total number of vehicles entering the intersection where A}, is positioned.

P; > aCap; 2
P; > Pg (3)
Negotiation

Once A; transitions to the Root mode, it initiates a cooperative proposal to its neighbouring agent A; when Eq. 4 is
fulfilled. In this context, B represents a constant.

If A; is in the Isolation mode, the proposal is unconditionally accepted. If 4; is in the Sub mode, the proposal is
accepted only when Eq. 5 is met. Lastly, if 4; is in the Root mode, the proposal is accepted provided Eq. 6 is satisfied.

P > Pg (5)
P> P (6)

If the proposal is accepted, A; undergoes a transition to the Sub mode with 4; as its parent. During this process, the
relative offset between the two agents is computed. However, if the proposal is not accepted, A; remains unchanged.
Propagation

The Sub mode is activated by A;'s change. When Equation 7 is satisfied, a collaborative proposal is made to the
neighboring agent, A,.. However, if 4, is already affiliated with A7, the cooperative performance is not allowed.

(pG. k) > BCap(j ) v (pU. k) > BCap(ji) @)

If the Isolation mode is active for Ay, the proposal is unconditionally accepted. If the Sub mode is active for Ay, the
proposal is accepted if Equation 8 is satisfied. If the Root mode is active for Ay, the proposal is accepted if Equation
9 is satisfied.

PRj. > pk )
Pl > P, ®)

If the proposal is accepted, A, is switched to Sub mode with A;, as the parent. At this point, the relative offset between
the two is calculated. If the proposal is not accepted, A4, remains unchanged. Following that, the cooperative proposal
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continues to propagate until it becomes completely unacceptable, forming a tree structure around the initiating agent
and the subagents that have accepted the proposal. Offset control is executed within the organization formed in this
manner.

Organization Dissolution

When Equation 10 is satisfied by the root agent, it is determined that traffic concentration has been reduced, and
organization dissolution is carried out. In this equation, 6 represents a constant, and P; denotes the average number

of vehicles entering the root agent over the past few cycles.

Pi < HCClpi (10)

The message regarding the dissolution of the organization propagates throughout the entire organization in a chain
reaction. Consequently, the Root mode agent is switched to ClearanceRoot mode, while the Sub mode agent is
switched to ClearanceSub mode. After offset cancellation based on the ClearanceRoot agent, the ClearanceSub agent
transitions to the Isolation mode. Similar to the Isolation agent, both the ClearanceRoot agent and the ClearanceSub
agent assess changes to the Root mode. If they receive a collaborative proposal, they accept it unconditionally.

Offset Control

Within the organized structure, the offset is computed by each agent for every cycle. Considering adjacent
intersections i and j, where i serves as the parent agent and j as the child agent. Furthermore, considering the values
p(i,j) and p(j, i), the larger value is designated as p;, and the smaller value as ps. The traffic volume deviation r for
each direction is then determined using Equation 11.

b1
r=—

Ds D

Table 1. The Inflows of Vehicles for the Experiment 1
Vehicle inflow (veh/h. each row)

time (s) West-East East-West

0-7200 1000 0
7200-7800 0 0
7800-15000 0 1000

The duration of two hours of traffic flow and 30-minute pauses is chosen to simulate different traffic scenarios that
encompass peak and off-peak traffic periods. This approach allows to evaluate the effectiveness of our offset control
strategy under various traffic conditions.

Next, the absolute value O, of the relative offset is calculated by Equation 12. Here, y,§ (y > & = 1) are constant
threshold values.

The threshold values y and &, as mentioned in the equations, play a significant role in determining the relative offset
0, and, subsequently, the cycle start time ¢; at intersection j. Here's an explanation of these threshold values:

Threshold Value y: This threshold value, denoted as vy, serves as a crucial parameter in the calculation of the relative
offset O,- when determining whether to adjust the offset. When the relative offset r exceeds this threshold (r = y), it
. . . Leij . . .
triggers the calculation of 0, using the formula: 0, = v(—’) In this context, y acts as a criterion for evaluating whether
@)
the traffic conditions, as indicated by r, warrant a change in offset.

Threshold Value §: § is another threshold value, and it is used in conjunction with y to calculate O,- when the relative
offset falls within a certain range (1 > r > y). Specifically, when r falls within this range, O, is calculated using the

formula: 0, = ]r/%i. 6 helps define a transitional region where offset adjustments are considered. It represents the
lower boundary of the range within which offset changes are gradually introduced.
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These threshold values, y and &, are integral to the offset control algorithm, as they determine the conditions under
which offset adjustments are made. y represents a higher threshold, signifying more substantial changes in offset,
while § defines a transitional zone where offset adjustments are moderate. The choice of these threshold values
depends on the specific traffic conditions and the desired level of offset control responsiveness.

Li.
([ 2 o=p

Vi)
o~ s
L () ., (A=r=y) (12)
l”(i.f) y=29
0, r<1

The relative offset O(; jy from A; to A; can be calculated by Equation 13.
Or, Py > Pyn)
Oij = ’ ’ 13
“) {—Or' ®ap = Pip) (13)

Finally, the cycle start time ¢; at intersection j is derived from Equation 14. Here, ¢; represents the start time of the
next cycle at intersection i, and split; denotes the duration of time allocated for the indication of the corresponding
direction at intersection i.

tj =t + O(i,j) + Spliti (14)

In summary, y and § are key parameters in the offset control algorithm, helping to evaluate and regulate offset
adjustments based on the relative offset r between intersections. Their values are carefully chosen to strike a balance
between maintaining traffic flow efficiency and adapting to changing traffic conditions.

EVALUATION EXPERIMENT
Two experiments are conducted to examine the feasibility of dynamic offset control by the proposed method and its
effectiveness.

In the current signal control used for comparison, the offset variation is limited to 25% of the cycle length per cycle.
Therefore, when an offset exceeding the variation limit is calculated in the evaluation experiment, this variation is
reflected in several cycles.

Experiment 1: Grid Road Network

A comparative experiment is conducted on a grid road network consisting of 5 rows and 5 columns, where signal
control without offset control is employed. Both the proposed method and the comparative method have a cycle
length of 90 seconds. Table 1 presents the count of inflow vehicles.

Experiment 2: Real Area Network

A comparative experiment is conducted on a road network that replicates an actual area in Clermont-Ferrand
Prefecture, as depicted in Figure 2. The intersections to be controlled are represented by red circles in Figure 2, with
a total of 16 locations.

For the control parameters, the values utilized in the current control at the site are employed. However, due to the
constraint of offset control, the cycle length is standardized to 120 seconds for all intersections, using only the
proposed method.

Table 2 displays the count of inflow vehicles. In this context, R,, R,, and R; denote theroutesB - F - A,D - G —
C,and E - G —» F — A, respectively.

Additionally, the reverse routes are indicated by primed symbols, such as R;.
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Simulation Parameters

In this study, the experiment utilized SUMO (Simulation of Urban Mobility). As the method proposed in this paper
focuses on offset control, a uniform value for the split duration is employed across all methods.

Figure 2. The Simulated Area

Table 2. The Inflows of Vehicles for the Experiment 2
Vehicle inflow (veh/h)

time (s) R, R, R3
0-7200 1350 1350 500
7200-7800 0 0 0
R! R, R,
7800-15000 1350 1350 500

For the parameters used in Equations 2, 4, 10, and 12, the values of Equation 15 are used.
a 0.4
5\ (ors)
[V | .

| 15 |
k6)= 1.1 (15)
0 \0.8)

In the study, an investigation within the Clermont-Ferrand Prefecture is conducted, focusing on a critical main road
and its associated intersections, where the traffic volume data over a 2-hour duration is collected. This main road
spans approximately 10 kilometers within the Clermont-Ferrand Prefecture.
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Experimental Results
In this study, the effectiveness is assessed based on vehicle lost time.
Figure 3 illustrates the average loss time progression in Experiment 1, while Figure 4 presents the average loss time

progression in Experiment 2. Furthermore, Table 3 provides statistical values for the entire scenario in each
experiment.

—o— without offset control
the proposed method
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Figure 3. Variation of Average Loss Time for Experiment 1

For Experiment 1, the proposed method consistently reduced lost time throughout the duration, as depicted in Figure
3. Moreover, as indicated in Table 3, the proposed method achieved an average reduction of 15% in lost time across
all scenario variations.

In Experiment 2, the proposed method exhibited a reduction in lost time across almost all time intervals, as
demonstrated in Figure 4. Additionally, according to Table 3, the proposed method yielded an average reduction of
34% in lost time across all scenarios within the actual area of rice fields.

—o— without offset control
»— the proposed method
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Figure 4. Variation of Average Loss Time for Experiment 2
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Figure 5. The Visualisation of Organization of Experiment 2

Figure 5 offers a visualization of a specific instance depicting agent tissue formation and offset control in Experiment
2. The coloured circles represent Root or Sub mode agents, signifying their affiliation within the same organization.
The arrows in the figure indicate the execution of offset control, prioritizing the direction indicated by each arrow.
This visualization confirms the seamless operation facilitated by the proposed method.

Based on the above findings, it is evident that the proposed method autonomously performs offset control and
effectively contributes to the smooth flow of vehicles.

CONCLUSION AND OUTLOOK

In this study, a dynamic offset control method utilizing a multi-agent model is proposed with the objective of
enhancing traffic flow. The aim is to enable autonomous construction of control areas by groups based on prevailing
traffic conditions. The concept of GreenWave, widely employed in current practices, served as the control standard
for the agents in this research.

Through simulation experiments, it is demonstrated that the proposed method effectively autonomously performs
offset control, establishes GreenWave patterns, reduces vehicle loss time, and improves traffic flow.

Looking ahead, future prospects encompass the exploration of various related approaches such as offset optimization
methods and traffic condition prediction, which have emerged in recent years. It is conceivable that the model
proposed in this study, which autonomously constructs control areas, could be further developed by integrating
alternative offset control standards beyond GreenWave and leveraging predictive information for traffic condition
assessment. This holds promise for advancing the field of traffic control and optimization.

In the realm of Cooperative Intelligent Transport Systems, various avenues offer opportunities for advancements in
addressing traffic congestion and optimizing traffic signal control. These include advanced data analytics, machine
learning and artificial intelligence techniques, cooperative strategies, integration of transportation modes, network-
wide optimization approaches, and the integration of emerging technologies such as connected and autonomous
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vehicles. Scalability, adaptability, and real-world pilot studies are essential considerations for implementing and
evaluating these strategies.

Additionally, comprehensive cost-benefit analysis is crucial to quantify the economic, environmental, and societal
impacts of different traffic signal control approaches. This analysis will assist in decision-making processes and
prioritize strategies based on their value and benefits.

By delving into these areas of research and development, the field of traffic signal control for Cooperative Intelligent
Transport Systems can continue to evolve. These efforts hold the potential to create more efficient, sustainable, and
congestion-free transportation networks, ultimately improving the quality of life for individuals and societies alike.
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ABSTRACT

Age-related decline in sensory inputs in elderly people leads to postural instability that increases irregularity of
postural sway. This study aimed to examine the effect of visual or somatosensory inputs on postural sway irregularity
in the elderly by using machine learning (ML). The feature set was extracted from entropy measurements including
sample, fuzzy, distribution, conditional, and permutation. Then, the variables were classified by ML including
support vector machines (SVM), k-nearest neighbors (k-NN), and linear discriminant analysis (LDA) algorithms.
Classification performances were compared with the confusion matrix. For the elderly, in the eyes closed condition
on an unstable surface, the SVM algorithm achieved higher accuracy (77%), sensitivity (72%), specificity (85%),
and precision (83%) for the cv dataset. For young, SVM also achieved high accuracy (86%), sensitivity (87%),
specificity (84%), and precision (84%). For the elderly, under the eyes open on unstable surface conditions, the SVM
exhibited an accuracy of 79%, sensitivity of 75%, specificity of 72%, and precision of 75%. However, for young, it
did not reveal good results for both surfaces. In conclusion, the findings suggest that older people adapt their postural
control mechanisms, relying more on somatosensory inputs. ML algorithms with entropy-based features can give
insights into age-related differences in postural control.

Keywords: Older people, balance, postural sway, entropy, machine learning

OZET

Yaslilarda duyusal girdilerde yasa bagli azalma, postiiral dengesizlige yol agarak postiiral salinimin diizensizligini
artirir. Bu calisma, makine 6grenimi (ML) kullanarak gorsel veya somatosensoriyel girdilerin yaslilarda postural
salimim diizensizligi iizerindeki etkisini incelemeyi amagladi. Ozellik seti &rnek, bulanik, dagitim, kosullu ve
permiitasyon dahil Entropi 6lgtimlerinden ¢ikarildi. Daha sonra degiskenler, destek vektér makineleri (SVM), k-en
yakin komsular (k-NN) ve dogrusal diskriminant analizi (LDA) algoritmalarini iceren ML modelleri ile
siniflandirildi. Modellerin siniflandirma performanslari hata matrisi ile karsilagtirildi. Yaslilar i¢in, stabil olmayan
bir ylizeyde gozleri kapali durumda SVM algoritmas: test veri seti i¢in daha yiiksek dogruluk (%77), duyarlilik
(%72), 6zgillik (%85) ve kesinlik (%83) elde etti. Gengler i¢inde SVM yiiksek dogruluk (%86), duyarlilik (%87),
ozgiilliik (%84) ve kesinlik (%84) elde etti. Kararsiz yiizey kosullarinda gozleri agik olan yashilar i¢in SVM %79
dogruluk, %75 duyarlilik, %72 6zgiilliik ve %75 kesinlik sergiledi. Ancak gencler i¢in her iki ylizeyde de iyi sonuglar
ortaya ¢ikmadi. Sonug olarak, bulgular yasli insanlarin postiiral kontrol mekanizmalarini somatosensdr girdilere daha
fazla giivenerek uyarladiklarin1 gostermektedir. Entropi tabanli 6zellik setine sahip ML algoritmalari, yashlarda
postiiral salinim dinamiklerini yoneten temel mekanizmalar hakkinda fikir verebilir.

ToCite: ALCAN, V., (2023). ASSESSING THE EFFECT OF AGE-RELATED SENSORY INPUT
CHANGES ON POSTURAL SWAY IRREGULARITY. Kahramanmaray Siitcii Imam Universitesi
Miihendislik Bilimler Dergisi, 26(Ozel Say1), 1109-1120.
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INTRODUCTION

The human body's ability to maintain an upright stance and navigate through its environment is facilitated by a
sophisticated balance system, which plays a fundamental role in performing daily activities. To achieve and sustain
postural stability, the human body relies on the intricate interplay of three key sensory systems including the visual,
vestibular, and proprioceptive systems (Peterka, 2018). These systems converge their sensory inputs, and through a
highly coordinated motor output, form a feedback mechanism essential for maintaining precise balance control. Each
of these systems possesses unique anatomical and functional features, collectively contributing to the body's
perception of spatial orientation and movement. The visual system, encompassing the eyes as the primary sensory
organs, along with relevant parts of the central nervous system, plays a pivotal role in postural stability (Maurer et
al., 2006). The vestibular system consists of the semicircular canals and otolith organs, which are mainly responsible
for detecting angular accelerations and linear accelerations, respectively. The somatosensory system, encompassing
various sensory receptors, plays a vital role in providing the body with information about its position and movement
in space (Mergner et al., 2005). This intricate system includes cutaneous receptors, joint receptors, muscle spindles,
and Golgi tendon organs, each serving unique functions. Understanding the integration and interactions of these
sensory inputs is of paramount importance in comprehending the mechanisms underlying postural sway and balance
control, particularly in the context of aging populations and related issues such as fall risk in the elderly because the
aging process is an inevitable facet of the human life cycle, bringing with it a myriad of physiological, sensorial, and
functional changes (Horak et al., 1989). Decrease or deterioration in sensory inputs in elderly people leads to balance
problems that increase the risk of falling, which can have severe consequences for the health and independence of
older individuals (Qiu et al., 2012). Analysis of postural sway, defined as the involuntary movement of the body
while maintaining an upright stance, has been a critical indicator of balance and postural control.

In literature, many studies have revealed an in-depth investigation into the interplay of visual, vestibular, and
somatosensory inputs in postural sway dynamics (Horak et al., 1989; Mergner et al., 2005; Qiu et al., 2012; Wang et
al., 2010). Qui et al. (2012) examined the integration of visual and somatosensory inputs affects postural sway and
balance, with reliance on somatosensory information increasing when visual input was limited. They suggested that
textured insole surfaces could reduce postural sway in older people, particularly during more challenging balance
tasks, providing an important intervention in fall prevention. They found clear differences in postural sway based on
age, insole surface, and standing surface and significant interaction for various postural sway measures. Wang et al.
(2010) found that visual inputs significantly affected postural sway and balance, particularly when combined with an
unstable base of support. Their results revealed that visual information impacted postural reactions and sway
responses. Postural response amplitudes depended on visual field velocity. Tanaka & Uetake (2005) found that older
adults had increased postural sway on a foam surface compared to a firm surface, regardless of age. The findings of
their study revealed that among older adults, there is an increased dependence on visual cues for correcting M-L
postural sway. Moreover, the deterioration in visual acuity associated with aging could potentially heighten the
susceptibility to sideways falls, especially in demanding conditions, such as when standing on unstable surfaces. This
underscores the significance of visual function assessment in the context of fall prevention strategies for the elderly.
Garbus et al. (2019) investigated how visual and somatosensory inputs interact to improve postural sway and balance.
They suggested that providing explicit visual feedback of the center of pressure does not increase the light touch
effects on the postural sway, and the importance of the implicit somatosensory information on postural control is
discussed. Ito et al. (2020) reported that elderly individuals were more dependent on somatosensory signals for
balance control than adults.

Previous studies indicate that there is no consensus on the dominant effects of visual and/or somatosensory inputs on
postural control and balance due to aging. Moreover, postural sway has been traditionally assessed through simple
biomechanical metrics, such as center of pressure (COP) displacement and velocity, in particular using linear or
statistical signal analysis approaches. However, these conventional measures may not fully capture the complexity
of postural control mechanisms, especially in dynamic real-life situations. Instability or irregularity of postural sway
could be associated with an increased risk of falls (Seigle et al., 2009). The irregularity can be measured by nonlinear
methods rather than linear or statistical approaches. Employing a nonlinear approach, it can integrate findings from
neurophysiology, biomechanics, and machine learning (ML) to gain comprehensive insights into the complexity of
human balance control. In recent years, entropy measurements have been used as a very popular method for
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measuring irregularity and complexity in time series (Alcan, 2022). By leveraging advancements in nonlinear signal
analysis capabilities, it is needed to shed further light on the mechanisms governing postural stability in older people.
Furthermore, advancements in ML algorithms have been considered useful clinical decision support tools for
investigating postural sway dynamics and analyzing intricate patterns within large datasets. Therefore, this study
aimed to present the results of an in-depth investigation into the impact of sensory inputs on the entropy of postural
sway in the elderly, utilizing ML techniques. Specifically, the study focused on various entropy algorithms and the
application of support machine vectors (SVM), k-nearest neighbors (k-NN), and partial least squares discriminant
analysis (PLS-DA) algorithms to decipher the complex interactions between sensory inputs and postural sway
patterns in older people

METHODS
Data

The present study used a public dataset that recruited a cohort of elderly participants, who underwent comprehensive
assessments of postural sway under four sensory conditions including eyes-open, eyes-closed, stable surface, and
unstable surface (Santos & Duarte, 2016). Postural sway data were collected using advanced force plate technology
in anterior-posterior (A-P) and medial-lateral (M-L) directions, allowing for precise measurements of COP
displacement in response to sensory perturbations.

Entropy Algorithms

Based on entropy algorithms, the feature set was built with six well-known entropy algorithms to conduct postural
sway changes of older people in A-P and M-L directions.

Sample entropy (SampEn):

SampEn is a measure used to quantify the complexity or irregularity of time series data. It compares the likelihood
of repeated patterns of a certain length in the data. Sample entropy builds upon approximate entropy and involves
counting matches of templates in the time series data (Richman & Moorman, 2000). The mathematical equations and
backgrounds for SamEn are explained in Equation 1.

L A @)

E = -1
SampEn (m,t,7) n Zﬁ";lmrAEm)(d.T)

M)

Fuzzy Entropy (FuzzyEn)

FuzzyEn measures the spread or dispersion of membership degrees within the fuzzy set (Chen et al., 2009). Unlike
SampEn, the average number of vectors Xm(j) that are within “r” of Xm(i) is used with the average degree of
membership. The specific mathematical equations for the membership function and FuzzyEn are calculated in
Equation 2 and Equation 3.

dij
A (d,r) = EYmL e @ T @

membership function = e~ 20/ 3)

Conditional Entropy (CE)

CE is a measure of the amount of uncertainty or information content in a random variable given the knowledge of
another random variable. It quantifies the remaining uncertainty in one variable after the other variable is observed
(Porta et al., 1998). CE is calculated as the average entropy of the conditional probability distribution of the first
variable given the second variable. Mathematically, for two discrete random variables, CE is calculated by Equation
4,

CE(m,7) = SE(zj) — SE(w;) + perc(m)SE 4)



KSU Miihendislik Bilimleri Dergisi, 26(Ozel Say1), 2023 1112 KSU J Eng Sci, 26(Special Issue), 2023
Aragtirma Makalesi Research Article
V. Alcan

where the summation is performed over all possible values of X and Y.
Distribution Entropy (DistEn)

DistEn is a measure that quantifies the diversity or variability in the probability distribution of a random variable (Li
et al., 2016). It captures the dispersion of the probability density function of the distance matrix by the histogram
approach with a fixed bin number of B. The mathematical equations for DistEn are calculated by Equation 5.

. 1
DistEn (m,t,B) = — 109, Yi-1 D¢ loga(pe) ®)

where p; is the probability of each bin
Permutation Entropy (PermEn)

PermEn is based on the idea of permuting the values of a time series and analyzing the resulting patterns (Bandt &
Pompe, 2002). It quantifies the probability distribution of ordinal patterns (sequences of values' ranks) within the
time series as follows:

1

PermEn (m,‘r) = - W
om!

J21pe(m, 7) loga[(p;(m, T)] (6)

Machine Learning Algorithms

To investigate the intricate relationship between sensory inputs and postural sway patterns, the most common ML
algorithms including SVM, k-NN, and LDA were applied to model the complex interactions within the data. These
supervised ML algorithms were chosen for classification tasks and their ability to handle high-dimensional data and
nonlinear relationships, makes them well-suited for the analysis of postural sway dynamics. Samples were usually
divided into training dataset and cross-validation (CV) as a testing dataset based on the Venetian blinds approach. A
5-fold CV value was used for internal validation of all models.

Support Vector Machines (SVM)

SVMs aim to find an optimal hyperplane that separates the data points of different classes with the largest margin.
The mathematical foundation of SVM relies on the concept of a maximum-margin hyperplane and the use of kernel
functions for handling nonlinearly separable data. The basic idea is to transform the input data into a higher-
dimensional space using a kernel function and then find the hyperplane that maximizes the margin between classes.
The optimization problem in SVM involves finding the hyperplane parameters that minimize the classification error
and maximize the margin. Popular kernel functions used in SVM include linear, polynomial, gaussian, and sigmoid
kernels.

K-Nearest Neighbor (k-NN)

In k-NN, the class or value of an unknown sample is determined based on the majority vote or averaging of the values
of its k nearest neighbors in the training data. The mathematical background of k-NN involves computing the
distances between data points to identify the k-nearest neighbors. The choice of distance metric, such as Euclidean
distance or Manhattan distance, plays a crucial role in the k-NN algorithm. For classification tasks, k-NN assigns the
class label based on the majority class among the k nearest neighbors. For regression tasks, k-NN takes the average
or weighted average of the target values of the k nearest neighbors to estimate the unknown sample's value.

Linear Discriminant Analysis (LDA)

LDA is a supervised classification and dimensionality reduction technique that seeks to find linear discriminants to
maximize the separability between classes. It can be used for classification tasks when the class structure is important
and is a useful tool for feature extraction and dimensionality reduction in supervised learning scenarios. Concerning
principal component analysis, LDA can provide a two-step approach to first reduce dimensionality and then
maximize class separability for improved classification performance.

Classification Performance of ML Algorithms

To evaluate the classification performances (in training and cross-validation test sets of samples), a confusion matrix
was provided. From the confusion matrix, several important metrics were calculated, including precision, sensitivity
(recall), and specificity. A confusion matrix is a square matrix with dimensions “NxN+1”, where N is the number of
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classes. It summarizes the true positive (TP), false positive (FP), true negative (TN), and false negative (FN)
predictions made by a classification model, where TP is the number of correctly predicted positive samples, FP is the
number of samples wrongly predicted as positive (actually negative), TN is the number of correctly predicted
negative samples, and FN is the number of samples wrongly predicted as negative (actually positive). Precision
indicates the proportion of correctly predicted positive samples among all samples predicted as positive by Precision
= TP/(TP+FP). Sensitivity (recall) measures the proportion of correctly predicted positive samples among all actual
positive samples. It assesses positive samples correctly by sensitivity = TP/(TP+FN). Specificity measures the
proportion of correctly predicted negative samples among all actual negative samples. It assesses negative samples
correctly by specificity = TN/(TN+FP). Accuracy measures the overall proportion of correct predictions made by the
model, considering both positive and negative instances by accuracy = (TP+TN)/(TP+TN+FP+FN).

RESULTS
The classification performance of the SVM, k-NN, and LDA algorithms was evaluated by using a confusion matrix.
Table 1 shows the overall accuracy of the models for older subjects.

Table 1. The overall accuracy of the ML algorithms for older subjects
Overall Accuracy for Older Subject

SVM k-NN LDA
Eyes Training CV Training CV Training CV
Condition Class (%) (W (%) (%) (%) (%)
Eyes Stable Surface
Open Unstable Surface 82 79 8 3 83 7
Eyes Stable Surface 82 77 70 7 79 77

Closed Unstable Surface

Concerning the older subjects, the overall accuracy of the SVM model was 82% and 79% for training and CV data,
respectively, under eyes-open conditions while 82% and 77% for training and CV data under eyes-closed conditions,
respectively. The overall accuracy of the k-NN model was 78% and 73% for training and CV data respectively, under
eyes-open conditions while 70% and 72% for training and CV data under eyes-closed conditions, respectively. For
the LDA algorithm, the overall accuracy was 83% and 79% for training and CV data respectively, under the eyes-
open condition while 79% and 77% for training and CV data under the eyes-closed condition, respectively. These
results indicated that the SVM model revealed a better performance than k-NN and LDA models in overall predictive
accuracy. Table 2 shows the overall accuracy of the models for young subjects.

Table 2. The overall accuracy of the ML algorithms for young subjects.
Overall Accuracy for Young Subject

SVM kNN LDA
Eyes Training CV Training CV Training CV
Condition Class (%) (%) (%) (%) (%) (%)
Eyes Stable Surface
Open Unstable Surface 70 64 66 1 80 4
Eyes Stable Surface 8 86 g7 36 85 86

Closed Unstable Surface

In Table 2, the overall accuracy of the SVM model was 70% and 64% for training and CV data, respectively, under
eyes-open conditions while 88% and 86% for training and CV data under eyes-closed conditions, respectively. The
overall accuracy of the k-NN model was 66% and 71% for training and CV data under eyes-open conditions,
respectively. On the other hand, it was 87% and 86% for training and CV data under eyes-closed conditions,
respectively. For the LDA algorithm, the overall accuracy was 80% and 74% for training and CV data, respectively,
under eyes-open conditions while 85% and 86% for training and CV data under eyes-closed conditions, respectively.
These results indicated that the SVM model also revealed a better performance than k-NN and LDA models in overall
predictive accuracy.
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To understand the classifier's confidence in its predictions and assess its performance, the probability graphs were
produced by SVM algorithms shown in Figure 1 and Figure 2. Each point on the graph represents a sample, and its
corresponding probability estimate is on the y-axis. These graphs are often used in binary classification tasks, where
the SVM model assigns labels +1 and -1 to the two classes and tries to maximize the margin between the support
vectors (data points closest to the decision boundary). Figure 1 shows the probability graphs for older subjects.
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Figure 1. The Probability Graphs For Older Subjects. The Relationship Between The SVM's Probability Estimates
And The Samples Used In Stable Vs Unstable Evaluation Under a) Eyes-Open Condition b) Eyes-Closed Condition.

In Figure 1a, most samples of the unstable class have high probabilities (close to 1), while samples of the stable class
have low probabilities (close to 0), which indicates that the SVM is effectively distinguishing between the classes.
A tight cluster of probabilities around 0.5 for the samples indicates that the SVM is uncertain about their
classification. On the other hand, Figure 1b indicates that SVM does not perfectly distinguish between the classes.
Fewer samples of unstable and stable classes have high and low probabilities (close to 1 or 0), respectively. Figure 2
shows the probability graphs for young subjects.
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Figure 2. The Probability Graphs For Young Subject. The Relationship Between The SVM's Probability Estimates
And The Samples Used In Stable Vs Unstable Evaluation Under a) Eyes-Open Condition b) Eyes-Closed Condition.

In Figure 2a, a larger cluster of probabilities around “0.5” for the samples indicates that the SVM is uncertain about
their classification. Fewer samples of the unstable class have high probabilities (close to 1), while fewer samples of
the stable class have low probabilities (close to 0). In Figure 2b, most samples of unstable and stable classes have a
high and low probability, respectively. The graph results indicate that the SVM better distinguished between stable
and unstable classes under eyes-closed condition compared to eyes-open condition.

Table 3 shows confusion matrix metrics for older subjects. When compared to the ML models, the SVM model
exhibited also better sensitivity (recall), specificity, and precision values than k-NN and LDA models, indicating its
capability to correctly identify true positive samples for both training and CV data sets.
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Table 3. Confusion Matrix Metrics For Evaluating The Performance Of Classification ML Algorithms For Older

Subjects

SVM k-NN LDA
Class Sens  Spec Prec Sens  Spec Prec Sens  Spec Prec
% % % % % % % % %
o> Eyes Stable 75 89 88 64 92 89 78 90 89
S Open Unstable 89 75 77 92 64 71 90 78 80
‘S Eyes Stable 82 82 83 55 86 81 68 86 84
= Closed Unstable 82 82 81 86 55 65 86 68 72
Eyes Stable 72 85 83 55 92 88 76 88 87
> Open Unstable 85 72 75 92 55 66 88 76 78
O Eyes Stable 76 77 77 66 66 66 67 84 81
Closed  Unstable 77 76 76 66 66 66 84 67 71

CV=cross-validation; SVM=support vector mechines; k-NN=Kk-nearest neighbors; LDA=linear discriminant analysis; Sens= sensitivity; Spec=
specificity; Prec=precision

Concerning older subjects, under eyes-open conditions, the SVM algorithm generally achieved higher sensitivity
(89% and 85%), specificity (75% and 72%), and precision (77% and 75%) for unstable surfaces in both training and
CV datasets, respectively. For stable surfaces, the SVM algorithm revealed high sensitivity (75% and 72%),
specificity (89% and 85%), and precision (88% and 83%) in training and CV datasets, respectively. SVM revealed
also similarly good results for the eyes-closed condition in both stable and unstable surfaces. Table 4 shows
confusion matrix metrics for young subjects.

Table 4. Confusion Matrix Metrics For Evaluating The Performance Of Classification ML Algorithms For Young
Subjects
SVM k-NN LDA
Sens  Spec Prec Sens  Spec Prec Sens  Spec Prec

. % % % % % % % % %

~ Eyes  Stable 74 67 69 48 8 75 75 8 83
S oOpen Unstable 67 74 72 84 48 62 8 75 17
S Eyes  Stable 84 92 ol 8 87 87 82 88 88
F Closed Unstable 92 84 85 87 8 8 88 82 83
Eyes  Stable 68 6L 63 53 90 84 70 77 75

> Open  Unstable 6L 68 65 90 53 6 77 70 72
O Eyes  Stable 84 87 87 84 8 8 84 8 87

Closed  Unstable 87 84 84 87 84 84 87 84 84

CV=cross-validation; SVM=support vector mechines; K-NN=k-nearest neighbors; LDA=linear discriminant analysis; Sens= sensitivity; Spec=
specificity; Prec=precision

Concerning young subjects, under eyes-closed conditions, the SVM algorithm achieved higher sensitivity (92% and
87%), specificity (84% and 84%), and precision (85% and 84%) for unstable surfaces in both training and CV
datasets, respectively. For stable surfaces, the SVM algorithm revealed high sensitivity (84% and 84%), specificity
(92% and 87%), and precision (91% and 87%) in training and CV datasets, respectively. However, it did not reveal
good results for eyes-open conditions in both stable and unstable surfaces.

DISCUSSION

The primary objective of this study was to evaluate the relationship between visual and somatosensory inputs and
the entropy of postural sway in elderly individuals. Secondly, it was aimed to assess the efficacy of ML algorithms
(SVM k-NN, and LDA\) in analyzing postural sway patterns and identifying potential predictors of postural stability.
Four sensory conditions involved altered visual inputs (eyes open and eyes closed) and somatosensory manipulations
(stable and unstable surfaces) to simulate real-life scenarios where sensory challenges may lead to balance
disturbances. In the present study, the results of the classification of postural sway entropy features suggested
valuable insights into the effects of age on postural control.
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Age-Related Visual And Somatosensory Effect On Postural Sway

The young subjects indicated a high rate of classification accuracy, sensitivity, specificity, and precision, particularly
in conditions with eyes closed and on unstable surfaces. However, they exhibited a lower rate of performance when
their eyes were open, suggesting that visual input and stable surface significantly contributed to decreased irregularity
of postural sway in young or vice versa. In contrast, the older subjects exhibited similar rates of accuracy, sensitivity,
specificity, and precision in postural sway classification on both stable and unstable surfaces, regardless of whether
their eyes were open or closed. This suggests that the postural control mechanisms in the elderly remain relatively
consistent across different sensory conditions. The observed differences in classification performance between the
older and the young subjects can be attributed to changes in sensory processing with age. Age-related physiological
changes can affect the sensory systems of older people, including the visual and somatosensory systems. The lower
classification performance in young subjects with their eyes open could indicate that reliance on visual input
decreases with age. This could be due to age-related declines in visual acuity and processing speed. As a result, young
individuals might experience difficulty maintaining balance solely with visual input, especially in challenging
conditions like standing on unstable surfaces. On the other hand, the consistent performance of older people across
different sensory conditions suggests that they might rely more on somatosensory inputs for postural control. The
somatosensory system, which includes sensory information from the feet and proprioceptive receptors, plays a crucial
role in balance maintenance. The results showed that stability gains were observed with increasing sensory
information, but the nature of these gains was modulated by somatosensory (proprioceptive) information and the
reliability of the haptic support surface. Additionally, the perception of somatosensation was influenced by congruent
and incongruent visual inputs and body posture, with better localization observed when visual inputs and body
posture were congruent with somatosensation. With aging, the somatosensory system might become more important
in compensating for visual deficits and maintaining postural stability. These findings suggest that somatosensory
inputs play important roles in postural control and can affect balance (Wiesmeier et al., 2015). It was found that older
subjects favor proprioceptive than younger subjects do, and parameter differences between young and old may result
from both deficits and compensation strategies in the elderly. The main reason can be related to impairments of the
motor system in older people who can have difficulties in sensory reweighting, which is the process of scaling the

relative importance of sensory cues (visual, vestibular, and proprioceptive) for motor control (Horak et al., 1989).

In this study, standing on an unstable surface reduced the reliability of somatosensory information and increased the
entropy of postural sway. With aging, older subjects can have a lower sensitivity to the plantar surface of the foot
than younger subjects, which can increase postural sway. These age-related effects may be further magnified in
conditions where visual input is eliminated, leading to heightened dependence on somatosensory information (Lord
etal., 1991; Patel et al., 2011).

Entropy and ML Algorithms

Age-related differences in spontaneous sway mainly concern an increased postural sway (mean velocity, sway, mean
frequency, etc.) by using traditional CoP analysis (Barela et al. 2018). However, in this study, measures of postural
control were segregated into spontaneous sway entropy measures of motor behavior induced by surface perturbations.
While removing visual feedback affects postural control in young people leading to changes in the dynamics of
postural oscillations by increased entropy, it did not affect older people. On the contrary, for older subjects,
manipulating somatosensory feedback led to changes in the dynamics of postural oscillations by increased entropy
suggesting somatosensory had a dominant effect on the postural sway oscillations. Concerning unstable surface
conditions under both eyes open-and-closed conditions, the results showed that the irregularity of postural sway was
higher in older subjects than in young subjects. For older subjects, the balance was less stable with absent
somatosensory information. Sensory inputs to the somatic system can decrease with age, which can contribute to
increased irregularity (entropy) postural sway in older subjects compared to young (Shiota, 2015).

In previous studies, Alcan (2023) calculated entropy measurements including SampEn, FuzzyEn, DistEn, CE,
PermEn, and sparse density entropy from CoP data. SVM and k-NN ML algorithms were used to investigate the
effect of visual or somatosensory inputs on CoP signal in solely the elderly. This study found that the measurement
of CoP irregularity or nonlinear dynamics in balance assessments in the elderly was more sensitive to somatosensory
inputs than visual inputs. Similarly, Hansen et al. (2017) found that entropy measures were more sensitive in
analyzing postural sway compared to traditional measures. They used SampEn, multi-scale sample entropy (MSE),
and multivariate multi-scale entropy and compared them to traditional measures of COP variability. Their results
suggested that non-linear methods appear to be an additional valuable tool for analysis of the dynamics of posture
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especially when applied to incremental time series when compared to the classical parameters and entropy measures
of the original time series. Giovanini et al. categorized age groups using different CoP time series. They used the
same data as the dataset. However, they calculated large feature sets including temporal, spatial, spectral, and
nonlinear features including mean distance, root mean square (RMS) distance, mean velocity, RMS velocity, standard
deviation (SD) of velocity), sway path, length of COP path, excursion area, total mean velocity, mean frequency,
median frequency, spectral power with 95%), SampEn, MSE, scaling exponent, Hurst exponent of distance. They
used SVMs, k-NN, NB MLP, RF, and decision tree (DT) ML models and found that a 60 s sampling duration
provided the most discriminative information. The overall classification accuracy of all ML models was 61.3% for
dataset 1 and 67.8% for dataset 2. The mean values of all ML models were smaller for a 30 s duration, affecting the
CoP time series duration in different age groups. Cetin & Bilgin (2019) distinguished between young and aged groups
using the same dataset. Unlike our feature set, they extracted features from time-dependent variables including CoP
and force change. They used various classifiers and found that force signals were more successful than COP signals.
The SVM model had the highest accuracy (81.67%) in separating the young and older groups. Seigle et al. (2009)
concluded that classical stabilometric variables and Recurrence Quantification Analysis (RQA) outputs provided
complementary information for the characterization of aging effects on postural sway. They found that COP
displacement was affected by vision in both young and elderly adults. The RQA method was able to discriminate
COP displacement in elderly subjects. Ojle et al. (2021) investigated the effects of visual and somatosensory input
on postural sway using entropy and ML algorithms. They used the k-NN model to investigate the effects of the visual,
proprioceptive, and vestibular systems using the postural sway information in the M-L and A-P directions. They
found that the visual system affected M-L sway, and proprioceptive and vestibular systems affected A-P sway. A-P
sway was more affected by sensory systems than M-L sway. Sun et al. (2019) implemented an ML approach to assess
the accuracy and feature importance of various postural sway metrics to differentiate individuals with Multiple
Sclerosis (MS) from healthy controls as a function of physiological fall risk and M-L sway amplitude was identified
as the strongest predictor for fall risk groupings. The feature set used in this study consisted of 20 common postural
sway metrics derived from static posturography assessment. The ML algorithm used in this study was random forest
(RF) with 10-fold cross-validation. The sway-metric-based RF classifier had high accuracy in discriminating controls
from MS individuals (>86%). Sway sample entropy was identified as the strongest feature for the classification of
low-risk MS individuals from healthy controls. Whereas for all other comparisons, mediolateral sway amplitude was
identified as the strongest predictor for fall risk groupings. They found that posturography was beneficial for balance
impairment and fall risk assessment in individuals with MS. Sample entropy and M-L sway amplitude were strong
predictors for fall risk in MS individuals. Lee et al. (2020) found that using logistic regression analysis with sensor
data and entropy analysis provided an accurate classification of fall risk in elderly people. Their results showed that
logistic regression analysis predicted fall risk in the elderly and PerEn and statistical features provided accurate
classification.

Consequently, the findings of the present study are consistent with previous research on age-related changes in
postural sway and suggest the use of such entropy indices from nonlinear domains extracted from CoP signals and
its complex components as potential markers for postural instability and fall risk in older adults. ML algorithms also
provided complementary information and very good classification performance for the characterization of aging
effects on postural sway. From a clinical perspective, the ML approach of applying entropy analysis to CoP data on
a fall-risk scale can allow medical practitioners to predict risk and can provide decision-makers with a more accurate
way to classify fall risk in elderly people.

CONCLUSION

This study found how visual and somatosensory information significantly affects the postural sway irregularity
(balance ability) of older people, as measured by nonlinear dynamics by entropy. The findings suggest that older
people adapt their postural control mechanisms, relying more on somatosensory inputs, to maintain stability.
Meanwhile, young individuals heavily rely on visual input, particularly in challenging situations. Findings suggest
the loss of somatosensory function may explain much of the age-related increase in the irregularity of postural sway,
with different entropy algorithms measured with eyes closed then eyes open on foam, and then a firm surface. For
clinical decision support systems, the SVM algorithms can give insights into the underlying mechanisms that govern
postural sway dynamics in the elderly population, shedding light on the role of sensory inputs in maintaining balance.
The findings of this study have the potential to enhance preventive measures and interventions aimed at improving
postural stability and reducing fall-related incidents, thereby contributing to the well-being and quality of life of the
elderly population and society at large.
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ABSTRACT

The impulsive fractional delayed differential system with the Caputo derivative with respect to another function is
considered. An explicit solution to the system in the light of the available studies on this subject is determined and
its existence and uniqueness are debated. Lastly, the stability and controllability of the given system are investigated.

Keywords: Existence uniqueness, impulsive fractional delayed system, relative controllability, Ulam-Hyers stability

OZET

Herhangi bir fonskiyona gore tanimlanmus Caputo tiirevli ani degismeli kesirli gecikmeli bir sistem dikkate
alinmaktadir. Bu konuda mevcut ¢alismalarin 1g181inda sistemin sarih bir ¢6ziimii belirlenmekte ve ¢oziimiin varlig
ve tekligi tartigilmaktadir. Son olarak, verilen sistemin kararlilig1 ve kontrol edilebilirligi arastiriimaktadir.

Anahtar Kelimeler: Ani degismeli kesirli gecikmeli sistem, varlik teklik, Ulam-Hyers kararliligi, géreceli kontrol
edilebilirligi

INTRODUCTION

Fractional calculus is regarded as a generalization of integer calculus. Of course, this generalization contributes
different positive capabilities which integer calculus does not have to fractional calculus. For example, according to
researchers in this field, this enables fractional calculus to model almost all of scientific problem more suitable than
integer order, numerical approaches to fractional calculus give better results compared to integer calculus, etc.
Fractional calculus begins to be used in many areas such as mathematical physics, biophysics, engineering, signal
processing, etc. For more details, all of reference section can be scanned.

A differential equation which consists of the present state and its rate of changes is said to be a delayed differential
equation(Aydin et al., 2022; Aydin & Mahmudov, 2022; Mahmudov, 2022; Elshenhab & Wang, 2021b, 2021a;
Mahmudov & Aydin, 2021; Liu et al., 2021; Mahmudov, 2019; Mahmudov, 2018; Li & Wang, 2018; Khusainov &
Shuklin, 2003) if it also includes the past state. As stated and shown in (Mahmudov, 2019), a solution of a linear
system p’(¢) = Mp(c), ¢ = 0 has the form p(¢) = ¢M$p(0), where the exponential matrix is also called fundamental
matrix having a simple structure, but, it becomes more complex for seeking a fundamental matrix for a linear delayed
system p'(¢) = Mp(¢) + Ap(¢ — 1), ¢ = 0, > 0 with an initial condition p(¢) = 9(¢), —r < ¢ < 0, because of its
fundamental matrix’s complex structure caused by the delay parameter. Its solution, which is obtained by (Khusainov

ToCite: AYDIN, M., (2023). RELATIVE CONTROLLABILITY OF THE ¢-CAPUTO FRACTIONAL
DELAYED SYSTEM WITH IMPULSES. Kahramanmaras Siitcii Imam Universitesi Miihendislik
Bilimleri Dergisi, 26(Ozel Say1), 1121-1132.
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& Shuklin, 2003) under the assumption of commutativity of the coefficient matrices M and A, naturally has a
complex structure. So, it is difficult to work on such an equation according to equivalent studies. When we have look
at the literature, these kinds of systems have been investigated in terms of controllability, stability, and existence and
uniqueness of solutions (You et al., 2020; Liang et al., 2017; Wang et al., 2017; Khusainov & Shuklin, 2005) of the
systems.

Generally, a differential equation is exploited to describe the dynamics of changing processes. The dynamics of many
changing phenomena count on abrupt changes such as shocks, natural phenomena which is an observable event that
is not non-made. These sorts of processes own short-dated perturbations (deviations) of continuous dynamics. When
the duration of the entire advancement is considered, its lenght is negligible. While such deviations are modelled,
these deviations can be described in the form of ‘‘impulses”. Consequently, modelling impulsive problems produce
differential impulsive equations in optimal control, industrial robotics, ecology, population dynamics, physics
(Bainov & Simeonov, 1993; Bainov & Simeonov, 1989; Lakshmikantham et al., 1989; Samoilenko & Perestyuk,
1989) and so on.

Mahmudov in (Mahmudov, 2019) consider a delayed system having noncommutative coefficients in the classical
Caputo fractional sense with the same structure as (Khusainov & Shuklin, 2003) and offer an explicit solution by
proposing the delay perturbation of the two-parameter Mittag-Leffler functions. The reseachers in (Aydin et al., 2022)
examine the system obtained by using the Caputo fractional derivative with respect to another function instead of the
classical Caputo fractional derivative in the system of (Mahmudov, 2019). In the sequel, Aydin and Mahmudov in
(Aydin & Mahmudov, 2022) take the same system as (Mahmudov, 2019) by adding an impulsive initial condition
into consideration and prove its controllability in the iterative learning control sense. This time, we combine the
system of (Aydin et al., 2022) with an impulsive initial condition. This makes the system (1) different from the
existing studies in the literature. To the best of our knowledge, this system is firstly introduced and its relative
controllability is investigated.

Inspired by the above-cited studies, we investigate the below semilinear impulsesive fractional delayed differential
equations consisting of the traditional Caputo fractional derivative with respect to another function

LSDE p(e) = Mp(o) + Ap(c —1) + g(5,p(5)),  0<¢<T, r>0,
p(s) =9(¢), -r<¢<0, 1)
psH) = pGi) + f(p(s) G €]

where _rfo; is ¢-Caputo derivative of order 0 < 8 < 1. Here, ¢ is a real valued increasing function on R and
@' (t) #0,t€[-rT], M,A € R™™ which do not have to be commutative. Also, g € C ([0,T] x R™,R™), f €
C(R™ R™), and 9(¢) € C* ([-7,0],R™), ] = {¢1,62, ..., §m} IS the impulsive times with 0 < ¢; <+ < ¢, <T,
T = lr for a fixed [ € N. The jumps

p(cH) = lim p(s; + &),  p(s7) = lim p(g; +€)
&-0 £-0

express the right limit and the left limit of p(¢) at ¢ = ¢;, each to each.

PRELIMINARIES

In this section we will present most essential tools to be used in the following sections. R" is the famous Euclidean
space with dimension n € {1,2,3, ... }. For a,b € Rwith a < b, let

C([a,b],R™) = {f:[a,b] » R™: f is continuous}
with the maximum norm ||. ||, which is

Ifllc = max{llf (©ll.s € [a,b]}


https://tureng.com/tr/turkce-ingilizce/advancement
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for ||.|| is a norm on R™. Let AC[a, b] symbolise the absolutely continuous functions’ space. For n € {1,2,3, ...},
AC™[a, b] the space of all complex-valued functions f(¢) such that f @~ (¢) € AC[a, b].

Lemma 1. (Lemma 3.4., Aydin et al., 2022) ngr‘p(c, t) is a solution of _rng p(¢) = Mp(s) + Ap(¢ — 1), that
is,

M,A, M,A, M,A,
LEDE XA (6, 6) = MXG0 (6,6) + AXR P (o, t + 7).

Lemma 2. (Corollary 3.8., Aydin et al., 2022) A continuous solution w of the equation (1) without the impulsive
initial condition is
0
p(9) = X347 (g, —r)o(—1) + f X 6,0 [(L5059) (6) — 49(t)| dop (1)
=T

¢
+ [ 2005 6,09 (6, p ) do(o)
0

here, p-delay perturbation of two-parameter Mittag-Leffler function xﬁl‘f’;’;‘p defined by

0, ¢—s€[-r0),
A, I, =5,
XA (g, 5) = ) 2)

o) _ ; [ ( )_ ( +7 )]kB+a—1
S0 2j2h Quat () e —— ¢ —s € (U= Drlr],

where ¢ is an increasing real-valued function on R such that ¢'(¢) # 0, t € [—r,T], I and © are the representations
of the identity and zero matrices each to each. In the light of (Mahmudov, 2019), the recursive matrices Q. (s) are
definedfors = kr, k= 0,1,2, ..., as

Qo(s) =0, Q1(0) =1, Qx(-7) =0, Qis1(s) = MQr(s) + AQx(s —1) .

Lemma 3. (Lemma 3.10., Aydin et al., 2022) If t € [0,T], T = Ir where [ € N and r € R*, then the following
inequality holds true:

I§ || 6,5 | dep(s) < (M) = p(0)] k4 7, 0)

F MA@ . .. . . .
Lemma 4. (Lemma 3.3., Aydin et al., 2022) X ;" (¢, s) is ajointly continuous matrix operator in 0 < s < ¢ <

00,
From here on, we will offer our fundamental contributions.

THE REPRESENTATION OF A SOLUTION

Theorem 5. A continuous solution p of the equation (1) is
(0]
p(s) = X3A% (6, —r)0(—r) + j X (6,0 [(L6050) (6) — 49()] dop(t)
] r
+ f Xgi (5,09t p(D)de(t) + z X1l s f(p(s)), x>0,
0

0<x;<x

where Xéf’cfr"p is ¢p-delay perturbation of two-parameter Mittag-Leffler function given above.
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Proof. If one combines Lemma 1 with Lemma 2, the proof is completed out of the satisfaction of the impulsive initial
condition. Now, we will show that the solution satisfies the impulsive initial condition. For each ¢ € (¢x_1,¢x] the
solution p(¢) is given by

0
p(s) = X440 (g, —1)0(—1) + f X (6,0 [(L5p50) (6) — 49()] dop(e)

s k—1
+ f XY (5,09 (£, PP + Y X2 (5,60 F(p(s))
0 i=0

and for each ¢ € (¢, Sr+1], We have
0
p() = Xl (5, —r)9(—7) + f Xl (6,0 (5059 (8) — 49(0)] dp(e)
S - k
+ f Xg i (6,09 (& p(D)de(t) + Z X2 (660 Fp(s) -
0 i=0

Since it is known that X[f,‘,ll"_qr"” (ks 6x) = I, we acquire

0
psi) = Xt (6, —r)9(—1) + f X (6,0 [( L5059 (8) — 49(D)] dp(e)

S - k
+ f X (6,009t p(£))dep(£) + ZX[X 127660 £ (p(s)
0 i=0
= p(s7) + Xp17 (o510 f(P(51)) = p(s7) + £ (p(si))
which completes the proof.

EXISTENCE UNIQUENESS RESULTS

Unfortunately, the conditions given in the statements of the problem root is not enough to assure that the solution
given in Theorem 5 is unique. So, we need to make a couple of extra assumptions as follows:

A, :: The function g satisfies the Lipschitz condition with L, > 0,

lg(s,p) —glgl < Lgllp—vl, ¢ €[0,T], pv € R™
A, :: The function f satisfies the Lipschitz condition with L, > 0.
As = ([p(T) = @(0)]Ly +mLp)max {x )y M4 (7, 0), M4 (7, 0y } < 1,

Theorem 6. Under all assumptions A;, A,, A3, the integral equation given in Theorem 5 has a unique solution on
[-7,T].

Proof. Define G: C ([-r,T],R™) —» C ([-r,T],R™) by
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0
Gp(s) = X450 (6, —r)9(—) + f X5 (6,00 [(L6050) (6) — 49()] dop(t)

¢
+ [ X 609 pE)dR© + Y XA G5 F(p)).
0

0<¢;<¢

By taking arbitrary p, v € C ([—r, T], R™), one can obtain the following estimation of ||Gp(¢) — Gv(¢)] :

S
1Go(s) = Gu(o)ll < Ly f |0 9] do) o =vllc +1; Y |42 llo = vlle
0

0<t;<t

< ([p(1) — 9(O)]Lg + mLp)max {x) 71402 (T, 0), )WV (7, 0) } 1o — vl

In the light of A3, G is a contraction. Consequently, G owns a unique fixed point due to Banach fixed point theorem.

STABILITY RESULTS

In this section, we firstly share fundamental definition and remark to demonstrate that the equation (1) is Ulam-
Hyers (UH) stable.

Definition 7. If Ve > 0 and for any solution p € C ([0, T], R™) of inequality

then there is a solution v € € ([0, T], R™) of (1), and a ¢ > 0 such that

D8 p(6) = Mp(s) = Ap(s — 1) — g(5.p()) || < € €)

”p(C) - U(C)” < o€, CE [0' T] (4)
Then, equation (1) is UH-stable.

Remark 8. A function p € C' ([0, T], R™) is a solution of (3) iff there is at least one element h € C ([0, T], R™)
fulfilling

e |lh(®ll<e
o _$DEp()=Mp(c) +Ap(s—1) + g(5. p(5)) + h(s).

Theorem 9. Under all of circumstances in Theorem 6, the system (1) is stable in the sense of Ulam-Hyers.

Proof. Suppose p € C ([0, T], R™) that fulfils (3), and let v € C ([0, T], R™) which is the unique solution of system

(1) with the initial condition v(¢) = p(¢) for all ¢ € [—7,0], p(¢/) — p(s7) = v(s]) —v(si) = f(p(s)). Based
on Remark 8 and the rule of G, one acquires

S
kDIl <& p(e) = Go(s) + f X (6, (B de(D),
0
and also v(¢) = Gv(¢) for each ¢ € [0, T]. One gets
S
1Go(s) = p(o)Il < f 265555 (6, 9)|| 1R () < [0(T) = (@I (T, 0)e.
0

We are set to make an estimation ||v(¢) — p(¢)|l:

lv() = p(DIl < lv(¢) = Gp(DIl + 1Gp(s) = p (I
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< ([p(1) = 9(O)]Lg + mLy)max {71402 (T, 0), A4V (7, 0) } J1p - vl

+lp(T) — (01X MM (7, 0)e

which provides
lv—pllc < ge,

where
[o(T) — ()] )5 M4 (T, 0)

o=
1= (lp(T) = p(0)]Lg + mLgymax {x )MV (T, 0), 2 T4 (T, 0) }

> 0.

This last point completes the proof.

RELATIVE CONTROLLABILITY RESULTS

In current section we relatively investigate the controllability of the impulsive fractional delayed differential systems
having Caputo fractional derivatives w.r.t. another function while it is not only linear but also semilinear.

Definition 10. System (1) is called relatively controllable, if there is a control u € L?(I = [0,T], R™) so that
equation (1) owns a solution p € C([—r,t],R™) that holds the initial delayed condition, the initial impulsive
condition, and p(t) = p, for the arbitrary final value p, € R™ with the arbitrary time 7, any initial continuously
differentiable R™-valued function ¢ on [—r, 0].

There are two cases for the system (1) to investigate its relative controllability. If the system (1) is without the
semilinear term g(g,p(g)), 0 <¢<T,itis called the linear case of the system (1). Otherwise, it is called the
semilinear case of the system (1). We will consider these two cases individually as follows.

The Relative Controllability of the Linear Case of the System (1).
We will consider the following control system

D5 p(e) = Mp(¢) + Ap(s — 1) + Su(s), 0<¢<T, >0,
p(s) =9(s), -r<¢<0, (5)
p(si) = pGi) + f(p(s) G €]

whose solution is given by
0
p(g) = Xgih? (g, —r)0(=1) + f X4 (6, )[(L,5D59) () — A9(s)| dop(s)
¢ -r
+ [ G sudp) + D X (60 F(p(s0),
0 0<¢i<¢
here u € R™ is a control functionand S € R™",

Theorem 11. The system (5) is relatively controllable if and only if the following Gramian matrix
T
wio,7] = fx[’;’g‘;" (1,5)SS* X;’B’f P (1,5)de(s)
0

is nonsingular, where .* stands for the transpose of a matrix.
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Proof. =: Let W0, 7] be singular while the system (5) is relatively controllable. There is a nonzero = € R",
wWi[0,t]m = 0.

One gets

T
f Xy 5 (1,5)S™ Xg g ¥ (x, )mdp(s) = 0,
0

which provides

*xyM,A,
X (1,5)S =0, 0 <s<t.

Based on the relative controllability of the system, we can find u; and u, for the different final 0,7 €
R™ respectively so that

T

T = jn*xggflf(r, $)S (uy(s) —uy(s))dep(s) =0
0

from which = = 0 is obtained. This is a contradiction.

«: By means of the invertibility of the Gramian matrix, it is known that its inverse W 1[0, 7] exists. If one regards
the following continuous function

u(g) =" Xg 40 * (o) W0, 7] 9
where

0
9() = pr = X513 (5, —1)O(=1) — f X5 (6,0 [(L, 505 9) (8) — 49(D)] do(e)
— Z Xg1y? (5,60 f(p(50))-
0<¢i<¢

as a control, one can easily observe p(t) = p., and w fulfills all of the initial conditions
The Relative Controllability of the Semilinear Case of the System (1).
We will consider the following control system

LSDE p(o) = Mp(¢) + Ap(s = 1) + g(5,p(9)) + Su(s),  0<¢<T, r>0,
p(s) =9(s), -r<¢=<0, (6)
p(s) = p(i) + f(p() G €]

whose solution is given by

0
p(6) = Xl (5, —r)9(—7) + f X (6,0 [(, 5059 (8) — 49()] dp(e)
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+ f X (6, 0)g(t p())do(t) + Z Xgin (550 F(CsD)).
0

0<¢;<¢

s
+fxflf\%;p(9 t)Su(t)de(t), ¢>0.
0

Unfortunately, we can not control this system without putting extra conditions on the nonlinear function and
impulsive function, an extra operator. Now, let us make some assumptions as follows:

A, :: The operator M: L*(I, R™) — R"
T
Mu = [ AP @ 5)5u)da(s),
0

owns an inverse M~* which taking values in L*(I, R")/kerM. Let X;, i = 1,2, be Banach spaces. B(Xy, X,)
consisting of all both bounded and linear is endowed with the norm ||. ||g . For simplicity, we will set

R := ”M_l”B(]Rn,Lz(I,]Rn)/kerM)’

0
Ry = || x4 (¢, —ryo(=n)|| + f X5 (6,5) (€5 0) () = A9(s)| do ()|

Ro= ) 657 s | 171+ [0 — o (@111 (7,0) maxig(s,0)],

0<¢;<¢

Ry=| L ) [ G| IF@)1 + Lylo (T - o @1 (r,0) |l ¢

0<¢i<¢
From Remark 3.3. of (Wang et al., 2017),

R = Jllw=[0, 7]l

Theorem 12. Suppose that 1 > g > 0.5. Under the assumptions 44, A,, and A, are fulfilled. Then the
system (6) is relatively controllable if

(1 + R||S||max{1, R3})R; < 1.

Proof. Based on the assumption A,, one can define the following control function

0
up =M1 | pr = X500 (g, )0 (—1) — j X5 (6,5) (505 9) () — A9(s)| dop(s)
=T

¢
M| = Z X5 (66 fp(s) — f Xyi? (,)g(s, p(s))dep(s) |-
0

0<¢;<¢

By executing this control function, one can also define K : C (I, R") — C (I,R") by
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0
Kp(s) = Xph? (6, ~r)o(=r) + f X5 (6,00 [(L 605 0) (6) — 49()] dop (1)

¢
+ f Xg i (6, )g(t, p())do(t) + Z Xgin2 (550 (0 (sD).
0

0<¢;<¢

S
+ | X2 (6, 0)Su, () de(t), ¢>0
B.Br \S p pLL), ¢ .
0
Now, we need to determine such a radius r for D, := {p € C (I, R™) : ||p||c < r} which is a convex, closed and
bounded subset that K(D,.) < D,. To do this, start with the norm of the control function:
[l < R(Ry + Ry + Rsllpllc).
The norm of the operator Kp(¢) for p € D, is
IKp(s) I < Ry + Ry + Rsllpllc + RISII(Ry + Ry + Rsllpllc)-

If we take

_ (@ +RISIDRy + Ry) + RIS HIwel
1—(1+ RIISllmax{1, Rs})Rs

)

the desired thing is demonstrated. Now we will separate K in two different operators as follows:
0

Kip(g) = X517 (6, =)0 (=) + f X5 (6, ) (505 9) (5) — 49(5)] dep(s)
-r

S
+ f Xgi? (5, 8)Suy(s)dep(s) + Z X1l s fpGd), €L
0 0<¢;<¢

and

S
Kyw(s) = f Xl (6,5)g(s,p(5))de(s), s €I
0

For p,v € D, one gets
[l () = up ()| < RR3llp(s) — v()l

and

1K1p(5) = Kyv(@)Il < [@(T) — (01X ZM4 (7, 0) 151l [l (6) = 1, (<)

M,A,
*hr Z o532 (6. 60| e = vl
0<¢;<¢

< [@(T) — ¢(0)] xﬁ”y’gyurr”:‘lllxp(T' OIISIRR o — vlle
) e G| e = vile

0<¢;<¢

< (1 + R|IS[lmax{1, RsDRsllp — Vllc,
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which gives that K; is a contraction. Assume that p,, € D, with p, — p in D, . Since g is continuous,
(6, pn($)) = g(s p(c)). By using dominated convergence theorem

S
1K20n(5) — K2p (o)l < f 1265552 (5, 9)|| L9 (5, n()) = (5. p()) | dep(s),
0

goes to zero as n tends to co. Thus, K, is continuous on D,.. The last task is to show that K, is compact. For p € D,,
0<¢<g¢c+h<r

¢t+h
Kap(s+ 1) = Kop(®) = | X2 s+ hus)g(5,p())d(s)
t

¢

" f (o642 (s + 1) = XF (6,)) 9 s p(5)) ().
0

Introduce the below notations:

¢+h

b= [ GG+ b9 (s p(s))do(s),
¢

S
Ay = f (Xé\,li;,l%(p (c+h,s)— X (s, s)) 9(s,p(s))de(s) .
0

With an easy calculation, one can acquire

¢+h

MA@
1l = (L lloll + malaG.0) [ [[5526 + o) dos) — 0,
¢

S
A, VA,
12211 < (Lgllolle + maxlg s, 0)1) f 65552 s + B, ) = X354 (5, 9) || do(s) — 0,
0

as h — 0. As aresult, one acquires
IK2p(s +h) — Kzp(O)Il < [[44]l + 122l — 0 as h — 0.

K, (D,.) is uniformly bounded because one easily reach to the following upper bound for all members of K,(D,)
with the familiar computations,

lIMILIAll.
1Kopll < (L7 + maxlg(s, 001 ) T X4 (7,0,

Because of the equicontinuity and uniform boundedness of K,, Arzela-Ascoli theorem provides K, is compact. Due
to the fixed-point theorem of Krasnoselskii, K owns a fixed point p € D,..

CONCLUSION

The current paper is, in brief, devoted to investigating the both uniqueness and existence of the solution and
examining stability and controllability of the discussed equations. The obtained results are quite comprehensive and
cover many studies which are not available in the literature because the Caputo fractional derivative with respect to
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another function reduces to the classical Caputo fractional derivative in the case of ¢ (¢) = ¢ and Hadamard fractional
derivate when ¢ (¢) = In¢. For a next problem, the following neutral fractional system:

LSDE p(e) = N_5DEp(c —1) = Mp(e) + 4p(c = 1) + g(5,p(5)),  0O<¢<T, r>0,
p(s) =9(5), —r<¢<0,
p(s) = pi) + f(p(s) ¢ €]J

where N € R™ and the remaining information is given in (1), can be taken into consideration and the stability and
controllability of this neutral fractional system can be investigated in addition to the fact that both the uniqueness and
existence of its solution are examined.
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ABSTRACT

In this study, the face recognition task is applied on masked and unmasked faces using hand-crafted methods. Due
to COVID-19 and masks, facial identification from unconstrained images became a hot topic. To avoid COVID-19,
most people use masks outside. In many cases, typical facial recognition technology is useless. The majority of
contemporary advanced face recognition methods are based on deep learning, which primarily relies on a huge
number of training examples, however, masked face recognition may be investigated using hand-crafted approaches
at a lower computing cost than using deep learning systems. A low-cost system is intended to be constructed for
recognizing masked faces and compares its performance to that of face recognition systems that do not use masks.
The proposed method fuses hand-crafted methods using feature-level fusion strategy. This study compares the
performance of masked and unmasked face recognition systems. The experiments are undertaken on two publicly
accessible datasets for masked face recognition: Masked Labeled Faces in the Wild (MLFW) and Cross-Age Labeled
Faces in the Wild (CALFW). The best accuracy is achieved as 94.8% on MLFW dataset. The rest of the results on
different train and test sets from CALFW and MLFW datasets are encouraging compared to the state-of-the-art
models.

Keywords: Masked face recognition, unmasked face recognition, hand-crafted methods.
OZET

Bu ¢alismada, maskeli ve maskesiz yiizlerde el yapimi yontemler kullanilarak yiiz tanima gorevi uygulanmistir.
COVID-19 ve maskeler nedeniyle, kisitlanmamig goriintiilerden yiiz tanima 6nemli bir konu haline gelmistir.
COVID-19'dan kaginmak i¢in ¢ogu insan digsarida maske kullanmaktadir. Birgok durumda, tipik yiiz tanima
teknolojisi ise yaramaz. Cogu ¢agdas ileri yiiz tanima yontemi derin 6grenmeye dayanir ve biiyiik 6l¢iide bir¢ok
egitim ornegine dayanir, ancak maske takilmis yiiz tanima, derin 6grenme sistemlerini kullanmaktan daha diisiik bir
hesaplama maliyeti ile el yapimi yaklagimlar kullanilarak arastirilabilir. Maske takilmig yiizleri tanimak i¢in diisiik
maliyetli bir sistem olusturmak ve maske kullanmayan yiiz tanima sistemlerinin performansini karsilagtirma
amaglanmistir. Onerilen yontem, 6znitelik diizeyi kaynagim stratejisi kullanarak el yapim yontemleri birlestirir. Bu
¢alisma, maske takilmig ve takilmamig yiliz tanima sistemlerinin performansini kargilagtirmaktadir. Deneyler, maskeli
yiiz tanima igin erisime agik iki veri kiimesi Masked Labeled Faces in the Wild (MLFW) ve Cross-Age Labeled
Faces in the Wild (CALFW) iizerinde gerceklestirilmistir. En iyi dogruluk orani, MLFW veri kiimesinde %94,8
olarak elde edilmistir. CALFW ve MLFW veri kiimelerinden farkli egitim ve test kiimeleri kullanilarak elde edilen
diger sonuglar, mevcut en iyi modellere gore cesaret vericidir.

Anahtar Kelimeler: Maskeli yiiz tanima, maskesiz yiiz tanima, el yapimi yontemler.

ToCite: TORBATI, A., & TOYGAR, O., (2023). MASKED AND UNMASKED FACE RECOGNITION
ON UNCONSTRAINED FACIAL IMAGES USING HAND-CRAFTED METHODS. Kahramanmaras
Siitcii Imam University, Journal of Engineering Sciences, 26(Ozel Say1), 1133-1139.
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INTRODUCTION

The study of computer vision involves developing algorithms and models that can allow computers to interpret,
analyze, and understand visual data from the world around them. It involves techniques for analyzing, processing,
and understanding images and video data, as well as techniques for recognizing patterns, objects, and features in this
data. There are some key differences in the way that computers and humans process images. One major difference is
that computers can process images much more quickly and accurately than humans, making them well-suited for
tasks such as analyzing large datasets of images or detecting patterns and features in images.

Computers may use a technique called face recognition to identify and authenticate people in images or streaming
videos. The ability of computers is what makes it possible to analyze and understand visual data, and it involves
developing algorithms and models that can extract and analyze features from images of faces. When it comes to
recognizing faces, one of the major obstacles is being able to accurately identify and distinguish one face from
another, even when there are variations in lighting, pose, expression, and other factors. To achieve this, face
recognition systems typically use a combination of machine learning algorithms and image processing techniques to
analyze and compare the unique features of different faces.

Machine learning's ultimate aim is to make it so computers can teach themselves new skills by analyzing existing
data and make inferences or choices without being explicitly programmed. It's predicated on the premise that
computers can analyze data, spot trends, and decide what to do next.

In this approach, three different hand-crafted methods have been used in order to do the face recognition task, namely
Principal Component Analysis (PCA) (Rani et al., 2022), Local Binary Patterns (LBP) (Kulkarni et al., 2017) and
Histogram of Oriented Gradients (HOG) (Ahamed et al., 2018). All the experimental works are conducted on state-
of-the-art datasets, namely Cross-Age Labeled Faces in the Wild (CALFW) (Zheng et al., 2017) and Masked Labeled
Faces in the Wild (MLFW) (Wang et al., 2022). Sample images from both datasets are shown in Figure 1. We propose
a feature-level fusion approach using LBP and HOG for the recognition of masked and unmasked facial images.

In the rest of the paper, PCA, LBP and HOG feature extraction methods are explained in the next section. After that,
the proposed method using feature-level fusion strategy is discussed. Experimental results and comparison with the
state-of-the-art models are given in the next section and finaly, the conclusions are stated in the last section of this
paper.

Figure 1. Sample Images from CALFW (top) and MLFW (bottom) Datasets
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FEATURE EXTRACTION AND RECOGNITION

In general, feature extraction is the reduction of the complexity of the input images while preserving the most
important information for a specific task. There are many feature extraction techniques such as:

» Hand-crafted feature extraction methods that use one's own experience and knowledge to determine which traits
are important for a certain job. Examples include Principal Component Analysis, Histograms of Oriented Gradients,
Speeded Up Robust Features (SURF), Linear Discriminant Analysis (LDA), Local Binary Patterns, Scale-Invariant
Feature Transform (SIFT) and Gabor Filter.

* Deep Learning-based feature extraction approaches that directly discover features from the data using deep neural
networks. Convolutional Neural Networks (CNNs) and Recurrent Neural Networks (RNNs) are used often in this
circumstance.

 Hybrid feature extraction methods that are about combining traditional feature extraction with that performed by
deep neural networks.

Hand-crafted feature extraction methods used in this study are Principal Component Analysis, Local Binary Patterns
and Histogram of Oriented Gradients. PCA is a widely used method for feature extraction over a several disciplines,
including but not limited to pattern recognition, computer vision, and image processing. The original data are
transformed using a linear method into a reduced-dimensional subspace, in which the directions with the highest
variance in the data are retained, and the others are discarded (Rani et al., 2022).

In the areas of pattern recognition, computer vision, and image processing, LBP is implemented as a feature extraction
approach. It is particularly useful for texture analysis and image classification tasks. LBP's underlying premise is
generating a binary pattern for each pixel in a picture based on the surrounding pixels' intensity levels. The LBP
operator contrasts a central pixel's intensity value with the intensity values of the pixels around it, and the output is a
binary code that represents the local texture around that pixel (Kulkarni et al., 2017).

The feature extraction technique known as HOG is widely utilized in computer vision and pattern recognition,
especially for object detection tasks. The primary premise of HOG is to compute the distribution of gradient
orientations in an image, which captures the shape and structure of an object (Ahamed et al., 2018).

PROPOSED METHOD

Feature extraction, normalization, standardization, matching and classification are the main components of the
proposed method used in this study.

The LBP and HOG approaches are combined to create the feature-level Fusion strategy employed in this research.
Initially, HOG and LBP features are retrieved from each image using this handcrafted approach. As we extract
different type of features using our methods, normalization is applied to both feature vectors. It helps our data points
to be in the same domain so it would be possible to concatenate and compare them with each other. After
normalization, concatenation is applied to both normalized feature vectors in order to get a concatenated fused feature
vector. Finally, the fusion vector related to each image in the training set is used in the matching process with the test
images. Block diagram of the proposed method is shown in Figure 2.

Feature Feature
Extraction Vector 1 A L
2 » Normalization =
using LBP
Method
Input » Feature-Level
: Fusion — Matching — Decision
Image , ; =
. » (Concatenation)
Feature Feature
Extraction Vector 2 b sioendiationl
using HOG T

Method

Figure 2. Block Diagram of the Proposed Method
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EXPERIMENTAL RESULTS

The experiments are implemented using MATLAB 2022a by a computer with Intel i7 processor (10th gen.) and 16
GB of RAM. The experiments are typically organized into three sections to further illustrate the performance. The
first section involves training and testing with masked images of faces. The second section involves training with
masked face images and testing with the unmasked ones. The third experiments use unmasked and masked face
images for training and evaluation respectively.

Experiments using Different Datasets

The outcomes of the tests, which are carried out on several datasets, are as follows. Every feature extractor is applied
on each database in three different experimental setups. Features from each and every train set are retrieved, and a
handcrafted classifier is used to match those features. In the first experimental setup, all of the images are from
MLFW dataset with 500 images used for train and 500 images used for testing. The total number of images that is
used for train and test in the second and the third experimental setups are equal to the numbers used in the first
experiments. However, for the second experimental setup, train images are chosen from MLFW dataset, test images
are chosen from CALFW dataset and in the 3rd experimental setup it is vice versa. Information about datasets used
in this study for three experimental setups are shown in Table 1.

Table 1. Information about Datasets Used in Experimental Setups

Train Total Test Total Total Total
Experimental TrainSet Image  number Test Image number  numberof  number
Setup per of Train Set per of Test Individuals of
Person Images Person  Images Images
I MLFW 1 500 MLFW 1 500 500 1000
II MLFW 1 500 CALFW 1 500 500 1000
11 CALFW 1 500 MLFW 1 500 500 1000

Experimental Setup 1

In the first experimental setup, all feature extraction methods are employed for the masked face recognition after
being trained on images of masked faces. Moreover, images for this experimental setup have been chosen from the
MLFW dataset. The final results have been measured in both cases so that we can train the program with the first
image and test with the second one, or vice versa. Table 2 illustrates the observations.

Table 2. Recognition Rates Using the Experimental Setup I on MLFW Dataset

Train
Feature Image Test Image Accurac
Extractor M LF%N) (MLFW) Y
PCA 1t 2nd 70.2 %
LBP 1t 2nd 93.2 %
HOG 1t 2nd 93.2 %
Proposed st nd 0
Method 1 2 94.2 %
PCA 2nd 1t 68.8 %
LBP 2nd 1st 93.6 %
HOG 2nd 1st 92.8 %
Proposed nd st 0
Method 2 1 94.8 %

It is apparent that in this study, the results from the Proposed, LBP, and HOG methods are all above 90% and very
similar to each other, however, the PCA method does not perform well as these three methods. The proposed method
has the highest recognition rate in both scenarios, with 1% or more improvement over the other methods.

Experimental Setup 11

In the second part of the experiments, all feature extraction methods are used to recognize unmasked faces after being
trained on images of faces with masks. Masked face images are chosen from the MLFW dataset in this scenario,
while unmasked face images are chosen from the CALFW dataset. Also, images are split evenly so that half are
utilized for learning and the other half for testing. Table 3 displays the findings.
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Table 3. Recognition Rates Using the Experimental Setup Il on MLFW and CALFW Datasets

Train
Feature Image Test Image Accuracy
Extractor (MLFW) (CALFW)
PCA Masked Unmasked 45.6 %
LBP Masked Unmasked 57.6 %
HOG Masked Unmasked 57.6 %
Proposed 0
Method Masked Unmasked 64.8 %

It can be seen that the proposed method has the highest recognition rate with over 7% improvement compared to the
accuracy of the other feature extraction methods. Following the proposed method, LBP and HOG methods have the
same recognition rate, and finally, PCA method is at the bottom with a recognition rate under 50%.

Experimental Setup 111

In the third phase of the experiments, all feature extraction algorithms are utilized to distinguish masked faces
following training on images of unmasked faces. In this situation, face images with masks are selected from the
MLFW dataset, whereas face images without masks are selected from the CALFW dataset. Table 4 provides a
summary of the results.

Table 4. Recognition Rates Using the Experimental Setup IIT on CALFW and MLFW Datasets

Train
Feature Image Test Image Accuracy
Extractor (CALFW) (MLFW)
PCA Unmasked Masked 30.4 %
LBP Unmasked Masked 58.0 %
HOG Unmasked Masked 58.0 %
Proposed o
Method Unmasked Masked 58.6 %

In the third experimental setup, when algorithms initially trained by unmasked images and then evaluated on masked
ones, the proposed method, along with LBP and HOG methods, produce the best results with a recognition rate of
near 60%.

Comparison with State-of-the-Art Models

At the conclusion of these experimental activities, the proposed method results relevant to this study are compared
with various state-of-the-art models. These open sourced state-of-the-art deep face recognition methods are as
follows: (1) ResNet50 model trained on a private Asia face dataset (Wang et al., 2021) with ArcFace (Deng et al.,
2019), (2) ResNet50 model trained on CASIAWebFace database (Yi et al., 2014) with ArcFace (Deng et al., 2019),
(3) ResNet50 model trained on VGGFace2 database (Cao et al., 2018) with ArcFace (Deng et al., 2019), (4)
ResNet100 model trained on MS1MV2 database (Guo et al., 2016) refined by insightface with ArcFace (Deng et al.,
2019), (5) ResNet100 model trained on MS1IMV2 database (Guo et al., 2016) with CurricularFace (Huang et al.,
2020), (6) ResNet100 model trained on MS1MV?2 database (Guo et al., 2016) with SFace (Zhong et al., 2021).

All of these state-of-the-art methods are compared to the proposed method in this study in terms of accuracy using
Cross-age LFW (CALFW) and Masked LFW (MLFW) datasets. It is important to note that, for the proposed method,
CALFW and MLFW datasets are used in different cases in order to train the model, while for those deep learning
methods, different benchmarks using various loss functions were used for this purpose. The comparison results are
shown in Table 5.

In the masked face recognition task, the proposed method in this approach has better performance compared to the
deep learning methods presented in Table 5. Overall, hand-crafted methods are easier to implement while they need
less powerful hardware next to taking less amount of time for doing the different tasks in comparison with the deep
learning methods that need much more powerful hardware and also take more time to be implemented and do
different tasks. It is clear that deep learning methods are the latest technology that is employed for doing different
tasks but it does not mean that it is always better than the traditional or older methods as shown in this study. It is
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critical to note that MLFW dataset was used as a training set in this study, as opposed to other datasets which have
high computational cost and computation time for training deep learning models.

Table 5. Comparison of the Proposed Method with the State-of-the-Art Models
Accuracy on Accuracy

Reference Method Train Set CALEW on MLEW
W?ggzelt) al (R:rsc'\;ztfe(; Private-Asia 91.12 % 74.85 %
\2'2 o 2)' FSSSNF?ES Casia-WebFace  92.43 % 82.87 %
C?Zooitg?'- F:fc’\l‘:ztfe‘; VGGFace2 93.72% 85.02 %
thzooig’ﬂ- '?/i’sr’g'lf;l:g;) MS1IMV2 95.83 % 90.13 %
thzooig;"- (Csri?(’:\l'ﬁ;lr?:ce) MSIMV2 95.97 % 90.60 %
thzooigi'- R‘Z;’;'aeégjo MSIMV2 95.83 % 90.63 %
Feature-level MLFW 64.80 % 94.80 %
P&%ﬁ)ﬁzzd ':”5;‘:]3 ‘I’_fB*F')OG CALFW 52.80 % 58.60 %

CONCLUSION

In this approach, an in-depth examination of various analyses of facial recognition algorithms are undertaken by
measuring the efficiency of four methods for extracting features, namely Local Binary Patterns (LBP), Histogram of
Oriented Gradients (HOG), Principal Component Analysis (PCA) and a custom-designed proposed method using the
feature-level fusion of LBP and HOG methods. Furthermore, a handcrafted classifier is applied to assess the precision
of the recognition procedure. The experiments are conducted using two benchmark datasets namely, the Cross-Age
LFW (CALFW) and Masked Labeled in the Wild (MLFW). These datasets are selected because they are widely
employed in the area of facial recognition and offer a trustworthy assessment of the performance of the systems under
investigation. The findings are analyzed and compared to determine the effectiveness of each method. The study also
aims to identify any potential limitations and areas for further improvement in the field of face recognition.

This study indicates that when it comes to recognizing masked faces using a training set of masked face images, the
proposed method outperformed the other feature extraction methods, while HOG and LBP methods have nearly
similar performance to the proposed method. In the case of recognizing masked faces using a training set of unmasked
face images, the proposed method has the highest performance, followed by Local Binary Patterns and Histogram of
Oriented Gradients methods, which have comparable accuracy levels. When it comes to recognizing unmasked faces
using a training set of masked faces, the proposed method again is the most accurate one, and the performance of the
Local Binary Patterns and Histogram of Oriented Gradients methods are equivalent.

It is important to note that, machine learning and deep learning methodologies are constantly evolving. Regarding
future work, it would be beneficial to use more benchmark unmasked and masked face image datasets that include a
variety of illumination angles and rotation variations, as well as incorporating other feature extraction methods based
on deep learning techniques.
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ABSTRACT

In this study, the use of Al,O3; and TiO, nano particles with a size of 12 nm and a purity of 99.9% as gasoline fuel
additives was investigated. Fuel mixtures were prepared using a 3-level factorial design technique, and density and
refractive index values were determined. Al,O3 nano particles, due to their high surface area, increased the density
by 0.17% (3.5 ppm) and 1.22% (7 ppm), while TiO, nano particles increased the density by 0.22% (3.5 ppm) and
1.26% (7 ppm). It was observed that the nano particle with a higher surface area had a less significant effect on
density. The refractive index values decreased by 0.11% (3.5 ppm) and 0.14% (7 ppm) for Al,Os nano particles, and
by 0.21% (3.5 ppm) and 0.24% (7 ppm) for TiO, nano particles. This study highlighted the importance of particle
size, purity, and surface area in the selection of nano particles. Based on the evaluations and preliminary tests, nano
particle levels above 15 ppm exhibited a tendency for agglomeration in the fuel. It is crucial to limit the total
concentration to 15 ppm, especially for nano particles with a high surface area like Al,O3, to achieve homogeneous
fuel.

Keywords: Aluminum oxide, titanium dioxide, gasoline additive, refractive index, density
OZET

Bu calismada, 12 nm boyutunda ve %99.9 safliktaki Al,O3 ve TiO nano partikiillerinin benzin yakit katki maddesi
olarak kullanimi incelenmistir. Partikiil ilave edilen yakit karigimlarinin yogunluk ve kirilma indisi degerleri benzin
yakitiyla karsilagtirilmistir. 3 seviyeli faktoriyel tasarim teknigi kullanilarak yakit karisimlar elde edilmis, yogunluk
ve kirilma indisi degerleri belirlenmistir. Sonuglar, Al.Os nano partikiiliiniin yiiksek yiizey alan1 nedeniyle yogunlugu
%0,17 (3.5 ppm) ve %1,22 (7 ppm) oraninda artirdigin1 géstermistir. TiO, nano partikiiliiniin ise yogunlugu %0,22
(3.5 ppm) ve %1,26 (7 ppm) oraninda artirdig1 belirlenmistir. Yiizey alan1 yiiksek olan nano partikiiliin yogunluk
tizerinde daha az etkili oldugu goriilmiistiir. Kirllma indisi degerleri ise Al.O3 nano partikiiliinde %0,11 (3.5 ppm) ve
%0,14 (7 ppm) azalirken, TiO; nano partikiiliinde ise %0,21 (3.5 ppm) ve %0,24 (7 ppm) azaldigi tespit edilmistir.
Bu ¢alisma, nano partikiil segiminde boyut, saflik ve yiizey alaninin 6nemli oldugunu ortaya koymustur. Yapilan
degerlendirmeler ve 6n testler neticesinde, 15 ppm iizerindeki nano partikiil seviyelerinin yakit icerisinde topaklanma
egilimi gdstermektedir. Ozellikle yiiksek yiizey alanina sahip Al,Oj3 gibi nano partikiiller igin toplam oranin 15 ppm'yi

ToCite: GOKMEN, M. S., PARLAK, M. F., & AYDOGAN, H. (2021). INVESTIGATION OF THE

EFFECT OF NANOPARTICLE ADDITIVES ON THE REFRACTIVE INDEX AND DENSITY OF
GASOLINE. Kahramanmaras Siitcii Imam Universitesi Miihendislik Bilimleri Dergisi, 26(Ozel Say1),
1140-1146.
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agsmamasi homojen bir yakit elde edilmesi i¢in dnemli bir parametredir.

Anahtar Kelimeler: Aliminyuma oksit, titanyum dioksit, benzin katki maddesi, kirilma indisi, yogunluk

INTRODUCTION

Globally, the demand for energy is continuously increasing due to the growing world population. Among various
energy sources, gasoline fuel derived from the refining of crude oil plays a crucial role as a primary energy source in
numerous industrial applications, including automobiles, aircraft, and agricultural machinery. As the world
population expands, so does the number of vehicles on the roads. The transportation sector heavily relies on gasoline
fuel to meet its energy needs. Automobiles, being the most common mode of transportation, heavily depend on
gasoline for their operations. Similarly, aircraft and agricultural machinery also heavily rely on gasoline as their
primary fuel source.(Acaroglu et al., 2018). This situation brings along with it the problems of environmental
pollution caused by exhaust emissions, depletion of oil reserves, and disruption of supply-demand balance. The
characteristics that fuels should meet are determined by international standards, and gasoline engine manufacturers
produce engines that comply with these standards. However, these standards prioritize acceptable engine
performance and emission values, focusing on cost-effective production. (Reif, 2015). The reason why different
countries worldwide develop their gasoline formulations in their domestic refineries, particularly considering the
climatic and geographical conditions of developed countries, is because international standards allow flexibility in
gasoline composition. In Europe, for example, there are various gasoline options such as 95, 98, and 100 octane,
while in the United States, fuels with higher oxygen content that provide better performance in winter conditions are
commercially available. These variations in gasoline formulations allow countries to cater to their specific regional
needs and optimize performance under different environmental conditions.

Gasoline additives used in fuel can be categorized based on their properties as anti-knock agents, stabilizers, corrosion
inhibitors, combustion enhancers, and detergent additives. (Srivastava & Hancsok, 2014). Although commonly used
gasoline additives include chemicals such as aromatics, phenols, phosphorus, and lead tetraethyl, nano particles can
also be used as additives in fuel (Kotia et al., 2020). Nano particles with sizes ranging from 1 to 100 nm exhibit
extraordinary properties due to their small size and often behave differently from larger structures. As the size
decreases, the chemical activation and surface area of the particles increase. Increased chemical activation enhances
the particles' ability to interact with the surrounding environment, while increased surface area increases the number
of particles per unit volume. Smaller-sized materials also have a reduced number of chemical bonds per unit area.
Consequently, as particle size decreases, their melting points significantly decrease. For example, the melting
temperature of gold in bulk structures is 1337 K, whereas for particles with a size of 6 nm, it decreases by
approximately 200 K. (Naito et al., 2018). One of the most important factors contributing to the increased chemical
activation of materials as their size decreases is the increase in surface area. The increased surface area enhances the
material's propensity for reactions and chemical behavior, making nano-sized materials much more reactive
compared to bulk materials. Therefore, the addition of a small amount of nanoparticle can effectively enhance the
properties of fuels (Khan et al., 2022; Dehhaghi et al., 2021; Hatami et al., 2020; Karmakar, 2012).

Density is one of the properties that gasoline fuel needs to meet, which measures the amount of substance within a
given volume. Density is directly proportional to the amount of substance in a given volume. Refractive index, on
the other hand, is a parameter that measures the amount of reflection or transmission of electromagnetic waves by a
fuel (Gahlyan et al., 2020). This parameter is related to the dielectric function of the fuel, and the value of the
dielectric function is dependent on the density of the fuel's electric polarization. This means that the reflection or
transmission of electromagnetic waves by fuels is dependent on their densities. Generally, denser fuels have lower
refractive indices because dense materials have more intense electric polarizations, resulting in less reflection or
transmission of waves (Nita et al., 2016; Nikolaev et al., 2015). Similarly, less dense fuels have higher refractive
indices because the electric polarizations of less dense materials are less intense, resulting in more reflection or
transmission of waves.

There is insufficient research available in the literature regarding the density and refractive index of nano-particles
added to gasoline fuel. Density, which is an important property providing information about fuel classification,
calorific value, and knock resistance, along with the refractive index value that provides information about
hydrocarbon content, were determined through measurements using fuel blends obtained by adding Al,O; and TiO;
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nano-particles in different proportions to gasoline fuel. The aim of this study was to elucidate the effects of nano-
particle additives on the density and refractive index values of gasoline.

MATERIAL AND METHOD

Fuel blends were prepared using 12 nm-sized Al2Os particles and TiO2 particles with a purity of 99.9%.
Pre-screening tests were conducted to determine the fuel ratios, and the total particle concentration was
limited to a maximum of 14 ppm due to observed agglomeration when exceeding 15 ppm. Ultrasonic
homogenizer and mechanical mixer were used during the preparation of the blends to ensure the uniform
dispersion of particles in the fuel. As shown in Table 1, a factorial design method with 3 levels was used
for each nano-particle, resulting in 8 mixtures containing particles. Shell's FuelSave unleaded gasoline was
used as the base fuel for comparison. The fuel and particle specifications used in the tests are provided in
Table 2.

Table 1: Nano Particle Blending Ratios

Factors Levels

Al2O3 (ppm) 0 35 7

TiO2 (ppm) 0 35 7

Table 2: Fuel Specifications

Feature Gasoline  Aluminium Oxide Tit_ani_um
Dioxide
Molecular Formula CxHy Al>O3 TiO,
Molecular Weight (g/mol) - 101.96 79.86
Density (g/cm?) 0,740 3.94 4.23
Flashing Point (°C) <-40 - -
Auto Ignition Point (°C) >250 - -
Octane Number 95 - -
Thermal Conductivity (W/mK) 120 30 11.8
Boiling Point (°C) 47 2977 2972
Lov Heat Value (kJ/kg) 43430 - -

The density measurements of the 8 different fuel blends containing nano particles were conducted at 20°C
using a Mettler Toledo DensitoPro device and compared to standard gasoline, as provided in Table 3.
Additionally, the refractive index values of the fuel blends were measured using a Rudolph Research J357
refractometer with the specifications given in Table 4. All measurements were performed with 5 repetitions,
and the averages were calculated.

Table 3: Density Measurement Device Specifications

Feature Attribute
Model MT DensitoPro
Measurement Range 0-3glcm?
Sensitivity +0,001 g/cm?®
Repeatability +0,0005 g/cm®
Resolution 0,0001 g/cm?

Sample Temp Range 0-50°C
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Table 4: J357 Refractometer Specifications

Feature Attribute

Model RR J357 Refraktometre
Measurement Range 1.26-1.72
Resolution 0.00001
Repeatability +0.00002
Sensitivity +0.00002

Optical Wave Length 589.3 nm

Prism Structure Synthetic Sapphire
Temp Control Range 10°C-100°C
Temp Control Sensitivity +0.05°C
Ambiennt Temp Limit 5°C-40°C

Research Findings

According to the measurements, for both nano particles, it was observed that the density value of the fuel
without Al>Osnano particles (gasoline) was 0.7402 g/cm3, while it increased to 0.7415 g/cm3 with a nano
particle concentration of 3.5 ppm, as shown in Figure 1. This indicates an increase in density by 0.17%.
When the nano particle concentration was increased to 7 ppm, the density value reached 0.7493 g/cm3,
corresponding to a 1.22% increase. Regarding the refractive index values, it was found that the highest
value was 1.42302 for the gasoline fuel. In the fuel blend with 3.5 ppm Al>Oz nano particles (Fuel 2), this
value decreased by 0.11% to 1.42134. In the fuel blend with 7 ppm Al,O3 (Fuel 3), there was a 0.14%
decrease, and the refractive index level was measured as 1.42096.

AL, O

1,425
bt 1424 0 ppm
< 1,423 ———
= 1,422
o s 7 ppm
= _
o 1,421 - e—
= 3.5 ppm
g 142
=4

1,419

1,418

0,735 0,74 0,745 0,75 0,755

Density (g/cm?)

Figure 1: The Effect of Al,O; Nano Particles on Refractive index and Density

According to Figure 2, the effect of TiO2 nano particles on the refractive index and density values is
presented. The fuel with 3.5 ppm TiO2 nano particles showed an increase in density by 0.22% compared to
gasoline fuel, with a measured value of 0.7419 g/cma3. In the fuel with 7 ppm TiO., the density value further
increased by 1.26% to reach 0.7496 g/cm3. The refractive index value decreased by 0.21% in the fuel with
3.5 ppm TiO2 nano particles, measuring 1.41997, and decreased by 0.24% in the fuel with 7 ppm TiO2 nano
particles, measuring 1.41959. Considering the current situation, the changes in density and refractive index
caused by both nano particle additives are within the acceptable range and in compliance with ASTM
standards.
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Figure 2: The Effect of TiO, Nano Particles on Refractive index and Density

All measurements conducted for the mixture quantities obtained through the 3-level factorial design
technique are presented in Table 5. Prediction functions were derived from the data obtained in the table
using the 3-level factorial design technique. These equations enable the prediction of density and refractive
index values. The 1st equation, derived as a function of nano particle quantities, allows for the prediction
of density values, while the 2nd equation enables the prediction of refractive index values with an accuracy
of over 90%.

Table 5: Measurement Results of All Blends

Al,O3 TiO; Density Ref.

Fuel  (opm) (ppm) (@/cm?) Index
Gasoline 0 0 0.7402 1.42302
Fuel 1 35 0 0.7415 1.42134
Fuel 2 7 0 0.7493 1.42096
Fuel 3 0 35 0.7419 1.41997
Fuel4 35 35 0.7444 1.41989
Fuel 5 7 35 0.7468 1.41982
Fuel 6 0 7 0.7496 1.41959
Fuel 7 35 7 0.7501 1.41929
Fuel 8 7 7 0.7518 1.41813

Density = 0,74211 + 0,00216327 * Al,0; + 0,000196599 * Ti0, — 0,000132945 * Al, 05> 1)

— 0,000142274 * Al,05 x TiO, + 0,0000833819 * Ti02?

Refraktive Index 2
= 1,42256 — 0,000260476 * Al,0; — 0,000721429 * TiO, + 0,00000612245

« Al,052 + 0,0000122449 x Al,05 * TiO, + 0,0000404082 * Ti0,>

RESULTS

In this study, fuel mixtures were prepared by mixing Al2O3z and TiO2 nano particles with particle sizes of
12 nm and purity of 99.9%, and surface areas of 378.80 m2/g and 48.8 m2/g, respectively, with gasoline at
concentrations of 0, 3.5, and 7 ppm. The refractive index and density values of the fuel mixtures were
compared with those of gasoline. The quantities of the fuel mixtures were determined using the 3-level
factorial design technique, and prediction functions were obtained. The comparison revealed that the Al>O3
nano particle with higher surface area increased the density by 0.17% at the 3.5 ppm level and by 1.22% at
the 7 ppm level. On the other hand, the TiO2 nano particle with lower surface area increased the density by
0.22% at the 3.5 ppm level and by 1.26% at the 7 ppm level. Despite having the same particle size and
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purity ratios, the different surface areas of the nano particles caused variations in their densities, with the
higher surface area particle having a lower impact on density. The refractive index values decreased by
0.11% and 0.14% at the 3.5 ppm and 7 ppm levels, respectively, for the Al>Oz nano particle. Similarly, for
the TiO2 nano particle, there was a decrease of 0.21% and 0.24% at the 3.5 ppm and 7 ppm levels,
respectively. These results fall within the acceptable range according to ASTM standards. This study
highlighted the importance of particle size, purity, and surface area in the selection of particles added to
gasoline. Preliminary screening tests revealed a tendency for particle aggregation in gasoline at levels above
15 ppm. Particularly, ensuring that the total ratio of high-surface-area nano particles does not exceed 15
ppm can prevent aggregation. The study demonstrated that the use of Al,O3z and TiO2 nano particles can
affect fuel properties in internal combustion engines, emphasizing the need for further research. The
findings will contribute to a better understanding of how the addition of nano particles to gasoline can affect
engine performance and emissions.
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OZET

Son yillarda teknolojinin hizla gelismesi ve internet kullaniminin artmasiyla birlikte online aligveris sitelerine olan
ilgi daha da artmaktadir. Artan bu tiiketici ilgisi goz 6ntine alindiginda, online aligveris siteleri arasindaki rekabet de
her gegen giin artmaktadir. Bu rekabet ortaminda tiiketicilerin ilgisini ¢eken ve tercih edilen bir platform olmak biiyiik
Onem tasimaktadir. Bu ¢alismada Endiistri 4.0 temelinde online aligveris sitelerinin tercih edilmesinde etkili olan
kriterlerin degerlendirilme siireci ele alinmaktadir. Calismada dikkat edilecek kriterler; tirlin bilgisi ve cesitliligi,
zamaninda ve dogru teslimat, web sitesi tasarimi ve performansi, giivenilirlik/gizlilik ve miisteri memnuniyetidir. Bu
kriterlerin iligkilerinin ve Onemlerinin belirlenmesinde Cok Kriterli Karar Verme (CKKYV) yodntemlerinden
DEMATEL yontemi kullanilmigtir. Boylelikle online rekabet ortaminda dikkate alinmasi gereken kriterlerin
belirlenme siireci gosterilmis ve buna katki saglayacagi varsayilan kriterler degerlendirilmistir. Bu degerlendirmeler
sonucunda, online aligveris sitelerinin mevcut durumlarini, Endiistri 4.0 temelinde iyilestirmelerine yonelik oneriler
sunulmustur.

Anahtar Kelimeler: Online aligveris siteleri, Endiistri 4.0, Cok kriterli karar verme, DEMATEL y6ntemi.
ABSTRACT

In recent years, with the rapid development of technology and the increase in internet usage, the interest in online
shopping sites is increasing. Considering this increasing consumer interest, competition between online shopping
sites is increasing day by day. In this competitive environment, it is of great importance to be a platform that attracts
the attention of consumers and is preferred. In this study, the evaluation process of the criteria that are effective in
choosing online shopping sites on the basis of Industry 4.0 is discussed. Criteria to be considered in the study; product
information and variety, on-time and accurate delivery, website design and performance, reliability/confidentiality
and customer satisfaction. DEMATEL method, one of the Multi-Criteria Decision Making (MCDM) methods, was
used to determine the relationships and importance of these criteria. Thus, the process of determining the criteria that
should be taken into account in the online competitive environment is shown and the criteria that are assumed to
contribute to this are evaluated. As a result of these evaluations, suggestions were made to improve the current
situation of online shopping sites on the basis of Industry 4.0.

ToCite: DURMAZ, Z., & AKSAKAL, E., (2023). ENDUSTRI 4.0 TEMELINDE ONLINE ALISVERIS
SITELERININ SECIMINDE DIKKATE ALINACAK KRITERLERIN DEMATEL YONTEMI ILE
DEGERLENDIRILMESI. Kahramanmaras Siitcii Imam Universitesi Miihendislik Bilimleri Dergisi,
26(Ozel Say), 1147-1155.
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GIRIS

Son yillarda hizla geliserek giinlilk hayatimizin 6nemli bir pargasi haline gelen ve diinyada kullanici sayisini her
gegen giin gittikee arttirarak faaliyet alanini da devamli genisleten internet, giiniimiizde insanlarin kullandigr iletigim
araclarinin en énemlilerinden biri haline gelmistir. Internet, bilgisayar sistemlerinin birbirine baglandig, tiim diinya
capinda kullanimi olan ve siirekli biiyiimekte olan bir iletisim agi seklinde ifade edilmektedir (Yalgin, 2012).
Ozellikle de geng neslin siklikla kullandig1 ve vazgegilmezi olan internet giinliik hayatimiz igerisinde énemini ve
kullanim oranini her gegen giin artirmaktadir.

Internetin hizla gelisimine bagh olarak tiiketiciler 7/24 aligveris yapabilecekleri online alisverise ilgi gdstermeye
baslayinca, geleneksel aligveris magazalar1 da online ortamda satis yapmaya yonelmislerdir (Cheung ve Lee, 2006).
Bu hizli degisimle beraber isletmeler, tistiin bir basar1 elde etmek i¢in bir¢ok farkli konuda kararlar almak zorunda
kalmuslardir. Bu siiregte, karar vericilerin, dogru ve giivenilir bilgilere ve degerlendirme tekniklerine ihtiyaci vardir.
Cok sayida alternatif arasinda en uygun olan alternatifin segilmesi siirecinde ¢elisen ve gok sayida kriter oldugu i¢in
de Cok Kriterli Karar Verme yontemleri kullanilmaktadir (Soner ve Oniit, 2006).

Gelisen teknolojiye bagl olarak internet kullaniminin artmasi ve yasanan Covid-19 pandemi siireci ile birlikte,
tiiketicilerin aligveris davraniglarinda degisiklikler meydana gelmis ve online aligverise olan ilgileri daha da artmustir.
Online aligverise kars1 artan bu ilgi akademisyenler ve sektor igindeki isletmeler tarafindan ilgiyle takip edilmis ve
giderek onem kazanan bir konu haline gelmistir. Yasanan bu degisim ve gelisim siireci, geleneksel igsletmelerin online
ortama yonelmesini zorunlu hale getirmistir. Gergeklesen bu yonelim dogrultusunda, internet diinyasinda hizla
biiylimekte ve gelismekte olan online aligveris siteleri arasindaki rekabet de giin gegtikce artmaktadir.

Rekabet ortaminda, tiikketicilerin tiriin veya hizmet satin alma siirecini etkileyen faktorleri analiz etmek ve bu analizler
dogrultusunda aligveris sitelerinde iyilestirmeler yapmak siirdiiriilebilir bir basariy1 yakalayabilmek i¢in g¢ok
onemlidir. Bu baglamda rekabeti yakalayabilmenin en temel yolu ise, ¢agimizin biiyiik devrimlerinden biri olan
Endiistri 4.0 temelinde aligveris sitelerini degerlendirip bu dogrultuda iyilestirmeler uygulamaktir. Bu uygulamalar
sayesinde, isletmeler online ortamda siirdiiriilebilir bir basar1 avantaji elde edebilecek ve varliklarimi devam
ettirebileceklerdir.

Endiistri 4.0 aslinda dijital sanayi devrimi seklinde ifade edilen bilisim teknolojilerinin ve endiistrinin ortaklasa bir
biitiinii seklinde tanimlanabilir. Bir biitiin haline gelen ve dijital doniisiimii ifade eden bu kavram ile beraber iiretimde
verimlilik ve maliyet avantaji gibi isletme diizeyindeki olumlu sonuglar elde edilmesini saglamanin yani sira, stratejik
biiylime, insan kaynagi istihdami ve yonetimi, egitim, yatirim gibi uzun vadeli sonuglarin ortaya ¢ikmasina da temel
olusturmaktadir (TUSIAD, 2016). Endiistri 4.0 ve onun bilesenleri sayesinde teknolojiyi de arkasina alarak yatirrm
yapan ve finansman saglayan iilkelerin ve igletmelerin; gelismislik diizeylerinde 6nemli diizeyde artis, galiganlarin
mesleklerinde ciddi bir farklilasma ve degisim yasanacagi ongoriilmektedir. Gelecekte ise bu durumun gesitli sosyal,
siyasi ve ekonomik sonuglar doguracagi ve boylece her tiirlii ortamda iligkileri farklilastiracagi diigtinilmektedir
(Petekei, 2021).

Calismanin ilk bolimiinde, online aligverig sitelerinin giiniimiizdeki 6neminden ve caligma kapsamindan s6z
edilmektedir. Calismanin ikinci boliimiinde, Cok Kriterli Karar Verme yontemlerinden yararlanilarak online aligveris
sitelerinin degerlendirilmesi hakkinda literatiir taramasina yer verilmektedir. Calismanin i¢lincii boliimiinde
kullanilan yontemler agiklanmakta, dordiincii boliimiinde ise uygulama adimlarindan bahsedilmekte ve son olarak
sonug ve tartismalar boliimiinde ise online aligveris siteleri i¢in Endiistri 4.0 uygulamalari ile yapilabilecek iyilestirme
Onerileri yer almaktadir.

LITERATUR TARAMASI

Literatiirde, online aligveris sitelerinin degerlendirilmesi farkli yontemler kullanilarak ele alinmistir. Bu ¢aligsmalara
iliskin bilgiler agsagida sirasiyla verilmistir.
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Diindar vd. (2007) ¢aligmalarinda Fuzzy TOPSIS yontemi ile ilgili bilgiler vermisler ve yontemin isleyisine agiklik
kazandirmak i¢in sanal magazalarin aligveris Sitelerinin degerlendirilmesine yonelik bir uygulama yapmislardir.

Zhang vd. (2008) ¢alismalarinda, bir degerlendirme indeks sistemi formiile ederek TOPSIS yonteminin bir uzantisini
gelistirmisler ve bu yontem ile e-ticaret aligveris sitelerini degerlendirmislerdir.

Cabuk vd. (2012) ¢alismalarinda, uzman karar vericilerden olusan bir grup ile belirlenen kriterler dogrultusunda, 6zel
aligveris sitelerinin Bulanik TOPSIS y6ntemi ile siralamasini yapmuslardir. ilk siradaki aligveris sitesi %67 puanla
begeni alirken, ikinci aligveris sitesi %66 puanla, 3. ve 4. aligveris siteleri %59’luk puanla esdeger diizeyde begeni
almustir.

Cavlak (2012) caligmasinda, online aligveris sitelerinin tercihinde etkili olan kriterlerin 6nem agirhiklarimi AHP
yontemiyle elde etmistir. Elde edilen sonuca gore en 6nemli kriter giivenilirlik/gizlilik olarak bulunmustur.

Ozgiiven (2012) ¢alismasinda, hangi alisveris sitesinin diger sitelere gére daha etkin oldugunu belirlerken ¢ok kriterli
karar verme yontemlerinden PROMETHEE yo6ntemini kullanmaistir.

Nilashi (2015) calismasinda, en giivenilir aligveris sitesini segerken ¢ok kriterli karar verme yaklagimlarindan
Analitik Ag Stireci (AAS) ve Yapay Zeka (Al) yaklagimlarindan bulanik mantig1 kullanmustir.

Gok ve Pergin (2016) calismalarinda, hizmet kalitesi performansina gore aligveris sitelerinin tercihinde etkili olan
kriterin agirliklarimi DEMATEL yontemi ile hesaplayip AAS yontemine aktarmiglardir. AAS yonteminden elde
edilen verilere gore VIKOR yontemiyle aligveris sitelerinin siralamasini elde etmislerdir.

Cakir vd. (2018) galismalarinda, 6zel aligveris sitelerinin degerlendirilmesi siirecinde kullanilacak olan Kriterlerin
agirliklarint SWARA yontemi ile belirlemisler daha sonra siralama iglemini ise WASPAS yontemi ile ele almislardir.
Elde edilen siralama sonucunda en iyi 6zel aligveris sitesini kullanicilara 6nermislerdir.

Nguyen (2019) calismasinda, e-ticaret tasarim platformlarinin degerlendirilmesi siirecinde Bulanik VIKOR
yontemini Uygulamis ve sayisal bir simiilasyon ile siireci gostermistir.

Li ve Sun (2020) ¢alismalarinda, basarili bir B2C e-ticaret aligveris sitesini tasarlamak igin, kriter degerlendirme
stirecinde herhangi bir belirsizligi ve griligi en aza indirmek i¢in Bulantk AHP ve TOPSIS-Grey yontemlerini
kullanmiglardir.

Agrawal vd. (2020) calismalarinda, miisteri memnuniyeti Kriterlerine dayali olarak e-ticaret aligveris sitelerini
Bulanik  Analitik Hiyerarsi Siireci (BAHP), Bulamk TOPSIS ve PROMETHEE 1I yontemleri ile
degerlendirmislerdir.

Bayir (2020) calismasinda, uzman karar vericilerin goriigleri ve literatiir taramalar1 neticesinde online aligveris
sitelerini degerlendirmeye yonelik se¢im kriterlerini belirlemistir. Belirlenen kriterlerin agirliklarini ise AHP yontemi
ile tespit edip siralamustir.

Kaur ve Gupta (2021) ¢alismalarinda, bir web sitesinin tasarim kalitesini dizin degeri bi¢iminde 6l¢mek i¢in Kalite
Endeksi Degerlendirme Ydntemi temelli bir yap1 olusturmuslardir. Calismada, tasarim kalitesi hususlarinin yeni bir
siiflandirmasini énermis ve Bulanikk DEMATEL yontemi ile agirliklandirma uygulamasi yapmisglardir.

Lu vd. (2022), tiiketicilerin sinir tesi e-ticaret platformlarini kullanim niyetlerini etkileyen kriterleri belirlemeye
calismiglardir. Calismalarinda DEMATEL ve EDAS yontemlerini biitlinlesik olarak kullanmiglardir.

Tsai vd. (2023), bir gida dagitim platformunun degerlendirilmesi ve se¢ilmesi siirecini DEMATEL, DANP ve
modifiye edilmis VIKOR yontemi temelinde ele almiglardir.

MATERYAL ve YONTEM

Bu calismada, literatiir arastirmasi sonucunda online aligveris sitelerinin tercihinde etkili olacag: diisiiniilen Kriterler
“Ortin  bilgisi ve c¢esitliligi”, “zamaninda ve dogru teslimat”, “web sitesi tasarimi ve performansi”,
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“giivenilirlik/gizlilik” ve “miigteri memnuniyeti” olarak belirlenmistir (Diindar vd., 2007; Cabuk vd., 2012; Cavlak,
2012; Omiirbek ve Simsek, 2014; Cakir vd., 2018). Belirlenen bu kriterler, CKKV yontemlerinden DEMATEL
yontemi kullanilarak degerlendirilmistir.

DEMATEL Yéntemi

Cok kriterli karar verme yontemlerinden biri olan DEMATEL (The Decision Making Trial and Evaluation
Laboratory) Yontemi; karisik ve i¢ ige geemis problem kiimelerindeki kriterlerin birbirleri arasindaki iligkilerinin
tespit edilmesi ve uygulanabilir ¢6ziimlerin belirlenmesi amaciyla 1972-1976 yillar1 arasinda Cenevre Battelle
Memorial Enstitiisii tarafindan gelistirilen bir yaklasimdir (Li ve Tzeng, 2009). Sebep-sonug Kriterleri arasindaki
iligkiyi sistemin anlasilir bir yapisal modeline doniistiren DEMATEL ydntemi, ayni zamanda diger kriterleri
etkileyen en 6nemli kriterleri nermeye imkan tanimaktadir.

DEMATEL Yontemi adimlart asagida gosterilmistir (Hori ve Shimizu, 1999; Seyed-Hosseini vd., 2005; Chiu vd.,
2006 ; Hung vd., 2006 ; Wu ve Lee, 2007 ; Tzeng vd., 2007; Tsai ve Chou, 2009; Aksakal ve Dagdeviren, 2010 ;
Derse, 2020).

Adim 1: Direkt-iliski Matrisinin Olusturulmasi
Oncelikle Tablo 1°de gosterilmekte olan ikili karsilastirma skalasi kullanilarak Direkt-Iliski Matrisi (A) elde edilir.

Tablo 1. Karsilastirma Skalasi
Sayisal Deger Tanim
Etkisiz
Diisiik Etki
Orta Etki
Yiiksek Etki
Cok Yiiksek Etki

A wWNDPEFE O

Adim 2: Normallestirilmis Direkt-Iliski Matrisinin Olusturulmasi

Direkt-iliski Matrisi (A)’dan yararlanilarak ve asagidaki (1) ve (2) esitlikleri, satir ve siitundaki en kiiciik deger (k)
kullanilarak, esas kosegen degerleri 0 olan Normallestirilmis Direkt-Iliski Matrisi (M) elde edilir.

M = kxA (8]

1 1
k = Min y
! <max ¥ lai|” max T, |aij|> @)

1<ign 1<j<n

i,j€{123,..,n}

Adim 3: Toplam Iliski Matrisinin Elde Edilmesi

Normallestirilmis iliski matrisinin elde edilmesinden sonra Toplam iliski Matrisi (S), (3) esitligi kullanilarak elde
edilir. Esitlik icerisinde kullanilan (I) birim matrisi ifade etmektedir.

S=M+M?*+M3..=%2, M =M({I-M)* (3)
Adim 4: Gonderici Grubu ve Alict Grubu Hesaplanmasi

Toplam iligki matrisindeki siitunlar toplam1 (R) ve satirlar toplami (D) ile ifade edilir. (4), (5) ve (6) esitliklerinin
hesaplamalart ile her bir kriterin digerlerine olan etki seviyesi ve digerleriyle iliski seviyesini belirten D+R ve D-R
degerleri elde edilir. Eger bir kriterin D-R degeri pozitif ise gonderici olarak adlandirilir ve diger kriterleri daha ¢ok
etkileyen gruptadirlar. Ayrica daha yiiksek dncelige sahiptirler. Eger D-R degeri negatif ise alici olarak adlandirilir
ve diger kriterlerden daha fazla etkilenen gruptadirlar. Ayrica daha diisiik 6ncelige sahiptirler. ilaveten D+R degerleri


https://www.sciencedirect.com/science/article/pii/S0957417407005830#fd5
https://www.sciencedirect.com/science/article/pii/S0957417407005830#fd6
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her bir kriterin diger kriterlerle arasindaki etkilesim diizeyini géstermektedir. D+R degeri yiikseldikge kriterler
arasindaki etkilesim yiikselmekte, D+R degeri azaldikea kriterler arasindaki etkilesim de azalmaktadir.

S=s; j]m, i,je{1,2,3,..,n} (4)
D = Z?:l Si,j (5)
R=%1,si; (6)

Adim 5: Esik Degerinin Belirlenmesi ve Etki-Yonlii Graf Diyagraminin Elde Edilmesi

Bu adimda, karar verici veya uzmanlardan etki seviyesi i¢in bir esik deger belirlenmesi istenir ve toplam iliski
matrisinde bu esik degerinden daha biiyiik olan degerler segilir. Boylece, dikey ekseni D-R ve yatay ekseni D+R
degerlerinden olusan Etki-Yonlii Graf Diyagranmu elde edilir.

Admm 6: Kriterlerin Agirliklarinin Belirlenmesi

D+R ve D-R degerleri yardimiyla esitlik (7) kullanilarak, her bir kriterin agirlig1 bulunur.

- (D+R)2+(D—R)? 3 '
Wl_2?=1 (D+R)?+(D-R)? ' W = {Wilixn @

BULGULAR

Calisma kapsaminda yapilan literatiir arastirmalari sonucunda, online aligveris sitelerinin tercihinde etkili olan
kriterler; triin bilgisi ve gesitliligi (C;), zamaninda dogru teslimat (C,), web sitesi tasarimi ve performansi (C3),
giivenilirlik/gizlilik (C,), ve misteri memnuniyeti (Cs) olarak belirlenmistir. Belirlenen bu kriterlerin, birbirleri
arasindaki iligkiler ve 6nem dereceleri 2 uzman goriisii dikkate alinarak DEMATEL yodntemi ile hesaplanmustir.

Ikili karsilastirma skalasindan faydalanilarak uzman goriislerinin geometrik ortalamasi alinmis ve Tablo 2°deki direkt
iligki matrisi elde edilmistir.

Tablo 2. Direkt Iliski Matrisi

[ C, [ C, [
c, 0,000 3,464 2,449 2,000 4,000
c, 2,000 0,000 3,000 3,000 4,000
C; 3,464 2,449 0,000 4,000 2,449
C, 1,414 2,449 4,000 0,000 4,000
Cs 1,414 1,732 2,449 2,449 0,000

Direkt-iliski matrisinin elde edilmesinden sonra, Normallestirilmis Direkt-iliski Matrisi ve Toplam Iliski Matrisi
sirastyla (1), (2) ve (3) esitlikleri kullanilarak elde edilmistir. Toplam iliski matrisinin olusturulmasindan sonra (4),
(5) ve (6) esitlikleri kullanilarak D+R ve D-R degerleri tespit edilmistir. Tablo 3'de D+R, D-R degerleri ve Toplam
Mliski Matrisi gosterilmistir.

Tablo 3. D+R, D-R Degerleri ile Toplam-iliski Matrisi
C, C, Cs C, Cs D+R D-R

Cy 0,429 0,693 0,733 0,698 0,905 6,024 0,891
C, 0,555 0,500 0,768 0,755 0,908 6,468 0,503
C; 0,651 0,678 0,629 0,830 0,874 7,181 0,140
C, 0,526 0,640 0,813 0,583 0,899 6,895 0,028
Cs 0,406 0,471 0,578 0,568 0,498 6,604 -1,563

Elde edilen sonuglara baktigimiz zaman kriterler arasi iliskiyi gésteren D+R degerlerinde sirasiyla 3., 4. ve 5.
kriterlerin diger kriterler ile daha fazla iliskide oldugu goriilmustiir. Etkilenen veya alici olarak adlandirilan, daha
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diistik 6ncelige sahip ve diger kriterlerden daha ¢ok etkilenen D-R (negatif) degerlerinde ise 5. kriterin diger kriterlere
gore daha fazla etkilendigi tespit edilmistir.

Etkileyici veya gonderici olarak adlandirilan, daha yiiksek etkiye sahip ve daha yiiksek 6ncelige sahip olan D-R
(pozitif) degerlerinde ise sirasiyla 1., 2., 3. ve 4. kriterlerin diger kriterlere nispeten daha ¢ok etkiledigi goriilmiistiir.
Sekil 1°de Tablo 3’de elde edilen D+R ve D-R degerleri kullanilarak, kriterlerin birbirleri arasindaki etkilesimlerini
ortaya koyan etki-yonlii graf diyagrami ¢izilmistir.

Kriterler arast iligkinin ortaya konulmasinda kullanilacak esik degeri uzman karar vericiler tarafindan 0,7 olarak
belirlenmistir. Esik degeri toplam iliski matrisindeki degerlere uygulanmis, gonderici grubu ve alict grubu
hesaplamalar1 yapilarak Sekil 2°de gosterilen iliski bulunmustur.

1,500
1,000
0,500

0,000

5,800 7,400

DR

-0,500

-1,000

-2,000

D+R

Sekil 1. Etki-Yonli Graf Diyagrami

C1 C3

Sekil 2. Kriterlerarasi Iliski
Esitlik (7) kullanilarak hesaplanan kriter agirliklar1 Tablo 4'te gosterilmektedir.

Tablo 4. Kriter Agirliklari

KRITERLER w;

Uriin bilgisi ve gesitliligi 0,182
Zamaninda dogru teslimat 0,195
Web sitesi tasarimi ve performansi 0,214
Giivenilirlik/gizlilik 0,205
Miisteri memnuniyeti 0,204

Online aligveris siteleri i¢in 6nem derecesi en biiyiik olan kriter 0,214 degeri ile “web site tasarimi ve performansi”

L INA3

olarak bulunmustur. Siralama “giivenilirlik/gizlilik”, “miisteri memnuniyeti”, “zamaninda dogru teslimat” ve “iiriin

bilgisi ve ¢esitliligi” olarak devam etmektedir.
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TARTISMA ve SONUC

Giiniimiizde, teknoloji ve internetin gelisimine bagli olarak, online alisveris yapan tiiketicilerin giderek daha da
artmasiyla birlikte rekabet de artmustir. Artan bu rekabetle bas edebilmek igin online aligveris sitelerinin, internet
cagmin getirmis oldugu yenilikler dahilinde gelistirilmesi ve iyilestirilmesi gerekmektedir. Online aligveris siteleri,
kar optimizasyonu igin, teknoloji ile yasamayi bilmeli ve Endiistri 4.0 uygulamalarini sistemlerine entegre
etmelidirler. Bu baglamda, online aligveris siteleri Endiistri 4.0 uygulamalari ile; daha az zaman ve maliyet ile miisteri
memnuniyetini arttirabilir, piyasa kosullarina daha kolay adapte olabilir ve uzun vadede pazarlama etkinliklerini
arttirabilirler.

Bu calismada, online aligveris siteleri tercih edilirken hangi kriterlerin ne derecede 6nemli oldugu DEMATEL
yontemi ile tespit edilmistir. Kriter agirliklar1 siralamasi; web sitesi tasarimi ve performansi, giivenilirlik/gizlilik,
miigteri memnuniyeti, zamaninda dogru teslimat ve {iriin bilgisi ve ¢esitliligi seklinde olmustur.

Siralamada en 6nemli bulunan kriter, web sitesi tasarimi ve performansidir. Tiiketiciler igin Karmagik site tasarimi ve
site sayfalarinin yavas yiiklenmesi oldukca biiyiik bir sorundur. Alisveris sitelerinin oldukga sade, yalin ve yiiksek
performansli olarak tasarlanmasi gerekmektedir. Boylece, olabildigince az islem adimiyla, tiiketicinin istedigi iirline
ulagmas1 saglanacaktir. Bu baglamda, online aligveris siteleri yapay zeka, nesnelerin interneti ve bulut bilisim gibi
Endiistri 4.0 uygulamalariyla uyumlu olarak dizayn edilmelidir. Miisterinin aradigini daha rahat bulabilmesi i¢in
yapay zeka kullanilarak gorsel arama motorlar: siteye eklenebilir. Goriintii isleme algoritmalarina dayanmakta olan
bu sistem web site tasarimini gelistirerek miisteri hizmetlerinin iyilestirilmesine yardimci olabilir.

Giivenilirlik/gizlilik kriteri ikinci siradadir. Insanlar online alisveris yaparken, kisisel bilgilerini ve kredi karti
bilgilerini paylasma konusunda kendini giivende hissetmemektedirler. Online alisveris siteleri, bu sorunlari
engellemek icin SSL (Secure Sockets Layer) ve 3D Giivenlik uygulamalari gibi 6nlemler almaktadir. Ancak
titketicileri tatmin etmek i¢in bu dnlemleri siirekli olarak gelistirmeli ve tiiketiciyle paylagsmalidir. Bu baglamda,
isletmeler, siber giivenlik sistemleri ve makine 6grenimi algoritmalari kullanarak, giivenlik tehditleri ve agikliklarini
kolay ve hizl1 bir sekilde tespit edebilirler. Boylece, sitelerini glivende tutmak i¢in uygun giivenlik ¢6ziim dnerilerine
rahatga erigebilirler.

Ucgiincii sirada miisteri memnuniyeti kriteri vardir. Miisteriler alisveris yaparken karsilasmis oldugu sikint1 veya
sikayet gibi durumlarda 7/24 aligveris sitesiyle iletisim kurmak istemektedir. Aldigi {irlin veya hizmet igin satig
sonrasi hizmet saglanmasi da miisteriler igin olduk¢a 6nemlidir. Online aligveris siteleri, miisteri memnuniyetini
artirmak i¢in yapay zekd ve makine 6grenimi teknikleri kullanilarak gelistirilen sohbet ve canli destek robotlari
kullanabilir. Bu robotlarin insan gibi davranma ve 6grenme yetenegi vardir. Boylelikle, miisterilerle daha hizli bir
sekilde iletisime gegilebilir.

Zamaninda dogru teslimat kriteri dordiincii siradadir. Tiiketici satin aldig: iiriiniin eksiksiz, hasarsiz bir sekilde ve
vaat edilen zaman icinde teslimatin1 beklemektedir. Isletmeler, Endiistri 4.0 uygulamalarini sitemlerine entegre
ederek insani hatalar1 hemen hemen sifira indirebilir. Otonom robotlar ve drone teknolojisi kullanilarak iiriin teslimat
stirecleri kisaltilabilir.

Siralamada son siradaki kriter iirlin bilgisi ve gesitliligi olarak bulunmustur. Tiiketici almak istedigi iirliniin tim
ozelliklerini agik bir sekilde site sayfasinda gérmek istemektedir. Ayrica iiriin ¢esitliligi bir avantaj olarak gortilse de
¢ogu zaman misterinin aklini karistirmaktadir. Misterinin aligveris sitesindeki davranislariyla ilgili verilerin
analizinde makine 6grenimi algoritmalar1 kullanilabilir. Bu sayede, misterinin almak istedigi tiriin tahmin edilebilir
ve en uygun lrlinler dnerilebilir.

Gelecekte yapilacak olan ¢aligmalarda, oncelikle kriter sayisinin artirilmasti ile uygulama yapilabilir. Boylece farkli
durumlarin ve yaklagimlarin géz 6niine alinmasi ile problemin icerigi gelisecek ve zenginlesecektir. Ayrica ¢alismaya
konu olacak kriterlerin bulanik olma durumlar1 dikkate alinarak caligma farkli bir bakis agisina sahip olacak sekilde
gelistirilebilir. Aligveris sitelerinin se¢im siirecinin ele almacag: bir problem yapisi ile birlestirilerek Cok Olgiitlii
Karar Verme Teknikleri kullanilarak ¢oziimleme yapilmasi da segenekler arasinda olacaktir.
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ABSTRACT

In this numerical investigation, the impacts of complete and partial cylindrical fin configurations on the
thermohydraulic performance of a minichannel heatsink are studied. ANSYS Fluent software is used to conduct
numerical analyses for four distinct mass flow rates ranging from 0.00265 kg/s to 0.0045 kg/s and three distinct fin
positions. The effects of various configurations on velocity and temperature fields, average Nusselt number, Nusselt
number ratio, friction coefficient, and performance evaluation coefficient are analyzed. According to the study’s
findings, using partial cylindrical fins has a substantial impact on both heat transfer and pressure drop. When
evaluating heat transfer, MCHS-R2a produces the greatest results, but this configuration greatly raises flow
resistance. MCHS-R2c was found to have substantial potential when evaluated in terms of thermohydraulic
performance.

Keywords: Minichannel heat sink, partial cylindrical fin, thermohydraulic performance.
OZET

Bu calismada, tam ve pargali silindirik kanatgik konfigiirasyonlarinin bir minikanalli 1s1 alicinin termohidrolik
performansina etkileri sayisal olarak incelenmistir. Bu amagla, 0.00265 kg/s ile 0.0045 kg/s araliginda dort farkl
debi ve li¢ farkli kanat¢ik konumu igin sayisal ¢calismalar ANSYS Fluent yazilimi kullanilarak gerceklestirilmistir.
Farkli konfigiirasyonlarin hiz ve sicaklik alanlarina, ortalama Nusselt sayisina, Nusselt sayisi oranina, siirtiinme
katsayisina ve 1s1 alicinin performans katsayisina olan etkileri degerlendirilmistir. Caligma sonucunda, pargali
silindirik kanat¢ik kullaniminin 1s1 transferi ve basing diisiimii {izerinde 6nemli etkilerinin oldugu, 1s1 transferi
acisindan degerlendirildiginde MCHS-R2a’nin en iyi sonucu verdigi fakat bu konfigiirasyonun akisa karsi olan
direnci 6nemli dlgiide artirdigi belirlenmistir. Termohidrolik performans agisindan degerlendirildiginde ise MCHS-
R2c¢’nin 6nemli sonuglar vadettigi ortaya konmustur.

Anahtar Kelimeler: Minikanalli 1s1 alic1, pargali silindirik kanatgik, termohidrolik performans.

ToCite: SARPER, B., TURK, D.N., DAGIDIR, K. & AYDIN, O., (2023). EFFECTS OF COMPLETE
AND PARTIAL CYLINDRICAL FIN CONFIGURATIONS ON THERMOHYDRAULIC
PERFORMANCE OF A MINICHANNEL HEAT SINK. Kahramanmaras Siitcii Imam Universitesi
Miihendislik Bilimleri Dergisi, 26 (Ozel Say1), 1156-1170.
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INTRODUCTION

Changing manufacturing techniques and advancing technology have enabled the design and production of compact
heat exchangers with reduced volume and greater efficiency. Minichannel heat sinks (MCHSS), a type of compact
heat exchangers, have attracted the attention of researchers due to their compact structure, effective thermal
performance, and growing application possibilities. As a result of advancements in materials technology, MCHSs
have been used as a practical apparatus to remove excessive heat from systems since the mid-1990s (Bowers and
Mudawar, 1994). Their prevalence has increased due to their widespread application in electronics cooling.

To meet the ever-increasing demand for cooling, MCHSs have modified to incorporate fins, which contribute to the
enhancement of heat transfer characteristics (Naphon and Wongwises, 2010). However, while fins positioned in the
flow field increase heat transfer, they negatively affect the pressure drop. This has led to the necessity of addressing
the issue in terms of both heat transfer and pressure drop. Researchers have investigated a variety of configurations
in channel structure and flow pattern so as to enhance the system’s efficiency in terms of both heat transfer and
pressure drop. Table 1 provides a summary of various configurations of channel structures and flow patterns reported
in the literature.

Table 1. Some Studies on Channel Structures and Flow Patterns in The Literature
Content of the study
The channel with narrow dimples, cylindrical grooves and fins smaller than the
channel height.
Wang et al. (2013) The rectangular straight and expanding cross section of the channel.
Di Maio et al. (2014) The straight and ribbed channel.
Ghobadi and Muzychka (2014) The channel with 90° curved and spiral geometry.

Reference
Bi et al. (2013)

Li et al. (2015)

Xu et al. (2016)

Saeed and Kim. (2016)
Ma et al. (2016)

Liu and Yu (2016)
Kim et al. (2017)

Tang (2017)

Saeed and Kim (2017)

Imran et al. (2018)
Kumar and Singh (2019)
Abdulhaleem et al. (2019)
Lim and Lee (2019)
Song et al. (2019)
Tikadar et al. (2019);
Mitra and Ghosh (2020)
Xiao et al. (2020)
Dabrowski (2020)

Cao et al. (2020)

Deng et al. (2020)

Kilic et al. (2020)
Tikadar (2020);

Azadi et al. (2020)

The channel with smooth and grooved surfaces.

The channel with three and five ports.

The channel with variable fin spacing, thickness and height.

The channel with corrugated fins.

The channel with obstacles in the flow direction.

The channel with variable widht and length.

The channel with layered structure.

The channel with different configurations of distributors and collectors at the
inlet and outlet.

The channel with variable inlets and outlets.

The channel with variable distributor and collector positions.

The channel with straight and wavy cross sections.

The channel with parallel and opposing flow directions.

Flow-regulating distributor and collector with trapezoidal and rectangular fins.
The channel with parallel and opposing flow directions.

The channel with variable fin thickness, number and channel depth.

The channel with rough surface.

The channel with rectangular, trapezoidal, triangular or concave configurations.
The channel with curved structure with variable inlets and outlets.

The channel with horizontal and vertical slots.

The channel with circular fins.

The channel with transition zones.

The channel containing fins with trapezoidal, square, triangular and sine profiles.

It is clear that the various types of channel structures and flow patterns presented in the literature have an impact on
the performance of MCHSs. However, selection of the most effective configuration among many potential
configurations is a unique area. Recent studies have examined the effects of both fin and channel forms on heat
transfer and pressure drop for optimal heat sink design. Al-Hasani and Freegah (2022) numerically investigated the
use of dual outlets and secondary flow lines at various angles to improve the efficiency of a water-cooled MCHS.
They reported that combining the secondary flow with pin fins improved thermal and hydraulic performance, and
achieved that a performance improvement of up to 47%. Mahmood and Freegah (2022) numerically examined the
effect of counterflow formation and dimpled ribs on thermohydraulic performance of a serpentine MCHS. The results
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of the study showed that the overall performance of MCHS was significantly improved. Bessanane et al. (2022)
numerically investigated the effects of the use of rectangular mini-channels and diamond-shaped fin arrangements in
a split pattern on flow and heat transfer in a MCHS. Chen et al. (2022) numerically studied the effects of triangular
prisms on thermal and hydraulic performances of a MCHS. The results of the study showed that the highest Nusselt
number and coefficient of friction were reached in the MCHS with a backward triangular prism. Khadir (2023)
numerically investigated the performance of a finned MCHS with elliptical, circular and V-shaped cross-sections in
terms of velocity distribution uniformity and heat sink surface temperature reduction. As a result of the study, it was
reported that the lowest flow disturbance and surface temperature were obtained for the channel with elliptical fins.
Zhang et al. (2023) numerically investigated the thermohydraulic performance of a MCHS, which contains various
mini channel structures with different fin and cavity forms. The results showed that the addition of fins to the mini
channel increased heat transfer and flow resistance. In addition, it was stated that the combined use of fin and cavity
structures provided 60% improvement in terms of thermohydraulic performance. Accordingly, it is considered that
studies on an optimum finned MCHS design in terms of heat transfer and pressure drop will contribute to the
literature. The aim of this study is to numerically examine the effects of the use of complete and partial cylindrical
fins on thermohydraulic performance of a MCHS. Thus, numerical studies are carried out for the mini channel heat
sink designs including reference case (MCHS), complete cylindrical fins (MCHS-R) and partial cylindrical fins
(MCHS-R2) under same operating conditions.

NUMERICAL STUDY

Problem Geometry

A schematic illustration of the MCHS containing seven minichannels is shown in Fig. 1. The length (L), width (W),
and height (H) of MCHS are 75, 50, and 5 mm, respectively. The minichannels’ widths (wch) and heights (hen) are
4.2 mm and 2 mm, respectively, and the walls separating them have the thickness (tw) of 1.77 mm. The distance
between the centers of the first and last fins and the channel inlets-outlets is 10 mm. The diameter of each fin is 2
mm, and the distance between each fin (s) is 13.75 mm.

Figure 1. Schematic Illustration of The Minichannel Heat Sink with Complete Cylindrical Fins (MCHS-R)

The study covers five different cases, including the reference case (MCHS). In the reference case, no fin is utilized
in the minichannels. In addition, the details of configurations designated MCHS-R, MCHS-R2a, MCHS-R2b, and
MCHS-R2c are shown in Fig 2. These different MCHS configurations are analyzed for various flow rates. In MCHS-
R2a, the partial fins are concentrically arranged, whereas in MCHS-R2b and MCHS-R2c, the distance between the
center of the partial fins is 3.44 mm and 6.88 mm, respectively.
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Figure 2. Schematic Illustration of The Studied Cases

Numerical Method and Boundary Conditions

The simulations are conducted using ANSYS Fluent, a finite volume solver. The thermophysical properties of the
fluid (water) and heat sink are considered to be constant throughout the numerical solutions, while the flow is at
laminar and steady-state conditions. In the numerical solutions, the discretization of the governing equations are
performed by the second order upwind scheme, while the SIMPLE algorithm is preferred for the coupling of velocity
and pressure (Ansys Inc., 2021).

The governing equations under these assumptions are as follows (Imran et al., 2018):
Continuity equation:

du o0v ow _

= 1
6x+6y+az 0 @)

X-momentum eq uation:

du N ou du  1dp 9 d%u N 0%u N d%u )
Yox TVay TWazT Toax T U\ ox2 T ayz T 22
y-momentum equation:
ov N ov N dv_ 10p N 9%v N d%v N 0%v @)
Y ox Vay Vo~ p dy ox?  dy? 0z?
Z-momentum equation:
ow N ow N ow  1dp N 9*w N 0*w N 0*w @
Yoax TV dy = p 0z ox? 0dy?  0z?
Energy equation in flow domain:
oTy , 0T OT; _ 02T, s 92T, .\ 92T} -
Yoax TV dy Wz T *\oxz dy? = 0z?

Energy equation in solid domain:
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9°T, 02T, N 0°T,

= 6
0x? + dy? = 0z? 0 ©)

Here, u, v, and w represent the velocity components in the X, y, and z directions, while Tr and Ts represent the
temperature of the fluid and solid. p represents the density of the fluid, while 9 and a denote its kinematic viscosity
and thermal diffusivity.

The velocity inlet boundary condition is employed at the minichannel inlets, and the water temperature is 298 K. The
pressure outlet boundary condition is employed at the minichannel outlets. The base of the MCHS is heated with a
constant heat flux of 20000 W/m?, while minichannel and fin surfaces in contact with water have coupled boundary
condition and hydrodynamically no-slip boundary condition. The heat sink’s top and side faces are perfectly
insulated. The boundary conditions are given in Fig. 3.

Velocity Inlet
/ V=V, T=T,

Coupled and no-slip
-ks aT/on=-k; dTion
u=v=w=0

Adiabatic
aTian=0

Pressure Outlet
P=Py

Constant Heat Flux

q,=20000 Wim?

Figure 3. Boundary Conditions Utilized in Numerical Simulations

Data Analysis

As the effects of the above-described configurations on flow and heat transfer characteristics at varying flow rates
are evaluated, the following performance parameters are calculated within the scope of the study.

The heat gained by the cooling fluid is calculated as follows (Al-Hasani and Freegah, 2022):

Q = I'hfcp,fATf = lTlAc(Tbase,ave —Tp) (7
where my, Cpr, and ATz denote the mass flow rate, specific heat, and temperature rise of water, respectively. Ac denote
the effective surface area, while Traseae and Ty denote the average surface temperature of the base and film
temperature, respectively.

The film temperature is calculated as follows:

_ Tf,in + Tf,out

8
£ 7 8)
where Ttin and Trout denote the inlet and outlet temperatures of the water, respectively.
The average heat transfer coefficient is calculated as follows (Imran et al., 2018):

_ m¢Cy, AT,

= fCp,FA ¢ )

Ac (Tbase,ave - Tf)

The average Nusselt number is calculated as follows:
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h.Dy,

T (10)

Nugye =

where ks is the thermal conductivity of water.
The Nusselt number ratio is calculated as follows:

Nuavei
Nu, = ——— 11
r Nuave,ref ( )
The hydraulic diameter of the minichannels is calculated as follows:

2 X Wep X hch

12)
Wch + hch

Dy

The total pressure drop between the inlet and outlet of the heat sink is calculated as follows:
AP = Py, — Poyt (13)
The friction coefficient is calculated as follows:

_ 2APDy,

= — 14
Lpfuizn ( )

The performance evaluation coefficient, which represents the thermohydraulic performance of the heat sink, is
calculated as follows (Zhang et al., 2023):

PEC = Nuort,i/Nuf/r;,ref
(fi/fref)

where Nuor,i and Nuor, et denote the average Nusselt number for any configuration and reference case, respectively.
fi and f.r denote the friction coefficient for any configuration and reference case, respectively.

(15)

Grid Structure

A polyhedral grid design is employed for this research. A grid independence study is conducted for five distinct cell
numbers, and the values of average Nusselt numbers and friction coefficients are compared for each grid design to
identify the grid design to be employed in the final simulations. When average Nusselt number and friction coefficient
are examined simultaneously, as shown in Fig. 4, it is determined that the grid design with 3914104 cells is sufficient
for the final simulations.
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Figure 4. Results of The Grid Independence Study

Validation of the Study

The numerical results of this study are compared to data shared by Al-Hasani and Freegah (2022) for the validation
of numerical solution model used in this study. The average Nusselt number and pressure drop characteristics of the
MCHS are used for the validation. The relevant data are obtained for different mass flow rates. Accordingly, it is
determined that the results of this study is consistent with the data of Al-Hasani and Freegah (2022). Results of the
validation study is shown in Fig. 5.

30 T T T T T 4000 T T T
—@—— Al-Hasani and Freegah —@&—— Al-Hasani and Freegah
Present Study Present Study

15 |

3000 B

2000 F B

Nuave
AP (Pa)

10
1000 F B

0
0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050

0 . . . . .
0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050

Mass flow rate (kg/s) Mass flow rate (kg/s)

Figure 5. Validation of The Present Study against The Study of Al-Hasani and Freegah (2022)

RESULTS AND DISCUSSION

The impacts of various fin designs on the thermohydraulic performance of a MCHS are numerically studied in this
work. The effects of partial and complete cylindrical fins at various flow rates on the flow and heat transfer
characteristics of the MCHS are investigated for this purpose. The key performance metrics of the heat sink, such as
average Nusselt number, Nusselt number ratio, friction coefficient, and performance evaluation coefficient, are
examined in addition to the velocity and temperature fields.
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Figures 6 and 7 depict the velocity and temperature fields at the center of the minichannels (at y=4 mm) for various
configurations at m=0.002625 kg/s and 0.0045 kg/s, respectively. The flow in MCHS is parallel to the channel walls,
as evidenced by the contour plots for both flow rates. In MCHS-R, high velocities occur due to the narrowing of the
cross-section in the regions where the fins are placed, while reverse flow occurs downstream of the fins. In MCHS-
R2a, the high velocity fluid flows through the partial fins. In MCHS-R2b and MCHS-R2c, the mixing within the
flow domain is higher, while local velocities are lower behind the fins and along the channel walls. When the
temperature contours are analyzed, the thermal boundary layer thickens towards the exit due to the decreased cooling
capacity of the fluid, convective heat transfer diminishes, and the local temperatures of the heat sink increase in
MCHS. The addition of fins, on the other hand, increases the heat transfer surface area, allowing the water to remove
more heat from the heat sink. The partial fin form also allows for more heat transfer surface area. As a result, the fin
temperatures rise towards the outlet, and in all configurations, the temperatures of the fins and fluid are relatively
close towards the outlet.
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Figure 6. Velocity and Temperature Fields at m=0.002625 kg/s
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Figures 8 and 9 depict the Nuae and Nu, variations with mass flow rate for the reference case and various fin
configurations. Convective heat transfer is the weakest in the reference case, as predicted. In terms of convective heat
transfer, however, MCHS-R2a is seen to be the best configuration. At all flow rates, the convective heat transfer rates
for MCHS-R2b and MCHS-R2c¢ are quite close to each other. However, the Nua. for MCHS-R2c is lower than that
of the MCHS-R2a. The variation of Nu;, as shown in Fig. 9, also confirms the preceding conclusions. At all flow
rates, the increase in Nu, is maximum for MCHS-R2a. Nu; values are close for MCHS-R2b and MCHS-R2c and the
increase in MCHS-R2c becomes more apparent as the flow rate increases. Furhermore, MCHS-R is regarded the
worst scenario in terms of Nu, increase and is nearly unaffected by the change in mass flow rate.

18 [ T T T T
| —®— MCHS

I MCHS-R
16 I —v— MCHS-R2a
MCHS-R2b

| —m— MCHS-R2c
14 C

12t

Nuave

6 L 1 1 1 1
0.002625 0.003250 0.003875 0.004500

Mass flow rate (kg/s)

Figure 8. Average Nusselt Number Variation Versus Mass Flow Rate for Different Configurations
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Figure 9. Nusselt Number Ratio Variation Versus Mass Flow Rate for Different Configurations

Figure 10 depicts the relationship between the f and mass flow rate for various fin configurations and the reference
case. As anticipated, the f for the reference case (MCHS) is quite low, whereas the utilization of fins considerably
increases the f. MCHS-R2a has the greatest flow resistance. MCHS-R2b and MCHS-R2c¢, whose fins are staggered,
have a lower f than that of MCHS-R and MCHS-R2a at all flow rates. When fin configurations are evaluated,
increasing the distance between the partial fins substantially decreases the f, and MCHS-R2c has the lowest f values.
On the other hand, Fig. 11 illustrates the effects of various fin configurations on the PEC. Analyzing the variation of
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PEC with mass flow rate reveals that the thermohydraulic performance of MCHS-R is unfavorable at low mass flow
rates, but slightly exceeds 1 as the flow rate increases. MCHS-R2a provides the highest f. Although MCHS-R2c¢ does
not provide the greatest convective heat transfer rate, its thermohydraulic performance is significantly higher than
the other configurations due to its reduced flow resistance.
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Figure 10. Friction Coefficient Variation Versus Mass Flow Rate for Different Configurations
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Figure 11. Performance Evaluation Coefficient Variation Versus Mass Flow Rate for Different Configurations

CONCLUSIONS

In this study, the effects of using complete and partial cylindrical fins on thermohydraulic performance of a MCHS
are numerically investigated. Additionally, three different partial circular fin forms are proposed as an alternative to
the use of traditional cylindrical fins. As a result, the detected findings are as follows:
e It is ensured that the water removes more heat from the heat sink as the heat transfer surface area increases
owing to the use of fins. At the same time, the partial fin form further increases the heat transfer surface area.
e It is obtained that the best design in terms of convective heat transfer is the MCHS-R2a configuration.
Additionally, MCHS-R2a has the greatest flow resistance.
e Itis seen that the use of eccentric partial fins significantly reduces the flow resistance.
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e |t is observed that the MCHS-R2c configuration provides the best result in terms of thermohydraulic
performance. Compared to MCHS, PEC is increased up to 19.4% in MCHS-R2c.
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OZET

Cinko kloriir, sodyum hidroksit, magnezyum oksit, kalsiyum oksit gibi maddeler kimyasal yapilari geregi kristalleri
icerisine difiizyon/absorpsiyon gibi yollarla su tutarlar. Bu maddeler, higroskopik maddeler olarak adlandirilip sivi
ve Katilar maddelerden su uzaklastirmak amaciyla kullamlmaktadir. Uretimleri amaciyla 6zel kapali sistemler
kullanilmas1 gerekmekle birlikte ortama giren veya maddenin absorpladigi suyun ortamdan uzaklastirilmasi ve
kalsinasyon islemleri i¢in yiiksek sicakliklarda tepkime odalar1 gerekmektedir. Higroskopik maddelerin tepkimesi
sirasinda ortaya ¢ikan gazlarin ortamdan uzaklastirilmasi veya iiriiniin nemlenmesi 6nlemek i¢in su buharinin
sistemden uzaklastirilmasi1 gerekmektedir. Piyasada yer alan reaktorler incelendiginde basta topaklanma, hantal
yapilar, yiiksek enerji gereksinimleri ve paketlenme siireclerinde havayla temas gibi olumsuzluklar
gostermektedirler. Bu ¢aligma ile kalsiyum oksit ve magnezyum oksit temel alinmak {izere, ilgili kimyasallarin tiretim
prosesinde ve kimyasal tepkimelerinde kullanilmak amaciyla yeni bir pilot reaktdr {initesinin sinir sartlarinin
belirlenmesi ve 3B tasarimlarinin yapilmasi amaglanmistir. Piyasada yaygin kullanimi olan reaktérler incelenerek
sinir sartlart belirlenmistir. Belirlenen ihtiyaglara gore 3 boyutlu tasarimlart gergeklestirilmistir olup elde edilen
verilere gore mevcut sistemlere gore %42 daha hafif, %50 daha kiigiik yeni bir sistem tasarlanmigtir. Caligma ile en
az %38 daha fazla iiriin isleme kapasitesine sahip olup %25 oraninda enerji kullanimini azaltan bilesenlerden olusan
yeni bir reaktoriin tasarimi gergeklesmistir.

Anahtar Kelimeler: Higroskopik madde, reaktor tasarimi, higroskopik madde boyutlandiricisi
ABSTRACT

Substances such-as zinc-chloride, sodium-hydroxide, magnesium-oxide, calcium-oxide retain water in-their crystals
by means of diffusion/absorption due-to their chemical structure. These substances’re called hygroscopic substances
and are-used to remove water from liquids/solids. Although special closed systems’re required for their production,
reaction chambers at-high temperatures’re required for the removal of-water that enters the environment or absorbed
by material from environment and for calcination processes. It’s necessary to remove gases formed during reaction
of hygroscopic-substances from environment or to-remove water vapor from system to-prevent product from getting
humid. When reactors in market’re examined, they show negative aspects such-as clumping, bulky structures, high

ToCite: KOSE, S., ULUSAL, F & YETGIN, S. H. (2023). HIGROSKOPIK MADDELERIN
URETIMINDE KULLANILABILIR SICAKLIK, BASINC VE KARISTIRMA KONTROLLU
ULTRASONIK PILOT REAKTOR TASARIMI. Kahramanmaras Siitcii Imam Universitesi Miihendislik
Bilimleri Dergisi, 26(Ozel Say1), 1171-1176.
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energy requirements and contact with air during packaging processes. In this study, it’s aimed to determine boundary
conditions and 3D designs of new pilot reactor unit to be used in-production process and chemical reactions of related
chemicals, based-on calcium/magnesium oxide. Boundary conditions were determined by examining reactors that
are widely used in market. 3D designs were made according to determined needs and according to data obtained,
new system’s designed, that is 42% lighter and 50% smaller than conventional systems. With study, new reactor was
designed with components that have at-least 38% more product processing capacity and reduce energy use by 25%.

Keywords: Hygroscopic materials, reactor design, hygroscopic material sizing

GIRIiS

Kat1 kimyasal maddelerin bir kism1 kimyasal yapilart geregi daha kararli hale gegebilmek icin kristalleri icerisine
difiizyon ve absorpsiyon gibi yollarla su tutarlar. Cinko kloriir, sodyum kloriir, sodyum hidroksit, magnezyum oksit,
kalsiyum oksit gibi maddeler bu kimyasal bilesiklere 6rnek verilebilir ve bu maddeler, higroskopik maddeler olarak
adlandirilip hem sivi hem de katilar i¢in ortamdan nemin ve suyun uzaklastirilmasi ig¢in kullanilmaktadir.
Higroskopik maddeler, normal sartlarda hava sicakli§ina ve ortam sartlarina bagl olarak havada kiitlece yiizde 0,2-
4,0 kadar bulunan su buhari iceren hava ile temas ettiginde su buharin1 absorplayarak nemlenmektedir. Nemlenme
isleminin siiresi, maddenin kimyasal yapisina ve biinyesine aldig1 su miktarina bagli olarak degismektedir. Bazi
maddeler bu suyu birka¢ giinde biinyesine alirken baz1 maddeler birka¢ saniye siireyle hava ile temas ettiginde bile
nemlenmektedir. Bazi durumlarda bu islem zararsiz olsa da bazen su ile higroskobik maddelerin temas1 asir1 1sinma,
patlama gibi sonuglarla tamamlanabilmektedir. Haliyle bu olumsuzluklar higroskopik maddelerin {iretilmesi,
depolanmasi ve kullanilmasini oldukca zorlastirarak dezavantajlari olusturmaktadir. Higroskopik maddelerin {iretimi
amaciyla 6zel kapali sistemler kullanilmas1 gerekmekle birlikte ortama giren veya maddenin absorpladigi suyun
ortamdan uzaklastirilmasi ve kalsinasyon islemleri i¢in yiiksek sicakliklarda tepkime odalar1 gerekmektedir (Liang
vd., 2021; Deng vd., 2021; Wang vd., 2012; Olalekan ve Simonson, 2006). Higroskopik malzemeler suyu sadece
“H20” seklinde biinyesinde kristal suyu veya nem olarak absorplayabilecekleri gibi bazen de bu su ile tepkime
vererek bagka bir maddeye doniismektedir. Eger madde suyu, kristal suyu veya nem olarak absorplarsa 70-80 °C gibi
diisiik sicakliklarda bile bu su desorplanarak madde eski haline dondiiriilebilmektedir. Buna 6rnek olarak sodyum
asetat (NaCHs;COO) katis1 verilebilir. Sodyum asetat kristal yapisinda 3 tane su molekiilii bulundurmaktadir ve 130
°C tizerinde kristal suyunu kaybederek susuz formunu olusturur (Sharma vd., 1991). Ancak kalsiyum oksit (CaO)
gibi maddeler su ile 1s1 vererek tepkimeye girip kalsiyum hidroksit (Ca(OH)2) olusturmaktadir. Yeni olusan {irliniin
fiziksel ve kimyasal bircok 6zelligi degiserek tamamen farkli bir madde gibi davranabilir.

Higroskopik malzemelerin absorpladiklari suyun uzaklastirilmasi igin en temel teknik 1sitmadir. Ancak 1sitma
sonunda elde edilen susuz {iriiniin su veya nem ile aniden kargilagmasi patlama gibi durumlara neden olabilecegi i¢in
kapali sistemlerin kullanilmasi gerekmektedir (Kallenberger ve Froba, 2018). Bununla birlikte homojen bir 1sitma ve
kurutma sirasinda kaliplasmanin/topaklasmanin o6niine gegebilmek amaciyla mekanik karigtirma sistemi
bulunmalidir. Higroskopik maddelerin tepkimesi sirasinda ortaya ¢ikan gazlarin ortamdan uzaklastirilmasi veya
iriiniin nemlenmesini dnlemek i¢in su buharmin sistemden uzaklastirilmasi veya inert bir gaz ile sirkiilasyon
yapilmast gerekmektedir. Higroskopik maddelerin hem kristal suyu olarak yapilarina aldiklar1 hem de tepkime
vererek yapilarina kattiklar1 suyun uzaklastirilmasi igin silindirik yapidaki mekanik karistirma sistemleri 6n plana
¢ikmaktadir. Bu amagla helis sistemler veya basit ¢ubuklu karistiricilar kullanilmaktadir (He vd., 2021). Bu
sistemlerin 1sitmali ve 1sitmasiz olanlart mevcut olmakla birlikte biinyesine aldigi suyla tepkimeye giren
malzemelerin susuzlastirilmasi i¢in yiiksek sicakliklar gerekmektedir. Kalsiyum hidroksit gibi bir malzemenin
susuzlagtirilmasi i¢in en az 650 °C, lityum hidroksit 780 °C, sodyum hidroksit i¢in 700 °C iizerine ¢ikilmasi
gerekmektedir (Kiat vd., 1998).

Kimyasal tozlarin susuzlastirilmasi igin gesitli yontemler gelistirilmistir. CN218047746 (U) — 2022-12-16 patentte
helis yapisinda gelistirilmis sistemler kullanilmus, helis sistemde karistirma islemi gergeklestirilmistir (European
Patent Office, 2023a). Ancak kullanilan sistem taneciklerin istenen nem oranina kadar susuzlastirilmasi igin yetersiz
kalmis ve bunun yaninda kati tanecikleri topaklanarak istenmeyen boyutlara kadar biiyiimiistiir. CN217662704 (U)
— 2022-10-28 patent bagvurusunda yapilan ¢alismada karistirma islemi mekanik bir ¢ubuk ile gerceklestirilmis
1sitma modiiliiniin yaninda islem sonrast sogutma modiilii de eklenmistir (European Patent Office, 2023b). Sistemin
temelini silindirik bir yap1 olusturmakla birlikte homojen 6zelliklere sahip topaklanma olmayan tozlarin iiretilmesi
i¢in yetersiz oldugu goriilmiistir. Bunun temel nedeni ise mekanik karistirma sirasinda kor cephelerdeki yapisan
maddelerin topaklanmasidir. Ornekleri verilen sistemlerde topaklanma, homojen karismama, yetersiz oranda
susuzlastirmanin yani sira yiliksek enerji ve imalat maliyetleri de dezavantajlar1 olusturmaktadir.
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Bu calismada higroskopik nano/mikropartikiillerin homojen karismasini saglayacak, istenen oranda susuzlastirma
saglayacak mekanik karistirmaya alternatif yeni bir yontemin kullanildig: silindirik borulardan meydana gelmis
1sitma bilesenlerinin ortam i¢erisinde konumlandirildigi ve bu borulardan yiiksek hizla hareket eden hava ile homojen
karistirma saglayan yeni bir reaktor sistemi gelistirilmistir. Gelistirilen sistem sayesinde topaklanma olmaksizin
homojen karigsmanin saglandig1 modiiler yapida sogutma, paketleme graniillestirme iinitelerinin yer aldigi prosesler
icin kesintisiz islem yapmay1 saglayan bir sistemin tasarimi elde edilmistir.

MATERYAL VE YONTEM

Higroskopik maddelerin iiretimi, stoklanmasi ve tepkimeleri incelendiginde havadaki su buharinin oldukga hizli bir
sekilde tepkime vermesiyle maddenin bozundugu veya tepkimenin gerceklesmesini engelledigi goriilmektedir. Bu
amagcla tasarlanan ve kullanilan reaktorler incelendiginde genelde kapali 1sitma sisteminin varligi s6z konusudur. Bu
sistemlerde 800-950 °C gibi yiiksek sicakliklarda ¢alisma yapildigi ve maddenin spesifik 6zelliginden kaynakli
tanecik boyutunun ayarlanmasi ve tepkime siiresince mekanik karigtirma proseslerinin topaklanma vb., sorunlara
neden oldugu goriilmektedir. Ayrica lilkemizde higroskopik madde tepkimelerinin yapilabilecegi bir cihazin iiretimi
de s6z konusu degildir.

Calismada piyasada yaygin olarak kullanilan konvansiyonel higroskopik madde reaktorleri incelenmistir. Cukurova
Teknoloji Gelistirme Bolgesinde faaliyet gosteren Kimya Vadisi A.S pilot tesisinde yer alan ¢ok fonksiyonlu
higroskopik madde iiretim reaktorii (Sekil 1) incelenmistir. Operatdrler ve teknik datalar {izerinden sistemin
dezavantajli durumlarn tespit edilerek tasarlanacak olan yeni reaktdriin sinir sartlarinin olusturulmasinda bu veriler
kullanilmustr.

- )
|
s

Sekil 1. a. Ultra Fonksiyonlu Higroskopik Madde Reaktorii, b. Reaktor Teknik Resmi

Sekil 1’de yer alan ve Kimya Vadisi A.S pilot tesisinde kullanilmakta olan higroskopik reaktoriine karsi piyasada
konumlanmus ilgili iiriine rakip reaktorlerde incelenmistir. GEA Group (Germany) biiyesinde tiretilen reaktorlerde
incelenerek elde edilen veriler dahilinde 3 boyutlu tasarim agsamasina gegilmistir.

Bilgisayar destekli (Computer Aided Design) programi igin Solidworks 2018 (v2018, Groupe Industriel Marcel
Dassault SAS, France) kati modelleme yazilimi kullanmilmustir. Kati modelleme programu ile farkli tasarimlar
gelistirilmis olup 6n prototip 6ncesi kullanilacak olan teknik resim detaylar1 elde edilmistir. Elde edilen veriler ve
tasarimlarin fikri ve siai miilkiyet haklarinin korunabilmesi amaciyla Tiirk Patent Enstitiisii (TPE- 2023/002235)
nezdinde patent bagvurusu yapilmstir.

BULGULAR

Piyasada kullanilmakta olan iiriinler incelendiginde basta topaklanma (Sekil 2) olmak tizere hantal yapilari, sistemi
olusturan bilesen sayilarimin (component) fazlaligi, karistirmada homojenlik problemi, topaklanma kaynakli biiyiik
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tanecik boyutlari, mekanik karistiricidan kaynakli {irliniin cidarlara yapigsma sorunu, yiiksek maliyetler, yiiksek enerji
titketimi, yetersiz susuzlastirma orani, paketleme ve diger prosediirler i¢in kisitli fonksiyonlar 6n plana ¢ikmustir.

Sekil 2. Hidratize Olmusg Higroskk Maddelerin Topaklanmasi

Tasarim Oncesi mekanik karistirma {initesi yerine sicak hava kullanilarak higroskopik maddelerin karistirilmasi
tizerine odaklanilmistir. Bu amagla mekanik karigtirma yonteminin aksine sicak hava ile karigtirma tiipleri igerisinde
higroskopik maddelerin karistirllmasina odaklanmilmistir (Sekil 3). Bu tiipleri AISI 304 paslanmaz ¢elik
malzemelerden tasarlanmis olup, sektorlere bagli olarak olusabilecek basinglara karsi oldukga direnglidir. Organik
kimyasallara, inorganik kimyasallara ve renkli boyalara kars1 dayaniklidir. Karistirma borularinin et kalinligi 2 mm
almarak sistemin tasarimi gergeklestirilmistir. Ayrica 1siticilar konvansiyonel sistemlerdeki gibi dis iinite ¢eperine
yerlestirilmeden karistirma borulari igerisine konumlandirilmistir. Mevcut sistemlerdeki bir diger sorun olan
topaklanma i¢in karigtirma borular tarafina sonikatorler yerlestirilerek titresim yaylari ile sistem igerisinde yer alan
tozlarin birbirleriyle carpismalari ve cidara yapismalarinin oniine gecilmesi amaglanmigtir.

&

Sekil 3. Sicak Hava Karistirmali Yeni Tip Higroskopik Madde Uretim Reaktorii

Tasarim silireglerinde piyasada kullanilan reaktorlerin  kapasiteleriyle birebir uyumlu sistem tasarimi
gerceklestirilmistir. Kimya Vadisi AS Pilot Tesiste yer alan 50 litre isleme kapasiteli {iriine gore tasarim calismasi
yapilmistir (Sekil 4 a). Bu tasarim i¢in mekanik sistem yerine kullanilan boru tipi karistirma tinitesi (Sekil 4 b)
sistemin  boyutlarinin  yaklasik %350’lik kiigiilmesine imkan saglamistir. Karistrma borular igerisine
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konumlandirilmig metal yapraklar proses siiresinde boru icerisinde sicak hava ile hareket etmekte olan higroskopik
tozlarin birbirlerine ¢arpmasina ve topaklanmalarinin 6nlenmesine neden olmaktadir. Yapraklar Imm kalinlikta
paslanmaz celik malzemelerden olup borularin dirsek bolgeleri disindaki diiz hatlarinin icerisine kendi eksenleri
etrafinda ag1 verilerek sekillendirilmis {i¢ kanath yap1 formunda konumlandirilmistir. Bu yapraklar boru igerisinde
yiiksek hizlarda hareket eden tozlarin daginik hareket ederek birbirlerine carpmasini saglamaktadir. Boylece
topaklanama basta olmak iizere cidara yapismanin da oniine gecilmektedir. Ayrica cidara yapismakta olan tozlar
sonikatorler ile sistemin akis hattina dahil edilmektir.
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Sekil 4. a. Yeni Tip Higroskopik Reaktorii Onden Gériiniis, b. Reaktdr Yandan Gériiniisii, Karistirma Borular

Sistemin tasarim silire¢lerinde malzeme atamalar1 yapilarak elde edilen reaktdr tasariminin yaklasik agirlig
hesaplanmustir. Sistemde kullanilan bilesenler sadelestirilerek (vakum pompasi ve bilesenleri, koruyucu kabin,
mekanik karistirici ve haznesi, inert gaz haznesi ve bilesenleri kullanilmamistir) sistemin agirligt %42 oraninda
azaltilmistir. Sistemde kullanilan pompalar, motorlar ve 1siticilarin enerji tliketimleri hesaplanmis olup
konvansiyonel reaktorlere oranla %25 daha az enerji maliyeti ortaya gikacagi hesaplanmistir. Mevcut yapilarin {iriin
isleme kapasitelerine (50 litrelik isleme haznesine gore) gore yapilan tasarimlar ayrica boyutsal denklige gore de
gerceklestirilmistir. Sistem isleme haznesine konulan tozlarin tamami ayni anda prosese dahil edilebilir yapidadir.
Tasarimimizin piyasada kullanilan ve karsilastirma amaciyla kullandigimiz triinler ile ayn1 boyutlara sahip olmasi
durumunda ise (mm cinsinden (uzunluk*yiikseklik*genislik), 1906*2450*1069) iiriin isleme kapasitesi asgari %38
oraninda daha yiiksek oldugu hesaplanmustir.

TARTISMA VE SONUC

Higroskopik maddelerin iiretimi, stoklanmasi ve tepkimeleri incelendiginde havadaki su buharinin oldukga hizli bir
sekilde tepkime vermesiyle maddenin bozundugu veya tepkimenin gerg¢eklesmesini engelledigi goriilmektedir. Bu
amagcla tasarlanan ve kullanilan reaktorler incelendiginde genelde kapali 1sitma sisteminin varligi s6z konusudur. Bu
sistemlerde 800-950 °C gibi yiiksek sicakliklarda ¢alisma yapildigi ve maddenin spesifik 6zelliginden kaynakli
topaklanma, tanecik boyutunun ayarlanmasi ve tepkime siiresince mekanik karistirma prosesi biiyiik sorunlara neden
olabilmektedir.

Mevcut reaktorler ile karsilastirildiginda ortaya konan bu ¢alisma 6ncelikle karistirma metodolojisi ile 6zgiinliigiinii
ortaya koymaktadir. Piyasada kullanilan konvansiyonel higroskopik madde iiretim reaktorlerinin mekanik karigtirma
yontemine bagli olarak iiretilmeleri basta {iriin ¢iktilar1 iizerine (topaklanma, cidara yapisma, maddeden yeterli
diizeyde nem/su uzaklagtirllamama vd.,) ¢esitli sorunlar ortaya ¢ikarmaktadir. Bu sorunlarin giderilebilmesi i¢in
mevcut sistemlerde iyilestirmelerin yan1 sira higroskopik madde iiretimi igin alternatif karistirma iinitelerinin de
tasarimi 6onem kazanmaktadir. Bu galigma ile 6zellikle karigtirma iinitesinde yenilige gidilmis bilgisayar ortaminda
elde edilen veriler ile piyasada kullanilan konvansiyonel reaktdrlerin karsilastirilmasi yapilmistir. Elde edilen
karsilastirma verilerinin dogrulugu i¢in tasarimi ve teknik resimleri olusturulan yeni tip reaktdriin prototip imalati
gerceklestirilerek bu calismadaki sonuglar ile karsilagtirilmasi yapilmalidir.



KSU Miihendislik Bilimleri Dergisi, 26(Ozel Say1), 2023 1176 KSU J Eng Sci, 26(Special Issue), 2023
Arastirma Makalesi Research Article
S. Kose, F Ulusal, S H Yetgin

TESEKKUR

Bu calisma Tarsus Universitesi Bilimsel Arastirma Projeleri (BAP) kapsaminda OSB.22.005 proje numarastyla
desteklenmistir.

KAYNAKLAR

Deng, F., Wang, C., Xiang, C. and Wang, R. (2021). Bioinspired topological design of super hygroscopic complex
for cost-effective atmospheric water harvesting. Nano Energy, 90, B. https://doi.org/10.1016/j.nanoen.2021.106642.

Europen Patent Office. (2023a). https://worldwide.espacenet.com/patent/search/family/083712025/publication/
CN217662704U?0=num%20%3D%20%22CN217662704%22. Accessed 10.08.23

Europen Patent Office. (2023b). https://worldwide.espacenet.com/patent/search/family/083712025/publication/
CN217662704U?g=num%20%3D%20%22CN217662704%22

He, F., Weon, S., Jeon, W. et al. (2021). Self-wetting triphase photocatalysis for effective and selective removal of
hydrophilic volatile organic compounds in air. Nat Commun, 12, 6259. https://doi.org/10.1038/s41467-021-26541-z

Kallenberger, P. A., Froba, M. (2018). Water harvesting from air with a hygroscopic salt in a hydrogel-derived
matrix. Commun Chem, 1, 28. https://doi.org/10.1038/s42004-018-0028-9.

Kiat, J. M., Boemare, G., Rieu, B. and Aymes, D. (1998). Structural evolution of LiOH: evidence of a solid—solid
transformation toward Li20 close to the melting temperature. Solid State Communications, 108, 4, 241-245,
https://doi.org/10.1016/S0038-1098(98)00346-9.

Liang, J., Zhang, X., Ji, J. (2021). Hygroscopic phase change composite material —A review. Journal of Energy
Storage, 36. https://doi.org/10.1016/j.est.2021.102395

Osanyintola, O. F. and Simonson, J. C. (2006). Moisture buffering capacity of hygroscopic. 38, 1270-1282,.
https://doi.org/10.1016/j.enbuild.2006.03.026.

Sharma, S. K., Jotshi, C. K., and Kumar, S. (1991). Kinetics of dehydration of sodium salt hydrates. Thermochimica
Acta, 184(1), 9-23. https://doi.org/10.1016/0040-6031(91)80130-b.

Wang, W., Wu, L., Li, Z., Fang, Y., Ding, J. and Xiao, J. (2013) An overview of adsorbents in the rotary desiccant
dehumidifier for air dehumidification. Drying Technology, 31, 12, 1334-1345.
https://doi.org/10.1080/07373937.2013.792094.



https://worldwide.espacenet.com/patent/search/family/083712025/publication/%20CN217662704U?q=num%20%3D%20%22CN217662704%22
https://worldwide.espacenet.com/patent/search/family/083712025/publication/%20CN217662704U?q=num%20%3D%20%22CN217662704%22
https://worldwide.espacenet.com/patent/search/family/083712025/publication/
https://doi.org/10.1080/07373937.2013.792094

KSU Miihendislik Bilimleri Dergisi, 26(Ozel Say1), 2023 KSU J Eng Sci, 26(Special Issue), 2023
9" Uluslararasi IFS Cagdas Matematik ve Miihendislik Konferans: Ozel Sayisi
9™ International IFS Contemporary Mathematics and Engineering Conference Special Issue
Arastirma Makalesi Research Article

Kahramanmaras Sutcu Imam University

Journal of Engineering Sciences N 7
Gelis Tarihi : 09.08.2023 Received Date : 09.08.2023
Kabul Tarihi : 25.09.2023 Accepted Date : 25.09.2023

CLASSIFICATION OF BRAIN TUMORS ON MRI IMAGES USING DEEP
LEARNING ARCHITECTURES

DERIN OGRENME MiMARILERI KULLANILARAK MRI GORUNTULERI
UZERINDE BEYIN TUMORU SINIFLANDIRMASI

Samaneh SARFARAZI' (ORCID: 0009-0007-5139-5662)
Onsen TOYGAR?" (ORCID: 0000-0001-7402-9058)

Computer Engineering Department, Faculty of Engineering, Eastern Mediterranean University, 99628, Famagusta, North Cyprus, via
Mersin 10, Turkey

*Sorumlu Yazar / Corresponding Author: Onsen TOYGAR, onsen.toygar@emu.edu.tr

ABSTRACT

A brain tumor is a dangerous neural illness produced by the strict growth of prison cells in the brain or head. The
segmentation, analysis, and separation of unclean tumor parts from Magnetic Resonance Imaging (MRI) images are
the main sources of anxiety. To report the segmented MRI images including tumor, the usage of computer-assisted
methods is necessary. In this paper, a Convolutional Neural Network (CNN) approach is applied to identify brain
cancers in MRI images. Two datasets are used in this study, namely Kaggle Brain MRI database and Figshare Brain
MRI database. Models of deep CNN, consisting of VGG16, AlexNet, and ResNet, are utilized to extract deep
features. The classification accuracies of the aforementioned Deep Learning (DL) networks are used to measure the
efficiencies of the implemented systems. For the Kaggle database, AlexNet achieves 98% accuracy, VGG16 has 97%
accuracy and ResNet has 66% accuracy. Among these networks, AlexNet has provided the highest level of accuracy.
In the Figshare dataset, AlexNet and VGG16 both achieve 99% accuracy, and ResNet has 96% accuracy. In terms of
accuracy, AlexNet and VGG16 outperform ResNet. These performances aid in the early detection of cancers before
they cause physical harm such as paralysis and other complications.

Keywords: Brain tumor classification, convolutional neural networks, deep learning
OZET

Beyin tiimorii, beyindeki veya kafadaki hapishane hiicresinin kati bir sekilde biiylimesiyle tiretilen tehlikeli bir noral
hastaliktir. Manyetik Rezonans Goriintiilleme (MRI) goriintiilerinden temiz olmayan tiimor pargalarinin
segmentasyonu, analizi ve ayrilmasi kayginin ana kaynagidir. Tiimor igeren MRI goriintiilerinin raporlanabilmesi
icin bilgisayar destekli yontemlerin kullanilmasi gerekli hale gelmistir. Bu makalede, MRI goriintiilerinde beyin
timorlerini tammmlamak i¢in Evrisimli Sinir Aglari (CNN) yaklasimi kullanilmistir. Bu ¢alisma igin Kaggle Brain
MRI veri kiimesi ve Figshare Brain MRI veri kiimesi olmak iizere iki veri kiimesi kullanilmistir. Derin 6znitelikleri
cikarmak i¢cin VGG16, AlexNet ve ResNet'ten olusan derin CNN modelleri kullanilmistir. S6z konusu Derin
Ogrenme (DL) modellerinin siniflandirma dogruluklar;, uygulanan sistemlerin verimliliklerini &lgmek igin
kullanilmigtir. Kaggle veri kiimesi i¢in AlexNet %98, VGG16 %97 ve ResNet %66 dogruluk elde etmistir. Bu aglar
arasinda AlexNet en yiiksek diizeyde dogruluk saglamistir. Figshare veri kiimesinde ise, AlexNet ve VGG16'nin her
ikisi de %99, ResNet ise %96 dogruluk elde etmistir. Dogruluk agisindan AlexNet ve VGG16, ResNet'ten daha iyi
performans goéstermistir. Bu performanslar, kanserlerin felg ve diger komplikasyonlar gibi fiziksel zararlara yol
acmadan Once erken teshis edilmesine yardimci olacaktir.

Anahtar Kelimeler: Beyin tiimérii siniflandirmasi, evrisimli sinir aglari, derin 6grenme

ToCite: SARFARAZI, S., & TOYGAR, O., (2023). CLASSIFICATION OF BRAIN TUMORS ON MRI
IMAGES USING DEEP LEARNING ARCHITECTURES. Kahramanmaras Siitcii Imam University,
Journal of Engineering Sciences, 26(0Ozel Say1), 1177-1186.
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INTRODUCTION

A brain tumor is an imbalanced type of cell in the human brain. The brain of a human is surrounded by a firm head.
Slight development in such a minor part will cause intense problems. Tumors of brain may be malignant and
nonmalignant. The gravity inside the head will increase such as nonthreatening or malicious cancers progress. This
will result in enduring head damage or death of the person. Experts and investigators have been studying complex
methods and approaches aimed at diagnosing tumors of brain. While MRI image depictions and Tomography of
Computer (CT) are the two approaches with broad usage in which both aimed at clarifying the anomalies in form,
mass, or brain materials place, that help doctors in identifying cancers; MRI image is preferred more than the
aforementioned methods by the specialists. Therefore, experts and scientists have used MRI images. However,
automatic methods, mostly applied by computer-assisted medicinal image processing methods, exist progressively
helping surgeons to notice tumors of brain. Handcrafted methods with Machine Learning (ML) classifiers are
developed for training data examples.

Medicinal image processing includes pre-processing and post-processing. These stages may be applied through the
Handcrafted methods as perfect as the method of deep learning. In handcrafted methods, features are extracted to get
consequences from images of the test and the procedure is quick. In the DL methods, networks are adjusted through
properly choosing the sum of layers, activation function, and pooling. But, in both methods, new algorithms are
possible to be employed to increase the system's accuracy in a wider viewpoint. DL techniques for identifying brain
cancers in MRI scans are the topic of this paper. The main part of this paper focuses on finding tumors of brain
through MRI images using methods of DL. Consequently, this paper will offer the anticipated result i.e., an effective
DL method to distinguish tumors of brain by MRI images that will contribute to medical experts to run appropriate
cures. Sample MRI images on both Kaggle (Kaggle Brain Tumor Dataset, 2020) and Figshare (Figshare Brain Tumor
Dataset, 2018) datasets for healthy and unhealthy brains are demonstrated in Figure 1 and Figure 2, respectively.

@) (b)

Figure2. a. Samples of Figshare Database Healthy Brain MRI and b. Unhealthy Brain MRI Images
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The following is the structure of the paper. Background on brain tumor classification and the works done by other
researchers using handcrafted and DL methods are presented in Section 2. In Section 3, the paper methodology and
metrics for evaluations are presented. Section 4 presents the experimental results, discussion and comparison with
the state-of-the-art. Lastly, Section 5 gives the conclusions of this paper and future directions.

RELATED WORK

This section in brief deliberates the research that is shown to distinguish tumors of brain using the dissimilar advanced
know-how. Rehman et al. (2021) recommended a different knowledge-founded technique for mini tumor of brain
finding and type of tumor classification. The initial stage of their study focused on using a 3D CNN to abstract tumors
in the brain, which were then transferred to a CNN model having already received training to abstract model features.
The features that have been extracted are carried out to a correlation-based election procedure, and the greatest
characteristics are selected in place of the outcome. In the last classification, with the usage of Feed Forward Neural
Network (FFNN), the elected features are tested.

Amin et al. (2018) used a Deep Neural Network (DNN) based design for brain tumor segmentation. The suggested
model has seven layers in the classification stage, including three ReLU layers, three convolutional layers, and a
SoftMax layer. On the other hand, Kebir & Mekaoui (2018) suggested an approach that is supervised for identifying
the anomalies of brain through the MRI images in several phases. The initial stage is to change a DL based CNN
model, and after that, a subclass of MRI brain images is completed via the k-mean process conformed by the factor
of brain grouping as standard or nonstandard groups in accordance with the advanced CNN model.

Alternatively, Vinoth & Venkatesh (2018) introduced a CNN-based automatic separation technique. At this point,
classification was done with kernels, and Support Vector Machine (SVM) classification was done with computed
variables. Furthermore, MATLAB is used to extract and recognize malignancies from MRI images of the brain. A
CNN founded as a model of DL was effectively connected to the regarded issue of tumor of brain classification.
Classifiers based on CNN constructions have the advantage of not requiring bodily sectioned tumor zones.

Talo et al. (2019) classified normal and pathological Brain MRI images with 100% accuracy by means of the
ResNet34 pre-trained CNN model through a data augmentation technique of transfer learning. On the other hand, a
model of the pre-trained ResNet50 CNN was updated (Cinar & Yildirim, 2020) by eliminating the preceding five
levels and replacing them with eight new layers, matching the accuracy of prior pre-trained patterns as ResNet50,
AlexNet, and GoogleNet. The reconstructed ResNet50 pattern achieved 97.2% accuracy indicating real
repercussions. There are several ML approaches for brain tumor classification and segmentation using MRI in
scientific literature.

Hasan et al. (2019) suggested an image of an MRI brain scan categorization system based on deep and custom
features. Preprocessed MRI image is useful for an altered Gray Level Co-occurrence Matrix (GLCM) for extraction
of statistical features. CNN extracts features automatically. SVM classification with 10-fold Cross-validation
performed 99.30% based on 600 sagittal MRI scans. While likened to new networks of transfer learning, such as
GoogleNet and AlexNet, the recommended method performed fine on the other hand by means of combining CNN
and GLCM features.

In another study, a Naive Bayes based brain cancer identification approach employed a maximum entropy
segmentation (Zaw et al., 2019). The REMBRANDT dataset, which includes 114 MRI images, is used to examine
the system. The recommended system has the advantage of detecting tumors anywhere in the brain, such as the
temporal lobe. On the other hand, Sert et al. (2019) proposed a different scheme aimed at detecting brain tumors
using a combination of CNN and advanced segmentation techniques utilizing maximum fuzzy entropy to improve
the resolution of MR, the super resolution of a single image is employed. Pre-trained ResNet architecture is used to
extract features. SVM with binary classification has a 95% accuracy rate.

Edge Adaptive Total Variation (EADTV) (Deepak & Ameer, 2019) applied the mean shift clustering approach in
regard to brain tumor categorization segmentation. The proposed technique has 2 advantages: When utilizing the
image, EADTYV preserves the edges with mean shift clustering, unlike K-mean and fuzzy c-means, and automatically
updates cluster centers. In a combined approach of Particle Swarm Optimization (PSO) with fusion features for tumor
of brain diagnosis, a fine-tuned Capsule Network feature extraction and Local Binary Patterns are applied. SVM
classification accuracy on the BRATS2018 and RIDER databases is 98.3 % and 97.9%, respectively. The new
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proposal has shown good results by combining handcrafted and deep features. On the CEMRI dataset, SVM and
KNN classifiers are used to assess pre-trained GoogleNet for deep feature extraction for 3 class classification into
Glioma, Meningioma with accuracy of 97.8% and 98%, respectively. The BRATS 2017 dataset, which contains 48
images, is used to assess the accuracy of a multinomial logistic regression model for brain tumor categorization. The
system's functioning, however, should be evaluated on bigger databases.

Narayana & Reddy (2018) proposed a system that works well with the 9 Genetic Algorithm (GA) based SVM
classification method. In an effective brain tumor classification optimization technique, GA is employed in order to
segment tumors. SVM and GLCM texture characteristics provided 91.23 % performance for high-grade glioma
(HGG) and low-grade gliomas (LGG) brain tumor categorization.

Polly et al. (2018) developed a k-means segmentation algorithm. From wavelet features, Principal Component
Analysis (PCA) is employed to determine ten relevant features. On the way to discriminate between images that are
normal and abnormal, SVM algorithm is utilized. Once again, SVM classification method is employed on the way
to classify LGG and HGG tumors in aberrant images. On 440 images, the suggested technigue achieves 99 %, but it
needs to be evaluated on a larger database using added important data.

Amin et al. (2018) suggested a new technique for identifying brain tumors using MRI. To reduce noise and smooth
MRI, skull stripping and Gaussian filtering were used. Following K-means segmentation, GLCM texture
characteristics were extracted. The system was tested on three datasets: local, AANLIB, and RIDER. They used
linear, RBF, and cubic SVM kernels. The linear kernel with 5-fold cross validation was found to have 98% accuracy.
On the other hand, Minz & Mahobiya (2017) provided a study that uses the AdaBoost classifier to classify brain
tumors. Following Median filtering, threshold-based segmentation is used to reduce noise. Using GLCM
characteristics, the system proposed texture-based classification.

Shankar et al. (2016) proposed exploiting texture features to classify brain tumors using Gustafson-Kessel(G-K)
fuzzy clustering. A histogram-based approach is used to segment preprocessed images with the Wiener filter. G-K
fuzzy manner was given GLCM texture features for binary classification with 95% accuracy. The detection of brain
tumors using systems of DL was a cutting-edge subject of study. Researchers use a variety of DL architectures to
automatically segment and classify brain tumors. For brain classification, Regularized Extreme Learning Technique
with Mix Features was also recommended via Gumaei et al. (2019).

A feature extractor of Hybrid PCA-NGIST can be utilized for 3-D feature extraction. The NGIST feature descriptor
is a descriptor of standardized feature that is utilized to address image illumination and shadowing issues. RELM is
a single hidden layer, input, and output FFNN. The suggested technique is examined for three kinds of tumors:
neuroendocrine tumor, glioma, and pituitary tumor using CE-MRI database with 94.33 % after 5 fold cross-
validation. Link Net is a small DNN design that is employed to group brain cancers (Hemanth et al., 2019). On a
freely released UCI repository database, binary classification achieved 91% accuracy. The Multi-Layer Perceptron
(MLP) classification system has a 96 % accuracy rate and a 0.65 Kappa Statistic. However, sparse auto encoder could
be examined in forthcoming years when DNN is integrated with other auto encoder versions like denoising auto
encoder.

Latif et al. (2018) proposed a brain tumor classification technique derived from transfer learning. To suit the VGG19
network with MRI images that are scaled to 224x224 pixels. To update the weights, fine tweaking of parameters
such as learning rate, scheduling rate, and momentum is done block by block. The system has 94.82% accuracy on
the CE-MRI database. The disadvantage of that approach is that fine-tuning settings block by block takes 20-30
minutes to train CNN classifier. MLP uses statistical and wavelet features to classify brain tumors (Mohsen et al.,
2018).

METHODOLOGY FOR BRAIN TUMOR CLASSIFICATION

This section reviews three CNN based DL architectures implemented for brain tumor classification in this study. The
methodology used in this paper for the implementation of brain tumor classification employs AlexNet, VGG16, and
ResNet architectures. The main contribution of this paper is to present the implementation of deep learning based
AlexNet, VGG16, and ResNet architectures for brain tumor classification separately. The evaluation metrics for the
presentation of the experimental results are then discussed in the following section. CNN is the most well-known and
extensively utilized approach in the field of DL. CNN's key benefit over its predecessors is that it accurately
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characterizes relevant characteristics with almost no human intervention. Face recognition, computer vision, audio
processing, and other applications have all benefited from CNN. The development of CNN was invigorated by
neurons in humans. A typical type of CNN has many convolutions pooling layers, similar to an MLP, except the end
layers are Fully Connected layers. In this paper, three of the aforementioned architectures, namely AlexNet (Huafeng
etal., 2015), VGG16 (Simonyan & Zisserman, 2014), and ResNet (Wang & Gong, 2020) are implemented for brain
tumor classification.

A general block diagram of the implemented system with a general CNN architecture is shown in Figure 3. The
methodology used in this study for the implementation of brain tumor classification starts with the brain MRI images
that are used as the input of the system, and then the system employs AlexNet, VGG16 and ResNet architectures
separately to classify the input images with or without tumors. Feature extraction and classification are performed by
the DL architecture automatically and the output is produced at the end of this process. The output of the system for images
with tumor is “YES” and for healthy brain images, the output produced is “NO” as shown in Figure 3.

Input Convolution Pooling Convolution Pooling  Fully Connected  OQutput

YES
: NO
{
-::::::-l- "”
Feature Maps Feature Maps Feature Maps Feature Maps
A\ J
N
Feature Classification
Extraction

Figure 3. Block Diagram of the Implemented System

Dataset Descriptions

In this study, two datasets, namely Kaggle (Kaggle Brain Tumor Dataset, 2020) and Figshare (Figshare Brain Tumor
Dataset, 2018) are employed for the experiments. In the train folder of Kaggle dataset, there are 1200 images labeled
as “yes” and 1200 images labeled as “no”, which makes a total of 2400 images in the train folder. In the test folder,
there are 300 images labeled as “yes” and 300 images named as “no” which makes a total of 600 images in the test
folder. Therefore, Kaggle image dataset in this dataset includes 3000 images totally.

On the other hand, the second dataset, named Figshare, includes two files entitled “test” and “train”. In the train
folder, there are 4117 images considered as “yes” and 1588 images termed as “no” and there is a total of 5705 images
in the train folder. In the test folder, there are 906 images considered as “yes” and 405 images called “no” and there
is an overall of 1311 images in the test folder. However, because of the quality of some images in Figshare dataset,
some of the images are not used in the experiments. Consequently, in the experiments, 5600 images are selected for
training and 1400 images are selected for testing which makes use of total 7000 images in our Figshare dataset.

Performance Metrics

This section discusses metrics for evaluation, which are accustomed to assess the value of a model statistically. A
number of evaluation measures can be employed to show the value of a model such as accuracy, precision, and recall.
The evaluation metrics used in DL tasks are critical in determining the best classifier. They are employed in the
testing and training stages of a typical data classification process. During the phase of training, it is employed to
improve the algorithm of classification. This indicates that the assessment measure is utilized to distinguish between
options and select the best one, such as a discriminator, which can yield a more precise estimate of future evaluations
when used in conjunction with an exact classifier. In the meantime, the assessment metric is accustomed to analyze
the developed classifier's effectiveness, such as a hidden data evaluator during the model test phase. The number of
effectively classified negative and positive instances is denoted by TN and TP, respectively. Furthermore, the
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amounts of misclassified positive and negative cases are defined as FN and FP, respectively. The following are
around of the supreme famous evaluation metrics.

1) Accuracy: Computes the percentage of correctly forecast classes in relation to the overall number of samples that
were tested. Accuracy can be calculated as follows:

TP+TN

Accuracy = —————— Q)
TP+TN+FP+FN

where TP is the number of true positives that are perfectly recognized. The total of perfectly-identified true negatives
is recognized as TN. FP denotes the number of images that are wrongly recognized in place of positive but are really
negative. FN is the sum of falsely detected negatives that are truly positive.

Accuracy values are in the range [0,100] percent. If we divide that range evenly, 100-87.5% equals very good, 87.5-
75% equals good, 75-62.5% equals satisfactory, and 62.5-50% equals bad. In reality, we regard numbers between
100 and 95% to be excellent, 95 to 85% to be good, 85 to 70% to be satisfactory, and 70 to 50% to be “needs to be
improved” for brain tumor recognition.

2) Recall or Sensitivity: The percentage of successfully classified positive patterns is calculated using sensitivity or
recall as shown below:

. T

Sensitivity = TPTFN (2
where TP is the total number of true positives that are perfectly recognized. FN is the total of falsely detected
negatives that are truly positives. The recall is calculated as TP/FN, in which TP represents true positives, and FN
represents false negatives. The recall of a classifier refers to its ability to locate all samples that are positive. 1 is the
best value while 0O is the worst.

3) Specificity: is used to calculate the percentage of incorrectly classified negative patterns. The formula of specificity
is as follows:

TN
FP+TN (3)

Specificity =

where the quantity of perfectly-identified negative images is equal to TN. FP denotes the quantity of positive images
that are wrongly known as positive but are truly negative.

In an ideal world, the model would have a high specificity or true negative rate. A greater specificity score would
imply a higher real negative rate and a decreased rate of false-positives. A reduced specificity score indicates a lower
genuineness score.

4) Precision: is used to figure out which positive patterns in a positive class are the most common. Precision is
calculated as follows:

TP
TP+FP (4)

Precision =

where TP is the total of fully recognized positive images. The sum of positive images that are wrongly recognized
as positive but are essentially negative is referred to as FP. Precision can be used as a measure of quality. When an
algorithm's precision is higher, it produces more relevant outcomes rather than irrelevant ones.

5) F1-Score: also known as F-score and F-measure, is a model's accuracy on a dataset. It is used to assess binary
classification systems that categorize examples as positive or negative. F1-Score is calculated as follows:

Precision*Recall
F1 Score = 2 % ————— "2 5)

Precision +Recall
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where recall (also called sensitivity) is the percent of related examples identified, and precision for positive predictive
value is the proportion of applicable examples found among the improved instances. The greatest rate of an F-score
is 1.0, which implies faultless accuracy and recall, while the minimum value is 0 if neither precision nor recall is 0.

RESULTS AND DISCUSSION

This section presents the experimental results obtained using Kaggle and Figshare datasets for brain tumor
classification. Afterward, the discussion about the results is given and the comparison with the state-of-the-art
demonstrates an analysis of different studies and findings on brain tumor classification and the comparison of these
findings with the results obtained in this study.

Results

All evaluation metrics and methods applied for both datasets are described in Table 1 and Table 2. All values and
results obtained in these experiments are demonstrated in details. The pathological brain images were taken from the
Kaggle dataset and there are two folders called test and train to analyze the performance of each prediction model.

When Figshare dataset is used, the results for three different models (AlexNet, VGG16 and ResNet) are better than
when Kaggle dataset is used. The reason for this is that the total images in Figshare dataset is more than the amount
of images in Kaggle dataset and also the quality of images in Figshare dataset is better than the quality of images in
Kaggle dataset finally, these models are more compatible with Figshare dataset compared to Kaggle dataset.

Table 1. Brain Tumor Classification Results on Kaggle Dataset
Evaluation metric Method Used

AlexNet VGG16 ResNet

Accuracy 0.9883 0.9733 0.6667
Precision 0.9895 0.9767 0.6185
Recall(Sensitivity) 0.9861 0.9703 0.9258
Specificity 0.9904 0.9764 0.3897
F-Measure 0.9878 0.9735 0.7416

Table 2. Brain Tumor Classification Results on Figshare Dataset
Evaluation metric Method Used

AlexNet VGG16 ResNet

Accuracy 0.9943 0.9915 0.9658
Precision 0.9960 0.9928 0.9818
Recall(Sensitivity) 0.9960 0.9948 0.9700
Specificity 0.9900 0.9840 0.9553
F-Measure 0.9960 0.9938 0.9759

Comparison with the State-of-the-Art

Expert radiologists perform the crucial task of brain tumor segmentation and classification. As decision-making aids,
radiologists can use ML and DL methods. This paper outlines a number of cutting-edge methodologies for classifying
brain tumors automatically. Brain tumor classification results are compared on Kaggle Brain MRI and Figshare Brain
MRI datasets in Table 3. In Kaggle dataset, a total of 2400 images exist in the train folder. There is a total of 600
images in the test folder. All the train and test images in Kaggle dataset are used in the experiments. Additionally,
there is another dataset named Figshare in which 5600 train images and 1400 test images are selected and used in the
experiments. All of the images available in Kaggle dataset are used in this study, however, some of the low quality
images in Figshare dataset are not utilized in that dataset.

In recent years, there have been several state-of-the-art studies for the classification of brain MRI images using
Kaggle Brain MRI dataset and Figshare Brain MRI dataset. Comparison with the state-of-the-art methods in Table 3
indicates that the results on Kaggle Brain MRI dataset show that most of the DL architectures, such as AlexNet and
VGG16, achieve better results compared to handcrafted methods. Similarly, the results on Figshare Brain MRI
dataset show that AlexNet achieves the best accuracies for the classification of brain tumors. The best accuracies
obtained using AlexNet on Kaggle Brain MRI dataset and Figshare Brain MRI dataset are 98.83% and 99.43%,
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respectively. It means that using these DL methods can be helpful for achieving better accuracy and results, especially
in the medical fields, because of the disease diagnosis in the initial steps is very crucial and vital in these fields.

Table 3. Comparison with the State-of-the-Art on Kaggle and Figshare Datasets

Feature
Autours Preprocessing Extraction and
and Segmentation Classification Dataset Accuracy
. Pixel-based
Manav et al., Segrlnrﬁgta;lon, feature Kagale 97 79%
(2021) Enhancgment extraction and 99 97
CNN.
PCA and
Prabira & Santi, . fused deep 0
(2021) Deep Fusion features and Kaggle 97.89%
SVM.
Arshiaetal., . 0
(2020) N/A VGG16 Figshare 98.69%
Polat & Giingen, DenseNet121, . 98.91%,
(2021) N/A ResNets0,  Figshare 99.02%
This Study N/A AlexNet Kaggle 98.83%
This Study N/A VGG16 Kaggle 97.33%
This Study N/A ResNet Kaggle 66.67%
This Study N/A AlexNet  Figshare 99.43%
This Study N/A VGG16 Figshare 99.15%
This Study N/A ResNet Figshare 96.58%

CONCLUSION

In this paper, three DL models including Alexnet, VGG16 and ResNet are utilized to classify brain tumors by
employing MRI images. The performances of these models have been investigated using two datasets, namely Kaggle
and Figshare, and five metrics are used to calculate their performances. AlexNet achieves 98% accuracy on the
Kaggle dataset, VGG16 has 97% accuracy, and ResNet gets 66% accuracy. AlexNet has offered the highest level of
accuracy among these networks. On the other hand, AlexNet achieves 99% accuracy in the Figshare dataset, VGG16
gets 99% accuracy, and ResNet has 96% accuracy. AlexNet and VGG16 outperform ResNet in terms of accuracy.
These accuracies allow for the early detection of abnormalities before they create physical harm such as disability or
other complications. The experimental results reveal that DL models perform well on Figshare Brain MRI dataset
and Kaggle Brain MRI dataset, however, better accuracy is obtained on the Figshare dataset. The reason for this is
that we have more images in the train and test sections when Figshare dataset is used. Therefore, the efficiency is
increased, and better results are obtained on Figshare dataset. For future work, since identifying the exact location of
a brain tumor is very important and the location of the tumor determines the need for surgery to remove malignant
tumors, other segmentation methods can be investigated. Additionally, more powerful and efficient DL architectures,
such as ResNet50, can be used to increase the accuracy of brain tumor classification.
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