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Induction Heating of Thermoplastic Adhesives for
Bonding of Double-Strap Joints
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Abstract In this study, the effect of induction temperature on the strength of double-strap metal
joints with thermoplastic adhesives was investigated. Thermoplastic polyurethane (TPU) and
polylactic acid (PLA) were used as adhesives. The induction temperatures used for PLA were
170°C and 200°C, while the TPU induction heating process was carried out at 190°C and
200°C. The strength of thermoplastic adhesive joints was compared to that of the methyl
methacrylate (MMA) adhesive joint. Maximum load values of 2279 N and 1349 N were
obtained for PLA and TPU joints, respectively. The MMA adhesive joint had a higher load
capacity than the induction-heated joints.

Keywords: Induction heating, Steel, PLA, TPU, Joint

I. INTRODUCTION

In joints where two surfaces are held together by an adhesive, both the joint geometry and
the adhesive properties are important in determining the joint strength. It is generally preferable
for the joint to fail under shear stress, as this is the scenario in which adhesives can achieve
their maximum load-bearing capacity. Double-strap joint geometry is favoured for both
material assembly and the repair of damaged joints [1]. They reduce bending stresses by
preventing axial misalignment at the joint interface [2]. Thanks to its double-sided support, it
can transmit higher loads than joints with single-sided support. They can be used reliably in
joints with dissimilar adherends. The type of adhesive used is another factor that affects joint
strength. It is as important as joint geometry. Structural adhesives with various formulations
are now commonly used for load transfer in joints. A previous study on thermoplastic adhesives
has demonstrated that materials in this group can be used as alternatives to structural adhesives.
[3]. Thermoplastic adhesives are suitable for the induction heating process. The other
advantages of these adhesives are their recyclability and the speed of joint assembly. Various
studies on joint preparation using the induction method can be found in the literature. These
studies have examined the debonding and rebonding of joints, the curing behaviour of
ferromagnetic particle-modified adhesives, and the joining of carbon fiber-reinforced
thermoplastic composites [4-7].

In the current study, steel sheets were used for double-strap joints. The joints were
manufactured using induction heating. PLA and TPU thermoplastic polymer films, which were
fabricated using the solution casting method, were used as adhesives in the overlap region of
the joints. The strength of the thermoplastic adhesive joints was then compared to that of the
methyl methacrylate adhesive joint. An axial tensile test was performed on the joints to
determine their failure behaviour and load capacity.

II. MATERIALS AND METHODS
The PLA and TPU thermoplastic films were used as thermoplastic adhesives in the

1
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induction-heated joints. MMA adhesive was used for the adhesive joint. DIN C75 was selected
as steel adherend. Thermoplastic films were manufactured by solution casting method.
Dimethyl formamide and dichloromethane were used as solvents for TPU and PLA,
respectively. The thermoplastic solution is poured into a mould and left in an oven for four
hours. Fig. 1 shows molded thermoplastic films in the oven.

Fig. 1. Molded thermoplastic films.

Specimen geometry

Width=25 mm i % 2 mm

TPU, PLA or MM adhesive

Induction heating process

Fig. 2. Joint preparation processes.

The metal sheet surfaces were cleaned with acetone, but no surface preparation process was
applied. The induction temperatures used for PLA were 170°C and 200°C, while the TPU
induction heating process was carried out at 190°C and 200°C. The induction heating

2
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temperature used for thermoplastic adhesives is above their melting points [8,9]. Fig. 2 shows
induction heating process and the details of double-strap joint geometry. During the induction
heating process, temperature measurements were taken at the overlap zone. Once the target
temperatures were reached, the joint was removed from the coil. It was then allowed to cool
under pressure. The MMA adhesive joint was left to cure at room temperature for 24 hours
after the adhesive was applied.

Fig. 3 shows tensile test setup for joints.

Fig. 3. Tensile test sétup.

The tensile load was applied to each joint at a loading speed of 1 mm/min. The load was continued until
the joint was damaged.

III. RESULTS AND DISCUSSIONS

The load-displacement diagrams and failures of induction-heated joints and adhesive
joints are shown in Figs. 4-6.

2500 ———— 170°C 200% ! 170°C. 1
200°C ‘ |

2000 -

1500 -

Load (N)

1000 -

500

1 1 1 ! 1 1 1 1 I

1
0 0.2 0.4 0.6 0.8 1 1.2 14 16 1.8 2
Displacement (mm)

Fig. 4. Load-displacement diagrams and failures of PLA joints.
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Fig. 5. Load-displacement diagrams and failures of TPU joints.
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Fig. 6. Load-displacement diagram and failure of adhesive joint.

It was observed from Figs. 4 and 5 that an increase in temperature enhanced the strength of
joints prepared via induction heating. The increase in strength associated with the rise in
temperature was calculated as 56.8% for the PLA joint and 71.4% for the TPU joint. Maximum
load values of 2279 N and 1349 N were obtained for PLA and TPU joints, respectively. The
load value for the adhesive-bonded joint is significantly higher than that of the induction-heated
joints. A failure load of 8410 N was achieved with the adhesive-bonded joint. The lower
strength values observed in the PLA and TPU joints can be attributed to insufficient adhesion
forces between the thermoplastic adhesives and the steel adherends due to a lack of surface
preparation. The strength of joints bonded with thermoplastic adhesives can be increased by
using the correct surface preparation methods. In the case of the adhesive bonded joint, bonding
to the surface occurred despite the absence of surface preparation, leading to a significant
increase in strength compared to the induction-heated joints. The lack of extensive surface
pretreatment did not adversely affect the joint strength of MMA adhesive. When MMA
adhesive was used, cohesive failure occurred, demonstrating that high adhesion forces were
achieved across the entire overlap area. Although thermoplastic adhesive joints have lower
strength values than MMA adhesive, they can be used for joints that require low load
transmission and short processing times.

IV. CONCLUSION

In this study, the effect of induction temperature on the strength of double-strap metal joints
with thermoplastic adhesives (TPU and PLA) was investigated. The induction temperatures
used for PLA were 170°C and 200°C, while the TPU induction heating process was carried out
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at 190°C and 200°C. Maximum load values of 2279 N and 1349 N were obtained for PLA and
TPU joints, respectively. Observed joint failure modes indicated that surface preparation is
essential for PLA and TPU joints. In cases where no surface treatment is performed, adhesive
joints with PLA and TPU adhesives can be used when low load transmission is required, and
a rapid bonding process is needed.
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Ozet: Docker Compose dosyalari, gelistiricilerin yan1 sira CI/CD hatlar1 ve dagitim araglar ta-
rafindan da programatik olarak degistirilmektedir. Bu dosyalar1 genel amagli YAML belge-leri
gibi ele alan ayristir—degistir—serilestir dongiileri; kullanici tanimli x-* alanlarini, yeni
Compose siiriimleriyle gelen modellenmemis 6zellikleri, kisa ve uzun sézdizimi bigimlerini ve
YAML tipini etkileyen tirnak bilgisini kaybedebilir. Inceledigimiz C++ kiitiiphaneleri ara-
sinda, Compose alanlari i¢in sinif tabanli bir API sunarken bilinmeyen ve x-* alanlarinin ko-
runmasini sistematik round-trip deneyleriyle dogrulayan bir kiitiiphaneye rastlanmamistir. Bu
bildiride, Compose alanlarina tip-farkinda erigim saglayan, degisiklikleri mevcut YAML diigiim
agaci lizerinde gergeklestiren ve dosyalar1 atomik olarak kaydeden C++20 kiitliiphanesi Compo-
seMorph tanitilmaktadir. Yaklagim; 38 kontrollii ve GitHub’dan derlenen 647 gercek diinya
Compose dosyast tizerinde yliriitiilen yedi deneyle dogruluk, yap: koruma, degisiklik yerelligi,
Docker Compose CLI dogrulamasi ve performans agisindan degerlendirilmistir. Hedeflenen tek
alanlik bir diizenlemede dosyalara eklenen 802 bilinmeyen 6zelligin ve 1.203 x-* alaninin ta-
mami1 korunmus; kaydetmenin taban giirtiltiisii diisiildiigiinde olgiilen on 6zelligin tamaminda
diizenlemenin kendi katkisi tek satirla sinirli kalmistir. Degerlendirme ayrica yaml-cpp tabanl
serilestirmede sessiz bir tip degisimi kusuru ortaya ¢ikarmistir: tirnakl skalerler tirnaksiz yazil-
diginda docker compose config ciktilarin yalnizca %38,1’ini kabul ederken, ayristiricinin sak-
ladig1 tirnak bilgisini kullanan serilestirme basari oranini %100’e (892/892) ¢ikarmistir. Bu
diizeltme Olciilebilir bir performans bedeli olusturmamis; eslesik dl¢iimde tirnak koruyan seri-
lestirici yaml-cpp’nin kendi serilestiricisinden %4-18 daha hizli calismis ve en biiyiik dosya-
larda ytikle—degistir—kaydet toplaminin medyan1 yaklagik 15,23 milisaniye olmustur. Koruma
metinsel degil yapisaldir: yorumlar ve bos satirlar korunmadigindan, degisiklik yapilmadan kay-
dedilen dosyalarin yalnizca %4,0’l bayt diizeyinde ayn1 kalmistir. Diizenlenen alt agac1 yeniden
kuran ham yaml-cpp kodunun 6lgiilen higbir vakada servisin kardes alanlarini koruyamamasi,
bu kazanimi API tasarimindan kaynaklandigini gostermektedir. Tiim veri kiimeleri, betikler
ve ham sonuglar tek komutla yeniden iiretilebilecek bigimde yayimlanmustir.

Anahtar Kelimeler: Docker Compose, YAML Round-Trip Diizenleme, Kod Olarak Yapilan-
dirma, Yap1 Koruma, C++

Abstract: Docker Compose files are increasingly modified programmatically by CI/CD pipe-
lines and deployment tools. Generic parse—modify—serialize cycles can discard user-defined x-
* fields, unmodeled properties introduced by newer Compose Specification versions, short-and
long-syntax forms, and quoting information that affects YAML types. Among the C++
libraries reviewed, none combines a class-based API for Compose fields with preservation of
unknown and x-* properties validated through systematic round-trip experiments. We present
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ComposeMorph, a C++20 library that provides type-aware access to Compose fields, edits the
existing YAML node tree in place, and saves files atomically. We evaluate the approach in seven
experiments over 38 controlled files and 647 real-world Compose files collected from GitHub,
measuring correctness, structure preservation, change locality, Docker Compose CLI validation,
and performance. All 802 injected unknown properties and all 1,203 x-* fields survive a targe-
ted single-property edit; after baseline save noise is subtracted, the edit itself is confined to one
line for all ten measured properties. The evaluation also exposes a silent type-coercion defect in
yaml-cpp-based serialization: when quoted scalars are emitted without quotes, docker compose
config accepts only 38.1% of the outputs, whereas serialization driven by the quote information
retained by the parser raises validation success to 100% (892/892). This correction introduces no
measurable performance cost: in paired measurements, the quote-preserving serializer is 4—18%
faster than yaml-cpp’s serializer, and the median load—modify—save time is approximately 15.23
ms even for the largest files. Preservation is structural rather than textual: because comments
and blank lines are not retained, only 4.0% of files are byte-identical after an unmodified save.
A direct yaml-cpp implementation that rebuilds the edited subtree preserves the service’s sibling
fields in none of the measured cases, indicating that the observed preservation follows from the
API design. All datasets, scripts, and raw results are published for one-command reproduction.

Keywords: Docker Compose, YAML Round-Trip Editing, Configuration As Code, Structure Pre-
servation, C++
I. GIRIS

Docker Compose dosyalari, uygulamanin nasil ¢alistirilacagini tanimlayan teknik belgeler
ol-manin yaninda gelistiriciler, CI/CD hatlar1 ve dagitim araglar1 arasinda paylasilan bir s6zles-
medir [1, 2]. Otomatik bir aracin yaptig1 kii¢iik bir giincellemenin ilgisiz alanlara yansimasi,
kod incelemesini gii¢lestirir ve ¢alisan bir yapilandirmay1 fark edilmeden bozabilir. Bu nedenle
programatik diizenlemede temel beklenti, yalnizca istenen degisikligin yapilmasi ve dosyanin
geri kalaninin anlaminin korunmasidir.

Bu beklentiyi karsilamak, YAML’1 okuyup yeniden yazmaktan daha kapsamli bir problem-
dir. Compose Specification zamanla genisler; ayn1 kavram farkli sézdizimleriyle ifade edilebi-
lir ve diizenleyici, heniliz tanimadig1 alanlarla karsilagabilir. Buna karsin C++ ekosisteminde,
Compose kavramlarini dogrudan temsil eden ve bu ¢esitliligi yeniden kullanilabilir bir arayiiz
arkasinda yoneten ortak bir kiitiiphane bulunmamaktadir.

Bu ¢alisma, sinif tabanli bir Compose API’sinin mevcut belge agaci tizerinde yerinde de-
gisiklik yaparak bu gereksinimi karsilayip karsilayamayacagini inceler. Bu amagla gelistirilen
ComposeMorph; hedef alan1 diizenlerken belgenin modellenmeyen boliimlerini ayn1 agagta tutar
ve kaydetme agsamasinda YAML degerlerinin anlamini korumay1 amagclar. Yaklasim, birbirini
tamamlayan kontrollii ve gergek diinya veri kiimelerinde dogruluk, koruma, degisiklik yerelligi,
ileriye doniik uyumluluk ve performans bakimindan sinanmastir.

Bu bildirinin katkilar1 sunlardir:

1. Compose alanlar i¢in sinif tabanli API, modellenmeyen alanlara genel erisim ve atomik
kaydetme sunan yeniden kullanilabilir bir C++ kiitiiphanesi.

2. Modellenmeyen Compose ve x-* alanlarini koruyan yerinde diizenleme yaklagiminin
gercek diinya dosyalariyla degerlendirilmesi.

3. Sessiz tip degisimi ile kisa s6zdiziminin istemeden mapping bi¢gimine doniismesi sorun-
larinin belirlenmesi ve giderilmesi.

4. Iki veri kiimesini, yedi deneyi ve yeniden iiretim betiklerini igeren agik degerlendirme
paketi.
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II. ALTYAPI VE MOTiVASYON
A.  Docker Compose Specification

Compose Specification [1], bir uygulamanin servislerini ve bunlarin aglarini, volume’larini,
config ve secret tanimlarin1 YAML bi¢iminde tanimlar. Belgenin {ist seviyesinde services,
networks, volumes, configs, secrets gibi boliimler ile x— Onekli extension fields (x—*)
bulunur. Extension fields, spesifikasyonun araglara ayirdigi resmi genisletme noktalaridir: sema
bunlar1 serbest birakir, ancak x- oOneki tasimayan taninmayan anahtarlar1 reddeder. Spesifi-
kasyon ayrica ayni bilgiyi iki bicimde ifade etmeye izin verir. Ornegin portlar kisa s6zdizi-
minde "8080:80" bi¢iminde bir dizi elemani, uzun sézdiziminde ise target/published
anahtarlarin1 tasiyan bir esleme (mapping) olarak yazilabilir; environment, labels,
extra hosts ve volumes igin de benzer ikilikler vardir. Bir diizenleme kiitiiphanesi her
iki bi¢imi de bozmadan tasimak zorundadir.

B.  YAML skalerleri ve ortiik tip ¢oziimlemesi

YAML’da bir skaler degerin tipi, tirnak kullanimina baghdir. Tirnaksiz (plain) yazilmis 3. 8
bir kayan noktali say1, true bir boolean, 8080 bir tam say1 olarak ¢oziimlenir; aym degerler
tirnak-landiginda string olur. YAML 1.1 ¢oziimleme kurallar1 bu kiimeyi yes/no/on/off gibi
boolean esdegerlerini, onaltilik ve sekizlik tam sayilari, 1:30 bigimindeki altmiglik
(sexagesimal) sa-yilar1 ve tarih/zaman damgalarini da igerecek bi¢cimde genisletir. Dolayisiyla
tirnak, YAML’da bigimsel bir tercih degil, anlam tasiyan bir isarettir: version: "3.8" ile
version: 3.8 farkli belgelerdir ve Compose semasi version alaniin string olmasini
sart kosar.

YAML ayrica yorum satirlari, bos satirlar, girinti tercihleri, anchor/alias (&ad, *ad) ve bir-
lestirme anahtar1 (<<) gibi, belgenin veri igerigine degil sunumuna ait 6geler barindirir. Bu
Ogelerin bir kism1 ayristirma sirasinda veri modeline hi¢ taginmaz.

C. Round-trip diizenleme problemi

Bir yapilandirma dosyasini programatik olarak diizenlemenin temel akisi ayristir — degistir
— serilestir bigimindedir. Dosyanin bu dongli sonunda ne oOlgiide korunacagi, ayristirici
tarafindan tutulan ara temsile baglidir. Somut sdzdizimi agaci (Ing. Concrete Syntax Tree,
CST) kulla-nan araglar, kaynak metindeki sdzdizimsel ayrintilar1 da saklayabildigi i¢in yalnizca
degistirilen boliimii yeniden yazabilir. ruamel.yaml [4] ve eemeli/yaml [5] bu yaklagim
sayesinde yorum ve bicim bilgisinin 6nemli boliimiinii korur. yaml-cpp [3] ise belgeyi
diizenlenebilir bir YAML diiglim agacina doniistiiriir. Bu model belge yapisini, anahtar sirasini
ve degerleri korusa da yorum, bos satir, girinti ve bazi skaler gésterim ayrintilarini tam olarak
saklamaz. Bu nedenle dosya kaydedilirken belgenin tamami yeniden serilestirilir ve hedeflenen
degisikligin disindaki satirlarda da fark olusabilir. Daha 6nemlisi, serilestirme sirasinda tirnak
bilgisinin kaybedilmesi baz1 skalerlerin YAML tipinin sessizce degigsmesine neden olabilir.

D. Ileriye doniik uyumluluk

Compose Specification gelismeye devam etmektedir. Bir diizenleme kiitiiphanesinin nesne
mo-deli, spesifikasyonun her siiriimiinii takip edemez. Bu nedenle kiitliphanenin bilmedigi
alanlar1 kaybetmemesi, yani modellenmemis her yapiy1 oldugu gibi tagimasi pratik bir gerekliliktir.
Sema temelli (dataclass/Pydantic benzeri) yaklasimlar bu noktada dezavantajlidir: model,
tanimadig1 bir alan1 saklayacak bir yere sahip degilse serilestirmede o alan kaybolur.

III. ILGILI CALISMALAR

Bu bolim, Docker Compose yapilandirmalarinin programatik olarak diizenlenmesiyle
iligkili ara¢ ve kiitliphaneleri karsilagtirmaktadir.
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A.  YAML kiitiiphaneleri

Incelenen C/C++ Kkiitiiphaneleri yorum ve bigim koruyan round-trip diizenlemeyi
desteklenen bir 6zellik olarak belgelememektedir. yaml-cpp [3] yorumlart atar ve ilgili talep
2015’ten beri acgiktir [8, 9]; libyaml yorum belirteci tiretmez [10, 11]. rapidyaml’da skaler tip
sadakatini bozan ters yonlii bir tirnaklama hatasinin daha 6nce giderilmis olmasi [12,13], tirnak
kararlarmin genel bir hata kaynagi oldugunu gostermektedir. fkYAML da round-trip koruma
iddias1 tasimaz [14].

B.  Yorum koruyan ve CST tabanli araglar

ruamel.yaml [4], eemeli/yaml [5] ve Rust yaml-edit [15] CST veya kayipsiz agaclarla yorum
ve bi¢imi koruyabilir; benzer yaklagim LibCST ve cstree’de goriiliir [16, 17]. Ancak bu araglar
genel amaclidir, Compose nesne modeli sunmaz ve C++ degildir.

C. Kubernetes ve Docker Compose araglart

Kubernetes kyaml [7] yapiy1 ve yorumlar1 korumay1 hedeflese de go-yaml kaynakli yorum
ka-yiplar1 bildirilmistir [18]. Compose’un bagvuru kiitiiphanesi compose-go [6] yiikleme ve
dog-rulamaya odaklanir. fishfinger, compose-py ve docker-compose-yaml-parser programatik
dii-zenleme sunar [19-21], ancak bilinmeyen alan ve x-* korumasint Ol¢iilmiis bir garanti
olarak belgelemez.

D.  Ampirik calismalar

GitHub tabanli ¢aligmalar Compose kullanimin1 ve kompozisyon Oriintiilerini incelemistir
[2, 22]; YAML 1n model yonetimi dilleriyle islenmesi de model diizeyinde ele alinmistir [23].
Bu bildirinin odag1 ise mevcut dosyanin en az yan etkiyle diizenlenmesidir.

E.  Konumlandirma

Taramada, Compose’u C++ ile tipli bir API iizerinden diizenlerken modellenmeyen alanlarin
korunmasini deneysel olarak degerlendiren bir kiitliphaneye rastlanmamigstir. ComposeMorph
bu boslugu hedefler; yorum ve tam bigim koruyan bir CST diizenleyicisi degildir.

IV. TASARIM

A. Nesne modeli

Kiitliphanenin giris noktast ComposeFile smifidir: bir dosyayr yiikler, servislere ve
ist seviye koleksiyonlara erisim verir, dosyayi kaydeder. service (ad) cagrist bir
Service nesnesi dondiiriir; Service de Compose kavramlarini dogrudan yansitan alt
nesneler sunar (Environment sinift labels i¢in de kullanilir). Service iizerin-
den Environment, ExtraHosts, Ports, Volumes, Networks, BuildConfig,
HealthCheck, DependsOn ve DeployConfig nesnelerine erigilir. ComposeFile
ayrica NetworkCollection, VolumeCollection, ConfigCollection ve
SecretCollection iist seviye koleksiyonlarini sunar.

Bu siniflarin higbiri veriyi kendi i¢inde kopyalamaz; her biri, altta yatan YAML diigiim agaci-nin
ilgili diiglimiine tutunan ince bir goriinlimdiir. Bir Service nesnesi, servisin diigiimiine bir
tutamactir; lizerinde yapilan her degisiklik dogrudan agacta gergeklesir. Boylece kiitiiphanenin
modellemedigi kardes alanlar, diizenleme sirasinda hi¢bir zaman okunup yeniden yazilmaz.

B.  Tipli APl ile genel alan API nin iliskisi

Tipli API, spesifikasyonun sik kullanilan alanlarini adlandirilmis islemlerle sunar; 6rnegin
bir imaj etiketini giincellemek tek satirdir:

compose.service ("api")
.setImage ("company/api:2.0");
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Modellenmemis her alan i¢in ayn1 nesne, nokta gosterimli genel bir 6zellik API’si saglar:

api.set ("x-company-security.hsm",
"enabled"); auto v = api.get<std::string>(
"logging.options.max-file");
api.remove ("deploy.placement.constraints");

Iki API aynmi aga¢ iizerinde calisir ve birbirinin yerine gegebilir: tipli islemler, genel alan
APP’nin yapacag1 diigim yazma isleminin adlandirilmis ve tip kontrollii bir kisayoludur. Bu
iligki, ileriye doniik uyumlulugun kaynagidir. Spesifikasyona yarin eklenecek bir alan i¢in kii-
tiiphanenin gilincellenmesi gerekmez; alan genel alan API ile okunup yazilabilir, hi¢ dokunul-
masa bile dosyada aynen kalir.

C. Kisa ve uzun sozdizimi

Ortam degiskenleri, etiketler ve ek host kayitlar1 i¢in kullanilan smiflar, altlarindaki
diigiimiin liste mi yoksa esleme mi oldugunu ¢alijma zamaninda tespit eder ve dosyanin
mevcut bici-mini korur. Ornegin ortam degiskenleri kisa sézdiziminde, yani KEY=value
bicimindeki liste girdileri olarak yazilmissa, bir degiskeni giincelleyen ¢agri ilgili girdiyi
yerinde degistirir ya da listenin sonuna yeni bir girdi ekler; boliimii eslemeye doniistiirmez.
Ports, Volumes ve Networks yardimcilart da uzun sozdizimli (esleme) girdileri hata
vermeden isler.

D. Hata yonetimi ve giivenli kaydetme

Ayrigtirllamayan dosya, bulunamayan servis ve is kurali ihlali, her biri kendi istisna tiiriiyle
bildi-rilir; 6rnegin olmayan bir servise erisim ServiceNotFoundException firlatir.
Kaydetme varsayilan olarak atomiktir: igerik dnce gegici bir dosyaya yazilir, ardindan hedefin
lizerine rename ile tasinir; boylece yazma sirasinda olusan bir kesinti mevcut dosyayr yarim
birakmaz. Istege bagli olarak .bak yedegi alinabilir.

V. ROUND-TRIP DONUSUM YAKLASIMI

A.  Ayristirma modeli ve neyin korundugu

ComposeMorph, belgeyi yaml-cpp’nin degistirilebilir diigiim agacina ayristirir. Bu bir CST
degildir: kaynak metnin karakter araliklari saklanmaz. Agagta korunan bilgi sunlardir: belge
yapisi, eslemelerde anahtar sirasi, koleksiyonlarin akig/blok stili, skaler degerlerin metni, anchor
ile paylasilan diiglimlerin kimligi ve — bu ¢aligma i¢in kritik olan — skalerin kaynakta tirnaksiz
yazilip yazilmadigin1 gosteren belirtisiz etiket: tirnaksiz (plain) skalerler 2, tirnakli ve blok (|,

>) skalerler ise ! etiketi tagir. Ayristirmada kaybolan bilgi ise yorumlar, bos satirlar, girinti
genisligi, tek/¢ift tirnak ayrimi, blok skaler stili ve anchor adlaridir.

B.  Degisiklik izleme ve ¢akigmalar

Kiitiiphane bir degisiklik giinliigli tutmaz. Her diizenleme, ilgili diigiime dogrudan yazar;
do-layisiyla birlestirilecek iki siirim ve ¢oziilecek bir cakigma durumu olusmaz.
Modellenmemis alanlar hi¢bir asamada okunmaz, kopyalanmaz veya yeniden insa edilmez;
kaydetmede agacta ne varsa o yazilir. Bilinmeyen 6zelliklerin ve x—* alanlarinin korunmasi, ek
bir mekanizmanin degil bu tasarim kararinin sonucudur.

C. Serilestirme

yaml-cpp’nin varsayilan serilestiricisi bir skaleri tirnaksiz yazmanin giivenli olup
olmadigina yalnizca metnine bakarak karar verir: 0.8.0 siiriimiinde ITsValidPlainScalar
islevi degeri null benzeri degerlere (null, ~, bos string) ve sdzdizimsel olarak sakincali
karakterlere karsi sinar, fakat boolean veya sayr gibi goriinmesini dikkate almaz. Ayrica
ayristirmada tretilen ! etiketi serilestirmede yok sayilir. Sonug, giris boliimiinde 6rneklenen
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davranistir: version: "3.8" tirnaksiz yazilir ve yeniden okundugunda artik string degil
kayan noktal1 sayidir.
Bu nedenle ComposeMorph, kaydetmeyi kendi agag yiiriitiiclisli izerinden yapar. Yiiriitiicii,
yaml-cpp’nin kendi diiglim serilestiricisiyle ayni ¢iktiyr {retir (ayni1 anchor/alias
numaralandir-masi, aynm etiketler, ayn1 akis/blok stili, ayn1 anahtar sirasi); tek farki skaler
yazma kararidir:

1. Birinci gecis. Agac dolasilarak her diiglimiin kag kez referans edildigi sayilir. Bir diigiime
birden ¢ok yoldan ulasiliyorsa o diiglim anchor gerektiriyor demektir. Kimlik karsilastir-masi
diigiim kimligi izerinden yapilir; arama uzayini daraltmak i¢in diiglimler kaynaktaki konumlarina
gore kovalara ayrilir.

2. Ikinci gecis. Agag yeniden dolasilir ve yazilir. Birden ¢ok referansh bir diigiime ilk ula-
sildiginda bir anchor atanir, sonraki ulagimlarda alias yazilir. Eglemeler ve diziler igin
diiglimiin stili (akis/blok) uygulanir.

3. Skaler yazma kurali.. Diigiim ! etiketi tagiyorsa (yani kaynakta tirnakli ya da blok skaler
olarak yazildiysa) deger cift tirnakla yazilir; aksi halde yazma karar1 yaml-cpp’nin var-sayilan
davranisina birakilir. Boylece kaynakta tirnaksiz yazilmis sayilar ve boolean’lar tirnaksiz kalir,
tirnakli yazilmis string’ler string olarak kalir.

D. APliizerinden yazilan degerler

Round-trip sadakati, yalnizca dosyadan gelen degerleri kapsar. API iizerinden yazilan bir
string de ayni1 tuzaga diisebilir: 6rnegin setCommand ({"run", "--workers", "4"})
cag-risinda "4" tirnaksiz yazilirsa Compose semast command dizisinin tiim elemanlariin
string olmasini bekledigi icin dosya reddedilir. Bu nedenle string alan her setter, yazdig1 degeri
bir belirsizlik sinamasindan gegirir: deger tirnaksiz yazildiginda YAML 1.1 veya YAML 1.2
cekir-dek semasina gore null, boolean, tam say1, kayan nokta, altmislik say1, zaman damgasi ya
da birlestirme anahtar1 olarak ¢oziimlenecekse diigiim ! ile isaretlenir ve yukaridaki kural
geregi tirnakli yazilir. Sinama kasitli olarak genis tutulmustur: gereksiz tirnaklamanin bedeli
estetiktir, eksik tirnaklamanin bedeli sessiz tip degisimidir.

Mevcut bir degerin iizerine yazildiginda etiket korundugu i¢in, kaynakta tirnakli olan bir alan
giincellendikten sonra da tirnakli kalir; kaynakta tirnaksiz olan bir alan ise degeri belirsiz olma-
dikca tirnaksiz kalir.

E. Desteklenmeyen YAML ozellikleri

Yorumlar ve bos satirlar ayristirmada kayboldugu i¢in ¢iktida bulunmaz. Anchor/alias
yapilart korunur — somut degerlere genisletilmez — ancak anchor adlar1 ayristiric1 tarafindan
saklan-madigindan c¢iktida otomatik iretilmis sayisal adlarla (&1, *1) yeniden yazilir. Tek
tirnakli skalerler ¢ift tirnakla yazilir. Blok skalerlerin (|, >) igerigi korunur, ancak stil bilgisi
saklan-madigindan deger kagis dizileri igeren tek satirlik ¢ift tirnakli bir string olarak yazilir
(6rnegin "echo one\necho two\n"); Veri Kiimesi B’deki 647 dosyanin 55’inde (%8,5)
en az bir blok skaler bulunmaktadir. Bu davranislar 6l¢iimleriyle birlikte bulgular (Boliim VIIIL.)
ve kisit-lamalar (Boliim XI.) bdliimlerinde raporlanmaktadir.

VI. GERCEKLESTIRIM

ComposeMorph C++20 ile yazilmistir ve GCC 11 veya Clang 13 ve {iizeri derleyicilerle
kuru-labilir; degerlendirmede GCC 14.2 kullanilmistir. Derleme sistemi CMake (> 3.16), tek
dis bagimlilik yaml-cpp’dir (> 0.7.0; 6l¢timlerde 0.8.0). Birim testleri GoogleTest ile yazilmis
ve CTest’e baglanmistir; paket su anda 55 test igermektedir.

Kiitiiphane kodu toplam 2.471 satirdir (1.832 satir .cpp kaynak kodu ve 639 satir bag-
lik). Degerlendirme altyapisi ayrica bes adet C++ Olglim araci (toplam 557 satir) ve on iki
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Python betigi (toplam yaklasik 4.140 satir) icerir. Depoda src/ ve include/ Kkiitiiphaneyi,
benchmarks/ Ol¢ciim araglarini, datasets/ iki veri kiimesini, scripts/ deney siiriiciile-
rini, results/ ham ¢iktilari, tablolar ve figiirleri, paper/ ise bu bildiriyi barindirir.

Docker Compose ile biitinlesme iki diizeydedir. Kiitliphane iginde

ComposeFile::validate () yaygimn alanlar i¢in is kurali denetimleri yapar: servis
adinin bigimini ve servis diigliimiiniin esleme olmasini; extends kullanan servisler disinda
image yadabuild alanlarindan en az birinin bulunmasini; ports, volumes, networks
ve environment gibi temel alanlarin YAML tiirlerini; port ve volume girdilerinin bigimini
ve yinelenmesini; liste bigimli environment girdilerindeki ve networks bagvurularindaki
tekrarlar1 ve list seviyede networks bolimi bulunan dosyalarda tanimsiz aglara yapilan
basvurular1 denetler. Interpolasyon iceren degerler (drnegin "${PORT}:80") calisma
zamaninda ¢oziildiigiinden denetim disinda birakilir. Asil dogrulama ise dis aracla yapilir:
iiretilen her ¢ikt1 docker compose config komutundan gecirilir (Boliim VIL.).

VII. DENEYSEL YONTEM

A.  Arastirma sorulari

*  RQ1 (Dogruluk): Kiitiiphane ger¢ek Compose dosyalarini ayristirip degistirdikten sonra
gecerli Compose dosyalari tiretiyor mu?

* RQ2 (Koruma): Yalnizca belirli bir alan degistirildiginde, degisiklikle ilgisi olmayan
yapilandirma bilgisinin ne kadar1 korunuyor?

*  RQ3 (Degisiklik yerelligi): Hedeflenen alan degistirilirken dosyada ne kadar gereksiz
degisiklik olusuyor?

«  RQ4 (ileriye doniik uyumluluk): Nesne modelinde tanimlanmans Compose dzellikleri
kaybedilmeden tasiniyor mu?

*  RQS5 (Performans): Yiikleme, degistirme ve serilestirme maliyeti ger¢ek kullanim igin
kabul edilebilir mi?

B.  Veri kiimeleri

Veri Kiimesi A (kontrollii), elle yazilmigs 38 dosyadan olusur: 24 dosya Compose
Ozellikle-rini tek tek (build, kisa ve uzun sozdizimli environment/ports/volumes,
networks, depends on, healthcheck, deploy, configs, secrets, labels,
profiles, logging, sysctls,ulimits, devices, x—* alanlari, modellenmemis alanlar
ve i¢ igce ge-nel ozellikler) izole eder; 2 dosya bunlari birlikte igerir; 10 dosya sinir durumlarini
(anchor/alias ve birlestirme anahtari, tirnakli skaler bigimleri, yalnizca build igeren servis,
Unicode igerik, null ve bos degerler, external kaynaklar, extends, include, yalnizca
biliylik/kiigiik harfle ayrisan anahtarlar) smar; 2 dosya ise koruma deneylerinin isaretci
kaliplarini tagir.

Veri Kiimesi B (gercek diinya), acik kaynak GitHub projelerinden iki adimda oto-
matik olarak toplanmis 647 Compose dosyasndan olusur.  ilk adimda GitHub kod
arama API’sinin filename:docker-compose.yml sorgusundan 597, depo aramasinin
topic:docker-compose sorgusundan 3 dosya alinmistir; adaylar depo ve dosya yolu dii-
zeyinde tekillestirilmis, yalnizca gecerli YAML olarak ayristirilan ve bir services eslemesi
igeren dosyalar tutulmustur. Bu dosyalarin satir sayis1 medyani 36, en biiyligii ise 405 satirdir;
biiylik dosya gruplari hi¢ temsil edilmemektedir. Bu nedenle ikinci adimda, ¢ok servisli yiginlar
barindirma olasilig1 yliksek depolarda (homelab, self-hosted, izleme yiginlar1) tiim dosya agaci
taranarak 500 satirin iizerindeki 47 Compose dosyasi ayrica eklenmistir. Dolayisiyla korpus bii-
yuk dosyalar yoniinden bilingli olarak zenginlestirilmistir. Toplama ve analiz betikleri depoda
yaymmlanmigtir. Birlesik korpus yine de literatlirdeki gozlemlerle uyumlu bi¢gimde kiigiik dos-
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yalara egilimlidir: satir sayis1t medyani 39 (en biiyiik dosya 2.591 satir), servis sayist medyani 2
(en fazla 56), iist seviye boliim sayist medyani 2, YAML i¢ igelik derinligi medyan1 4 ve x—*
alan1 sayis1 medyani 0°dir. Son deger, x—* ve modellenmemis alan deneylerinde neden kont-
rollii isaret¢i enjeksiyonuna bagvurdugumuzu agiklar: bu alanlar ger¢cek dosyalarda dogal olarak
nadirdir.

C. Deneyler

Yedi deney yiiritiilmiistiir: (1) kimlik round-trip (degisiklik yapmadan ytikle—kaydet), (2)
he-defli degisiklik ve degisiklik yerelligi (on ayr 6zellik {izerinde), (3—4) modellenmemis alan
ve x—* alan koruma, (5) docker compose config ile dogrulama, (6) ham yaml-cpp ile
karsi-lastirma, (7) performans. Her deney her iki veri kiimesi lizerinde de kosulmustur. Deney
6’da ti¢ arag karsilagtirilir: ComposeMorph; diigiimii yerinde degistiren dikkatl/i ham yaml-cpp
kodu; ve ayn1 diizenlemeyi ilgili alt agact yeniden insa ederek yapan saf ham yaml-cpp kodu.
Deney 2’de kiitiiphane ports, extra hosts ve networks i¢in yerinde degistirme degil
yalnizca ekleme ve ¢ikarma islemi sundugundan, bu ii¢ 6zellikteki hedefli degisiklik listeye tek
bir girdi eklemektir. volume-source diizenlemesinde en az bir kisa sdzdizimli volume
girdisi bulu-nan servisler uygun kabul edilmis, volume girdilerinin tamami uzun s6zdizimli
olan servisler deneyden dislanmistir. Dikkatli ara¢ yaml-cpp’nin varsayilan serilestiricisini
kullandigindan, Deney 5 ve tirnak analizinde ayni zamanda “diizeltme 6ncesi” slitununu saglar;
bu esdegerlik Sl¢iilmiistiir (Boliim VIIL.).

D. Metrikler ve istatistiksel degerlendirme

Metinsel koruma, girdi ile ¢ikt1 arasindaki degisen satir sayisi, degisen satir orani, satir diize-
yinde Levenshtein uzaklig1 ve normalize edilmis diizenleme uzakligi ile dlgiiliir. Degisiklik ye-
relligi i¢in beklenen degisen satir / gergeklesen degisen satir oran1 kullanilir; beklenen deger tek
alanlik bir diizenleme i¢in 1’dir. Ayn1 dosyanin degisiklik yapilmadan kaydedilmesindeki taban
giiriiltii, diizeltilmis oranda gergeklesen satir sayisindan diisiiliir. Anlamsal koruma iki bagimsiz
dogrulama mekanizmasiyla 6l¢iiliir: docker compose config (Compose semasinin kendi
dogrulayicist) ve PyYAML ile yeniden yiikleme (degerlerin YAML tiplerinin korunup korunma-
dig1). Performans Ol¢iimleri her dosya i¢in 30 yinelemeyle yapilir; medyan, ortalama, standart
sapma ve p95 raporlanir. Iki serilestirici karsilastirilirken Sl¢iimler ayni siiregte, ayn1 agag iize-
rinde ve yineleme basina sira degistirerek eslesik bicimde alinir; dagilim varsayimi yapmamak
icin Wilcoxon isaretli siralar testi (normal yaklagim) kullanilir.

E.  Ortam ve tekrarlanabilirlik

Olgiimler 12. nesil Intel Core i7-1255U (12 mantiksal ¢ekirdek), 15,3 GiB RAM, Debian
GNU/Linux 13 (¢ekirdek 6.12), GCC 14.2.0, Release derleme, C++20 ve Docker Com-
pose 2.26.1 ortaminda yapilmistir. Tiim deneyler depodaki tek bir komutla yeniden iiretilebilir:

./scripts/run-all-experiments.sh. Ham ¢iktilar, tablolar ve figlirler results/
altinda yayimlanmistir; diizeltme Oncesi tablolar karsilastirma i¢in results/pre-fix/

altinda saklanmustir.
Tablo I. Docker Compose dogrulama basari orani (Veri Kiimesi B)

Cikt1

ComposeMorph

Karsilastirma
surimi

Kimlik round-trip
Hedefli image

diizenlemesi

491/491 (%100)
401/401 (%100)

187/491 (%38,1)
153/401 (%38.2)

Toplam

892/892
(%100)

340/892 (%38,1)
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VIII. BULGULAR

Bulgular, deney ¢iktilarindan otomatik olarak dretilen Ozetlere dayanmaktadir.
“Karsilastirma siirimii” siitunlari, ayni1 diizenlemeleri yaml-cpp’nin varsayilan serilestiricisiyle
gergeklestiren dikkatli ham yaml-cpp aracina aittir. Bu arag, diizeltme 6ncesi ComposeMorph ile
100 dosyanin tamaminda bayt diizeyinde ayni1 ¢iktiy1 tiretmistir.

A. RQI — Dogruluk

Veri Kiimesi B’deki 647 dosyanin tamami ayristirilmis (647/647), kaydedilmis ve
kaydedilen ¢ikt1 yeniden ayristirilabilmistir (647/647). Veri Kiimesi A’da da 38/38 dosya i¢in
ayni sonu¢ alinmstir.

Asil ayrim dis dogrulamada ortaya ¢ikar. Korpustaki 647 dosyanin 491°1 (%75,9) docker
compose config tarafindan zaten gegerli kabul edilmektedir; kalanlar eksik .env dosyalari,
tanimsiz interpolasyon degiskenleri veya bozuk sézdizimi gibi kiitliphaneden bagimsiz neden-
lerle reddedilir ve asagidaki oranlarin disinda tutulur. Tablo I, bu gecerli girdilerden tiretilen
c¢iktilarin dogrulama sonuglarini gostermektedir.

Karsilagtirma stirtimiinde gegersizlesen 552 ¢iktinin 548’1, tirnakli bir skalerin tirnaksiz ya-
zilmast sonucu string olmasi gereken bir alanin sayiya veya boolean’a doniismesinden kaynak-
lanmaktadir. Kalan 4 vakada ¢ikt1i, Docker’in YAML ayristiricist igin sdzdizimsel olarak dahi
gecerli degildir: kaynakta " : 80" biciminde tirnaklanmis bir deger, akis dizisi i¢inde tirnak-siz
yazildiginda PyYAML ve go-yaml tarafindan okunamamaktadir. ComposeMorph’un tirnak
koruyan serilestiricisiyle bu vakalarin tamami ortadan kalkmistir. Veri Kiimesi A’da da Compo-
seMorph c¢iktilarinin tamami gecerlidir (64/64); karsilastirma siiriimiinde yalnizca tirnakli skaler
bicimlerini sinayan dosyanin iki ¢iktis1 reddedilmektedir (62/64).

B.  RQ2 — Koruma

Koruma ii¢ ayr1 diizeyde dl¢tilmiistiir.

Yapisal koruma. Gergek dosyalara kontrollii olarak eklenen ve kiitiiphanenin modellemedigi
alanlar, ilgisiz bir alan degistirildikten sonra tiim vakalarda korunmustur: 802/802 modellen-
memis alan ve 1.203/1.203 x-* alan1 6rnegi (Veri Kiimesi A’da 96/96 ve 144/144). Kontrollii
sinir durumlarinin altis1 da (null degerli x—-*, skaler degerli x-*, liste degerli x-*, liste bigi-
minde bilinmeyen iist seviye boliim, tipli bir boliimiin i¢ine gdmiilii bilinmeyen alan, baska bir
bilinmeyen blogun i¢ine iki diizey gdmiilii x-*) korunmustur.

Deger tipleri. Korpustaki 617 dosyada acik¢a tirnaklanmis 9.807 skaler deger tespit edil-

mistir. ComposeMorph ile round-trip sonrasinda bunlarin higbiri tip degistirmemistir.
Karsi-lagtirma siirlimiinde ise 452 dosyada (tirnakli skaler igceren dosyalarin %73,3°) 2.570
deger tip degistirmektedir: tam say1 gériintimlii degerlerin %99,9’u, kayan nokta goériiniimliilerin
%1001 ve boolean kelimelerinin %99,5’i. Buna bagli olarak, ¢iktinin girdiyle PyYAML’a gore
birebir ayni veriye ¢oziimlenme orani 33/100°den 100/100°e ¢ikmaktadir.

Metinsel koruma. Buna karsilik ¢ikt1 bayt diizeyinde girdinin aynis1 degildir: degisiklik yapil-
madan kaydedilen dosyalarin yalnizca %4,0°1 (26/647) 6zdestir; degisen satir oraninin medyant
0,167°dir (diizeltme 6ncesi %0,77 ve 0,250). Satir diizeyinde Levenshtein uzakliginin medyani
7, normalize edilmis diizenleme uzakliginin medyan1 0,167°dir. Kalan farklar yorumlarin ve bos
satirlarin kaybindan, girinti normalizasyonundan, tek tirnagin ¢ift tirnaga ve blok skalerlerin tek
satirlik ¢ift tirnakli string’e donlismesinden kaynaklanir. Anchor/alias ve birlestirme anahtari
yapilar1 somut degerlere genisletilmeden korunur, ancak anchor adlar1 sayisal adlarla yeniden
yazilir.

C. RQ3 — Degisiklik Yerelligi

On ayr1 ozellik tizerinde 1.467 diizenleme senaryosu kosulmustur. Tek alanlik bir diizenle-
mede degisen satir sayisinin medyan1 port ig¢in 8; image, env ve volume-source ig¢in
9; restart i¢in 10; healthcheck-retries igin 13; network igin 14; deploy-cpus
icin 20; hostname i¢in 23 ve extra-host i¢in 36’dir. Ham yerellik oraninin medyan1 bu
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nedenle 0,03-0,13 arasindadir. Bu satirlarin neredeyse tamami diizenlemenin kendisinden de-
gil, kaydetmede yorum ve bos satir kaybindan ve girinti normalizasyonundan dogan taban gii-
riltiiden kaynaklanir. Ayni dosyanin degisiklik yapilmadan kaydedilmesindeki giiriilti diisiil-
diiglinde, on 6zelligin tamaminda diizeltilmis yerellik oraninin medyani 1,0’dir: diizenlemenin
kendi katkisi tek satirla sinirhidir. Buna karsin kod incelemesinde goriilen ham diff taban giiriil-
tilyii de icerdiginden tek satirlik degildir (Bolim IX.).

Aym 0l¢tim, kisa so6zdizimi hatasinin etkisini de ortaya koyar. Diizeltme 6ncesinde, liste
bicimli environment bdoliimiine sahip 94 servisin 83’ilinde diizenleme, giiriiltii diistildiikten
sonra da birden fazla satir1 degistirmekteydi (medyan 3 satir), ¢iinkii tek bir degiskenin giincel-
lenmesi listenin tamamini eslemeye doniistiiriiyordu; extra hosts’a girdi eklemede bu say1
9/34°tli. Diizeltmeden sonra her iki 6zellikte de bdyle bir vaka kalmamistir (0/94 ve 0/34). Kisa
s0zdizimi hatasindan etkilenmeyen image diizenlemesinde bu say1 dnce de sonra da sifirdir.

Deneyde basarisizlik gézlenmemistir: on 6zelligin tamaminda 1.467 diizenlemenin tiim{i ta-

mamlanmuistir.

D. RQ4 — Ileriye Doniik Uyumluluk

Kiitiiphanenin nesne modelinde bulunmayan alanlar, hem x- onekli x-* alanlari hem de
gele-cekteki spesifikasyon alanlarini temsil eden x— 6neksiz modellenmemis alanlar i¢in tam
olarak korunmustur (RQ2). Ancak koruma ile gegerlilik ayn1 sey degildir. Yalnizca x—* alanlari
ekle-nen dosyalarin tamami1 docker compose config tarafindan kabul edilirken (83/83;
temel cizgide 33/83), x— Oneksiz bilinmeyen alan eklenen dosyalarin higbiri kabul edilmemistir
(0/83). Bunun nedeni kiitiiphane degil, Compose semasinin taninmayan anahtarlara yalnizca x-
oneki tagidiklarinda izin vermesidir. Pratik sonu¢ sudur: ileriye doniik uyumluluk i¢in ayrilmig
resmi mekanizma x~-* alanlaridir ve kiitliphane bu mekanizmay1 eksiksiz desteklemektedir.

E.  RQ5 — Performans

Tablo II, dosya boyutuna gore yiikle-degistir—kaydet siirelerinin medyanlarin1 vermektedir.
Ol-¢ciimler, her boyut grubunda alfabetik siradaki ilk 20 dosyadan image diizenlemesine
uygun bir servis igerenler iizerinde yapilmistir. Degistirme adiminin maliyeti diger iki adimin
yaninda ihmal edilebilir diizeydedir; toplam siire en biiyiik dosyalarda bile onlarca milisaniye
mertebe-sindedir. Tepe bellek kullanimi1 4,7 MiB ile 8,2 MiB arasindadir.

Tirnak koruyan serilestiricinin bir maliyeti olup olmadigini 6lgmek i¢in iki serilestirici ayni
siiregte, ayn1 agag iizerinde ve yineleme basina sira degistirilerek karsilastirilmistir. Compo-
seMorph’un serilestiricisi tiim boyut gruplarinda yaml-cpp’nin kendi serilestiricisinden hizli-
dir: medyan oran kiiciik ve biiyiik dosyalarda 0,96, orta dosyalarda 0,95, ¢ok biiyiik dosya
larda 0,82’dir ve fark her grupta istatistiksel olarak anlamlidir (Wilcoxon isaretli siralar testi, p
< 107'9). Her dosyanin ilk yinelemesi soguk baslangi¢ maliyetini igerir: sayfa hatalari, dosya
sistemi Onbellegi ve API iizerinden yazilan degerlerin belirsizlik sinamasinda kullanilan dii-
zenli ifadenin siire¢ basina bir kez derlenmesi. Ilk yinelemede degistirme adiminin medyani
0,80 ms’dir (59 dosyada en fazla 1,07 ms). Bu yinelemeler istatistiklerden ¢ikarilmamistir; bu
nedenle ortalama ve p95 degerleri yukar ¢ekilmistir ve tipik maliyeti medyan daha iyi temsil
eder.

Tablo II. Yiikle—degistir—kaydet siireleri, medyan, ms (Veri Kiimesi B’den 59 dosya: 17/20/20/2; dosya

basina 30 yineleme)

Grup Yiik Degis Kayd  Topla

le tir et m

Kiigiik (<100 satir) 0,15 0,003 0,15 0,31

Orta (100-500) 0,64 0,007 0,55 1,21

Biiyiik (500-2000) 2,25 0,019 1,96 4,26

Cok biiyiik 8,62 0,076 6,17 15,23
(>2000)
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F. Ham yaml-cpp ile karsilastirma

Deney 6, ComposeMorph’u iki ham yaml-cpp kullanimiyla karsilastirir. Serilestirme
diizeyinde ComposeMorph ile dikkatli ham kullanim arasindaki ¢ikti farki 100 dosyanin
96’sinda yalnizca tirnak karakterlerinden ibarettir, 4’tinde ¢ikt1 zaten 6zdestir; tirnak disinda
farklilik yoktur. Dii-zenleme giivenligi diizeyinde ise fark biiyiiktiir (Sekil 1): alt agac1 yeniden
insa eden saf kul-lanim, Olgiilebilen hi¢bir vakada diizenlenen servisin diger alanlarini
koruyamamistir (image 1i¢in 0/149, hostname i¢in 0/39, env i¢in 0/116), ComposeMorph
ise timiinli korumustur (149/149, 39/39, 116/116). Ayni durum isaret¢i alanlarinda da goriiliir:
saf kullanim servis diizeyindeki 200 isaret¢inin tamamini kaybederken {iist seviyedekilerin
tamamin1 korur; hasar, lizerine yazilan alt agacla sinirhdir.

Sekil 1, dikkatli ham kullanimin da kardes alanlar1 her vakada korumadigini gostermektedir
(130/149, 23/39, 100/116). Bu fark yapisal bir kayip degildir. Korunma, kardes degerlerin
diizenleme Oncesi ve sonrasinda PyYAML ile karsilagtirilmasiyla 6l¢iiliir; dikkatli ara¢ yaml-
cpp’nin varsayilan serilestiricisini kullandigindan tirnakli kardes degerler (6r. "8022:22") tip
degistirir. Bu 51 vakanin 48’inde kardes alanlarin tiimii ¢iktida yerindedir ve yalnizca skaler
gosterimleri degismistir; kalan 3 vakada ¢ikti, RQ1 altinda agiklanan " : 80" sorunu nedeniyle
ayrigtirllamaz hale gelmistir.

Ergonomi ag¢isindan, ComposeMorph’ta on diizenlemenin her biri tek satirdir; ayni diizenle-
meleri ham yaml-cpp ile dogru yapmak 1 ile 24 satir arasinda kod gerektirir (volume-source
icin 24, extra-host i¢in 22, env ig¢in 18 satir). Satir sayisi hatali kodu ayirt etmez: env dii-
zenlemesinde boliimiin tamamini yeniden kuran saf siirlim (6 satir), dogru siiriimiin tigte biri
uzunlugundadir. image ve hostname i¢in ise dogru siiriim tek satirdir ve saf siiriim (5 ve 3
satir) daha uzundur.

IX. TARTISMA

A.  Twnak, bigim degil anlamdr

Tirnak kaybi1 kozmetik degildir: gegerli girdilerden iiretilen ¢iktilarin %62°si Docker
tarafindan reddedilmistir. Ayristirict tirnak bilgisini ! etiketiyle sakladigindan diizeltme,
mevcut etiketin serilestirmede kullanilmasii gerektirir. PyYAML ve Docker bazi skalerleri
farkli  yorumladigi i¢in iki bagimsiz  dogrulama mekanizmasi  kullanilmistir.

100
80
60
40
20

0

image hostname

o

N

Degisen satir (medyan)
Korunan kardes alanlar (%)

0
image hostname €0V

mmm ComposeMorph mmm yaml-cpp (dikkatli) mmmyaml-cpp (saf)

Sekil 1. ComposeMorph ile iki ham yaml-cpp kullaniminin karsilastirmasi (Veri Kiimesi B). Solda
diizenleme basina degisen satir sayisinin medyani, sagda diizenlenen servisin diger alanlarinin korunma
orani. Alt agaci yeniden insa eden saf kullanim higbir vakada kardes alanlar1 koruyamamaktadir (%0,
cubuk goriinmez). Dikkatli kullanimdaki eksik, tirnak kaybi sonucu tip degisiminden kaynaklanir;
kardes alanlar yapisal olarak yerindedir.

B.  Hangi senaryoda ne beklenmeli

ComposeMorph tek alanli otomasyon degisikliklerinde bilinmeyen alanlar1 korur ve gegerli
¢ikt1 iiretir. Yorum, bosluk, girinti ve blok skalerlerin metinsel bi¢iminin korunmasi gerekiyorsa
CST tabanli bir arag gerekir.
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C. Performans ile koruma arasinda bir odiinlesme yok

Koruma i¢in performans bedeli Ol¢lilmemistir: tirnak koruyan serilestirici tiim boyut
gruplarinda yaml-cpp’den hizli, diizenleme maliyeti ise yiikleme ve kaydetmenin yaninda ihmal
edilebilir diizeydedir.

D. Compose’a ozgii API neden fark yaratiyor?

Dogru yazilmis ham yaml-cpp kodu ayni1 yapisal korumayi saglayabilir. ComposeMorph’un
katkisi, hedef diigiimii yerinde degistirmeyi ve kisa so6zdizimini korumay1 varsayilan kullanim
haline getirerek sessiz alan kaybi riskini azaltmasidir.

X. GECERLILIK TEHDITLERI

A.  I¢ Gegerlilik

Deney altyapist kendi hatalarin1 olglimlere tasiyabilir; ilk kosularda interpolasyonlu imaj
adlarin1 bozan bir 6l¢iim hatasi saptanip diizeltilmistir. Koruma deneylerindeki bilinmeyen ve x—

* alan-lar sentetiktir; sonuglar bu kaliplar i¢in gegerlidir. Saf ham yaml-cpp karsilagtirmasi da
gergek projelerdeki tiim hatali kullanimlari temsil etmez.

B.  Dus Gegerlilik

GitHub’dan toplanan 647 dosya 6zel ve kurum i¢i kullanimlar1 temsil etmeyebilir. Korpus
kii-ciik dosyalara egilimlidir [2, 22]; biiyiikk dosyalar ayrica eklendigi halde 2.000 satirin
tizerindeki performans sonuclari yalnizca iki dosyaya dayanir.

C. Yapi Gegerliligi

Degisen satir sayis1 anlamsal korumayi tek basina gostermez. Bu nedenle metinsel dl¢timler
docker compose config ve PyYAML dogrulamasiyla birlikte raporlanmistir. PyYAML
ile go-yaml baz1 degerleri farkl ¢oziimlediginden sonuglar ayr1 tutulmustur.

D. Siiriim Gegerliligi

Sonuglar yaml-cpp 0.8.0, Docker Compose 2.26.1 ve Olciim tarihindeki spesifikasyona
bagli-dir. Sema veya serilestirici degistiginde oranlar da degisebilir; deneyler bu nedenle tek
komutla yeniden ¢alistirilabilir.

XI. KISITLAMALAR

Asagidaki sinirlar 6l¢iilmiis ve gizlenmemistir.

*  Yorum satirlar1 korunmaz. Yorumlar yaml-cpp’nin ayristiricisinda veri modeline hig ta-
sinmadig icin ¢iktida bulunmaz. Bu, kiitiiphanenin diizeltebilecegi bir davranis degildir; altta
yatan kiitliphanede yorum koruma talebi 2015°ten beri aciktir [8].

*  Round-trip bayt diizeyinde 6zdes degildir. Bos satirlar ve girinti tercihleri korunmaz,
tek tirnak c¢ift tirnaga doniislir; dosyalarin yalmizca %4,0’1 degisiklik yapilmadan kayde-
dildiginde 6zdes kalir. Degerlerin YAML tipleri ise korunur.

*  Blok skaler stili kaybolur. | ve > ile yazilmis ¢ok satirli degerlerin igerigi korunur, ancak
kacis dizileri igeren tek satirlik ¢ift tirnakli string olarak yazilir. Bu, ¢ok satirli command veya

saglik kontrolii betiklerinin okunabilirligini diisiiriir; Veri Kiimesi B’deki dosyalarin
%8,5°1 (55/647) blok skaler icermektedir.

*  Anchor adlar1 kaybolur. Anchor/alias ve birlestirme anahtari yapilar1 genisletilmeden
korunur, fakat adlar ayristiricida saklanmadigi icin ¢iktida &1, *1 bigiminde yeniden iire-tilir.

*  x- Oneksiz bilinmeyen alanlar semaya aykiridir. Kiitiiphane bu alanlar eksiksiz ko-

17



6" Global Conference on Engineering Research (GLOBCER '26)

rur, ancak Compose semast yalnizca x- Onekli alanlara izin verdiginden dosya docker
compose config tarafindan reddedilir. Bu, kiitiphaneden bagimsiz bir spesifikasyon
kisitidir.

*  Dogrulama tam Compose semasim kapsamaz. validate () yaygm alanlar ve is
kurallarini denetler, ancak Compose semasindaki biitiin alanlar1 ve siirlime bagl biitiin kurallar
eksiksiz dogrulamaz; tam sema dogrulamasi dis araca, yani docker compose config
komutuna birakilmastir.

«  Platform. Gelistirme ve 6l¢iimler Linux {izerinde yapilmistir; Windows ve macOS’ta test
edilmemistir.

XII. SONUC

Docker Compose dosyalarinin programatik olarak degistirilmesi, YAML sozdizimini
ayristir-maktan ibaret degildir: dosyada aracin modellemedigi alanlar, kullanic1 taniml x—*
alanlar1, farkli s6zdizimi gosterimleri ve anlam tasiyan tirnak tercihleri bulunur. Bu bildiride,
problemi C++ tarafinda ele alan ComposeMorph kiitiiphanesi sunulmus; yaklagimin sagladigi
olanaklar ve sinirlar1 647 gercek diinya ve 38 kontrollii Compose dosyast iizerinde yiiriitiilen yedi
deneyle Olclilmiistiir.

Sonuglar {i¢ noktada toplanabilir. Birincisi, diizenlemeyi diigiim agacinda yerinde yapmak,
modellenmemis alanlarin korunmasi i¢in yeterlidir: dosyalara eklenen modellenmemis alanlarin
ve x—* alanlarinin tamami korunmustur. ikincisi, diigiim agac1 tabanli serilestirme sessiz bir tip
degisimi kusuru barindirir; ayristiricinin sakladigi tirnak bilgisinin serilestirmede kullanilmasi
bu kusuru ortadan kaldirmis ve Docker dogrulama basarisin1 %38,1°den %100’e ¢ikarmustir;

iistelik bunun bir performans bedeli yoktur. Ugiinciisii, koruma davranis1 dogru yazilmis
ham yaml-cpp koduyla da elde edilebilir; tipli API’nin katkisi, dogru olan1 varsayilan yol haline
ge-tirmesidir — Olgiimlerimizde makul goériinen ama hatali bir ham kullanim, diizenlenen
servisin diger alanlarini hi¢bir vakada koruyamamustir.

Gelecek caligmalar i¢in ii¢ yon 6ne ¢ikmaktadir. Birincisi, yorum ve bosluk korumasini1 da
kapsayan tam CST tabanli diizenleme; bu, diger ekosistemlerde ¢oziilmiis olan problemin C++
tarafindaki karsihgidir. ikincisi, mevcut dogrulama kapsaminin Compose semasindaki daha
fazla alan ve kurali kapsayacak bicimde genisletilmesi. Ugiinciisii, nesne modelinin Compose
Specification ile otomatik esitlenmesi ve ayni yaklagimin Kubernetes manifestolar1 gibi diger
yapilandirma bigimlerine uygulanmasi.
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Abstract: This study investigates the geotechnical characteristics of foundation soils for a 100-
unit public housing project in Cité Selsabil, Batna, Algeria, using a combination of in situ and
laboratory investigations. The program included Ménard pressuremeter tests, heavy dynamic
penetration tests, boreholes with Standard Penetration Tests (SPT), and laboratory tests for
particle-size distribution, Atterberg limits, direct shear, and oedometer consolidation.
Laboratory results identified a low-plasticity, moderately compressible, and overconsolidated
clay, whereas in situ tests indicated a stiff, dense, and weakly compressible formation.
Pressuremeter moduli (EM = 177-970 bar), limit pressures (PL = 9.9-30.9 bar), and SPT
values (N = 56—65) consistently confirmed the high stiffness of the soil. The discrepancy
between laboratory and in situ results is mainly attributed to sample disturbance. Allowable
bearing pressures of 2.30 and 4.59 bar and settlements of 0.54 and 0.21 cm were obtained from
laboratory-based and pressuremeter-based approaches, respectively. A conservative allowable
pressure of 1.20 bar was ultimately adopted. The results highlight the importance of cross-
validating laboratory and in situ data for reliable soil characterization and safe shallow
foundation design.

Keywords: Pressuremeter test, Dynamic penetrometer, Sample disturbance,overconsolidated
clay, Bearing capacity, Settlement

I. INTRODUCTION

This The design of shallow foundations requires reliable estimates of soil bearing capacity
and settlement, particularly in fine-grained deposits where laboratory and in situ investigations
may provide contrasting assessments of soil stiffness and strength. Laboratory tests provide
direct measurements under controlled conditions but are sensitive to sample disturbance,
whereas in situ methods characterize the soil in its natural state but generally rely on empirical
or semi-empirical correlations to derive mechanical parameters (Mair and Wood 1987; Clarke
1995).

The Ménard pressuremeter test is widely used in French- and Algerian-influenced
geotechnical practice and provides both the pressuremeter modulus (EM) and limit pressure
(PL), which are valuable indicators of soil deformability and strength (Ménard 1975; Baguelin
et al. 1978). The Standard Penetration Test (SPT) provides an independent empirical measure
of soil resistance and is commonly used to complement pressuremeter investigations.
Numerous correlations between SPT values and pressuremeter parameters have been proposed
worldwide; however, their applicability is strongly dependent on local geological conditions.
Recent studies on Algerian soils have therefore emphasized the need for site-specific
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correlations and caution against direct transfer of relationships developed elsewhere (Bahar et
al. 1999, 2012; Mezouar et al. 2017; Letif et al. 2025).

Discrepancies between laboratory and in situ results are particularly relevant for stiff,
overconsolidated fine-grained soils, where sample disturbance may lead to an underestimation
of the in-situ stiffness and strength (Lunne et al. 2006; Aubeny et al. 2000). A critical
comparison of both data sets is consequently necessary to establish reliable and appropriate
design parameters.

This study presents an integrated geotechnical investigation for a 100-unit public housing
project at Cité Selsabil, Batna, Algeria. The investigation combines laboratory tests with heavy
dynamic penetration, Ménard pressuremeter, and SPT soundings. The objectives are to
characterize the foundation soil and its physical, mechanical, and chemical properties,compare
laboratory and in situ stiffness and strength indicators using published correlations; and
evaluate bearing capacity and settlement from both approaches and develop foundation design
recommendations in accordance with Algerian technical regulations.

II. MATERIALS AND METHODS

A. Site and Project context

To The study concerns the geotechnical investigation for the construction of 100 public rental
housing units at Cité Selsabil, in the municipality of Batna, Algeria. A preliminary site visit
was carried out to assess surface conditions — topography, vegetation, presence of fill or gullies,
and site accessibility — in order to select the most appropriate in situ investigation layout for
the project.

B. In Situ Investigation Program

The field campaign comprised four complementary components: heavy dynamic
penetrometer testing, Ménard pressuremeter soundings, cored boreholes, and Standard
Penetration Tests (SPT). Heavy dynamic penetration tests were performed using a BORRO-
type penetrometer, in which a rod string equipped with a conical tip was continuously driven
into the ground by repeated hammer blows; the number of blows required for each 20 cm of
penetration was recorded and converted into apparent dynamic resistance using the
conventional Dutch driving formula, allowing rapid assessment of soil-layer succession,
homogeneity, anomalies, and possible hard substrata. Three Ménard pressuremeter soundings
(SP01-SP03) were conducted in pre-drilled boreholes according to NF P94-110-1 by inflating
a cylindrical probe against the borehole wall and recording the pressure—deformation response
at different depths, from which the pressuremeter modulus (EM), limit pressure (PL), and creep
pressure (Pf) were determined. Three cored boreholes (SC01-SCO03), each 10.00 m deep, were
drilled using a SEDIDRILL 1000 rig to characterize the geological formations and recover
samples for laboratory testing; the cores were visually logged and preserved in labeled core
boxes. Finally, SPT soundings (SPT01-SPT03) were performed within the boreholes using a
standard Raymond split-spoon sampler driven by a 63.5 kg hammer falling freely from 76 cm,
in accordance with NF P94-116. At each test depth, three successive 15 cm penetration
intervals were recorded, and the SPT resistance value (N) was calculated as the sum of the
blows required for the second and third intervals.

C. Laboratory testing program

A laboratory testing program was carried out on samples recovered from the cored boreholes,
comprising water content and unit weight (oven-drying and hydrostatic weighing), particle-
size distribution (sieving and sedimentation, NF P94-057), Atterberg limits (Casagrande cup
and thread-rolling methods), consolidated-drained direct shear testing (Mohr—Coulomb
interpretation), one-dimensional oedometer consolidation testing, and chemical analysis of
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sulfate (SO4*") and calcium carbonate (CaCO3) content.

D. Foundation Design Methodology

Two independent methods, both codified in the Algerian technical regulation DTR-BC
2.331, were used to determine the allowable bearing pressure (Qadm) of a strip footing (B =
1.80 m, D = 1.50 m): a laboratory-based approach, using Terzaghi's bearing capacity equation
with the shear strength parameters obtained from direct shear testing, and a pressuremeter-
based approach, using the Ménard—Rousseau method with the net equivalent limit pressure
(PLe*) derived from the pressuremeter profile and an empirical bearing factor (Kp).

Settlement was similarly evaluated by two independent methods: the layered oedometer
method, in which the compressible profile is subdivided into successive layers and the
settlement of each layer is computed from its compression index, preconsolidation pressure,
and the stress increase (Ac) induced by the foundation load; and the Ménard—Rousseau
pressuremeter settlement method (DTR-BC 2.331), combining a deviatoric settlement
component (Sd) and a spherical settlement component (Sc). The coefficient of subgrade
reaction (Kv) was additionally derived from the pressuremeter results.

E. Verification of Reported Results

All numerical results extracted from the source geotechnical report were independently re-
derived from the underlying raw data prior to inclusion in this article: plasticity indices were
recomputed as IP = WL — WP; the overconsolidation ratio was recomputed as OCR = Pc/c0;
the layered oedometer settlement was recomputed as the sum of the individual layer
settlements; the EM/PL ratios were recomputed at every tested depth in SPO1-SP03; the SPT
N-values were recomputed as N1 + N2 at every tested interval; and both bearing capacity
values (Terzaghi and Ménard—Rousseau) were reconstructed from their respective governing
equations and input parameters. All recomputed values were found to be internally consistent
with the reported results.

III. RESULTS AND DISCUSSION

A. Stratigraphy

Visual logging of the three cored boreholes revealed a broadly consistent stratigraphic
sequence: a thin surficial fill, underlain by dark brown clay to a depth of about 3.6 m,
transitioning to brownish-to-yellowish sandy clay that persists to 9—10 m, with a discrete gravel
and boulder horizon encountered near the base of SC0O1 (9.40—10.00 m) and within SC03 (8.00—
8.90 m). According to the Algerian technical regulation DTR-BE 1.2, the in-place soils are
classified as non-compact to moderately compact formations. Figure 1 presents the simplified
lithological logs of the three boreholes, illustrating the near-surface variability (fill and clay
thickness) contrasted with the more uniform sandy clay found at depth.

B. Physical Properties

Wet unit weights range from 2.00 to 2.28 t/m? and dry unit weights from 1.79 to 2.02 t/m?
(Table 1), reflecting a dense material overall. Natural water content ranges from 8.96% to
13.17%, with degrees of saturation between 64.1% and 92.1%, indicating a moist to near-
saturated condition consistent with the clay-dominated composition identified from the
borehole logs.

Table 1. Physical Properties of the Investigated Samples

Borehole ~ Depth (m) vh (t/m?) yd (t/m?) Wn (%) Ws (%) St (%)

SCO1 2.60-2.80 2.28 2.02 12.76 12.48 92.05
SC02 2.00-3.00 2.06 1.82 13.17 17.98 73.22
SCO03 1.50-1.70 2.00 1.79 12.17 18.99 64.11
SC03 2.40-2.60 2.16 1.98 8.96 13.55 66.15

22



6" Global Conference on Engineering Research (GLOBCER '26)

Simplified lithological logs, boreholes SC01-SC03

SCo1 SC02 SCo03

Depth (m)

10

Fig. 1. Simplified lithological logs of boreholes SC01-SC03 (0-10.00 m).

C. Particle-Size Distribution

Grain-size analysis (Figure 2) confirms the predominance of fine particles, with clay
content between 48% and 52% and silt between 14% and 24%; combined, the clay and silt
fractions represent 66—74% of the total mass. The sand fraction, dominated by fine sand (24—
28%), is moderate, and coarse elements (gravel) remain minor, not exceeding 8%, consistent
with the sandy clay classification derived from the borehole logs.

100

80

40

Fraction (%)

20

sco1l SC02 SC03 SC03
(2.60-2.80m) (2.00-3.00m) (1.50-1.70m) (2.40-2.60m)
mum Clay e Silt Fine sand mmm Coarse sand mmm Gravel

Fig. 2.Grain-size fraction composition of the investigated samples.
D. Atterberg Limits and Plasticity

Liquid limits range from 35.7% to 47.7% and plasticity indices from 13.4% to 20.8%,
classifying the fine fraction as a low-plasticity clay across all four samples. As shown on the
Casagrande plasticity chart (Figure 3), all four points plot on or immediately above the A-line
and below WL = 50%, confirming a CL (low-plasticity clay) classification; the point from
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SCO03 (2.40-2.60 m) plots very close to the A-line, indicating a borderline clay/silt behavior at
that specific depth. Despite the relatively high clay content (48—52%) identified in Section 3.3,
the moderate plasticity index suggests that the clay fraction is dominated by low-activity,

weakly swelling clay minerals, which is favorable in terms of limiting shrink—swell
deformation.
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Fig. 3.Casagrande Plasticity Chart for the Investigated Samples.

E. Shear Strength and Consolidation Behavior

Direct shear and oedometer testing (Table 2) yielded a modest cohesion (C = 8 kPa)
combined with a moderate friction angle (¢ = 24.9°), indicating that the shear resistance of the
material is governed primarily by internal friction rather than cohesion — consistent with the
mixed clay—silt-sand composition identified in Section 3.3. The preconsolidation pressure (Pc
= 1.74 bar) substantially exceeds the initial effective overburden stress (60 = 0.54 bar), giving
an overconsolidation ratio of approximately 3.22, attributable to past geological overburden,
fluctuations of the water table, erosion of overlying layers, or desiccation. The compression
index (Cc = 11.36%) indicates a moderate compressibility, while the low swelling index (Cg
=2.04%) confirms the limited shrink—swell potential already suggested by the plasticity results.

Table II. Shear Strength and Consolidation Parameters

Parameter Value
Cohesion, C 8 kPa (0.08 bar)

Friction angle, ¢ 24.9°
Initial effective stress, 60 0.54 bar
Preconsolidation pressure, Pc 1.74 bar

Overconsolidation ratio, OCR =
~3.22
Pc/c0

Compression index, Cc 11.36 %
Swelling index, Cg 2.04 %

F. Chemical Aggressiveness

Sulfate contents vary markedly between boreholes (Table 3): SCO1 and SC02 show elevated
concentrations (6,730 and 9,100 mg/kg, respectively), placing them in aggressiveness class
XA2 (moderate), whereas SC03 shows much lower values (200—-1,400 mg/kg), corresponding
to class XAl (low). Calcium carbonate contents are consistently high (32—41%) across all
boreholes, confirming the calcareous nature of the formation.
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Table III. Chemical Test Results and Aggressiveness Classification
Borehole  Depth (m)  SO4* (mg/kg) CaCO3 (%) Class Aggressiveness

SCO1 2.60-2.80 6,730 41.4 XA2 Moderate
SC02 2.00-3.00 9,100 41.2 XA2 Moderate
SCO03 1.50-1.70 200 32.0 XAl Low
SC03 2.40-2.60 1,400 37.2 XAl Low

G. Pressuremeter Results

The pressuremeter soundings show pressuremeter moduli ranging from 177 to 970 bar and
limit pressures from 9.9 to 30.9 bar across the three soundings. SPO1 exhibits the greatest
variability, with a comparatively soft interval between 5 and 6 m depth followed by a marked
stiffening below 7 m (EM up to 970 bar at 9 m), clearly visible as the pronounced peak in
Figure 4a. SP02 and SP03 are more homogeneous, with moduli in the 300-575 bar range and
limit pressures around 11-16 bar throughout, consistent with the comparatively flat profiles
shown in Figure 4. In all three soundings, the EM/PL ratio mostly exceeds 16 — reaching up to
39 — generally interpreted as indicative of an overconsolidated soil (Baguelin et al. 1978),
consistent with the OCR obtained from the oedometer tests. No groundwater was encountered
during the pressuremeter campaign.

(a) EM vs. depth (b) PL vs. depth

9 —e— SPO1 /
—e— SPO3
8_

E
55
o
a
4 <
3 <
27 \ 1 " —=— SPO1
- SP02
14 % g —m— SPO3
200 300 400 500 600 700 800 900 1000 10 15 20 25 30
Pressuremeter modulus, EM (bar) Limit pressure, PL (bar)

Fig. 4. Pressuremeter modulus (EM) and limit pressure (PL) profiles, SPO1-SP03.
H. SPT Results

SPT blow counts (Figure 5) range from N = 56 to N = 65 across all three soundings and all
tested depths, classifying the soil as very dense according to conventional consistency criteria.
The results are remarkably homogeneous both vertically and laterally, with no interval
indicating loose or weak material, and are in close qualitative agreement with the high
pressuremeter moduli and limit pressures reported in Section 3.7. As illustrated in Figure 5, all
measured N-values fall well within the “very dense” band (N > 50) across the full 3-9 m depth
range investigated.
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Fig. 5.SPT blow-count (N) profiles, SPT01-SPT03.

I Divergence between laboratory and in situ stiffness indicators

A clear discrepancy was observed between laboratory and in situ results. Laboratory tests
indicated moderate strength (¢ =24.9°, C =8 kPa) and compressibility (Cc = 11.36%), whereas
pressuremeter and SPT tests revealed a very stiff and dense soil, with N = 5665 and EM/PL
ratios up to 39. The close agreement between both in situ methods supports the reliability of
these results. The measured EM and PL values are consistent with published SPT—
pressuremeter relationships, particularly the strong correlations reported by Cheshomi and
Ghodrati (2015), with similar trends observed by Bozbey and Togrol (2010) and Firuzi et al.
(2019). For Algerian soils, Letif et al. (2025) emphasized the site-specific nature of these
correlations, while Bahar et al. (1999, 2012) reported higher pressuremeter-derived strength in
overconsolidated clays. The discrepancy is therefore likely related to sample disturbance
during coring and preparation, which can reduce the measured stiffness and strength of stiff,
overconsolidated soils (Lunne et al. 2006; Aubeny et al. 2000). These results highlight the
importance of combining laboratory and in situ investigations for reliable foundation design.

Table II1. Chemical Test Results and Aggressiveness Classification
Comparison with present

Reference Region / soil Reported relationship data
. Early in situ—laboratory Site data fall within the
B(alhgagr 9e)t al. Aégzggﬁgays correlations for Algerian stiffer end of reported
clays ranges
Undrained strength from Consistent with the
Bahar et al. Aleerian clavs PMT generally exceeds higher in situ strength
(2012) & y laboratory-derived values in implied by PL and N at this
overconsolidated clays site

EM, PL strongly correlated  Present EM/N and PL/N

Cheshomi & Silty clay, with corrected SPT (r = 0.94, ratios plot near the stiff end

Ghodrati (2015) Mashhad, Iran

0.89) of the reported trend
Clayey soils ‘ . Present site's high N (56—
Letifetal.  central no rther;l Slte-sp§01ﬁc EM-N, PL-N 65) and‘EM/PL‘ (up to 39)
(2025) Algeria (76 correlations rqcommended are consmtept with the stiff,
boreholes) over generic models overconsolidated subset of

their database
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J. Bearing capacity and settlement

The allowable bearing pressure for a strip footing (B = 1.80 m, D = 1.50 m) computed from
laboratory shear strength parameters using Terzaghi's method is 2.30 bar, compared with 4.59
bar obtained from the pressuremeter-based Ménard—Rousseau method (Figure 6a) — a
difference consistent with the stiffness contrast. Despite this margin, a conservative design
value of Qadm = 1.20 bar was ultimately retained for the project, below both computed values,
reflecting a cautious design approach that likely accounts for additional factors such as
heterogeneity between boreholes, the softer interval identified in SPO1 , and the sulfate
aggressiveness noted locally in SC01/SC02.

Settlement estimates from the two methods (Figure 6b) are both very small and mutually
consistent in order of magnitude: 0.54 cm from the layered oedometer method under a service
pressure of 1.20 bar, and 0.21 cm (0.06 cm spherical + 0.15 cm deviatoric) from the
pressuremeter-based Ménard—Rousseau method. Both values are far below typical
serviceability limits for shallow foundations (on the order of 2.5-5.0 cm), confirming that
settlement does not govern the design for this site.

(a) Bearing capacity 07 (b) Settlement

w
L

4.59 0.6 -
0.54

'S
L

0.5 4

0.4

w
L

0.3

Settlement (cm)

L8]
L

0.21

0.2 4
0.15

-
L

0.1 0.06

Allowable bearing pressure, Qadm (bar)

(=}

0.0 - T T
Laboratory Pressuremeter Retained Oedometer Pressuremeter ~ Pressuremeter — Pressuremeter
(Terzaghi) (Ménard-Rousseau) design value (total) (spherical Sc) (deviatoric Sd) (total St)

Fig. 6. Comparison of allowable bearing pressure and settlement — laboratory vs.
pressuremeter methods.

K. Site Classification, Subgrade Reaction, and Design Recommendations

Based on the pressuremeter results, the site is classified in category S3. According to the
Algerian seismic code (RPA99, version 2003), the Batna region falls within seismic zone 1,
corresponding to low seismicity. The coefficient of subgrade reaction derived from the
pressuremeter data for the strip footing configuration is Kv = 57,511 kPa/m, a high value
consistent with the dense, stiff character of the formation identified throughout the in-situ
campaign. On the basis of the combined investigation, shallow strip footings are recommended,
with a minimum embedment depth of 1.50 m and a design allowable bearing pressure of Qadm
= 1.20 bar. Given the moisture sensitivity of the near-surface clay and the moderate sulfate
aggressiveness locally identified in SCO1 and SCO02, an effective drainage and waterproofing
system is recommended, together with the use of sulfate-resisting cement in the vicinity of
these boreholes.

IV. CONCLUSION

This study presented a combined laboratory, pressuremeter, SPT, and dynamic penetrometer
investigation for a 100-unit public housing project at Cité Selsabil, Batna, Algeria. The
investigated soil consists of a fill-capped sequence of dark brown clay overlying brownish-
yellowish sandy clay, classified in the laboratory as a low-plasticity, overconsolidated clay
(OCR = 3.22, Cc = 11.36%) of moderate shear strength (C = 8 kPa, ¢ = 24.9°). In contrast,
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both the pressuremeter (EM up to 970 bar, EM/PL up to 39) and SPT (N = 56—-65) results
independently indicate a very dense, rigid formation — a discrepancy that, when benchmarked
against published SPT—pressuremeter correlations for Algerian and other clayey soils, is most
plausibly explained by sample disturbance affecting the laboratory specimens of this stiff,
overconsolidated material, rather than by anomalous or unrepresentative in situ measurements.

Bearing capacity and settlement were computed independently from laboratory data (Qadm
= 2.30 bar, settlement = 0.54 cm) and from pressuremeter data (Qadm = 4.59 bar, settlement =
0.21 cm) for a strip footing embedded at 1.50 m; a conservative design value of Qadm = 1.20
bar was retained, and the resulting settlements in both approaches remain well below typical
serviceability limits. The site is classified as category S3 with low seismicity (RPA99/2003,
Zone 1), and the soil is weakly to moderately aggressive toward buried concrete (XA1/XA2),
warranting sulfate-resisting cement locally.

More broadly, these results illustrate the value of combining independent laboratory and in
situ methods, not only to cross-validate design parameters when they agree, but also to detect,
quantify, and account for discrepancies — such as the stiffness contrast observed here — that
could otherwise lead to unconservative or overly conservative designs if only one source of
information were used. Comparison with local and regional SPT—pressuremeter correlations
proved a useful, low-cost means of assessing the plausibility of such discrepancies before they
are attributed to genuine site heterogeneity. For this site, shallow strip footings with the
recommended drainage and waterproofing provisions are considered an appropriate and safe
foundation solution.
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Ozet: Bu calismada, yazilim mimarisi kararlariin kurumsal hafizaya aktarilmasim saglayan
Architecture Decision Record (ADR) metodolojisinin yazilim ekipleri agisindan kullanim
amaci, uygulama bi¢imi ve sagladig1 faydalar incelenmektedir. Calismanin amaci, mimari
kararlarin yalmizca sonuglarinin degil, kararlarin alindigi baglamin, degerlendirilen
alternatiflerin, sec¢ilen ¢oziimiin gerekgelerinin ve teknik veya organizasyonel sonuglarinin da
kalic1 bir bilgi kaynagi olarak saklanmasini gostermektir. Y ontem olarak ADR yaklasimi 6nce
kavramsal ¢ercevede ele alinmig, ardindan Bookingws projesinde Passenger Service System
(PSS) baglantisinin Message Queue (MQ) tabanli yapidan TCP/IP tabanli dogrudan iletigsime
donistiiriilmesi 0rnek olay olarak incelenmistir. Mevcut ve hedef mimarinin bilesenleri,
baglant1 akiglari, session yonetimi ve doniisiimiin arka planindaki ihtiyaglar ADR yaklagimi
tizerinden degerlendirilmistir. Uygulama sonucunda ADR kayitlarinin mimari kararlarin
gerekgelerini korudugu, legacy sistemlerin anlagilmasini kolaylastirdigi, mevcut ve hedef
mimarilerin karsilagtirllmasinit destekledigi ve yeni ekip iyelerinin sisteme uyumunu
kolaylastirdig1 goriilmiistiir. Ayrica kararlarin kisilerin deneyimine bagimli olmaktan
cikarillarak kurumsal Olcekte erisilebilir ve yeniden kullanilabilir hale getirilebildigi
degerlendirilmistir. Bununla birlikte ADR hazirlanmasi, giincel tutulmasi ve kararlarin ekip
icinde sonuglandirilmasi i¢in ek dokiimantasyon ve koordinasyon maliyeti olusturmaktadir. Bu
nedenle ADR kullanimimin her teknik degisiklik i¢in degil, uzun vadeli etkisi bulunan ve
mimari agidan dnemli kararlar i¢in tercih edilmesi 6nerilmektedir. Calisma, ADR’nin yalnizca
bir dokiimantasyon sablonu olmadigini; mimari kararlarin anlasilabilir, izlenebilir ve gelecekte
yeniden kullanilabilir olmasin1 destekleyen bir yazilim mihendisligi yaklasimi oldugunu
ortaya koymaktadir. Bu yaklagimin 6zellikle uzun omiirlii, ¢ok ekipli ve legacy bilesenler
iceren sistemlerde karar gegmisinin korunmasina katki sagladigi degerlendirilmistir. Calisma
ayrica ADR kayitlarinin  kaynak kodla birlikte siiriimlenmesinin, kararlarin teknik
degisikliklerle iligkilendirilmesini ve gelecekte yeniden degerlendirilmesini kolaylastirdigini
gostermektedir. Boylece mimari bilgiye erisim ve kararlarin izlenebilirligi desteklenmektedir.

Anahtar Kelimeler: Architecture Decision Record, Yazilim Mimarisi, Kurumsal Hafiza,
Legacy Sistem, Mimari Karar Yonetimi, Sistem Entegrasyonu, Yazilim Dokiimantasyonu

Abstract: This study examines the purpose, implementation, and benefits of the Architecture
Decision Record (ADR) methodology for transferring software architecture decisions into
organizational memory from the perspective of software teams. The aim of the study is to
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demonstrate that not only the outcomes of architectural decisions, but also the context in which
decisions were made, the alternatives considered, the rationale behind the selected solution,
and their technical or organizational consequences can be preserved as a permanent source of
knowledge. As a method, the ADR approach was first examined within a conceptual
framework, followed by a case study of the transformation of the Passenger Service System
(PSS) connection in the Bookingws project from a Message Queue (MQ)-based structure to
direct TCP/IP-based communication. The components of the current and target architectures,
communication flows, session management, and the needs underlying the transformation were
evaluated through the ADR approach. As a result of the application, ADR records were found
to preserve the rationale behind architectural decisions, facilitate the understanding of legacy
systems, support the comparison of current and target architectures, and facilitate the
onboarding of new team members. It was also evaluated that architectural decisions can be
made accessible and reusable at the organizational level rather than remaining dependent on
individual experience. However, preparing and maintaining ADRs and finalizing decisions
within the team introduce additional documentation and coordination costs. Therefore, the use
of ADRs is recommended not for every technical change, but for decisions that have long-term
effects and architectural significance. The study demonstrates that ADR is not merely a
documentation template, but a software engineering approach that supports making
architectural decisions understandable, traceable, and reusable in the future. This approach is
particularly valuable for preserving decision history in long-lived, multi-team systems
containing legacy components. The study also shows that versioning ADR records together
with source code facilitates associating decisions with technical changes and reassessing them
in the future. Thus, access to architectural knowledge and the traceability of decisions are
supported.

Keywords: Architecture Decision Record, Software Architecture, Organizational Memory,
Legacy Systems, Architectural Decision Management, System Integration, Software
Documentation

1. GIRIS

Kurumsal yazilim sistemleri, uzun yillar boyunca farkli ekipler ve gelistiriciler tarafindan
gelistirilmektedir. Bu siirecte teknoloji se¢imi, entegrasyon yontemi, veri iletisimi, sistem
bilesenleri ve geg¢is stratejileri gibi birgok mimari karar alinmaktadir.

Ancak bu kararlarin 6nemli bir boliimii, kararin alindig1 donemde kullanilan toplanti notlari,
elektronik postalar, sohbet uygulamalar1 veya pull request yorumlar: igerisinde kalmaktadir.
Zaman igerisinde bu kayitlarin bulunmasi zorlagmakta veya kararin hangi gerekceyle alindig
unutulmaktadir.

Bu durum asagidaki sorularin cevaplanmasin giiclestirmektedir:
e Belirli bir teknoloji neden se¢ilmistir?
o Hangi alternatifler degerlendirilmistir?
o Kararin alinmasindaki temel gerekce nedir?
o Karar hala gecerli midir?
o Karar kim, hangi kosullar altinda almistir?
e Ayni konu neden daha Once tartisilmis olmasina ragmen yeniden gilindeme
gelmektedir?
Bu sorularin cevapsiz kalmasi, kurumsal bilgi kaybina, tekrar eden tartismalara ve ekiplerin
kisilere bagimli hale gelmesine neden olabilir.
Architecture Decision Record, yazilim mimarisiyle ilgili 6nemli kararlarin ve bu kararlarin
gerekgelerinin yapilandirilmis bigimde kayit altina alinmasini saglayan bir yontemdir [1], [3],
[4], [7].

ADR yaklagiminda kararin sonucu kadar kararin alinma siireci, baglami, alternatifleri ve
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sonuclar1 da belgelenmektedir [1], [3], [7].

Bu ¢alismanin amaci, ADR metodolojisinin yazilim ekiplerine sagladig: faydalari incelemek
ve gercek bir yazilim doniisiim siireci lizerinden ADR kullaniminin nasil uygulandigini
gostermektir.

II. ARCHITECTURE DECISION RECORD YAKLASIMI

ADR, belirli bir mimari kararin ge¢misini ve gecerlilik kosullarini agiklayan kisa ve
odaklanmis bir dokiimandir [3], [4].
Tipik bir ADR asagidaki boliimlerden olugmaktadir [1], [3], [7], [9]:
e Baslik ve karar numarasi
e Kararin durumu

e Tarih
o Karar alan ekip veya kisiler
e Baglam

e Problem veya ihtiyag
e Degerlendirilen alternatifler
e Segilen karar
o Kararin gerekgesi
o Teknik ve organizasyonel sonuglar
ADR’nin temel amaci, yalnizca “hangi kararin alindigini” agiklamak degildir. Ayni zamanda
kararin neden alindigim1 ve hangi alternatiflerin neden tercih edilmedigini goriiniir hale
getirmektir [1], [3], [7].
Bu yoniiyle ADR, kaynak kodun nasil ¢alistigini agiklayan teknik dokiimantasyondan farkli
bir islev listlenmektedir. Teknik dokiimantasyon sistemin mevcut durumunu agiklarken, ADR
belirli bir mimari tercihin arkasindaki diisiince siirecini kayit altina almaktadir [3], [4], [10].

1. ADR KULLANIMINI ONEREN MIMARI KARAR

Caligma kapsaminda hazirlanan 6rnek karar kaydi asagidaki temel bilgileri igermektedir:
ADR Numarasi: ADR-0001

Bashk: Mimari Kararlarin Kayit Altina Alinmasi

Durum: Accepted

Tarih: 19.08.2026

Karar Alanlar: Teknik Takim Liderleri ve Miidiirler

A. Baglam

Projelerde mimari kararlar ¢ogunlukla toplantilar, ekip i¢i sohbetler veya pull request
tartismalart sirasinda alinmaktadir. Ancak bu iletisim kanallari, uzun vadeli bir mimari bilgi
deposu olarak kullanilmaya uygun degildir.

Toplant1 kayitlar1 ve sohbet mesajlari zaman igerisinde kaybolabilmekte, pull request
yorumlart ise belirli bir kod degisikligiyle sinirl kalabilmektedir [2], [5], [6]. Ayrica kararlarin
kisilerle iligkilendirilmesi, ekip {liyeleri degistiginde bilgi kaybi yasanmasina neden
olabilmektedir.

Bu nedenle mimari agidan 6nemli kararlarin standart bir formatta kayit altina alinmasina

ihtiya¢ duyulmustur [1], [4], [7].
B. Degerlendirilen Alternatifler

Alternatif 1: Toplantilar veya ekip i¢i sohbetler

Toplantilar ve sohbet uygulamalari, kararlarin ekip tyeleriyle birlikte alinmasimi
kolaylagtirmaktadir. Farkli kisilerin goriisleri ayni ortamda degerlendirilebilmektedir.

Bununla birlikte bu yontemlerde kararlarin uzun vadede bulunmasi zorlasabilmektedir.
Kararlarin gerekgeleri zamanla unutulabilmekte ve bilgi belirli kisilerin hafizasina bagimli hale
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gelebilmektedir.

Alternatif 2: Pull request yorumlari

Pull request yorumlari, alinan kararin kod degisikligiyle olan iliskisini gostermektedir.
Kararin alindig1 teknik baglam incelenebilmektedir.

Ancak pull request yorumlar1 genellikle belirli bir degisiklikle sinirlidir. Mimari kararlarin
uzun vadeli ve merkezi bir bilgi deposu olarak aranmasi zor olabilir.

Alternatif 3: ADR kullanimi

ADR kullanimi, mimari kararlarin belirli bir formatta ve merkezi bir yapida saklanmasin
saglamaktadir [1], [4], [5], [7].
ADR yaklagiminin avantajlar1 sunlardir:
o Kararin baglami ve gerekgesi kaybolmaz.
e Mimari bilgi kisilere bagimli olmaktan ¢ikar.
o Degerlendirilen alternatifler goriilebilir.
o Kararlarin gelecekte yeniden degerlendirilmesi kolaylagir.
e Benzer projelerde mevcut kararlardan yararlanilabilir.
e Mimari karar alma siireci daha bilingli ve izlenebilir héle gelir.
Bu yaklasimin temel dezavantaji, her 6nemli karar i¢in ek dokiimantasyon hazirlanmasi ve
kararin ekip i¢inde sonuglandirilmasi i¢in zaman ayrilmasidir.

C. Almnan Karar

Mimari agidan 6nemli her karar icin Architecture Decision Record olusturulmasina karar
verilmigtir.
ADR’ler asagidaki bilgileri igermelidir:

e Baslk

o Karar durumu

e Tarih

o Karar alan kisiler veya ekip
e Baglam

e Degerlendirilen alternatifler

e Secilen ¢oziim

o Kararin gerekgesi

e Teknik ve operasyonel sonuglar

ADR kayitlarinin kaynak kodla birlikte versiyonlanmasi ve proje deposunda veya kurumun

mimari dokiimantasyon alaninda saklanmasi kararlastirilmistir. ADR’ler kaynak kodla birlikte
stirlim kontrol sisteminde tutuldugunda, karar ge¢misinin izlenmesi ve teknik degisikliklerle
iliskilendirilmesi kolaylasmaktadir [1], [3], [5].

Iv. UYGULAMA ORNEGI: BOOKINGWS VE PSS BAGLANTI DONUSUMU

ADR metodolojisinin uygulanmasmi gostermek amaciyla Bookingws projesinde
gergeklestirilen PSS baglant1 doniigiimii incelenmistir.

Bookingws, bu ¢alismada PSS ile uygulama katmani arasindaki iletisimi saglayan bir orta
katman uygulamasi olarak ele alinmaktadir. Uygulama, rezervasyon siireglerinin ihtiyag
duydugu sistemler arasi iletisim akisinda gorev almakta ve PSS tarafindaki islemlere erisim
icin bir entegrasyon noktasi olusturmaktadir. Bu nedenle Bookingws igerisinde alinan mimari
kararlar yalnizca uygulamanin kendi kod yapisin1 degil, baglandig1 dis sistemlerin iletigim
bi¢cimini ve oturum ydnetimini de etkilemektedir.

Bookingws projesinin uzun siire yasayan bir yazilim sistemi olmasi, zaman iginde farkli
teknolojilerin ve entegrasyon yaklasimlarimin ayni mimari igerisinde bulunmasina neden
olabilmektedir. Calismada incelenen PSS baglantis1 da bu durumun bir érnegidir. Onceki
yapida Bookingws ile Troya PSS arasindaki iletisim dogrudan kurulmak yerine mesajlasma
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altyapisi ve listener bileseni iizerinden gerceklestirilmistir. Bu yapi, iletisimin yalnizca iki ug
sistem arasindaki baglantidan ibaret olmamasina; mesajin kuyruga birakilmasi, alinmasi ve
PSS tarafina aktarilmasi gibi ek adimlarin yonetilmesine neden olmustur.

Bu ¢aligma ac¢isindan Bookingws'in dnemi, belirli bir iiriin veya teknoloji hakkinda genel bir
tanittm yapmak degil, gercek bir mimari doniisiimin ADR ile nasil belgelendigini
gostermesidir. Bu nedenle asagidaki boliimlerde Bookingws'in PSS entegrasyonu, kullanilan
MQ tabanli iletisim yapisi, bu yapidaki temel bilesenlerin rolleri ve doniisiim sonrasinda olusan
hedef mimari birlikte agiklanmaktadir.

A. Doniistimiin Arka Plani

Bookingws projesinde Passenger Service System baglantist uzun siire Message Queue
tabanli bir yap1 lizerinden gerceklestirilmistir. Daha sonra MQ altyapisindan TCP/IP tabanl
dogrudan iletisime gegilmistir.

Bu doniistimiin arka planinda asagidaki ihtiyaclar bulunmaktadir:

e MQ altyapisinin karmagikligini azaltmak

e Ara bilesen ve listener bagimliliklarini azaltmak

e Legacy session yonetimi yaklagimini yeniden degerlendirmek
e Daha sade bir entegrasyon yapisi olusturmak

o PSS tarafindaki teknolojik doniisiime uyum saglamak

e Mevcut ve hedef mimarinin anlagilmasini kolaylastirmak

Bu siirecte yalnizca teknik degisikligin yapilmasi degil, degisikligin neden yapildigimin ve
nasil yonetildiginin belgelenmesi de dnemli hale gelmistir.

B. MQ Tabanli lletisim Yapisina Genel Bakus

Message Queue (MQ), uygulamalar arasinda gonderilen mesajlarin dogrudan ayni anda
iletilmesi yerine bir mesajlasma altyapist lizerinden tasinmasina olanak veren bir iletisim
yaklagimidir. Bu yapida gonderici uygulama mesaj1 bir kuyruga birakabilir; mesaji1 isleyecek
bilesen ise uygun zamanda kuyrugu okuyarak mesaji hedef sisteme aktarabilir. Boylece
gonderici ile alic1 arasindaki iletisim akisi belirli 6l¢tide ayristirilmis olur.

Bu ¢alismada MQ altyapisi, Bookingws ile Troya PSS arasindaki iletisimde kullanilan ara
katman olarak ele alinmaktadir. MQ Queue mesajlarin bekledigi noktayl, MQ Listener ise
kuyruktaki mesajlar1 alip PSS tarafina ileten bileseni temsil etmektedir. Bu ayrim, iletisim
akisinin tek bir baglantidan ziyade birden fazla bilesenin birlikte calistigi bir yapi
olusturmasina neden olmaktadir. Dolayistyla mimarinin anlasilmasi i¢in yalnizca Bookingws
ve PSS'nin degil, aradaki MQ bilesenlerinin gorevlerinin de agiklanmasi gerekmektedir.

1) MQ Queue ve MQ Listener

MQ Queue, gonderici tarafindan olusturulan mesajlarin hedef tiiketici tarafindan alinmasina
kadar tutuldugu mantiksal mesaj kuyrugudur. Bookingws tarafindan PSS'ye yonelik bir istek
olusturuldugunda, mevcut mimaride bu istek dogrudan PSS'ye génderilmek yerine MQ Queue
katmanina birakilmaktadir. Kuyruk, iletisim akisindaki gonderici ve alici taraflar1 birbirinden
ayiran ara noktay1 olusturmaktadir.

MQ Listener ise kuyrugu izleyen ve ilgili mesajlart alarak hedef sisteme ileten uygulama
bilesenidir. Bu nedenle mevcut yapida Bookingws'in iirettigi mesajin PSS'ye ulagmasi icin
Queue ve Listener birlikte calismaktadir. Bu iki bilesen, sistemin isleyisine esneklik
saglayabilse de ayn1 zamanda yonetilmesi gereken ek bagimliliklari ve hata senaryolarini
beraberinde getirmektedir. Calismada timeout, kuyrukta bekleme ve mesajin hedefe
aktarilmasi gibi konularin mimari baglam i¢inde degerlendirilmesi bu nedenle énemlidir.

2) CRI ve Session Yonetimi
Mevcut mimaride CRI, session yonetimiyle iligkili bir yap1 olarak kullanilmaktadir. Session
yonetimi, iki sistem arasindaki iletisim sirasinda bir isteg§in hangi baglanti veya oturum
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baglaminda yiiriitiildiiglinlin takip edilmesi agisindan 6nem tasimaktadir. Bu nedenle MQ
katmaninin ortadan kaldirilmasi yalnizca mesajin hangi kanaldan taginacaginin degistirilmesi
anlamima gelmemekte, session yonetiminin uygulanma bi¢iminin de yeniden ele alinmasim
gerektirmektedir.

Doniisiim sonrasinda CRI yapisinin korunmasi, ancak MQ katmanindan bagimsiz sekilde ele
alinmasi, mimari degisikligin yalnizca iletisim protokolii degisimi olarak degerlendirilmemesi
gerektigini gostermektedir. ADR icerisinde bu tiir bagimliliklarin agikga belirtilmesi, gelecekte
sistemi inceleyen ekiplerin hangi bilesenin neden korundugunu veya degistirildigini
anlayabilmesine yardime1 olmaktadir.

Mevcut iletisim zincirindeki temel roller

Bookingws MQ Queue MQ Listener PSS
is uygulamasi / Mesajlarin Mesajlar alip Havayolu
orta katman bekledigi katman ileten bilesen cekirdek sistemi

Fig. 1. Mevcut iletisim zincirindeki temel bilesenlerin rolleri.

C. Mevcut Mimarinin Belgelenmesi

Mevcut yap1 asagidaki temel akis tizerinden ¢aligmaktadir:

Bookingws > MQ Queue > MQ Listener > Troya PSS

Fig. 2. Bookingws ile Troya PSS arasindaki mevcut MQ tabanli iletisim akisi.

Bu yapida:
o Istekler MQ kuyruguna génderilmektedir.
e MQ Listener mesajlar1 alarak PSS sistemine iletmektedir.
e CRI, session yonetimi i¢in kullanilmaktadir.
o Kuyrukta bekleme, timeout ve mesaj kaybi gibi hata senaryolari ayrica ele
alinmaktadir.
o lletisim akis1 birden fazla bilesenin birlikte calismasini gerektirmektedir.
ADR sayesinde bu yap1 yalnizca teknik bilesenleriyle degil, mevcut yapiin neden karmasik
oldugu ve hangi sorunlar1 dogurdugu ile birlikte kayit altina alinmistir.

D. Hedef Mimarinin Belgelenmesi
Doniistim sonrasinda iletisim akigi asagidaki hale gelmistir:

TCP/IP Socket

Bookingws - Connection

— Troya PSS

Fig. 3. Doniisiim sonrasinda Bookingws ile Troya PSS arasindaki hedef iletisim akasi.

Sekil 2 ve Sekil 3 birlikte degerlendirildiginde, doniigiimiin temel mimari etkisinin
Bookingws ile PSS arasindaki iletisim yolundaki ara MQ bilesenlerinin kaldirilmasi ve iletisim
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akiginin dogrudan TCP/IP baglantisina taginmasi oldugu goriilmektedir. Bu degisiklik ADR
icerisinde yalnizca sonug olarak degil, mevcut yapinin baglami ve hedef yapinin gerekcesiyle
birlikte kayit altina alinmistir.

Yeni yapida:
e MQ Queue katmani kaldirilmgtir.
e MQ Listener katmani kaldirilmistir.
o Bookingws ile PSS arasinda dogrudan TCP/IP iletisimi kurulmustur.
e Session yonetiminin uygulanma bi¢imi degistirilmistir.
e CRI yapist korunmakla birlikte, MQ katmanindan bagimsiz sekilde ele alinmistir.
e Mevcut ve hedef mimarinin farklari kayit altina alinmigtir.

Bu doniisiimiin amaci ¢aligsmanin ana konusu olarak MQ ile TCP/IP arasinda genel bir teknik
tistlinliik karsilagtirmasi yapmak degildir. Doniisiim, ADR’nin gergek bir mimari degisiklik
sirasinda hangi bilgileri goriiniir ve yeniden kullanilabilir hale getirdigini gostermek igin 6rnek
olarak kullanilmistir.

V. ADR’NIN SAGLADIGI FAYDALAR

A. Mimari Kararlarin Gerekgelerinin Korunmasi

ADR, kararin yalnizca sonucunu degil, kararin hangi ihtiyactan dogdugunu ve hangi
alternatiflerin degerlendirildigini de saklamaktadir [1], [3], [4], [7].

Bu sayede gelecekte ekip tiyeleri “Neden bu teknoloji se¢ildi?” sorusuna yalnizca kisisel
hafizaya veya eski toplanti1 kayitlarina bagsvurmadan cevap bulabilmektedir.

B. Legacy Mimarinin Anlagilmasinin Kolaylasmasi

MQ ve CRI session yonetimi gibi karmagik yapilarin mevcut durumunun belgelenmesi, yeni
ekip iiyelerinin sistemi daha hizli anlamasina yardimce1 olmustur.

ADR igerisinde mevcut mimarinin akisi, bilesenleri, bagimliliklar1 ve sorunlar1 birlikte
aciklandigi i¢in sistemin ge¢cmis durumu daha anlagilir hale gelmistir.

C. Mevcut ve Hedef Mimarinin Karsilastirilabilmesi

ADR, eski ve yeni mimarinin ayni dokiiman igerisinde agiklanmasini saglamistir. Bu sayede:
e Hangi bilesenlerin kaldirildigi,
o Hangi sorumluluklarin degistigi,
o Session yonetiminin nasil etkilendigi,
e Gegisin hangi gerekgelerle yapildigt
daha kolay gortilebilir hale gelmistir.

D. Kurumsal Hafizanin Olusturulmast

ADR, mimari bilginin belirli kigilerin hafizasinda kalmasini 6nleyerek kurumsal hafizaya
katki saglamaktadir [2], [4], [5], [6].

Ekip tiyeleri degigse bile kararlarin baglami, gerekgesi ve sonuglart korunmaktadir. Boylece
proje belirli kisilerin deneyimine daha az bagimli hale gelmektedir.

E. Yeniden Kullamlabilir Bilgi Kaynagi Olusturulmasi

Bookingws projesinde hazirlanan mimari dokiimantasyon, benzer entegrasyon doniigiimleri
gergeklestirecek baska ekipler icin de referans niteligi tagimustir.
Ayni veya benzer donlistimii yapacak ekipler:
e Mevcut mimarinin nasil analiz edildigini,
e Hangi karar basliklarinin ele alindigini,
e Hangi sorunlarla karsilagildigini,
e Gegis slirecinin nasil belgelendigini
inceleyerek calismaya baglayabilmektedir [1], [4], [5].
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Bu durum “bir kez yaz, tekrar tekrar kullan” etkisi olusturmaktadir.

F. Onboarding Siirecinin Desteklenmesi

Yeni ekip iiyeleri, yalnizca kaynak kodu incelemek yerine mimari kararlarin arkasindaki
gerekceleri de gorebilmektedir [2], [5], [6], [10].
Bu sayede yeni gelistiricilerin:
e Sistemin ge¢misini anlamast,
e Mevcut teknolojik tercihleri kavramasi,
o Eski ve yeni mimari arasindaki iligkiyi gérmesi,
e Gelecekte benzer kararlar1 daha bilingli almasi
kolaylagmaktadir.

VI. ADR KULLANIMININ SINIRLILIKLARI

ADR yaklagiminin faydalarinin yaninda bazi maliyetleri ve siirliliklar1 da bulunmaktadir:

e Her 6nemli karar i¢in ek dokiimantasyon hazirlanmasi gerekir [2], [3], [5]-

e ADR’lerin giincel tutulmast i¢in sorumluluk belirlenmelidir ve kararlarin yasam
dongiisii izlenmelidir [4], [7].

o Kararlarin ekip i¢inde tartisilmasi ve sonuglandirilmasi zaman alabilir.

e Cok kiigiik veya kisa vadeli degisiklikler icin ADR hazirlanmasi gereksiz
dokiimantasyon olusturabilir.

o Eski ADR’lerin gegerliligini kaybetmesi durumunda yeni ADR hazirlanmasi veya
mevcut kaydin giincellenmesi gerekir.

Bu nedenle ADR her teknik degisiklik icin degil, uzun vadeli etkisi olan ve mimari agidan
onemli kararlar i¢in kullanilmalidir [1], [2], [7].

ADR’ler kararin yasam dongiislinii gostermek amaciyla Proposed, Accepted, Rejected ve
Superseded gibi durumlarla takip edilebilir. Bir karar kabul edildikten sonra 6nemli dl¢ilide
degismesi gerektiginde, mevcut kaydin degistirilmesi yerine yeni bir ADR hazirlanmas1 ve
onceki ADR’nin Superseded olarak isaretlenmesi onerilmektedir [3], [4], [7], [10].

Vil. TARTISMA

Bookingws projesindeki uygulama, ADR’nin yalnizca bir dokiimantasyon sablonu
olmadigini1 gostermektedir. ADR, karar verme siirecini daha goriiniir, izlenebilir ve yeniden
degerlendirilebilir hale getiren bir yazilim miihendisligi aracidir.

MQ altyapisindan TCP/IP tabanli iletisime gegis 6rneginde ADR’nin temel katkisi, belirli
bir iletisim teknolojisini digerine iistiin ilan etmek degil; doniisiimiin neden gerekli oldugunu,
mevcut sistemin hangi 6zelliklere sahip oldugunu, hedef yapinin nasil tasarlandigini ve gegis
sirasinda hangi kararlarin alindigini kurumsal bir kayit haline getirmektir.

Bu yaklasim, gelecekte benzer bir mimari karar giindeme geldiginde ekiplerin ayni analizleri
tekrar yapmasini azaltmaktadir. Ayrica kararlarin yalnizca deneyimli ekip liyeleri tarafindan
bilinen Ortik bilgiler olmaktan ¢ikarak erisilebilir bir bilgi kaynagina doniismesini
saglamaktadir.

Bununla birlikte ADR’nin etkili olabilmesi i¢in kayitlarin yalnizca hazirlanmasi yeterli
degildir. ADR’lerin proje yasam dongiisiine dahil edilmesi, kaynak kodla birlikte saklanmasi,
karar durumlarimin giincel tutulmasi ve ekip tiyeleri tarafindan diizenli bicimde kullanilmasi
gerekmektedir.

viL. SONUC

Bu ¢alismada, Architecture Decision Record metodolojisinin yazilim ekiplerine sagladigi
faydalar Bookingws projesindeki PSS baglant1 doniigiimii izerinden incelenmistir.
Calisma sonucunda ADR kullaniminin:
e Mimari kararlarin gerekgelerini korudugu,
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o Kurumsal mimari hafizay: giiclendirdigi,

e Legacy sistemlerin anlasilmasini kolaylastirdigi,

e Yeni ekip tiyelerinin sisteme uyumunu destekledigi,

e Ayni konularin tekrar tekrar tartisilmasini azalttigi,

e Mevcut ve hedef mimarilerin karsilagtirilmasini kolaylagtirdigi,
e Benzer projelerde yeniden kullanilabilir bilgi sagladigi

gorilmistiir.

ADR yaklagimi, mimari bilgiyi kisilere bagimli olmaktan ¢ikararak ekip ve kurum diizeyinde
erisilebilir hale getirmektedir [2], [4], [5], [6]. Ozellikle uzun émiirlii, cok ekipli ve legacy
bilesenler igeren yazilim projelerinde bu yaklasim 6nemli bir deger sunmaktadir [1], [4], [7],
[10].

Bununla birlikte ADR kullanim1 ek dokiimantasyon ve koordinasyon maliyeti
olusturmaktadir. Bu nedenle ADR’lerin mimari agidan 6nemli kararlar i¢in kullanilmasi, kii¢iik
ve gecici teknik degisiklikler icin ise gereksiz dokiimantasyondan kaginilmasi 6nerilmektedir.

Sonu¢ olarak ADR, yazilim mimarisi kararlarinin yalnizca kaydedilmesini degil, bu
kararlarin anlasilabilir, izlenebilir ve gelecekte yeniden kullanilabilir olmasini saglayan etkili
bir yontemdir.
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Abstract We present a computational framework for intelligent multiscale analysis of STM
topographies of indium nanostructures formed on layered A°B® chalcogenide surfaces. The
proposed approach combines Flooding (Watershed) segmentation, fractal feature extraction,
and statistical morphology analysis for quantitative characterization of growth kinetics and
surface evolution.

Keywords: Intelligent Image Analysis, Scanning Tunneling Microscopy, Flooding
Segmentation, Fractal Dimension, Computational Microscopy

I. INTRODUCTION

Modern scanning probe microscopy techniques, including atomic force microscopy (AFM)
and scanning tunneling microscopy (STM), generate large volumes of complex topographical
data that require advanced computational interpretation methods. In recent years, the rapid
development of intelligent information systems, image-processing algorithms, and data-
driven analysis approaches has significantly expanded the capabilities of nanoscale surface
characterization [1].

Layered A’B® chalcogenide semiconductors, such as InsSes, InSe, and InTe, represent
promising materials for nanoelectronic and optoelectronic applications due to strongly
anisotropic crystal structure and quasi 2D nature [2-4]. Their surfaces can be prepared in
atomically clean state by mechanical cleavage, providing convenient templates for the
formation of self-assembled metal nanostructures. The morphology and ordering of such
nanostructures strongly influence the electronic and transport properties of metal-
semiconductor interfaces and therefore require reliable quantitative characterization methods.

STM enables high-resolution visualization of local surface morphology, electronic
inhomogeneity, and nanoscale growth processes. However, STM images often exhibit
irregular, multiscale, and partially self-affine patterns that are difficult to characterize using
only conventional statistical parameters such as RMS roughness or average grain size [5].
Moreover, the large amount of height-coordinate information contained in STM datasets
creates the need for intelligent computational approaches capable of extracting hidden
morphological descriptors and identifying characteristic growth regimes.

In this context, methods originating from computer vision, intelligent image analysis, and
pattern recognition become increasingly important for nanoscale surface studies. In
particular, segmentation algorithms, multiscale feature extraction, fractal analysis [6, 7], and
statistical morphology descriptors provide efficient tools for quantitative interpretation of
STM topographies [8]. Recent advances in machine learning, computational microscopy, and
intelligent image processing have enabled automated extraction of morphology descriptors,
segmentation of nanoscale structures, and data-driven interpretation of scanning probe
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microscopy datasets [9].

In the present work, we propose a computational framework for intelligent multiscale
analysis of STM topographies of indium nanostructures formed on layered A3B6
chalcogenide surfaces, namely In4Ses and InTe.

II. RESULTS AND DISCUSSION

A. Computational Workflow

All STM topographies consisted of 400 x 400 pixels regardless of the physical scan size.
STM datasets were acquired for multiple deposition stages and thermal treatment conditions
using both large-area (1 pum x 1 pm) and high-resolution nanoscale (50 nm % 50 nm) scans.
In the proposed approach, experimental STM measurements serve as the source of multiscale
topographical datasets for subsequent intelligent computational analysis. Each STM image
was represented as a height-coordinate matrix preserving full 3D surface morphology
information.

The computational workflow consisted of several consecutive stages: (i) preprocessing of
STM datasets, (ii) reciprocal-space enhancement using Fast Fourier Transform (FFT)
filtering, (iii) Flooding (Water-shed) segmentation, (iv) extraction of morphology descriptors,
and (v) multiscale statistical and fractal analysis of nanostructure evolution.

Initial preprocessing of STM topographies was performed using WSxM software (Nanotec
Electronica) [10]. This stage included surface flattening, noise suppression, normalization of
height distributions, and FFT-assisted filtering in reciprocal space. Such procedures improve
visualization of partially ordered surface regions and reduce local tunneling artefacts
affecting quantitative morphology characterization. In addition to conventional roughness
analysis, including RMS roughness, skewness, and kurtosis [11], the STM datasets were
further analyzed using intelligent morphology characterization methods.

Segmentation of nanostructures was performed using the Flooding method implemented in
WSxM software [10]. This approach, also referred to as the Watershed method, simulates
gradual flooding of the STM topography and tracks the evolution of isolated surface regions
above the flooding level. Unlike conventional computer-vision water-shed implementations
frequently applied to binarized grayscale images, the WSxM Flooding approach directly
operates on the original STM height-coordinate information. During the segmentation
procedure, the computational framework automatically evaluated the number of visible
nanostructures (hills), nearest-neighbor distances, flooded surface area, volume evolution,
and height-distribution statistics as functions of the flooding level.

Comparative multiscale analysis was carried out for STM datasets acquired at different
spatial resolutions in order to identify local and global manifestations of nanostructure
coalescence, anisotropic ordering, and Gibbs-Thomson driven growth kinetics. As is known,
the Gibbs-Thomson effect introduces an exponential dependence between the population of
nanostructures (large vs small) and their size due to its impact on the chemical potential and
hence on the equilibrium concentration or vapor pressure of atoms near the surface [12, 13].

B. Multiscale STM Dataset Characterization

The proposed computational workflow was applied to multiscale STM datasets acquired
during consecutive stages of indium deposition on layered A*B chalcogenide surfaces. Fig. 1
presents representative STM topographies of the (100) InaSes surface obtained for large-area
(1 um x 1 pm) and nanoscale high-resolution (50 nm X% 50 nm) scans. The datasets
correspond to different deposition times followed by activation of secondary solid-state
dewetting (SSD) through thermal treatment.

Since all STM datasets were acquired with identical matrix dimensions of 400 x 400
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pixels, variation of the physical scan area naturally provides multiscale representation of the
surface morphology. In large-area scans, one pixel corresponds to approximately (2.5 nm x
2.5 nm) of the surface, whereas for nanoscale scans the effective pixel size decreases to about
(0.125 nm % 0.125 nm). Such representation enables computational analysis of global
nanostructure organization and local coalescence processes within a unified data-processing
framework.

Computational analysis of the STM datasets demonstrates gradual evolution of surface
morphology during In deposition. At early deposition stages, the surfaces exhibit
heterogeneous distributions of small isolated nanostructures, while longer deposition times
lead to formation of larger connected regions and partially ordered surface arrangements.
After activation of SSD, additional surface reorganization effects become visible, indicating
anisotropic redistribution of deposited In governed by the crystallographic structure of the
layered substrates.

Fig. 1.STM images of (100) In4Se3 surface morphology: (1 pm x 1 pm) ( left) and (50 nm x 50 nm)
areas (right) acquired in the processes of consistent In deposition with accumulation of
deposited amount and final annealing: a) 620 s deposited surface; b) next annealed at 473K.
Insets show corresponding images processed by 2D FFT

To improve visualization of hidden ordering effects and enhance subsequent segmentation
stability, FFT-assisted preprocessing was applied to the STM datasets. The corresponding
reciprocal-space filtered images shown in Fig. 1 reveal partially ordered nanostructure
distributions, particularly after activation of SSD processes. For highly heterogeneous
deposition stages, reciprocal-space ordering remains blurred, indicating the coexistence of
multiple competing growth regimes and local morphology fluctuations.

C. Flooding-Based Segmentation of Nanostructures

To investigate the evolution of indium nanostructures quantitatively, Flooding (Watershed)
segmentation was applied to the preprocessed STM datasets. Figs. 2 and 3 present
representative segmentation results for the (100) InsSes; surface after 620 s of indium
deposition for both large-area and nanoscale STM datasets.

Within the proposed computational framework, the Flooding procedure simulates gradual
immersion of the STM topography by an abstract flooding level and dynamically tracks
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isolated surface regions remaining above the flooded surface. Since the WSxM
implementation directly operates on original height-coordinate matrices rather than binarized
grayscale images, the segmentation process preserves the three-dimensional morphology of
the investigated nanostructures.
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Fig. 2.Flooding analysis result for (1 um x 1 um) area on (100) InsSe; surface after 620 s of indium
deposition: (a) number of segmented nanostructures (hills) as a function of flooding height (inset:
first-order Exponential fit); (b) nearest-neighbour distance versus flooding height (inset: pixel height
distribution); (c) fractal dimension evolution during flooding (black squares) with linear
approximation (red line)

The extracted segmentation descriptors reveal pronounced scale-dependent behavior of
indium nanostructure evolution. The dependencies shown in Figs. 2a and 3a describe the
number of segmented nanostructures (hills) detected above the flooding level as a function of
relative surface height. At intermediate flooding levels, the number of segmented regions
reaches a maximum due to simultaneous coexistence of multiple partially connected islands.
Further increase of the flooding level results in progressive disappearance of smaller
nanostructures.

6000 6000,

5000, [~ 4000f

3

4000 |- 3

2000}

—
—"Guantity of the hills
&
8
8

N oA o
3
i3

¥
3

3000

Number of events

o “ 21
o A 5 55

0 02 040608 1 12 14 16 18

1050 1150 1250

Height of the hills, a.u. Plxels height, a.u.

Quantity of the hills
Fractal dimension

2000
—n

1000 [ a .\ | b j.."""a—/
A\ "
o — o T aonenenet

——a—— ol

First neighbours distance, nm

o

L L L L L L L L ' L L L L L L
800 850 900 950 1000 1050 1100 1150 1200 1250 900 950 1000 1050 1100 1150 1200
Height of the hills, a.u. Height of the hills, a.u.

15 L L L L L 1 . 1 L L L
920 940 960 980 1000 1020 1040 1060 1080 1100 1120
Height of the hills, a.u.

F ig. 3. Flooding analysis result for (50 nm x 50 nm) area on (100) InsSe; surface after 620 s of
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For large-area STM datasets, the reduction of segmented regions follows behavior close to
first-order exponential decay. In contrast, nanoscale datasets exhibit steeper-than-exponential
reduction kinetics. Such scale-sensitive behavior indicates cooperative interactions between
neighboring nanostructures and correlated coalescence processes that become detectable only
at sufficiently high spatial resolution.

The proposed segmentation framework therefore enables intelligent extraction of hidden
morphology evolution patterns directly from STM height-coordinate datasets and provides
quantitative characterization of surface coarsening processes associated with Gibbs-Thomson
driven nanostructure growth.

D. Feature Extraction and Morphometrics
Based on the segmented STM datasets, quantitative morphology descriptors were extracted
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for subsequent statistical analysis of surface evolution. The extracted feature set included
fractal dimension values, nearest-neighbor distances, RMS roughness, skewness, kurtosis,
flooded surface area, and height-distribution statistics.

The pixel height distributions shown in the insets of Figs. 2b and 3b demonstrate clear
differences between large-area and nanoscale STM datasets. Large-area scans exhibit nearly
Gaussian height distributions resulting from statistical averaging over multiple heterogeneous
nanostructure populations. In contrast, nanoscale STM datasets demonstrate sharper and
more localized distributions that reflect local clustering effects and stronger sensitivity to
neighboring island interactions.

The extracted nearest-neighbor distance dependencies additionally confirm this
interpretation. Minimum nearest-neighbor distances are observed near flooding levels
corresponding to maximal coexistence of segmented nanostructures. Such behavior indicates
formation of densely packed nanostructure ensembles during intermediate stages of surface
evolution. Large-area datasets primarily describe global growth modes and long-range
nanostructure distributions, whereas nanoscale datasets reveal local coalescence effects,
clustering phenomena, and fine structural details of self-assembled In nanostructures.

E. Fractal Descriptor Evolution and Growth Kinetics

Fractal analysis of the segmented STM datasets was performed to characterize the
complexity and self-affine organization of the deposited nanostructures. Besides, the measure
of deposited metal nanostructured surface complexity of the topography the fractal dimension
analysis could be used to explore the effect of preparation conditions on topographical quality
[14] and, e.g., for 2D substrates [15]. The calculated fractal dimension dependencies during
flooding analysis are shown in Figs. 2c and 3c. The extracted fractal descriptors demonstrate
comparatively stable behavior over broad flooding ranges, indicating partial self-affinity of
the experimentally formed nanostructures.
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Fig. 4. Fractal dimension evolution extracted from multiscale (1 pm x 1 pm) and (50 nm
x 50 nm) STM datasets of In nanostructures formed on (100) In4Ses and (001) InTe surfaces.
The rightmost values correspond to the post-annealing stage after activation of SSD

For large-area STM datasets, the fractal dimension evolution remains relatively smooth and
can be approximated linearly. In contrast, nanoscale datasets exhibit stronger local
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fluctuations due to increased sensitivity to local morphology heterogeneity and height-
coordinate variations. The obtained results reveal strong correlation between fractal
descriptors and statistical morphology parameters extracted from the STM datasets. In
particular, fractal dimension evolution is closely associated with height-distribution
characteristics and segmentation dynamics observed during flooding analysis. Such
correlations demonstrate that fractal descriptors effectively capture the characteristic
topographical states of deposited indium nanostructures.

Fig. 4 summarizes the kinetics of fractal dimension evolution for In nanostructures formed
on (100) InaSes and (001) InTe surfaces under comparable deposition conditions. For both
substrates and for both STM scan sizes, gradual reduction of fractal dimension values is
observed with increasing deposition time. Higher fractal dimension values detected during
early deposition stages correspond to increased lateral heterogeneity and continuous
nucleation of new nanostructures. Progressive decrease of fractal descriptors indicates
transition toward more morphologically stable coatings formed through island coalescence
and Gibbs-Thomson driven surface energy minimization.

After activation of secondary SSD processes, a slight increase of fractal dimension is
observed. Such behavior reflects partial reorganization of the deposited surface and formation
of more anisotropic heterogeneous nanostructures influenced by the crystallographic
symmetry of the layered substrates. The obtained results demonstrate that fractal descriptors
represent sensitive quantitative indicators of nanoscale surface evolution and growth-regime
transitions.

III. CONCLUSION

Overall, the obtained results demonstrate that integration of Flooding-based segmentation,
multiscale morphology characterization, and fractal feature extraction provides an effective
computational framework for automated analysis of nanoscale surface evolution processes.
Special attention is devoted to the identification of Gibbs-Thomson driven coarsening effects,
anisotropic nanostructure ordering, and scale-dependent manifestations of surface evolution
processes. The proposed approach may be further extended toward machine-learning-assisted
classification of STM datasets, intelligent identification of growth regimes, and development
of autonomous computational microscopy systems for real-time nanoscale surface
characterization.
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Ozet: Akilli ulasim sistemlerinde dinamik ve dogru iicret tahmini, hizmet saglayicilarin
operasyonel verimliliginin artirilmasi ve fiyatlandirma seffafliginin saglanmasi a¢isindan kritik
oneme sahiptir. Mevcut tahmin modelleri, taksi {icretlerini ¢ogunlukla biitlinciil bir “toplam
tutar” degiskeni iizerinden ele almakta; ana {icret, sabit vergiler ve bahsis gibi yapisal olarak
farkli ozelliklere sahip alt bilesenlerin 6zgiin matematiksel dinamiklerini yeterince dikkate
almamaktadir. Bu ¢alismada, New York City (NYC) Taxi and Limousine Commission (TLC)
verileri kullanilarak toplam iicreti olusturan ana iicret, ek iicretler, vergiler, bahsis ve otoyol
ticretleri dahil olmak tizere dokuz farkli iicret bileseninin bagimsiz olarak modellendigi bilesen
temelli bir tahmin mimarisi 6nerilmistir. Arastirma kapsaminda 3,6 milyondan fazla yolculuk
kaydi, meteorolojik veriler ve resmi tatil takvimi gibi digsal degiskenlerle biitiinlestirilerek
kapsamli bir 6zellik miithendisligi siirecinden gecirilmistir. Modelleme asamasinda, her bir
ticret bileseni i¢in Optuna tabanli bagimsiz hiperparametre optimizasyonu gergeklestirilmis;
ardindan Hafif Gradyan Artirma Makinesi (LightGBM), Ekstra Agaglar ve Yapay Sinir Aglar
(YSA) algoritmalarinin performanslar1 karsilastirmali olarak degerlendirilmistir. Elde edilen
bulgular, onerilen bilesen temelli yaklasimin geleneksel toplam ticret tahmin modellerine
kiyasla daha yiiksek tahmin performansi sagladigini gostermistir. Onerilen model, 2.6929
ortalama mutlak hata (MAE) ve 0.9134 belirleme katsayis1 (R?) degerlerine ulagsmistir. Sonug
olarak, karmasik fiyatlandirma yapilarinin alt bilesenlerine ayristirilarak modellenmesinin
ticret tahmin performansini artirdigi belirlenmistir.

Anahtar Kelimeler: Ucret Tahmini, Hiperparametre Optimizasyonu, Regresyon, Bilesen
Temelli Modelleme

Abstract: In intelligent transportation systems, dynamic and accurate fare prediction is critical
for enhancing the operational efficiency of service providers and ensuring pricing transparency.
Existing prediction models typically treat taxi fares as a holistic "total amount" variable, often
failing to adequately account for the unique mathematical dynamics of sub-components—such
as the base fare, fixed taxes, and tips—that possess distinct structural characteristics. This study
proposes a component-based forecasting architecture that independently models nine distinct
fare components—including base fare, surcharges, taxes, tips, and tolls—using data from the
New York City (NYC) Taxi and Limousine Commission (TLC). As part of the research, over
3.6 million trip records underwent a comprehensive feature engineering process, integrating
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them with exogenous variables such as meteorological data and the official public holiday
calendar. During the modeling phase, independent hyperparameter optimization based on
Optuna was performed for each fare component; subsequently, the performances of Light
Gradient Boosting Machine (LightGBM), Extra Trees, and Artificial Neural Network (ANN)
algorithms were comparatively evaluated. The findings demonstrate that the proposed
component-based approach yields superior forecasting performance compared to traditional
total fare forecasting models. The proposed model achieved a Mean Absolute Error (MAE) of
2.6929 and a coefficient of determination (R?) of 0.9134. In conclusion, the study establishes
that modeling complex pricing structures by decomposing them into their sub-components
enhances fare forecasting performance.

Keywords: Fare Forecasting, Hyperparameter Optimization, Regression, Component-Based
Modeling

1. GIRIS

Kentsel ulasim sistemleri, 6zel araglar, toplu tasima ve trafik yonetimi gibi farkli bilegenleri
bir araya getiren biitiinlesik yapilariyla modern kentlerin siirdiiriilebilir isleyisinde ve bireylerin
yasam kalitesinin artirilmasinda 6nemli bir rol oynamaktadir [1]. Son yillarda Uber ve Lyft
gibi ara¢ cagirma platformlarmin yayginlasmasiyla birlikte, Istege Bagli Mobilite hizmetleri
kent i¢i ulagimin 6nemli bilesenlerinden biri haline gelmistir [2]. Bu doniisiim, yolculuk
ticretlerinin dogru ve giivenilir bicimde tahmin edilmesini hem kullanicilar hem de hizmet
saglayicilar acisindan Onemli bir gereklilik haline getirmistir. Dogru ticret tahminleri,
kullanicilarin ~ fiyatlandirma  siireglerini  daha  Ongoriilebilir ve seffaf bicimde
degerlendirmelerine katki saglarken [3]. Hizmet saglayicilarin operasyonel planlama ve
kaynak y&netimi siireclerini daha etkin yiiriitmelerine olanak tanimaktadir [4]. Ozellikle trafik
yogunlugu, hava kosullar ve talep diizeyindeki degisimler gibi dissal faktorlerden etkilenen
dinamik fiyatlandirma mekanizmalarinda, yolculuk iicretlerinin yiiksek dogrulukla tahmin
edilmesine yonelik giivenilir modellere duyulan gereksinim giderek artmaktadir.

Taksi iicreti tahminine yonelik mevcut calismalar incelendiginde, toplam yolculuk
maliyetinin ¢cogunlukla tek bir hedef degisken olarak ele alindig1 ve farkli makine 6grenmesi
ile derin 6grenme yontemlerinin bu hedefin tahmininde kullanildig: gériilmektedir. Ornegin,
farkli makine Ogrenmesi yontemlerinin ticret tahminindeki etkinligini degerlendiren bir
calismada Rasgele Orman (RO), Lasso Regresyon, Ridge Regresyon ve XGBoost algoritmalart
karsilastirilmistir. Elde edilen sonuglar, XGBoost'un diger modellere kiyasla daha diisiik Kok
Ortalama Kare Hata (RMSE) ve daha yiiksek R* degerleri sagladigini géstermis; dogrusal
olmayan ve karmasik iliskileri modelleme yetenegi sayesinde XGBoost, R*=0,83 degeriyle
karsilastirilan yontemler arasinda en yiiksek tahmin performansina ulagmistir [5]. Benzer
sekilde, agiklanabilirlik ve model seffafligin1 6n plana ¢ikaran bir bagka arastirmada Karar
Agaglar1 yonteminin ticret tahminindeki etkinligi incelenmistir. Ge¢mis Uber yolculuk
kayitlarinin kullanildig: ¢aligmada, yolculuk mesafesi ve yolcu sayisi gibi temel degiskenlerin
ticret iizerindeki etkileri degerlendirilmis ve modelin %90,33 diizeyinde R* degerine ulastig1
bildirilmistir. Ayrica diisiik hesaplama gereksinimi ve yorumlanabilir yapis1 nedeniyle bu tiir
modellerin ger¢ek zamanli iicret tahmini uygulamalarinda daha karmasik yontemlere alternatif
olusturabilecegi belirtilmistir [6].

Tekil makine 6grenmesi modellerinin yani sira, farkli algoritmalarin giiglii yonlerini bir
araya getiren hibrit ve topluluk 6grenme yaklasimlari da ticret tahmininde kullanilmaktadir.
Ulasim sistemlerinde hiz, trafik yogunlugu ve ticret gibi degiskenlerin birlikte degerlendirildigi
bir arastirmada, Lineer Regresyon ile Karar Agaci algoritmalarinin birlestirildigi hibrit modelin
tekil modellere kiyasla daha yiiksek tahmin basarisi sagladigi ve %93 diizeyinde R? degerine
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ulastig1 raporlanmistir. Bu sonuglar, farkli 6grenme algoritmalarinin tamamlayici 6zelliklerinin
bir araya getirilmesinin kentsel ulasim verilerindeki karmasik iligkilerin modellenmesine katki
saglayabilecegini gostermistir [7]. Benzer bi¢cimde, ara¢ ¢cagirma hizmetlerinde derin 6grenme
yontemlerinin performansini inceleyen bir ¢alismada Boston bdlgesine ait Uber ve Lyft verileri
kullanilarak LSTM, BiLSTM ve dikkat mekanizmali BILSTM modelleri karsilastirilmistir.
BiLSTM+Attention modelinin karmasik zamansal bagimliliklarin modellenmesinde en yiiksek
tahmin performansini sagladigi, ancak artan hesaplama maliyetinin operasyonel agidan bir kisit
olusturabilecegi belirlenmistir. Standart LSTM modelinin ise tahmin basarisi ile hesaplama
verimliligi arasinda daha dengeli bir yap1 sundugu bildirilmistir. Ayrica yolculuk mesafesi,
giiniin saati ve hava durumu gibi degiskenlerin iicret tahminindeki 6nemine dikkat ¢ekilmistir
[4].

Ucret tahmini yalnizca kullanilan dgrenme algoritmasina degil, fiyatlandirmayi etkileyen
farkli veri kaynaklarinin modele ne Olgiide yansitildigina da baghidir. Bu dogrultuda,
operasyonel ve finansal gostergelere ek olarak anlamsal bilgilerin fiyatlandirma stireglerindeki
roliinii inceleyen bir calismada boylamsal veri analizi Uretken Yapay Zeka teknikleriyle
biitiinlestirilmistir. Kiimiilatif Baglanti1 Karma Modelinin kullanildig1 aragtirmada, sirketlerin
yillik faaliyet raporlarindan ¢ikarilan duygu analizi gdstergeleri ile teknoloji odakli ifadelerin
fiyat kategorilerinin tahmininde anlaml degiskenler oldugu belirlenmistir. Boylece geleneksel
nicel degiskenlere ek olarak kurumsal raporlardan elde edilen semantik bilgilerin de
fiyatlandirma stiregleriyle iliskili olabilecegi gdsterilmistir [3].

Fiyatlandirma yapisinin daha ayrintili incelenmesi, toplam iicret igerisinde yer alan
bilesenlerin farkli davranis oOriintiilerine sahip olabilecegini de ortaya koymaktadir. Bu
kapsamda, New York City taksi pazarinda bahsis davranislarini inceleyen bir ¢alismada farkl
O0deme sistemlerinin yolcularin bahsis tercihleri ve bu tercihlerin 6ngoriilebilirligi tizerindeki
etkileri arastirilmistir. Yaklagik 280 milyon yolculuk kaydinin analiz edildigi ¢alismada,
geleneksel sari taksilerde kullanilan ara¢ i¢i 6deme ekranlarinin bahsis davraniglarini belirli
oranlar etrafinda yogunlastirdig1 ve bahsis tutarlarinin tahmin edilebilirligini R?~0,72 diizeyine
yiikselttigi belirlenmistir. Buna karsilik, uygulama tabanli ulasim hizmetlerinde bahsis
davraniglarinin daha degisken ve Ongoriilmesi gilic bir yapr sergiledigi ve tahmin
performansimin R?~0,17 diizeyinde kaldig1 bildirilmistir. Ayrica, sifir degerlerin yogun oldugu
veri yapilarinin modellenmesinde CatBoost algoritmasinin Tweedie kayip fonksiyonuyla
birlikte kullanilmasinin etkili sonuglar sagladigi rapor edilmistir [8].

Taksi verilerindeki karmasik yapi yalmizca iicret bilesenlerinden degil, ayn1 zamanda
mekansal ve zamansal bagimliliklardan da kaynaklanmaktadir. Bu iliskileri ele alan bir
calismada, NYC Taxi and Limousine Commission tarafindan yayimlanan 2015 yil1 Sar1 Taksi
veri kiimesinden 6 Ekim 2015 tarihine ait yolculuk kayitlar1 kullanilmis; veriler Manhattan'daki
39 posta koduna gore mekansal, 15 dakikalik araliklara gore ise zamansal olarak
ayristirtlmistir.  Yiikksek boyutlu mekansal-zamansal iligkilerin modellenmesi amaciyla
Genellestirilmis Spatio-Temporal Otoregresif model ile Cift Hiyerarsik Grup LASSO
diizenlilestirme yOntemi birlikte uygulanmistir. Bulgular, gelistirilen yaklasimin geleneksel
VAR ve ARMA modellerine kiyasla daha diisiik Ortalama Kare Tahmin Hatas1 sagladigini ve
komsu bolgeler arasindaki zamana bagl iliskileri daha etkili bigimde modelledigini
gostermistir [9].

Bu yontemsel ¢esitlilik, Istege Bagli Mobilite alanindaki tahmin yaklagimlarinin zaman
icerisinde Onemli Olgiide gelistigini  gostermektedir. Nitekim 2016-2025 doneminde
yayimlanan 291 hakemli calismay1 inceleyen sistematik bir literatiir taramasi, ARIMA-
GARCH gibi geleneksel istatistiksel yontemlerin 6zellikle 2021 sonrasinda yerini biiytlik
Ol¢iide makine 6grenmesi ve derin 6grenme yaklasimlarina biraktigini ortaya koymustur.
Bununla birlikte, gradyan artirmali karar agaclari, RO ve Destek Vektor Regresyonu gibi
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geleneksel makine O6grenmesi yontemlerinin, smirli veri veya yiiksek agiklanabilirlik
gerektiren uygulamalarda onemini korudugu belirtilmistir. Derin 6grenme tarafinda, 2017—
2020 doneminde yaygin olarak kullanilan RNN ve LSTM tabanli modellerin giiniimiizde daha
cok hibrit mimarilerin bilesenleri olarak degerlendirildigi; mekansal-zamansal iligkilerin
modellenmesinde grafik tabanli aglarin, uzun mesafeli ve kiiresel bagimliliklarin
ogrenilmesinde ise TFT ve ADFormer gibi Transformer tabanli mimarilerin kullaniminin
arttig1 bildirilmistir. Ayrica adillik, federatif 6grenme ve olasiliksal belirsizlik modellemesinin
giincel arastirma konular1 arasinda yer aldigi; Biiyiikk Dil Modelleri ve kuantum tabanli
yontemlerin ise yeni aragtirma yonleri olarak dikkat ¢cekmeye basladigi belirtilmistir [2].

Bununla birlikte, literatiirde kullanilan yontemler gelismis olsa da taksi {icreti tahminine
yonelik ¢calismalarin 6nemli bir boliimiinde toplam yolculuk maliyetinin tek bir hedef degisken
olarak modellenmesi temel yaklasim olmay: siirdiirmektedir [5,6]. Oysa toplam yolculuk
licreti; ana tarife licreti, zamana bagl ek {icretler, Metropolitan Transportation Authority
(MTA) vergisi gibi diizenlemeler kapsaminda belirlenen sabit kalemler, otoyol gecis ticretleri
ve yolcu tercihlerine bagli olarak degisen bahsis tutar1 gibi farkli niteliklere sahip bilesenlerden
olugmaktadir. Bu bilesenler gerek olusum mekanizmalar1 gerekse istatistiksel ozellikleri
bakimidan birbirinden farklidir. Ornegin, bazi vergi ve ek {icret kalemleri 6nceden
tanimlanmis kurallara gore belirlenirken, bahsis tutar1 yolcu davranmisi ve ¢esitli digsal
faktorlerden etkilenmesi nedeniyle daha yiiksek belirsizlik igermektedir [8]. Dolayisiyla, farkli
Ozelliklere sahip tiim fiicret bilesenlerinin tek bir hedef degisken altinda modellenmesi,
bilesenlere 6zgii degiskenliklerin yeterince temsil edilememesine neden olabilir. Ayrica bu
yaklagim, toplam iicret igerisindeki her bir bilesenin katkisinin ayri ayr1 degerlendirilmesini
giiclestirerek modelin agiklanabilirligini sinirlandirabilir.

Bu ¢alismada, s6z konusu yontemsel sinirliligi ele almak amaciyla NYC Taxi and Limousine
Commission tarafindan saglanan Sar1 Taksi veri kiimesine dayali bilesen temelli bir {icret
tahmin mimarisi 6nerilmektedir. Geleneksel toplam iicret tahmini yaklagimindan farkli olarak,
toplam yolculuk icretini olusturan dokuz ayri {icret kalemi birbirinden bagimsiz tahmin
problemleri olarak ele alinmaktadir. Ayrica geleneksel mesafe ve zaman degiskenlerine ek
olarak sicaklik, yagis ve goriis mesafesi gibi hava durumu degiskenleri ile resmi tatil bilgileri
modele dahil edilmektedir. Her bir ticret bileseninin kendine 6zgii veri yapisina uygun model
ve hiperparametrelerin belirlenebilmesi amaciyla Optuna kullanilarak bagimsiz hiperparametre
optimizasyonu gerc¢eklestirilmektedir. Boylece Onerilen yaklagim, toplam iicretin dogrudan tek
bir hedef olarak tahmin edilmesi yerine, farkli olusum mekanizmalarina sahip ticret
bilesenlerinin ayr1 ayri modellenmesi ve elde edilen tahminlerin bitiinlestirilmesi esasina
dayanmaktadir.

II. VERI KUMESI VE ON iSLEME

Bu boliimde, tahmin modelinde kullanilan veri setinin hazirlanmasina iliskin siire¢ ayrintili
olarak ele alinmaktadir. Bu kapsamda veri toplama ve temizleme islemleri, verilerin
diizenlenmesi, digsal veri kaynaklariyla biitiinlestirilmesi ve 6zellik miihendisligi agamalari,
benimsenen metodolojik ¢erceve dogrultusunda sistematik olarak ag¢iklanmaktadir.

A. NYC TLC Veri Kiimesi

Calismada veri kaynagi olarak, NYC Taksi ve TLC tarafindan yayimlanan Ocak 2026
donemine ait Sar1 Taksi seyahat kayitlar1 kullanilmistir. Ham veri seti toplam 3.724.889
gbzlem ve 20 6znitelikten olugsmakta olup, seyahat baslangic ve bitis zamanlari, yolcu sayisi,
seyahat mesafesi ile iicret bilesenlerine iligkin ayrintili bilgileri kapsamaktadir [10].
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B. NYC TLC Veri Kiimesi

Regresyon tabanli tahmin modellerinin aykir1 gozlemlere ve giiriiltiilii verilere kars1 duyarh
olmasi, modelleme agsamasindan 6nce verilerin kapsamli bir 6n isleme siirecinden gegirilmesini
gerekli kilmaktadir [5,11]. Bu dogrultuda, veri kalitesinin artirilmasi ve tahmin performansini
olumsuz etkileyebilecek hatali veya tutarsiz kayitlarin giderilmesi amaciyla cesitli veri
temizleme ve diizenleme islemleri gergeklestirilmistir.

I1k olarak, veri setindeki eksik degerler incelenmis ve yolcu sayisi, tarife kodu, yogunluk ek
ticreti ve havalimani tarifesi degiskenlerinde toplam 1.088.058 eksik deger tespit edilmistir.
Ucret bilesenlerine iliskin eksik degerler, ilgili {icret kaleminin bulunmadigini gosterecek
sekilde 0 degeriyle doldurulmustur. Kategorik nitelikteki tarife kodunda bulunan eksik degerler
ise -1 degeriyle temsil edilen bilinmeyen sinifina atanmigtir. Ayrica, analiz siirecine anlaml
bir katki saglamayan ¢evrimdisi veri iletim bayragi (store-and-forward flag) degiskeni veri
setinden ¢ikarilmustir.

Veri biitiinliigliniin saglanmas1 amaciyla, yapilar1 geregi negatif deger almamasi gereken
degiskenler de kontrol edilmistir. Yapilan inceleme sonucunda altyapi iyilestirme ek iicretinde
39.732, toplam iicrette 39.984, ana seyahat iicretinde 39.463, MTA vergisinde 37.730,
yogunluk ek iicretinde 30.448, ilave iicretlerde 20.035, havalimani tarifesinde 9.225 ve
otoyol/koprii gecis lcretlerinde 3.391 negatif deger iceren kayit belirlenmistir. Seyahat
mesafesi degiskeninde ise herhangi bir negatif degere rastlanmamistir. Ayni kaydin birden
fazla degiskende tutarsizlik icerebilmesi dikkate alinarak hatali gézlemler benzersiz satirlar
tizerinden degerlendirilmis ve toplam 40.049 kayit veri setinden ¢ikarilmistir.

Son olarak, yolcu sayisi degiskeninde standardizasyon islemi gergeklestirilmistir. Arag
kapasitesini agacak sekilde 6'dan biiylik olarak kaydedilen yolcu sayilari, taksinin azami
kapasitesini temsil eden 6 degeriyle sinirlandirilmistir. Bolgesel ortalamanin hesaplanmasina
olanak saglayacak yeterli gegerli gozlemin bulunmadigi baslangic bolgelerinde ise hatali veya
eksik yolcu sayilarinin diizeltilmesinde veri setinin genel yolcu sayist ortalamasindan
yararlanilmigtir.

C. Cok Katmanli Dig Veri Entegrasyonu

Tahmin modelinin dogrulugunu artirmak amaciyla seyahat kayitlar1 meteorolojik ve
zamansal digsal verilerle zenginlestirilmistir. Bu dogrultuda, NYC taksi bolgelerine ait cografi
siirlari igeren shapefile kullanilarak her bolgenin merkez noktas: hesaplanmistir. Elde edilen
bolge koordinatlari, EPSG:2263 koordinat referans sisteminden EPSG:4326 cografi koordinat
sistemine doniistiiriilerek enlem ve boylam bilgileri belirlenmistir. Meteorolojik verilerle
zamansal eslestirmenin saglanabilmesi amaciyla yolculuk baglangi¢c zamanlari en yakin saate
yuvarlanarak referans zaman bilgisi olusturulmustur. Daha sonra konum ve zaman bilgileri
kullanilarak Open-Meteo API iizerinden ilgili tarih ve saate ait sicaklik, yagis, kar yagis1 ve
riizgar hiz1 gibi degiskenleri kapsayan toplam 21 meteorolojik 6zellik veri setine entegre
edilmistir.

Meteorolojik degiskenlerin yani sira, seyahat talebi iizerindeki takvimsel etkilerin modele
yansitilmasi amaciyla resmi tatil bilgileri de veri setine dahil edilmistir. Bu amagla Python'un
acik kaynakli holidays kiitliphanesi kullanilarak ilgili doneme ait resmi tatil takvimi
olusturulmus ve her seyahat kaydi i¢in yolculuk tarihinin resmi tatile denk gelip gelmedigini
belirten ikili bir gosterge degiskeni tanimlanmustir.

Digsal verilerin entegrasyonunun ardindan eslestirme islemlerinin tutarliligi kontrol
edilmistir. Gegersiz veya hatali taksi bolge kodlar1 olan 264 ve 265 nedeniyle meteorolojik
verilerle eslestirilemeyen 5.800 kayit ile yalnizca tek bir gdzlem igeren bolgelere ait kayitlar
veri setinden ¢ikarilmistir. Boylece meteorolojik ve zamansal digsal verilerle uyumlu, tutarlt
ve modelleme siirecinde kullanilmaya hazir nihai analiz veri kiimesi elde edilmistir.
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D. Oznitelik Miihendisligi ve Nihai Veri Matrisi

Veri on isleme siirecinin son asamasinda, ham verilerden tahmin siirecine katk1
saglayabilecek yeni Oznitelikler tliretilmis ve model egitiminde kullanilacak nihai veri matrisi
olusturulmustur. Bu dogrultuda, dncelikle yolculuk baslangic ve bitis zamanlar1 arasindaki fark
hesaplanarak seyahat siiresi saniye cinsinden elde edilmis ve ardindan saat birimine
doniistiiriilmiistiir. Seyahatlerin zamansal 6zelliklerini modele yansitmak amaciyla yolculuk
baslangi¢c saati ve haftanin giinii degiskenleri olusturulmustur. Bunun yani sira, seyahat
mesafesinin yolculuk siiresine oranlanmasiyla ortalama hiz 6zniteligi hesaplanmistir. Sifira
bolme hatalarinin 6nlenmesi amaciyla bu hesaplamada seyahat siiresine kiiclik bir epsilon
degeri (¢ = 0,0001) eklenmistir.

New York City ulasim sisteminde 6zel {licretlendirme uygulamalarinin bulundugu
havaliman1 yolculuklarinin temsil edilebilmesi amaciyla ayrica ikili bir havalimani gosterge
degiskeni olusturulmustur. Bu islemde Newark (1), JFK (132) ve LaGuardia (138) havalimani
bolgeleri esas alinmig; yolculugun baslangi¢ veya varig bolgesinin bu kodlardan herhangi
biriyle eslesmesi durumunda gosterge degiskenine 1, diger durumlarda ise 0 degeri atanmustir.

Oznitelik miihendisliginin ardindan, yalnizca ara islemlerde kullanilan, yinelenen bilgi
iceren veya model egitiminde veri sizintisina yol acgabilecek degiskenler veri setinden
cikarilmistir. Bu kapsamda toplam iicret, yolculuk baslangic ve bitis zaman damgalar ile
meteorolojik verilerin eslestirilmesi amaciyla olusturulan ara zaman degiskenleri model
girdilerinden kaldirilmistir. Ayrica, istatistiksel degerlendirme agisindan yeterli sayida gozlem
icermeyen ve yalnizca birer kayit bulunan 99 ve 44 numarali kalkis bolgelerine ait gdzlemler
analiz disinda birakilmistir.

Veri temizleme, dissal veri entegrasyonu ve Oznitelik miihendisligi asamalarinin
tamamlanmasinin ardindan nihai veri seti 3.679.038 gozlem ve 42 degiskenden olusmustur. Bu
yapi icerisinde Tablo 1'de verilen 33 bagimsiz degisken, c¢oklu ¢ikti tahmin yaklasimi
kapsaminda dokuz farkli iicret bileseninin tahmin edilmesinde model girdileri olarak
kullanilmistir.

Table 1. Model Egitiminde Kullanilan Bagimsiz ve Bagimli Degigken Listesi

Degisken

Agiklama

VendorID, payment type

passenger count

trip_distance, trip_duration
avg speed

RatecodelD

PULocationID, DOLocationID

is_holiday, is_airport

pickup_hour, pickup_day, is_day

temperature_2m, apparent temperature,
relative_humidity 2m, dew point 2m,
precipitation, rain, snowfall, snow_depth,
weather code, surface pressure, pressure msl,
cloud_cover (total, low, mid, high), visibility,
wind_speed 10m, wind_direction_10m,

wind gusts 10m

Sirastyla veri saglayici (TPEP) ve yolcu 6deme yontemi
(Kredi karti, nakit vb.) kodlari.
Aragctaki yolcu sayisi

Seyahat mesafesi (Mil) ve baslangi¢/bitis zamanlarindan
hesaplanan seyahat siiresi (Saat).

Seyahat mesafesinin siireye oranlanmasiyla hesaplanan
ortalama hiz

Yolculuk sonunda uygulanan nihai iicret tarifesi oram
kodu.

Yolculugun bagladig1 ve bittigi TLC taksi bolgesi kimlik
numaralar1 (ID).

Yolculuk giiniiniin resmi tatil olma durumunu ve bolgenin
havalimani (JFK, LGA, EWR) icerme durumunu belirten
ikili (binary) gostergeler.

Yolculugun basladigi saat dilimi (0-23), haftanin giinii (0—
6) ve giin 15181 durumu (Giindiiz: 1, Gece: 0).

sicaklik (°C), hissedilen sicaklik (°C), bagil nem (%), ¢ig
noktasi (°C), toplam yagis (mm), yagmur (mm), kar yagisi
(cm), kar derinligi (m), WMO hava kodu, yiizey ve deniz
seviyesi basinglar1 (hPa), bulutluluk oranlari (%), goriis
mesafesi (m), riizgar hiz1 (km/s), yonii ve ani riizgar
hamlesi
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fare_amount, extra, mta_tax, tip_amount, Tahmin edilmesi hedeflenen; ana taksimetre iicreti, yogun

tolls_amount, improvement surcharge, saat/gece farki, MTA vergisi, bahsis, koprii/otoyol

congestion_surcharge, Airport_fee, gecisleri, altyap1 harc, trafik sikigikligi, havalimani ve i

cbd congestion fee merkezi (CBD) yogunluk kesintilerini igeren maliyet
kalemleri ($).

* Calisma kapsaminda kullanilan 33 adet bagimsiz degisken ve tahmin edilmesi hedeflenen 9 adet bagimli iicret kalemi.

I11. METODOLOJI

Geleneksel regresyon yaklagimlarinda taksi iicreti genellikle toplam iicret tek bir hedef
degisken olarak ele alinmaktadir. Bu ¢aligmada ise farkli bir yaklagim benimsenmis; NYC Sari
Taksi seyahat {icreti, toplam tutar iizerinden modellenmek yerine maliyeti olusturan her bir
ticret bileseni ayr1 bir ¢ikt1 degiskeni olarak ele alinmistir. Bdylece, her licret kaleminin kendine
0zgl istatistiksel ve matematiksel 6zellikleri korunarak Bilesen tabanli bir tahmin g¢ercevesi
olusturulmustur. Bu yaklagimin, farkli licret bilesenlerinin birbirinden bagimsiz dinamiklerini
daha etkin bigimde 6grenerek modelin tahmin basarisini artirmasi hedeflenmistir.

Modellerin genellenebilirligini degerlendirmek amaciyla veri kiimesi, yolculuk baglangi¢
bolgelerinin dagilimi korunacak sekilde tabakali bir ayristirma stratejisi kullanilarak %80
egitim ve %20 test veri kiimesi olmak iizere iki alt kiimeye ayrilmustir. Onerilen modelin
mimarisi Sekil 1°de verilmistir.

[% i s by oo il 1
v

VERI ON iSLEME
g « Eksik degerlerin giderilmesi  « Aykin degerlerin temizlenmesi

+ Yolcu sayisinin dizeltilmesi

DISSAL VERI ENTEGRASYONU

. Meteorolojik veriler | b e b
‘@ (Open-Meteo) Resmi tatil bilgileri o Balge keordinatlar

OZNITELIK MUHENDisUéi
Seyahat Ortalama Gunun Haftamn Havalimani
ssssss hiz ti giini gostergesi
[ @ 33 BAGIMSIZ DEGISKEN - 9 BAGIMLI DEGISKEN ]

v ¥
----------

BiLE$EN TABANLI TA'HMiN MIMARISI

/ '_"\
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Ana MTA Iylle;ﬂrme Gegis Yagunluh Havalimani | | Merkeziis
Ucrem li:net V!rwsl Ucreti BEIHF Ucreti Ocreti | | Alam Yogunluk
| Ugcreti
) ¥ 3

OPTUNA HlPERPARAMHRE OPTIMIZASYONU
@ [ uightGeM | | XGBoost | | Extralrees | | HistGradientBoosting |
Optuna [ sep | [ EsticNer | [ RidgeRegression | f‘/
v
Ez HER BILESEN iGiN
EN [Yi MODEL VE HIPERPARAMETRELER

Z 9 BILESEN TAHMINININ TOPLANMASI
(TOPLAM (ICRET)

lll PERFORMANS DEGERLENDIRMESI
MAE + RMSE - R?

Fig. 1.Onerilen Bilesen Tabanli Tahmin Modelinin Mimarisi

A. Bilesen tabanli Modelleme Cercevesi

Bilesen tabanli modelleme yaklasiminda, toplam seyahat {icreti tek bir hedef degisken olarak
tahmin edilmek yerine, iicret yapisini olusturan dokuz farkli bilesene ayristirilarak her bir
bilesen bagimsiz olarak modellenmistir. Bu yaklasimin temelinde, iicret kalemlerinin olusum

52



6" Global Conference on Engineering Research (GLOBCER '26)

bicimleri ve istatistiksel Ozellikleri agisindan birbirinden farkli yapilar sergilemesi yer
almaktadir. Seyahat mesafesine gore belirlenen ana seyahat iicreti ile yasal diizenlemeler
kapsaminda sabitlenen MTA vergisi ve altyap1 iyilestirme ek {icreti, iicret yapisinin daha
deterministik bilesenlerini olusturmaktadir. Buna karsilik ilave ek ticretler, yogunluk ek iicreti,
havalimani tarifesi, ig merkezi yogunluk kesintisi ve otoyol/koprii gecis licretleri zamansal ve
konumsal kosullara bagl olarak degiskenlik gostermektedir. Bahsis tutar1 ise dogrudan yolcu
tercihine bagli olmasi nedeniyle diger licret bilesenlerine kiyasla daha yiiksek degiskenlik
gosteren stokastik bir yapiya sahiptir.

Ucret bilesenleri arasindaki bu heterojenlik géz oniinde bulundurularak, diisiik varyansa
sahip daha deterministik iicret kalemlerinin, yiiksek degiskenlik gdsteren bahsis ve gecis
ticretlerinin etkisi altinda kalmasimin 6nlenmesi amaclanmistir. Bu dogrultuda, dokuz iicret
bileseninin her biri i¢in bagimsiz regresyon modelleri olusturulmus ve her hedef degisken
kendi dagilimsal 6zellikleri ve dinamikleri dogrultusunda ayri1 ayri modellenmistir. Boylece,
ticret bilesenlerine 6zgli yapilarin tahmin silirecinde korunmasi ve toplam seyahat iicretinin
tahmin dogrulugunun artirilmasi hedeflenmistir.

B. Optuna ile Bagimsiz Hiperparametre

Her bir iicret bileseni i¢in en uygun regresyon yonteminin ve ilgili modele ait
hiperparametrelerin belirlenmesi amaciyla Optuna tabanli hiperparametre optimizasyonu
gergeklestirilmistir. Optimizasyon siirecinde LightGBM, XGBoost, Stochastic Gradient
Descent (SGD), ExtraTrees, Histogram Gradient Boosting Regressor
(HistGradientBoostingRegressor), ElasticNet ve Ridge Regression algoritmalar1 aday modeller
olarak degerlendirilmistir. Hiperparametre arama uzayinin etkin bi¢imde taranmasi i¢in Tree-
structured Parzen Estimator (TPE) Ornekleme yontemi tercih edilmistir. Arama siirecinin
baslangicinda genis bir ¢oziim uzaymin kesfedilmesini saglamak ve erken asamada yerel
optimumlara yonelme olasiligin1 azaltmak amaciyla n_startup trials degeri 30 olarak
belirlenmistir. Ayrica, hiperparametreler arasindaki olasi iligkilerin optimizasyon siirecine
yansitilmast amaciyla multivariate=True segenegi etkinlestirilerek parametrelerin amag
fonksiyonu iizerindeki ortak etkileri dikkate alinmistir. Farkli model mimarilerine 6zgi
hiperparametre uzaylarinin ayni optimizasyon siirecinde yonetilebilmesi i¢in group=True ayar1
kullanilmistir. Paralel olarak yiiriitiilen denemelerde aynmi veya benzer hiperparametre
kombinasyonlarinin tekrar degerlendirilmesini sinirlandirmak ve arama uzaymin daha etkin
bicimde taranmasini saglamak amaciyla ise constant liar=True stratejisinden yararlanilmistir.

Optimizasyonun amag¢ fonksiyonu modelin RMSE performansi temel alinarak
tanimlanmistir. Bu kapsamda, RMSE degerinin en aza indirilmesine karsilik gelecek sekilde
—RMSE degerinin en biiyiiklenmesi esas alinmistir. Model gelistirme i¢in ayrilan veri kiimesi
kendi igerisinde yeniden boliinerek verilerin %75' egitim, kalan %25'1 dogrulama amaciyla
kullanilmistir. Her Optuna denemesinde Onerilen hiperparametre kombinasyonu kullanilarak
ilgili regresyon modeli egitim kiimesi iizerinde egitilmis ve dogrulama kiimesinden elde edilen
—RMSE degeri amag¢ fonksiyonuna geri aktarilmistir. Optimizasyon —siirecinin
tamamlanmasinin ardindan, dokuz iicret bileseninin her biri i¢in dogrulama performansi en
yiiksek olan regresyon algoritmasi ve bu algoritmaya ait optimal hiperparametre kombinasyonu
ayr1 ayr1 belirlenerek nihai modeller olusturulmustur.

C. Karsilastirmalit Analiz Tasarimi

Onerilen bilesen temelli modelleme yaklagiminin tahmin performansi {izerindeki etkisini
incelemek amaciyla ii¢ farkli modelleme stratejisi karsilastirilmistir. ilk stratejide, Bilesen
Temelli Optimizasyon yaklasimi kullanilarak dokuz {icret bileseninin her biri i¢in Optuna
araciligiyla en uygun regresyon algoritmasi ve hiperparametre kombinasyonu ayri ayri
belirlenmistir. Her bilesene ait bagimsiz modellerden elde edilen tahminler daha sonra
birlestirilerek toplam seyahat iicreti hesaplanmustir. Ikinci stratejide, Dogrudan Toplam
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Tahmini yaklasimi uygulanmis ve toplam seyahat iicreti herhangi bir alt bilesene ayrilmadan
tek bir hedef degisken olarak modellenmistir. Bu kapsamda LightGBM ve Yapay Sinir Ag1
(YSA) modelleri kullanilmistir. Ugiincii stratejide ise Cok Ciktili Regresyon yaklasimi
benimsenmis ve ExtraTrees ile YSA modelleri, dokuz iicret bilesenini aynmi egitim siireci
icerisinde es zamanli olarak tahmin edecek sekilde yapilandirilmistir.

Bu deneysel diizen ile toplam seyahat iicretinin ayr1 bilesenlere ayristirilarak modellenmesinin,
dogrudan toplam iicret tahmini ve ¢ok c¢iktili regresyon yaklasimlarina kiyasla tahmin
performanst lizerindeki etkisi karsilagtirmali olarak degerlendirilmistir. Tiim modellerin
performanslart R? ve MAE metrikleri kullanilarak dl¢lilmis; bdylece ti¢ farkli modelleme
stratejisinin ~ aciklanan varyans ve tahmin hatast bakimindan karsilagtiriimasi
gergeklestirilmistir.

IV. DENEYSEL CALISMA

Bu boliimde, Optuna tabanli hiperparametre optimizasyonu sonucunda elde edilen deneysel

bulgular sunulmaktadur. 11k olarak, regresyon modelleri igin olusturulan hiperparametre arama
uzaylar1 tanimlanmakta, ardindan optimizasyon siireci sonucunda her bir iicret bileseni igin
secilen en uygun regresyon algoritmalari ve bunlara ait optimal hiperparametre
konfigiirasyonlar1 incelenmektedir. Son agamada ise Onerilen bilesen temelli modelleme
yaklagimimin tahmin performansi karsilastirma modelleriyle birlikte degerlendirilerek elde
edilen sonuclar ayrintili olarak analiz edilmektedir.
Optimizasyon siirecinde degerlendirilen yedi farkli regresyon algoritmasina ait
hiperparametreler, arama araliklar1 ve dagilim tiirleri Tablo 2'de sunulmaktadir. Belirlenen
arama uzaylari, her bir algoritma i¢in uygun hiperparametre kombinasyonlarinin sistematik
bicimde arastirilmasina ve tahmin performansi acisindan en uygun konfigiirasyonlarin
belirlenmesine olanak saglayacak sekilde olusturulmustur.

Table I1. Optuna Hyperparameter Search Spaces for the Regression Models

Model Hiperparametre Arama Aralig1 Dagilim Tipi
LightGBM Agag Sayisi (n_estimators) [100, 1000] Tam Say1
(Adim: 100)
Ogrenme Orani (learning rate) [0.02, 0.2] Logaritmik
Maksimum Derinlik (max_depth) [3, 11] Tam Say1
(Adim: 1)
Maksimum Yaprak Sayisi (num_leaves) [3,60] Tam Say1
(Adim: 3)
Yaprak I¢in Min. Veri (min_child_samples) [10, 100] Tam Say1
(Adim: 5)
Alt Orneklem Orani (subsample) [0.1, 1.0] Ondaliklt
(Adim: 0.1)
Agag Basina Oznitelik Oran1 (colsample_bytree) [0.1, 1.0] Ondalikli
(Adim: 0.1)
L1 Diizenlilestirme (reg_alpha) [1e-8,2.0] Logaritmik
L2 Diizenlilestirme (reg_lambda) [1e-8,2.0] Logaritmik
XGBoost Agac Sayisi (n_estimators) [100, 1000] Tam Say1
(Adim: 100)
Ogrenme Orani (learning_rate) [0.02, 0.2] Logaritmik
Maksimum Derinlik (max_depth) [3,7] Tam Say1
(Admm: 1)
Min. Cocuk Diigiim Agirligi (min_child weight) [1, 8] Tam Say1
(Admm: 1)
Alt Orneklem Orani (subsample) [0.1, 1.0] Ondalikli
(Adim: 0.1)
Agag Basina Oznitelik Oran1 (colsample_bytree) [0.1, 1.0] Ondalikl1
(Adim: 0.1)
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Diigiim Bolme Esigi (gamma) [0.0, 2.0] Ondalikli
(Adim: 0.2)
Agag Olusturma Yontemi (tree_method) hist Sabit
SGD Diizenlilestirme Katsayisi (alpha) [1e-6, le-2] Logaritmik
L1 Ceza Orani (11_ratio) [0.0, 1.0] Ondaliklt
(Adim: 0.1)
Baslangi¢ Ogrenme Orani (eta0) [1e-3, le-1] Logaritmik
Kayip Fonksiyonu (loss) huber Sabit
Ceza Terimi (penalty) elasticnet Sabit
Ogrenme Oram Stratejisi (learning_rate) adaptive Sabit
Erken Durdurma (early stopping) true Sabit
Dogrulama Kiimesi Orani (validation_fraction) 0.1 Sabit
Degisimsiz Iterasyon Siniri (n_iter no_change) 15 Sabit
Maksimum iterasyon (max _iter) 10000 Sabit
Tolerans (tol) le-4 Sabit
ExtraTrees Agag Sayisi (n_estimators) [10, 200] Tam Say1
(Adim: 10)
Maksimum Derinlik (max_depth) [3,9] Tam Say1
(Adim: 1)
Béliinme I¢in Min. Orneklem (min_samples_split) [2, 10] Tam Say1
(Adim: 1)
Yaprak I¢in Min. Orneklem (min_samples_leaf) [1, 5] Tam Say1
(Adm: 1)
Maksimum Oznitelik Sayis1 (max_features) sqrt, log2 Kategorik
HistGradientB  Ogrenme Orani (learning_rate) [0.02, 0.2] Logaritmik
oosting Maksimum Derinlik (max_depth) [3, 60] Tam Say1
(Admm: 1)
Maksimum iterasyon (max_iter) [100, 10000] Tam Say1
(Adim: 100)
Yaprak I¢in Min. Orneklem (min_samples_leaf) [10, 100] Tam Say1
(Adim: 5)
Ridge Diizenlilestirme Katsayisi (alpha) [0.1, 18.9] Logaritmik
ElasticNet Diizenlilestirme Katsayisi (alpha) [0.001, 4.901] Logaritmik
L1 Ceza Orani (11_ratio) [0.1, 0.9] Ondaliklt
(Adim: 0.1)
Maksimum iterasyon (max _iter) [1000, 10000] Tam Say1

(Adim: 1000)

Dokuz farkli ticret bileseni i¢in bagimsiz olarak yiiriitiilen Optuna optimizasyon siiregleri
sonucunda, her bir hedef degiskenin karakteristik 6zelliklerine en uygun regresyon algoritmasi
ve optimal hiperparametre konfigiirasyonu belirlenmistir. Optimizasyon siirecinde, her bagimli
degisken i¢in degerlendirilen tiim modeller arasinda elde edilen en yiiksek amag fonksiyonu
degeri ile bu sonuca ulasilan iterasyon numarasi Tablo 3'de sunulmaktadir. Optimizasyon
sonucunda segilen en basarili model mimarileri ve bu modellere ait egitim asamasinda elde
edilen performans degerleri ise Tablo 4'de ayrintili olarak verilmektedir.

Table I11. Ucret Bilesenleri icin Her Model ile Elde Edilen Uygunluk Degerleri

Ucret Kalemi Model Uygunluk Degeri Iterasyon Numaras1
(-RMSE)

Havaliman1 Ucreti (Airport_fee) hist gbm -0,08717 48
lightgbm -0,08996 15
xgboost -0,09210 199
extra_trees -0,19251 168
Ridge -0,23105 140
elasticnet -0,23106 276
sgd -0,24817 69

CBD Yogunluk Ucreti hist gbm -0,12322 260

(cbd_congestion_fee) lightgbm -0,12521 16
xgboost -0,15640 22
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extra_trees -0,30848 151
ridge -0,31619 26
elasticnet -0,31637 111
sgd -0,35616 3
Yogunluk Ek Ucreti hist gbm -0,18306 230
(congestion_surcharge) lightgbm -0,19983 143
xgboost -0,21211 109
extra_trees -0,68007 118
ridge -0,81592 291
elasticnet -0,81593 32
sgd -1,22275 93
Ek Ucret (extra) hist gbm -0,24448 214
lightgbm -0,24693 103
xgboost -0,28305 13
extra_trees -1,21616 264
ridge -1,36202 9
elasticnet -1,36247 25
sgd -1,55565 12
Tarife Ucreti (fare_amount) lightgbm -5,81270 182
xgboost -5,91800 61
hist gbm -5,95834 44
extra_trees -12,743 148
ridge -13,2286 51
elasticnet -13,2291 283
sgd -14,6410 14
Gelistirme Ek Ucreti ( lightgbm -0,01426 154
improvement surcharge hist_gbm -0,01503 271
) xgboost -0,01549 262
ridge -0,02843 72
elasticnet -0,02847 63
sgd -0,02877 4
extra_trees -0,04033 27
MTA Vergisi (mta_tax) lightgbm -0,01637 247
xgboost -0,01660 21
hist_gbm -0,01664 239
extra_trees -0,04491 258
ridge -0,05388 169
elasticnet -0,05389 61
sgd -0,05478 117
Bahsis Tutari (tip_amount) lightgbm -2,24911 127
hist_gbm -2,25490 1
xgboost -2,28649 3
extra_trees -2,85717 89
ridge -3,27700 258
elasticnet -3,27702 38
sgd -3,56536 17
Gegis Ucretleri (tolls_amount) lightgbm -1,21960 215
hist_gbm -1,27329 123
xgboost -1,30635 288
extra_trees -1,73628 73
ridge -1,78821 239
elasticnet -1,78821 12
sgd -1,95303 2
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Table IV. Ucret Bilesenleri Icin Optimal Model ve Hiperparametre Setleri

Ucret Kalemi En lyi Uygunluk  Optimal Hiperparametre Seti
Model Degeri
(-RMSE)

Tarife Ucreti LightGBM -5.8127 n_estimators=1000, learning_rate=0.0597,

(fare_amount) max_depth=9, num_leaves=60,
min_child_samples=20, subsample=0.2,
colsample bytree=0.7

Ek Ucret (extra) HistGBM -0.2444 learning_rate=0.0807, max_depth=30,
max_iter=1800, min_samples_leaf=10

MTA Vergisi (mta_tax) LightGBM -0.0163 n_estimators=300, learning_rate=0.0287,
max_depth=7, num_leaves=36,
min_child samples=10, subsample=0.6,
colsample_bytree=0.9

Gelistirme Ek Ucreti LightGBM -0.0142 n_estimators=100, learning_rate=0.1690,

(improvement surcharge) max_depth=4, num_leaves=51,
min_child samples=10, subsample=0.9,
colsample bytree=1.0

Bahsis Tutari (tip_amount) LightGBM -2.2491 n_estimators=400, learning_rate=0.0267,
max_depth=11, num_leaves=57,
min_child samples=100, subsample=0.2,
colsample bytree=0.7

Gegis Ucretleri LightGBM -1.2196 n_estimators=1000, learning_rate=0.1,

(tolls_amount) max_depth=9, num_leaves=31,
min_child samples=20, subsample=1.0,
colsample_bytree=1.0

Yogunluk Ek Ucreti HistGBM -0.1830 learning_rate=0.05, max_depth=25,

(congestion_surcharge) max_iter=2000, min_samples_leaf=20

Havalimani1 Ucreti HistGBM -0.0871 learning_rate=0.0350, max_depth=56,

(Airport_fee) max_iter=7600, min samples leaf=85

CBD Yogunluk Ucreti HistGBM -0.1232 learning_rate=0.0706, max_depth=55,

(cbd congestion fee)

max_iter=9100, min_samples leaf=25

Her bir iicret bileseni i¢in optimizasyon sonucunda belirlenen en uygun modellerin test veri
kiimesi iizerindeki tahmin basarilari, MAE ve R? performans metrikleri kullanilarak
degerlendirilmistir. Modellerin test asamasinda elde ettigi performans sonuclari Tablo 5°te
ayrintili olarak sunulmustur.

Table V. Optimal Modellerin Tahmin Performansi

Hedef Degisken MAE ($) R?

Tarife Ucreti (fare_amount) 1.9763 0.9075
Ek Ucret (extra) 0.0528 0.9819
MTA Vergisi (mta_tax) 0.0011 0.9095
Gelistirme Ek Ucreti (improvement_surcharge) 0.0005 0.9933
Bahsis Tutari (tip_amount) 0.9615 0.6160
Gegis Ucretleri (tolls_amount) 0.3197 0.7002
Yogunluk Ek Ucreti (congestion surcharge) 0.0352 0.9806
Havalimani Ucreti (Airport_fee) 0.0064 0.9657
CBD Yogunluk Ucreti (cbd_congestion_fee) 0.0553 0.8769
TOPLAM (Biitiinlegik Model) 2.6929 0.9134

Onerilen bilesen temelli modelleme yaklasimmin etkinligini degerlendirmek amaciyla,
dogrudan toplam ticret tahmini ve ¢ok ¢iktili regresyon tabanli geleneksel yontemlerle
karsilagtirmali performans analizi gergeklestirilmistir. Farkli modelleme stratejilerinin test veri
kiimesi iizerinde elde ettigi MAE ve R? degerleri Tablo 6’da sunulmakta ve yontemlerin tahmin
dogrulugu ile agiklayicilik performanslari sayisal olarak karsilagtirilmaktadir.
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Table VI. Optimal Modellerin Tahmin Performansi

Tahmin Stratejisi Toplam MAE ($) Toplam R?
Onerilen Bilesen tabanli Optimizasyon 2.6929 0.9134
Dogrudan Toplam Tahmini 2.7896 0.9106
Cok Ciktili ANN 3.1888 0.8922
Dogrudan Toplam Tahmini 3.2452 0.8910
Cok Ciktil1 Ekstra Agaglar (9 Alan Eszamanli) 9.5667 0.5280

Biitiinlesik ticret yapisinin dogrudan ve gok ¢iktili modellerle tahmini ile onerilen yontemin performans farklari.

Bu ¢alismada, taksi yolculuklarina ait toplam {icretin dogrudan tek bir hedef degisken olarak
tahmin edilmesi yerine, toplam iicreti olusturan dokuz farkli bilesenin bagimsiz regresyon
modelleriyle tahmin edilmesine ve elde edilen bilesen tahminlerinin birlestirilmesine dayanan
bilesen temelli bir makine 6grenmesi yaklagimi gelistirilmistir. Her bir {icret bileseni igin
uygun model ve hiperparametrelerin belirlenmesinde Optuna tabanli optimizasyon
uygulanmistir. Elde edilen deneysel sonuglar, 6nerilen yaklagimin farkli modelleme stratejileri
karsisindaki tahmin performansin1i ortaya koyarken, bilesen bazinda gergeklestirilen
degerlendirmeler {icret kalemlerinin farkli karakteristik ozelliklerinin model basarisi
tizerindeki etkilerinin incelenmesine olanak saglamistir.

Genel tahmin performanslar1 karsilastirildiginda, Tablo 11'de sunulan sonuglara gore
dogrudan toplam iicret tahmini gerceklestiren modeller arasinda en yiliksek performans
LightGBM tarafindan elde edilmistir. LightGBM modeli 2,7896 $ MAE ve 0,9106 R?
degerlerine ulasmistir. YSA tabanli modeller kendi aralarinda degerlendirildiginde, cok ¢iktili
mimarinin 3,1888 $ MAE degeriyle toplam iicreti tek hedef degisken olarak tahmin eden YSA
modeline gore 3,2452 $ MAE daha diisiik tahmin hatasi {irettigi goriilmiistiir. Buna karsilik,
Cok Ciktili ExtraTrees modeli 9,5667 $§ MAE ve 0,5280 R? degerleriyle karsilastirilan
yontemler arasinda en diisiik tahmin performansini géstermistir.

Bu karsilastirma i¢erisinde onerilen Bilesen Temelli Optimizasyon yaklagimi, 2,6929 $ MAE
ve 0,9134 R? degerleriyle degerlendirilen yontemler arasinda en diisiik MAE ve en yiiksek R?
degerlerine ulagmistir. Elde edilen bulgular, toplam seyahat iicretinin tek bir hedef degisken
olarak ele alinmasi yerine, farkli olusum mekanizmalarina ve dagilimsal 6zelliklere sahip tlicret
kalemlerinin ayr1 ayr1 modellenmesinin tahmin performansina katki sagladigini
gostermektedir. Bu sonug, bilesen temelli yaklasimin genel performans avantajinin hangi ticret
kalemlerinden kaynaklandiginin ayrica incelenmesini gerekli kilmaktadir.

Bu dogrultuda, Tablo 10'da verilen bilesen bazli sonuglar incelendiginde iicret kalemlerinin
tahmin performanslar1 bakimindan iki temel yap1 sergiledigi goriilmektedir. 11k grupta, biiyiik
Olciide belirli kurallar, yasal diizenlemeler, zaman bilgisi veya binis ve inis bolgeleri tarafindan
belirlenen daha deterministik iicret bilesenleri yer almaktadir. Altyap: iyilestirme ek iicreti
(improvement surcharge) i¢in R?=0,9933, ek iicret (extra) i¢cin R*=0,9819, MTA vergisi
(mta_tax) i¢in R?=0,9095 ve yogunluk ek iicreti (congestion surcharge) i¢in R*=0,9806
degerleri elde edilmistir. Bu bilesenlerde o6zellikle HistGradientBoostingRegressor ve
LightGBM modellerinin yiiksek tahmin performansi sagladigi belirlenmistir. Bu durum, so6z
konusu iicret kalemlerinin belirlenmesinde etkili olan kural, zaman ve konum temelli iliskilerin
modeller tarafindan yiiksek dogrulukla temsil edilebildigini gostermektedir.

Buna karsilik, davranigsal veya cevresel belirsizliklerden daha fazla etkilenen iicret
bilesenlerinde tahmin performansinin gorece diistiigli goriillmektedir. Bu grupta en diisiik R?
degerleri bahsis tutar1 (tip_amount) i¢in 0,6160, otoyol/koprii gecis ticretleri (tolls amount)
icin ise 0,7002 olarak elde edilmistir. Bahsis miktari; yolcunun bireysel tercihleri,
sosyoekonomik o6zellikleri, algilanan hizmet kalitesi ve yolculuk deneyimi gibi mevcut veri
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kiimesinde dogrudan temsil edilmeyen faktorlerden etkilenebilmektedir. Benzer sekilde,
otoyol ve koprii gegis ticretleri de kullanilan giizergah ve anlik rota tercihlerine bagli olarak
degiskenlik gosterebilmektedir. Bu faktorlerin veri setinde dogrudan yer almamasi, s6z konusu
ticret bilesenlerindeki degiskenligin diger bilesenlere kiyasla daha sinirli diizeyde
aciklanmasina neden olmus olabilir.

Bilesen bazindaki farkliliklara ragmen, toplam seyahat iicretinin énemli bir boliimiini
olusturan ana seyahat iicretinde (fare_amount) yiiksek bir tahmin performansi elde edilmistir.
Mesafe ve zaman temelli degiskenlerden yararlanan model, ana seyahat {icretindeki varyansin
%90,75'1n1 agiklamistir. Ana ticret bileseninde elde edilen bu yiiksek R? degeri, toplam seyahat
ticretinin bilesen bazinda tahmin edilerek yeniden olusturulmasinda 6nerilen yaklagimin genel
performansia onemli bir katki saglamaktadir. Boylece bilesen temelli modelleme, yalnizca
toplam iicret diizeyinde degil, toplam {icreti meydana getiren farkli kalemlerin tahmin
edilebilirlik diizeylerinin ayr1 ayr1 degerlendirilmesine de olanak vermektedir.

Tahmin dogrulugunun yani sira, Onerilen yaklasimin ger¢ek zamanli sistemlerde
kullanilabilirliginin degerlendirilmesi amaciyla modellerin ¢ikarim siireleri de analiz
edilmistir. Dokuz bagimsiz regresyon modelinin ardisik olarak calistirildigi ve hesaplama
yiikiiniin en yiiksek oldugu senaryoda, tek bir yolculuga iliskin tiim iicret bilesenlerinin tahmin
edilerek toplam {icretin hesaplanmasi i¢in gereken ortalama siire 119,06 ms olarak l¢iilmiistiir.
Bu toplam siire; ana seyahat ticreti i¢in 1,42 ms, ek iicretler i¢in 21,80 ms, MTA vergisi i¢in
1,23 ms, altyapi iyilestirme ek ticreti i¢in 1,21 ms, bahsis tutar1 i¢in 1,30 ms, otoyol/kdprii gegis
ticretleri i¢in 1,44 ms, yogunluk ek iicreti i¢in 39,21 ms, havalimani tarifesi i¢in 17,79 ms ve
merkezi is alan1 sikisiklik ticreti i¢in 33,63 ms olarak 6lciilen ¢ikarim siirelerinin toplamindan
olusmaktadir.

Bu sonuglar, bilesen temelli yaklasimin dokuz ayri regresyon modelinden olusmasina
ragmen tek bir yolculuk icin tahmin isleminin yaklasik 0,12 saniyede tamamlanabildigini
gostermektedir. Ayrica, dokuz modelin birbirinden bagimsiz olarak tahmin iiretmesi, uygun
donanim ve yazilim altyapilarinda bu islemlerin paralel olarak yiiriitiilmesine olanak
tanimaktadir. Benzer sekilde, birden fazla yolculugun toplu olarak islenmesiyle hesaplama
kaynaklariin daha etkin kullanilmas1 miimkiindiir. Dolayisiyla paralel islem ve toplu ¢ikarim
tekniklerinin uygulanmasi durumunda mevcut c¢ikarim siiresinin daha da azaltilmasi
beklenebilir.

Genel olarak degerlendirildiginde, onerilen bilesen temelli yaklagimin 2,6929 $ MAE ve
0,9134 R? ile dogrudan toplam ticret ve ¢ok ciktili regresyon yaklasimlarindan daha yiiksek
tahmin performansi sagladig1 goriilmektedir. Bilesen diizeyindeki bulgular, 6zellikle kural,
zaman ve konum bilgileriyle belirlenen {iicret kalemlerinin yiiksek dogrulukla tahmin
edilebildigini, davranigsal ve rota tercihleriyle iliskili bilesenlerde ise tahmin performansinin
gorece sinirl kaldigini ortaya koymaktadir. Bununla birlikte, tek bir yolculuk i¢in 119,06 ms
diizeyinde Olgiilen ¢ikarim siiresi, dnerilen mimarinin hesaplama maliyeti agisindan gercek
zamanlt uygulamalarda kullanilabilir bir yapiya sahip oldugunu gostermektedir. Bu yoniiyle
gelistirilen yaklasim, iicret bilesenlerinin ayr1 ayri incelenebilmesine olanak saglarken toplam
seyahat ticretinin yiiksek dogrulukla tahmin edilmesini de desteklemektedir.

V. SONUCLAR

Bu c¢alismada gelistirilen Optuna destekli bilesen temelli tahmin yaklagimi, New York TLC
yolculuk veri kiimesi iizerinde %91,34 R? ve 2,69 $§ MAE degerlerine ulasarak calisma
kapsaminda karsilastirilan dogrudan toplam iicret tahmini ve c¢ok ¢iktili regresyon
yaklagimlarma gore daha yiiksek tahmin performansi gostermistir. Elde edilen bulgular, her bir
ticret bileseninin kendine 6zgli dagilimsal ve karakteristik yapisina uygun regresyon
algoritmasi ile hiperparametre konfigiirasyonunun ayri ayri belirlenmesinin genel tahmin
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basarisina katki sagladigini ortaya koymustur. Bu dogrultuda, Optuna tabanli hiperparametre
optimizasyonunun bilesenlere 6zgli modellerin yapilandirilmasinda etkili bir yontem oldugu
goriilmiistiir.

Gelecek calismalarda, mevcut veri yapisinin yol agi bilgileri, gercek zamanl trafik
yogunlugu ve giizergah verileri gibi ek digsal degiskenlerle genisletilmesi planlanmaktadir. Bu
bilgilerin 6zellikle rota ve davranigsal faktorlere bagli olarak daha yiiksek degiskenlik gosteren
bahsis ve otoyol/koprii gegis iicretlerinin modellenmesine katki saglamasi beklenmektedir.
Ayrica, onerilen yaklasimin modiiler yapisi, elde edilen tahmin performansi ve tek bir yolculuk
icin yaklagik 0,12 saniyelik ¢ikarim siiresi, yontemin akilli ulasim sistemleri, dijital
taksimetreler ve ara¢ c¢agirma platformlart gibi gercek zamanli uygulamalarda
kullanilabilirligine yonelik 6nemli bir potansiyel ortaya koymaktadir.
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Abstract: With growing environmental awareness and indoor air quality concerns, the modern
furniture industry is undergoing a critical transition toward sustainable bio-based materials and
ergonomic, multifunctional designs. Children's living and learning spaces demand furniture
solutions that are not only structurally sound and durable, but also biologically harmless,
emission-free, and developmentally stimulating. This study investigates the design,
prototyping, and technical characterization of an innovative, multifunctional 360-degree
rotating modular toy and bookcase unit fabricated with sustainable hemp-based composite
particleboards (PureBoard YL / Hempboard). The wood-like core of industrial hemp
(Cannabis sativa L.), derived as a secondary by-product from agricultural and textile processes,
was utilized as an eco-friendly core furnish bonded with 100% bio-based, No Added
Formaldehyde (NAF) resin systems complying with the TS EN 312 P2 standard for interior
furniture. The structural architecture of the unit integrates four distinct multi-functional
elevations: an erasable whiteboard with an integrated pen tray, a modular perforated pegboard
panel for hanging organizational accessories, an ergonomic open book storage rack positioned
at child-accessible height, and dual sliding pull-out storage bins for Montessori-oriented toy
organization. Complete circular mobility is achieved through a heavy-duty lazy Susan ball-
bearing rotating mechanism mounted on a wide circular base plate equipped with a safety
braking mechanism and non-slip floor contact pads. Mechanical and structural evaluations
revealed that the hemp composite panel possesses a bending strength of 10 N/mm?, an internal
bond tensile strength of 0.24 N/mm?, an edge screw-holding capacity exceeding 450 N, and a
2-hour thickness swelling rate above 20%. To overcome the raw panel's localized tensile
sensitivity and moderate screw-holding values, specialized structural joining techniques
combining mechanical fittings with PV Ac adhesive reinforcements and constrained shelf spans
were implemented. Digital 3D CAD modeling and CNC fabrication workflows successfully
verified structural integrity, manufacturing feasibility, and ergonomic safety through extensive
edge radiusing. The developed unit successfully reduces VOC emissions to zero, promotes
circular economy through agricultural waste valorization, and provides an interactive
educational micro-environment that fosters independent reading, motor creativity, and
organizational habits in early childhood.

Keywords: Hempboard, Sustainable Furniture, Modular Design, Zero-VOC

I. INTRODUCTION

Indoor air quality and material sustainability have emerged as decisive criteria in the
evaluation and procurement of nursery and children's residential furniture. Conventional wood-
based composite panels, such as standard medium-density fiberboard (MDF) and urea-
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formaldehyde-bonded particleboards, are recognized sources of volatile organic compound
(VOC) emissions, predominantly free formaldehyde gases [1]. In pediatric environments,
prolonged inhalation of off-gassed formaldehyde represents a documented risk factor for
respiratory sensitivities, asthma exacerbation, and contact allergies [2]. Concurrently, global
industrial initiatives are accelerating the transition from fossil-reliant polymers and virgin
timber harvesting toward renewable, circular agro-industrial residues capable of sequestering
carbon [3].

Industrial hemp (Cannabis sativa L.) exhibits remarkable ecological and mechanical
properties, absorbing significantly greater quantities of atmospheric carbon dioxide per hectare
during its brief 4- to 5-month vegetative cultivation cycle compared to mature timber stands
requiring 20 to 50 years to mature [3]. The woody core (hurds/shivs) remaining after bast fiber
extraction for textile applications represents a high-cellulose lignocellulosic resource ideally
suited for composite panel manufacturing [1]. Through the application of bio-based, No Added
Formaldehyde (NAF) resin formulations, bio-composite boards such as Hempboard
(PureBoard YL) achieve rigorous non-hazardous emission classifications while delivering
acoustic damping, thermal insulation, and natural antimicrobial properties [4-6].

In addition to ecological material requirements, modern children's furniture design
increasingly incorporates Montessori-aligned developmental philosophies. These pedagogical
concepts emphasize child autonomy, self-directed exploration, tactile interaction, and spatial
order [7]. Single-purpose storage modules frequently fail to accommodate constrained
residential spatial footprints and fail to engage children dynamically. To address these
multidisciplinary challenges, this paper presents the complete engineering design, technical
characterization, and prototype fabrication of a four-sided 360-degree rotating modular toy and
book storage station developed by the Almila Mobilya Design Center. By integrating
sustainable NAF hemp particleboards with multifaceted ergonomic surfaces, including a
drawing board, modular pegboard, and dual storage systems, this study establishes a practical
manufacturing framework bridging bio-composite material science with child-centered
industrial product design.

II. MANUSCRIPT CONTENT

A. Material Characterization and Properties

The primary structural substrate utilized for the carcass and interior partition elements was
PureBoard YL (Hempboard), developed by the Kastamonu Entegre R&D Center. The panel
complies with the TS EN 312 - Type P2 technical standard for interior furniture panels intended
for use in dry ambient conditions. The furnish comprises woody hemp hurds bonded via a
100% bio-based adhesive matrix formulated without added formaldehyde (NAF), thereby
achieving verified zero-VOC operational ratings.

Table I summarizes the baseline mechanical and physical parameters determined for the 18
mm hemp-based particleboard substrate in comparison with conventional commercial
particleboard (suntalam).

Table I. Physical and Mechanical Properties of Hempboard vs. Standard Particleboard

PROPERTY PARAMETER TEST STANDARD / HEMPBOARD (PUREBOARD  STANDARD
CONDITION YL) PARTICLEBOARD

_ 2

BENDING STRENGTH TS EN 310 10.0 N/mm? 1.0 13.0 N/mm

(MOR)

INTERNAL BOND TENSILE | TS EN 319 0.24 N/mm? 0.35 - 0.40 N/mm?

STRENGTH

EDGE SCREW-HOLDING TS EN 320 > 450N 700-800N

CAPACITY
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THICKNESS SWELLING (2 TS EN 317 >20 % 8—14%

HOURS)

FORMALDEHYDE EN 717-1 / NAF Zero-VOC (NAF) Class E1 (< 0.1 ppm)
EMISSION RATING

Values based on technical test datasets from Kastamonu Entegre A.S. and Almila Mobilya
Design Center laboratory evaluations [8].

B. Design Methodology and Functional Integration

The conceptualization of the rotating activity station was guided by spatial compactness,
multi-sensory stimulation, and ergonomic accessibility. Anthropometric standards for early
childhood (ages 3 to 8) established an overall unit height envelope under 1150 mm, ensuring
all functional tiers remain within arm's reach. The four vertical facades are configured as
follows:

Front Elevation (Creative Drawing Station): Houses a high-gloss, magnetic dry-erase
whiteboard flanked by an integrated lower storage trough designed for markers, erasers, and
drawing implements.

Rear Elevation (Modular Pegboard Station): Features an engineered perforated pegboard
panel equipped with modular repositionable hanging pegs and accessories, accommodating
variable craft tool arrangements and tactile play items.

Lateral Elevation A (Ergonomic Display Shelf): Comprises front-facing book display ledges
that present book covers outwardly, lowering cognitive barriers for pre-literate children and
encouraging independent reading selection.

Lateral Elevation B (Montessori Toy Storage): Contains internal horizontal routing slots
supporting two removable, heavy-duty lightweight storage bins alongside dedicated open
shelving compartments [7].

Mobility and stability are governed by an internal rotating assembly located between the
primary vertical carcass and the broad circular base platter. To prevent tipping and unintended
movement during vigorous whiteboard usage, the base platter incorporates non-slip elastomer
ground pads and an integrated manual mechanical locking brake mechanism.

C. Structural Engineering and Joinery Optimization

Because the experimental Hempboard material exhibits lower internal bonding (0.24
N/mm?) and edge screw-holding capability (> 450 N) relative to standard commercial
particleboard, structural joinery required proactive engineering interventions. Mechanical fast-
assembly cam-lock connectors (minifix pins and housings) were supplemented systematically
with wooden dowels and cross-linked polyvinyl acetate (PVAc) structural adhesives. This
dual-fastener approach disperses localized shear stresses across a larger contact area,
safeguarding against core delamination. Furthermore, horizontal shelf spans were structurally
restricted to a maximum unsupported length of 360 mm to completely eliminate mid-span
flexural deflection (creep sag) under cumulative book loads.

D. Digital Modeling and Prototype Manufacturing Workflow

Digital solid modeling was conducted using SolidWorks parametric software to analyze
volumetric balance, clearance geometry during 360-degree rotation, and center-of-gravity
trajectories. Following kinematic verification, 2D production documentation and nesting
layouts were generated in AutoCAD (Fig. 1).
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Fig. 1. 3D Modeling Image Created in AutoCAD

Panel cutting, edge grooving, perimeter radiusing, and pegboard perforation arrays were
executed on multi-axis computer numerical control (CNC) machining centers. All exposed
exterior edges and perimeter corner vertices were machined with a generous 12 mm radius to
comply fully with juvenile impact safety guidelines (Fig. 2).

Fig. 2. Project Prototype Images

III. RESULTS AND DISCUSSION

Physical assembly and operational validation of the prototype confirmed the functional
viability of integrating agricultural hemp composites into high-interaction juvenile furniture.
The total product weight was approximately 14% lighter than an identical carcass built from
standard industrial MDF, significantly reducing rotational inertia on the mechanical turntable
bearing and facilitating smooth, child-actuated rotation.

Rotational dynamics operated smoothly across repeated 360-degree cycles. The
incorporated foot-accessible braking wedge effectively immobilized the turntable assembly,
ensuring absolute rigidity during whiteboard writing and drawing exercises. In physical load
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testing, individual shelves supported continuous static loads of 25 kg for 120 hours without
measurable mid-span deflection or joint separation.

Environmental and hygienic evaluations demonstrated critical competitive advantages over
petroleum-based resin panels. PureBoard YL emits zero detectable formaldehyde vapors
(NAF), ensuring pristine ambient nursery air quality. Furthermore, the inherent bioactive
lignocellulosic profile of industrial hemp fibers provides natural resistance against mold, fungal
proliferation, and bacteria, rendering the surface hygienic for early childhood environments.
Moisture sensitivity evaluations (2-hour thickness swelling > 20%) demonstrated that raw
hempboard edges require impervious surface sealing. High-pressure laminate facing and
moisture-barrier edge banding were applied across all perimeter interfaces, completely
isolating the core matrix from spilled liquids or humidity variations.

Beyond functional and mechanical validation, the project delivers substantial economic
value, domestic competitiveness, and international market viability. In modern, shrinking
urban living spaces, the 360-degree rotating vertical storage architecture captures prominent
market attention by maximizing spatial efficiency on a minimal footprint. In the domestic
nursery and youth furniture sector, positioning the product within the non-toxic (zero-VOC)
category drives robust sales momentum and elevated consumer satisfaction among health-
conscious parents. From a raw material supply chain perspective, the official decree published
in the Official Gazette on January 31, 2026, authorized industrial hemp cultivation across 21
provinces—including Samsun, Konya, and Kayseri. This regulatory development enables
domestic agricultural by-products to be directly converted into high-value engineered furniture,
drastically reducing logistics costs and reliance on imported materials. Furthermore, full
alignment with the European Green Deal positions this bio-composite furniture line with strong
export potential toward European Union (EU) eco-conscious markets [9].

Finally, the broad societal impact and industry leadership established by this project open
new technological frontiers. The unique combination of material lightweighting and natural
acoustic insulation properties creates a fertile foundation for subsequent R&D initiatives across
infant, children, and youth furniture sectors. Through strategic inter-industry collaboration with
the Kastamonu Entegre R&D Center, the initiative presents an exemplary circular economy
product development model. This collaborative framework establishes a pioneering benchmark
and authoritative reference for the broader furniture manufacturing ecosystem, catalyzing the
wider adoption of sustainable bio-composite materials.

A. Abbreviations and Acronyms

Standard technical acronyms and domain-specific terminology employed throughout this
paper are defined as follows upon their primary textual occurrence:

VOC: Volatile Organic Compound

NAF: No Added Formaldehyde

MDF: Medium-Density Fiberboard

MOR: Modulus of Rupture (bending strength)

MOE: Modulus of Elasticity (flexural modulus)

IB: Internal Bond (tensile strength perpendicular to panel plane)
TS: Thickness Swelling

CNC: Computer Numerical Control
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CAD: Computer-Aided Design

PV Ac: Polyvinyl Acetate

HPL: High-Pressure Laminate

EN: European Norm (European Standard)

TS EN: Turkish Standard adopted from European Norm

B.  Equations

The mechanical characterization of the hemp composite panel and the structural deflection
response of the storage shelves under transverse loading were evaluated using standardized
analytical formulations. Symbols are defined prior to or immediately following each equation
in accordance with SI unit conventions.

The bending strength, or modulus of rupture (MOR, denoted as fm), of the test specimens
was determined in accordance with TS EN 310 via three-point static bending loading as

__ 3.Fmaxl1

fm = 2.b1.t12 (1

where fm is the bending strength (N/mm?), Fmax is the maximum breaking force (N), L;is
the distance between the centers of the test supports (mm), b; is the specimen width (mm), and
t, is the specimen thickness (mm).

The internal bond tensile strength (IB, denoted as f; ) perpendicular to the plane of the hemp
particleboard was calculated according to TS EN 319 by

__ Fmax

ft= az2.b2 @)

where ft represents the tensile strength perpendicular to the face (N/mm?), Fmax is the
breaking load at failure (N), and a2 and b2 denote the length and width of the test specimen
(mm), respectively.

The physical dimensional stability across short-term exposure to liquid immersion was
quantified via the percentage thickness swelling (TS) according to TS EN 317 as

fm = (tzt‘ot") .100 3)

where TS is the relative thickness swelling (%), t, is the initial thickness measured prior to
immersion (mm), and ¢, is the thickness measured following 2 hours of complete water
immersion (mm).

To prevent unsightly sag and avoid structural overloading of the lower-strength hemp
composite substrate, the maximum mid-span flexural deflection (omax) of the simply
supported horizontal book shelves under a uniformly distributed load was governed using the
Euler-Bernoulli beam formulation:

_ S.q.L4
Smax = zg7 (4)

In (4), démax denotes the maximum deflection at mid-span (mm), q is the uniform linear
design load resulting from stacked books (N/mm), L is the unsupported shelf span length (mm),
E is the flexural modulus of elasticity of the hempboard panel (N/mm), and I is the second
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moment of area of the shelf cross-section defined by I = (b.t3) / 12), where b is shelf depth and
t is panel thickness. As demonstrated by (4), deflection scales with the fourth power of span
length (L*) consequently, restricting the unsupported span to 360 mm successfully maintained
dmax within strict serviceability tolerances § max < L/400).

IV. CONCLUSION

This study successfully developed, manufactured, and evaluated an innovative 360-degree
rotating modular children's storage and activity center constructed from sustainable, bio-based
Hempboard composite panels. By combining agricultural hemp residues with zero-emission
NAF adhesives, the design achieved full compliance with TS EN 312 P2 criteria while
eliminating hazardous VOC emissions from children's living spaces. The engineering
integration of hybrid dowel-minifix adhesive joinery effectively resolved the lower screw-
retention capacity of the hemp substrate, ensuring robust structural integrity. The unit
consolidates reading, drawing, play storage, and hanging organization into an ultra-compact
footprint, demonstrably fostering child independence and spatial order. Future research will
focus on long-term cyclical fatigue testing of the rotating hardware and industrial upscaling for
serial furniture manufacturing.
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Abstract: The use of ionizing radiation sources continues to grow across medical imaging,
radiotherapy, industrial radiography, and nuclear applications. These developments drive the
need for improved radiation safety and concrete formulations that provide effective biological
shielding against gamma and neutron radiation. Most existing research relies on physical
experiments and Monte Carlo-based particle transport simulations to identify appropriate
concrete mixtures. In this study, we present a stochastic algorithmic framework to generate 3D
periodic concrete meso-structures for ionizing radiation transport modeling. The algorithm
uses Random Sequential Adsorption (RSA) coupled with a template pool that produces random
polyhedral and spherical aggregate shapes. Particle size distributions are controlled using
Inverse Transform Sampling based on Fuller or Andreasen gradations. Collision detection is
handled by a two-stage hybrid engine using Feret diameter filtering alongside ccKDTree and
python-fcl libraries, followed by a five-stage periodic boundary condition (PBC) clipping
protocol. The continuous geometry converts into 3D voxel arrays compatible with lattice and
cell inputs in Monte Carlo codes such as MCNP6, OpenMC and Geant4. Material IDs, mass
densities, and elemental mass fractions are mapped directly into individual voxels. The spatial
definition enables simulation of micro-scale photon and neutron scattering and absorption
within the heterogeneous concrete matrix. Furthermore, the proposed framework enables
systematic investigation of aggregate morphology, and spatial distribution, providing a flexible
computational platform for evaluating shielding performance under different radiation fields
and concrete mixture designs. Although resolving these detailed geometries requires
substantial computational resources and high-performance computing (HPC), the framework
bridges concrete meso-scale modeling and nuclear safety analysis.

Keywords: Radiation Shielding, Concrete Meso-structure, Random Sequential Adsorption
(RSA), Monte Carlo Transport

I. INTRODUCTION

Primary and secondary containment structures in nuclear power plants (NPPs), spent fuel
storage installations, medical linear accelerator (LINAC) rooms, and industrial irradiation
facilities require biological shielding that meets regulatory standards to protect personnel and
surrounding areas [1, 2]. Concrete remains the primary choice for these facilities because it can
be cast into structural geometries on site, uses accessible materials, and carries structural loads
while attenuating radiation [3, 4].

Its attenuation capacity depends on bulk density, elemental composition, hydration level,
porosity, and aggregate mineralogy [5, 6]. For heavy gamma shielding, mixes incorporate high-
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density, high-atomic-number (high-Z) aggregates like barite (BaSO4), magnetite (Fe3O4), and
hematite (Fe203). To moderate fast neutrons and capture thermal neutrons, high-hydrogen
cement paste is combined with boron additives, including boron carbide (B4C), colemanite,
and boric acid [3, 7]. Radiation transport through these heterogeneities, including scattering,
absorption, and secondary particle yield, is commonly evaluated using Monte Carlo (MC)
simulations [8, 9].

This study presents a Python framework designed to generate 3D meso-structure for concrete
computational modelling. The framework produces synthetic geometries under periodic
boundary conditions, yielding spatial data structures formatted directly into Monte Carlo codes.

II. LITERATURE REVIEW AND THEORETICAL BACKGROUND

A. Mesoscale Modeling Approaches to Concrete

The literature relies on two main approaches to generate synthetic concrete meso-scale
models:
1. Laguerre Tessellation Methods: These approaches generate Voronoi or Laguerre cells from
spatial seed points, which are then converted into polyhedral aggregates [10]. While effective
for achieving high volume fractions, they offer limited control over realistic particle size
distributions and complex convex geometric forms.

2. 3D Grid Partitioning and Random Placement Methods: These techniques place aggregates
into a defined matrix volume according to target statistical distributions while checking for
geometric overlap [11]. Random Sequential Adsorption (RSA) provides the operational basis
for such placement schemes [12, 13]. Under RSA, particles are introduced sequentially, and
any placement that overlaps an existing aggregate is rejected [12]. However, packing non-
spherical particles at high volume fractions without intersections becomes computationally
demanding.

B. Voxelized Geometry in Radiation Shielding Simulations

Monte Carlo particle transport codes, including MCNP, OpenMC, Geant4, FLUKA, PHITS,
define complex geometries through analytical surface combinations or voxel lattices [8, 9]. For
microstructural transport, defining the domain as an array 3D volumetric pixel (voxels)
improves particle tracking performance [4, 14]. Each voxel is assigned the mass density and
elemental composition of its corresponding phase, allowing calculation of bulk shielding

metrics such as particle flux, absorbed dose, linear attenuation coefficients (i), and half-value
layers (HVL) [14].

III. METHODOLOGY AND ALGORITHMIC FRAMEWORK

The algorithmic framework is implemented in Python and consists of five core components:
1. Template pool generating scipy.spatial. ConvexHull and feret diameter filtering.
2. Particle size sampling from Fuller or Andreasen distributions via inverse transform
sampling.
3. Two-stage hybrid collision detection pairing a cKDTree broad phase with a python-fcl
narrow phase.
4. Periodic boundary condition enforcement through a five-stage clipping and repair protocol
(safe_boolean_clip).
5. Matrix and interfacial transition zone (ITZ) spacing control using a fine void offset factor
of 1,05.
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A. Stochastic Geometry and Template Pool Architecture

Rather than generating an individual mesh for every aggregate, the framework builds a
normalized template pool to limit runtime:

* Polyhedral aggregates: Points are sampled randomly on a sphere with controlled radial
noise to obtain angular, non-sphherical shapes. The corresponding convex surface mesh
(Trimesh) is built using “scipy.spatial. ConvexHull .

» Spherical elements: Ideal sphere are generated and cached for fine aggregates and void
phases.

» Shape constraints: Geometries are filtered by minimum and maximum projected Feret
diameters (‘feret diameters’). Overly elongated or flat particles that fall outside target
aspect ratios are discarded before populating the pool.

B. Size Distribution and Scaling Abstraction

Inverse transform sampling scales template particles to match target grading curves, such as
Fuller or Andreasen distributions. Given the lower and upper sieve size limits (Smin, Smax) and
distribution exponent (#), the sample scale function computes a dimensionless scale factor for
each sampled particle. Multiplying a selected base template by this scalar yields its final
physical dimensions.

C. Two-Stage Hybrid Collision Detection Engine

Collision checking is the primary computational bottleneck when packing thousands of
discrete inclusions. The framework divides this check into broad and narrow phases:

* Broad phase filtering: The centers of mass and bounding sphere radii (bounding_radius) of
all placed particles are tracked in memory. When a new candidate particle arrives, spatial
partitioning is performed using the ‘scipy.spatial.cKDTree' architecture to query only
potential collisions in the candidate's immediate vicinity (‘'query ball point’). At this stage,
a safe search radius is determined by applying a dynamic "global max radius’ filter that
encompasses all groups.

* Narrow phase verification: For candidates detected in the immediate vicinity, an Axis-
Aligned Bounding Box (AABB) overlap test is performed first. If the candidates are
polyhedra, the hierarchical bounding volume trees ((BVHModel") from the 'python-fcl
library are utilized to complete the exact surface-to-surface (Exact Mesh Collision) analysis
within the order of microseconds.

* BatchoOptimization: To avoid rebuilding the spatial tree (cKDTree) after every insertion,
new candidates are held in a pending list with a "batch_size=100" parameter. Particles are
first rapidly collided with the elements in this list (using sphere-sphere analytical distance
equations); once the list reaches capacity, the cKDTree is updated in a single operation.

* Matrix Cache: Homogeneous transformation matrices based on "quaternion_matrix' (for
rotational transformations) are precomputed and stored in a pool (_ ROTATION POOL"),
to minimize redundant trigonometric operations.

D. Periodic Boundary Conditions and Boolean Clipping

The domain enforces periodic boundary conditions (PBC) along all coordinate axes for
representative volume element (RVE). To ensure homogeneity in radiation transport
(MCNP/OpenMC) and periodic finite element analysis (FEA), the model is generated to be
fully compatible with PBCs.

*  When a particle is detected touching or extending (boundary crossings) beyond the cube
boundaries (domain size mm), ‘get periodic translations’ function calculates the
required periodic shifts and the volume of the particle lying outside the boundary. It also
places corresponding periodic copies (shifts) across opposing boundaries.
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* A staged Boolean clipping algorithm (using ‘trimesh.boolean.intersection’ backed by
‘manifold3d’ engine) is executed to trim the model to its physical boundaries. If the solid
model cannot be clipped due to geometric singularities, the engine initiates a five-step
repair protocol (‘safe_boolean clip*) comprising mesh cleaning, convex hull enforcement,
micro-perturbation, and tolerance-based cube expansion.

E. Void Check and Microstructural Realism

To enhance microstructural realism in the simulation, fine aggregates and void phases are
placed using a spacing parameter, fine void offset factor=1.05". This offset prevents fine
elements and voids within the matrix phase from adhering to surrounding polyhedral
aggregates, accounting for a theoretical interfacial transition zone (ITZ) boundary layer while
avoiding geometric overlap errors that could otherwise occur during numerical mesh
generation.

Figure 1 illustrates a representative mesoscale geometry produced by this pipeline.
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Fig. 1.Image of a synthetic concrete model.
IV. CONCLUSION

In this study, an algorithmic framework was developed to generate 3D periodic concrete
meso-structures for Monte Carlo radiation transport simulations.

Key outcomes include:

1. Target polyhedral aggregate degradations and non-spherical shapes were generated using a
template pool architecture, Feret diameter filtering, and inverse transform sampling.

2. Particle overlap was eliminated at high volume fractions by combining cKDTree spatial
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partitioning with python-fcl narrow-phase mesh collision checks.
3. Periodic boundary conditions were enforced, and non-manifold boundary cut errors were
resolved, through a five-stage safe Boolean clipping protocol.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

M. B. Paul, A. D. Ankan, H. Deb, and M. M. Ahasan, “A Monte Carlo simulation model
to determine the effective concrete materials for fast neutron shielding,” Radiation
Physics and Chemistry, vol. 202, p. 110476, 2023.
10.1016/j.radphyschem.2022.110476

S. Saxena and H. Sharma, “Prediction and assessment of optimal concrete compositions
for overall radiation protection and reduced global warming potential,” Scientific
Reports, vol. 15, no. 1, p. 5785, 2025. 10.1038/s41598-025-89683-w

I. Erkoyuncu, I. Demirkol, F. Akman, H. Polat, M. R. Ka,cal, and K. Dilsiz, “An
evaluation of gamma and neutron shielding features of concrete reinforced with
stainless steel/boron carbide: Experimental, theoretical analysis and Monte Carlo
simulations approaches,” Radiation Physics and Chemistry, vol. 239, p. 113249, 2026.
10.1016/j.radphyschem.2025.113249

M. Alipoor, M. Eshghi, and R. Sever, “Monte Carlo Simulation of Gamma and Neutron
Shielding with High-performance Ultra-heavy Cement Composite,” Journal of Medical
Physics, vol. 49, no. 4, pp. 412420, 2024. 10.4103/jmp.jmp 91 24

I. Akkurt and R. B. Malidarre, “Monte Carlo simulation study on Barite Concrete for
neutron-gamma photon,” Radiation Effects and Defects in Solids, vol. 177, no. 9-10,
pp- 943-956, 2022. 10.1080/10420150.2022.2098745

G. ALMisned, G. Susoy, D. S. Baykal, and H. O. Tekin, “A comparative investigation
on mechanical, gamma-ray and neutron shielding properties of some iron and boron
containing concretes samples for nuclear safety applications,” Radiation Physics and
Chemistry, vol. 223, p. 111987, 2024. 10.1016/j.radphyschem.2024.111987

P. Zhou, Q. Ding, D. Chen, J. Yang, S. Huang, and J. Li, “Understanding the effects of
different aggregates on the neutron and gamma radiation shielding properties of ultra-
high performance concrete using Monte Carlo methods,” Construction and Building
Materials, vol. 467, p. 140375, 2025. 10.1016/j.conbuildmat.2025.140375

T. Goorley et al., “Initial MCNP6 Release Overview,” Nuclear Technology, vol. 180,
no. 3, pp. 298-315, 2012. 10.13182/NT11-135

S. Agostinelli et al., “Geant4—a simulation toolkit,” Nuclear Instruments and Methods
in Physics Research Section A, vol. 506, no. 3, pp. 250-303, 2003. 10.1016/S0168-
9002(03)01368-8

Y. Guo, J. He, H. Jiang, Y. Zhou, F. Jin, and C. Song, “A simple approach for generating
random aggregate model of concrete based on Laguerre tessellation and its application
analyses,” Materials, vol. 13, no. 17, p. 3896, 2020. 10.3390/mal13173896

V. Holla, G. Vu, J. J. Timothy, F. Diewald, C. Gehlen, and G. Meschke,
“Computational generation of virtual concrete mesostructures,” Materials, vol. 14, no.
14, p. 3781, 2021. 10.3390/ma14143782

B. Widom, “Random sequential addition of hard spheres to a volume,” The Journal of
Chemical Physics, vol. 44, no. 10, pp. 3888-3894, 1966. 10.1063/1.1726548

P. J. Flory, “Intramolecular reaction between neighboring substituents of vinyl
polymers,” Journal of the American Chemical Society, vol. 61, no. 6, pp. 1518-1521,
1939. 10.1021/ja01875a053

N. M. Azreen et al., “Simulation of ultra-high-performance concrete mixed with
hematite and barite aggregates using Monte Carlo for dry cask storage,” Construction
and Building Materials, vol. 263, p. 120161, 2020. 10.1016/j.conbuildmat.2020.120161

72



GLOBCER’26, 14-17 October 2026

o>
S
¥ Conferenc®

A Comparative Study on the Effect of Porosity on the
Yield Strength and Compressive Toughness of Aluminum
Foams

Bilgehan Cem Turan®™', Mevliit Giirbiiz'

*bilgehancemturan@gmail.com, ORCID: 0000-0001-8176-2995
mgurbuz@omu.edu.tr, ORCID: 0000-0003-2365-5918
'Mechanical Engineering Department, Ondokuz Mayis University, Samsun, Tiirkiye

Abstract: In this study, the effect of porosity on the yield strength and compressive toughness
of aluminum foams was experimentally investigated. Aluminum foam specimens with nominal
porosities of 50%, 60%, and 70% were fabricated using a powder metallurgy route combined
with the space-holder technique. Pure aluminum powder with a grain size ranging from 7 to 15
um and carbamide particles with a size range of 1 to 2 mm were used as the matrix and
temporary space-holder materials, respectively. The powder-carbamide mixtures were
compacted at 250 MPa using a uniaxial hydraulic press. The resulting green specimens were
immersed in demineralized water at 80 °C for at least 3 h to remove the carbamide, dried at 50
°C for at least 6 h, and subsequently sintered at 645 °C for 3 h under an argon atmosphere. At
least three specimens were tested for each nominal porosity level, and compression tests were
conducted at a compression speed of 1 mm/min. The measured average porosity values of the
specimens with nominal porosities of 50%, 60% and 70% were 54.29%, 61.9%, and 71.83%,
respectively. Yield strength was determined using the 0.2% offset method, while compressive
toughness was calculated as the entire area under each recorded stress—strain curve. The
specimens with 50% nominal porosity exhibited an average yield strength of 16.3 MPa and an
average compressive toughness of 19.2 MJ/m?. For the 60% nominal-porosity specimens, the
corresponding values decreased to 8.7 MPa and 12.4 MJ/m?, respectively. The 70% nominal-
porosity specimens exhibited the lowest average yield strength and compressive toughness
values, at 5.6 MPa and 5.4 MJ/m?, respectively. These results demonstrate a clear decrease in
both yield strength and compressive toughness with increasing porosity, confirming the strong
influence of pore volume on the compressive mechanical performance of aluminum foams
produced by the powder metallurgy space-holder method.

Keywords: Lightweight, Aluminum, Yield Strength, Porosity, Compressive Toughness

I. INTRODUCTION

Metallic foams are lightweight materials that combine low density and relatively high
mechanical properties [1], [2]. Due to its low density (2.7 g/cm?), low melting temperature
(660°C), high electrical and thermal conductivity, ductility, high strength and high corrosion
resistance, aluminum is one of the most widely researched metals for metallic foam
applications [3], [4]. Because of its properties aluminum foams excel in various industrial
applications such as automotive, aerospace and aviation, rail system vehicles, construction
industry, defense industry [5], [6].

The standout mechanical property of aluminum foams is their high mechanical load
absorption capacity and yield strength [7], [8]. Pore morphology of aluminum foams
significantly affects their mechanical properties. Within the context of pore morphology,
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overall porosity and cell diameter are among the standout features. Thus, modifying pore
morphology can lead to major changes in mechanical properties of the foam structure [9], [10].
For this reason, experimentally demonstrating the impact of pore morphology variations of
aluminum foams on compressive toughness and yield strength can help to understand which
pore morphology would be optimal for further studies. Thus, in this study, pure aluminum foam
specimens with three different porosity levels (samples with nominal porosities of 50%, 60%
and 70% by volume) have been obtained by powder metallurgy method and subjected to
compression tests. Stress-strain diagrams were obtained from compression tests and yield
strength and compressive toughness parameters were analyzed based on the resulting diagrams.

II. EXPERIMENTAL PROCEDURE

A. Material

In this study, aluminum powder with 99% purity and grain sizes ranging from 7 to 15 pm
and carbamide with 98.5% purity and grain size ranging from 1 to 2 mm as a temporary space
holder material were used.

B. Method

To fabricate the aluminum foam specimens, a conventional powder metallurgy route was
combined with the space-holder technique. Aluminum powder was mixed with carbamide at
nominal volume fractions of 50%, 60%, and 70%. The mixtures were compacted at 250 MPa
using a uniaxial hydraulic press. The resulting green samples were immersed in demineralized
water at 80 °C for at least 3 h to dissolve the carbamide and were subsequently dried in an oven
at 50 °C for at least 6 h. After removal of the carbamide, the dried green samples were sintered
at 645 °C for 3 h in an argon atmosphere. The resulting specimens were then subjected to
compression testing for mechanical characterization. For each nominal porosity level at least
three specimens were subjected to compression testing and the speed of the compression was
set to 1 mm per minute.

III. RESULTS AND DISCUSSION

A. Determination of Porosity
In this section, the porosity (¢) of the fabricated specimens was evaluated. Equation (1) was

[1P2)

used to calculate the porosity (¢), where “p” is the calculated density of the specimen and “par”
is the theoretical density of aluminum (2.7 g/cm?).
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Fig. 1. The porosity of Al foam samples. ALFOAMS50, ALFOAM60 and ALFOAM70 refer to the
samples obtained with nominal porosities of 50%, 60% and 70% by volume, respectively.
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B. Compression Test

In this section, yield strength and compressive toughness results were evaluated. The 0.2%
offset method was applied to each stress-strain curve to determine the yield strength.
Compressive toughness was calculated as the entire area under each recorded stress-strain
curve.
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Fig. 2. Effect of porosity on the yield strength of the aluminum foam specimens. ALFOAMS50,
ALFOAMO60 and ALFOAM?70 refer to the samples obtained with nominal porosities of 50%, 60%
and 70% by volume, respectively.
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Fig. 3. Effect of porosity on the compressive toughness of the aluminum foam specimens.
ALFOAMS0, ALFOAM60 and ALFOAM70 refer to the samples obtained with nominal porosities of
50%, 60% and 70% by volume, respectively.

Fig. 2 and Fig. 3 display the relationship of the porosity with yield strength and compressive
toughness. As the porosity increases, the ratio of the solid profile within the structure decreases
which is why yield strength and compressive toughness decrease. The decrease of mechanical
properties with the increase of porosity in this study is a consistent trend seen in other studies
on aluminum foams fabricated by powder metallurgy and space holder method [9], [11], [12].
Yang et al. investigated aluminum foams with porosities of 50%, 60%, and 70% and similarly
reported decreasing mechanical performance and energy absorption with increasing porosity
[12]. A similar trend was reported by Alizadeh et al. for aluminum foams with the same
porosity levels [11]. Golbasi et al. also observed a decrease in compressive stress with
increasing porosity in open-cell aluminum foams produced by powder metallurgy [9].
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IV. CONCLUSION

The aim of this study was to experimentally investigate and to demonstrate the relationship
between porosity and mechanical properties (yield strength and compressive toughness).
Aluminum foam specimens with three nominal porosity levels were fabricated using a powder
metallurgy route combined with a space-holder technique and were subsequently subjected to
compression testing. The results showed that both yield strength and compressive toughness
decreased with increasing porosity. These findings demonstrate the trade-off between porosity
and mechanical performance and may provide a basis for designing lightweight aluminum
foam structures with application-specific mechanical properties.
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Abstract: In this study, the effect of simultaneous magnesium (Mg) and boron carbide (B4C)
reinforcement on the porosity, yield strength, and compressive toughness of aluminum foams
was experimentally investigated. Pure Al foam and Al-1 wt.% Mg-5 wt.% B4C hybrid
composite foam specimens were fabricated under identical processing conditions using a
powder metallurgy route combined with the space-holder technique. Pure Al powder with a
grain size of 7-15 pm, Mg powder with an average grain size of 40 pm, B4+C powder with an
average grain size of 3.5 um, and carbamide particles with a size range of 1-2 mm were used.
For the hybrid composition, Al and 5 wt.% B4C powders were first mixed in ethanol by ball
milling, after which 1 wt.% Mg was introduced and the mixture was further homogenized by
magnetic stirring. Pure Al and hybrid composite powders were separately mixed with 70 vol.%
carbamide, compacted at 250 MPa, immersed in demineralized water at 80 °C for at least 3 h
to remove the space holder, dried at 50 °C for at least 6 h, and sintered at 645 °C for 3 h under
an argon atmosphere. At least three specimens from each composition were subjected to
compression testing at a compression speed of 1 mm/min. Yield strength was determined using
the 0.2% offset method, while compressive toughness was calculated as the entire area under
each recorded stress-strain curve. The average porosity values of the pure Al and hybrid
composite foams were 71.83% and 70.57%, respectively. The hybrid reinforcement increased
the average yield strength from 5.58 to 7.61 MPa and the average compressive toughness from
5.39 to 6.25 MJ/m?, corresponding to increases of approximately 36% and 16%, respectively.
However, these values remained below the results previously obtained for separately
reinforced 1 wt.% Mg and 5 wt.% B4C aluminum foams fabricated under comparable
processing conditions. Therefore, although the combined Mg-B4C reinforcement improved the
mechanical performance relative to pure Al foam, it did not produce an additive or synergistic
strengthening effect under the investigated conditions.

Keywords: Magnesium, Boron Carbide, Aluminum Foam, Composite, Compression Test

I. INTRODUCTION

Metallic foams are lightweight, porous materials with relatively low density and relatively
high yield strength and compressive toughness [1], [2]. Aluminum is one of the most examined
metals because of its low density (2.7 g/cm®), low melting temperature (660°C), high electrical
and thermal conductivity, ductility, high strength and high corrosion resistance [3], [4].
Because of its physical and mechanical properties, aluminum foams are used in industries
where weight reduction and mechanical strength are required [2], [5]. Therefore, research for
optimizing mechanical properties and weight of aluminum foams has been ongoing for various
industrial applications [5], [6]. Due to the physical form of the metallic foams, their mechanical
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properties are strongly affected by pore morphology, porosity, matrix composition, and the
type and amount of reinforcement [7]. With the addition of other materials such as metals or
ceramics, it could be possible to obtain improved mechanical properties while maintaining the
porous and lightweight structure [8].

Magnesium is widely used in many sectors, just like aluminum, both in matrix form and as
a reinforcement material, due to its physical and mechanical properties, such as ductility, low
density (1.74 g/cm?), good impact absorption capability, and low melting point [9]. On the
other hand, B4C is a very popular ceramic material because of its high Young’s modulus (450
GPa), low density (2.52 g/cm?) and exceptionally high hardness (3000 HV) [10].

Reinforcing aluminum with magnesium and B4C particles and fabricating a hybrid
composite foam may provide a route for preserving the pore morphology and lightweight
structure while increasing the yield strength and compressive toughness of the foam. In our
previous studies, the effects of Mg and B4C additions on aluminum foams were investigated
separately [11], [12]. Mg addition improved the compressive properties up to a certain
reinforcement level, while B4C reinforcement also resulted in changes in the compressive
response depending on its content.

In the present study, Mg and B4C were used as dual powder reinforcement elements of the
aluminum matrix foam to investigate the mechanical response of the hybrid composite foam
under compression testing. Pure aluminum foam specimens and Al-1%Mg—5%B4C composite
foam specimens were fabricated under the same conditions and evaluated in terms of yield
strength and compressive toughness (obtained from stress-strain diagrams) and porosity.

Based on an expanded dataset obtained after our previous B«C reinforced Al foam study, the
5 wt.% B4C composition exhibited the highest yield strength among the investigated
compositions. Therefore, 5 wt.% B4C was selected for the present hybrid reinforcement study.
For magnesium reinforcement, 1 wt.% Mg was selected based on the previous study, in which
this composition exhibited the highest yield strength among the investigated Mg contents.

Although Al-Mg/B4C composites and B4C-reinforced aluminum alloy foams have previously
been investigated, studies concerning the simultaneous addition of Mg and B4C to highly
porous aluminum foams produced by the powder metallurgy space-holder route appear to be
limited [13], [14], [15], [16], [17]. Therefore, in the present study, 1 wt.% Mg and 5 wt.% B4C
were simultaneously incorporated into an aluminum foam fabricated by the powder metallurgy
space-holder method and the resulting porosity, yield strength, and compressive toughness
were compared with those of pure aluminum foam.

II. EXPERIMENTAL PROCEDURE

A. Material

In this study, pure Al was used as the matrix material, while boron carbide (B4C) and
magnesium (Mg) served as reinforcement materials.

The space holder method was used to obtain the foam structure and carbamide (CH4N:O)
was used as the space holder material. The physical properties of the materials used in this
study are displayed in Table I.

Table I. The materials used in this study and their physical properties

Material Grain size Purity (%) Density (g/cm?)
Al 7-15 ym 99 2.7
Mg 40 um 99.8 1.74
B4C 3.5 um 99 2.52
Carbamide 1-2 mm 98.5 1.32
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B. Method

For fabricating the aluminum foam samples, a conventional powder metallurgy route was
combined with the space-holder technique. For fabricating hybrid composite foam, Al and wt.
5% B4C powders were mixed with ethanol by a ball mill for 15 minutes at 800 rpm. After that,
wt. 1% Mg powder was introduced to the mixture of composite powder and ethanol.
Subsequently, the final mixture of Al-5% B4C-%1 Mg was stirred for 15 minutes by a magnetic
stirrer. After that, the mixture of powder and ethanol was filtered. Next, the mixture of powder
was sieved to resolve the clumping caused by filtering and drying which resulted in obtaining
the composite powder mixture. At the next step of the process, for fabrication of the pure Al
foam samples and hybrid composite samples, pure Al powder and composite powder were
separately mixed with carbamide at the ratio of 70% by volume. Then, the mixtures were
formed under 250 MPa by a uniaxial hydraulic press. The obtained green samples were
immersed in demineralized water at 80 °C for at least 3 h to dissolve the carbamide and were
subsequently dried in an oven at 50 °C for at least 6 h. After removal of the carbamide, the
dried green samples were sintered at 645 °C for 3 h in an argon atmosphere. The sintered
specimens were then subjected to compression testing for mechanical characterization. For
each chemical composition at least three specimens were subjected to compression testing and
the speed of the compression was set to 1 mm per minute.

III. RESULTS AND DISCUSSION

A. Determination of Porosity

In this section, the porosity (¢) of the fabricated specimens was evaluated. Equation (1) was
used to calculate the porosity (@), where “p” is the calculated density of the specimen and “p4/”
is the theoretical density of aluminum (2.7 g/cm?). The density of Al (2.7 g/cm®) was used as
the reference theoretical density for both compositions.

p
¢ =[1--]-100 (1)
Pal
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Fig. 1. Porosity of Pure Al foam and Hybrid composite foam (Al-%1 Mg -5% B4C)
B. Compression Test

In this section, yield strength and compressive toughness results were evaluated. The 0.2%
offset method was applied to each stress-strain curve to determine the yield strength.
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Compressive toughness was calculated as the entire area under each recorded stress-strain
curve.

10 7.61
1V —
84

©

o

% “V

s 64 ‘

=)

c

e

n

o

o 4|

= 4
24
0 T T

Pure Al Al -1% Mg - 5% B4C

Chemical Composition

Fig. 2. Yield Strength of Pure Al foam and Hybrid composite foam (Al-%1 Mg -5% B4C)

o
|
(9]
©

——i| o

Compressive Toughness (MJ/m3)

T T
Pure Al Al - 1% Mg - 5% B4C
Chemical Composition

Fig. 3. Compressive Toughness of Pure Al foam and Hybrid composite foam (Al-%1 Mg -5% B4C)

Fig. 2 and Fig. 3 display the yield strength and the compressive toughness results of the two
chemical compositions of the study. The pure Al foam exhibited an average yield strength of
5.58 MPa and an average compressive toughness of 5.39 MJ/m?. The Al - 1 wt.% Mg - 5 wt.%
B4C foam exhibited average yield strength and compressive toughness values of 7.61 MPa and
6.25 MJ/m?, respectively. Following our previous BiC-reinforcement study, the experimental
dataset was subsequently expanded with additional specimens. Based on this expanded and
previously unpublished dataset, the wt. 5% B4C reinforced Al foams exhibit 11.3 MPa yield
strength on average and 7.9 MJ/m® compressive toughness on average. On the other hand, in
our previous study on Mg addition to Al foams, wt. 1% Mg reinforced Al foams exhibit 9.1
MPa yield strength on average and 7.2 MJ/m? compressive toughness on average [11]. Based
on the data obtained for this study and from our previous studies, separate addition of B4C and
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Mg to Al foams displayed better yield strength and compressive toughness performance than
combined reinforcement.

Although both yield strength and compressive toughness increased in comparison to pure Al
foam, the values remained below those previously obtained with the individual additions of 1
wt.% Mg and 5 wt.% B4C. Therefore, since the previous and present specimens were fabricated
under comparable compaction, space-holder removal, sintering and compression testing
conditions, the combined reinforcement did not exhibit an additive or synergistic strengthening
effect under the investigated conditions.

IV. CONCLUSION

The purpose of this study was to experimentally investigate and to demonstrate the impact
of simultaneous addition of 1 wt.% Mg and 5 wt.% B4C on yield strength and compressive
toughness of pure Al foam. The reinforcement of pure Al foams with 1 wt.% Mg and 5 wt.%
B4C improved both yield strength and compressive toughness compared to pure Al foam.
However, the mechanical performance remained below the values previously obtained with the
individual Mg and B.C additions. Under the comparable processing conditions, the combined
reinforcement did not produce an additive or synergistic improvement in mechanical
performance.
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Abstract: This study investigates the effect of smooth trailing-edge morphing on the
aerodynamic response of a NACA 2412 airfoil at a chord Reynolds number of 2.2 x 10°. A
two-dimensional, steady, incompressible Reynolds-averaged Navier—Stokes solver was
implemented in MATLAB using a cell-centred finite-volume method, with turbulence closure
provided by the Spalart-Allmaras model. The baseline geometry was reconstructed from
published NACA 2412 coordinates. Calculated lift, drag, surface pressure and skin friction
were compared with the experimental measurements, along with the upper-surface separation
location. Three structured grids were examined, and the finest grid, containing 98,304 cells,
was used for all subsequent comparisons. At the highest validation angle of 12.4°, the fine-grid
discretization uncertainty was 0.43% for lift and 1.60% for drag. The calculated lift coefficient
was 1.40, compared with a measured value of 1.33; this difference exceeds the estimated grid
uncertainty. The predicted upper-surface separation location was x/c = 0.915, compared with
x/c =0.925 in the experiment. The numerical model assumed fully turbulent flow, whereas the
experimental model used transition strips. Smooth trailing-edge morphing was then applied
from x/c =0.75 to the trailing edge, with deflection angles of 6 =—2°, +2°, +4° and +6°; positive
0 denotes downward deformation. Downward morphing increased lift at all investigated angles
of attack. At o = 0.2°, the 6 = +6° configuration increased the lift coefficient by 0.44 relative
to the baseline; at o = 12.4°, the increase was 0.34. Drag increased with downward morphing
at a fixed angle of attack. When the configurations were compared at equal lift instead, the
lowest-drag configuration reduced drag by up to 10% relative to the baseline at CL = 1.3. The
results show that the aerodynamic assessment of trailing-edge morphing depends on whether
angle of attack or lift is held constant.

Keywords: NACA 2412, Trailing-Edge Morphing, Aerodynamic Performance, Reynolds-
Averaged Navier—Stokes, Computational Fluid Dynamics

I. INTRODUCTION

An airfoil with fixed geometry cannot maintain the same aerodynamic response across all
operating conditions. Changes in angle of attack alter the pressure distribution, boundary-layer
development and eventually the extent of flow separation. Reliable assessment of a geometry
modification therefore requires a well-characterized reference airfoil. The NACA 2412 is
suitable for this purpose because Seetharam et al. [1] measured aerodynamic forces, surface
pressure, skin friction, and separation locations. A later experimental report also documents
separated flows over the NACA 2412 and two other airfoils [2]. Numerical comparisons using
this profile have further demonstrated the importance of checking computational results against
measured data [3].

Morphing offers a means of changing the airfoil contour to suit different aerodynamic
requirements. Wind-tunnel tests of a continuous camber-changing trailing edge [4] and
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subsequent studies of morphed airfoils [5,6] show that the deformation profile can influence
lift, drag and flow development. Research directly involving the NACA 2412 has examined
the aerodynamic effect of a step associated with a morphing skin [7], alternative morphed
geometries [8], compliant trailing-edge structures [9], and coordinated leading- and trailing-
edge camber changes [10]. These studies address different geometries and operating
conditions; their performance results should therefore be interpreted within the conditions of
each investigation.

Further NACA 2412 studies have examined baseline predictions and other geometric
modifications. Matsson et al. [11] compared wind-tunnel pressure measurements with CFD
results, while Sarkar and Mughal [12] studied the effect of angle of attack using an SST
turbulence model. Mohamed et al. [13] investigated a bio-inspired leading edge for separation
control. Venkatesan et al. [14] examined surface dimples, Faadihillah et al. [15] studied riblets
on a flap, and Khanna et al. [16] compared different camber configurations. These
investigations establish useful context for the present work, although their modifications and
operating conditions differ from the smooth trailing-edge deformation examined here.

The studies reviewed above use different deformation shapes or operating conditions and
therefore do not directly quantify the effect of a smooth trailing-edge deflection under the
reference conditions of [1]. To address this, the present study first assesses a two-dimensional
RANS solver implemented in MATLAB with the Spalart—Allmaras turbulence model [17]
against the measured lift, drag, surface pressure, skin friction, and separation data at a chord
Reynolds number of 2.2 x 10°. Grid convergence is evaluated following Celik et al. [18]. The
assessed baseline is then compared with four configurations featuring smooth trailing-edge
morphing beginning at x/c = 0.75, with deflection angles of & = —2°, +2°, +4° and +6°; the
undeformed airfoil corresponds to & = 0°. The baseline airfoil was assessed against
experimental data over angles of attack from —4° to 12.4°. The trailing-edge morphing
configurations were compared at four angles of attack, approximately 0.2°, 4.2°, 8.25°, and
12.4°, both at fixed angle of attack and, where their lift ranges overlapped, at equal lift.

II. MATERIALS AND METHODS
A. Geometry

The baseline geometry was the NACA 2412 airfoil. Its upper- and lower-surface coordinates
were taken from the experimental report of [1]. These points were interpolated to generate the
airfoil surface used for grid generation, as shown in Fig. 1; symbols indicate the reported
coordinates, and the solid line indicates the interpolated surface. The trailing edge was closed
in the numerical geometry. The experimental model had a chord of 0.6096 m and a span of
0.9144 m, and it used 80-grit transition strips at approximately x/c = 0.05 on both surfaces.
The reference Reynolds number was Re, = 2.2 X 10°, and the free-stream Mach number was
0.13. The numerical model was fully turbulent from the leading edge and did not explicitly
represent the transition strips or their roughness.

Interpolated airfoil surface © Model coordinates [1], upper =@ Model coordinates [1], lower

T T T T T T

x/c

Fig. 1. NACA 2412 model coordinates from [1] and the interpolated airfoil surface used for
grid generation.

Trailing-edge morphing was applied to the NACA 2412 airfoil profile beginning at x/c =
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0.75. The profile upstream of this position remained unchanged, while the trailing-edge region
was smoothly deflected. Four deflection angles, 6 = —2°, +2°, +4°, and +6°, were examined
alongside the baseline profile (6 = 0°). Positive & denotes downward deflection. The baseline
and morphing configurations are shown in Fig. 2.

—_—=2 Baseline (6 = 0°) a=+2" o=+4 d=46"
0.1 T T T T T T T T T T
0.05 —
o
Tk i
0.05 .
I I 1 L I | 1 1 L I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x/c
004 R —— T T T T —
0.02 —
L - —_—
N  —
-0.02 —
-0.04 1 I I I L]
0.7 0.75 0.8 0.85 0.9 0.95 1
x/c

Fig. 2. NACA 2412 baseline and trailing-edge morphing configurations: complete profiles
(top) and enlarged trailing-edge region (bottom). Morphing begins at x/c = 0.75.

B. Computational Domain and Boundary Conditions

Fig. 3 shows the C-type computational domain and an enlarged view of the airfoil. The outer
circular arc has a radius of 20c about x/c = 0.25; its upper and lower branches meet the
downstream boundary at z/c = +20. The downstream boundary is located 20c behind the
trailing edge, at approximately x/c = 21. Thus, the displayed outlet is a numerical boundary
of the C-grid, not a separate pressure-outlet condition.

20
Far field
15
10
0.2 r v
5k Airfoil wall
o 5
N 0 8 \: ot ]
st —— Airfoil
U
10+
-0.2 L
0 0.2 0.4 0.6 0.8 1
-15F x/c
=20
20c
_25 1 1 1 1 1
-30 -20 -10 0 10 20 25

x/c
Fig. 3. Boundary-condition schematic for the NACA 2412.

At the airfoil surface, the no-slip and Spalart-Allmaras (SA) wall conditions are
Uy, =wy,, =0, Pw =0 (1)

At the far field and downstream boundaries, the velocity is prescribed with a circulation
correction:

(up, wp) = (cosa, sina) + [I'/(2nr?)](z, —(x — 0.25)) (2)
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Here, 7?2 = (x — 0.25)% + z? and " = €, /2 is updated from the current lift coefficient. The
boundary pressure is pp, = (1 —uz —w?)/2, and the SA variable is prescribed as ¥, =
3Re; 1. Coordinates and velocities are normalized by the chord and free-stream velocity,
respectively.

C. Governing Equations and Turbulence Closure

The two-dimensional, steady, incompressible Reynolds-averaged Navier—Stokes (RANS)
equations were solved. Length, velocity and pressure were nondimensionalized by the chord c,
free-stream velocity Uoo and pUox?, respectively. The governing equations are

V-u=0 3)
V-W®u) =-Vp+V-[(Re;! +v))(Vu+ (Vu)T)] 4)

Here, u = (u, w) and v_t is the eddy viscosity obtained from the one-equation Spalart-Allmaras
(SA-noft2) model. The incompressible equations were advanced to a steady solution using
artificial compressibility with = 1.

D. Mesh Generation and Grid Convergence

A structured C-grid was generated in MATLAB from the reference NACA 2412 coordinates.
Grid points were clustered near the airfoil surface as well as the leading and trailing edges. Fig.
4 (a)- (d) shows the complete computational domain, the near-wall mesh, and the leading- and
trailing-edge regions. Three systematically refined grids containing 6,144, 24,576, and 98,304
cells were examined. The finest grid was selected for the validation calculations.

(a) Complete domain (b) Airfoil

m

z/c

20 -10 0 10 20 02 0 0.2 0.4 0.6 0.8
x/c x/c

0.03

0.02

0.01

z/c
(=]

-0.01

-0.02

-0.03 == L
-0.0: 0 0.02 0.04 0.96 0.97 0.98 0.99 1 1.01 1.02 1.03 1.04

x/c x/c
Fig. 4. Structured C-grid around the NACA 2412 airfoil: (a) complete computational domain,
(b) airfoil and near-wall mesh, (c) leading-edge region, and (d) trailing-edge and wake
region.

Grid convergence was assessed using the lift and drag coefficients at o = 12.4° (Fig. 5). The
Grid Convergence Index (GCI) was calculated following the procedure of Celik et al. [18].
Both coefficients changed monotonically towards their Richardson-extrapolated values,
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indicated by red stars in Fig. 5. The fine-grid GCI was 0.43% for Cr and 1.60% for Cp. These
results supported the selection of the fine grid for the experimental comparisons and subsequent
morphing calculations.

GClgye = 0.43% BT GClgye = 1.60%
141} k] 00225 F
141 ] 0.022
0.0215 |
1397 0.021
= [=]
© 138t 1 © 0.0205}
0.02 |
137+
0.0195 |
1.36 ¢ 1 0.019 |
—@— Grid solutions | e,
135} 0.0185 ¢ % Richardson extrapolation *
coarse medium fine extrap. coarse medium fine extrap.

Fig. 5. Grid convergence of the lift and drag coefficients for the NACA 2412 airfoil at
a=12.4°.

E. MATLAB-Based Numerical Solution

The flow equations were solved using a purpose-written, cell-centred finite-volume
MATLAB solver. Mean-flow convective fluxes were evaluated using an artificial-
compressibility Roe scheme. First-order reconstruction was used for the initial 50 iterations,
followed by MUSCL reconstruction with k¥ = 1/3. Viscous gradients were evaluated using a
corrected Green-Gauss method. The Spalart-Allmaras equation was solved separately, with
first-order upwind convection and an implicit update.

Local pseudo-time stepping was applied, with maximum CFL numbers of 500 for the mean
flow and 10 for the turbulence equation. Each case was allowed up to 2,000 iterations. The
solver stopped when either the relative continuity residual fell below 1077 or the ranges of CL
and Cp over the preceding 50 iterations fell below 5 x 107° and 1075, respectively. The
computed solutions were post-processed to obtain Cr, Cp, surface Cp, surface Cr, and wall y*.

III. RESULTS AND DISCUSSION

Figure 6(a) compares the calculated lift coefficient with the experimental measurements [1].
The numerical solution follows the measured variation closely at low and moderate angles of
attack. At the highest investigated angle (a = 12.4°), the calculated lift coefficient is 1.40,
compared with the measured value of 1.33. The relative lift difference is approximately 5.3%,
exceeding the 0.43% fine-grid GCI estimated for the baseline airfoil at this angle. Grid
discretization alone therefore does not account for the discrepancy. The drag polar in Fig. 6(b)
captures the experimental increase in drag with lift, although the calculated drag is generally
slightly lower than the measurements at intermediate and high lift coefficients. Thus, the
overall trends are reproduced, while the agreement depends on the operating point.

Fig. 7 compares the surface pressure coefficient distributions at oo = 12.4°. The numerical
solution captures the strong upper-surface suction near the leading edge and the subsequent
pressure recovery. It follows the experimental upper-surface pressures over most of the chord
and represents the forward-chord measurements more closely than the theoretical curve given
in [1]. The calculated suction peak is, however, stronger than indicated by the nearest
experimental points. The lower-surface distributions show the same overall trend, with smaller
local differences along the chord.
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Fig. 6. Comparison of experimental data [1] and RANS-SA solution for the NACA 2412
airfoil: (a) lift coefficient versus angle of attack and (b) drag polar.
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Fig. 7. Comparison of the surface pressure coefficient distribution at a = 12.4° from the
experimental data and theory of [1] and the RANS-SA solution.

The skin-friction distributions in Fig. 8 provide a more demanding local comparison. At o =
0.2°, the calculated friction generally decreases towards the trailing edge on both surfaces,
although individual experimental points differ from the numerical curves. At a = 12.4°, the
upper-surface friction approaches zero near the trailing edge. The calculated separation
location is approximately x/c = 0.915, close to the experimental value of x/c = 0.925.
Differences in skin-friction magnitude remain, particularly near the leading edge and on the
lower surface. The experiment used transition strips, whereas the numerical model assumed
fully turbulent flow from the leading edge; this distinction should be considered when
comparing the near-wall results.
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Fig. 8. Comparison of the upper- and lower-surface skin-friction coefficient distributions
from the experimental data and theory of [1] and the RANS—SA solution: (a) a = 0.2° and (b)
a=12.4°,

Fig. 9(a) shows the effect of trailing-edge morphing on lift. Downward deflection increases
Cv at all investigated angles of attack, whereas = —2° reduces it relative to the baseline airfoil.
The effect is more pronounced at lower angles: at o = 0.2°, § = +6° increases CL by
approximately 0.44, compared with approximately 0.34 at o = 12.4°. The drag polar in Figure
9(b) shows that drag generally increases with lift. At a fixed angle of attack, downward trailing-
edge morphing produces both higher lift and higher drag. For example, at a = 8.25°, Cp
increases from approximately 0.013 for the baseline to 0.017 for & = +6°. At a similar lift
coefficient, however, a downward-morphed configuration can have lower drag than the
baseline in the higher-lift portion of their overlapping ranges. The drag comparison therefore
depends on whether angle of attack or lift is held constant.
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Fig. 9. Aerodynamic coefficients of the baseline and trailing-edge-morphing NACA 2412
airfoils: (a) lift coefficient versus angle of attack and (b) drag polar, with Cp on the horizontal
axis and Cv on the vertical axis.

Fig. 10 quantifies the drag reduction at equal lift relative to the baseline airfoil. At each
selected CL, the drag coefficients were interpolated from the computed polars, and the lowest
value among the tested morphing angles was identified. The baseline gives the lowest drag at
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CL = 0.3. Among the morphed configurations, 6 = +2° gives the lowest drag at CL = 0.4-0.5, 6
=+4°at CL=0.6-0.7, and 6 = +6° at CL = 0.8—1.3. The reduction increases with Cr and reaches
approximately 10% at CL = 1.3.
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Fig. 10. Drag reduction at equal lift relative to the baseline. Bar colours indicate the lowest-
drag tested deflection.

Fig. 11 compares the surface pressure distributions at the same angle of attack, o = 8.25°.
Increasing downward trailing-edge deflection makes Cp more negative on the upper surface
and more positive on the lower surface. The 6 = —2° configuration shows the opposite trend.
These pressure changes are consistent with the lift differences shown in Fig. 9(a). The inset
makes the effect in the aft region easier to see. The pressure distributions separate around the
start of morphing at x/c = 0.75 and approach one another near the trailing edge. Differences
also appear upstream of x/c = (0.75, although the geometry there is unchanged, suggesting that
trailing-edge morphing alters the pressure field over the full airfoil.
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Fig. 11. Surface pressure coefficient distributions of the baseline and trailing-edge-morphed

NACA 2412 airfoils at a = 8.25°. The inset enlarges the boxed region, x/c = 0.70—1.00. Solid
and dashed lines represent the upper and lower surfaces, respectively; the vertical dotted line
marks x/c = 0.75.

IV. CONCLUSION

A two-dimensional MATLAB-based RANS solver was applied to the NACA 2412 airfoil
and compared with experimental lift, drag, pressure, skin-friction and separation data. The fine-
grid solution reproduced the main aerodynamic trends and predicted the upper-surface
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separation position at x/c = 0.915, compared with x/c = 0.925 in the experiment. At the highest
validation angle, however, the calculated lift coefficient exceeded the measured value by
approximately 0.07. This difference was larger than the estimated grid uncertainty and
indicates a limitation in predictive accuracy at that operating condition.

Smooth trailing-edge deflection beginning at x/c = 0.75 produced a consistent change in lift
across the reported morphing cases. Downward deflection increased both lift and drag at a
fixed angle of attack. At equal lift, interpolation of the computed drag polars showed a different
result: among the tested deflections, the lowest-drag configuration reduced drag relative to the
baseline by up to approximately 10% at a lift coefficient of 1.3. Thus, the preferred
configuration depends on the required operating lift. These findings apply to the investigated
angles and deflections within a two-dimensional, fully turbulent model. The experimental
transition strips and possible three-dimensional effects were not represented in the calculations.
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Abstract—This paper examines forecast-aware energy management for a grid-connected
photovoltaic (PV)-battery microgrid and specifies a protocol for reproducible controller
comparison. A constrained rolling-horizon linear optimizer schedules charging, discharging,
grid import, and export with converter limits, state-of-charge (SOC) bounds, and asymmetric
energy-conversion efficiencies. The controller is compared with a self-consumption rule over
seven days at 15-min resolution, using a 42-kW PV array and a 100-kWh battery. The
simulation results give electricity costs of 299.82 USD for the rule-based controller and
263.96 USD for the predictive controller, a reduction of 11.96%. This economic
improvement accompanies higher grid imports (2184.2 versus 1999.9 kWh), a higher peak
import (49.9 versus 33.0 kW), and greater battery throughput (925.8 versus 382.3 kWh).
Including the stated throughput penalty in the accounting reduces the apparent saving to
7.38%. An energy-management schematic explains the forecast, optimization, actuation, and
feedback sequence. The analysis shows that price anticipation supports electricity-cost
reduction while autonomy and peak reduction require additional objectives. The benchmark
uses synthetic profiles and perfect forecasts; exact independent reconstruction requires
complete profile-generation equations or the original time series, together with executable
code and solver settings.

Keywords—Battery energy storage, energy management system, microgrid, model predictive
control, photovoltaic generation, reproducibility.

I. INTRODUCTION

Microgrids coordinate local generation, storage, and demand through a controllable
interface with the utility network [1]. Renewable intermittency and the interaction of
operating constraints make their control and energy management challenging [2]. In a grid-
connected PV-battery microgrid, the battery can shift energy to expensive periods and absorb
PV surplus, but these services can compete: maximizing self-consumption may consume
stored energy before an evening price peak, whereas tariff arbitrage may increase grid
dependence and battery use. The supervisory EMS therefore needs an explicit objective and a
clear account of the resulting trade-offs. Recent research reviews the evolution of centralized,
decentralized, and hierarchical microgrid control architectures [3].

Energy scheduling must be distinguished from fast converter control. Hierarchical
architectures separate primary regulation, secondary restoration, and the management of
power exchange with the external grid [4]. Rule-based scheduling is transparent and
inexpensive, but a policy that charges on PV surplus and discharges on demand deficit does
not anticipate future conditions. Rolling-horizon EMS formulations incorporate updated
forecasts [5], while MPC treats operational constraints within a repeated optimization [6].
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Only the first decision is applied before the state is measured and the problem is solved again.
A more recent review examines MPC across microgrid functionalities and identifies
remaining design and implementation challenges [7].

A recent review relates microgrid sizing and EMS choices to economic and energy-
performance objectives [8]. The present work focuses on a compact case study rather than
proposing a new MPC algorithm. Its objectives are to formulate an interpretable forecast-
aware schedule, quantify its economic benefit against a matched rule-based baseline, verify
the reported operating bounds, and expose changes in energy autonomy, peak import, and
battery use. A common simulation protocol is essential for attributing differences to the
controller rather than to input data, initial energy, or metric definitions [5], [6]. Ensemble
nonlinear MPC has also been investigated for residential solar—battery energy management
with forecast uncertainty and battery degradation [9]. PV—battery profit optimization in short-
term electricity markets further emphasizes the importance of accounting for battery losses,
degradation, and power-related charges [10]. These studies motivate assessing several
performance indicators alongside the electricity bill.

The study addresses supervisory active-power scheduling at 15-min intervals. It assumes
that local inverter controls can track feasible references and that the battery management
system (BMS) and protection retain independent authority [4]. Consequently, the results do
not establish transient stability, synchronization performance, or fault ride-through capability.
The mathematical EMS can be reconstructed from its equations and parameters; exact
numerical reproduction additionally requires complete input-profile definitions and
implementation settings, as discussed in Section VI and the Appendix.

Section II describes the microgrid, energy-management schematic, component models,
and inputs. Section III defines the two controllers and evaluation indicators. Section IV
interprets the energy, economic, SOC, peak, and throughput results. Section V discusses
horizon sensitivity and implementation. Section VI defines the validity and reproducibility
limits, and Section VII concludes the study.

II. MICROGRID ARCHITECTURE AND MODELS

A. System Architecture

The AC-coupled microgrid contains a PV array and its inverter, a bidirectional battery
converter, local demand, and a point of common coupling with the utility. Figure 1
distinguishes electrical power paths from information and control paths. The supervisory
EMS receives predicted PV generation, predicted demand, tariff information, and measured
battery SOC. It computes feasible active-power commands, while local voltage, current, and
synchronization loops operate below the scheduling layer [4].
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Tariff and export credit  Forecasts Sclioduie
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Fig. 1. Forecast-aware supervisory energy management for the grid-connected PV—battery microgrid.
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At each sampling instant, the EMS forms a 24-step prediction window, sets the current

measured SOC as its initial condition, and minimizes the predicted electricity bill plus a
throughput penalty. Feasibility and command limits are checked before the first action is sent
to the converter. The grid balances the remaining demand or receives surplus energy; it is not
directly controlled as an independent energy source. After 15 min, the SOC is updated and
the window advances. This feedback sequence follows the rolling-horizon principle [5], [6].
Grid charging is allowed in the predictive case, which explains why economic optimization
can increase total imports.
The battery converter and BMS enforce equipment limits independently of the EMS. Forecast
availability and solver status should be checked before dispatch; a failure should trigger the
feasible rule-based policy. These are implementation provisions in the architecture, rather
than demonstrated communication or hardware tests [4].

Table 1. Base-case microgrid parameters

Subsystem | Rated value / model
PV array 42 kW peak, unity-power-factor inverter
Battery 100 kWh energy-capacity parameter; 15—

90% SOC; 75 kWh operating window

Converter +30 kW;nc=nd=0.95
Grid Unlimited import/export in base case
Sampling 15 min; seven days (672 intervals)
Tariff 0.075/0.115/0.245 USD kWh'; export 0.045

B. Power Balance and Battery Dynamics
At interval k, the active-power balance is

Povia i + Piisicic  Prv k = Floaa i + Fonje + Poxpoi (1)

Charging and discharging powers are nonnegative and limited by the bidirectional
converter. The battery state evolves according to

At Fisk
Sie1 =Sk +—[77 Py ——— (2)
+ Eb cle .
Smin < Sk < Smax’ 0< Pch,k’Pa'is,k < Pmax (3)

Here, Eb is the 100-kWh energy-capacity parameter, At = 0.25 h, and nc = na = 0.95.
Charging and discharging are measured on the AC side. Both powers are nonnegative and
bounded by 30 kW; SOC remains between 0.15 and 0.90. The accessible energy window is
therefore 75 kWh, rather than 100 kWh. Grid import and export are nonnegative with no
imposed capacity bound. The constant-efficiency energy model is appropriate for supervisory
scheduling, but it does not represent converter transients [4], [6].

The LP does not explicitly impose charge—discharge or import—export complementarity.
Under the stated positive import prices, lower export credit, unrestricted grid exchange, and
positive throughput penalty, simultaneous opposing flows offer no economic benefit. This
property should still be checked in the dispatch outputs. Negative prices, forced terminal
targets, or altered constraints can invalidate that argument and may require a mixed-integer
formulation [6].

C. Synthetic Input Profiles
The sample index is k =0, ..., 671 and the position within a day is h = (kAt mod 24). The
synthetic PV description uses a clipped daylight sinusoid raised to 1.65, a seven-day cloud-
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factor vector [0.92, 0.78, 0.88, 0.61, 0.84, 0.95, 0.72], and a small deterministic modulation.
Demand combines a 17.5-kW base, a daily sinusoid, Gaussian morning and evening peaks, a
weekend multiplier of 0.90, and a bounded periodic perturbation. The stated numerical seed
is 26. These profiles define a synthetic scenario and do not represent measured operation at a
named site. Figure 2 illustrates two days of the simulated inputs.

For a reproducible benchmark, all amplitudes, phase shifts, Gaussian widths and centers,
clipping rules, and day indexing must be specified, together with the exact modulation and
perturbation functions. A seed is sufficient only when the random-number generator and
distributions are also stated. These details are not fully specified here; the original 672-
sample series or their complete generator must therefore accompany any independent
replication. A future site-specific study could use measured meteorological inputs and an
open PV modeling tool such as pvlib [11], which was not used to validate the present
synthetic profiles. The 2023 pvlib project update provides a recent reference for this open
modeling framework [12].
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Fig. 2. Simulated load and PV profiles for representative days 3—4.

III. ENERGY MANAGEMENT STRATEGIES

A. Rule-Based Baseline

The baseline first supplies demand from PV. Surplus PV charges the battery subject to the
converter rating and upper SOC bound; remaining surplus is exported. During a deficit, the
battery discharges subject to its rating and lower SOC bound, and the grid supplies the
remainder. The baseline does not charge from the grid or reserve energy for a later tariff
peak. It provides a transparent self-consumption comparison; it is not a tariff-aware
competitor or a globally optimal reference [2], [8].

B. Forecast-Aware Rolling-Horizon Controller

Every 15 min, the predictive EMS minimizes electricity purchases minus export revenue
plus a charge—discharge throughput penalty over the next H = 24 available samples,
corresponding to six hours [5], [6]:

minJ = %[Cbuy,k Pgrid,k - CsellPexp,k + Cdeg (Pch,k + Biisk,k ):|At (4)

The coefficient caeg = 0.012 USD kWh™' is applied to each directional AC energy flow. It
is a scheduling penalty, not a measured cell-aging cost. Equations (1)—(3) hold at every
prediction step. A linear programming solver with dual-simplex or interior-point capability
can solve this formulation; SciPy’s HiGHS interfaces provide one documented
implementation route [13]. The software version, method, tolerances, and presolve settings
should be recorded for replication. Perfect within-horizon PV and load forecasts isolate
scheduling behavior from prediction errors. Only the first action is applied, and the
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optimization is rebuilt from the updated SOC. The horizon is truncated near the end of the
record.

The time-of-use import tariff is 0.075 USD kWh™! from 00:00 to 06:00, 0.115 USD kWh!
from 06:00 to 17:00 and 22:00 to 24:00, and 0.245 USD kWh™' from 17:00 to 22:00. Export
earns 0.045 USD kWh™'. The controller can charge before an expensive period when avoided
purchases exceed efficiency losses and throughput penalties. This tariff-dependent behavior
is consistent with economic scheduling formulations [5], [6]. No demand charge or peak-
import penalty is included.

C. Evaluation Indicators
The reported electricity cost is import expenditure minus export revenue; it excludes the
throughput penalty. The export-based self-consumption indicator is SC = 1 — Eexpor/Epv, and
the import-based self-sufficiency indicator is SS = 1 — Eimport/Eload, as in (5). The figures
express these indicators as percentages. With grid charging, SS is an energy-accounting
proxy rather than a traced fraction of demand supplied by PV; SC likewise assumes exports
can be attributed to PV. Source-resolved battery accounting would be required to quantify
actual renewable supply. These definitions must be held fixed across controller comparisons
[8].
SC = EPV Eexport , SS (5)
EPV E/oad
Equivalent battery throughput is T = (Echarge + Edischarge)/2, measured in kWh of AC
energy; it is not a count of equivalent full cycles. Peak import is the maximum quarter-hour
import power. To assess the implemented optimization criterion, the augmented cost is Caug =
Celectricity + 2cdegT. This distinction prevents an electricity-bill saving from being mistaken for
an equal reduction in the complete objective [6].
Both controllers use identical physical inputs, the same sampling interval, and initial SOC =
0.55. Their reported terminal SOC is 0.15, so they receive the same 40-kWh reduction in
stored energy across the week. The principal comparison imposes no terminal equality or
salvage value. Equal final states improve comparability but do not eliminate end-of-record
effects; a replication should also test equal initial and final SOC or a justified terminal value

[6].

_ Eload —-E

import

Table II. Forecast-aware EMS algorithm

Step | Rolling-horizon operation

1 Acquire SOC and the next H samples of PV,

load, and tariff

2 Build the linear objective and constraints (1)—
(4)
Solve the linear program and check feasibility
Apply only the first charge/discharge set-
point

5 Update SOC using (2), advance one interval,
and repeat

IV. SIMULATION RESULTS
A. Energy and Cost Performance

Table III. Seven-day energy and electricity-cost results

Strate Import Export Cost SC SS
gy (kWh) (kWh) (USD) (%) (%)
Rule-based 1999.9 11.3 299.82 99.3 43.6
Predictive 2184.2 139.9 263.96 91.0 38.4
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The simulated week has 3546.8 kWh of demand and 1557.4 kWh of PV production. The
electricity bill decreases by 35.86 USD, from 299.82 to 263.96 USD, corresponding to
11.96% (approximately 12.0%). This meets the study’s electricity-cost objective under the
specified tariff and perfect forecasts. The mechanism is consistent with predictive scheduling
[5], [6]: stored energy can be reserved for the high-price evening period, and low-price
imports can charge the battery before future demand. The aggregate results support an
economic advantage for this case, but do not establish a universal saving across tariffs or
sites. Import rises by 184.3 kWh (9.22%), while export increases by 128.6 kWh, from 11.3 to
139.9 kWh. SC falls from 99.3% to 91.0% and SS from 43.6% to 38.4%. Cost minimization
therefore does not achieve higher energy autonomy in this experiment. With limited storage
capacity and charge power, a tariff-oriented schedule can leave less room for later PV surplus
or reserve energy instead of immediately serving a deficit. The results identify this trade-off,
although interval-level source tracing would be needed to allocate every export and battery
flow to PV or grid energy [8].
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Fig. 3. Performance comparison for the rule-based and predictive strategies; labels show the reported
physical values.

B. State-of-Charge and Peak Behavior

Both reported SOC trajectories remain within 15-90%, using the same full operating
range. Figure 4 illustrates their different timing over two representative days. The predictive
controller changes when energy is charged or released because it anticipates net load and
tariff transitions, whereas the baseline reacts to the current deficit or surplus [6]. Identical
SOC extrema do not imply identical battery utilization. Bounds on the aggregate trajectories
support the feasibility claim at the scheduling level; they do not demonstrate local converter
or electrochemical safety [4].
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Fig. 4. SOC and grid-import trajectories for the two energy-management strategies.

98



6™ Global Conference on Engineering Research (GLOBCER’26)

Peak import increases from 33.0 to 49.9 kW, a rise of 16.9 kW (51.21%). Thus, peak
shaving is not achieved by the proposed base-case objective. The larger peak is compatible
with scheduled grid charging in addition to local demand. Equation (4) prices imported
energy but contains no peak penalty or grid-capacity constraint. An import cap or a linear
epigraph variable for maximum import could address this service, but its effects on cost and
feasibility require a separate simulation [6], [8].

C. Battery Utilization and Interpretation

Equivalent AC battery throughput rises from 382.3 to 925.8 kWh, an increase of 142.17%.
For the stated penalty, the implied cycling charges are 9.18 USD and 22.22 USD,
respectively. The augmented weekly costs are consequently 309.00 USD and 286.18 USD;
their difference is 22.82 USD, or 7.38%, calculated from the rounded reported results. The
predictive strategy remains favorable under this proxy, but its gain is smaller than the 11.96%
electricity-bill reduction. Actual battery aging also depends on temperature, SOC, depth of
discharge, and operating history [14], so these penalty charges cannot be interpreted as
validated replacement costs.

An aggregate energy check provides additional context. Import plus PV minus export and
demand equals approximately —0.8 kWh for the baseline and 54.9 kWh for the predictive
controller. Given the common 40-kWh fall in stored energy, equation (2) implies battery
conversion losses of approximately 39.2 and 94.9 kWh, respectively. These values are
derived accounting checks, not additional simulations. Their increase is consistent with the
higher throughput and 90.25% round-trip efficiency, which supports the interpretation that
additional cycling contributes to the larger total import [6].

The objectives are therefore met to different extents. Electricity-cost reduction and the
reported SOC limits are achieved. The case also quantifies the influence of the forecast
horizon and exposes battery-use trade-offs. Improved autonomy and lower peak import are
not achieved. Independent numerical reproducibility remains conditional on releasing the
complete input series or generator and implementation settings. A transparent benchmark
matters precisely because it makes these distinctions testable [5], [8].

V. SENSITIVITY AND IMPLEMENTATION DISCUSSION
A. Prediction-Horizon Sensitivity

Table IV. Sensitivity to prediction-horizon length

Steps Hours Cost (USD) I(Ill(l‘l,)volf)t Peak (kW) Tha‘;{,‘éélll‘)l’ ut
1 0.25 353.46 2362.5 33.0 19.0
4 1.00 34145 2360.3 49.9 169.0
12 3.00 293.48 2304.0 49.9 663.3
24 6.00 263.96 2184.2 49.9 925.8
48 12.00 252.82 2038.3 49.4 756.4

The horizon study shows the value of anticipation under perfect forecasts [5], [6]. At one
step (15 min), the predictive formulation costs 353.46 USD, exceeding the rule-based bill by
17.89%; with only the current interval visible and a cycling penalty, it uses little storage (19.0
kWh equivalent throughput). Four steps still cost 341.45 USD, 13.88% above the baseline.
Twelve steps reduce cost to 293.48 USD, only 2.12% below the baseline. The six-hour
horizon reaches 263.96 USD. Optimization alone is therefore insufficient: the prediction
window must expose useful future price and net-load conditions.

Extending the horizon from six to twelve hours lowers the bill by a further 11.14 USD
(4.22%), to 252.82 USD, while throughput falls from 925.8 to 756.4 kWh (18.30%). Better
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foresight can therefore improve timing without necessarily increasing battery use. Peak
import nevertheless remains high at 49.4 kW. Six hours is retained as the comparison base
case, but the supplied deterministic results do not establish it as the optimal practical
compromise. Selecting a field horizon requires forecast-error tests and measured solve times;
neither is available here [6].
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Fig. 5. Prediction-horizon effects on electricity cost and equivalent battery throughput.

B. Computational and Control-Layer Considerations

The supervisory architecture can accommodate forecast uncertainty through robust
uncertainty sets or scenario-based scheduling. Robust rolling-horizon microgrid optimization
has been investigated explicitly in the literature [15]. Linear import bounds, flexible-load
variables, and a maximum-import epigraph can extend the present model. Reactive-power
capability, AC network voltages, and converter dynamics require an expanded network
model and coordination with local controls [4]. These are proposed extensions rather than
results of this experiment. Ensemble nonlinear MPC offers another approach to uncertain
residential PV-battery scheduling [9], although it is more complex than the linear
deterministic benchmark used here.

A formulation that eliminates SOC states by cumulative substitution has four nonnegative
flow variables per prediction step (charge, discharge, import, export), hence 96 continuous
variables at H = 24. Retaining explicit future SOC states adds 24 variables. This distinction
should be stated when reporting problem size. The LP is small, but no execution-time
measurements are provided; real-time suitability must be verified on the target hardware
using documented solver settings [13]. Forecast-quality checks, state validation, and a
feasible rule-based fallback should accompany deployment.

Setpoints should be checked against local converter and BMS limits, time-stamped, and
rejected when stale. Ramp limits should be imposed if required by the equipment. The local
BMS retains authority over current, voltage, temperature, and battery protection. An
infeasible or failed solve should trigger the baseline policy and a diagnostic event rather than
silently relax physical constraints. This division of authority follows the separation between
supervisory management and local regulation [4].

C. Economic Interpretation

The numerical gain is an operating comparison for one tariff. It does not establish a
favorable investment return because capital and replacement costs, auxiliary consumption,
taxes, and demand charges are excluded. The throughput term is a transparent scheduling
proxy; a planning study should couple the EMS to a battery-aging model validated for the
relevant chemistry and operating conditions [14]. Using both electricity cost and augmented
cost avoids conflating a bill reduction with lifetime economic benefit. Recent PV—battery
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market studies similarly account for degradation, energy losses, and contracted-power
penalties when evaluating economic operation [10].

Higher total imports alongside a lower bill are consistent with time-of-use arbitrage:
inexpensive purchases can replace costly later imports despite round-trip losses. For the
present case, that choice also lowers the import-based autonomy indicator and increases peak
demand. Cost, autonomy, peak power, and throughput should therefore be assessed jointly, as
EMS and sizing objectives are coupled [8]. A different tariff or explicit peak constraint may
change the ranking, so annual or site-wide savings cannot be inferred from the synthetic
week.

VI. LIMITATIONS AND VALIDITY

The numerical findings apply to a synthetic seven-day scenario with perfect within-
horizon forecasts. Real forecasting errors change charging opportunities and reserve
decisions; robust scheduling offers a relevant comparison for future work [15]. The battery
has one energy state, fixed efficiency, and a linear throughput penalty. The model excludes
thermal behavior, aging feedback, AC network constraints, reactive power, converter
transients, and protection coordination. These limitations prevent claims about field
reliability, battery lifetime, or hardware stability [4], [14].

Reproducibility is important for this 42-kW PV/100-kWh battery case because controller
comparisons are sensitive to the input profiles, initial and terminal energy, tariff timing,
horizon, and cost definition [5], [6]. A shared executable benchmark would allow others to
distinguish forecast value from changed constraints or favorable initial energy. The EMS
equations, parameter table, cloud factors, seed, and summary results establish a comparison
protocol, but do not by themselves reconstruct the exact 672 input samples. Complete profile
formulas or the original data, solver settings, and code are required before independent
numerical agreement can be claimed. Summary accounting checks cannot substitute for
rerunning the simulation.

VII. CONCLUSION

For the stated synthetic week, forecast-aware scheduling lowers the electricity bill by
11.96% relative to the self-consumption baseline and respects the reported 15-90% SOC
limits. Including the stated throughput penalty gives a 7.38% saving in the augmented cost.
The economic gain accompanies higher imports, higher peak demand, lower accounting-
based autonomy, and greater battery use. The study therefore supports the value of
anticipation for tariff-oriented scheduling [5], [6], while identifying objectives that require
additional constraints or penalties. The schematic and reproduction protocol provide a basis
for a common benchmark; exact replication requires the complete profiles and executable
implementation. Future work should test measured forecasts, peak constraints, a validated
aging model [14], and hardware behavior before deployment.

APPENDIX REPRODUCTION PROTOCOL

Use 672 intervals at At = 0.25 h, E» = 100 kWh, initial SOC = 0.55, the bounds in Table I,
and the tariff periods in Section III. Release the exact PV and demand series or their full
generation equations, including weekend indexing, periodic terms, clipping, and any random-
number procedure associated with seed 26. Run the same data through both controllers. At
each step, solve (4) for the next min(H, 672 — k) samples, apply the first action, and update
(2). Archive the four flow series, SOC trajectory, solver status, objective value, and physical
residuals. Record software versions, solver method, tolerances, and any fallback actions [13].

Check the power balance, SOC evolution, converter bounds, opposing simultaneous flows,
and initial and final stored energy. Calculate the electricity bill separately from the
augmented cost and report SC, SS, peak import, and equivalent AC throughput using the
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definitions in Section III. Compare horizon lengths of 1, 4, 12, 24, and 48 steps. Input
identity must be verified before interpreting differences as solver effects. Numerical
tolerances may be agreed after code and data are released; no fixed 0.1-kWh or 0.01-USD
replication guarantee can be made from an incomplete profile specification [6], [13].
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Abstract: Compound hot-dry conditions can create agricultural impacts that are not
adequately represented by temperature or precipitation considered separately, particularly in
Mediterranean environments where crop development and irrigation demand coincide with
the warm and dry season. This study quantified the co-occurrence, temporal distribution, and
recent-period amplification of compound hot-dry conditions in Canakkale, northwestern
Tiirkiye, using monthly observations from Turkish State Meteorological Service station 17112
for 1929-2025. The April-October agricultural season was evaluated. For each calendar
month, a hot condition was defined as monthly maximum temperature (Tmax) at or above its
long-term 90th percentile (P90), while a dry condition was defined as monthly precipitation at
or below its 20th percentile (P20); compound months satisfied both criteria simultaneously.
Only observed Tmax-precipitation pairs were classified, and missing precipitation was never
interpreted as zero. Across 601 valid agricultural-season months, 23 compound events were
detected. Their frequency increased from 2.25% in 1929-1995 to 6.97% in 1996-2025,
corresponding to a risk ratio of 3.10 (95% CI: 1.36-7.03; Fisher p = 0.0064). An equal-length
comparison produced the same conclusion: 2.09% in 1966-1995 versus 6.97% in 1996-2025
(RR = 3.33, p = 0.0281). Observed co-occurrence over the full record was 1.57 times the
frequency expected if hot and dry conditions were independent (p = 0.0124). The four-class
agroclimatic composition (neither, hot only, dry only, compound) also differed between the
historical and recent periods (chi-square = 16.47, p = 0.0009). The latest 20-year window
(2006-2025) reached a compound-event frequency of 9.29%. A fixed 1961-1990 threshold
sensitivity analysis similarly showed a rise from 4.25% to 11.94% (RR = 2.81, p < 0.001).
These results indicate a robust recent amplification of simultaneous heat and precipitation
deficiency and support compound-event screening as a complementary tool for agricultural
climate-risk and irrigation planning.

Keywords: Compound Events, Agroclimatology, Heat Stress, Precipitation Deficit,
Mediterranean Climate, Irrigation Planning

I. INTRODUCTION

Agricultural climate risk is frequently produced by combinations of meteorological drivers
rather than by isolated extremes. Compound weather and climate events describe situations in
which multiple hazards or drivers occur simultaneously, sequentially, or in spatially
connected regions and jointly increase the probability or severity of impacts [1]-[4].
Compound hot-dry conditions are a particularly relevant multivariate hazard because high
temperature can enhance atmospheric evaporative demand and crop water loss at the same
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time that low precipitation limits natural water supply. Such interactions can create impacts
that are not captured when heat and water availability are monitored independently [3], [8].

Evidence from multiple regions shows that concurrent heat and drought have become an
increasingly important component of climate risk. In the United States, the concurrence of
drought and heatwaves increased markedly during the twentieth century [5]. Across the
Mediterranean Basin, compound warm spells and droughts increased during 1979-2018, with
warming identified as a major driver of the change [6]. Compound warm-dry events are also a
recognized feature of Mediterranean climate variability [7], and recent European-scale work
identifies the Mediterranean and western Tiirkiye among the principal hotspots of compound
hot-dry risk [9]. These findings are especially important for agriculture because heat and
moisture extremes interact through crop physiology, soil-plant-atmosphere processes, and
management responses [8].

Canakkale, located in northwestern Tirkiye, experiences a Mediterranean-influenced
climate characterized by cool and relatively wet winters and warm, dry summers. Agricultural
production from late spring through early autumn therefore occurs during the period in which
high thermal load and limited rainfall can overlap. Previous analyses of the same station
record have demonstrated strong recent warming and substantial seasonal water constraints;
however, conventional single-variable analyses do not directly quantify the joint occurrence
of unusual heat and unusual rainfall deficiency. A compound-event framework can add this
missing dimension without requiring the assumption that each driver acts independently.

The objective of this study was to characterize compound hot-dry conditions during the
April-October agricultural season in Canakkale using a 97-year monthly station record. The
study addressed four questions: (i) how frequently do locally unusual hot and dry conditions
co-occur; (ii) is their recent-period frequency different from the historical record; (iii) is the
observed co-occurrence greater than expected under independence; and (iv) are the
conclusions robust to equal-length period comparison and an alternative fixed climatological
reference period? The analysis deliberately emphasizes event co-occurrence, relative risk,
moving-window behavior, and sensitivity analysis rather than repeating monotonic trend tests
used in previous work.

II. MATERIALS AND METHODS
A. Data and quality control

Monthly maximum temperature (Tmax), minimum temperature (Tmin), mean temperature,
and total precipitation observations from Turkish State Meteorological Service station 17112
in Canakkale were used for 1929-2025. Annual summary rows (month code 13) were
excluded. The precipitation series was assembled by prioritizing the manual station record and
using the automatic-station observation only where the manual value was unavailable.
Genuine observed 0.0 mm precipitation values were retained. Months with no observed
precipitation in either source remained missing and were not converted to zero. This decision
is important for compound-event analysis because assigning zero to an unobserved month
would artificially create dry events. Diurnal temperature range (DTR) was calculated as Tmax
minus Tmin.

The final event classification used only months for which both Tmax and precipitation
were observed. This produced 601 valid April-October month pairs over the study period.
Sample sizes therefore vary by calendar month, with 94 valid pairs in April and May and
fewer observations in the historically drier summer months where early precipitation records
were less complete. All frequency calculations explicitly use the number of valid observed
pairs as the denominator.

B. Compound hot-dry definition

To remove the dominant seasonal cycle, thresholds were estimated separately for each
calendar month over the full 1929-2025 record. A month was considered hot when Tmax was
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at or above the 90th percentile (P90) of Tmax for that calendar month. A month was
considered dry when total precipitation was at or below the 20th percentile (P20) for that
calendar month. The use of percentile-based thresholds is consistent with compound-event
frameworks that define anomalies relative to local climatology [2], [4], [9]. Because this study
uses monthly rather than daily data, the identified events should be interpreted as monthly
agroclimatic anomalies rather than short-duration heatwave-drought episodes.

Hot m=1[Tmax m>= P90 m] (1)
Dry m=1[P m<=P20 m] (2)
Compound m = Hot m x Dry m 3)

where m denotes a specific calendar month, P is monthly precipitation, and the indicator
function equals 1 when the condition is satisfied. The main agricultural analysis window was
April-October, which spans late spring, summer, and early autumn crop-water-management
conditions in the study area. Each valid month was additionally assigned to one of four
mutually exclusive classes: neither extreme, hot only, dry only, or compound hot-dry.

C. Period comparison, dependence, and sensitivity analyses

The primary comparison contrasted 1996-2025 with the preceding historical record, 1929-
1995. Event/non-event proportions were compared with Fisher’s exact test, and risk ratios
(RR) with 95% confidence intervals were calculated. Because the historical interval is longer,
an equal-length sensitivity analysis compared 1966-1995 with 1996-2025. The full four-class
stress composition was compared between historical and recent periods with a chi-square test
and summarized with Cramer’s V.

To evaluate whether hot and dry conditions co-occurred more often than expected under
statistical independence, the expected compound frequency was calculated as the product of
the marginal hot and dry frequencies. A 2 x 2 contingency table of hot/non-hot and dry/non-
dry conditions was evaluated with Fisher’s exact test. A 20-year moving compound frequency
was also calculated to visualize multidecadal changes in event prevalence without fitting a
monotonic trend model. Windows were retained when at least 70% of the nominal 140 April-
October months had valid pairs.

Robustness to threshold-reference choice was examined by fixing monthly P90 Tmax and
P20 precipitation thresholds to the 1961-1990 climatological period and reclassifying the
complete record. This sensitivity analysis tests whether the recent-period contrast persists
when thresholds are not estimated from the full record, which contains the recent warm
decades. Meteorological characteristics of compound and non-compound months were
compared descriptively and with the Mann-Whitney U test.

Table L. Calendar-month thresholds and compound-event frequency during April-October.

Month Valid n Tmax P90 (°C) Rain P20 (mm) Compound n Compound (%)
Apr 94 26.58 19.06 5 5.32
May 94 31.80 8.72 5 5.32
Jun 90 35.97 4.74 2 2.22
Jul 75 38.00 0.60 4 5.33
Aug 70 37.20 0.10 4 5.71
Sep 87 34.28 2.88 1 1.15
Oct 91 29.25 18.00 2 2.20
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III. RESULTS
A. Event frequency and hot-dry dependence

Across April-October, 23 compound hot-dry months were detected among 601 valid
observed Tmax-precipitation pairs, corresponding to an overall occurrence of 3.83%. Monthly
compound frequency ranged from 1.15% in September to 5.71% in August (Table I). The P20
rainfall thresholds were especially low in midsummer (0.60 mm in July and 0.10 mm in
August), so a midsummer compound classification represents the concurrence of very high
monthly Tmax with rainfall at the extreme low end of an already dry seasonal distribution.

The joint behavior of the two drivers was not equivalent to simple chance overlap. Across
the full agricultural-season record, 70 valid months met the hot criterion and 126 met the dry
criterion. If the two conditions were independent, their marginal frequencies imply an
expected compound occurrence of 2.44%; the observed occurrence was 3.83%, an
enhancement factor of 1.57. The hot-dry contingency table produced an odds ratio of 2.03 and
Fisher’s exact p = 0.0124 (chi-square p = 0.0093). The strongest calendar-month enhancement
was observed in April, where compound occurrence was 2.47 times the independence
expectation. Month-specific tests were treated as exploratory because event counts were
small.

. Observed compound occurrence versus independence expectation

I Observed
B Expected if independent

Compound occurrence (%)
w

o Apr May Jun Jul Aug Sep Oct
Fig. 1. Observed compound hot-dry occurrence by calendar month compared with the
frequency expected if hot and dry conditions were statistically independent.

B. Historical-to-recent amplification

The clearest change was the contrast between the recent 30-year period and the preceding
historical record. During 1929-1995, 9 compound events occurred among 400 valid
agricultural-season months (2.25%). During 1996-2025, 14 events occurred among 201 valid
months (6.97%). The recent-period risk was therefore 3.10 times the historical rate (95% CI:
1.36-7.03), and Fisher’s exact test indicated a significant difference (p = 0.0064). Fourteen of
the 23 total events occurred after 1995 even though the recent period represented only about
one-third of the valid observations.

The equal-length sensitivity analysis supported the same interpretation. In 1966-1995, 4
compound events occurred among 191 valid months (2.09%), compared with 14 among 201
valid months (6.97%) during 1996-2025. The corresponding RR was 3.33 (95% CI: 1.11-
9.93; p = 0.0281). Month-level changes were particularly conspicuous in June and July: no
compound months were detected in the historical comparison period for either month,
whereas the recent period contained two June events and four July events. Because of zero
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and small cell counts, these monthly contrasts are presented as descriptive evidence rather
than independent confirmatory tests.

Historical and recent compound hot-dry occurrence

B 1929-1995
144 = 1996-2025

= =
S} N
L L

Compound hot-dry frequency (%)
©

Apr May Jun Jul Aug Sep Oct

Fig. 2. Calendar-month compound hot-dry frequency in the historical record (1929-1995) and
the recent period (1996-2025). Frequencies use only months with observed Tmax and

precipitation.
Table II. Primary and sensitivity comparisons of compound hot-dry occurrence.
0,
Analysis Period 1 Events/N % Period 2 Events/N % RRC(?)S e Fisher p
Historical vs 979 1995 9/400 225 1996-2025 14/201 6.97 3.10(1.36- 0.0064
recent 7.03)
Equal 30- 333 (L11-
year 1966-1995 4/191 2.09 1996-2025 14/201 6.97 ~95%) 0.0281
sensitivity ’
1961-1990 2,81 (L55-
fixed 1929-1995 17/400 425 1996-2025 24/201 11.94 S 0.0009
5.11)
thresholds

C. Temporal clustering and moving-window behavior

The event chronology further shows that compound months became increasingly
concentrated in the recent portion of the record. Historical events were sparse and separated
by long intervals, whereas the post-2000 period contains repeated clusters, including July-
August 2007, August 2021, June-July 2024, and June-July 2025. The year-month heatmap
highlights this transition and also shows that recent events span multiple parts of the
agricultural season rather than being confined to a single calendar month.
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Year-month occurrence of compound hot-dry conditions
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Fig. 3. Year-month occurrence of compound hot-dry conditions during April-October. Black
cells indicate detected compound events; blank cells represent non-compound valid months or
missing observations as masked in the plotted matrix.

The 20-year moving frequency remained mostly between approximately 1.5% and 3.3%
through much of the twentieth century, but rose sharply in the most recent windows. The
2006-2025 window contained 13 compound events among 140 valid observations, yielding a
frequency of 9.29%. For comparison, the earliest retained window (1929-1948) had a
frequency of 1.94%. This moving-window diagnostic is descriptive rather than a formal trend
test, but it illustrates the increasing concentration of events in the recent record.
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Twenty-year moving frequency of compound hot-dry months

Compound frequency (%)

1950 1960 1970 1980 1990 2000 2010 2020
End year of 20-year window

Fig. 4. Twenty-year moving frequency of compound hot-dry months. The dashed vertical line
marks 1996, the start of the recent comparison period.

D. Shift in agroclimatic stress composition and event intensity

The recent period was characterized by a broader redistribution of agroclimatic stress
classes, not only by an increase in the compound category. In 1929-1995, 75.50% of valid
months were classified as neither hot nor dry, 6.00% as hot only, 16.25% as dry only, and
2.25% as compound. In 1996-2025, the neither category decreased to 62.69%, while hot-only
months increased to 11.44%, dry-only months to 18.91%, and compound months to 6.97%.
The four-class distribution differed significantly between periods (chi-square = 16.47, df = 3,
p = 0.0009; Cramer’s V = 0.166), indicating a small-to-moderate restructuring of warm-
season agroclimatic conditions.

Agroclimatic stress-class composition
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Fig. 5. Composition of valid April-October months classified as neither, hot only, dry only, or
compound hot-dry in the historical and recent periods.
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Compound months also had a distinct meteorological signature (Table III). Mean Tmax was
34.18 °C during compound months compared with 30.08 °C during other valid agricultural-
season months (p < 0.001). Mean DTR was 22.51 °C versus 20.67 °C (p = 0.0069). Mean
precipitation was only 4.26 mm during compound months compared with 31.01 mm
otherwise (p < 0.001). Differences in Tmin and mean temperature were not statistically
significant at the 0.05 level, suggesting that the classification primarily isolates unusually high
daytime maxima occurring together with very low rainfall.

Table III. Meteorological characteristics of compound and non-compound April-October

months.

Variable Compound n Co$z;)::nd Other n Other mean Difference Mann—:’)Vhltney
Tmax (°C) 23 34.18 578 30.08 411 <0.001
Tmin (°C) 23 11.67 578 9.40 227 0.0983

Tmean (°C) 23 21.48 574 19.61 1.86 0.0815

DTR (°C) 23 2251 578 20.67 1.84 0.0069

Precipitation 23 426 578 31.01 2675 <0.001

(mm)

Event intensity varied substantially. Some recent midsummer events had precipitation
essentially at zero with only modest exceedance above the monthly Tmax P90, while several
spring events combined larger rainfall deficits with stronger thermal exceedance. July 2025
reached 40.5 °C with 0.0 mm precipitation; June 2025 reached 37.7 °C with 0.0 mm
precipitation. The two-dimensional intensity view therefore adds information that is lost when
all compound months are treated as equally severe.

Thermal and precipitation intensity of compound events
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Fig. 6. Thermal exceedance above the monthly Tmax P90 threshold versus precipitation
deficit below the monthly P20 threshold for detected compound events. Recent events are
labeled where space permits.
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E. Sensitivity to the percentile-reference period

The recent-period amplification was not an artifact of estimating percentile thresholds from
the full record. When monthly thresholds were fixed to the 1961-1990 reference climate,
compound frequency was 4.25% in 1929-1995 and 11.94% in 1996-2025. The recent-period
risk remained 2.81 times higher (95% CI: 1.55-5.11; Fisher p = 0.0009). The absolute
frequencies are higher under the fixed baseline because recent warming shifts more months
above a historical Tmax P90 threshold, but the direction and statistical strength of the period
contrast remain consistent with the primary full-record threshold analysis.

Sensitivity to percentile-reference period

B Full-record thresholds
w 1961-1990 thresholds

12 A

10

Compound frequency (%)

0_

1929-1995 1996-2025

Fig. 7. Sensitivity of historical and recent compound-event frequency to threshold reference.
Full-record thresholds use 1929-2025; the alternative analysis fixes monthly thresholds to
1961-1990.

IV. DISCUSSION

The analysis provides several independent lines of evidence that compound heat and
precipitation deficiency have become more prominent in the recent climate record of
Canakkale. The primary period comparison indicates a threefold increase in risk, the equal-
length 30-year comparison yields a similar RR, the fixed 1961-1990 threshold analysis also
shows a strong recent-period increase, and the 20-year moving frequency rises sharply in the
latest windows. Agreement among these diagnostics is important because each addresses a
different potential source of methodological sensitivity: unequal period length, threshold
nonstationarity, and dependence on a single binary comparison.

The results are directionally consistent with the broader compound-event literature.
Zscheischler et al. [1], [2] and AghaKouchak et al. [3] emphasize that multivariate extremes
require joint analysis because marginal behavior alone can underestimate risk. Global hotspot
analysis also identifies compound hazards as geographically structured rather than random
combinations of independent drivers [4]. For the Mediterranean, Vogel et al. [6] reported
increasing compound warm spells and droughts, and De Luca et al. [7] demonstrated the
importance of warm-dry event dependence in the basin. More recent European evidence
similarly identifies the Mediterranean and western Tiirkiye as areas of elevated and
intensifying compound hot-dry risk [9].

The independence analysis is particularly informative for the present study. The observed
full-record compound frequency was 1.57 times the marginal expectation under
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independence. This indicates that high Tmax and low precipitation do not simply overlap at
the rate expected from their separate frequencies. Physical mechanisms that can promote such
dependence include persistent anticyclonic circulation, reduced cloudiness, soil-moisture
limitation, and land-atmosphere feedbacks that enhance sensible heating during dry conditions
[3], [7]. The monthly station data used here cannot attribute events to those mechanisms, but
the significant positive association supports treating the hazard as a joint process rather than
as two unrelated extremes.

Agriculturally, the shift in stress-class composition is as relevant as the change in the
compound category itself. The proportion of neither-hot-nor-dry months decreased by nearly
13 percentage points, while hot-only and compound classes both expanded. Such changes can
affect crop development through several pathways: high daytime temperatures increase
canopy and atmospheric demand, rainfall deficits reduce direct soil-water replenishment, and
the concurrence of both stresses can restrict physiological recovery and increase irrigation
sensitivity. Reviews of crop responses indicate that compound heat-moisture extremes can
produce yield effects that differ from the sum of single-stress responses, which motivates
multi-stress adaptation rather than separate heat and drought management [8].

The monthly resolution also defines the scope of inference. A month classified as
compound hot-dry is not equivalent to a meteorological heatwave or a daily drought episode;
it represents a monthly-scale agroclimatic state. Short hot spells embedded in otherwise
moderate months can therefore be missed, and a monthly rainfall total does not describe event
timing or soil infiltration. Conversely, monthly screening is useful for long historical station
records because it provides a stable, transparent framework that can be applied when daily
data are incomplete. The method is therefore best viewed as a first-level agricultural climate-
risk indicator rather than a crop-damage model.

Data completeness is another limitation. Historical precipitation observations are less
complete than recent observations, particularly in summer, so frequency denominators differ
among months and periods. This was handled by retaining only observed Tmax-precipitation
pairs, explicitly reporting sample sizes, and avoiding any conversion of missing precipitation
to zero. The equal 30-year comparison and fixed-baseline sensitivity analysis further reduce
concern that the main conclusion is produced by historical record length or threshold
construction. Nevertheless, future work should repeat the analysis with homogenized daily
observations, soil-moisture or evapotranspiration indicators, crop-specific heat thresholds, and
additional stations across northwestern Tiirkiye.

V. CONCLUSION

Using a 97-year monthly station record, this study identified 23 compound hot-dry months
during the April-October agricultural season in Canakkale. The primary event frequency
increased from 2.25% in 1929-1995 to 6.97% in 1996-2025, corresponding to a recent-period
RR of 3.10 (p = 0.0064). An equal-length 30-year comparison produced a comparable RR of
3.33, while a fixed 1961-1990 threshold analysis yielded an RR of 2.81 (p < 0.001). Observed
compound occurrence was 1.57 times the frequency expected under independence, and the
overall four-class agroclimatic composition shifted significantly toward greater hot and
compound exposure. The latest 20-year window reached a compound-event frequency of
9.29%.

These convergent results show that the recent climate record contains a substantially
greater share of agricultural-season months in which exceptional daytime heat and
precipitation deficiency coincide. The framework does not quantify crop yield loss or
irrigation requirement directly, but it identifies climatic situations in which agricultural water-
management stress is more likely. Integrating compound-event screening with crop calendars,
soil-water observations, and irrigation scheduling could therefore improve local climate-risk
assessment and support adaptation planning in Mediterranean agricultural systems.
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Abstract: Precise Point Positioning (PPP) performance depends not only on the functional
model and the accuracy of precise products, but also on the appropriate stochastic modeling of
GNSS observations. In particular, observations at low elevation angles may be more affected
by multipath, atmospheric effects, and unmodeled residual errors. Therefore, elevation-
dependent weighting approaches are commonly used to reduce the contribution of such
observations to the solution. In this study, the effects of different observation weighting
approaches on the positioning accuracy and convergence performance of GPS-based static PPP
solutions were investigated. Six weighting approaches, namely Equal, Sin? Sine, Cosine,
Exponential, and Sine-Piecewise, were evaluated at six IGS stations using 24 h of GPS
observation data recorded at a 30 s sampling interval on day of year 001 of 2026. The same
observation data, precise orbit, clock, and bias products, and PPP processing parameters were
used in all solution scenarios so that the observed performance differences could primarily be
attributed to the weighting approach. The solutions were evaluated in terms of 2D and 3D RMS
values and 2D and 3D convergence times. The mean 2D RMS values ranged from 2.063 to
2.361 cm, while the mean 3D RMS values ranged from 3.026 to 3.328 cm. The lowest mean
2D RMS value was obtained with the Sine-Piecewise approach, whereas the lowest mean 3D
RMS value was achieved with the Sine approach. Compared with equal weighting, the mean
2D RMS decreased by approximately 12.6% with the Sine-Piecewise approach, while the mean
3D RMS decreased by approximately 9.1% with the Sine approach. The shortest mean 2D
convergence time was 8.25 min for both the Sin? and Sine approaches, while the shortest mean
3D convergence time was 8.33 min for the Sine approach. The Sine approach reduced the mean
3D convergence time by approximately 35.9% compared with equal weighting. The results
indicate that elevation-dependent observation weighting can improve PPP positioning accuracy
and convergence performance; however, the best-performing weighting approach may vary
depending on the station and the evaluation metric used.

Keywords: Precise Point Positioning (PPP), Observation Weighting, Stochastic Model,
Positioning Accuracy, Convergence Time

I. INTRODUCTION

Precise Point Positioning (PPP) is an absolute positioning technique that jointly utilizes
undifferenced GNSS pseudorange and carrier-phase observations [1], [2]. Unlike conventional
double-difference-based relative positioning methods, PPP enables high-accuracy positioning
with a single GNSS receiver without requiring a simultaneously operating reference station. In
this respect, PPP differs from Single Point Positioning (SPP), which is primarily based on code
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observations, through the use of precise satellite orbit and clock products, the inclusion of
carrier-phase observations in addition to code measurements, and the detailed modeling of
major error sources [3].

The performance of a PPP solution depends not only on the adopted functional model and
the accuracy of the precise products, but also on the appropriate characterization of the
stochastic properties of the observations. Realistic modeling of observation variances directly
affects the weighting of the observations in the Kalman filter and, consequently, the accuracy
of the estimated parameters.

The error characteristics of GNSS observations may vary depending on the satellite elevation
angle. In particular, observation quality may degrade at low elevation angles due to increased
multipath effects, atmospheric influences, and unmodeled residual errors. Therefore, instead
of assigning constant standard deviations to the observations, modeling the standard deviations
as a function of satellite elevation angle is a commonly adopted approach in PPP applications.

Kiliszek et al. [4] investigated the effect of elevation-dependent observation weighting on
GPS PPP solutions obtained using different precise orbit and clock products. Their results
showed that the impact of weighting on positioning accuracy and convergence time varied
depending on the precise product used. In most solutions, positioning accuracy was improved
and convergence time was reduced for some products; however, a slight degradation in
performance was observed for solutions based on Ultra-Rapid products. Liu et al. [5] examined
the effects of four different elevation-dependent stochastic models on positioning accuracy and
convergence performance in GPS/BDS PPP solutions. The study showed that the different
stochastic models produced similar results in terms of positioning accuracy and precision, with
differences remaining at the sub-millimeter level. In contrast, more pronounced differences
were observed in convergence time and convergence stability. Among the investigated models,
the stochastic model based on an exponential function was reported to provide the shortest
convergence time and the highest convergence stability. Liu et al. [6] evaluated the
performance of four different elevation-dependent stochastic models in real-time
GPS/Galileo/BDS PPP solutions. Although the models yielded similar positioning accuracy,
they had different effects on convergence time and convergence stability. Under the
investigated conditions, the sine-based weighting model was found to provide shorter
convergence times and more stable solutions.

Previous studies indicate that the observation weighting model can influence PPP positioning
accuracy and, in particular, convergence performance. However, the performance of different
weighting models may vary depending on the GNSS constellation used, the data set, the
processing strategy, and the adopted evaluation criteria. In this study, the effects of different
observation weighting models on GPS-based static PPP solutions were compared using the
same observation data from the same stations and identical processing parameters. In this way,
the analysis was designed so that the observed performance differences among the models
would primarily reflect the applied weighting approach rather than changes in the data set or
processing strategy. The models were evaluated in terms of 2D and 3D RMS (Root Mean
Square) values and convergence times.

II. DATA AND METHODOLOGY

A. Data Set and PPP Processing Strategy

Within the scope of this study, GNSS observation data from six IGS stations selected to
represent different geographical regions were used. The spatial distribution of the stations is
shown in Fig. 1. The analyses were performed using 24 h of GPS observation data recorded at
a 30 s sampling interval on day of year (DOY) 001 of 2026. The precise satellite orbit, clock,
and bias products required for the PPP solutions were obtained from the CODE MGEX Final
products for the same day. To evaluate the effects of different stochastic models on solution
performance under comparable conditions, consistent processing conditions were maintained
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across all stations and solution scenarios by using the same observation duration, sampling
interval, and precise products.
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- “zvi
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Fig. 1. Geographical distribution of the IGS stations used in the PPP analyses

To evaluate the effects of different stochastic models on PPP solution performance under
comparable conditions, all data-processing strategies and modeling options other than the
stochastic model were kept identical across all solution scenarios. Accordingly, the same
observation duration, sampling interval, precise products, and PPP processing parameters were
used for all stations. The PPP processing strategy and the main processing parameters applied
to all stations are presented in Table 1.

Table 1. PPP processing strategy adopted in the study

Parameters Models, Strategies and Data

Software In-house PPP software

Processing method Static PPP, post-processing mode

Observations GPS dual-frequency code and carrier-phase observations
Observation combination Dual-frequency ionosphere-free linear combination

Signal selection Code: P1/C1, P2; Phase: L1, L2

Precise products CODE MGEX final orbit and clock products

Estimation method Extended Kalman Filter (EKF)

Raw observation std Code: 0.30 m, Phase: 0.002 m

Observation weighting Equal and five elevation-dependent weighting models (see Section II. B)
Elevation cut-off 5°

Observation interval 30s

Troposphere Saastamoinen ZHD, VMF3 mapping functions, GPT3 gradients
Antenna corrections IGS ANTEX PCO/PCV corrections
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Parameters Models, Strategies and Data
Cycle slip detection Geometry-Free and Melbourne—Wiibbena combinations
Other corrections Phase wind-up [7], relativistic effects [8], solid Earth tides, phase—code

alignment, receiver clock-jump correction
Estimated state parameters Receiver coordinates, receiver clock offset, tropospheric zenith wet delay, float
carrier-phase ambiguities

Performance metrics 2D and 3D RMS, 2D and 3D convergence time (CT)

B. Observation Weighting Models

In this study, six different observation weighting models were evaluated to investigate the
effect of stochastic model selection on PPP solution performance. In the investigated models,
the nominal standard deviation values defined for code and carrier-phase observations were
used directly in the reference model, whereas in the other models these values were scaled
using different functions of the satellite elevation angle. Accordingly, the variances of the code
and carrier-phase observations as a function of elevation angle were generally expressed by (1)
and (2), respectively,

o5 (e) = apg q(e) (1)
ai(e) = aio q(e) 2)

where 03, ve 07, denote the nominal standard deviations assigned to the code and carrier-
phase observations, respectively, (e) is the satellite elevation angle, and g(e) represents the
variance scaling function of the corresponding model. The nominal standard deviations were
set to 0.30 m for code observations and 0.002 m for carrier-phase observations. Based on the
general formulation given in (1) and (2), the weighting models considered in this study are
described below.

Equal weighting represents the reference case in which no elevation-dependent scaling is
applied. In this case, the nominal standard deviations assigned to the code and carrier-phase
observations are used directly. Accordingly, the variance scaling function is defined by (3) as

qle) =1 3)

For the Sin*> model, the observation variance is scaled inversely with the square of the sine
of the satellite elevation angle [9, 10]. In this approach, the variance increases rapidly at low
elevation angles, whereas the scaling factor approaches unity as the satellite approaches the
zenith. Consequently, observations at low elevation angles are assigned lower weights in the
PPP solution. The variance scaling function of the model is defined by (4).

qle) == (4)

In the Sine model, the observation variance is scaled as a function of the sine of the satellite
elevation angle. The variance scaling function of the model is defined by (5). In this study, the
parameters (a) and (b) were both set to 1, resulting in the scaling function g(e) =1 +
1/sin?(e) [11].

b2
sin2(e)

qle) =a*+ (5)
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In the Cosine model, the observation variance is scaled as a function of the cosine of the
satellite elevation angle. The variance scaling function of the model is defined by (6) [9, 12].
In this study, @ = b = 1 was adopted, resulting in the scaling function g(e) = 1 + cos?(e).

q(e) = a? + b%cos?(e) (6)

In the Exponential model, the observation variance is scaled as a function of the satellite
elevation angle using an exponential function. The variance scaling function of the model is
defined by (7). In this study, a = 0.43,b = 1.77, and ¢, = 10° were used [4].

q(e) = a? + b% exp (— Z—e) (7)

€o

The Sine-Piecewise model, proposed by Withchayangkoon [13], defines different variance
scaling behaviors for observations at low and high elevation angles. In the Sine-Piecewise
model, a threshold elevation angle of 30° is used, and the observation variances at low
elevation angles are scaled more strongly, thereby assigning lower weights to these
observations. The variance scaling function used in this study is defined by (8).

1

- , e<30°

q(e) =" © ®)
- , e > 30°
sin (e)

The six weighting approaches evaluated in this study and their corresponding q(e) functions
are presented in Table II.

Table II. Observation weighting models evaluated in the study

Model No. Model Variance scaling function q(e)
Model 1 Equal Eq. (3)
Model 2 Sin? Eq. (4)
Model 3 Sine Eq. (5)
Model 4 Cosine Eq. (6)
Model 5 Exponential Eq. (7)
Model 6 Sine-Piecewise Eq. (8)

C. Performance Assessment

For the accuracy assessment of the PPP solutions, precise coordinates derived from the
weekly SINEX solutions of the analyzed IGS stations were used as reference coordinates. The
coordinates estimated from PPP were transformed into the local topocentric system with
respect to the reference coordinates, and the position differences in the east (AE'), north (AN),
and up (AU) directions were obtained for each epoch [14]. The horizontal (2D) and three-
dimensional (3D) accuracies of the solutions were computed using only the post-convergence
epochs according to (9) and (10), respectively. In the equations, n denotes the total number of
epochs included in the evaluation after convergence.

RMS,,, = \/% Y, (AE? + AN?) 9)
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RMS;p = | SIL, (AE7 +ANZ + AUD) (10)

Convergence time was determined as the elapsed time from the beginning of the solution to
the first epoch at which the positioning errors fell below the predefined threshold values and
remained continuously below these thresholds for 10 consecutive epochs. The convergence
criteria were set to 10 cm and 15 cm for the 2D and 3D positioning errors, respectively. The
post-convergence positioning accuracy of the PPP solutions was evaluated using the 2D and
3D RMS values calculated from the position differences obtained from the first epoch
satisfying the corresponding convergence criterion to the end of the solution.
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Fig. 2. Illustration of the convergence time determination criterion

III. RESULT AND DISCUSSION

This section comparatively examines the effects of six different observation weighting
approaches on PPP positioning accuracy and convergence performance. The evaluations were
carried out using the 2D and 3D RMS values and the 2D and 3D convergence times obtained
from six IGS stations. Differences among the weighting approaches were analyzed both on a
station-by-station basis and in terms of overall mean performance, and the dependence of PPP
solution performance on the weighting strategy, station, and performance metric was discussed.

A. Positioning Accuracy

Table III presents the station-based 2D and 3D RMS values obtained using the six different
observation weighting approaches, together with the mean results for the six stations. The mean
2D RMS values ranged from 2.063 to 2.361 cm, while the mean 3D RMS values ranged from
3.026 to 3.328 cm. Among the investigated approaches, the lowest mean 2D RMS value, 2.063
cm, was obtained with the Sine-Piecewise approach, whereas the lowest mean 3D RMS value,
3.026 cm, was achieved with the Sine approach. Compared with equal weighting, the mean 2D
RMS decreased by approximately 12.6% with the Sine-Piecewise approach, while the mean
3D RMS decreased by approximately 9.1% with the Sine approach.

The differences among the weighting approaches became more pronounced for the 3D RMS
values at some stations. However, the weighting approach yielding the lowest RMS values
varied from station to station. For example, at the YEL2 station, the lowest 2D RMS value was
obtained with equal weighting, whereas the lowest 3D RMS value was achieved with the
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Exponential model. Similarly, at the IZMI station, the Sine-Piecewise approach produced the
lowest 2D RMS value, while the Exponential model yielded the lowest 3D RMS value.

Overall, the results indicate that elevation-dependent weighting can improve PPP positioning
accuracy, although the magnitude of the improvement varies depending on the station and
weighting approach. Considering the mean results for the six stations, the Sine-Piecewise
approach provided the lowest 2D RMS, while the Sine approach produced the lowest 3D RMS.
Nevertheless, no single weighting approach showed consistently superior performance across
all stations.

Table III. Station-based 2D/3D RMS values obtained using different observation weighting approaches (cm)

Station Equal Sin? Sine Cosine Exponential Sine-Piecewise
YEL2  1.657/3.062 2.550/3.075 2.260/2.928 1.749/3.014 1.805/2.787 2.524/2.960
BRUX 1.726/2.116 1.621/2.167 1.601/2.118 1.661/2.103 1.673/2.150 1.645/2.208
1ZMI 2.278/2.854 1.949/3.445 1.928/3.115 2.166/2.861 2.114/2.844 1.890/3.484
BREW 1.685/2.576 1.417/2.028 1.390/2.023 1.605/2.465 1.426/2.190 1.431/2.015
HARB 5.058/6.162 3.473/4.166 3.653/4.364 4.750/5.802  4.576/5.495 3.253/3.809
URUM 1.762/3.198 1.663/3.720 1.630/3.605 1.728/3.191 1.646 /3.424 1.635/3.806
Mean  2.361/3.328 2.112/3.100 2.077/3.026 2.277/3.239  2.207/3.148 2.063 / 3.047

Equal sin® Sine Cosine Exponential Sine-Piecewise

@2BRMS (cm) @3BRMS (cm)

Fig. 3. Comparison of the mean 2D and 3D RMS values obtained using different observation weighting
approaches

B. Convergence Performance

Table IV presents the station-based 2D and 3D convergence times obtained for the six
different observation weighting approaches, together with the mean values for the six stations.
The mean 2D convergence times ranged from 8.25 to 11.50 min, while the mean 3D
convergence times ranged from 8.33 to 13.00 min. The shortest mean 2D convergence time,
8.25 min, was obtained with the Sin? and Sine approaches, whereas the shortest mean 3D
convergence time, 8.33 min, was achieved with the Sine approach. Compared with equal
weighting, the mean 2D convergence time decreased by approximately 28.3% for both the Sin?
and Sine approaches, while the mean 3D convergence time decreased by approximately 35.9%
for the Sine approach.

However, as observed for positioning accuracy, the convergence performance also varied
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among the stations, and no single weighting approach exhibited the same behavior across all
cases. In particular, at the HARB station, the 3D convergence time decreased from 34.0 min
with equal weighting to 15.0 min with the Sin?, Sine, and Sine-Piecewise approaches. In
contrast, at some stations, the differences among the weighting approaches were more limited,
or different approaches produced similar convergence times.

Overall, elevation-dependent observation weighting appears to have the potential to improve
PPP convergence performance. Considering the mean results of the six stations, the Sin? and
Sine approaches yielded relatively low average convergence times for both 2D and 3D
solutions; in particular, the Sine approach provided a pronounced reduction in 3D convergence
time compared with equal weighting.

Table IV. Station-based 2D/3D CT values obtained using different observation weighting approaches (min)

Station Equal Sin? Sine Cosine Exponential  Sine-Piecewise
YEL2 2.5/9.0 25/25 25/25 2.5/9.0 2.5/9.0 8.5/9.0
BRUX 50/7.5 4.0/3.0 4.0/3.0 45/6.0 3.0/25 4.5/4.0

1ZMI 12.0/11.0 7.0/10.5 7.5/10.5 12.0/11.0 12.0/9.5 7.5/10.5
BREW 11.0/5.5 10.5/7.5 10.5/7.5 10.5/6.0 11.0/7.5 10.0/7.5
HARB 33.5/34.0 14.0/15.0 13.5/15.0 33.0/33.0 12.0/25.0 14.0/15.0
URUM 5.0/11.0 11.5/125 11.5/11.5 45/11.0 9.5/4.0 11.0/11.5
Mean 11.50/13.00 8.25/8.50 8.25/8.33 11.17/12.67 8.33/9.58 9.25/9.58
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Fig. 3. Comparison of the mean 2D and 3D CT values obtained using different observation weighting approaches

IV. CONCLUSION

This study investigated the effects of different observation weighting approaches on PPP
positioning accuracy and convergence performance. Six weighting approaches, namely Equal,
Sin?, Sine, Cosine, Exponential, and Sine-Piecewise, were compared at six IGS stations using
the same PPP processing strategy. The evaluations were conducted based on 2D and 3D RMS
values and 2D and 3D convergence times.

The results showed that the observation weighting approach can have a noticeable effect on
PPP performance. Considering the mean results of the six stations, the lowest 2D RMS value
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was obtained with the Sine-Piecewise approach at 2.063 cm, followed by the Sine approach at
2.077 cm. For 3D RMS, the lowest mean value of 3.026 cm was achieved with the Sine
approach. Compared with equal weighting, the mean 2D RMS decreased by approximately
12.6% with the Sine-Piecewise approach, while the mean 3D RMS decreased by approximately
9.1% with the Sine approach. In terms of convergence performance, the Sin* and Sine
approaches provided the shortest mean 2D convergence time of 8.25 min, whereas the shortest
mean 3D convergence time of 8.33 min was obtained with the Sine approach. The Sine
approach reduced the mean 3D convergence time by approximately 35.9% compared with
equal weighting.

However, the station-based results showed that no single weighting approach provided the
best performance across all stations and all performance metrics. Nevertheless, when the mean
results of the six stations were considered, all elevation-dependent weighting approaches
yielded lower 2D and 3D RMS values and shorter 2D and 3D convergence times than equal
weighting. The findings of this study are limited to the six stations and the one-day data set
analyzed herein. Therefore, further investigations using different data sets and observation
conditions are required to more comprehensively assess the performance of the weighting
approaches.
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Abstract: Additive site-selection scores let a strong resource value compensate for an unsafe,
prohibited or seasonally inoperable reach. This matters in semi-arid urban waterways, where
low flow, rapid floods, debris and sparse observation govern whether a turbine can run at all.
This paper sets out a screening sequence with four components. Physical, legal and ecological
gates are applied before any weighting. Net energy is integrated only inside the device
operating envelope. Preference comparison is bounded by veto thresholds, and evidence
confidence is reported beside each criterion rather than multiplied into it. The sequence is run
end to end on a synthetic five-reach example whose device envelope, velocity generator,
probability distributions, decision thresholds and random seed are all reported, so that the
calculation can be repeated. Three results follow. An additive score computed on the same
inputs ranks an ecologically excluded reach second of five, above two reaches that pass every
gate. Within the feasible set, the reach with the largest annual net electricity is not the reach
the sequence recommends, because its debris outages cross the veto threshold. Loss accounting
shows that differences between reaches come from producible hours and outage frequency
rather than from peak velocity, the lowest-velocity feasible reach losing 109 days to velocities
below cut-in. Over 20,000 draws the recommended reach is selected in 80 percent of cases
against 76 percent for the highest score, and that gap is the veto operating. The contribution is
a screening-to-validation protocol with a reproducible worked example, not a universal score
or a verified generation forecast.

Keywords: Decision Support, Evidence Confidence, Hydrokinetic Energy, Operational
Availability, Sustainable Urbanization, Urban Waterways

I. INTRODUCTION

Hydrokinetic turbines extract energy from the velocity of moving water without a large
hydraulic head or a storage reservoir. River currents, artificial channels, irrigation canals and
some wastewater conveyance systems can therefore support distributed generation where
conventional hydropower is unsuitable [1]—[3]. The technology suits urban waterways because
electricity is generated near demand, but urban settings also concentrate infrastructure, public
access, flood hazard and ecological pressure.

Resource assessment cannot stop at the fastest cross-section. A feasible installation must stay
submerged, limit blockage, survive floods, pass debris, allow maintenance access, protect
habitat and connect safely to a load. Spatial multi-criteria analysis can combine these
conflicting factors, but only when fatal constraints, uncertainty and preference remain visible
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in the output, and seasonal streams sharpen the problem because high instantaneous power can
coexist with few annual operating hours. This paper therefore asks how fatal constraints should
be separated from compensable preferences, and how operating time and evidence quality
should modify a first-pass ranking. The answer offered is a decision sequence for screening,
with a worked example that runs every component of that sequence on inputs a reader can
regenerate.

I. LITERATURE REVIEW

Successive technology reviews have catalogued device configurations, conversion systems
and micro-scale rural applications [4], [5]. The applied literature has since moved toward
integrated spatial decisions. Fouz et al. [6], [7] combined exploitable resource, installation cost
and socioeconomic-environmental effects in an integrated index and then extended it toward
cost-effective siting, while Carballo et al. [8] proposed an integrated framework for sustainable
exploitation. Bnoussaad [9] applied weighted overlay to the Hudson River, Brown et al. [10]
compared Alaskan communities across resource, demand, grid, economic and climate-risk
factors, and Salinas-Ledn and Ochoa-Correa [11] applied a spatial multi-criteria approach with
analytic hierarchy weights to Ecuadorian rivers. A recent review reinforces the need to match
device geometry to site characteristics [12].

Spatial multi-criteria analysis and integrated indices are therefore established, and three
things these studies leave open define the gap addressed here. Constraints that cannot be traded
away are handled inside the same weighted sum as preferences, so a fatal condition can be
outweighed. A velocity statistic is used in place of producible hours, although power depends
on the cube of a time-varying velocity and floods lie outside the device envelope rather than
inside the resource. The quality of the evidence behind a criterion is either ignored or multiplied
into the score, which has no physical interpretation.

II. MATERIALS AND METHODS

A. Resource and Site Conditions

Kinetic power scales with the cube of the representative velocity, and the extractable fraction
depends on the power-coefficient curve and on electrical losses, so annual energy must be
computed from a time-varying velocity rather than from an annual mean [13]. Device and site
are screened together: depth and clearance constrain rotor size, narrow geometries require
explicit blockage assessment [14], and sediment response matters for foundations [15]. Fish
responses depend on species, confinement, visibility and turbulence, so ecological gates must
be set case by case [16], [17].

B. Gates Before Weighting

The waterway is divided into hydraulically coherent reaches, inputs and provenance are
inventoried, flow regimes are characterized, gates are applied, surviving reaches are ranked
using performance and availability indicators while evidence confidence is reported separately
and used in the advancement rule, and robust candidates proceed to measurement. A reach fails
before any weighting if a single gate returns zero, so feasibility is the Boolean product

Fi = 1 i gir € {0,1} (1)
which prevents a high velocity or a short grid distance from compensating for inadequate
submergence, prohibited use or unacceptable flood and safety conditions.

C. Operating States and Net Energy

Let i denote a reach, d a device and t a time step. The operating indicator 0;4; equals one only
when velocity lies inside the device envelope, depth and clearance suffice, blockage stays
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below the project limit, and no flood, debris, curtailment or maintenance flag is active. This
keeps flood peaks out of the production total. Net annual electricity is

Eig = Ze|1/2 pAaCpa(Vie)Vitna Oiar — Pauxa] At @)
where p is water density, A, the swept area, Cp, 4 the power-coefficient curve, 14 drivetrain
and electrical efficiency, and P,,x auxiliary demand. Substituting an average velocity into a
cubic relation is not equivalent.

D. Preference Comparison Bounded by Veto
For feasible pairs, benefit criteria are normalized as

__ Xij=Xjmin
L£7 Ev— 3)
Xjmax—Xjmin
with the direction reversed for cost criteria, and a diagnostic score summarizes the trade-offs,

Equation (4) is compensatory by construction. Non-compensation comes from the gates that
precede it and the veto thresholds applied after it, and analytic hierarchy weighting is used only
to elicit the weights, never to declare a site feasible. Because the normalization range is taken
from the alternatives that survive the gates, adding or removing a candidate can change the
order of the rest; normalizing against the device envelope or a regulatory limit removes that
dependence. Final comparison combines two rules. An outranking relation records which
alternatives are strictly preferred: alternative a outranks b only when the weighted concordance
index reaches a predeclared level and no criterion vetoes the comparison,

C(a,b) =X;wjci(a,b), a>b e C(a,b)=c” and vj(a,b) =0 Vj (5

where ¢j(a, b) equals one when a is at least as good as b on criterion j and zero otherwise, ¢
is the concordance level, set to 0.60 here, and v; is the veto indicator for criterion j. The relation
is partial: pairs that reach neither direction are incomparable, and incomparability is a
legitimate output rather than a failure. Because a partial relation need not identify a single
candidate, the recommendation itself follows a veto-bounded ranking rule, which selects the
highest-scoring alternative that carries no active veto. Results are then assigned to action
classes: A for field verification, B for targeted data collection, C for redesign or deferral, D for
rejection. Table 1 gives the criterion groups, the illustrative weights and the indicator carrying
each group.

Debris enters the sequence twice, and the two roles are distinct. Debris-related downtime
modifies annual energy and operational availability, whereas the veto represents a separate
project-level maintainability constraint. The veto is triggered only when the outage burden
exceeds the maximum operationally acceptable level, so the criterion is not penalized twice for
the same reason.

Table 1. Criterion groups, illustrative weights and the indicator carrying each group.

Criterion group Weight Indicator
Hydraulic resource 0.30 Annual net electricity, (2)
Technical feasibility 0.20 Depth and blockage margin
Hazard and operability 0.20 Operational availability
Environmental compatibility 0.15 Habitat sensitivity index
Spatial and economic integration 0.15 Access and connection index
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E. Evidence Confidence

Evidence confidence is reported beside every criterion on an ordinal provenance scale: El
multi-season field measurement, E2 calibrated model, E3 short campaign, E4 spatial proxy, ES
expert assumption. Confidence is deliberately not multiplied into suitability or energy, because
such a product has no physical interpretation and can reverse preferences arbitrarily. A
predeclared rule instead moves any class-A candidate carrying a decision-critical E4 or ES
input into class B until the uncertainty is reduced, and missing values never receive a neutral
score. The effect is easiest to see on the example below. If the velocity input of R3 rested on
an E4 spatial proxy rather than on measurement, the advancement rule would move R3 from
class A to class B despite its leading score, and it could return to class A only after targeted
measurement removed the evidence limitation.

F. Specification of the Synthetic Example

Table 2 gives the specification. Every entry is a declared assumption of this demonstration,
and none of it describes a real device or a real reach. Five hypothetical reaches represent
regulated canal flow, shallow intermittent flow, stable treated-effluent contribution, high-
resource debris exposure and an ecologically protected reach.

The power coefficient follows a smooth ramp between cut-in and rated velocity and is then
reduced so that shaft power is held at its rated value up to cut-out,

0 V< ViporV >V
V—Vin
Cp (V) = Cp,max(3x2 - ng), X = m Vin <V < Vrated (6)
Cp,max(Vrated/V)3 Viated SV < Vout

Daily velocity is the product of a seasonal shape and lognormal variability: the shape is 1 +
acos(2m(t — ty)/365) with amplitude a = 0.55 and peak on day t, = 75, and the multiplier
is lognormal with median one and log standard deviation 0.35. A flood event drawn on day t
is retained with probability equal to the seasonal shape at t divided by 1+ a, which
concentrates floods in the wet season. Where outages coincide, precedence runs flood, then
debris, then maintenance, so each non-operating day is attributed to one cause only and the day
counts in Table 3 sum with the operating days to 365.

Table 2. Specification of the synthetic demonstration.

Setting Value
Rotor diameter; swept area 1.50 m; 1.77 m?
Cut-in; rated; cut-out velocity 0.70; 2.00; 3.00 m/s
Peak power coefficient; efficiency 0.40; 0.85
Auxiliary demand; clearance each side 40 W;0.25m
Minimum depth; blockage limit 2.00m; 0.15
Seasonal amplitude; peak day 0.55; day 75
Day-to-day variability, log SD 0.35
Floods per year; duration; multiplier 4;2t04d;2.5t04.0
Debris outages, low / moderate / high 2/6/ 14 per year; 1 to 3 d each
Scheduled maintenance 5 d, low-flow season
Draw: velocity scale Lognormal, median 1.00, log SD 0.15
Draw: peak power coefficient Normal(0.40, 0.03), truncated to [0.30, 0.48]
Draw: drivetrain efficiency Normal(0.85, 0.03), truncated to [0.75, 0.93]
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Setting Value
Draw: debris outage rate Gamma, shape 4, scale = class rate / 4
Draw: weights; veto threshold Dirichlet(40 w); Uniform(0.03, 0.06)
Concordance level c* 0.60
Number of draws; random seed 20,000; 20260922

III. RESULTS AND DISCUSSION

A. Gate Outcome and Operating States

Table 3 reports the reach inputs, the gate result and the operating quantities computed from (2).
Blockage ratios are 0.10, 0.14, 0.09, 0.12 and 0.10 for R1 to RS, the debris classes are moderate,
low, low, high and moderate, the habitat sensitivity indices are 0.35, 0.30, 0.40, 0.55 and 0.90,
and the access indices are 0.55, 0.60, 0.70, 0.45 and 0.65. Availability is the operating share of
the year: 0.63, 0.50, 0.70, 0.72 and 0.73. Two reaches are removed before any weighting: the
shallow reach fails the submergence gate because its depth is below the 2.00 m required by the
device envelope, and the protected reach fails the ecological gate. Neither exclusion depends
on how favourable the remaining criteria are.

Table 3. Synthetic reach inputs, gate result and computed operating quantities. Days lost are
attributed to one cause each and sum with operating days to 365.

Net
V  Depth Operating Below Flood Debris Maintenance
Reach /o) (m) Gate d  cutind d d d (lf;“f;;gyyr)
R1 1.10 2.2 Pass 229 109 11 11 5 3472
R2 075 og _ rab 181 177 0 4 3 1132
submergence
R3 125 2.8 Pass 256 90 10 4 5 4877
R4 145 24 Pass 264 58 21 17 5 5854
Fail: legally
RS 1.30 2.6 protected 267 80 9 4 5 5082
habitat

Five maintenance days are scheduled on every reach. R2 records three, because two of them
coincide with debris outages and the precedence rule counts each day once, under the higher-
precedence cause.

The totals show why a velocity statistic is a weak proxy for deliverable energy. R4 records
the largest annual net energy at 5854 kWh but loses the most days to hazard: 21 to flood or
above-envelope velocity and 17 to debris clearance, against 10 and 4 for R3. The lowest-
velocity feasible reach, R1, loses 109 days to velocities below cut-in, the dominant loss
mechanism in a seasonal regime and one invisible in any annual mean (Fig. 1).
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Figure 1. Days lost per year by cause for each reach.

B. What an Additive Score Does with The Same Inputs

Table 4 reports the diagnostic score of (4) computed on all five reaches with the gates and the
veto switched off. The ecologically protected reach R5 ranks second of five and outscores two
reaches that pass every gate. Its high velocity, adequate depth, low blockage and high
availability are enough to carry a habitat sensitivity of 0.90 through the weighted sum. On these
inputs an additive map would place an ecologically excluded reach above feasible alternatives,
and the exclusion would have to be remembered by the analyst rather than enforced by the
method.

Table 4. Additive score with gates and veto switched off.

Reach Additive score Passes every gate
R3 0.887 Yes
RS 0.741 No: protected habitat
R4 0.701 Yes
R1 0.608 Yes
R2 0.240 No: submergence

C. Gated Ranking, Veto and Recommendation

Within the feasible set the diagnostic scores are 0.794 for R3, 0.533 for R4 and 0.277 for R1.
With the debris veto threshold at 4 percent of the year, R4 loses 4.7 percent to debris clearance
and is vetoed, so it cannot outrank another alternative regardless of its score. Table 5 gives the
pairwise concordance indices for the three feasible reaches. Only one pair reaches the level of
0.60: R3 outranks R1 with a concordance of 0.85. R3 and R4 reach 0.50 in both directions and
are therefore incomparable under the relation, and R4 cannot outrank anything because its veto
is active. Because the relation does not single out a candidate, the recommendation comes from
the veto-bounded ranking rule.

Table 5. Weighted concordance index C(a,b) for the feasible reaches. The concordance level

is 0.60.
C(a,b) R1 R3 R4
RI . 0.15 0.50
R3 0.85 . 0.50
R4 0.50 0.50

Table 6 compares the three decision models on the same inputs. A gate-only mask, which is
standard practice in spatial screening, already removes the two infeasible reaches, but it leaves
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the ranking of the survivors to the weighted sum alone. Adding the veto changes the output
from a ranking into an assignment, and it is that step, not the mask, that separates the best score
from the recommended action.

Table 6. Output of three decision models on the same inputs.

Decision model Output
Additive score only R3>R5>R4>RI>R2
Gates, then additive score R3>R4>RI1

R3 to field verification; R4 to targeted data collection; R1 retained as

Gates, score, then veto . . .
’ ’ a lower-priority feasible alternative

The outcome separates three quantities that an additive map would merge: R4 has the largest
annual net energy, R3 has the highest diagnostic score, and R3 is also the reach recommended
for field verification because it is the highest-scoring alternative carrying no active veto. R4 is
assigned to targeted data collection, since a debris-frequency campaign would establish
whether its outage rate is genuinely above the project limit, and R1 is retained as a lower-
priority feasible alternative, since it passes every gate and carries no veto but has the weakest
resource persistence of the three.

D. Uncertainty

Table 7 reports the probabilities and score intervals for the three feasible reaches under the
distributions of Table 2. R3 holds the highest score in 76 percent of draws and is recommended
in 80 percent. That gap is the veto operating: R4 occasionally achieves the highest score, but
its debris outage rate crosses the threshold often enough that it is recommended in only 7
percent of draws. The Monte Carlo standard error of a probability near one half is 0.4
percentage points at this sample size, so probabilities are reported to the nearest percentage
point.

Table 7. Robustness over 20,000 draws.
Reach  P(highest score) P(recommended) Sth to 95th percentile

R1 13% 13% 0.20 to 0.75
R3 76% 80% 0.41 to 0.98
R4 11% 7% 0.04 to 0.63

E. Interpretation and Limits

Gates and vetoes changed the selected reach on inputs where a weighted sum did not, and
the difference came from producible hours and outage frequency rather than from peak
velocity. This has a direct consequence for semi-arid cities: intermittent streams can show high
velocities during short storms and still deliver little dependable annual energy, which is what
the 109 days below cut-in at R1 represent. Treated wastewater discharges and regulated canals
may offer more persistent flow, but water quality, corrosion, fouling and operational control
then become more important. The appropriate unit of comparison is not peak theoretical power;
net annual energy, producible hours, capacity factor, shutdown frequency and maintenance
burden belong in the same table.

The limits should be read with the results. The example is synthetic, so it shows that the
sequence behaves as intended on known inputs and says nothing about any real river. The
velocity generator is a stylized seasonal process rather than a calibrated hydrological model.
The device envelope is a declared specification to be replaced by a certificate in any
application. Absolute energy values therefore carry no external meaning, while the relative
ordering is the object of interest. The weights stand in for elicitation and must not be reused as
design defaults, and because normalization is taken over the surviving set the scores would
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shift if a sixth reach were added. The confidence rule was not activated in the base-case
calculation, because the only reach carrying a low-confidence critical input was removed by a
gate first; its operation is instead illustrated by the hypothetical R3 scenario in Section IILE.
Debris probability and rapid-flood shutdown dominated the availability differences here and
are poorly reported in a record that favors successful demonstrations.

IV. CONCLUSION

Hydrokinetic siting in urban waterways cannot be reduced to finding the highest current
velocity. Velocity controls resource magnitude, but dependable deployment also requires
adequate depth and clearance, persistent flow, manageable blockage, flood survival, debris
tolerance, ecological compatibility and a feasible connection. Four steps follow. Physical,
legal, safety and ecological exclusions are applied before weighted ranking. Energy is
integrated only inside the operating envelope. Vetoes bound the weighted comparison.
Evidence confidence is reported beside each criterion instead of being multiplied into the score.
On the synthetic example this changed the recommended reach, and the published specification
allows the calculation to be repeated. Final decisions still require field verification, calibrated
hydraulics, turbine-specific performance data and lifecycle assessment, so the approach lets
limited desk-stage data direct investigation while preventing a screening map from being read
as a verified generation forecast.

REFERENCES

[1] M. J. Khan, G. Bhuyan, M. T. Igbal, and J. E. Quaicoe, “Hydrokinetic energy conversion
systems and assessment of horizontal and vertical axis turbines for river and tidal
applications: A technology status review,” Applied Energy, vol. 86, no. 10, pp. 1823—
1835, 2009. doi: 10.1016/j.apenergy.2009.02.017

[2] M. S. Giiney and K. Kaygusuz, “Hydrokinetic energy conversion systems: A technology
status review,” Renewable and Sustainable Energy Reviews, vol. 14, no. 9, pp. 2996—
3004, 2010. doi: 10.1016/j.rser.2010.06.016

[3] N. D. Laws and B. P. Epps, “Hydrokinetic energy conversion: Technology, research, and
outlook,” Renewable and Sustainable Energy Reviews, vol. 57, pp. 1245-1259, 2016. doi:
10.1016/j.rser.2015.12.189

[4] H. J. Vermaak, K. Kusakana, and S. P. Koko, “Status of micro-hydrokinetic river
technology in rural applications: A review of literature,” Renewable and Sustainable
Energy Reviews, vol. 29, pp. 625-633, 2014. doi: 10.1016/j.rser.2013.08.066

[5] W. L Ibrahim et al., “Hydrokinetic energy harnessing technologies: A review,” Energy
Reports, vol. 7, pp. 2021-2042, 2021. doi: 10.1016/j.egyr.2021.04.003

[6] D. M. Fouz, R. Carballo, I. Lépez, and G. Iglesias, “A holistic methodology for
hydrokinetic energy site selection,” Applied Energy, vol. 317, 119155, 2022. doi:
10.1016/j.apenergy.2022.119155

[7] D. M. Fouz, R. Carballo, I. Lopez, and G. Iglesias, “A methodology for cost-effective
hydrokinetic energy site selection,” Energy, vol. 282, 128373, 2023. doi:
10.1016/j.energy.2023.128373

[8] R. Carballo, D. M. Fouz, 1. Lopez, and G. Iglesias, “i-IHE: An integrated framework for
sustainable hydrokinetic-energy exploitation,” Renewable Energy, vol. 237, 121695,
2024. doi: 10.1016/j.renene.2024.121695

[9] A. Bnoussaad, “Multicriteria suitability modeling for in-river hydrokinetic turbines: Case
of the Hudson River,” M.Sc. dissertation, NOVA University Lisbon, 2022.

131



6" Global Conference on Engineering Research (GLOBCER '26)

[10] E. J. Brown et al., “Site suitability analysis of hydrokinetic river energy resources at
community microgrids on the Kuskokwim River, Alaska,” Renewable Energy, vol. 217,
119083, 2023. doi: 10.1016/j.renene.2023.119083

[11] C.D. Salinas-Leo6n and D. V. Ochoa-Correa, “Multicriteria analysis for the site selection
of hydrokinetic turbines for renewable energy generation: A case study in Ecuador,”
Renewable Energies, vol. 3, no. 1, pp. 1-14, 2025. doi: 10.1177/27533735251340200

[12] S. Yadav, A. Kumar, G. Saini, and R. P. Saini, “Selection criteria for hydro kinetic
turbines and implications,” Renewable and Sustainable Energy Reviews, vol. 226,
116594, 2026. doi: 10.1016/j.rser.2025.116594

[13] IEC TS 62600-301:2015, Marine energy—Part 301: River energy resource assessment.
Geneva, Switzerland: International Electrotechnical Commission, 2015.

[14] C. M. Niebuhr, M. van Dijk, V. S. Neary, and J. N. Bhagwan, “A review of hydrokinetic
turbines and enhancement techniques for canal installations: Technology, applicability
and potential,” Renewable and Sustainable Energy Reviews, vol. 113, 109240, 2019. doi:
10.1016/j.rser.2019.06.047

[15] R. Ramirez-Mendoza, F. J. Murillo, and G. Rivillas-Ospina, “Numerical hydrodynamic-
hydrokinetic turbine interaction model and sediment transport applications,” Renewable
Energy, vol. 129, pp. 271-284, 2018. doi: 10.1016/j.renene.2018.05.094

[16] L. Hammar et al., “Hydrokinetic turbine effects on fish swimming behaviour,” PLOS
ONE, vol. 8, no. 12, 84141, 2013. doi: 10.1371/journal.pone.0084141

[17] S. Miiller et al., “Fish response to the presence of hydrokinetic turbines as a sustainable
energy solution,” Scientific Reports, vol. 13, 7459, 2023. doi: 10.1038/s41598-023-
33000-w

132



é’&(e’
Se &
O % ‘o

>
o
¥ Conferenc®

&

o

eering e

GLOBCER’26, 14-17 October 2026

%

o,,

In Silico Investigation of Origanum onites Essential Oil
Constituents against Cancer- and Inflammation-Associated
Molecular Targets

"' Chahrazed Haouam
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ABSTRACT

Origanum onites L. essential oil is well known for its rich and diverse blend of volatile
compounds, several of which have been associated with notable biological activities. Building
on this background, the present study used molecular docking to investigate how the oil's
major constituents interact with three protein targets closely linked to cancer biology:
epidermal growth factor receptor (EGFR), matrix metalloproteinase-9 (MMP-9), and
cyclooxygenase-2 (COX-2).

For this purpose, the main constituents identified in the essential oil were docked into the
crystal structures of EGFR (PDB ID: 1M17), MMP-9 (PDB ID: 4XCT), and COX-2 (PDB
ID: 3LN1). Prior to the docking runs, the protocol was validated by redocking each protein's
native co-crystallized ligand into its own binding site, confirming that the method could
reliably reproduce the experimentally observed binding poses. The predicted binding
affinities, orientations, and key residue interactions were then analyzed in detail for each
compound.

Across the three targets, the constituents showed clearly distinct binding profiles. Several
stood out with favorable predicted binding affinities and formed meaningful interactions with
residues known to be involved in ligand recognition. Taken together, these results provide a
molecular-level picture of how O. onites constituents may engage with proteins implicated in
cell proliferation, extracellular matrix remodeling, and inflammatory processes.

Although these findings are purely computational, they highlight specific compounds and
interactions that merit further investigation, providing a useful foundation for future
biochemical and cell-based studies aimed at validating their actual biological relevance.

Keywords: Origanum onites L.; essential oil; molecular docking; EGFR; MMP-9; COX-2;
molecular interactions, natural products
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ABSTRACT

Accurate and reliable energy calculation of natural gas is of great importance for
measurement, billing, operation, energy management and technical evaluation processes.
Since the energy content of natural gas varies depending on its composition and various
thermodynamic parameters, the accurate evaluation of these parameters is essential for
reliable energy calculations. In this study, a mobile application was developed to calculate the
energy content of natural gas at natural gas stations using gas composition and relevant
thermodynamic parameters according to ISO 6976:1995. The developed application aims to
provide a fast, reliable, repeatable and user-friendly method for calculating energy quantities.

Within the scope of the study, gas composition data and other relevant parameters required
for energy calculations were obtained from 11 different natural gas stations operated by
BOTAS. Real field data collected from these stations were used in the developed mobile
application to perform the necessary calculations and determine the energy values of natural
gas. The calculation algorithm of the application was designed to automatically perform
energy calculations based on the entered gas composition and thermodynamic parameters.
This approach enables the calculation process to be carried out more rapidly and consistently.

To evaluate the accuracy and reliability of the developed mobile application, the obtained
results were compared with those calculated using Kelton Flocalc, which was used as the
reference application in natural gas and oil industry. The results demonstrated that the energy
values calculated by the developed mobile application were exactly identical to those obtained
from Kelton Flocalc. This finding confirms that the calculation algorithm implemented in the
mobile application is fully consistent with the reference application.

The results indicate that the developed mobile application can be effectively used to
perform fast, reliable and practical energy calculations at natural gas stations. Its mobile
platform provides a significant operational advantage by enabling calculations to be
performed under field conditions without requiring a computer or fixed system. This study
presents a validated, user-oriented digital solution that can support field operations and
improve the efficiency of energy calculation processes in the natural gas industry.

Keywords—FEnergy Calculation; 1SO 6976:1995; Kelton Flocalc;, Natural Gas; Mobile
Application
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ABSTRACT

Urban density is often associated with building height. However, for a given total building
floor area, different distributions of building footprint can result in substantially different
building heights and open-space configurations. This study revisits the Fresnel Diagram as used
by Leslie Martin and Lionel March to explore how the same amount of floor space can be
accommodated in different ways on a given site, particularly through the comparison of
centralised pavilion and perimeter-based courtyard forms. Building on this theoretical
approach, the present study compares a reference layout composed of detached building blocks
with four alternative courtyard-based configurations derived from the geometric logic of the
Fresnel Diagram. Across all cases, site area and total building floor area are held constant, while
the spatial distribution of building footprint is varied. In the courtyard-based alternatives, the
footprint is redistributed from small detached blocks to larger perimeter blocks enclosing more
continuous central open spaces. The comparison considers total building footprint, equivalent
average number of storeys, and open-space organisation. Changes relative to the reference
configuration are expressed as the percentage reduction in equivalent average number of storeys
and the percentage increase in total building footprint. The calculations reveal a clear trade-off
between building footprint and building height. In the reference model, a footprint of 38,400
square metres requires eight storeys to accommodate the total building floor area. In the
courtyard-based alternatives, the footprint increases to between 71,520 and 82,080 square
metres, representing an increase of approximately 86 to 114 percent. This allows the same total
building floor area to be accommodated with an equivalent average of 3.74 to 4.30 storeys. This
corresponds to a reduction in the equivalent average number of storeys of approximately 46 to
53 percent. The results show that the same total building floor area can be accommodated
through substantially different combinations of building footprint and building height. More
importantly, the findings suggest that redistributing building footprint according to the
geometric logic of the Fresnel Diagram can support lower-rise urban development without
reducing total building floor area. The study therefore presents the Fresnel Diagram as a simple
geometric framework for testing alternative density distributions and for examining the
relationships between building footprint, equivalent average number of storeys, and open-space
organisation.

Keywords—Fresnel Diagram; Urban Density; Urban Morphology, Floor Area; Building
Height; Open Space
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ABSTRACT

Freshwater scarcity and increasing competition among agricultural, urban, and industrial
water users are strengthening interest in the reuse of treated municipal wastewater for
irrigation. Treated wastewater can provide a relatively reliable supplementary water source
while also supplying nitrogen, phosphorus, potassium, and other nutrients that may partially
reduce mineral fertilizer requirements. However, these benefits are accompanied by
environmental and health related concerns that require appropriate management. This focused
narrative review synthesizes recent peer reviewed evidence, field studies, meta analyses,
regulatory documents, and international guidance on the opportunities, risks, and management
requirements of treated municipal wastewater reuse for agricultural irrigation. The main
benefits are freshwater substitution, improved irrigation supply reliability, and nutrient
contribution. Field evidence indicates that treated wastewater can maintain acceptable crop
productivity under suitable conditions, although yield enhancement is not universal and
nutrient inputs do not necessarily replace conventional fertilization. Salinity and sodicity are
among the most important environmental constraints. Repeated irrigation may increase soil
electrical conductivity and sodium adsorption ratio, with consequences that depend on soil
texture, drainage, irrigation history, and wastewater characteristics. Elevated sodicity should
therefore be interpreted as a degradation pressure requiring monitoring rather than automatic
evidence of structural soil failure. Microbiological safety is determined by the entire reuse
pathway rather than treatment status alone. Treatment performance, crop type, irrigation
method, and contact between irrigation water and edible plant tissues strongly influence
exposure. Microbial contamination of irrigation water does not necessarily result in
contamination of harvested crops, but appropriate treatment, disinfection, and verification
monitoring remain necessary. Residual pharmaceuticals, other contaminants of emerging
concern, and antimicrobial resistance determinants introduce additional uncertainty. Their
occurrence in treated water should not be equated directly with crop accumulation,
meaningful exposure, or demonstrated health effects because risk is contaminant, pathway,
and receptor specific. Safe agricultural reuse therefore requires a fit for purpose, multi barrier
approach that combines treatment, monitoring, crop selection, irrigation practice, soil
characteristics, and exposure pathways. Current risk based regulatory frameworks reinforce
this system level perspective by extending management beyond the reclamation facility to
distribution, storage, field application, and environmental monitoring. Overall, sustainable
reuse depends on matching water quality with crop, soil, and irrigation conditions and
maintaining effective monitoring and risk management throughout the complete reuse system.

Keywords: Treated Municipal Wastewater, Agricultural Irrigation;, Water Reuse; Salinity;
Sodicity; Emerging Contaminants, Risk Management
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Education Using Scientific Mapping and Fuzzy Logic
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ABSTRACT

The sustainability of food systems is a multidisciplinary field encompassing food safety,
environmental conservation, economic accessibility, healthy nutrition, and social well-being.
Global population growth, climate change, increasing pressure on natural resources, food
waste, changing consumption patterns, and economic inequalities have intensified the need
for sustainable food systems. However, transforming production and supply chains alone is
insufficient. Enhancing individuals’ knowledge and awareness of food safety, healthy
nutrition, environmental sustainability, and responsible consumption is equally important. In
this context, education plays a critical role in transforming knowledge and attitudes into
sustainable behaviors and promoting safe and responsible food practices throughout
society.This study aims to examine the global scientific development of food sustainability
education through bibliometric and scientific mapping techniques and to explore the potential
contribution of Fuzzy Logic to the assessment of food safety awareness, consumer attitudes,
perceptions, and sustainable food behaviors. The conceptual framework focuses on the
relationship between sustainable food systems and consumer education, with particular
emphasis on food safety awareness, sustainable nutrition, responsible consumption, and
behavioral transformation. The consumer-oriented component of the study is planned to use
online survey data collected from individuals residing in different provinces of Tiirkiye and
Turkish consumers living in France, Germany, the United Kingdom, North Macedonia,
Kosovo, and Bulgaria. The survey addresses food purchasing practices, sources of food safety
information, general food safety awareness, knowledge of risky foods, and awareness of
foodborne illnesses. Fuzzy Logic is proposed as an analytical approach for modeling
consumer awareness, attitudes, and perceptions through graded membership functions rather
than rigid categorical classifications. Linguistic variables such as “low,” “medium,” and
“high” can thus be represented mathematically, allowing uncertainty and gradual differences
in consumer awareness to be incorporated into the analysis. The international sample is
intended to facilitate comparisons of how educational, economic, and socio-cultural
conditions may influence food safety awareness among consumers with similar cultural
backgrounds. The bibliometric component examines thematic evolution, keyword co-
occurrences, co-citation relationships, research clusters, and changes in research themes over
time within the international literature on food sustainability and education. Scientific
mapping is used to identify the conceptual structure of the field and the major research
directions shaping its development. Existing literature indicates the prominence of themes
including sustainability, education for sustainable development, nutrition, food systems, and
sustainability-oriented curriculum development. Emerging areas include student engagement
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with food systems, digital technologies, big data, artificial intelligence, university-community
collaboration, and innovative educational models focused on sustainability. Overall, the study
conceptualizes food sustainability education as an integrated field connecting consumer
awareness, food safety, sustainable consumption, education, digital transformation, and data-
driven analytical approaches. Bibliometric and thematic analyses provide insight into the
global development and research priorities of the field, while Fuzzy Logic offers a
complementary framework for addressing uncertainty and gradual variation in consumer
perceptions and awareness. The study is expected to contribute to identifying knowledge
gaps, clarifying emerging research directions, and developing a scientific basis for future
educational programs and sustainable food policies. It also highlights the importance of
international collaboration, sustainability-oriented curricula, and individual awareness in
supporting safe and sustainable food choices and contributing to the achievement of the
United Nations Sustainable Development Goals.

Keywords— Food sustainability; Food safety awareness, Consumer education,; Sustainable

food systems;, Fuzzy Logic; Bibliometric analysis; Scientific mapping; Sustainable
consumption
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ABSTRACT

Real-time audio-visual emotion recognition must predict from past observations. However,
published recognizers mostly rely on pre-recorded clips, and they share a common design of
pretrained encoders fused by a learned head. Each publication ablates only the module it
introduces, so the accuracy of any shared component remains underexplored, as is the cost of
the causality constraint that a real-time system requires. This study presents a component-wise
ablation of a causal, real-time audio-visual emotion recognition system constructed from
pretrained components, over 303 training runs across CREMA-D and RAVDESS datasets. The
protocol uses eleven speaker-disjoint folds with three seeds per fold. Each ablation compares
two configurations that differ in a single component. One configuration has the component
present, and one excludes the component while keeping the remaining components of the
system same. System accuracy depends primarily on the pretrained encoders. On one CREMA -
D fold, frozen pretrained features achieve 69.3 percent test accuracy, and the full system
achieves 78.5 percent, whereas a smaller model trained from scratch achieves only 42.1 percent
on the same CREMA-D fold. Removing the causality constraint, so that the model may also
use later frames of a clip, changes accuracy by less than one point on CREMA-D and
RAVDESS datasets. Weight averaging contributes 2.6 points to the system accuracy on
RAVDESS dataset, and a stronger causal temporal layer increases the system accuracy by 1.8
points on CREMA-D dataset. The selected system runs at 6.0 milliseconds per streaming step
on Graphics Processing Unit (GPU) and 21.0 milliseconds on Central Processing Unit (CPU)
and reaches 75.9 percent on CREMA-D and 70.0 percent on RAVDESS. The larger offline
teacher model used to train the selected system, which takes each clip in full as input, reaches
79.8 percent on CREMA-D. To conclude, quality of audio and visual encoders contributes more
to the accuracy of the audio-visual emotion recognition system rather than the fusion head
design merging the audio and visual channels. An emotion recognizer restricted to past
observations achieves similar accuracy to the identical recognizer that takes the whole clip as
input.

Keywords—Real-time Emotion Recognition, Knowledge Distillation, Weight Averaging,
Audio-Visual Emotion Recognition.
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Real-Time Markerless Estimation of 3-DoF Instantaneous
Head Angular Position Using RGB-D Vision for Human—
Robot Motion Mapping
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ABSTRACT

Accurate and responsive estimation of human head orientation is essential for intuitive
human-robot interaction, motion analysis, and vision-based robotic control. This work presents
a real-time, markerless framework for estimating three-dimensional head orientation using
synchronized RGB and depth data acquired from an Intel RealSense D455f camera and
MediaPipe facial landmark detection. The system measures the three rotational degrees of
freedom of the head using the conventional roll, pitch, and yaw representation, corresponding
to lateral flexion, flexion-extension, and axial rotation, respectively.

Rather than relying on a single pose estimation method, the proposed framework integrates
complementary orientation information derived from facial transformation data, RGB-D facial
landmark reconstruction, and Perspective-n-Point (PnP) pose estimation. Head orientation is
represented internally using rotation matrices and quaternions, while neutral-relative angular
displacement is computed with respect to an automatically or manually calibrated reference
pose. An adaptive filtering strategy is employed to reduce measurement noise while
maintaining a target update rate of 30 Hz and low control latency.

The framework also evaluates landmark availability, depth quality, estimator agreement, and
pose-estimation residuals to generate a real-time confidence metric without suppressing
measurements under low-confidence conditions. The developed system can be used as a vision-
based motion-reference interface for controlling a three-degree-of-freedom soft robotic head
capable of bending and twisting motions. Experimental validation against a reference 3-DoF
angular measurement system is used to characterize the accuracy, precision, repeatability,
effective sampling rate, latency, cross-axis coupling, and reliability of the proposed method
across the functional range of human head motion. The proposed approach provides a
foundation for real-time, non-contact mapping of human head orientation to multi-degree-of-
freedom robotic or game systems.

Keywords: Head pose estimation, RGB-D vision, Human—Robot interaction, MediaPipe,
RealSense, roll-pitch—yaw, motion tracking, continuum robotics..
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Maliyet Kisit1 Altinda Regresyon Test Seti Olusturmada
Insan ve Yapay Zeka Secimlerinin Karsilastirilmasi

Comparing Human and AI Selection for Regression Test Suite
Construction Under a Cost Constraint
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OZET

Regresyon testleri, yazilim degisikliklerinin daha 6nce dogrulanan islevlerde istenmeyen
etkiler olusturup olusturmadigini degerlendirmek amaciyla yiiriitiiliir. Yeni ozellikler, hata
diizeltmeleri ve bilesen giincellemeleri mevcut davranislar etkileyebildiginden bu testler
yazilim kalitesinin korunmasinda 6énemlidir. Bununla birlikte, test havuzunun biiylimesi tim
senaryolarin her siiriimde c¢alistirilmasini giiglestirir. Bu nedenle regresyon seti olusturulurken
gereksinim kapsami ile kosum maliyeti arasinda denge kurulmasi gerekir. Biiyiik dil
modellerinin bu kararlarda kullanilmasi, uzmanlarla se¢im benzerliginin ve degerlendirme
stiresinin birlikte incelenmesini gerekli kilmaktadir.

Bu calismada, Turkish Technology biinyesinde gorev yapan yedi yazilim testi uzmaninin
olusturdugu regresyon setleri tek bir yapay zeka ¢iktisiyla kargilastirilmistir. Kurgusal bir e-
ticaret sisteminde kupon gelistirmesi i¢in 30 mevcut regresyon ve 20 yeni fonksiyonel test
senaryosundan olusan aday havuzu kullanilmistir. Kosum siireleri esit kabul edilmis, se¢im
biitgesi en fazla 35 senaryoyla siirlandirilmistir. Senaryolar; degisiklik iliskisi, is etkisi,
geemis hata bilgisi, son kosum yasi ve gereksinim kapsamiyla tanimlanmigtir. Segim
benzerligi, ortak secilen senaryolarin setlerin birlesimindeki benzersiz senaryolara oranini
gosteren Jaccard katsayisiyla; kapsam ise temsil edilen gereksinim gruplarinin toplam 14
gruba oraniyla degerlendirilmistir.

Yapay zeka 35, uzmanlar 19-35 senaryo se¢mistir. Yapay zekd—uzman ortalama Jaccard
benzerligi %75,74, uzmanlar arasindaki 21 karsilastirmanin ortalamasi %71,46 bulunmustur.
Daha dar set segen katilimci dislandiginda bu degerler sirastyla %79,32 ve %79,08 olmustur.
Boylece benzerligin set biiylikliigiine duyarliligit da gosterilmistir. Yapay zeka biitiin
gereksinim gruplarini kapsarken uzmanlarin ortalama kapsami %94,90°dir. Ayni giin i¢inde
kaydedilen bes oturumun ortalama siiresi 40,2 dakika, medyan1 41 dakikadir. Tki katilimcinin
ertesi giine uzanan kayitlari, aktif calisma siiresi dogrulanamadigindan siire Ozetine
almmamistir. Yapay zeka secimi 1 dakika 20 saniyede tamamlamis; bes uzman oturumunun
ortalamasina gore siirede %96,7 azalma saglanmistir.

Bulgular, incelenen vakada yapay zeka secimlerinin uzman tercihleriyle ortiistiigiinii ve
insan karar ¢esitliligine yakin bir oriintii sergiledigini gostermektedir. Ancak tek vaka ve tek
model ¢iktisi, genelleme ve tekrarlanabilirlik degerlendirmesini sinirlar. Gereksinim kapsami
gercek hata bulma basarist olarak yorumlanmamali; zaman kazanci esdeger Ol¢lim
kosullarinda ayrica dogrulanmalidir.

Anahtar Kelimeler—Regresyon Testi; Yapay Zeka
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ABSTRACT

Regression testing assesses whether software changes introduce unintended effects on
previously verified functionality. Because new features, bug fixes, and component updates
may affect existing behavior, regression testing plays an important role in maintaining
software quality. However, as the test pool grows, executing all test scenarios in every release
becomes increasingly difficult. Constructing a regression test suite therefore requires a
balance between requirements coverage and test execution cost. The use of large language
models for these decisions calls for examining both the similarity of their selections to those
of experts and the time required to make those selections.

This study compared regression test suites constructed by seven software testing experts at
Turkish Technology with a single Al-generated selection. The candidate pool consisted of 30
existing regression test scenarios and 20 new functional test scenarios for the addition of a
coupon feature to a fictional e-commerce system. All scenarios were assumed to have equal
execution times, and the selection budget was capped at 35 scenarios. Each scenario was
characterized by its relationship to the software change, business impact, historical test failure
information, number of releases since its last execution, and requirements coverage. Selection
similarity was evaluated using the Jaccard coefficient, calculated as the number of scenarios
selected in common divided by the number of distinct scenarios in the union of the two sets.
Coverage was measured as the proportion of the 14 requirements groups represented by the
selected scenarios.

The Al selected 35 scenarios, while the experts selected between 19 and 35. The mean Al-
expert Jaccard similarity was 75.74%, compared with a mean of 71.46% across the 21
pairwise comparisons among experts. When the participant who selected a smaller set was
excluded, these values were 79.32% and 79.08%, respectively, demonstrating the sensitivity
of the similarity measure to set size. The Al selection covered all requirements groups,
whereas the experts’ mean coverage was 94.90%. The five sessions with start and end times
recorded on the same day had a mean duration of 40.2 minutes and a median of 41 minutes.
Records for two participants extended into the following day and were excluded from the
duration summary because their active working time could not be verified. The Al completed
its selection in 1 minute and 20 seconds, representing a 96.7% reduction in elapsed time
relative to the mean duration of the five expert sessions.

The findings indicate that, in the case examined, Al selections overlap with expert
preferences and exhibit a pattern comparable to the variation in human decisions. However,
the use of a single case and a single model output limits generalizability and the assessment of
reproducibility. Requirements coverage should not be interpreted as evidence of actual fault
detection effectiveness, and time savings should be further validated under equivalent
measurement conditions.

Keywords—Regression Testing, Artificial Intelligence
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ABSTRACT

Reliable nuclear reaction cross section predictions depend on both the nuclear level density
and the dominant reaction mechanism. This study evaluates the reaction dependence of
collective level density effects through four representative cases: deuteron induced scandium
47 production from titanium 47, photon induced two neutron emission from germanium 74,
proton induced indium 111 production from cadmium 111, and neutron capture on
gadolinium 160. Calculations using the Collective Semi-Classical Fermi Gas Model,
abbreviated as CSCFGM, were performed within TALYS 2.0 and compared with EXFOR
measurements, the default constant temperature plus Fermi gas option, and TENDL-2025
evaluated residual production data. The collective model combines a constant temperature
description at low excitation energies with a Fermi gas formulation at higher energies,
incorporating collective contributions into the energy dependent level density parameter.
Experimental agreement was assessed using excitation function shapes and relative deviation
indicators. Because experimental uncertainties were incomplete for some datasets, these
indicators were interpreted as measures of model discrepancy rather than universal
uncertainty weighted goodness of fit tests.

The results demonstrate that the influence of collective enhancement depends on the
reaction mechanism. For the germanium photonuclear reaction, the mean absolute relative
deviation decreases from 14.63 percent with default TALY'S to 9.06 percent with CSCFGM.
For gadolinium neutron capture, the corresponding deviation decreases from 150.46 to 93.66
percent, although substantial discrepancies remain. The collective model reproduces the main
excitation function features, including the peak regions of the germanium and cadmium
reactions. However, default TALYS yields lower global relative deviations for the titanium
and cadmium cases. An additional comparison of five gamma strength prescriptions for
germanium confirms that photonuclear cross sections cannot be interpreted from the level
density input alone. These findings identify both the predictive value and the limitations of
collective enhancement. Reliable modeling of reactions with important breakup, pre-
equilibrium, or resonance contributions requires complementary assessment of optical model
potentials, gamma strength functions, and competing reaction mechanisms.

Keywords: Nuclear Level Density; Collective Effects, Reaction Cross Sections; CSCFGM;
TALYS: EXFOR

143



26

%
%o (e 4
A =
O S H GLOBCER’26, 14-17 October 2026
%, ‘49

“ Confer ence®

Eye- Blink Detection Using EEG Time-Amplitude Images
And Transfer Learning
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ABSTRACT

Electroencephalography (EEG)-based Brain-Computer Interface (BCI) systems have
significant potential to enable individuals with severe motor impairments to communicate with
their environment. In conditions such as advanced-stage Amyotrophic Lateral Sclerosis (ALS)
and locked-in syndrome, voluntary eye blinking may serve as an alternative control signal in
BCI systems, as it is one of the limited motor functions that can remain preserved. In this study,
a transfer learning-based approach using EEG time-amplitude images was developed for EEG-
based eye-blink detection. The publicly available BLINK dataset, which includes voluntary eye
blinking (EEG-I0), spontaneous eye blinking during video viewing (EEG-VV), and
spontaneous eye blinking during reading (EEG-VR), was used. EEG signals recorded from the
Fpl and Fp2 channels at a sampling frequency of 250 Hz were filtered using a 0.5-45 Hz
Butterworth band-pass filter. For the classification of blink and non-blink conditions, 1-second
epochs were generated using the midpoints of blink events as reference points. The resulting
EEG epochs were converted into time-amplitude images, which were subsequently classified
using a transfer learning-based ResNet-50 model. The ResNet-50 model achieved cross
validation-based classification accuracies of 95.45%, 96.18%, and 94.60% for the EEG-IO,
EEG-VR, and EEG-VV datasets, respectively, with AUC values ranging from 0.982 to 0.990.
The results demonstrate that transforming EEG signals into time-amplitude images and
analyzing them using transfer learning methods is an effective approach for detecting eye-blink
events with high accuracy. This approach may serve as an alternative control method in EEG-
based BCI systems, particularly for individuals with limited voluntary motor function.

Keywords— EEG, Brain-Computer Interface, Eye-Blink Detection, Transfer Learning, ResNet-
50
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Neotetis’in Kaybolan Denizel Baglantilarinin izinde: Dogu
Anadolu Evaporitlerinden Havza Karsilastirmah Bulgular

Tracing the Disintegration of Neotethyan Seaways: A Comparative
Evaporite Record from Eastern Anatolia

Pelin Giingdr Yesilova'

*: pelingungoryesilova@yyu.edu.tr, ORCID: 000-0002-8884-0842
I Department of Geological Engineering, Van Yiiziincii Y1l University, Van, Turkey

OZET

Neotetis Okyanusu’nun Dogu Anadolu’daki kapanimi, yalmizca bir okyanusal alanin
ortadan kalkmasiyla smirli olmayan, havzalarin su biit¢esini, baglantililigimi ve ¢dkelme
ortamlarin1 koklii bicimde degistiren karmasik bir paleocografik siirectir. Bu siire¢ boyunca
denizel baglantinin giderek zayiflamasi; s1g deniz, lagiin, kiy1 sabkhasi, evaporitik havza, playa
ve golsel sistemler gibi birbirini izleyen ¢okelme ortamlarinin gelismesine neden olmustur. Bu
calismada, s6z konusu doniisiimiin Dogu Anadolu’daki evaporitik istiflerde nasil kaydedildigi,
farkli havzalardan elde edilen sedimantolojik, mineralojik, jeokimyasal ve izotopik verilerin
karsilastirilmasi yoluyla arastirilmaktadir.

Calisma kapsaminda Mus, Van—Catak, Van—Baskale (Kopriiagzi), KD Van (Koluz) ve
Kagizman—Tuzluca havzalarina ait evaporit kayitlar1 ortak bir paleocografik cercevede
degerlendirilmistir. Karsilastirmada 6zellikle ii¢ temel unsur dikkate alinmistir: evaporitlerin
stilfat kaynagi, havzalarin denizel baglant1 derecesi ve ¢okelme sisteminin giderek karasal bir
karakter kazanmast.

Kuzeydogu Mus evaporitleri, bu dontisiimiin erken asamalarindan birini temsil etmektedir.
Rupeliyen yagsl istif i¢erisinde si1g deniz ve lagiin kosullarindan kiy1 sabkhasi ve tuzlu ¢gamur
diizliiklerine kadar uzanan fasiyesler birlikte bulunmaktadir. Sr, S ve O izotop verileri ise
havzanin tamamen denizel veya tamamen karasal bir sistemden ziyade, denizel ve karasal
etkilerin birlikte bulundugu oldukga s1g ve kisitlanmig bir ortam oldugunu gostermektedir. Bu
ozellikler, c¢aligma alaninda Neotetis’in giiney kolunun Rupeliyen sirasinda son derece
siglagtigin1 ve denizel baglantinin ileri derecede sinirlandigini diistindiirmektedir.

Van—Bagskale ve Van—Catak evaporitleri ise denizel etkinin daha belirgin bigimde korundugu
kisitlanmis havza sistemlerini temsil etmektedir. Kopriiagzi evaporitlerinde lagiinden
hinterlanda uzanan ¢okelme kosullar1 belirlenmis ve Sr—S—O izotoplar siilfatin Miyosen
denizel kokenini desteklemistir. Bununla birlikte yiiksek detritik katki, tatlisu etkisi, tuzluluk
ve pH degisimleri ile hidrotermal ve diyajenetik siirecler evaporit olusumunu 6nemli Slgiide
etkilemistir. Van—Catak istifinde ise denizel kokenli siilfat, yogun buharlasmanin egemen
oldugu kisitlanmis marjinal denizel-lagiiner ve sabkha kosullarinda c¢okelmistir. Izotopik
veriler denizel siilfat kaynagini desteklerken, oksijen izotoplar1 ve element dagilimlari havzaya
donemsel karasal su girislerini ve ilerleyen tuzlasmay1 ortaya koymaktadir. Buna karsilik KD
Van’daki Koluz ve Kagizman—Tuzluca havzalari, denizel etkinin belirgin bicimde zayifladig:
daha ileri bir donilisiim asamasini yansitmaktadir. Koluz evaporitleri, yogun karasal detritik
katkinin ve yeraltisuyu destekli buharlagsmanin etkili oldugu gegici playa sisteminde gelismis
olup, denizel ¢okelmenin sona ermesiyle birlikte karasal kosullarin egemen hale geldigini
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gostermektedir. Kagizman—Tuzluca havzasinda ise izotopik ve jeokimyasal veriler agirlikli
olarak karasal su kosullarina isaret etmekte; bazi evaporitlerin ise daha eski denizel
evaporitlerin ¢éziinmesi ve yeniden ¢okelmesiyle iliskili olabilecegi degerlendirilmektedir.

Bu karsilastirma, Dogu Anadolu evaporitlerinin yalnizca farkl yaslardaki jips olusumlarini
temsil etmedigini, ayn1 zamanda giderek parcalanan bir Neotetis denizel sisteminin hidrolojik
evrimini kaydettigini ortaya koymaktadir. Denizel siilfatin hakim oldugu kisitlanmig
havzalardan, tatlisu ve karasal detritik girdilerin arttig1 sistemlere; oradan da playa ve tamamen
karasal havzalara uzanan bu degisim, denizel baglantinin kaybinin havzalar arasinda farkli
derecelerde gergeklestigini diisiindiirmektedir. Bu nedenle Neotetis’in kapanimi, yalnizca
belirli bir stratigrafik seviyeye veya tek bir tektonik olaya indirgenmek yerine, denizel
baglantilarin asamal1 olarak zayifladigi, havza hidrolojisinin yeniden diizenlendigi ve denizel
ortamlarin karasal sistemlere doniistiigli bolgesel bir paleocografik siire¢ olarak ele alinabilir.
Farkli havzalardan elde edilen evaporit kayitlarinin ayni cergevede karsilastirilmasi, bu
donilisiimiin mekansal ve zamansal boyutlarinin test edilmesine ve Dogu Anadolu’nun
giiniimiizdeki karasal havza diizenine gecisinin daha biitiinciil bicimde anlasilmasina olanak
saglamaktadir. Bdylece evaporitler, yalnizca ¢okelme ortamlarinin gostergeleri degil,
Neotetis’in par¢alanmasindan Dogu Anadolu’nun karasal havza sistemlerinin olusumuna kadar
uzanan paleocografik doniisiimiin birbirini tamamlayan arsivleri olarak degerlendirilebilir.

Anahtar Kelimeler— Neotetis; Dogu Anadolu, Evaporit; Paleocografya,; Izotop jeokimyasi

ABSTRACT

The closure of the Neotethys Ocean in Eastern Anatolia was not merely the disappearance
of an oceanic domain, but a complex paleogeographic process that profoundly altered basin
hydrology, connectivity, and depositional environments. During this process, progressive
weakening of marine connectivity led to the development of a succession of depositional
settings, ranging from shallow-marine and lagoonal environments to coastal sabkhas, evaporitic
basins, playas, and lacustrine systems. This study investigates how this transformation is
recorded in the evaporitic successions of Eastern Anatolia through a comparative evaluation of
sedimentological, mineralogical, geochemical, and isotopic data from different basins.

Evaporite records from the Mus, Van—Catak, Van—Bagkale (Kopriiagzi), northeastern Van
(Koluz), and Kagizman—Tuzluca basins are evaluated within a common paleogeographic
framework. The comparison focuses particularly on three key aspects: the source of sulfate, the
degree of marine connectivity, and the progressive transition of depositional systems toward
continental conditions.

The northeastern Mus evaporites represent one of the early stages of this transformation. The
Rupelian succession comprises facies ranging from shallow-marine and lagoonal settings to
coastal sabkhas and saline mudflats. Sr, S, and O isotope data indicate that the basin was neither
entirely marine nor entirely continental, but rather a highly shallow and restricted system
influenced by both marine and continental inputs. These characteristics suggest that the
southern branch of the Neotethys became extremely shallow and that marine connectivity was
strongly restricted in the study area during the Rupelian. The Van—Baskale and Van—Catak
evaporites represent restricted basin systems in which marine influence is more clearly
preserved. In the Kopriiagzi evaporites, depositional conditions ranged from lagoonal settings
to the hinterland, while Sr—S—O isotope data support a Miocene marine origin for the sulfate.
Nevertheless, substantial detrital input, freshwater influence, fluctuations in salinity and pH, as
well as hydrothermal and diagenetic processes significantly affected evaporite formation. In the
Van—Catak succession, marine-derived sulfate precipitated under restricted marginal-marine,
lagoonal, and sabkha conditions dominated by intense evaporation. Isotopic data support a
marine sulfate source, whereas oxygen isotopes and elemental distributions indicate episodic
input of continental waters and progressive salinization of the basin.
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In contrast, the Koluz and Kagizman—Tuzluca basins in northeastern Anatolia represent a
more advanced stage of the transition, characterized by a pronounced reduction in marine
influence. The Koluz evaporites developed within a transient playa system dominated by
intense terrestrial detrital input and groundwater-supported evaporation, indicating the
establishment of continental conditions following the termination of marine sedimentation. In
the Kagizman—Tuzluca Basin, isotopic and geochemical data predominantly indicate non-
marine water conditions, while some evaporites may be related to the dissolution and
reprecipitation of older marine evaporites.

This comparison demonstrates that the evaporites of Eastern Anatolia do not merely
represent gypsum deposits of different ages, but also record the hydrological evolution of a
progressively fragmented Neotethyan marine system. The transition from restricted basins
dominated by marine sulfate, through systems increasingly affected by freshwater and
terrestrial detrital input, to playa and fully continental environments suggests that the loss of
marine connectivity occurred to different degrees among the basins.

Accordingly, the closure of the Neotethys should not be regarded solely in terms of a specific
stratigraphic level or a single tectonic event, but rather as a regional paleogeographic process
involving progressive weakening of marine connections, reorganization of basin hydrology,
and transformation of marine environments into continental systems. Integrating evaporite
records from different basins within a common framework provides an opportunity to test the
spatial and temporal dimensions of this transformation and to develop a more comprehensive
understanding of the transition toward the continental basin configuration of Eastern Anatolia.
Thus, evaporites can be regarded not merely as indicators of depositional environments, but as
interconnected archives of the paleogeographic transformation extending from the
fragmentation of the Neotethys to the development of continental basin systems in Eastern
Anatolia.

Keywords— Neotethys, Eastern Anatolia; Evaporites, Paleogeography, Isotope geochemistry
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Moment Frames with Different Special Segment
Configurations

Kourosh Mohamadi™! Haluk Emre Alcicek'

*: mohamadi24@jitu.edu.tr
L. Department of Civil Engineering, Istanbul Technical University, Istanbul, Tiirkiye

ABSTRACT

This study is primarily based on the performance-based design methodology developed by
Subhash C. Goel and Shih-Ho Chao. Three Special Truss Moment Frames (STMFs),
incorporating Vierendeel, Intermediate Vertical Member (IVM), and X-Diagonal special
segment configurations, were designed using three MATLAB-based design procedures. These
procedures were developed to determine the required member sections and sizes for the
yielding members within the special segments, while also determining the design forces
governing the sizing of the non-yielding members outside the special segments. The resulting
design parameters were subsequently implemented in a finite element model for strength-
based structural design and analysis. Nonlinear pushover and cyclic hysteresis analyses were
then conducted to evaluate and compare the structural performance of the three STMF
configurations.

Nonlinear static pushover analyses were conducted to compare the lateral responses of
three Special Truss Moment Frame (STMF) configurations incorporating Vierendeel,
Intermediate Vertical Member (IVM), and X-diagonal special segments. The results revealed
distinct differences in initial lateral stiffness and base-shear resistance, with the X-diagonal
configuration exhibiting the highest values, followed by IVM and Vierendeel. At the code-
based target displacement corresponding to 3% of the total building height, this ranking
remained consistent. The load—displacement responses also demonstrated configuration-
dependent patterns of strength development, with the rate of increase in base shear
diminishing at larger displacements. Overall, the findings highlight the significant influence
of special-segment configuration on the lateral stiffness and strength characteristics of STMF
systems.

Nonlinear dynamic analyses evaluated three STMF configurations (Vierendeel, IVM, X-
Diag) under the Northridge earthquake using a Steel02 material model. The X-Diag system
exhibited the highest lateral stiffness and peak base shear, resulting in the lowest relative
displacement demands. However, this high stiffness attracted larger seismic forces, resulting
in pinched hysteresis loops and limited ductility. Conversely, the more flexible Vierendeel
system, despite lower peak strength, achieved larger displacements while maintaining stable,
wide loops, demonstrating superior energy dissipation. IVM displayed intermediate behavior.
These findings highlight the configuration-dependent trade-off between peak lateral
strength/stiffness and cyclic energy dissipation capacity in STMF systems.

Keywords—Special Truss Moment Frames, Nonlinear Pushover Analysis, Dynamic Analysis
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2500 kVA 10,5/0,71-0,71 kV Dd0dO0 Baglanti Gruplu Giines
Enerji Santrallerine Uygun 3 Sargih Transformator Tasarim
Uretim Ve Testi

Design, Manufacturing, And Testing Of A 2500 kVA, 10.5/0.71-0.71 kV,
Dd0dO Three-Winding Transformer For Solar Power Plant Applications
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OZET

Giines enerjisi santrallerinin sebeke entegrasyonunda kullanilan transformatorler; yiiksek
verimlilik, harmonik dayanimi ve kararli bir faz yonetimi gerektirir. Bu dogrultuda, iki ayri
evirici (inverter) c¢ikisini tek bir manyetik govdede birlestiren {i¢ sargili transformatorler,
sistem entegrasyonunu kolaylastirirken yatirnm maliyetlerini diisiirmektedir. Bu calisma
kapsaminda, GES uygulamalarina uygun esit gerilimde cift sekonder gerilim seviyelerine
sahip ve primer ve sekonder ¢ikislar1 arasinda faz farki olusmasini engelleyen Dd0d0 baglanti
grubuna sahip ¢ sargili bir transformatdriin tasarimi, prototip {iretimi ve testleri
gerceklestirilmistir.

Tasarim siirecinde IEC 60076 standartlar referans alinmis; elektriksel, termal ve mekanik
parametreler optimize edilmistir. Sistemin kalbini olusturan Dd0d0 baglant1 yapisi, yiiksek
gerilim sargisinin iiggen (D), iki bagimsiz algak gerilim sargisinin ise sifir derece faz agisina
sahip ticgen (d0, d0) olarak yapilandirilmasini saglamistir. Bu baglanti mimarisi, eviricilerden
gelen akimlarm sebekeye simetrik ve kayipsiz aktarilmasia olanak tanimaktadir. Ug kolonlu
yonlendirilmis silisli sacdan imal edilen niive ve yliksek harmonik akimlari ile kisa devre
mekanik kuvvetlerine dayanikli silindirik sargilar bu yapiya gore optimize edilmistir.

Sogutma sistemi olarak ONAN (Oil Natural Air Natural) yontemi uygulannmis ve yiik
altinda sargi sicaklik artislarinin standart limitlerinde kaldigi dogrulanmistir. Prototip iiretimi
sonrast yapilan kisa devre testi, dielektrik dayanim ve oOzellikle Dd0d0 faz iligkisini
dogrulayan gerilim ¢evirme orani ile vektdr grubu testleri basariyla tamamlanmistir. Elde
edilen ciktilar, yenilenebilir enerji altyapist i¢in yliksek verimli ve yerli bir miihendislik
¢Oziimii sunmaktadir.

Keywords—Transformator, ii¢ sargili tasarim, giines enerjisi santrali, ONAN sogutma,
harmonik, baglanti grubu, Dd0d0

ABSTRACT

Transformers used for the grid integration of solar power plants require high efficiency,
harmonic tolerance, and stable phase management. In this context, three-winding transformers
that combine the outputs of two separate inverters within a single magnetic core facilitate
system integration while reducing investment costs. In this study, the design, prototype
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manufacturing, and testing of a three-winding transformer suitable for solar power plant
applications, featuring dual secondary voltage levels with equal voltage ratings and a Dd0d0
vector group that prevents phase displacement between the primary and secondary outputs,
were carried out.

During the design process, the IEC 60076 series of standards was taken as a reference, and
the electrical, thermal, and mechanical parameters were optimized. The Dd0d0 connection
configuration, which constitutes the core of the system, consists of a delta-connected high-
voltage winding (D) and two independent delta-connected low-voltage windings (d0, d0) with
zero-degree phase displacement. This connection architecture enables the symmetrical and
efficient transfer of currents from the inverters to the grid. The three-limb core, manufactured
from grain-oriented electrical steel, and the cylindrical windings designed to withstand high
harmonic currents and short-circuit mechanical forces were optimized according to this
configuration.

An ONAN (Oil Natural Air Natural) cooling system was employed, and it was verified that
the winding temperature rise under load remained within the limits specified by the relevant
standards. Following prototype manufacturing, the short-circuit test, dielectric withstand tests,
and, in particular, the ratio and vector group tests verifying the Dd0d0 phase relationship were
successfully completed. The results demonstrate a high-efficiency, locally engineered solution
for renewable energy infrastructure.

Keywords— Transformer, three-winding design, solar power plant, ONAN cooling,
harmonics, vector group, Dd0d(
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Geleneksel Tahil Uriinlerin Siirdiiriilebilir Beslenmedeki
Rolu

The Role Of Traditional Cereal Products In Sustainable Diets
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OZET

Tahillar, diinya genelinde enerji ve besin Ogelerinin énemli kaynaklarindan biri olup
geleneksel beslenme oOriintiilerinin temel bilesenleri arasinda yer almaktadir. Bulgur, tam
tahill1 iirlinler ve farkli yorelere 6zgii tahil temelli gidalar; karbonhidratlarin yani sira protein,
diyet lifi, vitamin, mineral ve biyoaktif bilesenlerin diyete katki saglamasi agisindan 6nem
tasimaktadir. Son yillarda siirdiiriilebilir beslenme yaklagimi, yalnizca ¢evresel etkileri degil,
beslenme yeterliligi, kiiltiirel uygunluk ve gida ¢esitliligini de birlikte degerlendirmektedir.
Bu calismanin amaci, geleneksel tahil iirlinlerinin besinsel 6zellikleri ve siirdiiriilebilir
beslenme ile iligkisini gilincel literatiir dogrultusunda degerlendirmektir. Caligma, kapsamli bir
literatlir derlemesi olarak ytiriitilmiistiir. Geleneksel ve tam tahil iirlinlerinin besin bilesimi,
diyet lifi ve biyoaktif bilesenleri, saglikla iliskili 6zellikleri ve siirdiiriilebilir beslenmedeki
roliinii inceleyen hakemli c¢alismalar ve derlemeler bu dogrultuda analiz edilmistir.
Bulgularimiz, tahil temelli gidalarin baslica karbonhidrat kaynagi olmasinin yaninda protein,
diyet lifi, vitamin, mineral ve biyoaktif bilesenler saglayabildigini géstermektedir. Tam tahil
tiketimi, rafine tahillara kiyasla daha yiiksek lif ve biyoaktif bilesen alimiyla
iliskilendirilmektedir. Bulgurun ise direncli nisasta, diyet lifi ve fenolik bilesikler bakimindan
onemli bir geleneksel tahil iiriinii oldugu belirlenmistir. Ayrica tahillar, bitkisel protein
kaynaklarinin diyet icindeki paymi artirarak hayvansal protein tiiketiminin azaltilmasina
yonelik beslenme modellerini desteklemektedir. Sonug olarak, geleneksel tahil {iriinleri, besin
Ogesi katkilar ile kiiltiirel olarak kabul goérmiis tiiketim bigimleri sayesinde stirdiriilebilir
beslenme modellerinin  desteklenmesinde yiiksek potansiyel tasimaktadir. Ancak
siirdiiriilebilir beslenme acgisindan nihai degerlendirme, iiriiniin besin degeriyle birlikte
tilketim miktari, diyetin biitiinii ve gida sisteminin ¢evresel ve sosyal boyutlari dikkate
alinarak yapilmalidir.

Anahtar Kelimeler—Geleneksel Tahil Uriinleri; Siirdiiriilebilir Beslenme; Tam Tahil;
Bulgur; Diyet Lifi

ABSTRACT

Cereals are major contributors to energy and nutrient intake worldwide and are
fundamental components of many traditional dietary patterns. Bulgur, wholegrain foods, and
region-specific cereal products can contribute carbohydrates as well as protein, dietary fibre,
vitamins, minerals, and bioactive compounds to the diet. Sustainable diet approaches
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increasingly consider nutritional adequacy together with environmental, cultural, and food-
system dimensions. This review aimed to evaluate the nutritional characteristics of traditional
cereal products and their potential role in sustainable diets based on current literature. The
study was conducted as a comprehensive literature review. Peer-reviewed studies and reviews
addressing the nutritional composition of traditional and wholegrain cereal products, dietary
fibre, bioactive compounds, health-related properties, and the role of cereals in healthy and
sustainable dietary patterns were evaluated. Our findings indicate that cereal-based foods
provide protein, dietary fibre, vitamins, minerals, and bioactive compounds in addition to
being the primary carbohydrate source. Wholegrain consumption is associated with higher
intakes of fibre and bioactive components compared with refined grains. Furthermore, bulgur
has been identified as a significant traditional cereal product in terms of resistant starch,
dietary fibre, and phenolic compounds. Cereals may also support dietary strategies that
increase plant-derived protein and reduce reliance on animal protein. In conclusion, traditional
cereal products have great potential to support sustainable dietary patterns through their
nutrient contributions, cultural acceptance, and established consumption practices.
Nevertheless, their overall contribution to sustainable diets should be assessed by considering
nutritional value together with consumption patterns, total dietary composition, and the
environmental and social dimensions of the food system.

Keywords—Traditional Cereal Products; Sustainable Diets;, Whole Grains, Bulgur, Dietary
FibreKaynakca
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Potential Effects Of Traditional Fermented Foods On The Gut
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OZET

Geleneksel fermente gidalar, {iretim sirasinda olusan mikrobiyal topluluklar ve metabolitler
nedeniyle yalnizca duyusal ve teknolojik 6zellikleriyle degil, potansiyel saglik etkileriyle de
dikkat ¢ekmektedir. Son yillarda fermente gidalarin bagirsak mikrobiyotas: ile etkilesimi,
beslenme ve gida mikrobiyolojisinin kesigiminde 6nemli bir aragtirma alani haline gelmistir.
Bununla birlikte, fermente gidalarda bulunan mikroorganizmalarin bagirsakta kalic1 olarak
kolonize olup olmadig1 ve diizenli tiiketimin mikrobiyota bilesimini ne Ol¢lide degistirdigi
heniiz tam olarak acikliga kavusmamistir. Bu ¢aligmanin amaci, geleneksel fermente gidalarin
bagirsak mikrobiyotast tiizerine potansiyel etkilerini giincel literatiir dogrultusunda
degerlendirmektir. Calisma kapsaminda geleneksel fermente gidalarin mikrobiyal bilesimi,
fermantasyon sirasinda olusan biyoaktif metabolitler ve fermente gida tiiketiminin bagirsak
mikrobiyotasiyla iligkisini inceleyen giincel literatiir verileri degerlendirilmistir. Literatiir,
fermente gidalarin canli mikroorganizmalar, organik asitler, peptitler ve diger mikrobiyal
metabolitler araciligiyla bagirsak mikrobiyotasini etkileyebilecek potansiyele sahip oldugunu
gostermektedir. Bununla birlikte, fermente gidalardan kaynaklanan mikroorganizmalarin
bagirsakta kalict kolonizasyonuna iligkin kanitlarin  smirli  ve heterojen oldugu
bildirilmektedir. Baz1 insan ¢alismalarinda fermente gida tiikketimi ile mikrobiyota cesitliligi
ve saglikla iligkili mikroorganizmalarin zenginlesmesi arasinda iliskiler gozlenmis olsa da
sonuglar tiim firiinler igin genellenebilir degildir. Uriiniin hammaddesi, fermantasyon
kosullar1, mikrobiyal topluluk yapisi ve tiiketim miktar1 olas1 etkileri belirleyen 6nemli
degiskenlerdir. Sonug olarak, geleneksel fermente gidalar bagirsak mikrobiyotasiyla etkilesim
acisindan umut vadeden bir besin grubu olmakla birlikte mevcut kanitlar kesin nedensel
sonuclar olusturmak i¢in yeterli degildir. Gelecekte standartlagtirilmis {irtinlerle
gerceklestirilecek uzun siireli ve kontrollii insan c¢alismalarinin, {riin  6zellikleri ile
mikrobiyota yaniti arasindaki iliskinin daha net ortaya konmasina katki saglayacagi
diistiniilmektedir.

Anahtar Kelimeler: geleneksel fermente gidalar, bagirsak mikrobiyotasi, fermantasyon,
probiyotik, mikrobiyal metabolitler

ABSTRACT

Traditional fermented foods have attracted increasing scientific interest because of their
microbial communities and metabolites formed during fermentation. Their interaction with
the gut microbiota has become an important research area at the interface of nutrition and
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food microbiology. However, the persistence of food-derived microorganisms in the gut and
the extent to which regular consumption alters microbiota composition remain incompletely
understood. This review aimed to evaluate the potential effects of traditional fermented foods
on the gut microbiota based on current literature. A literature review was conducted
addressing the microbial composition of traditional fermented foods, bioactive metabolites
produced during fermentation, and associations between fermented food consumption and the
gut microbiota. Findings related to microbiota composition, microbial diversity, potentially
probiotic microorganisms and health-associated microbial metabolites were considered, with
particular attention to human studies. The literature indicates that fermented foods may
influence the gut microbiota through live microorganisms, organic acids, peptides and other
microbial metabolites. Evidence for persistent colonization of the human gut by
microorganisms originating from fermented foods remains limited and heterogeneous. Some
human studies have reported associations between fermented food consumption, microbiota
diversity and enrichment of health-associated microorganisms, but these findings cannot be
generalized to all fermented products. Raw materials, fermentation conditions, microbial
community structure and intake level may determine the observed effects. In conclusion,
traditional fermented foods represent a promising food group in terms of interactions with the
gut microbiota; however, current evidence is insufficient to establish definitive causal effects.
Long-term, controlled human studies using well-characterized products are needed to clarify
relationships between product characteristics and microbiota responses.

Keywords: traditional fermented foods, gut microbiota, fermentation, probiotics, microbial
metabolites
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Beton Kosk Kalip Isitici Projesi
Concrete Substation Formwork Heating Project
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ahmet.simsek@betaenerji.com
I: Beta Enerji ve Teknoloji A.S, Medium Voltage Switchgear and Concrete Kiosk Department Adana, Tiirkiye

OZET

Elektrik sebekelerinde trafo merkezi olarak kullanilan monoblok beton koskler, yiiksek
dayanim ve giivenilirlik gerektiren kritik prefabrik yapi elemanlaridir. Geleneksel iiretim
yontemlerinde beton dokiim isleminin tamamlanmasinin ardindan kosk govdesi ve catisinin
kaliptan c¢ikarilabilmesi i¢in gereken kiirlenme siiresi ortalama on iki ila on dort saat
siirmektedir. Kaliplarin yeniden kullanima hazir hale gelmesinde yasanan bu uzun bekleme
stiresi, tesis i¢i liretim kapasitesinde zaman kullanimindan kaynakli belirgin diisiislere yol
acmaktadir. Bu calismada, beton kosk tiretiminde kalip dongii siirelerini kisaltmak, erken yas
basing dayanimini hizlandirmak ve fabrika tiretim kapasitesini iki katina ¢ikarmak amactyla
gelistirilen yenilik¢i bir kalip i¢i 1sitma sistemi ele alinmistir.

Arastirma kapsaminda dncelikle hizlandirilmig termal kiire uygun C35/45 dayanim siifinda
beton regetesi optimize edilmistir. Kalip kuyularmin ortam sicakligimi ve dokiim kaliplarinin
ylizey sicakligini yetmis santigrat derece seviyesine hassas sekilde ulastirmak ve sabit tutmak
amaciyla 0zel rezistans diizenekleri ve kontrol panolarindan olusan entegre bir 1sitma sistemi
tasarlanmistir. Betonun yiiksek sicaklik altindaki kimyasal ve termal davranislari incelenerek
cimento hidratasyon reaksiyonlarinin optimum diizeyde ilerlemesi saglanmistir. Isinin
dogrudan kalip yiizeylerinden iletildigi bu sistem, konvansiyonel isitmalara kiyasla termal
kayiplar1 asgariye indirmistir.

Elde edilen deneysel ve endiistriyel bulgular, kalip ve kuyu sicakliginin yetmis santigrat
derecede kontrollii tutulmasi sayesinde iiriinlerin kaliptan ¢ikarilma siiresinin on iki ila on dort
saatten dort saate kadar basariyla diisiiriildiigiinii gostermistir. Bu siire optimizasyonu, beton
kalitesinden 6diin vermeksizin mevcut kaliplarla iiretim hizin1 ve tesis kapasitesini iki katina
cikarmistir. Proje, yliksek enerji verimliligi ve diisiikk dongii siireleriyle sektorde standartlar
ylikselten, rekabetci ve siirdiiriilebilir bir model ortaya koymaktadir.

Anahtar Kelimeler— Beton Kosk, Kalip Isitma, Hizlandirilmis Kiirleme, C35/45 Beton, Kalip
Verimliligi, Kapasite Artisi

ABSTRACT

Prefabricated monolithic concrete transformer substation enclosures represent critical
infrastructure components that demand high structural integrity, low water permeability, and
rapid demolding cycles to maintain industrial efficiency. In conventional manufacturing
environments, demolding cycles for enclosure bodies and roofs typically require twelve to
fourteen hours post-pouring before achieving sufficient handling strength. This extended curing
latency creates severe bottlenecks in daily plant throughput and significantly restricts overall
manufacturing capacity. To resolve these limitations, this project presents an integrated thermal
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curing architecture engineered to accelerate early-age concrete hydration, reduce demolding
times, and enhance production capacity without compromising structural integrity.

The technical methodology centers on formulating an optimized C35/45 strength class
concrete mix tailored for thermal activation, accompanied by the design and deployment of an
integrated electrical resistance heating system incorporated directly into the casting pits and
steel formwork surfaces. Thermal sensors and specialized distribution panels regulate both the
formwork surface temperatures and casting pit ambient conditions to maintain a targeted
thermal plateau of seventy degrees Celsius. The study investigated the coupled chemical and
thermodynamic response of concrete subjected to rapid elevated curing temperatures, focusing
on accelerated cement hydration, microstructural formation, and internal thermal equilibrium.

Experimental findings demonstrate that maintaining mold surface and pit ambient
temperatures at seventy degrees Celsius accelerated hydration kinetics dramatically,
successfully reducing the critical demolding threshold from twelve to fourteen hours down to
just four hours. This notable reduction in curing duration effectively doubles total factory
manufacturing capacity while maintaining required compressive strength and structural
performance metrics. Furthermore, targeted thermal management significantly optimized
electrical energy consumption, providing a sustainable and cost-effective production model for
heavy precast concrete operations.

Keywords—Concrete Substation, Formwork Heating, Accelerated Curing, C35/45 Concrete,
Demolding Strength, Productivity Optimization
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Buharh Firinlar Icin Yenilik¢i Silikon Buhar Iletim
Contasinin Tasarimi, Malzeme Gelistirilmesi Ve Prototip
Uretimi
Design, Material Development, And Prototyping Of An Innovative
Silicone Steam Transmission Gasket For Steam Ovens
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*: gokhan.geredeli@basoglu.com, ORCID: 0009-0000-1529-0686
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OZET

Endiistriyel ve ticari buharl firinlarda kullanilan buhar iletim contalari, yiiksek sicakliktaki
buhari firin kabinine giivenli bir sekilde yonlendirmede kritik bir rol oynamaktadir. Geleneksel
conta tasarimlari; profil kesimi, silikon hortum ve harici plastik adaptor-kelepge montaj
gruplarina dayanmaktadir. Siirekli yiliksek sicaklik ve nem maruziyeti altinda bu geleneksel
montaj gruplan siklikla mekanik deformasyona, malzeme sertlesmesine, montaj zorluklarina
ve operasyonel buhar sizintis1 risklerine yol agmaktadir. Bu teknik kisitlamalarin iistesinden
gelmek amaciyla, bu calismada seri liretime uygun, uluslararasi gida temasi1 yonetmeliklerine
tam uyumlu ve yenilik¢i tek par¢a (monolitik) silikon buhar iletim contasinin miihendislik
tasarimi, 0zel silikon malzeme formiilasyonu gelistirilmesi, proses kalip imalat1 ve prototip
dogrulamas1 sunulmaktadir.

Gelistirilen conta iki farkli iiretim prosesini igeren ¢ift bilesenli bir mimariye sahiptir:
ekstriizyon ile iiretilen silikon hortum (makaron) kesiti ve transfer-kompresyon kaliplama
yontemiyle iiretilen T-sekilli baglant1 bileseni. Prosese 6zgii vulkanizasyon gereksinimlerini
karsilamak iizere, iki merdaneli hamur karistirma sisteminde peroksit ile kiirlenen iki 6zel
silikon hamuru (1436 ve C865 kodlu) formiile edilmistir. Islenebilirligi optimize etmek
amaciyla reometrik kiirlenme profilleri (minimum/maksimum tork, pisme baglangici ts1/ts2,
yar1 pisme siiresi t50 ve optimum pisme siiresi t90) degerlendirilmistir. Uluslararasi standartlara
(ISO 48-4 Shore A sertlik, DIN 53504-S2 ¢ekme mukavemeti ve kopma uzamasi, ASTM D
624 B yirtilma mukavemeti) uygun olarak mekanik ozellikleri belirlemek amaciyla sicak
hidrolik preslerde vulkanize test plakalar1 (2 mm kalinlik) hazirlanmistir. Ayrica, tek gozli
prototip dogrulamasinin ardindan seri iiretim i¢in 8 gozlii transfer-kompresyon birlestirme
kalib1 ve 6zel malafalar tasarlanmis ve imal edilmistir.

Reometrik analizler, her iki formiilasyon i¢in de optimum vulkanizasyon kinetigini ve
miikemmel islenebilirligi dogrulamistir. 1436 ve C865 hamurlarinin mekanik testleri sirasiyla
8,45 N/mm? ve 8,88 N/mm? ¢cekme mukavemetleri, %317 ve %302 kopma uzamasi degerleri
ile 24,6 N ve 23,6 N yirtilma mukavemetleri elde etmistir. Termogravimetrik Analiz (TGA)
sonuglar1 operasyonel kosullar altinda yiiksek termal kararlilik sergilendigini gdstermistir.
Akredite laboratuvar testleri, gida temas1 yonetmeliklerine tam uyumu dogrulamistir. Prototip
numuneler tizerinde gercgeklestirilen fonksiyonel, termal yaslandirma ve boyut dogrulama
testleri tiim miisteri spesifikasyonlarini karsilamis ve Ilk Uriin Onay1 (FPA) alinmstir.
Monolitik entegre tasarim, harici kelepge adaptorlerine olan ihtiyact ortadan kaldirarak buhar
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sizintis1 risklerini tamamen ¢dzmiis, montaj is¢ilik maliyetlerini diisiirmiis ve basarili bir
ticarilesme saglamistir.

Keywords— Silikon Elastomer, Buhar lletim Contasi; Gida Temasi Yonetmelikleri; T ransfer-
Kompresyon Kaliplama; Reometri; Termal Kararlilik

ABSTRACT

Steam transmission gaskets utilized in commercial and industrial steam ovens play a critical
role in directing high-temperature steam safely into the oven cavity. Conventional gasket
designs rely on profile cutting, silicone tubing, and external plastic adapter-clamp assemblies.
Under continuous high temperature and moisture exposure, these conventional assemblies
frequently suffer from mechanical degradation, material hardening, assembly difficulties, and
operational steam leakage risks. To overcome these technical limitations, this study presents
the engineering design, custom silicone material formulation development, process mold
manufacturing, and prototype verification of an innovative, integrated silicone steam
transmission gasket suitable for mass production and fully compliant with international food
contact regulations.

The developed gasket comprises a dual-component architecture involving two distinct
manufacturing processes: an extruded silicone hose (macaron) section and a T-shaped
connection component produced via transfer-compression molding. To meet process-specific
vulcanization requirements, two custom peroxide-cured silicone compounds (coded 1436 and
C865) were formulated using a two-roll mill mixing system. Rheometric curing profiles
(minimum/maximum torque, scorch time ts1/ts2, half cure time t50, and optimum cure time
t90) were evaluated to optimize processability. Vulcanized test sheets (2 mm thickness) were
prepared on hot hydraulic presses to determine mechanical properties in accordance with
international standards (ISO 48-4 Shore A hardness, DIN 53504-S2 tensile strength and
elongation at break, ASTM D 624 B tear strength). Furthermore, an 8-cavity transfer-
compression assembly mold and custom mandrels were designed and manufactured for mass
production following single-cavity prototype validation.

Rheometrical analysis confirmed optimal vulcanization kinetics and excellent processability
for both formulations. Mechanical testing of 1436 and C865 compounds yielded Shore A
hardness values of 67.2 and 64.5 Shore A, tensile strengths of 8.45 N/mm? and 8.88 N/mm?,
elongation at break values of 317% and 302%, and tear strengths of 24.6 N and 23.6 N,
respectively. Thermogravimetric Analysis (TGA) demonstrated high thermal stability under
operational conditions. Accredited laboratory testing verified full compliance with food contact
regulations. Functional, thermal aging, and dimensional verification tests conducted on
prototype samples met all customer specifications, leading to First Product Approval (FPA).
The monolithic integrated design eliminated the need for external clamp adapters, completely
resolving steam leakage risks, reducing assembly labor costs, and enabling successful
commercialization.

Keywords— Silicone Elastomer; Steam Transmission Gasket; Food Contact Regulations;
Transfer-Compression Molding, Rheometry; Thermal Stability
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Design And Implementation Of A Novel Manufacturing Execution

System Supported By Microservice Architecture And Real-Time Data
Analytics For Custom Manufacturing Processes: The Opm Project
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OZET

Glinlimiiz imalat sanayisinde rekabet giiciinii korumak ve operasyonel miikemmellige
ulagmak, iiretim siire¢lerinin anlik ve veriye dayali yonetilmesini zorunlu kilmaktadir. Ancak
6zel hammadde gereksinimlerine, hassas tolerans speklerine ve heterojen makine parkuruna
sahip isletmelerde piyasada hazir bulunan ticari Uretim Yonetim Sistemi (MES) ¢oziimleri
yetersiz kalmakta; entegrasyon zorluklari ve veri kayiplari yaganmaktadir. Bu c¢aligmanin
amaci, so6z konusu kisitlar1 asmak iizere Orsav biinyesinde gelistirilen ve "sezgisel
yonetimden kanita dayali yonetime" gecisi hedefleyen 6zgiin, esnek ve 6l¢eklenebilir OPM
(Orsav Siire¢ Iyilestirme ve Yonetim Sistemi) projesinin tasarimini ve saha uygulamalarini
sunmaktir.

Calismada, farkli marka ve nesildeki PLC sistemlerinden Modbus ve OPC-UA
haberlesme protokolleri araciligiyla milisaniye diizeyinde zaman damgali gercek zamanl veri
toplayan, giiriiltii arindirma ve veri temizleme kurallar1 barindiran katmanli bir veri mimarisi
kurgulanmistir. Sistem, Node.js, TypeScript ve React.js teknolojileriyle esnek bir mikro servis
mimarisinde tasarlanmis ve kurumsal ERP sistemiyle c¢ift yonlii API entegrasyonu
saglanmistir. Analitik katmanda, tesise Ozgii kisitlarla agirliklandirilmis OEE (Toplam
Ekipman Verimliligi) hesaplamalari, Pareto Analizi, Istatistiki Siire¢ Kontrolii (SPC) ve
zaman serisi analizine dayali Lineer Regresyon ile Hareketli Ortalama algoritmalari
kullanilmistir. Ayrica fabrika sahasindaki zorlu ergonomik kosullar dikkate alinarak Gestalt
ilkelerine uygun, kullanict odakli (UI/UX) ve kapsayici tasarim prensiplerini esas alan
interaktif gosterge panelleri gelistirilmistir.

Calismanin dogrulama asamasinda, birim ve stres testlerinin ardindan {i¢ farkli iiretim
hattinda pilot saha uygulamalar1 gerceklestirilmistir. Elde edilen bulgular; ger¢ek zamanli
izleme ve anlik kesinti analizleri sayesinde Toplam Ekipman Verimliligi'nde (OEE) %20 artis
saglandigini, dijital kalite kontrol modiilii ile kalite onay siireclerinin %15 hizlandigini ve
stand-by/enerji takibi ile enerji maliyetlerinde %10 tasarruf elde edildigini gostermistir.
Teknoloji Hazirlik Seviyesi 4'ten THS 8 seviyesine basariyla ulastirilan bu sistem, isletmede
teknik bilgi birikimini kalict kilmis, disa bagimlilig1 ortadan kaldirmis ve gelecekteki yapay
zeka tabanli 6ngoriisel bakim modiilleri i¢in stirdiiriilebilir bir iiriin platformu olusturmustur.

Anahtar Kelimeler— Uretim Yonetim Sistemi; Mikro Servis Mimarisi; Toplam Ekipman
Verimliligi; Istatistiki Siire¢ Kontrolii; Veri Analitigi; Dijital Doniigiim
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ABSTRACT

In the contemporary manufacturing industry, maintaining competitiveness and achieving
operational excellence require real-time, data-driven management of production processes.
However, in enterprises with custom raw material requirements, tight tolerance specifications,
and heterogeneous machinery, off-the-shelf commercial Manufacturing Execution System
(MES) solutions prove inadequate, leading to integration challenges and data losses. The
purpose of this study is to present the design and field applications of the novel, flexible, and
scalable OPM (Orsav Process Improvement and Management System) project, developed
within Orsav to overcome these constraints and facilitate a transition from "intuitive
management to evidence-based management”.

In this study, a layered data architecture featuring noise reduction and data cleaning rules
was developed to gather time-stamped real-time data at the millisecond level from multi-
brand and multi-generation PLC systems via Modbus and OPC-UA communication protocols.
The system was designed using Node.js, TypeScript, and React.js within a flexible
microservice architecture, enabling bidirectional API integration with the enterprise ERP
system. In the analytics layer, facility-wide weighted Overall Equipment Effectiveness (OEE)
calculations, Pareto Analysis, Statistical Process Control (SPC), and Linear Regression
alongside Moving Average algorithms based on time-series analysis were utilized.
Furthermore, taking into account the demanding ergonomic conditions of the factory floor,
interactive dashboards adhering to Gestalt principles, user-centered (UI/UX) practices, and
inclusive design guidelines were developed.

In the validation stage of the study, unit and stress testing was followed by pilot field
implementations on three distinct production lines. The findings demonstrated that real-time
monitoring and instant downtime analysis achieved a 20% increase in Overall Equipment
Effectiveness (OEE), the digital quality control module accelerated quality approval processes
by 15%, and standby/energy tracking yielded a 10% saving in energy costs. Successfully
elevated from Technology Readiness Level 4 to TRL 8, this system solidified technical know-
how within the enterprise, eliminated external dependencies, and created a sustainable product
platform for future Al-based predictive maintenance modules.

Keywords— Manufacturing Execution System; Microservice Architecture; Overall
Equipment Effectiveness, Statistical Process Control; Data Analytics, Digital Transformation
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Development of a Green Transformation Compliant
Automated Acid Etching System for Dental Implant
Surfaces to Improve Microroughness, Cleanliness, Acid
Vapor Control, and Waste Reduction
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ABSTRACT

The surface morphology, microroughness, and chemical cleanliness of dental implants play
a critical role in long-term clinical success. SLA (Sandblasted, Large-grit, Acid-etched)
surface technology is a widely used surface modification method that promotes bone—implant
integration (osseointegration) by generating controlled microroughness on the implant
surface. However, the semi-automated application of this process during manufacturing
presents several challenges regarding surface uniformity, removal of chemical residues,
process repeatability, and occupational health and safety.

The semi-automated acid etching system currently used by Proimtech Saglik Uriinleri A.S.
relies on operator experience for the adjustment of process parameters such as temperature,
processing time, and acid concentration, which may result in variations in surface quality.
Furthermore, in processes involving hydrochloric acid (HCI) and sulfuric acid (H2SOs4), the
limited control of chemical vapors and liquid waste in the existing system creates a need for
improvement in terms of operator exposure and environmental sustainability. Accordingly,
the development of a fully automated, closed-loop, and digitally traceable system has become
necessary.

Within the scope of this project, the development of an automated acid etching system
compatible with green transformation principles is targeted to achieve homogeneous
microroughness, a high level of surface cleanliness, and precisely controlled chemical
processing conditions on dental implant surfaces. The project aims to establish an integrated,
safe, and reproducible manufacturing infrastructure for dental implant surface treatment
processes. The project has been supported and is being carried out under the TUBITAK 1832
Industrial Green Transformation call.

Within the project, the mechanical design of the closed-loop acid etching system was
initially completed and implemented. The chemical reaction parameters of the system,
including temperature, processing time, and acid ratios, were optimized. To ensure operator
safety, a sealed processing chamber, an automated lid, and emergency stop mechanisms were
developed. Subsequently, a PLC-based automation infrastructure and sensor integration were
implemented to enable real-time monitoring, control, and recording of process parameters.
System integration studies were also carried out for the filtration of chemical acid vapors, pH-
controlled neutralization of liquid waste, and reduction of chemical consumption. The
performance of the developed system will be evaluated through pilot production studies,
while the morphological and chemical characteristics of the implant surfaces will be verified
by SEM and EDS analyses.
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At the end of the project, the fully automated acid etching system is intended to achieve a
surface microroughness within the range of 1.5-2.5 micrometers, reduce acid consumption by
40 percent, decrease the evaporation rate from 20 percent to 2 percent, reduce the amount of
non-recyclable waste by 10 percent, minimize operator exposure to chemicals, and reduce
operator dependency by 90 percent. Consequently, the project is expected to contribute to the
simultaneous improvement of quality standardization, process safety, and environmental
sustainability in dental implant manufacturing.

Keywords— Dental Implants; Acid Etching, Surface Modification; Microroughness; Green
Transformation
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OZET

Sizdirmazlik elemanlarinin seri iiretimi; yiliksek boyutsal hassasiyet, giivenilir sizdirmazlik
performanst ve artan pazar taleplerini karsilayabilecek liretim kapasitesi gerektirmektedir.
Geleneksel tek katli enjeksiyon kaliplari, makine plaka olgiileriyle sinirli olmasi nedeniyle
belirli bir alana yerlestirilebilecek kalip gozii sayisini kisitlamakta ve liretim kapasitesinde
darbogaz olusturmaktadir. Bununla birlikte, 6zellikle yatay enjeksiyon makinelerinde ¢ift kath
kaliplarin kullanilmasi, iiriinlerin farkli kalip katlarindan alinmasi ve katlar arasindaki yolluk
baglantilarinin ayrilmasi agisindan otomasyon gerektiren ilave proses ihtiyaclari ortaya
cikarmaktadir. Bu ¢alisma kapsaminda, farkli makine konfigilirasyonlarina uyarlanabilecek ¢ift
katli kalip teknolojisinin gelistirilmesi amaciyla dikey ve yatay enjeksiyon makineleri i¢in iki
ayr1 kalip ve otomasyon uygulamasi tasarlanmis, {iretilmis ve proses kosullarinda
dogrulanmustir.

Dikey enjeksiyon makinesi igin gelistirilen birinci uygulamada, mevcut makine plaka alan
degistirilmeden kalip gbéz sayisinin artirilmasi amaciyla ¢ift katli asansor kalip mimarisi
kullanilmistir. Geleneksel tek katli kalipta dort {irlin gozii bulunan alana, alt ve st katlarda
toplam sekiz aktif kalip gozii yerlestirilmistir. Her iki kalip katina homojen hammadde
iletiminin saglanmasi amaciyla dengeli bir yolluk sistemi tasarlanmig, katlar arasinda
olusabilecek akis farkliliklarinin kontrol edilebilmesi i¢in yolluk kanallarina setskurlu ayar
mekanizmas1 entegre edilmistir. Enjeksiyon hacmi, kalip izdiigtim alani, makine kapama
kuvveti ve enjeksiyon kapasitesi birlikte degerlendirilerek uygun makine ve proses
parametreleri belirlenmistir. Gergeklestirilen deneme iiretimleri sonucunda, optimize edilen
enjeksiyon parametreleriyle sekiz kalip goziinde dengeli dolum saglanmis ve {iretim sirasinda
ilave setskur ayarina ihtiya¢ duyulmamustir.

Yatay enjeksiyon makinesi i¢in gelistirilen ikinci uygulamada ise ¢ift katli kalip yapisinin
otomatik c¢evrimde c¢alistirilabilmesi hedeflenmistir. Enjeksiyon ve vulkanizasyon islemi
tamamlandiktan sonra kalip yatay dogrultuda agilmakta ve iki ayr1 kalip kati {iriin alma
pozisyonuna gelmektedir. Kalip iizerine yerlestirilen iki bagimsiz fir¢a, yukaridan asagiya
dogru dikey hareket edecek sekilde tasarlanmistir. Her firca kendi kalip katina girerek kalip
yiizeyinde bulunan iiriinleri ve yolluk sistemini styirmakta, tirlinlerin kaliptan ayrilarak toplama
alanina diismesini saglamaktadir.

Yatay kaliptaki katlar arast malzeme gegislerinin otomatik iiriin alma islemini
engellememesi amaciyla baglanti bolgelerinde kontrollii et kalinlig1 azaltimi1 uygulanmistir. Bu
inceltilmis kopma bolgeleri, enjeksiyon sirasinda malzemenin iki kalip katina saglikli bigimde
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iletilmesine olanak verirken fircalama islemi sirasinda baglantilarin kontrollii kuvvet altinda
ayrilmasimi saglamaktadir. Boylece iirlinlerin asir1 ¢ekme kuvvetine maruz kalmasi,
deformasyona ugramasi veya kalip iizerinde kalmasi Onlenmistir. Fir¢alama isleminin
tamamlanmasinin ardindan firgalar baslangi¢ pozisyonuna geri ¢ekilmekte, kalip kapanmakta
ve bir sonraki enjeksiyon ¢evrimi operatdr miidahalesine ihtiya¢ duyulmadan baslatilmaktadir.

Dikey enjeksiyon uygulamasinda gergeklestirilen karsilastirmali performans testlerinde, tek
kath ¢alisma diizeninde sekiz saatlik vardiyada 480 adet iiriin elde edilirken ¢ift katl kalibin
aktif kullannmiyla vardiya basina 800 adet iiretim seviyesine ulasilmistir. Boylece iiretim
kapasitesinde %66 artis saglanmistir. Uretilen prototip sizdirmazlik elemanlari iizerinde
gerceklestirilen boyutsal dogrulama, fonksiyonel montaj ve sizdirmazlik testlerinde miisteri
teknik gereklilikleri karsilanmistir. Yatay enjeksiyon uygulamasinda ise dikey calisan ¢ift firca
sistemi ve kontrollii kopma bolgeleri sayesinde iiriin alma operasyonu otomatik hale getirilmis,
manuel miidahale azaltilmig ve ¢evrim siirekliligi saglanmistir.

Gelistirilen iki ayr1 uygulama, ¢ift katli kalip teknolojisinin yalnizca iiretim kapasitesini
artiran bir kalip yaklasimi olmadigini; makine yerlesimi, kalip agilma yonii, yolluk dengesi ve
iirlin alma yontemi birlikte degerlendirilerek farkli enjeksiyon makinesi konfigiirasyonlarina
uyarlanabilen biitiinlesik bir {iretim ¢oziimii oldugunu gostermistir. Elde edilen sonuglar, ¢ift
katli kalip teknolojisinin yiiksek hacimli silikon ve kauguk parca iiretiminde kapasite artisi,
proses standardizasyonu, iscilik azaltma ve otomasyon acgisindan onemli bir uygulama
potansiyeline sahip oldugunu ortaya koymaktadir.

Keywords— Asansor Kaliplama Teknolojisi; Cift Kath Kalp; Enjeksiyon Kaliplama
Teknolojileri; Uretim Kapasitesi Optimizasyonu,; Yolluk Tasarimi; Sizdirmazlik Dogrulamast

ABSTRACT

The mass production of sealing components requires high dimensional accuracy, reliable
sealing performance, and sufficient production capacity to meet increasing market demand.
Conventional single-layer injection molds are constrained by the platen dimensions of the
injection molding machine, limiting the number of mold cavities that can be accommodated
within a given area and consequently creating production capacity bottlenecks. Furthermore,
particularly in horizontal injection molding machines, the use of double-layer molds introduces
additional process requirements related to the removal of products from different mold layers
and the separation of runner connections between the layers, thereby creating a need for
automated handling solutions. Within the scope of this study, two separate mold and automation
systems were designed, manufactured, and validated under actual process conditions for
vertical and horizontal injection molding machines in order to develop a double-layer mold
technology adaptable to different machine configurations.

In the first application, developed for a vertical injection molding machine, a double-layer
elevator mold architecture was implemented to increase the number of mold cavities without
modifying the existing machine platen area. Within the same area where a conventional single-
layer mold accommodated four product cavities, a total of eight active cavities were positioned
across the lower and upper mold layers. A balanced runner system was designed to ensure
uniform material distribution to both mold layers, and a set-screw adjustment mechanism was
integrated into the runner channels to enable control of potential flow differences between the
layers. Injection volume, projected mold area, machine clamping force, and injection capacity
were evaluated together to determine the appropriate machine configuration and process
parameters. As a result of the production trials, balanced filling was achieved across all eight
cavities using the optimized injection parameters, without requiring any additional set-screw
adjustment during production.
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In the second application, developed for a horizontal injection molding machine, the
objective was to enable the double-layer mold structure to operate in a fully automatic cycle.
Following completion of the injection and vulcanization processes, the mold opens in the
horizontal direction, bringing both mold layers into the product removal position. Two
independent brushes installed on the mold system were designed to move vertically from top to
bottom. Each brush enters its corresponding mold layer and sweeps the products and runner
system from the mold surface, allowing the molded parts to separate from the mold and fall into
the designated collection area.

To prevent the interlayer material connections in the horizontal mold from interfering with
the automatic product removal operation, a controlled reduction in wall thickness was
incorporated into the connection regions. These predefined breakaway sections allow the
material to flow properly between the two mold layers during injection while enabling the
connections to separate under a controlled force during the brushing operation. This approach
prevents the products from being subjected to excessive tensile forces, deformation, or
remaining attached to the mold surface. Once the brushing operation is completed, the brushes
return to their initial positions, the mold closes, and the next injection cycle begins without
requiring operator intervention.

In comparative performance tests conducted for the vertical injection molding application,
480 parts were produced during an eight-hour shift using the single-layer configuration,
whereas the active use of the double-layer mold increased production output to 800 parts per
shift. This corresponds to a 66% increase in production capacity. Dimensional validation,
functional assembly, and sealing tests performed on the prototype sealing components
confirmed compliance with customer technical requirements. In the horizontal injection
molding application, the vertically operating dual-brush system combined with the controlled
breakaway sections enabled the product removal operation to be automated, reduced manual
intervention, and ensured continuous production cycles.

The two developed applications demonstrate that double-layer mold technology is not
merely a mold concept for increasing production capacity, but rather an integrated
manufacturing solution that can be adapted to different injection molding machine
configurations through the combined consideration of machine layout, mold opening direction,
runner balance, and product removal methodology. The results indicate that double-layer mold
technology offers significant application potential in high-volume silicone and rubber
component manufacturing in terms of increased production capacity, process standardization,
reduced labor requirements, and automation.

Keywords— Elevator Mold Technology,; Double-Layer Mold; Injection Molding Technologies,
Production Capacity Optimization; Runner Design, Sealing Validation
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ABSTRACT

SiAION ceramics are promising materials for tribological applications due to their high
hardness, chemical stability, and mechanical reliability. In this study, the wear behavior and
worn-surface microstructural evolution of B-SiAION and mixed phase o/f-SiAION ceramics
was investigated under various water-lubricated ball-on-disc conditions using 100Cr6 steel
and Si3sNs counterbodies. The microstructural features of the worn surfaces were examined by
scanning electron microscopy to elucidate the dominant wear and tribolayer formation
mechanisms.

In the first stage, the effect of SIAION phase composition was examined in water. The o/p-
SiAION exhibited substantially higher friction coefficients than B-SiAION against both
counterbodies. However, this was not accompanied by higher material loss. The specific wear
rate of a/B-SiAION was approximately 73% lower than that of B-SiAION against 100Cr6 and
approximately 22% lower against Si3N4. This behavior was attributed to the combined effects
of higher hardness, tribolayer formation, and counterbody interaction. Microstructural
examination of the worn surfaces revealed distinct surface evolution depending on both phase
composition and counterbody material. A relatively continuous tribolayer on o/f-SiAION
against Si3N4, whereas B-S1AION exhibited a more fragmented surface with fine wear debris.
Against 100Cr6, more pronounced steel transfer was observed on the o/B-SiAION surface.

In the second stage, a/B-SiAION was tested under three aqueous lubrication conditions:
pure water, water containing graphene nanoplatelets, and water containing semi-synthetic
metalworking fluid. Graphene reduced friction by approximately 67% against Si3Ns4 but had
almost no effect against 100Cr6, while its influence on specific wear rate was limited. In
contrast, the semi-synthetic fluid reduced friction by approximately 83% against SizN4 and
93% against 100Cr6, together with wear-rate reductions of approximately 48% and 67%,
respectively. Microstructural characterizations further demonstrated that the lubricant
additives altered the worn-surface morphology and interfacial tribolayer characteristics.
Graphene modified the ceramic—ceramic interface, whereas the semi-synthetic fluid
effectively suppressed steel transfer.

Overall, the results demonstrate that SiAION tribological behavior and worn-surface
microstructural evolution are strongly governed by phase composition, counterbody material,
tribolayer development, and lubricant chemistry.

Keywords—SiAION; Ceramic; Microstructural Characterization; Wear
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ABSTRACT

The global competitive landscape, shortening product life cycles, and the dynamics of
electrification necessitate faster, more flexible, and more precise management of New Product
Introduction (NPI) processes within the manufacturing sector. In the automotive industry, new
product launch represents a critical phase bridging product design and mass production where
manufacturability is validated and compliance with rigorous quality standards is ensured. While
the traditional "Stage-Gate" model fosters a discipline of shared objectives and traceability, its
rigid, linear structure can lead to bottlenecks, delays, and high rework costs when faced with
dynamic market conditions. This study aims to analyze the operational and managerial
obstacles inherent in automotive new product launch processes and to examine the impact of a
hybrid "Agile-Stage-Gate" management model designed to introduce flexibility into the
traditional structure on the performance of these processes.

A comprehensive literature review was conducted, and the theoretical feasibility of adapting
agile methodologies to physical manufacturing environments was evaluated. It was determined
that software-centric agile methods could not be directly transferred to production due to
physical time constraints associated with factors such as mold making, prototype validation,
and regulatory compliance. To overcome these limitations, a hybrid approach was developed
that integrates short-cycle iterations and rapid feedback loops at lower operational levels while
maintaining the comprehensive control points of the Stage-Gate model.

The proposed model was implemented in a real-world case study focusing on the market
launch of an optical lighting component manufactured via plastic injection molding in the
automotive sector. Although the customer had approved the technical documentation during the
line audit, the initial inspection yielded an unfavorable result due to operator training gaps
regarding work practices and visual inspection, as well as the presence of cracks on the optical
surfaces of parts defects that were found to propagate a few days after production. Agile follow-
up cycles were implemented to address these issues; the Process Failure Mode and Effects
Analysis (PFMEA), control plan, and injection parameters were revised based on risks
identified on the production floor. Subsequently, the operator competency matrix (multiskilling
list) was updated, and visual inspection standards were established at the workstation.

By bridging the gap between documentation and operational reality, this hybrid approach
ensured the success of the new customer audit and the subsequent approval process for serial
production. The study highlights that procedural documentation alone is insufficient to
guarantee effective new product introduction management in the manufacturing sector,
underscoring the critical importance of hybrid models that combine on-site verification with
agile flexibility.

Keywords—New Product Introduction; Agile-Stage-Gate;, Automotive Industry; Bottleneck
Analysis, Plastic Injection; Process Performance; Quality Management)
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ABSTRACT

Meeting ISO 898-1 property class 12.9 requirements (yield strength >1100 MPa, tensile
strength >1220 MPa) while ensuring strict low temperature impact toughness (min. 27 J at -40
°C) is challenging in relatively thin round bars (e.g., @25 mm) using conventional quenching
and tempering (Q&T). Standard grades like 42CrMo4 exhibit high distortion and quench-
cracking risks during severe quenching and require expensive alloying (e.g., 34CrNiMo6) to
achieve this strength—toughness balance.

To address these challenges, Quenching and Partitioning (Q&P) heat treatment was adapted
for round bars, combined with optimized alloy design. Initial trials on standard medium-carbon
grades confirmed that suppressing cementite precipitation and stabilizing retained austenite
require elevated silicon. A medium-carbon base composition (Fe-0.29C-1.20Si-1.45Mn-
1.00Cr-0.08V in wt.%) was established using thermodynamic simulations (JMatPro v10.2). To
satisfy the demanding -40 °C impact toughness, the effect of molybdenum additions (0.20 wt.%
and 0.40 wt.%) to the vanadium-containing base alloy (0.01 wt.% Mo) was systematically
investigated.

Laboratory heats produced via vacuum induction melting and hot rolling to @25 mm were
austenitized at 880 °C (35 min), quenched to the Ms—Mf range (265-285 °C), and partitioned
at 420 °C for 15 min. All experimental alloys surpassed class 12.9 tensile criteria (yield
strength: 1139-1187 MPa; tensile strength: 1415-1452 MPa). Charpy impact tests at -40 °C
showed that while the baseline alloy achieved 15.7 J, additions of 0.20 wt.% Mo and 0.40 wt.%
Mo increased the impact energy to 21.3 J and 32.0 J, respectively, successfully exceeding the
min. 27 J target without a significant increase in alloying cost compared to 42CrMo4. This work
demonstrates the industrial feasibility of producing high-strength, crack-resistant round bars via
Q&P heat treatment and Mo alloying.

Keywords— Quenching and Partitioning (Q&P), Medium-Carbon Round Bars, Molybdenum
Addition, Low-Temperature Impact Toughness, Retained Austenite, ISO 898-1 Class 12.9
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ABSTRACT

The growing focus on seeking raw materials from renewable sorces and efforts to reduce the
environmental impact of plastic has created a greater demand for the development of
biodegradable food packaging because they are recyclable, non-toxic, and derived from natural
resources. The present study focuses on the preparation of PBAT/PLA/PCL, PHA/PBS, and
PHA/PHBYV blended biocomposite films with Cu-based metal organic frameworks (CuMOF)
for food packaging applications. Biocomposite film blends based on PBAT/PLA/PCL (wt.%:
80/10/10), PHA/PBS (wt.%: 80/20), and PHA/PHBV (wt.%: 80/20) with the adding CuMOF
nanoparticles (0.1, 0.5, 1.0 wt.%) as antimicrobial agent were evaluated towards their potential
application in food packaging materials. The films containing with different concentrations of
CuMOF were prepared by solvent-casting method. Biocomposite blended films have been
investigated to develop them as an environmentally friendly material with improved mechanical
and barrier properties, enabling their usage as replacements for conventional petroleum based
food packaging materials. Mechanical properties, water vapor permeability (VWP), oxygen
transmission rate (OTR), morphology, thermal stability, and antimicrobial activity are utilized
to determine the effect of CuMOF nanocrystals concentration. The chemical and molecular
structures were analyzed with ATR-FTIR spectroscopy and X-ray diffraction. The tensile
strength, storage modulus and Tg were improved owing to the reinforcement of CuMOF
nanocrystals in the blended polymers/MOFs biocomposites. All the films prepared with MOFs
gain the increase the resistance to oxygen and water vapor permeabilities. The overall
conclusion of the results indicates that the incorporation of antimicrobial nanoparticles is
decisive in this prepared films appropriate for bioactive food packaging applications.

Acknowledgement: This work was supported by The Scientific Research Projects Coordination
of the Yildiz Technical University (Project Number: YTU-BAP-FYL-2023-5692).
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OZET

Cok delikli basing problari, acrodinamik arastirmalarda ve turbomakine testlerinde akis
yOniinii, toplam basinci ve statik basinci 6lgmek i¢in yaygin olarak kullanilir. Geleneksel
problar kiiclik metal tiiplerin islenmesi ve birlestirilmesiyle iiretilir ve bu durum problar
pahali, teslim siiresi uzun ve 6zel uygulamalara uyarlanmasi zor hale getirir. Eklemeli imalat
ise prob ucunun, i¢ kanallarin ve gdvdenin tek parca olarak {liretilmesine imkan verir.
Boylelikle tasarim degisiklikleri birka¢ giin icinde ve ¢ok daha diisiik maliyetle denenebilir.
Buna karsin basili parcalarin boyutsal dogrulugu, yiizey kalitesi ve i¢ kanal biitiinligi
sinirlidir ve bu tiir problarin uygun bir kalibrasyon olmadan giivenilir veri verip veremeyecegi
acik degildir. Bu ¢alismada, recine esasli eklemeli imalatla {iretilen diigiik maliyetli {i¢ delikli
bir probun iiretilebilirligi ve iki boyutlu akis Ol¢timlerindeki kullanilabilirligi, serbest jet
diizeneginde yapilan kalibrasyon yoluyla incelenmistir. 6 mm ¢apli, ii¢ basing delikli ve bir
statik portlu prob, Elegoo Saturn 4 Ultra re¢ine yazicida ABS benzeri recine kullanilarak
iiretilmistir. Kalibrasyon, Eskisehir Teknik Universitesi Kalibrasyon ve Olgiim Teknolojileri
Uygulama ve Arastirma Merkezi'ndeki serbest jet kalibrasyon diizeneginde, Mach 0,2, 0,3,
0,4 ve 0,5 olmak iizere dort jet hizinda yapilmistir. Her hizda prob, —50 ile +50 derece
arasinda 5 derecelik adimlarla toplam 21 sapma agis1 konumuna getirilmis; lic delikten, statik
delikten ve jet toplam basincindan alinan basinglar, kalibre edilmis basing sensorleriyle 200
Hz oOrnekleme hiziyla kaydedilmistir. Hareketsiz Ol¢lim pencerelerindeki ortalama
basinglardan aci, toplam basing ve statik basing katsayilart hesaplanmis, her konum igin
sensOr dogruluguna dayali belirsizlik sinirlar1 belirlenmistir.

Act katsayisinin sapma agistyla —45 ile +45 derece arasinda monoton olarak degistigi ve
sifir derece civarindaki duyarliliginin derece basina yaklasik 0,09 oldugu goriilmiistiir. Dort
Mach sayist i¢in elde edilen katsay1 egrileri birbirine ¢ok yakin bulunmustur. Sapma agisinin
mutlak degeri 35 dereceye kadar olan aralikta farkli jet hizlar1 arasindaki ag1 katsayisi farki
0,1'in altinda kalmis, bu da yaklasik bir derecelik ag¢1 farkina karsilik gelmistir. Toplam ve
statik basing katsayilar1 da incelenen Mach araliginda hiz degisiminden belirgin bigcimde
etkilenmemistir. Biiyiilk acilarda prob ucunda akis ayrilmis ve statik delikteki basing
dalgalanmalar1 artmistir; bu nedenle katsayilarin giivenle kullanilabilecegi aralik yaklasik —40
ile +40 derece olarak belirlenmistir. Probun iiretim maliyeti yaklasik 10 ABD dolar1 olmustur;
bu deger, yaklasik 120 ABD dolar1 olan benzer bir ticari probun maliyetinin yiizde 10'unun
altindadir. Bu bulgular, prob 6zelinde kalibrasyon yapildiginda eklemeli imalatla {iretilen {i¢
delikli problarin laboratuvar ve egitim amacli kullanim ile endiistriyel uygulamalardaki 6n
Ol¢iimler i¢in pratik bir alternatif olabilecegini gostermistir.

Anahtar Kelimeler—Ug Dglikli Prob; Eklemeli Imalat; Prob Kalibrasyonu; Diigiik Maliyetli
Enstriimantasyon; Basing Olgiimii
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ABSTRACT

Multi-hole pressure probes are widely used in aerodynamics and turbomachinery testing to
measure flow direction, total pressure and static pressure. Conventional probes are produced
by machining and joining small metal tubes, which makes them expensive, slow to obtain and
difficult to adapt to special applications. Additive manufacturing, on the other hand, allows
the probe tip, the internal channels and the stem to be produced as a single part. Thus, design
changes can be tested within days at a much lower cost. However, the dimensional accuracy,
surface quality and internal channel integrity of printed parts are limited, and it is not clear
whether such probes can provide reliable data without proper calibration. In this study, the
manufacturability of a low-cost three-hole probe produced by resin-based additive
manufacturing, and its usability in two-dimensional flow measurements, were investigated
through calibration in a free-jet facility. The probe, which has a diameter of 6 mm, three
pressure holes and one static port, was produced from an ABS-like resin using an Elegoo
Saturn 4 Ultra resin printer. The calibration was carried out in the free-jet calibration facility
of the Calibration and Measurement Technologies Application and Research Center of
Eskisehir Technical University, at four jet speeds of Mach 0.2, 0.3, 0.4 and 0.5. At each
speed, the probe was set to 21 yaw positions between —50 and +50 degrees in steps of 5
degrees, and the pressures were recorded with calibrated sensors at 200 Hz. From the mean
pressures in the stationary measurement windows, the angle, total pressure and static pressure
coefficients were calculated with uncertainty limits based on sensor accuracy.

The angle coefficient was found to vary monotonically with the yaw angle between —45
and +45 degrees, and its sensitivity around zero degrees was approximately 0.09 per degree.
The coefficient curves obtained for the four Mach numbers were very close to each other. For
absolute yaw angles up to 35 degrees, the difference in the angle coefficient between the jet
speeds remained below 0.1, which corresponds to an angle difference of about one degree.
The total and static pressure coefficients were also not significantly affected by the speed
change in the examined Mach range. At large angles, the flow separated at the probe tip and
the pressure fluctuations at the static hole increased; therefore, the range in which the
coefficients can be used reliably was determined to be approximately —40 to +40 degrees. The
production cost of the probe was approximately 10 US dollars, which is less than 10 percent
of the cost of a comparable commercial probe of approximately 120 US dollars. These
findings showed that, when a probe-specific calibration is performed, three-hole probes
produced by additive manufacturing can be a practical alternative for laboratory and
educational use and for preliminary measurements in industrial applications.

Keywords—Three-Hole Probe; Additive Manufacturing, Probe Calibration;, Low-Cost
Instrumentation,; Pressure Measurement
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