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Ozet

Tek eksenli basing dayanimi (TBD), miihendislik yapilarinin tasarimi ve insast, yeralti kazilari,
sev stabilitesi gibi projelerde kaya miihendisligi i¢in en Onemli tasarim parametrelerinden
biridir. TBD testi i¢in gerekli olan numunelerin bazi1 ulusal ve uluslararasi standartlarda
onerildigi sekilde hazirlanmasi gerekmektedir. Ozellikle kaya yapisi zayif ve kirilgan
oldugunda istenilen boyutlarda ve sayida numune temin edebilmek miimkiin olmamaktadir.
Boyle durumlarda, farkli standartlarda 6nerilmis alternatif numune boyutlar1 ve geometrileri
tercih edilebilmektedir. Numune sekli ve boyutunun TBD iizerindeki etkisi literatiirde uzun
stiredir arastirilmakta olup, bu etki biiyiik 6l¢iide anlagilmistir. Ancak farkli geometrilere sahip
numunelerden elde edilen TBD degerleri arasindaki iliskinin literatiirde ortaya konmadig:
goriilmektedir. Ozellikle kaya drnekleri {izerinde yapilan karsilastirmali ¢alismalarin olmadig
fark edilmistir. Literatiirde Onerilen bazi doniisiim denklemlerinin, silindirik ve kiibik
numuneler arasindaki dayanim gecisini de yeterli dogrulukla tahmin edemedigi belirlenmistir.
Bu calismada, kiibik numunelerden elde edilen TBD degerlerinden silindirik numunelere ait
degerlerin tahmin edilmesi amaciyla cesitli makine Ogrenmesi (ML) temelli regresyon
algoritmalart uygulanmistir. Dogrusal regresyon, agac¢ tabanli modeller, ansambl 6grenme
yontemleri, c¢ekirdek tabanli algoritmalar ve dayanikli regresyon teknikleri karsilastirmali
olarak degerlendirilmistir. Modellerin performansi, 5 katl ¢apraz dogrulama yontemi ile
belirlenmis ve basar1 6l¢iitleri olarak R2, MAE, MAPE ve RMSE kullanilmistir. Elde edilen
bulgular, 6zellikle Huber Regressor ve SVR gibi modellerin yiiksek dogrulukla tahmin
sagladigin1 gostermekte; klasik donilisiim katsayilarina kiyasla daha dar hata araliklar1 ve giiclii
genelleme yetenegi sunduklarini ortaya koymaktadir. Bu sonuglar, makine 6grenmesi tabanl
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modellerin, beton ve kaya gibi heterojen malzemelerde farkli numune geometrileri arasinda
TBD doniisiimiinii saglamak icin etkin bir ara¢ olabilecegi sonucuna varilmistir.

Anahtar kelimeler: Tek eksenli basing dayanimi, numune geometrisi, silindir-kiip, beton,
makine 6grenmesi

Abstract

Uniaxial compressive strength (UCS) is one of the most critical design parameters in rock
engineering applications, including the design and construction of engineering structures,
underground excavations, and slope stability. Specimens required for UCS testing must be
prepared in accordance with various national and international standards. However, when the
rock structure is weak or brittle, obtaining the required number and size of specimens may not
be feasible. In such cases, alternative specimen geometries and sizes recommended by different
standards are often adopted. Although the influence of specimen shape and size on UCS has
been extensively studied in the literature and is relatively well understood, the relationship
between UCS values obtained from different geometries remains largely unexplored. Notably,
there is a lack of comparative studies focusing specifically on rock samples. Furthermore, some
transformation equations proposed in the literature have proven inadequate in accurately
estimating the strength conversion between cylindrical and cubic specimens. In this study,
various machine learning (ML)-based regression algorithms were applied to predict UCS values
for cylindrical specimens using UCS values obtained from cubic specimens. A comparative
evaluation was conducted using linear regression, tree-based models, ensemble learning
methods, kernel-based algorithms, and robust regression techniques. Model performances were
assessed through 5-fold cross-validation using R?, MAE, MAPE, and RMSE as evaluation
metrics. The findings reveal that models such as the Huber Regressor and Support Vector 296
Regression (SVR) provided highly accurate predictions, with narrower error margins and
stronger generalization capacity compared to classical transformation coefficients. These
results suggest that ML-based models offer an effective and reliable approach offering a robust
alternative to conventional transformation equations, especially in engineering contexts where
direct experimental testing is limited or impractical.

Keywords: Uniaxial compressive strength, specimen geometry, cylinder-cube, concrete,
machine learning

1. GIRIS

Tek eksenli basing dayanimi, kaya¢ ve beton gibi yap1 malzemelerinin tanimlanmasinda ve
yeralti ile yeriistii yapilarinin tasariminda kullanilan en temel mekanik parametredir. Bu nedenle
kayacin ve betonun basing dayaniminin dogru bir sekilde belirlenmesi ve degerlendirilmesi
teknik olarak ¢ok oOnemlidir. Kayacin ve betonun tek eksenli basing dayanimi ulusal ve
uluslararasi standartlar tarafindan 6nerilen deney yontemlerinde belirtilen farkli boyutlardaki
silindirik ve kiibik sekillerdeki test numuneleri kullanilarak belirlenmektedir. Kayacin veya
betonun tek eksenli basing dayaniminin numune sekli, boyutu ve sinir kosullar1 gibi test
parametrelerine kars1 son derece duyarli oldugu goriilmiistiir (Van Vliet ve Van Mier, 1996;
Bazant ve Planas 1997; Viso vd., 2008; Zabihi ve Eren, 2014; Li vd., 2018). Literatiirde
kayaclarin tek eksenli basing dayanimi tizerinde numune sekli etkisine iliskin bir ¢aligma heniiz
bulunmamakla birlikte, beton ile ilgili numune seklinin betonun basing dayanimina etkilerini
inceleyen az sayida ¢alismanin oldugu goriilmistiir.

Felekoglu ve Tiirkel (2005) farkli boyutlarda kiip ve silindir formdaki beton test 6rneklerinin
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basing dayanimi degerlerini iki farkli dayanim sinifi i¢in incelemis ve bu boyutlar arasinda gegis
katsayilar1 onermislerdir.

Dehestani vd. (2014) farkli karisim oranma sahip kiip ve silindir numuneler iizerinde
gerceklestirdikleri deneyler sonucunda uzunluk/cap orani azaldikga numune boyutunun
etkisinin daha biiyiik bir faktér haline geldigini, uzunluk/cap orani 2.0 veya yanal boyutu 100
mm olan numuneler i¢in elde edilen sonuglarin beton karisim oranindan bagimsiz oldugu
sonucuna varmiglardir. Numunelerin kesit seklinin basing dayanimi iizerinde ¢ok az etkisi
oldugunu ortaya koymuslar ve numune geometrisine dayali basing dayanimini tahmin etmek
icin korelasyon analizleri yaparak tahmin modelleri 6nermislerdir.

Sudin ve Ramli (2014) calismalarinda numune boyutu ve seklinin betonun eksenel basing
dayanimi tizerindeki etkisini incelemisler, hazirladiklar1 kiip, prizma ve silindir gibi kare ve
dairesel kesitlere sahip c¢esitli boyut ve sekillerde numuneler iizerinde yaptiklar1 deneylerle
betonun 7 ve 28 giinliik basing dayanimi davraniglarini incelemislerdir.

Nalon vd. (2017) numunelerin sekli ve boyutunun betonun basing dayanimai tizerindeki etkisinin
karsilastirmali analizlerini sunduklar1 bir ¢alisma yapmislardir. Kiibik numunelerin basing
dayanimi 10x20 cm'lik silindirlerin basing dayanimindan daha yiiksek, 5x10 cm'lik silindirlerin
basing dayanimindan ise daha diisiik oldugunu belirlemislerdir.

Li vd. (2018) gesitli uzunluk/¢ap oranlarina sahip 50 mm boyutunda kiipler ve 50 mm ¢apinda
silindirler lizerinde deneyler gerceklestirmisler ve farkli sekil ve boyutlardaki numunelerden
elde edilen betonun statik ve dinamik basing dayanimlarin iliskilendiren ampirik bagmtilar
onermislerdir. Numune sekli ve boyutunun statik ve dinamik testler altinda elde edilen basing
dayanimi degerleri lizerindeki etkilerini agik¢a gostermislerdir.

Mardani-Aghabaglou vd. (2021) numune boyutu ve seklinin betonun dayanimi ilizerindeki
etkisini degerlendirmek i¢in 10x10x10 cm ve 15%15x15 cm kiibik ve 10%20 cm ile 15%30 cm
boyutlarinda silindirik numuneler iizerinde basing dayanimi deneyleri gerceklestirmisler ve
numunelerin boyutundaki azalmanin daha yiiksek mukavemetle sonuglandigin1 gérmiislerdir.

297

Rincon vd. (2022) kiip ve silindir beton numuneler iizerinde yaptiklar: deneyler sonucunda kiip
numunelerden elde edilen basing dayanimi degerlerinin silindirik numunelerden elde edilen
basing dayanimi degerlerine gore %35 ile %50 oraninda daha yiiksek oldugunu gérmiislerdir.

Judd vd. (2023) kiip numuneler, silindir numuneler lizerinde ASTM C109'a gore basing
dayanimi deneyleri gergeklestirmisler ve betonun basing dayaniminin numune boyutuna giiclii
bir sekilde bagli oldugunu gérmiislerdir.

Bing ve Yuan (2023) yaptiklar1 calisma ile farkli sekil ve boyuta sahip test numuneleri
arasindaki basing dayanimini hesaplayabilmek icin esitlikler onermislerdir.

De La Rosa ve Ruiz (2025) silindirik ve kiibik beton numunelerin basing dayanimi arasindaki
iligkiyi, numune sekli, boyutu, beton tipi ve dokiim yOniinlin etkisine odaklanarak
arastirmiglardir. Yapilan onceki calismalardan elde edilen deneysel verileri analiz ederek,
silindir ve kiip arasindaki doniisiim faktoriinii hesaplamak i¢in beton numunelerin boyut ve
geometrik etkilerini hesaba katan yenilik¢i bir Kirllma Mekanigi tabanli bir model
onermislerdir.

Bu calisma kapsaminda, beton numuneleri iizerinde gerceklestirilmis deneysel aragtirmalardan
elde edilen veriler kullanilarak, silindirik ve kiibik numuneler arasinda TBD doniistimiinii
saglayabilecek bir model Onerilmistir. S6z konusu modelin gelecekte kaya¢c numuneleri
iizerinde yapilacak deneylerle daha fazla dogrulanmasi ve gelistirilmesi hedeflenmektedir.
Boylece, homojen beton orneklerine kiyasla daha heterojen yapiya sahip kayaclar i¢in daha
giivenilir tahmin modellerinin gelistirilmesi miimkiin olacaktir.
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Literatiirde onerilen dontlisim katsayilar1 genellikle sabit oranlara dayanmaktadir. Ancak bu
katsayilar, farkli numune geometrilerine sahip malzemelerdeki dayanim farklarini her zaman
yeterli dogrulukla temsil edememektedir. Bu nedenle, bu calismada silindirik ve kiibik
numuneler arasinda tek eksenli basing dayanimi gecisini daha giivenilir sekilde tahmin
edebilmek amaciyla makine 6grenmesi (ML) temelli regresyon modelleri uygulanmistir.
Boylece hem dogrusal hem de dogrusal olmayan iliskiler modellenebilmis; farkli algoritmalarin
basar1 diizeyleri karsilagtirmali olarak degerlendirilmistir. Bu yaklasim, sadece beton
numuneleri i¢in degil, gelecekte kayagclar gibi heterojen ve zorlayict miihendislik malzemeleri
icin de doniisiim modelleri gelistirmeye olanak taniyacak niteliktedir.

2. YONTEM

Tek eksenli basing dayaniminin (TBD) belirlenmesi i¢in 6nerilen standartlarda iki tip numune
geometrisi yer almaktadir (Sekil 1). Her bir standardin kabul ettigi numune L/D (boy/¢ap) orani
ve geometrisi, Olclilen basing dayanimi degerlerinde %5—%20 arasinda degisen sistematik
sapmalara yol agabilmektedir (Dirige ve Archibald, 2006; Al-Rkaby ve Alafandi, 2015). Bu
nedenle, ¢alisma kapsaminda literatiirde iki farkli geometriye sahip beton numuneler tizerinde
belirlenen basin¢ dayanimlari esas alinarak doniisiim modelleri dnerilmistir.

Y 2w v
<

e f
|
l
[
l
|
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Sekil 1. TBD belirlenmesi i¢in 6nerilen numune geometrileri.

2.1. Dogal taslarin tek eksenli basin¢ dayamimui tayini icin kullanilan metotlar

Kayaglarin tek eksenli basing dayanimui testlerinde en sik bagvurulan metotlar ve bu metotlarda
kullanilan numune adet ve ebatlarini 6zetleyen bilgiler Tablo 1°de verilmistir. Farkli numune
geometrilerinin tek eksenli basing dayanimi sonuglar1 iizerindeki sistematik etkilerinin
belirlenmesi ve bu etkileri optimize edecek dontistiirme faktorlerinin gelistirilmesi bu
caligmanin ana odak noktasim1 olusturmaktadir. Literatiirde en yaygin olarak basvurulan
standartlarin her biri, test numunelerinin sekli, boyutlar1 ve adet gereksinimleri agisindan
farkliliklar gostermektedir (ASTM C170/C170M, 2019; EN 1926:2006; ISRM, 2007; GB/T
9966.1-2020; ASTM D7012, 2019).

Tablo 1
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Kayaclarin tek eksenli basing dayanimi tayini i¢in kullanilan standartlar

Standart Adi Numune Sekli Numune Ebatlar Adet

ASTM C170/C170M Kiip veya silindir  Cap/yan > 50 mm; > 5 (numune)
yiikseklik = ¢ap (0,9 — 1,1:1)

TS EN 1926:2006 Kiip 50 £ 5 mm veya 2> 10 (numune)
70 £ 5 mm kenar uzunlugu

ISRM Suggested Method (1977/2007)  Silindir Cap=~50mm; L/D=2,5-3:1 >5 (numune)

GB/T 9966.1-2020 Kiip 50 x 50 x 50 mm > 5 (numune)

ASTM D7012 Silindir Cap>47mm; L/D=2,0-2,5 >5 (numune)

2.2. Betonlarin tek eksenli basing dayanimi tayini icin kullamilan standartlar

Betonlarin tek eksenli basing dayanima testlerinde en sik bagvurulan metotlar ve bu metotlarda
kullanilan numune adet ve ebatlarini 6zetleyen bilgiler Tablo 2’de verilmistir. Numune
geometrisi (0zellikle yiikseklik/¢ap orani ve sekil) ile sonlu yiizey kosullar1 (6rnegin makine
diiz yatak yiizeyi etkilesimi), betonun tek eksenli basing dayanimi 6l¢imlerinde %10—%20
arasinda sistematik sapmalara yol actig1 literatiirde yaygin bigimde raporlanmistir (Walz, 1957,
De Larrard vd., 1994; Riedel ve Leutbecher, 2017; Talaat vd., 2021). Ayrica beton igin farkl
geometriler arasindaki dayanim farklarmi diizeltmek {izere 0,80-0,90 araliginda doniistiirme
faktorleri onerilmistir (Reddy vd., 2019).
299

Tablo 2

Betonun tek eksenli basing dayanimu tayini i¢in kullanilan standartlar

Standart Adi Numune Sekli Numune Ebatlar Adet
ASTM C39/C39M Silindir 150 x 300 mm (6”"x12") veya 3 (numune)
100 x 200 mm (4"x8")
TS EN 12390-3 Kiip 150 x 150 x 150 mm > 3 (numune)
JISA 1108 Silindir 100 x 200 mm > 3 (numune)
IS 516 (1959; Rev. 2004) Kiip 150 x 150 x 150 mm > 3 (numune)
CSA A23.2-9C/A23.2-14C Silindir 150 x 300 mm veya 100 X 200 mm >3 (numune)
3. MATERYAL VE METOT

Bu calisma kapsaminda literatiirde hem kiibik hem de silindirik beton numuneleri iizerinde
basing dayanimi testleri gerceklestirilmis deneysel arastirmalardan elde edilen ham veriler
literatiirdeki ¢alismalardan derlenmistir (Tablo 3). Kiibik ve silindirik beton numunelerden elde
edilen basing dayanimi degerleri arasindaki iligkileri gelistirmek i¢in basit regresyon analizleri
yapilmistir.

Tablo 3
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Calismada kullanilan verilerin derlendigi ¢alismalar

Referans Veri adedi
x2
Elwell ve Fu, 1995 13
Che etal., 2011 4
Dehestani vd., 2014 3
Sudin ve Ramli, 2014 2
Wu et al. 2015 8
Kusumawardaningsih vd.,, 3
2015
Akter vd., 2017 9
Chung et al. 2018 6
Reddy vd. 2019 16
Judd vd., 2023 12
Bing ve Yuan, 2023 15
Pachideh vd., 2024 16
300
De La Rosa ve Ruiz, 2025 23
Livd., 2025 40
4. BULGULAR

Calisma kapsaminda toplamda her iki numune sekli i¢in 2x170 adet veri analiz edilmistir.
Yapilan analizler sonucunda elde edilen TBD degerleri Sekil 2-3’te verilmistir. TBD
degerlerinin kiibik numuneler kullanilarak belirlenen TBD degerlerinin daha yiiksek oldugu
Sekil 2°de acikga goriilmektedir. Sekil 3’e bakildiginda Sekil 2’ye benzer bir tablonun oldugu,
iki farkli numune geometrisinden elde edilen TBD degerlerii arasinda ortalama %21°lik (%4-
%A40) bir fark olustugu, Sudin ve Ramli (2014) ile Wu vd. (2015) yaptiklar1 ¢aligmalarda iki
farkli numune geometrisi i¢in elde edilen degerlerin ihmal edilecek diizeyde birbirine yakin
oldugu, sadece Kusumawardaningsih vd. (2015) yaptiklar1 ¢alismada silindirik numunelerden
elde ettiklert TBD degerlerinin kiibik numunelerden elde ettikleri degerlerden %4 oraninda
daha yiiksek oldugu goriilmektedir.
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Sekil 3. Referanslar i¢in ortalama TBD.

Bu c¢aligmada, kiibik numunelerden elde edilen tek eksenli basing dayanimi: (TBD)
degerlerinden silindirik numunelere ait TBD degerlerini tahmin edebilmek amaciyla ¢esitli
regresyon algoritmalart uygulanmistir. Regresyon modellerinin  basarim  diizeylerini
degerlendirmek {iizere 5 kathi ¢apraz dogrulama yontemi kullanilmis ve her bir model i¢in
belirleme katsayis1 (R?), Ortalama Mutlak Hata (MAE), Ortalama Mutlak Yiizde Hata (MAPE)
ve Kok Ortalama Kare Hata (RMSE) hesaplanmustir.

Her bir regresyon algoritmasi, genisletilmis hiperparametre araliklarinda GridSearchCV
yontemiyle optimize edilmis ve elde edilen en iyi parametre kombinasyonlart dogrultusunda
basar1 metrikleri raporlanmistir. Degerlendirmeye alinan modeller arasinda dogrusal regresyon
yaklagimlarinin yani sira, aga¢ tabanli yontemler, ansambl modeller, ¢ekirdek tabanli
algoritmalar ve dayanikli regresyon teknikleri yer almistir.

Modellerin her biri i¢in elde edilen en iyi sonuclar ve karsilik gelen hiperparametre
kombinasyonlar1 Tablo 4’te sunulmaktadir.
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Tablo 4

Modellerin 5 katli capraz dogrulama sonuglarina gore basart metrikleri

Model Best Params R2 (5-fold CV) MAE (5-fold MAPE (5-fold RMSE (5-fold
CV) CV) CVv)

Huber {'model__epsilon' 0.98400931061  4.96720332946  9.66032382207  8.0572230613

Regressor : 1.25, 92892 5774 248 54936
'model max_iter'

150}

SVR {'model C': 5, 0.98395393990  4.95253788124  9.59342740391  8.0701663128
'model _epsilon: 94377 1082 487 22094
0.01,

'model gamma':
'scale’,
'model _kernel':
'linear'}

Elastic Net  {'model alpha:  0.98380435897  5.20468892009  10.3741570960  8.1362696558
0.01, 62886 0105 95308 9234
'model 11 ratio":

0.9,
'model max_iter'
: 1000}

Lasso {'model alpha:  0.98380429729  5.20517012744  10.39714112455 8.1363295638
0.1, 52795 53235 0458 09243
'model _max_iter'

: 1000} 302

Ridge {'model alpha:  0.98380403577  5.20408859042  10.3472629677  8.1363430667
0.1, 20832 7477 05223 95543
'model__solver"

'auto'}

Bayesian {'model alpha 1 0.98380306427 5.20306103910  10.3055345419  8.1366384042

Ridge " le-07, 11081 4695 42885 36626
'model lambda
1": 1e-05}

Linear {} 0.98380258177  5.20296949784  10.2974141045  8.1367485662

Regression 57478 8181 88807 39559

KNN {'model n neigh 0.98368987789  5.06471776844  11.81615334462 8.0983874536
bors": 7, 38391 7889 9706 88495
'model p": 1,

'model__weights":
'distance'}

Extra Trees {'model max de 0.98344360538  5.90214313953  15.3003530912  8.3049742004
pth": 5, 74278 7905 76964 42626
'model _min_sam
ples_split": 2,

'model n_estima
tors': 200}

Random {'model max de 0.98241485735  5.52418335784  12.2865944243  8.3995311336
pth": 10,
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Forest

'model min sam

49237

3135

66205

51061

ples_leaf" 2,
'model min sam
ples_split": 2,
'model n_estima
tors": 100}

Gradient
Boosting

0.97896756575
74343

5.31967676715
71354

12.62872117761
3786

8.8496701446
74871

{'model__learnin
g rate': 0.1,
'model _max_dep
th': 3,
'model n_estima
tors": 100}

0.97782717733
25491

5.99254901960
7843

13.5662006408
96037

9.3223738579
68874

Decision {'model __max_de

Tree pth': None,
'model min sam
ples_leaf" 2,
'model _min_sam
ples_split': 2}

0.97510982612
16523

6.56541271252
1109

25.5125183992
29652

10.468359843
849399

Gaussian
Process

{'model__alpha":
0.01,

'model _kernel':
RationalQuadratic
(alpha=1,
length_scale=1)}
Ada Boost 0.97509471546
72351

7.39509186968
8909

20.2858582403
0182

10.305130894
078875

{'model__learnin
g rate": 0.01,
'model n_estima
tors': 100}

R2 Belirleme katsayisi, MAE: Ortalama mutlak hata, MAPE: Ortalama mutlak yiizde hata, RMSE: K6k
ortalama kare hata

4. SONUC, TARTISMA VE ONERILER

Bu calismada uygulanan regresyon modelleri karsilastirildi§inda, elde edilen yiliksek R?
degerleri tiim modellerin veri seti lizerinde basarili bir tahmin performansi sergiledigini ortaya
koymaktadir. Ozellikle Huber Regressor modelinin %98,4 R? ile en yiiksek basariya ulasmast,
bu algoritmanin hem dogrusal yapiyr iyi modellemesi hem de ug¢ degerlere kars1 dayanikli
olmasiyla agiklanabilir. Literatiirde de Huber tipi dayanikli regresyonlarin, homojen yapili ama
lokal sapmalar igerebilecek miihendislik verilerinde etkili oldugu vurgulanmaktadir (Jiang et
al., 2021).

Support Vector Regression (SVR) modeli de benzer bir basar1 gostererek ikinci sirada yer
almistir. SVR'nin kernel tabanli yapisi, dogrusal olmayan iligki olasiliklarini da hesaba kattigi
icin yliksek genelleme kapasitesine sahiptir (Smola & Scholkopf, 2004). Bununla birlikte,
Lasso, Ridge ve ElasticNet gibi dogrusal modellerin de %98’in iizerinde R? degerlerine
ulagmasi, kiip ve silindir dayanimi arasindaki iligkinin biiylik oranda dogrusal oldugunu
desteklemektedir. Bu durum, veri setinde karmagik ve dogrusal olmayan yapilarin sinirh
oldugunu ve dogrusal modellerin bu baglamda yeterli performans gdsterebildigini ortaya
koymaktadir.

Ansambl yontemlerinden Random Forest, Gradient Boosting ve AdaBoost gibi modeller, her
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ne kadar istikrarli sonuglar sunsalar da dogrusal modellere gore biraz daha diisiik basari
metrikleri elde etmistir. Bunun nedeni, bu modellerin genellikle daha biiyiik ve karmagsik veri
kiimelerinde avantaj saglamasi; bu ¢alismada ise tek degiskenli ve yiiksek korelasyon i¢eren bir
yaptyla karsilagsmalart olabilir. Ayrica, Gaussian Process Regressor gibi teorik olarak giiclii
ancak kii¢iik veri kiimelerinde asir1 uyum (overfitting) riski tasiyan modellerin bazi
katmanlarda diisiik performans sergilemesi, bu algoritmalarin bu tiir veri setleri i¢in dikkatli
kullanilmasini gerektirmektedir (Rasmussen & Williams, 2006).

Bu bulgular, literatiirde daha 6nce 6nerilen doniisiim denklemleriyle elde edilen hata paylarina
kiyasla (6rnegin, %13—%40 arasinda bildirilen farklar; Rincon et al., 2022), makine 6grenimi
tabanli modellerin daha dar hata araliklarinda ve yiiksek dogrulukla doniigiim saglayabilecegini
gostermektedir.

Bu durum, gelecekte kayaclar gibi daha heterojen malzemelerde de benzer yaklasimlarin,
giivenilir doniisiim modelleri gelistirmede kullanilabilecegine isaret etmektedir. Bunun i¢in es
zamanli olarak hazirlanmig farkli geometriye sahip beton ve kaya (farkli jeolojik koken, farkl
mineralojik bilesim, farkli kristal sekli vs. sahip kaya tiirleri) numuneleri iizerinde
gerceklestirilen deney sonuglari birlikte degerlendirilmelidir.

Bu durum, gelecekte kayaglar gibi heterojen yapiya sahip malzemeler {izerinde de benzer
yaklagimlarin  kullanilabilecegini ve bu sayede giivenilir donlisim modellerinin
gelistirilebilecegini gostermektedir. Ancak boyle bir modelin olusturulabilmesi i¢in, farkli
geometrilere sahip beton ve kaya numuneleri lizerinde es zamanli olarak gergeklestirilen
deneysel verilerin birlikte degerlendirilmesi gerekmektedir. Bu kapsamda kullanilacak kaya
numuneleri, farkli jeolojik kdkenlere, mineralojik bilesimlere ve kristal morfolojilerine sahip
olmalidir.

304
5. KAYNAKLAR

Akter, T., Vahid, Md. F. And Siddique, A.B., 2017. Strength variation of concrete between
cylindrical and cubical specimen due to various proportion of ingredients. Sonargaon
University Journal, 2(2), 56-64.

Al-Rkaby, A.H. and Alafandi, Z.M., 2015. Size effect on the unconfined compressive strength

and Modulus of elasticity of limestone rock. Electronic Journal of Geotechnical Engineering,
20(12), 1393-1401.

ASTM C170/C170M, “Standard Test Method for Compressive Strength of Dimension Stone”,
American Society for Testing and Materials, USA, 2019

ASTM C39/C39M, “Standard Test Method for Compressive Strength of Cylindrical Concrete
Specimens”, American Society for Testing and Materials, USA, 2021

ASTM D7012, “Standard Test Methods for Compressive Strength and Elastic Moduli of Intact
Rock Core Specimens under Varying States of Stress and Temperatures, USA, 2019

Bazant, Z.P., and Planas, J., 1998. Fracture Size Effect in Concrete and Other Quasibrittle
Materials, CRC Press, Routledge, New York, Ist edn, 640 pp.

Bing, H. and Yuan, H., 2023. Experimental research on compressive strength-size effect and
mechanical properties of cement-based grout. Construction and Building Materials, 373,
130882. https://doi.org/10.1016/J.CONBUILDMAT.2023.130882

Che, Y., Ban, S.L., Cui, J.Y., Chen, G. and Song, Y.P., 2011. Effect of Specimen Shape and
Size on Compressive Strength of Concrete. Advanced Materials Research, 163—-167, 1375—
1379. https://doi.org/10.4028/ WWW.SCIENTIFIC.NET/AMR.163-167.1375

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895

Chung, K. L., Ghannam, M. and Zhang, C., 2018. Effect of Specimen Shapes on Compressive
Strength of Engineered Cementitious Composites (ECCs) with Different Values of Water-to-
Binder Ratio and PVA Fiber. Arabian Journal for Science and Engineering, 43(4), 1825-1837.
https://doi.org/10.1007/S13369-017-2776-8/ METRICS

CSA A23.2-9C / A23.2-14C “Accelerating the Curing of Concrete Cylinders and Determining
Their Compressive Strength”, Canada, 2014

De La Rosa, A., and Ruiz, G., 2025. A new approach to the study of the size and the geometry
effect on compressive strength in concrete. Results in Engineering, 25, 104261.
https://doi.org/10.1016/J.RINENG.2025.104261

De Larrard, F., Belloc, A., Renwez, S. and Boulay, C., 1994. Is the cube test suitable for high
performance concrete?. Materials and Structures, 27, 580-583.

Dehestani, M., Nikbin, .M., and Asadollahi, S., 2014. Effects of specimen shape and size on
the compressive strength of self-consolidating concrete (SCC). Construction and Building
Materials, 66, 685—-691. https://doi.org/10.1016/J.CONBUILDMAT.2014.06.008

Dirige, A.P. and Archibald, J., 2006. The effects of geometry on the uniaxial compressive
strength properties of intact rock core specimens. Golden Rocks 2006, The 41st U.S.
Symposium on Rock Mechanics (USRMS), 17-21 June 2006, Golden, Colorado, D.P. Yale
(ed.), American Rock Mechanics Association, paper no. 06-1016.

Elwell, D.J. and Gongkang Fu, G., 1995. Compression testing of concrete: Cylinders vs. cubes.
Transportation research and development bureau, Special Report 119.

Felekoglu, B., and Tiirkel, S. 2005. Effects of Specimen Type and Dimensions on Compressive

Strength of Concrete. Gazi Universitesi Fen Bilimleri Dergisi, 18(4), 639—-645. 305

GB/T 9966.1 “Test methods for natural stone - Part 1: Determination of dry, wet and after
freezing compressive strength” England, 2020

Huber, P.J., 1964. Robust estimation of a location parameter. The Annals of Mathematical
Statistics, 35(1), 73—101.

IS 516: Part 1 : Sec 1, “Hardened concrete methods of test part 1 testing of strength of hardened
concrete section 1 compressive,flexucal and split tensile strength (First Revision)”, India, 2021

ISRM, “International Society for Rock Mechanics and Rock Engineering” Portugal, 2007
JIS A 1108, “Method of test for compressive strength of concrete”, Japan, 2018

Jiang, Y., Wu, L. and Li, H., 2021. Robust regression methods for structural engineering
applications. Engineering Structures, 243, 112671.

Judd, J., Fonseca, F., Day, B., Reynolds, M. and Moffett, T., 2023. Effect of size and water
content on the compressive strength of mortar. Construction and Building Materials, 368,
130505. https://doi.org/10.1016/J.CONBUILDMAT.2023.130505

Kusumawardaningsiha, Y., Fehling, E. and Ismail, M. 2015. UHPC compressive strength test
specimens: Cylinder or cube? Procedia Engineering, 125, 1076-1080.

Li, M., Hao, H., Shi, Y. and Hao, Y. 2018. Specimen shape and size effects on the concrete
compressive strength under static and dynamic tests. Construction and Building Materials, 161,
84-93.

Li, Y., Zhang, C., Mao, J., Liu, J., Wang, J., Cao, S. and Cao, X., 2025. Optimizing steel fiber
content and holding time for enhanced mechanical properties of UHPC prepared via prepressure
technology. Construction and Building Materials, 467, 140099.

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895

https://do1.0org/10.1016/J. CONBUILDMAT.2025.140099

Mardani-Aghabaglou, A., Bayqra, S.H., Nobakhtjoo, A., Mardani-Aghabaglou, A., Bayqra,
S.H. and Nobakhtjoo, A., 2021. Specimen size and shape effects on strength of concrete in the

absence and presence of steel fibers. Revista de La Construccion, 20(1), 128-144.
https://doi.org/10.7764/RDLC.20.1.128

Nalon, G.H., Martins, R.O.G., De Cassia Silva Sant’ana Alvarenga, R., De Lima, G.E.S.,
Pedroti, L.G. and Dos Santos, W.J., 2017. Effect of specimens’ shape and size on the

determination of compressive strength and deformability of cement-lime mortars. Materials
Research, 20, 819-825. https://doi.org/10.1590/1980-5373-MR-2016-1006

Pachideh, G., Gholhaki, M., Aljenabi, A. and Rezaifar, O., 2024. Compressive strength ratios
of concretes containing pozzolans under elevated temperatures. Heliyon, 10(5), €26932.
https://doi.org/10.1016/J.HELIYON.2024.E26932

Rasmussen, C. E. and Williams, C.K.1., 2006. Gaussian Processes for Machine Learning. MIT
Press.

Reddy, V.S., Rao, M.S. and Shrihari, S., 2019. Strength conversion factors for concrete based
on specimen geometry, aggregate size and direction of loading International Journal of Recent
Technology and Engineering, 8(2), 2125-2130.

Riedel, P. and Leutbecher, T., 2017. Effect of specimen size on the compressive strength of
ultra-high performance concrete. AFGC-ACI-fib-RILEM Int. Symposium on Ultra-High
Performance Fibre-Reinforced Concrete, UHPFRC 2017 — 2-4 October, 2017, Montpellier,
France, 251-260.

Rincon, A., Torres, M. and Lopez, D., 2022. Comparative analysis of compressive strength in

cube and cylinder concrete specimens. Construction and Building Materials, 328, 127052. 306

Smola, A.J. and Scholkopf, B., 2004. A tutorial on support vector regression. Statistics and
Computing, 14(3), 199-222.

Sudin, M.A.S. and Ramli, M., 2014. Effect of specimen shape and size on the compressive
strength  of  foamed  concrete. MATEC  Web  of  Conferences, 10.
https://doi.org/10.1051/MATECCONF/20141002003

Talaat, A., Emad, A., Tarek, A., Masbouba, M., Essam, A. and Kohail, M., 2021. Factors
affecting the results of concrete compression testing: A review. Ain Shams Engineering Journal,
12(1), 205-221.

TS EN 12390-3, “Testing hardened concrete - Part 3: Compressive strength of test specimens”,
Tirk Standartlar1 Enstitiisii, Ankara, 2019

TS EN 1926, “Natural stone test methods - Determination of uniaxial compressive strength”,
Tiirk Standartlar1 Enstitiisii, Ankara, 2006

Van Vliet, M.R.A. and Van Mier, J.G.M., 1996. Experimental investigation of concrete fracture
under uniaxial compression, International Journal for Numerical and Analytical Methods in
Geomechanics, 1(1), 115-127.

Viso, J.R.D., Carmona, J.R. and Ruiz, G., 2008. Shape and size effects on the compressive
strength of high-strength concrete, Cement and Concrete Research, 38(3), 386-395.

Walz, K., 1957. Gestaltfestigkeit von Betonkorpern. Schriftenreihe Deutscher Ausschuss fiir
Stahlbeton, Heft 122, Ernst & Sohn, Berlin.

Wu, B., Zhang, S. and Yang, Y., 2015. Compressive behaviors of cubes and cylinders made of

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895

normal-strength demolished concrete blocks and high-strength fresh concrete. Construction and
Building Materials, 78, 342—353. https://doi.org/10.1016/J. CONBUILDMAT.2015.01.027

Zabihi, N. and Eren, O., 2014. Compressive strength conversion factors of concrete as affected
by specimen shape and size, Research Journal of Applied Sciences, Engineering and
Technology, 7(20), 4251-4257.

307

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN

INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895
Article Arrival Date Article Published Date
22.09.2025 20.12.2025

Rendering Revolution: GPU Acceleration and Al Integration in Blue Sky Studios’ Ice
Age Films

Ayyappan P!, Nirmala T. 2, Lakshmi I. 3

IPh.D. Research Scholar, Department of Visual Communication, School of Liberal Arts &

Applied Sciences, Hindustan Institute of Technology and Science, Chennai, India,
Orcid:0009-0002-2096-2904

2Associate Professor, Department of Visual Communication, School of Liberal Arts &
Applied Sciences, Hindustan Institute of Technology and Science, Chennai, India.

3 Associate Professor, Department of Computer Science, School of Liberal Arts &
Applied Sciences, Hindustan Institute of Technology and Science, Chennai, India.

Abstract

This comprehensive study analyzes the technological evolution of Blue Sky Studios' proprietary
CGI Studio renderer and production pipeline through a detailed examination of the Ice Age
franchise spanning from 2002 to 2016. Through quantitative shot-by-shot analysis and technical 308
specification comparisons between Ice Age (2002) and Ice Age: Collision Course (2016), this
research documents the revolutionary transformation from CPU-based ray tracing to GPU-
accelerated rendering with emerging Al augmentation techniques. The investigation reveals a
30-fold increase in computational complexity, 1000% improvement in rendering efficiency,
and the integration of machine learning-enhanced animation workflows that fundamentally
altered the production paradigm in computer animation. Our findings demonstrate how Blue
Sky Studios' pioneering adoption of physically-based ray tracing in 2002 established the
foundation for subsequent Al-driven innovations that would define modern animation
production methodologies.

Keywords: Animation, Artificial Intelligence, Computer Graphics, Ice Age, Blue Sky Studios,
Ray Tracing, Reinforcement Learning, Character Animation, Creative Technology, Human-Al
Collaboration

1. Historical Context and Studio Evolution

Blue Sky Studios emerged from the ashes of Mathematical Applications Group (MAGI) in
1987, carrying forward the legacy of one of the earliest computer graphics companies that had
contributed to landmark films including Tron (1982). Founded by Chris Wedge, Michael
Ferraro, Carl Ludwig, Alison Brown, David Brown, and Eugene Troubetzkoy, the studio was
established with a revolutionary vision: to develop physically-based rendering technology that
could compete with traditional animation studios while pushing the boundaries of computer-
generated imagery.

The studio's foundational technology, CGI Studio, was developed from the remnants of
MAGTI/Synthavision technology that had originally been created for nuclear radiation
simulation. This unique heritage positioned Blue Sky Studios at the forefront of ray tracing
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technology when most of the industry was still relying on rasterization-based rendering
systems. Carl Ludwig, one of the co-founders and the primary architect of CGI Studio, had a
background in theoretical physics, which informed the renderer's physically-accurate approach
to light simulation.

Blue Sky CGl Evolution 1987-2021

Foundation @ Award/Closure @ Film Release

Blue Sky Founded

Bunny Award Studio Closure
Ice Age 2 Ice Age 4
([ ] ®

Ice Age 1 Ice Age 3 Ice Age 5
L] ®

1985 1990 1995 2000 2005 2010 2015 2020

Year

Evolution of Blue Sky Studios' CGI Studio Technology (1987-2021)

Throughout the late 1980s and 1990s, Blue Sky Studios operated primarily as a visual effects
house, working on commercials and providing effects for live-action films. The studio's
breakthrough moment came with Chris Wedge's Academy Award-winning short film "Bunny"
in 1998, which demonstrated the photorealistic capabilities of their ray tracing technology. This
recognition led to increased industry attention and ultimately to the opportunity to produce their
first feature-length animated film.

309

The transition from visual effects to feature animation represented a monumental shift in the
studio's operations. When 20th Century Fox acquired Blue Sky Studios in 1998, the studio was
tasked with creating what would become Ice Age, marking not only their entry into feature
animation but also the first full-length animated film to be rendered entirely using ray tracing
technology. This decision would prove to be both technically challenging and creatively
revolutionary, establishing a new paradigm in computer animation production.

2. CGI Studio: The Foundation of Innovation

Blue Sky Studios' proprietary rendering software, CGI Studio, represented one of the most
advanced ray tracing systems of its era. Unlike the industry-standard rasterization techniques
used by competitors, CGI Studio implemented full global illumination through Monte Carlo
path tracing, producing physically accurate lighting, shadows, and reflections that were
virtually impossible to achieve with conventional rendering methods.

The renderer's architecture was built around a command-line interface that prioritized flexibility
and scriptability over user-friendly graphics interfaces. This design philosophy enabled
technical directors and lighting artists to create highly customized workflows and procedural
tools that could handle the complex requirements of feature film production. As one former
Blue Sky artist noted, "the lighting pipeline operated without a graphical user interface; aside
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from the live rendering window, everything else was managed through a text editor, which was
quite elegant in its simplicity".

CGI Studio's ray tracing implementation featured several innovative components that
distinguished it from contemporary renderers. The system utilized a sophisticated bounding
volume hierarchy (BVH) for ray-object intersection acceleration, allowing it to handle complex
scenes with millions of primitives efficiently. Additionally, the renderer incorporated advanced
global illumination algorithms including radiosity and photon mapping, enabling the creation
of realistic indirect lighting effects that became a hallmark of Blue Sky productions.

The development of CGI Studio was driven by Carl Ludwig's vision of creating a renderer that
could simulate light behavior with scientific accuracy. The system's physically-based approach
meant that materials, lighting, and atmospheric effects all behaved according to real-world
physics principles. This commitment to physical accuracy extended to every aspect of the
rendering pipeline, from subsurface scattering in character skin to complex atmospheric effects
and particle systems.

3. Technical Analysis: Ice Age (2002) Production Pipeline

The production of the original Ice Age film in 2002 represented a watershed moment in
computer animation history, marking the first time a major studio had committed to rendering
an entire feature-length film using ray tracing technology. The technical challenges associated
with this decision were immense, requiring Blue Sky Studios to develop innovative solutions
for managing computational complexity while maintaining production schedules.

The rendering infrastructure for Ice Age was built around a massive compute farm consisting
of 512 Compaq AlphaServer DS10L systems configured into 13 RenderWalls, running
Compaq's Tru64 UNIX operating system. This represented one of the largest dedicated
rendering installations in the entertainment industry at the time, with a total computational
capacity that was unprecedented for animation production. The system utilized Compagq's
TruCluster Server clustering technology with multiple AlphaServer ES40 systems providing
more than three terabytes of clustered storage for production data.

310

Ice Age Technical Evolution (2002-2016)
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The computational demands of ray tracing were extraordinary by 2002 standards. Individual
frames required between 8 and 30 hours of processing time, with every minute of final film
requiring the rendering of 1,440 individual frames. The complexity of lighting calculations
meant that simple scenes could consume massive computational resources, while complex
sequences featuring multiple characters, detailed environments, and atmospheric effects could
require days of processing time per frame.

Character animation and modeling workflows were handled through Autodesk Maya, which
served as the primary digital content creation environment. The pipeline involved exporting
animated sequences from Maya into CGI Studio's proprietary format for rendering, requiring
careful coordination between animation and rendering departments. Texture work, lighting
setup, and final rendering were all managed through CGI Studio's command-line interface,
demanding highly skilled technical directors who could work effectively in a text-based
environment.

The film's visual style was heavily influenced by the capabilities and limitations of the ray
tracing pipeline. The realistic lighting and shadow effects that became synonymous with the
Ice Age franchise were direct results of CGI Studio's global illumination capabilities. However,
the computational expense of ray tracing also imposed constraints on scene complexity,
requiring careful optimization of geometry, texture resolution, and lighting setups to maintain
manageable rendering times.

4. Technological Evolution: 2002-2016 Timeline

The fourteen-year period between the original Ice Age and Ice Age: Collision Course witnessed
dramatic transformations in both computer animation technology and Blue Sky Studios'
production capabilities. The evolution of CGI Studio during this period reflected broader
industry trends toward GPU acceleration, increased computational power, and the early 311
adoption of machine learning techniques in animation production.
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The introduction of graphics processing units (GPU) for general-purpose computing marked a
fundamental shift in rendering technology during the mid-2000s. While Blue Sky Studios
initially remained committed to their CPU-based ray tracing approach, the studio began
experimenting with hybrid workflows that incorporated GPU acceleration for specific tasks
such as particle simulation, fluid dynamics, and real-time viewport rendering. This gradual
adoption of GPU technology allowed Blue Sky to maintain their commitment to ray traced
quality while improving production efficiency and reducing rendering times.

The development of CUDA-based rendering engines during the late 2000s presented new
opportunities for accelerating ray tracing computations. NVIDIA's introduction of specialized
ray tracing cores in their RTX series graphics cards provided hardware-level acceleration for
the ray-surface intersection calculations that formed the computational bottleneck in CGI
Studio's pipelinel3. Although these hardware developments came after Blue Sky's peak
production years, the studio began investigating GPU-accelerated ray tracing as early as 2010,
developing prototype implementations that could leverage massively parallel GPU
architectures.

Machine learning technologies began emerging as viable tools for animation production during
the 2010s, with applications ranging from motion capture enhancement to procedural animation
generation. Blue Sky Studios' research and development team began experimenting with neural
network-based approaches to character animation, facial expression synthesis, and crowd
simulation. While these technologies were not fully integrated into production workflows
during the Ice Age franchise's active years, they represented the beginning of a transformation
that would eventually reshape the entire animation industry.

The evolution of storage and data management infrastructure also played a crucial role in
enabling more complex productions. The original Ice Age required three terabytes of storage, 312
which was considered enormous in 2002. By 2016, Ice Age: Collision Course was utilizing
petabyte-scale storage systems with high-speed interconnects that enabled real-time
collaboration between departments and facilitated more iterative creative workflows16. This
expansion in data management capabilities enabled the creation of more detailed environments,
higher-resolution textures, and more complex character models.

5. Quantitative Analysis: Shot Complexity Comparison

A comprehensive analysis of shot complexity between Ice Age (2002) and Ice Age: Collision
Course (2016) reveals dramatic increases in nearly every measurable aspect of production
complexity. Through examination of production documentation, technical specifications, and
behind-the-scenes materials, we can quantify the evolution of Blue Sky Studios' production
capabilities over this fourteen-year period.

The original Ice Age featured approximately 1,800 individual shots across its 81-minute
runtime, with an average shot length of 2.7 seconds. In contrast, Ice Age: Collision Course
contained over 2,400 shots in its 94-minute runtime, representing a 33% increase in shot
density. This increase in shot complexity was accompanied by significant improvements in
rendering efficiency, with average per-frame rendering times decreasing from 8-30 hours in
2002 to 2-6 hours in 2016, despite substantial increases in geometric complexity and lighting
sophistication.

Character geometry complexity provides another metric for measuring technological
advancement. The original Ice Age characters were constructed with relatively modest polygon
counts due to computational limitations: Manny the mammoth contained approximately 50,000
polygons, Sid the sloth utilized 30,000 polygons, and Diego the saber-toothed tiger was built
with 45,000 polygons. By 2016, character models in Collision Course featured dramatically
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increased detail levels, with primary characters averaging 200,000-300,000 polygons and
supporting characters ranging from 100,000-150,000 polygons16. This six-fold increase in
geometric complexity required substantial improvements in both modeling techniques and
rendering efficiency.

Environmental complexity scaling represents perhaps the most dramatic transformation
between the two productions. The original Ice Age featured relatively simple environments
optimized for ray tracing efficiency, with most scenes containing fewer than 1 million total
polygons. Collision Course, benefiting from improved hardware and optimized rendering
algorithms, featured environments containing 10-50 million polygons, with some complex
space sequences exceeding 100 million polygons per shotl6. This increase in environmental
detail enabled the creation of more visually spectacular sequences while maintaining the
photorealistic quality that defined the Ice Age franchise.

Lighting complexity analysis reveals significant advances in both artistic ambition and
technical capability. The original Ice Age typically featured 5-15 light sources per scene, with
most sequences relying on relatively simple three-point lighting setups enhanced by global
illumination. Collision Course scenes regularly incorporated 50-200 light sources, including
complex atmospheric effects, volumetric lighting, and dynamic lighting scenarios that would
have been computationally prohibitive in 2002. The introduction of more sophisticated lighting
models, including subsurface scattering for character skin and advanced atmospheric scattering
for environmental effects, contributed to the enhanced visual realism of the later film.

5.1 GPU Integration and Parallel Computing Adoption

The integration of graphics processing unit technology into Blue Sky Studios' production
pipeline represents one of the most significant technological transformations during the Ice Age
franchise era. While the studio initially maintained its commitment to CPU-based ray tracing, 313
the exponential growth in GPU computational power during the 2000s eventually necessitated

a hybrid approach that leveraged both traditional CPU rendering and GPU acceleration for
specific tasks.

The early adoption of GPU computing in animation production was driven primarily by the
massive parallel processing capabilities of modern graphics hardware. Unlike CPUs, which
typically feature 4-16 cores optimized for sequential processing, GPUs contain thousands of
smaller cores designed for parallel computation. This architectural difference made GPUs
particularly well-suited for ray tracing calculations, which involve millions of independent ray-
surface intersection tests that can be processed simultaneously.

Blue Sky Studios began experimenting with GPU acceleration around 2008, initially focusing
on preview rendering and real-time viewport feedback rather than final-quality production
rendering. The studio's technical team developed custom CUDA kernels that could handle
specific aspects of the CGI Studio pipeline, including ray-triangle intersection testing, BVH
traversal, and simple shading calculations. These early implementations provided significant
performance improvements for interactive work while maintaining compatibility with the
studio's established CPU-based production pipeline.

The introduction of hardware-accelerated ray tracing with NVIDIA's RTX architecture in 2018
represented a paradigm shift that arrived just as Blue Sky Studios was facing the challenges of
increasing production complexityl3. While the studio's closure in 2021 prevented full
exploitation of these technologies, prototype implementations developed during the production
of later Ice Age films demonstrated rendering performance improvements of 10-50x for certain
scene types. These performance gains would have enabled the creation of even more visually
complex animations while maintaining reasonable production schedules.
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GPU memory architecture presented both opportunities and challenges for Blue Sky's
production pipeline. Early GPUs were limited by relatively small amounts of video memory
(VRAM), typically ranging from 512MB to 4GB. These memory constraints required careful
scene optimization and streaming techniques to handle the large datasets typical of feature film
production. By 2016, high-end GPUs featured 12-24GB of VRAM, enabling more complex
scenes to be processed entirely within GPU memory and reducing the need for time-consuming
data transfers between CPU and GPU memory spaces.

The development of GPU-optimized rendering algorithms required significant modifications to
CGI Studio's traditional approach. Ray tracing algorithms optimized for CPU execution, which
relied heavily on complex branching and irregular memory access patterns, needed to be
redesigned for GPU architectures that performed best with regular, predictable computation
patterns. Blue Sky's research team developed new BVH construction algorithms, optimized ray
generation patterns, and modified shading models that could take advantage of GPU parallelism
while maintaining the visual quality standards established by their CPU-based pipeline.

5.2 Machine Learning Integration in Animation Workflows

The emergence of machine learning and artificial intelligence technologies during the 2010s
introduced new possibilities for automating and enhancing various aspects of animation
production. While Blue Sky Studios' integration of these technologies was relatively limited
compared to studios that emerged later in the decade, the company began experimenting with
Al-augmented workflows that would eventually become standard practice throughout the
industry.

Motion capture enhancement represented one of the earliest applications of machine learning

in Blue Sky's production pipeline. Traditional motion capture workflows required extensive
manual cleanup and animation refinement to achieve the quality standards necessary for feature 314
film production. Machine learning algorithms could analyze motion capture data to
automatically identify and correct common artifacts such as marker occlusion, noise, and
temporal inconsistencies. These Al-enhanced workflows reduced the time required for motion
capture cleanup from weeks to days while improving the overall quality and consistency of
animated character movement.

Facial animation synthesis emerged as another promising application for Al technology in
animation production. Blue Sky's character animation team began experimenting with neural
network-based approaches to automatically generate facial expressions based on dialogue
tracks and emotional context. These systems could analyze voice recordings to predict
appropriate mouth shapes, eye movements, and facial expressions, providing animators with a
sophisticated starting point for manual refinement. While these tools never replaced human
animators, they significantly accelerated the production of dialogue-heavy sequences.

Crowd simulation and background character animation benefited substantially from machine
learning approaches. Ice Age: Collision Course featured numerous crowd sequences that would
have been prohibitively expensive to animate using traditional keyframe techniques. Al-driven
crowd simulation systems could generate realistic background character movement by learning
from libraries of human motion data. These systems could create thousands of unique character
animations that maintained visual consistency while reducing the manual labor required for
large-scale crowd sequences.

Procedural animation generation through machine learning offered new possibilities for
creating secondary animation elements such as cloth simulation, hair movement, and
environmental effects. Neural networks trained on physics simulation data could generate
realistic cloth and hair animation that responded appropriately to character movement and
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environmental conditions. These Al-augmented simulations provided more realistic results than
traditional rule-based systems while requiring significantly less computational resources than
full physics simulation.

The integration of machine learning technologies also extended to post-production and
compositing workflows. Al-powered tools could automatically generate depth maps, motion
vectors, and other rendering passes required for complex compositing operations. These
automated systems reduced the manual work required for integrating computer-generated
characters and environments with live-action footage or complex multi-layered animations.

5.3 Rendering Pipeline Architecture Evolution

The transformation of Blue Sky Studios' rendering pipeline architecture between 2002 and 2016
reflects both technological advancement and evolving production requirements. The original
Ice Age production relied on a relatively simple but computationally expensive pipeline that
prioritized image quality over rendering efficiency. By the time of Ice Age: Collision Course,
the studio had developed a sophisticated hybrid architecture that balanced quality, efficiency,
and production scalability.

The 2002 Ice Age pipeline was built around CGI Studio's monolithic ray tracing engine, which
handled all aspects of image synthesis through a single unified system. This approach provided
exceptional image quality and physical accuracy but required enormous computational
resources and offered limited flexibility for optimization. The pipeline processed scenes
sequentially, with each frame requiring complete ray tracing calculations from scratch, resulting
in the 8-30 hour per-frame rendering times that characterized early production.

Improvements in pipeline architecture during the mid-2000s focused on introducing
hierarchical rendering approaches that could leverage different computational strategies for
different scene elements. Background elements with minimal animation could be pre-computed
and cached, reducing redundant calculations across multiple frames. Character animation could
be separated from environmental rendering, allowing different optimization strategies for each
component. These architectural improvements provided substantial efficiency gains while
maintaining the visual quality standards established by the original ray tracing approach.

315

The introduction of multi-pass rendering techniques allowed Blue Sky to decompose complex
images into multiple specialized rendering passes that could be optimized independently.
Diffuse lighting, specular reflections, subsurface scattering, and atmospheric effects could each
be calculated using specialized algorithms and then combined during compositing. This
approach provided greater artistic control while enabling more efficient use of computational
resources through targeted optimization of individual rendering components.

Asset streaming and memory management became critical considerations as scene complexity
increased throughout the franchise. The original Ice Age could load entire scenes into memory
due to relatively modest data requirements, but later productions required sophisticated
streaming systems that could dynamically load and unload scene components based on camera
position and temporal requirements. These systems enabled the creation of much larger and
more detailed environments while working within the memory constraints of available
hardware.

Distributed rendering infrastructure evolved significantly throughout the franchise lifetime,
transitioning from the dedicated render farm approach used in 2002 to more flexible cloud-
based and hybrid rendering solutions by 2016. The original 512-processor render farm was
eventually supplemented by additional computing resources that could be dynamically
allocated based on production requirements. This flexibility enabled more efficient resource
utilization while providing the computational power necessary for increasingly complex scenes.
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6. Quality Metrics and Visual Fidelity Analysis

Quantitative assessment of visual quality improvements between Ice Age (2002) and Ice Age:
Collision Course (2016) requires examination of multiple technical and aesthetic metrics. These
improvements reflect not only advances in rendering technology but also enhanced artistic
techniques and more sophisticated production workflows developed over the franchise's
fourteen-year span.

Image resolution and detail density provide fundamental metrics for measuring visual
advancement. The original Ice Age was rendered at 2K resolution (2048x1556 pixels), which
was considered high-quality for theatrical animation in 2002. By 2016, Ice Age: Collision
Course was produced at 4K resolution (4096x2160 pixels), representing a four-fold increase in
pixel density. This resolution improvement was accompanied by corresponding increases in
texture detail, geometric complexity, and lighting precision that fully utilized the additional
pixel information.

Texture resolution analysis reveals dramatic improvements in surface detail quality. Character
textures in the original Ice Age typically featured 1K-2K resolution maps (1024x1024 to
2048%2048 pixels), which provided adequate detail for 2002 display standards. Collision
Course character textures routinely featured 4K-8K resolution maps (4096x4096 to 8192x8192
pixels), enabling much finer surface detail including pore-level skin texture, individual hair
strands, and complex material patterns. Environmental textures showed similar improvements,
with background elements featuring detail levels that would have been reserved for hero
characters in the original production.

Lighting quality assessment demonstrates substantial advances in both technical capability and

artistic sophistication. The original Ice Age achieved impressive global illumination effects
through CGI Studio's ray tracing capabilities, but was limited by computational constraints to 316
relatively simple lighting setups. Collision Course featured much more complex lighting
designs with sophisticated atmospheric effects, volumetric lighting, and advanced material
shading that created more cinematically dramatic and visually appealing images.

Animation quality metrics show improvements in both technical precision and artistic
expression. Character animation in the original Ice Age, while groundbreaking for its time, was
constrained by the computational expense of ray tracing preview renders. Animators often had
to work with simplified geometry and lighting for most of the animation process, seeing final-
quality results only after time-consuming rendering operations. By 2016, improved hardware
and optimized software enabled real-time preview rendering with quality approaching final
renders, allowing animators to make more informed creative decisions throughout the
production process.

Simulation quality represents another area of significant advancement. The original Ice Age
featured relatively simple physics simulations for elements like snow, water, and cloth due to
computational limitations. Collision Course incorporated sophisticated fluid simulations,
complex particle systems, and advanced cloth dynamics that created much more realistic and
visually impressive effects sequences. These improvements were enabled by both hardware
advances and algorithmic optimizations developed throughout the intervening years.

7. Production Efficiency and Workflow Optimization

The evolution of production efficiency at Blue Sky Studios between 2002 and 2016
demonstrates how technological advancement can transform creative workflows while enabling
more ambitious artistic goals. The original Ice Age production required approximately four
years of development, with much of this time consumed by rendering and technical problem-
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solving. By contrast, later Ice Age films were produced on more compressed schedules despite
featuring significantly greater complexity.

Rendering efficiency improvements provide the most quantifiable measure of production
advancement. The 8-30 hour per-frame rendering times that characterized the original Ice Age
production had been reduced to 2-6 hours per frame by 2016, despite substantial increases in
scene complexity. This improvement reflected both hardware advancement and algorithmic
optimization, with particular gains achieved through better ray tracing acceleration structures,
optimized shading algorithms, and more efficient memory management.

Asset creation workflows experienced substantial streamlining through improved tools and
automated processes. Character modeling, which required weeks of manual work in 2002, could
be completed in days by 2016 through improved modeling software, automated topology
generation, and template-based workflows. Texture creation benefited from Al-assisted tools
that could generate realistic surface details automatically, reducing the manual painting work
required for complex materials. These efficiency gains enabled artists to focus on higher-level
creative decisions rather than technical implementation details.

Animation workflows benefited from real-time preview capabilities that were unavailable
during the original Ice Age production. Animators could see near-final-quality results
immediately rather than waiting hours or days for test renders, enabling more iterative and
experimental approaches to character performance. Motion capture integration became more
streamlined through automated cleanup tools and improved retargeting systems that could adapt
captured performances to animated characters with minimal manual intervention.

Collaboration and review processes were transformed by improved networking and data
management infrastructure. The original Ice Age production required physical media transfer

for sharing large files between departments, with review processes constrained by the time 317
required to generate presentable renders. By 2016, high-speed networks enabled real-time
collaboration between departments, with cloud-based review systems allowing immediate
feedback on work-in-progress. These improvements reduced the time between creative
iterations and enabled more responsive production management.

Quality control and consistency maintenance became more automated through advanced
rendering management systems. The original production required extensive manual monitoring
to ensure rendering consistency across thousands of frames, with significant time invested in
identifying and correcting rendering artifacts. Later productions featured automated quality
control systems that could detect common rendering problems, monitor resource utilization,
and provide early warning of potential production issues.

8. Industry Impact and Technological Legacy

Blue Sky Studios' pioneering work on physically-based ray tracing through the Ice Age
franchise established technological foundations that would eventually become industry
standard. The studio's commitment to ray traced global illumination during a period when most
competitors relied on rasterization-based rendering demonstrated the viability of more
computationally expensive but visually superior rendering techniques.

The development of CGI Studio influenced the broader animation industry's approach to
rendering architecture and quality standards. While other studios initially dismissed ray tracing
as too computationally expensive for production use, the visual quality achieved in the Ice Age
films prompted industry-wide reevaluation of rendering priorities. This influence can be seen
in the subsequent development of production ray tracing systems by major software vendors,
including Pixar's RenderMan, Chaos Group's V-Ray, and Autodesk's Arnold.
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Blue Sky's approach to production scaling and workflow optimization provided valuable
lessons for the broader industry regarding the management of computationally intensive
production pipelines. The studio's experience with massive render farms, distributed
computing, and quality control at scale influenced best practices adopted throughout the
animation and visual effects industries. These lessons became particularly valuable as other
studios transitioned to ray tracing and began encountering similar computational and logistical
challenges.

The integration of GPU acceleration and early Al technologies at Blue Sky provided proof-of-
concept demonstrations that helped establish the viability of these approaches for animation
production. While the studio's closure prevented full exploitation of these technologies, their
research and development work contributed to the broader industry understanding of how
emerging technologies could be integrated into established production pipelines.

The artistic achievements of the Ice Age franchise demonstrated that technological innovation
could serve creative storytelling while establishing new visual standards for animated films.
The franchise's commercial success proved that audiences would respond positively to the
enhanced visual realism enabled by ray tracing technology, helping justify the additional
computational expense for other studios considering similar technological investment.

9. Future Implications and Technological Trajectory

The technological trajectory established by Blue Sky Studios through the Ice Age franchise
provides insights into the likely evolution of animation production technology. The studio's
progression from CPU-based ray tracing to GPU-accelerated hybrid rendering with Al
augmentation represents a pattern that continues to influence industry development.

The integration of machine learning technologies, which was just beginning during Blue Sky's
final productions, has since become central to modern animation workflows. Studios are now
using Al for automated rotoscoping, intelligent upscaling, procedural animation generation, and
real-time rendering enhancement. These developments build directly on the foundational work
begun at Blue Sky during the Ice Age era.

318

Real-time ray tracing, which was a distant goal during Blue Sky's peak years, has now become
practical for certain types of animation production through specialized hardware and optimized
algorithms. This technology enables more iterative creative workflows and reduces the barrier
between creative experimentation and final-quality results. The principles established by Blue
Sky's CPU-based ray tracing work provided essential groundwork for these hardware-
accelerated implementations.

Cloud-based rendering, which emerged during Blue Sky's later years, has become the dominant
model for managing the computational requirements of modern animation production. This
approach provides on-demand scalability that enables smaller studios to achieve production
quality previously available only to large facilities with dedicated infrastructure. Blue Sky's
experience with distributed rendering helped establish the operational frameworks that make
cloud rendering practical and economically viable.

The convergence of Al, GPU acceleration, and cloud computing promises to enable animation
production approaches that were inconceivable during the Ice Age era. Fully automated
animation generation, real-time photorealistic rendering, and Al-assisted creative decision-
making represent natural extensions of the technological trajectory that Blue Sky helped
establish. These developments will likely transform animation production as dramatically as
the transition from traditional to computer animation did during the 1990s and 2000s.
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10. Conclusion

The twenty-year evolution of Blue Sky Studios' Ice Age franchise represents one of the most
significant technological transformations in animation history. From the pioneering ray-traced
rendering of the original 2002 film to the GPU-accelerated, Al-augmented production pipeline
of Ice Age: Collision Course in 2016, this research has documented a complete paradigm shift
in how computer-animated films are created.

Our quantitative analysis reveals dramatic improvements across all measurable aspects of
production: rendering efficiency increased by 80% despite six-fold increases in geometric
complexity, environmental detail expanded by orders of magnitude, and character fidelity
reached levels approaching photorealism. These advances were enabled by the systematic
integration of GPU computing, machine learning technologies, and optimized production
workflows that transformed both the technical capabilities and creative possibilities available
to animators.

The technological trajectory established by Blue Sky Studios through CGI Studio has had
lasting impact on the animation industry, establishing ray tracing as the quality standard for
high-end production while demonstrating the viability of computationally intensive rendering
approaches. The studio's progression from CPU-based ray tracing to hybrid GPU-accelerated
pipelines with Al augmentation provides a roadmap for the continued evolution of animation
technology.

The legacy of Blue Sky's technological innovation extends beyond the Ice Age franchise to
influence current developments in real-time rendering, Al-assisted animation, and cloud-based
production workflows. As the animation industry continues to evolve toward more automated,
efficient, and visually sophisticated production methods, the foundational work accomplished
at Blue Sky Studios remains relevant and influential. 319

This comprehensive analysis demonstrates that technological advancement in animation is not
merely about computational power or software capabilities, but requires careful integration of
hardware, software, and workflow optimization to achieve meaningful improvements in both
efficiency and creative possibilities. The Ice Age franchise serves as an exemplary case study
in how sustained technological development can transform an entire medium while maintaining
artistic excellence and commercial viability.

The future of animation production will likely build upon the foundations established by Blue
Sky Studios, incorporating even more sophisticated Al technologies, real-time rendering
capabilities, and automated production workflows. However, the fundamental principles of
quality-focused technological development, systematic workflow optimization, and creative-
technical integration demonstrated throughout the Ice Age franchise will remain essential to
successful animation production regardless of the specific technologies employed.
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Abstract

Peshawar, one of South Asia’s oldest continuously inhabited cities, presents a living
architectural palimpsest shaped by centuries of cultural, political, and religious transformations.
This study explores the evolution of Peshawar’s architectural heritage through photographic
documentation and case studies of key sites, including Mughal mosques, colonial institutions,
and contemporary structures. It integrates architectural analysis with civil engineering
approaches to assess preservation challenges and propose sustainable conservation strategies. 321

The research employs a mixed-methods approach, including photographic documentation,
structural analysis, and review of urban development policies. It highlights the role of civil
engineering in structural retrofitting, digital documentation (e.g., HBIM), and seismic
resilience. Findings reveal that modern urbanization, lack of awareness, and insufficient policy
frameworks erode the city’s rich built environment.

The paper advocates for an interdisciplinary conservation model, aligning architectural heritage
with engineering innovation, urban planning, and community participation. By understanding
Peshawar’s layered built history, stakeholders can ensure that modernization complements
rather than erases the city’s historic identity.

Keywords: Peshawar, Architectural Heritage, Mughal Architecture, Colonial Era, Urban
Modernism, Conservation, Civil Engineering, Islamic Architecture

1. Introduction

Peshawar is one of South Asia's oldest continuously inhabited cities, with roots dating back to
the Gandharan civilization and extending through Islamic, Mughal, Sikh, colonial, and
contemporary eras. Each historical phase left architectural imprints that collectively form a
palimpsestic urban fabric [1], [2], [3], [4].

Architectural palimpsest refers to a city where new developments overlay, but do not erase,
earlier structures, resulting in a layered historical narrative (Ren, 2021). In South Asia, such
sites are increasingly threatened by urban encroachment, weak policy frameworks, and limited
technical interventions [6].
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International charters such as UNESCO’s Historic Urban Landscape (HUL) [7] call for
integrating cultural heritage into urban planning and infrastructure development. This
multidisciplinary approach is especially relevant for Peshawar, where heritage is embedded in

daily life and evolving cityscapes [8], [9], [10].

The engineering dimension of conservation is increasingly emphasized, with tools like Building
Information Modeling (BIM), laser scanning, and seismic retrofitting playing key roles This
study analyses how civil engineering techniques, when used alongside architectural analysis,
can offer sustainable solutions for heritage preservation in Peshawar [11], [12], [13], [14], [15],

[16], [17].

Table 1: Historical Timeline and Architectural Evolution of Peshawar [18], [19], [20], [21],
[22], [23], [24], [25], [26]
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Period Timeframe Ruling Power / | Architectural Legacy &
Influences Characteristics Preservation Status
Ancient 6th century | Gandhara Buddhist stupas, | Ruins at Gor Khatri
(Gandhara) BCE - 5th | Civilization, monasteries, use of schist | and Shah-ji-ki-Dheri,
century CE Kushan Empire | stone, sculpture-rich | with limited
fagades preservation
Early Islamic | 7th — 12th | Hindu Shahi | Fortifications, early | Little survives;
Era century CE Ghaznavids mosques, mud-brick | archaeological
Ghurids structures potential
Mughal Period | 16th — 18th | Mughal Empire | Arches, domes, frescoes, | Key heritage assets,
century (Babur to | gardens, mosques (e.g., | partially conserved
Aurangzeb) Mahabat Khan Mosque)
Durrani & Sikh | 1747 — 1849 Durrani Empire, | Fort renovation (Bala | Bala Hissar
Rule Sikh Hissar), blend of Central | remodeled,; limited
Confederacy Asian and Sikh motifs public access
British Colonial | 1849 — 1947 British Raj Indo-Saracenic style, red | Iconic landmarks,
Era brick, symmetry, | some well-preserved
educational institutions
(e.g., Islamia College)
Post- 1947 — 2000s Pakistan Institutional expansion, | Urban growth, limited
Independence civic buildings, mixed | zoning enforcement
styles
Contemporary | 2000 — Present | Government of | Glass fagades, high-rises, | Modernization often
Period KP & private | BRT infrastructure, | lacks heritage
sector Brutalism integration

Table 1 shows a Timeline of major historical periods in Peshawar and their associated
architectural developments. This chronology highlights the city’s layered urban fabric and the
importance of context-aware conservation strategies [27], [28].

The city presents a living architectural palimpsest, each era contributing a new layer without
entirely erasing the past. However, rapid urbanization, inadequate conservation efforts, and
modern infrastructure development now threaten this delicate balance. Historic structures face
neglect, while new construction often disregards heritage context and identity.

This research proposes to analyze and document the architectural heritage of Peshawar through
a combination of photographic surveys, stylistic analysis, and case studies of significant
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buildings. The study also examines how civil engineering techniques can support heritage
preservation. It proposes a set of recommendations for sustainable conservation. By tracing
these architectural layers, the paper aims to raise awareness of Peshawar’s cultural identity and
advocate for a thoughtful blend of modernization and preservation in urban planning[29], [30].

This paper argues that sustainable urban development in Peshawar must be grounded in a deep
understanding of its architectural history, requiring interdisciplinary collaboration between civil
engineering, architecture, urban planning, and heritage management. In this context, the study
argues that interdisciplinary collaboration between architects, engineers, planners, and
policymakers is crucial to sustaining Peshawar’s urban character. The research framework
(Figure 1) outlines the methodological flow from historical analysis to recommendations,
capturing the interdisciplinary nature of the study. Additionally, weak enforcement of building
bylaws and unauthorized development by municipal bodies has accelerated the erosion of
historic character in the city’s core.

Historical Context

‘ Historical Timeline of Peshawar ‘ Architectural Palimpsest Concept ‘

Architectural Survey & Analysis

Islamia College (Colonial) ‘ ‘ Mahabat Khan Mosque (Mughal) ‘ ‘ Qila Bala Hissar (Military Fort) ‘ ‘ Sunehri Masjid (Late Mughal)

‘ Contemporary Architecture ‘

Civil Engineering & Documentation

Structural Analysis & Retrofitting Use of Traditional Materials Meodern Techniques (BIM, Laser
Scanning)
Challenges
‘ Urban Encroachment ‘ ‘ Lack of Awareness & Funding ‘ ‘ Structural Deterioration ‘

Recommendations

‘ Policy-Level Interventions ‘ ‘ Community Involvement ‘ ‘ Educational Integration ‘

Conclusion

Integrated Conservation Strategy

Cultural Identity & Future Urban
Planning

Figure 1: Research framework illustrating the methodological flow of the study

2. Historical and Colonial Landmarks
2.1 Islamia College Peshawar: Architectural and Historical Significance

Founded in 1913, Islamia College is a prominent example of Indo-Saracenic architecture,
combining Mughal, Islamic, and colonial motifs. Its red brick facade, domes, minarets, and
jharokhas embody educational and cultural symbolism.

Islamia College Peshawar is one of the region's most iconic educational and architectural
landmarks. It was established by prominent Muslim leaders, including Nawab Sir Sahibzada
Abdul Qayyum and Sir George Roos-Keppel, with the vision of promoting modern education
among the Muslim population of the North-West Frontier Province (now Khyber Pakhtunkhwa)
[31]. The college played a vital role in the Pakistan Movement. It later evolved into a university,
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maintaining its status as a symbol of academic excellence.

Architecturally, the college is a striking example of Indo-Saracenic Revival architecture. This
style blends Islamic, Hindu, and British colonial elements. Its grand facade features domes,
minarets, cusped arches, and Mughal-style jharokhas (overhanging balconies), creating a sense
of cultural continuity and colonial influence. The building's red brick construction, symmetrical
layout, and intricately designed ironwork in the inner verandahs reflect meticulous
craftsmanship. The central marble fountain in the courtyard evokes traditional Islamic garden
design, emphasizing serenity and geometric harmony [32].

Islamia College is not only a masterpiece of architectural fusion but also a living monument to
Muslims' socio-political and intellectual awakening in the early 20th century. Its preservation
is crucial for its physical beauty andts legacy in Pakistan's cultural and educational
landscape[33].
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Figure 2: elevation of Islamia College Peshawar

Islamia College’s Indo-Saracenic architecture, with its red brick fagade and Mughal-style
jharokhas, is a prime example of architectural synthesis (Figures 2 & 3) [34].

Figure 3: Side view of Islamia College showing corner turret and Mughal-style jharokhas
[35].
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2.2 Arches and Engineering Techniques at Islamia College Peshawar

The arches, primarily cusped and pointed, are constructed using load-bearing masonry,
distributing weight across voussoirs without modern reinforcement. The building also
incorporates passive cooling features such as shaded verandahs and open courtyards,
demonstrating climate-responsive design.

The architectural design of Islamia College Peshawar prominently features a series of carefully
constructed arches, which serve both aesthetic and structural purposes. The arches, primarily
pointed (ogee) and cusped in form, are inspired by Mughal and Islamic architectural traditions,
contributing to the grandeur and rhythmic symmetry of the building’s facade and corridors.
These arches are constructed using traditional brick masonry techniques, with each voussoir
(wedge-shaped brick) meticulously placed to distribute the structural load evenly across the
span. This method eliminates the need for extensive steel reinforcement, relying on
compression principles to maintain stability [36].

Many arches are enhanced with carved plaster or terracotta ornamentation, showcasing
geometric patterns and floral motifs that reflect Islamic artistic sensibilities. The inner
verandahs and entrances also feature multi-foil arches, adding a decorative richness and soft
curvature. The engineering behind these arches reflects a balance of form and function,
providing open, shaded walkways that improve airflow and reduce thermal heat gain, which is
particularly suited to the hot climate of Peshawar [37].

The successful integration of traditional engineering knowledge with local materials and
craftsmanship demonstrates how the builders of Islamia College achieved durability, beauty,
and cultural identity. These arches are not merely architectural elements but essential to

understanding the building's enduring strength and symbolic power [38].
325

Figure 4: View from the inner verandah of the Islamia College courtyard, showcasing carved
ironwork and landscaped garden.
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The inner verandahs, with carved ironwork and landscaped gardens (Figure 4), demonstrate a
careful balance of aesthetics and environmental comfort.

2.3 The Central Fountain: Symbolism and Design

Inspired by Islamic Charbagh garden geometry, the octagonal marble fountain reflects spiritual
and climatic sensibilities. Such water features served symbolic and microclimatic purposes in
traditional Islamic architecture [38], [39].

At the heart of Islamia College Peshawar's central courtyard lies an elegant octagonal marble
fountain, both a visual focal point and a cultural symbol. The fountain draws inspiration from
traditional Islamic garden design, particularly the concept of the Charbagh, a quadrilateral
garden layout. Its octagonal shape reflects a geometric balance common in Islamic architecture,
representing order, harmony, and unity. Constructed from polished white marble, the fountain
basin features subtle engravings and water outlets that would have initially created a gentle,
cooling stream, enhancing the sensory experience of the courtyard. Though now primarily
decorative, such fountains were historically engineered for microclimatic control, helping to
cool the surrounding air and provide a sense of serenity in hot, arid environments. The location
of the fountain, centrally aligned with the central axis of the building, demonstrates a strong
understanding of symmetry, axial planning, and landscape integration.

This fountain adds aesthetic value and reflects the intellectual and spiritual ideals associated
with Islamic educational institutions. It connects the built environment to nature and
metaphysical symbolism, making it a timeless element within the architectural legacy of Islamia
College.
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Figure 5: Octagonal marble fountain in the central courtyard of Islamia College, a nod to
traditional Islamic garden design.

The octagonal marble fountain (Figure 5), centrally placed in the courtyard, reflects Charbagh-
based Islamic garden symbolism.

3. Mughal era and Islamic Architecture
3.1 Gor Khatri

Originally a Buddhist site, Gor Khatri evolved into a Mughal caravanserai under Jahan Ara
Begum. The site reflects Peshawar’s transformation across religious and cultural regimes. Gor
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Khatri is an archaeological site located in Peshawar, Pakistan, that includes a square-shaped
compound that has been excavated and researched. In 1641, Jehan Ara Begum, daughter of
Shah Jahan, built Gor Khatri as a caravanserai [40].

Alexander Cunningham initially identified Gor Khatri as the location of the Kanishka stupa.
Ahmad Hasan Dani further discovered that it was also where the Buddha bowl tower once
stood.

Figure 6: Gorkhatri's entryway as viewed from Peshawar's old city

Gor Khatri’s gateway (Figure 6) reveals its transformation from a Buddhist site to a Mughal
caravansary.

3.2 Qila Bala Hissar Fort: History and Architecture 327

This elevated fort combines Afghan, Mughal, and colonial military architecture. Its earthquake-
prone mud-brick walls require retrofitting via jacketing and stabilization. Qila Bala Hisar
exhibits Islamic architectural elements, but is not solely an example of Islamic architecture. It
is a historic fort with a composite architectural heritage.

Qila Bala Hissar, meaning "High Fort," is one of Peshawar's most significant historical
landmarks, situated on a prominent elevation at the city’s western edge. The fort’s strategic
location has made it a power centre for rulers throughout history, from the Mughals and
Durranis to the Sikhs and British. Although its earliest foundations may date back centuries,
the fort became prominent during the Durrani Empire in the 18th century, when it served as a
royal residence for Ahmad Shah Durrani, the founder of modern Afghanistan.

Architecturally, Bala Hissar Fort is a classic example of military defensive construction,
characterized by thick mud-brick and stone walls, watchtowers, and ramparts designed to
withstand siege. The fort's rectangular layout encloses large open courtyards, administrative
buildings, and barracks. The elevation of the fort provides panoramic views of Peshawar city,
reinforcing its function as both a military stronghold and a seat of governance.

One of the defining architectural features of Bala Hissar is its massive gateways and bastions,
which reflect elements of Mughal and Afghan fortification styles. The arched gateways,
supported by large voussoirs and flanked by turrets, combine structural strength with symbolic
authority. Inside, remnants of carved wooden balconies, brick arches, and water channels hint
at the more refined aspects of royal life that once existed within the fortified walls.

Today, Bala Hissar remains under the control of Pakistan’s Frontier Corps, with limited public
access. Yet, it is a living monument to the region’s turbulent history, architectural evolution,
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and cultural resilience. Conservation efforts are essential to preserve this iconic structure, which
encapsulates centuries of power dynamics, warfare, and regional identity in Peshawar [41],
[42], [43], [44] .

) e % .
Figure 7: A view of Qilla Bala Hisar

The elevated view of Qila Bala Hissar (Figure 7) illustrates the fort’s strategic military and
architectural importance

3.3 Mahabat Khan Mosque: Ornamentation and Arch Typology 328

Built in the 17th century, the mosque showcases multi-cusped arches, frescoes, and Persian-
influenced ornamentation (Brumana et al., 2017). Conservation efforts have employed hidden
steel rods and lime grouting to reinforce its structure (Ali et al., 2022). The Mahabat Khan
Mosque, built in the 17th century during the reign of Mughal Emperor Shah Jahan, is one of
Peshawar’s most celebrated examples of Mughal Islamic architecture. The mosque is
particularly renowned for its rich interior ornamentation and distinct arch types, which reflect
both the artistic sophistication and engineering mastery of the Mughal period.

The interior of the main prayer hall is adorned with intricate frescoes, featuring floral patterns,
arabesques, and calligraphy in traditional Mughal color palettes of deep reds, blues, and gold.
The walls and ceilings are covered with stucco carvings and painted medallions, representing a
fusion of Persian and Central Asian decorative styles. These ornamentations not only enhance
visual beauty but also serve to inspire spiritual contemplation.

Structurally, the mosque employs a series of multi-cusped arches, also known as muqarnas or
scalloped arches, particularly in the prayer hall and entrance bays. These decorative and
functional arches distribute the roof’s weight to the columns and piers. The central iwan (arched
entrance) features a high, pointed arch, a hallmark of Islamic monumental architecture, flanked
by smaller, blind arches that frame the facade with symmetry and depth.

These arch forms, combined with the lavish ornamentation, reflect the Mughal emphasis on
harmony, grandeur, and spiritual symbolism in architecture. The Mahabat Khan Mosque is a
prime example of how form, function, and faith converge in Islamic architectural design.
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Figure 8: The Mahabat Khan Mosque's richly ornamented prayer hall interior, with intricate
floral frescoes and marble flooring.
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The richly ornamented prayer hall of the Mahabat Khan Mosque (Figure 8) showcases the
Mughal mastery of geometry and fresco.

3.4 Sunehri Masjid: Ornamentation and Arch Typology

This 18th-century mosque features gilded domes, floral frescoes, and calligraphic
ornamentation. Its triple-arched entrance and qibla-facing mihrab reflect Mughal religious
architecture (Ahmad, 2006). The Sunehri Masjid, or "Golden Mosque," located in the heart of
Peshawar’s old city, is a remarkable example of late Mughal-era mosque architecture in the
region. Built in the 18th century, this mosque is named after its distinctive gilded domes, which
gleam in sunlight and serve as a visual landmark in the densely built urban fabric. Though more
compact than the Mahabat Khan Mosque, the Sunehri Masjid showcases exquisite
ornamentation and arch designs that reflect its time's aesthetic sensibilities and religious
artistry[45].

The mosque's interior and facade are adorned with hand-painted floral motifs, geometric
patterns, and Quranic inscriptions rendered in traditional Nagsh (stylized calligraphy). Using
vibrant colors such as cobalt blue, turquoise, and deep green on white plaster creates a striking
contrast. It enhances the spiritual ambience of the prayer space. The mihrab (prayer niche) is
intricately decorated with layered arches and calligraphic panels, signifying the qibla direction
and drawing the worshipper’s attention toward Mecca.

Architecturally, the Sunehri Masjid features a series of pointed and cusped arches that frame
the prayer halls and entryways. These arches are structurally significant, channelling the weight
of the domes and upper levels down to the mosque’s thick load-bearing walls. The main
entrance is emphasized by a triple-arched facade, with the central arch slightly taller and more
pronounced than the flanking ones, a classic feature in Mughal mosque design. Smaller blind
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arches and recessed niches further enhance the depth and texture of the elevation.

Overall, the Sunehri Masjid exemplifies a refined blend of Mughal aesthetics, structural
ingenuity, and religious symbolism, making it an essential part of Peshawar’s Islamic
architectural heritage.

Figure 9: Architectural details of Sunehri Masjid (or other historic mosque in Peshawar),
showing red sandstone, geometric arches, and minarets.
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The Sunehri Masjid’s compact layout and gilded domes (Figure 9) exemplify late Mughal
religious architecture.

4. Architectural Synthesis: Interplay Between Eras

Peshawar’s urban narrative blends Indo-Saracenic, Islamic, and colonial elements, challenging
conservationists to preserve hybrid identities. Adaptive reuse strategies can help retain urban
authenticity while accommodating development. While colonial and Islamic architectures are
often studied separately, Peshawar presents a rare urban narrative where these styles coexist
and influence each other. From red-brick colonial institutions with Mughal jharokhas to
mosques with Indo-Saracenic motifs, the cityscape becomes a canvas of historical dialogue.
This architectural synthesis offers both challenges and opportunities for conservation, as
interventions must respect the hybrid character of such structures.

5. Infrastructure and Urban Development in Peshawar

Modern projects like the Peshawar BRT system contrast sharply with historic streetscapes.
While infrastructure is essential, unregulated development often leads to site encroachment and
demolition of traditional structures. Peshawar’s urban landscape has significantly transformed
in recent decades due to rapid population growth, increased vehicular traffic, and modernization
efforts. Once defined by narrow streets, historic bazaars, and traditional courtyard houses, the
city is now experiencing a wave of infrastructural expansion aimed at improving mobility,
connectivity, and public services. One of the most notable developments is the Peshawar Bus
Rapid Transit (BRT) system, which includes steel pedestrian overpasses, elevated tracks, and
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dedicated bus lanes. These structures are functional and represent a shift toward sustainable and
inclusive urban transport [46], [47].

Urban development has also introduced modern utilities infrastructure, including high-voltage
electric transmission towers, sewage systems, and upgraded road networks. These changes are
essential for supporting the city’s growing demands, but often come at the cost of heritage
preservation. Unregulated construction, encroachment on historic sites, and demolition of
traditional buildings have created a conflict between modernization and cultural continuity.

Moreover, the increasing use of glass facades, concrete high-rises, and commercial plazas is
reshaping Peshawar’s skyline, reflecting a globalized architectural trend that often lacks
sensitivity to the city’s historical context. The challenge lies in achieving a balanced urban
strategy that integrates modern infrastructure with heritage conservation, respects traditional
spatial patterns, and fosters sustainable development. Addressing these issues requires
comprehensive urban planning, public awareness, and policy-level interventions to ensure that
progress does not erase the city's rich architectural identity.
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Figure 10: Steel pedestrian overpass of Peshawar BRT system, an example of modern
transport infrastructure improving urban mobility.

The steel pedestrian overpasses of the BRT system (Figure 10) contrast starkly with the city’s
historic architecture.

6. Contemporary Architecture

The rise of glass-clad towers and Brutalist concrete buildings reflects global trends but risks
disconnecting from the local context. Few new buildings incorporate elements like colored
glass or Islamic ornamentation that define Peshawar’s historic vocabulary.

6.1 Modern architecture

In recent years, Peshawar’s architectural landscape has become a mix of evolving contemporary
designs and deeply rooted local vernacular styles. On one hand, the rise of glass-clad
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commercial towers, shopping plazas, and high-rise apartments reflects a shift toward modernist
and global architectural trends. Buildings like the AMC Tower symbolize this change, with
their sleek facades, minimal ornamentation, and use of industrial materials such as steel,
aluminum, and reflective glass. Commercial needs, modern construction techniques, and
aspirations of a cosmopolitan urban image drive these structures.

The rise of contemporary architecture in Peshawar often lacks contextual sensitivity, risking a
disconnect between the city's past and future. While modern materials and forms serve
functional needs, there is a growing need for an architectural language that bridges tradition
and innovation, potentially through adaptive reuse or culturally informed design templates.

b Meal §
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Figure 11: AMC Tower in Peshawar, reflecting the emergence of glass-clad, Low-rise
commercial architecture.

Modern high-rises such as AMC Tower and Hotel Tourmaline (Figures 11 & 12) reflect global
architectural trends with minimal contextual sensitivity.

A distinctive feature of Peshawar’s traditional architecture is the creative use of colourful glass
in windows and openings, which transforms natural daylight into vibrant patterns across the
building’s surfaces. Especially in mosques, older homes, and cultural landmarks, small sections
of walls or arches are fitted with multi-colored glass panes commonly in red, green, blue, and
yellow hues. These elements are often integrated into arched window frames or domes,
allowing daylight to enter in a filtered, decorative form.

The resulting play of light is visually striking and symbolically rich, evoking spiritual beauty
and sensory comfort. During early morning or late afternoon, the sun’s rays passing through
these glass elements create a luminous, stained-glass effect on the floor and walls, adding color,
warmth, and movement to otherwise plain exteriors. This technique reflects a climatic and
cultural adaptation, enhancing aesthetic appeal while softening harsh daylight in Peshawar’s
arid environment. Though less common in modern construction, the tradition of using colored
glass in architectural design remains an important part of the city's visual identity. It represents
a unique blend of local craftsmanship, Islamic art influences, and an architectural approach that
values beauty in harmony with function.
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Figure 12: Hotel Tourmaline in Peshawar, reflecting the emergence of glass-clad, Low-rise
commercial architecture.

6.2 Brutalism in Peshawar

Brutalist elements can be seen in some government offices, educational institutions, and civic
infrastructure, where functionality and durability are prioritized over ornamentation. These
buildings often feature massive concrete walls, recessed windows, and minimal decorative
detail, conveying a sense of permanence and authority. While not widely adopted in private
construction, Brutalism's austerity and structural clarity have left a modest yet visible mark on
the city's evolving architectural identity. However, its stark appearance often contrasts sharply
with Peshawar’s more intricate and ornamental historic architecture, highlighting the tension
between global modernism and local tradition. However, a few local architects and design
studios have begun experimenting with contextual design, integrating jharokhas, screened
windows, and colored glass into new constructions to respond to cultural homogenization.
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Figure 13: An institutional building in Peshawar reflecting the emergence of glass-clad, Low-
rise commercial architecture.
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The Brutalist design of an institutional building in Peshawar (Figure 13) highlights the tension
between utilitarian modernism and traditional ornamentation.

7. Challenges in Heritage Conservation
7.1 Urban encroachment

Historic sites are increasingly surrounded by informal and commercial structures, causing loss
of context and visibility. Urban encroachment is one of the most serious threats to Peshawar’s
architectural heritage. As the city expands to accommodate a growing population and
commercial demand, historic sites are increasingly surrounded or engulfed by unregulated
construction, particularly in the old city. Narrow alleys that once led to centuries-old mosques,
havelis, and bazaars are now cluttered with concrete shops, high-rise buildings, and
encroachments that obscure or damage heritage structures. The lack of zoning control and
ineffective enforcement of preservation laws have allowed private development to overtake
historically significant areas, leading to the loss of authenticity and contextual integrity of many
monuments [48], [49], [50].

7.2 Lack of awareness and funding

Public disregard and poor policy enforcement hinder conservation. Investment is often
redirected toward infrastructure rather than heritage . Public and institutional lack of awareness
is a major obstacle in heritage conservation. Many local communities and property owners are
either unaware of the historical value of old buildings or consider them obsolete in the face of
modern construction. There is also a general lack of educational outreach and heritage
promotion at the policy level. Compounding this issue is the shortage of funding, as
conservation efforts often take a back seat to infrastructure and commercial development. With 334
limited budgets, local authorities and heritage organizations struggle to carry out even basic
documentation, let alone restoration or maintenance. Private investment in heritage
preservation is rare, and without incentives or public-private partnerships, many historical sites
continue to fall into neglect.

7.3 Structural deterioration

Many of Peshawar’s historic buildings are in a state of advanced deterioration, owing to age,
neglect, and environmental factors. Prolonged exposure to rain, extreme temperatures, and
pollution weakens traditional materials like mud brick, lime plaster, and timber. Minor damages
escalate into severe structural failures without regular maintenance and conservation practices.
Additionally, the lack of skilled professionals trained in traditional restoration techniques
results in improper repairs using incompatible materials such as cement, further accelerating
damage. Earthquakes and seasonal floods also threaten already vulnerable structures, making
structural stability a critical challenge in the long-term survival of Peshawar’s built heritage.
Environmental factors, poor repairs, and incompatible materials (e.g., cement instead of lime)
accelerate decay [51], [52].

7.4 Institutional Weakness and Bylaw Violations

Another critical challenge in conserving Peshawar’s architectural heritage is the lack of
institutional enforcement of building regulations and conservation bylaws. Despite the presence
of urban development frameworks and heritage protection policies, these are frequently
bypassed by municipal authorities and developers. Development authorities often approve
construction projects that violate heritage zoning rules or proceed without adherence to the
approved architectural drawings.
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Furthermore, architects and contractors often neglect municipal bylaws, especially in the old
city, where unauthorized modifications to historic structures are common. Such practices result
in overbuilt structures, incongruent fagades, and the demolition of heritage elements without
proper documentation or mitigation. These actions compromise the aesthetic and structural
integrity of the urban fabric and erode public trust in regulatory institutions.

The absence of strict monitoring, limited accountability, and institutional overlap between
heritage, planning, and municipal departments weakens conservation outcomes. Strengthening
enforcement mechanisms, digitizing permit approvals, and empowering heritage departments
are crucial steps to address this systemic issue. The absence of a digital permit system or
heritage impact assessment process also exacerbates the issue, allowing irreversible changes to
heritage zones under loosely monitored approvals.

8. Role of Civil Engineering in Heritage Preservation
8.1 Techniques for restoration and retrofitting

Techniques like masonry stitching, steel tie rods, and FRP jacketing reinforce vulnerable
buildings. Retrofitting must ensure minimal alteration to visual identity.

. Restoration and retrofitting are essential civil engineering practices used to
strengthen and preserve aging heritage structures in Peshawar. These techniques begin

with a detailed structural assessment, identifying weaknesses in foundations, load-
bearing walls, arches, and domes. Traditional materials such as lime mortar, stone, and
mud-brick are often used to maintain authenticity. However, they are combined with
modern reinforcement methods for added strength. Techniques like grouting, masonry
stitching, jacketing, and the use of steel anchors or tie rods help stabilize cracks and 335
prevent further structural failure.

. In earthquake-prone areas, seismic retrofitting has become crucial. Engineers use
base isolators, shear walls, or fiber-reinforced polymer (FRP) wraps to enhance
resistance without visually altering the original design. These interventions are carefully
chosen to ensure that the building’s aesthetic and historical value remains intact. At the
same time, its load-bearing capacity and durability are improved. Retrofitting is
particularly important for mosques, forts, and havelis in Peshawar, many of which were
built before modern seismic codes existed.

For instance, the partial retrofitting of Mahabat Khan Mosque using lime-based grouting and
hidden steel tie rods demonstrates how traditional aesthetics can be preserved while reinforcing
structural stability against seismic activity .

8.2 Use of modern technology in documentation

The documentation of heritage buildings is now more accurate and efficient thanks to the
integration of modern technology in civil engineering and conservation efforts. Techniques
such as 3D laser scanning, photogrammetry, and drone mapping allow professionals to create
highly detailed digital models of heritage sites without physically altering them. These models
help record the building’s current condition, plan conservation strategies, and simulate
structural behavior under stress. Another key tool is Building Information Modeling (BIM) for
historic structures, often referred to as HBIM (Heritage BIM). It allows engineers and architects
to digitally reconstruct and manage conservation projects with layered historical data, structural
analysis, and future maintenance plans. This digital documentation not only supports the
physical restoration process but also preserves a virtual record for educational, research, and
cultural purposes [53], [54], [55], [56], [57].
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By applying these technologies, civil engineers contribute to both the preservation and
modernization of Peshawar’s architectural heritage, ensuring that the past is documented
accurately and protected intelligently for future generations. Tools like 3D laser scanning,
photogrammetry, and Heritage BIM (HBIM) allow digital archiving and simulation for stress
analysis.

9. Recommendations
9.1 Policy-level suggestions

Government institutions must play a proactive role in protecting heritage structures through
clear, enforceable conservation policies. This includes implementing heritage zoning laws,
restricting unauthorized construction around protected sites, and offering legal protection to
historically significant buildings. Budget allocations for heritage preservation should be
increased and integrated into urban planning frameworks. In addition, public-private
partnerships can be encouraged to fund restoration projects and adaptive reuse of old buildings
for cultural or civic purposes. A centralized heritage management authority in Khyber
Pakhtunkhwa could coordinate efforts, maintain a heritage site registry, and ensure
conservation standards. Enforce zoning, heritage mapping, and legal protections.

9.2 Community involvement

Local communities must be seen as active stakeholders in the preservation process. Awareness
campaigns, guided heritage walks, and public exhibitions can help residents understand the'
cultural and historical value. Incentives such as tax breaks or restoration grants could encourage
homeowners and businesses to maintain historic facades and structures. Involving local
artisans, masons, and traditional craftsmen in restoration supports cultural continuity and 336
economic participation. Community-driven projects build a sense of pride and responsibility,
ensuring long-term stewardship of heritage assets. Use incentives, awareness campaigns, and

local participation.

9.3 Educational initiatives

Educational institutions can play a major role in shaping future conservation efforts. Schools,
colleges, and universities should integrate heritage studies into their curricula, especially those
offering architecture, civil engineering, or urban planning. Workshops, field studies, and
student documentation projects can help foster interest and skills in heritage conservation from
an early stage. Furthermore, partnerships between academic institutions and local government
bodies can lead to research-based conservation strategies using traditional knowledge and
modern technology. Encouraging youth engagement is essential for ensuring that Peshawar’s
architectural legacy is not only preserved but actively celebrated. Integrate heritage studies in
civil engineering and architecture curricula.

Together, these recommendations emphasize the importance of multi-level action policy
reform, community engagement, and educational integration to ensure that Peshawar’s
architectural heritage is preserved and revitalized as a living part of the urban fabric.

9.4 Strengthen enforcement of conservation bylaws

Municipalities and development authorities must be held accountable for approving
construction violating zoning laws or disregards heritage protection. Architects and developers
should be required to follow approved drawings, and strict penalties should be enforced for
violations. Authorities should integrate digital building permit systems, public grievance
mechanisms, and third-party audits to ensure transparency in enforcement.
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10. Conclusion

This study documents Peshawar’s architectural evolution, identifying challenges and
engineering solutions for heritage conservation. It emphasizes that interdisciplinary
collaboration is essential to balance modernization with cultural continuity. As Peshawar
grows, its development must reflect economic aspirations and its layered historical identity.

The study has explored the architectural richness and historical layers of Peshawar, highlighting
key examples such as Islamia College, Mahabat Khan Mosque, Sunehri Masjid, and Bala Hissar
Fort. The research demonstrates how Peshawar’s built environment reflects centuries of cultural
exchange, colonial influence, and Islamic tradition. It also examined the evolving nature of the
city’s urban development, showcasing the contrast between traditional craftsmanship and
contemporary architecture. While the city's architectural heritage remains a source of cultural
identity and historical continuity, it is increasingly threatened by urban encroachment, neglect,
and structural decay. The role of civil engineering and architects in heritage preservation was
emphasized, particularly through modern restoration, retrofitting techniques, and digital
documentation technologies like BIM and laser scanning. In addition, challenges such as a lack
of public awareness, funding limitations, and inadequate policy enforcement were identified as
major barriers to effective conservation.

The findings make it clear that sustainable heritage conservation is essential for protecting
historical monuments and maintaining the cultural identity, social continuity, and collective
memory of the people of Peshawar. Heritage buildings are more than relics of the past; they are

living narratives that inform urban character and civic pride. By integrating conservation efforts

into urban planning, education, and community involvement, we can ensure that development

does not come at the cost of history. Moving forward, adopting inclusive, interdisciplinary
approaches that balance modernization with preservation is imperative. This will allow 337
Peshawar to grow as a dynamic, livable city while honouring its rich architectural legacy. This

legacy must be preserved for future generations to experience, study, and appreciate.

As Peshawar continues to grow, its architectural identity must evolve not through erasure but
through thoughtful integration of past and present. This vision requires commitment, creativity,
and collaboration across disciplines. The architectural narrative of Peshawar is not merely about
buildings; it reflects the collective memory, identity, and future trajectory of its people.

Future research could expand on this study by incorporating GIS-based heritage mapping,
interviews with local artisans, and real-time structural monitoring of vulnerable monuments.
The insights from Peshawar’s experience may serve as a model for other historic South Asian
cities facing the dual pressures of modernization and heritage erosion.

While this study offers a comprehensive overview of Peshawar’s architectural heritage, it is
limited by the availability of access to specific heritage sites under military or private control.
Future research could include on-site structural analysis, interviews with local artisans, and
integration of GIS-based heritage mapping to enhance documentation and planning further.
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Abstract

In this study, a seismic response analysis of 2-story wooden houses has been carried out, and
guidelines for proper seismic rehabilitation have been considered. In the analysis, the bilinear
+ slip model is adopted as the restoring-force characteristics because in previous studies it has
been confirmed that the model reproduces characteristics of wooden houses relatively well.
First, it was investigated how much the first story stiffness affects the inertia force of the roof
during an earthquake. Next, the effects of roof mass were examined. Finally, in the case where
an anti-seismic shelter was placed on the ground floor, a suitable connection method to the
house was considered.

Keywords: Restoring-Force Characteristics, Bilinear + Slip Model, Wooden House,
Earthquake Resistance, Seismic Response Time History Analysis, Anti-Seismic Shelter, Oil
Damper, Pushover Analysis
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1. INTRODUCTION

For an earthquake countermeasure, we performed construction work in which a steel shelter
(manufactured by Tobu Bousai Construction in Japan) was installed in the first story of a 2-
story wooden frame house in Toride City (Fig. 1), which was located about 350km south-west
of the epicentre of the 2011 off the Pacific Coast of Tohoku Earthquake, from August to
September 2013. Although the installation of an earthquake-resistant shelter is usually intended
to secure safe space in a part of the building and not to reinforce the entire structure, in this case
the shelter was tightly connected to the ceiling beams of the first story to increase the story
stiffness. This method has been often adopted as a seismic countermeasure for existing houses
because it can be done while residents are still living in the house, and it is more advantageous
than seismic isolation in terms of cost and construction period. However, on September 20,
2013, the day immediately after the construction work, by getting caught in a relatively small
earthquake which could be considered as one of aftershocks of the 2011 off the Pacific Coast
of Tohoku Earthquake, the tile roof underwent partial breakdown. Although the main shock on
March 11, 2011 was followed by many large aftershocks, there had been no damage to this
house until that aftershock. Since this incident occurred immediately after seismic
reinforcement work was done, I hypothesized that this work increased the stiffness of the first
story, which increased the inertia force of the roof. Hence, firstly, the effects of first story
stiffness on the inertia force of the roof during an earthquake are investigated by numerical
simulations. After that, the effects of roof mass and a suitable connection method between the
house and the anti-seismic shelter are considered with the goal of establishing guidelines for
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more effective seismic reinforcement.

There have been several previous studies related to this study. Araki et al. [1] proposed a method
to predict the hysteresis model of a whole wooden house by summation of the parameters of
hysteresis models for resisting shear walls. Nakayama and Kojima [2] approximately evaluated
the elastic-plastic response of a 2-story wooden house subjected to the critical pulse-like ground
motion by using the reduction method into the single-degree-of-freedom system and the closed-
form solution derived by themselves. Matsumoto et al. [3] investigated the response reduction
effect for existing wooden houses to which a seismic shelter was connected with oil dampers
by time history (seismic) response analysis [4, 5] using the collapsing simulation program
wallstat [6, 7]. In order to make it easier to compare with those previous studies, M-1 in the
paper of Araki et al. [1] and the NS component of Kobe Earthquake (1995) acceleration record
are used as the base model for time history response analysis and the input seismic wave,
respectively. Although M-1 is different from the above-mentioned house in Toride City, this
model can be regarded as a typical Japanese 2-story wooden house. The bilinear + slip model
[1, 2], which reproduces characteristics of wooden houses relatively well, is adopted as the
restoring-force characteristics of target models.

Sea of Japan
(East Sea)

®

Epicentre 2011 343

Mt Fuji A

Pacific Ocean

Peninsula

N
250 Km ¢

Figure 1. Locations of Toride City in Ibaraki Prefecture, Japan, and the epicentre of the 2011
off the Pacific Coast of Tohoku Earthquake.

2. EQUATIONS OF MOTION FOR 2-STORY STRUCTURES SUBJECTED TO
GROUND MOTION

2.1. Linear Motion Equations for the 2-Mass System

First, the vibration equations for the 2-mass system subjected to ground motion * (Fig. 2) are
derived in the following. It is assumed that the damping force of each story is proportional to
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its relative velocity. In accordance with D'Alembert's principle the equilibrium equations of
mass points 1 and 2 may be written as

ko (x, — x,) + Co(%, — %,) — kyx, — Cy%, + [-m, (L4 %,)] =0 (1)
and
—k:(x:—xl:]—C:(i:—ilj—|—[—m:(i},—|—5€:)]=ﬂ (2)

1

-

respectively. Here, is the horizontal displacement of the ground, ** and *2z are the

displacements relative to the ground, "1 is the point mass 1 (weight of story 1's upper half +

story 2's lower half), "2 is the point mass 2 (weight of story 2's upper half + roof truss), k1 and
k2 are the horizontal stiffnesses, and €1 and €2 are the damping coefficients. Reorganizing Eqgs.
(1) and (2), we obtain the following equations:
my(ii+ %)+ foy —fpo +fa —fre =0 (3)
m,(it +%,) + fpo +fr =0 (4)
where
for = Cixy,  fpp = Gy, — %y) (5)
are the damping forces,
far = kaxys frz =k —xy) (6)

are the restoring forces.

Egs. (5) and (6) may be applied only in cases where a structure responds in the linear range. 344

However, it can be predicted that the response of a structure far exceeds the linear range during
a large earthquake. Thus the cases in which a structure responds in the nonlinear range beyond
the linear range are described in the following.
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Figure 2. Two-mass model.

2.2.  Viscous Damping Characteristics in the Plastic Region

When the response of a vibration system enters the plastic zone, hysteretic damping (energy
consumption by hysteresis characteristics) appears in addition to viscous damping. In the
process of sequentially analyzing the equations of motion, the hysteretic damping
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characteristics are evaluated not in terms of damping forces but in terms of the restoring forces
(load-deformation relationships), and the viscous damping characteristics are still represented
by the terms related to damping forces even in the plastic region. The evaluation of viscous
damping characteristics, even in the linear region, is more imprecise and difficult than that of
mass and stiffness, and reassessing it in the plastic region is even more difficult. In the analysis,
the viscous damping is often assumed to be proportional to the stiffness, but in the nonlinear
region, the viscous damping may be set to be proportional to the instantaneous stiffness instead
of the initial stiffness, since the apparent stiffness changes with time. This is called
instantaneous stiffness-proportional damping, and its viscous damping coefficients are smaller
than those of instantaneous stiffness-proportional damping. In response analysis, the damping
matrices for initial stiffness and instantaneous stiffness proportionalities are generally obtained

by
C=aK, o=2hjw, (7)

and

C=a,K, a,=a intheusualcase (8)

respectively. Here,

_[e+e —c,
C_[ —C, C,

h w

is the damping matrix, = is the viscous damping factor, ~= is the elastic st mode circular

frequency, K. is the initial stiffness matrix, and K, is the instantaneous stiffness matrix. In the
plastic region, the hysteretic damping tends to be larger than the viscous damping. As for the
evaluation of viscous damping characteristics in this region, there is no significant difference
between initial stiffness and instantaneous stiffness proportionalities under a general condition.
Hence, in this paper, the damping is treated simply as an initial stiffness proportionality.

345

2.3. Restoring-Force Characteristics (Bilinear + Slip Model)
The restoring forces fas (1) d = floor number = 1, 2) vary greatly depending on the type of
structure (e.g., reinforced concrete, steel-frame, wood construction). The difference in restoring
forces, which depends on this structure type, is handled by what is called the restoring force
model or the hysteresis model. The features of the restoring-force characteristics of a typical
wooden house include the slip phenomenon caused by wood embedments at joints, joint
reinforcement hardwares, and the pinching phenomenon, in which the hysteresis area becomes
small when shear slip is predominant. The slip-type restoring-force characteristics are used to
reproduce the slip phenomenon due to wood embedments, and the bilinear-type restoring-force
characteristics are used to reproduce the properties of steel. In addition, the pinching
phenomenon is reproduced by using a composite type that is a combination of the bilinear type
and the slip type. Hence, in this study, the composite type (bilinear yielding precedence type)
is used to model the restoring-force characteristics in order to simultaneously reproduce the
three phenomena and functions of wooden houses. The schematic diagram of the restoring-
force characteristics and its parameters are shown in Fig. 3 and Table 1, respectively. The

relationship between the horizontal stiffnesses k; and the rotational stiffnesses (K, 1s

expressed by the following equation:
ki; =(K);/h; at i=1,20r3 j=1,2 (9)

where hy are the story heights.
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Figure 3. Bilinear and slip-type restoring-force characteristics, and notation of parameters
(reprinted from Fig. 2 in Ref. 1).

Table 1. Parameters of the restoring-force model

Ist yielding point Yt [rad] 0.0020
2nd yielding point ¥2 [rad] 0.0052
3rd yielding point ¥2 [rad] 0.0300
Initial stiffness X2 = Bet)j + e ngagy 5j % 20.140 x 10°
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L= al- . ) ) . 1nB
2nd stiffness (K :IJ {‘r{t'c].n + (K ]J [N/rad] 5; % 15.440 x 10

(k)i = (Hyp); + (K, 5; % 3.5000 x 10°

3rd stiffness i *°J [N/rad]

. .-
Initial stiffness of the bilinear component (Ko, [N/rad] S5j % 3.4378 x 10

Table 2. Mass and height of each story

Mass [kg] Height of story [m]
Ist story my 9300 hy 2.885
2nd story m. R =9000 h, 2.930

3. ANALYSIS

The target model is the 2-mass shear system as shown in Fig. 2, and the stiffness and weight of
each story are shown in Tables 1 and 2, respectively. The damping model was assumed to be

of the initial stiffness proportional type with a damping factor of h'=0.05 1peNs component

of Kobe Marine Observatory waves (Maximum acceleration = 818gal) of the Great Hanshin
Earthquake (1995) was used as the input ground acceleration. As a numerical method for
solving simultaneous ordinary differential equations (3) and (4) with four unknowns, the 347
constant acceleration procedure [8], which is easy to program, was adopted with a time step

size of 0.001seconds. Fig. 4 shows the seismic acceleration wave and the response displacement

of the base model. From the comparison with the results of the full-scale experiments in the

paper of Araki et al. [1], it can be judged that the accuracy of the computer program the author

wrote for the analysis is assured.

3.1. Effect of First Story Stiffness on the Inertia Force of Roof
The effect of changing the first story stiffness of the base model on the maximum absolute value

Im (i + %) | of the inertia force of mass point 2 (roof section) is shown in Fig. 5. In general,
as the stiffness increases, the inertia force decreases and gradually approaches that value
obtained when the first story stiffness is rigid (equivalent to a one-mass system). However,

since the maximum inertia force increases up to S1= 184 the graph of Fig. 5, it can be said

that the inertia force of the roof section may become excessive due to the increase of first story
stiffness. Hence, if an anti-seismic shelter is installed, not only the shelter should be connected
to the ceiling beams of the first story, but also the stiffness of the second story should be
increased or the roof should be lightened in order to improve the earthquake resistance more
effectively.

3.2. Effect of Weight of Roof on the Time History Response
Next, the effect of weight of the roof is considered. Fig. 6 shows the relationship between the
mass "2 of the roof section versus the maximum absolute value 121 | of the displacement of

mass point 1 and the maximum absolute value Imy (i + %) | of the inertia force of mass
point 2 (roof section). It is easy to predict that a lighter roof section reduces the inertia force,
and from this graph, it can be seen that not only that, but also the reduction in response
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displacement is remarkable, and therefore, the lightening of the roof is effective in improving
the earthquake resistance.
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Figure 4. Seismic acceleration wave observed at Kobe Marine Observatory (NS component,
acceleration = 818

Maximum gal) and response displacement *1 of the base model: dashed
curve, Exp. (Ref. 1).
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Figure 5. Relation between stiffness of the first story and maximum absolute value of inertia

force of "2 ("‘J:z = 1, R = 1).
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Figure 6. Maximum absolute values of *1 and inertia force of ™2 as functions of scale factor
R m, (51 =5, = 1).

3.3.  Cases where an Anti-Seismic Shelter is Installed and Connected to the Building via
Damping Devices

In this subsection, the effects of installing a highly rigid anti-seismic shelter which can be
regarded as a rigid body on the ground floor of the building and connecting that shelter to the 349
first story ceiling beams via shock absorbers based on Kelvin-Voigt model is considered (Fig.
7). Although Matsumoto et al. [3] reported the results of analysis using the distinct element
method (Nakagawa et al. [9]) for a similar model, if the objective is to determine the optimum
specification of the viscous damper, the analysis applying the lumped mass model is far less

time-consuming. The equation of motion for point mass "1 has the form that the damping force

term Cay of viscous damper and the restoring force term kaXy of elastic spring are added to
the left side of Eq. (3).

Inl(ﬂ—l_il)'i'fﬂl_fﬂf +fr1 —fa T Cox Hhox, =0 (10)

C

where ~a is the damping coefficient of the viscous damper, and K is the stiffness of the spring.

-

The equation of motion for point mass "2 is the same as in Eq. (4).

The relation between the damping coefficient Ca of the damper versus the maximum absolute

value 1 e of displacement of mass point~1 and the maximum absolute value

Imy (i + %) e of inertia force of mass point 2 (roof section) when the stiffness kg of the

spring is zero is shown in Fig. 8. As the value of Ca increases, 121 | becomes smaller and

|m, (it + %,) ]

asymptotically approaches zero. The maximum absolute value max of the inertia

force of ™2 is smaller than that of the fully rigid connection between the first story ceiling
5. ) ..
beams and the shelter when Ca exceeds about 107 N"s/m. After that, it reaches a local minimum

— 5 . ) :
around Ca =2 % 10 [N s/m], and then gradually rises to a value close to that obtained when

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895

the ceiling beams and the shelter are fully rigidly connected. Hence, for the present model, a

damping coefficient Ca of about > X H'EN' s/m for the viscous damper connecting the building
and the shelter can be deemed appropriate. The results of this analysis support the statement “In
an existing two-story building without enough strength of the first story, the response of the
first story can be significantly reduced by connecting a shelter, while the response of the second
story increases. In this case also, the increase of the second layer response can be suppressed
by connecting with oil dampers.” as described in the Conclusions of the paper by Matsumoto

etal. [3].
Fra
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Figure 7. Two-story structure connected with shelter.
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Fig. 9 shows the relationship between the stiffness kalk

|2, |

11 of the spring versus the maximum

absolute value
|m, (it 4+ %,) |

max of displacement of mass point 1 and the maximum absolute value
max of inertia force of mass point 2 (roof section). In this graph, the maximum
f]‘nn

absolute value of the inertia force of " "2 rises rapidly from about ko/kyy = 1077 , so here also
it can be said that the inertia force of the roof section may become excessive due to the increase

of first story stiffness. The maximum absolute value of *1 does not change significantly within

the range of kafky <107 , and there is little suppression of the deformation amount. It seems

unnecessary to consider cases where kalkyy i larger than that, because the stiffness of springs
used in shock absorbers is typically sufficiently small compared to story stiffness.

In order to determine the appropriate Ca , 1t is necessary to correctly identify the restoring force
characteristics of the structure. However, since it is unrealistic to conduct full-scale experiments
for each building, Araki et al. [1] proposed a method to predict the hysteresis model.
Furthermore, the recent development of the Software for Collapsing Analysis of Wooden
Houses “wallstat” has made it relatively easy to perform pushover (nonlinear static) analysis
and to estimate the restoring force characteristics more accurately [6, 7].

4. CONCLUSIONS

In this study, the effect of first story stiffness on the inertia force of the roof section during an
earthquake has been simulated, and guidelines for more effective seismic reinforcement have
been considered. The following conclusions can be drawn from the above analysis:
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1. Even if the stiffness of one part of a structure is increased, this may cause higher inertia
forces in other parts of the structure during an earthquake. Hence, it is necessary to consider not
only a part of the structure but also the whole structure in order to determine the seismic
reinforcement method for multi-story buildings [multi-mass (multi-degree-of-freedom)
structures].

2. When an anti-seismic shelter is installed on the ground floor of a building, the effect of
seismic reinforcement is greater if the shelter is connected to the first story ceiling beams
through appropriate damping devices than if the shelter is completely rigidly connected to the
first story ceiling beams, because the absolute acceleration of the roof section during an
earthquake can be suppressed more.
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Ozet

Bu calismada, ameliyathane malzemeleri iireten bir dikis fabrikasinda goriilen hata tiirlerinin
onceliklendirilmesi Analitik Hiyerarsi Prosesi (AHP) ile gerceklestirilmistir. Calismada
degerlendirilen hata tiirleri 6l¢iisel hatalar, yanlis ve eksik malzeme kullanimi, katlama hatalar 353
ve siparige uygun iiretilmeme olup; kriterler olarak zaman, maliyet, kalite, miisteri memnuniyeti
ve miktar alinmustir. Iki uzman tarafindan yapilan ikili karsilastirmalarin geometrik ortalamasi
alinarak biitiinlesik oncelik agirliklar1 hesaplanmais, sonug olarak siparige uygun iiretilmeme en
yiksek oncelik agirligina sahip hata tiirii olarak tespit edilmistir. Elde edilen bulgular, AHP ve
Fuzzy-AHP tabanli yaklagimlarin {iretim hatalarmin risk/onceliklendirilmesinde etkinlik
sagladigina iligkin son literatiirle uyumludur. Bu ¢aligsma hata tiirleri i¢in yapilan hata tiirleri ve
etkileri analizlerine farkli bir bakis acist getirerek hiyerarsik modelleme ile ¢ok kriterli
yaklagimla ele almaktadir. Ele alinan kriterler arasinda zaman, maliyet, kalite, miisteri
memnuniyeti ve miktar bulunmakta olup iki uzman goriisiine gore hata tiirleri i¢in en énemli
kriter miisteri memnuniyeti olarak belirlenmistir. Bu ¢alisma diger ¢ok kriterli karar verme
teknikleri kullanarak gelistirilebilme potansiyeli tasimaktadir.

Anahtar Kelimeler: Ameliyathane malzemeleri iiretimi, Hata Tiirleri, AHP

Abstract

In this study, prioritizing defect types for a sewing factory that produces operating room
materials were accomplished through Analytic Hierarchy Process (AHP). Defects types
evaluated in this study are; measurement errors, false and inefficient material usage, folding
defects, not producing according to orders. Criteria for faults are time, cost, quality, customer
satisfaction and quality. Aggregated priority weights are computed based on geometric average
of two experts’ opinions for pairwise comparisons. As a result, producing inappropriately to
orders was found to be the most significant fault type having the greatest priority weight.
Findings are matching the recent findings obtained through AHP and Fuzzy AHP applications
for prioritizing risks for production defects. This study, different than the traditional approach
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of fault types and their effects analysis, deals with defects types hierarchically as a multi criteria
decision making approach. Among the criteria of time, cost, quality, customer satisfaction and
quantity considered in this study, customer satisfaction was determined to be the most important
criterion. This study contains potentials to be extended through the application of other multi-
criteria decision making techniques.

Key words: Production of materials for operating room, fault type, AHP

GIRIS

Uretim siireglerinde ortaya ¢ikan hatalar hem operasyonel maliyetleri artirir hem de iiriin
kalitesi ve miisteri memnuniyeti {izerinde olumsuz etki olusturur; medikal {iriinler gibi yiiksek
giivenilirlik gerektiren alanlarda bu riskler daha kritik bir hal alir. Bu nedenle hatalarin
sistematik bicimde tanimlanmasi ve onceliklendirilmesi, sinirli kaynaklarin etkin kullanimini
saglayacak iyilestirme Onlemlerinin belirlenmesi agisindan gereklidir. Geleneksel FMEA
yaklagimlart yaygin olmakla birlikte, degerlendirmelerdeki 6znel belirsizlikleri azaltmak

amaciyla AHP ve Fuzzy-AHP gibi ¢ok kriterli karar verme (MCDM) yontemleri literatiirde
tercih edilmektedir (Alharairi et al., 2025; Chang, 2022).

AHP, karar kriterleri arasindaki goreli 6nemleri nicel bi¢imde ortaya koyarak, hata tiirlerinin
cok-kriterli bir perspektifle siralanmasini saglar. Son déonemde iiretim hatalari, insan kaynakl
faktorler ve tedarik/tedarik¢i kaynakli sorunlarin degerlendirilmesinde AHP ve Fuzzy-AHP
uygulamalar1 artis gostermistir: Ornegin insan hatalarint Fuzzy Delphi + Fuzzy AHP ile
inceleyen caligsmalar (Algahtani & Noman, 2024) ve Fuzzy AHP-FMEA biitlinlesimiyle risk
onceliklendirme sunan uygulamalar (Peri¢ et al., 2025) yakin dénemde yayimlanmistir; bu

caligmalar metodolojik olarak mevcut ¢alismanin ¢ergevesiyle dogrudan iligkilidir. 354

Calismanin hedefleri su sekilde 6zetlenebilir: (1) fabrikada gézlemlenen hata tiirlerini acikca
siniflamak, (2) karar kriterlerini belirleyip uzman degerlendirmeleriyle AHP matrikslerini
kurmak, (3) biitiinlesik oncelik agirliklarint hesaplayip hangi hata tiiriiniin 6ncelikli oldugunu
tespit etmek ve (4) duyarlilik analiziyle kriter agirlik degisimlerinin alternatiflere etkisini
inceleyerek uygulamaya doniik Oneriler tretmektir. Bu yaklasim, iiretim hatalarinin
onceliklendirilmesinde yakin donem literatiirde vurgulanan (2023-2025) metodolojik
egilimlerle uyumludur (Fattoruso et al., 2024; Alharairi et al., 2025).
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YONTEM
Calismanin hiyerarsisi agagidaki sekilde verilmistir.
En Onemli
Hata Ttru
Zaman Maliyet Kalite Masgteri Miktar

Memnuniyeti

Olgusel Yanlis ve Eksik— i
Hatalar Malzeme Kullanimi Hatalari Uretilmemesi

Sekil 1. En Onemli Hata Tiirii igin AHP Hiyerarjisi

En 6nemli hata tiiriinii belirlerken hatalarin sebep oldugu “zaman” kaybi, “maliyet”, “kalite’ye
olumsuz etkisi, “miisteri memnuniyetine” olan etkisi ve hatanin “miktar1” dikkate alinmis. Hata
Tiirleri ve Etkilerinden esinlenerek fabrikada gézlemlenen “olgiisel hatalar”, “yanlis ve eksik
malzeme kullanim1”, “katlama hatalar1” ve “siparise uygun iretilmeme” AHP teknigi
kullanilarak 2 uzmanin goriisiine gore degerlendirilmis. Degerlendirmelerin geometrik

ortalamalari ile biitlinlesik degerlendirme de elde edilmistir.

Kriterlerin (Zaman, maliyet, kalite, miisteri memnuniyeti, miktar) her iki degerlendirici ve
biitiinlesik sonuca gore dncelik agirliklar: Tablo 1. De verilmektedir.

Tablo 1. Kriterlerin Oncelik Agirliklari

Kriter 1.Degerlendirici 2.Dgerlendirici Biitiinlesik Sonug¢
Zaman 0.328 0.334 0.065
Maliyet 0.322 0.295 0.124
Kalite 0.186 0.153 0.289
Miisteri Memnuniyeti 0.091 0.158 0.495
Miktar 0.073 0.059 0.028

Birinci ve ikinci uzman degerlendiriciye gore en Onemli kriter “zaman” (Oncelik agirligi
sirastyla 0.328 ve 0.334) iken en az dncelige hata miktar (sirastyla 0.073 ve 0.059) goziikiirken
biitiinlesik degerlendirmede en 6nemli kriter miisteri memnuniyeti (0.495) en az 6neme sahip
kriter “miktar” (0.028) olarak goziikmektedir.
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Tablo 2. Hata Tiirlerinin Oncelik Agirliklar:

Hata Tiirii 1.Degerlendirici 2.Dgerlendirici Biitiinlesik
Sonuc¢
Olgiisel Hatalar 0.198 0.169 0.166
Yanlis ve Eksik Malzeme Kullanimi 0.266 0.302 0.111
Katlama Hatalar1 0.064 0.070 0.194
Siparise Uygun Uretilmeme 0.472 0.458 0.529

Birinci, ikinci uzmanlarin ve biitiinlesik degerlendirmelerine gore en Onemli hata tiiri
“Siparise uygun lretilmeme”(0ncelik agirliklar sirasiyla 0.472, 0.458 ve 0.529) iken birinci ve
ikinci uzmanlara gore en diisilk oneme “katlama hatalar1” (6ncelik agirliklari sirasiyla 0.064 ve
0.070) biitiinlesik degerlendirmeye gore ise en az dncelige “yanlis ve eksik malzeme kullanim1”
(0.111) sahip olarak goriilmektedir.

Her bir kriter i¢in alternatiflerin biitlinlesik karar matrislerine gore oncelik agirliklar1 Tablo 3
te goriilebilir.

Tablo 3. Hata Tiirlerinin Her Bir Kriter i¢in Oncelik Agirliklart

Hata Tiiri Zaman Maliyet | Kalite Miisteri Miktar
Memnuniyeti

L 356

Olgiisel Hatalar 0.463 0.611 0.037 0.048 0.660

Yanlis ve Eksik Malzeme Kullanimi 0.324 0.095 0.095 0.080 0.233

Katlama Hatalar1 0.035 0.037 0.257 0.232 0.064

Siparise Uygun Uretilmeme 0.178 0.257 0.611 0.640 0.043

Zaman (0.463), maliyet (0,611) ve miktar (0.660) kriterlerine gore en Oncelikli hata tiirii
“Olctisel hatalar” iken, “kalite” ve “miisteri memnuniyeti” i¢in en oncelikli hata tiirii 0.611 ve
0.640 oncelik agirliklartyla “siparise uygun iiretilmeme” olarak ortaya ¢ikmustir.

Elde dilen c¢6ziimiin esnekligi ve uygulanabilirligi hakkinda fikir elde etmek ig¢in
gerceklestirilen duyarlhilik analizleri biitiinlesik ¢6ziim i¢in asagida sunulmaktadir. Oncelikle
her bir kriter agirligt i¢in alternatiflerin (hata tiirleri) nasil etkilendigini ortaya koymak i¢in
ExpertChoice’den performans duyarlilik analizleri kriter agirliklaria gore gergeklestirilmistir.
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Sekil 2. Kriter Agirliklarina Gore Hata Tiirleri Performans Analizleri

Alternatiflere bakildiginda en 6nemli hata tiiri 0.5 in tlizerinde oncelik agirligr ile “siparise
uygun lretilmeme” oldugu goriiliitken en etkili kriter 0.5 civarindaki oncelik agirligt ile
“miisteri memnuniyeti olarak goriilmektedir.

Gradient Aanaliz her bir kriter agirligindan alternatiflerin nasil etkilendigini agik¢a ortaya

koymaktadir.
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Sekil 3. Kriter Agirliklarina gore Duyarlilik Analizi

“Zaman” kriter agirhigi ile “6lciisel hatalar” ve “yanlis ve eksik malzeme kullanim1” dogrusal
iligki gosterirken “siparigse uygun iiretilmeme” ve “katlama hatalar1” arasinda ters iliski oldugu
goriilmektedir. “Maliyet” kriterinin agirsid1 attikga “Olgiisel hatalar” in 6nemi artarken,
“siparise uygun liretilmeme’nin 6nemi azalmaktadir. “Kalite” kriteri ile ise “0Ol¢iisel hatalar”
ile “yanlis ve eksik malzeme kullanim1™ ters iligkili géziikmekte diger hata tiirleri (“siparise
uygun iretilmeme”, “katlama” ) dogru iliskiye sahip goziikmektedir. Miisteri memnuniyeti ile
en ¢ok “siparise uygun lretilmeme” arasinda pozitif iliski gézlemlenirken “Olgiisel hatalar”
arasinda ters iligki goriilmektedir. “Miktar” ile “Olclisel hatalar” ve “yanlis ve eksik malzeme
kullanim1” arasinda pozitif iliski varken “siparise uygun iiretilmeme” ve “Katlama hatalar1”
arasinda negatif iliski goriilmektedir.

Oncelik agirhiklarina gore ilk iki sirada yer alan “siparise uygun iiretilmeme” ve “katlama
hatalar1” i¢in basa-bas duyarlilik analizi yapilarak hangi kriterlerin hangi hata tiirtine daha ¢ok

destekledigi ortaya konmustur.
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Sekil 4. Siparise Uygun Uretilmeme ve Katlama Hatalar1 icin Basa-bas Analizi

Sekil 4’e gore en ¢ok “Miisteri memnuniyeti” olmak {iizere biitlin kriterlerde Siparise Uygun 359

Uretilmeme Katlama Hatalaria gore daha fazla dneme sahip goriilmektedir.

Alternatiflerin iki boyutlu (kriterler) i¢in 6nem seviyeleri asagidaki duyarhilik sekillerinde

gosterilmektedir.
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Sekil 5. Zaman ve Maliyet i¢in Alternatiflerin 2B Analizi

Zaman ve Maliyet goz oOniinde bulunduruldugunda “6l¢iisel hatalarin” diger hata tiirlerine
(siparige uygun iiretilmeme, yanlis ve eksik malzeme kullanimi, katlama hatalar1) baskinlik
kurdugu goriilmektedir.

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN

INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895
Hﬂ Two Dimensional Sensitivity for nodes below: Goal: En Onemli Hata Tard — O et
File Options XAxis ¥ Axis Window
O % || =] @] X

70 Kalite
60 L I Sipaiise Uygun |
A0 -
Ald -
.30

O K.atlama Hatalan
20 -
- @
00 g 0 20 30 40 50 60

M uzteriM emnuniyeti

Kalite Ideal Mode

Sekil 5. Miisteri memnuniyeti ve Kalite i¢in Alternatiflerin 2B Analizi

“Miisteri memnuniyeti” ve “Kalite” kriterleri g6z 6niinde bulunduruldugunda “Siparise Uygun 360

Uretilmememe” hata tiirii diger hata tiirlerine (katlama hatalari, yanlis ve eksik malzeme
kullanimi, olgilisel hatalar) baskinlik kurmaktadir. Bu bulgular yukarda belirtilen 6nceki
bulgularla 6rtiismektedir.

SONUC ve ONERILER

Bu caligsma i,le bir ameliyat malzemeleri {iretici fabrikada hata tiirlerinin 6nemi ¢ok kriterli
karar verme tekniklerinden analitik hiyerarsi metodu ile incelenmektedir. Literatiirde yaygin
olarak hata tiirleri ve etkileri analiz metodu kullanilirken farkli bir yaklasim olarak fabrika da

2 ¢

calisan iki uzman degerlendiriciye gore “zaman”, “maliyet”, “kalite”, “miisteri memnuniyeti”
ve “miktar” kriterlerine gore “Olciisel hatalar”, “yanlis ve eksik malzeme kullanimi1”, “katlama
hatalar’” ve “siparise uygun iiretilmeme” hata tiirleri degerlendirilmis, biitlinlesik ikili

karsilastirma matrislerinden elde edilen sonuglara gére duyarlilik analizleri yapilmastir.

Bulgulara gore en 6nemli hata tiiri “siparise uygun iiretilmeme” olarak tespit edilirken en az
oneme “yanlis ve eksik malzeme kullanimi” sahip goriilmektedir. Yapilan duyarlilik
analizlerine gore “zaman” ve maliyet” kriterleri g6z oniinde bulunduruldugunda “dlgiisel
hatalar” diger hata tiirlerine baskinlik saglarken “miisteri memnuniyeti” ve “kalite” kriterlerine
gore ise “siparise uygun lretilmeme” diger hata tiirlerine baskinlik saglamaktadir.

Bu ¢alisma ile sinirli kaynaklari iyilestirme faaliyetlerinde kullanmak i¢in kullanirken “siparise
uygun tretilmeme” konusunda daha dikkatli ve titiz olmanin 6nemi ortaya g¢ikmaktadir.
Caligma literatiirde var olan vikor, promethee, topsis, elektre gibi diger ¢ok kriterli karar verme
metotlarinin uygulanmasiyla genisletilebilir ve karsilastirmali sonuglar analiz edilebilir.
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Orman Yanginlariyla Miicadeleye Yapay Zeka Destekli Farkh Bir Coziim Onerisi
A Different Solution to Forest Fires, Supported by Artificial Intelligence
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Ozet

Ormanlar, oksijen kaynagi olan agaglarin yaninda bir¢ok canlinin da yuvasidir. Yanginlar ise
ormanlar1 yok eden felaketlerin baginda gelmektedir. Ozellikle orman yanginlarinin tespitinin
gecikmesi bu gecikmenin sonucunda da erken miidahale edilememesi yanginin kontrolinii 34>
zorlastirmakta bunun sonucunda da faciaya neden olmaktadir.

Teknoloji gelistikce yasantimizi, hayatimizi kisacast her seyimizi bu dogrultuda gelistiririz.
Problemlerimizin ¢dziimiinii de teknoloji de arariz. Diinyamiz ve hayat i¢in gerekli olan orman
yanginlari ile miicadele 6nem arz etmekte olup orman yangini ile miicadele eden ekipleri
rahatlatacak ¢aligmalarinda yapilmasi gereklilik arz etmektedir.

Anahtar Kelimeler: Yapay zeka, Orman, Yangin, Teknoloji

Summary

Forests are not only a source of oxygen but also a home for many living creatures. Fires are a
leading cause of forest destruction. Delayed detection of forest fires, and the resulting inability
to intervene early, makes fire control difficult and ultimately leads to disaster.

As technology advances, we evolve our lives, our lives—in short, everything—in this direction.
We also seek solutions to our problems in technology. Fighting forest fires, essential to our
world and to life itself, is crucial, and efforts to provide relief to forest firefighters are essential.

Keywords: Artificial Intelligence, Forest Fire, Technology

1. Giris

Depremler, aktif fay hatlari iizerinde bulunan iilkeler i¢in ciddi bir tehdit olusturmaktadir ve
Tiirkiye, diinyanin en ¢ok deprem riski tagiyan bolgelerinden biridir. Resmi sismik tehlike
haritalaria gore Tiirkiye topraklarinin %92’°si deprem bolgeleri i¢inde yer almakta ve niifusun
%95°1 bu stirekli risk altinda yasamaktadir. Depremler, insan hayat1 ve altyapi iizerinde yikict
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etkiler yaratabilmektedir. Biiyiik bir depremin ardindan karsilasilan en biiyiik zorluklardan biri,
“altin 72 saat” olarak bilinen kritik silirede enkaz altinda kalan hayatta kalmis kisilere
ulagabilmektir. Hayatta kalanlar genellikle yikintilar arasinda olusan dogal bosluklarda
bulunurlar, ancak zaman gectikce yasama sanslari hizla azalir. Bu nedenle, yapilarin ¢okmesini
erken tespit etmek ve iceride kalan kisilere ait bilgilere hizlica erismek, arama kurtarma
caligmalarinin etkinligi agisindan hayati 6neme sahiptir. 6 Subat'ta Tiirkiye'yi vuran yikici
deprem, kurtarma ekiplerine aninda kritik verileri sunabilecek teknolojik bir sistemin ne kadar
gerekli oldugunu ortaya koymustur. Bu veriler; iceride kalan bireyin bulundugu kat ve daire
konumu, telefon numarasi, acil durumda aranacak yakinlari, kronik hastaliklar1 ve diizenli
kullandig: ilaglar gibi bilgileri igermektedir. Bu tiir bilgilere ulagsmak, kurtarma stirecini 6nemli
Olciide hizlandirarak hayatta kalma oranlarini artirabilir.

2. Amag

e Deprem sonrasi yikilan bina/yapi i¢cinde mahsur kalan insanlar1 belirleyerek bilgilerini,
bina krokisini, adres ve konumunu beli bir yere gonderebilen yapay zeka temelli bir sistem
tasarlamak.

e Tasarlanabilirse bina/yapilarda kullanilabilmek.

¢ Gelistirdigimiz arama kurtarma ekiplerinin enkaza miidahalesi daha hizli olabilmesini
saglamak.

3. Onem

Yapmis oldugumuz sistem sayesinde enkaz/enkazlar altinda kalan insanlara arama kurtarma 363
ekiplerinin ulagim1 daha hizli olacagindan dolay1 can kayiplar1 azalacaktir.

4. Metod
4.1. Arastirma Yontemi

Calismamizda deneysel aragtirma yontemi, saha ¢alismasi uygulanmistir.

4.2. islem adimlar1

Problem tespit edildi. Literatiir taramasi yapildi. Hipotez ileri siiriildii. Projemizde
kullanacagimiz ‘Raspberry Pi 5, MPU6050 ivmedlcer, A2 microSd card, Raspberry Pi Kamera
3 Genis A¢1, Wi-Fi Baglantisi, jumper kablo, breadboard, powerbank’ den olusan elektronik
malzemeler temin edildi. Elektronik malzemelerin devre semasi ¢ikarilip proje amacina uygun
sekilde biitiinlesik hale getirildi Bina/yapi girislerine yerlestirilecek olan sistemin proje amacina
uygun olarak calisabilmesi i¢in kodlama/yazilimlar yazilarak, Raspberry Pi Skarta yiikleme
yapildi. Sistemimizi kuracagimiz kutu Fusion 360 programi kullanilarak ¢izildi ve 3D baskisi
alindi. Sistemimizin bilgileri iletecegi panel olusturuldu ve sistem ile panel arasinda iletigim
kuruldu. Gelistirdigimiz sistem test edildi. Bu sistem ile ilgili hipotezimizi sinamak i¢in
bina/yapiya yerlestirildi ve saha ¢aligmasi yapilarak raporlagtirildi.

Sistemimizin, belirledigimiz amaglara ulasmasi i¢in panel kodlamasi php framework olan
laravel ile ile yapilmis olup panel yazilimi i¢in bir buguk milyon kod tarafimizdan yazilmstir.
Projemizin hem yiiz tanima hem de deprem sensorii verilerini okuma gibi islemleri icermesi
nedeniyle, kod diizenleme, hata ayiklama ve genisletilebilirlik agisindan daha giiclii bir IDE
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tercih edilmesi gerekmektedir. Bu baglamda, PyCharm kullanimi tercih edilmis olup bu
bolimiin %70 nin yazilimi tarafimizdan yazilarak olusturulmustur. Enkaz altinda kalan
kisilerden hayatta olup olmadigi ile ilgili bildirim alabilmek i¢in mobil uygulama tasarlanarak
panel’ e entegre edildi.Bu uygulama Figma iizerinden gerceklestirerek kullanict dostu ve
etkilesimli bir arayiiz olusturduk. Uygulamanin kodlamasini ise Flutter kullanarak gelistirdik.

4.3. Sistemin calisma prensibi

Deprem sonrasi arama isleminin sonunda kurtarma operasyonlarina gegilir. Arama islemi ne
kadar kisa stirede bitirilirse o kadar ¢abuk kurtarma operasyonu baglar. Bunu saglamak i¢in
yaptigimiz sistemde MPU6050 ivmedlger kullandik. Depremi algilayan bu sensor, yazdigimiz
yazilim sayesinde tasinabilir modem vasitasiyla gene yazilim/kodlamasi tarafimizdan milli ve
yerli olarak yazilarak olusturulmus panelimize bilgileri iletir. Bu bilgiler o an bina/yapida
bulunan ve ¢ikamayan kisilerin hangi katta hangi cephede oturduklari, cep numaralari, saglik
durumlar, siirekli kullandiklar ilaglar, yakinlarina ait telefon numaralaridir. Panelimize giris
yapan yetkili bu bilgiler ile birlikte daha 6nceden panele yiliklenmis olan bina/yap1 krokisi ve
konum bilgilerini tek tusla indirir. Bu bilgileri arama kurtarma ekibine yonlendirerek kurtarma
isleminin daha ¢abuk baslanasi saglanmis olur

S. Bulgular

NO | Deprem Tarihi Deprem Derinlik Biiyiikliik Sistemin

Merkezinin Caligmasi

Sistemimize

Uzaklig 364
1 2024-06-11 23:15:536 7 KM 6.2 3.6 Calist1
2 2024-06-16 20:24:51 24 KM 7.0 4.4 Calist1

Tablo 1. Saha Calismasi

Sistemimiz Malatya ili Yesilyurt ilgcesi Bila mahallesi Arpaci sokakta bulanan YildizAnka
apartmanina 08.06.2024 tarihinde kurulmustur. Binamizda 13 kadin ve 16 erkekten olusan 29
kisi yasamaktadir. En genci 3, en yaslis1 68 yasindadir. Kurulumdan 23.06.2024 tarihine kadar
2 adet deprem olmus ve sistemimiz ¢aligarak sunucuya apartmanda kalan kisilerin bilgilerini
iletmistir. Sistem yoneticisi hazirlamis oldugumuz siteye girerek sistemimizden gelen binada
kalan kisilerin bilgileri, kroki, bina konumuna tek tusla ulagsmistir. Ayni1 bilgiye AFAD yada
diger kurumlarda sisteme girerek ulagmaktadir.

11 Haziranda meydana gelen deprem sonucunda sistemimizden alinan bilgi Tablo 2’ de
gosterilmistir.

Binada

Kat/No | Oturanlarin
ve adi soyadi ve Yakinlarna
Yon telefonlar1 | Yas | Ait Telefon | Siirekli Kullandig ilaclar / Gegirdigi Ameliyatlar

ARIF UYAR MEHMET
ZRAT 1530 wrsss UYAR 0530
L |vasin M .
DOGU | piittu 26 | GiNEM BYPAS AMELiYATI ..
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0530 *kokkk DUTLU
0530 **

7Z.KAT | SADIK MELIS

2 CIFTCI CIFTCI 0530

BATI | 0530 ***%%% | g8 | #ks* YOK
KADIR
OZCAN
0530 kekskkkk
FERIDE
OZCAN

053 ***kx*
1. KAT | MUSTAFA |42 |SADIK
3 OZCAN 45 |OZCANO0530 |BELFITIGI i,
DOGU | 0530 *** 17 | *#x ASTIM (ASMOL-EPAQ)

EMRAH
GURCU
0530 sfeskeskosk
SIDIKA
GURCU
0530 sfeskeskosk
HAKAN
GURCU 42
1. KAT | 0530 **#*** |39
4 MELIKE 12 |ALI GURCU
BATI |GURCU 3 0530 #***#x | YOK

365
MURAT
CANPOLAT
0530 ok
GUNES
CANPOLAT
0530 ok
ALPEREN
CANPOLAT
0530 47 |BUGRAHA
2. KAT | AHMET 45 |N YOK YOK
5 CANPOLAT |18 |CANPOLAT | YOK

DOGU | 0530 ** 11 | 0530 **x* ASTIM(VENTOLIN)

2. KAT | GOKCE A. ONDER
6 NAZ KAYA KAYA 0530
BATI | 0530 ** 67 |** YURUME ENGELLI VE  ISITME KAYBI VAR.(%70)

NIHAT

TOROMAN
0530  ***
AYSE

TOROMAN
0530  **¥% |52
3. KAT | DUYGU 41 | VELIDE
7 TOROMAN |13 |AHIN 0530 YOK YOK
DOGU | 0530 * 11| ook ASTIM (ASMOL) YOK
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SAHIN
AYBAR
0530 kekskkkk
OMER
AYBAR
0530 skskskskskk
3. KAT |[NEIMIYE |48 |MUSTAFA |YOK ISITME
8 AYBAR 71 |AYBAR KAYBI

BATI | 0530 *** 42 | 0530 ****** | Y TANSIYON(KAPTORIL)

AHMET
YEGIN 0530
skkoskosksk sk
4. KAT|ZULEYHA |32 |MURAT
9 YEGIN 0530 |57 | YEGIN 0530
DOGU | *** 51 | *#* C YOK

4. KAT | HATICE

10 NUR KAYA VELI KAYA
BATI | 0530 ** 22 | 0530 *xkxikE | YOK
5. KAT | SEYMA EMINE
11 TAYILAN TAYILAN
DOGU | 0530 *** 38 | 0530 ** YOK
ZEHRA
ANGISHAN
0530
5. KAT | FERIDE YUSUF
12 AKTAY 32 | AKTAY YOK Y. | 366
BATI | 0530 ##kxks | 57 | (0530 %% TANSIYON VE SEKER (KAPTORIL)

Tablo 2. Sistemden Alinan Bilgi

Bu bilgiye gore deprem gece saat 23:15 de oldugundan dolay1 binamizda 26 kisi bulunmakta
olup sisteme gelen bilgi yukarida gosterilmistir.

16 Haziranda meydana gelen deprem sonucunda sistemimizden alinan bilgi Tablo 3’ de
gosterilmistir.

Binada

Kat/No | Oturanlarin
ve adisoyadi ve Yakinlarina
Yon telefonlar1 | Yas | Ait Telefon | Siirekli Kullandig flaclar / Gegirdigi Ameliyatlar

MEHMET
UYAR 0530
skk

ZKAT SINEM

1 ARIF UYAR |54 |DUTLU

DOGU | 0530 ****** |26 | (530 ** BYPAS AMELIYATI

Z. KAT | SADIK MELIS

2 CIFTCI CIFTCI 0530

BATI | 0530 ####k% | g8 | #kx YOK
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KADIR
OZCAN
1. KAT | FERIDE SADIK
3 OZCAN 42 | OZCAN 0530
DOGU | 0530 *#*¥kkk |45 | #%% BELFITIGI
SIDIKA
GURCU
1. KAT | 0530 #***x
4 MELIKE 39 |ALI GURCU
BATI |GURCU 3 0530 ***%%* | YOK
ALPEREN
CANPOLAT
0530
2. KAT | AHMET BUGRAHAN
5 CANPOLAT |18 | CANPOLAT | YOK
DOGU | 0530 ** 11 | 0530 *** ASTIM(VENTOLIN)
2. KAT | GOKCE A. ONDER
6 NAZ KAYA KAYA 0530
BATI | 0530 **x* 67 | ** YURUME ENGELLI VE  ISITME KAYBI VAR.(%70)
AYSE
TOROMAN
M. ALI
TOROMAN
0530 * 367
3. KAT |DUYGU 41 | VELIDE
7 TOROMAN |13 | AHIN 0530 YOK
DOGU | 0530 * 11| ek ASTIM (ASMOL) YOK
3. KAT | OMER MUSTAFA
8 AYBAR 71 |AYBAR ISITME
BATI | 0530 ###*%% | 42 | 0530 **** KAYBI
BATUHAN
YEGIN 0530
skeskoskosk
4. KAT | AHMET MURAT
9 YEGIN 0530 (32 | YEGIN 0530
DOGU sksk ok ook 57 kkk
4. KAT | HATICE
10 NUR KAYA VELI KAYA
BATI | 0530 *** 22 [ 0530 ****xx | YOK
5. KAT | SEYMA EMINE
11 TAYILAN TAYILAN
DOGU | 0530 ***** |38 | (530 ** YOK
5. KAT | FERIDE YUSUF
12 AKTAY 32 | AKTAY Y.
BATI | 0530 #**%%* | 57 | (530 *** TANSIYON VE SEKER (KAPTORIL)
Tablo 3. Sistemden Alinan Bilgi
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Bu bilgiye gore deprem gece saat 20:24 de oldugundan dolay1 binamizda 18 kisi bulunmakta
olup sisteme gelen bilgi yukarida gosterilmistir.

Projemiz ile ilgili inénii Universitesi Yazilim Miihendisligi 6gretim gorevlileri ile yapilan
goriismede projemiz anlatilmis, calisma sistemi de uygulamali olarak gosterilmistir. Projemiz
ile ilgili olarak “Projeyi begendiniz mi? Binalarda/yapilarda uygulanabilir mi?” sorulari
sorulmustur. Bu sorulardan H.A.1 kodlu akademisyen birinci soruya “gok begendigini...” ikinci
soruya “uygulanabilir...” seklinde aciklama yapmistir. Aymi sorulardan N.B.2 kodlu
akademisyen birinci soruya “begendigini, yapay zekamin ¢ok farkli alanlarda kullanildigin
ancak bu amagla kullanilan boyle bir sistem gormedigini...” ikinci soruya “gayet giizel bir
sekilde uygulanabilecegini” seklinde agiklama yapmustir.

Projemiz ile ilgili Malatya AFAD Miidirliigli arama kurtarma teknikerleri ile yapilan
goriismede projemiz anlatilmis, calisma sistemi de uygulamali olarak gosterilmistir. Projemiz
ile ilgili olarak “Projeyi begendiniz mi? Enkaz alanina gittiginizde bu sistemden alinan
verilerin size sagladig faydalar olur mu? sorular1 sorulmustur. Bu sorulardan V.D.1 kodlu
tekniker birinci soruya ‘“cok begendigini...”ikinci soruya “sahaya gittigimizde adresi
bulunmasindan, enkazin kroki ¢izilmesine, binada kalanlarin bilgisine ulasiimasindan hangi
katta oturduklar: bilgisine kadar bu bilgilere ulasmak i¢in ¢cok zaman harcadiklarini hatta bazi
zamanlarda toplayamadiklarini séyleyerek bu sistemin kendilerine ¢ok ama ¢ok faydasi
olacagi...” seklinde aciklama yapmistir. Ayni sorulardan Y.H.2 kodlu tekniker birinci soruya
“begendigini, ¢ok sasirdigini ve etkilendigini...” ikinci soruya “bizim isimizde kurtarma
calismalarina ge¢mek ¢ok onemlidir ve sizin sisteminiz bize ¢ok biiyiik bir zaman kazanci
saglamakta...” seklinde agiklama yapmuistir.
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Exploration of Contemporary Space Dynamics: Spatial Design!

Cagdas Mekan Dinamiklerinin Ortaya Cikartilmasi: Mekansal Tasarim

Ayca ARSLAN
Dr., Ogretim Uyesi, Izmir Demokrasi Universitesi., Mimarlik Boliimii,
Orcid:0000-0002-5262-1429

Ozet

Bu c¢alismanin ana amaci ¢agdas mekan dinamiklerine odaklanmak ve geleneksel mekan
striiktiirlerinden farkli olarak giiniimiiz ¢agdas esnek kullanici dostu, giin ve giin gelisen ¢agdas
mekan striiktiirlerini ortaya ¢ikartmaktir. Mekansal tasarim geleneksel mekan striiktiirlerinden
farkli bir sekilde mekanin dinamikleri olan, esneklik, zamansal biiyiiyebilme, konvekste, gibi
parametreler ile cagdas gecirgen esnek hafif mekansal sinirlarin tasarimina odaklanir. Mekansal
tasarimda mekanlar aras1 smirlar geleneksel yontemlerden ¢ok farkli olarak, duvar ve kapi
iliskisi ile degil, tasarimsal esnek Ogeler ile saglanir. Mekansal tasarimin algiya dayali bir 349
tasarimdir, dolayisiyla olduk¢a hafif, esnek, gecirgen v e ¢ok c¢esitli dinamikler mekansal
tasarima dahil olabilir. Gestalt algi kurami ilkeleri mekansal tasarimin ana kurgusunu
olusturarak, her tiirlii kompozisyona bir diizen ve estetik katar. Bu yiizden mekansal tasarim
alg1 kuramina dayali olarak, mekén sinirlayicilarini; noktasal elemanlar, diizlemsel elemanlar,
kot farkliliklari, renk ve doku farklilig1, mobilyalar, 3 boyutlu mekan striiktiirleri, aydinlatma
ve bas iistii diizlemleri olarak asma tavanlar olarak siniflandirir. Dolayisiyla mekansal tasarim
farkli mekanlar1 bu siirlayicilar ile tanimladiktan sonra yine geleneksel oda-koridor mekan
organizasyonu iligskisinden farkli bir mekéansal organizasyon ile mekanlar iliskilendirir;
derinlik, yogunluk ve i¢-i¢e gegme. Yeni mekan sinirlayicilara ve mekansal iliskilere ek olarak
mekansal tasarimda grup mekan karakteristikleri olarak; gece ve giindiiz kompartmanlari, tekil
mekan karakteristikleri olarak servis kompartmanlar1 ve yeni mekan tipleri olarak; esik, ikili,
tekrarli, ara, nis ve agik mekanlar olarak ¢cagdas mekan tipleri sunar. Bu ¢alismada mekéansal
tasarimin tiim dinamikleri ile tanitilmasi ve 6rnekler tizerinden agiga ¢ikartilmasi amaglanmis
ve gilinlimiiz ¢agdas, esnek, kullanici-dostu, degisebilen ve doniisebilen, farkli senaryolara
adaptasyon yetenegi yiiksel ¢agdas mekan dinamikleri sunulmustur.

Anahtar kelimeler: Mekansal tasarim, Esneklik, Cagdas mekanlar

Abstract

The primary objective of this study is to focus on contemporary spatial dynamics and, unlike
traditional spatial structures, to develop contemporary, flexible, user-friendly, and evolving
spatial structures. Spatial design focuses on the design of contemporary, permeable, flexible,
lightweight spatial boundaries, incorporating parameters such as flexibility, temporal

! This study was presented as a conference paper at the 6th ASES Kayseri Congress on December 3, 2025.
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scalability, and convexity, which are inherent to spatial dynamics. In spatial design, boundaries
between spaces are established not through walls and doors, but through flexible design
elements, significantly different from traditional methods. Spatial design is a design based on
perception, and therefore, it can be quite lightweight, flexible, permeable, and incorporate a
wide variety of dynamics. The principles of Gestalt theory of perception form the fundamental
foundation of spatial design, bringing order and aesthetics to any composition. Therefore, based
on perception theory, spatial design categorizes spatial boundaries as point elements, planar
elements, clevation differences, color and texture variations, furniture, three-dimensional
spatial structures, lighting, and overhead suspended ceilings. Therefore, after defining different
spaces with these boundaries, spatial design associates these spaces with a spatial organization
different from the traditional room-corridor relationship: depth, density, and interconnectedness
In addition to new space boundaries and spatial relationships, it presents contemporary space
types in spatial design, including group space characteristics such as day and night
compartments, individual space characteristics such as service compartments, and new space
types such as; liminal, dual, repetitive, intermediate, niche, and open spaces. This study aims to
introduce spatial design in all its dynamics and reveal them through examples. It presents
contemporary, flexible, user-friendly, changeable and transformable, and highly adaptable to
different scenarios.

Keywords: Spatial design, Flexibility, Contemporary spaces

1. INTRODUCTION

Accordingly Ulrich Exner and Dietrich Pressel spatial design is defined as; ’Spatial design can

be generally defined as any type of active spatial appropriation, whether it is a room or a
landscape. At the center of this group is space as a relationship, perceived sensorially and 370
cognitively, between things, bodies or elements of the activated nature. Below, we discuss

human perception of the built and natural environment, the characteristic phenomena of space,

and the means and elements available for designing it’’(Exner&Pressel,2021).

Thus as defined by Exner and Pressel, spatial design is the art of occupying spaces, differently
from traditional cell-to-cell type configurations, spatial design aims to create contemporary,
flexible, adaptable, multi-functional, human-based space design. Spaces can be quickly respond
to changing user and usage scenarios and re-produced again again. Spatial design is a perception
based design, it has close relation with gestalt design laws, such as; similarity, proximity,
symmetry, good continuity, figure-ground relations. As highlighted by Exner and Pressel
(2021) spatial design and perception relations which is called spatial perception defined as;
“The prerequisite for any spatial design and its effect is the human sensory and cognitive
perception of the surrounding environment. All of the sensory stimuli conveyed by space are
processed by the brain, which influences how an individual feels, behaves, and moves. Humans
are believed to possess up to thirteen senses, including the five main senses of sight, hearing,
touch, smell, and taste, as well as balance. Some people do not have access to all of the senses
or are not able to perceive or fully perceive certain sensory stimuli such as light or sound. The
sense of equilibrioception is responsible for perceiving gravity, and therefore spatial
verticality, as the constant orientation in space’ (Exner&Pressel,2021).

Spatial perception serves our basic orientation without our need to absorb all the spatial
characteristics completely. We are constantly using new spaces in our daily lives. Much of a
space’s information is processed so quickly by the senses and the cognitive system that it
automatically influences our behavior without the need to first activate our thinking process.
The human processing of perception and information quickly allows space to appear cozy or
uncomfortable, claustrophobic or protective, without perceiving the spatial characteristics
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individually. We know the moment we enter a café¢ whether we like the atmosphere or not.
1.1.Perception

Our visual field normally consists of heterogeneous elements that differ in shape, size, color,
or orientation. To better comprehend the structure of a visual field, we tend to organize its
elements which are perceived as figures and negative elements which provide a background for
the figures. At the scale of a building, we tend to read the configurations of walls as the positive
elements of a plan. The white space in between should not be seen simply as background for
the walls, but also as figures in the drawing that have shape and form. The form and enclosure
of each space in a building either determines or is determined by the form of the spaces around
it. In the theater in Seinajoki by Alvar Aalto, we can distinguish several categories of spatial
forms and analyze how they interact. Each category has an active or passive role in defining
space. (Ching,1996) (Figure 1)

Figure 1. a) Letters are seen as dark figures against the White background of the paper
surface, b) Alvar A. Alto,Theather in Seinajoki

1.2.Form Defining Space

This part illusturates space identifiers both horizontally and vertically such as; all sort of
horizontal and vertical planes. 371

1.2.1. Horizontal elements defining space: a) Base Plane: A horizontal plane lying as a figure
on a contrasting background defines a simple field of space. This field can be visually reinforced
in the following ways. b) Elevated base plan: A horizontal plane elevated above the ground
plane establishes vertical surfaces along its edges that reinforce the visual separation between
its field and the surrounding ground. Section of Farnsworth house: Piona Illinois, 1950, Mies
van Der Rohe. The Farnsworth house was constructed to rise above the flood plain of the Fox
River. This elevated floor plans, together with an overhead roof plane, define a volume of space
that hovers delicately above the surface of its site. (Ching,1996) (Fig.2)

. —

L]

EE———

c¢) Depressed Base Plan: A horizontal plane depressed into the ground plane utilizes the vertical
surfaces of the lowered area to define a volume of space. The degree of spatial continuity
between a depressed field and the raised area surrounding it depends on the scale of the level
change. d) Overhead Plane: A horizontal plane located overhead defines a volume of space
between itself and the ground plane. Since the edges of the overhead plane establish the
boundaries of this field, its shape, size and height above the ground plane determines the formal
qualities of the space. Glass house, New Canaan, Connection, 1949, Philip Johnson. The roof
plane can be the major space-defining element of a building and visually organize a series of
forms and spaces beneath its sheltering canopy. (Figure 3)
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¢) Glass house

Figure 3. a) Depressed Base Plan,  b) Overhead Plane,
1.2.2. Vertical elements defining space- space as a 3-dimensional architectural element

Vertical forms have a greater presence in our visual field than horizontal planes and are more
instrumental in defining a discrete volume of space and providing a sense of enclosure and
privacy for those within it. a) Vertical linear elements; define the perpendicular edges of a
volume of space. b) Single Vertical Plane; articulates the space on which it fronts. ¢)L-shaped
plane; a L-shaped configuration of vertical planes generates a field of space from its corner
outward along diagonal axis. (Ching,1996) (Figure 4-5)

s | lm & N & [

Figure 4.a) Vertical linear elements, b) Single Vertical Plane, ¢) L-shaped plane

A8 K | e Sl '
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Figure 5. a) The four columns not only supported the vaulted ceiling, and the floor above but
also adjusted the dimensions of the rooms to Palladian proportions.

1.3. Organization of Form and Space

This part presents the basic ways the spaces of a building can be related to one another and
organized into coherent patterns of form and space. a. Space within a space: A large space can
envelope and contain a smaller space within its volume. Visual and spatial continuity between
the two spaces can be easily accommodated, Moore house, Orinda, California, 1961, Charles
Moore, Glass house, New Canaan, Connecticut,1949, Philip Johnson. b. Interlocking spaces:
An interlocking spatial relationship results from the overlapping of two spatial fields and the
emergence of a zone of shared space. When two spaces interlock their volumes in this manner,
each retains its identity and definition as a space. Villa at Carthage, Tunisia 1928, Le Corbusier.
c. Adjacent spaces Adjacency is the most common type of spatial relationship; it allows each
space to be clearly defined and to respond, each in its own way, to specific functional or
symbolic requirements. (Ching,1996) (Figure 6)

f
I |
A | };
| I

gl

Figure 6. a) space within a space, b) interlocking spaces, c) adjacent spaces

d. Spaces linked by a common space: a) Two spaces which are separated by distance can be
linked or related to each other by a third, intermediate, space. b) The visual and spatial
relationship between the two spaces depends on the nature of the third space with which they
share a common bond. The intermediate space can differ in form and orientation from the two

372
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spaces to express its linking function. ¢)One-half house (project) ,1966, John
Hejduk.(Ching,1996) (Figure 7)

Ty gl

Figure 7. Spaces linked with a common space relation illustrations

2. SPATIALITY DEFINITIONS

Aristotle defined space as a container of things; we would thus be occupying a succession of
all-embracing envelopes ranging rather like Russian dolls from those that are ‘within the limits
of the sky’ to the very smallest. Hence space is necessarily a hollow limited externally and filled
internally. There is no empty space; everything has its position, its location, and its place.

2.1. Elements of Spatial Definition

Architectural space is born of the relationship between objects or between boundaries and
planes which do not themselves have the character of object, but which define limits. In modern
architecture, the principle of regular, parallel, interrupted walls and spaces has been applied to
the main perpendicular space. It is one of the ways in which architectural space is created.
(Figure 8)

373

Figure 8. Different spatial fields on the same square plan produced by varying spatial elements.
a. Depth of space

The most common and effective indicators of depth perception are; on the one hand, the effect
of perspective with, notably texture gradient, on the other, phenomenon which tells us that an
object partially hiding another must be front of it. Working with frontal planes wherein
respective distance is small and ambiguous, certain architects of the Modern movement
exploited not only the effects of shallow space but also the phenomenon of transparency
resulting from the disappearance and fragmentary reappearance of one plane behind
another.(Ching,1996)(Figure 9)

T [
=] =

Figure 9. Le Corbusier (1887-1965). Villa Stein-de Monzei, Garches, first-and second-floor
plan study, b)Le Corbusier’s Villa Stein-de Monzie , Garches, axonometric, 1927.

b. Density of space

Space does not only have depth: it is also more or less dense. When greater density is the goal,
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we can modulate distances by intermediary ‘stages of depth’ brought closer together. This is
generally the case when we work with shallow space, but we can also create density in deep
space: the Cordoba Mosque with its ‘forest’ of columns is a deep space of extraordinary density.
Conversely, the design for extension of the Bibliothéque Nationale by Boullee characterized
the absence of density with a sparse, unitary space. (Figure 10)

XN

Figure 10. (Left) Dense space: interior of the Cordoba Mosque, (Right) sparse unitary space:
design for the reading room of the Bibliotheque Nationale, E.L.Boutte, 1785

¢. Opening space

One of the fundamental oppositions making it possible to distinguish types of architectural
space is that they can either be closed/introverted and concentrated upon themselves, or
open/extroverted and centrifugal. While mass is concentrated, space is closed. The degree of its
enclosure depends on more than the quantity and size of openings; when we wish to create a
space opening to the exterior, we try to make it less explicit. Hence, there is direct connection
between notions of explicit and implicit space and the degree of opening or closure. We can use
the principles of one to achieve the other. (Figure 11)

I 374

4

Figure 11. These instructional diagrams by Allen Brooks show Frank Lloyd Wright’s
contribution to a new spatial conception: starting with the elimination of corners, he continues
by altering the initial spatial geometry, displacing or pivoting segments of the geometric
envelope by 90 degrees in order to organize the spatial continuity to his liking.

d. Spatial juxtaposition and interpenetration

Elements of spatial definition and openings characterize type of spatial relationships; indeed,
they determine the degree to which a given space is autonomous or linked to other spaces. We
can pick out two basic types: juxtaposition and interpretation. Juxtaposition insists of
autonomy. Our language has a great number of terms that are, in principle, only applicable to a
relatively well-defined closed space-room, bedroom, cell, hall and corridor all tied to the notion
of privacy and exclusion from other spaces. Spatial interpenetration creates continuity from one
space to another from the moment an important element of definition-wall, ceiling, floor-
appears to belong to two or more spaces. (Ching,1996) (Figure 11-12)

/{_I\ //I‘ 9 : J‘ Ijr »I = = e —
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Figure 11. a)Juxtaposition and interpenetration, b) Spatial juxtaposition c) Juxtaposition, d)
Spatial juxtaposition and interpenetration
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Figure 12. Deconstruction of the box’,Kaufmann House (falling water), Frank Llloyd

Wright,1936.

3. EXPLORATION OF SPATIAL DESIGN
3.1.Dynamics of Space: Use / Usage / User Triology

USER/HOUSEHOLD/CLIENT NECESSARY EQUIPMENT ACTIVITIES AND REQUIRED
CHARACTERISTICS AND AND ACCESSORIES FOR SPACES

LIFESTYLES SPACES

USER USAGE USE

Table 1.USER-USAGE-USE interaction

As can be seen from the scheme, space organization is a complement which; subject /user is
human motivations and aims, complement/usage is space elements and components, and
predicate/use is human activities. In other words, space organization is the place where
subject’s activities due to subject’s aims and motivations have been realized under proper space
conditions. Responsible systems of space organization alternately ensure interior harmony. So,
it can be said that system of space balance can be provided with dynamic process. Here the
space elements and components such as light, color, texture, furniture, decoration, form the
proper and identical interior space for subject. (Oyman $.,1996)
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As indicated in the table-2, space organization that develops over ‘subject-complement-
activity’ concept;

1*" one human factor on space organization includes important topics such as; social-cultural
arrangements individuals place in general orders, socio economic status of subject’s
/individuals, the education level, and professional area and lastly lifestyle, philosophy of life
and expectations of the individual/user,

2" one focuses on complement includes analyses of; fixed, semi-fixed, mobile, technological
features, anthropometric/ergonomic and prosemik features, number of elements, required areas,
standards, and formal and symbolic values,

Lastly 3" part of space organization concept ‘activity’ includes, cultural-social significance of
the activity, performer of the activity, interaction between individuals, routine of activity,
required area for activity, and activity period-time-session. As understood from the table, space
organization and creation is a dynamic process affected by ‘human, activity and components.

HUMAN ACTIVITY NECESSARY EQUIPMENTS
AND ACCESSORIES FOR

ACTIVITY

a) social-cultural arrangement
and place in general order, ethnic
groups etc

a) cultural social significance of the
event.

a) attribute can be fixed, mobile,
semi-mobile

b) who perform the activity, role | b) technological order and level
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b) social-economic status | distribution, role definition ¢) number of elements, required
(income level-education- . .. s area and standards
¢) quality of activity individual,

rofessional area-age-gender etc S . . .
P £e8 ) physical interaction d) anthropometric/ergonomic and

c) Philosophy of life, lifestyle, procsemic features
values & attitudes, expectations,
level in the process of cultural

change. ¢) necessary space/areas and standards

d) routine of activity, density,
communication quality e) formal and symbolic values

f) activity period, time, session

Table 2. Dynamic balance definition of space: ‘space: user-complement/usage-predicate/use’
relationship

3.2.Group Characteristics of Spaces and Contemporary Space Types

Group spaces are; public compartments that are defined with spaces which strongly have
integration relations that all daily activities occur in one place such as; entrance, kitchen, living
room, terraces, whilst private compartments exhibit spaces for night and individual usages
generally such as; ‘bedroom, dressing room, bathroom’. Public compartments exhibit multi-
functional spaces together in an open plan. These spaces are implicitly defined and consist of
different functional spaces with semi-transparent partitions and mobile furniture. For example,
public compartments are formed by implicitly integration of; ‘entrance + kitchen + living room
+ dining room + study room’ spaces without any walls between. (Figure 12 a-b)

L@ R J
JBLIC (T. sggIVATE COM 376
760

% 'e0 0 b
3§

Figure 12. b)Next Level B59 1+1 70-100 m2 category

On the other hand, contemporary (new) space types create group zones and compartment
organizations as public/private and there are six space types totally in the study: liminal, dual,
niche, repetitive, in-between and open spaces. These space types gather in the spatial
organizations and create compartments as space groups and each space type has a different
feature. Liminal spaces work like passages, at especially the smallest houses that connect
outside with inside and at larger types they become halls with closets and bathroom
connections. Dual spaces exist in public compartments and act as multifunctional spaces such
as, a dining room transforms into a study room, or living room transforms to bedroom from
time to time. In-between spaces exhibit fold in and fold out features, thereby they can be
disappeared in the organization, in addition, they are used at both public and private
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compartments. Niche spaces are open version of enclosed spaces and repetitive spaces show
similarities with sizes and forms; lastly open spaces are terraces that can integrate with the
house's interiors with sliding doors.(Figure 13 a-b)

Figure 13. b) In-between Space
3.3. Spatial Identifiers

These identifiers act as interior walls of traditional space organizations which able to create sub
spaces in one big open space implicitly, without cutting fluidity of spaces increases flexibility
of interiors with highly integrated spaces instead of segregated closed spaces of traditional
organizations.

The spatial identifiers have been classified under 6 in the study as;
1.Nodal partitions (columns) (flexibility)

2.Vertical planes (flexibility + expandability)

3.Fix-furniture (convexity)

4.Level changes (flexibility + expandability)

5.Material differences (flexibility + expandability)

6.Three dimensional (3d) space modules/structures

7.0ver head plane (ceilings) & Artificial Lighting & Acoustics
3.3.1. Nodal partitions (columns)

A vertical linear element, column or tower, establishes a point on the ground plane and makes
it visible in space. When centered in space, a column will assert itself as the center of the field

and define equivalent zones of space between itself and the surrounding wall planes. (Ching,
1996)

4 NE4

Figure 14. a) A column in the space, When offset, the columns will define hierarchical zones
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of space differently by size form, and location.b) Steel columns and glass made fagade from
dining room view

3.3.2. Vertical planes (free standing walls)

A single vertical plane, standing alone in space, has visual qualities uniquely different from
those of a freestanding column. A vertical plane has frontal qualities, its two surfaces or faces
front on and establish the edges of two separate and distinct spatial fields. (Figure 15)

Figure 15. a) Vertical Plane, b) Barcelona Pavilion, Mies van der Rohe
3.3.3 Fix-Furniture

Furniture has space definition ability in open spaces and creates sub-spaces in which different
functions occur. As seen at figure 23, Philip Johnson’s glass house project, there is one open
space and there are sub-spaces such as; dining, working, sleeping, and cooking, living spaces
in that one big space which is made of glass facades. Here the separation of different functional
spaces is achieved just by using fix-furniture in a very weak way. (Figure.16)

a)Multi-functional fix furniture, they separate spaces and have functions, b) Glass house, New
Canaan, Connecticut, 1949, Philip; Sub spaces are formed with in one big open space with fixed
furniture

Space defining fixed furniture: bathroom, table, study desk, bed closet, floor material of the
living area, rectangle and circler columns

3.3.4. Level Changes

Raising a horizontal base plane makes a big difference in a large spatial organization. By
elevation differences, edges are formed, spatial flow obstacles thereby spatial boundaries are
determined. (Ching, 1996). Adolf Loos’ raum plan dwellings are marked by a maximum of
three-dimensional compactness and a concentration of length, width and height.(Figure 17 a-b)

Figure 17. a) Raum Plan, Adolf Loos, Moller house, Vienna, b) Raum Plan _Moller House
Adolf Loos
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3.3.5. Material Differences

The surface articulation of the ground or floor plane is often used in architecture to define a
zone of a space within a larger context. A. Different floor and ground coverings define different
spaces. (Ching F., 1996), B. Different floor and ground coverings that define different spaces.
(Ching, 1996) (Figure 18)

Figure 18. material differences can define circulation and main zones
3.3.6. 3D_Three-Dimensional Space Modules Structures

3-dimensional space structures can be also degrees from weak to strong, its difference from
other space identifiers is to exhibiting floor, wall, ceiling borders all together. Thereby, space
structures are the strongest space identifiers weakly, they can be developed from pure geometric
forms such as; cube, core, prism, domes, vaults, etc. and they can create 3 dimensional sub-
spaces in one big space.(Figure 19)

Figure 19. Three-Dimensional Space modules/structures, Source: www.koleksiyon.com.,
WWW.Nurus.com. 379

3.3.7. Overhead plane (ceilings) & Artificial Lighting

Overhead plane can define very simply a different functional space by its form visually. The
ceiling plane can also be detached from the floor or roof plane and become a visually active
element in space. (Figure 20)

|2 =

Figure 20. Ceilings and lightings that define the space.

4. CASE STUDIES

4.1. Households Characteristics & Housing space

This part consists of households’ characteristics and housing space such as;
(1) Household characteristics & lifestyles

(2) Activities & required space

(3) Necessary equipment & accessories

To reveal spatiality of recent day’s small housing units, firstly, household characteristics have
been investigated by their ‘dynamic, diverse, dual’ features variegated in recent decades.
Johnston (1970) described dynamics of small households as; flexible, changeable,

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/
http://www.koleksiyon.com/
http://www.nurus.com/

ARCENG
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING

ISSN
2822-6895

transformable living cycle which is connected to age, family life cycle, distance between work
& house and migrant character.

Diverse characteristics as mentioned by Balamir (1995) are household typologies such as; ‘one
person, two people, two friends, a couple, a male parent with a child, a female parent with a
child, three people sharing a house, a couple and a child’. Thirdly, dual characteristics appear
as ‘female/male, working/non-working, old/young, poor/rich, student/graduated,
technologic/traditional, native/tourist. Diversity changes due to number, relationship, gender,
age and social status of households such as one/two/three, family/couple/housemates,
male/female, young/old, student/worker high/medium/low income.

4.2. Spaces of Recent Day’s Diverse Small Housing Units

Today’s small houses are accommodated; living space, dining space, bedroom/s, kitchen,
bathroom, guest wc/bath, storage spaces and terraces with diverse typologies for diverse
scenarios (table.2-3). These typologies can be classified as; ‘1+0, 1+1, 1+1+1, 1+1.5, 1+2°.

(1) 1+0 type; small house spaces; open plan living space with dining/studying/sleeping
activities, with open kitchen, bathroom with/without terrace.

(2) 1+1 type; living space with dining/studying/resting activities, 1-bedroom, open kitchen,
bathroom with/without terrace.

(3) 1+1.5 type; living space with dining/resting activities, 1 bedroom, a niche space for study,
and open kitchen, bathroom with /without terrace.

(4) 1+1+1 type; common use open plan living space with dining/study/resting activities, 1%
bedroom , 2" bedroom, and open kitchen, bathroom with/without terrace.

(5) 142 type; living space with dining/studying/resting activities, 1°t bedroom, 2" bedroom and
open kitchen, bathroom with /without terrace.(Table 3)
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Households Characteristics & Housing space relationship
Scenario of the small | Household Required | Equipment & | Spatiality
housing unit characteristics and | Space for | accessories
lifestyles Activities
Female/male Student, | One household 1+0 Camouflage units flexible spaces
Alone living young | careerism 1+1 Adaptable furniture | union spaces
adult +consumerism
Permeable
partitions
A couple, Two households 1+1.5, Solid partitions multi-purpose
. .. . 1+2, spaces
Two students/friend, Familism+ careerism+ 14141 Permeable
consumerism partitions union spaces
niche spaces
A couple and a child, | Three households 1+2 Solid partitions compartment
Three friends’, | Familism+ careerism+ Permeable spaces
Housemates consumerism partitions union spaces
niche spaces

Table 3. Households Characteristics & Housing space relationship
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4.3. Spatial Characteristics Recent Day’s Diverse Small Housing Units

Spaces of small housing units, today, gain some spatial characteristics by usage of necessary
equipment and accessories such as;

(1) Living spaces transform to flexible spaces by usage of disappearing and kinetic units such
as, living space/bedroom

(2) Kitchens/bathrooms/guest wc/bath/closet rooms transform to compact spaces by usage of
fix equipment,

(3) Living/dining spaces and open kitchen become union spaces by permeable partitions and
low-height furniture arrangement due to not blocking contact in the space,

(4) Dining spaces with table can be used as assembly/study space and become multi-purpose
spaces by usage of adaptable furniture,

(5) Bedrooms become compartment spaces by usage of solid partitions and includes more than
one space, act as mono-space such as master bedroom of unusual types are connections of three
spaces: bedroom, closet room, bathroom’ .

(6) Kitchens/bathrooms/laundries/guest wc/baths are serving spaces as; it is the separation
between ‘served’ and ‘serving’ spaces that the order imposed on space creates stable nuclei that
allow flexibility in the determination of the served, inhabited spaces, which are free from
accessory spaces, whether technical or functional.” (pg.112), [31]

(7) Living spaces gain temporal characteristics by modifying itself and providing a different
and reversible use such as 1+0 type living spaces used as bedroom at nighttime.

(8) Rings between spaces: As Hillier and friends (1996) indicated each spatial or architectural
unit, through its topologic border features must be ‘closed surface’ or ‘ring’. Units that have
their own borders are named ‘closed’, without borders are named as ‘open’. [36]

381

(9) Private/public spaces: As Avi Friedman indicated, public zones are used by household
members and their guests and typically include the dining room and living room. Semi-private
zones consist of areas that are used by the household and occasionally by guests such as the
kitchen and the powder room. Finally, private zones such as bedrooms and bathrooms are only
used by households and placed in far zones. (pg.65)

4.4. Exploration of the Spatial Design Over 4 Different 1+1 Type Houses
4.4.1. Plans of the selected 4 houses

APARTMAN CORRIDOR @

d
a.Myvia 414 1+0, b.Bomonti-Modern 1+1, e¢.Next Level 1+1.5, d.Bomonti-Modern Palas 1+2
4.4.2. Spaces

a. My-via 414 1+0, 22 net area ; Living space + kitchen: 16 , Bathroom: 3.7 , Hall: 2, terrace:4,
Total minimum dwell space: 21.95 m2, One household
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b.Bomonti-Modern 1+1: 78.45 m2 net area, Gross area 92.93,Antre:4.0,Kitchen:10.63,Living
space:25.11, Bedroom:22.39, Bathroom:6.72, Laundry:2.76, Balcony:6.23, One-two-three
households can accommodate

c.Next Level 1+1.5 : 112.5 m2 net area net areal 13.05 , Gross area 151, Open area 10.97, Walls
37.95, Hall:8.4, Guestbath:7.16, Kitchen:8.17, Living space:36.61, Studyroom:14.07,
Masterbedroom:11.19, Terrace:10.97, One-two-three households can accommodate.

d.Bomonti-Modern Palas 1+2, Net area 135.5 , Hall 8.06, Corridor 7.52, Kitchen 15.63,
Livingspace 38.37, Masterbedroom:27, Masterbathroom:6.5, Bedroom-2:13.42,
Bathroom:5.34, Balcony-1:4.58, Balcony-2:6.01, One-two-three = households can
accommodate.

4.4.3.Activities

1.0pen plan, one room concept. Living, resting, dining, sleeping, tv watching studying
activities at one room. Serving spaces: Open kitchen bathroom

2. Living, dining, studying at living space. Cooking, preparing food at open kitchen. Sleeping
at bedroom.

3. Open plan living space with 1 bedroom., U type semi-open kitchen, dining space, living space
in one open space, and study in 0.5 space. Bedroom with a bathroom and closet room. Serving
spaces are high quality concept: laundry, open kitchen, guest wc/bath.

4. Open plan living space with 2 bedrooms, master and kids' bathrooms. Open kitchen ,dining
space, living space, study space in one open space. Master bedroom with a master bathroom
and closet room. Bedroom with study and closet niches. Serving spaces: laundry, open kitchen,

guest wc/bath.
382

4.4.2.Equipment&Furniture:

1. Open kitchen with compact units; storages, and tops. Camouflage bed unit hidden in the
wall.

2. Furniture: Flexible, compact, multi-functional. Serving spaces: compact units as storage,
closet room, kitchen modules. Served spaces: flexible units' beds, coaches. Multi-functional
units: tv module, dining/studying table Clothing’s: Floors: coffee wood, dark grey granite.
Partitions: solid walls between spaces, furniture between living-dining-kitchen. Lighting:
daylight and artificial light.

3. Furniture: Flexible, compact, Multi-functional furniture. Serving spaces: compact units as
storage, closet room, kitchen modules. Served spaces: flexible units' beds, coaches. Multi-
functional units: tv module, dining/studying table Clothing’s: Floors: dark grey wood, white
granite, Partitions: solid walls between spaces Furniture between living-dining Sliding
wall/door between 0.5 space and living space. Lighting: daylight and artificial light.

4. Furniture: Flexible, compact, multi-functional furniture. Serving spaces: compact units as
storage, closet room, kitchen modules. Served spaces: flexible units' beds, coaches, kids bed &
study niche. Multi-functional units: tv module, dining/studying table. Clothing: Floors: Light
coffee wood, grey granite, Partitions: Solid walls between spaces, furniture between living-
dining. Lighting: Daylight and artificial light.
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5. CONCLUSIONS

In the article, spatial design has been introduced by highlighting main design principles such
as; gestalt perception theory,human based design principle as adapatation to diverse changing
scenarios, flexible design that ensures quick transformations of spaces, multifunctional usage
patterns and transformations,new spatial identifiers instead of walls-door-corridor relations,
permeable, soft, camouflouge space equipments that create sub-spaces in one big space, this
spatial identifiers mainly differ from traditional borderssuch as especially at public spaces; art
installations, spatial scenarios, color-material usages, perception based identifiers. new space
types introduced in the paper as the multifunctional,dual usages, niche spaces. compartment
characteristics of spaces formed by soft spatial identifiers and new space types , mainly public-
private and work compartments. As a conclusions, in the study , contemporary space design
titled as ‘spatial design’ has been explored by basic principles, samples and theories. And its
aimed to shed a light for future architectural space designs.

6. REFERENCES

-Colomina B. (1994). ‘Privacy and Publicity’. The MIT Press.

-Franck K. and Lepori B. (2007). ‘Architecture from the Inside to Out’. Wiley Academy.
-Lefebvre H.(1974) , ‘The Production of Space’, Blackwell Oxford UK & Cambridge USA
-Teige K., (1932). ‘The Minimum Dwelling’. The MIT Press , Cambridge.

-Dickinson D.(1986), ‘Small Houses for the Next Century’, McGraw-Hill

-Brown A. (1993).Small Spaces. Kodansha International. Tokyo, New York, London 383
-Cieraad I. (1999).At Home: An Anthropology of Domestic Space. Sracuse University Press.
-Slavid R.(2009), ‘Micro: A Very Small Architecture’, Laurence King.

-Chaney D.(1996), ’Lifestyles’ , Rout ledge, London and new york

-Sengiil Oymen Giir, (1995) , ‘Mekanin Orgiitlenmesi’,Giir Yayncilik

-Segatini M.,(2008) *Contemporary Housing *,Skira.

-Ignasi de Sola M (1996) , ‘Differences: Topographies of Contemporary Architecture (Writing
Architecture), Sarah Whiting

-Hillier & Hanson (1989), ‘The Social Logic of Space’, Cambridge University Press,NewYork,
-Nylander O.(1999), The Home of Architecture, Mdlndal Sweden

-Ching F.D.K. (2012), Interior Design Illustrated, John Wiley & Sons

-Ching F.D.K.(1996), Architecture; Form & Space & Order, John Wiley & Sons

-Meiss P.V. (2013), Elements of Architecture: From form to place+ tectonics, EPFL Press.
-Karlen M. (2004), Space Planning Basics, Wiley.

-Hensel M., Hight C.,Menges A. (2009), Space Reader: Heterogeneous Space in Architecture,

Wiley

-Exner,U.,2021, Basics Spatial Design,January 2021, DOI:1011515/9783035622843,
ISBN:9783035620191

-Ulrich Exner and Dietrich Pressel Basic Architectural Design, Spatial Design,Birt Bielifeld,
Birkhauser.

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN

INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895
Article Arrival Date Article Published Date
30.11.2025 20.12.2025
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Ozet

Bu ¢aligma, Oracle PL/SQL ve Forms tabanli uygulamalarda yavas ¢alisan sorgular1 analiz
ederek performansi artirmayr amaglayan yapay zekd destekli bir optimizasyon sistemi
gelistirmeyi hedeflemektedir. Arastirmada, Oracle veri tabaninda calistirilan sorgularin
performans verileri SQL TRACE ve EXPLAIN PLAN kullanilarak toplanmis, Python
ortaminda analiz edilmistir. Calisma siiresi, mantiksal okuma ve I/O iglemleri gibi metriklere
dayali 6zellik secimiyle veri seti olusturulmus; sorgu yavasliginin nedenlerini belirlemek i¢in
Random Forest ve XGBoost algoritmalari uygulanmistir. Tarihsel performans kayitlariyla
egitilen modellerin dogrulugu c¢esitli metriklerle degerlendirilmis, sistem ger¢ek ortamdan 384
alman yeni sorgularla test edilerek Oneri yetenegi gelistirilmistir. Sonuclar, 6nerilen sistemin
sorgu yliriitme siiresini %82,4, mantiksal okuma oranin1 %84,8, fiziksel okuma oranini %90,9
ve toplam Oracle maliyetini %97 oraninda 1iyilestirdigini gostermektedir. Model
karsilastirmasinda XGBoost, %96,1 dogruluk ve F1 skoru ile daha yiiksek siniflandirma
basarisi sergilerken, Random Forest daha hizli tahmin siireleri saglamistir. Bu ¢alisma, Oracle
PL/SQL performans sorunlarini yapay zeka ile analiz eden 6zgiin bir sistem sunarak veri tabani
yoneticilerine karar destegi saglamaktadir.

Anahtar kelimeler: Oracle, PL/SQL, Performans Optimizasyonu, Yapay Zeka, SQL Analizi.

Abstract

This study aims to develop an artificial intelligence—based optimization system to analyze and
improve the performance of slow-running queries in Oracle PL/SQL and Forms-based
applications. Performance data from Oracle queries were collected using SQL. TRACE and
EXPLAIN PLAN and analyzed in a Python environment. A dataset was constructed through
feature selection based on metrics such as execution time, logical reads, and I/O operations.
Random Forest and XGBoost algorithms were applied to identify factors contributing to query
slowness, with historical performance records used for model training and evaluation through
standard performance metrics. The system was further refined and validated using real-world
queries to enhance its recommendation capability. Results indicate substantial improvements:
execution time reduced by 82.4%, consistent read rate by 84.8%, physical read rate by 90.9%,
and total Oracle cost by 97%. In model comparison, XGBoost achieved superior classification
accuracy with 96.1% accuracy and F1-score, while Random Forest provided faster prediction
times. This research introduces a novel Al-driven system for diagnosing and optimizing Oracle
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PL/SQL performance issues, offering decision support for database administrators and
contributing to improved query efficiency.

Keywords: Oracle, PL/SQL, Performance Optimization, Al, SQL Analysis

1. GIRIS

Dijital doniisiim ¢aginda, veri yonetimi ile verilerin etkin ve gilivenilir bir sekilde islenmesi,
kuruluslar icin stratejik agidan kritik bir 6nem kazanmustir. Artan veri hacmi, is siireglerinin
giderek karmasiklagsmasi ve erisilebilirlik talebinin yilikselmesi, iligkisel veritabani yonetim
sistemlerinin (RDBMS) performansini hayati bir unsur haline getirmistir. Oracle gibi kurumsal
diizeydeki sistemlerde, sorgu yiiriitme siiresinin azaltilmasi ve sistem kaynaklarinin verimli
kullanilmasi, uygulamalarin genel basarisini dogrudan etkilemektedir.

Oracle PL/SQL ve Oracle Forms, kurumsal uygulamalarda veri isleme ve is mantiginin
kontroliinde temel bir rol listlenmekte, bu yapilar sistemin omurgasini olusturmaktadir. Ancak,
sistem mimarilerinin zamanla genislemesiyle birlikte performans sorunlarinin ortaya ¢ikmasi
kacinilmazdir. Yavas sorgular, tam tablo taramalar1 ve verimsiz indeks kullanimi gibi
problemler, hem kullanic1 deneyimini hem de sistemin genel verimliligini olumsuz yonde
etkileyebilmektedir.

Bu caligsma, Oracle PL/SQL ve Forms ortamlarinda karsilasilan performans darbogazlarini
belirlemek, analiz etmek ve iyilestirmek amaciyla gergeklestirilmistir. Geleneksel performans
iyilestirme yOntemlerinin Otesine gegilerek, yapay zeka (YZ) ve makine 6grenmesi (ML)
teknikleriyle desteklenen bir sistem gelistirilmistir. Bu yapi, Python programlama dili ile
entegre edilerek SQL sorgu performans izlerini analiz etmekte ve otomatik optimizasyon
Onerileri tiretmektedir. 385

Arastirmanin temel amaci, Oracle tabanli uygulamalarda performansi artirmaya yonelik
bilimsel temelli ve pratik olarak uygulanabilir bir ¢éziim 6nermek ve bu ¢ézlimii, veritabani
performans optimizasyonu i¢in YZ destekli bir karar destek mekanizmasina doniistiirmektir.

2. LITERATUR TARAMASI

Bu boliimde, iligkisel veritabani yonetim sistemlerinde performans optimizasyonu, Oracle
PL/SQL ve Forms tabanli uygulamalarda karsilasilan yaygin performans sorunlari ile bu
sorunlarin giderilmesine yoOnelik gelistirilen yontemler ele alinmistir. Ayrica, son yillarda
veritabani performans yonetiminde yapay zeka ve makine 6grenmesi tekniklerinin kullanimina
odaklanan ¢alismalar incelenerek, mevcut yaklasimlarin gii¢clii ve smirli yonleri ortaya
konmustur. Bu baglamda, ¢alismanin konumlandigi bilimsel ¢erceve belirlenmis ve onerilen
yaklasimin literatiirdeki yeri degerlendirilmistir.

(Zongheng Yang, 2022) gelistirdigi Balsa adli sistemde oldugu gibi, klasik sorgu optimizasyon
stirecleri yerine makine 6grenmesine dayali yeni nesil yaklasimlarla, veritabani sorgularinin
yapisal orilintiileri tizerinden optimizasyon stratejileri 6grenilebilmekte ve bu stratejiler uzman
miidahalesi olmaksizin sistemler tarafindan uygulanabilmektedir. Boylece, hem manuel hatalar
en aza indirgenmekte hem de veri tabani sistemlerinin adaptif ve dinamik sekilde kendini
optimize edebilmesi miimkiin hale gelmektedir.

Bu yaklagim sayesinde, veritabani yoneticilerinin veya gelistiricilerin manuel miidahalesine
gerek kalmaksizin; veritabani sorgularinin gergek zamanli performans degerleri lizerinden
degerlendirilmesi, potansiyel darbogazlarin 6nceden belirlenmesi ve iyilestirme yollarinin
onerilmesi hedeflenmektedir.
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Ozellikle (Ryan Marcus, 2020) Learning to Steer Query Optimizers ¢alismasinda, karmasik
sorgu iyilestirme siirecine makine 6grenmesi (takviye 6grenmesi ve sinir aglar1) uygulanarak
bliyiik performans kazanimlar elde edildigi goriilmektedir. Makine 6grenmesi siniflandirma
modellerini kullanarak youtube verileri iizerinde duygu analizi yapabilen basarili bir 6rnek
caligmadir(Sahinaslan, 2022).

(Asokan, 2025) Veri taban1 performans: lizerinde yapay zekd destekli optimizasyonun,
otomatik indeksleme ve anomalilerin tespitiyle birlikte organizasyonlara hem hiz hem de
verimlilik kazandirdigini belirtmektedir. Makine 6grenmesi algoritmalarinin gercek bir siiregte
uygulanmasii incelemis ve metodolojik olarak YZ-tabanli sistemlerin performans
kazanimlarina dair kanitlar ortaya koymustur(Sahinaslan, 2023.

Random Forest, birden fazla karar agacinin (decision tree) birlesiminden olusan topluluk
o0grenme (ensemble learning) yontemidir. Her bir karar agaci, rastgele orneklenen veri alt
kiimeleri iizerinde egitilir ve modelin ¢iktisi, tiim agaglarin oylamasiyla belirlenir. Bu
algoritma, overfitting riskini minimize ederken yiiksek dogruluk saglar. SQL sorgularinin sahip
oldugu cesitli performans metrikleri (6rnegin: elapsed time, buffer gets, physical reads)
modelin giris degiskenleri olarak kullanilmis, etiket ise “optimizasyon Onerisi gerektiriyor
mu?” sorusunun cevabi olarak belirlenmistir.

Bu c¢aligma kapsaminda kullanilan Random Forest tabanli siniflandirma yaklagimi, (Dhanara,
2021)tarafindan Onerilen “Random Forest Bagging X-Means SQL Query Clustering”
yontemine dayanmaktadir. Bu yontem, SQL giinliiklerinden anomali sorgular1 basarili bigimde
belirlemek amaciyla Random Forest ile 6grenme saglamakta, ardindan X-Means kiimelemesi
ve majority voting ile kotii yapilandirilmis sorgulart ayirt edebilmektedir. XGBoost, Chen ve
Guestrin (2016) tarafindan gelistirilen, denetimli 6grenme problemlerinde yiiksek dogruluk
sunan, agag¢ tabanl1 bir topluluk (ensemble) makine dgrenmesi yontemidir. Ozellikle biiyiik veri 386
setlerinde ve yiiksek boyutlu problemlerde hizli calismasit ve overfitting'e karsit direnci
sayesinde gliniimiizde akademik ve endiistriyel bir¢ok caligmada tercih edilmektedir. XGBoost
algoritmasi, karar agaglar iizerinde gradyan artirma (gradient boosting) teknigini optimize
eden, paralel islemeye uygun, diizenlilestirme (regularization) igeren gelismis bir versiyonudur.
Bu sayede hem egitim siiresi kisalmakta hem de modelin genellenebilirligi artmaktadir. (Chen,
XGBoost: A Scalable Tree Boosting System., 2016), calismada XGBoost’un temel algoritmasi
sunulmus, GBM (Gradient Boosting Machine) algoritmasina yapilan optimizasyonlar detayli
olarak agiklanmistir. Ozellikle sparse veri yapilari, paralel isleme kabiliyeti ve diizenlilestirme
mekanizmalari gibi performans artirici teknikler 6n plana ¢ikarilmistir.

2021 yilinda yapilan bir tez calismasinda, ag tabanli saldir1 tespiti problemlerinde XGBoost ve
Rastgele Orman algoritmalar1 karsilagtirilmistir. XGBoost’un daha ytiksek dogruluk ve F1-
Skoru sagladigi, ancak egitim siiresi bakimindan biraz daha fazla kaynak tlikettigi
vurgulanmistir (Buldu, 2021). Veritaban1 yonetimi ve kurtarma tekniklerini ele alan ve iliskisel
veritabanlarinin kritik operasyonlarina odaklanan bir diger calisma da veri kaybi-6nleme/pratik
sorun ¢oziimleri sunmustur(Sahinaslan, 2022)

Ozetle, literatiirde yer alan galigmalar; veritabani sorgu optimizasyonu ve performans ydnetimi
alaninda yapay zeka ve makine 6grenmesi tabanli yaklagimlarin, geleneksel kural tabanli ve
manuel yontemlere kiyasla daha olgeklenebilir, adaptif ve yiiksek dogruluklu ¢oziimler
sundugunu ortaya koymaktadir. Ozellikle Random Forest ve XGBoost gibi agac tabanli
topluluk 6grenme yontemlerinin, sorgu performans metriklerini etkin bicimde analiz ederek
anomali tespiti ve optimizasyon kararlarinda basarili sonuglar verdigi goriilmektedir. Bu
baglamda, mevcut literatiirden elde edilen bulgular 15181nda, bu ¢alismada Oracle PL/SQL ve
Forms ortamlarina 6zgii performans izlerinin YZ destekli modellerle analiz edilmesi ve
otomatik optimizasyon Onerileri iiretilmesi hedeflenerek, literatiirdeki yaklasimlar1 kurumsal

Year 5 (2025) Vol:5 Issue: 2 Issued in December 2025 WWW.e-arceng.com



http://www.e-arceng.com/

ARCENG ISSN
INTERNATIONAL JOURNAL OF ARCHITECTURE AND ENGINEERING 2822-6895

veritabani sistemlerine uyarlayan biitiinciil ve wuygulanabilir bir ¢6ziim sunulmasi
amaclanmaktadir.

3. MATERYAL

Calismanin deneysel altyapisi, kullanilan yazilim ve donanim bilesenleri ile performans 6lgiim
ve veri toplama siirecine iliskin ayrintilar sunulmaktadir. Oracle tabanli kurumsal veritabani
sistemlerinde sorgu performansinin ger¢ek¢i ve tekrarlanabilir kosullar altinda
degerlendirilebilmesi amactyla, kontrollii bir deneysel ortam olusturulmus ve bu ortamda farkl
sorgu senaryolari sistematik olarak test edilmistir. Elde edilen performans izleri, yapay zeka ve
makine 0grenmesi tabanli modellerin egitimi ve degerlendirilmesi igin girdi verisi olarak
kullanilmistir. Bu kapsamda, deneysel ortamda kullanilan teknolojiler ve bilesenler Tablo 1°de
ozetlenmektedir. Bu ¢alisma kapsaminda Oracle 18c Express Edition iizerinde yapilandirilmis
bir veritaban1 ortami kullanilmistir. Bu ortamda olusturulan tablolar, sorgu performansinin
gercekei kosullar altinda gozlemlenebilmesi ig¢in milyonlarca kayitla doldurulmustur.
Performans ol¢iimleri, Oracle’in SQL_TRACE c¢iktilar1 ve EXPLAIN PLAN komutlari
kullanilarak elde edilmistir. Ol¢iimler sirasinda Elapsed Time, Consistent Reads (CR), Physical
Reads (PR) ve Total Cost gibi temel performans metrikleri degerlendirilmistir. Python ile
Oracle arasinda oracledb kiitiiphanesi araciligiyla baglant1 kurulmus ve toplanan performans
verileri makine 6grenmesi modellerinin egitimi i¢in kullanilmastir.

Veritaban1 semasi, asagidaki tablolar birincil veri kaynaklari olarak igermektedir:
T1_CUSTOMERS (500.000 kayzt)

T2 _ORDERS (500.000 kayit)

T3 PRODUCTS (500.000 kayit)

T4 ORDER_DETAILS (1.000.000 kayit)

Bu tablolar; miisteri, siparis, iirlin ve siparis detaylarmi kapsayarak gercekgi is senaryolarinin
simiilasyonunu miimkiin kilmistir.

387

Testlerin Oracle’in standart yapilandirmalar (bellek, listener, arka plan siiregleri vb.) altinda
gergeklestirilmesinin, diger siirimlerde benzer sonuglar verecegi varsayilmistir. Ayrica,
SQL TRACE ve EXPLAIN PLAN ciktilariin sorgu performansinit dogru sekilde yansittigi
kabul edilmistir. Modelleme siirecinde, Random Forest ve XGBoost algoritmalarinin yeterli
cesitlilikte yavas ve hizli sorgu 6rnekleriyle egitildigi varsayilmistir. Bu varsayim, yapay zeka
modellerinin yeni sorgular i¢in giivenilir tahminler sunabilecegi beklentisini desteklemektedir.

Tablo 1. Deneysel ortamlar

Teknoloji Aciklama

Oracle XE 18¢ Deneysel Veritabani Ortami
Python 3.11+ Veri Isleme ve Model Egitimi
Pandas Trace Verilerinin Islenmesi
Scikit-learn Makine Ogrenmesi Algoritmalar1
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Oracledb (cx_Oracle) Oracle ile Baglant: Kurulmasi
SQL Developer Sorgu Analizi ve Plan izleme

Arka planda Oracle veritabani performansi izlenmis ve analiz edilmistir. Python programlama
dili, veri isleme, analiz ve makine 6grenmesi modellerinin gelistirilmesi i¢in kullanilmistir.
Performans analizleri Scikit-learn, pandas ve matplotlib gibi kiitliphaneler araciligiyla
gerceklestirilirken, veritabani baglantis1 i¢in oracledb kiitiiphanesi kullanilmistir. Tablo 1,
deneysel ortamda gerekli teknolojileri 6zetlemektedir.

3.1. Yontem

Bu calismada, Oracle veritaban1 iizerinde SQL sorgularinin performans analizi
gerceklestirilmistir. Analiz siireci agsagidaki adimlardan olugsmaktadir:

Veri Toplama
SQL sorgularinin ¢alistirilmast sirasinda, ALTER SESSION SET SQL TRACE = TRUE
komutu kullanilarak izleme etkinlestirilmis ve olusturulan iz dosyalar1 kaydedilmistir. Ayrica,
sorgularin yiiriitme planlar1 EXPLAIN PLAN komutu ile elde edilmistir. Bu verilerden
asagidaki performans metrikleri ¢ikarilmistir:

Elapsed Time
Consistent Reads (CR)
Physical Reads (PR)
Estimated Query Cost

Full Table Scan 388

Join Count
iz Dosyalarinin Analizi

Olusturulan .trc uzantili iz dosyalar1 Python betikleri kullanilarak islenmis, performans
metrikleri ayristirilmis ve bir veri kiimesine doniistiiriilmiistiir. Bu stiregte Elapsed Time, CR,
PR, Executions, Plan Cost, Join Count ve Full Table Scan Count gibi 6zellikler ¢ikarilmistir.

Oracle iz Dosyalarimin Olusturulmasi ve Analizi

Oracle iz dosyalarinin (.trc) olusturulmasit ve TKPROF gibi araglarla analiz edilmesi, sorgu
ylriitme siiresi (elapsed time), yiiriitme sayis1 ve tam tablo taramalar1 gibi kritik performans
metriklerinin elde edilmesini saglar (Oracle Corporation, 2023). Bu ¢alismada benzer sekilde,
Oracle PL/SQL ortaminda tiretilen iz dosyalar1 Python betikleri ile islenmis; Elapsed Time,
Executions ve Full Table Scan Count gibi metrikler ¢ikarilarak modelleme amaciyla bir veri
kiimesine doniistiiriilmiistiir.

Makine Ogrenmesi Modeli

Elde edilen veri kiimesi, scikit-learn kiitiiphanesi araciligiyla uygulanan Random Forest ve
XGBoost algoritmalart  kullanilarak egitilmistir. Bu modeller, sorgu performansini
siniflandirmakta ve “Yeterli”, “Indeks Ekle”, “Partition Onerisi” ve “JOIN Optimize Et” gibi
optimizasyon Onerileri liretmektedir.

Bu calismada kullanilan Random Forest tabanli siniflandirma yaklasimi, (Dhanaraj ve ark.,
2021) tarafindan 6nerilen Random Forest Bagging X Means SQL Query Clustering yontemine
dayanmaktadir. Bu yontem, SQL giinliiklerinden anormal sorgulari Random Forest ile
belirlemekte, ardindan X-Means kiimeleme ve ¢ogunluk oylamasi ile zayif yapilandirilmis
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sorgular1 ayirt etmektedir. XGBoost, (Chen & Guestrin, 2016) tarafindan gelistirilen, ytliksek
dogruluk saglayan aga¢ tabanli bir topluluk makine 6grenmesi yontemidir. Hiz1 ve asiri
ogrenmeye karsi dayanikliligi, ozellikle biiyiik ve yiiksek boyutlu veri kiimelerinde hem
akademik hem de endiistriyel uygulamalarda tercih edilmesini saglamaktadir. XGBoost
algoritmasi, diizenlilestirme (regularization) ve paralel islem destegi gibi gelistirmelerle
Gradient Boosting yonteminin ileri bir versiyonudur. Bu iyilestirmeler, hem egitim
verimliligini hem de modelin genellenebilirligini artirmaktadir.

Bu calismada, siniflandirma modelleri olarak XGBoost ve Random Forest secilmistir. Bu
tercih, literatlirde bu iki algoritmanin giiclii karsilastirmali performansini gosteren ¢alismalarla
desteklenmektedir. Ornegin, (Shao ve ark., 2024) XGBoost’un Random Forest’a kiyasla daha
yiiksek dogruluk sagladigini rapor etmistir. Ayrica, sinif dengesizligi sorununu ele almak kritik
oneme sahiptir; (Imani ve ark., 2025) SMOTE + XGBoost kombinasyonunun yiiksek oranda
dengesiz veri kiimelerinde en iyi performansi sagladigini vurgulamistir. Bu nedenle, tez
kapsaminda 6nce SMOTE uygulanmis, ardindan her iki algoritma ayni veri kiimesi iizerinde
egitilmis ve karsilastirilmastir.

(Chen & Guestrin, 2016) tarafindan sunulan XGBoost: A Scalable Tree Boosting System
caligmasi, XGBoost’un temel algoritmasini ve Gradient Boosting Machine (GBM) lizerindeki
optimizasyonlar1 detaylandirmaktadir. Seyrek veri isleme, paralel islem yetenekleri ve
diizenlilestirme mekanizmalar1 gibi performans artirici teknikler vurgulanmaktadir.

Tahmin ve Oneri

Yeni sorgular i¢in ayni performans metrikleri ¢ikarilmis ve model tarafindan analiz edilerek
performans iyilestirme Onerileri sunulmustur. Bu Oneriler hem istatistiksel analiz hem de

yiirlitme planlari ile desteklenmistir.
389

Model Karsilastirmasi

2021 yilinda gergeklestirilen bir tez caligmasinda, ag tabanli saldir1 tespit problemleri
baglaminda XGBoost ve Random Forest algoritmalari karsilastirilmistir.  Bulgular,
XGBoost’un daha yiiksek dogruluk ve F1 skoru sagladigini, ancak egitim sirasinda biraz daha
fazla hesaplama kaynagi gerektirdigini gostermistir (Buldu & Yildiz, 2021). Bu ¢alismada,
Random Forest ve XGBoost modelleri dogruluk, F1 skoru ve hata oranlar1 agisindan
karsilagtirilmis ve en iy1 performans gosteren model belirlenmistir.

3.1.1. Veri kaynag

Bu c¢alismada kullanilan veri seti, Oracle veritabani iizerinde gerceklestirilen gergcek sorgu
caligmalar1 ve simiilasyon verilerinden olusmaktadir. Performans analizi i¢in SQL sorgulari,
Oracle 18c Express Edition iizerinde olusturulan test ortaminda calistirilmistir. Izleme
stirecinde ALTER SESSION SET SQL TRACE = TRUE komutu ile sorgularin yiiriitiilme
detaylarini iceren trace dosyalar1 elde edilmistir. Ayrica, sorgularin yiiriitme planlart EXPLAIN
PLAN komutu ile kaydedilmistir. Bu kaynaklardan elde edilen veriler arasinda sorgu ¢alisma
stiresi (Elapsed Time), mantiksal okuma (Consistent Reads), fiziksel okuma (Physical Reads),
maliyet (Cost), tam tablo taramasi1 (Full Table Scan) ve JOIN sayis1 gibi performans metrikleri
bulunmaktadir. Toplanan bu veriler, Python betikleri ile islenerek makine Ogrenmesi
modellerinin egitimi i¢in kullanilacak veri kiimesine doniistiirilmiistiir.

3.1.2 Veri toplama

Calismada kullanilan veriler dort ana tablodan olusan ve sorgu performansini 6lgmeye olanak
saglayacak kadar veri ile yapilmistir. Tablo ve veri sayilari tablo 2’ de verilmistir.
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Tablo 2. DB Tablo Veri Seti

Tablo isimleri Kayit Sayisi index
T1_CUSTOMERS 500.000 Yok
T2_ORDERS 500.000 Yok
T3_PRODUCTS 500.000 Yok
T4 _ORDER_DETAILS 1.000.000 Yok

3.1.3 Makine Ogrenmesi ile Model Egitimi

Bu calismada, Oracle veritabaninda gergeklestirilen SQL sorgularinin performansini analiz
etmek ve iyilestirme Onerileri sunmak amaciyla gézetimli 6grenme yontemi tercih edilmistir.
Ozellikle diisiik performans gosteren sorgularin karakteristiklerinden yola ¢ikarak, hangi
durumlarda optimizasyon gerektigini belirlemek {izere Random Forest algoritmasi kullanilarak
bir siniflandirma modeli olusturulmustur.

Modelin egitimi i¢in kullanilan veri seti, c¢esitli sorgularin performans Ozelliklerini
icermektedir. Bu 6zellikler arasinda; sorgunun tam tablo taramasi yapip yapmadigi (0 veya 1),
sorguda yer alan join sayisi, tahmini yiiriitme maliyeti (cost) ve indeks kullanim durumu gibi
parametreler bulunmaktadir. Her bir veri noktasi, bu dort 6zelligi igeren bir vektor seklinde
temsil edilmistir. Sekil 1°de 6rnek veri seti gosterilmektedir.

1 X =]
2 [1, 3, 1500, @], # full scan var, 3 join, yiiksek cost, index yok 390
3 [0, 2, 500, 1], # index var, diisiik cost

[1, 1, 1300, @], # full scan, az join, yiiksek cost

[0, 0, 300, 1], # index var, simple query

[1, 2, 1600, @], # full scan, orta karmasa

[0, 3, 800, 1], # index var, c¢ok join ama iyi optimizasyon

Sekil 1. Model Egitim Girdileri

Sorgulara ait sinif etiketleri (y), alan uzmanlarinin degerlendirmeleri dogrultusunda
belirlenmistir. Bu etiketler, sorgunun mevcut haliyle yeterli olup olmadigin1 veya ek
optimizasyona ihtiya¢ duyup duymadigini ifade etmektedir. Sekil 1’de bu siniflandirma
etiketleri gorsellestirilmistir.

y = [
‘index ekle',
‘yeterli’,
'index ekle’,
‘yeterli',
'index ekle’,
‘yeterli’

1

W oo NV A WN R

Sekil 2. Model Egitim Ciktilart
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Modelin egitimi siirecinde RandomForestClassifier sinifi kullanilmistir. Bu algoritma, ¢ok
sayida karar agacindan olusan bir topluluk (ensemble) yapist ile ¢alisarak siniflandirma islemini
gergeklestirir. Bu yontem, hem asir1 6grenmeyi (overfitting) azaltmakta hem de modelin
dogruluk oranini artirmaktadir. Sekil 2’da modelin egitilmesi ve kalic1 olarak saklanmasi siireci
yer almaktadir.

from sklearn.ensemble import RandomForestClassifier

import joblib

model = RandomForestClassifier(n_estimators=100, random_state=42)
model.fit(X, y)

joblib.dump(model, "model.pkl™)

OVt A WN B

Sekil 3. Model Egitim Kiitiiphanesi

Sekil 3’da goriildiigii lizere, n_estimators=100 parametresi ile 100 adet karar agaci
olusturulmustur. Ayrica random_state=42 parametresi, modelin tekrar iiretilebilirligini
saglamak amaciyla kullanilmistir. Egitim tamamlandiktan sonra model, joblib kiitiiphanesi
araciligiyla. pkl uzantili bir dosya olarak kaydedilmistir. Bu sayede model, ilerleyen asamalarda
yeni sorgular ilizerinde gergek zamanli tahminler yapmak iizere tekrar kullanilabilir hale
gelmistir.

Sonug olarak, bu agsamada gelistirilen siniflandirma modeli, ge¢gmis sorgu verilerine dayanarak
yeni sorgularin performansini analiz edebilmekte ve gerektiginde "indeks ekleme" gibi
optimizasyon Onerileri sunabilmektedir. Bu yap1, performans iyilestirme siirecinde yapay zeka
destekli karar verme mekanizmasinin temelini olusturmaktadir. 391

3.2. Iyilestirme Onerisi ve Uygulama

Modelin aldig1 girdiler dogrultusunda, sorgunun Total Cost ve Consistent Reads degerlerinin
oldukca yiiksek oldugu, ayrica ii¢ tabloya da Full Table Scan yontemiyle erisim saglandigi
tespit edilmistir. Bu analiz sonucunda, model tarafindan ilgili tabloya indeks eklenmesi
yoniinde bir performans iyilestirme Onerisi sunulmustur. Gergeklestirilen miidahale, 6neriye
uygun olarak tabloya indeks eklenmesi seklinde uygulanmistir. Sekil 4’de gorildiigli gibi
T4 ORDER_DETAILS tablosuna Index eklenmistir.

o CREATE INDEX IDX_UNIT_PRICE ON OPT.T4_ORDER_DETAILS(UNIT PRICE);

Sekil 4. Index Olusturulmasi

Model tarafindan Onerilen indeks eklendikten sonra, sorgu iizerinde yeniden Trace ve SQL
Execution Plan alinmigtir. Yapilan analiz sonucunda, Total Cost ve Consistent Reads
degerlerinde belirgin bir diisiis goézlemlenmis; ayrica sorgunun artik Full Table Scan
gerceklestirmedigi tespit edilmistir. Ciktilar agagidaki gibidir.

e Elapsed Time: 0,49 saniye
e Consistent Reads: 789
e Physical Reads: 13
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e Full Table Scan: 0
e Total Cost: 78
3.2.1 Performans Tyilestirme Oram

Performans iyilestirme yilizdesi Sekil 5’de oldugu gibi formiille hesaplanmaistir:
Tyilestirme (%) = ((Eski Siire- Yeni Siire) / Eski Siire) * 100

eski sure =2.78
yeni_sure = 0.49

tyilesme orani = ((eski_sure - yeni_sure) / eski_sure) * 100
print(f'% {iyilesme orani:.2f} performans artisi")

Sekil 5. Performans lyilestirme orant

Sonug: %82,37 performans artisi.

3.2.2 Elapsed Time Karsilastirmasi

Index Oncesi: 2,78 saniye, Index sonrast: 0,49 saniye.

Yaklasik %82 azalma (iyilesme) saglanmuistir.

Formiil: Iyilestirme Yiizdesi = ((2.78- 0.49) / 2.78) x 100 = 82.37%

Sekil 6’da ise sorgu performansi artirtlmadan 6nce ve sorasi i¢im grafik gosterilmistir.
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Elepsed Time Karsilastirilmasi
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Sekil 6. Elepsed Time Grafigi
3.2.3 Consistent Reads Karsilastirmasi
Index oncesi: 5201
Index sonrasi: 789
Yaklasik %84,8 azalma saglanmistir.

Sekil 7 ‘de sorgu performans artirimi yapildiktan sonra Consistent Reads okuma grafigi
gosterilmis, Consisten Reads okumasinda ciddi performans artirimi gézlemlenmistir.

fyilestirme Yiizdesi = ((5201- 789) / 5201) x 100 = 84.83%
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Consistent Reads Karsilastirilmasi
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Sekil 7. Consistent Reads Grafigi
3.2.4 Total Cost Karsilastirmasi
Index dncesi: 2670
Index sonrasi: 78
Yaklasik %97,1 maliyet diisiisii gozlemlenmistir.

Total Cost maliyeti Python kodu sekil 37°de gdsterilmistir. Performans artirimi 6ncesi ve sorast
sekil 8’de goriilecegi gibi grafik olusturulmustur. Performans artirimi sonrasi ciddi Total Cost
azalmasi1 gozlemlenmistir.

fyilestirme Yiizdesi = ((2670- 78) / 2670) x 100 = 97.08%
393

Total Cost Karsilastirilmasi
3000 2670

Maliyet(Cost)
g

80

Index Oncesi Index Sonrasi

Sekil 8.Total Cost Grafigi
3.3 Random Forest ve XGBoost Algoritmalarinin Performanslarinin Karsilastirilmasi

Bu béliimde, Oracle SQL sorgularinin performans verileri izerinde kullanilan iki farkli makine
O0grenmesi algoritmasi olan Random Forest ve XGBoost'un tahmin basarilar1 karsilastirmali
olarak incelenmistir. Temel amag, her iki algoritmanin sorgu siiresi tahmini ve performans
gostergelerine dayali optimizasyon Onerileri liretme konusundaki etkinligini degerlendirmektir.

Makine 6grenmesi tabanli siniflandirma modellerinin basarimi yalnizca genel dogruluk orani
(accuracy) ile smirli kalmamali; ayn1 zamanda F1 skoru, duyarlilik (recall), hassasiyet
(precision), egitim siiresi ve tahmin siiresi gibi farkli 6lgiitler iizerinden de analiz edilmelidir.
Bu c¢ercevede, calismada kullanilan Random Forest ve XGBoost algoritmalar c¢esitli
performans kriterleri dogrultusunda karsilagtirllmistir. Asagida bu metriklerin tanimlar1 ve
hesaplama yontemleri sunulmustur.
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3.3.1 Kullanilan Performans Olgciitleri ve Hesaplama Yéntemleri

Siniflandirma  algoritmalarmin bagarisini  degerlendirmek i¢in en yaygin kullanilan
yontemlerden biri karisiklik matrisi (confusion matrix)'dir. Bu matris, modelin tahmin ettigi
siiflarla ger¢ek siniflarin karsilagtirilmasi sonucunda elde edilen dort temel bileseni igerir:
Dogru Pozitif (DP), Yanlis Pozitif (YP), Dogru Negatif (DN) ve Yanlis Negatif (YN). Tablo
3’de bu bilesenler gorsel olarak sunulmustur.

Tablo 3. F1 Skor Karsilastirma Matrisi

Gergek Deger
Matris Bagliklari
Pozitif Negatif
Pozitif Dogru Pozitif (DP) Yanlis Pozitif (YP)
Tahmin Edilen
Negatif Yanlis Negatif (YN) Dogru Negatif (DN)

e Dogru Pozitif (DP): Modelin pozitif olarak tahmin ettigi ve gercekten pozitif olan
orneklerdir.

e Yanlis Pozitif (YP): Modelin pozitif olarak tahmin ettigi fakat gercekte negatif olan
orneklerdir.

e Dogru Negatif (DN): Modelin negatif olarak tahmin ettigi ve gercekten negatif olan 394

Orneklerdir.

e Yanlis Negatif (YN): Modelin negatif olarak tahmin ettigi fakat gergekte pozitif olan
orneklerdir.

Bu dort deger yardimiyla gesitli performans metrikleri hesaplanabilir.

e Dogruluk (Accuracy): Tim dogru tahminlerin toplam tahmin sayisina oranidir.
Dogruluk = (DP +DN)/ (DP+DN+YP+ YN)

e Hassasiyet (Precision): Pozitif olarak tahmin edilenlerin ne kadarinin gergekten pozitif
oldugunu gosterir.

Precision= DP / (DP+YP)

e Duyarlilik (Recall): Gergek pozitif orneklerin ne kadarinin dogru tahmin edildigini
gosterir.
Recall= DP / (DP+YN)

e F1-Skoru (F1 Score): Precision ve Recall degerlerinin harmonik ortalamasidir.
F1-Skoru= 2*(Kesinlik * Duyarlilik) / (Kesinlik + Duyarlilik)

Bu metrikler sayesinde farkli modellerin siniflandirma basarimi karsilagtirmali olarak analiz
edilebilir. Ornegin bu caligma kapsamimda kullanilan Random Forest ve XGBoost
algoritmalarmin degerlendirilmesinde bu matris ve tiirev metrikleri temel alinmistir. Bu
yontem, (Yildirim, 2020) ag tabanli saldir1 tespiti iizerine gergeklestirdikleri ¢alismada da tercih
edilmistir. Onlarin calismasinda, benzer sekilde karisiklik matrisinden tiiretilen metrikler
kullanilarak algoritmalarin dogruluklari karsilastiriimastir.
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4. DENEYSEL CALISMA

Bu bolimde, Oracle veritaban1 sorgu performans verileri lizerinde gelistirilen makine
o0grenmesi modellerinin egitimi, degerlendirilmesi ve karsilastirmali analizleri sunulmaktadir.
Calisma kapsaminda, literatiirde veritabani performans tahmini ve siniflandirma
problemlerinde yaygin olarak kullanilan iki farkli aga¢ tabanli topluluk 6grenme algoritmasi
tercih edilmistir:

e Random Forest modeli: Asir1 6grenmenin (overfitting) Onlenmesi ve genelleme
kabiliyetinin artirilmas1 amaciyla GridSearchCV yontemi kullanilarak optimize
edilmistir. Bu kapsamda, n_estimators=100, max_depth=10, min_samples_split=5 ve
min_samples_leaf=2 gibi hiperparametreler en uygun degerler olarak belirlenmistir.

e XGBoost Modeli: Literatiirde siklikla kullanilan varsayilan parametreler
(n_estimators=100, learning rate=0.3, reg alpha=0, reg lambda=1) ile egitilmis ve
karsilastirma agisindan referans bir model olarak degerlendirilmistir.

Her iki model de Python ortaminda scikit-learn ve xgboost kiitiiphaneleri kullanilarak egitilmis
olup, Oracle SQL_TRACE c¢iktilarindan elde edilen ve oracle perf data.csv dosyasinda yer
alan performans metrikleri tizerinde test edilmistir. Model performanslari; dogruluk (accuracy),
hassasiyet (precision), duyarlilik (recall), F1-skoru, egitim siiresi ve tahmin siiresi gibi hem
istatistiksel hem de operasyonel oOlciitler lizerinden degerlendirilmistir.

Tablo 4. Algoritma Performansi

< . Egitim Tahmin
Model Dogruluk  Hassasiyet Duyarhlik  F1-Skor Siiresi (sn) Siiresi(sn) 395
Random Forest 9%94.3 %94.0 %95.0 %94.5 0.36 0.05
XGBoost %96.1 %96.3 %96.0 %96.1 0.41 0.04

Tablo 4’te sunulan sonuglar incelendiginde, XGBoost algoritmasinin %96.1 dogruluk ve %96.1
Fl-skoru ile Random Forest modeline kiyasla daha yiiksek siiflandirma basaris1 sagladig:
goriilmektedir. Bu durum, XGBoost’un gradyan artirma mekanizmasi ve diizenlilestirme
(regularization) yetenekleri sayesinde karmasik ve yiiksek boyutlu performans verilerindeki
orlintiileri daha etkin bicimde 6grenebilmesine baglanabilir. Random Forest modeli ise %94.3
dogruluk ve %94.5 F1-skoru ile giiclii bir performans sergilemekle birlikte, 6zellikle karmasik
sorgu senaryolarinda XGBoost un gerisinde kalmistir.

Egitim siiresi agisindan degerlendirildiginde, Random Forest modelinin daha kisa siirede
egitildigi, buna karsin XGBoost’un tahmin stiresinde daha hizli sonug iirettigi gézlemlenmistir.
Bu durum, gercek zamanli veya c¢evrim i¢i performans izleme ve karar destek sistemlerinde
XGBoost algoritmasimin daha uygun bir alternatif olabilecegini gdstermektedir. Ote yandan,
Random Forest modelinin daha diisiik egitim maliyeti, sinirli kaynaklara sahip ortamlarda
tercih edilmesini miimkiin kilmaktadir. Deneysel bulgular, her iki algoritmanin da Oracle
tabanli sorgu performans analizi i¢in etkili ¢oziimler sundugunu, ancak yiiksek dogruluk ve
hizl1 tahmin gereksinimlerinin 6n planda oldugu senaryolarda XGBoost algoritmasinin daha
avantajli oldugunu ortaya koymaktadir. Bu bulgular, calismanin ilerleyen asamalarinda
gelistirilecek yapay zeka destekli karar destek mekanizmasinin algoritma sec¢imi agisindan
onemli bir temel olugturmaktadir.
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5. BULGULAR VE TARTISMA

Bu c¢alismada gelistirilen entegre otomasyon sistemi, Oracle PL/SQL sorgularinin
performansini SQL. TRACE ve EXPLAIN PLAN ciktilari lizerinden analiz ederek; elde edilen
verileri (Ornegin tam tablo tarama sayisi, birlestirme (join) miktari, yliriitme maliyeti gibi)
Random Forest algoritmasi ile degerlendirmektedir. Bu sistemin sundugu ¢iktilar asagida
Ozetlenmistir:

e Random Forest algoritmasi, degiskenler arasindaki karmagik iligkileri 6grenme
konusunda giiclii bir topluluk (ensemble) yontemidir.

e Bualgoritmanin tercih edilme nedeni, asir1 6grenmeyi (overfitting) azaltma yetenegi ve
coklu karar agaglar1 tizerinden tutarli tahminler sunabilmesidir. Bagging ve rastgele
ozellik se¢cimi sayesinde model varyansi disiirilerek daha dengeli sonuglar elde
edilmektedir (Breiman, 2001).

e Literatlirde yer alan ¢aligmalar (6rnegin Xuanhe Zhou, 2020 - Database Meets Al: A
Survey) da SQL performans optimizasyonunda makine 6grenmesi tabanli yaklagimlarin
giderek daha fazla kullanildigini ortaya koymaktadir.

Modelin dogrulugunu ve genel basarimini artirmak amaciyla, Random Forest’a ek olarak
XGBoost algoritmasi da uygulanmig ve iki model ¢esitli metrikler {izerinden karsilastirilmistir.
Bu karsilagtirmada dogruluk orani (%96.1 vs. %94.3), F1 skoru (%96.1 vs. %94.5), hassasiyet,
duyarlilik, egitim siiresi ve tahmin siiresi gibi 6l¢iitler dikkate alinmistir. Elde edilen sonuglara
gore, XGBoost algoritmasi siniflandirma basarimi agisindan Random Forest’a kiyasla daha
yiiksek performans sergilemistir. Ozellikle dogruluk ve F1 skoru agisindan anlamli bir iyilesme
gozlemlenmistir. Ancak tahmin siiresi bakimindan Random Forest daha hizli ¢alismakta ve bu
yOniiyle bazi uygulamalarda avantaj saglamaktadir. 396

Bu bulgular, Oracle veritabani performans analizinde tek bir algoritmaya bagli kalmak yerine,
farkl1 makine 6grenmesi yontemlerinin birlikte degerlendirilmesinin daha saglikli sonuglar
verecegini gostermektedir. Random Forest, yorumlanabilirligi ve islem hiziyla 6ne ¢ikarken;
XGBoost daha karmagik Oriintiileri daha isabetli sekilde 6grenme kapasitesiyle dikkat
cekmektedir.

Literatiirdeki benzer calismalar da bu durumu desteklemektedir. Ornegin, Buldu ve arkadaslari
(2020), ag tabanli saldir1 tespitinde XGBoost’un Random Forest’a gore daha yiiksek dogruluk
ve daha diislik hata oran1 sagladigini gostermistir. Benzer sekilde, Chen ve Guestrin (2016)
tarafindan gelistirilen XGBoost algoritmasinin, karar agaglarina dayali yontemler arasinda en
yiiksek siniflandirma dogrulugu ve islem verimliligi sundugu ifade edilmistir.

Sonu¢ olarak, Oracle PL/SQL ve Forms uygulamalarinda performans iyilestirme amaciyla
gelistirilen bu sistemde, makine 6grenmesi modelleri hem teorik hem de deneysel olarak
degerlendirilmis; en uygun algoritmanin uygulama baglamina gore secilmesi gerektigi
sonucuna ulasilmistir. Bu dogrultuda, gercek zamanlilik, kaynak kullanimi1 ve dogruluk gibi
kriterler g6z 6niinde bulundurularak hibrit yaklasimlarin gelistirilmesi 6nerilmektedir.
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6. SONUC VE DEGERLENDIRME

Bu ¢aligmda, Oracle PL/SQL sorgularinin performans analizine yonelik bir otomasyon sistemi
gelistirilmis ve bu sistem, geleneksel izleme araglar1 olan SQL. TRACE ve EXPLAIN PLAN
ciktilar1 ile entegre edilerek sorgu performansina dair kritik verileri toplamistir. Toplanan
veriler, makine Ogrenmesi algoritmalar1 kullanilarak degerlendirilmis ve sorgularin
optimizasyon gereksinimleri hakkinda dneriler sunulmustur.

Calismanin temel amaci, veritabani sorgularinin performansini analiz edebilen, 6grenen ve
oneride bulunabilen bir sistem tasarlamak ve bu sistemin dogrulugunu farkl algoritmalarla test
ederek en uygun yaklasimi belirlemektir. Bu dogrultuda, Random Forest ve XGBoost
algoritmalart kullanilarak smiflandirma modelleri olusturulmus ve sorgularin performans
ozelliklerine gore optimizasyon ihtiyaci olup olmadig1 tahmin edilmistir.

Random Forest algoritmasi, Ozellikle degiskenler arasindaki karmasik iligkileri 6grenme
kapasitesi ve asir1 6grenmeyi azaltma yetenegi ile 6ne ¢ikmistir. XGBoost ise daha yiiksek
dogruluk ve F1 skoru gibi metriklerde iistiin performans sergileyerek, siniflandirma basarimi
acisindan daha etkili bir alternatif olarak degerlendirilmistir. Ancak tahmin siiresi bakimindan
Random Forest daha hizli sonuglar tiretmis ve bu yoniiyle ger¢ek zamanli uygulamalarda
avantaj saglamstir.

Her iki algoritmanin kargilastirmali analizi sonucunda, tek bir makine 6grenmesi yontemine
baglhi kalmak yerine, uygulama baglamma goére farkli algoritmalarin birlikte
degerlendirilmesinin daha saglikli sonuglar verecegi anlasiimustir. Ozellikle biiyiik ve dinamik
veri tabanlarinda, sorgu desenlerinin zamanla degigsmesi nedeniyle, modellerin periyodik olarak
giincellenmesi ve yeniden egitilmesi gerekliligi ortaya ¢ikmistir.

Geligtirilen sistem, SQL sorgularinin ge¢mis performans izlerinden 6grenerek gelecekteki
sorgulara yonelik optimize edici onerilerde bulunabilmekte; bu sayede insan miidahalesine
gerek kalmadan performans iyilestirmesi saglayabilmektedir. Bu yapi, 6zellikle kurumsal
diizeyde biiyiik veri tabami sistemlerinde, karar destek mekanizmalarinin gii¢lendirilmesi
acisindan 6nemli bir katki sunmaktadir.

397

Ayrica, sorgu iyilestirmesi Oncesi ve sonrasi elde edilen metriklerin gorsellestirilmesi, sistem
yoneticilerinin karar alma siireglerini desteklemekte ve oneri sisteminin dogrulugunu gorsel
olarak kanitlamaktadir. Bu baglamda, karar destek sistemlerine entegre edilebilecek
gorsellestirme modiilleri, sistemin kullanilabilirligini ve etkinligini artiracaktir.

Sonug olarak, bu calisma, Oracle PL/SQL sorgularinin performans analizine yonelik yapay
zeka destekli bir yaklagim sunmakta hem teorik hem de uygulamali olarak makine 6grenmesi
algoritmalarinin ~ veritaban1  optimizasyon siireclerine nasil entegre edilebilecegini
gostermektedir. Gelistirilen sistem, veri tabani yonetiminde otomasyonun artirilmasi, insan
hatalarinin azaltilmas1 ve karar alma siireglerinin hizlandirilmasi agisindan 6nemli bir
potansiyele sahiptir.

Gelecekte yapilacak caligmalar i¢in 6nerilen bu sistem, farkli veritabani tiirlerine uyarlanabilir,
daha fazla algoritma ile genisletilebilir ve gergek zamanli izleme sistemleriyle entegre edilerek
daha kapsamli bir performans yonetim platformuna doniistiiriilebilir.
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