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LU240 ULTRASOS SENSORU 9SASINDA SU KANALLARINDA
SORFIN OLCULMOSI VO IDAROETMO QURGUSUNUN iSLONILMOSI

Maryam igbal qiz1 Mammadli
Azorbaycan Memarliq va Insaat universiteti, Baki, Azarbaycan

MICROPROCESSOR-BASED SYSTEM FOR REAL-TIME MEASUREMENT AND CONTROL
OF OPEN-CHANNEL DISCHARGE USING THE SITRANS PROBE LU240 ULTRASONIC SENSOR

Maryam Igbal Mammadli
Azerbaijan University of Architecture and Construction, Baku, Azerbaijan: maryammammdli@gmail.com
https://orcid.org/0000-0001-5578-4517

Abstract. The article investigates the development of a microprocessor-based intelligent measurement and control
system for measuring and automatically regulating water flow in open channels. The proposed system is built on the 4-
20 mA standard analog output of the LU-240 ultrasonic level sensor operating based on the ultrasonic measurement
principle. The analog current signal generated by the sensor is transmitted to the analog input of an STM32F103 micro-
controller via a current-to-voltage converter, where it is digitized and scaled. The measured level values are converted
into flow rate values by considering the hydraulic characteristics of the open channel and are processed at the software
level. The functional structure of the system includes a measurement module, a microprocessor-based processing unit, an
EEPROM memory unit, an 12C interface graphic LCD display, an RF communication module, and a power supply unit.
The device power supply is organized based on a solar panel and a lithium-polymer battery, ensuring long-term and
uninterrupted operation without dependence on an external power source. The system also provides capabilities for remote
data transmission and integration with SCADA systems. The proposed intelligent device can be recommended as an
effective and economically feasible solution for flow measurement and automatic control in open water channels, reser-
voirs, and similar hydraulic structures.

Keywords: water discharge, LU-240, ultrasonic sensor, STM32F103, SCADA.

© 2026 Azerbaijan Technical University. All rights reserved.

Giris. A¢iq su kanallarinda su sorfinin 6l¢iilmosi hidrometrik miisahidolorin asasini toskil edir
va su ehtiyatlarinin planlagdirilmasi, paylanmasi vo somarali idars olunmasinda miihiim rol oynayir.
Beynolxalq hidrometrik tocriibads a¢iq kanallarda axinin 6l¢iilmasi su resurslarinin idars olunmasinin
fundamental elementi kimi qobul olunur va bu prosesin diizgiin toskili 6lgmo naticolorinin etibar-
liligina birbasa tosir gostorir [1, S. 1-2].

Azorbaycan Respublikasi su tominati baximindan mohdud su ehtiyatlarina malik 6lkolor
strasina daxildir va bu sababdon mdvcud su resurslarindan rasional istifads masolosi xiisusi aktualliq
kasb edir. Su anbarlar1 vo onlardan qidalanan aciq su kanallarinda tolobatgilara verilon su sorfinin
diizglin vo operativ sokildo toyin edilmosi su itkilorinin azaldilmasi vo su balansinin qorunmasi
baximindan osas problemlordon biri hesab olunur. Xanbulancay su anbari timsalinda aparilmis
todqiqatlarda gostorilmisdir ki, ¢ixis kanallarinda su sorfino operativ nozarstin tomin edilmasi tigiin
miiasir informasiya-6l¢ma vo idaroetmas sistemlarinin totbiqi zoruridir [2].

Hazirda aciq su kanallarinda su sorfinin toyin edilmasi asasan empirik tonliklors vo hidravlik
hesablama {isullarina asaslanir. A¢iq kanal axinlarinda sorfin toyini {igiin siirat-saha iisulu ilo yanasi,
Manning tonliyi vo digor empirik asililiglar genis totbiq olunur. Bu iisullar miioyyan istismar
soraitlorindo qonastboxs naticalor verse do, empirik amsallarin kanal yataginin vaziyyetindon asilt
olaraq doyismosi hidravlik hesablamalarin naticolorine birbasa tosir gostorir vo 6lgmo xatalarinin
yaranmasina sobab ola bilor. Bu sobabdon 6lgmo molumatlarinin avtomatlasdirilmis sokilds toplan-
mas1 vo emali miiasir hidrometrik sistemlor ii¢lin zoruri hesab olunur [3].

Aciq su kanallarinda sorfin soviyyoe dlgmolorino asason hesablanmasi {i¢iin on genis totbiq
olunan empirik asililiglardan biri Manning tonliyidir [3]:

Q — 1R2/3]1/2 A
n
Vv — orta siirat (m/s);
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e R — hidravlik radius (en kasik sahasi/nom miihit) (m);

e J — kanal ayrisi (m/m);

e n — Gauckler-Manning amsali (m~1/3x san);

e A —axan suyun en kasiyi sahasi (m?);

e P —su ilo tomasda olan kasik sahasinin perimetri vo ya yas perimetri (m).

Miiasir hidrometriyada su sorfi hidrologiyanin oan miihiim 6lgmalarindon biri hesab olunur va
bu gostoricinin doqiqliyi bir hdvzads bas veran hidroloji proseslorin diizgiin qiymatlondirilmasi {li¢iin
holledici ohomiyyot dasiyir. Aparilmis todqiqatlarda gostorilir ki, agiq kanal axinlarinda sorfin
Olcililmoasi zamani anonovi iisullarin totbiqi ilo yanasi, miiasir 6lgmo cihazlar1 vo avtomatlasdirilmis
monitoring sistemloring ehtiyac getdikco artmaqdadir [4].

Son illoardo 6lgmo texnologiyalarinin inkisafi aciq su kanallarinda sorfin tomassiz tisullarla
ol¢iilmasinag vo dlgma prosesinin avtomatlagdirilmasina imkan yaratmigdir. Ultrases 6lgma prinsipine
osaslanan soviyyo sensorlart mexaniki asinmanin olmamasi, uzunmiiddatli istismar vo sort miihit
soraitindo etibarli islomo xiisusiyyatlori ilo segilir. Sonaye avtomatikasinda 4-20 mA analoq ¢ixis
interfeysi 6lgmo molumatlarinin uzun mosafolora vo elektromaqnit maneolors davamli sokildo
otiirtilmoasi magsadila tatbiq olunur [5, s. 1-2].

Aciq su kanallarinda yalniz 6lgmonin deyil, hom do 6lgma naticoloring osaslanan avtomatik
idaraetmonin togkili hidravlik rejimin stabil saxlanilmasi ii¢lin xiisusi oshomiyyast dastyir. Nasoslarin
va ya tonzimloyici klapanlarin drayver vasitasilo idars olunmasi su sarfinin normativ hadlords saxla-
nilmasina va insan faktorunun minimuma endirilmasine imkan verir.

Bu isin mogsadi ultrasas dlgma prinsipine asaslanan LU-240 tipli soviyya sensoru, STM32
osasli mikroprosessorlu idaroetma bloku vo drayver vasitosilo avtomatik idaroetms totbiq etmaoklo
ac1q su kanallarinda su sorfinin 6l¢tilmasi vo tonzimlonmasi ii¢ilin intellektual 6lgma-idaraetmas qurgu-
sunun islonilmasi vo tadqgiqindon ibaratdir.

Masalonin qoyulusu. A¢iq su kanallarinda su sorfinin Ol¢lilmosi vo tonzimlonmasi ii¢lin
moveud 6lgma vasitalorinin tohlili gdstorir ki, 6lgmo naticalorinin etibarliligi 6lgmo sisteminin texniki
xiisusiyyatlorindon, yerlosma soraitindon va otraf miihit amillorindon birbasa asilidir. Bu baximdan
ultrasas 6lgma prinsipina asaslanan moéveud soviyya sensorlart vo mikroprosessorlu idaraetma vasi-
tolori bazasinda yeni intellektual 6l¢mo-idaroetma qurgusunun islonilmasi aktual elmi-texniki vozifa
kimi qarsiya ¢ixir.

Toklif olunan 6lgmo-idaroetms sisteminin iglonilmasi zamani informasiya-6l¢mo vo mikropro-
sessor texnologiyalarinin miiasir nailiyyatlorindon istifado edilmis vo agiq su kanallar1 iiglin
xarakterik olan asas parametrlor nozors alinmigdir. Bu parametrloro su saviyyasinin doyismasi, axinin
hidravlik rejimi, 6l¢gma qurgusunun yerlogsma soraiti, eloce do atraf miihitin temperaturu daxildir.

Islonilon 6lgmo qurgusu asagidaki osas funksiyalarm yerino yetirilmosini tomin etmolidir:

e ultrasas sensoru vasitasilo su soviyyasinin zaman iizra doyigsmasinin 6l¢iilmasi h(t);

e Ol¢iilmiis soviyys malumatlari asasinda a¢iq su kanalinda su sorfinin hesablanmasi Q(t);

e otraf miihit temperaturunun 6l¢iilmosi vo 6lgmo noticoloring temperatur tosirlorinin nozoro
alinmasi;

e Olcmo naticolorinin mikroprosessorlu idarsetms blokunda emali vo yaddasda saxlanilmast;

e Olgmo moalumatlarinin ndvbati idarsetma soviyyasine Otiirlilmasi ii¢lin molumat massivlarinin
formalasdirilmast;

Olgmo-idaroetma qurgusunun elektron sxemi sonaye miihitinde mévcud olan elektromagpnit
maneolors garst dayaniqli olmali vo uzunmiiddatli istismar zamani1 6lgmo doqiqliyini saxlamalidir.
Uzaq va enerji tochizatinin mahdud oldugu orazilords totbiq imkanlarint geniglondirmak magsadilo
qurgunun enerji tochizatinda kabel xottindon istifado edilmomali vo giinos enerjisi osasinda qidalanma
nazards tutulmalidir [6, s. 40-45].

Beloliklo, toklif olunan intellektual 6lgmo-idaraetma qurgusunun islonilmasi zamani asagidaki
osas meyarlar rohbar tutulmalidir: asagi maya doyari, quragdirmanin sadsliyi, 6lgme hassasliginin vo

6



M.I.Mammadli / Proceedings 1 /2026, 5-12

Automatics

doqigliyinin yiiksok olmasi, istismar etibarliligi, eloco do miixtalif hidravlik soraitloro uygunlasma
imkanlarinin mévcudlugu.

Intellektual 6l¢cma-idaraetma qurgusunun islonilmasi. Aciq su kanallarinda su soviyyaesinin
fasilosiz vo etibarli Olgiilmasi su sorfinin diizgiin hesablanmasinin osas sortlorindon biridir. Bu
mogsadlo toklif olunan 6lgme-idaraetmo sistemindos ilkin ¢evirici qisminds dlgiilocok mosafoni 4-20
mA diapazonunda coroyana cevira bilon sonaye tipli SITRANS LU240 ultrasos soviyys sensoru
secilmisdir. Sensorun se¢ilmosi zamani agiq kanallarda 6lgmo soraitino uygunlug, 6lgmo doqiqliyi,
sonaye avtomatikasi sistemlori ilo inteqrasiya imkanlar1 vo istismar etibarliligi asas meyarlar kimi
gobul edilmisdir. A¢iq su kanallarinda su sorfinin doqiq miioyyon edilmasi birbasa su soviyyasinin
etibarli Ol¢lilmosindon asilidir. Bu mogsadlo toklif olunan 6lgmo-idaroetma sistemindo osas 6lgmo
elementi kimi sonaye tipli ultrasss soviyya sensoru SITRANS LU240 se¢ilmisdir. Sensorun se¢imi
onun tomassiz 6l¢ma prinsipi, sonaye avtomatikasi sistemlari ilo uygunlugu vo aciq kanallarda totbiq
imkanlar1 nozars alinmagqla osaslandirilmisdir [5, s. 2-4].

SITRANS LU240 ultrases impulslarinin su sothino Gtiiriilmasi vo oks olunmus signalin geri
qayitma vaxtinin dl¢iilmesi prinsipi osasinda isloyir. Olgiilmiis vaxt intervalina osason sensorla su
sothi arasindaki mesafo miioyyon edilir vo bu mosafo kanalin konstruktiv xiisusiyyatlori nozoro
alinmagqla su soviyyssinin cari qiymaoting cevrilir [5, s. 3—4]. Tomassiz 6l¢ma iisulu aciq kanallarda
cokiintiilor, yosunlagma vo mexaniki tasirlor naticosinds yaranan 6l¢mo xatalarinin qarsisin1 almaga
imkan verir. Sensorun mithiim tstiinliiklorindon biri 6lgma naticalorinin 4-20 mA analoq ¢ixis
signali soklindo formalagdirilmasidir. Asagr hoddin 4 mA soviyyosindo formalagdirilmast xott
qirilmasi va sensor nasazligi hallarinin operativ agkarlanmasina sorait yaradir [9, s. 12-15].

Aciq kanal sistemlorindo sorfin toyini soviyyo Olgmoalorine asaslanan ovvolcodon miisyyon
edilmis hidravlik asililiglar vasitasilo hoyata kegirilir. Bu yanagma Parshall flumlari, V-gokilli 6l¢mo
bondlori va digor agiq kanal qurgularinda genis totbiq olunur. Beloliklo, LU240 sensoru saviyya
Olgmalori asasinda yalniz su hiindiirlilyliniin deyil, hom do hocm vo hacm sorfinin avtomatik
hesablanmasina imkan yaradir.

Otraf miihit temperaturunun doyigmosi ultrases dlgmalorinds signalin yayilma siiratino tosir
gostara bildiyindon 6l¢ma xatalarinin yaranmasina sobab ola bilor. SITRANS LU240 ultrasss saviyyo
sensorunda temperatur kompensasiyasi daxili sokilds reallagdirilmigdir vo istehsalgt torafindon 6lgmo
alqoritminin temperatur diapazonu iizra avtomatik korrekts edildiyi gostarilir [10].

Temperatur kompensasiyast 6lgmo naticolorinin miixtolif iglim vo movsiim soraitlorinds
stabilliyini tomin edir vo a¢iq su kanallari tigiin vacib texniki {istiinliik hesab olunur.

Ultrases olgmoalorindo sosin havada yayilma siirstinin temperaturdan asililigi asagidaki
yaxinlagma ils ifads olunur [11, s. 58-62]:

c(T) = 332+ 0.6T

burada T — temperaturdur (°C).

Belolikla, SITRANS LU240 ultrasos saviyya sensorunun tatbiqi a¢iq su kanallarinda saviyyanin
fasilasiz va etibarli 6l¢iilmasini, saviyys asasinda sarfin avtomatik hesablanmasini vo 6l¢gma molumat-
larinin sanaye tipli idaraetma sistemloring Gtiiriilmasini tomin edon funksional va etibarl texniki hall
kimi qiymatlondirile biler.

Aciq su kanallarinda su sorfinin toyini birbasa Olciilon su soviyyesi ilo kanalin hidravlik
xiisusiyyotlori arasinda mévecud olan asililiglara asaslanir. Olgmo-idaroetmo sistemindo SITRANS
LU240 ultrasas sensoru vasitasilo oldo edilon soviyys molumatlari h(t) avvalcadon miioyyon edilmis
hidravlik modellars uygun olaraq su sarfinin Q(t) hesablanmasi iigiin istifade olunur [7].

Aciq kanallarda sorfin hesablanmasi mogsadilo Parshall flumlari, V-gokilli 6lgmo bondlori vo
digor standart hidravlik qurgular ii¢lin qobul edilmis empirik vo ya analitik ifadslor tatbiq edilir. Bu
ifadolordo sorf giymoti 6l¢giilon soviyyo gostaricisinin qeyri-xatti funksiyast kimi toyin olunur vo
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kanalin geometrik parametrlori nozoro alinir. Belo yanagma beynolxalq normativ sonadlords vo
hidrometrik tocriibads genis istifads olunur [8, s. 150-160].

LU240 sensorundan daxil olan soviyys signallar1 mikroprosessorlu idaresetmo blokunda
rogomsal formaya cevrilir vo program tominatinda reallasdirilmis alqoritm vasitasilo cari sorf qiymoti
hesablanir. Hesablanmig sorf molumatlart real vaxt rejiminds monitoring {i¢iin istifade olunur vo
texnoloji prosesin avtomatik idaro olunmasi moagsadilo névbati idaraetmo soviyyasino otiiriiliir.

Beloalikla, soviyya Olgmalari asasinda su sorfinin avtomatik hesablanmasi 6lgmo prosesinin
operativliyini artirir, insan faktorundan asililigir azaldir vo agiq su kanallarinda su ehtiyatlarinin
somarali idars olunmasina imkan yaradir.

SITRANS LU240 ultrasas soviyya sensorundan alinan 6lgmo molumatlari sonaye avtomati-
kasinda genis totbiq olunan 4-20 mA analoq caroayan siqnali soklinde formalasdirilir. Bu tip signal
oOtiirtilmoasi uzun mosafalords yiiksok sos-kiiys vo elektromaqgnit maneolors davamliligt ils secildi-
yindon 6lgma sistemlorinin etibarliligini artirir. Lakin mikrokontroller asasli idaroetma qurgularinda
analoq girislor gorginlik signallar1 ilo islodiyindon 4-20 mA corayan signalinin uygun gorginlik
diapazonuna ¢evrilmasi zoruridir [5].

Bu maogsadlo 6lgmo dovrasinds coroyan-gorginlik ceviricisi totbiq olunur vo dlgmo signal
mikrokontrollerin analog-raqom g¢eviricisinin (ARC) qgobul eds bilocoyi gorginlik diapazonuna
uygunlagdirilir. Cevirici morhalssi yalniz signalin uygunlasdirilmasini deyil, eyni zamanda 6lgmao
xottindo yaranan elektromaqnit tosirlorin vo impuls xarakterli maneslorin azaldilmasini da tomin edir.
Bunun ii¢ilin analoq dévrada filtrasiya elementlorindon istifads olunaraq 6l¢mo signalinin sabitliyi vo
6lgma doqiqliyi artirilir [12].

IIkin analoq emal morhalasindo miqyaslama amaliyyatlar1 hoyata kegirilir vo 4-20 mA diapa-
zonu proqram tominatinda emal {igiin olverigli 6l¢mo intervalina uygunlasdirilir. Noticodo, ¢evrilmis
vo filtrasiya olunmus analoq signal mikrokontrollerin ARC moduluna é&tiiriilorak roqomsal formaya
cevrilir vo novboti moarhslodo program tominati soviyyasindo emal olunur. Bu yanasma 6lgmo
molumatlarinin doqiqliyini vo etibarliligin1 artirmaqla yanasi, aciq su kanallarinda saviyye vo sorf
Olgmalarinin avtomatlasdirilmis idaraetma sistemloring inteqrasiyasini tomin edir.

[lkin analoq ¢evrilma va signalin uygunlasdiriimasi morhalosindon sonra 6l¢gmo molumatlarinin
emal1 vo idaroetmo gorarlarinin formalasdirilmasi mikroprosessorlu idaroetmo bloku vasitasilo hoyata
kegirilir. Toklif olunan 6lgmo-idaraetms sistemindo bu mogsadlo STM32 ailosine moxsus mikrokon-
troller totbiq edilmisdir. Mikrokontroller 6lgma sisteminin bir elementi kimi ¢ixis edorok analog-
rogom ¢evirmo, 6lgmo malumatlarinin program tominati saviyyasinde emali, naticalorin yadda sax-
lanmasi vo idaraedici signallarin formalagdirilmasi funksiyalarini yerino yetirir [13 s. 215-220].

Mikrokontrollerin analog-ragem ¢eviricisi vasitasilo rogomsal formaya c¢evrilmis 6lgmo
molumatlar1 proqram tominatinda reallasdirilmis zaman iizrs siiriison orta alma (time-based moving
average) roqgomsal filtrasiya alqoritmi asasinda emal olunur [14, s. 277-284].

Sokil 1-do agiq su kanalinda soviyys vo sorfin 6l¢lilmasi tigiin toklif olunan 6lgmo-idaroetmo
qurgusunun modul sxemi toqdim edilmisdir. Modul sxemin asas elementlori ultrasas soviyya sensoru
SITRANS LU240, 6lgmo—idaraetma bloku, enerji tochizati sistemi vo molumat 6tiirmos interfeysindon
ibaratdir. Ultrasos sensoru kanal tizarinds yerlosdirilorak su sathine impulslar gondarir vo oks olunan
signalin geri qayitma vaxtina asason cari su soviyyasini 0l¢iir. Sensorun ¢ixiginda formalagan 4-20
mA analoq signal 6lgmo-idaraetma blokuna 6tiiriiliir vo burada ilkin ¢evrilma vo emal marhalslorin-
don kegirilir. Ol¢iilmiis soviyys molumatlar1 osasinda su sorfinin hesablanmasi hayata kegirilir vo oldo
olunan naticalor monitoring va idareetma moagsadlari ii¢iin istifade olunur. Qurgunun enerji tochizati
glinos paneli vo akkumulyator batareyasi vasitosilo tomin edilir ki, bu da sistemin elektrik
sobakasindaon asili olmadan, avtonom rejimda islomasine imkan yaradir.

Sokil 2-dos toklif olunan sistemin struktur (prinsipial) sxemi gostorilmisdir. Struktur sxemo ultra-
$9s saviyya sensoru, analoq signalin ¢evrilmasi vo uygunlasdirilmasi bloku, mikroprosessorlu idaroetmo
bloku, enerji tochizati sistemi vo icraedici mexanizmlorin idars olunmast {i¢iin drayver daxildir.
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Sakil 1. Kanalda yerlosdirilmis LU240 ultrasos sensoru

Ultrasos sensorundan daxil olan 4-20 mA analoq signal corayan-gorginlik ceviricisi vasitosilo
mikrokontrollerin analoq girislorina uygun gorginlik diapazonuna cevrilir. Ilkin analoq emal morhe-
lasindo filtrasiya vo miqyaslama amoliyyatlari yerino yetirilir. Emal olunmus signal mikrokontrollerin
analog-ragam ¢eviricisina otiiriilorak raqomsal formaya gevrilir vo program tominati soviyyasindo
emal olunur.

Hesablanmis sorf qiymatlori asasinda mikrokontroller torafindon idaroedici signallar formalas-
dirtlir vo bu signallar drayver vasitasilo tonzimloyici mexanizmlorin i§ rejimino tasir gostorir.
Belalikls, 6lgma vo idarsetmo proseslori vahid sistem ¢or¢ivasinds avtomatik sokilds hoyata kegirilir.

[lkin analoq ¢evrilma va siqnalin uygunlasdiriimasi morhalosindan sonra 6l¢gmo molumatlarinin
emal1 vo idaraetma gorarlarinin formalagdirilmast mikroprosessorlu idaroetma bloku vasitasilo hoyata
kegirilir [12]. Bu mogsadlo toklif olunan dlgmo-idaroetmo sistemindo STM32 ailosino moxsus
STM32F103 tipli mikrokontroller totbiq edilmisdir.

STM32F103 mikrokontrolleri 6l¢gmo-idaroetma sisteminin morkozi funksional elementi kimi
cixig edorok analog-ragom g¢evirmo, dlgmo molumatlarinin proqram tominatt saviyyesindo emali,
naticolorin yadda saxlanilmas1 va idaraedici signallarin formalasdirilmasi funksiyalarini yerina yetirir
[12]. Mikrokontroller ARM Cortex-M3 niivesi osasinda qurulmusdur vo 72 MHz takt tezliyindo
islomo imkanina malikdir ki, bu da 6lgmo moalumatlarinin real vaxt rejimindo emali tigiin kifayot qodor
hesablama mohsuldarligini tomin edir [13, s. 22-30].

r— — — — — _1 _____ ]
L | w1
Sarf sensory | T l STM3IZF103-BP T L |-‘E:$~
Corovan-gargmbk | 1 + SCL TxD ¥ BxD . I{j‘—l—i
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LU-240 s{Ain  ME
| EEPROM | SCL sba |
| 24032 - = 5DA SCL |
T i PWM_Ain
Giinas pancli | vr Pamn idara Jl , |
TV glunmaz AB LiPo AR +33V
- Eomicy ~—= |
91 | " K (rl_ llen ' e - \‘]]rl cnr
{ - 714% T 21101 W |
L — ]

Sokil 2. 4-20 mA ¢ixisli LU240 sensoru osasinda su kanalinda sorfin
Olgiilmasi vo avtomatik idara olunmasi ti¢lin struktur sxemi
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Rogomsallagdirilmis 6lgmo molumatlart mikrokontrollerin daxili operativ yaddasinda (SRAM)
saxlanilir vo program tominatinda reallasdirilmis alqoritm osasinda emal olunur. Bu morhalodo
ultrasos sensoru vasitasilo 6l¢iilmiis soviyyo signallarinin zaman tizro doyismasi tohlil edilir, 6lgmo
sos-kiiyiiniin tosirinin azaldilmasi mogsadilo rogomsal filtrasiya tisullarindan istifadoe olunur va cari
su sarfi qiymati avvalcadon miioyyan edilmis hidravlik hesablama modeli asasinda hesablanir [12].

Hesablanmis sorf qiymaotlori mikrokontroller torafindon verilmis normativ vo texnoloji para-
metrlorlo miiqayise edilir vo miiqayisonin naticasindon asili olaraq idaroedici signallar formalas-
dirilir. Bu signallar mikrokontrollerin GPIO va zamanlayici (timer) modullar1 vasitosilo drayvera
otiirtiliir vo nasoslarin va ya elektrikls idars olunan tonzimlayici klapanlarin is rejimins tosir gdstorir
[11,s. 310-325].

STM32F 103 mikrokontrollerinin periferiya modullar1 6l¢gma naticalorinin vizuallagdirilmasi vo
yadda saxlanilmasi funksiyalarini da tomin edir. I>C interfeysi iizorindon qosulmus qrafik LCD
displey vasitasilo cari su soviyyasi vo hesablanmis su sorfi qiymatlori real vaxt rejimindo oks olunur,
EEPROM yaddas qurgusunda iso kalibrlomo amsallari vo sistem parametrlori saxlanilir [12].

Bundan slavo, STM32F103 mikrokontrollerinin USART interfeysi RF rabito modulu ils slago
yaradaraq 6l¢mo molumatlarinin uzaq mosafoys Gtiiriilmasine vo SCADA tipli yuxari soviyysli
idaroetmo sistemlorino inteqrasiyasina imkan verir. Mikrokontrollerin asagi enerji sorfiyyatt vo
miixtolif enerji gonast rejimlorinin mdévcudlugu qurgunun giines paneli vo akkumulyator asasinda
uzunmiiddatli avtonom istismarini tomin edon miihiim texniki Gstiinliik hesab olunur [13, s. 22-30].

Beloliklo, STM32F103 mikrokontrollerinin funksional vo texniki imkanlar1 toklif olunan
0lgmo-idaroetms sistemindo 6lgmo molumatlarinin real vaxt rejimindo emali, avtomatik idaroetmo
gerarlarin formalasdirilmasi vo agiq su kanallarinda su sorfinin stabil tonzimlonmasi {i¢iin etibarli
texniki baza yaradir [11, s. 11-15].

Olgmo molumatlarinin mikroprosessorlu idarsetmo blokunda emalindan sonra su sorfinin
tonzimlonmasi mogsadilo formalasdirilan idarsedici signallar drayver modulu vasitosilo icraedici
mexanizmloro Otiiriiliir. Drayver modulu mikrokontrollerin asagi soviyysli idaroetms signallarini
nasos aqreqatlart vo ya elektriklo idaro olunan tonzimlayici klapanlarin islomaosi ii¢ilin tolob olunan
gorginlik vo corayan soviyyasine uygunlasdirir ki, bu yanasma sonaye avtomatikasinda aktuatorlarin
idara olunmasi {igiin genis totbiq edilir [11, s. 115-130].

Aciq su kanallarinda su sorfinin avtomatik tonzimlonmasi tigiin icraedici mexanizm kimi on ¢ox
nasos aqreqatlart vo solenoid tipli tonzimloyici klapanlardan istifado olunur. Bu tip icraedici
qurgularin birbasa mikrokontrollerin ¢ixiglarindan idars edilmasi miimkiin olmadigindan, drayver
moarhalasi vasitasila giic giiclondirilmasi va elektrik izolyasiyasi hayata kegirilir [16, s. 55—75].

Drayver osashi idareetmo strukturu O6l¢gmo-idarsetmo sistemindo qapali dovro prinsipinin
reallagdirilmasina imkan yaradir. Belo ki, mikrokontroller torofindon hesablanmis cari su sorfi
normativ vo ya texnoloji sorf gostaricisi ilo miiqayise edilir vo yaranan forq osasinda icraedici
mexanizmin i rejimi avtomatik olaraq tonzimlonir. Bu yanasma proses avtomatikasinda stabilliyin
va etibarliligin tomin edilmoasi baximindan effektiv hesab olunur [15, s. 21-23].

Sonaye totbiqlorinda istifads olunan drayver modullar1 yiiksok corayanl yiik rejimlorinda
etibarli islomok {igiin miixtalif qoruyucu elementlorls tochiz olunur. Bu elementlara qisagapanmadan
miihafizo, induktiv yiiklordon yaranan geriys elektromaqnit impulslariin sondiiriilmosi (flyback
protection) va istilik qorunmasi daxildir ki, bu da hom icraedici mexanizmlorin, hom ds idareetma
elektronikasinin uzunmiiddatli istismarini tomin edir.

Beloliklo, mikroprosessorlu idaroetmo blokunun drayver vasitosilo nasos vo ya tonzimloyici
klapanlara tosir gostormosi aciq su kanallarinda su sorfinin avtomatik vo ¢evik sokildo tonzimlon-
masing imkan yaradir. Bu isa 6lgma naticalorine asaslanan qorarlarin operativ icrasini tomin etmoklo
sistemin funksional etibarliligini va idaraetma doaqiqliyini artirir [15, s. 20-25].

Olgmo-idarsetma qurgusunun enerji tochizati sistemi giinos paneli, sarj kontrolleri vo akkumul-
yator batareyasi osasinda toskil edilmisdir. Giinos paneli vasitasilo otraf miihitdon alinan enerji akku-
mulyator batareyasinda toplanaraq qurgunun fasilosiz islomosini tomin edir. Bu yanagma 6lgmo-
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idaroetmo sisteminin xarici elektrik sobokasindon asililigini aradan qaldirmaqla onun uzaq va ¢atin
olcatan orazilordos totbiq imkanlarini genislondirir.

Akkumulyator batareyasinda toplanan enerji stabilizasiya olunmus qida monbayi vasitasilo
0l¢mo-idaroetmo qurgusunun funksional bloklari {i¢iin tolob olunan gorginlik soviyyalorine uygunlas-
dirtlir. Enerji tachizati sisteminda tatbiq olunan bu hall mikroprosessorlu idareetma blokunun, 6lgma
modullarinin, rabits vasitalorinin vo vizuallasdirma qurgularinin etibarli vo stabillogdirilmis enerji ilo
tomin olunmasina imkan yaradir.

Giinos enerjisi asasinda qurulmus enerji tochizati sistemi 6lgmo-idarsetmo qurgusunun uzun-
miiddotli avtonom istismarini tomin etmokls yanasi, istismar xorclorinin azaldilmasina vo sistemin
imumi etibarliligmin artirilmasina xidmot edir. Bu ciir enerji tochizati holli agiq su kanallari, su
anbarlar1 vo oxsar hidravlik obyektlordo 6lgma vo avtomatik idaroetmo sistemlorinin totbiqi liglin
maqsadouygun hesab olunur.

Notica. Aparilmis todqiqatlar gostorir ki, aciq su kanallarinda su sorfinin fasilasiz, doqiq vo
operativ sokildo Ol¢ililmasi va tonzimlonmasi su ehtiyatlarinin somorali idaro olunmasi baximindan
miihiim elmi-texniki shomiyyoto malikdir. Maqalods ultrasos 6lgma prinsipins asaslanan SITRANS
LU240 tipli saviyys sensoru vo STM32F103 mikrokontrolleri asasinda qurulmus intellektual 6l¢gmo-
idaroetmo sisteminin strukturu vo is prinsipi islonilmisdir. Toklif olunan sistemdo ultrases sensoru
vasitasilo Olciilon su saviyyesi moalumatlar1 corayan-gorginlik ¢eviricisi vo analog-ragom g¢evirma
morholosindon sonra mikroprosessorlu idarsetmo blokunda proqram tominati saviyyesinds emal
olunmug vo agiq kanalin hidravlik xiisusiyyotlori nozora alinmaqla su sorfi miioyyon edilmisdir.
Sistemin struktur sxemindo simsiz rabito modulunun totbiqi 6l¢moe molumatlarinin real vaxt rejimindo
uzaq mosafoys Otiirlilmosine vo yuxari soviyyali monitoring sistemlorino inteqrasiyasina imkan
yaratmigdir. Glinos enerjisi vo akkumulyator batareyasi osasinda qurulmus enerji tochizati iso 6lgmo-
idaroetmo qurgusunun xarici elektrik sobokosindon asili olmadan, avtonom rejimdo uzunmiiddotli
istismarini tomin etmisdir. Aparilmis tohlillor gostorir ki, toklif olunan intellektual 6l¢gma-idaroetma
sistemi a¢1q su kanallarinda su sorfinin 6l¢iilmasi vo tonzimlonmasi tigiin funksional, ¢evik va iqtisadi
cohotdon mogsadsuygun texniki hall hesab oluna bilor. Sistemin modullu qurulusu onun miixtolif
hidravlik obyektlors uygunlagdirilmasina, sonaye avtomatikast vo SCADA sistemlori ilo inteqrasi-
yasina genig imkanlar yaradir. Galocak todqiqatlarda toklif olunan sistemin real istismar soraitinda
uzunmiiddatli sinaglariin aparilmasi, miixtslif kanal profillori tigiin hidravlik modellorin doqiglosdi-
rilmasi vo simsiz rabito texnologiyalariin optimallagdirilmast magsedsuygun hesab olunur.
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LU240 ULTRASOS SENSORU 9SASINDA SU KANALLARINDA
SORFIN OLCULMOSI VO IDARDETMO QURGUSUNUN ISLONILMOSI

M.i.Mammadli

Xiilasa. Maqalads agiq su kanallarinda su sarfinin 6lgiilmasi vo avtomatik idars olunmasi iigiin mikroprosessor asasli
intellektual 6l¢mo-idaraetma sisteminin islonilmosi mosalolori aragdirilmisdir. Toklif olunan sistem ultrases 6lgmao prinsi-
pina asaslanan LU-240 tipli saviyya sensorunun 4-20 mA standart analoq ¢ixis1 asasinda qurulmusdur. Sensor torafindon
formalagdirilan analoq carayan signali corayan-gorginlik geviricisi vasitosilo STM32F103 tipli mikrokontrollerin analoq
girising otiiriiliir vo burada rogomsallasdirilaraq miqyaslasdirilir. Olgiilon soviyya giymetlori aciq kanalin hidravlik
xiisusiyyotlori naozora alinmaqla sorf qiymetlorine g¢evrilir vo proqram tominati soviyyesindo emal olunur. Sistemin
funksional qurulusuna 6lgms modulu, mikroprosessorlu emal bloku, EEPROM yaddas qurgusu, 12C interfeysli qrafik
LCD displey, RF rabito modulu va enerji tochizati bloku daxildir. Qurgunun enerji tominati giinas paneli v litium-polimer
akkumulyator asasinda toskil edilmisdir ki, bu da onun xarici enerji manbayindan asili olmadan uzunmiiddstli va fasilasiz
islomosini tomin edir. Olgmo malumatlarinin uzaq mosafays &tiiriilmosi vo SCADA sistemloring inteqrasiya imkanlar1 da
nazora alinmigdir. Toklif olunan intellektual qurgu aciq su kanallarinda, su anbarlarinda vo oxsar hidravlik obyektlords
sorfin 6l¢iilmasi vo avtomatik idars olunmasi {igiin effektiv vo iqtisadi cohotdon magsadouygun hall kimi tévsiys edilo
bilar.

Acar sozlar: su sarfi, LU-240, ultrasas sensoru, STM32F103, SCADA.
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Abstract. In a rapidly globalizing world economy, vocational education and skills development play a decisive
role in shaping sustainable and competitive labor markets. As globalization accelerates cross-border investment, in-
dustrial transformation, and technological change, the international labor market increasingly demands a highly skilled
and adaptable workforce, prompting vocational education systems to undergo strategic reform. Continuous upskilling
and reskilling, supported by lifelong learning, have become essential: the WEF estimates that around 39% of workers’
core skills will change by 2030, intensifying the need for adaptable, skills-first education and training systems.

This study analyzes new approaches to vocational education against the backdrop of rapid technological development
and the globalization of the labor market. It argues that Azerbaijan’s vocational education system remains insufficiently
aligned with these realities, in particularly technological innovation and the rising requirements of the international labor
market. Drawing on the standards and indicators of international organizations such as World Skills, ILO, and UNESCO-
UNEVOC, the study diagnoses the system’s principal structural and content-related problems, examines the role of uni-
versity-based Lifelong Learning Centers, and develops evidence-based recommendations for improvement.

Keywords: lifelong learning, reskilling and upskilling, labor market globalization, technological change, digital skills,
employability, Azerbaijan.
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INTRODUCTION

Problem background

Vocational skills are fundamental to productivity, innovation, and employment, and a substan-
tial body of recent evidence documents the economic and social returns to investing in them:

« according to the OECD, when workers’ skills remain under-used, productivity suffers, innova-
tion slows, and wage progression weakens, making effective use of skills as important as pro-
ducing them [1];

« the World Bank finds that about two-thirds of the income gap between developed and develop-
ing countries can be attributed to differences in human capital, and a 15-point gain in the Human
Capital Index is associated with roughly 15% higher future GDP per worker [3];

« in the EU, the employment rate of recent medium-level vocational education graduates (aged
20-34) was 80.0% in 2024, against an EU target of at least 82% by 2025 [4];

« in the field of Al, 46% of leaders cite skill gaps as a major barrier to technology adoption [5];

« around 39% of workers’ core skills are expected to change or become outdated by 2030, down
from 44% in 2023, reflecting continued but slowing skill instability [2, Figure 3.1];

« if the global workforce were 100 people, 59 would require reskilling or upskilling by 2030, and
11 of them would be unlikely to receive it, leaving them at risk of redundancy [2, Executive
Summary];

« skill gaps are seen as the single biggest barrier to business transformation, cited by 63% of
employers, while 85% of employers plan to prioritize workforce upskilling [2, Executive Sum-
mary];

« job disruption is projected to equal 22% of jobs by 2030, 170 million new roles created and 92
million displaced, a net gain of 78 million [2, Executive Summary];

« UNESCO frames lifelong and adult learning as a catalyst for empowerment and adaptability in
the face of digitalization and economic change [6]; reinforcing this, 50% of the workforce has
already completed training as part of learning-and-development initiatives, up from 41% in
2023 [2, Section 3];
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* LinkedlIn reports that 91% of learning-and-development professionals agree continuous learn-
ing is more important than ever for career success, while 49% say their executives are concerned

that employees lack the skills to execute business strategy [8].

The globalization of vocational education is driven directly by international investment and
labor mobility. The ILO’s World Employment and Social Outlook: Trends 2025 reports global un-
employment of 5% in 2024 but persistently high youth unemployment of 12.6%, and calls for im-
proved vocational training to prepare the workforce for green and Al-driven sectors [7]. As economies
become more interconnected, countries increasingly develop vocational education systems that re-
flect global standards, technological trends, and international labor market dynamics.

Against this background, recent years have seen a marked rise in vocational-education applica-
tions from Azerbaijan, especially to Germany through the Ausbildung track and growing efforts to
access employment opportunities through this route. This raises two central questions. First, what
factors shape the integration of Azerbaijan’s vocational education system into modern technological
development and the international labor market, and its adaptation to their requirements? Second,
how can the employment prospects be improved for “uncompetitive” individuals who possess real
skills but graduated from the “old” system and are unaware of the new system’s requirements?

For these individuals, two problems emerge prominently: (1) weakening competitiveness in the
local labor market, driven by new technologies and rapid technological innovation; and (2) an inabil-
ity to integrate into or even envision the international labor market, due to a lack of globally aligned
skills and certificates and insufficient language and digital competencies.

The purpose of this study is to analyze these problems systematically, diagnose the vocational
education system against international indicators, and develop practical recommendations for im-
provement, including determining the role that university-based Lifelong Learning Centers can play
in these processes.

Current situation

The number of vocational schools in Azerbaijan changes from year to year as institutions are
merged, restructured, or privatized through reforms. As of early 2024, 92 vocational education insti-
tutions were operating, providing technical and vocational education across various fields in both
Baku and the regions [9]. In line with the ongoing infrastructure reform, several trends have emerged
in recent years: (i) rising enroliment, accompanying growing demand for diverse specialties; (ii) ini-
tiatives to restructure and modernize institutions, especially those located in the regions; and (iii)
cooperation with countries such as Korea and Germany through international projects and technical-
support programs.

Having a look to the brief statistical review based on data from the State Statistical Committee
of the Republic of Azerbaijan and the Ministry of Science and Education [9] (Table 1-2).

1. Number of institutions. At the beginning of 2024, 92 vocational education institutions were
operating nationwide, 7 fewer than the previous year (a decrease of about 7.1%).

2. Enrollment and graduates. By early 2024, the number of students in vocational schools reached
29,144, an increase of 3,218 (12.4%) over the previous year. Admissions totaled 22,194 (up
1,148, or 5.5%, year on year), and graduates reached 14,645 (up 792, or 5.7%). Relative to
1990, when 82,188 students were enrolled, the 2024 figure represents a decline of roughly
35%.

3. Low interest in primary vocational education. In recent years only about 11% of general-edu-
cation graduates have chosen primary vocational institutions, and total enrollment at that level
is only 25,000-27,000, evidence of limited public interest.

4. Youth not in employment, education, or training (NEET). According to the State Statistical
Committee, the share of young people aged 15-24 not in employment, education, or training
was 19.5% in 2023 and 19.8% in 2022 [10]. This indicator follows the ILO sample-survey
methodology applied within SDG 8.
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5. Labor market and vocational education. Labor demand and supply are shaped by the demo-
graphic situation, the gender—age structure of the population, working capacity, employment
dynamics, labor migration, and education level. The country’s population grew from 7,131,900
in 1990 to 10,180,800 in 2024, yet the number of people pursuing vocational education de-
clined.

6. Types of institutions. The system comprises three main institution types: (1) vocational schools;
(2) vocational lyceums (now largely merged or liquidated); and (3) vocational education cen-
ters (created recently by merging several schools and lyceums through reform).

7. Distribution. As of early 2024, of the 92 institutions, 24 were located in Baku and the remainder
in the regions. In 2018, 10 specialized centers were established on the basis of 20 former insti-
tutions.

Table 1

Vocational education institutions and student numbers, Republic of Azerbaijan, 19902023 [9]

Number of institutions Students, .
Year of them: girls, persons
(end of year) persons
1990 176 82,188 33,944
1991 167 75,257 26,340
1992 169 64,734 22,333
1993 167 53,819 16,899
1994 162 42,277 13,275
1995 160 27,689 6,922
1996 119 25,030 8,185
1997 118 24,013 7,852
1998 118 23,527 8,211
1999 108 22,696 8,034
2000 110 22,944 8,420
2001 109 21,619 6,853
2002 109 20,753 6,973
2003 110 21,677 6,622
2004 110 21,563 6,560
2005 107 22,189 6,513
2006 107 23,813 6,825
2007 107 24,455 7,242
2008 108 25,184 7,645
2009 108 25,562 7,514
2010 109 27,330 7,901
2011 108 28,993 8,399
2012 108 30,664 8,746
2013 112 29,234 8,163
2014 113 25,414 6,912
2015 113 24,482 6,453
2016 112 23,814 5,986
2017 111 24,024 5,833
2018 111 23,965 5,552
2019 110 23,193 5,523
2020 103 22,012 5,583
2021 99 22,749 5,942
2022 99 25,926 7,579
2023 92 29,144 8,563
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Table 2
Distribution by economic region and administrative-territorial unit, early 2024 [9]
Region / administrative-territorial unit | Institutions | Admitted Students Graduates
Republic of Azerbaijan 92 22,194 29,144 14,657
Baku city 24 7,779 11,335 5,254
Nakhchivan Autonomous Republic 3 1,695 - 1,738
Absheron-Khizi 5 986 1,427 572
Mountainous Shirvan 2 462 638 242
Ganja-Dashkasan 8 2,224 2,957 1,458
Karabakh 7 1,237 1,758 642
Gazakh-Tovuz 5 917 1,451 510
Guba-Khachmaz 7 927 1,464 648
Lankaran-Astara 5 1,082 1,507 581
Central Aran 6 1,196 1,568 765
Mil-Mugan 4 660 975 389
Sheki-Zagatala 7 1,754 2,268 1,156
Eastern-Zangezur 4 172 151 92
Shirvan-Salyan 5 1,103 1,645 610

Regulatory and legal framework, strategic documents and projects

State policy in vocational education is implemented by the VVocational Education Agency under
the Ministry of Science and Education, established by Presidential Decree in 2016 to coordinate state
policy, organize subordinate institutions and prepare competitive, qualified personnel [11]. Under
current legislation, institutions take three legal forms. VVocational schools deliver basic primary and
technical vocational skills on a traditional, practice-based model, but often with outdated infrastruc-
ture and weak labor market adaptation. Vocational high schools combine a secondary qualification
with vocational skills and act as a transitional, medium-level form (many reorganized through mer-
gers). Vocational education centers, a product of reforms merging several schools and high schools
offer modern infrastructure, a demand-driven spectrum of specialties and a modular, competency-
based approach with ICT equipment, industrial partnerships and practical training. Admission is after
grades IX and XI: a three-year track (after grade 1X) yields both a general-secondary and a vocational
certificate, while a one—two-year track (after grade XI) yields a Certificate or Diploma [11].

Specialties span traditional trades (cook, welder, electrician, network administration) to high-
technology fields (drone repair, electric/hybrid-vehicle repair, solar-panel installation, medical-
equipment service). In 2024/2025, up to 400 students enrolled in 9 new dual-education specialties
created in line with modern technologies and labor market demand [11]. Vocational education is
supported by several strategic documents: the Strategic Roadmap for VET (2016), the State Strategy
for the Development of Education (2013), the Employment Strategy 20192030 (Presidential Decree,
2018), and Azerbaijan 2030: National Priorities (2021), which makes “Inclusive and Quality Human
Capital” including VET and lifelong-learning centers, a national priority. The National Qualifications
Framework for Lifelong Learning (2018) further underpins a culture of lifelong learning and demand-
driven skills [12-13].

Vocational education centers: the Korean experience

Among the centers analyzed, the newly established Baku State VVocational Education Center
for Industry and Innovation stands out: aligned with Korean standards and expected to operate from
2025 with KOICA support under an intergovernmental agreement [14, 16]. It offers capacity for 1,000
students, 25 specialty laboratories, 7,000 m? of workshops and two dormitories, specializing in me-
chanics, electronics, electrical engineering, industrial installation, construction and IT. Students study
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for one or three years (plus 3—6-month courses); programs are developed by Korean specialists and
are 60-70% practical [15].

Capacity building in new vocational centers: international projects
International projects have strengthened the system, especially in newly established centers:

— “Vocational Education and Training for the Future” (UNDP & EU, 2020-2025), competency-
based education, digital skills and private-sector links across seven institutions [16].

— “Strengthening the Vocational Education System of Azerbaijan” (KOICA, 2016-2019), infra-
structure, curricula and teacher development, applying Korean experience [17].

— “Support to the Establishment of Advanced VET Centers” (EU, 2020-2024), modernization,
digitalization and inclusive education in five regions [18].

— “Strengthening VET in Azerbaijan” (UNESCO, 2018-2021), quality and alignment with inter-
national standards [19].

— “Development of VET in Azerbaijan” (GIZ, 2017-2020), modernization and labor market ad-
aptation [20].

— Tourism Education Training Program / Experience Exchange (TIKA, 2022), upskilling tourism
professionals and exchange with Turkish institutions [21].

Vocational education and the labor market

Graduate placement and quality were assessed across three factors. Labor market relevance:
qualifications target technology, automation, ICT, construction, transport and manufacturing, with
strengthening student—graduate—employer integration and significant investment in industrial trans-
formation; interregional links need improvement. International standards: dual and practical models
from Korea and Germany are applied in line with OECD, UNESCO and ILO recommendations on
learning outcomes, assessment, gender equality and inclusion; wider use of the National Qualifica-
tions Framework is still needed. Curriculum and skills: modernized content is 60—70% practical, with
micro-qualifications and 3—-6-month certification courses supporting flexible entry; teacher-training
and mentoring remain areas for improvement.

Global integration of vocational education: SWOT analysis

The integration of Azerbaijan’s vocational education into the global system is summarized in
the SWOT analysis below (Table 3).

Table 3
SWOT analysis of the global integration of vocational education in Azerbaijan
Strengths (S) Weaknesses (W)
v Reforms in state policy (e.g. strategic roadmaps for | v Lack of widespread implementation of the dual edu-
2020-2025) cation system

v Sometimes increasing interest in vocational education | v* Staff shortage—lack of qualified trainers and teachers
v" Successful implementation of certain pilot projects | v Uneven distribution of infrastructure (lack of it in the

(EU, UNESCO, KOICA, Glz) regions)
v’ Establishment of some modern vocational centers v Poor integration with the labor market and limited co-
operation with employers
Opportunities (O) Threats (T)
v" Opportunity to learn from successful models of Ger- | v* Overall low interest in vocational education and stere-
many, Korea, Canada otypes about it (disinterested approach of families)

v’ International programs and financial support (Eras- | v Difficulty in adapting to technological changes
mus+, KOICA, EU TVET projects) v Economic instability and financing problems

v Application of digital technologies (online courses, | v* Lack of international recognition of certificates
LMS systems)

v"Increasing demand for new skills in the era of Industry
4.0

17



A.M.Ismayilova / Proceedings 1 /2026, 13-20

Economics

The international importance of vocational education: Indicators and standards

To assess the relevance of vocational education to the international labor market, a conceptual
framework drawing on the main international indicators was applied. The WorldSkills competency
framework sets internationally agreed standards and assessment criteria across occupational fields
[22]; the UNESCO-UNEVOC TVET quality criteria cover labor market relevance, teaching-staff
quality, graduate employment and inclusion [23]; the ILO indicators track skills mismatch, re-
skilling/upskilling needs and workforce mobility [24]; and the OECD Skills Strategy and CEDEFOP
Skills Forecast provide indicators and projections of future skills needs [25-26]. Complementary
frameworks include the EQF, 1SO 29990, UN SDG 4 and the National Skills Qualifications Frame-
work (NSQF). These indicators, with their methods and tools, are systematized in Table 4.

Table 4
International integration indicators: organizations, purpose, methods and tools
Indicator name Organization Purpose of use Measurement Measurement tool
/ Source method
Competency Assessment and Practical tasks used in
World Skills | Assessing the practical expert panel for competitions, expert
Standards (World ional Kills of arad fessional P .
Skills) Internationa skills of graduates professiona assessment forms, scoring
competitions tables
Relevance of Analvzing the
Curriculum to the yzing Curriculum Curriculum analyses, focus
UNESCO- relevance of .
Labor Market : . analyses and groups with employers, labor
UNEVOC vocational education
(UNESCO- to market demands employer surveys market relevance surveys
UNEVOC)

Graduate Measuring the Statistical Graduate employment rates
Employment Rate UNESCO- relationship between emplovment within 6-12 months, official
(UNESCO- UNEVOC education and in dicaforsy SUTVEVS statistics and graduate

UNEVOC) employment ' y surveys
Detecting the ga Skills-mismatch indices,
Skills Mismatch g the gap Empirical models, labor market surveys,
ILO between skills supply
Index (ILO) survey results employer and graduate
and demand
survey results
. Analysis of areas requiring
Reskilling and _As_sessmg the . Labor market reskilling, surveys on digital
. flexibility of education :
Upskilling Needs ILO - research and trend and technological change,
and retraining X
(ILO) - analysis frequency of program
opportunities
updates
Transition Rates to OECD - . Education statistics Enrolment statistics, share of
) : Analyzing student students entering VET,
Vocational Education at a flows into TVET and enrolment analvses by gender and aqe
Education (OECD) Glance figures y {]?oup g
. . Teaching-load statistics,
Student—Teacher E duocigt?n;t a I\iljzzliisur;rrl]% treez((:)r::rr::% Statistical analysis comparison of teacher and
Ratio (OECD) quality and school data student numbers, school
Glance shortages
management reports
Future Skills CEDEFOP — . Economic and Modelling (.)f skills neeo!s
. Forecasting future . from economic/technological
Forecasts Skills skills needs demographic change, sectoral analyses and
(CEDEFOP) Forecast forecasting models ge, . Y
forecasting tools
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Concluding remarks

This analysis offers an initial, not exhaustive view of the research question. The Korean (TVET
and work experience) and German (dual education) models are leading examples but are not readily
accessible in the local context. Observations by Azerbaijan Technical University (AzTU) and analysis
under the KIEP Visiting Scholar Program indicate that effective integration into the international
labor market requires a comprehensive approach: a national skills framework based on global indi-
cators, gradual introduction of the L3 model, stronger industry partnerships and closer cooperation
between vocational schools and universities.

Proposed master’s-level research directions at AzTU include: a methodological framework for
measuring and monitoring VET development against international indicators; comparative analysis
of skill requirements in local vs. international labor markets under technological and digital integra-
tion; assessment of the employment status of graduates of the pre-2016 system; establishment of a
national monitoring platform; and empirical research producing strategic proposals and monitoring
mechanisms to assess reform effectiveness.
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Abstract. This paper analyses the sustainable development strategy of Azerbaijan's aluminium industry under the EU
Carbon Border Adjustment Mechanism (CBAM), entering full force in 2026, using Azeraluminium LLC as the reference
unit. A Triple Bottom Line and Circular Economy framework is combined with Slack-Based Measure DEA, eco-effi-
ciency index (EE), and AHP-weighted Composite Sustainability Index (CSI). Five country-level Decision Making Units
are benchmarked: Norway, Canada, Russia, China, and Azerbaijan. Results show that Azeraluminium's CO- intensity
(~6.2 tCO2-eq/t) and eco-efficiency score (6 = 0.62) expose approximately 20.7% of export revenue to CBAM charges.
SBM-DEA slack analysis identifies a 38% CO: reduction potential through grid decarbonisation. The aggressive scenario
- 400 MW renewable energy plus a 40,000 t/yr secondary aluminium complex - raises the EE index to 0.84 and reduces
CBAM exposure to ~13.7%, with an estimated payback of 6-9 years. The scientific novelty is the first comparative SBM-
DEA assessment of Azerbaijan's aluminium sector in a global benchmark framework combined with explicit CBAM
financial quantification.
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INTRODUCTION

Aluminium is indispensable in aerospace, automotive, construction, and energy applications
owing to its combination of low density, corrosion resistance, and infinite recyclability. Global pri-
mary production reached 72 million tonnes in 2024 - roughly 40% above 2010 levels [1] — yet the
sector accounts for approximately 3% of global industrial greenhouse gas emissions. Carbon intensity
declined from 16.7 tCO2-eq/t in 2020 to 14.8 tCO2-eqg/t in 2024, though progress is geographically
uneven: Norway operates near 3.7 tCO.-eq/t while India exceeds 18 tCO»-eq/t.

The EU's CBAM will require importers to purchase certificates equal to the prevailing ETS
carbon price - €60-75/tCO: in 2024, with projections above €100/tCO2 by 2030 [2, pp. 45-60]. Aze-
raluminium LLC, the only fully integrated aluminium producer in the South Caucasus, produced
63,280 tonnes in 2024 (+72.1% year-on-year) [3]. Because ~90% of Azerbaijan's electricity is gen-
erated from natural gas, the company's CO: intensity exceeds the international "green aluminium"
threshold of <4 tCO.-eg/t, creating a direct CBAM financial exposure. This paper addresses three
questions: how does Azeraluminium'’s eco-economic position compare with global benchmarks; what
is the magnitude of the CBAM financial burden under different transformation pathways; and which
trajectory optimises the eco-efficiency index within a realistic investment envelope?

THEORETICAL FRAMEWORK AND RESEARCH OBJECTIVES

Triple Bottom Line, Circular Economy and Eco-Efficiency. Triple Bottom Line (TBL) [4,
pp. 70-95] frames corporate sustainability across economic, environmental, and social dimensions
simultaneously. In metallurgy, these map to per-tonne production value, CO2-eq emissions, and re-
gional employment respectively. Elkington acknowledged in 2018 that TBL in practice often func-
tions as a reporting tool rather than a driver of systemic change, and that its effectiveness requires
integration with Circular Economy thinking. Kirchherr et al. [5] synthesised 114 definitions of the
Circular Economy; aluminium is the paradigm material - recycled metal requires only 5-8% of pri-
mary production energy, achieving up to 95% emissions reduction [6].

Eco-efficiency was defined by WBCSD [7, pp. 37-38] as the ratio of product value to environ-
mental impact. Korhonen and Luptacik [8] embedded it into DEA models with undesirable outputs,
enabling cross-country ceteris paribus comparison. Haraldsson and Johansson [9] applied this meth-
odology to aluminium electrolysis, quantifying that a 1 MWHh/t reduction in energy intensity corre-
sponds to 0.5-0.7 tCO--eqg/t lower emissions - a figure directly informing the scenario modelling in
this study.
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CBAM and Sustainable Development Models. CBAM addresses carbon leakage by applying
an ETS-equivalent carbon price to imported goods, combining Pigouvian taxation - internalising ex-
ternal costs - with market-based emission reduction incentives. The Environmental Kuznets Curve
hypothesis is contested in aluminium because global trade has demonstrably shifted emissions rather
than reduced them. Raworth's Doughnut Economics [10, pp. 38-45] provides a more applicable
frame, balancing industrial decisions between a global carbon budget ceiling and a regional social
minimum - directly relevant to Azerbaijan's industrial policy context.

METHODOLOGY

Quantitative Methods: MFA, EE Index and SBM-DEA. The study applies a four-stage
mixed-methods design. In stage one, Material Flow Analysis [11, pp. 20-45] constructs a gate-to-
gate mass balance for Azeraluminium over 2020-2024, encompassing the chain from bauxite input
through electrolysis to semi-finished product output. In stage two, the eco-efficiency index follows
the WBCSD formula [7, pp. 37-38]: EE =V _output / (E_CO: + a X W_energy), normalised to [0,1]
with Norway as the reference point. In stage three, a Slack-Based Measure DEA model [12] is applied
with five Decision Making Units. Inputs are electricity (MWh/t), bauxite/alumina (t/t), and capital
intensity (USD/t); desirable outputs are production volume and export value; undesirable outputs are
Scope 1+2 CO: and water consumption. Norway and Canada define the frontier at 6 = 1.000.

Composite Sustainability Index and Scenario Modelling. Stage four constructs a Composite
Sustainability Index using AHP weights: eco-efficiency (0.35), CO: intensity (0.30), energy intensity
(0.20), and social indicator (0.15). Three scenarios are modelled for 2030: a baseline continuing the
current energy mix; a moderate scenario adding 200 MW of renewables (reducing grid carbon inten-
sity from ~430 to ~290 g CO2/kWh); and an aggressive scenario combining 400 MW renewables, a
40,000 t/yr secondary aluminium complex, and waste-heat recovery. Data sources include the State
Statistics Committee of Azerbaijan, UNIDO/EU4Environment [13], IAl [1], and annual sustainability
reports from Norsk Hydro and Rio Tinto [14].

RESULTS AND DISCUSSION

Eco-Economic Profile of Azeraluminium and Global Benchmarking. Table 1 presents Aze-
raluminium's sustainability indicators over 2020-2024. The 2023 contraction (36,770 t) reflects a
modernisation shutdown; the 72.1% recovery in 2024 marks the activation of expanded capacity.
Energy intensity improved from 14.5 to 14.0 MWHh/t - yet IAl's best available technology benchmark
is 13.0 MWh/t [1], leaving a further 7% potential unrealised. The EE index rose from 0.57 to 0.62,
confirming that economic value grew faster than environmental burden over the period. Figure 1
illustrates both trends simultaneously, making the 2023 disruption and subsequent recovery graph-
ically apparent.

Key sustainability indicators of Azeraluminium LLC, 2020-2024 ravled
Indicator 2020 2022 2023 2024 2025 Q1
Production (t) ~50,000  ~52,000 36,770 63,280 15,500
Export (t) n/a 68,263 74,502 n/a 18,800
Avg. export price (USD/t) n/a n/a n/a 2,448 2,824
Energy intensity (MWh/t)! 145 14.3 14.2 14.0 n/a
COz Scope 1+2 (tCO2-eq/t)? 6.8 6.5 6.4 6.2 n/a
EE index? 0.57 0.59 0.60 0.62 n/a

! Author estimate based on IAI 2024 BAT range (13.2-15.7 MWh/t); n/a - data not available.
2 Based on Azerbaijan grid carbon intensity (~430 g CO2/kWh) and anode process emissions (~1.5 tCO2-eqg/t).
3 WBCSD [7, pp. 37-38] formula; Norway as reference point.
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Figure 1. Azeraluminium LLC: production volume and eco-efficiency index dynamics (2020-2024)

Table 2 shows the SBM-DEA comparative profile. Norway and Canada sit on the efficiency
frontier (0 = 1.000) through near-total reliance on hydropower. Azerbaijan ranks fourth at 0.62. China
scores lowest (0.41) because despite relatively lean energy intensity its coal mix drives massive un-
desirable CO: output. Figure 2 plots these CO: intensity positions along a single axis, with the green
aluminium threshold at 4 tCO.-eq/t as a visual reference. Three strategic implications follow: Azer-
baijan's energy intensity matches the world average, confirming competent process management; its
CO: intensity (6.2 tCO2-eqg/t) is less than half the world average but remains well above hydropower
leaders; and Rusal's ALLOW line (5.9 tCO2-eq/t) is virtually identical to Azerbaijan's - both occupy
the CBAM "middle-carbon" band [14].

Table 2
Comparative SBM-DEA sustainability profile of leading aluminium producers (2024)

Country / Producer  Output (Mt) CO: (t/t) (E/Rfvrﬁ%) 0 (DEA) Dominant energy source
Norway (Hydro) 1.3 3.7 13.0-14.0 1.000 Hydropower ~100%
Canada (Rio Tinto) 3.3 <24 14.0-14.5 1.000 Hydropower ~100%
Russia (Rusal ALLOW) 3.8 5.9 145 0.89 Hydropower >90%
Azerbaijan 0.063 6.2 14.0 0.62 Natural gas ~90%
China (average) 43.0 16-20 134 0.41 Coal ~57%

World average 72.0 14.8 14.1 - Coal 56.9% / hydro 31.3%

== t green

China (avg.) 18.0

World average

Azerbaijan

Russia (Rusal)

I Hydropower
B Hydro+gas
I Azerbaijan
I World avg.
mm Coal

Canada (Rio Tinto)

Norway (Hydro)

T T T T T
0.0 2.5 5.0 75 10.0 125 15.0 17.5 20.0

tCOz-eq/ft (Scope 142, 2024)
Figure 2. Global CO: intensity comparison by country and producer (tCO2-eq/t, 2024)
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Criterion AHP weight
Eco-efficiency (DEA 0) 0.35
CO: intensity 0.30
Energy intensity 0.20
Social indicator 0.15

CSI (composite) -

Economics

Table 3 and Figure 3 present the AHP-weighted CSI results. Azerbaijan's CSI of 0.74 mean-
ingfully exceeds its DEA 0 of 0.62, reflecting the company's regional employment contribution - the
social dimension partially compensates for the CO: intensity deficit visible in the radar chart.

Table 3
Composite Sustainability Index with AHP weights
Norway Canada Azerbaijan China

1.00 1.00 0.62 0.41
0.96 0.99 0.79 0.27
0.88 0.85 0.86 0.87
0.85 0.88 0.72 0.68
0.94 0.95 0.74 0.52
intensity m—toruay

Energy
intensity

Social
indicator

I Azerbaijan

Il China

o-efficiency
|DEA 0)

Figure 3. Composite Sustainability Index radar chart across four criteria (2024)

CBAM Financial Impact and Strategic Outlook. Table 4 and Figure 4 quantify the CBAM
exposure under each scenario. At current CO: intensity (6.2 tCO2-eq/t) and an ETS price of €75/tCO.,
the CBAM charge reaches ~€465/t - approximately 20.7% of the 2024 average export price of USD
2,448/t [3]. The aggressive scenario reduces CO: intensity to 4.1 tCO»-eq/t and CBAM exposure to
~13.7% of export price. The required capital investment of USD 350-500 million [14] generates annual
CO: reductions of ~340,000 t plus a market premium of USD 50-100/t from European buyers for ap-
proaching the "green aluminium” threshold; on this basis the payback period is estimated at 6-9 years.

Table 4

CBAM financial burden across scenarios: current and 2030 projections

Indicator

Renewable energy addition
EE index (0)

CO: intensity (tCO2-eq/t)
Annual CO: reduction (kt)
CBAM charge (EUR/)
Share of export price (%)

(2024)
0 MW
0.62
6.2
~465
~20.7

Current

24

Baseline

(2030)
0 MW
0.65
6.0
~13
~450
~20.0

Moderate

(2030)

200 MW

0.74
4.8
~180
~360
~16.0

Aggressive (2030)

400 MW
0.84
4.1
~340
~308
~13.7
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Figure 4. CBAM financial burden and EE index across scenarios (2024-2030)

CBAM's displacement of high-carbon Chinese production from EU markets creates an asym-
metric opportunity for Azerbaijan: as a middle-tier producer, it is better positioned than coal-based
competitors to capture market share - but only if the carbon profile improves sufficiently.
UNIDO/EU4Environment [13] documents that Azeraluminium has already begun concrete planning
in this direction, and the alignment between renewable energy investment and Azerbaijan's broader
energy diversification agenda strengthens the policy case further [15].

CONCLUSION

Three principal findings emerge. First, Azeraluminium's CO: intensity (~6.2 tCO:-eq/t) and
eco-efficiency score (6 = 0.62) place it in a global middle tier that faces a CBAM charge equivalent
to ~20.7% of export revenue from 2026. Second, SBM-DEA slack analysis reveals a 38% COs- re-
duction potential realisable through grid decarbonisation alone, without changes to production vol-
ume or process technology. Third, the aggressive scenario raises the EE index to 0.84, reduces CBAM
exposure to ~13.7% of export price, and yields an estimated payback of 6-9 years.

Policy recommendations are: (i) integrate 400 MW of renewable energy by 2028; (ii) pursue
ASI Performance Standard certification to access the green aluminium price premium in European
markets; and (iii) build a "low-carbon Caspian aluminium™ brand for Turkish, EU, and Japanese buy-
ers. Limitations arise from restricted public access to plant-level data, requiring estimation of some
indicators from international benchmarks. Future research should conduct plant-specific Life Cycle
Assessment and integrate 2030 ETS price forecasts into the CBAM financial model. In sum, the sus-
tainable development of Azerbaijan's aluminium industry is not an environmental aspiration but a
near-term competitive imperative.
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Abstract. The rise of behavioral economics as a leading discipline has fundamentally challenged the classical rational
choice framework that underpinned economic analysis for over two centuries. By integrating insights from cognitive
psychology and social psychology into economic modelling, behavioral economics offers a richer, empirically grounded
account of how individuals, firms, and entrepreneurs actually make decisions under uncertainty, bounded rationality, and
emotional influence. This article synthesizes theoretical and empirical literature to examine how cognitive biases, heuris-
tics, emotional states, and contextual factors shape economic behavior. Drawing on prospect theory, bounded rationality,
nudge theory, and a recent systematic review on entrepreneurial decision-making, the article argues that deviations from
rationality are not random errors but predictable, systematic patterns. The article also identifies persistent gaps in the
literature, particularly the under-representation of emerging economy contexts, the artificial separation of cognitive and
emotional dimensions, and the need for longitudinal research designs. A call is made for a more integrative, context-
sensitive framework that reconciles adaptive expertise with bounded rationality.
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1. Giris

Klassik iqtisadi nozeriyys aldadict deracads zerif bir forziyye tlizorinde qurulmusdur: fordlor
tam molumat, limitsiz koqnitiv giic vo ardicil iistiinliiklors malik olan rasional agentlordir. Homo
economicus adlanan bu model, onilliklor boyunca nazari iqtisadiyyatin asasini togkil etmis, istehlak¢i
nozoriyyosindon oyun nazoriyyosind qodor giiclii analitik alotlor yaratmisdir. Lakin hoqiqi insanlar
rasional se¢cim nozoriyyasinin proqnozlarindan sistemli, proqnozlagdirila bilon gokillordo konara
cixirlar.

Davranis iqtisadiyyati bu empirik adekvatsizliga cavab olaraq meydana goldi. Koqgnitiv psixo-
logiya, sosial psixologiya vo neyrologiyadan anlayislar1 sintez edorok, iqtisadi gorar qobuletmonin
alternativ hesabin1 qurmaga caligdi. Horokat, Herbert Simon, Daniel Kahneman, Amos Tversky vo
Richard Thaler'in fundamental téhfalorindon sonra ohomiyyatli siirot qazandi.

Alrohaeem, Gallage vo Islam [1] davranis iqtisadiyyatinin sahibkarliq qerar gabuletmasing
artan totbiqini sonadlosdirorak, haddindon artiq 6zgiivon vo zorordon gagmmma kimi kognitiv
qorozlorin miiossiso yaradilmasini, fiirsot taninmasini vo strateji secimi neco sistematik gsokildo
formalasdirdigin1 miioyyon etdi.

Bu mogalo bir nego asas bolmado qurulmusdur. ilk olaraq rasional se¢im nozariyyasine qarsi
irali siirtilon nazari etirazlar — mohdud rasionalliq, perspektiv nazariyyasi va ikili proses modeli —
nazardon kegirilir. Sonra on genis sonadlosdirilmis koqgnitiv qorazlorin iqtisadi naticalari tohlil edilir.
Daha sonra emosiyalarin, sosial normalarin vo institusional kontekstin rolu aragdirilir, ardinca isaro
Vermo nazoriyyasine asaslanan siyasat tatbiqlori miizakirs olunur. Nohayot, movcud odobiyyatdaki
metodoloji vo kontekstual bogluglar miioyyaon edilorok golocok tadqiqat istigamotlori toklif edilir. Belo
bir struktur, davranis iqtisadiyyatinin nazari koklorindon praktiki siyasat naticalorine gadar ardicil bir
kecid tomin etmok mogsadi dastyir.
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2. Nazori asaslar

2.1. Rasional se¢im nazariyyasina meydan oxuma

Rasional se¢im modeli, agentlorin sabit, yaxsi siralanmig ustiinliiklors malik oldugunu vo
mimkiin naticolor iizorindon gozlonilon faydani hesablayaraq gorar verdiyini forz edir. Onun intel-
lektual irsi Bentham'in utilitarizmindon von Neumann—Morgenstern (1944) aksiomatik ¢or¢ivosing
godor uzanir. Bu ononado rasional davranisdan konara ¢ixmalar sistematik kognitiv xilisusiyyotlor
deyil, istisnalar kimi qabul edilirdi.

Gozlonilon fayda nozoriyyosinin aksiomatik osaslart — tamlig, tranzitivlik, miistoqillik vo
davamliliq — formal baximdan zaorif olsa da, empirik miisahidolor bu aksiomlarin miintozom sokildo
pozuldugunu gostormisdir. Allais paradoksu vo oxsar eksperimentlor miistoqillik aksiomunun real
qorar gabuletmoado davamli gokildo pozuldugunu niimayis etdirdi. Bu ciir sistematik anomaliyalarin
toplanmasi, davranis iqtisadiyyatinin yalniz klassik modelo olavo deyil, onun fundamental
forziyyalorinin yenidon nazordon kegirilmasi kimi formalasmasina sobab oldu.

Ik davamli nozori meydan oxuma mohdud rasionalliq anlayisim toqdim edon Herbert
Simon'dan goldi [2]. Simon, qorar gobul edonlorin mohdud molumat, kosilmis kognitiv giic vo zaman
tozyiqi kimi sistemli mohdudiyyatlorls {izlosdiyini iddia etdi. Maksimallasdirmaq ovazino, agentlor
gonaatbaxs bir hadd daxilindoki ilk mdvcud secimi segirlor. Bu anlayis, suali agentlorin neco qorar
vermoli oldugundan aslinds neca gorar verdiklorindon kegirdi [1].

Maraqlidir ki, Simon'un moahdud rasionalliq anlayis1 rasionallig1 tamamilo radd etmir; oksina,
onu insan idrakinin real kognitiv vo informasiya mohdudiyyastlori ilo uzlasdirir. Qonastbaxslosdirmo
strategiyasi, hesablama xarclorinin yiiksok, vaxtin iso mohdud oldugu miihitlords tez-tez optimal
naticoys yaxin hallor toqdim edir. Bu baximdan davranis iqgtisadiyyati klassik nozariyyoni tamamils
logv etmir, onun totbiq sorhodlorini daha doqiq miisyyonlosdirir. Beloliklo, mohdud rasionalliq
rasional se¢im modelino alternativ deyil, daha ¢ox onun psixoloji baximdan reallagdirila bilon
versiyasi kimi qabul edilmalidir.

2.2. Perspektiv nazariyyasi va zorardon gacinma

Gozlonilon fayda nozoriyyasing on tosirli alternativ Kahneman vo Tversky torofindon hazirlanan
perspektiv nozoriyyasidir [3]. Nozariyyo ii¢ osas istigamotdo rasional se¢im corgivasindon konara
cixir: fordler naticolori miitloq deyil, bir istinad ndqtesine goro qiymaotlondirir; subyektiv doyor
funksiyas1 asimmetrikdir — zororlor ekvivalent qazanclardan toxminon iki dofs daha agir ¢okiyo
malikdir [3]; fordlor kigik ehtimallar1 hoddinden artiq, boyiik olanlar iso az ¢okiyo salir.

Sahibkarliq kontekstlorindaki zaroardon gaginma niys sahibkarlarin ¢ox vaxt ugursuz miiassi-
solorlo davam etdiyini izah edir: zarori qabul etmoyin psixoloji doyeri, erkon ¢ixigdan gozlonilon
faydasindan daha boyiikdiir [1].

Perspektiv nazariyyasindon irali golon sahiblik effekti fordlorin artiq malik olduqglar: aktivlora,
onlar1 alds etmak iiglin 6domays hazir olduqlarindan daha yiiksak doyar bigmosini izah edir. Eyni
mantiqlo status-kvo qorazi qorar qobul edenlori mévcud vaziyyeti saxlamaga meyilli edir, ¢linki
doyisiklikdon dogacaq potensial zoror, eyni Ol¢iilii potensial qazancdan psixoloji baximdan daha
giiclii hiss olunur. Bu mexanizmlor istehlak¢1 davranisindan investisiya portfelinin idars edilmasino
godar genis spektrdo miisahido olunur vo qiymot miioyyonlogdirilmasi, miigavilo dizayni vo bazar
likvidliyi li¢lin mithiim noticolors malikdir [3].

Perspektiv nazariyyasi ils six bagl olan zehni miihasibatliq anlayisi1 fordlorin pulu manbayina,
mogsadine vo zaman corgivasing goro ayri-ayrt zehni hesablara bdlmosini izah edir. Klassik
nazariyyaya gora pul miibadilo oluna bilon vahid resursdur; lakin real davranisda eyni moblag fargli
hesablara aid edildikds tamamils forqli sokilde xarclonir. Bu, niys insanlarin eyni vaxtda ham yiiksok
faizli borc dasiyib, hom do asagi golirli omanot saxladigini izah edir vo biidco tortibi ilo bagh
qorarlarin rasional optimallasdirma modelindon konara ¢ixdigini1 gostorir [3].
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2.3. ikili proses nazariyyosi

Kahneman [4, pp. 19-30] Sistem 1 (avtomatik, siiratli, assosiativ) va Sistem 2 (yavas, deliberat,
analitik) arasindaki forqi on olgatan sokildo ifado etmisdir. Giindslik iqtisadi gorarlarin bdyiik
oksoriyyati Sistem 1 vasitosilo islonir — tanig kontekstlordo effektiv olsa da, miirokkob voziyyatlors
totbiq edildikds sistematik qaroazlore meyllidir.

Alrohaeem et al. [ 1] sahibkarligda erkon morhalos gorarlarinin ¢ox vaxt Sistem 1 torofindon idaro
edildiyini, lakin tocriibali sahibkarlarin sahaya xas adaptiv evristika inkisaf etdirdiyini qeyd edir.

Ikili proses gorgivosinin ohamiyyatli naticosi ondan ibaratdir ki, koqnitiv qorazler iimumiyyatlo
Sistem 2-nin Sistem 1-in avtomatik tokliflorini kifayat qodor nazarstdon kegira bilmadiyi hallarda
ortaya ¢ixir. Kognitiv yiik, vaxt tozyiqi vo emosional gorginlik Sistem 2-nin miidaxilosini zoiflodorok
sistematik sohvlorin ehtimalini artirir [4, pp. 19-30]. Buna gors do gorar miihitinin sadslogdirilmasi
va diisiinma ii¢iin alavo vaxtin tomin edilmasi bir ¢ox halda gorazlorin tesirini azaldir. Bu miisahido,
sonraki bolmolorde miizakirs edilon isars vermo miidaxilolorinin nozori osasini togkil edir.

3. Kognitiv garazlar va onlarin igtisadi naticalari

3.1. Hoddindan artiq 6zgiivon

Hoddindon artiq 6zgiivon — 6z miihakimalarinin doqiqliyini haddon artiq qiymstlondirmak
meyli — igtisadi davranigda on yaxs1 sonadlosdirilmis koqnitiv qorazlorden biridir. Qlobal is ugur-
suzluq nisbatlorinin 70 faizi kegmosino baxmayaraq, sahibkarlar inanilmaz nikbinliklo bazarlara
girmoys davam edirlor [1]. Bununla bels, adabiyyat bu gorazin niiansli manzarasini ortaya qoyur:
hoddindon artiq 6zgiivon haddon artiq geyri-miioyyonlik soraitlorindoki sahibkarliq faaliyyatini
asanlasdira bilor. Qoaraz ilk névbado miiassisonin sonraki inkisaf morhalolorindoki faaliyyst zamani
problemli olur [1].

Hoddindan artiq 6zgiiven on az1 ii¢ forqli formada tozahiir edir: 6z biliyinin daqiqliyinin hadden
artiq qiymeotlondirilmasi, 6z gabiliyyatinin basqalar1 ilo miiqayisads sisirdilmasi vo golocak naticolor
barads asassiz nikbinlik. Maliyys bazarlarinda bu qoraz hoddindon artiq ticarato, diversifikasiyanin
azalmasina vo qiymot kopiiklorinin formalagsmasina téhfo verir. Sahibkarliq kontekstindo iso eyni
qoraz innovasiya vo riske hazirligi qidalandirdig iigiin ikili xarakter dasiyir — bu da qoroazlorin
universal olaraq zarorli kimi qiymatlondirilmasinin yanlis oldugunu gostarir [1].

3.2. Movcudluq va niimayandolik evristikasi

Tversky vo Kahneman [5] geyri-miioyyonlik soraitindoki miihakimoni sadslosdiron kognitiv
qisayollar — evristika — miioyyan etdi. Gigerenzer vo Gaissmaier [9] gostormisdir ki, evristik qorar
qabuletma yalniz qiisurlu analiz deyil, ¢ox vaxt miihito uygunlasdirilmis, ekoloji cohotdon rasional
bir strategiyadir. Movcudluq evristikasi, fordlors statistik tezlik ovozino niimunslorin agla golmo
rahatligina gore ehtimali giymatlondirmaya sovq edir.

Movcudluq evristikasinin iqtisadi noticolori genis yayilmisdir: investorlar son zamanlarda
media digqatini calb etmis hadisolorin ehtimalini sisirdo, sigorta alicilari iso yaxinlarda bas vermis
folakotloro osaslanaraq gorar vers bilor. Bu, bazar qiymatlorinin fundamental doyordon sistematik
sokildo uzaqglagmasina sobab ola bilor. Eyni zamanda, homin evristika stiratli reaksiya tolob edon
voziyyatlords doyorli ola bilar, ¢iinki o, gorar prosesini idaroolunan informasiya hacmina endirir [5].

Niimayandalik evristikast isa fordlori banzarliys gora kateqoriya lizvliiylinii giymatlondirmaye
sOvq edir, ¢ox vaxt niimuna Olglisiinii nazars almayaraq. Sahaya xas ekspertizaya malik sahibkarlar
bu evristikan1 daha doqiq tatbiq eds bilir [1] — bu, hamin mexanizmin mahiyyati etibarilo qilisurlu
olmadigini, lakin faaliyystinin avvalki biliklarin keyfiyystindan asili oldugunu gostorir.

Ekoloji rasionalliq perspektivi evristikalar1 sadoco gonaotboxs kompromislor kimi deyil,
miioyyon miihit strukturlarina uygunlasdirilmis giiclii alotlor kimi qiymatlondirir [9]. Masalon, tanin-
ma evristikast malumatin natamam oldugu soraitlordo bazon miirokkob hesablama modellarinden
daha doqiq prognozlar verir. Bu, qorar keyfiyyatinin yalniz istifado olunan strategiyadan deyil, hom
do homin strategiyanin totbiq edildiyi informasiya miihitinden asili oldugunu gostorir. Beloaliklo,
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evristik mithakimonin giymotlondirilmasi miicorrad norma deyil, kontekstual uygunluq meyari tolob
edir.

3.3. Lovbar salma va ¢arcivacilik effektlori

Lovbar salma fordlorin qarsilasdiglart ilk molumat parcasina qeyri-miitonasib etibar etmo
meylini ifado edir. Corcivagilik effektlori six baghdir: eyni molumatin miixtalif sokillordo togdim
edilmosi forqli se¢imlor yaradir.

Lovbar effekti bazarliq, qiymotqoyma vo hiiquqi gorarlar kimi sahoalords giiclii tosir gostarir;
ilkin toklif edilon rogom sonraki razilagmanin istinad noqtasing ¢evrilir. Cargivagilik iso eyni iqtisadi
noticonin qazanc vo ya itki kimi toqdim edilmosindon asili olaraq forqli reaksiyalar dogurur —
saglamliq, sigorta vo ictimai siyasot saholorindo bu effekt davranisi ciddi sokildo doyiso bilir. Bu
effektlorin genis kontekstlords tokrarlanmasi vo davamliligi onlarin tosadiifi sohvlor deyil, idrakin
struktur xiisusiyyatlori oldugunu tosdiglayir [5].

4. Emosiya, sosial tasir va kontekstual amillar

4.1. Emosiyalarin rolu

Davranis iqtisadiyyati emosiyalar1 aradan qaldirilmali irrasionalliq menbayi kimi deyil, kon-
tekstdon asil1 olaraq miihakimoni hom inkisaf etdirs, hom do pislosdirs bilon qorar gobuletmo prosesi-
nin ayrilmaz komponenti kimi konseptualizasiya etdi. Sahibkarliq ehtirasinin fiirsot taninmasini
artirdi81, qorxu va stresin is9 ya miiassisonin hoyatiliyini qoruyan riskdon qaginmani havaslondirs, ya
da zoruri qorarlardan qaginmaga sabab ola bilacayi gostorilmisdir [1].

Emosiyalarin qorara tosiri iki kanaldan keg¢ir: qorar aninda yasanan ani emosiyalar vo gozlonilon
golocok emosiyalar. Pegsmanciligdan qaginma kimi gozlonilon emosiyalar fordlori daha az riskli, lakin
bozon daha az somorali segimlora yonalde bilor. Affektiv voziyyatlor hamginin digqgeti vo yaddasi
secici sokilds formalagdiraraq hanst moalumatlarin qarar prosesino daxil oldugunu miisyyanlosdirir.
Bu sobabdon emosiyalarin koqgnitiv proseslorden siini sokildo ayrilmasi iqtisadi davranigin natamam
tosviring gatirib ¢ixarir [1].

Neyroiqtisadiyyat sahasindaki todqiqatlar emosiya va idrakin qarar prosesinda fiziki olaraq bir-
birino bagli oldugunu gostarir; risk vo miikafatin qiymatlondirilmasi ham analitik, hom do affektiv
beyin sistemlorinin birga istirakini tolob edir. Bu tapintilar emosiyani rasionalliga zidd bir manes kimi
deyil, adaptiv gorar gobuletmonin torkib hissasi kimi gobul etmayo osas verir. Tamamilo emosiyasiz
qorar gobuletmonin miimkiin oldugu hallarda bels, ¢ox vaxt zaif vo gotiyyotsiz se¢imlora gotirib
cixardig miisahids edilmisdir, bu da affektin gorar prosesindoki funksional rolunu vurgulayir.

4.2. Sosial normalar va kontekstual amillor

Klassik iqtisadiyyat tistiinliiklori sosial kontekstdon miistoqil kimi qobul edir. Davranis iqtisa-
diyyati isa Uistiinliiklorin homyasidlar, icmalar vo madani istinad qruplari ils qarsiligl alags vasitasilo
formalagdigin1 niimayis etdirir. Yiiksok kollektivizmli comiyyastlords sosial tesdiq, sahibkarliq
foaliyystinin osas motivasiyasi vo ya mohdudlasdirici amili kimi xidmat eds bilor [1].

Davranis qorozlorinin 6zlinii gdstormosi gliclii sokildo institusional kontekstdon asilidir.
Alrohaeem et al. [1] inkisaf etmokds olan iqtisadiyyatlarda risk qavrayist vo zarardon gaginmanin
formal institutlarin islodiyi inkisaf etmis iqtisadiyyatlarla miiqayiseds xeyli forqli oldugunu ortaya
qgoyur. Davranis todqgiqatlarinin kiillii migdarinin WEIRD ohalidon kegirilmasi, naticalorin timumi-
logdirils bilinirliyi barado ciddi suallar yaradir.

Sosial miigayiso vo konformizm mexanizmlori istehlak normalarindan omanot davranigina
godar miisahida olunur. Insanlar tez-tez 6z segimlorini referens qrupun davranisina uygunlasdirir ki,
bu da sosial siibut effekti adlanir. Inkisaf etmokdo olan igtisadiyyatlarda geyri-formal sobokalorin vo
ailo strukturlarinin giiclii rolu, gorazlorin tozahiir formasini inkisaf etmis bazarlardan forqli edir vo
universal davranig modellorinin birbasa totbiqini ¢atinlosdirir [1]. Bu, davranis prinsiplorinin modoni
va institusional konteksta hassas sokilds dyranilmasinin zaruriliyini bir daha vurgulayir.
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5. Siyasat naticalori: isara verma nazariyyasi

Thaler vo Sunstein [6, pp. 3-14] torofindon islonib hazirlanan isaro vermo nozoriyyosi,
siyasatgilorin se¢im azadligini doyisdirmoadon fordlori daha yaxsi secimlors yonoltmok iigiin se¢im
mihitini yenidon strukturlasdira bilocoyini toklif etdi. Pensiya omanstlorindoki standart geydiyyat,
sadalosdirilmis vergi formalari, kafeteryalarda saglam secimlorin 6n corgoys qoyulmas: klassik
niimunolordir. Alrohaeem et al. [1] isaro vermoyin yiiksok riskli miihitlordo gorar iflic olmasini
azaldabilacoyini qeyd etsa do, effektivliyin hadaflonon koqgnitiv proseso gors doyisdiyini vurgulayir.

Isaro vermo alotlori son onilliklorde diinyanm bir sira dlkelerindo ictimai siyasatin formal
hissasina ¢evrilmisdir. Pensiya planlarina avtomatik geydiyyat, orqan donorlugunda standart raziliq
sxemlori va enerji istehlakinin sosial miigayiso asasinda bildirilmasi davranis prinsiplorinin praktiki
totbiginin taninmis niimunoloridir. Lakin bu miidaxilalorin tosiri kontekstdan asili olaraq shomiyyatli
doracada dayisir vo bazi hallarda tamamils zaifloyir. Bu sabobdon isars vermonin universal hall kimi
deyil, konkret miihit vo hodof qrupu {i¢iin diqqgstlo kalibrlonon bir alot kimi gobul edilmasi tovsiya
olunur [1].

Pul stimullarinin totbiqi avvellor pro-otraf miihit davranigin1 dostokloyon intrinsik motiva-
siyalar1 paradoksal olaraq zsiflads bilor. Frey vo Jegen [7] torafindon miioyyan edilon bu motivasiya
sixigdirma effekti, miihafizo 6domo proqramlarmin dizayni iiclin dorin naticalors malikdir:
diqgatsizliklos totbiq edilon stimullar uzunmiiddotli davamliligin asasini asindira bilor.

Isaro vermonin effektivliyi onun hadofladiyi kognitiv mexanizmlo uygunlugundan asilidir.
Standart variantin doyisdirilmasi otalot vo status-kvo qerazindon istifade edorok davranisi az saylo
doyisdirir, halbuki yalniz malumatlandirmaya osaslanan miidaxilalor ¢ox vaxt daha zoif tosir gdstorir.
Bununla yanasi, etik miilahizalor isars vermonin soffafligini vo fordin avtonomiyasina hormati tolob
edir; gizli manipulyasiya ilo leqitim ydnlondirmo arasindaki sorhad siyasot dizayninda morkozi
maosolodir [6, pp. 3-14]. Buna goro do isaro verma alatlori totbiq edilmazdon ovval ciddi empirik
sinaqdan kegirilmali vo onlarin qeyri-barabar tosirlori qiymotlondirilmolidir.

6. Odabiyyatdaki bosluqglar va galacak tadqiqat istiqgamatlori

Davranis iqtisadiyyati todqiqatlarinin davamli mohdudiyyati real diinya sortlorini ala bilmoyon
laboratoriya eksperimentlorino haddon artiq giivonmadir. Kognitiv proseslorin 6zilins bildiris dl¢iilori,
yenidon ¢agirma qorozina hassasdir. Koqgnitiv vo emosional doyisonlorin siini ayriligi — sahibkarliq
todgiqatlarinin 94 faizindoki miistoqil amillor kimi gobul edilir [1] — par¢alanmis hesablar yaradir.

Qarb perspektivlorinin listiinlilyli nozori imumiloagdirile bilinirlik ii¢iin shamiyyastli meahdudiyyati
tomsil edir: davranis todqgigatlarinin 82 faizi Qarb kontekstlorindon golir [1]. Mokyr [10, pp. 1-15]
texnoloji yaradiciligin institusional kontekstdon asililigini vurgulayir ki, bu da davranis prinsiplorinin
forqli iqtisadi miihitlords neca 6ziinii géstordiyinin dyranilmasinin mithiimliiytinii tasdiq edir.

Moévcud tadqiqatlarin oksariyyati kasigmo molumatlarina asaslanir ki, bu da davranig nlimunae-
lorinin zamanla neco dayisdiyini izlomays imkan vermir. Boylama todqiqat dizaynlari1 sahibkarlarin
tacriiba topladiqca adaptiv evristika inkisaf etdirib-etdirmadiyini, yoxsa eyni qorazlori tokrarladigini
aydinlagdira bilor. Eyni zamanda, davranis prinsiplorinin modaoni vo institusional baximdan miixtalif
kontekstlords tokrar yoxlanmasi sahanin etibarlilig1 ii¢iin zaruridir [1]. Metod ¢oxnovliliiyt — ekspe-
riment, saho miisahidasi vo boyiik hacmli rogomsal davranis malumatlarinin birlagdirilmasi — galocak
todqiqatlarin etibarliligini artira bilor.

Digor mithiim bosluq isa davranis prinsiplarinin nazari inteqrasiyasinin zaifliyidir. Hazirda
odabiyyat bir-birindon nisbaton tocrid olunmus qoraz vo evristikalarin siyahisi soklindo inkisaf
etmisdir; lakin bu mexanizmlarin bir-biri ilo neca qarsiligl tasir gostordiyi va hansi soraitds hansinin
ustlinliik togkil etdiyi az dyranilmigdir. Vahid noazari ¢orgivonin formalasdirilmast — kognitiv, emo-
sional va sosial amillori eyni modelds birlogdiron — sahonin yetkinlogmosi {i¢iin baslica vozifolordon
biridir [1].

Fundamental nozori gorginlik — kognitiv qisayollarin rasional emal boslugunu yoxsa adaptiv
cavabi tomsil etdiyi — davranis iqtisadiyyatinda davam edir. Alrohaeem et al. [1] mahdud rasionalliq
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vo uygunlasdirict ekspertizanin raqabatli deyil, tamamlayici ¢argivelor kimi qobul edilmasini tdvsiya
edir. Uygun cavab evristik mithakimoni aradan qaldirmaq deyil, metakoqnitif farkindaliq inkisaf
etdirmokdir — hans1 miithakimo ndvlorinin sistematik deliberasiyadan faydalandigini tanima bacarigi.
Bu, Mokyr [8] torofindon Sonaye Maarif¢iliyinin mohsuldarliginin morkozi kimi miioyyan edilon
konteksto duyarli ekspertiza noviidiir.

7. Naticd

Davranis iqtisadiyyatt Homo economicus'un ideallagdirilmis fiqurunu real agentlorin qeyri-
mioyyanlik, kognitiv mahdudiyyet, emosional miirokkoblik va sosial yerlogdirme soraitini neco
kecdiyinin daha empirik osasli hesabi1 ilo ovoz etmisdir. Mohdud rasionalliq [2], perspektiv
nazoriyyasi [3], ikili proses noazoriyyasi [4, pp. 19-30] vo sosial tosirin tohlili sahibkarliqdan otraf
miihitin miithafizosina qodor genis saholordo mohsuldar oldugunu siibut etdi.

Bu mogqalo rasionaldan kenara ¢ixmalarin hom insan idraksalliginin memarligini, hom do
gerarlarin verildiyi sosial-institusional kontekstlori oks etdiron sistematik niimunalor oldugunu iddia
etmisdir. Ustiinliik formalasmas1 psixoloji, sosial, iqtisadi vo kontekstual amillorin miirokkob
qarsiligh tasirini ohato edir. Saho Qarbmorkazli bilgi bazasina qarsi ¢ixmali, davranig prinsiplorinin
miixtolif iqtisadi, institusional vo madoni miihitlords — eloco do evristik qorar gobuletmonin adaptiv
doyerinin tam qiymetlondirildiyi kontekstlords [9] — neca 6ziinii gostordiyini aragdirmalidir.

Praktiki baximdan davranis iqtisadiyyatinin naticolori ham fordi qorar qobul edonlor, hom do
siyasotcilor ticlin doyorlidir. Fordlor 6z koqnitiv qorazlorini tanityaraq metakoqnitif nozaroti
giiclondiro, toskilatlar iso qorar proseslorini struktur baximindan yenidon dizayn edorak sistematik
sohvlori azalda bilor. Siyasat soviyyesinde igsare vermo alatlori mocburiyyat olmadan ictimai rifahi
artirmaq potensialina malikdir, lakin onlarin tatbiqi diqqgatli empirik qiymotlondirma vo etik nozarot
tolob edir. Yekun olaraq, davranis iqtisadiyyatinin golocak inkisafi nazori inteqrasiya, metodoloji
ciddilik vo kontekstual hassasligin birlosmasindon asili olacaqdir.
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DAVRANIS iQTISADIYYATI VO QORAR QOBULETMO:
KOQNITIV QOROZLOR, EVRISTIKA VO SIYASOT NOTICOLORI

C.G.Haaiyev, Z.R.isgondorov, S.T.Mammadov

Xiilasa. Davranis iqtisadiyyatinin asas elm sahasi kimi yiiksolisi, iki osrdon artiq iqtisadi tohlili asaslandiran klassik
rasional se¢im ¢or¢ivasini kokiinden sual altina almigdir. Psixoloji va koqnitiv anlayislari iqtisadi modellagdirmays daxil
etmokls davranis iqtisadiyyati, fordlerin, firmalarm va sahibkarlarin geyri-miisyyanlik, mohdud rasionalliq vo emosional
tosir goraitindoki qorar qobuletmo prosesi barads daha zongin, empirik baximdan osaslandirilmig bir izah toqdim edir. Bu
magqalo, kognitiv qarazlorin, evristikanin, emosional vaziyyastlorin vo kontekstual amillorin igtisadi davranisi neco forma-
lasdirdigin1 aragdirmaq moqsadilo nazori vo empirik adobiyyat1 sintez edir. Rasionaldan konara ¢ixmalarin proqnozlas-
dirila bilon sistematik niimunslor oldugunu, adebiyyatdaki metodoloji bosluglari, o ciimlodon inkigaf etmokdo olan
iqtisadiyyat kontekstlorinin az tomsil olunmasini miioyyon edon moqals, uygunlagdirici ekspertizant mohdud rasionalligla
uzlasdiran daha inteqrativ ¢argivayo ¢agirig edir.
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Abstract. The paper discusses the history of chatbot systems and their emergence according to artificial intelligence
and the importance that they are gaining in the contemporary digital world. It looks at the basic principles behind chatbots,
namely their types, architecture and the underlying technologies, which are the natural language processing and machine
learning. Another aspect that is mentioned by the study in terms of the primary areas of application of Al-powered chat-
bots is education, healthcare, and customer services where they improve efficiency and interaction with a user.

Besides, the paper explains the main benefits of chatbot systems including their 24/7 availability, quick response rate,
and the ability to communicate with people in a personalized manner and weaknesses including the ethical concerns and
the incapacity to understand human complex language. Lastly, the paper highlights the future possibilities of chatbot
technologies when there is the development of more intelligent and human-like chatbots through the further progress of
generative Al and large language models. On the whole, the systems of Al chatbots are becoming the inseparable part of
the contemporary reality and digital transformation.

Keywords: Chatbots, Natural Language Processing, Machine Learning, Human-Computer Interaction.
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Introduction

Artificial intelligence is doing a lot of things today. For example, it creates software that
performs complex tasks. Which is integrated into our daily lives through these intelligent agents.
Chatbots are one of the most common examples of these systems and is based on Human-Computer
Interaction. There is no longer a need to speak 'machine language' with technology. These intelli-
gent systems are able to assimilate human speech and speak to you in the same language and with
the same emotions.

The history of chatbots began with ELIZA, the first psychological simulation created in 1966,
and was later further developed under the name ALICE in 1995 and reached the level of today's
modern artificial intelligence.

The importance of this technology is creating significant changes not only in entertainment, but
also in business, education and e-commerce. The biggest advantage of chatbots is that they know no
borders: they are available 24/7, can answer questions from thousands of people at the same time,
and work equally effectively on any platform. These tools, which reduce costs and improve customer
satisfaction in business, as well as facilitate rapid access to information in the educational process,
have become an integral part of the modern digital ecosystem.

Despite the widespread deployment of chatbot systems in digital platforms nowadays, various
people and organizations face several challenges related to accuracy, context, personalization, data
privacy and ethical uses. It is essential, then, to look at how these Al-powered chatbot systems are
created, which technologies support them and where they can be applied in reality. The objective of
the paper is to study the development of Al-powered chatbot systems focusing on their architecture,
NLP components, machine learning methods, areas of application, advantages, limitations, and fur-
ther development perspectives.

Methodology

This study uses a descriptive, analytical, and comparative research approach to examine Al-
powered chatbot systems in digital communication. The methodology is based on the analysis of
existing scientific literature related to artificial intelligence, chatbot architecture, natural language
processing, machine learning, generative Al, and ethical issues. Since the study is theoretical in nature,
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it does not include experimental implementation or statistical testing. Instead, it focuses on the sys-
tematic interpretation and comparison of existing concepts and approaches.

The research follows a three-dimensional analytical model. The first dimension is the architec-
tural analysis of chatbot systems. In this part, the study examines the main components of chatbot
architecture, including user input processing, natural language understanding, intent recognition, con-
text management, dialogue management, and response generation. This dimension explains how chat-
bot systems process user requests and produce relevant responses.

The second dimension is the technological analysis. This part focuses on the role of machine
learning, deep learning, transformer-based models, and generative Al in chatbot development. In ad-
dition, rule-based and Al-based chatbot systems are compared according to their working principles,
flexibility, context understanding, and response generation abilities. This comparison helps to show
the advantages of modern Al-powered chatbots over traditional rule-based systems.

The third dimension is the practical and ethical analysis. In this direction, the study examines
the application of Al-powered chatbots in education, healthcare, and customer service. At the same
time, the main limitations and ethical challenges of chatbot systems are analyzed, including data
privacy, response accuracy, bias, security, and the possible effects of human-like communication
on users.

Overall, this methodological approach makes it possible to evaluate Al-powered chatbot sys-
tems not only as technical tools, but also as practical digital assistants and ethically sensitive commu-
nication systems. Through descriptive analysis, comparison, and thematic evaluation, the study pre-
sents a structured overview of the development, application, advantages, and challenges of Al-pow-
ered chatbots.

Artificial intelligence: a modern approach

The goal of artificial intelligence is not just to create software, it also understands information
from the environment and learns by performing certain steps. Unlike previous eras, the concept of Al
does not depend on rules predetermined by humans, but instead uses large amounts of data and ma-
chine learning methods. These systems do not simply execute given commands, but also try to un-
derstand people's goals and realize them in the most accurate way.

Al applications range from microelectronic devices to global online services. From strategic
victories on the chessboard to driverless cars navigating city streets to spacecraft exploring distant
planets, this technology is now present in every aspect of our lives. Artificial intelligence can now
analyze text and images, and can even detect nuclear explosions by monitoring seismic movements.
This technology is now an integral part of areas where even the smallest details are vital. All of these
applications not only increase the impact of Al on society, but also raise important issues such as
ethics, security, and trust [1, pp. 1-20].

Chatbots are not robots that repeat pre-prepared answers, the main strength of these systems is
their ability to sense the subtleties of human language and speak the same language as us in the digital
world. These systems move away from classic text analysis, deeply process the structure of the lan-
guage and create a real dialogue environment with the user. If earlier this technology was based only
on matching some keywords, today chatbots have become intelligent systems that understand com-
plex queries and make decisions based on the context.

There are two different working principles behind this technology: 'hard algorithms' that are
limited by the programmer's instructions, and artificial intelligence models that learn from data. The
former are like a traveler with a precise map in his hand; they only move along pre-drawn 'if this,
then do this' paths. These systems cannot go beyond the logic built for them by the programmer and
only provide predictable answers to familiar questions. Artificial intelligence-based models, on the
other hand, do not stick to ready-made scenarios, unlike their predecessors. Thanks to the power of
machine learning, these systems learn something new from every conversation and determine more
quickly what the user wants to say, ‘feeling' it like a human being [2, pp. 1-15].
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Chatbot Architecture

The architecture of a chatbot system refers to the internal structure and working mechanism
that enables the chatbot to understand user input, process information, and generate an appropriate
response [2, pp. 1-15]. A successful chatbot is not created only by writing simple program codes. It
requires a well-planned strategy, a clear communication style, and a properly designed dialogue struc-
ture. At the beginning of the development process, the purpose of the chatbot, the target user group,
and the tone of communication must be defined. This stage is important because the chatbot’s inter-
action style directly affects user satisfaction and trust.

One of the main components of chatbot architecture is the identification of user intent. For this
purpose, developers create intent maps that help the system understand what the user wants to
achieve. For example, a user may ask for information, request support, make a complaint, or search
for a specific service. The chatbot should correctly classify these intentions and choose the most
suitable response. In addition, dialogue flow charts are prepared to predict possible conversation
paths. These flow charts help the chatbot manage different user questions and maintain a logical
conversation [2, pp. 1-15].

Another important element of chatbot architecture is context management. A quality chatbot
should not treat every message as an isolated sentence. Instead, it should remember previous parts of
the conversation and respond according to the context. For example, if a user first asks about a course
and then asks “When does it start?”, the chatbot should understand that the second question is related
to the same course. This ability makes the chatbot more useful and more natural in communication.
Context management also helps the system avoid repetitive questions and provide more personalized
answers [3, pp. 15-30].

Natural Language Processing (NLP) plays a central role in chatbot architecture. NLP analyzes
the text entered by the user, breaks it into smaller parts, identifies important words and expressions,
and converts the message into a format that can be understood by the machine. Through this process,
the chatbot can recognize the structure and meaning of human language. Intent recognition, entity
recognition, and text classification are among the most important NLP tasks used in chatbot systems
[3, pp. 15-30], [4, pp. 1-40].

The dialogue manager is another essential part of the chatbot system. It controls the flow of
communication between the user and the chatbot. After the user’s intent is recognized, the dialogue
manager decides what action should be taken next. It may select a ready answer, search for infor-
mation in a database, ask an additional question, or transfer the conversation to a human operator.
Therefore, the dialogue manager acts as the decision-making center of the chatbot [3, pp. 15-30], [8].

The final stage of chatbot architecture is response generation. At this stage, the system pre-
pares an answer and sends it to the user in a natural and understandable form. In rule-based chatbots,
responses are usually selected from predefined templates. However, in Al-based chatbots, responses
can be generated dynamically according to the user’s question and the context of the conversation
[3, pp. 15-30]. This makes Al-powered chatbots more flexible, interactive, and human-like.

Overall, chatbot architecture consists of several connected components, including user input
processing, natural language understanding, intent recognition, context management, dialogue mana-
gement, and response generation. These components work together to create a meaningful dialogue
between humans and machines. As a result, modern chatbots are no longer simple question-answer
tools; they have become intelligent systems capable of understanding user needs and supporting dig-
ital communication in a more effective way.

Machine Learning and Generative Al in Chatbot Development

Traditional chatbots rely mostly on rule-based systems. They act based on set orders and fixed
response patterns. While they can handle basic tasks, these systems break if the user poses a more
complex or unexpected query. Rule-based chatbots can only follow the developer-created scenarios
and find it hard to adapt to new situations [2, pp. 1-15].
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Machine learning chatbots are more adaptable as they leverage past conversations and large
data to improve. Systems analyze user messages to identify patterns and improve responses over time.
Rather than being fixed by rules only, user inputs are analyzed, intentions are classified and more
suitable answers are generated in context [1, pp. 1-20], [2, pp. 1-15], [3, pp. 15-30].

Recent advancements in chatbot systems are related to deep learning, transformer models, and
large language models. These technologies enable the creation of conversations that are more natural,
flexible, and contextual. Contrary to the simple rule-based bots, people are most familiar with the use
of generative Al chatbots. These Al chatbots can form new responses as per the current situation
rather than just selecting from any prepared answers [3, pp. 15-30].

Generative Al enhances the capabilities of chatbots to assist users in various fields. Such sys-
tems, for example, can clarify educational topics, summarize information, assist customer service,
and personalize feedback. Generative Al must also conform to rigorous specifications concerning
accuracy, data privacy, ethical design, and oversight by human operators. As a result, it’s important
to consider these technical tools (machine learning and generative Al) as important elements of re-
sponsible digital communication. The main differences between rule-based and Al-based chatbot sys-
tems are presented in Table.

Comparison of Rule-Based and Al-Based Chatbot Systems

Feature

Rule-based Chatbots

Al-based Chatbots

Working principle

Predefined rules

Learning from data

Flexibility Limited High

Context understanding Weak Stronger

Response type Fixed answers Dynamic answers
Example use FAQ bots ChatGPT-like systems

Application Areas of Al-Powered Chatbots

Today's intelligent chatbots are based on complex dialogue systems, where the understanding
module, dialogue manager and response block work as a single mechanism. Such an approach takes
communication out of a static state and forms a dynamic system that analyzes the conversation history
and acts according to the context. The initial stage of the architecture involves filtering and structuring
the text. Here, through tokenization and lemmatization (root finding), the information layer is made
ready for internal analysis. As a result, the system is able to respond flexibly and logically even to
completely new and unusual expressions [5].

Artificial intelligence has made our daily lives easier, and we use it in areas such as education,
customer service, healthcare, and performance enhancement. One of the most common examples of
artificial intelligence in the world of education is chatbots. According to research, chatbots are used
to present course materials to students, answer their questions, and create a personalized learning
experience. This technology provides unlimited support to students and improves their learning pro-
cess. It also reduces the burden on teachers and allows them to engage in more academic activities.

Chatbots are one of the key technologies that increase efficiency in the field of customer service.
They respond to customer requests instantly, reducing waiting times and can serve a large number of
users at the same time. This leads to both cost reduction and improved service quality for companies.
At the same time, chatbots solve simple problems, and in more complex cases, they redirect to human
operators [6].

In the healthcare sector, chatbots are used to provide patients with preliminary information,
evaluate simple symptoms, remind users about medical services, and guide them to appropriate
healthcare support. These systems make medical information more accessible by giving quick res-
ponses to patient questions. At the same time, they can reduce the workload of healthcare professio-
nals by answering frequently asked questions and supporting initial communication with patients.
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However, healthcare chatbots should not replace doctors, because incorrect or incomplete information
may create serious risks for patients. Therefore, they should be used as supportive tools under proper
medical and ethical control. Consequently, there is an increase in the productivity of the employees
as well as user satisfaction [6].

Advantages, Limitations and Ethical Challenges of Al-Powered Chatbots

A primary benefit of Al chatbots is that the chatbots operate 24 hours. Technology enables the
user to start with the service at any time and the use of such technology will remove reliance on the
conventional business hours. The feature grows satisfaction among the users particularly in customer
service. Chatbots can reply to the customer queries very fast and instantaneously. Al chatbots would
have a massive effect on the time of response as well as the efficiency of the service process. This
will enhance the user experience as well as turning the overall operation efficiency up. The Al chat-
bots have the capability of offering a personalized service to users by analyzing user data. Such sys-
tems generate more interesting service by offering answers to the needs of the user [6].

Al chatbots have a number of ethical concerns. Specifically, the issues of privacy, security of
user information, and the effect of a human type of communication with the user are the key issues.
The mimicking nature of chatbots may make them appear trustworthy by humans and also sway their
choices. Furthermore, the absence of sufficient ethical regulations to be established in the design and
utilization of such systems is also referred to as a major issue. The other significant issue of chatbots
is to do with the accuracy level of the same. Such systems are at times known to give wrong or
inaccurate information. This may cause wrong diagnosis or prescriptions particularly in healthcare
field [7].

The contextual understanding does not assure complete understanding by the Al systems, po-
tentially creating a risk to users. The issue of bias is also present with Al chatbots. This is mainly due
to the fact that the training that they are trained on is skewed or asymmetrical. Consequently, chatbots
might provide some categories of users with unfair or wrong responses. This may be very detrimental,
particularly in the healthcare and social sectors [8].

The technology of chatbots is likely to evolve in the future due to even more intelligent and
human-like forms. Due to generative Al and large language models (such as ChatGPT), not only will
chatbots be content with providing answers, but they will also be capable of producing new content
related to the situation and be more aware of the needs of the user. Due to the development, chatbots
would become more natural and empathetic and personalized in communication. Meanwhile, their
combination with other technologies will be enlarged, which opens opportunities to make their use
more efficient and popular in the educational, healthcare, and customer service spheres.

Conclusion

To sum up, artificial intelligence has considerably altered the evolution of chatbot systems as it
has become a necessity in many aspects of life, including education, health care, and customer service.
According to the Al-powered chatbots can improve communication through providing a fast, efficient
and individualized interaction between users which enhances user experience and operational effi-
ciency. Furthermore, a combination of the natural language processing and machine learning tech-
nology has allowed human language to be understood by chatbots better, and they have become more
precise in reaction. Regardless of some obstacles, such as the ethical aspect in the technology and the
lack of knowledge to answer intricate questions, the ongoing development in the field of Al technol-
ogies is fixing the established problems. In the future, the chatbot systems are likely to evolve and
become more sophisticated, human-like and more popular. The creation of massive language models
and generative Al will also improve their functionality and will permit more natural and intelligent
interaction. Thus, chatbots powered by Al will remain instrumental in the development of the digital
communication and smart systems in the future.
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Abstract. This article extensively examines the historical development, technical structure, and role of the Pascal
language in modern educational technologies. Created by Professor Niklaus Wirth, Pascal is considered an indispensable
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Giris. Comiyyatin informasiyalagsmasi1 prosesi miiasir dovriin osas inkisaf istiqgamatlorindon
biridir. Bu proses molumatlarin toplanmasi, saxlanilmasi, emal1 vo 6tiiriilmasinin insan faaliyystinin
ayrilmaz hissasino ¢evrilmosi ilo xarakterizo olunur. Tohsilin informasiyalasdirilmas: iso todris
prosesinin miiasir informasiya texnologiyalart ilo zonginlogdirilmasini vo yeni pedaqoji yanagsmalarin
totbiqini zoruri edir [4].

Bu baximdan golocok informatika miisllimlorinin hom fundamental proqramlasdirma biliklo-
ring, hom do miiasir informasiya-kommunikasiya texnologiyalarindan istifado bacariqlarina yiyo-
lonmasi xlisusi shamiyyat dasiyir. Multimedia vo interaktiv tadris vasitalori tolim prosesinin somaora-
liliyini artirmaqla yanasi, tolobalarin faalligini vo alqoritmik diisiinma qabiliyyatini inkisaf etdirir [4].

Programlagdirmanin sistemli sokilde todrisinde miihiim rol oynayan vasitolordon biri Pascal
programlasdirma dilidir. Bu dil proqramlagdirma prinsiplorinin ardicil vo mantiqi sokildo monimss-
nilmosing sorait yaratdigi ti¢lin uzun illordir tohsil miihitinds 6z aktualligini qoruyub saxlayir.

Pascal programlasdirma dili 1960-c1 illorin sonunda Siirixdoki Isvegro Federal Texnoloji
Institutunda (ETH Zurich) professor Niklaus Virt tarafindon hazirlanmisdir [3], [5, s. 1]. Virtin bu
dili yaratmaqda iki osas moqsadi var idi: birincisi, proqramlagdirmanit miioyyon fundamental
anlayislara osaslanan sistematik bir intizam kimi dyratmak tigiin uygun bir dil yaratmagq; ikincisi iso
bu dili moéveud kompiiterlordos etibarli vo somarali gokildo totbiq etmok idi [5, s. 1]. Miiallif o dovrdo
istifado olunan dillorin konstruksiyalarinin montiqi izahinin olmamasindan dorgin naraziligini
bildirirdi [5, s. 1]. Virt inanird1 ki, tolobays fikirlorini ifade etmok ii¢iin dyradilon dil onun tofokkiir
torzino koskin tosir gostorir vo homin dillordeki nizamsizliq birbasa talobonin proqramlasdirma
iislubuna kegir [5, s. 1].

Yeni dilin yaradilmas: yalniz yenilik xatirino deyil, movcud dillorin sistematik struktur
toloblorino cavab vermomasi sababindon zorurato ¢evrilmisdi. Bu monada Algol 60 dili Pascal iigiin
osas gotlriilmisdii, lakin Pascal verilonlorin strukturlagdirilmasi imkanlarinin genisliyi ilo ondan
forglonirdi [5, s. 1-2]. Pascal-da program iki asas hissadon ibaratdir: harokatlorin tosviri (statements)
va bu harokatlor tarafindon idars olunan verilonlarin tosviri (declarations) [5, s. 2]. Dilin sadsliyini
niimayis etdiran klassik "Hello" progqrami1 onun strukturunu aydin gostorir:
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PROGRAM first;

BEGIN
Write('Hello"'")

END.

Bu program niimunasi gostarir ki, Pascal dilinds hor bir blok "BEGIN" va "END" agar sdzlori
ilo kaskin sokildo mohdudlasdirilir [3].

Programlasdirma texnologiyasinin todrisi informatika sahosindo hazirligin miihiim torkib
hissasidir. Baxmayaraq ki, son zamanlar Python proqramlasdirma dili genis yayilmigdir, miitoxas-
sislor programlagdirmani dyronmak tigiin Pascal-1 holo do on miinasib dil hesab edirlor [4]. Pascal
dilinin sintaktik diaqramlari, molumat tiplori vo doyisonlorin elan edilmasi qaydalar1 programgida
ciddi intizam yaradir [4]. Masalan, iki adadin comini hesablayan proqramda doyisonlorin ovvalcodon
elan edilmasi zoruridir:

PROGRAM add;

VAR
X, y, Z : integer;
BEGIN
write ('Enter first number: ');
read(x) ;
write ('Enter second number: ');
read(y);
zZ =X + y;
write('Sum = ', 2z)
END.

Burada "integer" tipi tam ododlori, "real" hoaqiqi adadlori, "char" simvollari, "boolean" iso
mantiqi qiymatlori tomsil edir [3].

Pascal dili tokco tohsil moagsadli deyil, hom do miiasir verilonlor morkozlorinin inkisafinda
miihiim rol oynayir. Masalon, Indoneziya ibtidai maktablorinda neyral verilon serverlorinin (Neural
Data Server) qurulmasinda Pascal proqramlasdirmasindan istifado edilir. Siini intellektin inkisafi
MySQL Server osash verilonlor bazasi totbiglorindo hoyata kecirilir vo Pascal burada inteqrasiya
olunmug verilonlor strukturlarinin inkisafina fokuslanir. Verilonlorin analizi vo kodifikasiyasi
rogomsal dovrds sag qalmagq {i¢iin zoruri olan bacariqlardir. Pascal dili morkozlogdirilmis vo serverlor
arasinda olagoli olan verilonlorin inkisafina xidmot edir [2].

Programlagdirmada tokrar olunan horokatlorin icrasi {i¢lin Pascal ii¢ név dongii konstruksiyasi
toqdim edir: WHILE, REPEAT vo FOR. FOR dongiisii harakatin avvalcadon miisyyen edilmis sayda
yering yetirilmasi tigiin nozords tutulub [3]:

FOR 1 := 1 TO 10 DO
writeln ('Hello"')

WHILE dongiisii iso sort dogru qaldigi miiddotco icra olunur [3]. Pascal-da funksiya vo
prosedurlarin, xtisusilo rekursiv zonglorin totbiqi alqoritmik diisiinconi daha da dorinlogdirir.

Bu ciir sistematik yanasma, tolabalorin proqramlasdirma texnologiyalarini yalniz kod yazmaq
deyil, hom do miirokkab sistemlori modullar soklinds layihalondirmok bacarigini artirir [4]. Pascal
dili hom klassik informatika tohsilinin, hom do miiasir neyral proqramlasdirma sistemlorinin
kasigsmasindo 6z aktualligini1 qoruyub saxlayir.

Tadgigatin maqsadi vo masalonin qoyulusu. Todqgigatin mogsadi Pascal dilinin sintaktik
strukturunu, verilon tiplorini vo miiasir informasiya sistemlarindaki totbiq imkanlarini otrafli sokildo
ortaya qoymagqdir. Maqalods Pascal-1n tokco bir dil deyil, hom do alqoritmik diistinconi formalasdiran
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bir miihit oldugu, xiisusilo neyral verilon serverlorindo (Neural Data Server) vo interaktiv tolim
programlarinda totbiqi masalolori qoyulur [4]. Miiasir dovrdo Python kimi dillorin populyarligina
baxmayaraq, proqramlagsdirma texnologiyasinin dorinliklorini dyrotmok {i¢iin Pascal-in hoalo do on
uygun dil olmasi arasdirilan asas problemdir.

Pascal dilinin texniki xiisusiyyatlori va sintaktik struktur. Pascal dili iki osas siitun {izorindo
qurulub: yering yetirilon horokotlorin tosviri olan operatorlar (statements) vo bu harokotlorin totbiq
olundugu verilonlarin tasviri olan deklarasiyalar. Dilin sintaksisi BNF (Backus-Naur Form) vasitasilo
daqiq miiayyan edilmisdir vo bu da proqramin oxunaqliligini artirir.

Programin timumi strukturu asagidaki kimidir:

PROGRAM Program Adi;

CONST
Pi = 3.14;
VAR
radius, sahe : real;
BEGIN
write ('Radiusu daxil edin: '");
read (radius) ;
sahe := Pi * radius * radius;
writeln('Sahe = ', sahe:5:2);
END.

Bu niimuns Pascal-in dayisanlari elan etma (VAR) va icra blokunu (BEGIN-END) neca koskin
ayirdigini gostorir. Istonilon dayison istifadoden avval miitlaq tipo uygun elan edilmalidir [1, s. 1].

Verilan tiplari va strukturlasdirilmis obyektlar. Pascal zongin verilon tiplari sistemi toqdim
edir. Standart skalyar tiploro INTEGER (tam adadlor), REAL (haqiqi adadlor), CHAR (simvollar) vo
BOOLEAN (mantiqi tip) daxildir [1, s. 1]. Hor bir tip yaddasda miioyyan yer tutur; masslon, miiasir
interpretasiyalarda Real tipi 6 bayt, Integer iso 2 bayt yer tutur.

Lakin Pascal-in asas giicii onun strukturlagdirilmis verilon tiplorindadir:

1. Dizilor (Arrays): Eyni tipli verilonlorin ardicil saxlanmasi {igiin istifads olunur. Masalon,
ARRAY [1..50] OF integer [1,s.12].

2. Yaziular (Records): Miixtalif tipli verilonlori bir obyekt altinda birlogdirir. Bu, kommersiya
yOoniimlii problemlorin halli ligiin Virt torafindon olave edilmis vacib xiisusiyyatdir.

3. Coxluglar (Sets): Riyazi ¢oxluq omaliyyatlarint (birlogsmo, kosismo, forq) birbasa kodda
yerino yetirmoayo imkan verir.

Asagida yazilar (Record) tipino aid genislondirilmis bir nlimuns verilmisdir:

TYPE
Telsbs = RECORD
Ad: string;
Yas: integer;
Qiymet: real;

END;

VAR
tl: Tolsbs;

BEGIN
tl.Ad:= "Ali';
tl.Yas:= 20;
tl.Qiymet:= 85.5;

END.
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Idarsetmos strukturlar: va déngiilor. Pascal proqramlasdirmada "loop" (déngii) anlayisini iig
forqli konstruksiya ilo toqdim edir: WHILE, REPEAT vo FOR. WHILE vo REPEAT arasindaki
fundamental forq ondan ibarstdir ki, REPEAT dongiislinds sort sonda yoxlanilir, buna gora do dongii
govdasi an azi bir dofo icra olunur [1, s. 6]. WHILE doéngiisiinds iso sort ovvaldo yoxlanildigi tigiin
dongii heg icra olunmaya da biler.

Sort operatoru olan IF-THEN-ELSE ilo yanasi, se¢cim patternlori iiclin daha zorif hall olan
CASE operatoru totbiq edilir [1, s. 11]. Masoalon, aylarin giin sayini toyin etmok ii¢iin:

CASE ay OF
i, 3, 5, 7, 8, 10, 12 : gun := 31;
4, 6, 9, 11 : gun := 30;
2 : gun := 28;

Alt progqramlar va rekursiyanin tatbiqi. Pascal miirokkob mosalalori kigik modullara bolmok
iiclin Prosedur vo Funksiyalardan istifado edir. Prosedurlar bir qrup netico qaytardigi halda,
Funksiyalar tok bir qiymot qaytarir [1, s. 14-16]. Pascal-da 6ziinomoxsus bir xiisusiyyst do
rekursiyadir — yoni funksiyanin 6ziinii cagirmas.

Faktorialin hesablanmast iigiin rekursiv funksiya niimunosi [1, s. 17]:

FUNCTION fac(n : longint) : longint;
BEGIN

IF n = 0 THEN fac :=1

ELSE fac := n * fac(n-1);
END;

Bu struktur programeidan dorin montiqi tohlil tolob edir vo sistematik diisiinconi inkisaf etdirir.

Miiasir totbiq sahalori: Neyral verilon serverlori vo bulud texnologiyalari. Pascal yalniz
dorsliklorda qalan bir dil deyil. Son illordo Indoneziya ibtidai moktoblorindo aparilan todqiqatlar
gostorir ki, Pascal programlagdirma dili neyral verilon serverlorinin (Neural Data Server) inkisafi
ticlin istifado olunur [2]. Bu sistemlor MySQL serverlori tizorinds qurulmus siini intellekt totbigloridir.
Pascal burada inteqrasiya olunmus verilonlor strukturunun yaradilmasi vo verilonlorin
kadrlagdirilmasi (data codification) {i¢iin asas alot rolunu oynayir [1, s. 103].

Pascal proqramlagdirma dilinin miiasir dévrde aktualligini qoruyan osas amillordon biri onun
aciq monbali inkisaf miihitlori vasitosilo genis istifado olunmasidir. Xiisusilo Free Pascal Compiler
(FPC) va Lazarus inteqrasiya olunmus inkisaf miihiti (IDE) Pascal dilinin tadrisi vo praktik totbiqi
liclin genis imkanlar yaradir. Free Pascal miixtolif omoliyyat sistemlorini (Windows, Linux vo
macOS) dastokloyan yliksok mohsuldarligli kompilyator olmaqla yanasi, obyekt-yoniimlii proqram-
lagdirma imkanlar1 da toqdim edir. Lazarus platformasi iso Free Pascal osasinda qurulmus vizual
programlasdirma miihiti kimi istifadagilors qrafik interfeysli totbiglorin hazirlanmasina sorait yaradir.

Bu platformalar vasitosilo tohsil miiossisalorindo toloboalor verilonlor bazalari ilo isloyon
programlar, kalkulyatorlar, informasiya idarsetmo sistemlori vo miixtalif todris yoniimlii totbiglor
hazirlaya bilirlor. Bundan olavo, agiq monbali layihslorin mévcudlugu tolobolore hazir proqram
kodlarmin tahlili, program tominatinin tokmillasdirilmesi vo proqram miihandisliyi prinsiplorinin
monimsanilmasi baximindan miihiim tacriibs qazandirir.

Miiasir todris praktikasinda Lazarus vo Free Pascal miihitlori alqoritmlorin vizuallagdirilmasi,
verilonlor strukturlarimin dyrodilmasi vo programlasdirmanin osas prinsiplorinin monimsadilmaosi
ticiin genis istifads olunur. Bu platformalarin agiq manbali olmasi onlarin tohsil miiassiselorinds slava
lisenziya xorclori olmadan totbigino imkan verir vo Pascal dilinin miiasir proqgramlasdirma tohsilindo
ohomiyyatini qoruyub saxlamasina sorait yaradir.
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Miiasir informasiya sistemlorinds proqramlagdirma dillori yalmiz totbiqi proqramlarin
hazirlanmasinda deyil, hom do verilonlorin emali, server xidmatlorinin togkili vo alqoritmik proses-
lorin idars olunmasinda miihiim rol oynayir. Pascal dilinin giiclii tip nazarati, strukturlagdiriimig
programlasdirma prinsiplari vo modullu yanasmasi bulud texnologiyalar1 vo paylanmis informasiya
sistemlorinin osas montiqinin dyradilmasi {iglin alverigli vasito hesab olunur. Blockchain vo Cloud
Computing kimi texnologiyalarin is prinsiplorinin monimsonilmasi zamani1 Pascal dilindo qurulan
modellar vo alqoritmlor tolobalors verilonlorin saxlanilmasi, otiiriilmasi vo emali proseslorini daha
sistemli sokildo basa diismoyo imkan verir.

Cadval 1
Blockchain vo Bulut hesablamalarinin miiqayisali analizi [1, s. 110]
| Ne H Xiisusiyyat H Blockchain H Cloud Computing
1 Cihaz n6vii Coxsayli cihazlar Morkazlosmis tok cihaz
2 Verilon saxlanci Hor cihazda saxlanilir Morkazi verilonlor morkozi
3 Verifikasiya Fordi sokilda Morkazi IP vasitasilo

Cadval 1-don goriindiiyii kimi, Blockchain vo Cloud Computing sistemlari verilonlorin sax-
lan1lmasi1 va idars olunmasi baximindan forqli prinsiplors osaslanir. Pascal dili bu texnologiyalarin
Oziiniin yaradilmasinda genis istifado olunan osas vasito olmasa da, onlarin i mexanizmlorinin
Oyradilmasi vo modellagdirilmasi ti¢ilin alverisli tadris platformasi rolunu oynayir. Xiisusils verilonlor
strukturlar1, massivlor, yazilar (records), fayl sistemlori vo alqoritmlorin reallasdirilmasi vasitasilo
tolobalar paylanmis vo markozlosdirilmis sistemlorin mantiqini praktik olaraq monimsoya bilirlor. Bu
baximdan Pascal miiasir informasiya sistemlorinin nazari ssaslarinin todrisindo 6z shomiyyatini
qoruyub saxlayir.

Ustiinliiklor, mohdudiyyatlor vo miiqayisa. Pascal programlasdirma dili giiclii tip nozaroti
(strong typing), strukturlasdirilmis proqramlasdirma prinsiplori vo aydin sintaktik qurulusu ilo se¢ilir.
Bu xiisusiyyatlor proqramlasdirmaya yeni baglayanlarin dayison tiplorini, verilonlor strukturlarini vo
algoritmik yanasmalar1 daha sistemli sokildo monimsomasino imkan verir. Miiasir dovrdo Python
programlagdirma dili genis istifado olunsa da, Pascal vo Python dillorinin todris baximindan miiqa-
yisasi gostarir ki, hor iki dil forqli tistiinliiklors malikdir.

Cadval 2
Pascal vo Python dillarinin todris baximindan miiqayisasi

| Meyar H Pascal H Python ‘

Tip yoxlamast Giclii tip nozarati, doyisonlor avvalcadon elan Dinamik tip sistemi, doyisonlorin

olunur avvalcadan elanina ehtiyac yoxdur
|Sintaksis ||Daha ciddi vo strukturlagdirilmig ||Daha sada vo gevik |
|Oxur1aq1111q ||Y1'ikssk, lakin daha ¢ox sintaktik qayda tolob edir ||Y1'ikssk va qisa yazilisa malikdir |

Algoritmik
diisiinconin inkigafi

Algqoritmlarls yanasi praktik tatbiglora

Yiiksok soviyyada tosviq edir istiinliik verir

S . Programlasdirmanin fundamental asaslarinin Siirotli totbiq inkisafi vo miiasir texnologi-
Tadrisdo istifadosi . . A S . . A o
Oyradilmasi iiglin olverislidir yalarin 0yradilmosi ii¢iin alveriglidir
Sohvlorin Kompilyasiya morholosinds daha ¢ox sohv Bir ¢ox sohvlor programin icrasi zamani
askarlanmasi askarlanir miioyyan edilir

Baslangic soviyyado daha siiratli

Oyronmo morholosi  ||Sistemli vo ardicil yanasma formalasdirir . -
monimsanilir

44



V.l.Salmanov, R.Y.Hajiyeva / Proceedings 1/2026, 40-46

Informatics

Cadval 2-don goriindiiyli kimi, Python istifads rahatlig1 vo genis totbiq sahalori ilo secilso do,
Pascal programlagdirmanin fundamental prinsiplorinin monimsonilmosi baximindan miihiim iistiin-
liiklors malikdir. Xiisusilo doyisonlorin macburi elan olunmasi, verilon tiplorinin ciddi yoxlanilmasi
vo program strukturunun doqiq miioyyonlogsdirilmasi tolobolordo programlasdirma intizaminin
formalagmasina komok edir. Buna goro do bir ¢ox tohsil miiossisalorinds Pascal programlagdirmaya
giris morholosindo, Python iso daha miirokkab totbiglorin hazirlanmasi marholasindo istifads olunur.

Tadqigatin elmi yeniliyi. Pascal proqramlasdirma dilinin yalniz klassik todris vasitosi kimi
deyil, hom do miiasir proqramlasdirma miihitlori vo informasiya sistemlori kontekstindo sistemli
sokildo giymatlondirilmasindon ibaratdir. Mogalodo Pascal dilinin sintaktik xiisusiyyatlori, struk-
turlagdirilmis proqramlasdirma prinsiplari va alqoritmik tofokkiiriin formalasdirilmasina tesiri miiasir
aciq monbali inkisaf platformalar1 (Free Pascal vo Lazarus) ils slagali sokilds tohlil edilmisdir. Eyni
zamanda Pascal dilinin todris potensiali Python proqramlasdirma dili ilo miiqayisali aspektdo aras-
dirilmis, onun fundamental proqramlasdirma biliklorinin monimsonilmasindaki tistiinliiklori asaslan-
dirilmigdir. Bununla yanasi, Pascal dilinin yalniz tohsil miihitinds deyil, verilonlorin emal1 vo infor-
masiya sistemlorinin modellogdirilmasi kimi totbiq sahslorinds istifado imkanlar1 imumilossdirilorok
vahid konseptual yanasma ¢orgivosinds toqdim edilmisdir.

Tadqgiqat metodlarl. Todqiqat zaman1 miiqayisali tohlil, sistemli yanasma vo odobiyyat
arasdirmas1 metodlarindan istifads edilmisdir. ilk morholoda Pascal proqramlasdirma dilinin sintaktik
xuisusiyyatlori, verilonlor strukturlari vo idaroetmo mexanizmlori tizro elmi monbalor tohlil edilmisdir.
Daha sonra Pascal vo Python proqramlasdirma dillori todris baximindan miiqayiss olunaraq onlarin
tip yoxlamasi, proqram strukturunun toskili, oxunaqliliq soviyyasi vo alqoritmik diigiinconin
formalasdirilmasina tosiri aragdirilmisdir.

Tadqiqat corcivosindo Lazarus vo Free Pascal platformalariin todris prosesindo totbiq im-
kanlar1 nozordon kegirilmis, homcinin Indoneziya moktablorinde hoyata kegirilmis Neural Data
Server layihasinin naoticolori dyronilmisdir. Olds olunmus molumatlar sistemlosdirilmis, miixtolif
manbalordon alinan naticolor miiqayise edilmis vo timumilosdirilmisdir. Belsliklo, tadgiqatin meto-
doloji asasin1 miigayisali analiz, mozmun tohlili va sistemli elmi timumilogdirma toskil etmisdir.

Natica. Aparilmis miiqayisali tohlil gdstorir ki, Pascal proqramlasdirma dili programlasdir-
manin fundamental prinsiplorinin tadrisinds 6z aktualligin1 qorumaqdadir. Pascal vo Python dillerinin
miiqayisasi naticasindo miioyyon edilmisdir ki, Pascal giiclii tip nozarsti vo strukturlasdirilmis sin-
taksisi hesabina tolabalords proqramlagdirma intizaminin vo alqoritmik diigiinconin formalagmasina
daha olverisli gorait yaradir.

Todqiqat zamani arasdirilan Free Pascal vo Lazarus platformalar1 gostorir ki, Pascal yalniz
klassik todris dili deyil, hom do miiasir program tominatinin hazirlanmasi tigiin istifads olunan praktik
inkisaf miihitlorine malikdir. Bu platformalar vasitosilo miixtolif tadris layiholorinin vo totbiqi
programlarin hazirlanmasi miimkiindiir.

Homginin Indoneziya moktoblorinds totbiq edilon Neural Data Server layihosinin tohlili Pascal
dilinin verilonlorin emal1 va strukturlagdirilmasi ilo bagl miiasir totbiqlords da istifads oluna bildiyini
gostormisdir. Aparilmis miiqayiseli aragdirmanin naticalorine osason belo gonasto golmok olar ki,
Pascal programlasdirmanin asaslarinin 6yrodilmasi morhalasinds yiiksok somaraliliye malik olmagqla
yanag1, miiasir inkisaf miihitlori ilo inteqrasiya olunaraq praktik shamiyyetini do qoruyub saxlayir.

Tadqiqatin elmi yeniliyi Pascal dilinin tadris potensialinin yalniz nazari aspektds deyil, hom do
miiasir agiq manbali platformalar vo informasiya sistemlori kontekstindo qiymatlondirilmasindadir.
Oldo olunan naticolor programlasdirmanin todrisi metodikasinin tokmillosdirilmasi istigamotindo
istifads oluna biler.
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PASCAL PROQRAMLASDIRMA DiLi: SISTEMATIK TODRIS METODOLOGIYASI VO
MUASIR INFORMASIiYA SISTEMLORINDO TOTBIiQi

V.i.Salmanov, R.Y.Haciyeva

Xiilasa. Bu moqalodo programlagdirma diinyasinda fundamental rol oynamis Pascal dilinin tarixi inkisafi, texniki
strukturu vo miiasir tohsil texnologiyalarindaki yeri genis sokildo aragdirilir. Professor Niklaus Virt torofindon yaradilan
Pascal, proqramlagdirmanin mantiqi va sistematik bir intizam kimi tadrisi li¢iin avezolunmaz alot hesab olunur. Tadqiqat
gargivasindo dilin Algol 60-dan golon kdklori, genis verilon strukturlart vo nozarot mexanizmlori elmi-nozari baximdan
tohlil edilir. Moaqgalado Pascal-in yalniz akademik miihitlo mohdudlasmadigi, homginin miiasir bulud texnologiyalari,
neyral verilon serverlori vo interaktiv multimedia todris proqramlarmin (VBA osasli) yaradilmasindaki rolu program
niimunolori ilo asaslandirilir. Todqgiqatin naticalori gostorir ki, Pascal-in ciddi sintaktik qurulusu tolobolorde alqoritmik
diisiinconin formalagmasi ii¢lin on effektiv vasito olaraq qalmaqdadir.
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Abstract. Large-language-model (LLM) agents built on free reasoning loops produce non-reproducible control flow,
may run without bound, and fail in brittle ways, which makes them hard to deploy in regulated, latency-bound conversa-
tional systems such as contact centres and government service desks. This paper presents PioAgent, an orchestration
framework that separates a deterministic finite-state control layer from the stochastic computation performed inside
nodes. Each phase runs either as a Cyclic Directed Graph for controlled, stateful loops with human-in-the-loop steps and
retries, or as an Event-Driven Graph for retrieval-augmented and data-availability-triggered pipelines. The framework
adds durable snapshots, declarative retry and fallback policies, an exactly-once effect outbox, structured-output streaming,
and a model-agnostic adapter layer, all expressed in a declarative configuration. A prototype has been implemented, and
an evaluation against ReAct-style loops, AutoGen, and LangGraph on a contact-centre workload is presented as a set of
falsifiable predictions tied to the design: perfectly reproducible control trajectories under fixed decoding, routing accuracy
that resists degradation as the tool catalogue grows, single-digit-to-low-double-digit orchestration overhead, and logarith-
mic-cost fault localization. The work shows that confining stochasticity to node interiors yields agentic systems that are
simultaneously expressive, auditable, and recoverable.
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Introduction

Most LLM agents today follow the reasoning-loop pattern: the model alternates free deliberation
with tool calls until it decides it is done [1]. This works for open-ended tasks but is problematic in
production conversational systems for three reasons. First, control is non-deterministic: the path through
the system is chosen turn-by-turn by a stochastic sampler, so identical inputs may follow different tool
sequences, which complicates audit, compliance, and regression testing. Second, execution is un-
bounded: nothing in the loop guarantees halting, and runaway loops become latency and cost overruns.
Third, accuracy degrades with scale: as the tool catalogue grows, single-prompt routing accuracy falls
because routing is delegated to in-context selection over an ever-larger action space [2, 3].

A long pre-LLM literature already solved these problems in adjacent settings. Finite-state and
statechart dialog managers give deterministic, verifiable conversation flow [4]; bulk-synchronous-
parallel graph processing gives a deterministic, checkpointable execution model [5]; and Kahn pro-
cess networks give scheduling-independent semantics for dataflow over streams [6]. Modern orches-
tration libraries such as LangGraph re-import some of these ideas, but define their behaviour by an
implementation rather than a formal model, and place routing inside stochastic nodes [7]. Durable
workflow engines such as Temporal and AWS Step Functions provide replay-based recovery but
model only opaque activities, with no notion of parallel state merging or LLM-specific routing [8, 9].

This paper presents PioAgent, an orchestration framework developed jointly at Azerbaijan Tech-
nical University and Pionero.Al. Its central principle is the confinement of stochasticity: LLM sampling,
tool latency, and external failure are allowed only inside nodes, while everything between nodes — rout-
ing, merging, retrying, snapshotting, resuming — is a deterministic function of node outputs.

Research objective and problem statement

The objective is a framework whose orchestration layer is provably deterministic while sup-
porting the full feature surface production agentic applications need: hierarchical agents, retries and
fallbacks, durable recovery, human-in-the-loop steps, streaming structured output, and observability.
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The framework must be model-agnostic, so that deterministic guarantees survive swapping one LLM
provider for another, and configurable as data, so that workflows can be reviewed, diffed, and stored
without code changes. The concrete problem is to design an execution model under which: (i) given
fixed node outputs, the system always follows the same path; (ii) parallel branches merge to an order-
independent result; (iii) execution is guaranteed to halt under explicit budgets; and (iv) a crashed run
can be resumed to a state equivalent to an uninterrupted one.

Method: the PioAgent model

A PioAgent application is a hybrid automaton: a finite set of control states (conversation or
pipeline phases) whose transitions are computed by a pure routing function, where each state gates a
typed dataflow graph (Figure 1). All shared data lives in typed slots, each carrying a merge operator
(a fusion operator); stochastic work — LLM calls, tools, nested agents, human input — lives only in
node kernels at the leaves.

budgeted self-loop

Control layer (FSM)
purerouting § : Q X § =+ Q

EDG (data-driven)

Graph layer
mode 41(q). shared state S

P anc Kernel layer
LLM dgenl tOOI {Cdp‘\'Ule human stochastic f,. adapter A
SATAE . . Runtime substrate
{ hHdp“‘hOt lEdgEI‘ stream bus valldatorJ trace store durability, replay, observability

Figure 1. The four layers of a PioAgent machine. A pure finite-state control layer
gates per-phase graphs that run in CDG (cyclic, round-synchronous) or EDG (event-
driven, data-availability-triggered) mode; stochasticity is confined to kernels; the
runtime substrate provides durability, streaming, validation, and observability across
both modes.

Two execution modes. A phase runs in one of two modes. A Cyclic Directed Graph (CDG)
executes in synchronous rounds in the manner of Pregel [5]: all active nodes run, their writes are
merged deterministically, and the next active set is computed from pure edge guards. Cycles are al-
lowed but every cycle must cross a budgeted back-edge so iteration cannot run forever. CDG mode
suits controlled loops — clarification, approval, retry. An Event-Driven Graph (EDG) instead fires a
node when its input data is available, in the manner of a Kahn process network [6], which suits re-
trieval-augmented generation and continuous indexing where documents, chunks, and queries arrive
asynchronously.

Deterministic routing. Routing is a total, pure function assembled from guard expressions over
slots (intent labels, confidence scores, budget counters). Because the routing layer performs no sam-
pling and no I/O, it adds no nondeterminism: given the node outputs, the path is unique. This is the
key difference from loops that let the model choose its own next step. Stochastic decisions (a learned
router, a similarity threshold) are expressed as nodes whose typed output a guard then reads, keeping
randomness inside a kernel where it is retryable, replayable, and observable.
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Reliability. Each node may carry a retry policy and a fallback chain. For a chain of tiers with
independent failure probabilities p; and retry budgets x;, the composite failure probability is

Pfall Hpkl+1-

For example, a primary on-premises engine with p; = 0.02, x; = 1 backed by a fallback with
p, = 0.05, k, = 0 gives Pg,; = 2 X 107>, External effects are released through a transactional out-
box: an effect envelope with a deterministic execution key is written in the same database transaction
as the snapshot, then dispatched at-least-once with key deduplication, yielding exactly-once execu-
tion at the tool boundary without requiring the tool itself to be transactional.

Durability and human-in-the-loop. Snapshots are written at round barriers; a crashed run re-
sumes from the last snapshot to a state equivalent to an uninterrupted one. Human-in-the-loop is the
same mechanism: a node raises a suspension, the machine writes a snapshot and enters a durable wait
state holding no compute, and a later human reply resumes it. Figure 2 shows a contact-centre turn
combining all of these.

X X retry k=2

PII intent ponf> 8 tool d
mgest redact classify call respon

\conf< 85
clarify
(TTS)

Figure 2. A CDG-mode contact-centre turn. Solid edges are guarded dataflow; the clarify loop and tool-
error loop are budgeted back-edges (58); the tool node carries a retry policy (x); the dashed path shows
escalation to a human wait state and resumption from a snapshot. Marks (y) indicate snapshot barriers.

\ human event resumes

,____________

-—-- -) operator (HITL wait gy ) |

pudget uxhausud

Configuration as data. A workflow is described in a declarative document and compiled to the
model; the two forms are equivalent. A static validator checks the whole document in time linear in
its size (O(|V| + |E]) for |V| nodes and |E| edges): it verifies that every cycle carries a budget, that
routing is total, that types match, and that any slot written by parallel branches uses a commutative
merge operator. A workflow that passes validation is one for which the determinism guarantees hold.

A worked contact-centre turn. The control-and-dataflow graph in Figure 2 illustrates a contact-
centre turn: automatic speech recognition and personally-identifiable-information redaction prepare
the shared state, an intent node routes either to fulfilment or, when confidence is low, around a budg-
eted clarification back-edge (8 = 3), and a failing tool triggers a retry (k = 2) before a cross-provider
fallback. Exhausting the clarification budget suspends the machine to a durable human-in-the-loop
wait state (qy,), from which an operator’s reply resumes the identical snapshot (). Effects are re-
leased through the transactional outbox, so no crash can double-apply them, and the whole turn is
recorded for deterministic replay.

Formal guarantees

The design principle of confined stochasticity yields five structural guarantees (full proofs ap-
pear in the companion theory paper). Throughout, a realization fixes the output of every node; the
claims describe what the orchestration layer does given those outputs. The determinism rests on rout-
ing being syntactically restricted: guards are written in a small total language £, of slot readers, pro-

jections on typed data, comparisons, budget reads, and Boolean connectives, with no recursion, clock,
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entropy source, input/output, or partial operation, so the routing function & (an ordered list of guard-
target clauses ending in a mandatory else) is total, deterministic, and pure by construction. Anything
needing more — a learned router, a similarity threshold — must be a node whose typed output a guard
reads. On this basis:

1. Control determinism. For a fixed realization of node outputs, the sequence of control states and
the final state are unique, because & is pure and each round merges writes by a fixed rule. This is
what makes a regression test against a recorded run impossible to flake.

2. Merge confluence. If every slot written by more than one node in a round carries a commutative
monoid operator satisfying, for all a, b, c and identity e, equation (2), the merged state is inde-
pendent of write order, so parallel branches cannot be disturbed by wall-clock races; this is the
orchestration-level analogue of strong eventual consistency in conflict-free replicated data types
[10].

3. Scheduling independence. In event-driven mode, if nodes are functional and monotone and any
shared state they read is written under a monotone operator, the streams and final state are inde-
pendent of firing order — the Kahn property, extended to shared state, which lets a retrieval pipe-
line run its stages concurrently.

4. Termination. Under a recursion budget, finite retry budgets, a finite budget g on every back-edge,
and finite event-driven input, every run halts within a bounded number of rounds; with a single
global meter R, the bound is simply T < R, independent of nesting depth.

5. Resumption equivalence. If every effect is idempotent under its execution key or committed with
the snhapshot, replaying from a durable snapshot yields a run observationally equivalent to an
uninterrupted one, discharged by the transactional outbox below.

(a®b)Bc=a®bBDc), a®dBb=bBa, aBe=a.

Hierarchical composition and streaming

Capsules. Subagents are not a special construct: a capsule is simply a node whose kernel is
itself a PioAgent machine, so the composition calculus is uniform. A capsule exposes typed input and
output projections, which enforces information hiding — a personally-identifiable-information redac-
tion capsule, for instance, exposes only redacted fields to its parent. The validator checks that capsule
nesting is acyclic, and event streams emitted from within a capsule are order-preserved as they prop-
agate upward, multiplexed to the root by a namespace path. A capsule also carries its own model-
adapter bindings, so a subagent may run on a different provider or sovereignty class than its parent
while every guarantee above still holds at each level.

Structured-output streaming. Every model-backed node declares a JSON Schema for its output,
and decoding is constrained to the schema’s prefix-closed language — one with no dead-end prefixes,
so every partial output emitted is a valid prefix of some complete value and downstream consumers
(a user interface, a speech synthesizer) may act on it without later rollback. Streams are typed com-
mitted or speculative: a committed stream (speech already played to a caller) is irreversible and the
validator forbids it from sitting on a cycle, so what reaches the user is emitted once; a speculative
stream (a draft rendered to a controlled interface region) may be superseded on retry by a higher
generation, with monotonicity preserved within each generation. This distinction is what makes in-
cremental synthesis and barge-in safe in a voice setting.

Observability and replay debugging

Every node attempt is recorded as a leaf of a span tree carrying input and output hashes, latency,
and cost, with the capsule namespace path as the tree hierarchy. Two consequences follow from de-
terminism. First, golden-trace regression tests are flake-free: because the orchestration layer is deter-
ministic, any divergence of a replay from a stored reference indicates a genuine change in logic, never
sampler noise. Second, because a snapshot exists at every round barrier, fault localization binary-
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searches the execution log in 0 (logT') replays to find the first round at which a run diverges from its
reference, isolating the responsible node; in practice the span-tree output hashes pinpoint most faults
directly. Any production incident can therefore be exported, by replaying its session’s effect log, into
a deterministic regression test — closing the loop between operations and testing.

Reliability and service-level bounds. The same budgets that guarantee termination turn a relia-
bility target into configuration. For a fallback chain of tiers with independent failure probabilities p;
and retry budgets x;, the composite failure probability is given by equation (1). For latency, if a budg-
eted loop is left at each traversal with probability at least g and the acyclic part of a phase consumes
at most L rounds, the expected number of rounds satisfies

1-q
E[T] < L+{’T,

where ¢ is the loop-body length, and a budget of g traversals is exhausted with probability at most
(1 — q)B**. An operator who fixes an acceptable escalation rate € solves 8 = [loge /log(1 — q)]; for
example g = 0.6, ¢ = 0.01 gives § = 5, making tail latency a designed quantity rather than an emer-
gent one.

Application and evaluation plan

A prototype runtime has been implemented (Python, FastAPI, Redis publish/subscribe for
streaming, PostgreSQL for the snapshot ledger and outbox). To evaluate it, we have designed a con-
trolled study on a contact-centre workload of 500 anonymized Azerbaijani-language turns spanning
intent resolution, tool-backed fulfilment, clarification loops, and operator escalation. PioAgent is to
be compared with three baselines — a ReAct-style loop [1], AutoGen [11], and LangGraph [7] — built
on the same model adapters, tools, and prompts, with streaming enabled everywhere, so that any
measured difference reflects orchestration rather than model choice. This section states the predic-
tions that follow from the design; the corresponding measurements are reported in a companion study.
Each prediction is falsifiable and tied to a specific mechanism of the framework.

Trajectory reproducibility. The protocol runs every input five times with temperature-0 decod-
ing and a fixed seed and records the fraction of inputs whose control trajectory (the sequence of
phases and tool calls) is identical across all five runs. Because PioAgent’s routing layer is a pure
function of node outputs, the design predicts a reproducibility of 100%, whereas loop-based systems,
which decide routing inside the stochastic kernel, are expected to fall well below it. Figure 3 illus-
trates the predicted ordering. The practical value of moving routing out of the kernel is a regression
test that cannot flake.

100%

100 1

88%

80 A

60 55%

41%
40

Identical control
trajectories (%)

20 A

ReAct loop AutoGen LangGraph PioAgent

Figure 3. Predicted fraction of inputs whose control trajectory is identical across
five repeated runs under fixed decoding (illustrative). PioAgent is reproducible by
construction; loop-based systems are not.
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Routing accuracy versus catalogue size. The study measures tool-selection accuracy as the tool
catalogue grows from 5 to 160 tools. Flat in-context selection is expected to degrade steadily, while
PioAgent, which scopes the visible tools per phase through its finite-state layer, should stay compar-
atively flat, because phase-scoping turns one large routing decision into several small ones. Figure 4
shows the predicted shape of the two curves; confirming the size of the gap is a goal of the empirical
study.
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n? =& LangGraph = ~a
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Figure 4. Predicted routing accuracy as the tool catalogue grows (illustrative). Finite-
state phase-scoping is expected to keep PioAgent’s action space small at each step,
flattening the degradation curve seen for flat in-context selection.

Runtime overhead, replay, and validation. The targets the evaluation is designed to verify fol-
low directly from the design. The orchestration layer — snapshotting, merging, and guard evaluation
— is expected to add only single-digit-to-low-double-digit wall-clock overhead over a bare loop on
the same kernels, because end-to-end latency is dominated by model and tool calls rather than or-
chestration; per-round merge and guard evaluation should cost a few milliseconds, being pure and
linear-time, and a snapshot write (state and outbox in one database transaction) a few milliseconds
more. Resume after a crash should cost tens of milliseconds, bounded by a single snapshot read. Fault
localization should need only a logarithmic number of replays, since it binary-searches snapshot barriers
for the first round where a run diverges from a reference trace; static validation should be fast enough
to run on every save, being linear in the workflow size; and exactly-once effect delivery under injected
crashes should hold completely, since the transactional outbox deduplicates by execution key.

Feature comparison. The table below contrasts PioAgent with the baselines on the capabilities
that matter for production deployment, as established from each system’s design and public docu-
mentation [1, 7, 11]. The decisive differences are deterministic routing enforced by static validation,
dual cyclic and event-driven modes under one model, and a unified durable mechanism serving re-
covery, human-in-the-loop, and replay-based debugging.

Feature comparison with existing agentic frameworks

Property RA AG LG PA
Deterministic routing (validated) no no partial yes
Cyclic (controlled-loop) mode loop chat yes yes
Event-driven (dataflow) mode no no no yes
Durable snapshots and resume no no yes yes
Exactly-once external effects no no no yes
Human-in-the-loop (durable wait) no partial yes yes
Model-provider agnostic partial partial partial yes
Linear-time static validation no no no yes
Replay fault localization no no partial yes

RA — ReAct loop; AG — AutoGen; LG — LangGraph; PA — PioAgent.
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Threats to validity. Three limitations bound the interpretation of the planned study. First, the
determinism guarantee is a property of the orchestration layer, not of the model: node outputs remain
stochastic, and reproducibility figures assume fixed decoding parameters (temperature zero and a
fixed seed); under sampling, the framework guarantees that the control path is a deterministic function
of whatever outputs occur, not that the outputs themselves repeat. Second, the workload is a single-
domain, single-language contact-centre corpus; the routing-accuracy and overhead results may differ
for other domains, longer tool catalogues, or multilingual traffic, and a broader evaluation is needed
before the numbers generalize. Third, the baselines are reconstructed on a common substrate to isolate
orchestration effects, which is the fair comparison for this question but does not capture engineering
maturity, ecosystem, or multi-language support that production teams also weigh. These threats mo-
tivate the companion empirical study rather than undermining the design claims, which rest on the
structure of the model.

Conclusion

PioAgent shows that the common trade-off between flexible-but-unpredictable agents and
rigid-but-reliable workflows is false. By confining stochasticity to node interiors, enforcing a pure
finite-state routing layer through static validation, and requiring algebraic structure on parallel state
merges, the framework makes the orchestration of LLM agents deterministic, terminating, recovera-
ble, and auditable, while still supporting hierarchical agents, retries and fallbacks, streaming struc-
tured output, human-in-the-loop steps, and two execution modes covering both controlled conversa-
tional loops and data-driven retrieval pipelines. On a contact-centre workload the design predicts
perfectly reproducible control trajectories, routing accuracy that resists degradation as the tool cata-
logue grows, single-digit-to-low-double-digit runtime overhead, and exactly-once recovery from
crashes; verifying these predictions is the subject of a companion empirical study. Further work in-
cludes a full theoretical treatment of the model’s guarantees, machine-checked verification of the
validator, and a larger evaluation across voice and government-service deployments.
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Abstract. The article analyzes the influence of technological parameters on surface quality and productivity during
the machining of conical surfaces on CNC lathes using a system-based approach. The machining process is shown to be
multi-parameter, interconnected, and non-stationary. Surface roughness is formed not only by geometric factors but also
by deformation, thermal, and tribological effects. Feed rate is identified as the dominant parameter, while cutting speed
and depth of cut have mainly indirect effects. The variation of diameter causes local changes in cutting speed, limiting
the applicability of classical models. The trade-off between surface quality and productivity is formulated as a multi-
criteria optimization problem and addressed using the Pareto approach. The potential of artificial intelligence methods is
also justified.
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GIRiS

Miiasir magingayirma sonayesinds istehsalin somaraliliyinin artirtlmasi vo yiiksok keyfiyyatli
sathlorin olds edilmasi asas problemlordondir. Detallarin etibarliligt vo yeyilmoyos davamliligi sath
keyfiyyatindon asilidir. Bu baximdan sathin kalo-kétiirliiyli (Ra) mexaniki emal proseslorinin asas
gostaricilarindon biri olub, onun formalasmasi kasmo zonasindaki miirokkab fiziki vo mexaniki
proseslorlo baghdir [1, s. 15-25], [2, s. 120-160], [3].

Mohsuldarligin artirilmasi da mithiim tolobdir, lakin soth keyfiyyati ilo mohsuldarliq arasinda
ziddiyyat moévcuddur vo bu, prosesi ¢oxmeyarli optimallasdirma mosaloasine ¢evirir. Kosmoa
prosesinds texnoloji parametrlorin doyismosi kasmo qiivvaloring, istilik yaranmasina vo alot-detal
qarsiligli tasirino birbasa tosir gostorir ki, bu da emal prosesinin ham mohsuldarligina, ham do soth
keyfiyyatina tasir edon asas mexanizmlordon biridir [4, s. 405-420], [5, s. 50-70], [6,7].

RPI torna dozgahlarinda konik sothlorin emali xiisusi shomiyyot dastyir. Detalin diametrinin
doyismasi kasma siiratinin sabit olmamasina va prosesin geyri-stasionar xarakter almasina sabab olur.
Miiasir todqiqatlar gostorir Ki, sathin formalagmasi yalniz handasi amillorlo deyil, ham do defor-
masiya, istilik va siirtiinma proseslorinin kompleks garsiligh tasiri ilo miisyyan edilir [4], [8, s. 100—
130]. Bundan slava, miixtalif emal iisullarinda aparilan eksperimental todgigatlar sath keyfiyyatinin
texnoloji rejimlordon vo emal soraitindon asili olaraq doyisdiyini gostorir [9], [10-12]. Texnoloji
parametrlorin modellosdirilmasi tiglin empirik vo statistik metodlar, o ciimladon ¢ix1s parametrlarinin
soth metodologiyasi, Taguchi {isulu vo siini intellekt yanagmalari totbiq olunur. Xiisusilo neyron
sobokalor vo hibrid optimallagdirma metodlart miirokkab asililiglarin miioyyan edilmasinds yiiksok
effektivlik gostorir [13-17].

Son todgiqgatlar mexaniki emal proseslorinin daha daqiq tosviri iiglin yeni modellogdirmo
yanasmalarimin vacibliyini gostarir. Taguchi metodunun tatbigi ilo optimallasdirma da genis sokildo
aragdirilmigdir [18,19].

Coxmeyarl1 optimallasdirma Pareto yanasmasina asaslanir vo bu sahads asas islordon biri K.
Deb torofindon islonmisdir. Soth keyfiyyatina tosir edon amillor texnoloji, konstruktiv va proses
amillori kimi qruplasdirilir [20, 21].
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Belaliklo, konik saothlorin emali miirokkab Vo ¢oxparametrli prosesdir vo bu prosesda
keyfiyyatlo mohsuldarliq arasinda optimal balansin tapilmasi asas moagsaddir.

TEXNOLOJI PROSESIN SISTEM YANASMASI

RPI torna dozgahlarinda konik sothlorin emali miirokkab, coxparametrli vo garsiligh olagoli
texnoloji prosesdir. Miiasir kasma nozariyyasino gora emal naticalori ayri-ayri parametrlorin deyil,
onlarin kompleks qarsiliqli tasiri ilo formalasir [4, s. 405-420], [5, s. 10-25]. Bu baximdan sistem
yanasmasi prosesin fiziki mahiyyatinin daha adekvat izahina imkan verir.

Texnoloji baximdan torna emal1 giris Vo ¢ixis doyisonlori arasinda alagoys malik idars olunan
sistem kimi gabul edilir. Giris doayisonlari (t, s, v, I, v, a, h, — Cadval 1) soth kals-kétiirlityli (Ra) vo
mohsuldarliq (Q) kimi ¢ixis gostaricilaring tasir edir. Bu parametrlor arasinda slags geyri-xatti vo
qarsiligh asili xarakter dasiyir [4, s. 405-420], [7], [8, s. 120-140].

Bu baximdan texnoloji sistem goxparametrli funksional asililiq kimi asagidaki sokilds ifads
olunur:

Ra=f1(t, s, v, 1,7, a, hy) 1)
Q=1(t, s, V) (2)

Bu asililiglar texnoloji sistemin strukturunu va giris dayisonlori ilo ¢ixis gostaricilori arasinda
moveud olan qarsiliql tosir mexanizmini imumilosdirilmis sokilds ifado edir. Miiasir todgigatlar
gostarir ki, emal prosesinin naticalori yalniz ayri-ayri parametrlorin tosiri ilo deyil, hoam do onlarin
qarsiligl tasiri naticasinds formalasir vo bu tasirlor oksor hallarda geyri-xatti xarakter dasiyir [4, s.
405-420], [7], [8, s. 120-140].

Cadval 1
Texnoloji sistemin giris va ¢ixis doyisonlori vo onlarin xarakteristikasi
Qrup Parametrin adi | isaro | Olcii vahidi Tasviri
Giris Lo . . - .. .
doyisonlori Kasmo dorinliyi t mm Kasilon material qatinin qalinhigini1 miayyon edir
. .. Sothin mikrorelyefinoa (kolo-kotiirlityiine) birbasa
Verls S mm/dovr tasir edon osas parametr
Kasma siirati Y m/doq Istilik va triboloji soraiti miioyyon edir
Uc radiusu r mm Soathin hondosi formalagmasina tasir edir
Qabag bucaq Y ° Talas amalo golmo mexanizmini miiayyan edir
Arxa bucaq a ° Stirtiinmos Vo kontakt soraitins tosir edir
Alat yeyilmosi h, mm Alotin asinma soviyyoasini xarakterizo edir
Cixis Sathin koals- . . .
doyisonlori Kotirlityi Ra um Emal olunmus sathin keyfiyyot gostoricisi
Mohsuldarliq Q mm?>/doq Vaxt vahidindos ¢ixarilan material hocmi

Cadval 1-don goriindiiyii kimi, texnoloji parametrlor kasma rejimloari, alot hondasasi va prosesin
fiziki vaziyyati lizro qruplasdirilir vo onlarin qarsiligh tasiri emal naticalorinin formalagmasinda
halledici rol oynayir.

Kasma rejimlori arasinda veris sothin kalo-kotiirliyliniin formalagsmasinda osas parametrdir.
Kasma siirati asason istilik va triboloji proseslor vasitssilo dolay: tasir gostarir, kasma darinliyi isa
materialin ¢ixarilma intensivliyini va Kasmo qiivvalorini miisyyon edir.

Alatin handasi parametrlori do miihiim rol oynayir. Uc radiusunun artmasi sothin kalo-
kotiirliytinii azaltsa da, kasmo qiivvolorini artira bilor. Qabag va arxa bucaglar iss talas omalo golmasi
Vo siirtiinma soraitina tasir edir [4, s. 250-270], [5, s. 100-120], [6].

Alat yeyilmasi texnoloji sistemin dinamik gdstaricilorindon biridir vo onun artmasi sathin
keyfiyyatinin pislosmasina sabab olur.

Konik sothlorin emalinda dayison diametr sobobindon kasma siiratinin sabit olmamasi prosesin
geyri-stasionar xarakter almasina gatirib ¢ixarir. Bu isa klassik modellorin totbiqini ¢atinlosdirir.
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Belolikls, emal prosesinin effektiv idaro olunmasi parametrlorin ayri-ayriliqda deyil, onlarin
qarsiligli tasiri nazars alinmagqla hoyata kegirilmalidir.

COXMEYARLI OPTIMALLASDIRMA YANASMASININ NOZORi 9SASLARI

RPI torna dozgahlarinda konik sathlorin emali zamani texnoloji parametrlorin segilmasi bir ne¢o
qarsiligh ziddiyyast toskil edon meyarlarin eyni vaxtda nozoros alinmasini tolob edir. Osas moQsad
funksiyalar1 kimi sathin kalo-kotiirliiyli (Ra) Vo mohsuldarliq (Q) gobul olunur. Praktik olaraq soth
keyfiyyotinin yaxsilasdiritlmasi mohsuldarligin azalmasina, mohsuldarligin artiritlmasi isa Sath
keyfiyyatinin pislogsmasina sabob olur. Bu sababdon emal prosesinin optimallasdirilmasi ¢oxmeyarli
moasalo kimi ¢ixis edir [16, 17].
Coxmeyarli optimallagdirma masalasi timumi sokilds asagidaki kimi ifads olunur:

Ra(t, s, v, 1,7, 0, hy) — min (3)
Q(t, s, v) — max 4)

Texnoloji sistem {igiin optimallagdirma masoalasi (3) va (4) ifadalorinds gostarildiyi kimi sothin
kolo-kotiirliytiniin minimumlagdirilmast vo mohsuldarhigin maksimumlasdirilmasi ilo xarakterizo
olunur. Bu halda mogsad texnoloji parametrlorin elo optimal kombinasiyasini miioyyon etmokdir ki,
sathin kalo-kotiirlityli minimum, mohsuldarliq iso maksimum olsun. Lakin bu iki meyar bir-biri ilo
ziddiyyat toskil etdiyindon kompromis hallorin axtarilmasi tolob olunur.

Bu mogsadls Pareto-optimal hall anlayisi totbig olunur. Pareto-optimal hall els hallor goxlugudur ki,
homin halli yaxsilasdirmaq ti¢iin digor moagsad funksiyalarindan on azi birinin pislogmosi qagilmaz
olur. Riyazi olaraq bu sort asagidaki kimi ifado olunur va bu borabarsizliklordon an azi biri ciddi
xarakter dastyir.
Ra(X*) < Ra(X) (5)
QX*) = Q(X) (6)

(5) va (6) ifadoalori Pareto-optimal hallin riyazi sortini ifads edir vo bu yanasma kompromis
hollorin segilmasina imkan verir [17].

Coxmeyarli optimallasdirmada sath keyfiyyati vo mohsuldarligla yanasi alat yeyilmasi, kasma
qiivvasi Vo enerji sarfi do nazors alinir. Osas meyarlar Codval 2-do gostorilmisdir.

Cadval 2
Optimallagdirma meyarlar1 vo mogsad funksiyalari
Meyar Isaro | Riyaziifade . I\/_Iaqsad_ Fiziki manasi Tosir edan asas
istigamati parametrlar
Sathin kalo- Ra=f(t,s, v, r, - Emal olunmus sathin keyfiyyatini
kotilirliyt Ra Y, a, ha) Minimum va mikrorelyefini xarakterizo edir STV, e
Mohsuldarliq Q Q=Af(t,s,Vv) Maksimum Vaxt Vah'dmd.@ f;lelrﬂap material t,s, Vv
hacmini gostarir
. . _ - Alatin yeyilmas intensivliyini va
Alst yeyilmasi ha, ha =1{(t, s, v) Minimum davamliligint xarakterizo edir v, t, temperatur
K"esme_ E F=f(ts,v) Minimum En.(.erjl Ssrﬁy.ya.ltm.l. vo S|stem_|n ts
quivvosi yiiklonmasini miiayyan edir
. _ - Emal prosesinin enerji
Enerji sorfi E E=1(F.v) Minimum effektivliyini xarakterizo edir Fv

Cadval 2-don goriindiiyii kimi, optimallagdirma mosalasi ¢oxparametrli vo qarsiliql slagoli

xarakter dasiyir. Bu meyarlar arasinda mévcud ziddiyyat Pareto-optimal hallor goxlugunun miiayyan
edilmasini zaruri edir. Coxmeyarli optimallagdirma masalasinin halli Pareto-optimal hallor ¢coxlugu
ilo xarakteriza olunur. Bu saha sath keyfiyyati vo mohsuldarliq arasinda mévcud kompromis rejimlori
oks etdirir. Pareto sarhad Xatti va optimal noqta Sakil 1-da toqdim olunmusdur.

56



N.D.Yusubov et al. / Proceedings 1 /2026, 54-61

Machine-building

1.2 4

1.0 A

0.8 1

0.6

Sathin kala-kotirliya, Ra (um)

0.4 -

T T T T T T
60 80 100 120 140 160 180 200
Mahsuldarhg, @ (mm?*/daq)

Sakil 1. Sothin kalo-kétiirliiyii Ra (um) vo mohsuldarhiq Q (mm?/daq) lizra
Pareto-optimal hollar sahasi va optimal noqto (X*)

Sakil 1-don goriindiiyii kimi, Pareto-optimal hallor sahasi sathin kalo-kétiirliiyii ilo mohsuldarliq
arasinda ziddiyyoti oks etdirir. Mohsuldarligin artmasi soth keyfiyystinin pislogmasi, sathin
yaxsilagdirilmasi iso mohsuldarligin azalmas ilo miisayiot olunur. Pareto sarhadindoki har bir noqte
optimal rejimi xarakterizs edir va se¢im istehsal taloblarindon asilidir.

Coxmeyarli optimallagdirmada ¢okili comlor metodu, Taguchi isulu, ¢gixis parametrlorinin sath
metodologiyast vo genetik algoritmlor totbiq olunur. Siini intellekt metodlari, xiisusilo neyron
sobokoalor vo hibrid yanagmalar miirokkob geyri-xotti asililiglarin miioyyan edilmasinds yiiksok
effektivlik gostorir [13-17]. Konik sathlorin emalinda optimallasdirma daha miirokkobdir, ¢ilinki
proses geyri-stasionardir vo kasma siirati diametrdon asili olaraq doyisir. Buna gors optimallasdirma
adaptiv vo real vaxt rejiminds aparilmalidir [20], [21].

Belaliklo, coxmeyarli optimallasdirma soth keyfiyysti ilo mohsuldarliq arasinda optimal
balansin tomin edilmasina imkan verir.

TEXNOLOJI PARAMETRLORIN IDARO EDILMOSi VO SUNI INTELLEKT

YANASMALARI

RPI torna dozgahlarinda konik sathlorin emali zaman1 texnoloji prosesin effektivliyi paramet-
rlorin idara olunma saviyyasindon asilidir vo geyri-stasionar xarakter adaptiv idaroetmoni zoruri edir.
Emal prosesi giris (t, s, v, 1, v, a, hy) vo ¢ixis (Ra, Q) dayisonlori arasinda olagays malik dinamik
sistem kimi gobul edilir. Diametrin doyismasi kasmo siiratinin sabit saxlanmasini ¢atinlosdirir vo
parametrlorin adaptiv tonzimlonmasini talob edir [20,21]. Siini intellekt metodlar1 geyri-Xatti
sistemlorin modellosdirilmasi vo optimallasdirilmasinda effektivdir. Neyron sobokalor parametrlor
arasindaki asililiglart modellosdirir, genetik alqoritmlar iso Pareto-optimal hallorin tapilmasini tomin
edir [16,17]. Bu yanasmalar adaptiv idaroetma vo emal prosesinin somoraliliyinin artirtlmasina imkan
verir. Texnoloji parametrlorin idars olunmasi vo optimallasdirmanin siini intellektlo inteqrasiyasi
asagidaki kimi ifado oluna bilor:

texnoloji

parametrlor Almodeli N optimallas- \ idaroetmo D natico (Ra,Q)

dirma
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Belaliklo, siini intellekt metodlar1 texnoloji parametrlarlo ¢ixis gostaricilori arasinda miirakkab
asililiglarin daha dagiq modellasdirilmasinas, optimallasdirmanin effektiv hoyata kegirilmasins va
emal prosesinin real vaxt rejiminds idaro olunmasina sorait yaradir. Texnoloji parametrlorin siini
intellekt asasinda idars olunmasinin timumi strukturu Sakil 2-do togdim olunmusdur.

= — = _

. ) . Verilanlarin toplanmasi Cixi : i Coxmeyarh Optimal

n s dayisanlarinin 2 P

Girig dayisenleri va ilkin emali Siini intellekt modeli prognozlasdiril optimallagdirma texnoloji
ts, V.1, Y, ha ékSenspr m?ItIJmatt'larll (ANN /ML) Ra Q.F E - « Genetik Patramietrhr

« Eksperimental naticaler yisss T alqoritm ST Ve

& —& — J « Pareto
T I yanasmasi

Emal prosesinin icrasi
Pra— (RPI torna dazgahi)

l
gt

RPi torna dezgahinda emal prosesinin icrasi

t*, 8%, v*

[ Geri alaga va adaptiv tanzimlama J G

Sakil 2. RPI torna dozgahlarinda konik sothlorin emali zamani siini intellekt osash adaptiv idaroetma
Vo optimallagdirma sxemi

Sokil 2-don gériindiiyii kimi, RPI torna dozgahlarinda konik sothlorin emali zamani texnoloji
parametrlorin idara olunmasi siini intellekt asasli adaptiv sistem vasitasilo hayata kegirilir. Giris
dayisonlari kimi kasma darinliyi t, veris s, kosma siirati v, alotin hondasi parametrlori (r, v, a) vo alot
yeyilmasi h, gobul olunur va ilkin olaraq verilanlorin toplanmasi vo emali blokunda formalagdirilir.

Emal olunmus molumatlar siini intellekt modelino 6tiiriilorok giris va ¢ixis dayigonlori arasinda
movcud olan geyri-xatti asililiglar asasinda sathin kolo-katiirliyli Ra, mohsuldarliq Q, kasma qiivvasi
F vo enerji sorfi E proqnozlasdirilir. Alinan naticolor optimallagdirma blokunda emal edilorok genetik
alqoritmlar va Pareto yanagmasi vasitasilo optimal texnoloji parametrlar (t*, s*, v¥) miioyyan olunur
Vo dozgaha otiirilir.

Geri olago mexanizmi vasitasilo real naticalor sistema daxil edilir vo bu, parametrlorin dayison
soraito uygun adaptiv tonzimlonmasini tomin edir.

Siini intellekt metodlari, xiisusilo siini neyron sobokoalor (Artificial Neural Networks — ANN),
masin dyronmoasi (Machine Learning — ML) vo genetik algoritmlor, texnoloji parametrlorlo ¢ixis
gostaricilori arasinda miirokkab geyri-xotti asililiglarin modellasdirilmasine vo Pareto-optimal
hallorin miioyyan edilmasins imkan verir. Bu yanagma konik sathlorin emalinda real vaxt rejimindo
optimallagsdirmani va prosesin samaraliliyinin artirilmasini tamin edir.

TEXNOLOJI PARAMETRLORIN EMPiRIK MODELLOSDIRILMOSININ

NOZORI 9SASLARI

RPI torna dazgahlarinda konik sathlorin emali zamani texnoloji parametrlorla ¢ixis gostoricilori
arasinda movcud olan miirokkab vo geyri-xatti asililiglarin analitik ifadasi g¢atin oldugundan, bu
alagolarin tasviri tiglin empirik modellosdirma yanasmalarindan istifads olunur. Bu yanasma prosesin
riyazi modellarls tasvirina vo optimallagdirma mosalalorinin hallino imkan verir [13-15].

Sothin kalo-kotiirliiyti (Ra) texnoloji parametrlorin funksiyasi kimi asagidaki imumi formada
ifads oluna bilor:

Ra=1(t, s, v, 1, v, a, hy) (7)
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Mohsuldarliq (Q) iso asasan kasma rejimlari ilo miiayyan olunur:

Q=A1(t s, V) (8)

(7) va (8) ifadolori texnoloji parametrlarlo gixis gostaricilori arasinda timumi funksional asililig1
xarakterizo edir [4, s. 405-420], [5, s. 100-120], [6]. Lakin bu asililiglarin analitik sokilds ifadosi
miirokkab oldugundan, onlarin tasviri {iglin empirik modellosdirma yanagmalarindan genis istifado
olunur. Bu yanasmalar arasinda on genis yayilmis tsullardan biri ¢oxparametrli qiivvat tipli
modellorin qurulmasidir. Bu halda sathin Kalo-kétiirliiyii ticiin model asagidaki kimi ifads olunur:

Ra =C - t*¥1. g¥2. pX3. pXs. yxs. a’Xe - hax7 (9)

(9) ifadoasi sathin kalo-kotiirliiyiiniin empirik modelini xarakterizo edir vo texnoloji parametr-
lorin tosir darocalorini giymatlondirmays imkan verir [4, s. 405-420], [5, s. 100-120], [6].
Mohsuldarliq iigiin iso:

Q =k - tJ’1 . SYZ. st (10)

Burada C va k empirik sabitlar, X; va yi isa texnoloji parametrlorin tasir doracalorini xarakterizo edan
gostaricilordir. (10) ifadosi mohsuldarhigin empirik modelini gostarir vo kasma rejimlorinin material
¢ixarilma intensivliyino tosirini oks etdirir. Empirik modellorin sadolosdirilmasi vo parametrlorin
giymatlorinin tayin olunmasini asanlasdirmaq magsadilo bu asililiglara logarifmik g¢evirma totbiq edilir.

In(Ra) = In(C) + x; In(t) + x; In(s) + x3 In(v) + x, In(r) + x5 In(y) + x4 In(@) + x;In(h,) (11)

In(Q) = In(k) + yiln(t) + y2In(s) + ysln(v) (12)

(11) vo (12) ifadalori modellorin logarifmik ¢evrilmasi naticasinds alinmisdir vo geyri-Xatti
asililiglar1 xatti formaya gotirorok ¢oxlu regresiya analizinin tatbigino imkan verir. Bu yanagma tex-
noloji parametrlarin sath keyfiyyoati vo mohsuldarliq tizerinds tasirinin kemiyyatca giymatlondiril-
masini tamin edir.

Odobiyyat molumatlarina asasan, sathin kolo-kotiirliiyiiniin formalagmasinda veris (S) osas
tosiredici parametr kimi ¢ixig edir vo onun artmasi Ra-nin artmasina sabob olur. Kasma siirati (v) isa
asasan istilik va triboloji proseslor vasitasila dolay tasir gostarir. Kasma darinliyi (t) vo alat yeyilmosi
(h4) 150 ham mohsuldarliq, hom da sath keyfiyyati iizorindo mithiim rol oynayir [4, s. 405-420], [5, s.
100-120],[6], [12]. Empirik models asasan verisin sathin kale-kotiirlityiline tesiri qrafik olaraq Sokil
3-do togdim olunmusdur.

1.2

1.0 A

0.8

0.6

Sathin kala-koturliyd, Ra (um)

0.4 1

T T T T T
0.1 0.2 0.3 0.4 0.5
Veris, s (mm/dovr)

Sokil 3. Verig s (mm/dévr) ila sathin kale-kotirlityl Ra (wm) arasinda nozari asililiq
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Sokil 3-don goriindiiyii kimi, verigin artmasi sathin kale-kétiirliiyiiniin artmasina sobab olur va
bu, onun soth mikrorelyefinin formalasmasinda dominant parametr oldugunu gostorir. Konik
sathlorin emalinda doyison diametr sobobindon kasma siirati sabit qalmir vo modellar lokal xarakter
alir. Buna gora empirik modellor doyison kinematik sorait tiglin uygunlasdirilmahidir [7], [8, s. 200—
2201, [20], [21].

Belsliklo, empirik modellasdirma texnoloji parametrlorlo ¢ixis gostoricilori arasinda miirokkab
asililiglarin riyazi tosvirini tomin edoarak optimallagdirma masalalarinin halli {igiin asas yaradir.

NOTICO

Aparilan todqiqatlar gostarir ki, RPI torna dozgahlarinda konik sathlorin emal1 miirokkab, cox-
parametrli vo geyri-stasionar prosesdir. Texnoloji parametrlorin qarsiligli tasiri sathin kalo-kétiirlityt
vo mohsuldarliq arasinda ziddiyyat yaradir. Miioyyon edilmisdir ki, veris sothin formalasmasinda ssas
parametrdir, kasmao siirati iSo asason dolay1 tasir gostarir. Kosmo dorinliyi vo alot yeyilmasi iso hom
keyfiyyata, hom da mohsuldarliga tosir edon mithiim amillardir. Konik sathlords diametrin doyismasi
kasmo siiratinin sabit saxlanmasini ¢atinlogdirir vo bu sobobdan texnoloji parametrlorin adaptiv idara
olunmasi talob olunur. Empirik modellagdirmoa texnoloji parametrlorlo ¢ixis gostaricilori arasinda
geyri-xatti asililiglarin miioyyan edilmasins imkan verir, ¢goxmeyarl optimallasdirma iso keyfiyyat
Vo mohsuldarliq arasinda optimal balansin se¢ilmasini tomin edir. Siini intellekt metodlarinin totbiqi
bu proseslarin daha dogiq modellagdirilmasine, optimal rejimlorin avtomatik se¢ilmasine va emalin
real vaxtda idaro olunmasina imkan yaradir.

Beloliklo, optimallagdirma vo siini intellekt metodlarinin inteqrasiyasi texnoloji parametrlorin
effektiv idaro olunmasi va emal prosesinin somaraliliyinin artirilmast tiglin perspektivli yanagsmadir.
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RPi TORNA DOZGAHLARINDA KONiK SOTHLORIN EMALI ZAMANI COXMEYARLI
OPTIMALLASDIRMA VO SUNI INTELLEKT YANASMALARI

N.D.Yusubov, H.M.Abbasova, R.Y .Dadasov

Xiilasa. Mogalodo RPI torna dozgahlarinda konik sathlorin emali zamani texnoloji parametrlarin soth keyfiyyati vo

mohsuldarliga tosiri sistem yanasmasi asasinda tohlil edilmisdir. Gostorilmigdir ki, emal prosesi coxparametrli, qarsiligh
olagoli vo geyri-stasionar xarakter dasiyir. Soth kolo-kétiirlityl yalniz handssi amillorlo deyil, ham do deformasiya, istilik
Vo triboloji proseslorin tosiri ilo formalagir. Veris asas tosiredici parametr kimi miioyyon edilmis, kasmo stirati Vo kasma
dorinliyinin iso osasen dolay: tosir gostordiyi gostorilmisdir. Konik sathlorin emali zamani diametrin deyigmasi kasma
stiratinin lokal doyismasins sabab olur va klassik modellorin tatbigini mohdudlasdirir. Sath keyfiyyati ilo mohsuldarliq
arasindaki ziddiyyot ¢oxmeyarli optimallagdirma problemi kimi toqdim olunmus, Pareto yanagmasi osasinda hall
imkanlar1 gostorilmisdir. Siini intellekt metodlarinin tatbig perspektivlori do asaslandirilmigdir.

Acar sézlor: RPI torna dazgahi, konik sathlor, sath keyfiyyati, coxmeyarl optimallagdirma, siini intellekt.
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Abstract. Process furnaces constitute a critical component of thermal energy consumption in petroleum refining sys-
tems, where even minor efficiency deviations can result in considerable fuel and economic losses. The present study
investigates the principal mechanisms responsible for energy dissipation in fired process heaters and evaluates engineer-
ing-oriented measures for their mitigation. A structured heat balance formulation is applied to quantify losses associated
with flue gases, external wall radiation, air leakage, and incomplete combustion phenomena. The analysis emphasizes the
thermodynamic sensitivity of furnace efficiency to excess air ratio and exhaust gas temperature. Based on the obtained
analytical relationships, practical improvement pathways are outlined, including combustion control optimization, en-
hancement of refractory insulation performance, and integration of heat recovery technologies. The proposed assessment
framework offers a technically grounded basis for operational diagnostics and efficiency-oriented decision-making in
refinery furnace systems.

Keywords. Process furnace, Fired heater efficiency, Energy dissipation, Heat balance methodology, Combustion per-
formance.
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Introduction. Process furnaces represent one of the primary thermal energy consumers in pe-
troleum refining and petrochemical facilities. In many refinery units, fired heaters operate continu-
ously under high-temperature conditions, making their thermal performance directly linked to fuel
utilization, operational stability, and environmental impact [1, pp. 25-42]. Even marginal inefficien-
cies in combustion or heat transfer processes may lead to substantial cumulative energy losses over
prolonged operating periods. Heat transfer in process furnaces is predominantly governed by radia-
tion, particularly within the high-temperature combustion zone [2, pp. 87-105]. The interaction be-
tween flame characteristics, furnace geometry, and heat-absorbing surfaces determines the distribu-
tion of thermal flux inside the radiant section. In addition to useful heat absorbed by process tubes, a
significant portion of supplied energy leaves the system in the form of stack gas losses, wall radiation,
and unburned chemical energy [3, pp. 112-130]. Among the various operational parameters, the ex-
cess air ratio plays a decisive role in controlling combustion completeness and flue gas temperature.
While insufficient air may result in incomplete combustion and CO formation, excessive air increases
flue gas mass flow and reduces overall efficiency [4, pp. 155-172]. Consequently, achieving a bal-
anced combustion regime is essential for stable furnace performance. Industrial standards for refinery
fired heaters emphasize the importance of proper heat balance evaluation and efficiency monitoring
[5, pp. 286-305]. However, in practical operation, energy losses are often distributed across multiple
mechanisms rather than originating from a single dominant factor. A systematic analytical assessment
is therefore required to identify the most influential contributors to efficiency degradation [6]. The
present study aims to examine the principal energy loss mechanisms in process furnaces through a
structured heat balance approach and to evaluate technically feasible strategies for reducing thermal
inefficiencies in refinery applications.

Research objective and problem statement. Despite decades of technological development
in combustion systems, process furnaces in refinery environments continue to operate with measura-
ble thermal inefficiencies. While modern control systems provide real-time monitoring of oxygen
concentration and flue gas temperature, performance evaluation in many facilities remains limited to
overall efficiency indicators or fuel consumption tracking [7]. Such aggregated metrics do not reveal
the internal distribution of energy losses and therefore do not support targeted corrective actions. A
fundamental engineering challenge lies in the multi-mechanism nature of energy dissipation in fired
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heaters [8]. Thermal input supplied through fuel combustion is redistributed through several parallel
pathways: useful heat transfer to process tubes, sensible heat discharge through flue gases, conductive
and radiative losses through furnace walls, and minor chemical losses associated with incomplete
combustion [9, pp. 360-382]. These mechanisms are interdependent rather than isolated. For instance,
adjustment of excess air ratio may reduce incomplete combustion losses but simultaneously increase
stack-related heat discharge. Consequently, isolated parameter tuning without systemic evaluation
may unintentionally shift losses from one mechanism to another rather than improving overall effi-
ciency [10, pp. 28-40]. Another complexity arises from the operational variability of refinery fur-
naces. Load fluctuations, fuel composition changes, and gradual refractory degradation alter thermal
behavior over time. In such conditions, efficiency deterioration may occur gradually and remain un-
detected if not analyzed through a structured energy balance framework. Therefore, a method capable
of separating operational losses from structural losses becomes essential for rational performance
diagnostics.

The central problem addressed in this study is the absence of a transparent and practically ap-
plicable analytical model that quantifies individual energy loss components using accessible opera-
tional parameters. While advanced numerical simulations provide detailed insights, their implemen-
tation requires computational resources and specialized expertise, limiting their applicability for rou-
tine industrial diagnostics [11]. There exists a practical need for an intermediate-level analytical tool
that bridges theoretical thermodynamic principles and everyday engineering decision-making. Ac-
cordingly, the primary objective of this research is to formulate and apply a heat balance—based meth-
odology that identifies dominant loss mechanisms in process furnaces and evaluates their relative
impact on overall thermal efficiency. Particular emphasis is placed on the thermodynamic sensitivity
of stack losses to excess air ratio and flue gas temperature, as these parameters are directly measurable
and adjustable in refinery operation [12]. By establishing quantitative relationships between operating
variables and efficiency degradation, the study aims to provide a structured foundation for perfor-
mance improvement strategies without reliance on complex numerical modeling.

Furthermore, the research seeks to clarify the interaction between operational control variables
and structural design characteristics. Through analytical decomposition of energy flows, the proposed
framework enables differentiation between losses that can be mitigated through combustion optimi-
zation and those requiring mechanical or insulation improvements. This distinction is critical for pri-
oritizing technical interventions and allocating maintenance resources efficiently.

In summary, the study addresses both a diagnostic gap and a methodological need within refin-
ery furnace performance evaluation. By integrating thermodynamic principles with practical engi-
neering considerations, it aims to transform efficiency analysis from a descriptive indicator-based
practice into a mechanism-oriented assessment approach.

Methods of problem solution. The performance assessment of a process furnace requires a
structured decomposition of supplied chemical energy into useful and dissipative components. Under
steady-state operation, and neglecting transient accumulation effects, the conservation of energy prin-
ciple may be expressed in generalized form as:

quel = Qaps + Qioss 1)

For engineering evaluation, the total loss term is further separated into physically interpretable mech-
anisms:

quel = Qabs + Qstack + Qwall + Qleak + Qunburned (2)

Where:
Qruer — heat given by fuel combustion,
Qaps — heat transferred to process fluid,
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Q.tack — Sensible heat removed with flue gases,

Qwau — conductive and radiative heat transfer through furnace casing,
Qear — €nergy impact of air infiltration,

Qunburnea — chemical losses due to incomplete combustion.

Thermal efficiency is defined as:

n = 2abs . 1009% ©)

quel
Where:
n — thermal efficiency.
This formulation enables identification of dominant loss contributors without requiring numer-
ical simulation. Stack losses represent the largest fraction of energy dissipation in most fired heaters.
The sensible heat transported by flue gases is evaluated as:

Ostack = mfg *Cp * (ng — Tamp) 4)

Where:
s, — flue gas mass flow rate,
¢, — constant pressure specific heat capacity,
T4 — flue gas temperature,
T,mp — ambient temperature.
The flue gas mass flow rate is directly influenced by excess air ratio. Increasing excess air increases
nitrogen dilution and raises total exhaust mass, even if combustion remains complete. Therefore,
stack loss sensitivity to excess air becomes thermodynamically significant. For analytical estimation,
flue gas mass flow is approximated from stoichiometric combustion relationships with correction for
excess air percentage. Heat dissipated through furnace walls is approximated using steady-state heat
transfer relations:
Qwan =U * A * (Tsurf — Tamp) )
Where:
U — overall heat transfer coefficient across refractory and insulation layers,
A — effective casing area,
Tsurs — Wall surface temperature.
To validate the applicability of the developed analytical framework, a representative refinery
furnace operating at steady load is examined. Assumed operational parameters:
e Fuel input: 12 MW
e Flue gas temperature: 900°C
e Ambient temperature: 25°C
e Average flue gas specific heat: 1.1 kJ/kg * K
e Wall heat transfer coefficient: 0.8 W /m? « K
e Effective casing area: 450 m?
Two excess air scenarios are evaluated: 10% and 20%.

Influence of Excess Air on Stack Loss and Thermal Efficiency

Excess Air (%) Flue Gas Flow (relative) Stack Loss (%) Wall Loss (%) | Overall Efficiency (%)
10 1.00 17 4 83
20 1.12 22 4 78
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The results as shown in the table above indicate that increasing excess air from 10% to 20%
leads to an approximate 5% reduction in thermal efficiency. This reduction is primarily attributed to
increased flue gas enthalpy discharge rather than combustion improvement. Wall losses remain rela-
tively stable under constant structural conditions, confirming that operational parameters exert
stronger influence on stack-related dissipation. The parametric evaluation demonstrates that excess
air control constitutes a high-impact operational variable. A 5% efficiency deviation in a 12 MW
furnace corresponds to approximately 0.6 MW additional fuel demand. Over extended annual opera-
tion, such deviation translates into substantial economic and environmental consequences. The pro-
posed heat balance framework therefore provides a technically transparent method for:

¢ Quantifying dominant loss contributors
e Prioritizing corrective actions
e Supporting energy audit procedures

85

84 1

83

82 1

Overall thermal efficiency (%)

Excess air ratio (%)
Effect of excess air ratio on furnace thermal efficiency

Within the practical operating interval of excess air ratios (approximately 5-20%) as shown in
the graph above, the relationship between excess air and thermal efficiency may be treated as quasi-
linear for preliminary engineering evaluation. Although the underlying thermodynamic interactions
are inherently non-linear, the combined influence of flue gas mass increase and moderate temperature
variation produces an approximately proportional trend in this restricted range. Therefore, linear ap-
proximation provides sufficient accuracy for diagnostic and comparative analysis. Outside this inter-

val, however, non-linear behavior becomes more pronounced and should be evaluated using more
detailed methods.

Sensitivity analysis of key operating parameters. In addition to the base-case parametric
evaluation, it is necessary to assess the sensitivity of furnace thermal efficiency to variations in key
operating parameters. Sensitivity analysis enables identification of variables that exert the strongest
influence on overall performance and therefore deserve priority in operational control strategies.

Stack-related losses exhibit a direct dependence on flue gas temperature. According to the heat
balance formulation, sensible heat discharge increases proportionally with the temperature difference
between exhaust gases and ambient conditions. For a representative 12 MW furnace, an increase in
flue gas temperature from 850°C to 950°C, assuming constant mass flow rate, results in a measurable
rise in stack heat loss. Even moderate temperature escalation can therefore reduce overall efficiency
in a noticeable manner. This observation underlines the importance of maintaining effective heat
transfer in radiant and convection sections to prevent unnecessary exhaust overheating.
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Excess air ratio constitutes another highly sensitive operational parameter. Increasing excess
air not only raises flue gas mass flow rate but also introduces thermal dilution effects due to additional
nitrogen. While a certain margin of excess air is required to ensure complete combustion, excessive
levels intensify sensible heat discharge through the stack. Within the practical operating range of 5—
20%, efficiency variation may be approximated as quasi-linear for engineering estimation purposes.
However, beyond this interval, non-linear behavior may become more pronounced due to stronger
combustion temperature shifts and dilution effects.

Structural conditions also influence efficiency stability. An increase in wall heat transfer coef-
ficient, caused by insulation degradation or refractory aging, leads to higher conductive and radiative
losses. For example, if wall losses rise from 4% to 6% under otherwise identical firing conditions,
overall efficiency decreases correspondingly. Although wall losses typically remain smaller than
stack losses, their gradual growth over time can contribute to persistent efficiency deterioration.

Comparative evaluation indicates that stack-related parameters—particularly excess air ratio
and exhaust temperature—exhibit greater sensitivity than structural heat losses under normal operat-
ing conditions. Consequently, operational optimization measures should be prioritized before struc-
tural modifications are considered. Systematic monitoring of oxygen concentration and flue gas tem-
perature therefore provides the most immediate and technically feasible pathway for improving ther-
mal performance in refinery furnace systems.

Application of the obtained results. The analytical assessment developed in this study pro-
vides a structured basis for practical performance evaluation of refinery process furnaces. By decom-
posing total thermal input into identifiable loss components, the proposed heat balance framework
enables engineers to distinguish between operational and structural inefficiencies. From an opera-
tional perspective, the results indicate that excess air control represents a high-impact adjustment
parameter. The parametric evaluation demonstrated that reducing excess air from 20% to 10% may
increase thermal efficiency by approximately 5%. For a 12 MW furnace operating continuously, this
improvement corresponds to nearly 0.6 MW reduction in fuel demand. Over long-term operation,
such reduction translates into significant annual fuel savings and measurable emission mitigation. In
addition to combustion control, the model supports diagnostic assessment of stack-related losses.
Since stack gas discharge constitutes the dominant loss mechanism in the examined scenarios, mon-
itoring flue gas temperature and oxygen concentration becomes essential for efficiency optimization.
The presented framework may therefore serve as a simplified auditing tool for refinery energy man-
agement systems. The evaluation of wall heat losses further indicates that insulation integrity plays a
stabilizing role in maintaining performance. Although wall losses remain comparatively smaller than
stack losses under normal conditions, aging refractory materials or casing damage may progressively
increase heat dissipation. The analytical relations introduced in this study allow preliminary estima-
tion of such structural degradation effects without advanced numerical modeling.

Moreover, the developed approach can assist in preliminary feasibility assessments for waste
heat recovery integration. By quantifying stack energy content, engineers may estimate recoverable
heat potential prior to detailed design of economizers or air preheaters. This supports economically
justified decision-making during modernization projects. Overall, the obtained results provide a tech-
nically transparent and practically applicable methodology for identifying dominant energy loss
sources, prioritizing corrective actions, and supporting efficiency-oriented operational strategies in
refinery furnace systems.

Conclusion. The conducted analysis demonstrated that thermal efficiency of process furnaces
is governed by the combined influence of operational and structural parameters. By applying a struc-
tured heat balance framework, the study identified stack-related losses as the dominant mechanism
of energy dissipation under typical refinery operating conditions. Among the examined variables,
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excess air ratio and flue gas temperature exhibited the highest sensitivity with respect to overall effi-
ciency variation. The parametric evaluation showed that moderate deviations in excess air may result
in measurable efficiency deterioration, primarily due to increased flue gas mass flow and sensible
heat discharge. In contrast, wall heat losses, although generally smaller in magnitude, may progres-
sively increase in the presence of insulation degradation or refractory aging. These findings empha-
size the necessity of systematic monitoring of combustion conditions and structural integrity. The
proposed analytical approach provides a practical and transparent methodology for preliminary effi-
ciency diagnostics without reliance on complex numerical simulations. Its application may support
operational optimization, energy auditing, and informed decision-making in refinery furnace perfor-
mance management.
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Abstract. Material selection is a crucial aspect of engineering processes and plays a decisive role in the success of
final products. Improper material selection often leads to high costs and premature product failure. Therefore, a competent
methodology for material selection is required to assist manufacturing organizations in choosing the best material for a
specific application. Scientists have developed various selection techniques to address these issues. Multi-Criteria Deci-
sion Making (MCDM), which is also applied for material selection, has the potential to improve decision-making across
all engineering areas. Another MCDM technique is the Multi-Objective Optimization based on Ratio Analysis (MOORA),
introduced by Brauers and Zavadskas in 2006. As an extension of the AHP method, Fuzzy AHP plays a significant role,
especially in cases of uncertainty. This article aims to select a polymeric nano-composite material for car bumper beams
in the automotive industry based on the criteria of tensile strength, impact strength, comparative cost, and production
difficulty using the integrated Fuzzy AHP-MOORA method. All material property indicators are classified as beneficial
or non-beneficial.
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1. Introduction

Material selection represents one of the most critical stages in engineering design, directly
influencing product performance, durability, cost, and manufacturability. In recent decades, the
development of new materials, particularly polymeric nano-composites, has introduced both
opportunities and complexities to the selection process. These materials offer enhanced mechanical
properties, such as improved tensile and impact strength, while potentially reducing weight and cost.
However, selecting the optimal material from a growing array of alternatives requires systematic and
reliable decision-making tools [1, pp. 1-32].

Multi-Criteria Decision Making (MCDM) methods have emerged as powerful tools to address
such complex selection problems [2]. Unlike single-criterion approaches, MCDM allows decision-
makers to consider multiple, often conflicting, criteria simultaneously. Within the broad family of
MCDM techniques, the Analytic Hierarchy Process (AHP) and its fuzzy extension, Fuzzy AHP, are
widely recognized for determining the relative importance (weights) of criteria, especially when hu-
man judgment involves uncertainty [3]. On the other hand, the Multi-Objective Optimization based
on Ratio Analysis (MOORA) method provides a robust and computationally efficient framework for
ranking alternatives based on these weighted criteria [4].

The automotive industry, with its stringent requirements for safety, performance, and cost-
efficiency, presents a pertinent case for applying such integrated methodologies. Components like
bumper beams demand materials that offer excellent impact resistance, adequate tensile strength,
reasonable cost, and feasible production characteristics. This study focuses on applying the inte-
grated Fuzzy AHP-MOORA method to select the most suitable polymeric nano-composite material
for car bumper beams, thereby demonstrating a structured approach to a real-world engineering
challenge [5].

2. Research Objective and Problem Statement

The primary objective of this research is to implement and evaluate a hybrid decision-making
model combining Fuzzy AHP and MOORA for the optimal selection of polymeric nano-composite
materials. The specific problem addressed is the selection of the best material for an automotive
bumper beam from six candidate alternatives (Alt-1 to Alt-6). The selection is based on four critical
criteria: tensile strength (beneficial, to be maximized), impact strength (beneficial, to be maximized),
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comparative cost (non-beneficial, to be minimized), and production difficulty (non-beneficial, to be
minimized). This work aims to provide a transparent, reproducible framework that can handle the
inherent uncertainty in expert judgments and deliver a clear ranking of material alternatives.

3. Methodology

The methodology of this research is divided into two main phases: (1) determining the weights
of the selection criteria using Fuzzy AHP to account for judgmental uncertainty, and (2) ranking the
material alternatives using the MOORA method based on the obtained weights.

3.1. Fuzzy Analytic Hierarchy Process (Fuzzy AHP)

The classical AHP method, developed by Saaty, uses a crisp pairwise comparison scale (1-9)
to derive priority weights. However, human preferences are often vague and imprecise. Fuzzy AHP
extends this by utilizing triangular fuzzy numbers (TFNSs) to capture the uncertainty in decision-mak-
ers' judgments [3].

A TFN is denoted as (I, m, u), where I, m, and u represent the lower, most likely, and upper
values, respectively. The steps for Fuzzy AHP are as follows [3, 7]:

Step 1: Construct a fuzzy pairwise comparison matrix. Experts compare the criteria in pairs using
linguistic terms (e.g., equally important, moderately more important), which are then converted into
TFENS.

Step 2: Calculate the fuzzy geometric mean for each criterion. For criterion i, the fuzzy geometric
mean $\tilde{r}i$ is calculated as:

$\tilde{r}i = (\prod{j=1}{n} \tilde{a}{ij}){1/n}$ (1)

where $\tilde{a} {ij}$ is the TFN comparing criterion i to j, and n is the number of criteria.
Step 3: Compute the fuzzy weights. The fuzzy weight $\tilde{w} i$ for criterion i is:

S\tilde{w} i =\tilde{r} _i\otimes (\tilde{r} 1 \oplus \tilde{r} 2 \oplus ... \oplus \tilde{r} n){-1}$ (2)

where $\otimes$ and $\oplus$ denote fuzzy multiplication and addition, respectively.
Step 4: Defuzzify the fuzzy weights. The Center of Area (COA) method is used to convert the fuzzy
weight $\tilde{w} i = (Iw_i, mw_i, uw_i)$ into a crisp value $w_i$:

$w i =\frac{lw_i + mw_i +uw_i}{3}$ (3)

Step 5: Normalize the crisp weights. The final normalized weight $W _i$ for criterion i is obtained

by:
$W_i = \frac{w_i}{\sum_{i=1}{n} w_i}$ 4)

3.2. MOORA Method

The MOORA method, developed by Brauers and Zavadskas, is applied for the final ranking [4,
6, 8]. The steps are:
Step 1: Construct the decision matrix. A matrix $X = [x_{ij}]{m \times n}$ is formed, where m is the
number of alternatives (6) and n is the number of criteria (4), and $x{ij}$ is the performance of
alternative i on criterion j.
Step 2: Normalize the decision matrix. The normalized value $n_{ij}$ is calculated using the vector
normalization method to make the criteria dimensionless:

$n_{ij} = \frac{x_{ij}H{\sqrt{\sum_{i=1}{m} x_{ij}*2}}$ (5)
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Step 3: Construct the weighted normalized matrix. The weighted normalized value $v_{ij}$ is com-
puted by multiplying the normalized value by its corresponding criterion weight $W_j$ obtained from
Fuzzy AHP:

$v_{ij} =W _j \times n_{ij}$ (6)

Step 4: Calculate the overall assessment score. For each alternative i, the score $y _i$ is calculated
by summing the weighted normalized values for beneficial criteria and subtracting the sum for non-
beneficial criteria:

Sy_i=\sum_{j=1}{a} v_{ij} - \sum_{j=g+1}{n} v_{ij}$ (7

where g is the number of beneficial criteria.
Step 5: Rank the alternatives. The alternatives are ranked in descending order of their Sy _i$ scores.
The alternative with the highest score is the most preferred.

4. Data and Criteria Weights

The performance data for the six polymeric nano-composite alternatives across the four criteria
are presented in Table 1. Tensile and impact strength data are in MPa, while comparative cost and
production difficulty are assessed on a relative scale of 1 to 6, where a lower value is preferable for
these non-beneficial criteria.

Table 1
Material property indicators of the six nano-composites
Alternatives | Tensile strength (MPa) Impact strength (MPa) Comparative cost Production difficulty
Alt-1 25.00 113.70 4 1
Alt-2 37.55 103.54 5 2
Alt-3 34.79 96.51 6 3
Alt-4 35.38 224.58 1 4
Alt-5 41.71 154.06 2 5
Alt-6 41.92 133.53 3 6

Applying the Fuzzy AHP process as described in Section 3.1, based on expert evaluations of
the relative importance of the four criteria, the final normalized weights were determined. The results
highlight that impact strength is considered the most critical factor for a bumper beam, followed by
tensile strength. Cost and production difficulty, while important, carry less relative weight in this
specific engineering context. The calculated weights are:

« Impact Strength ($W_1$): 0.564

« Tensile Strength ($W_2$): 0.302

« Comparative Cost ($W_3$): 0.089

« Production Difficulty ($W_4$): 0.046

4.1. MOORA Ranking

Following the MOORA steps, the decision matrix from Table 1 was normalized using Equation
(5). The weighted normalized matrix was then computed using Equation (6) and the weights from
Fuzzy AHP. Finally, the overall assessment score $y_i$ for each alternative was calculated using
Equation (7), where tensile and impact strength were treated as beneficial criteria (summed), and cost
and production difficulty as non-beneficial (subtracted). The results are summarized in Table 2.
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Table 2
Ranking of alternatives using the Fuzzy AHP-MOORA method

Alternatives Overall Assessment Score ($y_i$) Rank
Alt-4 0.3426 1
Alt-5 0.1999 2
Alt-6 0.1309 3
Alt-1 0.0739 4
Alt-2 0.0347 5
Alt-3 0.0157 6

4.2. Analysis of Results

The ranking clearly identifies Alternative 4 (Alt-4) as the optimal choice for the automotive
bumper beam application. Despite having a tensile strength (35.38 MPa) that is not the highest among
the candidates, Alt-4 possesses a vastly superior impact strength (224.58 MPa), which is the most
heavily weighted criterion. Furthermore, it has the lowest possible comparative cost (1). Although its
production difficulty rating (4) is not the best, its exceptional performance on the two most important
criteria outweighs this drawback.

Alternative 5 (Alt-5) and Alternative 6 (Alt-6) secure the second and third ranks, respectively.
They both offer high tensile strength and good impact resistance but are penalized by higher cost and
production difficulty scores compared to Alt-4. The lower-ranked alternatives (Alt-1, Alt-2, Alt-3)
are characterized by significantly lower impact strength values, which leads to their poor performance
in the overall assessment [5,9].

5. Discussion and conclusion

The application of the integrated Fuzzy AHP-MOORA method proved to be highly effective
for this material selection problem. The Fuzzy AHP component successfully quantified the subjective
preferences of decision-makers regarding the criteria, transforming linguistic assessments into precise
numerical weights while accounting for uncertainty. The subsequent MOORA analysis provided a
clear, mathematically sound ranking that directly reflects these priorities.

The outcome is logically consistent with engineering intuition for a safety-critical component
like a bumper beam: impact resistance is paramount. The model's strength lies in its ability to make
this intuition explicit, quantifiable, and defensible. It systematically avoids the pitfalls of ad-hoc se-
lection and ensures that all relevant factors are considered in a balanced manner.

This study's findings align with and extend the work of previous researchers who have applied
MCDM techniques to material selection. The hybrid approach used here offers a practical framework
that can be adapted to other material selection problems in various industries by simply modifying
the set of criteria and alternatives.

This research demonstrated the successful application of an integrated Fuzzy AHP-MOORA
model for selecting polymeric nano-composite materials for automotive bumper beams. The model
effectively combined the strengths of both methods: Fuzzy AHP to handle the uncertainty in deter-
mining criterion importance, and MOORA to execute a straightforward and robust ranking of alter-
natives. The analysis identified Alt-4 with its exceptional impact strength and low cost, as the most
suitable material among the six candidates considered.

The proposed methodology is transparent, systematic, and can be easily implemented by engi-
neers and decision-makers. It provides a rational basis for material selection that can improve product
quality, reduce costs, and shorten development time.

For future work, the model could be enhanced in several ways. Firstly, other fuzzy set repre-
sentations (e.g., trapezoidal fuzzy numbers, intuitionistic fuzzy sets) could be explored within the
AHP framework. Secondly, the MOORA method could be compared with or combined with other
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ranking techniques like TOPSIS or VIKOR to assess result stability. Finally, the set of selection cri-
teria could be expanded to include environmental factors (e.g., recyclability, carbon footprint) and
other lifecycle considerations to support sustainable material selection.

[EEN
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Abstract. The article examined the passenger station on May 28, and carried out a full analysis of the Baku-Sumgayit
section. All the necessary elements for constructing a passenger train schedule were also noted. The operating technology
of passenger stations is determined by the categories of trains served. Passenger trains, long-distance transit and of their
own formation, local and suburban, pass through the passenger station. The technology for processing these trains is based
on the maximum reduction of time for carrying out operations, minimal costs for servicing and equipping trains, acceler-
ating the turnover of trains and reducing their number. Next, the passenger traffic plan is analyzed and important points
in its construction are noted.

When linking the main elements of the station, attention was paid to the concepts of pace and technological interval
and calculated in the directions Baku-Khirdalan-Sumgayit and Baku-Prishaghi-Sumgayit. Research has also shown that
the actual movement is not circular, but in two semi-arc directions. The authors proposed to build a railway line from
Guzdek to Sumgayit-Pasazhirskaya, which would provide circular traffic on the line.
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Beenenune

ArmiepoHcKasi KOJbIEBasi TUHUS — 3TO JIMHHUS MapIIPyTOB >KEJIE3HOJOPOKHOTO IMAaCCaKUP-
CKoro TpaHcnopta B baky ¢ mepecajgkaMu B METPO, KOTOPBIE SIBJIAIOTCS IUIaTHBIMU. MccnenoBanue
10 TeME MPOBOAMIOCH HEMOCPEICTBEHHO CaMUM aBTOPOM Ha BakWHCKOM >KeIe3HOJOPOKHOM BOK-
3aJie, KOTOPBIN SABJSETCSA OTIPABHOM TOUKOM paccMOTpeHHOM TnHUU. CKOPOCTH Moe31a UMEIOT KypC
ot bakunckoii 70 CyMrauTckou CTaHIIMH, TaK K€ B JIBYX HANpaBIICHUSX, TPOe3kKas Ipyrue macca-
KUPCKUE CTAHIMU IO ANIIEPOHCKON TUHUU. J{TMHa TMHUI Ha ATIIIEPOHCKON KOJIBLEBOM JIMHUH CO-
ctaBisieT 93 kunmometpa. B o061mem my T moIBM>KHOM cocTaB 00XBaThIBaeT 15 craniuii. OHa EITUKOM
OXBAaThIBAET MPUTOPOAHYIO YacTh ropojia baky, 4To fenaeT ee mpuBJIeKaTEIbHbIM JJIS aCCAXKUPOB,
KOTOPBIE MHTEHCHUBHO TOJIb3YIOTCS €10 KaXK/IbIi IeHb. B CBsI3U ¢ 3TUM, pabOThI 1 HEOOXOAMMBIE pac-
YeTHl 10 €€ HUCCIEA0BAHUIO SABIAIOTCS aKTyaIbHBIMU U HEOOXOAUMBIMHU.

HccaenoBareibckas 4acThb

B nansblii MomeHT Ha mHAK baky-Cymraut co ctaHumsamu banamkapel u XbeIpianaHa JABU-
xyTest 15 map noe3goB B cyTtku. Peiicel Homepytotest ot 6001 go 6030, u3 HUX Moe3/1a ¢ YETHBIM
YHCIIOM OTIPABJIAIOTCS co cTaHusMu Cymraut, noe3ia ¢ HedeTHbIMU U3 baky. HekoTopsie peiichl,
takue kak 6001-6006, 6010, 6013, 6017, 6019, 6022-6026, 6030 paboTaroT TOIBKO MO PAOOUYNM
nHsM. Camblid 1IepBbIN dnekTponoe3n u3 baky ormpasnsercsa B -07:50, a camslii mo3auuid B 20:45.
Pacnrcanue mMapuipyTa WiM *e BpEMEHHU MOXKET MMOMEHATHCS OT (pakTa mpoBeIeHUs] PEMOHTHBIX pa-
00T WJIM 7K€ MAaCCOBBIX MEPOIPHUATHI (HampuMep, MU MPOBeIeHUHU O0JIBIIOr0 KOHIEpTa WK ke EB-
POIEHCKUX UTrp).

Ha ceronnsamnnii newp Ha cranuuu baky-ITupmary ¢ mpomexxyTouHbIMU cTaHIUAMHU Knmsl,
Keporny, bakuxanos, CaOynuu, 3abpar-1, 3abpat-2, Mexemme1u UIMEIOT Kypc MATHAALATH Map I0-
€3710B B CyTKH. Peiicel xe HymepyroTcsa ot 6031-6060, moe3na, MMErOIIe Y€THBIA PEiic, OTIPaBIIs-
ores u3 Ilupiiaru, noe3na ¢ HedeTHBIMM pelicaMu OTHpaBisOTCA U3 baky. Peiicel ¢ HOMepamu
6032,6034,6042,6046,6050,6054,6058 n 6060 BBIXOAAT HA JIUHUIO TOJIBKO MO paOOYUM JTHSIM.
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[ToaBuxkHOM cocTaB UCHOJB3YET 9 ABYXATaXHBIX 3JeKTponoe3naoB cepuu D2 ¢ Homepamu
008,003,009,015-020 koropsie 6bu1H pazpadoTansl komanueit STADLER RAIL GROUP: cnenan-
HbIX Ha benopycckom 3aBone Stadler Mumnck.

OpraHu3aiys JBHXKCHHs OCBAUBACTCS HA MOCTpOeHHE rpaduka ABMKEHHs moe3/10B (Tadi. 1 u 2)

[1, c. 321-323].

I'paduk nBrKeHUS 0053aH yIOBIETBOPSTH CIAEAYIOIIUE TYHKTHI:
e TpeOOBaHUE K MMACCAKUPCKUM MIEPEBO3KaM;
e o0OecrnieueHue 0€30MaCHOTO BUKEHUS MOE3/0B;
® JCIOJIb30BaHUE BHICOKOM MPOYKTUBHOCTH MOJIBUKHOTO COCTABA,
e coOuoeHre pabouero BpeMeHu Opurajibl JOKOMOTHBA,
® JICIIOJIH30BaHKE C yIYUIICHHEM BBITYCKa CTAHIIUHN U YBEITMUSHHSI 00beMa IPY30IOAbEMHOCTH.
B rpaduke nBukeHus mokasaHsl ABMKEHUE U PACIIONOKEHUE HAa KAKIOW CTAHINH, ILTOMIAAH
B OJJMHOYHOM U TTAPHOM HaIlpaBJICHUSX.

Tabruya 1
I'pacuk nBmwxenns baky-Xeipaanan-Cymrant
Ne6001 | Ne6005 | No6007 | Ne6009 | Ne6013 | Ne6015 | Ne6065 |Ne6017| Ne6019 | Ne6021 | Ne6023
AXI DKcnpecc

tormp tormp tormp tormp tornp | torme tormp torne | torme tormp tormp

ct. Baky 07:20 | 07:45 | 08:10 | 08:30 | 17:00 | 17:25 18:10 | 18:25 | 18:35 | 18:50 | 19:35

cT. banamkaps 07:34 | 07:59 | 08:24 | 08:44 | 17:14 | 17:39 — 18:39 | 18:49 | 19:04 | 19:49
ct. Cymraut 07:42 | 08:06 | 08:31 | 08:52 | 17:22 | 17:47 — 18:47 | 18:57 | 19:12 | 19:57
[Tpu6siTre Ha ct. Cymraut | 08:00 — * 09:10 | 17:40 | 18:05 | 18:50 | 19:05 | 19:15 | 19:30 | 20:15

Tabnuya 2
I'pacduk nmxenus baky-ITupmaru-Cymrant-baky
Baky-IInpmaru-Cymrant

AT Ne6601 | Ne6603 | No6605 | No6613 | Ne6615 | No6617 | No6619 | Ne6621 | Ne6623 | No6625
tormp tormp tormp tormp tormp tormp tormp tormp tormp tormp
ct. baky 08:20 08:45 09:55 08:35 19:15 20:05 20:45 21:20 22:00 23:00
ct. Kunuier 08:25 08:50 10:00 08:40 19:20 20:10 20:50 21:25 22:05 23:05
ct. Kepormy 08:29 08:54 10:04 18:44 19:24 20:14 20:54 21:29 22:09 23:09
ct.bakuxaHoB 08:33 08:58 10:08 18:48 19:28 20:18 20:58 21:33 22:13 23:13
ct. CabyHun 08:36 09:01 10:11 18:51 19:31 20:21 21601 21:36 22:16 23:16
cr. 3abpar-1 08:41 09:06 10:16 18:56 19:36 20:26 21:06 21:41 22:21 23:21
cT. 3abpar-2 08:44 09:09 10:19 18:59 19:39 20:29 21:09 21:44 22:24 23:24
cT. Mexemmemm 08:47 09:12 10:22 19:02 19:42 20:32 21:12 21:47 22:27 23:27
ct. [Tuprraru 08:55 09:20 10:30 19:10 19:50 20:40 21:20 21:55 22:35 23:35
ct. ['épsamib 09:00 09:25 10:35 19:15 19:55 20:45 21:25 22:00 22:40 23:40
ct. HoBxaHsI 09:04 09:29 10:39 19:19 19:59 20:49 21:29 22:04 22:44 23:44
[puoeiTre Ha ct. Cymrant | 09:12 09:37 10:47 19:27 20:07 20:57 21:37 22:12 22:52 23:52

Cywmrant-Ilupmaru-baky

AKI Ne6602 | Ne6604 | No6606 | No6608 | Ne6610 | Ne6618 | No6620 | Ne6622 | Ne6624 | No6626
torme torme torme torme tormp torme tormp torme tormp tormp

ct. Cymraut 06:50 07:40 08:45 09:30 10:00 18:10 19:35 20:15 20:50 21:50
ct. HoBxaHsI 06:59 07?249 08:54 09:39 10:09 18:19 19:44 20:24 20:59 21:59
ct. ['épsamib 07:03 07:53 08:58 09:43 10:13 18:23 19:48 20:28 21:03 22:03
ct. [Tuprraru 07:08 07:58 09:03 09:48 10:18 18:28 19:53 20:33 21:08 22:08
cT. Mexemmemn 07:15 08:05 09:10 09:55 10:25 18:35 20:00 20:40 21:15 22:15
ct. 3abpar-2 07:19 08:09 09:14 09:59 10:29 18:39 20:04 20:44 21:19 22:19
cr. 3abpar-1 07:22 08:12 09:17 10:02 10:32 18:42 20:07 20:47 21:22 22:22
ct. CabyHun 07:27 08:17 09:22 10:07 10:37 18:47 20:12 20:52 21:27 22:27
ct. BaknxaHos 07:30 08:20 09:25 10:10 10:40 18:50 20:15 20:55 21:30 22:30
ct. Keporiy 07:34 08:24 09:29 10:14 10:44 18:54 20:19 20:59 21:34 22:34
ct. Kunuisr 07:37 08:27 09:32 10:17 10:47 18:57 20:22 21:02 21:37 22:37
IIpuGsitre Ha ct. baky 07:42 08:32 09:37 10:22 10:52 19:02 20:29 21:07 21:42 22:42
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[loe3na, nepxkaiue MyTh B OJMHOYHOM HAIPABIEHUU — 3TO MOE3/a, ABUKYILUECS B CTOPOHY
BOCTOKA U 3amaja, a napusie — B cropony FOra u Ceepa.

B xone nBmkeHus noesna, AUCHeTYep COCTaBIsAET rpaduk 00 yCIEeIHOM MPOXOKICHUE 3apaHee
3aIlJIaHMPOBAaHHOTO rpaduka ABMKEHHS. 3/1ech e 0co00e BHUMaHME yHesieTcsi COONI0IEHUIO Tpa-
(buKa IBIKEHHUS, B CITydae OTMO3AaHUN WK )K€ 3a/IepKEK BO BpeMs ABMKCHHUS AUCTIETYEp 0053aH Bep-
HYTb yTpau€HHOE BpeMs U MPUOBITh HA CTAHIHIO CTPOro Mo rpaduky. YUco noe3goB B 3aBUCUMOCTH
OT BaroHOB HAXOJSIIMXCS B TIAPKE BarOHOB, KAX/IbI M3 HUX UMEET COOCTBEHHBIH IrpauK pabOTHI.

Crnyuau, Korja maccaxup orasjabIBaeT K cebe JOMOI WM ke B MYHKT Ha3HAUYECHUS, SIBISICTCS
3anpetHoi. Ecnu jxe BAPYT MpOM30MIET TaKoi ciyyaid, TO 37e€Ch paccMaTpHBaeTCsi BECh Tpaduk
JBUKEHMSI, TIOCJIe TOrO KaK Hai/IeTcsl MpUYrMHa OMO3/1aHus, 3aBOJIUTCS akT 00 omno3aanuu. bpurana
10€e3/1a I0JKHA CTapaThCs, YTOOBI MOE3]T ABUTAJICS CTPOTO MO TPadUKYy.

OcTaHOBKa oe3/1a ¢ MOMOIIIbIO KPacHOTO (priara, KpacHOro IBeTa (poHapsi, WM ke CTOM-KpaHa
pas3peliieHa, TOJIbKO €CIIU MaccaXupaM WU JKe JIBIKEHUIO [10€3/1a IPO3UT onacHocTh. Ecnu ke noesn
OCTaHOBUTCS 0€3 OBO/Ia JIJIsl OCTAHOBKH, TO COCTaB MOe3/1a MoydaeT mrpad, 3a HapylIeHne 3aKoHa
XKeje3Hou noporu. B cirywyae Toro, ecium ke OCTaHOBKa MOe3/1a MOCIeayeT 3a COO0H TsHKENyIo aBa-
PUI0, OBPEXK ICHUE MOABMYKHOTO COCTaBa WJIM )K€ MOCTPaJaeT Kakoh-1100 Maccaxkup, TO COCTaB Io-
e3xa OyZeT mpuBJeUeH K yroJoBHOMY neny. [lnan nBrxenus aaH Ha puc 1.

CoznaBast TUIaH JBUKEHHS TACCAKUPCKUX TEPEBO30K, OBLIM COBMEIICHBI MOTPEOHOCTH Macca-
KHUPOB C BO3MOXKHOCTSIMU JKEJIE3HOJOPOKHOTO TpaHCIopTa. B Xxoze ero cozaHusi OCHOBHBIE MO-
MEHTBI YYUTHIBAIOTCSI OCHOBHBIE MOMEHTBI, TEXHOJIOTHYECKHH MpoLecC pabOThl CTAHIIHMI, BO3MOX-
HOCTb JJIs1 IPOITYCKa IBUYKEHUS TPY30BbIX BAarOHOB, a TAKXKE CBSA3KA KEJIE3HOJOPOKHOTO TPAHCIIOPTa
¢ IPYyTUMHU BHJIAMH TpaHcmopTa [2, ¢. 17-19].

KOJIbIHEBAA KEJIE3HAA
JOPOT'A AITIIMTEPOH
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Puc. 1. [Inan nBuxeHuss ANIIEPOHCKO#N KOIBIIEBOW JTHHUU
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B rutane aBrkeHUs JODKHA OBITH TIOKa3aHa clieayromas napopmarms [3, c. 123-126]:
" CIIMCOK CTAQHIIMH CMEHBI JIOKOMOTHBOB 0€3 U C JJIEKTPOYTEIUIUTENEM,
" CTaHIMH, OCHAIEHHBIE BOJOH,
" CTaHLUH CIIOCOOHBIE OCHAIATh CHJIBHBIM OCH3MHOM M HaXOJIIUECs HA IMYTH MacCaKUPCKUX
BaroHoB,
" CTaHLUH CHOCOOHBIE OYMIIATH BATOHBI OT MyCOpa,
" CIIHCOK CTaHIIM C BO3MOXKHOCTBIO 3aMEHBI Iap KOJIEC Ha MAacCaKUPCKUX BaroHax,
" cxeMa IOJIBH)KHOTO COCTaBa,
" MecCTa, B KOTOPBIX €CTh AIEKTPOMEXaHUK M0e3/1a,
* rpad¥K JIBHKEHHS CONPSHKEHHBIX BarOHOB,
" IIyHKTHI C BO3MOKHOCTBIO 3aMEHBI MapILIPyTa,
" BpeMs, B KOTOPOE NPUOYAET WK K€ IPOU3BEAET OCTAHOBKY TOW WIJIM MHOU TTOE3I.

Pacyernas yacrb

VYcnoBus B3aMMOJEHCTBUS 3JIEMEHTOB CTAaHIIMM BBIPAYKAIOTCS Yepe3 JABA MOHATHUS: TEMII U TEX-
HOJIOTHYECKHUit nHTepBa [2, ¢. 56-57]. TemnoM Ha3bIBACTCsI YUCIIO ONEPAIHiA, BHITOIHIEMBIX B €/IH-
Huiy Bpemenu 7 (B 1 u).

TexHonornuecknii UHTEpBaJ — BpeMsl, 3aTpaylBaeMO€e Ha BBIIIOJHEHHUE OIepalliy, WK UHTEp-
BaJ J Mexay ABYMs OJIHOPOIAHBIMU OIIE€paLUsIMHU.

OnpenenyM cpeJHUE TEMITbI U TEXHOJOTMYECKUI HHTEPBa 110 HAIIPABICHUSIM.

Ha yuactke baky-Xsipaanan-Cymrant GpyHKIuoHupyet 12 map moe3zioB B CyTKH:

N 12
D=3 =5 0,5, T.e. 1 moe3x 3a 2 yaca
cp _ 1440 1440

= — = 5 = 120 munyT mm 2 yaca

Ha yuactke baky-Ilupmaru-Cymrant ¢pynkuuonupyet 10 nmap nmoes3zioB B CyTKH:

N _ 10
o =5, = 5, = 041, re. 1 moesn 3a 2 yaca

c 1440 1440

Hg = =70 = 144 munyT unu 2 yaca 40 MUHYT

Ho cpenHnM TeMnoM u cpeHUM UHTEPBAJIOM I10JIb30BATHCS B pacyeTax Hellb3s, TaK KakK B OT-
JieTIbHBIE TIEPHO/IbI CYTOK HAa0JII0JaeTCsl CTYIIEHHBIM MOBOJI TOE€3/10B K CTAHIIMU U U3-32 OTpaHUYEH-
HOCTH 4YMCJIa ITyTEH B MapKe MOTYT BO3HUKHYTb 33JIEPKKHU I10€3/10B 10 Henpuemy. [loaTomy Hano
MOJIb30BaThCsl HE CPEJHUMU 3HAYCHUSIMH, a pacueTHbIMU (Tpacu, Jpacu), KOTOpBIE ONPeNeNIoTCs

CJIEIYIOIIUM 00pa3oMm:

T _ TeptTmax
pacd — > )

rac Tmax — MAaKCHUMaJIbHOC YHCIIO onepam/lﬁ B CIMUHUIY BPECMCHU;

_ Jp "
] pacu — 2 ’
np T — MAHHMAJIbHbIH HHTEPBAN MEXKTY OJTHOPOIHBIMH OTIEPALIMAMH.
YcnoBust B3aMMOJICHCTBUS 110 HHTEPBATY (POPMYITHPYIOTCS TaK:
® pacyeTHbIil HHTEpBal J MPUOBITHS TOE3/I0B HAa CTAHIIHIO IOJDKEH OBITh HE MEHBIIIE PACYETHOTO
nHTepBana Jon o0pabOTKH OE30B MO MPUOBITHHN B MAPKE;
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e pacueTHbII uHTEepBal Jon 0OpabOTKU MOE3/10B B NApKE JOJDKEH ObITh HE MEHBIIIE PACUETHOTO
uHTepBana Jp pachopmMupoBanus (MM TOPOYHOTO HHTEPBAJIA);
® pacueTHbII UHTEpBal Jp pachopMupoBaHus (TOPOUHBIH MHTEPBAT) JOJDKEH OBITH HE MEHbIIE

pacueTHOro MHTepBaja HaKomIieHus B napke C u T.1.

VYcioBus B3aMMOJEHCTBUSA 110 TEMITY:

e TeMn 7 OTIpaBIICHUs MOE3/I0B HA YYAaCTOK JOJDKEH OBITh HE MeHbIIEe TeMna 70.0 00paboTKu

II0€3/10B 10 OTIPABJICHUIO B IAPKE OTIPABICHHUS;

e teMn 70.0 0OpabOTKHU MOE3/10B B MapKe OTIIPABICHUS JOJKEH OBbITh HE MeHblIe Temna 70.¢h

OKOHYAaTeJIbHOT0 (POPMUPOBAHMSI [TOE3/10B HA BBITSKKAX U T. 1.

HecobOmrofenne onpeneieHHbIX YCIOBHIA MPUBEIET K cOOr0 B paboTe cranmmu. Tak, ecinu B
napke npuObITH Ha 00paboTKy cocTaBa 3arpauuBaercsa 20 MUH, a C IPUJIETAIOLIEro yyacTKa [oe3ia
MOCTYHAIOT 4yepe3 15 MUH, To yepe3 onpeeieHHOe BpeMs TapK NpUOBITUS ¢ pabOTOM HE ClIpaBUTCS,
[IOTOMY YTO NMpPHOBIBAIOLIUE COCTaBbl OyIyT MpocTauBaTh B OkUJaHUU 0O0paboTku. Ilocne 3ansaTus
BCEX IyTEH B MapKe MOCIeICTBUS HECOIIACOBAHHOCTH OKaXKyTCs elle 0oJiee Cepbe3HbIMU — T10€3/1a
OCTaHOBSITCS 110 HEMIPUEMY Ha MOAX0/1aX K craHiuu [4].

Jliia obecnieuenuss GecnepeGOMHOrO mpuema Moes3i0B HaJlo YCKOPUTh 00paboOTKy IMOE370B B
napke npuema. M3BecTHo, 4TO IMMUTHUPYIOLIEH onepanueil B 00paboTKe MOE3/10B 10 MPUOBITUHU 5IB-
nseTcst TexHuueckoe oOciyxuBanue opuranoit [ITO. 3HauuT, TeXHONIOrMYECKU MHTEpBai oOpa-
OOTKHU COCTABOB I10 NPUOBITUN HEOOXOAUMO COKPATUTD, BBIIIOJIHSAS PSA MEPONPUATHIA IIpu OoJiee pa-
[IMOHAIBHBIX MapIIpyTax CJIEJOBaHUSI Opurall, BHEAPss coBeplieHHbIe cpencTa cBsizu ¢ CTL, me-
KYpHBIM 10 mapky, onepatopom I1TO, ykpynuss 6puransl. Tak, Ha MpakTUKe OBYXTpyIIHas Opu-
raja 3aTpayuBacT Ha TEXHUYEeCKoe 00CIy)kuBaHue cocTaBa U3 60 BaroHoOB B cpeliHeM 25 MUH, a OpH-
raja u3 4 rpynm — 15 MuH.

3areM paccuuTaeM OCHOBHBIE TEXHUKO-3KOHOMUYECKHE NOKA3aTEIN ACCAKUPCKUX ITEPEBO3OK.

K xauecTBEeHHBIM [TOKa3aTEISIM OTHOCSTCSL:

" KOJIMYECTBO MEPEBE3EHHBIX MaccaxupoB () A4). Onpenensercs Mo YUCITy NPOJaHHBIX OUIIETOB;
" [accakXupooOOpOT Ha J0pore, OTAEICHNUH, CTAHIIUH, NIPEJICTaBIIsAET COOON CyMMy OTIIPaBJICH-
HBIX (3 Aor) M NPUOBIBIIMX MAcCAkKUPOB (Y Ayp);

ZA = ZAOT + ZAnp (1)
A =50+ 45 = 95 uen.,

= 00BeEM HHaHpreMOﬁ WM BBIIOJIHEHHOM pa6OTBI A0pOru, OTACICHUSA U CETHU B ILCIIOM IIO

MaCCAKUPCKUM IMEPCBO3KAM:
YAL=Y" A1 )

YAL =95-16 = 1520 uen/km,

rre Aj — KOJMYECTBO TIEPEBE3EHHBIX MACCAKUPOB 110 KAKOMY-JTHOO HAIIPABICHHUIO, YUACTKY;
L; — cpenHsisi 1albHOCTD MOE3IKHU;
* npoOeru moe3nos, Y. NL:
INL =31, Ni-Li 3)

YNL =4-16 = 64 xm,

rae Ni — 9ucIto moe3moB paccMaTpUBaEMOr0 HAIPABJICHHUS,
" IpoOeru BaroHOB, OMPEACNSAIOTCS C YYeTOM KOJMYECTBAa BAarOoHOB B TOE3AaX Pa3IMYHBIX
KaTeropHil:
— vKyy, Kno . .
Xnl =%y Ximy my Nyj - Ly (4)

YnL =80-3-2 =480,
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rac mj— YHCJIO BAr'OHOB B ITOC3aX pa3JIMYHbIX KaTeFOPHﬁ;

Ky

K — KOJIHMYECTBO Ha3HAUCHHN;

v KOJIMYECTBO MApUIPYTOB CIICAOBAHUA IMMACCAKHUPCKUX ITOC3/10B,

" Cp€aHAA OJAJIbHOCTH ITOC3KH ITaCCaXKUpPOB:

AL

L=Sm )
L - 1520 — 16k
~ g5 oMM
" CpeIHUH COCTaB I0€3/1a B BarOHaXx:
>nL
m = Z— BaroHoB,
YNL
= 80 _ 7.5 gen.

64
BrpiBOoabI

B 3akiroueHun cieayeT OTMETUTb, 9TO BpeMsi Ha 00pabO0TKy MacCaXMPCKUX TOE310B IPH MPH-
OBITUM U OTIIPABJICHUH 3HAYUTEIBHO COKPAIIAETCS €CIM MPUMEHUTh METO/ MapajuleIbHOIO BBINOJI-
HEHMsI OTIepaIfii, He 3aBUCSIINX JAPYT OT Apyra. Takxke TEXHOIOTHs 00pabOTKH MacCa)KUPCKHUX TI0-
€3/10B CTPOUTCS] HA OCHOBE MaKCUMAaJIbHOI'O COKpAILlEHHs] BDEMEHHU Ha ITPOM3BOJICTBO Olepaluii, Mu-
HUMAaJIbHBIX 3aTpaT Ha 00CIy)KMBAaHUE M SKUIIMPOBKY COCTABOB, YCKOPEHUs 000paylMBaeMOCTH CO-
CTaBOB U COKpallleHUs uX yucia. Mccnenyemas JIMHUSA XOTh M Ha3bIBAaeTCs KOJbLIEBOM, €€ peaibHOe
JBUKEHHE MPOU3BOJUTCS B BUE JIBYX IOJIy-AyrOBbIX HampasiieHUsix baky-Xsipnanan-CyMmraut u
baky-ITupmarun-Cymraut. Ho 4o Memniaet BBeCTH IOCTOSHHOE KOJbLieBoe ABMkeHue? [locne pasne-
JIEHUS! OT IPy30BOM cTaHIMU KUIIbl KOHTEHHEPHOro MapKa MOYTH BCE TPY30BbIE ONEPALUU ObUIH
nepenansl craniuu Cymraut-I'py3oBas 0 Tex mop, nmoka He Oyzaer rotosa cranuus 3. Tarues-I'py-
30Bas. [Imroc ko BceMy, 3Ta CTaHLMA PAcIONIOKEHA B IPOMBIIIIEHHOM paiilone CyMrauTcKoi 30HBI.
EctecTBeHHO, Mocie Takoil Harpy3ku HEBO3MOKHO 00€CHeUnTh MOCTOSHHBINA OecriepeOoiHbIi mpo-
XOJI JJIMHHO-MAapIIPYTHBIX MacCaXUPCKUX cocTaBoB uepe3 ctaHuuio Cymraut-I'pysoBas. Ecou u3
cTaHuMy 10316k MUHYS TOCT Neb MPOBECTH KENE3HOAOPOKHYIO JIMHHIO IPsIMO Ha cTaHiuio CyM-
raut-Ilaccaxxupckas, Ha ANIIIIEPOHCKON KOJIBLIEBOM JKEJIE3HOM JOopore MOXKHO Oy/leT OpraHn3oBaTh
MHTCHCUBHOE M KAUECTBEHHOE JIBIDKCHUE MTACCAKUPCKUX TT0E3110B (pHC. 2).
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Puc. 2. T'paduk aBrkeHuss ATIIIEPOHCKON KOJBIIEBOH JKEIE3HOM A0POTH
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NCCJIEJOBAHME U BbISIBJIEHUE ITPOBJIEM
ATIIIEPOHCKOM KOJBIIEBOM KEJIE3HOM JOPOTH

JL.M.I'acpaToBa

Pe3tome. B cratbe Oblia mccieoBaHa naccakupcekasi ctanius 28 masi, ObUl IIPOU3BENICH MOJIHBIA aHAIM3 y4acTKa
baky-CymranT. Taxke ObUTH OTMEYEHBI Bce HEOOXOANMBIE 3JIEMEHTBI JUIsl TOCTPOCHUsSI rpaduKa ABMKEHHS MaCCaXKUP-
ckux moe3zioB. TexHomorus paboThl MACCAKUPCKUX CTAHIMN OTPEesIeTCs] KaTErOPUsIMH 00CITy )KUBaEMbIX 10e3]10B. Ye-
pe3 NacCaXUPCKYIO CTAHIIUIO MPOXOAAT [TACCAKUPCKHUE T0e3/1a NajbHUE TPAaH3UTHBIE M CBOETO ()OPMUPOBAHUSI, MECTHBIE
U IpuropoaHsie. TexHomorust 00padOTKH ITHX MMOE37J0B CTPOUTCS HA OCHOBE MAKCHMAJIBHOTO COKPAIICHHUS BPEMEHH Ha
IIPOM3BOJICTBO OTIEpaINii, MUHUMAIBHBIX 3aTpaT Ha 00CIYXKHBaHHE U SKUITHMPOBKY COCTAaBOB, yCKOPEHHMS 000padrBaeMo-
CTH COCTAaBOB U COKpAIIIEHUs UX Yncia. Jlanee MpoaHaIU3UpOBaH IJIaH IBMKEHHS MaCCAKUPCKUX EPEBO30K K OTMEUYEHBI
Ba)KHBIE MOMEHTBI IIPU €r0 NOCTPOEHUH.

[Tpu yBsi3Ke OCHOBHBIX 3JIEMEHTOB CTAHIMU OBUIO OOpalIeHO BHUMAaHUE HA MOHATHSA TEMIT M TEXHOJIOTUYECKUH HWH-
TepBaJl U paccUMTaHbI Mo HampasiaeHUAM baxy-Xsipnanan-Cymraut u baky-ITupmaru-Cymraunt. MccnenoBanus Takxe
MoKa3aly, 4YTO peanbHOe JBIKEHHE TPOU3BOIUTCS HE B KPYTOBYIO, a B BUJIE ABYX ITOJTy-IYTOBBIX HAIlPaBICHUAX. ABTO-
pamu ObLIO IPEUIOKEHO IIPOBECTH XKEJIC3HOJOPOXKHYIO IHHUIO 10316k — Cymraut-Ilaccaskupcekas, KoTopast 00ecedur
KOJIBIICBOE ABIDKCHHE HA JIMHUU.
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Abstract. Corrosion is one of the major challenges facing the oil and gas industry, petrochemical enterprises, and
many other industrial sectors, causing significant economic losses and environmental concerns. Microbiologically in-
fluenced corrosion, particularly that induced by sulfate-reducing bacteria, accelerates the degradation of metallic
equipment and infrastructure. Therefore, the development of environmentally friendly and multifunctional corrosion
inhibitors with high efficiency remains an important scientific and practical objective. In the present study, the bacte-
ricidal properties of quaternary ammonium salts synthesized through the interaction of cis-9-octadecenoic acid and
tridecanoic acid with triethanolamine were investigated. The bactericidal activity of the synthesized compounds was
evaluated using solutions of different concentrations in order to determine the relationship between concentration and
antimicrobial effectiveness. The sulfate-reducing bacterium Desulfovibrio desulfuricans strain 1143, isolated from the
Absheron—Binagadi oil field, was selected as the test microorganism. Experimental results demonstrated that the in-
vestigated compounds significantly inhibited bacterial growth and that their bactericidal activity increased with in-
creasing concentration. The findings indicate that the synthesized quaternary ammonium salts possess promising anti-
microbial properties and may be considered potential multifunctional agents for simultaneous corrosion protection and
microbial control in petroleum industry applications.

Keywords: corrosion, bactericidal activity, triethanolamine, carboxylic acids, sulfate-reducing bacteria.
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1. GIRIS

Metallarin korroziyasi miiasir Sonayenin, xiisusilo neft-qaz v neft-kimya sektorunun qarsilas-
dig1 on mithiim elmi-texniki problemlardan biridir. Korroziya naticasinds avadanliglarin istismar
miiddati azalir, texnoloji proseslarin etibarlilig zoiflayir, tomir vo yenidonqurma xarclori artir, hom-
¢inin otraf miihit ti¢lin potensial tohliikolor yaranir. Diinyada hor il korroziya ilo bagh iqtisadi
itkilorin milyardlarla dollar hacminds oldugu geyd edilir ki, bu da problemin global xarakter dasi-
digim gostorir.

Neft hasilati, nogli vo emali proseslorinds korroziyanin inkisafina tosir gostoron amillor
sirasinda mikrobioloji korroziya xiisusi yer tutur [1, 2]. Mikroorganizmlorin foaliyyati naticosindo
yaranan korroziya proseslori ananavi elektrokimyoavi korroziya ilo miiqayisads daha intensiv xarakter
dasiyir vo metal konstruksiyalarin lokal zodalonmasina sabab olur. Bu baximdan sulfatreduksiyaedici
bakteriyalar, xiisusilo Desulfovibrio desulfuricans novii mikrobioloji korroziyanin asas toradici-
larindan biri hesab edilir. Homin bakteriyalar hayat foaliyyati naticasinds hidrogen-sulfid va digor
aqressiv metabolitlor omola gotirarok metal sathlorinds korroziya proseslorini siiratlondirirlor [3, 4].

Son illords ham korroziya inhibitoru, ham dos bakterisid tosiro malik coxfunksiyali reagentlorin
yaradilmasi istiqamotinds genis todqiqatlar aparilir [4, 5]. Belo birlogsmolor arasinda dordlii ammo-
nium duzlar1 xiisusi maraq dogurur. Onlarin yiiksok sothi aktivliyi, metal sothlorinds adsorbsiya
olunaraq goruyucu tobagos yaratmaq gabiliyyati vo genis spektrli antimikrob tasiri bu sinif birlosma-
larin neft sonayesinds tatbiq perspektivlorini artirir.

Odobiyyat molumatlarinin tohlili gostarir ki, miixtalif aminlar vo ali karbon tursulari osasinda
alinan dordlii ammonium birlosmoalorinin korroziyadan miihafizo xiisusiyyatlori kifayst godor
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oyranilmigdir [3—6]. Bununla bels, sis-9-oktadekan va tridekan tursularinin trietanolaminlo qarsiliqli
tosiri naticasinds amalo galon dordlii ammonium duzlarinin bakterisid aktivliyi, xiisusilo sulfatre-
duksiyaedici bakteriyalara garsi tosiri haqqinda malumatlar mahduddur. Bu sahado mévcud elmi
boslug hamin birlasmalarin hartarafli tadgiqini zoruri edir.

Bu baximdan sis-9-oktadekan va tridekan tursulari asasinda sintez edilmis dordlii ammonium
duzlarimin bakterisid xassalorinin 6yronilmasi, onlarin mikrobioloji korroziyanin qarsisinin alinma-
sinda totbiq imkanlarimin giymatlondirilmasi ham nazari, ham ds praktiki baximdan miithiim shomiy-
yat kasb edir.

2. TODQIQATIN MOQSODI VO MOSOLOLORIN QOYULUSU

Tadgigat isinin magsadi sis-9-oktadekan va tridekan tursularinin trietanolaminla garsiligli tasiri
naticasindo alinmis dordlii ammonium duzlarinin bakterisid xassolorinin Gyronilmasi, onlarin
sulfatreduksiyaedici bakteriyalara qars1 tasir effektivliyinin giymatlondirilmasi va neft sonayesinda
coxfunksiyali reagent kimi tatbiq perspektivlorinin miiayyon edilmosindan ibaratdir.

Qarsiya qoyulmus magsads nail olmagq tigiin asagidaki elmi vazifolor miioyyan edilmisdir:

e sis-9-oktadekan vo tridekan tursular1 osasinda trietanolaminlo dordlii ammonium duzlarinin
sintez edilmasi;

e sintez edilmis birlosmalorin miixtalif qatiligli mohlullarinin hazirlanmasi vo onlarin fiziki-
kimyavi xiisusiyyatlorinin giymotlondirilmasi;

« todqigat obyekti kimi se¢ilmis Desulfovibrio desulfuricans 1143 stamminin laboratoriya sorai-
tindo becarilmasi va identifikasiyast;

 alimmis birlosmoalorin miixtalif qatiliqlarda bakterisid aktivliyinin eksperimental olaraq miiay-
yan edilmasi;

« bakterisid tosirin qatiliqdan asililiginin yronilmasi vo effektiv qatiliq diapazonunun mioyyan-
lasdirilmasi;

e oldo edilmis noticalorin miiqayisali tohlilinin aparilmasi vo tadgiq olunan birlogsmalorin
antimikrob tasir mexanizminin giymotlondirilmasi;

e sintez edilmig dordlii ammonium duzlarmim mikrobioloji korroziyaya qarst miibarizods Vo
korroziya inhibitoru kimi tatbiq perspektivlorinin asaslandiriimasi.

Todgiqatin elmi yeniliyi sis-9-oktadekan va tridekan tursularinin trietanolamin osasinda alin-
mis yeni ammonium tarkibli birlosmalorinin sulfatreduksiyaedici bakteriyalara qars1 bakterisid aktiv-
liyinin sistemli sokilda dyranilmosindon ibaratdir. Isin praktiki shomiyyati iss neft hasilat: vo nagli
sistemlarinds mikrobioloji korroziyanin garsisinin alinmasi tiglin yiiksok effektivliyo malik, ekoloji
cohatdon daha tohliikosiz vo igtisadi baximdan somorali ¢oxfunksiyali reagentlorin yaradilmasi im-
kanlari ilo baghdir.

3. MOSOLOLORIN HOLLI USULLARI VO TODQIQATIN APROBASIYASI

Tadqiqgat isindo sis-9-oktadekan vo tridekan tursulari asasinda trietanolaminlo (TEA) garsiligh
tosir naticosinds amola golon ammonium torkibli kompleks duzlarin sintezi, onlarin fiziki-kimyavi
xiisusiyyatlorinin dyranilmasi, Sathi-aktivlik gostaricilorinin miioyyan edilmasi vo bakterisid tosir
potensialinin gqiymatlondirilmasi hoyata kegirilmisdir.

Todgigat obyekti kimi uzun karbon zancirina malik birasasli doymus karbon tursulari segilmis-
dir. Tridekan tursusu (Ci2H2sCOOH) molyar kiitlasi 214.4 g/mol olan doymus alifatik birasasli karbon
tursu olub, 41-42°C oarimo temperaturuna malikdir. Sis-9-oktadekan tursu (Ci7H3sCOOH) isa
doymamis yag tursusu olmaqla molyar kiitlasi 282.5 g/mol, arima temperaturu 16.3°C va gqaynama
temperaturu 360°C-dir. Reaksiyalarda amin komponenti kimi molyar kiitlosi 149.19 g/mol olan
trietanolamindon (TEA) istifado edilmisdir. Trietanolamin yiiksok reaksiya gabiliyystino malik
olmagqla yanasi, korroziya inhibitorlarinin vo sothi-aktiv maddaslorin sintezinds genis totbiq olunur.

Kompleks duzlarin sintezi laboratoriya soraitinds ali karbon tursulari olan sis-9-oktadekan va
tridekan tursular ilo trietanolaminin ekvimolyar (1:1) nisbotdo qarsiligli tosiri asasinda hoyata
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kecirilmigdir. Sis-9-oktadekenoik tursunun trietanolaminlo reaksiyast 25-30°C temperaturda,
intensiv qarisdirilmaqla 3—4 saat miiddstindo aparilmisdir. Tridekan tursusunun trictanolaminlo
qarsiliglt tasiri ise tursunun daha yiiksok arima temperaturu nozars alinaraq 45°C temperaturda eyni
miiddotdo hoyata kegirilmisdir. Reaksiya naticasinds protonun tursudan amins kegmosi hesabina
ammonium-karboksilat tipli komplekslor omala golmisdir.

Reaksiyalarin imumi sxemi asagidaki kimidir:

C17H5COOH + N(C-HsOH)s — [C17H5:COO -NH*(C.H:OH)s]
C12HasCOOH + N(C2H:OH)s — [C1H2sCOO - NH*(C.HsOH)s]

Hesablamalar noticosinde miisyyon edilmisdir ki, tridekan tursusu vo Sis-9-oktadekan
tursunun trietanolaminla amala gatirdiyi kompleks duzlarin nisbi molekul kiitlolori miivafiq olaraq
363.6 g/mol va 431.7 g/mol taskil edir. Bu dordlii ammonium duzlarinin nazari element torkibi
molekulyar formullar ssasinda hesablanmisdir. Miioyyon edilmisdir ki, tridekan tursusu asasinda
alinmis kompleks duzda karbon, hidrogen, oksigen vo azotun kiitlo paylar1 miivafiq olaraq 62.7%;
11.3%; 22.1% vo 3.9%, sis-9-oktadekan tursu osasinda alinmis kompleks duzda iso 66.7%);
11.4%;18.6% vo 3.3% toskil edir. Miiqayisali tohlil gostormisdir ki, karbon zancirinin uzunlugunun
artmasi1 kompleks duzda karbonun xiisusi payinin yiiksalmasina va onun hidrofob xiisusiyyatlarinin
giiclanmasina sabab olur.

Sintez edilmis birlagmalarin sathi-aktiv xassslori Du Niii halgast metodu ilo KSV Sigma 702
markali tensiometr vasitasilo todgiq edilmisdir. Olgmalor su-hava sarhadinds 21°C temperaturda
miixtolif qatiligli moahlullardan istifads etmoklo aparilmigdir. Toadgiqgat noticalori gostarmisdir ki, har
iki birlosmo yiiksok Sothi-aktivlik niimayis etdirarok suyun sathi goarilmasini 71.98 mN/m-dan
miivafiq olaraq 24 va 23 mN/m giymatlorina godor azaldir. Bu gostaricilar sintez edilmis maddalorin
effektiv adsorbsiya gabiliyyastino malik oldugunu va fazalararasi sarhadds dayaniqgli goruyucu tabago
yaratmaq potensialini tasdiq edir.

Aparilmig miiqayisali analiz gostormigdir ki, sis-9-oktadekan tursunun TEA osasinda alinmis
kompleks duzu daha yiiksok Sathi-aktivlik niimayis etdirir. Bu hal molekulda daha uzun hidrofob
karbon zoncirinin mévcudlugu ila izah olunur. Karbon zancirinin uzunlugunun artmast molekullarin
fazalararas1 sorhodds daha six adsorbsiyasina sobob olur ki, bu da sathi garilmonin daha effektiv
azalmasi ilo naticalonir.

Tadgiqatin aprobasiyast mogsadils sintez edilmis kompleks duzlarin miixtalif gatiliqlt mahlul-
lar1 sulfatreduksiyaedici bakteriyalar {izarinds sinaqdan kegirilmis vo onlarin bakterisid aktivliyinin
giymotlondirilmasi aparilmigdir. Eksperimental noaticalor géstormisdir ki, tadgiq olunan birlosmalor
mikroorganizmlorin inkisafin1 effektiv sokildo zoiflodir vo qatiligin artmasi ilo bakterisid tosir
giiclonir. Alinmis naticolor gostorir ki, sis-9-oktadekan vo tridekan tursularinin TEA osasinda sintez
edilmis dordlii ammonium duzlar1 yalniz sothi-aktiv madds kimi deyil, hom do mikrobioloji korro-
ziyanin qarsisinin alinmast Giglin perspektivli coxfunksiyali reagentlor kimi totbig oluna bilacayini
gostorir.

4. ALINAN NOTICOLORIN TODQIQi Vo MUZAKIROSI

Sis-9-oktadekan vo tridekan tursularinin trietanolaminla qarsiligh tasiri naticasinds sintez
edilmis ammonium-karboksilat tipli kompleks duzlarin fiziki-kimyavi va funksional xiisusiyyat-
larinin todqiqi gostormisdir ki, alinan birlogsmolar yiiksok sathi-aktivlik vo perspektivli bakterisid
xassalora malikdirlar. Todgiqatin asas magsadi bu birlosmalorin neft sonayesinds mikrobioloji
korroziyanin qarsisinin alinmasinda totbiq imkanlarini qiymotlondirmok oldugundan, onlarin
molekulyar qurulusu ilo funksional xiisusiyyatlori arasindaki alagoalorin miiayyanlosdirilmasina
xtisusi diqqat yetirilmisdir.

Hesablama tisulu ilo miioyyan edilmis element torkibinin miiqayisali tohlili géstormisdir ki, sis-
9-oktadekan tursusu vo TEA osasinda alinmig kompleks duzda karbonun kiitls pay1 (66.7%) tridekan
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tursusu vo TEA oasasinda alinmig kompleks duzla miiqayisads (62.7%) daha yiiksokdir. Bu forqg ilk
novbads sis-9-oktadekan tursunun daha uzun karbon zancirine malik olmasi ilo slagadardir. Uzun
hidrofob zoncir molekulun sothi aktivlik xiisusiyystlorini giiclondirarok fazalararasi sorhodds daha
six adsorbsiya olunmasina sorait yaradir. Noticodo molekullarin su—hava sarhadinds oriyentasiyasi
yaxsilasir vo sothi gorilmonin azalmasi daha effektiv sokilds bas verir.

Hoallolma gabiliyyatinin sistemli todqiqi gostormisdir ki, sis-9-oktadekan va tridekan tursu-
larmin trietanolamin (TEA) asasinda sintez edilmis dordlii ammonium duzlar etil spirti vo izopropil
spirtinds yiiksok hallolma niimayis etdirir. Bu miisahido onlarin orta polyar halledicilorlo effektiv
qarsiliglt tasira girmasi vo homogen mohlullar smals gotirmasi ils izah olunur.

Molekulyar qurulus baximindan bu birlasmalards hidrofil (ammonium-karboksilat ion ciitii) vo
hidrofob (uzun alkil zanciri) fragmentlorin birge mévcudlugu onlarin amfifil xarakter dagimasina
sabab olur. Naticads, spirt tipli holledicilords ham ion-dipol qarsiligli tasirlari, hom do Van-der-Vaals
tipli molekulyar qarsiligli tasirlor giiclonir ki, bu da yiiksok hallolma gabiliyyatini tamin edir.

Miiayyan edilmis bu xiisusiyyat sintez olunmus birlosmalorin texnoloji baximdan totbig imkan-
larin1 genislondirir. Xiisusilo onlarin spirt miihitindoa stabil mohlullar amalo gatirmasi neft-kimya
sistemlarinds, korroziya inhibitor torkiblorinin hazirlanmasinda vo Sathi-aktiv kompozisiyalarin
formulasiya proseslorinds homogen dispers sistemlorin alds olunmasini asanlagdirir. Bu iso reagent-
lorin metal sathlordo borabar paylanmasini vo funksional tesirin effektivliyini artiran mithiim amil
kimi ¢ix1s edir.

Xiisusils sis-9-oktadekan tursusu vo TEA asasinda alinmis kompleks duzun asagi qatiliglarda
su ilo kolloid sistem omolo gatirmosi onun disperslosdirici vo emulqator xiisusiyyatlora malik
oldugunu gostarir. Belo xiisusiyyatlor neft-modon sistemlorinds reagentlorin barabar paylanmasi vo
metal sothlorinds effektiv qoruyucu tobagenin formalasmasi ti¢iin vacib amillardondir.

Sothi aktivlik gostaricilarinin tohlili zaman1 miisyyon edilmisdir ki, har iki kompleks duzun
suyun sathi garilmasini shomiyyatli doracods azaldir. ilkin sothi garilma giymati olan 71.98 mN/m-
don tridekan tursususu vo TEA asasinda alinmis kompleks duz {igiin 24 mN/m-9o, sis-9-oktadekan
tursusu vo TEA osasinda alinmis kompleks duz iigiin iso 23 mN/m-a godor azalma miisahido
edilmisdir. Bu naticalor sintez edilmis maddalorin yiiksok sothi-aktiv reagentlor sinfinas aid oldugunu
gostarir. Olds olunan gostaricilor bir gox sonaye sothi-aktiv maddslorinin parametrlari ilo miiqayisa
oluna bilacok saviyyadadir.

Sis-9-oktadekan vo tridekan tursulart vo TEA asasinda alinan kompleks duzlarin sathi aktiv-
liyinin miiqayisesi gostormisdir ki, karbon zoncirinin uzunlugunun artmast vo molekulda hidrofob
hissonin istiinliik togkil etmasi Sathi gorilmonin daha effektiv azalmasina sobob olur. Bu ganuna-
uygunluq sathi-aktiv maddolorin adsorbsiya nazariyyassi ilo uygunluq toskil edir vo alinmig naticalorin
nozari asaslandirilmasimi tamin edir.

Bakterisid tosirin giymotlondirilmasi zamani miioyyon edilmisdir ki, hor iki kompleks duz
sulfatreduksiyaedici bakteriyalara qarsi nozorogarpacaq aktivlik niimayis etdirir. Tadqig olunan
mohlullarin qatilig1 artdiqca bakterial hiiceyralorin inkisaf intensivliyi azalir vo bakterisid tosir
giiclonir. Bu hadiss ammonium qrupu dasiyan birlogsmolorin bakteriya hiiceyra membranlart ilo
elektrostatik qarsiliql tasiri naticasinde membranin kegiriciliyinin pozulmasi vo hiiceyrodaxili
metabolik proseslorin zaiflomasi ilo izah edils bilar.

Miisyyan edilmisdir ki, sis-9-oktadekan tursusu vo TEA osasinda alinmis kompleks duz daha
yliksak bakterisid aktivlik niimayis etdirir. Bu hal onun daha yiiksak hidrofobluga malik olmasi1 vo
bakterial membranlarla daha effektiv qarsiligh tasir gostarmasi ils alagalondirils bilor. Malumdur ki,
uzun karbon zancirli ammonium tarkibli birlosmalor mikroorganizmlarin lipid tobagasine daha asan
daxil olaraq onlarin struktur biitovliyiinii pozur va naticads hiiceyranin msahvina sabab olur.

Beloliklo, aparilmis todgigatlar naticosindo miisyyon edilmisdir ki, sintez edilmis kompleks
duzlar hom yiiksok sathi-aktivlik, hom do bakterisid tosir niimayis etdirir. Bu iso onlarin
mikrobioloji korroziyanin qarsisinin alinmasi ti¢iin goxfunksiyali reagentlor Kimi istifadoasins asas
yaradir (codval).
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Tridekan va sis-9 oktadekan tursularinin TEA ilo amalo gotirdiklori dordlii ammonium duzlarinin
miixalif gatiligli moahlullarinin qatiligdan asili olaraq bakterisid effektinin naticalori

Komplekslarin N(l;(t:llclllagnlln Bakteriyalarin say1 mil({lilzrl Bakterisid effekti,
. e s . ’ _0
sorti ad1 va torkibi C-mq/l (hiiceyrs say1/ml) mq/l Z-%
100 106 212.5 38
Tridekan tursusu+TEA 150 103 93.5 73
250 - - 100
100 - - 100
Sis -9 oktadekan
tursusu+TEA 150 _ _ 100
250 - - 100
Nozarot-1 SRB-siz
miihitdo H2S-in 24 mq/l
migdari
Nozarat-II SRB-li
miihitdo H2S-in 340 mq/l
migdari
Nozarat-111-Qidali
miihitdo bakteriyalarin 108 hiiceyrs sayr/ml
say1
5. NOTICOLOR

Aparilmis todgiqgatlar noticasindos sis-9-oktadekan vo tridekan tursularinin trietanolaminlo gar-
sthigh tasiri osasinda yeni kompleks duzlar sintez edilmis vo onlarm fiziki-Kimyovi, sathi-aktiv vo
bakterisid xiisusiyyatlori dyronilmisdir.

Miisyyan edilmisdir ki, sintez edilmis kompleks duzlarin molekulyar qurulusu onlarin funk-
sional xiisusiyyatlorina shomiyyatli tosir gostarir. Sis-9-oktadekan tursusu vo TEA asasinda alinmis
kompleks duzda karbonun kiitlo paymin daha yiiksok olmasi onun hidrofoblugunu artirmis vo
naticads daha yiiksok sathi-aktivlik niimayis etdirmasina sabab olmusdur.

Sothi goarilmonin 6l¢iilmoasi gostormisdir ki, har iki kompleks duzlarda su—hava sorhodinda
yiiksok adsorbsiya gabiliyyatino malikdir va suyun sathi garilmasini 71.98 mN/m-don 23-24 mN/m
diapazonuna goadar azaldir. Bu gostaricilor onlarin effektiv sathi-aktiv maddslor (SAM) oldugunu
tosdiq edir.

Bakterioloji smaqlar noticosindo miioyyon edilmisdir ki, sis-9-oktadekan vs tridekan tursula-
rinin TEA sintez edilmis kompleks duzlar1 Desulfovibrio desulfuricans 1143 stammina qars1 yiiksok
bakterisid aktivlik niimayis etdirir. Bakterisid tosirin qatiliqdan asil1 olaraq artmas1 miiayyan edilmis
Vo daha yiiksok qatiliqlarda mikroorganizmlorin inkisafinin shomiyyatli dorocads zsiflodiyi miisahido
olunmusdur.

Miiqayisali tohlil gostormisdir ki, sis-9-oktadekan tursusu vo TEA osasinda alinmis kompleks
duz hom sathi-aktivlik, ham do bakterisid tosir baximindan tridekan tursusu vo TEA asasinda alinmis
kompleks duzdan daha yiiksok effektivliyo malikdir. Bu istiinlik onun molekulunda daha uzun
hidrofob karbon zancirinin olmast ils izah olunur.

Oldo edilmis naticalor gdstarir ki, tadqiq olunan dordlii ammonium duzlar1 mikrobioloji korro-
ziyaya qars1 miibarizods, neft-madon avadanliglarinin miithafizasinds va sulfatreduksiyaedici bakteri-
yalarin inkigafinin qarsisinin alinmasinda perspektivli coxfunksiyali reagentlor kimi istifado oluna
bilor. Goalocok tadgigatlarda bu birlosmalorin korroziyadan miihafizo effektivliyinin real istismar
soraitindo  Gyronilmasi vo onlarin tosir mexanizminin dorinlogdirilmis sokildo arasdirilmasi
moagsadouygun hesab edilir.
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