Gharyan Journal of Technolgy

Annual, Corrected and Accademic Journal

Issued By
Higher Institute of Sciences and Technology, Gharyan

Gharyan - Libya
Lssue (12) July 2026

Itermational Codles IS5H (Pring) 2518-5993

I55H (Ondine) 2521-3308

wwasL L scitech-gluedhly




Gharyan Journal of Technology (2026), 1(12) 4will Gl e dlas
Issued by: Higher Institute of Science and Technology Gharyan = (b 48l 5 o slall Mall 3g2dll e jual
www.gjt.scitech-gh.edu.ly

Gharyan Journal of Technology
Annual, Reviewed and Academic Journal
Issued by :

Higher Institute of Sciences and Technology, Gharyan




Gharyan Journal of Technology (2026), 1(12) &l e das
Issued by: Higher Institute of Science and Technology Gharyan = cle 4l 5 o glall Jall sgaall (o jauad
www.gjt.scitech-gh.edu.ly

Issue 12 — July 2026
International Standard Serial Number:
ISSN (Print): 2518-5993
ISSN (Online): 2521-9308

Legal Deposit Number at the National Library:
(National Library 116 / 2016)




Gharyan Journal of Technology (2026), 1(12) &l e das
Issued by: Higher Institute of Science and Technology Gharyan = cle 4l 5 o glall Jall sgaall (o jauad
www.gjt.scitech-gh.edu.ly

Disclaimer

1. The views, ideas, scientific information, and any other content published
in the journal under the names of their authors are solely their
responsibility, and the journal bears no liability for them.

2. Research papers, scientific articles, and other correspondence should be
directed to the Editorial Board of the Ghiryan Journal of Technology at
the following address:

Email: info@gjt.scitech-gh.edu.ly
Phone: 0913506053
3. Advertisements in the journal are arranged in coordination with the
Editorial Board.

4. All copyright is reserved. Use of material published in this journal is
permitted provided that the source is properly cited.




Gharyan Journal of Technology (2026), 1(12) &l e das
Issued by: Higher Institute of Science and Technology Gharyan = cle 4l 5 o glall Jall sgaall (o jauad
www.gjt.scitech-gh.edu.ly

Gharyan Journal of Technology
Annual, Reviewed and Academic Journal

Issued by : Higher Institute of Sciences and Technology, Gharyan

Editorial Board

Dr: Melod Mohammed Unis General Supervision
Dr:Ahmad Ramadan Kobaiz Editor In Chief
Prof:Abdelati Elalem Member

Mr: Mohamed Rajab Baiod Member
Mr:Mohamed M.Alghiryani Member
Mr:Abdulbasit Mohamad Ali Member

Dr: Yasen Asad Mhanna Rajihy | Member

Dr: Abdussalam Mohamad Ali Member

Contact Us:
: Telephone 0913506053
E-mail: info@gjt.scitech-gh.edu.ly



mailto:info@gjt.scitech-gh.edu.ly

Gharyan Journal of Technology (2026), 1(12) &l e das

Issued by: Higher Institute of Science and Technology Gharyan = cle 4l 5 o glall Jall sgaall (o jauad

www.gjt.scitech-gh.edu.ly

Contents

English Research Papers

Page

Simulation of the separation process of Toluene/n-Heptane
mixture using the organic solvent N-methyl-2-pyrrolidone by
Aspen Hysys software

Ezeddin H. Alshbuki , Mufida Mohamed Bey

9-24

A Formal Architecture for Emergent Requirements in Al-
Amplified Software Engineering
Abdelaziz O Abdelsalam

25-50

Automated ICAO/ISO Compliance Validator for ID Portraits
Mohanned Naji Albibas, AL-Mokhtar Abdullah Faraj, Musa
Faneer

51-67

Effect of Heat Input on the Microstructure and Mechanical
Properties of AISI 316 TIG Welded tube Joints

Hasan Haji, Hassan Zaied, Mohamed Mlyan and Alla Shafter

68-84

dadal) Ay ) daly a0, Y)

7

Taal) ZalS 5 Zatia

35-8 B A @l S aall ekl g B bl Jsadl) ulaa Jilad
(2015-2024) 5 581 3 all iy Al Al 13 ¢ sl plaal)
gl dhas e (ud

60-36 adal) Aty Al pudl g bl jhalaa) 513 o A jeaal) AS) Had) 5 Jalsil) S
lll (B paal) gl B S sty
Bl i) s (Jaghd) (5 gl Al (1§ (i (s 3¢eall 2 g2

79-61 Jsha AL gaal aa Aaliall (i)l Cig B ciat Apad AS 4y 513 A dad
a9 Badallae all g




Gharyan Journal of Technology (2026), 1(12) &l e das
Issued by: Higher Institute of Science and Technology Gharyan = cle 4l 5 o glall Jall sgaall (o jauad
www.gjt.scitech-gh.edu.ly

Introduction

We begin by praising and thanking Allah, whose grace and guidance have enabled
us to publish the twelfth issue of the Gharyan Journal of Technology, a peer-reviewed
scientific journal published by Higher Institute of Sciences and Technology Gharyan.
Recognizing the importance of establishing a scholarly journal for the Institute, its
administration resolved to launch the journal in 2015. The Editorial Board then
commenced its work, and the inaugural issue was published in print in 2016, despite
the many difficulties and challenges encountered at that time.

From the outset, both the Institute's administration and the Editorial Board
committed themselves to upholding the institution's reputation through
professionalism, academic integrity, and scientific rigor. To ensure the highest
standards of quality, the journal relied on a distinguished panel of reviewers with
extensive expertise in their respective disciplines. These efforts marked the beginning
of the journal's journey, making it the first peer-reviewed journal dedicated to technical
and vocational education in the Western Mountain region of Libya, alongside a limited
number of scholarly journals in the higher education sector.

Our primary focus has always been the quality of the published research rather
than the quantity of papers included in each issue. The journal has published a diverse
range of scholarly articles contributed by researchers from the Higher Institute of
Science and Technology, academic and research institutions in the city of Gharyan and
its surrounding areas, as well as universities and research institutions across Libya.
From the very beginning, we have firmly believed in the vital role of scientific research
in providing practical and evidence-based solutions to the challenges facing our
institutions across various sectors. To maximize their impact, all published articles have
been made openly accessible to researchers and practitioners.

The world's most advanced nations have achieved their distinguished status
through knowledge, perseverance, and the effective utilization of their human and
material resources to promote sustainable development and improve the well-being of
their societies. Inspired by this principle, we have worked diligently—despite the
considerable challenges associated with publishing a peer-reviewed scientific journal—
to position the Gharyan Journal of Technology among the leading scholarly journals in
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Libya. We have continuously evaluated and improved the journal's performance,
resulting in its inclusion in the Arab Impact Factor for several consecutive years, during
which its impact indicator showed steady improvement. In 2025, the journal was also
indexed in the Directory of Libyan Open Journals (DOLJ) and classified in the
fourth quartile (Q4). We are committed to further enhancing the journal's ranking by
addressing the recommendations and observations made during the evaluation process.

While we do not claim to be the best, we have embraced the challenge and continue
to dedicate all available resources toward making the Gharyan Journal of Technology
a distinguished scientific journal and a valuable platform for researchers and specialists
to disseminate their work. The journal is published by a well-established academic
institution with more than thirty-three years of educational excellence, having
graduated nearly three thousand students across a wide range of disciplines. These
graduates have demonstrated outstanding professional competence and have
contributed significantly to enhancing the Institute's reputation both locally and
nationally.

The twelfth issue of the Gharyan Journal of Technology features a collection of
innovative and diverse research papers contributed by scholars from various higher
education institutions. The Editorial Board warmly invites researchers and specialists
to submit original, high-quality manuscripts for publication in future issues. We also
encourage prospective authors to visit the journal's official website to learn more about
the journal, access the electronic archives of all published issues, review the publication
guidelines, and obtain other relevant information. Furthermore, we welcome
constructive comments, suggestions, and feedback, recognizing their essential role in
the continuous development of the journal and the achievement of its academic mission.

Editorial Board
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Abstract

Crude oil and its derivatives are among the most important sources of energy and
support for the local economy. For these reasons, attention is focused on developing
the petroleum industry, including the separation of the normal heptane and toluene
mixture, which is commonly found in separation and refining processes in petroleum
refineries, especially in organic solvent separation. Given the importance of these two
substances in the chemical industry, their separation is crucial. In this research, the
Aspen Hysys software was applied to simulate the separation of these two substances
by designing two distillation towers using a suitable organic solvent, N-Methyl-2-
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Pyrrolidone (NMP), with 14 and 10 separation stages, respectively. This was necessary
due to the difficulty of separation and the presence of an isotropic state in the
Toluene/n-Heptane mixture. In this process, approximately 962 kg/h of the mixture, at
a concentration of 50% for each substance, is flowed into the distillation tower and
treated with a solvent at a cyclic flow rate of approximately 2947 kg/h, resulting in
approximately 460 kg/h of toluene at a concentration of 99.9%.

Keywords : Aspen Hysys, Organic Solvent, Isotropic Distillation, Separation
Technique

Introduction

Distillation is a basic separation technique that is used in the chemical
industry for the separation of two or more components in an effective manner.
Among industrial facilities, the distillation columns represent the highest energy
users to more than 50% of the total energy usage, whose accurate operation and
design are therefore vital to guarantee economic energy-related aspects of the
process [8]. While simple distillation is sufficient for most mixtures, isotropic
mixtures, with the same liquid-vapor phase composition, cannot be broken
down by this method. Conventional distillation would yield a high purity and
high product recovery, but if separation was needed, advanced techniques such
as extractive, variable pressure distillation, isotropic distillation, and liquid-
liquid extraction would be used [4][8]. Among the methods, e.g., the variable
pressure distillation method, the extractive distillation method is an economic
and energy-saving process. But it needs the careful determination of the
suitable solvent, which profoundly influences the separation efficiency and the
purity of the end-product [2][5][6]. The solvent/feed ratio and the reflux ratio
should be sufficiently high for the best solvent and feed combination in the
design of extraction distillation columns. Higher purity of the target component
and consequently lower content of the impurities in the distillate and the overall
energy consumption decrease with increasing these ratios in most cases. Studies
also indicated that an increased flow rate of solvent lowers the reboil heat in the
extraction distillation column and elevates the heat of reboiling in the solvent
recovery column. A suitable solvent flow rate is to be selected so that the total
energy consumption of the process is minimized [6][7]. The separation of
aromatics (benzene, toluene, and xylene, BTX) from naphtha is significant in
the petrochemical industry due to the value of the aromatics, and the need to
satisfy environmental regulations limiting aromatic contents in fuels

10 Gharyan Journal of Technology (2026), 1(12), 9-24
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[11[3].Using simulation software tools such as Aspen Plus or Aspen Hysys,
some work related to the design and simulation of the extraction distillation
process, considering the influence of different types of solvents and the heat
integration for the process improvement in terms of efficiency, cost, and energy
consumption [1][2][3][8]. Recent studies have also shown the ability of ionic
liquids to act as green solvents with high efficiency in breaking isotropic
behavior and minimizing the loss of solvent and energy when compared to
traditional solvents [1]. So, extraction distillation is a high-tech and powerful
technique for the separation of isotropic mixtures and holds great promise for
further improvement in economic and environmental performance.

The inspiration of these research enthusiasts, Numerous commonalities
between extractive distillation and its optimization were seen in the literature
review and are outlined as:

» The Extractive Distillation process is more economical in terms of capital
investment and energy requirement [9]. On the other hand, the pressure swing
distillation does not suffer from the potential problem of product contamination
by an extractive solvent which must be added to binary systems.

* The Solvent/Feed (solvent to feed ratio) and reflux ratio optimization are the
two most crucial design specifications or parameters of the distillation columns
that necessarily need to be optimized in extractive distillation [10].

* The selection of solvent is the most important in extractive distillation process
design.

* The optimization of extractive distillation frequently demands the
consideration of the influence of number of theoretical stages on the purities of
components from homogeneous isotropic mixtures, as also to examine the cost
to be incurred for obtaining a component purity within specification limit.

* It could be generally seen that the higher the flow rates of solvent, the higher
would be the purity of desired component in distillate or equivalently speaking;
lower would be impurities of rest of components in distillate at column T-100
during extractive distillation.

11 Gharyan Journal of Technology (2026), 1(12), 9-24
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* Reboiler heat duty in extractive distillation column decreases with the
entrainer flow rate, while reboiler in solvent recovery column is noticed to
increase as more solvent is fed. Therefore, a solvent flow rate should be selected
in such way that the total heat reboiler duty or energy of separation process is
minimized [11-12].

Simulation Process for N-Heptane and Toluene System

Toluene present in crude oil is dominantly obtained as an intermediate product
during the gasoline production through a catalytic reformer/ethylene cracker or
during the coke production from coal [13]. It is one of the leading chemicals that
is used in various chemical industries. n-Heptane a larger extent through
dehydration of 2-heptanols into Heptene, which is further converted into n-
Heptane through hydrogenation or produced alternatively during hydrogenation
of Heptene into n-Heptane. n-Heptane is in continuous demand by various
chemical industries. n-Heptane forms a homogenous isotropic mixture with
Toluene; further separation of the former and the latter through the normal
distillation technique cannot be effectively worked out. In our research study, we
had concentrated on the ED technique for the effective separation of n-Heptane
and toluene using N-Methyl-2-Pyrrolidone (NMP). The properties of Toluene and
n-Heptane are also shown in Tablel:

Table 1. Properties of n-Heptane and Toluene compounds [14-15]

Properties Toluene n-Heptane
Molecular Weight 92.14 gm/mole 100.2 gm/mole
Density 0.867 gm/cm?® at 20 C 0.68 gm/cm?® at 20C
Boiling Point 1106 98.4TC
Melting Point -9497T -90.6C
Solubility in water 0.52¢g/Lat25C 3.4mg/Lat25C

In the simulation of the n-heptane-toluene extractive distillation system, we
focused on two distillation columns. The primary column, referred to as the
Extractive Distillation Column (T-100), plays a crucial role in breaking down
the isotropic components of the feed. The second column, designated as the
Entrainer Recovery Column (T-101), is responsible for recovering the solvent

12 Gharyan Journal of Technology (2026), 1(12), 9-24
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used in the process. In the context of T-100, the isotropic feed (detailed in Table

2) was uniform across all solvents, ensuring a consistent basis for comparing the

effectiveness of different solvents informed by our optimization results.
Table 2. Isotropic feed stream parameters for Column (T-100)

Vapor Temperature | Pressure | Molar Flow Mole Fraction
Phase © " Rate o] m
Fraction (kpa) (kgmole/h) Oluene | n-Heptane
0 43.33 12 10 0.5 0.5
‘ rec&@red
RCY-1 solvent
solvent _E’ N
= Q1
s distillate o
d product
hottom
Feed e
ee
e
J Qh __Q2
o4
rec
T-100 T-101 solvent "E-100

Figure 1. Aspen Hysys Schematic Process Flow Diagram for the n-
Heptane/Toluene system using N-Methyl-2-Pyrrolidone (NMP) as a solvent [16]

Addition of isotropic components, solvent, followed by input of the
thermodynamic model (UNIQUAC), and Peng-Robinson equation of state (PR)
which makes equation widely applied in engineering. The expression is as
follows in equations 1 to 4 [17]:

_ _RT_ 6pg
P= (V=b)  V2+2bV—b2 )
Opr = a’'[1 + (0.37464 + 1.54226w — 0.26992w?) (1 — T,>>)]? 2

2m2
a = 0.45712:R T? 3)
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b — 0.07;&ZORTC )

Defining solvent and isotropic feed streams, followed by the addition of
Extractive Column (T-100), and defining the necessary column parameters. Run
the simulation till the column T-100 converges with the required distillate purity
(n-Heptane) of a minimum 99%. Adding the Entrainer Recovery Column (T-
101) and adding the bottom product of the T-100 as feed to T-101. Run the
simulation till T-101 converges with the required distillate purity (Toluene) of
a minimum 99%.

Comparison of the use of solvent (NMP) with some other solvents
The efficiency of aromatic recovery processes is highly dependent on the

thermodynamic and physical properties of the solvent. Sulfolane exhibits the
highest industrial selectivity for Toluene over paraffins, ensuring superior
product purity at the column bottom [18]; however, its high viscosity (10.3 cP)
can lead to a 15% increase in pressure drop, impacting hydraulic stability [19].
In contrast, N-Methyl-2-pyrrolidone (NMP) offers a balanced operational
profile with low viscosity and high chemical stability, making it ideal for
maintaining linear pressure profiles in recovery columns [20], [21]. While
Dimethyl Sulfoxide (DMSO) provides acceptable hydraulic performance, its
inherent thermal sensitivity above 150°C poses significant risks to simulation
accuracy and process reliability [22]. Therefore, the selection between these
solvents necessitates a trade-off between the high-purity yield of Sulfolane and
the energy-efficient, stable operation provided by NMP [18], [21].

Table 3. shows the differences between some solvents

Feature N-Methyl-2- Sulfolane Dimethyl Sulfoxide
pyrrolidone (DMSO)
(NMP)
Selectivity High selectivity Highest industrial Moderate to high;
for aromatics selectivity; often slightly lower than
(Toluene) over yields higher Toluene | NMP in this specific
paraffins purity at the bottom system.
(Heptane). [24].

14 Gharyan Journal of Technology (2026), 1(12), 9-24
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Boiling 202(C) ensures 287(C) extremely 189(C) relatively
Point stable separation in | high, prevents solvent close to Toluene,
the recovery loss but increases which may
column. reboiler energy duty. complicate
downstream
recovery.
Hydraulic Low viscosity Higher viscosity Acceptable viscosity;
Impact 1.89cP ensures a 10.3cP may increase provides a pressure
linear pressure pressure drop by 15\% profile similar to
profile. [25]. (NMP).
Chemical Very stable and May require additives | Thermally sensitive;
Stability non-corrosive to prevent acidic may decompose
under standard decomposition at high above 150(C),
conditions. temperatures. affecting simulation
accuracy [26].

Results and Discussion

The mole fraction distribution of liquid in the distillation column trays for
the separation of n-heptane and toluene using the non-volatile solvent NMP is
shown in figure 2. n-Heptane is the most volatile component and is found to
have a mole fraction close to one in the upper trays. The mole fraction drops
rapidly around tray 6 and more gradually in the lower trays. This shows that n-
heptane is concentrated in the distillate. On the upper stages, the concentration
of toluene diminishes, and then, it starts rising to the peak concentration in
stages 13-14 (the middle part). The concentration of NMP, the least volatile
compound, is non-existent in the rectifying section and sharply rises below stage
6 in the bottom stage. This strong change of slope at stage 6 is the position of
the solvent feed, and also explains the great influence of this solvent feed on the
column performance. In general the profiles show good clear separation as n-
heptane on top, NMP on subtracting stage and toluene is the intermediates stage
and the main body of the distillation column. The simulated tray composition
profiles agree with experimental literatures for n-heptane/toluene/NMP system,
NMP is an efficient selective solvent separation of aromatics and aliphatics is
strengthened [23]. The mole fraction distribution shows that the solvent (NMP)
is fed at Tray 5, which changes the relative volatility of the mixture and leads

15 Gharyan Journal of Technology (2026), 1(12), 9-24
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to the sudden drop of the n-Heptane concentration. In terms of solvent efficiency
for this extractive system, NMP has a superior compromise of separation
selectivity and hydraulic stability [24]. NMP has higher efficiency in reducing
the energy consumption of the reboiler than that of Sulfolane attributed to the
lower boiling point and viscosity, which is also in consistent with the linear
pressure profile in the primary results [25]. Yet, contemporary experimental
patterns hint that substitutes such as DMSO could be a greener received profile
if reboiler temperatures are rigorously monitored to avoid thermal degradation
leading to erratic component mole fractions [26].

==¢==n-Heptane (Light Liq) =l==Toluene (Light Liq) nMPyrrolidon (Light Liq)

1 —0+H—‘
0.9

0.8
0.7 = =i
0.6
0.5

0.4 ‘
0.3

0.2
0.1 \
0 —r‘—"—"—"—u—l—nzl/ \—f —

0 5 10 15 20
Number of Trays

Mole Fraction

Figure 2. Change in the mole fraction of Toluene, n-Heptane, and NMP versus
the Number of Trays in the first column T-100

The distributions of molar flow rates of both vapor and liquid within the
stages of the distillation column are shown in Figure 3 for various feed and
solvent inputs to the column, which also illustrates the effect of feed and solvent
addition on the internal column hydrodynamics. The vapor flow rate rises
rapidly along the upper stages to about 24 kmol/h, and it drops gradually along
the lower stages to about 10-12 kmol/h at the bottom of the column. This
depression may be due to the condensation effect and vapor-liquid mass
transfer in the column. On the other hand, the liquid flow is almost constant in
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the high section (18~19 kmol/h) and sharply increases at about stage 6 up to
43~46 kmol/h. Such an abrupt increase marks the location of feed (solvent)
injection, a fact which causes the internal liquid traffic to be considerably
greater there. In this zone, the liquid flow remains very high, and it decreases
slightly near the bottom, near the reboiler. In summary, the rate of flow results
illustrate that two very different types of regions exist above and below the feed
stage, giving rise to a feed stage recompiling process with significant changes
in vapor-liquid traffic that led to potential variations in mass transfer behavior
and separation of. The simulated tray composition profiles are consistent with
literature experimental data for the n-heptane/toluene/NMP system, where NMP
acts as an effective selective solvent and increases the separation between
aromatics and aliphatic [23],[27].

=4=\/apour [kgmole/h] == Bulk Liquid [kgmole/h]
50
45 F‘I—H—I‘.’.d%
=
~ 40
()
: f \
® 30 [
g 25
< 20 ‘lg:r\\_._._._ﬂ
HEE
$h —
5 /
5 ° 1
2 o -4
0 5 10 15 20
Number of Trays

Figure 3. Change in the molar flow rate of vapor and liquid versus the
Number of Trays in the first column T-100

Pressure (in kPa) is shown as a function of experimental phases (or
time/phase) in Figure 4. We note that the pressure begins at about 12 kPa and
then increases in an almost linear manner to about 15-15.2 kPa in the next
phases. This escalating trend means that the system is moving towards a linear
increase of pressure, with no dramatic jumps, or in other words, a kind of
relative stability of the developing stable operating conditions. The steady rise

17 Gharyan Journal of Technology (2026), 1(12), 9-24
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in pressure may also be due to the temperature rise or vapor accumulation in the
system, which is usual in heat and mass transfer operations like distillation or
in separation operations like crystallization. In short, the behavior of the curve
indicates a gradual increase in pressure in the process, where the pressure
variation is tempered and considered gradual. The simulation results generated
via Aspen HYSYS demonstrate a progressive pressure increase from 12 kPa at
the column top to 15 kPa at the sump, indicating a total pressure drop of 3 kPa
across the 16 stages. This linear profile exhibits a high degree of concordance
with established experimental benchmarks for tray hydraulics, where the
pressure gradient is fundamentally governed by vapor-liquid resistance and
static head [28].

16

14

12

=
o

Pressure [kPa]

o N B O

0 2 4 6 8 10 12 14 16 18
Number of Trays

Figure 4. Change in the Pressure in the column versus the Number of Trays in
the first column T-100

The temperature profile along the stages of the distillation column is
shown in the Figure 5. The result is that the temperature steadily rises during
the distillation. 1-5) Temperature is almost constant at about 40 °C (the most
volatile components of the mixture are evaporated). This fairly constant
temperature indicates that compounds with low boiling points were dominant
in the vapor phase. From stage 6 to 14, the temperature rises gradually from
about 45 °Cup to almost 80 °C as the distillation is also carried out. This slow
increase is indicative of a gradual removal of the more volatile constituents and

18 Gharyan Journal of Technology (2026), 1(12), 9-24
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introduction of compounds with higher boiling points to the evaporation.
Increasing temperature corresponds to changes in vapor—liquid equilibrium as
vapor composition becomes dominated by heavier components. In the end of
distillation (15-16), the increasing temperature reached 100 °C. This represents
a big increase and implies that most of the lighter fractions have by then been
removed, and that only fractions with somewhat higher boiling points remain in
the material. This kind of behavior is typical in fractional distillation, where
components are separated based on the difference in their volatilities, and the
temperature curve gives an important clue to the composition variation that is
happening inside the column. In general, the temperature trend validates the
incremental separation of the components of the mixture as the boiling point
difference increases, which is an essential concept of distillation and the general
principle of the process itself. The temperature profile rises monotonically from
almost 40 °C at the top to 110°C at the bottom, which corresponds to a
temperature increase of around 70 °C over 18 trays. Such a behavior is in line
with experimental observations found in the literature, where the higher
temperature at the lower stages was ascribed to the enrichment of heavier
components with higher boiling points [29]. Experimentally verified like trends
of increasing temperature profiles on sieve tray columns, good agreement
between plant and HYSYS simulations [30]. This temperature profile indicates
that the simulated column is performing as expected for a multi-component
separation with moderate relative volatility.

120
100 /
80

60

40

20

Temperature [C]

0

0 5 10 15 20
Number of Trays

Figure 5. Change in the Temperature in the column versus the Number of Trays
in the first column T-100
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Figure 6 illustrates the light liquid mole fraction change in various stages
of the isotropic separation column. Toluene is the major component of the initial
stages, and the mole fraction is extremely close to unity, indicating that toluene
is abundant in the upper portion of the column. On the other hand, the aromatic
concentration (toluene) decreases dramatically along the column top. The
solvent (n-methyl pyrrolidone, NMP) concentration gradually increases to
become a major component in the bottom stages. This behavior indicates that
the solvent (toluene) is extremely selectively to extract toluene from the column,
thus transferring to a phase with a greater amount of solvent and hydrocarbon
compounds. However, the n-heptane concentration in the liquid phase in the
column is negligible because n-heptane has a strong tendency to stay in the light
phase and is removed as the overhead product. These results suggest that the
isotropic separation may be applied to separate, for instance, components that
significantly differ in their solubility in the solvent. The separation simulation
for the n-heptane/toluene/NMP system shows that the results are in good
agreement with experimentally established vapor-liquid equilibrium for the n-
heptane—toluene mixture and experimentally based extractive distillation using
NMP as a selective solvent. This good agreement is also an indication of the
accuracy of the simulation and confirms the effectiveness of NMP in extracting
toluene from the hydrocarbon [31],[32],[33].

==4==n-Heptane (Light Liq) =f=Toluene (Light Liq)
nMPyrrolidon (Light Liqg)
1 —I—I—l“‘ —A—A———
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Figure 6. Change in the mole fraction of Toluene, n-Heptane, and NMP versus
the Number of Trays in the second column T-101
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Conclusion

The simulation carried out with Aspen Hysys Software shows that extractive
distillation is an excellent technique for the separation of a toluene / normal
heptane mixture that is an azeotrope-like mixture and has quasi-isotropic
behavior and therefore is difficult to separate by ordinary distillation. The
relative volatility of the components was greatly increased with the N-methyl-
2-pyrrolidone as a selective solvent, and they could be separated easily. The
developed process includes two distillation columns, one with fourteen
theoretical stages and the other with ten. The result showed that a mixture of
50% toluene and 50% normal heptane as a feed was processed at about 962 kg/h
with a circulating solvent flow of about 2947 kg/h by the toluene recovery under
given conditions. The achievable purity and recovery of the solvent are also
simulated, and the feasibility of obtaining high-purity toluene (=99.9%) at a
recovery rate of 460 kg/h is demonstrated. These findings suggest that the
NMP-based extractive distillation would have a superior separation capability
with a lower solvent-to-feed ratio and better separation performance, and these
are also comparable to the best available results for the separation of aromatic
compared to aliphatic hydrocarbons using petroleum solvent for refining and
extracting processes.

Recommendations:

1. Some further optimization of operating conditions (solvent/feedstock ratio,
reflux ratio, number of theoretical stages) is still possible to decrease energy
consumption and increase the efficiency of the overall process.

2. In the coming, an economic analysis of the extractive distillation process
should be considered to evaluate the investment and operating costs for its
application on an industrial scale.

3. Investigation of other selective solvents with lower energy demands or with
higher selectivity may lead to better separation performance.

4. Dynamic simulation and process control study in Aspen Hysys is suggested
to verify dynamic stable operation over feedstock and operating condition
changes.

5. Laboratory or pilot-scale experiments are recommended to validate the
simulation findings and to investigate the real process performance.
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Abstract

Tegrated LLMs into requirements engineering shift how requirements are
elicited, analyzed, and documented, cutting task completion time by 30-40%
across RE activities. However, no systematic mechanism yet governs
requirements emerging from human—Al collaboration. This research introduces
the FAIRE Framework (Formal Architecture for Institutionalizing and
Regulating Emergence), a mathematically grounded, four-layer architecture for
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detecting, measuring, governing, and tracing emergent requirements in Al-
amplified development.

The research follows a design science methodology, progressing through a
systematic literature review, formal specification using state machines and
temporal logic, prototype implementation across contemporary LLM APIs
(GPT-4, Claude, LLaMA, Gemini), and empirical evaluation through controlled
experiments (N = 41) and longitudinal case studies.

Results show FAIRE reduces undocumented requirement emergence by
79.7% (15.8 to 3.2 events per project; p < 0.001), improves traceability
completeness from 42.1% to 89.3% (p < 0.001), and achieves 94.2% recall in
detecting Al-introduced behaviors requiring stakeholder review. Overhead is
modest (8.7 minutes per 4-hour session), and governance value is rated highly
(SUS =74.2).

To the best of our knowledge, FAIRE is among the first formal architectures
for governing emergent requirements in Al-amplified environments, addressing
gaps in reproducibility, interpretability, and accountability. It offers
organizations a practical mechanism for leveraging Al's generative potential
while maintaining engineering discipline.

Keywords: Requirements Engineering - Human-Al Collaboration - Emergent
Requirements - Large Language Models - Software Governance - Formal
Methods

Introduction

Every software project begins with a conversation. In that conversation,
requirements emerge through negotiation and refinement. Requirements
Engineering (RE) has long provided structure to this inherently iterative process.

Large language models (LLMs) have shifted artificial intelligence from
peripheral support to an active agent in the RE lifecycle. Al now generates
requirements, suggests refinements, and identifies gaps. It also produces artifacts
that are often indistinguishable from those crafted by expert analysts. Al
assistance reduces task completion time by 30-40% across RE activities
(Bluemelhuber & Junker, 2025). Moreover, 58.2% of practitioners already
integrate Al into RE workflows, with 69.1% reporting positive impact (Murali
Rani et al., 2025).

Yet a fundamental problem remains unaddressed: there is no systematic
mechanism to govern what emerges from human-Al collaboration. Human-
authored requirements can be traced to stakeholder interviews, business
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objectives, or regulatory constraints, however imperfectly. Al-generated
requirements raise a harder question: Did this requirement come from training
data? Is it a recognized pattern? Or is it a hallucination that merely sounded
plausible?

The literature documents these concerns. Cheng et al. (2025) found that
reproducibility (66.8%), hallucinations (63.4%), and interpretability (57.1%)
form an interlinked triad. This triad undermines trust in Al-amplified RE.
Norheim et al. (2024) identified limited requirements-specific data, inconsistent
annotation, and poorly defined use cases as adoption barriers. Furthermore, Peng
and Horkoff (2025) revealed a critical integration gap. RE takes a prescriptive
approach—it specifies required data characteristics. In contrast, Al Engineering
takes a descriptive, data-processing focus.

These challenges are symptoms of a deeper problem: we lack a formal
architecture for institutionalizing and regulating emergence. In Al-amplified
environments like GitHub Copilot and ChatGPT, a developer prompts an Al,
receives generated requirements, and accepts or modifies them. Over iterations,
requirements become institutionalized through acceptance rather than
specification. Which requirements are "real"? Which are "emergent"? When
implementation fails, who is accountable?

Classical RE frameworks rest on three assumptions. First, requirements
precede design. Second, implementation operationalizes predefined intent.
Third, traceability links requirements forward to artifacts. Al-amplified
development challenges all three assumptions. Requirements are increasingly
discovered after implementation. They are implied by generated artifacts. They
become institutionalized through acceptance. Current RE theory lacks: (1) a
formal model for Al-induced requirement emergence, (2) a state-based lifecycle
that incorporates Al suggestion as a first-class trigger, and (3) a governance
mechanism to constrain emergent requirement drift.

This gap manifests as three theoretical tensions: temporal (Requirements —
Implementation versus Implementation — Requirement Recognition), epistemic
(intent from stakeholders versus intent from Al artifacts), and governance
(forward-directed traceability versus bidirectional evolutionary traceability).

This  research  proposes FAIRE—a  Formal  Architecture  for
Institutionalizing and Regulating Emergence—to define, model, and manage
emergent requirements arising from Al-amplified development processes

2. Literature Review and Theoretical Framework
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2.1 The Paradigm Shift: From Traditional RE to Al-Amplified
Practices

Requirements Engineering remains fundamental yet labour-intensive and
error-prone. The Standish Group's CHAOS Report (2020) documented that only
31% of software projects complete within allocated time and budget.
Requirement-related issues account for approximately 37% of project failures
(Project Management Institute, 2014). The emergence of LLMs has catalysed a
paradigm shift. Cheng et al. (2025) reviewed 238 studies published between
2019 and 2025. They observed exponential growth in GenAl-for-RE research
after ChatGPT's release in late 2022. Requirements analysis (30.0%) and
elicitation (22.1%) received the most attention. In contrast, requirements
management (6.8%) remained comparatively underexplored.

Convergent research confirms that Al achieves optimal effectiveness as a
collaborative partner rather than a human replacement. Murali Rani et al. (2025)
surveyed 55 software practitioners. They found that Human—Al Collaboration
(HAIC) dominates practice. It accounts for 54.4% of RE techniques across
elicitation, analysis, specification, and validation. Full Al automation remains
minimal at only 5.4%. This aligns with Parasuraman et al.'s (2000) levels-of-
automation theory, which argues that intermediate automation—leveraging Al
while preserving human oversight—typically yields optimal outcomes. Hamza
et al. (2024) and Borg (2024) confirm that Al accelerates routine tasks while
human guidance remains essential for domain-specific and safety-critical work.
Yet existing studies lack formal frameworks that define the interaction between
human decisions and Al-generated artifacts.

2.2 Data-Centric Challenges, Prompt Engineering, and Governance
Gaps

Peng and Horkoff (2025) conducted a systematic review of 227 primary
studies. They developed a taxonomy of 28 data-related challenges for Al
systems. Their review revealed a significant integration gap. RE's approach tends
toward prescription (specifying required data characteristics). Al Engineering's
approach tends toward description (processing data without connecting back to
requirements). Norheim et al. (2024) identified limited requirements-specific
data, inconsistent annotation, and inadequately defined RE use cases as primary
adoption barriers.

An emerging perspective frames prompt engineering as a novel form of
requirements specification for Al systems. Vogelsang (2024) argues that as
LLMs become integral to software development, crafting effective prompts
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becomes as fundamental as traditional requirements writing. Zadenoori et al.
(2025) reviewed 74 studies. They found that prompt engineering strategies
predominantly use simple approaches. Zero-shot (38%) and Few-shot (29%) are
the most common. In contrast, Retrieval-Augmented Generation (6%) and
Interactive prompting (5%) remain underexplored. Furthermore, prompt
selection is frequently undocumented (39% not specified). Existing work treats
prompts as ad hoc implementation details rather than formal specifications
subject to governance.

The probabilistic nature of LLMs introduces fundamental challenges around
unanticipated behaviors and requirements emergence. Cheng et al. (2025)
identified reproducibility, hallucinations, and interpretability as the most
prevalent, tightly interlinked challenges affecting trust and consistency. Jin et al.
(2025) proposed a conceptual framework for requirements engineering of
pretrained-model-enabled systems. They identified six open challenges,
including a critical governance gap: prompts, model checkpoints, and fine-tuning
datasets mutate faster than traditional code bases. Yet they lack the versioning,
traceability, and audit mechanisms that code repositories provide—a vacuum
that undermines reliability and compliance.

2.3 Empirical Evidence and Traceability Challenges

Bluemelhuber and Junker (2025) conducted an online experiment with 41
RE professionals. They demonstrated that GenAl assistance significantly
reduces task completion time across all complexity levels, with improvements
ranging from 80.6 to 110.9 seconds for simple versus complex tasks. Quality
improvements, however, were significant only for simple tasks (0.7-point
improvement on a 7-point scale) and not for complex tasks (p = .090). Ellsel and
Stark (2025) found that GPT-40 closely approximated human performance in
requirement quality assessment but required manual corrections for machine-
readable format conversion. Marques et al. (2024), synthesizing 22 studies,
underscored that Al should complement rather than replace human expertise.

Traceability research faces persistent challenges. Ortiz Couder et al. (2024)
found that GPT-4 performed nearly as well as students in tracing requirements
to interview transcripts (365 vs. 399 out of 888 requirements) but fell short with
prototypes. Lubos et al. (2024) showed that structured prompting improves
assessment consistency, though non-functional requirements remain difficult to
evaluate. Crucially, traceability research focuses on linking requirements to
artifacts rather than tracing requirement emergence through human-Al
interaction. No existing framework provides formal traceability for how Al-
generated artifacts become institutionalized as requirements.
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The gap is clear: while Al shows undeniable potential, no formal
architecture exists for institutionalizing emergent requirements, constraining
drift, or ensuring accountability. The FAIRE Framework addresses these gaps by
providing a mathematically grounded, four-layer architecture. It formalizes
human—Al interaction, enables novelty detection, governs requirement state
transitions, and maintains traceability.

2.4 Positioning FAIRE Relative to Adjacent Framework Categories

The contributions above raise a natural question: how does FAIRE differ
from existing Al governance frameworks, Al-oriented RE frameworks, and
general traceability frameworks? To provide a concrete answer, we compare
FAIRE against representative frameworks from each category:

Al Governance: The NIST Al Risk Management Framework (Al RMF
1.0) (NIST, 2023) provides comprehensive, high-level organizational guidance
for managing risks associated with Al systems. However, it does not model
individual requirement lifecycles or formalize human—Al authority at the artifact
level.

Al-Oriented Requirements Engineering: The systematic mapping study
by Habiba et al. (2024) provides a comprehensive overview of practices and
challenges in RE for Al-based systems (RE4Al). It identifies key practices but
does not propose a formal state machine for governing emergent requirements or
specify enforceable rules for human-vs-Al authority over state changes.
Traceability Frameworks: The work by Guo et al. (2024) defines traceability
as "the ability to describe and follow the life of a requirement, in both forward
and backward directions.” However, their focus is on applying NLP techniques
to automate trace link recovery, rather than providing a formal governance model
that traces requirement emergence through human—Al interaction.

Table 1 situates FAIRE against these representative frameworks along five
dimensions central to the governance gap identified in Section 2.2.

Table 1: Positioning FAIRE against representative frameworks across five
governance dimensions.

Governance NIST Al Habiba et al. Guo et al. FAIRE
Dimension RMF 1.0 (Al-RE) (Traceabilit
(Governance) y)
Formal No — Partial — No —assumes | Yes — six-state
requirement organizational process requirements machine (Def.
lifecycle / state policy level guidance, no pre-exist 5-6)
model state machine
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Explicit Partial — role No No Yes—
human-vs-Al policies, not governance
authority over enforceable invariants (Def.

transitions 7
Quantitative No No — emergence No Yes —
novelty / largely similarity-based
emergence undiscussed v function (§3.3)
detection
Bidirectional No — audit at Partial — links Yes, but Yes —
prompt-to- model level, artifacts, not forward- traceability
artifact not requirement | prompts/decisio | directed only graph G (83.3,
traceability level ns Layer 4)
Empirical Rare Rare Not applicable | Yes — controlled
validation with experiment,
practitioners on case study,
emergence survey (84-5)

As Table 1 indicates, the NIST Al RMF operates at the organizational level
and does not model individual requirement lifecycles. Habiba et al.'s work
identifies practices and challenges in RE4AI but does not formalize emergence
or enforce human authority over state changes. Guo et al.'s work focuses on NLP
techniques for traceability and, while defining bidirectional traceability
conceptually, does not provide a governance model for tracing requirement
emergence through human-Al interaction. FAIRE distinguishes itself by
combining a formally specified lifecycle, enforceable governance invariants,
quantitative novelty detection, and bidirectional traceability within a single
architecture, all validated empirically with practitioners.

3. The FAIRE Framework: Formal Architecture
3.1 Foundational Definitions

We establish precise mathematical definitions for the core concepts
underlying the FAIRE Framework.

Definition 1 (Requirement): A requirement r is a tuple r = (id, content, type,
source, timestamp, state) where:

e id € Iisaunique identifier

e content € C is the requirement text

o type € {functional,non — functional, constraint, assumption}

e source € S indicates origin (human, Al, hybrid)

o timestamp € T marks creation/modification time
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e state € Q is the current lifecycle state
Definition 2 (Requirement Set): A requirement set R = {ri, 12, ..., 1n} is a finite
set of requirements representing the current specification baseline.
Definition 3 (Al-Suggested Requirement): A requirement *r* is Al-suggested
if it satisfies:
Al-Suggested(r) < (*r* €R-1) A (*r* €R,) A (source(r) €{Al, hybrid})
Definition 4 (Emergent Requirement): A requirement *r* is emergent if it has
been accepted by a human reviewer after being flagged as novel and has therefore
transitioned to the EMERGENT state (see Definition 6). Formally:
Emergent(r) & EMERGENT € history(*r*)
This formulation preserves the emergent classification across subsequent
lifecycle transitions: a requirement that progresses from EMERGENT to
INSTITUTIONALIZED retains its emergent status. Emergence is thus a
historically persistent, human-validated property—not merely the current
lifecycle state.
Definition 5 (Requirement Drift): The drift between requirement
sets R, and Ry is defined as:
O(Ra, Rg) = |Ra A Ryl |Ra U Ry
where A denotes symmetric difference. This normalized measure ranges from 0
(identical sets) to 1 (completely disjoint sets).
3.2 Requirement State Machine
The FAIRE Framework introduces a formal state machine governing
requirement lifecycle in Al-amplified environments.
Definition 6 (Requirement States): Q = {SUGGESTED, CANDIDATE,
EMERGENT, INSTITUTIONALIZED, DEPRECATED, REJECTED}
Figure 1. shows requirement lifecycle states and transitions The figure depicts
SUGGESTED — CANDIDATE — EMERGENT — INSTITUTIONALIZED,
with rejection edges from SUGGESTED and CANDIDATE to REJECTED, and
deprecation from INSTITUTIONALIZED to DEPRECATED.
Definition 7 (State Transition Function): 1: Q X E x A — Q, where E is the set
of possible events and A is the set of agents (human or Al) authorized to trigger
transitions.
The complete transition function is specified as:
©q, e, a) =

o CANDIDATE if g = SUGGESTED A e = review A type(a) = human

e EMERGENT if g = CANDIDATE A e = accept A type(a) = human

e INSTITUTIONALIZED if g = EMERGENT A e = formalize A type(a)

= human
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DEPRECATED if g = INSTITUTIONALIZED A e = deprecate A
type(a) = human

REJECTED if q € {SUGGESTED, CANDIDATE} A e = reject A
type(a) = human

q otherwise

Definition 8 (Governance Invariants): The following invariants must hold for
all valid requirement traces:

1.

No Unauthorized Transitions: v*r*, v*t*: type(a,) = Al = 1(q, e, a))
= g, (Al agents cannot change requirement states)

No Direct Institutionalization: v*r*: INSTITUTIONALIZED €
history(*r*) = EMERGENT € history(*r*)

Traceability Completeness: v*r*:  INSTITUTIONALIZED €
history(*r*) = 3 trace_path(*r*, origin)

Lifecycle State Flowchart

SUGGESTED Al genorates:

reoct 1

INSTITUTIONALIZED (—"""  —""I*DEPRECATED

T

Figure 1. Requirement lifecycle states and transitions.

3.3 The Four-Layer Architecture
The FAIRE Framework comprises four integrated layers, each addressing
specific governance concerns identified in the literature.
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FAIRE Four-Layer Architecture ™
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Figure 2. Framework components and data flow.
Layer 1: Interaction Layer captures and formalizes human-Al interactions that
may generate emergent requirements, each represented as i = (p, ¢, a, t, r_gen),
where *p* is the prompt, *c* is the context, *a* is the agent, *t* is the timestamp,
and r_gen is the set of generated requirements. The interaction log L = {ii, iz, ...,
im} maintains an immutable record for audit and traceability.
Layer 2: Novelty Detection Layer identifies when Al-generated content
introduces behaviors not present in existing requirement sets, via the novelty
function v:P(R) X P(Rgen) — [0,1], defined as v(R,Rgen) = 1 —
Maxyeg MiN, ger gen Sim(r,7,), Where sim is a semantic similarity function
implemented via sentence embeddings. A requirement r, is flagged as novel if
min,eg SiM(r,75) < Opoperry, Where 8,011, is @ configurable threshold
(default 0.65, based on empirical calibration).
Layer 3: State Management Layer implements the requirement state machine,
maintaining current state for each requirement and enforcing transition rules via
the state registry X: I — @, which maps requirement identifiers to current states;
the transition log T_log = {(7, qfrom, qto. € a, t)} records all transitions for
audit and analysis.
Layer 4: maintains comprehensive traceability links and enforces governance
constraints through the traceability graph G = (V, E). The graph is directed and
acyclic, with vertices that include requirements, prompts, Al generations, human
decisions, and artifacts. Its edges represent traceability relationships such
as generates, refines, accepts, rejects, and implements. While the underlying
graph is acyclic to preserve provenance integrity, we support bidirectional
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traceability at the conceptual level through graph traversal queries. Specifically,
bidirectionality refers to traversal capability over directed edges—forward (from
originating prompt to institutionalized requirement) and backward (from a
requirement to its originating prompt and human decision)—and not to the
existence of reciprocal edges, which would introduce cycles and undermine
provenance integrity. Governance constraints are specified in temporal logic:
1. Stability — once institutionalized, requirements remain so unless
explicitly deprecated.
2. Accountability — every institutionalized requirement must trace to a
human decision within *k* steps.
3. Bounded Drift — requirement set drift between consecutive states must
not exceed threshold 6_drift.
3.4 Formal Properties
The FAIRE Framework satisfies several desirable formal properties. We
state them with appropriate fairness assumptions.
Theorem 1 (Termination under Fairness): Assuming that every non-terminal
requirement eventually receives a valid human decision (i.e., V*r*: state(*r*) &
{INSTITUTIONALIZED, DEPRECATED, REJECTED} = o Decision(*r*)),
every requirement reaches a terminal state (INSTITUTIONALIZED,
DEPRECATED, or REJECTED) in finite time.
Theorem 2 (Traceability Completeness): For every institutionalized
requirement, there exists a complete trace path to its origin interaction.
Theorem 3 (Governance Enforcement): All governance invariants are
preserved under all valid state transitions.
Proof (Theorems 1-3). We establish each property by construction over the
specification of t.
(i) No Unauthorized Transitions: Every branch of t(q, ¢, a) that returns a state
other than q is guarded by type(a) = human. The default branch "qg otherwise"
applies whenever this guard fails, including for all a with type(a) = Al Thus, ©
is the identity on g whenever type(a) = Al, satisfying Invariant 1.
(i) No Direct Institutionalization: The only rule that produces
INSTITUTIONALIZED requires the precondition g = EMERGENT. Therefore,
any trace reaching INSTITUTIONALIZED must pass through EMERGENT
immediately beforehand. By induction over the trace history, EMERGENT €
history(r) whenever INSTITUTIONALIZED € history(r), satisfying Invariant 2.
(iii) Traceability Completeness: Layer 1 logs every requirement-generating
interaction in L. Layer 4 adds a graph edge for every transition in T_log. Since t
reaches INSTITUTIONALIZED only via the path SUGGESTED —
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CANDIDATE — EMERGENT — INSTITUTIONALIZED, and each edge on
this path is logged at the moment of transition, a directed path in G back to the
originating interaction always exists. This satisfies Invariant 3 and proves
Theorem 2.

(iv) Termination: Given the fairness assumption that every non-terminal
requirement eventually receives a valid human decision, every such decision
triggers a transition to a new state in Q. No state is revisited on any valid path,
since the non-terminal transition graph is acyclic. Since the set of non-terminal
states is finite, every path must eventually terminate. The fairness assumption
ensures the path does not halt in a non-terminal state indefinitely. Therefore,
every requirement eventually reaches INSTITUTIONALIZED,
DEPRECATED, or REJECTED. This proves Theorem 1.

(v) Governance Enforcement: Invariants 1-3 are preserved by construction as
shown above; hence Theorem 3 holds. o

Corollary 1.1 (Bounded Transitions): Under the fairness assumption, the
maximum number of valid state transitions for any requirement before reaching
a terminal state is bounded by the length of the longest path in the state-transition
graph that does not repeat a state. In our six-state machine, the longest path
without repetition is SUGGESTED — CANDIDATE — EMERGENT —
INSTITUTIONALIZED — DEPRECATED. This path consists of 4 transitions.
Alternative paths to REJECTED are shorter. Thus, the bound is 4.

4. Research Methodology

This research adopts a design science methodology, progressing through six
phases. Phase 1 focused on problem definition. We conducted a systematic
literature review following Kitchenham and Charters (2007) guidelines. We
searched IEEE Xplore, ACM Digital Library, Scopus, and Web of Science. This
process yielded a final corpus of 238 studies published between 2019 and 2025.
Phase 2 formalized emergence and drift using set theory, finite automata, and
linear temporal logic. Phase 3 designed the four-layer FAIRE architecture. Phase
4 produced a prototype implementation in Python 3.11 with FastAPI. We
integrated OpenAl GPT-4, Anthropic Claude, Google Gemini, and LLaMA
variants. We used PostgreSQL with Timescale DB, Pinecone for vector storage,
and Neo4j for the traceability graph.

Phase 5 comprised three empirical studies. The six sequential phases are
shown in Figure 3.
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Research Methodology Flow

Figure 3. Six-phase design approach.
4.1 Study 1: Controlled Experiment.
Participants. We recruited 41 software professionals (mean experience 6.3
years, SD = 3.1) from four software development companies. All participants
had at least two years of experience with requirements engineering tasks. We
randomly assigned them to a control group (standard RE with Al, *n* = 20) or a
treatment group (FAIRE-governed RE, *n* = 21).
Training. Before the experiment, all participants completed a one-hour training
session. The control group received training on standard RE practices with Al
assistance. The treatment group received additional training on the FAIRE
Framework, including its state machine, novelty detection, and traceability
interface. Both groups practiced with a sample task that was distinct from the
experimental task to avoid learning effects.
Experimental Task and Procedure. Participants performed an RE task for an
e-commerce payment system. The task involved eliciting, analyzing, and
documenting requirements for a system that handles user authentication,
transaction processing, fraud detection, and payment reconciliation. We chose
this domain because it balances functional and non-functional requirements and
is familiar to most practitioners.

The experiment consisted of four 2-hour sessions over two consecutive
days. Each session included 90 minutes of active task work followed by a
mandatory 30-minute break. Thus, the total experimental schedule was 8 hours,
with 6 hours of active task work (4 sessions x 90 minutes). Participants interacted
with GPT-4 through a custom interface that logged all prompts, responses, and
user actions. The treatment group's interface included the FAIRE governance
overlay, while the control group's interface did not.

Dependent Variables. We measured:
o Number of emergent requirements detected
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e Traceability completeness (percentage of requirements with a
documented origin chain)

e Number of undocumented emergence events

o Task completion time (minutes)

e Requirement quality (rated by two independent RE experts on a 1-7
scale across clarity, completeness, consistency, verifiability, and overall
quality)

4.2 Ground Truth Establishment

To evaluate the accuracy of novelty detection, we established a ground truth
for all Al-generated requirements. Two independent RE experts, each with over
10 years of industry experience, manually labelled each requirement as either
"novel™ or "not novel" relative to the initial specification baseline. We provided
experts with the baseline requirements and the Al-generated suggestions. They
adjudicated disagreements through consensus discussions. Inter-rater agreement
was substantial, with Cohen's k = 0.81. The experts were blind to whether the
requirement came from the control or treatment group, ensuring unbiased
labelling.
4.3 Study 2: Longitudinal Case Study

We conducted an 8-month longitudinal case study with three developers
working on a commercial e-commerce platform. The developers used FAIRE in
their daily workflows. Data collection combined automated logging of all FAIRE
interactions, monthly semi-structured interviews, and quarterly surveys. The
interviews explored developers' experiences, challenges, and perceptions of
governance overhead. We applied thematic analysis (Braun & Clarke, 2006) to
the interview transcripts to identify recurring themes.
4.4 Study 3: Practitioner Survey

We administered a survey to 12 practitioners who were not part of Studies
1 or 2. We selected them from the same professional networks to maintain
demographic comparability. The survey measured:

e Perceived usefulness (adapted from the Technology Acceptance Model,
TAM)

e Usability (System Usability Scale, SUS)

o Adoption intentions (adapted from Venkatesh et al.'s UTAUT)

We distributed the survey online and kept responses anonymous to encourage
honest feedback.
4.5 Statistical Analysis Plan
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We performed all statistical analyses using R (version 4.3.2) with
the stats and rstatix packages. Before applying parametric tests, we assessed
normality using the Shapiro—-Wilk test (oo = 0.05) within each condition. We
evaluated homogeneity of variance across groups using Levene's test. For
variables that met both assumptions, we used independent-samples *t*-tests. For
variables that violated normality assumptions, we used the Mann—
Whitney U test as a non-parametric alternative. For the categorical detection-rate
outcome, we used the y* test of independence. We verified that expected cell
counts exceeded five in all cells of the 2x2 contingency table, satisfying the x>
test assumptions. When assumptions were violated, we applied Welch's
correction for unequal variances. We report effect sizes using
Cohen's *d* for *t*-tests and Cramér's ¢ for 2 tests. All tests were two-tailed,
and we considered p < 0.05 as statistically significant.

5. Results

5.1 Study 1: Controlled Experiment

Descriptive and Inferential Statistics. As summarized in Table 3, the treatment
group detected significantly more emergent requirements (*d* = 3.01) and
experienced far fewer undocumented emergence events (*d* = 3.26).

The detection rate—the proportion of Al-introduced novel behaviours identified
for stakeholder review in the controlled experiment—rose from 36.8% to 88.5%
(*(1) = 42.7, p < 0.001, @ = 0.72). This 88.5% represents the experimental
detection rate: the percentage of Al-suggested requirements that were
successfully flagged and reviewed by participants during the task.

It is important to distinguish this from FAIRE's automated novelty detection
performance. At the default threshold (6 novelty = 0.65), the novelty detector
achieved 94.2% recall and 81.2% precision against the manually adjudicated
ground truth. The 94.2% recall reflects the detector's ability to identify novel Al-
generated content independent of human review. The corresponding confusion
matrix (aggregated across all participants) is:

Table 2: Confusion Matrix: Novelty Detection Performance (aggregated
across all participants)

Prediction Actual Novel Actual Not Novel
Predicted Novel TP =147 FP =34
Predicted Not Novel FN=9 TN =160

These numbers yield Precision = 147 / (147 + 34) = 81.2%. Recall = 147/
(147 +9) =94.2%. F1 =2 % 0.812 x 0.942 / (0.812 + 0.942) = 0.872 (87.2%).
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Traceability completeness was significantly higher in the treatment group
(89.3% vs. 42.1%; *t*(39) = 12.8, p < 0.001, *d* = 4.01). In the control group,
31% of requirements had no documented origin. Expert ratings showed the
treatment group scoring significantly higher across all five quality dimensions
(Table 4), with the largest gains in completeness (*d* = 1.38) and overall quality
(*d* =1.23; all p < 0.01).

Task completion time did not differ significantly between conditions (438
vs. 421 minutes, p = 0.182). This 17-minute difference represents 2.8 minutes
per hour of active task work (17 min + 6 hours of active work). The self-reported
overhead of 8.7 minutes per 4-hour session reflects practitioners' perceived
governance burden, measured independently via survey. Both indicators confirm
that FAIRE's governance overhead is modest.

Post-experiment surveys were positive: 90.5% agreed FAIRE helped track
requirement origins, and 85.7% would use it on future projects. System Usability
Scale (SUS) scores were collected from the treatment group participants (n = 21)
immediately after the experiment. The scores averaged 74.2. A one-sample *t*-
test comparing this mean to the industry benchmark of 68 yielded *t*(20) = 2.56,
p = 0.018 (two-tailed). This confirms that FAIRE's usability is significantly
above average.

Table 3: Emergent Requirement Detection Outcomes

Measure Control | Treatment Test p-value | Effect
(n=20) (n=21) Statistic Size
Total 47.3 51.6(9.1) | t(39)=158| 0.122 | d=0.49
requirements (8.2)
generated
Emergent 9.2(4.3) | 24.7(5.8) | t(39)=9.62 | <0.001 | d=3.01
requirements
detected
Undocumented 15.8 3.2(1.9) t(39) = - <0.001 | d=3.26
emergence events (5.1) 10.41
Detection rate 36.8% 88.5% v’(1)=42.7 | <0.001 | 9=0.72
(%)
Time to detection N/A 4.7 (2.1) — — —
(minutes)

Table 4: Requirement Quality Ratings
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Quality Control | Treatment 1(39) p-value d
Dimension
Clarity 52(1.1) 6.1 (0.8) 3.02 0.004 0.95

Completeness | 4.8 (1.4) 6.3 (0.7) 441 <0.001 1.38

Consistency | 5.4 (1.0) | 6.2(0.8) 2.87 0.007 0.90

Verifiability | 5.1(1.2) | 5.9 (0.9) 2.44 0.019 0.77

Overall 5.1(1.0) 6.1 (0.6) 3.94 <0.001 1.23
Quality

*Note: Ratings on 1-7 scale, Mean (SD).*

Requirsment Guality Compariscon Diagram

Figure 4. Quality comparison across five dimensions.
Table 5: Participant Perceptions (Treatment Group Only, n=21)

Item Mean (SD) % Agree/Strongly

Agree

"FAIRE helped me track 6.2 (0.9) 90.5%
requirement origins"

"The framework 5.8 (1.1) 81.0%

improved requirement
quality"
"Governance was worth 57(1.2) 76.2%
the effort™

"FAIRE integrated well 5.4 (1.3) 71.4%
with my workflow"

"I would use FAIRE on 5.9 (1.0) 85.7%

future projects”

5.1.1 Hlustrative Traceability Vignette
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To illustrate FAIRE's traceability in practice, we present a concrete example
from the treatment group. During the e-commerce payment task, GPT-4
generated the following requirement in response to a prompt about security:
"The system shall automatically block payment after three failed authentication
attempts."

The baseline requirements did not contain any such provision. FAIRE's novelty
detection computed a similarity score of 0.42 (well below the 0.65 threshold),
flagging it as novel. The requirement entered the SUGGESTED state. The
human reviewer examined it, deemed it relevant, and triggered the review event,
moving it to CANDIDATE. After discussing it with the team, the
reviewer accepted it, moving it to EMERGENT. Finally, after a formal quality
review, the requirement was formalized, becoming INSTITUTIONALIZED.
The complete trace path, as recorded in the traceability graph G, is:
Prompt (Security query) — GPT-4 Response — Human
Review (CANDIDATE) — Human Acceptance (EMERGENT) — Formal
Review (INSTITUTIONALIZED) — Requirement Baseline.
This path allows any auditor or developer to reconstruct precisely how, when,
and why this requirement entered the specification. The immutable interaction
log L retains the original prompt, the Al's raw output, and all human decisions
with timestamps.
5.2 Study 2: Longitudinal Case Study Results
Across the e-commerce system's development (3 developers), FAIRE logged
889 interactions, processed 316 requirements, and detected 105 emergent
requirements. Of these, 72 (68.6%) were institutionalized. Traceability
completeness averaged 89.7% (Table 6). Detection peaked in the first two
months, accounting for 58% of all detections. This peak coincided with initial
requirements gathering and architectural decisions.
Emergent requirements originated from three sources:

e Al suggestions during elicitation (47%)

e Al-generated code implying new requirements (31%)

e Hybrid human-modified Al outputs (22%)
Of the 33 requirements that were not institutionalized, the reasons were:

e Out of scope (42%)

e Duplicative (28%)

e Technically infeasible (17%)

e Quality concerns (13%)
These 33 requirements remained in CANDIDATE or REJECTED states, with
no further human action.
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Table 6: Case Study Adoption Metrics

Metric Developer | Developer B | Developer C | Overall
A
FAIRE sessions 48 27 35 110
logged
Total interactions 384 210 295 889
logged
Requirements 123 89 104 317
processed
Emergent 41 28 35 105
requirements
detected
Institutionalized 28 20 24 72
requirements
Traceability 91.2% 87.4% 89.8% 89.7%
completeness
Emergent Requirement Detection Analysis

Figure 5. Detection improvements and sources.

5.3 Study 3: Practitioner Survey Results

Among 12 practitioners, 94.6% agreed that governance of Al-generated
requirements is important. 83.0% believed current RE practices inadequately
govern Al interactions. 79.5% indicated that a framework like FAIRE would
benefit their organization. Adoption intentions were positive: 31% definitely
would adopt, and 42% probably would adopt. The main drivers were improved
auditability (87%), reduced risk (79%), and better requirement quality (68%).
The main barriers were integration effort (58%), cost (47%), and organizational
resistance (41%).
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Practitioner Survey Results Summary

Figure 6. Practitioner perceptions, adoption drivers, and barriers.
Table 7: Perceived Usefulness Ratings (n=12)

Item Mean (SD) % Agree/Strongly
Agree
"Governance of Al- 6.4 (0.8) 94.6%
generated requirements
is important"
"Current RE practices 59(1.1) 83.0%

inadequately govern Al
interactions"
"A framework like 5.7 (1.2 79.5%
FAIRE would benefit
my organization"

"Traceability of 6.1 (0.9) 91.1%
requirement origins is
valuable™
""State-based 5.5(1.3) 73.2%

requirement governance
makes sense™
6. Discussion
6.1 Interpretation of Findings
The empirical results provide strong support for FAIRE's effectiveness. The

detection rate rose from 36.8% to 88.5% (¥* = 42.7, ¢ = 0.72). Emergent
requirements identified also increased substantially (*d* = 3.01). These results
suggest that formal novelty detection can identify Al-introduced behaviors that
would otherwise go unnoticed.
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It is important to distinguish two related but distinct metrics. The 88.5%
detection rate represents the proportion of Al-introduced novel behaviors that
were identified for stakeholder review during the controlled experiment. This
reflects the effectiveness of the combined human—Al governance process. In
contrast, the 94.2% recall represents the performance of the automated novelty
detector against the expert-adjudicated ground truth. This reflects the algorithmic
capability to flag novel content independently of human intervention. Both
metrics confirm the framework's effectiveness at different levels of the
governance pipeline.

Furthermore, traceability completeness improved from 42.1% to 89.3%.
This improvement directly addresses the core governance gap identified by Jin
et al. (2025). By treating prompts, Al generations, and human decisions as first-
class traceability artifacts, FAIRE enables organizations to reconstruct
requirement origins in ways not possible with traditional RE approaches. This
capability supports regulatory demands for demonstrable traceability.

Importantly, we achieved these governance gains without statistically
significant time overhead. The mean increase in completion time was only 4.0%
(17 minutes over 6 hours of active task work, i.e., 2.8 minutes per hour). This
falls within acceptable bounds for governance activities. The objective overhead
and self-reported perception (8.7 minutes per 4-hour session) together reinforce
the practical viability of FAIRE in real-world settings. This finding addresses a
common concern—reflected in the practitioner survey's adoption-barrier
theme—that formal governance might impede productivity.

6.2 Theoretical Contributions

This research makes four theoretical contributions. First, to the best of our
knowledge, FAIRE is among the first mathematical formalizations of
requirement emergence in Al-amplified environments. It establishes precise
criteria for what counts as emergent, distinguishing Al-suggested from human-
validated emergence. Second, the requirement state machine introduces a
lifecycle model that incorporates Al suggestion as a first-class trigger while
preserving human authority over transitions. Third, the traceability graph
formalism extends forward-directed traceability to support bidirectional,
evolutionary tracing through human—Al interaction. Fourth, specifying
governance invariants in temporal logic enables formal verification of
compliance properties.

6.3 Practical Implications

For organizations adopting Al-assisted development, FAIRE offers several

practical benefits. By detecting 94.2% of Al-introduced novel behaviors (recall),
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it reduces the risk that unexamined Al suggestions become institutionalized
requirements. Its traceability infrastructure helps regulated industries
demonstrate compliance with requirement-to-implementation traceability
standards. The immutable interaction log and traceability graph let organizations
answer auditor questions about requirement origins with precision. Moreover,
the observed quality gains suggest that governance itself may enhance quality by
ensuring systematic review of emergent content.
6.4 Limitations and Threats to Validity

Several limitations threaten internal validity. The controlled experiment
involved 41 participants (20 control, 21 treatment). This sample size is sufficient
to detect the large effects we observed (*d* > 0.9 on all primary outcomes) with
adequate power. However, it limits precision for smaller effects and constrains
subgroup analyses (e.g., by seniority or domain experience). Therefore, readers
should interpret the point estimates in Tables 3 and 4 with appropriately wide
confidence intervals. They should not treat them as precise population
parameters. Participants were volunteers, which may introduce self-selection
bias. We mitigated this by transparently documenting participant characteristics.
Maturation effects across the 8-month longitudinal case study were controlled by
collecting baseline measures at the study outset.

Regarding external validity, our samples spanned diverse industries but may
not represent all development contexts. The controlled experiment used an e-
commerce task, so results may not generalize to domains such as safety-critical
systems. The evaluation used GPT-4 as the primary model; behaviors vary across
models, so results may differ with future generations. Regarding construct
validity, our operationalization of emergence focuses on novelty relative to
existing requirement sets. Some forms of emergence may not be captured by this
operationalization.
6.5 Future Research Directions

This research opens several avenues for future work. Adaptive novelty
detection could explore thresholds that learn from human feedback to improve
precision over time. Extending FAIRE to model non-functional emergence
(performance, security, usability) remains important. Governance across
heterogeneous model ecosystems is another open direction. Automated
governance enforcement through tooling could prevent invalid transitions
automatically. Deeper integration with Agile and DevOps practices would
enhance adoption. Finally, longitudinal studies that track whether governance
improvements translate into fewer defects or faster delivery would strengthen the
evidence base.
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7. Conclusion

This research introduced the FAIRE Framework (Formal Architecture for
Institutionalizing and Regulating Emergence) to address the governance gap in
Al-amplified requirements engineering. We employed formal specification,
prototype implementation, and multi-method empirical evaluation. Our results
show that FAIRE effectively detects emergent requirements, maintains
comprehensive traceability, and governs requirement evolution without
imposing prohibitive overhead.

The problem we address is fundamental. As Al becomes integral to software
development, requirements emerge through human—Al interaction. Traditional
RE practices cannot systematically govern this emergence. Organizations adopt
powerful generative tools without correspondingly powerful governance
structures. Emergence occurs everywhere, yet systematic management occurs
nowhere.

FAIRE provides the architecture this gap demands. Its mathematically
grounded mechanisms detect novel behaviors in Al-generated artifacts, measure
requirement set drift, govern transitions through explicit states, trace every
requirement to its origins, and constrain evolution within acceptable bounds
through formal invariants. We confirmed its effectiveness empirically across all
three studies reported in Section 5. Nevertheless, these results reflect the specific
context of this study. They should not be generalized beyond the sampled
population without replication.

What remains constant is the need for accountability. When Al generates,
humans must govern. When requirements emerge, they must be traced. When
systems fail, origins must be known. The FAIRE Framework ensures that as Al
transforms software engineering, it does so within architectures of
accountability. These architectures preserve the human judgment at the heart of
requirements engineering.
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Abstract

The manual verification of identity document portraits against international
standards remains a labor-intensive and error-prone process, limiting scalability in
high-volume digital identity workflows. This paper presents an automated, open-source
compliance validator that programmatically enforces ICAO Doc 9303 and ISO/IEC
19794-5 requirements for ID portrait photographs. The proposed system integrates
MediaPipe's modern Tasks API for robust face landmark extraction, geometric rule-
based checks for head-to-frame ratio (70-80%), eye-line positioning (50-60% from
top), and head pose tolerance (+10°), alongside environmental assessments for
background uniformity and lighting consistency. A modular, thread-safe architecture
enables dual deployment: a stateless Flask REST API for system integration and a
cross-platform Tkinter graphical interface for interactive validation, both producing
structured JSON reports with per-check status, quantitative metrics, and actionable
recommendations. Evaluation on an expanded, curated dataset of 980 portrait images
across three difficulty tiers demonstrates high precision (0.97) and recall (0.95) for
overall compliance detection, with average end-to-end latency of 225 + 22 ms on CPU
hardware. The validator reduces manual review overhead by >85% while maintaining
full auditability through ephemeral, privacy-preserving processing. By bridging
standards-aligned rule enforcement with production-ready deployment, this work
provides a reproducible, offline-capable foundation for scalable identity photography
workflows in resource-constrained environments.

Keywords: ICAO Compliance, ISO 19794-5, Portrait Validation, Face
Landmarks, Automated Quality Control, MediaPipe Tasks API, Flask REST API

Introduction

The global expansion of digital identity ecosystems has intensified demand for
automated, standards-compliant portrait photography workflows. International
specifications such as ICAO Doc 9303 [1] and ISO/IEC 19794-5 [2] define stringent
requirements for identity document photographs, including precise head-to-frame
ratios (70-80% of image height), eye-line positioning (50-60% from the top edge),
head pose tolerance (£10° yaw/pitch/roll), background uniformity, and minimum
resolution (600x600 pixels at 300 DPI equivalent). Manual verification of these criteria
remains labor-intensive, subjective, and prone to inconsistency, particularly in high-
volume enrollment scenarios or resource-constrained environments where specialized
photographic expertise may be unavailable [3].
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Recent advances in computer vision and deep learning have enabled automated
background removal, face detection, and geometric alignment [4]-[6]. However, most
existing solutions address isolated subtasks—such as semantic segmentation via U2-
Net [7] or landmark-based face centering [8]—without integrating rule-based
compliance validation into a cohesive, reproducible pipeline. Commercial APIs and
proprietary desktop tools often operate as black boxes, limiting transparency,
customization, and offline deployment [9]. Furthermore, few systems provide
structured, machine-readable reports that support auditability, batch processing, or
seamless integration into larger identity verification workflows.

To address these gaps, this paper presents an automated, open-source compliance
validator that programmatically enforces ICAO/ISO portrait requirements using
modern, accessible tooling. The proposed system leverages MediaPipe's Tasks API
[10] for robust, thread-safe face landmark extraction, followed by geometric rule-based
checks for head ratio, eye position, and pose estimation, alongside environmental
assessments for background uniformity and lighting consistency. A modular
architecture enables dual deployment: a stateless Flask REST API for system
integration and a cross-platform Tkinter graphical interface for interactive validation,
both producing structured JSON reports with per-check status, quantitative metrics, and
actionable recommendations.

The primary contributions of this work are as follows:

1. A rule-based compliance engine with configurable ICAO/ISO thresholds,
implemented as a reusable, thread-safe Python class.

2. Integration of MediaPipe's modern Tasks API for robust landmark extraction,
eliminating dependency on legacy inference wrappers.

3. Dual-deployment framework supporting both interactive desktop validation
and programmatic API access, with shared core logic.

4. Structured metadata reporting with actionable recommendations, enabling
auditability and reducing manual review overhead.

5. Comprehensive evaluation on an expanded, diverse dataset of 980 portrait
images, demonstrating high precision (0.97) and recall (0.95) for overall
compliance detection.

The remainder of this paper is organized as follows. Section Il reviews related
work in portrait segmentation, face alignment, and automated compliance checking.
Section 111 details the system architecture and core methodology, including landmark
extraction, geometric checks, and environmental assessments. Section IV outlines
implementation specifics, software dependencies, and optimization strategies. Section
V presents experimental results, quantitative evaluations, and compliance assessments.
Section V1 discusses limitations and potential mitigations, while Section V11 concludes
the study and outlines directions for future research.
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Related Work

The automation of identity document photography has evolved from heuristic
image processing to deep learning-driven pipelines. However, significant gaps remain
in end-to-end standards compliance, rule-based validation transparency, and
production-ready deployment. This section reviews prior approaches across four
dimensions: traditional compliance checking, deep learning for portrait analysis,
commercial validation services, and the positioning of the proposed work.

Traditional and Heuristic Compliance Checking

Early automated ID photo systems relied on rule-based techniques such as
chroma-key thresholding, edge detection, and manual region-of-interest (ROI)
cropping [1], [2]. While computationally lightweight, these heuristic methods struggle
with complex lighting, non-uniform backgrounds, and fine hair boundaries, often
requiring manual post-processing to meet International Civil Aviation Organization
(ICAO) specifications [3]. Commercial desktop tools improved usability through
graphical interfaces but remained closed-source, cost-prohibitive, and incapable of
dynamic compliance verification without user intervention [4]. Furthermore, traditional
pipelines lack automated rule enforcement for head-to-frame ratios, eye-line
positioning, and pose tolerances, leaving compliance validation entirely to human
inspectors.

Deep Learning for Portrait Analysis

The introduction of convolutional neural networks significantly advanced
foreground-background separation and facial landmark localization. U-Net
architectures established a strong baseline for biomedical segmentation, later adapted
for portrait matting via nested structures [5]. Open-source ecosystems have wrapped
U-Net variants into accessible inference pipelines, enabling plug-and-play background
removal without custom training [6]. While transformer-based models offer zero-shot
generalization, their computational overhead and lack of portrait-specific optimization
make them less suitable for lightweight compliance workflows [7]. Modern face
detection libraries (e.g., dlib, MTCNN, MediaPipe) improve landmark precision and
centering accuracy [8], [9], yet most academic implementations stop at detection
without integrating downstream rule-based compliance logic. Consequently, advanced
segmentation and alignment models are rarely coupled with automated standards
validation.
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Commercial and Cloud-Based Validation Services

Recent commercial APIs and cloud platforms offer automated portrait cropping,
background replacement, and basic quality scoring. These services achieve high
accuracy but operate as opaque black boxes, limiting transparency, customization, and
offline deployment [10]. Subscription-based pricing, network dependency, and rate
limiting further restrict scalability in institutional or resource-constrained
environments. Crucially, most commercial tools do not expose structured compliance
metadata, audit trails, or configurable thresholds aligned with ICAO Doc 9303 or
ISO/IEC 19794-5, forcing organizations to rely on manual verification for regulatory
adherence.

Positioning of This Work

Unlike prior approaches that isolate segmentation, alignment, or quality
assessment, this paper introduces a cohesive, open-source compliance validator that
integrates modern landmark extraction, geometric rule enforcement, and environmental
checks within a single framework. By providing both a cross-platform desktop interface
and a stateless REST API, the system bridges research-grade computer vision with real-
world deployment requirements. The proposed validator addresses the fragmentation,
opacity, and inflexibility of existing solutions by delivering transparent, configurable,
and offline-capable compliance checking.

Table 1 Comparison of Compliance Validation and Standardization Approaches

Method Open Offline Rule Compliance Deployment
Source | Capable | Transparency | Coverage Type

Thresholding/Chroma- Yes Yes High Low Desktop CLI

Key

Commercial ID Software | No Yes Low Medium Closed GUI
(Manual)

Cloud APIs (e.g., No No None High (Black- Cloud REST

remove.bg) box)

U-Net / DeeplLab Scripts | Yes Yes Medium Low (Detection | Research
only) Code

Proposed Validator Yes Yes High High GUI +
(Configurable) | REST API

System Architecture & Methodology

The proposed system implements a deterministic, rule-based validation pipeline
that transforms raw portrait photographs into structured compliance assessments.
Unlike generative or corrective pipelines that modify input images, this architecture
focuses on precise measurement, threshold enforcement, and audit-ready reporting. The
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methodology integrates modern neural landmark extraction, classical geometric
analysis, and environmental image statistics within a modular, thread-safe framework.
This section details the standards mapping, processing sequence, core validation
algorithms, and deployment architecture.

Standards Reference: ICAO Doc 9303 & ISO/IEC 19794-5

International identity document photography is governed by stringent biometric
and compositional requirements. ICAO Doc 9303 [1] and ISO/IEC 19794-5 [2] specify
that portrait photographs must maintain a head-to-frame ratio between 70% and 80%
of the image height, with the eye line positioned at 50% to 60% from the top edge.
Head pose deviations must not exceed £10° in yaw, pitch, or roll to ensure frontal
visibility of biometric features. Backgrounds must be uniform, light-colored, and free
of shadows or patterns, while illumination must be even, avoiding harsh contrasts or
backlighting that obscure facial landmarks. The proposed validator translates these
qualitative guidelines into quantifiable computational metrics, enabling automated,
reproducible compliance checking without manual intervention.

Overall Validation Workflow

The pipeline operates as a sequential, stateless processing chain. Given an input
image, the system first validates resolution and aspect ratio against minimum thresholds
(600x600 pixels). A MediaPipe-based face detector then isolates the primary facial
region and extracts 478 3D facial landmarks. These coordinates serve as the foundation
for geometric proportion calculations, while the original pixel data undergoes
environmental analysis for background uniformity and lighting consistency. Each
check produces a structured status flag (PASS/FAIL), quantitative metric, and
threshold comparison. Results are aggregated into a compliance verdict, with failed
triggers mapped to actionable remediation steps. The final output consists of a machine-
readable JSON report and an annotated preview image highlighting compliance
boundaries and alignment guides.
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Figure 1 End-to-End Compliance Validation Workflow

Core Compliance Engine

The validation logic is encapsulated within a modular engine that decouples
inference from presentation layers. All checks operate independently but share a unified
configuration interface, enabling parameter tuning for regional or institutional
standards.

1. Face Detection & Landmark Extraction

Robust facial localization is achieved using the MediaPipe Tasks API

FaceLandmarker model [3], which provides 478 precise 3D facial

coordinates normalized to the image frame. The inference engine runs in a

thread-safe manner using a synchronization lock, allowing concurrent

processing across GUI and API interfaces without race conditions. Unlike
heuristic detectors, the neural landmarker maintains high accuracy across
diverse skin tones, lighting conditions, and mild occlusions. If no face is
detected or multiple faces are present, the pipeline immediately flags the
input as non-compliant and logs a structured warning.

2. Geometric Checks

Geometric compliance is evaluated through three primary metrics derived

from normalized landmark coordinates:

o Head-to-Frame Ratio: Calculated as the vertical distance between
landmark 10 (top of head) and landmark 152 (chin), divided by total
image height. Values outside the 0.70-0.80 range trigger a framing
violation.
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o Eye Line Position: Determined by averaging the Y-coordinates of the
left eye (landmark 33) and right eye (landmark 263), then
normalizing by image height. The compliant zone spans 0.50-0.60
from the top edge.

o Head Pose Estimation: To eliminate the inaccuracies of heuristic
approximations, exact 3D head pose is now computed using OpenCV'’s
cv2.solvePnP algorithm. The system maps a subset of MediaPipe’s 3D
facial landmarks (e.g., nose tip, chin, and bilateral eye corners) to a
canonical 3D face model. By solving the Perspective-n-Point problem,
the pipeline extracts precise Euler angles (yaw, pitch, and roll). This
deterministic approach ensures strict adherence to the +10° ICAO
tolerance limits, significantly reducing false rejections caused by
heuristic drift.

3. Environmental Checks
Portrait quality extends beyond facial proportions to encompass capture
conditions. Background uniformity is assessed by sampling the outer 10%
border region of the image, converting it to grayscale, and computing pixel
intensity variance. A variance threshold of <150.0 ensures the absence of
distracting patterns, shadows, or gradients. Lighting consistency is
evaluated using global grayscale mean intensity (target range: 80—200) and
contrast standard deviation (target range: 20-120), effectively flagging
underexposed, overexposed, or high-contrast captures that violate ICAO
illumination guidelines.

4.Recommendation Generator
To bridge the gap between technical validation and user action, the system
maps each failed check to a human-readable remediation directive. For
example, a head ratio violation triggers "Adjust subject distance or crop to
achieve 70-80% head-to-frame ratio,” while a background failure
recommends "Use uniform, light-colored background without shadows or
patterns." These recommendations are dynamically compiled and
embedded directly into the JSON report and GUI display.

Dual-Deployment Framework
The methodology is implemented across two complementary interfaces to
support both interactive verification and automated system integration:
1. Desktop GUI: Built with Tkinter and ttk, the application features an intuitive
canvas for image preview, one-click validation, and collapsible report panels.
Heavy inference tasks are delegated to daemon threads to maintain Ul
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responsiveness, while structured logging captures processing metadata for
audit trails.

2. RESTful API: The Flask-based backend exposes stateless endpoints
(/api/vl/validate) supporting multipart file uploads and Base64-encoded
payloads. CORS npolicies, payload size limits, and environment-driven
configuration ensure production readiness. Each response includes a
comprehensive JSON payload containing check statuses, quantitative metrics,
compliance verdicts, and a Base64-encoded annotated image for visual
verification.

Implementation Details

This section details the software architecture, computational optimizations,
robustness mechanisms, and deployment configurations that enable the compliance
validator to operate efficiently across both interactive desktop and scalable web
environments. The implementation prioritizes modularity, hardware accessibility, and
production-grade reliability, ensuring seamless integration into institutional identity
workflows.
Software Stack & Core Dependencie

The system is implemented in Python 3.10+, leveraging a curated combination
of computer vision, deep learning, and application frameworks. Facial landmark
extraction is powered by the MediaPipe Tasks APl FaceLandmarker model [1], which
replaces legacy inference wrappers with a modern, thread-safe architecture. Matrix
operations and geometric checks are handled by OpenCV and NumPy, while
PIL/Pillow manages high-level image rendering and GUI canvas updates. The desktop
interface is constructed using Tkinter with ttk theming, and the REST API is deployed
via Flask and flask-cors for cross-origin compatibility [2], [3]. Optional dependencies
are gracefully managed via conditional imports, ensuring the validator remains
functional in constrained or air-gapped environments. All external models are auto-
provisioned on first execution from Google’s official CDN, eliminating manual setup
requirements.

Computational & Memory Optimizations

To maintain responsive performance on consumer-grade hardware, several
optimization strategies are embedded throughout the pipeline. Input images are
dynamically pre-scaled to a maximum dimension of 1024 pixels prior to inference,
significantly reducing memory consumption and landmark detection latency without
compromising geometric measurement accuracy [4]. The MediaPipe landmarker
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session is initialized once and cached via a singleton pattern, avoiding redundant weight
loading across consecutive GUI or API requests. All annotation resizing operations
exclusively utilize Lanczos-4 interpolation, which preserves high-frequency boundary
details during preview generation. In the desktop interface, heavy inference and 1/O
tasks are delegated to daemon threads with real-time progress callbacks, preventing
main-thread Ul blocking. The API employs a stateless request-response model with
configurable execution timeouts and strict payload limits (50 MB) to sustain throughput
under concurrent load, while temporary files are explicitly deleted post-processing to
prevent disk exhaustion.

Furthermore, the integration of cv2.solvePnP for pose estimation is optimized by
caching the canonical 3D model points in memory, ensuring that the iterative pose
refinement process adds negligible latency to the overall pipeline.

Robustness, Fallback Mechanisms, & Logging

Production reliability is enforced through multi-layered error handling and
graceful degradation. A structured ErrorLogger class implements timestamped, UTF-8
encoded file logging with simultaneous console output, capturing full tracebacks,
parameter states, and processing milestones for auditability [5]. If MediaPipe fails to
detect a face or returns insufficient landmark confidence, the pipeline immediately flags
the input as non-compliant, logs a structured warning, and skips downstream geometric
checks to prevent cascading errors. The API validates all incoming payloads, enforces
MIME-type restrictions, and returns structured JSON error responses with explicit
categorization (e.g., validation_failed, system_error, payload_too_large). Thread-safe
inference is guaranteed via a synchronization lock (threading.Lock) that serializes
.detect() calls across concurrent Flask workers and GUI callbacks, eliminating race
conditions without sacrificing throughput. Configuration mismatches and version-
specific APl changes are intercepted via dynamic TypeError and AttributeError
handling, ensuring backward compatibility across MediaPipe updates.

Standards-Aligned Configuration Management

The validator is explicitly engineered to align with international identity
document specifications, particularly ICAO Doc 9303 [6] and ISO/IEC 19794-5 [7]
guidelines. All compliance thresholds are centralized within a ComplianceConfig
dataclass, enabling parameter tuning for regional or institutional standards without code
modification. Configuration is deployed identically across both interfaces: the GUI
exposes real-time parameter controls via structured input fields, while the API
leverages environment variables and a centralized Config class for deployment-
agnostic  settings  (e.g., HEAD_RATIO_MIN, BG_VAR_THRESHOLD,
MAX_POSE_DEG). All presets are validated against strict enumerations to prevent

60 Gharyan Journal of Technology (2026), 1(12), 51-67



Mohanned Naji Albibas.

malformed outputs, and metadata reporting ensures full traceability of applied
thresholds, model versions, and processing latency. This configuration-driven
architecture supports reproducibility, automated compliance auditing, and seamless
integration into larger biometric preprocessing pipelines.

Experimental Results & Evaluation

This section presents the quantitative and qualitative evaluation of the proposed
compliance validator across rule-based accuracy, processing latency, system
scalability, and alignment with ICAO/ISO identity document standards. All
experiments were conducted to validate the pipeline's suitability for production-grade
identity verification workflows and to benchmark its performance against manual
inspection baselines.

Experimental Setup & Dataset

The system was evaluated on a workstation equipped with an Intel Core i7-
12700K CPU, 32 GB RAM, and an NVIDIA RTX 3060 12 GB GPU, running Ubuntu
22.04 LTS with Python 3.10, OpenCV 4.8.0, and MediaPipe 0.10.14. To ensure
statistical significance and robust representation of edge cases, the dataset was
expanded to 980 portrait images. This expanded corpus was assembled from public
repositories and controlled captures.To ensure statistical significance and robust
representation of edge cases, the dataset was expanded to 980 portrait images. This
expanded corpus was assembled from public repositories and controlled captures,
specifically augmenting the "Hard" tier with diverse demographic variations, extreme
lighting conditions, and complex occlusions (e.g., thick-rimmed eyewear, fine hair
boundaries), spanning diverse lighting conditions (studio, natural, low-light),
background complexities (uniform, cluttered, patterned), and subject variations
(frontal, slight tilt, eyewear, facial hair). Images were partitioned into three difficulty
tiers: Easy (plain backgrounds, frontal poses), Medium (textured backgrounds, mild
occlusions), and Hard (complex lighting, fine hair boundaries, non-uniform
illumination).. Evaluation metrics included per-check precision/recall, end-to-end
validation latency, peak memory consumption, and compliance accuracy against a
manually annotated ground-truth set verified by certified 1D photography auditors.

Quantitative Validation Performance

Processing accuracy was measured across each compliance rule, with MediaPipe
landmark extraction serving as the foundation for geometric checks. As shown in Table
2, the validator achieves high precision and recall across all dimensional and
environmental checks. Geometric rules (head ratio, eye position) demonstrate robust
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performance due to the stability of normalized landmark coordinates, while
environmental checks (background variance, lighting mean/contrast) exhibit slightly
lower recall in Hard-tier images with extreme backlighting or low-contrast
backgrounds. Pre-scaling inputs to a maximum of 1024 pixels reduced peak RAM
usage by 34% and improved CPU throughput by 1.9x without degrading measurement
accuracy.

Table 2 Per-Check Compliance Validation Metric

Compliance Check Precision Recall F1-Score Avg. Latency (ms)
Resolution 1.00 1.00 1.00 <1

Head Ratio 0.97 0.95 0.96 467

Eye Position 0.96 0.94 0.95 43+6

Head Pose 0.98 0.97 0.97 65+ 10
Background 0.94 0.92 0.93 395

Lighting 0.95 0.93 0.94 365

Overall 0.97 0.95 0.96 225+ 22

Qualitative Assessment & Annotation Fidelity

Visual evaluation confirms the pipeline's ability to generate interpretable
compliance feedback across challenging capture conditions. The annotated preview
images accurately overlay head bounding boxes, eye-alignment guides, and status
indicators without obscuring critical facial features. In cases where exact 3D pose
estimation via solvePnP approached tolerance boundaries, the system consistently
flagged deviations and provided actionable cropping/positioning recommendations.
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Validation Report Annotated Preview

il OVERALL: NON-COMPLIANT: 4 check(s)
failed

X Resolution: Below min resolution
Face Detection: Single face detected
X Head Ratio: Head ratio: 38.7% (ICAO:
70-80%)
X Eye Position: Eye line: 24.4% from top
ICAO: 50-60%)

Head Pose: Yaw: ©.1°, Pitch: 4.6°,
Roll: -1.5°
X Background: Background variance: 9101
Lighting: Mean: 148, Contrast: 87
@ RECOMMENDATIONS:
* Adjust subject distance or crop to
achieve 70-80% head-to-frame ratio.
* Reposition subject so eyes align at
50-60% from top edge.
¢ Use uniform, light-colored background
without shadows or patterns.

Figure 2 Representative Compliance Validation Outputs

API Throughput & System Scalability

The Flask REST API was stress-tested using Locust to simulate concurrent
request loads under varying hardware configurations. Under a 50 MB payload limit and
stateless session architecture, the API sustained an average throughput of 8.4
requests/second on CPU and 22.1 requests/second on GPU, with p95 latency
maintained below 2.4 seconds. The Tkinter GUI maintained sub-100 ms Ul response
times during batch validation via daemon threading, successfully processing directories
of 200+ images without event-loop blocking or memory leaks. Structured JSON
metadata responses enabled precise client-side tracking of rule statuses, processing
duration, and applied thresholds, facilitating seamless integration into larger identity
verification pipelines.

Failure Case Analysis & Error Breakdown

To provide deeper insights into system limitations and guide future iterations, a
gualitative failure analysis was conducted on the misclassified samples from the
expanded 980-image dataset. The analysis categorizes failures into three primary
domains:

1. Landmark Occlusion & Ambiguity: Approximately 4% of false-negative
rejections occurred in images featuring thick-rimmed eyewear or heavy facial
hair, which obscured critical landmarks (e.g., landmarks 33 and 263 for eye-
line calculation). This caused the solvePnP algorithm to miscalculate the pitch
angle, triggering a false pose violation.

2. Extreme lllumination Gradients: While the background variance check
successfully filters uniform shadows, extreme directional backlighting (e.g.,
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strong window light from behind) caused localized overexposure on facial
boundaries. This occasionally led to the head-to-frame ratio miscalculation, as
the landmark extraction struggled with low-contrast jawline boundaries.

3. Non-Frontal Gaze vs. Head Pose: The current iteration strictly measures head
orientation (yaw/pitch/roll) but does not decouple it from gaze direction. In
cases where subjects maintained a perfectly frontal head pose but directed their
gaze sharply downward or to the periphery, the system correctly flagged the
image based on ICAO biometric requirements, though the specific failure
metadata now explicitly distinguishes between "Pose Deviation" and "Gaze
Deviation™ to aid user remediation.

This granular error breakdown ensures that the structured JSON reports provide
actionable, context-aware feedback rather than generic failure states, directly
addressing the root causes of non-compliance.

Standards Compliance Validation

Output validation was conducted against ICAO Doc 9303 [1] and ISO/IEC
19794-5 [2] photographic requirements. All geometric thresholds were
programmatically enforced, with the system achieving an average head-to-frame ratio
of 72% + 6% and eye-line positioning at 54% + 4% from the top edge across compliant
inputs. Background uniformity was validated via grayscale variance sampling, with
91% of compliant portraits maintaining variance <150.0, confirming adherence to light-
background specifications. Lighting consistency checks effectively filtered 18% of
Hard-tier inputs exhibiting underexposure or high-contrast shadows that would fail
automated biometric extraction. While the validator successfully automates
dimensional, positional, and environmental compliance checking, the recent integration
of exact 3D head pose estimation via cv2.solvePnP has achieved sub-degree validation
accuracy. Future iterations will build upon this foundation by incorporating automated
gaze direction tracking and illumination uniformity mapping, as recommended in
recent biometric framing literature [3], [4].

Discussion & Limitation

The proposed compliance validator demonstrates that rule-based geometric
analysis, when integrated with modern neural landmark extraction and dual-interface
deployment, can effectively automate identity document photography verification. By
unifying MediaPipe face detection, configurable ICAO and I1SO threshold enforcement,
and structured metadata reporting into a single architecture, the system addresses key
fragmentation points in existing workflows. The dual-interface design ensures
accessibility across both end-user and developer contexts, while thread-safe inference
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and graceful fallback mechanisms enhance operational reliability in production
environments.

Despite these strengths, several limitations warrant consideration. First, while
exact 3D head pose is now accurately computed via solvePnP, the system does not yet
decouple head orientation from gaze direction. Subjects may maintain a perfectly
frontal head pose but direct their gaze sharply downward or to the periphery, which
violates ICAO biometric requirements but currently passes the strict pose check.
Second, the MediaPipe face landmarker exhibits reduced confidence under extreme off-
axis poses, heavy occlusions, or low-resolution inputs, potentially triggering false-
negative compliance flags. Third, the system does not yet enforce automated validation
of gaze direction or illumination uniformity, which are critical components of
international biometric photography standards. Finally, CPU-only inference latency
may constrain high-throughput batch processing in resource-limited deployments
without GPU acceleration or model quantization.

These limitations are mitigated through structured error handling, configurable
tolerance thresholds, and transparent compliance reporting. When landmark detection
fails, the pipeline immediately logs a structured warning and returns a non-compliant
verdict rather than producing unreliable measurements. The modular architecture also
enables seamless substitution of detection engines or integration of advanced pose
estimation libraries without disrupting the core validation logic. Privacy and ethical
considerations are addressed through ephemeral processing: all image data remains in
memory during inference, no biometric templates are stored, and structured logs
capture only metadata and compliance flags, making the system suitable for privacy-
compliant identity workflows.

Conclusion & Future Wor

This paper presented an automated, open-source compliance validator that
programmatically enforces international requirements for identity document portraits.
By integrating the modern MediaPipe Tasks APl with rule-based geometric checks,
environmental assessments, and actionable recommendation generation, the system
bridges the gap between research-grade computer vision and production-ready identity
verification pipelines. The dual-deployment architecture, featuring a cross-platform
desktop interface and a stateless REST API, ensures broad accessibility, while
structured JSON reporting and thread-safe inference support auditability and
scalability. Evaluation across a curated dataset demonstrated high overall compliance
detection accuracy with sub-second processing latency, validating the pipeline
suitability for institutional and resource-constrained environments.

Future work will focus on three primary directions. First, building upon the
recently integrated cv2.solvePnP pose estimation, future iterations will decouple head

65 Gharyan Journal of Technology (2026), 1(12), 51-67



Mohanned Naji Albibas.

orientation from gaze direction tracking using specialized iris-segmentation models to
achieve full regulatory adherence regarding eye openness and gaze alignment.. Second,
model optimization through ONNX export, INT8 quantization, and TensorRT
compilation will enable real-time inference on edge devices and low-power hardware.
Third, the system will be containerized with Docker and extended with Kubernetes
orchestration to support elastic cloud scaling, multi-tenancy, and regional identity
preset libraries. Additional enhancements include lightweight transformer-based
detectors for fine-boundary preservation, automated DPI and color-space conversion
for print readiness, and multi-language interface localization.

The modular, well-documented nature of this validator positions it as a
foundational component for next-generation biometric preprocessing, automated
document verification, and accessible digital identity systems. By open-sourcing the
architecture and deployment frameworks, this work aims to accelerate research and
industry adoption of standardized, Al-driven portrait compliance workflows.
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Abstract

The present work investigates the effect of heat input on the stainless steel welded
tube joints using TIG welding technology. Three different heat input of 0.42 kj/mm,
0.48 kj/mm and 0.54 kj/mm have been applied on 3 mm of AISI 316 stainless steel tube
to obtain the optimum weld characteristic. Metallographic investigation carried out to
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study all welding regions using optical microscope. Moreover, mechanical properties
in terms of hardness, tensile strength and impact were conducted to examine the joint
integrity. Results showed that the tensile strength increased with increasing the welding
current up to stress value of 554 MPa, and then start decreasing. Higher hardness of 80
HRB were observed at HAZ compared to the weld zone.

The results of this work also indicated that joint welded by medium heat input of
0.48 kj/mm, exhibited highest tensile strength of 554 Mpa compared to 0.42 kj/mm
with tensile strength of 502 Mpa and 0.54 kj/mm with tensile strength of 525Mpa. The
absorbed energy result showed similar trend to tensile strength with highest absorbed
of 270 J at medium heat input of 0.48 kj/mm. Lower absorbed energy was recorded
of 150 j and 110 J for heat input of 0.42 kj/mm, 0.54 kj/mm, respectively. This could
be attributed to relatively finer dendritic size and adequate amount of sigma phase and
chromium carbide formation. Result showed that higher heat input led to coarsen the
grain size structure and consequent impact on the mechanical properties.

Consequently, a heat input of 0.48 kJ/mm was determined to be optimal, yielding
high-integrity, defect-free joints with improved mechanical properties.

Keywords: Austenitic stainless, Gas Tungsten arc welding( GTAW), mechanical
properties, Microstructure, heat input.

1. Introduction

Stainless steel has been considered as a very good resistance to general and
localized corrosion due to their chromium content. AISI 316 stainless steel type is one
kind of the austenitic stainless steels which widely used in various engineering
applications due to their excellent properties of high strength, toughness, and corrosion
resistance [1].

Gas tungsten arc welding (TIG) is the most common technique used to join
stainless steel structures. TIG produces an arc between a non - consumable tungsten
electrode and the work piece. An inert gas shields the arc, electrode and molten pool
from atmospheric contamination. TIG welding is a popular technique for joining thin
materials in the manufacturing industries; it achieves a high-quality weld for stainless
steels and non - ferrous alloys. The properties of welds in austenitic steels in general
differ from those of the base metal due to, precipitation, austenite decomposition and
Segregation of elements during solidification [2]. This process can bring about local
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changes in the microstructure, which may later influence corrosion resistance and
mechanical properties [3].

There are some welding process problems, which affect the quality and property
of welded joint in the welding of 316 stainless steel. The problems such as hot cracking,
carbide precipitation phase and sigma phase can reduce significantly the mechanical
properties of these welded joints. Selection of suitable welding parameters and proper
material is so important to control the mentioned problems. Therefore, there is a need
to find the optimization heat input of TIG welding process on 316 stainless steel to
reduce welding defects and to achieve better mechanical properties. The influences of
heat input as consequence of welding current on the morphology, microstructure of
welded joints of 316 stainless steel sheets have been studied. This study aims to
systematically evaluate the influence of heat input during TIG welding on the
microstructural evolution and consequent mechanical properties of AlSI 316 stainless
steel tube joints.

Navid et al [4] investigated the effect of welding current parameter on the 316
stainless steel pipe welded joints using TIG welding process. Tensile test and Vickers
hardness carried out for each operation condition. It has been reported that as the
welding current increased the heat input also increased resulting in lower chromium
carbide and higher sigma phase formation in the welded joints. The results indicated
that embrittlement of the stainless steel increased with the formation of sigma (o) phase,
and it were concluded that at specific welding current, the sigma phase distribution and
the carbides precipitation phase resulted in lower hot cracking in the weld zone and
HAZ.

The effect of the heat input on the produced weld microstructure and the
mechanical properties of TIG welded AISI 316 stainless steel joints was studied by
Karthick et al [5]. TIG welding process was conducted at three levels of heat input of
2.563, 2.784 and 3 KJ/mm. It has been concluded that heat input has dramatically effect
on the UTS, hardness and the microstructure. It has been also reported that tensile
strength was increased from 495 MPa to 637 MPausing the medium heat input welding
process.

Ahmed et al. [6] investigated the effect of heat input on the microstructure and
mechanical properties of AISI 316 stainless steel plates using three different welding
currents of 80 A, 100 A, and 130 A. Their results showed that both the ultimate tensile
strength (UTS) and yield strength decreased with increasing heat input. This reduction
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in strength was attributed to grain coarsening in the weld zone and heat-affected zone
(HAZ). Furthermore, it was concluded that the hardness values in the weld zone were
significantly lower than the base metal and HAZ, owing to the increased grain size in
the weld zone with increasing heat input.It is clearly indicated that, increasing the heat
input decreases the cooling rate of the welding zone. Consequently, the welding
temperature was above the austenite transformation temperature and the grains grew to
form overheated coarse grain structure. The hardness values were decreased with
increasing the heat input. The highest hardness value was obtained at sample made at
80A.

TIG welding parameters including filler metal and applied current were evaluated
of welded joints made from 304 and 304L stainless steels by characterizing the
microstructure and mechanical properties by Rasha et al [7]. Two different currents of
70A and 80A and two dissimilar filler electrodes of ER304 and ER 309 were used.
Result showed that specimen made 80A with ER304 exhibited maximum tensile
strength of 692 Mpa and accordingly selected as the optimum operation condition.
Microstructure results showed the formation of dendritic structure of homogeneously
distributed ferrite and austenite at the weld zone.

2. Experimental work

2.1Materials

AISI 316 stainless steel tubes with diameter of 30mm and 3mm thickness were
used as a base material. Table (1) shows the chemical composition of the base material.
Filler wire solid electrode of ER316 with 1.5 mm diameter was used.

Table (1) Chemical Composition of 316 Stainless Steel Tube in W1t%.

Element Fe C Si Mn P S Cr | Mo | Ni N
Balance

wt (%) 66.2 | 0.11|0.254| 1.65| 0.007 | 0.008 | 17.2 | 2.12 | 11.5 | 0.192

2.2 Operation conditions

The steel tube was sectioned into six pieces. Full penetration VV-groove with grove
angle of 30> was machined. Then, welding carried out using GTAW process at low,
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medium and high heat inputs. Three different heat inputs were selected corresponding
to different currents of 70A,80A and 90A of low, medium and high heat input
,respectively. All welding processes performed at Tajora welding center using TIG
welding process. Visual inspection was carried out during and after welding processes
to ensure that all welds performed with good integrity and defects free. Samples
designated as LH (low heat), MH (medium heat) and HH (high heat). Figure (1) shows
the welded samples under different levels of heat inputs after TIG process. Each
specimen was welded under specified operating conditions and then cut into strips for
further investigation. Gas Tungsten Welding parameters are giving in Table (2) a and

b.

Table (2) a. Welding parameters

Welding type TIG
Shielding gas Argon
Tungsten electrode 2.4
Filler ER 316

Table (2) b. Welding parameters

Heat input Heat input value Welding Welding
rang (KJ/mm) (KI/mm) current (A) voltage (V)
Low heat 0.42 70 12
Medium heat 0.48 80 12
High heat 0.54 90 12

72

Gharyan Journal of Technology (2026), 1(12), 68-84




Hasan Haji

Figure (1) 316 Stainless steel welded specimens

2.3 Characterization

2.3.1 Metallography testing

For microstructural characterization, three specimens were sectioned from each
heat-input condition. All specimens were extracted perpendicular to the welding
direction to ensure consistent observation of the weld zones. The samples were
prepared using standard metallographic procedures, involving sequential grinding with
silicon carbide papers of grit sizes ranging from 200 to 1000, followed by polishing
with alumina suspensions of 9 um, 6 um, and 3 pum to achieve a mirror-like surface
finish.

Subsequently, the polished specimens were etched at room temperature using a
mixed acid solution composed of hydrochloric acid (HCl), nitric acid (HNOs), and
glycerin to reveal the microstructural features.

2.3.2 Mechanical tests

Different tests has been conducted including tensile test, charpy test, and
microhardness. Three tensile test samples of each heat input condition were machined
in accordance to ASTM A370-05 (E8) standard as shown in Figure (2)[8].
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Figure (2) Tensile test standard sample [ASTM-ES8]

A hardness measurements were taken for each condition on the base metal zone,
heat affected zone (HAZ) and weld zone (WZ) using Rockwell hardness. Three
measurements were taking for each welding region. Two specimens of each heat input
were also prepared for Charpy test in accordance to ASTM standards as illustrated in

Figure(3).
25mm
;(0 09 8 in. )

10
s j_[]
| E2mm

Figure (3) Standard subsize charpy specimen [ASTM A370-05]

3.1 Microstructure result

Figure (4) shows the microstructure of the optical welding regions of the sample
welded at low heat input of 0.42KJ/mm. Figure (4 a) shows a typical micrograph of
base metals. The morphology of the base material can be observed, which is evidence
of the austenitic microstructure of AISI 316 stainless steel, forming what is known as
twinning upon thermal and mechanical treatment. Weld samples can be divided into
three zones of weld metal zone, heat affected zone and unaffected zone.
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Figure (4) Optical microstructure of sample welded at 0.42 kj/mm, a)
Base metal microstructure, b) HAZ microstructure (magnification of 400 )

Figure (4 b) displays HAZ optical microstructure. HAZ region is next to the
metal weld zone that does not melt and is heated to a high enough temperature for
sufficient time for grain to grow. Peak temperature cycles, time interval at higher
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temperature and the subsequent cooling rate have significant effect on the grain size
and consequent properties.

Figure (5 a) displays the microstructure of the fusion boundary of the melt weld
metal(WM) region, which is a mixture of base metal and filler material and the HAZ.
According to the temperature distribution from the weld center to the base metal, the
microstructure could be divided into three regions; namely fusion zone, over heated
zone, fine grain and unaffected zone. The temperature in the fusion zone is between
solidus and liquidus. Further away from the weld zone, the temperature in the
overheated zone remained above the austenite formation threshold for a prolonged
period, resulting in significant grain growth. Relatively smaller grains were formed
between the overheated zone and the base metal due to high cooling rates.

Figure (5b), presents the welded region. The welding microstructure various from
dendritic structure at the weld center to columnar dendritic and then to dendritic again
toward the HAZ. The microstructure consists of austenite with some dispersions of
delta ferrite delineated by twinning lines.
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Figure (5) Optical microstructure of weld joint welded at 0.42 KJ/mm,

a)Fusion/HAZ boundaries microstructure, b) Fusion weld metal zone
microstructure (magnification of 400)

Figure (6a), shows an optical microscope of weld zone of sample made at 0.48 kj
/mm (80A), which found to consist of ferrite and austenitic structure containing varying
amounts of delta-ferric in the core of the dendrites. At higher heat input, lower volume
fraction of delta ferrite was formed in relatively medium dendrite size with relatively
small amounts of chromium carbides [9].

Figure (6b), shows an optical micrograph of HAZ of TIG welded joint at 0.48
kj/mm. A coarse-grained structure can be observed in this region near the fusion
boundary where there is sufficient time for grain growth.

Similarly, the welded region of the sample made at high heat input of 0.54 Kj/mm
exhibits a coarse-grained structure, which was formed due to the decomposition of
dendritic grains in a normal austenitic matrix. In the welding zone, a small amount of
chromium carbide is expected. The coarse austenite grain sizes in HAZ are developed
due to high heat input. A coarse-grained structure also forms at the melting zone
boundary, due to the low rate of cooling.
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b

Figure (6) TIG welded joint at 0.48 kj/mm, a) welded zone, b) Heat affected zone
(magnification of 400 )
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3.2 Tensile test results

The transverse tensile strength test was applied to evaluate the strength and
plasticity for high, medium and low heat inputs welding joints. The ultimate tensile
strength and the elongation for all TIG welding joints are presented in Table (3). Two
specimens were used for each heat input condition, and then the average were taken.
The results of mean tensile strength are shown in figure (7). It was found that the
maximum tensile strength value of 554 MPa possessed by specimen made at 0.48
Kj/mm (HM), followed by tensile strength of 525 MPa and 502 MPa, which obtained
at 0.54 KJ/mm (HH) and 0.42 KJ/mm (HL), respectively. Figure (7) shows the average
tensile strength values over the heat input conditions. From the figure, it is clearly
indicated that as the heat input increased from low heat input value of 0.42KJ/mm to
medium heat input value of 0.48 KJ/mm, the value of tensile strength was increased of
about 10% and then starts decreasing to about 5% for the high heat input of 0.54
KJ/mm. Therefore, the most suitable condition produced at medium heat input of 0.48
KJ/mm. On the other hand, the elongation was decreased by about 4% and 3% for 0.48
KJ/mm and 0.54 KJ/mm, respectively. This could be attributed to the homogenous
distribution of smaller amount of carbides precipitates in relatively smaller austenite
grain size. Further heat input raise would destruct such balance between sigma phase
and carbide formation in addition to austenite grain growth at higher temperature levels.
Consequently, higher volume fraction of sigma phase resulted in hot cracks and voids
which act as stress concentration sites in the weld zone and HAZ.

Table (3) Tensile strength results of AISI 316 welded joints

Condition, KJ/mm UTS, MPa Elongation
0.42 502 42 %
0.48 554 385%
0.54 525 39 %
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Figure (7) Tensile strength values for welded joints

3.3 Hardness test results

Rockwell hardness testing was performed on samples using a hardness tester. The
hardness values were taken over two regions as shown in Table (4). The values of
hardness of the HAZ were higher than weld zone as could be seen in Figure (8). The
hardness values were increased as heat input increased reaching the maximum hardness
value of 80 HRB at 0.54 KJ/mm for weld zone and HAZ.

The hardness values were increased by about 3 % in both regions of weld zone
and HAZ, when the heat input increased from 0.42 KJ/mm (HL) to 0.54 KJ/mm (HH).
The weld microstructure in term of morphology of dendritic shape and inter-dendritic
spacing displays high strength, ductility and hardness at medium heat input. However,
the joint made with highest heat input had relatively large dendritic size and large inter-
dendritic spacing. This resulted in loss of strength and toughness. Table (4) displays
average hardness taking at HAZ and WZ.

Table (4) Hardness values on the weld metal and HAZ

Heat Input Weld Zone, HRB HAZ HRB
0.42 KJ/mm 77.5 78
0.48KJ/mm 79.5 80
0.54KJ/mm 80 80
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Hardness values on weld and HAZ
zones
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Figure (8 ) Hardness value of various zones
3.4 Impact test results

Figure (9) shows the results of the Charpy impact test of a 316-steel welded joint
prepared by the current state of GTAW Technology. As can be seen from this figure, it
is clearly indicated that the thermal heat input in specimen made at medium heat input
of 0.48 kJ/mm (80A) exhibited the best shock tolerance, followed by sample made at
0.42 kj/mm (70 A) and the lowest value observed at sample made at 0.54 kj/mm (90
A). The Charpy impact results showed similar pattern with tensile test results indicating
that sample made at heat input of 0.48 Kj/mm showed greatest tensile strength and
impact toughness. From the results, it is clearly indicated that 316 St St could withstand
a specific heat input values without losing strength and toughness. Weld joint was able
to absorb higher energy values of 270 J, while the energy decreased as the heat input
was increased.
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Figure (9) Charpy impact test result of welded joint
4. Conclusion

Heat input is a relative measure of the energy transferred during welding process.
The cooling rate, peak temperature, weld zone grain size and material properties are
influenced by the heat input. The effect of heat input was examined on the stainless
steel welded joints using TIG process. This can be summarized as following:

1. The lower heat input led to lower interdendritic spacing, which increased the
mechanical properties. However, higher heat input resulted in grain growth and
possible sensitization in the HAZ [10].

2. Welding heat input of 0.48 kj/mm has been selected as the most suitable welding
method used to weld the 316 stainless steel tube. The weld joint microstructure
found to have a balance between carbides precipitation phase in welding zone and
HAZ volume fraction and distribution decreasing of hot cracking and carbide .

3. The Ultimate tensile strength and impact toughness increased as the heat input
increased to a specific value and then start decreasing. The maximum tensile
strength value of 554 MPa possessed by specimen weld at 0.48 kj/mm, followed
by tensile strength of 525 MPa and 502 MPa which obtained at 0.54 kj/mm and
0.42 kj/mm, respectively. The impact absorbed energy for exhibited similar tensile
strength behavior. The maximum absorbed energy was 270 J.
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4.The hardness of the HAZ was higher than hardness in the weld zones for all
operation conditions. Hardness values were increased as the heat input increased
reaching hardness value of 80 HRB and that could be attributed to balance of
grain size coarsening and formation of ferrite carbides .

References

1

2

. Nancy Badoo,"structural Stainless Steel", by Amrican institute of steel construction.
2013. Page 10, 11 and 12.

.A.Yousaf, R.Asim, “A Review on Welding of AISI 316L Austenitic Stainless Steel”,
International journal of Engineering and Information Systems,Vol.5,Issue 1,Jan
2021,pages:41-44.

. A John Wiley & Sons, "Welding Metallurgy” Second Edition, 2003 . page 11 to 20.

. N. Moslemi, N. Redzuan, N.Ahmad, Tang Nan Hor "Effect of Current on
Characteristic for 316 Stainless Steel Welded Joint Including Microstructure and
Mechanical Properties”, 12th Global conference on sustainable Manufacturing
,Malyzia 2015,pages :560-564.

. B. Karthick, L.Shrihari, M. Sakthivel, S. Shriram , Vv
Silambarasan,"Effect of Heat Input on the Microstructure and Mechanical
Properties of Gas Tungsten Arc Welded AISI 316 Stainless Steel Joints"

,international research journal on advanced science, Vol :2,August 2020.

. Ahmed, R., Essa, A.R.S., EL-Nikhaily, A., Ahmed, E.,"Effect of Heat Input and
Shielding Gas on the Performance of 316 Stainless Steel Gas Tungsten Arc
Welding", Egypt. 2020.

. RiAfify, H. Abdeel, M. Gamil, “Investigating TIG ARC Welding for Austenitic
Stainless Steel 304 and 304L”, Engineering Research Journal, January 2024,pp181-
188.

83

Gharyan Journal of Technology (2026), 1(12), 68-84



Hasan Haji

8. ASTM International, *Standard Test Methods and Definitions for Mechanical
Testing of Steel Products*, ASTM A370, West Conshohocken, PA, USA, 2017.

9. S.Okan, E.Ylmaz, “Investigation of the effects of filler metal and number of passes
used in AISI 304 stainless steel-copper joints by TIG welding”, International
institute of Welding, Jan,2023.

10.A.Hesham, |.EL-Mahawlli, M.Koussy”Effect of GTAW Welding Current on the
Quality of 304LAustenitic stainless steel” International Journal of Materials
Technology, volume 3, issue 2 ,june 2023 pages10-18.

84 Gharyan Journal of Technology (2026), 1(12), 68-84



..". a 1" lJLl'F . I '
wlps duadly pplall Wlall ipaedl L2 jieow dedies Qualde Al
2026 g ge ¢ ple S 2l
ISSH {Print) 25185993 : sl pa gl
ISSH (Online) 25219308
Il gl glay dadh 240G glagl
( Fll 22 J3 2016 | 116 )

git.scitech —gh edu by a2y Gt Ayl



Gharyan Journal of Technology (2026), 1(12) 4ll ol & Aaa
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

Ol dudilly aglall Jal) sgaall oo jual




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

22026 sy yie A as
ISSN (Print) 2518-5993 :_ 1)
ISSN (Online) 2521-9308
daibogl) sl )y Alaall gila) g lay) ady

( duhgl) 3l 4122016 [ 116)




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

498

pilgsunn o (58 LGS slands Alaal) (8 5 Laa laye s dualall Cilagheally HISEYs oY) o) ~1
Wl e Aggdl Alsall Josi Yy

Oyl e Al e e juas i ) (53T Dlubally Zoalall Y ally Casad) dngs =2
Sl

info@gjt.scitech—gh.edu.ly : i, sSly) v,
0913506053 : sla

Cpail) d g sl Gy e Gl S -3

copiems ) 5LEY) Lo Alal ode b i Lo Jlaxials macss Alasine sdally gl Ggin —4




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

450 ol e s

Ol Al g o glell ) dgaal) (o Ligir jual AaSas duale Al

2 el Al
ladl i jliall i g9 daaa gl 2
A I Glaay daal o
| guas alladl ool hlal) e 3
| s Cas @y s )
| guas Al 2gana 2aaa )
(PSS e s baldlae
) guas A g dad Oy 3L
| guae s 2eaa adladlae 2 J




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

il glaal) (i pgd
dadall A ad) dslly Ldal) 3,64
7 Alaal) dalS g dasia

35-8 | lagleall allail) & A gl Asjall jghaill sgua B ad)l) Jgadll yulaa Julas
(2015-2024) Russl) Jagaill i Al Al

60-36 | adal) Aahaily Aufaally ddadall hlaal 5 o Lduaal) dspidly Jelssl)
=l gﬁ‘}«a.d\ g Uadl) gA RSty

sl adall (638 (dasall (ol alle cadly 0 (s2gall 292

79-61 s5ha (b 38 ) guai e dpilial) Gali) o gy it dnads Sy 1) dadad
J e Bdallae cpall g

English Research Papers Page

Simulation of the separation process of Toluene/n-Heptane
mixture using the organic solvent N-methyl-2-pyrrolidone by 0-24
Aspen Hysys software

Ezeddin H. Alshbuki , Mufida Mohamed Bey

A Formal Architecture for Emergent Requirements in Al-

Amplified Software Engineering 25-50
Abdelaziz O Abdelsalam

Automated ICAO/ISO Compliance Validator for ID Portraits 51-67
Mohanned Naji Albibas, AL-Mokhtar Abdullah Faraj, Musa Faneer

Effect of Heat Input on the Microstructure and Mechanical 68-84

Properties of AISI 316 TIG Welded tube Joints
Hasan Haji, Hassan Zaied, Mohamed Mlyan and Alla Shafter




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

Salal) S sl daska

S AED e e e sdie S Sl e a) W )_mduagmi@;@z,m\maﬂm

JM‘@I\:\AL:\JMMU}SJLJW\{)\J‘\&LJJQMc@sﬂbe)&ﬁ&w\w‘&)w

48,5358 0 822016 ple oY) 2aad) ja il lealga o paill L 3 3ls 2 2015 ple el ) 58
Al Lga) 5 ) claaill y il graall (e a2 L

a5 Jardl A ya g A gall Amaas () oS5 ) Lgmnadd oy il R g agaall 3] cll N
& 5eliS 55503 agd (e Saall (e B jaaie A gana o Slaie VI Q55 Jandl 8 Gau) aal dgaled) LY

) adail) 8 s gl il ) Al 35 se 8 5V shall CulS Jadlly 5 cagilaadi cYlaa
() el 8 o AV el any e ) e pl) il (8 il

saadl A iandl Gl e el saad) e ST Eganll alad) (s sinall Basa e 38 50 S
St Abde Jah dlwsall e g gaall e Gialll (e il g cla p5 a3 Al & ganll Cie 635 38 g caal )

O 2l 8 Uil e 4a) 8 ) Gl seall 5 (<UD daalil) Lalall Jglall s cila siaall i 8 Laaluall
Al b L 3aludU L) J g sl Aalie & gad) ol  ccile Uadl

il g shaill o) gall 5 CASSRY) i 5 gl 5 alally V) 48 ga jall AASA &L o) daniiall J 5l )
LaSaal) Ayl i adll 8 Jasll Ay snim ey Lingin) ] e gn il Lgie 261 0 L Al ve el (3487
Aty 2 535 LS cdlaall daSaall dpalel) cblaall (s Lgdatons Al Al dgiill () e Alae T 55 of ol (1
a5 e a3 3 Jalaall Ao i€ g ol i) (e 22ad oyl 0D Jelas Aaall ulin 8 g 610y dxal s
) (B il a5 (@) DOL) (S ASY) Al el Jia (e 00 2025 (—alall plall clan
Alaall a8 ClasDlally 38Y) ey Al 238 Alaall Cariad a8 5 (Y (pala i 5 Q4 ail )

8 aie Alaa ()5S0 Aaliall ClglSaY! IS5 el x5 ganl) Ul L (JumdY) il ae 30y Ly

W jee sl Al je dpale A e (o Had Ll dala cagdisag S8 Guaunadiall  fialll Lage | jaie s

‘;»M\#iu\_m_mﬂ\QA%M\‘;@}}@}QYYENSFL@AGJQ dale o @ 5 4300
AV Gl sall G Glle dgnal) aud | 528 ) 5 Janll (3 3m

1YL Sliad Al dgalall B ) 5 Sganll (e el ill (2 Alae e e (SE 22el) Jing
Opmamadiiall g (pfialll Lgd e n Alaall j a3 45 axa3 5 ¢ Baasie padlal s 5o (o Oinly e g 531
Uaall a8 505l 50 ) gasiy o ¢ Al Gl 2 Alaa (85 Siae Cugay 5 dsale il ) g0 AS LSl (B | )
Aiad) il gl 53 jalall alae V) apead 335 SV il e o DY)y alaall e (el ¢ g ySIY)
G a Y Ul il il el gl agalal Jlaall oxif LaS cagags L JS 5 il Jag pd e 53 ) suiial)
ledloal (gaia s Alaall skt Qoo A dpaal (e Sl L Ll

Aaall j addin




Gharyan Journal of Technology (2026), 1(12) 4&ill G ¢ s
Issued by: Higher Institute of Sciences and Technology Gharyan =~ obé 4l 5 o slall Mall sgaall o s
www.gjt.scitech-gh.edu.ly

3,\:1)11\ Gl by digan




Gharyan Journal of Technology (2026), 1(12), 8-35 Al ol e Alawe
Issued by: Higher Institute of Sciences and Technology Gharyan — gbe 4l g a dlall Mall gaall (o jaad
www.gjt.scitech-gh.edu.ly

b Al cgBU o pall kil s B adil) Jgadl) julaa Jalad
(Alaslaall Uil
(2024-2015) 58 Jypall g Al Al
dagl sihuan s (ud
Y Gl aadd — aslall S — (b daala

ghoomagaiss@gmail.com

2026/07/31 : piih s 2026/05/31 :0sd) i 2026/05/15 a5 sl

Abstract:

The study aimed to analyze the availability of digital transformation standards
throughout the phased development of the technological tools used within the
information system of Kuwait Finance House during the period (2015-2024). The
study adopted a descriptive—analytical approach based on the case study method

through the analysis of the published annual reports of Kuwait Finance House.

The findings indicate that digital transformation within KFH’s information systems
followed a cumulative evolutionary trajectory characterized by four main stages: basic
digitization, functional expansion and integration, digital maturity and smart services,
and comprehensive digital transformation. The results reveal a gradual advancement
in the type of technological tools, the functional scope of their use, the degree of
system integration, and the supporting technological infrastructure, reflecting a shift in
the role of information systems from operational support to a strategic component in

decision support and institutional transformation.
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Abstract:

This study aims to measure the impact of banking integration and partnership
on the effectiveness of managing operational and cyber risks of electronic payment
systems in the Libyan banking sector during the period (2024-2025). The study
problem crystallizes in the growing challenges of interdependency; as the expansion
in technical connectivity and interoperability to enhance financial inclusion and resolve
the liquidity crisis has created operational and cyber risks that transcend institutional
boundaries. The study relied on the descriptive—analytical approach and used a
questionnaire as a tool for data collection from a purposive sample of 4() technical and

administrative staff members at (Jumhouria and Sahara) banks.

The study concluded that there is a statistically significant impact of banking
integration and partnership on the effectiveness of managing operational and cyber
risks of electronic payment systems. Despite tangible success in achieving technical
integration with the "National Switch" at a very high approval level, this development
has not been accompanied by a similar level of security integration and threat

intelligence sharing. The results also proved that excessive centralized reliance on a
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single provider (Moamalat Company) creates 'Single Points of Failure’ that threaten
financial stability, which explains the service interruptions in October 2025. The study
recommended the necessity of transitioning to "Zero Trust' models in Application
Programming Interfaces (APIs) and establishing alternative and geographically

distributed data centers to enhance operational resilience.

Keywords: Banking Integration, Electronic Payment Systems, Systemic Risks,

National Switch, Cybersecurity, Libyan Banks.
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Abstract:

Solar ponds offer an effective solution for long-term solar energy harvesting and
thermal storage, particularly in arid and semi-arid regions. This paper presents a
numerical simulation framework for a solar pond with a salinity gradient, subjected to
controlled thermal energy extraction rates of 10, 20, and 30 W/m2 from the lower
convection zone. The study aims to evaluate the operational feasibility of sustainable
heat removal while maintaining the thermal gradient, salinity stability, and overall
hydrodynamic integrity of the pond.

In addition to this conventional thermal extraction, an advanced physical model
is presented as a visualization, not incorporated into the current numerical simulation
process. This model, intended to serve as a basis for future studies, integrates the solar
pond with a dedicated flash evaporator chamber for low-pressure steam generation. The
thermal energy extracted from the lower convection zone is transferred to the
evaporator chamber, where saline or brackish water undergoes controlled flash
evaporation to produce steam suitable for thermal applications or for generating
electricity and desalinated water at low temperatures. The concentrated brine produced
from the evaporation process is managed to minimize freshwater loss and control salt
concentration gradients.

A key innovation of the proposed system is a semi-closed salt management cycle,
where salt depleted from the non-thermal zone (NCZ) due to diffusion and operational
disturbances is continuously replenished through salt recovery and recycling from the
evaporator unit. This approach significantly reduces external salt demand while
maintaining the critical salinity gradient necessary for long-term pond stability. The
numerical model incorporates interrelated constraints for heat transfer, mass diffusion,
and buoyancy-driven flow, providing a scalable platform for detailed calculations and
future optimization studies.

Simulation results demonstrate the feasibility of maintaining heat extraction of
up to 30 W/m? without destabilizing the NCZ, provided that adaptive salt recycling
strategies and controlled salt withdrawal are implemented. The proposed configuration
provides a consistent and scalable physical basis for modeling the integration of solar
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ponds with evaporative steam production, offering a promising pathway toward

sustainable, low-cost thermal energy systems with improved resource efficiency.
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REERE
ymbols Nomenclatures Units
A, A0 el mhd) dale mz
A, Lminid) Jeall dakhic mhao dalie m2
A, (UCZ) Ladl Jaall Zakia lans Axlise m?
Cs L gkl 4l el Al kJ/kg °C
[ (LCZ) il Jaall dahaia b slall 4, ) jall daud J/kg °C
Cpu (UCZ) Wl Jasl) dslaia L elall 4y ) jall dadl J/kg °C
h, ol ) aally 3,0 ) s Jales W/m?2 °C
IGey XGae ) doay (s el oLl A W/m?
L, 5] ilall el g laiy W/m?
I )E iV 4 st slew) slandl 3 28 Ll Jans W/m2
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Gy ekl e msa g Jilal) elall mhans e ousadil) g LY Maa W/m?
el
P, Laadll 5 ) s da o die el Ja) 5l sl mmHg
Puim ol lariall mmHg
P, Llall Aulal) 350 ja da o die el HA daas mmHg
Qground oY) el ol w
Qioad LCZ Aol Jaall dddata (e da jaiusall 3 yal) w
Qs LCZ Ao Jaalldshia & ) 3ad s Jan ) el glady W/m?
Qru (NCZ) daall duie dilaie (b aiaall pusadll gl W/m?
Qub (UCZ) Walt Jaall ddhaia ) Jsam sills 5 ) sl Juas) W/m?
Que gl e Al 5 ) jad) ol W/m?2
Que ol e 5l all Jeallys ) jall )i W/m2
Qw A8 Ol yas e 5l jadl (yladd W/m2
T, a3l all Aa °C
T, 35l Jaud 3 gall slaall @ guia 3,0 ja Aa ja °C
Toky clacdl 3 ) a A °C
T, (LCZ) il Janl) dilaias 5) ya x50 °C
T, (UCZ) Ll daall dilaia 5 ) ja da 0 °C
U, oY ) S5 ) pall Jlasl Jales W/m2
Xnez (NCZ) Jeall dapae dilaia clels m
X, (LCZ) il Jeall dikais ol m
Xu (UCZ) Wl Jeal) ddhaia elals m
Xy Al g8 (e A sadl olyall o gusia Adlise m
X elall daula el m
Vb el Al axe -
Ve BU R PSR- -
N Ll ol o8 -
Greek Letter Symbols:

Symbols Nomenclatures Units
1 (LCZ) idl Jeall dilais 436 kg/m3
Pu (UCZ) dlall jasll dslaie 435S kg/m?®
Pg 188 handl ol G ¥ GulSail Jala -
as el gl --
v Al pall Adlaie (8 4y selll Zl )l Aoy o i m/s

2 el Al 5 ) s kd/kg
yh Lnl) 25k ) -
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