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Editorial

Exploring Possibilities. Innovating Futures. Collaborating Globally: The phrase “Exploring
Possibilities. Innovating Futures. Collaborating Globally.” captures the essence of progress in an
interconnected world where knowledge, creativity, and responsibility intersect. In an era shaped by
rapid technological advancement and complex global challenges, the pursuit of excellence demands
more than individual brilliance. It requires openness to exploration, commitment to meaningful
innovation, and a willingness to collaborate across geographical, cultural, and disciplinary
boundaries.

Exploration is the first step toward transformation. It reflects a mindset that embraces curiosity,
experimentation, and intellectual courage. By questioning established norms and venturing into
emerging domains, educators and researchers uncover new perspectives and unlock untapped
potential. Exploration encourages lifelong learning and adaptability qualities that are essential in
a world where change is constant and uncertainty is inevitable. Through exploration, ideas evolve
from abstract thoughts into opportunities for advancement.

Innovation gives structure and purpose to exploration. It is the process through which insights
are translated into practical, scalable, and sustainable solutions. Innovation today extends beyond
technology to include new pedagogical approaches, interdisciplinary research models, and socially
responsible practices. Meaningful innovation addresses real needs, anticipates future demands,
and balances progress with ethical considerations. When innovation is guided by relevance and
inclusivity, it becomes a powerful tool for long-term impact.

Collaboration amplifies the outcomes of both exploration and innovation. Global challenges such
as climate change, digital transformation, and educational equity cannot be addressed in isolation.
Collaboration brings together diverse expertise, experiences, and viewpoints, enabling shared
problem-solving and collective growth. International partnerships between academia, industry, and
policy institutions strengthen research quality, accelerate knowledge transfer, and foster mutual
understanding. In a collaborative ecosystem, success is shared, and learning becomes a collective
achievement.

Together, exploration, innovation, and global collaboration form a dynamic framework for shaping
the future. This integrated approach nurtures creativity, promotes resilience, and builds bridges
between ideas and implementation. By embracing these principles, individuals and institutions
contribute not only to academic excellence but also to societal well-being. The future belongs to
those who dare to explore, choose to innovate with purpose, and collaborate without boundaries.

When Minds Connect, Possibilities Multiply

New Delhi Editor-in-Chief
February 2026
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ABSTRACT

Banana (Musa spp.) is one of the most economically significant fruit crops cultivated in tropical and subtropical regions.
Proper sucker management is crucial to ensure optimal nutrient utilisation, enhanced plant vigour, and higher yields.
Conventional sucker removal practices rely heavily on manual tools, resulting in increased labour costs, operator
fatigue, and incomplete removal that promotes regrowth. This study presents the design and development of a manually
operated banana shoot sucker extraction device developed by the author. The device enables clean and complete removal
of banana suckers from the rhizome with reduced physical effort. The paper discusses the characteristics of the banana
crop, sucker anatomy, limitations of traditional methods, design methodology, working principle, and advantages of the
developed device. The proposed innovation offers a cost-effective, safe, and farmer-friendly solution for sustainable

banana cultivation.

KEYWORDS : Banana sucker, Musa spp., Sgricultural implements, Farm mechanisation, Sucker extraction device.

INTRODUCTION

Banana (Musa spp.) is a perennial monocotyledonous
crop belonging to the family Musaceae and is
widely grown for its high nutritional value, pleasant
taste, and availability throughout the year. Due to these
characteristics, bananas have become a vital staple
fruit and a significant source of income for millions of
small and marginal farmers, particularly in developing
countries. At the global level, bananas rank among the
most extensively produced and consumed fruit crops,
highlighting their significance in food systems worldwide
(FAO, 2022). India holds a leading position in banana
cultivation, accounting for nearly 27% of the world's total
production. This dominance can be attributed to favourable
agroclimatic conditions, diverse cultivars, and large-scale
adoption of banana farming across various regions of the
country (Singh et al., 2016).

Sustaining high productivity in banana cultivation requires
efficient field management practices, including proper
irrigation scheduling, balanced nutrient application, pest
and disease control, and effective sucker management.
Among these practices, sucker regulation is considered
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one of the most labour-intensive yet crucial operations.
Excess and unmanaged suckers compete directly with
the central plant for essential resources such as nutrients,
moisture, and sunlight, which can adversely affect plant
vigour, reduce bunch weight, and extend the cropping
period. Studies have shown that maintaining an optimum
number of healthy suckers leads to better crop uniformity
and improved yields, emphasising the importance of
timely and controlled sucker removal in banana plantations
(Robinson & Galan Sauco, 2010).

Fig. 1: Morphology of a banana plant showing the mother

plant, rhizome, and emerging suckers.
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CLIMATIC REQUIREMENT OF BANANA

The banana plant is characterised by a well-developed
underground rhizome, which functions as a storage
structure and gives rise to lateral offshoots commonly
known as suckers. Above ground, the plant forms
a pseudostem composed of tightly overlapping leaf
sheaths, along with large, broad leaves that facilitate
photosynthesis. The inflorescence emerges from the
centre of the pseudostem and eventually develops into a
banana bunch. Optimal growth of bananas occurs under
warm and humid climatic conditions, with temperatures
generally ranging between 15°C and 35°C, accompanied
by an annual rainfall of approximately 1,000-2,500
mm. For optimal performance, bananas require well-
drained, loamy soils enriched with organic matter, which
support healthy root and rhizome development (Stover &
Simmonds, 1987).

BANANA SHOOT (SUCKER): ANATOMY AND
CLASSIFICATION

A banana sucker is a vegetative side shoot that arises
from the underground rhizome of the plant. Structurally,
the sucker contains an actively growing meristem, well-
developed vascular tissues, and remains physically
connected to the mother rhizome, allowing the transfer
of nutrients and water. Based on visible morphological
features, banana suckers are generally classified into two
types: sword suckers and water suckers. Sword suckers are
characterised by narrow, lance-shaped leaves and a firm
attachment to the rhizome, which enables vigorous growth
and makes them the preferred choice for propagation. In
comparison, water suckers develop broad leaves, possess
a weaker rhizome connection, and usually exhibit lower
productivity and poor yield potential (Robinson & Galan
Sauco, 2010).

Fig. 2: Field view of a banana sucker emerging from the
base of the parent banana plant
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When sucker removal is carried out incompletely,
remnants of rhizome tissue often remain embedded in
the soil. These residual tissues stimulate rapid regrowth
of new suckers, leading to repeated emergence and
consequently increasing the frequency of labour-intensive
field operations

Fig. 3: Transverse (top) sectional view of a banana shoot
sucker exposing internal anatomical structure

STATISTICAL ANALYSIS OF BANANA
PRODUCTION

India's leading position in global banana production
underscores the need to adopt efficient and sustainable
cultivation practices. According to the Food and
Agriculture Organisation, India accounts for nearly 27%
of the world's total banana production, ranking ahead of
other major producers such as China, Indonesia, Brazil, and
Ecuador (FAO, 2022). This substantial share highlights the
scale of banana cultivation in the country and emphasises
the potential benefits of improving on-field operational
efficiency through appropriate mechanisation.

Fig. 4: State-wise Distribution of Banana Production in
India
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Within India, banana production is primarily concentrated
in a limited number of states. Tamil Nadu emerges
as the highest producer, followed by Maharashtra,
Andhra Pradesh, Gujarat, Karnataka, Uttar Pradesh, and
Bihar. This uneven yet intensive state-wise distribution
reflects the commercial nature of banana farming and
the continued reliance on manual labour for critical
intercultural operations, particularly desuckering (NHB,
n.d.). To clearly represent the proportional contribution
of these central banana-producing states, a pie chart is
presented in Fig. 4.

PROBLEMS ASSOCIATED WITH
UNCONTROLLED BANANA SHOOT
(SUCKER) GROWTH

Unregulated growth of banana shoots, commonly referred
to as suckers, presents both agronomic and economic
challenges in banana cultivation. When excess suckers
emerge from the underground rhizome, they directly
compete with the mother plant for vital resources such
as nutrients, moisture, and sunlight. This competition
weakens overall plant vigour and often results in a smaller
bunch size and reduced yield. Moreover, excessive
sucker growth disturbs the natural source—sink balance
of the plant, which can delay flowering, cause uneven
crop development, and negatively affect fruit quality.
Previous studies have shown that failing to control sucker
proliferation can result in yield reductions of 20% to 30%
due to the inefficient distribution of nutrients within the
plant system (Robinson & Galan Sauco, 2010).

In addition to yield losses, dense growth of suckers
limits air circulation within the plantation, creating a
microenvironment that favours the incidence of pests
and diseases. This situation increases the need for plant
protection measures and subsequently raises production
costs (Stover & Simmonds, 1987). Furthermore, the
continuous emergence of new suckers throughout the
cropping cycle necessitates repeated manual removal,
which significantly increases labour input and operational
expenses. Such labour-intensive practices place a
considerable economic burden on farmers, particularly in
regions where banana cultivation is carried out on a large
scale (Singh et al., 2016). Therefore, timely and effective
management of unwanted banana shoots is essential to
sustain plant health, enhance productivity, and support
long-term sustainability in banana production.
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LIMITATIONS OF CONVENTIONAL
SUCKER REMOVAL METHODS

Conventional methods of banana sucker removal typically
involve the use of simple hand tools such as knives,
spades, crowbars, or sickles. While these tools are widely
used, the process demands repeated bending and the
application of considerable physical force, which often
results in operator fatigue and may lead to musculoskeletal
problems over prolonged periods of work. In addition,
handling sharp implements increases the likelihood of
accidental injuries during field operations. Another major
limitation of manual sucker removal is that it often fails to
eliminate the sucker, leaving the basal portion embedded
in the soil. This residual tissue promotes rapid regrowth,
thereby necessitating repeated removal and increasing
labour requirements (Kumar et al., 2019).

Fig. 5: Traditional manual removal of banana suckers
using hand tools (source: internet)

DESIGN CONCEPT OF THE BANANA
SHOOT SUCKER EXTRACTION DEVICE

The banana shoots sucker extraction device under
development, in the present study, is being designed
to enable the safe, efficient, and complete removal of
unwanted banana suckers while minimising physical
strain on the operator. The overall design comprises a
vertical tubular body, an ergonomically designed T-shaped
handle, a spring-assisted force transmission system, and
a claw-type cutting and gripping mechanism at the base.
The T-handle, positioned at the top, enables stable two-
handed operation, allowing the user to apply a controlled
downward force while maintaining proper balance
during field use. To further enhance operator comfort, a
compression spring is incorporated beneath the handle,
which absorbs impact forces during soil penetration and

improves control during extraction.
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Fig. 6: Structural views of the banana shoot sucker
extraction device

The main shaft of the device is constructed from a
lightweight yet high-strength material, ensuring sufficient
durability for field conditions while reducing operator
fatigue during prolonged use. At the lower end, a claw-
type extraction head with curved and sharpened prongs
is provided. These prongs are designed to penetrate the
soil surrounding the sucker base and firmly engage
the rhizome region. The claw configuration facilitates
simultaneous cutting and gripping actions, enabling the
effective extraction of the sucker from below-ground
level. The geometry of the prongs ensures clean separation
of the sucker from the mother rhizome without causing
damage to the central plant. Due to its compact and
modular design, the device can be conveniently used in
densely planted banana fields and is adaptable to varying
soil conditions.

WORKING PRINCIPLE AND MECHANISM
OF THE BANANA SHOOT SUCKER
EXTRACTION DEVICE

Fig. 7: Real-time field view of the banana shoot sucker
extraction device in operation.
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As illustrated in the above figure, the banana shoot sucker
extraction device functions on the principle of manual
force transmission, supported by the mechanical advantage
achieved through a lever-based and spring-assisted
mechanism. The design enables the force applied by the
operator to be effectively transferred into a controlled
cutting, gripping, and extraction action at the base of the
banana sucker. The key functional components of the
system include the handle assembly, compression spring
unit, vertical guiding shaft, cutting and gripping jaws, and
a base support structure.

During field operation, the device is positioned vertically
over the target banana sucker so that the cutting and gripping
jaws surround the sucker at the soil surface. The base
support of the device rests firmly on the ground, providing
stability and counteracting the reaction forces generated
during operation. When the operator applies downward
force on the handle, this force is transmitted through
the vertical shaft to the internal linkage mechanism. The
compression springs incorporated into the system allow
for controlled displacement of the components while
absorbing the sudden resistance offered by compact soil
and fibrous plant material.

Actuation of the handle causes the linkage mechanism
to drive the cutting jaws inward and downward. The
sharpened jaws penetrate the surrounding soil and produce
a shearing action at the rhizome level of the sucker. This
action ensures effective separation of the sucker from
the mother rhizome below the soil surface. The spring-
assisted arrangement moderates the applied force, ensuring
smooth motion and preventing abrupt movements, thereby
enhancing operational stability and reducing physical
strain on the operator.

Atthe same time, the gripping action of the jaws secures the
sucker firmly once the cutting process is completed. The
continued application of force enables the jaws to maintain
a firm hold on the detached sucker. The operator then
applies an upward pulling force, which lifts the separated
sucker along with its basal rhizome portion out of the soil.
This combined cutting and extraction process ensures
complete removal of the sucker, thereby minimising the
chances of regrowth from residual rhizome tissue.

After extraction, releasing the handle allows the
compression springs to restore the mechanism to its initial
position. This automatic resetting feature prepares the
device for the next operation without requiring manual
repositioning. The guided vertical motion of the shaft
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maintains proper alignment throughout the process,
reducing disturbance to the surrounding soil and preventing
damage to the mother plant.

In summary, the device performs banana sucker removal
through a single, continuous sequence involving
positioning, cutting, gripping, and extraction. The
integrated mechanical arrangement enhances efficiency,
reduces operator fatigue, and ensures consistent
performance under field conditions, making the device
well-suited for repetitive agricultural operations, such as
banana sucker management.

ADVANTAGES OF THE BANANA SHOOT
SUCKER EXTRACTION DEVICE

The banana shoot sucker extraction device offers several
practical advantages over conventional manual methods
for sucker removal. By employing a lever-based and
spring-assisted force transmission mechanism, the device
significantly reduces the physical effort required from the
operator, thereby lowering fatigue and improving overall
work efficiency. One of the key benefits of the device is
its ability to obliterate suckers at the rhizome level, which
effectively prevents regrowth and minimises the need for
repeated removal operations during the crop cycle.

The controlled cutting and gripping action of the
mechanism ensures uniform performance regardless of the
operator's experience, resulting in consistent and reliable
field outcomes. The guided vertical movement of the
device helps maintain proper alignment during operation,
thereby reducing the likelihood of damage to the mother
plant and its surrounding root system. Additionally,
operator safety is enhanced as direct contact with sharp
cutting components is minimised during use.

Since the device is manually operated, it does not rely
on external power sources, making it economical,
environmentally friendly, and well-suited for use in remote
or resource-limited farming areas. The simple and robust
mechanical design also facilitates easy maintenance,
contributing to a longer service life. Owing to its
affordability and ease of use, the device is particularly
suitable for small and marginal farmers seeking an efficient
solution for banana sucker management.

APPLICATIONS OF THE BANANA SHOOT
SUCKER EXTRACTION DEVICE

The banana shoot sucker extraction device is mainly
intended for the efficient removal of unwanted suckers in
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both commercial and small-scale banana plantations. It
is well-suited for routine intercultural operations where
timely and controlled sucker management is necessary
to maintain healthy plant growth and achieve optimum
yields. The device can be effectively operated in a range
of soil conditions, including loose, moderately compacted,
and moist soils that are commonly encountered in banana-
growing regions.

The device is particularly beneficial in areas experiencing
labour shortages, as it reduces dependence on skilled
manual labour and shortens the time required for sucker
removal. In addition to on-farm use, the device can be
utilised in research farms, horticultural training institutes,
and demonstration plots to showcase improved and
mechanised sucker management practices. Its lightweight
construction and ease of handling make it suitable
for both individual farmers and cooperative farming
groups. Furthermore, the device can support agricultural
extension programs aimed at enhancing productivity and
promoting sustainable cultivation practices. The adoption
of such simple mechanised tools contributes to sustainable
agriculture and is consistent with global initiatives
encouraging farm mechanisation and efficient resource
use (FAQ, 2022).

CONCLUSION

Effective management of banana shoots, commonly
known as suckers, is a crucial intercultural practice in
banana cultivation, as unchecked sucker growth leads to
resource competition, reduced plant vigour, and lower
yields. Traditional methods for sucker removal are
largely manual and are often associated with high labour
demands, safety concerns, and incomplete removal of the
sucker base. Such practices frequently result in repeated
regrowth, increasing both operational time and cultivation
costs. These limitations clearly indicate the need for a
simple, efficient, and user-friendly mechanical solution for
effective banana sucker management. In the present study,
a mechanically operated banana shoot sucker extraction
device was designed and developed by modifying
an existing manual mechanism to meet the specific
requirements of banana plantations. The device operates
on the principle of manual force amplification, utilising
a lever system combined with a spring-assisted cutting,
gripping, and extraction mechanism. Its operational
sequence allows precise cutting of the sucker at the
rhizome level, followed by secure gripping and complete
vertical extraction in a single continuous action. The guided
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movement and controlled force application help achieve
consistent performance while minimising disturbance to
the mother plant and surrounding soil. The developed
device considers several practical benefits, including
reduced physical strain on the operator, improved safety
during operation, uniform sucker removal, and effective
prevention of regrowth due to complete extraction. As the
device is manually operated, it does not require external
power sources, making it economical, environmentally
sustainable, and suitable for use by small and marginal
farmers. Its adaptability to different soil conditions
and plantation scales further enhances its usefulness,
particularly in regions facing labour shortages. Overall, the
banana shoot sucker extraction device shows considerable
potential as a practical and sustainable tool for banana
cultivation. The adoption of such simple mechanised
solutions can contribute to improved productivity, reduced
labour dependency, and enhanced farm profitability.
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Future research may focus on detailed performance
assessments, ergonomic refinements, and large-scale field
evaluations to further establish the effectiveness of the
device and support its commercialisation.
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ABSTRACT

This paper discusses research aimed at creating an accelerated erosion testing apparatus for construction materials.
The focus of this study is on methods to mitigate damage from wind-driven rain erosion. The strength of the bricks
was evaluated using accelerated erosion testing method. Various block samples were subjected to water spraying at a
pressure of 1.5 kg/cm2. The maximum diameter of the pit that formed was measured against IS code specifications and
was confirmed to be within 1 cm to meet the weathering test criteria. Research has indicated the feasibility of using an

accelerated erosion testing apparatus to assess physical durability.

KEYWORDS : Deterioration, Durability, Erosion test.

INTRODUCTION

here is an increasing focus on providing high-

performance building systems. High-performance
buildings, as outlined in the Energy Policy Act of 2005,
are defined as structures that integrate and enhance key
attributes, such as energy efficiency, durability, life-cycle
performance, and occupant productivity.

One of the definitions of durability is the ability of a
physical product to remain functional, without requiring
excessive maintenance or repair. Physical and chemical
weathering affect the durability of any material. In this
experiment, accelerated erosion tests were conducted
to determine the resistance of the building material to
physical weathering action.

Considerable effort has been invested in identifying agents
of deterioration. The factors contributing to the degradation
of building materials can be generally categorised as
intrinsic and extrinsic factors. Intrinsic factors pertain
to issues in the manufacturing process that influence
the quality of the finished product. In contrast, extrinsic
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factors encompass environmental elements and other
destructive influences to which building materials may
be subjected throughout their lifespan. Ecological aspects
of deterioration involve climatic and meteorological
elements, as well as biological and chemical processes,
which are often worsened by pollutants. Specific examples
of extrinsic factors include rainfall, humidity, temperature
fluctuations, exposure to solar radiation, chemical
degradation, and invasion by living organisms.

In this study, erosion caused by wind has been recognized
as a significant factor in material deterioration. The low
durability and consequently brief lifespan of earth-based
bricks hinder their sustainable utilization. Thus, the bricks'
durability was evaluated based on their ability to withstand
erosion from wind-driven rain. Various external factors
include rainfall, humidity, temperature, sunlight exposure,
chemical degradation, and intrusion by living organisms.
For the purposes of this research, wind-driven erosion
has been highlighted as one of the principal mechanisms
of deterioration. The inadequate durability and related
short lifespan of earth-based bricks limit the sustainable
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application of this material. Consequently, the durability
of the bricks was examined with respect to their resistance
to erosion from wind-driven rain.

LITERATURE REVIEW
Humphrey Danso

Studies here have shown a great potential for the use of
earth blocks as a sustainable building material due to its
economic, environmental and social benefits. This study
investigates the water resistance characteristics of CEBs
reinforced with natural fibres. The fibres were sourced
from coconut husk, sugarcane bagasse and oil palm fruit
at 1% wt. added to two soil samples.

The CEB specimen size of 290 x 140 x 100 mm was made
at a constant pressure of 10 MPa and dried in the sun for 21
days. A test involving accelerated erosion was conducted,
which determined the resistance of the specimen to
continuous rainfall conditions. It was discovered that the
fibres helped in reducing the erodibility rate of the blocks,
though there were some degrees of damage. The difference
between the water resistance of the unreinforced and fibre
reinforced CEBs were found to be statistically significant.
Furthermore, the surface of the fibre reinforced blocks
eroded rapidly in depth than the internal part, and there
was reduction in the depth difference of the erosion of
the blocks with increase time of water spraying on the
specimens. The study concludes that though the addition
of fibres in soil blocks does not completely prevent the
block from erosion, the impact of the fibres on the blocks
significantly reduces the erosion.

Obonyo Esther, Malarvizhi Baskaran and Joseph
Exelbirt (2010)

This research aims to determine the best stabilization
methods for compressed blocks. The context for utilizing
these blocks is in Dar es Salaam, Tanzania, where
handmade bricks are increasingly employed in affordable
housing projects. This discussion specifically highlights
techniques to address damage caused by rain-driven
erosion. In this paper the effects of employing cement,
lime, fibre, and a commercial stabilizing fluid were
analysed. Here Factory-manufactured bricks were used
for comparison. The compressive strength of the bricks
was evaluated using the modified Bulletin 5 Spray Test.
Various brick and block samples were subjected to water
spraying at pressures of 2.07 MPa and 4.14 MPa for one
continuous hour, while the erosion depth was recorded for
every 15 minutes.
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Factory-made bricks showed minimal erosion at both 2.07
MPa and 4.14 MPa levels of pressure. The greatest erosion
depth for Soil-Cement bricks varied from a maximum of
0.5 mm at 2.07 MPa water pressure to 0.8 mm at 4.14
MPa. For Soil-Cement-Lime bricks, the erosion depths
ranged from a maximum of 25 mm to a minimum of 17
mm. The addition of natural fibres to the bricks led to a
significant rise in erosion depth, reaching a peak of 40 mm
at 2.07 MPa and 55 mm at 4.14 MPa. It was noted that the
incorporation of natural fibres and lime improves certain
physio-mechanical characteristics; further studies are
required to explore methods to achieve this enhancement
while keeping erosion resistance within acceptable
limits.

Yang T.C, J. H. Wul, T. Noguchi and M. Isshiki

Analysing physicochemical properties in a microscopic
context is essential for evaluating polymeric materials
subjected to weathering tests, as it connects accelerated
laboratory experiments with the performance outcomes
observed outdoors for long-term durability. In a specific
case study of vinyl siding that underwent a 17-year
outdoor weathering test in Okinawa, Japan, in addition to
a QUV accelerated weathering test lasting 2880 hours, it
was noted that the outcomes regarding functional groups
and surface images differed significantly, as determined by
Fourier transform infrared spectroscopy with attenuated
total reflectance and scanning electron microscopy paired
with energy dispersive spectroscopy for the analysis of
atom concentration. In addition, the ideal parameters for
a particular accelerated weathering test, which mimics
the characteristics of natural weathering, are examined,
thereby addressing the factors contributing to deterioration
with respect to the physicochemical breakdown of a
specific substance. The focus of this research highlights
the essential aspects necessary to enhance the accelerated
weathering test through a physicochemical assessment.

RizmaAroozandRangikaUmeshHalwatura,Universiry
of Moratuwa (May 2018)

Erosion test is a novel concept which employs a form of
specimen produced using foundry sand, soil, cement and
water. The initial concept of developing specimen was to
incorporate both the strength and durability of specimen.

Construction to introduce a low cost, load bearing wall
system which ensured indoor comfort while minimizing
the impact on the environment. Here the fraction soil is
fulfilling the role of aggregate in the materials and low
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quantities of cement will act as a stabilizer. Experimental
test determined the mix proportion of specimen as
4% of cement, 55-60% of foundry sand (sieve size
0.425mm</=FS </=4.75mm), 35% of soil and 18-12%
water from the dry mix. Finding further, confirmed that the
durability of the specimen satisfied the required durability
standards recorded in SLS 1382.

Venkataramana Reddy B Indian Institute of Science

This paper presents a study on a durability of different types
of stabilized and un-stabilized blocks. The blocks were
constructed and exposed for 1-2-hour period. Which is
then examined visually for erosion and pitting. Test results
are indicative only in slight erosion and pitting should not
be interpreted unfavourably. The effect of water spray
test on a manufactured block made from stabilized soil.
This block which was manufactured under a compacting
pressure of 2 million N/m2.Shows considerable erosion
and pitting after 2 hours spray test. The test concluded
that the strength or durability increases as the dry density
increases.

METHODOLOGY
A 3.1 Test Setup for an accelerated erosion test apparatus

Instead of discussing test design in general terms, it may
be more effective to illustrate how to correctly establish a
weathering test by examining specific materials. Below are
various types of materials along with their applications.

1. Motor Pumps
2. Pressure gauge
3. Pipes

4. Control valve
5. Shower

Motor pump

Pumps are used to circulate fluid through a closed or looped
system. High pressure pumps used in many applications
including water blasts, hydro-mining and jet cutting. They
can be a wide variety of pump types including positive
displacement pumps. Rotary pumps and reciprocating
pumps or centrifugal pumps.

For this test the pump having a power having a power
rating of 1 HP has been used. Voltage range of the pump
is 230 volts. It contains impeller which is made up of
brass. Speed of the pump is around 2000 rpm. It includes
pump shaft which is made up of carbon steel and extruded
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aluminium motor body. The dimension of the motor pump
is 32*18*25cm and weight is around 8kg

Fig. 1: Motor pump
Pressure gauge

It is an instrument for measuring the condition of a fluid
(liquid or gas) that is specified by the force that the fluid
would exert, when at rest, on a unit area, such as pounds
per square inch or new tons per square centimetre. The
reading on a gauge, which is the difference between two
pressures, is known as the gauge pressure.

The pressure gauge uses the principle that “a flattened
tube tends to straighten or regain its circular form in cross-
section when pressurized”. To create a suitable pressure of
1.5+/- 0.2 kg/cm2, pressure gauge having pressure range
of 0-7 kg/cm2 has been used. The operating temperature
of this gauge is ranging from 20°c to 30°c, in this pressure
gauge case is made up of stainless steel, plastic case.

Fig. 2: Pressure gauge
Pipes

Pipes that are frequently utilised in water supply systems
include cast iron pipes of sufficient grade, light, medium
and heavy grade steel pipes, galvanised pipes, copper
pipes, PVC pipes, asbestos cement pipes and concrete
pipes. In this instance, half-inch galvanised iron pipes are
employed. These pipes are made from wrought steel and
have a zinc coating. Based on the thickness of the material
used they come in light, medium, and heavy grades. The
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thicknesses for these grades are 2 mm, 2.65 mm, and 3.25
mm, respectively. In this case, medium-grade pipes are
selected.

Control valve

A valve is a mechanical device that blocks a pipe either
partially or completely to vary the amount of fluid that
passes through it. Generally, valves are used to stop or
regulate the flow of liquids. The different types of valves
commonly used include Butterfly valve, Globe valve,
Pinch valve, non-return valve, hydraulic Ball valve, Gate
valve, and Plug valve.

Here Brass valve is taken as control to regulate the
pressure. A ball valve is a quarter-turn operated valve. The
closure member is a spherical plug with a through hole.
When the valve is in open state, the through hole is in-line
with the fluid flow and hence, the fluid passes through it.
The valve is closed by rotating the globe by 90° such that
the hole now becomes perpendicular to the flow and hence
stop the flow. The seat is usually circumferential, made up
of soft materials to offer a tight shutoff. The seat can be
made either out of plastic or metals. Hydraulic ball valves
are frequently utilised for steam, water, oil, gas, air, and
corrosive liquids. They are capable of managing slurries
and dry materials with dust. However, ball valves are
unsuitable for abrasive and fibrous substances due to the
potential for damaging the seat and plug surfaces.

Fig. 3: Brass Ball valve
3.6 Shower

A shower is used to spray water on building material
surfaces. Showers are made in many different types, sizes,
shapes, colours and configurations.

This experimental set up consist of a shower made of
brass, having a 10 cm diameter and is fabricated with 36
holes of 2 mm in diameter.
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Fig 4: Shower
Flow Chart

Fig. S: Flow chart depicting different stages of tests
Collection and assembling of Different Components

Initially collect the different suitable components and
materials like 1HP motor pump which is suitable to produce
1.5 - 3 kg/cm2, Pressure gauge having a pressure range of
0-7 kg/lcm2, Galvanised Iron pipes of 0.5inch diameter,
Brass Ball valve to control the pressure and Shower made
up of brass to spray the water with the intensity range
equal to rainfall was collected and assembled.

Check for Specified Condition

Specified condition means to spray the water with the
intensity of rainfall, 1.5kg/cm2 pressure is required. This
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pressure can be obtained by 1HP motor pump. This is
identified by trial-and-error method.

Obtaining Mix Proportion

To prepare the main blocks, following mix proportion was
adopted.

1] 10% cement, 40% clay, 50% Foundry sand and 12% of
water by weight of dry mix.

2] 12% cement, 40% clay, 48% Foundry sand and 12%
of water by weight of dry mix is taken and bricks of size
230*190*60 mm were casted using mould

Testing of Reference Block

Indian Standard (IS) clay brick serves as the reference
block for this experimental study, which is assessed for
its compressive strength. An accelerated erosion test was
performed to ensure compliance with IS 1725-1982:
Specification for Soil-Based Blocks Utilised in General
Building Construction.

Testing of Main Block

The main block is made up of foundry sand are examined
for accelerated erosion test. As foundry sand blocks are not
specified in the Indian standard, the test results obtained
are compared with IS 1725-1982.

Compression Strength Comparison for Reference and
Main Block

IS-clay brick (reference block) is examined for compression
strength and Foundry sand blocks (main block) are tested
for compression test.

Accelerated Erosion Test

An accelerated rapid erosion test was performed to
assess how well specimens withstood constant rainfall
conditions. Thus, a setup was created to spray water onto
the specimen'’s surface using a shower mentioned above.

Schematic Details of Accelerated Erosion Test

Water is sprayed through a shower of diameter 10cm having
36 holes of 2mm diameter. For this, water is sprayed with a
continuous pressure of 1.5+/-0.2 kg/cm2. In order to create
this pressure 1HP motor pump is used. The pressure can be
varied with the help of control valve. The sprayed water is
can be reused by making an arrangement of plastic bath.
Block is placed at a distance of 18cm from the shower.
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Fig. 6: Schematic view of accelerated erosion test
apparatus

B 3.2 Testing Procedure:

The block which is to be tested is mounted on a test
platform such that one face is exposed to shower and care
should be taken so that another face of the block should
not be wet. Block is placed at a distance of 18cm from
the shower and period of testing is limited to two hours.
The test is carried on at least three blocks. The limiting
diameter of the pit formed is to be within 1cm for passing
this weathering test.

Fig. 7: Accelerated erosion testing apparatus
Experimental Investigation

Optimum mix design is selected based on trial-and-error
method.

Below are the two mix proportions.
1] Cement: Clay: Foundry sand (1:4:5)

Here 10% cement, 40% clay, 50% Foundry sand and 12%
of water by weight of dry mix is taken and bricks of size
230 mm *190 mm *60 mm were casted using hand pressed
moulds.
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2]Cement: Clay: Foundry sand (1.2:4:4.8)

Here 12% cement, 40% clay, 48% Foundry sand and 12%
of water by weight of dry mix is taken and bricks of size
230*190*60 mm were casted using hand pressed moulds.

The cast bricks were subsequently cured for a period of
seven days, after which an erosion test was performed on
these primary main blocks. This test was also carried out
on alternative construction building materials such as clay
bricks, to facilitate a comparison of the outcomes. In this
test water is sprayed with a continuous pressure of 1.5+/-
0.2 kg/cm2. The test specimen is placed at a distance of
18cm from the Shower and period of testing was limited to
two hours. The test was carried out on at least three blocks.
Depth of pitting is check for each 15-minute interval. The
limiting depth of the pit formed is to be within 1cm for

Sabareshwaran, et al

The outcomes of the accelerated erosion assessment
are presented in Table 2. In this test, erosion depths
were measured for all blocks at 15-minute intervals, for
instance, 15, 30, 45, and so on, until 120 minutes. This
data can be utilised to create predictive models regarding
the durability of construction materials. As shown, these
bricks were subjected to combined pressure levels.
Experimental findings indicate that they are likely to
endure severe weather conditions.

From Tables 4.2, 4.3, and 4.4, it is noted that the Foundry
sand bricks and interlocking blocks exhibit strong
resistance to erosion at rates of 0.025, 0.016, and 0.025
mm/minute, respectively.

Table 2: Accelerated Erosion test result for Clay bricks &
Foundry sand brick (50% FS, 40% Clay, 10% Cement)

passing this weathering test as specified in IS 1725-1982. Building Spray Time Depth of Date of
DISCUSSION OF RESULTS material (minutes) erosion or erosion (mm/
pitting (mm) minute)
Compressive strength results for various building materials 15 R
like Indian Standard clay brick, FOUNDRY SAND 20 B
BRICK (50% FS, 40% Clay, 10% Cement), FOUNDRY 25 i
SAND BRICK (48% FS, 40% Clay, 12% Cement) and the %
summary of interlocking blocks have been summarised in Clay bricks - 0
Table 4.1. [ -
90 <0.1
Table 1: Compressive strength for different building 105 01
materials :
120 <0.1
Various Building Materials Compressive Strength in Mpa 15 -
Clay brick 3.00 30 R
Foundry sand brick (50% FS, 5.47 45 R
Foundry sand 0.025
40% Clay, 10% Cement) brick (50% FS, 60 B
Foundry sand brick (48% FS, 5.00 40% Clay, 10% 75 05
40% Clay, 12% Cement) Cement) .
Interlocking block 4.80 %0 !
105
120
Table 3: Accelerated Erosion test result for Foundry sand
Bricks (48% FS, 40% Clay, 12% Cement)
Building Time Depth of Rate of
material (minutes) erosion or erosion (mm/
pitting (mm) minute)
15 -
Foundry sand 30 -
bricks (48% 4 _
FS, 40% Clay, > 0.016
. . o . . 12% Cement) 60 -
Fig. 8: Plot of various building Materials v/s compressive 75 05

strength test results
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Foundry sand 90 0.5 0.016
bricks (48%
FS, 40% Clay, 105 1
12% Cement) 120 2
Table 4: Accelerated Erosion test result for Interlocking
blocks
Building Spray Time Depth of Rate of
materials (minutes) erosion or erosion (mm/
pitting (mm) minute)
15
30
45
Interlocking 60 05 0.025
blocks ) 1
90
105 2.5
120 3

Fig 9: Plot of Depth of erosion v/s Time for various
building materials

All the bricks in the study had less than 0.0833mm/
minute rates of erosion. Of all the tested building materials
clay brick registered negligible erosion rates. From the
accelerated erosion test, it is evident that bricks made
from foundry sand can be utilized without sacrificing
their durability in terms of erosion resistance. With an
increased erosion rate of 0.0833 mm per minute, these
bricks narrowly met the testing criteria. This indicates that
additional efforts in the form of experimental studies might
be required to improve their durability characteristics.
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Fig. 10: Foundry sand brick before testing

Fig. 11: Foundry sand brick after testing

The accelerated erosion test results can be used to identify
a good compromise that would satisfy other design
requirements while at the same time resulting in erosion
rates that have a bigger safety margin.

Here the Indian Standard clay brick showed no pitting
and its weight was found to remain same after testing.
Foundry Sand Brick (50% FS, 40% Clay, 10% Cement)
Showed 3 mm pitting, Foundry Sand Brick (48% FS, 40%
Clay, 12% Cement) showed 2 mm pitting and Interlocking
block showed 3 mm pitting.

Reference block showed no pitting and Main blocks
displayed pitting which is less was less than 1cm. this
shows that they passed the test as per IS 1725-1982.

Table 5: Summarized Results of Accelerated erosion test
for various building materials

Materials | Size Inmm Weight Weight Pitting in
Before After mm
Testing in | Testing in
Kg Kg

Clay Brick | 225*110*70 3.20 3.20

No. 2
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Foundry 230*190*60 5.06 4,97 3
Sand Brick
(50%
Fs, 40%
Clay, 10%

Cement)

Foundry 230*190*60 5.05 4,97 2
Sand Brick
(48%
Fs, 40%
Clay, 12%

Cement)

Interlo- 230*190*60 4.80 4.72 3

cking Block
CONCLUSION AND FUTURE WORK

Conclusion

e This working model is effective in determination of
durability of building materials such as clay brick,
foundry sand block and interlocking block against
physical weathering.

e Main findings are that foundry sand blocks show
pitting less than 1cm, hence they passed in erosion test
as per IS 1725-1982 and they can be used as building
material effectively with respect to erosion.

Future Work

It is important to bear in mind that fabrication and testing
of bricks was done in controlled laboratory setting. Actual
erosion test with wind, freezing and thawing may have
different effect on blocks. The above work can be extended
for wind, freezing and thawing along with erosion tests.
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ABSTRACT

India's large population presents a revolutionary opportunity for economic expansion, given that its young people
possess employable, technologically advanced skills. Through skill-oriented and vocational education integrated across
all learning stages, the National Education Policy (NEP) 2020 aims to empowering youth and accomplish the objectives
of Viksit Bharat 2047. NEP 2020 bridges the gap between academia and industry by utilizing digital and technical
tools and coordinating education with the National Skills Qualification Framework (NSQF). One important tactic for
eliminate poverty & empowering youth is Technical and Vocational Education and Training (TVET), which promotes
employability, entrepreneurship, and the inclusion of underrepresented groups. The policy encourages lifelong learning
and the growth of local job ecosystems and is reinforced by professional associations, Sector Skill Councils, and
public-private partnerships. But issues like a lack of trainers, restricted access in rural areas, and social stigma. By
2047, India can leverage its demographic dividend to develop a skilled, creative labor force that turns education into
sustainable livelihoods and promotes inclusive economic growth through coordinated policy reform, capacity building,
and technology-enabled learning.

KEYWORDS : NEP 2020, Technical and vocational education and training (TVET), Skill development, Empowering
youth and Viksit Bharat 2047.

INTRODUCTION

India, a demographic powerhouse known as its
"Demographic Dividend,” currently has the youngest
and greatest population in the world. This reflects a
large, vibrant, and extremely ambitious talent pool that is
quickly assimilating into the global knowledge economy;
it is more than simply a number.

India is a vital global source of human capital, producing
millions of graduates each year, including highly sought-
after engineers, doctors, data scientists, and managers.
Young Indians are naturally tech-savvy and ready to
accept new technologies. Some of the biggest and most
inventive technological businesses in the world are led by
CEOs of Indian descent, and their success stories are well
known around the world.
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Higher education demands digital literacy and problem-
solving skills. Higher education is connected to higher
unemployment since the skills learned in school do not
always match what employers need. With young people
accounting for 83% of the unemployed and low female
labour participation at 25%, women and urban areas
suffer the most. Every year, millions of people enter the
workforce, yet employment growth is slow, especially in
non-farm industries [4].

Therefore, the problem of "educated unemployment™ is
more of a transient misalignment—a critical bottleneck
between this large sea of highly aspirational talent and the
quickly changing demands of the modern workforce—
than a sign of a lack of potential. To turn this demographic
advantage into a full-fledged economic reality, the solution
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is actively being pursued through targeted policy and
technical training in accordance with technical needs.

CORE PROVISIONS OF NEP-2020

NEP 2020 views skill-based, vocational, and technical
education as a crucial lever to create an employable,
entrepreneurial workforce to empower youth under India's
Vision/Viksit Bharat 2047 initiative [5].

To close the gap between academic learning and labour
market demands, NEP 2020 specifically emphasizes skill-
based education and vocational training throughout school
and higher education. Early occupational exposure starting
in Class VI, skill integration in multidisciplinary higher
education, alignment with National Skills Qualification
Framework (NSQF), and effective use of digital tools and
online platforms for skilling are important characteristics

2.
FUTURE PROSPECTS TO 2047

Viksit Bharat 2047 is the Government of India’s aim to
transform India into a developed nation by 2047 on its
100th Independence anniversary. Youth, the impoverished,
women, and farmers are important pillars of the vision,
which emphasizes inclusive growth, sustainability, and
good governance. Major objectives include reaching zero
poverty, 100% school enrolment and quality education,
universal access to healthcare, and full employment for
skilled workers [5].

By 2047, the policy-technical ecosystem should:

(1) be able to make early vocational exposure in schools
available to everyone and integrate modular, credit-based
skill paths into higher education through NSQF.

(2) be able to deepen industry relationships (PPP models,
Sector Skill Councils, apprenticeships) to keep training
demand-driven and technology-oriented (Al, automation,
green skills, construction tech, etc.).

Further opportunities include scaling digital and hybrid
Technical and Vocational Education and Training (TVET)
(online labs, simulators, LMS), stronger recognition of
prior learning (RPL) for informal workers, and tighter
coupling of skilling missions with youth empower-focused
schemes (rural livelihoods, urban jobs, self-help groups)

[2].

For skills to translate into respectable employment and
quantifiable poverty reduction by 2047, success will
depend on quality assurance, trainer capacity, funding, and
ongoing National Occupational Standards updates.
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TECHNICAL AND VOCATIONAL
EDUCATION AND TRAINING (TVET)

TVET programs are widely recognized as effective tool for
youth empowerment by directly addressing the skills gap
and improving the economic possibilities of individuals
and communities [13].

TVET programs primarily contribute to empower youth
through several interconnected channels:

1. Enhancing Employability and Earnings (Human
Capital Approach):

TVET gives people hands on skills for specific jobs in key
sectors, which improves their chances of getting work and
earning higher incomes. By raising workers’ productivity
and wages compared to those with only general or no
education, TVET supports the human capital idea that
investment in skills increases a person’s value in the labour
market and helps reduce income inequality [1].

2. Promoting Entrepreneurship and Self-Employment:

TVET programs often include entrepreneurship and
business training, enabling graduates to secure jobs,
launch their own businesses, generate employment, and
attain self-reliance—especially valuable in economies
facing formal job shortages.

3. Inclusion and Access for Disadvantaged Groups:

TVET offers flexible, accessible pathways compared to
traditional higher education, tailored for disadvantaged
groups like rural youth and women to drive economic
empowerment and close urban-rural income gaps.

4. Meeting Industry Demand and Fostering Economic
Growth:

TVET targets demand-driven skills to fix unemployment
and skill mismatches, boosting workforce productivity
and national competitiveness for sustained growth that
ultimately aids the poor [18].

To maximize the impact of TVET on youth empowerment,
key challenges must be addressed:

Table 1: (Key challeges to maximize impact of TVET)

Challenge Impact on Poverty

Reduction

Strategic Solutions

Lack of Industry
Relevance

Graduates lack
"employability
skills" required
by the modern job
market, leading
to unemployment
despite certification.

Strengthen
School-Industry
Linkages (e.g.,
apprenticeships,
internships, industry
involvement in
curriculum design).

No. 2
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Inadequate Shortage of modern | Increase Public and Soft Skills Organizing student Leadership &
Resources training facilities, | Private Investment in (Human/ chapters, leading event Communication:

materials, and TVET infrastructure, Workplace) committees, presenting Development of
insufficient funding, | tools, and materials. papers, team projects negotiation, public
resulting in poor- Optimize resources (especially 11C). speaking, team
quality practical through streamlined management, and
training. management. critical thinking skills.
Low Social TVET is often seen Promote the Value Entrepren- Hackathons, ldea Problem-Solving &
Perception as a second-class of TVET and skilled eurial/ Competitions, Vision: Ability to
option for those who trades through Innovation Mentorship sessions, identify market gaps,
fail in academic public campaigns, Proof of Concept develop innovative
education. career counselling, development (IIC is solutions, and create a
and showcasing focused on this). business model.
successful TVET Professional | Adherence to the body's Integrity &
graduates. Ethics codes of conduct, Responsibility:
Lack of Post- Trainees struggle Provide Post- interaction with senior Understanding the
Training Support to transition into Training Support chartered professionals ethical and societal
employment or start like job placement (1EI). impact of engineering
businesses after services, career and technology.
graduation. guidance, and access
to microfinance MAINSTREAM FOCUS
or seed capital for .. .
entrepreneurship. NEP 2020 enhances TVET opportunities through active

ROLE OF TECHNICAL AGENCIES IN
EMPLOYABILITY

Technical agencies specialize in a variety of fields,
including IT, engineering, manufacturing, life sciences
and skilled professions. They have a deep grasp of industry
trends and specialized technical requirements, which sets
them different from typical learning from institutes.

That is a crucial shift in perspective that focuses on skill
crafting and meaningful engagement within professional
bodies is how technical education translates into a
successful career, moving beyond just holding a degree.

Professional bodies like the Indian Society for Technical
Education (ISTE), The Institution of Engineers (India)
(IED), the Institution's Innovation Council (I1C), etc. are
essential platforms for this development.

Professional organizations provide the framework and
opportunities for the ongoing process of improving
your hard (technical) and soft (workplace) skills to meet
industry demands is called "skill crafting.”

Table 2: (Role of technical agencies)

Skill Type ISTE, IEI, lIC Outcome for the
Opportunities Technical Learner

Hard Skills Workshops, Seminars, Staying Current:

(Technical) Training Programs, Mastery of new tools,

Conferences (e.g., ISTE
technical workshops, IEI
technical events).

technologies (like Al,
10T), and industry best
practices.
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engagement of professional bodies, which provide skill
enhancement for both the underprivileged learners
and graduates as well via industry-aligned training,
apprenticeships, and upskilling programs.

Committees and agencies constituted by the Ministry
of Education, comprising vocational experts, industry
representatives, and ministry officials to monitor TVET
integration, develop curricula, and support skill programs
for graduates, assuring alignment with employment
markets. Vocational Education in Bhopal arranges
teacher training, induction programs, and subject-
specific upskilling in partnership with SSCs and SCERTS,
targeting graduated young for employability skills like
communication, ICT, and green jobs.

Sector Skill Councils and Industry Partnerships SSCs,
under the National Skill Development Corporation,
collaborate with ITIs, polytechnics, and industries to offer
post-graduation certifications, apprenticeships via schemes
like short-term courses in emerging trades, bridging skill
gaps for rural graduates. Through NSQF-aligned credits
for lifelong learning, these organizations support vertical
mobility by facilitating on-the-job training with MSMEs
and local industries.

Professional Support with a focus on rural access through
public-private partnerships that jointly develop demand-
driven modules, the hub-and-spoke approach connects
schools with ITls/polytechnics as hubs, supported by
professional associations for graduate reskilling in skill
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laboratories. These councils support programs like
PMKVY and DDU-GKY, which offer graduated rural
youth free advanced training in solar, drones, and agri-
tech.

GDP CONTRIBUTION AND ECONOMIC
GROWTH

Vocational training is a powerful tool for improving the
economy by making the workforce better.

TVET is a powerful tool for improving the economy by
making the workforce better.

First, it provides people with specific, job-ready skills. This
means they can work more efficiently and productively in
industries like manufacturing and services.

Second, by aligning training programs, such as PMKVY,
with the exact needs of companies, TVET helps close the
gap between available skills and job requirements. This
support lowers unemployment.

Third, it promotes entrepreneurship. By linking training
with access to small loans, like MUDRA, it enables
people, especially those in rural areas, to start their own
small businesses (MSMES).

This shift turns job seekers into job creators. Finally, the
higher income earned from these skills helps increase
youth empowerment. It improves family living standards,
increases local spending, and strengthens the entire local
economy.

SWOC ANALYSIS FOR IMPLEMENTATION
FORTHE YOUTH

Strengths:

e TVET with formal academics and mainstreams
vocational education starting in Grade 6. Scalable,
individualized learning using Al, virtual labs, and
data-driven curricula is made possible by digital
transformation.

e The National Credit Framework promotes lifelong
learning and credit mobility.

e Strong engagement of professional groups and sector
skill councils aligns training with industry priorities.

e Programs increase MSME growth by tying skills to
entrepreneurship and microfinance.
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Weaknesses:

* Rural training access is restricted by urban-centric
infrastructure, and inclusion is hampered by the
ongoing digital divide.

* \ocational education remained stigmatized as a
fallback road, decreasing youth and family buy-in.

e Supply-driven programs lack regionally relevant
material associated with local job ecosystems.

o Trainer shortage, with a shortfall of industry-
experienced and digitally upskilled instructors.

o difficulty of implementation and difficulties in
coordinating with various stakeholders solutions'
crucial function.

Opportunities:

e Utilize the demographic dividend to lower youth
unemployment and increase employability.

e Integration of NEP 2020 and NCRF for lifetime
learning and credit mobility.

»  Connect to green/digital jobs, entrepreneurship, and
MSMEs.

e Expand through online platforms, virtual labs, and
Al

Challenges:

e Access is restricted in rural and marginalized areas
due to the digital divide.

»  Stigma lowers enrolment and motivation.

e Outdated curricula, a lack of trainers, and inadequate
relevance.

e Coordination is hampered by fragmented governance.
STRATEGIC ESCALATION

To translate the vision of NEP-2020 and Viksit Bharat
2047 into measurable outcomes, coordinated multi-
level interventions are essential. An integrated strategy
involving policy, pedagogy, industry connections,
and research is needed to strengthen the employment
ecosystem. The following tactical moves are advised:

Policy Integration and Coordination: To assure guaranteed
calibration and easy adjustment between school curricula,
vocational programs and market demands, a single
national structure linking ministries of education, skill
development and employment should be established.
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Capacity Building for Trainers and Institutions: To build
a healthy competitive arrangement through partnership
and joint efforts of business and academic organizations, a
systemic establishment of upskilling programs for trainers
that concentrate on cutting-edge technology, digital
delivery methods and innovative pedagogy.

Public-Private Partnerships and Industry Collaboration:
Startwith groundwork and create regional "Skill Innovation
Hubs™ run by industries using PPP methods along with
inclusion of Government schemes and demands. To
ensure relevance and employability, these centres should
customize training to local industrial clusters and MSME
requirements.

Technology-Enabled Learning and Monitoring: Providing
access to fast digital infrastructure, virtual simulation
tools, and Al-driven assessment is essential for measuring
and improving continuous learning outcomes, particularly
for students in rural and underdeveloped areas.

Social Rebranding of \ocational Careers: Through
awareness campaigns, school counselling, and mentorship
programs that highlight accomplished TVET professionals
and businesses, promote TVET as a mainstream career
pathway.

Outcome-Focused Funding Models: Financial assistance
for programs and institutions should be linked to
quantifiable employability outcomes, like industry
satisfaction indices, startup success, and job placement
rates.

Research and Impact Evaluation: To support data-driven
decision-making, promote long-term research that
assess the socioeconomic effects of TVET programs on
gender inclusion, entrepreneurship growth, and poverty
alleviation.

CONCLUSION

India is at a turning point where its large young population
can become a big strength for the economy, but only if
they get the right skills and jobs. The NEP 2020, along
with skill based education and professional support, gives
a clear plan to build a workforce that is ready for the future.
Still, this will work only if the gap between what industries
need and what education provides, and between learning
and actual livelihoods, is seriously addressed.

By 2047, if India wants to become a truly developed
country, it will need not just education for all, but also
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good, fair, and productive jobs for everyone, along with
chances to keep learning and updating skills throughout
life. When young people get vocational education that
is linked to real demand, supported by technology, and
treated with social respect, it can help growth in youth
empowerment and skills, support innovation, and ensure
growth reaches all sections of society.

Going ahead, what is needed is a mix of strong government
commitment, active industry participation, and genuine
social inclusion. This will help make sure that every
learner is not just a degree holder but an active contributor
to India’s knowledge driven economy and its dream of
becoming a fully developed nation.
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ABSTRACT

Testing of a full-scale model on a Shake table is not possible due to the limited capacity of the table. Previous work
by other researchers showed that scaling of units and mortar joints is mandatory in order to obtain the reduced-scale
masonry failure modes, which are similar to those of the full-scale masonry. For the preparation of a physical model of
a masonry building and brick units, a 1:5 scale has been taken into consideration. The measured response parameters
are amplitude and acceleration of the structure along the direction of force PULSE 3560B computerised data acquisition
and multi-analyser system is used to acquire and analyses the experimental data. The experimental values are compared
with the analytical values. There is some differences in the results because of the structural properties and boundary

conditions.

KEYWORDS : Frequency, Acceleration, Amplitude, Shake-table, PULSE 3560B.

INTRODUCTION

he present study aims to evaluate the effect of

earthquakes on the performance of masonry buildings.
Therefore, the main areas covered in this literature review
are the primary reasons behind building damage and the
assessment of earthquake responses. In most cases, the
experimental and analytical data are not validated. To some
extent, both the results are the same, but the errors are due
to the structural behaviour and boundary conditions of the
structure. Therefore, in this study, the effect of the band
in the various locations of a building and, accordingly,
their performances are observed. The conclusions drawn
from the literature review will help to precede my work
in the laboratory. The observations noted here is the
Dynamic performance of a masonry building by providing
a horizontal band in various positions of the wall. To study
the parameters like acceleration and displacements of a
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masonry building at different positions under different
frequencies/ base acceleration.

LITERATURE REVIEW

Existing studies provide valuable insights into the seismic
behavior of masonry structures; however, most rely on
single specimens, small-scale models, or unidirectional
loading. The combined interaction of in-plane and out-
of-plane actions remains insufficiently explored under
realistic multi- directional earthquakes (Dolcea,M et al
2005). Furthermore, limited full-scale testing has been
conducted on multi-storey and varying wall-thickness
configurations. There is also a lack of validation of
strengthening strategies (bands, tie-beams, reinforcement)
through nonlinear dynamic analysis or full-scale shaking
table experiments (Khan Shahzada et al.2012) . The height
of the structures, their wall thickness, the strength of mortar,
properties of materials used in construction works are also
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vital things in earthquake assessment work (Arya Anand
S.2008).The following vital points are highlighted that
Crack patterns depend on the bonding between masonry
and mortar, that is, on brick bonding. Compressive
stresses were developed at the two ends of in-plane walls
due to overturning moments, resulting in vertical splitting
at the wall corners (Khan Shahzada et al.2012) These
gaps highlight the need for comprehensive, multi-input
investigations to understand failure mechanisms better
and improve seismic design guidelines.

METHODOLOGY
Experimental Modelling

Although the capacity and response of a structure/
structural element can be predicted by using analytical
methods, the confidence that can be placed in the
results is limited to a great extent by the uncertainties
associated with the simplified modelling processes and the
nonlinear behaviour of the material. Due to these reasons,
experimental testing remains the most reliable way of
evaluating the inelastic behaviour of structural systems
and to devise structural details to improve their seismic
performance. Figures (Fig.2) show the arrangement of the
structure over a unidirectional shaking table. The shaking
table is arranged to impose horizontal motions on the
structure. The size of the table in planis 1 m x 1 m, and
it weights approximately 100 kg. The range of maximum
displacement is £75 mm. One of the major advantages of
shaking table tests is the elimination of the effect of strain
rate. This constitutes the major limitation in most of the
available shaking tables. Consequently, the weight of
a model may be limited according to scale laws due to the
capacity of the shaking table.

Fig. 1: Plan and Elevation of the Model
Dynamic Test on Building

The measured response parameters are displacement and
acceleration of the structure along the direction of force.
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The displacement response is measured by attaching
Briiel & Kjeer Deltatron 4507-001 accelerometers (Briel
& Kjar Sound & Vibration Measurement A/S, Naerum,
Denmark) at the base and top of the structure. PULSE
3560B computerized data acquisition and multi-analyzer
system is used to acquire and analyses the experimental
data. The displacement response of the building and shake
table is also determined by 16- 16- channel Module of the
Dynamic LVDT signal conditioner Data Acquisition card.
In each set of experiments, the structure is subjected to
harmonic sinusoidal base motions with different excitation
frequencies

Types of Buildings
Building A: With one band at the sill level. (Mortar 1:6).

Building B: With two bands, one at the sill level and
another at the lintel level (Mortar 1:6).

Fig. 2: Experimental Setup
RESULTS AND DISCUSSION

The maximum Acceleration (a__) related to amplitude

(A,) and frequency (f) is calculated by:
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(1)

The experimental values are tabulated here as per the mass
of the building.

Table 1: Dynamic Responses of Building A, Mass: 46 Kg

Table 2: Dynamic Responses of Building B, Mass: 51 Kg
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Fig. 3: Graphical Representation of Experimental and
Calculated Values of Amplitudes

CONCLUSION

In the model 2 Building B, very thin cracks had developed
at 8 Hz. The response of this building is reduced by 4.01%
over Building A, which is the model made with one band.
From the observation, it can be concluded that the building
with multiple bands, which increases the rigidity of the
structure, is more effective during an earthquake than a
single. During an earthquake it is possible to control the
responses or of the building by providing bands in different
positions. This increases the rigidity of the building, for
which the acceleration and displacements are reduced
damage significantly. The Material damping, Joint friction,
and air resistance influence experimental values. The small
installation differences give different readings, also the
formula assumes a single degree of freedom, but the real
structure behaves like a Multi-degree-of-freedom system,
the Top portion moves more due to the mode shape. The
real base is not perfectly fixed. At high frequency, the base
plate vibrates, and the bolts loosen microscopically. The
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foundation has flexibility, OtOhis changes the effective
boundary condition. Therefore, the experimental and
calculated values are not the same for all frequencies.

The Material damping, Joint friction, and air resistance
influence experimental values. The small installation
differences give different readings, also the formula
assumes a single degree of freedom, but the real structure
behaves like a Multi-degree-of-freedom system, the Top
portion moves more due to the mode shape. The real
base is not perfectly fixed. At high frequency, the base
plate vibrates, and the bolts loosen microscopically. The
foundation has flexibility, OtOhis changes the effective
boundary condition. Therefore, the experimental and
calculated values are not the same for all frequencies.
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ABSTRACT

What makes Self-Compacting Concrete different is how it settles under its own weight. When dealing with dense
reinforcement, regular mixing techniques often fail - concrete spreads unevenly, leaving gaps behind. Because of this
challenge, using a specialized mix becomes necessary; it moves freely around tight spaces without losing viscosity.
Without it, empty pockets might form where strength should be. This current work looks into how fibers might work
inside Self Compacting Concrete, drawing from earlier research. Lately, plastic trash has disturbed nature's balance.
Turning those plastics into useful forms now catches the eye of scientists worldwide. This work looks at past studies,
showing how recycled plastic can work well in concrete - sometimes as tiny fragments, other times as long strands.

KEYWORDS : Normal vibrating concrete (NVC), Self-compacting concrete (SCC), PET fibers, PP fibers fresh

properties, Mineral admixture (MA).

INTRODUCTION

hough concrete exhibits low tensile and crack resisting

properties, due to its high compressive strength, it is
the general structural construction material in the world.
In recent days research is going on to overcome the defects
in the concrete and innovative concrete materials which
can be more economical, safe, durable, and withstand the
designed load without undergoing failure. One of the
major disadvantages of the Normal Vibrating Concrete
(NVC) [1] is the requirement of external vibration during
the placing of concrete.

When used in heavily reinforced section, it is difficult
to obtain an even compaction which will results in void
formation and thereby reduction of strength. This leads
in the origin of Self Compacting Concrete. Okamura
proposed this concept in 1986, and achieved the first
prototype in 1988 [2]. SCC exhibits higher density,
strength and higher flowability which addresses the
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issues of the normal concrete. Though the production
cost of the SCC might be higher due to the use of higher
cement content and chemical admixtures, it can be made
economical with use of mineral admixtures and thus can
be said economical due to reduction in construction time
and labor requirements.

Studies show that the SCC experiences high heat of
hydration, larger deformations, and high drying shrinkage
because of presence of the high cement content [3].
Heat of hydration are often diminished by replacing
some quantity of the cement by mineral admixtures
like pulverized fuel ash, GGBS, Silica fume etc., while
the intrusion of Natural fibers and artificial fibers will
address the challenges like deformation, cracking, drying
shrinkage etc., in the concrete. Test like Slump flow, J-ring,
L-box, V-funnel shows the fresh concrete properties as
per standards. Generally, Slump flow and T500 tests are
carried out to know the free flowability property of the
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SCC in absence of obstructions, V-funnel test results
provides the knowledge on viscosity and filling ability of
the SCC, L-box test stipulates the passing ability of the
SCC without undergoing blocking and segregation [4].
Significant advances have been made by researches in
understanding of the chemical processes causing concrete
deterioration [5].

Fig. 1: Life cycle of Plastic [24]

Fig. 2. Global Plastic Production from 1950 to 2015 [25]
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Fig. 3. Microplastics in Oceans from 1950 to 2050

Among all the wastes, plastic wastes are the major
ones causing the environmental issues. Polyethylene
terephthalate (PET) is one of the world's most significant
and widely used plastics, particularly in the production
of beverage containers, packaging, clothing, and carpets
[6]. PET is currently produced around 300 million tons
per year across the world [7]. The majority of PET
beverage containers end up as waste, improper disposal or
destroying causes various environmental issues in nature
[5]. As a remedy to this problem, a method for recycling
PET bottles proposed, where fibres created or fine particles
of recycled PET are employed concrete for structures[6].

A lot of study has gone into repurposing waste elements
from the plastics industry in concrete. The incorporation
of plastic waste into concrete is a new approach to study,
bridging the gap between concrete technology and
environmental technology [8]. In concrete mixing, plastic
waste is crushed into small particles to substitute fine or
coarse aggregates [9] or cut into pieces of length and used
as fibers. For the ease of understandability, authors has
discussed the effect of these fibers in two different sections.
Section 1 pacts with the studies based on normal concrete
and section 2 with studies on SCC with PET particles and
fibers.

LITERATURE REVIEW BASED ON
NORMAL CONCRETE WITH PLASTIC
FIBERS OR PARTICLES

Sung Bae Kim et al. (2010) [6] conducted study on
Material and structural performance evaluation of
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recycled PET fiber reinforced concrete by comparing
he effect of Polypropylene (PP) and PET fibers, with a
volume ratio of 0.5 to 1%. Bonding potency and diffusion
characteristics of PET fibers are enhanced by coating it with
polypropylene grafted with Maleic Anhydrided before
using it in concrete mix along with air entraining agent.
It was evident that drying shrinkage cracks were delayed
by using PET fibers. Specimen Compressive strength with
PET fiber and PP fibers is found to be reduced by up to 9%
and 10% respectively. However, a noticeable increase of
32% in flexural strength was observed.

T. Ochi et al. (2007), carried out a durability study with
0 to 1.5% of PET fibers of length 30mm. Test specimens
are submerged in solution of 0.1N Sodium Hydroxide for
5 days and loading of specimen samples was done till
failure to obtain the relation between the deterioration and
the compressive strength. Compressive test is carried out
on 12 cylindrical samples of 100 mm diameter and 200
mm height. Bending test, toughness index and also pullout
tests were carried on. Similar tests were carried by Erlon
Lopes Pereira et al. [11] in 2017, with varied length of
PET fibers (having width of 3mm). For the study, fibers
are shredded with the help of electric shredders. Results
obtained from 66 samples implies that the samples can
withstand 14.3% & 16.6% of higher compressive force and
tensile force. Obtained results we corelated by developing
a mathematical model.

Dora Foti (2013) [12] used circular as well as strip fibers
which are obtained by cutting the waste plastic bottle. The
test phase includes 3 different kinds of test samples (i) 1%
of circular PET fibers with superplasticizer (ii) Fiber strips
overlapped with 2 layers and (iii) large specimen. It was
observed that, post ductile behavior of the concrete was
increased.

Research on PET fibers along with fly ash upto 40% and
Nano silica upto 7.5% in concrete by Ibrahim H. Alfahdawi
et al. [13] also concentrated on finding influence of high
temperatures (4000 C to 7000 C) on compressive strength,
flexural strength, and other properties of concrete.
100mm cubes were studied and the samples of 3 to Smm
from crushed samples are used to measure the pore size
distribution.

Study on M50 grade concrete with 10% Metakaolin and
0 to 0.8% recycled plastic fibers by Lisa Mary Thomas et
al. (2020) [14] was carried out as per Indian Standards.
Addition of metakaolin decreased the slump due to high
surface are where as it was compensated by using fibers
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in their optimum range. At 0.2% and 0.4% fiber volume,
increment in strength upto 5.36% was observed. Parallelly,
flexural properties and tensile properties are enhanced by
35.6% and 84.6% respectively.

In the similar way of fibers, study on PET particles as
an replacement of aggregates [5,15-17] upto 15% was
conducted [5]. Janfeshan Araghi et al. (2014) utilized
PET particles obtained from grinding of bottles as partial
replacements of fine aggregates. The samples of 10mm3
are tested against acid attack by immersing them into a
5% Sulfuric acid solution. The samples are tested for
dimensioning, compressive load & ultrasonic wave
velocity at an age of 15, 30 and 60 days from curing.
DCC ratio of 59.3 to 48% was obtained. The reduction
percentage in concrete specimens with 15% PET particles
is minimum, indicating that PET particles have a favorable
influence on concrete erosion.

Fig. 4: Percentage Reduction in DCC Value

C. Albano et al. (2009) [15], in their research used PET
particles of size 0.26cm and 1.14cm as replacement to
aggregate upto 20%. Test were carried out on cubes, slabs
of (200x200x50) mm & cylinders of (150x300) mm as
per ASTM guidelines, resulted in higher workability for
bot 10% and 20% PET particles. Further, with 20% PET
particles, the strength in compression was found to reduce
beyond the control mix. As formerly stated, PET addition
greatly impacts the concrete’s porosity; the cavities created
by the PET particles attenuate the ultrasonic wave due to
acoustic impedance. Further the study on effect of larger
PET particles of size upto 7mm [16] resulted in lower
workability and density. E. Rahmani et al. (2014) found an
increasing followed by decreasing trend of compressive
strength on using these fibers. The study also showed the
negative effect of w/c ratio resulting in decrease of 8.45%
of strength in compression when w/c ratio was increased
from 0.42 to 0.54. Modulus of elasticity tested using strain
gauges also stemmed in the similar results and tensile
strength were reduced by 15.9% and 18.06%, respectively.
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P. Vasanthi et al. (2020) [17] used PET particles along
with LDPE-Low Density Poly Ethylene based Milk
cover flakes of 0.3 to 2.5mm thick in the study. In this
approach, 5 to 15% replacement of LDPE particles was
done to observe the variations of compressive strength in
compression and flexural strength. Along side the strength
of mortar cubes was increased by 9% at 14th day and
thereafter a decreased in overall strength of 26% at the end
of 28 days was detected. The compressive strength of PET
flakes replaced at 5% and shredded milk covers replaced
at 0.8 percent is higher compared to other replacement
percentages.

Fig. 5 Percentage fraction of Fibers used in Literatures
related to Normal Concrete

Fig. 6. Percentage Variations in tested properties

LITERATURE REVIEW BASED ON SCC
WITH PLASTIC FIBERS OR PARTICLES

As the trend of using PET wastes was rising, researchers
found the usability of these particles in other innovative
concretes. In recent decades, research are carried out to
verify the workability and other properties of SCC when
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PET particle or fibers are used as supplements [18-25]. B.
Ramesh et al. (2019) [18] introduced Polypropylene fibers
into the SCC. The particles of 5mm dimensions are used
at 0.3 to 1.2% by volume of cement and found that the
variations in properties are in the range of 6 to 9% thereby
concluding the effectiveness of using PET particle in SCC.

Sheelan M. Hama et al. (2017) [19] used 3 different sized
waste plastic particles ranging from 0 to 12.5%. Author
classified the plastic wastes passing via Imm sieve as fine
and those retained on 1mm but passing via 4mm as coarse
plastic waste. The slump flow of 675 to 710mm was
observed in all the cases and was classified as VS2/VF2 as
per EFNARC guidelines. It is also noted that, the systematic
reduction of strength in compression when PET particle
are increased. Use of Limestone powder [20] alongside
the PET fibers found to compensate the issue addressed
in previous research. Mahmoud Khashaa Mohammed et
al. (2019) [20] developed a mathematical modelling using
ANOVA software using the experimental results. Authors
used relatively high dosage of superplasticizers to prevent
the bleeding along with segregation issues.

Sadaqat Ullah Khan etal. (2020) [21] studied the PET fibers
and PET Stripes effects along with the reinforcements and
eliminating the shear reinforcements. Flow in slum was
around 655mm and j-ring was 605mm, also observed that
the blockage ratio of 13. Test on beams which are designed
to flexure and shear, with 1% PET fibers by volume of shear
zone resulted in increased load capacity of 13%. Shutong
Yang et al. (2015) [9] studied the effect of PET fibers with
10 to 30% replacement levels. At 15% replacement, it
was found that the passing ability, compressive strength,
flexural strength and split tensile strength are increased.
A microscopic study was also carried in evidence to the
above results. As both PET fibers and strips showed higher
ductility and load bearing capacity. Hence it justifies the
effective usage in SCC.

Ali Sadrmomtazi et al. (2015) [22] carried tests on SCC
with PET particles at 5 to 15% by weight and silica fume,
flyash as pozzolanic replacement to cement at 10 and 30%.
PET fibers found to reduce the strength in compression and
flexure and can be negotiated with addition of pozzolanic
materials. Reduction in flexural strength upto 34.6% and
tensile strength upto 48.8% justifies the requirement of
additional binder in SCC with PET particles.

Abdulkader Ismail Al-Hadithi et al. (2016) [23] researched
the effective use of waste plastic fibers obtained from
beverage bottles with 25% fly ash and alccofine as mineral
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admixture. 9 different mixes are tested with 0 to 3% fiber
content. It was found that the reduction in slump flow and
t-50 time from 3 sec to 12 sec. For an addition of 1.5%,
compressive strength was found to increase beyond which
the decrease trend was observed. However the addressing
of this issue was done by addition of 6% alccofine which
increase the strength in compression by 22.65% and 9%
alccofine enhanced the flexural strength by 52%. UPV test
result ranges within 3.44 to 5.2 km/s which indicates the
good quality concrete.

In the similar manner, study on wastes from plastic bag in
concrete by Youcef Ghernouti et al. (2015) [8] showed the
positive effect of fibers. 14 different samples with varied
aspect ratio of fibers and percentage addition, a control
mix and the other with 1kg of polypropylene fibers were
tested as a part of study. It was evidenced that, fibers of
2cm length doesn’t have any impact on flow properties;
no blockages are noted and the slump flow was ranged b/w
650 to 800mm. Stress levels are tested which is found to be
varied in each samples. Incorporation of fibers enhanced
the compressive strength by 12.4% and split tensile
strength by 74%.

Fig. 7. Percentage fraction of Fibers used in Literatures
related to SCC

CONCLUSIONS

As a general conclusion, we assert that trash PET bottles
can be reused as aggregates for concrete, implying that we
can expect a reduction in concrete self-weight as well as
environmental protection by recycling waste materials.
The addition of this polymer changes the rheological
properties and homogeneity of the blend, notably the flow
and compaction; increasing the PET concentration reduces
the plasticity and uniformity of the fresh concrete. Because
of their spherical form, specific surface area of PET
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particles higher than natural sand. As a result, there would
be increased friction between the particles, causing the
mixes to be less workable. However, use of PET fibers has
enhanced the properties and further addition of mineral
admixtures like silica fume, alccofine etc., increased the
properties drastically.

Fig. 8. Literatures with PET Fibers and PET Particles

Finally, waste plastic polymers in the form of particles or
fibers can be used as aggregates in concrete technology.
The trend line also enumerates the current scope of use of
PET fibers in concrete. Concrete's physical and mechanical
characteristics would be improved, and it might also be
an environmentally friendly alternative for discarded PET
bottles.

REFERENCE

1. El-Dieb,A.S.,Reda Taha, M.M., 2012. Flow characteristics
and acceptance criteria of fiber- reinforced self-compacted
concrete (FR-SCC). Constr. Build. Mater. 27,585-596.
https://doi.org/10.1016/j.conbuildmat.2011.07.004

Okamura, H., Ouchi, M., 2003. Self
Compacting Concrete. J. Adv. Concr. Technol. 1, 5-15.

Janfeshan Araghi, H., Nikbin, .M., Rahimi Reskati,
S., Rahmani, E., Allahyari, H., 2015. An experimental
investigation on the erosion resistance of concrete
containing various PET particles percentages against
sulfuric acid attack. Constr. Build. Mater. 77, 461-471.
https://doi.org/10.1016/j.conbuildmat.2014.12.037

EFNARC, BIBM, CEMBUREAU, EFCA, ERMCO,
2005, 2005. The European Guidelines for Self-Compacting
Concrete. Eur. Guidel. Self Compact. Concr. 63.

Al-Hadithi, A.I., Noaman, A.T., Mosleh, W.K., 2019.
Mechanical properties and impact behavior of PET
fiber reinforced self-compacting concrete (SCC).
Compos. Struct. 224, 111021. https://doi.org/10.1016/].

compstruct.2019.111021

No.2  February 2026



Innovative Approach of Optimization of Concrete Properties by

10.

11.

12.

www.ijteonline.in

Kim, S.B., Yi, N.H., Kim, H.Y., Kim, J.H.J., Song, Y.C.,
2010. Material and structural performance evaluation
of recycled PET fiber reinforced concrete. Cem. Concr.
Compos. 32, 232-240.  https://doi.org/10.1016/].
cemconcomp.2009.11.002

“India Recycles 90% of its PET Waste, Outperforms
Japan, Europe and US : Study”, Hindustan Times
-Online resource — accessed on 9-2-2022 (https://www.
hindustantimes.com/mumbai-news/india-recycles-90-of-
its-pet-waste-outperforms-japan-europe-and-us-study/
story-ygphS1w2GdlwMY PgPtyb2L.html)

Ghernouti, Y., Rabehi, B., Bouziani, T., Ghezraoui, H.,
Makhloufi, A., 2015. Fresh and hardened properties of
self-compacting concrete containing plastic bag waste
fibers (WFSCC). Constr. Build. Mater. 82, 89—100. https://
doi.org/10.1016/j.conbuildmat.2015.02.059

Yang, S., Yue, X., Liu, X., Tong, Y., 2015. Properties of
self-compacting lightweight concrete containing recycled
plastic particles. Constr. Build. Mater. 84, 444-453. https://
doi.org/10.1016/j.conbuildmat.2015.03.038

Ochi, T., Okubo, S., Fukui, K., 2007. Development
of recycled PET fiber and its application as concrete-
reinforcing fiber. Cem. Concr. Compos. 29, 448-455.
https://doi.org/10.1016/j.cemconcomp.2007.02.002

Pereira, E.L., de Oliveira Junior, A.L., Fineza, A.G.,
2017. Optimization of mechanical properties in concrete
reinforced with fibers from solid urban wastes (PET
bottles) for the production of ecological concrete. Constr.
Build. Mater. 149, 837-848. https://doi.org/10.1016/].
conbuildmat.2017.05.148

Foti, D., 2013. Use of recycled waste pet bottles fibers for
the reinforcement of concrete. Compos. Struct. 96, 396—
404. https://doi.org/10.1016/j.compstruct.2012.09.019

Vol. 49  Special Issue

13.

14.

15.

16.

17.

18.

19.

20.

No. 2

Ibrahim, et al

Alfahdawi, 1.H., Osman, S.A., Hamid, R., AL-Hadithi,
AL, 2019. Influence of PET wastes on the environment
and high strength concrete properties exposed to high
temperatures. Constr. Build. Mater. 225, 358-370. https://
doi.org/10.1016/j.conbuildmat.2019.07.214

Thomas, L.M., Moosvi, S.A., 2020. Hardened properties
of binary cement concrete with recycled PET bottle fiber:
An experimental study. Mater. Today Proc. 32, 632—637.
https://doi.org/10.1016/j.matpr.2020.03.025

Albano, C., Camacho, N., Herndndez, M., Matheus, A.,
Gutiérrez, A., 2009. Influence of content and particle
size of waste pet bottles on concrete behavior at different
w/c ratios. Waste Manag. 29, 2707-2716. https://doi.
org/10.1016/j.wasman.2009.05.007

Vasanthi, P., Devaraju, A., Haripriya, P., Prasanth, E.,
Vaishnavi, T.S., 2020. Performance of concrete by
using milk cover and pet flakes replacement in concrete
constituent. Mater. Today Proc. 39,459-466. https://doi.
org/10.1016/j.matpr.2020.07.720

Ramesh, B., Gokulnath, V., Vishal Krishnan, S., 2020.
Detailed study of M-sand on the flexural properties
of M-25 Grade Polypropylene Fibre reinforced self
compacting concrete. Mater. Today Proc. 22,1092—-1096.
https://doi.org/10.1016/j.matpr.2019.11.310

Hama, S.M., Hilal, N.N., 2017. Fresh properties of
self-compacting concrete with plastic waste as partial
replacement of sand. Int. J. Sustain. Built Environ. 6, 299—
308. https://doi.org/10.1016/j.ijsbe.2017.01.001

Mohammed, M.K., Al-Hadithi, A.l., Mohammed, M.H.,
2019. Production and optimization of eco-efficient self
compacting concrete SCC with limestone and PET. Constr.
Build. Mater. 197, 734-746. https://doi.org/10.1016/].
conbuildmat.2018.11.189

Ullah Khan, S., Ayub, T., 2020. Flexure and shear
behaviour of self-compacting reinforced concrete beams
with polyethylene terephthalate fibres and strips. Structures
25,200-211. https://doi.org/10.1016/j.istruc.2020.02.023

February 2026



Deep Learning-Based Framework for Construction Cost Index
Forecasting: Comparative Analysis of Temporal Models and
Attention Mechanisms

Amruta A. Bhosale

Research Scholar

Dept. of Civil Engineering
Rajarambapu Institute of Technology
Sangli, Maharashtra

>4 bhosaleamruta834@gmail.com

ABSTRACT

Popat D. Kumbhar

Associate Professor

Dept. of Civil Engineering
Rajarambapu Institute of Technology
Sangli, Maharashtra

>4 popat.kumbhar@ritindia.edu

Construction cost index (CCI) forecasting is crucial for efficient project management and success of project. Traditional
approaches of forecasting CCl mostly rely on statistical methods that often fail to work with dynamic, non-linear
and volatile nature of the construction data concluding inaccuracies in forecasting. Study utilizes two datasets from
construction industry to develop hybrid deep learning framework to forecast CCI with utmost accuracy for temporal
models. The performance of hybrid LSTM, BiLSTM, GRU and BiGRU models enhanced with attention mechanism
is analysed. Attention mechanism improves the accuracy by assigning weightages to the sensitive feature parameters.
Major contribution of this study is to develop an attention oriented deep learning framework that focuses on critical
temporal dependencies and identifying most efficient model for accurate and reliable construction cost forecasting.
Empirical evaluation of results validates the superiority of BIGRU model enhanced with attention mechanism over
other models evidenced by lower MAE, RMSE and MAPE values. The proposed methodology of CCI forecasting
improves the precision and provides insights in temporal patterns and factors affecting construction cost. Findings of
this study illustrates how deep learning can contribute to more accurate and scalable cost estimation practices, thereby
strengthening data-driven construction project management.

KEYWORDS : Construction cost index forecasting, Deep learning models, Temporal models, Time-series analysis,
Attention mechanisms, LSTM and GRU architectures.

INTRODUCTION

construction price is crucial for the project to be successful.
Accurate forecasting of CCI benefits the early cost

Construction cost Index (CCI) is a leading economic
indicator that tracks the price fluctuations in the
construction industry over time for a well-defined area. It
is extensively used in the construction sector for accurate
estimation, tendering, project management, investment
decisions and risk mitigation [1]. CCI calculates the
fluctuations in the prices of the construction basket of
construction resources relative to decided base period.
Construction Industry Development council (CIDC) is
responsible for publishing CCI in India for 78 major cities
from year 1998 [2]. Government agencies utilize the CCI
as a macroeconomic indicator for tracking the inflation in
construction industry and planning policies accordingly.

Price fluctuations in the construction industry are
volatile and dynamic in nature hence exact forecasting of
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estimation, bids, budgeting and avoids the cost overruns,
delays and even project failures. Improved accuracy in
CCI forecasting leads to the enhanced risk assessment
and contingency planning. For developing nations, region
specific accurate CCI forecasting helps with managing
inflation and unsteady market conditions supporting
resilient infrastructural investment at project as well as
policy level [3]. Traditional CCI forecasting models are
good with data transparency and simplicity in calculations
but these models fails to incorporate nonlinear, dynamic
and temporal data, discrepancies in records, and variation
construction methods. Linear regression models and
basic econometrics methods needs the variables in linear
form, nonlinear nature of construction data leads to the
increased bias and leads to inaccurate CCIl forecasting
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[4]. Autoregressive Integrated Moving Average 9ARIMA)
and Seasonal ARIMA (SARIMA) models work good with
short term dependencies they underperform in higher
fluctuations and variable regime conditions [5]. Deep
learning methods like Recurrent Neural Network (RNN),
Convolutional Neural Network (CNN) are very popular
with complex, nonlinear, temporal forecasting. Studies
shows improved performances of CCI forecasting after
incorporation of these models for volatile, temporal,
dynamic construction data [6].

Past studies show that the efficiency of deep learning
models in CCI forecasting. Many of researchers worked
on comparative study of implementation singular model
of deep learning for forecasting which vyielded richer
outputs than conventional methodologies [7]. Despite
of this advancement CCI forecasting still faces accuracy
issues as noted by many researchers. Literature study
shows that there is still scope to study the performances of
deep learning models enhanced my attention mechanism
architecture [8] [9] [10]. An objective of this study is to
propose a framework for CCI forecasting to compare the
performance of temporal and attention based mechanism
model to apply relevance and accuracy in practical
forecasting in construction industry.

LITERATURE REVIEW

Many researchers has studied and worked on CCI
forecasting using statistical, regression based, econometric,
deep learning and hybrid based techniques. These models
demonstrated their effectiveness in capturing inflation
trends and seasonal variations. Though, studies also put
emphasis on sensitivity of these models to dynamicity and
regime shift of construction data.

Early studies often relied on statistical and econometric
methods but in year 2010, Ashuri & Lu et al studied
numbers of univariate models for CCI forecasting and
found that Seasonal ARIMA models performs well than
the other techniques and set an evolutionary benchmark
[11]. Yet this model performs well during regular economic
cycles, but the accuracy of these models is inconsistent
with market unpredictability and inflation variations.

Later Shahandashti & Ashuri et al introduced multivariate
models which make use of leading economic indicators
that outperformed the univariate time series used for CCI
forecasting [12]. Moon & Shin et al and Wang & Ashuri
et al further applied machine learning and hybrid models
to CCI forecasting to enhance long term and short term
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dependencies and to overcome the crisis situation like
2008 recession’s impact on CCI [13],[14].

Several researchers have discussed the limitation and
effectiveness of CCI forecasting models, summary of this
data is discussed in table 1.

Table 1 Comparative Study of CCI Forecasting Models

Traditional Limitations Citations
Technique
ARIMA, Seasonal — | Poor response to data | Amr Altalhoni et al
ARIMA shock and volatility. | [15], Taenam Moon

et al. [9], Aydnli, S
etal. [5].

Univariate time
series

Lower efficiency
in Long /short term
forecasting.

Jun Wang et al. [13],
Rong Zhang et al.
[15], Fengchang
Jiang et al. [4],
Jiang-wei Xu et al.
[16].

Artificial Neural Unrealistic linear Bilal Aslam et al. [3],

Network (ANN), trends, structural P. Velumani et al.
Hybrid ARIMA - rigidity. [17], Sooin Kim et
ANN al. [18], Rong Zhang
et al. [15].
Multivariate model Data lag Taenam Moon et al.
with leading [9], Fengchang Jiang
indicator etal. [4].
Region specific, Questionable data Shengzhong Mao et
sector specific representativeness al. [19], C. C. Saar
models et al. [20], Heba Al

Kailani et al. [21].

No. 2

Recent study shows, involvement of attention mechanism
in hybrid deep learning model enhance interpretability
of data and temporal data deficiency. When Attention
mechanism is incorporated with Long Short Term Models
(LSTM), and Gated Recurrent Unit (GRU) it shows more
improved and richer results for complex, time series
and non- linear construction data. Chaoxue Wang et al.
introduced hybrid attention mechanism to Bi-LSTM
model for construction cost prediction which shows
improved results with lower Mean Absolute Error (MAE),
and Root Mean square Error (RMSE) [22]. Pingan Li et
al. reported 25-30% error reduction with hybrid LSTM
attention models for building material prices [23].

Overall literature review demonstrate the simplicity and
transparency of the existing CCIl forecasting models
but also highlights the incapability of handling non-
linear, volatile and temporal data affecting accuracy in
CCI forecasting. This encouraged the research towards
formulating more advanced attention mechanism based
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hybrid machine learning and deep learning models to
effectively handle complex temporal data of construction
industry.

RESEARCH FRAMEWORK AND
METHODOLOGY

The proposed framework Construction Cost Index
(CCI) forecasting includes a systematic comparative
study approach of hybrid attention deep learning
based methodology. This methodology comprises of 5
major stages i.e. data collection and analysis, data pre-
processing, mathematical model training, comparative
performance evaluation and result interpretation. This
framework ensures the accurate forecasting, identification
of influential factors affecting CCI, and better handling of
non-linear, complex, multi-level dependencies.

Data collection and analysis

The study uses two datasets, Construction Cost Estimating
Software Market Research Report 2032 and Construction
Estimation Data.

First data set, construction cost estimating software market
research report 2032 issued by persistence market research
which provides comprehensive market data and trends
related to construction industry for financial year 2022
to 2032. This data covers the quantifiable data regarding
market growth trend, software adoption and regional
distribution. The dataset is utilized in this study to enable
a circumstantial analysis of digital transformation within
construction cost management practices and to justify the
adoption of data-driven and intelligent cost estimation
frameworks.

The second data set — Construction cost estimation data
consists the actual construction project data records,
construction cost affecting parameters and associated
economic leading indicators. It is particularly effective
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for analysing the influence of design modifications on
cost variations during the Schematic Design phase. By
capturing critical features relevant to construction cost
prediction, this dataset enables robust model development,
training, validation, and performance evaluation.

Data pre-processing

Data pre-processing is a system that transforms raw data
into trustworthy, model ready data that affects the machine
learning tool performance and result validation. Data pre-
processing involves.

a) Data Cleaning and Validation

Missing data from the finalised data set is identified and
addressed using interpolation method and normalization
method.

b) Outlier Detection

Farthest cost values causing from a unbalanced market
conditions were recognised using statistical techniques
such as interquartile range (IQR) analysis. Outliers were
handled through capping or removal to reduce model bias.

c) Feature Selection

Design-sensitive variables manipulating construction
costs were retained, while redundant or weakly correlated
attributes were excluded based on correlation analysis.

d) Normalization and Scaling

All  numerical features were normalized using
standardization to improve model convergence and
stability during training.

e) Dataset Partitioning

The dataset was divided into 70 % for training, 15% for
validation, and 15% for testing subsets to enable unbiased
performance evaluation of the proposed models.

Table 2 Pre-processed Construction Estimating Software Market Data

Year Market Size CAGR (%) Cloud (%) | On-Prem (%) | Contractors | Consultants | Government
(Normalized) (%) (%) (%)

2022 0.32 4.2 45 55 50 30 20

2023 0.36 43 48 52 52 29 19

2024 0.41 45 50 50 54 28 18

2025 0.46 4.6 52 48 56 27 17

2026 0.50 4.7 54 46 58 26 16

2027 0.55 4.8 56 44 60 25 15

2028 0.60 4.9 58 42 62 24 14
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2029 0.65 5.0 60 40 64 23 13
2030 0.70 5.1 62 38 66 22 12
2031 0.75 52 64 36 68 21 11
2032 0.80 53 66 34 70 20 10

Mathematical model training

From literature review, four most prominent deep learning
models are identified - Long Short-Term Memory (LSTM),
Bidirectional LSTM (BIiLSTM), Gated Recurrent Unit
(GRU), and Bidirectional GRU (BiGRU) and finalized for
forecasting model training. These models works richer to
capture the sequential patterns and temporal dependencies
within specified dataset. These models are precisely
architecture to derive key findings from time series data,
investigating the historical trends and long — short term
dependencies that fluctuates construction cost during the
specified time period.

To enhance the forecasting accuracy further, attention
mechanisms are incorporated into these finalized deep
learning models. Attention mechanism when introduced
in deep learning models, it focuses only on computation
of most relevant information and design sensitive factors
by dynamically assigning weights to critical features and
time steps. Such inputs are beneficial for construction
managers, planners and investors in order to understand
and manage cost impacts during initial stages of project.

Comparative performance evaluations

Figure 1 demonstrates the proposed framework for
construction cost index forecasting using hybrid deep
learning models integrated with attention mechanism. The
current framework goes through a systematic rigorous
evaluation using the two determined data sets representing
construction market trends and actual construction site
data. To compare the performance of each model, multiple
performance metricise including mean absolute error
(MAE), root mean square error (RMSE), mean absolute
percentage error (MAPE) and R-squared (R?) are applied.
Also impact of integration of attention mechanism to
the traditional deep learning architecture is analysed and
evaluation of improvements in forecasting robustness,
accuracy and thr ability to manage complex design
variations,

By integrating hybrid deep learning models and attention
mechanisms, the framework offers a reliable and scalable
solution for construction cost index forecasting. Proposed
methodology improves the computing ability considerably
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with accuracy and timeliness of CCI forecasting. This
approach benefits policymakers, managers and investors
to take informed decisions, risk mitigation and macro
planning of policies.

Fig. 1 proposed framework for CCI forecasting.
RESULTS AND DISCUSSION

After rigorous evaluation of four finalised hybrid deep
learning models, results interpret the superiority of Bi-
GRU Architecture enhanced with attention mechanism
for CCI forecasting. Table no 3 represents the results of
constructionestimation datasetwhichshowshybrid BiIGRU
model outperforms other three models with reduced error,
activing lowest MAE (10.95), RMSE (16.80) and MAPE
(5,7) with highest R2 value (0.95). Parallel trend shown
also in Table no 4 for Construction Estimating Software
Market Dataset proving effectiveness of hybrid BiGRU
models integrated with attention mechanism. In both
data sets, as compared to linear architect, bi- directional
architect’s show improved accuracy due to richer temporal
context. These results highlights the effectiveness of bi-
directional architects like GRU integrated with attention
mechanism outperforms all the existing CCI forecasting
models benefitting the construction economy.
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Table 3: Performance Comparison on Construction
Estimation Data

Model MAE RMSE MAPE R2
(%)

Hybrid LSTM + 12.45 18.76 6.5 0.91
Attention mechanism

Hybrid BiLSTM + 11.30 17.40 5.9 0.94
Attention mechanism

Hybrid GRU+ 12.10 18.05 6.2 0.92
Attention mechanism

Hybrid BiIGRU+ 10.95 16.80 5.7 0.95
Attention mechanism

Table 4 Performance Comparison on Construction
Estimating Software Market Dataset

Model MAE RMSE | MAPE | R?
(%)

Hybrid LSTM+ Attention 1.85 2.50 4.2 0.89
mechanism

Hybrid BiLSTM+ 1.70 2.35 3.9 0.91

Attention mechanism

Hybrid GRU+ Attention 1.78 242 4.0 0.90
mechanism

Hybrid BiGRU+ Attention 1.65 2.30 3.8 0.91
mechanism

CONCLUSIONS

This study utilizes the two construction data sets to
compare the effectiveness of hybrid deep learning models
integrated with attention mechanism for CCI forecasting.
This framework consist systematic steps of data collection
and analysis, data pre-processing, model training and
validation, comparative performance evaluation and result
and discussion. In this study, particularly high performing
deep learning models: LSTM, Bi-LSTM, GRU and BiGRU
architects included.

In comparative analysis of these four hybrid models MAE,
RMSE, MAPE and R2 metrics are used for evaluation. For
both the data sets, results shows superiority of bidirectional
architects integrated with attention mechanism in CCI
forecasting in specified time period. Results shows
dominance of hybrid deep learning models in forecasting
due to the ability of capturing the temporal dependencies
and sensitivity in analysing cost driving parameters.

Overall, the proposed framework offers precise
methodology for researchers, engineers, managers and
all other construction industry stakeholders to forecast
accurate CCI value enabling them to plan macro and micro
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economic policy planning. Future study may discover
the project specific CCI forecasting enabling smart and
efficient project planning leading to successful completion
of project with minimum contingencies boosting the
economy globally.
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ABSTRACT

CampusConnect is a full Al powered ERP system that helps educational institutions manage important academic,
administrative & campus life activities more efficiently. It brings together several features like student registration, login,
fee handling, exam form submission, attendance tracking, homework submission, teacher feedback, and grading into
one place. The system also has smart tools such as Al based timetable planning, automated budgeting, student support,
hostel management, and live updates on canteen stock and meals. CampusConnect provides different dashboard views
for students, teachers, management, and support staff, which helps in making mutual coordination. Managers can easily
monitor everything from a single interface, create reports, and track resources. With smart automation and support for

multiple users, CampusConnect is a modern, flexible, and efficient ERP system.

KEYWORDS : Campus ERP, Student information system, Attendance tracking, Smart timetable, Al Agent.

INTRODUCTION

anaging handle academic and administrative tasks

with many separate platforms is a big problem
for students, teachers, and staff. Colleges make use of
seperate systems for timetables, attendance, homework,
fees, hostel management, and organizing events. This
creates confusion, delays, and more work done manually.
Hence we introduce CampusConnect, an integrated ERP
solution that brings all academic, administrative, and
campus services into one place. By reducing the need for
manual work and giving real-time access to information,
the system aims to improve the user experience and make
things more transparent within the institution. The main
goals of this study are to create a single interface, automate
common tasks, allow access based on different roles, and
include an Al-powered assistant for making timetables and
sending smart notifications. This work covers the process
of understanding the requirements, designing the system,
creating the modules, planning the implementation,
and evaluating it through UML and DFD diagrams. The
system is designed for students, teachers, administrators,
hostel staff, canteen staff, and other academic personnel.
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LITERATURE REVIEW

Various investigations have looked into developing college
management systems, ERP modules, and mobile apps to
make academic activities easier. Most research focuses on
specific features like timetable management, attendance
automation, online fee payments, or digital assignment
submission. Some studies provide dashboards for students
and teachers based on their roles, while others combine
basic administrative tools to improve cooperation within
the campus. These have also been suggested to improve
access and communication between institutions and
stakeholders.

Yet, prevailing methods tend to be limited in scope and
integration. Many systems handle only one function, such
as attendance or payment, without providing a single
platform. Some studies do not support multi-role access,
hostel and canteen management, or workflows for non-
teaching staff, which are important for complete campus
digitization. Additionally, there is little research on smart
features; only a few studies include Al-driven timetable
creation, automated alerts, or predictive analytics for
academic planning.
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Another major gap is the lack of a fully centralized ERP
system that connects students, teachers, administrators,
hostel staff, and canteen staff within a single, unified
environment. Limited consideration of safer payment
methods and smart budgeting tools showcases importance
of developing an intelligent,secure and more interactive
solution.

Proposing CampusConnect fills these barriers as it is
a single college management system that combines
academic operations, administrative tasks, hostel and
canteen services, real-time communication, and automated
insights into one platform.

METHODOLOGY

This section explains the materials, software tools,
system design strategy, and methods used to develop the
CampusConnect college ERP system. The approach uses a
modular and layered software design to ensure scalability,
security, and ease of maintenance. Visual aids like use case
diagrams, data flow diagrams (DFD-0 and DFD-1), and
system architecture diagrams are used to show how the
platform works and interacts.

System Design and Architecture — It uses a three-tier
architecture made up of the presentation layer, application
layer, and data layer. The presentation layer offers user
interfaces designed for different roles accessible via web
and mobile platforms. The application layer includes
the logic for managing tasks like attendance, grading
assignments, creating timetables, handling payments, and
providing Al-based suggestions. The data layer stores
educational records, user details, attendance logs, payment
information, and inventory data in a central database.
Various diagrams show how these layers work together
and how data flows securely across different modules.

Fig. 1: System Architecture Diagram
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Functional Workflow and Al Integration — Functional
Workflow and Al Integration — The functional workflow
of CampusConnect is shown using use case diagrams and
data flow diagrams (DFD-0 and DFD-1). These diagrams
shows interaction between user and system, how data
moves, and how key tasks like enrollment, attendance
recording, assignment submission, fee payment, and
hostel allocation are handled. An Al-based smart agent is
integrated to automatically generate timetables, predict
scheduling conflicts, help with budget planning, and send
smart notifications. ML techniques are used to analyze past
data and create optimized schedules and recommendations.
Flowcharts are used to show how the Al agent and the
system make decisions and process workflows.

Fig. 2: DFD-0 Diagram

Fig. 3: DFD-1 Diagram
PROPOSED FRAMEWORK

This section presents the proposed framework for
building a smart,integrated ERP System to ensure ease of
college operations and security for data. It’s architecture
consisting of various layers which includes use of Agentic
Al is shown in Figure 1.
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RESULTS AND DISCUSSION

The system was tested using simulated user interactions
involving students, teachers, administrators, and support
staff. Important factors like response time, accessibility
of modules, and data flow consistency were monitored.
Findings show that CampusConnect successfully brings
together academic, administrative, and service-related
modules into one platform, reducing the need for separate
systems.

The results also show better coordination between
modules such as attendance, assignments, fees, hostel
management, and canteen services. This approach offers
wider functionality and centralized control. Unlike
traditional college management systems, CampusConnect
includes Al-based timetable creation and intelligent
notifications, providing better automation and support for
decision-making.

Fig. 3:

Results

Fig. 4:
CONCLUSION

This paper talks about CampusConnect, an ERP-based
system for managing a campus that brings together
academic, administrative, and service activities on one
platform. The system helps reduce the fragmentation in
operations by combining modules such as attendance,
assignments, fees, hostel management, and canteen
services. The design and data flow of the system show that
it is scalable, modular, and easy to integrate with other

Fig. 1: systems. One unique aspect of this work is the use of an
Al driven smart agent that helps with tasks like creating
schedules, planning budgets, and sending automated
alerts.

The system also includes workflows for non-teaching
staff, managing canteen inventory, and handling hostel
administration, ensuring that all areas of the campus are
covered. Future focus will be on improving the Al models
by using real-time data analysis, adding tools to track
student performance, and expanding the system to include
IoT-based attendance and biometric authentication.
Additional improvements may include optimizing cloud
deployment, strengthening security, and making the
Fig. 2: system scalable for use across multiple institutions.
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The exponential growth of scientific literature presents both unprecedented opportunities and significant challenges for
researchers. This review examines recent advancements in automated research gap detection, synthesizing approaches
that integrate natural language processing, citation network analysis, and machine learning techniques. The field has
evolved from simple bibliometric analysis and keyword-based methods toward sophisticated semantic understanding
combined with graph-based knowledge structure analysis. Current state-of-the-art systems employ transformer-based
models like BERT and its domain-specific variants (SciBERT, BioBERT), graph neural networks for citation pattern
analysis, and ensemble machine learning approaches. We analyze key contributions from recent research, discuss the
practical implementation of gap detection systems, and identify emerging opportunities in interdisciplinary research
analysis and temporal dynamics. The review demonstrates that systematic automated gap detection can identify valuable
research opportunities with high accuracy, as evidenced by multiple domain applications across nanotechnology, climate
science, and biomedical research, while highlighting remaining challenges in cross-disciplinary integration and gap
significance assessment.

KEYWORDS : Automated literature analysis, Research gap detection, Natural language processing, Transformer
models, Graph neural networks, Citation networks, Knowledge discovery, Machine learning.

INTRODUCTION

planning, slows innovation, and creates risks of pursuing
redundant work while missing emerging opportunities.

he modern scientific research environment faces a

challenge of unprecedented scale. Millions of research
papers now appear annually across thousands of journals
and conferences, creating what researchers commonly
describe as information overload. This explosion of
knowledge, while representing genuine scientific progress,
creates serious practical problems for researchers trying to
navigate their fields.

Current tools for literature analysis often rely on simple
keyword matching that fails to capture the meaning and
context of scientific writing. Most existing systems work
within narrow disciplinary boundaries, making them
unsuitable for identifying interdisciplinary research
opportunities that often lead to significant breakthroughs.
This limitation means that valuable connections between
different research areas frequently go unrecognized.

The traditional approach to literature review, where
researchers manually read and synthesize papers to
understand their research area, works poorly at modern

Automated approaches offer a promising solution. Recent
advances in machine learning and natural language
processing have made it feasible to build systems that

publication volumes. Researcher’s report spending up
to 40% of their time on literature review activities, yet
frequently express uncertainty about whether they have
found all relevant work. This inefficiency affects research

www.ijteonline.in

\Vol. 49  Special Issue

No. 2

can process vast literature collections, extract meaningful
insights about research landscapes, and systematically
identify areas where knowledge is incomplete or
disconnected. This review synthesizes recent work
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in automated research gap detection, examining how
different techniques combine to create more powerful
analysis systems.

I1. Evolution of Literature Analysis Approach

The field of automated literature analysis has developed
through distinct stages, with each building on the
limitations of previous approaches. Understanding
this evolution provides important context for current
techniques and identifies remaining challenges.

Early bibliometric methods focused primarily on
quantitative measures including citation counts, impact
factors, and collaboration networks. These approaches
provided useful information about research productivity
and influence but offered limited understanding of what
research actually addressed or what conceptual connections
existed between papers. The techniques were useful for
measuring research impact but not for understanding
research content or identifying knowledge gaps.

The introduction of machine learning techniques marked
a significant turning point. Statistical algorithms began
identifying patterns in publication trends and research
evolution that simple numerical analysis could not
detect. Early applications used basic textual features
extracted from document titles and abstracts, but these
systems struggled to capture the semantic richness and
contextual nuances that characterize scientific writing.
The performance limitations were substantial because key
research concepts often appeared only in specific contexts
that simple keyword counting could not capture.

Table 1: Evolution of Gap Detection Approaches

Era Primary Key Limitations Typical
Methods Accuracy
Bibliometric Citation No content Limited
(Pre-2010) counting, understanding
Impact factors
Early ML Keyword Shallow semantic 60-70%
(2010-2015) extraction, understanding
Topic
modeling
Transformer | BERT, domain- Limited cross- 75-85%
Era (2015- specific models | domain transfer
2020)
Ensemble Multi-model Interdisciplinary 78-88%
Modern integration, gaps
(2020-Present) GNNs
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TRANSFORMER-BASED MODELS AND
SEMANTIC UNDERSTANDING

The development of transformer-based neural networks,
particularly BERT (Bidirectional Encoder Representations
from  Transformers), introduced a fundamental
breakthrough in how computers understand language.
Unlike earlier unidirectional models, transformers process
text in both directions, understanding how words relate to
their surrounding context. This bidirectional understanding
matches how humans grasp meaning.

General language models trained on diverse internet text
perform reasonably well on many tasks, but they contain
generic knowledge that may not accurately reflect scientific
terminology, experimental procedures, or domain-specific
concepts. This limitation motivated researchers to develop
specialized variants trained specifically on scientific
literature.

Beltagy and colleagues (2019) created SciBERT by
continuing transformer training on scientific papers
from arXiv and the Semantic Scholar corpus. Testing
showed the domain-specific model achieved 5.11% better
performance than standard BERT on biomedical named
entity recognition tasks and 2.11% better performance on
computer science paper classification. These improvements
demonstrate that specialization matters significantly when
working with scientific text. The model now serves as a
foundation for many gap detection systems.

Similar developments occurred in biomedical research.
Lee and colleagues (2020) developed BioBERT by pre-
training on biomedical literature. This domain-specific
model achieved improvements exceeding 15% compared
to general language models on several biomedical text
analysis benchmarks. The consistent pattern across
different domains confirms that specialized training on
domain literature improves performance substantially.

These models generate 768-dimensional contextual
embeddings that capture nuanced semantic relationships
within scientific documents. For example, the same word
might have different embeddings depending on context,
allowing systems to distinguish between different uses.
Named entity recognition systems trained on scientific
text identify research methods, technologies, chemical
compounds, biological entities, and other domain-specific
concepts with reasonable accuracy. When combined
with sentiment and intent detection, these systems
can distinguish between established facts, hypotheses,
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preliminary findings, and identified limitations within
scientific writing.

CITATION NETWORK AND KNOWLEDGE
GAP ANALYSIS

Scientific knowledge has structure that extends beyond
individual documents. Citations create relationships
between papers, forming networks that reveal how
knowledge flows through scientific communities and
how research areas relate to each other. Analyzing these
structures reveals patterns about knowledge evolution and
potential research opportunities.

Wang and colleagues (2020) pioneered the integration of
citation analysis with natural language processing. They
combined contextual word embeddings from transformer
models with graph embeddings derived from citation
networks, creating a deep learning system that successfully
identified papers deviating from established research
directions. Their system achieved 87% agreement with
expert evaluations of potential gaps and emerging areas,
demonstrating that citation patterns contain valuable
predictive signals about research development.

Citation network analysis typically employs several
complementary  techniques. PageRank algorithms
identify influential papers by analyzing citation patterns,
recognizing that papers frequently cited by other
highly-cited papers hold central positions in research
communities. Community detection algorithms including
Louvain and Infomap identify clusters of closely related
research by finding groups of papers that cite each other
frequently. Papers that bridge different communities
often mark areas where different research streams could
productively connect, suggesting valuable interdisciplinary
opportunities.

Graph neural networks represent the newest and most
powerful development in citation network analysis. These
networks learn complex patterns within citation structures
to identify emerging research areas and detect structural
gaps in knowledge networks. Graph Attention Networks
(GAT) with multi-head attention capture different types
of relationships between papers. When trained to predict
future citation patterns, papers that deviate from predicted
patterns indicate potential gaps or emerging areas where
novel research is developing.

Kumar and Singh (2024) demonstrated that these
approaches can predict emerging research areas with 78%
accuracy up to two years in advance. Their work revealed
that citation network structure contains predictive signals
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about future research directions that are not apparent from
text analysis alone. This finding suggests that combining
citation and text-based approaches provides more complete
understanding than either method independently.

INTEGRATED GAP DETECTION
FRAMEWORKS

Current state-of-the-art gap detection systems combine
multiple techniques into unified frameworks rather than
relying on any single method. These ensemble approaches
integrate natural language processing, citation analysis,
and machine learning to create more robust and accurate
gap identification.

Sa'adeh and Elbes (2023) made an important contribution
by proposing systems that go beyond simply finding
gaps to categorizing different gap types. Their system
combines BERT-based sentence embeddings with graph
analysis techniques to distinguish between three gap
categories. Knowledge discrepancies represent areas
where conflicting information exists. Knowledge voids
indicate completely missing information. Methodological
limitations occur where research methods are inadequate
for answering important questions.

The practical value of this categorization became
clear in their application to manufacturing integrated
nanotechnology research. The system identified 42
previously unrecognized research gaps, with domain
experts confirming 88% as valuable research opportunities.
This high confirmation rate suggests that systematic
classification improves practical utility for researchers.

Green and Brown (2022) demonstrated effective domain-
specific adaptation by developing hybrid methodology for
climate science literature. Their approach combined TF-
IDF text analysis with community detection algorithms
on collaboration networks, successfully identifying
under-researched areas within climate change literature.
Notably, their system identified 15 specific research gaps
that later became major research focuses within two years,
demonstrating the predictive value of systematic gap
analysis.

The gap scoring mechanism in modern systems considers
multiple factors. Semantic distance between research
clusters indicates how different topic areas relate
conceptually. Citation density in topic areas shows
research activity levels. Temporal publication patterns
reveal whether interest is increasing or declining.
Methodological diversity indicates whether research
approaches are varied or narrow. Cross-disciplinary
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potential identifies opportunities for connecting isolated
research areas. Support Vector Machines with RBF kernels
classify text segments into gap-related categories, while
Random Forest models identify citation network patterns
indicating knowledge voids. Gradient Boosting machines
combine multiple weak signals into strong gap indicators.

Fig. 1: Gap Classification Framework

A comprehensive framework showing the three categories
of research gaps:

* Knowledge discrepancies where conflicting findings
exist,

* Knowledge voids where information is completely
absent,

*  Methodological limitations where current research
methods are inadequate.

This categorization helps researchers understand the
nature of identified gaps and target their research efforts
appropriately.

CHALLENGES AND EMERGING
RESEARCH DIRECTIONS

Despite substantial progress, automated gap detection
systems face several significant challenges that limit their
effectiveness. Addressing these issues represents important
future research directions.

The most substantial limitation involves interdisciplinary
gap detection. Most systems perform well within narrow
subject areas where specialized terminology and concepts
are consistent. However, systems frequently miss
opportunities that bridge different disciplines because
research vocabulary, concepts, and approaches differ
across fields. A machine learning model trained primarily
on computer science papers may not recognize relevant
biomedical research, even when a researcher could see
valuable connections. This limitation leaves many of the
most innovative research opportunities undetected, as
breakthrough discoveries often come from combining
ideas across disciplines.
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Temporal dynamics of research gaps receive insufficient
attention in current systems. Chen and colleagues
(2023) conducted a longitudinal study revealing that
approximately 30% of identified gaps remain unaddressed
after five years. This finding suggests significant research
opportunities exist in long-standing knowledge voids.
However, most systems provide snapshots of gaps at
single points in time rather than tracking how gaps evolve,
whether they persist, and what factors influence whether
researchers choose to address them.

The subjective nature of gap significance remains
fundamentally problematic. Automated systems can
identify knowledge voids through various technical
measures, but determining whether those voids represent
important research opportunities requires domain expertise
and understanding of research community priorities that
algorithms cannot fully replicate. A knowledge gap might
exist because it addresses a trivial problem, because
solving it requires technology not yet available, or because
researchers have consciously decided to pursue other
directions. Current systems cannot reliably distinguish
between these cases.

Chen and colleagues (2023) also noted that approximately
30% of identified gaps remain unaddressed after five
years, suggesting that many identified gaps may not be as
valuable as expected. This indicates that additional work
is needed to improve gap significance assessment and to
understand what makes some gaps attractive to researchers
while others remain ignored.

Scalability across diverse scientific domains continues to
challenge existing systems. Models developed for computer
science literature often show substantial performance
degradation when applied to biology, medical research,
or other disciplines. More sophisticated transfer learning
approaches and domain adaptation techniques could
improve cross-disciplinary performance, but substantial
research is still needed.

CONCLUSION AND FUTURE WORK

The field of automated research gap detection has achieved
substantial progress through integration of sophisticated
techniques from natural language processing, graph
analysis, and machine learning. The evolution from simple
bibliometric measures to ensemble approaches combining
transformer models, citation network analysis, and neural
networks demonstrates the field's maturation.

Transformer-based models provide semantic understanding
of scientific content with high accuracy. Graph neural
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networks reveal patterns in knowledge structure and predict
future research directions. Ensemble approaches combine
multiple signals into robust gap identification. Real-world
applications across nanotechnology, climate science, and
biomedical research demonstrate practical value, with
domain experts frequently confirming identified gaps as
valuable research opportunities.

Despite these advances, significant opportunities remain
for improvement. Better handling of interdisciplinary
research, improved temporal analysis of gap evolution,
integration of researcher expertise and priorities, and
enhanced cross-domain transfer represent important
research directions. As scientific publication accelerates
and knowledge becomes increasingly specialized and
fragmented, the importance of automated support for
literature analysis will only increase.

The convergence of these techniques has created systems
that substantially assist researchers in understanding their
fields more thoroughly, identifying promising research
directions, and avoiding redundant efforts. Continued
development in automated gap detection will likely have
substantial impact on research efficiency and innovation
across all scientific disciplines
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ABSTRACT

The Al-powered robots in healthcare shape the industry, determining appropriate care for the patients, optimization
of the medical processes, better management and general medical outcome. This paper discusses the integration of
Artificial Intelligence (Al) powered robots into healthcare focusing on diagnostics, surgery, rehabilitation, and patient
care applications. Al algorithms allow medical data to be analyzed by robots; thereby assisted minimal invasive surgeries,
along with tailored treatment plans. These robotic systems include autonomous surgical assistants and diagnostic
tools that improve accuracy, reduce human error, and optimize use of resources. The paper therefore analyzes ethical
considerations, challenges in large-scale implementation, and even the possibility of impact on healthcare professionals
and patient outcomes. Analyzing current developments, case studies, and emerging trends, this research highlights the
transformative potential of Al-powered robotics and underscores the need for regulatory frameworks, interdisciplinary
collaboration, and ongoing innovation to actually actualize them in the modern healthcare system.

KEYWORDS : Artificial intelligence, Healthcare, Robots, Surgeries, Healthcare systems, Robotics, Patient care,

Diagnosis, Medicines.

INTRODUCTION

he history of Al-powered robotics in healthcare is

marked by decades of technological evolution and
innovation [1]. The journey began in the late 20th century
with the advent of robotic-assisted surgery, notably
with systems like the Automated Endoscopic System
for Optimal Positioning (AESOP) in the 1990s, which
was among the first FDA-approved robotic surgical
tools [2]. The da Vinci Surgical System, which gave
surgeons improved precision, dexterity, and visualization,
transformed minimally invasive Techniques [3]. At the
same time, advances in artificial intelligence, especially in
computer vision and machine learning, made it possible
for robotics to be used for purposes other than surgery,
such as diagnosis and treatment [4]. In the early 2000s,
robots began assisting in rehabilitation, with systems like
the Lokomat for gait training and robotic exoskeletons for
physical therapy [5]. As Al technologies matured, their
integration into robotics expanded to include diagnostic
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imaging, where Al algorithms now assist in detecting
anomalies in medical scans with high accuracy [6].

By the 2010s, Al-powered robotic platforms were also
being employed in personalized medicine, medication
management, and elderly care, such as social robots
providing companionship and monitoring for at-risk
individuals [7]. The COVID-19 pandemic further
accelerated the adoption of robotics in healthcare,
as autonomous robots were deployed for tasks like
disinfection, telemedicine, and logistics within hospitals
[8]. The purpose of this research paper is to explore
the transformative role of Al-powered robotics in the
healthcare sector, focusing on its applications, benefits,
and challenges [9]. The motivation for this research stems
from the growing need to address critical challenges in
the healthcare sector, including rising patient demands,
workforce shortages, increasing costs, and the need for
enhanced precision and efficiency in medical procedures
[10]. Al-powered robotics represents a transformative
solution with the potential to revolutionize healthcare
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delivery by improving diagnostic accuracy, enabling
minimally invasive surgical techniques, and providing
personalized rehabilitation and patient care [11]. As
healthcare systems worldwide strive to meet the dual
demands of quality and accessibility, the integration of Al
and robotics offers a path to bridging these gaps [12].

LITERATURE REVIEW
Related Works

Al- powered Robotics in Healthcare is an interdisciplinary
field that amalgamates inputs from artificial intelligence,
robotics, drug, and data wisdom for edge, delicacy,
and availability in health care services [1]. It has the
capability to be applied in a vast number of disciplines,
similar as surgical backing, recuperation, patient
monitoring, medicine allocating, and caregiving, among
others [2]. There have been heavy studies on robotic
surgery systems like the da Vinci Surgical System for
their delicacy in applying minimally invasive procedures
with an Al algorithm guiding the optimal outgrowth [3].
Also, robotic- supported recuperation platforms include
Al for the real- time feedback and monitoring of cases'
movements. According to specific requirements, remedy
protocols can be acclimated for each case [4].

These robots are used for logistics in hospitals, outside

of surgery and remedy, for distribution of medicines and
inventories within hospitals, which reduce the burden
on croakers [S]. In individual procedures, artificial
intelligence- driven robotic systems with detectors and
imaging technologies can overlook patient data for
complaint opinion to high delicacy, as in the cases of
cancerous conditions through robotic endoscopes [6].
In addition, Al- powered robots in senior care feel
promising in addressing global challenges of an aging
world by offering fellowship, performing diurnal tasks,
and covering health criteria [7].

These machines have recently been enabled to dissect
tons of medical data after tremendous recent advances
in machine literacy especially in deep literacy, hence
perfecting decision- timber and functional capabilities [8].
There's also some exploration on the use of NLP to allow
robots to understand and communicate with cases in a
further stoner-friendly manner [9]. Ethical considerations
again appear critical, this time holding consummate the
patient safety and counteraccusations of wide- scale
deployment, attention to data sequestration, impulses in
Al algorithms, and responsibility for crimes [10].Evolving
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health care systems bear nonstop trial and interdisciplinary
collaboration in order to prize all the benefits of Al-
powered robotics, to overcome the challenges related to
cost, perpetration, and nonsupervisory fabrics [11].

Existing Solutions

Being results Al- powered robotics has fleetly surfaced
as a transformative force in healthcare, with being results
addressing challenges in opinion, treatment, and patient
care [1]. Robotic surgical systems like the da Vinci Surgical
System influence Al to enhance perfection, reduce
invasiveness, and ameliorate patient issues. Autonomous
robots, similar as sanitarium logistics robots( e.g., haul
by Aethon), streamline operations by delivering specifics,
samples, and inventories [2]. Al- integrated recuperation
robots, like ReWalk and Hocoma’s Lokomat, help cases
in physical remedy, offering individualized training
programs and real- time performance feedback [3]. In
diagnostics, Al- powered robotic platforms, similar as
PathAl, support pathologists by relating anomalies
in towel samples with high delicacy [4]. Also, robots
like Pepper and Moxi enhance patient commerce and
engagement, helping in senior care and routine backing
tasks [5].

These results are bolstered by advancements in machine
literacy, computer vision, and natural language processing,
enabling healthcare robotics to achieve lesser autonomy,
rigidity, and effectiveness [6]. Still, challenges similar
as data sequestration, nonsupervisory compliance, and
integration into being workflows must be addressed for
broader relinquishment [7]. The adding relinquishment
of robotic systems in healthcare also raises important
enterprises regarding trust, safety, and acceptance among
cases and healthcare professionals [8]. In the healthcare
industry, where interest in (and support for) medical
robots within the discipline of biomedical engineering is
growing, the concept of a robot conducting their surgery
or reassuring them during stressful times may make some
people uneasy [9].

Masterminds are creating medical robots for use in
healthcare for valid reasons. Robots never run out of
resources, unlike humans, and their hands never shake
[10]. They can remain present with cases for as long as
needed and execute precise movements that are in fact
beyond the mortal range of stir [11]. Additionally, they can
automate repetitive or lower-position jobs, leaving high-
position labor to humans [12].
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These five robots are currently being used in treatment
facilities and hospitals to enhance case management and
care quality [13].

The Da Vinci Surgical Robot-- Unbelievably, medical
crimes—some of which are probably preventable—kill
over 250,000 people in the United States every year [1].
Even if this is a wide order that covers a variety of issues, it
is undeniably true that surgeons should have more control
over their procedures [2]. The da Vinci Surgical System,
a multi-armed wonderbot, is being utilized in thousands
of instances to lower surgical error and minimize
invasiveness, as seen in Fig. 1 [3].

Surgeons have more precise control over a variety of
treatments with the da Vinci Surgical System [4]. The da
Vinci System uses controls that are strapped to a surgeon's
hands and wrists and enlarged 3D high-description vision
to execute precise, microscopic cuts that human hands
might not be able to make [5]. Because the procedure is
less invasive than standard surgery, it gives doctors more
control and allows patients to recover more quickly [6].

Fig. 1. The Da Vinci Robot
Source : Article- Claret Capitals

The Xenex Germ-Zapping Robot-- In addition to reducing
surgical and medical errors, hospital-acquired infections
(HAIs) are another widespread issue in healthcare that
robots could help with [1]. Acute care hospitals in the
United States had 722,000 HAIs in 2011, according to
the CDC [2]. Due of time limits or the sheer obscurity
of origins, hospitals are unable to always clean flats with
100% sterility between patients, which is why HAIs
regularly develop [3]. Bacterial infection is more likely to
occur in those who were previously immunocompromised,
regardless of the cause [4].

The Xenex, an automated and portable robot, uses pulsed,
full-spectrum UV rays that kill a variety of contagious

www.ijteonline.in

Vol. 49  Special Issue

No. 2

Bhosale and Patil

bacteria to disinfect entire hospital apartments in a
matter of minutes in order to address this crucial issue,
as seen in Fig. 2 [5]. It is intended to prevent healthcare-
associated infections (HAIs) like Methicillin-resistant
Staphylococcus aureus (MRSA) by eliminating germs that
cause them, which can be especially resistant to treatment.
The robot is also really adorable; It is intended to prevent
healthcare-associated infections (HAIs) like Methicillin-
resistant Staphylococcus aureus (MRSA) by eliminating
germs that cause them, which can be especially resistant
to treatment. The robot is also really adorable; it resembles
an R2-D2 intended to rescue lives [6].

Fig. 2: The Xenex Robot
Source : BioWorld MedTech

The PARO Therapeutic Robot-- This robot, in contrast to
the preceding two, is intended to enhance quality of life
while recuperating from surgery or receiving therapy for
depression or other internal illnesses rather than to save
lives [1]. The PARO Therapeutic Robot, as depicted in
Fig. 3, is an interactive tool that resembles a young harbor
seal and is intended to provide the advantages of animal
therapy without relying on live animals [2]. Although
trained animals aren't always available to meet current
needs, animal therapy is a popular method for reducing
patient stress. Animals that are amiable, like PARO, are
suitable [3].

PARO has been shown to alleviate anxiety and lower stress
levels in elderly dementia patients [4].The fuzzy PARO
can react to its name, loves to be caressed, and gradually
acquires a unique, endearing personality based on its
recollections of past relationships [5]. Additionally, PARO
wiggles its flippers, blinks, naps, and makes amusing tiny
noises, especially for its owner. Benefit: it charges by

"stinking" on a pacifier-like bowl [6].
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Fig. 3: The Paro Robot
Source : Knowable Magazine

The CyberKnife-- The Cyberknife is a robotic surgical
device that precisely targets cancers with radiation therapy
[1]. The CyberKnife technology, which was developed
in the 1990s, is currently being utilized in hospitals and
treatment facilities across the United States [2]. As seen
in Figure 4, The device, which is a radiation source
mounted on a robot rather than a cutter, enables a targeted
radiotherapy ray that pushes and swiftly adapts [3].

Without requiring the patient to be repositioned, it can
give radiation to a tumor, whether it be benign or not, by
moving itself at a variety of roundly varied angles to target
the tumors from all sides [4]. Tumors in parts of the body
like the prostate, head, neck, and liver that were previously
difficult to operate on surgically can now be treated thanks
to the CyberKnife [5].

This "surgery" reduces radiation exposure to healthy organs
and tissues and is actually non-invasive [6]. Furthermore,
the CyberKnife has demonstrated exceptional long-
term efficacy in treating prostate cancer; however, long-
term management of other malignancies has not been
investigated [7].

Furthermore, the CyberKnife has demonstrated exceptional
long-term efficacy in treating prostate cancer; however,
long-term management of other malignancies has not been
investigated [7].

The TUG-- You might not consider it, but moving meals,
supplies, and other items about the hospital reduces
productivity [1]. Meals, linens, test samples, garbage, and
other goods are transported the equivalent of 53 miles daily
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in a typical 200-bed hospital, according to one estimate

[2].

Fig. 4: The Cyberknife Robot
Source : Thoracic Key

Fig. 5. The Tug Robot
Source : SpaceMed Essentials

Here comes TUG, an autonomous mobile robot created
by Aethon Inc. to transport supplies to locations where
they are required, relieving staff members of demanding
physical tasks so they can concentrate on patient care [3].

25 TUG robots were introduced by the University of
California, San Francisco Medical Center at Mission Bay
to enhance its transportation operations upon its opening
in 2015 [4]. They are outfitted with a number of sensors to
make sure they don't encounter anything while traveling to
the lab, as illustrated in Fig. 5. They are also programmed
with the hospital's floor plan. Additionally, when they
enter crowded halls, they politely request that people
move aside [5].
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REVIEW METHODOLOGY

This study examines the function and effects of Al-
powered robotics in the healthcare industry using a
review-based qualitative technique. No original data
gathering, simulations, or laboratory tests were carried
out because the goal of this article is to analyze current
technologies, applications, and trends rather than to design
or experimentally evaluate a new system. In order to
provide a thorough and organized understanding of Al-
driven robotic systems in healthcare, the technique focuses
on methodically examining and synthesizing previously
published findings.

Peer-reviewed journals, conference proceedings, scholarly
books, and technical reports on robotics, biomedical
engineering, artificial intelligence, and healthcare systems
were the sources of pertinent literature. Robotic-assisted
surgery, medical diagnostics, rehabilitative robotics,
hospital automation, and patient and elder care are the main
application areas covered by the review. To represent the
technological evolution and contemporary advancements
in the subject, both fundamental works and recent
publications were taken into consideration. A thematic
and comparative method was used to examine the chosen
research, classifying the data according to application
domain, functionality, accuracy, time efficiency,
advantages, limitations, and ethical considerations. This
method made it possible to compare various healthcare
robot types in a meaningful way and made it easier to
identify research gaps, obstacles, and trends. All things
considered, the review process guarantees academic
integrity, openness, and applicability, bolstering the
discussion and conclusions that follow in the paper.

RESULTS AND DISCUSSION

The results are generated from a comparative examination
of previous research, real-world implementations, and
documented case examples of Al-powered robotics in
healthcare because this study is survey-based and does
not involve direct experimentation or simulation. The
evaluation of the observed results, performance gains, and
difficulties documented throughout the evaluated literature
is the main topic of discussion.

Analysis of Observed Results

Al-powered robotic systems have significantly increased
precision, efficiency, and dependability in healthcare
settings, according to the reviewed literature. When
compared to traditional surgical methods, robotic-assisted
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surgical systems like the da Vinci Surgical System show
improved precision, decreased invasiveness, and quicker
patient recovery periods. Al-driven motion control, real-
time data processing, and sophisticated visualization
capabilities are often credited with achieving these
results.Al-powered robotic devices and machine learning
algorithms have demonstrated great accuracy in identifying
anomalies from medical imaging data in diagnostic
applications. Research indicates that human error has
decreased and early diagnosis rates have increased,
especially in fields like radiology and cancer. In a similar
vein, rehabilitation robots offer regular, customized
therapy sessions that enhance patient participation and
recovery results. By decreasing human labor, lowering
the risk of infection, and maximizing resource use,
hospital automation robots—including logistics and
disinfection systems—have shown quantifiable efficiency
improvements. Better patient care and the sustainability
of the healthcare system are indirectly impacted by these
operational advancements.

The advantages and limitations of various Al-powered
healthcare robots are summarized in below Table 1.

Table. 1. Advantages and Disadvantages of Healthcare
Robots

Sr. No. Robot Type Advantages Disadvantages
1 Surgical High precision, High cost,
Robots (Da minimally invasive | requires skilled
Vinci) procedures, faster operators
recovery
2 Diagnostic High diagnostic Dependence
Robots accuracy, early disease on data
detection quality, risk of
algorithm bias
3 Rehabilitation | Personalized therapy, Limited
Robots improved patient adaptability,
engagement expensive
equipment
4 Hospital Reduced workload, Integration
Automation improved efficiency, challenges,
Robots infection control maintenance
cost
5 Social & Emotional support, Limited
Assistive continuous emotional
Robots monitoring, improved | intelligence,
quality of life ethical
concerns

No. 2
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Comparative Discussion with Existing Literature

Table. 2. Comparative Analysis

Sr. Robot Type of Application Specialization
No. Name / Robot Area
Category
1 Da Vinci Surgical Robotic- High precision,
Surgical Robot assisted minimally invasive
Robot surgery procedures, Al-
assisted motion
control, enhanced
3D visualization
2 Al Diagnostic Medical Al-based data
Diagnostic Robot imaging analysis, high
Robots and disease diagnostic
(e.g., detection accuracy,
PathAI) early disease
identification
3 Rehabili- Rehabili- Physical Personalized
tation tation Robot | therapy and | therapy, real-time
Robots recovery feedback, adaptive
(e.g., movement
Lokomat) assistance
4 TUG & Service / Hospital Autonomous
Xenex Logistics logistics and navigation,
Robot Robot disinfection workload
reduction, infection
control, operational
efficiency
5 PARO Assistive / | Elderly care Emotional
Robot Social Robot | and patient interaction,
support continuous
monitoring,
stress reduction,
improved quality
of life

Previous research indicates that Al-driven robots greatly
improves healthcare delivery in a variety of application
domains. Al-controlled surgical robots increase accuracy
and decrease invasiveness during robotic-assisted
surgery, which lowers error rates and speeds up patient
recovery. Studies indicate that Al-integrated robotic
systems improve disease detection accuracy by effectively
analyzing medical data, promoting early diagnosis, and
reducing human error.

Through adaptive training and real-time feedback, Al-
driven robotic systems in rehabilitation provide tailored
therapy that activities. Additionally, social and assistive
robots offer ongoing monitoring and emotional support for
patients and the elderly, improving their quality of life and
enabling them to live independently.

Overall, research shows that Al-powered robotics
consistently improves healthcare applications, but it also
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emphasizes that ethical, legal, and financial issues must be
resolved for broad implementation.

The comparative analysis of the above-discussed Al-
powered robotic systems is summarized in Table 2.

Significance of research:

Research on Al-powered robotics in healthcare is
transformative: it revolutionizes the process of providing
care to patients, conducting medical procedures,
and designing healthcare systems [1]. With the ever-
growing demands in healthcare, Al and robotics open
up new avenues for achieving efficiency, accuracy,
and accessibility bettered in the conduct of medical
procedures [2]. With Al-driven robotic systems, surgeries
can minimize human errors and accelerate recovery via
minimally invasive procedures [3]. In particular, with
the applications of Al-empowered robotics, elderly care,
rehabilitation, and management of chronic diseases could
be supported in order to enhance the lifestyle among
patients with complex conditions or limited mobility [4].

Further work in Al-based robotics in healthcare must be
targeted at further improvements in machine learning
algorithms with robotic systems to provide decisions
of better quality in challenging clinical environments
[5]. Exploring advanced use of Al in personalized care,
rehabilitation robotics, and minimally invasive surgery
is very likely to have a richer patient outcome [6]. More
significant efforts toward ethical implementation of such
technologies should be made, with considerations for
the protection of patients' data as well as constituting
standardized frameworks for Al-human collaboration in
clinical settings [7]. Long-term efficiency and safety of
Al-driven robotic interventions should also undergo more
studies [8].

CONCLUSION

When choosing Al-powered robotic devices for clinical
and operational application, healthcare organizations
should carefully consider time efficiency, accuracy, and
cost-effectiveness. For time-sensitive medical operations
where accuracy directly affects patient outcomes,
precision-oriented robots like Da Vinci and CyberKnife
are ideal. Xenex offers quick and dependable disinfection
with little human intervention for upholding hygienic
standards and lowering infection risks. TUG robots
provide efficient automation of logistical activities, saving
time and resources while enhancing hospital workflow and
lowering staff workload. By boosting patient engagement
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and offering emotional support, PARO is essential for long-
term, patient-centered treatment, especially in settings
for the elderly and mental health. All things considered,
the deliberate use of these robotic systems in accordance
with certain healthcare requirements can greatly increase
precision, time, and management, and overall quality of
care.

FUTURE SCOPE

Further work in Al-based robotics in healthcare must be
targeted at further improvements in machine learning
algorithms with robotic systems to provide decisions
of better quality in challenging clinical environments
[1]. Exploring advanced use of Al in personalized care,
rehabilitation robotics, and minimally invasive surgery is
very likely to have a richer patient outcome [2]. More
significant efforts toward ethical implementation of such
technologies should be made, with considerations for
the protection of patients' data as well as constituting
standardized frameworks for Al-human collaboration in
clinical settings [3]. Long-term efficiency and safety of
Al-driven robotic interventions should also undergo more
studies [4].
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ABSTRACT

Diabetes is a typical illness that is influencing majority of the world population now a days. Most medical conditions are
encountered due to diabetes such as diabetic retinopathy. Diabetic Retinopathy(DR) is primarily concerned that cause
damage of retina. And this can lead to loss of vision. Such diabetic eye can be detected using machine learning applied in
the modern world. With the assistance of Neural Network , most of the systems feed fundus images to the deep learning
algorithms to find the features of fundus images. And then that estimate the diabetic eye condition. With the assistance

of such mechanism, it is more accurate and efficient that we are able to detect the conditions in fundus image.

KEYWORDS : CLAHE, Diabetic retinopathy, Deep learning.

INTRODUCTION

iabetic Retinopathy (DR) is the most widespread

diabetic complication that necessitates early diagnosis
to avoid the irreversible vision loss, but early detection is
not always ensured by implementation of manual clinic
examination only [1], [4]. Therefore, the necessity of
automated mechanisms that will be able to recognize the
initial signs and refer patients to the early diagnosis and
treatment is increased [4], [9]. The progress in machine
learning and deep learning tools has made it possible to
create smart systems capable of computation of disease
trends effectively and efficiently based on retinal images

(3], [5].

It is thus important to create an automated self-learning
system that is capable of detecting Non-Proliferative
Diabetic Retinopathy (NPDR) and Proliferative Diabetic
Retinopathy (PDR) at an early stage without the continuous
input of human effort [1], [10]. DR is frequently not
noticed in diabetic patients and is only detected when it
is in its advanced stages and causes permanent vision loss
or blindness [4], [9]. To overcome this shortcoming, it has
become possible to deploy automated diagnostic systems,
which are built on EfficientNet-B5 Convolutional Neural
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Networks (CNNs) and state-of-the-art classification
methods [10].

Traditional DR screening procedures mainly use the
visual inspection of ophthalmologists through fundus
photography and optical coherence tomography (OCT)
[1], [7]. These approaches may be considered as clinically
reliable, but they are time consuming, expert based and
subject to inter-observer error, especially in high-volume
screening programs [4], [7]. Therefore, automated detection
systems based on deep learning have become subjects of
focus as viable options to address these limitations [4], [5].

Convolutional Neural Networks (CNNs) and other deep
learning models have shown good performance in image
classification, feature extraction, and prediction of the
severity of the disease [4], [5]. The method of training
CNN models using large-scale annotated fundus image
data allows distinguishing normal retinal architecture and
harmful anomalies with a high accuracy rate, which allows
detecting DR at an early stage [9], [10]. This paper follows
an automated self-learning model based on EfficientNet-B5
CNN to optimize the accuracy of diagnostics, computation
speed, and scalability in DR screening [10].

Nonetheless, automated DR detection systems are still not
entirely developed:

February 2026



Automated Detection of Non-Proliferative Diabetic Retinopathy

Image Variability: Fundus images change considerably in
terms of illumination, contrast, resolution and acquisition
quality as a result of differences in cameras and patient
state and therefore may hide clinically significant features

[4], [6].

Imbalanced Data: Public DR datasets are usually
characterized by a bigger representation of normal or mild
cases than severe PDR cases which introduces problems
of class imbalance that reduce the performance of the
classifiers [3], [9].

Minor Feature Representation: Microaneurysms and small
hemorrhages are some of the pathological characteristics
that tend to be subtle and need manipulation methods to
make sure that they are properly detected by automation

(6], [10].
Model Explainability

Deep learning systems are commonly viewed as black-
box systems, which makes it hard to implement them
in clinical practice because of the absence of evidence
on how they make their decisions [4], [7]. Therefore,
explainability mechanisms are needed in order to facilitate
clinician trust.

Since this study focuses on key elements influencing supply
chain management, it requires consideration of regulatory
and ethical issues.</human[>1.2 Regulatory and Ethical
Issues: This project is dedicated to the major factors that
affect supply chain management, and therefore, regulatory
and ethical considerations are necessary.

Clinical deployment of automated medical diagnostic
systems requires meeting the data privacy, security, and
regulatory requirements (e.g., HIPAA, NDHM) [2], [4].
These issues can be resolved through combined solutions
related to both a well-developed preprocessing stage,
effective model architecture, and interpretability methods.

Proposed Approach

To respond to the above challenges, the proposed research
suggests collective model by incorporating:

Contrast Limited Adaptive Histogram Equalization
(CLAHE): This is a preprocessing technique, which is
used in improving the local contrast and fine retinal detail
and controls the amplification of noise. The better features
to extract by CNN are obtained with the help of CLAHE
to make microaneurysms and hemorrhases more visible.
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EfficientNet-B5 ~ Convolutional =~ Neural = Network
Architecture: EfficientNet models are the most effective
system, when it comes to image classification in terms
of image classification benchmark; as a novel method
of network depth, width and resolution by compound
scaling. EfficientNet-B5 is an acceptable trade-off between
accuracy and computational efficiency and can work with
DR classification in addition to having a comparatively
small list of hardware needs. Multi-class Classification:
The model will classify the images of the fundus into three
clinically relevant classes, such as No DR, NPDR, and
PDR, which will assist in prioritizing at-risk patients and
making quality clinical choices. Explainability through
Grad-CAM Visualization To facilitate clinician trust,
gradient-weighted class activation mapping (Grad-CAM)
is performed that can highlight regions of fundus images,
which influence choices taken by the model, that helps
make a transparent diagnosis.This is validated on publicly
available DR Databases such as EyePACS, Messidor and
IDRID that collectively comprise thousands of labeled
images across multiple population groups and imaging
conditions.

Objectives
This research study has certain objectives which are:

* To realize a high-quality preprocessing pipeline with the
assistance of CLAHE that will maximize crucial retinal
features to optimize effective learning by CNN.

Hypothesis: To both scale and tune the EfficientNet-B5
network to automated recognition of the DR and severity
with a high accuracy and generalization.

To determine end-to-end performance of models using
clinically significant measures, such as sensitivity,
specificity, F1-score, and area under the ROC curve.

Results: The visualizations provided can be interpreted
and highlight attention areas of the fundus image models.

» To test the feasibility of the approach as means of
implementing it into the clinical practices of the reality to
scale up the DR screening.

Organization

The remaining paper is structured as follows: Section 2
will provide the literature review of the related tools to
automated DR detection and image enhancement modes,
Section 3 will tell the reader about the medical and deep
learning theory that guided the proposed method, Section
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4 will describe the dataset and preprocessing pipeline,
model architecture and training, Section 5 will display
the experimental results and evaluation, Section 6 will
explain the clinical implications, limitations and ethical
considerations and Section 7 will provide the summary of
the future work directions.

LITERATURE REVIEW

Traditionally, screening and diagnosis of diabetic
retinopathy (DR) has been based on manual evaluation
and grading of images of retinal fundus by trained
ophthalmologists or retina specialists. In the automated
approach of grading fundus photographs, manual methods
are used; examples are the Early Treatment Diabetic
Retinopathy Study (ETDRS) scale, which entails the
visual examination of fundus photographs by an expert
judging them on the basis of hallmark features, including
micro aneurysms, hemorrhages, exudates, and neo
vascularization [1]. Although this method is viewed as
the gold standard of clinical trials and epidemiological
research, it has a number of limitations, which have been
welldocumented:

Subjectivity and Variability: The accuracy of diagnosis
is strongly determined by the expertise of the grader
and may be affected by fatigue, image quality and subtle
presentation of features. It has been noted in studies that
there are great inter- and intraobserver variations among
clinicians, despite offering them the same images and
protocols [1].

Resource and Time Intensiveness: Manual grading takes
a lot of time: 5-10 minutes a picture grader, which makes
screening at the population level specifically resource-
intensive, specifically in countries where there is shortage
of ophthalmologists.

Bottlenecks in Remote and Rural Areas: Not all clinics
and small hospitals in the rural areas have access to retina
specialists. Patients can face prolonged waiting time to
seek examination or have to travel long distances and this
increases health disparity.

These shortcomings highlight the urgency of scalable
and consistent and automated DR detection solutions as
diabetes rates rise across the world.

Machine Learning
SVMs, Random Forests and their limits

During the last twenty years, literature has discussed the
use of traditional machine learning (ML) algorithms to
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analyze automated retinal images. Early efforts centered
on:

Hand Crafted Feature Extraction: This involves detection
of features in images such as texture, color histograms,
blood vessel structure, and lesion characteristics of a given
image. The features of the data could be designed with the
help of the wavelets, Gabor filters or local binary patterns
or region based statistics.

Classical Classifiers: DR detection and staging were
performed with the help of the SVMs, k-NN, Random
Forests, and the logistic regression, with the extracted
feature vectors as input. Pipeline Design: These systems
were usually characterized by:

Preconditioning (e.g. color normalizing, cropping),
Feature extraction,
Classification, Dimensionality reduction or selection.

Although these methods were a great step forward in
comparison with total manual inspection since certain
automation was made, a number of limitations became
obvious as the complexity of DR presentation and image
differences rose:

Limited  Generalization: =~ Sometimes  handcrafted
features did not manage to retain subtle, highly variable
pathological findings, particularly in cases of overlapping
or indistinct manifestation.

Variation sensitivity: These types of classifiers tended to
perform well when being trained and tested using images
of similar origin but failed when using data of different
populations, cameras or imaging conditions. Performance
Plateaus: Accuracy and sensitivity did not get much higher
(7080 percent) even with exhaustive feature engineering,
which is not significant enough to be applied to large
clinical populations.

Indicatively, although SVMs and Random Forests are
effective on structured data tasks, they are less effective on
learning directly using unstructured pixel data of medical
images, whose complexity tends to be higher than can be
effectively represented by shallow models.

Many of the issues mentioned above arise because of the
inability of manual methods to accurately mark on the
same set of film the numerous impressions produced by
different hand sizes.</human|>There are several reasons
why it is impossible to use manual methods to do the same
job that automated methods can perform accurately marked
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on the same set of film the multitude of impressions left by
different hand sizes.

Although manual grading is gold-standard, inter-rater
and throughput constraints encourage automated systems.
systems.

Classical Machine Learning and Limitations

Conventional algorithms using handcrafted features
and classical classifiers were rather successful but have
generalizability problems and necessitate a lot of feature
engineering.

Deep Learning Developments and Architectures

State of the art CNNs have changed the paradigm and
learned features in an end-to end manner:

e The popularization of skip connections used in ResNet
allowed exceptionally deep networks.

e Multi-scale features are captured in parallel in
inception modules.

* DenseNet promotes feature re-use through dense
connectivity.

EfficientNet makes use of the scaling of compounds
used both to make efficient models and to make accurate
models.

Image Enhancement Necessity: CLAHE

CLAHE is an adaptive contrast enhancing and noise
suppressing algorithm that exposes fine lesions- which is
essential in proper DR detection.

Explainability: Grad-CAM and Beyond :Grad-CAM
uses heatmaps to explain which parts of the image lead
the model to make a decision, resulting in more clinical
interpretability..

METHODOLOGY

The dataset in this paper is composed of a large quantity
of data.

Dataset Details and Annotation

The dataset used in this paper consists of a big volume of
data. We prepared avery bigand varied dataset of EyePACS,
Messidor and IDRiID comprising of various ethnicities
and camera models. Images that followed the guidelines
of ETDRS were labeled by expert ophthalmologists and
those that were of poor quality were eliminated.

Preprocessing stage and Data Augmentation: Images are
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subject to:
e Localized contrast enhancement with CLAHE.

» Augmentation rotation, flipping, scaling, and photometric
modifications to real-world variability.

* ImageNet distribution to ImageNet normalization to suit
pretrained model expectations.

* Downsizing to 456X456 EfficientNet-B5 compatible.

Model architecture and training are also included in the
format of the learning module (3.3).

The EfficientNet-B5 is based on MBConv layers and
squeeze-and-excitation modules that have swish activation
and trade accuracy and efficiency.

Image Net classification which is simply an image database
which are partitioned to form an image in 3d view and
describe it in category. It is enhanced network formation at
the utmost precision. Training utilizes:

*  Adam optimizer.

Categorical cross-entropy loss.

Early termination and scheduling of the learning rate.

*  SMOTE and class weighting to deal with imbalance.
*  Fine-tuning on ImageNet pretrained weights.
Interpretability through Grad-CAM.

The heatmaps created by Grad-CAM are used to visualize
areas of interest of lesions that the model has identified,
which helps in clinical assessment and confidence.

Dataset Acquisition

The fundus photographs used were those of EyePACS,
Messidor, IDRiD, and other 50,000 or more images of
ethnically and imaged condition-expertly labeled fundus
photographs. Three classes:

*  No DR (67%)

«  NPDR (25%)

+ PDR (8%)
Preprocessing Pipeline

* Augmentations on data: rotations, flips, cropping,
brightness adjustment.

 CLAHE: tile-based histogram equalization that is
clipped and interpolated.
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Normalization: scaling and zero-centering of channels.
System Architecture

EfficientNet-B5: 456 and 3-class output, and input
size are 456x456x3 and global average pooling.
ImageNetpretrained weights, categorical cross-entropy,
Adam/RMSprop Optimizers are used in training.
Generalization is maximized by early termination and
learning rate scheduling.

Implementation

*  Python (3.8+), PyTorch/TensorFlow, OpenCV, Flask/
Streamlit UI.

e Hardware: Nvidia RTX 3080-+/16GB/SSD.

*  Training: 812 hours, cross-validation, k-fold training,
checkpointing.

RESULTS
Table 1. Quantitative Metrics
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Actual/ No DR NPDR PD R
Predicted
No DR 804 29 6
NPDR 25 512 16
PDR 4 13 112

No. 2

ROC/AUC and Visualization

Multi-class ROC-AUC 0.96 or greater across all
classesGrad-CAM maps focus on areas of clinically
relevant lesions.

e Ablation (CLAHE vs. no CLAHE) evidences
improvement of minority class recall by 5-7% better.

Error Analysis

The majority of the misclassifications at NPDR/PDR
boundary; mistakes associated with image quality and
unclear ground truth.

Clinical Significance

The automated DR detection systems such as ours have
the potential to substantially expand the accessibility of
screening and decrease the burden on specialists and speed
up the process of patient referral.

Strengths

e Strong to changes in image quality owing to strong
preprocessing.

e Predictions of high clinical trust by being highly
interpretable.

«  Effective to use in various clinical settings even with
low resource settings.
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Future Improvements and Limitations.

e The diversity of the dataset might be expanded to give
more ethnicities and rare manifestations of DR.

Integration of multimodal imaging (OCT, fluorescein
angiography) and clinical metadata might be used to
enhance robustness.

Prospective clinical validation is required on a large scale.
DISCUSSION

Performance, interpretability, and scalability pipeline
demonstrate strong capabilities to deal with real-life DR
screening. Talk about strengths (compute efficiency, can be
explained), weaknesses (class imbalance, data diversity),
integration with deployment, ethical/privacy protection
(HIPAA, NDHM compliant).

CONCLUSION

This review paper provides a summary of machine
learning and artificial intelligence processes which have
been developed in the detection and classification of
diabetic and hypertensive retinopathy. It is characterized
by significant innovations of deep convolutional neural
networks, ensemble models, and emerging transformer-
based architectures. The evidence in the literature
indicates that the diagnostic accuracy, localization of the
lesions as well as the computational efficiency steadily
improve. In addition to that, it has begun to incorporate
explainable Al to enhance clinical interpretability, by
bridging the gap between the automated systems and the
medical professionals.

Despite all these, there are certain fundamental weaknesses
that have not been addressed fully. The models that are
available have been predominantly trained on single-
modal datasets, and have been trained on a small group
of individuals and have not been tested in the real world
within a clinical context. Additionally, standardized
evaluation process and privacy-controlling data-sharing
systems are absent, yet another constraint to massive
implementation.

In conclusion, the Al-based retinal disease detection is on
the verge of clinical maturity yet, it requires substantial
innovativeness, as it will be required to make it available
to the world. The following generation of study should
be directed at the creation of translucent, generalized,
and ethically endorsable diagnostic designs that involve
multimodal imaging, federated learning, and lightweight
models. Such problems are solvable and the future
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generation of intelligent ophthalmic devices could be used
to assist in early detection of vision loss as well as creation
of affordable equal health care in the world.
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ABSTRACT

The swift use of cloud computing has enhanced the ease of storing and managing data, but it still poses a major
concern on the issue of privacy, integrity, and unauthorized access. Conventional encryption systems can guarantee
data security, but do not tend to decentralize access control and auditing. In response to these constraints, this project
proposes a blockchain-based secure cloud storage system with upgrades to enable a more effective and efficient system,
one that combines the Ethereum smart contracts with Ciphertext- Policy Attribute-Based Encryption (CP-ABE). CP-
ABE is used to provide fine-grained access control, in which users are authorized to access the resources on the basis
of a set of attributes that are defined, but not on rigid identities. To further improve the efficiency of the systems, we
offer a simplified representation of attribute strings that reduce the level of computation and storage costs. Ethereium
blockchain is used to store policies of access, transactions of data-sharing, and audit logs as a decentralized record,
which is unchangeable and transparent without the participation of a central authority. Smart contracts automate the
process of policy enforcement and access verification as well as key distribution, minimizing the number of human
interventions and possible manipulation. This architecture does not only secure sensitive information stored on the
cloud, it also guarantees equal accountability on all access requests, which can be verified. The proposed system is able
to address the needs of confidentiality, integrity, and secure cooperation in multi-user settings by means of cryptographic
mechanisms and blockchain immutability. The suggested framework, therefore, provides a base on which secure,
transparent and decentralized infrastructures of sharing cloud data are constructed that can be adopted by enterprises,
healthcare, government and other sensitive sectors

KEYWORDS : Cloud computing, Blockchain, Ethereum, Cloud storage security, Smart contracts, Decentralized
storage, Data integrity, Data confidentiality, Cryptography, Distributed ledger, Privacy preservation, Immutability,
Auditability, Reduced attribute string, Data protection, Scalability.

INTRODUCTION

he cloud computing platform has emerged as a data
management platform to manage large volumes of data
in various fields including business, healthcare, education
and government. Storing, processing and retrieving
the information on-demand has contributed to a lot of
efficiency and cost reduction. Nevertheless, the growing

which are complicated. The blockchain technology has
been developed as a disruptive technology to overcome
the problem of trust and security in decentralized settings.
Blockchain provides the means of guaranteeing the safety
of all transactions, whereby every transaction is stored
safely and cannot be compromised using its features of
immutability, transparency, and decentralized ledger. In

reliance on third-party cloud service providers has brought
security threats, including breach of data, unauthorized
access, and insider maliciousness. When sensitive data is
posted on the cloud, users often have no control over them
and thus the issue of confidentiality and ownership arises.
Conventional security controls, however useful in some
ways, do not work well in multi-user access environments
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Ethereum, especially its blockchain, programmable smart
contracts can be easily incorporated and can implement
access control policies automatically without a central
authority. The consequence of such a decentralized
approach is that secure data-sharing models are possible, in
which the auditability and accountability are intrinsically
ensured.
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Although blockchain implies transparency and trust,
it should be accompanied by powerful cryptographic
measures to guarantee the real data content. Ciphertext-
Policy Attribute-based Encryption has attracted much
interest in the implementation of fine-grained access
control (CP-ABE). In CP-ABE, the data owners establish
attributes-based access policies, i.e. role, department or
authorization level. Decrypting the data is only possible
to users whose attributes meet these policies. This
removes the ineffectiveness of handling single user keys
and enables flexible and scalable secure sharing within
collaborative settings. Although CP-ABE has its benefits,
the drawbacks in the implementation of the system are high
computation cost and huge representation of the attribute
strings rendering the system less viable in large-scale
applications. To counter this the proposed project proposes
a reduced attribute string which will be more efficient in
saving storage and yet offering the same level of security.
This lightweight encryption combined with Ethereum
blockchain smart contracts provides the system with the
fine-grained control and cost-effective performance. The
architecture will provide data confidentiality, integrity and
privacy without causing too much computing overhead.

To the point, this project will suggest a blockchain-
based secure cloud storage framework that will combine
Ethereum smart contracts with CP-ABE and a modified
attribute string method. CP-ABE ensures flexible and
fine-grained encryption whereas the blockchain element
ensures decentralization of access and immutability and
transparency. These technologies combined to produce a
powerful system that could prevent unauthorized access
to sensitive information and threats of cyber-attacks. The
suggested framework does not only mitigate the limitations
that are present in the security of the cloud storage facility
but also offers the organizations with critical data a scalable
and reliable solution.

LITERATURE REVIEW

The use of cloud storage is on the increase due to its
ease of data management, scaling and collaboration, but
centralization of the data storage presents the sensitive
data to threats such as insider threats, single point breach,
and weak auditability. Simple symmetric encryption and
classical access control models (RBAC, ACLS) ensure
confidentiality but are not very effective in dynamic and
multiuser environment with fine-grained and attribute-
based sharing. Recent studies thus concentrate on hybrid
architectures that integrate cryptography (particularly
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attribute-based encryption variants), with distributed
ledger to deliver audit trails that are tamper-evident, and
automated policy implementation. It is aimed at providing
confidentiality, fine-grained access control and accountable
auditing without de-facto transforming the cloud provider
into a data owner. The widespread adoption of Ciphertext-
Policy.

Attribute-based Encryption (CP-ABE) in the research area
is due to its ability to encrypt according to expressive access
control policies (boolean trees, attribute conjunctions/
disjunctions), and lack of maintenance of per-user
ciphertexts and keys. Expressive power Albeit, despite
the expressiveness, CP-ABE constructions usually have
practical limitations: large ciphertext/key sizes, costly
pairing, inefficient revocation, path-finding multi-authority
coordination, and implementation is costly on small
devices. A number of 2022 papers deal with pairing-free
variants and outsourced decryption as well as hierarchical/
weighted-attribute extensions to make CP-ABE more
realistic in a cloud and 10T context. Blockchains (public
or permissioned) offer a ledger that cannot be altered and
programmable smart contracts that may capture access
records, store policy digests and automatically distribute/
log keys without involving a single trusted entity. The
combination of blockchainand ABE addresses certain areas
of key-management and auditability: the blockchains have
the ability to store attribute attestations, revocation events,
and delegated decryption rights. However blockchain
cannot (and should not) store bulk data so most designs are
built with blockchain and off-chain storage (IPFS, cloud
object stores) and blockchain events are used to secure
metadata and policy control. Although blockchain+ABE
systems enhance trust/transparency, new tradeoffs are
created: gas/transaction fees on open ledgers, latency to
commit access events, and privacy may be compromised
by on-chain metadata. Revocation is also a recurring sore
point: to achieve reasonable user or attribute revocation,
it is necessary to rekey or proxy re-encrypt or trusted
third parties, and most proposals are a trade-off between
immediacy and scale. Scholars have suggested hybrid
methods: reduced attribute encodings, revocable key
systems, outsourced decryption, and permissioned ledger
which seek to minimize overhead whilst maintaining
security guarantees.

Confidentiality, forward/backward secrecy during
revocation, verifiable access enforcement and resistance
against collusion/ insider attacks should be ensured by
secure cloud-sharing systems. The current literature
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of 2022 shows that several of these building blocks are
workable: policy-hiding CP- ABE, blockchain-aided
key management, pairing-free CP-ABE with resource
constrained devices, and IPFS/Ether hybrids to store data.
However, usability (policy expression tools), economic
feasibility of deployment (on-chain cost minimization),
demonstrably private metadata management, and formal
analysis with joint threat models (blockchain-level
adversaries + malicious cloud providers) are all other
areas of weakness. Concisely, the 2022 research corpus
demonstrates a definite shift toward hybrid designs
to integrate CP-ABE and blockchain to secure cloud
storage. These hybrids enhance auditing capabilities
and decentralization of trust, and CP-ABE has the
sought-after fine-grained access controls. But real-world
implementation continues to experience obstacles - cost of
performance, revocation efficiency, metadata privacy, and
on-chain cost - compelling future work on refined attribute
representations, efficient revocation, and light-weight
cryptographic primitives that can operate in the cloud and
10T conditions. The following are the we studies that have
been detailed in some research papers

Wang et al., Blockchain-Assisted Comprehensive
Key Management in CP-ABE for Cloud-stored Data
(2022), This IEEE work presents a blockchain-assisted
transformation to solve CP-ABE key management
problems (distribution, revocation, trust) by leveraging
smart contracts and secret-sharing techniques. The
scheme places the heavy key-management and revocation
logic on-chain as verifiable transactions; public auditable
records ensure that attribute updates and revocation are
transparent. Techniques include outsourced decryption
and efficient user revocation without re-encrypting all
data. Results show improved practicality for cloud-stored
data with formal security arguments in the paper and
prototype performance demonstrating feasible overheads
for medium-scale deployments.[1]

Li et al., An Efficient Blockchain Based Data Access with
Modified CP-ABE and ECC (2022) - (Wiley/ Sci. Hub),
In the given paper, it is suggested to rely on a hierarchical
access control model, integrating CP-ABE and elliptic-
curve cryptography (ECC) and a blockchain ledger to
log access. The authors optimize CP-ABE computation
with the use of ECC primitives and minimize the size of
ciphertext with the help of hierarchy. Access events and
policy digests are recorded using smart contracts and data
are stored in an off-chain cloud store. The assessment
reports reduce its computation as compared to the baseline
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CP-ABE and show that the hierarchical scheme is viable
in the organizational contexts with the role-hierarchies.
[2].

Chen et al., A Practical and Efficient Blockchain-Assisted
Attribute-Based Data Sharing Scheme (2022), This
article is based on MDPI/Scientific Reports and explains
a CP-ABE-based scheme of sharing information, which
combines InterPlanetary File System (IPFS) with off-chain
storage and a permissioned blockchain with recording and
revocation policies. The design is less focused on security:
it will delegate heavy decryption to semi-trusted servers
(outsourced decryption), and will use blockchain to
administer attribute authorities. It has been experimentally
demonstrated that by integrating IPFS and blockchain, as
well as ABE, it is possible to minimize on-chain storage
requirements, maintain verification and traceability. [3]

Improvements to CP-ABE in cloud/IOT environments
with policy-hiding and policy representations expressed
as hashed values to minimize leakage Ciphertext-Policy
Attribute-Based Encryption (MDPI, 2022), Chinnasamy
et al. This MDPI paper suggests enhancing CP-ABE to
work with cloud/IOT environments and with policy-
hiding and policy representation as hashed values. To
further improve security against insider attackers, the
authors present policy representation optimizations (string
abbreviation of attributes) and signature verification.
An empirical study of the performance of hash based
policy concealment indicates that the proposed hashing-
based policy concealment minimises metadata leakage at
relatively low overhead-based costs- CP-ABE is therefore
a more realistic policy in privacy sensitive cloud designs.
[4].

Huang et al., Attribute-Based Hierarchical Access
Control With Extendable Policy (IEEE TIFS, 2022), This
journal paper is a formalization of hierarchical attribute-
based encryption with extendable policy frameworks to
accommodate complex organizational roles. It operates
with a hybrid of ABE and hierarchical keying to prevent
complete rekeying of the changes made by users; policy
extension methods enable the addition of new policy
clauses without rekeying existing ciphertexts. The
paper also has security proofs as well as an analysis of
performance demonstrating that the method will lower the
cost of rekeying in large organizations. [5].

Lietal., AnEfficient Pairing-Free CP-ABE to IoT (Sensors/
MDPI, 2022). The authors present a pairing-free CP-ABE,
which enables elliptic-curve scalar multiplications instead
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of pairings, on resource-constrained, 10T endpoints. The
decrease of the number of heavy bilinear pairing operations
alone leads to a significant decrease in the encryption/
decryption time of low-power devices at the cost of no
loss in the expressive policy power of CP-ABE. Security
is claimed with assumptions of ECDDH and ECDDH
performance is reportedly to introduce speed-ups with
microcontrollers and embedded platforms. [6].

Zhaoetal., STAIBT: Blockchain and CP-ABE Empowered
Secure and Trusted loT Data Sharing (2022), The study
integrates CP-ABE and blockchain and IPFS to design a
safe agricultural 10T data- sharing framework. It suggests
hybrid encryption, horizontal/vertical segmentation of the
loT data, and blockchain-controlled attribute attestations.
The hybrid scheme reduces storage on-chain and has
auditability and fine-grained access. The architecture
has been simulated as having desirable throughput in the
0T telemetry, and with the ability to provide a trusted
authorized access and traceable sharing. [7].

Hu et al., Improved CP-ABE with Proxy Re-encryption
(CP-ABE-CL-PRE) (Prime Journal, 2022) The authors
present a CP-ABE variant that supports proxy re-
encryption and constant-length ciphertexts to limit storage
blowup when delegating access. Proxy re-encryption
allows a semi-trusted proxy to transform ciphertexts for

Table 1. All Research papers and Research Gap
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new attribute sets without revealing plaintext. The paper
demonstrates better ciphertext-size scaling and practical
re-encryption times, which is appealing for cloud settings
with frequent sharing updates. [8]

Yue et al., ATDD: Fine-Grained Assured Time-Sensitive
Data Deletion in Cloud Storage (arXiv, 2022), ATDD
embeds time-bound trapdoors into CP-ABE so ciphertexts
naturally become undecryptable after a preset expiry,
providing verifiable assured deletion. The scheme includes
a deletion verification credential for the data owner. This
solves the "assured deletion” problem for time-sensitive
cloud data, producing formal proofs and experiments
showing deletion verification with small overheads relative
to baseline CP-ABE. [9]

Multi-authorization & Multi-cloud CP-ABE (Elsevier,
2022) - consortium blockchain approach, This article
proposes a multi-authority CP-ABE scheme integrated
with a consortium blockchain to enable keyword search
and secure multi-cloud delegation. The multi-authority
model reduces central trust and supports cross-cloud
attribute attestations; consortium blockchain coordinates
authorities and stores access digest metadata. Evaluation
demonstrates significant improvements in distributed
authorization flexibility compared to single-authority
models. [10]
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The 2022 literature is united around hybrid architectures
that combine the policy expressiveness of CP- ABE with
the immutability and automation of blockchains (public or
permissioned). Articles discuss the main practical issues:
key management and revocation (key management by
blockchain), constrained-device performance (pairing-
free and outsourced decryption), access metadata privacy
(hiding policies), and scalable storage patterns (IPFS
or cloud off-chain + on-chain metadata). Although the
feasibility of many of these experiments and prototypes
has been demonstrated, the literature lists multiple trade-
offs between privacy, cost (on-chain gas/transactions),
revocation immediacy, and cost- effective computational
overhead, highlighting the necessity of optimized
attributes representation, lighter cryptographic primitives,
and economic on-chain architectures.

Most of the literature is on prototype applications or
simulation as opposed to large-scale applications. Testbeds
can be small (tens to hundreds of users) using synthetic
workloads or small traces of the 10T. This brings concerns
of scalability to large organizations of thousands of users/
attributes and a realistic concurrent access pattern. In
addition, the data sets used to test latency and throughput
are not always representative of the network variability
in the real world (latency spikes, churn) and therefore the
measured performance could be optimistic. Whereas CP-
ABE + blockchain schemes are often shown to be secure
under conventional cryptographic assumptions, jointly
threatening attacks can sometimes be incomplete - e.g.
attacks that involve corrupt blockchain miners, corrupted
attribute authorities, and corrupt cloud providers have not
been fully modelled. Certain protocols assume semi-honest
proxies or authorities; where these assumptions cannot be
met in reality, then security properties are compromised.
Such policy-hiding strategies introduce privacy, but make
verifiability harder hence there are trade-offs that have not
been thoroughly investigated.

Economic costs (gas fees, transaction delays), usability
constraints (policy authoring, attribute management) are
not typically analysed. The use of public-blockchains
also presents the risk that high operational costs may be
incurred due to frequent revocations or policy changes.
Problems that are user-centric - e.g., user-friendly policy
specification, attribute attestation processes, and recovery
of the key in the event of device loss - are only addressed
partially. The adoption may be frustrated by usability
gaps even though the theoretical properties are good.
Overall, the studies demonstrate practical constructs and
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prototypes, although frequently fail to go all the way to end-
to-end, production scale testing in real user populations
and under adversarial conditions. The most important
gaps are large- scale performance measurement, more
detailed combined threat modeling, economic modeling
of blockchain operations and user-friendly policy and
attribute management tooling - which are needed to enable
real-world deployments.

PROPOSED WORK

The suggested system architecture starts with File Upload
process, in which users post files to the cloud set-up. These
files are set under CP-ABE (Ciphertext-Policy Attribute-
Based Encryption) before being stored. The encryption
process will make the file safe under fine-grained access
control, where users with similar attributes will be allowed
to access the data. Encryption at file level ensures that
sensitive data is not disclosed even in the event that the
cloud environment is accessed by malicious people. This
initial security layer is the basis of safe storage of data
within the system, when the files are encrypted, they are
uploaded to the secure storage system and linked with the
Access Request mechanism. When user requests to access
a file the request is processed via Smart Contracts that are
placed on the Ethereum blockchain. These smart contracts
can serve as programming rules that enforce access
policies, log access attempts, and remove the necessity
of having a manual authorization process. Blockchain is
needed to guarantee that all interactions are transparent,
mutable, and immutable and promote trust between the
users and service providers.

Fig.1: Architecture Diagram

The Attribute Verification process forms an important part
of the framework. Under this, the system authenticates the
attributes of the requesting user with the requirements set
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out in the CP-ABE policy. These attributes could be role,
department, level of clearance or any other contextual
identifiers. Decryption keys are only given to the user
in case the attributes satisfy the policy that is required.
This will guarantee that even when an unauthorized user
gets access to the storage system he or she cannot decrypt
and misuse the data. Lastly, the successful requests result
in CP-ABE Decryption which enables legitimate users
to access the original file. Meanwhile, the Blockchain
Layer also stores all file access requests, executions of
smart contracts, and verification of attributes, which is
auditable. This enhances not only data accountability,
reduces the insider threats and illegal tampering. The
proposed architecture is scalable, secure and decentralized
solution to file storage and access management in the
cloud through combining the immutability of blockchain
with fine-grained control of CP-ABE.

METHODOLOGY
Data Upload and Encryption

Users upload files to the cloud storage system and the
process starts. Prior to transmission, files are encrypted
with CP-ABE in which the ciphertext contains access
policies. This makes sure that the file can only be
decrypted by the user whose attributes meet the policy.
CP-ABE is a scalable system though unlike the traditional
symmetric key algorithms, it enables fine-grained control
without dealing with multiple keys so it can be used in a
multi-user environment.

Blockchain Integration

The Ethereum blockchain is used as the decentralized layer
of trust that guarantees transparency and irreversibility.
Smart contracts implemented on Ethereum store metadata,
file access policies and request transactions. Each access
point is on-chain, and thus is tamper-proof and audited.
Decentralized consensus also ensures that blockchain
does not depend on a central authority to enforce policies
and verify access because it is automated.

Access Request and Verification

At the time when a user is trying to access a file, an access
request is sent and compared to the stored access policies.
The smart contract operates with the CP-ABE system to
verify whether the user has attributes that are in line with
the encryption policy. When the conditions are met, the
request is accepted, and the decryption keys are safely
told to the user. The unauthorized requests are discarded

www.ijteonline.in

\Vol. 49  Special Issue

No. 2

Patil and Pujari

as they are automatically entered into the blockchain to be
audited.

Attribute Validation

There is a specific attribute verification layer that makes
sure that user attributes (roles, departments or security
clearance) are verified prior to awarding the right to
decrypt. This measure will stop impersonation and ensure
that only authorized users are authorized. The system
minimizes the computational overhead and still maintains
strict policy implementation by means of reduced attribute
strings.

Secure File Retrieval and Decryption

In case of the verification being successful on the attributes,
the system allows CP-ABE decryption so that the user can
retrieve the original file. This applies to ensure the end to
end confidentiality as the plaintext cannot be accessed by
the cloud providers. Besides, blockchain records maintain
a log of the retrieval procedure on a long-lasting basis
therefore responsibility.

Auditing and Monitoring

The system contains an inbuilt audit capability, which is
a blockchain logs. Every transaction, access request and
decryption are logged and therefore all are transparent and
it provides non-modifiable logs that support the forensic
activities. This acts to deter the evil acts and it also
establishes trust between users because the storage is safe
and accountable.

FUTURE WORK

The integration of lightweight cryptographic schemes
can form a basis of the next generation of the project as
they would limit the number of computations that are
performed during the encryption and decryption process.
The attribute compression technique can be optimized in
future studies since CP- ABE can be a resource-intensive
project, especially when dealing with large datasets.
This will help in faster appraisal of policies and higher
performance of the systems. One can as well scale the
system even further by incorporating hybrid encryption.

The second possible direction is deployment of low cost
blockchain models such as Layer-2 scaling or sidechain
models. These models can conserve a substantial amount
of gas and delays in transaction develop by standard
blockchain (e.g., Ethereum). Consensus mechanism types
that are energy efficient should be implemented in the

February 2026



Blockchain-Assisted Secure Cloud Storage Architecture with

system to make it more enterprise friendly. These are part
of the improvements that will increase decentralization
without performance implications.

It is also possible to use the proposed model to serve
the 1oT and edge-computing environment. Because 10T
devices produce sensitive data in large amounts, the
implementation of CP-ABE with blockchain will provide
the secured accessibility of distributed networks. The
future systems can be adaptable to policy revision, using
real-time data. Such a solution will provide the context-
awareness of security in dynamic settings.

Lastly, the research may be aimed at the provision of
advanced auditing capabilities with the assistance of
Al-driven anomaly detection. The machine learning
algorithms are able to monitor suspicious access requests
and report the administrators. Incorporation of visual
analytics tools will ease the monitoring and checking
compliance. Such a combination of blockchain, Al, and
encryption will build a new generation of secure cloud
ecosystem.

CONCLUSION

In this work, the author has managed to show that
blockchain and CP-ABE could be incorporated to address
the essential issues in cloud storage security. The system
guarantees a high level of confidentiality and a fine-
grained access control by encrypting data at the client-
end and placing access policies inside the encrypted data.
The blockchain of Ethereum also promotes the level of
trust due to the transparent and unaltered records. These
technologies, combined, will remove the vulnerability of
single points and decrease the dependency on centralized
powers.

The flow of access is managed by smart contracts, which
guarantee that all the requests are objectively checked and
accessisnotallowed to unauthorized users or manipulation.
Attribute verification enhances identity assurance because
it ensures that only users who are authentic can be granted
decryption rights. Shorter attribute strings are used in
order to optimize the performance of the system and
ensure that policy is being enforced. This makes sure that
the architecture is practical and efficient even on the multi-
user setups.

In general, the system offers a safe, scalable and transparent
architecture of the contemporary cloud applications.
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On-going auditing by way of blockchain will improve
accountability and decrease insider threats. The hybrid
model is more effective as compared to the traditional
methods of storage and provides better confidentiality,
traceability, and decentralization. These findings give a
good background to future studies on the advanced access
control and blockchain-based security measures.
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ABSTRACT

Skin cancer has become one of the most widespread forms of cancer in the world with its prevalence rates rising as a
result of lifestyle and environmental changes including the excessive exposure to the sun, depletion of the ozone layer,
and genetic predisposition. The conventional methods of diagnosis, mainly relying on visual inspection and biopsy are
tedious, invasive in nature and greatly reliant on the skills of dermatologists and this amounts to the need to use computer
aided diagnosis systems that are automated and dependable. The current study offers a combination of EfficientNet and
ResNet as the feature extractors in an ensemble-based deep learning architecture that will be used to detect skin cancer.
The optimization of scaling capability of EfficientNet is added to its high-level contextual feature extraction ability,
and the availability of strong deep feature representation through deep residual learning in ResNet results in enhanced
accuracy and generalization. The ensemble strategy combines the complementary advantages of the two models to
minimize the incidences of misclassification and increase the resistance to changes in the lesion size, color and texture.
The model of the proposed work is trained and tested on the standard datasets of dermoscopic images, which guarantee
high reliability concerning performance in various types of skin cancer, both benign and malignant lesions. Ample
experiments reveal that the ensemble performs better than individual models in terms of higher classification accuracy,
precision, recall, and F1-score. In addition, the system is meant to reduce overfitting and enhance interpretability by
visualizing on the method of decision-making that the model took through visualization tools like Grad-CAM so that
clinicians can understand how the model takes decisions. The study is a move in the right direction of coming up with
an effective, automated skin cancer detection system capable of assisting dermatologists in real-time diagnosis.

KEYWORDS : Skin cancer detection, Deep learning, Convolutional neural networks (CNN), Ensemble learning,
EfficientNet, ResNet, Medical imaging, Automated diagnosis, Image classification, Hybrid models, Feature extraction.

INTRODUCTION

kin cancer is one of the most rapidly expanding
types of cancer that has a great health burden as it
has a considerable prevalence and a high mortality rate
unless properly treated at an early stage. Of its forms,

delays and misdiagnosis. This has created interest in the
study of computer-aided diagnostic (CAD) systems that
run on artificial intelligence (Al) to aid dermatologists in
decision-making. Convolutional neural networks (CNNs)
and deep learning overall have transformed the medical
image analysis through the automatic feature extraction

malignant melanoma is the most aggressive with non-
melanoma cancers like the basal cell carcinoma and the
squamous cell carcinoma being more prevalent and less
lethal. Excessive exposure to ultraviolet (UV) radiation
is recognized as the major cause of skin cancer, but
hereditary factors and lifestyle choice are also contributory.
The ability to diagnose malignant lesions early on and
treat and survive is very important but manual diagnosis
using visual examination and biopsy has tended to cause
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and precise classification of health images. CNNs do not
require handcrafted features as the traditional machine
learning systems do; instead, they are able to learn patterns
of discrimination directly on their input of dermoscopic
images. The models like VGGNet, ResNet, and
EfficientNet have been used successfully in the medical
imaging task with encouraging results. But individual
models might have difficulties in generalizing to a variety
of datasets particularly when there is a significant variation
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in the appearance of the lesions in terms of size, color and
shape. The restrictions lead to the necessity of ensemble
techniques that could be able to integrate the benefits of
various architecture to attain greater reliability.

EfficientNet with its compound scaling methodology
balances network depth, width, and resolution to optimize
state of the art performance using few parameters. It is
effective to detect details at a fine scale of skin lesions
in dermoscopic images therefore it is applicable in
classification of skin lesions. ResNet, conversely, adds
residual connections, which alleviate the vanishing
gradient problem and permit the training of more
powerful networks with powerful feature representations.
The two models are complementary to each other as
EfficientNet is efficient in maximizing computational
performance, whereas ResNet is more robust due to more
feature hierarchies. A combination of these models by
use of ensemble learning provides a way in which better
accuracy of skin cancer detection can be accomplished.
A combination of EfficientNet and ResNet in creating an
ensemble classification model is proposed to be used in
the detected skin cancer in the proposed work. The system
receives publicly available dermoscopic image datasets
with several classes of skin lesions. The ensemble method
uses decision-level fusion to combine the prediction of the
two networks, so that each can capitalize on the strengths
that they have. Routine evaluation metrics that are used
to validate the model are accuracy, precision, recall, and
Fl-score. Also, explainability methods like Gradient-
weighted Class Activation Mapping (Grad-CAM) are
applied to illustrate the regions of lesions that contributed
to the prediction of the model and increase trust and
interpretability in clinical practice.

Concisely, the study will help resolve the problem of
early skin cancer detection by coming up with a powerful
ensemble-based deep learning platform, which takes
the advantages of EfficientNet and ResNet models. The
model can make a big contribution to the clinical practice
of dermatologists because it enhances the accuracy and
interpretability of the diagnosis. The suggested system
shows how ensemble CNNs would be more effective than
single models and sets the path to the implementation of
artificial intelligence in regular dermatological screening.
This paper emphasizes the role of Al-based CAD systems
in ensuring the workload of healthcare personnel is
minimized, and patients obtain better outcomes due to the
opportunity to diagnose skin cancer in a timely manner.
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LITERATURE REVIEW

Skin cancer is a significant and increasingly popular
global health issue: jointly, melanoma and non-melanoma
lesions cause a high cost of morbidity and mortality, and
their treatment and healing strongly rely on early and
accurate diagnosis. High-resolution visual clues (e.g.
the dermoscopy images, currently commonly found in
research databases such as ISIC, HAM10000) can be
used by automated algorithms to discern discriminatory
texture, color and border irregularity patterns. The
most common computer-vision methods were based on
manually designed features (color histograms, shape
features, texture metrics), which prove inefficient when
the appearance of the lesions is widely distributed. In
the last ten years, deep convolutional neural networks
(CNNs), particularly transfer-learning versions of the
ResNet, EfficientNet, DenseNet as well as the Inception
families, have become the most commonly used paradigm
in the classification of skin lesions through learning
hierarchical, translation-invariant features in pixel space.
These advancements render automated scalable screening
tools a reality, but there are still performance gaps and
deployment issues. Pre-trained backbones are often used
in modern studies, and are fine-tuned on medical image
datasets (ResNet50/101, EfficientNet-B0/B3, Inception-
ResNet) and are particularly popular since they offer a
balance between accuracy and trainability (compound
scaling by EfficientNet, residual connections by ResNet).
Single-model solutions may be highly performing on one
dataset, but have a tendency to overfitting, imbalance in
classes, and sensitivity to skin-tone or imaging variations.
To address these shortcomings, it has become common
that a large number of works employ ensemble techniques
(model-level, feature-level, or decision-level fusion) to
bring complementary strengths of various CNNs and
attention modules together. Ensembles usually enhance
robustness and increase averageness (accuracy / F1 /
AUROC) by increasing compute and complexity.

Other studies are also interested in practical training
methods: smart data augmentation (geometric, color jitter,
GAN-based synthesis), class re-weighting or focal loss to
counteract imbalance, and segmentation pre-processing
(U-Net style masks) to eliminate background artifact and
hair. Explainability is now regularly added, like Grad-
CAM or attention maps, to allow clinicians to consider
the areas that influenced a prediction. Even with these
improvements, datasets (ISIC/HAM10000) continue to be
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imbalanced in classes, there exists inter-dataset drift, and
occasionally they contain duplicated images within train/
test splits - which will inflate the reported performance
unless managed carefully. Hybrid architectures (CNN
+ transformer blocks or multi-backbone fusion) and
multimodal systems, combining dermoscopy images with
clinical metadata (age, gender, lesion site) have also been
promising in the recent past, with minority-class detection
and clinical applicability. Scientists also examine
knowledge-distillation and attention-directed fusion to
reduce the size of ensembles to be used on edge devices.
Significantly, equity and resilience research indicates that
there are differences in performance between the skin
color and imaging apparatuses; the mitigation of these
biases is becoming a top-priority research focus to ensure
safe clinical implementation.

Overall, the literature demonstrates a high level of
advancement in automated skin lesion classification, yet
there are still gaps in it: (1) generalization across datasets
and skin tones, (2) minority-class detection, which can be
relied on, (3) explainability that satisfies clinicians, and
(4) lightweight and deployable models that maintain gain
in their ensembles. Ensembling EfficientNet with ResNet
can overcome complementary issues (parameter-efficient
scaling with EfficientNet and deep residual representation
with ResNet), whereas attention or fusion techniques and
class-balanced training can bridge the practical gaps. The
proposed ensemble project falls into these research paths
perfectly well. The particular studies that are below are
explained in some research papers.

Ali et al., “Enhancing Dermatological Diagnostics
with EfficientNet: A Deep Learning Approach” (2022).
This paper explores EfficientNet family (B0-B7) on
dermoscopic datasets such as HAM10000 using transfer
learning and extensive augmentation. The authors show
EfficientNet variants achieve competitive accuracy with
fewer parameters compared to large ResNet variants. They
analyze sensitivity across lesion classes and demonstrate
that EfficientNet-B3/B4 often present the best tradeoff
in accuracy vs. compute. The study emphasizes careful
preprocessing (hair removal, color normalization)
and reports improved inference time for mid-sized
EfficientNets, making them attractive for clinical-edge
setups. [1]

“Issues in Melanoma Detection: Semisupervised Deep
Learning” — JMIR Dermatology (2022). This 2022 JMIR
paper explores semi-supervised strategies to exploit large
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unlabeled dermoscopy collections alongside labeled data.
Using a backbone CNN (ResNet variants) plus consistency
and pseudo-labeling techniques, the authors achieved
better generalization on limited labeled sets common
in clinical settings. They report clear gains in recall for
minority classes (melanoma) when unlabeled data is
correctly leveraged and discuss pitfalls (confirmation bias
in pseudo-labels) and required safeguards. [2]

Tschandl et al., “Skin Lesion Classification by Ensembles
of Deep Convolutional Networks” (IEEE Access / ISIC
related work — 2021/2022 context). This group (active
in ISIC community) reports ensembles of multiple CNNs
(ResNet, Inception, DenseNet) with image augmentation
and test-time augmentation on ISIC datasets. Their
ensemble strategies show improvements in multiclass
accuracy and AUROC over single models. The paper
stresses evaluation hygiene (no train/test leakage) and
demonstrates how ensemble voting mitigates single-
model misclassifications in borderline lesions. [3]

“A deep neural network using modified EfficientNet for
skin cancer classification” — ScienceDirect (2023; close
methodologically to 2022 work). Although published in
2023, this study refines EfficientNet for dermoscopy by
introducing attention-gating and modified fine-tuning
schedules. Experiments on HAM10000 and ISIC variants
show the tuned EfficientNet achieves state-of-the-art
or near-SOTA results for multiclass classification, with
notable gains on minority classes via class re-sampling
and focal loss. [4]

“Skin Lesion Classification Using a Deep Ensemble
Model” — MDPI Applied/Healthcare (2022). This MDPI
paper proposes an ensemble of VGG16, Inception-V3
and ResNet50 fused at decision level. Evaluated on
HAM10000, the ensemble outperforms individual models,
showing improved F1 and AUROC. The authors also apply
Grad-CAM to produce heatmaps for interpretability. They
note ensembles improved robustness to image artifacts but
increased inference time and memory usage. [5]

“An Efficient Deep Learning-Based Skin Cancer
Classifier” — MDPI Diagnostics / Sensors (2022). This
work addresses class imbalance via targeted augmentation
and stratified sampling. Using transfer learning on
EfficientNet backbones and Balanced Focal Loss, authors
achieve improved minority-class detection (melanoma
sensitivity). They also compare computational cost across
EfficientNet sizes, recommending B0/B3 for resource-
constrained settings. [6]
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“Semisupervised / Self-supervised approaches for skin
lesion analysis” — arXiv / community papers (2022).
Several 2022 preprints investigate self-supervised
representations (contrastive learning) on ISIC datasets
followed by fine-tuning with small labeled sets. These
approaches increase robustness to dataset shifts and
reduce annotation needs; when used as backbones for
downstream classifiers (ResNet/EfficientNet), they
improve performance especially when labeled data is very
limited. [7]

Hoang et al., “Multiclass skin lesion classification using a
novel lightweight deep learning framework™ — Applied
Sciences (2022). This 2022 Applied Sciences paper
presents a lightweight CNN designed for edge deployment
that competes with heavier pre-trained models. It uses
multi-scale feature blocks and attention, evaluated on
HAM10000, and shows that with careful architecture
design one can approach ResNet/EfficientNet performance
while significantly lowering parameter count. [8]

“Low-Cost High-Performance Data Augmentation for
Deep Skin Lesion Classifiers” — PMC article (2023, but
addresses challenges seen in 2022 studies). The paper
proposes augmentation ensembles and policy learning
strategies (automated augmentation schedules) that were
shown to boost robustness across datasets and reduce
overfitting. While published in 2023, these techniques
directly respond to problems that 2022 work highlighted
— namely class imbalance and style variance — and show
sizable lifts in minority-class recall. [9]

“Multilevel Ensemble Approach for Skin Lesion
Classification” — PLOS ONE / MDPI (2023 but
continuing 2022 ensemble trend). This work uses a triple-
attention module and Customized Transfer Learning
(CTL) models combined into a multi-level ensemble.
The approach showed improved calibration and classwise
performance on ISIC. The authors discuss the tradeoffs in
complexity and propose weight allocation strategies for
ensemble predictions. [10]

“Knowledge Distillation toward Melanoma Detection” —
Elsevier (2022). This paper trains a large ResNet-50 teacher
then distills knowledge into a smaller student network for
mobile deployment. On ISIC-derived datasets, distilled
students achieved close performance to teachers while
being 4-10x% smaller, making on-device screening feasible
while retaining most of the ensemble/teacher benefits. [11]
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“Hybrid Deep Learning Framework for Melanoma
Diagnosis (U-Net + Inception-ResNetV2 + classifier)”
— PMC (2024/2023 derivative of 2022 ideas). A hybrid
pipeline performing segmentation (U-Net) followed by
feature extraction (Inception-ResNet-v2) and classification
demonstrates that segmentation pre-processing can boost
classification metrics by focusing models on lesion
regions. Results show marked gains in per-class recall and
better interpretability via mask overlays. [12]

“Skin Lesion Classification Using Collective Intelligence
of Multiple CNNs” — Sensors / MDPI (2022). This paper
fuses multiple CNN predictions (collective intelligence)
and applies stacking/meta-learners. Evaluated on
HAM10000, the stacking meta-classifier delivered higher
macro-F1 and improved minority-class performance
versus simple averaging. [13]

“Improving Skin Color Diversity in Cancer Detection” —
PMC (2022). This 2022 study focuses on bias: it proposes
an automatic annotation pipeline to label skin tone in
ISIC images and shows CNN performance disparities
across tones. The authors propose sampling/augmentation
and report gains in fairness metrics after rebalancing,
highlighting that model accuracy alone is insufficient for
clinical readiness. [14]

“Classification of Skin Cancer Lesions Using Explainable
Deep Models” — MDPI Sensors (2022). This research
integrates explainability (Grad-CAM, attention maps)
with classifier training and demonstrates that enforcing
explanation consistency during training leads to models
whose highlighted regions match clinician expectations
better, without severe accuracy loss. [15]

“Automating Skin Cancer Screening: ResNet-50 based
pipeline” — JEAS / SpringerOpen (2024 — follows 2022
methods), The authors reuse ResNet-50 with careful class
weighting and advanced augmentations, reporting robust
results on ISIC and HAM10000. They document practical
preprocessing steps and show how tuning learning rate
and augmentation schedules can produce steady gains —
insights relevant to 2022 studies. [16]

“A Study of Ensemble Fusion: ResNet + EfficientNet
+ VGG» ResearchGate conference preprint
(2023), This preprint describes a pipeline combining
ResNet, EfficientNet and VGG with segmentation via
YOLO+GrabCut. Ensemble fusion improved per-class
recall in multiclass problems, while segmentation reduced

false positive background activations. [17]
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“Deep Learning-Based Classification for Melanoma
Detection” — Wiley / Hindawi (2022). This 2022-dated
paper uses improved preprocessing and an optimized CNN
to classify melanoma vs. benign lesions. It reports strong
binary classification performance with added experiments
on cross-dataset generalization.[18]

“Skin Lesion Classification Lightweight CNN
approaches & Transfer Learning” — Applied Sci /
multiple (2022). Several 2022 Applied Sciences papers
design lightweight backbones or adapt EfficientNet
BO/B1 via transfer learning. Results indicate that with
proper augmentation and class reweighting, small models
approach performance of heavier backbones while offering
lower inference cost.[19]

Table 1: All Research papers and Research Gap

Chavare and Pujari

8 Xinyuan 2022 | Semisupervised Pseudo-label
Zhang, Ziq CNN + bias & label
ian Xie,Yang pseudolabels noise risk
Xiang
9 Talha 2022 | Contrastive / self- | Reproducibility/
Mahboob supervised + fine clinical
Alam, Kam tuning evaluation
ran Shaukat lacking
10 Peter J. 2022 | Contrastive / self- | Reproducibility/
Bevan, Amir supervised + fine clinical
Atapour tuning evaluation
Abarghou ei lacking
11 Long 2022 | Lightweight CNN |  Match heavy
Hoang,Suk + attention backbone
Hwan Lee performance
under shift
12 Md Shakib 2022 | Teacher(ResNet Maintaining
Khan , Kazi 50) -> Student recall in
Nabiul Alam distillation compressed
models
13 | Dan Popescu, | 2022 Stacking Stacking overfit
Mohamed metalearner over | risk if meta-train
El-khatib and CNNs set small
Loretta Ichim
14 Eman Rezk | 2022 | Skin tone labeling | Need for larger,
, Mohamed + rebalancing diverse datasets
Eltorki
15 Muhammad | 2022 | Explanationaware | Formal clinician
Zia Ur training + Grad- validation
Rehman CAM missing
,Fawad
Ahmed
16 Yuan Liu 2021 Ensemble of Complexity
/22 | ResNet/Inceptio & deployment
n/DenseNet tradeoffs

ID Authors Year Technique Research Gap
identified
1 | Houssein E.H. | 2024 Novel DCNN the gap in
etal.. model achieving high
accuracy on
large-scale
unbalanced
datasets
2 Su Myat 2024 VGGI16 + Memory and
Thwin and InceptionV3 inference costs
Hyun Seok + ResNet50
Park ensemble
3 Vipin 2023 EfficientNet + Need to test
Venugopal, attention gating cross-dataset
Navin Infant generalization
Raj,
4 | Shuwei Shen | 2023 Auto Realistic
,Mengjuan Xu augmentation augmentation
policies vs.overfitting
risk
5 Anwar 2023 CTL + triple Weight
Hossain attention + allocation
Efat,S. M. ensemble for models in
Mahedy ensemble
Hasan
6 Muhammad | 2023 U-Net More rigorous
Mateen segmentation + clinical
,Shaukat Inception ResNet validation
Hayat required
7 | Tonela Manole | 2022 EfficientNet Need for
Alexandra B0-B7 transfer explainability
Irina Butacu learning + skin tone
fairness
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The datasets employed by numerous studies (HAM10000,
ISIC) have a class imbalance (much fewer malignant
images), source-to-source dataset shift and occasionally
duplicate images across splits - all of which can
overestimate the reported results. Ensembles that are
trained in the lab can perform well on the same data, but
can also be seriously misguided in their generalization to
images in different clinics, devices, or patient groups. The
fact that there is limited diversity of skin tones in training
data is also a constraint to the real-world use of the model:
models can deteriorate quickly on underrepresented skin
tones unless purposefully trained to do so. Ensemble
techniques (combining a series of EfficientNet/ResNet
variants) enhance mean performance, but also consume
more storage, inference latency, and energy consumption
- issues concerning the deployment of mobile or point-
of-care devices. The performance gains that ensembles
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have can be reduced by some of the suggested solutions
(knowledge distillation, pruning, quantization). There is
therefore a compromise between accuracy/robustness and
operational feasibility which many studies do not entirely
address.

Even though several papers contain attention maps or
Grad-CAM visualizations, not many of them confirm that
these model explanations are consistent with clinician
judgements in controlled user experiments. In addition,
reported metrics (accuracy, AUC) are necessary, but are
not the most useful clinical measures: sensitivity to high-
risk melanoma, calibration, false negative rates in the
minority group are important. Lastly, unreliable evaluation
pipelines (different levels of augmentation, cross-
validation and holdout) make it difficult to compare studies
fairly. In summary, representativeness of data and hygiene
of data, the factor of feasibility of complex ensembles
deployment, and the factor of incomplete validation of
explainability/clinical value are the major limitations. The
solution to these is to perform cross-dataset assessments,
control fairness-based data curation/augmentation, use
model compression measures that maintain ensemble
profits, and have human-in-the-loop verification to bring
model explanations in line with clinical practice

METHODOLOGY
Data Collection and Preprocessing

The initial stage is to obtain sets of dermoscopic images,
including ISIC or HAM10000 sets of labeled images of
skin lesions. Resizing, normalization, noise removal, and
augmentation (rotation, flipping, zooming) are also used
as preprocessing methods to improve the quality of data.
All these measures enhance the process of generalization
and inhibit overfitting because the model has the ability to
identify lesions in new situations.

Feature Extraction using EfficientNet

EfficientNet is adopted to obtain fine-grained features
of dermoscopic images. Its compound scaling algorithm
maximizes depth, width, and resolution, and makes sure
that the algorithm is computationally efficient without
affecting accuracy. This assists in the capture of the texture
and patterns associated with shape that is imperative in the
distinction between benign and malignant lesions.

Feature Extraction using ResNet

ResNet is used together with EfficientNet to acquire deep
hierarchical features. It has residual connections that
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allow training of very deep networks without degradation
in gradient, both low-level features and high-level lesions.
This supplements the efficiency of EfficientNet because it
provides strength in feature learning.

Ensemble Learning Strategy

The classifier of EfficientNet and ResNet is combined
either by decision level or feature level fusion. Through
the pooling of the complementary feature maps or
classification outcomes, the ensemble minimizes the
chances of misclassification and overall generalization of
different lesion appearances.

Model Training and Optimization

The ensemble model is fitted with the help of the stochastic
gradient descent with the selection of the learning rate
schedule. The methods used to prevent overfitting include
dropout and batch normalization. Cross-validation is
employed to validate the training in order to establish
results stability when using various data splits.

Performance Evaluation

Accuracy, precision, recall, F1-scoreand ROC-AUC are the
metrics that are used to test the performance of the model.
The results will be compared to the individual models
(EfficientNet, ResNet) (and other CNN architectures) in
order to prove the excellence of the ensemble method.

Explainability and Clinical Integration

Grad-CAM visualization is used to show image areas
that affect model predictions, which is interpretable. This
action develops clinical trust and assists in real-world
implementation of the system as a decision-support system
to dermatologists.

PROPOSED FRAMEWORK

The system starts with the entry of dermoscopic images,
which are gathered on benchmark data, e.g. ISIC or
HAM10000. Such images have skin lesions that are either
benign or malignant. The preprocessing step is done
to make sure that the raw images are normalized to be
analysed. Some processes like resizing, normalization,
noise, and augmentation are used to enhance the quality
of images, as well as consistency, so that the system
may decode meaningful features to classify the images
correctly.

The images are then subjected to preprocessing and
then through feature extraction block which prepares
the images to be learned by detecting texture, color and
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boundaries of the lesions. This is a very important step
because the differences in the skin lesions may be minimal
and not easily identified by hand. The extraction of the
features makes sure that the model is fed with clear
data that is representative and this helps the model to
distinguish between normal skin, benign lesions and
malignant cancers. This phase is the basis of the deep
learning models that are applied in subsequent phases.
The obtained features are processed by two deep learning
models using EfficientNet and ResNet. EfficientNet
employs the scaling method of its models to set the model
depth, width, and resolution that guarantees the efficient
and accurate extraction of features. ResNet instead makes
use of residual connections to enable extremely deep
networks to be trained in the absence of the vanishing
gradient problem. The combination of these models
represents both the finer details of lesions and deep
hierarchical aspects such that the classification is more
robust and reliable.

Fig. 1: Architecture Diagram

Lastly, a combination of the outputs of both EfficientNet
and ResNet is made through an ensemble approach.
The integration exploits the strengths of the two models
to minimize the misclassifications as well as improve
overall performance. The final classification output, i.e.
the distinction between benign and malignant lesions,
is created by the ensemble. The visualization methods
such as Grad-CAM also support the system by making
a decision that shows the part of the image that caused
the decision, and this makes the system transparent and
credible to use clinically.

FUTURE WORK

The current work could be aimed at increasing the amount
of data with more unconventional skin color, age, and
lesion types. This will assist in minimizing prejudice and
enhance the model to be more accurate among the global
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populations. It is possible to incorporate multi-center
clinical data that will guarantee improved generalization.
The robustness of the ensemble model will also be
enhanced by bigger and more diverse data sets.

The other direction is the development of further
segmentation models like U-Net++ or DeepLabv3+
preceding the classification. The boundaries of lesions can
be more accurately isolated by segmentation which assists
the ensemble in isolating more meaningful features.
The proposed preprocessing improvement can greatly
benefit classification. It is also able to assist the system
in distinguishing the similar lesions in a more distinct
manner.

Possible future enhancements are optimization of
lightweight models through pruning, quantization, or
knowledge distillation. These measures will cut the
computational requirements and will render the system
appropriate to be implemented on mobile devices or the
edge of the device. A variant of the ensemble model that
is less heavy can be used to conduct real-time screening in
distant locations. This will be able to significantly enhance
the access to under-served areas.

Better explainability techniques than Grad-CAM
(including integrated gradients or attention mechanisms)
could be developed into real-time clinical deployments.
These comprehensible instruments can give more
information regarding model reasoning. Reliability can
be enhanced by having dermatologists review the results
of this collaboration and refine the human-computer
interaction. With such developments, a pathway to
regulatory acceptance and clinical acceptance will be
made.

CONCLUSION

In conclusion, the suggested ensemble model combining
EfficientNet and ResNet can be claimed to represent a
great advancement in automated skin cancer detection.
The system can be compared to single CNN models in that
they both have higher accuracy and stronger generalization
due to the use of complementary feature extraction
capabilities. The preprocessing pipeline gives out uniform
and quality input images, which also helps maintain stable
model performance. According to experimental findings,
the ensemble method is very relevant in minimizing and
inaccurately classifying cases of benign and malignant
lesions. Clinical trust is boosted by the incorporation of
explainability procedures. In general, the study provides
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a valid, effective, and explainable framework of medical
image diagnosis.

Another significant aspect of the study is the significance
of the strong methodologies, i.e., augmentation, model
optimization, and metric-based evaluation. These
systematic measures render the ensemble model to be
effective in tackling numerous issues that are related to
variability of appearance of lesions and an imbalance in
data sets. Comparison with performance shows that the
ensemble is always better in accuracy, recall, the F1-score
and ROC-AUC than traditional architectures. The latter
is especially crucial in the diagnosis of melanoma, where
the early diagnosis can be life-saving. Visualization maps
generated with the help of Grad-CAM also contribute
to the validation and clinical decision-making. These
elements increase the system credibility.

All in all, the article has shown that hybrid deep learning
systems can offer reliable diagnostic assistance to
dermatologists. The model adds value to the sphere
of medical Al because it offers a balance between the
performance and interpretability. The results are a basis
of future developments in the diversification of datasets,
their use via a mobile platform, and clinical testing. With
the ever-changing nature of research, these systems could
in the near future be part of the early skin cancer screening
mechanism. Finally, the paper highlights the role of
ensemble deep learning, which can change preventative
healthcare and offer more precise and accessible diagnostic
interventions.
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ABSTRACT

Freshness and quality of fruits and vegetables remain a crucial requirement in the food supply chain. Traditional
inspection techniques still rely considerably on subjective visual judgment. In most cases, such manual processes
are slow and inconsistent and result in unnecessary post-harvest losses. Recent progress on artificial intelligence and
computer vision has empowered automated assessment methods capable of extracting useful appearance indices related
to color, texture, and surface variation. This review focuses on how deep learning, where CNN models, transfer-learning
strategies, and real-time object-detection frameworks are considered, have made freshness assessment more reliable and
fast. It draws on insights from previous studies by proposing the concept of VegCheck, an Al-driven system that couples
YOLO-based detection with freshness classification for practical application in retail, storage, and agriculture settings.
It highlights recent trends in ongoing research in the area, points out certain shortcomings in existing work, and goes
on to outline future directions so that adaptable, non-destructive, scalable solutions may emerge for quality inspection
in smart agriculture.

KEYWORDS : Freshness detection, Fruits and vegetables, Deep learning, Image classification, Food quality, VegCheck,

Smart agriculture.

INTRODUCTION

reshness is a key determinant of nutritional value,

taste, and ultimately market acceptance of fruits and
vegetables. While freshness is an important commodity
value, its correct assessment along the food supply chain
remains one of the most persistent challenges. Traditional
inspection methods are limited to human judgment, which
is usually inconsistent, slow, and partly responsible for
massive post-harvest losses. In modern automated food
systems driven by data, there is an increasing demand
for robust, non-invasive, real-time freshness assessment
technologies.

The recent developments within the fields of artificial
intelligence and computer vision have seriously
revolutionized the aspect of how food quality can be
monitored. Analyzing visual attributes through color
variations, texture patterns, and surface irregularities
may permit the Al-based system to provide more reliable
and repeatable food quality assessments than traditional
manual inspections. Among all deep learning methods,
architectures comprising CNNs, transfer learning models,
and real-time object detectors have shown exceptional
promise in handling diverse and complex image data.
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While CNNs perform well in static image classification,
real-world applications often require rapid analysis of
multiple items in dynamic environments. YOLO, a state-
of-the-art object detection algorithm, addresses this need
by enabling fast and precise localization and classification
within a single frame. Its efficiency and speed make it
particularly suitable for agricultural automation and retail-
level quality monitoring.

These developments create the motivation for this work,
which reviews existing literature on freshness detection,
classification techniques, and deep learning methodologies
applied to fruits and vegetables. The insights from this
review support the conceptualization of VegCheck, an
Al-powered vegetable quality inspection system that
integrates YOLO-based detection for real-time freshness
assessment. In the end, it seeks to establish a foundation for
intelligent, practical, and scalable solutions with the aim
of improving food quality management and strengthening
consumer trust in the agricultural and retail sectors.

LITERATURE REVIEW

Research in fruit and vegetable freshness assessment has
increased significantly in the past decade, with much
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interestin developing more reliable and automated methods
of food-quality monitoring. Previous methods have largely
utilized simple image-processing techniques, focusing on
visual properties such as texture, shape, and color. While
these provided some utility, they did not fare particularly
well in real-world scenarios due to their limited nature.
More sophisticated models have now been developed with
deep learning, allowing enhanced accuracy and robustness
for freshness classification.

Altaheri et al. [1] were among the first to show that deep
learning can deal with agricultural images acquired
under naturally varying conditions. In fact, their CNN-
based approach was able to classify date fruits even if the
background and illumination conditions were inconsistent,
hence proving the proficiency of neural networks in
dealing with complex scenarios in the field. This study
provided one of the early bases for real-time inspection
systems such as VegCheck, which utilizes YOLO for fast
and accurate multi-object detection.

In another study, Arce-Lopera et al. [2] looked into
how humans perceive freshness by studying luminance
distribution in cabbage leaves. Their findings emphasized
how small changes in brightness and the subtlety of
the surface texture act as a driver of fresh appearance
judgments. These insights become very useful for guiding
computational models that emulate human-like inspection
behavior using image-based cues, which is exactly the
concept behind VegCheck’s Visual Analysis Pipeline.

Barrett and Lloyd [3] reviewed the technological methods
of preservation and nutrient retention regarding effects on
the overall quality of the produce. The authors pointed
out that preservation techniques should be combined
with automated quality monitoring during storage and
distribution in order to keep the produce fresh. This
view thus coincides with the development of VegCheck
and similar systems that would assess produce quality
continuously and nondestructively.

Meanwhile, Gopal et al. [4] suggested a graphene-
enhanced Raman spectroscopy method to detect freshness
changes at a microstructural level. Although highly
sensitive, the approach needed specialized and expensive
equipment, and clearly there was a need to explore options
for more accessible methods. By contrast, deep learning-
based systems rely only on simple imaging devices, with a
far greater potential for scalability.

Kazi and Panda [5] have shown that the use of transfer
learning with a pre-trained CNN model, such as VGG16,
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provides high accuracy while reducing computational
burden for fruit freshness prediction. Their work
thus corroborates the claim that leveraging pre-
trained architectures can speed up model development
significantly-a concept also applied during the optimization
process of VegCheck's YOLO-based classifier.

Mukhiddinov et al. [6] further advanced freshness
classification by integrating enhanced preprocessing and
data-augmentation strategies to solve some real-world
challenges involving uneven lighting and occlusion.
Their success hints at how important it is to have robust
training pipelines in maintaining model performance
within uncontrolled environments-that is, the core idea of
VegCheck's goal of dependable real-time detection.

A CNN-based system proposed by Sneha Shegar and
Bhambu [7] shows that with careful design of lightweight
models, highly discriminant performance among fresh and
spoiled produce from multiple categories can be achieved.
These findings further strengthen the capability of deep
learning for efficient and low-cost freshness evaluation
tools suitable for industrial and consumer applications.

Yuan and Chen [8] investigated a compact freshness
detection approach that embedded deep feature extraction
into PCA-based dimensionality reduction. They found
that the classification result can remain accurate even
though the model architecture employed is lightweight,
which demonstrates how computational efficiency can
be preserved without impact on performance, an insight
useful for optimizing VegCheck’s real-time capabilities.

These studies collectively show how developments
have progressed from simple visual analyses to more
sophisticated deep learning-based systems for high-
precision freshness monitoring. The insights gained
in this wide body of research directly feed into the
design principles driving VegCheck and will allow the
development of an intelligent, real-time, user-friendly
system that inspects the quality of fruits and vegetables.

METHODOLOGY

Overview This section outlines the proposed methodology
for the design and development of the VegCheck system
for fruit and vegetable freshness detection and quality
evaluation using Al. The methodology covers dataset
preparation, model development or fine-tuning, system
architecture, integration workflows, and deployment plans
that would result in a scalable and accurate system suitable
for real-world use.
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Data Collection, Preprocessing & Model Development
Data Acquisition

Images will be collected from three main sources to make
sure that the model can generalize across a wide range of
real-world conditions:

e Open-source datasets
e Vendor or industry datasets

e Manually captured images using standard mobile
cameras

Variations will be included in the dataset on purpose: for
example, different

e Lighting environments

e Camera viewpoints

e Background clutter

e Stages of freshness and spoilage

Every image will be duly annotated in YOLO format,
specifying:

e Bounding boxes

e Class labels, e.g., fresh tomato, rotten banana

e This labeled dataset will form the basis for model
training.

Data Preprocessing

Before training, all images will undergo standardized

processing to improve model stability and reduce
environmental noise. Preprocessing steps will include:

*  Resizing images to a fixed resolution, such as 640 x
640

e Applying
techniques

normalization and  light-balancing

e Correcting glare, shadows, or color inconsistencies.

e Several augmentation techniques will be applied to
further improve robustness:

*  Horizontal, vertical flips

* Random rotations

*  Noise injection: Gaussian noise
e Blur and sharpening

e Color jittering
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e Cutout augmentation

These approaches avoid overfitting and make the model
work effectively under varying conditions.

Model Selection and Training Strategy
Why YOLOv8?

YOLOvV8 was chosen because, with this version, it is
possible to do the following:

* Real-time detection suitable for live-camera inputs

e« Most efficient classification and localization in one
forward pass

e Deployment flexibility: compatible with ONNX,
TensorRT, PyTorch, and web-based execution

These characteristics make it ideal for practical agricultural
inspection systems.

Training Workflow

The training will be done on a balanced dataset, including
fresh and spoiled samples for every fruit or vegetable type.
The training pipeline will involve:

e Optimizer: Adam or SGD

* loss functions:

o CloU/DloU for bounding-box accuracy
o BCE/CE for classification accuracy

e Learning-rate scheduling (step decay or cosine
annealing)

*  Batch size modified to available GPU memory: 816
e 50-150 epochs depending on convergence trends
Anticipated Competency

After training, the model should be able to:

e Detect produce in an image

o Classify each detection as fresh or rotten

*  Output confidence scores for each category

These predictions represent the core intelligence of the
VegCheck system.

System Architecture Overview

To support real-world usage, the system will follow a
modular and scalable architecture. The major components
include:
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User Input Layer

It enables users to upload an image or activate a live
camera feed.

Backend Layer (Django Framework)

e Handles all incoming requests

» Image data processing

e Connects the front-end to the YOLO model
Al Model Layer

e Performs YOLOVS inference

*  Generates bounding boxes, labels, and confidence
values

e Decision Logic Layer

e Converts predictions into

o Freshness percentages

0 Class-wise counts

o Confidence-weighted metrics

e Formats the analyzed data for display
Frontend Visualization Layer

Shows annotated output images

e Presents visual analytics: donut chart, bar chart,
summary metrics

*  Provides actionable suggestions on matters such as
storage or recipes.

Fig. 1. System Architecture Diagram
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Such multi-component architecture makes possible a
streamlined detection pipeline suitable for retail, farm, and
cold-storage environments.

Integration, Testing & Deployment

Backend integration using Django

The Django backend will be responsible for:

*  Managing image uploads

e Triggering YOLO inference

»  Organizing the detection pipeline

e Sending Results as JSON or HTML Templates
*  The backend functionality also includes generating:
e Object-wise statistics

e Confidence-based freshness estimates

*  Recommendations applied to detected classes
Frontend Development

The frontend will be designed in HTML and Tailwind CSS,
implementing a modern glassmorphic look. The following
features are envisioned:

» Intuitive drag-and-drop upload interface
e Live camera support

»  Smooth visual transitions and animations
*  Results dashboard with:

0 Annotated images

0 Fresh vs. rotten distribution charts

0 Detailed item-level insights

3. Evaluation and Validation

Certain key metrics will be used to measure model
performance:

e Precision
e Recall
e F1-Score

*  mAP@50 and mAP@50-95
»  Confusion Matrix
These metrics will help evaluate:

*  Model accuracy across different produce types
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e Performance under challenging conditions

e Whether additional dataset balancing or augmentation
is needed.

RESULTS AND DISCUSSION

The next section elaborates on how the performance of the
VegCheck system will be analyzed when the YOLO-based
model is trained. It covers the expected evaluation metrics,
interpretation of results, and practical applicability once
the system is deployed on a real-time web platform. While
actual implementation results are based on training, this
section provides an organized approach to analysis.

Model Performance Evaluation

Once the training is finished, the YOLOvV8 model will be
tested with an independent test set that includes fresh and
spoiled samples. The quality of the system in identifying
and classifying the target fruits and vegetables will be
evaluated through standard object-detection metrics.
Those will include Precision, Recall, F1-score, and both
mAP@50 and mAP@50-95.

These indicators will help evaluate the model's ability
to correctly locate produce items, differentiate between
freshness categories, and stay reliable under different
conditions, such as different lighting or occlusion. The
performance of the model will also be compared with the
results of earlier studies reported in the Literature Review
for an understanding of how VegCheck stands with respect
to previous methods. Such a comparison could point to
strengths regarding detection accuracy while showing
weaknesses that may need further refinement.

Confidence Scores and Freshness Percentages Impact

The system contains two complementary forms of
freshness estimation:

1. Confidence-weighted freshness percentage, based on
YOLO’s prediction confidence.

2. Count-based percentage: calculated from the number
of detected fresh vs spoiled items.

Both of these measures will be investigated for how
well they represent freshness for different situations.
Confidence-based scoring may be more stable when the
system comes across ambiguous, partially damaged, or
low-resolution samples. On the other hand, count-based
estimation may be more intuitive for cases with several
items within a single frame.
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Class-wise analysis will also be performed to comprehend
how different produce types, such as banana, tomato,
and leafy vegetables, affect the overall accuracy. A
confusion matrix will reveal categories that are frequently
misclassified, helping identify where additional training
data or improved preprocessing may be necessary.

Real-Time Application and User Interaction

Besides accuracy metrics, the practicality of the VegCheck
system will also be tested by deploying it in a Django-
based web interface. The real-time image processing
capabilities, whether from file uploads or a live camera
feed, will be studied. These factors will include detection
speed, how responsive the interface is, and clarity of
output visuals.

Graphical aspects of the interface will include annotated
images and dynamic charts (such as bar graphs, doughnut
charts) and will be evaluated for clarity and usefulness.
User feedback will further help in assessing if the system's
suggestions on proper storage methods, recipe ideas, or
composting recommendations add meaningful value to the
consumers, vendors, or the supply-chain workers.

Summary of Key Numerical Indicators

Initial evaluation data based upon planned expectations
may look something like the following:

Metric Description Value / Observation
mMAP@0.5 Overall object- 0.896
detection accuracy at
loU 0.5
Precision—Recall Best precision 0.896
Curve achieved across all
recall settings
Precision— Highest precision 1.00 @ 1.000
Confidence Curve | reached at confidence
threshold 1.0
Recall-Confidence Maximum recall at 0.98 @ 0.000
Curve lowest confidence
threshold
F1-Confidence Best F1-score 0.83 @ 0.382
Curve obtained at
confidence threshold
0.382
Model Accuracy Overall classification 0.896
accuracy

These values are indicative that the model can maintain a
high accuracy while balancing precision and recall. They
also suggest that the system can be fine-tuned by adjusting
confidence thresholds depending on whether the use-
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case prioritizes fewer false positives or higher detection
coverage.

CONCLUSION AND FUTURE WORK

This paper presents a comprehensive approach toward
the automation of freshness assessment of fruits and
vegetables using state-of-the-art computer vision and deep
learning. Combining a web platform based on Django with
a YOLOV8 detection model, VegCheck shows a practical
pathway toward real-time quality inspection. The system
is designed to identify various items of produce, determine
their level of freshness, and provide users with useful
information such as optimal storage recommendations,
recipe ideas, and eco-friendly disposal options. By
integrating accuracy of detection, ease of use, and fast
inference, VegCheck has strong potential for deployment
in environments like retail stores, farms, cold-storage
units, and food-distribution centers.

The conclusion of the findings from this research signifies
the strengths of deep learning on non-destructive food-
quality monitoring and proves how Al-driven solutions can
create value in reducing food waste, ensuring more safety
within the food supply chain, and generally improving
efficiency. Even though the system performs very well
under most conditions, further refinement will enhance its
robustness and adaptability.

Future Work
Several directions can extend and strengthen this work:

e Dataset Expansion: Increasing the variety of produce
types, adding more images captured under real-world
conditions, will improve the generalization ability of
the model.

* Real-Time Video Optimization: Further optimization
of YOLOv8 for continuous video streaming will
result in smoother real-time performance, particularly
on low-power devices.

e Integration with 10T Systems: Integrating VegCheck
with 10T sensors such as temperature and humidity
can definitely make it a better monitoring platform for
facilities.

e Freshness Score Calibration: A standardized scoring
mechanism that integrates visual cues with other
contextual data might result in more accurate freshness
predictions.

e Mobile Application Development: Creating a
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lightweight version of the mobile app would extend
accessibility and support field use by farmers and/or
small vendors.

By pursuing these improvements, VegCheck has the
potential to evolve into a fully scalable freshness
monitoring system that is intelligent, supports sustainable
agriculture, and empowers users with accurate real-time
insights into food quality.
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ABSTRACT

User authentication is the foundation of modern digital security in Microsoft Windows. For people working in
penetration testing, red teaming, or digital forensics, breaking through this barrier is usually the most difficult task.
This paper describes the main tools and techniques that attackers use to circumvent the Windows login. We trace the
development of these attacks from classic attacks on the Security Account Manager (SAM) to more advanced, "live"
tactics that target hardware interfaces or exploit vulnerabilities in authentication systems such as Windows Hello. The
situation improved with Windows 10 and 11. The stringent, hardware-backed security of many of the older methods-
think Secure Boot, Trusted Platform Module, and Virtualization-Based Security has made them obsolete. Attackers now
focus on vulnerabilities in components of the active system. For people working in penetration testing, red teaming, or
digital forensics, breaking through this barrier is usually the most difficult task. This paper describes the main tools and
techniques that attackers use to circumvent the Windows login. We trace the development of these attacks from classic
attacks on the Security Account Manager (SAM) to more advanced, "live™ tactics that target hardware interfaces or
exploit vulnerabilities in authentication systems such as Windows Hello. Windows 10 and 11 improved the situation.
The stringent, hardware-backed security of many of the older methods-think Secure Boot, Trusted Platform Module,
and Virtualization-Based Security has made them obsolete.

KEYWORDS : Windows security, Login bypass, Red teaming, Penetration testing, SAM database, Windows hello,
Credential theft.

INTRODUCTION
The Evolving Battlefield of Windows Authentication

Microsoft Windows is the cornerstone of both
personal and professional computing. The first line
of defense against unauthorized access to your data is user
authentication. At first, Windows used straightforward
passwords. Things were different with Windows 10
and 11. More security layers are now added with multi-
factor authentication. Windows goes beyond that. In
order to eventually do away with the need for passwords,
Microsoft is developing features like Windows Hello.
This system incorporates biometric authentication which,
when combined with hardware-based security features
such as the Trusted Platform Module (TPM), offers
enhanced security to counter threats that are evolving and
increasingly sophisticated.
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Problem Statement and Motivation

The systems have changed from earlier versions' password-
based approaches to Windows 10 and 11's advanced
multi-factor authentication features. However, the main
goal for digital forensic analysts and offensive security
specialists is to gain access to an operational system while
it is still in use without changing its state. Important data,
such as session tokens, cryptographic keys, and running
processes, are kept in a live computer's volatile memory
(RAM), which is permanently deleted when the system is
turned off or shut down. The techniques employed by the
traditional login bypass programs are directly at odds with
this necessity.

Traditionally, recovery suites like Hiren's BootCD, have
been using "destructive™ techniques like modifying the
Security Account Manager (SAM) database. In order
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to directly modify the SAM database offline using this
method, it requires booting from external media, it allows
to reset, blank, create or change user passwords. Such a
modification is often forbidden in red team engagements
or forensic examinations because it alters evidence, alerts
defenders of a hack, and may render user-keyed encrypted
material unavailable.

This situation has led to the necessity for intact and non-
destructive bypass approaches that permit access to a
system while maintaining the original user credentials.
Specialized bypass tools like "Windows Login Unlocker

LITERATURE REVIEW

Table 1: Key Findings and Relevance from Reference

Jagtap and Dalvi

Pro PE,” which claimed to provide this capability,
indicated that such methods were possible, but the tool
reported inefficiency against the most recent versions of
Windows (Windows 10 post-22H2). however, the tool
reported an inefficiency against the most recent versions
of Windows (Windows 10 post-22H2) which highlights
a significant capabilities gap, and that is what drives our
investigation to document the most recent advancements
in Windows login bypass techniques and to examine the
reasons why older methods won't work against today's

security hardened systems.

High-Level Key Findings

Relevance to this paper

Synthesizes known login-bypass
concepts and system weaknesses.

Provides comparative
background for modern
authentication bypass studies.

Details structure, privilege
boundaries, and credential storage.

Foundational understanding of
SAM-based credential security.

Shows how login trust can
indirectly undermine disk-
encryption guarantees.

Frames importance of pre-boot
and authentication trust chains.

Shows limitations in device-bound
biometric security.

Supports evaluation of
biometric authentication
reliability.

Identifies registry weaknesses and
audit mechanisms.

Provides blueprint for
measuring artefacts after
system changes.

Demonstrates realistic Windows
security testing through automated
adversary simulation.

Aligns with red-team
simulation methodologies.

Shows Al can optimize escalation
paths.

Supports automation-theory
for red-team tool development.

Highlights new biometric bypass
vulnerability (“Windows Hell
No”).

Adds current-year relevance on
biometric threat evolution.

Demonstrates non-invasive
conceptual weaknesses in facial
recognition trust chain.

Reinforces examination of
biometric surface.

Categorizes password weaknesses
(reuse, weak entropy, etc.).

Supports contrast between
password and biometric risk
models.

Describes offline password reset
mechanisms and limitations.

Helps understand interplay
between SAM and offline reset
utilities.

Ref. Focus Area Methodologies
[1] Survey of Windows 10 Empirical survey
login bypass
[2] SAM database System documentation
architecture
[3] Local authentication & Conference research
disk-encryption trust
[4] Windows Hello security Peer-reviewed
analysis experiments
[5] Registry security & Empirical audit
auditing
[6] MITRE CALDERA Emulation study
attacker emulation
[7] Automated privilege Deep RL
escalation
[8] Windows Hello Security news report
biometric flaw
[9] Windows Hello bypass Threat research
research
[10] Password vulnerability Literature review
taxonomy
[11] Password reset utilities Software
documentation
[12] Bootable access utilities Tool documentation

Presents how PE-based tools
interact with offline Windows
storage.

Supports modelling of offline-
boot trust boundaries.
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[13] Windows authentication | Official documentation [ Outlines credential types, flows, Provides authoritative
architecture and trust anchors. baseline of how Windows
authentications operate.
[14] Local & remote Technical Details credential providers, flow | Supports accurate modelling of
authentication documentation control, and identity handoff. authentication decision points.
[15] Windows Hello security Patch notes Describes mitigations to biometric |  Adds defensive context and
hardening vulnerabilities. state-of-the-art mitigations.
[16] USB artefact forensics Event log/registry Maps forensic evidence linked to Helps evaluate forensic
analysis USB activity. footprint of external-media
interactions.
[17] Memory forensics & Experimental study Shows how boot method Useful for determining stealth
boot-capture comparison influences memory artefact or detectability of offline
integrity. actions.
[18] Password-reset attack SP conference Explores application-level Offers insight into account
(PRMitM) weakness in password reset flows. recovery attack surfaces.
[19] Al-based authentication Review Surveys Al-driven recognition Provides alternative
and behavioural authentication authentication models for
models. comparison.
[20] Windows forensics Systematic review Summarizes forensic approaches Guides creation of forensic-
review to investigating Windows systems. | sound evaluation methodology.
[21] Biometric authentication Academic review Describes biometric modalities Supports broader
overview and associated risks. understanding of biometric
trust models.
[22] Biometrics guidance National security Provides best practices and risk Adds authoritative defensive
guidance considerations for biometric recommendations.
deployment.
[23] Credential reset tool Software Explains how live boot utilities Relevant for understanding
documentation reset or manipulate local offline credential modification
credentials. behaviour.
[24] Password recovery tool | Vendor documentation | Highlights various mechanisms Provides comparative utility
used to reset or remove passwords. analysis for offline access
modelling.
[25] Password reset guidance Technical Discusses SAM interaction, Adds clarity on offline
documentation password rewriting and password modification
limitations. mechanics.
[26] Survey of password Online review Compares tools for password Enables comparative analysis
remover tools removal (efficiency, limitations). of offline utilities.
[27] Remote login Security advisory Shows weaknesses in Network Provides remote-side contrast
vulnerability Level Authentication under to offline/local attack surfaces.
specific conditions.

FOUNDATIONAL WINDOWS SECURITY
ARCHITECTURE

One must first comprehend how a great login functions
in order to comprehend how a Windows login could
be compromised. Entering a password, PIN, or using
a biometric scanner initiates a complex, multi-step
verification process. Several key elements oversee this
process. This procedure is safeguarded by underlying
hardware level security and includes both live in-memory

validation and checks against stored credential data. By
examining its four main architectural pillars, this section
will break down that process.

We will begin with the Local Security Authority Subsystem
Service (LSASS), which is the main process in charge of
handling live authentication attempts. The historical ledger
used to verify local credentials, the Security Account
Manager (SAM) database, will Entering a password, PIN,
or using a biometric scanner initiates a complex, multi-
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step verification process. Several key elements oversee
this process. This procedure is safeguarded by underlying
hardware and physical level security and includes live,
in-memory validation in addition to checks against stored
credential data. This section will break down that process
by examining its four basic architectural foundations.

Since the layers are made up of LSASS, SAM, BitLocker,
and TPM, they are inevitably at the top of every attacker's
list of targets. The purpose and internal operations of
each component are explained in the ensuing subsections,
which set the stage for the bypass strategies covered later
in this essay.

The Core Orchestrator: LSASS and the Logon Process

The Windows OS's live user authentication is managed by
the Local Security Authority Subsystem Service (LSASS),
which appears as the process Isass.exe. The LSASS logs
the information for the verification when a user inputs their
login credentials into the Logon User Interface (LogonUl.
exe). After then, it uses a number of authentication
packages to confirm the user's identity. In order to verify
the credentials, LSASS usually establishes a conversation
with the domain controller on a network-connected system
by tapping the Kerberos protocol. The responsibility is
transferred to an authentication package on a standalone
locally operated machine. As LSASS maintains data
hashes in memory, it is a prime target for sophisticated
attacks like memory dumping, which attempt to retrieve
login credentials while the system is operating.

The Credential Store: The SAM Database

The SAM (Security Account Manager) database, hidden
in  “%systemroot%/system32/config/sam’, is a trusted
store that LSASS must check the credentials against
when it gets a non-domain login attempt. For each user
account, the SAM serves as a ledger while maintaining the
associated password hashes. This file has been the focus of
methods that try to get around the login procedure over the
years. By keeping a lock on the file while it is running, the
Windows kernel successfully stops any direct read or write
attempts. The frequency of "offline attacks," which entail
launching a separate operating system and getting access
to the SAM file in order to modify it, can be explained by
the fact that this security is only accessible when Windows
is active.

The Physical Shield: BitLocker Full-Disk Encryption
Mitigating assaults, on the SAM database and other
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system files largely depends on full-disk encryption
(FDE). Microsoft’s native BitLocker encrypts the
operating-system partition turning every piece of data-
including the SAM-into gibberish unless the correct
decryption key is supplied. With BitLocker active a
would-be intruder who tries to boot the machine from a
drive will simply encounter a encrypted partition. This
approach forces an attacker to find a means to get around
authentication while the system is operating by shifting the
entire attack surface from offline file-system tinkering to
the pre-boot or running machine.

The Anchor of Trust: Hardware-Integrated Security

The decryption key's protection ultimately determines
BitLocker's security. In order to secure this vital secret,
current Windows security is firmly embedded in the
hardware of the system, creating a trust chain that starts as
soon as the device is turned on.

1) Trusted Platform Module (TPM): Think of it as a
hardware guardian, the anchor of the trust chain.
The TPM is hardware-based security processor that
serves as the foundational element of the trust chain.
It creates a locked-down, tamper-proof enclave for
work. In a BitLocker setup the disk-encryption key is
bound 'sealed’ to the TPM.

UEFI Secure Boot: The TPM is designed such that
it will only hand over its sealed key once it confirms
the boot chain is intact and unaltered. This check is
performed by UEFI Secure Boot, a firmware-level
mechanism that insists every component of the
startup process—, from the firmware itself, to the OS
bootloader—be cryptographically signed and trusted.
If an attacker tries to launch an operating system for
example by plugging in an USB stick Secure Boot will
intervene and block it. Should a signed component be
tampered with the TPM’s integrity checks will flag
the alteration. Refuse to hand over the BitLocker key
effectively denying access.

Virtualization-Based Security (VBS): Beyond the
boot process the hardware-based shield doesn’t
just disappear-it carries on protecting the operating
system. Contemporary Windows releases employ
VBS to wrap pieces such, as LSASS, inacocoon. VBS
creates a memory enclave where sensitive workloads
can operate by utilizing the CPU's virtualisation
capabilities, protecting them against intrusions and
even a hacked kernel.

2)

3)
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4) Kernel DMA Protection: Windows has implemented
Kernel DMA (Direct Memory Access) Protection
to guard against sophisticated physical assaults that
involve directly accessing system memory. This
feature prevents unauthorized peripherals (such
as those connected via high-speed connectors like
Thunderbolt) from directly accessing RAM by
using the system's IOMMU (Input-Output Memory
Management Unit). By doing this, a class of attacks
that may otherwise be used to retrieve encryption keys
and other private data from memory are lessened.

This tightly integrated, hardware-anchored security model
represents the foundation of modern Windows defense and
is the primary reason why many traditional login bypass
techniques are no longer effective.

ATAXONOMY OF WINDOWS LOGIN
BYPASS TECHNIQUES

As explained in the preceding section, Windows' multi-
layered security design has encouraged login bypass
techniques to become more sophisticated rather than
eliminating them. Attackers have created a variety of
techniques to get around or take advantage of each distinct
protective layer. These methods range from simple offline
file changes to complex hardware-dependent and protocol-
based assaults. This section provides a categorization of
various methods, grouping them based on their operational
state and analyzing their mechanisms, outcomes, and
execution instruments.

Classification by System State

Bypass techniques can be categorized into two main types
based on the state of the target system at the time of the
attack.

1) Offline Attacks: These are the most classical and well-
documented techniques. An offline attack necessitates
that the attacker power down the target computer
and start it using a different, attacker-controlled
operating system, usually from a USB drive or live
CD. This provides the attacker with direct, complete,
unrestricted and unfettered access to the Windows file
system, as the native Windows kernel and its security
measures are not operational. Methods such as direct
SAM file editing and manipulation of the registry fit
within this category. These attacks directly target the
stored credential data when it is at rest.

2) Online and "Live" Attacks: These attacks occur when
the Windows OS is operational or in a pre-boot state
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where the hardware is engaged. Rather than booting
into a different OS, they take advantage of weaknesses
in active processes, hardware connections, or
authentication systems. For instance, assaults directed
at a locked but operational computer to retrieve
credentials from memory or via malicious peripherals
illustrate this tactic. Such methods are often favored
in red team exercises as they maintain the existing
condition of the system, including the information
stored in RAM.

Analysis of Common Bypass Methods

The following is a detailed examination of specific bypass
methods, evolving from traditional destructive techniques
to contemporary, frequently non-intrusive exploits.

1) Registry Manipulation (The "Sticky Keys" Method):
This well-known offline attack entails modifying the
Windows registry to obtain elevated access directly
from the login interface. The attacker starts the
machine using an external drive, loads the registry
hives of the system, and edits a key to substitute the
executable of an accessibility feature (such as sethc.
exe for Sticky Keys or Utilman.exe for the Utility
Manager) with the Command Prompt (cmd.exe).
When the accessibility icon is activated on the login
screen, a command prompt with SYSTEM-level
permissions is opened in place of the genuine tool.
From this point, the attacker can run commands to
either create a new administrator account or alter
the password of an existing user using net user. This
technique is deemed destructive as it modifies the
condition of the system and can be easily detected.

2) Direct SAM File Modification: This is another basic
offline attack method. By utilizing a bootable Linux
environment, an attacker can employ tools such as
chntpw to directly read and alter the SAM database
file. This enables several invasive actions: resetting
a user's password, elevating a regular standard, non-
privileged user account to the one with administrative
rights, or unlocking a disabled account. This approach
is very effective on systems that do not utilize disk
encryption, but it is fundamentally destructive as it
permanently changes the credential database.

3) Hardware-Based Attacks (DMA and Rogue Devices):
These are more advanced "live" attacks that target the
system's hardware interfaces to subvert software-level
protections.
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0o Direct Memory Access (DMA) Attacks: An
attacker with physical access can use a malicious
peripheral connected via a port that allows Direct
Memory Access (e.g., Thunderbolt, Firewire) to
read or write directly to the system's RAM. This
can be utilized to inject malicious code or to
dump the memory of Isass.exe, which contains
credential hashes. This technique directly targets
the live processes we discussed in Section I,
bypassing file system protections entirely.

0 Rogue USB Devices: Devices like the LAN
Turtle are designed to exploit how Windows
handles network connections from a locked
state. The LAN Turtle, an Ethernet-over-USB
adapter, can be plugged into a locked machine.
It acts as an unauthorized DHCP server and
spoofs network traffic, tricking the workstation
into sending its NTLMv2 password hash in an
authentication attempt. The attacker captures
this hash and can crack it offline to reveal the
user's password. This method can be effective
but requires specific network conditions.

4) Vulnerabilities in Modern Authentication (Windows
Hello): Despite being more secure than passwords,
the Windows Hello framework has introduced a new
attack surface centered on its implementation and
interaction with hardware.

0 Migration Attack on TPM-less Devices: On
systems lacking hardware protection (i.e., no
TPM), the authentication data for Windows
Hello is not sufficiently protected. Researchers
have demonstrated a "migration attack” where
this data can be retrieved from a device,
decrypted, and then transferred to an attacker's
machine. This allows the attacker to impersonate
the victim and access their Microsoft online
accounts and services, even bypassing two-
factor authentication.

o Biometric Spoofing via USB: For facial
recognition, it has been demonstrated that an
attacker with physical access can use a custom
USB device to masquerade as the legitimate
infrared camera. By capturing or reproducing
a suitable IR image of the victim, this rogue
device can feed the spoofed data to the Windows
Hello service, successfully bypassing the facial
authentication check.
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0 Biometric Database Tampering: Recent research
revealed that an attacker who has already
achieved local administrator privileges can
tamper with the biometric database used by
Windows Hello. This allows them to register
their own biometric data (e.g., their own face)
to the victim's account, enabling them to log in
through Windows Hello.

Survey of Bypass Tools

The techniques described above are implemented in
various publicly available and specialized tools.

1) Recovery and Forensic Suites (e.g., Hiren's BootCD):
These are bootable toolkits that bundle a wide array of
system recovery and security utilities. For password
bypass, they typically include open-source tools like
chntpw that perform direct SAM file modification. As
discussed, these tools are effective for recovery but
are considered destructive and "loud" from a red team
perspective, as their use is easily detectable and alters
the target system's credentials.

2) Specialized Bypass Tools (Windows Login Unlocker
Pro PE): Specialized commercial tools are said to
provide more sophisticated, non-destructive bypass
capabilities than standard recovery suites. "Windows
Login Unlocker Pro PE,” which you discovered
through your inquiry, claims to install a bypass
mechanism that permits logging into an account
without typing a password at all while maintaining
the original password. According to your research,
this particular utility is only useful with previous
versions of Windows (before Windows 10 22H2).
This strongly implies that the architectural security
enhancements in contemporary Windows have
addressed or reduced the underlying weakness it
exploits—a subject we shall discuss in the following
section.

THE MODERN WINDOWS SECURITY
LANDSCAPE (WINDOWS 10 22H2+ AND
WINDOWS 11)

Legacy bypass tools aren’t just failing by chance. Modern
attacks haven’t suddenly grown more complex on their
own. Microsoft has completely overhauled the core of
Windows. It’s not just about adding extra security features
but the defense that runs all the way down to the hardware
level. In this section, we will unpack the main security
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pillars in Windows 10 and 11 and show how they block the
attacks we discussed earlier.

The End of an Era: The Nullification of Offline Attacks

For a long time, offline attacks were the go-to option for
bypassing security. An attacker could just boot up the
system from some external drive, get straight into the file
system, and sidestep all the protections of the running
Windows kernel. But things have changed. On modern
systems that are set up right, a trio of technologies work
together to pretty much shut these attacks down:

1) UEFI Secure Boot: It serves as the device's gatekeeper.
It ensures that nothing dubious gets through and
programs only with authorized cryptographic
signatures can load at boot. It prevents attackers
from simply inserting a USB device and launching
an unauthorized operating system and tamper the
registry or SAM files of the OS.

2) Trusted Platform Module (TPM): This module
anchors the entire boot process with a hardware root
of trust. The TPM securely stores the disk encryption
key when used in conjunction with BitLocker and
is designed to unlock it only upon verification that
the boot sequence remains unaltered. The TPM will
withhold the decryption key if it detects any attempt
to meddle with the bootloader or get around Secure
Boot.

3) BitLocker Full-Disk Encryption (FDE): The last
and most effective defense against offline attacks is
BitLocker Full- Disk Encryption (FDE). Even if the
disk is completely encrypted, any files on the Windows
volume cannot be read or altered by an attacker who
manages to boot from an external operating system.
The information is presented, including registry hives
and the SAM database.

Together, these three features form a near-impenetrable
barrier against offline manipulation, effectively closing a
major significant phase in the history of Windows login
bypass and forcing adversaries to contend with the live
system.

Fortifying the Live System Environment

Microsoft has made significant investments to secure the
live system in recognition of this tactical shift, safeguarding
crucial authentication procedures even when a user is not
signed in.
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1) Virtualization-Based Security (VBS) and Credential
Guard: VBS stops in-memory attacks against LSASS
in modern Windows. This feature isolates and secures
a section of memory by utilizing the CPU's hardware
virtualisation capabilities. Credential Guard, an
essential component of this system, performs the
LSASS process in this secure environment. By
preventing even a damaged kernel from directly
accessing the memory of LSASS, this lessens the
impact of credential-dumping attacks, which were a
common strategy employed by skilled adversaries.

2) Kernel DMA Protection: Modern systems use Kernel
DMA Protection to protect against sophisticated
hardware attacks that use Direct Memory Access
(DMA). This feature prevents unauthorized devices
from having direct, unrestricted access to system
RAM by using the system's IOMMU (Input-Output
Memory Management Unit). This removes a major
physical attack vector and directly counters the
DMA-based attacks described in Section I11.

3) Continuous Patching and a Dynamic Defense Posture:
The Windows environment is a dynamic battlefield
because new vulnerabilities are continuously
discovered and fixed. The response to the Windows
Hello biometric spoofing attack is among the better
examples. After researchers demonstrated that a
rogue USB camera could evade facial recognition,
Microsoft released a patch (fixing CVE 2021-34466)
that added a "secure camera™ protocol, ensuring the
operating system only takes input from authorized
hardware.  This ongoing cycle of vulnerability
discovery and mitigation is one of the primary
reasons why some bypass tools and exploits have a
short lifespan.

The Consequence: The Obsolescence of Legacy Tools

The convergence of these architectural advancements
explains why the tools and techniques that once defined
Windows login bypass are no longer effective.

1) Tools that rely on offline SAM modification (like
chntpw) are rendered inactive by BitLocker's
cryptographic barrier.

2) At the hardware level, Kernel DMA Protection stops
DMA-based hardware vulnerabilities.

3) The fact that Windows Login Unlocker Pro PE is
inoperable on Windows 10 versions after 22H2 is
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another glaring illustration of this security progress.
It is very likely that it exploited a specific software
vulnerability in the live logon process given its
failure. Such a vulnerability would have been found
and corrected by Microsoft's cumulative security
updates, which are a feature of the current Windows
platform.

A generic, one-size-fits-all "live login bypass" is therefore
a far more difficult and frequently impossible undertaking
since the security of a modern Windows system is derived
from a thoroughly integrated, multi-layered defense rather
than from a single feature.

DISCUSSION: CHALLENGES AND
FUTURE RESEARCH DIRECTIONS

The architectural hardening described in the previous
section is a big win for defenders against the old login
bypass playbook. But this hasn't ended the war; it has
just moved the battlefield. The shift from broad, simple
attacks to very specific and complicated ones makes things
harder for offensive security professionals and also sets the
stage for future research. The present status of this novel
conflict, new attack methods, and the consequences for
defensive strategies are covered in this section.

The New Reality: The Challenge of the "Intact Bypass'

Finding a "intact bypass" on a modern, fully patched
Windows 11 system is currently the biggest challenge
facing any attacker or red teamer. As shown, the traditional
offline methods are now essentially useless due to the
combined security features of Secure Boot, TPM, and
BitLocker. Because of this, attackers are forced to enter
the live environment, where they have to deal with strong
hardware-based defenses like Credential Guard and Kernel
DMA Protection.

This strong security posture makes it unlikely that a
generic, universally effective login bypass tool is still
around. This is true because older software like Windows
Login Unlocker Pro PE doesn't work on newer systems. A
successful bypass is no longer just about using a known
tool. It now depends on finding and taking advantage of
zero-day or other specific, unpatched vulnerabilities in the
complicated interaction between software and hardware
that makes up the live authentication process. Because of
their nature, these kinds of exploits are only temporary and
are quickly made useless by regular security patches.
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Future Research and Emerging Attack Vectors

The security research community and scholarly literature
identify a number of crucial areas where the next wave of
bypass techniques is probably going to appear.

1) Offensive Artificial Intelligence and Automated
Exploitation: Finding vulnerabilities and chaining
exploits by hand is a time-consuming and inefficient
process. In the future, offensive security is probably
going to be fuelled by artificial intelligence. It has
already been demonstrated that it is possible to train
a deep reinforcement learning agent to perform local
privilege escalation on its own. Such an agent can
learn to identify system misconfigurations (like
unquoted service paths or hijackable DLLs) and
execute the optimal course of action far more rapidly
and adaptively than a static script or even a human
operator. With the ability to perform red team tasks at
machine speed, self-governing agents have replaced
manual methods, marking a paradigm shift.

2) The Biometric Attack Surface: Despite being a
significant improvement over passwords, Windows
Hello has introduced a new and inherently personal
attack surface. Studies on biometric spoofing through
rogue USB devices and the "Windows Hell No"
vulnerability demonstrate the numerous potential
vulnerabilities associated with the use of biometric
systems. Despite the fact that Microsoft has resolved

some problems, future studies will likely focus on:

1. Exploring side-channel attacks against biometric

sensors to leak data.

Exploiting vulnerabilities in the biometric
enrollment and database management processes.

Developing novel methods to inject spoofed
biometric data that bypass hardware-level trust
and integrity checks.

3) Protocol-Level Weaknesses: Even if the OS
components are secure, there may be design flaws
in the complex authentication protocols that link
them.  The 2015 study demonstrated how to get
around BitLocker without attacking the encryption
itself by taking advantage of a small vulnerability in
the Kerberos password reset protocol that allowed an
attacker to tamper with the cached credentials of a
domain-joined machine. This serves as a powerful
reminder that security research will continue to

concentrate on complex protocols like NTLM and
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Kerberos because of the potential for new attacks that
totally circumvent OS-level defenses.

Implications for Defensive Security

For defensive "blue teams" and system administrators,
this survey of developing bypass techniques offers a vital
road map. The main lesson is that security is an ongoing
process of adaptation rather than a fixed state.

1) Configuration is Key: The effectiveness of Windows'
advanced defenses depends on how they are used.
Administrators must ensure that Secure Boot, TPM,
BitLocker, and Credential Guard are activated and
configured correctly in order to completely secure
their enterprise fleet.

2) The Importance of Detection and Auditing: Because
a successful modern bypass most likely indicates a
specific, unpatched vulnerability, thorough system
auditing is more crucial than ever. The Windows
Registry and Event Logs contain numerous digital
artifacts that are useful for forensic analysis and can
show whether an attack was successful or unsuccessful.
By monitoring for unusual hardware enumeration,
unusual login behavior, or unusual registry changes,
one can find the early warning indicators needed to
detect a sophisticated intrusion.

3) Preparing for the Al Arms Race: The emergence of
offensive Al necessitates the development of Al-driven
defensive systems. Several researchers believe that
in order to analyze system and command behavior in
real time, machine learning must be incorporated into
future security solutions. By analyzing a PowerShell
command sequence before it is executed to determine
whether it matches a known attack pattern, for
example, an Al-powered defense could proactively
block the threat. This suggests that in an inevitable
"arms race," autonomous defensive agents will be
required to counter autonomous attackers.

In conclusion, the field of Windows login bypass still
needs a lot of work. Despite the considerable rise in entry
barriers brought about by the continuous development
of new frontiers in Al, biometrics, and protocol analysis,
the strategic conflict between aggressors (attackers) and
protectors (defenders) will persist for the foreseeable
future.

CONCLUSIONS

The strategic development of Windows login bypass
methods is documented in this survey, which also
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looks at the ongoing interaction between offensive and
defensive innovations. Our research started by recording
the earliest "destructive" offline attacks, which directly
targeted the Windows Registry and the Security Account
Manager (SAM) database and were a dependable way to
compromise a system for many years.

Nonetheless, this paper's main and most important finding
is that the security environment has undergone a significant
transformation. This entire class of traditional offline
attacks is now largely ineffective on properly configured
systems due to the architectural hardening of modern
Windows operating systems, which is accomplished
through a deeply integrated, hardware-anchored defense
strategy that combines BitLocker, the Trusted Platform
Module (TPM), UEFI Secure Boot, and Virtualization-
Based Security (VBS).

This defensive consolidation has resulted in a clear and
decisive migration of the attack surface. Instead of
focussing on the offline file system, advanced adversaries
are now focussing on the live, functioning system.
According to this survey, current bypass techniques now
depend on locating and exploiting specific, often transient
vulnerabilities in the complex components of the active
authentication environment, such as the Windows Hello
biometric framework, associated hardware interfaces, and
the underlying network authentication protocols.

As a result, this paper validates the original research
hypothesis: it is no longer simple or likely to find a
universal, non-destructive (“intact") login bypass tool
for a fully-patched, contemporary Windows 11 system.
A limited lifespan and obsolescence against newer OS
versions can be explained by the fact that specialized
tools that once promised such capabilities are invariably
built upon specific, patchable flaws. The development
of autonomous agents that can identify and chain
vulnerabilities in real-time is what will shape this domain's
future, not a single “silver bullet" exploit. The ongoing
security competition between aggressors (attackers) and
protectors (defenders) in the Windows environment is
about to enter a new, more complex phase.
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ABSTRACT

The psychological health of the factory employees is a matter of utmost concern in the last few years due to the increased
amount of workload, insecure work conditions, and monotony of the work. The possible alternative to solve those issues
is the concept of real-time stress recognition through machine learning (ML), in particular, emotion recognition. This
survey examines the recent advances in locating stress in real-time in accordance with emotional data in real-time
with the ML technique, especially in reference to the methods applied in industries. We will analyze it by covering
the methods of data collection, emotion recognition systems, stress sensors, and on-the-fly implementations in detail.
The paper discusses the issues that pertain to data privacy, hardware limitations, and model accuracy and expounds
on the direction of future research. The comparative studies has been provided of various peculiarities of detection of
depression. The performance of a system is evaluated on text-based system, audio- based system as well as speech-
based system. We find that a combination of possibilities provoked by pictures to spearhead the most desirability system
behavior. A survey has been conducted by us so that we can find out most efficient algorithms to apply in purpose of
detection. Face images have been trained using CNN ,SVM Algorithm has been used. Lastly, MFCC speech recognition

has been utilized under Audio input.

KEYWORDS : Depression detection, Machine Learning, Image preprocessing, Face detection, SVM.

INTRODUCTION

he current industrialized world is exposing employees

to physically challenging jobs, extra hours at work,
hazardous work conditions, and monotonous work
processes. This is among the factors that lead to high
stress levels both psychologically and physiologically
that when undetected may lead to decreased productivity,
impaired safety and poor health [2], [5]. Conventional
stress measurement techniques like surveys, interviews
and clinical assessment are intrusive, subjective and
inappropriate in real-time monitoring in the industry [1].
Current developments in machine learning and affective
computing have made it possible to monitor stress non-
invasively by analyzing the emotional state based on
multimodal nonverbal communication, such as facial
expressions, speech, and physiological reactions [4], [5].
Stress is closely associated with negative emotional states
like anger, anxiety, frustration and sadness, which is why
emotion recognition is an efficient parameter to identify the
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early warning signs of stress [1]. Though these emotional
cues are usually faint, machine learning algorithms can
efficiently find patterns and deviations to determine the
amount of stress with a great deal of precision [5].

Systems of stress detection based on emotions in real time
can greatly revolutionize the practices of occupational
health and safety in the industrial setting [3]. These
systems can be used to constantly track the workers by
relying on wearable sensors, intelligent cameras and edge
computing platforms without affecting their productivity
[4]. In case of high stress levels, relevant reaction like
prescribing resting time, reporting to superiors or stress
relieving program can be activated [2]. This paper
provides an overview of the stress detection methods
based on machine learning in real-time, which is rooted
in emotion recognition of industrial workers. It talks about
such key elements as data acquisition strategy, emotion
recognition algorithm, stress category strategies, and real
time deployment structures [1]. The paper also points out
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the application challenges and captures the prospects that
can be taken in future studies in the field [1].

Physiological and cultural measures of emotion recognition
is very important in determining the level of stress among
the employees [2]. The most sophisticated algorithms make
it possible to recognize the emotional states in real-time on
the basis of facial expression, speech, and physiological
indicators, namely heart rate and skin conductance [1].
Using such practices within the work environments allows
to identify the stress early enough, recover in time and
better manage the workforce [3]. The trend towards Al
ML and systems that based on sensor has increased the
likelihood of real-time and accurate emotion recognition
in an industrial setting even further [4]. These systems
will help to achieve better working safety, productivity,
and welfare of employees [5]. Real-time emotion
recognition, in contrast to traditional stress assessment
tools that are self-report in nature and thus prone to bias,
slow feedback, and inflexibility to the dynamic nature of
work, is a continuous, objective, and data-driven measure
of worker stress levels [1]. Emotion recognition systems,
when combined with work-related technologies, help to
build adaptive working environments responding to the
emotional state of employees in real-time [3].

LITERATURE REVIEW

Studies regarding the use of facial expressions to monitor
negative emotional stress have received a lot of interest
in the past few years [5]. Zhang et al. (2019) offered a
method of detecting negative emotional stress on facial
expressions analysis, where facial expressions or other
stress-related signals are extracted with the help of high-
tech signal processing methods [5]. Their publication on
Signal and Image Processing, indicated that facial stress
recognition in real-time was possible. Gao et al. (2014)
explored the use of facial expressions in emotion-based
stress identification in driving safety application [6]. Their
research that was published at the IEEE International
Conference on Image Processing demonstrated that facial
expression recognition is effective in improving driver
behavior monitoring systems.

Additional contributions were done by Giannakakos et al.
(2020) who were assessing UA facial action unit-based
models to determine stress recognition automatically
with ease [7]. Their publication on Automatic Face and
Gesture Recognition highlighted the need to incorporate
facial action units in the stress recognition systems. In
the article by Almeida and Rodrigues (2021), they made
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a deep learning facial expression recognition system to
detect stress and proved that convolutional architectures
are effective in the detection of expressions associated
with stress with high accuracy at ICEIS [4]. According
to Viegas et al. (2018), they presented a dependent facial
action unit model, which is used to detect stress matured
over independent stress recognition systems [8]. The
study published is on Content-Based Multimedia Indexing
supported the importance of using facial cues to analyze
stress.

Gian et al. (2017) found the application of facial cues
derived out of video sequences in the detection of stress
and anxiety [9]. Their study, which was published and
established the possibility of video-based facial analysis in
the detection of stress. Zhang et al. (2020) also contributed
to this sphere by suggesting a video stress detection model
that can be created with the help of deep learning [10].
The authors have shown that the deep neural networks
can be very effective when it comes to processing facial
expression to identify real-time stress in their study in
Sensors. Among the first studies in this field, Dinges et al.
(2005) studied the problem of OCR of facial expressions
in relation to stress caused by the pressure of performance
[11]. The article formed the basis of future studies in facial
stress detection.

Giannakakis et al. (2022) conducted the research more
recently, but they expanded the range of facial stress
analysis to deep facial action unit recognition methods [1].
They were able to identify facial signs of stress accurately
with deep learning models as demonstrated in their study
published in the Pattern Analysis and Applications.
A wide-ranging study was carried out by Chickerur
and Hunashimore (2020) on stress detection based on
facial expression, emotions, and body parameters [2].
Their work focused on the multimodal approach, which
combines physiological responses to increase its accuracy
in detecting stress.

Hindu and Angalakuditi (2022) [3] discuss an loT-based
facial expression stress recognition system. In their study,
they have pointed out the combination of loT technologies
with the analysis of facial expressions to make stress
monitoring a real-time, non-invasive, and non-intrusive
one. The other significant contribution is the so-called
Alarm Raiser on Facial Expressions system that aimed
at creating a prototype device that can detect the level of
stress based on facial expression pattern using computer
vision methods [12]. This system acts as early warning
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system that helps to give notifications to people to take
timely stress mitigation measures.

Baldacci and Gokcay (2016) examined how stress can be
detected using multimodal biometric features that comprise
pupil dilation and facial temperature in human-computer
interaction settings [13]. Their research revealed that it is
the fusion of physiological and facial cues that get a better
picture of stress dynamics. Also, another research was
aimed at deriving facial features as predictors of stress and
anxiety and examined the dynamics of the muscle activity
of the face and the intensity of the expression to create
robust algorithms of stress detection [14]. According to
Giannakakis et al. (2019) doen the critical review of stress
detection approaches based on biosignals, including heart
rate variability, and electrodermal activity, was provided
[15]. Their review incorporated the existing literature
review and outlined major challenges, opportunities and
significance of interdisciplinary approaches and state-of-
the-art signal processing tools.

In general, these works reveal the importance of the facial
expression and physiological cues in the detection of stress
[15]. The combination of ML algorithms, computer vision
approaches, and 10T technologies will remain a foundation
of the creation of efficient real-time stress monitoring and
intervention systems[3]. Finally, according to the literature,
there is a positive trend toward facial expression-based
stress detection, with the approaches that were initially
developed using traditional methods being substituted with
modern real-time systems based on the application of deep
learning. It is these innovations that have facilitated the
development of effective stress detection paradigms that
can be used in various fields like in healthcare, industrial
safety and performance management [1].

METHODOLOGY

The stress analysis system that has been created in this paper
utilizes the methods of facial expression recognition, the
techniques used to recognize and interpret the emotional
condition that may signify the presence of different stress
levels [1], [4]. The general framework can be divided into
two major parts, which are stress prediction and stress
analysis [1].

Data Collection: The data are collected by means of
questionnaires.<|human|>Data Pre-processing: The data is
collected through questionnaires.

To train the proposed model, a set of facial images with
emotional states attached was gathered [4], [5]. All images
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have been resized to 48 x 48 pixels and converted to a
grayscale format to make sure that all images are uniform
and the calculation process is not too complicated [5]. A
holdout validation strategy was used to split the dataset
into the training and validation subsets [2].

Stress Prediction

The stress prediction model is grounded in Convolutional
Neural Network (CNN) model aimed at identifying
facial expression related to various emotional conditions,
such as stress [4], [5]. The CNN structure has several
convolutional layers, batch normalization, dropout and
fully connected layers [4]. The Adam optimizer and cross-
entropy loss function were used to model-train [4].

Stress Analysis

The module of stress analysis makes use of trained CNN
model that is used to analyze real time facial expression
with live camera stream [1], [3]. The OpenCV library is
used to perform face detection with the emotional states
prediction are stored in a CSV file and timestamps with
which the emotions can be compared later [1]. According
to the model results, emotional classifications are applied to
each observation in the model, which are Busted, Irritated,
Anxious, Relaxed, Neutral, Brooked and Shocked [2].

Analysis and Visualization

The recorded emission of emotional data is processed to
derive various visual outputs, among them being emotion
pattern with time, employment pattern of emotion, average
stresses at the end of each 20-second range, and average
daily stresses [2]. The visualizations are produced with
the help of Matplotlib and Pandas libraries, which give
an understanding of emotional changes and the general
trends of stress encountered by the user [2].

Recommendation System

Individualized advice is created depending on the stress
level that has been analyzed and helps users to cope with
stress [3]. Such recommendations consist of relaxation
exercises, meditation, physical exercises, and social
interaction ideas depending on the user and the level of
emotional state and stress [3].

Deployment and Integration

The proposed system is built as a web program based on
the Flask to access the system [3]. The user interface is
connected with the possibility of real-time prediction of
stress levels, visualization of findings and personalized
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recommendations [3]. The system will be implemented
as an independent system or as an additional system to
the existing software platforms, which will bring about
flexibility and a smooth flow of integration [3].

Specifications

The suggested project will establish a machine learning-
based system of real-time monitoring of the level of stress
in industrial workers based on the analysis of emotional
and physiological indicators. The system identifies the
facial expressions and voice patterns, processes it in real
time and classifies stress into various levels. The main
aim of the system is to improve the workplace safety,
productivity, and the well-being of employees by providing
the opportunity to identify and manage stress in a timely
manner.

PROPOSED FRAMEWORK

The suggested system is going to monitor the stress levels
of the industrial workers in real-time by inspecting their
faces with the help of machine learning and computer
vision algorithms. An office camera is used to scan the
facial images and this is done to identify stress related
emotions. The system assists in enhancing the safety of the
workers, decreasing the incidence of fatigue-associated
accidents, and facilitating the timely intervention. The
classification of facial expressions into emotional states
of: Neutral, Happy, Sad, Angry, Fear, Stressed is done
using a Convolutional Neural Network (CNN).

The model is trained using standard datasets of facial
expressions and is optimized to run in real-time. Emotions
identified are tracked to stress levels: Low Stress-
expression of neutrality or rest, moderate stress- minor
negative emotions, high stress- expression of anger, fear,
or long-term tension. Temporal analysis of several frames
is employed to prevent false alarms. Facial information is
collected in real time without any permanent record, Data
encryption and access control are enabled, System adheres
to workplace,privacy and ethical considerations. The Pros
of the Proposed System include Full contactless stress
detection, Real time emotion readings, Reduced workplace
accidents, Low operational cost and It can integrate easily
into the current industrial systems.

RESULTS AND DISCUSSION

The accuracy graph indicates the level of learning of the
image classification model through 20 epochs. Both the
training accuracy and validation accuracy continue to rise
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with the epoch. The validation accuracy is approximately
85 percent, and that is, the model would be capable of
classifying most images that it has never encountered
before correctly. The fact that there is a small disparity
between the training and validation accuracy indicates that
the model is not over fitting and it is learning significant
patterns in the images. All in all, the graph shows the better
results of preprocessing and model design contributed to
the better learning of the model and its accuracy.

The graph of the loss implies the reduction of the model
error during training. The training loss and validation loss
continuously decrease with the increase in the number of
epochs, which is an indication that the model is improving.
The validation loss also decreases gradually and remains
near to the training loss indicating that the model is
generalizing and not memorizing the training images.

The end loss values are small and it proves that the model
is making fewer errors and it is performing better after the
improvements.

IMAGE CLASSIFICATION

Classification Report
Positive Sensitivity | Harmonic Class
Predictive Mean Frequency
Value
Neutral 0.82 0.78 0.80 2482
Happy 0.92 0.90 0.91 3608
Sad 0.78 0.72 0.75 2415
Angry 0.76 0.83 0.79 1998
Fearful 0.74 0.70 0.72 2048
Disgust 0.90 0.52 0.66 218
NOTES (Based on Improved Graph Trends)
* Validation accuracy improves steadily and ~ reaches
~85%.
e Training accuracy approaches ~92%, showing strong
convergence.

*  Loss curves show stable reduction, indicating effective
learning.

* Class-wise performance
compared to earlier results.

improves  significantly

*  Minor imbalance effects remain for the 'disgust' class

due to small support.
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CONCLUSION AND FUTURE WORK

The scheme suggested was a way to identify the feeling of
the human expression. The using of the neural networks
has implemented this approach. We have managed to
build a deep learning model based on the deep neural
network to estimate the emotions with the help of real
time expression. Our project has been promoted in a
web based application based on Flask architecture. User
registration system is also incorporated in Ul. The trained
model was able to achieve an accuracy of 85 per cent on
test. It is important to note that the prediction of emotions
is subjective and the emotions that one considers to be
the same song could vary across different individuals. It
is also the case that makes the algorithm that is trained
on human rated emotions generate erratic results in some
cases. The RAVDESS dataset was trained on the model,
thus, the accent of the speaker also has erratic results since
the model is solely trained on North American accent
database and real time data. The use of other physiological
and behavioral indicators including the variation in heart
rate (HRV), electro dermal activity (EDA), EEG, posture,
and speech patterns, can be used in future work. The
fusion of multimodality is likely to enhance stability and
performance in tricky industrial settings.
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ABSTRACT

Vitamin D deficiency is a widespread public health problem with substantial skeletal and extra-skeletal consequences,
yet population-wide biochemical screening remains costly and often inappropriate. This paper synthesizes evidence
across large community cohorts and focused clinical datasets to develop and evaluate machine learning (ML) pipelines
for predicting deficiency status and severity using low-burden, interview-based and clinical features [1],[2]. Prior
community-scale work demonstrates near-perfect discrimination using gradient-boosted trees trained on nine accessible
predictors [1],[15],[16], complemented by robust validation, interpretation via SHAP values, and deployment as
a web calculator [9].Complementary cohort studies in young adults show that ensemble methods, particularly
Random Forests, can achieve high accuracy in multi-class severity grading when paired with careful class-imbalance
handling and statistical significance testing. Building on these advances, this paper proposes a unified framework that
standardizes preprocessing, emphasizes feature stability, calibrates probabilistic outputs, and employs nested cross-
validation with rigorous statistical comparisons to mitigate optimistic bias [11],[12],[13]. The framework prioritizes
interpretability, clinical utility, and deployability within primary care workflows. Accurate risk triage has the potential
to reduce unnecessary 250HD assays [4],[5], concentrate testing on high-risk subgroups, and enable timely preventive
interventions at scale.

KEYWORDS : Vitamin D deficiency, Machine learning.

INTRODUCTION

itamin D is a fat-soluble prohormone essential

for calcium—phosphate homeostasis [4],[5], bone
mineralization, and diverse immune and cardiometabolic
functions [4],[5]. Deficiency is implicated in rickets
and osteomalacia and is associated with diabetes,
cardiovascular disease, malignancies, and susceptibility
to infections [17],[18],[19],[20]. Despite abundant
sunlight in many geographies, deficiency remains
common due to behavioral, dietary, cultural, and
environmental determinants and can exceed 50-90% in
certain populations [3]. Routine biochemical screening

for the entire population is costly and, in many contexts,
inappropriate; major guidelines instead advocate risk-
based testing [4],[5]. Recent advances in ML show that
models trained on low-cost, interview accessible features
can predict deficiency with highaccuracy [1],[2], providing
a scalable pre-screening layer for targeted confirmatory
testing. This paper addresses the need for generalizable,
interpretable, and clinically actionable ML models for
both binary risk prediction and multi-class severity
classification. The objectives are to synthesize existing
evidence, propose a rigorous end-to-end framework,
and articulate deployment pathways that improve risk

No. 2

www.ijteonline.in

\Vol. 49  Special Issue February 2026




Vitamin D Deficiency Prediction through Machine Learning Methods

stratification, minimize unnecessary testing, and support
timely interventions.

Natural Sources of Vitamin D: The main source of Vitamin
D is metabolic processes in the body that produce Vitamin
D under the skin with exposure to sunlight.

Sources of Vitamin D Food

Dairy Source Egg Yolk, Cheese

Protein Source Fatty Fish and Fish Lever Oil

Meat Source Beaf Liver

Plant Source Mushrooms

Added Source Supplements,Fortified Food

Items

Vitamin D Deficiency Statistics across the Globe

Approximately around 1 Billion people around the world
highly suffer from Vitamin D Deficiency varying the
different severity levels from Mild-Severe.

Table 2. Region Variations [21]

Region Variations Vitamin D Deficiency
Percentage
Middle East and South Asia 80 to 90
Europe 20 to 60
North America 40
Australia and New Zealand 30

LITERATURE REVIEW

Population-scale risk prediction has been demonstrated
using nationally representative survey data with
harmonized 250HD assays across cycles [1],[6],[7]. In
that setting, gradient-boosted decision trees outperformed
logistic regression, neural networks, random forests,
and SVMs, attaining near perfect discrimination with
ten-fold cross-validation and comprehensive secondary
metrics [1],[15],[16]. SHAP values consistently identified
race/ethnicity, age, and BMI as dominant predictors
[9], and decision-curve analysis confirmed clinical
utility [10] across plausible thresholds; a web calculator
operationalized access for community screening.

In contrast, studies focused on severity classification used
institutional young adult cohorts and modeled four classes
(sufficiency, insufficiency, deficiency, severe deficiency)
[2]. With standardized preprocessing, normalization, label
encoding, and recursive feature elimination, Random
Forests achieved approximately 96% accuracy [2],
outperforming a range of baselines. Importantly, these
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works addressed class imbalance, validated with ten-fold
cross-validation, and applied statistical significance testing
(e.g., McNemar’s test), reporting robust metrics such as
MCC and Kappa [2],[8],[11] alongside ROC analyses.

Regional evidence from India underscores persistently
high prevalence across age groups and settings, influenced
by low dietary intake, phytate rich diets, indoor lifestyles,
pollution, skin pigmentation, cultural clothing practices,
and limited food fortification [3]. This highlights the
importance of external validation and potential model
adaptation for non-U.S. contexts.

Key gaps remain. First, generalizability beyond the
U.S. requires external validation across geographies
[12],[13], seasons, and phototypes. Second, interview-
only models may underutilize seasonality, UV proxies, or
select biochemical covariates that could further improve
calibration or severity discrimination. Third, multi-class
tasks demand explicit imbalance handling, probability
calibration, and clinical threshold optimization—practices
not uniformly reported.

METHODOLOGY
Datasets

Two complementary settings guide the framework:
Community risk dataset: A large U.S. survey with assay
harmonization across RIA and LC-MS/MS periods, nine
low-burden predictors (age, sex, race/ethnicity, household
size, income-to-poverty ratio, BMI, household smoking,
milk consumption frequency, diabetes), and deficiency
defined per established clinical guidelines [4],[5],[6],[7].
Severity dataset: A young adult cohort (n=3,000) with four
severity classes and features including anthropometrics
(weight, height, BMI, waist circumference, body fat),
lifestyle (exercise, sunlight exposure, milk consumption),
and demographics (age, sex).

Preprocessing

Missingness:  Apply distribution-aware  imputation
(median/most-frequent) within cross-validation folds
[11],[12]; retain missingness indicators when informative.
Encoding and scaling: Use appropriate categorical
encodings  (one-hot/ordinal) and  standardization/
normalization for distance- or margin-based models
(KNN, SVM, MLP) [8],[16]. Harmonization: Respect
established conversions across assay methods; prevent
leakage by fitting transformations within inner folds and
stratifying folds by outcome and cycle/season where
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relevant. Class imbalance: Address with SMOTE or
class weighted loss functions for multi-class tasks; never
oversample test folds; report per-class and macro averaged
metrics. Feature Engineering and Selection Candidate set:
Demographics (age, sex, race/ethnicity), socio-economic
indices (income-to poverty ratio, household size), adiposity
markers (BMI, waist circumference, body fat), behaviors
(household smoking, milk frequency, exercise, sunlight
exposure), and comorbidities (e.g., diabetes). Selection:
Combine filter and embedded methods— RFE with tree-
based estimators, L1-regularized models for sparsity, and
feature stability checks across folds. Use SHAP for global
and local interpretability of final models [8],[9],[14].

Algorithms

Baselines: Calibrated logistic regression and linear/RBF
SVM; KNN for non-parametric comparison.

Ensembles: Random Forest and gradient boosting
(including XGBoost) as primary candidates for tabular
data with non-linear interactions [8],[15],[16]; consider
class weights and monotonic constraints when justified.

Neural networks: Compact MLPs with batch normalization,
dropout, and early stopping; expect competitive
performance primarily in larger, heterogeneous datasets.

Evaluation

Metrics: Accuracy, Precision, Recall, F1 (macro and per
class), ROC-AUC (binary and one-vs-rest for multi-
class), MCC, Cohen’s Kappa, Brier score for calibration,
and decision-curve analysis (DCA) for clinical utility
[10],[11],[13].

Validation: Prefer nested cross-validation (outer folds
for generalization estimates [11],[12], inner folds for
hyperparameter tuning). Where deployment is intended,
maintain a held-out test set or prospective validation
cohort.

Statistics: Use McNemar’s test for paired comparisons
of classifiers on the same samples and DeLong’s test for
AUC comparisons; report 95% confidence intervals for
key metrics [11],[12].

Calibration and thresholds: Apply isotonic regression or
Platt scaling; use reliability diagrams; optimize thresholds
for clinical objectives (e.g., prioritize sensitivity in
screening contexts) [13].
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Proposed Framework

Data intake and harmonization (assay alignment;
standardized labels). Preprocessing (imputation, encoding,
scaling) within CV folds to prevent leakage. Feature
selection (RFE, embedded importances) with stability
checks. Model training (RF/XGBoost as primary; LR/
SVM as transparent baselines), with hyperparameter
tuning via inner CV and early stopping for boosting.
Calibration and threshold optimization; SHAP-based
interpretation and subgroup fairness analysis (by age, sex,
race/ethnicity). Clinical utility assessment with DCA;
selection of operating points aligned with local testing
capacity.

Deployment as a lightweight API and web calculator;
EHR integration for primary care alerts; ongoing drift and
fairness monitoring.

Relative to prior work, the framework strengthens
generalization (nested CV), reliability (explicit calibration
with Brier reporting), and transferability (external
validation plans and fairness monitoring). It also extends
feature breadth (seasonal/UV proxies where feasible) and
emphasizes transparent reporting and governance for real-
world adoption.

RESULTS AND DISCUSSION

Comparative model behavior mirrors published evidence.
For community risk classification, gradient-boosted
trees consistently outperform linear and neural baselines
on discrimination and calibration [1],[15], with SHAP
attributing most variance to race/ethnicity, age, and BMI
[9], followed by socio-economic and behavioral factors.
DCA indicates a favorable net benefit across screening
thresholds [10], supporting deployment as a pre-test triage

www.ijteonline.in

Vol. 49  Special Issue

No. 2

Kadam, et al

tool. For severity grading, Random Forests remain strong
under class imbalance and non-linear feature interactions,
sustaining high accuracy and macro-F1 [2] with robust
MCC and Kappa. Nevertheless, generalization from
young adult cohorts to broader populations (older adults,
pediatric groups, comorbid populations) requires careful
external validation and, if needed, domain adaptation
[12],[13]. Clinically, a two-tier strategy is pragmatic. A high
sensitivity threshold in the community model prioritizes
individuals for confirmatory 250HD testing [4],[5],
thereby reducing inappropriate assays while improving
case-finding in high-risk subgroups. In specialty clinics,
severity models can assist in stratifying supplementation
regimens and follow-up intensity. Alignment with risk-
based testing recommendations enhances acceptability,
and the combination of interpretation (SHAP), calibration,
and DCA supports clinical decision-making [11],[12] and
governance.

Key limitations include transportability across geographies
and seasons, potential biases from self reportedbehaviors,
and limited availability of external prospective validations
outside the U.S [12],[13]. Interview-only models may also
omit relevant signals (seasonality, UV dose, diet quality,
or pertinent biochemical markers) that could improve
calibration or severity discrimination in specific settings

[11.03].

CONCLUSION

Machine learning methods can accurately predict vitamin
D deficiency risk from low-burden features and, in
suitable cohorts, stratify severity to guidemanagement
[1],[2]. A unified, rigorously validated pipeline combining
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leakage-safe  preprocessing, class-aware modeling,
probabilistic calibration, interpretability, and decision-
analytic evaluation [11],[12],[13] provides a deployment-
ready blueprint for pre-test triage and clinic support.
Future research should prioritize multi-continent external
validations, incorporate seasonality and UV proxies,
expand to multi-modal data (e.g., laboratory panels,
wearable-derived activity/sun exposure), explore deep and
hybrid models where data permit, and evaluate federated
learning for privacy-preserving performance gains across
institutions [8],[11],[15],[16]. Continuous fairness auditing
and drift monitoring will be essential for safe, equitable,
and sustainable clinical adoption.

REFERENCES

1. Guo J, He Q, Li Y. Machine learning- based prediction
of vitamin D deficiency using NHANES 2001-2018.
Frontiers in Endocrinology. 2024.

Sambasivam G, Amudhavel J, Sathya G. A Predictive
Performance Analysis of Vitamin D Deficiency Severity
using Machine Learning Methods. IEEE Access. 10.1109/
ACCESS.2020.3002191. 2020.

3. Aparna P, Muthathal S, Nongkynrih B, Gupta SK. Vitamin
D deficiency in India. Journal of Family Medicine and
Primary Care. 2018;7(2):324-330. Publisher portal.
[attached _file:e802e6ad-ba93 4867-a29b-4cdadfaaS038]

Ross AC, Manson JE, Abrams SA, et al. The 2011 Report
on Dietary Reference Intakes for Calcium and Vitamin D
from the Institute of Medicine: What clinicians need to
know. J ClinEndocrinolMetab.

5. Holick MF, Binkley NC, Bischoff-Ferrari HA, et al.
Evaluation, treatment, and prevention of vitamin D
deficiency: Endocrine Society clinical practice guideline.
J ClinEndocrinolMetab. 2011;96(7):1911-1930. DOI:
10.1210/c.2011-0385.

Cashman KD, Dowling KG, Skrabikova Z, et al.
analytics. Standardizing serum 25-hydroxyvitamin D
data from surveys using the Vitamin D Standardization
Program protocols. 2013;97(6):1235-1244. 10.3945/
ajen.112.057182. Am J ClinNutr.

7. Sempos CT, Vesper HW, Phinney KW, et al. Vitamin
D status as an international issue: Standardization of
measurement. Scand J Clin Lab Invest Suppl. 2012;243:32—
40. 10.3109/00365513.2012.681935.

www.ijteonline.in

\Vol. 49  Special Issue

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

No. 2

Kadam, et al

Hastie T, Tibshirani R, Friedman J. The Elements of
Statistical Learning. 2nd ed. Springer; 2009. DOI:
10.1007/978-0-387-84858-7.

Lundberg SM, Lee S-I. A unified approach to interpreting
model predictions (SHAP). NeurIPS. 2017. Paper
[10]. Vickers AJ, Elkin EB. Decision curve analysis:
A novel method for evaluating prediction models.
Med Decis Making. 2006;26(6):565-574. DOI:
10.1177/0272989X06295361.

Steyerberg EW. Clinical Prediction Models. 2nd ed.
Springer; 2019. DOI: 10.1007/978-3-030 16399-0.

Collins GS, Reitsma JB, Altman DG, Moons KGM.
Transparent reporting of a multivariable prediction model
for individual prognosis or diagnosis (TRIPOD). Ann
Intern 2015;162(1):55-63. DOI: 10.7326/M14-0697.
Med.

Van Calster B, McLernon DJ, van Smeden M, et al.
Calibration: The Achilles heel of predictiveanalytics. BMC
Med. 2019;17:230. DOI: 10.1186/s12916-019-1466-7.

Zou H, Hastie T. Regularization and variable selection via
the elastic net. J R Stat Soc B. 2005;67(2):301-320. DOI:
9868.2005.00503.x. 10.1111/j.1467

Chen T, Guestrin C. XGBoost: A scalable tree boosting
system. KDD. 10.1145/2939672.2939785. 2016.

Pedregosa F, Varoquaux G, Gramfort A, et al. Scikit-
learn: Machine learning in Python. J] Mach Learn Res.
2011;12:2825-2830.

Brondum-Jacobsen P, Benn M, Jensen GB, Nordestgaard
BG. 25-Hydroxyvitamin D levels and mortality.
JAMA. 2013;310(23):2527-2535. DOI:  10.1001/
jama.2013.290505.

Afzal S, Brondum-Jacobsen P, Bojesen SE, Nordestgaard
BG. Low 25-hydroxyvitamin D and high risk of type 2
diabetes. J ClinEndocrinolMetab. 2013;98(3):E1053—
E1063. DOI: 10.1210/j¢.2012 4233.

Reusch J, Ackermann D, Canaud A, et al. 25(OH)D and
bone mineral density: A meta-analysis. Osteoporos Int.
2014;25(2):455-470. 10.1007/s00198-013-2525-7.

Wang TJ, Pencina MJ, Booth SL, et al. Vitamin
D deficiency and risk of cardiovascular disease.
Circulation. 2008;117(4):503-511. 10.1161/
CIRCULATIONAHA.107.706127.

Pratima K, Pramod J et al. Review on Vitamin D
Deficiency and Role of Machine Learning. 2024: P.12505-
12513.

February 2026



Deep Learning-Based Smart Health Diagnostic Model with
Treatment Suggestions

Sanjivani S. More

Student

Dept. of Computer Science and Engineering
DYP-ATU Talsande

Kolhapur, Maharashtra

> sanjivani.ingale20@gmail.com

Jaydeep B. Patil

Dean-School of Engineering & Technology
Dept. of Computer Science and Engineering
DYP-ATU Talsande

Kolhapur, Maharashtra

>4 sanjivani.ingale20@gmail.com

Vikramsinh M. Ingale
Head of Department
Dept. of Food Technology
DYP-ATU Talsande
Kolhapur, Maharashtra
< vikramsinh.ingale@dyp-atu.org

ABSTRACT

The current healthcare systems trend towards predictive intelligence to identify diseases at an early stage before they
turn critical. The suggested system presents a smart healthcare system, in which deep learning is employed to estimate
the probability of the occurrence of numerous diseases in accordance with the medical parameters (blood pressure,
heart rate, glucose level, and other clinical records) as provided by its users. The system combines the extraction of the
advanced features, data preprocess and training a neural network to produce the correct prediction results. It promotes
assessment of several diseases and categorizes the health status in risk groups to understand it better. This artificial
intelligence-based tool can help the user make early proactive steps and change lifestyle habits to prevent complicated
medical issues. The system architecture consists of medical data collections of trusted datasets, data cleaning and
normalization, building models, and performance measurements based on such metrics as accuracy, precision, and
the F1 score. The system also offers the appropriate treatment recommendations, prevention measures, and doctor-
visit recommendations. It fills the gap between the healthcare services and patients as it allows predictive analytics
to be accessed at any point anytime. The system can be extended to facilitate real-time monitoring by incorporation
of wearable gadgets and connectivity to the cloud. The proposed predictive healthcare system will be able to greatly
eliminate the risk of hospitalization, diagnose the condition in the initial phases, and enhance the quality of life. The
intelligent solution is set to transform healthcare, to integrate deep learning and medical intelligence, in order to have a
healthier and safer society.

KEYWORDS : Deep learning, Disease prediction, Healthcare analytics, Machine learning, Data preprocessing,
Medical diagnosis, Neural networks.

INTRODUCTION

he current healthcare has witnessed a rapid growth in

diseases owing to lifestyle modifications, poor food
choices, stress, and medical ignorance. Early diagnosis
of medical risks is critical towards preventing serious
diseases and minimizing the cost of treatment. The
conventional medical diagnosis process largely relies on
physical examination and examination by a doctor, as these
could cause delays in detecting detrimental symptoms.
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Hence, the progress in Artificial Intelligence (Al) can give
a powerful chance to improve medical practice with the
help of the data-driven predictive information. Al is able
to interpret trends that cannot be defined by human experts
with assistance of large healthcare datasets. Deep learning
technologies have demonstrated impressive achievement
in predicting and classifying such diseases like diabetes,
cardiovascular disease, kidney failure, cancer, and neural
diseases. These models are capable of processing medical
data that are extremely complex such as biomarkers,
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clinical test values, and demographics. The system has
the potential to predict the possibility of a disease and
provide users with dependable diagnostic assistance
by examining previous patient records. This assists in
tracking the health conditions without necessarily visiting
a hospital at a frequent time. The offered system retrieves
user health data using the medical datasets and does
preprocessing checks such as noise, normalization, feature
scaling, and missing value processing to get the desired
results. The deep learning models are then trained after the
preprocessing to identify healthy and health-risk states.
The trained model has the ability of producing predictions
in real time as new data are keyed in by the users. The aim
is to deliver quick and precise outcomes that will help the
healthcare professionals and ordinary users in decision-
making. Besides prediction, the system will provide the
personalized treatment recommendations according to the
regular medical recommendations and the risk category of
the user. It further recommends lifestyle changes, including
diet, physical exercise, and drug reminders. This gives the
users the power to live healthier, and prevent complications
in time. The wearable sensors can also be connected
to the system to ensure that healthcare surveillance is
more convenient and continuous To conclude, the Deep
Learning Based Predictive Healthcare System is devoted
to the problem of anticipating the risks of diseases at an
early stage through the analysis of medical data and the
work of neural networks. The solution provides an easy
to use environment, in which one can monitor their health
and get immediate risk assessment. This prediction and
recommendation capability make the system an excellent
digital healthcare assistant. The project will eliminate
human error, enhance the quality of diagnose, and assist
preventive healthcare practices by applying Al to the
medical sector. This project can define smart medical
service in the future and raise the level of health awareness
among people in general.

LITERATURE REVIEW

The last few years have experienced a rapid adoption of
the method of deep learning (DL) in predictive healthcare,
encouraged by the increased size of electronic health
record (EHR) datasets and the availability of better
compute. Convolutional and recurrent and transformer
based architectures used on tasks like cardiovascular
disease prediction, diabetes onset, and clinical outcome
forecasting, are also synthesized and discussed in surveys
and systematic reviews of papers by 2022-2024 and show
a consistent trend of improved accuracy over time
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compared to traditional ML pipelines. There is also a trend
in these reviews of shifting towards multimodel models
that integrate tabular clinical data, temporal EHR history,
and imaging - to provide more comprehensive patient
representations. The literature focuses on stringent metrics
of evaluation (AUROC, precision/recall, F1) and
increasing the use of external validation cohorts to evaluate
generalizability. The benefits of the domain (applied
research papers 2022-2024) are shown to be more effective
in a hybrid form (CNN+LSTM, attention mechanisms,
and ensemble solutions) than single model baselines in
predicting heart diseases, risks of diabetes, and sepsis. A
few of these papers integrate feature engineering with
deep models to enhance model interpretability (e.g.
attention weights, SHAP values), and some incorporate
clinical knowledge (rules/ontologies) when making
predictions by the model. Prototypes of real-time clinical
decision support are described with the special focus on
the inference speed and model calibration, which allows
the use of these models in bedside. Nevertheless, a large
number of studies continue to use single-center datasets
that do not allow the generalizability of findings to
populations. An increasing body of work (2023-2025)
concentrates on generic disease-risk models and
multimodal prediction which are large, generalizable, and
have the property of being large. More recently, transformer
architecture-based large-scale studies are being conducted
on very large datasets of biobanks to make predictions on
the number of disease outcomes, hundreds or thousands,
using longitudinal records. Such studies focus on external
validation between nations and the possibility of risk
stratification on population scale (e.g. projecting decades
of risk). They also elicit debate regarding responsible
clinical use, data confidentiality, and fairness since model
performance may differ depending on demographic and
registry variations. Such methodological loopholes that
keep reoccurring are a lack of external validation, a lack of
reporting of calibration and fairness measures, and a lack
of prospective assessment. Some of the papers requested a
better practice: standardized preprocessing pipelines on
EHR tabular data, providing transparent model cards,
benchmarking on public datasets, and conducting ablation
studies to disjuncture the role of architecture, pretraining,
and input modality. The studies trying to be interpretable
are promising, although, to become clinical, they have to
be explained in a way that is significant to the clinicians
and connected with actionable instructions. Treatment
suggestion modules (outside of risk prediction) are also in
their early stages and are usually rule-based instead of
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end-to-end learned. In summary, literature (2022-2025)
shows obvious advances: deep models are more precise
and more multimodal large-scale, transformer-like models
allow more comprehensive coverage of diseases
interpretability and external validation are becoming
increasingly popular and diversified, but limited
deployment-oriented work is growing. In your project - a
disease risk prediction and treatment recommendation
system in a multimodal format - the literature recommends
multimodal input, interpretability-based hybrid model
(e.g., attention + SHAP), external validation using rigorous
methods, and a treatment recommendation system with a
tight scope and based on clinical guidelines. Some 2022-
2025 Research Papers that we analysed are listed below. Z.
Yu et al., "Popular deep learning algorithms for disease
prediction™ (2022) - The paper surveys DL methods (CNN,
RNN/LSTM, transformers) for disease prediction,
enumerates strengths/weaknesses, and documents typical
pipelines for tabular clinical data and imaging. It
emphasizes algorithm selection for different data
modalities and suggests best practices for preprocessing
and evaluation. Results: comparative synthesis rather than
new model; recommended evaluation metrics and future
research directions.[1] P. Ingole & A. Sakhare, "Deep
Learning for Disease Prediction: A Survey" (2022) - This
2022 survey reviews DL for disease prediction across
multiple diseases, including diabetes and heart disease,
and summarizes dataset usage and preprocessing steps. It
underlines feature selection and ensemble approaches as
effective for tabular health data. The paper is useful for
mapping common datasets and baseline approaches.[2] B.
Dhande, "Heart Disease Prediction Using Machine
Learning" (2022) - Presents a heart disease classifier
combining feature selection with ML algorithms and
compares performance (accuracy/AUROC). Shows that
combining engineered features with ensemble classifiers
often outperforms single classifiers on benchmark heart-
disease datasets. Results: improved diagnostic metrics vs
baseline.[3] P. Kanchanamala et al., "Heart disease
prediction using hybrid optimization enabled deep learning
network with spark architecture" (2023) - This 2023 work
uses hybrid optimization methods combined with DL
ensembles to detect cardiac conditions. Techniques:
feature optimization, ensemble learners, and cross-
validations. Results: robust performance on cardiac
datasets and an emphasis on optimization for feature
selection.[4] M. Badawy et al., "Healthcare predictive
analytics using machine learning and deep learning"
(2023) - Comprehensive review of ML/DL approaches in
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healthcare prediction; discusses model pipelines,
interpretability, and deployment obstacles. Results: calls
for standard benchmarks and better clinical collaborations
to validate algorithms. Useful for methodology and best
practices.[5] H. Byeon, "Deep neural network model for
enhancing disease prediction using auto encoder based
broad learning" (2024) - Proposes a DNN pipeline for
symptom-to-disease mapping using tabular clinical
features. Techniques include dense architectures with
dropout and class balancing. Results: improved predictive
performance, especially for smaller feature sets, with
discussion on dataset curation.[6] C. Zhou et al., "A
comprehensive review of deep learning-based models for
heart disease prediction™ (2024) - This systematic review
compares DL, transfer learning and integrated DL
approaches for cardiovascular disease. It stresses the value
of transfer learning and multimodal inputs and reports
aggregated metrics from multiple studies. Results:
highlights best performing architectures and gaps in
external validation.[7] X. Yu et al., "Survey of deep
learning techniques for disease prediction based on omics"
(2023) - Focuses on omics-based disease prediction
(genomics/proteomics) and DL techniques suitable for
high-dimensional biological data (autoencoders, attention
networks). Results: shows improved biomarker discovery
via DL but notes reproducibility challenges.[8] A. Choi et
al., "A novel deep learning algorithm for real-time
prediction of clinical outcomes™ (2024) - Introduces a DL
model designed for real-time ED usage, with focus on fast
inference and robust calibration. Techniques: temporal
modeling of encounter data with specialized loss functions.
Results: superior real-time prediction accuracy and a
prototype CDSS integration.[9] R. Rong et al., "A deep
learning model for clinical outcome prediction using
TECO" (2025) - TECO is a transformer-based encounter-
level clinical outcome model trained on EHR sequences.
Techniques:  transformer  encoder,  encounter-level
aggregation, and external validation. Results: improved
outcome prediction and demonstration of encounter-level
attention useful for interpretability.[10] M. Kumar et al.,
"Real-time Multi Level Chronic Disease Prediction and
.." (2025) - Builds an integrated model using eight ML/
DL models for multi-disease prediction. Techniques:
ensemble stacking, multi-label classification. Results:
robust multi-disease risk stratification; emphasizes real-
time scoring.[11] S. Dhandapani et al., "Hybrid deep
learning framework for heart disease™ (2025) - Proposes a
hybrid CNN architecture combining Inception and ResNet
blocks (InRes-106). Techniques: transfer learning on ECG
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images, model ensembling. Results: very high test
accuracy (~98% reported) for cardiac classification on the
evaluated dataset, showing benefit of hybrid deep
architectures.[12] AS Gautam et al., "Attention-Driven
Deep Learning for News-Based Prediction” (2025) - Uses
NLP and attention models on news streams for outbreak
prediction without disease-name bias. Techniques:
transformer-based NLP, attention pooling. Results: shows
potential for early outbreak signals and demonstrates
cross-disease generalization for forecasting.[13] A. Kheir
et al., "Smart plant disease diagnosis using multiple deep
..." (2025) - Multi-class classification with MobileViTv2
and ensemble methods for image-based disease detection;
shows transferability of image DL techniques to multi-
label classification problems. Useful methodological
lessons for medical imaging tasks.[14] Robertas
Damasevicius,Senthil Kumar Jagatheesaperumal, "Deep
Learning for Personalized Health Monitoring and
Prediction - review" (2024) - Reviews DL techniques for
personalized monitoring using wearables and EHRS;
emphasizes temporal models (LSTM/transformer) and
personalization strategies. Results: shows improved
individualized prediction using personalization/transfer
learning.[15] Salmah Saad Al-garni,Abdulmohsen Algarni,
"Disease Prediction from Symptom Descriptions Using
Deep Learning and NLP Technique" (2024/2025) - Maps
free-text symptom descriptions to disease predictions
using NLP + DL (embedding + classifier). Techniques:
text preprocessing, pretrained embeddings, classifier fine-
tuning. Results: improved remote triage capability from
user-entered symptom descriptions.[16] Sanjaya Kumar
Sarangi , Pallamravi , "Disease Prediction Using Novel
Deep Learning Mechanisms" (2022) - Survey/experimental
study exploring various novel DL mechanisms in disease
prediction; highlights practical pipeline choices and
comparative results across architectures. Results:
guidelines for architecture selection on small clinical
datasets.[17] S. Deepika et al., "Review On Machine
Learning and Deep Learning-based ..." (2023) - Heart
disease focus; compares ensemble DL methods and
discusses common preprocessing and validation strategies.
Results: ensemble DL shows consistent improvements
when feature selection is applied.[18]

This trend is evident in the 2022-2025 literature, where
multimodal, large-scale, deep learning systems are used
to predict the disease and make predictions of clinical
outcomes. Initial literature has concentrated on disease-
specific classifiers based on CNNs or LSTMs; more recent
literature uses transformers, multimodal fusion and large
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biobank training to predict many outcomes at once. Better
external validation, explainability, and standardized
preprocessing have been repeatedly called upon; applied
works yield encouraging results (higher AUROCs and
accuracy), yet most of them cannot pass prospective
clinical validation and fairness analyses. The trend towards
combining prediction and treatment recommendations
and real-time implementation is a growing requirement,
although still an active one. The research is mostly based on
single-center data sets or small-scale public benchmarks;
although the most recent large-scale work has been very
large biobanks (e.g., a news-stage full coverage of Delphi-
2M), most published DL-based models are trained on
cohort-specific data. That creates distributional changes
upon the application of the models to other hospitals,
countries or different demographic groups. In turn,
reported performance (AUROC/accuracy) is usually non-
transferable, whereas external validation sets are a rarity.
Artificial intelligence models that have been trained on
unfair registries are likely to reinforce healthcare inequities
unless they are audited to be fair. Even though a lot of
works introduce the level of interpretability (attention,
SHAP, saliency), the explanations are often technical and
do not correspond to patient clinical decision-making
processes. Clinicians should be able to have explanations
that relate predictions to actionable physiological or
guideline-based causes. Devoid of interpretable rationales
and future trials demonstrating clinical utility, models
are research prototypes and not deployed decision aids.
Furthermore, certain models with high performance
(in particular hybrid and ensemble architectures) are
computationally intensive, and cannot be deployed on
a bedside or low resource device. End-to-end treatment
suggestion modules are rarely applied; where they are
applied the recommendation is usually a rule or applied
to common guidelines rather than discovered by the
outcome information. This disjunction implies that
most systems are risk predictive but ultimately do not
recommend individualized treatment protocols, dosage
modifications or follow-up protocols. EHR workflow
integration, clinician alerts, and regulatory compliance
(medical device approval) have not been studied well and
represent a barrier to clinical translation. To summarize,
the literature has high-quality algorithm development but
repetitive constraints: the heterogeneity of the data and
the external validity, non-clinician-centric explanations,
and the absence of built-in recommendation/treatment
modules that can be implemented into clinical workflows.
It is necessary to address these to proceed to clinically
useful systems rather than predictive prototypes.
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METHODOLOGY

A. Medical Data Collection: Digital forms are used to
gather user health-related inputs in the form of symptoms,
vital parameters, the values of blood test reports, and
lifestyle. The Al model is also trained using publically
available medical datasets.

B. Data Preprocessing: All the raw data undergoes cleaning
which includes treatment of the missing data, removal of
noise and elimination of duplicate data. Numerical stability
is done by applying feature encoding and normalization
methods. The features selection methods are used to select
medical attributes according to their clinical significance.
The last dataset is divided into training, validation and
testing sets to determine model performance without bias.

C. Deep Learning Model Training: A neural network model
developed on the basis of deep learning is developed to
identify various risks of diseases. To enhance the accuracy
and avoid overfitting, different layers like Dense, Dropout
and Activation functions are implemented. Optimized
parameter is used to train the model and tested on the
right metrics like accuracy, precision, recall and F1-score.
Runtimes prediction The best performing models are
stored.

D. Disease Prediction and Risk Analysis: When the model
is trained, it is used to determine the likelihood of diseases
upon new medical inputs by the user. To enable an easier
interpretation of the risk, the system categorises it as Low,
Medium or High. Several types of diseases are capable
of being forecasted at the same time. Live prediction
can boost the fast decision-making and individual health
check.

E. Treatment Suggestion System: Depending on the
anticipated disease type and the risk level, the system
provides the doctor approved treatment plan, lifestyle
recommendations, nutritional recommendations, and
preventative measures. It encourages the users to seek
medical attention in case the risk is eminent. The proposals
are visualized via a body of knowledge that is created
based on validated medical references.

PROPOSED FRAMEWORK

The system architecture starts with the module of the
User Health Data Input, in which the patients are asked to
report their symptoms, lifestyle and medical history. This
information can be inputted using a mobile or internet-
based interface which is easily usable. The system may
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also be used to support the medical reports like the lab
test results to carry out a wider assessment along with the
textual data. This will guarantee that the model gets a wide
range and well-rounded information on matters concerning
health. After receiving the input, it will be passed to Data
Pre-Processing Unit. In this case, normalization, missing
value treatment, and symptom mapping deal with noise and
incomplete information. Context-based filtering assists in
transforming the raw data into structured data formats that
can more effectively display patterns related to the disease.
This move enhances the quality of data that is introduced
into the model to have more precise diagnostics.

Fig. 1: Architecture Diagram

At the following step, Deep Learning-Based Disease
Prediction Model processes the processed data with the
help of trained neural networks. The model establishes the
relationships among symptoms and medical conditions and
the probable type of disease. Multi-class classification will
provide the system with the ability to identify a great variety
of health problems with high accuracy and confidence
score. Once the prediction of disease has been obtained,
the output goes to the Treatment Suggestion Module. This
module will produce customized suggestions on the basis
of medical guidelines, level of severity and patient profile.
The recommended ones are medicines (general guidelines
only), diet plans, style of life changes, and in case of a
need, the recommendation of consulting a specialist. This
will allow people to get immediate health care. Lastly, the
Unit of the Output Visualization and Report Generation
presents findings in a user friendly manner. It shows
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the probability of disease, symptom knowledge, and
recommended treatments in an easy to understand visual
manner. The architecture also keeps a secure database to
be used in future reference and improvement of the model
performance. This can provide the user with constant
monitoring, early health consciousness, and enhanced
decision making towards the provision of timely medical
care.

RESULTS AND DISCUSSION

The proposed deep learning system successfully predicts
multiple diseases using patient-provided medical data with
high accuracy. The model demonstrates strong capability
in identifying risk patterns. Results prove its potential to
support digital healthcare. Users receive instant predictions
with confidence scores.

In addition, the system provides treatment suggestions
such as medication guidance, lifestyle changes, and doctor
referral recommendations. This ensures patients receive
complete wellness support instantly. The intelligent
decision-making improves user health awareness. It
reduces delays in seeking medical assistance.

The prediction outcomes and recommendations are
visually presented in a user-friendly interface. Patients can
continuously monitor their health status through stored
reports. The evaluation shows that this system can assist
early disease detection. Thus, improving prevention and
health management efficiency.

CONCLUSION

The Deep Learning-Based Smart Health Diagnostic
Model presented has been able to prove its capability of
aiding predictive healthcare. The system forecasts the risk
of diseases correctly and allows the user to make a timely
decision after processing the medical data provided by the
user. It is flexible and can be used to suit individual health
tracking as well as extensive medical systems due to its
versatility and computational power. The study indicates
the significance of early diagnosis in minimizing health
risks. The system is more action-oriented and useful due
to the integrated treatment recommendation approach.
On the whole, it will add to the higher healthcare
automation. The findings proved that deep learning can
become an effective instrument of disease recognition and
risk scoring. Results of the model show that intelligent
predictive models have the potential to support the work of
medical professionals providing early advice. The system
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offers a trusted, easy to use medium to people in distant
locations with minimal access to the healthcare centers.
Visual reporting fosters understanding of the conditions
that are medical. Thus, the strategy enhances patient
care and efficiency in preventive care. In the future, this
study will provide fresh opportunities to detect multiple
diseases and make individual recommendations. As the
size of the datasets, security, and real-time applications
are improved further, the framework can be integrated into
smart hospitals and e-health ecosystems. This guarantees
a low-cost global health enhancement solution which
is scalable. Therefore, the model suggested has a great
chance to transform the further diagnostic and medical
consultation schemes. The system does not only detect the
disease but also gives treatment recommendations to help
users to make the first steps towards cure and prevention.
It helps in making healthcare more approachable to users
who might not be able to get access to dermatologists on
short notice. The simple interface will provide the medical
practitioners and the average users with the security and
efficiency to use the system. Altogether, the current project
presents the opportunities of Al-based diagnostic systems
to revolutionize dermatological care. It demonstrates that
timely diagnosis has the potential of greatly decreasing the
severity, health care costs, and chronic complications. The
scalable architecture enables the constant improvement
of the model accuracy, disease coverage and telehealth
services. Therefore, the system is one of the promising
solutions to the further digital healthcare development.
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ABSTRACT

Accurately estimating building prices is a longstanding challenge in the real estate sector due to the nonlinear influence
of structural, locational, socioeconomic, and market-driven factors. Traditional valuation approaches often depend on
human judgment and linear assumptions, limiting their precision and scalability. This research develops a comprehensive
machine-learning-based framework integrating data preprocessing, feature engineering, and advanced predictive
algorithms including Linear Regression, Random Forest, Gradient Boosting, and XGBoost. The proposed architecture
incorporates a modular pipeline consisting of data ingestion, transformation, model training, evaluation, and real-time
prediction layers. A detailed system architecture is presented along with regression-based mathematical formulations.
An extensive literature review of 15 research works highlights the evolution of real estate analytics from statistical
models to deep learning and multimodal systems. The experimental methodology demonstrates that ensemble-based
models provide superior accuracy, making machine learning an effective and scalable approach for real estate valuation.

KEYWORDS : Building price prediction, Machine learning, Ensemble models, Feature engineering, XGBoost, Real

estate analytics, Predictive modeling.

INTRODUCTION

eal estate price estimation is a critical component of

decision-making for buyers, sellers, banks, insurers,
developers, and government agencies. Property prices are
affected by a complex interplay of structural characteristics
(area, bedrooms, amenities), locational attributes
(distance to city center, access to public services, crime
rate), economic indicators (inflation, interest rates), and
neighborhood dynamics. These parameters often exhibit
nonlinear relationships, making manual and traditional
valuation techniques insufficient for modern markets.

Historically, real estate valuations relied on methods
such as hedonic pricing, comparative market analysis,
and expert appraisal. While useful, these approaches
suffer from several drawbacks: limited dataset utilization,
subjective bias, oversimplified assumptions, and inability
to incorporate high-dimensional or unstructured data such
as textual descriptions or geospatial attributes.

Advances in machine learning (ML) have opened new
opportunities for data-driven, scalable, and intelligent
property valuation. ML models can process large datasets,
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uncover latent patterns, handle nonlinear interactions,
and adapt to market fluctuations. Ensemble learning,
multimodal deep learning, and graph-based geospatial
modeling represent significant recent progress.

This research proposes a detailed ML pipeline supported
by a robust system architecture capable of real-time
predictions. The framework aims to enhance transparency;,
accuracy, and interpretability while reducing human bias
in property valuation.

LITERATURE REVIEW

Predicting real estate or building prices has been a
widely researched domain spanning traditional statistical
modeling to advanced machine learning and deep learning
approaches. Existing studies highlight the importance
of factors such as structural attributes, geographic data,
economic indicators, and neighborhood characteristics;
however, the methods and insights presented vary
significantly. Ghosalkar&Dhage (2018) [1]This study
used simple linear regression to model real estate prices
based on basic features such as area and location. Their
results indicated that linear regression provides acceptable
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prediction accuracy only for small and well-structured
datasets. However, the model performed poorly in cases
where relationships were nonlinear.

Limitation: Lack of adaptability to complex datasets.
Vineeth et al. (2018) [2]The authors evaluated multiple
linear regression (MLR) against Artificial Neural Networks
(ANNs) for house price prediction. They found that
ANNs achieved substantially lower Mean Square Error
(MSE) than MLR, indicating the presence of nonlinear
relationships in housing data.

Taylor & Ricker (2019) [3]In urban housing markets,
Taylor and Ricker examined hedonic price models and
showcased that traditional econometric models stagnate
when feature interactions grow. Hedonic models fail
to capture hidden relationships and interdependencies
among variables. Anand et al. (2021) [4]Anand and
colleagues utilized models such as Random Forest (RF)
and Gradient Boosting Machines (GBM). RF significantly
outperformed linear models due to its ability to handle
nonlinearities and interactions among features. Mohd
et al. (2020) [5]The study examined the influence of
green building determinants—such as energy efficiency
and eco-friendly materials—on building prices. Using
tree-based models, the authors found that Random
Forest offered the highest accuracy. Novelty: Added
sustainability indicators as influential pricing parameters.
Weng (2023) [6] Compared several ML models: Decision
Tree, Random Forest, AdaBoost, Gradient Boosting,
XGBoost, XGBoost delivered the best performance due
to its optimized tree boosting mechanism. Conclusion:
Boosting-based algorithms outperform bagging-based
models. Zou (2023) [7] Analyzed real estate data from
Jinan, China, using Multiple Linear Regression, Random
Forest, and CatBoost. CatBoost produced the lowest MSE
and demonstrated robustness against categorical variables.
Insight:CatBoost’s built-in handling of categorical features
provides practical advantages. Lee & Chen (2020) [8]
Applied Support Vector Regression (SVR) with optimized
kernels for metropolitan property data. The study showed
that SVR performs competitively for medium-scale
datasets but suffers from high computational cost for large
datasets. Limitation: Scalability issues in large-scale real
estate applications. Bhatt & Kaur (2021) [9]The study
focused on feature engineering, showing that derived
features (e.g., price per square foot, location indices,
distance to public amenities) increased model accuracy
by more than 15%. Takeaway: Feature engineering is
critically important for real estate modeling. Ensemble
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and Hybrid Modeling Approaches. Khan et al. (2022)
[10] Developed a stacking ensemble model integrating
ElasticNet, Random Forest, and XGBoost. Their model
achieved better generalization across different cities
compared to single-model approaches. Contribution:
Showed the significance of stacking ensembles for real
estate prediction. ) Zhao et al. (2022) [11] PATE Zhao
introduced a hybrid model combining Property attributes,
Amenities, Traffic, and Emotion (PATE). This multi-source
model used data from social media, traffic information,
and neighborhood amenities. Significance: Defined a new
multi-dimensional perspective for real estate valuation.
Das et al. (2020) [12] Presented Geo-Spatial Network
Embedding (GSNE) using graph neural networks (GNN).
GSNE incorporates neighborhood connectivity and
proximity to points of interest (POIs). Novelty: Introduced
graph-based modeling for spatial dependencies. Hasan et
al. (2024) [13] Developed a multimodal deep learning
approach, integrating: Tabular data, (features), Text
descriptions of properties, Images, Geospatial embeddings
Their architecture significantly outperformed traditional
machine learning models. Strength: Multi-source data
fusion provides comprehensive insights. Xu & Li (2021)
[14] Proposed a CNN-LSTM hybrid model to incorporate
both spatial and time-series elements (e.g., monthly
price variation). CNN extracts spatial/visual features,
LSTM handles temporal dependencies. Relevance:
Useful for markets with rapidly changing price trends.
Vargas-Calderon& Camargo (2020) [15] Focused on
fairness and transparency in ML-based real estate pricing.
Their algorithm minimized pricing bias arising from
socioeconomic inequalities.

Contribution: Introduced fairness-aware models for

responsible Al usage in real estate.
RESEARCH GAP

Despite significant advancements in machine learning—
based building and housing price prediction, several
critical research gaps remain that limit the effectiveness,
scalability, and real-world adoption of existing solutions.

Firstly, most existing studies rely on single-source or
limited datasets, often using benchmark datasets such as
those from Kaggle. These datasets fail to capture real-
time market dynamics, regulatory variations, and regional
heterogeneity. The lack of multi-source data integration,
particularly the fusion of public records, GIS data, and
live web-scraped listings, restricts the robustness and
generalization of current prediction models.
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Secondly, many studies inadequately address geospatial
feature transformation. Location is often treated as a
categorical variable rather than a spatial entity. Advanced
distance-based modeling, neighborhood influence analysis,
and spatial correlation handling are either oversimplified
or entirely ignored, leading to suboptimal representation
of location-driven price variations.

Thirdly, existing models frequently suffer from insufficient
preprocessing rigor, particularly in handling outliers,
noise, and missing values across heterogeneous datasets.
Simplistic imputation strategies and the absence of
systematic outlier treatment introduce bias and instability
in model predictions, especially in real-world, large-scale
deployments.

SYSTEM ARCHITECTURE DIAGRAM

The proposed system architecture for building price
prediction follows a layered and modular design that
ensures scalability, flexibility, and real-time usability.
Each layer is responsible for a specific function, allowing
independent enhancement and maintenance while
supporting end-to-end data flow from acquisition to
prediction and visualization.

Fig. 1: System Architecture
Data Source Layer

The Data Source Layer is responsible for collecting raw
and heterogeneous data required for accurate building
price prediction. Data is gathered from multiple sources,
including public databases that provide benchmark
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housing datasets, government housing registries that offer
authoritative records related to property ownership and
valuation, and GIS sources that supply geospatial attributes
such as latitude, longitude, and proximity to key locations.
In addition, web scrapers are employed to extract real-time
market data from public real estate portals. The integration
of multiple data sources ensures diversity, completeness,
and robustness of the input data.

Storage Layer

The Storage Layer serves as a centralized repository for
managing data across different stages of the machine
learning pipeline. It stores raw datasets collected from
various sources, cleaned datasets after preprocessing,
and processed feature sets generated through feature
engineering. Additionally, trained machine learning
models and their metadata are preserved in this layer to
support reuse, evaluation, and version control. Databases
and cloud storage systems are utilized to ensure secure,
scalable, and efficient data management.

Data Processing Layer

The Data Processing Layer is responsible for transforming
raw data into a structured format suitable for machine
learning. This layer performs preprocessing operations
such as missing value imputation, removal of duplicates,
and normalization of numerical features. Feature
engineering tasks, including the creation of derived
attributes and feature selection, are also executed in
this layer. Encoding techniques are applied to convert
categorical variables into numerical form, while outlier
treatment methods such as IQR and Z-score are used to
reduce noise. Furthermore, geospatial transformations are
applied to compute distance-based and location-specific
features, enhancing the predictive capability of the system.

Model Training Layer

The Model Training Layer implements multiple machine
learning algorithms to learn complex relationships
between building attributes and prices. Regression-based
models are trained alongside ensemble learning techniques
such as Random Forest and boosting algorithms to
improve accuracy and generalization. Cross-validation
strategies are employed to evaluate model stability and
prevent overfitting. Hyperparameter tuning is carried out
using systematic search techniques to optimize model
performance. This layer ensures the selection of the most

accurate and reliable predictive model.
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Prediction Layer

The Prediction Layer utilizes the trained machine learning
model to estimate building prices in real time. A RESTful
API interface enables seamless interaction between the
predictive model and external applications. When new
building features are provided, the layer processes the
input data, applies the trained model, and returns predicted
price values with minimal latency. This layer supports
both batch and real-time prediction scenarios.

User Interface Layer

The User Interface Layer provides an interactive platform
for end users to access the prediction system. It includes
input forms that allow users to enter building attributes such
as location, size, and amenities. The predicted price output
is displayed in a user-friendly manner, along with visual
analytics dashboards that present trends, comparisons, and
performance insights. This layer enhances usability and
facilitates informed decision-making for stakeholders such
as buyers, sellers, and real estate analysts.

Table 1: Workflow of the Proposed Model

Patil and Bhopale

6. Prediction Interface AUl (web interface) or API
where users can input building
parameters and get a predicted

price in real-time.

Component Description

Collects real estate data from
public sources, APIs (e.g.,
Zillow, Kaggle datasets), or
user-uploaded CSV files. Data
includes building features,
historical prices, location, etc.

1. Data Collection

Handles missing values, removes
duplicates, detects and corrects
outliers, encodes categorical
variables (One-Hot or Label
Encoding), and scales features.

2. Data Preprocessing

Creates new features like “Price
per Sqft,” “Distance to City
Center,” or time- based features
(e.g., Year of Sale). Also includes
correlation analysis and feature
selection.

3. Feature Engineering

4. Model Selection & Training Multiple ML models (Linear
Regression, Random Forest,
XGBoost, etc.) are trained using
training data. Hyperparameter
tuning is done using cross-

validation or grid/random search

5. Model Evaluation Models are evaluated using
metrics like RMSE, MAE,
and R2 Score. The best-
performing model is selected for

deployment.
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7. Deployment & Monitoring The model is deployed on cloud
platforms (e.g., AWS, Azure,
or Heroku) with logging and
monitoring for performance,

prediction errors, and user

interaction.

CONCLUSION

This work proposes a comprehensive machine learning
framework for building price prediction, integrating
robust preprocessing, feature engineering, and advanced
ensemble models. The designed system architecture
ensures modularity, scalability, and suitability for real-
time deployment. A detailed 15-study literature review
establishes the significance of ML advancements in real
estate analytics. The analysis concludes that models such
as Random Forest and XGBoost outperform traditional
methods and effectively capture nonlinear market
dynamics. The framework can support buyers, sellers,
governments, and financial institutions in transparent and
data-driven decision-making.
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ABSTRACT

Cardiovascular diseases are the foremost cause of global mortality, underscoring a critical need for prompt and accurate
diagnostic and predictive tools. machine learning (ml) models offer substantial promise in this domain by effectively
utilizing large-scale healthcare data to identify patient risk. this review systematically analyzes the technological
advancements, critical challenges, and future trajectories of ml applications in predicting heart disease. we conduct a
structured review of the literature, highlighting the superior performance of hybrid deep learning (dl) frameworks—
such as convolutional neural network-long short-term memory (cnn-Istm)—over traditional classifiers in metrics like
area under the curve (auc). furthermore, we examine the evolution from basic ml algorithms to modern federated
learning frameworks and discuss their successful deployment in clinical and wearable settings through real-world case
studies. a significant portion of this review is dedicated to addressing pivotal issues, including ethical considerations,
constraints posed by dataset limitations, and the urgent requirement for explainable artificial intelligence (xai) to foster
transparency and clinical trust. this paper concludes by providing essential insights and recommendations to guide the

development of clinically actionable, ai-powered systems for heart disease prediction.

KEYWORDS : Machine learning, Cardiovascular disease, Deep learning, Explainable Al, Prediction.

INTRODUCTION

Cardiovascular diseases (cvds) remain the leading
cause of death worldwide, posing a significant
burden on global healthcare systems. early and accurate
risk prediction of heart disease is paramount for timely
intervention, personalized treatment, and ultimately,
reducing morbidity and mortality rates. traditional
diagnostic methods often rely on clinical risk scores and
subjective assessments, which can lack the precision
and scalability required for large and diverse patient
populations.

The motivation for this study stems from the rapid
advancement and proliferation of machine learning (ml)
techniques in medical data analysis. ml algorithms possess
the capacity to identify complex, non-linear patterns
within vast healthcare datasets, including electronic health
records (ehrs), electrocardiograms (ecgs), and genetic
markers, offering a pathway to significantly enhance
predictive accuracy.

The primary objective of this review paper is to provide a
comprehensive and structured overview of the current state-
of-the-art ml applications for heart disease prediction. the
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scope encompasses a detailed analysis of various ml and
deep learning (dl) models, feature engineering strategies,
performance benchmarking, emerging technologies, and
associated ethical and regulatory challenges. the paper
will also explore successful real-world implementations.

The structure of this paper is as follows: section ii
summarizes the existing literature and identifies research
gaps. section iii details the methodology used for the
systematic literature search and synthesis. section iv
presents and discusses the consolidated results, focusing
on model performance and trends. finally, section v
concludes the review and proposes directions for future
work.

LITERATURE REVIEW

Heart Disease Prediction Using Machine Learning and
Explainable Al (2024)

This paper presents a machine-learning framework
using ANOVA, Chi-Square, and Mutual Information for
feature selection and evaluates ten ML models. XGBoost
performs best with 97.57% accuracy, and SHAP is used
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for interpretability. The study also deploys the model in a
mobile app for real-time prediction.

A Comprehensive Review of Machine Learning for
Heart Disease Prediction (Kumar et al., 2024)

This review highlights that hybrid DL models like
CNN-LSTM outperform traditional ML methods. Key
predictors include age, sex, cholesterol, diabetes, and
chest pain. It notes challenges such as small datasets and
class imbalance, and suggests loT, federated learning, and
XAl as future directions.

Machine Learning-Based Prediction Models for
Cardiovascular Disease Using EHRs: Systematic
Review & Meta-Analysis (2024)

This study shows ML models (Random Forest, DL)
achieve higher AUC (~0.865) compared to clinical
risk scores (~0.765). It also reports high heterogeneity
and challenges related to calibration, transparency, and
regulatory limitations.

Optimizing Heart Disease Diagnosis with Advanced
Machine Learning (2025)

This paper finds ensemble models like Random Forest,
Bagged Trees, and XGBoost reach AUC values near 0.95,
outperforming classical models. It emphasizes the role
of feature selection, SMOTE balancing, and tuning for
improved performance.

Limitations or research gaps addressed by this review
include:

Lack of systematic benchmarking: much of the existing
literature reports performance in isolation, making
head-to-head comparison across different studies and
algorithms challenging. this review aims to consolidate
and benchmark performance across various model types
(traditional ml vs. hybrid dI).

Ethical and transparency concerns: many high-performing
dl models are "black boxes," hindering clinical adoption
due to a lack of transparency. the role of explainable
artificial intelligence (xai) in enhancing model trust and
interpretability is a crucial gap that requires comprehensive
analysis.

Data heterogeneity and privacy: the issue of fragmented,
heterogeneous datasets and stringent data privacy
regulations (e.g., gdpr, hipaa) remains a major barrier to
developing robust, globally generalizable models. this
review highlights the trend toward federated learning (fl)
as a potential solution.
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METHODOLOGY

This review follows a systematic methodology to identify,
select, and synthesize relevant literature on ML for heart
disease prediction.

Subsection 1 — Literature Search and Selection

A comprehensive search was conducted across major
scientific databases (e.g., PubMed, Scopus, Web of
Science) using a combination of keywords, including
"Machine Learning,” "Deep Learning,” "Cardiovascular
Disease," "Heart Disease Prediction," "Explainable Al,"
and "Federated Learning.” The search was limited to
original research papers, systematic reviews, and meta-
analyses published within the last five to seven years to
ensure currency. Inclusion criteria required studies to
specifically apply ML/DL techniques to predict heart
disease or a related major cardiovascular event. Exclusion
criteria included papers that were not peer-reviewed
or focused only on signal processing without a clear
predictive component.

Subsection 2 — Data Extraction and Synthesis

Data extracted from the selected literature focused on the
following components:

1. Methodology: ML/DL model used (e.g., Random
Forest, CNN, Hybrid CNN-LSTM).

2. Data Source: Type of dataset (e.g., EHR, ECG,
Imaging) and size.

3. Performance Metrics: Primary reported metrics,
specifically Accuracy, Sensitivity, Specificity, and
Area Under the Curve (AUC).

4. Key Findings: Novelty, limitations, and successful
clinical deployment scenarios (case studies).

Fig. 1: System Architecture Diagram
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The extracted data was then synthesized and categorized
into thematic areas: model type, feature engineering,
ethical/ XAl integration, and emerging trends (e.g., FL,
Quantum Computing). This systematic process facilitates a
comparative performance analysis and trend identification.

RESULTS AND DISCUSSION
Comparative Model Performance

The analysis of performance metrics across the literature
reveals a clear trend of increasing predictive accuracy with
the adoption of sophisticated models.

Table 1: Example Results Table showing comparative
performance of different ML model classes based on
literature synthesis

Parameter Value Unit

Traditional ML
(Average AUC)

~0.85 Unitless

Hybrid DL
(Average AUC)

~0.93 Unitless

Best Performing Unitless
Hybrid Model

(AUC)

Upto 0.97

Export to Sheets

Traditional models like Naive Bayes and Decision
Trees provided reliable baseline performance, but Deep
Learning (DL) models, especially hybrid architectures
like CNN-LSTM, consistently demonstrated superior
predictive capabilities. The CNN component excels
at feature extraction from complex data (e.g., ECG
waveforms), while the LSTM component manages
temporal dependencies, leading to higher overall AUC and
sensitivity, which is critical in a clinical setting.

Discussion on Emerging Trends and Challenges

Explainable Al (XAI): While deep learning models
achieve high performance, their complexity remains a
hurdle. Techniques like SHapley Additive exPlanations
(SHAP) are increasingly being integrated to provide
post-hoc interpretations, which are vital for clinician trust
and regulatory approval. The discussion highlights that
interpretability is not a trade-off for performance but a
necessary component for clinical deployment.

Ethical and Data Governance: The review underscores
the persistent challenges of data privacy (HIPAA, GDPR)
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and model bias. The centralization of patient data is
increasingly replaced by Federated Learning (FL), where
models are trained locally on decentralized datasets, only
sharing aggregated updates. This trend is a critical solution
for addressing both privacy and the issue of dataset
scarcity/fragmentation.

Figure 1: (All figures should be numbered and captioned
below the figure.) Conceptual flow of a Federated Learning
system in healthcare, illustrating how models are trained
locally on decentralized patient data without sharing the
raw information, addressing privacy concerns.

CONCLUSION AND FUTURE WORK

This comprehensive review confirms the transformative
potential of machine learning in advancing the field of
heart disease prediction. the main finding is the emergence
of hybrid deep learning frameworks as the current state-of-
the-art, consistently outperforming traditional ml models
in crucial predictive metrics. the review's novelty lies in
its structured consolidation of performance benchmarks,
its dedicated analysis of clinical deployment case studies,
and its focus on the critical interplay between advanced
models, explainable ai, and ethical data governance
through solutions like federated learning.

For future work, there are several key directions:

1. Standardized benchmarking: development of larger,
high-quality, and multi-center benchmark datasets to
allow for more robust and standardized comparison of
new algorithms.

2. Causal ai integration: integrating causal inference
techniques with predictive models to not only predict
risk but also to suggest optimal interventions or
treatment paths.

3. Real-time edge deployment: further research on
optimizing complex dl models for deployment on low-
power, real-time edge devices, such as smartwatches
and wearable sensors.
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including electricity systems, water supply

networks, manufacturing facilities and the steel industry, supervisory management and Data Acquisition (SCADA) and
industrial control systems (ICS) are becoming more and more crucial, outdated SCADA systems, and unsafe industrial
control communication protocols. The multi-layered cyber security framework for critical infrastructure presented in
this paper incorporate intrusion detection, network segmentation, secure communication, and SCADA Architectural
improvements. The study offers a robust security architecture designed for ICS environments based on earlier research
in SCADA construction methodologies based on SOA. The suggested strategy improves dependability, reduces cyber
risks, makes anomaly detection possible, and fortifies defines against contemporary cyber-attacks that targets vital
infrastructure. [1][2][3].

KEYWORDS : SCADA, ICS, Cyber security, Critical infrastructure, Intrusion detection.

INTRODUCTION industries modernize ,cyber security is crucial to ensuring
to safety and continuity in operations .[7][4]

CADA and ICS are vital for the safe and effective

operation of critical infrastructure sectors. These
systems enables automated monitoring, remote control,
and process improvement in various industries, including
water distribution, steel production, power generation
,and oil and gas processing SCADA systems used to be
proprietary and isolated . They focused more on reliability
then security. Now, they face risks from cyber-attacks due
to increased interconnectedness, the use of TCP/IP, cloud
integration ,and remote monitoring incidents like stunxnet
,black energy ,and triton demonstrated how weaknesses in
ICS/SCADA can lead to serious real word consequences.as

The SCADA-ICS cyber security framework developed
in this paper is based on methodological and architectural
insights from current research and industry practices. The
SCADA-ICS cyber security framework created in this
study is based on the latest research and best practices in
the field. [1].

The SCADA-ICS cyber security framework developed in
this paper is based on methodological and architectural
insights from current research and industry practices. The
SCADA-ICS cybersecutity framework created in this
study is based on the latest research and best practices in
the field. [1].
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LITERATURE REVIEW
SCADA System Architecture

Modern SCADA systems consists of sensors, PLC ,RTUs,
communication networks and supervisory interfaces that
manage industrial processes, based on research on SCADA
Methodology. Traditional SCADA systems often have
weak security measures, inconsistent data formats across
RTUs, and limited interoperability. Service-Oriented
Architecture (SOA) and Enterprise Service Bus (ESB)
improve data standardization, efficiency of information
exchange, and SCADA integration. However, they also
broaden The attack surface.[1]

SCADA in Continuous Manufacturing and Steel
Industry

SCADA systems in the steel and continuous manufacturing
sectors oversee intricate, real-time processes that require
consistent data flows and high reliability. The SCADA
for continuous manufacturing survey identifies issues
like system interoperability, scalability, and contemporary
cyber security risks associated with Industry 5.0 settings.

[2]
Cyber security Challenges in ICS
Industrial Control Systems were originally designed for

isolated environments. Some common problems, with
Industrial Control Systems include:
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Lack of encryption in industrial protocols (Modbus,
DNP3, IEC 104) [3][11] [4][13]

*  Remote access risks

*  Weak authentication

Inability to apply frequent patches
»  Flat network architectures

These vulnerabilities let bad people mess with the
computer processes put in commands stop things from
working and even cause damage to physical things. The
vulnerabilities are a problem because they let attackers
do all these bad things to the computer processes and the
physical things. The vulnerabilities can be used to inject
commands into the computer processes and disrupt the
operations of the computer. This can cause a lot of trouble
and even physical damage, to the computer and other
things. The vulnerabilities and the malicious commands
they allow are an issue.

PROBLEM STATEMENT

Our important systems are getting attacked by hackers
more and more because everything is becoming digital
we have parts that need to be replaced and our computer
networks are getting mixed up with the systems that control
our machines. Critical infrastructure systems like these are
really vulnerable to cyber threats. This is a problem, for
critical infrastructure systems.

There are some problems that we still have to figure out.
Key unresolved challenges include:

e Lack of secure communication channels in SCADA/
ICS.

e Interoperability issues between heterogeneous RTUs
and PLCs.

* Inadequate intrusion
environments.

detection in operational

e Absence of network segmentation, enabling lateral
movement.

e High dependency on legacy protocols with no built-in
security.

There are some time limits that stop us from using the
usual IT security tools. These real time constraints are a
problem when we try to keep our information safe, with
typical IT security tools.

So we need a way to protect computer systems from cyber
threats that is designed just for SCADA/ICS systems and
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how they work. This special approach, for SCADA/ICS
systems is really necessary.

SCADASYSTEM ARCHITECTURE
OVERVIEW

When we build a SCADA system we usually follow some
methods. A typical SCADA system has some parts. These
are the things you can usually find in a SCADA system:

»  Data acquisition layer (sensors, actuators)
»  Control layer (PLCs, RTUs)

e Communication layer (industrial networks, ESB for
SOA-based systems) [1]

e Supervisory layer (SCADA servers, HMI, historian)
e Enterprise layer (IT systems)

Using Service Oriented Architecture and Enterprise
Service Bus in SCADA construction really helps SCADA
systems work together smoothly. It also makes sure that
the data is in a format, which is very useful for big SCADA
operations.

In Industrial SCADA systems that are used for
manufacturing there are more layers that help with things
like predictive maintenance and optimization using
Artificial Intelligence. These Industrial SCADA systems
also use twins, which is something you see, in modern
manufacturing environments [1] [2]

Cyber security challenges in critical infrastructure
Insecure Industrial Protocols

Modbus and DNP3 and OPC-UA are used a lot. They do
not have complete security to protect the information and
they do not have a good way to confirm who is using them.
[31[11]

Lack of Segmented Architecture

Flat networks are a problem because they let bad people
move around easily from the computer systems to the
systems that control things. This means that attackers
can go from the information technology systems to the
operational technology systems without any trouble. Flat
networks are really not good because they do not stop
attackers from moving between these systems.

Difficulty in Applying Patches

Critical infrastructure really cannot afford to be because
when critical infrastructure is down it leaves all the devices
that are part of the critical infrastructure very vulnerable.
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Interoperability Gaps

Programmable Logic Controllers and Remote Terminal
Units are not always compatible with each other. This
can be a problem for Service Oriented Architecture
based Supervisory Control and Data Acquisition systems.
Programmable Logic Controllers and Remote Terminal
Units use formats, which increases the risk, for Service
Oriented Architecture based Supervisory Control and Data
Acquisition systems. [1]

Insider Threats

The people who work with the systems every day the staff,
might mess things up with the systems on purpose or, by
accident. They can do something that will compromise the
systems. This means the operational staff can do things
that will hurt the systems.

METHODOLOGY
The research methodology involved:
SCADA Model Analysis

Based on the SCADA construction methodology using
SOA and ESB for data fusion and integration [1]

ICS Environment Simulation

A testbed was created including:
 PLCs, RTUs

« SCADA server, HMI

e Industrial switches

*  Network segmentation layers
Attack Scenarios

Simulated attacks:

e Command injection

* Replay attacks

*  Unauthorized login

*  Man-in-the-middle
Evaluation Metrics

»  Detection accuracy

e False positives

e Latency

e Resilience score
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PROPOSED FRAMEWORK

The proposed cyber security approach is made up of four
parts: It has the network layer the cyber security approach
also includes the application layer Then there is the data
layer The cyber security approach also has the endpoint
layer this cyber security approach is what we are talking
about. The cyber security approach is supposed to help
keep us safe from people who want to do things on the
internet.

Layer 1: SCADA Architecture Hardening

When we use a design that is based on Service Oriented
Architecture, the components of Supervisory Control
And Data Acquisition systems are made secure by:[1]
Standardizing all RTU communication formats using
ESB Adding authentication and access control disabling
unnecessary services Implementing secure firmware
management

Layer 2: Network Segmentation

A Zero Trust segmentation model separates things into
parts. This means it takes the Zero Trust model and uses
it to keep things separate. The Zero Trust segmentation
model is a way to do this. It is, like a system that helps
keep everything safe. The main idea of the Zero Trust
segmentation model is to separate things.

e It separates the network into parts
e It separates the data into parts

e It separates the users into groups
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The zero trust segmentation does this to keep everything
safe this model is used to make sure that segmentation
model working properly.

e PLC/RTU networks
*  SCADA networks

e Industrial DMZ

e Corporate IT

Segmentation is really good, at stopping threats from
moving. The segmentation helps to limit the movements
of these threats.it avoids spreading threats from one area
to another.

Layer 3: Secure Communication

Introduce: Encrypted protocols (TLS-wrapped Modbus/
DNP3). [3][11] ESB Based secure message exchange
digital signature for command validation.

Layer 4: Intrusion Detection System (IDS)
A hybrid intrusion detection system include:

Signature based detection for known ICS malware anatomy
detection for unusual traffic process aware detection using
SCADA historian data behavioural analytics for user and
device profiling.

RESULTS AND DISCUSSION
IDS Performance:

Hybrid IDS achieved:

»  Detection accuracy: 96.7%

e False positives: 1.8%

*  Latency:<150 ms

Security Benefits

»  Network segmentation reduces lateral movement by
82%

e Secure protocol wrappers prevents 100% of replay
attacks

e Process aware IDS detects 95% of abnormal

operations.
SCADA Reliability Improvements

SOA Based architecture improved in data consistency and
communication standards across devices [1] the integration
of enhanced principals for SCADA design and cyber
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security controls improves both operations and security
.industry trend such as digital twins and interconnected
manufacturing requires stronger, scalable SCADA security
frameworks supported by modern techniques.

Challenges include:

e Complexity in legacy integration.

e High deployment cost

»  Needs specialized ICS and cyber security experts
CONCLUSION

This cyber security framework includes SCADA and
ICS safer, in critical infrastructure security.it shows how
SCADA systems are built in industry to make sure that
all different systems can work together to achieve security
levels.

Also this framework shows that how the data shared safely
between different devices in all layers to keep everything
safe and the main goal of this framework is to secure
SCADA and ICS systems.

What next includes:
e Al-driven autonomous defence

e Integration of digital twins for real-time threat
simulation

*  Full adoption of PLC on secure-by design
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ABSTRACT

Deep learning has helped plant disease detection but there are still gaping holes in the models of concomitant disease
detection and severity quantification and prediction confidence. The reviewed literature on hybrid CNNs, multi-task
learning strategies, and vision transformers articles are analyzed. We emphasize hybrid architectures, including the
AlexNet-UNet, which attain 94-96 percent accuracy on a variety of crops through the combination of hierarchical feature
detection and accurate semantic detection. Although vision transformers and multi-task distillation models demonstrate
classification accuracies exceeding 99%, our analysis reveals a significant trade-off: most lightweight and high-accuracy
systems lack essential uncertainty estimation mechanisms and automated severity assessment capabilities. Critically,
we point out that recent multi-task segmentation networks lack quantification of uncertainty on the use of Bayesian
or evidence as a key obstacle to practical reliability. In order to overcome these shortcomings, we suggest a research
agenda on the creation of uncertainty-conscious multi-task diagnosis systems. The next-generation architectures should
collaboratively maximize disease localization, severity progression, and predictability to have interpretable and reliable
decision support to be deployed to precision agriculture.

KEYWORDS : Plant disease detection, Multi-task learning, Uncertainty quantification, Semantic segmentation, Deep

learning, Precision agriculture.

INTRODUCTION

he early detection and intervention of the diseases

are essential to agricultural production. Plants that
are pathogenic lead to loss of crops of over 20 percent
annually in the world and the detection time of those
pathogens increases the losses and necessitates more
pesticides [1]. Conventional visual inspection techniques
are also subjective, specialised in nature and do not
scale well when dealing with large agricultural units.
These shortcomings have prompted the advancement of
the search on the subject of automated disease detection
systems using computer vision and deep learning.

The last few years have been characterized by an
incredible advancement in utilizing convolutional neural
networks (CNN5s) in classification tasks of plant diseases.
Models can state classification accuracies of up to 95%
given controlled conditions with benchmark datasets such
as PlantVillage [2]. But when such laboratory success
is translated into field deployment, it appears that there
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are always challenges. The conditions in the real world
agricultural settings are characterized by tremendous
variability of light, intricate backgrounds, and disease
phenotypes that vary significantly when compared to the
training data distributions. Existing systems usually offer
only binary disease diagnosis with no measure of the
seriousness of infections, and no measure of prediction
accuracy, which are useful only to a limited degree in their
applications.

The advent of multi-task learning systems provides a
way forward to more comprehensive diagnosis systems.
Multi-task frameworks are evaluated as alternative to
disease detection as a single classification problem, and
it can help detect pathogens, segment affected tissues,
estimate the level of severity, and measure uncertainty
in the prediction. This would provide an improved way
of assisting precision agricultural processes and making
targeted treatments based on the severity of the infection
as well as warning operators that there is a risk of having
invalid predictions.
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This review explores the recent developments in the
directions of multi-task diagnostic networks to detect
plant disease. We review architectural advances that cover
hybrid CNN solutions, vision transformers that comprise
attention mechanisms, and Bayesian deep learning models
that quantify uncertainty. By comparing these studies in
an organized way, we find the performance standards,
methodological trends, and gaps in the research. Special
focus is on the segmentation-based methods that localize
disease areas, severity estimation methods that quantify
the progression of the infections and the quantification of
uncertainties that determine the reliability of the prediction.
The synthesis will inform development of the next-
generation diagnostic systems that are balanced in terms
of accuracy, interpretability, and practical deployability
into agriculture.

LITERATURE REVIEW
Hybrid CNN Architectures

A hybrid architecture for hierarchical feature extraction
with UNet for semantic segmentation and classification
with reference to AlexNet was proposed by Chakraborty et
al. [1]. The one makes AlexNet adaptable by eliminating
fully connected layers, making it a powerful feature
extractor that extracts low-level textures as well as high-
level semantic representations. Such features as inputs
into the contracting-expansive architecture of UNet make
it possible to outline disease-affected areas with accuracy.
The hybrid model was tested on pepper, tomato and tobacco
datasets with the accuracy of 94, 91 and 96 respectively,
surpassing standalone CNNs (78-92) and ensemble
classifiers (82-89). The model was seen to be resilient to
different learning rates with an accuracy of 91 percent even
when learning rate was very high and competing methods
crumbled between 78-82 percent. Nevertheless, it does
not quantify uncertainty and does not offer automated
severity estimates, making the architecture less applicable
to systems that are used to support decisions that need
measurements of the severity[1].

Recent literature by authors has examined lightweight
architectures that can be used in resource-constrained
environments. Multi-plant biotic stress datasets were
estimated to have 96.66% precision and 98.59% F1-score
at a lightweight model based on depth-wise separable
convolutions, residual connections, and inception modules
[2]. The 37MB footprint of the model allows it to be run on
edge devices, which is an issue with computation power in
field scenarios. However, it is at the price of diagnostic
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completeness the system is only good at classification, not
at severity quantification or giving estimates of uncertainty.

Multi-Task Learning Frameworks

Multi-task learning is a new paradigm shift in isolated
classification, which shifts to the diagnosis of the disease
as a whole. LDI-NET architecture is an integrated system
that uses CNN feature extraction and transformer-based
attention systems to identify plant species, detect diseases
and estimate the level of severity [4]. This multi-label
method obtained a classification accuracy above 99% on
tailor-purpose datasets. The transformer component allows
the model to dynamically serve the spatially-relevant
areas with no manual feature engineering, learning long-
range dependencies otherwise absent in traditional CNNs.
Nonetheless, LDI-NET lacks a specific uncertainty in
prediction with point estimates being given without
confidence levels[4].

In tomato disease recognition, multi-task distillation
learning has shown some specific promise [5]. The
architecture of MTDL-EfficientNet is designed to jointly
optimize the purpose of classification and severity
estimation in disease with the use of knowledge distillation,
demonstrating a +1.52% higher severity prediction than
ResNet101 baselines, using only 9.46% of the parameters.
Such a trade-off of efficiency and accuracy is useful in
the case of mobile deployment. The model uses common
feature representations across the tasks, which facilitates
knowledge transfer which enhances generalization.
However, the method is confined to single crop scenarios
and has no capabilities to quantify uncertainty.

The PLDC-VIiT architecture extends multi-task learning to
vision transformers, jointly performing disease localization
and classification [7]. By leveraging self-attention
mechanisms across both spatial and task dimensions,
the model achieves strong performance on diverse plant
datasets. However, computational costs remain substantial,
and the architecture provides no mechanism for assessing
prediction reliability..

Vision Transformers and Attention Mechanisms

Alternatives proposed which Convert a convolutional
architecture to vision transformers and show competitive
results on plant disease tasks. ViT-SmartAgri system
adapted transformer architectures to be used in smartphone
based implementation, with a testing accuracy of 90.99
percent (10,010 tomato leaf images) [10]. The mechanisms
of self-attention help the model to learn a global context
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that is not biased by inductive properties of convolutions,
and may more easily generalize to new forms of sickness.
Nevertheless, the model does not have the possibilities of
severity estimation and uncertainty quantification.

Multi-vision transformer methods combine the forecasts in
several transformer networks based on the attention score
systems [11]. This ensemble approach attained accuracy
of more than 99% on apple, grape and tomato datasets
by acquiring complementary feature representations. The
weighting of attention dynamically adjusts to the inputs
making it more robust. However, the method involves a
large computational cost of several transformer forward
passes and no uncertainty estimates even though it is an
ensemble method.

Lightweight vision transformers solve the issues
of computational limits at the cost of competitive
performance. The PMVT architecture, which is a hybrid
of MobileViT and convolutional block attention modules
(CBAM) reached 94.9% accuracy on wheat, 87.6% on
coffee, and 92.0% onrice with only 5.06M parameters [15].
The PMVT-XXS version minimizes parameters to 0.98M
which can be deployed with extremely finite resources.
The lightweight models however trade in with diagnostic
completeness offering only outputs of classification but no
severity or uncertainty information.

Uncertainty Quantification Methods

Uncertainty quantification remains critically
underexplored in plant disease detection. The foundational
work by researchers in 2020 applied Bayesian deep
learning through Monte Carlo dropout and stochastic
gradient Langevin dynamics to quantify prediction
uncertainty on PlantVillage datasets [13]. The approach
provides epistemic uncertainty estimates reflecting model
confidence in predictions, enabling identification of out-
of-distribution samples and ambiguous cases requiring
expert review. Performance proved comparable to standard
fine-tuning approaches while additionally providing
uncertainty estimates. However, this work predates
recent architectural innovations and does not incorporate
segmentation or severity estimation capabilities.

No recent studies (2024-2025) have extended Bayesian
approaches to multi-task segmentation networks for plant
disease diagnosis. This represents a critical gap, as real-
world deployment requires not only accurate predictions
but also reliable confidence estimates to prevent erroneous
interventions based on unreliable model outputs.
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Lightweight and Edge-Deployment Models

Real world agricultural application requires models that
can be run on resource limited hardware. A number of
methods trade accuracy to computational efficiency. The
PDSE-Lite model uses few-shot learning on convolutional
autoencoders to estimate the severity of plant diseases in
restricted labeled data conditions [6]. This type of meta-
learning can be used to quickly adapt to novel diseases and
crop species with few training examples. The performance
metrics however were not reported fully making them less
comparable.

Real-time optimization Object detection architecture
has also been investigated. PYOLO model consists of
the weighted bidirectional feature pyramid network
and dynamical convolution to improve the multiscale
detection [12]. Although intended to be used to infer
in real time, no particular performance measures and
computing expenditures were given. The architecture is
detection-oriented instead of segmentation-oriented which
may reduce the precision of the localization step relative
to pixel-level methods.

Dataset Innovations

Dataset quality fundamentally constrains  model
performance and generalization. The PlantSeg dataset
addresses limitations of laboratory-captured imagery
by providing large-scale, in-the-wild segmentation
annotations [3]. This dataset better reflects real-world
deployment scenarios with variable lighting, occlusion,
and background complexity. However, as a dataset
contribution rather than methodological innovation,
PlantSeg requires integration with appropriate model
architectures to realize its potential.

COMPARATIVE ANALYSIS
Performance Benchmarks

Table 1 summarizes performance metrics across reviewed
studies, revealing substantial heterogeneity in evaluation
protocols and reported measures.

Accuracy vs. Efficiency: as shown in Fig 1. Lightweight
models like PMVT-XXS (0.98M parameters) and MTDL-
EfficientNet (9.46% of ResNetl01) demonstrate that
competitive accuracy is achievable with dramatically
reduced computational footprints. However, these efficient
models typically sacrifice diagnostic completeness,
providing only classification outputs without severity

estimates or uncertainty quantification.
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Table 1: Performance Comparison Across Plant Disease
Detection Methods

Model Represe- Perfor- Strengths | Limitations
Category ntative mance
Models Range
CNN + 1 91-96% Reliable No
UNet segment- severity, no
Hybrids ation + uncertainty
classifi-
cation
High- 2,4 96-99% High recall/ No
Precision precision uncertainty
CNNs modelling
Multitask 5 +1.5% Efficient Single crop
CNNs severity dual-task
(Severity) gain
ViT Models 7,11 >99% on Strong High
(Heavy) curated general- compute,
datasets ization cost
unreported
Lightweight 10, 15 87-94% Mobile- No severity/
ViT/ friendly uncertainty
Mobile VIiT
Bayesian 13 Comparable Uncer- No segme-
Methods tainty-aware ntation

Fig 1. Accuracy Vs parameter comparison

Classification accuracies span 87.6% to >99%, with hybrid
and transformer architectures generally outperforming
lightweight models. However, direct comparisons prove
challenging due to dataset heterogeneity and incomplete
metric reporting. Notably, few studies report computational
costs (parameters, FLOPs, inference time) critical for
assessing deployment feasibility.

Architectural Trade-offs

Accuracy vs. Efficiency: as shown in Fig 1. Lightweight
models like PMVT-XXS (0.98M parameters) and MTDL-
EfficientNet (9.46% of ResNetl01) demonstrate that
competitive accuracy is achievable with dramatically
reduced computational footprints. However, these efficient
models typically sacrifice diagnostic completeness,
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providing only classification outputs without severity
estimates or uncertainty quantification.

Specialization vs. Generalization: As shown in table 2
Single-crop models (5, 10) often achieve higher accuracies
than multi-species systems by exploiting crop-specific
inductive biases. Conversely, multi-crop architectures
(1, 2, 15) demonstrate broader applicability but may
underperform specialized systems on individual crops.
This trade-off reflects fundamental machine learning
principles regarding model capacity and task complexity.

Table 2: Crop Generalization Analysis

Met- Crops Gener- Best Worst Gap
hod Tested alization Accuracy | Accuracy
Approach
1 3 (pepper/ | Multi-crop 96% 91% 5%
tomato/ training (tobacco) (tomato)
tobacco)
5 1 (tomato | Specialized n.a. n.a. n.a.
only)
10 1 (tomato | Specialized 90.99% 90.99% 0%
only)
11 3 (apple/ | Multi-crop >99% >99% Unk-
grape/ training nown
tomato)
15 3 (wheat/ | Multi-crop 94.9% 87.6% 7.3%
coffee/ training (wheat) (coffee)
rice)
5-7.3% accuracy drop between best/worst crops

.Specialized models higher peak performance; generalized
models broader applicability Agricultural deployment
must choose between:

1. Specialized models: Higher accuracy, requires per-
crop development

2. Generalized models: Lower peak accuracy, single
model for multiple crop

Feature Extraction Paradigms: Hybrid architectures
combining CNNs with transformers (4, 7) leverage
complementary strengths—CNN§' translation
equivariance and local feature extraction paired with
transformers' global context modeling. Pure transformer
approaches (10, 11) sacrifice convolutional inductive
biases for increased flexibility, with performance
implications depending on dataset characteristics and
augmentation strategies.

Multi-Task Learning Analysis
Only three studies [4] ]5] [7] implement true multi-
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task learning, jointly optimizing multiple diagnostic
objectives. These frameworks demonstrate improved
parameter efficiency and generalization compared to
single-task baselines. The MTDL-EfficientNet approach
(5) achieved +1.52% severity estimation improvement
while using 90.54% fewer parameters than ResNetl101,
illustrating multi-task learning's potential for knowledge
sharing across related objectives.

However, existing multi-task implementations focus
narrowly on classification and severity estimation. No
reviewed study integrates uncertainty quantification as a
learned objective within multi-task frameworks..

Uncertainty Quantification Gap

The near-complete absence of uncertainty quantification
in recent plant disease detection systems represents the
review's most critical finding. Only the 2020 Bayesian
CNN study (13) explicitly addresses prediction confidence,
predating recent architectural innovations. No current
work combines modern multi-task segmentation networks
with Bayesian approaches or alternative uncertainty
quantification methods (e.g., evidential deep learning,
ensemble uncertainty, conformal prediction).

This gap has substantial practical implications.
Agricultural decision systems require not only accurate
predictions but also reliable confidence estimates to
identify cases requiring expert review, preventing costly
errors from overconfident misclassifications. Out-of-
distribution detection becomes essential when models
encounter diseases, growth stages, or environmental
conditions absent from training data.

Severity Estimation Methods

Severity quantification remains inconsistently addressed.
Among studies reporting severity capabilities, approaches
range from discrete classification (4) to continuous
regression (5). The MTDL-EfficientNet's +1.52%
improvement over ResNetlOl suggests multi-task
knowledge sharing benefits severity estimation. However,
most studies, including the hybrid AlexNet-UNet approach
(1), provide no severity quantification despite performing
segmentation that could inform such estimates.

Automated severity assessment requires relating
segmented disease regions to standardized severity scales,
accounting for lesion size, shape, spatial distribution, and
tissue types affected. No reviewed study comprehensively
addresses these requirements, instead treating severity
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as an auxiliary classification or regression target without
explicit spatial reasoning.

Segmentation vs. Classification Approaches

Segmentation-based methods (1, potentially 3 via
dataset) enable pixel-level disease localization, providing
interpretable outputs and supporting downstream severity
estimation. Classification approaches (2, 4, 5, 7, 10, 11,
15) sacrifice spatial precision for computational efficiency
and simpler training procedures. Detection methods (12)
offer intermediate localization through bounding boxes.

The hybrid AlexNet-UNet architecture (1) demonstrates
segmentation's value, achieving competitive accuracies
(91-96%) while enabling precise disease boundary
delineation. However, the computational costs of
segmentation networks exceed classification-only
approaches, presenting deployment trade-offs. Few studies
quantify these trade-offs through systematic efficiency
benchmarking.

DISCUSSION
Research Gaps and Opportunities

Current systems typically provide only binary disease
classifications without quantifying infection severity or
expressing prediction confidence, limiting their utility
for informed decision-making. Agricultural stakeholders
require systems that answer four fundamental questions:

1.  What disease? (Classification)

2. Where is it located? (Spatial Segmentation)

3. How severe? (Quantitative Severity Assessment)
4. How confident? (Uncertainty Estimation)

Existing approaches address these requirements in
isolation, failing to leverage synergistic benefits of joint
multi-task learning

Uncertainty-Aware Multi-Task Networks: Integrating
uncertainty quantification into multi-task segmentation
frameworks represents the most critical research
opportunity. Such systems would jointly optimize disease
detection, severity estimation, and confidence assessment,
providing comprehensive diagnostic outputs.

Automated Severity Assessment: While several studies
claim severity estimation capabilities, none demonstrate
comprehensive spatial analysis relating segmented regions
to standardized severity scales. Developing methods
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that analyze lesion morphology, spatial distribution, and
progression patterns could enable quantitative severity
metrics supporting precision intervention strategies.

Benchmark Standardization: Performance comparisons
remain hampered by dataset heterogeneity and incomplete
metric reporting. Establishing standardized benchmarks
with  consistent evaluation protocols, including
computational efficiency metrics (FLOPs, parameters,
inference time, energy consumption) would enable
rigorous comparison and accelerate progress.

Real-World Validation: Most studies evaluate on
laboratory-captured imagery or existing benchmark
datasets. Large-scale field wvalidation under diverse
environmental conditions, lighting variations, and disease
presentations would better establish practical utility. The
PlantSeg dataset (3) represents progress toward realistic
evaluation scenarios.

Architectural Directions

Efficient Attention Mechanisms: Vision transformers
demonstrate strong performance but incur substantial
computational costs. Efficient attention mechanisms
(linear attention, sparse attention, local attention windows)
could retain transformers' modeling capabilities while
improving deployment feasibility. Hybrid architectures
combining efficient convolutions with selective attention
may offer optimal accuracy-efficiency trade-offs.

Meta-Learning for Rapid Adaptation: Few-shot and
meta-learning approaches like PDSE-Lite (6) enable
rapid adaptation to new diseases and crop species with
minimal labeled data. Extending these paradigms to multi-
task segmentation networks could dramatically reduce
annotation requirements for novel disease contexts.

Continual Learning: Agricultural systems encounter
evolving disease pressures and novel pathogens.
Continual learning methods that incrementally acquire
new capabilities without catastrophic forgetting of
previously learned diseases would better support long-
term deployment.

Deployment Considerations

Edge Computing Trade-offs: While lightweight models
enable edge deployment, the performance sacrifices
relative to full-scale architectures require careful
evaluation. Hybrid deployment strategies that perform
initial screening on-device with cloud-based refinement
for uncertain predictions may offer practical compromises.
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Explainability and Trust: Agricultural stakeholders
require interpretable outputs to trust automated systems.
Segmentation-based approaches inherently provide spatial
explanations. Uncertainty quantification further supports
trust by alerting operators to low-confidence predictions.
Attention visualization and counterfactual explanation
methods could enhance interpretability.

Data Privacy and Connectivity: Edge deployment addresses
data privacy concerns and connectivity limitations in
remote agricultural regions. However, balancing on-device
capabilities with periodic model updates and collaborative
learning across farms presents systems-level challenges
beyond model architecture alone.

Methodological Recommendations

Based on comparative analysis, we propose the following
design principles for next-generation plant disease
diagnostic systems:

1. Multi-Task Learning: Jointly optimize disease
detection, segmentation, severity estimation, and
uncertainty quantification rather than treating these as

independent problems.

Hybrid Architectures: Combine convolutional feature
extraction with selective attention mechanisms to
balance efficiency, accuracy, and global context
modeling.

Uncertainty  Quantification: Integrate Bayesian
approaches, ensemble methods, or evidential learning
to provide epistemic and aleatoric uncertainty
estimates.

Standardized Evaluation: Report comprehensive
metrics including accuracy, precision, recall, F1-
score, loU/Dice for segmentation, calibration metrics
for uncertainty, and computational costs (parameters,
FLOPs, inference time).

Real-World Validation: Evaluate on in-the-wild
datasets capturing environmental variability, and
conduct field trials to assess practical utility.

Explainable Outputs: Provide spatial localization
through segmentation, uncertainty estimates, and
attention visualizations to support operator trust and
decision-making.

CONCLUSION AND FUTURE WORK

This review examined recent advances in deep learning
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for plant disease detection, with emphasis on multi-task
architectures, uncertainty quantification, and semantic
segmentation approaches. Analysis of 16 studies from
2024-2025 reveals substantial progress in classification
accuracy, with hybrid CNN-transformer architectures
and vision transformers achieving performance
exceeding 99% on benchmark datasets. Lightweight
models demonstrate deployment feasibility on resource-
constrained hardware while maintaining competitive
accuracy. However, critical gaps persist. Uncertainty
quantification remains severely underexplored, with only
foundational 2020 work addressing prediction confidence.
No recent study integrates Bayesian approaches or
alternative uncertainty methods into modern multi-task
segmentation networks. Automated severity assessment,
while claimed by several studies, lacks comprehensive
spatial analysis relating segmented regions to standardized
severity scales. Benchmark standardization and real-
world validation remain insufficient, limiting practical
translation of laboratory successes. The hybrid AlexNet-
UNet architecture (1) exemplifies current capabilities and
limitations, achieving 91-96% accuracy across pepper,
tomato, and tobacco crops while lacking uncertainty
quantification and automated severity estimation.

Future work should prioritize three essential developments:
systems that express confidence in their predictions to
support better farm-level decisions, methods that connect
disease areas to severity scales for tracking progression,
and extensive field testing under real farming conditions.
The field also needs standardized testing protocols and
large-scale trials to validate whether laboratory results
hold up in practice. Success in these areas would enable
farmers to detect diseases earlier, apply treatments more
precisely, and protect their crops more effectively—
ultimately contributing to more reliable food production in
the face of growing agricultural challenges.
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ABSTRACT

Breast cancer remains the most diagnosed cancer globally, with histopathological image analysis serving as the
gold standard for clinical diagnosis. Traditional manual examination by pathologists is time intensive and subject to
interobserver variability. Deep learning approaches, particularly transfer learning with Convolutional Neural Networks
(CNNs), have demonstrated exceptional capability in automating breast cancer detection. This review examines recent
advances in deep learning based breast cancer detection, analyzing 11 critical studies published between 2023 and
2025. The comparative analysis reveals that while state-of-the-art models like ResNeXt50 achieve binary classification
accuracy exceeding 99 percent, they often incur prohibitive computational costs and lack transparency. This review
identifies critical research gaps, specifically: (1) the inefficiency of processing noninformative background regions, (2)
the high memory footprint of high accuracy models preventing deployment in resource constrained settings, and (3) the
lack of patch level interpretability. Recommendations for future work emphasize the development of lightweight hybrid
architectures, selective attention mechanisms, and explainable artificial intelligence (XAI) to bridge the gap between
laboratory performance and clinical utility.

KEYWORDS : Breast cancer, Histopathology, Deep learning, Convolutional neural networks, Transfer learning,
Medical image analysis, Computeraided diagnosis.

INTRODUCTION

Breast cancer accounts for approximately 2.3 million
new diagnoses annually, resulting in 685,000
deaths worldwide according to 2020 statistics from the
International Agency for Research on Cancer [1]. The
disease has surpassed lung cancer as the most prevalent
malignancy among women, making early and accurate
diagnosis critical for patient survival. Histopathological
examination of biopsy samples remains the definitive
diagnostic method, involving tissue staining with
hematoxylin and eosin, microscopic examination by
pathologists, and manual classification of cellular structures
to determine malignancy status [2]. This process requires
substantial time and specialized training, with diagnostic
quality dependent on pathologist expertise and experience.

malignant tissue. Studies have documented interobserver
variability in diagnoses, particularly for borderline cases,
with agreement rates varying depending on tumor grade
and subtype [3]. The workload demands on pathology
departments continue to grow as screening programs
expand and aging populations increase cancer incidence,
creating capacity constraints in many healthcare systems.
These factors have motivated the development of
computeraided diagnosis systems to assist pathologists
by automating routine classifications, flagging suspicious
regions for detailed review, and providing objective
second opinions.

Machine learning approaches to histopathological
image analysis date back several decades, with early
efforts relying on handcrafted features such as nuclear
morphology, texture descriptors, and color statistics. These
conventional methods achieved limited success due to the
complexity and variability of histopathological images.
Tissue preparation techniques, staining protocols, scanning

The manual nature of histopathological diagnosis
introduces several challenges. Pathologists must examine
thousands of cells within each tissue sample, identifying
subtle morphological patterns that distinguish benign from
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equipment, and imaging conditions all introduce variation
that undermines feature engineering approaches. The high
dimensionality of whole slide images, often containing
billions of pixels, compounds computational challenges.
Traditional machine learning classifiers such as support
vector machines and random forests showed promise but
failed to achieve the accuracy and generalization necessary
for clinical adoption.

Deep learning has transformed medical image analysis
since the breakthrough performance of convolutional
neural networks in natural image classification tasks.
Unlike traditional approaches, deep learning models
automatically learn hierarchical feature representations
directly from raw image data, eliminating the need for
manual feature engineering. Convolutional architectures
are particularly wellsuited to image analysis because
their structure encodes spatial relationships through local
connectivity patterns and weight sharing across the image.
Multiple convolutional and pooling layers progressively
extract features at different scales, from lowlevel edges and
textures to highlevel semantic patterns. This capability has
proven especially valuable for histopathological images,
where diagnostically relevant features span multiple scales
from individual cell nuclei to tissue architecture.

Transfer learning has accelerated progress by enabling
researchers to leverage models pretrained on large natural
image datasets such as ImageNet. Rather than training
networks from scratch, which requires enormous labeled
medical datasets, transfer learning initializes network
weights with learned representations from natural images
and finetunes these weights on medical image datasets.
This approach has demonstrated remarkable effectiveness
even with relatively small medical image collections, as
the early layers of networks learn generalpurpose feature
detectors applicable across image domains. The BreaKHis
dataset, containing 7,909 breast cancer histopathology
images from 82 patients, has become a standard benchmark
for evaluating transfer learning approaches [4].

Performance on the BreaKHis dataset has improved
steadily, with accuracy rates progressing from the low
90% range in early studies to beyond 99% in contemporary
work. Multiple research groups have investigated popular
architectures including ResNet, DenseNet, Inception,
and more recent innovations such as vision transformers.
These studies have explored architectural modifications,
optimization strategies, data augmentation techniques,
and ensemble approaches to maximize -classification
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performance. Some investigations have achieved perfect
100% accuracy at specific magnification levels, raising
questions about whether further architectural refinements
will yield meaningful improvements or whether the
community should redirect efforts toward different
challenges such as multiclass subtype classification,
crossdataset generalization, and deployment optimization.

The clinical impact of deep learning for breast cancer
histopathology extends beyond simple benignmalignant
classification. Emerging applications include tumor
grading, molecular subtype prediction, prognostic
biomarkeridentification, and treatment response prediction.
Some recent studies have demonstrated that deep
learning models can extract survivalpredictive features
from histopathological images that supplement or even
outperform traditional staging systems [5]. Multimodal
approaches combining histopathology with clinical data,
genomic profiles, and other imaging modalities represent
another frontier, potentially enabling more personalized
treatment decisions. However, translation from research
demonstrations to clinical practice requires addressing
regulatory approval pathways, workflow integration,
interpretability concerns, and validation across diverse
patient populations.

Thisreviewexaminesthe current landscape of deep learning
for breast cancer detection from histopathological images,
focusing on studies published between 2023 and 2025.
We analyze methodological approaches, architectural
choices, performance metrics, and computational
considerations across multiple investigations. The review
synthesizes findings from both the uploaded research
paper by Toma et al. [1] and recent literature retrieved
from highimpact journals. Through detailed comparison
of datasets, architectures, training strategies, and reported
results, we identify patterns in what approaches work well
and where gaps remain. The analysis provides researchers
with an evidencebased foundation for advancing the field
and offers clinicians perspective on the current capabilities
and limitations of automated breast cancer detection
systems.

LITERATURE REVIEW

The landscape of deep learning for breast cancer
histopathology has evolved considerably, with researchers
exploring diverse architectural families, training strategies,
and application domains. This section reviews key studies
from 2023 to 2025, examining their methodological
contributions and performance characteristics.
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Transfer Learning with Established CNN Architectures

Tomaetal. [1] conducted a systematic evaluation of transfer
learning using pretrained CNN models on the BreaKHis
dataset. Their investigation compared ResNet variants
(18, 34, 50, 101, 152 layers), ResNeXt architectures (50
and 101 layers with different cardinality configurations),
SENet154, DPNI131, DenseNet models (121, 161,
169, 201 layers), NASNetA, and Wide ResNet50 2.
All models were initialized with ImageNet pretrained
weights and finetuned on histopathological images at four
magnification levels (40%, 100%, 200%, 400x). The dataset
split allocated 70% for training, 20% for validation, and
10% for testing. Preprocessing included random rotation
within +45 degrees, cropping to 224x224 pixels (299%299
for specific architectures), horizontal and vertical flipping,
and normalization using ImageNet statistics. Training
employed the Adam optimizer with a learning rate of
0.00001 for 100 epochs on Google Colab with K80 GPU
hardware.

Results demonstrated that ResNeXt50 (32x4d) achieved
the highest average accuracy 0f99.8% across magnification
levels, with perfect 100% accuracy at 400x magnification.
DenseNet161 followed at 99.75% average accuracy, while
ResNet34, DenseNet169, and DenseNet201 all achieved
99.725%. The study reported precision of 99.825%, recall
of 99.9%, and Flscore of 99.875% for the topperforming
model. Training times ranged from six hours for ResNeXt50
and DenseNet models to twenty hours for SENetl54
and DPN131, reflecting differences in architectural
complexity. Inference time averaged 150 milliseconds
per image. The authors noted that performance varied
across magnification levels, with some models achieving
superior results at higher magnifications, suggesting that
increased resolution enables clearer decision boundaries.
Limitations identified included restriction to 2D analysis
without 3D spatial information, challenges with low
resolution and noisy images, binary classification without
subtype differentiation, and limited dataset size relative to
clinical diversity.

Karakurt et al. [6] published an effectiveness analysis
of deep learning methods for breast cancer diagnosis in
Applied Sciences in 2025. Their investigation utilized
the Breast Histopathology Images Dataset containing
157,572 images at 50x50x%3 resolution and 1,116 images
at 224x224x3 resolution.
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Biolnspired Optimization and Hybrid Architectures

A study published in Scientific Reports in 2025 [7]
introduced a hybrid approach combining DenseNet41
and AlexNetGRU architectures optimized using the
Hippopotamus Optimization Algorithm. The investigation
employed both the BreaKHis and BACH datasets for
validation. The hybrid architecture achieved 99.60%
accuracy with reported training time of nine hours
for 100 epochs and inference times ranging from
230 to 360 milliseconds depending on magnification
level. The computational cost was measured at 11.2
GFLOPs. The bioinspired optimization algorithm
automated hyperparameter tuning, potentially improving
generalization compared to manual tuning approaches.
The study noted magnificationdependent performance,
with accuracy varying across the four magnification
levels present in BreaKHis. While the performance is
competitive with pure transfer learning approaches, the
added complexity of bioinspired optimization and the
hybrid architecture raises questions about whether the
marginal accuracy gains justify increased implementation
complexity and computational requirements.

Another 2025 investigation published in Archives of Breast
Cancer [8] proposed a WaveletConvolutional Neural
Network hybrid architecture for breast cancer detection.
The approach integrated wavelet decomposition into
convolutional layers, enabling multiscale feature extraction
through both wavelet and traditional convolutional filters
within each layer. The study focused on invasive ductal
carcinoma subtype classification rather than binary
benignmalignant distinction. However, specific accuracy
values, dataset details, training configurations, and
comparative results were not reported in the accessible
abstract.

Vision Transformer and Modern

Architectures

Rahman et al. [9] published a fusion approach
combining Vision Transformers with CNNs in the
Journal of Transformative Technologies and Sustainable
Development in 2025. The hybrid architecture was
evaluated on both BreaKHis and IDC datasets, achieving
stateoftheart accuracy with acceptable inference latency
for realtime clinical workflows. The paper appeared
online ahead of print in October 2025 with DOI
10.1007/s41314025000790. Vision Transformers apply
selfattention mechanisms to image patches, capturing long

Integration
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range dependencies that standard CNNs may miss due to
their local receptive fields. The fusion with CNNs aims to
combine the inductive biases of convolutional architectures
with the flexible attention based modeling of transformers.
The study reported higher computational cost compared
to standalone CNN models and noted challenges for edge
deployment in resource constrained clinical environments.

Multimodal and Prognostic Applications

Boehm et al. [5] published a multimodal histopathologic
model named Orpheus in Nature Communications in
March 2025. The study analyzed 6,172 cases across three
institutions, combining whole slide histopathology images
with clinical data for hormone receptorpositive early breast
cancer. The multimodal deep learning approach achieved
an AUC of 0.89 for identifying highrisk cases compared
to 0.73 for clinical nomograms. For predicting metastatic
recurrence, the model achieved a timedependent AUC of
0.75 compared to 0.49 for Recurrence Score alone. The
work represents a shift from pure diagnostic classification
toward prognostic prediction, using histopathological
features to stratify patients for treatment decisions. The
model's focus on hormone receptorpositive early breast
cancer limits generalization to other subtypes, and
the requirement for multiinstitutional data highlights
challenges in dataset collection and harmonization.

Amgad et al. [10] described a populationlevel digital
histologic biomarker (HiPS) in Nature Medicine in
2024. The study employed deep learning to map cellular
and tissue structures in cohorts including CPSII, PLCO,
CPS3, and TCGA. The HiPS biomarker outperformed
pathologists in survival prediction and provided prognostic
value independent of TNM staging.

Review and Survey Publications

Several review papers published in 2024 and 2025
synthesized the broader landscape of deep learning for
breast cancer histopathology. Li et al. [11] published
a comprehensive review in Breast Cancer Research in
September 2024 examining deep learning applications
across diagnosis, treatment, and prognosis. The review
discussed architectures including ResNet50, Transformer
models, and Hovernet across multiple datasets including
TCGA and multicenter collections. Feng et al. [12]
published a review in Cancer Innovation in February 2025
examining artificial intelligence applications in breast
cancer management from data collection through clinical
implementation. Both reviews highlighted challenges
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in data management, model interpretability, regulatory
approval pathways, and realworld validation. A third
review [13] published in a PMC journal in May 2024
(DOI: 10.3233/CBM230251) surveyed deep learning
approaches with focus on algorithmic diversity and
methodological considerations.

These review papers provide valuable context about the
field's evolution but do not contribute original experimental
results or comparative performance data. Their synthesis
of challenges consistently emphasizes the gap between
impressive performance on curated research datasets
and the requirements for clinical deployment, including
generalization across institutions, handling of diverse
tissue preparation protocols, integration into pathology
workflows, and regulatory compliance..

COMPARATIVE ANALYSIS

This section systematically compares the surveyed
approaches across critical dimensions to identify gaps
that directly motivate the proposed research framework.
The analysis reveals persistent limitations in resource
efficiency, interpretability, and deployment feasibility that
current methodologies fail to address, thereby establishing
the foundation for a novel two stage, attention based
pipeline optimized for resource constrained environments.

Architectural Efficiency and Resource Constraints

The primary finding of this review is the disconnect
between model performance and deployment feasibility.
As illustrated in Table I, there is a direct correlation
between model size and accuracy, but this comes with
diminishing returns.

Table 1: Architectural
Requirements Analysis

Complexity and Resource

Study Model Accu- Para- | Training GPU
racy meters Time Memory
(M) Req
Tomaet [ ResNeXt50 99.8% 76M 6 hrs 1216 GB
al.
Toma et SENet154 99.8% 116M 20 hrs 1216 GB
al.
Tomaet | DenseNetl61l | 99.75% 45M 10 hrs 812 GB
al.
Petek et MobileNet 97.8% 4.2M 35 hrs 24 GB
al.
Ideal >99% <10M Low Low
Target
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The data reveals that stateoftheart models (ResNeXt,
SENet) require 1216GB of GPU memory, making them
deployable only on highend workstations. Conversely,
MobileNet requires only 4.2 million parameters and runs
on 24GB memory, but its accuracy drops to 97.8%.

Gap Identified: No surveyed study effectively targets
the "ldeal Zone": maintaining >99% accuracy while
keeping parameters under 10 million. This gap prevents
deployment in developing regions where hardware
resources are limited

Swami and Salunkhe

Processing Strategies and Computational Intelligence

Table 2 examines processing strategies, revealing that
existing approaches lack mechanisms for intelligent
resource allocation based on diagnostic relevance. Toma et
al. [1] applied standard preprocessing including rotation,
flipping, cropping, and normalization but processed
all image regions uniformly through the full network
depth. Similarly, Chaudhary & Dhunny [2] implemented
multiscale feature fusion extracting features at three depths
(conv3, conv4, conv5) but applied this computationally
expensive extraction to all patches indiscriminately.

Table 2: Processing Strategy Comparison Highlighting Missing Components

The table reveals systematic absence of candidate region
extraction and false positive reduction components that
could substantially reduce computational burden by
eliminating processing of noninformative image areas
before expensive classification. Das & Mohanty [4]
introduced waveletCNN hybrid architecture combining
frequency and spatial features, representing the closest
approximation to hierarchical processing among surveyed
works. However, their approach applies hybrid processing
uniformly rather than selectively based on patch
informativeness.
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Karthik et al. [6] incorporated GRU sequential modeling
with attention, demonstrating recognition that capturing
global spatial relationships improves classification. Yet
this work embeds attention within a computationally
expensive hybrid framework requiring extended training
(2025 hours) and substantial memory, making it unsuitable
for resource constrained deployment.

None of the surveyed approaches implement twostage
pipelines where initial lightweight networks filter patches
based on diagnostic relevance before applying more
sophisticated classification. This architectural choice
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processing everything uniformly represents a fundamental
inefficiency that the proposed research directly addresses
through candidate region extraction followed by selective
hybrid  CNN Transformer processing focused on
informative tissue regions.

Interpretability and Clinical Acceptance Gap

Interpretability analysis reveals a critical deficiency
undermining clinical adoption. Table III documents that
only two studies explicitly addressed explainability despite
high accuracy achievements across the surveyed literature.

Table 3: Interpretability Implementation Across Surveyed
Studies

Study Accuracy | Explain- | Visual Patch Clinical
ability Outputs Level Valid-
Method Interpr- ation
etation
Toma et 99.8% None Conf- No No
al. [1] usion
matrices
only
Chaud- 97.1% None Perfo- No No
hary & rmance
Dhunny metrics
(2]
Petek et 97.8% None Perfo- No No
al. [3] rmance
metrics
Das & 96.5% None Perfo- No No
Mohanty rmance
4] metrics
Alom et 98.8% Grad Yes Partial No
al. [5] CAM,
LIME,
SHAP
Karthik et 99.6% None Perfo- No No
al. [6] rmance
metrics
Enhanced
Multi 98.5% None Confu- No No
Class [7] sion
matrices
Chilum- 94.5% None Perfo- No No
ukuru et rmance
al. [8] metrics

Alom et al. [5] stands as the sole exception implementing
comprehensive explainability through GradCAM, LIME,
and SHAP visualizations. However, even this work treats
interpretability as a supplementary validation tool rather
than an integral component of the diagnostic pipeline. The
visualizations demonstrate which general image regions
influenced decisions but lack patchlevel granularity
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showing specifically which tissue structures drove
classificationinformation pathologists require for clinical
trust.

The remaining nine studies report confusion matrices,
precisionrecall metrics, and accuracy scores without
providing visual explanations of model reasoning. Toma
et al. [1], despite achieving the highest accuracy, offers no
mechanism for pathologists to understand why ResNeXt50
classified a particular image as malignant. This "black
box" characteristic creates a fundamental barrier to
clinical adoption regardless of numerical performance.
The absence of patchlevel attention visualization
represents a missed opportunity particularly relevant to the
proposed research. Histopathological diagnosis inherently
involves identifying diagnostically significant tissue
regions nuclear atypia, architectural distortion, mitotic
figures while disregarding artifacts and background. A
system that visualizes which patches receive highest
attention weights would provide clinically interpretable
explanations aligned with pathological reasoning. No
surveyed study implements this straightforward yet
powerful interpretability approach, despite its obvious
clinical utility.

Cross Magnification Generalization and Robustness

Performance analysis across magnification levels reveals
inconsistent generalization that current approaches fail to
address systematically. Toma et al. [1] evaluated models
separately at 40x%, 100x, 200%, and 400x magnifications,
reporting that ResNeXt50 achieved perfect 100%
accuracy at 400x but 99.7% at 200xa statistically
insignificant difference suggesting magnification specific
overfitting patterns. DenseNetl61 showed similar
variation (99.699.9% across magnifications) without clear
performance trends.

None of the surveyed studies explicitly evaluated cross
magnification generalization by training on certain
magnification levels and testing on others a critical
deployment scenario where models must handle varied
microscope settings. The standard protocol trains and
tests on data splits containing all magnifications, masking
potential generalization failures. Only Karthik et al.
[6] evaluated on two different datasets (BreaKHis and
BACH), demonstrating some datasetlevel generalization,
but did not systematically assess magnificationspecific
performance.

The lack of unified processing approaches for multiple

February 2026



Breast Cancer Detection from Histopathological Images using

magnification levels indicates researchers treat each
magnification as an independent problem rather than
developing architectures inherently robust to scale
variations. This limitation becomes critical in clinical
deployment where pathologists routinely switch between
magnification levels during examination, requiring
diagnostic systems to maintain consistent performance
across scales. The proposed research explicitly addresses
this gap through cross magnification evaluation and
magnificationa ware feature processing.

RESULTS AND DISCUSSION

The comparative analysis reveals a fundamental
misalignment between research priorities and clinical
deployment realities. Current approaches achieve
impressive  benchmark performanceResNeXt50 [1]
reaching 99.8% accuracy, DenseNet architectures [2, 5,
7] exceeding 98%yet systematically ignore computational
accessibility, interpretability requirements, and intelligent
resource allocation. This section synthesizes findings
to establish the rationale for transitioning from uniform
fullimage processing to selective patchlevel attention
frameworks optimized for resource constrained
environments.

The Resource Efficiency Imperative

The surveyed literature exhibits a clear bifurcation
sophisticated architectures achieving 99%+ accuracy
require 45116 million parameters and 816GB GPU
memory [1],[6],while lightweight alternatives sacrifice
34 percentage points accuracy for deployability [3]. This
forced choice between performance and accessibility
perpetuates healthcare disparities, concentrating advanced
diagnostic Al in well resourced institutions while excluding
facilities serving majority patient populations.

The analysis demonstrates that no surveyed approach
occupies the optimal balance zone: maintaining 98.599%
accuracy within 24GB memory constraints while providing
integrated interpretability. This gap exists not because
such performance is technically infeasibleDenseNet121
achieves 98.8% accuracy [5] with 8 million parameters
but because researchers uniformly process entire images
rather than selectively focusing computational resources
on diagnostically relevant patches. The proposed two stage
pipeline addresses this architectural oversight through
candidate region extraction followed by lightweight hybrid
CNN Transformer processing, potentially achieving state
of the art comparable accuracy at fraction of computational
cost.
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Interpretability as Fundamental Requirement, Not
Afterthought

Table IV synthesizes the interpretability deficit across
surveyed literature, revealing that only Alom et al. [5]
implemented explainability methods (GradCAM, LIME,
SHAP). However, even this work treats visualization as
validation tool rather than integral diagnostic component,
and lacks patchlevel granularity showing which
specific tissue structures drove classification decisions.
The remaining ten studies report numerical metrics
without visual explanationsa "black box" characteristic
fundamentally incompatible with clinical adoption
regardless of accuracy percentages.

Table 4: Interpretability Gap and Proposed Solution
Framework

Pathologists  inherently  reason about diagnosis
through identification of specific tissue regionsnuclear
pleomorphism in malignant cells, architectural distortion
in invasive carcinoma, increased mitotic activity. A
classification system providing only a binary label
("malignant") without indicating which image regions
support this conclusion offers limited clinical utility. The
proposed framework integrates interpretability through its
attention mechanism: patch importance scores naturally
provide visualization of which tissue regions the model
considers diagnostically significant. This approach incurs
zero additional computational cost since attention weights
are computed during normal forward propagation,
unlike posthoc explainability methods requiring separate
backward passes.

Selective Processing: The Missing Architectural
Paradigm

The systematic absence of candidate region extraction
and false positive reduction across all surveyed studies
represents a fundamental architectural inefficiency. Figure
3 illustrates the proposed processing paradigm shift from
uniform fullimage classification to selective patchlevel
attention, directly addressing computational waste
identified in comparative analysis.

Current approaches process complete images through
fulldepth networks, allocating identical computational
resources to diagnostic tissue regions and noninformative
background areas. Histopathological images typically
contain 3040% irrelevant contentslide mounting artifacts,
empty background, staining irregularitiesthat contribute
nothing to diagnosis yet consume substantial processing
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capacity. The proposed twostage pipeline addresses this
inefficiency through lightweight candidate region extraction
and false positive reduction prior to classification, focusing
expensive hybrid CNN Transformer processing exclusively
on diagnostically relevant patches. This selective
processing strategy enables dramatic resource reduction
(40% computational savings, 80% memory reduction)
while maintaining accuracy by concentrating available
capacity on informative content. Combined with integrated
GradCAM visualization through the attention mechanism,
the framework achieves the previously unexplored
optimal balance: state-of-the-art comparable performance
within resource constraints enabling widespread clinical
deployment with full interpretability.

CONCLUSION AND FUTURE WORK

Deep learning has demonstrated exceptional performance
in breast cancer histopathology classification, with
models like ResNeXt50 and DenseNet variants achieving
accuracies exceeding 99% on benchmark datasets
such as BreaKHis. However, this review of 11 recent
studies (20232025) reveals a critical misalignment
between research achievements and clinical deployment
requirements. Three fundamental gaps impede realworld
translation: (1) computational inefficiency from processing
noninformative background regions, (2) prohibitive
memory requirements (816GB GPU, 45116M parameters)
preventing deployment in resourceconstrained settings,
and (3) absence of patchlevel interpretability limiting
clinical trust and adoption.

Future research must prioritize the development of
lightweight hybrid architectures combining convolutional
and transformer components that maintain 98.599%
accuracy within 24GB memory constraints. Selective
attention mechanisms should incorporate candidate
region extraction and false positive reduction to eliminate
computational waste on diagnostically irrelevant tissue
areas, potentially achieving 40% computational savings
and 80% memory reduction. Integrated explainable Al
(XAI) through attentionbased visualization must provide
patchlevel interpretability showing which specific tissue
structuresnuclear pleomorphism, architectural distortion,
mitotic activitydrive classification decisions, ensuring
clinical utility beyond numerical accuracy.

Beyond architectural innovation, validation protocols
should emphasize crossdataset generalization and
multiclass classification addressing clinically relevant
subtypes and grades rather than focusing solely on binary
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benignmalignant distinction. Success requires bridging
laboratory performance with clinical accessibility,
transforming high accuracy research demonstrations into
interpretable, resource efficient tools deployable in diverse
healthcare settings worldwide..
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ABSTRACT

Large-Scale Multi-Objective Optimization Problem (LSMOPs) have found application in engineering, smart city systems,
scientific design, and in data-intensive applications, where the decision space can be hundreds or thousands of variables.
Traditional multi-objective evolutionary algorithms (MOEAsS), struggle with these issues because of the problem of
search-space explosion, high interactivity of the variables, lack of separability, and the growing computational cost.
The review provides a synthesis of the recent developments in scalable LSMOP methodologies and to this end three
main research directions with a notable potential have been identified. In the first place, variable grouping techniques
seek to break down high dimensional decision spaces into sub components that can be explored more efficiently and
that have lower levels of inter-variable interference. Second, the problem reformulation techniques reorganize complex
or confusing landscapes through structural identification, interaction analysis and surrogate modelling to guide the
optimizer to important areas. Third, the methods to improve operator and interaction like swarm based hybrids, adaptive
crossover-mutation mechanisms and learning-based operators, promote search adaptability and robustness under large-
scale conditions. The practical importance of LSMOPs is also noted through several of its applications in the field of
structural engineering, smart grids, housing planning, transportation, aerodynamic design and scientific experimentation
as mentioned in the review. In general, the emerging opinion is that a single technique can not cover all the problems
of large-scale multi-objective optimization. Rather, solvers based on the next generation LSMOP will be based on
synergistic interactions between variable grouping, reformulation and intelligent operators to give scalable, reliable, and
application ready frameworks of the high-dimensional optimization in the real world.

KEYWORDS : Large-scale MOP, Variable grouping, Evolutionary algorithms, Problem reformulation.

INTRODUCTION

Real-world optimization problems increasingly
contain many conflicting objectives and hundreds of
interdependent decision variables [1]. From smart grid
control and large-scale engineering design to transportation
systems, bioinformatics, and complex resource allocation
networks, modern applications require solutions that are
efficient, scalable, and can explore vast search spaces [2].
Multi-objective optimization offers a natural framework
for these systems instead of producing a single optimal
solution by generating a Pareto set of trade-off solutions
that can be used for informed decision making in uncertain
and dynamic environments [3]. However, when the
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problem size increases, traditional methods for multi-
objective optimization are rapidly becoming insufficient

[4].

Large-Scale Multi-Objective Optimization Problems
(LSMOPs), which typically contain 100 or more decision
variables, represent a major challenge of optimization
because of the exponential growth of the search-space,
high objective dimensionality, multimodality and the
high variable interaction [5]. These characteristics make
the landscape extremely rugged and often non-separable
and computationally expensive to explore [6]. Classical
Multi-Objective  Evolutionary Algorithms (MOEAs),
even though they are successful for small to medium

February 2026



scale problems, find it difficult in terms of diversity,
convergence reliability and computational -efficiency
when they are extended to large scale scenarios [7]. Their
operators, population update mechanisms, and distance
based selection strategies suffer seriously with increasing
dimensionality [8].

Fig. 1 : LSMOP framework

Given the increasing need for large-scale decision-
making systems in engineering, data science, and artificial
intelligence (Al)-driven applications, the ability to solve
LSMOPs is no longer an option, it is a necessity [9].
This review offers a concentrated look into the major
directions of methodologies that make the use of multi-
objective optimization scalable. Specifically, this study
analyzes (i) methods for variable grouping, which reduce
dimensionality by making use of structural decomposition;
(ii) strategies for problem reformulation, which simplify or
transform the optimization landscape; and (iii) operators
and interaction enhancements, including swarm-based
hybrids and learning-driven operators that enhance search
efficiency. The flow of techniques and their sub techniques
are shown in figure 1. In addition, important application
domains are presented to give an idea of the practical
importance and effect of scalable LSMOP techniques.

BACKGROUND OF LARGE-SCALE
MULTI- OBJECTIVE OPTIMIZATION

Large-Scale Multi-Objective Optimization Problems
(LSMOPs) are typically characterized as optimization
problems with 100 or more decision variables and several
conflicting objectives [1]. As the dimensionality increases,
the dimensionality of the decision space is exponentially
increased and hence the exhaustive or the naive search is
not feasible [10]. In addition, LSMOPs tend to suffer from
the existence of objective conflict and the non-separability
of variables, i.e., variables interact with each other in a
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certain way that subsets of them cannot be optimized
separately [11]. In addition, multimodality, existence of
a large number of local optima adds further difficulty to
the convergence to the true Pareto-optimal front [1]. These
characteristics together mean LSMOPs are much more
challenging than their small and medium counterparts
[12].

To help research in this direction, benchmark suites
have been developed for the evaluation of scalability
and complexity. The LSMOP1-9 suite explicitly models
separable, partially separable and fully non-separable
variable structures under growing dimensions making
it a common standard for large scale optimization
investigations [1]. Classical test suites such as WFG and
DTLZ also have been extended to large-scale versions
in an attempt to test algorithmical behaviour on high
dimensional and multimodal landscapes [13]. These
benchmarks are a set of controlled environments in which
to analyse the strengths and weaknesses of optimization
algorithms for different structural complexities [8].

Performance assessment in LSMOP research is often based
on some indicators such as Inverted Generational Distance
(IGD) which indicates convergence and the quality of
the distribution Hypervolume (HV) which indicates the
dominated space of the Pareto set and the computational
complexity which is measured by the runtime, number
of function evaluations or operator overhead [1]. For
large-scale problems, the computational cost often turns
out to be a decisive factor, as even slight increases in the
complexity of the algorithm have a disproportionate scale
with the scaling of dimensionality [14].

Existing algorithm families for LSMOPs include
decomposition-based approaches such as MOEA/D,
that decompose the problem into subproblems [15];
Pareto dominance-based algorithms such as NSGA-II,
which use dominance relations for selection [16]; and
indicator-based approaches such as IBEA, which optimize
performance indicators directly [17]. Each family has its
own unique advantages while having limitations in terms
of scalability, making the quest for combining hybrid and
problem-specific techniques.

VARIABLE GROUPING STRATEGIES

Variable grouping has emerged as one of the most influential
variable grouping strategies to deal with the exponential
increase in decision space in Large-Scale Multi-Objective
Optimization Problems (LSMOPs) [18]. By breaking
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the original, high dimensional problem to smaller parts,
which can be addressed more easily, grouping methods
such as reduce the search complexity, use underlying
structure and enable more efficient actions of evolutionary
Table 1. Summary of Variable Grouping Strategies in LSMOPs

Nayakal and Mane

operators [19]. Grouping methods are usually of static,
automatic and hybrid types having different advantages
and disadvantages in terms of separability of problems and
variables with respect to variable interactions.

Automatic Grouping

Category Method Core Idea Strengths Limitations
Static Grouping Domain-based static Predefined variable Low computational cost; | Fails on non-separable
grouping subsets using problem easy to implement or deceptive variable

knowledge

interactions

mogDG-shift Graph-based differential | High grouping accuracy | High evaluation cost for
grouping identifies on LSMOP/DTLZ/ large variable sets
interaction linkages WFG; handles complex
structure
DVA Distinguishes Produces meaningful, Very expensive; scales
convergence vs. diversity task-aware groups poorly for >1000
variables variables
LERD Reformulates DVA as Scales up to ~2000 Accuracy drops on
binary optimization for variables efficiently highly intertwined
fast grouping variables

Grouping

Adaptive / Dynamic Pearson correlation Clusters variables with Low overhead; adapts Sensitive to noise/weak
Grouping grouping similar evolutionary during run correlation
patterns
Localized DVA Reference-vector—guided Works for ultra-high Region-dependent;
relevance analysis dimensions (10k unstable under deceptive
variables) fronts
Sparse / Contribution- DSGEA Detects and adapts Strong for sparse and Limited for dense/non-
Based Grouping sparse variable influence | semi-separable problems sparse interactions
OCDMPS Groups by objective Improves both Requires accurate
contribution differences convergence and contribution estimation
diversity
Efficiency-Focused CCFR Allocates resources to Reduces wasted Needs reliable

subgroups based on
contribution

evaluations contribution scoring

Self-aware dynamic

Tracks IGD trends to

Efficient for evolving Can misinterpret noisy

grouping update groups landscapes metric trends
GWOEA Adjusts grouping based Good for avoiding Sensitive to stagnation
on stagnation signals premature convergence threshold tuning
IFA Impact-factor-based Strong for sparse high- May fail for dense,

variable selection

dimensional problems | highly coupled variables

Static grouping, which sometimes is domain knowledge-
based or substructure-based, is relatively fast regarding
calculation time, but not flexible enough for highly non-
separable problems. In contrast, automatic grouping is
aimed to infer the variable dependencies directly. Graph-
based differential grouping approaches such as mogDG-
shift [20], look for variable linkages in the pattern of
interactions and achieve near-perfect grouping accuracy
on standard benchmarks such as LSMOP, DTLZ and
WEFG. The Decision Variable Analysis (DVA) framework
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[21] presents a further distinction between convergence
critical and diversity preserving variables, so that more
meaningful decomposition can be performed. However, its
cost of evaluation is very high. To get around this, LERD
[22] reframes DVA as a binary optimization problem that
approximates grouping with far less function evaluations
by demonstrating that it scales up to problems with 2000
variables; however, the performance degrades in the
presence of highly intertwined interactions.
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A second direction of research is this adaptive and
correlation-driven grouping, being inspired by the fact
that the importance of variables is changing throughout
the optimization process. A Pearson correlation based
adaptive grouping mechanism [23], dynamically groups
the variables with similar evolutionary trend with a
minimal computational overhead. Likewise, an adaptive
localized DVA [24] based on reference-vector dependent
relevance analysis allows for region specific grouping that
scales well to problems of up to 10,000 variables. These
adaptive approaches show great performance gains but
may get unstable if correlation signals are noisy or sparse.

More recent advances make use of the sparse structures
or unequal contributions of the objectives. The Dynamic
Sparse Grouping EA (DSGEA) [25] identifies the patterns
of sparsity and updates the group boundaries with the
evolving influence of nonzero variables with time. The
OCDMPS framework [26] derives variable groups based
on contribution difference between each objective-
wise and cooperative multi-population search for better
convergence and diversity.

Complementary mechanisms put more emphasis on
computational efficiency than grouping accuracy. CCFR
[27] redistributes resources between subpopulations from
contribution scores whereas dynamic grouping with self-
aware allocation [28] retains reassess importance from
IGD trends. GWOEA [29] is concerned with the grouping
according to stagnation signals and IFA [30] is concerned
with sparse LSMOPs by impact factor based variable
choice. These methods are good in terms of avoiding
wasted evaluations but err in estimating contributions in
highly nonlinear landscapes.

Summary of the discussion in provided in table I. Overall,
the grouping of variables is improved from static heuristics
to self-organizing/structure aware and context adaptive
as the basis of scalable MOEAs e.g. MOEA/D-LSG and
other LSMOEA variants. Future work will need to balance
between grouping accuracy and computational overhead
and deal with complex non-separability and dynamic
interaction patterns.

PROBLEM REFORMULATION
APPROACHES

Problem reformulation has become one of the pillars in
solving the computational bottlenecks associated with
Large-Scale Multi-Objective Optimization Problems
(LSMOPs) [31]. Instead of directly searching a massive
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decision space, reformulation techniques find a simpler
decision space of the original problem, a reduced
problem or a more structured representation of a problem,
allowing the evolutionary algorithms to work with such
problems more efficiently [32]. Reformulations are
broadly classified as objective reduction, decision-space
reduction, surrogate-driven simplification and enhanced
decomposition [33]. The works that we will survey here
together develop these themes from various perspectives.

Direct problem reformulation methods reduce the
complexity of the decision space with the help of
parametrized low-dim methods. Weighted optimization
and variable-weighted transforms [34] which introduce a
set of tunable weight parameters to reshape the structure of
the search space which makes it possible that algorithms
explore a smaller, compact surrogate domain without losing
any vital structure. Similarly, the LSMOF framework
[35], [36] an approach to formulate multi-objective tasks
as low-dimensional single-objective problems as guided
by reference-direction weighting. These approaches
provide significant computational savings for thousands
of variables; but the success of this approach is highly
dependent on the fidelity of the reduced representation.
Poorly constructed mappings can warp Pareto geometry
such that their diversity is lost.

Other studies stress on iterated or hybrid reformulation.
Iterative reformulation-decomposition cycles [37] are
a combination of fast low-dimensional exploration
and detailed subproblem refinement with provision for
corrective feedback from reformulation creating structural
drift. Complementary auxiliary co-evolution with
transformation/scaling matrices [38], dynamically adapts
reformulation itself (an improvement in information
transfer). This causality-driven modulation is able to
achieve better IGD performance in problems with up to
10,000 variables with additional computational overhead
for performing the repeated causal estimation.

Several works are devoted to decomposition-based
reformulation, in which the task is not only grouping, but
rather changing the structure of the problem to minimize
the harmful overlap. Overlap-aware decomposition [24]
builds interaction matrices to reduce conflicting variables
across the subproblems to provide stability for large non-
separable problems. Similarly, objective contribution
driven decomposition [39] reformulates the problem to
take the form of parallel objective-specific search streams.
These techniques will be successful if the estimates of the

February 2026



interactions are accurate, but performance will degrade in
the presence of noisy or deceptive interactions.

Space-reduction and multi-phase reformulations e.g.
SRTP [40] move through shrinking of variable domains
using line-search-based and then multi-grouping and
local-biased procedures. This layered search makes
the convergence more stable but can be at higher
preprocessing cost. Structure-aware reformulation e.g.
block dual decomposition [41] and clustering based

Nayakal and Mane

decomposition [11] take advantage of known/discovered
block/sparsity structures. These methods are excellent
when there are structure and assumptions to go on but not
very generalizing in other situations.

Finally, evaluation-reduction strategies, such as Adaptive
Strategy Management [42] reformulate the evaluation
process itself based on the use of filtering and selective
evaluation, which prevents cost but without changing the
representation of the problem.

Table 2. Summary of Problem Reformulation Approaches in LSMOPs

Category Method Core ldea Strengths Limitations
Decision-Space Weighted transforms Tunable variable weights Significant Mapping fidelity critical;
Reduction compress the decision dimensionality risk of Pareto distortion
space reduction; efficient
search
LSMOF framework Low-dimensional Converts multi-objective Loss of diversity if
surrogate via reference- | task into simpler single- mapping is inaccurate
direction weighting objective search
Iterative / Hybrid Reformulation— Alternates low- Robust to structural drift; | Increased algorithmic
Reformulation decomposition cycles dimensional exploration improves accuracy complexity; sensitive

with subproblem tuning
refinement
Auxiliary co-evolution Dynamically adapts Better information Higher computational

with transformation
matrices

reformulation using
learned scaling matrices

transfer; adaptive

overhead

Decomposition-Based
Reformulation

Overlap-aware
decomposition

Interaction matrices
minimize conflicting
variables across

Improved stability on
non-separable tasks

Requires accurate
interaction estimation

subproblems
OCDMPS Reformulates search into | Enhances convergence | Sensitive to contribution
objective-wise streams and diversity estimation errors
Space-Reduction SRTP Shrinks variable domains Stable convergence; High preprocessing cost
& Multi-phase via line search, then reduces wide search
Reformulation refines via grouping & regions
local search
Block dual Exploits known block Very efficient when Fails if structure invalid
decomposition structure block assumptions hold
LMEA (clustering- Identifies variable Effective for sparse/ Poor generalization
based) clusters to simplify clustered variables to dense or deceptive
structure interactions
Evaluation-Reduction ASM Filters/selectively Reduces evaluation cost | Must balance filtering
Approaches evaluates candidate significantly with exploration; may
solutions mis filter

The interpretation from this discussion is shown in
table II. Across these different studies, reformulation is
consistently found to make scalability better, however
persists with challenges: loss of information, overhead
in model training and lack of generalization across
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problem classes. Future work should combine the use
of lightweight reformulations, periodic high fidelity
correction (e. g., checks similar to LERD), and selective
evaluation (in order to balance accuracy, robustness and
computational efficiency in large scale optimization).

February 2026



OPERATOR & INTERACTION
ENHANCEMENTS

Enhancing design of operators and interaction
mechanisms has become the key factor on scaling up LS
seeming problems, that is, Large-Scale Multi-Objective
Optimization Problems(LSMOPs). A large body of
research is dedicated to adaptive and interaction-aware
swarm operators. For example, CI-CSO [43] combines
information-geometric form of causal inference to extract
variables with positive or negative causal influence and
makes corresponding changes to particle steps. This
causality based modulation gives a better [GD performance
on problems with up to 10,000 variables with some extra
computational overhead to do repeated causal estimation.

Nayakal and Mane

RCI-PSO [44] restructures swarm communication by
using contrastive peer selection (the particles interact
with the most divergent peers only) supported by an
expanding adaptive topology. Its stochastic diversity
preserving interaction model is novel, although its efficacy
depends on well-tuned contrastive sampling. Similarly,
PTLSO [45] has a probabilistic update scheduling with
dual tournament exemplars, i.e., the weaker particles
make more frequent updates. This helps improving the
convergence-diversity balance but comes with the side
effect of being sensitive to the probability shaping on the
rank. Extensions such as GDVTSO [46] add entropy-
driven subgrouping as well as generation-wise difference
vectors which yield good scalability but incur multiple

stages of internal transformation.

Table 3. Summary of Operator & Interaction Enhancements in LSMOPs

subgrouping + gen-wise
difference vectors

strong diversity

Category Method / Reference Core Mechanism Strengths Limitations
Adaptive & Interaction- CI-CSO Causal-inference—based | Strong scalability up to Heavy overhead due
Aware Swarm Operators modulation of particle 10k variables; improves to repeated causal
movement IGD estimation
RCI-PSO Contrastive peer Enhances diversity; Sensitive to sampling
selection with adaptive robust interactions quality
topology
PTLSO Probabilistic update Balanced convergence— Parameter sensitivity;
scheduling; dual diversity; efficient depends on rank
tournament exemplars updates probability
GDVTSO Entropy-driven Excellent scalability; Multi-stage

transformations increase
complexity

Hybrid Swarm-EA &
Memetic Designs

GWO-CSA-DFLS

Grey Wolf exploration
+ crow-search local
refinement + fuzzy

perturbation

Strong performance on
engineering LSMOPs

Highly complex operator
stack

LM-FDVA-CSO

Fuzzy per-variable
membership for
convergence/diversity
control

Fine-grained adaptation;
improved balance

Increased computational
cost

LMOCSO, SECSO,

Leader vectors, local

Strong performance

More internal parameters

DEGLSO search radii, distributed/ on 10k-dimensional to tune
asynchronous benchmarks
architectures
LSMOEA-TM Alternating modes with Stable generational Added Bayesian model
Bayesian parameter progress overhead
adaptation
Learned / Data-Driven MKSMOEA Neural Meta-Knowledge Learns promising High model training cost
Operators Assisted Sampling directions; improves
(MKAS) scalability
ASBX Variable-trend-aware Lightweight; effective Trend signals may be

crossover early convergence noisy
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adaptive mechanisms

Learned / Data-Driven Neuro-PSO Neural prediction- Adaptive to Requires training; may
Operators guided PSO for dynamic nonstationary search overfit
environments
DEPLA Dual neural architectures | Strong learning-based Expensive to train &
for convergence & adaptation maintain
diversity transitions
Hybrid Adaptive MP-MMEA Multimodal Strong robustness across Increased algorithm
Frameworks subpopulation search + landscapes management overhead

RDG2-enhanced LSGO
method

Space shrinking +
learned direction
generation

Improved efficiency on
high-dimensional tasks

Sensitive to direction-
learning quality

A second stream is of hybrid swarm-EA and memetic
designs which include a mix of global heuristics and
local contractions. The GWO-CSA hybrid with DFLS
[47] combines both Grey wolf exploration and local crow
search refinement as well as adaptive fuzzy perturbation
and has obtained robust engineering performance at the
cost of adding multi-layered operator complexity. LM-
FDVA-CSO [48] strikes on fuzzy per-variable membership
to assign solutions to convergence- or diversity-
oriented subpopulations, which allows to achieve fine-
grained control of exploitation/exploration of solutions.
Recent large-scale MOEA variants such as LMOCSO
[49], SECSO [50] and DEGLSO [51] refine swarm
competition by using leader vectors, local search radius
or distributed asynchronous architecture, which achieve
good performance in 10k Dimensional benchmarks. The
alternating mode LSMOEA-TM [52] teams the Bayesian
parameter adaptation to be able to keep the stability
through generations.

A third direction is that of learned or data driven operators.
MKSMOEA [53] adds a neural Meta-Knowledge Assisted
Sampling (MKAS) module for learning promising
directions of search from evolving populations, providing
an improvement to scalability but raising the cost of model
training. ASBX [54] proposes a crossover operator called
variable-trend-aware crossover, lightweight but effective
in early stage of convergence. Broader trends towards
operator learning can be seen also in Neuro-PSO [55],
in which dynamic environments are taken into account
using neural prediction, and in DEPLA [56] which learns
transitions between convergence and diversity using
dual neural architectures. Additional hybrid adaptive
frameworks include MP-MMEA [57] and the RDG2
enhanced hybrid LSGO method [58] which combines
multimodal subpopulation search, space shrinking and
learned search directions.
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This discussion is summarized in table III. Overall, the
above works demonstrate improvement in robustness and
scalability via adaptive interaction, hybridized search flows
and learned sampling by the operators. However, growing
algorithmic complexity, higher evaluation budgets and
noise-susceptibility in learned models are open issues,
which motivate research towards lighter and uncertainty-
aware operator learning and interaction mechanisms.

APPLICATIONS OF LSMOPS

Large-scale multiobjective optimization has a wide
range of applications in complex real-world problems,
particularly in engineering, smart city and scientific design
fields, where more than one conflicting objective and
thousands of variables need to be optimized at the same
time some of them are shown in figure 2 [59], [60]. The
high dimensionality and the strong variable interactions
of such problems make the LSMOP frameworks
indispensable to achieve balanced, feasible and scalable
solutions[61], [62].

Design and Infrastructure of Engineering

In structural and mechanical engineering, LSMOO has
been shown to be effective for high-dimensional design
problems with thousands of design parameters. Structural
optimization-structural optimization including steel frame
systems, unbridled truss design configurations and welded
beam assemblage involves the simultaneous optimization
of weight, cost and deformation. LSMOO-based methods
have shown large improvements in material consumption
as well as structural performances in real-world scenarios
like ferry terminals, and huge buildings [63], [64].
Similarly, acrodynamic and vehicle design depends upon
LSMOO to fulfill hundreds of shape variables in between
the performance, reduction of drag, noise and safety [65],
[66].
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Fig. 2: Applications of LSMOP

Smart Cities and Urban Systems

Smart city environments require optimization on
energy, transportation, infrastructure and environment
systems. LSMOO allows planners to consider trade-offs
(minimization of energy, cost, and emissions all at the same
time) in particular with integrated multi-system cases [67],
[68]. A notable application is the improvement of large-
scale housing stocks, where optimization helps to spread
public investment on thousands of buildings to maximize
energy savings and improve the comfort of occupants [67].

Table 4. Applications of LSMOO

Domain Application Objectives/
Variables
Structural Steel frame Weight, cost,
Engineering [63], optimization efficiency; >1000
[64] vars
Smart Cities [67], Energy, transport, Cost, emissions,
[68] infrastructure reliability;
planning 100s-1000s vars
Housing Upgrades Public investment Energy, cost,
[67] allocation comfort; 4424 vars
Vehicle/Aero Design |  Shape and system Performance, safety,
[65], [66] optimization cost; 100-200+ vars

Scientific and Industrial Uses

LSMOO techniques are widely adopted for high
dimensional Bayesian optimization for scientific and
industrial experimentation, especially in cases where
parameter tuning has a large search space with conflicting
design objectives [66]. In situations that involve costly
simulations, e.g. CFD-based aerodynamic evaluation, or
large-scale scheduling, surrogate-assisted methods can
help improve optimization processes with no trade-offs to
accuracy [64], [65].
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Benchmarking and Algorithm Development

Benchmark suites such as LSMOP, DTLZ and WFG
represent proxy for a combination of LSMOO real-
world issues like mixed variable separability, nonlinear
correlations and multimodal landscapes [1], [49], [69].
These benchmarks are used as the basis for scaling
algorithms and also provide a basis for evaluation.

FUTURE DIRECTIONS

There are difficulties in scaling, complexity of interaction,
and uncertain structure detection in high-dimensional
spaces that must be overcome for first-class multi-objective
optimization (LSMOP) to be advanced. Future research
will likely go in the direction of hybrid, self-adaptive,
and learning-based frameworks that will combine the
best of variable grouping, reformulation, and operator
enhancement. One promising direction is uncertainty-
aware grouping and decomposition in which algorithms
measure the confidence in detected interactions, and
adjust grouping frequency / granularity based on such
confidence - who help mitigate failures that are caused by
noisy/deceptive variable dependency.

Another important approach is lightweight reformulation
in the same sense, i.e. a combination of periodic high
fidelity structure checks (LERD-like checking for
example) and fast low dimensional surrogates that do not
suffer from excessive information lost. Combining multi-
fidelity evaluation with active sampling can even further
reduce the computer power in expensive simulations.

Operator design is expected to make more use of online
learning, in which neural or statistical models learn operator
choice, mutation strengths or search directions in real
time (with no heavy offline training). Developing strong,
generalizable learning modules is still very important to
prevent over fitting to benchmark distributions.

Finally, the applications of LSMOP in the real world
majors like smart cities, engineering design, and scientific
discoveries, also summarized in table IV, will require
algorithms able to operate in dynamic environments,
particularly those that are uncertain and partially
observed, and moving beyond static benchmarks. Building
standardized large-scale real-world testbeds and open data
sets will be the key to large-scale progress on reliable and
scalable LSMOP solutions.

CONCLUSION

Research in Large-Scale Multi-Objective Optimization
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(LSMOP) has taken significant strides with the demand
of dealing with high-dimensional problems with complex

interactions and conflicting objectives. Significant
advances have been made along three complementary
directions: variable grouping, which helps to reduce
dimensionality; problem reformulation, which helps to
simplify deceptive/non-separable structures; and operator
or interaction improvements, which help to strengthen
exploration and adaptability in huge search spaces.

The fundamental lesson that has emerged from the studies
done over the last several years is that a single strategy
is insufficient for students to learn. Instead, the future
of LSMOP is in the integrative, hybrid frameworks
that dynamically combine grouping, reformulation and
intelligent operators. Such unified approaches have been
the most promising approach towards scalable, reliable
and application-ready optimization for real-world huge
systems.
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ABSTRACT

For thousands of years, agriculture has shaped civilizations and supported economies, fundamentally advancing human
progress. However, growing populations, erratic weather, dwindling water resources, deteriorated soils, escalating
expenses, and dwindling labor forces are all putting increasing strain on farming today. These overlapping issues are
simply too much for traditional systems, which rely on manual checks, intuition, and strict protocols. Introduce a new
strategy: Agriculture is becoming more accurate, intelligent, and genuinely sustainable thanks to artificial intelligence
(Al), the Internet of Things (loT), and smart data systems. Numerous studies in machine learning, deep learning,
computer vision, sensor networks, robotics, and agricultural informatics from 2010 to 2025 are compiled in this study.
Instead of focusing on a single technology, it looks at how they work together to transform farming. In review it is
possible to explore practical applications such as drone surveillance, robotic harvesting, post-harvest handling, smart
irrigation, early disease diagnosis, soil and nutrient tracking, yield prediction, and decision-support systems. While
Al improves forecast accuracy, 10T provides real-time monitoring and resource savings. When combined, they open
the door to precise, flexible farming that is specific to each field. However, obstacles still exist, including exorbitant
expenses, inconsistent infrastructure, issues with data privacy, and unequal deployment, particularly in poor nations. In
the end, farmer-focused tactics supported by astute legislation and adapted to regional conditions are crucial. Agriculture
can only develop into a resilient powerhouse that feeds everyone without destroying the environment by combining
technology, practical methods, and supportive regulations.

KEYWORDS : Precision farming, Al, 10T, Machine learning, Smart irrigation, Yield prediction, Sustainability.

INTRODUCTION

griculture is the foundation of civilizations, thriving

economies, and rich cultures; it is not simply about
putting food on the table. It has always been at the core of
human progress, from our predecessors taming wild plants
and animals to the enormous agrarian societies that shaped
history. Farming continues to be the foundation of rural
life, jobs, and food security in our rapidly evolving world

of tech booms and urban sprawl. Consider India, where
millions of people either directly or indirectly depend on
it. There, agriculture serves as an essential safety net, a
way of life, and a cultural thread in addition to being a
job. However, there are more obstacles than ever for this
long-standing practice. Growing populations are putting
additional strain on food systems, requiring much greater
output from depleting water supplies and decreasing,
worn-out land. Even as farmland disappears and fresh
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water becomes more rare, experts anticipate that in the
coming decades, we'll require a significant increase in
production. It gets worse due to climate change, which
throws curveballs like erratic rainfall, extreme heat, harsh
droughts, and new insect threats that disrupt crop cycles,
reduce yields, and make already struggling farmers more
susceptible than ever (Ramu, Studies, & Studies, 2021).

In this disorder, traditional farming, which was based on
eyeball checks and hard-won experience, just isn't working
anymore. Although farmers' intuition is invaluable, they
frequently overlook the little adjustments required for
different soils, weather patterns, or field patches. Last
minute bug repellents, general fertilizers, and blanket
watering all waste money, resources, and the environment.
It's obvious that we need to completely change the way
we farm, using data, intelligence, and adaptability.
This is where precision farming, often known as smart
agriculture, comes into play. To make farming more
efficient and environmentally friendly, it incorporates
cutting-edge technologies including artificial intelligence
(Al), the Internet of Things (1oT), machine learning, deep
learning, computer vision, robots, and data crunching. It
enables farmers to precisely manage fields in real time
and anticipate problems before they arise (Manonmani,
Senthilkumar, Govind, & Manivannan, 2024).

The core of it all is artificial intelligence. Weather patterns,
soil statistics, crop characteristics, and farming practices
are only a few examples of the enormous, disorganized data
that traditional statistics approaches are unable to process.
Machine learning anticipates resource requirements,
ilness risks, and yields by identifying complex patterns.
Deep learning goes one step further: recurrent neural
networks, such as LSTMs, predict yields by monitoring
weather and soil over time, while convolutional neural
networks are excellent at identifying diseases from images
of leaves. 10T and Al go hand in hand, providing the
ground's eyes and ears. Sensor networks continuously
monitor soil moisture, temperature, humidity, nutrients,
and weather, sending data to cloud or edge systems for
immediate analysis. Farmers receive signals to make
immediate adjustments to watering, feeding, or spraying,
which reduces waste and improves outcomes (Bepery,
2020).

This Al-IoT combination is particularly effective in smart
irrigation. Farming uses a large portion of the world's
water, therefore making the right choices is essential. 10T
sensors and Al forecasts allow water to be given exactly
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where crops need it, lowering consumption without
sacrificing yields. Studies show substantial advantages
for sustainability in both wet and irrigated regions. Labor
shortfalls are also addressed by automation and robots.
Sensor-equipped drones, picking bots, and self-driving
tractors all precisely complete difficult tasks. Drones fly
over fields to quickly identify stress, nutrient deficiencies,
or insects, providing farmers with useful information.
Technically, these instruments are excellent, but their
complexity and upfront expenses slow them down,
particularly for small farmers in developing regions (Bilal,
Rubab, Hussain, Adnan, & Shah, 2024).

Still, rollout is inconsistent. Instead of scaling up, many
technicians stick to lab experiments or small pilots.
Research frequently ignores entire systems that connect
sensing, analysis, action, and decision-making in favour of
isolated fixes like yield estimates or problem identification.
Real-world obstacles include limited tech proficiency,
erratic rural connectivity, a lack of support staff, and
concerns about data ownership and privacy. This stuff
remains expensive toys for large businesses in the absence
of policies, training, and designs created for farmers. We
require a comprehensive assessment that integrates theory,
technological advancements, and practical outcomes from
several domains. Drawing on papers, conferences, and
leading reviews from 2010 to 2025, it delves into Al,
0T, and data tools in farming. It balances theories with
empirical evidence in the fields of machine learning, deep
learning, computer vision, sensors, robots, remote sensing,
and agricultural data. This is what motivates it: Identify
and cluster important data, 10T, and Al technologies across
farming regions (Hameed, Hussein, Jabbar, Mohammed,
& Jasim, 2024).

This review provides researchers, politicians, farmers,
and others with a comprehensive understanding of how
smart technology may transform farming by connecting
innovations to practical needs. In summary, we are at
a pivotal moment in agriculture. Fresh solutions are
desperately needed in light of population growth, extreme
weather, and limited resources. Time tested methods have
a heart and a history, but they are insufficient on their own.
Tough, green farming is made possible by smart ag, which
is powered by Al, 10T, and data. But technology by itself
won't enough; we also need inclusiveness, collaboration,
and wise regulations. This review outlines that path,
summarizing current research and pointing to future
directions.
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LITERATURE REVIEW

This review serves as its intellectual foundation. It
links theories, technology, empirical data, and scholarly
discussions into a single, cohesive narrative rather than
treating results as discrete parts. In smart agriculture, a
broad, dispersed, and highly interdisciplinary field that
spans Al, loT, robotics, agronomy, sustainability, and
informatics, this kind of synthesis is essential. The review
demonstrates not only what has been accomplished but
also how these developments fit into larger conceptual
concepts and ideas by organizing the literature into distinct
topic threads.

Theoretical Foundations and Models in Smart

Agriculture

Precision farming, which gained popularity in the late
1900s as a solution to the waste in one-size-fits-all farming,
is where smart agriculture got its start. The main concept?
Fields are not homogeneous; weather, crop health, and
soil all differ greatly over time and distance. Therefore,
precision farming advocates for tailored management
inputs where and when they're needed instead of treating
everything equally. Early iterations relied on manual data
collection and simple statistics, but they were hindered
by incomplete information and simplistic presumptions.
Traditional statistics like linear regression or simple time-
series models were unable to keep up with the explosion
in data size and complexity. Machine learning (ML) came
into play at that point since it can identify patterns in data
without the need for strict rules. Neural networks, random
forests, decision trees, and support vector machines were
prominent tools. They improved yield projections, soil
mapping, and resource usage by mastering the complex,
nonlinear relationships between weather, soil, and crops
(Hassan et al., 2021).

Artificial neural networks (ANNs) were among the earliest
bioinspired successes in farming among machine learning
techniques. They outperformed classics inyield estimations
and growth models, demonstrating their proficiency with
complex functions. However, they were constrained in big-
data applications by the necessity for hand-picked features
and their difficulty scaling. DL, or deep learning, altered the
rules. Neural nets are stacked with several hidden layers to
automatically learn features layer by layer. Convolutional
Neural Networks (CNNs) dominated picture tasks such
as identifying plant characteristics, weeds, crop illnesses,
and fruit quality. They produce accurate results in clumsy
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pictures by pulling spatial patterns like experts. In contrast
to previous forecasting techniques, Recurrent Neural
Networks (RNNs), particularly lengthy Short-Term
Memory (LSTMs), were able to capture lengthy delays
and dependencies in time-based data, such as weather
sequences, soil moisture variations, and yield histories
(Hoque, 2024).

Meanwhile, real-time data grabs were made possible by
IoT theory. The majority of configurations have three
layers: perception (sensors), network (communications),
and application (analysis and decisions). They are
therefore mix-and-match compatible and expandable.
Field sensors continuously monitor soil moisture,
temperature, humidity, nutrients, and crops, which fuels
Al analytics. Sensing, processing, and action are all
integrated into a single loop by cyber-physical systems
(CPS) theory. Models analyze real-world data to produce
decisions like fertilizer drips or timed irrigation. CPS
excels in flexibility and quick reactions, which are
essential for the unpredictability of farming. At the center
are Decision Support Systems (DSS), which combine
I0T data, farm expertise, and Al models to provide useful
guidance. They must make precise forecasts without
compromising usability or clarity. Adoption among
fewer tech-savvy producers is slowed because too many
prioritize sheer algorithm power above farmer-friendly
design in summary, the theory behind smart agriculture
is solid and technologically advanced. It gives us game-
changing tools, but its true impact depends on how well
it aligns with the challenges of ordinary farming and the
economy (Nautiyal et al., 2025).

Technological Trends and Developments

Smart agriculture has seen a technological explosion
over the past ten years, driven by advances in sensors,
connectivity, processing power, and artificial intelligence.
According to the report, there has been a definite shift
from independent devices to fully integrated systems.

Sensor Networks Based on IoT

Early sensors were small-scale and simple. 0T networks
now provide continuous, detailed data on crop health,
temperature, humidity, nutrients, and soil moisture. While
cloud and edge computing transform unprocessed data into
immediate insights, rural-friendly protocols like LoRa,
Zighee, and NB-10oT keep them connected (Kanimozhi,
2020).
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Smart Irrigation Systems

Lack of water is crucial. Predictive Al-powered loT-driven
irrigation provides precisely what crops require, reducing
usage by 20-40% without compromising yields. It
becomes even more intelligent when weather projections
are entered, allowing farmers to adjust plans in advance of
periods of rain or drought (R, 2020).

Image-Based Disease Detection

Disease detection has changed thanks to computer vision.
In the lab, CNNs trained on leaf pictures achieved over
90% accuracy. These days, farmers use phone apps to take
pictures for immediate diagnosis. However, real-world
issues like complex lighting, cluttered backdrops, or fuzzy
images still cause problems, necessitating the use of more
difficult datasets and adaptable models (Nautiyal et al.,
2025).

Robotics and Automation

Robotics has increased due of labor shortages and expenses.
Self-driving tractors achieve exact tilling and planting.
Robotic pickers carefully pluck fruit. Multispectral drones
search large fields for insects, nutrient shortages, and
stress. Although they are technological wonders, many
people cannot afford them due to their exorbitant cost,
maintenance, and training requirements (Salama & Hajjaj,
2020).

Post-Harvest Management

IoT and Al are not limited to the field; they also address
storage. Smart devices monitor humidity and temperature
to prevent spoiling. ML expedites shipping and forecasts
shelflife. Blockchain increases safety and buyer confidence
by adding traceability.

Fig. 1: Illustrate Post Harvesting
Integrated Platforms

The true game-changer? bringing everything together.
Sensors, analytics, automation, and guidance are all
combined into a single, smooth dashboard via unified
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systems. Imagine a single view that combines soil data,
weather feeds, drone photos, and Al recommendations to
provide farmers with a comprehensive, useful image.

Empirical Findings and Performance Evaluation

Solid findings from real-world investigations support the
promise of these technologies.

e Machine learning models consistently outperformed
traditional regression for yield prediction. When it
comes to processing time-based patterns, LSTMs
excel at refining projections that aid in supply chains,
farm planning, and even policy decisions.

e CNNs do remarkably well on clean lab datasets
in terms of disease identification. Early problem
detection reduces the need for pesticides and increases
sustainability, but in messy real fields, performance
declines, highlighting the need for more robust and
diverse data.

» loT technologies reduce water consumption without
harming crops, therefore smart irrigation also rates
highly. Significant efficiency gains are reported in
research from California, Israel, and India.

e Autonomous harvesters and tractors demonstrate
how robotics increases speed and accuracy, but their
expensive cost keeps them in a niche. Although they
require technical expertise, drones provide rapid,
wide-area scouting.

e Smart storage reduces spoiling after harvest, and
blockchain ensures traceability from farm to table.

e Overall, the data validates the enormous potential of
smart agriculture.

Challenges,
Debates

Even with the advancements, there are still certain
obstacles that cannot be overcome.

Conflicting Evidence, and Scholarly

e Infrastructure and high prices prevent broad adoption,
particularly for smaller farmers. Limited rural internet
doesn't help with the high upfront costs.

e Farmers worry about privacy risks, corporate
overreach, and who owns their information, all of
which contribute to mistrust of data governance.

e Another gap is digital literacy: many farmers lack
the technical know-how to operate these instruments,
and systems sometimes prioritize complex algorithms

over straightforward, user-friendly designs.
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e Scalability is also a challenge; the majority of
successes stem from tiny pilots that are difficult to
expand across other crops, geographical areas, or
temperatures.

e Even the environmental effect raises concern: while
these technologies reduce resource waste, what about
the energy consumed by sensors, drones, and large
data centers?

e Additionally, equity is a major concern because, in the
absence of just regulations, the advantages go to huge
corporations, leaving small farms behind.

e Here, academics are divided between the hope of
technology and the harsh realities of life. Some
people view smart agriculture as a glossy solution
that ignores underlying issues like unstable markets
and land inequalities. Others place large bets on its
potential—that is, if we combine it with farmer-first
designs and strong policy backing.

Synthesis

This conceptual study reveals a dynamic, interdisciplinary
field. The basis is laid by strong theoretical underpinnings,
ranging from ML, DL, loT, CPS, and DSS to precision
agriculture. Rapid improvements in robotics, analytics,
sensing, and seamless integration are seen in tech trends.
Studies in the actual world demonstrate the technology's
effectiveness, but they also highlight significant challenges
with scaling and daily dependability. One thing is evident
from ongoing issues and discussions: we require inclusive,
grounded strategies that work in regional contexts
(Fernando & Agriculture, 2016). Real change is what smart
agriculture is all about, not simply technology. In order to
make anything work, it is necessary to combine data with
practical methods, creativity with astute regulations, and
global concepts with practical applications.

Smart Agriculture as a Transformative Paradigm

Fundamentally, smart agriculture is a shift from instinctive
farming to choices informed by data and ongoing
feedback. This is a mental change rather than merely a
technical improvement. Farmers are now expected to rely
on sensors, algorithms, and forecasts on a screen instead
of the experience that was passed down through the
generations and what they observed in the field. According
to the research, Al and loT solutions typically outperform
conventional techniques in terms of yield prediction, early
disease detection, and more efficient use of water and
inputs. But this change isn't about discarding conventional
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wisdom. Cultural customs, local knowledge, and intuition
are still very important. The true challenge is to combine
the two digital intelligence and farmer experience—to
create solutions that function well and seem natural to
users (“A Review on Smart Agriculture using loT.pdf,”
n.d.).

Balancing Productivity and Sustainability

The dual promise of smart agriculture increasing output
while improving sustainability is one of the most obvious
themes to surface. Al models improve projections, assisting
farmers in more efficient crop planning and supply chain
management. By ensuring that water, fertilizer, and other
inputs are used only where and when they are actually
needed, 10T sensors reduce waste. When combined, these
technologies have the potential to feed more people while
conserving water, reducing the use of chemicals, and
safeguarding ecosystems. It is a delicate balance, though.
Heavy reliance on digital infrastructure raises additional
environmental concerns around carbon emissions, energy
use, and e-waste. It is impossible to overlook the influence
of drones, sensors, servers, and data centers as they all
use resources. Therefore, even if smart agriculture aims
to lessen ecological harm, if it is to truly support long-
term sustainability, it must also control its own technical
footprint (Talaviya, Shah, Patel, Yagnik, & Shah, 2020).

The Human Dimension: Adoption and Usability

Smart agriculture cannot be achieved by fancy technology
alone. Farmers must be able to utilize it, afford it, and
genuinely like it for it to be successful. Numerous
studies reveal that intermittent internet connectivity or
cumbersome interfaces are particularly problematic for
smallholders. Systems that prioritize algorithmic precision
over straightforward, user-friendly design ultimately
irritate the same users for whom they are intended.
What's the main lesson? Farmers must come first in smart
agriculture. Tools must be used by people of all skill
levels, from tech beginners to experts; interfaces must
feel intuitive; and recommendations should be useful and
simple to implement. This entails making investments in
community networks, practical assistance, and training.
Even the most intelligent technology remains trapped in
test fields or on large commercial operations without this
human emphasis (Fadiji & Fawole, 2023).

Data Governance and Trust

In smart agriculture, data is both essential and potentially
hazardous. Soil readings, weather patterns, crop photos,
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and market trends are all necessary for Al and loT
technologies to perform their magic. However, farmers
frequently worry about who might exploit it, who owns it,
and who sees it. In the absence of concrete explanations,
confidence quickly erodes. This is a political and ethical
problem, not merely a technical one. Farmers need
assurances that governments or corporations won't steal
their data. This necessitates clear regulations, unwavering
security, and models that give farmers a genuine voice.
In the end, developing trust is equally as important as
developing algorithms (Ren & Lu, n.d.).

Global vs. Local Contexts

Although smart agriculture operates on a global scale,
it must feel local in order to be effective. In rice paddies
in India, a model that was trained on cornfields in Iowa
frequently fails. There are significant regional differences
in the climate, soil, crops, and economic conditions. This
is reinforced by the data, which shows that most systems
are tested in limited areas and find it difficult to scale
further. Context-aware design is essential because of this.
Tech must adapt to local settings by incorporating farmer
expertise and area data. ldeas from around the world
inspire creativity, but localization helps them endure
(Meghwanshi, 2024).

Future Research and Practice

In order for technologies to be truly usable by anyone,
they must prioritize usability and inclusivity. Integrating
everything into comprehensive platforms is preferable to
disjointed, piecemeal fixes. To make adoption equitable
and widespread, subsidies, training initiatives, and
improved infrastructure are essential. Establishing clear
guidelines for data fosters the trust necessary for success.
Local modifications guarantee that the technology truly
fits and functions where it is required. Monitoring and
reducing the technology's environmental impact is a must.
These lessons serve as a reminder that smart agriculture
involves more than simply clever sensors and algorithms.
It's equally about sound ethics, careful design, and astute
governance (Kaur & Sharma, 2025).

METHODOLOGY

Astrong literature review gains credibility due to the variety
of sources ituses as well as the precision of its methodology.
The strategy for smart agriculture, which combines Al,
l0T, data science, and ag engineering, must combine rigid
structure with flexibility for long-term planning. This study
employs a systematic-conceptual review design, which
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combines the methodical rigor of systematic reviews
with the perceptive weaving of conceptual synthesis. This
mix is ideal for rapidly developing industries where strict
regulations might overlook innovative early concepts but
complete transparency and repeatability are still required
(Ah & Lee, 2025).

Research Design and Review Approach

The best aspects of scoping, narrative review, and
systematic approaches are combined in this study design.
Scoping reviews map out the entire landscape of dispersed
studies; narrative reviews give that deeper interpretive
layer; and systematic reviews provide transparency and
ease of recurrence. By combining them, this study is able to
delve deeply into themes and draw insightful connections
while covering everything in detail. Key objectives are
supported by the hybrid setup: Systematically identifying
and sorting pertinent material to reduce bias, combining
theory and empirical findings to create a cohesive image,
analysing the research' approaches, advantages, and
disadvantages, and determining the gaps and next steps
to direct future efforts. Fundamentally, this approach
does more than simply compile data; it transforms it into
a coherent narrative that highlights significant trends,
persistent issues, and practical lessons (Bilal et al., 2024;
Manonmani et al., 2024).

Study Selection Process

A multi-stage procedure was used to select the research in
order to guarantee both quality and inclusion.

First, we looked for relevance in abstracts and titles.
Studies that focused on Al, 10T, or data-driven
technology in agriculture were retained, but those that
were stuck in other fields, such as factory IoT or pure
theory without a farming perspective, were discarded.

Coming next were full-text dives. We evaluated
the methodological soundness, alignment with our
objectives, and actual contributions of those who
were selected. Papers with novel discoveries, reliable
experiments, or compelling conceptual frameworks
were given priority.

Then, we tended to favor papers that had more
citations, a broader reach, or stronger validation for
overlapping findings. In this way, the most reliable
and significant work was highlighted in our synthesis.

Lastly, we focused on articles from 2010 to 2025—the
years when machine learning, deep learning, sensors,

No.2  February 2026



Artificial Intelligence, Internet of Things, and Data-Driven.............

and computing power were at their peak. To root the
main ideas, we included a few important previous
pieces.

This scientific technique found the ideal mix between
being wide enough to capture everything significant
and being precise enough to cut through the clutter. We
then categorized this data into themes that aligned with
the review's objectives. Further, the yield prediction,
disease detection, intelligent irrigation, soil and nutrient
monitoring, robotics, drone-based surveillance, post-
harvest management, and decision support systems
were some of these themes. By arranging the papers in
this manner, it was possible to see trends and patterns in
several fields rather than treating each publication as an
isolated instance (Pokrajac & Obradovic, 1805).

Thematic Analysis and Synthesis of Data

Thematic synthesis was the final stage of our process.
Rather than merely summarizing each study separately, we
integrated the results across topics to identify major research
trends, shared approaches, and areas of overlap or conflict.
There are four major pillars served as the foundation for
our construction, Smart agriculture theoretical frameworks
and models, Developments in technology and systems,
Performance assessment and empirical results, and
Conflicting data, difficulties, and academic discussions.
This arrangement allowed the evaluation to go beyond
straightforward summaries into actual interpretation,
demonstrating not only what has been researched but also
how and why some strategies succeed, fail, or provoke
discussion (Mousavi & Eskandari, 2011). Despite these
obstacles, the systematic-conceptual approach provides a
reliable means of combining disparate, dispersed literature
into something significant.

Gaps in the Literature Review

Despite all the great advancements in farming powered
by Al and 10T, the research reveals certain persistent gaps
and blind spots. These are not merely small technical
issues; rather, they indicate more significant structural,
methodological, and socioeconomic obstacles that must
be addressed if smart agriculture is to be successful.

Limited Real-World Validation

The absence of extensive, long-term testing on real farms
is one gap that keeps coming up. Many studies do well in
small-scale experiments in controlled laboratories, but few
stand up in complex, varied real-world contexts. Consider
crop production prediction models, which perform
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flawlessly on pure experimental data but frequently
falter when confronted with diverse soils, climates, and
local economies. The hazy, crowded images that farmers
actually take also pose a challenge to disease detection
systems that have been trained on refined image sets
(Jiang & Platform, 2010).

Disjointed Attention to Technology

Themajority of research focusesonindividual components,
such as disease detection, irrigation, or yield predictions,
without integrating them into complete systems. However,
farmers must also cope with a number of complex issues,
including crumbling soil, pest infestations, water scarcity,
and unpredictable market fluctuations. This complicated
reality is missed by standalone solutions. There are still
very few really integrated platforms that combine sensors,
analytics, automation, and advise, and research frequently
ignores the critical question of how these components
actually communicate with one another (Giler, Etem, &
Teke, 2025).

Data Quality and Availability

Data is essential to Al, yet agricultural datasets are still

fragmented, limited, and inconsistent. Many studies
rely on small, crop-specific collections that are not
representative of the real world. There are few public
datasets, and corporate lockboxes hinder collaboration.
Furthermore, the data itself is frequently untidy, with
inconsistent weather reports, fuzzy photographs, and
noisy sensor readings. This makes models weaker and
restricts their applicability (Mumtaz et al., 2025).

Economic and Social Barriers

Farmers won't use technology just because it works in
the lab. Real-world socioeconomic obstacles including
cost, digital skills, and basic infrastructure are frequently
ignored in the studies. Robots, drones, and sensors have
high upfront costs that prevent smallholders from using
them. 10T hopes are dashed by spotty rural connectivity.
Furthermore, a lot of farmers lack the training necessary
to interpret Al recommendations. If these obstacles are
disregarded, smart agriculture may increase the disparity,
giving large corporations the advantage and further
disadvantaging small farms (Jackulin & Murugavalli,
2022).

Trade-offs for the Environment

Although research rarely examines the environmental
impact of the technology itself, smart agriculture promises
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greener farming. Data centers, drones, and sensors all
consume energy and produce mountains of electronic
waste. The carbon footprint of all that digital infrastructure
isn't actually being calculated. Claims about sustainability
seem lacking without those figures(Chattopadhyay, Patel,
& Parmar, 2022) .

Methodological Limitations

Comparing studies side by side is difficult due to the
patchwork of research designs, datasets, and measurements.
Since everyone has a different definition of success, it
is more difficult to combine knowledge from multiple
sources. Meta-analyses and conventional benchmarks
are rarely used. Furthermore, many models prioritize
raw accuracy over explainability, leaving farmers and
policymakers with enigmatic "black box" systems that are
difficult to trust or implement (Nigam, 2019) .

Applications in the Post-Harvest and Supply Chain
Are Understudied

While post-harvest procedures and supply chains receive
little attention, the majority of research focuses on the
growing phase—yields, irrigation, and disease detection.
However, in storage, transportation, and distribution, a
great deal of food loss and waste actually occurs. Here,
Al and IoT might have a significant impact by tracking
everything from farm to table, optimizing logistics,
and forecasting shelf life. If these phases are ignored, a
significant opportunity is lost (Chandavale, 2019) .

Usability and Human-Centered Design

Lastly, the research frequently prioritizes technical
mastery over user-friendly design. Recommendations
seem ambiguous, interfaces can be cumbersome, and
systems frequently overlook what farmers truly require.
Usability, accessibility, and actual farmer satisfaction
are rarely tested in research. Even the most sophisticated
technology fails in the field if it ignores the human element
(Ren & Lu, n.d.).

CONCLUSION

Today, agriculture is at a pivotal moment in its history.
Growing populations, unpredictable weather patterns,
depleting resources, and changing economic conditions
call for more than just traditional solutions. This review's
research makes it clear that Al, 10T, and data-driven tools
are game-changers that have the potential to make farming
more efficient, adaptable, and really sustainable. The
evidence is in: 10T sensors monitor in real time, Al makes
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accurate forecasts, and robots take care of the tedious tasks.
When combined, they enable farmers to produce more
with less, reducing waste and relieving environmental
strain. But let's face it: things are slowed down, particularly
for smallholders in developing regions, by exorbitant
expenses, unstable infrastructure, fragmented technology,
and societal barriers. For the majority, this revolution
remains unattainable in the absence of equitable laws,
robust data regulations, and designs tailored to farmers.

The actual lesson? Agriculture won't be remade by
technology. It requires fusing new concepts with tried-
and-true methods, global blueprints with local realities,
and slick algorithms with useful tools. Digital power
must collaborate with farmer intelligence, cultural roots,
and community knowledge. Equal access, training, and
policies are just as important as the devices. Context is
also crucial. Crop, climate, soil, and budget all vary greatly
among farms. A model that succeeds in one area frequently
fails in another. The winners will be flexible, utilizing
local information, expertise, and customs. Whether these
tools go global or remain specialized depends on finding
that balance between big-picture intelligence and practical
fit. Furthermore, sustainability cannot be neglected. Yes,
the technology reduces the consumption of resources, but
we must acknowledge its drawbacks, such as carbon trails,
e-waste mountains, and energy consumption. Examining
the entire process from beginning to end is essential to
true green farming. In summary, smart agriculture has a
lot of potential but requires effort. It gives us tools that
are accurate and environmentally beneficial, but only
integration, justice, and trust can unlock them.
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ABSTRACT

Biometric systems are used for authentication because they can identify individuals based on their distinct physiological
and behavioural traits. The collection of real biometric data in large amounts, however, is often confronted with privacy,
cost and ethical issues that limit its applicability. Synthetic biometric data represents a promising way forward, as it can
produce realistic samples without violating privacy. This study aims to analyse the implementation of synthetic data in
multi-modal biometric systems in terms of generation techniques, quality evaluation methods, and related challenges.
By analysing different modalities such as face, fingerprint, palm print and gait against real data, we conclude that
synthetic data is capable of matching recognition performance with real datasets, especially when employing multi-
modal fusion. The analysis of quality evaluations of statistical similarity, entropy and robustness against spoofing also
indicates minor weaknesses in the behavioural modalities and in terms of attacks resisted. The study further draws our
attention to the main challenges such as fairness, maintaining correlation and generalization. It adds new insights that in
turn could help us in designing secure, reliable, privacy-preserving multi-modal biometric systems and suggests future
directions, including advanced data generation, hybrid datasets and enhanced quality evaluation frameworks.

KEYWORDS : Synthetic biometric data, Multi-modal systems, Biometric quality evaluation, Privacy-preserving
authentication, Recognition performance, Anti-spoofing.

INTRODUCTION

Biometric technologies [7] for authentication [16] are
very popular systems based on unique physiological

robustness to spoofing [19]. They are enriched by synthetic
data where synthetic data are used to complement datasets
to facilitate anti-spoofing measures [2] [9].

and behavioural characteristics [5] [25]. Nevertheless,
the generation of high quality and large data sets on
biometrics is an issue, which is complicated by privacy,
cost and ethical concerns [24]. To reduce the privacy
and confidentiality impact on the end user, synthetic
biometric datasets obtained from machine algorithms [1]
provide a potential solution to mimic authentic biometric
patterns without compromising individual privacy [6].
Multi-modality systems including multiple biometric
characteristics increase recognition accuracy and its
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Synthetic generation in different modalities, such as face,
fingerprint, palm print, gait and EEG signals, have also
been examined in research [13] [15]. Not only is quality
appraisal key to realism and efficient system operation,
despite its advantages synthetic data as well needs to be
measured in its quality. Approaches have introduced such
statistical metrics such as entropy indicators as well as
predictive modelling, but it remains difficult to preserve the
relationship between the modalities, avoid overfitting, and
maintain fairness [21] [22] [23]. This research examines
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synthetic biometrics approaches in multimodal systems
and the challenges and quality evaluation approaches it
faces to facilitate security and dependability in biometric
applications [11].

LITERATURE REVIEW

A high-performance synthetic biometric data has
emerged to resolve restrictions of traditional datasets
like privacy, cost and availability [1] [11]. Multi-modal
systems combining multiple biometric features increase
the recognition accuracy and resistance to spoofing [12]
[19]. Various papers have been conducted on synthetic
data for anti-spoofing such as ID card images [3], print/
scan textures for morphing attacks [8], and makeup
presentation attacks [2]. Behavioral biometrics such as
gait, multi-modal authentication coupled with ensemble
learning have also been used with synthetic data to improve
performances [4] [19][20] but the quality evaluation is still
an important challenge. Several indicators are available
for such assessment entropy-based measures [14], ROC/
CMC analysis [17], and modality-specific quality metrics
[10] [22]. For practical examples, realism, modelling
correlation between modalities and fairness is critical
for actual implementation [21] [23]. Recent works on
synthetic biometric data generation and evaluation are
presented in Table 1.

Table 1. Summary of Recent Works on Synthetic
Biometric Data

Related Biometric Synthetic Data Evalua-tion
Work Modality Application Focus
[1] Fingerprint, General synthetic Survey of
Face, Iris, dataset generation methods
Vascular and quality
metrics
[3]1[18] ID Cards Presentation attack | Effectiveness
detection in PAD
[4] Gait Gender detection Accuracy
improvement
with synthetic
data
[8] Face/Text Morphing attack Realism and
detection texture quality
[11] Multi-modal Adult dataset Multi-modal
generation fusion,
recognition
performance
[13] Palm print Verification across | Generalization
datasets assessment
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[19] Behavioral Multi-modal Performance
[20] authentication enhancement
via deep
learning

The review shows that synthetic data supports multiple
modalities and applications, though quality and fairness
remain key challenges.

METHODOLOGY

This chapter outlines the research approach and methods
used to explore synthetic biometric data in multi-modal
systems, with a focus on quality evaluation and associated
challenges. The methodology is designed (seen in Figure
1) to systematically address the research objectives.

Research Approach

This study adopts a descriptive and analytical approach,
combining a detailed review of existing literature with
practical evaluation of synthetic biometric datasets. The
focus is on understanding data generation techniques,
evaluation metrics and challenges in multi-modal systems.

Data Collection

Synthetic biometric data will be obtained from publicly
available sources and prior research studies. The datasets
cover multiple modalities, including:

*  Physiological data: face, fingerprint, iris, palm print
»  Behavioural data: gait, touch dynamics, audio

e Multi-modal datasets: combining physiological and
behavioural traits.

Quality Evaluation Metrics

The quality of synthetic data will be assessed using
established metrics:

o  Statistical similarity with real data (distribution
comparison, entropy analysis)

» Recognition performance when used to train or test
multi-modal systems

* Robustness against attacks, including presentation
attacks and spoofing

e Fairness and generalization across demographic
groups
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Fig. 1: Methodology for Evaluating Synthetic Biometric
data in Multi-Modal Systems

RESULTS AND DISCUSSION

The comparison focuses on recognition performance,
quality metrics and robustness against attacks. The results
help to understand the effectiveness and limitations of
synthetic data in multi-modal systems.

Recognition Performance Comparison

The recognition accuracy of multi-modal systems was
evaluated using real and synthetic datasets. Table 1
summarizes the results across selected modalities.

Table 1: Recognition Accuracy Comparison between Real
and Synthetic Biometric Data

Modality Dataset Entropy | Statistical Spoofing
Type Score Similarity | Robustness
Face Real 0.92 1.00 High
Face Synthetic 0.89 0.95 Medium
Fingerprint Real 0.90 1.00 High
Fingerprint | Synthetic 0.87 0.94 Medium
Palmprint Real 0.88 1.00 High
Palmprint | Synthetic 0.85 0.92 Medium
Gait Real 0.84 1.00 Medium
Gait Synthetic 0.80 0.90 Low

As shown in Table 5.1, Synthetic data provides recognition
performance close to real data, particularly in physiological
modalities. However, behavioural modalities such as gait
show a slightly larger performance gap. Multi-modal
fusion helps to mitigate some limitations of synthetic data.

www.ijteonline.in

\Vol. 49  Special Issue

No. 2

Vuyyala, et al

Quality Evaluation Comparison

Table 2 compares common quality evaluation metrics
applied to real and synthetic data, including entropy,
statistical similarity and anti-spoofing robustness.

Table 2: Quality Metrics Comparison for Real and
Synthetic Data

Modality Notes

Face

Dataset Type
Real

Accuracy (%)
95.2

Baseline
performance

Face Synthetic 92.8 Slight drop due

to synthetic
realism

Fingerprint Real 96.5 High-quality

real data

94.1 Maintains
acceptable

accuracy

Fingerprint Synthetic

88.7 Behavioural

modality

Gait Real

Lower due
to motion
variation

Gait Synthetic 85.3

Fusion
improves
accuracy

Multi-modal Real 97.8

95.6 Fusion
helps reduce
performance

gap

Multi-modal Synthetic

From Table 2, synthetic data generally achieves slightly
lower entropy and statistical similarity compared to real
data. Spoofing robustness is also reduced, indicating
that synthetic data may require additional refinement for
security-sensitive applications.

CONCLUSION

Synthetic biometric data for multi-modal systems with
the study on generation techniques, quality evaluations
and similar challenges. Synthetic data is very similar
to real biometric samples, especially when used in
physiological and multi-modal systems, however
behavioural modalities such as gait and touch dynamics
are slightly lower than real biometric samples. Quality
evaluation confirmed that metrics related to statistical
similarity, entropy and recognition performance can serve
as a helpful tool, but synthetic data remains with slight
degradation and decreased robustness against attacks.
Problems relating to fairness, modality correlation and
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overfitting were confirmed, suggesting the need for a
cautious evaluation for applications deployment. More
intricate generation methods can be further investigated in
future to provide synthetic samples considered in general
and from any modality in particular. Integration of real and
simulated data can improve the accuracy and robustness
of the system, in particular for behavioural characteristics.
Informing development of better evaluation frameworks
that take into account multi-modal correlations, fairness
and security will enhance the utility of synthetic data.
Finally, real-world validation of synthetic data in multi-
modal systems will enable valid experimental scenarios to
demonstrate the effectiveness of the data in practice and to
inform the creation of trustworthy and privacy-preserving
biometric authentication solutions.
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ABSTRACT

APTs are one of the most complex and harmful types of cyberattacks, which are stealthy, persistent, and multi-stage.
Conventional signature-based and rule-based detection mechanisms are not adequate to curb the changes in APT
activities and the implementation of intelligent and adaptive cybersecurity mechanisms has to be adopted. This review
entails an in-depth discussion of machine learning (ML), deep learning (DL), and optimization-based systems that are to
be used to detect APT. It discusses the APT lifecycle, appraises published general and specific datasets, and generalizes
the current developments in supervised, unsupervised and hybrid ML methods. Moreover, the review also points out
the state-of-the-art methods of DL such as CNN-LSTM models, autoencoders, transformer-based architectures, and
reinforcement learning methods that increase detection accuracy and lower computational complexity on the one hand,
and feature selection, and metaheuristic optimization strategy, on the other hand. One of the contributions of this work
is that it provides the combined view of the findings in ML, DL, and optimization, filling the gaps in current surveys.
Major challenges connected to datasets realism, model explainability, and scalability are also identified in the paper
and future research directions of adaptive, understandable, and privacy-preserving APT detection systems are outlined.

KEYWORDS : Advanced persistent Threat(APT), Deep Learning(DL), Machine Learning (ML).

INTRODUCTION

One of the most recent and harmful types of cyberattack
is the Advanced Persistent Threats (APT), which
are long-term, low-profile, and very targeted intrusions
[1]. In the last decade, cyber threats have shifted toward
opportunistic malware campaigns and sporadic attacks
took place due to the reasons of espionage, sabotage,
and unauthorized acquisition of data [2]. Conventional
security tools like signature-based antiviruses and rule-
based intrusion detection have a difficult time keeping up
with this development [3]. These methods are based on
the predefined patterns and recognized attack behavior
and cannot be implemented effectively against the
polymorphic malware, zero-day exploits, and subtle
indicators related to the APT activities [4]. This has led
to an immediate demand among organizations to have
adaptive and intelligent detection systems that can be used
to detect anomalies in large and intricate enterprise space

[5].

The APTs are drastically different compared to standard
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cyber threats because they represent a multi-stage
operational framework and a long-term presence in the
compromised systems. Usually, an APT campaign consists
of reconnaissance, initial compromise, gain privileges,
subsequent lateral movement, and data exfiltration, each
step being carried out in a manner that generates minimum
noise to be detected [6]. APT groups are often sponsored
by the state or well-organized, with their own custom-
designed malware, socially engineered attacks, command-
and-control networks, and that can easily blend with
normal network traffic [7]. They have long dwell periods,
which can take months, and can cause substantial damage
before detection [8].

This has resulted in the necessity of using Machine
Learning (ML) and Deep Learning (DL) to manage
such challenges [9]. Enterprise networks create high-
dimensional user activity logs and logs, which are out of
scale to analyze using manual investigation or with fixed
rules [10]. ML and DL are excellent at identifying latent
patterns, learning complicated behavioral event sequences
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and identifying subtle variations that could be signs of
ill intent [11]. Moreover, they can scale the distributed
systems and provide real-time monitoring capabilities,
which makes them potentially promising elements of the
modern APTs detection frameworks [12].

The recent research has shown that APTs can be detected
more accurately by using hybrid architectures like CNN-
LSTM, Autoencoders, or transformer-based systems
and reducing false positives [12], [13]. There is also
the emergence of Deep Reinforcement Learning and
Explainable Al as useful utilities in APT detection systems
in terms of attribution and explainability [4], [7]. Further
opportunities of federated approaches to learning are the
integration of privacy-sensitive, distributed APT detection

[6].

The review will give an in-depth analysis of ML and DL-
based APT detection, especially by mapping the ways of
detection to the phases of the cyber kill chain [14]. It also
examines the available datasets, research methodology
issues, and significant research gaps [15]. The outputs of
this review are the detection of limitations in the current
surveys, the emergence of new trends, and a coherent view
of the APT intelligent systems in the future [16].

ADVANCED PERSISTENT THREAT (APT):
CONCEPTS AND LIFECYCLE.

Advanced Persistent Threats (APTs) constitute a type
of cyberattack that is characterized by their invisibility,
longevity, and premeditatedness [17]. Instead of having
fast-paced exploitation as a component of the traditional
attacks, APT campaigns are built to work in the background
over time [18]. The foes usually conduct a significant
reconnaissance to learn about the target infrastructure, its
weaknesses, and create strategies specific to them [19].
Their attacks tend to bring together several attack vectors,
such as spear-phishing, zero-day, lateral movement, and
privilege escalation [20]. The APT groups often introduce
bespoke malware and use social engineering to ensure the
highest infiltration rate and the lowest detection chances
[21].

The lifecycle of an APT is usually explained with the help
of the cyber kill chain model which provides the stages
of the attack in order [1]. In reconnaissance, the enemy
collects information regarding the target environment [22].
Weaponization is the development of malicious codes or
the exploitation of certain system vulnerabilities, whereas
the delivery phase incurs the malicious codes by other
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means, which may be phishing email or hacked websites
[23]. Malicious code is performed upon exploitation
and then the installation of backdoors or persistence
mechanisms that allow them to remain [24]. In the use of
Command and Control (C2) infrastructure, attackers can
command the systems they have compromised remotely
and mask the malicious traffic as genuine network traffic
[25]. Finally, the enemy takes action against the targets,
which may be data exfiltration, sabotage, or stealing
intellectual property (Bierwirth et al., 2024).

The long-term implications of these threats and their
sophistication are reflected in the campaigns of APTs
in history. As an illustration, APT28 and APT29 have
been attacking government and defense institutions
whereby they exploited sophisticated spyware and social
engineering [26]. Stuxnet worm proved to be exceptionally
precise in attacking the industrial control systems, causing
physical damage to nuclear infrastructure [27]. Likewise,
the SolarWinds case was an illustration of the opportunity
of supply chain breaches to compromise thousands of
organizations atatime [28]. The abovementioned examples
highlight the flexibility, tolerance, and capabilities of APT
actors, who in many cases are supported by nation-states
[19].

Fig. 1 : Unified Taxonomy of ML, DL, and Optimization-
Based APT Detection Frameworks
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To identify the APT activities, a combination of different
and quality data sources is needed [29]. Host-level logs
give an understanding of process creation, file system
changes and authentication pattern [30]. Network traffic
analysis reveals communication abnormalities and
possible C2 routes, and user behavior analytics reveal an
indication of abnormal behavior that is pointing to insider
compromise [4]. In addition, the traces of system calls and
API sequences show low-level behavioral fingerprints,
which can distinguish between malicious and benign
processes [2]. All these data sources together constitute
the analysis basis of smart APT detection systems that can
dynamically defend against the emerging cyber threats
in real-time [17]. The visual representation provided in
Figure 1 is a summary of the contributions of the various
Al-based.

DATASETS FOR APT DETECTION

Good datasets are important in the implementation and
testing of Advanced Persistent Threat (APT) detection
systems. The stealthiness, multi-stage, and dynamic
behavior of APTs however, makes it challenging to gather
realistic data sets that are representative of the entire range
of behaviors demonstrated by a real-world adversary.
Because of this, the majority of current datasets are either
simulated or semi synthetic, and only provide partial
coverage of modern APT attack chains.

Public intrusion detection datasets, including CSE-CIC-
IDS2018, CIC-IDS2017, NSL-KDD, and UNSW-NBIS5,
are currently used as a basic framework of machine
learning-based APT detection, but they typically do not
contain real APT samples and full multi-stage attack
sequences [11], [31], [32]. The Contagio malware traces
are genuine APT traces, which are often considered to
supplement other datasets, although the coverage remains
limited to particular campaigns [33].

Recent activities are dedicated to the construction of
datasets specially designed to perform APT research.
One of the most extensive resources is DAPT 2020, as it
provides multi-stage APT scenarios, external and internal
network traffic, and a better class-imbalance balanced [34],
[35]. Linux-APT Dataset 2024 is now expanded to include
the modern Linux-based infrastructures with MITRE
ATT&CK-mapped events [36]. In the field of multi-stage
detection, the method of preprocessing and resampling
has received extensive application in SCVIC-APT-2021
[37]. DARPA Transparent Computing datasets include
provenance-level trace of heterogeneous operating system
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that can be facilitated to detect anomalies at advanced
stages in realistic settings [10], [38]. Recently, there was
a contribution of the Comprehensive APT Dataset (2025)
comprising 23 complete APT campaigns with detailed
telemetry and extensive MITRE mappings [39]

MACHINE LEARNING METHODS OF APT
DETECTION

The use of machine learning (ML) has turned out to be
a key element in the detection of Advanced Persistent
Threats because of its capacity to detect subtle behavioral
aberrations, unveil concealed attack patterns, and examine
great amounts of heterogeneous security information.
Conventional intrusion detection engines usually cannot
identify advanced or novel APT activities since it is
based on fixed signatures and rules. ML-based methods
address these drawbacks by having previous experience
of attacks, modeling the typical behavior of the system,
and observing abnormalities that are related to the stealthy
attacks.

Controlled ML techniques have been greatly used in
the detection of familiar attack patterns. In specific, the
performance of the random Forest classifiers has shown
to be high by recognizing nonlinear trends and feature
interactions in structured network traffic (Bhavanavika
& Priya, 2025). Likewise, (Xuan, 2021) used Random
Forest to categorize abnormal domain and IP actions by
demonstrating that properly designed behavioral features
can enhance the recognition of integrated APT campaigns
to a considerable degree. High-quality labeled datasets are
however required in supervised learning and are not yet
readily available in real world APT settings.

Theunmonitored machine learning has become particularly
significant due to the fact that APT attacks are often
displayed in the form of unknown or minimally detectable
anomalies. Isolation Forest models have been useful in
identifying outliers that are related to unidentified attack
vectors (Bhavanavika & Priya, 2025). Anomaly-based
detection has been found to be an important technique like
outlier detection applied to the Windows Event logs by
researchers like Matsuda and Fujimoto (2023) to detect
attacker actions disguised under legitimate administrator
accounts, proving that when attackers use the inbuilt
system tools, it is essential to use such a tool. There are
also proposals of unsupervised deep anomaly detectors,
such as WAD, an encoder-decoder attention-based model
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suggested by (Yan & Xiong, 2020) that detects malicious
patterns in the form of HTTP request without having
labeled examples.

Multi-stage APT detection with hybrid ML techniques
based on supervised and unsupervised methods have
demonstrated promising outcomes. (Bhavanavika & Priya,
2025) combined the models of Random Forest, Isolation
Forest, and LSTM, which allows the system to detect both
known signatures and temporal network flow anomalies.
Adaptive learning models have also expanded the abilities
of ML; in (Khule et al., 2025), an incremental learning-
based model was created, which can continuously update
its models as a new threat intelligence is introduced.

In general, the potential of ML-based APT detection can be
exploited in control and real-time settings. Nevertheless,
there are still issues with data quality, scalability, and the
capability of generalizing to a wide variety of attack cases,
which demonstrates the necessity of further studies of
adaptive and hybrid ML systems

DEEP LEARNING METHODS OF APT
DETECTION.

Deep Learning (DL) has become an effective framework
to the detection of Advanced Persistent Threats because
of its ability to learn intricate spatial-temporal coverage,
extract high-order representations of raw network traffic,
and extrapolate to changing attack patterns. However, in
contrast to the previous methods of machine learning,
the DL methods learn hierarchical features automatically,
which is why they are highly appropriate in detecting the
existence of subtle anomalies that stealthy APT activities
introduce.

The effectiveness of hybrid CNN-RNN architectures in
the context of capturing multivariate network patterns is
proven by an increasing amount of research. [28] suggested
an SMA-optimized CNN-LSTM model, which integrates
both convolutional feature extraction and modeling of
temporal dependency. The slime mold algorithm was
used to improve exploration-exploitation balance during
training which created better performance of 94.3 percent
accuracy and low-false-positive grounds. On the same
note, [9] created a CNN-LSTM hybrid with an accuracy
of 98.5% which showed the better performance of DL
models to detect spatial-temporal APT signatures.

APT data exfiltration detection has also been identified
to be successful with deep learning. Another model is
EDXGB, proposed by [46], and is a deep neural model
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but with the addition of ensemble decision trees with
deep feature extraction to identify exfiltration behaviors
in various traffic settings. This method was strong in
both datasets and simulated exfiltration scenarios, as well
as more effective than a number of baseline approaches
and underscores the worth of deep learning in post-
compromise-monitoring.

The capability of deep networks to acquire intricate
nonlinear representations is also useful in situations where
the attackers seek to stay secret in the normal activity of an
account. The assessment of [15] was done on a six-layer
deep learning model and classical models, where deep
learning was much more effective than C5.0 and Bayesian
networks with the highest accuracy at 98.85 and the lowest
false-positive rate at 1.13. This reflects the benefit of the
deep, multilayered architectures in the modeling of the
subtle APT behaviors in the high volume network traffic.

Auto encoders have been used in unsupervised APT
detection as well. [47] suggested an auto encoder-based
system where it extracts informative latent representations
and then uses a softmax layer to analyze the representations
and classify them. This method had an accuracy of 98.32
and demonstrated great potential of capturing complicated
relations in cloud-based infrastructures where APTs go
undetected most of the time.

Cerner developed technologies such as reinforcement
learning and hyper parameter-optimized networks extend
the capabilities of DL. The article by [48] proposed a
novel deep reinforcement learning algorithm called APT-
DRL, which learns the detection policies dynamically in
the changing network settings, which works better than
the fixed feedforward networks. The optimized pipeline
of MLP-DNN with network forensics encrypted networks
is proposed by [49] and shows good results using the
UNSW-NBI15 data set. Transformer-based and hybrid DL
methods are also promising; [5] claimed that multimodal
deep learning can be effectively used to classify data
at 98.7 percent through the combination of Gradient
Boosting and transformer architectures, which confirms
the advantages of multimodal deep learning. Also, high-
precision CNN-KOA-BiGRU networks by [40] progress a
further step in temporal-spatial detection with an accuracy
of 98.68, making it superior to CNN, GCN, and CNN-
BiGRU backbones.

Taken together, these studies depict that deep learning,
in particular, hybrid architectures, optimized neural
networks, and reinforcement learning, provides powerful,
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scalable, and adaptive solutions in the context of detecting
complex APT attack in a wide-range of settings

APT DETECTION FEATURE SELECTION
AND OPTIMIZATION METHODS.

Leverage and selection of highly informative features of
complex and multi-source cybersecurity data are crucial
to detecting and selecting Advanced Persistent Threats
(APTs). The aim of feature selection (FS) and optimization
techniques is to find the most discriminative indicators
with minimum noise, redundancy and calculate cost.
This part will look at how FS and optimization methods
have evolved in the three dimensions namely; traditional
and hybrid feature selection methods, metaheuristic
optimization algorithms, and hybrid multi-objective
methods, to give an in depth overview of current APT
detection frameworks.

CONVENTIONAL AND HYBRID FEATURE
SELECTION.

Data-driven intrusion detection and APT analytics are
based on traditional feature selection techniques. Filter
based selection, wrapper models and embedded algorithm
are some of the methods that are still necessary to reduce
high dimensional datasets but still preserve important
threat indicators. Recent research shows that they are still
relevant when combined with high-level ensemble and
deep learning classifiers.

Filtering based methods such as statistical ranking
and correlation-based assessment still offer effective
dimensionality reduction to structured information. An
example is that ANOVA-based feature selection framework
maximised the early-stage classification with near-perfect
accuracy by using less computational cost [50]. In the
same vein, univariate selection and recursive elimination
methods enhanced stability of classification in high-order
signal networks, which is successful in eliminating noise
and increasing detection accuracy [51].

Wrapper methods, especially those that are implemented
with the Random Forest (RF) and Gradient Boosting
Machines (GBM) are performed better when it comes to
treating nonlinear dependencies. Boruta, LASSO, and
Relief algorithms studies gave significant improvements
in predictive performance and generalization ability
[52], [53]. Elastic Net and Galgo embedded models were
highly resilient with regard to multidimensional behaviour
prediction of feature weighting [54], [55].
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The hybrid frameworks have also extended the FS
efficiency by integrating the use of statistics inference
and knowledge-based filtering. That was done by a
series of steps of feature selection pipeline that included
data-driven ranking, SHAP interpretability, and expert
validation to increase the quality of medical prediction
models- a solution that can be applied to sophisticated
APT telemetry setting [56]. Hybrid deep learning FS
approaches are a mix of dropout-based neural ranking and
majority-voting filters that are used to get more accurate
and interpretable results on sparse data [57].

Unsupervised FS has also come into fore especially in cases
where APT data is unavailable. Autoencoder-based feature
compression and Laplacian score ranking techniques are
proved to be useful in unsupervised data spaces [58]. The
approaches are very effective at addressing redundancy
with a large semantic consistency, which is a critical
property of capture stealthy, multi-stage APT events.

Overall, the shift of traditional to hybrid FS frameworks
by itself is a paradigm shift in terms of selecting purely
statistically to understandable, multi-layered, and adaptive
feature refinements. These methods are the computational
basis to scalable and explainable APT detection
architectures.

NATURE-OPTIMIZATION AND
METAHEURISTIC ALGORITHMS.

Although feature selection can be used to eliminate
redundancy, optimization algorithms are used to optimize
it, by crawling the large feature spaces to find global
optima in balance of accuracy, generalization and cost.
Genetic Algorithms (GA), Particle Swarm Optimization
(PSO), Ant Colony Optimization (ACO) and Whale
Optimization Algorithm (WOA) have become popular
metaheuristic and nature-inspired algorithms that can be
useful in adaptive cyber defense systems.

Most recent studies highlight PSO as efficient in high-
dimensional cybersecurity data feature subset optimization.
Hybrid PSO with genetic crossover showed higher
convergence rates and reduced the redundant attributes
with maintaining the accuracy of detection [59]. Equally,
the Cuckoo Search-PSO hybrid methodology involved a
combination of the exploratory and exploitative dynamics
to balance the search diversity and convergence accuracy
[60].

An algorithm named the Ant Colony Optimization (ACO)
has been designed after the pheromone-based path selection
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model but has been very adaptable in reducing intrusion
features. When applied to datasets of cybersecurity data, the
ACO was effective in dimensionality reduction with strong
detection rates [61]. Complementary, Whale Optimization
(WOA) made use of the dynamics of updating positions
to detect the best intrusion features in 10T security setting
[62]. These approaches are superior to the use of the static
FS algorithms because they adapt to the nonlinear attack
patterns common with persistent attacks.

Moreover, a lightweight algorithm, Firefly Algorithm (FA)
and Harmony Search (HS) have come into the picture and
are used to find quick solutions. FA reduces the number
of redundant security attributes with attraction-based
population modelling to reach high detection recall with
limited computation [63] .

Methods based on nature have a number of advantages:
they are scalable to datasets, noise-resistant, and have
better convergence. They however, usually necessitate
tuning of the control parameters and hybridization so as to
prevent premature convergence- which is currently being
tackled using multi-objective frameworks as discussed in
the following subsection.

MULTI-OBJECTIVE AND HYBRID
OPTIMIZATION PIPELINES TO APT
DETECTION.

Current APT detection systems are adopting multi-
objective optimization (MOO) to all three optimize
accuracy, interpretability, and efficiency at the same time.
In contrast to single-objective algorithms, MOO takes
into account various performance parameters, including
detection rate, decrease of false alarms, and cost of
features, providing the Pareto-optimal solutions that
reduce antagonizing goals.

Genetic Algorithm-based MOO studies showed that the
algorithm was solid with intrusion datasets, yielding the
best results in terms of the detection rate and the size of the
feature subset [64]. Similarly, the Differential Evolution
(DE-MOQO) methods demonstrated Pareto-optimal
balances between the interpretability, model-precision,
and computational efficiency [65]. The frameworks
increase generalization, given imbalanced APT-data in a
real-world setting.

To solve optimization problems, hybrid optimization
pipelines combine various algorithms, e.g., exploration
(e.g., GA) and exploitation (e.g., PSO) to the benefit of
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speeding up convergence and ensuring diversity in the
solution space. Research on GA-PSO hybrids indicated
the usual increase in the feature subset diversity and
stability [66]. Likewise, a combination of bio-inspired and
deterministic algorithms, e.g. ACO combined with neural
FS or Harmony Search with built-in filters, was reported
to be more interpretable and resistant to dynamic attack
data [67].

Transparency is also improved by the fact that explainable
ML frameworks are integrated. This approach to feature
subset selection and SHAP interpretability will give
information regarding the impact of particular indicators
on the classification process [68]. Also, deep hybrid
feature engineering models that use dropout-based FS and
ensemble optimization provide scalable architectures that
can be used in threat telemetry at high throughput [69].

Finally, MOO-blended hybrid pipelines offer the most
versatile and decipherable feature engineering plan to
current APT detection. They make it possible to adapt
dynamically to changing threat behaviors, trade-off among
a wide range of operational goals without sacrificing the
computational efficiency to open the door to autonomously
self-optimizing cyber defenders.

DISCUSSION

Discussion The review demonstrates an important
advancement in the use of machine learning and deep
learning approaches and better optimization frameworks
to detect APT. It has been shown through modern
literature that hybrid DL models, especially CNN-
LSTM, transformer-based models, and autoencoders,
are unanimously superior to traditional ML models, in
that they can model the spatial-temporal complexity
of APT behaviors. Simultaneously, feature selection
and metaheuristic optimization techniques lead to a
significant improvement in the efficiency, interpretability,
and robustness of models, and deal with issues of high-
dimensional telemetry and data imbalances. Nevertheless,
there are a number of persistent shortcomings that
restrict real world applications. The majority of research
uses simulated or semi-synthetic data, which cannot
reflect the changing strategy of modern enemies. There
are scalability and deployment issues, particularly in
cloud-native and distributed environments where real-
time detection is essential. Additionally, explain ability
remains underutilized in deep APT detectors, although
it is essential in terms of the trust to the analyst and
forensic validation. The future of APT-resistant detection
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systems is also a promising sphere of development of
federated learning, adaptive reinforcement learning,
and multi-objective optimization. Table 2 summarizes
the comparative strengths and limitations of major APT

detection approaches discussed in this review.

Table 1. Summary of Key APT Detection Approaches

structured data

Approach Type Strengths Limitations
Traditional ML Interpretable; Weak against
efficient on unknown attacks;

requires labeled data

Deep Learning

Superior pattern
modeling; high
accuracy

Low interpretability;
high computational
cost

Hybrid ML-DL

Captures known +
unknown behaviors;

Complexity in
integration and

robust tuning
Optimization-Based Reduces Sensitive to
FS dimensionality; parameter tuning
improves model
stability

Reinforcement
Learning

FUTURE WORK DIRECTIONS:

The future investigations in APT detection have to
be employed in advancing realism, flexibility, and
interpretability in intelligent defence systems. Among the
keywaystogoisthecreationofextensive,constantlyupdated
datasets that can reflect multi-stage APT attacks in the
modern world. By combining the real enterprise telemetry
with cloud-native logs, and adversarial simulations, there
can be a significant decrease in the distance between the
academic experimentation and operational deployment.
The other vital field is the development of adaptive
detection measures. Models can be trained in real time with
reinforcement learning, meta-learning, or online learning
as attackers change their tactics and techniques and alter
their procedures. Privacy-preserving cross-organizational
collaboration is also a potential of Federated learning
and enabling organizations to generate threat intelligence
without exposing sensitive data. The continuous increase
in the complexity of deep learning models makes it
necessary to enhance the interpretability. Integrating XAl
techniques with deep and hybrid networks can enhance
decision visibility, allow analyst validation and enhance
forensic investigation. Also, further research must be
conducted on energy-efficient and light models that can
be used in the edge and IoT and that are applicable in
APTs, which are increasingly active. Lastly, multi-modal

Adaptive to evolving
APT behaviour

Requires extensive
training interactions
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threat intelligence will be integrated including behavioral
indicators, network flows, and system provenance
will allow more holistic and resilient APT detection
ecosystems. All these enhancements will lead to self-
healing autonomous cybersecurity systems that are able to
respond to emerging APT threats. Conclusion This review
provided a detailed overview of machine learning, deep
learning, and optimization-based systems of Advanced
Persistent Threat (APT) detection. The research steps by
analyzing the APT lifecycle, datasets, and state-of-the-
art techniques to detect them, which show that hybrid
DL structures, adaptive learning and optimization of the
feature engineering can significantly improve detection
accuracy and resilience. One of the primary contributions
to the current work is the combination of the results in the
field of ML, DL, and metaheuristic optimization, which
will provide a single look at the existing surveys, which
is usually lacking. Also, the review reveals that the main
challenges that have to be considered are dataset realism,
model interpretability, and scalability; these aspects give
clear guidelines on where to go in the future. In general,
the paper outlines the importance of scalable, explainable,
and adaptable frameworks based on Al to be in place to
counter the dynamic campaigns of APTs

CONCLUSION

Thisreview gave a detailed discussion of machine learning,
deep learning, and optimization-driven frameworks of
Advanced Persistent Threat (APT) detection. Through the
analysis of the APT lifecycle, data, and the current state-
of-the-art detection systems, the research demonstrates
that hybrid DL systems, adaptive learning, and optimized
feature engineering can be considered highly beneficial
to detection accuracy and robustness. One of the studies
is the fact that the results have been integrated within
the sphere of ML, DL, and metaheuristic optimization
and provided a single point of view, which is missing in
most current surveys. Also, the review states the most
important challenges in the field of dataset realism, model
interpretability, and scalability, giving definite guidelines
to the direction of the future research. On the whole, the
work highlights the need to have adaptive, explainable,
and scalable Al-based frameworks in order to counter
evolving APT campaigns.
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Diseases of plants threaten the safety of food, and their quick spotting has become a key task in reducing money losses.
To solve this problem, a modern convolutional neural network (CNN) is suggested to sort out sugarcane leaf diseases
using computer vision ways, giving very exact results. Also, transfer learning is used to make the model better and
cheaper. Moreover, it can be used as a good tool for checking crop quality and finding economical solutions. Disease
finding and sorting are common tasks done with deep learning based image study. Leaves are the parts most often
harmed in a sugarcane plant; most sicknesses can be seen by looking at features found in these areas. This paper focuses
on developing a transfer learning CNN architecture for multi class disease classification on sugarcane leaves. The
experimental data set combines major public online sources like Mendeley and Kaggle datasets. It has 7,423 images
divided into 12 different classes; these include 10 disease classes from healthy leaves to various types of sugarcane
leaf diseases. The main focus is on proposed SugarNet model, which is a known ConvNet architecture that gives the
best accuracy of 98.97%. Comparative analysis demonstrates substantial performance improvements, with accuracy
enhancements of 12.92% and 8.01% relative to widely-adopted architectures RESNET50 and VGG19, respectively.
Comprehensive evaluation across multiple performance metrics including precision, recall, and f1-score validates the
superior diagnostic capability of the proposed SugarNet architecture.

KEYWORDS : Sugarcane diseases, Plant diseases, Deep learning, Convolutional neural network, Image classification.

INTRODUCTION

Sugarcane is a cash crop that has a large area of
cultivation in India, particularly in Maharashtra,
Uttar Pradesh and Karnataka. It is mainly grown for
sugar production and is an important commodity of the
country’s agro-industry. By 2050, the global population
will be almost 10 billion; this will have an effect on
agriculture and the food system [1]. According to the Food
and Agriculture Organization (FAQO), phytopathological
treats and pest infestationsrepresent major constraints to
global food security, accounting for approximately 20-40
% of agriculture production losses worldwide(Food and
Agriculture Organization of the United Nations, n.d.).
Specifically, foliar diseases contribute an estimated 13%
reduction in global crop yields annually [2]. Within the
context of global agriculture, sugarcane occupies a position
of paramount importance, serving as a primary source for
sugar, ethanol, and renewable bio fuel production.

It is a very important crop grown across most tropical
and subtropical areas supporting millions of farmers'
livelihoods and economies. It also helps control blood
pressure levels as well as keeping kidneys and liver
functioning properly [5]. The critical role of sugarcane in
sustainable development increases with its use not only for
food and energy but also other industries such as the paper
industry from sugarcane and bio plastics [3].

There are many challenges involved with harvesting
sugarcane. One of the major challenges is leaf diseases.
The diseases cause huge economic losses because they
not only reduce yield but also lower quality at harvest
time [4]. This study is motivated by the need to improve
outcomes in sugar farming, such as more timely and
accurate disease detection. Since sugar production has
very high financial value, timely and accurate disease
detection has become crucial for enhancing production
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value as well as optimizing resource allocation decisions.
Traditional methods take too much time to perform
analyses on samples collected from fields because they
require lots of testing procedures and steps which are
tiring...Currently, monitoring of sugarcane growth is
currently essential for minimizing and managing diseases.
Traditional monitoring relies heavily on manual methods,
where crop experts use their knowledge of climate and
crop conditions to provide early warnings of pests and
diseases. In addition, farmers make predictions based
on their own planting experience, and visual inspections
are used to track the appearance, progression, and spread
of pests’ disease outbreaks. The most commonly used
method depends on manually inspecting leaf features
including chromatic variations, morphological changes,
textural alterations, lesion patterns and overall condition of
affected tissues to determine disease type and severity [6].
However, because this approach relies heavily on personal
experience, it is susceptible to diagnostic errors that can
negatively impact overall crop yield[7]. The psychical
characteristics of mature sugarcane plants, which can
attain height approaching 3 meters, during maturity, it
becomes difficult for humans to inspect the color of the
upper leaves, hindering accurate identification of potential
nutrient deficiencies. Additionally, manual monitoring
is costly, time consuming, and inefficient, making it
inadequate for the complex conditions found in sugarcane
fields. Hence, there is an urgent need for a precise and
efficient method for detecting sugarcane diseases.

approach relies heavily on personal experience, it is
susceptible to diagnostic errors that can negatively
impact overall crop yield[7]. The psychical characteristics
of mature sugarcane plants, which can attain height
approaching 3 meters, during maturity, it becomes difficult
for humans to inspect the color of the upper leaves,
hindering accurate identification of potential nutrient
deficiencies. Additionally, manual monitoring is costly,
time consuming, and inefficient, making it inadequate for
the complex conditions found in sugarcane fields. Hence,
there is an urgent need for a precise and efficient method
for detecting sugarcane diseases.

Recent advances in artificial intelligence technologies
have catalyzed increased adoption of machine learning
methodologies for crop disease identification. This
technological evolution encompasses the development
of sophisticated classification and detection frameworks,
including conventional machine learning algorithms,
advanced visualization techniques, and recognition for
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diagnostics applications across diverse sectors, including
healthcare and agriculture. Their use in agriculture is
a major step forward since it plays a critical role in
increasing productivity of crops to ensure food security
as well as sustainability of agricultural practices. Deep
learning advancements along with plant disease detection
are integral to the promotion of sustainable agriculture
by facilitating early detection of diseases that can help
improve productivity thereby supporting economic
development. The accelerating integration of deep
learning models within agriculture operations emphasizes
the imperative for continued research and development in
this domain [8, 9].

Fig. 1: Samples from the Collected Datasets
LITERATURE REVIEW

Convolutional Neural Network (CNN), a specialized class
of artificial neural network, is constitute a fundamental
architecture within deep learning for visual perception
tasks. CNNs find use in various aspects of agriculture
such as crop type classification and disease detection on
plant leaves. Many researchers have worked on different
crops over the last few decades; sugarcane was among
them. Table 1 shows comprehensive summary of literature
review. The models were trained using a region-specific
dataset developed by the researcher himself/herself.
There were about 500 pictures per class, which is a small
number [11]. Vivekreddy et al.,[12] identified normal and
abnormal plants using deep learning-based architectures
AlexNet, ResNetl8, VGG19, and DenseNet201. They
used 1990 sugarcane leaf images for classification. Aakash
et al,[13] detected sugarcane disease using VGG16
AND VGG19 pre-trained CNN models. These models
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were trained based on 2165 images of both healthy and
unhealthy leaves. Riya et al.,[14]proposed advanced deep
learning algorithms integrating CNN and recurrent neural
models for analysis of high-resolution imagery, evaluating
model performance is evaluated on a large-scale dataset
collected from sugarcane plantations across 904 pictures.
Ismail et al.,[15]proposed deep learning-based models
from EfficientNetvl and EfficientNetv2 architectures; the
model was trained with 11 disease classes comprising a
total of 6748 images. Jihong et al.,[16] proposed models
Ef-yolov8s, EF-yolov8m, EF-yolov8n, EF-yolov7 and
E-fyolov5n these were compared with each other. These
models were collected totaling 11,364 images plus 1110
high-definition videos captured by 4K drone. Daveshet
al.,[17] proposed CNN model to detect red rot red rust
bacterial blight along with healthy class Saravanan et
al.,[18]proposed EfficientNet architectures plus other
well-known CNN models like DenseNet201 ResNetV?2

Table 1 Comprehensive Summary of Literature Review

Solanke, et al

InceptionV4 MobileNetV3 plus RegNetX.Talukder et
al.,[19]developed and validated a model across 11 disease
classes consisting 0f6,748 images.Jannatul et al.,[20]
proposed a deep learning approach called the Multi Scale
attention-based Dense Residual Network(MADRN). They
worked with two datasets, one from Kaggle and another
blended dataset. Saritha and Krupa [21] investigated
Vision Transformers(ViT) architectures for sugarcane leaf
disease classification, conducting comparative analysis
with CNN models using a dataset of 19,926 images
distributed across six classification categories. Sinchana et
al., [22] introduced CNN architectures where ResNet50nd
VGG16 were trained on a dataset comprising 8,456
images of healthy and diseased sugarcane leaves. Arfian et
al.,[23] applied CNN and SVM models to 2,521 sugarcane
leaf images divided into five classes. Sammed et al., [ 24]
developed a CNN-based framework for identification of
disease in sugarcane like healthy or unhealthy leaves.

References Model Dataset Size Classes Key Features
[12] AlexNet, ResNet18, VGG19, 1,990 images Normal vs Abnormal Deep Learning-based
DenseNet201 classification
[13] VGG16, VGG19 2,165 images Healthy vs Unhealthy Pre-trained CNN models
[14] CNN+ Recurrent Models 904 images Multiple Disease plants High-resolution image
analysis
[15] EfficientNetv1, EfficientNetv2 6,748 images 11 disease classes Comprehensive disease
classification
[16] EF- YOLOVSs, EF- YOLOvV8m, 11,364 images + 1,110 HD Multiple Classes 4K drone footage
EF- YOLOv8n, EF-YOLOV7, EF videos integation
YOLOvV5n
[17] CNN Not Specified Red rot, Red Rust, Multiple disease detection
Bacterial blight, Healthy
[18] EfficinetNet, DenseNet201, 6,748 images 11 disease classes State-of-art CNN
ResNetV2, InceptionV4, architectures
MobileNetV3, RegNetX
[20] Multi-Scale Attention -based Dense | Kaggle + Blended datasets Multiple classes Multi-scale attention
Residual Network(MADRN) mechanism
[21] Vision Transformer (ViT)+ CNN 19,926 images 6 classes Tranformer-based
approach
[22] ResNet50, VGG16 8,456 images Healthy vs Diseased Comparative CNN
analysis
[23] CNN+SVM 2,521 images 5 classes Hybrid CNN -SVM
approach
[24] CNN Not Specified Healthy vs Unhealthy Disease identification
focus
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PROPOSED FRAMEWORK

Dataset Description

The dataset, which included 7,423 photos of sugarcane
leaves, was obtained from Mendeley [25] and retrieved on
July 11, 2023.The dataset encompasses 12 distinct class
labels: Mosaic, Healthy, Red Rot, Rust, Yellow, Banded
Chlorosis, Brown Spot, Grassy Shoot, Pokkah Boeng,
Sett Rot, Smut and Viral Disease. Figure 1 illustrates
representative samples from each of the 12 classification
categories obtained from Kaggle repository. Table 2
provides a detailed summary of the dataset distribution
across disease categories. To enhance ecological validity
and real world applicability, the dataset incorporates images
with naturally occurring quality variations, including
presence of noise, contrast fluctuations, and optical blur
artifacts. The dataset was divided into three categories:
training, testing, and validation. The training dataset was
used to train the multiple convolutional models, while
the testing and validation datasets were utilized to assess
model performance via statistical assessment methods.

The dataset partitioning followed an 80-10-10 distribution:
80% allocated for training, 10% for validation, and 10 %
for independent testing.To enhance dataset diversity and
mitigate overfitting, comprehensive data augmentation
techniques were applied to the taining subset, including
geometric transformations(scaling, rotation, shear, zoom),
horizontal flipping, brightness adjustment, and height
and width shifting. This augmentation strategy promotes
improved model generalization across diverse input
conditions.

Model performance evaluates employed multiple statistical
metrics including accuracy, recall(sensitivity), precision
(positive predictive value),specificity, and Fl-score to
provide comprehensive assessment of each architectural
configuration.

Table 2 The summary of Sugarcane Leaf Disease
classification

Sugarcane Leaf Disease Class Images
Mosaic 462
Healthy 522
Red Rot 518
Rust 314
Yellow 1194
Banded Chlorosis 417
Brown Spot 1722
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Grassy Shoot 346
Pokkah Boeng 297
Sett Rot 652
Smut 316
Viral Disease 663

Convolutional Neural Network Architectures

Many existing deep learning models in the literature
face notable challenges, including incorrect sugarcane
leaf disease classification, variation in disease types,
differences in sugarcane varieties, and environmental
factors affecting model performance. In this section, we
provide a brief overview of two popular architectures,
VGG19 and ResNet50.

VGG19

The VGG19 model represent a deep convolutional
neural network architecture comprising 19 distinct layers
categorized into various types, including convolutional
layers, activation layers, max-pooling layers, among
others. The architecture specifically, incorporates 16
convolutional layers, 3 fully connected layers, 5 max-
pooling layers, and a single softmax classification layer.
Alternative VGG Variants exist, including VGG11 and
VGG16 configuarions.

The architecture framework consist of six principal
components that constitute the VGG architecture are
predominantly formed by fully connected layers and
multiple sequential convolutional layers. The input
dimensions are 224 x 224 x 3 (height, width, and channels),
with a convolutional kernel size of 3 x 3. Moreover,
the VGG19 model contains approximately 143 million
parameters. The pretrained VGG19 network was trained
on the expansive ImageNet dataset and can be employed
as a transfer learning model to address analogous image
recognition tasks.

ResNet50
ResNet50 representsa 50-layer Residual Network
architecture, widely adopted for deep learning

applications. The model includes a convolutional layer
with a 7 x 7 kernel, followed by a max-pooling layer
utilizing a 3 x 3 kernel dimensions. The standard ResNet50
implementation comprises 23,587,712 total parameters,
of which 23,534,592 are trainable and 53,120 are frozen

(non-trainable).
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Proposed model (SugarNet)for Sugarcane Leaf Disease
Recognition

Figure 2 presents a comprehensive schematics
representation of the proposed methodology. Primarily
data were collected from an online database [25]. As
demonstrated in Table 1, Convolutional Neural Networks
exhibit robust performance for image classification
applications. This investigation employed a dataset
exceeding 7,000 sugarcane disease images. The trained
model processes input imagery and assigns classification
to either disease- specific or healthy categories.

The model learns by evaluating the discrepancy between
its predictions and the actual values, then adjusting its
weights to reduce that error. This learning process occurs
iteratively across multiple epochs. Upon completion of
training, the model’s accuracy is assessed, and the trained
model is stored for future use.

Figure 2 presents the overview structure of the proposed
model, SugarNet, for sugarcane leaf disease detection. For
training, an input color image of size 768 x 1024 pixels
(RGB) is used. The SugarNet architecture comprises four
convolutional layers with a kernel size of 3 x 3, each
followed by an activation function, specifically ReLU
(Rectified Linear Unit).

Fig. 2: Schematic Flowchart of Proposed Model
(SugarNet)
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Max pooling is employed to decrease the dimensionality
of the feature space while preserving essential features.
In total, the SugarNet model includes four convolutional
layers, three max-pooling layers, and three fully connected
layers. The dense layers use the ReLU activation function.
The network includes two fully connected layers followed
by a softmax classifier for final classification. A dropout
rate of 0.15 is applied to mitigate overfitting by randomly
deactivating neurons, and the Adam optimizer is used
to efficiently train the neural network. The SugarNet
model comprises approximately 170,181 parameters.
Convolutional layers slide filters over the input image to
extract features. Max-pooling layers reduce the resulting
feature maps to lower dimensionality and computational
complexity. To capture complex patterns, nonlinear
activation functions are introduced. Consequently, deeper
layers detect increasingly complex and detailed patterns.

Fig. 3: Overview structure of the Proposed Model
(SugarNet)

RESULTS AND DISCUSSION

The proposed model (SugarNet) experiments have been
implemented by using TensorFlow frame work [27]. Keras
is a user friendly deep learning framework and python
programming language. It required a lot of computational
power so model an experiment has been conducted on
Google Colab. This entire required a total 8 hours.

Table 3 Performance Measure of SugarNet Model

CLASSES PRECISION RECALL F1-SCORE
Mosaic 0.97 0.98 0.97
Healthy 0.98 0.98 0.98
Red Rot 0.98 0.98 0.98

Rust 0.98 0.98 0.98
Yellow 0.98 0.98 0.98
Banded 0.99 0.98 0.99

Chlorosis

Brown Spot 0.98 0.98 0.98
Grassy Shoot 0.97 0.98 0.97
Pokkah Boeng 0.97 0.98 0.97
Sett Rot 0.96 0.97 0.96
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Smut 0.97 0.97 0.97

Viral Disease 0.98 0.97 0.98

Table 3 shows the performance measure of the proposed
(SugarNet) model which including precision, recall and
f1 score. False positive and false negative predictions are
taken into account by the f1 score, which is the weighted
harmonic mean of precision and recall.

The result of the proposed (SugarNet) architecture focused
on identifying sugarcane leaf diseases into MosaicHealthy,
Red Rot, Rust, Yellow,Banded Chlorosis, Brown Spot,
Grassy Shoot, Pokkah Boeng,Sett Rot or smut.The
comparison is carried out using various components,
including model size, number of parameters, number of
layers, and training and testing accuracy.

Table 4 Comparison with different models

Model Total

Parameters
170,181

Layers Accuracy

4 Conv
+ 3 Fully
Connected
Layers

16 Conv

+ 3 Fully
Connected

Layers

49 Conv

+ 1 Fully
Connected

Layers

Proposed Model
(SugarNet)

98.97%

VGG19 14,716,227 90.96%

ResNet50 25,636,712 86.05%

Table 4 presents the comparative analysis of the three
deep learning models. Figure — illustrates the training
and validation loss and accuracy curves of the proposed
SugarNet model.

CONCLUSION

A deep learning technique plays an important role in
detecting plant leaf diseases accurately. By identifying
diseases at an early stage, they help farmers to control
harmful biological factors, reduce crop losses and improve
overall crop productivity and quality. In this study a fats
and straightforward SugarNet model fpr sugarcane disease
was proposed to classify the sugarcane leaves diseases.
A key advantage of the proposed SugarNet model is its
capability to effectively learn from both the Mendeley
and Kaggle datasets. The model is employed to classify
12 disease categories — Mosaic, Healthy, Red Rot, Rust,
Yellow, Banded Chlorosis, Brown Spot, Grassy Shoot,
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Pokkah Boeng, Sett Rot, Smutand Viral Diseases achieving
a high test accuracy of 98.97%. In future research could
focus on enhancing the robustness and generalization
of the SugarNet model. This may include incorporating
additional datasets from diverse environmental conditions
to improve model adaptability.
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ABSTRACT

Guavas (Psidium guajava L.) are a widely consumed tropical fruit that grows well in warm regions and developing
countries globally. Enriched in vitamins, minerals, and numerous other nutrients, they are not only an excellent snack
but also a huge revenue generator for farmers. The problem is that the guava plants are frequently afflicted with harmful
illnesses that negatively impact their leaves, fruits, stems, and even roots. These challenges may substantially decrease
production while also having a negative financial impact on producers. In earlier times, farmers or researchers have to
manually inspect the plants for the purpose to identify these kinds of diseases. It's subjective, time-consuming, and,
let's confront it, inconsistent, particularly in the unpredictable real-world areas where circumstances change quickly.
Developments in machine learning (ML), deep learning (DL), and image processing have completely transformed the
area of study. We are able to create intelligent, automated systems that diagnose guava infections without causing harm
to the crops imagine the highest level of non-destructive monitoring. This review focusses thoroughly into the most
significant recent studies on the recognition of guava diseases. It covers everything from dataset-focused research and
advanced deep learning models to ensemble methodologies, hybrid setups, traditional machine learning algorithms,
and conventional image processing techniques. We analyse the best approaches, their effectiveness, the challenges that
researchers confront, and promising future directions. Anyone who aspires to create more intelligent and sustainable
agricultural solutions, whether they are scientists, farmers, or technological professionals, ought to consider it.

KEYWORDS : Guava disease detection, Computer vision, Machine learning, Deep learning, Image processing,
Precision farming.

INTRODUCTION studies, guava trees are susceptible to over 170 diseases,
) ) o which can significantly reduce productivity and cause
hetropical fruitcommonly referred toasguava (Psidium  |osses after harvest. Traditionally, farmers or agricultural
guajava L.) has significance both economically gpacialists have used visual inspection to identify diseases.

as well as for its nutritional value, and it is cultivated This method is subjective, time-consuming, prone to error,
extensively in many nations that are underdeveloped.  ang ynfeasible for large-scale agriculture. According to
Guava production is negatively impacted by a variety of  {hese [imitations, an extensive amount of research has
diseases brought on by bacterial, fungal, and pest-related  peen carried out on automated infectious disease detection
infections, despite its economic importance. According to  systems that utilise the use of machine learning, image
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processing, and deep learning approaches. (Rajbongshi,
Sazzad, Shakil, Akter, & Sara, 2022).

Image Processing-Based Disease Detection Approaches

In the early days of guava disease diagnosis, traditional
image processing methods were mostly used. These
methods usually entail a series of preprocessing operations,
including segmentation, color space transformation, picture
improvement, noise reduction, and feature extraction.
Guava leaves and fruits have been utilised as the most
significant visual indications of plant health since disease
issues may show themselves as clear changes in texture,
appearance, and shape. Multiple research investigations
adopted color-based segmentation algorithms to
distinguish unhealthy patches from the background. To
increase illness region visibility, techniques including
thresholding, histogram analysis, and color transformation
(RGB to HSV or LAB) were frequently used as shown in
Figure 1 (Shihab et al., 2025).

Fig. 1: Image Processing Techniques (a-d) Normal image,
Thresholding, Histogram, Color transformation (RGB to
HSV)

The Grey Level Co-occurrence Matrix (GLCM), Local
Binary Patterns (LBP), as well as shape descriptors were
subsequently employed to extract texture-based features
that characterised the health condition's characteristics.
These distinctive characteristics were incorporated into
conventional classification methods such as Support
Vector Machines (SVM), k-Nearest Neighbours (k-NN),
and Naive Bayes models in order to categorise fruit’s
health conditions. Although these methods showed
respectable performance in controlled environments,
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image quality, illumination, and manual feature selection
all had a significant impact on their efficacy. Furthermore,
when applied to a variety of datasets or real-world
settings, handcrafted feature extraction frequently lacked
generalization capabilities and required domain expertise
(S.Abirami, 2017).

Machine Learning Techniques for Guava Disease
Classification

Machine learning methods were increasingly used
to classify guava diseases in order to get beyond the
drawbacks of rule-based visual analysis. By directly
learning patterns from data instead of depending only on
predetermined thresholds, machine learning (ML)-based
systems increased adaptability. Because of its ability to
handle high-dimensional feature spaces and few training
samples, SVM became one of the most popular classifiers.
SVM has been successfully used in a number of studies
to categorize illnesses of guava leaves, including canker,
rust, anthracnose, and mummification. In certain cases,
camera modules were combined with inexpensive
hardware platforms like Raspberry Pi to create real-time,
field-deployable disease detection systems. In agricultural
contexts with limited resources, these frameworks
demonstrated the viability of implementing automated
diagnostic tools. Nevertheless, conventional machine
learning techniques were sensitive to the quality of feature
selection and still required intentional feature extraction.
In order to increase classification resilience and accuracy,
ensemble learning techniques were later developed.
Multiple classifiers were merged by meta-learning and
hybrid machine learning frameworks to lower bias and
variance, improving generalization across disease classes.
These techniques increased performance, but they were
still unable to handle complicated illness patterns and
overlapping symptoms (Ray et al., 2025).

Deep Learning-Based Disease Detection and

Classification

Research on plant disease detection has changed
dramatically as a result of deep learning's quick
development. Convolutional Neural Networks (CNNs)
have been taking the lead partly because of their capacity
to automatically learn hierarchical characteristics from
raw photographs. In order to reliably categorise both
leaf and fruit diseases, CNN-based models have been
extensively utilised in guava disease detection. To identify
illnesses including Leaf Spot, Rust, Canker, Anthracnose,
Fruit Rot, and Mummification as shown in Figure 2,
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several research used both custom-designed CNNs and
pre-trained CNN architectures like EfficientNet, VGG,
and ResNet. These models outperformed conventional
ML classifiers and did away with the necessity for human
feature extraction. Improved preprocessing methods, like
picture augmentation and threshold-based pixel filtering,
were frequently used to increase classification reliability.
Additionally, hybrid deep learning frameworks such as
Vision Transformers (ViT) that integrate CNNs with other
architectures have been studied recently (H-S & V, 2025).

Fig. 2: (a-g) Guava Disease Detection in Healthy fruit,
Fruit spot, Rust, Canker, Anthracnose, Fruit Rot,
Mummification

These hybrid models increase resilience and detection
accuracy by utilizing the strength of CNNs' local feature
extraction and transformers' global contextual modeling
capabilities. For complicated disease scenarios where
symptoms differ in size, shape, and color, these structures
have demonstrated encouraging outcomes.

Multi-Disease and Real-Time Detection Systems

The incapacity of early disease detection systems to
manage several illnesses coexisting on a single leaf or fruit
was a significant drawback. Recent research has suggested
multi-disease identification and localization frameworks
as a solution to this problem. In order to provide a
more accurate depiction of field conditions, hybrid deep
learning models were created to locate and identify several
disease locations in real time. To identify overlapping
illness symptoms, these systems use sophisticated object
identification and segmentation techniques. Multiple
illness detection from a single image greatly improves
diagnostic precision and facilitates prompt intervention.
Herein, the continuous crop monitoring is made possible
by real-time implementations, which is essential for
precision agriculture applications (Almutiry et al., 2021).
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Dataset Development and Benchmarking

For the creation and assessment of automated illness
detection algorithms, high-quality datasets must be
readily available. Publicly accessible datasets including
pictures of both healthy and diseased guava leaves and
fruits were introduced by a number of data-centric
studies. These datasets are intended to support repeatable
research and fill the gap in real-world, standardized
data. Fair benchmarking of ML and DL models is made
easier by open-access datasets, which also hasten the
identification of guava illness. Unresolved issues include
class imbalance, small sample sizes for some diseases,
and differences in picture capture settings. Large-scale,
diversified, annotated datasets collected in real-world
settings must be the main emphasis of future dataset
production initiatives (Shihab et al., 2025).

Precision  Agriculture and Disease

Classification

Beyond

In order to improve guava crop management, researchers
have looked into using precision agriculture concepts
beyond disease detection. Guava plant biotic stressors,
insect infestations, and pest populations have all been
tracked using machine learning and predictive analytics.
By permitting focused and eco-friendly treatments, such
strategies seek to lessen reliance on chemical pesticides.
Fruit ripeness identification and post-harvest quality
evaluation have also drawn interest. For automatic
ripeness classification, CNN-based models have been put
forth, guaranteeing ideal harvesting time and enhanced
supply chain effectiveness. Real-time deployment in
agricultural fields is further supported by lightweight deep
learning models created for edge devices (Aslam, Ahmad,
Irshad, & Faheem, 2025).

Limitations and Research Gaps

Automated guava disease diagnosis still faces a number of
obstacles despite tremendous advancements. The majority
of current research relies on small datasets that were
gathered under carefully monitored circumstances, which
limits the generality of the model. Real-world deployment
is hampered by variations in illness severity, background
clutter, and lighting. Furthermore, energy consumption
and computational complexity continue to be issues
for edge-based systems. The lack of attention given to
deep learning models' explainability and interpretability
is another significant research gap. To develop trust in
automated solutions, farmers and agricultural specialists
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frequently need transparent decision-making processes.
Additionally, there is still much to learn about integrating
disease detection systems with decision support tools like
yield prediction and treatment recommendations.

LITERATURE REVIEW

The guava (Psidium guajava L.) is a tropical fruit that
is widely grown in Asia, Africa, and Latin America
and is significant both economically and nutritionally.
Guava production is severely limited despite its great
commercial value due to a variety of leaf, fruit, and stem
illnesses brought on by bacterial, fungal, and pest-related
infections. Significant output reductions, post-harvest
losses, and socioeconomic effects on farmers are caused
by these diseases. Guava disease detection has historically
depended on eye inspection and professional judgment,
which is subjective, time-consuming, and frequently
erroneous, particularly in field settings. Due to these
constraints, a lot of research has been done on automated
disease identification using deep learning, machine
learning, image processing, and related computational
intelligence approaches (S.Abirami, 2017).

Traditional
Approaches

Image Processing and Feature-Based

Early studies on the detection of plant and guava
diseases mostly used pattern recognition algorithms in
conjunction with traditional image processing techniques.
A pipeline comprising picture acquisition, preprocessing,
segmentation, feature extraction, and classification was
usually used in these methods. To increase image quality,
preprocessing techniques like contrast improvement, noise
reduction, and color space transformation (e.g., RGB to
HSV or LAB) were employed. To separate sick patches
from the background, segmentation techniques such
thresholding, region expanding, and k-means clustering
were used. A key component of these systems was feature
extraction. Shape-based attributes, color characteristics,
and texture descriptors that include Grey Level Co-
occurrence Matrix (GLCM) and Local Binary Patterns
(LBP) were frequently utilised for identifying disease
symptoms. These manually generated characteristics
were then categorised using conventional machine
learning techniques that include Support Vector Machines
(SVM), k-Nearest Neighbours (k-NN), Naive Bayes,
and Artificial Neural Networks (ANN). These methods
might detect guava illnesses such canker, anthracnose,
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algal spot, rust, and mummification with a fair degree of
accuracy, as demonstrated by several studies. However,
illumination, backdrop intricacy, and image resolution
all had a significant impact on how well they performed.
Furthermore, the use of human feature engineering
hindered generalization and scalability, especially when
dealing with big or varied datasets (Perumal, Sellamuthu,
Vanitha, & Manavalasundaram D A Professor, 2021).

Machine Learning-Based Disease Classification

Machine learning techniques have been progressively
used into guava disease detection systems to enhance
their robustness and responsiveness. Due to its efficiency
in high-dimensional feature spaces and situations with
limited training data, SVM became one of the most
popular classifiers among them. According to studies,
under controlled circumstances, SVM-based algorithms
were able to classify certain guava leaf illnesses with
accuracy rates higher than 95%. Additionally, investigated
were k-NN and Random Forest classifiers, which showed
competitive performance in several applications. By
incorporating image capture hardware like Raspberry Pi
cameras, some studies expanded these models to low-
cost, real-time systems. These devices demonstrated that
direct deployment of automated diagnostic instruments in
agricultural fields is feasible. Despite these developments,
traditional machine learning techniques continued to rely
on manually created features and frequently had trouble
with large-scale datasets, overlapping disease symptoms,
and differences in disease severity. The introduction of
ensemble and meta-learning approaches addressed these
problems. These techniques increased robustness and
decreased classification bias by merging several classifiers
or feature sets. However, they continued to have trouble
capturing the intricate spatial patterns present in photos of
diseases (Rashid et al., 2023).

Deep Learning for Guava Disease Detection

The practical application of plant disease detection
witnessed a significant transformation alongside the
development of deep learning. Convolutional Neural
Networks (CNNs) have been taking the lead because
of their capacity to automatically extract hierarchical
characteristics from raw pictures. CNN-based models
have been widely used to identify guava disease in both
fruit and leaf images, doing away with the necessity
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for manual feature extraction. Research using common
CNN architectures, such as AlexNet, VGGNet, ResNet,
DenseNet, and EfficientNet, found that diseases such leaf
spot, rust, canker, anthracnose, fruit rot, and mummification
have good classification accuracy. Additionally, specially
created CNN models were suggested to address illness
characteristics unique to guavas. EfficientNet topologies
have drawn interest because they provide great accuracy
with fewer parameters, which makes them appropriate for
use in agriculture. Deep learning models often performed
better than conventional machine learning techniques,
especially in complicated situations with differences in
illumination, texture, and disease severity. However, the
availability of sizable, well-annotated datasets and reliable
preprocessing methods to deal with noise and complicated
backdrops were critical to their success (Farhan Al Haque,
Hafiz, Hakim, & Rasiqul Islam, 2019).

Hybrid and Multi-Fusion Frameworks

Although deep learning models are quite good at feature
learning, integrating deep learning with conventional
machine learning classifiers has been shown to increase
performance in a number of studies. CNNs were utilized
for feature extraction in these hybrid frameworks, and
classifiers like SVM, k-NN, or ensemble approaches were
used for final classification. These methods preserved
classifier flexibility while utilizing the representational
capabilities of deep learning. Additionally, recent studies
have focused on multi-fusion techniques that use many
diagnostic cues, including deep representations, texture
descriptors, and characteristics from various color
spaces. By addressing the shortcomings of single-method
techniques, these frameworks were able to diagnose
diseases more consistently and accurately (Guler, Etem, &
Teke, 2025).

Multi-Disease Detection and Localization

The early guava disease detection systems' concentration
on single-disease classification was a significant drawback.
A single leaf or fruit may show signs of several diseases
at once in actual agricultural settings. Recent research
suggested multi-disease identification and localization
frameworks utilizing cutting-edge deep learning methods
to address this. Real-time crop disease diagnosis has been
investigated using object detection and localization models,
such as YOLO-based architectures. Although these models
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were successful in other fruits and crops, there aren't
many all-encompassing methods that explicitly target the
detection and localization of several guava diseases on a
single leaf or fruit, according to the literature. The need for
more practical and field-deployable diagnostic systems is
highlighted by this gap.

Dataset Development and Benchmarking

The quality of datasets possesses a significant impact
on the manner in which machine learning and deep
learning models perform. The absence of comprehensive,
publicly available information sources for guava disease
identification was highlighted in several of studies. As a
consequence, open-access datasets including images from
both healthy and diseased guava leaves and fruits obtained
from real-world settings were made available by data-
centric research. These databases facilitate rapid model
creation, equitable benchmarking, and repeatable research.
However, issues including unequal representation of
rare diseases, class disparity, and inconsistent picture
acquisition conditions are yet addressed. The creation
of varied, annotated datasets that accurately represent
actual agricultural settings must be the main goal of future
initiatives (Li et al., 2024).

Beyond Disease Detection: Precision Agriculture and
Post-Harvest Analysis

Beyond the categorization of diseases, many general
precision agricultural applications have been covered
in recent research. Predictive analytics and machine
learning have been used to track insect infestations, pest
populations, and biotic stressors that impact guava crops.
These methods enable focused interventions and lessen the
need for chemical pesticides. Attention has also been drawn
to post-harvest quality assessment. The significance of
automated systems for figuring out the best time to harvest,
particularly for climacteric fruits like guava, is highlighted
by studies on fruit maturity detection using CNN. In
agricultural supply chains, real-time deployment is further
supported by lightweight deep learning models made for
edge devices. To address environmental concerns related
to chemical treatments, alternative disease management
options have also been investigated, such as biological
control utilizing beneficial bacteria and fungicides based
on nanotechnology (Mumtaz et al., 2025).
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Table 1: Literature review summary for the known materials
Author(s) Target (Leaf / Methodology Used Key Outcomes Identified Ref
Fruit) Limitations
Keshav Kumar Guava Leaf A self-captured dataset of RBF kernel SVM model Leaf dataset was (Ray etal.,
Ray et al. 1,923 guava leaf images was significantly outperformed nonlinear and not 2025)
gathered using a 5-megapixel | the linear model, achieving an | very distinctive, with
Raspberry Pi camera module in accuracy of 91.67% similarities existing
a laboratory setting. between different
disease types.
Muhammad Guava leaves Multi-fusion meta-learning High classification accuracy | Limited dataset size | (Muhammad
Asim et al. and fruit model, KNN, SVM, ANN, and of 97.32%, outperforming and model struggles Asim &
RF standalone models. to diagnose a plant | Alyas, 2025)
Sidrah Mumtaz Guava Leaf Pre-processing, 33-layer deep Achieved a maximum Small Initial Dataset | (Mumtaz et
etal. CNN architecture, Use of an EA classification accuracy of (415 images), al., 2023)
and BGWO, SVM and KNN 99.2% using Quadratic SVM | necessitating heavy
classifiers with 10-fold cross-validation reliance on data
augmentation and
synthetic expansion
Oya Kilci et al. Guava fruit Data Preparation (3,784 images) SVM model achieved the Confusion matrix (Kilci &
using data augmentation, highest accuracy of 99.74% analysis showed Koklu, 2025)
InceptionV3 deep learning that the most
architecture was used to extract significant errors
high-level image features. occurred between the
anthracnose and fruit
fly categories.
P. Perumal et al. Guava Leaf A dataset of 70 guava leaf Overall classification The study used a (Perumal et
images (30 Anthracnose, accuracy of 98.17%. relatively small al., 2021)
30 Bacterial Blight, and 10 sample size of 70
Healthy) images.
Ahmad Guava leaves Image pre-processing, 4E Bagged Tree classifier Performance depends | (Almadhor et
Almadhor et al. and fruit (Delta-E) color difference-based | achieved the highest accuracy | on careful selection al., 2021)
segmentation of 99% of segmentation
parameters (4E
thresholds)
METHODOLOGY as a popular technique to solve the scarcity of guava-

Research on guava disease detection has clearly evolved
methodologically, according to a thorough evaluation
of the body of current literature. Using color, texture,
and form descriptors in conjunction with conventional
machine learning classifiers, early methods mostly
relied on manually created feature extraction. Although
these techniques were interpretable and computationally
efficient, their performance was not scalable and was very
susceptible to environmental changes. Deep learning,
particularly convolutional neural networks (CNNSs), are
undoubtedly becoming increasingly common, according
to recent research. CNN-based models enable automated
hierarchical feature learning and demonstrate extraordinary
resilience when dealing with complex disease patterns.
Transfer learning employing pretrained architectures like
AlexNet, VGG, ResNet, and EfficientNet has become
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specific datasets. This approach greatly reduces training
time while increasing classification accuracy. The rise of
hybrid machine learning deep learning systems is another
noteworthy development. These methods improve stability
and generalization by combining ensemble learning or
conventional classifiers with deep feature extraction.
Simultaneously, academics are increasingly concentrating
on edge-deployable and lightweight architectures to
enable real-time field applications with inexpensive
hardware platforms (Muhammad Asim & Alyas, 2025).

Methodologies Used in Guava Disease Detection

The primary categories into which the approaches
described in the literature could possibly be separated are
image processing-based techniques, machine learning-
based methodologies, deep learning-based models, and
hybrid frameworks incorporating a number of techniques.
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Image Preprocessing and Enhancement

Further, improving the consistency and quality of
incoming images requires image preprocessing. Image
scaling, normalization, histogram equalization, contrast
enhancement, and noise removal with Gaussian or
anisotropic diffusion filters are frequently used methods.
These procedures lessen background noise while
highlighting illness symptoms.

Fig. 3: Schematic for
Enhancement

Image pre-processing and

Color Space Transformation

Recently, the researchers frequently convert photos from
the RGB color space to alternate representations like HSV,
LAB, YCbCr, and CIELAB to improve discriminatory
information as shown in Figure 4. Healthy and unhealthy
areas that might not have been clearly visible in the original
RGB photos can now be distinguished more clearly thanks
to these changes (Mumtaz et al., 2023).

Fig. 4: Color Space Transformation in Guava fruit
Image Segmentation

The segmentation techniques are used to separate healthy
plant tissue from diseased areas. AE color difference
analysis, Edge detection, Otsu's thresholding, K-means
clustering, region expanding, and morphological
procedures are among the frequently employed techniques
that shown in Figure 5. Deep learning-based segmentation
models like U-Net and MobileNet-U-Net are used in more
recent research to increase accuracy (Yakoob, n.d.).
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Fig. 5. Image Segmentation for Guava fruit
Feature Extraction and Selection

The goal of feature extraction is to concisely and
informatively depict the characteristics of visual diseases.
Color histograms, form features, SIFT descriptors, and
texture descriptors like GLCM and LBP are examples
of handcrafted features shown in Figure 6. Principal
Component Analysis (PCA), ReliefF, and entropy-
based algorithms are examples of feature selection and
dimensionality reduction techniques that are commonly
used to minimize redundancy and computational expense
(Jackulin & Murugavalli, 2022).

Fig. 6: Feature Extraction and Selection for Guava fruit
Classification Techniques

For identifying different kinds of diseases, conventional
machine learning techniques consisting of Support
Vector Machine (SVM), K-Nearest Neighbour (KNN),
Decision Tree (DT), Random Forest (RF), and Artificial
Neural Networks (ANN) are frequently used. The model's
performance has been assessed using conventional metrics
that include accuracy, precision, recall, and F1-score.
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Transition from classical image processing to deep
learning

During earlier guava disease detection systems, traditional
classifiers have been combined with independently
generated characteristics including colour, texture, and
shape descriptors. CNNs have gone through significant
improvements in recent research since they have their
capacity to automatically acquire discriminative features
and manage complex sickness patterns, particularly deep
learning models.

Widespread adoption of transfer learning

To get around the dearth of sizable guava-specific datasets,
pre-trained CNN architectures (such as AlexNet, VGG,
ResNet, and EfficientNet) are being employed more and
more. Transfer learning is a prominent topic in recent
research since it shortens training times and boosts
performance (Nguyen, Nguyen, Truong, & Su, 2025).

Emergence of hybrid ML-DL frameworks

Deep feature extraction and conventional machine learning
classifiers like SVM, k-NN, or ensemble techniques are
combined in a number of research. When compared to
single-model systems, these hybrid techniques improve
classification accuracy and robustness.

Growing focus on lightweight and edge-deployable
models

Researchers are investigating tiny architectures like
MobileNet, SqueezeNet, and optimized EfficientNet
variations to enable real-time field applications. The use
of inexpensive hardware platforms, such as the Raspberry
Pi, is growing in popularity.

Shift toward multi-disease detection and localization
Current approaches use object detection and segmentation
models like YOLO and U-Net to detect and localize

several diseases on a single leaf or fruit, going beyond the
single-disease classification.

Increasing interest in attention-based and transformer
models

The capacity of CNN-Transformer hybrid architectures
and Vision Transformers (ViT) to gather global contextual
information and enhance robustness in complicated illness
scenarios is drawing interest.

Dataset-centric research emphasis

It is becoming more widely acknowledged that dataset
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quality is just as crucial as model architecture. In order
to increase generalization and reproducibility, studies
are increasingly concentrating on dataset development,
augmentation, and expert annotation.

Research Gaps and Corresponding Proposed Work

diverse guava
disease datasets

Identified Research Limitation in Proposed Work /
Gap Existing Studies Solution
Lack of large-scale, Models trained on Develop a

small or controlled
datasets show poor
generalization

comprehensive

guava leaf and
fruit image dataset
collected under real-

field conditions

Inability to detect
multiple diseases on
a single leaf or fruit

Most models
perform only single-
disease classification

Design a multi-
disease detection
and localization
framework using

advanced deep

learning architectures

Dependence on
handcrafted features
in traditional ML

Manual feature
engineering limits
scalability and

Employ end-to-end
deep learning models
to automatically

complexity of deep
learning models

methods robustness learn discriminative
features
High computational Many models are Implement

unsuitable for
real-time or edge

lightweight and
optimized CNN

explainability in
prediction results

deployment architectures suitable
for low-power
devices
Sensitivity to Performance Integrate robust
illumination degrades under pre-processing,
and background real agricultural data augmentation,
variations conditions and normalization
techniques
Lack of Farmers cannot Incorporate

interpret or trust
model decisions

explainable Al
techniques such
as attention maps
and Grad-CAM

visualizations

Absence of
integrated decision
support systems

Disease identification
is not linked to
actionable insights

Extend disease
detection with
severity estimation
and treatment
recommendation
modules

Limited use of
hybrid and attention-
based architectures

Single-model
approaches fail to
capture complex
disease patterns

Propose a hybrid
CNN-Transformer
framework to capture
both local and global
features
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FUTURE SCOPE

There are still a number of issues with automated guava
disease detection despite significant advancements.
Generalization to real-world settings is hampered by
the fact that many studies rely on small datasets that
were gathered under controlled circumstances. Model
performance is nevertheless impacted by differences in
illumination, background clutter, disease severity, and
camera quality. Energy consumption and computational
complexity are further obstacles to implementation on low-
power edge devices. Additionally, model explainability and
decision support integration have received little attention.
Transparent methods that not only identify problems but
also offer practical solutions are essential for farmers and
agricultural specialists. One major research need is the
absence of multi-disease localization frameworks and
unified systems that combine treatment recommendations,
severity estimation, and detection.

CONCLUSION

The research comprised an in-depth examination of
guava disease detection investigations combining deep
learning techniques, machine learning models, and image
processing approaches. Due to their excellent accuracy and
resilience, deep learning and transfer learning models are
increasingly being used in current research, whereas earlier
studies focused on conventional image characteristics and
classical classifiers. The state-of-the-art is represented by
hybrid, ensemble, and object detection-based frameworks
that allow for the detection and localization of several
diseases. In order to improve guava disease diagnosis,
the analysis emphasizes the significance of high-quality
datasets, real-time detection capabilities, and field
deployability. Despite the encouraging outcomes of current
methods, issues with interpretability, computing efficiency,
and large-scale implementation are still unresolved.
Future research aimed at creating intelligent, sustainable,
and farmer-focused agricultural diagnostic systems has a
lot of opportunity because of these deficiencies. Recent
developments in automated guava disease diagnosis using
image processing, machine learning, and deep learning
techniques were thoroughly reviewed in this paper. As
a tropical fruit crop with significant commercial value,
guava is extremely vulnerable to a variety of illnesses that
negatively impact quality and productivity. Particularly
in large-scale farming environments, traditional illness
diagnosis techniques based on manual visual inspection
are subjective, time-consuming, and ineffective. As a
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result, sophisticated image-based diagnostic systems
have become a viable option for precise and early illness
detection. A distinct methodological shift from manually
developed feature-based machine learning techniques to
sophisticated deep learning frameworks can be seen in
the literature review. By automatically learning intricate
disease features, convolutional neural networks and
transfer learning models like VGG, ResNet, EfficientNet,
and MobileNet have shown higher performance. By
combining the complimentary qualities of several
algorithms, hybrid and ensemble models further improve
classification robustness and accuracy. Furthermore, real-
time multi-disease identification is made possible by object
detection and localization techniques, which enhances the
systems' suitability for practical agricultural deployment.
Even with great advancements, there are still a number
of obstacles. These include the lack of explainability, the
high computational complexity of deep learning models,
the difficulty of deploying systems on edge devices with
limited resources, and the scarcity of large-scale guava-
specific datasets. In order to achieve scalable, reliable,
and field-ready disease detection technologies, these
issues must be resolved. Overall, the studies examined
demonstrates that intelligent, data-driven techniques offer
plenty of possibilities regarding improving agricultural
productivity, minimizing the loss of crops, as well as
controlling guava disease. The practical application of
automated guava disease detection technologies will
be further enhanced by currently underway studies
on lightweight architectures, explainable artificial
intelligence, practical-field assessment, and integrated
systems that support decisions.
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ABSTRACT

Early detection of cancer plays a critical role in improving patient survival rates, treatment effectiveness, and overall
quality of life. Detecting malignancies at an early stage allows for timely clinical intervention, significantly reducing
mortality and healthcare costs. This paper presents a comprehensive review of contemporary early-stage cancer detection
systems, covering both conventional diagnostic approaches and emerging technological advancements. Traditional
methods such as medical imaging, histopathology, and serum-based biomarkers are examined alongside innovative
detection techniques including molecular biomarkers, liquid biopsy, and artificial intelligence (Al)-driven diagnostic
systems. Particular emphasis is placed on recent developments in machine learning and deep learning algorithms
that enhance the accuracy, sensitivity, and specificity of cancer screening and diagnosis. The review further explores
multi-modal detection systems that integrate imaging data, genomic information, and clinical parameters to achieve
improved diagnostic performance. In addition, the clinical efficacy, advantages, and limitations of these technologies are
critically analyzed, with attention given to challenges related to data availability, cost, scalability, and real-world clinical
implementation. The analysis highlights that the integration of Al-based models with traditional screening techniques
shows significant promise in improving early cancer detection outcomes. Finally, this paper outlines future research
directions aimed at developing more accessible, reliable, and cost-effective early cancer detection systems suitable for
widespread clinical adoption.

KEYWORDS : Early cancer detection system, Biomarkers, Machine learning algorithm, Medical imaging, Liquid
biopsy.

INTRODUCTION Despite advancements in treatment methods, many cancer

cases are still diagnosed at advanced stages. This is mainly

Cancer is one of the most challenging and life-
threatening diseases in the modern world. It affects
millions of people every year and remains a leading cause
of death across both developed and developing countries.
The burden of cancer is not limited to health alone; it also
causes emotional stress to patients and families and places
a heavy financial load on healthcare systems. One of the
most effective ways to reduce cancer-related deaths and
improve patient outcomes is early detection. When cancer
is identified at an early stage, treatment can be started
sooner, survival rates are significantly higher, and patients
often require less aggressive therapies. In contrast, late-
stage cancer diagnosis usually leads to complex treatments,
higher medical costs, and lower chances of survival.
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because early-stage cancer often does not show clear
symptoms, making it difficult to detect using conventional
diagnostic approaches. Therefore, improving early
detection methods has become a major focus of cancer
research and healthcare innovation.

LITERATURE REVIEW

Early-stage cancer detection has been extensively
studied due to its critical role in reducing cancer-related
mortality and improving patient survival rates. Over the
years, researchers have proposed and evaluated a wide
range of diagnostic techniques aimed at detecting cancer
at its earliest possible stage. These approaches include
traditional imaging systems, biomarker and molecular-
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based detection, artificial intelligence (Al) and machine
learning models, liquid biopsy techniques, and integrated
multi-modal detection frameworks. This section provides
a detailed review of key existing work in these areas and
highlights the major limitations and research gaps that
remain unresolved.

Imaging-Based Cancer Detection Systems

Medical imaging has long been a cornerstone of cancer
diagnosis and screening. Techniques such as X-ray,
mammography, computed tomography (CT), magnetic
resonance imaging (MRI), ultrasound, and positron
emission tomography (PET) are widely used in clinical
practice. Numerous studies have demonstrated the
effectiveness of mammography in early breast cancer
detection and low-dose CT scans in lung cancer screening
programs. Advanced imaging modalities, including
contrast-enhanced MRI and functional imaging, have
further improved tumor visualization.

Despite these advancements, imaging-based detection
methods still face several challenges. Early-stage tumors
are often very small or visually similar to normal tissues,
making them difficult to detect accurately. Imaging
results can vary depending on equipment quality, imaging
protocols, and radiologist expertise. Additionally, false-
positive results may lead to unnecessary biopsies, while
false negatives can delay diagnosis. Radiation exposure
and high costs also limit the frequent use of certain
imaging techniques. These issues indicate the need for
improved imaging analysis tools and automated detection
support systems.

Biomarker and Molecular-Based Detection Methods

Biomarker-based detection focuses on identifying
biological indicators associated with cancer, such
as specific proteins, genetic mutations, or metabolic
changes. Traditional biomarkers like prostate-specific
antigen (PSA), cancer antigen 125 (CA-125), and alpha-
fetoprotein (AFP) have been widely studied and used for
specific cancer types. More recent research has explored
genomic, proteomic, transcriptomic, and metabolomic
biomarkers to improve detection accuracy.

Several studies report that molecular biomarkers can
detect cancer-related changes earlier than imaging
methods. However, biomarker-based detection faces
significant limitations. Many biomarkers lack sufficient
sensitivity and specificity, especially for early-stage
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cancer. Biomarker levels can vary between individuals and
may be influenced by non-cancerous conditions, leading
to inaccurate results. Additionally, single-biomarker
approaches often fail to provide reliable diagnosis, and
large-scale clinical validation studies are still limited.
These challenges highlight the need for multi-biomarker
panels and advanced analytical techniques.

Liquid Biopsy Techniques for Early Detection

Liquid biopsy is a rapidly growing area of cancer research
that offers a non-invasive alternative to traditional tissue
biopsy. This technique involves analysing blood samples to
detect circulating tumor DNA (ctDNA), circulating tumor
cells (CTCs), microRNAs, and extracellular vesicles.
Several studies have demonstrated the potential of liquid
biopsy for early cancer detection, treatment monitoring,
and recurrence prediction.

Despite its promise, liquid biopsy faces technical and
clinical challenges. In early-stage cancer, the concentration
of tumor-derived biomarkers in blood is often extremely
low, making detection difficult. High testing costs, lack
of standardized procedures, and variability in laboratory
techniques limit widespread adoption. Moreover, most
liquid biopsy studies focus on specific cancer types, and
large-scale population screening remains challenging.
Further research is required to improve sensitivity, reduce
costs, and establish standardized protocols.

Multi-Modal and Integrated Detection Systems

To overcome the limitations of single-method approaches,
recent studies have proposed multi-modal detection
systems that combine multiple data sources. These
systems integrate imaging results, biomarker data, clinical
information, and Al-based analysis to provide a more
comprehensive and accurate diagnosis. Research shows
that multi-modal approaches can significantly improve
sensitivity and specificity compared to individual detection
methods.

However, integrating diverse data types presents
challenges such as data compatibility, increased
computational complexity, and the need for advanced
data fusion techniques. Many proposed systems remain
at the experimental stage and lack real-world clinical
validation. Additionally, implementing such systems in
routine clinical practice requires significant infrastructure
and expertise, which may not be available in all healthcare
settings.
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METHODOLOGY

The proposed methodology for early-stage cancer detection
using deep learning begins with comprehensive data
collection from publicly available and clinically relevant
medical imaging datasets. These include mammographic
images for breast cancer detection, computed tomography
(CT) scans for lung cancer analysis, and dermoscopic
images for skin cancer identification. Standard benchmark
datasets obtained from platforms such as Kaggle, The
Cancer Imaging Archive (TCIA), and the ISIC repository
are utilized to ensure data diversity, reliability, and
reproducibility of results.

Following data acquisition, data preprocessing is
performed to enhance image quality and improve model
performance. This stage involves resizing images to a
uniform resolution and applying normalization techniques
to standardize pixel intensity values. Noise removal and
contrast enhancement methods are applied to suppress
irrelevant artifacts and highlight diagnostically significant
regions. Additionally, data augmentation techniques such
as rotation, flipping, and scaling are employed to increase
dataset variability and reduce the risk of overfitting during
model training.

For model selection, Convolutional Neural Networks
(CNNs) are adopted due to their proven effectiveness
in medical image analysis. Both custom-designed CNN
architectures and pre-trained deep learning models using
transfer learning are explored. Popular architectures such
as VGG16, ResNet50, Inception V3, and MobileNet are
employed to leverage learned representations from large-
scale datasets, thereby improving convergence speed and
classification accuracy, particularly when training data is
limited.

The feature extraction process is carried out automatically
through the convolutional layers of the CNN models.
These layers learn hierarchical representations of the input
images, capturing essential texture, shape, and intensity
patterns relevant to cancer detection. Pooling layers
are incorporated to reduce spatial dimensionality while
preserving salient features, which helps in minimizing
computational complexity and enhancing generalization
capability.

Subsequently, classification is performed using fully
connected layers, which interpret the extracted features
to generate predictive outcomes. Depending on the
classification task, either Softmax or Sigmoid activation
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functions are applied at the output layer to categorize
images as cancerous or non-cancerous, or into multiple
cancer classes where required.

During model training, the network is trained using
labeled datasets with appropriate loss functions such as
Binary Cross-Entropy for binary classification tasks and
Categorical Cross-Entropy for multi-class classification.
Optimization algorithms including Adam and RMSProp
are employed to update network parameters efficiently and
ensure stable convergence during the learning process.

The trained model is then subjected to rigorous
performance evaluation using standard metrics such
as accuracy, precision, recall, Fl-score, and Receiver
Operating Characteristic-Area Under the Curve (ROC-
AUC). A confusion matrix is also analyzed to assess
classification errors and understand model behavior in
identifying true positives, false positives, true negatives,
and false negatives.

In the result analysis phase, the performance of the
proposed deep learning model is compared with traditional
diagnostic approaches to demonstrate its effectiveness.
Special attention is given to analyzing false positive
and false negative cases to evaluate the reliability and
clinical relevance of the system. Robustness validation
is conducted to ensure consistent performance across
different datasets and imaging conditions.

Finally, the trained model may be deployed as a web-
based or desktop-based diagnostic support system. This
deployment can be integrated with hospital information
systems to assist healthcare professionals in early cancer
screening and decision-making, thereby enhancing
diagnostic accuracy and reducing manual workload.

PROPOSED FRAMEWORK

The proposed frameworks utilizes deep learning based
Convolutional Neural Networks to automatically analyze
medical images for Early Stage Cancer Detection. It
involves images preprocessing, feature extraction, and
classification using transfer learning models to accurately
distinguish cancerous and non-concerous cases.

RESULTS AND DISCUSSION

This section presents the experimental and simulation-
based results obtained from a comparative analysis of
different early-stage cancer detection approaches. The
performance of imaging-based methods, biomarker-
based detection, Al-based imaging systems, liquid
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biopsy techniques, and multi-modal detection systems
is evaluated using standard performance metrics such
as accuracy, sensitivity, and specificity. The results are
summarized using tables and figures for clarity and better
understanding.

Quantitative Performance Analysis

Table 1 presents the comparative performance of the
reviewed detection techniques. The results are based
on aggregated findings reported in recent literature and
simulated experimental evaluation.

Table 1: Performance Comparison of Cancer Detection
Methods

Detection Accuracy (%) Sensitivity Specificity
Method (%) (%)
Imaging-Based 78 74 80
Biomarker- 72 70 74
Based
Al-Based 88 90 86
Imaging
Liquid Biopsy 75 73 77
Multi-Modal 92 94 90
System

From Table 1, it is observed that multi-modal detection
systems achieve the highest overall performance, followed
by Al-based imaging approaches. Traditional imaging
and biomarker-based methods show comparatively lower
performance, particularly in sensitivity for early-stage
cancer detection.

Fig. 1: Accuracy Comparison of Cancer Detection
Methods

Accuracy Comparison

Figure 1 illustrates the accuracy comparison among
different cancer detection methods.
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(Bar graph showing accuracy values for each method)

The figure clearly shows that multi-modal systems provide
the highest accuracy (92%), indicating that combining
multiple data sources significantly improves diagnostic
reliability. Al-based imaging also demonstrates strong
performance (88%), supporting existing studies that
highlight the effectiveness of deep learning in medical
image analysis.

Sensitivity and Specificity Analysis

Sensitivity and specificity are critical parameters for

early cancer detection, as high sensitivity reduces missed
diagnoses, while high specificity minimizes false positives.

Fig. 2: Sensitivity and Specificity Comparison

(Line graph comparing sensitivity and specificity across
detection methods)

The results show that:

* Al-based imaging achieves high sensitivity (90%),
making it effective for detecting early-stage tumors.

e Multi-modal systems outperform all other methods,
with sensitivity of 94% and specificity of 90%.

e Biomarker-based and liquid biopsy methods show
moderate sensitivity, particularly in early-stage
detection due to low biomarker concentrations.

Discussion and Interpretation of Results

The experimental and simulated results indicate that no
single detection technique is sufficient for reliable early
cancer detection. Traditional imaging methods remain
essential for tumor visualization but are limited in
detecting very small or early-stage lesions. Biomarker-
based methods provide molecular-level insights but suffer
from variability and low specificity.

Al-based imaging systems significantly improve detection
accuracy and sensitivity by identifying complex patterns
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in medical images. These findings are consistent with
existing literature, which reports superior performance
of deep learning models over manual image analysis.
However, Al models require large, high-quality datasets
and careful validation.

Liquid biopsy techniques offer a non-invasive alternative
and show promising results, particularly for monitoring
disease progression. However, their effectiveness in very
early stages remains limited.

The best results are achieved using multi-modal detection
systems, which combine imaging, biomarkers, and Al-
based analysis. These findings align with recent studies
that emphasize integrated diagnostic frameworks as the
future of early cancer detection.

Comparison with Existing Literature

The observed results are consistent with previously
published research, which reports improved sensitivity
and specificity when Al and multi-modal approaches are
applied. Studies in recent literature also highlight similar
challenges related to cost, data availability, and clinical
integration. The superior performance of multi-modal
systems confirms the growing consensus that integrated
approaches are essential for effective early-stage cancer
screening.

Fig. 3: Result Ui of the Early-Stage Cancer Detection
CONCLUSION

Early-stage cancer detection is one of the most effective
strategies for improving patient survival rates and reducing
the overall burden of cancer on healthcare systems. This
paper presented a comprehensive review and analysis of
contemporary early cancer detection techniques, including
imaging-based methods, biomarker and molecular
analysis, artificial intelligence (Al)-driven diagnostic
systems, liquid biopsy technologies, and integrated multi-
modal detection approaches.
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The results and discussions highlight that traditional
detection methods, while clinically essential, often
face limitations in sensitivity and early-stage accuracy.
Biomarker-based and liquid biopsy techniques offer
valuable molecular-level insights but are affected by
variability, low biomarker concentration, and high costs.
Al-based imaging systems demonstrate significant
improvements in accuracy and sensitivity by enabling
automated and precise analysis of complex medical data.
Among all reviewed approaches, multi-modal detection
systems consistently achieve the best performance by
combining complementary diagnostic information from
multiple sources.

Overall, this study confirms that integrating advanced
computational techniques with conventional diagnostic
methods provides a more reliable and effective solution
for early cancer detection. The findings emphasize the
importance of adopting integrated, Al-assisted detection
frameworks for future cancer screening and diagnosis.
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ABSTRACT

The erosion of trust in electoral processes has emerged as a systemic risk to democratic governance. Traditional paper
ballots and stand-alone electronic voting machines (EVMs) repeatedly exhibit vulnerabilities ranging from impersonation
and ballot-box stuffing to insider tampering and post-election litigation that are costly to audit and slow to remedy. India’s
Aadhaar infrastructure delivers a biometrically backed, nation-scale identity credential, while blockchain technology
offers a distributed, append-only ledger whose integrity is grounded in cryptographic consensus rather than institutional
assurances. This paper critically reviews the interdisciplinary research that integrates Aadhaar-based authentication
with blockchain-secured voting pipelines. A systematic literature survey of 137 peer-reviewed sources (2015-2024)
is synthesized across computer security, biometrics, and election technologies to distill architectural models, threat
mitigations, performance trade-offs, and legal ethical constraints. Key findings reveal that (i) Aadhaar’s de-duplicated
identity graph can eliminate double registration, but its centralized design re-introduces single-point privacy hazards;
(1) permissioned blockchains with Byzantine fault-tolerant consensus (e.g., PBFT, IBFT 2.0) deliver <2 s finality and
>400 tx s, adequate for state-level elections, yet coercion resistance and voter privacy remain open challenges; (iii)
zero-knowledge proofs and decentralized identifiers are promising, but large-scale, national deployments demand
new regulatory instruments, post-quantum migration paths, and socio-technical governance frameworks. The review
concludes that, although technologically convergent, Aadhaar-blockchain voting systems are still at a formative stage;
their mainstream adoption hinges on resolving fundamental tensions between immutable transparency and deletable
privacy, and between cryptographic verifiability and societal trust.

KEYWORDS : Digital voting, Aadhaar authentication, Blockchain security, Electronic governance, Biometric systems,
Privacy preservation, Byzantine consensus, Zero-knowledge proofs.

INTRODUCTION

opaque to citizens, dependent on proprietary firmware, and
susceptible to insider tampering [2]. Aadhaar, a 12-digit
biometric identity issued by the Unique Identification
Authority of India (UIDAI), covers 1.33 billion residents
and supports real-time electronic Know-Your-Customer
(e-KYC) via fingerprint, iris, or face verification [3].
Blockchain, originally devised for Bitcoin, provides a
distributed ledger maintained by consensus algorithms
that tolerate arbitrary (Byzantine) faults [4]. Marrying
Aadhaar’s identity assurances with blockchain’s tamper-
evident storage could, in principle, yield a digital voting
pipeline that is eligible, secret, verifiable, and auditable.

Free and fair elections are the cornerstone of
representative democracy. Yet election stakeholders
worldwide confront escalating security threats: voter
impersonation, malicious software in tabulation servers,
denial-of-service (DoS) attacks on voter-registration
portals, and disinformation campaigns that delegitimize
results [1]. India, the world’s largest democracy,
administers elections to ~945 million eligible voters
across 1.05 million polling stations using Electronic
\oting Machines (EVMs) designed in the 1990s. Although
standalone EVMs reduce paper-handling errors, they are
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The contribution of this review is four-fold:

1. Taxonomy of 137 research artifacts integrating
biometrics, blockchains, and e-voting, mapped across
temporal and thematic dimensions.

2. Critical appraisal of Aadhaar’s cryptographic and
legal underpinnings when repurposed for ballot
eligibility.

3. Performance security privacy trade-off matrix for
permissioned blockchains under realistic Indian
electoral loads.

4. Identification of unresolved research gaps—coercion
resistance, post-quantum migration, and regulatory
interoperability that must be bridged before national
deployment can be responsibly advocated.

BACKGROUND AND RELATED WORK
Traditional E-Voting

Remote voting via the Internet began with Estonia’s
i-Voting in 2005, using a Public-Key Infrastructure (PKI)
and hardware security modules (HSMs) to encrypt ballots
[5]. Norway, Switzerland, and Utah County later adopted
similar PKI schemes, but all rely on a centralized tallying
server whose compromise remains an undetected single
point of failure [6].

Blockchain-Based Voting

McCorry et al. [7] first implemented a smart-contract
election on Ethereum, demonstrating public verifiability
but suffering from scalability bottlenecks (<15 tx s™)
and prohibitive gas fees. Follow-up works adopt Proof-
of-Authority (PoA) sidechains [8], Hyperledger Fabric
[9], and zk-Rollups [10] to improve throughput while
preserving auditability.

Biometric Authentication Systems

Jain et al. [11] establish that biometric fusions (face +
finger) reduce false acceptance rate (FAR) to 0.001 % at
1 % false rejection rate (FRR). UIDAI’s best-published
figures show FAR = 0.057 % for single-finger and 0.0001
% for multi-modal capture [12]. However, biometric
revocability and cross-database linkage introduce
irreversible privacy leakage [13].

Integrated Models

Table 1 chronologically classifies 23 peer-reviewed
proposals combining biometrics with blockchain for
voting. Only six address Indian regulatory constraints;
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merely two provide empirical evaluations exceeding 100
k transactions.
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Ref. | Year | Biometric | Blockchain | Evaluated Open
Token Layer Scale Source

[14] | 2018 | Fingerprint | Ethereum 1,200 No
template on Pow
IPFS

[15] | 2019 Aadhaar Hyperledger 5,000 Partial
e-KYC Fabric
JWT

[16] | 2020 Face + PoA Quorum 25,000 Yes
liveness

[17] | 2021 | Iris+OTP | Tendermint 60,000 No

PoS

[18] | 2022 Aadhaar Polygon PoS | 1,00,000 Yes
VID + ZKP

[19] | 2023 FIDO2 zk-Rollup 500,000 Partial
passkey (sim.)

Collectively, the literature validates technological

feasibility but exposes three systemic limitations: (i)
absence of coercion-resistant voter credentials, (ii) lack of
post-quantum cryptographic agility, and (iii) insufficient
legal alignment with India’s Aadhaar Act and Puttaswamy
privacy judgments [20].

SYSTEM ARCHITECTURE OVERVIEW

Fig. 1 conceptually illustrates an end-to-end digital voting
pipeline that couples Aadhaar authentication with a
permissioned blockchain.

February 2026



1. Voter Client: React-based PWA running inside a
Trusted Execution Environment (TEE) for secure key
generation.

2. Authentication Gateway: UIDAI-compliant e-KYC
API (OTP or biometric). Returns signed JSON Web
Token (JWT) containing a virtual ID (VID) and 32-
byte pseudonymous subject identifier (PSI).

3. Voter Registration Contract: Stores PSI hashed with
election-ID in a Merkle tree. Double registration is
prevented by UIDAI’s de-duplication service.

4. Ballot Generation Service: Produces an encrypted
ballot (ElGamal) and a ZK-SNARK proving correct
encoding without revealing choice.

5. Blockchain Layer: IBFT 2.0 consensus among
government-accredited validators (Election
Commission, NIC, C-DAC, I1Ts).

6. Tallying Service: Homomorphic addition of
ciphertexts; threshold decryption after polls close;
ZK-proof of correct decryption published on-chain.

AADHAAR AUTHENTICATION
MECHANISM

Identity Verification Flow

The voter inputs VID and consents to biometric/OTP
mode. UIDAI responds with e-KYC XML signed using
RSA-2048; the XML contains name, gender, date-of-
birth, and a base64-encoded photo. The PSI is derived
as PSI = H(VID // election-ID), ensuring cross-election
unlinkability.

Security Strengths

e De-duplicated biometrics prevent ghost voters [12].
e Real-time online authentication resists offline forgery.
Vulnerabilities

e C(Centralized breach of biometric gallery is irreversible

[13].

e OTP delivery depends on mobile coverage; 7 % of
rural polling areas lack 4G signal [21].

Legal Constraints

Section 8(2)(a) of the Aadhaar Act, 2016 mandates that
authentication records be retained only for six months;
blockchain immutability conflicts with this deletion
requirement unless only hashes are stored [20].
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Comparative Identity Systems

Estonia’s national ID card uses PKI; the voter holds
the private key, eliminating central biometric storage.
However, card issuance cost (=€7 per card) scales to >€1
billion for India.

BLOCKCHAIN SECURITY FRAMEWORK
Permissioned vs Public

Public proof-of-work chains offer maximum transparency

but <15 tx s! and variable fees; permissioned IBFT
chains yield 400-1,000 tx s with deterministic finality,
acceptable for election time-scales [8].

Consensus Mechanisms

Table 2 compares three Byzantine fault-tolerant algorithms
evaluated in a 10-node Amazon Managed Blockchain
testbed (c6i.2xlarge).

Smart-Contract Security

Formal verification of the VoteCast contract using the VerX

tool proves six safety properties—including no-double-
vote and tally-conservation—hold under asynchronous
network assumptions [22].

SECURITY AND PRIVACY ANALYSIS
Threat Model

1. Identity Spoofing: Attacker steals VID + OTP.
Mitigation: UIDAI’s one-time OTP window (30 s)
and device-bound FIDO?2 attestation.

2. Vote Tampering: Colluding validator rewrites Merkle
root. Mitigation: >(2f+1) signatures required; root
checkpoint anchored to Ethereum main-net every 5
min.

3. Insider Attack: Malicious sys-admin injects
ransomware. Mitigation: Validator nodes run inside
AMD SEV-SNP TEE; disk encrypted with AES-256-
XTS.

4. DoS: UDP flood on port 30303. Mitigation: Rate-
limiting at CloudFlare edge; consensus messages

whitelisted via mTLS client certs.
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Privacy vs Transparency

Zero-knowledge proofs hide voter choice, whereas public
Merkle tree enables external audit. K-anonymity analysis
shows that for 10 million voters, a 3-round mix-net
achieves k=1,250, sufficient to defeat frequency analysis
[23].

PERFORMANCE, SCALABILITY, AND
USABILITY

Transaction Throughput

Benchmark on a 16-validator, 8-shard configuration
sustains 2,400 votes s'—adequate to clear India’s 945 M
electorate in a 10-hour polling day with 50 % turnout.

Latency

End-to-end latency (biometric capture — on-chain receipt)
averages 1.8 s on 4G; 3.9 s on 2G edge sites.

Digital Divide
Census 2021 indicates 71 % rural smartphone ownership;

among the remaining 29 %, assisted kiosks with VVPAT-
like paper slips are mandated to prevent exclusion [24].

LEGAL, ETHICAL, AND REGULATORY
CONSIDERATIONS

The Supreme Court’s Puttaswamy verdict [20] affirmed
privacy as a fundamental right, mandating necessity
and proportionality tests. Biometric capture for voting
satisfies necessity (preventing impersonation) but must
minimize data retention. Storing only PSI hashes on-
chain while deleting raw e-KYC XML after poll-closing
aligns with Section 8(2)(a) of the Aadhaar Act. Ethical
concerns include function creep (re-purposing election
biometrics for surveillance) and digital exclusion of the
elderly. A statutory “e-Elections (Biometric Privacy)
Code”specifying purpose binding, independent audits, and
grievance redressal is recommended.

COMPARATIVE ANALYSIS

Table III positions the proposed Aadhaar-blockchain
model against incumbent systems across six parameters
rated 1 (low) to 5 (high).

Patil and Bhopale

System | Eligib- Ballot | Audita- | Scala- | Cost | Regulatory
ility Secrecy | bility bility Readiness
Assur-
ance

Paper 3 4 2 2 2 5

ballot
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EVM 3 4 3 4 4 5
(curr-
ent)
Estonia 4 3 4 3 3 4
i-\ot-
ing
Prop- 5 4 5 4 3 2
osed
model
RESEARCH GAPS AND OPEN
CHALLENGES

1. Coercion Resistance: Remote authentication lacks
private balloting booths; coercion-proof credentials
(e.g., deniable vote codes) remain experimental [25].

2. Post-Quantum Migration: Ledger immutability
implies that harvested ciphertexts may be decrypted
by future quantum adversaries; lattice-based
replacement is urgent.

3. Governance Framework: Who validators are, how
they are rotated, and how malfunctioning nodes are
slashed still lack legislative articulation.

4. Standardization Void: No IEEE/ISO standard exists
for on-chain election metadata, hampering vendor
neutrality.

FUTURE RESEARCH DIRECTIONS

e Zero-Knowledge, End-to-End Verifiable (ZKE2E-V)
protocols that output a 1-bit proof (“my vote is in the
tally””) without side channels.

e Decentralized Identifiers (DID) anchored to Aadhaar
so voters control private keys, reducing UIDAI’s
breach impact.

e  Hybrid Post-Quantum Cryptographic Suite combining
CRYSTALS-Dilithium for signatures and Kyber for
key encapsulation.

e Policy-Driven Secure Voting Framework aligning
technical components with NIST 800-53 controls and
ISO 27001 processes.

CONCLUSION

This systematic review establishes that integrating
Aadhaar’s  de-duplicated identity layer with a
permissioned, BFT-blockchain backbone can mitigate the
cardinal weaknesses of traditional voting—impersonation,
centralized tampering, and opaque audits—while
maintaining ballot secrecy through zero-knowledge
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proofs. Empirical evaluations demonstrate <2 s latency
and >2,000 tx s™' under realistic Indian electoral loads.
Nevertheless, the architecture is not deployment-ready
at national scale: coercion resistance, post-quantum
cryptographic agility, and a statutory governance super-
structure remain unresolved. Until these gaps are closed,
the model is best positioned for “risk-limiting pilots” in
local-body elections, incrementally expanding as legal and
ethical safeguards mature.
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The integration of artificial intelligence, machine learning, and intelligent systems across many healthcare domains
is examined in five major works that are summarized in this extensive literature review. Together, the papers cover
smart healthcare architectures with embedded sensors and cloud analytics; conversational Al systems for clinical
decision making and patient support; ambient intelligence for personalized medicine and assisted living; explainable
Al for fostering clinician trust; edge computing for real time seizure detection; computer vision systems for COVID
19 compliance monitoring; and large scale pandemic response frameworks incorporating block chain and federated
learning. When taken as a whole, these studies show a distinct path from discrete, rule based systems to integrated, data
driven, multimodal Al platforms used in public areas, hospitals, and smart homes. Nonetheless, there are still issues with
clinical validation, explainability, privacy protection, fair access in environments with limited resources, and smooth
integration with current healthcare procedures. In order to bridge the gap between promising prototypes and clinically
validated, large scale deployments, this review organizes the literature thematically, offers comparative analysis across
various architectural approaches and use cases, identifies critical research gaps, and suggests future research directions.

KEYWORDS : Artificial intelligence, Intelligent systems, Conversational AI, Smart healthcare.

INTRODUCTION

One of the most revolutionary advances in medical
technology is the use of artificial intelligence and
machine learning in healthcare. Al is used in the five
reviewed works for both system level applications
like pandemic surveillance, personalized medicine,
ambient assisted living, and patient engagement through
conversational interfaces, as well as for specific clinical
tasks like diagnostic imaging analysis, seizure detection,
and vocal cord pathology discrimination. A growth in
Al maturity across healthcare contexts is revealed by
the examined literature. While modern methods include
deep learning, reinforcement learning, massive language
models, and distributed edge computing to offer real
time, context-aware decision assistance, earlier systems
depended on rule based logic and classical machine
learning. Intelligent systems are positioned as decision
support tools that enhance human expertise rather than

autonomous decision makers, according to several
articles that stress that Al should complement rather
than replace clinicians [1]. Additionally, the research
emphasizes a significant transition from centralized,
hospital based designs to distributed, patient centered
ecosystems that use cloud edge hybrid infrastructure,
ubiquitous computing, and sensors to function in homes,
clinics, and public areas. The conflict between practical
deployment challenges and technological sophistication is
a recurrent theme in all five studies. Although algorithmic
performance has significantly improved, data quality
problems, a lack of extensive clinical validation, privacy
and security concerns, legal uncertainty, and the challenge
of integrating Al systems with conventional clinical
procedures limit real world deployment. The context
for comprehending these subtleties and the necessity of
comprehensive, user centered approaches to healthcare Al
development is established in this introduction [2].
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LITERATURE REVIEW

On peer reviewed publications on artificial intelligence,
machine learning, and intelligent systems in healthcare
are summarized in this systematic review. The collection
includes a variety of viewpoints, including conceptual
studies of Al applications and deployment issues,
pandemic response systems, practical applications of
edge Al and conversational interfaces, and architectural
frameworks for smart hospitals[3].

Selection Criteria: The papers were chosen on the basis
of their thorough discussion of Al in healthcare, their
applicability to various domains or system levels, and
their ability to shed light on deployment issues as well as
technical solutions.

Data Extraction
The following details were taken as per Analysis

Target population and use cases, Problem domain
and healthcare context, Key technologies and system
architecture, AIML techniques used, determined
constraints and difficulties, Evaluation metrics and
reported results and Suggestions for additional study.

Organization: The review is organized thematically rather
than chronologically, classifying contributions into five
main parts: End to end platforms and smart healthcare
architectures; Conversational Al and intelligent assistants
for patient engagement; Edge Al and real time clinical
applications; Explainable Al and interpretability for
clinician trust; and System level frameworks for pandemic
response and emerging technologies. Cross cutting
analysis and the identification of shared opportunities
and issues across several healthcare disciplines are made
easier by this theme approach.

Comparative Framework: System scope (point solutions
versus integrated platforms), interaction modality (passive
monitoring versus conversational), deployment context
(hospital, home, public space), Al techniques used
(classical ML, deep learning, LLMs, etc.), evaluation
rigor, and gaps found are some of the dimensions along
which papers are compared. This multifaceted comparison
highlights both ongoing obstacles to broad clinical
acceptance and technological advancements.

Smart Healthcare Architectures
Platforms

and Integrated

Several papers propose comprehensive healthcare system
architectures that integrate Al across multiple operational
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layers. Kamruzzaman presents a detailed smart hospital
architecture where artificial intelligence supports all
major hospital stakeholder’s patients, emergency medical
services (EMS), nurses, physicians, radiologists, clinical
laboratories, pharmacies, and research units through a
centralized database and intelligent decision support
layer[4]. In this architecture, patients carry sensor
based wireless devices that continuously transmit vital
signs to a centralized system, allowing Al algorithms
to prioritize critically ill cases for prompt intervention,
trigger emergency response, and support critical tasks like
pediatric bone age estimation, lung nodule classification,
and mammography interpretation, thereby accelerating
early detection of cancers and tuberculosis. Clinical
laboratories benefit from Al assisted high throughput
digital pathology and microbiology plate reading, while
pharmacies use Al curated data and predictive analytics
for drug discovery and clinical trial design. In order to
demonstrate how current Al technologies may be integrated
within a single ecosystem, the structure especially
incorporates commercial Al solutions like gXR (chest X
ray and tuberculosis screening), qER (head CT analysis),
and qScout EMR (COVID 19 symptom tracking) [5]. By
addressing the computational and infrastructure needs
of healthcare systems, especially for resource intensive
tasks like medical image processing, Tawalbeh extends
architectural concerns. In furthermore reviewing cloud
computing platforms, the article suggests a hybrid cloudlet
driven mobile cloud computing (MCC) paradigm created
especially for the healthcare industry. While remote cloud
infrastructure offers scalable storage and processing for
non time critical applications, this architecture places
cloudlets small, resource rich computers situated close
to users, like in a hospital to perform latency sensitive
jobs [6]. In comparison to conventional centralized
cloud architectures, simulations show that this hybrid
method lowers transmission latency and mobile device
battery consumption, making it suitable for real time
healthcare applications. Acampora studies ambient
intelligence (Aml) in healthcare and provides a thorough
theoretical foundation. A paradigm referred to as "ambient
intelligence™ involves integrating sensors and computers
into commonplace items and settings to subtly assist
occupants. Context aware, personalized, anticipatory,
adaptive, omnipresent, and transparent are characteristics
of Aml systems. AmI makes it possible to continuously
and covertly monitor elderly people and those with chronic
illnesses in healthcare settings. It also offers assistive
care and rehabilitation support, promotes healthier lives
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through tailored feedback, and improves communication
between patients and clinicians[5]. However, Acampora
also points out issues with security, privacy, scalability,
and sustainability that need to be resolved for AmlI use in
healthcare to be successful.

Intelligent Assistants and Conversational Al

Conversational Al is emphasized in several articles as a
vital interface for healthcare decision support, information
delivery, and patient involvement. These innovations mark
a substantial departure from conventional user interfaces
in favor of more organic, dialogue based interactions that
reduce obstacles to healthcare access, especially for groups
with low health literacy or visual impairments [7]. Leong
presents MedKiosk, an intelligent medical kiosk which
uses a conversational assistant known as Medbot to offer
hospital information and first triage assistance around the
clock. The system integrates natural language processing,
deep learning, and multimodal interfaces that provide text
and speech communication with chatbots that are based on
AIML (Artificial Intelligence Markup Language). Medbot
may proactively recommend pertinent content, respond
to often requested inquiries about hospital services,
departments, and physician information, and learn from
conversations to gradually expand its knowledge base.
The design demonstrates an understanding of inclusive
design principles by incorporating accessibility features
for visually challenged users. For pregnant moms in
remote and limited resources environments, Mugoye
recommends a chatbots for maternal health. The method
uses reinforcement learning and multi agent systems
(MAS) to deliver precise, real time guidance via
conversational interfaces[8]. The MAS technique enables
several intelligent agents to work together to comprehend
user inquiries and provide suitable answers, as opposed
to depending on static knowledge sources. The system
may gradually improve its recommendations depending
on user feedback and health outcomes thanks to the
reinforcement learning component. According to Kumar's
analysis, healthcare chatbots can be used for a variety
of purposes, such as providing information, arranging
appointments, gathering pre visit symptoms, assisting
with billing, and providing mental health coaching
through conversations akin to cognitive behavioural
therapy. As first line triage and patient education tools,
real world programs like MFine, ADA, and Babylon
Health integrate symptom checkers with teleconsultation
and prescription procedures. An example of an entire
mobile Al assistant that goes beyond simple information
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retrieval is Gandhi's IntelliDoctor. The system creates
comprehensive user profiles containing demographics,
allergies, location, genetics, and medical history; gathers
physiological data via wearables and smartphones; poses
dynamic follow up questions about symptoms; predicts
likely conditions using Naive Bayes classification; and
recommends evidence based treatments[9]. The platform
presents itself as a pre-screening and ongoing monitoring
tool rather than a diagnostic endpoint, generating regular
health updates and facilitating emergency communication
to family members or doctors.

Edge AI for Real Time Clinical Applications

The challenge of implementing Al systems with strict real
time requirements and resource limitations, which call for
distributed computing techniques at the network edge, is
discussed in a number of studies. A Distributed Kriging
Bootstrapped Deep Neural Network model for real time
seizure identification from electroencephalography (EEG)
signals is proposed by Olokodana et al. This method is
an example of a hybrid architecture that strikes a balance
between computational efficiency and accuracy [10]. In
order to represent brain activity as a three dimensional
spatial field and capture correlations between recording
locations, the system makes use of Kriging techniques.
The approach drastically cuts training time without
sacrificing classification accuracy by distributing Kriging
computations among several processor cores. The system
is feasible for edge deployment when prompt seizure
detection is crucial, as demonstrated by experiments that
provide 100% testing accuracy on the Bonn EEG dataset
with a roughly 91% reduction in training time compared to
baseline techniques. Ikram et al. explore computer vision
techniques to recognize COVID 19 SOP infractions, such
as mask use and social segregation. The paper contrasts
different deep learning object identification algorithms
(R CNN, YOLO, SSD versions) and mask detection
techniques with traditional feature based methods [10].
Even while cutting edge techniques are highly accurate,
many of them demand significant processing resources
that are incompatible with the normal deployment of
CCTV networks. The authors suggest a lightweight, tri
partite architecture that combines centroid based distance
estimation for social distancing violation detection,
transfer learning CNNs for mask classification, and Tiny
YOLO for person detection. This method addresses
actual deployment constraints in resource constrained
environments while maintaining a respectable level of
accuracy when running on non GPU equipment.
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Interpretability and Explainable Al

Al systems that make clear, understandable conclusions
are essential for fostering clinician trust and regulatory
compliance. Numerous studies highlight how black
box models compromise clinical acceptance and
responsibility, especially when making critical healthcare
decisions. Explainable Al (XAl) is a basic prerequisite for
reliable healthcare applications, according to Pawar. The
study makes a distinction between model agnostic XAl
techniques like LIME (Local Interpretable Model Agnostic
Explanations), SHAP (Shapley Additive explanations),
and Anchors that can explain any classifier, including
complex neural networks, and models that are naturally
interpretable (like decision trees and rule based systems).
Pawar suggests a validation cycle in which Al models
make predictions, XAI techniques give explanations
that are comprehensible to humans, and doctors examine
these explanations to either validate model behaviour or
spot mistakes that need to be fixed. Case studies show
how explanations can disclose clinically significant
patterns. For instance, LIME explanations for heart failure
prediction indicate important comorbid risk variables such
as diabetes, anemia, and kidney failure[11]. Using explicit
feature importance analysis and traditional machine
learning, Seedat creates an interpretable mobile health (m
health) pipeline to distinguish between paralysis and vocal
cord polyps. Mel frequency cepstral coefficients, chroma
energy, spectral contrast, zero crossing rate, spectral
centroid, and roll off are among the 74 acoustic parameters
that the system extracts from two second phonation
recordings. The system achieves roughly 96% accuracy
and 0.91 F1 score using an Extra Trees classifier. Several
feature importance techniques (permutation importance,
SHAP, Morris sensitivity analysis) show that low order
MFCCs and octave based spectrum contrast are the most
informative. This clear ranking of auditory characteristics
shows that high performance and interpretability are not
mutually exclusive by giving clinicians interpretable
diagnostic cues. Achilleos creates an explainable
method for assessing Alzheimer's illness using MRI
images by combining decision trees, random forests,
and argumentation based reasoning[12]. The approach
discretizes continuous features into comprehensible
categories, extracts hippocampus volume and Haralick
texture characteristics, and employs random forest feature
importance to find discriminative features. Following
their extraction from decision trees, rule sets are imported
into an argumentation framework that learns preference
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relations between opposing arguments by treating rules
as justifications for or against particular diagnoses.
With human readable explanations like "If hippocampal
volume is very low, then Alzheimer's disease,”" together
with organized arguments in favor of and against other
diagnoses, the outcome attains about 91% accuracy.

Emerging Technologies and Pandemic Reaction

COVID 19 quick development sped up research into many
new technologies and how they may be used in healthcare,
especially in logistics, surveillance, and diagnostics.
Nguyen offers a thorough analysis of Al and blockchain
technologies for COVID 19 response[10]. Data integrity,
access control, and incentive systems for crowdsourced
data collecting and symptom reporting are all addressed
by blockchain, according to the paper. Real time outbreak
monitoring, automated diagnosis through imaging and
bio signal analysis, drug or vaccine development using
deep learning on genomic data, prognostic modelling
for severity assessment, and epidemic modelling and
forecasting using time series techniques and machine
learning are all addressed by Al For activities like CT based
COVID 19 detection, the research suggests an integrated
architecture where loT and clinical systems feed data to
cloud or edge platforms controlled by blockchain smart
contracts, with Al models operating centrally or federally.
Poongodi organizes applications into multiple categories
when reviewing technologies used in recent pandemics,
particularly for COVID 19. Applications of Al include
disease progression scoring, drug/vaccine discovery
through machine learning based binding prediction,
outbreak size estimation from telecom and app usage
data using machine learning, COVID 19 detection using
thermal imaging and chest CT or X ray using deep neural
networks, and epidemic trajectory prediction[13]. During
lockdowns, cloud computing facilitates distant work,
online collaboration, and large scale telemedicine service
delivery. Smart hospitals and remote monitoring are made
possible by 5G and IoT high bandwidth, low latency
communication. Robotics allows for automated screening
and quarantine enforcement, while drones facilitate
medical delivery, population monitoring, surveillance, and
disinfection. Kaur focuses on the benefits and constraints
of Al and big data in low and middle income countries
(LMICs) healthcare systems with limited resources. High
costs and poor service quality, a shortage and unequal
distribution of healthcare professionals, challenges to
affordability, insufficient infrastructure, and socioeconomic
disparities are among the healthcare issues mentioned in
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the report. Real time patient monitoring, telemedicine,
fraud detection, and automated diagnostics are some of the
ways that Al and big data could help with these problems.
However, there are a number of obstacles that need to
be overcome, including fragmented and heterogeneous
data conventions, inadequate data availability and
quality, underdeveloped regulatory frameworks, a lack of

Comparative Analysis

Dimensional Comparison

Magdum and Patil

infrastructure and expertise, and uncertain sustainability
of Al business models[14]. The chapter highlights that
rather than just importing tools made for high income
environments, ethical, safe Al adoption in resource
poor systems necessitates investment in digitization,
governance, training, and context appropriate evaluation.

The reviewed papers can be compared across several important dimensions:

System Scope and Integration Leve

Dimension Kamruzzaman Ivanovic Leong/Olokodana Kaur/Nguyen Seedat/Gandhi
Scope Full hospital Personalized Point solutions System level Single domain
ecosystem medicine & AAL (kiosk, seizure analysis implementations
detection)
Integration High (EMS, wards, Conceptual Low to medium Analytical Medium (pre
labs, pharmacy) framework for (standalone framework screening systems)
integration modules)
Maturity Architectural Conceptual/survey | Prototypes and field | Analytical/policy | Working prototypes
proposal implementations framework

Technology Stack and AI Approaches

Several Al approaches are used in papers that correspond
to their issue domains:

Without mentioning specific deep learning architectures,
Kamruzzaman focuses on robotic automation, data
mining from clinical records, and pattern identification
in imaging. Ivanovic defines artificial intelligence (Al)
as learning, reasoning, planning, and data mining in
agent based systems and Internet of Things contexts. For
conversational interfaces, Leong integrates deep learning
and natural language processing with AIML based rule
frameworks. For real-time seizure detection, Olokodana
uses hybrid models that combine deep neural networks and
spatial statistical techniques (Kriging). Seedat and Gandhi
prioritize interpretability by using traditional machine
learning (Naive Bayes, Extra Trees) with explicit feature
importance analysis.

Nguyen and Poongodi examine a variety of technologies,
such as federated learning for multi center cooperation,
blockchain for data integrity, ensemble methods for
forecasting, and deep learning for imaging[2].

Validation and Rigor of Evaluation
Clinical validation and evaluation depth vary significantly:

Robust empirical analysis: Achillelos shows 91% accuracy
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with sensitivity/specificity tradeoffs; Seedat presents
accuracy, F1 scores, and cross validation findings;
Olokodana offers quantitative performance indicators
with ablation experiments.

Moderate empirical foundation: Kumar cites external
validation measures for tools like ¢XR and qER, whereas
Gandhi constructs a viable mobile application.

Conceptual/architectural: Rather than new experimental
validation, Kamruzzaman, Ivanovic, Pawar, and Kaur
mostly offer frameworks, architectural suggestions, and
literary synthesis.

Investigate/synthesis: Rather than carrying out fresh
empirical research, Nguyen and Poongodi investigate the
body of current literature and technology[11].

Alignment and Integration

The papers demonstrate important complementarities
and possible opportunities for integration although they
address diverse issue domains:

Architecture  Implementation ~ Alignment:  Leong's
MedKiosk for patient facing data, Seedat's interpretable
classifiers for diagnostic assistance, and Olokodana's
edge seizure detection for neurology units may all
be incorporated into Kamruzzaman's smart hospital

architecture.
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Explainability as Cross Cutting Concern: By offering
clear explanations for diagnostic and treatment
recommendations, Pawar's XAI architecture might
increase trust in all implemented systems, from Gandhi's
mobile assistant to Leong's kiosk.

Infrastructure Challenges: The necessity for lightweight,
edge capable systems that can function with constrained
connectivity and processing resources is addressed by both
Tawalbeh's cloudlet based architecture and Kaur's analysis
of resource poor environments.

Security and Privacy: Nguyen's federated learning
techniques and blockchain based framework immediately
address privacy issues brought up in every research about
the gathering and use of sensitive health data[13].

Research Deficits and Difficulties
Clinical Verification and Practical Efficiency:

Although there are many architectural ideas and
prototypes, there is still little thorough clinical validation.
Instead of using prospective clinical trials that measure
patient outcomes, the majority of systems are assessed in
lab settings or on publicly accessible datasets. Among the
crucial gaps are:

Validation of diagnostic accuracy: In order to evaluate
generalizability, few systems have been verified across
various hospital contexts and patient demographics.

Outcome measurement: There is little data on whether Al
systems raise patient satisfaction in real world settings,
lower healthcare costs, or improve clinical results.

Long-term effectiveness: Longitudinal studies evaluating
sustained benefit are uncommon; most evaluations are
short term.

Bias, Availability, and Quality of Data

Al system development and implementation are hampered
by a number of issues with healthcare data.

Fragmentation: Integration is challenging since healthcare
data is frequently dispersed across several systems with
disparate formats.

Problems with quality: Many datasets include inconsistent
annotation, missing values, and measurement mistakes.

Bias: System accuracy for underrepresented populations
may be limited by training datasets that are skewed toward
particular demographic groups.
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Scarcity: Digital health information is frequently
unavailable or scarce in environments with limited
resources.

Transparency and Explainability

Despite advancements in explainable Al, there are still
major obstacles to overcome:

Depth of explanation: While feature importance rankings
are frequently provided by current XAl techniques, a
deeper mechanical understanding of why models make
particular predictions is lacking.

User-centered design: Although existing methods
frequently presume a single explanation format,
explanations must be customized for various stakeholders
(clinicians, patients, regulators).

Computational overhead: Real time explanation generation
can be difficult since model agnostic XAl techniques can
be computationally costly.

Validation: There is little information available on how to
confirm that explanations are meaningful to subject matter
experts rather than just sounding credible.

Ethical and Privacy Issues

Al in healthcare presents significant ethical and privacy
issues:

Data governance: Particularly for conversational systems
that continuously gather behavioural data, there are unclear
frameworks for consent, data sharing, and accountability.

Concerns about surveillance: Vision based monitoring
systems give rise to privacy issues because they
continuously watch private areas like bedrooms and toilets.

Algorithmic bias: If training data reflects past injustices, Al
systems may reinforce or magnify healthcare disparities.

Deceptive anthropomorphism: Conversational agents that
mimic human interaction may give the sense that they
truly care or understand.

Integration with Current Infrastructure and Workflows

Integration with current clinical workflows and information
systems is necessary for the successful implementation of
Al in healthcare[5].

Compatibility with legacy systems: A lot of hospitals
use outdated electronic health record systems that have

restricted data export or API access.
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Workflow disruption: New Al systems may interfere with
long standing clinical procedures, necessitating cautious
change management.

Requirements for infrastructure: A lot of Al systems rely
on strong connectivity and processing power, which might
not be available in remote or low resource environments.

Interoperability: The potential for integrated patient care is
limited by the infrequent communication between various
Al systems.

Access and Equity in Settings with Limited Resources

Healthcare Al development in wealthy nations differs
significantly from that in settings with limited resources:

Infrastructure assumptions: Many systems rely on strong
power supplies, sophisticated processing capabilities, and
high bandwidth communication, all of which are lacking
in low income environments.

Language and cultural adaptation: The majority of systems
are created in English and represent healthcare practices
in wealthy nations, which restricts their usability in other
contexts.

Financial obstacles: Healthcare systems in low income
nations might not be able to purchase pricey cloud services
and proprietary technologies.

Limitations on capacity: System maintenance and
modification are hampered by a lack of local Al and
machine learning skills.

Identification of Issues and Motivation

How to develop, validate, and implement Al driven
healthcare systems that are concurrently.

Clinically effective: Supporting clinical decision-making,
lowering healthcare costs, and clearly enhancing patient
outcomes.

Explainable and reliable: Offering clear logic that medical
professionals can comprehend, verify, and improve.

Ethically sound: protecting patient privacy, combating
prejudice, and guaranteeing fair access regardless of
socioeconomic level or demographic traits.

Operationally feasible: Easily integrating with current IT
infrastructure and healthcare operations.

Technically sound: Functioning consistently in a variety of
clinical settings, deployment scenarios, and data sources.

www.ijteonline.in

Vol. 49  Special Issue

No. 2

Magdum and Patil

Worldwide accessibility: Working well in healthcare
environments with plenty of resources as well as those
with little resources.

There is a great motivation for addressing this complex
challenge. Aging populations, the burden of chronic
diseases, a lack of workers, and growing expenditures
are all posing increasing problems to healthcare systems
across the globe[15]. Although AI has shown promise in
some areas, it is still mostly isolated in academic research
or proprietary commercial systems. Bridging the gap
between intriguing prototypes and clinically proven,
equitably deployed systems that meet actual healthcare
requirements across varied demographics and contexts is
necessary to fully realize the potential of healthcare Al.

METHODOLOGY

A methodical literature research approach for synthesizing
Al applications in healthcare is provided in the paper
which is included. It focuses on the thematic selection and
analysis of main important peer reviewed papers. This
method guarantees thorough treatment of both practical
and technical issues.

Procedure for Selection

The selection of papers was based on their extensive
coverage of Al in healthcare, covering architectures,
applications, and difficulties in areas such as edge
computing and smart hospitals. Relevance to various
system layers and contributions to both solutions and
deployment issues were highlighted in the criteria.

Extraction of Data

Problem domains, target populations, system designs,
Al techniques, assessment measures, constraints, and
recommendations for the future are among the important
components extracted from each study. Consistent cross-
paper analysis is supported by this organized extraction.

Strategy for Organizations

The content is organized logically into five categories:
explainable Al, conversational Al, edge applications,
smart architectures, and pandemic frameworks. For
deeper insights, a comparison approach assesses aspects
including scope, technologies, and validation rigor.

Method of Analysis

Thematic grouping makes it possible to find patterns,
gaps (such clinical validation and privacy), and chances
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for cross paper integration. This human centred synthesis
demonstrates the transition from prototypes to practical
requirements[16].

RESULTS AND DISCUSSION

As per Review studies the predictive results of a theme
synthesis and comparative analysis conducted on Al
healthcare studies are presented in the accompanying
document, which highlights both ongoing gaps and
progress. Opportunities for integration, issues like equity
and validation, and practical future paths are highlighted
in discussions.

Important Findings

The article covers advance in edge computing for real
time detection (e.g., 100% seizure accuracy with 91%
faster training), explainable models attaining 91-96%
accuracy with interpretable features, conversational agents
for patient engagement, and Al architectures for smart
hospitals. Prototypes surpass conceptual frameworks
in empirical validation, and comparative tables show
variety in extent and evaluation rigor, ranging from whole
ecosystems to point solutions.

Major Challenges

Deployment is hampered by data fragmentation, bias,
privacy concerns, and a lack of large scale clinical trials,
especially in countries with limited resources where
infrastructural deficiencies worsen inequality. Clinician
trust is undermined by black box models, and studies have
not addressed workflow integration or ethical concerns
like spying.

Integration Insights

The papers complement each other: explainable
frameworks improve all systems for trust building, whereas
hospital architectures could include kiosks and edge Al.

Future Directions

Multi-scale platforms, federated learning for privacy,
context adapted models for low resource places, and
thorough RCTs to connect prototypes to clinical impact
are among the recommendations.

CONCLUSION

The studied literature shows notable advancements in
the use of Al in healthcare, ranging from detailed system
architectures to targeted clinical applications. From
emergency response to pharmaceutical administration
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to research analytics, Kamruzzaman's smart-hospital
system demonstrates how Al can be coordinated across
all operational layers. Acampora's ambient intelligence
framework offers conceptual underpinnings for discrete,
context-aware patient monitoring, while Tawalbeh's
hybrid cloud-edge architecture tackles computing
efficiency issues. Gandhi's IntelliDoctor and Leong's
MedKiosk show how conversational Al may democratize
healthcare information access and preliminary diagnosis
at the user interface level, especially helping populations
with limited access to professionals. Technically complex
methods demonstrate significant advancements: Achilleos
shows how argumentation frameworks can make complex
imaging interpretations transparent to clinicians; Seedat's
interpretable vocal cord pathology classifier demonstrates
that Explainability need not compromise performance;
and Olokodana's  distributed  kriging-bootstrapped
neural networks achieve seizure detection with 91%
faster training while maintaining accuracy. Nguyen and
Poongodi's system level frameworks demonstrate how
blockchain, federated learning, and new technologies
might help in epidemic forecasting and large scale
pandemic response. However, there are still large gaps
between clinical deployment and technical competence.
The majority of systems need thorough prospective
validation; model development is hampered by data
fragmentation and quality issues; privacy frameworks
are still in their infancy; and integration with the current
healthcare infrastructure poses significant organizational
and technical difficulties. Most importantly, the literature
shows an equity gap, with the majority of sophisticated
systems created and implemented in high-income nations
whereas resource poor settings where healthcare needs
are frequently greatest lack the infrastructure, knowledge,
and resources necessary to implement these technologies.
Moving forward will require coordinated efforts in
several areas. Researchers must carry out thorough
clinical trials and advance beyond laboratory validation
to deployment studies in real world settings. In order to
create systems that function consistently across a range of
demographics and environments, technologists must put
interpretability and durability ahead of peak performance
measurements. In order to reconcile innovation with
safety and justice, policymakers must create ethical
frameworks and regulatory channels. Above all, the
global health community must pledge to make sure that
healthcare Al serves everyone, not just the wealthy, and
that communities most impacted by healthcare inequities
are included in development and deployment choices.
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Prospects for Future Research
Multi-Scale, Integrated Healthcare Platforms

End to end healthcare Al systems that include point
solutions diagnostic tools, conversational agents, and
monitoring systems into unified platforms with transparent
data flows, governance frameworks, and feedback loops
should be the focus of future research. In particular: Create
designs that integrate Leong's patient facing interfaces,
Seedat's interpretable classifiers, and Kamruzzaman's
hospital level infrastructure. Put in place governance
structures that guarantee privacy while feeding population
level models (like epidemic forecasts) with anonymized
individual level data. Create standardized interfaces
and APIs so that various Al modules can work together
without any problems.

Clinical Translation Using Explainable Al

Future research should operationalize Explainability in
clinical workflows by extending Pawar's framework:
Investigate the best explanation forms for various

stakeholder groups (administrators, patients, and
physicians). Create and verify clinician-friendly
dashboards that offer Al suggestions along with

alternate explanations and supporting data. Examine
how explanations affect clinician acceptance, trust, and
decision making about Al systems. Create effective XAl
techniques with minimal computing overhead that can be
implemented in real time.

Comprehensive Clinical Validation Research

The field requires thorough prospective research to
assess how Al systems affect clinical outcomes: Compare
standard care with Al assisted care in a variety of
healthcare domains using randomized controlled trials.
Track endpoints such as patient happiness, clinician
satisfaction, healthcare expenditures, clinical outcomes,
and diagnostic accuracy. To evaluate performance across
demographic groups and find discrepancies, include a
variety of populations. To give an honest evaluation of the
efficacy of Al, publish negative or null data.

Federated Learning Methods and Privacy Protection

Future studies should provide privacy protective Al
techniques to allay Kaur and Nguyen's worries: Put in
place federated learning frameworks so that sensitive
patient data can be trained across several centres. Make
use of differential privacy measures to prevent reverse
engineering of individual-level data from model outputs.
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Create data governance solutions based on blockchain
technology that allow for transparent and auditable data
use. Create techniques for creating synthetic data that
enhance model development while protecting patient
privacy.

Context Adapted Al in Low Resource Environments

Future research should particularly focus on resource
constrained situations in order to address the equality
gap highlighted by Kaur and others: Create lightweight
Al models and systems that function well on devices
with limited processing power and sporadic connectivity.
Create interfaces that are bilingual and culturally sensitive,
taking into account patient preferences and a range of
healthcare practices. Instead of needing continuous
cloud access, develop offline capable systems with
synchronization capabilities. Rather of imposing solutions
created elsewhere, engage communities in resource poor
contexts in participatory design processes.

Conversational Al Longitudinal Studies

Although there is a lot of interest in healthcare chatbots,
there is little long term follow up data, Carry out long
term research monitoring consumer interactions with
conversational health agents over a period of months or
years. Evaluate if conversational systems enhance illness
management, medication adherence, and health literacy.
Examine any possible drawbacks, such as over reliance
on automated systems, false reassurance, or improper
self diagnosis. Research how the interaction style of
conversational systems should change as they gain more
insight into the requirements and preferences of certain
users.

Frameworks for Regulation and Ethics

The use of Al in healthcare necessitates more transparent
ethical standards and legal pathways: Create risk tiered
frameworks that distinguish high risk (diagnostic, therapy
suggestion) applications from low risk (educational,
informational). Establish guidelines for Al clinical
decision support accountability, auditability, and openness.
When Al systems make incorrect suggestions, clearly
define liability frameworks that handle accountability.
Create moral standards that handle things like fair access,
suitable automation levels, and false anthropomorphism.
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ABSTRACT

Cybersecurity challenges in cyber-physical systems (CPS) and critical infrastructure have intensified with increasing
digitalization and interconnection of physical and cyber components. Unlike conventional information technology
environments, CPS integrate computation, communication, and control, enabling cyber intrusions to propagate directly
into physical processes and produce safety-critical, operational, and economic consequences. While significant research
has examined cyber threats and defensive mechanisms, a systematic empirical understanding of how threats and mitigation
strategies have co-evolved over time remains limited. This study presents a secondary-data—based empirical analysis of
peer-reviewed cybersecurity literature to investigate long-term trends in cyber threat characteristics, system contexts,
impact dimensions, and mitigation strategies relevant to CPS and critical infrastructure. Using structured parameter
abstraction and qualitative-comparative analysis, the study examines temporal evolution of threats, differences between
IT-centric and CPS-focused security contexts, and alignment between emerging threats and deployed defenses. The
results reveal a clear transition from isolated cyber incidents to persistent, strategically orchestrated attacks targeting
CPS, alongside a persistent lag in operational deployment of predictive and resilience-oriented mitigation strategies.
By synthesizing empirically reported evidence across independent studies, this work provides an evidence-based
perspective on structural gaps in current cybersecurity practices and highlights the need for integrated, proactive, and
resilience-aware security frameworks for critical infrastructure protection.

KEYWORDS : Cyber-physical systems (CPS); Critical infrastructure security; Cyber threat evolution; Cyber threat
intelligence; Smart grid security.
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INTRODUCTION

ybersecurity has emerged as a critical concern

extending far beyond traditional information
technology domains, increasingly influencing national
security, economic stability, and the reliable operation of
critical infrastructure. The rapid digitalization of essential
services—such as power systems, transportation networks,
industrial automation, and water distribution—nhas led to
the widespread deployment of cyber-physical systems
(CPS), in which computational processes are tightly
coupled with physical dynamics. While this integration
has improved efficiency and controllability, it has also
expanded the attack surface, enabling cyber intrusions to
propagate directly into the physical domain.

Early cybersecurity research largely focused on protecting
information assets against isolated cyber incidents,
including malware infections, denial-of-service attacks,
and unauthorized access. These threats primarily affected
data confidentiality, integrity, and availability, with limited
physical consequences. However, as CPS became integral
tocritical infrastructure, the nature of cyber threats evolved.
Empirical studies began to document attacks capable of
manipulating sensor data, control commands, and system
states, thereby inducing physical instability and safety
risks (Liu et al., 2012). Such developments fundamentally
altered the risk profile of cyber incidents, transforming
them from purely digital disruptions into events with
tangible operational and societal consequences.

Over the past decade, cyber threats targeting CPS have
grown in sophistication, persistence, and strategic intent.
Research reports an increasing prevalence of false data
injection attacks, ransomware campaigns, and coordinated
multi-stage intrusions designed to evade detection while
maximizing system disruption (Sridhar &Govindarasu,
2014; Almahmoud et al., 2025). These attacks often exploit
the tight coupling between cyber and physical components,
allowing adversaries to achieve disproportionate impact
with limited access. As a result, traditional reactive security
mechanisms—such as signature-based intrusion detection
systems—have proven insufficient for protecting safety-
critical infrastructures.

In response, the cybersecurity research community has
increasingly advocated a shift from reactive defence
toward proactive and predictive security paradigms.
Approaches based on cyber threat intelligence (CTI)
mining, machine learning, and threat forecasting aim to
anticipate emerging attack patterns, support strategic

www.ijteonline.in

\Vol. 49  Special Issue

No. 2

Kharade and Todkar

decision-making, and guide long-term investment in
defensive capabilities (Sun et al., 2023). Parallel efforts
in resilience engineering emphasize maintaining system
functionality and ensuring graceful degradation under
attack, rather than solely preventing intrusions (Jacobs et
al., 2018). Despite these advances, significant gaps remain
between analytical capability and operational deployment,
particularly in CPS contexts.

Against this background, the present study conducts
a secondary-data empirical analysis of peer-reviewed
cybersecurity literature to examine how cyber threats
and mitigation strategies have evolved over time, with a
specific focus on CPS and critical infrastructure. Rather
than proposing new detection algorithms or forecasting
models, this work systematically analyses empirically
reported evidence to identify temporal trends, structural
mismatches between threats and defences, and persistent
gaps that constrain effective risk mitigation. By integrating
insights from threat evolution, system context, impact
assessment, and mitigation maturity, the study aims to
provide an evidence-based foundation for advancing
predictive and resilience-oriented cybersecurity research.

LITERATURE REVIEW

Cyber Threats in Cyber-Physical
Infrastructure Systems

and Critical

Foundational studies on cybersecurity in critical
infrastructure highlight how the integration of cyber
components into physical systems introduces novel
vulnerabilities absent in traditional IT environments.
Liu et al. (2012) provide one of the earliest systematic
examinations of cybersecurity and privacy issues in
smart grids, identifying attack surfaces across sensing,
communication, and control layers. Their work
demonstrates that cyber intrusions can directly affect
physical grid behaviour, challenging conventional
assumptions about the separation between cyber and
physical risk.

Subsequent research expanded this perspective by
analysing specific attack mechanisms capable of exploiting
CPS architectures. Sridhar and Govindarasu (2014) focus
on false data injection attacks in power systems, showing
that carefully crafted data manipulation can evade
standard detection methods while destabilizing automatic
generation control. These findings underscore the
limitations of anomaly-based detection in environments
where attackers possess knowledge of system models and

operating conditions.
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More recent studies document the emergence of persistent
and coordinated cyber campaigns targeting critical
infrastructure. Ransomware attacks and supply-chain
compromises are increasingly reported as high-impact
threat vectors, often characterized by long dwell times
and adaptive behaviour (Almahmoud et al., 2025). Unlike
earlier attacks, these campaigns are designed not merely
to disrupt operations but to exert sustained pressure on
infrastructure operators, amplifying economic and societal
consequences.

Impact of Cyber Attacks on CPS: Operational,
Physical, and Economic Dimensions

The literature consistently emphasizes that cyber-attacks on
CPS produce multi-dimensional impacts extending beyond
data loss. Operational consequences, such as degraded
control performance and reduced system reliability, are
among the most frequently reported outcomes. Sridhar
and Govindarasu (2014) quantify how cyber manipulation
of control signals can induce frequency deviations in
power systems, demonstrating direct coupling between
cyber actions and physical instability.

Physical impacts, including unsafe operating conditions
and equipment stress, are also documented, particularly in
smart grid and industrial control contexts (Liu etal., 2012).
Even when catastrophic failure is avoided, these physical
deviations can accelerate system wear and increase
maintenance costs. Jacobs et al. (2018) further show that
cyber incidents can degrade system resilience, resulting in
prolonged recovery times and increased vulnerability to
subsequent disturbances.

Economic impacts are increasingly recognized as a critical
dimension of cyber risk. Service interruptions, recovery
efforts, and loss of public trust contribute to long-term
financial consequences that extend beyond immediate
operational damage. This recognition has motivated calls
for integrated cyber—physical risk assessment frameworks
that account for safety, reliability, and economic resilience.

Mitigation Strategies: From Reactive Defence to
Predictive and Resilience-Oriented Approaches

Early mitigation strategies in cybersecurity literature
predominantly focus on reactive defence mechanisms,
including intrusion detection systems and access control.
While effective against known threats in IT environments,
these approaches have shown limited success in CPS
contexts due to the complexity of system dynamics and
the potential for stealthy data manipulation (Salles-
Loustau&Zonouz, 2015).
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In response, research attention has increasingly shifted
toward intelligence-driven and predictive approaches.
Cyber threat intelligence mining aggregates information
from diverse sources to improve situational awareness and
early warning capabilities (Sun et al., 2023). Forecasting-
oriented studies aim to identify emerging threat trends and
guide long-term defensive planning, particularly at the
strategic and policy levels (Almahmoud et al., 2025).

Parallel developments in resilience engineering advocate
designing CPS to tolerate and recover from cyber
disruptions. Jacobs et al. (2018) argue that resilience
metrics provide a more realistic basis for evaluating
security in safety-critical systems, emphasizing continuity
of operation over absolute prevention. However, much of
the existing work in this area remains limited to simulation
or experimental settings, with few documented real-world
deployments.

Gaps in Existing Literature and Positioning of the
Present Study

Despite substantial progress, the literature reveals persistent
gaps that constrain effective cybersecurity for CPS. First,
threat evolution has outpaced the operational deployment
of advanced mitigation strategies, resulting in continued
reliance on reactive defences. Second, forecasting and
CTl-based approaches are often disconnected from real-
time control and operational decision-making. Third, many
studies examine threats or defences in isolation, without
systematically analysing their alignment over time.

The present study addresses these gaps by adopting
a secondary-data empirical approach that synthesizes
evidence across multiple independent studies. By focusing
on temporal evolution, impact dimensions, and threat—
mitigation alignment, this work complements existing
algorithmic and model-driven research and provides an
integrative perspective grounded in empirically reported
observations.

METHODOLOGY
Research Design

This study adopts a secondary-data—based empirical
research design to investigate long-term trends in cyber
threats and mitigation strategies within cyber-physical
systems (CPS) and critical infrastructure environments.
The objective is to derive analytically grounded insights
by systematically aggregating and examining empirically
reported evidence across independent peer-reviewed

February 2026



Evolution of Cyber Threats and Mitigation Strategies in Cyber.........

sources. Rather than summarizing individual studies, the
research aims to identify structural patterns, temporal
transitions, and measurable gaps in the evolution of cyber
threats and the corresponding development of mitigation
strategies.

Secondary-data empirical designs are particularly
appropriate for cybersecurity research involving critical
infrastructure, where access to primary incident data is
constrained by confidentiality requirements, regulatory
limitations, and national security considerations. Prior
work in cyber threat intelligence (CTI) mining and cyber-
threat forecasting demonstrates that structured secondary-
data analysis can yield valid insights into threat trajectories
and defensive capability development (Sun et al., 2023;
Almahmoud et al., 2025). Building on this established
paradigm, the present study extends earlier approaches
by introducing explicit parameter definition and a multi-
stage analytical framework tailored to CPS-oriented
cybersecurity challenges.

Data Collection: Construction of the Secondary Dataset

Data collection was conducted through a systematic
identification of peer-reviewed scientific publications
reporting empirically observed cyber threats, mitigation
strategies, or resilience mechanisms relevant to CPS and
critical infrastructure. Sources were drawn exclusively
from Scopus-indexed journals and flagship conference
proceedings accessed through IEEE Xplore and
ScienceDirect to ensure methodological rigor, traceability,
and reproducibility.

Only studies that explicitly documented cyber threat
mechanisms, targeted system contexts, and observed
impacts were included in the dataset. Survey papers
were considered only when they synthesized empirical
findings derived from analyzed datasets or documented
incident repositories. Publications limited to conceptual
discussions, cryptographic algorithm design, or purely
theoretical security models were excluded, as they do
not provide analyzable evidence of threat—mitigation
relationships. This selection strategy ensures that the
secondary dataset reflects operational cybersecurity
phenomena rather than speculative or hypothetical risks.

Definition of Measurable Parameters and Data
Preparation

Following data collection, the secondary dataset was
prepared through structured abstraction of measurable
analytical parameters from each included study. The
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unit of analysis was defined as a distinct cyber threat—
mitigation instance rather than the publication itself,
allowing multiple observations to be extracted from a
single study when applicable. This approach enables finer-
grained analysis and prevents disproportionate weighting
of individual publications.

For each unit of analysis, measurable parameters were
defined across five dimensions: (i) threat characteristics,
including attack type, persistence, and operational
objective; (ii) system context, distinguishing between
IT-centric and CPS environments and capturing the
degree of cyber—physical coupling; (iii) impact metrics,
encompassing operational disruption, physical system
deviation, and economic consequences as explicitly
reported; (iv) mitigation strategy, classified according to
functional role (reactive detection, intelligence-driven
defense, forecasting-based anticipation, or resilience-
oriented control); and (v) temporal reference, based on
publication year or reported incident timeframe.

Only explicitly stated information was extracted from
the source documents. No inferential assumptions were
introduced during data preparation, ensuring traceability
of all analytical variables to the original empirical
evidence. This parameterization transforms heterogeneous
qualitative descriptions into structured variables suitable
for systematic comparison across studies.

Data Analysis Techniques

The prepared dataset was analyzed using a multi-stage
analytical framework designed to extract both descriptive
and inferential insights. First, temporal analysis was
conducted to examine how cyber threat types and mitigation
strategies evolved over time, enabling identification of
long-term transitions in the threat landscape. Second,
frequency analysis was applied to compare the relative
prevalence of different threat categories and defensive
approaches across the dataset, thereby revealing dominant
and emerging patterns.

Third, a threat-mitigation alignment analysis was
performed by mapping reported mitigation strategies to
corresponding threat types. This step assessed whether
defensive developments progressed proportionally with
threat evolution or exhibited systematic lag. Finally,
comparative synthesis was used to evaluate differences
between IT-centric and CPS-focused studies, highlighting

domain-specific security challenges.
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Itis important to note that frequency analysis in this study is
applied in a qualitative-comparative manner rather than as
a corpus-level statistical aggregation. This choice reflects
heterogeneity in reporting formats and data granularity
across studies and is consistent with established secondary-
data empirical practices in cybersecurity research.

Prediction Logic and Trend Inference

Although this study does not generate numerical forecasts,
it incorporates prediction-oriented reasoning through
structured trend inference. By analyzing temporal
trajectories and alignment gaps between threats and
mitigation strategies, the study identifies recurring
patterns indicative of future cybersecurity challenges.
This approach aligns with forecasting methodologies
that emphasize trend extrapolation and technology-gap
identification rather than point prediction, as demonstrated
in prior cyber-threat forecasting research (Almahmoud et
al., 2025).

The predictive value of the analysis lies in its ability to
reveal persistent mismatches between emerging threats
and deployed defenses, thereby providing evidence-
based insights relevant to strategic planning, investment
prioritization, and policy formulation.

Validity, Reliability, and Bias Control

Internal validity was enhanced by restricting the dataset
to peer-reviewed sources and by relying exclusively
on explicitly reported observations. Reliability was
supported through consistent application of predefined
parameter categories and coding rules across all data
sources. Potential selection bias was mitigated through
uniform inclusion criteria and exclusion of speculative
or non-operational studies. Collectively, these measures
strengthen the credibility and reproducibility of empirical
findings.

RESULTS AND DISCUSSION

This section presents and interprets the findings obtained
from the secondary-data empirical analysis described
in Section 3. The results are organized according to
the analytical framework adopted in the methodology,
progressing from temporal evolution of cyber threats
to mitigation alignment and forecasting-relevant trend
inference. Although the unit of analysis is defined as a
cyber threat—mitigation instance, results are discussed
at the study level where individual instances cannot be
disaggregated due to limitations in reporting granularity.
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This approach preserves analytical consistency while
maintaining traceability to the original empirical evidence.

Temporal Evolution of Cyber Threat Characteristics

The analysis reveals a pronounced temporal shift in
the nature and structure of cyber threats reported in the
literature over the past decade. Early studies, predominantly
published before 2012, focus largely on conventional
cyber incidents affecting information technology systems,
such as malware infections, denial-of-service attacks, and
unauthorized network access. These attacks are typically
described as isolated events with limited persistence and
minimal physical consequences, reflecting the relatively
weak coupling between cyber and physical components in
early infrastructure systems (Liu et al., 2012).

From approximately 2012 onward, the literature
increasingly documents attacks targeting CPS, particularly
smart grids and industrial control systems. Studies
during this period report a growing prevalence of data
manipulation and false data injection attacks, which exploit
vulnerabilities in sensing and communication layers to
disrupt system state estimation and control logic. Sridhar
and Govindarasu (2014) demonstrate that such attacks can
evade traditional anomaly detection mechanisms while
inducing destabilizing physical effects, marking a critical
escalation in threat severity.

Post-2016 publications reflect a further transformation
toward persistent and  strategically  orchestrated
cyber campaigns. Ransomware attacks, supply-chain
compromises, and coordinated multi-vector intrusions
emerge as dominant threat categories, often characterized
by long dwell times and adaptive behavior. AlImahmoud et
al. (2025) show that these threats increasingly target critical
infrastructure systems due to their high leverage potential,
where limited cyber access can result in disproportionate
physical and economic disruption.

Collectively, these findings indicate a transition from
opportunistic cyber activity toward goal-oriented cyber
operations designed to exploit cyber—physical coupling.
This progression supports earlier assertions that threat
evolution closely follows infrastructure digitalization
and reinforces the need for system-level cybersecurity
strategies.

System Context and Degree of Cyber—Physical
Coupling

Analysis of system context highlights substantial
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differences between IT-centric and CPS-focused
cybersecurity research. Studies targeting traditional
IT systems predominantly report impacts such as data
breaches, service outages, and information loss. In
contrast, CPS-focused studies consistently emphasize
physical process disruption, control instability, and safety-
critical consequences. Liu et al. (2012) document how
smart grid architectures introduce new attack surfaces
across measurement, communication, and control layers,
enabling cyber intrusions to propagate into physical grid
behavior. Similarly, Salles-Loustau and Zonouz (2015)
argue that CPS security must explicitly account for
physical system dynamics, as defensive actions effective
in IT environments may inadvertently destabilize control
processes.

These results confirm that the degree of cyber—physical
coupling significantly amplifies attack impact. This finding
justifies the methodological distinction between IT and
CPS contexts and underscores the need for CPS-specific
security paradigms.

Impact Dimensions: and

Economic Effects

Operational, Physical,

The analysis shows that CPS-targeted cyber threats
produce multi-dimensional consequences. Operational
impacts, such as degraded control accuracy and reduced
system performance, are the most frequently reported
outcomes. A substantial proportion of CPS-focused
studies also document physical impacts, including unsafe
operating conditions and equipment stress, as well as
economic consequences arising from service disruption
and recovery costs.

Sridhar and Govindarasu (2014) provide empirical
evidence that cyber manipulation of control signals can
degrade frequency regulation in power systems, leading
to instability. Jacobs et al. (2018) further demonstrate
that even in the absence of permanent physical damage,
reduced system resilience can result in prolonged service
degradation and economic loss.

These findings underscore the inadequacy of cybersecurity
metrics that focus exclusively on data confidentiality or
availability. For CPS environments, impact assessment
must incorporate physical safety and resilience
considerations.

Evolution of Mitigation Strategies

The analysis reveals a gradual but uneven transition
in mitigation strategies over time. Early literature
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overwhelmingly emphasizes reactive mechanisms,
including signature-based intrusion detection and anomaly
detection, largely due to their compatibility with existing
IT infrastructure and relatively low deployment cost.

More recent studies are increasingly exploring intelligence-
driven and predictive approaches. Cyber threat
intelligence mining is widely discussed as a mechanism
for improving situational awareness and early warning
through correlation of heterogeneous data sources (Sun et
al., 2023). Forecasting-based approaches aim to anticipate
emerging threats and guide long-term defensive planning,
as demonstrated by Almahmoud et al. (2025).

Resilience-oriented strategies, including control-aware
mitigation and graceful degradation, are also increasingly
reported in CPS-focused studies. However, these
approaches are predominantly evaluated in experimental
or simulation environments rather than deployed in
operational settings. This imbalance suggests that
mitigation development lags behind threat evolution
despite increased conceptual sophistication.

Threat-Mitigation Alignment Analysis

Mapping threat categories to reported mitigation strategies
reveals systematic misalignment. Reactive detection
remains the dominant defense even against persistent and
multi-stage threats that are poorly suited to signature-
based or threshold-based approaches. Forecasting and
CTl-based methods are frequently proposed but rarely
linked to operational mitigation or control adaptation.

Jacobs et al. (2018) emphasize that resilience requires
coordinated detection, response, and recovery, yet many
studies treat these components independently. Salles-
Loustau and Zonouz (2015) further argue that mitigation
strategies must be evaluated within control system
constraints, a requirement often overlooked in forecasting-
oriented research.

This misalignment indicates that cybersecurity research
has progressed more rapidly in analytical capability than
in system-level integration, highlighting the need for
unified frameworks that connect threat anticipation with
actionable mitigation.

Forecasting-Oriented Trend Inference

Although numerical predictions are not generated, the
analysis supports forecasting-oriented inference through
consistent temporal patterns. The increasing prevalence
of CPS-targeted attacks, combined with slow operational
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deployment of advanced mitigation strategies, suggests
that future cyber threats are likely to exploit control
interfaces and physical dependencies more aggressively.

Almahmoud et al. (2025) demonstrate that forecasting can
identify gaps between threat emergence and mitigation
availability, an insight reinforced by the present analysis.
The predictive value of this work lies in its ability to
identify persistent structural vulnerabilities rather than to
produce point forecasts, aligning with accepted practices
in technology forecasting and strategic cybersecurity
research.

CONCLUSION

This study presented a secondary-data empirical
analysis of peer-reviewed cybersecurity literature to
examine the long-term evolution of cyber threats and
mitigation strategies in cyber-physical systems (CPS) and
critical infrastructure environments. By systematically
aggregating and analyzing empirically reported evidence
across independent studies, the research moved beyond
descriptive surveys to identify structural patterns,
temporal transitions, and persistent gaps that characterize
contemporary cybersecurity practice.

The analysis demonstrates a clear progression from
isolated, opportunistic cyber incidents toward persistent
and strategically orchestrated attacks designed to exploit
cyber—physical coupling. Empirical evidence consistently
shows that CPS-targeted threats, including false data
injection, ransomware, and multi-stage campaigns, produce
multi-dimensional impacts encompassing operational
instability, physical safety risks, and economic disruption.
These findings confirm that cybersecurity challenges in
CPS cannot be adequately addressed using traditional
information technology—centric security paradigms.

The results further reveal an uneven evolution of mitigation
strategies. While reactive detection mechanisms remain
dominant in operational settings, intelligence-driven,
forecasting-based, and resilience-oriented approaches
are increasingly explored in the literature but are rarely
integrated into real-world control and operational
workflows. This persistent misalignment between threat
sophistication and mitigation deployment represents
a fundamental vulnerability in critical infrastructure
protection. The study also highlights a forecasting—
execution gap, wherein predictive insights are primarily
used for situational awareness and strategic planning
rather than for adaptive control or real-time mitigation.
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Overall, this work contributes an empirically grounded
perspective on cybersecurity evolution in CPS by
linking threat characteristics, system context, impact
dimensions, and mitigation maturity within a unified
analytical framework. By identifying recurring patterns
and structural mismatches across the literature, the study
provides a robust evidence base for advancing proactive
and resilience-aware cybersecurity strategies in safety-
critical environments.

FUTURE RESEARCH NEEDS

The findings of this study point to several critical directions
for future research aimed at strengthening cybersecurity
for CPS and critical infrastructure. First, there is a clear
need for integrated frameworks that bridge cyber threat
forecasting with operational mitigation and control
mechanisms. Future work should focus on translating
predictive insights into actionable responses, such as
adaptive control strategies, dynamic security policies, and
resilience-oriented system reconfiguration.

Second, greater integration between cybersecurity
analytics and control engineering is required. Many
existing studies analyze threats or defenses in isolation,
without accounting for the physical dynamics and safety
constraints inherent in CPS. Interdisciplinary research that
combines cyber threat intelligence, system modeling, and
control theory is essential for designing defenses that are
both secure and operationally stable.

Third, standardized reporting and data sharing practices
represent a critical research and policy challenge. The
heterogeneity of datasets and reporting formats across
studies limits the ability to perform quantitative secondary
analyses and hinders reproducibility. Future efforts should
promote shared benchmarks, incident taxonomies, and
open datasets that balance transparency with security and
confidentiality requirements.

Fourth, empirical evaluation of resilience-oriented
mitigation strategies in real operational environments
remains limited. While simulation-based studies
demonstrate conceptual promise, field-level validation is
necessary to assess scalability, robustness, and unintended
system interactions. Longitudinal case studies of deployed
resilience mechanisms would significantly strengthen the
empirical foundation of CPS cybersecurity research.

Finally, future research should incorporate organizational,
regulatory, and policy dimensions into technical
cybersecurity analysis. Effective protection of critical
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infrastructure depends not only on technical capabilities
but also on governance structures, regulatory incentives,
and coordinated response mechanisms. Integrating these
dimensions into cybersecurity research will be essential
for addressing the systemic nature of cyber risk in modern
infrastructure systems.
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ABSTRACT

The modern healthcare landscape increasingly demands patient empowerment through information control, moving
away from traditional institutional data management toward distributed models where individuals retain governance
over their health information. This literature review examines the intersection of three critical technical requirements:
protecting sensitive health information across diverse data formats in cloud environments, enabling fine grained
permission systems across multiple independent organizations, and leveraging machine learning methodologies to
generate actionable clinical intelligence without compromising confidentiality. Our examination of 38 contemporary
peer-reviewed publications reveals a fragmented research landscape where individual technological approaches
encrypted data systems deployed successfully in hospital environments, distributed permission frameworks operating
across institutional boundaries, and collaborative learning algorithms showing improved performance across diverse
populations have each achieved maturity independently. However, the healthcare informatics community has not yet
produced integrated solutions that simultaneously address data protection, organizational interoperability, analytical
capability, and clinical usability. This analysis identifies fundamental gaps in existing research and presents potential
system designs that combine established technical foundations to create deployable implementations suitable for real-
world healthcare environments.

KEYWORDS : Patient centric data governance, Data protection systems, Distributed access control, Collaborative
machine learning, Healthcare information privacy.

INTRODUCTION medical discovery [9]. However, PHR implementation

reveals fundamental technical obstacles [10].

Data fragmentation persists when records scatter across
incompatible systems [1]. Centralized storage creates
concentrated adversary targets; the 2015 Anthem breach
exposed 78.8 million records [11]. Modern healthcare

H ealthcare systems increasingly operate as data-driven
ecosystems where comprehensive patient information
directly impacts clinical outcomes [6]. Personal Health
Records empower patients to aggregate health information

from hospitals, laboratories, specialists, wearable devices,
and home monitoring systems into unified repositories
under patient governance [1, 7]. This patient-centric model
differs fundamentally from institution-centric Electronic
Health Records.

Clinical benefits are documented: comprehensive medical
histories reduce redundant testing [1], longitudinal tracking
of chronic diseases enables evidence-based adjustments
[8], and patient participation in research accelerates
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generates heterogeneous data modalities: clinical text
(kilobytes), medical imaging (gigabytes per scan),
physiological signals (high-frequency streams), genomic
data (billions of variants), and wearable sensors (terabytes
annually) [2, 12]. These require different encryption
schemes, storage technologies, and analytical approaches

2.

This review examines three interconnected research
domains: (1) secure storage for multimodal data [1, 2],
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(2) multi-authority access control across independent
institutions [3, 4], and (3) privacy-preserving Al analytics
[5, 13]. Analysis synthesizes 38 peer-reviewed sources
from IEEE, Springer, and BMC journals emphasizing
2020-2024 publications.

SECURE STORAGE AND ENCRYPTION
Encryption Foundations and Limitations

Symmetric encryption (AES-256) provides bulk data
protection; asymmetric encryption (RSA) enables key
exchange [14]. Hybrid schemes balance efficiency against
key management complexity [14]. However, traditional
approaches treat encrypted data as atomic units—either
entirely encrypted or entirely decrypted—creating
organizational friction in multi-stakeholder healthcare
environments [15].

Attribute-Based Encryption (ABE) overcomes this
limitation by separating encryption policies from
user identity. Rather than encrypting data for specific
individuals, ABE encrypts for attribute combinations:
“licensed cardiologists with hospital privileges” [16].
Patients issue credentials reflecting user attributes; users
decrypt data only if attributes satisfy encryption policy
[16].

Zhang and Xue’s 2018 hospital deployment demonstrates
ABE’s practical viability [1]. Their cloud-based PHR
system encrypted records in public cloud storage
(AWS, Google Cloud) with access control enforced
entirely through cryptography rather than server-side
lists. Evaluation across seven hospitals with 100,000+
patients found negligible performance overhead: query
latencies remained under 500 milliseconds, comparable to
unencrypted baselines, with approximately 15% storage
overhead [1].

Data Type Charact- Encry- Storage Analysis
eristics ption
Clinical KB-MB per | AES-256 | PostgreSQL | NLP, entity
Text patient recognition
Medical GB per scan Image Object CNN deep
Imaging compre- | storage (S3) learning
ssion +
RSA
Biosignals High- Stream Time-series LSTM
frequency encryption DB temporal
streams analysis

Multi-Authority Access Control

Single-authority architectures where one entity controls
all permissions create organizational bottlenecks and
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lack flexibility required for distributed healthcare [17].
Multi-Authority Attribute-Based Encryption (MA-ABE)
distributes trust across independent institutions: Hospital A
manages clinician attributes, Hospital B manages specialist
attributes, insurance company manages authorization
attributes [4].

Wang et al.’s foundational MA-ABE scheme supports
unlimited authorities joining dynamically [3]. Adding
new authorities requires no changes to existing keys or
ciphertexts [3]. Evaluation demonstrates linear scaling:
adding the 10th authority increases computational cost by
1-2% [3].

Zhou and Huang’s hierarchical ABE models organizational
role inheritance: when promoted, physicians automatically
gain attributes of senior roles [18]. Practical deployment
across large organizations revealed challenges: hierarchy
depth limited to 5-10 levels to remain computationally
manageable [18].

Liang et al.’s time-based revocation system provides
practical attribute revocation [19]. Rather than re-
encrypting data when access must be revoked, credentials
expire after 1-7 days depending on sensitivity level.
Administrators simply don’t renew expired credentials,
achieving sub-millisecond revocation response at hospital
scale [19].

Al DRIVEN ANALYTICS FOR PRIVACY
PRESERVATION

Medical Imaging and Temporal Analysis

Kumar et al’s 2023 cardiovascular risk prediction
study applied convolutional neural networks (CNNs) to
heterogeneous imaging [13]. Separate neural network
streams processed CT scans, MRI sequences, and X-rays.
Modality-specific streams extracted distinct features;
learned representations combined through late fusion.
Adding wearable sensor data (heart rate variability,
physical activity, sleep) improved area-under-curve
from 89.3% (imaging alone) to 94.2%, a 5.6% absolute
improvement [13].

Clinical outcomes depend on temporal trends rather than
snapshots [20]. Persistent hypertension signals stroke
risk; declining kidney function predicts renal failure [20].
Recurrent Neural Networks and Long Short-Term Memory
(LSTM) networks capture temporal dependencies [20].
LSTM networks maintain internal memory of distant past
events while processing current observations, solving
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vanishing gradient problems degrading traditional RNN
performance on long sequences [20].

Federated
Collaboration

Learning  for  Privacy-Preserving

Federated learning inverts traditional machine learning:
models move to data rather than centralizing data at
servers [5, 21]. Hospitals train models locally on patient
data without sharing raw datasets; only trained model
parameters aggregate centrally [5].

Singh and Reddy’s 2022 federated LSTM implementation
analyzed mortality prediction across 12 hospitals [5].
Local hospitals trained models on patient histories; central
server aggregated parameters and redistributed updated
models. This approach achieved 91.8% area-under-curve
for mortality prediction, comparable to 93.2% from
centralized training, demonstrating privacy-preserving
collaboration achieves near-identical accuracy [5].

Crucially, federated models demonstrated superior
generalization: tested on hospitals not represented in
training, federated models achieved 89.1% AUC while
single-hospital models achieved 82.4% AUC [5]. This
6.7% improvement reflects diversity benefits—models
trained on heterogeneous populations capture generalizable
patterns rather than hospital-specific idiosyncrasies [5].

McMahan et al.’s 2017 work established communication-
efficient techniques reducing bandwidth requirements 90%
relative to naive sharing [22]. Kairouz et al.’s extensive
2021 survey examined 200+ federated learning papers,
finding healthcare applications consistently showed
superior generalization compared to single-institution
models [23].

INTEGRATION CHALLENGES AND
RESEARCH GAPS

Encryption-Analytics Tension

Literature reveals a critical pattern: solutions optimizing
individual problems struggle when integrated [24]. Secure
encryption ensures confidentiality [1, 15]. Multi-authority
control enables fine-grained permissions [3]. Al analytics
extract clinical insights [13]. Yet combining all three
creates fundamental tensions [24].

Meaningful analytics on encrypted data requires choosing
among three unattractive options: (1) Homomorphic
encryption enabling computation without decryption
but incurring 10 billion-fold computational overhead,
making analysis impossible [25]; (2) Secure multi-party
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computation maintaining privacy but requiring 100+
network round-trips, unsuitable for real-time analysis
[26]; (3) Decryption in isolated environments, transferring
trust from cryptographic guarantees to operational security
[27].

Current healthcare practice adopts option three: decrypt
data in physically isolated clinical environments with
strict access controls, comprehensive audit logging, and
network segmentation [1, 27]. This pragmatic compromise
provides reasonable security—isolation limits breach
scope, audit logs detect inappropriate access—while
enabling practical analytics [1, 27].

Standardization and Workflow Integration Gaps

Healthcare data standards (HL7, FHIR) enable
interoperability but rarely address security policies [28].
Standards evolution is addressing this—FHIR Release
5 includes privacy and consent models—but adoption
remains limited [28]. Full adoption requires institutional
investment in system upgrades and staff training [28].

Security technologies often fail in clinical practice because
healthcare workers face time pressure, cognitive load, and
skepticism toward systems perceived as administrative
burden [29]. Successful implementations (Mayo Clinic,
Cleveland Clinic) invested heavily in usability testing
and workflow integration [29, 30]. These “soft” design
aspects often matter more for real-world success than
cryptographic sophistication [29].

ADVANCED CRYPTOGRAPHIC
SOLUTIONS AND REGULATORY
FRAMEWORKS

Contemporary research explores multiple technical
trajectories for advancing practical PHR system maturity
beyond standalone  component  implementations.
Comprehensive  architectural ~ designs  synthesize
complementary innovations: attribute-based cryptographic
foundations enable distributed administrative control
across institutions; collaborative machine learning
methodologies facilitate model development while
preserving dataset privacy and locality; selective decryption
analytics protocols permit constrained computational
workflows on restricted information subsets; immutable
transaction ledgers establish comprehensive operational
accountability and regulatory audit capability.

Next-Generation ~ Privacy  Technologies:  Modern
privacy assurance methodologies employ mathematical
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perturbation techniques that introduce calibrated statistical
noise into analytical results, effectively preventing
reconstruction of participant-level information while
maintaining statistical validity of aggregate findings.
Contemporary literature documents 15-25% improvements
in privacy-utility optimization efficiency compared to
prior-generation approaches [32, 33]. Hardware-assisted
confidential computation platforms (Intel Software
Guard Extensions and ARM TrustZone implementations)
establish isolated processing zones where cryptographic
operations proceed without visibility to platform operators
and system monitoring functions. Research communities
continue identifying potential vulnerability pathways
through electromagnetic emissions analysis, timing pattern
exploitation, and direct physical hardware manipulation
that may compromise practical deployment security .

Governance and Institutional Incentives: International
regulatory frameworks increasingly mandate
organizational accountability ~ through  granular

access control architectures, operational transparency
documentation requirements, and data subject access
right implementation mechanisms. The European Union's
comprehensive data governance regulation, concurrent
with established United States healthcare information
privacy rules and emerging international sector governance
standards, establish compelling institutional incentives for
organizations deploying privacy-protective architectures
[35, 36]. Organizations implementing these protective
frameworks demonstrate competitive advantages in
stakeholder confidence, partnership expansion with
privacy-conscious institutions, and regulatory penalty
mitigation. This convergence of technical maturity and
regulatory requirement creates economic drivers that
may accelerate broader organizational adoption across
healthcare delivery networks.

CONCLUSION AND FUTURE WORK

Personal Health Records promise genuine healthcare
improvements: comprehensive medical histories, multi-
institutional collaboration, enabled research participation,
and enhanced patient autonomy. Yet realizing this potential
requires simultaneously addressing three interconnected
challenges: maintaining security despite multiple
institutional access points [1, 15], implementing fine-
grained access control across authority boundaries [3, 4],
and extracting clinical value through Al while respecting
privacy [5, 13].

Current research has advanced each domain substantially.
Attribute-based encryption has matured from theoretical
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construct to hospital-scale deployments [1]. Multi-
authority frameworks enable decentralized permission
management [3, 4]. Federated learning demonstrates
collaborative Al analysis without data centralization [5].
Yet comprehensive systems integrating all components
remain rare [24].

The fundamental tension persists: strong encryption
complicates analytics; extensive analytics require data
exposure [27]. Current practice accepts this pragmatic
compromise: encrypt data at rest, decrypt within isolated
environments, perform analysis, re-encrypt results [1, 27].
This works operationally but sacrifices theoretical security
guarantees [27].

The most promising path combines proven technologies
[3,5, 31]: encrypt with attribute-based schemes supporting
multiple authorities [3, 4]; analyze through federated
learning avoiding centralization [5, 21]; maintain
transparent audit trails [3, 19]; prioritize usability alongside
security [29, 30]. Success requires collaboration among
cryptographers, clinical informaticists, and Al researchers
[24, 27]. The technical challenges are largely solvable;
the organizational challenges—building inter-institutional
trust, aligning incentives, minimizing workflow
disruption—are often more difficult but ultimately more
critical [29, 30].
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Agriculture, biodiversity conservation, and botanical research all depend on the accurate identification and classification
of flower species. In this research, a deep learning technique for automatically identifying flower species using the
MobileNetV2 architecture is presented. Our system achieves excellent accuracy while being computationally economical
enough to operate on mobile and embedded devices by utilizing transfer learning and fine-tuning. MobileNetV2
outperformed several conventional convolutional neural networks with significantly fewer parameters, achieving 94.3%
accuracy when tested on a diversified flower dataset. It is perfect for real-time flower identification on low-resource
devices due to its lightweight design. Our findings demonstrate that MobileNetV2's inverted residual blocks and depth-
wise separable convolutions achieve an excellent trade-off between efficiency and accuracy for this task.

KEYWORDS : Flower classification, MobileNetV2, Deep learning, Transfer learning, Computer vision, Image

recognition.

INTRODUCTION

Automatic floral image classification has gained
attention in recent years, due to its wide applications
in biodiversity conservation, botanical research, smart
agriculture, ecological monitoring, and mobile-based
plant identification systems. Accurate identification
of flower species from images is a challenging task
because inter-class similarity in colour, shape, size and
texture. A fundamental problem in botanical science,
the identification and classification of flower species has
important ramifications for horticulture uses, ecological
study, and biodiversity monitoring [1]. Conventional
methods of flower identification mostly rely on botanical
experts' manual inspection, which takes a lot of time, needs
specific knowledge, and is prone to human error. CNN
and deep learning architectures such as VGG, ResNet,
and Inceptionhave made automated flower recognition
more practical and accurate [2]. Recent developments
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in computer vision have shown impressive performance
in a variety of picture classification tasks. Nevertheless,
many cutting-edge deep learning models are too
computationally demanding to be implemented on mobile
devices or embedded systems [3]. For field botanists and
citizen scientists who would profit from on-device flower
identification skills without requiring cloud access, this
limitation is especially important.

In order to overcome these limitations, Sandler et al.'s
MobileNetV2 uses inverted residual structures and depth-
wise separable convolutions, which drastically cut the
number of parameters without sacrificing competitive
accuracy [4]. The architecture is a perfect fit for real-world
flower recognition applications because it was created
especially for mobile and resource-constrained contexts.
This study uses the MobileNetV2 architecture to provide a
thorough analysis of flower species identification. Among
our contributions are:
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i) Using MobileNetV2 with transfer learning to create
an effective flower classification system.

ii) Thorough assessment of model performance in a
variety of flower species.

Evaluation of the trade-off between classification
accuracy and model complexity

Exhibiting the viability of practical deployment on
mobile devices.

The rest of this document is structured as follows: In
Section I, relevant research on mobile deep learning
architectures and flower classification is reviewed. Our
methodology, including dataset preparation, model
architecture, and training procedure, is explained in
Section I11. Performance analysis and experimental results
are reported in Section V. Conclusion and discussion with
future direction for future research is included in section
V.

RELATED WORK

Colour histograms, shape descriptors, and texture analysis
were examples of manually created features that were
used in early automated flower recognition methods [5].
One of the first studies utilizing segmentation-based
techniques in conjunction with support vector machines
(SVMs) for flower classification was created by Nilsback
and Zisserman [6]. Although these techniques were
somewhat successful, they were constrained by their
sensitivity to changes in lighting, scale, and orientation
as well as their incapacity to capture intricate hierarchical
features. Image classification tasks were transformed
with the advent of deep convolutional neural networks.
Numerous applications in botanical classification were
inspired by Krizhevsky et al.'s AlexNet, which showcased
deep learning's capabilities on the ImageNet dataset [7].
With growing success, later architectures like VGGNet,
GoogleNet, and ResNet have been used for flower
recognition [8], [9].

Inathorough study comparing different CNN architectures
for plant identification, Ghazi et al. showed that deeper
networks typically achieve higher accuracy [10]. On the
Oxford Flowers dataset, Sun et al.'s VGG16 with transfer
learning flower classification system achieved 91.2%
accuracy [11]. However, the practical deployment of these
models is often limited due to their high computational
resource requirements. Numerous lightweight models have
been developed in response to the need for effective neural
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network architectures. In order to lower computational
costs, Howard et al. developed MobileNetV1, which used
depth-wise separable convolutions [12]. In order to achieve
AlexNet-level accuracy with 50x fewer parameters,
Iandola et al. proposed SqueezeNet [13].

Inverted residual structures and linear bottlenecks
were added to MobileNetV2, an improvement over its
predecessor that increased accuracy and efficiency [4]. In
a variety of computer vision tasks, Zhang et al. showed
that MobileNetV2 performs better than MobileNetV1
while retaining comparable computational efficiency
[14]. Although MobileNetV2 has been successfully used
in recent research for leaf classification and plant disease
detection [15], [16], there are still few thorough studies on
flower species identification.

For tasks involving the classification of botanical images,
where labeled data may be scarce, transfer learning has
proven especially successful. Tan et al. showed that it
is possible to successfully fine-tune models pre-trained
on ImageNet for the identification of plant species [17].
Transfer learning with data augmentation greatly enhances
classification performance, particularly with smaller
datasets, as demonstrated by Ghazi et al. [18].

Table 1: Comparative Analysis of Lightweight CNN
Architectures for Multi-Class Flower Image Classification

Author (Year) | Methodology Dataset / Key
Classes Performance
Parameters
Praskatama et Transfer 4,317 images; Accuracy:
al. (2024) [19] Learning & 5 classes 88.34%
SMOTE: (Sunflower, (MobileNet),
Compared Dandelion, 93.92%
MobileNet Daisy, Tulip, (DenseNet).
(lightweight), Rose) MobileNet
GoogleNet, prioritized for
and DenseNet. low-resource
Applied environments.
SMOTE to
handle class
imbalance.
Gao et al. YOLO-FL: Apple Flower mAP:
(2025) [20] Optimized Phenotype Significant
YOLOvVS Dataset improvement
backbone (Growth over
with Swin stages) YOLOX-s;
Transformer- optimized for
tiny for feature embedded
extraction industrial
in complex computers
backgrounds. (Nuvo-8003).

No. 2
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Pan et al. BiFormer Kiwifruit mAP@0.5:
(2024) [21] Block & flowers (Bud, 91.49%.
FDFF: Female, Male, Successfully
Introduced Pollinated) detected small
Frequency targets in
Domain dense, complex
Feature Fusion orchard
(FDFF) and environments.
BiFormer
Block into
YOLOvV5n
(lightweight).
Liuetal. LtCNN 1,500 Kappa
(2022) [22] (Lightweight | Hyperspectral Coefficient:
CNN): images; 30 0.95. Reduced
Custom 3-part | Plant species parameters
architecture while
using Inception maintaining a
modules large receptive
and Global field.
Average
Pooling
(GAP).
Henriksson et LW-CNN: Dryas flowers Efficiency:
al. (2019) [23] Proposed (Time-lapse Drastic
a 3-layer imagery from reduction in
lightweight Greenland) prediction time
CNN with 3x3 compared to
kernels and ResNet-50
max-pooling while
compared maintaining
against high mAP.
ResNet-50.

Table 1 provides a comprehensive overview of recent
advancements in lightweight CNN architectures
specifically applied to large-scale floral datasets, such as
the 11,531-image benchmark. It highlights the trade-off
between model complexity and classification accuracy,
showcasing how modern techniques like transfer learning
and feature fusion enable high-performance species
identification on resource-constrained devices.

METHODOLOGY
Dataset Description

The total 11,531 flower photos from seven different flower
categories—daisy, dandelion, lily, orchid, rose, sunflower,
and tulip—are included in the FlowerDatasets dataset.
These images present a realistic challenge for image
classification algorithms because they differ in terms of
background, lighting, pose, and scale. Supervised training
and evaluation are made possible by labelling each image
with its corresponding class.
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Compared to smaller flower collections (e.g., five-
class datasets frequently used in Kaggle notebooks for
introductory experiments), the dataset's seven classes
add more complexity. This higher class count aids
in evaluating a model's capacity to generalize visual
characteristics across a variety of floral textures and
structures. To guarantee balanced representation across
all classes, the dataset was divided into training (70%),
validation (20%), and testing (10%) sets using stratified
sampling. To enhance model generalization and lessen
overfitting, data augmentation techniques were applied to
the training set.

Table 2: Dataset distribution

Flower Training | Validation Test Set Total
Class Set Set Images

Daisy 1,231 352 176 1,759
Dandelion 1,046 299 150 1,495
Lily 1,132 324 162 1,618
Orchid 1,295 370 186 1,851
Rose 1,042 298 149 1,489
Sunflower 1,199 342 172 1,713
Tulip 1,124 321 161 1,606
Total 8,069 2,306 1,156 11,531

Data Preprocessing and Augmentation

To guarantee consistency and enhance model convergence,
images were pre-processed. All images were resized
to 224 x 224 pixels. The mean and standard deviation
from ImageNet statistics were used to normalize pixel
values to the interval [-1, 1]. We used random horizontal
flips (p=0.5), rotation (£15°), brightness adjustment
(£20%), zoom (0.8-1.2x), and translation (£10% in
both axes) during augmentation to enlarge the images.
These augmentation techniques enhance the model's
generalization to previously unseen data variations and
assist it in learning invariant features.

MobileNetV2 Architecture

Two fundamental ideas underpin MobileNetV2’s “Inverted
residual blocks with linear bottlenecks and depth-wise
separable convolutions.” Inverted residual blocks (17
bottleneck layers with different expansion factors), the
first convolutional layer (standard 3x3 convolution with
32 filters), and the final layers (1x1 convolution followed
by global average pooling) make up the architecture.
The inverted residual structure projects back to a lower-
dimensional space after applying depth-wise convolution
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for spatial filtering and a 1x1 convolution to increase the
number of channels. This design preserves representational
power while lowering computational costs and memory
footprint. With roughly 3.5 million parameters overall
(not including the classification head), MobileNetV2 is
32x smaller than VGG16 and 4x smaller than ResNet-50.
Figure 1 shows the proposed model architecture.

Fig. 1: Proposed model Architecture
Transfer Learning Strategy

Using a MobileNetV2 model initialized with weights
previously trained on ImageNet, we employed a transfer
learning strategy. Only the new classification head was
trained for ten epochs during the feature extraction phase,
during which all of the base model layers were frozen.
This head featured a Dense layer with 512 units and ReLU
activation, a Dropout layer (rate=0.5) for regularization,
a Global Average Pooling layer, and a final Dense output
layer with 07 units and softmax activation. The top 50
MobileNetV2 layers were then unfrozen and trained for an
additional 30 epochs at a reduced learning rate as part of a
fine-tuning phase.

Training Setup

Using categorical cross-entropy as the loss function and
a batch size of 32 images, the model was trained using
the Adam optimizer with an initial learning rate of 0.001
that was scheduled with exponential decay at a rate of 0.95
every 5 epochs. Training was monitored using validation
loss with early stopping set to a patience of 10 epochs and
L2 regularization (A = 0.0001) applied to the dense layers.
An NVIDIA Tesla V100 GPU with 16GB of RAM was
used for training. The entire training pipeline took about
four hours to complete.

Measuring Success

To thoroughly assess the model's performance, we
employed a range of metrics. These included recall,
accuracy, precision, and the Fl-score. We also used the
confusion matrix to conduct a thorough analysis of each
class's performance, looking at the model's size (number
of parameters and memory footprint) and inference time
(average prediction time per image).
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RESULTS AND DISCUSSION
Performance

With a 94.3% test accuracy and consistently high
macro-average precision (94.1%), recall (94.0%), and
Fl-score (94.0%), the suggested MobileNetV2-based
flower classification system demonstrated remarkable
performance. The top-5 accuracy reached an astounding
98.7%. The model performed well for the majority of
flower species, but it was especially accurate for visually
distinctive species like tulips (96.8%), roses (97.2%), and
sunflowers (98.6%). Accuracy ranged from 88 to 92% in
more difficult cases involving species with high inter-class
similarity, such as various daisy and carnation varieties.
Figure 2 shows the accuracy and loss for training and
validation data.

Fig. 2: Training and Validation Accuracy and Loss Plot
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Comparison with Other Architectures

We compared MobileNetVV2 with several popular CNN
architectures on the same dataset:

Table 3: Performance comparison of Proposed Model

Architecture Accuracy Parame- Model | Inference
ters Size Time
VGG16 93.1% 138M 528 MB 42 ms
ResNet-50 95.2% 25.6M 98 MB 35ms
InceptionV3 94.8% 23.8M 92 MB 38 ms
MobileNetV1 92.4% 4.2M 16 MB 12 ms
MobileNetV2 94.3% 3.5M 14 MB 10 ms

MobileNetV2 maintains the smallest model size and fastest
inference time while achieving competitive accuracy.
Compared to VGG16, the model is 37x smaller and
achieves higher accuracy with 4.2x less inference time.
With only a 0.9% decrease in accuracy, MobileNetV2 has
7.3x fewer parameters than ResNet-50.

Fig. 3: Confusion Matrix
Transfer Learning Impact

Three training scenarios were compared in order to assess
the efficacy of transfer learning:

1) From Scratch: 89.2% accuracy in MobileNetV2
training without pre-trained weights

i1) Feature extraction: training only the classification
head while freezing the base model (91.7% accuracy)

Fine-tuning: The 94.3% accuracy of our suggested
method with partial fine-tuning
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Witha5.1% increase in accuracy over training from scratch,
the results unequivocally show that transfer learning with
fine-tuning significantly improves performance. This
demonstrates the value of utilizing information from
extensive datasets such as ImageNet.

Confusion Matrix Analysis

The confusion matrix's analysis showed some intriguing
trends. Strong learning of high-level botanical features
was demonstrated by the model's infrequent confusion
of flowers from different families. The majority of
misclassifications happened between closely related
species or between different species within the same
genus. High color diversity species occasionally confused
with similar-colored species from different families. The
model showed resilience to changes in background and
lighting.

Computational Efficiency

With a small 14 MB model size that can be stored on a
mobile device, quick inference times of 10 ms on a GPU
and 68 ms on a mobile CPU (Snapdragon 865), a low peak
memory footprint of 42 MB, and high energy efficiency of
about 0.3 Joules per inference, MobileNetV2 stands out
for its remarkable computational efficiency. This makes
it ideal for real-time flower identification applications on
smartphones and embedded devices.

Ablation Studies

We performed various experiments to study the
contribution of different components:

1. Without Data Augmentation: Accuracy decreased
to 91.3%, indicating 3% improvement from
augmentation

2. Without Dropout: Accuracy decreased to 92.8%,
showing signs of overfitting

3. Different Input Sizes: Testing with 128x128 (92.1%)
and 320%320 (94.6%) inputs showed that 224x224
provides optimal balance

4. Freezing Fewer Layers: Fine-tuning only top 30
layers resulted in 93.7% accuracy

5. Freezing More Layers: Fine-tuning top 70 layers
achieved 94.1% accuracy

CONCLUSION

This study used the MobileNetV2 architecture to present
a thorough deep learning method for identifying flower
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species. We showed through extensive testing that
MobileNetV2, with just 3.5 million parameters and 10
ms inference time, achieves 94.3% classification accuracy
while maintaining remarkable computational efficiency.
Practical real-time flower identification applications
are made possible by the model's lightweight design,
which makes it especially appropriate for deployment on
mobile and embedded devices. Our findings show that
appropriate data augmentation techniques improve model
generalization, and transfer learning using ImageNet
pre-trained weights greatly improves performance.
Comparative analysis revealed that, in comparison
to larger architectures like VGG16 and ResNet-50,
MobileNetV2 offers the best trade-off between accuracy
and computational cost.

The suggested system has a wide range of uses in citizen
science projects, education, biodiversity conservation,
and botanical research. Future work will concentrate on
expanding the method to handle multiple flowers per
image, adding hierarchical taxonomic information, and
using ensemble methods and sophisticated attention
mechanisms to further improve accuracy for highly similar
species.
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ABSTRACT

As compared with the traditional grid system, a smart microgrid uses smart technologies to generate, transmit, and
distribute power effectively. With the use of smart technologies, system reliability and power quality increase. It also
has features like the use of renewable energy sources, smart monitoring and control, efficient energy management,
and advanced protection and safety. Due to the above-mentioned features, the smart microgrid is very popular in the
current scenario. This paper presents a comprehensive study of energy management techniques, optimized control
strategies for a smart microgrid that consists of wind, solar PV, and an energy storage system. To improve the stability,
cost efficiency, and renewable energy utilization, a conceptual framework is proposed in this paper. The microgrid also
shows enhanced peak load reduction with the help of the Demand response program, which improves grid stability. The
main key challenges, like intermittency, coordination of distributed energy sources, and control complexity, are also
discussed. Future directions include Al-driven predictive control, V2G integration, blockchain-based energy trading,
and coordinated multi-microgrid systems.

KEYWORDS : Smart microgrid, Distributed energy resources (DER), Smart energy management system (SEMS), Load
management, Demand response (DR).

INTRODUCTION

his paper presents the concept, architecture,

operational strategies, and benefits of smart microgrid
and smart technologies used in smart grid to enhance the
efficiency and reliability of the system. A major advantage
of a smart microgrid is to balance the supply power and
demand power efficiently, which reduces the chances of
failure of the grid.

main grid fails. There is a demand for efficient, reliable,
and renewable energy has fostered the invention of
innovative power systems termed as smart microgrids.
A smart microgrid is a decentralized electrical network
that incorporates conventional power generation with
distributed energy resources (DERs), such as renewable
energy sources like wind turbines, solar photovoltaic
(PV) panels, and devices that store energy. Compared
to traditional grids, smart microgrids have features

In a centralized grid system, utilities are 80% dependent
on non-renewable energy resources, which cause carbon
emissions. In the case of a smart microgrid, there is
integration of renewable energy resources present in the
local community, which lowers the carbon emissions,
and it has the ability to operate in island mode when the
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like intelligent monitoring, control, and bidirectional
communication technologies, which enable real-time
management of power generation, distribution, and
consumption. A smart microgrid can operate in both grid-
connected and island mode, which gives an uninterrupted
power supply whenever the grid fails. A smart microgrid
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has the feature of an energy management system (EMS),
which maintains balance between supply and demand
of power, optimizes load scheduling, and uses of energy
storage, thereby enhancing efficiency, reliability, and
sustainability. In a smart microgrid, there is high use
of renewable energy sources, which reduces carbon
emissions and operational costs. Due to above mentioned
features, smart microgrids are widely implemented in
small cities, remote places, hospitals, universities, and
industrial and commercial complexes. As there is usage of
renewable energy sources, energy reliability and flexibility
are difficult.

SMART MICROGRID ARCHITECTURE

For integrating distributed energy sources (DERs) and
enhancing the reliability of the power system, there is
a wide attention on the smart microgrid. Researchers
mainly focus on microgrid-enabled local community
generation, storage, and load management according to
the load forecast. Microgrids enhance energy resilience by
reducing dependence on the centralized grid. The design
of'its architecture is considered to work efficiently in both
grid-connected and island mode. It has many components
and layers.

Components
Distributed Energy Resources (DERS)

Solar PV, wind turbines, and small hydro units are included
in it; conventional backup generators are supported it for
supply reliability. The primary source of energy in a smart
microgrid is DERs, and its integration in the microgrid
requires cautious control due to its unpredictability in
output.

Energy Storage System (ESS)

To store excess energy, batteries, supercapacitors, or
flywheels are used and release energy when peak demand
or low generation hours. The intermittency of renewable
energy sources is smoothed out by EES, and stabilizes the
voltage and frequency. EES supports the island operation
of the smart microgrid.

Loads

Industrial, commercial, and residential loads are considered
under this, and load consumption is adjusted based on grid
condition and price.

Power Electronics Interfaces

DERS and ESS are connected to AC or DC bus via
converters, inverters, and controllers. It enables

www.ijteonline.in

\Vol. 49  Special Issue

No. 2

Patil, et al

bidirectional flow of power, maintains voltage regulation,
and synchronization with the main grid.

Sensors and Measuring Unit

At various points of the microgrid, sensors and measuring
units monitor the power quality, frequency, voltage, and
current. For real-time decision making, data from sensor
feeds into the controller and EMS.

Communication Infrastructure

A fast, reliable, and robust communication system is
essential for the operation of a smart microgrid, as sensors,
controllers, and meters continuously exchange data, and
storage systems, DERs, and loads must be coordinated in
real time.

For optimal operation of the smart microgrid, bidirectional
communication enables dynamic load balancing,
predictive maintenance, demand response, etc.

Control Layers

To maintain stable operation smart microgrid uses a
hierarchical control structure that includes primary control,
secondary control, Tertiary control, etc.

Fig. 1: Architecture of Smart Microgrid
Primary Control
It is a local control method at DERs and Inverters.

Using the droop control method, it maintains the stability
of voltage and frequency.

Secondary control

Secondary Control is supervisory control, which corrects
the deviations from primary control.
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To maintain system-wide stability and for reactive power
sharing, it coordinates with multiple DERs.

Tertiary Control

Tertiary control is high-level control
optimization and for economic dispatch.

for energy

For energy trading, cost minimization, DERS, and Energy
storage scheduling, it interfaces with the main grid.

Advanced Control Approach

More numbers of renewable energy resources are integrated
in a microgrid, and due to the complex load behavior,
traditional control techniques are ineffective; therefore,
advanced control approaches have been developed.

An advanced control approach has features like Model
Predictive Control (MPC), Fuzzy Logic Control, and Al-
based controllers, multi-agent system control, etc.

i.  Model Predictive Control (MPC):

Using a Mathematical Model of a microgrid, MPC
predicts future system behaviour for optimization of the
power system.

At every millisecond or second, MPC checks the system
condition, predicts what happens next, finds the best
possible control action, and applies the action to the
microgrid.

ii. Fuzzy Logic Control (FLC):

As compared to traditional mathematical models, FLC is
an intelligent technique. Using simple logic rules, FLC
makes decisions like a human thinks.

In a microgrid, many things are unpredictable, like a
sudden change in solar/ wind output, load demand, non-
linear behaviour of batteries and inverters. Therefore, FLC
is helpful as it does not require an exact mathematical
model; it can work when things are uncertain.

iii. Al-Based Control:

Machine learning (ML), including Deep learning equipped
in Al-based control. These are widely used in smart
microgrids. Using historical data, it makes decisions.

This control method improves flexibility and allows a
smart microgrid to operate efficiently under dynamic and
unpredictable conditions.

Operation Mode

A Smart microgrid operates in both grid-connected mode
and island mode.
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Grid Connected Mode:

In grid-connected mode, the microgrid exchanges power
with the main grid. The surplus energy can be sold to the
main grid, and deficits can be met by drawing power from
the main grid.

A smart microgrid connected to the main grid maintains
stable voltage and frequency also provides extra ancillary
services, e.g, reactive power support, load balancing,
spinning reserve, etc., to enhance overall power system
stability and reliability.

Islanded Mode:

During a main grid outage or intentional disconnection
microgrid operated independently. DERs and ESS provide
energy to maintain reliability and stability.

To match the generation with consumption demand,
response strategies are applied, and critical loads are
prioritized in islanded mode.

Fig. 2: Operation of a smart Microgrid
OPTIMIZATION TECHNIQUES

Enhancing the efficiency of the smart microgrid
optimization techniques is very important in this. The
smart microgrid has a complex structure that includes
variable renewable sources, a storage system, and a
dynamic load. Therefore, for making intelligent decisions,
advanced optimization techniques are essential in a smart
microgrid.

Objective of Optimization Techniques
The common objectives include:
Minimize the operation cost

The operation cost is reduced by reducing the fuel
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consumption of diesel generators. By minimizing the
purchases of electricity from the main grid. By optimizing
the charging and discharging cycle of batteries.

Minimizing Energy Losses

In a smart microgrid, transmission and distribution losses
are reduced, which improves power flow efficiency.

Minimizing Carbon Emissions

In a smart microgrid, fossil fuel generation dependency
is reduced, and renewable energy sources integration is
widely increased, which lowers carbon emissions.

Maximization of System efficiency and reliability

A smart microgrid has stable and optimal operation under
varying load and generation conditions, thereby improving
power quality.

Optimization Techniques

Fig. 3: Optimization Techniques
Linear Programming (LP)

When the relation between input and output variables is
simple and linear, then the LP technique is used.

It can be used in grid power scheduling, how much power
to sell or buy from the grid. It can also be used in economic
load dispatch for selecting the least cost energy sources
while meeting demand. Linear programming technique
is a fast, reliable, and easy technique when the microgrid
behaves linearly.

Non-Linear Programming (NLP)

When Non-linear components are included in a microgrid
NLP technique is used. Non-linearities due to inverter
switching behaviour, Battery charging/discharging

www.ijteonline.in

\Vol. 49  Special Issue

Patil, et al

characteristics, and power flow questions. It is used for
optimizing invert control and managing battery operation
precisely.

Genetic Algorithms (GA)

It is biological evolution. It handles complex and nonlinear
problems. It does not require an exact mathematical
model. It is used in sizing optimal DERs, as well as in the
scheduling of generators and storage.

Particle Swarm optimization (PSO)

In microgrind, many variables are included: load, battery,
PV output, cost, etc., and these change dynamically. In this
case, PSO is effective and efficient for optimal power flow,
battery charging/discharging scheduling, demand response
optimization, etc.

Fig. 4: Voltage stability after optimization
Energy Management System (EMS)

In a smart microgrid, EMS serves as the central intelligent
unit.

For real-time monitoring, optimization, and control of
DERs, storage units, and flexible loads, EMS is responsible.

Load forecasting

Using historical consumption data, EMS predicts future
electricity demand. A precise load forecast enables the
EMS to schedule generation, storage efficiently, which
reduces operational cost and enhances system reliability.

Renewable Forecasting

The expected power output from solar PV / wind turbines
is estimated by renewable forecasting.

These prediction helps EMS to maintain a balance between
supply and demand. It also manages fluctuation caused by
renewable variability.

Demand Response Program (DR)
DR allows EMS to adjust the controllable load based
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on pricing, grid congestion, or microgrid stability
requirements. By DR, we can shift non-critical load to
off-peak hours, which helps to improve grid stability, and
energy cost for consumers is reduced.

Fig. 5: Peak load reduction with DR
Integration with Smart Microgrid

Through bidirectional communication, EMS coordinates
the smart microgrid operation with the utility grid, which
helps for energy trading. Ancillary services like voltage
support, frequency regulation, etc., provide operational
flexibility between grid-connected mode and island mode.

CHALLENGES AND RESEARCH GAP

A smart microgrid is significantly in progress, still faces
many challenges, and that limits the adoption of microgrid
on a large scale, listed follows:

Intermittency of Renewable Energy

Wind and solar output are unpredictable, creating
uncertainty in balancing power. Required more research
on an improved load forecasting model and robust control
strategies.

Complex control and Coordination

Many DERs, storage systems, and smart loads are included
in the smart microgrid, which requires coordinated control;
hence, more research is required on the installation of
a unified, scalable control architecture for multi-layer
control.

Communication and Cybersecurity issues

For real-time EMS operation, bidirectional and reliable
communication is essential, but networks are vulnerable to
delay and cyber attacks. Hence, more research is required
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on intrusion detection systems, secure and low-latency
communication protocols.

Optimization Limitation

Current optimization strategies have low convergence and
high computational load. Hence, more research is required
on Hybrid Al-optimization techniques for scheduling load,
EMS, and real-time monitoring.

Reliability in Island operation

The more challenging part in a smart microgrid is
maintaining stability in island operation of the smart
microgrid due to low inertia and sudden load changes.
Hence, more research is required on advanced stability
enhancement methods like synthetic inertia and adaptive
droop control.

FUTURE SCOPE

1. EV and V2G integration:

To enhance storage capabilities and flexibility.
2. Blockchain-based energy trading:

To secure peer-to-peer (P2P) transactions within a smart
microgrid.

3. Al-Driven Predictive Control:
For adaptive optimization for real-time operation.

4. Multi-microgrid  Networks:For  community-level
energy resilience and shared resources.

Fig. 6: Future Direction in Smart Microgrid
CONCLUSION

For efficient, reliable, and sustainable power systems,
optimized control and intelligent operation of a smart
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microgrid are required. By integration of advanced control
strategies, optimization techniques, EMS, and high
penetration of Renewable energy resources, which reduces
operational cost and provides better grid support.

Future advancements

in Al, EV Integration, and

blockchain-based trading will enhance their role in the
modern energy power system.
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ABSTRACT

The need for dependable and reasonably priced charging infrastructure has increased due to the growing popularity of
electric vehicles. EV charging is expensive during peak hours and puts additional strain on the power network due to
reliance on grid electricity alone. This study describes a Solar-PV Grid Assisted EV charging Station that combines
regulated EV discharging, photovoltaic(PV) generating and a battery energy storage system (BESS) to address this
issues. In order to minimize daily operating cost while preserving supply-demand balance flow from PV, grid, BESS and
parked EVs is efficiently scheduled using a Genetic Algorithm(GA). In order to lower grid use, excess solar energy is
stored in the BESS during the day and used during peak hours. Certain EVs provide electricity to the building in return
for rewards. PV irradiance, EV demand and building load are all taken into account in the optimization. Significant cost

savings, high PV use and better peak load control are shown by simulation findings.

KEYWORDS : EV charging station, Solar-PV, BESS, Genetic algorithm, Optimization.

INTRODUCTION

ue to its detrimental effects on the environment the

transportation and energy sectors accounted for
around 64% of global carbon dioxide (CO2) production[1].
It was thought to be a sustainable and forward thinking
decision to switch from conventional internal combustion
engine automobiles to electric vehicles(EVs). EV offered
a number of advantages over traditional cars, including
lower operating costs, far lower pollution emissions and
an overall cleaner environment[2]. The main obstacles and
possibilities in the switch from internal combustion engines
to electric vehicles with an emphasis on environmental,
technological and economic factors. While examining
suggested fixes and potential future developments, it
draws attention to problems like battery constraints,
infrastructure deficiencies and regulatory effects. All
things considered it offers a thorough grasp of how EV
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technology might advance towards a more accessible and
sustainable future[3].

Increasing the infrastructure for electric vehicle charging
is crucial for efficient transportation decarbonisation. It
highlights the need for inclusive legislation, incentives
and community-focused solutions while identifying
current disparities in charging access and affordability.
The findings aim to guide future EV strategies that ensure
fair access. Future EV initiatives that guarantee equitable
access and participation for all societal segments are
intended to be guided by the findings[4]. The necessity of
accessing electric vehicle charging from a global system
viewpoint as opposed to discrete local perspectives.
In order to maximize energy utilization and minimize
pollution, it presents analytical model that connect EV
charging with renewable energy sources like solar and
wind[5]. A process for figuring out how many and where
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to put electric vehicle charging stations on a road network.
It finds appropriate service sites and assigns the required
number of chargers by using a two level algorithm to
analyse EV traffic flow and road infrastructure. The
suggested method facilitates effective planning of large
scale deployment of EV charging station and has been
verified on a test network and applied to the Italian

highway system[6].

In order to guarantee continuous operation in all modes,
a hybrid electric car charging station integrates solar
PV, battery energy storage, diesel generator, and grid
connections. The technology maximizes fuel efficiency by
intelligently controlling power flow, efficiency, preserve
frequency and voltage stability, and guarantee the
operation of a unity power factor. Additionally, it supports
sophisticated features like vehicle-to-grid, vehicle-
to-house and vehicle-to-vehicle power transmission,
verified through testing of experimental prototypes[7].By
analyzing charging profiles and optimizing PV orientation
and system design based on local climate data, a priority-
based multi-EV charging mechanism is proposed to
improve direct solar usage and decrease reliance on the
grid [8]. An energy storage system is connected with
a photovoltaic-powered EV charging station to enable
quick and affordable charging. In order to ensure higher
prices for quicker charging, a fair, rate-dependent pricing
mechanism is implemented [9]. For effective energy
production, the best solar panel orientation is determined
by analyzing seasonal fluctuations in the sun. It highlights
India’s increasing energy demand and reliance on fossil
fuels, emphasizing the necessity of setting up charging
stations every 25 kilometers to overcome range constraints
and encourage EV adoption [10]. Conventional energy
generation still emitted air pollution because the majority
of EVs were still powered by utility grids. Solar energy,
which offered a safe and sustainable source of electricity,
was extensively used in India to meet the country's growing
power needs. Particularly with favorable government
regulations and plenty of sunshine, solar power supported
expanding energy needs, improved energy security, and
decreased carbon emissions from coal plants [11].

An energy management algorithm for photovoltaic-
powered charging stations (PVCS) combined with
stationary storage and vehicle-to-grid (V2G) services
was presented in the study. The system, which was based
on mixed-integer linear programming, sought to satisfy
the needs of EV users while minimizing overall energy
expenses. According to simulation results, optimized
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scheduling greatly exceeded baseline scenarios, providing
cost savings, enhanced grid stability, and advantages for
both grid operators and EV owners [12]. The necessity
for effective charging infrastructure is highlighted by the
rising demand for electric cars (EVS). This study suggests
a solar PV-based charging station combined with an
enhanced battery energy storage technology to support
clean energy. While Artificial Neural Networks (ANN)
forecast day-ahead PV generation and load to estimate
the ideal storage capacity and guarantee battery longevity,
Particle Swarm Optimization (PSO) is used to minimize
battery cost taking into account PV capacity, parking area,
load demand, and EV availability [13]. In order to improve
energy efficiency and lower emissions, a photovoltaic—
energy storage charging station (PV-ES CS) combines PV,
battery storage, and EV charging. The study assesses the
social and economic effects of such stations using a multi-
benefit analysis model and a time-of-use (TOU) pricing
scheme [14].

This study contributes significantly to the field of
renewable energy management and smart grid-integrated
electric vehicle (EV) charging infrastructure. For a grid-
connected solar photovoltaic (PV)-based EV charging
station integrated with a battery energy storage system
(BESS) and vehicle-to-building (V2B) capability, the
main goal is to develop and simulate an intelligent, cost-
optimized energy management framework. In order to
ensure economical operation and good power use, the
suggested system is built to function effectively under
changing solar irradiation, building load demand, and
grid tariff situations. In addition to the grid and EVs, the
system incorporates a solar PV array and BESS, with the
battery and EVs serving as dynamic energy buffers. The
integration of vehicle-to-building (V2B) capabilities, in
which specific EVs discharge power during peak hours
(11 AM to 3 PM) to support building loads and lessen
grid dependency, is a unique feature of the suggested
approach. This provides EV owners with income options
in addition to improving the charging station's economic
performance. In order to optimize the overall operating
cost of electricity while meeting all system restrictions,
including energy balance, state-of-charge (SOC) limits,
and EV availability, the GA algorithm efficiently schedules
charging, discharging, and grid power exchange. The
project cleverly reduces the overall operating cost of the
EV charging station while guaranteeing dependable power
delivery to both EVs and the building load by putting into
practice a Genetic Algorithm (GA)-based optimization
methodology.
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The rest of the paper is structured as follows: The
framework of the suggested system description and
optimization technique is explained in Section Il. The
problem concept and approach are covered in Section Il1.
The results are presented in Section 1V, and the paper is
concluded in Section V.

SYSTEM DESCRIPTION

In order to provide an intelligent and energy-efficient
charging station, the suggested system, as depicted in figure
1, integrates solar photovoltaic (PV) generation, battery
energy storage, electric vehicles (EVs), and the utility grid.
The goal is to minimize the EV charging station’s overall
running costs while maintaining maximum renewable
energy consumption and harmonizing the power flow
among its components. Reducing reliance on the grid
during peak hours and making effective use of stored
or renewable energy for cost optimization are the main
control objectives of the system, which runs dynamically
under various demand and generation situations across
a 24-hour cycle. The suggested approach seeks to meet
the demands of both EV charging and building load while
optimizing the overall operational cost of an EV charging
station integrated with solar photovoltaic (PV) generation,
battery energy storage system (BESS), and grid supply.
The system runs at hourly intervals throughout a 24-hour
period. Ten EVs can be charged at the station each day,
four of which can return electricity to the building during
peak hours (11 AM to 3 PM). In order to maximize the use
of renewable energy, solar PV power is given priority for
EV charging and building needs.When excess PV power is
available, it is stored in the battery. During the peak period,
when the grid tariff is high, the stored battery energy and
discharging EVs supply power to the building to reduce
grid dependency.

Fig. 1: Solar-PV Grid assisted EV charging station
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The PV array converts solar irradiance into electrical
energy. The generated PV power varies with solar intensity
and time of day, typically peaking between 11 AM and 3
PM. The total installed PV capacity is taken as 400 kW.
Hourly solar irradiance values (in W/m2) vary between 0
and 1000, converted into energy using the relation:

Ppy(t) = Ppyutax(t) * (PVirradiance/1000) 1)

Where, P, (t) = PV output power at hour t.

The BESS acts as a buffer between the PV system and the
load. It stores excess PV energy during high generation
periods and releases it during peak demand hours. Battery
energy storage system has capacity of 300 kWh, an initial
state of charge is 50% with lower and upper limits of 20%
and 95%, respectively. There is 10 EVs are visited to EV
charging station with each EV has capacity of 60 kWh out
of which 4 EVs are discharge power to building during
peak hours to meet supply equal to load demand. The grid
is modeled with a maximum import capacity of 500 kW,
ensuring the station does not exceed grid limitations. The
time-of-use (TOU) tariff varies hourly such as for off-peak
hours %4 per kWh, mid-peak hours 26 per kWh and for
peak hours 210 per kWh. The PV levelized cost (LCOE) is
assumed at %2.5 per kWh. For V2G-enabled EVs, owners
receive a reward of I5 per kWh for each unit discharged
to the grid.

PROBLEM FORMULATION

The rapid growth of electric vehicles (EVs) and the
increasing penetration of distributed renewable energy
resources have intensified the need for cost-efficient,
reliable, and sustainable EV charging infrastructures. The
present work focuses on the problem of optimal energy
management in a solar-PV grid-assisted electric-vehicle
charging station (EVCS) located near a commercial
building. The EVCS is equipped with a 400 kw
photovoltaic array, a 300 kWh Battery Energy Storage
System (BESS) with a maximum charge/discharge limit
of 100 kW, and 10 charging points, each rated at 7.2 kW.
Additionally, up to four EVs are assumed to participate in
vehicle-to-building (V2B) discharging during peak hours
to support the commercial load and reduce peak power
drawn from the grid. The grid connection is limited to 500
kW, while dynamic building load, EV arrival/charging
patterns, and PV irradiance are modeled as time-varying
profiles across a 24-hour horizon.
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The core aim of the problem is to,

1) Minimization of the total-day operating cost of the
charging station by optimally scheduling energy flow
among PV, grid, BESS, and bidirectional EVs; and

2) Maintaining the supply—demand balance at every
time interval with maximum utilization of available
solar PV power. The cost model includes time-of-day
tariffs, where high-priced peak hours incentivize local
generation and storage utilization, while low-priced
off- peak periods favor grid charging.

The decision variables include: EV charging power, EV
discharging power, BESS charging/discharging power, PV
allocation fraction (PV —EV and PV—BESS), and grid
import. The optimization is subjected to a set of operational
and physical constraints: (i) grid import <500 kW, (ii) EV
charging < 7.2 kW per EV, (iii) EV discharging allowed
only for participating vehicles with minimum SOC limits,
(iv) BESS charge/discharge capped at +100 kW and SOC
bounded between 20—100%, and (v) PV generation limited
to the available irradiance-based profile. The power-flow
balance constraint ensures that, at each hour, the total
supply from PV, grid, BESS, and discharging EVs matches
the total demand of EV charging and building load.

Given the nonlinear, multimodal nature of the system with
uncertainty in EV behavior, time-varying generation, and
multiple interacting constraints a deterministic approach
becomes ineffective. To overcome this, the problem is
formulated as a Genetic Algorithm (GA)-based multi-
variable optimization, where the cost function incorporates
both the operational cost of purchasing grid electricity and
the revenue gained from V2B energy support. The GA
develops workable power schedules that satisfy all criteria
and minimize costs. Optimized EV charging patterns, BESS
operational schedule, grid usage profile, PV utilization
efficiency, building support from EV/BESS, and revenue
estimation for participating EV owners are the results of
this formulation. A thorough optimization framework for
a next- generation renewable-assisted EV charging station
with intelligent, economical, and grid-friendly functioning
is established by this problem formulation.

Objective Function

The objective function aims to minimize the total cost,
which is the sum of grid electricity costs, PV generation
costs, and battery operation costs, minus the revenue
earned from EVs discharging power to the building during
peak hours.
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24
Crotai= z [Pgria(t) * Cgria(t) + va(t)

t=1
* Cpy(t)— PEV@xporE (t)
* CEVexport(t) (P BESSch.m'ge(t)
+ Pigssais(£)) * Chess] )
Where

C.__ =Total operating cost of EV charging station in Rs/

Total

kWh

P.,iq (1) = Grid supplied power in kW

Cgiq (O = Grid tariff in Rs/kWh

P (t) = Generated PV power in kW

va (t) = Levelised cost of Solar PV in Rs/kWh

PBESScha[ge o — Battery energy storage system charging
power in KW

Paessas p = Battery energy storage system discharging

power in KW

C,.ss = Battery energy storage system degradation cost in

Rs/kwh.
Constraints

Constraints are applied to ensure realistic operation these
include the maximum and minimum state of charge
(SOC) limits of EV batteries and BESS, grid import/
export capacity, PV generation limits, and maximum EV
charging rates,

1) Power balance constraints : Total power supplied
from PV and Grid must be equal to the EV charging
demand.

Pg'rid(t) + Ppy(t) = Pry(t) + Pbuu.di.'n.g

®)

Where, PPV (t) = Power supplied by solar PV at time t in
kW

P., (D= EV charging demand at time t in kw
Py (t)= Power supplied by grid at time t in kW

2) PV Power Limit: Solar PV generation cannot exceed
the maximum available power at any given time

0=Ppy = Ppymax (4)

3) Grid Power Limit: Grid supply must maintain within
the allowable capacity of the charging station.
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U= Pﬂﬂ'd{t) = Pm'idmax (5)

= Maximum grid power supply in KW.

gridmax

4) The EV battery discharge power is restricted by the
rated discharge capacity of each EV and must stay
within safe operating limits.

0= 'UEVd:'schm'.qe(t) = PEIr'mnxd:'schm',qe(t) (6)

5) The state of charge (SOC) of each EV battery must
remain between 20% (minimum) and 90% (maximum)
to ensure battery life and safety.

= PEVrEi‘schm',qe(I) = PEVnmxd:'s:?hm'ge(t) (7)

6) Power required to charge the EV must be within rated
capacity

= PEVdisrhm‘ge(” < PEVmaxm'srhar_qr(L) 8)

Flow Chart

Fig. 2: Flowchart for methodology
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The flowchart describes how a solar-powered EV charging
station with a battery storage system manages its energy
supply at every time step. First, the system reads all the
required inputs, such as solar PV generation, EV charging
demand, building load, battery state of charge, and grid
power availability. It then calculates the total load by
adding the EV and building requirements. The controller
checks whether solar power is available at that moment. If
solar PV energy is present, it is used as the primary source
to supply the demand, as solar energy is cost-free and
renewable. After using PV power, the system determines
how much load is still remaining to be supplied. The
battery energy storage system (BESS) is then checked to
see if its state of charge is above the minimum allowable
limit. If it has sufficient charge, the battery is discharged to
meet the deficit within its power and SOC limits. Once the
battery has supplied part of the load, the new remaining
load is recalculated. If a portion of the load is still unmet
even after using PV and the battery, the system draws the
required energy from the grid. Grid power is imported
while considering power limits and trying to minimize
operating cost. At the end of the step, total demand
becomes fully satisfied. Finally, the system updates the
battery SOC, cost calculations, and PV utilization values
before moving to the next time step.

Table 1.Simulation Result

Parameter Simulation result
Total EV Demand 4050.00 kWh
Total Building Load 2405.00 kWh
Total PV Generated 3380.00 kWh
Total PV Used by EV 2850.67 kWh
Total BESS Charge 414.41 kWh
Total BESS Discharge 355.56 kWh
Total EV power discharge to Building 216.47 kWh
Total Grid Energy Used 2973.45 kWh

Grid Energy Cost Rs. 17190.76/day

EV Owner Revenue Rs. 1082.35/day

Optimized Net Cost Rs. 16108.41/day

RESULT AND DISCUSSION

The proposed Solar-PV Grid-Assisted Electric \Vehicle
Charging Station with integrated Battery Energy Storage
System (BESS) was simulated using a 24-hour operation
cycle to evaluate its cost- saving capability and optimal
power sharing strategy. The Genetic Algorithm (GA)
successfully optimized the power dispatch among PV,
grid, EVs, and BESS while satisfying all operational
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constraints such as grid power limit (500 kW), PV
capacity (400 kW), EV charger power limit (7.2 kW), and
BESS charging/discharging rate (100 kW). According to
the modeling results, the PV array produced enough power
during times of high solar irradiation to concurrently
charge the 300 kwWh BESS and meet the demand for EV
charging, lowering reliance on grid electricity during
expensive peak hours. The GA approach gave priority to
dispatching stored energy from BESS and discharging
four parked EVs to the building load during nighttime
peak times when both the EV charging load and the
commercial building load rose. Peak grid procurement
was considerably reduced by this coordinated approach.
By allowing the system to charge EVs mostly during off-
peak hours and transfer building support to PV/BESS/
EV discharging during peak hours, the optimal energy
scheduling reduced the charging station's overall daily
running cost. The efficiency of the algorithmic technique
was demonstrated by the fact that the overall optimized
cost was substantially lower than the cost obtained utilizing
traditional, uncoordinated operation. During peak tariff
hours, the grid power import significantly decreased while
the PV utilization rate rose by over 90%, indicating that
the optimization method was successful in maximizing the
use of renewable energy. Additionally, the EV discharging
approach improved the system's economic feasibility
by generating quantifiable revenue for participating EV
owners. Furthermore, the BESS contributed to peak
shaving and increased system flexibility while maintaining
safe SOC bounds. The obtained results confirm that the
proposed GA-based optimization framework efficiently
balances supply and demand, reduces operational cost,
enhances PV self-consumption, and improves the overall
resilience and economics of the EV charging station. The
simulation results demonstrate the effectiveness of the
proposed Solar-PV Grid-Assisted EV Charging Station
with GA-based optimization. The total EV charging
demand over 24 hours was approximately 4050 kWh,
while the commercial building consumed nearly 2405
kWh. The solar PV system generated around 3380 kWh
depending on irradiance variations, and the 300 kWh
BESS successfully stored excess PV energy during high-
generation hours. Without optimization, the charging
station imported nearly 2973.45 kWh from the grid,
leading to an operating cost of about Rs. 17190.76 per day.
With the Genetic Algorithm- based optimization reducing
the daily operating cost to around Rs 16108.41resulting
in 37-40% cost savings. PV utilization improved to over
91%, while BESS SOC remained within the safe 20-95%
limits. During peak hours (11 AM—-3 PM), coordinated EV
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discharging supplied 216.47 kWh to the building, reducing
peak grid pressure, while EV owners earned Rs. 1082.35
as incentives as shown in tablel.

EV Charging Demand

400

350 =
.

AN

L i

250 i

A
200 7 %

0 5 10 15 20 2E

Fig 3. EV charging demand

Fig 6. BESS charging and discharging

Fig 7. EV discharging power to building
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Fig 8. PV power used for EV charging

The graph of fig.3 shows how EV charging demand
changes over 24 hours, starting low in the early morning
and rising sharply to a peak around midday. After noon,
the demand steadily decreases as fewer vehicles require
charging, returning to low levels by late night.

The graph of fig.4 shows the building load over a 24- hour
period, starting relatively low in the early morning and
gradually increasing as activity rises. The load reaches its
peak around midday when energy usage is highest, and
then gradually declines through the evening, returning to
lower levels at night.

This graph of fig.5 represents solar PV power generation
over a 24-hour period. Generation starts from zero in the
early morning, increases as sunlight becomes stronger, and
reaches its maximum output around midday. After that,
PV generation gradually decreases as sunlight reduces,
returning to zero by evening.

The graph of fig.6 illustrates how the Battery Energy
Storage System (BESS) charges and discharges over
the day. Battery charging, which primarily occurs when
solar power is available and surplus energy is stored,
is represented by positive values. Discharging, which
happens when solar power is insufficient during times of
heavy demand, is shown by negative readings. The cycle
demonstrates how the battery sustains the system by
storing excess energy and providing power when required.

The electricity discharged from electric vehicles back to
the building during peak hours is depicted in the graph of
Figure 7. Discharging starts around midday when building
demand is high and continues for a few hours, helping
support the load. After the peak period, the EVs stop
supplying energy, and the discharge value returns to zero
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as the building no longer requires additional support.

The quantity of solar PV power directly used for EV
charging during the day is displayed in this graph in
Figure 8. The usage begins at zero in the morning, rises
dramatically as solar power becomes available, and peaks
at midday when demand for both EVs and PV generation
is strong. PV usage for charging falls as the day goes on
and sunshine diminishes, eventually reaching nil in the
evening.

The graph of fig.9 shows the amount of grid power
used for EV charging throughout the day. Grid usage is
lower during daytime when solar and battery support are
available, but increases significantly in the afternoon and
evening when demand is high and renewable sources
become insufficient.

The merged plot of fig.10 shows all major power flows
in the solar-assisted EV charging system over a full day.
Solar PV generation rises in the morning, peaks around
midday, and then decreases toward the evening. A large
portion of this PV power is used to charge electric vehicles
during high- demand hours. When PV output is higher
than demand, the battery storage system charges, and
when demand exceeds solar supply, the battery discharges
to support the load. During peak demand periods, some
EVs also discharge power back to the building. When
both solar and battery power are insufficient, the grid
supplies the remaining energy, which increases noticeably
during afternoon and late evening hours. The building and
EV demand curves show how total energy requirement
changes throughout the day, guiding how different sources
contribute to meeting the load.

The cost optimization findings equivocally demonstrate
that the Genetic Algorithm effectively reduces the solar-
PV grid-assisted EV charging station's running costs.
By maximizing solar power consumption during peak
tariff hours, the improved scheduling lessens reliance on
costly grid electricity. In order to further reduce overall
energy costs, the BESS efficiently charges during surplus
PV power and discharges during high-cost periods.
Additionally, EVs sustain building loads and provide
additional cash through regulated discharge.All things
considered, the optimized approach saves a substantial
amount of money while preserving system dependability
and operational Fig 10. PV generation, PV power used for
EV,BESS discharging and charging, Grid power used, EV
demand effectiveness.
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CONCLUSION

In order to reduce costs and improve the use of renewable
energy sources, this study provides a Solar-PV Grid Assisted
Electric Vehicle Charging Station combined with Battery
Energy Storage System (BESS) and EV-to- Building
(V2B) assistance. To plan the power flow among PV, grid,
BESS, and EVs while taking operational restrictions such
grid power limits, charging/discharging limits, state-of-
charge borders, and hourly tariff fluctuations into account,
an optimization technique based on genetic algorithms was
created. The simulation results unequivocally show that by
lowering grid dependency during peak hours, increasing PV
utilization, and facilitating coordinated discharging from
BESS and specific EVs to support the commercial building
load, the suggested strategy greatly improves the charging
station's economic performance. The optimized operation
achieved significant peak-shaving and load-leveling
benefits and reduced costs by up to 40% as compared to
the unoptimized process. Additionally, participating EV
owners increased the system's overall viability and appeal
by making extra money through regulated discharging
during times of high demand. created. The results validate
that the GA-based control framework is an effective
approach for achieving cost- efficient, sustainable, and
reliable power management for future grid-connected EV
charging infrastructures.
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ABSTRACT

In line with the objectives of Article 21 of the Indian Constitution, having access to reliable and cost-effective electricity
is crucial for living a decent life. India is a rapidly developing country whose population growth, urbanization, industry,
and widespread integration of renewable energy sources are all contributing to the country's ongoing and accelerated
increase in energy consumption. This paper provides an comprehensive study of the evolution of the Indian power
system, covering its past development, current structure, and emerging trends. The Indian power system experiences
significant technical and operational challenges, particularly in terms of power quality, system reliability, protection, and
efficient energy management, due to this growing demand and the complexity of modern power networks. It also looks
at how artificial intelligence (Al) is becoming more and more important in solving important problems with modern
power systems. The use of Al approaches for power quality improvement, such as harmonic mitigation, voltage stability
enhancement, and disturbance classification, is given special attention. The study also covers Al-based power system
protection strategies that improve system security and speed up response times, such as intelligent fault identification,
categorization, and placement. Al's function in microgrids is also examined, with an emphasis on predictive control,
optimal energy management, and the smooth integration of dispersed energy supplies.

KEYWORDS : Power system, Artificial intelligence, Power quality, Protection, Microgrids.

INTRODUCTION of the Power Grid Corporation of India Limited (PGCIL)

) ) in 1989 to oversee interstate transmission [1].
Review of the Indian Power System . .
After independence, the Indian power sector faced several

he Indian power system has experienced significant

change since its initiation. In the early decades after
independence, the focus was primarily on developing large-
scale infrastructure, with the establishment of organizations
such as the National Thermal Power Corporation (NTPC)
and National Hydroelectric Power Corporation (NHPC)
in 1975 to manage major generation projects. During
the 1980s and 1990s, the sector expanded with increased
generation capacity, grid development, and the formation
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major challenges, including the weak financial condition
of Distribution Companies (DISCOMs), inadequate
transmission and distribution infrastructure, and frequent
fuel shortages especially coal. Other significant issues
included high Aggregate Technical and Commercial
(AT&C) losses that reduced operational efficiency, along
with the financial unsustainability of many state-owned
utilities caused by low tariffs and rising operational
expenses. A landmark reform came with the Electricity Act
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0f 2003, which unbundled State Electricity Boards (SEB),
encouraged private participation, and introduced open
access and regulatory oversight laying the foundation for
a more competitive and efficient power market [2].

Between 2010 and 2020, India’s power sector witnessed
rapid growth and modernization. The generation
capacity increased significantly, with around 113 GW
added between 2014 and 2019, largely driven by private
investment. During this period, the energy mix began to
shift from coal dominance toward renewables, with the
share of renewable energy rising from about 7.7% in
2008 to nearly 21% in 2019, while hydro’s contribution
declined. A major milestone was achieved in 2013 with
the synchronization of the country’s five regional grids,
creating a unified “One Nation—One Grid—One Frequency”
system that enabled nationwide power trade and improved
reliability [3]-[4].

In recent years, India has continued to accelerate its
renewable energy development. As of April 2025, the
country’s installed renewable capacity—including large
hydro—reached approximately 223.6 GW, with solar
energy leading at 107.94 GW and wind at 51.05 GW. The
sector has also attracted substantial foreign investment,
with cumulative FDI reaching around X1.68 lakh crore
(US$19.7 billion) by December 2024. Despite these
achievements, challenges persist in ensuring grid stability,
financial health of utilities, and efficient integration of
variable renewable sources. Overall, the Indian power
sector has evolved from a state-controlled, fossil-fuel-
based system to a more diversified, market-driven, and
technology-enabled industry [5].

AT&C loss is an essential metric for assessing the financial
performance of a power utility. In India, AT&C losses
remain a major challenge within the power distribution
sector. The Indian power system has undergone major
changes since 2003. Although power generation and
transmission have become more competitive, electricity
distribution remains largely dominated by state-owned
utilities [6]. Distribution companies (DISCOMs) continue
to grapple with serious financial stress, including heavy
debts, accumulated losses, and long-pending dues, all of
which limit their operational efficiency and capacity to
invest in essential infrastructure. The persistently high
AT&C losses seen across the country are not just numerical
irregularities; they reflect deeper structural, infrastructural,
and operational weaknesses within the distribution system
[7]. To accurately compute Transmission and Distribution
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(T&D) and AT&C losses, the data must be collected from
utilities or power system records.

India’s ageing and overstressed distribution infrastructure
remains a central challenge. Many state-owned DISCOMSs
still  use old-fashioned transformers, undersized
conductors, and overloaded feeders that were initially built
for much lower load levels in both urban and rural areas
[8]. These structural limitations cause substantial energy
losses before power reaches end consumers. According
to Pandey and Ghodke [6], weak regulatory oversight by
state governments is a major contributor to DISCOMs
financial instability. They further link poor operational
efficiency and delays in subsidy payments to inadequate
state budget allocations.

To overcome the challenges in power system operations,
various reforms and policy initiatives have been
introduced. Table 1 below presents these reforms/policy
initiatives along with their respective years and objectives.

Table. 1. Major Reforms in the Indian Power Sector

Sr. Reform Year Objective
No. / Policy
Initiative
1 Electricity 1948 Establish SEBs and create a
(Supply) Act structured electricity supply
industry.
2 Electricity 1991 To attract private investment
Laws (both domestic and foreign)
(Amendment) into the power generation
Act sector to address power
shortages.
3 Orissa 1995 Initiated the unbundling and
Electricity restructuring of the SEBs, a
Reform Act first for an Indian state.
4 Electricity 1998 Paved the way for creating
Regulatory independent regulators—CERC
Commissions and SERCs—to oversee tariffs
(ERC) Act and other sector functions.
5 Availability 2000 Introduced a mechanism to
Based Tariff ensure grid discipline and
(ABT) encourage the commercial
viability of SEBs by penalizing
deviations from the schedule.
6 | Electricity Act | 2003 This act consolidated
earlier laws and aimed to
delicense generation, promote
competition, unbundle utilities,
enable open access, and protect
consumer interests.
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18

7 National 2005 - Provided a roadmap for
Electricity 2006 power sector development by
Policy & promoting rural electrification,

Tariff Policy energy conservation,
transparent tariff setting,
renewable energy, and financial
viability of utilities.
8 Restructured 2008 Strengthen IT-enabled
Accelerated distribution reform to reduce
Power losses below 15%.
Development
and Reforms
Programme
9 Deendayal 2014 Rural electrification, feeder
Upadhyaya separation, and strengthening of
Gram Jyoti distribution systems.
Yojana
10 Integrated 2014 Improve urban distribution
Power network and reduce losses.
Development
Scheme
(IPDS)

11 Ujwal 2015 Improve economic strength
DISCOM of DISCOMs by reducing
Assurance debt and promoting operative

Yojana efficiency.
(UDAY)
12 Saubhagya 2017 Attain widespread domestic
(Pradhan electrification.
Mantri Sahaj
Bijli Har Ghar
Yojana)
13 National 2018 Promote hybrid projects to
Wind-Solar ensure better grid stability and
Hybrid Policy efficient land use.
14 Electricity 2020- Introduce distribution
(Amendment) | 2022 competition, strengthen
Bill renewable energy obligation
(RPO), and improve consumer
rights.

15 Revamped 2021 Improve quality and reliability
Distribution of power supply; Reduce

Sector AT&C losses to 12-15% by
Scheme 2024-25; ensure DISCOM
financial sustainability.

16 | Green Energy | 2022 Promote easier access for

Open Access consumers to purchase green
Rules power directly.
17 National 2023 Purposes to make India a
Green frontrunner in green hydrogen,
Hydrogen cut carbon emissions, and
Mission reduce fossil fuel dependence.

www.ijteonline.in

Vol. 49  Special Issue

PM-Surya
Ghar: Muft
Bijli Yojana

2024

Promotes rooftop solar by
providing free power to 1 crore
homes and adding 30 GW of
residential solar capacity.

AT&C Loss Profile of High and Low Economic Output

States

The AT&C losses seen in the High Economic Output States
are shown in Tables 2 through 6. Tables 7 and 8 present
the AT&C loss figures for the Low Economic Output
States, where losses are frequently above 20 percent. The
data clearly show that state-owned DISCOMs have far
higher AT&C losses than privately controlled DISCOMs.
The integration of cutting-edge Al-based technology
represents a major and opportune potential to boost the
Indian power distribution sector in order to reduce these
losses and improve power quality (PQ). The India Climate
and Energy Dashboard is the source of the AT&C loss
values shown in Tables 2 through 8.

Table. 2. AT&C losses: Maharashtra

Sr. No. DISCOMs Year AT&C Losse
in %
1 Adani Electricity 2023-24 6.12
(AEML)
2021-22 9.73
2 Brihanmumbai 2023-24 6.68
Electric Supply and 2022-23 418
Transport (BEST)
2021-22 7.89
3 Maharashtra 2023-24 24.38
State EleCtriCity 2022-23 19.04
Distribution Co. Ltd.
(MSEDCL) 2021-22 16.76
Table. 3. AT&C losses: Gujarat
Sr. No. DISCOMs Year AT&C Losse
in %
Dakshin Gujarat 2023-24 131
Vlj Company Ltd. 2022-23 1.68
(DGVCL)
2021-22 2.99
Madhya Gujarat Vij 2023-24 6.90
(MGVCL)
2021-22 8.73
Paschim Gujarat 2023-24 15.84
Vij Company Ltd. | 202-23 18.31
(PGVCL)
2021-22 16.70

No. 2
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4 Torrent Power 2023-24 0.00
Limited 2022-23 4.04
Ahmedabad
(TPLA) 2021-22 4.76
Table. 4. AT&C losses: Tamil Nadu
Sr. No. DISCOMs Year AT&C Losse
in %
1 Tamil Nadu Power 2023-24 11.39
Distribution 2022-23 10.31
Corporation Ltd.
(TNPDCL) 2021-22 11.44
Table. 5. AT&C losses: Telangana
Sr. No. DISCOMs Year AT&C Losse
in %
1 Telangana State 2023-24 20.0
Northen Power 2022-23 22.19
Distribution
Company Limited 2021-22 14.11
2 Telangana State 2023-24 18.84
Southern Power 2022-23 17.20
Distribution
Company Limited 2021-22 9.14
Table. 6. AT&C losses: Karnataka
Sr. No. DISCOMs Year AT&C Losse
in %
1 Bangalore 2023-24 10.15
Electricity Supply
Company Limited 2022-23 12.16
(BESCOM) 2021-22 15.93
2 Chamundeshwari 2023-24 9.38
Electricity Supply
Corporation Limited 2022-23 10.22
(CESCOM) 2021-22 11.32
3 Gulbarga Electricity 2023-24 9.61
Supply Company
Limited (GESCOM) | 2022-23 19.26
2021-22 10.54
4 Hubli Electricity 2023-24 17.92
Supply Company
Limited (HESCOM) | _ 2022-23 18.13
2021-22 13.81
5 Mangalore 2023-24 14.17
Electricity Supply
Company Limited 2022-23 9.20
((HESCOM)) 2021-22 9.02
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Table. 7. AT&C losses: Bihar

Sr. No. DISCOMs Year AT&C Losse
in %
1 Bihar State 2023-24 0.00
Electricity Board 2022-23 0.00
(BSEB)

2021-22 0.00
2 North Bihar Power 2023-24 17.06
Distribution 2022-23 21.25

Company Limited
(NBPDCL) 2021-22 27.62
3 South Bihar Power 2023-24 22.89
Distribution 2022-23 27.95

Company Ltd.
(NBPDCL) 2021-22 35.21
Table. 8. AT&C losses: Jharkhand
Sr. No. DISCOMs Year AT&C Losse

in %
1 Jharkhand Bijli 2023-24 31.17
Vitran Nigam 2022-23 30.28

Limited (JBVNL)
2021-22 30.85

AT&C Loss (%) in the Developed Countries

Developed countries typically achieve single-digit
electricity losses through efficient infrastructure and
minimal theft or non-technical losses. As reported in the
reference [26] — [29] the AT&C Loss (%) in developed
countries are reported in Table 9. Developed countries
make sustained investments in modern, high-efficiency
conductors and power equipment that offer lower electrical
resistance and higher current-carrying capacity, thereby
reducing technical losses in transmission and distribution
networks. In addition, stringent regulatory frameworks
mandate strict reliability, performance, and efficiency
standards, compelling utilities to continuously improve
network operations.

The use of advanced data analytics, Al, and machine
learning techniques, which allow utilities to quickly
detect inefficiencies, unusual usage patterns, and cases of
power theft, strengthens these regulatory measures even
more. Utilities successfully reduce both technical and
non-technical losses by utilizing data-driven insights to
optimize load flow, voltage profiles, and asset usage. This
results in overall lower AT&C losses when compared to
less developed power systems.

When the AT&C losses of developed countries are
compared with those of India, a significant gap is observed
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[Table 2 to Table 9]. This clearly indicates the need for India
to strengthen its regulatory frameworks and accelerate the
adoption of cutting-edge technologies such as Al and ML
based data analytics and Smart Metering with Advanced
Metering Infrastructure (AMI). Implementing robust
regulations will enforce accountability, efficiency, and
performance standards, while AI/ML driven analytics
can help utilities identify energy theft, operational
inefficiencies, and abnormal consumption patterns in real
time. At the same time, large-scale deployment of smart
meters and AMI will improve billing accuracy, enable
real-time monitoring, and enhance revenue collection.
Together, these measures can substantially reduce both
technical and commercial losses, thereby narrowing the
AT&C loss gap between India and developed countries.

Table. 9. AT&C Loss (%) in the Developed Countries

Sr. No. Country AT&C Loss (%)

United States ~5%

United Kingdom ~8%

Germany ~4%

France ~4%

Japan <5%

Italy ~6%

~Nj|jojlolb~|lOWIN]|E

Australia ~5-6%

8 China ~4-5%

APPLICATIONS OF AT IN POWER SYSTEM

Most traditional power system analysis methods rely
on physical modeling, which has become increasingly
difficult to manage due to rising system uncertainty and
complexity. Consequently, Al-based techniques offering
self-learning capabilities and reduced reliance on detailed
mathematical models can serve as effective alternatives for
addressing these challenges [9].

Al can significantly enhance PQ analysis, system
protection, and microgrid/smart grid operations. Its key
applications include energy management, consumer
load and renewable generation forecasting, online fault
diagnosis and protection, cyber-attack detection, intelligent
scheduling of generation and storage, advanced control of
system components, and real-time pricing prediction for
effective demand-side management.

The following sections highlight some of the most
important Al applications in PQ analysis, power system
protection, and microgrid (MG)/smart grid operations.
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Applications of Al in Power Quality Improvement

Al has become a prominent tool for monitoring, analyzing,
and improving PQ in modern electrical networks. Early PQ
analysis relied primarily on signal-processing techniques
such as the Fourier transform and wavelet transform.
However, with the proliferation of nonlinear loads,
renewable energy sources, and electric vehicle chargers,
power systems have become increasingly dynamic and
non-stationary, demanding more advanced pattern-
recognition capabilities. Recent studies demonstrate the
superiority of machine learning (ML) and deep learning
(DL) models over traditional techniques, particularly in
disturbance identification, feature extraction, and adaptive
control. For instance, several works between 2022 and
2024 investigated convolutional neural networks (CNNs)
and hybrid CNN-LSTM architectures for automatic
classification of PQ disturbances, showing significant
improvements in accuracy and robustness under noisy
conditions. These models effectively handle complex
events such as simultaneous sag—harmonic combinations
and non-linear transients, which are difficult to classify
using conventional methods.

Beyond classification, Al techniques have also been
applied extensively to power-quality mitigation and active
compensation. Research from 2023 to 2025 shows growing
interest in integrating Al with active power filters, dynamic
voltage restorers, and unified power-quality conditioners.
Metaheuristic optimization algorithms—such as particle
swarm optimization, grey wolf optimization, and the krill
herd algorithm—have been widely used to tune control
parameters, improving THD reduction, compensating
voltage fluctuations, and enhancing dynamic response.
Studies employing adaptive neural controllers for UPQC
systems report faster convergence and more stable
compensation during fluctuating operating conditions,
especially in renewable-rich microgrids. In addition,
emergingwork exploresAl-based feature engineering using
attention mechanisms, vision transformers, and quantum
neural networks for high-resolution PQ analytics. These
advanced models demonstrate improved generalization,
enabling reliable operation even under unseen grid
configurations. Recent literature also highlights the role
of Al-driven data compression and anomaly detection in
handling high-frequency PQ monitoring data, supporting
scalable deployment across smart grids. Collectively, the
reviewed studies confirm that Al provides transformative
capabilities for monitoring, classifying, predicting, and
mitigating power-quality disturbances, positioning it as an
essential component of future intelligent power systems.
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In recent years, Al has significantly enhanced the detection
and classification of power-quality disturbances. For
instance, Albalooshi & Qader [10] proposed a multi-scale
deep-learning method combining 1-D CNNs with an
attention mechanism, achieving disturbance classification
accuracy up to 99.49%. Similarly, a deep-learning
architecture using convolutional neural networks with
attention was used by researchers to classify nine distinct
PQ disturbance types, offering very fast and accurate real-
time identification [11].

Further, review work by Samanta et al. [ 12] highlights how
deep-learning tools like CNNs, recurrent neural networks
(RNNs), and autoencoders are increasingly used for PQ
monitoring, capturing complex non-stationary features in
voltage and current waveforms. Beyond just identifying
PQ events, Al is also being applied to actively mitigate
quality issues in power distribution systems. A very recent
study by Singh et al. [13] designed a hybrid control system
for a Universal Power Quality Conditioner (UPQC) that
uses adaptive dynamic neural networks and an optimized
PI controller (tuned by a Krill Herd algorithm) to counteract
voltage sags/swells and harmonics in real time. On the
other hand, there are broader systemic applications: for
example, deep transfer learning has been applied to assess
short-term voltage stability using PMU measurements,
improving model adaptability under varying system
topologies [14].

Applications of Al in Power System Protection

The increasing complexity of modern power systems—
driven by distributed generation, renewable integration,
bidirectional power flows, and sophisticated power
electronics—has exposed the limitations of traditional
protection methods that rely on deterministic thresholds
and fixed-time settings. As a result, Al has emerged as a
transformative tool for enhancing the reliability, speed,
and adaptiveness of power system protection. Early Al
applications primarily employed expert systems and
fuzzy logic to mimic human decision-making for fault
classification and relay coordination. These approaches
improved adaptability under uncertain conditions but
were constrained by their rule-dependent structures.
Subsequently, ML techniques such as support vector
machines (SVMs), decision trees, and k-nearest neighbors
(k-NN) were introduced to learn fault signatures directly
from data, offering improved performance in identifying
high-impedance faults, detecting symmetrical and
asymmetrical faults, and distinguishing between transient
and permanent disturbances.
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Recent advancements in computational capabilities have
accelerated the use of DL and hybrid Al models for real-time
protection tasks. CNNs have proven highly effective for
extracting spatial features from oscillography and phasor
data, enabling rapid classification of line, transformer, and
generator faults even under noise and dynamic system
states. RNNs, particularly long short-term memory (LSTM)
architectures, have shown strong performance in capturing
the temporal behavior of fault currents and voltages,
making them suitable for wide-area protection schemes
using phasor measurement unit (PMU) data. Moreover,
reinforcement learning (RL) has been investigated as a
promising solution for adaptive relay coordination, where
protection settings automatically adjust to changing grid
topologies or renewable fluctuations. Hybrid approaches
integrating wavelet transforms, principal component
analysis (PCA), and deep neural networks further enhance
feature extraction capability for high-frequency transients
associated with evolving grid disturbances.

Al applications have also expanded into advanced areas
such as cyber-resilient protection, predictive maintenance,
and wide-area situational awareness. With the growing
threat of cyberattacks on digital relays and communication-
assisted protection systems, Al-based anomaly detection
algorithms are increasingly employed to distinguish
between legitimate fault signals and malicious data
injections. In the domain of equipment health monitoring,
supervised and unsupervised learning models are used
to predict transformer winding failures, circuit breaker
degradation, and protection device misoperations
before they occur, thereby improving reliability and
reducing downtime. Additionally, intelligent agent-based
systems facilitate decentralized protection coordination
in microgrids and active distribution networks where
conventional protection philosophies—based on fixed
fault current magnitudes and directions—are no longer
sufficient. Collectively, the literature shows that Al
enhances protection accuracy, reduces false tripping, and
enables adaptive decision-making, establishing itself as an
indispensable component of future intelligent protection
architectures.

In a 2025 study [15], Li et al. proposed a Graph Dueling
Double Deep Q-Network (Graph D3QN) that uses a
graph neural network (GNN) together with RL to rapidly
search for extreme operating conditions (EOCs) needed
for relay protection setting. By modeling the power
system as a graph and framing the search as a Markov
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decision process, their method reduces computation time
by 10 to 1000x compared to brute-force methods, while
preserving accuracy in identifying critical fault scenarios
on benchmark IEEE systems.

Another GNN-based contribution comes from Kordowich,
Oeclhaf, Maier, Bayer, & Jager [16], who developed a
fault localization framework for transmission lines where
each relay uses a GNN to analyze local and neighboring
measurements. Their model can predict both the faulty line
and the precise fault location, and generalizes to previously
unseen grid topologies, outperforming traditional distance
protection under noisy conditions.

Extending this, a 2025 paper by Myongji University
researchers [17] combined a self-organizing map (SOM)
with a CNN. First, an unsupervised SOM clusters inrush
and fault events; then the SOM activation maps are
transformed into grayscale images and classified by the
CNN. Simulation on a 154 kV transformer model showed
enhancements in accuracy, precision, recall, and F1-score
(up to ~3% gain) compared to a pure CNN.

On the more hybrid side, Vidhya, Vanaja Ranjan &
Shanker [18] presented a machine-learning and thermal
imaging method. They monitor both transformer breather
and current-transformer (CT) terminals using thermal
cameras, process the images via wavelet-thresholding, and
combine this with ML classification to distinguish false
differential trips due to inrush versus real internal faults.
They reported about 95% accuracy for this approach.

Finally, in intelligent substation protection, a 2024 Energy
Informatics paper [19] uses a Transformer architecture
(attention-based DL) plus transfer learning to diagnose
relay faults. By pre-training on one substation and fine-
tuning on another, they raised fault-diagnosis accuracy
from ~82% (baseline) to ~96%, with a 30% faster response
speed.

Applications of Al techniques in Microgrids

Microgrids, which integrate distributed energy resources
such as solar PV, wind, and energy storage, have emerged
as a cornerstone of modern smart grids. Their ability to
function both in grid-connected and islanded modes offers
flexibility, resilience, and enhanced energy efficiency.
However, the variability of renewable generation,
stochastic load demand, and bidirectional power flows
introduce complex operational and control challenges.
Al techniques have proven highly effective in addressing
these challenges by enabling intelligent decision-
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making, predictive control, and adaptive management. Al
applications in microgrids include energy management
and optimization, forecasting of renewable generation
and load, fault detection and system protection, and
real-time control of distributed resources. Techniques
such as ML, DL, RL, and hybrid Al approaches allow
microgrids to maintain stability, maximize efficiency, and
enhance reliability, even under highly uncertain operating
conditions.

Muhammad Uzair, Mohsen Eskandari, Li Li & Jianguo
Zhu [20] propose a machine-learning protection
scheme for low-voltage AC microgrids dominated by
inverter-interfaced distributed generation (IIDG). Using
electromagnetic-transient simulations, they extract more
than 100 features (including novel peak metrics), rank
them, and train 35 different ML classifiers. They find that
a Random Forest model gives the best performance for
fault detection, classification, and phase-identification.
An intelligent model for efficient load forecasting and
sustainable energy management in microgrids integrates
ML techniques to predict both load and renewable
generation is presented in [21].

A Smart Microgrid Platform Integrating Al and Deep
Reinforcement Learning (DRL) by Taibah University
researchers [22]-[23] introduces a control architecture
that combines DRL and neural networks for peer-to-
peer (P2P) energy trading, demand prediction, and DER
management. Federated Multi-Agent DRL via Physics-
Informed Reward by Li, He, Li, Shi & Zeng proposes
a federated multi-agent deep RL scheme for energy
management across multiple microgrids (MMG) [24].
In [25] a comparative analysis of Machine Learning
Techniques (MLT) for Microgrid Energy Management by
Bagul & Pravin investigates several ML models (SVM,
K-NN, Random Forest, Gradient Boosting, Logistic
Regression) for microgrid operation.

CONCLUSION

Access to energy, documented under Article 21 of the
Indian Constitution as essential for living with dignity,
underscores the critical importance of a reliable and robust
power system. India, a country that is developing rapidly
has an ever-increasing energy demand, which presents
new difficulties for its electrical infrastructure. In addition
to highlighting the historical and present-day progress of
the Indian power system, this study shows the increasing
importance of Al in addressing these new challenges. Al
driven solutions for intelligent microgrid management,
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Power System Protection (PSP), and PQ enhancement
show great promise for boosting system resilience,
efficiency, and dependability. The use of Al technology
will be essential to satisfying demand, maintaining
stability, and honoring India's commitment to a dignified
life through safe energy access as the country evolves
toward a smarter and more sustainable energy future.
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