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Irrigation management in modern agriculture faces simultaneous challenges, includ-
ing water scarcity, climate uncertainty, and the need for long-term sustainability.
In this study, an integrated framework for real-time irrigation control is presented,
in which a digital twin is not merely used as a monitoring or simulation tool
but is directly embedded in the decision-making and control loop through an
agent-based fuzzy multi-objective optimization mechanism. Unlike conventional
smart irrigation approaches that rely on static thresholds or offline optimization,
the proposed framework enables adaptive, context-based decision updates by
continuously integrating physical system feedback into a dynamic optimization
engine. The decision-making agent, by simultaneously assessing soil, climate, and
plant growth conditions, generates irrigation policies that balance water consump-
tion, crop growth, and environmental sustainability requirements under fuzzy
uncertainty. Experimental results show that using dynamic feedback in the digital
twin framework improves the multi-objective performance index by more than
12% compared to the static state and significantly reduces control fluctuations.
Convergence, stability under uncertainty, and parameter sensitivity analyses also
indicate that the proposed framework can establish a sustainable balance across
water resource utilization, crop yield, and environmental considerations. The
findings indicate that this approach can provide a practical and reliable platform
for transitioning to smart, adaptive, and sustainable irrigation systems.

(cc) ETON

1. Introduction

classical, static models have limited ability to
address.?

Agriculture has faced increasing challenges in re-
cent decades, stemming from water resource con-
straints, climate change, extreme fluctuations in
environmental conditions, and increasing pressure
to simultaneously achieve higher productivity and
environmental sustainability.! Irrigation, as one
of the most critical management decisions in agri-
cultural systems, plays a decisive role in resource
consumption, ecosystem health, and crop perfor-
mance.? However, decision-making in this area is
inherently complex, dynamic, and multi-objective,
and is affected by significant uncertainties that
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In response to these complexities, intelligent
and data-driven approaches have gradually
replaced traditional agricultural management
methods.? Despite significant advances in deci-
sion support systems and optimization models,
many of these approaches still rely on static
assumptions, fixed historical data, and reactive
decision-making.® Such structures are often
unable to accurately reflect the system’s behavior
under changing environmental conditions and to
produce stable, effective decisions in the faceof
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shocks and uncertainties. This gap between
real-world complexity and the capabilities of
existing models highlights the need for dynamic,
adaptive, and predictive frameworks.©

As an emerging concept in cyber—physical sys-
tems, the digital twin has great potential to ad-
dress this gap. By creating a dynamic real-time
representation of the physical system, the digital
twin enables continuous monitoring, simulation
of different scenarios, and evaluation of the con-
sequences of decisions before implementation.”
However, in many agricultural applications, dig-
ital twins are primarily used as simulation or
monitoring tools and do not play an active role in
decision-making or real-time control. This limita-
tion prevents the full potential of digital twins in
improving the quality of management decisions
from being fully realized.®

On the other hand, agent-based decision-
making, as a new approach in artificial intelli-
gence, enables the modeling of autonomous, adap-
tive, and goal-oriented behaviors.? In this ap-
proach, the decision-maker can make decisions
that are consistent with dynamic conditions by un-
derstanding the state of the environment, analyz-
ing feedback, and continuously updating its strate-
gies. 10 Despite these capabilities, many agent-
based applications in agriculture either lack effec-
tive connections to accurate physical models or
do not explicitly formulate their decisions within
multi-objective, sustainability-oriented optimiza-
tion frameworks. !

At the same time, the multi-objective nature of
irrigation decisions makes the need for advanced
optimization methods inevitable. Reducing wa-
ter consumption, maintaining or increasing crop
yields, and reducing negative environmental im-
pacts are often in conflict with one another. In
addition, uncertainties in climate, soil, and plant
water requirements make deterministic models
unable to fully reflect the behavior of the real
system.!? In this context, fuzzy multi-objective
optimization provides a suitable tool for model-
ing the ambiguity and flexibility of the decision-
maker’s objectives and preferences. However, in
many existing studies, these approaches have been
applied in a disjointed manner without a dynamic
interaction with the real system.!?

Accordingly, the main gap in the existing lit-
erature is the lack of an integrated framework
that simultaneously and interactively leverages
digital twins, agent-based decision-making, and
fuzzy multi-objective optimization for real-time
irrigation control. The main innovation of this re-
search lies in addressing this gap. In the proposed
framework, the digital twin is more than just a

simulation tool; it acts as an active component in
the decision-making cycle, continuously providing
the decision-maker with up-to-date information
from the system. The decision-maker, in turn,
relies on these dynamic feedbacks to guide the
fuzzy multi-objective optimization process and
to adaptively and predictively update irrigation
decisions. This integration allows simultaneous
examination of solution quality, convergence be-
havior, stability under uncertainty, and decision
feasibility.

In addition, the present study provides a com-
prehensive evaluation of the proposed framework
through analyses, including quantitative compar-
isons of solution algorithms, convergence behav-
ior, stability, parameter sensitivity, computational
complexity, and agent-based decision-making be-
havior. This multi-layered analytical approach,
beyond reporting optimization results, allows for
an in-depth assessment of the model’s reliability
in real-world, uncertain agricultural conditions.
The proposed framework was experimentally val-
idated using a hybrid setup that combined real
field sensor data with controlled simulation sce-
narios to ensure both practical applicability and
robustness under uncertainty.

From a methodological perspective, the innova-
tion of this research lies in integrating a dynamic
digital twin with a fuzzy multi-objective optimiza-
tion framework in a real-time decision-making
loop. The simultaneous use of multiple evolution-
ary algorithms and their performance evaluation
using multi-dimensional stability indices has en-
abled a deeper analysis of the system’s behavior
under changing environmental conditions. Thus,
the proposed framework extends beyond an intelli-
gent monitoring system and provides an adaptive
decision-making architecture based on physical—-
virtual synchronization.

The paper is structured as follows: the sys-
tem architecture and conceptual framework are
first presented, followed by descriptions of the
mathematical model, solution methods, case stud-
ies, and comprehensive empirical analyses. Subse-
quently, the results are discussed from a technical
and managerial perspective, and limitations and
future research directions are presented.

2. Literature review

In recent years, smart irrigation management has
received widespread attention as a key axis of
sustainable agricultural development.!* Increas-
ing pressure on water resources, severe climate
fluctuations, and the need to improve produc-
tion efficiency have led to traditional approaches
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based on experience or static rules becoming inef-
fective.!® In this context, numerous studies have
sought to improve irrigation decision-making by
employing mathematical models, simulations, and
intelligent methods. However, a significant part
of these studies still relied on simplified models
and deterministic assumptions that have limited
power to address real environmental uncertain-
ties. 16

One important research stream is the use of
optimization models for optimal water allocation
in agricultural systems.!” In these studies, ob-
jectives such as minimizing water consumption,
maximizing crop yield, and reducing costs have
been explicitly formulated as single- or multi-
objective models.'® Despite these advances, many
of these models are static in nature and do not
dynamically interact with the real field situation.
As a result, the derived decisions are often suit-
able for predefined conditions and show limited
flexibility in the face of sudden environmental
changes.”

To overcome this limitation, fuzzy approaches
have been widely introduced in the literature.
The use of fuzzy logic allows for modeling am-
biguity, uncertainty, and linguistic preferences
of the decision-maker and is particularly use-
ful in irrigation problems where data are not
always accurate and certain.?’ Various studies
have shown that combining multi-objective op-
timization with fuzzy concepts can yield more
flexible solutions that better reflect real-world
conditions.?! However, in many of these studies,
fuzzification is performed only at the objective
or constraint levels, and the decision-making pro-
cess remains isolated from the current state of the
Syste]rn.22

With advances in data and computing, the
concept of a digital twin has emerged as a new
paradigm for complex systems.?® By creating a
dynamic digital version of a physical system, the
digital twin enables real-time monitoring, scenario
simulation, and decision-making outcomes.?* In
agriculture, the application of digital twins has
been mainly focused on soil condition monitor-
ing, plant growth, and yield prediction. However,
most existing research has used digital twins as
descriptive or predictive tools, and their role in
directly guiding the decision-making and opti-
mization process remains limited.?®

On the other hand, the use of artificial intelli-
gence and machine learning algorithms in irriga-
tion management has grown significantly. 26 These
approaches mainly focus on predicting plant water
requirements or identifying hidden patterns in his-
torical data. Although the results of these studies

have been promising, many of them lack an ex-
plicit decision-making framework, and the model
outputs do not directly translate into actionable
control decisions. Furthermore, the strong depen-
dence of these methods on historical data can
limit their generalizability under climate change
or environmental shocks.2”

In the meantime, agent-based decision-making
has been proposed as a complementary approach
in artificial intelligence that allows modeling of
autonomous, adaptive, and goal-oriented behav-
iors. In some studies, agents have been intro-
duced to manage agricultural resources or co-
ordinate between different system components.2®
However, in most of these studies, agents either
lack deep connections to detailed physical mod-
els or their decisions are not explicitly formu-
lated as multi-objective, sustainability-oriented
optimization problems.?? This makes the behav-
ior of agents more conceptual or simulated than
a practical and implementable decision-making
mechanism.

Multi-objective metaheuristic algorithms have
also gained importance in the literature of water
resources management and agriculture.3? Algo-
rithms such as evolutionary and particle swarm
optimization methods have been widely used to
extract Pareto frontiers and analyze trade-offs be-
tween conflicting objectives.3! However, in many
studies, these algorithms are implemented offline
and do not directly interact with the real-time
state of the system.3? As a result, the optimiza-
tion process is separated from the actual decision-
making cycle, reducing its practical applicability
in dynamic environments. 33

A comprehensive review of the literature shows
that although each of the multi-objective opti-
mization, fuzzy logic, digital twin, and agent-
based decision-making approaches has made sig-
nificant progress independently, their true inte-
gration into a real-time operational framework
remains a significant challenge.?* In particular,
the lack of mechanisms that enable the digital
twin to actively participate in the optimization
process, while allowing the decision-maker to up-
date decisions based on dynamic feedback and
fuzzy uncertainties, represents a major gap in the
literature.

In recent years, significant advances have been
made in the field of Internet of Things (IoT) and
embedded systems for the sustainable manage-
ment of water and energy resources. loT-based
smart irrigation systems, which combine soil mois-
ture sensors, microcontrollers, and cloud infras-
tructure, have shown that real-time monitoring
and automated decision-making can significantly
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reduce water waste.?> These systems typically
rely on low-power embedded architectures that
continuously collect environmental data and send
it to higher levels for analysis and control.

In addition to direct applications in irrigation,
ToT-based technologies and embedded systems
have been developed for sustainable energy man-
agement, enabling real-time monitoring, adaptive
control, and optimization of energy consumption
in distributed environments.3% These approaches
demonstrate that integrating sensor networks,
edge processing, and cloud-edge coordination can
provide the necessary technical infrastructure for
efficient resource utilization.

However, most of these studies have focused
on monitoring, fixed-rule-based automation, or
static optimizations. The systematic coupling of
IoT infrastructures and embedded systems with
a dynamic digital twin and an agent-based fuzzy
multi-objective optimization engine for real-time
control remains limited. Hence, although IoT and
embedded architectures provide the necessary
technical platform for data collection and con-
trol, their integration with a digital twin-based
adaptive decision loop remains a research gap
that this study addresses.

This study presents an integrated framework
that simultaneously and interactively applies digi-
tal twins, agent-based decision-making, and fuzzy
multi-objective optimization. In this research, the
concept of digital twin is defined as a dynamic
virtual representation of a physical system that
is continuously updated through real-time data
and enables predictive simulation, scenario anal-
ysis, and decision support. Unlike conventional
monitoring systems, which are limited to collect-
ing and displaying data, a digital twin interacts
with the physical system in both directions and
can reapply control commands to the real system
based on the outputs of optimization and analysis
models. In the context of this research, a digital
twin is not only a reflective virtual model but
also an active component in the multi-objective
decision-making loop and in adaptive irrigation
control. Despite the development of IoT-based
smart irrigation systems, many solutions are lim-
ited to monitoring data and executing predefined
rules and lack a dynamic virtual model for pre-
dictive analysis and adaptive decision-making. In
such circumstances, the application of the con-
cept of a digital twin is essential, as this approach
enables a continuous synchronization between the
physical system and the virtual model, the execu-
tion of predictive scenarios, and the integration
of multi-objective optimization in the real-time

control loop. Therefore, the term “digital twin”
in this study is not merely a technological label
but rather a dynamic, interactive decision-making
architecture that goes beyond conventional moni-
toring or control systems.

Unlike previous studies that examined these
components separately, the present approach in-
tegrates them into a coherent decision-making
cycle, enabling simultaneous assessment of solu-
tion quality, convergence behavior, stability under
uncertainty, and decision implementability. Thus,
this study not only advances the existing litera-
ture from a theoretical perspective but also rep-
resents an important step toward realizing smart,
adaptive, and sustainable agriculture.

3. Methodology

3.1. System architecture and conceptual
framework

In this study, the proposed system architecture
was designed to enable real-time irrigation con-
trol in an integrated, adaptive, and autonomous
framework. This architecture was based on a close
symbiosis between the physical farm system and
its digital twin, with decisions being made dy-
namically and continuously. The main goal of
this design was to create a platform that can
simultaneously account for rapid changes in envi-
ronmental conditions, evolving plant needs, and
resource constraints in decision-making.

At the operational level, real-time data from
farm sensors, including soil moisture, climate con-
ditions, and plant growth status, are continuously
transmitted to the digital twin. This twin pro-
vides a live, up-to-date representation of the farm
that goes beyond a simple simulation model and
serves as the basis for the system’s autonomous
decision-making. Unlike conventional approaches
that focus solely on prediction or monitoring, the
digital twin in this framework serves as an active
entity directly in the control loop.

At the heart of this architecture is an agent-
based decision-making mechanism that analyzes
the current state of the system and selects ap-
propriate control actions. This decision-making
agent, informed by digital twin data, understands
the state of the field and autonomously gener-
ates irrigation decisions based on a set of sus-
tainability goals defined in a fuzzy manner. Such
a structure allows the system to make decisions
tailored to current conditions and existing uncer-
tainties, rather than relying on fixed thresholds
or predefined rules.

The interaction process among the system’s
components is organized as a continuous feedback
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Figure 1. Conceptual architecture of a real-time irrigation control system based on an agent-based digital twin
with fuzzy sustainability goals. This figure was designed and created using Adobe Illustrator (Adobe Inc., San

Jose, CA, USA, 2023).

loop. The decisions issued by the control agent
are applied to the irrigation system, and the con-
sequences of these decisions, through changes in
soil and plant states, are again recorded by the
sensors and fed back to the digital twin. This
closed loop causes the system to continuously
evaluate its performance and adjust its control
behavior in response to environmental changes or
deviations from sustainability goals.

As shown in Figure 1, the proposed archi-
tecture included an integrated chain of percep-
tion, decision-making, and action, with no clear
boundary between the physical and digital spaces;
rather, these two spaces operate simultaneously
and interactively. The position of the decision-
making agent at the center of this cycle highlights
its role in transforming raw data into meaning-
ful control actions. This conceptual framework
paves the way for a transition from reactive ir-
rigation systems to autonomous, goal-oriented
systems that can actively improve water resource
sustainability and agricultural performance.

3.2. Mathematical model

To support autonomous, real-time irrigation con-
trol in complex and uncertain agricultural envi-
ronments, this research presents a multi-objective,

dynamic, nonlinear, and fuzzy optimization model
directly integrated into the agent-based digital
twin core.3”

In this framework, non-random uncertainties
arising from climate predictions, soil hetero-
geneity, and plant behavior were accounted for
through fuzzy scenarios. Control decisions should
not only improve crop yield, but also maintain a
sustainable balance between resource consump-
tion, decision fluctuations, and environmental im-
pacts. Therefore, the decision-making problem
was formulated as a fuzzy multi-objective opti-
mization system with dynamic and interperiodic
constraints.

3.2.1. Sets

The sets used in the model are defined as follows:

(i) iel: A set of agricultural zones or field
parcels.
(ii) t€T: A set of discrete decision time steps.
(iii) ceC: A set of possible climatic states.
(iv) s€S: A set of fuzzy uncertainty scenarios.
(v) keK: A set of sustainability objectives.
(vi) leL : A set of agentic decision-making layers.

912



Agentic artificial intelligence-driven digital twin for real-time irrigation control with fuzzy sustainability objectives

3.2.2. Parameters

The parameters of the model are defined as fol-
lows:

(i) A;: Area of zone 1.

(ii) ET},: Evapotranspiration under scenario s.
(iii) Ry Predicted rainfall under scenario s.
(iv) I/VmaX Maximum irrigation capacity of zone

(v) VVtOt : Total available water at time ¢.
(vi) Omm g:"2x: Allowable soil moisture bounds.
(vii) 0°pt Optimal soil moisture level.
(viii) 041,51,% Crop response and stress coeffi-
cients.
(ix) Ejy: Irrigation energy intensity.
(x) ps: Fuzzy weight of scenario s.
(xi) Ag: Minimum satisfaction threshold of ob-
jective k.
(xii) ©: Maximum admissible control variation.

3.2.3. Decision variables

The decision variables of the model are defined
as follows:

(i) @i Irrigation water allocated to zone ¢ at
time ¢.
(ii) 6;+: Soil moisture level.
(iii) y;+: Cumulative crop growth index.
(iv) z;s: Crop water stress indicator.
v) u;s: Agentic control intensity.
(vi) pg: Fuzzy satisfaction degree of objective k.

3.2.4. Fuzzy multi-objective functions

The fuzzy multi-objective functions are shown in
Equations 1—4.

malezz psz Z In (1+04iyi,t—5z‘zi2,t)

ses el teT
(1)

Equation 1 maximizes stable, uniform crop
growth over the planning horizon. This function
attempts to model the nonlinear increase in crop
yield, reflecting the negative effects of water stress.
This function shows that crop growth depends not
only on the amount of water used but also on the
stability of moisture conditions and the reduction
of cumulative stresses. The use of a nonlinear
structure in this function properly accounts for
the system’s sensitivity to severe fluctuations in
water conditions.

minZo= Z (x?,t+Etu22,t+’7i |$i,t_$i,t—1‘) (2)
it
Equation 2 simultaneously minimizes water

resource consumption, the energy required by the
irrigation system, and fluctuations in control deci-

sions. This function shows that optimal irrigation
decisions should not be based solely on reduc-
ing water consumption, but also on controlling
energy costs and mitigating sudden changes in
irrigation patterns. Thus, this function plays an
important role in ensuring operational stability
and preventing unstable system behavior.

min/s3= Z Ps

S,i,t

eopt 1.5
(3)

zt

Equation 3 is dedicated to minimizing cumu-
lative environmental deviation and maintaining
soil moisture near the optimum level required by
the plant. This function specifically shows that
small, persistent deviations from optimal condi-
tions can have significant negative effects on soil
and ecosystem health in the long term. Therefore,
this function acts as a proxy for environmental
considerations in the model.

maxz,= Z In (p+e) (4)
keK

Equation 4 maximizes the fuzzy satisfaction
level of sustainability objectives. This function
shows that the model not only seeks to optimize
a specific criterion but also aims to achieve a bal-
anced level of satisfaction across different sustain-
ability objectives. The structure of this function
prevents any single objective from dominating
the others, promoting balanced decision-making.

In the model, Equations 1—4 are subjected
to the following constraints.

D @i < vt (5)
i

Equation 5 represents the overall water re-
source constraint in each time period and en-
sures that the total water allocated to different
areas of the field does not exceed the available
resources. This constraint reflects the reality of

water scarcity in agricultural systems.

0<a;  SW¥ Vi ¢ (6)

Equation 6 specifies the lower and upper lim-
its on the amount of water allocated to each
area and prevents unrealistic allocation or over-
allocation of the irrigation system’s technical ca-
pacity.

Z :L‘mSAiWimax \4) (7)
t

Equation 7 states that the total water con-
sumption of each area over the entire planning
horizon should be proportional to its area. This
constraint creates spatial consistency in the allo-
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cation of water resources.

0i1=0; t—1+x; 1+ R — BT}, (8)

Equation 8 models soil moisture dynamics
and shows that the moisture status at any time is
the cumulative effect of irrigation, precipitation,
and evapotranspiration. This constraint forms the
dynamic core of the model.

OIn<0; , Vi, t

9)

0,0 <O Vi t (10)

Equation 9 imposes the minimum permissi-
ble soil moisture to prevent severe water stress
and damage to the plant. Equation 10 specifies
the maximum permissible soil moisture, prevent-
ing excessive irrigation and creating unfavorable
conditions for plant roots.

(11)

Equation 11 describes the dynamic relation-
ship between crop growth and time and shows
that crop growth is a function of soil moisture
status and water stress level.

opt 2
Zig> (077 =054

Equation 12 relates the definition of plant
stress to the deviation from the optimal soil mois-
ture and shows that the greater the distance from
the optimal conditions, the higher the stress level.

(13)

Yit=Yit—1+0ib; 1—Biziy

(12)

2 +2>0

Equation 13 ensures that the stress index is
non-negative and prevents unrealistic interpreta-
tions in the model.

Z Etuu SEmaX Vit

(2

(14)

Equation 14 imposes a ceiling on the energy
consumption of the irrigation system in each time
period, ensuring that irrigation decisions are also
sustainable in terms of energy.

Tit

max
Wi

Equation 15 establishes the relationship be-
tween the control intensity of the decision-maker
and the amount of water allocated and ensures
that each irrigation decision has a realistic level
of control support.

0<u; <1 Vit

Vit (15)

Uj >

(16)

Equation 16 specifies the permissible range
of control intensity and prevents the application
of extreme controls.

|5 =5 1] <Q Vi, ¢ (17)

[ —wi 1| <Q Vi, t (18)

Equation 17 limits sudden changes in irriga-
tion rate between consecutive periods and helps
maintain decision stability. Equation 18 controls
the fluctuations in the agent’s control intensity
between consecutive time periods and prevents
the system from becoming unstable.

Z |zi 1 —xi 1| <V Vi
¢

(19)

Equation 19 limits the sum of irrigation
changes over the entire time horizon and ensures
that irrigation policies remain stable in the long

term.
_ S
Li,t= § PsT; ¢
sES

(20)

Equation 20 establishes the consistency of
decisions across uncertainty scenarios and shows
that the final decision results from the weighted
aggregation of these scenarios.

> gt

seS

(21)

Equation 21 imposes the condition that the
scenario weights be normalized so that their sum
equals 1.

ps>0 Vs

Equation 22 ensures that the scenario weights
are non-negative and validates their fuzzy inter-
pretation.

(22)

pe<fr (Zk) Vk (23)

Equation 23 establishes a relationship be-
tween the objective function value and the fuzzy
satisfaction degree, indicating that the satisfac-
tion of each objective is a function of its level of
realization.

0<up<l Vk (24)

Equation 24 specifies the permissible range
of the fuzzy satisfaction degree, which is limited
to zero and one.

o> Mg Vk (25)

Equation 25 imposes a minimum acceptable
level of fuzzy satisfaction for each objective, ensur-
ing stability and preventing key objectives from
being ignored.

0; =0 Vi (26)
Equation 26 fixes the initial soil moisture
conditions at the start of the planning horizon,

ensuring the model is consistent with the actual

state of the field.
$i70:x;nit Vi

(27)
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Equation 27 specifies the initial amount of
water allocated and ensures the continuity of de-
cisions.

rir<x;7 1+Q Vi (28)

Finally, Equation 28 governs the system’s
final behavior and prevents drastic changes in
irrigation decisions at the end of the time hori-
zon, thereby maintaining decision-making stabil-
ity throughout the period.

3.3. Agentic decision-making and control
mechanism

In the proposed framework, irrigation decision-
making and control were implemented using an
agent-based mechanism that continuously inter-
acts with the digital twin of the field. Unlike
classical control systems that rely on fixed rules
or predefined responses, the agent-based mecha-
nism presented in this study can autonomously
perceive the environmental state, evaluate the
consequences of different decisions, and select the
appropriate control action in real time. This ap-
proach enables the transition from reactive irri-
gation management to predictive and adaptive
management.

This information not only provides a view
of the current state of the field but also al-
lows the agent to analyze the potential conse-
quences of different irrigation decisions across
short- and medium-term time horizons. Thus,
decision-making is transformed from a static to a
dynamic, context-oriented process.

The agent-based decision-making mechanism
follows a perception—analysis—decision—action cy-
cle. In the perception stage, the agent receives
input from the digital twin and identifies the cur-
rent state of the system. In the analysis stage,
this state is compared with the fuzzy sustain-
ability goals, and the degree of deviation from
the desired conditions is evaluated. Then, in the
decision-making stage, the agent selects the appro-
priate irrigation intensity and pattern, balancing
conflicting goals. Finally, in the action stage, the
decision made is applied to the irrigation system,
and its effects enter the feedback loop.

As shown in Figure 2, this decision-making
cycle operates in a closed, iterative manner, and
each control action immediately updates the sys-
tem state in the digital twin. This continuous
feedback allows the decision-maker to observe the
real effect of the decisions and, if necessary, mod-
ify the control policy. Such a structure plays an
important role in improving decision stability and
preventing the accumulation of errors over time.

One of the key features of this mechanism is
its ability to adapt to unpredictable environmen-
tal conditions. During sudden climate changes,
rainfall fluctuations, or changes in plant water
requirements, the decision-maker can adjust the
irrigation pattern without human intervention.
This adaptability frees the system from depen-
dence on predefined scenarios and brings it closer
to an autonomous and learning system.

3.4. Solution methodology

Due to the nonlinear, multi-objective, scenario-
based, and fuzzy nature of the proposed model,
using classical exact methods to directly solve
the problem is computationally inefficient and, in
many cases, infeasible. Therefore, in this study,
three well-known and widely used meta-heuristic
algorithms in the multi-objective optimization lit-
erature, including the non-dominated sorting ge-
netic algorithm II (NSGA-II), the multi-objective
evolutionary algorithm based on decomposition
(MOEA/D), and the multi-objective particle
swarm optimization (MOPSO), were used to solve
the model. The selection of these algorithms was
based on their ability to extract a set of Pareto-
optimal solutions and effectively manage conflicts
between sustainability objectives.

The NSGA-II algorithm, as one of the most
widely used multi-objective evolutionary methods,
operates on the basis of non-dominated sorting
and the maintenance of population diversity. In
this study, NSGA-II served as the primary refer-
ence for identifying the Pareto frontier and en-
abled a precise analysis of trade-offs among water
consumption, environmental sustainability, and
crop yield. The use of the crowding distance in
this algorithm has led to uniformly distributed
solutions in the objective space and prevented
premature convergence. 3%

The MOEA /D algorithm, which decomposes
the multi-objective problem into a set of depen-
dent single-objective problems, was used in this
study to investigate the efficiency of a framework
based on neighborhood and local interaction be-
tween solutions. By defining different weight vec-
tors, this algorithm allows analysis of the problem
structure and the algorithm’s behavior across dif-
ferent uncertainty scenarios. The use of MOEA /D,
especially in models with fuzzy structures and
dynamic constraints, provides a complementary
perspective to NSGA-II.%?

The MOPSO algorithm, as a multi-objective
version of particle swarm optimization, inspired
by the social behavior of particles, was used in
this study to evaluate the continuous search ca-
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Figure 2. Agent-driven decision-making cycle in a digital twin-based real-time irrigation control system. This
figure was designed and created using Adobe Illustrator (Adobe Inc., San Jose, CA, USA, 2023).

pabilities and convergence speed in the decision
space. Due to its memory-based nature, MOPSO
has a strong ability to exploit past particle expe-
riences and has shown acceptable performance,
especially in real-time control problems. Compar-
ing the results of this algorithm with those of two
other evolutionary algorithms enables a compre-
hensive assessment of the stability and quality of
the solutions. 40

The role of the digital twin in the solution
process is not simply a passive simulation envi-
ronment; it actively interacts with the solution
algorithms.*! In each iteration of the algorithm,
irrigation decisions generated by the candidate
solutions were first applied to the digital twin,
and their consequences were evaluated based on
soil moisture dynamics, crop growth, and stability
indices.*? The digital twin output was then fed
back to the optimization algorithms as accurate,
up-to-date feedback. This two-way interaction
guided the search process in a context-oriented
manner, adapting it to the system’s actual condi-
tions, and the decision-maker’s role in adjusting
the optimization path was practically realized.

To ensure the accuracy of results from the
metaheuristic algorithms, computational valida-
tion was conducted using the General Algebraic

Modeling System (GAMS; version 25.1). At this
stage, a simplified version of the model (with
a reduced time horizon and number of scenar-
ios) was implemented in GAMS and solved us-
ing exact solvers. Comparing the GAMS results
with the output of the metaheuristic algorithms
showed that the solutions obtained from NSGA-
II, MOEA /D, and MOPSO were acceptable and
consistent with the exact solutions in terms of
quality and convergence.

The parameters of the metaheuristic algo-
rithms were adjusted based on initial experiments
and common recommendations in the literature
to achieve a proper balance between convergence
speed and solution diversity. A summary of the
parameter settings used in this study is presented
in Table 1.

All numerical calculations and algorithm execu-
tion were performed in the Python programming
environment. The algorithms were implemented
using Python 3.10 and standard optimization and
numerical libraries. GAMS version 25.1 software
was used for detailed model validation. All ex-
periments were performed on a computer system
with an Intel Core i7 processor, 32 GB of RAM,
and Windows 11 (64-bit).
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Table 1. Parameter settings of the metaheuristic algorithms.

Algorithm Key parameters Values

NSGA-II Population size, crossover rate, 100, 0.9, 0.1, 300
mutation rate, generations

MOEA/D Number of subproblems, neigh- 100, 20, 0.1, 300
borhood size, mutation rate,
generations

MOPSO Swarm size, inertia weight, cog- 100, 0.7, (1.5, 1.5),

nitive/social coefficients, itera-

tions

300

Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.

For each algorithm, to reduce random effects
and increase the reliability of the results, 30 inde-
pendent runs were performed, and the final results
were reported based on the mean and standard
deviation of the performance indicators. These
computational settings and experimental proce-
dures were chosen to ensure the transparency,
reproducibility, and scientific validity of the re-
sults.

3.5. Case study and experimental setup

To comprehensively evaluate the performance of
the proposed framework and investigate its capa-
bilities under both real and controlled conditions,
this research used a combination of real field data
and simulated data. This dual approach allows
analysis of system behavior in both real operat-
ing environments and hypothetical scenarios with
varying levels of uncertainty, thereby increasing
the validity of the results and the generalizability
of the findings.

The main case study focused on an agricul-
tural farm located in Austrlia with a pressurized
irrigation system, where real data were collected
through soil moisture sensors, a local weather
station, and an irrigation operation recording sys-
tem. The real data included soil moisture mea-
surements at different depths, air temperature,
relative humidity, precipitation, reference evapo-
transpiration, and water volume applied at regu-
lar time intervals. These data were used as input
for the digital twin after preprocessing, outlier
removal, and time synchronization. The digital
twin, based on this data, accurately represented
the field’s current state and provided a basis for
agent-based decision-making.

In addition to the real data, a set of simu-
lated data was generated to examine the sys-
tem’s behavior under conditions where access

to real data is limited or rare, as well as in ex-
treme climate scenarios. The simulated data in-
cluded different precipitation scenarios, evapo-
transpiration patterns, and changes in plant wa-
ter requirements and was generated using stan-
dard climate models and plant physiological re-
lationships. These scenarios were purposefully
designed to cover a wide range of water deficits,
normal conditions, and water-rich conditions, and
to challenge the adaptability of the proposed
framework.

In setting up the experiments, the decision-
making time horizon was divided into discrete
daily intervals, and each experiment was treated
as encompassing a complete plant growth period.
At each time step, the solution algorithms gen-
erated irrigation decisions by receiving updated
data from the digital twin, and the consequences
of these decisions were evaluated in terms of soil
moisture changes, crop growth, and sustainabil-
ity indices. This experimental setup enabled a
detailed examination of system dynamics and the
impact of interperiod decisions.

To fairly compare the performance of the
NSGA-II, MOEA /D, and MOPSO algorithms,
all algorithms were run under the same experi-
mental conditions. The input data, time horizon,
model constraints, and general problem settings
were kept constant across all algorithms, with the
only difference in the solution search and update
mechanism. In addition, to reduce the inherent
random effects of metaheuristic algorithms, each
experiment was repeated several times for each
algorithm, and the final results are reported using
statistical indices.

The interaction between the digital twin and
the experimental environment is a key factor in
this section. In each iteration, the proposed so-
lutions of the algorithms were first applied to
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Table 2. Quantitative comparison of multi-objective performance indicators.

Algorithm Hypervolume Spread Convergence
metric
NSGA-IT 0.842 + 0.018 0.317 + 0.021 0.064 £ 0.009
MOEA/D 0.791 £ 0.024 0.289 + 0.018 0.081 + 0.012
MOPSO 0.768 £ 0.031 0.354 £ 0.027 0.097 £ 0.015

Note: Data presented as mean + standard deviation.
Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.

the digital twin, and then the system behavior
was evaluated in a simulated or real-world set-
ting. This continuous feedback ensured that the
algorithms were guided not only by static values
but also by the dynamic consequences of their
decisions. Thus, the proposed experimental frame-
work recreated conditions similar to those in the
actual implementation of a real-time irrigation
control system.

4. Results and discussion

To accurately evaluate the performance of the
algorithms used in solving the multi-objective
real-time irrigation control problem, Pareto fron-
tier analysis was performed for three algorithms:
NSGA-II, MOEA /D, and MOPSO. This analysis
allowed us to examine the ability of the algorithms
to manage the conflict between sustainability ob-
jectives and to extract a set of high-quality non-
dominated solutions.

Figure 3 shows the Pareto frontiers obtained
from running the algorithms in the objective
space. The NSGA-IT algorithm produced a dense,
uniform set of Pareto solutions across a wider
range of the objective space. In contrast, the
MOEA /D Pareto frontier exhibited a more regu-
lar structure, but its coverage in some regions of
the objective space was more limited. Although
the MOPSO algorithm showed good dispersion in
parts of the space, the lower solution density in
the critical regions of the objectives indicates its
relative weakness in simultaneously maintaining
convergence and diversity.

To complement the visual analysis, the perfor-
mance of the algorithms was quantitatively eval-
uated using standard multi-objective indicators,
including hypervolume, spread, and convergence
metrics. The numerical results of this evaluation,
which are the result of 30 independent runs for
each algorithm, are presented in Table 2.

According to Table 2, the NSGA-IT algorithm
achieved the highest hypervolume value with the
lowest standard deviation, indicating wider cov-

erage of the objective space and greater stability
of the results. Additionally, the lower value of
the convergence metric index for this algorithm
indicates faster, more accurate convergence than
MOEA /D and MOPSO. Although the MOPSO
algorithm showed a higher spread value, indi-
cating greater diversity of solutions, its higher
convergence metric and standard deviation val-
ues indicate a relative instability of the results.
The MOEA/D algorithm achieved intermediate
convergence quality and diversity, but compared
to NSGA-II, it did not produce a Pareto frontier
of similar quality.

The quantitative behavior of the algorithms, in
terms of convergence and search process stability,
was investigated using the hypervolume index.
This index is considered one of the most valid
criteria for evaluating the performance of multi-
objective algorithms because it simultaneously
captures both convergence quality and solution
diversity.

Figure 4 shows the changes in hypervolume
during the execution of the NSGA-II, MOEA/D,
and MOPSO algorithms. The NSGA-II algorithm
showed a higher convergence rate than the other
two algorithms from the initial stages of execution
and achieved higher hypervolume values in fewer
iterations. This behavior indicates that NSGA-II
performs well at quickly guiding the search to-
ward higher-quality regions of the objective space.
The MOEA /D algorithm demonstrated a uniform
and stable trend, but its convergence speed was
slower than NSGA-II’s, and it converged to a
lower final hypervolume value. In contrast, the
MOPSO algorithm, despite gradual improvement
during execution, exhibited slower convergence,
and its gap relative to the other two algorithms
persisted throughout the process.

The results of this quantitative analysis show
that the difference in algorithm performance ex-
tends beyond the final quality of the Pareto fron-
tier and also depends on the convergence and
stability of the search process.

918



Agentic artificial intelligence-driven digital twin for real-time irrigation control with fuzzy sustainability objectives

10

Obpeetive 2 (Envirronmenial deviation

—8— NSGA-II
-8 MOEA/D
-=k- MOPSO

0.4

0.6

0.8 0.8

Objective 1 (Water consumption)

Figure 3. Pareto frontiers obtained by NSGA-II, MOEA /D, and MOPSO for the proposed multi-objective

irrigation control problem

Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.

0.80

o
<
o

Hypervolume
o
S
=)

0.65

b Sb 160 1.’;0 260 2.’;0 360
Iterations

Figure 4. Convergence comparison based on the
hypervolume indicator
Abbreviations: MOEA /D: Multi-objective
evolutionary algorithm based on decomposition;
MOPSO: Multi-objective particle swarm
optimization; NSGA-II: Non-dominated sorting
genetic algorithm II.

In addition to comparing the evolutionary al-
gorithms used, the performance of the proposed
framework was evaluated structurally relative
to conventional irrigation control approaches. In
fixed-threshold-based systems, decision-making
is based solely on the instantaneous value of soil
moisture, lacking predictive and adaptive opti-

mization mechanisms. Moreover, in offline opti-
mization approaches, the decision-making process
is carried out in limited time intervals and does
not respond to real-time changes in environmen-
tal conditions. In contrast, the digital twin-based
framework presented in this study, by leveraging
multi-objective optimization within a dynamic
control loop, enables continuous readjustment of
decisions. This feature has led to greater per-
formance stability and to simultaneous improve-
ments in water consumption and energy efficiency
indicators.

To investigate the convergence behavior of the
algorithms and assess the stability of the opti-
mization process during execution, the trend of
the best cumulative objective value over iterations
was analyzed. This analysis allowed comparison
of the convergence speed and stability of the al-
gorithms in guiding the search process toward
optimal solutions.

Figure 5 shows the convergence behavior of
the NSGA-II, MOEA /D, and MOPSO algorithms
during the iterations. The NSGA-II algorithm
showed a faster decrease in the best objective
function from the very early stages of execution
and reached the stable convergence region in fewer
iterations. This behavior indicates the algorithm’s
strong ability to effectively leverage population
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Figure 5. Convergence behavior of optimization algorithms.
Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.

information and guide the search toward promis-
ing regions of the decision space. The MOEA /D
algorithm also exhibited a uniform and accept-
able convergence trend, but its convergence speed
was slower than that of NSGA-II, requiring more
iterations to reach the final objective function
value. In contrast, the MOPSO algorithm con-
verged more slowly, despite a gradual decrease
in the objective function value, and maintained
a significant gap with the other two algorithms
throughout the process.

Overall, the convergence analysis results
show that the NSGA-IT algorithm outperformed
MOEA/D and MOPSO in terms of the speed
at which stable solutions were achieved and the
stability of the optimization path. This feature
is particularly important in the proposed frame-
work because, in digital twin and real-time control
environments, the algorithm’s fast, reliable con-
vergence is key to effectively updating control
decisions.

To assess the robustness of the proposed frame-
work to climatic and operational uncertainties,
the performance of the algorithms was investi-
gated across different uncertainty scenarios. These
scenarios included changes in precipitation pat-
terns, evapotranspiration, and plant water re-
quirements, and were designed to cover normal,
drought, and extreme conditions. This analysis
aimed to examine the sensitivity of the solutions
obtained and the stability of irrigation decisions

to environmental fluctuations.

The quantitative results of the robustness anal-
ysis of the algorithms, based on average perfor-
mance and result fluctuation across different sce-
narios, are presented in Table 3. In this table,
key robustness indicators, including the average
cumulative objective function value and its stan-
dard deviation across the uncertainty scenarios,
are reported.

According to Table 3, the NSGA-IT algorithm
had the lowest standard deviation across the dif-
ferent scenarios, indicating greater stability and
lower sensitivity to changes in uncertainty con-
ditions. This indicates that the solutions gener-
ated by NSGA-IT exhibit more consistent behav-
ior across different climatic conditions and do
not cause abrupt changes in irrigation decisions.
The MOEA/D algorithm showed relatively sta-
ble performance, but increased fluctuations in
some scenarios suggest it is more sensitive to en-
vironmental changes than NSGA-II. In contrast,
the MOPSO algorithm demonstrated the greatest
fluctuation in results, indicating lower stability
and greater dependence on specific scenario con-
ditions.

To investigate the role and extent of the im-
pact of the digital twin in improving the optimiza-
tion process and agent-based decision-making, the
performance of the proposed framework was com-
pared across two cases: “with active digital twin”
and “without digital twin.” In the second case,
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Table 3. Robustness comparison of optimization algorithms under uncertainty scenarios.

Algorithm Mean objective Standard devi- Robustness in-
value ation dex

NSGA-IT 0.618 0.024 High

MOEA/D 0.652 0.031 Moderate

MOPSO 0.701 0.045 Low

Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.
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Figure 6. Impact of the digital twin on optimization performance based on the hypervolume indicator.

the optimization process was based on a static
model without dynamic feedback from the system
state, enabling the net effect of the digital twin
to be clearly assessed.

Figure 6 shows the trend in changes in the
hypervolume index over iterations for the two
cases, with and without the digital twin. With
the digital twin, the optimization process con-
verged faster and achieved higher hypervolume
values in fewer iterations. This behavior shows
that the dynamic feedback from the digital twin,
by continuously updating the system state and ac-
curately evaluating the consequences of decisions,
effectively guides the algorithm to higher-quality
regions of the objective space. In contrast, the
case without a digital twin exhibited a slower
convergence rate and a lower final hypervolume.

To complement the visual analysis, a quantita-
tive assessment of the impact of the digital twin
on key performance indicators was performed.
The results from 30 independent runs in both

cases are presented in Table 4.

According to the results in Table 4, the use of
the digital twin led to a significant improvement
in the hypervolume index and reduced fluctua-
tions in the results, indicating greater stability of
the optimization process. In addition, the conver-
gence speed with the digital twin increased, and
the search process was guided to higher-quality
solutions with greater confidence. These findings
indicate that the digital twin acts not only as
a simulation tool but also as an active and in-
fluential component in the agent-based decision-
making cycle. Such a role is particularly impor-
tant for real-time control applications in smart
agriculture, enabling more accurate, stable, and
adaptive decisions based on the system’s actual
conditions.

To investigate the performance of the agent-
based decision-making mechanism and evaluate
its adaptive behavior under dynamic conditions,
changes in the irrigation control signal over time
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Table 4. Quantitative impact of the digital twin on optimization performance.

Configuration Hypervolume Convergence Stability (measured by
speed standard deviation)
With a digital twin 0.872 + Fast 0.006
0.014
Without a digital 0.776 + Moderate 0.015
twin 0.022
Note: Data presented as mean + standard deviation.
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Figure 7. Agentic decision-making behavior under dynamic conditions.

were analyzed. This analysis aims to demon-
strate the agent’s ability to perceive environmen-
tal changes, respond to disturbances, and return
to the stable decision-making path.

Figure 7 shows the behavior of the agent-
based decision-making under dynamic conditions.
The main curve shows the agent’s decision-making
output over time, while the second curve shows
the adaptive response of the system in the face
of a temporary environmental disturbance. As
shown, when a disturbance occurs, the decision-
making agent consciously adjusts the intensity
of the irrigation control signal to avoid sudden
or unstable responses. After passing through the
disturbance period, the decisions gradually return
to the previous stable path.

This behavior shows that agent-based decision-
making is not simply based on instantaneous reac-
tive responses, but also adjusts control decisions
softly and adaptively by considering time trends
and digital twin feedback. Such a feature is partic-
ularly important for real-time control systems, as

it prevents severe fluctuations in irrigation deci-
sions and ensures stable system performance even
under unstable environmental conditions. The re-
sults of this analysis confirm that the proposed
agent-based mechanism can effectively transform
optimal solutions into reliable, stable implemen-
tation decisions.

To investigate the sensitivity of the proposed
framework to changes in key parameters and to
assess the stability of optimal decisions, a sensi-
tivity analysis was performed on the most im-
portant effective parameters in the model. In
this analysis, the relative changes in key param-
eters within a symmetric interval around the
applied baseline value, along with the system’s
normalized performance index response, were
examined.

Figure 8 shows the results of the sensitivity
analysis for the three main components of the
model, including the water consumption target,
the environmental target, and the product per-
formance target. All three curves showed smooth,
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continuous behavior with parameter changes, and
the maximum value of the performance index
was obtained near the baseline setting point. The
gradual decrease in the performance index with
increasing parameter deviation indicates the ex-
istence of a stable equilibrium in the model and
the lack of strong dependence of the results on
minor changes in the input parameters.

The target related to water consumption
showed the greatest sensitivity to changes in key
parameters, while the product performance target
exhibited the least sensitivity. This shows that
the proposed framework can prevent severe fluctu-
ations in control decisions by balancing multiple
objectives.

To evaluate the feasibility of the proposed
framework for practical, real-time applications,
the computational complexity and runtime of the
algorithms used were investigated. This analy-
sis focused on the computational cost per itera-
tion, the total runtime, and the scalability of the
algorithms with respect to the problem size to
allow a fair comparison between the different ap-
proaches. Table 5 summarizes the computational
complexity and runtime results for the NSGA-II,
MOEA/D, and MOPSO algorithms. The times
were calculated as the average of 30 independent
runs for the same problem configuration.

According to Table 5, the NSGA-IT algorithm
had the highest computational cost per iteration,
mainly due to non-dominated sorting and the
calculation of congestion distance. However, due
to faster convergence, its total runtime remains

acceptable. The MOEA /D algorithm, using a de-
composition structure, exhibited a more balanced
computational complexity and performed in the
middle range in terms of execution time. In con-
trast, the MOPSO algorithm had the lowest com-
putational cost per iteration and the fastest over-
all execution time, although this computational
advantage came at the expense of a relative loss
in solution quality and stability.

The proposed framework was validated based
on real data from environmental sensors and sce-
narios based on farm operating conditions. Al-
though a full hardware implementation at field
scale was beyond the scope of this research, the
simulation results based on real data demonstrate
the feasibility and readiness of the framework for
practical deployment in smart agriculture envi-
ronments.

From a management perspective, the results of
this study show that combining a digital twin with
agent-based decision-making and multi-objective
optimization can serve as a practical and reli-
able tool for intelligent irrigation management
in agriculture. The proposed framework enables
managers and operators to make water allocation
decisions not only based on current conditions
but also by considering future consequences, cli-
mate uncertainties, and sustainability goals. The
system’s ability to converge quickly, stabilize de-
cisions, and respond smoothly to environmental
disturbances reduces the risk of management deci-
sions and prevents severe fluctuations in resource
consumption. Furthermore, the results show that
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Table 5. Computational complexity and runtime comparison of optimization algorithms.

Algorithm Time per itera- Total run- Relative com-
tion (s) time (s) plexity

NSGA-IT 0.038 11.4 High

MOEA/D 0.031 9.3 Moderate

MOPSO 0.026 7.8 Low

Abbreviations: MOEA /D: Multi-objective evolutionary algorithm based on decomposition; MOPSO:
Multi-objective particle swarm optimization; NSGA-II: Non-dominated sorting genetic algorithm II.

the use of digital twins can improve decision qual-
ity without imposing unacceptable computational
costs, facilitating the practical adoption of this
approach in real farms and water resources man-
agement systems. Overall, this research provides
clear evidence that agent-based approaches based
on digital twins can play an effective role in agri-
cultural managers’ transition from reactive to
predictive, sustainable, and data-driven decision-
making.

5. Conclusion

This research presented an integrated and innova-
tive framework for smart irrigation management
that combines a digital twin, agent-based decision-
making, and fuzzy multi-objective optimization.
The results showed that integrating a digital twin
with an agent-based decision-making mechanism
enables continuous system status updates, predic-
tion of decision outcomes, and effective guidance
of the optimization process. Multi-objective anal-
yses, convergence, stability under uncertainty, pa-
rameter sensitivity, and computational complex-
ity all confirmed that the proposed framework
can achieve a meaningful balance among water
consumption reduction, crop yield improvement,
and environmental considerations. Comparison
of solution algorithms also showed that although
the algorithms exhibited different computational
behaviors, their combination with the digital twin
improved decision quality and increased the relia-
bility of results, enabling the proposed system to
be used for near-real-time applications in smart
agriculture.

From a scientific perspective, this study demon-
strated that transitioning from static, reactive
models to dynamic, agent-based frameworks can
play a key role in improving the sustainability of
decision-making in complex agricultural systems.
From a practical perspective, the results also in-
dicated that managers and operators can rely on
such a framework to make irrigation decisions
in a predictive manner, adaptable to changing
environmental conditions, and with less risk.

Despite the positive results, this study also has
limitations. First, some of the data used were sim-
ulated, and although they are sufficient to validate
the model structure, the full generalizability of
the results requires a broader testing of the frame-
work at real scales and diverse climatic conditions.
Second, the current model focuses primarily on ir-
rigation decisions and does not explicitly consider
other agricultural management decisions such as
fertilization or harvest timing. Additionally, al-
though the computational cost remains within
acceptable limits, increasing the problem size and
model complexity can pose runtime challenges in
some applications.

Accordingly, future research directions could
include extending the framework to other agri-
cultural management decisions, using long-term
and multi-region field data, and integrating adap-
tive learning methods to automatically update
model parameters. Furthermore, evaluating the
framework’s performance in fully real-time envi-
ronments and directly connecting it to farm con-
trol systems could be an important step toward
broader practical application of this approach.
Taken together, these directions could lead to the
evolution of the proposed framework and its in-
creased role in realizing smart and sustainable
agriculture.
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