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ABSTRACT

India's Sustainable Rural Development (SRD) policy is a pivotal step toward achieving equitable growth
and strengthening rural governance structures. This study focuses on enhancing Gram Panchayat
governance by proposing an Improved Genetic Algorithm (IGA)-based approach to streamline decision-
making, optimize resource allocation, and foster participatory rural development. Household survey data
collected in Karnataka (November 2022) inform the analysis, emphasizing best practices in rural
governance and policy implementation. The findings highlight the critical role of local leadership,
particularly village heads and Gram Panchayat Secretaries, in effectively overseeing SRD initiatives. Key
recommendations include appointing village heads as SRD directors, deploying specialized officers to
priority rural areas, and adopting standardized governance protocols. Between 2018 and 2022,
performance metrics such as economic growth, citizen engagement, environmental sustainability, and
rural wastewater management were evaluated. Results demonstrate that integrating IGA into rural
development strategies significantly enhances resilience and sustainability outcomes. The proposed
framework underscores the potential for improved funding mechanisms and administrative efficiency in
addressing pressing rural challenges. This research provides valuable insights for policymakers,
contributing to the advancement of India’s SRD goals and fostering a more inclusive and sustainable rural

21896

future.
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I.  INTRODUCTION

The Sustainable Rural Development (SRD) initiative is
transforming rural India for a more sustainable and eco-friendly
future. Rural development in grassroots governance poses
unique challenges that require innovative solutions. One
promising method is integrating Improved Genetic Algorithms
(IGAs) into Panchayat and rural governance systems.
Harnessing IGAs' optimization capabilities enhances Panchayat
administrative efficiency, promoting sustainable, data-driven
governance. Integrating IGAs into Rural Revitalization (RR)
enhances sustainable township governance by optimizing
decision-making processes. Townships can achieve sustainable
development objectives by integrating green governance
principles with IGAs' optimizing capabilities. A fitness
function evaluates potential solutions based on predefined
optimization criteria. Genetic operators such as selection,
crossover, and mutation encode solutions, which evolve after a
population has been established [1]. The optimized solutions
serve as the basis for data-driven decision-making and effective
township governance. The township's supervisor or chief
executive functions as the administrative head. Effective
communication and collaboration among various township
agencies are crucial for a successful government [2-3]. In rural
India, achieving sustainable development involves addressing
intricate issues such as inadequate infrastructure, ecological
damage, and economic disparities. Although the Indian
government has launched initiatives like Digital India for
technology integration and the Pradhan Mantri Gram Sadak
Yojana (PMGSY) for improving connectivity, they face
obstacles in executing comprehensive, enduring plans [4].
IGAs offer an innovative perspective by mimicking complex
optimization processes. They are well-suited for multifaceted
problems like rural development, where multiple objectives
and constraints are present. Many studies have explored
algorithmic optimization and governance in various contexts,
revealing notable shortcomings and insights. Authors in [5]
emphasized the importance of community-driven efforts in
addressing governance challenges in rural India, concentrating
on participatory governance yet overlooking the integration of
advanced technological solutions like IGAs.

The focus on RR and sustainable development has
increasingly captured attention in the academic realm, with
numerous studies delving into essential aspects such as smart
rural development, spatial governance, and the intersection of
cultural and ecological elements. Authors in [6] introduced the
"smart rurals" concept, underscoring the role of information
and communication technologies in addressing rural challenges
and promoting long-term sustainable development. Their
research emphasized the importance of intelligent rural systems
in remote areas to achieve this goal. Similarly, authors in [7]
contributed by crafting a theoretical RR framework, including
an index system for assessing both material and spiritual
benefits. Their findings provided valuable insights to enhance
revitalization strategies, particularly within rural contexts.
Authors in [8], made significant strides in overcoming rural
transportation challenges by creating a two-stage planning
model for demand-responsive bus services. This research
demonstrated the model's ability to improve cost-effectiveness
and efficiency, offering key insights into transportation
strategies tailored for rural areas.

Authors in [9] examined rural land transitions in peri-urban
areas, pinpointing major obstacles such as unclear property
ownership, complex renewal processes, and governance
challenges that obstruct land reform effectiveness. The study
highlighted the vital role of land arrangement in shaping rural
landscapes and stressed the need for more effective spatial
management. Authors in [10] analyzed land consolidation,
emphasizing its importance in maintaining arable land,
boosting food security, and fostering sustainable agriculture.
Their research presented land consolidation as a key aspect of
rural rejuvenation, providing a practical framework for
renewing rural areas. Complementing these results, authors in
[11] offered methods for evaluating the multifunctional use of
rural residential land, categorizing its purposes into residential,
public, commercial, environmental, and developmental
prospects. The study clarified the intricate relationships
between land wuse configurations and sustainability
requirements. Additionally, authors in [12] introduced a GIS-
based tool for decision-making to enhance rural land use
distribution and planning scientifically. Their study

www.etasr.com

Rahman et al.: Optimizing Township Government Administration with Genetic Algorithms for a Green ...



Engineering, Technology & Applied Science Research

Vol. 15, No. 2, 2025, 21895-21902 21897

demonstrated how technology can align land management
practices with resource recovery goals. Relatedly, authors in
[13] explored low-carbon urban spatial patterns, emphasizing
spatial optimization to bridge urban-rural planning gaps.

The cultural and ecological aspects of RR are vital for
encouraging community engagement and fostering sustainable
development projects. Authors in [14] examined the
competitiveness of rural tourism, using an updated Diamond
Model to classify development strategies into four types:
balanced growth, supportive driving, ecological resource-led,
and rural landscape experience. Their research highlighted the
diverse tactics that can be used to boost rural tourism. Authors
in [15] conducted a thorough study of RR cultural landscapes,
emphasizing the importance of the native Indian viewpoint.
Their findings revealed that applying sustainable farming
techniques and understanding landscape cognition has
strengthened the link between farmers and their surroundings,
supporting ecological balance and enhancing community
welfare. Authors in [16] proposed a spatial reconstruction
approach to address environmental harm caused by tourism-
driven urbanization. Governance in rural India persistently
encounters hurdles like inefficient resource management,
insufficient participation in decision-making, and a restricted
ability to scale traditional governance models. Varied socio-
economic and geographical environments exacerbate these
challenges, necessitating adaptive, data-oriented solutions.
Computational optimization methods, such as IGA, present a
revolutionary pathway by facilitating effective resource
allocation, instantaneous decision-making, and customized
strategies for diverse rural communities. Our research uniquely
employs IGA to address these issues, offering scalable models

incorporating participatory governance, improving
environmental sustainability, and refining administrative
processes for SRD.

While research on IGAs in urban settings has demonstrated
their effectiveness in addressing optimization challenges, such
as resource management in urban transportation, their
application in rural governance remains largely unexplored.
Additionally, NITI Aayog documents underscore the
importance of public involvement in policymaking [17].
However, scant evidence exists of combining algorithmic tools
for sustainable growth within participatory frameworks. This
work seeks to bridge these gaps by leveraging IGAs to enhance
rural Panchayat management in India, focusing on
sustainability, ecological governance, and participatory
decision-making. The suggested study underscores the
potential of IGA-based strategies to improve resource
distribution, foster environmental sustainability, and bolster
participatory governance systems, especially within rural
India's SRD projects. The key contributions of this article
include:

e Establishing a specific framework based on IGAs tailored
for the unique challenges of rural Indian Panchayats.

e Introducing an innovative approach for
computational optimization techniques.

integrating

e Analyzing case studies from rural Karnataka (2018-2022)
to assess ecological impact, public participation, and
governance effectiveness.

e Developing a replicable sustainable governance model for
other rural areas in India.

e Evaluating the economic, social, and environmental impacts
of SRD initiatives driven by IGAs.

II. MATERIALS AND METHODS

This section outlines the steps and methods for evaluating
the application of IGAs in achieving sustainable RR within the
Indian context.

A. Data Collection

The foundation of this analysis is rooted in data collected
through household surveys in rural districts, similar to the 2020
study on the data collected from Karnataka in India [18]. In this
Indian adaptation, data will be sourced from areas with diverse
geographies of Karnataka, focusing on five dimensions of RR:
thriving ecological livability, rural civilization, effective
governance, economic prosperity, and sustainable livelihoods.
Techniques like the Propensity Score Matching-Difference in
Difference (PSM-DID) method, applied in a quasi-
experimental framework, would be utilized to assess the impact
of Whole-Region Comprehensive Land Consolidation
(WRCLC) and other interventions.

B. Environmental Quality for Sustainable RR Strategy based
on Improved Genetic Algorithm (IGA)

An enhanced IGA can optimize resource allocation by
considering multiple elements, including land usage, water
management, and energy use. It can determine how to allocate
resources  efficiently  while minimizing waste and
environmental harm. This strategy ensures that resources are
utilized sustainably, improving the environment's quality. IGA
may help with RR plans conservation area identification and
design. The algorithm can choose the best places for protected
areas, parks, and wildlife corridors by considering ecological
parameters like biodiversity, habitat connectivity, and
ecosystem services. This improves the overall environmental
health of the rural area and helps sustain biodiversity and
natural ecosystems.

1) Principles of Improved Genetic Algorithm

IGA, an optimization technique inspired by natural
evolution, operates based on several fundamental principles.
Initially, a random initial population of potential solutions is
generated. The quality or fitness of each solution is assessed
through a specific fitness function. Selection favors solutions
with higher fitness scores for reproduction. During
reproduction, crossover mimics genetic recombination by
swapping genetic material. Mutations introduce random
changes in offspring to foster diversity. The offspring's fitness
is evaluated, and elitism ensures the best individuals are
retained. This cycle is repeated over generations until a
stopping criterion is met, such as reaching a certain number of
generations or achieving a desired fitness level. These
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principles empower IGAs to navigate the solution space, refine
towards optimal solutions, and tackle complex challenges with
non-linear or poorly defined objectives. The flowchart in
Figure 1 illustrates the iterative process of an IGA. It starts by
assigning random values to a population. Each individual's
fitness is then evaluated through a fitness function. The
subsequent stages involve repeating the selection, crossover,
and mutation processes, which generate new offspring. Here,
these offspring undergo fitness assessment, and a selection
process determines which individuals will form the next
generation.

Individual code
Generate initial
population
Fitness evaluation

hether the
termination
conditions
are met

Variation

Overlapping

Yes

Fig. 1. Flow chart of improved genetic algorithm.

2) Environment Modeling of IGA

The basis of RR route planning lies in IGA environmental
modeling, which precisely captures the environmental data
around RR. The main challenge often involves representing
this environment through graphs derived from ecological data.
To clarify the explanation, the article employs a two-
dimensional grid with evenly spaced points, as shown in Figure
2, serving as the workspace. Within this grid, the points are
identified as object 1, denoted by Ot;, object 2 as 0;, object 3
as 0,4 , object 4 as o,, for RR.

.....E
kE

orking environment of IGA.

P‘Q

Fig. 2. Rural revitalization

£

3) Mathematical Model of IGA

IGA chooses chromosomes for the next generation's
population using the roulette approach. The likelihood of
chromosomal selection must be calculated, Otj, creating a
population of potential answers from scratch. This might be a
collection of starting models, hyperparameter settings, or
feature subsets in the context of machine learning. If a
population size of is chosen N and the subset value of the 0;,
the calculating formula for the selection probability of jt* as
shown in (1)-(4):

. = Ei
0 = gt M
0 =%1_,0, ji=12,KM @
oM =1 (3)
vl = 1~M} 4)

Depending on the learning task, the fitness function could
be based on measurements like accuracy, mean squared error,
or cross-entropy loss, as indicated in (5)-(9):

v, =€ [0j_1,0)] &)
Li(Emax—E") E'>E
Od = Emax—f _ (6)
LE' <X E
l4(Emax—E) E > E
0 ={ Fmax-E _ 7
l, E<E
(0d2‘0111)(f"f) E'SE
Ogq = Od2 - Emax—E _ (8)
OdzE, <E

(0712‘0711)(E"E) E'SE
Emax_E _ (9)
on, E'XE

o, =4j0n, —

It calculates the fitness of each candidate solution by
training and analyzing the relevant machine learning model. In
addition, the total of the selection probabilities is 04 as Ep, g —
E. Then the available paths for RR are expressed, and finding
the shortest path is one of the optimization objectives of the
IGA under multiple constraints. The other two optimization
objectives are defined as follows: The smoothness index refers
to the sum of the angles of all adjacent vector line segments in
the path, which can be expressed as shown in (10)-(13):

B = {.bll b2‘b3‘----bm} (10)
b1=G,bm=D,banpi=® (11)
(A<sjsmil<ism) (12)

My-1

L(B) =Vi X G +-5,076, 6, (13)

j+vbjs1bjrz)

The safety index, presented in (14)-(17), refers to avoiding
hurdles to revitalizing and growing rural businesses and
keeping a specific distance between the latter and the former.

12(B) = 70 (14)
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G() == (15)
1) =1+ X6 (16)
1% = 2, %2) = = = Yy Xm) (17)

On the one hand, extensive calculations result from a huge
population, which lowers the IGA's effectiveness. Conversely,
certain people with high fitness may be excluded, impacting
crossover, as shown in (18-21):

Z(yy = = X1 b(y)Inp(y;) (18)
_ i-9)

e = (19)

e = —(y;f" J (20)

Hy=y+E [©2))

The fact that each point in space has unique coordinates
makes the situation ideal for two-dimensional coding.

To create a new species, randomly select any two
individuals from the replication group, breed several times, and
choose the best progeny. The process halts once the objective is
reached. If the objective is not met, the search continues until
all appropriate rules are identified. For feasible paths, the
mutation operator makes subtle adjustments to points;
otherwise, it implements major changes in problem areas. The
deletion operator requires more iterations for smooth path
approximation, as the condition illustrated in Figure 3 (c) might
appear before its inclusion. Thus, this study introduces the
deletion operator. According to Figure 3 (c), if the situation
depicted occurs, the earlier path points, if a route finds the
situation shown there, the previous path points of B; relate to
the next path point of B; + 1, B; — 1 which is a feasible path
segment, and then deleted. A new route is formed by joining
B; +2and B; — 2, as shown in Figure 3 (d). Unemployment
rates, less economic activity, and few prospects for growth and
development. With publications from 2018-2022, Table I
shows the electrification and rural rates.

Parent 1 { [(12)[ 23 [BA @5 56671 |
Parent 23 [22TEIGATEI(6.6)[(8.8]] E

o]

é l }'lvxll Yz.lzl Y3 X3 I Yo Xy | S
L

F Offspring 13 [(12)[ 2313 (A5 [(5.6)1(6.7)] :
Offspring 21 (221G BA G5 GEE8] |

(a)
(b)

\

1]

S 1
3

By * obslacle ‘, I

1 1

1 1

1

H

H

1

3

/B =4 S
B/ h
1 B +1

‘
L —
1 Bj+2

N, Before deletion

&
+
~

B,+1 \

(c) @

Fig. 3. Process of genetic operators: (a) chromosome representation of
feasible paths; (b) crossover process; (c) removal process; (d) repair process.

The sequence (y1,%1) = (¥2,%3) =+ = (Vm, Xpy) illustrates
potential coordinates in two dimensions. Figure 3 (a)
exemplifies route encoding, displaying the x and y coordinates
of path nodes and the variability in the number and length of

these nodes. The population attains its set target. This study
employs a single-point crossover operator, randomly selecting
two subjects, identifying a common route point, and crossing it
to maintain path continuity, as depicted in Figure 3 (b). In cases
where multiple routes converge at one spot, any junction is
selected randomly. If divergent points on the route exist, two
points are randomly chosen from each individual to cross. If
discontinuity arises at an intersection, the ends of the upper and
lower segments are connected.

TABLE L ECONOMIC DECLINE IN RR
Years _ lfercentage (%)
Rural electrification rate Rural growth rate

2018 68 70
2019 77 82
2020 85 87
2021 89 92
2022 95 98

III. RESULTS AND DISCUSSION

Evaluation of the results and efficacy of these strategies is
part of the performance analysis of the efficient green route of
township government administration and genetic algorithm-
based sustainable RR.

A. Analysis of Economic Decline in RR

The analysis of fundamental causes of the difficulties
encountered in RR activities requires an investigation of the
economic downturn in rural regions. Economic decline in rural
areas has been linked to several important factors, such as
changes in tradition, outmigration, population decline,
restricted access to capital, inadequate infrastructure, issues
with education and the labor force, and market and value chain
constraints. Effective revitalization initiatives should prioritize
economic diversification, entrepreneurial assistance,
infrastructure investment, workforce development, value chain
development, and community participation to solve these
issues. Tailored strategies may be created to promote
sustainable economic growth, draw in investment, and enhance
the general economic well-being of rural communities by
investigating and comprehending the unique issues causing
economic decline in a particular rural location.

B. Citizen Engagement in Township Governance

The development of public involvement and participation in
township government is a crucial process that empowers
citizens and fosters efficiency, as given in Table II. Township
governments may ensure citizens have a voice in the political
process by creating open lines of communication, encouraging
public participation, and obtaining feedback. Citizens'
engagement is further increased through implementing citizen
advisory groups, participatory budgeting, and community-led
development initiatives. The ability of citizens to participate
successfully in local administration is enhanced via capacity-
building programs and civic education efforts.

Communities may build an inclusive and responsive
government that reflects the needs and ambitions of their
citizens through constructing public involvement and
participation in township governance.
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TABLE II. CITIZEN ENGAGEMENT ASSESSMENT
Citizen Engagement Heuristic Rule-Based Proposed IGA
Assessment (%) (%) (%)
To cut budget 682 70.1 66.4
expenditures and costs
To increase productivity 74.5 76.3 72.8
To build 01.t1zens trust in 827 342 364
the township government
To improve the green
path of the township 89.3 88.4 91.6
government
To improve the service 938 945 96.4
quality in rural areas
To increase the
involvement of citizens 96.7 97.4 98.2
in rural governance

C. Evaluation of Rural Sewage Treatment

The efficiency, difficulties, and improvements in rural
sewage treatment are shown in Table III and Figure 4 by
evaluating rural sewage treatment based on publications.
Various areas of rural sewage treatment, such as treatment
technologies, system design, operation and maintenance,
environmental effects, and public health issues, are better-
understood due to research publications. Research may
evaluate these articles to determine best practices, assess the
efficacy of various treatment philosophies, and create long-
term sustainable rural wastewater management plans. The
effectiveness of specific treatment procedures in eliminating
contaminants and pathogens from rural sewage may be shown
through publications [19].

defense of ecosystems, and reduction of environmental
consequences. It has grown to include a comprehensive
strategy that acknowledges the connections between ecological,
social, and economic elements across time [20]. This
progression calls for creating legislative and regulatory
frameworks, adopting sustainable practices, community
participation and awareness, technology innovation, and
stakeholder cooperation.

Percentage (%)

2018
100 ] Rural treatment facility
9 Individual treatment
0 Centralized rural treatment
80 Into urban pipe network

2022 2019

TABLE III. RURAL SEWAGE TREATMENT
Percentage (%)
Year Rural Individual Centralized Into by rban
treatment pipe
e treatment rural treatment
facility network
2018 44 56 61 34
2019 56 62 74 32
2020 66 54 60 38
2021 78 43 72 41
2022 92 56 81 30

2021 2020
Fig. 4. Comparison of rural sewage treatment.
TABLE IV. GREEN PATH OF ENVIRONMENT QUALITY
Percentage (%)
Quality of Quality of Institutional Quality of
Year y green path of s Y
rural . environmental the mental
township . .
development quality environment
governance
2018 63 66 72 78
2019 72 75 79 82
2020 78 83 85 87
2021 82 86 92 94
2022 85 89 96 97

IGA offers data on the performance of different solutions,
like septic tanks, decentralized treatment systems, or artificial
wetlands, regarding treatment efficiency, energy needs, and
cost. Using published research as a basis, evaluations of
treatment technologies may assist in identifying the best and
most effective solutions for rural environments.

D. Evolution of Green Path of Environment Quality in RR

RR's advancement of the green path of environmental
quality shows a substantial change in objectives and strategies
towards sustainable development. RR initiatives initially
prioritized economic expansion above environmental concerns
rather often. However, as knowledge of environmental issues
and their effects on rural people and ecosystems grew, there
was an increasing appreciation of the need to include
environmental sustainability in RR initiatives, as shown in
Table IV. In response to this necessity, the green route
developed, emphasizing the conservation of natural resources,

One major challenge is the need for comprehensive, high-
quality data, which can be scarce in rural areas, potentially
affecting the model's efficiency. In addition, IGAs require
significant computational resources, especially with large
datasets or when addressing complex decision-making issues,
which might lead to scalability challenges in environments with
limited resources. Furthermore, differences in context between
various Gram Panchayat regions could impact the applicability
of the proposed strategies, necessitating localized adjustments.
To overcome these limitations, we suggest that future studies
focus on improving data collection techniques, improving the
computational efficiency of IGAs, and developing adaptable
frameworks for specific rural settings.

IV. CONCLUSION

This research underscores the transformative role of
Improved Genetic Algorithms (IGA) and sustainable strategies
in enhancing Rural Revitalization (RR) through efficient
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panchayat management in India. Panchayats can nurture green
governance by embedding environmental considerations within
governance procedures, crucial to reaching India's
sustainability objectives. Implementing environmentally
conscious policies, initiatives in renewable energy, and
effective resource management can markedly improve rural
welfare while protecting natural resources. IGAs offer a robust
framework for optimizing decision-making, guaranteeing
improved environmental, social, and economic results in rural
governance. The study stresses the need to prioritize
sustainability within governance systems and to introduce
green initiatives in rural India. Using IGAs, adopting
sustainable policies, and promoting public-private partnerships,
panchayats can cultivate ecologically balanced, socially
inclusive, and economically successful rural communities.
Government incentives and capacity-building programs can
further support these initiatives, ensuring resilient rural
development. This methodology aligns with India's vision for
sustainable rural advancement, setting the stage for improved
living standards and enduring prosperity. Future advancements
involve linking IGAs with real-time data systems to support
dynamic decision-making and adaptability. Applying this
method to alternative governance sectors such as health,

education, and disaster management could significantly
increase its effectiveness.
NOMENCLATURE
Symbol Definition Unit
N Population size in IGA Count
M Number of generations in IGA Count
E Fitness value of the j" solution Dimensionless
0; Selection probability of the /" chromosome Probability (0—1)
P Angle between adjacent vector segments in Degrees (°)
path
1, (B) Smoothness index of path Dimensionless
1; (B) Safety index of path Dimensionless
G()) Distance between two consecutive nodes m
04,0, Decision variables for fitness evaluation Dimensionless
Ve Normalized fitness value Dimensionless
H;; Learning function coefficient Dimensionless
I Selection threshold variable Probability (0—1)
Distance parameter for rural land
d A m
consolidation
Epo Maximum energy_cqr}sumption for RR KWh
activities
E' Actual energy consumption kWh
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