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ABSTRACT 

Mobile Ad Hoc Networks (MANETs) are characterized by dynamic topologies, limited 

energy resources, and distributed communication architectures, which pose significant 

challenges for efficient and reliable routing. Energy conservation remains a critical factor, 

as the premature depletion of nodes can severely compromise network connectivity and 

overall performance. This study presents a novel graph-theoretic model for energy-aware 

routing optimization in MANETs, leveraging the concept of availability zones to 

systematically manage node participation in packet forwarding. The model represents 

nodes as graph vertices with dynamic attributes including residual energy, operational 

availability, and connectivity status, while edges are weighted based on energy costs and 

availability probabilities. By integrating these factors into a multi-objective optimization 

framework, the routing algorithm selectively identifies paths that minimize cumulative 

energy consumption while ensuring robust connectivity, even under conditions of high 

mobility and node failure. 

The proposed approach incorporates heuristic strategies inspired by combinatorial 

optimization and evolutionary computation, allowing stochastic exploration of alternative 

paths, which enhances network resilience and load balancing. Extensive simulations across 

diverse network sizes and mobility scenarios demonstrate significant improvements in key 

performance metrics, including a 23–27% reduction in total energy consumption, a 23% 

increase in network lifetime, and markedly lower energy variance among nodes. These 

results underscore the model’s ability to distribute traffic loads efficiently, prolong network 

operation, and maintain connectivity under dynamic conditions. Comparative analyses 

with classical shortest-path and greedy heuristics reveal that the availability-zone-based 

method consistently outperforms existing strategies in terms of energy efficiency, stability, 

and fault tolerance. 

The findings have broad implications for industrial automation, wireless sensor networks, 

and robotics, where energy-aware decision-making is essential for continuous operation 

and reliable system performance. Additionally, the study highlights the relevance of cross-

domain optimization principles, drawing parallels between software test-suite reduction 

methodologies and network routing, demonstrating that selective inclusion and 

probabilistic exploration can yield optimal resource utilization. This research establishes a 

comprehensive framework for future investigations into adaptive, energy-efficient routing 

in MANETs and provides a foundation for integrating predictive mobility models and real-

time energy monitoring in next-generation network management systems. 

 

INTRODUCTION

1.1 Problem Statement Mobile Ad Hoc Networks (MANETs) are 
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decentralized wireless networks characterized by 

dynamic topologies, constrained energy resources, 

and variable node availability. Traditional routing 

algorithms prioritize shortest paths or connectivity 

metrics, often neglecting energy constraints, which 

accelerates node depletion and reduces network 

lifetime. Moreover, heterogeneous node availability 

due to mobility and environmental factors introduces 

additional challenges for maintaining reliable 

communication. Thus, there is a critical need for 

routing strategies that balance connectivity, 

reliability, and energy efficiency within MANETs. 

1.2 Research Relevance 

Energy-aware routing optimization is central to the 

sustainability of MANETs, particularly in 

applications where network maintenance or battery 

replacement is impractical, such as industrial 

monitoring, emergency response, or remote sensor 

deployments (M. Jafari and Hassan Khotanlou, 

2013). By integrating availability zones into routing 

decisions, networks can dynamically adapt to node 

energy states and availability, minimizing 

communication disruptions and extending 

operational longevity. This study contributes to the 

theoretical foundation of energy-efficient MANET 

design while offering actionable insights for 

industrial automation and robotics AI systems. 

1.3 Objectives 

The primary objectives of this research are: 

1. To formulate a graph-theoretic model for 

MANETs that incorporates node availability and 

energy profiles.  

2. To develop an energy-aware routing optimization 

framework leveraging combinatorial and heuristic 

techniques.  

3. To evaluate the proposed method against classical 

heuristics to quantify improvements in network 

lifetime, energy consumption, and load balancing.  

1.4 Scope and Significance 

The scope of this research encompasses wireless 

multi-hop networks with energy-constrained nodes, 

with an emphasis on practical routing solutions 

deployable in real-time MANETs. The significance 

lies in providing a mathematically rigorous yet 

computationally feasible approach that balances 

energy efficiency with network reliability. This 

model also serves as a basis for further research in 

adaptive routing algorithms and energy-aware 

network design. 

LITERATURE REVIEW 

The study of energy-efficient routing in MANETs 

intersects combinatorial optimization, heuristic 

algorithm design, and graph theory. The foundation 

of this work draws from classical optimization and 

test-case reduction methodologies applied to 

computational networks. 

Chvatal (1979) introduced greedy heuristics for set-

covering problems, forming the conceptual basis for 

selecting optimal node subsets to ensure network 

coverage under energy constraints. Similarly, T. H. 

Cormen et al. (2001) provided the algorithmic 

framework for shortest-path and graph traversal 

strategies that underpin energy-aware routing. 

In the context of computational optimization, genetic 

algorithms have been extensively applied to route 

selection problems. Goldberg (1989) highlighted the 

effectiveness of evolutionary search in combinatorial 

spaces, a principle adapted in this study to 

dynamically select energy-optimal paths. Ma et al. 

(2005) and N. Mansour & K. El-Fakih (1999) further 

demonstrated the utility of genetic and simulated 

annealing algorithms in minimizing resource usage 

across networked systems, a methodology analogous 

to energy minimization in MANET routing. 

Y. Zhang et al. (2011) introduced quantum-inspired 

genetic algorithms for test suite reduction, providing 

insights into leveraging probabilistic search 

mechanisms for efficient state-space exploration. 

This approach informs the stochastic components of 

the proposed routing model, particularly in 

evaluating node availability and energy constraints. 
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Similarly, Dan Hao et al. (2010) emphasized targeted 

reduction techniques to optimize computation under 

resource constraints, which parallels the selective 

routing strategies in energy-aware MANETs. 

Comparative analyses of test suite reduction 

methods, such as those by Chen & Lau (1998) and 

Harrold et al. (1993), illustrate the balance between 

computational efficiency and coverage 

completeness. Translating these principles to 

routing, a critical challenge is optimizing network 

coverage while minimizing cumulative energy 

expenditure. The literature identifies a research gap 

in the systematic integration of node availability 

zones within energy-aware routing—a gap this study 

directly addresses. 

Furthermore, Gum & Soffa (1991) and Black et al. 

(2004) demonstrated the efficacy of compile-time 

and bi-criteria optimization approaches in distributed 

systems. By extending these principles to network 

routing, this study develops a dual-objective 

framework prioritizing minimal energy consumption 

and maximal availability zone utilization. 

In summary, while previous works provide robust 

optimization frameworks for software testing and 

combinatorial problems, their adaptation to energy-

aware MANET routing remains underexplored. This 

research leverages these established methodologies 

to propose a rigorous, graph-theoretic model with 

direct applicability to real-world networks. 

METHODOLOGY 

3.1 Graph-Theoretic Modeling 

MANETs are represented as weighted directed 

graphs G(V,E)G(V, E)G(V,E), where VVV denotes 

the set of nodes and EEE represents communication 

links. Each node vi∈Vv_i \in Vvi∈V is characterized 

by residual energy EiE_iEi and an availability 

probability AiA_iAi. The weight of each edge 

wijw_{ij}wij is defined as a function of transmission 

energy and node availability: 

wij=dij⋅PtxAi⋅Eiw_{ij} = \frac{d_{ij} \cdot 

P_{tx}}{A_i \cdot E_i}wij=Ai⋅Eidij⋅Ptx  

where dijd_{ij}dij is the distance between nodes iii 

and jjj, and PtxP_{tx}Ptx is the power required for 

transmission. By incorporating availability 

probabilities, the model prioritizes paths that balance 

minimal energy consumption with node reliability. 

3.2 Energy-Aware Routing Algorithm 

The routing process applies a modified shortest-path 

heuristic, augmented with stochastic selection based 

on node energy and availability. Inspired by genetic 

algorithm strategies (Goldberg, 1989; Ma et al., 

2005), candidate paths are encoded as chromosomes, 

with fitness functions evaluating cumulative energy 

cost and availability zone coverage. Crossover and 

mutation operators generate diverse routing paths, 

enabling exploration of energy-optimal 

configurations (Y. Zhang et al., 2011). 

Example: Consider a network of six nodes, with 

heterogeneous residual energy. The algorithm 

evaluates all feasible paths from source to 

destination, penalizing routes traversing nodes with 

low availability. The resulting path selection 

minimizes total energy expenditure while 

maintaining high reliability. 

3.3 Availability Zones 

Availability zones are defined as subsets of nodes 

exhibiting high residual energy and low failure 

probability. By restricting route selection to these 

zones, the model enhances network robustness 

without exhaustive search across all nodes. This 

concept parallels selective test-case reduction in 

software engineering (Chen & Lau, 1998; Harrold et 

al., 1993), emphasizing coverage efficiency and 

resource optimization. 

3.4 Simulation Framework 

The proposed model is implemented in a discrete-

event network simulator with variable node densities 

and mobility patterns. Key performance metrics 

include: 
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1. Network Lifetime: Time until the first node 

depletion occurs.  

2. Energy Consumption: Cumulative energy used for 

all transmissions.  

3. Load Distribution: Variance of energy usage 

across nodes.  

Simulation parameters are varied to test robustness 

under different network topologies, mobility rates, 

and energy heterogeneity. 

RESULTS  

The proposed graph-theoretic, energy-aware routing 

model was evaluated under a variety of MANET 

configurations. Simulations included networks 

ranging from 20 to 100 nodes with randomly 

assigned initial energies (between 50 and 100 units) 

and mobility patterns following the random 

waypoint model. Key results are presented below. 

4.1 Energy Consumption 

Compared to classical shortest-path routing, the 

proposed availability-zone-based routing 

consistently reduced total network energy 

consumption by 18–27% across all test scenarios. 

The integration of node availability probabilities in 

the edge-weight computation ensured that nodes 

with critically low energy were avoided, preventing 

premature depletion and evenly distributing energy 

load. For instance, in a 50-node network, cumulative 

energy usage decreased from 6,240 units 

(conventional routing) to 4,760 units (proposed 

method), demonstrating effective energy 

conservation (Y. Zhang et al., 2011). 

4.2 Network Lifetime 

Network lifetime was measured as the time until the 

first node’s energy was fully depleted. Incorporating 

availability zones significantly extended network 

longevity. In networks with high mobility, the 

average lifetime increased by approximately 23%, 

attributable to the selective avoidance of low-energy 

nodes and proactive path reconfiguration. This 

approach parallels findings in evolutionary search-

based resource optimization (S. K. Mohapatra & S. 

Prasad, 2013), where selective decision-making 

enhances system durability. 

4.3 Load Distribution 

Energy variance among nodes was substantially 

lower in the proposed model. The algorithm 

distributed transmission responsibilities based on 

both energy reserves and availability probability. 

Standard deviation of residual energy across nodes 

dropped from 14.2 (classical routing) to 8.5 

(proposed model) in a 100-node network. These 

results indicate that energy-aware path selection 

mitigates overutilization of specific nodes, ensuring 

balanced network operation. 

4.4 Path Selection Analysis 

The simulation recorded multiple optimal paths for 

each source-destination pair. Paths traversing 

availability zones exhibited higher stability under 

node failures and mobility-induced topology 

changes. Compared to greedy heuristics (Chvatal, 

1979), the proposed approach maintained 

connectivity in 96% of test cases versus 83% in 

classical methods. Additionally, stochastic selection 

inspired by genetic algorithms allowed exploration 

of alternative routes, reducing the likelihood of 

network partitioning. 

4.5 Comparative Evaluation 

A comparative analysis with classical shortest-path 

and greedy routing demonstrated that the proposed 

method outperformed existing heuristics in all 

performance metrics. Energy consumption 

reduction, network lifetime extension, and balanced 

node utilization collectively underscore the 

efficiency of combining graph-theoretic modeling 

with availability zones. The results also validate the 

theoretical analogy between test-suite reduction and 

path optimization (Chen & Lau, 1998; Harrold et al., 

1993), where selective inclusion of critical elements 

enhances overall efficiency. 
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Summary Table: Key Performance Metrics 

Metric Classical Routing Proposed Model

 Improvement 

Total Energy Consumption 6,240 units 4,760 

units 23.7% 

Network Lifetime (time) 1200 cycles 1,476 

cycles 23.0% 

Energy Variance 14.2 8.5 40.1% 

Connectivity Maintenance 83% 96% 15.7% 

DISCUSSION 

5.1 Theoretical Implications 

The results demonstrate that a graph-theoretic 

approach incorporating availability zones can 

effectively optimize energy utilization in MANETs. 

By modeling nodes as vertices with energy and 

availability attributes, the method directly addresses 

the combinatorial complexity of energy-efficient 

routing. This extends traditional shortest-path and 

greedy heuristics by integrating multi-objective 

optimization, reflecting the principles of bi-criteria 

models (Black et al., 2004) and probabilistic 

selection mechanisms (Y. Zhang et al., 2011). 

The stochastic element, inspired by genetic and 

evolutionary algorithms (Goldberg, 1989; Ma et al., 

2005), introduces flexibility in path selection, 

allowing the network to adapt dynamically to node 

failures or energy depletion. This probabilistic 

exploration ensures that routing decisions are not 

deterministically constrained, reducing the risk of 

suboptimal path selection in dynamic topologies. 

5.2 Practical Implications 

From a practical perspective, the proposed 

framework enhances network sustainability for 

industrial automation, robotics, and sensor network 

deployments (M. Jafari & Hassan Khotanlou, 2013). 

Availability-zone-aware routing allows critical 

nodes to conserve energy, extending operational 

periods and reducing maintenance costs. 

Additionally, balancing energy loads reduces the 

likelihood of network partitions, a crucial 

requirement for real-time monitoring and control 

systems. 

5.3 Trade-offs and Limitations 

While the approach improves energy efficiency and 

reliability, it introduces computational overhead due 

to graph evaluation and stochastic path generation. 

In extremely large-scale networks, the algorithm 

may require optimization to maintain real-time 

feasibility. Moreover, availability zone definitions 

rely on accurate node energy and failure probability 

estimation; inaccuracies in these metrics may reduce 

routing effectiveness. This limitation highlights the 

need for integrated node monitoring mechanisms to 

support dynamic energy-aware routing. 

5.4 Comparison with Literature 

The methodology aligns with classical optimization 

studies, particularly in test-suite reduction (Chen & 

Lau, 1998; Harrold et al., 1993) and combinatorial 

optimization (Chvatal, 1979; R. M. Karp, 1972), 

demonstrating cross-domain applicability of 

selective reduction principles. While previous work 

focused on software testing and computational 

models, this study extends those principles to real-

world network routing, bridging the gap between 

theoretical optimization and applied energy 

management in MANETs. 

CONCLUSION 

This study presents a graph-theoretic model for 

energy-aware routing optimization in MANETs 

using availability zones. The key contributions are: 

1. Formulating a weighted directed graph 

representation of MANETs that incorporates 

residual energy and node availability.  

2. Developing an energy-aware routing algorithm 

leveraging heuristic and evolutionary optimization 

principles, enabling dynamic selection of energy-
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optimal paths.  

3. Demonstrating through simulation that the 

proposed method reduces cumulative energy 

consumption, extends network lifetime, and ensures 

balanced load distribution.  

The findings highlight the critical role of selective 

node utilization and probabilistic path selection in 

energy-constrained networks. The integration of 

availability zones provides a systematic mechanism 

to maintain connectivity while preserving energy, 

offering practical benefits for industrial automation, 

wireless sensor networks, and robotics applications. 

Future research directions include: 

• Scaling the model for ultra-large MANETs with 

thousands of nodes.  

• Integrating real-time energy monitoring and 

predictive mobility models.  

• Exploring hybrid optimization strategies 

combining evolutionary algorithms with machine 

learning-based prediction for adaptive routing.  

Overall, the proposed approach provides a robust 

framework for energy-efficient MANET routing, 

demonstrating that theoretical optimization 

principles from combinatorial problems and 

software testing can inform practical network design 

and management. 
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