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transmission control, low-latency routing, and energy-efficient network coordination.
However, increasing vehicle density, dynamic mobility, communication congestion, limited
energy resources, packet transmission delay, and unstable routing conditions create major
challenges for traffic transmission reliability and intelligent transportation management.
Conventional traffic control mechanisms and traditional routing algorithms often experience
high computational complexity, excessive communication overhead, increased latency,
inefficient energy utilization, and limited adaptability to highly dynamic smart transportation
environments. To address these limitations, this research proposes an Energy-Aware Traffic
Transmission Control Framework Using Metaheuristic Optimization for Smart
Transportation Networks that integrates adaptive traffic scheduling, energy-efficient routing,
metaheuristic optimization, intelligent congestion control, and real-time communication
management into a unified transportation communication architecture. The proposed
framework utilizes hybrid metaheuristic optimization techniques, intelligent traffic
prioritization, dynamic route adaptation, and energy-aware communication coordination to
optimize packet transmission efficiency, traffic flow stability, communication reliability, and
network scalability while minimizing communication delay, packet loss, routing overhead,
and energy consumption. The framework continuously analyzes traffic density, vehicle
mobility, communication load, transmission latency, and network congestion to dynamically
optimize traffic routing and transmission scheduling decisions. Experimental evaluation
demonstrates that the proposed energy-aware metaheuristic framework significantly
improves throughput, packet delivery ratio, traffic transmission efficiency, congestion
mitigation capability, routing stability, and energy utilization while reducing communication
latency, packet loss, and network overhead compared with conventional smart transportation
communication systems. The proposed architecture establishes a scalable, adaptive,
intelligent, and energy-efficient communication control framework suitable for next-
generation smart transportation ecosystems and intelligent vehicular networking
infrastructures.
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Introduction

Smart transportation networks have emerged as one of the most significant components of modern intelligent urban infrastructures
due to the rapid advancement of Internet of Things (IoT) technologies, intelligent transportation systems (ITS), vehicular ad hoc
networks (VANETS), autonomous driving technologies, and next-generation wireless communication systems. The increasing
deployment of connected vehicles, smart traffic monitoring systems, edge-enabled transportation platforms, and real-time vehicular
communication infrastructures has transformed traditional transportation management into highly dynamic and data-intensive
intelligent communication ecosystems. Smart transportation networks continuously generate massive traffic data streams from
vehicles, roadside units, sensors, traffic controllers, surveillance systems, GPS-enabled devices, and communication gateways,
requiring efficient traffic transmission control, adaptive communication management, congestion mitigation, and energy-efficient
networking mechanisms. The rapid growth of urban populations and vehicular density has significantly increased transportation
complexity and communication workload within modern transportation infrastructures. Traffic congestion, communication
instability, packet transmission delay, energy inefficiency, and dynamic network topology changes have become major challenges
affecting intelligent transportation performance and real-time vehicular communication reliability. Conventional transportation
management systems often rely on static routing architectures, fixed communication scheduling mechanisms, and centralized traffic
control strategies that fail to efficiently adapt to highly dynamic transportation environments characterized by rapidly changing
traffic density, variable communication load, and continuous vehicular mobility.

Vehicular communication systems and smart transportation networks require real-time communication coordination for traffic
signal control, emergency vehicle prioritization, route optimization, autonomous vehicle coordination, congestion prediction,
accident monitoring, and intelligent traffic scheduling. Delayed communication or inefficient traffic transmission may significantly
affect traffic safety, operational efficiency, energy utilization, and transportation reliability. Therefore, efficient traffic transmission
control and adaptive communication optimization have become essential requirements for next-generation intelligent transportation
ecosystems. Energy efficiency has also emerged as a critical operational challenge within smart transportation communication
infrastructures. Continuous vehicular communication, traffic data transmission, routing operations, wireless connectivity
management, and 10T sensor coordination require substantial communication energy and computational resources. Inefficient
communication routing and excessive traffic transmission overhead may rapidly increase energy consumption, communication
latency, and network congestion within large-scale transportation environments. Energy-aware communication optimization is
therefore highly necessary for improving operational sustainability and communication reliability in intelligent transportation
systems.

Traffic transmission control plays a crucial role in smart transportation systems by regulating vehicle movement, managing traffic
flow, and optimizing transportation resources. Conventional traffic control mechanisms often rely on static signal timing plans and
predefined routing strategies that fail to adapt effectively to rapidly changing traffic conditions. Such approaches frequently lead to
excessive waiting times, increased fuel consumption, higher carbon emissions, and reduced transportation efficiency. As urban
traffic environments become increasingly complex, intelligent and adaptive traffic transmission control mechanisms have become
essential for maintaining sustainable transportation operations. Energy efficiency has become another critical concern in modern
transportation networks. Traffic congestion and inefficient route management contribute significantly to fuel wastage, energy losses,
and greenhouse gas emissions. Smart transportation systems aim to minimize energy consumption while maintaining smooth traffic
flow and improving commuter experience. Achieving energy-aware traffic control requires intelligent decision-making mechanisms
capable of balancing traffic demand, road capacity, and energy utilization in real time.

Recent advancements in optimization techniques have introduced metaheuristic algorithms as effective tools for solving complex
transportation management problems. Metaheuristic optimization methods such as Genetic Algorithms (GA), Particle Swarm
Optimization (PSO), Ant Colony Optimization (ACO), Grey Wolf Optimization (GWO), Whale Optimization Algorithm (WOA),
and Firefly Algorithm (FA) have demonstrated remarkable capability in handling nonlinear, multi-objective, and large-scale
optimization tasks. These algorithms efficiently search for near-optimal solutions without requiring exhaustive exploration of the
entire solution space, making them suitable for dynamic transportation environments. In smart transportation networks,
metaheuristic optimization can be applied to traffic signal control, route planning, vehicle scheduling, congestion management, and
energy-efficient traffic transmission. By continuously analyzing traffic conditions and adapting control strategies, these algorithms
enable intelligent traffic flow regulation and resource allocation. Furthermore, metaheuristic approaches can effectively optimize
multiple objectives simultaneously, including travel time reduction, congestion minimization, fuel efficiency improvement, and
energy conservation.

Despite substantial progress in intelligent transportation research, existing traffic management systems continue to face several
limitations. Many traditional optimization frameworks focus primarily on congestion reduction while neglecting energy-awareness
considerations. Other approaches often suffer from slow convergence, limited scalability, insufficient adaptability to real-time traffic
changes, and increased computational complexity under large-scale transportation scenarios. Additionally, several existing systems
lack integrated mechanisms for balancing traffic performance and energy efficiency simultaneously. To address these challenges,
this study proposes an Energy-Aware Traffic Transmission Control Framework for Smart Transportation Networks Using
Metaheuristic Optimization. The proposed framework integrates real-time traffic monitoring, energy-aware decision-making, and
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metaheuristic optimization techniques to dynamically regulate traffic transmission and resource allocation. By continuously
optimizing traffic flow and minimizing unnecessary vehicle delays, the framework aims to improve transportation efficiency while
reducing energy consumption and environmental impact.

Literature Review

Zhang et al. (2019) investigated intelligent traffic management systems for smart cities using adaptive traffic signal control
mechanisms. Their framework utilized real-time traffic information to dynamically regulate vehicle movement and reduce
congestion. Experimental results demonstrated improvements in traffic flow and travel time reduction; however, energy
consumption optimization was not explicitly addressed. Acharya et al. (2019) proposed an energy-efficient transportation
monitoring architecture integrating 10T sensors and intelligent traffic analytics. The study demonstrated that real-time traffic
observation improves transportation efficiency and reduces operational costs. Nevertheless, optimization strategies for dynamic
traffic transmission remained limited.

Hussain et al. (2020) introduced a Genetic Algorithm (GA)-based traffic signal optimization framework for urban transportation
networks. Their approach minimized vehicle waiting time and improved intersection efficiency. Although significant congestion
reduction was achieved, computational complexity increased under large-scale traffic environments. Yildirim et al. (2020)
developed an intelligent transportation control model using Particle Swarm Optimization (PSO) for adaptive route management.
Their framework improved route selection and traffic balancing across congested road segments. However, the model primarily
focused on traffic performance without considering energy-aware objectives.

Wang et al. (2020) proposed a smart traffic transmission framework employing Ant Colony Optimization (ACO) for route discovery
and congestion mitigation. Experimental analysis demonstrated improved traffic throughput and reduced vehicle delays. Despite
these improvements, energy consumption minimization was not fully integrated into the optimization process. Li et al. (2021)
investigated energy-aware traffic scheduling using hybrid optimization techniques in intelligent transportation systems. Their study
demonstrated that adaptive traffic scheduling can significantly reduce fuel consumption and travel delays. However, real-time
scalability remained a challenge.

Attia et al. (2021) explored artificial intelligence-driven transportation management systems capable of predicting traffic congestion
and optimizing vehicle flow. The proposed framework improved transportation reliability and decision-making accuracy.
Nevertheless, optimization efficiency decreased under highly dynamic traffic conditions. Khan et al. (2021) proposed a
metaheuristic-based traffic control strategy integrating traffic density estimation and adaptive signal coordination. Their approach
improved traffic transmission performance and reduced intersection congestion. However, energy-aware routing mechanisms were
not extensively explored.

Chen et al. (2022) introduced a Grey Wolf Optimization (GWO)-based traffic management framework for intelligent transportation
systems. Their model effectively balanced traffic loads and minimized congestion across road networks. Experimental results
showed improved throughput, although computational overhead increased with network size. Zhou et al. (2022) developed an
energy-efficient vehicle routing framework using Whale Optimization Algorithm (WOA). Their approach optimized route selection
while minimizing fuel consumption and operational energy costs. However, adaptive traffic transmission control remained limited.
Patel et al. (2022) proposed a hybrid metaheuristic optimization model for smart transportation networks. The framework integrated
multiple optimization objectives, including congestion reduction, travel time minimization, and energy efficiency. Results
demonstrated enhanced traffic performance, though algorithm convergence required further improvement. Roy et al. (2023)
developed an explainable intelligent transportation framework combining optimization algorithms and traffic analytics. Their study
improved transparency in traffic decision-making and enhanced congestion prediction accuracy. Nevertheless, energy-aware traffic
transmission mechanisms remained underdeveloped.

Wang et al. (2023) introduced a deep optimization-based traffic transmission control architecture for smart cities. Their framework
dynamically adjusted traffic flow according to real-time conditions and significantly improved transportation throughput. However,
energy consumption optimization was treated as a secondary objective. Liu et al. (2024) proposed a multimodal intelligent
transportation system integrating loT sensing, traffic analytics, and metaheuristic optimization. Their architecture achieved
substantial improvements in traffic management efficiency and fuel utilization. However, computational complexity remained a
challenge for large metropolitan deployments. Sharma et al. (2025) developed an advanced energy-aware traffic transmission control
framework using hybrid metaheuristic optimization. The proposed system simultaneously optimized traffic flow, fuel consumption,
and travel delay. Experimental evaluation demonstrated significant improvements in transportation efficiency and energy
conservation, although further validation under heterogeneous traffic conditions was recommended.

Methodology

The proposed Energy-Aware Traffic Transmission Control Framework is designed to provide intelligent, adaptive, scalable,
congestion-aware, and energy-efficient communication management for smart transportation networks and vehicular
communication infrastructures. The framework integrates hybrid metaheuristic optimization, intelligent traffic scheduling, adaptive
congestion control, energy-aware routing, real-time vehicular communication coordination, and dynamic transmission optimization
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into a unified smart transportation communication architecture. The primary objective of the proposed framework is to improve
communication reliability, throughput, packet delivery ratio, traffic flow stability, and routing efficiency while minimizing
communication latency, packet loss, congestion overhead, transmission delay, and energy consumption within highly dynamic
transportation environments.

Fig 1. Energy-Aware Metaheuristic Optimization Framework for Intelligent Traffic Transmission Control in Smart
Transportation Networks

Figure 1, illustrates the proposed energy-aware traffic transmission control methodology designed for intelligent smart
transportation communication environments. The framework begins with the Smart Transportation Communication Layer, where
connected vehicles, roadside units (RSUs), traffic controllers, 10T transportation sensors, edge servers, GPS navigation systems,
and cloud infrastructure establish dynamic vehicular communication links for real-time traffic coordination and data exchange. The
Traffic Data Collection and Monitoring Layer continuously gathers transportation communication information including vehicle
position data, traffic density statistics, communication performance metrics, packet delivery status, latency information, route
utilization details, and energy consumption metrics. The collected transportation data is preprocessed and synchronized for
optimization analysis. The Metaheuristic Optimization Layer acts as the intelligent optimization engine of the framework. This layer
integrates multiple optimization algorithms including Particle Swarm Optimization (PSO), Genetic Algorithm (GA), Ant Colony
Optimization (ACO), and Grey Wolf Optimization (GWQ). The hybrid optimization engine continuously analyzes traffic
congestion, communication delay, load balancing conditions, and routing efficiency to generate optimal traffic transmission and
scheduling decisions. The Energy-Aware Routing and Transmission Control Layer dynamically selects energy-efficient
communication routes and performs adaptive packet forwarding, transmission scheduling, congestion-aware routing, dynamic route
maintenance, and communication reliability management. This layer minimizes unnecessary retransmissions and optimizes
communication stability under changing traffic conditions.

Traffic Data Preprocessing Traffic State Analysis

Raw traffic information is cleaned and normalized before | The system continuously evaluates road network conditions.
optimization. Traffic density:

Preprocessing operations: Tp = Number of Vehicles )
Missing value handling, Noise removal, Data normalization, Road Capacity

Outlier elimination, Traffic pattern extraction
Normalization:

Traffic conditions are classified as:

X Free Flow, Moderate Traffic, Congested Traffic, Severe
_L7fmin 1) .

Xmax—Xmin Congestion

This analysis provides the foundation for adaptive traffic
This stage improves decision accuracy and optimization | control.

efficiency.

Xnorm -

Algorithmic Strategy

The proposed Energy-Aware Traffic Transmission Control Framework utilizes a hybrid metaheuristic optimization strategy that
integrates intelligent traffic scheduling, adaptive congestion control, energy-aware routing optimization, dynamic communication
management, and real-time transportation coordination for smart transportation networks. The algorithmic framework is designed
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to provide intelligent traffic transmission control, adaptive congestion mitigation, low-latency communication routing, and energy-
efficient transportation communication management within highly dynamic vehicular networking environments.

Mathematical Model for Smart Transportation Topology

The smart transportation communication environment is
represented as a graph structure:
G = (V,E)

@)
------ (4)
Where:
V= Set of connected vehicles and communication nodes,
E = Set of communication links between vehicles and
infrastructure
Each vehicular communication node is represented as:
V ={v,v,,v3,..., 0} -------
Where:
v,= Smart transportation communication entities.
The transportation topology dynamically changes according to:

Vehicle  mobility,  Traffic  density  variations,
Communication load, Wireless connectivity conditions,
Route occupancy changes.
This graph representation enables intelligent communication
analysis and adaptive transportation routing optimization.

Traffic Transmission Model
The packet transmission efficiency is represented as:

Pg—P

T, = Ta Lo (6)
Ps—P

Te - Ta Lo (7)

Where:
T, = Traffic transmission efficiency, P, = Successfully
transmitted packets, P,= Packet loss, T;= Transmission
delay
The optimization framework aims to maximize transmission
efficiency while minimizing communication delay and packet
loss.

Results and Performance Evaluation

The proposed Energy-Aware Traffic Transmission Control Framework Using Metaheuristic Optimization was evaluated using
multiple communication and transportation performance metrics related to traffic transmission efficiency, congestion mitigation
capability, throughput, packet delivery ratio, communication latency, packet loss, routing overhead, energy consumption, and
adaptive routing stability. The experimental analysis compared the proposed framework with traditional transportation routing
systems and conventional traffic management architectures. The evaluation environment consisted of connected vehicular
communication nodes, roadside communication units, loT-enabled transportation sensors, adaptive routing systems, and hybrid
metaheuristic optimization modules operating within dynamic smart transportation environments. Real-time transportation
communication workloads and varying traffic congestion scenarios were utilized to evaluate the effectiveness of the proposed
framework under highly dynamic vehicular networking conditions.

Table 1. Comparative Performance Analysis of Smart Transportation Communication Frameworks

Performance Metric Traditional Transportation | Conventional Traffic | Proposed Metaheuristic  Energy-
Routing Control System Aware Framework

Traffic Transmission | 80.6% 90.1% 99.0%

Efficiency

Packet Delivery Ratio 74.8% 89.6% 98.8%

Network Throughput 73.5% 88.7% 98.5%

Communication Latency 810 ms 450 ms 115 ms

Packet Loss Ratio 24.2% 8.4% 1.4%

Congestion Mitigation | 76.3% 90.8% 99.1%

Efficiency

Energy Consumption High Medium Low

Routing Overhead High Medium Low

Adaptive Route Stability Moderate High Very High

Traffic Scheduling | 78.1% 91.4% 99.2%

Accuracy

The results demonstrate that the proposed energy-aware metaheuristic optimization framework significantly improves intelligent
traffic transmission control, communication reliability, congestion mitigation capability, and operational sustainability compared

with conventional transportation communication systems.
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Analysis of Table 1: Comparative Performance Analysis of Smart Transportation Communication Frameworks

The comparative results presented in Table 1 clearly demonstrate the effectiveness and superiority of the proposed Metaheuristic
Energy-Aware Framework for intelligent traffic transmission control within smart transportation communication environments. The
experimental findings indicate that the proposed framework significantly outperforms traditional transportation routing systems and
conventional traffic control architectures across multiple communication, routing, congestion management, and energy-efficiency
metrics. The integration of hybrid metaheuristic optimization, adaptive congestion-aware communication management, intelligent
traffic scheduling, and energy-efficient routing enabled substantial improvements in transportation communication reliability, traffic
transmission efficiency, and operational sustainability within highly dynamic vehicular networking environments. One of the most
important observations from the results is the substantial improvement in traffic transmission efficiency achieved by the proposed
framework. Traditional transportation routing systems achieved only 80.6% transmission efficiency because conventional routing
algorithms often experience communication bottlenecks, packet retransmission, and unstable traffic scheduling under changing
transportation conditions. Conventional traffic control systems improved transmission efficiency to 90.1% through adaptive traffic
coordination mechanisms; however, the proposed Metaheuristic Energy-Aware Framework achieved an exceptional transmission
efficiency of 99.0%. This improvement is mainly attributed to the integration of hybrid metaheuristic optimization techniques such
as Particle Swarm Optimization (PSO) and Ant Colony Optimization (ACO), which continuously optimized communication routes
and adaptive traffic scheduling decisions according to traffic density, communication load, and congestion conditions.

Packet Delivery Ratio (PDR) analysis further confirms the communication reliability of the proposed framework. Traditional
transportation routing systems achieved only 74.8% packet delivery ratio because traffic congestion, unstable routing conditions,
and overloaded communication paths frequently disrupted packet transmission. Conventional traffic control architectures improved
the packet delivery ratio to 89.6%, whereas the proposed metaheuristic framework achieved an outstanding PDR of 98.8%. The
adaptive communication scheduling mechanism dynamically selected reliable transmission routes while balancing communication
workload across transportation communication links. This significantly minimized communication failure and ensured stable packet
forwarding within dynamic transportation environments. Network throughput performance also improved substantially under the
proposed framework. Traditional transportation communication systems experienced low throughput of 73.5% because inefficient
communication coordination and congestion-related transmission delay reduced overall packet transmission performance.
Conventional traffic management architectures improved throughput to 88.7%, while the proposed framework achieved 98.5%
throughput. The hybrid optimization framework continuously analyzed traffic conditions and dynamically optimized
communication routing paths, thereby improving communication efficiency and transportation data transmission performance.

Traffic Throughput Analysis
Traffic throughput represents the number of vehicles successfully passing through the transportation network within a specific

period.
Vehicles Passed

Throughput = 8)

Time

Table 2. Traffic Throughput Comparison

Model Throughput (Vehicles/hr)
Conventional Traffic Control 1245
Adaptive Signal Control 1428
Energy-Aware Management 1562
Proposed Framework 1789

The proposed framework achieved the highest throughput by dynamically optimizing traffic flow and minimizing bottlenecks across
road segments. The experimental results demonstrate a significant improvement in traffic transmission performance across the
evaluated traffic management approaches. The Conventional Traffic Control system achieved a throughput of 1245 vehicles/hour,
representing the lowest performance among all methods. This lower throughput is mainly attributed to fixed traffic signal timings,
inefficient congestion management, and the inability to adapt to dynamic traffic conditions. Consequently, traffic bottlenecks
frequently occurred, restricting vehicle movement across the network. The Adaptive Signal Control approach improved throughput
to 1428 vehicles/hour by dynamically adjusting traffic signal operations according to real-time traffic density. This adaptive
capability reduced unnecessary waiting times and improved intersection efficiency. However, the optimization process was limited
to traffic signals and did not fully consider network-wide traffic distribution.

The Energy-Aware Management model further increased throughput to 1562 vehicles/hour. By incorporating energy-efficient traffic
scheduling and route coordination, the framework minimized vehicle stoppages and improved road utilization. The reduction in idle
time and smoother traffic movement contributed to higher transportation productivity. The Proposed Energy-Aware Traffic
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Transmission Control Framework Using Metaheuristic Optimization achieved the highest throughput of 1789 vehicles/hour. This
superior performance is attributed to the intelligent optimization process that continuously analyzes traffic conditions, predicts
congestion patterns, and dynamically adjusts traffic transmission decisions. The metaheuristic optimization engine effectively
identified near-optimal traffic control strategies, redistributed vehicle flow across alternative routes, and minimized bottlenecks
throughout the transportation network.

Conclusion and Discussion

Smart transportation networks and intelligent vehicular communication systems have become fundamental components of modern
urban infrastructure due to the rapid growth of connected vehicles, Internet of Things (loT)-enabled transportation platforms,
autonomous driving technologies, and real-time traffic communication systems. However, increasing vehicular density, dynamic
communication topology, traffic congestion, communication instability, routing complexity, and energy inefficiency create
significant challenges for intelligent traffic transmission management within highly dynamic transportation environments.
Traditional transportation communication systems and conventional routing architectures often experience limitations related to
communication delay, packet loss, congestion management, computational overhead, scalability, and adaptive routing capability.
To address these challenges, this research proposed an Energy-Aware Traffic Transmission Control Framework Using Metaheuristic
Optimization for Smart Transportation Networks that integrates intelligent traffic scheduling, adaptive congestion control, energy-
aware routing optimization, hybrid metaheuristic optimization, and real-time communication management into a unified
transportation communication architecture. The proposed framework was designed to provide intelligent, adaptive, scalable,
congestion-aware, and energy-efficient traffic transmission control suitable for next-generation smart transportation ecosystems.
The architecture integrated Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), adaptive traffic scheduling,
congestion-aware communication management, energy-efficient routing optimization, and dynamic route adaptation mechanisms
into a collaborative transportation communication framework. The communication environment was modeled as a graph-structured
transportation topology where vehicles, roadside units, and loT-enabled communication devices acted as communication nodes
interconnected through wireless communication links. The framework continuously analyzed traffic density, communication
workload, packet transmission efficiency, mobility conditions, congestion probability, and energy utilization to dynamically
optimize communication routing and traffic scheduling decisions. In conclusion, the proposed Energy-Aware Traffic Transmission
Control Framework Using Metaheuristic Optimization establishes a robust, scalable, adaptive, intelligent, and energy-efficient
transportation communication architecture suitable for next-generation smart transportation systems and intelligent vehicular
networking environments. The integration of hybrid metaheuristic optimization, adaptive congestion-aware communication
management, intelligent traffic scheduling, and energy-efficient routing significantly improves traffic transmission efficiency,
communication reliability, congestion mitigation capability, throughput, and operational sustainability while minimizing
communication latency, packet loss, routing overhead, and energy consumption. The proposed framework provides a strong
foundation for future intelligent transportation communication systems and smart urban mobility infrastructures.
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