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Abstract—This paper proposes a theoretical framework for
optimizing traffic flow in autonomous vehicle (AV) networks
using 6G communication systems. We propose a novel technique
to eliminate conventional traffic signals through vehicle-to-
vehicle (Vav) and vehicle-to-infrastructure (v21)
communication. The article demonstrates traffic flow
optimization, density, and safety improvements through real-
time management and decision-making. The theoretical
foundation involves the combination of multi-agent deep
reinforcement learning, coupled with complex analytical models
across the partition managing intersections, thus forming the
basis of proposed innovative city advancements. From the
theoretical analysis, the proposed approach shows a relative
improvement of 40-50% in intersection waiting time, 50-70% in
accident probability, and 35% in carbon footprint. The above
improvements are obtained by applying ultra-low latency 6G
communication with the sub-millisecond response and
accommodating up to 10000 vehicles per square kilometre. In
addition, an economic evaluation revealed that such a system
would generate a return on investment by 6.7 years, making this
system a technical and financial system for enhancing an
intelligent city.
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l. INTRODUCTION

Urban transportation systems are under immense pressure
now and in the future as we experience increased city
expansion. The increasing use and ownership of vehicles in
large cities have led to significant challenges, including traffic
congestion, pollution, and safety concerns. Previous traffic
management methods, which depended on several posts and
beams and preprogrammed time sequences, failed to address
these issues effectively [1, 2]. To extend self-driving cars, the
opportunities for new traffic properties in metropolises are
great; however, the available communication technologies
restrict their changes. The emergence of 6G technology marks
a fundamental shift in vehicular communication, offering ultra-
reliable low-latency communication and massive connectivity
capabilities beyond what current 5G technology can provide.
These features make it possible to design complex traffic
management systems that help coordinate self-driving cars in
real time and may eventually free traffic lights from managing
the traffic flow. Integrated 6G communication with networks

of self-driving cars is a basis for dynamic, adaptive traffic
control that enhances the mobility of residents of large cities
[3, 4].

This paper offers a theoretical investigation of a newly
developed 6G-supported traffic management system for self-
driving vehicles [5]. The proposed system mainly uses
improved communication technology to create harmony
between moving automobiles and paved pathways, eradicating
conventional traffic light systems [6, 7]. This paper proposes
an integrated solution for different novel technologies, such as
wireless communication, artificial intelligence, and traffic
engineering, to modern mobility problems.

The primary objectives of this research include:

1) Development of a comprehensive theoretical
framework for 6G-enabled traffic optimization in autonomous
vehicle networks [8, 9].

2) Analysis of the system's capability to eliminate
traditional traffic signals while maintaining or improving
traffic flow efficiency [10, 11].

3) Evaluation of the proposed system's impact on traffic
safety, environmental sustainability, and urban mobility.

4) Assessment of the scalability and practical implications
of implementing such a system in various urban environments.

The key contributions of this paper are:

e A 6G enabled traffic management framework operating
40-50% better than the conventional system [28].

e Comparative analysis of the V2V [29] systems to prove
a signal-free intersection management approach and
their 50-70% improved safety metrics [29].

e Quantitative validation of 35% reduction in carbon
emissions and 6.7 years return on investment vs.
current adaptive traffic systems [30, 31].

In particular, our work is based on several recent
approaches in autonomous traffic management. Our system
manages to get 25% better throughput than Liu et al. [3] with
the help of 6G integration. Haydari’s [4] intelligent
transportation framework, reduces latency by 40% compared to
V2V coordination.

This paper is organized in two parts: Section | reviews the
background of vehicular communications, and is then followed
by a review of the current traffic management systems in
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Section Il. Our theoretical framework as well as the system
architecture is presented in Section Ill. In Section IV, we
describe the methodology and validation approach, whereas
Section V compares the performance. Section VI discuss
implementation implications of signal elimination. Discussion
is given in Section VII. Finally, the paper is concluded in
Section VIII.

Il. RELATED WORK

Advanced traffic management systems have emerged
during the past decades based on the development of vehicular
communication technologies. This part provides a brief
literature review and analysis of the existing technologies that
are the basis for the proposed system.

A. Historical Development of Vehicular Communications

The evolution from simple broadcast methods for vehicle-
to-vehicle communication to network-based connected vehicle
systems results from rapid developments in wireless
technology. Zeadally et al. [33] demonstrated that the first
systems of VC applied dedicated short-range communications
(DSRC), which had limited channel capacity and reach. 4G
LTE's innovation improved vehicular networking standards
with better reliability and coverage areas [33]. Current
deployments have enhanced these features by offering
improved latency and bandwidth, both critical for autonomous
vehicle systems.

Regarding transportation management, 5G technology has
some drawbacks when supporting massively connected car
networks. Recent studies suggest that 5G networks struggle to
deliver reliable, low-latency communications in dense urban
scenarios, let alone significant connected car scenarios [12,
13]. These limitations are mainly noticed in cases where
decisions need to be made, stakes have to be coordinated in
real time, and several self-driving cars are involved.

B. 6G Technology and Its Impact on Vehicular Networks

The inception of 6G technology offsets several challenges
of present-day communication networks. Akyildiz et al. [34]
indicate that with advanced 6G technologies, users can expect
sub-millisecond latency and data rates exceeding one terabit
per second, surpassing 5G capabilities. These characteristics
make 6G especially suitable for supporting advanced
autonomous Vvehicle applications, such as real-time traffic
management and coordination [34].

Critical advantages of 6G technology in vehicular networks
include:

e Enhanced spatial awareness through integrated sensing
and communication capabilities.

e Improved network capacity supporting massive device
connectivity.

e Advanced Al-native network architecture enabling
distributed intelligence.

e Ultra-reliable communication links essential for safety-
critical applications.
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C. Current State of Traffic Management Systems

Kapileswar et al. [35] elaborated that traditional traffic
management systems involve the base infrastructure and
control strategies, and they play a pivotal role in contemporary
urban transportation facilities. However, today's systems are
similarly limited in addressing the current challenges on
roadways and other transportation facilities. Technological
advancement through adaptive traffic signal control has shown
significant changes from regular fixed-time traffic signals
regarding traffic condition response. However, these adaptive
systems still run under the premise of the conventional signal-
based paradigms, thus restraining their scope of providing a
quantum leap in traffic flow efficiency.

These include modern technological advancements that are
now encouraging radical strategies for traffic enhancement.
Modern adaptive signal control systems now include real-time
traffic data analysis features, which can help adapt the controls
[14, 15]. These systems incorporate multiple sensors and
communication platforms for recording detailed data on traffic
flow and the characteristics of traffic to be changed in response
to timing patterns. At the same time, through the establishment
of cooperative adaptive cruise control systems, new
opportunities for the formation of vehicle platoons, or, in other
words, reduction of the inter-vehicle distance at the condition
of maintaining appropriate safety parameters, have appeared
[16]. It could be seen that this technology is particularly
effective in highway conditions in which all cars move at
almost equal speeds and have shorter headways, which is a
significant factor that affects highway capacity [17].

Another progress in modern traffic control strategies is the
appearance of distributed intersection management algorithms
for connected vehicles [18]. These algorithms are built upon
V2V and V21 communication to control traffic flow better than
conventional  signal-based systems.  Nevertheless, the
dependent utilization of traditional signal traffic frameworks,
even with such enhancements, fundamentally restrains the
potential optimization prospects of such systems [19, 20]. Our
research also considers these limitations while putting forward
a novel shift in the existing paradigm of traffic management
that still does not require signal structure.

D. Multi-Agent Systems and Deep Reinforcement Learning in
Traffic Management

The additional application of artificial intelligence,
especially the multi-agent system and deep reinforcement
learning, has significantly transformed the approaches to traffic
optimization [21, 22]. These advanced computational
technologies have proven highly efficient in solving various
traffic management challenges. Chu et al. [36] discussed that
Multi-agent systems allow complex coordination among
several traffic participants, enhancing system performance.
These systems handle complex interrelationship matters,
especially intersection operations, where a cooperative
decision-making process determines the vehicles' precedence
and running paths [36].

A significant advancement in managing network-wide
traffic flow is dynamic routing optimization [23, 24]. The
current application of deep reinforcement learning algorithms
makes it possible for traffic management systems to learn
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dynamically to manage change across transport networks [36].
These systems constantly run computations to read and reason
traffic density, identify potential areas of congestion, and adapt
their routing suggestions to enhance the total system's fitness.
Of all the means of controlling intensity, the ability to deal with
the wvelocity of moving vehicles with great flexibility has
shown to be most efficient in managing congestion and
eradicating the formation of traffic waves and bottlenecks [25,
26].

Research in traffic control has shown that deep
reinforcement learning algorithms can efficiently solve self-
driving algorithms in complicated and dynamic conditions
[37]. Gu et al. [37] has provided convincing results on various
GDL DRL algorithm implementations in virtual traffic
conditions, yielding massive benefits across various
performance indices. These implementations have reduced
average delay times, increased throughput at intersections, and
enhanced efficiency in general traffic flow. The learning and
adaptability capabilities of DRL systems make them more
suitable for the dynamism exhibited in urban traffic
management systems [27, 28].

E. Signal-Free Intersection Management

Mirheli et al. [38] discussed that signal-free intersections
can be considered a part of a new generation of methods for
traffic regulation that has received considerable attention in
recent years [38]. With the help of this revolutionary approach,
several theoretical models related to appeased vehicle
coordination have been developed. Reservation-based
protocols for intersection crossing have appeared as a potential
solution that enables vehicles to request and obtain a right of
way on a definite period to cross intersections safely. These
protocols promise to minimize intersection delays while
maintaining traffic safety [29, 30].

Auction-based control mechanisms have added an
economic view to intersection management, wherein the
vehicles coordinate crossing requests on different parameters,
including urgency, efficiency, and system objectives in a
network [31, 32]. These mechanisms have effectively
addressed multiple objectives of conflicting traffic flow in busy
intersections while optimizing traffic control. By combining
these strategies, distributed consensus algorithms have become
influential in coordinating the wvehicle, allowing for
novel decentralized decision-making mechanisms in response
to constantly fluctuating traffic patterns [38].

Some of these strategies propose sophisticated ways to
enhance collaboration and learning in team-based simulations,
and while simulation studies show that they can create
significant learning benefits, problems in communication
technology limit their realistic use in practice. Transmission
delays and limited bandwidth in current vehicle
communication systems pose significant challenges to
accurately synchronizing multiple wvehicles at high-speed
intersections [33, 34]. The proposed control and coordination
strategies respond to these limitations by making use of 6G
superior features for wireless connectivity. The ultra-low
latency and high-reliability features make applying the
described theoretical models in practical conditions possible,

Vol. 16, No. 2, 2025

significantly transforming urban traffic control based on signal-
free intersections.

F. Research Gap Analysis

While existing literature has advanced traffic management
systems tremendously, there are still numerous critical gaps
that we fill in our work.

First, current approaches to traffic optimization mostly
focus on increasing traditional signal-based systems. In the
present, Liu et al. [3] and Haydari et al. [4] have applied deep
reinforcement learning for traffic signal control; however, they
continue to operate within the limitations of conventional
signalized intersections. In contrast to this, we introduce a new
fundamental paradigm shift towards signal-free management
due to 6G technology [35].

Second, current V2X communication solutions, mainly
based on 5G technology, are not well suited for dense
autonomous network environments. As Zeadally et al. [33]
demonstrate, systems currently cannot meet latency
requirements above 10ms, and the number of vehicles that can
be supported per square kilometre is limited to no more than
5,000. We overcome these limitations with our 6G based
approach that presents sub-millisecond latency and up to
10,000 vehicles per square kilometer.

Third, several studies have examined intersection
management without traffic signals [38] but without coupling
with advanced communication technologies. Most of these
works do not take into account the practical constraints of
existing communication infrastructure and are theoretical.
Integrating 6G capabilities into the framework and
demonstrating that signal-free intersection management is a
practical problem.

However, the current research in the area does not have a
general framework that brings together communication
technology, autonomous vehicle coordination, and traffic
optimization. Most existing studies tend to treat the first and
the last of these aspects independently, leaving us with
solutions that cannot be practically adopted. An integrated
framework considering the interdependencies among these
elements and quantitative validation of the performance
improvements is presented in our work. However, there are
still research gaps that our proposed system seeks to fill, using
a comprehensive treatment of traffic management through 6G
technology over the entire network [36, 37].

I1l.  THEORETICAL FRAMEWORK FOR THE PROPOSED
SYSTEM

The conceptual foundation of our proposed system consists
of incorporating complicated technological 6G communication
features with complicated traffic routing algorithms and
mathematical models. The work continues with a detailed
description of the system's functional and structural parts and
their relations.

A. 6G Communication Model

The communication architecture of our proposed system
takes advantage of the peculiarities of 6G technology to

3|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

achieve smooth coordination of the vehicles. The model
incorporates multiple communication layers:

Physical Layer: Thus, the given system operates within
terahertz frequency and can provide extremely high bandwidth
with negligible latencies. The communication model also
accounts for the effects of attenuation caused by atmospheric
absorption and molecular scattering inherent in terahertz
waves. Channel capacity C is defined as:

C =B log:(1 + SNR)

B represents the available bandwidth, and SNR denotes the
signal-to-noise ratio, accounting for specific characteristics of
6G channels.

Network Layer: The system establishes a hierarchical
network structure that centralizes core control while enabling
decentralized decision-making. The overall network structure
changes with vehicle density and road traffic conditions to best
balance the efficiency and reliability of communication.

Application Layer: This layer deals with issues concerning
the connectivity of several services and applications, such as
real-time traffic management, vehicle coordination, and safety
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measures. The system uses high error control and security
measures to facilitate efficient data transmission.

Fig. 1 shows the proposed system architecture forms a
detailed three-layer structure that enables autonomous vehicle
traffic management using 6G communication technology. The
6G System Layer at the highest abstraction level of 6G uses
advanced communication functionalities, employing Realistic
THz Band Communication working between 0.1-10 THz,
assuring high bandwidth data transmission alongside real-time
Ultra-Low Latency Signal Processing, which functions within
sub-100 microseconds. This layer also offers additional
technologies like Massive MIMO Beamforming to offer better
signalmanship and signal strength, fine-grained Network
Slicing, and quality of service Management to achieve the
proper resource provisioning. The middle Processing Layer
consists of multiple layers of the system's cognitive core; the
Real-Time Data Processing Unit receives continuous streams
of data from the 6G layer, and this information is further taken
into an Al Decision Engine that makes intelligent traffic
Management Decisions. The Traffic Flow Optimizer then
enhances these decisions, and the Safety Control System
checks the effectiveness to ensure efficiency and safety in all
vehicular interactions [38].

6G System Layer

THz Band Communication
(0.1-10 THz)

Massive MIMO
Beamforming

Ultra-Low Latency
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Fig. 1. 6G-enabled autonomous vehicle system architecture analysis.
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The bottom Vehicle Layer Implements these decisions
through four specialized modules: The V2V Communication
Module is designed for direct inter-vehicle coordination, the
V2l Communication Module is responsible for infrastructure
interactions, the Autonomous Control Unit is responsible for
the execution of vehicle-specific commands, and the
Emergency Response System is responsible for quick
responses to unexpected emergent situations. This hierarchical
structure guarantees the interconnectivity of high-speed
communication, intelligent decisions, and accurate vehicle
control. It provides stable and well-performing autonomous
traffic management engineering that optimally harnesses 6G
capability.

B. Multi-Agent Deep Reinforcement Learning Model

The traffic optimization component utilizes a sophisticated
multi-agent deep reinforcement learning framework. The
model is designed to handle complex traffic scenarios while
maintaining computational efficiency.

State Space: The state representation incorporates multiple
parameters, including:

¢ Vehicle positions and velocities.

o Traffic density in different network segments.
e Historical traffic patterns.

e Environmental conditions.

e Network communication status.

Action Space: The action space includes:

¢ Vehicle speed adjustments.

e Lane change recommendations.

¢ Route modifications.

e Intersection crossing sequences.

Reward Function: The reward function R is designed to
optimize multiple objectives:

R=wiT + w2S + wiE + waF
Where:
T represents traffic flow efficiency.
S denotes safety metrics.
E accounts for energy efficiency.
F considers fairness in vehicle routing.
W1, W2, W3, Wa are corresponding weights.

Fig. 2 presents the Deep Reinforcement Learning (DRL)
framework for autonomous vehicle traffic management as a
complex multi-level approach combining different system
components to achieve effective traffic management. At its
core, the framework begins with a comprehensive State Space
Definition encompassing four crucial input parameters:
Position and Velocity (positioning and velocity data of the car),

Vol. 16, No. 2, 2025

Traffic Congestion (analysis — local intersection level — and
network level), Communication Conditions of the 6G network
(addressing parameters like delay and throughput), and others
including weather and time factors.

These inputs feed into the central Deep Reinforcement
Learning Agent, where the data is processed into rational
traffic management decisions. The agent's decision-making
capabilities extend into a well-defined Action Space
comprising four critical control mechanisms: The four major
approaches are Speed Control (regulation of vehicle
accelerations and decelerations), Path Selection (section choice
and organization of lanes), Intersection  Timing
(synchronization of entry and exit actions), and Emergent
Maneuvers (execution of collision prevention measures). The
framework's effectiveness is continuously assessed through a
sophisticated reward calculation system that monitors four key
performance indicators. Traffic Efficiency, which compares the
flow rates and delay of vehicles; Safety Metrics, which
estimates the inter-vehicle distance and the time till a candidate
vehicle collides with others; Energy Efficiency, which
compares fuel consumption patterns; and System Stability,
which compares the traffic load in the networks and the
communication channels. This feedback loop integration
allows the DRL agent to improve its decision-making
functionality by correlating real-time results with the system's
performance. This is because the framework comprises
multiple components that provide adequate, scalable traffic
management, improved levels of safety, and the required
efficiency within the dynamism of the urban systems.

C. Mathematical Model for Intersection Dynamics

The intersection management component employs a novel
mathematical framework that eliminates the need for
traditional traffic signals. The model incorporates both
deterministic and stochastic elements to handle various traffic
scenarios.

1) Vehicle trajectory optimization: The system optimizes
vehicle trajectories through intersections using a continuous-
time optimal control formulation. The optimization problem is
defined as:

minimize J = [[0,T] L(x(t), u(t), t)dt
Subject to:
x(t) = f(x(t), u(t), t)
g(x(t), u(t), t) <0
h(x(t), u(t), t)=0
Where:
X(t) represents the vehicle state vector
u(t) denotes the control inputs
L(-) is the cost function
f(-) describes vehicle dynamics

g(-) and h(-) represent inequality and equality constraints
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Fig. 2. Multi-agent deep reinforcement learning framework.

2) Conflict resolution: The system employs a priority-
based conflict resolution mechanism that ensures safe and
efficient intersection crossing. The conflict resolution
algorithm considers the following:

e Temporal and spatial separation requirements.
e Vehicle dynamics and constraints.

e Emergency vehicle priorities.

e Pedestrian crossing requirements.

The mathematical model incorporates uncertainty handling
through robust optimization techniques, ensuring system
stability and safety under various operating conditions.

IV. MATERIALS AND METHODS

A. Validation Framework

We validate our proposed framework by theoretical
analysis followed by a comparison to the existing traffic
management system with the experiment results. Validation of
our theoretical predictions is based on simulation data from
recent large-scale urban deployments. Performance metrics of
our system are compared to those of traditional traffic systems
concerning intersection delay, throughput, and safety. An

analysis of performance is carried out to see the system’s
scalability up to 10,000 vehicles per square kilometre. To
address their economic merit, we do cost cost-benefit analysis
compared to existing infrastructure.

We compare our system to three of the best current state-
of-the-art methods. Our approach has 25% more throughput
than previous distributed DRL traffic control systems [3]. We
achieve 40% lower latency against intelligent transportation
systems [4]. In comparison to conventional signal systems
[28], our scheme reduces waiting times by 45%.

B. Queueing Model for Traffic Analysis

Our methodology employs an M/M/c queueing model to
analyze traffic flow patterns in 6G-enabled autonomous vehicle
networks. The model considers vehicle arrival distributions
following Poisson processes and service times incorporating
6G communication latencies. This theoretical framework
enables us to analyze intersection capacity, queue formation,
and system stability under varying traffic conditions [11]. The
model primarily focuses on the relationship between arrival
rates (L) and service rates (i), accounting for the enhanced
capabilities of 6G communication in reducing service times.
Fig. 3 shows the Queueing Model for intersection
management.
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Fig. 3. Queueing model for intersection management.

C. Performance Parameter Development

The analysis incorporates vital performance indicators
designed to evaluate system efficiency. We develop
mathematical expressions for measuring traffic density
variations, system throughput, and network stability. These
parameters account for the unique characteristics of 6G
communication, including ultra-low latency and high
reliability. The performance metrics are formulated to capture
the traffic network's steady-state and transient behaviour,
particularly emphasizing intersection management efficiency
[22].

D. Traffic Flow Optimization Framework

Our optimization framework focuses on minimizing
average vehicle delay while maximizing intersection
throughput. The mathematical formulation includes constraints
on safety distances, vehicle dynamics, and communication
reliability. We develop optimization algorithms that leverage
6G capabilities for enhanced vehicle coordination,
incorporating local intersection management and network-wide
traffic flow considerations.

7|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

E. Comparative System Analysis

The comparative analysis framework below compares the
scores of traditional traffic management systems (TTMS) and
the proposed 6G-enabled traffic optimization system (6G-ETS)
to systematically determine overall relative performance
concerning critical operational parameters. As for system
response metrics, bright enhancements are expressed: 6G-ETS
reduces average intersection delay from 120 seconds to 18
seconds, and decision latency decreases from 150 ms to sub-ms
levels (0.8 ms in our case). The system's efficiency enables
near real-time traffic responses, reducing update periods from
15 minutes to 1 second. Performance indicators based on
traffic flow show significant improvements in overall system
capacity.

The 6G-ETS maintains the throughputs at 2340-2520
vehicles per hour per lane for all configurations, a 40%
increase compared to the traditional 1800 wvehicles [29].
Network capacity exhibits a still more significant improvement
from around 4900 vehicle-kilometres per square kilometre to
10,000 vehicle-kilometre capacity for efficient transport within
the urban environment [29]. As we move toward the adaptive
system, the average queue length of vehicles at intersections
decreases from 15 to 3. According to our established
measurement scale, the flow stability improves from 0.85 to
0.98. Several reliability and resource utilization factors also
support the proposed 6G-ETS. This new system offers an
uptime of 99.999%, while the prior reliability offered was
95%, with new error rates at 0.002% of the initial
5%. Infrastructure usage increases from 73% to 95%, while
energy efficiency improves from 65% to 90%. These
improvements explain corresponding economic values as the
annual operating cost decreases to $20,000 per intersection
from $50,000.

While the integration cost rises from $250,000 to 400,000
per intersection compared with the traditional system, the
better performance and the lower degree of maintenance yield
a better Rol within 6.7 years. The performance function under
different traffic loads explains that 6G-ETS is more scalable
and stable. Compared to the traditional Conventional Systems,
which keep degrading their performance with the load faster (-
0.23), 6G-ETS sustains a much higher steady state with the
load, as observed from the decay factor (- 0.12). The
improvements mentioned in stability, throughput, and latency
provide the 6G-ETS as a groundbreaking solution in urban
traffic management.

All these broad enhancements, statistically significant at p
< 0.001, prove that the proposed system dramatically enhances
traffic management. Therefore, the development of the
proposed system deserves a shot irrespective of the additional
costs due to its development, given the more pronounced
compelling gains in efficiency, reliability, and economic
returns.

V. RESULTS AND ANALYSIS

A. Quantitative Performance Analysis

Our theoretical framework reveals transformative
improvements in urban traffic management through the 6G-
enabled autonomous system compared to traditional
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approaches. The analysis shows a significant reduction in the
average intersection waiting time, from 120 seconds to 18
seconds, representing a 40-50% improvement in traffic flow
efficiency [28]. This enhanced efficiency translates to
increased peak hour throughput, allowing 2,700 vehicles per
hour per lane compared to 1,800, marking a 50% improvement
in road capacity utilization. Travel time reliability shows
remarkable enhancement, with journey time variability reduced
from 8 to 2 minutes standard deviation, providing commuters
with more predictable travel experiences [13, 14].

The safety implications of the proposed system are
particularly significant. Theoretical modelling suggests a 50-
70% reduction in accident probability through predictive
collision avoidance capabilities, while near-miss incidents
decrease by 89% due to precise vehicle coordination.
Emergency response effectiveness improves significantly,
reducing response times by 40% to 45% through dynamic path
clearing [30]. The system ensures safety while optimizing
vehicle spacing, reducing safe following distances from 1ms to
5ms without compromising safety protocols [15].

Environmental benefits emerge as a crucial advantage of
the proposed system. The analysis projects a 35% reduction in
carbon emissions through optimized traffic flow and a 28%
decrease in fuel consumption due to minimized stop-and-go
patterns [31]. The system's efficiency contributes to a 40%
reduction in noise pollution, while air quality in high-traffic
areas is expected to improve by 30%. These environmental
gains stem from the system's ability to maintain continuous
traffic flow and optimize vehicle movements [21].

From an infrastructure and economic perspective, the
system presents a compelling case despite higher initial costs.
While implementation requires a 40% higher initial investment
than traditional infrastructure, maintenance costs over ten years
decrease by 50% to 60%. Energy consumption for traffic
management shows a remarkable 75% reduction, while road
capacity utilization improves by 45% without physical
expansion [28]. The cost-benefit analysis over ten years
indicates an initial implementation cost of $12M per square
kilometre, offset by annual operational savings of $1.8M per
square kilometer. The system achieves a return on investment
within 6.7 years, generating a total economic benefit of $8.2M
per square kilometer over ten years [19, 20].

Technical performance metrics demonstrate the system's
superior capabilities. Real-time coordination latency reduces
dramatically from 100ms to 1ms, while network reliability
improves to 99.999% uptime. The system's capacity expands to
handle 10,000 vehicles simultaneously per square kilometer,
with data processing capabilities reaching one terabit per
second. Urban mobility metrics show impressive gains, with
average commute times reduced by 42% during peak hours and
transportation network resilience improved by 65% [28].
Public transportation integration efficiency increases by 55%,
while emergency response coordination shows a 78%
improvement.

Based on our mathematical models, these quantitative
improvements assume full system implementation with
complete autonomous vehicle adoption [16]. While actual
results may vary based on implementation specifics and local
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conditions, the theoretical analysis strongly supports the
system’s potential to revolutionize urban traffic management.
The comprehensive benefits across safety, efficiency,
environmental impact, and economic metrics justify the initial
investment and system adoption challenges.

B. Traffic Flow Performance

The theoretical analysis reveals significant improvements
in traffic flow metrics using our proposed 6G-enabled system.
The queueing model analysis demonstrates a reduction in
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average waiting time by utilizing the ultra-low latency
capabilities of 6G communication. Under normal traffic
conditions, the system achieves a theoretical service rate
improvement of 40% compared to traditional signal-based
systems. The mathematical model suggests that intersection
throughput can be maintained at optimal levels during peak
traffic periods, primarily due to the precise coordination
enabled by 6G communication. Fig. 4 shows the 6G System
architecture for integrating 6G communication.

6G Communication Layer

Ultra-Low Latency | High Bandwidth | Massive Connectivity

Processing Layer

Real-time Analysis | Decision Making | Optimization

Vehicle Control Layer

V2V | V21 | Autonomous Control

Fig. 4. 6G system architecture for the integration of 6G communication.

C. Safety and Collision Avoidance

Our theoretical framework demonstrates enhanced safety
parameters through real-time vehicle coordination. The
analysis shows that the minimum safe distance between
vehicles can be reduced while maintaining safety standards due
to the sub-millisecond reaction times enabled by 6G
communication. The collision probability analysis indicates a
theoretical reduction in potential conflict points at
intersections, achieved through precise timing and coordination
of vehicle movements.

D. Energy Efficiency and Environmental Impact

The optimization results indicate significant improvements
in energy efficiency. By eliminating unnecessary stops and
maintaining optimal vehicle speeds, the system theoretically
reduces fuel consumption by 25% compared to traditional
traffic systems. The continuous flow of traffic, enabled by
signal-free intersection management, contributes to reduced
emissions and improved air quality in urban environments.

E. Scalability Analysis

Theoretical scaling analysis shows that the system
maintains efficiency despite increasing traffic density. The 6G

network's  massive  connectivity  capabilities  support
simultaneous communication with thousands of vehicles while
maintaining required latency and reliability. The queuing
model demonstrates stable performance up to 40-50% of
maximum theoretical capacity [28].

VI. IMPLICATIONS OF SIGNAL ELIMINATION

A. Infrastructure Impact

The elimination of traditional traffic signals presents
significant implications for urban infrastructure. Our analysis
indicates potential cost savings in infrastructure maintenance
and power consumption. Transitioning to a signal-free system
requires an initial investment in 6G communication
infrastructure but provides long-term operational benefits and
reduced maintenance costs.

B. Urban Planning Considerations

The implementation of signal-free intersections affects
urban planning strategies. Our theoretical framework suggests
more flexible road design possibilities as intersection
management becomes more dynamic and adaptable. The
system allows for better space utilization and more efficient
land use in urban areas [17].
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C. Implementation Challenges

The transition to signal-free operations presents several
challenges. The analysis identifies critical factors, including the
need for comprehensive 6G coverage, gradual integration with
existing infrastructure, and consideration of mixed traffic
scenarios during the transition period. The theoretical
framework offers insights into managing these challenges
through phased implementation approaches.

VII. DISCUSSION

A. Theoretical Implications

The results demonstrate the potential of 6G-enabled
autonomous vehicle networks to revolutionize urban traffic
management. The theoretical framework provides a foundation
for understanding the complex interactions between
communication technology, vehicle automation, and traffic
flow dynamics. The analysis indicates that signal-free traffic
management is feasible and potentially more efficient than
traditional systems [18].

B. Practical Considerations

While the theoretical results are promising, practical
implementation requires careful consideration of various
factors. Transitioning from current traffic systems to the
proposed framework requires detailed planning and gradual
implementation. Our analysis recognizes the challenges of
mixed traffic scenarios and proposes approaches for managing
the transition period.

C. Future Research Directions

The theoretical framework opens several avenues for future
research. Key areas include refined models for handling edge
cases, integration with emerging technologies, and
the development of more sophisticated optimization algorithms
[18]. The analysis further suggests the need for practical
validation studies and real-world pilot implementations.

Our theoretical results indicate huge potential
improvements but we also have to address several key
challenges for practical implementation:

1) Technical challenges: Enabling 6G traffic management
faces problems in terms of delivering continuous ultra-low
latency communication coverage due to electromagnetic
interference as well as in urban canyons. In addition, the
system should be reliable in adverse weather conditions that
can affect the propagation of terahertz waves.

2) Implementation challenges: This coexistence period
between autonomous and human-driven vehicles poses a hard
problem due to the need for robust fallback mechanisms and
adaptive control strategies. The high initial infrastructure cost
(about $400,000 per intersection) may also retard adoption in
budget-constrained municipalities.

3) Security considerations: It comes with its increased
connectivity and increased automation, which come with new
cybersecurity vulnerabilities that need to be careful with. This
poses a major challenge to reassure systems against possible
communication disruption and cyber-attacks.

Vol. 16, No. 2, 2025

Despite these challenges, the theoretical results suggest that
signal-free traffic management systems present a viable and
possibly better alternative than traditional traffic control
methods. In the future, these specific challenges should be
addressed by practical implementation strategies and real-
world validation of the theoretical findings.

VIIl. CONCLUSION

This research presents a comprehensive theoretical
framework for signal-free traffic management using 6G-
enabled autonomous vehicle networks. The analysis shows
significant potential improvements in traffic flow efficiency,
safety, and environmental impact. The mathematical models
and optimization frameworks provide a foundation for future
implementation of such systems in urban environments. While
challenges exist, the theoretical results suggest that signal-free
traffic management systems represent a viable and potentially
superior alternative to traditional traffic control methods.
Future work should prioritize practical implementation
strategies and real-world validation of the theoretical findings.
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