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Abstract: 

Public Key Infrastructure (PKI) serves as a foundational element in the realm of securing 

Vehicle-to-Everything (V2X) communication networks. Its primary objective is to uphold the 

authenticity, confidentiality, and integrity of data exchanged within these networks. Despite 

its pivotal role, deploying and effectively managing PKI within V2X environments presents a 

host of formidable challenges. This article delves into the complexities surrounding PKI 

deployment specifically tailored to V2X networks, shedding light on the hurdles encountered 

and presenting innovative solutions to circumvent these obstacles. 

One of the foremost challenges plaguing the implementation of PKI in V2X networks revolves 

around scalability. As the network expands to accommodate a burgeoning number of 

connected vehicles and infrastructure components, traditional PKI architectures often 

struggle to scale in tandem. This scalability conundrum necessitates a reevaluation of existing 

architectural paradigms to ensure that PKI infrastructures can seamlessly adapt to the ever-

evolving demands of V2X environments. 

Moreover, certificate management emerges as a significant stumbling block in the effective 

administration of PKI within V2X networks. The intricate web of certificates required to 

authenticate various entities, including vehicles, roadside units (RSUs), and traffic 

management systems, poses a formidable logistical challenge. The issuance, revocation, and 

renewal of certificates must be orchestrated with precision to maintain the integrity of the PKI 

ecosystem while simultaneously mitigating the risk of security breaches. 
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Furthermore, establishing trusted authorities within the V2X ecosystem presents yet another 

layer of complexity. The delineation of trust hierarchies and the designation of entities tasked 

with certificate issuance and validation necessitate meticulous planning and coordination. 

Without a cohesive framework governing the roles and responsibilities of these trusted 

authorities, the integrity of the entire PKI infrastructure may be compromised, leaving V2X 

networks vulnerable to exploitation. 

In light of these challenges, this research article proposes a multifaceted approach aimed at 

alleviating the inherent complexities associated with PKI deployment in V2X networks. By 

exploring innovative solutions tailored to address scalability issues, certificate management 

complexities, and the establishment of trusted authorities, this article seeks to pave the way 

for the seamless integration of PKI within the burgeoning domain of V2X communication 

networks. Through collaborative efforts and a steadfast commitment to innovation, the V2X 

community can surmount these challenges and usher in a new era of secure and resilient V2X 

communication. 

 

Introduction: 

The advent of Vehicle-to-Everything (V2X) communication networks heralds a transformative 

era in the domain of transportation systems. These networks facilitate seamless interaction 

among an array of entities, including vehicles, infrastructure components, pedestrians, and 

other stakeholders, thereby revolutionizing the safety, efficiency, and sustainability of 

modern transportation systems. At the heart of this paradigm shift lies the Public Key 

Infrastructure (PKI), which serves as the cornerstone for establishing secure communication 

channels within V2X environments. 

KI plays a pivotal role in fortifying the security posture of V2X communication networks by 

enabling robust authentication, encryption, and data integrity verification mechanisms. By 

leveraging cryptographic techniques, PKI empowers V2X entities to securely exchange 

sensitive information, ranging from safety-critical messages to infrastructure-related data, 

with utmost confidentiality and integrity. However, the deployment and effective 

management of PKI within V2X networks present a myriad of unique challenges that 

necessitate careful consideration and innovative solutions. 
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The intricate nature of V2X ecosystems, characterized by the dynamic interplay between 

diverse entities and the exigencies of real-time communication, amplifies the complexity of 

PKI deployment. Unlike traditional network environments, V2X networks operate in highly 

dynamic and resource-constrained settings, where scalability, reliability, and interoperability 

assume paramount importance. Moreover, the stringent security requirements inherent to 

V2X communication demand robust mechanisms for certificate management, key 

distribution, and trust establishment. 

Navigating these challenges requires a concerted effort to devise tailored solutions that can 

effectively address the intricacies of PKI deployment within V2X networks. By elucidating the 

unique challenges posed by V2X environments and advocating for innovative approaches to 

PKI deployment and management, this research endeavors to contribute to the ongoing 

discourse surrounding the secure and resilient integration of PKI within the burgeoning 

domain of V2X communication networks. Through collaborative endeavors and a steadfast 

commitment to innovation, the V2X community can surmount these challenges and unlock 

the full potential of secure and efficient V2X communication. 

 

Challenges of PKI Deployment in V2X Networks: 

Scalability: 

As the proliferation of connected vehicles and infrastructure elements continues unabated, 

the scalability of the Public Key Infrastructure (PKI) emerges as a pressing concern within 

Vehicle-to-Everything (V2X) networks. The exponential growth in network participants, 

fueled by advancements in automotive technology and the Internet of Things (IoT), 

necessitates a robust architecture capable of accommodating escalating demands without 

compromising performance or security. 

Traditional PKI architectures, designed primarily for conventional network environments, 

often struggle to cope with the sheer magnitude of connections and transactions characteristic 

of V2X ecosystems. The dynamic nature of V2X networks, marked by frequent mobility, ad-

hoc interactions, and diverse communication scenarios, exacerbates the scalability challenge. 

Without adequate scalability measures in place, PKI infrastructures risk becoming 
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overwhelmed by the influx of new participants, leading to potential bottlenecks, degradation 

in system responsiveness, and heightened susceptibility to security threats. 

Addressing the scalability challenge demands a paradigm shift in the design and 

implementation of PKI architectures tailored specifically for V2X environments. One 

promising approach involves the adoption of distributed PKI frameworks, which decentralize 

certificate management tasks across multiple nodes within the network. By distributing the 

computational and storage burdens associated with certificate issuance, validation, and 

revocation, distributed PKI architectures alleviate the strain on individual components and 

enhance the overall scalability of the infrastructure. 

In a distributed PKI framework, each node within the V2X network assumes responsibility 

for a subset of certificate management tasks, thereby enabling parallel processing and load 

balancing. This decentralized approach not only improves system scalability but also 

enhances fault tolerance and resilience against single points of failure. In the event of node 

failures or network partitions, distributed PKI architectures can dynamically adapt to changes 

in network topology, ensuring uninterrupted operation and preserving the integrity of 

communication channels. 

Furthermore, distributed PKI frameworks facilitate seamless integration with existing V2X 

infrastructure components, including onboard units (OBUs), roadside units (RSUs), and 

traffic management systems. By leveraging standardized protocols and interoperable 

interfaces, distributed PKI architectures promote compatibility and interoperability across 

heterogeneous V2X networks, fostering ecosystem-wide collaboration and innovation. 

In conclusion, addressing the scalability challenge in V2X networks requires the adoption of 

innovative architectural paradigms, such as distributed PKI frameworks, that can 

accommodate the exponential growth in network participants while maintaining optimal 

performance and security. By decentralizing certificate management tasks and distributing 

computational resources across multiple nodes, distributed PKI architectures offer a scalable 

and resilient solution to the scalability challenge, laying the foundation for the seamless 

integration of secure and efficient PKI infrastructures within V2X communication networks. 
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Certificate Management: 

The effective management of certificates within the complex and dynamic environment of 

Vehicle-to-Everything (V2X) ecosystems poses a formidable logistical challenge. These 

ecosystems encompass a myriad of entities, including vehicles, roadside units (RSUs), traffic 

management systems, and various other stakeholders, each requiring certificates to 

authenticate their identity and ensure the integrity and security of communication channels. 

The management of certificates involves the issuance, revocation, and periodic renewal of 

certificates, necessitating robust mechanisms to uphold the integrity and security of V2X 

communication networks. 

The dynamic nature of V2X environments, characterized by frequent mobility and ad-hoc 

interactions, further complicates certificate management efforts. Vehicles and infrastructure 

components may enter and exit the network at any given time, necessitating real-time updates 

to certificate status and validity. Moreover, the diverse range of communication scenarios 

within V2X networks, including vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), and 

vehicle-to-cloud (V2C) communications, introduces additional complexities to certificate 

management. 

Efficient and secure mechanisms for certificate provisioning, revocation, and renewal are 

paramount to prevent unauthorized access, mitigate security vulnerabilities, and ensure the 

smooth operation of V2X communication networks. Automated certificate lifecycle 

management tools play a pivotal role in streamlining these processes, automating routine 

tasks such as certificate issuance and renewal while minimizing the risk of human error. These 

tools leverage advanced algorithms and workflows to orchestrate the lifecycle of certificates, 

from initial provisioning to eventual revocation or expiration, thereby enhancing operational 

efficiency and reducing administrative overhead. 

In addition to automated certificate lifecycle management, robust revocation mechanisms are 

essential to maintaining the security posture of V2X networks. Online Certificate Status 

Protocol (OCSP) responders and Certificate Revocation Lists (CRLs) represent two widely 

adopted approaches for certificate revocation, providing real-time and batch-based methods, 

respectively, for verifying the validity of certificates. OCSP responders enable V2X entities to 

query the status of individual certificates in real-time, allowing for immediate detection and 
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response to potential security threats. On the other hand, CRLs offer a periodic snapshot of 

revoked certificates, enabling V2X entities to cross-reference certificate status against a 

predefined list of revoked certificates. 

By leveraging automated certificate lifecycle management tools and robust revocation 

mechanisms, V2X stakeholders can streamline certificate management processes and bolster 

the security posture of V2X communication networks. These solutions enable organizations 

to effectively manage the lifecycle of certificates, from issuance to revocation, while mitigating 

security risks and ensuring compliance with industry standards and regulations. As V2X 

ecosystems continue to evolve, the adoption of efficient certificate management practices will 

remain essential to the seamless operation and security of V2X communication networks. 

 

Role of Trusted Authorities: 

Establishing trust within the diverse array of entities operating within Vehicle-to-Everything 

(V2X) ecosystems is foundational to ensuring the integrity and reliability of communication 

channels. Trusted authorities assume a central role in this endeavor, shouldering the 

responsibility for certificate issuance, validation, and management while safeguarding against 

malicious attacks and ensuring interoperability across disparate V2X networks. However, 

navigating the complexities of trust hierarchies and delineating the roles and responsibilities 

of trusted authorities present formidable challenges within the multifaceted and 

heterogeneous landscape of V2X environments. 

Trusted authorities serve as custodians of trust within V2X ecosystems, facilitating the secure 

exchange of information by issuing and validating digital certificates. These certificates serve 

as cryptographic credentials that attest to the authenticity and integrity of communicating 

entities, thereby establishing a foundation of trust upon which V2X communication relies. 

Trusted authorities are tasked with verifying the identity of V2X entities, ensuring the validity 

of their certificates, and managing the lifecycle of certificates to uphold the security posture 

of the ecosystem. 

However, defining the roles and responsibilities of trusted authorities and delineating trust 

hierarchies within V2X environments present complex governance challenges. The diverse 
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range of stakeholders, including automotive manufacturers, regulatory bodies, and 

cybersecurity experts, further complicates the governance landscape, necessitating a 

collaborative approach to governance. Consortium-based governance models offer a 

promising solution by bringing together stakeholders from various domains to collectively 

govern and oversee the operation of trusted authorities within V2X ecosystems. 

Consortium-based governance models foster consensus-building, promote transparency, and 

align governance practices with industry standards and best practices. By leveraging the 

collective expertise and resources of diverse stakeholders, consortiums can establish robust 

governance frameworks that balance the interests of all parties involved while ensuring the 

integrity and security of V2X communication networks. 

Additionally, the adoption of interoperable trust anchor frameworks plays a crucial role in 

enhancing the resilience of V2X communication networks against adversarial threats. 

Interoperable trust anchor frameworks enable seamless integration of multiple trusted 

authorities, facilitating cross-domain trust and interoperability across disparate V2X 

networks. By standardizing trust anchor frameworks and protocols, interoperability is 

enhanced, thereby promoting the seamless exchange of information and ensuring the 

continued reliability and security of V2X communication. 

In conclusion, the role of trusted authorities within V2X ecosystems is pivotal to ensuring the 

integrity, reliability, and security of communication channels. By fostering collaboration, 

defining clear governance structures, and adopting interoperable trust anchor frameworks, 

stakeholders can mitigate the challenges associated with establishing trust within V2X 

environments, thereby enabling the widespread adoption and success of V2X communication 

networks. 

 

Solutions and Strategies: 

Scalability: 

In the intricate landscape of Vehicle-to-Everything (V2X) networks, scalability emerges as a 

paramount concern, given the exponential growth in connected vehicles and infrastructure 

elements. Addressing this challenge necessitates the adoption of innovative strategies, with 
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the implementation of a distributed Public Key Infrastructure (PKI) architecture standing at 

the forefront. This architectural paradigm shift entails the distribution of certificate 

management tasks across multiple nodes within the network, thereby mitigating the inherent 

risks associated with bottlenecks and single points of failure. By decentralizing certificate 

management operations, distributed PKI architectures not only bolster the scalability of the 

infrastructure but also enhance its resilience in the face of dynamic network conditions and 

evolving security threats. 

The fundamental premise underlying distributed PKI architectures lies in their ability to 

facilitate parallel processing of certificate-related operations. Rather than relying on a 

centralized authority to oversee all certificate management tasks, distributed PKI 

architectures leverage a network of interconnected nodes, each equipped with the capability 

to independently handle certificate issuance, validation, and revocation. This distributed 

approach not only alleviates the burden on individual components but also enhances the 

overall responsiveness and robustness of the PKI infrastructure, thereby enabling it to 

accommodate the escalating demands imposed by the proliferation of connected vehicles and 

infrastructure elements within V2X ecosystems. 

By distributing certificate management tasks across multiple nodes, distributed PKI 

architectures effectively mitigate the risk of bottlenecks and resource contention, thereby 

improving the scalability and reliability of the infrastructure. Moreover, the decentralized 

nature of distributed PKI architectures enhances fault tolerance and resilience, as the failure 

of a single node does not necessarily disrupt the integrity or availability of the entire PKI 

infrastructure. This inherent redundancy ensures continuous operation and seamless service 

delivery, even in the face of adverse conditions or targeted attacks, thus safeguarding the 

integrity and trustworthiness of communication channels within V2X ecosystems. 

 

Certificate Revocation Mechanisms: 

Efficient certificate revocation mechanisms constitute indispensable components of V2X 

networks' security infrastructure, serving as the first line of defense against unauthorized 
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access and security breaches. In this regard, two prominent approaches to certificate 

revocation—Online Certificate Status Protocol (OCSP) responders and Certificate Revocation 

Lists (CRLs)—play a pivotal role in maintaining the security posture of V2X networks. 

OCSP responders offer real-time verification of the status of individual certificates, enabling 

V2X entities to promptly identify and revoke compromised certificates. By querying an OCSP 

responder, V2X entities can ascertain whether a specific certificate has been revoked or 

remains valid, thereby preventing unauthorized access and mitigating the risk of security 

breaches. OCSP responders are known for their rapid response times and minimal overhead, 

making them well-suited for scenarios where real-time certificate validation is paramount. 

On the other hand, Certificate Revocation Lists (CRLs) provide a batch-based approach to 

certificate revocation, offering periodic snapshots of revoked certificates that can be 

distributed to V2X entities. While CRLs offer scalability advantages and reduce the burden on 

PKI infrastructure, they may introduce latency in detecting and revoking compromised 

certificates. However, by periodically updating and disseminating CRLs, V2X entities can 

effectively mitigate security risks and maintain the integrity of communication channels, 

albeit with some delay. 

In summary, efficient certificate revocation mechanisms such as OCSP responders and 

Certificate Revocation Lists (CRLs) are critical components of V2X networks' security 

infrastructure, enabling timely and effective invalidation of compromised certificates. By 

leveraging these mechanisms in conjunction with distributed PKI architectures, V2X 

stakeholders can enhance the scalability, resilience, and security of PKI infrastructures, 

thereby safeguarding the integrity and trustworthiness of communication channels within 

V2X ecosystems. 

 

Certificate Management: 

Automated Certificate Lifecycle Management: 

Within the intricate realm of Vehicle-to-Everything (V2X) networks, the management of 

certificates stands as a critical component of ensuring the integrity and security of 

communication channels. In this context, the adoption of automated certificate lifecycle 
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management tools and processes emerges as a pivotal strategy for streamlining certificate 

provisioning, renewal, and revocation operations within V2X networks. By automating these 

routine tasks, organizations can minimize human errors, optimize resource allocation, and 

enhance the overall efficiency and reliability of certificate management operations. 

Automation plays a transformative role in expediting certificate lifecycle management 

processes, ensuring the timely issuance and renewal of certificates while facilitating the 

revocation of compromised or expired certificates. Automated certificate lifecycle 

management tools leverage advanced algorithms and workflows to orchestrate the 

provisioning, renewal, and revocation of certificates, thereby reducing the administrative 

overhead associated with manual intervention. By automating routine certificate 

management tasks, organizations can allocate resources more effectively, minimize the risk of 

human error, and maintain the integrity and security of V2X communication channels. 

Furthermore, automation enhances the scalability and responsiveness of certificate 

management operations, enabling organizations to adapt to dynamic changes in V2X 

ecosystems and accommodate the growing demands imposed by the proliferation of 

connected vehicles and infrastructure elements. By automating certificate lifecycle 

management processes, organizations can ensure the continuous availability of certificates, 

thereby minimizing service disruptions and enhancing the overall resilience of V2X 

communication networks. 

 

Certificate Transparency: 

In addition to automated certificate lifecycle management, the implementation of certificate 

transparency mechanisms represents a key strategy for enhancing visibility and 

accountability within V2X ecosystems. Certificate transparency frameworks provide 

stakeholders with a transparent and verifiable record of certificate issuance and revocation 

events, fostering accountability and trust among participants. 

Certificate transparency mechanisms maintain a public log of certificate-related activities, 

enabling stakeholders to audit and verify the integrity of certificate issuance processes. By 

providing a transparent and immutable record of certificate-related activities, certificate 
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transparency mechanisms promote trust within the V2X ecosystem, thereby strengthening the 

overall security infrastructure of V2X communication networks. 

Moreover, certificate transparency mechanisms enable stakeholders to detect and respond to 

anomalous or unauthorized certificate issuance events, thereby mitigating the risk of security 

breaches and unauthorized access within V2X ecosystems. By enhancing transparency and 

accountability, certificate transparency mechanisms empower stakeholders to maintain the 

integrity and security of communication channels, thereby safeguarding the trustworthiness 

of V2X networks. 

In conclusion, the adoption of automated certificate lifecycle management tools and certificate 

transparency mechanisms represents essential strategies for enhancing the integrity, security, 

and trustworthiness of V2X communication networks. By automating routine certificate 

management tasks and providing transparent and verifiable records of certificate-related 

activities, organizations can optimize resource allocation, minimize the risk of human error, 

and strengthen the overall security posture of V2X ecosystems. 

 

Role of Trusted Authorities: 

In the intricate ecosystem of Vehicle-to-Everything (V2X) networks, establishing trust among 

diverse entities is paramount for ensuring the integrity and reliability of communication 

channels. Trusted authorities play a pivotal role in this regard, assuming responsibility for 

certificate issuance, validation, and management while safeguarding against malicious 

attacks and ensuring interoperability across disparate V2X networks. Two key strategies for 

enhancing the role of trusted authorities within V2X ecosystems are consortium-based 

governance models and interoperable trust anchor frameworks. 

 

Consortium-based Governance Models: 

Consortium-based governance models offer a collaborative approach to governing PKI within 

V2X networks by establishing consortiums comprising stakeholders from automotive 

manufacturers, regulatory bodies, and cybersecurity experts. These consortiums promote 
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inclusivity, transparency, and alignment with industry standards, ensuring that governance 

practices reflect the diverse interests and expertise within the V2X ecosystem. By fostering 

collaboration and consensus-building, consortium-based governance models enhance the 

resilience and effectiveness of PKI governance structures within V2X networks. Through 

collective decision-making and shared responsibilities, consortiums facilitate the 

development and enforcement of policies, procedures, and standards that govern the 

issuance, validation, and management of certificates within V2X ecosystems. This 

collaborative governance approach ensures that PKI operations remain transparent, 

accountable, and responsive to the evolving needs and challenges of V2X networks. 

 

Interoperable Trust Anchor Frameworks: 

Interoperable trust anchor frameworks play a crucial role in promoting cross-domain trust 

and interoperability across V2X ecosystems by enabling the seamless integration of multiple 

trusted authorities. These frameworks standardize trust establishment protocols and facilitate 

interoperability between disparate PKI infrastructures, thereby enhancing the resilience and 

scalability of V2X communication networks. By establishing common trust anchors and 

protocols, interoperable trust anchor frameworks enable V2X entities to securely exchange 

information and authenticate identities across different domains and jurisdictions. This 

interoperability fosters trust and confidence among stakeholders, enabling seamless 

collaboration and communication within the interconnected V2X ecosystem. Moreover, 

interoperable trust anchor frameworks facilitate the integration of new technologies and 

services into V2X networks, enabling continuous innovation and adaptation to evolving 

security requirements and regulatory frameworks. 

In conclusion, consortium-based governance models and interoperable trust anchor 

frameworks play complementary roles in enhancing the role of trusted authorities within V2X 

ecosystems. By fostering collaboration, transparency, and interoperability, these strategies 

ensure the integrity, reliability, and security of communication channels within V2X 

networks, thereby laying the foundation for the widespread adoption and success of V2X 

technologies. 
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Conclusion: 

The deployment and management of Public Key Infrastructure (PKI) within Vehicle-to-

Everything (V2X) networks present multifaceted challenges that demand comprehensive 

strategies and collaborative efforts from stakeholders across industry, academia, and 

government sectors. Throughout this research, we have delved into the complexities 

surrounding scalability, certificate management, and the role of trusted authorities within 

V2X ecosystems. By addressing these challenges head-on, the V2X community can unlock the 

full potential of secure and resilient communication networks. 

Scalability stands as a critical concern in the ever-expanding landscape of V2X networks, 

where the proliferation of connected vehicles and infrastructure elements necessitates scalable 

PKI architectures capable of accommodating growing demands without compromising 

performance or security. Through the adoption of distributed PKI architectures and 

innovative scalability measures, such as parallel processing and load balancing, V2X 

stakeholders can enhance the scalability and responsiveness of PKI infrastructures, ensuring 

seamless operation amidst the dynamic nature of V2X environments. 

Certificate management complexities further underscore the importance of efficient and 

secure mechanisms for certificate provisioning, renewal, and revocation within V2X 

networks. By embracing automated certificate lifecycle management tools and implementing 

certificate transparency mechanisms, organizations can streamline certificate management 

processes, minimize human errors, and enhance the overall security posture of V2X 

communication networks. These measures not only ensure the timely issuance and renewal 

of certificates but also facilitate the detection and revocation of compromised or expired 

certificates, thereby safeguarding the integrity and trustworthiness of communication 

channels. 

Moreover, the role of trusted authorities emerges as a cornerstone in establishing trust and 

ensuring interoperability within V2X ecosystems. Through consortium-based governance 

models and interoperable trust anchor frameworks, stakeholders can foster collaboration, 

transparency, and alignment with industry standards, thereby enhancing the resilience and 

effectiveness of PKI governance structures within V2X networks. By defining clear roles and 

responsibilities for trusted authorities and promoting cross-domain trust and interoperability, 
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the V2X community can lay the foundation for secure and efficient communication within 

interconnected V2X ecosystems. 

In conclusion, deploying and managing PKI in V2X networks requires concerted efforts and 

collaborative initiatives from stakeholders across various sectors. By addressing scalability 

challenges, streamlining certificate management processes, and enhancing the role of trusted 

authorities, the V2X community can overcome these obstacles and harness the full potential 

of secure and resilient V2X communication networks. Through ongoing collaboration and 

innovation, we can pave the way for safer, smarter, and more sustainable transportation 

systems for generations to come. 
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