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ABSTRACT: Autonomous driving systems demand robust, secure, and adaptive communication infrastructures to
ensure safety, interoperability, and efficiency in connected vehicular environments. Network Function Virtualization
(NFV) has emerged as a promising paradigm for flexible service orchestration in vehicular networks. However, NFV
introduces challenges related to privacy, security, interoperability, and real-time adaptability. This paper proposes a
Bio-Inspired Al Framework that integrates Artificial Immune Systems (AIS), Genetic Algorithms (GA), and Swarm
Intelligence with advanced privacy-preserving techniques such as Differential Privacy (DP) and Homomorphic
Encryption (HE). The framework leverages Deep Neural Networks (DNNSs), Federated Learning (FL), and
Reinforcement Learning (RL) for intelligent orchestration and anomaly detection, while blockchain technology ensures
decentralized trust management. The evaluation using NS-3, SUMO, and Mininet demonstrates significant
improvements in latency reduction, anomaly detection accuracy, privacy leakage minimization, and network
adaptability compared to baseline NFV approaches. The proposed framework highlights the role of bio-inspired Al in
enabling privacy-aware, secure, and resilient NFV for next-generation autonomous driving systems.
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1. INTRODUCTION

Autonomous driving is transforming intelligent transportation systems (ITS) by enabling self-driving vehicles (SDVs)
capable of real-time decision-making, adaptive communication, and cooperative traffic management. To support these
requirements, vehicular networks must handle heterogeneous communication protocols, dynamic mobility, and
stringent safety requirements.

Traditional hardware-based network infrastructures are inflexible in handling the evolving demands of connected and
autonomous vehicles (CAVs). Network Function Virtualization (NFV) decouples network services from hardware and
deploys them as Virtualized Network Functions (VNFs) on distributed nodes, enabling scalability, cost reduction, and
adaptability. However, NFV introduces vulnerabilities such as data leakage, latency overheads, and susceptibility to
cyberattacks.

To address these challenges, this paper introduces a Bio-Inspired Al Framework that integrates biological principles
of adaptability, resilience, and self-healing into NFV orchestration for autonomous driving. By combining Al
techniques (DNNs, RL, FL) with bio-inspired mechanisms (AIS, GA, swarm intelligence) and privacy-preserving
methods (DP, HE, blockchain), the proposed framework ensures secure, interoperable, and privacy-aware
vehicular communication.
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Il. RELATED WORK
Several studies have explored NFV, Al, and bio-inspired methods in vehicular systems:

e NFV in Vehicular Networks: Researchers (Zhang et al., 2021) have demonstrated the role of NFV in
reducing deployment costs and enhancing service scalability, but noted vulnerabilities in privacy and trust
management.

e Al for Orchestration: Al-driven NFV orchestration using reinforcement learning (Li et al., 2022) has shown
improvements in resource allocation, yet lacks integration with privacy-preserving mechanisms.

e Bio-Inspired Algorithms: Genetic Algorithms (GA) and Swarm Intelligence (SI) have been widely applied in
routing and traffic optimization (Singh et al., 2020), though their adoption for NFV security is still
underexplored.

e Privacy in Vehicular Networks: Federated Learning with Differential Privacy (Zhou et al., 2022) has been
proposed for collaborative intrusion detection. However, privacy leakage risks remain when model gradients
are shared without encryption.

e Blockchain for Trust: Blockchain solutions (Kang et al., 2020) provide decentralized identity management,
but scalability and latency challenges hinder large-scale vehicular deployment.

This study builds on these advancements by integrating biological models with Al-driven privacy-aware NFV
orchestration, filling the gap between adaptability, security, and privacy in autonomous driving systems.

111. PROPOSED BIO-INSPIRED Al FRAMEWORK
3. Framework for Privacy-Aware and Interoperable NFV in Self-Driving Vehicles

The proposed framework consists of five core layers, each addressing critical requirements for secure, efficient, and
privacy-preserving orchestration of virtualized network functions (VNFs) in autonomous vehicular networks.

3.1 Al-Oriented NFV Orchestration

Artificial Intelligence (Al) techniques play a pivotal role in managing the dynamic and heterogeneous vehicular
environment. Traditional NFV orchestrators rely on static rules and policies, which fail to cope with high mobility,
diverse communication protocols, and varying latency requirements in self-driving vehicles. Al-driven orchestration
ensures adaptability, scalability, and resilience in real time.

e Deep Neural Networks (DNNs):

DNNs are employed to analyze complex vehicular traffic patterns and map heterogeneous communication
protocols (e.g., DSRC, C-V2X, LTE-V, and emerging 6G standards). By learning normal traffic behavior,
DNNs can also detect anomalies such as sudden traffic surges, misconfigured VNFs, or malicious packet
injections. For instance, a DNN can differentiate between latency-sensitive safety messages (e.g., collision
alerts) and infotainment traffic, allocating resources accordingly.

e Federated Learning (FL):

In vehicular networks, sharing raw driving and communication data is impractical due to privacy concerns and
bandwidth constraints. FL enables distributed model training across vehicles and roadside units without
exposing raw data. Each participant trains a local intrusion detection model, and only the encrypted weight
updates are aggregated at the orchestrator. This approach improves intrusion detection accuracy while
preserving the confidentiality of individual vehicular data.
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e Reinforcement Learning (RL):

RL agents dynamically orchestrate VNFs such as firewalls, intrusion detection systems, and load balancers to
optimize latency, throughput, and energy efficiency. By continuously observing network states (e.g.,
congestion levels, link quality, and VNF load), the RL agent learns an optimal policy for resource allocation.
For example, RL can decide to instantiate additional IDS instances at the edge during peak traffic hours or
migrate VNFs closer to vehicles with high-priority safety communications.

3.2 Bio-Inspired Enhancements

Bio-inspired computing models enhance adaptability, robustness, and self-organization within NFV orchestration.
Vehicular networks exhibit highly dynamic and uncertain conditions similar to biological ecosystems, making these
techniques particularly effective.

e Artificial Immune Systems (AIS):

Inspired by the human immune system, AIS provides adaptive anomaly detection by distinguishing between
“self” (normal vehicular traffic) and “non-self” (abnormal or malicious traffic). For example, AIS can detect
Sybil attacks by identifying unusual patterns in vehicle identity claims. The system continuously evolves its
defense models by learning from new attack vectors and updating detection mechanisms without centralized
intervention.

e Genetic Algorithms (GA):

GA optimizes NFV placement and scaling using evolutionary strategies such as mutation, crossover, and
selection. For instance, the placement of IDS and firewalls across roadside units (RSUs) can be formulated as
an optimization problem where GA searches for the most efficient deployment to minimize latency and
maximize resource utilization. Over time, GA adapts orchestration policies to changing network loads and
topologies.

e Swarm Intelligence (SI):

Inspired by collective behaviors of ants, bees, and bird flocks, Sl techniques enable decentralized traffic load
balancing and routing decisions. Ant Colony Optimization (ACO), for instance, can be applied to select
optimal data forwarding paths in vehicular ad hoc networks (VANETS). By mimicking pheromone-based
communication, Sl-based algorithms ensure resilience, scalability, and fault tolerance in NFV orchestration.

3.3 Privacy-Preserving Mechanisms

Privacy is a critical concern in autonomous vehicular networks where sensitive data (e.g., location, driving habits, and
communication logs) are constantly exchanged. The framework integrates privacy-preserving technologies to protect
vehicular users while enabling secure NFV orchestration.

o Differential Privacy (DP):

DP introduces mathematically calibrated noise into federated learning model updates, ensuring that the
contribution of individual vehicles remains indistinguishable. This prevents adversaries from inferring
sensitive driving behaviors or vehicle identities from aggregated model parameters. For example, even if an
attacker gains access to FL updates, they cannot determine whether a specific vehicle contributed data about
traffic congestion.
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e Homomorphic Encryption (HE):

HE enables computation on encrypted vehicular data without requiring decryption, ensuring privacy in
untrusted edge/cloud environments. For example, an encrypted dataset of vehicle trajectories can be processed
by an edge server to predict traffic congestion without exposing actual location data. This significantly reduces
the risk of privacy breaches in multi-operator environments where third-party infrastructure may be involved.

3.4 Security Mechanisms

Security is paramount in self-driving vehicular systems due to the potential impact of cyberattacks on safety and
reliability. The framework integrates blockchain and Al-based IDS to establish a secure and trustworthy orchestration
environment.

e Blockchain-Enabled Trust:

Blockchain provides a decentralized trust layer for vehicular networks by offering immutable audit logs,
certificate management, and tamper-proof authentication. Vehicles and RSUs register digital identities on the
blockchain, enabling secure message exchanges without relying on a single trusted authority. Smart contracts
can automate certificate revocation, ensuring compromised nodes are immediately isolated from the network.

e Al-Driven Intrusion Detection Systems (IDS):

Traditional signature-based IDS are ineffective against novel vehicular attacks. Al-driven IDS leverage
machine learning to detect complex cyberattacks such as Sybil attacks (where a single entity presents multiple
fake identities), jamming (disrupting wireless communication), and message spoofing (sending falsified safety
messages). These IDS systems can be deployed as VNFs and scaled dynamically based on real-time threat
intelligence.

3.5 Interoperability Layer

Autonomous vehicles often operate in heterogeneous communication environments, requiring seamless interoperability
across different standards, manufacturers, and network providers. This layer ensures transparent integration of VNFs
and cross-domain orchestration.

e Protocol Translation Engines:

These engines act as middleware that translate between different vehicular communication protocols such as
DSRC, LTE-V2X, and emerging 6G-based vehicular links. This allows vehicles equipped with different
communication modules to exchange safety-critical messages without compatibility issues. For example, a
DSRC-enabled emergency vehicle can still communicate with LTE-V2X-based passenger cars during a
highway incident.

e Cross-Domain Orchestration:

Vehicular VNFs often span across different stakeholders, including vehicle manufacturers, telecom operators,
and cloud providers. Cross-domain orchestration ensures that VNFs deployed by different entities can
interoperate seamlessly while maintaining compliance with Service Level Agreements (SLAS). This enables
use cases such as cooperative adaptive cruise control (C-ACC) across multi-vendor vehicular fleets, ensuring
safety and efficiency regardless of manufacturer differences.
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IV. EVALUATION SETUP
4.1 Simulation Tools

NS-3: For modeling vehicular network protocols and packet-level interactions.
SUMO: For simulating realistic mobility patterns in highways, urban traffic, and mixed autonomous-human driving
environments.

e Mininet: For testing NFV orchestration, service chaining, and migration strategies.

4.2 Metrics

Latency: End-to-end message delivery time.

Throughput: Effective data transfer under high-load conditions.

Anomaly Detection Accuracy: Precision and recall for detecting cyberattacks.

Interoperability Success Rate: Percentage of successful cross-protocol translations.

NFV Adaptability: Efficiency in dynamic placement and migration of VNFs.

Privacy Leakage Probability: Likelihood of sensitive data exposure under DP and HE mechanisms.

V. RESULTS AND DISCUSSION

Simulation results indicate that the proposed Bio-Inspired Al Framework outperforms conventional NFV orchestration
methods:

e Latency Reduction: RL-based orchestration combined with swarm algorithms achieved a 25% reduction in
average latency compared to static NFV placement.

e Improved Anomaly Detection: AlS-enhanced IDS achieved 94% detection accuracy, outperforming traditional
ML-based IDS by 12%.

e Privacy Protection: FL with DP and HE reduced privacy leakage probability to under 2%, compared to 7-10% in
baseline FL systems.

e Interoperability Success Rate: DNN-powered protocol mapping achieved 98% successful translations between
heterogeneous communication standards.

e Blockchain Overhead: While blockchain integration introduced a slight latency overhead (~8 ms), it significantly
enhanced trust and auditability.

These findings demonstrate that bio-inspired intelligence and Al integration lead to adaptive, privacy-preserving, and
secure NFV orchestration in autonomous driving systems.

VI. CONCLUSION

This paper proposed a Bio-Inspired Al Framework for privacy-aware network virtualization in autonomous driving systems.
By integrating Al-driven orchestration (DNNSs, FL, RL) with biological models (AIS, GA, Sl), alongside privacy mechanisms
(DP, HE) and blockchain security, the framework ensures resilience, adaptability, and privacy preservation in next-generation
vehicular ecosystems. Simulation results validated improvements in latency, anomaly detection accuracy, interoperability,
and privacy protection.

Future research will focus on real-world deployment in vehicular testbeds, addressing scalability issues of blockchain in high-
mobility environments, and extending the framework to 6G-enabled vehicular edge computing ecosystems.
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