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Abstract 

Autonomous vehicles (AVs) must safely integrate into culturally diverse traffic systems where 

driving styles vary significantly by region. While recent reinforcement learning models like K-DQN show 

improvements in roundabout navigation, they assume static, culture-agnostic policies. This paper 

proposes CSTE-Net++ (Cognitive Style Transfer Engine Network++), a neuromorphic framework 

enabling real-time, context-sensitive driving through dynamic cultural adaptation. The system leverages 

latent persona embeddings, spiking neural reinforcement learning (SNN-RL), and neuro-symbolic control 

layers. Evaluations using real-world traffic replay simulations (SUMO + CARLA) across India, Japan, 

and Europe demonstrate a safe autonomous driving over conventional approach. 
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I. INTRODUCTION 

 Autonomous navigation in roundabouts 

presents unique challenges due to the dynamic 

and culturally influenced nature of driver 

behavior. For example, while a driver in Mumbai 

might assertively merge into tight gaps, a driver 

in Tokyo is more likely to yield with caution. 

Such regional variations in driving etiquette are 

often overlooked by current autonomous vehicle 

(AV) systems, which are typically trained on 

uniform, culture-agnostic datasets. This lack of 

behavioral diversity in training can lead to poor 

generalization, reduced trust from human drivers, 

and an increased risk of collisions in culturally 

diverse traffic scenarios. To address these 

challenges, we propose CSTE-Net++ (Cognitive 

Style Transfer Engine Network++), a real-time 

neuromorphic framework that enables AVs to 

detect, interpret, and adapt to culturally specific 

driving behaviors. The proposed system 

integrates: (1) cultural persona embeddings 

derived from real-world traffic data, (2) spiking 

neural policy agents for low-latency decision-

making, and (3) a hybrid symbolic controller 

for context-aware trajectory planning. This 

framework is designed to enhance both safety 

and social compliance in autonomous navigation, 

particularly in complex environments such as 

roundabouts. 

II. LITERATURE STUDY 

Recent developments in the navigation of 

autonomous vehicles (AVs) have concentrated 

on enhancing decision-making capabilities 

within intricate traffic settings. Lin et al. [1] 

introduced K-DQN, a deep reinforcement 

learning model based on KAN that incorporates 

B-spline approximators, trajectory forecasting, 

and a Time-to-Collision (TTC)–based Action 

Inspector to effectively navigate roundabouts. 

Nonetheless, this model is not adaptable to 

cultural differences in driving behaviors.        

Halaly and Tsur [2] presented spiking neural 

networks (SNNs) for the control of AVs, 

demonstrating enhanced reaction times and 

energy efficiency. These biologically inspired 

networks facilitate neuromorphic processing, 

which is well-suited for real-time traffic 

situations. Xu [3] built upon this by introducing 

Social Value Reinforcement Learning, which 

allows agents to prioritize cooperative merging—

a crucial element in traffic systems characterized 

by cultural diversity. Spieckermann et al. [5] 

developed OpenDD, a dataset based on drones 

for analyzing interactions at roundabouts, 

providing a significant benchmark for 

understanding dynamic, multi-agent behaviors. 

In parallel, Lee et al. [6] proposed a neuro-

symbolic reinforcement learning framework that 

combines symbolic planning with policy learning 

to enhance interpretability and safety—an 

approach that is also reflected in our proposed 

CSTE-Net++ architecture. Lu et al. [7] tackled 

the issue of cross-cultural deployment of AVs 

through data-light inverse reinforcement 

learning, which facilitates localized behavior 

adaptation with minimal training data. Anderson 

[8] underscored the necessity of ethical reasoning 

in AVs, stressing the significance of culturally 

aware decision-making policies. Likewise, Kim 

et al. [9] concentrated on interpretable deep 

reinforcement learning for urban driving, which 

promotes transparency in environments where 

behavior is critical. Bojarski et al. [10] pioneered 

end-to-end learning for autonomous vehicles; 

however, its deficiencies in modularity and 

explainability hinder its application in diverse 

cultural contexts. Li et al. [11] conducted a 

survey on real-time autonomous vehicle 

decision-making systems, advocating for hybrid 

methodologies that reconcile responsiveness with 

rule-based governance. Jain [4] offered 

mathematical perspectives on the behavior of 

dynamic agents through functional modeling 

within Lipschitz spaces. Together, these 

investigations highlight the necessity for a 

modular and culturally adaptable framework for 

autonomous vehicles. Our research expands on 

these findings by merging spiking neural control 
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with symbolic reasoning and cultural persona 

embeddings to facilitate real-time decision-

making tailored to specific regions. 

DRAWBACKS OF THE EXISTING 

SYSTEM 

 Despite significant progress in the navigation 

of autonomous vehicles, current systems reveal 

several critical shortcomings that necessitate the 

creation of the proposed CSTE-Net++ 

framework. Most learning-based methodologies, 

such as K-DQN [1] and end-to-end driving 

models [10], presuppose uniform behavior and 

neglect culturally specific variations, including 

regional differences in yield behavior, gap 

acceptance, and merge aggressiveness. 

Furthermore, traditional deep reinforcement 

learning models frequently introduce 

computational delays during policy inference [1], 

which impedes responsiveness in dynamic 

settings like roundabouts. Neuromorphic 

alternatives, such as SNNs [2], provide quicker 

processing but lack integration with symbolic 

planning for contextual understanding. End-to-

end frameworks [10] and deep RL agents [9] also 

face challenges with limited interpretability, 

complicating the justification of decisions in 

ethically sensitive situations [8]. Although recent 

advancements in neuro-symbolic AI [6] and 

cross-cultural inverse reinforcement learning [7] 

show potential, existing systems fail to merge 

cultural adaptation, real-time neuromorphic 

processing, symbolic constraints, and reflexive 

safety mechanisms into a unified architecture. 

These deficiencies highlight the necessity for a 

modular, culturally adaptive, and interpretable 

AV framework—features that our proposed 

CSTE-Net++ system aims to address. 

 

III. DEVELOPMENT OF A 

NEUROMORPHIC FRAMEWORK FOR 

CULTURALLY ADAPTIVE DECISION-

MAKING IN AUTONOMOUS 

ROUNDABOUT NAVIGATION — 

TRENDS, CHALLENGES, AND FUTURE 

DIRECTIONS 

 Navigating autonomous roundabouts 

continues to pose a significant challenge because 

it depends on human-like judgment and local 

driving customs. Conventional autonomous 

vehicle (AV) systems do not possess the 

adaptability required to accommodate cultural 

differences in behaviors such as yielding, 

merging, and accepting gaps in traffic. Recent 

developments emphasize the integration of 

machine learning with biologically inspired 

models to improve decision-making in these 

intricate environments. Nevertheless, existing 

solutions frequently struggle to generalize across 

various driving cultures. This section presents 

CSTE-Net++, a neuromorphic-symbolic 

framework aimed at addressing this issue by 

facilitating culturally adaptive, real-time policy 

generation. 

Emerging Trends in Cultural Adaptation 

          Autonomous vehicles (AVs) are reaching 

new levels of sensory sophistication and path-

planning intelligence. Yet, the challenge of 

navigating culturally diverse driving 

environments, especially roundabouts, remains 

largely unsolved. Driving behaviors—such as 

yield tendency, gap acceptance, and merge 

aggressiveness—vary significantly across 

regions, and static, universal policies often prove 

inadequate. This section introduces CSTE-Net++ 

(Cognitive Style Transfer Engine Network++), a 

hybrid neuromorphic-symbolic framework 

designed to facilitate real-time cultural 

adaptation in AV decision-making. 

Framework Overview 

 CSTE-Net++ integrates biological plausibility 

with symbolic optimization, enabling AVs to 

dynamically align with region-specific driving 

norms while maintaining robust reflexes in high-

risk scenarios. The system architecture includes: 

1. Real-time Traffic Data Collection 
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 Sensor arrays (LiDAR, radar, and camera) 

collect continuous kinematic and spatial data 

from surrounding traffic participants. 

2. Contextual Behavior Profiling 

 Behavior vectors are derived using abstraction 

functions t = h(SensorData) = [v_rel, d_gap, 

merge, a]. These encode relative speed, inter-

vehicle distance, merge maneuvers, and 

acceleration. 

3. Persona Matching 

 The system compares current behavior vectors 

to stored persona embeddings r = f(D_r) = [TTC, 

a, G_aggr, R_yield, J_rms] Matching is 

performed using cosine similarity, enabling 

alignment with culturally representative driving 

profiles from regions such as India, Japan, or 

Europe. 

4. Policy Selection via SNN-RL Agent 

 A Spiking Neural Network Reinforcement 

Learning (SNN-RL) agent selects optimal 

driving policies based on matched persona. 

Neuron dynamics follow the Leaky Integrate-

and-Fire (LIF) model: Vi(t+1)=Vi(t)+τ(j∑wijSj

(t)−Vi(t)) 

5. Symbolic Model Predictive Control (MPC) 

 A neuro-symbolic layer optimizes trajectory 

decisions via rule-based constraints: J(u) = 

∑_{t=1}^H Cost(u_t). Subject to: |x_ego - 

x_HDV| > D_safe,   |a(t)| < a_max 

6. Emergency Reflex Execution 

 In critical safety scenarios (e.g., time-to-

collision < 1.2s), a hardwired override 

mechanism initiates a trained reflex maneuver: If 

TTC < 1.2s ⇒ Activate Reflex Mode 

 Mathematical Model Summary 

 Persona Embedding: Encodes regional driving 

habits using temporally averaged TTC, yield 

behavior, lane merge patterns, and smoothness 

metrics. Behavior Vector: Captures the AV's 

interpretation of surrounding HDV behavior. 

Similarity Score: Determines persona alignment 

via cosine similarity. Policy Activation: Triggers 

behavior-specific RL agents based on contextual 

matching. SNN Dynamics: Governs fast, 

asynchronous spike-based policy evaluation. 

MPC Optimization: Applies rule-constrained 

planning for lane transitions, inter-vehicle 

spacing, and acceleration limits. 

 Contributions 

 Culturally-Calibrated Driving Agents: Enables 

dynamic switching of decision policies based on 

region-specific behavior. Hybrid Neuro-

Symbolic Architecture: Combines explainable 

rule-based reasoning with fast neuromorphic 

inference. Safety-Driven Reflex Layer: Ensures 

robust responses in emergency conditions 

without compromising cultural adaptation. 

Modular Design: Easily scalable to new 

environments by updating the persona bank 

without retraining core policies. 

Benefits 

 The CSTE-Net++ framework proposed 

enhances the navigation of autonomous vehicles 

by facilitating real-time cultural adaptation 

through persona-aware embeddings. Its 

implementation of spiking neural networks 

enables low-latency decision-making, which is 

essential in dynamic traffic situations such as 

roundabouts. The combination of symbolic 

reasoning with neuromorphic processing 

guarantees both adaptability and interpretability, 

effectively addressing the shortcomings of black-

box models. Moreover, the modular architecture 

allows for scalable deployment across various 

regions without necessitating complete 

retraining, while the reflexive safety layer 

enhances responsiveness to critical scenarios. 

This design fosters safer interactions with human 
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drivers in a variety of environments. In addition, 

the framework establishes a basis for future 

developments, including V2X communication 

and federated learning for ongoing cultural 

updates. 

System Architecture: 

 

 

 

Data Flow Diagram: 

 

 

 

Module Design 

The proposed CSTE-Net++ framework 

adopts a modular development strategy that 

facilitates cultural adaptability, real-time 

decision-making, and scalable deployment in 

autonomous roundabout navigation. Each 

module serves a specific function in converting 

raw sensory data into culturally contextual 

driving actions. 

 

A. Classification of Cultural Personas 

The first module focuses on creating 

latent persona embeddings derived from 

localized driving datasets. These embeddings 

encapsulate culturally influenced behaviors such 

as motion smoothness, merging aggressiveness, 

and yielding tendencies. Each persona functions 

as a guiding classification label, enabling the AV 

to synchronize its responses with regional traffic 

norms. This classification lays the groundwork 

for functioning in various cultural settings. 

 

B. Feature Extraction 

To derive meaningful behavioral features, 

CNN-inspired methodologies were utilized on 

raw sensor data gathered from driving 

simulations. Average pooling operations were 

employed to emphasize significant motion 

patterns and interactions, establishing the 

foundation for persona embedding. This method 

ensured that only the most pertinent cultural 

traits were retained for subsequent processing. 

 

C. Efficient Representation via Online 

Encoding 

After feature extraction, the data was 

processed through a lightweight encoder 

modeled after EfficientNet. This module 

transformed high-dimensional feature sets into a 

compact representation space, enhancing 

classification accuracy and computational 

efficiency. The final layer of the encoder 

improved persona matching by encoding 

semantic distinctions between cultural categories, 

facilitating better generalization across 

unfamiliar regions. 

 

D. SNN-Based Policy Training 

Conventional Convolutional Neural 

Networks (CNNs) were substituted with a 

Spiking Neural Network (SNN) to enable low-

latency policy activation. The SNN utilized 

spike-based computation, which is modeled after 
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biological neurons, to process cultural context 

information. Training occurred within a closed-

loop simulation environment featuring a variety 

of traffic conditions to replicate regional driving 

behaviors. This approach allowed the system to 

acquire suitable policies tailored to specific 

persona types. 

 

E. Model Deployment and Saving 

The trained models were organized 

within a modular architecture to facilitate 

straightforward version control, future updates, 

and deployment on embedded autonomous 

vehicle (AV) hardware. A local testbed was 

established to confirm performance under 

controlled conditions prior to expanding to larger 

environments. 

 

F. Sensor Data Simulation and Evaluation 

In order to evaluate the robustness of the 

model, diverse urban traffic scenarios were 

simulated utilizing LiDAR, radar, and camera 

inputs. These data streams were processed in real 

time within the AV framework to assess 

contextual adaptation. An interactive dashboard 

was created to visualize the decision-making 

process, enabling developers to examine persona 

predictions, chosen policies, and trajectory 

decisions. This setup allowed for ongoing 

evaluation and refinement of the system’s 

cultural accuracy. 

 

           IV.  RESULT AND DISCUSSION 

 

The implementation phase of the 

proposed CSTE-Net++ framework focused on 

converting the conceptual model into a modular 

and testable autonomous vehicle (AV) decision-

making system that is capable of cultural 

adaptation. This system was developed through a 

structured engineering pipeline that integrates 

neuromorphic decision layers with symbolic 

planning modules. During the software design 

phase, behavior profiling and symbolic control 

mechanisms were integrated in a modular 

fashion. The code generation, based on Python, 

encoded the spiking neural dynamics and rule-

based logic, which facilitated scalable and 

interpretable execution. 

 The system underwent testing in various 

simulated environments to confirm its 

adaptability across different cultural contexts. A 

thorough development process was adhered to, 

starting with a feasibility assessment that 

underscored the need for culturally generalized 

AV behavior and supported the symbolic-neural 

hybrid approach. Requirement analysis 

established essential technical parameters, such 

as latency constraints, policy switching 

frequency, and context-aware behavior 

prediction. External design initiatives produced 

flexible sensor-control interfaces, while 

architectural design organized the framework 

into layered modules for perception, reasoning, 

and actuation. Detailed design activities defined 

the algorithmic flow, emergency triggers, and 

planning constraints. 

 Coding was performed in a simulation-

compatible environment, followed by 

comprehensive debugging to address prediction 

errors and timing discrepancies. Ultimately, 

maintenance strategies were put in place to 

facilitate future learning through federated 

updates and modular persona expansion. The 

outcomes indicated that CSTE-Net++ effectively 

adapts to region-specific driving patterns while 

ensuring real-time performance and 

interpretability. 

 

        V. CONCLUSION AND FUTURE        

ENHANCEMENT 

 

This paper introduces CSTE-Net++, a 

neuromorphic and culturally adaptive framework 

designed for the navigation of autonomous 

vehicles in roundabout situations. By 

incorporating persona-aware embeddings, 

spiking neural networks, and symbolic control 

mechanisms, this framework facilitates context-

sensitive decision-making that mirrors regional 

driving behaviors.  



Naveen et al. /Star International Journal, Volume 3, Issue 8(4), August (2015) ISSN: 2321-676X  

 

19 

 

The modular architecture allows for 

scalability and swift adaptation without 

necessitating complete retraining when 

implemented in new cultural settings. 

Experimental validations conducted in simulated 

traffic environments reveal enhanced 

responsiveness, interpretability, and behavioral 

alignment in comparison to traditional methods. 

Looking ahead, future improvements will 

concentrate on broadening the persona database 

to encompass additional behavioral indicators 

such as emotion, gaze, and gesture recognition.   

The integration of federated learning will 

permit ongoing, privacy-preserving model 

updates across geographically dispersed AV 

fleets. Moreover, the anticipated incorporation of 

vehicle-to-infrastructure (V2X) communication 

is expected to foster proactive cultural adaptation 

and improve cooperative interactions in real-

world applications. These initiatives aim to 

bolster the robustness and generalizability of 

CSTE-Net++ within globally diverse traffic 

ecosystems. 
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