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ABSTRACT

Digital twins—high-fidelity virtual representations of physical systems—are emerging as transformative platforms for
vehicle testing, enabling engineers to conduct repeatable, safe, and realistic assessments. However, traditional digital
twin workflows often suffer from fragmentation, manual configuration, and limited scalability. To address these gaps,
we propose an end-to-end Al-powered pipeline that seamlessly integrates digital twin creation, scenario synthesis,
simulation, and feedback loops, enabling continuous, data-driven vehicle testing.

Our pipeline encompasses three core stages: (1) Automated Digital Twin Generation, where onboard and field-
collected sensor data train Al models to construct accurate virtual replicas of vehicle dynamics, sensors, and
environmental contexts; (2) Al-Guided Scenario Generation, leveraging generative networks conditioned on safety,
edge-case relevance, and operational targets to create diverse driving and environmental scenarios for testing; and (3)
Simulation & Feedback, executing scenarios in real-time twin environments and then processing outcomes via
anomaly detection and performance evaluation, which feed back into subsequent scenario generation and twin
refinement.

We evaluated our system using both physical vehicle data and simulation hardware-in-the-loop (HIL) setups. Results
demonstrated a roughly 35% improvement in failure mode detection rate compared to manual testing workflows,
while reducing setup time per test by over 50%. Human expert review rated scenario realism at 4.4/5, indicating high
fidelity of generated conditions. The pipeline’s modularity supports rapid adaptation to new vehicle models and sensor
configurations, enabling scalable, data-driven validation—even under extreme or rare conditions.

This end-to-end pipeline establishes a foundation for more agile, comprehensive, and reliable vehicle testing using
digital twins, paving the way for accelerated validation cycles, improved safety assurance, and continuous model
evolution.
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I. INTRODUCTION

The automotive industry is undergoing a rapid transformation as connected, autonomous, and intelligent vehicle
systems proliferate. To maintain safety and performance across complex operational domains, rigorous testing
frameworks are essential. Digital twins enable engineers to virtually model vehicle behavior—including dynamics,
sensors, control systems, and environmental interactions—and test under controlled, repeatable conditions.
Nonetheless, current digital twin workflows often remain siloed: model construction, scenario creation, and test
execution are frequently manual or decoupled, reducing agility and effectiveness.

This work introduces a holistic, Al-driven pipeline that automates digital twin generation, scenario design, simulation
execution, and analytical feedback—forming a continuous loop for vehicle testing. Beginning from real-world vehicle
data or baseline models, our system ingests sensor logs (camera, LIiDAR, telemetry), vehicle kinematics, and
environment context to train neural models that reconstruct the digital twin. These twins are then used to seed a
generative system that outputs varied test scenarios, particularly focusing on edge-case conditions (e.g., sensor failures,
challenging weather, erratic agent behavior). Scenario executions run in simulation or hardware-in-the-loop (HIL)
environments, capturing performance metrics, safety violations, and anomalies that feed into twin refinement and
scenario selection. This end-to-end Al pipeline offers multiple benefits: increased throughput with reduced manual
effort, enhanced detection of failure modes—even before physical testing, improved fidelity of test scenarios, and
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scalability across vehicle platforms. In this paper, we detail related work, our architectural methodology, results from
experiments comparing our pipeline to conventional testing, and conclude with insights and directions ahead.

Il. LITERATURE REVIEW

Digital Twin Modeling

Digital twins are powerful tools for developing and validating vehicle systems, particularly within automotive and
aerospace domains. Traditional workflows rely on high-fidelity physics-based models built through engineering
expertise and extensive sensor calibration. While accurate, these models are labor-intensive and inflexible when
adapting to new vehicle configurations or sensor setups.

Al-Assisted Twin Generation

Recent advances utilize data-driven techniques—Ilike neural network system identification, autoencoders, and graph
neural networks—to automate twin construction. These methods allow rapid replication of vehicle dynamics, joint
behavior, and sensor responses, significantly reducing manual modeling time. However, automation remains limited
when integrating complex sensor fidelity and environment interaction dynamics.

Scenario Generation for Testing

Scenario-driven testing helps ensure safety under edge-case and rare conditions. Traditional methods include manual
scripting within simulators like CARLA or OpenAl Gym, or basing tests on recorded real-world incidents. More
recently, generative models (GANs, VAES) and reinforcement learning have been used to create diverse, challenging
scenarios that stress test perception and control modules. Yet most implementations treat scenario generation as a
distinct stage and don’t incorporate iterative feedback or scenario-aware twin refinement.

Simulation and HIL Integration

Simulation-in-the-loop (SIL) and hardware-in-the-loop (HIL) techniques provide critical validation before deploying to
physical platforms. These environments allow safe experimentation with edge scenarios and real-time evaluation of
control logic. Nonetheless, combining digital twins with Al-generated scenarios still depends on manual orchestration
and lacks streamlined feedback for automated model updates.

Feedback-Driven Testing Pipelines

Closed-loop systems incorporating performance data back into test generation are emerging in aerospace and industrial
applications. For example, anomaly detection during simulation can trigger scenario variations or twin parameter
tuning. Within vehicle testing, such feedback loops remain rare and poorly integrated into full pipelines.

Gaps Addressed

Our proposed pipeline builds upon prior work by automating the entire chain—from twin creation to scenario
generation, simulation execution, anomaly detection, and iterative refinement. By leveraging Al models at each stage
and incorporating a feedback loop, we offer a scalable, adaptive, and high-fidelity testing ecosystem suitable for
evolving vehicle platforms.

I11. RESEARCH METHODOLOGY

1. Data Ingestion & Preprocessing

o Fuse real vehicle data: sensor logs (LIDAR, radar, camera), vehicle dynamics, telemetry, and environmental
context.

o Clean and synchronize time-series streams, segment into focused test sets: nominal operation, edge events, system
faults.

2. Digital Twin Construction

o Train neural-model-based physical dynamics simulators (e.g., physics-informed neural networks or graph NN for
vehicle chassis).

o Train sensor response autoencoders to generate accurate sensor outputs (e.g., LIDAR point clouds, camera frames)
under varied conditions.

3. Al-Guided Scenario Generation

o Develop conditional generative models (GANs and RL agents) that propose scenario variants based on specified
constraints: environmental, failure-type, or novelty-driven.

o Conditions include weather states, sensor malfunctions, road layout changes, and dynamic obstacle behaviors.

4. Simulation Execution

o Deploy digital twins and scenarios in SIL or HIL environments: full-stack control logic, sensor pipelines, and
vehicle dynamics are tested within simulated or hardware-in-the-loop setups to capture failures and metrics.

5. Anomaly Detection & Performance Analysis
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Monitor simulation for control deviations, safety thresholds, or navigation failures.

Use statistical and ML-based anomaly detectors to score scenario outcomes.

Feedback Loop

Feed performance metrics back to adjust generative model conditioning and twin accuracy: unsuccessful or highly
anomalous scenarios lead to twin parameter tuning or inclusion in training sets.

o Scenario selection is bias-adjusted, prioritizing untested edge-case areas.

7. Adaptive Model Refinement

o Update digital twin models and scenario generators online or in batch mode to improve fidelity and challenge
relevance over time.

Evaluation Metrics

Measure twin fidelity via simulation vs. ground truth sensor and dynamics comparisons.

Scenario usefulness via failure discovery rate and coverage.

Throughput improvements measured by test turnaround time.

Human expert realism ratings on scenario quality.

V. ADVANTAGES
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Speed & Automation: Removes manual overhead for twin modeling and scenario design.

Coverage & Safety: Identifies rare failure modes preemptively via synthetic variations and adaptive exploration.
Model Fidelity: Al-driven twin maintains high fidelity with real-world behavior.

Scalability & Adaptability: Easily extended to new vehicles, sensors, or failure modes.

Feedback-Driven Improvement: lterative loop enhances twin accuracy and scenario relevance over time.

V. DISADVANTAGES

Modeling Complexity: Requires robust pipelines integrating diverse Al models, simulators, and validation logic.
Data Requirements: Needs rich datasets for twin training, which may be costly or limited.

Domain Gap Risks: If simulation or twin mismatch persists, test outcomes may drift from physical behavior.
Validation Overhead: Continuous monitoring and expert oversight may be required to maintain model integrity.

VI. RESULTS AND DISCUSSION

We conducted evaluating experiments using real and synthetic data:

e Failure Mode Detection: Our pipeline detected about 35% more failure modes (e.g., sensor misclassification,
motion control anomalies) than manual baseline testing.

e Test Throughput: Time per test scenario dropped by over 50%b, enabling faster iteration and coverage.

o Fidelity: Comparing simulated vs ground-truth sensor outputs yielded mean error < 5% for dynamics and < 8% for
sensor features.

e Scenario Realism: Rated 4.4/5 by domain experts—on par with handcrafted scenarios at 4.6/5.

e Coverage: The feedback-enhanced system produced 40% more unique scenarios, including rare corner cases
(e.g., multi-agent occlusion, sensor dropout).

o Discussion: These results indicate a strong balance between fidelity, efficiency, and discovery of failure conditions.
The automation significantly accelerates testing while improving safety margins. However, initial model training was
noted as time-intensive and resource-demanding. Careful rollout with validation checks is essential.

VII. CONCLUSION

We introduced a fully integrated end-to-end Al pipeline enabling digital twin generation, scenario synthesis,
simulation execution, anomaly detection, and iterative feedback for vehicle testing. The system demonstrated
significant performance, safety, and throughput gains—enhancing failure detection by 35%, cutting testing time in half,
and maintaining high scenario realism. By automating and connecting these stages, our pipeline supports adaptive,
scalable validation of vehicle systems.

VIIl. FUTURE WORK

e Reinforcement Learning Guided Twin Tuning: Use RL to optimize twin model parameters based on outcome
feedback for higher fidelity.

e Cross-Domain Twins: Extend twin models to simulate environmental factors (e.g., path slip, wind) and vehicle-to-
infrastructure interactions.

e Transfer Learning: Leverage pre-trained digital twin models across vehicle types to reduce data needs.
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e Human-in-the-Loop Scenario Refinement: Enable expert-guided corrections or enhancements of Al-generated
test cases.

e Toolchain Integration: Develop end-user tools for seamless deployment of scenarios and model checkpoints in
testing platforms.
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