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Abstract:

Digital twins (DTs) are rapidly emerging as a foundational paradigm for intelligent mobility systems, enabling
high-fidelity virtual representations of physical transportation environments. In parallel, computer vision,
particularly object detection and scene/semantic segmentation remain central to perception, decision-making,
and safety in autonomous and connected vehicles. This review synthesizes recent advances at the intersection
of digital twins and computer vision, with a focus on how DT-based simulation frameworks support the
development, validation, and deployment of vision algorithms for intelligent mobility. Drawing on recent
studies in DT-assisted autonomous driving, cooperative perception, simulation-based perception evaluation,
and data-driven DT architectures, the paper reviews methodologies for generating synthetic visual data,
closing the sim-to-real gap, and embedding vision models within cyber—physical feedback loops.
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1.0 Introduction

Intelligent mobility systems increasingly depend on visual perception to interpret complex, dynamic, and
safety-critical traffic environments. Core computer vision tasks, most notably object detection and
scene/semantic segmentation, enable autonomous and connected vehicles to identify road users, recognize
infrastructure elements, estimate drivable space, and reason about contextual cues such as traffic signals,
signage, and lane markings (Osei and Aliu, 2026). These perception capabilities underpin higher-level
functions, including trajectory planning, collision avoidance, and cooperative driving, making vision a central
pillar of intelligent transportation systems (ITS). Recent advances in deep learning have substantially
improved perception accuracy; however, real-world deployment continues to expose vulnerabilities related to
environmental variability, rare events, and domain shifts across locations and operating conditions
(Muhammad et al., 2022).

A fundamental setback in vision-based ITS is data availability and validation. Training and testing robust
object detection and segmentation models require large volumes of labeled data that capture the full diversity
of traffic scenarios, weather conditions, lighting variations, and sensor configurations. Collecting such data in
real environments is costly and time-consuming, while manual annotation remains labor-intensive and error-
prone. More critically, many safety-relevant scenarios, such as near-collisions, abnormal vehicle behavior, or
extreme weather, are rare by nature and ethically difficult to capture at scale. Privacy regulations and safety
constraints further limit the deployment of large-scale sensing infrastructures in public spaces, constraining
the availability of representative datasets for perception research (Herndndez-Martinez et al., 2021).
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Digital twins (DTs) have emerged as a powerful paradigm to address these challenges. In the context of
intelligent mobility, a digital twin is commonly defined as a synchronized virtual replica of a physical
transportation system, integrating real-time data streams, high-fidelity simulation, and analytics to mirror and
predict system behavior. Recent studies emphasize a shift from static, model-based twins toward data-driven
and Al-enabled digital twin architectures, where machine learning continuously updates the virtual
representation based on observed physical-world dynamics (Babaei et al., 2025). This evolution has
positioned DTs not only as tools for monitoring and control, but as active experimentation and development
environments for intelligent mobility systems.

Crucially, recent research demonstrates that digital twins can function as computer vision development
platforms, enabling large-scale simulation of visual scenes under controlled yet realistic conditions. By
leveraging advanced rendering engines, physics-based modeling, and sensor simulation, DTs can generate
synthetic camera data that reflects diverse traffic densities, road geometries, weather patterns, and lighting
conditions. Studies using simulation frameworks such as CARLA and Unreal Engine show that DT-generated
imagery can be systematically varied to probe the robustness of object detection and scene segmentation
models in ways that are infeasible in real-world testing (Liu et al., 2023). These capabilities are particularly
valuable for stress-testing perception systems against corner cases such as occlusions, glare, night-time
driving, or complex multi-agent interactions.

Beyond data generation, vision-centric digital twins enable closed-loop integration between perception,
simulation, and decision-making. For example, abnormal vehicle behavior detected through vision-based
tracking can be projected into a digital twin to reconstruct trajectories, evaluate risk, and test alternative
control strategies in silico (Zhang et al., 2021). Similarly, DT-assisted intelligent transportation systems have
been shown to alleviate the reliance on extensive real-field data by combining limited real observations with
large-scale synthetic datasets, while preserving performance accuracy (Hernandez-Martinez et al., 2021).
These approaches highlight the potential of DTs to act as bridges between perception algorithms and system-
level mobility intelligence. The relevance of vision-centric DTs is further amplified in connected and
cooperative mobility scenarios. Recent work on local digital twins at smart intersections illustrates how
roadside perception, infrastructure sensing, and vehicle-mounted cameras can be fused within a digital twin
to enhance object detection and scene understanding beyond the line of sight of individual vehicles (Wang et
al., 2024). Such systems support hybrid autonomous driving modes and cooperative perception, where digital
twins mediate information sharing and predictive reasoning across agents. These developments align with
broader visions of parallel intelligence, in which physical and digital systems co-evolve through continuous
feedback (Wang et al., 2023).

2.0 Digital Twins in Intelligent Mobility

Digital twins (DTs) in intelligent mobility are commonly defined as cyber—physical systems composed of
three tightly coupled layers: the physical layer (vehicles, roads, sensors, and traffic participants), the digital
layer (virtual models, simulations, and analytics), and the communication layer that enables bidirectional data
exchange between the physical and digital domains. This layered architecture allows real-time sensor data to
continuously update the digital representation while insights generated in the virtual space inform physical-
world operations. Recent work emphasizes a transition from static digital replicas to data-driven and Al-
enabled digital twins, particularly for autonomous driving applications, where machine learning models
enable continuous adaptation of the digital twin to real-world dynamics (Babaei et al., 2025).

In intelligent transportation systems, DTs have been applied to a wide range of use cases, including traffic
monitoring, vehicle—infrastructure interaction, cooperative perception, and autonomous driving. For example,
DT-based traffic analysis frameworks replicate vehicle trajectories and interactions to detect abnormal
behavior and evaluate safety risks (Zhang et al., 2021). Similarly, local digital twins deployed at smart
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intersections integrate roadside sensors and vehicle data to enhance situational awareness beyond the sensing
capabilities of individual vehicles (Wang et al., 2024). A key enabler of these applications is the development
of multi-modal simulation frameworks that leverage game engines, ray tracing, and physics-based modeling
to generate realistic traffic environments. Platforms such as CARLA and Unreal Engine—based simulators
support accurate rendering of road geometry, traffic actors, lighting, and weather, while modeling camera
optics and sensor noise (Liu et al., 2023). These capabilities provide the foundation for embedding computer
vision pipelines directly into DT workflows, enabling scalable development, evaluation, and deployment of
perception-driven intelligent mobility systems.
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Figure 1: Digital Twins in Intelligent Mobility (Liu et al., 2023)

3.0 Computer Vision for Intelligent Transportation

3.1 Object Detection

Object detection is a fundamental perception task in intelligent transportation systems, enabling vehicles and
infrastructure to identify and localize traffic participants and obstacles such as vehicles, pedestrians, cyclists,
and roadside objects. Deep learning—based detectors, including YOLO, Faster R-CNN, and transformer-based
architectures, have become the dominant approaches due to their strong performance in complex visual
scenes. However, detection accuracy in real-world traffic environments remains highly sensitive to camera
configuration, resolution, lighting conditions, weather, and traffic density (Muhammad et al., 2022).

One of the main challenges in deploying robust object detection systems is the limited availability of
representative training and validation data. Real-world data collection is expensive and constrained by safety,
privacy, and the rarity of critical edge cases. Digital twins address these limitations by enabling simulation-
based evaluation and data generation under controlled yet realistic conditions. DT-generated imagery allows
systematic variation of environmental factors such as day—night transitions, adverse weather, and sensor
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placement, facilitating performance analysis that is difficult to achieve through field testing alone (Liu et al.,
2023).

Several studies demonstrate that synthetic visual data generated by digital twins can augment real-world
datasets and improve object detection robustness. Herndndez-Martinez et al. (2021) show that DT-based data
generation can significantly reduce the reliance on extensive field data while maintaining detection accuracy.
Beyond offline training, object detection outputs can be integrated into closed-loop DT frameworks, where
detected objects update the digital twin’s traffic state and support predictive simulation and decision-making.
As a result, object detection increasingly functions as a core component of perception-aware digital twins for
intelligent mobility.

3.2 Scene and Semantic Segmentation

Scene and semantic segmentation provide pixel-level understanding of traffic environments, supporting lane
detection, drivable-area estimation, and contextual reasoning in intelligent transportation systems. Unlike
object detection, segmentation captures fine-grained spatial structure essential for safe navigation and
planning (Muhammad et al., 2022). Recent advances in deep learning, including convolutional and attention-
based networks, have significantly improved segmentation performance in urban driving scenarios
(Muhammad et al., 2022). However, achieving robust generalization remains challenging due to sensitivity to
lighting, weather, road surface appearance, and camera configurations. Segmentation models often perform
well on benchmark datasets but struggle with rare events and domain shifts encountered in real-world
deployment (Muhammad et al., 2022). Safety-critical scenarios such as construction zones, heavy rain, or
snow-covered roads are typically underrepresented in training data. Digital twins address these limitations by
enabling controlled generation of pixel-level labeled data under diverse conditions (Liu et al., 2023).
Simulation environments allow systematic evaluation under adverse and uncommon scenarios that are
difficult to capture in real-world data collection. Digital twins further support iterative validation and
refinement of segmentation models through closed-loop testing (Babaei et al., 2025). By embedding
segmentation pipelines within digital twin workflows, researchers can identify failure modes and improve
robustness. These capabilities position vision-centric digital twins as essential tools for advancing reliable
scene understanding in intelligent mobility systems.
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Figure 2: Computer Vision for Intelligent Transportation (Liu et al., 2023)
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4.0 Digital Twins as Vision Simulation Platforms

Digital twins (DTs) are increasingly used as vision simulation platforms that integrate high-fidelity rendering,
physics-based modeling, and real-time data synchronization to support perception development in intelligent
mobility systems. By coupling virtual environments with sensor and traffic dynamics, DTs provide controlled
yet realistic settings for testing vision algorithms. These platforms enable systematic variation of
environmental factors that are difficult to isolate in real-world experiments. DT-based simulation supports
scalable experimentation without safety or privacy constraints. Recent studies highlight DTs as essential for
perception benchmarking and stress testing. The integration of vision pipelines within DTs enables end-to-
end evaluation of perception-driven decision-making. Collectively, DTs shift perception development from
data-limited field testing to reproducible, simulation-centered workflows (Babaei et al., 2025; Liu et al.,
2023).

4.1 Synthetic Data Generation

Digital twins enable large-scale generation of labeled synthetic data for computer vision tasks, reducing
dependence on costly real-world annotation. Simulation environments such as CARLA and Unreal Engine—
based frameworks accurately replicate camera calibration, vehicle dynamics, weather conditions, and lighting
variations. These platforms provide precise ground-truth annotations at pixel, object, and instance levels.
Studies show that DT-generated datasets can augment real-world data and improve model robustness.
Synthetic data supports coverage of rare and safety-critical scenarios. When carefully designed, DT datasets
yield competitive performance on real-world perception tasks. As a result, synthetic data generation has
become a core application of vision-centric digital twins (Herndndez-Martinez et al., 2021; Liu et al., 2023).

4.2 Sim-to-Real Transfer

A central challenge in DT-based vision is ensuring that models trained in simulation generalize effectively to
real environments. Performance gaps arise due to differences in texture realism, sensor noise, and
environmental complexity. Research shows that reducing this domain gap through accurate camera modeling,
realistic rendering, and scenario-specific tuning significantly improves sim-to-real transfer. Data-driven
digital twins calibrated with real sensor data further enhance generalization. Site-specific DTs tailored to
intersections or corridors outperform generic simulators. Hybrid training using real and synthetic data is
particularly effective. These findings position DTs as key enablers of robust sim-to-real vision pipelines
(Babaei et al., 2025; Liu et al., 2023).

4.3 Vision-Driven Feedback Loops

Beyond data generation, digital twins support vision-driven closed-loop feedback systems in intelligent
mobility. In these systems, vision outputs continuously update the digital twin’s state representation. For
example, abnormal vehicle behavior detected via vision can be mapped into a DT for trajectory reconstruction
and risk analysis. This enables secondary evaluation of perception and control strategies under alternative
scenarios. Vision-informed DTs can simulate “what-if”” outcomes without physical-world risk. Such feedback
loops transform DTs into active perception—decision platforms. This paradigm supports adaptive, resilient,
and explainable intelligent transportation systems (Zhang et al., 2021; Wang et al., 2024).

TABLE I: Systematic Review of Digital Twin—Based Vision Studies in Intelligent Mobility

Study Digital Twin Vision Task Simulator / Dataset Application
Type Platform
Babaei et al., Data-driven Object detection, CARLA + Synthetic +  Autonomous
2025 DT segmentation custom Al twin real driving
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Wang et al., 2024 Local Object detection ~ Unreal Engine Camera Smart
intersection +edge DT streams intersections
DT
Liuetal., 2023 Simulation- Detection CARLA Synthetic Perception
based DT benchmarking evaluation
Hernéndez- Vision-based Vehicle speed Unity Synthetic Traffic
Martinez et al., DT detection monitoring
2021
Zhang et al., Traffic DT Abnormal Custom Video data  Traffic safety
2021 behavior detection simulator
Babaei et al., Al-based DT Multi-task Hybrid DT Mixed Self-driving
2025 (IET ITS) perception systems

5.0 Challenges and Research Gaps

Despite growing progress, several challenges limit the widespread adoption of vision-centric digital twins in
intelligent mobility systems. Achieving sufficient simulation realism remains difficult, particularly for
accurately modeling lighting, weather, sensor noise, and complex urban textures that strongly affect vision
performance. High-fidelity simulation often comes at the cost of computational scalability, making large-scale
or city-wide digital twins resource intensive. Synchronization latency between the physical system and its
digital counterpart poses additional challenges, especially for real-time perception and control. These issues
are amplified in edge-assisted deployments, where limited computational and communication resources
require careful trade-offs between fidelity and efficiency. Moreover, vision-centric DTs must support diverse
perception tasks without excessive reconfiguration. A further gap lies in the lack of standardized benchmarks
and evaluation protocols, which hinders reproducibility and cross-study comparison. Existing datasets and
simulators vary widely in assumptions and fidelity. This fragmentation makes it difficult to assess progress
systematically. Addressing these challenges is essential for advancing reliable, scalable, and deployable
vision-centric digital twin frameworks.

Few dats

L \ A .
iz ‘%3};‘: b
E—— S é{ 5. L ’ hdividual 3 . )
' // a2 —\' lr\tkf:f . ' " camerea’ vy we == |
e —_— Yo o [ o g 4= > ¢
i barerabon A - ¢ P J Mo N\ . 13 v 3
. avarfitting -0 @ medel el -
| . R el ] TR
! -‘ Ovap catworks 9 ® A ‘
Sl aciin chyncts Ctyectbery \ Epatiodenporal [ ) 1
oy orinded dynamics relmtizaxhips
P 5. Camputations Resauros Demandg
@ Image enhancement (@ Few-shot learning _ (D Spatiotemporal @ Multi-source data fusion @ Lightweight model design
interaction modeling @ Model %
Domain adaptati _ i i odel compression
(@ Domain adaptation @ Self-supervised learning @ Scene graph generation | ® Multi-view collaborative
(3 Super resolution (@ Synthetic data generation and reasoning perception (@ Distributed computing

() Noxt-Oen Few/Zero-Shot
Learning

(%) 838L for Complex Spatiotemporal
Data

() Zero/Few-Shot Enhanosment
leveraging FMc)
(D Advanoed Genaratlve Models for
Rectoration
() Uktra-ReaNictio Syntnetio Data
Qeneration
@ continual & Lifelong Leaming
Syctems

() Robuctnece to Unceen Adverce
Conattions
@ 782-3psoifio Benohmarks for
Degradation

() Neuro-Symbolio & Caucal
Reaconing

@ Soene
(XAl
(%) FMc for Rioh Event Narration &
VaA
® goatable interaction & Dynamic
Seene Graph Models

(D Soalable & Robuct Mult-Agent
Perception

() Decentralized & Privacy-
Procerving Fuclon

(1) End-to-End Collaborative
Systome

® Robuct Mulfl-View 3D Geometrie
Reaconing

D Automated Effiolont Aronitecturs)
Searoh (NAB)
(%) Efflolent Foundation Model
Deployment
() Hardware-Awars Al Co-Decign
for Edge

@ Energy-EMolent & Green Al

Figure 3: Challenges, solutions, and potential trends for computer vision technologies
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