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Abstract

Digital twins have emerged as a critical tool across the design, testing, and operation of autonomous systems. In
underwater domains —where disturbances, communication constraints, and observability limitations are prevalent—
ensuring fidelity between the virtual model and real system is particularly challenging. This study proposes a
quantitative evaluation framework to assess the fidelity of digital twins for Autonomous Underwater Vehicles (AUVs).
The proposed metrics include SyncLMKD U, which evaluates synchronization in kinematic response; AoDT UW,
which measures real-time freshness of state updates; and Composite Fidelity Index (CFI), a weighted integration of
the two. A conceptual scenario was used to demonstrate the computation flow and interpretation of each metric,
including sensitivity analysis under varying current velocities. The proposed framework complements traditional metrics
such as RMSE or communication delay and provides a practical basis for verifying and validating digital twins in
complex underwater environments.
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Table 1. Comparison of real system and digital twin components and outputs

Evaluation aspect| Real system component

Digital twin component

Output variable Evaluation metric

AUV physical body with

RMSE, DTW

effects temperature disturbances

Dynamics hydrodyramic effects 6DOF dynamic model | Position, Velocity (Trajectory Similariy)
Control Onboard controller (ex. PID) | Virtual controller model Rol, P floh, Yaw, Angular| AMS error, .
Velocity Cross—correlation
Sensor IMU, DVL, Depth sensor Sensor emulator with Sensor signal time Time offset, Signal
response with real noise simulated noise series correlation
o Acoustic modem with latency| Communication AoDT-UW
Communication Latency, Loss rate .
and packet loss delay/loss model (Freshness Metric)
Environmental | Ocean current, depth, Modeled current and Deviation in response Alpha factors in

disturbance input

under disturbance SyncLMKD-U

Measured navigation and

erall output
Ov P sensor data

Simulated navigation
and sensor data

Combined trajectory and | Composite Fidelity
sensor state streams Index (CFI)
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Table 2. Operational conditions of the underwater AUV
scenario

Category Condition and description

Operating depth Approximately 50 meters

Current velocty Average 0.3 m/s (fluctuation range

0.1 m/s)
Communication Underwater acoustic link
Bandwidth 62.5 kbps

(data exchange at 1 Hz rate)

Average latency Approximately 0.8 seconds

IMU, depth gauge,

Sensor configuration Doppler Velocity Log (DVL)

Sensor sampling | IMU: 50 Hz / Depth: 10 Hz /
rates DVL: 5 Hz

6-DOF dynamic model, sensor
noise/delay model, control model,
current field model

DT model
components
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Table 3. Variation of fidelity metrics under different current
velocities
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