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Abstract—Robotic systems must operate under uncertainty
while satisfying complex task and safety specifications. Monitor-
ing such specifications under uncertainty remains challenging, as
existing formulations typically require extensive data or explicit
uncertainty distributions. In this paper, we propose a real-
time monitoring framework that reduces data requirements by
leveraging data-driven reachable sets for specification evaluation.
We instantiate the framework for maritime navigation, where
complex specifications arise from traffic rules. We develop a data-
efficient pipeline for constructing reachable sets and derive a
monitoring formulation suitable for real-time deployment. Simu-
lation and hardware experiments demonstrate robust monitoring
under realistic disturbances, achieving improved risk detection
compared to state-of-the-art metrics.

I. INTRODUCTION

Temporal logic provides a flexible framework to encode and
monitor complex behavioral requirements in many robotics ap-
plications [1]–[3]. In maritime navigation, temporal logic has
been used to falsify autonomous surface vessel controllers [4],
[5], monitor underwater vehicles [6], and certify surface vessel
specification compliance [7]. However, these approaches either
neglect uncertainty [5], [6] or depend on simplified models to
overapproximate system behavior [7], limiting their applica-
bility in real-world settings where disturbances are pervasive.

Current approaches typically address uncertainty in trajec-
tory predictions through model-based reachability methods
with bounded uncertainty estimation, where uncertainty is
characterized through online data collection [8], [9] or his-
torical data [10], [11]. Resulting reachable sets are generally
assumed to be valid over-approximations, which is difficult to
verify when only limited data is available due to real-world
resource constraints. In contrast, when generating data is in-
expensive, e.g., in simulation, various data-driven reachability
methods exist to directly compute tight reachable sets with
probabilistic guarantees [12]–[14]. However, this typically
results in a sim-to-real gap when deployed on hardware.

In this paper, we present a real-time monitoring framework
and demonstrate its use in maritime navigation (see Fig. 1).
We build on the probabilistic signal temporal logic language,
pacSTL [15], and formulate realistic and computationally
efficient monitoring specifications for maritime navigation,
allowing us to account for uncertainty in real time. Addi-
tionally, we propose a real-world, data-driven reachability
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Fig. 1. Offline: We use experimental data to characterize the disturbance dis-
tribution and incorporate it into the simulation model, bridging the sim-to-real
gap (purple) and enabling inexpensive generation of real-world representative
trajectories for reachability analysis. Online: The resulting reachable sets are
combined with pacSTL specifications for real-time monitoring.

procedure that estimates distributional support from limited
experimental data. We compare our framework against state-
of-the-art baselines in hardware experiments with varying
wave disturbances. Our main contributions include:

• We introduce an efficient pacSTL formulation for mar-
itime monitoring and decision making;

• We propose an approach to data-driven reachability that
integrates distribution modeling with high-fidelity simu-
lations and leverages system invariances for deployment;

• We compare against signal temporal logic (STL) and a
commonly used risk metric, demonstrating that pacSTL
offers greater expressiveness and more robust monitoring,
especially under disturbances, such as waves.

II. REAL-TIME UNCERTAINTY-AWARE MONITORING

Assessing temporal logic specification compliance under
unbounded uncertainty is typically data-intensive [16]–[19].
This is especially challenging for multi-agent relative states,
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