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Introduction & Motivation

▶ Environmental aquatic monitoring is labor-intensive, spatially limited, and
energy-constrained

▶ Autonomous Surface Vessels (ASVs) can help [1], but sparse trajectory data
make it hard to:
▶ Reconstruct continuous environmental fields
▶ Separate real spatial features (algal blooms, thermal inflows) from artifacts
▶ Maximize information gain per unit energy

This work: GP regression (stationary + non-stationary) optimizes interpolation with
Kac-Rice significance testing on a sub-$2,500 ASV.

R/V Karin Valentine

CAD model of the autonomous catamaran ASV.

Autopilot Pixhawk / PX4 v1.16.1
Computer ODROID-M1 + ROS 2
Power 2×12 V / 20 Ah LiFePO4

Speed 0.7–2.0 m/s
RTK GNSS ±2.5 cm accuracy
Sonde °C, pH, DO, Chl, CDOM, NTU, Conductivity, Depth
Sonar 0.3–100 m echosounder
Winch Vertical column profiling

Deployment of a fleet of ASVs in Tempe Town Lake, Arizona, USA

Bathymetric survey overlaid on satellite imagery, Tempe Town Lake, Dec 2024.

Gaussian Process Regression

Given observations y at locations X, the GP posterior at x∗ is:
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Sonde noise σ2
n enters the covariance matrix directly.

Stationary RBF Kernel
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Single global lengthscale ℓ (80 Adam steps, MLL). Good for homogeneous fields; may
miss sharp gradients.

Non-Stationary Paciorek Kernel [2]

Water quality has spatially varying smoothness. A local 2×2 matrix encodes direction-
dependent lengthscales:
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ℓ1, ℓ2, θ vary spatially via 25 RBF basis functions on a 5×5 grid (76 params, 150
Adam steps).

ℓ1(x) ℓ2(x)
Learned lengthscale fields — blue (short) = finer spatial detail.

Kac-Rice Peak Significance

Rather than flagging every local maximum, we test each against the kernel’s own peak-
height distribution [3]:
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Prominence: p =
E[peaks > xobs]
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For the Paciorek kernel, gradient ⊥̸ (value, Hessian) — corrected via Schur comple-
ment: Σcond = ΣAA −ΣABΣ
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Kernel derivatives via finite differences; 100k MC samples per peak.

GP Reconstruction — Sample Temperature Survey

Stationary mean Non-stationary mean

Stationary σ Non-stationary σ
Non-stationary GP adapts smoothness to local data density. Sample from December 6th, 2024 dataset

of Tempe Town Lake

Hotspot Detection — Kac-Rice Results

Non-stationary GP hotspot detection (Dec 6 temperature). Red = significant hot peak
(p<0.05). Blue = cold spot. Grey = non-significant.
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Adaptive Sampling — PX4 SITL

A PX4 R1 rover explores a 25×25 m Gazebo domain with a synthetic Gaussian tem-
perature field. At each step the planner maximizes mutual information penalized by
travel cost.

PX4 rover in Gazebo SITL computing the next waypoint via mutual information.

After 110 samples: 84.6% coverage, RMSE = 0.51 ◦C.
(a) truth (b) reconstructed (c) error (d) coverage (e) trajectory (f) variance.

Key Contributions

1. Sub-$2,500 limnological ASV — 8-parameter sonde, RTK GNSS, ROS 2
autonomy, motorized winch for vertical profiling

2. Non-stationary Kac-Rice — first extension of peak-detection significance
testing from the RBF kernel to the Paciorek kernel via Gaussian conditioning and
numerical derivatives

Conclusions

▶ Paciorek kernel modifies local smoothness, changing which extrema reach
p<0.05

▶ Kac-Rice gives model-consistent empirical-Bayes p-values; non-stationary GP
produces fewer false peaks

▶ SITL results confirm feasibility of information-driven autonomous surveys

Future Work

▶ Multi-robot deployment with second ASV (under construction)
▶ 4D spatio-temporal modeling via repeated winch profiles over time
▶ Satellite cross-validation against Landsat / MODIS SST
▶ Posterior-predictive Kac-Rice under full X | data distribution

ICRA 2026 — Workshop on Long-Term Deployment of Autonomous Robots
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