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SPECTRE: Marine traffic monitoring through an innovative AI-powered multi-sensor 
multi-mission framework

Maritime security in the Mediterranean Sea is increasingly jeopardized by illegal activities such as human trafficking, illegal fishing, and smuggling. A significant portion of 
these activities is carried out by “dark ships” — vessels that deliberately switch off or manipulate their Automatic Identification System (AIS) to avoid detection. AIS is not 
mandated for all vessels, creating blind spots in maritime awareness.

The SPECTRE project (ShiP dEteCTion based on aRtificial intElligence), funded by the Italian Space Agency (ASI), aims to enhance maritime surveillance by combining multi-
mission and multi-frequency Earth Observation (EO) data with deep learning (DL) techniques. The objective is to achieve quasi-tracking of non-cooperative ships by 
overcoming the limitations of single-satellite revisits through innovative data fusion and spatial-temporal matching.

Sentinel-2C

SPECTRE leverages data from:
▪ Sentinel-1 (SAR, C-band): All-weather, day/night imaging.
▪ Sentinel-2 (Optical): 10 m multispectral resolution.
▪ COSMO-SkyMed (SAR, X-band): Higher spatial resolution, shorter revisit time.
▪ IRIDE (upcoming): Will contribute both optical and SAR data.

Pre-processing includes:
▪ SAR: Terrain correction and radiometric calibration.
▪ Optical: Orthorectification and super-resolution via Real-ESRGAN, upscaling 

Sentinel-2 imagery to ~2.5 m/pixel to improve visibility of small vessels.

The data then enter the detection pipelines:
▪ SAR Images: Detected using YOLOv11, modified for single-channel input and 

trained on 4000+ SAR image crops with polygonal annotations.
▪ Optical Images: Processed with Mask R-CNN, producing bounding boxes and 

segmentation masks for precise vessel contours.

Post-detection segmentation masks are used to estimate ship heading via ellipse 
fitting and Principal Component Analysis (PCA). The orientation of the ships is 
thus extracted and then used to define a search area for the spatial-temporal 
matching.

Sentinel-1A
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The innovative matching module enables quasi-tracking of ships by:

▪ Defining dynamic Regions of Interest (ROIs) based on last-known position, 
orientation, and timestamp.

▪ Searching across time for overlapping satellite swaths.
▪ Iteratively updating the trajectory using geometry, size, and orientation similarity 

metrics.

AIS data is used only during validation and deprioritization of cooperative vessels.

Areas of interest of the SPECTRE project

Example of (a and b) super-resolution of an optical image, and of (c) ship detection in the upscaled image.

Proof-of-concept case: Cargo ship Delphis Finland tracked from (a) Sentinel-2B (10:05 UTC) to 
(b) Sentinel-1A (16:59 UTC) across ~100 km

SAR Detection

YOLOv11x model trained and fine-tuned for SAR achieved:

Optical Detection and Super-Resolution

Super-resolution improved detection of small vessels otherwise obscured at
native Sentinel-2 resolution.
Mask R-CNN pre-trained on Airbus Ship Dataset; fine-tuning with AIS-tagged
Sentinel-2 images ongoing.

▪ mAP₀.₅ > 0.92 on test data
▪ mAP₀.₅ = 0.86 on expanded

real-world dataset (4061 image
crops plus COSMO-SkyMed
imagery)

▪ Orientation extraction methods
consistently output reliable
heading estimates(a)) (b))

(a) Inference example on a Sentinel-1 crop and (b) orientation extraction
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