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Paolo, F.S., Kroodsma, D., Raynor, J. et al. Satellite mapping reveals

SAR for the identification of «dark vessels» v Aiselbetviis i
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traffic goes by ship: security and safety ! '

of maritime transportation is essential

Non-fishing Allvessels

Rk J ‘ .‘ UNMATCHED TO AIS

« Marine traffic can be legal (transports, E ey o~ -
pleasure), or illegal (drug trafficking, ey :
unreported and unregulated fishing, or
illegal immigration).

« AIS (Automatic identification System)
used to identify and locate vessels by
exchanging data with other nearby
ships, AIS base stations, and satellites.

* Notall vessels are required to SAR detections: all vessels, 2021
have AIS on board (ex: fishing

vessels > 65 ftin the US, > 49 ft in
Europe)

» A study from Global Fishing Watch revealed that 75% of industrial fishing

vessels are not publicly tracked
» Vessels involved inillegal l

activities turn off their AIS .
L SAR satellite
becoming invisible 2
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« Most of vessel detection methods exploit constant false alarm rate (CFAR) detector on the radiometric info provided by
single-pol HH, VH, HV and VV.

« By exploiting the polarimetric information of SAR data, better discrimination between sea and target can be achieved.

« The processor uses the reflection-symmetry (RF) principle

« r~0overthe sea surface
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Application domains

Illegal, Unreported and Unregulated Fishing Search and Rescue

» Support NGOs operating in the Mediterranean Sea in
detecting vessels in distress in need of assistance.
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Application domains

Illegal, Unreported and Unregulated Fishing Search and Rescue
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Goal: provide a scalable, repeteable
reflection-symmetry-based ship detection
pipeline using freely available SAR data
fully integrated in CGIl Insula Platform




CGl Insula: Visualization, Analytics and Processing

Insula Perception —  Find, explore, use data and services allowing users to perform advanced analytics.

Open Data Commercial Data

» Sentinel-1 « Landsat « SPOT 6 2023 over ltaly
» Sentinel-2 * Envisat MERIS L1B

* Sentinel-3 « SMOS
* Sentinel-5P

User uploaded and in-situ data

Insula Intellect —> Combine data and service to transform raw information into actionable insights.
@
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Q. Ovmer.roberto dirinzo ad | Bl 1 Job 9644 Ol Clnejoe % Snre  C Reresn vl
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CGI Insula Intellect @ Run () Monitor Develop a n °
bs s

Tselected: @ o

Integrate new algorithms very easily

Monitoring of the system to have a real-time supervision.

Run processing campaigns with autoscaling to optimize large-scale processing.
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Reflection-Symmetry (RF) ship detection pipeline

Sentinel-1 SLC IW VV, VH acquisitions: target acquisition and time series of the previous 6-month acquisitions with the exact
same geometry used to remove static objects at sea (oil platforms, persistent infrastructures).

For each acquisition:

1. Run Sentinel-1 SLC Pre-processing and get multilooked output

o Sentinel-1 SLC Pre-processing

1. TOPSAR Spilit

2. Apply Orbit File

3. Calibration

) Pre-processed SLC
4. Backgeocoding (multilooked)

5. TOPSAR Deburst

6. Merge Subswaths

7. Multilook




Reflection-Symmetry (RF) ship detection pipeline

Sentinel-1 SLC IW VV, VH acquisitions: target acquisition and time series of the previous 6-month acquisitions with the exact
same geometry used to remove static objects at sea (oil platforms, persistent infrastructures).

For each acquisition:

1. Run Sentinel-1 SLC Pre-processing and get multilooked output
2. Compute y polarimetric feature

o Polarimetric Features

Cu = (|Svv|?) ]

Apply Refined-Lee Filter

Ca2 = (|Sval?) _
Sentinel-1 SLC Cra = (SyvSim) window 3x3
Pre-processing e |
!
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Reflection-Symmetry (RF) ship detection pipeline

Sentinel-1 SLC IW VV, VH acquisitions: target acquisition and time series of the previous 6-month acquisitions with the exact
same geometry used to remove static objects at sea (oil platforms, persistent infrastructures).

For each acquisition:

1. Run Sentinel-1 SLC Pre-processing and get multilooked output
2. Compute y polarimetric feature
3. Run Iterative CFAR detector to get binary ship mask

o Iterative CFAR detector

guard size = 8

Sentinel-1 SLC o Polarimetric train size = 32
Pre-processing Feaures pfa =107

65 px x 65 px

17px x 17 px
>

mask as output

Binary ship ]

/ )




Reflection-Symmetry (RF) ship detection pipeline

Sentinel-1 SLC IW VV, VH acquisitions: target acquisition and time series of the previous 6-month acquisitions with the exact
same geometry used to remove static objects at sea (oil platforms, persistent infrastructures).

For each acquisition:

1. Run Sentinel-1 SLC Pre-processing and get multilooked output
2. Compute y polarimetric feature

3. Run Iterative CFAR detector to get binary ship mask

4. Run Terrain Correction and apply land-sea mask

o Terrain - correction and land-sea mask

Sentinel-1 SLC o Polarimetric o Iterative CFAR
Pre-processing Feaures detector
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Reflection-Symmetry (RF) ship detection pipeline

Sentinel-1 SLC IW VV, VH acquisitions: target acquisition and time series of the previous 6-month acquisitions with the exact
same geometry used to remove static objects at sea (oil platforms, persistent infrastructures).

For each acquisition:

Run Sentinel-1 SLC Pre-processing and get multilooked output
Compute y polarimetric feature
Run Iterative CFAR detector to get binary ship mask
Run Terrain Correction and apply land-sea mask
Post-processing:
* Remove detection if present in at least 3 previous acquisition masks
* Remove single pixels/very small objects
* Shape-aware noise suppression

-

arwd-=

5.1 Remove static objects }

-

-

Sentinel-1 SLC o Polarimetric o Iterative CFAR Terrain correction | 4 HESVEN TR M i }
Pre-processing Feaures detector and land-sea mask J
5.3 Shape aware noise suppression

-

5.4 Bridge small gaps }

|
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Paolo, F.S., Kroodsma, D., Raynor, J. et al. Satellite mapping reveals

AOIS Of the a na lysis a nd va lidation dataset extensive industrial activity at sea. Nature 625, 85-91 (2024).

https://doi.org/10.1038/s41586-023-06825-8

Singapore Strait Gulf of Mexico
11/01/2017 22:47:38 13/10/2017 00:01:38 Global Fishing Watch dataset: Global map of industrial vessels
o ——— detected from 2017 with a combination of Sentinel-1 GRDH

imagery, vessel AIS and deep learning models (Nature).

« Wide range of vessels sizes (15-300m)

a Industrial fishing vessels
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Preliminary results: Singapore Strait
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Preliminary results: Singapore Strait
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Preliminary results: Mediterranean Sea

Ship detection recall as a function of vessel length
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Conclusions and way forward
I

Key takeaways

The proposed reflection-symmetry-based pipeline shows promising performance in detecting vessels across a
wide range of sizes (15-300 m), in both coastal and open-ocean environments.

Most false negatives are associated with smaller vessels (<25 m), highlighting the challenge of detecting small
targets in SAR imagery.

Next steps

Extend the pipeline to NISAR dual-polarimetric L-band SAR data to investigate whether its higher spatial
resolution improves the detection of small vessels.

Match SAR detections with AlS records to identify non-broadcasting (“dark”) vessels that may warrant further
investigation, including potentially illegal activities.

Final goal: support scalable and repeatable maritime monitoring on the Insula Platform.
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Automatic ldentification System (AlS)

Most of the ships are equipped
with an AIS (Automatic
identification System) designed to
avoid collision and exchange info
between ship-ship and ship-shore.

Ships that must be equipped with
AIS (AIS transponders):

All passenger ships

All ships > 300 gross tonnage
on international voyages

Cargo ships > 500 gross
tonnage not engaged on
international voyage

EU flagged ships > 15m
length

US commercial flagged
fishing ships > 65 ft (19m)
length

Worldwide ship density map based on AlS data in 2021

B

Ned 114742 | 2 ¥
W|76°2503 75! '
(841565 176 46447}

© marinetraffic.com
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https://www.imo.org/en/ourwork/safety/pages/ais.aspx

Illegal, Unreported and Unregulated fishing

Marine wildlife makes up 80% of life on Earth

Illegal operations in our oceans drain the world of
up to $36.4 billion worth of seafood every year

Illegal Fishing

Fishing without a valid license or permit
Fishing in prohibited areas like marine reserves

Catching prohibited species

Unreported Fishing

Failing to report or misreporting catches to relevant
national or regional authorities (to avoid quotas or
controls)

Unregulated Fishing

Fishing in areas with no applicable conservation or
management measures

Fishing in a manner inconsistent with responsible
fishing practices

Regional Fishing Management
Organization (RFMO) Area

% (0

Vessel With
False Flag

Exclusive
Economic
Zone

k]

Transferring Fish
Without Authorization

Fishing in EEZ
. Without License
Nation A ' 2 &
Q Fishing in RFMO 0
Vessel With Without License Sk
Dual Flags Fishing
4 Out of Season
& Mayrine Protected Area
I I
Fishing I | %
Nonpermited : - ! ' _
Species | Fishing in ' Misreporting
: Prohibited Area : Catches
U % Not Reporting
e Fishing With Catches

Border Hopping

lllegal G
Nation B % o B

Fishing

Exclusive
Economic SR Failure to Operate
Z Vessel Monitoring System
one
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https://www.marinebio.org/creatures/facts/
https://gfintegrity.org/report/transnational-crime-and-the-developing-world/
https://gfintegrity.org/report/transnational-crime-and-the-developing-world/
https://gfintegrity.org/report/transnational-crime-and-the-developing-world/
https://gfintegrity.org/report/transnational-crime-and-the-developing-world/
https://gfintegrity.org/report/transnational-crime-and-the-developing-world/
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. g e « Constant False Alarm Rate (CFAR) algorithm
Global FIShlng Watch (GFW) dataset performed in a ring’ composed of an inner window
. ©f 200 % 200 px and an outer window of 600 x 600
px on both VH and VV bands.

Global map of industrial vessels detected from 2017 with a « CNN to remove false positives, taking both VH and

combination of Sentinel-1 GRDH imagery, vessel AlS and deep VV bands in input, if the probability of a pixel being
learning models. a vessel is < 70%.

* 1km buffer from shorelines and 500m buffer from
image boundaries to remove ambiguous coastlines,
rocks, and potential noise artifacts.

a Industrial fishing vessels

e (o e1% - Persistent objects (such as offshore

e B ' 5 infrastructures) removed by running CFAR
. algorithm on median composites from SAR images
(A ( "N within a 6-month time window.

~ # | 22% \ %‘) . .

" Ay, &' * Length of vessels estimated with a NN model

Jaoe _ S - Different categories of vessels identified by a
combination of public vessel registries and a CNN:

25%

» Support » Fishing

e Carrier e Bunker
Fraction of vessels publicly tracked per km2 (] Se|Sm |C Vessel ] Gear

0% 25% 50% 75% 100% « Passenger » Discrepancy

« Cargo 22




Differences between RF pipeline and GFW dataset

Sentinel-1 imagery SLC GRDH

F : _ input image
. . f’ 2 b i 1' . 1 l"fﬁ sy 3 ._
- RF Pipeline GFW Dataset [ sleese (1 52 |
_ el - Y .'{. . .j_._ a : 5
! dl'l b, 88 L " f ‘

Resolution ~14m 20m
detection map at first iteration
Discriminating Normalized Single-pol VH, VV
feature gamma

Iterative CFAR .
. CFAR with large :
with small guard . . '
Detector . guard and training ]
and training . A S W
. windows o,y g
WIndOWS J) A detection map at second iteration
, [ Background
Deep learning [ Guard
" Morphological model: probabilit
False positives P . g . P Y W Target
operations of being a vessel <

70%




S1 Constellation Observation Scenario-S1A and S1B

¥ Two satellites in a 12 day orbit

¥ Repeat frequency: 6 days (important for coherence)

+ Revisit frequency: (asc/desc & overlap): 3 days at the equator, <1 day at high
latitudes (Europe ~ 2 days)
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S1 Constellation Observation Scenario

Sentinel-1 Constellation Observation Scenario: o)
Repeat & Coverage Frequency @ sentinel-1
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S1 Constellation Observation Scenario

Sentinel-1 Constellation Observation Scenario:

Mode - Polarisation - Observation
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Preliminary results: Singapore Strait

i Lol g ora7so oisc oeorsece EEEEIES V.3 Q GFW detections
Map layers i+ Addlayers & " i iy

b @ e static_objects_mas . @ B [a I“I]‘ ‘.I.:I ‘Tf-;l;r'. :' .‘.‘1'.‘;::' H
e bt by [_| RF detections

+ @ o post_processed_boxes .. & & |u A
GWF_sar_footprint_sing... & & [
> » STA_IW_GRDH_1SDV_2017.. & |lu &

®* Some large ships
detected as two
different ships

®* Some real false
positives in RF
pipeline detections




Ship detection over Gulf of Mexico

< Insula Perception SLOIGRI01ERIE saasats Q GFW detections

Map layers H + Add layers

} @ + post processed boxes .. @ @ lu S D RF deteCtiOnS

+ @ e static_objects_ mask G.. & & |
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P @ o STA_IW_GRDH_1SDV_2017.. & |u

+ @ + S1AIW GRDH 15DV 2017.. 1 |u *

* Some real false negative
in RF pipeline detections
in the case of ships < 25m




Ship detection over Gulf of Mexico

¢ Insula Perception 04_018787_01FB66_8385.SAFE Q G FW d ete ct i ons

Map layers i + Add layers

+ @ » post_processed_boxes .. & @& |u £ .
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* Problems with ship
wakes?

®* Some real false
positives in RF pipeline
detections




Preliminary results: Gulf of Mexico

_ Gulf of Mexico * Missed ships are < 45m long, most of them having a length <17m .

m L * They are fishing boats, so typically made of wood or fiberglass, which
m 0.87 has a weaker signal with respect to metal.

Ship detection recall as a function of vessel length Lengths of ships in ground truth dataset but NOT detected
40
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Preliminary results: Mediterranean Sea

< i RDH_1SDV_20180507T051308_20180507T051333_021794_0259CC_146B_sigma0_VV.tif .
Insula Perception GFW detectlons

Map layers H + Add layers

+ @ e post_processed boxes .. @ @& |lu 5 : X
ot

|| RF detections

+ ® » SIAIW.GRDH 1SDV 2.. ® @&

= X

+ @ * SIAIWGRDH1SDV 2. & @& |lwu S @ X

* Real false negative

* False positive seems
to be a true ship




Preliminary results: Mediterranean Sea

< Insula Perception FELIAT IR A L Q GFW detections

Map layers H + Add layers

g || RF detections

o
b @ » SIAIWGRDH 1SDV 2. & @& |l [ : X
|

+ @ e posi_processed boxes .. ® &

+ @ » S1A IW GRDH 15DV 2.. & @& i ¢

® Some real false
negatives
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