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Why Maritime Surveillance?

Source: nasa.gov
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Why Maritime Surveillance? 3/a4

* Oceans cover 3/4 of the Earth surface

— - R - e e

—

Sources: nasa.gov | B.S. Halpern (T. Hengl; D. Groll) / Wikimedia Commons / CC BY-SA 3.0
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Why Maritime Surveillance? 4/a4

* Oceans cover 3/4 of the Earth surface
* About 90% of the world trade is transported by maritime routes

-
Shipwreck

ource: maritime-executive.com’| Greenpeace
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Automatic Identification System (AIS)

*  Telecommunication equipment
* Limited to cooperative vessels

*  Ship information is encoded in AIS binary
messages (id, position, heading, speed, size ...)

AlS infrastructure concept

AISVIS >,
 Contegt Conterl 88

( Cooperative system )

SAR over satellite concept

-
-
B

Source: Surrey Satellite Technology Ltd

( Non-cooperative system )
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Ship detection with cooperative and non-cooperative systems 6/44

Automatic Identlflcatlon System (AIS) Synthetic Aperture Radar (SAR)

ol ey e
[ A ‘ Nor llmpl(m Pl ' ' : -
H v & . 0';—:—"1.7 A
= st AlS detection map iy @ Radar detection map
»# | (cooperative ships with AIS data) ? ﬁ | (ships detected by the radar)
. 5 Lardiigy Rflstmo Readingo Slough@ - i 2 0 PN g Sea .

» Wesdn uu o C ’(); don *
Lr !3.,51"'1

: South afmplon o L]
| M5 |
A Brighton UAS '7
154 /
N < Exetér y m ; % ZE\
s 9 Bournemo n@J ‘ N o @ \

PEasth A2 07
v‘ . Exmouth " ’ w»
Newguay dBodmin . /Torquays 7 . =

il a0 < ,‘59"” 97

,x

™

NP Tio faiut

74
- '.‘d.’,»' .

Amiens
0

© DLR e. V. 2013, Distribution AIRBUS DS / Infoterra GmbH

Fusion of AlS and Radar Data for Maritime Surveillance



AlS

Fusion tracks

Radar and AIS

Problems

AIS transmissions are related to ship dynamic conditions
Imprecisions propagating the AIS position
SAR detections for moving ships

Missing AIS (non cooperative ships, AlS collisions...)

Source : Thales Alenia Space
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. AIS and Radar processed data (classical fusion)

Fusion of SAR and AIS detection maps

Classical fusion

positions

Fusion after detection
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Improve ship detection using AlS and radar raw signals

Outperform ship detection in difficult surveillance scenarios

Source : Sea Shepherd © Richard Jones / Sinopix




Chapter 2

Chapter 3

Chapter 4

TeSA

Raw radar data and raw AIS data

Raw radar data and Processed AIS data

Proposed detector applied to typical maritime surveillance scenarios
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Chapter 2
Raw radar and raw AIS data
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AlS and Radar. raw data

Fusion before detection

F. M. Vieira et al., "Ship detection using SAR and AIS raw
data for maritime surveillance,” in Proc. EUSIPCO’2016.

\
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Radar

—>

[ Radar I I
| rawdata | Target raw data Target
———— | positions ' petector positions

raw data

Detection using raw data Detection using raw and processed data

. Improved detection performance

TQSA Fusion of AIS and Radar Data for Maritime Surveillance
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Maritime VHFE radio

Automatically broadcasts shipiinformation (identification; size, position, heading, speed'...)

AlS'is mandatory (IMO/SOLAS requirements) with some exceptions

Traini . CRC Buff
"She AIS frame: 256 bits o
10..0101..011..110 Message 011..110..000
NS N
Ramp up Start flag End flag
8 bits 8 bits

8 bits

Longitude | Latitude
28 bits 27 bits

Ship position 0

101..

.
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Difference between raw (left) and processed (right)
S -

N 13

SAR data SAR geometry 5(12),,

Q(t)’? Adimuh

Radar detection map '
Point target radar raw signal (V,4q) (before thresholding) LF

Detection map example
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Models considering raw data

s ™ s ) ™
Measurement vectors Signal vectors
Yais = Bb(0) + nas b(8) = AIS signal vector for a ship at 6
Yrad = A@(0) + Nrag a(@) = (r(t1), ..., T(tNrad))T
N\ J - J

«, 3 : unknown complex signal amplitudes (t1,...,tN,,,) : radar sampling times

r(t) : radar signal sample for a ship at 6
4 )

Detection: Is there a . Dﬂ?diﬂn map Noise vectors
ship at position 07 | | nars ~ CN (0’ UAISINAIS)
% nrad ~ CN (07 UradINrad)
SAT E NN | \_
YAIs < n  ship position ¢
Yrad AlS >

Range

grﬂd = QAIS

ship positions g
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Detector considering raw AIS and radar signals

(known noise power case)

Radar Joint AlS/Radar
Binary hypothesis test

Hy : o = 0, (absence of ship) Hy : oo = 3 =0, (absence of ship)
Hy : o # 0, (presence of ship) Hy:a#0,8 # 0, (presence of ship)

_/

Generalized likelihood ratio test (GLRT)

p(yrad|&795H1) p('yAIS-:yra,d|d:)é: B:HI)
p(yrad|a = O!B?HO) p(yA187 yrad|a = 0: /6 = O,G,HO)

Detectors

H 0 H H 1
{-Frad _ yradPa(e)yra,d g Th‘a.d} {I’f _ yAISPg(e)yAIS 4 yradpz(g)yrad % an

2
TAIS Orad Hy
Trad ~ {

Jrad Hy
Aars = 23%|6(8)||?/oi1s = 2Nrad SNRyaq = 2SNROag
Arad = 2072 ||a(0)|? /02,4 = 2Na1s SNRa1s = 2SNRoars

TeSA Fusion of AIS and Radar Data for Maritime Surveillance

Theoretical distributions

(0) under H T 2X3(0) under H
(Araq) under Hy f %XE(AAIS + Araq) under H

X3
X3

b= b=
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Theoretical ROC curves comparing
the proposed and classical radar detectors

ROC curves for detectors Ti{SHRn-rd:SNRnﬁland Tr_d{EHHnr#l
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Radar + AIS
B SNR,.q=8.79 dB |
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o 05 -
Radar

RN SNR:.q = 13.09 dB |

4.3 dB gain

Detection performance
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Detector for raw AIS and Radar data

Theoretical and simulated ROC curves for different

SNR levels using the proposed detector

Detectors T (SNRo__,; SNRo_, ) for different SNRo values in dB
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Detector for raw AIS and Radar data

Limitation
Important assumptions

e AIS and radar signals come from the same target position

* Target is cooperative
 Many parameters have to be estimated in the AlS signal model

Computational intensive for real-time implementation

Alternative
Use AIS processed data

Advantage: Do not require a model for AIS raw signals
* Drawback: Performance is sub-optimal

P Fusion of AIS and Radar Data for Maritime Surveillance
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Chapter 3
Raw radar and processed AlS data
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Processed AlS and raw Radar; data (AlS detection map + raw Radar. data)

Fusion before Detection

F. M. Vieira et al., “Improving synthetic aperture radar detection
using the automatic identification system,” In Proc. /RS’2017.

4 N
Radar I Radar
d [ d
| rawdata | Target raw data I Target
a ALS D DB positions Detecior positions
—P
| rawdata |
Detection using raw data | Detection using raw and processed data
-

. Classification of surveillance scenarios
. Detection in difficult scenarios
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AlS detection map (list of ship positions)

g Dorchester B m%ngth =
! 4
3 We eymo th Lo Po 4

Exeter

e Exmo th =

]

j";?,»j:' 7 729” % \ =

Torguaya /, /

Jergey

Positions =0,;s

__Interpolation errors are lower than the radar resolution (negligeable) _
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Problem statement
Idea: Some ship positions are provided by the AlIS list

4 N
Radar measurement Radar signal model
Yrad = A (Oars) & + B (8) + Tirag a(6) = (r(t1); -, T(tN.aa))”
o /
B : unknown complex signal amplitude ( . )
Thi del that the AIS list is valid P
is model assumes that the ist is vali 9
(no detection error) R— CN (0, 0taaI Niaa) .

With detection errors, there are four hypotheses

Hy: No ship

H;: Radar with AIS (cooperative ship)

H,: Radar without AIS (non-cooperative ship)

Hs: AIS without radar (AIS bias, small ship with AIS*, false AlS...)

w

*AlS parameters may help separate Hy
(e.g., weak radar signature for a big ship)

TeSA Fusion of AlS and Radar Data for Maritime Surveillance



Two-step procedure to discriminate targets
1. Confirmation of the AIS list (test exclusively @ 41s).
2. Detection of unknown ships (all 8 # 0 4;s).

validation or A~ IS

STEP 1: Test whether «; is zero or not. Decide between hypotheses H; and H3

Yoad = Ai (Oars;) o +a,a (0;) +npag 0 € O41s

The AIS list is validated

etection of hon-cooperative shnips

STEP 2: Test for unknown ships. Decide between hypotheses H, and H,

Yrad = A (BAISconf) Qeonf +5a(0) +npg g & Oa1s

The detector looks for new ships

TeSA Fusion of AlS and Radar Data for Maritime Surveillance



Radar detector Radar detector using the AlS list

(unknown noise power)
( HP(I. 0 H ( s H (2 = J_ ] 1]

r,- ¥ ROW 5, (NI T ° f( a)a()
\ y" Po(0)y H | all2|g? m Y = P4(0a13)y(0)
e ( — —
c“I1igp — der H 8 1 omr-11(Ap) under H p= ™ —

L 21472,2( 1)( ) under ffy Rl 1)( p) ! (for AIS error < radar resolution)

Orthogonal projection principle

A

Reception

Qrtogonal projection

Poy

Azimuth samples
Azimuth samples

10 20 30 40 50 60 70 80
Range samples Range samples

The raw radar signal is cleared from known ships

Removes the radar signatures of known ships (those at the AIS positions) from the measurement y.
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Performance comparison between detectors

[

Detection performance in usual detection cases

1:
Classical
0.95 —— detector T. and T, have similar
detection performance in
usual detection cases
0.9 Proposed
e detector
o
0.85
0.8,4°
0.75 :_3 :_2 1 0
10 10 10 10

Pfa

>A
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Performance comparison between detectors 27/44

Detection performance in particular scenarios is improved

A non-cooperative small ship near a

High ship density (cooperative ships) cooperative ship with different sizes
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Performance comparison between detectors

Detection performance in particular scenarios

oo Pfa = 10, SNRo=10dB
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Chapter 4
Maritime surveillance scenarios
and the proposed detector

TQSA Fusion of AIS and Radar Data for Maritime Surveillance



Simulation of surveillance scenarios

* Piracy: ship hijack case
e Cargo transshipment
* Dense ship traffic scenario

TeSA Fusion of AIS and Radar Data for Maritime Surveillance



Piracy: Ship hijack

lllustration of a ship hijack operation by pirates

Ships are shown as extended targets
for reference only.
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Classical radar detector Proposed detector
(before thresholding) (before thresholding)

Pirate 1 l B Pirate 1

Pirate 2 is masked by Pirate 2
the cargo "1 e '-

. (after thresholding) | | (after threshoiding)
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Q
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detections \

detections \

Y coordinates in km

Y coordinates in km

02 03 04 0s 6 0.7 0 02 03 04 05
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TeSA

Cargo transshipment

¥ coordinates in km

45

A8

=

g
B

[~

05

- — e -
-

5 1 15 2 25 3 a5 i a5
X cogrdmates in km
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Cargo transshipment

Classical radar detector
(after thresholding)

() ASships
NON-COCPOrative ships

detections

Y coordinates in km

X coordinates in km
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Cargo transshipment

Proposed detector
(after thresholding)

l‘__‘v AIS ships
| non-cooperative shigs

detections
unknown

ships only

Y coordinates in km

X coordinates in km
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Dense ship traffic with cooperative ships

Ship traffic in a crowded region
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Dense ship traffic with cooperative ships

Classical radar detector
0014, (before thresholding)

0.012
0.01
0.008

0.006

Detector output

0.004

0.002

Iy PRpTp o} s ek L = ool
Y dinates in km

. : S
X coordinates in km

Detection map with all ships
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Dense ship traffic with cooperative ships

) Proposed detector
' (before thresholding)

Detector output

! R s ....,;.“A_A... PR o Y

0 5
X coordinates in km

Detection map with the unknown ships
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Two ships at close distance

Classical radar detector

Détoctor cutput
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(a) Classical detector : Detection map.
Classical detector (with threshold applied)
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b) Proposed detector : Detection map.
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Proposed detector (with threshold applied)
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Deétoctor cutput

¥ ccordinates in km

Y coordinates in km

Two ships at close distance

Classical radar detector

ey

R
- AL i)\ _,‘j;."/l 214
“ LS B W I AR | TR
STy | T R T e N IS
A S AN

BN TS

X ooordnades in ks

(a) Classical detector : Detection map.
Classical detector (with threshold applied)
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b) Proposed detector : Detection map.
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Two ships at close distance

Classical radar detector Proposed detector
u

Non-cooperative ship Non-cooperative ship

‘_'-

v. -
""g.’:’! Detected
,-‘w\“/ ” \!“:.':';:,',me
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* State-of-the-art: Fusion of detection maps

* We proposed to explore raw AIS and Radar signals to improve ship detection in
particular scenarios: dense ship traffic, Cargo transshipment, ship hijack.

Chapter 2: raw AIS + raw radar Chapter 3: raw radar + AlS detection map

— Classical detector (with threshold applied)

=
ROC curves for detectors Titsﬂl!o'd, SNRca.‘l and TI_“(SNHor”] 0.5
| | [ ) AIS ships
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e Explore ship tracking information (satellite revisit)

* Consider different detectors models and methods (e.g., Bayesian approach,
exploit sparsity)

* Deal with extended targets

ambiguities

e Other radar problems (e.g., radar ambiguities)

ambiguities

source: yoppa.org

patellite orbiticy e Radar azimuth ambiguities. Source: S. Brusch, et al, “Ship

Surveillance with TerraSAR-X,” Int Trans. IGARSS’2011.
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Thank you
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