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Objective

To provide
the minimum, but necessary,
amount of knowledge required

to understand v
scientific works on

Radar Polarimetry
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POLARIMETRIC PROCESSING GHAINE ¢:esa

Image synthesis

@ Co-reqi i
b @ — gistration
i Acquisition coarse & fine
@ Calibration |~ ( )

Pre-processing
Polarimetric
Processing SolSAR
Pol-InSAR
" Pol-TomSAR
Post-processing > | Pol-TimeSAR

Application driven

- Data inversion L ’
~ . M ocean

Forest
Vegetation s i
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Pol-TimeSAR

Atlme

Revisit time :

* ALOS-2 = 14 days
* BIOMASS = 4 days
* RADARSAT?2 = 24 days
* RISAT-1 = 25 days
» Sentinel-1 = 6 daysg

Polarimetric feature
temporal evolution
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Pol-TimeSAR

Atlme

Revisit time :

mm/yr

* ALOS-2 = 14 days
* BIOMASS = 4 days

* RADARSATZ2 = 24 days £ o
« RISAT-1 =25 days A&
* Sentinel-1 = 6 days £

Subsidence Monitoring

Permanent scatterers
Coherent scatterers

Polarimetry = scatterer type

European Space Agency
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Basic Concepts in PolSAR Analysis

Wave Polarimetry

« Wave Propagation
* Wave Polarisation
* Jones Vector
* Polarisation Ratio
« Complex Polarisation Plane
» Orthogonal Jones Vector
* Elliptical Basis Transformation
« Stokes Vector
* Poincaré Sphere
* Elliptical Basis Transformation

 Partially Polarised Waves
 Wave Polarisation Dimension

ESA UNCLASSIFIED - For Official Use
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Scattering Polarimetry

« Scattering Problem

* Polarimetric Descriptors
» Scattering / Sinclair Matrix
» Target Vectors
 Partially Scattering Polarimetry
* Mueller / Kennaugh Matrix
 Huynen Parameters
» Coherency Matrix
» Covariance Matrix
* Elliptical Basis Transformations
« Synthesis / Equivalence

* Polarimetric Target Dimension
 MonostaticTarget Equations
* Monostatic Target Diagram

European Space Agency

E.P (2017)
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Advanced Concepts in PolSAR Analysis

* Polarimetric Speckle Filtering * POISAR Image Segmentation

» Target Decomposition Theorems * H/ a Unsupervised Classification
« Krogager Decomposition » Wishart Classifier
 Huynen / Barnes Decompositions * Wishart - H/ a Classification
- Cloude / Holm Decompositions * Wishart - H/ A/ a Classification

« Freeman / Yamaguchi Decompositions ¢ Wishart — Freeman Classification
« Van Zyl / Arii Decompositions

*H/A/a Decomposition

* eigenvalues based parameters

*« TSVM Decomposition
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Practicals

3 POLSARPRO V. 5.1

The Polarimetric SAR Data Processing and Educational Tool

http://earth.esa.int/polsarpro

Beta Version 1

WWW.esa.int European Space Agency
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RADAR POLARIMETRY

e A bit of History

e Airborne and Space-borne
Polarimetric SAR Sensors

o Software / Toolbox

e Learning / Training / Results




Radar Polarimetry
if; //

Radar Polarimetry (Polar : polarisation Metry: measure)
IS the science of acquiring, processing and analysing
the polarization state of an electromagnetic field

\\

E. Pottier



Radar Polariretry

N The POLARISATION information
® Contained in the waves backscattered
from a given medium is highly related to:

| | U ghiiiag=A 1=
its geometrical structure NN =
reflectivity, shape and orientation

E. Pottier



SAR Polarimetry Applications
e Forest Height

e Forest Biomass

e Forest Structure

e Canopy Extinction

e Underlying Topography

e Forest Ecology

e Forest Management
e Ecosystem Change
e Carbon Cycle

e Soil Moisture Content

e Soil roughness e Farming Management
o Height of Vegetation Layer e Water Cycle

o Extinction of Vegetation Layer e« Desretification

e Moisture of Vegetation Layer

e Topography

e Penetration Depth / Density e Ecosystem Change
e Show Ice Layer e Water Cycle

e Snhow Ice Extinction e Water Management
e Water Equivalent

Urban Areas , DLR Courtesy of Dr. |. Hajnsek : = Pot—t;et;r



A Bit Of History

Radar Polarimetry




AD 1000
Use of the polarized
skylight to locate a 1669 Corpuscular model or
hidden sun First known
Quantitative work 1677 « longitudinal » waves
on light observation Wave nature

of light discovery

Explanation of the

double refraction 1704
Corpuscular
Model of light

1808
Discovery of the
polarization of light
(intrinsic property
of light and not of
crystals)

Bartholinus

Crystal of calcite
Iceland Spar

e S o——

E. Pottier


http://upload.wikimedia.org/wikipedia/commons/c/c8/Rasmus_bartholin.jpg
http://upload.wikimedia.org/wikipedia/fr/6/60/Christiaan_huygens.jpg
http://upload.wikimedia.org/wikipedia/commons/7/79/Etienne-Louis_Malus.jpg

Non Exhaustive Chronological List of
the Main Pionners who contributed to the discovery
of Polarization leading to Radar Polarirnetry

Brewster

Fresnel

Farad ay

Helmholtz

Rayleigh
K|rchhoff
« Transverse » nature 1873 f \ %
of light waves P
9 1881 ,t
Electromagnetic 1881
theory of light 1883
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http://upload.wikimedia.org/wikipedia/commons/1/1a/Dbrewster.jpg
http://upload.wikimedia.org/wikipedia/commons/0/02/Augustin_Fresnel.jpg
http://upload.wikimedia.org/wikipedia/commons/5/5c/Faraday_Cochran_Pickersgill.jpg
http://upload.wikimedia.org/wikipedia/commons/e/e3/SS-stokes.jpg
http://upload.wikimedia.org/wikipedia/commons/5/57/James_Clerk_Maxwell.png
http://upload.wikimedia.org/wikipedia/commons/c/c7/Hermann_von_Helmholtz.jpg
http://upload.wikimedia.org/wikipedia/commons/2/28/John_William_Strutt.jpg
http://upload.wikimedia.org/wikipedia/commons/c/ce/Gustav_R._Kirchhoff.jpg

Non Exhaustive Chronological List of
the Vain Pionners who coniribuied to the discovery
of Polarization leading to Radar Polarirnetry

Brewster

Fresnel

Faraday
Stokes

Maxwell

Helmholtz

Rayleigh

1832 '

ﬂi\‘.«. =
1852

Kirchhoff

if‘!
N

A

1883

Sommerfeld

Poincaré
1881

Lorentz

Wiener


http://upload.wikimedia.org/wikipedia/commons/1/1a/Dbrewster.jpg
http://upload.wikimedia.org/wikipedia/commons/0/02/Augustin_Fresnel.jpg
http://upload.wikimedia.org/wikipedia/commons/5/5c/Faraday_Cochran_Pickersgill.jpg
http://upload.wikimedia.org/wikipedia/commons/e/e3/SS-stokes.jpg
http://upload.wikimedia.org/wikipedia/commons/5/57/James_Clerk_Maxwell.png
http://upload.wikimedia.org/wikipedia/commons/c/c7/Hermann_von_Helmholtz.jpg
http://upload.wikimedia.org/wikipedia/commons/2/28/John_William_Strutt.jpg
http://upload.wikimedia.org/wikipedia/commons/c/ce/Gustav_R._Kirchhoff.jpg
http://upload.wikimedia.org/wikipedia/commons/5/50/Heinrich_Rudolf_Hertz.jpg
http://upload.wikimedia.org/wikipedia/commons/0/01/Paul_Drude.jpg
http://upload.wikimedia.org/wikipedia/en/d/d4/Sommerfeld.gif
http://upload.wikimedia.org/wikipedia/commons/4/4d/Norbert_wiener.jpg
http://upload.wikimedia.org/wikipedia/commons/0/0d/Guglielmo_Marconi.jpg
http://upload.wikimedia.org/wikipedia/commons/3/3d/Lie.jpg

Non Exhaustive Chronological List of
the Main Pionners who contributed to the discovery
of Polarization leading to Radar Polarimetry

1954
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http://upload.wikimedia.org/wikipedia/commons/f/f7/Max_Born.jpg
http://upload.wikimedia.org/wikipedia/commons/4/43/Wolfgang_Pauli_young.jpg

Non Exhaustive Chronological List of
the Main Pionners who contributed to the discovery
of Polarization leading to Radar Polarimetry

Kennaugh

4

Huynen

4 W. M. Boerner

1952

The
Radar Polarimetric
Triptych

e S o——
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Non Exhaustive Chronological L
the Main Pionners who contributed to the discovery
of Polarization leadinc

Kennaugh

4

Huynen

7

W. M. Boerner

1952

@

P. Dubois v, yamaguchi

i980
1990 - 2000

Radar Polarimetry

Scieniific Progress

E. Pottier



Polarimetric Radar (SAR)

Spaceborne Sensors

C——
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SEASAT ERS-1 J-ERS-1

NASA/JPL (USA) European Space Agency (ESA) Japanese Space Agency (NASDA)
L-Band, 1978 L-Band, 1992-1998

Shuttle Ra

e

ssion

dar Topdraphy Mi

RadarSAT-1
Canadian Space Agency (CSA) European Space Agency (ESA) NASA/JPL (C-Band), DLR (X-Band)

C-Band, 199

e
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Space-borne Sensors
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Space-borne PolSAR Sensors

ENVISAT - ASAR

October 2001
C-Band (Sngl / Dual Inc)

E. Pottier
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Space-borne PolSAR Sensors
COSMO - SkyMed

June 2007, Dec. 2007
Oct. 2008, Nov.

E. Pottier



Space-borne PolSAR Sensors

TerraSAR - X

Rostok (Twin)

June 2007
X-Band (Sngl / Twin HH-VV / Quad Exp.)

# EADS
oilR ASTRIUM

e B

E. Pottier



Space-borne PolSAR Sensors
RISAT-1A

ay,
...

26 April 2012
C-Band (Sngl, Dual, Hybrid)
Operational since 2015

E. Pottier
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Space-borne PolSAR Sensors

SENTINEL - 1A

S1A : April 2014 S1B : April 2016
C-Band (Sngl, Dual

E. Pottier



Rennes
Britanny
France
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Space-borne PolSAR Sensors

SAOCOM - SAR-L RADARSAT Constellation
Mission (RCM)

1A: 2017 1B : 2018 1A: 2017 1B/1C: 2018
2A 1 2019 2B : 2020 C-Band (Sngl, Dual, Hybrid)
L-Band (Sngl, Dual, Twin HH-VV) Revisit : 4 days

Revisit : 4 days

E. Pottier



Scatiering Polarirnetry

TRANSMITTER: X&Y
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Space-borne Sensors
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Space-borne Sensors
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Space-borne PolSAR Sensors

SIR-C / X-SAR

April 1994

L- and C-Band (Quad)
X-Band (Sngl) Rwanda, Zaire, Uganda

E. Pottier



Space-borne PolSAR Sensors

ALOS - PALSAR

January 2006
L-Band (Sngl / Twin / Quad)

e ——
,_\._g;'__‘_\““:
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Space-borne PolSAR Sensors

RADARSAT -2

Apence spatiale
canadienna

December 2007
C-Band (Quad)
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May 2014
L-Band (Quad
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Space-borne PolSAR Sensors

Chang Zheng-4C - GaoFen-3 (GF-3)
Long March-4C - High Resolution-3

EF'FI'“M#'- ] )

August 2016
C-Band (Quad

E. Pottier



Space-borne PolSAR Sensors
COSMO - SkyMed - CSG Earth Explorer - BIOMASS

2A : 2018 2B : 2019 2019
X-Band (Sngl / Dual / Quad Exp.) P-Band (Quad)

5 ;':—,

E. Pottier
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Space-borne PolSAR Sensors
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What About

Software / Toolbox ?
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POISARDro vs.1

The arimetric Data cessing
and Educational Tool v5.1

% EOPI
Earth
Observation

Principal
Data Sources ~ | Overview ~ | Download and Installation ~ = Documentation ~ | Results & News ~ InVEStigatOf

' Portal

- Latest News

Youare here Home

- PolSARpro Version 5.0

~ Useful Links

Isoftwaretools/

Office of
Naval Research

o\ NSO Aslinn V3



PolSARpPro vs.1

: OPEN SOURCE DEVELOPMENT

The Tool is free download on the Internet
from the ESA Web Portal (Earthnet) at :
/earth.esa.int/web/polsarpro

Data Seurces ~ Overview - Download and Installation ~ | Documentation ~ Results & News -

You are here share | [F]

~ PolSARpro Version 5.0 - Latest News

- Useful Links




POISARpPro vs.1

http://earth.esa.int/web/polsarpro
The Web Site provides

e Details of the project

Data Sources ~ | Overview ~ | Download and Installation » | Documentation ~ Results & News -

You are here nare | [F
S

~ PolSARpro Version 5.0 ~ Latest New
a Edu | ai

ilita ility

e Access to the tutorial
and software

lari Dat:

T
n
a
R

- Useful Links

e Information about status
of the development

e Demonstration Sample
Datasets

E. Pottier



Learning / Training

Next P.I| Generations

227272277




Books On Polarirnetric Radar
SAR, Polarimetric Interferometry

Polarisation: Applications in Remote Sensing
Shane R. CLOUDE

Oxford University Press, October 2009, pp 352
ISBN: 978-0199569731

Polarimetric Radar Imaging: From basics to applications
Jong-Sen LEE - Eric POTTIER

CRC Press; 1st ed., February 2009, pp 422

ISBN: 978-1420054972

JENE-SIN LLE LRI FETEIER

—— —— e -

- b s we
e R Ny

E. Pottier



S00Ks On Polarirneiric Radar
SAR, Polarirnetric Interferometry

Polarisation: Applications in Remote Sensing

xz) Shane R. CLOUDE
WAk S ki Oxford University Press, October 2009, pp 352
5 v s R T ISBN: 978-0199569731

C P3N v SCVFTE )

Wen HONG et al.

Jong-Sen LEE - Eric POTTIER
CRC Press; 1st ed., February 2009, pp 422
ISBN: 978-1420054972

Polarimetric Radar Imaging: From basics to applications

—

E. Pottier




# Polarimetric SAR Data Processing and Educational Tool v5.0 - Menu

| - Enwironment  Impart Corvert Frocess Dizplay  Calibration E

_1ol x|

@ BN [lo A | w oo
L

‘ﬁ\

= | &

ONERA

WP360 : Review and update of

the Basic Principles and
Applications

(C. Lopez Martinez, E. Pottier)

FaolSARpro «5.0 - Run Trace

1 Basic Principles of SAR Polarimetry

€. Lopez Martinez', E. Pottier®

' UPC Bareslona

* University of Renmes-1

11 Theory of radar polarimetry

1.1.1 Wave polarimetry

whichmay be 2lso considered m a complex form

| D pen window W arning

Cloze Window ‘Warning

0
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DATASETS
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AIRSAR JPL

DC8
P, L, C-Band (Quad)
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AL®'S ALOS2 - PALSAR 4HA

Ralebile

L-Band (Quad - 2015)

Cesa
2 POLSARPRO V. 5.1

The Polarimetric SAR Data Processing and Educational Tool
Data'SIOJNOAAU'S. Navy, NGA, GEBCO
~|\. L QK

£
ImageftandsatiiCopernicus
e,

y SR e

ESA UNCLASSIFIED - For Offic © Google Earth
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BASIC CONCEPTS
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WAVE POLARIMETRY
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PROPAGATION EQUATIONSSICEIEE:

REAL ELECTRIC FIELD VECTOR E(z,t)

/ MAXWELL EQUATIONS \

JB(z,1)
ot

MAXWELL ~ AMPERE EQUATION  VAH(z,t)=J_(z,t)

MAXWELL - FARADAY EQUATION VAE(z,t)=—

GAUSS THEOREM V-D(z,t)=p(z,t)

\_ q V-B(z,t)=0 )
3 (@0)=7. (z,t)+aD§’t)

,_TC (Z ,t)=£(2 ,t) o (Conductivity)

5 — U (Permeability)
(e )41 (1) e
ooz, t)=€E (z,t)

=il W I EE= IS @IS ERSE M e iy




PROPAGATION E f s Cesa

VAVAA)=V(V- A) V. (VA)

}

4 PROPAGATION EQUATION A

» E(z,t) JE(z,t)  1p(z.t)
2E ,t _ v) | —_ " J
VE@Y)-pe ot’ HO 5t g ot

\_ J
[ HELMHOLTZ PROPAGATION EQUATION \
_ A°E(z,t
V?E(z,t)- us (2 )
ot
Source Free, Linear, Homogeneous, Isotropic,

ESAUNCLASS.F.ED-FO&@.U% Dielectric and lossless Medium j
= Il b 2= N - I W = " I 1] — O I um Il = := 8 ZE I+ European Space Agency

E.P (2017)
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d=esa

COMPLEX ELECTRIC FIELD VECTOR E(z) With: E(z ,t) — SR(E(z)e jmt)

HELMHOLTZ PROPAGATION EQUATION
2
V’E(z)+k“E(z)=0

=2 104
ikz E, E.¢e
- : o
SOLUTION: E(Z)= Ee with: E = Ey = EoyeJ ’
16,
B Ez B i Eoze _
SINUSOIDAL PLANE WAVE
q oE
ESA UNCLASSIFIED - For Official Use Z
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REAL ELECTRIC FIELD VECTOR

)

-0

—kz

E,, cos(amt

fEX=

=0

z

E

"

E(z,t)={E, = E,, cos(at —kz—5,)

ESA UNCLASSIFIED - For Official Use
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THE REAL ELECTRIC FIELD VECTOR MOVES IN TIME ALONG AN ELLIPSE

2 2
( = ) _p =5y cos(5)+ v sin®(6)
EOx Ox —0y EOy
ESA UNCLASSIFED - ForOfcil U with: 0 =0, — 0,
= 1] hw = = L I W= T JI 11 = D I e B2 00 T 22 B2 22 Wl European Space Agency

E.P (2017)
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E(z,t=0)
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, '
Va 4 X
N/ ¢ 0 ® zn
A : WAVE AMPLITUDE Q. : ABSOLUTE PHASE
T T T
. ORIENTATION ANGLE ——<@<— 7. eLLpTiciTYaNGgLlE 0L7<—
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ANTI-CLOCKWISE ROTATION CLOCKWISE ROTATION

LEFT HANDED POLARISATION RIGHT HANDED POLARISATION

! !

ELLIPTICITY ANGLE: 7>0 T ELLIPTICITY ANGLE : 7<0

T
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PHASOR = JONES VECTOR

REAL ELECTRIC FIELD VECTOR

‘E, =E,, cos(wt—kz—5) E =E_ el

= mp [ = |

E(Z’t)=< Ey = EOyCOS(mt_kz_ay) - Ey = Eoyejay
E =0

with: E(z,t)= ER(Ee j (ot - kz))

ABSOLUTE PHASE

ESA UNC IFIED - For Official Use

/ GEOMETRICAL PARAMETERS \

AMPLITUDE

_ _ 2 2
a=4, A= EZ +E,
ORIENTATION ANGLE ELLIPTICITY ANGLE
E, E E, E
tan2¢=2 "> cosd sin2r=2__""""_sing
0x =0y EOx + EOy
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BO-B : GENERATOR OF TARGET IRREGULARITY

C: GENERATOR OF TARGET GLOBAL SHAPE (LINEAR)

D: GENERATOR OF TARGET LOCAL SHAPE (CURVATURE)

E: GENERATOR OF TARGET LOCAL TWIST (TORSION)

F: GENERATOR OF TARGET GLOBAL TWIST (HELICITY)

G: GENERATOR OF TARGET LOCAL COUPLING (GLUE)

H: GENERATOR OF TARGET GLOBAL COUPLING (ORIENTATION)

ESA UNCLASSIFIED - For Official Use
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JONES VECTOR

- _ A[cos(¢) — sin(¢)}[ cos(z) jsin(r)][e‘j“ 0 } 0

—Lsin(g) cos(g) | jsin(z) cos(r) ja
[U,(9)] [U,(7)] [U,()]
4 HOMOMORPHISM SU(2) - O(3) )
1 -
0,20, =, Trl[u.(O)" o, [u. (6)})
\_ (0, 0y) : Pauli Matrices )
STOKES VECTOR ‘
1.0 0 oz, o o o Jro o o |
pe| 0 w20y SanCey o |l tes(aey 0 gz | oo G
E 0 sm( 2¢) COS( 2¢) ollo : 0 1 0 0 :0 COS( 2a) —sin( 20!) gﬂ
|0 : 0 0 1 __0 :Sin( 22') 0 COS( 22') i _0 :0 sin( Za) cos( Za) il
ESA UNCLASSIFIED - For Official U[©3(2¢'Z| [03(2 Z_)]_ [03(2 a)]
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ELLIPTICAL BASIS TRANSFORMATIONERCEIEE

SINCLAIR MATRIX

EEAQ [Stan)]Ean) Efss.) = [Ses)]Ess)
ES(B,BL>]= Ui nreen] [Sean) [U(A,AL)H(B,BJ]]
CON-SIMILARITY TRANSFORMATION

KENNAUGH MATRIX

QE?A,AL) =[K(A’Al)]gE{A,A¢) QEEB,BJ_) =[K(B’BJ_)]9Ei(B,BJ_)
f 110 TR
[K(B Bl)] """""""" [K(A Al)] """"""""
0 Os(a)-(88,) 0 1 Og(an (58,
\_ SIMILARITY TRANSFORMATION )

O(3) SPECIAL UNITARY ELLIPTICAL

ESA UNCLASSIFIED - For Offioial Use [Os(A A )—(B, Bl)] BASIS TRANSFORMATION MATRIX
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. )
[U2]=[cos(¢) —sin(¢)][ cos(z) ] Sin(r)][e—ia 0 }

sin(p) cos(@) || jsin(z) cos(z) || 0 el®
\_ U, (8)] U, (z)] U, ()] )
4 HOMOMORPHISM SU(2) - O(3) )
1 )
0,20, =, Trl[u.(O)" o, [u. (6)})
\_ (o, 0y) : Pauli Matrices )
4 0(3) UNITARY GROUP R
c0s2¢ —sin2¢ Ofcos2z 0 —-sin2z|[1 O 0 |
sin2¢ cos2¢ O 0 1 0 0 cos2a -sin2«
0 0 1]{sin2z 0 <cos2z |0 sin2a cos2a _
QA UNCLASSIFIED - For 0[1935(2 ¢)] [03(2 T)] [03(2 a)] /
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/ THE DIFFERENT \
TARGET POLARIMETRIC
DESCRIPTORS

—

/

TRANSMITTER: X &Y J
RECEIVERS: X&Y \ /

k, Q Target Vectors

ESA UNCLASSIFIED - For Official Use
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VECTORIAL FORMULATION OF THE SCATTERING PROBLEM

SCATTERING MATRIX [S] |: SXYi|

YX SYY
[ | 'S17
- 1 S2
scattering vector - S =V ([S])= ETrace([S] [7])= 53 eC,
S4

With: V([S]) MATRIX VECTORISATION OPERATOR | 97

[T] SET OF ORTHOGONAL 2x2 MATRICES

—

FROBENIOUS NORM OF S
||§||2 =§T*'§=|S1 |2 +|Sz |2 +|83 |2 +|S4 |2
crmesssroroommve = SPAN([S] =] S 7 +1 Syx I +1Syy I +1Syy I

— Il bz W = "Il D 5w 11 — == K1 = I+l Europeansp&ﬁ;ﬁ\(gsgflvn
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PAULI SCATTERING VECTOR ~ k =V ([S])= %Trace([S] lw.])

SET OF 2x2 COMPLEX MATRICES
FROM THE PAULI MATRICES GROUP

S 2 )
| ]

[ = [SXX ~+ SYY SXX - SYY SXY + SYX j(SXY _ SYX )]T ]

Advantage: Closer related to physical properties of the scatterer

ESA UNCLASSIFIED - For Official Use Note: Also known as k4p
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LEXICOGRAPHIC SCATTERING VECTOR 2=V ([S])= %Trace([S] v, ]

SET OF 2x2 COMPLEX MATRICES
FROM THE LEXICOGRAPHIC MATRICES GROUP

va-{d, ol4e o} o) 4e 3]
| ]
[!2=[sXX Swv  Six SW]T]

Advantage: Directly related to the system measurables

ESA UNCLASSIFIED - For Official Use Note: Also known as k4L
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SCATTERING VECTOR TRANSFORMATIONS

Pauli Scattering Vector: Lexicographic Scattering Vector:
Sxx + SYY Sxx
1| Sy =S S
K = T XX YY Q= XY
2 va + SYX SYX
_J(SXY — SYX )_ SYY _
UNITARY TRANSFORMATION
-1 T*
=[D4]Q and Q=[D4] K=[D4] k
1 0 O 1
WHERE [D,] IS A suU(4) MATRIX D,]= 11 0 0 -1
IN ORDER TO PRESERVE THE NORM - ﬁ 0 1 1 0
OF THE SCATTERING VECTOR
ESA UNCLASSIFIED - For Official Use O J _ J O
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MONOSTATIC CASE

Pauli Scattering Vector:

S, +S _ i
: Sxx ) SYY , Sxx + SYY
k=—~| % % k=—"—-|S,, =S
K="1H S, +S., ‘ = 5| O YY
; ZSXY
_J(SXY _SYX )_ ) )

Note: Also known as ksp

Lexicographic Scattering Vector:

'S, -
S XX
Q=" =) Q=|2S,,
SYX S
YY
Sy ) )

Note: Also known as kg

European Space Agency

— 0l he c= ™ L I W = T Il D i == BNl = 22 B2 SE I
E.P (2017)
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SCATTERING VECTOR TRANSFORMATIONS

Pauli Scattering Vector: Lexicographic Scattering Vector:
1 Sxx + SYY Sxx
K=ﬁ Syx — Svy Q= \ESXY
N ZSXY _ N SYY _

UNITARY TRANSFORMATION
k= [DS]Q and Q= [Ds]_1IS = [Da]T K

1 0 1
WHERE [D,] IS A SU(3) MATRIX
IN ORDER TO PRESERVE THE NORM | D3] = 1 0 -1
ESAUNCLASSIFIEEE F;!—OIF!CEU§CATTERING VECTOR O \/i O
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/ THE DIFFERENT \
TARGET POLARIMETRIC
DESCRIPTORS

—

/

’ [T]  Coherency Matrix
TRANSMITTER: X &Y
RECEIVERS: X &Y \_ )

STATISTICAL DESCRIPTION

esauncuassirien - oficd AR TIAL SCATTERING POLARIMETRY

=P I+] European Space Agency
E.P (2017)
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va NS AA AR
‘.' \ Pdvns) - ) "":.; -4_?‘.‘.:,I ' \
COHERENCY MATRIX. /(Y-

BISTATIC CASE

PAULI SCATTERING VECTOR |_<
1 :
K ﬁ[sxx + SYY Sxx _ SYY SXY + SYX J(SXY _ SYX )]T

4 COHERENCY MATRIX [T] )

- 2A, C—jD H+jG L-jK]
C+jb B,+B E+jF M-|jN
H-jG E-jF B,-B J+]jl

' L+]K M+ N J-jl 2A

[Tl=k-k" =

HERMITIAN POSITIVE SEMI DEFINITE MATRIX - RANK 1

- J

ESA UNCLASSIFIED - For Official Use
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COHERENCY MATRIX: i S &I LY

MONOSTATIC CASE

PAULI SCATTERING VECTOR l_(
1
= ﬁ[sxx +Syy  Sxx —Syy  29xy ]T

\

4 COHERENCY MATRIX [T] N
2A, C-jD H+jG
[T]J=k-k' ={C+jD B,+B E+jF
H-jG E-jF B,-B

\HERMITIAN POSITIVE SEMI-DEFINITE MATRIX - RANK 1 /

HUYNEN TARGET GENERATORS
2
T11 = 2Ao ‘Sxx + SYY‘ T22 = B +B= ‘Sxx YY‘
ESA UNCLASSIFIED - For Official Use T33 —_— B B 2‘ XY‘

— ] bz ™ - I = = " 101 - -I= = BN BN 22 EX 22 I+l EuropeanSpaceA(gencv)
E.P (2017



PHYSICAL INTERPRETATION

SINGLE BOUNCE DOUBLE BOUNCE VOLUME

SCATTERING SCATTERING SCATTERING
(ROUGH SURFACE)

ESA UNCLASSIFIED - For Official Use
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dcesa

o
© Google Earth |[HH+VV
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ELLIPTICAL BASIS TRANSFORMAI @:esa

R b

2 SPECIAL UNITARY SU(2) GROUP )

[U2]=|:COS(¢) —Sin(¢)}[ cos(z) jsin(z-)][e—m 0 }

sin(@) cos(g) | jsin(z) cos(z) || 0 el®
\_ [U,(¢)] U, (z)] U, ()] .

4 SPECIAL UNITARY SU(3) GROUP )
10 0 |[cos(2c) o jsin(2z)][ cos(2a) - jsin(2a) 0]
0 cos(2¢) sin(2¢) 0 1 0 -] sin(2a) cos(2a) 0
0 —sin(2¢) cos(2¢)|| jsin(2z) 0 cos(2z) [| O 0 i

\_ [Us(29)] [Us(27)] [Us(20)] )

E.P (2017)



ELLIPTICAL BASIS TRANSFO $ N & esa

e
SINCLAIR MATRIX

EEA’AJ_) = [S(A,Al)]EzA’AL) EEB,BL) = [S(B,Bl)]EzB,BL)

\[[ ]/

Se.s)]=lVnareen] [SeallUan @]
CON-SIMILARITY TRANSFORMATION

COHERENCY MATRIX

[[T(B,Bl>]= [Us(A,AL)Hw,BL)][T(A,Al)][Us(A,Al)Hw,Bl)}l]

SIMILARITY TRANSFORMATION

[U ] U(3) SPECIAL UNITARY ELLIPTICAL
3(AA )—~(B,By) BASIS TRANSFORMATION MATRIX

ESA UNCLASSIFIED - For Official Use
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/ THE DIFFERENT \
TARGET POLARIMETRIC
DESCRIPTORS

—

/

TRANSMITTER: X & Y J [C] Covariance Matrix /

RECEIVERS: X&Y \

STATISTICAL DESCRIPTION

esauncuassirien - oficd AR TIAL SCATTERING POLARIMETRY

=P I+] European Space Agency
E.P (2017)



COVARIANCE MATRIX ;S Elctr:

BISTATIC CASE

LEXICOGRAPHIC SCATTERING VECTOR Q
= [Sxx SXY SYX SYY ]T

\

4 COVARIANCE MATRIX [C] )
SxxSxx SwSkr SwcSw SxSw
[C]= Q-Q*T — SXY S:O( SXY SZ(Y SXY SIX SXY SIY
SYX SXX SYX SXY SYX SYX SYX SYY
- SYY SXX SYY SXY SYY SYX SYY SYY -
\HERMITIAN POSITIVE SEMI DEFINITE MATRIX - RANK 1

/

ESA UNCLASSIFIED - For Official Use
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“ y g " o ' \" iy ¥ &¥
B . . N o ) .t
) y r YA ) g . ‘\0
{ (AW - N4 \ "
COVARIANCE MAT ;
i 'y o . b B \
I
" \ ) VY L
7 5 . - L ARSUE

MONOSTATIC CASE

LEXICOGRAPHIC SCATTERING VECTOR Q
o=[s,, V25, S,

\

4 COVARIANCE MATRIX [C] )

SixSxx V254Sky SuxSw
[C]='Q"Q = \ESXY Syx  2SxySxy \ESXY Sy
Sy Sxx \ESYY Syv Sy Syy

HERMITIAN POSITIVE SEMI DEFINITE MATRIX - RANK 1

- J

ESA UNCLASSIFIED - For Official Use
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ELLIPTICAL BASIS TRANSFO $ N & esa

e
SINCLAIR MATRIX

EEA’AJ_) = [S(A,Al)]EzA’AL) EEB,BL) = [S(B,Bl)]EzB,BL)

\T[S(BBL)]= Ui nreen] [Sean) [U(AAL)H(BBL)]]/

CON-SIMILARITY TRANSFORMATION

COVARIANCE MATRIX

[[C(B,Bl>]= Ustanyo@enl[Cany ]IV s(A,Am(B,BL)}l]

SIMILARITY TRANSFORMATION

[U ] U(3) SPECIAL UNITARY ELLIPTICAL
3(AA )—~(B,By) BASIS TRANSFORMATION MATRIX

ESA UNCLASSIFIED - For Official Use
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COVARIANCE-COHERENGY MATRICESEEEICEE

COHERENCY MATRIX COVARIANCE MATRIX

[rl=k-k" \[k=[D3m4 ]/ Ccl=2-2"

UNITARY TRANSFORMATION

[T] = [D3or4] [C] [D3or4 ]T*
|

[T] and [C] HAVE THE SAME EIGENVALUES

Both contain the same information about Polarimetric Scattering Amplitudes,
Phase Angles and Correlations

[T] Is closer related to Physical and Geometrical Properties of the Scattering
Process, and thus allows a better and direct physical interpretation

[C] IS directly related to the system measurables

PP}isereteiftelated to the Kennaugh matrix and the Huynen parameters

— Il bz W = "Il D 5w 11 — == K1 = I+l EuwpeanSPIaEtTDA(gzeBclvn



3 { AR 3 ~ (s
. POLARIMETRIC DESGRIPTE d:esa
4 SINCLAIR MATRIX Y ( KENNAUGH MATRIX A
Syy 1
]| } K]-3(VT [[se1sT Jv)
YX
g
@ EQUIVALENCE ?
/
SCATTERING VECTOR Kk SCATTERING VECTOR {2
1
B ﬁ[sxx +Syy  Sux —Sw 2S84 ] = [Sxx V28, Sy
COHERENCY MATRIX [T] COVARIANCE MATRIX [C]
SA UNCLASSIFIED - For Official Use [T :K'K*T C =QQT*
[ ] Il = I= EX =2 |-n-|[ ] /

European space
E.P (2017)
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[S"]=[U,]'[S][U,]

[S]
SINCLAIR

SU(2)
[C’]=[U;][C][U; ]
. W A - A

[C] [T] [K]
COVARIANCE COHERENCY - > | KENNAUGH
L suE) VO 0@ |
| |
[T’ ]=[Us ][ T][Us ] [K’]=[O3 ] [K][O5]*

E=AUINILAHIFIE:=-FM- IC:_USGII m = Sl il = = 5 am 11 = 2= B2 5 I+l European Space Agency

E.P (2017)
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. ELLIPTICAL BASIS TRANSFORMATI

" .’." A ‘.‘
LN -

/

4 SPECIAL UNITARY SU(2) GROUP

[COS(¢) —sin(¢)}[ cos(z) jsin(r)}[e"'“ 0}

sin(¢) cos(g) | jsin(z) cos(z) gl
_ [U.(¢)] [U, ()] U@l

4 SPECIAL UNITARY SU(3) GROUP (T Matrix )
1 0 0 cos(Zz-) 0 | sm(Zz-) cos(2a$ -] sin(2a) 0
0 cos(2¢) sin(2¢) 0 1 0 -] sm(2a) cos(2a) 0
0 —sin(2¢) cos(2¢)|| jsin(2z) 0 cos(2z) || O 0 i
_ [Uy29)] [Us(27)] U]
4 0(3) UNITARY GROUP R
c0s2¢ —sin2¢ Ofcos2z 0 —-sin2z|[1 O 0 |
sin2¢ cos2¢ O 0 1 0 0 cos2a -sin2«
0 0 1]{sin2z 0 <cos2z |0 sin2a cos2a _
vesreo o of@K24)] [05(27)] - O]

4 TgTicy
E.P (2017)
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« 7

POLARIMETRIC GOLDEN NUMBER

ESA UNCLASSIFIED - For Official Use POLARIMETRIC TARGET DIMENSION
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SXX SXYi|
SYX SYY \
(5 DEGREES OF FREEDOM ) / \
KENNAUGH MATRIX [K]
S Syy|
COHERENCY MATRIX [T]
L ¢XY—XX ’%Y—XX ) 9 HUYNEN REAL PARAMETERS
(A0, BO,B,C,D,E,F, G, H)
‘ COVARIANCE MATRIX [C]
)
TARGET MONOSTATIC 2 RE|Q>L<|F]>A<$|A'|\\A(\E(|TERS
POLARIMETRI(?I« DIMENSION » RO, IMOOO)
Re(XXYY*), Im(XXYY*)
L 5 ) \ Re(XYYY*), Im(XYYY*) /
) [ 9-5=4TARGET EQUATIONS ]
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PURE TARGET — MONOSTATIC CASE
4 " 2A, C-jD H+jG] )
[T]l=k-k' ={C+jD B,+B E+jF
H-jG E-jF B,-B_
3x3 HERMITIAN MATRIX - RANK 1

!

\ 9 PRINCIPAL MINORS =0 /
/2AO(BO +B)-C*-D*=0 2A/(B,-B)-G*’-H? 0 )
—2AE+CH-DG =0 B-B?’-E’-F?=0

c(B,-B)-EH-GF =0 -D(B,-B)+FH-GE =0
2A\F-CG-DH=0 -G(B,+B)+FC-ED=0
~H{B,.+B)—CE - DF =0

— 11 bm ==

ESA UNCLASS

= £ | European Space Agency
E.P (2017)
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7
Q)

S S
XX OXY
/ Syx  Syy \
N

e ~
5 DEGREES OF FREEDOM COHERENCY MATRIX [T]
‘SXX XY SYY‘ 9 HUYNEN REAL PARAMETERS
¢ ¢y (AO, BO, B, C, D, E, F, G, H)
XY -=XX 1 Y —XX
\_ Y \_ Y,
r N ((5.s- p
TARGET MONOSTATIC mp [ 9-5=4TARGET EQUATIONS
POLARIMETRIC « DIMENSION » ZAO(BO + B) = C?+D?
[
5 2A(B,-B) = G*+H?
. y,
2A0 E = CH-DG
ESA UNCLASSIFIED - For Official Use \ 2AO F — CG + DH /
=0l b I W= = IS =SS =2 SR European Space Agency

E.P (2017)
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| A c-ip H+iG
[Ml=k-k" = C+jD By+B E+]F
\_ — H'JG E'JF Bo'B = )

2A,(B, —B)=G" + H’

| 2 2
J.R. HUYNEN (B,+B)B,-B)=E*+F
ES@&&QS&F&Q&Z&OWCM Use
— Il bz W = "Il D 5w 11 — == K1 = I+l European Space Agency

E.P (2017)



/

TRANSMITTER:
RECEIVERS:

ESA UNCLASSIFIED - For Official Use

— 00 b cz BN - ] =

= = 1111
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{zesa

/ THE DIFFERENT \
TARGET POLARIMETRIC
DESCRIPTORS

[S] SINCLAIR Matrix

k,Q Target Vectors

[K] KENNAUGH Matrix
X&Y [T] Coherency Matrix
X&Y \[C] Covariance Matrix/

[ POLARIMETRIC REMOTE SENSING ]

—_— e = == ORIl T = == Il

European Space Agency

E.P (2017)
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ADVANCED CONCEPTS

ESA UNCLASSIFIED - For Official Use
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POLARIMETRIC
REMOTE SENSING

ESA UNCLASSIFIED - For Official Use
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TRANSMITTER:
RECEIVERS:

ESA UNCLASSIFIED - For Official Use
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= = 1111
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{zesa

/ THE DIFFERENT \
TARGET POLARIMETRIC
DESCRIPTORS

[S] SINCLAIR Matrix

k,Q Target Vectors

[K] KENNAUGH Matrix
X&Y [T] Coherency Matrix
X&Y \[C] Covariance Matrix/

[ POLARIMETRIC REMOTE SENSING ]

—_— e = == ORIl T = == Il

European Space Agency
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{cesa

-

POL-SAR PROCESSING
PHENOMENOLOGIC
QUALITATIVE ANALYSIS

) |

SPECKLE
FILTERING

ESA UNCLASSIFIED - For Official Use
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POLARIMETRIC

POLARIMETRIC
TARGET
DECOMPOSITION

i1 — - S =B 11 = = B2 ZE

POLARIMETRIC
CLASSIFICATION

MONO/DUAL CHANNELS
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{=esa

(

POL-SAR PROCESSING
PHENOMENOLOGIC
QUALITATIVE ANALYSIS

) |

POLARIMETRIC

SPECKLE
FILTERING

ESA UNCLASSIFIED - For Official Use

— I he cz N 4 ] = = T

POLARIMETRIC
TARGET
DECOMPOSITION

i1 — - S =B 11 = = B2 ZE

POLARIMETRIC
CLASSIFICATION
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POLARIMETRIC

SPECKLE FILTERING
e AN IRNirQENICHON
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OBSERVATION POINT

SURFACE ROUGHNESS
WAVELENGTH

SCATTERING FROM DISTRIBUTED
SCATTERERS

\ 4

COHERENT INTERFERENCES OF WAVES
SCATTERED FROM MANY RANDOMLY
DISTRIBUTED ELEMENTARY SCATTERERS
INSIDE THE RESOLUTION CELL

\ 4

GRANULAR NOISE

\ 4

SPE _KLI% PHENOMENON

= European Space Agency
E.P (2017)
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Fully Developed speckle

Corner reflector

Bright points: Points where the interference Dominant scatter
is constructive No speckle
Dark points: Points where the interference
is destructive ﬁ

Sy amplitude
E-SAR L-band system
ESA UNCLASSIFIED - For Official Use Courtesy of Dr C. Lopez Martinez
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SPECKLE FILT

’I
:
| 5 1)
.
{4ah
A

L}
X | ‘\.’_ A : i ‘

SPECKLE PI—bENOI\/IENON

SPECKLE REDUCTION
csn e lBADIOMETRIC RESOLUTION)

— ] bz ™ - I = = " 101 -

e

DISTORTION OF THE INTERPRETATION

SPECKLE FILTERING

¥
BR e s o i S T
hmnon e e R BTN S .

HETEROGENEOUS AREA

o o
S

DETAILS PRESERVATION
(SPATIAL RESOLUTION)

-l = 22| European Space Agency
E.P (2017)




SPECKLE F\m’ ING. 1

2
by
Iy
A

Ji

SPECKLE : MULTIPLICATIVE NOISE MODEL

« SPECKLE is a scattering phenomenon and not a noise.
However, from the image SAR processing point of vue, the
speckle can be modeled as multiplicative noise for extended
target » (Lee, IGARSS-98)

Yhn Ny O O || Xp+ Xin Mun
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LINEAR SPECKLE FILTERS
Intensity / Amplitude — Single / Multi Look — Single Pol Channel

Median Filter

MAP Filter (Kuan)

Gradient Filter

Nagao Filter (Nagao)

Sigma Filter (Lee)

Frost Filter (Frost)

Geometrical Filter (Crimmins)
Morphological Filter (Safa, Flouzat)

Local Statistics Filter (Lee 80)
Refined Lee Filter (Lee 81)

J.S. Lee, et al. “Speckle Filtering of SAR images: A Review,” Remote Sensing Reviews, Vol. 8, pp. 313-340, 1994.
J.S. Lee,”Speckle analysis and smoothing of SAR images,” Computer Graphics and Image Processing, Vol. 17, 1981.
J.S. Lee,”Digital image enhancement and noise filtering by use of local statistics,” IEEE PAMI, Vol. 2 No. 2, 1980.

£33 8Vea " Refiti@dHitéring of image noise using local statistics,” CVGIP, vol.15, 380-389, 1981.
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» Preserving polarimetric properties

» Filter all elements equally like multi-look
Processing

» Select pixels with the same scattering
property
» Introduce no cross-talk

» Filter each element separately but equally

» Reduce speckle while preserving image quality

J.S. Lee, M.R. Grunes and G. De Grandi, "Polarimetric SAR Speckle Filtering and Its Impact

on Terrain Classification" IEEE TGRS, September 1999
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POLARIMETRIC VECTORIAL SPECKLE FILTER

()= Sk ——{[rl= @D -KE@r)-ir1] ——Ir

SPAN IMAGE
Sg = <T11> + <T22>+ <T33>

var( S) CVg, —oy
k = =
var( Sg) CVSZS I 1+o? I

p Y N J.S.LEE
LINEAR SCALAR Homogeneous Areas
LEE FILTER var(S)=0 = k=0 =S=E(S,)
N = E(Ss)—k[E(Ss)— Ssl Highly Inhomogeneous Areas
var(S)var(S,) = k=1 =S=S,
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SAN FRANCISCO BAY JPL - AIRSAR L-band 1988

BoxCar Filter
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SAN FRANCISCO BAY JPL - AIRSAR L-band 1988

J.S. Lee, M.R. Grunes and G. De Grandi, "Polarimetric SAR Speckle Filtering and Its Impact

on Terrain Classification" IEEE TGRS, September 1999
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SAN FRANCISCO BAY JPL - AIRSAR L-band 1988

J.S. Lee, D.L. Schuler, T.L. Ainsworth, M.R. Grunes, E Pottier, L. Ferro-Famil, "Scattering Model Based Speckle
esallet R @ ef . Bebarimetric SAR Data“ IEEE — TGRS, vol 1, January 2006
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SAN FRANCISCO BAY JPL - AIRSAR L-band 1988

J.S. Lee, J.HWen, T.L. Ainsworth, K.S. Chen, A.J. Chen, "Improved Sigma Filter for Speckle Filtering of SAR Imagery*“
eshERE asslieR Sodldodanuary 2009
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POLSAR SPECKLEI % ecsa

POLARIMETRIC SPECKLE FILTERING IS NOT AN EXACT SCIENCE
SUBJECTIVE, IMAGE DEPENDENT

Quantitative Criteria (J.S. Lee - IGARSS 98)
»Speckle Reduction (E.N.L)

»Edge Sharpness Preservation

»Line and Point Target Contrast Preservation

»Retention of Mean Values in Homogeneous Regions
»Retention of Texture Information

»Retention of Polarimetric Information (co, cross-correlations)

»Computational Efficiency

»Implementation Complexity
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THE POLARIMETRIC SPECKLE LEE FILTER
IS TODAY A GOOD COMPROMISE D
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MULTIPLICATIVE-ADDITIVE NOISE MODEL

( )
SIST — l\//znnmNc exp( J¢x)j + l//(|,0| o chn )exp( J¢x ) + W(nar + jnai )
Multipliegtive term ) allihe e ’ C. LOPEZ
\_ y MARTINEZ

Multiplicative speckle noise component: n,, =% Important for high coherence areas

Additive speckle noise component: n,+jn,; =% Important for low coherence areas

G0 S Combination controlled by complex coherence
: Total R{SunS,,} Mult. term R{S;rS.,} Add.term R{Su,S;,}
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C. Lopez-Martinez and X. Fabregas, "Polarimetric SAR Speckle Noise Model,”

IEEE TGRS, vol. 41, no. 10, pp. 2232 — 2242, Oct. 2003
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POL-SAR PROCESSING
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[T] KK COHERENCY MATRICES <[T ]> - ﬁ Ki I—(i
=1
SMOOTHING AVERAGING

[CONCEPT OF THE DISTRIBUTED TARGET]
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TARGET DECOMPOS]TIONS

@1@ PURE TARGET
‘ \ COHERENCY MATRIX [T]

9 REAL DEPENDANT

POLARIMETRIC DISTRIBUTED HUYNEN PARAMETERS
TARGET « DIMENSION » =5 (A0,BO,B,C,D,E,F,G,H)

4 9-5=4TARGET EQUATIONS )
2A,(B,+B) = C?+D?
2A,(B,—-B) = G?*+H?
2AE = CH-DG

s raomave N\ 2A0F = CG+DH
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UNITARY TARGET VECTOR (Uq) OF THE
MEAN DOMINANT MECHANISM

P_
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MEAN SCATTERING MECHANISM

UNITARY VECTOR U TARGET MAGNITUDE
3
_ cos(a) | 2/12.
Ug =/ sin(e)cos(B)e? A=PiA1+PyAy+P3dz =1
sin(a)sin(B)e” >4,
4 \

TARGET VECTOR K,
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sin(a)sin(B)e'? |
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ROLL INVARIANCE PROPERTY

SAME PHYSICAL PHENOMENOUS WHATEVER THE ANTENNA
ORIENTATION ANGLE AROUND THE RADAR LINE OF SIGHT

ORIENTED (8) COHERENCY MATRIX SU(3) UNITARY ROTATION MATRIX (&)
1 0 0 |
[T [U ][T [U ]1 [Ur(8)]=|0 cos20 sin26
0 —sin26 cos20

\ 4

EIGENVECTORS / EIGENVALUES ANALYSIS
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PARAMETERIZATION OF THE UNITARY MATRIX
i i g,
cogap cos cos@,!
rJ¢1J1 @mzjz ’p1¢313
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sina,sinBre e/ sinf,5inB;e e/%2g172 sin@,sinBse e/%e 3

}

a=Pa, +P,a,+Pia; : ROLL INVARIANT

PHYSICAL INTERPRETATION
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a PHYSICAL INTERPRETATION
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ANISOTROPY
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A= Ay =4y I
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}

=p COMPLEMENTARY TO ENTROPY
mp  DISCRIMINATION WHEN H > 0.7
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Rotation of data matrix

kY TJ\! T];\

qr(e)]) =Tr(e)] I7]) [R(e)]

([T]) =[T:1 Tz; T:3]=% Z": kpk;

1 0 0
[R(8)]=| ©O cos2f sin2f
0 —smn2f cos2d

Four-component

————® =2 Im(Ts(8) |

Y4R

decomposition Helix seattering power
|
Volume scattering T3, (8) + T1,(8) — 2 Re (T,(8))
POWET 10 1oy
Ty, (8) + T2 (8) + 2 Re (T,(8))
Y -2dB v 2dB
f f
15 15 5
P=2Tu@®-gP | P=4Ty@-2p | PF% T_“(B)—%P,

if P,<0, then P,=0 (remove helix scattering) = 3 comp. (P, P,, P} decomposition

s=Ty®-1r,

D=Tu®-4&P-1P,

Y
“

S=Ty®-3p,
D =Ty3(8) - T35 (8)

C=Tu®-1P, C=Ty(®)

S=Ty®-5 P,

D=Ty®)-35r, -1

C=Tu@+1p,

Co=Ty(B)-T5(8) - Ty (M) + P,

ESA UNCLASSIFI|

—_— 01 b

Surface yes 1o Double bounce
scattering scattering
c| c|
PJ:S+| S‘| Pd=D+| D|
Pi=D KS |‘ P=5 cl
=P =S
T T
if [ P,>0.P>0 | P>0,P<0 | P,<0.P,>0]
I I
| — — .
Decomposed power | 1 : P,
PP, P,.P. |P.P. P=0 i P,.P. P,=0 1| P,=P,=0
I
TP=P+P;+P+P | P,=TP-P -P | P;=TP-P P, L' P,=TP-P,
Four comp. Three comp. Three comp. Two comp.

[+ - SO L

1 _ 2 RE{ ng}
20 = Ztan~ ' [ 21220
2 Too — 1ha

1 0 0
[R(A)]= |0 cos20 sin 26
0 —sin 26 cos 26
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Rotation of data matrix

Tu Tl! 13 ul

([T]}:[Tn Ty T:s]:% Z krsk; S4R
Ty 15y Ty

([reN) = (RO D [RE)]

1 0 0 L 2Re(T.
[RE)]=| 0 cos26 sin26 20 =1 i 2R ()
0 —sin2f cos2f .

g:cu;;iggi)z:zm 4" P=2 | Im (T, (6)) | | Helix scattering power
000
Ci=Tu(6) - TulB) + F To(8) + L P Llg7o
Surface C, =0 15 008
scattering yes 10 QOriented dihedral scattering
Vol tter 101 Th(®) +T5(8)-2Re (Tu(e))]
olume scattering o .
pover L& 120+ 2Re (140) HV from oriented
Y -2dB ! 2dB \ \

P=2127,(6)-P] P,=2[2T(6)-P] P=2[27,4(8)-P] p=L2127,(6)-P] dihedral Components

f f
| |
I |
‘ if P,<0, then P.=0 (remove helix scattering) =3 comp. (P,, P,, P,) decomposition |
|
|
|
|
|
|

S=Ty(6)-3P, | S=1,(6)- 3P, $=Ty(6)- 3P, §=Ty(6)
_ 7p .1 _ 71 _ 71
D=Ty®- 5P - P, | D =Ty, () - Tay (B) D=T,@®- %P -Lp, D=T,@-Lr-Lp
C=Ty®-LP, | C=Ty,(® C=T@®+LP, C=Ty,®)

no TP =Ty, (6) + T22(6) + T3 (6)

P=P;=0 Co=T,(8) - T2 (8) - T5;(8) + P, .
_ Extended volume scattering
Surface scattering Double bounce ¥ | m Od eI
dominant A dominant 2
P:S'+|C| P:D+|C|
fal 3 4 D
_p lel _o_ Ll
p=D-1— p=s-1—L
]
For P and P, if [ P,>0,P,>0 | P,>0,P,<0 | nT<0,Pd>0]
| |
v , I R
Decomposed power I | :
P, P=P,=0 | P.PLP.P. | P.P. P;=0 1 P.P. P=0
ESA U P=TP_P, | TP=P,+ P+ P+ P \P=TP-P,~P. | P=TP=P,-P,
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Unitary transformation of data matrix

{[r(eM) =IR(EN 1D [RET 26=

([ =TUEN{ITED V)] 2¢=

1

z

L (—2 Ro ”ﬂ*}] [k(6)] =

= G4U1

cos 26 sin 28

1] 0
Ty-Ts -sin 26 cos 28

I}

_1 \ i
DT Z 'kr!kr!

1

0

0
1 0 0

2 .

tan”" [M) [U(¢)]= 0 coslg jsinlg
T.(6) - T5(8) 0 jsin2g coslg

Four-component >

P.=2|Im {T.(6)} | Helix seattering power

v

Ty () + Tu() -2 Re [Tu (‘r’-‘]’)

Tu(p) + Ta(w) +2Re {T:z [‘F’n

decomposition
Volume 101og
scattering
-2dB

* 2 dB

I
P= % [27.(68)-P] |

P,=2]2T,(6)-P] i P=

‘ if P.<0. then P.=0 (remove helix scattering) ‘

S=Tul6)-+P. |

D =Ty(6) + Tssiﬂ]'%Pu-'Pr ! D =Ty(8) + TJ:['?]'%P»-'P:

C=Ty6) + Tis(6) '% P, :

§=Tu(6)- L1, §=Tu(6)- %P,

D =Ty(8) + T5(0) '%Px -P,

C=T )+ T (E)+Lr,

|
|
|
C =Ty(6) + Ty5(6) :

TP =Ty (8) + T2 (8) + T3 (9)
Co=Ty(8) - T,(8) - T55(8) + P,

Surface scattering Double bounce
dominant dominant
p=s L] popslCL
' S 4 D
o ¥ 1 no
_ cl? c? _
P,=D szD——l S' P,=S——D| P.=3
T T
Forﬂcmde,if[ P>0,P,>0 | P>0,P,<0 | P,<0 Pd>0]
| |

Decomposed power

ESA UNCLA!

[+ I SO L

Z

%%

=
"7

-CSd

1 ) ( 2Im {T53(6)} )
T22(0) — T33(A)

1 0 0
[U(¢)]= |0 cos2¢ jsin2p
0 jsin2p cos 2¢
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Unitary transformation of data matrix I = {

. 1 0 o
26=L ! [{;L“J) [R6)[=| © cos26 sin26
0

(e =[RE)] 77 [RE)]

- 5in 26 cos 268

[r()) =Tu(e LrED V()]

— =1 ﬁrm{?'ﬂ(ﬂ)} i -
i % e [T::{ 8) - Tl 9}) [WeN=

1 o] 0
0 cos 2 jsinlgp
0 jsin2g coslg

Four-component | > ‘ P.=2|Im {T.8)) |

decomposition Helix_sc

Surface scattering ves C, =0

10 log ]:TII (£)+ Tu(¢)-2Re {Tu['rs']'}]

Volume
seattering Tu(s)+ Tzi{lr) +2Re(Tz())
power 1 -2dB 5
K T
P= ]‘?5 IZ T_u[e] - FL] i P=2 [2 T_u[ﬁ'] - P,] i P = IT: [2 T;_;[E‘] . Pc] P= % 3 T:H(l?] i PL.:[

| if P,<0, then P.=0 (remove helix scattering) |
S=T,(6)-3 P, | s=7,8)-17, | 5=T,(0)-3P, $=17,(6)

D=To6) + Tul8)- 3 - .| D=Tu(6) + Tul0) - F - P | D=Tul) + Tul6)- 3 PP D=Tof8) + To(6)- P, P,

C=T0(8)+ Tu(f)- G 1, | | C=T0)+ Tul0) + 3P,

c= TL:(Q) + T]Z!{gl c= Tnz[e} + T\:sw)

ves
P,=P;=0

Surface scattering no ¥
dominant I’ Double bounce | c |’
P=85+1— dominant Fs=D+
H - S D

TP =Ty (6) + T2 (6) + T3 (6)
Cy=T:(8) - Toa(8) - Twu(8) + P.

no Y
- cl
Py=D P,= _| <
T T
For P, and P, | if [ P>0,P;>0 | P,>0,P<0 | P,<0,.Pn.>"0]
I I
Y " I ; I | I
Decomposed power | ! i
b pepeo | PePoRoR L RLPR=0LRE R=0
. ¥ |
= =TP-pP—-pP | P=TP—P —
P=TP_P, | TP=RtPtR P 1 R=TP=RoP | P=TP-R-F.
Two comp. Four comp. Three comp. Three comp.
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E. KROGAGER
(1990) DECOMPOSITION DECOMPOSITION
W.L. CAMERON S.R. CLOUDE A.J. FREEMAN - S.L. DURDEN (1992)
(1990) (1985) Y. YAMAGUSHI (2005 - 2012), AN (2010)
|
- J W.A. HOLM
[K ] (1988) EIGENVECTORS / EIGENVALUES ANALYSIS
&
(_ ) MODEL BASED DECOMPOSITION
TARGET
DICHOTOMY J.J. VAN ZYL (1992-2008), M. ARII (2010)
TSVM (R. TOUZI — 2007)
J.R. HUYNEN
(1970) EIGENVECTORS / EIGENVALUES ANALYSIS
ENTROPY / ANISOTROPY
R.M. BARNES
(1988)
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TARGET DECOMPOSITION
FOR TARGETS WITH / WITHOUT
REFLECTIONSYMMETRY

REQUIEREMENTS FOR MODEL BASED
POLARIME TRICDECOMPOSITIONS
J.J. VAN ZYL =M. ARII =Y. KIM (2010)

i \
J. J. Van Zyl, M. Arii, Y. Kim, “Model-Based Decomposition of Polarimetric SAR Covariance Matrices Constrained
A RIS hheg atVE Eifenvalues” IEEE TGRS, vol. 49, n°9, Sept. 2011.
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‘MODEL BASED DECOMPOSIHONERCEIEE:

3 )\
,v,\ g .'

3 COMPONENTS SCATTERING MECHANISM MODEL
ch=Icl+[co]+[Cy ]

The algorithm uses the cross-polarized term to calculate the volume
scattering contribution, and subtract that from the observed matrix.

[Cremaincer |=([C]=[Cy ]= [Cs]+[Co ]

}

[C remainger | COULD BE NOT POSITIVE SEMI-DEFINITE mmp 4. <0
HERMITIAN MATRIX

ESA UNCLASSIFIED - For Official Use

— Il bz W = "Il D 5w 11 — == K1 = I+l EuwpeanSpEcTDA(gzeBclv?)



1 Ve
; ; ‘.‘aho'
5 .
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MODEL BASED DECOMPOSIHONER/ELLE:

[C remainder ] - <[C ]> - a[Cv ]

Subtract the volume contribution from a covariance matrix for terrain
with reflection symmetry

5
[C remainder ] = <[C ]> B a[Cv ] = 0

*

Yo,

O3 O
™ O
I
QD
_ O W
o N O
w O K

The eigenvalues are:

A =%{.§+§—6a+\/(.§+4“—6a)2 —4(§—3a)(4—3a)+4|p—a|2}

2 =%{§+§—6a—\/(§+§—6a)2—4(5—3a)(§—3a)+4|p—a|2}
A =1-2a
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‘MODEL BASED DECOMP

3 A
l L& 0% n

 Find those values of a that will ensure that all three eigenvalues are
positive or zero. The solution is

(/2

S T

a.., =Mmin:

» Values of a larger than this, will leave either the second or third
eigenvalue negative, resulting in a non-physical solution.

}

[Cremainser 1= ([C] —analCy 1= [Cs]+[Co ]
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ADAPTATIVE MODEL-BASED DECOMPQOSITION

[ (Clamainir] = (1] = o ([Cuct(bo. )

[{(Cuut(Bo. 1)) = €] + p(@)[Cs] + a1

p(0) =2.08066° — 6.33500° + 6.38640*

] = 1 g g é — 0.44310° — 3.96380% — 0.00080 + 2.000
“ 8 1 d 5 g(o) =9.01666° — 18.77900° + 4.95900%
. ' +14.56290% — 10.803402 + 0.19020 + 1.000.
ks 2c0s20p  /2sin 26 0
[Cp(260)] = 3 V2 sin 26, 0 /2 sin 26
I 0 V2sin 26y 2cos 26,
1 [ cos 46y —v/2sindfy  — cos 46y
(C.,(460)] = i 2sindfy —2cosdfly  /2sin 46,
— cos 46y V2 sin 46, cos 46

M. Arii, J. J. Van Zé,fl Y. Kim, “Adaptative Model-Based Decomposition of Polarimetric SAR Covariance Matrices”
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W.L. CAMERON S.R. CLOUDE A.J. FREEMAN - S.L. DURDEN (1992)
(1990) (1985) Y. YAMAGUSHI (2005 - 2012), AN (2010)
|
- J W.A. HOLM
[K ] (1988) EIGENVECTORS / EIGENVALUES ANALYSIS
&
(_ ) MODEL BASED DECOMPOSITION
TARGET
DICHOTOMY J.J. VAN ZYL (1992-2008), M. ARII (2010)
TSVM (R. TOUZI — 2007)
J.R. HUYNEN
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TARGET VECTOR k

LOCAL ESTIMATE OF

THE COHERENCY MATRIX —

EIGENVECTORS / EIGENVALUES ANALYSIS

M= 3k =1

\\\\\\g

- C

1 T
—:ﬁ[sxx*'sw Sxx — Syy 2SXY]

eSa

I M4, o off B
[Th=[U]=]Us] " =|u: vz us|[O 4, O fjus Uz us

i 110 0 A

ORTHOGONAL REAL EIGENVALUES

EIGENVECTORS >4 > A

P. — L
I 3
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S.E.R.D and D.E.R.D PARAMETERS
(Single- and Double-bounce Eigenvalue Relative Difference)

4 )
S. Allain /’LS _/’L3 ﬂD _13
SERD = HOS DERD = NOS
As+A; Ap+ A,
\ J
1 /POLARIZATION FRACTION A
_ PF=1- % _1_ 3k 0<PF<1
T. Ainsworth \ Span 2’1 + 1‘2 + 13/
KPOLARIZATION ASYMMETRY A

(A -4)-(A-4)_ A4-4,
(4, —24)+(4, 13) Span—34,
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4 RADAR VEGETATION INDEX A
RVl = s 0<RVI <?
3.Van 2yl ﬂ‘l +ﬂz +ﬂ‘3 3
N Y
4 PEDESTAL HEIGHT )
pr = N4, 4:) A oy <
S.L. Durdén ma‘X(ﬂ’l ’2‘2 ’2’3) 2‘1
Y
- ~

TARGET RANDOMNESS

2 | 92
N pR=\F\/ 2'12-2/13 5 0< pg <1
E. Luneuburg \ 2 ﬂ‘l + 1‘2 + 13 /
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ALTERNATIVE ENTROPY PARAI\/IETERS DERIVATION

Normalized Coherency Matrix

e = T

{H R 2.52+O.78|093(‘N3 +0.161 ,, )] ENTROPY
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EIGENVALUE-BASED PA RAME TERSI G-t

ALTERNATIVE ENTROPY PARAI\/IETERS DERIVATION

Normalized Coherency Matrix

N, = Kok =

K =)

{H R 2.52+O.78|093(‘N3 +0.161 ,, )] ENTROPY

E. Colin

/SHANNON POLARIMETRIC ENTROPY (2006h

SE = log(z°e®[T,)= SE, + SE,

3. Morio SE, =3 Iog(”le) =3 Iog(”eT;(T?’ )) INTENSITY

_ togli p)=togf 27
| SE —'09(1—pT)—'09[27 e )BJ Bt d

— Al Réikegier = - m =Rl = = o I =283 s ¥ / EuropeanSPIaEtePA(gzeBclvn
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I Ma, 0o o1]f N
-1
[T =[Us][2Us] " =|us up us|| O A, 0 fjur up ug
I 1lo o 45| |
ORTHOGONAL REAL EIGENVALUES
EIGENVECTORS > A, > A
PARAMETERISATION OF THE EIGENVECTOR
cosae'’ 1 0 0 |[ cosa,cos2r, |
singcosBee”’ | = |0 cos2y —sin2y sing, &'
sina sin Be'%e” 0 sin2y cos2y ||— jcose,sin2z, |

W Target Orientation 7, : Target Helicity

a. ¢0‘s . Symmetric scattering type vector parameters
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ENTROPY o PARAMETER ANISOTROPY
3 A —A
2 3
=1 r \ 2 + 3
3 ROLL INVARIANT PARAMETERS
a » PHYSICAL SCATTERING MECHANISM
HA )
I=| H(-A)
(1_ H )A % » TYPE OF SCATTERING PROCESS
(1-H)1-A)]

SEGMENTATION / CLASSIFICATION
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POL-SAR PROCESSING
PHENOMENOLOGIC
QUALITATIVE ANALYSIS
\.

POLARIMETRIC
SPECKLE
FILTERING

POLARIMETRIC
TARGET
DECOMPOSITION

POLARIMETRIC
CLASSIFICATION

MONO/DUAL CHANNELS
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PolSAR TERRAIN and LAND-USE
CLASSIFICATION

J.S. Lee, M.R. Grunes, E. Pottier, L. Ferro-Famil, “Unsupervised terrain classification
preserving scattering characteristics,” IEEE Transactions on Geoscience and
Remote Sensing,vol. 42, no.4, pp. 722-731, April, 2004.

J.S. Lee, M. R. Grunes and E. Pottier, “Quantitative Comparison of Classification Capability:
Fully polarimetric versus Dual- and Single polarization SAR,” IEEE TGRS, November 2002

E. Pottier and J.S. Lee, “Application of the « H/ A/ a » polarimetric decomposition theorem for
unsupervised classification of fully polarimetric SAR data based on the Wishart distribution”
Proceedings of EUSAR2000

J.S. Lee, M.R. Grunes, T.L. Ainsworth, L. Du, D.L. Schuler, and S.R. Cloude, “ Unsupervised Classification
of Polarimetric SAR Imagery Based on Target Decomposition and Wishart Distribution,” /EEE Transactions
on Geoscience and Remote Sensing, vol. 37, no. 5, 2249-2258, September 1999.

J.S. Lee, M. R. Grunes and R. Kwok,” Classification of Polarimetric SAR Images Based on the Complex
Wishart Distribution,” Int. J. Remote Sensing, vol.32, No. 5, Sept. 1994.

ESAUNCLAssuFuED-ﬁ%f%ﬁilaﬁsgeE' Pottier, Polarimetric Radar Imaging: From Basics to Applications, Taylor & Francis/CRC, 2009
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Target Vector

X=[sy +2s., Su] P(X)= e e
1 _ *T 1
K=@[SHH +SW SHH —SW ZSHV]T P(k)_ﬁ kT K
Coherency Matrix
N
[T] Zk k Z[Ti]
i=1
/ I e ra) )
P([T]/IT m]) s
r(L).o(L-p+1)[T, ]
COMPLEX WISHART DISTRIBUTION
A UNCLASSIFIED - For Official Use L: Number of Look p: Polarimetric Dimension /

— Il b= ™ W= " Il =3Il T B M EuopeanSy I; c(;DA(gZeBcly7)



lig] ‘L—p -LTr([T r1<[ﬂ>)

PUITD T D= s

z @ O(L).T(L-p+1)[T, ]

|

BAYES MAXIMUM LIKELIHOOD CLASSIFICATION PROCEDURE

[rhelr.] i prl/ATD)=zP(r]/(T]) vizm

Applying Bayes rule P([T, ]/([T])= P(<[T]>/[Tm])P([Tm])

P(TT)

It follows

[T] [T] it P[TD/IT DPA. D= PUTL /[T DP(T; D v j=m

[Tx] : Cluster Center of the class m
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BAYES MAXIMUM LIKELIHOOD CLASSIFICATION PROCEDURE

frlefr] i d,(fr)<d,(f]) vi=m

with

d([1)= LTe{[T, T[T D)+ Lin([T,, D~ In(P (T, D)+ K

A UNCLASSIFIED - For Ofical Us [Tw] : Cluster Center of the class m
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ROBUSTENESS OF WISHART CLASSIFIER

d,([T])= LT, T ])+ Lin(T, I)-n(P (T, D)+ K

INDEPENDENT OF # OF LOOKS
INDEPENDENT OF POLARIZATION BASIS

[T] or [C] IDENTICAL CLASSIFICATION RESULTS

INDEPENDENT OF WEIGHTING Shh Shh
SVV _ B SVV i

For Dual-Pol (p=2), PolSAR (p=3), Pol-InSAR (p=6)

J.S. Lee, E. Pottier, Polarimetric Radar Imaging: From Basics to Applications, Taylor & Francis/CRC, 2009
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L-band (81.63%)
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L-Band Flevoland Data
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B stem Beans [l Beet
I Forest B Rape Seed
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-1 " | Wheat B water
---_: _l-'l- - 7] Bare Soil
- -1 1 1 l 0
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Courtesy of Dr J.S Lee

Fully Complex | Intensity | Complex | Intensity | Complex | Intensity

Polarimetric | HH, HV | HH, HV HH, VV HH, VV VV, HV VV, HV
Stem Bean 95.32 51.16 63.27 90.64 61.73 35.97 31.29
Forest 81.07 66.73 68.39 75.75 33.83 60.05 60.91
Potatoes 82.89 67.53 66.36 81.52 49.35 54.40 59.15
Lucerne 97.91 39.29 38.23 99.26 65.15 67.49 65.30
Wheat 64.80 49.77 44.27 68.02 53.72 49.43 41.65
Bare Soil 99.36 90.04 82.86 98.42 93.15 90.93 63.74
Beet 89.26 68.80 66.36 86.22 81.98 75.94 74.77
Rape Seed 89.05 55.01 53.23 87.18 49.85 82.31 77.12
Peas 86.47 50.77 39.25 84.59 65.21 81.82 79.59
Grass 91.05 66.44 65.06 90.13 71.08 75.36 75.19
Water 100 90.39 87.33 100 99.86 96.30 70.53
TOTAL 81.63 59.16 55.38 80.91 56.35 64.72 60.12

L-Band Crop Classification Results
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Alpha (a)

Alpha (a)
Alpha (a)

Entropy (H) Entropy (H) Entropy (H)
Low A Medium A High A

Eg;\;l N ang, H Opogo\?/c.a A New Classification Method Based on Cloude-Pottier Eigenvalue / Eigenvector Decomposition,
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H / Ol Classification Space
Sub-divised into 9 basic zones

eSa

Location of the boundaries
IS arbitrary and generically

Degree of arbitrariness on the
setting of these boundaries

Segmentation is offered merely
to illustrate the unsupervised
classification strategy and to

emphasize the geometrical
segmentatlon of physical scattering
processes
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PROVIDE INITIAL [T,,]©@
FOR EACH CLASS

l

CLASSIFY THE WHOLE IMAGE
WITH THE DISTANCE PROCEDURE

[rhelr,] it d.([T])<d;([T]) Vijzm

l

COMPUTE [T, ]**) FOR EACH CLASS
USING THE CLASSIFIED PIXELS OF STEP 2

1= = ),

m j=1

o /

TERMINAISON
CRITERION ?

Cluster Center of the class m
(Lee 1998)
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20—

Fr BERED>OOXX

0.6 0.8 1.0

ENTROPY

Cluster centers shifting after each iteration
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Unsupervised Classification
Preserving Scattering Mechanisms

J.S. Lee, M.R. Grunes, E. Pottier and L. Ferro-Famil,“Segmentation of polarimetric SAR images that
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Rough
Surface

|[HH-VV|, [HV|, |HH+VV]| Freeman and Durden

A. Freeman and S.L. Durden, “A Three-Component Scattering Model for Polarimetric SAR Data” IEEE TGRS, vol. 36, no. 3, May 1998
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Clusters by Power
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Wishart Iteration — After Class Merge

Classification Maps

First Iteration Second lteration Third Iteration

Note: Stability insures good convergence
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POLARIMETRIC INTERFEROMETRIC COHERENCY MATRIX (6x6)

<[T1 ]> HERMITIAN POLARIMETRIC COHERENCY MATRIX (3x3)

<[T2 ]> HERMITIAN POLARIMETRIC COHERENCY MATRIX (3x3)
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Oriented Targets segmented from Vegetated Areas
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