i) IGARSS — 08

TUTORIAL

July 6, 2008

Boston, Massachusetts, USA

SAR Polarimetry:
Basics, Processing Techniques
and Applications

Eric POTTIER - Laurent FERRO-FAMIL

IETR-UMR CNRS 6164
University of Rennes 1 SAPHIR

P —
EETE SAPHIR Team % |

Rennes, France
eric.pottier@univ-rennes1.fr, laurent.ferro-famil@univ-rennes1.fr

;E'i’_ﬂ_ ﬁ;/é E. Pottier, L. Ferro-Famil


mailto:eric.pottier@univ-rennes1.fr
mailto:laurent.ferro-famil@univ-rennes1.fr

Contents

PART I:
ADVANCED POLARIMETRIC SAR DATA PROCESSING TECHNIQUES

PART Il
REMOTE SENSING APPLICATIONS OF SAR POLARIMETRY

PART Il
POLARIMETRIC SAR INTERFEROMETRY, PRINCIPLES AND APPLICATIONS

EETH ‘E“/E E. Pottier, L. Ferro-Famil



carse) Progress

PART I:
ADVANCED POLARIMETRIC SAR DATA PROCESSING TECHNIQUES

« POLARIMETRIC FILTERING TECHNIQUES
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gg%gs POLARIMETRIC REMOTE SENSING

SINCLAIR MATRIX [S]
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[S] SINCLAIR Matrix
k,Q Target Vectors
[K] KENNAUGH Matrix
TRANSMITTER: X&Y [T] Coherency Matrix
RECEIVERS: X&Y \[C] Covariance Matrix/

[ POLARIMETRIC REMOTE SENSING ]
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SPECKLE FILTERING

OBSERVATION POINT

S e e e A P R SR e =—=T

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

SPECKLE PHENOMENON
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» Speckle is due to coherent interference of waves reflected from
many randomly distributed elementary scatterers within a
resolution cell.

» The reflected wavelets has different phases (uniform distribution)
and magnitudes. The sum of wavelets produces a granular noise.

A

&
&

%% Imaginary

Real

v

SUM OF SCATTERERS

» Polarimetric SAR response : interactions of three correlated coherent
Interference processes

J.W. Goodman, “Some fundamental properties of speckle,” J. Opt. Sco. Am. 66 (11):
1145-1150, 1976
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IGARSELL) SPECKLE FILTERING
SPECKLE PHENOMENON

}

DISTORTION OF THE INTERPRETATION

SPECKLE REDUCTION DETAILS PRESERVATION
(RADIOMETRIC RESOLUTION) (SPATIAL RESOLUTION)
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SPECKLE REDUCTION
MULTI-LOOK SAR PROCESSING (BoxCar)

Averaging Amplitude / Intensity (Not complex images) of
neighboring pixels

Good Noise Smoothing

Spatial Resolution Loss - blurring edges - erasing thin lines
Loss of linear or point features ...
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SPECKLE FILTERING

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)

Yun N,y 0 0 XuH Xun Ny
Y=Y |= 0 Ny 0 Xiuv [ =] Xav Ny
Ywv 0 0 Ny [ KXoy VLYY

t t t

SCATTERING NOISE REFLECTIVITY
FIELD DENSITY
qupq = YpqYpg = X papa ¥ papg
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STOM

POLARIMETRIC VECTORIAL SPECKLE FILTER

1) = Tk ——{fr1= @D -KEeED- [T ——1r]

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

. var(S) CVE -0y
Cvar(Sg) CVSZS| 1+o |

\

4 )
LINEAR SCALAR Homogeneous Areas
LEE FILTER var(S)~0 = k=0 =§=E(S,)
é = E(Ss)-K[E(Ss)- Ssl Highly Inhomogeneous Areas

var(S)—var(S,) = k=1 =S=S

REFINED FILTER
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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

" [Fl=E@D-KE@D-[]]

THE POLARIMETRIC SPECKLE LEE FILTER
9 IS TODAY A GOOD COMPROMISE D

~
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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, M.R. Grunes, D.L. Schuler, E. Pottier, L. Ferro-Famil, “ Scattering model based
speckle filtering of polarimetric SAR Data,” IEEE Transactions on Geoscience and
Remote Sensing,vol. 44, no.1, January 2006
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Comparison of Filtering Effect

HH of the filtered image
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POLARIMETRIC SAR SPECKLE FILTERING

Comparison of Filtering Effect

Filtered HH image 5x5 Box filtered
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Progress

PART I:
ADVANCED POLARIMETRIC SAR DATA PROCESSING TECHNIQUES

POLARIMETRIC DECOMPOSITIONS
 Freeman-Durden incoherent decomposition

* Cloude-Pottier incoherent decomposition
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SPECKLE
FILTER

AVERAGING DATA

}

' Eﬁ**ﬁ "  SECOND ORDER
S STATISTICS 1 .
[T]=kk coHereNcy MaTRIces ([T]) = NZK‘ K

SMOOTHING AVERAGING

[CONCEPT OF THE DISTRIBUTED TARGET]
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IGARSSIS] TARGET DECOMPOSITIONS

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

O REAL DEPENDANT
POLARIMETRIC DISTRIBUTED HUYNEN PARAMETERS

TARGET « DIMENSION » =5 (A0,B0,B,C,D,E,F,G,H)

/9-5:4TARGETEQUATIONS )
2A(B,+B) = C?+D?
2A,(B,—-B) = G*+H?
2AE CH -DG
. 2AF CG+DH
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IGARSSIS] TARGET DECOMPOSITIONS

) ) DISTRIBUTED TARGET
‘ \ COHERENCY MATRIX <[T]>
POLARIMETRIC DISTRIBUTED 9 REAL UNRELATED
TARGET « DIMENSION » =9 HUYNEN PARAMETERS
‘ (<A0><B0><B><C><D><E><F><G><H>)
/ 9 TARGET INEQUATIONS /
2(A, )((B, )+ B>)> “+(D)" (H)((B,)+(B))2(C)( E>+<D>< )
2(A,)((B,)~(B))2(G) +(H)" (G (<B> (B))2(C)(F)~(D)(E)
2<A0><E>>< (H)=(D)(G)  (C)((B,)- <B>)> <E F)(G)
2(A, )(F)2(C)(G)+(D)(H)  (D)((B,)~(B))2(F)(H)~(G)(E)
\< >><B> +E) +(F)’ W,
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hasd

TARGET DECOMPOSITIONS

/\/\ANVM_

\ I

rl <[T ]>

- N [ N
[82] ) (Isa] [Sn ]
! U
[Tz] [T3] [T ]
" AU
DISTRIBUTED
TARGET
or
AVERAGED
TARGET

DECOMPOSITION
THEOREM
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TARGET DECOMPOSITIONS
[T] [C]

COHERENT
DECOMPOSITION

EIGENVECTORS BASED MODEL BASED
DECOMPOSITION DECOMPOSITION

S.R. CLOUDE A.J. FREEMAN
(1985) (1992)

W.A. HOLM i
(1988) EIGENVECTORS / EIGENVALUES ANALYSIS

&
MODEL BASED DECOMPOSITION

U SY J.J. VAN ZYL

J.R. HUYNEN

(1970) EIGENVECTORS / EIGENVALUES ANALYSIS

ENTROPY / ANISOTROPY
R.M. BARNES

(1988) S.R. CLOUDE - E. POTTIER
(1996-1997)
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sl MODEL BASED DECOMPOSITION

TARGET DECOMPOSITION
FOR TARGETS
WITH REFLECTION SYMMETRY

=Py \IODEL BASED:DECOMPOSITION
ANTHONY FREEMAN - (1992)

i ="
-

g v =B

= EIGENVECTOR / MODEL BASED
DECOMPOSITION

JACOB J. VAN ZYL (1992)
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IGARSSIS] SCATTERING SYMMETRIES

MEDIUM WITH REFLECTION SYMMETRY
(H.C. Van de HULST - 1981)

[TQ]:

\ ! of af 0]
[r)=[r1+[r]=| B« 8" o

\_ - - J
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ANTHONY FREEMAN

(1992)

MODEL BASED DECOMPOSITION

3 COMPONENTS SCATTERING MECHANISM MODEL
<[C]>= fs[Cs: + fD:CD] + [Cv]
<[T ]> = fs [Ts + fD :TD] + 1:v [Tv ]

' ¥

SINGLE DOUBLE VOLUME
SCATTERING SCATTERING SCATTERING

IE::TH 'E:\:‘;g E. Pottier, L. Ferro-Famil



o)

SINGLE SCATTERING

MECHANISM

MODEL BASED DECOMPOSITION

R
(ROUGH SURFACE) R, 0 !
[S,]= = Q. 0
0 R,
_RV_
" COVARIANCE MATRIX )
B0 B f=R,[
[CJf|0 0 0 o R,
1 R
- PO )
DOUBLE SCATTERING MECHANISM "R_R
RGHRTH 0 GH TH
S "% " _r.r S
GV TV _—RGVRTV_
[ COVARIANCE MATRIX N
- _
o 0 o sz‘RGVRTV‘Z
[C,]=f,| 0 0 0 R_,R,,
o= CH -TH
\_ | —Q 0 1_ RGVRTy




sl MODEL BASED DECOMPOSITION

VOLUME SCATTERING
(RANDOMLY ORIENTED VERY THIN CYLINDER-LIKE SCATTERERS)

mmpp MECHANISM [S]:[a O}

(CYLINDER) O b

ORIENTED

m MECHANISM [Sg]=[U2(9)]T [S][Uz(e)]

UNIFORM 1
ORIENTATION P (9 )=
27

SECOND-ORDER  mpp- ( COVARIANCE MATRIX o 1)
STATISTICS 3
’ (THIN CYLINDERS) [C ] _¢lo E 0
] [c.] - e, Tr@ao ' A=)
— 0 1
\ a—~1 b—0 | 3 j
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MODEL BASED DECOMPOSITION

3 COMPONENTS SCATTERING MECHANISM MODEL

f.p°+fa’+f, O

2 f

[c)= 0 .
f

fS,B—fDa+?V 0

{

-

-

EETH ‘E“/E E. Pottier, L. Ferro-Famil

f.f— fDa+&
3
0
fo+ o+ 1,

5 UNKNOWN REAL COEFFICIENTS

4 OBSERVED EQUATIONS
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. ( . fo)
if R (SyxSyy )=~ |20 = a=+1
\ 3
. ( x f )
if R (SyuSiy )~ L |<0 = B=+1
\ 3 )
{f<.8.15.al, f,}
3 COMPONENTS SCATTERING MECHANISM MODEL
2 38
span=(C,,)+(C,,)+(Cy;)= f5(1+,82) + fD(1+a ) + ; f,
SINGLE BOUNCE DOUBLE DOUBLE VOLUME
SCATTERING SCATTERING SCATTERING
(ODD) (DBL) (VOL)
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sesl) MODEL BASED DECOMPOSITION

2A, B,+B  B,-B
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IETON

ODD = f (1+ B°

SAPHIR
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2A, B,+B  B,-B  ODD=f(l+p° _8f,
DBL= f (1+a° 3
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TARGET DECOMPOSITIONS
[T] [C]

COHERENT
DECOMPOSITION

EIGENVECTORS BASED MODEL BASED
DECOMPOSITION DECOMPOSITION

S.R. CLOUDE A.J. FREEMAN
(1985) (1992)

W.A. HOLM i
(1988) EIGENVECTORS / EIGENVALUES ANALYSIS

&
MODEL BASED DECOMPOSITION

U SY J.J. VAN ZYL

J.R. HUYNEN

(1970) EIGENVECTORS / EIGENVALUES ANALYSIS

ENTROPY / ANISOTROPY
R.M. BARNES

(1988) S.R. CLOUDE - E. POTTIER
(1996-1997)
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THE H/A/a POLARIMETRIC
TARGET DECOMPOSITION THEOREM
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TARGET VECTOR

LOCAL ESTIMATE OF
THE COHERENCY MATRIX

1
K:\/E[

EIGENVECTORS / EIGENVALUES ANALYSIS

[T =[u:]z]u.] " -
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ORTHOGONAL
EIGENVECTORS

4, 0 0]
0 4, 0
0 0 4,

H/A/a DECOMPQOSITION

REAL EIGENVALUES

>4 > A,

T
Sxx + SYY Sxx o SYY 2SXY]

T




IGARSKLLD H/A/a DECOMPQOSITION

I Ma, 0o o7f N
1
[T)=[Us][ZUs] "=|u1 uz uz|| 0O A O |fug up ug
i 110 0 Asz]| |
ORTHOGONAL  REAL EIGENVALUES
EIGENVECTORS A> A, > A
PARAMETERISATION OF THE SU(3) UNITARY MATRIX
cos(aq) cos(ay ) cos(as)
[Us]=| sin(e; )cos( B )e 1_51 sin(a, )cos( B, )e’_52 sin( a3 )cos( B3 )e{a3
sin(aq )sin (B;)e1 sin(a,)sin(B,)e'”2 sin(ag)sin(B;)e3
\ / A\ / N\ /
V V V
TARGET 1 TARGET 2 TARGET 3
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PROBABILITIES
A
Pi - !

3
> Ak
k=1

'

AVERAGED PARAMETERS

}

UNITARY TARGET VECTOR (Ug) OF THE
MEAN DOMINANT MECHANISM

Ug =|cos(a) Sin(g)cos(g)ew sin(g)sin(é)ev !
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MEAN SCATTERING MECHANISM

UNITARY VECTOR U TARGET MAGNITUDE
3
i cos(a) ] 2/12.
Uy =| sin(e)cos(B)e ' A=PiAs +PyAdy +Pydz =121
_Sin(g)sin(é)e iz | kZ:‘,l/l )
g p

TARGET VECTOR K,

cos( ) _
Ko =~4 sin(a)cos(ﬁ)ejé
| sin(a)sin(B)e'?

\_ J
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H/A/a DECOMPQOSITION

ROLL INVARIANCE PROPERTY

SAME PHYSICAL PHENOMENOUS WHATEVER

THE ANTENNA ORIENTATION ANGLE
AROUND THE RADAR LINE OF SIGHT
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ROLL INVARIANCE PROPERTY

ORIENTED () COHERENCY MATRIX  SU(3) UNITARY ROTATION MATRIX (6)
. 1 0 0
[T(e)]) = [UR(0)1<[T]>[UR(0)] [Ur(6)]=|0 cos26 sin28
0 —sin26 cos26

b 4

EIGENVECTORS / EIGENVALUES ANALYSIS
[T =[u: (O] =][us(0)]

'

EIGENVALUES 4, A4, A; : ROLL INVARIANT

PROBABILITIES P, P, P; : ROLL INVARIANT

IET_H ‘E::H‘;E E. Pottier, L. Ferro-Famil
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sin(

H/A/ a DECOMPOSITION

EIGENVECTORS UNITARY MATRIX

[Us(g)] :[UR(Q)][UB]

}

PARAMETERIZATION OF THE UNITARY MATRIX

cos@)

cos@)

)sin (B, )e1 sin(

a = P1a1+P2a2 +P3a3

PHYSICAL INTERPRETATION

II::TH ‘E::H‘;E E. Pottier, L. Ferro-Famil

)cos( B3 Je '

[Us]= sin()cos(,Bl)eJ 1 sin((a)
sin(@y) i )sm(ﬂz)e”2

}

cos(@)
sin((@3)cos( B )e 193
sin((@g))sin( B3 )el?3

: ROLL INVARIANT
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a PHYSICAL INTERPRETATION

SINGLE BOUNCE DOUBLE BOUNCE VOLUME

SCATTERING SCATTERING SCATTERING
(ROUGH SURFACE)

QHb:,,Ha (aH—b:>8H0\ (a>>b:>5z1)
U U U
a0 QHZ QHE
N\ Y, N\ 2 N\ 4
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EIGENVALUES 4; 4, 4; : ROLL INVARIANT
PROBABILITIES P; P, P; : ROLL INVARIANT

}

ENTROPY

(DEGREE OF RANDOMNESS
STATISTICAL DISORDER)

3
H=- P, log(P;)
» - N
PURE TARGET DISTRIBUTED TARGET
A=SPAN 1,=0 4,=0 A=A, = A,=SPAN/3
H=0 H=1
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H/A/a DECOMPQOSITION

IGARS LT

STOM

2A, B,+B  B,—B
IE::TR E:p‘;g E. Pottier, L. Ferro-Famil ENTROPY (H)



H/A/a DECOMPQOSITION

IGARSSHLLT]

BOGETOM

45° 90°
IR o. PARAMETER
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H/A/a DECOMPQOSITION

SEGMENTATION OF THE H/ QL SPACE

MULTIPLE
SCATTERING

VOLUME
SCATTERING

<

SURFACE
SCATTERING

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil

Alpha (o))

90 ' g
1 1
1 1
80~ """ Voot r
: :
70" """ C i i ]
! 1 : BRANCH / CROWN
sob-------- bomomoo-- 4 ! : STRUCTURE
DIHEDRAL SCATTERER FORESTRY DBLE BOUNCE
50 fooooooo- n ededdedietedets ek ' ; ;
SIPOLE =3 A : CLOUD ﬁgggcggmoplc
40F---——-—-—- M P
1 1
1 1
cro] I SO O o M NO FEASIBLE
BRAGG SURFACE
1 1
20 = A=)
10F----cct T oot}
0 —
] 1
1
/' N/ /:\'\/'/
LOW MEDIUM HIGH
ENTROPY ENTROPY ENTROPY

PERTURBATION OF 1st ORDER
SCATTERING THEORIES DUE
TO 2nd ORDER EVENTS

DEGREE OF ARBITRARINESS
(SCATTERING PROCESSES
RANDOM NOISE




H/A/ a DECOMPOSITION

IGARS Szl

POLSAR DATA
DISTRIBUTION
IN THE

H/ @ PLANE

o}-
(oe]
[EEY

0 0.2 0.4 0.6
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MULTIPLE
SCATTERING

VOLUME
SCATTERING

SURFACE ¢
SCATTERING

IET_H ‘E_:im;% E. Pottier, L. Ferro-Famil
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STOM

2 A, B, + B

SAPHIR

. ;&= E. Pottier, L. Ferro-Famil
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IGARSSEL H/A/a DECOMPOSITION

DIFFICULT MECHANISM DISCRIMINATION WHEN : H > 0.7

}

ANISOTROPY
(EIGENVALUES SPECTRUM)

A=A |
ﬂz"'ﬂs A, A, Ay

}

= COMPLEMENTARY TO ENTROPY
=  DISCRIMINATION WHEN H > 0.7
= ROLL INVARIANT

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil
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H/A/a DECOMPQOSITION

!%HRS s 2008

2A, B,+B B,-B

ET ‘E_::H‘;E E. Pottier, L. Ferro-Famil A NlSOTROPY (A)

IETR



H/A/a DECOMPQOSITION
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ET ,% E. Pafﬁer,E.MIBaQ/PY (H) ANISOTROPY (A)
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YN 2008 H/A/ a DECOMPQOSITION

POLSAR DATA DISTRIBUTION IN THE H/A / a SPACE

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



H/A/ a DECOMPOSITION

!1 ARSI

STOM

(1-H)(1-A) H(1-A)
1 MECHANISM 3 MECHANISMS
A(1-H) HA

2 MECHANISMS 2 MECHANISMS

SAPHIR

IETR %

0 0.25 0.5

F E. Pottier, L. Ferro-Famil
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PART I: CLASSIFICATION OF POLARIMETRIC SAR DATA

PART II: QUANTITATIVE ANALYSIS OF NATURAL ENVIRONMENTS

PART Ill: TIME-FREQUENCY ANALYSIS OF AGRICULTURAL AREAS

PART IV: TIME-FREQUENCY ANALYSIS OF URBAN AREAS

PART V: THE EDUCATIONAL SOFTWARE POLSARPRO

IEE'EH 'ES:R,E E. Pottier, L. Ferro-Famil



Progress

PART Il
REMOTE SENSING APPLICATIONS OF SAR POLARIMETRY

« CLASSIFICATION OF POLARIMETRIC SAR DATA

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil



IGARSSLLS REMOTE SENSING PROCESSING CHAIN

POLARIMETRIC
DESCRIPTORS
EXTRACTION

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil

SPECKLE
FILTERING

CLUSTER
POLARIMETRIC
IDENTIFICATION

POLARIMETRIC
TARGET
DECOMPOSITION

WISHART

POLARIMETRIC
SEGMENTATION

MONO/DUAL FREQUENCY
INTERFEROMETRY




IGARSSISS] WISHART CLASSIFIER

Target Vector

Lz[SHH \/iSHv SW]T F’(X)—W —X*T[C]'IL
1 LT[ L
K=\/E[SHH +Sw  Sun —Sw ZSHV]T F’(k)—T S
Coherency Matrix
i 1
<[T]>=N2Ki°Ki =NZ[TI]
i=1 i=1
4 LLp‘ [T]‘L_p ~Lre(T T[T ) )

P(<[T]>/[Tm ])= P(p 1)

7 T(L).T(L-p+D)[T, ]
COMPLEX WISHART DISTRIBUTION

\ L: Number of Look  p: Polarimetric Dimension /

EE"E?E 'ES\AM;E E. Pottier, L. Ferro-Famil




IGARSKLLD WISHART CLASSIFIER

) [T ]~ )
([T D= —on I ]

7+ T(L)..T(L-p+1)[T,]"

!

SUPERVISED WISHART CLASSIFIER (Lee 1994)

BAYES MAXIMUM LIKELIHOOD CLASSIFICATION PROCEDURE

[rhelr,] it d,([T])<d;([T]) Vi=m
with

d([T])= LTe(T, 1" ([T])+ Lin([T,, ])- (P ([T, D)+ K

[Tx] : Cluster Center of the class m

IE::TH 'E:\:‘;g E. Pottier, L. Ferro-Famil



gg%gs POLARIMETRIC REMOTE SENSING

(- )
U

WISHART PDF P(<[T]>/[T”’])=”WF(L)...F(L— R

\ Yy

)

UNSUPERVISED
POLSAR
CLASSIFICATION

s &

.. H/A/a DECOMPOSITION
ieTR R E pottier, L. Fxﬁm': a2
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H/a - WISHART CLASSIFIER

k - mean CLASSIFICATION PROCEDURE

-~

PROVIDE INITIAL [T,,]©
FOR EACH CLASS

l

~

CLASSIFY THE WHOLE IMAGE
WITH THE DISTANCE PROCEDURE

[rhelml it d,([T])<d([T]) vi=m

l

-

COMPUTE [T, ]®*Y) FOR EACH CLASS

USING THE CLASSIFIED PIXELS OF STEP 2

[, 1 =L 3,

m Jj=1

~

TERMINAISON
CRITERION ?

EET_R ‘%_“/E E. Pottier, L. Ferro-Famil

Cluster Center of the class m
(Lee 1998)



gas®) H/ A/ a - WISHART CLASSIFIER

POLSAR DATA DISTRIBUTION IN THEH /A /| a SPACE
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H/A/a - WISHART CLASSIFIER
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CL C2 C3 C4 C5 C6 C7_ CB8

C9 Cl0 Ci11 Ci12 Ci13 Ci14 Ci5 Ci6

SAPHIR

IET_H ‘Eh /E E. Pottier, L. Ferro-Famil
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H/A/a - WISHART CLASSIFIER

SAN FRANCISCO BAY JPL - AIRSAR L-band 1988
N i B o

SAPHIR

II::TH \ 74 /E E. Pottier, L. Ferro-Famil



gas®) H/ A/ a - WISHART CLASSIFIER

ICE AREA JPL - AIRSAR L-band

C9 C10 Ci1 Ci12 Ci13 Ci4 C15 Ci6

Eé'l-'_ﬂ 'ﬁsfw"ﬁ E. Pottier, L. Ferro-Famil



gas®) H/ A/ a - WISHART CLASSIFIER

DEATH VALLEY JPL - AIRSAR L-band

- o

"‘I'_,:

C9 C10 Ci1 Ci12 Ci13 Ci4 C15 Ci6

;E'i'_ﬂ_ ﬁ/é E. Pottier, L. Ferro-Famil



H/A/a - WISHART CLASSIFIER

ALLING - ESAR L-band H A a and WISHART CLASSIFIER

[gégs s 2008

" C1 3Ca 5 C6 C7 C8

2 A, B, +B B,-B H

C9 C10 C11C12C13C14 C15C16

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



H/A/a - WISHART CLASSIFIER

OBERPFAFFENHOFEN ESAR L- band H/A/ a and WISHART CLASSIFIER

l.%gﬁ s 2008

Cl1C2 C3 C4 C5 C6 Cr7 C8

— T fe———

4 C9 C10 C11C12C13C14 C15C16
DLR

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



gas®) H/ A/ a - WISHART CLASSIFIER

OBERPFAFFENHOFEN - ESAR L-band H/A/ a and WISHART CLASSIFIER

155 £ B
ey

Cl1C2 C3 C4 C5 C6 Cr7 C8

— -

C9 C10 C11C12C13C14 C15C16

;E'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



gas®) H/ A/ a - WISHART CLASSIFIER

@2esa POLiInSAR Project

TRAUNSTEIN - ESAR L-band H/A/a and WISHART CLASSIFIER

TR, ~ - i

ZAO B+B B_B Cl C2 C3 C4 C5 C6 Cr C8
: : =

C9 C10 C11 C12 C13 Ci14 C15 Ci16

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil DLR



(X 7008 Progress

PART II: QUANTITATIVE ANALYSIS OF NATURAL ENVIRONMENTS

IET_H ‘E::H‘;E E. Pottier, L. Ferro-Famil



DATA INVERSION - APPROACH

!%ES s 2008

-~

POLSAR - POLINSAR

DATA
PROCESSING
POLARIMETRIC
\ SAR DATA SET(S) QUALITATIVE ANALYSIS
POLARIMETRIC
TWO-STEP INVERSION PROCEDURE DESCRIPTORS
EXTRACTION

MODEL-BASED
4= PHYSICAL PARAMETER
INVERSION

BIO and GEO PHYSICAL

\ PARAMETERS QUANTITATIVE ANALYSIS /

EETH ‘E“/E E. Pottier, L. Ferro-Famil
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PART Il
REMOTE SENSING APPLICATIONS OF SAR POLARIMETRY

« QUANTITATIVE ANALYSIS OF NATURAL ENVIRONMENTS

;E'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil
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QUANTITATIVE ANALYSIS

POLARIMETRIC
SAR DATA SET(S)

-

POLSAR - POLINSAR
DATA
PRE-PROCESSING

QUALITATIVE ANALYSIS

-
DIRECT POLARIMETRIC
SCATTERING |memppi PARAMETERS
ANALYSIS
MODEL
(H/A T, pra )

PARAMETERS

dar Parameters
Acwisition Conditions

BIO and GEO PHYSICAL

1—( DATA INVERSION

\_ QUANTITATIVE ANALYSIS

II::TH T /E E. Pottier, L. Ferro-Famil

POLARIMETRIC
DESCRIPTORS
EXTRACTION
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DATA INVERSION

Nonlinear Parameter Estimation via
Neural Nets (Learning - Training Phase)

ML PERCEPTRON

BIO and GEO PHYSICAL
PARAMETERS

POLARIMETRIC

( DESCRIPTORS | \ )

t DIRECT I
SCATTERING

MODEL

Radar Parameters

g i ) ] Acquisition Conditions
IETR % /E E. Pottier, L. Ferro-Fami

QUANTITATIVE ANALYSIS

Look Up Table

24 R N
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° slope =983 _
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%Rs QUANTITATIVE ANALYSIS

SNOW MONITORING — SNOW MAPPING

SRR AT

p

iETR ﬁ;/E E. Pottier, L. Ferro-Famil



R D) SNOW MONITORING

i~ SIR-C Data
Landsat Optical Image i Pauli RGB image
HH+VV HH-VV 2HV

April 1994 April 1994

=1 Bare Soil B8 Pasture Fields Radar Look Angle 0 = 50°
™1 Agricultural ™ Dense Forest Severe Topography
Fields = Snow L-band & C-band

MARTINI A., FERRO-FAMIL L., POTTIER E.
e Dry snow discrimination in alpine area from multy-frequency and
1IETR "E»L-)E E. Pottier, L. Ferro-Famil multi-temporal SAR data, IEE Radar Sonar and Navigation, 2005



IGARSSZLT SNOW MONITORING

S.R.T.M Data — February 2000
Digital Elevation Model

4000 m

3000 m

2000 m

Col d’'lzoard
1000 m

gFe -
|

™
>

Om "

hE
-

e C-Band (5.3 GHz)
e VV Polarization
e Resolution: 30m x 30m

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



SNOW MONITORING

IGARSSHLLT]

STOM

Landsat Optical Images

Winter
Summer

IEE'EH 'ES:R,E E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

Summer C-band
SAR data

1

Unsupervised POL-SAR
Classification

&
Clustering
o < 45°
H@-A)>0.65 2
V1LY + 2V, (@f > V12 + 4,V,(2)°

l l

Forest Mask Surface Mask

II::TH ‘E::H‘;E E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

SUMMER MAP SUMMER

POLSAR Image

SUMMER 2=
LANDSAT Image £z

: "Risoul

et

.

oy (AT, g A
o ﬁ\;,- ’p ’53 -

4

G, o i, N
.h'—:h g

k-
£
Picde E Bare Soil B Pasture Fields Pic de

B Dense Forest Guillestre

- Forest

Guillestre Agricultural

e Fields = Snow || Surface
IETR % /E E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

SNOW MAPPING OVER SURFACE

CONTRAST OPTIMIZATION IN THE INCOHERENT CASE :

(J. Yang, Y. Yamaguchi, W. M. Boerner, S. Lin « Numerical Methods for Solving the Optimal Problem of Contrast
Enhancement » IEEE GRS, vol. 38, no 2, march 2000 )

OPCE enhances summer to winter polarimetric variations

_ _ h' Kyini, )8
(hopt’ gopt) = Arg max(pwin_sum) with Pwin_sum = hTK
sum(i,j)g

Polarimetric Contrast Variation Enhancement PCVE
h'K
h'K, qng
hTKb,wing
hTKb,sumg

a,wing

< snow Pwin_sum

PpVCcE =

<2 snow free  Puwin_sum

Optimization of the winter/summer contrast variation
over snow covered surfaces

IE::TH 'E:\:‘;g E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

SNOW MAPPING OVER SURFACE

(gopt , hopt )

Surface
Mask

|

Whole C-band > | p=

T
hoptKwingopt S

0dB

Data sets

LT
hopth.umgopt

!
—

OPCE optimization ratio Landsat image

) o i O S
a..i_ "_..'IIN.__' A L ]
r o . |
2 " L]

-

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil

%

} : .-l... . - e
7 i 3
= IAEE . W
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1 ’ . --r N |
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Wi
] . L 2 ] _ i '
¥ -] |
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Snow covered surface map

0dB

7dB



IGARSSZLT SNOW MONITORING

SNOW MAPPING OVER SURFACE

WINTER S
LANDSAT Image =8
P e

SNOW COVER
SURFACE MAP

177 BN

Ll

Good discrimination of dry snow covered surface

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



SNOW MONITORING

SNOW MAPPING OVER FOREST

Winter C Band Summer C Band

Seasonal statistical variations over forests  data sets data sets
Snow free Snow a.,, image s image
(Ax) |std(ax)| (Ax) | std(ax) 1
Aa = (a;-a,)>5°

a 1.00 1.87 8.10 2.24 1
H | 0005 | 0.015 | 0.088 | 0.044 (%}4— Forest Mask

<AX> =< Xsummer™ Xwinter> Snow covered

forest map

Good o polarimetric contrast

EEE'E?% 'ES:‘;E E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

SNOW MAPPING OVER FOREST

WINTER

s SNOW COVER
LANDSAT Image &

FOREST MAP

e

R

E

ke
e
e 4
= 1
i
B

Good discrimination of dry

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil




IGARSSZLT SNOW MONITORING

GLOBAL SNOW MAPPING — MERGED RESULT

0}
PD surface > (3%
0
I:)Dforest > 80%
WINTER R L £ SNOW COVER
LANDSAT Image ._,’_' 0 MAP
9° | Pea < 2%

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



IGARSSZLT SNOW MONITORING

GLOBAL SNOW MAPPING

|

AUTOMATED
PROCEDURE

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil



IGARSSIIL QUANTITATIVE ANALYSIS
LAND — AGRICULTURE APPLICATIONS
Soil Moisture & Biomass Estimation

using
Polarimetric Scattering Theory

FRIEDRICH-SCHILLER-UNIVERSITAT
JENA




IGARS L QUANTITATIVE ANALYSIS
LAND — AGRICULTURE APPLICATIONS
Soil Moisture & Biomass Estimation

using
Polarimetric Scattering Theory

e Oh
e Shi

Dubois

Francesco Mattia

X-Bragg (l. Hajnsek - 2000)

E.R.D (Eigenvalue Relative Difference) (S. Allain — 2003)

« S.E.R.D and D.E.R.D (S. Allain — 2005)

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



carsdD) QUANTITATIVE ANALYSIS

LAND — AGRICULTURE APPLICATIONS

ALLING Site
DLR — ESAR
L-band

i DLR




IGARSSIZ SCATTERING SYMMETRY

MEDIUM WITH REFLECTION SYMMETRY
(H.C. Van de HULST - 1981)

[TQ]:

\ ! of af 0]
[r)=[r1+[r]=| B (8" o

\_ - - J

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



IGARSSIT SCATTERING SYMMETRY

COHERENCY MATRIX

T, T, O T, %<‘SHH+SVV‘2> T4=%<‘SHH_SVV‘2>
<[T]>= 2* T, O T, %<(SHH+SVV)(SHH_SVV)*> T6=<‘SHV‘2>

0O T | x *
- ° W'th:<(SHH +SVV)SHV>=<(SHH _SW)SHV>=O
l Reflection Symmetry
EIGENVALUES (NOS = No Ordered in Size)
1
Ainos = 5 (Ot + Ty )'*'\/ f(Fhnnn T 1Ty )

1
Asnos = 2(O'hhhh 0, )_\/ fF (O hmnn 10w 1T )
;{’Bnos — 40-hvhv

VAN-ZYL J.J., "Application of Cloude’s target decomposition theorem to polarimetric imaging radar", SPIE, vol 1748, pp 184-212, 1992.
IEET R ES\AM;% E. Pottier, L. Ferro-Famil



IGARSSIZ SCATTERING SYMMETRY

EIGENVECTORS

Vi =[cosa, sina,e O]T }:a v =T
1 27 A
2

cosa, sina,e’ 0
0 0 1f

BASIC SCATTERING MECHANISMS IDENTIFICATION

! !

<
N
|l

Orthogonality Conditions

<
w
1

T T T T
o, <—-—Sa, 2 — a,2—a, S —
4 4 4 4
V, = Single Bounce V, = Double Bounce
V, = Double Bounce V, = Single Bounce

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



IGARSS IS SERD - DERD PARAMETERS

New eigenvalue-based parameters to compare scattering mechanisms importance

T T T
- a,2—S>a, S —

Single bounce Eigenvalue Relative Difference (SERD)
Usefulness for large entropy values - Importance of the single bounce scattering mechanism

SERD = Ay —4; SERD = Ay — A

A+ A, A, + A,
Double bounce Eigenvalue Relative Difference (DERD)
Comparison with anisotropy -» Different dynamic range
2'1 - /13

DERD = Ay = 45 DERD =
A, + A, A+ A,

T
oS —a,2
4

IET_H ‘E::H‘;E E. Pottier, L. Ferro-Famil



IGARSSIS] SERD - DERD PARAMETERS

&' AIRsSAR JPL

DC8

FLEVOLAND test site
C-Band (Quad)

;E'i'_H ‘%:;/E E. Pottier, L. Ferro-Famil



IGARSSITS SERD - DERD PARAMETERS

Ground Truth

= winter wheat = barley
m sugar beet = potatoes

rapeseed fruit trees
= grass

;E'E_H_ ﬁ::k/é E. Pottier, L. Ferro-Famil



IGARSSITE SERD - DERD PARAMETERS

Ground Truth SERD — DERD Classification

= Wwinter wheat = barley K-mean algorithm

= sugar beet m potatoes Good correlation for most classes

rapeseed fruit trees Two classes for winter wheat
m Qrass Error for fruit trees class




IGARSSIS] ROUGHNESS DESCRIPTORS

Simulation parameters (IEM)

6= 40°
) L.=30cm
Anisotropy (A) F = 195 GHz DERD
1 ‘ ‘ ‘ ‘ Se(fof,) = ‘ ‘
Imm<oc<10cm
0.8 — ¢=5 0.6
— =10
0.6 | — ¢=15 0.2
— £=25
04 ' — &=3 0.2
0.2 | -0.6
0 ‘ ‘ ‘ ‘ 1 ‘ | ‘ |
0.5 1 15 2 2.5 0.5 1 15 2 2.5
ko ko
No one-to-one correspondance o
between A and ke Monotonic with respect to ko

=>AMBIGUITY

= Reduced dynamic range ALLAIN S., FERRO-FAMIL L., POTTIER E.
_ "Two novel surface model based inversion algorithms using
fETR ©E E Pottier, L. Ferro-Famil multi-frequency polSAR data", IGARSS 2004, Anchorage, AK, USA




cesdl) ROUGHNESS CHARACTERIZATION

‘#7 DLR E-SAR L-band
DLR Alling site (March 2000)
PAULI RGB IMAGE ENTROPY

ANISOTROPY

0.5

-0.5

Entropy : sensitive to surface parameters SERD : very high on surface areas

Anisotropy : homogenous value DERD : better discriminator than anisotropy
;é'i’_ﬂ ‘%;/E E. Pottier, L. Ferro-Famil



cesdl) ROUGHNESS CHARACTERIZATION

DLR E-SAR L-band
Alling site (March 2000)




cesdl) ROUGHNESS CHARACTERIZATION

‘#7 DLR E-SAR L-band
DLR Alling site (March 2000)
PAULI RGB IMAGE

el T
e . M.
2l "\ - o .-n :
g, T
¥ g - . b
= 7 . 3
~ . L .
i

= SERD : Vegetated areas discrimination

SERD threshold

= Forested area detected

= Fields with vegetation

;E'i’_ﬂ_ ﬁ;/é E. Pottier, L. Ferro-Famil



[gégs SOIL MOISTURE CHARACTERIZATION

DLR E-SAR L-band
Alling site (March 2000)

Y f ' !
""vt', ~ R

10

;E'i'_ﬂ_ ﬁ;/é E. Pottier, L. Ferro-Famil



sersl) SOIL MOISTURE CHARACTERIZATION

Comparison with ALLING PolSAR data

Observations a4 gy INncreases with soil moisture
Quasi roughness independent
o, angle sensitive to soil moisture

40

s
8 <g< 33 *r r + +
Gaussian spectrum shape®| N
o+
c =2Ccm 25) e
+ 7t
Lc=10cm o 20| o4 X
— o OLl( ) T
0 =50 o
i + Y1data
5k
—  %Em

0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

€

Curves have the same behavior
but different amplitude level I!!

194 = <a1 _data>
_ Corrected a, g, parameter m) &1 Em corrected 1_IEM <
iETR %SA\/E E. Pottier, L. Ferro-Famil

al_IEM>



sersl) SOIL MOISTURE CHARACTERIZATION

Corrected a, g parameter

40

+
35+ R
30+ R
25+ R
20+ R
o T
OLl( ) 15 q
10+ R
+ al_data
5+ -
— a4 gy Corrected
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

_ <a1 _data>
&1 |EM Corrected — &1 _1EM <

al_IEM>

Correction coefficient derived
for each dataset independently

_iE‘l:ﬂ_ %SA\/E E. Pottier, L. Ferro-Famil



sersl) SOIL MOISTURE CHARACTERIZATION

_iE‘Ln_ %SA\/E E. Pottier, L. Ferro-Famil

Corrected a, g parameter

40

35+
30+
25+
20
0y (°) 157:

10

0 1 1 1 1

+ al_data

— a4 gy Corrected

0 5 10 15 20
€

25 30 35 40

SOIL MOISTURE INVERSION SCHEME

0Ll_data/L-band

&1 |EM/ L-band corrected

—— > ¢ retrieved «—

Dobson lTopp model

Retrieved soil moisture : mv




garss) SOIL MOISTURE CHARACTERIZATION

SOIL MOISTURE INVERSION SCHEME

Ground truth measurements Retrieved dielectric constant

200 400 600 800 1000 200 400 600 800 1000

High ¢ values Low € values

Good agreement between ground truth and estimated moisture

-

- —
IETHE %= # E. Pottier, L. Ferro-Famil



carseld) SOIL MOISTURE CHARACTERIZATION

_iEtﬂ_ %SA\/E E. Pottier, L. Ferro-Famil

retrieved mv

0.6

0.5

0.4+

0.3

0.2

0.1r

Relative error : 26.4 %

*
* Kk 7
*
*
* * 4
* % *
*
i * . i
+ * *
*
L L L L L
0.1 0.2 0.3 0.4 0.5

measured mv

3 | retrieved mv —measured mv|

relative error = - 100
| retrieved mv |
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carse) Progress

PART Il
REMOTE SENSING APPLICATIONS OF SAR POLARIMETRY

 TIME-FREQUENCY ANALYSIS OF AGRICULTURAL AREAS

;E'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



cass) Time-Frequency analysis principle

Gabor transform of a 2-D signal
Formulation

d(1) : 2-D signal at space coordinates 1=[l,,I,]
d(I;®,) : Gabor transform around frequency coordinates ®, = [y, @y0]

g(l) : analyzing function

Space domain : _
d(ly;0,) = j d(1) g(1-1,)e'* g

Frequency domain :
D(@;0,)=D(0) Go-0,)  ©=[0,o,]

Implementation

D(w)
FFT :GT&\ - FFT-1 ——d(l,0,)

A\ 4

d()

Glo—-o,)

2-D analyzing function
EEE'E?% 'ES:‘;% E. Pottier, L. Ferro-Famil



s Time-Frequency analysis principle

Synthesized SAR data analysis

Ideal SAR image

DSAR(m):[He(m)'R(m)] ’ Hr((’)) - W(o)

Raw data Adapted Weighting
Filter Function

Compensation and decomposition

Doar (0;04) = R(®)-G(o -o) : H ()

Selected SAR
Reflectivity spectrum Transfer function

dsar (lg; @) =TF _1[DSAR (o, wo)]

Synthesized vs. Raw data

- More accessible data format
- Compensation of acquisition errors
- Possible restriction of the frequency domain

IE::TH 'E:\:‘;g E. Pottier, L. Ferro-Famil



eassl) Range-Azimuth analysis principle

Range-Azimuth frequency domain

Azimuth
Vsar o .
Wy, = 200, %sm iy dsar (L @y,) T—> Anisotropy
Range
Wrg, € {wc —%,wc +B—2‘"} dsar (1, @) |::> Frequency sensitivity

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



oD
ALLING
DLR /E-SAR L-band

Deutsches Zentrum fiir

# Luft- und Raumfahrt
Institut fur Hochfrequenztechnik
DLR

und Radarsysteme

0 e[25°...55°]
res=(1.5mx3m)

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



Azimuth T-F analysis

carstD)




IGARSS SUB-IMAGES ANALYSIS

W {l
i DLR
ALLING DATA
H DLR/E-SAR L-band
1
0.5
0

Visualization of polarimetric variations

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil



carssD) Azimuth T-F analysis

Span

Polarimetric variations with the azimuth aspect angle, ¢,

B Full resolution parameters are affected
_iETﬁ_ %SA\/E E. Pottier, L. Ferro-Famil



o)

: Seedbed winter cereals

: Seedbed winter cereals (80%,15 cm)
- Harrowed

: Harrowed

: Pasture, grassland (95%,10 cm)

: Seedbed winter cereals (30%,4 cm)
: Seedbed

: Seedbed winter cereals (30%

© 00 N oo g A~ W N P

: Harrowed

10 : Pasture, grassland

= A 4
= Fo= i - -
: L Sl N

FERRO-FAMIL L., REIGBER A., POTTIER E., BOERNER W. M.
"Scene Characterization Using Subaperture Polarimetric SAR Dat
IEEE TGRS, Vol 41, n° 10, October 2003

May | invert ?
Where can | invert ?

;E'E_H_ ﬁ;/é E. Pottier, L. Ferro-Famil



cars<) Range T-F analysis

Span

IR

a)rg = a)rg min a)rg = rg max

resolution

Polarimetric variations ¢4 and ®,, = Bragg resonant scattering

. Full resolution parameters are affected
iETR %SA\/E E. Pottier, L. Ferro-Famil



(85 2008
51Dh

Resonance
Quasi-periodic surface

A,

As the surface resonates :
EBC-SPM = Kirchoff model at order 1
- HV =0

-HH = VV
= o and H have low values

Out of resonance peaks

Kirchoff model becomes inaccurate
= o and H have « common » values

IEETH 'ES:‘;% E. Pottier, L. Ferro-Famil

Resonant surface backscattering

Kirchhoff scattering model
Yueh, Shin and Kong, PIER 1, 1988

o, (dB) A
10-

—_— L. =1m
........ L. =0.5m

@, : row orientation

“, — N°
.‘ ¢O =0
_36k L % »
0 5 10 15 20 25 30 35 40 45 50 55 00

0.15 - 4

5 10 15 20 25 30 35 40 45 50 55 e()

B=10cm,P=1m,e=9c¢,

F=15GH
c,=1mm. L, =0.5mor 1m g



sl Resonant surface backscattering

Resonance condition

27 : A
2ky:n? = sm@cos¢d+0:nﬁ Do =Ps + 9,

Resonating stripes
IO\

38

375 A6

37F

36.5

Adguo
36

i ¢ — ¢ i d — ¢
35 . resolution 79 — 7'min max
21 22 23 24 25 26 27 28 29¢ ( )
d+0

Non-linear resonance
location function

Variation of azimuth look-angle = sliding resonating stripes

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



GaRs )

Resonance condition

27T

Resonant surface backscattering

. 2P
2ky:nF = A=siN0—CoSdy,, = o =0(ay)

Resonance locus

®, (GHz) |

1.17
1.16
1.15
114
1.13
1.12
111

11

1.09

»

-60

Non-linear resonance
location function

-40

-20

0

20

40

% ®,, (Hz)

Resonance identification in the (®,, , ®,y) plane

FERRO-FAMIL L., REIGBER A., POTTIER E, "Non-stationary natural media analysis from polarimetric SAR data using a 2-
D .Time-Frequency decomposition approach"”, Canadian Journal of Remote Sensing, 2004

IETHR % ,g E. Pottier, L. Ferro-Famil



easdd) Range-Azimuth frequency plane

Span

IR

Oversampled representation
Fixed Az. & Rg. Resolutions

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil




e Range-Azimuth frequency plane




el Non-stationary media discrimination

Detection over independant range-azimuth sub-spectra

Do the R sub-spectra coherency matrices belong to the same Wishart PDF ?

Hyp : 21:...:2R
R
. [1T"
verified if A >c, A:"lT P.(C,)=p
T t

Location of non-stationary behavior in range-azimuth frequency domain
Iterative procedure based on ML ratios

sub_ =argmin(A,_,)

Coherent image restoration

Interpolation of scattering mechanisms over stationary elements

S_e¥AS.

T sapHiR B
{ETH W L E Pottier, L. Ferro-Famil



Thresholded image

%
-
=
@
O
L=
.
T
nd

10 over

ML rat

- E. Pottier, L. Ferro-Famil

s 2008

STOM

ARS




oD

Full
resolution

SAPHI

Location after 1 iteration

¢d = ¢min ¢d = ¢max

!ETH %\ -E £ Pottier, L. Ferro-Famil

o N o o A W DN B



IGARSSINE

SAPHI

iETﬁ %\ -E £ Pottier, L. Ferro-Famil

Coherent image restoration

-}‘ W
estored
image

R




IGARSSIT Coherent image restoration

 Original/restored image ¢ variations : up to 15°, avg 7°

* Original/restored image H variations : up to 0.4, avg 0.2

;E'i'_ﬂ_ ﬁ/é E. Pottier, L. Ferro-Famil



carse) Progress

PART Il
REMOTE SENSING APPLICATIONS OF SAR POLARIMETRY

 TIME-FREQUENCY ANALYSIS OF URBAN AREAS

;E'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



URBAN AREA

Time — Frequency Analysis
Of Complex Targets

_iEtﬂ_ %SA\/E E. Pottier, L. Ferro-Famil



1@@5’5 Time-Frequency analysis principle

Local spectral estimation G(w — wo)

1= [laza lrg] W = [Wazawrg]

SAR image Spectrum

dl) — D(w)

d(l,wg) «— D(w,wp)=D(w)G(w — wp)

T-F SAR image Local spectrum

Coherent T-F analysis

Vsar . |
Waze = 2We sin g Angular behavior
B.
Wrgo € [Wn + o5 Frequency sensitivity

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



IGARSSLLL

DRESDEN
DLR/E-SAR L-band

Deutsches Zentrum fiir
Luft- und Raumfahrt
Institut fur Hochfrequenztechnik

DLR

und Radarsysteme

0 €[25°...55°]
res=(1.5mx3m)

SAPHIR

;E'E_H %u & E Pottier, L. Ferro-Famil



CLASSICAL POLARIMETRIC ANALYSIS

/E E. Pottier, L. Ferro-Famil

s 2008

i

IGARS

iETR



POLSAR T-F ANALYSIS

Sub-Images
TR TR

FERRO-FAMIL L., LEDUCQ P., POTTIER E. Azimuth T- F analysis

“Urban Area Remote Sensing from L-Band PolSAR data
using Time-frequency Techniques".
URBAN 2007, 11-13 April 2007, Paris, France

_iEtﬂ_ %SA\/E E. Pottier, L. Ferro-Famil



IGARSSITE
BOSTON
Buildings
Pbuild € Adap
—15 T _n
SPAN (dB) ] &(SPAN (dB)
| —6s -1
-6 —15
I D 20
=30 L 1 1 1 T=a a5l
-4 -2 a 2 4 i
Forest
4] ' 1
SPAN (dB)
-5
I —i5n
—1&1 M : \,/"L — ]
-15 I 1
_4 'D
IEET R ES\AM;% E. Pottier, L. Ferro-Famil

Continuous TF analysis

¢bu7§ld ¢ Aqﬁap

&0

! G0

—143

Jan

f0

G5

L]
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IGARSSE) TF varying SAR signal model

Varying T-F signhal model
s(w) = t(w) + c(w)

s(w) : varying composite signal

t(w) : quasi-deterministic, slowly varying component
= highly coherent

c(w) : random component, potentially non-stationary
= incoherent scattering

Canonical T-F behaviors
stationarity

Isotropic
strong scatterers

anisotropic
artificial structures

n

coherence

;E'i'_H ‘%:;/E E. Pottier, L. Ferro-Famil



STOM

IGARSS I TF POLSAR coherency matrix

Full-pol response sampled at R spectral positions:

kl 1 Shh(wi) + Sfe_!-'n (Ld?)
krr_por = where k; = E S.‘J.h(w'ﬁ) - S'e.!'u(w?l)
kR 28}11}(“’1)
- Ty, T |
= Lrp_pol = <kTF—Poz kTTF_pOl/ = : : (3R x 3R)
i T'1R ... Tgrr |
T-F behavior characterization
Stationarity Coherence

diagonal terms

T,; i=1,....R

IEET R ES\AM;% E. Pottier, L. Ferro-Famil

off-diagonal terms

Ty i#]



IGARSHA Non stationary pixel detection

Hypothesis testing

H, : Stationary PoISAR behavior over R spectral positions

R coherency matrices: Ty ~ W, (n;, X;;)

H() . 211 Z...ERR:E
Maximum Likelihood test

LT

maxy L(X,..., %) e

¥

maxs,. L(Z11,...,2rr) | Te¢|™

Arp_pol =

- Decide Hy if Arp_po > cg

- Threshold Ca3 - Pfﬂ_ = PT(ﬁTj-‘_pn,{ < CﬁlHﬁ) = ,f_?

IEETH 'ES:‘;% E. Pottier, L. Ferro-Famil



Time-Frequency stationarity

IGARSSELNE

TN

3x) single-pol indicators Fully-polarimetric indicator
: o & ot P E . s ...31,.;‘.-_ . __'_r.___ o % = A

ATF(FLh—I—vv] ﬁTFU‘J.-h—'ﬂ:-‘N] Aq 'Frhu) ATF—POZ

= Facing buildings: non-stationary SB, DB components
= Oriented buildings: stationary trend
= Full-pol: substantial improvement of descriptivity

IE::TH 'E:p‘;g E. Pottier, L. Ferro-Famil



GARSSISS] Coherent pixel detection

Hypothesis testing

Hy : Uncorrelated PolSAR responses over R spectral positions

Trr_por ~W.(n,X7Fr_pol) YTF_Pol

HO : Eij =0 W ?é] 23TF—Pol Hy

Maximum Likelihood test

O =
max L(ETF—PnE)

- Decide Hy if © > cg

- Threshold ¢ : Ps, = Pr(© < cg|Hy) = 3

EEE'E?% 'ES:‘;E E. Pottier, L. Ferro-Famil

211
=y

211
0

max L(Xrr_potla,) |Trr-pPotl”

[, T

iR

>RR




GaRSH Coherent pixel detection

STOM

Another representation: polarimetric whitening process

Trr_po|™ - ~
= | ]7;}? Pol = |Trr—pot|” Trr_po =P Trr_po P!
[= [Tl
[ 1 I, ... IILip | _ |
. . : Coherence information
- Hv - . B 1 1
Trr—poa=| ° ;=T " Ti; Tyy°
_l.
| H].R o o o I _
T-F coherence
~ 1
prF—pol =1 — |Trr_po|3F 0<prr—pa <1

IEET R ES\AM;% E. Pottier, L. Ferro-Famil



IGARSSIT Time-Frequency coherence

(3x) single-pol indicators

PT F(hh4vv)PTF(hh—vv) PTF hv)

= Detected objects: building edges, point scatterers
= Full-pol: increased detection efficiency, more robust to orientation
= TF adaptation: non-stationary but coherent behaviour



carse D) TF classification of urban areas

coherence

- S o S
IETR % ? E. Pottier, L. Ferro-

amil



s Application: building characterization

Original image Most coherent TF signal Classified mechanisms

O L T e S P AL B
'3-';"-'.. i 1
S

R ;
> ;"J:.*'f L A it
B i

g |

= TF "cleaning" of POISAR information
= Buildings may have various PolSAR behaviors



) Application: building characterization
' o

b

L

oty

vy

O e

n'."'*“‘lu-.“,.’-‘r P

LTI

-
4
4
"

¥ .|'- “.-il' .
TR e
e b1 ..: A
¢ Memnd el

Classified

Optical image Pauli image TF classes X1TF _
mechanisms

Separation of wall/layover reponses:

= DB: non-stationary, but coherent
= SB: non-stationary, incoherent contribution

;E'i'_ﬂ_ %:;/E E. Pottier, L. Ferro-Famil



IGARSSLLT Urban area classification

POLSAR data

Al

;E'i'_H ‘%:;/E E. Pottier, L. Ferro-Famil



IGARSSIZE Qutline

PART IlI:
POLARIMETRIC SAR INTERFEROMETRY, PRINCIPLES AND APPLICATIONS

« VEGETATION CHARACTERIZATION USING POL-inSAR

EI::T_R ‘%_:;/E E. Pottier, L. Ferro-Famil



IGARSSLLD

Q(o)rgo

DOUBLE ol
BOUNCE

SCATTERING ¥ 7o

60

VOLUME ¥50_

DIFFUSION  «

40

-

301

SURFACE | |
SCATTERING

10

\

0

Pol-SAR basics

H-a CLASSIFICATION PLANE

DIHEDRAL REFLECTOR

6

DOUBLE REFLECTION
PROPAGATION EFFECTS

3

7 DIPOLE

4 ANISOTROPIC
PARTICLES

8

BRAGG SURFACE

ROUGH SURFACE

0

0.1 0.2 0.3

0.4

0.6 0.7 0.8

COMPLEX
STRUCTURES

RANDOM
ANISOTROPIC
SCATTERERS

0.5
Y ~ ~ -/ \_'_’
QUASI MODERATELY HIGHLY

DETERMINISTIC

RANDOM

RANDOM

ARBITRARILY FIXED LINEAR DECISION BOUNDARIES

IEET R ES\AM;% E. Pottier, L. Ferro-Famil



Pol-InSAR principle

Polarimetric indicator saturation

AiIrSAR L band data, Nezer forest, France

EETH ‘E“/E E. Pottier, L. Ferro-Famil

NEZER FOREST GROUND TRUTH

[ Bare soil
Bl ss years
|:| 8-11 years

[111-14 years

B 15-19 years
B 33-41 years
Bl - 41 years
[ InN/A



%ﬁﬁ = 2008

Pol-InSAR principle

Polarimetric indicator saturation

o PARAMETER
AirSAR L band data, Nezer forest, France



Pol-InSAR principle

Polarimetric indicator saturation

0 0.5 1.0
ENTROPY (H)

AirSAR L band data, Nezer forest, France

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



carssD) Pol-InSAR principle

Complementary information

DLR E-SAR L Band
In-Pol SAR (1.5m x 3m)
Baseline 5m

;ET_H_ ﬁ;/é E. Pottier, L. Ferro-Famil



Pol-InSAR principle

Complementary information

HETEROGENEOUS AREA HOMOGENEOUS AREA
Different polarimetric Constant interferometric
scattering mechanisms coherence

EI::'I-'_R ‘%_:;/E E. Pottier, L. Ferro-Famil



carssD) Pol-InSAR principle

Complementary information

HOMOGENEOUS AREA HETEROGENEOUS AREA
Same polarimetric Different interferometric
- scattering mechanisms coherences
IETH ‘%ﬁ /E E. Pottier, L. Ferro-Famil



Pol-InSAR principle

Pol-inSAR representations

* (6x6) coherency matrix T,

k = {H = (T,) = (kk') = D: >>* Efﬂ

2 12 2

<T1> and <T2> separate image coherency matrices

<T12> correlation matrix

» Coherence set in the radar polarisation basis
(ki k)
ki Ky (kg ki)

— <T12>ii
N T T,

(%%JQMW%=«

EEE'EE!‘% 'ES:‘;E E. Pottier, L. Ferro-Famil



IGARSS Optimal POL-InSAR coherence set

POL-inSAR coherence

* 6-element target vector * (6 x 6) coherency matrix
| Kk 211 22
(klakﬁ) B k[i - |i kg } EU = E(kbkl) = I: EIQ EZQ :| ; E,J = E(k,kj)

* POL-INSAR coherence (Cloude and Papthanassiou, 1998)

E(wikl(wgkg)*) _ WJ{Esz
\/E|W1|-k1|2E|W£kg|2 \/walew;EEEWQ

*‘f(Wl,Wz) —

Coherence optimization (Cloude and Papthanassiou, 1998)

(Wopt, Wuwz) = arg inax |"J’(leW2)[2
W1 .Wao

Y 2 —1 —1
dh(wl 3 W2)| — 0= 2 223, E{zwt}ptl
T — 17 —1

OW opt, gy XXy BoWop2 =

. 2
Yopt | Woptl

2
f:“ropi:| Wopt2

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



SAR Images

E. Pottier, L. Ferro-Famil




Interferometric Coherence Images

E. Pottier, L. Ferro-Famil




Interferometric Coherence Images

E-SAR / Test Site: Oberpfafenhoffen

4= E. Pottier, L. Ferro-Famil



Interferometric Coherence Images

E. Pottier, L. Ferro-Famil



RVOG coherence model

Random volume over ground

Simplifications :

* Only 2 significant mechanisms
e Low density medium
= No refraction

EEE'EE!‘% 'ES:‘;E E. Pottier, L. Ferro-Famil



RVOG coherence model

BOGETOM

Line model
y +m(w
7/(W)—ej¢° Y vol ( )
1+ m(w)
o[ ~ m(w) ~
— 7/(W) — eW (7\/0' +W(1_7/vol)j
P
fixed point fixed direction
Equation of a straight line in the complex plane
- Line Slope := f (Baseline, Vegetation Height, and, Extinction )

- Line Length := f (Baseline, Vegetation Height, Extinction, and, Ground Scat. Amplitudes)

m(w,) = +oo = Ar w,))=
- Line/Circle Intersection Point [y (W) =1= {~( _Oi 97 wWa)) =4,

vol —

It is then possible to overcome the volume phase bias
and estimate the underlying ground topography by extrapolation !!!!

IEE'EH 'ES:R,E E. Pottier, L. Ferro-Famil



IGARSSELNE

STOM

IETR

SAR Image

% /E

E. Pottier, L. Ferro-Famil

P1:

Surface Scatterer

P3:

Surface Scatterer

P2: Forest Scatterer

P4: Forest Scatterer
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STOM

IETR %

SAR Image

‘;g E. Pottier, L. Ferro-Famil

P1: Surface Scatterer P2: Forest Scatterer

P3: Surface Scatterer P4: Forest Scatterer



Tree Height Estimation

SIR-C / Test Site: Kudara, Russia

/

F

_;E,'iiﬂ_ ﬁt‘m‘/‘g E. Pottier, LO E’Zfr}-Fami/



Physical interpretation

In an perfect world ... In an real world ...

S

119

=3}

129

=3}

139

IE::TH ‘E::m;% E. Pottier, L. Ferro-Famil



Azimut

i

Baseline=15m

Physical interpretation

Ef
=y ’

e

E-SAB / Test Site:

g

Oberp'fafenfn



Vertical Wavenumber SAR Image

INVERSION
ALGORITHM

o Interferometric Phase in Three Polarisations
IETR % %ﬁ E. Pottier, L. Ferro-Famil

3D Representation of Tree Height



Tree Height Estimation

ml
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¥
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3-Dimensional Forest Height
Representation

E-SAR / Test Site: Oberpfafenhoffen
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e ree Height and biomas estimation

A i

ESAR / Test Site: Fichtelgebirge, Germany
R R e T R L

5 10 15 20 25 Height [m]
d T
80 160 240 320>400 Biermass [Im/ha]




carssD) Sources of errors

IETON

* Oriented Volume Over Ground (OVOG) scattering
7, 7, (W) x> K (W)
» High Extinction Limitations
lim Hw)=e"y,

Temporal Decorrelation in Repeat Pass Systems

]7(W)= ei¢ 7/t7~/v + lLl(W)

1+ﬂ(W) Tt <1
*Loss of Coherence due to SNR
1) 7v + IU(W)
(W) € ?/snr (W) +IU(W) ysnr <1

«Canopy Structure/Elevation

Canopy

. el 4w
]/(V_V) _ e|¢ Vv ,Ll(_) Ch
‘:E: "‘ R %\é E. Pottier, L. Ferro-Famil 1 + Il’l(W) 3 Gr'ound
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SIR-C / Test Site: Kudara, Russia

band

L

K

Range

/E E. Pottier, L. Ferro-Famil
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Russia

Kudara,

SIR-C / Test Site

/E E. Pottier, L. Ferro-Famil
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Temporal Baseline: 48 Hours

SIR-C / Test Site: Kudara, Russia

Range Pauli RGB Image
;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil
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IGARS LT

Temporal Baseline: 48 Hours SIR-C / Test Site: Kudara, Russia
L-band
30 E—
Foa &
— 2 %en o
i r ."-: % % ﬁ
£ =0 ;? 7 ‘% el
= E ? %ﬂﬁgﬁﬁ §£
» F-9
e
OE L PR R B
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carss) Outline

PART IlI:
POLARIMETRIC SAR INTERFEROMETRY, PRINCIPLES AND APPLICATIONS

* POL-inSAR CLASSIFICATION OF COMPLEX SCENES

;E'I-'_R ‘%:;/E E. Pottier, L. Ferro-Famil



DUAL-CHANNELS CLASSIFICATION

POLSAR

gt

!%55 s 2008

POL-IN-SAR
CLASSIFICATION

FERRO-FAMIL L., POTTIER E., LEE J. S.

"Unsupervised Classification of Natural Scenes from Polarimetric
Interferometric SAR Data", in "Frontiers of Remote Sensing Information
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IGARSSIT COMPLEX WISHART DISTRIBUTION

DUAL CHANNELS POLINSAR UNSUPERVISED SEGMENTATION

4 : : - A
e [k (keek T TN (2]
[r] = >"_<k2-k1T*> <k2-kJ*>_"{<[!212]T*> <[T2]>]

\ POLARIMETRIC INTERFEROMETRIC COHERENCY MATRIX (6x6) j

!

/ ([Ts]) FoLLOWS A WiSHART DISTRIBUTION \
1" el vz, 10 D)_
LD s elbdn)
With: K(L, p)= ”Ip_(fpl) F(L)...F(L— P i ;3Iarlmetrlc o

[2m] : Cluster Center of the class m/

iETR TR £ rottier, L. Ferro-Famil



WISHART CLASSIFIER

BAYES MAXIMUM LIKELIHOOD CLASSIFICATION PROCEDURE
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IGARSSED VOLUME SCATTERING MECHANISM

VOLUME Scattering Mechanism Type POL-IN-SAR Classification Results
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Optical Image POLSAR Image POLSAR Segmentation
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SURFACE Scattering Mechanism Typ OL-IN-SAR Classification Results
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POL-IN-SAR Classification Results
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POLINSAR CLASSIFICATION PROCEDURE

Ground Truth
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PART IlI:
POLARIMETRIC SAR INTERFEROMETRY, PRINCIPLES AND APPLICATIONS

« URBAN REMOTE SENSING USING POL-inSAR
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IGARSSLLLL Motivation

Objectives of urban area analysis

Estimate height location Determine physical characteristics
of scatterers of scatterers
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» Speckle effect
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S Motivation
Estimate height location Determine physical characteristics
of scatterers of scatterers
Multibaseline interferometry Polarimetry
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Polarimetric MB interferometric spectral analysis techniques
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Polarimetric MB interferometric spectral analysis techniques
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S Single Pol MB InSAR Signal Model

Single Pol MB InSAR signal Multiplicative noise

g\/_x a(z;) +v(n) «——— Additive Noise

S

Reflectmty Steering vector

SAR p

SAR 2 General data acquisition system

SAR 1
a(z) = [exp(jk.,2),...,exp(jk.,z)]"

NS

k., =

height 4

A () sin @)

»
»

ground range

EEE'E?% 'ES:‘;E E. Pottier, L. Ferro-Famil



008 Polarimetric MB InSAR Signal Model
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GRS Experimental Results

Physical features - Identification of basic scattering mechanisms
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Experimental Results

Interferometric phases of different polarizations
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ISR Experimental Results

Single-baseline polarimetric MUSIC building height estimation

3D view - HH intensity
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IS Experimental Results

Single-baseline polarimetric MUSIC building height estimation

3D view - HH intensity Rotated 3D view

 Layover phenomenon still present



IS Experimental Results

MUSIC building height estimation and scattering mechanisms

3D view — HH intensity Optimal vector scattering mechanism
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MUSIC building height estimation and scattering mechanisms

Optical image 3D view of scattering mechanisms

Double bounce
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GRS Experimental Results

SBP MUSIC building height estimation — Oriented buildings

3D view — HH intensity
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GRS Experimental Results

Dual-baseline polarimetric ML building height estimation

Building layover
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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Dual-baseline polarimetric building height estimation
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