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Reference 2: Lee et al. (2008), Proceedings of the IEEE
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It is an objective of this application to provide an
improved method for despeckling single-look dual-
polarization Synthetic Aperture Radar (SAR) Data.

25
The application discloses a computer-implemented method
for despeckling single look dual polarization synthetic
aperture radar (SAR) images. A digital SAR image is
received which comprises pixels that are represented by

30 two dimensional complex valued input vectors. Each of the

input vectors comprises a horizontal and a vertical

polarization value.



Furthernore, for each pixel of the nultitude of the pi xels, a dua

pol ari zation output matrix Z out is calculated fromat |east one input

vect or. TWe 2dual70388 pol ari zati on output matrix Z out i sPcaliBliav®sd29
according to a rule that, if at I|east pne of a predeterm ned subset of the
feature strength paraneters has its maxi num val ue, for exanple the line
strength and t he point strength paraneter, the dual polarlzatlon out put
matrix Z % is 5 set egga to.a dug ggl |zat|o g matrix Z in of an
i nput vector f6f tﬁéﬁeﬁl 2 PG WHSE, SUBFXﬁ aﬁlz EF6h BUfput matri x
Z out is gehregdakttengtwebahtedraverageaotuddakbapolaikzati on matrices. The
dual polarization matrices conprise a first dual polarization 20 matrix Z
struct andPrgcséeendldualhpopapPilzapitonnnat sikoBepadias caMsréaspesifically,
the first du ri matr i x S scl a ure based
aver age oPglﬁgugagg é?éhggﬁd hglgécgkgggéah Sgﬁagigggﬂgngﬁg%%gﬁk

di scl csedpagamadkeus based average of input vectors. 25 The cal cul ated dual
pol ari zation output matrix Z out is output to an output destination such as
a storage nmedium an output device or a neans for further processing of the
dat a, SUC@ué%h@rh%EgetfB%C@QBhtbQQeﬁeéﬁsth@hﬁuQHEEHHe”EX 3Qcconprise
further processing steps, for exanple a conversion in a graphical

repr esent aeilen of duhé pofput zaatphxoZtout, metichxag_augrey scal e pi xel ,

whi ch can _be represented on the_output .device, 3 applLication
furthernnre§8|g%FS?egrgmchcEFafgoﬁgoflpﬁgtmchEPed gggrggehof t he dual

pol arizat benafatbaiees bytanotaverage @fohheléibaucdmakegobabbza&hqn matrix Z
struct and the second dual polarization matrix of the formw 5 Z struct +
(1-w) Z r&8i s IUnRetBRR- wifs 2y &é?éﬁtOPﬁcPéraaﬁéeﬁﬁée€gﬁﬂédoﬁupﬁ§tmelght

factor w s sgtb ?QH%hréosEQQnGEﬁ'Eﬁgbﬁéke?soﬁaéhﬁtéeﬁ%HEﬁuﬁt5%?9%“

paraneters for edge, line and point features. 10 Furthernore
appl|cat|6nrdesem9éestaecéhoulatmenQOh thd thespOdualspobagtbatlon matrix Z
struct as struc%ure Q seg agerag gra e _val ues of pyt vectors for

mul tiple PPFEEF 85nfi§ﬁr PRon8OSF T prR&rs aPB |cﬁ?£¥éé wherei'i the input
vectors reptesenhlt Re pi xeks. pborreaehidh fihbtier meentiikgur ahi em, aa di stance
of the averaged input vectors of the filter configuration to the original

i nput vecﬂ6P§toVe?ﬁ@rfiPFthéénPPQQﬁatpéheFﬁléﬁbcghﬁtééal"Crlglnal" refers

to the '”QBEa%?%%?&%n“@hEBuEeBﬁﬁ§§QtztBﬁtpkéeEleehﬁglrQBGBVGd SAR | mage,

prior to averaging
weighted average of dual polarization matrices. The dual

polarization matrices comprise a first dual polarization
20 matrix Z struct and a second dual polarization matrix
Zz radius. More specifically, the first dual polarization
matrix Z struct is disclosed as structure based average
of input vectors, and the second dual polarization matrix
is disclosed as radius based average of input vectors.
25
The calculated dual polarization output matrix Z out 1s
output to an output destination such as a storage medium,
an output device or a means for further processing of the
data, such as a target recognition means. The output may
30 comprise further processing steps, for example a
conversion in a graphical representation of the output
matrix Z out, such as a grey scale pixel, which can be

represented on the output device.



20 The filter configuration for which the distance of the averaged input
vectors to the original input vectors is smallest is selected and the dual
pol ari zatworzonm7033g of the averaged input vectors of thecsaBmav/esh7id|ter 25
configuration is output as the structural average Z struct. Mre
specifically, the filter configurations are disclosed as sets of pixels
which are arranged in a straight |ine and which correspond to a horizontal

i ne, tical .Line, rds di an | |ine, upwar, ds 3 di agonal
line. restbet FoaiycaE Rt CHEErore By SCoREREerRERNG G FBab tar £ and t he

inaginaryta@rmegghka@ hotirzeBt akk pakanizat benavakueieh hherhBpdt pyector and
the real part and the imaginary part of the vertical polarization value of

t he input 2@Reeversgds andtesl Ealrati Agathecdpstanteobe@banxt Ressringitnal i nput
vectors 0% a Eh‘tSEc888fagHﬁa 099F§ggtag %E?Qegf'@Bgtf¥ﬁﬁt%fs of a

filter con |gurat|on as t ances et ween e real val ued
vect ors of; Eheuotlglmalenﬂutadéaé@r@hamdlﬁfwthe averaged ifapubrvectors. 10
Furthernore, the ap Ellcatlon di s¢l oses the cal ¢ul ati on of _the second dual

polarlzat?BH FREr Ve 188 8ir fAPu¥cpg8édtavsragl. A dG4al SPBPar F2aten matri x

is cal cul ahedpher veach iorputevecdan, Qf §k§§gﬁ9¥ O Qe d PULryLCLYES, Wherein
15 the selection of input vectors corresponds to an n x n w ndow of pixels.

A sanpl e ¢ovar padceomntrifsaitsresti mated fromthe sel ection of input

vectors. A critical value of a probability distribution of a sanple squared
radius for a given significance |evel alpha is determ ned. The 20 sanple
squared radirdselrsioac unaki appoficbiiecastiipat edegovarnanceamabni ¥fand a
guadratic function of input vectors. The input vectors for which the sanple
squared r&8FudiF§t28UAdt PGLaAL &P TERANTERELES £t PEAPCYaPGe S6FUERELHr obabi | ity

d'Str'bUtbQEeHSaQQEE%E‘”%@erQBéevéﬁﬁébfb?ahhﬁuttQ%c@%&@ @pgtribution with

paraneters 2 and i's used he nunber” of determ ned input vectors is
not greatapnlthanet lielhembepndfigpirrebionef odnpaxglm subwicadowletetlhe n x n

wherein the input vectors represent the pixels. For each
15 filter configuration, a distance of the averaged input
vectors of the filter configuration to the original input
vectors of the filter configuration is calculated.
"Original" refers to the input vectors which represent
the pixel of the received SAR image, prior to averaging.
20
The filter configuration for which the distance of the
averaged input vectors to the original input vectors is
smallest is selected and the dual polarization matrix of
the averaged input vectors of the selected filter
25 configuration is output as the structural average
Z struct. More specifically, the filter configurations
are disclosed as sets of pixels which are arranged in a
straight line and which correspond to a horizontal line,
a vertical line, a downwards diagonal line, an upwards

30 diagonal line, respectively.

The calculation of the average values of input vectors

comprises forming real valued vectors from complex valued



30 wi ndow of pixels, the average of the input vectors which represent the
pi xel s of the mx m subwi ndow is cal cul ated. The dual polarization matrix
of the awspaga/i78538ut put as the second average Z radi us PCOURBNMNZE9 t he
average of 5 all input vectors of the, n x n wi ndow for which the sanple
squared radius is not greater than the critical value of the probability
distribution is calculated. The dual polarization matrix of the average is
output as.the 5 second average r adi.us. Rbre specifically, a cal cul ation
B SThESS o

Z . )
usi ng a 5xBPWndow-and 2Y3xSTF&tGiecrbged! dgérst FBAgthCpar aneter is

di scl osediasganRr9PeELitoBroknRi X8ks zwhieh Fb@a@@%é@&@ﬂ as1edges. The edges
are 10 detected according to a constant false alarmrate edge detector. The

edge det eEhFoRnpyésvprEast endi hed sdgeé rerpl andsthhi énagoRpriyseatio test
regions r o] ixels. - I g ran I i.s¢l osed as a
proportio%fogggi&8?%l&ﬁ?cﬁ%gggggg%ggﬁegggggl%%egﬁengkﬁ%ngécgpggdetected
accor di ngahd aatenidtanhgf ahsedakannceabetlcne dateotanindiheihpne detection

uses predeterm ned |ine tenplates which conprise two test regions rl, r2 of
20pi xel s. VEAECPGi AT &t FéngER paranEter tisdrPeel 688d2ds a96FopoPtiton of

pi xel s whiehrare deteackedcas pPehRtguriReopoLAt $hareyfetbected according to a
constant false alarmrate point 25 detector. The point detection uses a

pr edet er ndpedapoent beenwpkat éhahicehlcuapriedeverworsest rtégi onsginalr2 of

pi xel s. The d%tggtion of the eggg strengggzithe line.strength and 30 the

poi nt stréﬁgyh paF%ﬁ% eFEdigfbasedagﬁr rnlnapgtwyﬁﬁgofgﬁbda quotient of a

suns 1f dyadi c products of the conplex vectors in the first test region rl
and a sum of dyadic products of the conplex vectors in_the second test
Furthermore, the application discloses the calculation of
the second dual polarization matrix as a radius based
average. A dual polarization matrix is calculated for
each input vector of a selection of input vectors wherein
15 the selection of input vectors corresponds to an n x n
window of pixels. A sample covariance matrix is estimated
from the selection of input vectors. A critical value of
a probability distribution of a sample squared radius for
a given significance level alpha is determined. The
20 sample squared radius is a function of the estimated

covariance matrix and a quadratic function of input

vectors.

The input vectors for which the sample squared radius is
25 not greater than the critical wvalue of the probability
distribution is determined. More specifically, the beta
distribution with parameters 2 and n® -2 is used. If the
number of determined input vectors is not greater than
the number of pixels of an m x m subwindow of the n x n
30 window of pixels, the average of the input vectors which
represent the pixels of the m x m subwindow is calculated.
The dual polarization matrix of the average is output as

the second average Z radius. Otherwise, the average of



6 region r2 and conparing the Wl ks | anbda quotient to the value of a WI ks
| ambda probability distribution for a given significance |evel alpha. In

t he fol | owongi1/a7ess8t erm "cumnul ati ve density" is al so usedTfiBzoll/pssoabil ity
5 distribution". Furthernore, the appld cation conprises a conputer readable
medi um wi th conput er readabl e code, a conputing device and a radar inage
processi ng system conprising the 10 conputing device for executing a nethod

accordi ng t he ap i cation Th applicati.o r V|de a new filtering
Peohni quoat s, BpHaT BerE Bk oaaL! Lh6rar b rencaRRe dh: 40 tha CAGt hod 1 s 15
based on cappext sgaAskhi yaqdespeckhibRggruhiceh reducescspeckleawhile
preserving image features. The nethod is characterized in that neither

mul tipl e Veéks Ofi ieecompbekiity)ynekstulbupépar iizarrénulenergy The
requ'feneagé oﬂ%?ﬁ%gtlgp Bk §:9 LEergnt @EQEEBGEfooH%Pﬁ% L gt
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establishe ce55|ng me or “segmnen fati assitica |on automati c
target5deéecbhdnaveeaggnZtkadieéc Mbhatspanl§tbamgyy depamdumatﬁbe noi se

| evel in the |nput data. In particular, speckle noise 25 (rmultiplicative
noi se) caf®have a5§évgﬁ8dPWp389 amﬁﬁéhléeﬁéﬁﬁﬂpﬁeéan be bal anced by
acquiring nulti-look data and/or the full polarization. The application can
reduce speckle in single-look dual- 30 polarization SAR renotely sensed
i mgery wlhhoetlgsnmearengtburameanicrgf ub drageéotedt ases, psaphrasoadges,
|l i nes, and p0|nt targets. }Qe&g%gr%édestaghlsged %gtgga%%catarget detection
/ recognlgloﬁ aFgorl Am can opera?e on“the*97
10 detected according to a constant false alarm rate edge
detector. The edge detection uses predetermined edge
templates which comprise two test regions rl, r2 of

pixels.

15 The line strength parameter is disclosed as a proportion
of pixels which are detected as lines. The lines are
detected according to a constant false alarm rate line
detector. The line detection uses predetermined line
templates which comprise two test regions rl, r2 of

20 pixels.

The point strength parameter is disclosed as a proportion
of pixels which are detected as points. The points are
detected according to a constant false alarm rate point
25 detector. The point detection uses a predetermined point
template which comprises two test regions rl, r2 of

pixels.

The detection of the edge strength, the line strength and
30 the point strength parameters is based on forming a Wilks

lambda quotient of a sums of dyadic products of the

complex vectors in the first test region rl and a sum of

dyadic products of the complex vectors in the second test



speckl e-reduced data. The nmathematical fornulation of the application is
suitable for real-tine hardware inplenentations. It can be generalized to
si ngl e- | ok 28i b8 pol ari zati on and to singl e-1 ook mult iPCpaBzMo/azsr2o0ON
5data. In the follow ng description, tails are provided to describe the
enbodi nents of the application. It shall be apparent to one skilled in the
art, however, that the 10 enbodi nents may be practiced w thout such

details ure 1 illustrates. a fl hart of nt ext sen5|t|ve despeckl i ng
oOf i ngi eEPUORTHAl 3p6: BPTDATICH BatalL 16 F GRS oo SPF SEE ot e CBlige
t enpl at esy@fiuexarpbxehskw tAndiakf greptpedge yorhgat-abi,ens, whergin a crossed

pi xel is the pixel under test and the two test regions rl and r2 are in
light col Evant Aishadiingnandlaark eépor. Fespéet ifvélyying, Figare 3

|IIustratggrhlng SﬂBk gsd§h8§§§"p xel, s%‘EQeQ'EfgreﬁE Fagg QE ent ati ons,

wherein a ¢rossed plxe er test an regi ons rl
and r2 arédisnrlibght cedl.or with shadlng and dark col or, respectlvely 25

Figure 4 illustrates a point tenplate of 5x5 pixels, wherein a crossed

pi xel is the pixel under test and two test regions rl and r2 are in |ight
8 C@h@%h@kher%haghgga@?qlgéEKoﬁobgﬁprE§§Beﬁtb%%bﬁte%‘gure 5
illustrates filter conflgura ions used in structure-based averagi ng, and

Fi gure 6 irEpdsbiat msedaudeviite ﬁomppéeﬁomﬁﬁdgbéEepgdet Bdespeekinag of
Figure 1. /1. I@trodgct Niar ima Ee- 9ok g%—ggng%lggal Qggarization
(HH and VW T4 5ol ari Zations) 18 8?ngﬁ G564 g gch pi xel'Fcan
repreﬁfntedmbmtan@waeduﬁ@n&b@nakecoﬂph@xavaétﬁbd bbabrdSnﬁ(HH)thej.3(HH)
ROW) + j.3(W)

application

The application provides a new filtering technique for
single-look dual-polarization SAR data. The method is
15 based on context-sensitive despeckling, which reduces

speckle while preserving image features.

The method is characterized in that neither multiple
looks (time complexity) nor full polarization (energy

20 requirement) is needed. This is different from
performance of most established processing methods for
segmentation, classification, automatic target detection,
recognition etc. that can strongly depend on the noise
level in the input data. In particular, speckle noise

25 (multiplicative noise) can have a severe impact, which
generally can be balanced by acquiring multi-look data

and/or the full polarization.

The application can reduce speckle in single-look dual-
30 polarization SAR remotely sensed imagery without smearing

out meaningful image features, such as edges, lines, and

point targets. Therefore, established automatic target

detection / recognition algorithm can operate on the



where the synbols TO and 30 denote the real and inmagi nary conponents,
respectively. In this application, 15 the conplex vector z of a honpbgeneous
area in twedatmoizs assuned to be i ndependent and i dent ipcaliByo1ab3srza but ed
as a zero-nean bivariate conplex Gaussjan (Goodman, 1963), that is f(z)=
71--21S1-1 exp(-z*TS-1z)(2) 20 where Sis an estimate of the popul ation
covariance matrix E. The synbols * and T denote the conpl ex conjugate and

t ranspose, ectivel The nog tion .1 referz to thi matri x de er m nant .

In an AppBRACE BEFSW LR SBoPul AEFORAtEoEabArad FAAMILe22PF ATz TE shown 1o

fol low a ¥%2pdiskiibut hanswithpfleukodegeaestohef heedaarel N nost cases, the
popul ation covariance matri x E remai ns unknown. This parameter can,

however , b@pé§mﬁﬁﬁﬁééOﬁﬁonﬂthéa§aﬁﬁl@@nsrbéééédoﬁotﬁénﬁé%rﬁﬁﬁkl|kellhood
et hod. - As SBowncheLow, Lhg.exagt g Stelbutho,0f,.be_saTple squaped rad us

NAZTSAz i s I'bution, whic pen on t dfmensi on and

t he nuhbedaoé.sanples 10 2. Context-sensitive Despeckling An objective of
the context-sensitive despeckling is to reduce the inherent speckle in

si ngl e-1 ook dual -pol ari zation data while preserving the neaningful inmge 15

features, Iﬁughea§o§qg@§nglaegérl@EQOHOIabtgangeg§e Qo3¢hkbavecthis
objectlve the detections of edges, lines, and point targets are first

carri ed odescfebeowkd bmbadﬁmﬁat8d9§pébklﬁnglppaéegg 20 Phguleb® shows the
flom1chart 10rg% the cont ext 5 Sltl¥ des %ggerTh%hflo chart 10
i ncl udes & g? F2%61 prOV|é|ng dapa ﬁﬁa? nﬁy bé speékle #hree t r eat ment
st epsid4, eiﬁoddﬂdnts may be practiced without such details.
Figure 1 illustrates a flow chart of context-sensitive
despeckling of single-look dual-polarization
data,
15 Figure 2 illustrates edge templates of 5x5 pixels with
different edge orientations, wherein a crossed
pixel is the pixel under test and the two test
regions rl and r2 are in light color with
shading and dark color, respectively,
20 Figure 3 illustrates line templates of 5x5 pixels with
different line orientations, wherein a crossed
pixel is the pixel under test and the two test
regions rl and r2 are in light color with
shading and dark color, respectively,
25 Figure 4 illustrates a point template of 5x5 pixels,

wherein a crossed pixel is the pixel under test

and two test regions rl and r2 are in light



10 16 follow the step 12 of providing data. The first treatnment step 14
detects edges. The step 14 is followed by a step 20 of cal cul ati ng edge

st rengt h.wohei1im7s8ond treat nent step 15 detects |ines. PCHiIB200/@35725 i S
followed by a step 22 of calculating Idne strength. The third treat step 16
detects points. This step 16 is followed by a step 24 of cal cul ati ng poi nt
strength. 10 The steps 12 as well as the steps 20, 22, and 24 can be

followed by a step 26 of despeckling data tep 28 of filtering, data

fol lows the step 26°6f 4edp&lkISHRG a?ndEégFS‘éng%ﬁo%m ebe%]%e%‘kjp‘f%]r%ed in
nore detail below 15 2.1 Edge Detection and Ed%e Strength Conmputation In
order to Hefe&e édgéslifAtspRgrelfldbRTdGaNLpELARI2ZaPPOHSEEt A0 a const ant
false alarmrate edge detector is 20 introduced based on the WIks' |anbda
distribution, i.e. atdistrirbubeendofvehedstiype/ aadcording to wher ei n

random matrices X and Y have i ndependent pvariate central conplex Wshart
di stribut FansréWs( njiElusttates a device for performing steps of

5 despeckling of Figure 1.
1. Introduction

In single-look slant-range dual-polarization (HH and VV
10 polarizations) spotlight data, each pixel can be

represented by a two-dimensional complex vector, that is

- {HH} - {SR(HH) + jS(HH)} 1)

144 RIVY+ jITVT)
where the symbols 9«) and i«) denote the real and
imaginary components, respectively. In this application,
15 the complex vector z of a homogeneous area in the data is
assumed to be independent and identically distributed as
a zero-mean bivariate complex Gaussian (Goodman, 1963),

that is
f@)ZHJWY%XpGZWS%@ (2)
20 where Sis an estimate of the population covariance matrix
2. . The symbols * and T denote the complex conjugate and
transpose, respectively. The notation L| refers to the

matrix determinant. In an Appendix below, the population



and CW(m E), respectively. The nunber of sanples for X and Y is denoted
separately by n and m. Anderson et al. (1995, p. 61) showed that the

W ks' | awbadaiidi7ei3gi bution is a distribution of a produecTtaB2monssdmpendent
beta- 5 distributed random variables. ¢Since p=2 for dual- polarization
data, the WIlks's lanbda is distributed as the product of two independent
beta-distributed random variables A and A with beta 07-1,n0 and beta (n, m,
respectively. The exact digtribution for the product 10w=/31/32 was derived
by Steecesgrered padigg) 2zwher e tie sbunul 41 Vo ldensia y2function (cdf) is
given by F(w =F (m+ n -1)F (m+ n)F (k + mMF (k + m- w(n -1,k + 2m F
(n)F (M Fagerripuk*Oh( kith2fbhrndedykbs(4Y freedoBot inFhpsandakwt) are,
respectively, the ganma and 15 regul ari zed i nconpl ete beta functions. For

edge dete%hb°80ph@§t969¢%%%b@9aﬁk%p§a%E§x0§E'k@ﬁ919§|9Mkn8in)Tﬁiéce an
edge tenplate over a pixel i. Figure 2 shows a set of edge tenpl ates 30 of

5x5 pi xel s m%%gtglfgggenk orbegta |onstl% gcgrom hate Qere are two
t est reg|8 nely rr andorz éon?alnlng n xels TPIES WO
m=10

2011/070538PCT/I82010/055729 12 . n = . 2) Cbnpute and Y:
based on the maximum llkellhood method. As shown below,

the exact distribution of the sample squared radius

N'z7S'z is a beta distribution, which depends on the

vector dimension and the number of samples.
10 2. Context-sensitive Despeckling

An objective of the context-sensitive despeckling is to
reduce the inherent speckle in single-look dual-
polarization data while preserving the meaningful image
15 features, such as edges, lines, and point targets. To
achieve this objective, the detections of edges, lines,
and point targets are first carried out, followed by a

final despeckling process.

20 Figure 1 shows the flow chart 10 of the context-sensitive

despeckling.

The flow chart 10 includes a step 12 of providing data

that may be speckled. Three treatment steps 14, 15, and



nm* X =EZk Zk *T and Y=Ez/zT/ f k=11=1 5 where zkrefers to the conpl ex

vector of a pixel kinrl, while the conplex vector of a pixel / inr2is

denot ed by02011/070538 3) Conpute the WIlks' |anbda as giPecenB2ono/(3)y29 Its

value 10 is 0.25 for a perfectly honpggneous area with X=Y. 4) Mark the

pi xel i as an edge pixel if one of the following criteriais fulfilled: A

Ua/2 or A >Ua|2(6) 15 The critical value Uis obtained fromthe cdf in (4)
i xel is an edge pixel, goto

with a desir [ i cance |ev | f the
t he next g %ﬁ E?mﬁ%@p é%ppéyp588€ﬁépge§6§atenplate and repeat Steps
1-4. 20 5) Nbve the edge tenplate to the next pixel and repeat Steps 1-4.
Term nate the execution if there are no nore pixels to be processed and an
edge map is obtained in final. The edge map is a binary map in which the
detected Th8 édges areanvemtl byeprepresentetisbypdbkackTbel eted pixebs agai nst
a white background, i.e. non-edge pixels. Fromthe obtained edge map, the
so- cal | edfedgewstir eRgthsicepcanputtedabyulsicnggacdyd witmdawthor Teach pi xel
5sedge which is defined as 1
5 second treatment step 15 detects lines. This step 15 is
followed by a step 22 of calculating line strength. The
third treat step 16 detects points. This step 16 is

followed by a step 24 of calculating point strength.

10 The steps 12 as well as the steps 20, 22, and 24 can be
followed by a step 26 of despeckling data. A step 28 of

filtering data follows the step 26 of despeckling data.

Each above step is explained in more detail below.
15

2.1 Edge Detection and Edge Strength Computation

In order to detect edges in single-look dual-polarization
data, a constant false alarm rate edge detector is
20 introduced based on the Wilks' lambda distribution, i.e.

a distribution of the type/ according to

4]

:E?ISW (3)

wherein random matrices X and Y have independent p-

variate central complex Wishart distributions CW,(n,2)



Sedge9 =-X total nunber of pixels which are detected as edges.(7) The edge
strength value is bounded between zero and one. 10 It equals to zero if all
pi xel s wiwbi2nittd1es38x3 wi ndow are non-edge pi xels. | n corCTAB2010/H3572%5 unity
if all pixels within the test window afe edge pixels. Furthernore, it is
clear from (7) that the edge strength can have only 10 known or fi xed

val ues. This property nmakes the edge 15 strength conputation suitable for
har dwar e i npl enent ag on. The conputed edge strength is used for defining
the filtefPAg MBiGhe)in TERESSEBEEdYenl NGe8PBERI R FrBBEsS. T212 A ne
Detection and Line Strength Conmputation 20 The W1 ks' | anbda-based edge

detector gan he appid.ecdorsddne, det %%Oﬁ' BYqusi Noather5xe Lingitenplates
50 given in Figure 3, where n=20 and nm5. The conputation of line strength

f th [ i ' ioi to. ot t i y Sect i 2. 1.
The | ine SLPERGLR"of 14 BIuer i S BrvenToy 116 = R Patal RGMEL"Cr pi xol <
whi ch are, detegted 25,9, |ings. (8], 3 using . Bx3 yindow for, gach pixel .

5 distributed random variables. Since p=2 for dual-
polarization data, the Wilks's lambda is distributed as
the product of two independent beta-distributed random
variables f, and pf, with beta (n—-1,m) and beta (n,m),
respectively. The exact distribution for the product

10 w=BB, was derived by Steece (1976, p. 189), where the
cumulative density function (cdf) is given by

:IXm+n—DFMHﬂQw I'k+m)Uk+m—-1I (n—1,k+2m)

)

T(n)C(mT(m—-1) & T(k +2m+n—1)k!
(4)

F(w)

Both I'(.) and [I,() are, respectively, the gamma and

15 regularized incomplete beta functions.

For edge detection, the processing steps are outlined
below:

20
1) Place an edge template over a pixel i. Figure 2 shows
a set of edge templates 30 of 5x5 pixels with different
orientations. In each template, there are two test

regions, namely rl and r2 containing r» and m pixels, i.e.



2.3 Point Detection and Point Strength Conputation For point detection, the
W ks' | anbda-based detector can 10 be enployed with the use of a point
t enpl at e. wbi2gurgozBsshows t he point tenplate 70 of 5x5 piPkelB201wh&r® n=16
and n¥9. The processing steps are given bel ow 1) Place the point
tenpl ate over a pixel i. Conmpute X 15and Y: X =EZk Z*Tk and Y Ez/z/(9)
k41=1 where zk refers to the conplex vector of a pixel kinrl, while the
conpl ex vector of a pixel k inr2 is denoted by 1- 20 2) Conpute the
W ks' Iaﬂﬁﬂﬁzﬂ%°(3). 3) Mark the pixel i as a point pixel if one of
the 15 following criteriais fulfilled: A Ul-al2or A >al2 (10) The
critical value Uis obtained fromthe cdf in (4) for a desired significance
| evel a with n=16 and n=9. 4) Move the point tenplate to the next pixel and
repeat Stepscidmutderkn natieYthe execution if there are no nore pixels to be
processed and a point map is generated in final. Simlarly, the so-called
poi nt strength of each pixel iglcogputed fromthe obtained point map by
using a 3x3 wiidewW asz,’ and Y=Y z,z7", (5)

k=1 =1

5 where z,refers to the complex vector of a pixel k in rl,

while the complex vector of a pixel [ in r2 is denoted by

z .

3) Compute the Wilks' lambda as given in (3). Its value

10 is 0.25 for a perfectly homogeneous area with X =Y.

4) Mark the pixel i as an edge pixel if one of the

following criteria is fulfilled:

A<U, _ ,orA>U,, (6)

15 The critical value U 1is obtained from the cdf in (4)
with a desired significance level a. If the pixel is an
edge pixel, go to the next Step 5. Otherwise, employ

another edge template and repeat Steps 1-4.

20 5) Move the edge template to the next pixel and repeat
Steps 1-4. Terminate the execution if there are no more
pixels to be processed and an edge map is obtained in

final. The edge map is a binary map in which the detected



1 point

Despeckl i ng Wth the conputed feature strengths sedge, sue, as well

= -X total of pixels which are detected as points. 9 15(11) 2.4

as

20S po i nwotzhe/a7essal t ant dual - pol ari zation matri x Zeut fPom/IR20g0/0BM2PI XE

solved by Zout - wZ+ (1-w)Z", otherwise _{ Zif spoint= lor s""= 1(12)

wherein wis a filtering weight, Zis a dual- 16 polarization matrix of

t he given pi xel

YWhPBRCPERaEr §orCThea

phase 10 @PfféféncevbetfebACkEECHRand -9V peRacrgat Pérsléan be

10

15

20

From the obtained edge map, the so-called edge strength

s is computed by using a 3x3 window for each pixel,

edge

which 1s defined as

S

1
My::gx total number of pixels which are detected as

edges. (7)
The edge strength value is bounded between zero and one.
It equals to zero if all pixels within the 3x3 window are
non-edge pixels. In contrast, it is unity if all pixels
within the test window are edge pixels. Furthermore, it
is clear from (7) that the edge strength can have only 10

known or fixed wvalues. This property makes the edge

strength computation suitable for hardware implementation.

The computed edge strength is used for defining the

filtering weight in the subsequent despeckling process.

2.2 Line Detection and Line Strength Computation

The Wilks’ lambda-based edge detector can be applied for
line detection by using the 5x5 line templates 50 given
in Figure 3, where n=20 and m=5. The computation of

line strength from the obtained line map is similar to

frix is

Zstructure is a structure based average of Z, and Z"dius
is a radius based averagﬁlof Z. The natrhx % is.the dual-golg&ization
matrix of SPHESgPveEn"pIrker; &dPB BoveX

Herm tian, where the diagonal elenents are the HH and W intensities.

The

is



derived fromthe off-diagonal elenments. The filtering weight win (12) is
defined as w = max {Sedge, Sline 5 Spo(14) where nmax refers to the nmaxi num
oper at or ,wO20Hrwns3812), it is clear that no filtering i cappaieossvy t he
given pixel if the pixel has its unit;point or line strength, thus the
point or |ine pixel can be well-retained. Mreover, the weight can be unity
if and only 20if sedge equals to one. In this case, the resultant output is

t he dual -pol ari zati.on matri.x ener t om structure- based averagin
S iSRRI R el S e S0 ek

=z"dius if the weight is zero. This inplies that the currently processed
pi xel is Baﬁ?loﬂsaghﬁﬁﬁgéﬁeous area. Hence, the filtering is perforned
based on the beta-distributed sanple squared radius. 5 As discussed in
Section 1, the sangle squared radius _Ar-|z*TS-

G otributi on To ot e el ddiTine Sf dprGte WATFbl FhRe e Se 158 Bhst r uct
t he dual-polarlzatlon matrix for each pixel, i .e . Z zz*T 2) Estimate the
sanpl e covari ance natrh§n§8yﬁthin a 5x5 wi ndow. (8)

5 using a 3x3 window for each pixel.
2.3 Point Detection and Point Strength Computation

For point detection, the Wilks' lambda-based detector can
10 be employed with the use of a point template. Figure 4
shows the point template 70 of 5x5 pixels, where n=16 and

m=9. The processing steps are given below:

1) Place the point template over a pixel i. Compute X
15 and Y:
X=szz;T and Y:ZZZZZ*T (9)
k=1 =

where z, refers to the complex vector of a pixel k in rl,
while the complex vector of a pixel k£ in r2 is denoted by
z .

20

2) Compute the Wilks' lambda in (3).

3) Mark the pixel i as a point pixel if one of the



15 3) Determne the critical value fl a.223 2,23 fromthe beta distribution
wth a desired significance |level a. 4) Conpute the average

dual - pol awpzattvoos3gat ri X Zradi us by 20 using only thosePpiraB2E0/0ssT N t he
wi ndow, which fulfills the foll ow ng Egiterion: ZZ < *T "-1, a;2,23(15) If
t he nunber of pixels which fulfills the above 18 average dual - pol ari zation
matrix Zradius is conpleted by using a 3x3 window is conputed as the

out put . |n_ the structure-base e ing, a set of four filter 5
configuraFPEﬁgw?ggeﬁﬁF5§éaat6chHg§ﬂi?gﬂé average dual polarization matrix
Zstructure' where each configuration contains the central pixel and its two
nei ghbori ng pi xel s. /FEglre, & 8holls .t-he four filter configurdfdons 90. The
use of these filter configurations can assist in preserving 10 edges in the
filtered eytputicJe,3elgehearpropespfhlhen £pphi gHEaLyoN; fof4n ghyen pixel,
t he procedures are outlined bel ow For a filtering configuration along a
line, the line can 15 be horizontal, vertical, dq war ds di agonal , or
upwar ds dPag6rarcdsee IRt 5 CFolESRpute ??%@rﬁétgréﬂphé”§§kps are as

foll ows:
5

4) Move the point template to the next pixel and repeat
Steps 1-3. Terminate the execution if there are no more
pixels to be processed and a point map is generated in
final.

10
Similarly, the so-called point strength of each pixel is
computed from the obtained point map by using a 3x3

window as

1
s ::§X total of pixels which are detected as points.

point

15 (11)
2.4 Despeckling

With the computed feature strengths s S;. as well as

edge 1

20 s the resultant dual-polarization matrix Z,, for a

point 7

given pixel is solved by

7 ifs =lors, =1
Z — pO 1m . ine
out wZ + (1I-w)Z otherwise

structure radius

wherein w is a filtering weight, Z 1is a dual-



1) Express the conplex vectors of all pixels in each 20filter configuration
in formof real vectors, i.e. r =[T(HH) .3(HH) (W) 3(W)1T .(16) 2)
Comput e tWe 2auiarespe real vector |-average of each filtePcranfoigossard on. 19
3) For each filter configuration, conpyte the sum of Euclidean distances:
dO 0 - laveragell2 +11ri 1laverage2 2 - raverage 02(17) 5 where 0.02
denotes the Euclidean norm The vectors rr ofif and rseparately to the real
vectors of the central pixel and its two neighboring pixels. 4) ldentify
the filtePO¢Bnfrgliati BALTWMI €A F'Ri AiiYe8 PREc1o <um.ef 1Euél i dean
di stances. Then, conpute the average dual -pol arization matrix Z"ructure
using al | spi-xeksrwi bhisBat Beekbbhtersconfigwayi on. 15 4 rakigyrgeabeghows a
device 100 for performing steps of 15 despecklhg of Figure 1. The
despeckling device 100 includes a data unit 102. The data unit 102 is
connect ed®V6rédge detlect Toh Tt 104, 4D B9 iWe dAIAGFRUhit 106, and to
a point detection unit 20108. The edge detection unit 104 is connected to
an edge stpémgrhodnitheld0vahi Psrethevwhiink dét defiisAdulivt 106 is connect ed
to aline strength unit 112. The point

5

) .
ZZZ*T[|HH| HHVV]. (13)

VVHH® VV*?

The above matrix is Hermitian, where the diagonal
elements are the HH and VV intensities. The phase
10 difference between the HH and VV polarizations can be
derived from the off-diagonal elements. The filtering
weight w in (12) is defined as
W:max{sedge’sline’spoint} (14)

where max refers to the maximum operator,

15
From (12), it is clear that no filtering is applied to
the given pixel if the pixel has its unit point or line
strength, thus the point or line pixel can be well-
retained. Moreover, the weight can be unity if and only
20 1f s, equals to one. In this case, the resultant output

is the dual-polarization matrix generated from structure-

based averaging, i.e. Z On the other hand, it is

structure *



20 detection unit 108 is connected to a point strength unit 114. The data
unit 102, the edge strength unit 110, the line 5 strength unit 112, and the
poi nt strwogbhiuandss 114 are connected to a despeckling eartB1G9s5ay ch is
connected to a data filtering unit 118; Functionally, the data unit 102 is
used for performng 10 the step 12 of Figure 1. The edge detection unit 104
and the edge strength unit 110 are used for performng respectively the
steps 14 and 20 of Figure 1. The line detection unit 106 and the |ine
strength GRVECEE2E4PE (d8d FBRLpéns ordming respectifigiNE tife “ti€ps 15 and 22
of 15 Figure 1. The point detection unit 108 and the point strength unit
114 are usaedsf emppeekorabAgthespeeteviely bhecstepd pbxandizZdpaf-tFi gure 1.
The despeckling unit 116 is used for performng the step 26 of Figure 1

whi | st thgrdat achbbbeebng HRkh . 148nis, used &@ntg%aﬁerqgngekh@rﬁegp 2028 of
Figure 1. Reference docunents Andersen, H H., Hojbjerre, M, Sorensen,

D..' and Eriksgn, 25P.Syc(1088), Linean and Gtaphical Mbdsls for the 21

Mul tivariate npl ex stri ut|on pringer-Verl ag.

Good , NNR (1963). Statistical analysis based on a 5 certain

mul tivariate conpl ex Gaussian distribution (an introduction). Annals of

Mat hemati cal Statistics, 34(1) 152-177 Steece, B.M (1976). On the
exact dlsﬁﬁlgﬁﬁFHﬁsﬁérlphéeTGlBPOEuCFthS?WBl?nﬁgﬁéﬁﬁénFagéﬁé di stributed

random vari abl es. Metron, 34(1-2), pp. 187-190. Although the above
descriptidﬁ*ﬁ%ﬂﬁaiﬁ@lﬂu@ﬁ speeithi clitsyrithesenshaw dorptutke £onst rued as
limting the scope of

the steps are as follows:

10 1) Construct the dual-polarization matrix for each pixel,

2) Estimate the sample covariance matrix § within a 5x5
window.

15

3) Determine the critical value f,,,; from the beta

distribution with a desired significance level «.

4) Compute the average dual-polarization matrix Z by

radius

20 using only those pixels within the window, which fulfills

the following criterion:
ZTS12<258, (15)

If the number of pixels which fulfills the above

criterion is less than or equal to nine pixels, then the



15 the enbodi nents but nerely providing illustration of the foreseeable
enbodi nents. Especially the above stated advantages of the enbodi nents
shoul d novohelioonssrued as |imting the scope of the enpoditaEno/gssoz nerely
to explain possible achievenents if the described 20 enbodi nents are put
into practice. Thus, the scope of the enbodi nents shoul d be determ ned by
the clains and their equivalents, rather than by the exanples given. 22
Appendi x: Sol ution of the Problem- Analysis of Squared Radi us 1.
Probabi | i 8ySDeAsi tieEaReLréh 26t L PBpURrALTE SN SSquared C5TRAGITGS Pheorem 1: If z
is a two-di mensi onal zero-mean conpl ex Gaussian vector, the probability
density fumehiyoa ok3zwisdgwven bympOte@zpélth2lbltbexp(-z*TS-1z). (1) The
popul ati on squared radius 2z*TE-1z has a x2 distribution with four degrees
of freedom 15 Proof: The conplex vector z can also be witten in formof a
four-dinmensional real vector as r =[T(HH) .3(HH T(J7V) 3(W)1T .(2) The

Probabi | LLy deastiy.tunstinlath bobbablab, (1) s3e(2ePkodtSei 1 rexpl- - 1 TS

5 configurations is employed to compute the average dual

polarization matrix Z where each configuration

structure
contains the central pixel and its two neighboring pixels.
Figure 5 shows the four filter configurations 90. The use
of these filter configurations can assist in preserving

10 edges in the filtered output. To select a proper filter
configuration for a given pixel, the procedures are

outlined below.

For a filtering configuration along a line, the line can
15 be horizontal, vertical, downwards diagonal, or upwards
diagonal. See Fig. 5.

To compute Z the steps are as follows:

structure T
1) Express the complex vectors of all pixels in each

20 filter configuration in form of real vectors, i.e.

r=[RHH) S(HH) REV) 30V . (16)

2) Compute the average real vector r of each filter

average

configuration.



20 where S is an estimate of a 4x4 dinensional positive definite real
symmetric covariance matrix Er (Andersen et al., 1995; Hagedorn et al.,
2006) . 2ABoketvoges3g 2r, then the inverse |inear transfoPomBDNO/NIST72911
r=Sr2y and the Jacobian is JSr2 . Hengg, the probability density function
of yis given by f (y) = abs (2p)-21Sr121 exp [/ 1T/ 1 Sr2y Sil Sr2y

3) For each filter configuration, compute the sum of

Euclidean distances:

(17)

d = ||I/E) - raverage 2 + ||I/i - ra 2 + ||l"2 - I/Zl

verage verage

2

5 where ”wt denotes the Euclidean norm. The vectors r, &,

and » refer separately to the real vectors of the central

pixel and its two neighboring pixels.

4) TIdentify the filter configuration, which minimizes the
10 sum of Euclidean distances. Then, compute the average

dual-polarization matrix Z using all pixels within

Structure

the filter configuration.

Figure 6 shows a device 100 for performing steps of

15 despeckling of Figure 1.

The despeckling device 100 includes a data unit 102. The
data unit 102 is connected to edge detection unit 104, to
a line detection unit 106, and to a point detection unit

20 108.

The edge detection unit 104 is connected to an edge
strength unit 110 whilst the line detection unit 106 is

connected to a line strength unit 112. The point



5 Since Sis a positive definite matrix, its eigenvalues A are always
positive. Thus, 1i ISl 2 qgii'l 22 '23 24 )-1(5) | Simlarly, the
ei genval vee 20f1/08853are al so positive, i.e. Hence, r 10alPsT/IFR10/BBTR3. 24 .
Based on these facts, Equation (4) capybe sinplified as 1 r 1Tr 1

detection unit 108 is connected to a point strength unit

114.

The data unit 102, the edge strength unit 110, the line
5 strength unit 112, and the point strength unit 114 are
connected to a despeckling unit 116, which is connected

to a data filtering unit 118.

Functionally, the data unit 102 is used for performing

10 the step 12 of Figure 1. The edge detection unit 104 and
the edge strength unit 110 are used for performing
respectively the steps 14 and 20 of Figure 1. The line
detection unit 106 and the line strength unit 112 are
used for performing respectively the steps 15 and 22 of

15 Figure 1. The point detection unit 108 and the point
strength unit 114 are used for performing respectively
the steps 16 and 24 of Figure 1. The despeckling unit 116
is used for performing the step 26 of Figure 1 whilst the
data filtering unit 118 is used for performing the step

20 28 of Figure 1.

Reference documents

Andersen, H.H., Hgjbjerre, M., Sgrensen, D., and Eriksen,

25 P.S. (1995). Linear and Graphical Models for the



f (y) =(2p)-2 expSy SY Sy 2/ 1 jrl1 Mreover, Sycan be witten as yTSr2.
Hence, 111 f (y) = (2p)-2 exp{- -2 yTSr2S,:iSr2y} 15 and further 24 From
t he abovewequutd7essg it is clearly seen t hat y foll ows apquaBznenisare

standard Gaussian distribution, i.e. 99. The elenments of y are independent
random vari abl es with standard univariate Gaussian distribution 5 since the
covariance matrix is an identity matrix. Thus, 4 \T\T2 - , WU ) SrjUy yyi

i =1 s.a sum.of s res_of endent rando |a |l es with
s andard S dorara e etr L h N Cr P B E e ottt Ay onpira o2R:

Springer-Verlag.

Goodman, N.R. (1963). Statistical analysis based on a
5 certain multivariate complex Gaussian distribution (an
introduction). Annals of Mathematical Statistics, 34 (1),

pp. 152-177.

Steece, B.M. (1976). On the exact distribution for the
10 product of two independent beta-distributed random

variables. Metron, 34(1-2), pp. 187-190.

Although the above description contains much specificity,
these should not be construed as limiting the scope of

15 the embodiments but merely providing illustration of the
foreseeable embodiments. Especially the above stated
advantages of the embodiments should not be construed as
limiting the scope of the embodiments but merely to
explain possible achievements if the described

20 embodiments are put into practice. Thus, the scope of the
embodiments should be determined by the claims and their

equivalents, rather than by the examples given.



TSr=2z*TS-1z has a X2 distribution with four degrees of 10freedom 2.
Probability Density Function of Sanple Squared Radius Lemma 1: Let
z1,z2,.."202v11bwoisadependent and identically 15 distri beCedBzE0/055729

p- di nensi onal zer o- mean conpl ex Gausspan, Ai.e. CN(Q /). The maxinhum

i keli hood estimate S of Sis A1 S S -Ezkz; T N k=1 The proof is given in
Goodman (1963, pp. 160-161). 20 Lemma 2: Let A and B be pxp conpl ex random

matri ces aV|n .cen conpl ex d| str i ons, nanel 5 CW(ri, E)
ond’ Op( 1oBP e RS oeP R PR ANGnACBPAPE” nAGpaHaGH CAndGFE5EL hen

|1 611/ 1A+Bl has a beta distribution, i.e. bet a( n- p +1,p) . Note that 1.1
denot es t Ré@didEri x determi nant.

1. Probability Density Function of Population Squared

5 Radius

Theorem 1: If z is a two-dimensional zero-mean complex
Gaussian vector, the probability density function of z is

given by

10 f(2)=a8| " exp(-z7S"2) . (1)

The population squared radius 2z'¥"'z has a 12

distribution with four degrees of freedom.

15 Proof: The complex vector z can also be written in form

of a four-dimensional real vector as
=[R(HH) IHH) REV) IO . (2)

The probability density function of r is

{ ; TSrlr} (3)

20 where S, is an estimate of a 4x4 dimensional positive

f()=2p)”

definite real symmetric covariance matrix 2 (Andersen et

al., 1995; Hagedorn et al., 2000).



The proof is given in Andersen et al. (1995, pp. 65-66). Lemma 3: Let X
have a beta distribution, i.e. beta(a,b) . Then, the distribution of 1-x is
bet a( b, a)wo 2Pr1io0bs38 The probability density function of PCraBiB0/hH36729 = Let y
=1-x fy(Y)= Theorem 2: F(a+b)1l a-1,1 g X) .Hence, ) y.a_i 1) b-1

I ndependent (11) (1 ; and identically

1
Let }H:&?r, then the inverse linear transformation is

1 1
r=382?y and the Jacobian is J=S8?. Hence, the probability

density function of y is given by

1 1 LY 1
Pexpy =7 S2y | ST S2y b (4)

5 Since S, is a positive definite matrix, its eigenvalues A

1
2
S;

S,

J»= ab»{ ](210)2

are always positive. Thus,

S Ny (5)

1
Similarly, the eigenvalues of §? are also positive, i.e.

JEL”GJZ:, Hence,
10 abs{ :]:,lﬂrﬁyﬁyZA. (6)

Based on these facts, Equation (4) can be simplified as

fM=2p)° exp{%{swj Sr{Sfy]}- (7)

1 T
Moreover, [Sfy] can be written as y'S?. Hence,

S}"

1
2
Sr

1 1
fO=2p)7 eXp{—%yTSfSr 1Sfy} (8)
15 and further

fOM=02p)~ GXP{—%J/TJ/} - (9)



t and dx Fkcofkb) \ t \x thus -dx=-1 dy fx(y)=F(a+b) dy Let ri F (OF

(Ck; zl1lz2,...,zNbe
WO 2011/070538 PCT/IB2010/055729

24
From the above equation, it is clearly seen that y
follows a quad-variate standard Gaussian distribution,
i.e. AQ«LI). The elements of y are independent random

variables with standard univariate Gaussian distribution

5 since the covariance matrix is an identity matrix. Thus,

(=)' S x—p, )= y"y=>"»7 (10)

i=1
is a sum of squares of independent random variables with

standard univariate Gaussian distribution and therefore
r'S'r=2z"S"z has a y° distribution with four degrees of

10 freedom.
2. Probability Density Function of Sample Squared Radius

Lemma 1: Let zz,..,z, be independent and identically

15 distributed as p-dimensional zero-mean complex Gaussian,

i.e. C%Q«LZ). The maximum likelihood estimate § of § 1is

CQ>

1 N
_ﬁz

The proof is given in Goodman (1963, pp. 160-161).
20
Lemma 2: Let A and B be pxp complex random matrices

having central complex Wishart distributions, namely



di stributed as p -dinensional zero-nmean conplex Gaussian, i.e. CNp(O,E)

Then, N-1z*TS-1z is distributed as beta(p,N- p) , 1 N*T where C _, = - EZkZK
i s the sawpl2elioovssi ance matrix (See N k4 26 N1 Proof rciraB20de/085239zk* Tcw
(N-1,E) and B=ziz;T. The synbol k=1,1g¢:s"-" neans is distributed according

to. Both A and B are independent since A does not include zr.. From Lenmma
2, it 5is known that 1A1/1A+BI has a beta distribution, i.e. beta(N- p,p)

Let C;EZka*T = en k=1 1Al Ic,-B [|A+ Bl C
OZZ and CWV IZ respectively. If 4 and B are

independent and n=p, then Lﬂ4A+Iﬂ has a beta

distribution, i.e. bemﬁr—p+14ﬁ. Note that L| denotes the

matrix determinant.

5
The proof is given in Andersen et al. (1995, pp. 65-66).
Lemma 3: Let x have a beta distribution, i.e. beta(a,b).
Then, the distribution of 1-x is beta(b,a).
10
Proof: The probability density function of x 1is
F(a+b) a1 b1
X)=—~—=x" l—x (11)
d.
Let y=1-x and thus Zo1. Hence,
dy
I'(a+b) .
f() fX()_()()(_)l() (12)
15

Theorem 2: Let z2z,,.,Z, be independent and identically

distributed as p-dimensional zero-mean complex Gaussian,

i.e. C%Q«LZ). Then, N 'z'8'z is distributed as beta(p,N —p),

1 *
T : . .
where Szz——}j@zk 1s the sample covariance matrix (See

20 Lemma 1).



10 As a result, * 1--1 z, T zibeta(N- p,p) . Based on Lemma 3, 1*T -1 -Z. O
N beta(p,N - p).(15) 15 Reference docunents Andersen, H H , Hojbjerre, M,
Sor ensen,wD.2p11aro538r i ksen, P.S. (1995). Linear and G aplrczaBovvossh® for t he
20 Multivariate Conplex Normal Distribgtion. New York: WO

2011/ 070538PCT/ 1 B2010/ 055729 27 Springer-Verlag. Goodman, N. R (1963).
Statistical analysis based on a certain nultivariate conpl ex Gaussi an

di stribution (an

N-1
Proof: Let A= 2:42?1 ~ CWQ(N¥{LZ) and B=zz . The symbol
k=1,k#i

“~” means is distributed according to. Both A4 and B are

independent since A does not include z . From Lemma 2, it

5 is known that Lﬂ4A+Iﬂ has a beta distribution, i.e.

beta(N - p, p) .

Let C:izkzzT:AJrB:NS, then
k=1
[ _lc-B | 1 o (13)
|[4+B| || N

10 As a result,

I .
I—FEQTS%Q ~ beta(N - p,p) . (14)

Based on Lemma 3,

1 .
WZZ-TS%ZZ-N beta(p,N—p). (15)

15
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30edge tenplate 50line tenplate 1570point tenplate 90filter configuration
29 Clains 1. A nethod for despeckling synthetic aperture radar (SAR) i nages
conpri si yORO1WEeBBViI Nng an SAR i mage, wherein the SAR | FETABDONDIITHES

pi xel s, the pixels being represented by two dinensional conplex val ued

i nput vectors, each input vector conprising a horizontal and a vertical

pol ari zati on value, 10- calculating, for each pixel of a nmultitude of the
pi xel s, a% |_ east one f%ature strength paraneter, - calculating, for each
pi xel of tRESHGPEFt UHBPGF the pixels, a dual polarization output matrix Z
out fromat |east one input vector, wherein 15if at |east one of a
predeterm ned subset of the feature strength paraneters has its nmaxi num
val ue, the dualOpol &hP¥athékitout put matrix Z out is set equal to a dual

pol ari zation input matrix Z in of a corresponding input vector and wherein
ot herwi se, 20t hé& dualkepol ari zation output matrix Z out is set equal to a
wei ght ed average of dual polarization matrices, the dual polarization
mat ri ces conprilgi ngsaepi rst dual polarization matrix Z struct and
conprising a second dual polarization matrix

15 step
16 step
20 step
22 step
10 24 step
26 step
28 step

30 edge template
50 line template
15 70 point template

90 filter configuration



25Z radius, - outputting the cal cul ated dual polarization output matrix Z
out to an output destination. 2. Method according to claiml1, wherein the
wei ght ed weoawenage of dual polarization matrices i s cacruBaueossnyy an
average of the first dual polarizatiopgmatrix Z struct and the second dual
pol ari zation matrix of the formw Z struct + (1-w) Z radius, 30 wherein w
is a weight factor and the value of the weight factor wis set equal to the
maxi mum val ue of the feature strength paraneters. 5 3. Method according to
claim 2, ErBfn the first dual polarization matrix Z struct is derived
froma calculatlon t he cal cul ati on conprising conmputing average val ues of
i nput vectors for nultlple filter configurations of pixels wherein the

10i nput véct or & mepredeArrt Hespeg&lsngcavethatiifgarestusachafipict er

configuration, S raged i nput vectors of the filter
configuration t% gheaggggfnaPkpgﬁg Vectors of the filter configuration,

15sel ecting the tébéevlﬁgnhngBABtnmagéprwmhkehnthﬁestRammEgef t he averaged
i nput vectors to the ori |naI gut vectors is smallest outputting the dual

pol ari zati on n&PFPXk18FSt éxﬁééra B8 PhpGtSvBEtBIsTBPLERB S8 ebYed fil ter

Zoconf'gurat'OEw@SdEH@n§EBH§§UE@hp§¥§r§S§ugdSEBHGE §ecMBlhodcgegording to
claim3, wherein the filter configurations are sets of plxels whi ch are

arranged in a gppatghectpﬁecomgrlslng a horizontal and a vertical

polarization value,

10 - calculating, for each pixel of a multitude of the
pixels, at least one feature strength parameter,
- calculating, for each pixel of the multitude of
the pixels, a dual polarization output matrix Z out
from at least one input vector, wherein

15 if at least one of a predetermined subset of the
feature strength parameters has its maximum value,
the dual polarization output matrix Z out 1is set
equal to a dual polarization input matrix Z in of a
corresponding input vector and wherein otherwise,

20 the dual polarization output matrix Z out 1is set
equal to a weighted average of dual polarization
matrices, the dual polarization matrices comprising
a first dual polarization matrix Z struct and
comprising a second dual polarization matrix

25 Z radius,
- outputting the calculated dual polarization output

matrix Z out to an output destination.

2. Method according to claim 1, wherein the weighted
30 average of dual polarization matrices is calculated
by an average of the first dual polarization matrix
Zz struct and the second dual polarization matrix of

the form w Z struct + (l-w) Z radius,



5. Method according to claim4, wherein the filter configurations are sets
of three pixels which correspond to a horizontal line, a vertical line, a
downwar dswai2agaried3sl i ne, an upwards di agonal |ine, 30r eppEaBiuebh3s72o 31 6.
Met hod according to one of clainms 3 tgy5, wherein the calculation of the
second dual polarization matrix Z struct conprises formng real val ued
vectors from conpl ex val ued 5i nput vectors by concatenating the real part

and the imagi na art of the horjzontal polarization value of the input
vector and herPEAPCBaFt Land. ERESNFmgrALPY BAPt CBF TRACGePEi AP

pol ari zation vabugnef rhhecik-nput sveetoeguddcabeuhat hagihhe dhsthanee between
the original input vectors of a filter configuration and the averaged i nput

vectors of a fiheefeebrffgaraenonhasarheesanfof the di stances between the
real valued vectors of the original input vectors and of the averaged i nput
15vectors. 7. Method according to one of the clains 2 to 6, wherein the
second dual. povathzdt konomdatngxtd tcadims2i swderevedtheom ascataullati on, the

cal cul ati on 20conpri sing - calculating a dual polarization matrix for each
i nput vector oP°Aa*§eFREEPBNMBF L FiphLSTEEEbr $SWHBF &Rt hE°Sefecti on of i nput

vectors COfreSEQ@QﬁléQiéH,ntKe”c&ﬂBQ@&%@EnDEéﬁb%is@éq estinating a sanpl e
covariance matrix fromthe selection of input vectors, - determning a

critical val uecofiratpnobabetrbvy distegsbafi oncoft @eshnpbefsyguared radius for
a given signifjcapce Leyel alpha whereip; Lhe Sample.$auangdein the

10 input vectors represent the pixels,
calculating, for each filter configuration, a
distance of the averaged input vectors of the filter
configuration to the original input vectors of the
filter configuration,

15 selecting the filter configuration for which the
distance of the averaged input vectors to the
original input vectors is smallest
outputting the dual polarization matrix of the
averaged input vectors of the selected filter

20 configuration as the structural average Z struct.

4, Method according to claim 3, wherein the filter
configurations are sets of pixels which are arranged
in a straight line.

25

5. Method according to claim 4, wherein the filter
configurations are sets of three pixels which
correspond to a horizontal line, a vertical line, a
downwards diagonal line, an upwards diagonal line,

30 respectively.



30radius is a function of the covariance matrix and a quadratic function of
i nput vectors, 32 determning the input vectors for which the sanple
squar ed rwidi2osl/i785380t greater than the critical value ofCrhB2gpo/odsami | ity

di stributi on, if the nunber of determ ned input vectors is not

5great er than t he nunber of pixels of an mx m subw ndow of the n x n

w ndow of pi xels calculatlng t he average of the |nput vectors which

repr esent then@ ﬁ §0 the m x n1submn9d and 5 tlng t he dual

pol ari zat FIR ?CFHE 18dvEPageca8Tt He?sBEond - dvar afeSZ rFadi us,

ot herw se cal@Hba&am@unaelaﬁebageh@fs@bbnan@uélvggngk§zgtlbhe n X n w ndow
for which the sanple squared radius is not greater than the critical value

of the probabi "REY1di 8t FEBUEFORCARE1IBAEPUtting the dual 15pol ari zati on
. a a e Ifr b Y
matrix of the %X?ﬁ?ﬂ? ag EhG %888”9 8¥§E§9% %mrggh§§g g%ﬁéBOd accor di ng
to claim7, wherein then ndow Of pi Xe w ndow of pixels
and the 20m x mnpubmwadﬁmmsfbplxehSatSnatSng 8hwi ndew phkrpi xebisth®. Met hod
according to one of the previous clajnms
imaginary part of the horlzontal polarization value
of the input vector and the real part and the
imaginary part of the vertical polarization value of
the input vectors
10 calculating the distance between the original input
vectors of a filter configuration and the averaged
input vectors of a filter configuration as the sum
of the distances between the real valued vectors of

the original input vectors and of the averaged input

15 vectors.

7. Method according to one of the claims 2 to 6,
wherein the second dual polarization matrix Z radius
is derived from a calculation, the calculation

20 comprising
- calculating a dual polarization matrix for each
input vector of a selection of input vectors wherein
the selection of input vectors corresponds to an n x
n window of pixels,

25 - estimating a sample covariance matrix from the
selection of input vectors,
- determining a critical value of a probability
distribution of a sample squared radius for a given
significance level alpha wherein the sample squared

30 radius is a function of the covariance matrix and a

quadratic function of input vectors,



wherein the feature strength paraneters conprise an 25edge strength
paraneter, a line strength paraneter and a point strength paraneter, and
wher ei n twe 2sulgeissof feature strength parameters conpriPSEdB2010/H3F@2%t rengt h
paranmeter and a point strength parameggr. 30 10. Method according to claim
9, wherein the edge strength paraneter is equal to a proportion of pixels
whi ch are detected as edges and wherein edges 33 are detected according to

a constant false alarmrate edge.detector and the edge defection conprises
The use of predofer BFiCh B8oE FeriP L oS hRRCR SOt o8k BBC: SSFBHEgi bns 11,

r2 of pixels. gqhdMehedqaceor di gttt grebakm nawhenei Briheckine strength
paraneter is equal to a groportlon of pixels which are detected as |ines

and wherein |ifesvarefdenecpedbakeditivngiebrabebnstant fal se al arm 10rate
| i ne detector d e ] detegli - ri t of _p et er mi ned

l'i ne tenplatesﬁghF%E géﬁggfsgkt§%£§2§§9§§g?§§§tr??C?§?8fEﬁi&g?s_ 12Met hod
accord ng to chaeat8r whenethet hempeirnbflpskeengbh paraneter is equal to a

proportion of pixels which are detected as points and wherein points are
det ect ed accor dPFRYLEGY Eonstant FalsBLAfa¥PnPFaPe*pdfnt detector and the

poi nt detection comppigesnihendsgvetagepredeter mhped pekpbrtenplahe

represent the pixels of the m x m subwindow and
outputting the dual polarization matrix of the

10 average as the second average Z radius, otherwise
- calculating the average of all input vectors of
the n x n window for which the sample squared radius
is not greater than the critical value of the
probability distribution and outputting the dual

15 polarization matrix of the average as the second

average Z radius.

8. Method according to claim 7, wherein the n x n

window of pixels is a 5 x 5 window of pixels and the

20 m x m subwindow of pixels is a 3 x 3 window of
pixels.
9. Method according to one of the previous claims,

wherein the feature strength parameters comprise an

25 edge strength parameter, a line strength parameter
and a point strength parameter, and wherein the
subset of feature strength parameters comprises a
line strength parameter and a point strength
parameter.

30

10. Method according to claim 9, wherein the edge

strength parameter is equal to a proportion of

pixels which are detected as edges and wherein edges



20whi ch conprises two test regions rl, r2 of pixels. 13. Conputer readable
medi um conpri si hg conput er execut abl e program code for executing the steps
of a net wa atioo0s38ng to one of the clains 1 to 12. 25 PeT/IRDMWOES7TIYY devi ce
for executing the steps of a method aggording to one of the claim1l to 12.
15. Radar inage processing system conprising the 30conputing device
according to claim 14

are detected according to a constant false alarm
rate edge detector and the edge detection comprises
the use of predetermined edge templates which

comprise two test regions rl, r2 of pixels.

11. Method according to claim 9, wherein the line
strength parameter is equal to a proportion of
pixels which are detected as lines and wherein lines
are detected according to a constant false alarm

10 rate line detector and the line detection comprises
the use of predetermined line templates which

comprise two test regions rl, r2 of pixels.

12. Method according to claim 9, wherein the point
15 strength parameter is equal to a proportion of
pixels which are detected as points and wherein
points are detected according to a constant false
alarm rate point detector and the point detection
comprises the use of a predetermined point template

20 which comprises two test regions rl, r2 of pixels.

13. Computer readable medium comprising computer
executable program code for executing the steps of a
method according to one of the claims 1 to 12.
25
14. Computing device for executing the steps of a method

according to one of the claim 1 to 12.

15. Radar image processing system comprising the

30 computing device according to claim 14



