1 METHOD FOR DESPECKLING OF SINGLE-LOOK DUAL-POLARIZATION SYNTHETIC
APERTURE RADAR (SAR) DATA The present application relates to a method and a device 5 for
despeckling of single-look dual-polarization Synthetic Aperture Radar (SAR) Data. Reference 1 and
Reference 2 below show that each pixel in a fully ptlarimetric Synthetic Aperture Radar (SAR) data 10
can be represented by a covariance matrix. A covariance matrix based speckle filter was proposed for
multi-look fully polarimetric SAR data by making use of a multiplicative noise model and linear
minimum me#nTstiliaré CirdPEeSBACKIbANGS BreferbNGE B--L&HOEt AU 9FY)| KR AldidNon Geo-
science and i 3 nce 2:Lee et al. (2008), Proceedings of the
IEEE 20IGA§§Q%F§I§? %’ﬁ%ﬁ%ﬁ%@?gﬁ g je tlgggl? ﬁ%ﬁ%pplicaﬂon to provide an improved method
for despeckling single-look dual-polarization Synthetic Aperture Radar (SAR) Data. 25 The application
discloses a equpypcimplementyq matiad 'yrddespesking singledngl duatPYaFgsRiLsynthetic
aperture radar (SAR) images. A digital SAR image Is received which comprises pixels that are
represebted BYRERRPEBIEEhH Eorbad faillie@knsiiaberrd FdaR$A®R input vectors comprises
a horizontal ggﬂ@h\@ftjgal @&@xﬁﬁignygﬁ@r %ggﬁyaglaga(_el of a multitude of the pixels at least one
feature strength parameter is calculated. More Specifically, the application discloses the calculation of
an edge strength, a line strength and a point strength 5 parameter. Furthermore, for each pixel of the

multitude of fierRip@ipe dURPINEPEPEIRUEPY BTG SHUI CRAAIBEJIPTD Akiepsi Ane input

vector. The dual 10 polarization output matrix Z out is calculated according to a rule that, if at least one

of a predetefnifidd binBed GrihBs L fe SYBTHRIEFaMRETEHER iRadakin{RARAfata

10 can be represented by a covariance matrix. A covariance
matrix based speckle filter was proposed for multi-look
fully polarimetric SAR data by making use of a
multiplicative noise model and linear minimum mean square

error estimation.

15
Reference 1: Lee et al. (1999), IEEE Trans on Geo-
science and Remote Sensing, 37(5), pp-
2363-2373
Reference 2: Lee et al. (2008), Proceedings of the IEEE
20 IGARSS, vol. 4, pp. 21-24
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 iImage is
received which comprises pixels that are represented by

30 two dimensional complex valued iInput vectors. Each of the
input vectors comprises a horizontal and a vertical

polarization value.



for example the line strength and the point strength parameter, the dual polarization output matrix Z
out is 15 set equal to a dual polarization input matrix Z in of an input vector for that pixel. Otherwise,
the dual polarization output matrix Z out is set equal to a weighted average of dual polarization
matrices. The dual polarization matrices comprise 2 first dual polarization 20 matrix Z struct and a
second dual polarization matrix Z 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 ashatiugastseoiaetagd ofinpul ¥adtode 261THehealpilaeddsdad] pdetadtationeutput matrix Z

out is outputfgg&%pgtﬁﬁ%ﬂ%ggpgmgf&st%agfawme%n oMEpiuédevice or a means for

further processing of the as a target recognition means. The output may 30 comprise
further procesigeriditpe kiby exdmelcppbicatiornindl gabbases rdpreseahgul at #output matrix Z

out, such as gggrey %&&'epié‘ilr I Ca’éb?_fﬁ@?ﬂ%@ht%B“tQubﬂ‘iYi‘Eesfr %pplication

furthermore discloses a calculation of the weighted ave of the dual polarization matrices by an
averageof tRafigtetiarpolarization matrix Z struct and the second dual polarization matrix of the form
w 5 Z struct + (1-w) Z radius, wherein w is a weight factor and the value of the weight factor w is set

equal to the maximum value of the feature strength parameters for edge, line and point features. 10
FurthermoreF tHetAsIRatien dkloRacd catsrbior br thefiray hgatywlsiokickh@alk Z struct as

structure basgdyaveragguAYeFoFarIuRstIdAPBLMERIR SraitmiBkinre fligr ganfigurations of pixels are
calculated, wherein the input vectors represent the pixels. For each 15 filter configuration, a distance

of the averaGét! Fipla¥sdofd oMmnatiike st Qatd AR heVEsdREI -inp eV ElGE of the filter

configg@tiopisicaiquatelo O BaeplI Fefrat i SneZinpuitvaciosanBG Paerte sepEBediixgl of the

received SAR image, prior to avera in%.ﬁz The filter configuration for which the distance of the
u

averaged indi vRcldtd $o B8 Erigindl ifbud 638988l RIGHEREN BHAGHe SiBPESarization

matrix of thegvethgecFswtil vectotsehifjersgientachéiteras hasfigurstigausiauipui/ad tie, structural
average Z stpuct. More specifically, the filter configurations gre disclosed as sets gf pixels which are
Yot i ael.4he &

arranged in %ﬁaﬁfﬁ"ﬁ"ﬁﬁ Andhi H'&Srréggﬁ@ a A If?r?é,%tvérﬁgglq% a downwards

diagonal lingpanamwteds the dual polarization output matrix Z out is

15 set equal to a dual polarization input matrix Z_in of an
input vector for that pixel. Otherwise, the dual
polarization output matrix Z_out i1s set equal to a
weighted average of dual polarization matrices. The dual
polarization matrices comprise a fFirst dual polarization

20 matrix Z_struct and a second dual polarization matrix
Z 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 iInput vectors.

25
The calculated dual polarization output matrix Z out is
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.



30 diagonal line, respectively. 4 input vectors by concatenating the real part and the imaginary part of
the horizontal polarization value of the input vector and the real part and the imaginary part of the
vertical polarization value of the input vectors 5 and calculating the distance between the original input
vectors of a filter configuration and the averaged inBut 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
vectors. 10 Furthermore, the application discloses the calculation of the second dual polarization
matrix as a rabiRisapskicavetage. A dihepolaieatbnsaboses calatidked Fartdah infut vector of a

selection of ipput M%Cgﬁﬁt‘éfﬂe%?\ifé}gé'%e 8‘?'%@%” 8&%@‘@'?8?5%8%7{ SR PMIR P AL By window of

pixels. A sample covariance matrix is’estimated from 2lection of input vectors. A critical value of a
probability dRfriaMerage: sdmileesdiibred ratiad fared givéa lgoficaratidvel &4l isatetermined.

The 20 samplg SapRE SRS BN HBI OF PSTTURAIRSGRRTBRCG AL, pRdyg quadratic

function of input vectors. The input vectors for which the sample squared radius Is 25 not greater than

the criti€al vaﬁugbrm‘etprbbébﬂw dé&tdmdibass d@t@ﬁﬁriéuwé@ Sk, _tﬁécvéw distribution
with paramegrg 2 Qafue Ué?dtﬁéh%i'lg?ﬁf PhERSFMIpESINBEVeRiamIiS a9t BFgater than the

number of pixels of an m x m subwindow of t x n 30 window of pixels, the average of the input
vectors whichaspraganvibusixe¥ offiee Feat dth\Akisngd Baleakaste teesd kR boRfig8tion matrix
of the averagq ifeOWRH! 8% FfrsRELA@sage Z radius. Otherwise, the average of 5 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 is calculated. The dual polarization matrix of the average is output as the

Ssecon@ average Heddivice MarRSPapiifabaticrCUatien oses a5¥a Myt #oH aodx3 is disclosed.
the fTirst dual polarization matrix Z_struct as structure
based average. Average values of input vectors for
multiple filter configurations of pixels are calculated,
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 iInput
vectors of the filter configuration is calculated.
"Original™ refers to the i1nput vectors which represent
the pixel of the received SAR Image, prior to averaging.

20
The Ffilter configuration for which the distance of the
averaged input vectors to the original iInput 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



The edge strength parameter is disclosed as a proportion of pixels, which are detected as edges. The
edges are 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 pgixels 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 20pixels. The point strength parameter is
disclosed asianprohovimtonsixbly Wit atedateuny fb@oires IThEapdinanaretdetected according to

a constant f t ipt ct intd i r ingd point template
which compﬁsﬁ&g{mﬁ;@t T)e%?(?nsgr? , (:gﬁc% pﬁ?ei%gggtﬁﬁg%ﬁ %%ﬁgg'% %%Ztﬁggt?}%e line strength
and 30 the pbtie strepyth ya@ﬁmtemd_hds@d rfﬁﬁf_l)rrlﬂ&igta Hm&sﬁbmbﬂfa&_wbﬁéﬁwpaﬁﬁms of dyadic
products of th¢ CORPIC ¥eGIOLR NI FiAG TG U GRIFSYRL! ﬂé(gEl'E_ RgdygipLf the complex

vectors in the second test 6 region r2 and comparing the Wilks lambda quotient to the value of a Wilks
lambdaprobabfincaibeiblaibhrier & Re chisiganeanheeyeraptlcinahédadnmsilind Npleterm

“cumulative gepsiyr-ds 8odISpiiee PreBAT IR IBHIha FEHBeHUREadafi 2RRlinAHON comprises
a computer readable medium with computer readable code, a computing device and a radar image
processing sYRfekR Eanfpfisthglthb tey c&apkihsty Hatideforskee@ng Wnethotg cording to the

application Tdpsapplisationiedes aneWdEringdeaeiavedtors of the original

input vectors and of the averaged input vectors.

10
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 i1nput 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 i1nput vectors. A critical value of
a probability distribution of a sample squared radius for
a given significance level alpha i1s determined. The

20 sample squared radius i1s a function of the estimated
covariance matrix and a quadratic function of input

vectors.

The iInput vectors for which the sample squared radius is
25 not greater than the critical value 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



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 progessing 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 balareckll iynacduineg touhs laok ddte amdiorrthe foltpolafieatiorh ite dbystication can reduce

e balarckl Brpettinies oA o o Tokipuiariadton it can e
reaningiul R st S ok G R T Tl e htomaic

target dgtecﬁ(ﬁi U@c@ﬁ_nm_bﬁ gvg@ﬁhblidaityp@wﬁémi oo iD@pé(S(l@addud_a@’ttmta. The mathematical
formulation le}_gq Bitéal_%f ﬁ)lﬁapllge‘_pri ;ga(g-fmﬁ]gag{y@rg pﬁngﬁ&%r{s.égcq{hge generalized

to single-look single-polarization and to single-look multi-polarization 5data. In the following
descripfon, 8GR Ar@YRIAER o dasthins th¥ehghshee hfsisathdappicardtydsHalidhe apparent to

one skilled i@gﬁgt@@y@/%i%w%ﬁg embpdimeatsypay psgagcticed without such details. Figure

1 15 Figure 2 20 Figure 3 illustrates a flow chart of context-sensitive despeckling of single-look
dual-polarization data, illustrates edge templates of 5x5 pixels with different edge orientations, wherein

a crossed pixglds gg)BixgtadiRtRsShRiihMetMe 1St ERiMIOE RS ate pir dgraaiewith shading
and dark color, respectively, _
of pixels, which are detected as edges. The edges are
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 iIn the second test



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 Figure 4 5 illustrates a point template of 5x5 pixels, wherein a crossed
pixel is the pixel under test and two test regions rl &hd r2 are in light color with shading and dark
color,respectively, illustrates filter configurations used in 30 structure-based averaging,and Figure 6

region r2 and comparing the Wilks lambda quotient to the

value of a Wilks lambda probability distribution for a

given significance level alpha. In the following, the

term "cumulative density” is also used for "‘probability

5 distribution".

Furthermore, the application comprises a computer
readable medium with computer readable code, a computing
device and a radar image processing system comprising the

10 computing device for executing a method according to the
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 i1s characterized in that neither multiple
looks (time complexity) nor full polarization (energy

20 requirement) i1s needed. This i1s 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



illustrates a device for performing steps of despeckling of Figure 1. 8 1. Introduction In single-look
slant-range dual-polarization (HH and VV polarizations) spotlight data, each pixel can be 5
represented by a two-dimensional complex vector, that is [KW]IT(W)+/3(71/)] (1) [VVbO(iV)+/2(VV)
where the symbols 910 and 30 denote the real anddmaginary components, respectively. In this
application, the complex vector z of a homogeneous area in the data is 10 assumed to be independent
and identically distributed as a zero-mean bivariate complex Gaussian (Goodman, 1963), that is f(z) =
71--2151 1 esppéckTS-redrioshedediz anldstimatthsfnad popdliafionntobakacse oitrbhes L. The

symbols * a ﬂfggfﬁm? ci%“%'ﬁi‘f&@ﬂ?%?”?é@ﬁﬁﬁ% rﬁﬁ?%(?\‘ﬁ’?@" The notation 1.1 refers to
. X

the matrix detefminant. In-an Appendix below, the population squared radius 2z11): Iz is shown to
follow a X2 diswpbetienhat ¥ensdedreesah fieedgrnar adbzedsds) 2iing koplfaton covariance

matrix L remé‘mgﬁh@(— W a P SR SRECRY 'ﬁ’i’@’%uﬁ%&ﬁ“'ﬁ?é‘eﬁfﬁ?@l@? P2y B based on

the maximum ood method. As shown below, thé exact distribution of the sample squared radius
Niz7Sidis a®hat@distribution, which depends on the 25 vector dimension and the number of samples.
2. Context-sensitive Despeckling

In the following description, details are provided to
describe the embodiments of the application. It shall be
apparent to one skilled in the art, however, that the

10 embodiments 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 1illustrates 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
color with shading and dark color, respectively,

Figure 5 1illustrates filter configurations used in

30 structure-based averaging, and

Figure 6 1illustrates a device for performing steps of

despeckling of Figure 1.



An objective of the context-sensitive despeckling is to 30 reduce the inherent speckle in single-look
dual- 9 polarization data while preserving the meaningful image 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 5 final despeckling process. Figure 1 shows the flow chart 10 of the
context-sensitive despeckling. 10 The flow chart 10 includes a step 12 of providing data that may be
speckled. Three treatment steps 14, 15, and 16 follow the step 12 of providing data. The first treatment
step 14 detetts eddastThewtdd aa is 15 followed by a step 20 of calculating edge strength. The
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 strengthn26 Mg leed90k sshasitas angstepy2b; P | and 2atherbd fdfloaed BVa step 26 of

despeckling H@iaaﬁ StePishe fi@é@grﬂﬂ{olwﬁthee%gﬂ Zgﬂgéipsegﬁklig@ data. 25 Each above
elow. 2.

step is explained in more detail b Edge Qet’ection and Edge Strength Computation In order to
detect lged RIdiRGIRNEEK dX-Bolbyigatbinen S he) alc stk seetder sattEigeldetector is

introduced based on th itks' %Qﬁ gi 'IQH_I‘i , 1.e. a distribution of the type/ according to A- 1)(1
1)( | T A .qu €H)
A% RVV)+ j3(VV)
where the symbols %() and 3() denote the real and

imaginary components, respectively. In this application,
the complex vector z of a homogeneous area in the data is

10 assumed to be independent and identically distributed as
a zero-mean bivariate complex Gaussian (Goodman, 1963),
that is

f(z)=77s| exp(-z""S'2) &)

where Sis an estimate of the population covariance matrix

15 > . 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
squared radius 2z" Y 'z is shown to follow a y°?
distribution with four degrees of freedom. In most cases,
20 the population covariance matrix > remains unknown. This
parameter can, however, be estimated from the samples

based on the maximum likelithood method. As shown below,
the exact distribution of the sample squared radius

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

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

An objective of the context-sensitive despeckling is to
30 reduce the inherent speckle in single-look dual-



wherein random matrices X and Y have independent p- variate central complex Wishart distributions
CWp(n,L) and Glic(m,:), respectively. The number of samples for X 5 and Y is denoted separately by n
and m. Anderson et al. (1995, p. 61) showed that the Wilks' lambda distribution is a distribution of a
product of p independent beta-distributed random \@riables. Since p=2 for dual- polarization data, the
Wilks's lambda is distributed as 10 the product of two independent beta-distributed random variables A
and fi2 with beta (n-1,n) and beta (n,m), respectively. The exact distribution for the product w=B1/32
was derived by Isteéza (1976, ¢at8o)viHerepe samuiay etden sitgdodctghult ddnageen by 15 F (w)

= F (0 1 RELRAUF (IR SABEDI0) ke 200 (U (DTRG0 s 2m 0 DK

Both F(.) an are, respectively, the gamma an Incomplete beta functions. 20 For
edge detecu@ﬁhth@\@otéugﬁng)bmfayewtnﬂw seisRc L PRe e edgeomiibnesver a pixel i.

Figure 2 shoyys 3,8 it Ok & {%“B'F‘éesf:i%ftf’é%Plx?é?jwﬁﬂf“ffefS'itI%FéHaB?ﬂsa In each

template, there are two test regions, namely rl and r2 containing n and m pixels, .e. n=m =10. 11
5 final despeckling process.

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

despeckling.

10 The flow chart 10 includes a step 12 of providing data
that may be speckled. Three treatment steps 14, 15, and
16 follow the step 12 of providing data.

The First treatment step 14 detects edges. The step 14 is
15 followed by a step 20 of calculating edge strength. The
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.
20
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.

25 Each above step is explained in more detail below.

2.1 Edge Detection and Edge Strength Computation

In order to detect edges in single-look dual-polarization
30 data, a constant false alarm rate edge detector is

introduced based on the Wilks®™ lambda distribution, i.e.

a distribution of the type/ according to



2) Compute X and Y: nin X=EZkik7and Y=EZifiT,(5) kA1l=1 where zkrefers to the complex vector of a
pixel k in while the complex vector of a pixel / in r2 is denoted by 5 3) Compute the Wilks' lambda as
given in (3). Its value is 0.25 for a perfectly homogeneous area with X=Y. 10 4) Mark the pixel i as an
edge pixel if one of the following criteria is fulfilled:1U112 or A>(6) The critical value U is obtained
from the cdf in (4) with a desired significance level a. If the pixel is an 15 edge pixel, go to the next
Step 5. Otherwise, employ another edge template and repeat Steps 1-4. 5) Move the edge template to
the next pixel and repeat |S(ths 1-4. Terminate the execution if there are no more 20 pixels to be

processed and an e’élge—g@rrp%s obtained in final. The edge map is a binary map iG3dhich the detected
edges are normally reptjesent d by black-colored pixels against a white background, i.e. non-edge

pixels. 25 Frapuipepbipagd SHoRIeRE B8 se-called 8dopsiensitepdarsntorpruted by using a
3x3 window for each pixel, which is defined as Sedge =-1 2 total number of pixels which are detected
as 9 variate central complex Wishart distributions CW, (n,2)

and CW_ (m,2), respectively. The number of samples for X

5 and Y is denoted separately by n and m. Anderson et al.
(1995, p. 61) showed that the Wilks®™ lambda distribution

is a distribution of a product of p independent beta-
distributed random variables. Since p=2 for dual-

polarization data, the Wilks"s lambda i1s distributed as
10 the product of two independent beta-distributed random
variables g and g, with beta (n-1,m) and beta (n,m),
respectively. The exact distribution for the product
w=B,B, was derived by Steece (1976, p. 189), where the
cumulative density function (cdf) is given by
_I'(m+n-DI'(m+n) & T'(k+m)IC'(k+m-DI, (n-1,k+2m)

2

r(mr(mII(m-1) = I'(k+2m+n-1)k!
€))

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

15 F(w)

regularized incomplete beta functions.

20
For edge detection, the processing steps are outlined
below:
1) Place an edge template over a pixel i. Figure 2 shows

25 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 n and m pixels, i.e.

n=m=10.



edges.(7) 30 The edge strength value is bounded between zero and one. 12 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 5
known or fixed values. This property makes the edbég strength computation suitable for hardware
implementation. The computed edge strength is used for defining the filtering weight in the subsequent
despeckling process. 10 2.2 Line Detection and Line Strength Computation The Wilks' lambda-based
edge detect@)catopapplied faitide Yetection by using the 5x5 line templates 50 given in Figure 3,
where n=20 and m=5. The computation of 15 line strength from the obtained line map is similar to that
outlined in Section 1. e Lrfefhgnygth @IpIE(e,I is given by 1 s.e = -2 total nurgggr of pixels which
are detected as m9 lines; 85 20 using a 3¥3 window for each pixel. 2.3 Point Detection and Point

Strength Computation For.point ?éete ion, the Wilks' lamhda-baged detectqr can 25 be employed with
ine use of o DORK Sorfp e SR G s CHBWSANE Lot (A Ake OB 6 SRETel Whbrde1b and mes.

The processijigiqtePEREe SHRPRSIOWectob RIfca thiRaint ienpplale oyer el gaggpute X 30and
Y: X = Ezkzk and Y =EZiZi
5 z.

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

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

10 4) Mark the pixel i as an edge pixel 1f one of the

following criteria is fulfilled:

A<U,__,0orA>U_, (6)

The critical value U 1is obtained from the cdf in (4)
with a desired significance level o . IT the pixel 1s an

15 edge pixel, go to the next Step 5. Otherwise, employ
another edge template and repeat Steps 1-4.

5) Move the edge template to the next pixel and repeat
Steps 1-4. Terminate the execution if there are no more
20 pixels to be processed and an edge map is obtained in
final. The edge map is a binary map in which the detected
edges are normally represented by black-colored pixels

against a white background, 1.e. non-edge pixels.

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

S Is computed by using a 3x3 window for each pixel,

edge

which i1s defined as

1 n n
S ::§x total number of pixels which are detected as

edge

edges. )
30 The edge strength value is bounded between zero and one.



*T*T(8) KAIA 13 where ze refers to the complex vector of a pixel k in while the complex vector of a
pixel k in r2 is denoted by ZI 52) Compute the Wilks' lambda in (3). 3) Mark the pixel i as a point pixel
if one of the following criteria is fulfilled: A < Ul1-al12 or A > U,2.(10) 10 The critical value U is obtained
from the cdf in (4) for a desired significance level al®ith n=16 and m=9. 4) Move the point template to
the next pixel and repeat Steps 1-3. Terminate the execution if there are no more 15 pixels to be
processed and a point map is generated in final. Similarly, the so-called point strength of each pixel is
computed frdrhi teguhisndo ppex onadfbpy LEingixel3 20 ihdowtiel @A Mol afifgxels which

:;e detected 35 DA 5§ REFRECH NI PHLLPe CPPRLed ISy S Fraignp frdye sage as well
within the test window are edge pixels. Furthermore, it
is clear from (7) that the edge strength can have only 10
5 known or fixed values. 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.

10 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

15 line strength from the obtained line map is similar to
that outlined In Section 2.1. The line strength of a
pixel is given by

1 _ _
%m::gx total number of pixels which are detected as

lines, (3

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

For point detection, the Wilks® lambda-based detector can
25 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
30 and Y:

n

X=>1zz' and Y =>z77" (9

k=1 1=1



sgoint, the resultant dual-polarization matrix Z0a given pixel is solved by 14 wherein w is a filtering
weight, Z is a dual-polarization matrix of the given pixel, Z")"," is a structure based average of Z, and
Z,,,"" isaradius based average of Z. The matrix Z is the dual-polarization 5 matrix of the given
pixel, which is defined by Z =zz*T=[1111112 hrini/L¥VHH* VV2 (13) The above matrix is Hermitian,
where the diagonal 10 elements are the HH and VV intensities. The phase difference between the HH
and VV polarizations can be derived from the off-diagonal elements. The filtering weight w in (12) is
defined as wvhanaxisedge i spod' (hel Tohplexaxgetars to theamaikicedmiopératet, 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 ieidi®e sewRlez0 Yeakdd. Mor@oRdiede KeibRt ¢2n Be LHRDGRMH By if Sedge
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 obvious from (12) that Z",=ZR,"" if the weight
is zero. 25 This implies that the currently processed pixel is part of a homogeneous area. Hence, the

f||ter|ng§pe£f)0“853‘%pute the Wilks" lambda in (3).

3) Mark the pixel i as a point pixel if one of the
following criteria is fulfilled:

A<U_, ,0orA>U_,. (10)
10 The critical value U is obtained from the cdf in (4) for

a desired significance level o« with n=16 and m=9.

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

final.

Similarly, the so-called point strength of each pixel 1is
computed from the obtained point map by using a 3x3
20 window as

S

point =

%x total of pixels which are detected as points.

(11

2.4 Despeckling
25

With the computed feature strengths s as well as

edge ? SIine

S » the resultant dual-polarization matrix Z, for a
given pixel is solved by
7 - Z if spoiﬁzlqr Sine=1 (12)
WZstructure + (1_W)Zradius Ot erwise



based on the beta-distributed sample squared radius. 15 Nizzsiz follows a beta distribution. To
compute Zr the steps are as follows: 1) Construct the dual-polarization matrix for each pixel, 5i.e.
Z=zz*T. 2) Estimate the sample covariance matrix S within a 5x5 window. 103) Determine the critical
value fla;2,23 from the beta distribution with a desitéd significance level a. 4) Compute the average
dual-polarization matrix Zradius by using only those pixels within the window, which fulfills 15 the
following criterion: Z*T S-1Z 25 rea;2,23(15) If the number of pixels which fulfills the above criterion is
less than or ehealdemine ppsels tified tiear anerage ytat-polarizegioa rdatuik-Zradius is completed by 20
using a 3x3 Wirfovv_ is computed as_the ogtgﬁ. In the structure-bas%-d averal%isn , a set of four filter

I i

configuratior%ol aerrﬂﬁla)tré(ﬁ"fb @%Bﬂf% i ag?el Y6a [ﬁ’dléﬁfatio sirratrix ', where each

configuratio%%gggl%@rés Fﬁ;@%ﬂ? gn i}ts jwo %%ighl%oring ﬁiéeg. F%Ii‘%é %@ggdthe four filter

configurations e useo nfigurations can a%sist in preserving edges In the filtered

output. To seieelrageorss filter cCoREguiatipRtora diverthikettzd PpwkaiiesdiposOoutlined below.

16 5 matrix of the given pixel, which is defined by

S IHH[*  HHW (13)
VWHH* w? |

The above matrix is Hermitian, where the diagonal

10 elements are the HH and VV intensities. The phase
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)

15 where max refers to the maximum operator,

From (12), it i1s clear that no filtering is applied to
the given pixel i1f the pixel has 1ts unit point or line
strength, thus the point or line pixel can be well-

20 retained. Moreover, the weight can be unity 1f and only
it s

we €quals 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 =

obvious from (12) that Z ,6=Z iT the weight 1s zero.

radius

25 This implies that the currently processed pixel i1s part
of a homogeneous area. Hence, the filtering is performed
based on the beta-distributed sample squared radius.

As discussed iIn Section 1, the sample squared radius



For a filtering configuration along a line, the line can be horizontal, vertical, downwards diagonal, or
upwards diagonal. See Fig. 5. 5To compute Zso)",,, the steps are as follows: 1) Express the complex
vectors of all pixels in each filter configuration in form of real vectors, i.e. r=[91(71/) 3(71-1) T(VV)
3(W)f.(16) 102) Compute the average real vector rbBeroge of each filter configuration. 3) For each filter
configuration, compute the sum of Euclidean distances: 15d =11ro cveragelL +llwrage112+11r2-
raverage L(17) where 11' 112 denotes the Euclidean norm. The vectors ro, and r. refer separately to

the real vectoys'ef'the cefsalligne anthiésbvelReiohPBLItd oixels @0chngatify the filter configuration,
which minimizes the sum of Euclidean distances. Then, compute the average duaﬁ-polarization matrix
Z,.)," using ANBixeEeREhiAkRe AftefedkRation. 25 Figure 6 shows a device 100 for performing
steps of 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 30 a line detection unit 106, and to a point detection
unit 108. 17Ph&EeagEHetektithentiudl-BehaRdZaEk8rarmeddd drdifin @a 1iwRilst the line

detectiqg unii 186 i%czogpected to a line strength unit 112. The point

2) Estimate the sample covariance matrix S within a 5x5

window.

10 3) Determine the critical value g, ,,, from the beta

distribution with a desired significance level «.

4) Compute the average dual-polarization matrix Z_,. by

using only those pixels within the window, which Ffulfills
15 the following criterion:

27S72<250, ., - (15)
IT the number of pixels which Ffulfills the above

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

average dual-polarization matrix Z is completed by

radius

20 using a 3x3 window is computed as the output.

In the structure-based averaging, a set of four Ffilter

configurations is employed to compute the average dual

polarization matrix Z , where each configuration

structure

25 contains the central pixel and 1ts two neighboring pixels.
Figure 5 shows the four filter configurations 90. The use
of these fTilter configurations can assist In preserving
edges iIn the filtered output. To select a proper fTilter
configuration for a given pixel, the procedures are

30 outlined below.



5 detection unit 108 is connected to a point strength unit 114. The data unit 102, the edge strength unit
110, the line strength unit 112, and the point strength unit 114 are 10 connected to a despeckling unit
116, which is connected to a data filtering unit 118. Functionally, the data unit 102 is used for
performing the step 12 of Figure 1. The edge detediton unit 104 and 15 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 Figure 1. The point
detection unfdn8aarithtegain2 Csindrigrh anttiol adounskcafol peeforrtiimg rkspecttaty the steps 16
and 24 of Figyre ckli it 116 i r ' st igure 1 whilst the
data filtering%ttjérrlitﬁloléi‘got?‘se for gﬁ?g?ngﬁ%g ’th?é@rg/ é%%%i%‘:%%gf Thgezpezrln?g%%:'rlr%egnts can also be
described wigh agofdwirkeiists bfeleents being organized into items. The respective combinations
of features which are disclosed in the item list are regarded as independent subject 30 matter,
respectively, that can also be combined with other features of the application. 18 1. A method for
despecKking Egnitetipapertdrg radar thaR¥ tepgesicempssifig kkevsiving an SAR image, wherein the
SAR image cqQmprises pixels, the pixels being represented by 5two dimensional complex valued input
vectors, eacfin R/'é%%ﬁ c‘éﬂ?pr&%ff riy6faPhrid %Eveﬁ/(!al%!ﬂ%?r tibA Vaftfe! - calculating, for
each pixel offa mwdtttuderof igipixeoat BasFore ferfturestlengibtarameiere10- calculating, for each
pixel of the multitude of

r=[R(HH) 3(HH) RWVV) 3IWW)] . (16)
10 2) Compute the average real vector r,.. of each filter
configuration.

3) For each filter configuration, compute the sum of

Euclidean distances:

15 d= Hro -,

2+Hr1_ra

verage

e

verage

verage 2 (1 7)

where |.[, denotes the Euclidean norm. The vectors r,, r,

and r, refer separately to the real vectors of the central

pixel and its two neighboring pixels.

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

dual-polarization matrix Z using all pixels within

structure

the filter configuration.

25 Figure 6 shows a device 100 for performing steps of

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

30 a line detection unit 106, and to a point detection unit
108.



the pixels, a dual polarization output matrix Z out from at least one input vector, wherein if at least one
of a predetermined subset of the feature strength parameters has its maximum value, 15the dual
polarization output matrix Z out is set equal to a dual polarization input matrix Z in of a corresponding
input vector and wherein otherwise, the dual polariz@tion output matrix Z out is set equal to a weighted
average of dual polarization 20matrices, the dual polarization matrices comprising a first dual
polarization matrix Z struct and comprising a second dual polarization matrix Z radius, -
outputting the calculated dual polarization output 25matrix Z out to an output destination. 2. Method

according to-ﬁll% h(a.r H)@l\gﬁlg@ﬁe.dt g&gg&f ggﬁhgglﬁgaa écfj?és calculated by an

average of the first d aI polarization matrix 30Z struct and the second dual polarization matrix of the
form w Z stregdire(igih zZuaditis1 1® whadksit whiser Wenrgt tekectidhdvdlie Behd weight factor w

is set equal {0 JRRLRPEAUER Valug;of éhg{q@H%etﬁtrng pPp{ametgis. L?)gmghod according to item 2,

wherein the first dual polarization matrix Z struct is derived from a calculation, the calculation
comprising cetirghblciveradd vaRs b3 irfnnectkrd fdimaltiprifiter ebheggrtiioHs bt pixels wherein
the 10input veggors 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,

The data unit 102, the edge strength unit 110, the line
strength unit 112, and the point strength unit 114 are

10 connected to a despeckling unit 116, which is connected
to a data filtering unit 118.

Functionally, the data unit 102 is used for performing
the step 12 of Figure 1. The edge detection unit 104 and

15 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
Figure 1. The point detection unit 108 and the point

20 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
28 of Figure 1.

25
The embodiments can also be described with the following
lists of elements being organized into items. The
respective combinations of features which are disclosed
in the 1tem list are regarded as independent subject

30 matter, respectively, that can also be combined with

other features of the application.



15selecting 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 20configuration as the structural average Z struct. 4. Method according to item 3,
wherein the filter configurations are sets of pixels vilich are arranged in a straight line. 25 5. Method
according to item 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, 30respectively. 20
6. Method adcording toesbleast tife itedespeck lwherehy tiehedigaladpe vt theesawtardual polarization

matrix Z struct compg forming. e &J'e ors from complex valued 5input vectors by
ggfg@ x| H%@%é%éfrﬁ aijs"i‘?‘f

concatenating the r rt and‘the imaginary part of the horizontal polarization value of the input
vector and the real paregei e ghagindpatinsigRe ehiiae polatibetiSARaltsagene input vectors

10calculating the d@%leigeéyeﬁwgq gtig%iqpﬁgqgo%%@;ipgbmwrb d the averaged

input vectors of a filter Configuration as the sum of the distances™between the real valued vectors of the
original fput vectoieVgnd émngresdiade € fifial @Bvr@died . MuIHSd YeEdi@rRy toedsdof the items 2

to 6, wherein the squtd%@g&ﬁrizggﬁﬁmaﬁiﬁ R0 AsHYSY framy aLalriiatin jhe calculation

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

- calculating, for each pixel of a multitude of the
pixels, at least one feature strength parameter,

10 - calculating, for each pixel of the multitude of
the pixels, a dual polarization output matrix Z_out
from at least one i1nput vector, wherein
iIT at least one of a predetermined subset of the
feature strength parameters has its maximum value,

15 the dual polarization output matrix Z out is set
equal to a dual polarization input matrix Z_in of a
corresponding input vector and wherein otherwise,
the dual polarization output matrix Z out iIs set
equal to a weighted average of dual polarization

20 matrices, the dual polarization matrices comprising
a first dual polarization matrix Z struct and
comprising a second dual polarization matrix
Z radius,

- outputting the calculated dual polarization output

25 matrix Z out to an output destination.

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

30 Z struct and the second dual polarization matrix of

the form w Z struct + (1-w) Z radius,



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 30radius is a function of the covariance matrix and a quadratic function of
input vectors, 21 - determining the input vectors fdrAvhich the sample squared radius is not greater
than the critical value of the probability distribution, if the number of determined input vectors is not
5greater than the number of pixels of an m x m subwindow of the n x n window of pixels - calculating
the average of the ivipatredctovs which repiegeht facgiaelsasfdh& e x va bubwinblothand outputting the

dual polarization mﬁgiﬁﬁgho?t gﬂggraweiass tohgﬁs)? Vﬁgg 'av]e_{:)aqghé rfﬁg@ffmﬂtﬁ?%ifﬁé cd?qculating the

average of all input ve e n x n window Ich the sample square iUS IS not greater
than the critical vali®ef ¥rajgiobabiitresgibutipa Eaaedi@pstting the dual 15polarization matrix of the
average as the second average Z radius. 8. Method according to item 7, wherein the n x n window of
pixels is a 5 x 5 window of pixels and the m x m 20subwindow of pixels is a 3 x 3 window of pixels. 9.

Method%ccatding tedreosk tﬁ@q&éﬁéﬂg itbthst igierdin thbedaare dnendil patafietls comprise an
edge strength paragigjely pAREISIENBR PREPCE®Eruct is derived from a

calculation, the calculation comprising
computing average values of input vectors for
multiple filter configurations of pixels wherein 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 i1nput vectors of the
filter configuration,

15 selecting the fTilter configuration for which the
distance of the averaged input vectors to the
original i1nput vectors i1s smallest
outputting the dual polarization matrix of the
averaged i1nput vectors of the selected fTilter

20 configuration as the structural average Z struct.

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

25

5. Method according to item 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.



25and 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 item 9, wherein
the edge strength parameter is equal to a proportion of pixels which are detected as edges and
wherein edges are detected according to a consta@false alarm 22 rate edge detector and the edge
detection comprises the use of predetermined edge templates which comprise two test regions rl, r2 of
pixels. 5 11. Method according to item 9, wherein the line strength parameter is equal to a proportion
of pixels, whith aréVdtboe deascinediangl Whemie linds fheddttets] Scdopdibg tolzesmBant false

alarm rate line deteg.l%( %E’[@ﬁlr iq)(:‘ﬁei:)r.iond1 cqbrgar'%ed; t&%‘seﬁ%fﬂ?%%%ﬁd line templates

which comprise two test regions rl, r2 of pixels. I2. Method according to item erein the point
strength parameteng€yixl b SHIopokiaPBPIISERElS, which are detected as points and wherein

points are detectedl%qqgm?g }g&pq,ngmg(ja@g@@pyaﬁmirg&%qggr anq {heypoint detection

comprises the use of a predetermined point template which comprises two test regions rl, r2 of pixels.

20 13. Gomputer reliRble YREkM Solprishicedrpaiel ededitabrkestbgrah €oaBdoit8fecuting the
steps of a method geeaGiRg g opg ¥ g items hirizommcat: pBTRHIZA ERYice /a1 gxecuting the

steps of a method according t0 one of the items 1 to 12. 15. Radar image processing system
comprising the conflitikgeielitiidccoraihg o fefh Thesd RaleRaéd d8BEMERR Andersen, H.H.,

Hojbjerre, M., Soregsgiy ilhaPPd fdik6eBF the vertical polarization value of

the i1nput 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 items 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,



23 P.S. (1995). Linear and Graphical Models for the Multivariate Complex Normal Distribution. New
York: Springer-Verlag. 5Goodman, N.R. (1963). Statistical analysis based on a certain multivariate
complex Gaussian distribution (an introduction). Annals of Mathematical Statistics, 34(1), pp. 152-177.
10Steece, B.M. (1976). On the exact distribution f@&lthe product of two independent beta-distributed
random variables. Metron, 34(1-2), pp. 187-190. Although the above description contains much
specificity, 15 these should not be construed as limiting the scope of the embodiments but merely
providing illustratior ofl éeefondsassipdbmbbapugntgeEtpedalfipthendiimie dtheedsadyaheages of the

embodiments shoug%ﬂ(&tlléedc?%}%ﬁgg q%j@ﬁd'{negggggsifgpe%m? %Wgogirrﬁﬂtsé)pt merely to 20

explain possible achievements It t escribed e ments are put into practice. Thus, the scope of
the embodiments s¥adideb@ffettin@inacobatnel diiynsldsd rHdiugd@nalents, rather than by the

examples given. 25; p4yhapendfs oI foRRLBARIEET AdPRNRT f6PUFEdRads L

Probability Density Function of Population Squared 5 Radius Theorem 1: If z is a two-dimensional
zero-mé&an compleg Ratshnthatortiiee ptapaenitederdelfic®dn 8Nz ik &iven by 10f (z) = n--2151

1 exp(-z*TS-12)(1) d hsPRrrytRion s auased radiys @;’;{Bb\,g ta)qs Tﬁi@edigtributior? with four degrees of
freedom. 15 Proof: The complex vector z can also be written in form of a four-dimensional real vector
as - calculating the average of the input vectors which
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 item 7, wherein the n x n window
of pixels 1s a 5 x 5 window of pixels and the m x m
20 subwindow of pixels 1s a 3 x 3 window of pixels.

9. Method according to one of the previous items,
wherein the feature strength parameters comprise an
edge strength parameter, a line strength parameter

25 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 item 9, wherein the edge
strength parameter is equal to a proportion of
pixels which are detected as edges and wherein edges

are detected according to a constant false alarm



r4R(71/) 3(71-1) Torn 3017T.(2) The probability density function of r is f(r)= (2p)-21S,12 exp - -1 rTS-iri
1 2r j(3) 20 where 5, is an estimate of a 4x4 dimensional positive definite real symmetric covariance
matrix /, (Andersen et al., 1995; Hagedorn et al., 2006). Let y=5,2r, then the inverse linear
transformation is 11 25r=57y and the Jacobian is B3&5. Hence, the probability density function of y is
given by 25 are always positive. Thus, 155-0 = (1/4/12'23'24)1'(5) Similarly, the eigenvalues of ST?'
are also positive, i.e. ).(7, Hence,

rate edge detector and the edge detection comprises

the use of predetermined edge templates which

comprise two test regions rl, r2 of pixels.

5 11. Method according to item 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 rate line detector and the line detection

10 comprises the use of predetermined line templates
which comprise two test regions rl, r2 of pixels.

12. Method according to item 9, wherein the point
strength parameter is equal to a proportion of
15 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
which comprises two test regions rl, r2 of pixels.
20
13. Computer readable medium comprising computer
executable program code for executing the steps of a

method according to one of the items 1 to 12.

25 14. Computing device for executing the steps of a method

according to one of the items 1 to 12.

15. Radar image processing system comprising the
computing device according to item 14.
30
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Although the above description contains much specificity,
these should not be construed as limiting the scope of
the embodiments but merely providing i1llustration 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 1t the described
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.



Based on these facts, Equation (4) can be simplified as f (y) = (212)-2e _12 1\T1\ Sy S"71 Sy (7)
24

Appendix: Solution of the Problem - Analysis of Squared

Radius

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 1is
given by

10 f(z2)=77S| exp(~27Sz) . 1)

The population squared radius 2z7Y"'z has a y°

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=[R(HH) 3J(HH) RKRWVV) IVV)| . (2
The probability density function of r 1is

(1)=(2p)7s, exp{—%rTS;lr} ©

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

definite real symmetric covariance matrix 2, (Andersen et
al., 1995; Hagedorn et al., 2006).

1
Let y=S,%r, then the inverse linear transformation is

1 1

25 r=S2y and the Jacobian is J::S?. Hence, the probability

density function of y is given by

J(z p)'2|sr|3 exp{%{srz yj S:l(srz y} : 4)

Since S, 1s a positive definite matrix, its eigenvalues A4

1
f(y)= abs[Sf




7 1 Moreover, Sy can be written as yT5,2. Hence, f(y) =(212)-2e 111-T2-12--y SrSry 10 and
further From the above equation, it is clearly seen that y follows a quad-variate standard Gaussian
distribution, i.e. N4(01). The elements of y are independent random 15 variables with standard
univariate Gaussian distribution since the covarian2® matrix is an identity matrix. Thus, 4

are always positive. Thus,
1 =
5.2 = ad A e ) - )

1
Similarly, the eigenvalues of S? are also positive, i1.e.

VQLHUJEZ, Hence,
5 abs( J = /11-2'2-/13-14 - (6)

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

f(y)=(2p)~? exp{%(srz y] 8;1(85 yj} ' )

1
2
;

S

Moreover, {S;ij can be written as yTS%- Hence,
1 .1 1
f(y)=(2p)* exp{—; y'S?S,’s? y} €))
10 and further
f(y)=(2p)” exp{—% y' y} : )

From the above equation, it is clearly seen that vy
follows a quad-variate standard Gaussian distribution,
i.e. N,01). The elements of y are independent random

15 variables with standard univariate Gaussian distribution

since the covariance matrix Is an identity matrix. Thus,
4
(=2t ) S (x=p1)= Yy =D ¥ (10)
i=1

is a sum of squares of independent random variables with

standard univariate Gaussian distribution and therefore

20 r'S/'r=27"S"z has a j° distribution with four degrees of

freedom.

2. Probability Density Function of Sample Squared Radius



571(x Pr) YT Y = E Y?'(10) is a sum of squares of independent random variables with standard
univariate Gaussian distribution and therefore 20= 2z*T s-1 z has a X2 distribution with four degrees of
freedom. 26 Lemma 1: Let .zi,.z2"..,zN be independent and identically distributed as p-dimensional
zero-mean complex Gaussian, i.e. CN WEL The n&&imum likelihood estimate S of Sis p, 1*T 5S=S
=zkzk NKA The proof is given in Goodman (1963, pp. 160-161). Lemma 2: Let A and B be pxp
complex random matrices 10 having central complex Wishart distributions, namely 0471,1/2,/1 and
Gli/p(i,/), respectively. If A and B are independent and ttp, then HMA+Bl has a beta distribution, i.e.

beta(n-p+1,p). Note enotes the matrix deter. dmnan(t}, I} roof is %[n in fsi:dersen et al. (1995,
pp. 65-66). L Le avie a'beta distri ution of 1-x is

), LEGITE 311 ek & hateda béta dSrbUtSR AT, FHENTREHEHbuton of
beta(b.a) . distributed as p-dimensional zero-mean complex Gaussian,

A

i.e. CN,(0,X). The maximum likelihood estimate S of S is

>

lN
5 S§=S==—
P

The proof is given in Goodman (1963, pp- 160-161).

Lemma 2: Let A and B be pxp complex random matrices

10 having central complex Wishart distributions, namely
W,(n,X) and CW, (LX), respectively. If A and B are
independent and n>p, then |A/[A+B| has a beta
distribution, i.e. beta(n-p+1p). Note that |.| denotes the

matrix determinant.

15
The proof is given in Andersen et al. (1995, pp. 65-66).
Lemma 3: Let x have a beta distribution, i.e. beta(ab).
Then, the distribution of 1-x is beta(b,a) -
20
Proof: The probability density function of x 1is
f(a+b) .., b1
f (x)= x*H(1-x 11
)= e Y (€&
dx
Let y=1-x and thus d—:—l- Hence,
y
I'(a+b _
f(y)=| ) ) = 90 (12)
I(a)r(b)
25

Theorem 2: Let zz,,..,z, be independent and identically



Proof: The probability density function of x is 1,1 f x F(2+F(a)F(b)- Let y =1- x and thus cIx =-1 Hence,
dy dxF(a+_ Yt1(14-1 1Y1=dy f x (Y) - F(a)F(b) 27 distributed as p-dimensional zero-mean complex
Gaussian, i.e. CN(O,:). Then, N-1z*TS-iz is distributed as bact(p,N-19), where S=--LziczTk is the
sample covariance matrix (See N kA Lemma 1). 52F1* Proof: Let A= Ezicz:CW1,(N -1,1) and B =
zizi*T . The symbol IEDc4i "-" means is distributed according to. Both A and B are independent since A
does not include From Lemma 2, it is known that 1111/1A+B1 has a beta distribution, i.e.
distributed as p-dimensional zero-mean complex Gaussian,

i.e. CN,(0,X). Then, N7'z7S™z is distributed as beta(p,N-p),

1S g - " .
where S:—szsz Is the sample covariance matrix (See
k=1

Lemma 1).

N-1
Proof: Let A= Y7z’ ~ CW,(N-1X) and B=zz" . The symbol

k=1,k=i
“~” means i1s distributed according to. Both A and B are

independent since A does not include z . From Lemma 2, it
is known that |A/|A+B| has a beta distribution, i.e.

10  beta(N-p,p).

N
Let C=>7zz"=A+B=NS, then

k=1

A _C-Bl ) 1 ags, (13)
A+ fc] T N

As a result,
1 .

15 1_Wzi Sz, ~ beta(N-p,p). (14)
Based on Lemma 3,
%zfslzi ~ beta(p,N - p) . (15)
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(SAR) images comprising 5- receiving an SAR image, wherein the SAR image comprises pixels, the
pixels being represented by two dimensional complex valued input vectors, each input vector
comprising a horizontal and a vertical polarization value, 10- calculating, for each pixel of a multitude
of the pixels, at least one feature strength parametg®, - calculating, for each pixel of the multitude of
the pixels, a dual polarization output matrix Z out from at least one input vector, wherein 15if at least
one of a predetermined subset of the feature strength parameters has its maximum value, the dual
polarization Gl@unmmatrix Z out is set equal to a dual polarization input matrix Z in of a corresponding
input vector and wherein otherwise, 20the dual polarization output matrix Z out is set equal to a
weighted average of dual polarization matrices, the dual polarization matrices comprising a first dual
polarization datrix & sneithadd Eompliesreskddng syathetimtepanivike3agaKus, - outputting
the calculated dual 8 gzagiﬁﬁg)élémg Hx <5 At 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 first2lual polarizatibRGRAYk W sfictHR theageondiREe bolakRati&hhatMaeethe form w Z struct

+ (1-w) Z radius, Bécymﬁrggb\g i%g)yéqight teﬁg)r@{ygethg V@gpn%f tpgmwégghfe,gg)rwis set equal to

the maximum value of the feature strength parameters. 5 3.Method according to claim 2, wherein the
first dual polarizatidVPaftbin2REhena biesren km vadkiadatsD iite ¥aRtRkDn @AHtising computing

average values of igagi MeQliEfer Mediile ke i GtirSfDxelnwhereietis cal

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 i1nput vector, wherein

15 iIT at least one of a predetermined subset of the
feature strength parameters has i1ts maximum value,
the dual polarization output matrix Z out iIs 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 is 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
Z struct and the second dual polarization matrix of

the form w Z struct + (1-w) Z radius,



10input 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,
15selecting the filter configuration for which the distance of the averaged input vectors to the original
input vectors is smallest outputting the dual polariZaétion matrix of the averaged input vectors of the
selected filter 20configuration 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 whehersin thelfitexr comlightatibas o sarsbftheeevpikel wificikiterrespond to a

horizontal line, av%g I1Ii{§e prrigd'&?en%mq, u%%rqﬁagﬁ%wl\I)H?U%Orgfpectively. 32
nd dua

6. Method according toClaim 3, whereln the calculation of the seco polarization matrix Z struct
comprises forming &g vERREW@ tGEIiang BonadangitiedSinput vectors by concatenating the real
part and the imaginary part of the horizontal polarization value of the input vector and the real part and
the imaginary part of the vertical polarization value of the input vectors 10calculating the distance

betweeR thedriginMethad c2este o8l hiittek oG hatidn atibane ket difpstvetiart of a filter
configuration as th%éq@rqug% ﬂgﬁaﬂ%iiw_eggpgégali\@llé%}ywersfqi&lﬂeé)riginal input vectors

and of the averaged input ) ) o
calculation, the calculation comprising

computing average values of input vectors for
multiple filter configurations of pixels wherein 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 i1nput vectors of the
filter configuration,

15 selecting the fTilter configuration for which the
distance of the averaged input vectors to the
original i1nput vectors i1s smallest
outputting the dual polarization matrix of the
averaged i1nput vectors of the selected fTilter

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.



15vectors. 7. Method according to claim 2, wherein the second dual polarization matrix Z radius is
derived from a calculation, the calculation comprising 20- 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, - estimating a saBPle covariance matrix from the 25selection 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 radius is a function of the covariance matrix and a
30quadratic functioefhgsltaectord indeteominka thelnpwheawdrs fohehizhlibe kahigle squared

radius is not greateépw%@esgglﬁﬂbvaﬂg e‘?f g[a)el B i i%ﬂisﬂMng . §3 éfgpg %ﬂtjmber of determined

input vectors is not greater than the num pixels of an m x m subwindow of the n x n window of
pixels - calculating ¢emgvarageé of the input vectors which 5represent the pixels of the m x m

subwindow and outpyjting the duaj pglajization Matisof FERVaans RS,Ihe Seaepd average Z radius,

otherwise - calculating the average of all input vectors of the n x n window for which the sample
squaredPradius 10id ABUEre¥esTEAKE tY cHREIBRRAITRAS pEbsaniRg bifiabdticnandBatputting the

dual polarization mgmgggqfﬁaggvsg;}ge FFhEEROF BSHISAa Zﬂéi‘ﬁt‘lsi 35 8iMgthediagsording to

claim 7, wherein the n X n window of pixels is a 5 x 5 window of pixels and the m x m subwindow of
pixels is a 3 x 3 wirkibwEbEpikBRUZD YaREtodeatt okiiRg ks ahimadr tyiRiiEintie feature

imaginary part of the vertical polarization value of
the i1nput 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 claim 2, wherein the second dual
polarization matrix Z radius is derived from a
calculation, the calculation comprising

20 - 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,
- estimating a sample covariance matrix from the

25 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
radius is a function of the covariance matrix and a

30 quadratic function of input vectors,
- determining the input vectors for which the sample
squared radius is not greater than the critical

value of the probability distribution,



strength parameters comprise an edge strength parameter, a line strength parameter and a point
strength parameter, and wherein the subset of feature strength parameters comprises a line
25strength parameter and a point strength parameter. 10. Method according to claim 9, wherein the
edge strength parameter is equal to a proportion 0BBixels which are detected as edges and wherein
edges 30are 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.
34 11. Method accdrBiirg® c¢lainbe rwhérale tier e stledgthytars@etarrs eygahota proportion of

pixels, which are dﬁtgﬁ?{lﬁs %@%ghﬁ%ﬂé}jﬂgﬁ:a@q Qgtpgt ccﬁpr%ing ta a constant false alarm
e line dete e

rate line detector a ) ction comprises the use of predetermined line templates which
comprise two test régiongndew oo hixelre 10 20, Mmethodwcoimg ¥xediaim 9, wherein the point

strength parameter_is ggwebtpaatﬁ)ﬁg)%y@ gl Rixslse WhiENRE qqugd\?esoqug %ﬁwﬁerein points

are detected according to a constant false alarm rate point detector and the point detection
15comprises the udecoi s prstietdingined pokd tehpkite whieh BoppRYdSeay tedegions rl, r2 of

mxeb.13.Conunn%m%5@@QI egWg189@pﬂé@g&;{g@ﬁ¢bﬁXﬁg%§h§rgﬁg%ﬁgcodeforexemﬂW@

the steps of a 20method according to claim 1. 14. Computing device for executing the steps of a
method according @“G&iAYE. @‘§1§hﬁaaﬁpm%@yl%@§§ng_s%féhh’%nfbﬁlﬁﬁ‘@’\thﬁ%omputing device

according to claim 14calculating the average of all input vectors of
the n x n window for which the sample squared radius
10 IS not greater than the critical value of the
probability distribution and outputting the dual
polarization matrix of the average as the second

average Z_ radius.

15 8. Method according to claim 7, wherein the n x n
window of pixels is a 5 x 5 window of pixels and the
m X m subwindow of pixels 1s a 3 x 3 window of

pixels.

20 9. Method according to claim 1, wherein the feature
strength parameters comprise an edge strength
parameter, a line strength parameter and a point
strength parameter, and wherein the subset of
feature strength parameters comprises a line

25 strength parameter and a point strength parameter.

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

30 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.
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34

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

which comprise two test regions rl, r2 of pixels.

Method according to claim 9, wherein the point
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
which comprises two test regions rl, r2 of pixels.

Computer readable medium comprising computer
executable program code for executing the steps of a
method according to claim 1.

Computing device for executing the steps of a method

according to claim 1.

Radar image processing system comprising the

computing device according to claim 14.



