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Abstract

Project Code : RSA4580027
Project Title : Improving Power and Adaptation Efficiency of the

Least-Means-Square Adaptive Filtering Algorithm by

Adjusting the Filter Order and the Adaptation Step-Size
Investigator : Chedsada Chinrungrueng

Department of Electrical Engineering, Chulalongkorn University
E-mail Address : Chedsada.C@Chula.ac.th

Project Period : 3 years with a 3-year extension

An hearing aid is an equipment used for amplifying the audio signal in order to
enhance the hearing efficiency of people with hearing impairment. One major problem
that hearing aid users usually encounter is screeching sound, which results from acous-
tic feedback in hearing aid. One effective and widely used solution for solving this prob-
lem is to employ an adaptive filter to produce signal for canceling out the acoustic feed-
back signal. Usually, the traditional Least-Mean-Square (LMS) algorithm is employed to
adapt the coefficients of the adaptive filter of fixed order. As such traditional LMS al-
gorithm consumes large amount of power, making it uneconomical to employ in hearing
aids which are driven by battery. To reduce such power consumption problem, this re-
search studies methods for adapting the filter order and the step-size. The research
also investigates architectures that are simple enough for hardware implementation.

In addition to the main research above, this research also adds the
supplementary part, which is the application of the least squares principle in reducing
the speckle noise in synthetic aperture radar (SAR) and medical ultrasound images.
The least squares principle is the same one as used by the LMS algorithm. In
investigating optimization techniques for adapting the LMS filter order, we find that the
averaging the LMS filter coefficients over time can be applied to process SAR and
ultrasound images. This time-averaging principle is used to improve the 2-dimensional
Savitzky-Golay filter--the least-sqaure-type filter that aims to fit the data with a given

polynomial function.

Keywords : Acoustic feedback cancellation, LMS adaptive filter, adaptive tap, step-

size, SAR image, ultrasound images.
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Combining Savitzky-Golay Filters
and Median Filters for Reducing
Speckle Noise in SAR Images*

Chedsada Chinrungrusng

Department of Electrical Enginesring, Chulalongkern University
Bangkok,10330, Thailand
chedsads.cfichula.ac.th

Abstract — This paper describes o new fiter devel
oped for reducing speckle noize in SAR tmages. The
new fiter, referred to ge the Savitzky-Golay median ky-
brid filter, ie a two-dimensional extension of the one-
dimensional FIR-medien hybrid filter. R operates by
performing a seriea of two-dimensional polynomial leaat
aquares filting, and definea fte output g2 the meadion of
the reaults obtained from such lenat aquares fite. The
polynomal least aquares fitting performed in the new
fiter ie efficiently tmplemented based on the simplified
procedure developed in the Sewtzby-Golay filter. The
performance of the proposed filter @2 compared with that
of the median filker, the Lee filter, and the Frost filter
in reducing speckle noise of a aymthetic fmage and of o
real aynthetic aperture radar (SAR) image.

Keywords: Speckle nobse, Savitzhy-Golay filter, me-
dian filter, the Les filter, Kaun filter, the Frost filter,
synthetie aperture radar (SAR) images,

[
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=

Synthetic aparture radar (SAR) imaging techniques
are widely used for defense and security applications,
such as reconnaissance, surveillance, targeting, and
change detection. While SAR can provide sufficiently
high resolation to distinguish terrain features and to rec-
ognize and identify selected man made targets, the pres
enoe of random speckle noise, caused by the interference
of reflected radar wave fronts, makes computer-aided
SAR image processing and interpretation a highly dif-
ficult task. It is thos necessary that we remove speckle
nokse from the images before they are further processed,

Commanly wsed linear low-pass filters are not suitable
for reducing the speckle noise of SAR images sinoe they
eliminate the high frequencies and thus tend to amocth
out the image edges. The median filter and several of its
sdaptations (see review in [1, 2, 3]) have been applied

*0-T80A-7 0527 03 FELT.00 S 2003 IEEE.

to reduce speckle nolse in images and shown to be ef-
fective in suppressing noise as well as preserving image
edges originating from intensity discontinuitiss. How-
avar, sinoe these madian based filters use only rank-crder
information of the input data within the filter window
and diseard the originel spatial-order information, they
might cause edge jitters and are usnally limited in pre-
sarving fine and smooth image details.

Commaonly used filkers for reducing speckle noise in
SAR images include the Lea filter [4, 5], the Kuan filter
[6] and the Frost fitter [7]. The Les and the Kuan filters
generate their output images by computing & lnear com-
bination of the center pixel intensity in the filber window
with the average intensity of the window. Essentially,
they aim to achieve a balanece betwesn the straightfor-
ward averaging filter in homogeneous regions, and the
identity filter in edge and point feature regions. Simi-
larly, the Frost filter also attempts to obtain a balance
betwesn sveraging and identity filtering by forming an
exponentially shaped filter kernel that can vary from a
bazie avaraga filtar to an identity filter on a pointwisa,
adaptive basis. Ewen though these filters have shown
o be better in reducing speckle noise while retaining
image edges and detail shape features than the median
filter, their ability to suppress noise near edge and fea-
ture regions are imited. When any portion of the filter
window contains an edge, the filter will act as an iden-
tity filter, allowing notse or speckle in the neighborhood
of an edge or in the neighborhood of & point feature with
high contrast to remain unsuppressed.

In this paper, we describe a new filter, referred to
as the Savitsky-folay (90 medan hybrid Sler, devel
opad for reducing speckle noise in SAR images. The
new filter is a two-dimensional (2-D) extension of the
one-dimensional (1-D ) FIR-median hybrid (FMH) filter,
The FMH filter has bean inttially invented for reducing
gaussian noise in one-dimensional (1-DY) temporal sg-
nals [, 8). It operates by first performing & series of
1-I» predistive finite impulse respomse (FIR) filtering on



sample set drawn from different segments of an 1-D in-
put data sequence, and defines its cutput as the median
of the results obtained from all the FIR filtering, The
FMH filters employing the £-0 masn fiters and with
1-I} FIR predictive filters a8 its pre-proceasors have also
bean applied to reduce noise in the image data [10].
In order to utilize the full potential of the FMH archi-
tecture, we generalize the 1-D predictive FIR filtering
operation in the original FMH filter into that of 2D
polynomial lenst squares fitting, which s implemented
in the form of a linear funetion based on the principle
deweloped in the Sawtxy-Golay filter (11, 13].

2 BSavitzky-Golay DMedian Hy-
brid Filters

In this section, the formulation of the SG-median hy-
brid filber is deseribed.

Let an image of M = N pixals be represented by a
2D data array f(i,j), where i € [1, ..., M] and j €
[1, ..., N]. Consider the sample pixels inside a (2L +
1} (2L 4+ 1) window centered at position (i,7). Define
L41 subwindows: wa(f §), . wlfd)y . o0, wega(i, i)
where

i, j)={fli+mj+n): —I+l=m=<i-1,
“l+i<m<l-1} i)

For each subwindow wi(i, i), we assign polynomial pr of
the form:

mim,n) = E E @yl i) m'nt, (2)

a=0¢=10

where m and n are integers defined according to (1), and
& and T are the highest order of m and n, respectively.
The soefficlents a;(z,t) are derived by teast pquansa fit-
ting polynomial py to sample pixels fiim j4n contained
in subwindow w (i, j). The output of the SG-median
hybrid filter at position (i, j) is then defined as:

!.I'l:i,j} =madlan[p|[l],l1}, v :PI-+|[[|:“}]' (3}

In order to perform polynomial least squares fitting
afficiently, we thoose to utilize the principle developed
in the Savitzky-Gaolay filter [11), which allows us to ac-
compplish such least squares fitting operation by simply
caloulating the linear combination of sample data. Sines
the original Savitzky-Golay filter s formulated based on
the least squares fiting of a 1-D polynomial function to
1-D temporal dats points, we need to extend such filter
into the case of fitting a 2-D polynomisl function to a
2-D array of image data.

Let & dencte a wvector sontaining all cosfficients
&g 1) of polynomial py which is least squares fitted to
image dats fiym jin D subwindow wy (i, §). To arrangs
all coefficients a; (&, ) intoauch vector, we re-order them
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serially based on index r € [1, ..., (§+1)(T +1)]. In-
trodueing index funetions:

8lr) lir = 1)/(T +1)]
t(r) ir — 1) mod (T + 1),

whera | | denotes the floor function and mod the mod-
ulo function, we define & to be

A= () ) =1, (S + )T+ 1) (4)
Similarly, by imtroducing index funetions:
mig) g — /(A -1)) -1+1
nig) = (g—1)mod (A -1)-1+1
we ean put f(i +m,j + n) contained in we(i, j) into
vector form as
i = (fli+mig)i+ni@)ig=1,...,
(2 -1 )" (5)
Based on the above definitions of @; and fi, we can
thus express the objective function of least square fitting
polynomial oy to dats f‘, as!
e = (Ad — fi)T (Ad - fi), i6)

where A is & design matrir [13], of which the grth ele-
ment is defined as

Ay =migil nig)te. (7)
The solution vector &, that minimizes objective function
(B) ean be exprassed in matrix notation as

d= (ATA) M (AT ). (8)
As py (0,0} i3 equal toa,(0,0), the first element of veckor

&, it can be symbolically expressed according to Bg.(8)
as:

(2r-1y7
mi0,0) = 3 agfli+mighi+nig)) (9)

g=1
whera

0y = {(ATA) (ATE)},. (10)
Motation &, denotes a unit vector of which the gth ale-
ment is equal to one, and { }; denctes the first element
of vectar. Eq. (0) indieates that there exists a partbe-
ular set of coafficients o, which allows us to sutomati-
eally accomplish the process of polynomisl least-squares
fitting by simply calculating the linear combination of
The fact that coafficient oy depends only on design ma-
trix A and that design matrix A is known in advance
permit us to compute coefficient oy prior tothe filtering
oparation. Moreover, sinee design matrix A is constant
for all position (i, j), we need only to compute the coaf-
ficlent oy once for the entire filtering operation, making
the process highly computation efficient.
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Figure 1: (&) The synthetic test image consksting of
200 = 200 pixels. (b) Edges of (a) assuming that is
spackle noise is perfectly removed.

2 Performance Evaluation
In this section we empirically evaluate the SG-median
ybrid filter (describad in Section ) on two demonstra-
tive problems: a synthetic image and a SAR image.
The performance of this new filter on speckle noise
reduction and on edge preservation is compared with
that of the following three filters:

# The median filter: The median filter defines fts ont-
put at position (§,7) to be the median of all the
pixals within the filter window,

# The Lee filter: The cutput of the Les filter at po-
sition (i, j) is defined as:

Y6rd) =p + e (70d) — ),

11
T ()

whera y, oy, and o, are the mean, the stand de-
wiation of all pixels within the filter window, and
the standard deviation of the speckle noise, respec-
tiwaly.

» The Frost filter: The output of the Frost filter at
paosition (§, §) is defined as:

Epaim,n)fii+m,j+n)
Fpoa{m,n) ’

whera T i3 the sst of all m and n in the filter win-
dow, and

Wi i) = (12)

(12)

Parameter & is a damping factor for defining the
rate at which o approaches zaro,

a(m, n) =exp [—ﬂ:j {m? +n? )

In the first problem, we measure the performance of
the aforementioned four filters on the synthetic image
depicted in Fig. 1 (a). The image consists of 200 x 200
pixels, and is generated by function:

flin ) = coa(0.3 x 1073 +28%% +5%)),  (14)
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where ¢ is defined over 1,..., 200 and j over 1,..., 200,
To simulate speckls noisa effect, we multiply sach pixal
by & random walue generated according to the Rayleigh
probability distribution of mean 1, which s squivalent
to the standard deviation of 0.274. We show in Fig. 1 (b)
the ideal edge of such synthetic test image assuming that
its speckle noise is perfectly removed,

A series of experiments are performed: the S5G-
median hybrid filter, the median filter, the Les filter,
and the Frost filter with window sizes ranging from 3=5,
T= T, ..., 87 = &7, 58 x 50 pixals, are applied to process
the test image. For each filtering operation, we mea-
sure its ability to reduce speckle noise by the normalized
mean-spuare error (NMSE)

Eal friaeered — ”'2
Eﬂ(-fmuw: - r}z !

where {1 i a set containing all the pixels in the image.
Notationg fimag.: f 800 fraseres stand for the pixel in-
tensity of the test image, the pixel intensity of the un-
derlying funetion, and the pixel intensity obtained from
the filtering operation, respectively.

For the parameters used in the experiment , we simply
define polynomial py of the S5G-median hybrid filter to
ba of order twe in both m and n. Ideally, we should de-
fine the order of polynomial py to match the underlying
strocture of the test image. However, sinee the undarly-
ing image strocture is wried from location to loeation,
it is impossible for only one polynomial function to ac-
commaodate the entire range of image structures, We
tharefore alternatively choose to define the order of the
polynomial to be two 50 that it has the smallest number
of parameters, whizh helps improving the robustness of
the least-square fitting, For the Lee filter, we sot oy
to ba 0.274, &8 indicated by the standard deviation of
the Rayleigh distribution used in speckle noise genera-
tion, and for the Frost filter, we set & to be 0.9, sinoe
this width is found to gives the Frost filter ihe smaiiest
minimum NMSE.

Fig. 2 plots the NMSEs of the $G-median hybrid fil-
ter, the median filter, the Lee filter, and the Frost filter
as functions of filter window width, Each NMSE here
is obtained from ensemble averaging 10 different real-
fzations of Raylelgh noise. The figure illustrates that
the SG-median hybrid filker achieves the smallest mini-
mum NMSE of 0.0114, when compared to {he minimam
of 10,0338 obtained by the median filter, the minimum
of 0.06T2 by the Lee filter, and the minimom of 0.0164

Far dhn Thnst BlEor Treastlonidn- dho chowo cdboelobion ~F
OF if FIsin oET, aMVESUEESInE wid COAlAccelsEuds o

the NMSE curves, we find that the NMSE's of the me-
dian filter and the Les filter decreass to ench of their
minima at window width of 9 and then monotondcally
incremss rapidly with window width. For the Frost fil-
ter, its NMSE decreases to the minimom at window
width of 11, and then stays almost constant even as the
window width increases. Similar trend s also found in

NMEE =

(13)



Figure 2: Normalized mean-square errors of the SG-
median hybrid filter, the median filter, the Lee filter,
and the Frost filter as functions of filter window width.

the WMSE ourve of the SG-median hybrid filter. The
NMSE of the SG-median hybrid filter decreases initially
to the window width of about 23, and after such width
stays almost constant. The fact that the NMSE's of
the SG-median hybrid filter and the Frost filter stay al-
most constant for large span of window width indicates
that their performance is rather robust to the window
width. However, the experiment has shown that the
performance of the Frost filter highly depends on pa-
rameter #. It is neccassary that we select parameter 3
carefully in order to obtain its optimal performance.

Fig. 3 depicts the results of the synthetic test image
after having been processed by the SG-median hybrid
filter (window width of 35), the median filter (window
width of 8), the Lea filter (window width of 8), and the
Frost filter (window width of 11). These wind ow widths
are chosen since they allow all four filker to achieve their
eorresponding minimum NMSE's (see Fig 2). Note that
the quality of the images obtained from the SG-median
hybrid filler and that from the Frost filter are highly
simiiar. For ihe resuliani image obtained from e Lee
filter, we sea that there still exist large number of speck-
les scattering in the image.

To compare the affectivenass of all the four filters
In preserving image details, we passad the results ob-
tained from the four filters as inputs to Cenny's edge
detector [14] and visually investigate the quality the de-
tected edges. Fig.d depiets the resnltant edges of the
filtered images in Fig. 3. Motice that even though the
filtered image obtained from the SG-median hybrid filter
(Fig. 3 (a)) might visually look equivalent to that from
the Frost filter (Fig. 3{d}}, the sdges obtained from the
SG-median hybrid filter (Fig. 4 (a)) are much closer to
the ideal edges depicted in Fig. 1 (b) than those obtained
from the Frost filter (Fig. 4 (d)).

In applications where filtering neads to be parform in
real time, it is neccessary that the computation com-
plaxity of the filtering operation be amall, 1.2, the num-
ber of arithmetic operations involves in filtering is small,
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Figure 3: (a) Resultant image cbtained from the SG-
median hybrid filter with window size of 33 =« 35 pix-
als. (b} Resnltant image obtained from the median filter
with window size of O x O pixels. (¢) Resultant image
obtained from the Lee filter with window size of O =« 0
pixels, (d) Resultant image obtained from the Frost fil-
ter with window size of 11« 11 pixals,

As the SG-median hybrid filter with window width of
2L + 1 consists of L subwindows and each subwindow
wy involves 20 FIR filtering of order (20 + 1){21 +1),
ita computation complexity can be exorbitantly too high
for most real-time applications. Omne alternative to lower
fts complexity is to include fewer nomber of subwindows,
Instead of employing all L subwindows (g, ..., W),
we can employ only the largest K subwindow: wy, g,

1z, whapa K = [, Howaver, such redustion in the

ooy Wy, WOEE 2 av SOREEVET, BNOT TEOUITION

computation complexity can result in the degradation
of the filter performanee. Fig. 5 depicts the NMSE's
of the SG-median hybrid filter with different nuombers
of subwindows to illustrate the trade-off betwean the
number of subwindows and the SG-median hybrid fil-
tering performance. Note that even the most simplest
ease of the SG-median hybrid filter (where K = 1) can
still achieve the minimom NMSE of 00138, which is
kower than those of the median filter, the Lee filter, and
the Frost filter (ses Fig 2). The figure also shows that
the robustness to the window width, which indieates by
the flatness of the NMSE curves, ssems to decreass as
the number of subwindow decreases.

Az & complimentary study to the first problem, we
evaluate the performance of the SG-median hybrid fil-
ter, the median filter, the Lee filter, and the Frost filter
on the SAR image depicted in Fig. 6 (a). The image por-
trays a rual scene and conslsts of 512 = 512 pixels. Note



Figure 4: (a) Edges of the synthetic test image pre-
processed by the SG-median hybrid filter with window
size of 35 « 5 pixels. (b} Edges of the synthetic test
image pre-processed by the median filter with window
siza of 9 9 pixals, (o) Edges of the synthetic test image
pre-processed by the Lee filter with window size of 9 =
8 pixels. d) Edges of the aynthetic test image pre-
processed by the Frost filter with window size of 11 2 11
pixals,

that there extst black and white speckle dots scattering
over the entire test image. Fig 6(b) portrays the edges
derived by applying Canny's edge detector directly to
the SAR image without any filtering. K appears to
contain nomerous noise edges masking the real image
structure, thus making it impossible to distinguish any

datail out from the hadoground.

The SG-median hybrid filter, the median filter, the
Laa filtar , and the Frost filter with window sizes ranging
from 3= 3, 5= 8, ..., 57 = 37, 00 = 39 pixels are wsed
to filter the SAR test image. For the parameters wsed
n the experiment, we define polynomial gy of the 8G-
median hybrid filter to be of order two in both m and =
‘We set 7, of the Lee filter to be 0.274 and # of the Frost
filter to be 0.3, The images obtained from these four
filters are passed as nputs to Canny's edge detestor, and
the resultant edges are then wisually judged for those
oan still manifest detail Seatures of the imaga,

Inspecting both the filtered image and s correspond-
ing edges obtained from the four filters, we find the
window size of 37 = 37 pixels to give best compromise
betwean the fine detail preservation and speckle noise
suppression for the SG-median hybrid filker, the win-
dow size of 9 O pixels for the median filter, the window
size of 11 = 11 pixels for the Lee filter, and the window
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Figure 3 Normalized mean-square errors of the 5G-
median hybrid filter with different numbers of subwin-
dows,

size of 9 = O pixels for the Frost filker. Fig. T depicts
the resultant images obtained from the four filters with
the abowe specified sizes, and Fig § their correspond-
ing edges identified by Canny’s edge detector. The ex-
periment also reveals that the performance of the SG-
median hybrid filter is less dependent on the window
size compared to the other filters; the resultant images
obtained from the SG-median hybrid filter have almost
similar quality for window sizes ranging from 31 = 31
pixels to 45 = 45, while the results generated from the
ather filters have their quality deteriorated quickly when
the window differ from the above specified sizes.

Comparing the quality of all four images in Fig. 7T,
we can see that the one obiained from the median fil-
ter stratifies into bands and patches of grey intensities,
while those obtained from the S5G-median hybrid fil-
ter, the Les filter, and the Frost filter look similar to
the original image but with less speckles. Investigat-
ing the adges obtained from these threa filters, we find
that the quality of the edges derived from the Frost fil-
ter (Fig. & (d)) appears to contain more spurious edges
than the other two (Fig.8(a) and (¢)).

Comparing the performanee of the four filters in these

(=)
Figure §: (a) The SAR image consisting of 312 « 512

pixels. (b) Edges derived by applying Canny's edga
detector directly to (a) without any filtering.
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Figure T: (a) Resultant image obtained from the SG-
median hybrid filker with window of 37 = 37 pixeals.
(b} Resultant image obtained from the median filter
with window of 9 = 0 pixels. (¢} Resultant image ob-
tained from the Lee filter with window of 11 = 11 pixels.

(d) Resultant image obtained from the Frost filter with
window of 0 = 0 pixels.

two test problems, we find that the S5G-median hybrid
filter appears {0 suppress noise and pressrve edges and
details equivalently well in bath tast problems, while the
Les filter performs well only in the second problem and
the Frost filter only in the first problem. Sincs the un-
derlying intensity funetions of the two test images arees
sentially contrary, i.e., the underlying intensity function
of the first test image is continnally varying while that

i Ahn snnmnd bnek brm o de At A b e s e
o wE S800N0 (ES REaEE 15 Sl Th O0INOEenstis

constant nature, the above obserwvation indieates that
the SG-median hybrid filber is more fexible than the
Lee filter and the Frost filter in adapting itself to match
the underlying intensity funetion of the image, thus al-
lowing it to preserve edges and details of the image more
affsctivaly. In addition, the above two experiments also
lstrate that the Lee filler performs efficiently in im-
ages of homogeneous intensities, while the Frost filter
perform efficiently in images with continually varying
ntensities.

Fig 8 deplofs the resulls of the SAR fest Ima
having been processed by the SG-median hybrid filters
employing different number of subwindows, The win-
dow widths of each SG-median hybrid filter is dhosen
&0 that each filter can achieve its best performance in
preserving edge and amoothing speckle notse, Mote also
that the SG-median hybrid filker with higher subwin-
dow requires a larger window width than that with low
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Figure §: (a) Edges of the SAR image pre-processed by
the SG-median hybrid filter with window size of 37 = 37
pixels. (b) Edges of the SAR image pre-processed by the
median filter with window size of 0 = 3 pixsls. (¢} Edges
of the SAR image pre-processed by the Les filter with
window size of 11 x 11 pixsls. (d) Edges of the SAR
image pre-processed by the Frost filter with window aize
of 9 = O pixels,

number of subwindows. As one might sxpect, the SG-
median hybrid filter with higher number of subwindows
tend to produce sharper edges and less eluttering noise
than that with lower nomber of subwindows, indicating
the trade-off between the computation complexity (i.e.,
number of subwindows) and the filtering efficiency (L.,
edge presarvation and notss suppression ).

4 Conclusions

The preliminary evaluation in Section 3 indicates that
the SG-median hybrid filter s more effective in reduoe-
ing spackle notse and in preserving image details of SAR
images than the commaonly wsed median filter, the Lee
filter, and the Frost filter. This better performance of
the S5G-median hybrid filter is attributed to its ability
to effectively utilize both rank-order and spatial-order
information of the image data in the filter window, Con-
trary to the other filbers which attempt to estimate the

B e R R e s T oL R ) o )
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median hybrid filter derives the image estimate via the
much flexible 2-D polynomial least squares fitting, thus
resulting in the estimate with smaller statistical bioa
Az the median estimator is highly robust to statistieal
outliers, by defining the output of the SG-median hybrid
filter to be the median of the least squares fits from all
subwindows, we make such output insensitive to small
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Figure 3 (a) Edges of the SAR image pre-processed
by the SG-median hybrid filker with 18 sobwindows
and window size of 37 « 37 pixels. (b} Edges of the
SAR image pre-processed by the SG-median hybrid fil-
ter with 10 subwindows and window size of 20 = 20 pix-
els, (¢} Edges of the SAR image pre-processed by the
SG-median hybrid filter with 5 suobwindows and win-
dow aize of 25 x 25 pixels. (d) Edges of the SAR im-
ags pre-processed by the SG-median hybrid filter with
1 subwindow and window size of 21 = 21 pixels.

departure from the idealized sssumptions for which the
least squares fitting s optimized, thus enabling the fil-
ter to perform persistently well on an average. Further-
mare, the SG-median hybrid filber also appears to be less
sensitive to the size of the filtering window compared to
the other filtars.
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Abstract — Thes paper desoribes a new fillering alogo-
rathen developed for real-tiene speclle reduction and -
herenee enhancenent of altmsound images. The nee fil-
ter, referved to as the Auisotropic Saviteky -Golay filter,
1 the tao- dimenstonal wetghted Samitady- Golay filter en-
haniced weth o mechanism for adjiusting both the degree
and direction of the smootfing to matel the andsotropie
properties of each looad regions in the fmage. The results
comnparing Che new filter with Adeptioe Spectde Redue-
teon and Adeptioe Wesghted Median filters on a spn-
thetee test pattern and oo altrasosand yroid mage ae
alse reported.

Keywords: Speckle  reduction, colsrence  enlanes-
ment,  amsotrope  Saviteky-Golay  filter,  Adaptive
Speckle Reduction, Adaptive Weighted Median filter
ultrasoumd nages.

1 Introduction
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pretation and compuater-aided uhrasowsd image diag-
noais a lighly diffienlt task. It ds ths meosssay that we
rempove speckle noise from the inages befowe they ae
Turthser processed.

Filters developed for veal-time speckle reduction in
ultrasoumd inages inchede Adaptive Speckle Reduction
[ASR) and Adaptive Weighted Median [AWM) filter-
ing. ASR filteving || depends on the sigual-to-mise
ratio [SMNR) to deflne a varying degree of smoothing ac-
cording to the deviation of the speckle pattem from the
Tully formed speckle ([FFS), which is known to follow a
Rayleigh distribution. e AWM fitecing |3], each out-
put pixel is replaced hy the weighted median of a local
meighborhood whose widih s detenmised based on the

"l THI-4 GHt-T A0 SR04 8 2004 TEEE.

SNER aound that pixel. However, these filtes possess
lmited ability in coberent enhapcement since they con-
cern only the degree of smoothing, ignoving to adapt
their smoothing divection to conform to that of the dm-
[rlrie I'I?ll‘ﬂl'.l!f'f.l!.ly. W Ili'::ll Al -I"HZ" j’l'::l”l. '::'::IIH”!HJT L1 :"l]!x:”lﬂ.l
struetwes at each loeal region.

[l] TJJi:" PR, W ':!1!":“ il]!! AL ﬁlTE!l i”H ﬂ.lH‘::’l iTIJul.
developed Tor real-tim e speckle reduetion amd coherence
ﬂllllﬂ.lx:!!”l!!ln '::d. ”ITlﬂ.""::l”l]':! il]lﬂ.'laﬂ!'. Tlx! 1y ﬁh‘!!l . A=
ferved to as the anisotmpic Saeitzky Golay [ASG) filter
i5 the two-dinwosional [2-D) weighted Saviteky-(Golay
[WEG) filter 2] enbasced with a mechazm for deter-
mining the filker weighting so that both the degree and
direction of smoothing match the anisotropic properties
'::J Qm:ll I'::'::ﬂ.l |1u&i(:'|l‘ iJJ TIJ!! ilJlﬂ.'laE!.

2 2-D Weighted Savitzky-Golay

Filters
Lt s hienge of [7 @V pixels be vepresented by o 2-D
data aveay fluw,v), wherew € |1, ..., D ande e [L, ...,

i'_l. Drefiise o (2L 4 1= 20 + 1) window centeved at [, )

il

D=1 fli+mi+n):—L<m=l
—Leu<L} ()

Let pi; be a 2-D polysomial of the form:

5 T
il n) = Z i gla et [2)

-

wlhere me amd noave integers defined acoording to (1), amd
oo ST a o x . L
5o T oawe the highest ovder of e amd o) oespectively
The 2-I weighted Saviteky-Golay [W5GE) filtering al
gorithm eomputes the output at pesition (i, §) by least
sgpuares ftting polyieomial g ; to the pixel intemsity f
comtaimed in window T j; and then setting the output
of the flter to be pi (0,00, namnely a0, 00



Thee o bjective function of the least squaves fitting em-
|.|]l::-_'fzsd in the 2-D W53 ﬂtu]ng is defined as:

z wy sl fli+ e, 5 +n) —;|'J,\J;[m,ri:lj-2I [E3]

manEd,

wlhere wy s a welghting funsction defised over the win-
dow T ;. In ovder to perform polynomial least squaces
firting efficient]y, we cloose to extend the pisciple de-
veloped in the 1-D Saviteky-Golay filtecing algorithm
HJ, which was jnitially used to render visible the rela-
tive widths of the eights of spectral lises i misy spec-
trometrie data. Such pinciple allows us o reduce the
2-I polynomial fitting to sinply ealeulating the lnear
coinbinaticn of hnage data § in T, ;.

T dewive gy ; [(,0), we start by defining 4 ; as a vec-
e ecutaining all cosficients o (s, 0 of polyomial p, ;
defined in [2). To aoange all coefficients a; (s, 1) ioto
suech veetor, we re-order them sedally based on index ¢

ElL L (50T + L) Dsteedieing hedex funetions:

= 1T+ 1]
[r = 1ymed [T+ 17,

slr) =
trl =

| denotes the foor funetion and mod the mod-
wlo funeetion, we can write &5 in the oo

E.J = [u:[.-l[r:lI [[r:l:l i =J.I ,[5 + l:I[T + l:l:lr. [-‘I:I

whe e

Similacly, by iutroducing isdex funetioonms:

Jg =R -1 - L +1
[ — Dymed [2E — 1) — L 41

il
nly) =

wie can it f[i+ e, 5+ n) econtained in T ; jnto vecton
ﬁn]ll =

Fig=Ufl+mlg), +nulg)) g =1, (2L — 1137

(%
Based on the above definitions of o ; ad _ﬁ__,-, we define
the design matix A as

Agr ="![q:|"=’| H[q:I”r'_ i6)

Corves pomsdingly, we can rewritten the least squares ob-

jective funetion defined in [(3) as
s = [Adiy — i) "W (AG - fi) (T

where W is a diagonal matrix with its gth diagonal el-
et defined as wy (melg), nig)). Selving the normal
equation with mespeet to the above ohjective function,
we have

iy o= [ATWA);HATW ) [£1

As p; (000 B oegqual to o (0, 00, the first elamsnt of
I, it can be ."r_-fﬂl.hl:ﬂ.ii:.u]]_'f Hx|nm5&nd m:i:l:ndjng

verton o g,

1o Eqq.[8) as:

| -1)®

Pl 0 = % by fli+wly) i+ ulg)), (9)

q=1
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w e

By o= {(ATWATHATW (10

Notation & desotes a unit vector of which the gth ele-
upent is egqual to ooe, and |} denotes the fiust elemet
of vector, Eq. [9) ixlicates that there exists a pactie-
ular set of cosflicients b, which allows us 1o automati-
cally aceom plish the puoeess of polysoanial least-sgquares
fitting by simply ealeulating the lisear combination of
Tmage utensity i+ § 4+ w i window T4 ;. Te
fact that cosfficient by depends only on design matrix
A amd that such matrix A is koown in advanes permit
us to eompute cofficient by poor to the filtening oper-
ation. Moveover, sinee design matrix A s costant foo
all position (4, §1, we need only to compute the coeffi-
chont b oo for the eutive filkecing operation, making
the process highly computation efficient.

3  Anisotropic Savitzky-Golay

Filters

The Andsotropic Savitzby Golay [ASG) filter §s the
[2-D) WS filter enhaseed with a mechanizm for de-
termining the kast squares weighting so that both the
degres and divection of smoothing matel the ankotropie
propecties of each local regios in the lmage. The ASG
filtering algorithm can be viewed as a two-stage process
cutlined helow,

The first stage coomputes the mage anisotoopy doe
1o the local eoherence, As the colerence is reflected in
the keal eontow and its associated curvature prineipal
divection, we propose tomeasure sueh anisotiopy at po-
sition [i, §1 by the local curvatuces [egenvalues) of the
Hesslan matix:

[ flii) fuli, )

| el §) fli ) ] (11}

To compute devivatives fun, fue, amd foo, we apply
the principl of the least squaves polynomnial surface fits
similar to that employed in the 2-I WSE filtecing [de-
seribed in section 2). The difference is that, jistead
of computing coefficient a ; (0,00 as o the WS filter-
Ing, we oompute ai (2,00, a1, 1), amd w00, 2); amd
then use these deived coefficients as the estimates of
Fuali, 70, Feuli, 51, awd foold, §), vespectively. Boo all of
these derivatives com putation, we set all the weighting
Tumetion wi ;j to be the neutral valee of oee.

Tlee secomd stage peforms the WSGE filtering. Tn o
der for both the degree and divection of the WSGE filter
1o oo o the Dnage anisotoopy, we cloose 1o defise
the weighting funetion w; ; in the least squaes ob jec-
tive funciion (3] by the curvatues ad their associated
primcipal divectioos dedived foom the first stage.

Let A be the maximum cwvatwe asd Ay be the
i eurvature. Based on the absalute difference
|14 = |Aa ||, we classify each local vegion within the
Tmage uto one of the following thiee categodes:



1. Eotropic regions, which cormespomsd to mage aveas
with ||J||_| - |J|g|| < E where ¢ §5 a |Jl::eij1‘.iwe value
Visually, such regions reflect inage
areas with no colerent or specular structues, and
ave corrupted with fully foomed speckle. The WS
filter for suppressing speckle woise o these aveas
employs the welghting function wi j of the foom:

close to zero.

wi gl n) =a™

[z
where o is a |Jl::eijtj'\.-v. munher less than LEDT 2N s fou
controlling the degree of smonthing, As this weight-
g Funee tica is fnvaciant with respect o the otation
avoumnd the window center [i, 5], the resultant WS

filter possesses lsotropie smoothing chavacteristio.,

2. Anisotropk regions, which correspoasd 1o lmage ar-
ans with « | |4 — |Aa]| < 8, whare § E a
threshold determined based on the speckle statis-
ties, These local wgios viEwally reflect avaas with
spatially varying wesolved struetues, To define
the weighting funetion wy ; for suppressing noie in
this auisotropie regios, we investigate the odenta-
tion of the principal coroatare arees o the coordi-
water of filter window Dul as depieted in Figue 1.
Let iy be a wnit vector vepresenting the prancipal
e un cureatare direcfion awd of; be a unit vee-

tor representing the principal mindmum curvature
direction. For any pixel [we,n), we define vector @
podmting from the window center (i) 11 to such po-
sition [ne,nl.
It two eoan ponsents based on the pew cotrdinate
sy st ovkeuted aceovding to of) and o as:

Buel veetor f can be decomposed

f=reosfa — 800+ ¢ sinfa — 80, [13)
where r = [0# + 0214, o = wetan(nfw), axl 8
B the angle hetwesn o) amd F-axis, To ocouteel the
amoothing divection of the ASG filker so that the
deguee of smoothing alogg ;15 higher than that
along oy, we choose to define the weighting fusetion

K

L
L
]

“Hr sin e - #)

)
Ca
- ""ﬁ'm[u L
'E?\ fid tﬂgll el

— [
[i.2]

Figue 10 The coientation of the oorvatoee divections o
the eooudinate of window T ;
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f:LH

e {a-F] _rfEnta-§)
wy e, n) =) ay .

[14]
whiene TR G I and oy are constants awld sat-
Isfy condition 0 < & < o3 < 1,50 that the fikering
can be mow smocth aloosg the sf-divection than
along the fi-divection.

A, Bpecular vegions, which corvespond to nage aveas
with | |A | — |Aq]| = 4. The exampls of the spec-
ular uq{jl::ulri HUE Gaghn surfaces amd blood vessals,
For these regions, the normal 2-00 WS filkering is
reducad 1o be merely a 1-D smeothing in the prin
cipal minimon vaiation divestion.

For the WHE filter employed in each category to gen-
erate its output efficiently, we can pre-com pute the fil
ter coeflicients wing the formula deseribed o section 2
thins vedueing the flteving process hased on the welghted
least-squares fitting o only the convelution operation.
Howewver, sisee the ccentation of ) s contimons vy -
ing froam @ to 24, the mumber of the WS filkers am-
ploved in the anisotrepie region might become nfinite.
T avoid such problem, we diseretize the orlentation of
gy dmto oa set of fwite reference orientatioons, each of
which is then wsed 1o determine a distinet weighting
for defining the WS filter.

funsetion w, ;

4  Performance Evaluation

[n thi section we evaluate the performance of the
ASRG filter in speckle noise reduction wed in coherenee
enbancement on asyothetic test pattern and on an ulk
trasoud thyroid image.

[ the fst problem, we test the ASG filter awd oo
paved agaiist the WEE filter on the synthetic test pat-
tern of 2000 = 2 pixels, depicted in Figuee 2[a). The
corresponding edges of such test pattern derived using
Canng’s edee detector B shown in Figure 2(h). To gen-
arate a speckle-corrupted test pattern, we multiply each
pixel of the test pattern by a randon value genecated ace-
cording to the Rayleigh probability distibution of mean
e, Based on this corrupted test pattern, we perfoom a
series of filtering: the ASG awd the WEE filtering with
window stees ranging from G = 5, T = T, L AS = A,
51 = 51 pixels, ave applied to smooth the test inage.
We deflee polynomial gy j of both ASGE and WS filters
to be of order faw in both we amd no We set parame-
ters oy awd oy of the ASG filter to 009 ad 0.95, respec-
tively, The smootbed lmages obtained fioom the filering
e u.|1|J]je-d a5 mputs 1o l_u.lm_-.- 5 edge detector, and the
vesudiant edges ave visually compaed with the wiwo-
rupted edges shown in Fig 2(b). We find that the best
resultant edges for both the ASG and the WS filters
are produced when both filters ave the window siee of
15 = 15 pixels. Figure 2(¢) and [d) depicis the edges
ohtaimed from the ASG wwd WSGE fikers with wisdow



Figure 2: [a) The test pattern. [b) The edges decived
froan Figure [a) wing Camny's edge detector. [¢) The
edges derived from the conupted test pattern filteved
with the ASG filter with window siee of 15 = 15 pixek.
[d) The edges devived from the comupted test pattern
filteved with the W53 filter with window siee of L5 = 15

pixels,

skee of 1A = LG pixek. Notice that the edges obtaised
from the ASG filter ave much closer to the oo pted
edges depicted in Figure 2[h) than those aobtaised from
the WHG fiker. The edges associated with ASG filte
seenn 1o be e sharper and more comnerted than thoss
associated with the WSE filter. In additional, the mid-
dle area, where the edges are umdetected, seems to be
saller i the case of the ARG filter than o the case of
the W5 filter.

As a oo plimentacy stiedy to the fist poblen, we
compare the pecfonmance of the ASG filter with that of
s e aeonl v wsed reak thoe wltrasoued Doage filtering
algorithins:

o the Adaptive Speckle Redoction [ASR) filter:

The ouiput of the ASR filter at position [i,§) is

':idi”!x! asl

i 31 =i, )+ 00— g 207 (063 - w5,

a1y 71
(1%

wlhwre constant py, 15 the mean o a region ooce-
sponding to fully foomed speckle, amd pii, §) and
l'f.'l[l-._'[::l e TIH! i ﬂ.lx! Vil iﬂ.lx:!! '::d- ﬂ.” |Jiﬂ!|:"
within the filter window centered at (i, §), respec-
tiwely.

o The Adaptive Weighted Median [AWM) filter:

216

The output of the AWM flter at position [i,5)
is defined as the weighted medion of all the pixels
within the filter window with welghting coefficeints:

" & [, fiedme, )

w e, n) = |uy — (i f)

s [ 16
where wy B othe weighting at the window center;
ke ds a sealing constaut; dlve n) is the ditance of
position [we, n) from the window center (i §); amd
pli, ) and &7 §) ave the mean asd vadance of all
pixels within the window centeved at (i, 7). Syinhaol
|:j denotes the weavest integer to v i £ B positive,
ar wern f ¢ s megative.

These theee filiers ave tested on an wltrasowsd thy roeid
image of 512 = 512 pixels, depicted in Figure 3(a). Fig-
ure 3[h) pertrays the edges devived by applying Canny's
adge detector divectly to the thymwid test lmage with-
out any filkering. It appears to contain mumerous noke
edges masking the veal thy reid bowsdacy, this making
it impossihle to segment the thyroid out from the hack-
oo,

Similar to the fivst problem | we ako define polynomial
i of the ASG filier in this evaluation 1o be of ouda
teo in both e and n, and set parameters o) amd oy of
the ASG filter 1o be 008 and 0095, respectively. We set
By i ASR filker tobe 1) amd wy and k o the AW file
to be 0 and 20, wspectively. We then employ the ASG,
ASR, ad AWM filters with window siees ranging from
A=3, Sxh L Bl=hL 83 53 pixels to filter the thy roid
lmage. The resultant lmages obtained from these filters
are passed as inputs to Camy's edge detector, and the
derived edges are then visually judged and compared.

For the resultamt edges obtaised from the mages e
processed by the ASGE flter, we fid that those filtered
witl window siees moging from 11 = 11 pixels 1o 17217
pixels produce the edges which seem 1o be best compro-
mie hetween the fine detal preservation and speckle
noise suppression.  As an exmnple, we display in Fig-
wre ) the thyrokd fnmge pee-processed by the ARG
filter with window skee of 15 = 15 pixek, and in Fig-
ure 3d) the corvesponding edges devived using Canny's
adge detector.

Figue 3e) and [g) depiet the thydkd images e
processed by the ASR and AWM filkers with window
sigeol Lix LA pixels, aed Figoee 31 and () depict thei
correspoding edges devived wsing Canny's edge detec-
tor. Note that the avea hiside the thy void of Figuee 3e)
and [g) becomes highly bhar, making their origisal fise
textuee unpercelvable, Foo the ASR aed AWM filters

with window size lavger than 15 = 15 pixels, the bl awea

extends beyond e bomdacies | diffsing the vegions -
slde and those outside of the thyroid together amd thos
making the segmentation impossible. For the ASR and
AWM filers with window sice smaller than 15 = 15 pix-
als, the chittering noise edges appear to be highly e
merons, preventing s fom distinguishing the thyroid



outlines, Figue 3e) and (g) also veveal that both ASR
auxd AWM filtens [t limited ;|_||||||_-. Tis 500 pparess 1=
wear edge awd feate regions as evident from the fact
that the noke o speckle in the mwighborhoods of fea-
tures with high cowtrast, i.e., the avea avound the thy-

n..-r.] Ill\..lIJIJ‘:]iI. s, Il iI.I [FILE A F] IJI.J I| L3 l\.“:] .

5 Conclusions

Thee preliminary evaluation in Section 4 hsdicates that

the A5G filter s move effective in both reducing speckle
moise and colempee enhascement than both ASR and
AWM fikers, This better peformanes B attributed to
the following two factoos: The first factor is that the
lll.ql:: I]Il\.'l ‘:]l.'l 1vis |IJ\.' s estinnls via llh' |J|.|J‘:'IJ Ii\.'.".'
ihle 2-D polynomial weighted least squaces fitting, as
comtrast o the other e which attempt to estinate
the inage intemsities in the window by a constant. The
sepond factor §s that the ASG filter adjusis its weight-
ing in the least squace fit so that the smoothing degres
aud divection eonform to the ausot Loy 1 anch koeal ve-
gion. Sinee the computation of the ASG filter is rathe
3'||]|.|.|I\.'. 1.2, ||J'|\..l|'|||],|.',_ 1sT I_'u \..lr Twits I||J\.'i|.| ‘:'\..ll]'ﬂ..lll]l 100
operations, such mew techokqee bas a lage potential in
|\.'i|.|'|||J|.\.' ”IIliL"'l..llJ”‘:] lagiae \.'lJIJil.lr.'l.'l]l.\.'”l il.l]‘:] 11 d=-
skting automated segmentation.
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Real-Time Speckle Reduction and Coherence
Enhancement of Ultrasound Images Based on
Mixture of Anisotropic Savitzky-Golay Filters

Chedsada Chimnmgmeng and Pollakrt Toonkuns

Abstracs— This paper describes a new filtering algorithm devel-

Savirky-Golay,

for adjusting both the depree and direction of fthe smoothing so
that they both match the amisetropic properties of each local re-
gion: in fhe image. The results comparing the new filter alzorithm
with Speckle Reduction and Adaptive Weighted Median
filters om a synfhetic test pattern and a wlirasound cyst image are
also reported.

mm—ﬁmmmmﬂ
trasound images, anisotropic filtering, Savitzky-Golay filters

I. INTRODUCTION
LTEASOUND imaging technigue has been widely used
for medical diagnosis. However, the presence of random
speckle noise makes numan interpretation and computer-aided
ultraspund image disgnosis a highly difficult task. It is thus
necessary that we remove speckle noise from the images before
they are further processed.

Speckle is a random, deterministic, interference pattem in an
image formed by a coberent sum of mdividual backscattered
sigmal echoped back from a scattering medivm The nature
of the speckle pattern highly depends on the characteristics
of scatterers within the resolution cell. When the pumber of
scatterers is large within the resolution cell, the probability
density fimction of the emelope of the siznal can be modeled
:siRaylm,ghmsuﬂnmm[I]. Onﬂ:leuﬂnhmd,utmﬂ:e

PR T JER TR I P T—
mulmmubmeWLmnmmwuﬂ

the effective scatterer density is reduced due fo comelation in
Bayleigh distmibution, becomes that of the E-disimibution or the
Ririan distribution [2].

Climical ulrasound mmaging systems usually employ non-
lienar sipmal processing to reduce the dynsmic range of the
echo sipnal o match the smaller dynsmic range of the dis-
play monitor. This reduction in dynanuc range is normally
achieved through a logarithmic compression, which selectively
compresses large input signal and belp emphasize objects with
weak hacksratters, Snch logarithmic compression changes the
characteristics of the signal probability density fimction. In

Thei awhors am with the Depariment of Elecinical Enginesring,

_ (ol

Chulalomgkorn  Umivarsity,  Bangkok, 10330,  Thailand
chadsada cigtchmla ac th and pollikrit; kel ac ).

particular, it affects the hizh intensity il of the Fayleigh and
part.

Commonly used low-pass filters, such as, the mean filter or
of ultrasound mmages as they tend to blur the important festures
in the image along with noise a5 in the mean filter, or canse
edge jitters as i the median filter. Filters developed for real-
time speckle reduction in ulrasound images include adaptive
speckle reduction (ASF) and adaptive weizhted median (AWM)
filtering. ASE. filtering [3] depends on the signal-to-noise rabdo
(SWE) and possibly the sutocomrelation function to define a
varying degree of smoothing according to the devianon of the
speckle pattern from the fully formed speckle (FFS), which is
knowm to follow the Fayleigh distmributon In AWM filtering
[4]. each outpat peel is replaced by the weighted median of
a local neighborhood whose width is determined based on the
SME. around that pixel. Compared to commonty used median
filter, the aforementioned filters have showm to be better in
reducing speckle noise snd retaining image edzes. However,
these filters possess limited ability m coberent enhancement
since they concem only the desree of smoothng, ipnoring to
adapt their smoothing direction to conform to that of the image
misetropy, arsing from coberent or specular stchires at each
local region.

Anisotropic diffusion filtering [5], which confrols both the
degree and direction of its smoothing characteristics, has been
devoloped and chown to be effactive in reducing the speckls
and enhancmg the cobherence in ulirasound images [§]. How-
ever, a5 such techmique requires solving a system of partial
differential equations, its computation is highly expensive and
time consuming, making it unsuitable for real-time processing.

This paper aims to address the problem of adaptmg both the
degree and direction of a smoothing filter to match thar of the
image feature. In this paper, we describe a pew filtering alzo-
rthm developed for real-rime speckle reduction and coherence
enhancement of log-compressed ultrasound mages. The new
flter, refermed to as the Mixnure gf Anizerropic Savitzky-Golay
Fiiters, is 3 collection of the tom-dimonsiomal {2-T9 weighted
Savitzky-Golay (W5G) filters [T] enhanced with a mechanizm
for determining the filter weighting so that both the degres and
direcrion of smoothing match the anisotropic properties of each
local repions in the image.



II. STATISTICAL PROPERTIES OF SPECELE PATTERN IN
LoG-COMPRESSED ULTRASOUND IMAGES

Assume that an ulrasound mage is of A =« & pixels. Ler
i and j denote the pixel indices, where i & |1, ... , M
and j £ |1, ..., N|. At the owipnt of the beamformer in
the ulrasound imaging system and prior to the logamthmic
compression stage for the emvelope signal, speckle can be
spproximated as omltiplicative noise of the form [8], [9]:

Fli, ) =00, f 1N i, 51+ N (i, f) 1)
whera 7 is 3 2-D) functon representing the noise-free original
image, F is the noisy observation of (7, and V', and v, are cor-
mpting multplicative and additive speckle nolse components,
respectvely. Smce the effect of additdve noise (such as semsor
noise) 15 considerably small compared to that of muolhplicative
noise (coherent interfering), F in Eg. (1) can be spproximated
by

FIE ) = GGV N 5. 2
The logarithmic compression transforms the model in (1) into
the classical signal in additive nodse form. That is

log [ Fa, 500 = logl G, 50 ) + dog [V, (6, 50 ). [E))
Eg. (3) can be rewritten as:
Fli, 51 = gli, §1 + nli, 5, ()]

where [y and « are logarithrms of &, (7, and V|, respectively.
In regions with no undertying stmotures, the pattern of speckle
N, iz known o follow the Fayleigh distibution. Since the
logarithm of the Fayleigh distribution closely resembling the
Gmssizn dismbution, we can approximate the log-compressed
speckle noise o as aditive white Ganssisn poise [6]. This
Gassizn assumption is valid especially for the speckle m
regions with no underlying structures. as the speckle pattern
in such regioms is known to follow a Bavieigh distribution It
should be poted, however, that even thongh this assumpton
might not hold in the presence of nonflat stuchares, @t smll
considered close enough for practical purposes.

Based on the log-compressed speckle model in Eqg. (4), we
formmlate the problem of speckle reduction i log-compressed
ulirasound images as that of recovery of function  via weighted
least-square fitting of a 2-D polynomisl fiunction to the observed
2-D data point (i, 7). We also choose o employ the principle
dewveloped in the 2-D wieghted Savitzky-Golay filter [7] so
that we can perform the least-sguares fimmg efficiently. Such
filtering principle allows us to reduce the 2-I) polynomizl least-
squares fittimg to simply calculsting the linear combmanon of
image data [ in the filtering window. In order to enhance the
coherenrs of the ultrasmmd imagze we define the weizhtine
employed in the weighted least-squares fit according to the
underlymg structures of the image so that both the depree and
direction of smoothing match the anisotropic properties of each
local repions in the imape.
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OI. 2-D) WEIGHTED SAVITZEY-GOLAY FILTERS

Leat an image of N/ = /v pixels be represented by a 2-D data
array fluw, o), where w € |1, ..., M| and v £ |1, ..., V]
Diefine 3 (2L + 1) = (2L + 1) window centered at (i, j) as:

'-nn_- ={_||'[|'+|.l.'._|:+|."|: .i'.ﬁ e % L.
L<n<L} (5)
Lat 1 ; be a 2-D) polynomial of the form-
g T
il n) = Z En._.[t. £t (L]

where : and « are integers defined according to (5), and 5
and T are the highest order of 1 and ., respectively. The 2-D
weighted Savitzky-Golay (W5GE) filtering alzorithm computes
the output at postdon (i, j) by least squares fiing polynormial
;. ; to the pixel intensity f contaimed in window T, ; ; and then
sefting the output of the filter tobe p, (0,0}, nemely o, (0, 0.

The objective fanction of the least sguares fitting employed
in the 2-I) W5G filtering is defined as:

Z iy ..[u.'. w Fli+ e+ 0 — _.[u.'.l.-'l b

m el |

whera o, ; 15 3 weightng fonction defined over the window
T ;. In order to perform polynonual least squares fitting effi-
ciently, we choose to extend the principle developed i the 1-D
Savitzky-Golay filtering algorithm [10]. Such principle allows
us to reduce the 2-D polynomizl fiting to simply calculating
the linear combination of image data f m T ;.

To derive p, ;[0 (), we stare by defining «, ; a5 a vector
contaming all coefficients «; ; (=, 1] of polynomisl ;, ; defined
in (). To amrange all coefficients «; ;(«, ) into such vector, we
re-order them serially based on index - & |1, ..., [5+1)[T +
11|, Inroducing index fimetions:

)]

afr) = [[r—110[T+1}]
el = [r—11med (T + 10,
where | denotes the fioor fimction and iod the modulo
fiumction, We can wiite 4, ; in the form
Wy = lals(r) frd)or =10 (54 10T + L', (@
Smilarly, by mtroducing mdex fimetions:
|_|.l[.l||'| = ["n' l'|,-'[31’. + |.'I L
wlgl = (g —1lmod[2L+1) - L

we can put f[i + e, j + ) contained in T, ; into vector form
a5

i =L +mlg)y i+ nigd)ig=1,... [2L + 1T, @
Based on the shove definitions of i, ; ad [, ;, we define the
desipn matrix A as

Agr =l 1" gt (1



Comespondingly, we can rewritten the least squares objective
fimction defined in (7) as
= (AL ;- fi ) TW AR ; - 750, (11)
where W is a diagonal mate with its oth diagonal element
defined as iy _.[l.l.'[-,lll. |.'[-'||'I'I. Sohrmgﬂ:e normal equatmnm:ﬂl
respect to the above objective fanction, we have
o= (ATWAI ATW (12}
As g [0, 15 equal o [0,0], the first element of vector
i j, it can be symbolically expressed according to Eq.(12) as:

el
gl = E by FI0+ eyl § 4+ nlyll, (13}
a=t
whera
By = {ATWAITATW 14y

Notation «, denotes 3 wmit vector of which the 4th element
is equal to one, and | }, denotes the first element of vector
Eq. (13) indicates that there exists a particular sat of coefficients
b, which allows us to sutomatically accomplish the process of
pohynomial least-squares fitting by simply caloulating the linear
combingtion of image intensity i+ e, 7+ 1) In window T ;.
The fact that coefficient i, depends only on design matriz A
and that such mam=x A is known in advance permit us to oom-
pute coefficient b, prior to the filtering operation Moreover,
since design matrix A is constant for all posttion (1, §), we need
only to compute the coefficient i, once for the entire filtering
operation, makimg the process highly computation efficient.

IV. MIXTURE OF ANISOTROPIC SAVITZEY-GOLAY FILTERS

The Mixture qf Anisotropic Savitzky-Golay Filrers (MASGE)
is a collection of (2-D) WS filters, enhanced with 3 mecha-
nism for determining the filter weighting so that both the degree
and direction of smoothing match the anisotropic properties of
each local regions in the image. The MASGF algorithm for
filtering the image [ can be viewed 35 3 TwWo-stage process
outlined below.

The first stage computes the imape anisoiropy due to the
local coberence. As the image anisoiropy is reflecied n the
local contour and the local curvatre, we propose to measure the
image anisotropy at positton [ 1, §) by the information embedded
in the local oxrvamres of the Hessian matroe. Let [, be the
second-order partial derivative of [ with respect fo mds o, f..
be the second-order partizl derivative of | with respect to axes
v and w, and ., be the second-order partial derivative of |
with respect to s . The Hessian mammix st position [i,7) is
defined as:

Hii i1 = Fuuli i) fulis 1 | .

Fusli, 71 funli ) (15
Based on such Hessian mamo:, we then define the imaze
anisotropy af positien [ i, §) by fnction

G [ i) fuliq) | [
e I AN T |
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To compute derivatives f,., fu., and j.., we apply the
principle of the least squares polynomial surface fits similar to
that employed in the 2-D) W54 filtering (described in section
IOI). The difference is that, instead of computing coefficient
ay [0, 00 as in the WSG filtering, we compute 2o (2,00,
i g1, 1), amd 2o (0, 2); and then nse these derived coeffi-
cients as the estimates of [ (i,7), fouli, j), amd f. (0 5,
respectvely. For all of these dervatives computation, we set
all the weighting fimction w; ; to be the neutral valie of one.

The second stage performs the W35G filtering. In order for
both the degres and direction of the WSG filter to conform
to the mape anisoropy, we choose to define the weighting
fumetion o, ; in the least squares objective fimction (7) as:

(amn

where x, is a positive constant for governing the degree of
smoothing related to the spatial distance, and « . is a positve
constant for poverning the degree of smoothing related to the
image smisotropy.

For the W5 filter to generate its output efficiently, we can
pre-compute the filter coefficients nsing the formula developed
in [7], thms reducing the filtering process based on the weighted
least-squares fitting to only the comvolution operation. However,
as the w; ; in Bg. (17) depends om ex; (2, 00, a1, 1), and
;[0 23, of which their values are continuous varying, the
number of the distinct WG filters resulted from sweh e ;%s can
become exorbitantly high. To avoid such problem we employ
the K-means clustering slzorithm fo self crganize i reference
points om the space I:If-lll_.[;'.':"l, -ll,_.[|..|.'l: and -'Il_.['::'.;'ll
according to the statistics of the image anisotropies. Based on
thesa reference points, we discretize the the space of o, (2,00,
g 0L, 1), and g (0, 2) mte A distinct cells, each of which
employed the same W5G coefficients pre-comyputed from
determined by the cormesponding reference.

W (T, e, md}

wy e, ) = exp iy (e + 0

V. PERFORMANCE EVALUATION

In this section we evaluate the performance of the MASGF
in speckle noise reducton and in coberence enhancement on
a synthetic log-compressed imape and on an ulirasound cyst
image.

In the first problem, we test the MASGF and compared
against the W55 filter on 2 log-compressed image zenetated
by fnction:

Fli, i1 =wexpd oos05 = 107 257 + "0 L (1)

where | is defined over 1,..., 200 and § ower [,... 200, To
sinmlate the speckle noise effect, we mulnply each (i, ) by a
random value generated according to the Fayleizh probability
distmibution of mean one. Fig 1{a) depicts the log-compressed
image of , and Fig. 1(b) the ideal edge of such compressed

imams acommwime that ife snerkls wadee io narfarshe remoened
Image aDsunnng sperace 15 PETIECNIY IEmmDAnel.

A series of experiments are performed: the MASGF and the
WS filtering with window sizes ranging from 5= 5, 7= T, ..,
1% 4%, 51 = 1 pixels, are applied to smooth the test image. We
define polynomial ;v ; of the MASGF and the W5G filters to



Fig. 1. (2} The leg-conprossed imagn of foxction | comapted with Rayluigh

maga 27« 27 pixsls.
{ﬂma@hmdﬁ'mhrmlmmpnhmdﬁnmﬂmwsﬂ-ﬂh
with wizdow sirs of &7 = &7 pikels.

be of order 2 in both ¢ and . We set the mmober of reference
points (A7) employed m the MASGF to 16, and sef parameters
v, and vy to | and |, respectively. The results obtzined from
the filtering are applied as inputs to Canmy’s edge detector, the
results of which are visually compared with the ideal edzes
in Fiz 1(b). We find that the best resultant edges for both the
MASGF and the W5G filters, depicted m Fig. 1{c) and (d), are
produced when both filters have the window size of 27 = 27
pixels. Motice that the edzes obtained from the MASGF filter
are much closer to the ideal edges depicted in Fig. 1{b) than
those obtasined from the WS filter. The edzes associated with
MASGF seem o be nmch smoother and more connected than
those associated with the W5G filter In additional, the edge at
the lower right corner associated with the MASGF is preserved
while such comesponding edge does not exist in the resultant
image obfained from the WSG filter.

Asz 3 complimentary study to the first problem, we compare
the performance of the MASGF with that of two commonly
used real-time ultrasound imape filtering alzonithms:

» the Adsptive Speckle Feduction (ASE) filter:

The output of the ASE filter at position |1, j) is defined
as:

AL ) (19)
where constant ;i is the mean in a region comesponding
to fully formed speckle, and i, ; and =7 are the mean
and variance of all pixels within the filter window centered
at (i, 1), respectively.

Wl i) =i+ 01 _|1|| il

..'
o
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« The Adsptive Weighted Median (AWM) flter:
The ourput of the AWM filter at position i, j) is defined
as the weighted median of all the pixels within the filter

200

w [, n) = |wy h..ll. -I-'I'[I.l.'. nll,
where . is the weighting at the window center; « is
3 scaling comstamt; o, n) is the distance of positon
(13, ) from the windew cemter (i, i); and g, ; and.-:;"..
are the mean and variance of all pixels within the window
cenfered at [i, 71. Symbel |r| denotes the nearest integer
to r If r i5 positive, or zero if r is Degative.
These three filters are tested on an nlrasound image of 512 =
112 pimels, pormaying a thyroid cyst, as depicted m Fig. 2(g).
Fig. 2(b) porirays the edges derived by applying Canny’s edge
detector directly to the uloasound cyst imazge without any
filtering. It appears to confain pumerous noise edges masking
the real cyst boundary, thos making if impossible to segment
the cyst out from the backgroumd.

Similar to the first problem, we also define polynormdal o, ;
of the MASGF in this evaluation to be of order 2 in both 0 and
1, and sef parameters x , &, and i of the MASGF o be |
L and 11}, respectively. 'lii.ts:etp" in ASE filter to be 2.5, and
|r._m|i». in the AWM filter to be 99 and 20, nspu:um‘r_'.r‘il.ﬁz
then employ the MASGE, ASE, and AWM filters with window
sizes ranging from 3« 3, = G, .. 1= 51, 53 = 53 pizels o
filter the ulrasound cyst image. The resultant images obtained
from these filters are passed as inputs to Canny’s edge detector,
and the derived edges are then visnally judzed and compared.
For the resultamt edges obtamed from the imapes pre-
processed by the MASGF, we find thar those filtered with
window sizes ranging from 23 = 27 pixels o 2% = 20 poels
produce the edges which seem to be best compromise between
the fine detsil preservation and speckle noise suppression. As an
example, we display in Fig. 2(c} the cyst image pre-processed
by the MASGF with window size of 27 « 27 pixnels, and im
Fig. 2(d) the comresponding edges derived nsing Canny’s edze

detector.

Fig. Z(g) and (g) depict e cyst images pre-processed oy the
ASE. and AWM filters with window size of 27 = 27 piels,
and Fig. Iffjmdﬂh}@uﬂn:rcmlﬁpmﬂmgadgesdumd
using Canmy’s edee defector Note that the area around the cyst
of Fiz. (g} appears to be rather blotchy, and artificial noise
has also been imtroduced into the lower part of the fltered
image, thus creating mmerons unwanted edges i Fig. 2(f).
For Fiz. 2{g), the srea around the cyst seems to be unaltered
by the filter and the lower part of the imaze appears to sratfy
into patches. For the ASE and AWM filters with window size
larger tham 27 = 27 pixels, the blur area extends beyond the
bomndsries diffacing the regions inside and those outside of
the cyst together and thos making the segmentation impossible.
For the ASFE. and AWM filters with window size smaller than
27 = 17 pixels, the clorering noise edges appesr to be highly
numerous, preventing us from distmpwishing the cyst outlines.




Fig. 2{f) and (h) also reveal that both ASE and AWM filters
possess limited ability to suppress noise nesr edge and feanre
regions 85 evident from the fact that the noise or speckle in
the neizhborhoods of feanmes with high contrast, i.e., the srea
around the cyst boundares, remain almost umfilered.
VI. CONCLUSIONS

The preliminary evaluation in Section V indicates that the
MASGF is more effective in both speckle reduction and co-
herence enhancement than both ASE and AWM filters. This
better performance is atmbuoted to the following two factors:
The first factor is thar the MASGF derives the image estimate
via the much flexible 2-D polynomial weighted least squares
firting, as confrast to the ASE. and AWM filters which attempe
to estimate the image intensities in the window by a constant
The second factor is thar the MASGF possesses the ability in
adapring both the degree and the direction of its smoothing
characteristics to match the image smisotropy, by changing
progressively from isotropic through snisofropic to, finsally,
mean curvanre direction smoothing. Since the mmpm:umnof
the MASGF is composed mainly of four linear comvohition
operations, it is hizhly computation efficient when compared
to the anisomopic diffusion filter which requires the solving of
3 system of partial differential equations. The new filter ths has
3 large potential in real-ime ulirasound imaging enhancement,
as well as in assisting real-fime automated segmentation.
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Real-Time Speckle Reduction and Coherence
Enhancement of Ultrasound Images Based on
Mixture of Anisotropic Savitzky-Golay Filters

Chedsada Chimnmgmeng and Pollakrt Toonkuns

Abstracs— This paper describes a new filtering algorithm devel-

Savirky-Golay,

for adjusting both the depree and direction of fthe smoothing so
that they both match the amisetropic properties of each local re-
gion: in fhe image. The results comparing the new filter alzorithm
with Speckle Reduction and Adaptive Weighted Median
filters om a synfhetic test pattern and a wlirasound cyst image are
also reported.

mm—ﬁmmmmﬂ
trasound images, anisotropic filtering, Savitzky-Golay filters

I. INTRODUCTION
LTEASOUND imaging technigue has been widely used
for medical diagnosis. However, the presence of random
speckle noise makes numan interpretation and computer-aided
ultraspund image disgnosis a highly difficult task. It is thus
necessary that we remove speckle noise from the images before
they are further processed.

Speckle is a random, deterministic, interference pattem in an
image formed by a coberent sum of mdividual backscattered
sigmal echoped back from a scattering medivm The nature
of the speckle pattern highly depends on the characteristics
of scatterers within the resolution cell. When the pumber of
scatterers is large within the resolution cell, the probability
density fimction of the emelope of the siznal can be modeled
:siRaylm,ghmsuﬂnmm[I]. Onﬂ:leuﬂnhmd,utmﬂ:e

PR T JER TR I P T—
mulmmubmeWLmnmmwuﬂ

the effective scatterer density is reduced due fo comelation in
Bayleigh distmibution, becomes that of the E-disimibution or the
Ririan distribution [2].

Climical ulrasound mmaging systems usually employ non-
lienar sipmal processing to reduce the dynsmic range of the
echo sipnal o match the smaller dynsmic range of the dis-
play monitor. This reduction in dynanuc range is normally
achieved through a logarithmic compression, which selectively
compresses large input signal and belp emphasize objects with
weak hacksratters, Snch logarithmic compression changes the
characteristics of the signal probability density fimction. In

Thei awhors am with the Depariment of Elecinical Enginesring,

_ (ol
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chadsada cigtchmla ac th and pollikrit; kel ac ).

particular, it affects the hizh intensity il of the Fayleigh and
part.

Commonly used low-pass filters, such as, the mean filter or
of ultrasound mmages as they tend to blur the important festures
in the image along with noise a5 in the mean filter, or canse
edge jitters as i the median filter. Filters developed for real-
time speckle reduction in ulrasound images include adaptive
speckle reduction (ASF) and adaptive weizhted median (AWM)
filtering. ASE. filtering [3] depends on the signal-to-noise rabdo
(SWE) and possibly the sutocomrelation function to define a
varying degree of smoothing according to the devianon of the
speckle pattern from the fully formed speckle (FFS), which is
knowm to follow the Fayleigh distmributon In AWM filtering
[4]. each outpat peel is replaced by the weighted median of
a local neighborhood whose width is determined based on the
SME. around that pixel. Compared to commonty used median
filter, the aforementioned filters have showm to be better in
reducing speckle noise snd retaining image edzes. However,
these filters possess limited ability m coberent enhancement
since they concem only the desree of smoothng, ipnoring to
adapt their smoothing direction to conform to that of the image
misetropy, arsing from coberent or specular stchires at each
local region.

Anisotropic diffusion filtering [5], which confrols both the
degree and direction of its smoothing characteristics, has been
devoloped and chown to be effactive in reducing the speckls
and enhancmg the cobherence in ulirasound images [§]. How-
ever, a5 such techmique requires solving a system of partial
differential equations, its computation is highly expensive and
time consuming, making it unsuitable for real-time processing.

This paper aims to address the problem of adaptmg both the
degree and direction of a smoothing filter to match thar of the
image feature. In this paper, we describe a pew filtering alzo-
rthm developed for real-rime speckle reduction and coherence
enhancement of log-compressed ultrasound mages. The new
flter, refermed to as the Mixnure gf Anizerropic Savitzky-Golay
Fiiters, is 3 collection of the tom-dimonsiomal {2-T9 weighted
Savitzky-Golay (W5G) filters [T] enhanced with a mechanizm
for determining the filter weighting so that both the degres and
direcrion of smoothing match the anisotropic properties of each
local repions in the image.



II. STATISTICAL PROPERTIES OF SPECELE PATTERN IN
LoG-COMPRESSED ULTRASOUND IMAGES

Assume that an ulrasound mage is of A =« & pixels. Ler
i and j denote the pixel indices, where i & |1, ... , M
and j £ |1, ..., N|. At the owipnt of the beamformer in
the ulrasound imaging system and prior to the logamthmic
compression stage for the emvelope signal, speckle can be
spproximated as omltiplicative noise of the form [8], [9]:

Fli, ) =00, f 1N i, 51+ N (i, f) 1)
whera 7 is 3 2-D) functon representing the noise-free original
image, F is the noisy observation of (7, and V', and v, are cor-
mpting multplicative and additive speckle nolse components,
respectvely. Smce the effect of additdve noise (such as semsor
noise) 15 considerably small compared to that of muolhplicative
noise (coherent interfering), F in Eg. (1) can be spproximated
by

FIE ) = GGV N 5. 2
The logarithmic compression transforms the model in (1) into
the classical signal in additive nodse form. That is

log [ Fa, 500 = logl G, 50 ) + dog [V, (6, 50 ). [E))
Eg. (3) can be rewritten as:
Fli, 51 = gli, §1 + nli, 5, ()]

where [y and « are logarithrms of &, (7, and V|, respectively.
In regions with no undertying stmotures, the pattern of speckle
N, iz known o follow the Fayleigh distibution. Since the
logarithm of the Fayleigh distribution closely resembling the
Gmssizn dismbution, we can approximate the log-compressed
speckle noise o as aditive white Ganssisn poise [6]. This
Gassizn assumption is valid especially for the speckle m
regions with no underlying structures. as the speckle pattern
in such regioms is known to follow a Bavieigh distribution It
should be poted, however, that even thongh this assumpton
might not hold in the presence of nonflat stuchares, @t smll
considered close enough for practical purposes.

Based on the log-compressed speckle model in Eqg. (4), we
formmlate the problem of speckle reduction i log-compressed
ulirasound images as that of recovery of function  via weighted
least-square fitting of a 2-D polynomisl fiunction to the observed
2-D data point (i, 7). We also choose o employ the principle
dewveloped in the 2-D wieghted Savitzky-Golay filter [7] so
that we can perform the least-sguares fimmg efficiently. Such
filtering principle allows us to reduce the 2-I) polynomizl least-
squares fittimg to simply calculsting the linear combmanon of
image data [ in the filtering window. In order to enhance the
coherenrs of the ultrasmmd imagze we define the weizhtine
employed in the weighted least-squares fit according to the
underlymg structures of the image so that both the depree and
direction of smoothing match the anisotropic properties of each
local repions in the imape.
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OI. 2-D) WEIGHTED SAVITZEY-GOLAY FILTERS

Leat an image of N/ = /v pixels be represented by a 2-D data
array fluw, o), where w € |1, ..., M| and v £ |1, ..., V]
Diefine 3 (2L + 1) = (2L + 1) window centered at (i, j) as:

'-nn_- ={_||'[|'+|.l.'._|:+|."|: .i'.ﬁ e % L.
L<n<L} (5)
Lat 1 ; be a 2-D) polynomial of the form-
g T
il n) = Z En._.[t. £t (L]

where : and « are integers defined according to (5), and 5
and T are the highest order of 1 and ., respectively. The 2-D
weighted Savitzky-Golay (W5GE) filtering alzorithm computes
the output at postdon (i, j) by least squares fiing polynormial
;. ; to the pixel intensity f contaimed in window T, ; ; and then
sefting the output of the filter tobe p, (0,0}, nemely o, (0, 0.

The objective fanction of the least sguares fitting employed
in the 2-I) W5G filtering is defined as:

Z iy ..[u.'. w Fli+ e+ 0 — _.[u.'.l.-'l b

m el |

whera o, ; 15 3 weightng fonction defined over the window
T ;. In order to perform polynonual least squares fitting effi-
ciently, we choose to extend the principle developed i the 1-D
Savitzky-Golay filtering algorithm [10]. Such principle allows
us to reduce the 2-D polynomizl fiting to simply calculating
the linear combination of image data f m T ;.

To derive p, ;[0 (), we stare by defining «, ; a5 a vector
contaming all coefficients «; ; (=, 1] of polynomisl ;, ; defined
in (). To amrange all coefficients «; ;(«, ) into such vector, we
re-order them serially based on index - & |1, ..., [5+1)[T +
11|, Inroducing index fimetions:

)]

afr) = [[r—110[T+1}]
el = [r—11med (T + 10,
where | denotes the fioor fimction and iod the modulo
fiumction, We can wiite 4, ; in the form
Wy = lals(r) frd)or =10 (54 10T + L', (@
Smilarly, by mtroducing mdex fimetions:
|_|.l[.l||'| = ["n' l'|,-'[31’. + |.'I L
wlgl = (g —1lmod[2L+1) - L

we can put f[i + e, j + ) contained in T, ; into vector form
a5

i =L +mlg)y i+ nigd)ig=1,... [2L + 1T, @
Based on the shove definitions of i, ; ad [, ;, we define the
desipn matrix A as

Agr =l 1" gt (1



Comespondingly, we can rewritten the least squares objective
fimction defined in (7) as

= (AL ;- fi ) TW AR ; - 750, (11)

where W is a diagonal mate with its oth diagonal element

defined as iy _.[l.l.'[-,lll. |.'[-'||'I'I. Sohrmgﬂ:e normal equatmnm:ﬂl

respect to the above objective fanction, we have

o= (ATWAI ATW (12}

As g [0, 15 equal o [0,0], the first element of vector

i j, it can be symbolically expressed according to Eq.(12) as:
el

E by FI0+ eyl § 4+ nlyll,

a L

fo (LR

(13}

whera

[IATWAI T TATWE ) (14)

Notation «, denotes 3 wmit vector of which the 4th element
is equal to one, and | }, denotes the first element of vector
Eq. (13) indicates that there exists a particular sat of coefficients
b, which allows us to sutomatically accomplish the process of
pohynomial least-squares fitting by simply caloulating the linear
combingtion of image intensity i+ e, 7+ 1) In window T ;.
The fact that coefficient i, depends only on design matriz A
and that such mam=x A is known in advance permit us to oom-
pute coefficient b, prior to the filtering operation Moreover,
since design matrix A is constant for all posttion (1, §), we need
only to compute the coefficient i, once for the entire filtering
operation, makimg the process highly computation efficient.

b,

IV. MIXTURE OF ANISOTROPIC SAVITZEY-GOLAY FILTERS

The Mixture gf Anisaropic Savitzky-Golay Filters (MASGF)
is a collection of (2-D) WS filters, enhanced with 3 mecha-
nism for determining the filter weighting so that both the degree
and direction of smoothing match the anisotropic properties of
each local regions in the image. The MASGF algorithm for
filtering the image [ can be viewed 35 3 TwWo-stage process
outlined below.

The first stage computes the imape anisoiropy due to the
local coberence. As the image anisoiropy is reflecied n the
local contour and the local curvatre, we propose to measure the
image anisotropy at positton [ 1, §) by the information embedded
in the local curvamres of the Hessian matrix. Let §,., be the
second-order partial derivative of | with respect to axis v, fu.
be the second-order partizl derivative of | with respect to axes
i and w, and ., be the second-order partial derivative of |
with respect to s . The Hessian mafrix st position i, ) is
defined as:

Hii i1 = Fuuli i) fulis 1 | .

Fuslio 3) Fuulisf) (15
Based on such Hessian mamo:, we then define the imaze
anisotropy af positien [ i, §) by fnction

U [ Fuadicd) Fafiod) |

3 ilmen) =

2 S LU A N
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To compute derivatives f,., fu., and j.., we apply the
principle of the least squares polynomial surface fits similar to
that employed in the 2-D) W54 filtering (described in section
IOI). The difference is that, instead of computing coefficient
ay [0, 00 as in the WSG filtering, we compute 2o (2,00,
i g1, 1), amd 2o (0, 2); and then nse these derived coeffi-
cients as the estimates of [ (i,7), fouli, j), amd f. (0 5,
respectvely. For all of these dervatives computation, we set
all the weighting fimction w; ; to be the neutral valie of one.

The second stage performs the W35G filtering. In order for
both the degres and direction of the WSG filter to conform
to the mape anisoropy, we choose to define the weighting
fimction w1 ; in the least squares objective fimction (7) as:

(17

where x| is a positive constant for governing the degree of
smoothing related to the spatial distance, and . is 3 positdve
constant for poverning the degree of smoothing related to the
image amisotropy.

The weighting function «, ; defined in (17) posseses charac-
mmwhshmmmdumuﬁngmﬂmdegeenfmmupy
at each local region within the image. In isotropic regions,
which visuslly reflect image aress with no coberent or spec-
ular stmctures, the degrees of both principal corvatures (ie.,
curvamres) in such areas are roughly equal. Such approsimately
equal corvatres thus results in the weighting foncton o ;
which is mnwariant with respect to the rotsdon aroumd the
window center i, 7). The W5 filter defined by such wieghting
fimction therefore possoses isotropic smoothing characteristcs.

In smispropic regions, which visually reflect local areas
with spatially varying unresolved structures, the degree of the
wy, ; derived from these curvatares thus assign more weight
resulting in the A5G filter with more smoothing characteristics
:hngﬂnm:mmnpunupalmdmmunmmﬂﬂmg
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In specular regions, which comespond to aress of organ
surfaces and blood vessels, the depree of the mimmum cur-
vature becomes ahmost zero. For these repions, the weighting
fimction o ; #ssigns all the weighting to only regions along
the mininnum principal curvatre directon, thus reducing a
nomual 3-00 WG filtering to be merely a 1-I} smoothing in

For the W5 filter to generate its output efficiently, we can
pre-compute the filter coefficients nsing the formula developed
in [7], thws reducing the filtering process based on the weighted
least-squanes fitting to onty the comoletion operation. Howerer,
Isﬁmlr _.mBq {lﬂ@mdsmu _[-' 0, _[|. 11, and
;[0 ;"I, of which their values are tumimuus wr_'rjng, the
numiber of the distinct W5 G filters resulted from sweh i ;°s can
become exarbitantdy high. To avoid such problem we employ

i i (me, ) = exp {ei (e +0®) — ka5 e, wd}



the E-mesns clustering slgorithm to self organize /i reference

poinis on the space of e (2, 00, (1, 1), amd o ;[0 2)
according to the statistics of the image anisomopies. Based on
these reference points, we discretize the the space of «, (2,00,

i g1, 1), amd e [0, 2) imte /i distinct cells, each of which
employed the same W5G coefficients pre-computed from o ;
determined by the comesponding reference.

V. PERFORMANCE EVALUATION
In this section we evaluate the performance of the MASGF
in speckle noise reduction and in coberence enhsncement on
a synthetic log-compressed image and on an ulirasound cyst
image.
In the first problem, we test the MASGF and compared
against the W5(G filter on 3 log-compressed imsge zenerated

by function-
Fli, i1 =exp] oos0G = 077 + 207 + 7' 1 (18)
where | is defined owver |,.. . 200} and 7 ower 1, ... 2. To

s:m:lmﬂ:espa:klemeﬁecrwem]nphrm;[u ilbya
random value generasted sccording to the Rayleizh probability
dismibution of mean one. Fig 1{a) depicts the log-compressed
image of f, and Fig. 1(b) the ideal edge of such compressed
image asswming that its speckle noise is perfectly remowved.

A series of experiments are performed: the MASGF and the
W5 filtering with window sizes ranging from 5= 5, 7= 7, ..
1% 4%, 51 = 51 pixels, are applied to smoath the test image. We
define polynomial p; ; of the MASGF and the WSG filters to
be of order  im both ¢ and . We set the mmober of reference
points () employed m the MASGF to 16, and set parameters
%, and x, to - and 1, respectively. The results cbtained from
the filtering are applied as inputs to Canmy’s edge detector, the
results of which are visually compared with the ideal edzes
in Fig 1(b). We find that the best resultant edges for both the
MASGF and the W5G filters, depicted m Fig. 1{c) and (d), are
produced when both filters have the window size of 27 = 27
pixels. Notice that the edzes obtained from the MASGF filter
are much closer to the idesl edges depicted in Fig. 1{b) than
those obtzsined from the WS filter. The edzes associated with
MASGF seem fo e nmich smoother and more connected than
those associated with the W5SG filter In additional, the edge at
the lower right corner associated with the MASGF is preserved
while such comesponding edge does not exist in the resultant
image obfained from the WSG filter.

Asz 3 complimentary study to the first problem, we compare
the performance of the MASGF with that of two commonly
used real-time ultrasound imape filtering alzonithms:

» the Adsptive Speckle Feduction (ASE) filter:

The output of the ASE filter at position |1, j) is defined
as:
+11 {19

yli, §1 = pig i L 5 — i,
z

where constant 1, is the mean in a region comesponding
to fully formed speckle, and o ; and o, are the mean
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Fig 1. (z) Tha log-comprossed mmge of fection | comropied with Rayleigh
spackls medse (b) The udeal edges of the et imags (a) assumieg fhat it

imega 27w 27 pimel.
(d) T edges hmdﬁmﬁamnlmm.pnhmdﬁmﬁnﬂ.’sﬂﬂh
with wizdow size of &7 = 27 pisek.

and variance of all pixels within the filter window cemtered
at [, i), respectively.

» The Adaptive Weighted Median (AWM) filter:
The patput of the AWM filter at position [, ) is defined
a5 the weighted median of all the pizels within the filter
window with weighting coefficeints:

.
Sl w)l,

II"[I.ln'. I.'l| = |II"|_ h'..
g
where v, is the weighting at the window center; « is
3 scaling comstamt; «fre,n) is the distance of positon
[, 1) from the window center (i, 7); and p; ; and =7,
are the mean and varsncs of all 'm'u'n'lc nyithim the mru‘lrm
centered at (i, 7). Symbol |- mmn&uﬁtmger

to r if r is positive, or zero if r is npegative.
These three filters are tested on an nlrasound image of 512 =
5112 pimels, porraying a thywoid cyst, as depicted m Fig. 3(z).
Fig. 3(b) porirays the edges derived by applying Caony’s edge
detector directly to the ultrasound cyst image without any

20)

a.ndsetpnm;n,_,n. and K ut'ltEMASGFm
1, and 16, respecovely. We set i, in ASE filter to



filters with window sizes ranging from 3= 4, G=f, ..., 50 = §1,
54 = 54 pixels to filter the ultrasound cyst image. These three
filters are implemented as programs written m Matlab nunnimg
on 3 personal computer with pentinm4 1.6GHz CPU. Fig. 2
plots the computation times required by the MASGF, the ASE
filter, and the AWM filter as fimetion of window width. The
plot indicates that the MASGF requires less computation time
compared to the other three.

To compare the performance of the aforementioned thres
filters in coberence enhancement and speckle reduction, we pass
the resultant images obtained from these three filters as mputs
to Cammy’s edze detector, and wisually judee and compare the
derived edges. For the resultant edges obtamed from the mages
pre-processed by the MASGE, we find that those filtered with
window sizes ranging from 27 = 29 pixels fo 2% « 20 poowels
produce the edzes which seem to be best compromise between
the fine detsail preservation and speckle noise suppression. As an
example, we display in Fig. 3(c) the cyst image pre-processed
by the MASGF with window size of 27 = 27 pixels, and in
Fig. 3(d) the comesponding edges derived nsing Canny's edge
detector.

Fig. 3(e) and (g) depict the cyst images pre-processed by the
ASE. and AWM filters with window size of 17 =« 17 pixals,
mdFlgE(ﬂmd{h}muMcmmdmgadgesm

using Canmy’s edge detector Note that the srea around the cyst
of Fig. 3(e) appears to be rather blotchy, and artificial noise
has also been infroduced into the lower part of the filtered
image thus creating pumerons unwanted edges m Fig. 3(f).
For Fiz. 3(g), the zrea around the cyst seems to be unaltered
by the filter and the lower part of the imaze appears to smatfy
inm patches. For the ASE and AWM filters with window size
larger tham 27 = 27 pixels, the blur area extends beyond the

boundaries, diffusing the regions inside and those outside of
the cyst topether and thos makmg the segmentstion impossible.
For the ASE. and AWM filters with window size smaller than
A7 = 2T

pu:ﬂs,ﬂ:echlm:gmedgﬁappmmhehgﬂy

L] i E-] £ -l L] -
e ]

Fig. 2.
AWM filser e function of wnmdow width.

Compuestics tins rsquired by the BIASCE, the ASE filtar. and the
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Fig. 3{f) and (h) also reveal thar both ASE and AWM filters
possess limited ability to suppress noise near edze and featre
regions 85 evident from the fact that the noise or speckle in
the neizhborhoods of fesnres with high conirast, i.e., the area
around the cyst boundaries, remain almost wnfiltered.
VI. COMCLUSIONS

The preliminary evaluation in Section V indicates that the
MASGF is more effective in both speckle reduction and co-
herence enhancement than both ASE and AWM filters. This
better performance is armboted fo the following two factors:
The first factor is thar the MASGF derives the image estimate
via the much flexible 2-I¥ polynormial weizhted least squares
frting, as contrast to the ASE. and AWM filters which atempt
o estimate the image intensities in the window by a constant
The second factor is that the MASGF possesses the ability im
adapting both the degrese and the direction of its smoothing
characteristics to maich the imape amisoiropy, by changing
progressively from isotropic through snisofropic to, finally,
mm&mmmmmmmof
the MASGF is composed mainly of four linear comohution
operatons, it is highly computation efficient when compared
to the anisooopic diffusion filter which requires the solving of
3 system of partial differential equations. The new filter thus has
3 large potential in real-ome ulirasound imaging enhancernent,
as well as in assisting real-time automated segmentation.
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Fig. 3. Ea;ll'hmwimn:lﬂ}':tmuf.-:: x_'.-..pmk.th:lThn
sdges of () darived using Cam=y's adge dstactor. {¢) R

from the MASGEF wik window sze of 27 = :Fpnlk.{d]'l'hnn@snf{:}
darived using Cezmy’s edgs detector (&) Beseltant mmage
mﬂwwﬂwmdnimuf.Jx .;plﬂ.:{lj'l‘hnhaf[o]ﬂmrnd
Iihm.ﬂuwnnafz'.--x..-p-ﬂl (b The edges of {5} derfved using Cezsy's
sdge detector. Note that the area around the cyst of Fig. () becomes highly
i, and shat of Fig. (g) & almest unaltered. In addition, the noise or spackls
in the meighborhoods of the cyst boundaries in Fig. (o) z=d Fig. (g) remsin
alozost mefiltared
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