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ABSTRACT

The two dimensional ENO (essentially non-oscillgtd’W (morphological wavelet) algorithm is proposeding
the characteristics of ENO interpolation basicall§thout oscillation, and improved reconstructiomaségy. The
original signal is decomposed by MW algorithm, ardonstructed according to ENO interpolation meth®te
algorithm is applied to image processing, resulievg the mentioned ENO MW algorithm has better pnodece
than the existing MW and has good application value
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INTRODUCTION

In 2000, Goustias [1] proposed the concept of molggical wavelet (MW), unified the most linear andnlinear
wavelet successfully and formed a united frameworknulti-resolution analysis. MW [2-4] as a brarmhwavelet
theory nonlinear extension studies is based thénenadtical morphology description methods of thelinear
characteristics and which can be completely recoasd and non-redundant on the image shape anghwlogical
decomposition. MW transform is used to the timepfiency characteristics of image by combining of elet/
transform linearity and morphological operator dioearity, and can describe the image shape featune has an
extremely important significance in theory and ppkcation. MW analysis is a nonlinear analysissitloser to the
nonlinear characteristics of the image itself,sbb-images are better reflected the original ineftgr decomposed.
At present, there are two branches in the MW rebéag, one is the MW that proposed based on [l]chvis a
non-dual wavelet essentially; the other is a dumbelet that based on various mathematical morplodpgrators,
which is a multi-level morphological filters essily that meeting pyramid reconstruction condigpwhich is the
generalized MW. MW notable feature is non-linead @an well reflect the linear and non-linear chaastics of
the original image, that is the approximate imagehy decomposition, can well describe the det#ilthe original
image. However, MW reconstruction strategy is iptdation in every two points for approximation inreaghe
newly inserted point value is the same as the ptsvpoint, and then the detail image is joinechanadd and even
bits using different methods, which naturally eesuthe image perfect reconstructed, so when trel dégnal is
intercepted through the threshold value, the medifiletail signal bits are mostly zero, resulting tlext data is
identical with the previous data in the reconsedctmage, that is a stepped waveform appearinghén t
reconstruction, this phenomenon is extremely unfave in two dimensional image processing. ENO €B8ally
Non-Oscillatory) interpolation technique [5] proe&l a good reference for the non-linear reconstmctf
data-dependent; the advantage of this method hastaoconcussion basically after interpolated, @ad avoid the
Kyrgyzstan Booth effects of discontinuity. Multis@ution analysis is proposed based on ENO intetjowi in [6],
however, it is not a wavelet technique essentiahd the frequency invariant characteristics artegnaranteed in
image analyzing.

Therefore, ENO MW algorithm is proposed, and it bhae steps: MW decomposition and ENO interpolation
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reconstruction. The image process is expandedaintwo dimensional ENO MW algorithm, and its chagaistics
and effects were analyzed.

TWO-DIMENSIONAL ENO MW
MATHEMATICAL MORPHOLOGICAL BASIC TRANSFORMATION

Mathematical morphology is mathematical methods tleeloped on the basis of set theory and is rdiffiefrom
the time, frequency [7].the target signal is ddsethy set, a structure element, called "probedesigned in signal
processing, the useful information can be extradteccharacterize and describe through which théberis
constantly moving in the signal. The common operetiare erosion, dilation, opening, closing, eire, defined as
follows.

Definition 1 assume A is a set, B is the structy®lement, then the corrosion transform A to BeBned as:

AOB={x B+ xO0 A (1)

Definition 2 assume Ais a set, B is the structylement, then the expansion transform A to d@efined as:
AOB=U{x A+h b0 B 2)

Definition 3 assume A'is a set, B is the structgielement, then the opening transform A to B findd as:
AoB=(AOB0O B 3)

Definition 4 assume Ais a set, B is the structy®lement, then the closing transform A to B isndel as:
A-B=(AO BOB 4

Four operations as above is the morphological bag&ration. The realization of morphological tramefation
generally only contains Boolean operations, addigmd subtraction from the above definitions, dalion is
simple and computing speed is fast.

TWO-DIMENSIONAL MW

The image point coordinatesy(n), (2m, 2n), denoted by, 2n; analogously, (@+1, 2n), (2m, 2n+1), (2n+1,
2n+1) denoted by 12, 2n", 2n," respectively. The two-dimensional MW decompositimethods such as
formula (5), (6)

v ()(n)=x(2n) Ax(2n,) Ax(2n") Ax(2n.") (5)

@' ()(M)=( (X)), ©r((N), @(X)(N)) (6)

wy, wp, wq represent the detail signals in direction of aidti horizontal, diagonal respectively, definitias
follows:

@y(x)(M)=0.5X ((x)(2n) —x(2n")+ x(2n,) —x(2n,")) 7)
wr()(N)= 0.5X ((x)(2n) —x(2n,)+x(2n") —x(2n,")) ®)
@g(¥)(n)= 0.5X ((x)(2n) —x(2n.) —x(2n")+x(2n.")) 9)
Reconstruction program:

pr((2N)=y(x) (2n.) =p*(¥) (2n7)=y(¥) (2n,7)=x(n) (10)
@*(y) 20)=( Y +yn() V ( Yl +ya(n)) V ( y(n)+ya(n)) v O (11)
@*(y) (20)=( Yun) = Ya(M) V (Y —Ya(N)) V ( Yr(N) —Ye(n)) VO (12)
@*(y) (20)=( o (=Y (M) V (=Y —Ya(n) V ( Yo(n) —Ya(n)) VO (13)
@*(y) (2n.)=(—Yu (M) =Y (M) V (YoM —Yum) V (Ya(n) —Yn(n)) VO (14)

Two-dimensional MW is Haar wavelet.
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ENO INTERPOLATION

ENO interpolation method is used to calculate shoakturing in the hydrodynamic. The method is ttiet
piecewise polynomial is defined adaptively to agmto a given signal function according to this signaction
smoothness.

Definition 4 assumély, (x;w) is the continuousmorder interpolation function at the poin¢}and w piecewise, that
is
Hm Og;W) =W(x;) (15)

Him OGW) =Omje12 (W) XXX 19 (16)

Omj+12(X;W) is the morder interpolation polynomial that obtained byepiolated tav (x) onm +1 consecutive nodes
{x}, in(j) is grid cell number of the leftmost in interpadet base frame.

im() <i<tip()+m
Omj+22 (W) =W (), 1—m<i(j) —j =<0 (7)

There have different reconstruction polynomial espond to differeni,(j), so there aren polynomials of ordem.
the most smooth base frame is selected as th@ahion base frame from base frames includirng, X1, SOW(X)
is the most smooth distribution to gradual sens&@g)Ximgj+m)-

The most crucial idea of ENO method is interpolatlzase frame selected by using adaptive technolibhys
ensuring the method has ENO properties. The smesshofw(x) distribution is reflected by the difference qewoi
of w. the difference quotient table as follows is elssaled by recursive method.

wix]=w(x)

WIX, ot Xl = WD o Xed TWEX, s Kk a]) (kX)) (18)
If wis C,on [X, %], then there has

WX o 2 WEL) X S 6 S X (19

However, when the-order derivative is discontinuity on the interval,

WX, ooy Xy ] = O(HTPLWEP]) (20)
[W®] represents thp-order derivative is in intermittent

Formula (20) and (21) show thltvx, **+, %« | is smooth distribution criterion of to gradual sense o®; (%),
that is w is smooth distributionon (X ,% ..) .and there has intermittent o(x ,X ..).There will always

haveWwx,, ... % ]
can be determined by recursive method in programBegic steps as follows:

<|vs[ Xy X F kI whenh is small enough, thus the interpolated base friandeterminedi(j)

1) Afirst-order reconstruction polynomialdg;.1> on (X, %+1),there has,(j)=j;
2) A k-order reconstruction polynomial @§j.12 0NX, jy,---,X )« » the base frame start pointi§).

3) A k +1 order reconstruction polynomiaj.1j.1. iS constructed by joining a cell on the left oghti of
X, (iyr e %, ) that isia()= i) —10or ()= ik()-

The interpolation base frame is determined by selg¢he minimum absolute difference quotientvodnthese two
base frames.
()-1 |W[Xik(j)-1v---’)§k(j ok 1<

() = |\NI(ik(j) v X, Gyt |] (21)
i (1) otre

The reconstruction polynomiaf,,(x;w) that obtained on the base frame above mentionednbasscillation
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substantially.

TWO DIMENSIONAL ENO MW ALGORITHMS

Two dimensional ENO MW algorithm is that ENO intelgtion is carried out in approximate signal of gea
two-dimensional MW using ENO algorithm, the recousted signal can effectively keep the characiessof
highlighting the details had by MW decompositiogrsl, and also make ENO interpolation play almast n
oscillation characteristics, the image is cleaeflected on the image processing effect.

Two-dimensional ENO MW algorithm consists of twoimateps:

1) ImageX,with size ofMxN (M, N=2%, a is non-zero positive integerX, is decomposed according to formula
(23)-(27), approximate signa;, the vertical detail signat;,, the horizontal detail signaf;,, the diagonal detall
signalYy, are obtained(the size$ /2xN/2);

2) approximate signalX; is taken and expanded, and the expanded si¥palis obtained(the size isM(
[2+1)x(N/2+1)), every point interpolation is achieved as abmention according to ENO interpolation algorittom
all rows of signalX;’ andX; ” (the size is M /2+1)x(N+1))will be got; every point interpolation is achésl as
above mention according to ENO interpolation algponi to all columns of signaX;’ and X;”” (the size is I

+1)x(N+1))will be got. Interception the first M x N postthat is ENO reconstructed signal of approxinmasignal
decomposed by the two-dimensional MW.

) ) Xy Xy o Xy Xy
Xy Xy o Xy 2 2
2 X X o Xno Xy
X21 X22 XZE 2 2
X, = = X,'=
v, Xm, o un Xun
Xy X e Xun 2 2 22 22
il ) 2 2=
-2 2 22 X, K, o N K
L 2 2 22 2 2

Above is one layer of two-dimensional ENO MW decasifion and reconstruction algorithm, multi-resauatof
two-dimensional ENO MW decomposition and recongtoucalgorithm is expanded based on one layer’s.

TWO-DIMENSIONAL ENO MW ALGORITHMSIN IMAGE PROCESSING
Wavelet image compression is the typical applicatd the wavelet transforms in image processingn€aman
image as an example, the image compression efiethte ENO MW algorithm are analyzed.

Figure 6(a), (b), (c) is original image (cameramawn)p layer decomposition by two dimensional MW afidar

wavelet.

In order to observe and compare conveniently, mh@ge grayscale range of figure 6 (a), (b), (c) raepped to
0-255, the distant high-rise buildings are visiibléigure 6 (c), and it is not visible in Figur€l§, and the grayscale

of Figure 6 (b) degenerate seriously, which protred MW decomposition is better to retain the bordietails of
original image.

50 100 150 200 250

a) Original images b) 2-layer decomposition by Haar wavelet analysis c) 2-layer decomposition by MW analysis
Fig.6 Original images (cameraman) and 2-layer decomposition by Haar wavelet analysisand MW analysis

There are two methods for image compression basedavelet, first is that keep image size unchanged
compressed storage space; second is that make simgemaller and compressed storage space. Figisrehe
image obtained according to the first image congioes figure 7 (a) is the reconstruction resulingsihe MW
2-layer decomposition approximation signal, anddsail signal zero; figure 7 (b) is the resultwb-dimensional
ENO MW algorithm. As can be seen that the "blodk&at of figure 7 (b) is much better than figuréaj's.
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.
50 100 150 200

a) MW reconstruction b) ENO MW reconstruction
Figure 7 Image compression methods with invariant scale

250

In order to evaluate the processing methods tor€igu(a), (b) quantitatively, peak signal to noiago (PSNR),
mean square error (MSE) and storage of image aigzad which obtained by two compressed methoésrebults

as shown in Table 1.1t should be noted that allitheges are saved as jpg format, and then compheeinage
storage space. As can be seen from Table 1, thodees above mentioned of ENO MW compressed images
better than the MW compressed images’. It worth ttemg that, the storage space of ENO MW compiegsse
image is also smaller than the storage space of tdwWipressed image. However, for the whole, the image
compressed ratio of image compressed methods Higint

Tablel Comparison of compressed image on aspects of PSNR, M SE and image size

MW compression image ENO-MW compression image

PSNR 30.4187 52.6053
MSE 59.0487 0.3569
Image size(original size)256x256L0.1kb 256x256 7.37kb 256x256 6.49kb

The second image compression method can be usatyithe image storage space is requested withemgidering
the size of the image. The reconstruction is cdrbg approximate signal from low level to high leusing ENO
MW, of course, MW decomposition method also carused. The difference is that the former is usedsfoaller
image restoring into larger, and the latter is uUsedarger image decomposed into smaller, whichhoe to use, as
the case may be.

Figure 8 (a), (b) are images obtained by reconstruiche upper approximation signal according toCENW
algorithm respectively, the second layer and tirel hhyer approximation signal is decomposed by MWe image
size is 128 x 128 of figure 8 (a), the storage spad.51kb; the image size is 64 x 64 of figu(®)8 and the storage
space is 1.44kb, high image compressed ratio hars dehieved.

10 20 30 40 50 60

a) 2 layer approximation signal ENO MW reconstruction b) 3 layer approximation signal ENO MW reconstruction

Fig.8 Image compression methods with smaller scale

In summary, the more satisfactory results are aelién image processing by ENO MW algorithm is megd in
this paper.

CONCLUSION
MW as a nonlinear wavelet, and is better to extdmthil characteristics of the image, and ENO puéation
method can realize interpolation no oscillationtbe whole, two-dimensional ENO MW algorithm is pospd

combining the both advantages in this paper antleapto two dimensional image processing, the tesshow that
the algorithm is better than MW algorithm and hatdy results.

The MW calculation is simple and computing speefhst, therefore it is suitable for online procagsiand has a
good application value. MW has been had good egulimage processing, however, the MW theory tspeafect
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with respect to the linear wavelet, and worthy wfttier study. ENO MW algorithm improves MW perfomae
proposed in this paper, and is the rich of MW tlgeor
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