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Abstract
In this paper, we propose a new non-separable two-dimensional (2D) Lossless Wavelet Transform

(LWT) for an image compressioh. Filter characteristics of our proposed 2D LWT are the same as those
of 2D LWT based on applying two kinds of the conventional 1D LWT in horizontal and in vertical
dimensions separately. However, coding performance of the proposed 2D LWT is better due to
reduction of rounding effects. We theoretically analyze error in decoded image based on both 2D
LWT to confirm an effectiveness of the proposed method. Both theoretical analysis and simulation
results confirm the effectiveness of our proposed LWT in not only lossy coding but also lossless
coding.
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1. Introduction JPEG-LS are not suitable for progressive
Many researchers have been paying resolution transmission because of the absence

attention to image compression techniques [] to of the anti-aliasing filter, which can pr€vent
reduce the number of bits required to represent aliasing occurring in low-resolution images.
image data. So far, we can generally classifu Recently, JPEG-2000 [7] has been discussed
image compression techniques into two fypes- as a new intemational compression standard that
lossy coding and lossless coding. These have represents advances in image compression
been developed for a high compression ratio and technique where the image coding system is
ahigh quality of a decoded image, respectively. optimized not only for efficiency, but also for

Up to now, there have been many well- scalability and interoperability in network and
known coding standards introduced from the mobile environments. The Lossless Wavelet
Joint Photographic Experts Group (JPEG) [2], Transform (LWT) [7-9], constructed from lifting
JPEG, based on Discrete Cosine Transform structures (LS) and rounding operations [0,
(DCT) ( [3], [4] ), is the first standard for still l1l, is selected as a key transform in JPEG-
image coding. This algorithm can provide high 2000. However, the eror generated from
compression ratios; however, it is limited to rounding operation [1] causes PSNR
only lossy coding. Then the lossless JPEG degradation in lossy coding when quantization is
(L-JPEG) based on Differential Pulse Code applied. Notice that the conventional LWT is a
Modulation (DPCM) [3] was proposed. The next one-dimensional (lD) filter bank (FB)
standard was called JPEG-LS [5] based on a constructed from double LS. To perform 2D FB
context-based modeling and a non-linear for image application, the lD LWT is applied
adaptive predictor referred to as Median Edge twice in horizontal and vertical dimensions,
Detector (MED) in LOCO [6]. The compression successively. Namely, it is "A Separable 2D
ratio of JPEG-LS is better than the compression LWT".
ration of L-JPEG since its filter coefficients are In this paper, we propose a non-separable
adaptive based on locally varying statistics from two-dimensional (2D) LWT for an image
the image data. Unforfunately, both L-JPEG and compression. The number of rounding
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operations of our proposed LWT is less than that
of conventional 2D LWT, whereas filter
characteristics of our proposed LWT are the
same as those of conventional 2D LWT when
error generated by the rounding operation is
negligible. Coding performance of our proposed
LWT is better than that of the conventional 2D
LWT in lossy coding, especially at high bit rates
when quantization errors are relatively small
compared to the rounding errors.

This paper is organized as follows. We
review signal processing ofthe conventional 2D
LWT based on applying fwo kinds of the
conventional lD LWT in horizontal and vertical
directions independently in section 2. Then, we
propose a signal processing of a new non-
separable 2D LWT for image compression in
section 3. Theoretical analysis confirms
advantages of our proposed 2D LWT in section
4. Simulation results confirm the effectiveness
of our proposed method in both lossless coding
and lossy coding in section 5. Finally, we
summarize our proposed method in section 6.

2. The Conventional Two-Dimensional
(2D) LWr

So far, many kinds of LWT have been
proposed. Most of the LWT are one-dimensional
(1D) LWT constructed from double lifting
structures and rounding operations. In this
paper, We renamed eight kinds of the LWT
according to the numbers of taps in low-pass
and high-pass filters as indicated in Table 1. The
parameters P1(z) in i'n lifting structure of each
LWT as shown in Table I are:

l
D t - \ -  \ - ^  . kr  i \ L  |  -  

, L " k t .
k=-3

The conventional 2D LWT is constructed by
applying two kinds of the conventional 1D LWT
in horizontal and vertical directions
independently as illustrated in figure l. Input
signal (X) is decomposed into 4 subbands (Y11,

Yls, YHr-, Ysg). For example, Yss indicates
horizontally low-passed and vertically high-
passed subband. The 21 and 22 denotes
horizontal and vertical dimension, respectively.
The Qu-, Qrn, Qur, Qurr denote quantization in
subband LL,LH, HL, and HH, respectively. The

LS denotes lifting structure. The @ and "J2"

denote the rounding operation and the down-
sampler by two [2]. As shown in Fig. 1, six
rounding operations are required to perform the
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conventional 2D LWT. We theoretically analyze
effors in decoded image based on the
conventional 2D LWT in section 4.

Table 1. Parameters of LWT [9].

The conventbml lD LWT The conventbml 1D LWT
app l ied  in  hor ian ta ld rmensbn app led  tn  venrca l  d imeroon

-\/- - \

(a) Analysis part of the conventional 2D LWT.

(b) Synthesis part of the conventional 2D LWT.

Fig.l Signal processing ofthe conventional 2D
LWT.
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3. The proposed non-separable 2D LWT
In this paper, we propose the non-separable

2D LWT based on an objective to reduce
numbers of rounding operations required in our
proposed 2D LWT. Its filter characteristics are
the same as those of the conventional 2D LWT
The signal processing of new non-separable 2D
LWT is newly designed by applying fwo types
of the conventional I D LWT: LWT type I for a
horizontal dimension and LWT type 2 for a
vertical dimension. Notice that we have a
freedom to select LWT type I and LWT Wpe 2.
They can be the same or different LWT.

As shown in figure 2, signal processing of
our proposed 2D LWT requires only four
rounding operations. The number of rounding
operations required in our proposed 2D LWT is
less because parameters in different LS of
conventional 2D LWT can be combined. For an
example, parameters of LS Al and LS ,{5 in
figure I are combined into those of LS Al' in
figure 2. Parameters of LS A,2 and LS ^46 in
figure I are combined into those of LS A2'.
Therefore, the number of rounding operations
required to perform the 2D LWT is reduced to
four rounding operations.

(b) Synthesis part of the proposed 2D LWT.

Fig.2 Signal processing ofthe proposed
non-seoarable 2D LWT
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4. Theoretical Analysis
In this section, we theoretically illustrate

advantages of the proposed non-separable 2D
LWT. Theoretical analysis of the conventional
2D LWT and the proposed 2D LWT are
il lustrated in section 4.1 and section 4.2,
respectively.

We analyze all signal processing in this
paper based on the following assumptions. (1)
All filters in this paper are linear and time-
invariant filters, and (2) Conelations between
each of the errors and the signals are zere
(statistical independence). In this paper, we use
z-transform expression defined by:

x(z):7 *&),-r

where x(k) denotes signal's intensity. Value of
x(k) for image signal is given as an "integer"

4.1 Theoretical analysis on the conventional
2D LWT

4.1.1 An equivalent expression of the
conventional 2D LWT

(a) An equivalent expression ofanalysis part of
the 2D LWT.

(b) An equivalent expression ofSynthesis part
of the 2D LwT.

Fig. 3. Equivalent expressions of the 2D LWTs
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(a) Analysis part of the proposed 2D LWT.
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Based on mentioned assumptions, signal
processing in figure I can be replaced by its
equivalent expression in figure 3 where its filter
characteristics (fI6 and G6) are:

[Hrr.(a'tr)l [ 
' 

I
IHLHc(4 , , r ) l _ ,  * - .  * ,  I  z ' '  I

|  " " - ,o , t r , l=  
l to*  l " *  t - " r ' ' - l  ' ;  I

1H,,,.(a,",1 lt,'.')) (3)

[c",.{a,2,)'l l ' ' t}]
I  l* ' l t '"1l=t i . t  l ."r.t; l . l ' r  I
lc"'"(q'")| 

" '- 
| ' , I

Lc*nrc(4,zrl L I l
where transform matrix (T"; and T-r.1) are based
on Darameters of the conventional 2D LWT in

According to Reichel's paper [1 1], non-

linearity of rounding operation generates
additive noise and then the noise is propagated
through FB to the reconstructed image.
Therefore, rounding errors in its equivalent
expression are:

[N- , r , , .2 , r1  [  o  I  [N- , tz . , , r l
I:- '" lt ' ' l l=l. o l.t;l -lt- '^o''" 

1
l N u _ , ( 4 . 2 : ) l  l N u r a . z : , 1  I  u  I  ( 9 )
LNR.* (4.2,)l lNu (4.2,)l L o l

I o I fN*"(a'")l
+r;l -el-l t-. t;''" 

l.t;l 
-r;l-*,-l ,_.^,0''..,,1

lN* . . (4 , . , ) l  L  o  I
*here ,ounding a.ro.. Np,a; and Np5; denote
additive elrors generated .from rounding
operation in lifting structure i'n in figure I (a)

and in figure I (b), respectivelY.

4.1,2 Enor analysis in decoded image based
on the conventional 2D LWT

firgure I as:
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(a) The LWT-based coding system.
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(b) An equivalent expression of the LWT-based
coding system.

Fig. 4. The LWT-based coding system and its
equivalent exPression.

In this section, we theoretically analyze
errors in decoded image of the conventional
LWT-based coding systems as illustrated in

figure 4. Errors in decoded image mainly
generated from two sources: quantization and

rounding operation. We can rewrite total error in
each subband (Ns) from as:

(8 )
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where o!. and o?, denote variances ot
r \ R  \  r r R s

rounding error in analysis part and in synthesis
part, respectively. If we assume that power
spectrum of all erors are flat, we can
approximately calculate variance of rounding
error from:

. . = o 1 ,  -  I  ( 1 5 )
, .Rso 

12

We can approximate that both errors are
independent. so the variance of errors ( oi ) in

decoded image can be calculated from a
variance of quantization error ( of," ) and a

variance ofrounding error (ofl_ ) as:

oj = ofr" +ofr_ (11)

A variance of quantization error ( ofr" ) is

calculated from:
,  I  . A i ,  , , ^  , , 2  A i - , ,  1 2"i" =;t?11c..11' +ffllc*11' *fllc*ll' o2\

*filc*ll,t
where A denotes quantization step size and the
norm llcll' is defined as:

l |cl l '= I 
g'1tc1 7or G(4=lg&)z k (13)

Next, we approximate a variance of
rounding errors under assumption that if
quantization is applied, the rounding errors in
both analysis and synthesis part are independent.
Therefore, a variance of rounding operation
( ofr" ) of the conventional 2D LWT based

coding system is approximately calculated from:

oi". =1roi.^,, *4-,. r*ltoi-*. *oi.,,. tllt-qr'i)ll'

.i"**. *'3^.,. ;llr- a1"rfl'
*jr'i"^. +'i.-"rllr-e,r--ill ' l l '-r,r'il l ' (14)

*]t4--. + oi",," ;llr - e,1'lt * r,t'i tRt'i ill'

* jr'i-_. * o.i-". rllr - e,t--lll'llr - p,r'lr. qr'irn,r'i!l'

A variance of error generated from both
quantization and rounding operations is
theoretically calculated for eight kinds of LWT
and compared to simulation results in the next
section.

4.2 Theoretical analysis of the proposed non-
separable 2D LWT

4.2.1 An equivalent expression of the
proposed non-separable 2D LWT

Similarly, signal processing in figure 2 can
be replaced by its equivalent expression in
figure 3 where its filter characteristics (Hp and
Gp) are:

[tt""r{z,,zr)l I t I
lH,-""{z,,zr) l-, *, *, I z' '  I

ln*r'.r1r,,,r'rsl=t"n 
*tt, *T,, *T,, -l 

,i I
[tt,orr{",,"r)] l.','ri I (16)

[c""r{2,,2,)l lr,'.:1
I Gr""(z',zr) l=r:: .r: *T; *T"-l-l tl 

I
l c " r " { r , , r r )  l - ' " '  

'P2 "  
I  r , '  I

[Go"(z,,zr)] L t l

where transform matrix (T6 and T-tp)) are based
on parameters of non-separable 2D LWT in
figure 2 as:

t lr'' =l ;
Lp, (zi )p, (zl )

t ;r ; i= l  o
! r,t'i ir,t'; I

(17)

[ r  
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[ r  o o  o l  [ r  o o  o  l
q,=lB,^4, I i tf,fr l=l-t la, 1 o -e,t{rl(tr)

"  
|  

0  0  r  o  
|  

' "  
|  

0  0  |  0  
|

L 0  0 0  r l  L 0  0 0  r J

Eq. (3), and Eq. (16) confirm that f i l ter
characteristics of our proposed non-separable
2D LWT are the same as those of the
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4.2.2 Etor analysis in decoded image based
on the proposed 2D LWT

Similarly, we analyze errors in decoded image
of the conventional LWT-based coding systems
as illustrated in figure 4. We can rewrite total
error in each subband (N6) as:
I N "

l N "

l N "
t N .

* r,-,, *r, .ff-;" I.,
I t  o  l

I r  
v,(z))  P,(z ' � t )  -P,G:)P,(zi) ]
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L 0 0 0 l J

[ l-,_ ra.z,r' l  lN;.rz,.z,r. l I o .]

lX.;:ll :,il=] 3 l.',.1"'';o'"1 ,,,,
1N^.* , r2 , .2 , ) l [  o  ]  L  o I

t : l l 3 l+1, *G, -]rr^,,o,r,r  
l*4..4, 

-1,.1 
o i

L o .l LN*^, (4,2,)l

[N*."ra.z,r l  I  o I  t  o ]
lN - . , " ra . ' , 11_1  0  |  . l  0  I
lN-,-"t , , . ' , r l=l  0 l+r ' i . lN;-,ra., ,r l  1zl)
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(a.z:)J iN',., {4.2, )l L 0 l

I o ] tN'"'(4'4)l
*rtl.r,l.lN*,f""ll.C.C.u:.1 : I

[ o ]  L o J
where rounding errors N'p,q1 &nd N'p5; denote
errors generated from rounding operation in
lift ing the ith structure in figure 2.
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( L  0  . i  L  0  ) )jtl

conventional 2D LWT as:

I u,,.. {2, . z, )'l IH,'-., (r, , r, ) I
I  
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l -  |  
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Rounding errors in its equivalent

l.f *' ...
+ T " , ' * t " t t . t r , t . l l  :

l .L o

-'ill
(2r) Similarly, if quantization is applied for all sub-

bands, we can calculate a variance of errors of
the proposed LWT-based coding system from:

-  I  I  ^  -  r  ^ t 2

o", =;,o-., +4*,)+;(4-,, +4-.,,)l l l-4(zj)l l

*\d, +d, l lh-nrr' i l I '  Qs)
4 ' - ^ * * , ,  

- N R s t P ' l l -  - r \ - r  / l l

*i,oi,"., + "-i--" lllr - q t'i ll' ll' - t,t'i )ll'

We can approximately calculate a variance
of the errors by applying a variance of each
rounding error in eq. (15). Table 2 theoretically
confirms that a variance of rounding errors of
the proposed 2D LWT less than that of the
conventional 2D LWT.

Table 2. A variance of rounding error of the
proposed 2D LWT and conventional 2D LWT.

LWT o'*
' ' R C o?,

' . R  P

5/3 0.4394s3 0.260417
t3 /L I 0.491928 0.305102
t317-T 0.472612 0.290532

I  J I  J 0.43 83 I 5 0.260417
9t3-K 0.439665 0.2604r7
9/3-S 0.43827 | 0.2604t7
t3/7-C 0.471948 0.290532
9/'�l-M 0.474646 0.290532

expression
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5. Simulation results
In this section, we apply five standard

images as input signals to illustrate effectiveness
of our proposed method. Eight different kinds of
the LWT [] are applied as the conventional lD
LWT where their parameters are summarized in
Table L Therefore, there are sixty-four possible
kinds of proposed 2D LWT based on
combination of eight kinds of the conventionai
lD LWT. However, simulation results in this
paper are based on the same LWT in both
horizontal and vertical dimensions. Section 5.1
and Section 5.2 illustrate effectiveness of the
proposed method in lossless coding and that in
lossy coding, respectively. In this paper, the
proposed 2D LWT and the conventional 2D
LWT are applied only to one stage to confirm
effectiveness of our proposed method.

5.1 An effectiveness in lossless coding
Table 3 and Table 4 illustrate lossless coding

performance of both LWT in term of the entropy
rate calculated by:

H = ->P. logz P.

where P, indicates probability of a symbol "s".

Table 3 and Table 4 indicate that entropy rates
of the proposed method are slightly less than
those ofthe conventional one.

Table 3. Entropy rate in lossless coding of the

Table 4. Entropv rate in lossless codins of the
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5.2 An effectiveness in lossy coding
Table 5-12 illustrate lossy coding performance

of both methods in term of PSNR (Peak Signal
to Noise Ratio) defined as

)  \ \ 2pSNR = lolog,o (af) ldBl Q7)
o:

where o' denotes variance of error signal

befween original signal and decoded signal. The
"proposed" and "conventional" indicate
"proposed non-separable .2D LWT" and "the

conventional 2D LWT", respectively. To be
comparable to a conventional quantization,
quantization step size for all is set in the same
value. Table 5-12 practically confirms that
coding performance of the proposed 2D LWT is
better than that of the conventional 2D LWT
Moreover, Table 5-12 confirms that theoretical
analysis is accurate to predict PSNR of the
decoded image. Fig. 5 illustrates rate distortion
curve of "Barbara" based on the "5/3". Fig. 5
also confirms that coding performance of the
proposed 2D LWT is always better than that of
the conventional 2D LWT; especially in high bit
rates. Notice that coding performance of the
proposed one is slightly better than that of the
conventional one at a low bit rate. Fig. 6
illustrates an original image "Barbara". Fig. 7
and Fig. 8 illustrate decoded images at total bit
rate = 5 bpp generated from our proposed 2D
LWT and that from the conventional one.
respectively.

Table 5. PSNR of decoded imaee based on the
5/3 " LWT (simulation/theoreticalslmulatlon/theoretlca

lmage
Name

Conventional Proposed
5 bpp. 4 bpp. 5 bpp. 4 bpp.

Aerial +8.2148.t14.6144.8t9.0/49.3+4.9145 . t
Girl +9.8149.'�,17 .1/41 .819.8/50.9+8.4/48.(

Chest 16.3t46.1+2.s/42.1t6.6/46.i+2.7 /43.{
Mobile +8.5/49.316.9t47.1t8.7/50.4t7.2/47.9
Barbara +8.3t49.416.0/46.tr8.7 /50.:t6.4t41.(

Table 6. PSNR of decoded imaee based on the
LWT simulation/theoret

Image
Name

Conventional Proposed
5 boo. 4 boo. 5 boo. 4 boo.

Aerial t7.8/41.t+4.4/44.2t8.2/48.',14.6/44.C
Girl t9.0/49.117.2/47.3+9.2/50.:17.5/48.(

Chest t5.2/45. l l8142.2t5.5146 t2.0/42.:
Mobile t7.6t48.t5.9/46.1t8.1/49.t+6.4/47.a
Barbara 18.4/48. t15.8/45.5+8.1/49.tt6.4146.t

LWT.
LWT Aerial Girl Chest Mobile Barbara
5/3 5.94555 4 1 56.40125.3  53  8 5 .5288

t 3 / t 15.91975 3896.44835.3 863 5.3844
t317-T5.9 t34 257 6.424 s.36785.4077

t ) / ) 5.96065 4 )2 6.40075 . 3 5 8 15.5285
9t3-K 5.9465 4316.4026s.35385.532
9/3-S 5.96s45 4736.4026s.3 6085.5302
t3n-c5.92165 264 6.4245 > . J  I 5.408
9/7-M 5.90855 279 6.42955.37065.4139

conventional LWT
LWT Aerial Girl Chest MobileBarbara
5/3 5.9451 447 6.40085.3544s5302

13il1 5.92r5 4016.44845.38735.3882
t3/7-T5.91455 288 6.4244 5 .36885 . 4  l 3  8
13/3 5 .95715 475 6.4007s.3 5 83 5.5291

9/3-K 5.9435 443 6.40225.35375 . 5 3  l 8
9/3-S 5.96195 5 0 16.40135.36025.5298
13t7-C5.9231 J l l 6.42485 . 3 7  | 5.4t43
9/7-M 5.91  05 5 3 1 56.43065 . 3 7  t 6 5 .4179

4 l



Table 7. PSNR of decoded imase based on the
t3t7-T'� WT (simulat

Image
Name

Conventional Proposed
5 bpp. 4 bpp. 5 boo. 4 bon.

Aerial +7.8t48.1+4.5/44.:+8.3t49.(t4.8t44.t
Girl +9.v49.4t 1  ' ' r  l A 1  I t9.4150.(17.7t48.2

Chest 15.6145.9t2.0142.:t6.0t46.t12.2t42.
Mobile +7.8/48.9t6.1146.918.3/50.(t6.6147.:
Barbara +8.5/49.1t5.9t46.1t8.8/50 16.3t46.(

ion/theoretical

ion/theoretical

Table 10. PSNR of decoded image based on the
ical

Table 11. PSNR of decoded image based on the
I
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P sol
S
N
p aSl

401

.........._ The proposed2D*5/3"

' ' ' '- The conventional 2D "5/3"

1 .5  2  2 .5  3  3 .5  4  4 .5  5  5 .5
Total bit rate

Fig.5 Rate distortion curye of "Barbara" based
on "5/3".

Table 12. PSNR of decoded imase based on the
"9/7-M" LWT simulation/theoretica

Image
Name

Conventional Proposed
5 bpp. 4 bon. 5 bpo. 4 bpp.

Aerial 18.0/48.1+4.5t44.4+8.3/48.t14.8t44.1
Girl +9.2149.:+7.3/47 .4t9.4/50.:17.7t48.2

Chest +5.5t45.\12.0/42.415.9146.t+2.1/42.C
Mobile +7.9t48.9t6.v46.r18.4/50.(16.5/4'7.5
Barbara t8.s/49.(t5.9t46.t+8.8/50. I t6.2/46.(

Table 8. PSNR of decoded imase based on the
"13/3" LWT simulat

Image
Name

Conve tional Proposed
5 bop. 4 bnp. 5 bpp. 4 boo.

Aerial t8.0/48.4+4.6144.1t8.5t49.t14.8145.i
Girl t9.6149.i+7 .6t47.tt9.8/51 +7.9148.(

Chest t6.4/46.212.5142.116.6/46.112.7 t43.(
Mobile t8.3/49.316.8141.t18.7 /50.t 17.2/47.t
Barbara +8.3149.4t6.0t46.t18.7150.(16.2147.(

Table 9. PSNR of decoded image based on the
*9t3-K'' LWT simulat

Image
Name

Conventional Proposed
5 bop. 4 bpp 5 bpp. 4 boo.

Aerial +8.3/48.t14.6t44.1t8.'7 /49.: +4.8145.1
Girl +9.8149.',11.5t47.1t9.7150.\+8.0/48.(

Chest +6.3146.1t2.5t42.tt6.6t46.'+2.6t43.C
Mobile +8.4149.a\6.8t41.t+8.11s0.4+7.2141 .9
Barbara +8.2t49.t15.9146.t18.6/s0.5t6.U46.9

*91 .S'' LWT simulation/theoretical).
Image
Name

Conventional Proposed
5 boo. 4 bop, 5 bpp. 4 boo.

Aerial 18.0t48.tt4.6t44.8t8.5149.4t4.9145.2
Girl t9.7 /49.',t7.6147.E19.8/51+8.1/48.(

Chest t6.4t46.t12.5142.8t6.7/46.t+2.7143.1
Mobile t8.2/49.:+6.9147.2t8.6t50.4+7.3147.t
Barbara 18.3149.t+6.0/46.4+8.1 150 .( +6.v4'�7.(

*13/7-C" LWT simulation/theoretrca
lmage
Name

Conventional Proposed
5 boo. 4 boo. 5 bpp. 4 boo.

Aerial 17.8/48.1t4.6t44.:18.4t49.(+4.9144.9
Girl 19.0/49.4t7.2/47 +9.3/50.:+7.7/48.1

Chest +5.5/45.912.0142.:16.0/46.t4 . ' ' . ' / ^ . )

Mobile 17.8t49.(t6.2146.t+8.4/50.(t6.6t47.:
Barbara 18.4t49.1t5.9t46.1+8.9/50.1+6.3/46.(

Fig. 6 An original image "Barbara"

q z



Fig. 7 A decoded image "Barbara" based on our
proposed 2D*513" at total bit rate = 5 bpp.,

PSNR:48.7  dB.

Fig. 8 A decoded image "Barbara" based on the
conventional 2D "513" at total bit rate : 5 bpp.,

PSNR:48 .  3  dB .

6. Conclusion
In this paper, we proposed a new non-

separable 2D LWT with fewer rounding
operations. The coding performance of our
proposed method is better than that of the
conventional 2D LWT because the proposed
LWT has less number of rounding operations
required in 2D filter bank, however filter
characteristics of both methods are exactly the
same. Simulation results confirm effectiveness
of our proposed method in lossy coding at high
bit-rates, additionally in lossless coding.

Computational load of the proposed non-
separable 2D LWT is increased, compared to
that ofthe conventional one.
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