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Abstract

In this paper, the design of an efficient bio 9/7 filter bank for the discrete
wavelet transform (DWT) is proposed. The design starts with the standard design
constraints of the lifting scheme architecture. A modification in the resulting 9/7 filter
bank coefficients after lifting is made leading to new sets of simple and less-number
coefficients for both low-pass and high-pass branches of the direct structure of the
DWT filter bank. In order to speed up the operations of the designed filter bank, the
need for multipliers is eliminated by realizing the designed filter coefficients in a
multiplier-less manner. That’s each of the existing non-zero coefficient is represented
as sum-of-powers-of-two ( ). The complexity of resulting bio 9/7 filter bank
structure is the lowest among other recent issued structures. The performance of
resulting structure is then examined objectively by applying three different test
images and computing the peak signal-to-noise-ratio ( ) values for the
reconstructed image. Subjective evaluation of these images is also achieved by
calculating the average mean opinion score ( ). Objective and subjective
evaluation indicate the eligibility of the designed bio 9/7 DWT filter bank for image
processing.

Keywords: DWT, Bio 9/7  Filter Bank, Lifting Scheme, Polyphase, Perfect
Reconstruction (PR), Sum-of-Powers-of-Two ( ).

ثنائي التعامد9/7تصمیم وتنفیذ تحویل مویجي متقطع كفوء نوع 

زینة ناطق عبد القادر
العراق-الموصل-جامعة الموصل- كلیة التربیة-قسم علوم الحاسوب

ةصلاالخ

. ثنائي التعامد9/7نوع لتحویل المویجي المتقطع العائد للجرف المرشحتصمیم كفوءقتراح تم إالبحث، ھذافي 
جرف لقد تم إجراء تعدیل على معاملات التصمیم القیاسیة لھیكلیة مخطط الرفع.محدداتیبدأ التصمیم من 

اَ لكل من فرعي التمریر الواطيء قل عددالأبسیطة والمعاملات الإلى مجموعات جدیدة من أدىرفع البعد 9/7المرشج
ولتسریع العملیات في مرشح الخاص بالتحویل المویجي المتقطع.الجرف لو التمریرة العالي في الھیكل المباشر 

حیث أن كل دونھا.تم التخلص من المضارب من خلال تنفیذ معاملات الترشیح المصممة بفقدجرف المرشح المصمم،
)مثل كمجموع لأسس ثنائیة یُ معامل من المعاملات غیر الصفریة للمرشحات  . إن تعقید الھیكل الناتج (

فحص أداء بعد ذلكتملقد.المنشورة مؤخراً الھیاكل قل من بین غیرھا من ثنائي التعامد ھو الأ9/7لجرف المرشح 
مختلفة وحساب النسبة القصوى للإشارة الى الضوضاء تجریبیةبإدخال ثلاث صوروذلككميبالتقییم الالھیكل الناتج ( وذلك بحساب معدل المقیاس التقییم الموضوعي لتلك الصور كما الحصول على  . للصور المسترجعة( ( المصممة للتحویل ثنائیة التعامد9/7مرشحاتان أھلیة أجراف ثبتالكمي والموضوعي یینیمیقالتإن .  (

المویجي المتقطع لمعالجة الصور. 
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1. Introduction

The discrete wavelet transform (DWT) is developed as a multi-resolution transform
that allows a good form of time–frequency analysis, which plays an important role in
signal processing as it surmounts the limitation of solely time or frequency analysis [1],
[2]. The DWT is widely used for signal and image analysis. Choosing a suitable wavelet
filter structure is one of the major issues when using wavelet transforms [3], [4]. Many
image and video compression systems include the DWT as the transformation stage. This
paper deals with a simple design and efficient realization of symmetric biorthogonal CDF
9/7 wavelets.

The CDF 9/7 filter bank ( ) of the biorthogonal 9/7 wavelet is proposed by Cohen,
Daubechies, and Feauveau, [5]. The biorthogonal 9/7 wavelet have a great number of null
moments for a relatively short support. They are more symmetrical and very close to
orthogonality. This is an important feature in coding which ensures that the reconstruction
error is very close to the quantization error in terms of mean squared error. The
biorthogonal 9/7 wavelet transform is superior for the decorrelation of natural images and
adopted as a core algorithm by the JPEG-2000 standard image coding being the default
wavelet filters for lossy compression [6].  In spite of its wide range of applications, CDF
9/7 filters design method is too complicated and too complex [7]. In addition to that, the
direct implementation method (i.e., convolution method) of such DWT usually requires a
lot of arithmetic computations, since it is essentially a two-channel filter bank. Lifting
scheme is another efficient way to reduce arithmetic complexity and to provide an in place
implementation [8]. The Lifting scheme of the biorthogonal CDF 9/7 transform contains
four steps: two prediction operators and two update operators [6].

Several designs was proposed for the efficient realization of the CDF 9/7 filter bank.
In one of those optimal designs of biorthogonal wavelets that based on the lifting
algorithm, Cheng, et al in 2003 [9]. A  family of biorthogonal symmetric wavelet
transforms was introduced by A. Z. Averbuch and V. A. Zheludev in 2004 utilizing splines
for the design of filters for the predict and update operations in lifting schemes [10].They
described the applications of such family to still image compression. Martina, et al in 2006
[5], constructed the compact support of biorthogonal wavelet filters and proposed a
parametric expression for 9/7 wavelets. They approximated the bio 9/7 filter coefficients
and expressed the 9/7 filter outputs in terms of bio 5/3 filter outputs. By that approach, the
adder-complexity of the 9/7 DWT was significantly reduced. In 2009, Quan and Ho
proposed an efficient lifting scheme to construct biorthogonal wavelet [11] with better
compression performance than the JPEG-2000 standard CDF 9/7 wavelet. Again in 2009,
another design method was proposed for wavelet filter banks based on a single lifting
structure suitable for 9/7 filter pairs [12]. Those filters were derived directly without
factorization. In such design, it was also shown that the signal boundaries can be treated
without much computational efforts. A filter bank was included to be implemented in
integer arithmetic without divisions. The designed wavelet filter banks showed better
performance than the standard 9/7 filter bank for lossless image compression, while a
competitive performance was achieved when they were applied in lossy compression.

In 2011 an efficient implementation of the DWT using polyphase filter bank
architecture with distributed arithmetic ( ) to speedup wavelet computation was
proposed by G. Tewari, et al, [13]. That DWT was irreversible and utilized the  9/7
coefficients for a lossy compression. Also in 2011, M. Beladgham, et al [6] used the
biorthogonal CDF 9/7 wavelet compression based on lifting scheme, coupled with the
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SPIHT coding to improve the quality of the compressed medical image. Recently, S.
Zhang, et al, [7] suggested a 9/7 wavelet filter bank for texture image coding applications
based on lifting a bio 5/3 filter to a bio 7/5 filter, and then to a bio 9/7 filter. A one-
dimensional optimization problem for such bio 9/7 filter family was also carried out
according to the perfect reconstruction ( ) condition of wavelet transforms and wavelet
properties. In addition, a suitable control parameter of the bio 9/7 filter family for image
coding applications was then determined. More recently, multiplier-less 1-D and 2-D
DWT using bio 9/7 filter based on a new efficient distributed arithmetic (NEDA)
technique was given by A. P. Gupta in [14].

This paper introduces a simple and efficient design leads to a multiplier-less
realization of the filter bank of the symmetric biorthogonal CDF 9/7 wavelet. A
modification in the standard design constraints of the lifting scheme architecture leads to
sets of simple and less-number filter coefficients. These coefficients possess some
interesting characteristics which ease the overall filter bank realization. That is they can be
easily realized in a multiplier-less manner using the method of sum-of-powers-of-two
( ). The resulting multiplier-free structure is compared with some other recent ones.
The symmetric biorthogonal CDF 9/7 wavelet transform of the designed type is also tested
through analyzing and synthesizing some standard images highlighting its applicability.

The rest of this paper is organized as follows; The background of the bio 9/7 wavelet
filter bank is given in section 2. The proposed design is presented in section 3. In section 4,
efficient multiplier-less representations of the designed coefficients are explained. A
comparative study concerning the basic building blocks of the bio 9/7 filter bank is
illustrated in section 5. The resulting structure is examined and analyzed in section 6 by
computing the peak signal-to-noise-ratio ( ) values of some tested images. Finally,
section 7 concludes this paper.

2. The Background of the Bio 9/7 Wavelet Filter Bank
In the filter bank of the biorthogonal 9/7 shown in Fig. 1 (analysis side), the transfer

function of the low pass filter ( ) contains 9 coefficients and the transfer function of the
high pass filter ( ) contains 7 coefficients. These anti-causal transfer functions are given
by( ) = + + + + + + + +
…(1)
and( ) = + + + + + + …(2)

For symmetrical biorthogonal 9/7 filters (i. e., = , for i = 0, 1, 2, 3, 4 and= , for i = 0, 1, 2, 3), ( ) will be left only with 5 coefficients, while the high pass
filter ( ) will have 4 coefficients only, as follows:( ) = ( + ) + ( + ) + ( + ) + ( + ) + …(3)
and( ) = ( + ) + ( + ) + ( + ) + …(4)
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The direct realizations of (3) and (4) can decrease the number of multiplications into
approximately half its value using the advantage of the symmetric coefficients (i.e., linear
phase property of each filter). For condition, the filters of the synthesis side of Fig. 1
are chosen as( ) = (− ) …(5)
and( ) = (− ) …(6)

Fig. 1  Filter bank block scheme used to realize 1-D DWT.

In  polyphase realization, each of the filters ( ) and ( ) of the analysis bank is
divided into even parts ( ) & ( ) and odd parts ( ) & ( ) as follows:( ) = ( ) + ( ) …(7)
and( ) = ( ) + ( ) …(8)
where( ) = ( + ) + ( + ) + …(9)( ) = ( + ) + ( + 1) …(10)( ) = ( + ) + …(11)
and( ) = ( + ) + ( + 1) …(12)

The samples of the input sequence x(n) in Fig. 1 are initially de-multiplexed into
even samples xeven and odd samples xodd. The even samples are convolved with the even
filter coefficients, while the odd samples (after a single delay) are convolved with the odd
filter coefficients. Finally, the even and odd phases are summed together [15]. Using the
advantage of decimation in polyphase realization, the number of multiplication operations
is further decreased by half. Thus, both decimation operation and linear phase property can
reduce number of multiplication operations to ¼ of its total required. Lifting scheme is the
latest efficient realization method to reduce the arithmetic complexity and to provide an in
place implementation [8]. In the next section, the proposed design is derived using such
scheme as a starting point.

3. The Proposed Design
As shown in Fig. 2, the lifting schemes consist of following 3-steps [16]: the

splitter- where the input sequence is separated into even and odd parts, the predict step-
where the even samples are multiplied by the time-domain equivalent of T(z) and then
added to odd samples and the update step- where the predict samples are multiplied by
time-domain equivalent S(z) and then added to even samples.
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Fig. 2 The Lifting scheme steps.
The corresponding polyphase matrix factorization is given by [16]:
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…(13)

The basic function of the lifting scheme method is to factorize the polyphase matrix
of wavelet filter into a sequence of alternating upper and lower triangular matrices and
diagonal matrices. According to [7], a new polyphase matrix can be formulated as follows:( ) = ( ) ( ) …(14)
or ( ) = ( )( ) ( ) ( ) ( )( ) ( ) ( ) …(15)

According to the perfect reconstruction condition of 9/7 wavelet transform, wavelet
properties, and normalizing condition, the above coefficients can be expressed in the form
of a one-dimensional function. Thus, the resulting 9/7 coefficients after lifting are given as
[7]

( ) ( )( )( )( )( )( )

…(16)
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where the range of t can be determined as ⊂ [0.78,1.85]. If is a known number, the
filter coefficients can be easily determined using (16). While normalizing the frequency
response  at = 0 rad. (i. e., = 1 and letting = 1 in (16), the following
coefficient values can be obtained:

…(17)

By substituting the resulting coefficient values for i = 0, 1, 2, 3, 4 and for i =
0, 1, 2, 3 in (9) to (12),The resulting transfer functions ( ) and ( ) in (7) and (8),
respectively can be achieved by evaluating the followings:( ) = ( + ) − ( + ) + …(18)( ) = ( + 1) …(19)( ) = …(20)
and( ) = ( + ) − ( + 1) …(21)

It is necessary to point out that the resulting 9/7 filter bank is of the wavelet type.,
since the regularity of the designed 9/7 wavelet is guaranteed by the same test of [9] while
the coefficients can be derived using the vanishing moments that satisfy M =2 and M = 4.
It can be calculated using( )( ) z=−1 , .( )( ) z=−1 , , , . …(22)

It should be noted that for different vanishing moments conditions and different
normalization conditions, different coefficients can be evaluated. The resulting coefficient
values in (18) – (21) are investigated for efficient multiplier-less realization in the next
section. Impulse responses ( ) and ( ) of the proposed bio 9/7 filter bank are shown in
Figs. 3 and 4 with their frequency responses and being illustrated in Figs.
5 and 6 respectively. Figures 5 and 6 also contain plots of the frequency responses of the
original bio 9/7 filters. From these figures, it can be seen that the frequency responses of
the proposed filter bank can approximate the originals, especially at pass-band range which
is obviously much important than the stop-band.
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Fig. 3 Impulse response ( ).

Fig. 4 Impulse response ( ).

Fig. 5 Magnitude and phase responses of , original and proposed.
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Fig. 6 Magnitude and phase responses of , original and proposed.

The resulting bio 9/7 wavelet analysis one-dimensional (1-D) filter bank structure is
shown in Fig. 7. Furthermore, in Fig. 7, the even function filtering sections ( ), ( ),( ) and ( ), followed by a down-sampler is equivalent to have a down-sampler first,
then followed by half-ordered versions of those functions. Because of such lower sampling
rate utilization, saving in computations by a factor of 2 will be achieved [17]. The resulting
efficient filter bank structure is shown in Fig. 8. A two-dimensional (2-D) structure of Fig.
8 can easily constructed by repeating that figure three times in a tree structure.

Fig. 7 The resulting bio 9/7 wavelet analysis one-dimensional (1-D) filter bank
structure.
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Fig. 8 Bio 9/7 wavelet analysis one-dimensional (1-D) filter bank structure with saving in
computations by almost a factor of 2.

4. Efficient Multiplier-less Representation of the Designed Coefficients
In addition to the pre-mentioned saving in computations in Fig. 8 by almost half of

its original value, two reductions in realization complexity can also be achieved. In that
context, it is known that multiplier representation takes a large cost in the utilized area and
can reduce the speed of those systems which contain a large number of multipliers. This in
turn reduces the maximum operating frequency. To eliminate the need for multipliers in
the proposed architecture realization and in order to speed up its operation, the designed
filter coefficients are realized in this paper in a multiplier-less manner. Two reductions in
realization complexity of Fig. 8 can be achieved by a two-step manipulation in the bio 9/7
filter bank realization. The first step here is to make the design efficient by reducing (by 4)
the number of coefficients required to represent each filter in the 9/7 filter bank. This was
done by setting = 1 in (16) leading to = = = = 0 . The second step is
accomplished by realizing each of the existing non-zero coefficient in (18)-(21) as sum-of-
powers-of-two ( ) [18]. Multiplications are then achieved by only shift and add or
even by a shift only. The values of the coefficients in the designed bio 9/7 wavelet filter
bank of Fig. 8 can be represented as a as in Table 1.

Table 1 Multiplier-less representations of coefficients.
Coefficients of( ) Representations Coefficients of ( ) Representations= 2332 2 − 2 − 2

Shift and add = 12 2
Shift only= = 14 2

Shift only = = − 932 −2 −2
Shift and add= = − 18 −2

Shift only = = 0 Non= = 0 Non = = 132 2
Shift only= = 164 2

Shift only
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5. A Comparative Study
1-D and 2-D structures belongs to Fig. 8 are compared with other recent multiplier-

free structures, namely; 2-D one of G. Tewari, et al in 2011 [13] and 1-D and 2-D
structures of A. P. Gupta, et al in 2013 [14]. Table 2 illustrates this comparison. The
comparison includes the numbers of required adders and shift registers. As illustrated in
Table 2, the proposed structure (in 1-D and 2-D forms) outperforms the others in terms of
all basic building blocks.

Table 2 A comparison between the proposed and other recent multiplier-free structures.

Structure No. of
Adders

No. of
Shift Registers

G. Tewari, et al (2-D) [13] in 2011 80 68
A. P. Gupta, et al (1-D) [14] in 2013 36 24
A. P. Gupta, et al (2-D) [14] in 2013 80 72

Proposed Structure (1-D) 9 13
Proposed Structure(2-D) 27 39

6. Experimental Results
The performance of the proposed bio 9/7 wavelet filters is measured and compared

with those of the original bio 9/7 wavelet filters by applying three standard test images as
inputs. values of the resulting reconstructed images are then calculated. High
vales indicate that the output images are very similar to their originals copies. For an 8-bit× -sized gray scale output image, the can be computed (in dBs) as follows [15]:= 10 … (23)

Where is the mean square estimated= 1× | ( , ) − ( , )| … (24)( , ) is the input image and ( , ) is the reconstructed image. Table 3 illustrates the
and values of three reconstructed test images shown in Fig. 9 (namely; Lena,

Peppers and House) obtained using original and proposed bio 9/7 wavelet filters. The high
values highlight the property of the designed wavelet filter bank. From Table 3,

it can be easily noticed that the proposed bio 9/7 wavelet filters can achieve all the three
reconstructed test images with better quality than those of the originals presented in [14].
Table 3 and values of three reconstructed images using original and proposed

bio 9/7 wavelet filters.

Image
Results using Original

bio 9/7 wavelet filters [14]
Results using the proposed

bio 9/7 wavelet filters
(dB) (dB)

Lena (512x512) 1.7047 45.8142 1.5273 46.2917
Peppers (512x512) 2.0757 44.9591 1.8877 45.3714
House (512x512) 0.8949 48.6130 0.8156 49.0160
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It is known that values indicate an objective quality measure for an image
processing system performance. They do not indicate any subjective measure. Subjective
evaluation of the reconstructed images needs some visual inspection of these images to
investigate artifacts and to measure their perceptual quality.

Scores of similarity are obtained for the three test images by calculating the average
mean opinion score ( ) [19] of 20 observers. It is known that 4 < ≤ 5 indicates
no distortion (Excellent), 3 < ≤ 4 represents little distortions which can be ignored
(Good), 2 < ≤ 3 shows clear distortions which can be seen but can be accepted
(Fair), 1 < ≤ 2 shows a lot of distortion which can't be accepted (Bad) and
finally 0 < ≤ 1 shows too much distortion, therefore cannot be tolerated
(Very Bad). Table 4 shows that excellent values are achieved for the three
reconstructed images of Fig. 9 while applying the proposed bio 9/7 wavelet filters rather
than the original ones.

Table 4 values for the test images using original and proposed bio 9/7 wavelet
filters.

7. Conclusions
A simple and efficient design for the filter bank of the symmetric bio 9/7 DWT has

been introduced with less computations. A modification in the standard design constraints
of the lifting scheme has led to sets of simple and reduced-number filter coefficients. Some
interesting characteristics regarding those coefficients have been investigated to ease the
overall filter bank realization. Those coefficients have been realized in a SOPOT
multiplier-less manner. The comparison of the resulting multiplier-free structure with some
of other recent multiplier-free structures has proven its superiority in utilizing a minimum
number of different basic building blocks of filters. The realized symmetric bio 9/7 DWT
has been tested through analyzing and synthesizing some standard images.

While testing the designed structure, excellent objective and subjective quality
measures have been achieved compared to the original bio 9/7 DWT filter bank. Such
excellent quality measures highlight the suitability of the proposed structure for image
processing. In addition, since the proposed design has applied the standard design
constraints of the lifting scheme, it is believed that the resulting structure will also be very
efficient in many other applications such as image/speech compression and denoising.

The proposed design can be extended further via McClellan transformation to some
efficient special types of 2-D wavelet filter banks, such as; circular-symmetric, elliptical-
support, and fan filters. The later can also be utilized in designing efficient contourlet
transforms.

Image values using original
bio 9/7 wavelet filters

values using the proposed
bio 9/7 wavelet filters

Lena (512x512) 4.6 4.7
Peppers (512x512) 4.7 4.8
House (512x512) 4.4 4.6
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(a) (b), = 4.6 (c), = 4.7

(d) (e), = 4.7 (f), = 4.8

(g) (h), = 4.4 (i), = 4.6
Fig. 9 The three test images and their reconstructions using original and proposed bio 9/7
filter banks with the corresponding values, (a) Original Lena image, (b) and (c)
Reconstructed Lena images using original and proposed bio 9/7 filter bank, respectively, (d)
Original Peppers image, (e) and (f) Reconstructed Peppers images using original and
proposed bio 9/7 filter bank, respectively, (g) Original House image, (h) and (i) Reconstructed
House images using original and proposed bio 9/7 filter bank, respectively.
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