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ABSTRACT lifting steps. Thus, the resultant IIR filter banks have ap-
The lifting scheme is well-known to be an efficient tool for proximate linear phase responses. Next, the proposed IIR

4 . ; rthogonal wavelet filter banks are applied to image loss-
constructing second generation wavelets, and is often use . . . .
. . \ .._less compression. The coding performance is investigated,
to design a class of biorthogonal wavelet filter banks. For its

- e . and compared with the wavelet transform supported by the
efficiency, the lifting implemantation has been also adopted baseline codec of JPEG2000. It can be seen from the ex-
in the international standard JPEG2000. It is known that :

the orthogonality of wavelets is an important property for perimental results that the proposed IIR orthogonal wavelet

o . . filter banks can achieve a better coding performance than
many applications. This paper presents how to implement .
. . the conventional wavelet transform.
two band IIR orthogonal wavelet filter banks according to
the lifting scheme. It is shown that a class of IR orthogonal
wavelet filter banks can be realized by using allpass filters 2. LIFTING SCHEME
in the lifting steps. Thus, the proposed filter banks have ap-

proximate linear phase responses. Finally, the proposed IIRThe liting scheme proposed by W. Sweldens in [7] and [8]
orthogonal wavelet filter banks are applied to image losslessjs sed to construct second generation wavelets, and has
compression, and the coding performance is investigated. many advantages such as faster implementation, fully in-
place calculation, reversible integer-to-integer transforms,
1. INTRODUCTION and so on. In this paper, we consider the lifting scheme with
two lifting steps shown in Fig.1. In Fig.F(z) is a predic-
The lifting scheme proposed in [7] and [8] is an efficient tool tion operator and)(z) is an update operator. The circles la-
for constructing second generation wavelets. It is shown belled with the symboR are quantizers that round outputs
in [9] and [10] that every wavelet transform with FIR fil- of P(z) and@Q(z). Itis clear that a reversible integer-to-
ters can be decomposed into a finite number of lifting steps, integer transform can be easily realized in the lifting scheme,
thus this allows the construction of an integer version of since the inverse wavelet transform is immediately derived.
the transform. Such integer wavelet transforms are invert- Therefore, the lifting scheme is attractive in lossless coding
ible, and then are attractive in lossless coding applications.applications, where the original image can be completely
Due to these properties, the lifting implemantation has beenrestored after elongating the compressed image.
adopted in the international standard JPEG2000 [3],[12]. Let Hy(z) and H;(z) be a pair of lowpass and high-
However, it is not always possible for wavelet transforms pass filters in the analysis bank. Their transfer functions are
with IIR filters to be realized by a finite number of lifting given by
steps. In general, the lifting scheme is used to construct a
class of biorthogonal wavelet filter banks. It is known that { Ho(z) =1+ Q(2*)H,(2)
the orthogonality of wavelets is an important property for e 1 2
N : ; : 1(z) =27 = P(z7)
many applications of signal and image processing. There-
fore, we will consider the realization of orthogonal wavelet
filter banks in the lifting scheme.

This paper presents how to implement two band IIR or-
thogonal wavelet filter banks according to the lifting scheme.
In the proposed method, a class of IIR orthogonal wavelet
filter banks can be realized by using allpass filters in the

1)

Then the design problem of this filter bank is how to deter-
mine two transfer function®(z) and Q(z) to satisfy the
given specification. Conventionally, FIR filters are often
used in the design aP(z) and Q(z), resulting in a class
of biorthogonal wavelet filter banks. In the following, we
will describe how to design a class of orthogonal wavelet
*Xiz@ice.uec.ac.jp filter banks by using IIR allpass filters in the lifting scheme.




thus,

1 1 M 1
Qz) = §P(Z ) = TA(Z )- 9)
Then,Hy(z) becomes
Ho(z) = 5{1 427 AG), (10)
which satisfies
Ho(2)Ho(2™') + Ho(—2)Ho(=2"1) = 1. (11)

Fig. 1. Lifting scheme

Therefore, the orthogonality condition in Eq.(2) is satisfied,

and a class of orthogonal wavelet filter banks is obtained by
3. IR ORTHOGONAL WAVELET FILTER BANKS using an allpass filteA(z) in the lifting step.

It is well-known that the orthogonality of wavelets is an im-

portant property for many applications of signal and image
processing. The orthogonality condition of two band filter
banks is given by

4. DESIGN OF IIR ORTHOGONAL FILTER BANKS

It can be seen in Egs.(7) and (10) that the design problem of
the proposed IIR filter banks has been reduced to the phase

Ho(2)Ho(27Y) + Ho(—2)Ho(—2"1) = ¢4 approximation of the allpass filtet(z). Assume thad(w)
Hi()H () + Hi(—2)Hi(—2 Y =c , (2) is the phase response dfz). The frequency responses of
H H i

Ho(2)Hy (=~Y) + Ho(—2)Hy(—2~1) = 0 o(z) and H, (z) are given by
wherec; andc; are constants, angg = co = 2 for the Ho(e’) = cos[(M + l)w + @]e—j[(l\ﬂ%)ww}
orthonormal filter banks. 2 2 _

First, by substitutingff, (=) of Eq.(1) into Eq.2), we | a7, () = 2 gin(a + L)w + 2C)jesl 0t 252)

have J 2 2

(12)
For Hy(z) and H,(z) to be a pair of lowpass and highpass
filters, the phase responégv) must satisfy

Hl(z)Hl(z_l) + H1<—Z)H1(—Z_1)
=2+2P(z*)P(z7?)

= ¢y, 3) 0 © )
<w<w
thus 1 0(2w) -
' _ c M+ 2w+ = , (13
P(2)P(z 1)252_17 4) ( 2)w 2 - (ws<w<m (13)
that is, _ ¢ ] )
|p(6Jw)|2 ==2_1, (5) wherew, andw, are the edge frequencies Hf(z) in the
2 passband and stopband, respectively, apdt w, = .
which means thal(z) should possess a constant magnitude Therefore, the desired phase responsé (af) is
response at all frequencies. TherefdP¢;) must be chosen )
to be an allpass filter. I_:oHl(;) to.be highpass, we set Oa(w) = —(M + =)w (0<w< 2w,). (14)
co = 4 to ensureP(z) with unit gain, and thenpP(z) is 2
obtained by N Once the phase responggv) of A(z) is approximated to
Z an 2" the desire phase response in Eq.(14), itis clear from Eq.(12)
P(2) = M A(z) — zM—N n=0 6 that Hy(z) and H,(z) have approximate linear phase re-
(2) =27 A(2) = 2 N ’ ©) sponses. Note thdl,(z) andH; (=) have the passband gain
Z anz”" 1 and2, respectively, which are the same as the wavelet fil-
n=0 ter banks supported by the baseline codec of JPEG2000.
wherea,, is real, andiy = 1. Therefore, we get Itis known in [1] that a flat frequency response of the fil-
Hi(z) = =1 — 22M A4(:2). ) teris generally required for the regularity of wavelets. In the

maxflat design of allpass filters, it has been shown in [11]
Next, we deriveH,(z) from Eq.(2), that the filter coefficients,, can be analytically determined,
_ _ and the closed-form solution is given b
Ho(2)H(27Y) + Ho(—2) Hy(~27") gvendy

=4Q(z*) = 2P(:7?) N\ N-M—i+l
=0, ®) a"(n>H Mtitl (13)

i=1



Table 1. Lossless coding results: Bit Rate (bpp)

| IN=1] [ M=0 | M=1 |
Barbara || 4.567 | 4.735
Lena 4.337| 4.414
Mandrill || 6.140| 6.193
Zelda 3.974 | 4.058

[ Average || 4.754] 4.850]]

PHASE RESPONSE (1)
o

Table 2. Lossless coding results: Bit Rate (bpp)

[ IN=2] [ M=0 | M=1 | M=2 |
Barbara | 4.503| 4.512 | 4.627
Lena || 4.333| 4.327 | 4.362
Fig. 2. Phase responses 4fz). Mandrill || 6.128| 6.128 | 6.154
Zelda || 3.955| 3.954| 3.998

[ Average || 4.730] 4.730] 4.785 |
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0 0.1 0.2 0.3 0.4 0.5
NORMALIZED FREQUENCY

5. IMAGE CODING APPLICATION

In this section, we apply the proposed IIR orthogonal wavelet
filter banks to image lossless coding, and investigate the
lossless coding performance. We have used the reference
software of JPEG2000 provided in [14] to evaluate the per-
formance of the proposed filters. Since the proposed IIR
filters have only approximate linear phase responses, a sim-
‘ ‘ ‘ ‘ ple extension technique where the signals are extended by
0 ?\i(ljRMABéED FFS'E3 EN?:.\L(‘ 0.5 repetition of their first and last sample values is employed
QU to handle filtering at the signal boundaries, instead of the
Fig. 3. Magnitude responses &f(z) and H, (z). symmetric extension. The images Barbara, Lena and Zelda
of size512 x 512, 8 bpp are used as test images. The de-
composition level of wavelet transform is settto

MAGNITUDE RESPONSE

Next, we examine the filter property of the proposed IIR
orthogonal wavelet filter pankHo(z) andHl(z). By WaY 51 Influence of N and M
of an example, we consider the design of the filters with
N =1, and have designed(z) with various)/. Itis found First, we investigate the influence 8f and M/ on the loss-
that whenM > N or M < —(IN + 1), we cannot obtain  less coding performance. The lossless coding results of the
a pair of reasonable lowpass and highpass filters. We therfilters with NV = 1, N = 2 and N = 3 are given in Table
consider only the filters with-(N + 1) < M < N be- 1, Table 2 and Table 3, respectively. For each image, the
low. The obtained phase responsesAgt) are shown in  best result has been highlighted. Wh¥n= 1, it is seen
Fig.2, while the magnitude responsesif(z) and H; (z) that the filter withA/ = 0 has a lower bit rate than that with
are shown in Fig.3. It is seen in Fig.2 that the phase re- M = 1. This is because the magnitude response of the filter
sponses ofA(z) with M = kandM = —(k+ 1) for k = with M = 0 is better, as shown in Fig.3. The similar results
0,1,---, N are symmetrical, and we have found that their can be found also in the caseséf= 2 and N = 3. Thus,
poles each other satisfy the mirror-image relation with re- M = 0 is chosen in general. It can be seen in Table 4 that
spect to the unit circle. Thus, the filter banig(z), H(2) the filter with V = 3 has the best coding performance. This
with M = kand M = —(k + 1) have the same mag- is because the regularity of wavelets increases with an in-
nitude responses, as shown in Fig.3. For example, whencreasing filter ordeV of allpass filters. Whet is further
M = 1and M = -2, their magnitude responses are the increased, we can get a little improvement only. However,
same in Fig.3. Therefore, we will use only the filter banks the computational complexity required in the implementa-
with 0 < M < N in image coding application. tion of the proposed wavelet transforms becomes higher.



Table 3. Lossless coding results: Bit Rate (bpp)

[ IN=3] [ M=0 | M=1 | M=2 | M=3 |

Barbara || 4.486 | 4.496 | 4.494 | 4574
Lena 4,333 | 4.337| 4.326 | 4.345
Mandrill || 6.127 | 6.130| 6.127 | 6.139
Zelda || 3.946| 3.949| 3.949 | 3.978

[ Average || 4.723] 4.728] 4.724] 4.759 |

Table 4. Comparison of lossless coding results (bpp)

[ [ D-5/3 ] N1-M0 [ N2-MO | N3-MO |

Barbara || 4.697 | 4.567 | 4.503 | 4.486
Lena 4350 | 4.337 | 4.333 | 4.333
Mandrill || 6.151| 6.140 | 6.128 | 6.127
Zelda 4,021 | 3.974 | 3.955 | 3.946

[ Average || 4.805] 4.754 | 4.730 | 4.723 |

5.2. Comparison with the conventional wavelet

Now, we compare the proposed IIR orthogonal wavelet fil-
ter banks with the conventional wavelet filter banks. The
reversible integer-to-integer wavelet transform D-5/3 sup-

(1]

(2]

(3]

(4]

(5]

(6]

[7]

ported by the baseline codec of JPEG2000 is chosen as a[8]

comparison object. The lossless coding comparison results
are shown in Table 4. Itis clear from the experimental re-
sults in Table 4 that the proposed IIR orthogonal wavelet

filter banks with approximate linear phase responses have (9]

a better lossless coding performance than the conventional

wavelet transform D-5/3.

6. CONCLUSION

In this paper, we have presented how to implement two band
IIR orthogonal wavelet filter banks in the lifting scheme. It [11
has been shown that a class of IR orthogonal wavelet fil-

ter banks can be realized by using allpass filters in the lift-

ing steps. Then, the obtained IIR orthogonal wavelet filter
banks have approximate linear phase responses. Moreovey 2]
we have applied the proposed IIR orthogonal wavelet filter
banks to image lossless compression, and investigated the
lossless coding performance. The coding results have been

[10]

]
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