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[LETTER

Design of Non-Separable 3-D QMF Banks Using

McClellan Transformations

Toshiyuki YOSHIDAT, Todor COOKLEV', Akinori NISHIHARA', and Nobuo FUJII', Members

SUMMARY  This paper proposes a design technique for 3-D
non-separable QMF banks with Face-Centered Cubic Sampling
(FCCS) and Body-Centered Cubic Sampling (BCCS). In the pro-
posed technique, 2-D McClellan transformation is applied to a
suitably designed 2-D prototype QMF to obtain 3-D QMFs. The
design examples given in this paper demonstrate advantages of
the proposed method.

key words: digital signal processing, multidimensional signal pro-
cessing, QMF banks, McClellan transformation

1. Introduction

Multidimensional Quadrature Mirror Filter (QMF)
banks have many applications and continue to be stud-
ied extensively[1]-[3].

As in the 2-D case, 3-D QMFs are classified into
separable and non-separable types. Since the design of
separable QMFs, which can be realized by multiplying
1-D QMFs, is simple, they are used in many applica-
tions. In comparison with the separable case, although
the design and implementation of non-separable QMFs
is difficult, they offer more degrees of freedom [4],[5],
which enables the shape of the decomposed subbands to
closely match the human visual characteristics [6],[7].
This paper deals with a design of 3-D non-separable
QMF banks. The 3-D QMFs designed in this paper are
FCCS and BCCS-type QMFs, whose sampling schemes
after downsampling correspond to FCCS and BCCS,
respectively [6]—[9].

Sections 2 and 3 show the proposed design method
for FCCS and BCCS-type QMFs, respectively, and de-
sign examples are given in Sect.4. Finally, Sect. 5 con-
cludes this paper.

2. Design of FCCS-Type QMF Banks
2.1 FCCS-Type Downsampling and QMF Banks

The FCCS-type downsampling process is shown in
Fig. 1, where, for example,

(1)

= —= O
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Dpccs=1|1 0
0 1
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can be employed as the downsampling matrix Dpccg.
Figure 2 illustrates several examples of baseband shapes
for FCCS, where w;. indicates the intersection of each
plane on the axis wy [10].

Since L = |det Dpccs| = 2, maximally-decimated
QMF banks based on FCCS-type downsampling lead
to two-channel QMF banks as shown in Fig. 3, where

W = ((“-)17(-*j27°-)2>t ) n= (nla n23n3)t ) (2)

and D and E (= Drces) are, respectively, the down-
sampling and upsampling matrices.

The total transfer function Y (w)/X (w) can be eas-
ily found by making an extension of the 2-D case to 3-D,
from which the perfect reconstruction condition can be
obtained as

Filw)Hi(w—7m) + Fo(w)Hy(w —7w) =0 3)

Fig. 1 FCCS-type downsampling.

(a) wie = 0.757 (b) wr, = 1.007 (c) we = 1.257

(d) wye = 1.50%
Fig. 2 Several possible baseband shapes for FCCS.

(e) wie = 2.007
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Fig. 3 Two-channel QMF bank.

Fi(w)Hi(w) + Fp(w) Hy(w) = exp(—jp'w), (4)

where m = (7,7, 7)%, and p is a constant vector corre-
sponding to the system delay. Note that the gain con-
stant 1/| det D| has been ignored for simplicity.

Although several design techniques have been pro-
posed for 1-D and 2-D two-channel QMF banks[11],
[12], a simple application of these techniques to 3-D
case requires quite large amount of computations or re-
sults in rather unsatisfying frequency response with less
degrees of freedom.

In the next section, a design technique will be pro- ,

posed which overcomes these problems.
2.2 Proposed Design Method

In Refs.[8] and [10], the authors have proposed a de-
sign method for FCCS-type band-limiting filters, which
is based on the 2-D McClellan transformation

cosw = F(wa,ws)
= kcoswz + {1 —k)ecosws (0<k<1) (5

on a suitably designed 2-D prototype filter H(w;,w).
The proposed design technique is based on this idea.

This method requires a 2-D two-channel QMF
bank as a prototype QMF bank. Now consider Fig.3
as a 2-D two-channel QMF bank, where

Hi(w) = Hij(wy,w) (i=1,2)
{ Fij(w) = Fy(wy,w) (G=1,2). (6)

An FCCS-type QMF bank can be derived from the pro-
totype 2-D QMF bank by applying the 2-D McClellan
transformation cosw = F'(wa,ws) as

Hi(w,ws,ws)

= Hi(wl’w)lcosw:F(wQ,wz) (l = 17 2) s (7)
Fi(w17w27w2)
= Fi(wl’w)‘cos w=F(wsy,ws) (Z = 1’ 2) . (8)

We can easily verify this method because (3) leads to
Fi(wy, w2, w2)Hi(wy — T, we — 7wy — )
+ Fy(w1,we,we)Ha(wy — T, ws — m,we — )

_ {Fl(wl,w)Hl(wl —m,w—m)

+Fy(wy, w)Ha(wy — 7w — 71')} . :
cos w=F(ws,ws
=0. ®

In a similar way, (4) can be also proved, provided that
the prototype 2-D QMF satisfies the perfect or quasi-
perfect reconstruction condition.
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Since this method decomposes the design of an
FCCS-type QMF into two problems, i.e., (i) design
of the 2-D prototype QMF and (ii) determination of
the value of k in (5), we can easily design FCCS-type
QMFs for various subband shapes by suitably choosing
coeflicients of the prototype QMF and the value of k.
Furthermore, the obtained analysis/synthesis filters can
be implemented efficiently by using the 2-D Chebyshev
structure [ 8].

3. Design of BCCS-Type QMF Banks
3.1 BCCS-type Downsampling

As one of the downsampling matrices for BCCS,

1 1 -1
Dpccs = 1 -1 1 (10)
—1 1 1
can be used[8]. Since L = |det Dpcos| = 4, the

maximally-decimated QMF in this case has 4 channels.

To obtain a BCCS-type QMF bank, we utilize the
fact that the downsampling matrix Dgccg can be fac-
tored as

Dpccs
1 0 0 1 1 0 1 0 0
= 0 1 -1 1 0 1 01 -1
-1 0 1 0 1 1 01 1
1 0 O
= E - Drcos - 8 D, (1D

Since |det E|=1 in this case[7], the downsampling
from the simple cubic sampling (SCS) to BCCS can
be shown as in Fig.4, where Fig.4(b) is obtained by
the quincuncial downsampling with D5 followed by the
FCCS-type downsampling with Drccs. Indeed, a ro-
tation of Fig. 4 (c) with respect to the axis n; by —45°
results in SCS with sampling period 1 : v/2 : v/2. If
this SCS is then downsampled according to Drccs, it
would correspond to a transition from SCS to FCCS.

Figure 5 gives several possible baseband shapes for
BCCS[10] {w;. has the same meaning as for the case
of FCCS). By comparing Fig. 5 with Fig.2, we can ob-
serve that Fig. 5 can be derived from Fig.2 by using the
transformation

w1 1 0 0 w1
Wo — 0 1/2 1/2 [2%5)] (12)
Wy 0 —1/2 1/2 W

Since the quincuncial downsampling involves 1/v/2 re-
duction and —45° rotation in the we—wy plane, (12)
corresponds to the relation between BCCS and FCCS
shown in Fig. 4.
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(a) wie = 0.757 (b) wy, = 1.007 (c) wye = 1.257

(d) wye = 1.507
Fig. 5 Several possible baseband shapes for BCCS.

(€) wie = 2.007

3.2 Proposed Design Method

In Refs.[8] and [10], the following design method for
BCCS-type band-limiting filters has been proposed:

1. Design a suitable 2-D prototype filter H(wy,w) and
a 2-D diamond-shaped filter H' (w2, ws).

2. Obtain 3-D subfilter H"(w;,ws,w2) = H(w;, w)
s (wasw2) by applying the McClellan transfor-

mation with k = 0.5.

3. Rotate H"(wq,wsq,ws) with respect to the axis wq
by —45° to obtain H'(wy,ws,ws) .

4. Using the 2-D diamond-shaped filter H'(w2,w2),
suppress the unnecessary passbands, which appears
as a result of the rotation in step 3.

The resulting band-limiting filter H (wy, ws, ws) is writ-
ten as

H(wy,wa,ws) = H (wo,ws) - H' (w1, ws,ws)

= H'(wz,w2) - H(wi,w)| (13)

cos w=F(wg—wa,wa+ws)

IEICE TRANS. FUNDAMENTALS, VOL. E79-A, NO. 5 MAY 1996

2-D Diamond- 3 Down
O———1  Shaped Filter 3-D Sub Filter Sample |~
H{w, w3) H{w;, 05 w3) Dyees l
(a) Realization 1
2-D Diamond— Down . Down
O—| ShapedFilter | | Sample | | 3-DSubFilter | | gample L 0
H(ws, ;) D, l H{w;, 05 w;) Drccs l

(b) Realization 2
Fig. 6 Realization of BCCS-type band-limiting filters.

which is depicted as Fig. 6 (a). By using (11), Fig. 6 (a)
can be equivalently transformed into Fig. 6 (b).

Now, the BCCS-type QMF bank can be easily
designed by replacing the 2-D diamond-shaped filter
and the FCCS-type band-limiting filter in Fig. 6 (b)
with a suitable 2-D diamond-shaped two-channel
QMF and an FCCS-type QMF, respectively. Fig-
ure 7 shows the resulting structure of the BCCS-
type QMF banks, where H;(wsg,ws2) and F;(ws,ws)
are the 2-D diamond-shaped analysis/synthesis filters,
Hi(wl,-wQ,wg), Fi(wl,wz,wz) are the 3-D FCCS—type
analysis/synthesis filters, Erccs = Drpccs and E; =
Ds.

4. Design Examples
4.1 Design Example of FCCS-Type QMFs

In this example, the FCCS-type QMF of Fig.2 (b) is
designed. The ideal shape of each subband is shown in
Fig.8. This requires 2-D diamond-shaped QMF bank
as its prototype[10]. In this paper, such a QMF bank
is designed by using the method proposed in Ref.[13]
with the following specifications;

Number of taps DT T
Stopband lwi| + |w| = 1.687
Stopband attenuation 40dB

An application of (7)—(8) to this 2-D prototype
QMF completes the design procedure. —3dB equi-
amplitude surface of the designed subbnad L is shown
in Fig. 9, where only the region 0 < ws < 7 is displayed.

4.2 Design Example of BCCS-Type QMFs

This section designs the BCCS-type QMF whose sub-
band LL corresponds to Fig.5(b) (the first Brillouin
zone). Since (12) converts Fig. 5(b) into Fig.2 (b), the
FCCS-type QMF with the subband shape of Fig.2 (b)
is required, which has been designed in the previous
example. For the required 2-D diamond-shaped two-
channel QMF, the prototype for this FCCS-type QMF
can be utilized.
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(a) Subband L
Fig. 8 Ideal subband shapes of the FCCS-type QMF.

(b) Subband H
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Fig. 9 —3dB equi-amplitude surface of the subband L.

Figures 10 and 11 show, respectively, the ideal
shape of the four subbands, and —3 dB equi-amplitude
surface of the designed subband LL. It can be observed
from Fig. 11 that the designed subband has well approx-
imated the ideal characteristics.

5. Conclusions

In this paper, a design technique for 3-D FCCS and
BCCS-types QMFs is proposed. Since the proposed
technique decomposes the problem into designs of the
2-D prototype QMF and the 2-D McClellan transfor-
mation, the 3-D QMF bank can be easily designed. By
using this technique, it is possible to realize various
subband shapes as shown, for example, in Figs.2 and
5. Furthermore, the designed filter banks can be imple-
mented efficiently by using the 2-D Chebyshev structure.

A problem for further research is to investigate the
subband shapes suitable for processing of image se-
quences.
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