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Abstract—We propose a lossy image coding scheme based
on the recently introduced even-stacked cosine modulated
filter banks (CMFBs) that allow linear phase filters in all
channels. We describe modifications of the JPEG quantiza-
tion matrix and zig-zag sequence to match the structure of
even-stacked CMFBs, and we discuss the efficient design of
even-stacked CMFBs. The rate-distortion performance and
perceptual performance of the proposed transform coder are
demonstrated using simulation results.

1 INTRODUCTION AND OUTLINE

Many existing image coding schemes are based on signal
transforms or filter banks (FBs) [1, 2]. Cosine modulated FBs
(CMFBs) [1]-[5] are particularly attractive since they can be
implemented efficiently using the DCT. However, traditional
(“odd-stacked”) CMFBs [1]-[5] do not allow perfect recon-
struction (PR) and linear phase filters in all channels [5].
This is important as nonlinear phase filters are known to
produce undesirable artifacts in the reconstructed image.

Recently, the new class of even-stacked CMFBs has been
introduced and shown to allow PR and linear phase filters
in all channels [6]-[9]. The analysis FB in a critically sam-
pled, even-stacked CMFB with 2N channels and decimation
factor 2N consists of two partial FBs {hi[n]}r—o,..,n and
{hk[n]}r=1,..,n—1 derived from an analysis prototype h[n] as

hln—rN], k=0

V2 h[n) cos(%’rn+¢k) , k=1.,N-1
hln —sN](-1)"*N, k=N

hk [n]

hi[n] = V2 h[n—N] sin(%(n—N)—}—d)k), k=1,.,N—1

where ¢, = —azimk +r5 with o € Z, r € {0,1}, and
s € {0,1} with s = r for a even and s = 1 — r for o odd.
The synthesis FB is defined similarly [7, 8]. Linear phase
of all filters hi[n], hx[n] is guaranteed if the prototype h[n]
satisfies hja+ (2l —1)N —n] = h[n] for some ! € Z. Fig. 1(a)
shows that, for given k € {1, ..., N—1}, the filters Hy(z) and
Hj,(z) are located about the same center frequency. For com-
parison, the transfer functions in a traditional (odd-stacked)
CMFB are depicted in Fig. 1(b).
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Fig. 1. Transfer functions of the channel filters in
(a) a 2N-channel even-stacked CMFB and
(b) an N-channel odd-stacked CMFB.

While even-stacked CMFBs are advantageous due to their
linear phase, they require modifications of some of the ele-
ments used in the JPEG standard. Specifically, in Section
2 we describe a modified quantization matrix and zig-zag
sequence matched to even-stacked CMFBs. Section 3 intro-
duces an efficient method for designing even-stacked CMFBs
and provides a design example. Finally, in Section 4 simula-
tion results are presented that demonstrate the performance
of the proposed image transform coder.

2 IMAGE TRANSFORM CODER BASED ON
EVEN-STACKED CMFBs

For the sake of simplicity, we consider only separable, 2-D,
even-stacked CMFBs. Hence, the transform coder applies a
1-D even-stacked CMFB to the rows of the image and sub-
sequently to the columns of the result. The transform coef-
ficients (subband signals) are then quantized, and finally the
quantized coefficients are zig-zag scanned and entropy coded
using a Huffman coder. The decoder reverses these steps.

The structure of even-stacked CMFBs requires a modifica-
tion of the quantization matrix and zig-zag sequence used in
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Fig. 2. Typical amplitude (magnitude) distribution in
(a) an 8 x 8 DCT-coded block and (b) a 16 x 16 block of
subband signals resulting from an even-stacked CMFB.

the JPEG standard. According to Fig. 1(a), an even-stacked
CMFB has two filters for each subband, i.e., the filters Hy(z)
and Hy(z) cover the same frequency band. In order to illus-
trate this difference from the DCT and the odd-stacked case,
typical amplitude distributions in a DCT-coded block and in
a block of subband signals resulting from an even-stacked
CMFB are shown in Fig. 2(a) and 2(b), respectively. Here,
Fig. 2(b) corresponds to an analysis filter vector
h(z) = [Ho(2) H1(2) ... Hyv-1(2) H1(z) Ha(2) ...

HN_1(Z) HN(Z)]. (1)
The reason for this specific ordering (note the position of
Hy (z) within h(z)) will be explained further below.

Quantization Matrix. The quantization matrix ac-
counts for the fact that lower frequencies are quantized more
accurately than higher frequencies. Based on the amplitude
distribution in Fig. 2(b), we now propose a quantization ma-
trix for even-stacked CMFBs. Consider an (N+1) x (N+1)
quantization matrix Q, for an (N + 1)-channel odd-stacked
CMFB. (Q, can be obtained by suitable linear interpolation
or decimation of the entries in the 8 x 8 JPEG quantization
matrix.) Then, we define the 2N X 2N quantization matrix
for an even-stacked CMFB with 2N channels as

A B
Qe = (C D)’
with the N X N submatrices [Alx; = [Qolk,, [Ble,y =
[Qolk,i+1, [Clk,t = [Qolk+1,1, and [D]i, = [Qolk+1,1+1 where

) P B

Zig-Zag Scanning. In the DCT-based JPEG standard,
the quantized transform coefficients are zig-zag scanned be-
fore entropy encoding. This produces long runs of zeros
which can be encoded very efficiently. For even-stacked
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Fig. 3. Subblock zig-zag sequences to be interleaved in the
case of even-stacked CMFBs.

CMFBs, the fact that the filters Hy(z) and Hy(z) for given
k € {1,...,N —1} cover the same frequency band requires
a modified zig-zag sequence since standard zig-zag scanning
would result in significantly shorter runs of zeros.

The specific filter ordering in (1) yields 4 subblocks of equal
size N x N, whose amplitude distributions resemble that in
one DCT-coded block (cf. Fig. 2). This suggests to define the
modified zig-zag sequence by interleaving the zig-zag scanned
values of the four IV x N subblocks (see Fig. 3). That is, the
modified zig-zag sequence for even-stacked CMFBs is

0,0 0,1 1,0 1,1 0,0 0,1 1,0 1,1
s = (OO OO O OP 08P O oY OP..)

where the superscript (%) (3,7 = 0,1) and subscript
(k,1 =0,1,..,N—1) in C;") identify the subblock and the
frequency index, respectively.

An alternative ordering of the analysis filters is

h(z) = [Ho(z) Hi(2) ﬁl(z) o Hnv—1(2) P_IN,l(z) Hy(2)].

This ordering, like the one in (1), requires a suitable modifi-
cation of the quantization matrix. However, there is no need
for a modified zig-zag sequence, i.e., a standard JPEG-type
zig-zag scanning can be performed on the resulting 2N x 2NV
block of subband signals. We observed that both orderings
yield similar performance.

3 CMFB DESIGN

In this section, we present an efficient method for the de-
sign of even-stacked CMFBs. This method extends a method
for the design of odd-stacked CMFBs with near-PR [10] to
the design of paraunitary, even-stacked CMFBs. We assume
an FIR prototype h[n] of length L = o + 2m + 1)N + 1
with some m € Z and a according to the definition of ¢
(cf. Section 1). Our design minimizes a quadratic cost func-
tion C, = hTPh, where h is the vector of filter coefficients
h[n] and P is a matrix depending on the choice of Cj. The
(necessary and sufficient) condition for paraunitarity [7, 8],

N i h[n — iN] hn — (i + 20)N] = 8]1], (@)

enters into the minimization of C}, as a (quadratic) side con-
straint. Adopting an iterative approach to the constrained
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Fig. 4. Design of paraunitary even-stacked CMFB (number
of channels 2N = 36, filter length L = 67) via linearized
method: Frequency responses of (a) filters Hy(z)
(k=0,..,N), (b) filters Hp(z) (k=1,...,N—1).

minimization of Cf, the quadratic side constraint (2) can be
linearized by approximating (2) as

Chy by 2 Ni hi—1[n — iN] hen — (i + 20)N] = 4[],

i=—o00
(3)
where £ is the iteration index. This is indeed linear in the
current impulse response hi[n]. The kth iteration of the
constrained optimization now goes as follows:

1. Minimize C}, subject to the linear side constraint (3),
hy, = arg min h"Ph  subject to cn, n,_,[l] = 8[]-

Note that hy depends on hi_; via the side constraint.

2. If |hy — hg—1|| < €, where € is a prescribed tolerance
level, stop the iteration. The result is hy_;. Otherwise,
set hy — 7hy + (1 —7)hg_1 (with some fixed 7 between
0 and 1) and go back to Step 1 with &k — k + 1.

This iteration is initialized using a linear-phase lowpass pro-
totype ho that is designed by means of a standard method
such as the Remez exchange algorithm. It should be noted
that the iteration stops only when hy = hj_1, in which case
(3) is a good approximation to the true paraunitarity con-
dition (2) and thus paraunitarity is approximately satisfied.
By choosing the tolerance level e sufficiently small, parauni-
tarity can be achieved with arbitrary accuracy.

This algorithm can be expected to converge once that the
prototype changes little in each iteration. Otherwise, the
approximation of the paraunitarity side constraint will be
poor and the algorithm may not converge. In our design
experiments, we observed that 7 = 0.5 (as recommended
in [10]) yields good convergence properties in most cases;
however, in some cases the algorithm did not converge at all.

Fig. 4 shows an even-stacked CMFB that has been ob-
tained by our iterative design method. The cost function

/2 62 |H(e727)|? df with 6, = 1/18

(this can easily be expressed as a quadratic form h’'p h).
The tolerance level was chosen as € = 1074, which resulted
in an excellent approximation to a truly paraunitary CMFB.

was defined as Cp, =
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Fig. 5. Rate-distortion characteristics of the DCT and
odd- and even-stacked CMFBs (for image “Lena”).

4 CODER PERFORMANCE

We finally present coding experiments that demonstrate
the performance of even-stacked CMFBs.

Rate-Distortion Performance. Fig. 5 demonstrates
that the rate-distortion performance achieved with even-
stacked CMFBs is comparable to that of the DCT-based
JPEG standard and of odd-stacked CMFBs if (i) the mod-
ified quantization matrix and zig-zag sequence as described
in Section 2 are used, and (ii) the number of channels in the
even-stacked CMFB is twice that of the odd-stacked CMFB.!

Perceptual Performance. Fig. 6(a) shows the image
“Bridge.” The result of coding this image using the DCT-
based JPEG standard at 0.127 bpp (PSNR = 21.37 dB) is de-
picted in Fig. 6(b) and seen to exhibit heavy blocking arti-
facts due to the very low bitrate. Fig. 6(c) shows “Bridge”
coded at 0.137bpp (as before, PSNR =21.37 dB) using an
odd-stacked CMFB with N = 8 channels and filter length
L = 32. Here, blocking artifacts are not visible but the im-
age appears blurred; this is essentially due to the nonlinear
phase of the filters. Finally, Fig. 6(d) shows “Bridge” coded
at 0.144 bpp (again, PSNR = 21.37 dB) using an even-stacked
CMFB with 2N = 16 channels and the same prototype as
in the odd-stacked CMFB. Here, the details appear much
sharper than in Fig. 6(c). Thus, for equal PSNR, the even-
stacked CMFB outperforms the odd-stacked CMFB and also
the DCT from a perceptual point of view.

5 CONCLUSION

For subband image coding, the recently introduced even-
stacked CMFBs are advantageous over conventional (odd-
stacked) CMFBs due to their linear phase. This paper pro-
posed a lossy subband image coding scheme based on even-
stacked CMFBs. It was demonstated that, relative to JPEG
and odd-stacked CMFBs, the proposed coder has similar
rate-distortion performance and superior perceptual perfor-
mance. Furthermore, an efficient algorithm for the design of
even-stacked, paraunitary CMFBs was presented.

LAn even-stacked CMFB with 2N channels has effectively N
subbands (i.e., center frequencies) and the filter bandwidth equals
that in an N-channel odd-stacked CMFB. Since the rate-distortion
performance of subband coders depends critically on the filter
bandwidth (the channels are coded mutually independently), it is
not surprising that the performance of an N-channel odd-stacked
CMFB is similar to that of a 2N-channel even-stacked CMFB.



Fig. 6. Subband image coding using the DCT and odd- and even-stacked CMFBs: (a) original image “Bridge,” (b) “Bridge”
coded at 0.127bpp (PSNR = 21.37dB) using a DCT of block size 8, (¢) “Bridge” coded at 0.187bpp (PSNR =21.87dB)
using an odd-stacked CMFB with N = 8 channels, (d) “Bridge” coded at 0.144 bpp (PSNR =21.87 dB) using an
even-stacked CMFB with 2N = 16 channels. Note that in (b)—(d) the PSNR is identical.
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