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ABSTRACT

Various decomposition techniques have been em-
ployed in signal processing for exploiting and high-
lighting the characteristics of a given signal. In this
paper we present orthogonal overlapping block trans-
forms as a signal analysis tool with the capability of
variable multiresolution time-spectral decomposition
of speech signals. Our prime interest is in the rep-
resentation of nonstationary discrete-time signals in
terms of wavelet packets used as time-varying dis-
crete orthogonal systems, and we concentrate on the
fast transform algorithms for such systems. Much
of our current knowledge and intuition of speech is
derived from analysis involving assumptions of short-
time stationarity (e.g., the DFT-based speech spec-
trogram). Such methods are, by their very nature,
incapable of revealing the true nonstationary nature
of speech. A careful consideration of the theory of
time-varying orthogonal transforms, however, allows
the construction of dynamic multiresolution spectro-
grams that reveal far more of the nonstationarities
of speech, thereby highlighting just what it is that
conventional approaches miss. The fast orthogonal
overlapping block transform algorithms represent an
elegant and efficient solution to the implementation
of time-varying wavelet packet transforms, since their
FFT-like lattice block structure provides all possible
multiresolution time-spectral coefficients.

1. INTRODUCTION

Considerations of signal nonstationarity have re-
sulted in increasingly sophisticated frameworks for
speech analysis [1][2]. In particular, techniques that
provide flexible dynamically varying combinations of
time-support and bandwidth represent a powerful
generic tool for efficient time-spectral speech decom-
positions. One possible way of exploiting the time-
varying nature of speech signals is by using time-
varying transforms in which the properties of the
transformation are changing in time to match the
short-term properties of the signal. The ultimate goal
of such systems is the use of adaptive transforms in
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which the time-frequency tiling and basis functions
are tailored to the properties of the signal.

The speech features observed in conventional
DFT-based speech spectrograms demonstrate that
conventional sliding window techniques lose or distort
much of the rich nonstationary structure of speech,
particularly in transition zones. The purpose of this
paper is to develop a universal, flexible and computa-
tionally efficient tool based on time-varying wavelet-
packet transforms for estimating the time-dependent
spectral energy density of time-varying signals, such
as speech. The goal is to obtain an improved approx-
imation of the joint time-frequency signal density by
overcoming limitations of any spectrogram obtained
by time-invariant methods.

2. TIME-VARYING MULTIRESOLUTION
ANALYSIS

The main idea is first to implement the two-channel
filter bank structure as a matrix product of a de-
lay chain, having the length L of the prototype low-
pass filter H(z), and an orthogonal overlapped block
transform T having no delay operators. This ap-
proach has been described in [3]. The structure is
then extended to any N-band filter bank — N being
a power of 2. At synthesis, the lapped block trans-
form becomes the transpose TT. A criss-cross or but-
terfly operation is employed in the algorithms. It is
the orthogonal operator described in Figure 1.

Figure 1: Criss-cross operation: (a) at analysis, (b)
at synthesis; 6; is a rotation angle.

If we consider the case N = 8 and L = 4, this
procedure produces the analysis algorithm presented

in Figure 2. In this figure, 8 = [T, (1 + '71-2)_1/2 isa
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lattice normalization factor and the «y; are the lattice
parameters. The overlapped transform is computed
in logy N stages.
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Figure 2: FEight-channel orthogonal overlapped block
transform: analysis section.

It is important to consider the output coefficients
at each stage of the fast transform algorithm which
are related to the N-sample input block being trans-
formed. In Figure 2, these coefficients are highlighted
with black dots. They represent all possible multires-
olution time-spectral coefficients, since all wavelet
packet transforms based on the same prototype fil-
ter correspond to the sub-structures of the complete
lattice block structure. Such sub-structures allow
the partitioning of the time-frequency domain into
nonuniform tiles in connection with the time-spectral
contents of the signal to be analyzed. While the clas-
sical orthogonal wavelet packet transform creates an
arbitrary tiling with associated time and frequency
resolutions, it does not change over time. The pre-
sented lattice block structures offer expansions which
give all possible dyadic orthogonal tilings of the time-
frequency plane including those which change over
time [4]. The following example in Figure 3 shows
one of many possible time-varying decompositions of
the time-frequency plane using the structure from
Figure 2. By modifying the wavelet packet basis in
time, signal adapted analysis can be implemented to
process nonstationary signals [5]. Examples of appli-
cations of such methods have been already presented
and they show promising results [6,7].

This paper generalizes an approach presented in
previous work [8]. It provides wavelet packets with
improved - frequency selectivity, but based on the
time-scale representation of the Hadamard transform
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Figure 3: Eight-channel time-varying decomposition
of the time-frequency plane and output samples.

and its orthogonal sub-transforms realized by mini-
mal length one level paraunitary filter banks.

The structures presented do not need to be max-
imally subsampled like in Figure 2. They also pro-
vide all types of easily programmable solutions from
single-rate (linear time-invariant) systems to maxi-
mally subsampled systems, through all intermediary
multirate systems with all admissible integer sam-
pling rate alterations [9]. In all these cases, only
the overlapping factor which corresponds to the sub-
sampling factor is to be changed. If the subsam-
pling factor is smaller than N, the algorithm imple-
ments a short-time overlapped orthogonal transform
in very similar manner to other short-time trans-
forms, such as the DFT-based short-time Fourier
transform (STFT). In all these cases, only the over-
lapping factor is to be changed. Such lattice block
structures are computationally efficient since, to cal-
culate each coming block of multiresolution time-
spectral coefficients, it is only necessary to realize
non-overlapping lattices which do not belong to the
previous block.

Generalization of this new time-domain transpar-
ent formulation allows for an uncountable number of
short-time wavelet packet transforms to be generated
by choosing a type of criss-cross operator, a lattice
block structure, a subsampling factor (lattice block
shift), the rotation parameters of the lattices, and a
criterion to control the decomposition process.

3. EXAMPLES AND CONCLUSIONS

The new formulation of structurally efficient so-
lutions for time-varying orthogonal wavelet packet
transforms allows for the simple construction of a
large set of analysis systems, each with different
characteristics dependent on the choice of best ba-
sis search criterion. In this paper, for the purpose
of example, we have adapted the best basis search
criterion which minimizes entropy over all bases cor-
responding to dyadic tilings of the analysed segment
of speech [6].

The results obtained with two signals /ok/ and
/ika/, both selected to contain a stationary part
(voicing) and a plosive part, are illustrated in Fig-
ures 4 and 5.

256



The figures show: time waveforms (a), spectro-
grams of overlapped wavelet packet transforms with
Daubechies length-4 prototype filter (b), spectro-
grams of the nonoverlapped wavelet packet trans-
forms based on Hadamard-Haar basis functions (c),
narrowband (d) and wideband (e) DFT-based spec-
trograms. The results of the time-varying overlapped
transform analysis show clearly the adaptation of the
transforms to the signal; in both cases, plosive events
have been perfectly detected and formant shapes of
voiced parts are clearly defined. In Figure 5 b) for-
" mant shapes of /a/ are somewhat confused due to
the additional friction coming from the burst. To
correctly compare non-overlapped (Hadamard-Haar)
and overlapped transform multiresolution analyses,
we used a 256-point Hadamard-Haar transforms, but
only a 128-point overlapped transforms which give a
higher frequency resolution due to the inherent over-
lapping of their basis functions even for maximally
subsampled case. Formant detection by Hadamard-
Haar transforms is not as clear as with overlapped
transforms:” The entropy criterion has, however, cor-
‘rectly worked choosing high frequency resolution dur-
ing voiced parts and high temporal resolution for

plosives. Figures d) show the result of narrowband.

STFT analysis. The maximally subsampled case
(discrete Fourier block transform without overlap-
ping) was not presented, since the resulting time-
frequency representation completely loses the real
nonstationary structure of the analysed signal. The
STFT analysis in Figures d) and €) with overlapping
comparable to the overlapped transforms performs a
very poor burst localisation.

From the presented examples we see that analy-
sis structures based on the developed principle can
provide an extremely effective way to extract the
multiresolution time-spectral characteristics of non-
stationary signals. It is also worth mentioning that
the analysis/synthesis scheme presented in this paper
can be applied to design other efficient multiresolu-
tion signal processing systems such as multiresolution
coders [10], scramblers [11], multi-carrier modulators
and transmultiplexers [12].
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Figure 4a: signal /Ok/ Figure 5a: signal /ika/
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Figure 4c: Hadamard-Haar analysis
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Figure 4e: Wide band FFT analysis Figure 5e: Wide band FFT analysis
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