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ABSTRACT

With the help of spectrograms the importance of spec-
tral magnitude in speech signal has been highlighted in
many classical studies. The other half of the spectral
information, the spectral phase, is ignored following
the assumption that phase is relatively less or unimpor-
tant in speech perception. In this research, an identifi-
cation experiment was designed to explore the role of
phase in the perception of intervocalic stop consonants
in vowel-consonant-vowel (VCV) utterances. We em-
ployed an iterative algorithm to manipulate phase
spectra in the hope that we can construct phonetically
different utterances from the same short-time Fourier
magnitude spectrum. It was shown that even for a very
small analysis window, say 20 msec in length, nearly
16% of the intervocalic stop consonants were per-
ceived as designated consonants other than the conso-
nants from which the magnitade spectra came.

L. INTRODUCTION

In the polar representation of a signal’s Fourier trans-
form, there are two components: phase and magnitude.
It is generally accepted that the perception of an acous-
tic signal is largely determined by its magnitude spec-

.trum while its phase spectrum is less or unimportant

[11]. Consequently, the major research activities in
speech perception have been concentrated on the
analysis of patterns displayed in spectrograms [1][6]
{10]. However, a study by Oppenheim and Lim {7]
demonstrated that a speech signal can still be recog-
nized in a Pourier reconstruction despite defective
magnitude information. They even noticed that the
intelligibility of a sentence is retained if the Fourier
phase of the long-time speech signal is combined with
an unity magnitude (phase-only), but the intelligibility
is lost for the magnitude-only signal. Our previous
research also showed that for the analysis window size
of 512 msec the perception of intervocalic stop conso-
nants depends more on their phase spectra {4]. In an-
other experiment [5] we have studied the relative im-
portance of phase versus magnitude using phase-
magnitude swapped stimuli and shown that the identifi-
cation of intervocalic stop consonants is dominated by
their magnitude spectra for smaller analysis windows
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but by their phase spectra for larger ones. The cross-
over from magnitude dominance to phase dominance is
at a window size somewhere between 192 and 256
msec. Since the analysis window size for generating a
spectrogram is usually small (10-30 msec), the present
study is concerned primarily with the effects of short-
time phase on speech perception. An iterative algo-
rithm was employed to construct phonetically different
speech signals from the same Fourier magnitude. More
exactly, this algorithm was used to find a phase spec-
trum which, when combined with the magnitude spec-
trum of a VCV signal, may lead to a phonetic change
of its intervocalic consonant. Our experiment demon-
strated that even for a very small analysis window, say
20 msec in length, nearly 16% intervocalic stop conso-
nants were perceived as the designated consonants
other than those from which the magnitude spectra
came.

II. ALGORITHM

The iterative algorithm we used to construct stimuli is
shown schematically in Figure 1. It was originally de-
veloped by Hayes for the reconstruction of a signal
from its phase or magnitude [2]. This algorithm is char-
acterized by the repeated transformation between the
time and frequency domains, where in each domain the
known constraints about the desired sequences are
imposed on the current estimation.

1 Time Domain

h ===
Constraints

Constraints

Iteration
finished?

[Last Estimation ]

Figure 1 Schematic diagram of the iterative algorithm.
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Figure 2. Typical waveforms and spectra of signals; (a) a segment of /aka/ in the /ka/ transient region
weighted by a Hamming window; (b) a segment of /aga/ in the /ga/ transient region weighted by the
same window; (¢) log magnitude spectrum and unwrapped phase spectrum of (a); (d) log magnitude
spectrum and unwrapped phase spectrum of (b); (e) a synthesized segment with the waveform of (a) as
the time domain constraint and magnitude spectrum of (b) as the frequency domain constraint; (f) a
synthesized segment with the waveform of (b) as the time domain constraint and magnitude spectrum of
(a) as the frequency domain constraint; (g) log magnitude spectrumn and unwrapped phase spectrum of
(e); (h) log magnitude spectrum and unwrapped phase spectrum of (f).

To construct a stimulus, the frequency and time domain
constraints were taken from two different VCV utter-
ances denoted as VC,V and VC,V, respectively. The
synthesized signal, denoted as VC,VeVC,V, will take
the short-time magnitude spectrum of VC,V as the
frequency domain constraint and the waveform of
VC,V at the corresponding analysis window position as
the time domain constraint. The initial guess to each
segment of VC VeVC )V is obtained by combining the
short-time magnitude spectrum of VC,V with the short-
time phase spectrum of VC,V. This procedure is similar
to that of composing a so-called phase-magnitude
swapped stimulus [S]. In each iteration the short-time
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magnitude spectrum of the synthesized signal
VC,VeVC,V is replaced by the short-time magnitude
spectrum of VC,V. On the other hand, the waveform of
VC,V segment (not including the appended zero se-
quence) is substituted for that of VC,VeVC,V segment.
The basic idea of this approach is that, after applying
the iterative algorithm, the VC VeVC,V will have the
same short-time spectral magnitude as that of VC,V but
its waveform tends to the waveform of VC,V. In our
research, an adaptive relaxation coefficient was used to
speed up the convergent rate [3] and 20 iteration loops
were applied to each segment of the synthesized signal.
To reduce alias errors a zero sequence was appended to
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each segment of signal before it was subjected to the
Fourier transformation.

Figure 2 shows typical waveforms of two short seg-
ments from different VCV utterances and the synthe-
sized segments after the iteration process. Note that the
phase spectra displayed in figure 2 are unwrapped [8].
That is, an appropriate integer multiple of 2m was
added to the samples of the principle value of phase
spectra. By comparing (a) with (e), it is easy to see that
the waveform of (e) in the first 20 msec segment re-
sembles the waveform of (a). Since it is guaranteed in
the iterative procedure that the signal in (e) has the
same magnitude spectrum as the signal in (b), the dif-
ference between (b) and (e) is caused by the difference
of their phase spectra. Furthermore, it is worthwhile to
point out that the two phase spectra in (c) and (g) are
somewhat similar. Although the initial guess to the
phase spectrum of (e) is taken from (c), the phase
spectrum in the iteration process is left to change
freely. It is obviously that during iterations the rough
phase relations among different frequency components
are preserved, only the fine structure of the phase spec-
trum is adjusted. Similar observations can also be made
to the signals in (b) and (f).
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Figure 3 Illustration of reconstructing a signal from
its short-time signals using the OLA method. The
analysis window is a 512-point Hamming window
and the shift step is 256 point.

There are two commonly used methods to recover a
signal from its short-time Fourier spectrum [9].The one
technique is the filter bank summation (FBS) method
which is based on the filter bank interpretation of the
short-time spectrum. The other is called the overlap

addition (OLA) method which is related to the normal

Fourier transform interpretation of the short-time spec-
trum. Since we were to study the effects of Fourier
phase spectra, the OLA method was used to reconstruct
a signal from its short-time spectrum. Figure 3 illus-
trates the reconstruction of a signal from its short seg-
ments.
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III. EXPERIMENT
A. Stimuli and subjects

VCV syllables formed by pairing each of the six stop
consonants /p, b, t, d, k, g/ with vowel /a/ were re-
corded from 3 speakers. From 30 possible consonant
combinations only 18 pairs which have either the same
place of articulation (e.g. /p/ with /b/) or the same
voicing properties (e.g. /b/ with /g/) were used because
of their ability to demonstrate consonant confusions.
Other pairs which have neither the same place of articu-
lation nor the same voicing properties (e.g. /p/ with /g/)
were omitted. We have tested three kinds of analysis
window size: 10, 20 and 30 msec. The window shift
was half that size. Two variants of frequency domain
constraints were tested. In the first case the short-time
magnitude spectrum of a VC,VeVC,V signal was set
exactly to the desired magnitude spectrum at every
frequency sample. The second variant was a relaxed
frequency domain constraint: the whole frequency
range was divided into 16 bands according to bark scale
[12], at each iteration, only the output from each band-
pass filter was set to a desired value. Ten paid students
served as subjects. They had no previous experience in
psycho-acoustical experiments. None of them served as
a speaker. The subjects sat in a sound-isolated booth.
All stimuli were presented binaural over headphones at
a comfortable listening level. The subjects were in-
structed to make a six-alternative forced choice (among
/p, b, t, d, k, g/) to the intervocalic consonants and
write down their responses.

B. Results

Since we did not find any significant difference be-
tween the two variants of frequency domain constraints
in view of stop consonant identification, the data were
put together for analysis. Table 1 shows the identifica-
tion results under the three window sizes. For each
window size, there are two numbers: one is the per-
centage of VC, VeVC,V utterances identified as VC,V,
which provided short-time magnitude spectra, and the
other is the percentage of VC,VeVC,V utterances iden-
tified as VC,V, which provided initial phase spectra
and time domain (waveform) constraints. It can be seen
that, although the latter is lower than the former in all
cases, the percentage of stimuli identified as those
providing initial phase spectra and time domain con-
straint is much higher than that of the remaining 4
alternatives (the answer sheet listed 6 alternatives in
our experiment). This demonstrated that it is possible to
have a VCV utterance tend to another specific one by
altering its phase spectrum. The importance of phase
increases, as expected, with the analysis window size.
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window size (ms) 10 20 30
magnitude (%) 84.2 792 715
phase (%) 121 159 217

Table 1. Identification results to the composite stimuli

A more detailed analysis to the response data revealed
that ‘the voicing property of a stop consonant relies
more on its phase spectrum. This conclusion is consis-
tent with that obtained from a previous experiment [5].
It was shown in that experiment that the perception of
voicing property of a stop consonant is relatively more
sensitive to phase changes in the sense that a stop’s
voicing property is more likely to be changed by phase
modification than its place of articulation. In the pres-
ent experiment, this means that the shift from C, re-
sponse (VC,V providing magnitude information) to C,
response (VC,V providing phase and waveform infor-
mation) should be easier when C, and C, have different
voicing property than when they have different place of
articulation. To show this, the 18 VC,V/VC,V pairs
used in the construction of stimuli are divided into 2
groups. In the first group, C, and C, differ only in
voicing properties but share the same place of articula-
tion. In the second group, C, and C, have identical
voicing properties but different place of articulation.
Figure 4 displays the identification results to these two
groups. It is clear that the percentages of C, responses
to the first group of stimuli (solid lines) are higher than
that to the second group of stimuli (dashed lines).
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Figure 4 Solid lines show the identification rates to
the first group of stimuli in which C, and C, have
different voicing properties but share the same
place of articulation; Dashed lines show the iden-
tification rates to the second group of stimuli in
which C, and C, have identical voicing properties
but different place of articulation. Opened and
filled circles are the percentages of VC,VeVC,V
stimuli identified as C, and C, , respectively.

In summary, our experiments demonstrated that the
short-time magnitude spectrum of a speech signal dis-
played on a spectrogram could not exclusively specify
a stop consonant. Signals constructed from a specified
spectral magnitude, combined with different spectral
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phase patterns, may be perceived as different pho-
nemes.
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