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Abstract

Studies on sine-wave speech (SWS) perception suggest that
formants contain sufficient information for sentence
intelligibility. This study further investigated the effects of
amplitude modulation, number of sine-waves, and vowel
resonance in SWS recognition. Results showed that Mandarin
sentences synthesized using frequency trajectories of the first
two formants were highly intelligible with additional
contributions from formant amplitude modulation. However,
amplitude  modulation  significantly  contributed to
intelligibility when only the vowels were preserved. The
present work demonstrates that the intelligibility of Mandarin
SWS can be largely attributed to the frequency transition of
the first two formants and is susceptible to temporal
interruption.

Index Terms: Speech intelligibility, sine-wave speech.

1. Introduction

The speech signal contains many acoustic cues for speech
perception, several of which provide overlapping or
complementary information. This high-dimensionality of
speech is demonstrated, in part, by preserved speech

recognition even when some acoustic cues are lost or removed.

Hence, many studies have investigated the amount and type of
acoustic information that is required for speech recognition,
particularly for listening in quiet. Sine-wave speech (SWS) is
designed to sparsely code the acoustic structure of speech by
using sine-waves that are frequency and amplitude modulated
by the formants. Other acoustic cues known to be important
for speech understanding, e.g., harmonic structure and
fundamental frequency (FO) contour, are discarded during this
processing. Feng et al. reported the recognition performance
of Mandarin SWS and found that Mandarin-speaking listeners
could receive a high recognition rate for sine-wave sentences
[1]. Sine-wave based speech synthesis has provided a useful
framework to study the importance of formants to speech
recognition [e.g., 1, 2, 3]. However, some questions remain
regarding the contribution of formant information in SWS
recognition. The objective of this work is to assess the relative
importance of acoustic cues for SWS recognition.

The perceptual organization of these sine-wave replicas of
speech was first investigated by Broadbent and Ladefoged
using only two sine-waves: F1 and F2 [4]. They demonstrated
perceptual fusion of these sine-waves on the bases of common
frequency and amplitude modulation. However, even after
more than half a century, a number of questions remain
regarding how these sparse acoustic constituents of speech
contribute to intelligibility. Specifically, this study measured
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the contribution of F3 commonly included in SWS,
dissociated the contributions of frequency and amplitude
modulation cues of the synthesized sine-wave speech, and
investigated how these formant cues were represented in
vowels across the sentence.

First, sine-wave speech is commonly synthesized with at
least the first three formants, i.e., F1, F2 and F3 [e.g., 1, 2, 3].
However, F1 and F2 are sufficient for evoking speech
processes, even when presented to separate ears [4]. Still
unresolved is the degree to which this sparse representation is
sufficient for providing meaningful information for successful
sentence recognition. Earlier studies have demonstrated that
the first two formants provide sufficiently good vowel
identification [e.g., 5], particularly when capturing intrinsic
vowel dynamics [6]. Furthermore, vowels carry important
perceptual information for sentence intelligibility [e.g., 7, 8].
Therefore, how effective are the first two formants at
independently conveying meaningful information for sentence
intelligibility?

Second, the formant trajectories used in synthesizing SWS
contain both frequency-varying and amplitude-varying
information of formants. What is the relative importance of
these two time-varying acoustic properties (i.e., amplitude and
frequency modulation of formants) for the intelligibility of
sine-wave speech? Carrell and Opie studied the effect of
amplitude co-modulation (by a 100 Hz triangular waveform)
on the intelligibility of sine-wave speech, and found a
contributing effect of amplitude modulation to improve the
intelligibility of sine-wave speech [3]. While many studies
demonstrate the importance of temporal envelope (i.e.,
amplitude fluctuation) for speech perception, speech stimuli
synthesized to preserve primarily the frequency modulations
(i.e., the temporal fine structure, TFS) of the acoustic stimulus
have also been found to be fairly intelligible [9]. This
motivates the present work to examine the independent
contribution of formant frequency trajectories (i.e., the
amplitudes of formants are set to a constant level) to the
intelligibility of sine-wave speech.

Third, the formants are primarily represented in the
vowels where they have the greatest energy, although sine-
wave synthesis also includes information from consonant oral,
nasal, and fricative resonance. The importance of acoustic
cues present during vowels has had significant recent attention,
primarily through the use of a segment replacement paradigm
that preserves either the vowels or the consonants in the
sentence [e.g., 7]. Kewley-Port et al. reported that vowel-only
sentences outperformed consonant-only sentences two-to-one
[7]. Chen et al. demonstrated that preserving vowel segments
can lead to almost perfect recognition of Mandarin sentences
[8]. These results suggest an important role for acoustic
properties present during vowels for sentence intelligibility.

http://dx.doi.org/10.21437/Interspeech.2016-4



() SWS_3_VA

4.
~ h' - Vil
£’ WW A R
o 2} ' \
ﬁ‘ [ [ ] "‘ AT A ’
5 1 1.5 2 25 3
(c) SWS_3_Vonly_VA
4. — —— — — — — —
B mpry e
5 2} ' \
e /
l-l-1_ .]\‘ \ \ \
Mg Mmoo Yy
%.5 1 1.5 2 25 3
Time (s)

(b) SWS_2_VA
4.
2o
£\ /
| \fs \ \ \
L L ALY
5 1 15 2 25 3
(d) SWS_3_CA
4.
2o A w rh'n
u_1.
M- Y, -.h
5 3

T|me ( )

Figure 1. Example spectrograms of sine-wave speech (‘lou2 xia4 del xiao3 maol zheng3 wan3 doul zai4 jiao4’ in Mandarin, or
‘The cat on the ground floor shouted all the night’ in English) synthesized with (a) the first three formants in condition SWS 3 VA,
(b) the first two formants in condition SWS 2 VA, (c) the vowel segments of the first three formants in condition
SWS 3 Vonly VA, and (d) the first three formants with constant amplitude in condition SWS 3 _CA. The solid lines in panel (c)

delineate the vowel segments of the isolated words.

Recent work has begun to define the general acoustic
properties responsible for these vowel effects including the
importance of amplitude modulation [e.g., 10]. This study
specifically examines the contribution of the frequency and
amplitude modulations of vowel formants to determine if
these cues are sufficient for intelligibility in the absence of
other vowel-related cues of harmonicity, formant bandwidth,
(a)periodicity, etc. In addition, it determines if these cues,
present during vowels, largely determine the intelligibility of
sine-wave speech, even in the absence of formant resonance
from other speech segments. This study will also assess the
relative importance of formant frequency and formant

amplitude to the intelligibility of vowel-only sine-wave speech.

2. Methods

2.1. Subjects and materials

Twelve (seven male) normal-hearing (NH) native Mandarin
listeners (M=22 yrs, 19-25 yrs) were recruited by a convenient
sampling from The University of Hong Kong. All subjects
were paid for their participation in this study. The sentence
materials were adopted from the Mandarin version of the
Hearing in Noise Test (MHINT) [11]. There were 24 lists
from the MHINT database, and each list composed of 10 ten-
syllable Mandarin sentences. All the sentences were produced
by a male speaker, with FO ranging from 75 to 180 Hz.

2.2. Signal processing

This study generated six types of sine-wave speech containing
different amounts of formant cues. When synthesizing the
sine-wave speech, the formant trajectories with frequency-
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varying and amplitude-varying information (using 16-ms
duration Hanning window with 50% overlapping between
adjacent frames) were first extracted from the original speech
signal based on linear predictive coding (LPC) analysis. The
Matlab code to implement the above SWS processing is
available at http://www.haskins.yale.edu/featured/sws/
MATLAB/matlab.html [Last viewed 2 February 2016]. This
study assessed the effects of three formant conditions on the
intelligibility of sine-wave speech. More specifically, the sine-
wave speech was synthesized with (1) the first three formants
(i.e., F1, F2 and F3), and (2) the first two formants (i.e., F1
and F2). These two formant conditions are denoted as SWS 3
and SWS 2, respectively. In addition, based on the SWS 3
condition, this study further generated vowel-only sentences,
i.e., preserving vowel segments while replacing the rest with
silence (see [8] for more on vowel and consonant
classification). This formant condition is denoted as
SWS 3 Vonly. Figure 1 (a)-(c) show the spectrograms of an
example sentence processed by the three formant conditions.
The above-mentioned formant conditions used time-varying
amplitude (i.e., condition “VA”) for the sinusoids to synthesize
the sine-wave speech. The present work also examined the
intelligibility of sine-wave speech synthesized by using
constant sinusoid amplitude (i.e., condition ‘CA”) or an equal
level for each sinusoid. Figure 1 (d) exemplifies the
spectrogram of an example sentence processed by the
SWS 3 CA condition.

2.3. Procedure

The experiment was conducted in a sound attenuating booth.
Stimuli were played through a circumaural headphone
binaurally at a comfortable listening level to listeners. Practice



(i.e., with feedback) of 40 non-experimental sentences (in
condition SWS_3 VA) was given to listeners before the actual
testing session. Each listener participated in a total of six
experimental testing conditions [=3 formant conditions (i.e.,
SWS 3, SWS 2, and SWS 3 Vonly) x 2 amplitude
conditions (i.e., varying-amplitude VA and constant-amplitude
CA)], with each containing ten MHINT sentences. Condition
test order was varied randomly across listeners and no
sentence was repeated across conditions. Participants were
allowed to listen to each stimulus for a maximum of three
times and required to repeat as many words as they could
recognize. The intelligibility score for each condition was
computed as the ratio between the number of the correctly
recognized words and the total number of words contained in
each list of 10 MHINT sentences.

3. Results

Mean recognition scores of Mandarin sine-wave sentences for
all conditions are shown in Table 1. Statistical significance
was determined by using the percent recognition score as the
dependent variable; the formant and amplitude conditions
were the two within-subject factors. Note that for all statistical
analyses below, the sentence recognition scores in Table 1
were first converted to rational arcsine units (RAU) using the
rationalized arcsine transform (see Figure 2). Two-way
analysis of variance (ANOVA) with repeated measures
indicated a significant effect of formant condition (F[2,
22]=54.30, p<0.001), amplitude condition (F[1, 11]=23.29,
p<0.001), and a non-significant interaction (F[2, 22]=1.16,
p=0.331) between the formant and amplitude conditions.

Paired-comparison t-tests at the same formant condition
showed a non-significant [#(11)=1.42, p>0.05] difference
between the recognition scores of conditions SWS 3 VA and
SWS 3 CA, a non-significant [#(11)=1.54, p>0.05] difference
between conditions SWS 2 VA and SWS 2 CA, but a
significant [#(11)=3.34, p<0.05] difference between conditions
SWS 3 Vonly VA and SWS 3 Vonly CA. Thus, amplitude
modulated formant information was only observed to impact
performance when recognition was limited to the vowel
segments.

Multiple paired-comparisons with Bonferroni correction
were run among recognition scores at the same amplitude
condition in Fig. 2. The Bonferroni-corrected statistical
significance level was set at p<0.017 (0=0.05). Significant
difference was observed between SWS 3 and SWS 2
conditions for either VA [#11)=3.00, p<0.017] or CA testing
[#(11)=3.67, p<0.017]. Compared to these full sentence
conditions, performance was significantly poorer when sine-
waves were presented only during the vowels, in both VA and
CA conditions [i.e., #(11)=7.16, p<0.017 at VA condition, and
t(11)=17.37, p<0.017 at CA condition].

4. Discussion and conclusions

Given that many acoustic cues contained in the speech signal
co-vary or are redundant for speech recognition, many studies
have tried to identify the minimum necessary acoustic cues to
support speech perception as well as the independent
contributions of those acoustic properties [e.g., 9, 10].
Previous studies have demonstrated that sine-wave speech
synthesized from the first three formants is highly intelligible
[e.g., 1, 2, 3]. The present work further degraded the spectral
and temporal specification of the SWS replicas by presenting
only the first two formant trajectories. Experimental results
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Table 1. Sine-wave sentence recognition scores for all
conditions.

VA CA
SWS 3 95.7+1.8 91.842.5
SWS 2 88.7£3.0 84.1£3.7
SWS 3 Vonly  70.7+4.3 53.3+8.0
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Figure 2. Mandarin sine-wave sentence recognition scores
(in RAU) for all conditions. The error bars denote =+l
standard error of the mean. ‘ns’ and ‘s’ denote that the
recognition scores (in RAU) are non-significantly (p>0.05)
or significantly (p<0.05) different between conditions
varying-amplitude VA’ and constant-amplitude ‘CA’.

showed that even only using the first two formant trajectories,
the synthesized sine-wave speech was still highly intelligible,
i.e., 88.7% for SWS_2 VA condition in Table 1. Consistent
with previous work, we hypothesize that this ability to capture
speech intelligibility from the first two formant trajectories
may be attributed to the top-down processing commonly
utilized in sentence recognition. That is, listeners can use their
knowledge, language experience, and contextual information
in speech to compensate the loss of acoustic cues when
understanding processed or distorted speech. It is notable that
sparse acoustic representation of speech, based on frequency
modulation of the first two formants, is sufficient to evoke the
perceptual organization of speech (see [2]) necessary for
cognitive-linguistic processing.

When assessing the relative importance of formant
frequency and formant amplitude to the intelligibility of sine-
wave speech, this study found that formant frequency
trajectory carried sufficient information to support high
sentence intelligibility. Experimental results showed that in
the SWS_3 and SWS_2 conditions, the differences between
the recognition scores in the VA and CA conditions were not
significant (see Fig. 2). In this regard, formant amplitude
contributes minimally to the preserved high intelligibility of
sine-wave speech that preserves time-varying formant
frequency trajectories. The formant frequency trajectory
captures important information from speech production, e.g.,
resonance in vocal tract. These results suggest that the peak
resonant response of the vocal tract is particularly important
for intelligibility, with additional contribution from relative
amplitude changes in that resonant response. In addition, this
study showed that the Mandarin speech synthesized with the
first two formants (with time-varying frequency but constant
amplitude) was highly intelligible, i.e., 84.1% in condition
SWS 2 CA. This suggests that the intelligibility of Mandarin



sine-wave speech can be largely attributed to the frequency
trajectories of the first two formants.

However, the amplitudes of formants do play a significant
role for sine-wave speech recognition when the speech is
interrupted, e.g., segmental interruption in this study. The
vowel-only sine-wave speech synthesized with both formant
frequency and amplitude information was 70.7%; however
when the formant amplitude information was removed, the
recognition score notably declined to 53.3%. This finding is
consistent with many previous results. That is, in adverse
conditions, additional specification of the acoustic speech
signal becomes necessary [e.g., 11]. In addition, these results
are in line with other studies of vowel contributions to
sentence intelligibility that highlight the importance of
amplitude modulation of the vowels during temporal
interruption [e.g., 10]. Further investigation is necessary
regarding the relative contributions of these acoustic
properties in challenging listening environments, €.g., in noise.
While performance was degraded in the vowel-only conditions,
it is notable that even these highly degraded vowels (i.e., three
constant amplitude, frequency-varying sine-waves) resulted in
higher sentence intelligibility scores than Mandarin sentences
that preserve the full spectrum consonants (53% for
SWS 3 Vonly CA versus 34% for consonant-only sentences;
(8D).

Carrell and Opie found that the time-varying sinusoidal
sentences with constant sinusoid amplitude had much lower
intelligibility scores compared to those with modulated
amplitude (by a 100 Hz triangular waveform) [3]. However,
the present work showed that the SWS_3_ CA condition still
led to a very high intelligibility score, i.e., 91.8%, possibly
indicating that frequency modulation alone is sufficient for
perceptually organizing the three sinusoids into one speech
percept. It is not clear whether the difference between these
studies could be attributed to a language difference. However,
initial pilot testing with four native English-speaking NH
adults with English HINT sentences resulted in a mean of 80%
(SD = 19%) for SWS_3 VA and 35% (SD = 12%) for
SWS 3 CA, #3)=10.5, p<0.01. This suggests that
performance in general may be lower for English materials
and that amplitude modulation of the formants may be
essential for maximum intelligibility of English SWS
sentences. Further study is required to define these language
differences. In addition to the importance of tonal contour for
speech perception, Mandarin has a simple consonant-vowel
syllable structure that differs significantly from the complex
syllable structure of English that allows for consonant clusters.
Hence, we postulate that English sine-wave speech may have
more temporal interruption due to its consonant clusters (i.e.,
lacking formant information) than that in Mandarin, which
may have a detrimental effect on understanding English sine-
wave sentences. Furthermore, amplitude modulation may
provide important information regarding the complex syllable
structures of English. For example, amplitude cues may
provide information regarding variation and transitions
between oral, nasal, and fricative resonance, as well as non-
resonant portions of speech. Further investigation is required
to identify the type of speech information provided by
amplitude modulation of the sine-wave formant analogue and
its contribution to intelligibility, particularly as it is related to
phonetic and phonotactic differences between English and
Mandarin.

In conclusion, the present work suggested that the
intelligibility of Mandarin SWS could be largely attributed to
the frequency transition of the first two formants. Formant
amplitude resulted in additional contribution to intelligibility
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relative to formant frequency trajectories. Nevertheless,
formant amplitude does appear to contribute significantly to
understanding of sine-wave sentences in adverse listening
conditions, e.g., temporal interruption by only preserving
vowel segments.
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