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ABSTRACT

Natural and synthetic voice differ from various
points of view, as shown by the results of
many experiments. This difference can be due
to possible differences in the acoustic-phonetic
structure of the two signals. In order to
investigate this hypothesis, we run a
consonant confusion test for 19 Italian
consonants produced by a natural voice with
noise (3 SIN ratios) and 6 TTS systems
presented through good and telephone
channels. The results showed that the
distributions of consonant confutions for
natural and synthetic speech (both formant-
based and diphone-based synthesis) were
often quite different, suggesting some
contraddiction in the acoustic cues and in the
coarticulation model of the synthetic signals.

1. INTRODUCTION

Natural and synthetic voice differ from various
points of view, as shown by the results of
many experiments. With respect to
intelligibility, natural voice has better
intelligibility scores than synthetic voices, both
in good and in telephone conditions [1]. With
respect to listening difficulty, in a test in which
the time taken by a subject to recognize a target
word in a spoken sentence was measured,
target words contained in sentences
pronounced by natural voice and vocoders
were recognized in a shorter time than those
embedded in sentences pronounced by text-to-
speech (TTS) systems [2]. Finally, in a recent
experiment on fluctuation of sustained
attention while listening to passages produced
by a TTS system and a natural voice, subjects
who listened to the synthetic passage showed a
more rapid cyclic fluctuation than those who
listened to the natural passage, suggesting that
listeners of synthetic passages may be required
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to pay more attention than listeners of natural
passages [3].

To explain these various results, we
hypothesized possible differences in the
acoustic-phonetic structure of the signals. With
the purpose of testing this hypothesis, we
carried out a consonant confusion test for 19
Italian consonants coarticulated with the
vowels /a/, /i/, and /u/, produced by a natural
voice with 3 levels of noise and 3 formant-
based and 3 diphone-based TTS systems
through good and telephone channels.

We use the term diphone-based synthesis for
those systems which base sound generation on
concatenation of natural speech units. On the
other hand, in formant-based synthesis every
phoneme and every transition is rule-governed
[4]. The main difference between these kinds
of synthesis is that diphone-based synthesis
has rather high basic quality,  since the
phoneme transitions are already included in the
units themselves, while formant-based
synthesis shows much more problems related
to our limited knowledge of the whole process
of speech production and perception [5].

2. THE EXPERIMENT

We used an open-response test in which
listeners were requested to simply write down
what they heard on each trial. In this format all
phonemes known to the listener were possible
responses.

The experiment was subdivided into three
sessions, constituted of 32 trials, 16 in good
and 16 in telephone conditions, with each
session lasting one hour and allowing the
assessment of three systems.

Subjects were required to identify the
consonant in 51 CV and 57 VCV meaningful
and meaningless words. This material allowed
to observe confusions among consonants in
both initial and medial positions.

1109



2.1 Subjects

96 subjects (48 females and 48 males) of 25 to
45 years of age took part in the experiment.
They all were native speakers of Italian and
had normal hearing sensitivity bilaterally (an
average of 20 dB between 125 and 6000 Hz).
Almost all subjects had previous experience in
listening to synthetic voices. They all used a
computer keyboard for the job. All subjects
were employees of an Italian Public Institution
who received a day off for their participation.

2.2 Systems

There were 18 different listening conditions: 6
TTS systems (3 formant-based (SF) and 3
diphone-based (SD)), and 3 signal-to-noise
(S/N) ratios (6, 0, and -6 dB) for a total of 9
systems, presented both in good and telephone
modalities.

2.3 Phonetic material

All systems were tested with 51 CV and 57
VCV meaningful and meaningless words. The
CV group contains /p/, /b/, /d/, It/, /k/, /g/,
IS/, 1dZ/, /], 1, 1S/, Iml, n/, 131, AT, /LY, [x/
(SAMPA notation). The VCV group contains
the same consonant phonemes as in CV plus
/s/ and /z/. Both groups had /a/, /i/, and fu/
vowels as environmental context.

The phonemes /ts/, /dz/, /s/, and /z/ were not
included in CV group because special training
in phonetic transcription would have been
required for the subjects. In fact, in CV
condition, the same grapheme "z" may
correspond to two different phonemes, /ts/ and
/dz/, and grapheme "s" may correspond to
either /s/ or /z/. Moreover, /z/, followed by a
vowel, does not occur in initial position of
Italian words.

All speech files were digitally recorded at our
lab with a sampling frequency of 20kHz. The
speech files were equalized to approximately
65 dB.

3. RESULTS
3.1 Intelligibility results

Figure 1 shows the intelligibility decrease in
telephone modality for all the systems. In
natural speech, the decrease was dependent on
S/N ratios, while with the TTS systems the
best system (SD1) showed the highest
decrease.
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Figure 1: intelligibility decrease from good to
telephonic conditions for all systems

The intelligibility scores of S/N, SD, and SF
were analyzed with respect to articulation
manner groups. The results showed that in
natural speech with noise, nasals and laterals
were better recognized, while fricatives and
occlusives had the lowest scores (Tab. 1a). In
the SD condition, affricates and laterals had the
best scores, and occlusives the worst score
(Tab. 1b). In the SF condition, laterals and
affricates had the best scores, while the nasals
obtained the worst score (Tab. 1¢).

SIN |OCC |FR |AF |NAS |LAT |{ERR
1 F

OCC 654 1145135 108 5.2 10,5

FRI 18,1 {606 1104 ]0,3 1,1 9,2
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TAB. 1 : confusion matrices of manner articulation
groups for S/N (a), SD (b), and SF (c)
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3.2 Consonant confusion results

In order to compare the consonant confusions
that occurred for natural and synthetic speech,
we examined the confusion matrices for the
three formant TTS, the three diphone TTS,
and the three different S/N ratios of natural
speech that resulted in comparable overall
levels of intelligibility performance. The
comparisons among all systems in all
conditions are shown in Tab. 2.

The analysis of intelligibility errors within
comparable overall levels of intelligibility
revealed that the distributions of consonant
confusions obtained for natural and synthetic
speech were often quite different in the various
conditions (good vs. telephonic modalities; CV
vs. VCV stimuli). Furthermore, a difference in
confusions has been found also between
formant and diphone TTS. For example, in the
case of SF2 in the modality VCV GOOD 73%
of the errors made in identifying the phoneme
/t/ were due to confusions with /r/ but this kind
of error never occurred for natural speech at 0
dB (i.e. ta signal with the same intelligibility
score) and in SD systems. Furthermore, such
a confusion (/t/ with /r/) never occurred for the
worst S/N ratio -6 dB.

While natural speech showed a coherence in
the confusions at each level of S/N ratio, the
three SF systems differed in the confusions
they presented, and the same was true also for
SD systems.
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Tab. 2: comparisons among overall levels of
intelligibility performance (values in brackets) of

different systems for different conditions.

Figure 2 gives an example of confusions in

S/N ratios, SF, and SD systems.
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Figure 2: differences in confusions among S/N ratios, SF systems, and SD systems in VCV GOOD condition.
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4. CONCLUSIONS
4.1 Overall intelligibility

The comparison among the intelligibility
scores of S/N ratios and SD and SF systems
showed that in natural speech with noise,
nasals and laterals were better recognized,
while fricatives and occlusives had the lowest
scores; in SD and in SF affricates and laterals
had the best scores, while in SD occlusives
had the worst score and in SF nasals obtained
the worst score.

The finding regarding natural speech with
noise is coherent with other results reported in
the literature where the consonant confusions
for Italian were studied using S/N ratios and
high-pass and low-pass filtering conditions
[6].

The scores obtained for natural speech at the
different S/N ratios can be explained by the
fact that the noise condition allows better
intelligibility in nasals and laterals (sonorant
consonants) and worst intelligibility in
occlusives and fricatives (non sonorant
consonants). On the other hand, the low score
obtained by nasals in SF systems can be
explained by the fact that coarticulation rules to
be used by formant TTS systems for nasals are
not yet well specified for Italian.

4.2 Consonant confusions

The most important finding of our experiment
concerned the distributions of the consonant
confusions for natural and synthetic speech,
which were often quite different in the
different conditions. An analysis of the
confusion matrices revealed that synthetic
speech (mainly in formant-based but also in
diphone-based synthesis) was perceptually
distinct from natural speech. Although some
errors were shared by all types of speech,
most of the errors were unique to synthetic
signals.

This result supports our hypothesis that the
differences in the overall perception of natural
and synthetic speech that we have found in
several experiments are largely due to
differences in the acoustic-phonetic structure
of signals. This finding suggests, on one
hand, that the minimal acoustic cues used to
signal phonetic segments in formant-based
synthesis are likely to be incorrect or
ambiguous and, on the other hand, that better
rules are needed to model coarticulation for
diphone-based synthesis.
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The finding of phonetic miscues in synthetic
speech is supported also by the fact that the
highest intelligibility decrease from good to
telephone modality occurred in all TTS
systems, even for those systems that obtained
very good scores in good condition. Since
natural speech contains many redundant cues
that help specify a particular phoneme, for this
type of signal the decrease was minimal and it
was dependent on S/N ratios. On the other
hand, the high intelligibility decrease in
telephonic modality for TTS systems can be
due to the lack of redundancy of cues in
synthetic speech.

Our results are consistent with those obtained
in an experiment run by Nusbaum et al. [7]
who measured the confusions within a set of
natural and synthetic English phonetic
segments.
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