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ABSTRACT

This work was aimed at investigating individual variability in
the perception of synthetic speech. A homogeneous group of
50 listeners was tested on a wide range of synthetic speech
material of increasing complexity. This included inselligibility
tests for nonsense VCV utterances, semantically-anomalous
and meaningful sentences and speech pattern identification
tests for plosive place and voicing contrasts in three vocalic
contexts. Data was examined for evidence of different listener
strategies. The implications of these results for synthetic
speech intelligibility and enhancement are examined.

Keywords: Synthetic speech, speech perception, individual
differences.

1. INTRODUCTION

The issue of individual differences in speech perception is
important for two important reasons. First, a better
quantification of the extent of variability in speech perception
may lead to further imsight on the question of whether
listeners develop different perceptual strategies, and may help
explain seemingly contradictory results obtained in some cue-
weighting perceptual studies. Secondly, a measure of within-
group variability is essential in order to quantify the effect of
human factors on perceptual evaluation, such as in assessment
tests for speech output devices.

Individual variability might arise at two stages of speech
processing: in a listener’s use of the acoustic cues contained
in the speech signal itself, and in the extent to which use is
made of semantic and syntactic contextual information present
at word and sentence levels. Evidence of variability in the use
of acoustic cues comes from two types of studies. First,
identification studies, which examine the relative importance
of different acoustic cues to a contrast, suggest that individual
listeners do vary in the perceptual weighting given to these
cues and may be more or less adept at using cues in non-
redundant or degraded speech stimuli (e.g., [1]). Individual
variability has also been noied in speech intelligibility testing
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for low-redundancy VCV utterances. Santi and Grenié [2], for
example, found strong evidence of different decoding
strategies as particular words were perfectly recognized by
some listeners but totally mislabelled by others. Individual
variability was also found in the use made of context. For
example, Grice and Hazan [3] found evidence of clusters of
listeners conmsistently obtaining high or low scores in their
evaluation of semantically unpredictable sentences, in which
contextual information is very much reduced.

Existing studies leave many issues relating to individual
differences in perception unanswered. First, most studies have
tested relatively small listener groups, which may not be
tightly controlled in terms of characteristics that have been
shown to affect speech intelligibility. Our study examined the
extent of individual variability in a group of 50 listeners,
chosen to fulfil strict criteria in terms of age group, primary
language, hearing threshold, exposure to synthetic speech, and
phonetic experience. Second, many studies have focused on
one single type of test material. Here, we aim at a wider
characterisation of individual listeners, by examining the
relationship between performance on a battery of tests which
tap different levels of processing. This study consisted of two
parts: Experiment 1 focused on the effect of context on
intelligibility; Experiment 2 investigated listeners’ use of
acoustic cues.

2. EXPERIMENT 1

The aim of this experiment was to examine the extent of
variability in intelligibility scores for speech material
controlled in terms of the amount of coatextual information
present (i, semantically-acceptable and semantically-
unpredictable sentences and VCV utterances).

a. Stimuli

SPIN (SPeech In Noise) sentences [4]: were designed to
evaluate the effect of semantic information at sentence level
by presenting test words in either high- or low-probability
contexts. The difference between the score for high-probability
(HP) and low-probability words (LP) gives an indication of
the amount of information provided by the semantic content
of the sentences.
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SUS (Semantically unpredictable) sentences: were used to
assess the perception of words in syntactically correct
sentences in the absence of semantic information (eg.. 'the
strong way drank the day’). In the lists used here [5], five
different syntactic structures, each containing four content
words, were used in the generation of the sentences.

VCV (Vowel-Consonant-Vowel) utterances: were used to
evaluate the intelligibility of single consonants in the absence
of semantic and syntactic contextual information. These were
constructed using 12 consonants in three vocalic contexts.

b. Subjects

Subjects were 50 paid volunteers with normal hearing as
defined by average pure tone thresholds of 20 dB HL or better
from 0.25 to 8 kHz in both ears. The listeners, all students at
University College London, ranged in age from 18 to 32 years
(mean: 21.1 years, s.d. 3.09), were native English speakers,
had no training in phonetics and had little to no previous
experience of synthetic speech.

¢. Test procedure

For the "synthetic speech” condition, the speech material was
synthesized through the JSRU synthesis-by-rule system [6],
comnected to a parallel formant synthesizer. For the "natural
speech in noise” condition, the sentence and VCV material
was recorded by a male speaker. Pink noise was added to
these recordings at a signal-to-noise level of 6 dB for the
sentence material and 8 dB for the VCV material. All stimuli
were band-pass filtered between 20-3900 Hz and presented at
a fixed intensity level through AKG 240DF headphones.

For each condition, listeners responded to two SPIN lists of 50
sentences, one SUS list of 50 sentences and one list of 360
VCV stimuli. In order to evaluate the effect of level of
presentation on the intelligibility of nonsense words, the VCV
material was presented at two intensity levels: a "comfortable”
listening level (VCV High condition) and at 25 dB below this
level, but preserving the same S/N ratio (VCV Low
condition). Descriptive statistics are presented in Table 1.

Table 1: Means, standard deviations and ranges obtained for
all sentence and word intelligibility tests (percentage correct)

% Syat. Nat.

Mean S.D. Range Mean S.D. Range
Spin (HP) [| 858 71 34 875 53 28
Spin LP) || 54.1 8.7 34 463 11 36
sUS 104 6.1 28 121 53 26
vecv ) | 498 9.6 47 40.1 15 35
vev @) | 385 95 | 49 39.8 73 33
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d. Results

In the SPIN test, the mean difference between high and low
probability scores (HP-LP), which reflects the amount of
additional information provided by the semantic context, was
41.2% (s.d. 7.85) for the natural condition and 31.7% (s.d.
8.45) for the synthetic condition. Even lower means were
obtained for the SUS sentences which were syntactically
comect and semantically unpredictable. These constituted a
more complex task than that required for SPIN (LP) sentences
as all words in the sentence had to be correctly transcribed.
The 25 dB reduction in intensity level of presentation led to
a 11.3% decrease in mean score for the synthetic condition but
did not lead o a decrease in imtelligibility scores for the
natural speech in noise condition.

The range in scores obtained for this homogeneous population
of young listeners with normal thresholds of hearing varied
from 26 percentage points for natural SUS sentences, to 49
percentage points for synthetic VCV utterances presented at
low intensity. The degree to which intelligibility was helped
by the addition of semantic information (HP-LP score) varied
considerably across listeners: from 28 to 62 percentage points
for the natural SPIN sentences, and from 12 to 48 percentage
points for the synthetic seatences. An examination of z-
transformed scores revealed that, for all tests, the range and
variance of intelligibility scores was greater for the synthetic
conditions (for all but for the SPIN (LP) material). Within
each condition (synthetic or natural speech in noise), greater
variance was generally obtained for the sentence material than
for the VCV material.

Principal component analysis is a multivariate technique for
examining relationships among several quantitative variables.
It was applied here to standardized scores to look for linear
relationships among the various tests. It must be noted that the
first three components only accounted for 64% of the
standardized variance. The first component appeared to be a
measure of performance on VCV material as the first
eigenvector has high positive loadings on all VCV tests. The
second component secemed to be related to performance on
sentence material, as there were high positive loadings on all
sentence scores and negative loadings on all VCV scores.
Therefore, performance with VCV utterances and sentences
does not appear to be related.

3. EXPERIMENT 2

The aim of this experiment was to get further insight into the
listeners’ use of acoustic cue information through the use of
identification tests which investigated the relative weighting of
various cues to a contrast. Place (/g/-/d/) and voicing (/g/-/k/)
contrasts were presented in three vocalic environments (/a/-/i/-
leif). Use was made of copy-synthesized stimuli, based on
utterances produced by the male speaker recorded for
Experiment 1.

1850



a. Stimuli

/g/-/d/ place contrast. the acoustic cues under investigation
were the burst transient and F2/F3 transitions at vowel onset.
In order to evaluate the relative contribution of each cue to the
perception of the contrasts, three test conditions were prepared
for each minimal pair. In the "full-cue” condition, both cues
were varied together; in the "burst” condition, the formants
used to synthesize the burst were varied, whilst the formant
transitions were fixed at a neutral value; in the "formant”
condition, the formant transitions were varying whilst the burst
was removed through waveform editing.

/g/-/%/ voicing contrast: The two main cues to the contrast
under investigation in the stimuli were Voice Onset Time
(VOT) and F1 onset frequency. For each minimal pair, two
stimulus conditions were prepared: "full-cue”, in which both
cues were co-varying, and "No F1 transition”, in which the F1
onset cue was neutralized.

b. Subjects
The same 50 subjects were tested as for Experiment 1.

c. Test procedure

Stimuli were presented in the form of two-altemative forced-
choice identification tests over ten sessions. They were
amplified to a comfortable listening level and presented
through AKG 240 DF headphones. Identification functions
were obtained for each subject for each test condition, each
data point representing 32 responses.

d. Results

For each listener, a GL.M (General Linear Model) statistic was
used to evaluate the effect of removing an acoustic cue on the
identification function. The change in deviance between the
full-cue and a reduced-cue identification functions supplies a
quantitative, statistically interpretable measure of the extent to
which subject performance changed with cue reduction (for
further details on the use of this statistic, see [1}).

Table 2: Numbers of subjects (out of 50) showing a non-
significant effect of cue-reduction for place and voicing
contrasts

Formant Burst Both
cond. cond. cond.
only only
GATE-DATE 10 9 6
GAT-DAT 5 26 3
GEET-DEET 2 41 4
No F1 transition
cond.
GATE-KATE 49
GAT-KAT 33
GEET-KEET 48
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For the /g/-/d/ place contrasts, it can be seen that for each of
the minimal pairs, some listeners were unaffected by the
removal of the burst information, while others were unaffected
by the removal of the formant transition information. A small
number (around 10% of the listeners) were unaffected by the
removal of either cue. The perceptual weight of each of the
two cues also varied across vocalic contexts. For the GEET-
DEET contrast, for example, there was a clear dominance of
the formant cue, whereas for GATE-DATE, the relative
weight of each cue was more balanced.

For the /g/-/k/ voicing contrast, there was much less
variability, both across listeners and vocalic contexts. The
VOT cue was clearly dominant in the context of /ei/ and A/,
but more variability was seen in the relative weighting of the
VOT and F1 transition cues in GAT-KAT.

4. CORRELATION BETWEEN RESULTS OF
EXPERIMENTS 1 AND 2

Non-parametric Spearman rank correlation coefficients were
computed in order to examine possible correlations between
intelligibility scores for the sentence and VCV material, and
deviances measures from identification tests. It might be
expected that listeners showing little effect of cue-reduction in
the identification tests would show higher intelligibility scores
for VCV utterances, which contained little cue-redundancy. In
fact, there were no significant correlations between condition
deviances and overall VCV intelligibility scores. It could be
argued that the lack in comrelation is due to the fact that the
intelligibility measure used in the comparison is t00 gross, as
it relates to the perception of all 12 consonants in 3 different
vocalic contrasts. Further analyses are needed to evaluate this
claim. Little correlation was also obtained between deviance
measures and sentence intelligibility scores. Ouly 3 out of the
90 comparisons reached significance, and no clear trend was
visible.

5. DISCUSSION

A sizeable degree of variability was found for all tests, despite
the fact that the listener population was homogeneous in terms
of a number of factors which have been shown to affect
petformance. This variability was marked by large variances
in intelligibility tests, and, at the level of speech pattern
processing, by differences in the perceptual weighting given
by listeners to individual cues to plosive place and voicing
contrasts. It bhas been argued (e.g., [2]) that perceptual
variability in synthetic speech conditions might be due to the
lack of coberence seen in synthetic speech-by-rule as it is not
based on a specific vocal tract. Here, some evidence was
indeed found of added difficulty, for some listeners, in
processing synthetic speech relative to degraded natural
speech, as greater standard deviations and range measures
were usually obtained for the synthetic speech condition, for
both the VCV and sentence materials. However, the variability
seen in natural speech conditions was also extensive as shown
by ranges of up to 36 percentage points. The existence of
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sizeable within-group variability is an important consideration
in studies of listener dimensions which aim at evaluating the
effect of factors such as age and synthetic speech experience
on perception, as extensive within-group variability may mask
across-group effects.

The large variance obtained for the VCV scores, and the
evidence of clear individual differences in the perceptual
effect of acoustic cue removal would suggest that listeners do
differ in their use of acoustic cue information contained in the
speech signal. It may be hypothesized that this variability is
due, not to audiological differences, but to the development of
different perceptual strategies during language acquisition,
where individuals may focus on one of several redundant cues
contained in the speech signal. There is ample evidence of
individual differences at other levels of language and speech
development (for a review, see {7]).

A second aim of this study was to characterize listeners in
terms of their relative use of acoustic and contextual
information, and to search for evidence of groups of listeners
using different strategies. An interesting result was the
emergence, on the basis of the principal component analysis,
of performance with VCV and with sentence materials as two
uncorrelated dimensions. These two dimensions could be
related to a description of listeners’ as "auditors” (i.e. users of
acoustic information) and as "comprehenders” (i.e. users of
global contexmal information), which were descriptors
proposed by Simon and Fourcin in their early study on
individual differences [8]. It must be noted that listeners
appear to be normally distributed across these two dimensions.
These dimensions may well reflect the use of different
strategies in processing speech, which, as suggested above,
may be linked to developmental factors.

It had been expected that "good aunditors”, i.e., those listeners
who showed good intelligibility for degraded VCV utterances,
would also show a good ability to label contrasts on the basis
of minimal acoustic cue information. The lack of correlation
between deviance measures for identification tests and
intelligibility scores for VCVs was therefore surprising. It
might, however, simply be due to the fact that the measures
used in the correlation were not sensitive enough.

The fact that intelligibility scores for synthetic VCVs and
sentences were uncorrelated suggest that, in order to have an
overview of the intelligibility of a synthesis system, it is
necessary to use a test battery which assesses different levels
of complexity. This approach has been advocated in a project
aiming at standardising assessment methods for synthetic
speech across European languages [9].

This study also has implications for the development of
speech synthesis systems. Indeed, at the speech pattern
processing level, the fact that the effect of cue-weighting was
very variable for the place contrast, and much less so for the
voicing contrast might suggest that acoustic cues marking
these contrast differ in terms of their "robustness”. For the
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voicing contrast, VOT is a clearly dominant cue across
listeners and vocalic contrasts, whereas for the place contrast,
the relative importance of burst and formant information
varies greatly across listeners. and across vocalic contexts. A
better understanding of which acoustic cues are the most
robust for a majority of listeners could lead to an
improvement of the intelligibility of synthetic speech, if it is
ensured that the cues in question are clearly reproduced. The
enhancement of robust cues also has important implications in
the arca of speech perceptual training, both for second
language learners, and for listeners with impaired hearing.
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