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0. ABSTRACT

This paper describes experiments on the analysis. synthesis and perception of laryngeal co-
articulations in lu:ho:l and [uztazL with a view to developing automatic rules for dynamic
excitation. Analyses show that there is a significant decrease in larynx closed quotient (CQ)
before the glottal fricative and an increase before the glottal stop. Syntheses of the utterances
spoken with falling intonation were carried out for one male 5 er. Perceptual testing
showed no significant preference for utterances synthesised with dynarrtically varying CQ over
utterances synthesised with the CQ set to a fixed value by the experimenter, either in terms of
naturalness or similarin to the original utterance. An additional series of perceptual tests was
can-led out to determine the ability of the listener to discriminate between stimuli with different
fixed overall CQ values. The findings suggest that, given the quality of the current synthesis.

t fine variations over time in the CQ do not need to be modelled. However changes in the fixed
overall CQ do have a perceptible affect on the quality of the synthetic speech,

1. lNTRODUCl'ION

Co-articulation effects are often realised at the laryngeal level indifferent segmental and
prosodic environments. One method of measuring these effects is by studying the output
waveform from the electrolaryngograph (Lx) [l] and observing the cycle-by-cycle changes in
the closed quotient (the percentage of each larynx period that is taken up bythe closed phase).
A study usingthis method by Lindsey et at [2] has shown that laryngeal co-articulation can
occur in English VCV sequences. specifically in the form of a breathy vowel offset before [5].
Lindsey et al suggest that this results in a reduction in the higher frequency energy associated
with increased sub-glottal damping.

The first aim of the present work wasa more systematic study of this effect, concentrating on
the laryngeal level by choosing intervocalic [hi and [7| as data. in order to test the hypothesis
that CQ decreases in anticipation of a following voiceless fricative (during which the vocal
folds will be abducted) and that CQ increases before [7) (or a glottally reinforced stop)‘, in
preparation for the complete closure at the glottis. (Klatt and Klatt [3). also analysing lhl and
[7], but in reiterant sentences. found no anticipatory co—articttlation differences between the
fricative and the stop. However. analyses were carried out at the midpoint of the vowels and it
was hypothesised that any co-articulation effects resent did not stretch leftwards from the
consonant as far as the midpoints of the vowels snIdFied.)

The second aim of the present work was to replicate the analysed CQ variation in the ISRU
parallel formant synthesiser. Holmes [4] has shown that this synthesiscr is capable of
producing speech which is almost indistinguishable from the natural. However his utterances
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‘ were obtained by considerable hand-editing of the formant amplitudes and bandwidths,

modelling both changes in vocal tract articulations and dynamic changes in the excitation

spectrum. These amplitudes and bandwide are therefore not strictly appropriate in terms of

the source-filter theory of speech production [5] basic to the synthesis system.

The current excitation for the JSRU synthesiser is based on the second time differential of a

typical glottal flow pulse. and consists of a stored low pass filtered excitation cycle with a

predetermined spectral slope, which is repeated at the desired fundamental frequency, giving

the synthesiser excitation waveform EX. The glottal flow model waveform (referred to as GA

-- "the glottal area") is available in the synthesis to modify the formant amplitudes and

bandwidths on a cycle-by-cycle basis. One of the advantages of the JSRU synthesiser is that it

allows experimenters to generate their own excitation waveforms externally to the synthesiser

and readily study the effects. An algorithm developed by Howard et al [6] generates the

excitation waveforms (EX and GA) cycle-by—cycle for the synthesiser, based on the Fant three-

parameter model [7], using parameters measured from the Lx waveform. Pilot studies have

shown that this dynamic excitation route added some voice qualities of the original speaker

which the stored EX and CA were unable to add.

The third aim of the present work was to assess the naturalness of the syntheses by means of

perceptual testing.

2. METHOD

2.] Analysis
Recordings of twelve VCV sequences spoken by four phonetically-trained male speakers were

made under anechoic conditions. The consonants used in this study were the glottal fricative

In] and the glottal stop It], chosen in order to minimise the filtering effects of the vocal tract.

The sequences [ozhcul and [azicul were spoken with three different intonation contours (falling.

rising or level) and with two stress patterns (initial stress or final stress). The speech pressure

waveform and the Lx waveform were recorded simultaneously onto two channels of a digital

Sony PCM-Fl video recording setup.

The data was acquired onto a Masscomp 5600 at a 20ld-lz sampling rate, then analysed using

. an algorithm developed by Davies et al [8] under the "Speech Filing System" (SFS) protocols

developed by Huckvalc et al [9]. This outputs the following parameters for each cycle of the

Lx waveform: the Lx period (Tx). the closed phase and open phase durations calculated by

three different methods, and the corresponding CQ.

In all the methods the point of vocal fold closure is taken as the positive peak in the differential

of the Lx waveform (1.x is first polarised with closing slope positive going). The point of

opening is derived by three alternative methods: (i) as the negative peak in the Lx differential,

(ii) as the crossing-point of a fixed ratio of 70230 of the current cycle's peak to peak amplitude,

or (iii) as the point at which the opening slope has the same amplitude value as the point of

closure for that cycle. A comparison of the measurements of glottal closed phase derived on

the one hand from inverse filtering. and on the other hand from the Lx waveform using the
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second above-mentioned method on the other, has shown a high degree of correlation between
measurements made from the two methods [10].

2.2 Synthesis
A pair of VCV sequences lozhml and lexical for one male speaker was chosen for a study of the
effects of dynamic excitation on the naturalness of the synthetic output. These utterances were
spoken with a falling intonation contour and the stress on the second syllable. and showed
clearly the effects of laryngeal co—articulation. Closed-phase LPC analysis was performed to
derive the formant frequencies, and the amplitudes were mapped from a FFl‘ analysis. In
order to obtain an optimal utterance as a basis for the study of dynamic excitation the formant
frequencies were hand-edited where necessary. EX and GA waveforms were obtained using
the algorithm developed by Howard [7]. which uses the Davies et al algorithm [8] (method
two) to obtain its parameters. Two perceptual studies were then performed

2.3 Perception

2.3.1 Test 1. The first set of perceptual tests required 12 subjects to perform a ranking task
for sets of four stimuli. both in terms of their perceived naturalness and in tertns of their
similarity to the original utterance. There were two sets of tests for each consonant
environment, one in which the natural utterance was played as a reference and one in which it
was absent. The four test stimuli were synthesised versions of the natural which differed only
in terms of their CQ values. The CQ was either kept constant throughout the utterance at 30%.

50% or 70%. or it was varied on a cycle-toeycle basis according to the values obtained from
the analysis of the Lx waveform. Each set of stimuli was randomised and plotted on the
Masscomp terminal in a mouse-driven environment. enabling the subject to play each stimulus
via headphones as often as required before ranking them. In each case the lowest rank was
assigned to the most natural. or to the most similar to the original.

2.3.2 Test 2. A same-different discrimination test was carried out to determine the extent of
CQ change necessary for subjects to detect a difference in the quality of the synthetic speech.
Two sets of material were prepared. one for the glottal fricative and one for the glottal stop.
The CO was fixed in each utterance to a value between 30% and 70% inclusive. in intervals of
5%. This range of values represented the approximate range of CQ values found in the
analysis of the male data. Eight subjects were presented with 128 stimulus pairs for each set of
material. Each set consisted of all possible combinations of C0 intervals from 5% to 40%,
e.g. 30% with 35%; 30% with 40%; 30% with 45% etc. In total there were eight pairs of each
possible CQ interval making 64 pairs. and an equivalent number of pairs in which the stimuli
were the same. The sets were then randomised and divided into six lists lasting approximately
eight minutes each, Each stimulus pair was repeated three times. Tests were run in a sound-
proof room and presented binaurally through headphones via audio-cassette. No
familiarisation was considered necessary since all the subjects participating in this pan of the
study had completed Test 1. .
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3. RESULTS

3.1 Analysis _

Analyses show clearly the anticipatory laryngeal co—aru'culations. Figure 1 shows a display of

the speech pressure waveform. Lx waveform. 'l'x markers. the open and closed phase times

and a plot of CQ for the glottal fricative, spoken by a male speaker with falling intonation and

the stress on the second syllable. Figure 2 shows the equivalent plot for the glottal stop.

A series of Jonckheere trend tests [1 1] revealed that for all four subjects recorded in this study

there was a significant decrease in the CQ before [h]. as measured from the mid-point of the
first vowel, and for three of the four a significant rise before the glottal stop. The mean of CQ

means for each utterance was 47%.
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closed quotient

Figure l : [ozhml spoken by a male speaker with falling intonation
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Figure 2 : [a:7a:l spoken by a male speaker with falling intonation

3.2 Perception

3.2.1 Test 1. Tables 1 and 2 show the rank given to the test su'muli averaged over the 12

subjects. Each table shows the mean overall rank of the stimulus when presented with or

without the natural stimulus. *
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Table 2 : Showing the mean overall naturalness ranking for [0:701] :
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A number of subjects commented on the differences between the utterance with a fixed CQ at
30% and 70%, The 30% utterance was considered to be more "breathy" and "clearer" whilst
the 70% utterance was thought to be "tinny", "muffled" and more "American".

3.2.2 Test 2. Results of the discrimination tesrs are shown in graphs 1 and 2. These bar
charts show the percentage errors on the vertical axis with each CQ interval being represented
along the horizontal axis. A statistical analysis of the number of errors when the two stimuli
were the same shows that subjects were not making random guesses. the percentage of errors
for the lazhuzl stimuli being 7.4 % and 7.6% for the [0:70;] stimuli. There was significant
discrimination between utterances differing by a CQ of 15% for the glottal fricative as defined
by a relative standing z-score at a significance level of 0.05%. The discrimination was not as
clear for the glottal stop and was significant for a 20% difference.
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Graph 1: The errors in disarlmation for different CQ intervals for lazhuzl
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Graph 2: The en‘ors in disorimation for different CQ intervals for la:ia:l
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4. DISCUSSION

The displays of the Lx parameters shown in figures 1 and 2 are typical of all but one of the
speakers, showing an increase in CQ before the glottal stop and a decrease before the fricative.

Perceptual testing has failed to indicate a preference for the dynamic as opposed to the static
CQ. Presumably a CQ change needs to be sustained for a certain length of time before it alters
the perceived quality of the synthetic speech. Differences in "breathiness" and "clarity" of the
voice were reported, suggesting that appropriate modelling of the CQ changes should lead to
more acceptable synthesis. CQ interval discrimination for the glottal stop was found to be
slightly worse than for the glottal fricative.

The lack of a preference for the dynamic as opposed to the static CQ may be due to a number of
' factors which have yet tobe taken into account:

Firstly. a method is needed by which the formant amplitude values obtained in analysis
represent the vocal tract filter function only. LPC analysis assumes a flat excitation spectrum
and therefore the formant frequencies and amplitudes obtained may not only correspond to the
vocal tract configuration but also to features of the dynamically changing voice source. This is
an appropriate analysis route for the JSRU synthesiser since it makes use of an excitation
which has a flat spectrum. The effect of lip radiation is added later by means of -6dB/octave
filter. However, when using a dynamically varying voice source with the JSRU analysis
route. the associated formant amplitudes and bandwidths are effectively applied twice. Thus no
direct comparison has been made here between the static excitation usually used in the JSRU ‘
synthesiser and our dynamic excitation versions.

Secondly, while this pilot investigation assumed the three-parameter model of glottal flow, it is
clear that a more detailed model is required. The Liljencrants and Pant (L-F) four-parameter
model [12] includes an exponentially decaying return phase from the point of maximum closing
discontinuity towards maximum closure. This is of particular importance in modelling breathy
voice, where it has been suggested that "discontinuity may occur in the middle of the
descending branch of the flow followed by a less steep descent and a final trailing off comer
effect" [12]. The current three—parameter model is unable to model this effect. Investigations
using the L-F model are in hand [7]. It is also acknowledged that a problem remains in
justifying the use of Lx (a measure of the vocal contact area) in the development of a glottal
flow model. -

Finally, it may be that the overall quality of the synthesised utterance affects the perception of
C0 changes. The increasing sensitivity of the listener to voice quality as the overall
intelligibility improves has already been suggested by Pickering et a] [13]. Such a finding
would suggest that, as the overall level of naturalness achieved in speech synthesis improves.
appropriate modelling of CQ variations of the type discussed here will become increasingly
important.
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