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INTRODUCTION

Fundamental frequency (henceforth FO) contours in human speach are known to be
the reault of segmental as well as suprasegmental structure. Vowels and
consonants induce characteriatic perturbations that seem to ride on top of the
underlying intonation. Unfortunately, there are significant gaps and
contradictions in the literature about perturbations around intervocalic
consonanta, and the goneral question of how they mizht interact with
suprasegmental structure has been largely ignored.

The most established fact about segmental influences is that FO at the release
of a prevocalic consonant is lower if the consonant is volced than if it is
volceless. But there 1s no consensus in the literature about just what FO
contours lock like after release and in the followlng vowel. On the one hand,
some investigators have reported & so-called "fall/rise Aichotomy”, meaning
that the voicing status of a consonant determines the direction of subsequent
FO movement. For example, Hombert E1] showed that FO falla from a high value
in the first 100 milliseconda of a vowel following a voiceless stop, but that
it rises from a low value if the vowel follows a volced stop. Production data
supporting this c¢leim have been presented by, amongst othera, Houss and
Pairbanks KZ], Lehiaste and Pateraon (31 and Mohr (41. Perceptual data also
supports this distinction. Experiments using synthetic speech have shown that
the direction of movement of FO after stops can indeed act as a cue to
discriminate between voiced and voiceless cognates (e.g. [51,/6]). Haggar,
Summerfield and Roberts [71 have found that the direction of FO movement can be
traded againat, and even override, VOT as a cue to voicelessness. lLea {e] haa
even suggested the rise/fall dichotomy as 2 context-invarisnt phonetic cue to
voicing.

Recently, howsver, in a series of experiments, Ohde f9] has conmistently found
that FO always falls during the transition from a stop to a vowel, regardiless
of the stop's voleing status. He d1d find that it falls from a greater height
after voicelsas stops, but nevertheless found no evidence of any rise in FO
after volced stops. A similar pattern was reported by Hayeock and Haggari in
1970 M101. This, then, is one of the contradictions in the literature: is
there a fall/rise dichotomy after atop release?

Further disagreement can bs found in studies of the effecta of postvocalic
atops on preaceding vowela. Lea (131 suggests that both veolced and voiceless
stops lower the FO of a precedin? vowel. A gimilar pattern ia raported in
[11?? But other studies (e.g. _4]) indicate that postvocaliec conssonants
either raise or lower FO in preceding vowels, depending on whether they ars
voiceless or voiced. Again, perceptual data using synthetic speech have shown
that the direction of FO movement in precedinz vowels can indeed act aa a cue
to voicing [12]. Yet Lehiste and Peterson [3_ claim that postvocalic
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consonants in natural (as opposed to synthetic). speech have no effect at all on
precedirg veowela. The contradiction betwesn these three different claima about
postvocalic stops has not yet been resolved.

Al though some of the above contradictions may be attributable to different
articulatory gestures in different languages, there remaing a clear need for
more atudies, with more controlled methodology- For example, none of the
studies in the literature adequately contreols or even describes the intonation
used by apeakers during experimenta. Some use lists of isolated words, in
which the. choice of intonation is completely left to the speakers. Others use
"frame” gentences that have the target words in nuclear position. Even if all
gsentences are gpeken as isolated declaratives, the large pitch excursion
asapciated with the nuclear accent may obscure or interfere with the segmental
perturbations. In other studies (=z.gz. [3], [147) continuous prose was used,
with ne control at all of the intonation.

A well as contradictions, there are several gaps in the published literature.
There are relatively few studies of postvocalic stops, end even fewer studies
of either pre- or postvocalic fricatives. There seems to be an assumption that
since the airflew is diaturbed less by fricatives than by stops, the associated
segmental perturbations will be less extreme. Yet a recent study [15] has
shown that, at least in Danish, fricatives have even larger perturbations than
atopa. .

A3 mentioned above, the interplay between segmental influsnces and
suprasegmental structiure has been largely unaddressed. One poasidble
interaction may be between consonantsl perturbations and the degree of ayllable
atresas. There ere no studies that compars consonantal perturbations in
atresased versus unstressed syllables. Yat effects of stress have been found in
every other acoustic parameter measured, such as overall energy | 16], duration
[17], lottal waveshape [18], formant trajectoriea [19], and vowel intrinsic
pitch EEO].[21]. So it seems reasomable to look for similar differences in FO
perturbations. :

The investigation reported here addresses the above issues. Specifically it
aimed to collect data on Southern British English, to investigate FO
perturbations in vowels both before and after consonants, to compare stops with
fricatives, and to look for anm interaction with the degree of ayllable stress.

METHOD
Speech Material
The material was chosen to include all of the singleton obstruents cceurring in
RP English, in a variety of atress contexts. Teat words of the form:
9Cv¥ Cv C
{vhere ¢ = Consonant, and v = vowel) with main (lexicsl) streas on the
middle ayllable, were embedded in the sentence:

The vowels in are shortened.
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Tha conaonants were:

Stops ' Fricatives I

VYolced b 4 g v 8§ g z
Yoicelesas P t k f & f

Affricates were not included in this study. The vowels in the teat-wordas ware
either /i:/ or /a:/. In each test-word the vowels and consonants were the same
(e.g. @opi:pi:p). Speakers were asked to reduce the "are” after the test-words
to a schwa. This is the unmarked realisation of "are” in thia context and all
speakers found this quite natural. The result was that FO transitions could
also be measured after the final consonant.

This design assumes that ayllables can be classified into at least three
degrees of asyllable stress:

(i) stressed (i.e. carrying primary lexical stress and a rhythmic beat in the
utterance) with full vowel quality: the middle syllable of the test words used
in this investigation,

{ii) unstressed with full vowel quality: the last ayllable of the test words,
and

(iii) unstressed with vowel quality reduced to /3/: the first ayllable of the

test words and the subsequent reduced “are".

The full set of 150 sentences {2 vowels x 15 consonants x 5 repetitions) was
randomised and printed on index cards. Three adult speaksrs (two msle and one
female) of the South Esst England variety of RP English each recorded all of
the sentences in one session in random order. All speakers were inatructed to
always use level intonation heads and & falling nucleus:

® . . [ ] . . 1

The vowels in 8C v Cv C g shortened.
Because the nuclear accent was located on the final word in tha sentence, any
extranecus FO movement attrlbutable to "intonation” during the test-word was
minimised.

Measurement Procedures

The 450 utterances were digitised at 10 kHz, after band-pass filtering from 50
Kz to 4.8 kHz with 90 dB/octave rolloff. With the aid of interactive computer
graphics, FO waa measured directly from displays of the speech waveforma.
Rather then measuring every glottal period throughout each test-word, several
points were selected that were comparable acroass utterancea and were most
likely to capture any segmental perturbationa.
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There were 14 points of meseurement in all. THese were:

- five glottal pericds before each. preconsonantal voive offset,

- at easch preconscnantal voice offset (if voicing continued throughout

closure then the point at attainment of meximum closure wes measured),

- at each postconsonantal vowel cnset,

- five glottal periods after each vowel onset, and

- the middle of the two full vowels.
At each point two successive glottal periods were measured and averaged. This
averaging wes neceasary to eliminate the confounding effects of pitch jitter
that often occurred after voiceless stops. *

RESULTS AND DISCUSSION

|

|

1
Fach speaker’'s utterances were divided into two groups, according to the '
voicing of the obstruents in the test words. At eech of the 14 measured -
points, FO was averaged across all utterances within each group. The means are
plotted for the two male speakers {(IW and FJN) in figures ta and 1b. At the
time of writing, measurements of the female speaker's data are still being
completed. The following discussion of the results is based on the mean FO
velues for IW and FJN, and so should be viewed as a progress report. After the
trends reported here are subjected to appropriate statistical testing, this
report will be revigsed and expanded for subsequent publication.

!

Effects gﬁ voicing and manner on FO

The pattern in the data is clear: obstruent voicing did not determine the
direction of F0 movement. Figure 1 shows that no rise/fall dichotomy was found 4
for either speaker. Inatead, FO fell aftar all obatruents in all syllables.
But it did conaistently fall from a higher level if the obstruent was
voiceless, and this difference persevered into the vowel. Similarly, FO turned
downwards before all obstruents in all syllables, reaching its loweat level if
the following obstruent was voiced.

For both speakers, the difference in vowel FO height attributable to the
voicing of surrounding consonants generally porseveres throughout the whole of
the ayllables containing full vowsls. The structure of the test words does not
make it possible to separately quantify the effects of & preceding and a
following consonant on the FQ contour through an intervening vowel. But it is
clear that the height differences in the present data are not solely due to the
provocalic obstruenta. There is also a backward contribution from those in the
poatvocalic position. Two patterms in the results support this claim.

Firstly, a‘difference in FO height due to voicing is present in the initisl
syllable for both espeskers. This difference must be due to the following
consonant, because the preceding consonmant in this syllable was always /n/ in
every utterance. ©Secondly, if the differences were completely attributable to
perseverence of the effect of prevacalic consonants then the PO contoura in the
vowels should converge, or &t least remain parallel. Howaver, the opposite
pattern is evident in the present data. The FQ contours preceding the
consonants actually diverge according to the voicing of the following
consonants in all positions for FJR and for two of the three positiona for IW.

-
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Figure 1. Time-normalised plots of mean FO at the 14 points of measurement for
each speaker. Separate means are shown for voiced and voiceless consonants.
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A difference between stops amd fricatives appeared for ome apeaker (IW). In
the two syllables with full vowel quality the difference in FO height duc to
obatruent voicing was 61% greater for fricatives than for stops. Althouzh thia
difference must be confirmed by statiatical analysis, it should be pointed out
here that it was consistent throughout both full syllables, and a similar trend
can be seon in Reinholt Petersen's data [15],

Interactions with the degree of syllsble stress

There are two ways in which the perturbations interact with syllable astreas.
Firstly, the difference in FO height due te voicing increases as streas
increasea, as can be seen in table I.

Table I. Differences between the average FO in voiced test words and the
average FO in voiceless test words, asccording to syllable stress. (FO in the
middle of the full vowels was excluded, to maintain comparability with the

- reduced syllables.)

degrea of syllable stress mean FO !voiceleas - Voiced)
Iw FJIY
stressed, full vowel 7.4 Hz 3.7 He
ungtresged, full vowel 4.6 Hz 3.5 He
unatressed, reduced vowel 3.6 Hz 1.9 Hz

Secondly, the overall perturbatiom of FO around obatruents (regardless of their
voicing) increesea with the stress of the syllable that the obstruents precede.
This perturbation was calculated as the height of FQ immediately before and
after each consonant, relative to a reference level. This refarance level for
each consonant position was the FO level halfway betwsen FO at the measurement
peint five glottal periods before voice offaet and FO at the point five periods
after voice onset. These relative helights are shown in table II.

Table II. Magnitude (in Hertz, pooling voiced and voiceless obatruents) of
perturbation at veice offset and onset around consonants.
Consonant number | Stress of following syllable iy} FJH
in test word offset onset | offast onsat |
1 atressed, full vowel _ -7.3  +8.3 4.6 +9.7
2 unatraessed, full vowsl -2.9 +6.4 -3.8 +8.8
3 unstressed, reduced vowsl -2.6 +5.2 -2.2 +5.8

FPunctions of FO perturbations in Speech Commumication

Doss FO cue volced/volecsless distinctions? Since the direction of FO movement
was the same around both voiced and voiceless obstruents, in all positions, for
both apeakera, then one might be tempted to reject FO ma such a cue- Certainly
for English, the data reported here finally lay Iea's purported fall/rise
dichotomy to rest. But that doesn’t exclude FO from contributing to the
distinetion. After all, FO is always higher after obstruents if they are
volceleass. But higher relative to what? To make use of this cue, listeners
must have some reference for comparison. On the basis of the current results,
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T would suggest that the level of FO before consonant closure ia crucial. The
FO contour in a syllable, considered in isclation, means nothing. But the
height of FO after reloase, relative to vhere a listemer would expect it to be
on the basis of the prior intonation, is reliably dependent on comsonant
voicing. ’ ’

Other useful information about segmental structure is alaso available in FO. A |
sudden downward sweep of FO in a atream of apeech can signal that a consonant |
ias imminent. Purthermora, from table II, it is clear that for both speakars |
the extent of this downward movement before a consomt slao predicts the

degree of stress of the next syllable.

This latter relationship ia particularly important, in the light of what is
known about how humans procese speech. In English, stressed ayllables carry
much more information about word identity than unatressed ones, and so 1t pays
for listeners to focus their processing efforts on the stressed syllablea in an
utterance. Indeed, listeners are quicker to recognise phonemes in streased
ayllables, and are able to predict the location of stressed asyllables from the
preceding suprasegmental strueture [22]. .The data reported here show that FO
contains sufficient information to support such prediction.

Implications for speech synthesis

Compared to human speech, apsech that has been synthesised by rule is less
natursl, less intelligible, takes longer to recognise, places more demands on
"working memory, and is leas robuast in a noisy enviromment. Ome of the
underlying causes is inadequate FO gynthesls. If the segmental perturbations
presented in this paper were included in syntheeis rules, them the quality of
synthetic speech could only benefit. FO contours would not be sc amooth
{smooth and slowly-varying FO contours contribute to the characteristic nasal
and mechanical sound of synthetic speech). Instead they would be more broken
up -- more squiggly — as are natural FO contours. Perhape more importantly,
there would be mors redundant {and more natural) encoding of information about
the location and volcing of consonants and the degree of ayllable stress.
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