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Abstract

When listeners’ identifications of speech sounds are influenced
by adjacent sounds, is it only the quantitative phonetic charac-
teristics of these neighboring sounds that matter, or could their
qualitative linguistic identity play a role? We tested this by in-
ducing subjects to ‘restore’ a noise-obliterated medial conso-
nant in VCg utterances by first presenting them with several
prior utterances where this medial consonant could be heard
clearly and was consistently the same, either a /b/ or a /d/. In-
cluded as V were synthetic steady-state vowels from the /i-u/
continuum. More /u/’s were identified out of this continuum in
the environment of physically present /d/’s than /b/’s. Restored
/d/’s had the same effect, thus indicating that the influence of
context need not operate only via physical phonetic features.
These results suggest that strict phonetic invariance of phono-
logical units may not be necessary.

ing: invariance can be found in the signal if
one makes the right measurements [Stevens,

One of the principal problems in current
speech research is the variation in the phonetic
realizations of what are supposed to be invari-
ant underlying phonological units [Perkell and
Klatt, 1986]. Various claims have been made
and approaches taken to deal with this includ-

1989; Stevens and Blumstein, 1978, 1981]; in-
variance can be found if one looks at the
proper point in the speech chain, e.g. not in the
acoustic signal per se but rather at the articula-
tory gestures which create the acoustic signal
[Fowler, 1986; Fujimura; 1986; Liberman and
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Mattingly, 1985; Lisker et al., 1962]; rather
than absolute invariance (e.g. in a simple time
vs. spectrum template), one should seek rela-
tional invariance or invariance in higher-order
parameters, e.g. the relation of formant fre-
quencies to each other or to other measured
parameters, weighted averages of formant fre-
quencies, auditorily transformed spectra or
dynamic parameters [Bladon and Lindblom,
1981; Fant and Risberg, 1963; Hermansky,
1990; Kluender et al., 1988; Miller, 1989;
Sussman et al., 1991, 1993; Strange, 1989];
the failure to find invariance is partly due to
the wrong choice of unit: the phoneme may
not exhibit invariance, but the phone or di-
phone may show less variability (though at the
cost of requiring a much larger inventory of
units) [Klatt, 1980; Ohala, 1992]; the units of
speech are variable at the level of speech pro-
duction and the acoustic output, but listeners
can accommodate variable signals.

There are, in turn, a variety of proposals re-
garding how listeners might deal with varia-
tion: listeners can learn to lump together phys-
ically dissimilar stimuli which are functionally
equivalent, as readers do with the upper- and
lower-case Roman letters [Mann and Repp,
1980, 1981; Nearey, 1992]; listeners can ex-
ploit auditory detection methods which permit
them to extrapolate missed target frequencies
of speech sounds given truncated formant tra-
jectories [Fujisaki and Sekimoto, 1975]; Lind-
blom [1990] hypothesizes that much of the
variability found in speech reflects the
speaker’s estimate of the listener’s perceptual
needs; the degree of precision in articulation
varies accordingly. He also replaces the search
for invariance with a search for the criteria that
make speech sounds sufficiently discrimin-
able.

There is considerable overlap in many of
these approaches.

In this paper we address the claim that lis-
teners can perceptually compensate for varia-

tion in the speech signal. There is, in fact,
abundant evidence, both from perceptual ex-
periments as well as phonology (sound
change), that listeners identify speech sounds
in part by normalizing them with respect to
their phonetic context [Ladefoged and Broad-
bent, 1957; Pickett and Decker, 1963; Lind-
blom and Studdert-Kennedy, 1967; Mann and
Repp, 1980, 1981; Ohala, 1986]. But how is
this done? Are the physical phonetic parame-
ters of the context, i.e. the values of spectral
peaks, used to adjust recognition thresholds,
or is it enough for the listener just to know the
(categorized) linguistic identity of the context
and use something like a table lookup to figure
out how that context would influence an un-
known sound? We investigated these ques-
tions through a series of perceptual tests in-
volving listeners’ identification of synthetic
vowel stimuli in isolation and in consonantal
contexts.

One of the well-documented forms of con-
textual variation is the perturbation of vowel
formant frequencies by adjacent consonants
[Lindblom, 1963; Stevens and House, 1963].
There is evidence that listeners normalize
these vowels — or shift their identification
thresholds — in such a way as to at least par-
tially compensate for the presumed consonan-
tal influence. Ohala et al. [1978; summarized
in Ohala, 1981] found that given steady-state
(transitionless) vowels from a synthetic /i/ and
/u/ continuum, the crossover between these
two vowels as judged by American English
listeners was more front when embedded in
the context of alveolar consonants (/s_t/) than
when flanked by labial consonants (/f_p/).
They attributed this effect to listeners’ knowl-
edge that an intended /u/ could be fronted
(have its F; raised) in the environment of al-
veolar consonants, which also have a high F..
That is to say, they concluded that this normal-
ization was based on listeners” linguistic expe-
rience, not on some sort of computation or ex-
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trapolation based on the physical parameters
in the signal itself. However, this result could
still involve a normalization based on some
unidentified spectral properties of the flanking
alveolar or labial consonants.

In the present experiment we attempted to
discover if listeners’ normalization of vowel
quality as a function of the character of the ad-
jacent consonant could be demonstrated even
when the adjacent consonant was not physi-
cally present but listeners thought that it was
present. A new implementation by us of
Warren’s [1970] phoneme restoration effect,
described below, gave us an opportunity to try
this.

Method

Stimuli

We prepared five stimulus continua: an isolated
vowel /i/-/u/ continuum (henceforth symbolized
#V#), an /ido/-/fuda/ continuum (Vda), an fiba/-fuba/
continuum (Vba), and the latter two continua with the
medial consonants and some of the o/ masked with
noise [V(d)s, V(b)a].

First, using the Klatt synthesizer [Klatt, 1980] we
constructed a 17-step linear stimulus continuum con-
sisting of 100-ms steady-state vowels between and in-

cluding /i/ and /u/. The continuum endpoints were
modeled on the first 100 ms of natural /i/ and /u/ pro-
nounced in isolation by an adult male native speaker
of American English. The formant frequencies for /i/
were F;=285, F>=2,155, F3=2,950 Hz; for /w,
Fi1=305, F,=925, F;=2,140 Hz (fig. 1). Overall
sound intensity was incremented (.5 dB per step from
/if to /u/ to maintain a subjective impression of equal
loudness for all the stimuli. The amplitude of the final
10 ms of the continuum vowels was amplitude
ramped to eliminate an unnaturally abrupt termina-
tion. Since a pilot experiment showed that the
‘crossover’ from /i/ to /u/ would happen in the middle
of this continuum, some stimuli near the endpoints
were omitted from the study, namely, stimuli numbers
2,12, 14 and 16.

We then constructed two series of VCa stimuli
where the V was the /i/~/w/ continuum described
above and C was either /b/ or /d/. The -Cs sequences
were excised from the same male speaker’s natural ut-
terances of /aba/ and /ada/ and digitally spliced after
the V from the continuum. The stop closure (fully
voiced) was about 40 ms in duration and the /o/, 60
ms. The fact that there were no consonant transitions
in the V preceding the Cs did not markedly affect their
naturalness; the burst and transitions into the /a/ were
sufficient to convey convincing percepts of /b/ and
/d/. The greater importance of CV (over VC) transi-
tions in conveying stop place cues is well documented
[Repp, 1978; Fujimura et al., 1978; Ohala, 1990].

Finally, for the stimulus continua where we
wanted listeners to ‘restore’ a noise-masked medial
stop, we took the two VCa continua and constructed
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two parallel series where the entire medial consonant
and the transition regions of the following /a/ had
been replaced by white noise (amplitude ramped for
10 ms at both ends). The amplitude of the noise was
equal to the average amplitude of the portions of
speech it replaced. To ensure that there were no place
cues remaining in what was left of the /5/ (since, it will
be recalled, these came originally from /aba/ and
/ada/), we used the stimuli that had originally come
from the /-ba/ utterance when we wanted listeners to
restore a /d/ and those from the /-ds/ utterance when
we wanted them to restore a /b/,

Presentation

There were three separate blocks in the presenta-
tion session each with its own answer sheet and with
short breaks in between. Subjects were instructed that
in all three blocks they would be hearing utterances of
various types each containing the vowel /i/ or /u/ and
that they were to identify it as one of these two (forced
choice) and to write that vowel on their answer sheet
on the appropriate line, writing ‘e’ (the vowel whose
name is [i] or ‘u’, if they identified the vowel as /i/ or
/u/, respectively. They were told that sometimes there
would be a short noise burst next to or on some part of
the utterance and that those were potential distracters;
we told the subjects (deceitfully) that we were inter-
ested in seeing whether these distractions influenced
their ability to identify the vowels.

The first block consisted of the isolated vowels,
#V#, randomized, each presented 4 times with half of
them containing a short extraneous noise burst before
or after the stimulus vowel. The interstimulus interval
was 3 s. This block then had 13 x 4 = 52 trials,

The second block consisted of the randomized
Vda stimuli, each presented 11 times, as well as the
V(b)a stimuli (those whose medial stops had been
masked with noise), each presented twice for a total
of (11 + 2) x 13 = 169 trials. The interstimulus inter-
val was again 3 s. The first instance of a V(b)a stim-
ulus was trial No. 23. Three of the 11 Vda series had
a noise burst [comparable in amplitude and duration
to that used in the V(C)a stimuli] placed before, dur-
ing or after the VCV utterance. The answer sheet
used with this block specified * da’ for each trial.
Given that the majority of trials in this block (85%)
had medial ‘d’’s and that the answer sheet specified
a medial ‘d’, we expected the subjects to ‘restore’ a
medial /d/ in the Vb3 trials.

The third block was like the second block except
that it contained Vba stimuli and in the 26 tokens the
medial consonant masked by noise was V(d)a. The
answer sheet for this block specified ‘_ba’ for each
trial.

The stimuli were presented to subjects individually
who listened 1o the taped stimuli over earphones. In-
cluding instructions and breaks a session including all
three blocks took about 30 min.

Subjects

Thirty young adult native speakers of American
English volunteered as listeners for the experiment. In
the experiment involving the identification of the iso-
lated vowels, 2 subjects mismarked their answer
sheets so their data had to be discarded, leaving 28
subjects. In one of the paired /b/ or /d/ blocks, 3
subjects’ data had to be discarded for the same reason,
leaving 27 subjects.

Analysis and Results

With the exception of the V(C)o stimuli
none of the trials that had the ‘distracter’ noise
bursts in them were included in the final anal-
ysis.

Figure 2 presents the results (in the form of
the percentage of /u/ judgments) from block 1
containing the isolated vowels, #V#. Each
data point represents 28 subjects x 2 tokens =
56 judgments. As shown in figure 2, the cross-
over between /i/ and /u/ was, on the average,
between tokens 8 and 9. There was consider-
able individual variation, however, with, in
extreme cases, some subjects showing a cross-
over between tokens 3 and 4 and others
between tokens 9 and 10. The fact that the
judgments saturate to 0 and 100% at the end-
points demonstrates that the subjects had no
trouble associating the stimuli with the target
vowels /i/ and /u/ (at least in this forced choice
format).

Figure 3 presents the responses to the Vda
and Vba stimuli from the second and third
blocks. Each data point represents 8 x 27 =
216 judgments. There is a clear shift in the /u/
identification function due to the consonantal
context. Although the approximate crossover
between /i/ and /u/ is still between tokens 8
and 9 for the Vba stimuli (as in the #V# stim-

114 Ohala/Feder

Listeners’ Normalization of
Vowel Quality Is Influenced by
‘Restored’ Consonantal Context



100 — o = -
0] /-
3 saod r‘/
@ [ .
<
> 70
o
T 60
O
= 501
=z
Rilapn soe . - i adtinhial s S g
=
& 304
(8]
o
W 20-
v .
Fig. 2. Listeners’ /u/ judgments 1 2 8 4 5 6 7 B 9 10 11 12 13 14 15 16 17
;B ek TOKEN NO.
to the vowel stimuli in figure 1
presented in isolation.
B
=
0
<
©]
[T
=
=
L
(=]
D T s e Tl Sl L e L
=
w
(8]
[ T 1 PRk ey L . SR e S e O P i e
w
o
e
Fig. 3. Listeners’ /u/ judgments = ‘/./:/'
to the vowel stimuli in figure 1 fhy oo R e Ty p e ool s ot
when followed by spliced-on 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
-do(M) and -ba (+) natural speech TN NS
syllables.

uli), in the case of the Vda stimuli it is between
tokens 7 and 8. To evaluate the statistical sig-
nificance of this shift, we first eliminated re-
sponses which showed ‘saturation’ in all rele-
vant conditions, those outside the 5% and 95%
response level. This left us with the responses

to the 7 tokens from No. 5 to 11. Then, given
the great amount of between-subjects variabil-
ity and since we were just interested in
whether the consonantal environment (actual
or restored) influenced subjects’ judgments on
vowel quality, we asked whether the distribu-
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tion of the differences between each subject’s
judgments in the d block and the b block was
significantly different from zero. For example,
subjects 1, 2 and 3 gave, respectively, 2, 20
and 11 more /u/ responses (out of a total pos-
sible of 56) to tokens 5—11 in the d block than
the b block. We used a t test to determine if the
distribution of these ditferences for the 27 sub-
Jects was significantly different from zero.
The difference was highly significant; ((26) =
6.299, p < 0.001.

Figure 4 presents the responses to the V(b)a
and V(d)a stimuli from the d block and b
block, respectively, i.e. the stimuli where we
expected subjects to ‘restore’ the noise-
masked medial stops. Each data point repre-
sents 2 x 27 = 54 judgments. Again, there is a
shift in the /u/ identification function in the
two blocks, presumably due to the influence of
the restored stops. Although the magnitude of
this shift is less than in the case where the me-
dial stops were not masked, the difference,
evaluated over tokens 5-11, is statistically
significant: t(26) = 3.58, p < 0.001.

Discussion and Conclusion

Listeners’ reactions to the Vda and Vba
stimuli show that their identitication of the in-
itial transitionless vowels from the /i/-/u/ con-
tinuum is influenced by the perceived follow-
ing consonant. The nature of this influence
suggests that listeners compensate for apical
consonants’ raising of the F> of back vowels,
i.e. the boundary between /i/ and /u/ has a
higher F, than is true of isolated vowels or
those followed by a labial consonant. Strictly
speaking we are unable to say whether in these
cases they are making some kind of ‘com-
putation” based on quantitative relations
between the unknown vowel’s acoustic prop-
erties and those of the consonant — e.g. some-
thing like a ‘locus equation’ [Sussman et al.,
1991, 1993] — or whether it is simply a matter
of identifying (categorizing) the consonant
phoneme and then ‘looking up’ its expected
influence on the vowel. But listeners’ judg-
ments on the V(b)a and V(d)a stimuli where
the medial consonant was replaced by noise
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and embedded in the d blocks and b blocks, re-
spectively, were designed to resolve that ambi-
guity. Listeners showed threshold shifts to
these stimuli similar to those where the conso-
nant was clearly detectable. The most cautious
interpretation of these latter results is that the
listeners are able to normalize some of the
variation in the speech signal, i.e. to adjust rec-
ognition thresholds, in part by utilizing infor-
mation that is not present in the immediate ut-
terance itself. A somewhat more adventurous
interpretation, the one we set out to explore, is
that listeners refer to the linguistic categoriza-
tion of the context (present or assumed) in ac-
complishing this normalization. Whether this
is true as opposed to the listeners’ ‘biassing’
their responses, based on the pattern of vowel
identifications to the Vdo and Vba stimuli,
would require a further, more elaborate, ex-
periment to determine. Nevertheless, these re-
sults are consistent with the view that it is the
linguistic categorization of the adjacent conso-
nant which guides listeners’ judgments.

There is some precedent for this latter inter-
pretation in other sensory domains: it is recog-
nized, for example, that in the visual domain
we achieve a high degree of size and color
constancy in part by factoring out the distort-
ing influence of distance and the hue of ambi-
ent illumination, respectively, but also in some
cases by our knowledgte of what the typical
size and colors of objects are [Rock 1975, p.
565]. For example, apples are round, paper
and teeth are usually white. It would be re-
markable if something similar did not apply in
the case of speech perception.

If listeners are capable of integrating lin-
guistic, i.e. categorical, information into their
recognition task this implies that absolute — or
even relative — invariance in the speech signal
corresponding to the intended linguistic units
is not necessary to the degree often assumed.

Of course, there must be some congruence
between the physical characteristics of the sig-
nal and the intended phonological unit, and it
is still a challenge to speech researchers to find
these. But after a coarse determination of the
character of a given speech segment is made,
the final, more precise identification can be
based on expectations of how already identi-
fied surrounding sounds would be likely to
color the shape of the target segment. Further-
more, it is likely that the speaker (who is also
a listener) is fully aware of the listeners’ abil-
ities to normalize the perturbed speech signal
and thus, as Lindblom suggests, only puts
enough energy, precision and detail into the
generation of the speech signal as the listener
requires.

Finally, we think we have demonstrated a
potentially quite useful way of inducing listen-
ers to restore missing elements in speech
which does not require construction of seman-
tic, syntactic or other higher-order redundan-
Cles.

Acknowledgments

We benefited from the comments of Steve Green-
berg, Klaus Kohler, Bruno Repp, Mary Smith, Mike
Ward and Richard Warren. Responsibility for the con-
tents of the paper, including any errors, is ours. This
research was supported by a grant from the Sloan
Foundation to the Cognitive Science Program at the
University of California, Berkeley.

117



ssosssessasecamsna C BB 0aA 0600000062000 0000000UNIs N EERAR0EAE0R0BEs9086000ITFROROARARASE scecessoBseRo0 el

References

Bladon, R. A. W.; Lindblom, B.: Mod-
eling the judgment of vowel quality
differences. J. acoust. Soc. Am. 69:
14141422 (1981).

Fant, GG.; Risherg, A.: Auditory match-
ing of vowels with two formant syn-
thetic sounds. Speech Transmission
Lab. (Stockholm) Q. Prog. Status
Rep. 4: 7-11 (1963).

Fowler, C. A.: An event approach to the
study of speech perception from a
direct realist perspective. J. Phonet.
14:3-28 (19806).

Fujimura, O.: Relative invariance of ar-
ticulatory movements: an iceberg
model; in Perkell, Klatt, Invariance
and variability in speech processes,
pp. 226-234 (Erlbaum, Hillsdale
1986).

Fujimura, (0.; Macchi, M. J.; Streeter, L.
A.: Perception of stop consenants
with conflicting Lransitional cues: a
cross-linguistic study. Lang. Speech
27:337-346 (1978).

Fujisaki, H.; Sekimoto, S.: Perception of
time-varying resonance [requencies
in speech and non-specch stimuli; in
Cohen, Nooteboom, Structure and
process in speech perception, pp.
209280 (Springer, New York
1975).

Hermansky, H.: Perceplual linear pre-
dictive (PLP) analysis of speech. J.
acoust. Soc. Am. 87 1738-1752
(1990).

Klatt, D. H.: Seftware for a cascade/par-
allel formant synthesizer. I. acoust.
Soc. Am. 67: 971-995 (1980).

Klatt, D. H.: SCRIBER and LAES: two
new approaches to speech analysis;
in Lea, Trends in speech recogni-
tion, pp. 529-555 (Prentice-Hall,
Englewood Clitfs 1980).

Kluender, K. R.; Diehl, R. L.: Wright,
B. A Vowel-length difference be-
fore voiced and voiceless conso-
nants: an auditory explanation. J.
Phonet. 16: 153169 (1988).

Ladefoged, P.; Broadbent, D. L.: Infor-
malion conveyed by vowels. 1.
acoust. Soc. Am. 29 98-104
(1957).

Liberman, A. M.; Mattingly, I. G.: The
motor theory of speech perception
revised. Cognition 2/: 1-36 (1985).

Lindblom, B.: Spectrographic study of
vowel reduction. J. acoust. Soc. Am.
35: 17731781 (1963).

118

Lindblom, B.: Explaining phonetic vari-
ation: a sketch of the H and H the-
ory; in Hardeastle, Marchal, Speech
production and speech modelling,
pp. 403-439 (Kluwer, Dordrecht
1990).

Lindblom, B., Studdert-Kennedy. M.:
On the role of formant transition in
vowel recognition. J. acoust. Soc.
Am. 42: 830-843 (1967).

Lisker, L.; Cooper, F. S.; Liberman, A.
M.: The uses ol experiment in lan-
guage description.  Word  [8:
82106 (1962).

Mann, V. A.; Repp, B. H.: Influence of
vocalic context on perception of the
[J1-[s] distinction. Percept. Psycho-
phys. 28: 213228 (1930).

Mann, V. A.; Repp, B. H.: Influence of
preceding fricative on stop conso-
nanl perception. I, acoust. Soc. Am.
69 548 -558 (1981).

Miller. J. D.: Auditory-perceptual inter-
pretation of the vowel. J. acoust.
Soc. Am. 85: 21142133 (1989).

Nearey, T. M.: Context effects in a dou-
ble-weak theory of specch percep-
tion. lang. Speech 35: 153-171
(1992).

Ohala, J. J.: The listener as a source of
sound change; in Masek, Hendrick,
Miller, Papers from the parasession
on language and bchavior, pp.
178 -203 (Chicago Linguistic Soci-
ely, Chicago 1981).

Ohala, 1. 1. Phonological evidence for
wp-down processing in speech per-
ception; in Perkell, Klalt, Invariance
and variability in specch processes,
pp. 386-397 (Erlbaum, Hillsdale
1986).

Ohala, I. I.: The phonetics and phonol-
ogy of aspects of assimilation; in
Kingston, Beckman, Papers in la-
boratory phonclogy i between Lhe
grammar and Lhe physics of speech,
pp. 258-275 (Cambridge Univer-
sity Press, Cambridge 1990).

Ohala, I. J.: The segment: primitive or
derived? in Docherty, Ladd, Papers
in laboratory phonology II: gesture,
segment, prosody, pp. 166-183
(Cambridge University Press, Cam-
bridge 1992).

Ohala, I. J.; Riordan, C. J.; Kawasaki,
H.: The influence of consonant envi-
ronment upon identification of tran-
sitionless vowels, J. acoust. Soc.
Am. 64: 818 (1978).

Perkell, J.; Klatt, D. H.: Invariance and
variability in speech processes (Erl-
baum, Hillsdale 1986).

Pickett, J. M.; Decker, L.: Time factors
in perception of a double consonant.
Lang. Speech 3: 11-17 (1963},

Repp. B. H.: Perceptual integration and
differentiation of spectral cues for
intervocalic stop consenants. Per-
cept. Psychophys. 24: 471-485
(1978).

Rock, L: An intreduction to perceplion
(Macmillan. New York 1975),

Stevens, K. N.: On the quantal nature of
speech. J. Phonet. /7: 345 (1989).

Stevens, K. N., Blumstein, S. E.: Invari-
ant cues for place of articulation in
stop consonants, J. acoust. Soc. Am.
64: 1358 -1368 (1978).

Stevens, K. N.; Blumstein, 5. E.: The
search for invarianl acoustic corre-
lates of phonetic features; in Eimas,
Miller, Perspeclives on the study of
speech, pp. 1-38 (Erlhaum, Hills-
dale 1981).

Stevens, K. N.: House, A. S.: Perturba-
tions of vowel articulations by con-
sonantal — context:  an  acoustical
study. J. Speech Hear. Res. 6
LLE-128 (1963).

Strange, W.: Evolving theories of vowel
perception. J. acoust. Soc. Am. &5:
20812087 (1989).

Sussman, H. M., McCaffrey. H. A
Matthews, S. A.: An investigation of
locus equations as a source of rela-
tional invariance [or stop place cate-
gorization, J. acoust. Soc. Am. 90:
13093125 (1991).

Sussman, H. M.; Hemeke, K. A.; Ah-
med, F. 5.: A cross-linguistic inves-
tigation of locus equativns as a pho-
netic descriptor for place of articula-
tion. J. acoust. Soc. Am. 94
12561268 (1993).

Warren, R. M.: Perceptual restoration of
missing speech sounds. Science
167:392-393 (1970).

Ohala/Feder

Listeners’ Normalization of
Vowel Quality Is Influenced by
‘Restored’ Consonantal Context



