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This paper examines whether correlations between speech perception and speech production exist,
and, if so, whether they might provide a way of evaluating different acoustic metrics. The cues
listeners use for many phonemic distinctions are not known, often because many different acoustic
cues are highly correlated with one another, making it difficult to distinguish among them.
Perception-production correlations may provide a new means of doing so. In the present paper,
correlations were examined between acoustic measures taken on listeners’ perceptual prototypes for
a given speech category and on their average production of members of that category. Significant
correlations were found for VOT among stop consonants, and for spectral ({meaksot centroids

or skewnesks for voiceless fricatives. These results suggest that correlations between speech
perception and production may provide a methodology for evaluating different proposed acoustic
metrics. © 2003 Acoustical Society of AmericdaDOI: 10.1121/1.1567280

PACS numbers: 43.70.Fq, 43.71.Es, 43.71[GRVT]

I. INTRODUCTION sound in a particular manner are likely going to judge others’
productions according to the same metric. By examining
A great deal of research in speech perception has foxhich acoustic properties demonstrate these types of links
cused on the cues listeners use to distinguish different phasetween perception and production, it is possible to assess
netic categories. Although the cues to some phonemic dighe likelihood that a particular cue is being used by a given
tinctions have been well specifigor example, VOT for |istener.
voicing among stop consonajtshe cues to other distinc- There are a number of reasons to predict that these types
tions (such as place of articulatiprre less clear. of links should occur. Infants learn to speak their native lan-
One reason for this uncertainty is that the acoustic specguage by hearing what other people produce. They must in
trum for many phonemes is quite complex, and the differ-some way associate the sounds they hear with the proper way
ences between spectra can therefore be described in a nugf producing them, suggesting some basic sort of linkage
ber of ways. Different alternatives are often highly correlatechetween the systenisee, for example, Kuhl and Meltzoff,
with one another, making it difficult to distinguish among 1982. Moreover, since people are likely to have heard their
them experimentally. For instance, Syrdal and Gdf8B8  own productions more than those of any other single indi-
have suggested that differences between formant peaks mgjyual, their productions are likely to have an especially im-
be a cue to stop consonant place of articulation, whereasortant role in their perceptual prototypes. Thus, perceptual
Sussman and colleaguéSussmaret al, 1993, 1991 have  expectations should be skewed towards one’s own produc-
suggested that the starting point of the second formant mayons, again suggesting at least an indirect link between the
be a cue by itself. Since both of these cues are bémddast o systems.
in par on the location of the second formant, changes inone  Eyidence for a more direct link comes from studies that
cue almost necessitate changes in the alternative as Wef{gye found that particular experiences in either perception or
Thus attempts to specify the acoustic changes to which lisproduction often result in changes in the other modality as
teners are sensitive often fail to differentiate between differy,g (Bradlow et al, 1997; Cooper, 1974; Cooper and Lau-
ent proposed cues. _ ritsen, 1974; Cooper and Nager, 1975; Jamieson and
The present paper is an attempt to develop a neVkyachew, 1992 For example, Bradlovet al. (1997 found
method of distinguishing betwegn alternative cues, based. Ofat training Japanese speakers on perception of the English
links between speech perception and speech productiony.yy; gistinction also resulted in improved production. Coo-
Some phonerTnc dlst|_nct|ons can be articulated in muItlpIeper (1974 found that after repeated presentation sif,/lis-
ways, with slightly different muscle movementéor ex-  teners productions of that syllable were morebiftlike”
ample, see Johnsont al, 1993b; Perkell and Matthies, (that is, had shorter VOTs
1992. Different people may articulate the same sound with  gayeral theories also make claims regarding the exis-
different combinations of muscle and articulatory action.;ance of links between perception and production. For ex-
This could then influence what th_esg .individuals expect toample, motor theoryLibermanet al, 1962, 1967; Liberman
hear from other speakers. Those individuals who produce gq Mattingly, 1985 argues that adults perceive speech by

making reference to their own articulation. The authors even
dElectronic mail: mewman@hesp.umd.edu go so far as to claim that the word “link” really is not cor-
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rect, since it implies that speech perception and productionequire not only a task that is sensitive to small variations in
“though tightly bonded, are nevertheless distinct.” Rather,perception and production, but also an appropriate acoustic
they feel that “for language, perception and production arecorrelate as a production measure. In fact, there is no reason
only different sides of the same coirfLiberman and Mat- to expect correlations between perception and production un-
tingly, 1985, p. 30. Fowler’s direct perception theory less the acoustic property being measured is one that is at
(Fowler, 1986 suggests that listeners directly perceive theleast related to the cues actually used by listeners. The vari-
gestures(or production$ of the speaker. Nearey’s double ability in previous research may suggest that these correla-
weak theory(1992 also claims that the perceptual systemtions could serve as a means of telling us something about
has knowledge about relations between speech-productidhe cues being investigated, specifically about the likelihood
capabilities and the resulting acoustic output, which may rethat listeners actually use those cues.
quire a link between the perception and production systems. Another possible reason for this variability in findings is
Thus, these theories all suggest that there should be sorike hyperspace effe¢lohnsoret al, 1993a. When asked to
connection between the two systems, although the strengindge the best examples of a phonetic category, listeners of-
of the predicted linkage varies between theories. ten choose tokens with more extreme articulation than is
Experimental evidence for the existence of thesecommon in fluent speech. Listeners’ perceptual prototypes
perception-production correlations is somewhat mixed, howmight better match exaggerated productions than typical
ever. Bell-Bertiet al. (1979 found that there are two differ- ones. Although this would not necessarily eliminate a
ent manners of producing the tense-lax distinction amongperception-production correlation, it would be likely to re-
American English vowels, and that the strategy selected bgjuce it, making it more difficult to find significant results
different individuals(based on EMG datawas related to (especially with relatively insensitive tagks
how those individuals performed in a perceptual task. Fox ~ The present paper explores the feasibility of using
(1982 examined perceptual scaling data on vowels, anderception-production correlations as a means of evaluating
found that while three dimension&epresenting tongue the appropriateness of speech production measures. Experi-
height, tongue “frontness,” and the presence of lip-roungling ment 1 demonstrates the existence of perception-production
were an adequate fit to listeners’ data, the listeners differed iforrelations in a case where an appropriate cue is known. It
the weightings(or saliencesthey gave to each dimension. focuses on VOT differences between voiced and voiceless
Furthermore, there was a relationship between the weigh8top consonants, an acoustic measure of voicing that has re-
ings used by any given listener and acoustic measures of thg¢ived substantial support in the literatuteisker and
listener’s productions. Abramson, 1964, 1970If correlations are not clearly appar-
There has also been some evidence of correlations b&nt in this case, it would suggest either that our methodology
tween perception and production of consonants, using cuds not sufficiently sen_sitive, or that thesg correlations vary
such as VOT(Flege and Eefting, 1986; Hoffmaetal,  &cross speakers. In either case, corre_latllo.ns could not.be re-
1984. These correlations appear to be limited to proﬁciemlled upon as a researF:h tool. Given a S|gq|f|cant correlation in
speakers of the languagElege, 1999 suggesting that they experlment 1, experiment 2 then examines a phoneme fpr
may be related to learning the appropriate pronunciation ifvhich there have been multiple proposed acoustic cues, with
the language. the goal of det_ermlnmg whether percept|0n-product|on cor-
Other studies have failed to find such perception-relat'ons can distinguish among related metrics.
production correlations, however. For example, Bailey and
Haggard(1973, 1980 failed to find a correlation between Il. EXPERIMENT 1
average produced VOTs for voiced and voiceless consonants This experiment investigates whether correlations be-
and listener’s category boundaries ongé/k/ continuum. tween individuals’ perception of speech contrasts and their
Ainsworth and Paliwal1984 asked listeners to both pro- production of those contrasts can be found when an appro-
duce English glides and identify synthetic tokens, and meapriate acoustic cue is used. Listeners participated in both a
sured the F2 and F3 loci for these items. But they found thaproduction and a perception task focusing on voice onset
the variability within subjects was as high as that betweernime (VOT), a result of laryngeal timing differences which
subjects, arguing against perception-production links. Manywre the primary cue to the voiced-voiceless distinction
of these failed attempts to find perception-production linksamong stop consonantkisker and Abramson, 1964, 19170
have used relatively coarse-grained distinctions betweeihe relationship between each individual’s measures on the
stimuli (for example, Ainsworth and Paliwal, 1984; Bailey two tasks was examined.
and Haggard, 1973, 1980; Paliwe al., 1983, or have av- The perception task was modeled on work by Miller and
eraged productions across different phoneme categorieflaitis (1989. In the present version of the task, listeners
(such as labial and velar stop consonants; see Bailey arttbard a VOT series ranging frorhd/ to /p/a/ to something
Haggard, 1973, 1980 Other studies have used relatively beyond a goodpl/ (labeled as‘/pa/, following Miller and
simple production measures, such as individual formant¥olaitis). These extreme stimuli sound like a very breathy
(Ainsworth and Paliwal, 1984; Friedet al, 2000; Paliwal “pah,” and have VOTs that are far longer than would nor-
et al, 1983. mally occur in speech. Listeners were asked to rate the items
The variability in these results clearly demonstrates thafor their goodness as members of the categptyMiller and
correlations between speech perception and speech produdslaitis found that this task results in an orderly rating scale,
tion are inconsistent. Finding such correlations appears twith only one or a few items receiving the highest rating, and
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ratings dropping off to either direction. The item with the formants during the transitions were more broad for tife /
highest mean rating was considered the listener’s categoffhis increase in bandwidth would have helped to mask any
prototype, and correlations between this perceptual prototypmismatches in formant values during these transitions; more-
and the individual's production prototype—the averageover, any such mismatches would have occurred only in the
acoustic measure across a number of different productions-first two or three items in the series, none of which were
were examined. within the range of prototypicab/ tokens. Steady-state for-
These two tasks provide measures of each individual’snants were at 950, 1350, and 3200 Hz faf;, And at 1000,

perceptual prototype and average production, using the sani®75, and 2950 Hz forp/. Although these values are not
acoustic measuré/OT). If correlations exist between per- identical, the formant frequencies are sufficiently close that
ception and production within individuals, those individuals cross-splicing did not result in sudden changes in formant
who produce pg/’s with longer VOTs would be expected to values. All editing was done at zero crossings in the digital
also rate items with longer VOTs as being better examples ofvaveform to avoid audible clicks. The first stimulus was
the category than would individuals who produce tokenscreated by removing theb/ release burst and replacing it
with shorter VOTs. Thus, correlations between each indiwith the release burst fronpé/. The second through twenty-
vidual's perception and production measures would be exfirst stimuli were each made by removing one additional vo-

pected. cal pulse from the onset of théd/ syllable, and replacing
this with the equivalent duration of burst release and aspira-
A. Method tion from /p/. Durations of vocal pulses were not exactly

equal, but averaged 4.2 ms. The next 40 items were each
generated by removing an additional 5 ms of aspiration from
The 25 paid participants were native speakers of Englisithe */pa/ token and adding this to the end of the aspiration
with no reported history of a speech or hearing disorderin the last item of theb-p/ series(i.e., the 21st, or most
They participated in two 1-h sessions. Data from two addi+p”-like item ).
tional participants were dropped for being a non-native  This resulted in a 61-item series, which would have been
speaker (=1) or for missing the second visihE1). Dur-  overly tedious for the participants. Pilot testing showed that
ing debriefing one of our listeners reported that he had mismost individuals placed their prototypes between 55 and 140
understood the instructions, and had identified whether thens VOT (or between stimulus items 13 and)3In order to
items were p/'s or not, rather than rating their degree of maintain sensitivity to small differences between listeners,
goodness; his data were removed from analysis, as were thall stimuli within this range were included in the experiment.
of a speaker whose highest rated item had a VOT more thaBeyond this range, every other stimulus was included in the
4 standard deviations beyond the mean of the other particexperiment, and the remaining stimuli were removed. This
pants(221 ms. Data from three additional participants were resulted in a 40-item series, with VOTs ranging from 8.25 to
removed because a central member of the//category 291 ms. Adjacent stimuli in the series differed in VOT by 4.6
could not be determined from their perceptual data, as disms at intermediate VOTs and by 9.4 ms at both longer and
cussed in the procedure below. Leaving out these listenershorter VOTSs.
resulted in 20 participants for this experimént.

1. Subjects

3. Procedure

2. Stimuli Listeners participated individually in both a production
To create models for our production task, a female natask and a perception task across two sessions; the produc-
tive talker of English(RSN) recorded one token each of the tion task occurred at the start of the first sesgide pro-
48 CV sgyllables formed from pairings of the English stop duction task was an imitation task; pilot work suggested that
consonants/p/, v/, It/, /d/, Ik/, Ig/) and the eight voweld,/ when asked to read aloud written representations of syl-
e, &, u, 0,9, a, Al. These vowels represent the range oflables, talkers tend to speak progressively more quickly as
vowels in English which can occur in an open syllable. Tworecording continues. To encourage talkers to maintain a fairly
additional tokens of the syllablepd/ (for a total of thre¢  even speaking rate, our participants listened to an example of
were recorded to provide a greater range of examples of theach syllable over a loudspeaker and then repeated that syl-
target syllable. All tokens were amplified, low-pass filtered atlable in the way they would normally produce it. This
9.5 kHz, and digitized via a 16-bit, analog-to-digital con- method of recording has previously been used by Forrest
verter at a 20-kHz sampling rate. et al. (1988. Although it is possible that this method could
Rather than create a synthetic speech series for our peinduce listeners to mimic the acoustic characteristics of the
ceptual taskias did Miller and Volaitis, 1989 items from  model, the variability in participant’s productions suggest
natural speech were edited in order to make the items athis was not the case: averagei/ productions ranged from
natural-sounding as possible. The same native speaker r&OTs of 51 to 125 ms.
corded the tokensbt/, /pa/ and */pal/. A 21-item con- The model stimuli for this production task were con-
tinuum ranging from B/ to /p/ was created from thebb/ verted to analog from by a 16-bit, digital-to-analog converter
base by removing successively longer sections fromtthe / at a 20-kHz sampling rate, low-pass filtered at 9.5 kHz, and
onset and replacing them with the corresponding portions gfresented in random order. Trials were repeated if produc-
the p/ onset. Formant transitions in the original items weretions were peak-clipped, if the participant failed to respond
approximately 35 ms forbla/ and 75 ms for pa/, but the  within 4 s, or if the participant indicated that he or she
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wished to redo that trialeither because of uncertainty as to Three subjects' perceptual ratings
the target syllable, or because some other noise, such as

cough, interfered with recordingListeners heardand re- 8] S“bj:'
. . —-o  Subj. TAH
corded each of the 50 syllables in a single block, and par- Subj, KAF

ticipated in two such blocks. This resulted in two recordings
of each CV syllablgand six tokens of the target iterpd/) 6
to be used for later acoustic measurement. 2 5]

Listeners then participated in the perceptual task. The§
stimuli for this task were converted to analog form in the # 4
same manner as above, and were presented binaurall 3
through TDH-39 headphones at a comfortable listening level.
Listeners heard the syllables in random order, and were
asked to rate each initial phoneme for its goodness as a men
ber of the categorypl. They responded using the numbers o

. . . 30 60 90 120 150 180 210 240 270
0-9 on a numeric keypad. Listeners were instructed to use VOT (i ms)

the “0” label whenever the item did not sound like a “p” at
all. to use the “1” when they were unclear whether the itemFlG' 1. Three subjects’ perception data. Subject’s ratings generally increase

with increasing VOT until they reach their peak rating, then begin to de-

was a “p” or not, and to use the range “2"—"9” for itetms . o.se as the items sound more and more extreme.

which were definitely members of the category “p,” but dif-

fered in how good of an example they were. Listeners were

given a reference sheet containing this scale in case thd@r the two talkers(average absolute differences were 3.5
wished to refer back to it. Responses from the first block offnd 5.3 ms, respectively suggesting that VOT measures
trials (one repetition of each itenwere considered practice Were quite reliable.

and were not included in subsequent data analysis. Listeners

then participated in six test block®f two repetitions per

item) in each of the two sessions, for a total of 24 response8. Results and discussion

to each stimulus. Listeners generally showed clear prototypes, with rat-

ings dropping to either side, although they did vary in the
number of items receiving high rankings. On average, listen-
A mean perceptual rating was computed for each stimuers showed a rating drop-off of 2.5 units between their peak
lus for each participant. The single item with the highestitem and the series/pa/ endpoint; average rating on the' /
rating (regardless of where it occurre@as considered the endpoint was 0.27, suggesting it was not heard as a member
listener’s perceptual prototype, and that item’s VOT was re-of the p/ category. Listeners’ prototypes ranged from VOTs
corded. One participant had equally high ratings for twoof 60.9 to 150.9 ms, suggesting that this perceptual measure
items in the continuum; the VOT values for these items werds sensitive to differences between individuals. Figure 1
averaged as that listener’s prototype. Listeners were exshows three listeners’ perception data; these individuals were
cluded if they did not show at least a half of a ranking dif- selected as demonstrating a range of prototype vdb@$,
ference between their peak item and the final item in the38.0, and 105.3 msand drop-offs(5.5, 2.4, and 1.3 units
series, suggesting there was no clear peak item. The calculations resulted in one perceptual measure
For the production experiment, the time interval from (VOT of the prototyp& and seven production measufas-
syllable release to the onset of vocal pulsing was measureerage VOT for pa/, average VOT for otherp/ items, and
for each token produced by each speaker. The six values faverage VOT forW/, /t/, /d/, /k/, and &/ items. A stepwise
the recordings of “pa” were averaged as the produced “pa”hierarchical regression was performed using the perceptual
VOT. The values for the 14 other “p” recordings were aver- measure as the dependent variable, and all seven production
aged to find a mean VOT for the remaining “p” tokens. measures as independent variables. A hierarchical regression
Likewise, the values for the 16 recordings for each of theis less likely to capitalize on chance relationships than is a
other stop consonants were averaged, to determine its meatepwise regressiofCohen and Cohen, 1983but requires
VOT. Prevoicing was ignored since this is a different cueana priori ordering of the IVs in terms of their likelihood of
from bursts/aspiration and it may be inappropriate to averaghaving a correlation with the DV. On the basis of phonologi-
across the two cues. cal theory it was assumed that items differing from the target
A second coder remeasured VOT for all 52 voicelessn one phonetic feature would be more closely related to the
items for two participants for reliability purposes. Only target than those differing from it in two features, and that
voiceless items were considered because the large differendtems matching on the measure of inter@OT; that is, t/
between voiced and voiceless items would have resulted in and k/) would be more closely related than the phonebig /
high correlation across coders even had the VOT measureghich matches on place of articulation. As alveolars tend to
been relatively coarse; by restricting the range, we focus thbe more similar to bilabials than are veldBormanet al.,
correlation on the consistency within the categ@y well as  1977; Klatt, 1975; Lisker and Abramson, 1964lveolars
making it more difficult to find a high correlation in general were placed higher in the ordering. This resulted in the or-
Despite this restricted range, correlations were 0.94 and 0.9%ering pa/, /p/, It/, [k/, /bl, Id/, Ig/.

4. Acoustic and perceptual measures
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Individual participant's /pa/ VOTs in production and itself, their production of the first voiced stop in the hierar-
percepuon chy approached doing so. This suggests that production of

0 . the voiceless items may be highly correlated within each
™ individual, but that production of voiced items may not be as
correlated with the voiceless tokens. Indeed, the p, t, and k
£ 1 measures were highly correlated, with correlations ranging
Em ! 1 —_ from 0.88 to 0.96; the b, d, and g items, while correlated with
3 - / = one another, did not correlate so highly with the voiceless
*51'3'5' . =" items(correlations among the voiced items ranged from 0.54
2 - / to 0.75; correlations between voiced and voiceless items
'E:-'D &0 _-_,'..-f. = ranged from 0.37 to-0.06). The additional voiceless stops
= L " may not have added additional information because they
0 |m - were highly correlated with the production of the target item;
the marginal effect of adding th&//items into the equation
40 suggest that the voiced stops contained additional informa-

0 3 6 mi”rmvfﬂ_nrfp:?m‘hlﬁm ne 120 13 tion beyond that provided by the production of the target
' item. Perhaps these provide information about the degree of
FIG. 2. Scatter-plot showing the correlation between the average VOT ircategory separability the individual prefefarticipants
production for pa/ and the VOT of the highest-ratecp™in the perception  \yhose B/ productions had relatively short VOTs tended to
task. have prototypep/s with longer VOTSs, suggesting a prefer-
ence for more easily discriminable categoyies

All production measures were independently correlated  something more akin to listeners’ category boundaries
with the prototype VOT. However, only the VOT values \yere also examined: the minimum VOTs they considered
from the jpa/ item contributed significantly to the regression acceptable for ap/. In production, this was estimated as the
formula, and theb/ items added marginally significant addi- inimum b/ VOT that speakers produced—across listeners
tional information; the other items did not add additional g ayeraged 46.7 ms. In the perception task, the VOT of the
information to the equation. The variation in produced// o, jiest member of the continuum that listeners rated as be-
VOT was respon5|ble for 27% of the variance in Ilsteners’ing a member of thepl (rather than /) category was
\F/)zrrifaleti%t:ai‘:] ;E;'Q/ggr Svléigr);s%gfs'i&: ?o(r)zzl n \;vggi;ieoisaltg;% measured—this averaged 44.7 ms across listeners. These two
[F(1,14)=3.94, p=0.07]. Figure 2 shows the regression measures showed a significant correlation across participants

' T . (r=0.48, p<0.05), suggesting that the lower ends of listen-

line with /pa/ VOT as the predictor. A complete listing of the ers’ cateqories were comparable in perception and produc-
regression coefficients?, change inr?, and statistics are g mp P P P
tion, much as were their category prototypes.

given in Table I. It is apparent from Fig. 2 that thpa/ _ .
correlation was augmented by the unusually high perceptual There was also evidence for a hyperspace effededa

scores for two individuals: however, the correlation remain<St @» 2000; Johnsoret al, 19933, as has previously been
significant even if data from these individuals are removedound for vowels. Perceptual prototypes had an average VOT

suggesting they are not the primary cause of the correlatioff 90 Ms, whereas VOTs of the participants’ productions av-
(r=0.49, p<0.05). eraged only 73 ms. This difference was significant by a
These results suggest that the present methodology wahaliredt-test,t=3.61,p<<0.002. Fifteen of the 20 participants
successful at finding a link between perception and producshowed this pattern of longer VOTs for their perceptual pro-
tion. There was a significant relationship between particitotype than in their speech production.
pants’ productions and their perceptual prototypes. Individu-  The results from this experiment suggest that individual
als whose perceptual prototype for “p” occurred at longerdifferences in production are related to differences in percep-
VOTs also tended to produce longer VOTs themselves.  tion. Both the best exemplar of the category, and the lowest
It is interesting to note that while the listeners’ produc- acceptable member of the category, were similar in produc-
tions of the voiceless stops did not provide additional infor-tion and perception within each individual. It appears that
mation above and beyond their production of the target itenproduction-perception correlations can be found with an ap-

TABLE I. Results from multiple regression from experiment 1.

Step Individualr Multiple r Multiple r?2 Change inr? Change in F Significance
pa 0.522 0.522 0.272 0.272 6.73 0.018
p 0.361 0.550 0.303 0.031 0.75 0.398
t 0.311 0.551 0.303 0.000 0.00 0.960
k 0.362 0.561 0.315 0.012 0.27 0.614
b —0.442 0.682 0.466 0.150 3.94 0.067
d -0.297 0.688 0.474 0.008 0.20 0.662
g -0.323 0.756 0.572 0.098 2.75 0.123
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propriate perceptual task and an appropriate acoustic corréequencies at which energy occurred, and did not actually
late. calculate average valueg-orrest and colleagud4988 ex-

One possibility is that this task can be used to evaluat@amined three spectral momenisentroid (or frequency
different acoustic cues. Often, there are multiple proposalsnear), skewness, and kurto$jsand found that skewness of
for how a given phonemic distinction should be described. Iffrication was the primary feature distinguishing these pho-
might be possible to evaluate different metrics by determinnemes, although centroids might also aid in their discrim-
ing the degree to which perception and production measureasability [but see Shadle and M&it996 for contrasting data
using these proposed cues are correlated. Such an approamh the role of skewnegsin contrast, other work has exam-
requires that correlations occur only for those cues that aried spectral peaks, which are more akin to a statistical mode
actually used by listeners. Given that different proposed cuethan a mear{Behrens and Blumstein, 1988a; Jassem, 1965;
are generally highly correlated with one another, perceptionSeitzet al, 1987. Thus, while there is wide agreement that
production correlations might be present for all proposedhe frication noise is the primary acoustic cue for distinguish-
cues. If so, the correlations would not provide additionaling /s/ and f/, there is less agreement on the appropriate way
information to distinguish among them. This approach carof measuring this cue.
only be useful if correlations exist for some acoustic cues,  One reason for this disagreement is that these measures
but not for all. Experiment 2 examines this in more detail. are highly correlated in these phonemes. They do not refer to

independent information in the spectrum, but instead are dif-
IIl. EXPERIMENT 2 ferent ways of describing the same information. It is there-
fore very difficult to distinguish between these measures ex-
Qerimentally; any modification of one cue results in changes
the other cues as well.
In recent work, Jongmaaet al. (2000 examined a vari-

Unlike the p/-/b/ distinction examined in experiment 1,
there are some phonemic distinctions where multiple metric
or measures appear to be equally plausible. One such phg]—

neme is the fricativef/ (“sh” ). Fricatives are produced by o .

creating a partial obstruction in the mouth. Forcing air®y of cues to fricatives. They fogn_d that_ Wh.'le many o_f these
through this narrow constriction causes turbulence in the aircues were successful at classifying fncatlvgs, discriminant
stream, resulting in a “noisy” sound, with energy at a broadf”maIySIS suggested that spectral peak location was a more
range of frequenciefickett, 1980. The location of the ob- |mp(3rr;t1ant cue thtan were spetctral moments.d_ﬁ ¢ f
struction differs between an//and an §/, and a number of | te' preﬂs\en experimen ||3frot|;oseds ad efren Wayt_o
studies have examined the possible acoustic correlates of thiy2uating Inese measures. € degree ol perception-
difference. Research has focused on four attributes as bei odu_ct|on correla_tlon for a given cue 1s b_ased on the extent
particularly important for fricatives in general: spectral prop—t which that cue is related to the dimensions utilized by the

erties of the fricative noise, noise duration, noise amplitudeI,'Stener' then the degree of correlation can be used as means

and spectral properties of the transition between the fricatiw?f et\k/]aluatmg th|ts Te'f”l‘“o?- t(f:}ortrelﬁyohn? thUId be str?nglier
and the following vowelJongmaret al, 2000. or the cue most similar to that which listeners are actually

Of these four types of cues, spectral properties of théJSing'. . .
noise appear to be most important for tké/f/ distinction. Given that the different cues are themselves highly cor-

Noise duration and overall amplitude appear particularly im_related,_ one concern s that _aII cues may result in strong
portant for distinguishing the sibilant fricativés/ and f/) perc_eptlon-productlon correlations. If so, these types_ of cor-
from the nonsibilant$/f/ and #/), but do not appear to dis- rglatlons would n_ot be usefu_l as a means of eval_uatlng_met—
tinguish between the two sibilant8ehrens and Blumstein, rcs. Thus the primary goal n the presgnt expenm.ent s to
1988h. Relative amplitude differences do appear to be im-d?t?”“'?e whether percepﬂon—pro@uchon correlations can
portant, but this may be a resgétt least in pajtof concomi- distinguish among different acoustic measures, even when
tant changes in spectral propertig$edrick, 1997; Hedrick those measures are themselves related.
and Ohde, 1993 Although some research has examinedA. Method
transition information(Sussman, 1994; Sussman and Shore,l
1996; but see Fowler, 1994s cues to place of articulation o )
within fricatives, most researchers have focused on spectral 1wenty-four volunteers participated in exchange for a
properties of the noise as being the most important cues tdrash payment. Ratings from five of these partlupants'dld not
distinguishing ¢/ and f/. This information has been shown to fall off towards the extremes of the continuum; their data
be sufficient for a high degree classification in several studie¥/€re not analyz_eEI(For this experiment, in which both end-
(Tabain, 1998; Tomiak, 1991 points of the senes_, were clearly ng_ittbkens, a mwmur_n of
There have been many proposals as to the best ways f°"€ category ra_tlng drop-off to elth_er side was required for
characterize this spectral information. Harfl958; see also data inclusion. This left a total of 19 listeners, one of whom

Heinz and Stevens, 1961; Hughes and Halle, 1956; May/@S al§o in experiment 1. The average ratin_g drop-offs were
1976 found that the noise center frequency information4_-1 units towards the velar side, and 6.3 units toward ¢he /

. Subjects

(roughly the frequency mears the primary cue for distin- Side:

guishing these particular phonemes. Stre\@860 reported o

that the frication range fos/was shifted higher than that for 2- Stimuli

/f/, which would likewise imply that the mean frequency for For the model stimuli for the production task, a female
/s/ would be higher(although he measured only the range of native talker of EnglisHRSN) recorded four tokens of each
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CV syllable consisting of eithes// or /f/ followed by one of variety of places of articulation: alveoldas in /), palatal
the seven vowels /e, @&, u, 0, a, A/. The recording manner (/f/), and velar and uvular fricativelsvhich do not occur in
for these 56 items was identical to that in experiment 1.  English but do occur in other languages; uvular fricatives
For the perception task, the stimuli consisted of serieoccur in one of the languages in which she was fluéertte
ranging from g$ae/ to /fae/ and from fae/ to beyond{e/ (or  first five formant movements between her tokens were ana-
*[feel). The vowel fe/ was chosen because it does not entaillyzed, and the formants, amplitudes, and bandwidths in our
lip-rounding or protrusion, which can alter the spectral infor-synthetic continua were adjusted to move in the same man-
mation in the fricative(Soli, 1981. These stimuli were pro- ner. Thus our formant movements beyofidvere such that
duced synthetically, as the type of editing used in experimenthey moved towards a more velar/uvular place of articula-
1 can only be used to create duration-based series, ntipn. A 20-item series was created in this manner, resulting in
frequency-based series. The synthetic stimuli were modeled total of 41 stimuli(the &/ endpoint, 19 interpolated items
on a male voice chosen because it is well-mimicked by oubetween ¢/ and f/, the f/ endpoint, 19 interpolated items
speech synthesis program. beyond f/, and the most velar endpojnt
Use of a male voice in the perception task and a female
voice in the production task should prevent listeners from
hearing the items as coming from the same individual, and. Procedure and measures

from judging the voice in the perceptual task on the basis of  Tpig study was combined with that of another perceptual
the speech from the talker in the production task. This avoidsgating study using other syllables, not reported here. Partici-
one potential criticism of experiment 1, that the talker usedyants recorded their speech at the onset of the first session,
in the perceptual study and the model for the productioryng then took part in the two perceptual tasks; the order of
component were the same individual. If listeners in the protnese tasks was counterbalanced across participants.

duction task were trying to mimic that talker’s speaking  procedures for both the production and perception tasks
style, correlations could have occurred for that reason alongyere identical to those in experiment 1, with the exception

If perception-production correlations are found in this ex-that listeners were asked to rate the phonemes as examples of
periment where the voices clearly differed, it would suggestne sound “sh,” rather than as examples of the sound “p.”
that these relationships are not an artifact of having used thenere were 16 blocks of trials in the perceptual task and 2

same talker for both tasks. _ blocks of trials in the production task.
The model speaker produced tokenssaé//and fe/ in Three types of acoustic measurements were taken on the
the context of the carrier phrase, “Please say _to me.”  participants’ productions: frication centroid, skewness, and

The transition and vowel portions of the and J/ syllables  peaks. For centroids and skewness, analysis was modeled
were temporarily removed, leaving only the 215-ms fricationafter that of Forreset al. (1988; a 20-ms analysis window
pOftiOﬂ of the syIIabIeS. These two frications were Synthe-was used to compute a sequence of Fourier spectrum; the
sized using the parallel mode of a cascade/parallel synthenitial analysis window centered on the frication onset and
sizer (Klatt, 1980. Formant frequencies, amplitudes, andeach subsequent spectra was computed over a window cen-
bandwidths were carefully adjusted to make the synthetigered 10 ms further into the signal, resulting in a series of
tokens both sound as similar to the original items as possibltheasurements containing 50% overlap. The speech signal
and look as similar as possible in spectral cross-section. Thgas preemphasized by first differencingith preemphasis
vowel portion from one of the two syllables was likewise of 0.94), and a 400-point Hamming window was used for
synthesized and its formant values, bandwidths, and amplanalysis.(For the synthetic speech in the perceptual task, the
tudes adjusted. This vowel portion was then appended tetimuli had a 10-kHz sampling rate, so a 20-ms window
both the 4/ and f/ tokens, resulting in two endpoints which resulted in a 200-point Hamming windgwl he spectra were
had identical synthesis parameters after the first 21%ans treated as random probability distributions, and the centroid
43 frameg. Values for the initial frication portion were then (or mean and skewness of the distribution were calculated.
interpolated between the two endpoints to make a 21-itenThe number of analysis windows was set at 10; analysis thus
series. This interpolation was performed on all parametersccurred over a total of 110 ms and the means and skewness
that differed across the endpoints: the amplitudes and bandalues were averaged across the 10 frarfiekis duration
widths of all formants, and the location of formants 2, 4, andwas suggested by Tomidk991) to provide a valid estimate
5 (the location of formants 1 and 3 were the same in bottof the fricative, based on results from a masking stli@ie
endpoints, as was the bandwidth of formait Bhe transi- measured portions were at the onset of the fricatives.
tion and vowel portiongwhich occurred after the initial 215 Peak frequency measures were performed using the
ms) were held constant across items. CSRE software package from AVAAZ. Each production was
Rather than make the series continue beydhddous- analyzed using a fast Fourier transform over a 128-point
tically (by continuing to adjust formant and amplitude valuesHamming window with 50% overlap, averaged across the
in the same manner as in the first half of the continyuitre  initial 100 ms. This analysis was then treated as a random
series continued beyonfl in an articulatory sense, towards a probability distribution, but instead of finding the moments
more extreme place of articulation. Continuing to adjust for-of the distribution, the mode was found inste@d the fre-
mant and amplitude values in the same manner could hawguency at which the greatest amount of energy was present
resulted in an endpoint that was not possible from a humaSome speakers’ productions did appear to have more than
vocal tract. A linguist was asked to produce fricatives from aone peak frequency; however, the single frequency value
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TABLE II. Acoustic measures from experiment 2. For skewness, correlations were again both negative and
nonsignificant (= —0.19, p>0.40). Skewness likewise

Participant f/ centroid fee/ skewness &/ peak . N ]

does not appear to be a primary factor in individuals’ proto-
g9g 5197 -0.001 2822 types.
gﬁl(y 553?552 :8'822 gig? The correlation for peak frequency, however, was not
ic 5174 0,028 3528 only positivg but also was _signif_ican_t{:Q.SO, p<0.03). _
cer 5107 +0.031 2871 The correlation was almost identical in size to that found in
hem 5122 +0.001 4111 experiment 1 (=0.52). This suggests that frequency peaks
i9 gg‘ig ‘g-ggg gig? may be a better indication than centroids of what makes a
nv —0. . . . .
cab 5303 0,088 4199 partlcular fricative token sound better to a I|ste!’1er. Those
acy 5450 -0.138 5966 listeners who showed more extreme values in their frequency
jem 5124 +0.023 3374 peaks for {/ also preferred listening to more extreme tokens.
bam 5268 —0.053 4590 This was not the case for either fricative centroid or skew-
2N S ness measwes
jp -0. ; T
Kb 4999 0,041 3828 More importantly for 'Fhe present purposes, the flnc_Jllngs
vil 5302 ~0.092 5410 also suggest that correlations between speech perception and
mit 5101 +0.040 4423 speech production can differentiate between different acous-
ksk 5367 —0.082 3916 tic cues. Only acoustic measurements based on the peaks in
tlg 5272 —0.064 4033

the spectrum appeared to be related to listeners’ goodness
ratings. This is in accord with recent findings by Jongman
ith th | 4. Th . et al. (2000, also suggesting that spectral peaks are better
\évlltre;een?sn;?tee::]gvl?/?\r?g'I\',;Etl)lseﬁ? ected. These acoustic me@l]gs to fricative discrimination tha}n are spectrall moments.
For the perceptual task, the single item in the continuu T_h|s suggests that even_when dlffe_rent acous_uc cues are
' rT}ughly correlated, perception-production correlations can be

with the highest rating was considered the listener’s promhsed to discriminate among different measures.

ty_pe,.as n expgrlment 1. This prototype was measured for its The present results also extend the general finding from
frication centroid, skewness, and peak, in the same manner _ . ; .
- ) ; : . experiment 1 that correlations exist between speech percep-
as the participants’ productions described above. For one lis: : L : .
. : : . .~ tion and speech production. Finding these correlations in two
tener, three adjacent items received equally high ratings; the. . : .
. ifferent experiments, for two different phonemic contrasts,
values for these three items were averaged on each measure :
; : suggests that these results are fairly common. Furthermore,
to find the prototype for that listener. : . .
one potential problem in experiment 1 was that the talker
whose voice served as the model for the production study

B. Results and discussion was the same talker as that judged in the perceptual study. If
As expected, the three production measures were highIShe correlations in that experiment were actually the result of
correlated, especially the two spectral moments measureBarticipants trying to mimic that talker, such results would
For centroids and skewness, the correlations for fhméa-  not be expected in the present experiment, where the talker
sures across participants wa€.94, p<0.0001. For cen- thatserved as the base for the perceptual study and the talker
troids and peaks, the correlation was margima$,0.43,p  that served as the model for the production component were
<0.07, and for skewness and peaks it wa3.54,p<<0.02.  not only different individuals, but also were of different gen-
Thus, all three measures do seem to be based on relatégrs.
aspects of the same information. The next logical step would be to directly test the idea
The perception-production correlations were examinedhat peaks are more important than centroids by orthogonally
using all three measures. In experiment 1, it was found thatarying these dimensions. Unfortunately, it is not possible to
measurements from the single syllable identical to the pervary these two properties in this manrat least not while
ceptual item were the most relevant; the relationship betweemaintaining good endpoint stimiliwhich is why the finding
the fa/ prototypes and the average/ productions were of an alternative method of differentiating cues is so impor-
therefore examined heféhat is, the average value across thetant. As an example of the difficulty, the synthets¢ énd-
eight different productions of thgat/ syllable, rather than point in this study had a mean frequency of approximately
the average across all 5@ fokens. 4500 Hz, and a peak frequency of approximately 4700 Hz. In
For centroids, the correlation was not significamt ( order to manipulate peak and centroid independently, it
=-0.30, p>0.10). Moreover, it was actuallypegative. would be necessary to create a series that maintained this
While negative correlations across different measures wouldentroid at 4500 Hz while the peak frequency moved from
be unsurprising, correlations between production and percegt700 Hz down to a value appropriate for gh (&pproxi-
tion using the same measure should be positive. It would benately 3400 Hz based on ouff £ndpoinj. Lowering the
rather odd for those individuals who produced the most expeak is relatively easy in synthetic speech; however, in order
treme f/ tokens to prefer the least extreme versions percepto keep the centroid from changing along with the peak, this
tually. Thus finding a negative correlation here suggests thatould require adding diffuse high-frequency energy to com-
individuals’ perceptual prototypes are not determined by thepensate for the loss of energy at 4700 (dmd the increase in
tokens’ centroid measures. energy at 3400 Hz With an unlimited frequency range, this
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would be easily doable. However, the implementation of theest that provides an overall measure of the strength of a
Klatt synthesizer used here was limited to 5000 Hz, makingelationship between two sets of variablege Cohen and

it impossible to add sufficient high-frequency energy withoutCohen, 1988 the present methodology of examining corre-
creating a high-frequency peak. This limits the comparisorations between perceptual prototypes and average produc-
of peaks and centroids to indirect measures, such as the cdiens is likely to be limited to cases in which there is a single

relations discussed here. acoustic property that can be measured.
Although significant correlations between speech pro-
IV. GENERAL DISCUSSION duction and speech perception were found in both of the

These two experiments demonstrate that individual gir.present experiments, these correlations were quite modest,

1 I 0, i i i -
ferences in production are related to differences in percepz—iccountlng for approximately 27% of the variance in listen

tion. Listeners whose productions are more extreme along an> perceptual prototypes. There are several possible reasons

acoustic continuum appear to prefer hearing more extrem@'hyt t?s mlfght be thet.case. é)ne gosts_lbmty IS tthlat tr:e re{c_)rtlal-
productions from other speakers as well. This is in additiorpSNtations for perception and production are at feast partially

to a hyperspace effect, in which individuals prefer Iisteningd'St'?Ct' lf.th'ts we(;elthe ca;}se, It cotuldtt;e “"?"e” as an 3rgu—
to more extreme tokens than they themselves profiuce. ment against models such as motor thedriperman an

However, these production-perception correlations arét\)/lattiqgly, 1983, which rely on identical representations for
not ubiquitous. Although they will occur for acoustic cues oth input and output. However, there are other potential

known to be used by listenetsuch as VOT, they do not explanations for the small size of these effects that limit the

occur for all possible acoustic measures. Despite the fact thg{rength of this conclusion. The effect size may be due, in

the three acoustic measures used in experiment 2 were high 933 tc_’ It_hf emste;:_ci ofta r:yge_rtspace ef(eti)dhnsonet ?l" |
correlated with one another, significant perception- 8 listeners highest-rated item may be more strongly

production correlations were found only for one of them_inrelated to a hyperarticulated production than to a typical one.

particular, for the one most supported by a recent comparas-'nce participants were not asked to exaggerate their produc-

tive analysis by Jongmaet al. (2000. Nor did the lack of an tions, the correlation may be less strong than would other-

effect in the other two measures appear to be caused byvgl'.sif’ﬁ the case. It 'S.tﬁlso possmltg Fhatf stronger correlatt|p :
lack of power: the results were not only nonsignificant, put'9Nt have arsen with more participants, or more acoustic

were in the opposite direction as that expected. measures per paf"c'pam-
These findings suggest that this task can be used to Anecdotal evidence suggests that people are often sur-

evaluate different acoustic measures. For many phonem?%rlse<j by the sound of their own voice when they hear a

distinctions, there is no apparent “best’ measure. Many gif-recording of it. This is due to the fact that one’s own voice is
ferent metrics may be proposed, and it is often difficult toheard both via air conductiotas others hear disand via

discriminate among such metrics experimentally. Lookingbone conduction within the head, which emphasizes low fre-

for links between perception and production may providequencies.This makes our own voices sound more resonant to

another means for making such comparisons. ourselves than to others. Perception-production correlations

Clearly, this conclusion must be taken as tentative at thi ight therefore be expected to be strongest for temporally-
point. More research is necessary to ensure that these cor ased contrasts and for sounds without vocal fold vibration,

lations only existand consistently existvhen the appropri- as these would be unaffected by a low-frequency emphasis.

ate measure is used. Furthermore, since the degree of va{i— AS expeﬁted fror? prev:;)us resr:aarcr:j, ctqrreldatlons be-t
ability among individuals can influence the likelihood of Ween speech perception and speech production do appear 1o

finding a significant correlation, this task is likely to be besteXiSt’ although they are not as strong as might be expected

used in a converging methods approach, in combination wit" the basis of some theoretical models. These correlations

more traditional ways of contrasting metriggich as that of appear to distinguish between different acoustic cues, sug-
Richardson, 1992 and Tomiak, 1998till, the results are at gesting that they may be usable as a way of evaluating dif-

least suggestive that this task can provide a better indicatioplarent, proppsed metrlc's. Future research will be needed to
examine this proposal in more depth.

of the types of acoustic cues most likely to be used by lis-
teners, and may be particularly useful in situations where
other contrastive methods are not possible.

One limitation of the present approach is that it requiresa ckNOWLEDGMENTS
the use of a single cue, such as frequency centroid or VOT.
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