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ABSTRACT spectral-temporal properties of English vowelgnamicdifferences
in formant movement inherent to vowel production also contribute to

To produce near-native American English (AE) vowels, Japane¥@We! identity ([5], [2]). In addition it is well-known that English
speakersnust extend theffive vowel systenwith at leastsix new vowels are differentiated bgurational differences, particularly for
vowels. Three experiments have been conducted to acquire befPrt-long vowel pairs (e.g. 7). In order for Japanese pooduce
perceptual and acoustic measures about Japanese accented Ergfighrnative AE vowels, the acquisition of at leastappropriate
(JE)vowels. Six non-back vowels of AE in several phoneticSpectral, dynami@and durational properties of vowels is required.
environments were recorded from four Japameate talkers with Three studies of Japanese accented vowels were conducted that
moderate Engliskkills. Intelligibility was assessed by a panel of sixnclude perceptual assessment of intelligibility, acoustic measurements
Americans as the percent of JE vowels identified as intended. The fiasid a description of the relation between the two.

experiment was an open-set identification task. Two vowels, /i/ and /e/,

were fully intelligible(>98%)while others ranked fror81% (&/) to 2. SPEECH DATABASE
23% (W) intelligible. The second experiment usedinimal-pair

responses to assess intelligibility in terms of three acoustic properties;¢fa first step in the proposedsearch was to develop a suitable
vowels, the spectral target, dynamic formants and duration. The res%ﬁabase of Japanese accented English (JE) utterancedataiset

indicate_d that the spectral prqperty was nqt communicated _ef'fectivevyas designed ttacilitate comparisons with existingowel data by
dynamics wergartially effective,and duration was usesdfectively. Hirahara and Kato [3], Bradlow [1] and Hillenbrand [2]. Six

In the third experiment a stepwise multiple linear regresamalysis non-back vowels of AE, fi es aen/, were selected such that the set

determined how theseacoustic properties contributed to the . . ; : . .
) A N contained three pairs that contrasted in their durational properties.
intelligibility. For the two vowelsanalyzed,#/ and /ae/, thelirection . -
: : o phonetic contexts were selected, isolated vowelawel
and extent of the formant movement of JE vowels in relation to the Aembedded 1 the svilable. /bV. Therere wo sentence contexts
targets was the voweproperty that contributed the most to o y ’ N L ’
none (dation form), the frame, 'l say on the tape', yielding four

intelligibility. possible utterance types and a total of 48 utterances.
1. INTRODUCTION The purpose of the experiment was to examine intelligibility of JE
vowels. Therefore talkers were needed with some variability in
To produce near-native American English (AE) vowels, Japaneg®glish pronunciation. Following an informal screentagt for
speakers must acquire at least sew vowels to extend their five spoken English, four male kairs were selected who appeared to have
vowel system. This report describes new technigues to obtain specifigderate English skills. All had from six to eight years of English
knowledge about deficits in troduction of AE vowels by Japanesestydies, read English in their technical jobs, but spoke English less
talkers and the results from a limited set of vowels on the contributighan one hour/day. Twoepetitions of the 48 utterances were
of three acoustic properties to vowel intelligibility. The long-rangeandomized for the talkers. In addition to the utterances, simple
goal is expand the data set and to use the knowledge gained to sugggghing words were written next to the utterances to remind the
training methodsor Japanese to improve the intelligibility of their tajkers of the appropriate pronunciation of the English vowel in order
English. to avoid reading errors. Recording&re made in an anechoic
chamber with a condenserarophone (SONY ECM77). Recordings
Presumably AE vowels produced by Japanese talkers who have Igire directly digitized at a samplimgte 0f22.05 kHz with 16-bit
intelligibility have some spectro-temporal properties that differ fromesolution through DAT-LINK+ and stored ortie hard disk of a
native AE vowels. Acoustic properties of vowels are typically derivedparc Station. An American and a Japanese listener monitored the
from spectral measures of F1 and F2. Recently Bradlow [1] describ,(gj:ordings and had the talkers repeat utterafiessthan 5%) in

differencesamong the vowel productions of two languages withyhich reading or other errors might have occurred.
5-vowel systems, Greek and Spanish, and the equivalent English

vowels in an F1 X F2 plane. Thesggectraldifferences measured at
a single time intervalare but one way of characterizing the
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2. EXPERIMENT 1: OPEN-SET intended. Even though 15 vowel responses were available, only eight
were used as shown in the confusioatrix in Table 1. Only one
IDENTIFICATION ¢

response outside of the set of intended vowels was frequently used, /a/.
The overallpercentintelligibility was63%. Athree-way anova was
2.1 Procedure conducted to examine the effects of phonetic context, sentence context
and vowel type on intelligibility. Vowels in /bVt/ context were

The purpose of experiment 1 was to assess the intelligibility of the Jtgnificantly moreintelligible (68%) thanisolated vowels(58%,
vowels when utterances differed only in vowel quality. A single panéi(1,5)=8.62, p<0.05). Themas no effect of the three sentence
of six Americansvho spoke English aeir native language were context_s onr_ltelllglblllty._ Apparently the partlcglar sentence frame
listeners in all three experiments. These phonetically-naive listen&t&ed didhot interfere with the correct production of the A@wels,
were identified from a smafiumber available within a reasonable'Vhile the more natural /bVt/ syllable context did facilitate production.
distance of the laboratory. The duration of their stay in Japan rangdBiligibility of individual vowels varied significantly (F(5,25)=28.05,

. Sy AT .
from 2 months to 19 years. Given the possibility that they listened 'P<Q'0001)' Twovowels, /'/?nd fel, V\gerdully_ |nte_II|_g|bIe (>98%)
JE in special wayglue to their experience, instructiostsessed that while others ranked from 81%e(j to 23% (V) intelligible (Table 1).

vowels should always be judged relative to the pronunciation of A%Iearl()j/ftheintelligitz[ility deficits for Japanese producing AE vowels
broadcasters. While potentially the judgements of the listeners wéfged from none fo severe.
biased, debriefing indicated that since the utterances had no

meaningful context,listeners felt comfortablejudging vowel 3. EXPERIMENT 2: MINIMAL-PAIR
pronunciation as instructed. IDENTIFICATION

The stimuli for experiment 1 were the 48 utterances from each talkehe second experiment was a speech perception task designed to
plus an additional sentence type. The 'target extracted' type was jétermine whaspectro-temporal properties account for the reduced
the vowel or /bVt/ syllable edited from the sentence frame. The T2telligibility of the JE vowels. The first premise underlying this
utterances from each of four JE talkers were presented three tirpesception study is that the spectral, dynamic and durational properties
each. NeXT workstations were used to control the experimerdf AE vowels can be quantitatively defined based on the recent analyses
Utterances were presented ovBTAX SR Lambda signature  of AE vowels biidibrand et al[2] as follows: (1) Spectral similarity
headphonesThe responses were displayed as buttons on the screefivowels based on a single, steady-state time g)ePynamic
using keywords, such as ‘ate' and 'out’, for all 15 AE vowels includifigrmant movement from two time slices at 20% and 80% of the vowel
diphthongs andet/. Listeners were given three brief familiarizationduration; and (3) Duration of the voweThe six vowelsfrom this
tasks with native AE vowels to learn theyword responses. study may be then grouped into categories for each property as follows.
Subsequently the JE utterances were presented to the listeners blodk@wels in a F1 X F2 plane clustert/e/ as spectrally similar *high'
by talker. vowels, andd an/ as similar ‘'midvowels. Formant movement is
measured as the Euclidian distance in the F1 X F2 space between the
i 20% and80% measures. Vowels /i e & have dynamic formants
Listener Responses (movement > 150 Hz) while//and £/ are static. Vowels /i e se/ have
i | e € & A a > long duration (> 110 ms) in contrast to the short durationsof/.

i |[ 97 1 2 The second premise of this experiment is that sensitive measures of
intelligibility may be obtained in minimal-pair, forced choice tasks [4].
I |64 |28 | 6 1 To assess the contribution of each of the three acoustic properties to
intelligibility, every pair of vevels can be labeled as similar or dissimilar

e 100 for each acoustic propertyor example, 7-e/ are spectrally similar,
have similar dynamics and are dissimilar in duration. In the perception

e |l 2 0 81 1 1 . -
task, one vowel is presented and listemetst choose one of the

2 15 13 49 16 20 2 minimal-pair responses. To assess the contribution of the three vowel
properties to JE intelligibilitysubgroups for each property of the

A 1 36 23 39 1 minimal-pair responses were formed that contrast on one of the

spectral, dynamic or durational properties of vowels, but are matched
on the other two properties’lhe mearintelligibility over all vowels
judged in the subgroup measures how the contragtingerty
contributes tantelligibility. For example, ifintelligibility is high for
spectrally _dissimilarsubgroup, butiow for the spectrally _similar
subgroup, then thacoustic property for spectral targetsi@ being
effectively produced.

Table 1. Confusion matrix for vowels intended by Japanese
talkers (rows) and the vowel responses from the Enéiismers
(columns) in percent.

2.2 Results

Responses from theix individual listenerswere analyzed and
compared to one another iseveral ways. This evaluation
demonstrated that performance was consistent acrodistérers.
Thus results of this and subsequent experimemetpresented as the
group average of the percentelligibility of the vowelddentified as



3.1 Procedure durations for AE vowels. Since the Japanese language has a vowel
length contrast (one versus two mora), thesailtsimply that this

Only the citation form of the /bV&yllablesfrom experiment 1 was contrast can be egsily transferred to the correct production c_)f sho_rt-long

used in this experiment. Fifteen minimal-pair responses were chod@Vels in English. In summary, the purpose of this refined

from 30 possible pairs to represaiitthe spectral confusions that |nteII|g_|b|I|ty _ta_§k Wa_s_to determlng what v_owel properties C(_)ntr_lbuted

occurred in Table such that eactiowel occurred 5 times in the set. t© the intelligibility deficitsobserved in experiment 1. Results indicated

Test procedures were the same as forfitise experiment except that the spectral prqperty was no_t communicated eff(_ectively, dyn_amics

responses on tHeeXT displayconsisted of one of the minimal pairs were partially eff_ectlve, and duration was used effectively according to

displayed as keywords on buttons. Three new familiarization tasks wiftf Perceptual judgements of the AE listeners.

AE vowels acquainted the same listener panel withriinénal-pair

responses. 4. EXPERIMENT 3: ACOUSTIC

CORRELATES
3.2 Results

- : 4.1  Procedure
Intelligibility was againcalculated as the percent of JE vowels correctly

identified as intende_d. Surprisingly, ove_rall intelligibility in expt_eriment-l-he goal ofthefinal experiment was to discover the acoustic metrics
2 was 94%, a 30%hicrease over experiment 1. Apparently listenerg,a; might correlate with the reducidelligibility observed in the

were much better at identifying the intended JE vowel when only Ong el tasks. Given that a range of intelligibility must be observed
utterancetype (/bV in citation form) was heard and the responsg, orger to examine these correlations, only three voveisa/, with
choice was narrowed from 15 to two. The mean intelligibility for thg, ver inteliigibility were candidates for further analysis. Therefore, it
similar and dissirtiar subgroups was calculatedstsown in Table 2. a5 gecided to augment the data set from experiment 2 with a similar
The minimal-pair subgroups each consistetbof pairs of vowels. FOr - minimal-pair task concentrating dhe three vowels. Additional

example, for thepectral propertythe pairs /i1/, /e, /e-n/ and 1€/ ierance types, vowel only and /bVt/ extracted from the sentence, were
were spectrally similar, and contrasted with pairs//é-¢/, /1-ee/ and  gi55included as stimuli.The minimal-pair response task and listener

/i-ee/ that were dissimilar, but pairs across subgroups did not contrastfgpe| (less one subject who did not return) from experiment 2 were the
the other two properties. Given the higverall intelligibility, the — ¢;ma. Only six vowel pairs were used for responses.
somewhagrbitrarily selected criterial values 88%(high) and 85%

(low) were used as to interpret the results. Vowalssthat were 2
spectrally dissimilar were very intelligible (98%), while similar pairs ha(f1 :
low intelligibility (85%). This suggests that Japanese talkers were not =~ . .
able to produce sufficient differences between AE vowels that weMgan |nteII|g|b|I|_tywas calculated for_each vowel. Combined with the
spectrally similar. Thatis, it appears difficult fothe Japanese to add "€Sults of experiment 2 there were six data sets of 16 vowels eagh, /
new vowels to their five vowel space when the AE vowels are cluster In the two phonetic contexts, vowel only and /bVt/. Conceptually
close together.For the property of dynamic (versus statigrmant the output of this perceptlon task was th_e rank ordering the |nte_:II|g|b|I|ty
movement, meaiintelligibility was the samg90%) and was not of eachutterance in a data set for use in subsequent correlations. The
remarkable since fell between the high anidw criteria. That s, ordering fqri/ was for the response pait/ithat had the most frequent
accading to Hillenbrand et a[2], AE pairs like t-¢/ and /zs/ have confusion in '_rable 1. The ordering for /ze/ axidv/ere both f_rom the
contrasting dynamics, and yet the levels of intelligibility were not ver{ESPONSe pair /& vowels that were mutually confusable in Table 1.
high for these pairs. This result suggests that Japanese were

sometimes, but natiways, able tproduce the appropriatynamic 4.3 Metrics for Acoustic Properties

contrasts.

Results

In order to determine the contribution of each acoystperty to

ligibility (0 intelligibility, variousacoustic metrics were examined. Analyses began
Property Mean Intelligibility (%) with thetraditional spectral target theory of vowel production as the
steady-state values in a F1 X F2 plarf@ar the /bVt/syllables, AE
Similar Pairs Dissimilar Pairs targets were caICL_JIated as averages from Bradlow’s [1] measurements
of /bVt/ produced in a sentence frame. For the vowel-only productions,
Spectral 84.8 98.0 tgrg_ets were calculatgd from a more neutral, (h_\/d/, gnvironment in
citation form used by Hillenbrand et 2]. The Euclidian distance was
Dvnamic 90.4 905 _calculated between each JE_utterance and the correspondlng AE target
y in the F1 X F2 plane in either Hertz or Barks. Correlations were
Duration 96.7 96.4 calculated between these distance measures and mean intelligibility for

the six data sets (n=16). Since a small spectral distance means that the
) o ) JE vowel wasclose tothe AE target, negative correlations were
Table 2. Analysis ofthe subgroups of minimaairs for each vowel eypected if spectral distance contributes to intelligibility. Two things
property. were immediately observed. First, the correlationsifovére positive,

) ] S ] not negative as expected. Appareiig minimal-pair intelligibility
Finally, for the duration property, intelligibility was equally high, 96%.qata for A/ was flawed for the correlatioanalyses because the

whether the pairs contrasted in vowel lengthnot.  This result  minimal-pair response fon/was /een/, but Table 1 showed that//
suggests that Japanese talkers proddicedcorrect short or long



was most often confused with /a/, not /ae/. Therefateyds dropped  the most important vowel property, duration contributed significantly

from further analysis. Second, the correlations were much higher for  dlligibitity and the contribution ofpectral distance was not

Bark than Hertz distances far,/althoughnearly identical for /fee/.  statisally significant. Thus, for this very limited data set in the

Given that F2 fort/ was the most affected by the Bark transform, context /bVt/, the direction and extent of the formant movement of
metrics based on Barks were selected for this analysis. Japanese accented vowels in relation to the American English targets
was the most important vowel property that contributed to intelligibility.
Although spectral distance by itself correlated significantly with
intelligibility for both £/ and /ee/ (r > 0.64), it covaried sufficiently with

formant dynamicsuch that the independent contributiorspéctral

/blt/
Citation Form

139 - .- distance to intelligibilitywas not significant. The contribution of
137 L | duration to intelligibilitywasonly significant for/ee/, where duration
QSP _7“‘> was sometimes inappropriate, but ndtwhere duration was correctly
185 F produced. Overallthe results of this study of acoustiorrelates
g 133 ?’d compared to results from the perception task (experiment 2) are in
§ 131 L /] partial agreement: thepectral and dynamic properties of vowels are

more important to thatelligibility of JE vowelthan duration. More
129 refined comparisons await a larger body of data.
127
In summary, the present experiments demonstrated that vowel
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ intelligibility may vary $gnificantly depending on the vowels present in
12 T 1 15 2 25 3 a5 1 as s the native language. Results from a riatelligibility task using
F1 Barks minimal pairs suggests that the contribution of three vowel properties
to intelligibility may be asessed perceptually. Specific acoustic metrics
were proposed for the vowel propertispectral target distance,
formant dynamics and duration. Results from a limited data set indicate
The metric for dynamic formant movement was basedratyses thatthese properties contributelifferentially to intelligibility.
proposed by Hlenbrand etal. [2] for a F1-F2 vector between 20% and  Altogether this investigation presents a new approach to understanding
80% of the syllable duration. These vectors are shown on the figure for  of the relation between second language intelligibility and the correlates
/il and t/ (filled arrows) for the average of the ARale vowels in  of acoustic properties that signal phonemic distinctions.
Barks. Thevector for /i/ is veryshort which was théasis for
categorizing it as a static voweRIso shown on thdigure are the 5. REFERENCES
vectors for the eight /blt/ syllables in citation form. It can be seen that
these vectors differ both in their spectral distance from the AE vectpr

for i/, and in the direction and extent of the dynamic formant vowel productiorand perception: A cross-linguistic study of

movement. A formant dynamics metric was calculatgd asadlar vowel inventories Cornell University (unpublished manuscript),
product between JE and AE vowel vectors after translating both vectors .\ vork 1993

to the origin to remove spectral distance. Formant dynamics is a large,
positive valuewhen thedirection and extent of the two vectors are
similar, zerowhenthey are perpendicular, and negativeen the
directions are opposite.
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A stepwise multiple linear regression analygsias performed to
determine how thacoustic metrics contributed to intelligibility. The
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