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The intelligibility of speech pronounced by non-native talkers is generally lower than speech
pronounced by native talkers, especially under adverse conditions, such as high levels of
background noise. The effect of foreign accent on speech intelligibility was investigated
quantitatively through a series of experiments involving voices of 15 talkers, differing in language
background, age of second-langua@®) acquisition and experience with the target language
(Dutch). Overall speech intelligibility of L2 talkers in noise is predicted with a reasonable accuracy
from accent ratings by native listeners, as well as from the self-ratings for proficiency of L2 talkers.
For non-native speech, unlike native speech, the intelligibility of short messse@encescannot

be fully predicted by phoneme-based intelligibility tests. Although incorrect recognition of specific
phonemes certainly occurs as a result of foreign accent, the effect of reduced phoneme recognition
on the intelligibility of sentences may range from severe to virtually absent, dependiffgron
instance the speech-to-noise ratio. Objective acoustic-phonetic analyses of accented speech were
also carried out, but satisfactory overall predictions of speech intelligibility could not be obtained
with relatively simple acoustic-phonetic measures. 2@02 Acoustical Society of America.
[DOI: 10.1121/1.1512289

PACS numbers: 43.70.Kv, 43.71.Hw, 43.71.{KRK]

I. INTRODUCTION etal, 1997. By conducting speech intelligibility experi-
ments for closely defined populations of talkérs terms of
The intelligibility of a speech utterance depends onall relevant factors, including L2 experience and age of ac-
many factors, among which the individual characteristics ofquisition) it should be possible to quantify intelligibility ef-
the talker. Differences between the intelligibility of indi- fects of non-nativeness for these populations. Preferably, one
vidual talkers are caused by, among other things, differencegould like to be able to predict speech intelligibility effects
in articulatory precisioriBradlowet al, 1996, speaking rate  from talker characteristics that are easily observed.
(Sommerset al, 1994, and speaking styl¢Pichenyet al, In order to properly quantify speech intelligibility ef-
1985; Bradlow and Pisoni, 1989A special class of talker fects, it is essential that out of many “standard” methods to
characteristics stems from being raised in another languag@easure intelligibility, a method is chosen that is suitable for
than the language that is being spoken. These characteristiggantifying effects of non-nativenes&an Wijngaarden,
cause listeners to perceive the speech as foreign accentemjo1h. In principle, segmental as well as supra-segmental
moreover, they may reduce the intelligibility of the speech. jnfluences can be expected. There has traditionally been
The effect of non-nativeness on speech intelligibility much attention to effects found at the phoneme level. Re-
sometimes complicates communication with non-native talksearchers find more or less consistent patterns of phoneme
ers significantly. Especially under adverse conditions, suclonfusions, largely depending on the relation between the
as background noise and bandwidth limiting, non-nativeanguage background of talkers and listen@rs., Peterson
talkers tend to be less intelligible.g. Lane, 1963; van Wijn-  gnq Barney, 1952; Singh, 196@\Ithough the occurrence of
gaarden, 200%a these confusions will surely reduce the overall intelligibility,
Knowing the extent to which the intelligibility of non- it js unclearto what degree The presence of context will
native talkers is reduced can be very useful. Predictions ofpaple listeners to correctly interpret many nonauthentic
speech intelligibility are widely used in systems design a”dspeech sounds, despite the talker’s poor production.
engineering; for instance, for the design of telecommunica- |+ seems reasonable to expect that the overall effect of
tion equipment and in room acoustics. When the influence ofyon-nativeness on speech intelligibility is closely related to
having a non-native talker on speech intelligibility can bethe gegree of perceived foreign accent. Not unlike the degree
quantified, design criteria can be adjusted. of perceived accent, the overall effect on speech intelligibil-
Of course, having a foreign accent will not affect speechyy results from several characteristics of non-native speech
intelligibility equally for all non-native talkers. Experienced proquction. Without examining all of these characteristics in
second language talkers, and talkers who started Iearnir}geta"’ one would expect that the degree of foreign accent
their second language at a relatively early age, are likely tQyqyid predict the effect on speech intelligibility, and vice
suffer a smaller decrease in speech intelligibiltyg., Flege o154 This hypothesis can be tested by examining speech
intelligibility and foreign accent for talkers, differing in L2
dElectronic mail: vanWijngaarden@tm.tno.nl proficiency.
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TABLE I. Measures related to the foreign accent of 15 speakers of the Dutch language. The mean proficiency
self-rating is the mean across four different self-ratiggeaking, listening, reading, and writind@he pairwise
comparison rating is derived from an experiment in which 19 native listeners compared all combinations of the
15 talkers presented in this table, in a total of 39 sessions.

Pairwise
Experience  Self-rating Mean comparison rating
Native Age of first with Dutch for self- (overall foreign

Talker language acquisition (years speaking rating accent
DM-1 Dutch 5 5 -1.80
DM-2 Dutch 5 5 -1.61
DF-3 Dutch B e 5 5 -1.50
GM-4 German 23 3 4 4.25 —0.05
GM-5 German 28 0.5 2 3 1.01
GF-6 German 19 11 4 4 —-1.07
EF-7 Am. English 23 6 3 3.25 0.02
EM-8 Am. English 19 28 5 4.75 -0.78
EM-9 Am. English 27 2.5 2 3.25 0.99
PM-10 Polish 24 2 3 25 0.65
PF-11 Polish 26 2 2 25 1.36
PF-12 Polish 26 15 2 25 0.72
CF-13 Chinese 20 21 4 35 —0.59
CF-14 Chinese 23 0.25 2 2 1.22
CF-15 Chinese 27 20 2 2 1.44

The objective of this study is to find a way to quantify One could reason that non-native talkers can hardly be
the effects of a non-native talker on speech intelligibility. reliable judges of their own accent. The reasons why non-
The relative importance of low-levdphoneme and high-  native talkers exhibit a certain accent are certain limitations
level (sentenck effects of non-native speech production on of their L2 speech production. These limitations may perhaps
intelligibility is examined. Furthermore, the relationship be-also be expected to affe¢or even originate fromspeech
tween accent and speech intelligibility is investigated, hopperception, rendering them “deaf” to certain aspects of their
ing to establish a method to predict speech intelligibility own accent.
from accent strength. The reliability of non-native talkers’ However, this does not mean that non-native talkers’
self-ratings for their second language proficiency is also deself-ratings for their second language proficiency are useless.
termined. Our main interest in the degree of foreign accent comes from

Under perfect listening conditions, even subjects with athe hypothesis that this may predict the extent to which
strong accent can be perfectly intelligible. As communicationspeech intelligibility is affected. Proficiency self-ratings by
conditions become more adver&tue to speech degrading non-native talkers may serve the same purpose, even if these
factors such as additive noise, bandwidth limiting, or revertalkers are not sensitive to their own accent. It seems reason-
beration the effects of foreign accent on speech intelligibil- able to assume that non-native talkers are aware of their own
ity can be expected to increase. For this reason, the expemproficiency in producing second-language speech, because of
ments in this study are all concerned with speech in thehe fact that they are repeatedly confronted with the effects
presence ofnoise The influence of noise can be seen asof their accent. Especially non-native talkers that are sub-

representative for many speech degrading conditions. merged in an L2 environment should be able to assess the
strength of their own accent, if only by its apparent effect on

Il. DEGREE OF PERCEIVED FOREIGN ACCENT native listeners.

A. Methods

1. Subjects, method for obtaining self-ratings

Inexperienced second langua@e?) talkers are often Speech recordings were made for a total of 15 talkers.
recognized as being non-native because their L2 speech prohree of the talkers were native Dutch, the other 12 were
duction incorporates typical traits of their native languagelearners of the Dutch language from four different language
The resulting foreign accent is usually perceived holistically,backgroundsGerman, English, Polish, and Chinese; three
despite the fact that certain specific deviations from nativealkers for each language backgrounthe talkers also dif-
speech production can be pointed datg., Magen, 1998; fered with respect to gender, age of acquisition, time since
Flege, 1984 The components that constitute a foreign ac-the first contact and average frequency of use of the Dutch
cent are both segment&uch as deviations from expected languagegTable ).
voice onset times, effects of poorly developed L2 phonetic  All talkers were asked to rate their Dutch proficiency on
categorieps and supra-segmentdless authentic intonation, a five-point scale, assigning separate ratings for their oral and
unnatural pauses, effects on speaking)rdtgpon being pre- written skills, both passivereading/listening and active
sented with non-native speech fragments of sufficient length(speaking/writing.
native listeners should be able to produce foreign accent rat-  All self-ratings were registered just before the start of a
ings that include influences of all relevant cues. speech recording session. The talkers were given the oppor-
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tunity to revise their self-ratings after the recording session, 2
but none of the talkers chose to do so.
1.5 ]
=] A A
2. Method for obtaining accent ratings from pairwise £ 1 A A
. ©
comparisons b A
In order to obtain accurate accent ratings with a rela- §
tively limited number of native listeners, a pairwise compari- = 0 A A
son experiment was carried out. The listeners compared each &
voice out of the set of 15 talkers to every other voice, always © o5 | A
indicating which of the two showed the strongest foreign A
accent. Computer-stored speech samples of at least 15 s in -1 A
length were presented to the listeners through headphones,
by means of a high-quality sound device. The listeners were '1'501 1 1'0 100

allowed to repeat speech samples of the pair of talkers as
often as they liked, switching back and forth between the Years of experience with Dutch language
voices as they wished. They could indicate which of the two

had the strongest accent by pressing buttons on a comput’é'rG- 1. Relation between foreign accent ratings_ and years qf experience
keyboard with the Dutch language, for the 12 L2 talkers. With the exception of talker

. . . CF-15 (indicated by a black squar¢he accent rating correlates well with
Upon completion of the experiment by a listener, a pref-the logarithm of the number of years of experiend®0.74, without
erence matrix was compiled from the results. By adding suci¢F-15.

matrices across multiple subjects, an average preference ma-

trix (representing the preferences of the listener group as a

whole) was composed. To extract accent ratings from the  Please note the logarithmic scale in Fig. 1. The degree of
preference matrix, this matrix was converted to a probabilityforeign accent decreases with experience, but this decrease
matrix and subjected to Z-transform. By then adding all slows down as a function of time.

elements in each columfor row) of the matrix a rating of To investigate the correlation between self-ratings for
the subjective accent strength was obtain@drgerson, gpeaking proficiency and foreign accent rating by native

1958. . . listeners, these measures are plotted against each other in
The sentences used in the experiment were taken frorltgig 2

the speech reception threshol8RT) corpus (Plomp and . . .
Mimpen, 1979, and recorded using the procedure designed Thg correlation between self—rat|ng§ and fore|gq accent
for creating a multi-lingual SRT databagean Wijngaarden Is relatively strong; 91% of the total variance in foreign ac-
20018. The same sentences were used for both voices igent strength can be accounted for from self-ratings only.
each pair. We are mostly interested in the degree of foreign accent
A total of 19 native listeners participated; ten of thesefor its effect on speech intelligibility. In this light, a limita-
listeners repeated the experiment three times with differertion of the accent ratings from Figs. 1 and 2 is that, since the
speech material. Hence, all ratings are based on 39 sets siibjects rated accent holistically, various speech characteris-
comparisons between all talkers. All listeners were betweetics may have attributed to the ratings. For example, a fluent
17 and 31 years of age, and tested for having normal hearing.

B. Results 5
In Table I, relevant information regarding the 15 talkers

is given, together with proficiency self-ratings and accent 1.5 § Alztalkers

ratings from the pairwise comparison experiment. 2 4] A W native Dutch talkers
As can be seen in Table I, the L2 talkers differ with 8 A A

respect to their experience with the Dutch language. All first § 05

started learning Dutch as an adult. Hence, the experimental § 0 A A

results obtained with these talkers apply to clearly post- &

lingual second language learners. g -0.5 A
One would expect a decrease of the degree of foreign A

accent with L2 experience. Such a relationship is already

informally observed in Table I, and further established by -1.5 1 |

Fig. 1, which shows the foreign accent rating by native lis- 2 : : . .

teners as a function of the number of years of experience 1 2 3 4 5 6

with the Dutch language. Talker CF-15 takes an exceptional

position. This talker reported 20 years of L2 experience, but Self-ratings for speaking proficiency

was also the only talker tO. indicate a very low frequency ,OfFIG. 2. Relation between self-ratings for speaking proficiency and foreign
use Of_the Dutch Ianguage, she was also the only talker withsecent ratings from pairwise comparisons by native Dutch listerfs (
out written Dutch skills. =0.91).
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FIG. 3. Relation between pairwise comparison ratings for “clarity of articu- FIG. 4. Relation between pairwise comparison ratings for “fluency” and
lation” and overall foreign accentR?>=0.97). overall foreign accentR?=0.89).

talker who is unable to produce certain speech sounds mayl. INTELLIGIBILITY OF SPEECH IN NOISE FOR
be judged to have the same degree of accent as a talker witHON-NATIVE TALKERS
near-perfect articulation, who however speaks very dysfluA. Methods

ently. Yet, it is reasonable to expect differences in speech We expect non-native speech production to be influ-

intelligibility between these two talkers. enced by factors at segmentahd supra-segmental level.
To find out if the overall accent ratings can be separate@ynen we wish to include all possible supra-segmental ef-
into two dimensions(“clarity of articulation” and “flu-  fects in our quantification of speech intelligibility, we must
ency”), the pairwise comparison experiment was repeatedpply a type of speech intelligibility test that uses speech
with ten listeners. The subjects were first exposed to all talktokens consisting of multiple words. A suitable test method
ers and asked to give overall accent ratings. After this, thejor this purpose is the speech reception threshold, or SRT
were asked on which criteria they based their decision. Al(Plomp and Mimpen, 1979Although developed as an au-
ten subjects mentione@h their own words clarity and flu-  diological scregn_ing tool, the SRT method has proven to be
ency. A short discussion about the difference between thedgseful for multi-lingual and cross-language speech commu-
dimensions was held to verify the subjects’ proper under—n!c‘.”l.tlon researclivan Wijngaarden, 2001bSpeech intelli-
standing of the difference. Next, the subjects were explicitlyglblllty can be thought of as the success that a talker and a

Iitstener have in transmitting linguistic information. By mea-

asked to comparg the pa|rs.of talkers, based on only one %uring the “success ratdintelligibility ) at the receiving end
these two dimensions at a time. of the channelthe listene), the performance of the whole

The same ten listeners compared all pairs of talkerghain from talker to listener is measured. To evaluate the
twice on both dimensions, in consecutive experiments. In thgifference in intelligibility when L2 talkers are introduced,
break between these two sessions, the difference betweessults are compared the results of baselin&) experi-
clarity and fluency was again discussed. The relation bements.
tween the scores from these experiments and the overall ac- A suitable method for investigating speech intelligibility
cent ratings from the original pairwise comparison experi-at the phoneme level is the semi-open response consonant-
ment is given in Figs. 3 and 4. vowel-consonant tegvan Wijngaarden, 200}a

Clearly, the holistically perceived foreign accent is re-
lated to clarity of articulation as well as fluency. The very
high correlation between the overall ratings and the ratings ~ The same 15 talkers were used as in the accent rating
for clarity of articulation indicate that clarity of articulation €xPeriment. A group of 20 Dutch university students of vari-

is the most important factor for the perception of overall®Us disciplinesnot including languages or phoneticaged
accent strength 17-26, were recruited as listeners.

1. Subjects

Some of the 15 talkers are relatively similar in terms of
the severity of their foreign accent. The data is arranged®. Speech reception threshold (SRT) method
more conveniently by grouping the talkers into categories of  The SRT test gives a robust measure for sentence intel-
accent strength. The 15 talkers were divided into four catfigibility in noise, corresponding to the speech-to-noise ratio

egories of accent strength based on the pairwise comparisahat gives 50% correct responses for short redundant sen-
ratings. This division into categories is given in Table Il.  tences.
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TABLE II. Separation of talkers into four different categories of foreign recognition in theabsenceof noise (i.e., the psychometric
accent strength, according to pairwise comparison ratings function was tested for showing ceiling effectThis is a

Accent strength  Category Category  Category Category necessary requwement for the distribution-fitting procedure
I I Il v to yield meaningful results.
Accent ratingr r<s—1 —1<r=<0 o<r=1 r>1
Talkers DM-1 EM-8 EF-7 GM-5 4. Semi-open response consonant-vowel-consonant
DM-2 CF-13 PM-10 CF-14 method
DF-3 GM-4 PF-12 PF-11 .
GE-6 EM-9 CE-15 A semi-open-response  CVC (consonant-vowel-

consonantintelligibility test, specifically developed for the
purpose of testing phoneme intelligibility with non-native

In the SRT testing procedure, masking noise is added t§ubjects, was used for"measuring speech iqtelligibility at the
test sentences in order to obtain speech at a known speediioneme levelvan Wijngaarden, 200)aUsing nonsense
to-noise ratio. The masking noise spectrum is equal to thg_onsonant-voweI-consonant words, the recognition of 17 ini-
long-term average spectrum of the test sentences. After préi@l consonants and 15 vowels was systematically measured
sentation of each sentence, the subject responds by oralfjith 16 native listeners. _
repeating the sentence to an experimenter. The experimenter Because of the time-consuming nature of the test, only

compares the response with the actual sentence, and decidB§ three Polish talker$>M-10, PF-11, and PF-]2vere in-
whether the response is correct. cluded, as well as a single native Dutch talkBiM-2) to

The first sentence of each list of 13 sentences is initiallyS€'Ve as a native baseline. To measure the effect of noise on
presented at such a low SNR that is very likely to be uninhoneme recognlltlon, the experiments were carried out at
telligible to the listener. This same sentence is repeated untiPU" Speech-to-noise ratids-9, —3, +3, and+9 dB). The
it is responded correctly, the SNR going up in 4-dB Steps_maskmg noise used in this experiment had a long-term spec-
This is done to quickly converge to the 50% intelligibility rum equal to that of speech by the tested talker.
threshold. The remaining 12 sentences are only presented
once. If every word in the responded sentence is correct, thB. Results and discussion
noise level for the next sentence is increased by 2 dB; after
an incorrect response, the noise level is decreased by 2 dB, SRT scores of non-native talkers
By taking the average speech-to-noise ratio over the last ten
sentencesignoring the first sentences of the list to eliminate
initialization effects, the 50% sentence intelligibility thresh-

Speech reception thresholds for each of the 12 L2 talk-
ers, as measured with 20 native listeners, were all equal to or

old (SRT) is obtained. h|gh¢r_th§1n for the three natllve talkers. This means that the

intelligibility of the L2 talkers is, as expected, equal or lower,
3. Measuring the slope of the psychometric function compared to native speakers of the Dutch language. The
for sentence recognition in noise mean SRT score for each talker is given in Table III.

SRT scores characterize the psychometric function of Thhe_ rell‘f_lt'%nl. be_:twehen pt_arcFe_lveg foreign accent and
sentence intelligibility by a single value: the SNR for which Speiﬁ hmtehlglhl Ity is s ownl n Ilg. h.' h latiorR
50% sentence recognition occurs. Since sentence intelligibil- though there is a relatively high correlatiorR{

ity as a function of SNR is known to be a steep function, the_ 0.70), there IS some reS|duaI_ variance in SRT scores th_at
50% point gives sufficient information for many applica- cannot be explained from foreign accent strength. This is

tions. However, most speech communication in real Iifepartly normal inter speaker variability, which is also ob-
takes place at speech-to-noise ratios corresponding to other

intelligibility levels than 50%. We would therefore like to TABLE lll. Mean SRT scores and associated standard erfdrsZ0).

know the full psychometric function, so that we can predict

. T L Native Standard
the SNR necessary to meaty intelligibility criterion. Talker language Mean SRT error
By modeling the psychometric function as a cumulative
normal distribution(e.qg., Versfeldet al, 2000, we can fully ij 83:22 :g'gg 8'52
describe it with two parameters: the mearhich is the SRT DE-3 Dutch 112 0.26
and the standard deviatidar, equivalently, the slope around GM-4 German 25 0.39
the meah These two parameters were determined by first GM-5 German 2.7 0.32
measuring the SRT50% poin} following the standard pro- GF-6 German —0.46 0.26
. EF-7 Am. English 0.8 0.32
cedure, and next measuring percentages of correct responses_, ‘o Am. English 0.38 024
for SNR values 2 and 4 dB above and below the SRT value ¢),q Am. English 186 0.38
(using five sentence lists altogethéFhe mean and the slope PM-10 Polish 1.96 0.46
of the psychometric functiofin % per dB around the 50% PF-11 Polish 3.6 0.45
point were estimated by fitting a cumulative normal distribu- ~ PF-12 Polish 19 0.41
: : : - CF-13 Chinese 0.68 0.46
tion through these point&Gauss—Newton nonlinear Jfit 14 Chinese 19 0.46
Before the actual SRT tests and slope measurement tests, ~g_;5 Chinese 0.82 0.30

all conditions were verified to yield 85% to 100% sentence
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4 TABLE IV. Mean (SRT) and slope of the psychometric function for sen-
A tence recognition in noise. Means and standard errors across five listeners
3 are given.
A
. A Accent Native 50%-point s.e. 50%- Slope around s.e.
CZC 2 - M AA Talker category language  (dB) point  50% (%/dB) slope
7]
% DM-1 | Dutch 0.2 0.3 12.2 1.0
= 1 A A DM-2 | Dutch -1.0 0.4 134 1.4
% A A DF-3 | Dutch —-0.7 0.4 12.2 1.2
0 CF-13 Il Chinese 0.7 0.4 10.5 0.9
u A PM-10 Il Polish 1.8 0.4 8.9 0.8
4 AL2 talkers PF-11 [\ Polish 3.6 1.1 8.3 15
* M native Dutch talkers
-2 1 (') 1 2 Table IV shows that, as proficiency increases, the mean
2 -

of the psychometric function shifts, but the curve becomes
Overall accent rating steeper as well. This is further indicated by Fig. 6, which
shows the full psychometric functions according to the data
FIG. 5. Relation between foreign accent ratings and SRT scores for speegh Table IV, assuming that these follow a cumulative normal
intelligibility. Accent strength is significantly correlated with speech intelli- distribution
ibility (R?=0.70). . ) . . s
gibiity ( ) Figure 6 clearly shows that the reduction of intelligibil-

. _ ity of non-native speech depends both on the proficiency of
served for the native talkers. There is also a somewhat loweghe talker and the speech-to-noise ratio. It is interesting to
b-ut still Signiﬁcantz, Correlation. between Self-reported profi'observe that the psychometric functions coincide near 0%, at
ciency and SRTR"=0.59). This means that accent ratings 5 speech-to-noise ratio that is more or less the same for na-
from pairwise comparison experimentsig. 5 as well as  tive and non-native talkers. Only as the speech-to-noise ratio

self-ratings hold a predictive value for speech intelligibility. rises, do differences between the talkers become apparent.
When comparing Table Il and Fig. 5 to similar data for

non-nativelistenersinstead of talkerge.g., van Wijngaarden 3 ph »

) . . Phoneme recognition
et al, 2002, it appears that the effect of non-native speech
production on intelligibility tends to be smaller than that of SO far, all presented speech intelligibility data was based
non-native perception. The worst-case SRT deficit for an L22n complete sentences. In all cases, near-perfect intelligibil-
talker is around 5 dB in this experiment, compared to 7 dBity of these sentences was found to occur in the absence of
for non-native listener of roughly comparable proficiency. Innoise. Such good performance, despite the influence of for-
a within-subjects study comparing effects of L2 production®ign accents, is largely possible because of context effects.
versus L2 perception, perception was also found to be oThe recognition of individual SpeECh sounds is much aided

greater influencévan Wijngaarden, 200}1a by word and sentence context.
A complication arises when comparing the influences of

different foreign accents—the relation between the native
2. Slope of the psychometric function for sentence language of the talker and the language that is spoken is
reception likely to have an important influence on the patterns of pho-

Because of the large number of test sentences needd§me confusions that occur. To prevent confounding of this
per condition, the slope of the psychometric function for sen-

tence recognition was not measured for all talkers, but only '® ' ' ’ e
for one talker out of each category given in Table Il. Since 9o | —— Accentcategory | DF-3) YA 1

. N S . —— Accent category 1l (CF-13) y e
perceived accent strength and intelligibility correlate well, it gol | — - Accent category Iil (PM-10) /s i
can be assumed that the division into accent strength categcg ~=- Accent category IV (PF-11) / A

ries holds as a division in categories for intelligibility effects. & 701
The selected talkers are the ones closest to the mean of the

category in terms of foreign accent rating.
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three included, in order to be able to get an impression of theS, 4o}
regular (native) interspeaker variability. The mean of the
psychometric function and the slope around the 50%-point
are given in Table IV. 208
Please note that the 50%-point of the psychometric func- 4o}
tion as reported in Table IV is essentially the same measur¢
as the SRT reported in Table Ill, but determined with another %5
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paradigm. The correspondence between these values for th. Speech-to-naise ratio (DB)
same talkers is good; the difference is smaller than 0.4 dB fog g 6. average psychometric functions for the recognition of sentences by
any talker. four talkers, differing in accent strength.
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100

TABLE V. Values of R? (explained variangefrom an analysis of the cor-
£ o0{ [®DM-2(native) relation between specific vowel recognition errors for individual talkers.
Y X PM-10 High values ofR? indicate that the recognition errors of the 15 individual
s 801 * L
ps APF-12 vowels follow the same patterns for each of the individual talkers. None of
£ 1 |gpe1 o the correlations is statistically significant.

E 60 x
$ 50 * A R? DM-1 PM-10 PF-12 PF-11
§ 401 g DM-1 0.17 0.03 0.01
2 301 QR PM-10 0.17 0.06 0.07
8 2 A PF-12 0.03 0.06 0.01
3 PF-11 0.01 0.07 0.01
E 101

0 r " r

-9 -a 3 9

in both languages, but are always at lesigtilar. The other
nine vowels included in the Dutch CVC tg@cluding three
FIG. 7. Percentage of correctly recognized initial consonants in CVC Wordsdlphthomg$ _do not occur in Polish at all. . .
for three Polish and one Dutch talker speaking Dutch, as a function of 10 See if the patterns of vowel confusions are consistent
speech-to-noise ratignean values across 16 native listeners; standard erroracross talkers, the percentage of correct recognition is calcu-
are in the range of 2-4.5 percent pojnts lated separately for each of the 15 tested vowels. The corre-
lation between these specific vowel recognition scores indi-
effect with the effect of talker proficiency, only Polish talkers cates whether or not the vowel confusion patterns are
are compared to ébaseling Dutch talker(see Figs. 7 and)8  consistent between L2 talkers. As Table V shows, there
There is a cleafand statistically significantoverall ef- seems to be no consistency, despite the common language
fect of foreign accent on initial consonant recognitigfig.  background of the L2 talkers. This was also informally ob-
7), but the lowest-scoring talker is not the talker with the served by inspecting vowel confusion matrices for the indi-
accent that was rated to be the strongest. At the highestdual talkers. The lack of consistency in auditory judgments
speech-to-noise ratio+9 dB), the ceiling for initial conso- of L2 speech sounds is a known phenomeribeather,
nant recognition is not yet reached. 1983. When testing hypotheses regarding the L2 speech
The recognition of individual voweléFig. 8) appears to  learning process, this inconsistency is experienced as a prac-
be explainable by means of foreign accent strength: th&cal problem. However, when quantifying the intelligibility
stronger the perceived foreign accent, the lower the “ceil-of cross-language speech communication, it reflects the situ-
ing” to which the percentage of correctly recognized vowelsation that occurs in practice: poorly pronounced speech
rises as the noise level decreases. This suggests that the 8@unds are less likely to be correctly heard, but what they
talkers consistently mispronounce some vowels. Since thwill sound like to the listener is unpredictable.
talkers are from the same language background, one might The speech learning modeéSLM; Flege, 1992, 1995
expect that they all have difficulties pronouncing the samepredicts that late L2 learners, such as the Polish talkers in our
vowels. The Polish vowel system has eight vowels, of whichexperiments, are able to mastampletely new.2 sounds to
six (/lieaou) also occur in Dutch, and are included in the perfection, if provided with sufficient phonetic input. Speech
CVC test. Individual realizations of these vowels differs be-sounds that areimilar to sounds that occur in L1 are never
tween Dutch and Polish, depending on context; specificallygompletely learned; these sounds are “mapped” onto L1 cat-
vowel duration is used differently in Dutch than in Polish. egories in L2 perception and production. For our CVC ex-
Hence, these six vowels are in practice not alwayssdrme  periment, this implies that we may expect different relations
between overall proficiency and recognition of the nine new
100 versus the six similar vowels. In Fig. 9, the scores for “new”

Speech-to-noise ratio (dB)

90| [oDM2 pative) . ¢ and “similar” voy\{els are given for the different t_alkers_. 3
~ g0l [xPMm-10 The recognition of new vowels does not differ signifi-
% 70| |APF12 ¢ cantly between the L2 talkers, despite differences in profi-
‘§ e0 | [BPF-1 X X ciency and over.all intelligibility. The recognition of similar
% 50 | X o vow_el_s does differ between L2 talkers: the _I(_)west-

g 40 ] o a proficiency talker shows the_loyvest over_all recognition per-
% 2 | centage of vowels that are similar to Polish vowels. For this
z E talker (PF-11, new vowels are recognized better than similar
= 20 vowels, while for talker PF-12 the opposite is true. When
12' regarding the proficiency difference between PF-11 and PF-

12, the difference in vowel recognition patterns is as pre-
dicted from Flege's SLMFlege, 199h

-9 -3 3 9

Speech-to-noise ratio (dB) .
4. Relation between phoneme and sentence
FIG. 8. Percentage of correctly recognized vowels in CVC words for threeintelligibility
Polish and one Dutch talker speaking Dutch, as a function of speech-to- . .
noise ratio(mean values across 16 native listeners; standard errors are in the The overall recognition of Semencéé@- 6), althoth

range of 2.2—5.3 percent poijts fundamentally based on phoneme recognition, follows a
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FIG. 9. Percentage of correctly recognized vowels for two sets of vowels: Vowel recognition (%)

Dutch vowels that are the sanf@r similarn in Polish, and Dutch vowels that " . "
A - FIG. 10. Sentence recognition as a function of vowel recognition for three
are new to Polish learners of the Dutch language. Th? error bars indicate trEealkers: one native, two non-nativat four different speech-to-noise ratios
standard errorN=16; mean percentages taken per listener (=9, —3, 3, and 9 dB To guide the eye, and exponential curve is fit to the
data of each talker.

somewhat dllfferent pattern than the recognition .of |nd|V|duaI|V_ RELATION BETWEEN SPEECH INTELLIGIBILITY
phonemeS(Flgs. 7 and 8 The difference that is perhaps AND ACOUSTIC-PHONETIC MEASURES
noted first is that ceiling effects as observed for vowel rec-

ognition appear absent from sentence recognition rebults™ Global acoustic measures

When no noise is present, the sentences are sufficiently re- The effects of specific talker-related influences on
dundant to allow native listeners to make up for the faultyspeech intelligibility are clearly present in the speech signal,
recognition of individual phonemes by making use of sen-since these are related to the source of this speech: the non-
tence context. native talker. It is thus conceivable that an acoustic-phonetic
For native speech, when assessing speech intelligibilitpnalysis of foreign accented speech could yield objective
in rooms, or speech transmission quality of communicatiorpredictions of the effect of foreign accent on intelligibility.
channels, the applied methods mostly make use of phonem@he potentials of having such objective predictions, if suffi-
level stimuli. Although one is invariably interested in trans- ciently reliable, are great. Instead of needing a talker’s self-
mission of complete messages rather than individual photatings for foreign accent, or some other measure that may be
nemes, there are good reasons to use a phoneme-baé@ﬁicult to Obtain, |nte”|g|b|l|ty can then be predicted from
method. An advantage over sentence-based tests is that pmpysical measurements. Within the scope of this article, only
neme tests do not have such a steep transition around 506;§,Iatively simple acoustic-phonetic measures were consid-

giving a better coverage of the range from excellent to venyf"€d; because methods that are complex or require great an-

poor conditions. As long as a one-to-one relation betweefiotation effort will probably have limited applicability.
Bradlow et al. (1996 distinguish “global” and “fine-

phoneme and sentence intelligibility is observed, phoneme 4" talker oh A dicting the infl ¢
intellgibility can be used as a predictor for the intelligibilty 9" Ean(er charac:er!s:!cs n pre 'C“hngtt Mimglaiy
of entire messages. Ceiling effects do, in this case, occur fo coustic talker characteristics on speech intetligioiiity. 1ypl-
. . cal global characteristics are measures related to pitch and
vowels(Fig. 8), and perhaps also for consonants. This means . i . ! . R
: e Speaking rate; typical fine-grained characteristics include
that this condition is apparently not always met for non- A e :
native speech; hence, phoneme-based results can not alwa{g/goneme catggorlzanon anq segmental timing r_elat|ons.
b lied ’ ' dictor for the intelliaibility of To investigate the relation between speaking rate and
€ refied upon as a predictor for the intefiigibiiity of mes- intelligibility for non-native talkers, the results from the SRT
sages. Thls_ls further illustrated by Fig. 10, which Comb'”esexperimente{TabIe IIl) were used. The SRT sentence record-
data from Figs. 6 and 8. _ _ings had been paced by means of a visual time indicator,
Because of the ceiling effects in the vowel recognitiony)joying the talkers up to a maximum of 2.6 s for each SRT
scores, thénearly one-to-one relation between sentence antsentence. The talkers had been instructed to maintain a con-
vowel intelligibility observed for the native talker is not re- sant speaking rate across all sentences, trying to use as much
intelligibility of non-native speech caneverbe predicted of this pacing method, smaland in some cases statistically
from phoneme level results. In this case, for instance, initiakignifican} differences in talking rate were observed be-
consonant recognition can be used to predict sentence intalveen talkerg0.40—0.65 sentences per secorkh analysis
ligibility much better than vowel recognition. However, the of the relation between talking rate and SRT revealed, how-
current results indicate that phoneme-based measures that &er, no significant correlations. Med0 and FO range
known to predict sentence intelligibility in native speech re-(mean difference between highest and lowesétin a sen-

quire validation before applying those measures to nontence were found to vary across talkers, to the same degree

native speech. for native as well as non-native talkers. The latter indicates
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TABLE VI. Percentage of vowel&en vowels, three realizations eaaor- were subjected to a two-way ANOWahe two factors being

rectly classified according to the vowel regions by Retlsl. (1973. native/non-native and vowel categdryA significant (P
Correctly <0.01) main effect of native versus non-native was found.
Accent classified The percentage correct classification was also found to cor-
Talker category (%) relate significantly with accent ratingR{=0.57) and SRT
DM-1 (native | 83.3 (R?=0.67). This means thaF of Fhe acoustic—phonetic mea-
DM-2 (native | 86.7 sures that were considered in this study, this is the only one
GM-4 I 60.0 that was found capable of predicting intelligibility effects of
EM-8 I 70.0 non-native speech. Unfortunately, it is also the measure that
EM-9 . 63.3 is the most difficult to obtain. It requires detailed and reliable
PM-10 1] 63.3 o .
GM-5 Y, 73.3 a priori knowledge of the nativ&é1-F2 plane, and hand-

labeling of suitable stressed vowels for each talker.

that pitch variations are applied by natiamd non-native
talkers. Howeverl-0 andFO0 range did not correlate signifi-
cantly with SRT or CVC results, meaning that these mea-  Foreign accented speech tends to be less intelligible than
sures can not be used as predictors of speech intelligibilitynative speech. The results presented in this article confirm
that L2 experience is an important determining factor for the
intelligibility of a non-native talker.

The overall effect on speech intelligibility is propor-

A more fine-grained talker characteristic that is known,tional to the degree of foreign accem®¥=0.70). Hence, by
at least for native talkers, to correlate with speech intelligi-estimating the severity of a talker’s accent, a first impression
bility, is vowel space sizée.g., Bradlowet al, 1996. Larger  of the intelligibility effects is obtained. Moreover, a talker’s
vowel spaces tend to lead to more intelligible speech in naewn opinion of his L2 proficiency can also be used as a
tive talkers. predictor of speech intelligibility R%=0.59).

Of each of the 15 talkers, mid-vowel formant frequen- For non-native speech, the recognition of individual
cies were calculated for 3 stressed instances of 11 differeqthonemes may sometimes be impaired even in the absence
Dutch vowels. First, the overall variance L andF2, for  of noise. In the case of the Polish subjects who participated
all 33 vowels of each talker, was considered, as a broath this study, this was found to be the case for a large fraction
estimate of vowel space size. This variance did not correlatef the Dutch vowels. Nevertheless, sentence intelligibility
with SRT results R?=0.03, across 15 talkersnor with  could still reach 100%. This shows the powerful effect of
CVC vowel recognition scoresR¢=0.07, across 4 talkers contextual information in human speech recognition. The
This means that the size of the vowel space does not predigractical implication for quantifying the overall effects of
intelligibility differences between non-native talkers. foreign accent on speech intelligibility is that sentence-based

The ratio between within-vowel variance and overall methods seem to be more suitable than phoneme-level meth-
variance was also determined. In this way, essentially byds. Before using any phoneme-level test result to predict the
comparing the statistical spread of different instances of thintelligibility of non-native speech, the existence of a revers-
same vowel to the spread afl vowels, a coarse indication ible one-to-one relation needs to be established.

V. GENERAL DISCUSSION AND CONCLUSIONS

B. Fine-grained acoustic measures

of “discriminability” in the F1-F2 plane is obtained. How- Objective phonetic-acoustic measurements are not easily
ever, this variance ratio does not correlate significantly withapplied to predict effects of foreign accent on intelligibility.
non-native CVC or SRT results either. Of several global and fine-grained acoustic phonetic mea-

For non-native talkers, one could expect the decreasesures, the only one found to correlate significantly with in-
intelligibility to result from a distorted rather than just a re- telligibility was a measure that quantifies the deviations be-
duced vowel space. Distortion, in this context, is not as easgween a talker’s owr(non-native vowel realizations to the
to measure as reduction, since it requires a priori knowledgaative F1-F2 plane. However, this measure is not particu-
of how the vowel space should be organized to be perceptuarly suitable for intelligibility predictions. The fact that the
ally acceptable. Such a priori knowledge can in some casgzocess of obtaining this measure is laborious, and requires
be taken from vowel space studies, such as reported by Potetailed knowledge of the nativel-F2 plane, was already
et al. (1973 for Dutch vowels of 50 male talkers. Pads$ al. mentioned. Moreover, the measure is only concerned with
defined vowel categories in tHel-F2 plane as maximum- vowels. The relation between vowel recognition and sen-
likelihood regions, indicating clear borders between categotence intelligibility was showmotto be a one-to-one relation
ries. The samd-1-F2 data as used for calculation of the for non-native speech; any measure related to vowel space
variance ratios was applied to determine which percentage ahould be expected to suffer the same limitations.
the vowels are correctly categorized according to the regions As a final note, it is important to realize that all experi-
by Polset al. (only for the male talkeps The results are ments described in this article were concerned with the in-
given in Table VI. telligibility of recordednon-native speech. In real conversa-

The scores for the two male native talkers are highetions, non-native talkers have the ability to respond to
than for the non-native talkers. The mean percentages of colisteners’ apparent comprehension of their speech. They are
rect classification per vowel, for all of the talkers in Table VI, also less likely to use words or grammatical constructions
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