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While the Speech Transmission IndgXT1) is widely applied for prediction of speech intelligibility

in room acoustics and telecommunication engineering, it is unclear how to interpret STI values
when non-native talkers or listeners are involved. Based on subjectively measured psychometric
functions for sentence intelligibility in noise, for populations of native and non-native
communicators, a correction function for the interpretation of the STl is derived. This function is
applied to determine the appropriate STI ranges with qualification |dtiedsl”—“excellent” ), for
specific populations of non-natives. The correction function is derived by relating the non-native
psychometric function to the native psychometric function by a single parammetétor listeners,

the v parameter is found to be highly correlated with linguistic entropy. It is shown that the proposed
correction function is also valid for conditions featuring bandwidth limiting and reverberation.
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I. INTRODUCTION belek and Donahue, 198dggravate the intelligibility effects
of non-native speech communication.

The intelligibility of speech is generally considered to For various applications, it would be very useful to have
depend on the characteristics of the talker and the listenean objective, quantitative intelligibility prediction method
the complexity of the spoken messages, and the characterithat is capable of dealing with non-native speech. In Sec. Il
tics of the communication channel. Objective speech intelli-of this article, the suitability of existing objective speech
gibility predictions models have been shown to accuratelyintelligibility prediction models for non-native applications
predict the influence of the communication channel characis discussed.
teristics on speech intelligibility. An example of such a Section Il continues by proposing a way in which the
model is the Articulation IndexAl) model (French and Speech Transmission IndgSTl) can be used in various
Steinberg, 1947; Kryter, 1962and more advanced models non-native scenarios. Section IV contains a validation of this
based on the Al, such as the Speech Intelligibility In¢eN; approach for speech in noise, bandwidth limiting, and rever-
ANSI, 1997 and the Speech Transmission Ind&q|; IEC, beration.

1998; Steeneken and Houtgast, 1980; Steeneken and Hout-

gast, 1999
In some cases, the overall speech intelligibility that ig!l: SUITABILITY OF OBJECTIVE INTELLIGIBILITY

experienced is clearly affected by factors other than th(J,?REDIC-I—ION MODELS FOR NON-NATIVE SPEECH

physical characteristics of the channel. Individual talker dif-A. Speech transmission quality versus speech
ferences(Bradlow et al. 1996; Hood and Poole, 198@nd intelligibility

message complexityPollack, 1964 were already men- Speech intelligibility can be thought of as the success
tioned. Other examples are individual differences in speakingha+ 4 source and a receivéalker and listenar have in
style (Pichenyet al. 1983 and hearing lossPlomp, 1978 yangmitting information over a channel. Each unique talker—
~ An important determining factor for speech intelligibil- |istener pair has a certain potential for transmitting messages
ity is language proficiency, of talkertvan Wijngaarden ¢ 5 given complexity. The quality of the transmission chan-
etal, 20023 as well as listener¢van Wijngaarderetal, | determines how much of this potential is realized. A typi-
2002h. Learning a language at a later age results in a certaigy)| yransmission channel could be a phone line, a public ad-

degree of Ilmltathn to language proﬁ_uen@lgge, 1995 dress system, or the acoustic environment of a specific room.
So-called non-native speech communication is practically al- Objective prediction models are especially good in
ways less effective than r_1ative communicatio_n. The i”te”i'quantifying speech transmission quality. The influence of
gibility effects of non-native speech production and non-,qiors determining speech intelligibility related to talkers
native —perception show an interaction with speechy,q jisteners, rather than the channel, has been incorporated
transmission qualitythe quality of the channglSpeech de- 4 5 |esser degree. A proficiency factor has been proposed
grading influences such as noigguuset al, 1986; Floren-  pgy|ovic and Studebaker, 198%or incorporating talker-

tine et al, 1984; Florentine, 1985and reverberatioiNa- 5.4 jistener-specific factors into the framework of the articu-
lation index, but this has not been developed to a level where
dElectronic mail: vanwijngaarden@tm.tno.nl practically useful predictions can be obtained.
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TABLE |. Relation between STI and qualification labels. 2. The Speech Intelligibility Index (SlI)

Label STI lower boundary STI upper boundary The Sll is an extension of a widely used version of the
Bad 030 articulation index(Kryter, 1963 by incorporation the find-
Poor 0.30 0.45 ings of Pavlovic, Studebaker, and othdesg., Pavlovic,
Fair 0.45 0.60 1987; Pavlovic and Studebaker, 1984; Studebadieal.,
Good 0.60 0.75 1987. Instead of the MTF, the SlI uses a band audibility
Excellent 0.75 e

function (based on the speech-to-noise ratio as a function of
frequency to quantify the contributions of different fre-
quency bands to speech intelligibility.

To predict the intelligibility of non-native speech, the The contribution of different frequencies to the SlI is
interaction between speech transmission quality and largiven by a frequency importance function. The ANSI stan-
guage proficiencyquantified, for instance, by a linguistic dard associates different frequency importance functions
entropy measujeof talkers and listeners needs to be studiedith different measures of speech intelligibility. This means

that the Sl is not just a measure of speech transmission
quality: it is designed to predict intelligibility according to
B. Features of the Sll, STI, and SRS models different evaluation methods. Different Sl values may be

At least three speech intelligibility prediction models calculated for the same channel, depending on the chosen
presented in open literature show promise for predicting thdrequency importance function.
effects of non-native factors: the Speech Intelligibility Index ~ Poor communication is associated with Sl below 0.45;
(Sll; ANSI, 1997, the Speech Transmission IndéSTI; good communication yields an Sll in excess of 0.75.

IEC, 1998, and the Speech Recognition Sensitii§RS;
Musch and Buus, 2001anodels. Features of each separate

model that are related to suitability for non-native applica-3 the Speech Recognition Sensitivity (SRS) model
tions are summarized in this section.

The SRS model, which uses statistical decision theory to
explain how information is used across frequency, has quite
recently been proposed, and has been shown to accurately

The Speech Transmission Index combines the genergredict intelligibility in a number of casgdisch and Buus,
concept of the articulation index with the observation that2001a; 2001p The SRS model explicitly includes listener-
speech intelligibility is related to the preservation of the en-related factors that determine intelligibility, such as the
velope spectrum of speech. The transmission quality of @ower of “cognitive noise” that can be adjusted to fit the
channel is characterized by its modulation transfer functiorlistener population. The predictability of the speech material
(MTF), which quantifies distortions in both the time and fre- (number of response alternatives in a recognition)tasélso
quency domain(Houtgastet al, 1980. The MTF is ex- included in the model. The model can be applieddoali-
pressed as a matrix, giving a modulation indmxas a func-  tatively) explain the relation between linguistic entropy and
tion of 7 octave band$125-8000 Hx and 14 modulation speech intelligibility (see also Bronkhorstt al. 2002; van
frequencieg0.63—-12.5 Hx. For conversational speech, us- Rooij, 1991; van Wijngaardeet al, 2002b. This is an at-
ing a wider range of modulation frequencies to 31.5 Hz  tractive feature in the context of non-native speech commu-
gives more accurate STI results in the presence of reverberaication, where linguistic entropy tends to be an important
tion (van Wijngaarden and Houtgast, 2003 variable.

The STI is purely a measure of speech transmission
quality: it indicates to which degree the channel allows talk-
ers a_nd Iiste_ngrs to fulfill their potential for speech commu- , STI, SIi, and SRS in relation to non-native speech
nication. Individual properties of talkers and listeners are not
taken into account. The relation between STI and speech Of the prediction models described above, the SRS
intelligibility has been verified and documented using vari-model is theoretically best equipped for dealing with non-
ous speech intelligibility measurege.g., Houtgast and native speech. Effects of non-native speech communication
Steeneken, 1984 can be integrated directly through the model parameters. De-

To facilitate the use of the STI as an acceptability crite-spite the elegance of such a solution, the choice was made to
rion, qualification label¢“bad”—"“excellent” ) have been at- base the approach proposed in this paper on the(i8Ta
tached to ranges of STI valu€Bable |). The ranges of Table manner to allow easy adaptation to the)Shlot the SRS. The
| are based on the relation between STI and intelligibility for main reason is that, in order to make the results of our study
normal hearing, native subject populations, pragmaticallyas readily applicable as possible, a prediction method is
taking “round” STI values as the category boundariE8O,  sought that can be integrated seamlessly with tools already
2002. widely used to predict speech intelligibility, by researchers as

Commercially available measuring devices and measumwell as engineers. The fact that the SRS method(yet to
ing software can be used for situ STI measures, or the STl prove its validity and applicability as an operational tool out-
can be calculated from theoretical knowledge of the channeleighs, for the purposes of the current study, its theoretical
(such as the output of room acoustics simulation softyvare appeal.

1. The Speech Transmission Index (STI)
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IIl. PROPOSED CORRECTION OF THE STI STI
QUALIFICATION SCALE FOR NON-NATIVE SPEECH 100 0.10 0.30 0.50 0.70 0.90
COMMUNICATION

A. Rationale for correcting the qualification scale

Modifying the STI method by including a proficiency
factor (Pavlovicet al, 1984 may seem attractive at first. It
would change the index from a measure of speech transmis-
sion quality into more of an overall intelligibility predictor.
However, the STI is commonly used to characterize commu-
nication channelgrooms or equipmeit often for verifica-
tion against certain minimum criteridSO, 2002. A talker-, ‘ )
listener-, or message-dependent STl may correlate better 0 2 6 0 6 12
with intelligibility, but may also create confusion: the same Speech-to-noise ratio (dB)
channel can be characterized by various ST values, depenfl. 1. schematic representation of the procedure for deriving a correction
ing on factors other than the channel. function for non-native interpretation of the STI. The psychometric curves

We therefore propose to leave the STI calculation ande fictit‘ious, but repr_eser?tqti_v_e of those found when measuring native and
measurement procedures unchanged. Instead, our approdtii-native sentence intelligibility.
is to make theinterpretationof the STI dependent on lan-
guage proficiency. This is done by correcting the qualifica-  Functionsf(r) to calculate the STI for different choices
tion scale(Table ) for non-native speech communication. of physical parameter, such as bandwidth, speech-to-noise
For each population of talkers and listeners, a specific corratio (SNR), and reverberation times, are known. The opera-
rection applies, which makes sure that the qualification labelg§ons visualized by Fig. 1 can only be carried out mathemati-
(“bad”—"excellent” ) correspond to the same speech intelli- cally if the relationf(r) is reversible, meaning that E¢l)
gibility as they normally do for native speech. must be a unique function

r=f"1(STI. (1)

This is, for instance, the case for additive noise that has the
. . . same long-term spectrum as speech, provided that no other
The key to relating the STI to non-native intelligibility speech degrading factors are preséme case of Fig. 1 The
lies in the difference between the psychometric functions folgNR then fully determines the STI, so each value of the STI

native and non-native speech recognition. The psychometrigorresponds to a single SNl that is needed to calculate
function 7r(r) gives the percentage of correctly recognizeda correction function is a model of the psychometric func-
test units(phonemes, words, or sentencess a function of  tions shown in Fig. 1. Of the possible choices for indepen-
an independent variablg which is a physical measure of gent variabler, the SNR is the easiest and most directly
speech degradatiofsuch as speech-to-noise ratio, SNR  accessible option, and will be used throughout this paper.
cases where the independent parameter has a monotonic re- after mathematically derivinglor numerically imple-
lationship with the STI, a correction function can be derivedmenting the correction of Fig. 1, it can be applied to the STI

that relates a calculated or measuxédative”) STI, to @  poyndaries of Table I. For each population of L2 talkers and

“non-native STI” that is required to obtain the same intelli- |isteners, the correction function will be different, leading to
gibility in case of non-native communication. This correction specific versions of Table I.

function can then be applied to the qualification scale bound-
aries, relating the standard STI to the proper qualification
labels for non-native communication. Please note that th
correction function is used to calculate treqjuired STI to
achieve a certain level of intelligibility, not to change the STI
value itself. Assuming that the psychometric function for natitéd)
Figure 1 is a visual representation of a correction func-speech may be approximated by a cumulative normal distri-
tion, where the independent variablés the speech-to-noise bution (e.g., Versfeldet al, 2000, it is best described by
ratio. The noise spectrum is presumed to be equal to the (

Wooeoeesocese

- L1
T2

speech intelligibility (% correct)
ar
<

B. Method for correcting the qualification scale

1. Principles of the correction function

S Deriving the correction function from psychometric
function models

M=

OL1

long-term average speech spectrum, and no speech degrad- m(r)=o
ing influences other than noise are present. This results in a

simple relation between STI and SNR, represented by thevhered(z) is the standardized cumulative normal distribu-
double horizontal axis labeling. The L1 and L2 psychometriction, x4 ando ; are the mean and standard deviation of the
curves in Fig. 1 are fictitious. Intelligibility qualifications distribution for fully native speech, respectively. A straight-
(Table ) represent different levels of intelligibilitythe ver-  forward way to derive a correction function is to assume that
tical axis in Fig. 1. By following the arrows, the required Eq. (2) also holds for non-native speech, in which case
native STI to reach a certain level of intelligibility is trans- and o, will depend on the average proficiency level of the
lated into a required non-native STI, that corresponds to theopulation. By solvingw ;= 5, substituting Eq.(1), a
same intelligibility. correction function as given in E¢3) is obtained

: @
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— (m 2 ando »), while allowing a very intuitive interpretation.
s 7 Another advantage has to do with artifacts at low SNRs
-/(;.4 - when calculating the STI correction function. Small errors in
~ estimates ofu and o may lead to an L2 psychometric func-
;oSS tion that is locally higher than the L1 function. Although the
7 o | difference in intelligibility at these SNRs is very small, the
Yy effect on the correction function according to E8) can be
;o I noticeable.
s A disadvantage of Eq) is that a correction equation
cannot be obtained in mathematically closed form by simply
solving 7 1= 7 5, if the L1 psychometric curve is modeled
as a cumulative normal distributidiq. (1)]. Sometimes the
logistic function is used as an approximation of the cumula-
tive normal distribution(e.g., Versfeldet al,, 2000. In that
FIG. 2. Examples of L2 psychometric functions derived from a cumulativecase, the correction function in closed form can be calculated
normal L1 psychometric functiofu=—2,0=3), according to Eq(4), for (see the Appendix However, due to differences around the
v=08,7=0.4,v=0.2, andv=0.1. tails of the distribution, small but noticeable deviations in the
calculated correction function are observed compared to a
f=1(STl ;) - pis c_orrection function based on the cumulative normal distribu-
) ,u,_z). (3)  tion.
A numerical implementation of the correction function
Thus, assuming that, for a certain type of test that measureds a function ofr was easily realized, based on E{, (2),
intelligibility as a function ofr, u ;, ando ; are known, the and (4), following the procedure visualized in Fig. 1. This
information needed to correct a required §T|int0 an numerical implementation was used to calculate the correc-
equivalent required ST} is a specification of the L2 popu- tion functions used in this study.
lation in terms ofu , and o ,.
Earlier results show that, , and o ,, when estimated
as two separate parameters, are not independent. They teBdComplexity of test material to use for measuring
to be highly correlated: when the mean of the psychometri@sychometric functions

function shifts, the slope also changes. This is related to the  \essage complexity and context effects are always key
behavior of L1 and L2 psychometric functions near 0% in-factors for speech intelligibilityPollack, 1964, but espe-
telligibility. In all cases, intelligibility starts to “build up”  ¢jally when non-native listeners are involved. Context effects
from 0% around the same SNR, for listendw@n Wiin-  influence speech intelligibility differently for non-natives
gaarderet al, 2002b: Fig. 11 as well as talkergvan Wijn-  than for nativesie.g., Mayoet al, 1997; van Wijngaarden
gaardenet al, 2002a: Fig. § In other words, L1 and L2 gt 5, 2002. This means that a correction function as visu-

psychometric curves share a common oridin Fig. 1 jjized in Fig. 1 depends on the amount of contextual infor-
around—12 dB). The most likely reason is that the detection mation in the test material.

threshold for L1 and L2 speech is the same; hence, contribu-  oyr aim for the correction function is to allow interpre-
tions to intelligibility are expected from the same S\Re  (ations of the STI for non-natives in the same way as for
detection thresho)dupward. However, as the SNR increases,natives, in practical situations where non-native talkers or
intelligibility rises more quickly for L1 than L2 subjects, |isteners are involved. This means that the test material used
causing the psychometric functions to diverge. This suggestg, optain correction functions must contain the same sources
that, instead of estimating the two paramefers andoi,,  of contextual information that are also expected in practice
the L2 psychometric function can be derived from the L1 telephone conversations, public address messages, etc.
psychometric function using a single parameteaccording  correction functions based on, for instance, psychometric
to Eq.(4) curves for phoneme recognition would have little practical
—1_(1_ v meaning; differences in use of contextual information would
ma(N)=1- (1= m, ()" @ simply not be included in the correction. A suitable choice of
The parametew (cf. Boothroyd and Nittrouer, 1988can  test material, representative of common situations involving
assume any value between(flo speech recognition at all non-natives, seems to be a corpus of everyday sentences,
and 1(native speech communicatiprand quantifies the de- carrying a representative amount of semantic, syntactic, and
gree to which non-native intelligibility is able to keep up lexical redundancy.
with native intelligibility as the SNR increases, from the de- The corrections used in this paper are all based on psy-
tection threshold upward. A family of psychometric func- chometric functions obtained using an implementation of the
tions according to Eq4), derived from a L1 psychometric Speech Reception Threshol@RT) procedure(Plomp and
function that follows a normal distribution, is shown in Mimpen, 1979. The SRT is the SNR at which the intelligi-
Fig. 2. bility of short, redundant sentences is 50%. Additional mea-
It appears that Eq(4) describes earlier experimental surements, at fixed SNRs around the SRT, were used to es-
data very well, with only one parametés) instead of two timate the slope of the psychometric functiofvan

g
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FIG. 3. (a) Psychometric functions, in terms of Z-score as a function of FIG. 4. (@ Psychometric functions, in terms of Z-score as a function of
SNR, for high-predictability (HP; »=0.36, u.,=—2.8dB, and o,  SNR, for high-predictability(HP; x ,=—3.4dB ando;=2.8dB) and
=2.8dB) and low-predictability(LP; »=0.50, u ;=0.6dB, and o, low-predictability (LP; u ,=—-0.5dB ando;=3.8dB) sentences, for
=4.6 dB) sentenceéafter Florentine, 1985 (b) the STI correction func-  three groups of nine subjects: monolingu@#ON), early bilinguals(bilin-
tions derived from these psychometric functions. gual since toddler, BT and late bilingualgbilingual post puberty, BPP;
after Mayoet al, 199%; (b) the STI correction functions derived from these

psychometric functions.

Wijngaardenet al, 2001). The speech recordings that were
used were part of the VU corpymale talkey of SRT sen-
tences(Versfeldet al, 2000. tions (given as Z-scores as a function of S\NReparate val-
ues ofu, ; ando ; were taken for HP and LP sentences, and
values ofv were obtained using a Gauss—Newton nonlinear
fitting procedure. The correction functions for HP=0.36)
1. Correction functions for different populations of and LP(»=0.50 sentences are given in Fig(L3.
listeners The difference between correction functions for high-

To summarize the previous section: a correction of thepredictability and low-predictability sentences is clear. The
qualification scale can be derived from any study that resultglifference inv can be seen as a quantification of Florentine’s
in native and non-native intelligibility of everyday sentences,finding that non-natives are not as able as natives to make
as a function of SNR. Several studies yielding such resultsise of semantic redundancy.
for non-native listeners have been reported. Following an approach similar to Florentine’s, Mayo

Florentine (1985 used the Speech Perception in Noiseet al. (1997 investigated speech perception of Mexican—
(SPIN) test(Kalikow and Stevens, 19770 measure intelli-  Spanish-speaking listeners in English. Groups of early bilin-
gibility of high-predictability (HP) and low-predictability guals (bilingual-since-toddler, BSJT and late bilinguals
(LP) sentences, with a mixed population of 16 non-native(bilingual-post-puberty, BPPwere compared to native En-
subjects. Results were compared to similar results for 1§lish subjects using the SPIN tésall groups consisted of
native (U.S. English listeners. The final word in HP sen- nine subjects. The original data are given in Figg)4the
tences was semantically predictable, the final word in LRderived correction functions in Fig.(4).
sentences was not. Scoring was based only on recognition of The correction functions differ between early bilinguals
the final word. This makes the HP sentences a more suitable’=0.64 for HP,»=0.57 for LP and late bilingual§»=0.15
candidate for deriving a correction function; since semantidor HP, »=0.22 for LP. The proficiency differences are re-
redundancy is important for practical non-native scenarios, iflected by differences in, and in relation to that, by the
should be reflected by the correction function. slope of the correction function.

The original data taken from Florentin€l985 are Earlier data from trilingual non-native listenefsan
shown in Fig. 8a). From the reported psychometric func- Wijngaardenet al,, 2002b yield similar results forv values

C. Qualification labels for non-native listeners
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tween linguistic entropy and the parameter is expected.
Linguistic entropy and psychometric function estimates were
obtained separately, using different subject gro(whkich
where matched for L2 proficiency, age, and geihdenfor-
tunately, this means that LGP results from that study cannot
be related to ther parameter on an individual level. How-
ever, the mean linguistic entrody can be compared to the
mean value ofv for three different languages: native Dutch
(L=0.53, v=1 by definition, English (L=0.70, v=0.57),
and Germanl(=0.87,»=0.23. The explained variance by
correlating these dateRf=0.995), if only on the basis of
three observations, seems promising.

To further investigate this relation, new experiments

H were carried out with eight native and eight non-native lis-

FIG. 5. STI correction functions for trilingual Dutch listeners of German teners. The non-native group consisted of L2 learners of the
(low proficiency, »=0.21) and English(high proficiency,»=0.52); w1 Dutch language, with different language backgrounds
=—0.50dB ando ;= 3.21 dB(after van Wijngaardeet al, 2002b. . . . .
(American English, Amharic, German, Greek, Hungarian, In-
donesian, Polish, and Tigrinyand different levels of profi-
ciency. All were late bilinguals, differing mainly in L2 expe-

lingual subjects were highly proficient in English, and yience six of the listeners could be classified as relatively
showed poor to moderate proficiency in German. The SR ow-proficiency subjects, with average of 4 years of experi-

sentence material used to obtain these results is closest to t@ﬁce with the Dutch language, and a mean self-reported pro-
HP sentences of the SPIN test. Ca!culated mewgalues are ficiency (on a five-point scaleof 3.2. The other two subjects
O.Zl(Qerman speet)hgnd O.52§Engllsh SPeeC’? Th? COIe- \were classified as high proficiency, with an average of 13
sponding STI correction functions are given in Fig. 5. years of experience, and a self-reported proficiency of 4.5.
The native group was matched to the non-native group in
terms of age, gender, and level of education. All subjects
were between 19 and 33 years of age, and were taking part in
By applying the correction functions of Figs. 3, 4, and 5 (or had recently completedigher education in the Nether-
to Table I, the STI qualification label boundaries of Table Il lands.
are obtained. From Figs. 3 and 4, the functions for HP sen- In order to be able to estimate theparameter for the
tences are used. non-native subjects, individual psychometric functions were
Table Il shows how qualitative descriptions of popula- measured for all 16 listeners. Sentences in noise were pre-
tions of listeners, such as early versus late bilinguals, or lowsented at five fixed SNRs, centered around the SRT with
proficiency versus high-proficiency listeners, can be used fo2-dB intervals. The mean percentage of correctly recognized
the interpretation of the STI. The same speech transmissiosentences was measured using 13 sentences per SNR, after
quality (STI) leads to different qualifications of intelligibility, which the psychometric function was fitted. This procedure
depending on the population of listeners. was repeated three times with each listener; the mean of
The SRT data behind Fig. 5 can also be related to LZhese three fits was taken to obtain a more accurate estimate.
listeners’ proficiency in a quantitative wdyan Wijngaarden For the native subjects, the psychometric function was
et al, 20020. Along with SRT results, estimates of linguistic assumed to be a cumulative normal distribution. The mean
entropy were obtained using the letter guessing proceduneative psychometric function in this experiment is described
(LGP; Shannon and Weaver, 1949; van Rooij, 299his by w ;=—4.38dB ando ;=2.20dB. For each individual
orthographic procedure, which measures the extent to whichon-native listener, the psychometric function was related to
subjects are able to make use of linguistic redundancy, catihhe mean native psychometric function according to @y.
be seen as a measure of proficiency, which correlates welly fitting the » parameter.
with non-native speech intelligibility. A strong relation be- A significant correlation was found between linguistic

and correction functions as the data by Mastcal. The tri-

2. Relation between STI and qualification labels for
non-native listeners

TABLE Il. Relation between STI and qualification labels for non-native listeners, after correction according to
Figs. 4 and §HP sentencesand Fig. 7. The text *1" indicates that an STI greater than 1 would be required,
meaning that this gqualification cannot be reached.

Mayo et al. (1997 van Wijngaarderet al. (2002

STI label

category Florentine BST BPP

boundary Standard (1985 (early) (late) English German
Bad—poor 0.30 0.36 0.33 0.44 0.33 0.38
Poor—fair 0.45 0.57 0.50 0.74 0.50 0.60
Fair—good 0.60 0.79 0.68 >1 0.68 0.86
Good-excellent 0.75 >1 0.86 >1 0.87 >1
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FIG. 6. Relation between mean linguistic entropy and ittEarameter, for

Dutch learners of German and Engli€20 subjectsand learers of Dutch  F|G. 7. STI correction functions for L2 talkers of the Dutch language, for

from various language backgrouneo high-proficiency listeners, six low-  different degrees of foreign accent strengtht. I—cat. IV; van Wijngaarden

proficiency listenersR?=0.98). et al, 2002a. Category | means that the talker h@agrtually) no foreign
accent, category IV means that the accent is se(g@e Table Ill for the
corresponding values of, u, 1, ando4).

entropy and thev parameter on an individual levelR¢

=0.74). The means of the native, high-proficiency, and low-V. VALIDATION OF THE QUALIFICATION SCALE
proficiency subjects in this experiment are given in Fig. 6,CORRECTION

along with thg means from the earher expgrments in Ger-A_ Validation issues
man (low proficiency and English(high proficiency.

As seen in Fig. 6, linguistic entropy estimates are found  If speech is degraded by additive, steady-state noise
in the 0.50—0.60 range for native subjects; linguistic entropyonly, there is little reason to question the validity of the cor-
is higher for non-natives. Despite the differences in test lantection functions described above. With the already-
guages and language backgrounds of the listeners, the darentioned limitations regarding the amount of contextual in-
from the two experiments seem to fit the same relation beformation in the intelligibility test material, the approach of
tween linguistic entropy and theparameter. The importance correcting the required STI for a certain level of intelligibil-
of this relation lies in the fact that the experimental proce-ity (by finding the STI value that leads to equal intelligibility
dures to determine a subject’s linguistic entropy requiredor non-native communicationshould work by definition.
only a fraction of the time needed to assessithgarameter However, in the presence of speech degrading influences
on an individual basis. Through the parameter, the inter- other than steady-state noise, the validity of this approach
pretation of the STI for non-natives can be derived fromremains to be proven. Two important sources of speech deg-
linguistic entropy estimates. radation are bandwidth limiting and reverberation.

Using the STI correction functions for non-native speech
communication in cases where the SNR depends on fre-
quency implies the assumption that the relative importance

D. Qualification labels for non-native talkers of all frequency bands is the same as for native speech. The

Psychometric functions describing the intelligibility of Validity of this assumption is verified by measuring speech

foreign-accented speech are similar to the ones observed f8ftelligibility of bandwidth-limited speech in noise for non-
non-native listeners, although non-native speech productiof@tive and native listeners.
tends to have a smaller overall impact on speech intelligibil- " €ase of reverberation, the STI model exp“ress.ed the
ity than non-native perceptichPreviously reported data on degree of speech c.ieg’rada.tlon in terms of an “equivalent
talkers from four different categories of accent strengthSPe€ch-to-noise ratio,” which is calculated through the
(numbered -1V, ranging from “native” to “severe accent” modL_JIatlon transfer. functlomMTF). Again, the corref:non
were used to calculate STI correction functidhig. 7). The function approach is only valid under the assumption that
resulting STI label categories are given in Table Il _ o _
Figure 7 and Table Il are based on data obtained Wm_[TABLE II'I. Relat_mn between STI' and qualification Iabels' for non-ngtlve
. . . .. . alkers differing in degree of foreign accent, after correction according to
r?at've listeners. TranSIat'Qn of the STl to Obje_(;t've_ qua“f'ca'Fig. 7. The text “>1" indicates that an STI greater than 1 would be re-
tion labels when non-native talkeasd non-native listeners quired, meaning that this qualification cannot be reached. The mealue
are involved is not possible using Tables Il and lll, due tofor each category is also givep(,=—0.50 dB, o ;=3.21 dB).
interaction effects. The overall intelligibility may be higher ST1 label cat ~Standard STl Cat Il cat et IV
than expected when simply adding up the individual effects’ ' *> alegory. >tandar -k A a
. . . . - . oundary (Cat. |) (»=0.67 (»=0.48 (v=0.32
of non-native talking and non-native listening. This so-called
interlanguage speech intelligibility benefit may occur whenBad—poor 0.30 0.32 0.34 0.36
: . . oor—fair 0.45 0.49 0.52 0.56
the native language of talker and listener is the same, bLﬁair—good 0.60 0.66 071 0.79
also if their language background is differéBent and Bra-  5ooq—excellent 0.75 0.85 001 >1
dlow, 2003.

J. Acoust. Soc. Am., Vol. 115, No. 3, March 2004 van Wijngaarden et al.: STl and non-native speech intelligibility 1287



this MTF-based operation is equally valid for non-native as 1 T - —
for native communicators. To investigate this, speech intelli- 5 :g'_ :f :ggzgg
gibility is measured under reverberant conditions, with na- 0.8l

tive and non-native listeners.

Once intelligibility measurements in bandwidth-limited o6l - ]
and reverberant conditions have been carried out, there isa - ’j:l 15
straightforward procedure to investigate whether the validity 0 - ;2
of the proposed correction functions extends to these condi- 04r 4 4 6 ]
tions. The correction functions are based on measures of - 8
speech intelligibility as a function of STFig. 1). However, 0.2} 9 :g 1
the only independent parameferin Eq. (1)] that was varied A2 e 9
to obtain different values of the STI was the speech-to-noise 0 s s - 2
ratio. When bandwidth limiting and reverberation come into all 4 3 2

play, the relation between intelligibility and SThative and Bandwidth (cctaves)

non-nativeé must remain the same as the noise-only case fofiG. 8. STI at the SRT, for conditions with and without bandwidth limiting.
the correction functions to remain valid. The dotted lines indicate the maximum STI at each bandwidth, as a function
In other words: regardless of the type of degradation, é)f the SNR. The errorbars indicate the sta_ndard deviation 24; 8 listen-
. . LT . T ers, each 3 SRT measurements per condition
certain level of intelligibility (such as 50% intelligibility of
sentenceésmust always correspond to the same STI. Thisis statistically significant §<0.05). The average across all
was one of the design objectives for the STI method, andandwidth-limited conditiongnative and non-native consid-
normally found to be true for native speet®teeneken and ered separatelydoes not differ significantly from the wide-
Houtgast, 198D For the proposed correction functions to be band condition. This means that the proposed approach is
valid, the same must be true for non-native speech. Maintairalso valid for bandwidth-limited conditions. To further illus-
ing the same, consistent relation betwéenrrected STI and  trate this, Table IV compares corrected native STI values to
speech intelligibility (the same for bandwidth limiting and the non-native STI values as shown in Fig. 8. The close
reverberation as for noise-onlis a necessary and sufficient correspondence between corrected native STI and measured

condition for validity. non-native STI demonstrates that the correction function can
indeed be used in conditions featuring noise as well as band-
B. Effects of bandwidth limiting width limiting.

The same 16 listeners who participated in the SRT an The mean native STI results fall in the range between

LGP experiments reported above and shown in Fig. 6 t00 .30 and 0.45, leading to a classification of “poor” according

part in an experiment consisting of SRT measurements i o the standard tabl€Table ). The mean non-native results
or each condition would beincorrectly categorized as

bandwidth-limited conditions. The experiments were carrie fair "

out in Dutch, using the eight Dutch subjects to obtain a na- N .
9 9 ) The v value for each non-native listener was determined

tive baseline. The eight non-native listeners were treated as.a t . t following th d d ibed
single group, and were all presented with the same condf'! & Separate expeniment, foflowing the procedure describe
gove in relation to Fig. 6. Using the mean value of the

tions as the native listeners. SRT sentences pronounced bf ‘ Il L2 listendus-0.33 tion f
single male Dutch speaker were used, in a wideband cond,?-arafmetﬁ_r acrossl, "jtl_ f's en ns: ) i ’ta correction bLf{nf:' q
tion as well as three bandwidth-limited conditions. The "™ T0r thiS population of non-native listeners was obtained.

bandwidth-limited conditions offered a bandwidth of 4 oc- Aiter appl_ylng th|s“ COI‘I‘F’,:CIIOH function, the L2 regults cor
taves (500-Hz—4-kHz bands 3 octaves (500-Hz—2-kHz rectly fall into the ‘poor category(the corresponding STI
band$ and 2 octave§l-kHz and 2-kHz bandsComplemen- range after correction is 0.3%5TI<0.59.

tary stop-band noise was added to the bandlimited speech, to Effects of reverberation

prevent spreading of information into adjacent bands through

nonlinear auditory phenomena.

In each of the conditions, the SRT was measuitbe
SNR corresponding to 50% sentence intelligibjlityhe cor-
responding STI was calculated, based on the available ban
width and the SNR resulting from the SRT measurementTABLE IV. “STI at the SRT" results with and without bandwidth limiting,
Because the SRT is the SNR corresponding to a fixed leydpr non-native and native subjects. STI means and s.d.'s are calculated
of intelligibility (namely 50%, the “STI at the SRT” should across 8 subjects, 3 observations per condition.
be a constant value for the proposed correction function ap- L1 STI after
proach to be valid; as indicated in the previous section, this L1 STI correction L2 STI
is a necessary and sufficient condition for validity. Results
are given in Fig. 8. :

For non-native as well as native listeners, the STI at the Wideband 035 003 044 005 047 007
SRT is fairly constant. With the exception of the difference ggg:‘;‘xzz g'gg g'gi 8'28 8'82 g'i% 3'8;
betyveen the wideband and t_he_ three-octgve condmpn fpr the, octaves 035 006 044 009 046 013
native group, none of the within-group differences in Fig. 8

In addition to bandwidth-limiting conditions, SRT ex-
periments were carried out in conditions featuring reverbera-
tion. The same subjects participated, and speech material by
Hje same talker was used.

Condition Mean s.d. Mean s.d. Mean s.d.
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culations at the SRT as a function of EDT, similar to Fig. 8,

-6~ L2 low proficiency (6 listeners) are given in Fig 9

-©- L2 high proficiency (2 listeners . . .
08} = U "S%enirs @8 .istin(ers) ) 1 The STI calculations underlying Fig. 9 are based on a

13 modulation frequency range of 0.63—-31.5 Hz instead of the
06k gj];-?'.fj..:~_.‘____ ] standardized rangé0.63—-12.5 Hg, for reasons related to
0

speaking style and envelope spectrum of the talkem
Wijngaarden and Houtgast, 2003n earlier, similar experi-
ments concerned with the effects of reverberation, the “STI
at the SRT” was found to be independent of early decay time
for normal hearing as well as hearing impaired listeriBrs-
guesnoy and Plomp, 1980
For all three groups in Fig. 9, the STI at the SRT appears
E i to be independent of EDT, arldearly the same as for the
arly decay time (s) " . .
. ) ) . condition without reverberation. The mean values for the re-
FIG. 9. STI at the SRT, for conditions with and without reverberation. The . . N
dotted lines indicate the maximum STI at each EDT, as a function of thev_erbera_nt conditions do 'nOt dlff.er'3|g.n|f|cantly from the con-
SNR. The errorbars indicate the standard deviatbto 8 listeners, each 3 dition without reverberation. This indicates that the same STI

SRT measurements per conditiofthe EDT in this plot is the mean EDT in a|WayS represents the same level of |nte|||g|b|||ty, in noise as
the octave bands 125 Hz—8 kHz. The STI calculation is nonstandard, anﬁle” as reverberation, meaning that the proposed correction
includes modulation frequencies up to 31.5 Hz. !

function approach is valid for reverberant conditions as well.
This is illustrated by Table V, which shows that only a small

To Obta”f‘ cond_mons dn‘fer!ng in_early deca_y time difference remains between the measured non-native STI and
(EDT), but with as little other differences as possible, the . .
the native STI after correction.

same highly reverberant room was used for all conditions.
The only difference between conditions was the amount of
acoustic absorption material in the room. Impulse responseg DISCUSSION AND CONCLUSIONS
with a length of approx. 1.5 s were recorded in each condi—A The » parameter
tion, and stored digitally. From these impulse responses, the’ P
EDT was measured in each octave band. The approach for non-native interpretation of the STI, as
In order to be able to present reverberant speech to thgroposed in this article, is based on a few novel concepts.
subjects without physically having to change the acousti®erhaps the most important of these is modeling the non-
properties of the reverberant room between conditions, theative psychometric function by relating it to the native psy-
prerecorded impulse responses were used for the stimuluhometric function, through a single parameterThis has
presentations. The SRT test sentences were convolved wieveral advantages, such as its intuitive interpretation, and
the impulse responses in real time, using an overlap-add prahe fact that this parameter can be related to linguistic en-
cedure. All stimuli were presented diotically, excluding bin- tropy (which can be measured with relative eagenong the
aural effectgfor which the STI has not been validajdfdom  disadvantages of this approach is the fact that the non-native
the experiment. For the experiment, conditions with EDTspsychometric function, even when derived from a native
between approx. 0.5 dn2 s were used. The eight native function thatis modeled as a cumulative normal distribution,
subjects all participated in the same conditions. The differdoes not exactly follow such a normal distribution itself. This
ences in proficiency between the L2 subjects were such thatauses mathematical complications, and may take away
some were able to carry out the test at longer EDTs thasome of its theoretical appeal. However, measurements of
others. For this reason, the same distinction between “higlthe non-native psychometric function appear to be in support
proficiency” (two subjects and “low proficiency” (six sub-  of this psychometric function model. The particular way in
jects used in Fig. 6, was again applied. Results of STI cal-which differences in proficiency result in a family of psycho-

STI

0.4}

0.2}

TABLE V. “STI at the SRT” results with and without reverberation, for non-native and native subjects. STI
means and s.d.’s are calculated across 8 subjects, 3 observations per condition. The early decay time given in
this table is the mean EDT across octave bands 125 Hz—8 kHz.

High proficiency Low proficiency
L1 STI after L1 STI after
Early L1 STI correction L2 STI correction L2 STI
decay
time (s) Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
(no rev) 0.35 0.03 0.38 0.03 0.40 0.03 0.48 0.05 0.49 0.05
0.59 0.35 0.04 0.39 0.04 0.40 0.03 0.49 0.05 0.45 0.05
1.00 0.36 0.03 0.39 0.03 0.41 0.02 0.49 0.04 0.46 0.02
1.22 0.40 0.02 0.44 0.02
1.76 0.36 0.03 0.40 0.04 0.40 0.02 0.51 0.04 --- .
2.62 035 003 037 0.03 - 0.47 0.03
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metric curves(e.g., van Wijngaardeet al, 2002a: Fig. & old). Using the relation shown in Fig. 6, the chosen entropy
closely matches expectations based on differences irvthe threshold can be converted into the equivalent value oivthe
parameter. This leads us to conclude that this non-native psyarameter, from which the corresponding correction function
chometric function model is the most appropriate choice forcan be calculated.

our current purposes. For talkers, a similar approach can be adopted, but based
on a distribution of proficiency self-ratings rather than lin-
B. Effects of linguistic message content guistic entropy. Combined with a categorization scheme such

] . . ~asthe one used in Fig. 7, self-ratings can also be translated
Our correction function approach yields, by definition, i equivalent values of the parameter.

representative results if the only speech degrading factor is |, conclusion. the proposed correction function ap-

steady-state noise, and if the messages have the approximai@ach broadens the scope of applicability of the STI method
linguistic characteristics of SRT sentences. This indicateg, include various applications involving non-natives. Obvi-

two specific concerns for the validity of the approach: differ- o5 gpplications include public address systems at airports,
ences in complexity of the speech material, and speech depq auditoria used for international conferences.
grading conditions other than additive noise. Section IV dealt

with the concerns regarding other types of speech degrada-

tion. Message complexity is an issue that perhaps needgppeNDIX: DERIVATION OF AN STI CORRECTION

closer consideration; differences were found between correGcUNCTION BASED ON A LOGISTIC FUNCTION

tion functions for high-predictability (HP) and low-

predictability (LP) sentences, indicating that differences in ~ Deriving a correction function based on the psychomet-
semantic redundancy can result in different correction functic functions described by Eqe2) and (4) involves solving
tions (Figs. 3 and % However, the STI is most commonly 7L1= T2, as represented by E(A1)
applied to situations where little variation in semantic redun- M1 fia o= el ]”
dancy is expected. Moreover, deviations between the HP and CI)(—) =1- —” .
LP curves only appear to occur for subjects of quite low 1 L
proficiency, and then only on the high end of the STI scaleThe cumulative normal distributiod®([r — u]/0) may be
In conclusion, if reasonably representative sentence materiapproximated by a logistic functiofe.g., Versfeldet al,
is chosen for measurement of the psychometric curves, tha2000, such as Eq(A5)

the specific details of linguistic content are considered to be e’

(A1)

ol

of minor importance. In Figs. 3 and 4, the HP curves are ~ A(p)= vy (A2)
expected to be most representative of the STI applicatiov\lhere
domain.
r—u
C. Application of the proposed approach P= oJml8’ (A3)

Any pr_ediction of spe_ech intelligibility for a population By substitutingA(p) for @ ([r — 1]/o) in Eq. (A1) and solv-
of non-native talkers or listeners must always be based Ofhg, Eq.(A4) is obtained
some description of this population. Preferably, this should ) (1)
be a description in terms of easily observed or accessible Prz=In[(€”1+1)"—1]. (A4)
characteristic¢such as a general categorization of L2 profi- By substituting Eqs(1) and (A3) in Eq. (4), the correction
ciency, or severity of foreign acceniThe approach outlined fynction Eq.(A5) is obtained
in this article is based on the use of systematically measured (- 3(sTh 1) Vo 17T8)

. . . — - T | Wy
psychometric functions, matched with some of these obser-  STl>=f(uL1+ o 1V7/8In[(€ Ly Lo
\{atlo_ns_ and characteristigspecifically accent ratings and + 1)) 1), (A5)
linguistic entropy.

As an efficient procedure for obtaining a correction ‘Something similagl les hout using th i .

. . . . . ometning similaialwaysapplies(even without using the proticiency fac-
fur?Ctllon for non-r!atlye I!Steners' one could est|mqte the_“n'tor) for the SlI, since the Sl depends on the type of intelligibility test it
guistic entropy distribution for the target population using aims to predict.
the letter guessing procedu(8hannon and Weaver, 1949 *This is only true if the SNR is between15 and+15 dB. Outside this
This is a time-efficient procedure; it is feasible to collect range. the STI isrespectively always 0 or 1, meaning that S¥LL corre-

S N . s sponds to any SNR greater or equal thiah5. This topic is addressed later

distributions of individual linguistic entropy for larger popu- i this section.

lations of non-native listeners, for instance, by setting up &@wayo et al. (1997 also tested a separate bilingual-since-infariBgI)

booth at an international airport, or even through the Internetgroup. Because of the limited number of subjects in this gr@pMayo

Once a distribution of linguistic entropy for the target popu- et al. chose to combine their BST and BSI groups for statistical analysis.

lati is k h . | choice: h d The BSI group data are not used in this article.

ation Is known, the next step Is an external choice: NOW dOrhs statement is based on comparisons of SRT results between cases

we wish to represent this population? The mean of the dis-where only the talker is non-native, and only the listener is non-native

tribution will be appropriate for many applications, while for (talkers e‘md‘ Iistene‘rs of comparable proficie)qdy both cases, the speech -

some, one may want to choose a more conservative threshOlraater_lal is fl_xed, this means that the non-native talkers do not rely_on their
. . . . o own linguistic resourceésocabulary, syntactical knowledge, etdut sim-

(for 'nSt'ancer the 25th percentile, in Wh'Ch case 75% of thepyy yse the language that is handed to them. If the dynamics of free con-

population shows equal or better proficiency than the threshversation are taken into consideration, the situation will be much more
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