Quantifying the intelligibility of speech in noise
for non-native listeners

Sander J. van Wijngaarden,® Herman J. M. Steeneken, and Tammo Houtgast
TNO Human Factors, P.O. Box 23, 3769 ZG Soesterberg, The Netherlands

(Received 9 July 2001; accepted for publication 9 January 2002

When listening to languages learned at a later age, speech intelligibility is generally lower than
when listening to one’s native language. The main purpose of this study is to quantify speech
intelligibility in noise for specific populations of non-native listeners, only broadly addressing the
underlying perceptual and linguistic processing. An easy method is sought to extend these
quantitative findings to other listener populations. Dutch subjects listening to Germans and English
speech, ranging from reasonable to excellent proficiency in these languages, were found to require
a 1-7 dB better speech-to-noise ratio to obtain 50% sentence intelligibility than native listeners.
Also, the psychometric function for sentence recognition in noise was found to be shallower for
non-native than for native listenefworst-case slope around the 50% point of 7.5%/dB, compared

to 12.6%/dB for native listenersDifferences between native and non-native speech intelligibility
are largely predicted by linguistic entropy estimates as derived from a letter guessing task. Less
effective use of context effect@specially semantic redundancgxplains the reduced speech
intelligibility for non-native listeners. While measuring speech intelligibility for many different
populations of listenerglanguages, linguistic experiencmay be prohibitively time consuming,
obtaining predictions of non-native intelligibility from linguistic entropy may help to extend the
results of this study to other listener populations. 2002 Acoustical Society of America.
[DOI: 10.1121/1.1456928

PACS numbers: 43.71.Gv, 43.71.H@WT]

I. INTRODUCTION 1999 and the speech recognition sensitivity mod8RS;
Musch and Buus, 2001They may also be useful in the field
Most people know from personal experience that “non-of clinical audiology, where the effects of hearing loss on
native” speech communication is generally less effectivespeech intelligibility may be confounded with the effects of
than purely “native” speech communication. This is readily being raised in a “foreign” language.
verified by listening to foreign-accented speech in one’s own  |n this study, the focus will be on the intelligibility ef-
language, or by trying to comprehend speech in a foreigiects of non-nativeness from the perspective of speech per-
language that is not fully mastered. It is also known that theception only: we will try to quantify the extent to which a
intelligibility of speech depends strongly on the experiencepopulation of L2 learners will suffer reduction of speech in-
with the target language by listeners as well as talkerg.,  telligibility when listening to a second language.

Flege, 1992; Strange, 19pEspecially under adverse con- A great number of variables will influence the speech
ditions (noise, reverberation, background babpien-native  ynderstanding process for a certain population of non-native
speech communication tends to be less effectivane, |isteners. First of all, the relation between the native lan-
1963; Gat and Keith, 1978; Mayet al, 1997; Nddek and  guage and the targesecond language is of importance.
Donahue, 1984 Between languages that are relatively similar terms of

Non-native speech has been studied extensively, frorfnctional phonetic contrasts, phonology, gidifferent ef-
the perspective of production as well as perception. Usuallfiects may be observed than between languages that have
the objective of second-language?) speech studies is to yery Jittle in common. As already stated above, an important
contribute to a more profound insight into the complicatediactor is also the population’s average experience with the
processes underlying speech perception. By contrast, our agacond languagénumber of years since the language was
proach starts out by studying the intelligibility effect of non- first |earned, intensity of useAge of acquisition of the sec-
nativeness in its own right. This information, when properly ong |anguage is another important variatidege, 1995
quantified, is expected to be directly applicable in morepjggeet al, 1997; Mayoet al, 1997, as well as the amount
engineering-oriented disciplines associated with speech cony continued native language u@deador, 200D In order to
munication(speech intelligibility in room acoustics, design pe aple to predict the size of any intelligibility effect involv-
of communication systemsOur findings are also intended g non-native listeners, the population of listeners should be
to be used for incorporating “the non-native factor” in ex- specified in terms ofat least these factors.
isting speech intelligibility prediction models, such as the = \arigus studies have produced quantitative results of
speech transmission indelTI; Steeneken and Houtgast, hon_native speech intelligibility for specific subject popula-
tions. Florentineet al. (1984, for example, reported reduced
dElectronic mail: vanwijngaarden@tm.tno.nl speech intelligibility in noise for non-native subjects. The
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speech-to-noise ratio required for 50% intelligibility of re- students of various discipline®ot including languages or
dundant sentences was 4 to 15 dB higher for French learnepghonetic$, aged 18—24 years, who considered English their
of the English language than for native English listenerssecond language and German their third language. All had
depending on experience. Florenti(985 also found that first learned both English and German, written and orally,
non-native listeners were less able to take advantage of coaluring secondary educatigbutch high schog| all starting
text; the difference between natives and non-natives wawith English at age 12 or 13, and with German at age 13 or
smaller for low-predictability sentences than for high- 14. For each individual subject, the self-reported overall pro-
predictability sentences. These findings are supported, for irficiency (rated on a 5-point scglevas higher for English
stance, by the experiments of Mayt al. (1997). This is  (mean rating 3.J than for German(mean rating 2.9 All
contrary to predictions by Kostdd987, who conducted a individual subjects had a much more frequent use of English
series of linguistic experiments with Dutch subjects whothan of German: all reported daily use of Engligkading
were studying to become English teachers. By systematicallgnd/or listening while use of the German language was
varying the predictability of a test word through manipula- typically weekly to monthly.
tion of its context, he found that the effect of semantic con-  Subject group I, consisting of 11 subjects, was matched
straints on word recognition was of the same magnitude foto group | in terms of ag€18—24 and level of education,
native and non-native listeners. A closer investigation of thebut without the strict requirements on experience with En-
use of contextual information by non-native listeners isglish and German. Group Il subjects were only required to be
therefore needed. able to understand spoken and written English and German
Experiments concerning non-native speech intelligibility above a certain minimum level. The spread in German pro-
in noise will be described in Sec. Il of this article: speechficiency was therefore largémean rating 3.8 the frequency
reception thresholdSRT) results are presented, which will of use of the German language varied from daily to yearly
allow a broad quantitative comparison between native andbr group Il. For English, mean self-reported proficiency and
non-native speech intelligibility in noise. In Sec. lll, this frequency of use of group Il turned out to be just as good as
comparison will be refined by looking at the slope of theof group | (mean rating 3.4 This is probably due to demo-
psychometric function in a sentence recognition task. In Se@raphic and educational causes: Dutch university students
IV we will describe experiments exploring the relation be-are generally quite proficient in English. The fact that young
tween non-native sentence recognition and redundancyButch people mainly watch English-spoken television with

related measures. Dutch subtitles may also be part of the explanation.

In addition to the main subject groups | and Il, two
II. INTELLIGIBILITY THRESHOLD OF SPEECH IN control groups were recruited: three native German and three
NOISE FOR NON-NATIVE LISTENERS American subjects. These control groups were used to verify
A. Method that the implementation of the SRT tesentence material

. . o _ . and talkery was equivalent across languages.
An interesting topic in relation to non-native speech per-

ception is the use of word context. This means that speecB p,cedure
intelligibility for non-native listeners is best measured using

longer phrasegsentences For measuring sentence intelligi- = . =™ _ ) . .
bility under the influence of noise, several proven methodd/9/bility in noise, corresponding to the speech-to-noise ratio

are available, among which is the speech reception threshof&""‘t gives 50% correc_:t response of shorF redu_ndr;}nt Sen-
(SRT; Plomp and Mimpen, 1979The SRT method, used for tences. In the SRT testing procedure, masking noise is added
all intelligibility experiments described in this article, is an t© (€St sentences in order to obtain speech at a known speech-

adaptive method that measures the speech-to-noise ratio (gf"0IS€ ratio. The standard masking noise spectasnap-

which 50% of the tested sentences are perceived correctl lied in the experiments described in this arfidieequal to

All listeners were Dutch; SRT tests were carried out with thet® 10ng-term ?vera;]ge spectrumhof th;;_ test sentegcebs. AﬁTIr
same group of listeners, using sentences in three differefif€Sentation of each sentence, the subject responds by orally

languages: DutckD), English(E), and Germar(G). repeating the sentence to an experimenter. The experimenter
compares the response with the actual sentence. If every

1. Subjects word in the responded sentence is correct, the noise level for
In order to allow meaningful interpretation of the intel- the next sentence is increased by 2 dB; after an incorrect
ligibility results obtained through SRT experiments, a well-response, the noise level is decreased by 2 dB. The first
defined population of test subjects has to be chosen. Measentence of a list of 13 sentences is repeated until it is re-
scores across subjects will only be meaningful if the group osponded correctly, using 4-dB steps. This is done to quickly
subjects is homogeneous in terms of L2 proficiency, agegconverge to the 50% intelligibility threshold. By taking the
level of education, and other factors influencing secondaverage speech-to-noise ratio over the last ten sentences, the
language skills. 50% sentence intelligibility thresholBRT) is obtained.

Two main groups of subjects were recruited for this ex- During the experiments, the subjedissteners were
periment. Group | was recruited following fairly strict guide- seated in a sufficiently silent room. A set of Sony MDR-
lines. The recruiter used a “checklist” to make sure that onlyCD770 headphones was used to present the recorded sen-
subjects were accepted that matched a set of predefined ctences diotically to the listeners. All subjects participated in a
teria. Group | consisted of nine tri-lingual Dutch university brief training session before taking part in the actual experi-

The SRT test gives a robust measure for sentence intel-
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FIG. 1. Mean SRT results of subject group | per individual talkér=©9). All listeners were Dutch students, speaking English as a second language and
German as a third language. Speech material was in O@tth English(E1 and E2, and Germar{G1 and G2. Non-native talker§E2 and G2 were all
Dutch. The talkers are labeled according to language gf@wgp, D1, genderM for male, F for femalg and a unique numbét—9) for each talker. The error

bars represent the standard error.

ments. None of the subjects had heard or read the test seimdependent of language. In other words, we need to make
tences before the experiments; each sentence was used oslyre that the precautions taken in the “translation” of the test

once with each subject, to avoid memory effects. sentences were effective in making the German and English
test equal to the original Dutch test. This was verified by
3. Stimuli conducting “fully native” SRT tests in all three languages

(three talkers per language; three English listeners, three
c()%erman listeners, and 20 Dutch listeners
The mean SRT was close tol dB in all of the lan-

In order to be able to carry out speech intelligibility
tests, suitable speech material has to be collected. A set
130 standardized Dutch SRT senten¢#8 lists of 13 sen- guages(—0.8 for Dutch, —1.0 for English, and—1.1 for

tence$ were "translated” to German and English by native German. None of the differences in native SRT is statisti-

tglkers .Of these languages W|th_ph“0net|c e_xpc?’rt|s_e and exp%é"y significant. This indicates that the performance of the
rience in speech research. This “translation” did not per-

. . . . SRT test is language independent.

fectly preserve the literal meaning of the sentences; the aim . .

was to obtain the same context, complexity and lerigthm- . Compared to SRT results found with thoroughly. opti-
' mized SRT databases, a mean SRF-a4fdB may seem high.

ber of syllablegin all languages. A procedure for obtaining o . : .
multi-lingual speech databases for SRT tests, which givesF or a nonoptimized SRT test in Dutéhut with specifically

equivalent results across languages, was described by Vselected talkers, which his not the case in the multi-lingual
Wijngaardenet al. (2001). The sentences were recorded as T tes), Versfeldet al. (2000 report a mean SRT of 1.8

spoken by native talkers of Dutch, German, and AmericandB' The difference can most likely be attributed to the con-

English (referred to from hereon as D1, G1, and)EAddi- cessions done to kegp the recordin.g procedure practi_(;al, and

. . the absence of a strict talker selection regisee van Wijn-

tionally, Dutch talkergthe same talkers as for the D1 experi- .

men) also recorded English and German senteriGsand gaarderet al. (2001, for more detail

E2). Recordings were made for a total of nine talkers: three

for each native languagévo male, one femajebecause of < SRT scores of group |

the fact that the Dutch talkers recorded three sets of sen- Group |, the homogeneous group of nine trilingual

tences(D1, G2, and EP a total of 15 sets of recorded sen- Dutch subjects, participated in a SRT experiment in which

tences was collected. subjects were presented with Dutch, German, and English
Talkers did not demonstrate any speaking disorders, anspeech. In addition to the SRT sentencegnmstive G1 and

were informally estimated to have more or less average claiEl talkers, they were also presented with speech by the three

ity of articulation. Influences of regional accertieviations Dutch talkers in German and Engligs2 and E2. In this

from the preferred pronunciation in the respective lan-latter case, the overall intelligibility will not only be affected

guage$ when noticeable at all, were minor. by non-native speech perception, but also by non-native
speech production. The results from this experiment, sepa-
B. Results rated by individual talker, are given in Fig. 1.

The talkers in Fig. 1 are grouped by language, and rank
ordered according to mean SRT for all nine listeners. The
Conclusions regarding the effects of non-nativeness caaffect of non-native perception of Englidlifference be-

only be drawn if the SRT implementation that is used is alsdween D1 and E1 scorgis relatively small; the mean differ-

1. Fully native baseline SRT scores
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FIG. 2. The effect of non-nativenesdifference between native and non- FIG. 3. The effect of non-nativenegdifference between native and non-
native SR for subgroups of five subjects differing in self-reported profi- native SRY for subgroups of five subjects differing in self-reported profi-
ciency. The non-native language is English. The error bars indicate the stariency. The non-native language is German. The error bars indicate the
dard error(five subjects, three speakefé=15). standard erroffive subjects, three speakefd=15).

ence in SRT is 1.4 dB. The mean difference between D1 angroficiency on intelligibility. This is not easily done on the
G1is much larger: 5.8 dB. Different deficits for English and basis of individual proficiency ratings, since these tend to be
German were to be expected; the difference in proficiencyairly unreliable.

and intensity of use have a clear effect on intelligibility. The results of Figs. 2 and 3 are not simply mean SRT
Compared to earlier results from similar studies in other lanscores on the German and English sentences, but rather the
guages(e.g., Buuset al, 1986; Mayoet al,, 1997, the G1  difference of these scores with the scores on the Dutch sen-
deficit matches expectations, but the E1 deficit is smalletences. This difference is a direct measure of the effect of
than expected for late bilinguals. The frequent “early” expo- non-nativeness on speech intelligibility. By taking this differ-
sure of young Dutch people to English speech on televisiornce, a correction is also applied for small differences in
may be part of the explanation. (native Dutch SRT scores between the subgroups.

It is interesting to compare the scores for @imerican Figure 2 shows no significant effects of self-reported
English talkers and E2(Dutch talkers of the English lan- proficiency. All subjectgalso from group I} showed a good
guage. The Dutch listeners do not benefit from hearing theircommand of the English language.

“own” non-native accent in a second language: the native  Whereas Fig. 2 does not show any systematic relation
English talkers provide a better intelligibility. This is consis- between intelligibility and self-reported proficiency, Fig. 3
tent with earlier findings by van Wijngaard¢p00]) for the  demonstrates that such a relation can exist. For authentic,
reverse situatiofAmerican subjects listening to Dutch sen- unaccented German speech, the intelligibility is higtte
tenceg. For G1 and G2, the effect is exactly opposite: theeffect of non-nativeness smalleto the subgroups with
Dutch listeners do experience better intelligibility in Germanhigher proficiency ratings. The most proficient subgroup, for
if the talkers have a Dutch accent. example, shows a significantly smaller effept(0.05) than

all of the other three subgroups for G1 talkers. With the
exception of the differences between neighboring subgroups,
all other differences for G1 talker in Fig. 3 are also statisti-

The same SRT conditions presented to group | were alsoally significant £<0.05; t-tests used to compare the means
tested with group Il. By combining the data of groups | andbetween subgroups
I, analysis based on a larger group of 20 subjéetsich we The scores for G2 talker¢Dutch-accented German
will call “group I +I1I" ) may be carried out, which will be speech appear to show the same trend. Here, however, the
more diverse in terms of their proficiency, at least in Germanonly difference between subgroups that is statistically sig-
This allows us to study the effect of proficiency and experi-nificant is the difference between the least proficient and the
ence on speech intelligibility. most proficient subgroupp(<0.01).

In Figs. 2 and 3, combined SRT results for grouplll According to Fig. 2, E1 speedlauthentic American En-
are given. Scores for the 20 subjects were divided into fouglish pronunciatioptends to be somewhat more intelligible
subgroups of five subjects, according to the self-reportedo non-native Dutch listeners thdaccenteflEnglish speech
proficiency of the subjects. The leftmost subgroup in eactby Dutch talkers. This same effect was observed in Fig. 1,
figure is the subgroup with the lowest self-reported profi-and appears to be relatively independent(shall) differ-
ciency, the rightmost is the one with the highest proficiencyences in proficiency.

Although Fig. 2(English and Fig. 3(German are based on Figure 3 shows, much the same as Fig. 1, a difference
scores of the same 20 subjects, the division into subgroups [setween G1 and G2 intelligibility that is contrary to the dif-
different. The division enables investigation of the effect ofference between E1 and E2. The difference between G1 and

3. SRT scores of groups | and Il together (group | +11)
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G2 intelligibility appears to decrease with proficiency. Theacross languages. In a fully native settittglker and lis-

two subgroups with the lower self-reported proficiency differteney, the SRT in Dutch, English, and German was found to

significantly between G1 and G2; the differences are not sigbe equal, leading to the conclusion that SRT results can be

nificant for the other twamore proficient subgroups. compared across languages in a straightforward way. For the
It is clear that even subjects that give themselves higtslope of the psychometric function, this firm baseline was

ratings for German proficiency have more problems undernot established, but there are no reasons to expected consid-

standing spoken German than the average subject has underable differences.

standing spoken English. This is observed by comparing the

effect of non-nativeness of the most proficignghtmos) 1. Subjects, stimuli, and conditions

subgroup in Fig. 3German to the least proficienieftmos) A new group of 15 trilingual subjects was recruited,

subgroup in Fig. 2(English; the performance in English matching subject group (nine subjectson all relevant pa-

appears to be. still better than in German, aIFhough itis dlf’rameters. Since SRT subjects must be unacquainted with the
ficult to establish clear statistical proof for this.

btai division int b Th i hold t?wt participate in this experiment. For the same reason, the
obtain a 'V'_S'On Into subgroups. These ratings nold no abgjitinns tested in this experiment do not include all talkers
solute value; the ratings for English may, for instance, not befrom experiment |. The threébaseling Dutch talkers were

L ) ) ! rncluded, as well as talker ELM8ee Fig. 1to represent the
this is that the subjects tend to rate themselves in relation tgnglish talkers and talkers G1M5 to represent the German
the performgnce of _thelr peer group. A more abjective Meatalkers. Dutch talker No. 3 was also included as an L2 talker
sure of proficiency is needed to understand how the resultgf German(labeled G2F3 in Fig. land English(E2F3

reported in Fig. 3 are reIated_to the resuilts in qumother Material of each talker was presented to 5 subjects out of the
words, how the differences in effects between English an%roup of 15

German are explained in terms of differences in proficigncy

This will be further explored in Sec. IV. 2 Procedure

First of all, a standard SRT test was carried out for each
Ill. STEEPNESS OF THE PSYCHOMETRIC FUNCTION  gypject in each condition. Next, the percentage of correctly
FOR NON-NATIVE SENTENCE INTELLIGIBILITY repeated sentences was determined at SNR values differing
A. Methods by —4, —2, +2, and +4 dB relative to the SRT. The same
criterion was used as in a standard SRT test: the subjects had
. . . L ) “1o be able to correctly repeat the entire sentence for the pre-
metric function of sentence intelligibility by a single value: sentation to be considered “correct.” At each SNR value, a

) 0 2 <
the SNR fﬁ ' Wh'd;] 50% sen?enge rgcogn:tlﬁn ;)Ckcurs'lHOWstingle list of SRT sentencdd3 sentencgswas presented.
€ver, much speech communication In rea lite takes place a Following this procedure, five points of the psychomet-

speech-to-noise ratios corresponding to other levels of e function were obtainedincluding the SRT at 5096per

e 0 :
lt(ence tl;;]teflhﬁlblhtyhthan t5'o ?0 V\ée wouk:hthterefore like (;.O tsubject per condition. A cumulative normal distribution was
now the full psychometric function, so that we can prediClg, through these points using a nonlinear least-squares ap-

Fhe SNR.necessary to meet any intelligibility criterion. Th|s_ roach(Gauss—Newton methpdHence, the model assumed
IS es.pec[ally relevant since the slope (.Jf the psychomgtrl or the psychometric function was a cumulative normal dis-
funcUon is known to differ between native and non'nat'vetribution. Effectively, two parameters of the distribution were
listeners(e.g., Mayoet al, 1997. fit: the mean and the standard deviation. The mean of the

. fThet_ strglgﬁtforwarl(_j W?%’ of obtamtmgf_a fgll ptsy?homet;]distribution corresponds to the SRT, while the steepness of
fc function 1S by sampling the curve at a ixed set of speechy, psychometric function at 50% intelligibility is directed

to-noise ratios. This can be a rather laborious process. TheF%lated to the standard deviatiéversfeldet al, 2000. The

|sba tthfr? retical r? Oss'tb !“t% to ﬁxtrafct add;tlogal (;nfsolr?T_atlon steeper the psychometric function, the stronger the effect of a
about the psychometric function from standar MeAyifference in speech-to-noise ratio on speech intelligibility.

surements(Plomp and Mimpen, 1979 Unfortunately, the
SRT experiments underlying Figs. 1 and 2 do not includeB Results
enough individual subject responses at various SNR values’
to allow an accurate estimate of the steepness of the psycho- The speech reception threshold and the distribution
metric function. mean obtained by fitting the psychometric function through
A compromise between sampling the entire psychometebservation data are essentially different estimates of the
ric function and estimation of the steepness from standardame variable: the 50% point of the psychometric function.
SRT tests was chosen: first the standard SRT was measurdghth estimates were found to yield very similar results.
then the percentage of correctly responded sentences was The estimated slopes of the psychometric function
measured directly at four speech-to-noise ratios around tharound 50% intelligibility are given in Fig. 4.
SRT. Next, the psychometric function was fit through these = Even at first sight, the steepness of the psychometric
points. function clearly has an inverse relation with the SNR at the
Slopes of the psychometric function will be compared50% point: talkers with higher values of the SED% poinj}

The SRT results given in Sec. Il characterize the psycho
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16 and Nittrouer (1988 and thec-parameters in the context

o - model by Bronkhorset al. (1993, require more complicated

3 141 lﬂ _ and cumbersome experiments.

121 BN RS i 1 B. Linguistic entropy  (letter guessing procedure )

2ol N 8 N

§ 104 B Ry W % 82 The letter guessing procedulleGP) yields a measure of

'ﬂg 3 | R “‘\}_\ z\\ R linguistic entropy(LE); this may be seen as the inverse of the
% ﬁ\ i %\“\ ) \‘i\:\ effective redundancy through linguistic factors in the speech
@ 61 :\ R N R \: material. This measure has been used as a measure of indi-
S o4 BEOE \\5 i “% vidual subjects’ linguistic skillge.g., Van Rooij, 1991 Lin-

& R N o 3 }: guistic entropy has been shown to predict the influence of
g 21 [ N R Q\\: : linguistic factors on speech intelligibilityMiisch and Buus,

3 o ‘ B , , b 2001; Van Rooij, 1991

@ D1M2 D1F3 DIM1 E1M8 E2F3 G2F3 G1M5 Since the procedure is based on orthographic presenta-

) ) tions of test sentences, what it measures is by definition
FIG. 4. Estimates of the steepndstope at the 50% poinbf the psycho-

metric function for seven individual talkers. Error bars indicate the standar(ponacousnc' AIthoth It is pOSSIble to derive rEdundanCy_
error of the estimateéfive subjectsN=5). related measures from spoken language tests, the LGP has

some advantages. Because of the orthographic presentation,

have lower steepness, while language appears to be the etjg_ere are no individual talker effects, and the influence of
plaining variable. The statistical significance of the differ- SP6eCh acoustics is eliminated. Furthermore, redundancy at
ences in Fig. 4 was investigated by means of a Newmanlhe subword level is included, since individual letters have to
Keuls test, after finding a significant effect in a one—waybe guessed. For practical reasons., this i§ hard to af:hieve in
ANOVA. None of the differences between talkers speaking®"y SPOken language test, especially with non-native sub-
the same language was significant. The difference betwedRCtS: The orthographic approach also has clear disadvan-
G2F3 and E2F3, as well as the difference between E1M8 anff9€S- Some factors that are irrelevant for spoken language
D1M1, is also not significant. All other differences in Fig. 4 INtelligibility, such as spelling, are included. Also, some very
are statistically significantp< 0.05). relevant factors, such as phonological transition rules, are not

Clearly, the psychometric function when listening to L2 i_ncor_po_rated in the test._ However, it_is_ _fair to assume that
speech was generally shallower than when listening to |{Jinguistic entropy according to our definition may serve as an
(Dutch) speech. For a second language for which the proﬁjndicator of linguistic factors involved in speech recognition.
ciency is lower(German compared to Englisithe mean of _ o
the distribution is not only shifted, but the steepness ded. Subjects and stimuli

creases as well. This is true at least for talkers E1[&8- The subjects from groups | and Il also participated in
glish) and G1M5(German; there is no reason to expect a letter guessing procedure experiments. Although the same
different outcome for other talkers. sentence material was used as in the SRT test, subjects were

In terms of the 50% point of the psychometric function, presented with each sentence in either the LGP or SRT test,

nonauthentic pronunciation was found to be beneficial tdut never saw or heard the same sentence more than once.
Dutch listeners of German, but not of Engligfig. 1). Simi-

lar effects are not found on the slopes of the psychometri&- Procedure

function. The subject’s task was to guess the next letter in an
unfinished written sentence, displayed on a computer screen.

IV. RELATIONS BETWEEN ACOUSTIC AND The subject had to start out with no other information than an

NONACOUSTIC FACTORS indication of the language of the next sentence, and had to

guess the first letter using a computer keyboard.

After typing the guessed letter, the subject received vi-

In the case of non-native listeners, it seems likely thatsual and auditory feedback +” or “ —” on the screen,
overall speech intelligibility is closely related to the listeners’high- or low-pitch soungd The correct letter was displayed
skills at making use of linguistic redundan@y.g., Bradlow on the screen, regardless of what the subject’s response was.
and Pisoni; Bergman, 1980; Florentine, 1985; Matal., Next, the subject had to guess the next letter, following the
1997. If this is true, we should be able to predict speechsame proceduréut with the added knowledge of what the
intelligibility from independent estimates of these linguistic first letter wag. Letter by letter, the correct sentence ap-
skills. For this reasofif not for several otheps it is worth- ~ peared on the screen, while the subject responses, ignoring
while to look into methods of measuring listeners’ use ofthe difference between uppercase and lowercase, were
linguistic redundancy. stored.

A straightforward measure of linguistic redundancy is The percentage of correctly guessed letters is a measure
obtained through the letter guessing proced@&tannon and of linguistic redundancy. If a subject has no knowledge of
Weaver, 1948 which uses orthographic presentations ofthe language whatsoever, he will guess each letter in a purely
sentences to obtain an estimate of linguistic entropy. Otherandom fashion. Hence, in English he may statistically be
suitable measures, such as thendk-factor by Boothroyd expected to guess 1 out of 27 letters righ6 letters and

A. The influence of context effects on SRT tests
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spacé. The more redundant the language is to the subject, 6.0
the fewer letters he is forced to select randomly. o Proverbs &

Rather than working directly with the percentage of cor- 4.0 A A
rectly responded letters, the LGP scores are expressed in ® Standard AD
terms of linguistic entropy. Entropy, in the context of infor- . 2.0 1 A SUS
mation theory, is expressed in “bits.” The linguistic entropy 2
L is related to the fraction of correctly responded letters g 001 u -
according to ht o = "

% 2.0
L=—log; (). 1) o
. . . . . -4.0 4 0°©

Assuming a 27-letter alphabg@ncluding spacg the linguis-
tic entropy associated with pure guessing of a single letter is, 6.0 . . . ‘ ‘ ‘
according to formuldl), 4.75 bits. This is the upper limit to ‘ o 02 04 06 08 i (2 14
L. If all letters are immediately guessed correctly, then LE (bit)

=0: the material is perfectly redundant.
As an added measure, subjects were informally checkediG. 5. Relation between SRT and LE, for five individual subjects and three
for their capacity to spell simple words in the tested lan-types of SRT sentences. Results are mean vaNes for SRT,N=13 for
guage. For the letters that are particular to Dutch and Gel-E)- Speech material by the same talker was used for all SRT tests.
man, not existing in English, the subjects were instructed to
use similar characters that are usually assigned to replace Since average LE effects due to word position will pre-
these letterge.g., “ss” for German ‘B"). dominantly result from semantic constraints, semantic redun-
Linguistic entropy will strongly depend on the type of dancy is in fact what the parametemeasures. By calculat-
sentences that are used: the more redundant the sentendeg, LE as a function of word position across a sufficient
the smaller the estimated linguistic entropy. Even wordshaumber of subjects and sentences, the parametensd 8
within sentences will differ in terms of LE: semantic con- may be estimated using fixed nonlinear regression. By also
straints will cause words towards the end of a sentence to bestimating the standard errors associated withnd 3, sta-
more redundant than words at the beginning of a sentencéstical significance is investigated by meanst-oésts.
When LE-estimates are calculated on a word-for-word basis,
we expect the average LE as a function of the position of the
word within sentences to be a monotonically decreasing- Results
function. For individual sentences this will usually not be . .
true; in the phrase “merry Christmas,” for instance, the word .- Ré/ation between LE and SRT for native speech
— L . : communication
Christmas” is likely to be a local minimum in LE, regard-
less of the position within a sentence. However, when LE is  Linguistic entropy is the result of an interaction between
measured as a function of word position across multiple sersubject and sentence material. If linguistic entropy estimates
tences, differing somewhat in construction and number ofire to be used to quantify the effect of linguistic redundancy
words, a monotonically decreasing function seems likely. [ton SRT, this should also be possible in a fully native setting
also seems fair to assume that the LE decrease between tWutch subjects, Dutch languagerhe difference between
consecutive words becomes smaller toward the end of theubjects is then expected to be relatively small, but the
sentence; the more context already exists, the smaller tr@mount of linguistic redundancy in the speech material can
gain will be by adding one extra word. When we assume thabe varied systematically. This way, the relation between LE
the LE decrease has an inverse proportional relation to wordnd SRT can be studied without introducing some of the
positionn, uncertain factors that are automatically introduced when car-
rying out non-native perception experiments.
An important source of redundancy in natural speech is
the use of semantic constraints. The SRT sentences form a
homogeneous set in this respect. By constructing new sets of
SRT sentences, which are designed to be as similar as pos-
sible to the “standard” SRT sentences in every way except
3 semantic redundancy, the effect of semantic redundancy on
native speech intelligibility may be evaluated. Similarly, the
Here the constans may be interpreted as the LE of a single effect on linguistic entropy is investigated.
word without sentence context; the constaruantifies the Two new sets of Dutch SRT sentences were constructed,
effect of word position within a sentence on word LE. An one consisting of provertigigher than normal redundangy
exception is made for the first worah€ 1), for which Eq.  the other consisting of semantically unpredictable sentences
(3) is not necessarily expected to hold. Within a set of sen{lower than normal redundancy; Behat al, 1996. LGP
tences of a specific structure that is known to the subjectand SRT experiments were carried out with five native Dutch
(such as SRT sentengeshe predictability of the first word students, matching subject group IlI. Individual LE and SRT
may be much higher than expected from Eg). results are given in Fig. 5.

o
Ln_Ln—l:H: (2

wheren=2 anda is an arbitrary constant, thdnwill be a
function of n of the form

L,=B+alnn.
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FIG. 6. Word-LE as a function of word position within sentences, for word FIG. 7. Mean LGP results of L2 Dutch subjectroup ) and L1 German
positions 2<n<#6. The dashed lines are least-squares fits of(Bgto the and American subjects. All L2 results and L1 Dutch results are based on
data for the three different kinds of sentences. Data points are based on fivéne listenerg39 sentences per listen&t=351); the L1 German and En-
subjects(each 13 sentence$or proverbs and semantically unpredictable glish results are based on three subjé8& sentencef\=117). The error
sentences, and on nine subje@sch 39 sentencefor the standard SRT  bars indicate the standard deviation.

sentences.

2. Non-native LE results

Figure 5 shows some residual between-subject variance With non-active listeners, linguistic entropy was not var-
on the SRT scores, not explained by linguistic entropy. Stilljied by manipulating the speech material; instead, it varied
the relation between SRT and LE across sentence types @&scording to subjects’ individual command of their second or
clear. This means that differences in SRT can be predicted, tifird language. The LGP results of subject group | are pre-
a certain degree, from linguistic entropy estimates. The meagented in Fig. 7. Please note that the error bars in Fig. 7
increase in SRT as a function of LE is 10 dB/bit between thdndicate the standard deviation rather than the standard error,
proverbs and the standard sentences. Between the stand&®erause of the large number of observations per language.
sentences and the semantically unpredictable sentences, this All differences in Fig. 7 are highly significantp(
slope is also 10 dB/bit. <0.001). Unfortunately, and unlike the SRT results, the na-

The linguistic entropy of the three types of sentencedive (L1) LE scores are also significantly different between
was also calculated for individual words as a function oflanguages for L1 subjects. Hence, the LGP test is language
word position; results of this calculation are given in Fig. 6.dependent, and linguistic entropy estimates may not be com-
The very first word of each sentence was not included in thigared across languages without applying corrections for dif-
analysis; its baseline predictability is much higher than allferences in the LGP test.
the other words, since it is nearly always an article. The lowest native LE is found for German, then Dutch,

Figure 6 shows that LE decreases monotonically withand then English. The reduced entropy for German can be
word position, as expected. The estimated values of parangexplained from a number of factors. Additional contextural
etersa and 8 from Eq. (3) are given in Table I. constraints are introduced in German by the use of word

If it is true that the three types of sentences differ pri-gender and case, which (girtually) not present in English,
marily in semantic constraints, then we expect similar valuegnd of minor influence in Dutch. Moreover, the German con-
of B3, but different values for. The differences inv are, as  vention of spelling nouns with capitalized first letters are also
expected, statistically significant. However, the differences iradopted in the feedback given by the LGP test, which also
B are also significant. This may indicate that, between thédds some redundancy.
different sentence types, factors other than semantics were Because of the differences between languages, we will
also different, such as word choi¢mean frequency of oc- use the “normalized” linguistic entropy from hereon. The
currence in natural language, mean familigrity could also  normalization is accomplished by subtracting the mean na-
indicate that the assumption expressed by(Epis not com-  tive LE from the observed LE. This should largely eliminate
pletely justified for words at the beginning of sentences. between-language differences.

TABLE |. Estimated LE parameters from native LGP experiments for threes' Relation between LE and SRT for non-native

types of sentences. listeners
Slope Offset R? The effects of non-nativeness on LE appear to follow the
Sentence type (@) B (explained variande same patterns as the SRT effects. This suggests that the over-

all intelligibility is largely determined by linguistic factors.
2{2:3::3 SRT :g'gé i'i? 8'33 Figure 8 shows the correlation between normalized LE and
SUS _038 101 0.88 SRT for the individual subjects of groug-1l (20 subjectsin
all tested languages.
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10.0 TABLE |l. Estimated LE parameters from LGP experiments with group |

subjects.
8.0 1 X
L Slope Offset R,
6.0 > x Sentence type (@) B) (explained variancde
—_ X %R N
g X X o Dutch (native —-0.58 1.41 0.97
= 407 % % English -0.52 1.60 0.99
XA T
& B German —-0.38 1.50 0.92
= 2.0 1 AXAA
8 A XA -
=] O AGTAg A O Dutch (native)
0.0 - \ AL Ad L
AD‘?Jlj o0 A English assume thaB expresses the linguistic entropy of words due
20 | I = I % German to all factors other than semantic constraints, then this also
. includes the systematic differences between orthographic
-4.0 . x . , . representations of the different languages. In this light, the
<030 -010 010 030 050 070 0.90 fact that 8 is higher for English than for German does not
Normalized linguistic entropy (bits) seem as surprising anymore, but little room is left for inter-

. . pretation of this parameter. Table Il shows that group | sub-
FIG. 8. Correlation between normalized LE and mean $Riee talkery . . . . . .
for native Dutch and non-native English and Germ@d subjects Al jects benefit more from semantic constraints in English than
talkers were native in the given language. The dashed line is obtaineln German. However, although it appears likely that there is
through linear regressiorRf=0.74; slope 10.8 dB/bit, intercept0.15dB.  a relation with speech intelligibility, Table 1l does not pro-
vide information about this relation.

The value of the squared correlation coefficiefR? ( By investigating similar curves as given in Fig. 9 for
—0.74) indicates that roughly 74% of the total variance ingroups of subjects differing itnon-native speech intelligi-
SRT scores in Fig. 8 may be explained using normalizedility, the relation between the parameter and the SRT may
linguistic entropy. This indicates that LE scores from letterb€ established.
guessing experiments can be used to obtain a fair prediction For the data presented in Fig. 10, the 20 subjects of
of corresponding SRT values. group 11 were divided in four subgroups according to their

More may perhaps still be learned from mean word LEMean SRT when listening to German by G1 talkers. For
as a function of word position, and by estimating the param!hese subgroups of five subjects, word LE as a function of
etersa and 8 of Eq. (3). For the subjects of group |, we may Word position was calculate@Fig. 10 and Table Il

verify the effect of the known difference in proficiency be- All differences between values aof and all differences

tween(native Dutch, English, and GermdfFig. 9 and Table between values g8 are significant, with the exception of the

). differences fora and g for the 6.3- and 5.2-dB subgroups.
Al differences between the values @fandgin Table II ~ This shows that intelligibility is related to the effective use of

are statistically significant. The influence of semantic con-S€mantic constraintsx-parametey; as well as other linguis-
straints on LE, as quantified by slope is as could be ex- tic factors(s-parametex.
pected for group |: apparently, the semantic constraints
present in German sentences are not used as effectively asW¥hDISCUSSION AND CONCLUSIONS
English sentences.

The differences in3 are not as easily interpreted, espe-
cially since B is higher for English than for German. If we

Using the speech reception threshold method, effects of
non-native speech perception on speech intelligibility could

2.00 & mean SRT=6.3 dB
2.00
130 4 ~ 180 4 0 mean SRT=5.2 dB
£ 160 - X German £ 1.60 1 A mean SRT=3 8 dB
= A English T 140 |
T 140 & S X mean SRT=1.7 dB
5 120 5 Dutch 2 120
5 20 1.00 -
g Z 1
1.00 4 1
z £ 080 A
2 R =
g g'ig 5 0.60 1
2 0-40 £ 040 -
5 £ 020 A
£ 020 - 5
3 0.00 ‘ : : : :
0.00 : : : : . - | N 5 A 5 . ;
1 2 3 4 5 6 7 Word position

Word position
FIG. 10. Non-native German word-LE as a function of word position within
FIG. 9. Group | word-LE as a function of word position within sentences, sentences, for word positionssh<#6. The dashed lines are least-squares
for word positions 2n<7. The dashed lines are least-squares fits of Bq. fits of Eq.(3) to the data for four subgroups of subject grougl| differing
to the data for three different languagestive Dutch, and non-native En- in mean SRTG1 speakels Data points are based on five subjeeach 39
glish or Germap sentences
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TABLE Ill. Estimated LE parameters from LGP experiments with group tween both curves in Fig. 1lican also be transformed to
I+11 subjects(division into subgroups according to mean SRT scores for Glother intelligibility scales. as Iong as the Corresponding psy-

talkers. chometric functions are known as a function of speech-to-
Mean SRT of noise ratio.
subgroup Slope Offset Ry A non-native listener with a degree of command on his
(dB) () # (explained variande second language that is better than that of the worst-case
6.3 —-0.38 1.68 0.80 listener presented in Fig. 11 will produce a psychometric
2-2 *g-ig 1-22 8-3‘3‘ function when subjected to a SRT test that is somewhere
17 _0.48 120 0.98 between the two curves of Fig. 11.

For the listener populations and languages considered in
this article, mean intelligibility effects of non-nativeness are
- . L - fficientl ifi h f th i .
be quantified for subjects ranging in proficiency from reason-Su iciently quantified by the outcome of the experiments

able to excellent. Non-native speech recognition in noiseHowever, for other populations and languages, additional ex-

does not just differ in terms of the mean of the psychometricF;] e::g]ne_?sti\\’lvgllz(; nfaedeesd'cgr?rggnf t?ni;?:;igggmixngdm?j?ftfi
function, but also the slope. To summarize the data given i guag 9

this article, the average natistylized psychometric func- cult task. Letter guessing tests are easier to carry out, and the

tion and the worst-case non-native psychometric function der_esulting linguistic entropy estimates predict speech intelligi-

rived from the experiments are given in Fig. 11 bility of non-native listeners with reasonable accuracy. This

The mean and slope of the psychometric functions ofnould open up possibilities to obtai@lbeit somewhat
Fig. 11 can only be interpreted in the context of the speciﬁccrUdé estimates of non-native I|§teners’ intelligibility effects
sentence recognition paradigm used by the SRT test, impld®F @ greater number of populations and languages.
mented as described in this article. Other methods of mea- AS pointed out earlier in this work, the fact that linguis-
suring sentence recognition as a function of speech-to-noidé€ entropy is a good predictor for intelligibility does not
ratio, or even other variations on the SRT paradigm, maynean that the non-native speech recognition process is fully
lead to somewhat different results. For instance, relaxing théetermined by linguistic factors. Since second-language
requirement that each individual word must be respondedgarners tend to develop oral and written skills simulta-
correctly will reduce the steepness of the curve. On the otheteously, general second-language proficiency is an important
hand, if optimized sets of selected test sentences are us€dplaining variable behind both linguistic entropy and SRT
(Versfeld et al, 2000, then steeper psychometric functions scores.
will be found. The fact that other than linguistic factors are also impor-

Despite the fact that there is a degree of dependency dant is illustrated by the influence of L2 speech production
the finding on the test method used, they also hold universdhccented pronunciatipon L2 speech perception. Dutch lis-
and quantitative meaning. If psychometric functions areteners who were highly proficient in English experienced
known for two different test paradigms, in the same condi-somewhat reduced speech intelligibility when listening to
tion, then these curves can be used to transform measurEnglish by other non-native Dutch talkers, compared to na-
ment results from the scale of one test to the other. Henceive English talkers. For the same listeners, who were less
the difference between native and non-native intelligibility proficient in German, the exact opposite was true for the
(given for our worst-case condition by the difference be-German speech.

The experimental results offer no clear explanation for
this discrepancy, but it seems that such an explanation is

100
more likely to be found in the proficiency difference than in
language-specific factors. The explanation could be that
g 59 highly proficient listeners are able to use more subtle pho-
% netic cues in authentically pronounced speech. The allo-
o 6ol phonic realizations of non-native talkers, even if they match
§ the listeners’ native model of phoneme space better, are less
% effective in transfering information needed in the speech rec-
o 40t ognition process. For less proficient listeners, these subtle
; phonetic cues are not as useful; they are unable to accurately
s0l categorize allophones using typically L2 phonetic contrasts,
—Average native Tstener and perform better if these L2 allophones are “mapped” to
__ Worst-case non-native listener their native phoneme space by non-native talkers.
0 i L ‘ 1 ‘ In view of the results presented in Tables Il and Ill, it
-10 -5 0 5 10 15 20

seems likely that the contradictory findings by Florentine
FIG. 11. Psychometric functions of speech reception in nsecentage of (1985 and others versus Kost€t987), regarding the use of
sentences correctly received as a function of speech-to-nois¢ f@tithe semantic constraints by non-native listeners. can be ex-
average native listener from the SRT experimel@RT=—0.7 dB, steep- . . . . L .
ness 12.6%/dBand the worst-case non-native liste(®RT=6.0, steepness plalned by differences in their test pODUIat'On S mean prOf"
7.5%/dB. ciency. A high-proficiency population is likely to have “near-
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sented in_this article were .Concemed with subjects of Very problems,” in Speech Perception and Linguistic Experienesited by W.
poor proficiency. The earliest stages of second languagesStrange(York, Baltimore, MD.
learning may involve intelligibility effects beyond our scope Flege. J. E., Bohn, O.-S., and Jang,(8997. "Effects of experience on
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