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Linguists have traditionally classified languages inteéhythm classes, namely stress-timed,
syllable-timed and mora-timed languages. However, thasgification has remained contro-
versial for various reasons: the search for reliable a¢owasies to the different rhythm types
has long remained elusive; some languages are claimeddond® none of the three classes;
and no perceptual study has bolstered the notion. HoweenuR, Nespor & Mehler (1999),
Cognition 73 265-292, have recently proposed an acoustic/phoneticehufdthe different
types of linguistic rhythm, and of their categorization aslts by listeners. Their simulations
make predictions as to which languages can be discriminatethe basis of their rhythm.
Here, we present perceptual experiments that directlytbesnotion of rhythm classes, the
simulations’ predictions and the question of intermediateguages. Language discrimination
experiments were run using a speech resynthesis techrarestrre that only rhythmical cues
are available to the subjects. Languages investigatedragksh, Spanish, Catalan and Polish.
Discrimination results are compatible with the rhythm sldgpothesis, but Polish rhythm
seems to be different from any other language studied arirttay constitute a new rhythm
class. A revised version of the rhythm perception model @ppsed to accommodate these
findings and more simulations are run to generate new piedgt

Key-words: speech rhythm, prosody, language discrimination, spgexzheption, stress-
timing, syllable-timing.

The perception of language rhythm has been a subject afpeech signal have failed to provide empirical supportfisr t
interest among linguists for decades. This interest come%sochrony theory” (Bolinger, 1965; Roach, 1982; Dauer,
from the observation that different languages give rise t01983).
the perception of different types of rhythm. For instance, Dasher and Bolinger (1982) and Dauer (1983) have advo-
Lloyd James (1940) noted that English has a rhythm similagated another view of speech rhythm, according to which the
to that of a Morse code, while Spanish rhythm is closer todifferent types of rhythm are due to different sets of phono-
that of a machine-gun. Pike (1945) attributed this diffeeen |ogical properties. Indeed, stress-timed languages &atho
to the fact that in English rhythm is due to the recurrence ofcomplex syllables and have vowel reduction, while syllable
stresses, while in Spanish it is due to the recurrence of sytimed languages only have simpler syllables and no vowel
lables, hence the terminology "stress-timed” and "sykabl reduction. This view raises the possibility that differeam-
timed” languages. Abercrombie (1967) further claimed thatpinations of these phonological properties might give tise
all languages should fall into one of these categories, anghythms that are neither stress- nor syllable-timed. Nespo
that rhythmical structure was based on the isochrony of th¢1990) has indeed argued that some languages present such
corresponding rhythmical units, that is, the isochronyref i combinations: Catalan has simple syllables, like syllable
terstress intervals for the former category and the isampro timed languages, and vowel reduction, like stress-timad la
of syllables for the latter. However, measurements in theyuages; Polish, on the other hand, has complex syllables and
no vowel reduction at normal speech rates. Nespor (1990)
thus concludes that these languages should have intermedi-
. , ate types of rhythm. At that stage, what is missing is pri-
poIrmI?A\;vncw)(ral?anﬁts tzug‘?”aeg db}J/ '\g/;lrar;itﬁ dfrf?g‘mthlfw'?:'g(%tr'gj';c?ga“]'?mary empirical evidence. Do human listeners categorically
1646/SPR) to R.Z.. We thank Thierry Fourneyron and Sid Keuid perceive different types of rhythm? If so, how would they

classify languages such as Catalan and Polish? And what au-
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Jusczyk, 1998), possibly bootstrapping the task of word seg 3. Compute %/, AV, andAC.

mentation. Alternatively, speech rhythm has been proposeBhythm type follows from the values obtained.

as a cue to syllable structure (Ramus, Nespor, & Mehler, . )

1999). A better understanding of speech rhythm perceptio®imulations

in adults, supplemented by studies conducted on infantg, ma From this model it is possible to make predictions as

provide an empirical basis to these hypotheses. to which languages are discriminable on the basis of their
. rhythm. However, specific predictions depend on the partic-
Auditory cues to rhythm ular task that is used to assess discrimination. The foligwi
perception simulations are modeled on the kind of language discrim-
Before we tackle empirical studies of speech rhythm periN@tion experiments previously run by Ramus and Mehler
W pin Ll P y P &1999). In these experiments, subjects are trained toidiscr
Inate between 10 sentences of language L1 and 10 sentences

dof language L2, uttered by 2 speakers per language. In a

above, measurements inspired by the isochrony theory havPSequent test phase, subjects are tested on their ability
had little success. However, building upon the phonoldgicacOrrectly classify 10 new sentences of each languagegaltter

account of thythm (Dasher & Bolinger, 1982; Dauer, 1983),PY 2 néw speakers per language. . .

Ramus et al. (1999) have shown that the type of rhythm FOr @ny given pair of languages, a simulation was run by
of a given language can be deduced from the duration of€'forming a logistic regression taking language as catego
its vocalic and consonantal intervals. This finding not only!Ca tvarlable_,”?nd % l?fhpreg'cltdor Vf‘”af%ltegwgn tzho tralnlr;g

sheds light on a point of linguistic typology, but also sug- S€MeNces. 1he resuft threshold vaiue S then use

gests a model of how speech rhythm may actually be pe|1-° classify the test sentences. Predictions are reprodaced

ceived. From this model it is possible to make predictions asTabIe 1
to which languages should be perceived as having the same e 1

rhythm and which should be perceived as having diﬁeren[anguage discrimination simulations based%N . Scores

types of thythm. Since these predictions bear directly an OUxre percentages of test sentences correctly classifiednézha

present experiments, we now present the.model of Ramq§ve| is 50%. Cases in italics reflect between-class languag
et al. (1999) and the corresponding simulations.

larities or properties of the speech signal can predictiist
ers’ classification of rhythm types. As we have mentione

pairs.
Measurements Eng. Dut. Pol. Fre. Ita. Cat. Spa.
Dut. 57.5
Measurements of the duration of consonantal and vocalic Pol. 50 57.5
intervals were made in eight languages (English, Dutch, Pol Fre. 60 60 65

ish, French, Spanish, Italian, Catalan and Japanese). Con-lta. 65 625 65 55

sonantal intervals span sequences of consecutive cortspnan Cat. 65 62.5 65 575 35

while vocalic intervals span sequences of consecutive vow- Spa. 625 575 625 50 50 375

els. These measurements thus assume a coarse consodap. 925 92.5 95 90 90 87.5 95
nant/vowel segmentation of speech, but not a detailed pho-
netic segmentatidn Three variables are computed from the
measurements, taking one value per sentendé; the per- The simulations thus predict fair classification of sen-
centage of the sentence’s duration taken up by vowIs;  tences £ 60%) between languages with different types of
the standard deviation of vocalic intervals within the sen-rhythm and chance performance 60%) for languages with
tence; and\C, the standard deviation of consonantal inter-the same type of rhyth?n These predictions are thus en-

vals. Ramus et al. (1999) found that the eightlanguages stugirely consistent with what Mehler et al. (1996) and Nazzi,
ied cluster in three groups along th&®andAC dimensions, ——— = _ _
and that these groups correspond to three distinct rhythm 1 This was justified by evidence that newborns are particularl

type§ sensitive to vocalic intervals of speech (Mehler et al.,8)9%ecent
' data suggest that consonants and vowels may indeed be gedces
The model differently by the brain (Caramazza, Chialant, Capasso, i&€gll

2000).

The above measurements suggest a straightforward model * English, Dutch and Polish form the stress-timed group, éhien
of how the human auditory system extracts rhythm type fronPanish, Italian and Catalan the syllable-timed group Japanese
speech. The model relies on the following prerequisitei-abil 'S (€ only member of the mora-timed group. This latter gioup

e L although not recognized in the earliest descriptions ofjlmage
ties: (a) discrimination of consonants vs. vowels, (b) eaal thythm, brings together languages whose rhythm is due towra,

tion of time intervals, (c) computation of simple statisticlt 5 5yn_syllabic unit (Ladefoged, 1975). Within the phonaatde-

takes the following steps: . scription of rhythm, mora-timed languages are those withstim-
1. Segment the speech sample into consonantal and vetest syllabic structure.
calic intervals; *With the exception of the Spanish/Dutch pair, for which a

2. Measure their respective durations; 57.5% score is predicted, although they are respectivdlglsg-
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Bertoncini, and Mehler (1998) called the rhythm class hy-sasasa:all consonants are replaced by /s/ and all vowels are

pothesis, insofar as Polish is considered as stress-tiamet, replaced by /a/. The fundamental frequency is pre-

Catalan as syllable-timed. served. Therefore, all lexical, phonetic and phono-
Thus, the model set forth by Ramus et al. (1999) makes tactic information is eliminated, preserving only the

particular predictions concerning Nespor's (1990) interm prosodic information, that is rhythm and intonation.

diate languages. A study of the perception of speech rhythm _ .
including Catalan and Polish may therefore provide an emfilat sasasa:the phonemes are replaced in the same manner

pirical test of both Nespor’s claim and Ramus et al.’'s model. as for thesasasa but the original fundamental fre-
This is the purpose of the following sections. quency of the sentences is ignored, and replaced by
a constant one at 230 Hz. This way, the synthesized

stimuli can only convey the rhythmical properties of

Material o,
the original sentences.

Languages Sample stimuli can be heard on

Consistent with the predictions in Table 1, Ramus and'ttp:// ww. ehess. fr/centres/|scp/ persons/ramus/resynth/ecou
Mehler (1999) showed that English and Japanese rhythms Incidentally, the resynthesis process gives total control
can be discriminated. Among the 27 remaining |anguagé)verthe duration and the average fundamental frequency of
pairs in Table 1, the selection we chose to test aims at evafh'® sentences. We used this feature in order to reduce the dif
uating Nespor's (1990) hypothesis about intermediate lanferences found across languages, and eliminate the pessibi
guages. We chose to compare Catalan and Polish with tw§y that subjects might discriminate languages on the tusis
reference languages, English for the stress-timed type angpch artifactual cues as sentence duration or pitch. We-ther

Spanish for the syllable-timéd fore multiplied all fundamental frequency values of the i$pa
ish sentences by a factor of 1.12. As regards Polish, a closer
Sentences scrutiny revealed that unlike the other languages, there we

important differences between the four speakers. To reduce

Sentences were selected from a multi-language corpus inthese differences as well, different factors were applied t
tially constituted by Nazzi (1997; Nazzi et al., 1998) and ex each speaker: sentences’ durations were multiplied respec
tended for the present study (Polish and Catalan). In thisively by 1, 0.92, 0.9 and 0.93, and fundamental frequency
corpus, 54 sentences of each language were read by four fealues by 1.07, 1.09, 1.17 and 0.91. Additional measure-
male native-speakers. We selected 5 sentences per speakaents performed on the resynthesized sentences ensuted tha
thus constituting a set of 20 sentences per language. Sene significant differences ifg or duration remained across
tences were selected in such a way as to minimize differencehe four languages. Informal listening revealed no peieept
across languages: they were thoroughly matched in numbdile difference or artifact as a result of certain senteneas h
of syllables (from 15 to 19 syllables per sentence, with aring their duration or pitch modified (the factors used were
average of 17), and had comparable durations and averagedeed quite close to 1).
fundamental frequencig¢see Table 2).

Since an ANOVA showed that there were significant dif- Language discrimination on the
ferences in duration between Polish and the other languages basis of rhythm and intonation
and in fundamental frequency between English, Spanish and

Polish, these differences were compensated for through the IAIthough r?”ly tr:jeﬂat sasasar\]/e;]siohn of the sentences is
resynthesis process described in the following section.  'elévant to the study of speech rhythm perception, we con-
ducted a number of preliminary studies using sheasaver-

Resynthesis sion, hoping to increase our chances of observing discrimi-
nation effects.

In order to ensure that only the relevant cues are made . ) L .
available to the subjects in language discrimination exper EXp. 1-2: Calibration and optimization of the dis-
ments, Ramus and Mehler (1999) developed a speech resyarimination task
thesis technique, allowing to selectively degrade or prese o
the phonological and prosodic properties of speech. Basi- Ramus and Mehler (1999) used a categorization task (X),

cally, each sentence is resynthesized by feeding its pImonetWhere subjects were trained to correctly classify the tvms la
transcription, the duration of each phoneme and the funguages on half the sentences, and then tested on the other
damental frequency curve into an adequate speech synthgﬁd stress-timed.

Sizer. Here, we USeBROLA (DUt.O't’ Pagel, Pierret, Bata'”e.' 4 Catalan and Polish are obviously not mora-timed languages.

& van der VreCken'_ 1996) ,Wh'Ch perfqrms the Sy”th,es's ® Fundamental frequency was extracted at intervals of 5 ms us-
through concatenation of diphones, using a French d|phonﬁ919 the Bliss software. Average fundamental frequency veas-c
database. Phonological properties of the synthesized sefuted as the average of all non-zero fundamental frequealcyes
tences are manipulated by modifying the input data to th@or each sentence.

synthesis. Here we only use two of the four types of manip- $MBROLA is freely available from
ulation documented in Ramus and Mehler (1999): http://tcts.fpnms. ac. be/ synt hesi s/ mbrol a. htni .
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Table 2
Average duration and fundamental frequency across seesaicthe different languages. Standard deviation in péuesgs.
English Spanish Polish Catalan
Duration (ms) 2852 (207) 2840 (243) 3034 (330) 2856 (285)
AverageFy (Hz) 230 (16) 206 (17) 219 (22) a

2 This was not measured, since Catalan sentences were nanusagdexperiment involving fundamental frequency (seewg!

half. Although the languages studied (English and Japaneseandomly from the context set, subject to the constrairt tha
were maximally different, at least as far as rhythm is con-they are uttered by two different speakers. The test seatenc
cerned, classification scores in the training phase werernevis also drawn randomly from the test set, and each test sen-
dramatically high (at best 0.72 for th® score). Thus one tence is played only once per block. Within a trial, sentence
may fear that the discrimination of finer differences may fai were played with an inter-stimulus-interval of 500 ms. Sub-
to be observed, and feel the need to use a more sensitive tagi&ct were then required to press a key to indicate whether
The X task involves finding the relevant cues and formingthey thought the third sentence was expressed in the same
categories for the two languages over the training sengencelanguage as the first two.
and generalizing this categorization to the test senteiies . ) . )
now propose to evaluate a potentially less demanding task, Participants Thirty-two students participated, 16 in each
the odd-ball task (AAX). Here, two sentences of the sameEXperiment. There were 22 men andllo women, with a mean
language are played as a context, then a third sentence 3€ Of 21. They were all French native speakers. They vol-
played either in the same language or in a different one, anHntvily participated without any payment, and were tested
the subject should respond Same or Different. Thus this task their own room, using a portable PC.
requires only the immediate comparison of series of three

. S e Results In Exp. 1, only the results of the test phase are
sentences, with no training and no generalization.

taken into account. Hit and false alarm rates are computed

Method We used the 20 English and the 20 Spanishfor each subject as follows: in Exp. 1, hit rate is the pro-

: ; . portion of Spanish sentences correctly identified, andefals
Zebgt/eencisll ree;gg:i?ﬁ g'nztz? p;?o‘fcﬁ)elfavr\?ea:znSrrogfaﬂf};gébgg alarm rate is the proportion of English sentences incalrect
PC using the EXPE language (Pallier, Dupoux, & .Jeannirf\abeled as Spamsh; in Exp. 2, hit rate is Fhe proportion of
1997y ' ' torrect "same” trials and false alarm rate is the proportion
’ f incorrect "different” trials. In order to take into accou

Experiment 1 uses the X task following the same protoco ossible response biases, and following Ramus and Mehler

as in Ramus and Mehler (1999). First the instructions ar 1999), hit and false alarm rates are converted italis-

displayed on the screen, informing subjects that they are t rimination scorés Table 3 presents averagé scores for
identify two exotic languages, Sahatu and Moltec. Sentenc he two experiments

are divided into a training set (2 speakers per language) and
a test set (2 other speakers per language); they are play
through a ProAudio Spectrum sound card, and heard througngle 3 . e . _—
headphones. In the training phase, subjects first listando t nglish-Spanish discrimination usisgsasatimuli.

example sentences, then to the 20 training sentences one at a A" St Dev. p

time, and have to answer S for Sahatu, or M for Moltec. They Exp.1(X) 0.62 0.19 0.024

receive immediate feedback on their answer, and then have Exp.2(AAX) 0.61 0.09 <0.001

the opportunity to listen to the sentence again. A score of

70% correct responses or more allows them to switch to the The distributions ofA’ scores can be considered normal
test phase. Otherwise, they undergo the training phase agafor both experimentsg( > 0.20 with a Lilliefors test). Av-

up to a maximum of three times, after which they switchto__

the test phase regardless of their score. In the test phase,  EXPE is freely available from
subjects listen to the 20 test sentences one at a time, answit p: // ww. ehess. fr/centres/| scp/ expe/ expe. htni .

S or M and get immediate feedback as in the training phase. 8 A is a variant ofd’ which requires less stringent assumptions.

Each test sentence is heard only once. Let H be the hit rate and F the false alarm rate:
Experiment 2 uses the AAX task as follows. The two sets , 1 (H-F)1+H-F)
of sentences defined for Exp. 1 now constitute a context set If H>F, thenA' = P + 4H(1-F)
(AA in AAX) and a test set (X in AAX). The session in- 1 (F-H)(1+F —H)
cludes two blocks of 20 trials each, during which the context if H< F, thenA' = 5~ F(1H)

language is held constant. At the beginning of each block,
subjects are told which language (Sahatu or Moltec) is th&ee Snodgrass and Corwin (1988) for further details.

context language. Blocks were counterbalanced across sub- °This is a variant of the Kolmogorov-Smirnov normality test
jects. For any given trial, the two context sentences an@mira which does not assume the mean and the variance to be known.
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erageA’ scores are significantly above 0.5 (chance level) a same/different task, with marked keys indicating the mean
both for Exp. 1 {(15) = 2.52, p =0.024), and for Exp. 2 ing of the response (P for "Pareil” and D for "Diffrent”), and
(t(15) = 4.45, p < 0.001). Thus, in both experiments, sub- with feedback being provided after each trial. Low scores
jects managed to discriminate between the two languagethus merely reflect "bad luck” or perseveration in a wrong
and achieved similar scores. However, subjects’ scores argrategy.

more variable in Exp. 1 than in Exp. 2, as confirmed by a
Levene’s test for equality of variances (p=0.12, non signifi
cant trend). This explains the difference in significance be
tween the two t-tests, and suggests that the AAX procedur¢ 57
might have higher statistical power.

m2English/Spanish @ 3English/Polish  4Spanish/Polish

Discussion These experiments show that English and
Spanish can be discriminated on the basis of their prosodi
properties.Flat sasasastimuli are now necessary to assess
whether rhythm is sufficient for the discrimination.

The lesser variance @ scores found using the AAX task
incites us to prefer this task for future experiments, where

Numbewdubjects
N

discrimination effects may be more difficult to detect. Al- 0l ;

though Levene’s test was not significant, it remains possibl b o kB b o b B A A S b O
that it is due to chance or to another factor. However, sincg ¢ o & ¢” © oF O ¥ 7% O g7 7T @

we have no other reason to prefer one task over the other, w fcores

will now adopt the AAX task for all the other experiments.

Exp. 3-4: English-PoIish and Spanish-PoIish Figure 1 Histogram ofA’ scores for Exp. 2, 3, and 4.

Method Here we use the English, Spanish and Polish sen- Our results suggest that Polish should perhaps be consid-
tences described above, resynthesized irstteasamanner.  ered a stress-timed language like English. It is however im-
Experiment 3 tests discrimination between English and Polportant to assess more directly this hypothesis usindl#te
ish, and Experiment 4 discrimination between Spanish andasasastimuli, which will preserve rhythm only. This is the
Polish. The procedure is the same as for the Exp. 2, usingurpose of the next section.
the AAX task.

Language discrimination on the

Participants Thirty-two students participated, 16 in each basis of rhythm only

experiment. There were 23 men and 9 women, with a mean
age of 22. They were recruited and tested as in Exp. 1-2.  Exp. 5-7: English-Spanish, English-Polish and

Results Table 4 gives the meaA’ scores for Exp. 3- Spanish-Polish

4, together with Exp. 2 for comparison. The distribution  \ethod We used the same English, Spanish and Pol-
of A’ scores can be considered normal for both experimentgy, sentences as in experiments 1-4, but this time they were
(p> 0.2 with a Lilliefors test). A’ scores are significantly resynthesized in th#éat sasasananner. Their duration was

greater than 0.5in Exp. 4({L5) = 4.14,p=0.001), butnot  ¢,rrected as described above, and the fundamental freguenc
in Exp. 3 ¢(15) = 1.183,p = 0.25). Thus, subjects seem 10 peeded no correction, since it was made constant. Experi-
be able to discriminate between Spanish and Polish, but N¢}ents were run following exactly the same procedure as for

English and Polish. Exp. 2-4.

Table 4 Participants Forty-eight students participated, 16 in each

English-Spanish, English-Polish and Spanish-Polish disexperiment. There were 34 men and 14 women, with a mean

crimination usingsasasatimuli. age of 22. They were recruited and tested under the same
A St Dev. P conditions as for Exp. 2-4.

Exp. 2: English-Spanish  0.61 0.09 <0.001
Exp. 3: English-Polish  0.55 0.18 0.25
Exp. 4: Spanish-Polish  0.65 0.15 0.001

Results Table 5 gives the mea#f scores for Exp. 5-7,
and Figure 2 their distribution.
According to the Lilliefors test, the distribution o&

. — . ._scores cannot be considered normal for Exp.p5=(0.01),
For a better visualization of the data, Figure 1 shows hisy g for Exp. 6 the non-normality is nearly significapt-¢
tograms of&' scores for the three experiments. The solid ver-

tical line separates scores0.5 from scores> 0.5%. Dashed ©|ntervals are of thén,n-+0.05] kind.

vertical lines delimit the interval of scores which are rlgt-s 1 Since there are 40 observations per subject, individualesco
nificantly different from chanc®. It should be noted thatlow need to be greater than 0.66 or lower than 0.33 to be significan
scores do not reflect discrimination and mislabeling: this i different from 0.5, according to a 2-tail binomial test.
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Table 5 erties unlike those of both syllable-timed and stress-ime

English-Spanish, English-Polish and Spanish-Polish dislanguages, and thus that it might belong to an intermediate

crimination usingflat sasasatimuli. class of languages. English-Polish discrimination was not
A St Dev. P predicted by Ramus et al.’s (1999) simulations based on the

Exp. 5. English-Spanish  0.65 _ 0.13 0%01 variable %/; the model may thus gain in accuracy by in-
Exp. 6: English-Polish  0.61  0.14 0.006 corporating the variabl&V. In terms of phonological prop-
Exp. 7: Spanish-Polish  0.74  0.08 < 0.001 erties, this suggests that syllabic complexity does ndy ful
account for speech rhythm. Indeed, English and Polish have
aThis level of significance was obtained through a binomisti,te ~ Similar syllabic complexities, and their discriminatiorust

and is thus not directly comparable to the others. therefore be based on another property, for instance vowel
reduction, which is present in English but notin Polish.d-ik
wise, Spanish and Catalan have similar syllabic struchure,

mEnglish/Spanish - @ &English/Polish 0 7Spanish/Polish only Catalan has vowel reduction. Investigating the digeri
7 , , ination between Catalan and the other languages should now
6 : shed more light on this issue.
51 § Exp. 8-10: Spanish-Catalan, English-Catalan and
§ 4l | Polish-Catalan
g3 : The next three experiments are designed to test the rhyth-
§ 2 | mical status of Catalan with respect to stress-timed laggsia
1] : (English), syllable-timed languages (Spanish), and agsipp
. edly intermediate language (Polish).
TP PEPTFLLLLNLLE R Method The English, Pplish a_nd Catalan sentences are
Acores those described in thdaterial section above. However, the

Spanish sentences previously used have been criticized by
Spanish colleagues, arguing that they were not representa-
Figure 2 Histogram ofA scores for Exp. 5, 6, and 7. tive of the mainstream Castillan dialect. Although there is

no reason to assume that this may have influenced the results
of the preceding experiments, we decided to have the Span-

0.056): this is not the case, however, for Exp.'< 0.15).  ish corpus re-recorded by four unequivocal native Castilla

Since the assumption of normality required for a t-test is noSPeakers. 20 sentences were selected as before. Their mean

met in the case of Exp. 5, we use instead a binomial test confluration was 2928 ms 214, not significantly different from

paring the number of subjects with a score50 and those  that of the other languages (3,76) < 1)**. All sentences

with a score< 50. The standard t-test is used for Exp. 6 andWere resynthesized in ttlat sasasananner, bringing their

7. Obviously, the significance levels will not be comparablefo at @ constant 230 Hz. The procedure is the same as for

across experiments. Exp. 2-7.

For all three experiments, th& scores are significantly  parficipants Forty-eight students participated, 16 in each
above 0.5: p = 0.01 with a binomial test for Exp. 5, gyperiment. There were 21 men and 27 women, with a mean

t(15) = 3.24, p = 0.006 (andp = 0.04 with a binomial test)  age of 24. They were recruited and tested under the same
for Exp. 6, and(15) = 1159, p < 0.001 for Exp. 7. Thus, gnditions as for Exp. 2-7.

subjects seem to be able to discriminate English from Span-

ish, English from Polish, and Spanish from Polish. Since Results Table 6 gives the meai scores for Exp. 8-10,
flat sasasatimuli were used, we may conclude that they didand Figure 3 their distribution.

so only on the basis of the languages’ rhythmical properties The distribution of A scores in Exp. 8, 9, 10 can be
The English-Polish discrimination may seem in contradic-considered as normal (respectivgly> 0.2, p > 0.2 and
tion with the result found in Exp. 3, where these two lan-p = 0.066). In experiment 8, subjects failed to discrimi-
guages were not discriminated in theasasaversion. This  nate between Spanish and Catatgi%) = —1.1, p = 0.3).
actually suggests that the presence of multiple cues is nah experiments 9 and 1@ scores are above chance level,
necessarily beneficial, but rather may distract subjecisfr

the most relevant one, i.e. rhythm (this had already been **In addition, a preliminary experiment revealed that disiri
noted by Ramus & Mehler, 1999). The English-Polish dis-hation between Spanish and Catalan was possible, but Iy

crimination is nevertheless unambiguous when only rhythnie an artifact: 11 Spanish sentences out of 20 containecacsi)
is available. whereas only 2 Catalan sentences out of 20 did. To reducésthe r

that subjects may employ a strategy based on the detectisin of
lences, we removed all silences during resynthesis for faiSh
Discussion The results obtained are consistent with Ne-and Catalan sentences. We checked a posteriori that ouisBng|
spor’'s (1990) hypothesis that Polish has rhythmical propPolish and former Spanish sentences did not present thidgono
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Table 6 tent with Ramus et al.’s (1999) which predicted indeed that

Spanish-Catalan, English-Catalan and Polish-Catalan dis Catalan should cluster with syllable-timed language (see T

crimination usingflat sasasatimuli. ble 1). However, the model was challenged by the results
A St.Dev. p obtained on Polish, and it thus remains to be seen whether it

Exp. 8. Spanish-Catalan 0.46 _ 0.13 0.3 can be adjusted to fit with the whole set of empirical data we

Exp. 9: English-Catalan 0.57  0.14  0.06 have gathered.
Exp. 10: Polish-Catalan 0.57 0.16 0.09

Bimodality of the scores’
distribution

Examination of Figures 1, 2 and 3 may suggest that the
59 5 5 distributions of scores may be bimodal, composed of a nor-
' mal distribution centered on 0.5, and another one centared o

D 83panish/Catalan @ 9%English/Catalan [10Polish/Catalan

4] : i

. , a higher score+ 0.75). This would be compatible with the
i i observation that certain subjects easily converge towtels
i right cues and strategy, whereas other subjects never do. Al
5] : though the normality hypothesis was rejected only in the cas
; of Exp. 5, it may be reassessed by looking at the distribution
1 ' of scores over all the experiments.
Figure 4 presents the distribution &f scores for all ex-
0 periments (2-10) employing the AAX task. Visual exami-
TP PE TP LLELLENLRE R nation, as well as a Lilliefors test show that this distribat

is strongly non normalg = 0.001), suggesting that the sub-
jects tested do not have homogeneous performances. Fig-
ure 5 illustrates our bimodality hypothesis, by showing how
Figure 3 Histogram ofA' scores for Exp. 8, 9, and 10. ghe ogerall distribution can be seen as the sum of two normal

istributions.

Numbegdubjects

AScores

with marginal significancet(15) = 2, p = 0.06 for English- 25 -
Catalanf(15) = 1.81, p = 0.09 for Polish-Catalan. -
It can be argued that although the t-tests we are using ar{ ~ 2°
2-tail, the hypothesis being tested is that subjects hamesc
strictly greater than 0.5. In such circumstances, it is more
appropriate to use a 1-tail test, even though this is not cus
tomary. It can thus be considered that the actual level of sig

15

10 A

Numbewsubjects

nificance isa = 0.10, and that discrimination was achieved 5 1

in Exp. 9 and 10. It can also be noticed that the low mean H H |:|
A scores are partly due to a few subjects scoring surpris- 0 +— e e
ingly well below chance level, although not as low as might TP LESELELCENLSLE R
be predicted by the null hypothesis considering the highes Scores

scores. In both cases, the distribution is clearly shifted t
wards the high scores. Finally, let us note thAascores are
significantly higher in Exp. 9 and 10 than in Exp. 8: respec- Figure 4 Histogram of& scores for Exp. 2-10.
tively t(30) = 2.2, p = 0.035 andt(30) = 2.1, p = 0.045.
Comparable significance is found using Mann-Whitney rank  The fact that a relatively high proportion of subjects never
tests. The above arguments thus lead us to conclude thghd the right cue or strategy, together with the somewhat
the low significance of tests for Exp. 9 and 10 is mainly ajow level of averageA’ scores, confirms that the language
matter of statistical power, and that both the English-faata  discrimination task is a difficult one. It demands sustained
and the Polish-Catalan pairs are discriminable on the lésis concentration and attention. Whenever languages are harde
rhythm, whereas the Spanish-Catalan pair is not. to discriminate, the proportion of subjects failing thektas
creases, as illustrated by Exp. 9 and 10, and the aveXage
Discussion Unlike what we found with Polish, our re- score decreases accordingly. Nevertheless, the difficidlty
sults suggest that Catalan is not an intermediate languagthe task for certain pairs of languages should not mask the
but rather that it is a standard syllable-timed languade, li fact that it isfeasible as indicated by the high performance
Spanish. This is indicated by the fact that its rhythm is not(> 70%) of a number of subjects. Of all the experiments we
discriminable from that of Spanish, although it is discrim- have run, only Exp. 8 (Spanish-Catalan) is characterized by
inable from both that of English, a stress-timed languagethe complete absence of an upper mode for its distribution of
and Polish, an intermediate language. This result is consiscores, and can thus be declared unfeasible.
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tween the two languages. Predicted percentages of correct
responses are shown in Table 7. To reflect the experimen-

16 4 tal results obtained, Polish is now shown as an independent
14 | rhythm class.
8 121 The pattern of results obtained is not completely satis-
£ 10 factory: first, although the English-Polish discriminatits
g 8 correctly predicted, the Polish-Catalan and Polish-Sgani
§ 61 ones are not, which is in direct contradiction with our data;
‘2‘: H H second, the predicted discriminations between English and
o ‘ ‘ Dutch on the one hand, and Spanish and Italian on the other
unnecessarily challenge the standard rhythm classesudt th
SRR ENIN NI O R S seems that the variabl®vV has had too great an influence
Acores on this simulation. IntroducingdC, which is quite strongly
correlated with %/, may help produce more accurate predic-
tions.

Figure 5 Breakdown ofA’ scores into two normal distributions

(Exp. 2-10). Simulation 2: Language discrimination based on

%V ,AV andAC

Adjustlngnt]her_molddeltto the new Here again, we use logistic regressions, this time based on
empirical data (%V, AV, AC, L) quadruples. Besides the additional variable,

We now possess empirica| data Concerning rhythm-basewe simulations are run exaCtIy as befpre. Predicted pbfcen
language discrimination. The results obtained are corpeati ages of correct responses are shown in Table 8.
with the predictions shown in Table 1, with the exception of ~ The present predictions are compatible with the behav-
the English-Polish pair. This is not a minor exception, how-ioral data obtained: discrimination of at least 60% of the

ever: it questions the standard rhythm classes as describ&égntences is predicted between English and Catalan, Span-

in the linguistic literature. Since simulations by Ramualet  ish, Japanese and Polish, between Polish and Spanish and

(1999) were based on the variabl&/%ith the explicit aim  Polish and Catalan, but no discrimination at all is predicte

of fitting these rhythm classes, it is not surprising that thebetween Spanish and Catalan. Moreover, scores below 60%

English-Polish discrimination was not predicted. are predicted within class (English-Dutch, and within the
The question now is whether the model can be adjustegyllable-timed class, with the exception of Italian/Sysarat

to fit the current pattern of data. Two variablés/ andAC, ~ 60%), and scores equal or above 60% are predicted between

remain available to conduct new simulations. Ramus et alclasses (between syllable- and stress-timed languagéds, an

(1999) had already noticed that a logistic regression baseBetween Japanese and the others). Thus, our simulations are

on AV predicted the English-Polish discrimination. It thus consistent with both the empirical evidence and the stahdar

seems sensible to include this variable in the model. Thergéhythm classes. Moreover, Polish is predicted to be discrim

are several ways to do this. One option is to base the logighable from all the other languages, and thus seems to form a

tic regressions exclusively akV. However, it is predictable rhythm class of its own.

that this will not yield the expected pattern. Indeed, apart

from the English-Polish pair, our data are entirely corsist Discussion

with the standard rhythm classes, i\ alone does not ac-

count for these classes (see for example Table 1 or Figure 2 Although our empirical data didn’t seem to fit with the

in Ramus et al., 1999). As a consequence, it seems preferatiedictions of Ramus et al.'s (1999) speech rhythm percep-
to use both variables. tion model based on ¥ new simulations show that the in-

troduction of the other two variables is sufficient to accom-
Simulation 1: Language discrimination based onmodate the new findings.
%V andAV We are now led to reconsider the model as follows: we

assume that listeners segment speech into vocalic and-conso

Here and in the following section, we use the same meanantal intervals, compute statistics over their respeativ-

surements of the duration of consonantal and vocalic interrations in the form of the variablesWAV andAC, and rep-
vals in eight languages as Ramus et al. (1999). The procgesent rhythm in the tri-dimensional space thereby defined.
dure used is again a logistic regression (cf. #imulations | anguage discrimination experiments usftag sasasatim-
section), which can be run as a multivariate procedure. Thusyli tap into this representation. Moreover, we assume tiet t
we ran twd? logistic regressions for each of the 28 pairs of
languages considered. Input data now consist il (%, 3As in Ramus et al. (1999), we performed each regression once
L) triples, wherel stands for one of the two languages con- again after exchanging the training and the test sets oésees, to
sidered. The regression reveals the threshold value ot a linavoid any asymmetry between the two sets. Scores reporetiar
ear combination of % andAV that best discriminates be- average of the two.
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Table 7
Language discrimination simulations based%% andAV .

Eng. Dut.  Fre. Ita. Cat. Spa. Jap.
Dut. 75
Fre. 80 65
Ita. 85 625 45
Cat. 95* 775 525 575
Spa. 775 75 55 70 575
Jap. 100 100 87.5 90 80 9%
Pol. 100** 90* 75 80 575 55 100

Scores in boldface are those for which empirical data ardgadbla. Cases in italics reflect between-class languags.pai

* For those pairs of languages, one of the two regressionaatidonverge, i.e. the regression’s solution was not unigihé happens when
the predictor variables allow to totally separate the twalaages (100% correct classifications in the training phasehis case, we report
only the score of the regression that converged.

** For those pairs, none of the two regressions convergedthte report a 100% score.

Table 8
Language discrimination simulations based% , AV andAC.

Eng. Dut. Fre. Ita. Cat. Spa. Jap.

Dut. 57.5
Fre. 85* 70
Ita. 75* 60 55

Cat. 90* 80 575 57.5

Spa. 77.5 75 40 60 47.5

Jap. 100 100 92.5 906 80 95

Pol. 100 90r 775 80 60 60 100

Scores in boldface are those for which empirical data ardadbla. Cases in italics reflect between-class languags.pai

* For those pairs of languages, one of the two regressionaatidonverge, i.e. the regression’s solution was not unigihé happens when
the predictor variables allow to totally separate the twiglaages (100% correct classifications in the training ph&sehis case, we report
only the score of the regression that converged.

** For those pairs, none of the two regressions convergedthte report a 100% score.

clusters formed by languages in this space are the basie of thianguages, Polish and Catalan, as respectively stress- and
intuitive rhythm types. syllable-timed; from the measurements of Ramus et al.
(1999), it was apparent that the model was likely to accom-
General discussion modate (with variabl@&V) the dissent of Polish, but not that
of Catalan. Comparing these two languages with more con-

Based upon their intuitions, linguists have postulated thaSensual stress- and syllable-timed languages therefore pr

rhythmical properties of languages are not arbitrary, but/ided a good empirical test of the model. Here, we have

may be sorted into a few classes, namely the stress-timedgsted the discrimination between Catalan and Polish on the
syllable-timed and mora-timed languages. Ramus et aPne hand, and reference languages (English and Spanish) on

(1999) have provided empirical evidence for this notion,the other. Our use of a speech resynthesis technique (Ra-
showing that variables derived from acoustic/phonetic-meaMus & Mehler, 1999) ensured that only rhythmical cues were
surements in the speech signal can account for these rhyth@yailable to subjects. We found that Polish rhythm can in-
classes. Here, we have tried and provided another type of e leed .be discriminated both from that of Engllsh. anq that of
idence regarding speech rhythm, i.e., the ability of ligtsn Spanish, but that_CataIan rhythm could only be discrimichate
to discriminate between different types of rhythm. from that of English and Polish.

Ramus et al. (1999) have proposed a model of speech Our results suggest that Catalan rhythm is the same as
rhythm perception based on the analysis of the proportiorSpanish rhythm, i.e., that Catalan is syllable-timed. $tpli
of vocalic intervals %/, and this model made precise predic- however, seems to be neither syllable- nor stress-timed. Ne
tions as to which languages might be discriminated on th&imulations, based on the three variables defined by Ramus
basis of their rhythm. It predicted that two languages couldet al. (1999), are not only consistent with the present data,
be discriminated if and only if they belonged to two differen but also make a wider range of predictions. It is notably pre-
rhythm classes, as traditionally defined. dicted that Polish should be discriminated from all the othe

Nespor (1990) has challenged the classification of twdanguages presentin our corpus.
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Hence, we view our contribution as having (a) providedDasher, R., & Bolinger, D. (1982). On pre-accentual lengihg.
empirical evidence for the model proposed by Ramus et al. Journal of the International Phonetic Associatjdr?, 58-69.
(1999), (b) successfully adjusted the model to the new dat®auer, R. M. (1983). Stress-timing and syllable-timingnalgzed.
and provided a new set of predictions, (c) provided empiri- Journal of Phoneticsl1, 51-62.
cal evidence regarding the typological status of Catalah anDutoit, T., Pagel, V., Pierret, N., Bataille, F., & van deré¢ken, O.
Polish. In particular, we suggest that Polish might belangt  (1996). The MBROLA Project: Towards a set of high-quality
a rhythm class distinct from the three previously estaklish speech synthesizers free of use for non-commercial puspdse
and yet to be defined and studied. What might be the phono- ICSLP'96.Philadelphia.
logical characteristics of this new rhythm class? Accogdin Jusczyk, P. W. (1998). Dividing and conquering linguistiput. In
to Nespor (1990), Polish characteristically has a complex M. C. Gruber, K. Olson, & T. Wysocki (Eds.J;LS 34, vol Ii:
syllable structure, like stress-timed languages, but neebo ~ The PanelsChicago: University of Chicago.
reduction, unlike them. This is captured in our model byLadefoged, P. (1975)A course in phoneticsNew York: Harcourt
the newly introduced\V variable, which gives a measure  Brace Jovanovich.
of the variability of vowel length. This finding gives credit Lloyd James, A. (1940)Speech signals in telephoriyondon.
to Bertinetto (1981), Dasher and Bolinger (1982) and DaueMehler, J., Dupoux, E., Nazzi, T., & Dehaene-Lambertz, G9g).
(1983), who first proposed that vowel reduction played an Coping with linguistic diversity: The infant’s viewpoint.In
integral part in the definition of rhythm. J. L. Morgan & K. Demuth (Eds.)ignal to Syntax: Bootstrap-

With only eight languages studied so far, the question still  Ping from Speech to Grammar in Early Acquisitign 101-116).
remains open whether rhythmic properties shall be desdribe Mahwah, NJ: Lawrence Erlbaum Associates. L
by a discrete set of classes, or by continuous variableslewhi Menler. J., Jusczyk, P., Lambertz, G., Halsted, N., Beitond., &
the present results are adequately described by appealing t Am'e".T'?ont' CC (19.?8)' '26\9p£(31c3ur15705; of language acquisitio
four distinct classes, studying more languages might bieir t young Imants-ognion =3, 243-27%.

. e - . Morgan, J. L. (1996). A rhythmic bias in preverbal speectnsegr
picture. At least, it is now clear that the question can be in tation. Journal of Memory and Languag8s, 666-688.

vestigated empirically, by incorporating more languages i . : o .

the acoustic/phonetic statistics of Ramus et al. (1999J, anNa22|, T. (1997).Du _rythme dansla(_:qwsmo_n et le traitement de

by studving h list lassify the rhvth fth | la parole. Unpublished doctoral dissertation, Ecole des Hautes
Yy studying now listeners C aSSIfy e rnytnm o ose lan- Etudes en Sciences Sociales.

guages. . . .
. . . azzi, T., Bertoncini, J., & Mehler, J. (1998). Languagecdin-
As we have mentioned earlier, speech rhythm is though&\‘ ination by newborns: towards an understanding of the role of

to be an important cue to help infants bootstrap the firstsstep  pythm. Journal of Experimental Psychology: Human Percep-
of language acquisition. However, the present work does not tion and Performance24(3), 756-766.

allow to draw direct conclusions concerning language acquinespor, M. (1990). On the rhythm parameter in phonology. M.I
sition. It is first necessary to study rhythm perception by  Roca (Ed.)Logical issues in language acquisiti¢p. 157-175).
infants to see whether they are sensitive to the same cues Dordrecht: Foris.

as adult listeners. Relevant data have already begun to agyjiier, C., Dupoux, E., & Jeannin, X. (1997). EXPE: An exgan
cumulate (Mehler et al., 1988; Nazzi et al., 1998; Ramus, able programming language for on-line psychological exper
Hauser, Miller, Morris, & Mehler, 2000), and more work is  ments.Behavior Research Methods, Instruments, & Computers
in progress (Ramus, submitted). Future studies may investi 293), 322-327.

gate for instance whether Polish reflects a particular laggu  Pike, K. L. (1945) The intonation of American Englisnn Arbor,
rhythm for infants too. Establishing the pattern of langeiag ~ Michigan: University of Michigan Press.

discriminations performed by infants is indeed crucialte u Ramus, F. (submitted). Perception of linguistic rhythm bwhorn
derstanding precisely how rhythm can be a relevant ingredi- infants.

ent of language acquisition. Ramus, F., Hauser, M. D., Miller, C., Morris, D., & Mehler, J.
(2000). Language discrimination by human newborns and by
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