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Abstract
Spoken languages have been clasgfied by linguists acording to their rhythmic properties,
and psychadlinguists have relied onthis classficaionto acourt for infants' cgpadty to
discriminate languages. Although researchers have measured many speed signal properties,
they have fail ed to identify reliable aoustic charaderistics for language dasses. This paper
presents instrumental measurements based ona mnsonant/vowel segmentation for eight
languages. The measurements suggest that intuiti ve rhythm types refled speafic
phondogicd properties, which in turn are signaled by the a®ustic/phoretic properties of
speed. The data suppat the nation d rhythm classes and also all ow the simulation o infant
language discrimination, consistent with the hypothesis that newbornsrely ona wmarse
segmentation d speed. A hypathesisis proposed regarding the role of rhythm perceptionin
language aqyuisition.
Keywords: speed rhythm; syllable structure; language discrimination; language a@uisition;
phondogicd bodstrapping.
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1 Introduction

Thereisa dea diff erence between the prosody of languages such as Spanish or Italian onthe
one hand and that of languages like English or Dutch onthe other hand. LIoyd James (1940
attributed this diff erenceto rhythm and wsed the metapha “machine-gun rhythm” for the first
group d languages and “Morse ade rhythm” for the second. In the two groups, different
elements would reaur at regular intervals establi shing temporal organization: syllablesin
Spanish o Italian and stresses in English o Dutch. Pike (1945 thus renamed the two types of
rhythms “syll able-timed” and “ stresstimed”, and Abercrombie (1967 went a step further by
claiming that linguistic rhythm was either based onthe isochrony of syll ables, or onthe
isochrony of interstressintervals, for all | anguages throughou the world. Further work
generally classfied Germanic and Slavonic languages, as well as Arabic, as dresstimed,
Romancelanguages as g/llable-timed, and hypathesized a third caegory of mora-timed
languages, including Japanese and Tamil (Abercrombie, 1967 Bertinetto, 1989 Ladefoged,
1975 Pike, 1945 Port, Dalby, & O'Dell, 1987 Rubach & Boaij, 1985 Steever, 1987%.

Linguists are nat alonein having committed themselves to these distinctions. Mehler,
Dupow, Nazzi and Dehaene-Lambertz (1996 relied onthe syll able-timing/stresstiming
dichotomy to explain how infants may lean part of the phondogy of their native language.
Indead, they hypaothesized that rhythm type shoud be correlated with the speed
representation unt in any given language. That is, spedkers of stresstimed languages $oud
represent speed in fed, speakers of syllable-timed languages in syll ables, and spedkers of
mora-timed languages in morae(Cutler, Mehler, Norris, & Segui, 1992 Cutler & Otake,
1994). Thus, precocious detedion d the rhythm type of their native language might be a
simple way for infants to dedde which representation unt to use for further speed anaysis
(thisview isfurther discussed in the general discusson).

Furthermore, this hypothesis also makes predictions for chil dren exposed to a bili ngual
environment: if the two languagesin question share the same representation urit, infants
shoud have notroubein seleding it; if the two languages do nd, infants will bereceving
contradictory input and shoud be mnfused, urless of course, they are aleto dscriminate
between the two languages withou needing to segment speed: in this case they would be
aware that two separate units are to be used. Mehler et a. (1996 therefore hypothesized that
infants use rhythm to discriminate languages when they are expased to languages of diff erent
rhythmic dasses. This hypathesis was suppated by Mehler et a. (1988, Bahrick & Pickens
(1988, Moon,Cooper and Fifer (1993, Dehaene-Lambertz and Houston (1998, and
Christophe and Morton (1998 who showed that young infants, including newborns (Mehler
eta., 1988 Moonet a., 1993, can dscriminate between sentences drawn from their mother
tongue and sentences from a language belonging to anather rhythmic dass-. Moreover, in two
of these studies (Dehaene-Lambertz & Houston, 1998 Mehler et al., 1989, discrimination
was posshble with low-passfiltered speed (at 400Hz), suggesting prosodic cues alone can be
used.

Finally, the most convincing suppat for the “rhythm-based language discrimination
hypothesis’ is provided by Nazzi, Bertoncini and Mehler (1998, who showed, using filt ered
speed exclusively, that French newborns can d scriminate between Engli sh and Japanese
sentences, but nat between Dutch and English ones. Moreover, they aso showed that
newborns can perform discrimination at the more astrad level of the rhythmic dass they
discriminated a set of Engli sh and Dutch sentences from a set of Spanish and Italian ores, but
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fail ed to dscriminate Engli sh and Spanish sentences from Dutch and Italian ores, strongly
suggesting that rhythmic dasses play an adua rolein the infant’s perception o speed.
Thus, it seansthat phoreticians' intuitions were right, and that the syll able-timing/stress
timing dichatomy may well be degoly anchored in the human perceptual system.

2 Current views on speech rhythm

2.1 Against the isochrony theory

Given the excdlent reasons for believing in rhythmic dasses, ore would exped that these
groups of languages $oud dffer by realily identifiable a@ustic or phoretic parameters.
However, thisis naot the picture provided by past studies on rhythm.

A considerable anourt of phoretic research has been carried ou to test the physicd redity of
the isochrony theory on syll able- and stresstimed languages. Neverthelessthis reseach has
negated rather than confirmed the existence of diff erent types of isochronous intervalsin
spoken language.

Asfar as dresstimed languages are wncerned, it has been shown that the duration o
interstressintervalsin English is diredly propartional to the number of syllables they contain
(Bolinger, 1965 Lea 1974 O'Conna, 1965 Shen & Peterson, 1962. Bolinger (1965 also
showed that the duration d interstressintervalsisinfluenced by the spedfic types of syllables
they contain as well as by the pasition d the interval within the utterance. Interstressintervals
thus dont seam to have a onstant duration.

Asregards g/ll able-timed languages, it has been shown that it isimpossble to speak of
isochronous g/llablesin French. Rather, larger rhythmic units - of the size roughly
correspondng to the phondogicd phrase in prosodic phondogy - which are charaderized by
final lengthening, would be resporsible for rhythm in French (Wenk & Wiolland, 1983. For
Spanish, it has been shown that syll able durationis nat constant and that interstressintervals
tendto cluster aroundan average duration (Borzone de Manrique & Signorini, 1983.

A study was aso caried ou invaolving six languages, of which, acording to Abercrombie
(1967, three aie dasdfied as g/llabletimed - French, Telegu and Yoruba - andthree &
stresstimed - Arabic, English and Russan (Roach, 1983. The results of thisreseach are g
that variationin syllable durationis smilar in al six languages and b that stresspulses are
not more evenly spaced in the sesacondgroup d languages than they are in the first.

Similar work was dore by Dauer (1983 on English (stresstimed), and Spanish, Italian and
Greek (syllable-timed). She mncluded that @) the mean duation d interstressintervals for all
the languages analyzed is propartional to the number of syllablesin the interval, b) stresses
reaur no more regularly in English than in the other languages. These findings confirm Allen's
(1975 observation that motor tasks are charaderized by a preferred rate of performancethat
places beds at intervals of alimited range.

The studies mentioned above do nd lead us to adhere to a strict theory of isochrony. The
subjedive perception d isochrony, if red, must therefore be based ona more astrad
construct, passbly similar to that which governs the relation between underlying beas and
surfacerhythm in music (Cooper & Meyer, 196Q Lerdahl & Jakenddf, 1983 see &so
Drake & Palmer, 1993.

2.2 A new account of speech rhythm

A view of rhythm radicdly different from that of Abercrombie and Pike, among others, was
first proposed by Bertinetto (1981) and Dasher and Bolinger (1982, acwrding to whom the
impresson d different types of rhythm is the result of the mexistence of spedfic
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phondogicd phenomenain agiven system. The distinction between syll able-timed and
stresstimed languages would thus not be aprimitive of phondogy, bu rather a product of
their respedive phondogicd properties.
Along thisline of reseach, Dauer (1983 observed that stresstimed and syll able-timed
languages have anumber of diff erent distinctive phoretic and phondogicd properties, of
which the two most important are:
» Syllable structure: stresstimed languages have agreder variety of syllable
types than syll able-timed languages. As aresult, they tend to have heavier
syllables?. In addition, this feaure is correlated with the fadt that in stresstimed
languages, stressmost often fall s on the heaviest syll ables, whilein syllable-timed
languages gressand syll able weight tend to be independent.
* Vowel reduction: in stresstimed languages, unstressed syll ables usually have a
reduced vocdi ¢ system (sometimes reduced to just one vowel, schwa), and
unstressed vowels are ansistently shorter, or even absent.
These feaures combine to give the impresgon that some syll ables are far more salient than
othersin stresstimed languages, and that all syllablestendto be equally salient in syll able-
timed languages. Thisin turn, creaes the impresson that there ae different types of rhythm.
In addition, Dauer (1987) suggested that the diff erent properties mentioned above muld be
independent and cumulative: alanguage shall naot be ather stresstimed or syll able-timed
with the correspondng properties; rather, the more typicd stresstimed language properties a
language presents, the moreit is dresstimed, and the lessit is g/l able-timed. Dauer thus
advocaed a antinuouws unidimensional model of rhythm, with typicd stresstimed and
syllable-timed languages at either end d the cntinuum.

2.3 Existence of intermediate languages

Nespor (1990 suppated this view with criticd examples, arguing that indeed, there ae
languages whose feaures match neither those of typicd stresstimed languages, nar those of
typicd syll able-timed languages. Even though they have most often been described
respedively as g/llable-timed and stresstimed, Catalan and Poli sh are such languages.
Indeed, Catalan has the same syll abic structure and complexity as Spanish, and thus soud be
gyllable-timed, but it also presents the vowel reduction prenomenon,which is consistently
asciated with stresstimed languages. Polish presents the oppasite wnfiguration: agred
variety of syllable types and high syllabic complexity, like stresstimed languages, but no
vowel reduction at normal speed rates. Thus these two languages would rate & intermediate
onarhythmic scde like the one propased by Dauer (1987). As amatter of fad, nofirm
agreement on their rhythmic status had been arrived at by phondogists (Hayes & Puppsl,
1985 Masca0, 1976 Rubach & Boaij, 1985 Wheder, 1979.

It shoud be naticed that while Dauer (1987 proposed that languages may be scattered along
a ontinuum, the fad that some languages fall between typicdly syll able-timed and stress
timed languages does not exclude the posshility that there ae just more dasses than those
originally proposed. For instance, it has been proposed that twelve inventories of possble
gyllable types can be grouped into five dasses acrding to their markedness(Levelt & van
deVijver, 199§. Threeof these dasss am to correspondto the threerhythmic dasses
described in the literature. It might very well be that the other two classs - both containing
less sudied languages - have dharaderistic rhythms, panting to the posshility that there ae
more rhythmic dasses rather than a continuum.

Which o the two versionsturns out to be crred is an empiricd question which can be
answered orly after an investigation d many more languages belonging to urrelated families.
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2.4 Perspectives

Dauer (1987 claimed that “numerous experiments have shown that alanguage caana be
assgned to ore or the other category onthe basis of instrumental measurements of interstress
intervals or syllable durations’ (p 447). Does this mean then that we shoud abandon
instrumental measurements? We favor the view that we would do Ietter to look for more

eff edive instrumental measurements that could acourt for the perception d speed rhythm.
The phondogicd acourt seams perfedly acceptable and sensible, but it does not explain
how rhythm is extraded from the speed signal by the perceptual system.

Indeed, a purely phondogicd model of rhythm fail sto make anumber of predictions. Aswe
mentioned abowe, infants’ language discrimination kehavior isinterpreted as relying on the
stresstimed/syll able-timed dchotomy. However, unsurprisingly, ony well-classfied
languages have been used in those experiments. How would infants classfy languages sich
as Polish or Catalan? Could they tell them apart from baoth stress and syll able-timed
languages, or from neither, or from one of these groups only (and then which ore)? And
could they tell them apart from one another? The phondogicd model canna answer these
guestions becaise it is nat implemented. It does nat expli citly situate languages with resped
to eat ather onthe rhythm scae, because it does not say how much eat phonadogicd
fedure mntributes to the perception d rhythm, and hawv feauresinterad with eat cther. As
aresult, it isimpaossble to predict whether Polish isin the midd e of the continuum or, say,
whether its g/llabic complexity overridesitslad of vowel reduction and pushesit towards
the stresstimed end. But answers to these questions are necessary, if we aeto uncderstand
how infants percave speed rhythm, how they lean the phondogy of their native language,
and haw they can ded with any kind d bili ngual environment.

In the remainder of this paper, we propase an implementation d the phondogicd acourt of
speed rhythm with the am of clarifying how rhythm may be perceived and to make
predictions asto haw listeners classfy languages acording to their rhythm.

3 Instrumental measurements in 8 languages

3.1 Rationale

Dauer (1987 observed that:
Neither “syllable” nor “stress’ have general phoretic definitions,

which from the start makes a purely phoretic definition d language rhythm

impossble. All i nstrumental studies aswell asal phondogicd studies have

had to dedde in advancewhere the stresss (if any) fall andwhat asyllableis

in the language under investigationin order to proceal”. (pp 447448
Sinceour main interest isto explain how infants come to percave @ntrasting rhythms at
birth, and sincethe infant canna be expeded to know anything spedfic apriori abou the
language to be leaned, we would like to argue that aviable acourt of speed rhythm shoud
not rely ona complex and language-dependent phondogicd concept such as gress We will
therefore atempt to provide apurely phoretic definition d language rhythm withou
appeding to those mncepts.
Our starting point is a hypothesis abou the perception d speed by the infant. Foll owing
Mehler et al. (1996, we propacse that infant speed perceptionis centered on vavels, becaise
“vowels carry most of the energy in the speed signal, they last longer than most consonants,
and they have greder stability. They also carry accent and signal whether asyllableis grong
or we&” (p 112. In addition, there is evidencethat newborns pay more dtentionto vowels
than to consonants (Bertoncini, Bijeljac-Babic, Jusczyk, Kennedy, & Mehler, 1988, and that
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they are ale to court the number of syllables (and therefore vowels) in aword, independently
of syllable structure or weight (Bertoncini, Flocda, Nazzi, & Mehler, 1995 BijeljacBabic,
Bertoncini, & Mehler, 1993 van Ooyen, Bertoncini, Sansavini, & Mehler, 1997.
Thus we asume that the infant primarily percaves geed as asuccesson d vowels of
variable durations and intensiti es, aternating with periods of unanalyzed nase (i.e,,
consonants), or what Mehler et al. (1996 cdled a Time-Intensity Grid Representation
(TIGRE).
Guided by this hypothesis, we will attempt to show that a simple segmentation d speed into
consonants and vavels® can:

* Acoourt for the standard stress / syll able-timing dichotomy and investigate

the posshbility of other types of rhythm.

* Acoount for language discrimination kehaviors observed in infants.

» Clarify how rhythm might be extraded from the speed signal.

3.2 Material

Sentences were seleded from a multi -language corpusinitialy recorded by Nazz et al.
(1998 and augmented for the present study (Polish and Catalan®). Eight languages (English,
Dutch, Polish, French, Spanish, Italian, Catalan, Japanese), 4 spedkers per language and 5
sentences per spesker were dhosen, constituting a set of 160 uterances. Sentences were short
news-li ke dedarative statements, initiall y written in French, and loosely transated into the
target language by one of the spe&kers. They were matched aaosslanguages by number of
gyllables (from 15to 19, and roughly matched for average duration (abou 3 seandk).
Sentences were real in asoundpoof boah by female native speders of eat language, and
were low-passfiltered, dgitized at 16 kHz and recorded dredly on hard disk.

3.3 Method

Thefirst author marked the phoremes of ead sentence with sound-editi ng software, using
both auditory and visual cues. Segments were identified and located as predsely as possble,
using the phoreme inventory of ead language.

Phoremes were then classfied as vowels or consonants. This classficaion was
straightforward with the exception d glides, for which the foll owing rule was applied: Pre-

andinter- vocdic glides (asin English /kwi:n/ “queen” or /vawsl/ “vowel”) were treaed as

consonants, whereas post-vocdi ¢ glides (as in English /haw/ “how”) were treaed as vowels.
Since we made the simplifying assumption that the infant only has accessto the distinction
between vowel and consonant (or vowel and aher), we did na measure durations of
individual phoremes. Instead, within ead sentence we measured:
* Theduration d sequences of conseautive vowels (from onset of the first vowel
to off set of the last vowel of the sequence), that we will refer to as vocalic
intervals.
* Theduration d sequences of conseautive mnsonants, i.e., consonartal
intervals, or if we antinue to refer to vowels, inter-vocali c intervals.
As an example, the phrase "next Tuesday on" (phoreticdly transcribed as /nekstjuzdeion/)

only has 3 vocdic and 4consonantal intervals: /n/ /e/ /kstj/ /u/ /zd/ /eio/ /n/.

From these measurements we derived threevariables, eat taking one value per sentence
» thepropation d vocdic intervalsin the sentence, or %V.
» thestandard deviation d vocdic intervals within the sentence, or AV.
« the standard deviation o consonantal intervals within the sentence, or AC.>
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34 Results

Table 1 presents, for ead language, the number of measurements, the average propartion o
vocdic intervals (%V), and the average standard deviations of consonantal (AC) and vacdic
(AV) intervals. Languages are sorted depending on %V. As can be seen, they also seam to be
sorted from most to least stresstimed, which isafirst indication that these measurements
refled something abou rhythmic structure.

It isnow possbleto locae the different languagesin atridimensiona space Figures1, 2& 3
show the projedions of the data onthe (%V, AC), (%V, AV) and (AV, AC) planes. The (%V,
AC) projedion clealy seemsto fit best with the standard rhythm classes. How reliableisthis
acourt? We computed an ANOVA by introducing the “rhythm class' fador (Polish, English
and Dutch as dresstimed, Japanese & mora-timed and the rest as /1l able-timed). For bath
%V and AC, there was asignificant effed of rhythm class(p < 0.001). Moreover, past-hoc
comparisons with a Tukey test showed that ead classwas sgnificantly different from the
two athers, bahin %V (eat comparison p< 0.00]) and AC (p < 0.00)). No significant class
effed was foundwith AV.

Thus %V and AC seam to suppat the nation d stress, syllable- and mora-timed |anguages.
However, AV suggests that there may be more to speed rhythm than just these distinctions;
this variable, although correlated with the two athers, rather emphasizes diff erences between
Poli sh and the other languages. We will come badk to this point further below.

35 Discussion

As mentioned ealier, this gudy was meant to be an implementation d the phondogicd
acourt of rhythm perception. The question naw is whether our measurements can be related
to the phondogicd mode.
AC and %V sean to be diredly related to syll abic structure. Indeed, a greder variety of
syllable types means that some syll ables are heavier (seefootnote 2). Andin most languages,
gyll ables gain weight mainly by gaining consonants. Thus, more syll able types mean more
variability in the number of consonants, more variability in their overal durationin the
gyllable, and thus a higher AC. They aso imply a greaer consonant/vowel ratio onaverage,
I.e. alower %V (hencethe evident negative rrelation between AC and %V). It istherefore
not surprising to find Engli sh, Dutch and Poli sh (more than 15syll able types) at one end o
the AC and %V scdes, and Japanese (4 syll able types) at the other. Thus, the nicefit between
the (%V, AC) chart and the standard rhythm classes comes as an empiricd validation d the
hypathesis that rhythm contrasts are acourted for by diff erencesin the variety of syllable
structures.
Can the AV scde be interpreted as transparently as AC? Not redly, becaise severa
phondogicd fadors combine with eat ather and influencethe variability of vocdic
intervals:

* Vowel reduction (English, Dutch, Catalan);

» contrastive vowel length (Dutch and Japanese);

» vowel lengthening in speafic contexts (Italian);

* inaddition, English and French have cetain vowels that are significantly

longer than athers (respedively falli ng diphthongs and resal vowels).
Only vowel reduction and contrastive vowel length have been described as fadors
influencing rhythm (Dauer, 1987, but the present analysis siggests that the other fadtors may
doso aswell. In our measurements, AV refleds the sum of all phenomena. Asapaossble
consequence, the AV scde seams lessrelated to the usual rhythm classes. However, it till
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can beinterpreted: the two languages with the lowest AV, Spanish and Polish, are the ones
which show no prenomenonlikely to increase the variability of vocdic intervals. Thus AV
still tell s us something abou the phondogy of languages. It remains an empiricd question
whether it tell s us smething abou rhythm perception.

Suppasing it does, how doesit influencethe global picture on language rhythms? Taking the
standard rhythm classes evident onthe (%V, AC) chart as areference AV mostly adds one
pieceof information, suggesting that Poli sh isin some respeds very different from the other
stresstimed languages. This finding edhoes the doulds raised by Nespor (1990 abou its
adual status and suggests that indeed, Polish shoud be considered reither stress nor
gyllable- (nor mora-) timed. At this gage, new discrimination experiments are dealy neeled
to test whether AV plays arolein rhythm perception.

4 Confrontation with behavioral data

Foll owing Bertinetto (1981), Dasher and Bolinger (1982 and Dauer (1983, we have
asuumed that the standard rhythm classes postulated by linguists may be the result of the
presence and interadion d certain phondogicd feaures in languages. We have then shown
that these phondogicd feaures have reliable phoretic correlates that can be measured in the
speed signal, and that these aorrelates can predict the rhythm classes. It follows that at least
some rhythmic properties of languages can be extraded by phoretic measurements onthe
signal, and this finding provides us with a mmputational model of how types of speeh
rhythm could be retrieved by the perceptua system. That is, we may assume that humans
segment utterances into vocdic and consonantal intervals, compute statistics sich as %V, AC
and AV, and asociate distinct rhythm types with the diff erent clusters of values. But could
weredly predict which pairs of languages can and which canna be discriminated onthe
basis of rhythm? At first glance one might be tempted to say that the (%V, AC) chart predicts
that discrimination shoud take placebetween rhythm classes, as previously hypaothesized.
However, spedfic predictions crucialy depend on hav much owverlap there is between the
different languages, and on hav large the sets of sentences are (the larger, the shorter the
confidenceintervals for eat language). And as we will seg the discriminationtask that is
used in a particular experiment can also play arole. Thiswill | ead usto model the
discrimination tasks that are used with adults and with infants, and run smulations as faithful
as possbleto thered experiments.

4.1 Adults

4.1.1 Languagediscrimination results

Contrarily to infants, adults can be expeded to use amuch broader range of cuesto perform
the discrimination task: posshbly rhythm, bu also intonation, phortics and phondadics,
recognition d known words, and more generally, any knowledge or experiencerelated to the
target languages and to language in general. In order to asessadults’ ability to dscriminate
languages on the basis of rhythm aone, it isthus crucia to prevent subjeds from using any
other cues.

There ae pradicdly no studies on adults that have fulfill ed this condtion. A few studies
have tried to degrade stimuli in order to isolate prosodic aues. Bondand Fokes (1991
superimposed nase onto speed to dminish nonprosodic information. Others have managed
to isolate intonation by producing a tone foll owing the fundamental frequency of utterances
(de Pijper, 1983 Maidment, 1976 1983 Willems, 1982. Ohala and Gil bert (1979 added
rhythm to intonation by moduating the tone with the envelope of utterances. Den Os (1988,
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Dehaene-Lambertz (1999 and Nazz (1997 used low-passfiltered speed. Finaly, Ramus
and Mehler (1999 used speed resynthesis and manipulated bah the phoremes used in the
synthesis and FO.

Among al these studies, only den Os (1988 and Ramus and Mehler (1999 have used stimuli
that were & close & one can get to pue rhythm. Den Os monaonized the utterances (FO =
100Hz) by means of LPC synthesis and then low-passfiltered them at 180Hz. Ramus and
Mehler resynthesized sentences where mnsonants were dl replacel by /s/, vowels by /a/, and
FO was made constant at 230Hz. However, whereas Ramus and Mehler did na disclose the
target languages and tried to make it impassble for the subjedsto use ay other cue than
rhythm, den Os tried to cue them in various ways. subjeds were native spegers of one of the
target languages (Dutch), and the auditory stimuli were dso presented in written form, thus
making the evaluation d the wrrespondence between rhythm of the stimuli and their
transcription passble. Therefore we caana consider that den Os' experiments assess
discrimination onthe basis of rhythm aone.

Thusthe only relevant results for our present purpose ae those of Ramus and Mehler (1999,
showing that French subjeds can discriminate Engli sh and Japanese sentences on the basis of
rhythm only, withou any external cues.

4.1.2 Modeling the task

The procedure used by Ramus & Mehler consisted in training subjeds for L1/L2
caegorization on 20sentences uttered by 2 speakers per language, and then having them
generalize the cdegorization on 20 ew sentences uttered by 2 new spedkers.

This procedureis formally analogous to alogistic regresson. Given a numericd
predictor variable V and a binary caegoricd variable L over anumber of paints, this
statistica procedure finds the aut-off value of V that best acoounts for the two values of L.
The procedure can be gplied to ore half of the existing data, amourting to the training phase
of the behavioral experiment, and the aut-off value thus determined can be used to predict the
values of L onthe other half of the data, amourting to the test phase of the experiment.

Straightforwardly, we take language, restricted to the Engli sh/Japanese pair, as the
caegoricd variable, and %V asthe numerica variable. %V was chaosen rather than AC
becaise it has lesser variance and therefore can be expeded to yield cleaner results. 10
sentences of ead language, uttered by 2 spedkers per language, will be used as training set,
and the 10 remaining sentences per language, uttered by other spedkers, will be used as test
set. The simulation will thus include the same number of sentences as the behavioral
experiment. In addition, sentences used in the experiment and the simulation are drawn from
the same arpus, uttered by the same spedkers, and there is even some overlap between the
two.

41.3 Reaults

4.1.3.1 English/Japanese

We foundthat the regresson coefficients cdculated onthe 20 training sentences could
succesdully classfy 19 d them, and 18 d the 20 test sentences (90% hit rate in the test
phase). To asessany asymmetry between the training and the test sets, we redid the
regresson after exchanging the two sets, and we obtained a 95% hit rate in the test phase
(chanceis 50%). Thisanalysis showsthat it is possble to extrad enough regularities (in
terms of %V) from 20 Engli sh and Japanese sentences to be ale to subsequently classfy new
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sentences uttered by new spe&kers, thus smulating the performance of subjedsin (Ramus &
Mehler, 1999.

What's more, due to the overlap between the sentences of the experiment and those of the
simulation (26 sentences out of 40), it is possble to compare the subjeds and the
simulation's performance sentence by sentence Of the threesentences that were misclassfied
in the simulation, two were used in the experiment. It appeas that these ae the very two
sentences that were most misclassfied by subjeds too, yielding respedively 38% and 43%
corred clasgficaion, meaning that subjeds classfied them more often as Japanese than as
English. This smil arity between the experiment and the smulationis griking, bu it restson
two sentences only.

Figure 4 shows subjeds average dasgfication scores for the 26 common sentences against
%V. Thisfigurefirst showsthe dmost perfed separation d Engli sh and Japanese sentences
along the %V dimension, thus explaining the high level of clasgficaionin the smulation.
Moreinterestingly, it appeasthat the lower the value of %V for a sentence, the better it is
classfied as English by subjeds, as shown by alinea regresson (R=.87, p<0.00J). Thus, a
least for English, it seansthat %V isagoodindicaor of subeds classficaion. Such a
correlationis not apparent for Japanese. Note, however, that Japanese sentences present a
much lesser variancein %V, and tend to be well -clasgfied as awhadle, except for one
sentence Andit happens that this sntence has indead the lowest %V among Japanese
sentences.

This correspondence between %V and subjeds classficaion scoresis, we think, primary
evidencefor the psychdogicd plausibility of the propased model: Subjeds results are & if
they adually computed %V, and besed their Engli sh/Japanese dedsion at a value of
approximately %V=0.46.0n Engli sh sentences, the data moreover show an interpretable
distance dfed, sentences having a %V further from the dedsion threshold being easier to
classfy. Why wouldn't Japanese sentences show such an effed? Apart from the lesser
variance which reduces the probability of observing the dfed, we may conjedure that
variationin %V among Engli sh sentences probably refleds diff erences in syllable
complexity, whereas among Japanese sentences it may refled differencesin vowels lengths.
Sincevowel length is not contrastive in French, the French subjedsin (Ramus & Mehler,
1999 may have been less ensitive to these diff erences.

4.1.3.2 Other pairs of languages

Obvioudly, the dassfication scores presented in the previous dion are much higher in the
simulation than those obtained in the experiment (68% in the test phase). Thisisimputable to
the fad that the logistic regresson finds the best possble cdegorization function for the
training set, whereas human subjeds have troule doing that, even after 3 training sessons
(mean clasdfication score dter first training sesson: 62.5%).

This discrepancy may let one think that the logistic regresson daesn't quite simulate the
performance of human subjeds, and would predict the discrimination d many more pairs
than are acdually discriminated by subjeds. Here, we lack behavioral results, bu in order to
get amore global picture, and for the purpose of predicting future discrimination experiments
onadult subjeds, we dso dd the simulationfor al other pairs of languages presented in this
paper.

For al the pairs of languages, the predictor variable was %V, and the regresson was
performed twice exchanging the training set and the test set in-between to avoid
asymmetries. The dasgfication score reported is thus the average of the two scores obtained
in the test phase.
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Ascan beseenintable 2, it isnat the cae that we predict discrimination o all the
pairs of languages; very high scores are found oy in the caes where Japaneseis put against
another language. Rather, the pattern of scores ssams to foll ow closely the rhythm classes,
that is, discrimination scores are dways higher between classes (60% or more) than within
class(lessthan 6(0%), with orly one exception, that of Dutch/Spanish (between class 57.5
%). We know of no kehavioral result or prediction regarding this pair, and urtil we have
more data, we will regard it as the exception that proves the rule.

These simulations provide quantitative predictions regarding the propation o
sentences an adult subjed could be expeded to classfy corredly in alanguage discrimination
task, asauming the subjed has a measure of speedt rhythm equivaent to %V. We ca orly
hope to have more behavioral resultsin the future to compare with these predictions.

4.2 Infants

4.21 Languagediscrimination results

There ae numerous reports of language discrimination experiments in infants avail able in the
literature, using various language pairs and types of stimuli, and involving subjeds of

diff erent ages and linguistic badkgrounds. Table 2 presents results obtained with newborns
only, because undesirable fadors intervene & older ages. Indeed, after 2 months, infants am
to discriminate only between native and foreign language, due to ealy focusing ontheir
native language (Christophe & Morton, 1998 Mehler et a., 1988. Moreover, thereis
evidencethat after that age infants can perform the discrimination using other cues than
rhythm, presumably intonation, and phoretics or phondadics (Christophe & Morton, 1998
Guasti, Nespor, Christophe, & van Ooyen, in press Nazz & Jusczyk, submitted). Of al the
results obtained with newborns, orly one won't be considered here, French/Russan, sincewe
donit have Russan in our corpus.

It shoud be noted that not one experiment on infants has demonstrated d scrimination based
onrhythm only, sincethe stimuli used always preserved some other type of information as
well. The hypathesis that newborns base their discrimination onspeed rhythm thus relies
only onthe pattern of discriminations foundaaossthe different pairs of languages, whichis
consistent with the standard rhythm classes. Successof our simulationsto predict this very
pattern would thus confirm the feasibility, and therefore the plausibility, of rhythm-based
discrimination.

4.2.2 Thediscrimination task

Discrimination studies in infants report two kinds of behavior: first, recognition and/or
preferencefor maternal language, and seand, dscrimination d unfamiliar languages. The
first suppcses that infants are dready familiar with their maternal language, i.e. that they have
formed arepresentation o what utterances in this language soundlike. It iswith this
representation that utterances from an urfamiliar language ae compared. Discrimination o
unfamiliar languages does not suppase familiarization grior to the experiment. It requires,
however, familiarization with ore language during the experiment, asisdorein
habituatiorn/dishabituation procedures. Infants then exhibit sporntaneous recovery of the
behavioral measure (dishabituation) when the language danges in a perceptible way.

Thus, in bah cases, discrimination kehavior involves forming arepresentation o one
language, and comparing utterances from the new language with this representation.
Discrimination accurs when the new utterances do nd match the ealier representation.
However, a aucia point of al these experimentsis that infants are never told which language
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Istheir native language, na when a change in language occurs. That is, utterances in anew
language ae sportaneously discriminated from those that were previously represented,
withou any external sign that these utterances are new and shoud be compared with the
ealier ones. For thisreason, reither standard comparisons between sets of datanor
procedures involving supervised training (li ke the logistic regresson) can adequately model
the task of the infant, sincethey would a priori presuppcse two caegories, when infants
discover by themselves that there ae (or not) two caegories.

Here, we will try and model as closely as possble the task of theinfant asit occursin non
nutriti ve sucking discrimination experiments uch as thase of Nazz, Bertoncini and Mehler
(1998. For this purpose we will model infants representation d sentences rhythm, their
representation d alanguage, and their arousal in resporse to sentences. We will then
simulate experiments, by simulating subjeds divided in an experimental and a control group,
a habituation and a test phase, and sentences drawn in arandam order.

4.2.3 A modd of thetask

Below are the main feaures and assumptions of the model:

* Anexperiment unfolds in a number of steps, ead consisting of the presentation d one
sentence Here, we nate steps with the index n.

» therhythm of ead sentence S, head by theinfant at step nisrepresented asits %V,
value;

* inthe course of an experiment, the infant forms a prototypica representation P, of all
sentences head . Here this prototype will be taken as the average %V of al the sentences
head sofar’: Po= = Z%\/i ;

n =

» theinfant hasalevel of arousa An, whichismoduated by stimulation and nowelty in the
environment. In the experiment, all things being equal, arousal is dependent onthe
nowvelty of the sentences heard. For the simulation, we take & arousal level the distance
between the last sentence heard and the former prototype. That is, at step n,

An = |%Vn—Pn -

*  Wefurther assumethat thereisa caisal and paitive rrelation between arousal and
sucking rates observed in experiments, that is, arisein arousa causes arise in sucking
rate. Given this assumption, we won't model the link between arousal and sucking rate,
and will assessthe subjed's behavior diredly through arousal.

The simulation d adiscrimination experiment for a given pair of languages involves:

» Thesimulation d 40 subjeds, divided into two groups. experimenta (language and
spedker change), and control (same language, spedker change). The order of appeaance
of languages and spe&kersis counterbalanced aaoss sibjeds. Subjeds belonging to the
same murterbalancing subgroup dffer only with resped to the order of the sentences
heard within a phase (individual variability is not modeled).

* For eah subjed:

* inthe habituation phese, 10 sentences uttered by 2 speakersin the assgned language
are presented in arandam order. P, and A, are cdculated at ead step.

» Automatic switch to the test phase dter 10 habituation sentences.

* inthetest phase, 10 rew sentences uttered by 2 new spedkersin the assgned language
are presented in arandam order. P, and A, are cdculated at ead step.

» Comparison d arousal pattern between the experimental and control groups.
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There ae important diff erences between the proposed simulations and the red experiments

that deserve to be discussed:

* inthe experiments, switch to the test phase foll ows reading a cetain habituation
criterion, ramely, asignificant deaease in the sucking rates. Thisisto ensure 1) that the
switch occurs at a cmparable stage of every infant's sucking pattern, 2) that infants have
the possbility to increase their sucking again after the switch, and thus to show
dishabituation. Here, these mndtions srve no pupose, because they addressonly the
link between arousal and the sucking behavior, which we dorit model. In the simulations,
after presentation d the 10 habituation sentences in agiven language, all the subjeds
have readed the same state: their prototype Pyg is just the average of the 10 sentences
%V vaues, andit will not be significantly modified by presenting the same sentences
again urtil ahabituation criterionis met, asisdorein the red experiments.

* inmost experiments, the stimuli used consisted in longer samples of speed in ead
language than we have here. In Nazz, Bertoncini and Mehler (1998, for instance, 40
sentences per language were used, when here we have only 20. But in aforthcoming
study, discrimination between Dutch and Japanese was also shown in newborns using
only 20 sentences per language (Ramus et a, in preparation), suggesting that 20 sentences
are enough for babiesto reli ably represent and dscriminate two languages. If anything,
using only 20 sentences rather than 40shoud reducethe probability of observing a
significant discrimination in the simulation, since more sentences would lead to more
acarate prototypes at the end d habituation.

424 Resaults

Simulations were run onall 26 pairs of languages dudied in this paper. Discrimination was
asesed by testing whether arousal was higher in the experimental groupthan in the control
group duing the test phase®. The dependent variable was the average aousal level over the

20
O .
Z AnB and the fador was group.We used a nonparametric Mann-

n=11

Whitney test because we have no hypothesis onthe distribution o arousal levels.
Significancelevels of thistest for al the simulations are presented in Table 4. As presented,
these levels are diredly comparable to ead ather, sincethe tests were ammputed onthe same
type of data and with the same number of subjeds (40).

Four language pairs (marked by asterisks in the table) present a peauliar arousal pattern, in
that the control group hes a higher average aousal in the test phase than the experimental
group. This even reaties sgnificancein the case of Catalan/Italian. This houd na,
however, beinterpreted as predicting a discrimination, in the wntrary. The four pairs concern
syllable-timed languages that are very closeto eat ather. The aousa pattern shows that the
average diff erences between these languages are so small that they can even be small er than
spedker diff erences within the same language (recdl that the wntrol group switches from 2
speersto 2 dher speakers of the same language). And these spedker diff erences are
significantly greaer than the language differences in the cae of Catalan/Italian. This means
that the four correspondng p valuesin table 4 are dlightly misleading: the Mann-Whitney test
performed being two-tail, they represent the probabilit y of accepting the null hypothesis
(experimental = control), but discriminationis predicted orly when the dternative hypothesis
(experimental > control) is accepted (a one-tail test), for which the p values must be very
closeto linthefour cases.

In order to better visuali ze the data, we present arousal curves for threerepresentative pairs of
languages. The figures show mean arousal values at ead step of the simulation for the

01
10test sentences
o
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experimental and control groups. Note that arousal isnot defined at step 1 ( Ac =|%V1— Pq|

and Py is not defined), and therefore is nat shown onthe darts. Switch from the habituation
to the test phase occurs between steps 10 and 11.Figure 5 shows arousal curves for the

Engli sh/Japanese simulation, Figure 6 for Engli sh/Spanish, and Figure 7 for Spanish/Italian,
ill ustrating respedively alarge, amoderate, and anull discrimination effeds.

It appeasthat the simulations can succesgully predict the results of al the behaviora data
avail able (shown in bddfacein table 4). Moreover, they are highly consistent with the rhythm
classhypathesis. Only 2 pairs of languages do nd conform to this pattern: Poli sh/French and
Spanish/Dutch, for which no dscriminationis predicted by the simulation. It isinteresting to
note that in simulations of adult experiments, arelatively low clasgfication score was arealy
predicted for Spanish/Dutch, though na for Polish/French. Although noexisting behavioral
result isin contradiction with these predictions, it seansto us that they are not completely
compatible with the otherwise high coherence of our data. Only future reseach, consisting of
more measurements on aher samples of these languages, and d the @rrespondng
discrimination experiments, will tell us whether these predictions refled an idiosyncrasy of
our present corpus or amore profound dff erence between the mwncerned languages.

425 Groupsof languages

Nazz, Bertoncini and Mehler (1998 have dso tested dscrimination between groups of
languages (Table 3), and we have tried to simulate this experiment as well. We foll owed the
design o the experiment as closely as posshle. Asin the red experiment, the number of
speakers was reduced to 2 per language. Thiswas dore in order naot to increase speaker
variability, by kegping only 2 speakers per phase, as in the previous experiments. Subjedsin
the experimental group switch from Engli sh+Dutch to Spanish+ltalian, whereas subjedsin
the aontrol group switch either from Spanish+Dutch to Italian+English, a from
Spanish+Engli sh to Italian+Dutch, with order of the groups of languages counterbalanced
aaoss sibjeds. Within a phase, sentences were drawn at randam from the assgned set,
irrespedive of their language. Asin the previous smulations, there were twice & few
sentences as in the red experiment, that is 10 sentences uttered by 2 speakers per language.
Note that in this experiment thereis no control group stricto sensu, in the sense of agroup
having the same habituation phase a the experimental group.Indeed, subjedsin the control
groupare presented a diff erent combination d languages than subjedsin the experimental
group. Thus, thereis no guaranteethat the prototypes PLOwill be the same for both groups at
the end d habituation, and assessng discrimination through comparison d average aousal in
the test phase only is not appropriate. Here, we use a dependent variable the differencein

average aousal between the 9 sentences foll owing the switch and the 9 sentences preceading
19 10
O

.10 . .
it: — An—) An[] (recdl that Al isnot defined).
012, 2™

32 subjeds were simulated, the same number asin the experiment. There was amain effed
of group (p = 0.01), showing that arousal increases sgnificantly more when switching from
one rhythm classto the other, than when switching between incoherent pairs of languages.
Here ayain, ou simulations give the same result asthe experiments.

4.3 Discussion

With the exception d the French/Russan pair, which we could na simulate here, the overall
pattern of successand fail ure to discriminate languages evident in Table 3 has been entirely
simulated and predicted, onthe basis of quite asimple model. This model assumes that
subjeds can compute the vowel/consonant temporal ratio %V and that their categorization d
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sentences and languages is based on%yV . In the one cae where the dired comparison o
caegorization results for individual sentences was passble (Engli sh/Japanese in adults),
subjeds scores were foundto be highly consistent with predictions based on%V, comforting
the psychadogicd plausibility of thismodel.

The generality of the agreament between the behavioral data and the smulationsis dill

limited in severa respeds:

1. by the set of languages used in the behavioral experiments onthe one hand, andin the
simulations on the other hand. For sure, the agreement holds only for the pairs of
languages gudied bah in experiments and in simulations, and the next behavioral result
that comes out could well disconfirm the predictions of the simulation. It isfor this reason
that we have provided predictions for all pairs of languages present in our corpus, nd
only thase for which abehavioral result is already avail able. These predictions await
further language discrimination studies, be they in adults or in newborns.

2. by the potentiall y infinite number of variablesthat can in principle be derived from the
durations of vocdic and consonantal intervals. In the present paper we have derived 3
variables, and shown that one of them led to the right predictions. What abou the other
ones? If the pattern of behavioral results was to change or to be extended, wouldnt it
always be possble to derive avariable that could fit the new pattern?

In thisresped, it is reaswuring that the variable used in the simulation was the most

straightforward to compute from the durations, %V, and nd some sophisticated ad-hoc

variable. AC and AV also follow diredly from the nature of the data. More importantly, all
threevariables are interpretable from the phondogicd point of view, in the sense that they
arediredly linked to the phondogicd properties suppacsedly resporsible for speed rhythm

(seesedion 3.5. But could AC and AV have predicted the same results as %V ? As we have

explained, we dhose %V onthe basis of 1) consistency with the rhythm classes and their

phondogicd properties, 2) lesser variancethan AC. From Figure 1 we can guessthat AC
would have predicted the same pattern of results, but simulations might have been less
sensitive. Asregards AV, Figure 2 suggests that this variable makes diff erent predictions.

Most natably, it suggests that Poli sh might be discriminable from English and Dutch. We

chedked this by running again bah the logistic regresson and the aousal pattern smulation

on the Engli sh/Poli sh and Dutch/Polish pairs using variable AV. The logistic regresson gave
respedively 85% and 87.%46 clasgfication scores, and the aousal pattern predicted bah

discriminationsat p < 0.001.

Unfortunately these pairs of languages have never been experimentally tested, so it remains

an open guestion whether AV can contribute to modeling subeds behavior, that is whether

the most appropriate model shoud be based on%V aone, AV aone, or baoth. In the latter
case, the respedive weighting of the variables would be an additional parameter to adjust.

5 General discussion

Phoretic science has attempted to capture the intuiti ve notion that spoken languages have
charaaeristic underlying rhythmic patterns. Reseachers have proposed classficaions of
languages acarding to their rhythm type. However, although they have measured many
properties the speed signal, they have fail ed to identify reliable aoustic charaderistics of
language dasses. Measurements estimating the periodicity of inter-stressintervals have nat
helped to capture these intuiti ve cdegories, and eff orts to clasgfy languages on the basis of
aooustic measures have eventually been abandored. In this paper, we have presented
measurements of the speed signal that appea to suppat the ideathat the standard rhythm
classes are meaningful caegories, that not only apped to intuitions abou rhythm, but also
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refled actual properties of the speed signal in dfferent languages. Moreover, our
measurements are ale to acourt for infant discrimination behaviors, and thus provide a
better understanding as to how a @arse segmentation d speed could lea infantsto classfy
languages as they appea to do.

What can we conclude from the data reported? Taken aone, the fad that the propation o
vocdic intervals (%V) and the variability of consonantal intervals (AC) in eight languages are
congruent with the nation d rhythm classes does not demonstrate that spoken languages
pattern into just afew such classes. At this point, we ae anostic ebou whether al | anguages
can be sorted into afew stable and dfinite rhythmic dasses. We studied orly eight
languages, and they were seleded from those used by linguiststo propaose the existence of the
threestandard classes. Hence, it isimperative to study more languages. It is entirely
conceavable that the groupings already establi shed may dislve when more languages are
added. Indeed, by adding other languages the spaces between the three caegories may
beome occupied by intermediary languages yielding a much more homogeneous
distribution. This continuouws distribution would be a tall enge to the nation that languages
cluster into classes and would show that it was the scarcity of data points that was suggestive
of clustersrather than the way languages adually pattern. Alternatively, adding more
languages to this dudy may uncover additional classes. This posshility is consistent with
typologicd work by Levelt and van de Vijver (1998, who have proposed 5 classes of
increasing syll able markedness (= syllable complexity). Threeof these dasses am to
correspondto the standard rhythm classes (Marked I, 1ll and 1V in their typology). One dass
(Marked 1) is postul ated for languages whose syll able complexity would be intermediate
between syll able-timed and mora-timed languages. One more dass(Unmarked) is postul ated
beyond Japanese (this classwould consist of strictly CV languages). Sincelanguages of the
Unmarked and Marked Il types are not part of our corpus, we caina assssthe relevance of
these two additional classes, but it isafad that on Figure 1 for instance, there seemsto be
spacefor adistinct classbetween Catalan and Japanese, and d course there's also spacefor
anaother classbeyond Japanese. Using ancther rationale, Auer (1993 has also proposed five
rhythm classes, which seam to only partially overlap with those mentioned above. Given all
these considerations, we believe that the notion d threedistinct and exclusive rhythm classes
has not yet been definitively proven, bu rather isthe best description d the aurrent evidence
There ae alditional reasons that incline usto pusue thisline of reseacch. First, it seams that
well -organized motor sequences require predse and predictable timing (Lashley, 195)).
Language is avery spedal motor behavior but thereis every reasonto exped it to have a
rhythmicd organization comparable to that foundin other motor skill s sich as walking or
typing. Why shoud alanguage like English have such a very diff erent periodic organization
from, say, Japanese? Could it be that language has to conform to a basic rhythm that can be
moduated by the adjustment of afew settings? It istoo ealy to answer this question. But at
least there ae reasonsto think that the temporal organization d language, like that of every
other rhythmic adivity, shoud na be abitrary. And asfor virtually every linguistic property
showing variation aaosslanguages, we may exped rhythmic organization to take afinite
number of values.

Moreover, if putative rhythmic dasses existed they would comfort theorists who pcstul ate
that phondogicd bodstrapping is an esentia ingredient of language aquisition (Christophe
& Dupow, 1996 Gleitman & Wanner, 1982 Mehler et a., 1996 Morgan, 1986 Pinker,
1984. Inded, if al languages could be sorted into afew rhythm classes, the likelihoodthat
the properties underlying the dasses might be aues that all ow for the setting of grammaticd
parameters would be increased. Correlations between rhythm type and some syntadic
parameters have been proposed in the past. For instance, syll able-timed languages have been
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asciated with Complement/Head word order and prefixing, whil e stresstimed languages
have been assciated with Head/Complement and suffixing (Donegan & Stampe, 1983. Even
though such correlations would be of enormous help in language aquisition, they
unfortunately do nd seem to hdd beyondthe languages gudied by the authors (seeAuer,
1993for amore thorough critique, and Nespor, Guasti, & Christophe, 1996for more
plausible auesto word arder). More plausibly, rhythm type could help aaquiring other
phondogica properties that are lessevident in the surfac€. A number of properties have
been propacsed to be more or lessconreded with rhythm: vowel reduction, quantity contrasts,
gemination, the presence of tones, vowel harmony, the role of word accent and d course
syllable structure (Dauer, 1987 Donegan & Stampe, 1983 seeAuer, 1993for a survey).
Given the aurrent state of knowledge, we believe that only syll able structure can be
considered associated with rhythm reliably enough to make it aguiding element in
aqquisition.

Preaursory formulations of thisnation proposed that speakers of Japanese represent speedin
moras, speekers of French in syll ables, and spe&kers of English in fed, and that for every
given language rhythm all ows the infant to set the rred representation unt (Cutler, Mehler,
Norris, & Segui, 1983 Cutler, Mehler, Norris, & Segui, 1986 Cutler & Otake, 1994 Mehler
et a., 1999. This froud give way, we think, to the more general nation that ead language
has principles governing the structure that its g/l ables may take. We hypothesize that an
ealy determination d rhythm type may all ow the child to set some of these principles'®. This
hypathesis can be formulated more explicitly using the formalism of the arrent linguistic
theories.

Within the Principles & Parameters theory (Chomsky, 1981, syll able structure is described
by the values taken by binary parameters sich as Complex Nucleus, Obligatory Onset,
Complex Onset, Coda, Complex Coda (Blevins, 1995. The avail able evidence suggests that
1) mora-timed languages have (- Complex Onset) and (- Complex Coda), 2) bath stresstimed
and syll able-timed languages have (+ Complex Onset) and (+ Coda), 3) stresstimed
languages have (+ Complex Coda). Thus, a dild in presence of a mora-timed language can
set two parameters at once Complex Onset and Complex Coda. Similarly, in presenceof a
gyllable-timed language, he/she can set both Complex Onset and Coda. Finally, in presence of
astresstimed language, the dnild can set Complex Onset, Coda and Complex Coda. In
addition to the deterministic setting of one or two parameters, it is posgble that rhythm type
may impose mnstraints on the possble ammbinations of parameters.

Within Optimality Theory (Prince & Smolensky, 1993, syllable structure is described by the
ordering of structural constraints li ke Onset, No-Coda, *Complex-Onset (* stands for No),

* Complex-Coda, and faithfulnessconstraints like Fill and Parse. Syllable complexity
(markednesy, isrefleded in the level of the faithfulnessconstraints with resped to the
structural constraints (Levelt & van de Vijver, 1999. Each leve of the faithfulness
constraints correspondto a dassof languages sharing the same markednessof syllable
structure, hencethe 5 classes of languages mentioned above. Thus, regardlessof whether
there ae acdually 3 or 5 such classs, it appeas that knowing the type of rhythm can enable to
set the faithfulnessconstraints right at the gpropriate level.

Although the aquisition scenarios described above remain speaulative, they provide aset of
hypotheses that can be tested by studying in greder detail syllable processng in infants. Thus,
in additionto clarifying afew questionsin phoretic theory, and providing abasis for the
interpretation d language discrimination cgpadties in infants, we hope that the present work
can help urcovering some of the mecdhanisms through which infants aaquire the phondogy
and pcssbly other properties of their native language.
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Footnotes

! The pairs of languages tested were respedively French/Russan and English/Italian,

Engli sh/Spanish, French/Engli sh, Engli sh/Japanese. Bosch and Sebastian-Gall és (1997) aso
showed that Spanish/Catalan dscrimination was possble in four-month-olds, bu rhythm was
not thought to be the aiticd cue.

% This relies onthe asumption that the syll able inventory of alanguage dways garts with the
most simple syllables (with the exception d V whichisnaot legal in al languages). We ae
not aware of any language that would have cmplex syllables withou having the more simple
ones, and thisisindeeal excluded by phondogicd theories (seefor example Blevins, 1995.

% We ae avare, of course, that the mnsonant/vowel distinction may vary aaosslanguages,
andthat auniversal consonant/vowel segmentation may not be withou problems. We asume
that our hypothesis oud utimately be formulated in more general terms, e.g., in terms of
highs and lowsin auniversal sonaity curve. We consider, howvever, that for afirst-order
evaluation d our approad, and given the languages we wnsider here, such problems are nat
crucial.

* We thank Laura Bosch and Nuria Sebastian-Gall és at the University of Barcdona for
recording the Catalan and Spanish materia for us.

> %V was cdculated as the total duration o vocdic intervals in the sentencedivided by the
total duration d the sentence (*100). Note that %C isisomorphic to %V, and thus needs not
be taken into consideration. AV and AC are the standard deviations of the means of vocdic
and consonantal intervals by sentence In Table 1 these were averaged by language.

® 1t shoud be noted that the scores given for Catalan/Itali an and Catal an/Spanish (respedively
35and 37.86) do nd refled discrimination through mislabeling. They rather suggest that
these pairs are so close that there may be more important rhythmic diff erences between some
spedkers than between the languages.

A more redistic model could implement alimited memory, storing, say, the last 10
sentences. Here, as the number of sentencesislow anyway (10in ead phese), thiswould
hardly make adifference

8Aswe have explained in the precading sedion, bdh groups have dtained the same average
prototype & the end d habituation. It is thus not necessary to take into acourt the aousa
level at the end d habituation, through a subtradion a a @variance analysis, asis dore when
analyzing sucking experiments. Such a procedure could oy add more noise to the analysisin
the present case.

9Such a processwould probably nat be cdled phondogicd boastrapping by those who
coined the term, who meant bodstrapping of syntax through phonadogy.

19t shoud be noted that syll able structure is not necessarily transparent in the surface before
the infant can adually parse speed into syll ables, syllable boundxries are evident only at
prosodic phrase boundaries, which gives only partial and dssociated evidence a to which
onsets, nuclel and codas are dl owed.
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Total number of measurements, proportion of vocalic intervals (% V), standard
deviation of vocalicintervalsover a sentence (AV), standard deviation of consonantal
intervalsover a sentence (AC), averaged by language, and their respective standard
deviations. AV, AC and their respective standard deviations are shown multiplied by
100 for ease of reading.

Languags |Vocalic Consonartal %V (SDeV) AV (SDey)  AC (SDey)
intervals  intervals (* 100 (* 100)

English 307 320 40.1(5.4) 4.64(1.25  5.35(1.63
Polish 334 333 41.0(3.9 2.51(0.67) 5.14(1.18
Dutch 320 329 42.3(4.2 4.23(0.93 5.33(1.5

French 328 330 43.6(4.5 3.78(1.2)  4.39(0.79
Spanish 320 317 43.8(4) 3.32(1) 4.74(0.89
Italian 326 317 45.2(3.9 4.00(1.09  4.81(0.89
Catalan 332 329 45.6(5.9) 3.68(1.449  4.52(0.89
Japanese 336 334 53.1(3.9) 4.02(0.58 3.56(0.79
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Simulation of adult discrimination experimentsfor the 26 pairs of languages.
Scores ar e classification percentages on the test sentences obtained from logistic
regressions on thetraining sentences. %V isthe predictor variable. Chanceis 50%.

Engish Dutch  Polish |French Italian Catalan Spansh
Dutch |57.5
Polish |50 57.5
French |60 60 65
Italian |65 62.5 65 55
Catdlan |65 62.5 65 57.5 35
Spanish |62.5 57.5 62.5 50 50 37.5
Japanese | 92.5 92.5 95* 90 90 87.5 95*

* In these caes one of the two regressons fail ed to converge, meaning that the
solution d the regressonwas nat unique. This happens when the predictor variable dlows to
completely separate the sentences of the two languages (100% classficaion onthe training
set). Only the dassficaion percentage of the regresson that converged is reported in the

table.
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Language discrimination resultsin 2 - 5 day-old infants.

Languag Pair Discrimination Stimuli Reference
French/Rusgan Yes Normal and (Mehler et d., 1989

filt ered®
English/Italian Yes Normal (Mehler et al., 1988 seereanalysis

by Mehler & Christophe, 1999

Engli sh/Spanish Yes Normal (Moonet al., 1993
English/Japanese  Yes Filt ered® (Nazz et a., 1999
English/Dutch No Filt ered® (Nazz et a., 1999
Dutch/Japanese ~ Yes Resynthesized® Ramus, in preparation
Spanish/Catdlan ~ No Resynthesized® Ramus, in preparation
English+Dutch vs.  Yes Filtered® (Nazz et a., 1999
Spanish+ltalian
English+Spanish ~ No Filt ered® (Nazz et a., 1999

vs. Dutch+Italian
or English+ltalian
vs. Dutch+Spanish

& Stimuli were low-passfiltered at 400Hz.
P Stimuli were resynthesized in such amanner asto preserve only broad phondadics
and prosody (seeRamus & Mehler, 1999.
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Simulation of infant discrimination experimentsfor the 26 pairs of languages.
Statistical significanceisshown for Mann-Whitney tests of the group factor over 40
subjects. Pairsfor which behavioral data isavailable are shown in boldface.

Engish Dutch  Polish |French Italian Catalan Spansh
Dutch |p=0.18
Polish |p=1 p=0.84
French |p<0.001 p=0.02 p=0.18
[talian |p<0.001 p=0.006 p=0.02 |p=0.68*
Catdan |p<0.001 p<0.01 p=0.007|p=0.51 p=0.04*
Spanish |p=0.006 p=0.21 p=0.04 |p=0.97* p=1 p=0.68*
Japanese | p<0.001 p<0.001 p<0.001 |p<0.001 p<0.001 p<0.001 p<0.001

* For these pairs of languages, the control groupwas above the experimental group. Seetext.
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Figure Captions

Figure 1. Distribution d languages over the (%V, AC) plane. Error bars represent +/-1
standard error.

Figure 2. Distribution d languages over the (%V, AV) plane. Error bars represent +/-1
standard error.

Figure 3. Distribution d languages over the (AV, AC) plane. Error bars represent +/-1
standard error.

Figure 4. Engli sh/Japanese discrimination in adults. Average dassfication scores for
individual sentences aaoss sibjeds, plotted against their respedive V% values.

Figure 5. Simulated arousal pattern for Engli sh/Japanese discrimination. 20subjeds per
group. Error bars represent +/-1 standard error.

Figure 6. Simulated arousal pattern for Engli sh/Spanish discrimination. 20subjeds per group.
Error bars represent +/-1 standard error.

Figure 7. Simulated arousal pattern for Spanish/Italian dscrimination. 20subjeds per group.
Error bars represent +/-1 standard error.
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