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Abstract

Of all prosdlic variablesusedto classifylanguags,rhythm
hasproved mostproblematic. Recentattemptso classifylan-
guageshasedon therelative proportionof vowels or obstruents
have had somesuccessbut theseseemonly indirectly related
to perceved rhythm. Coupling betweennestedprosodc units
is identified as an additionalsourceof rhythmic patterningin
speechandthis couplingis claimedto be gradientand highly
variable,depen@nton spealer characteristicandtext proper
ties. Experimentalresultswhich illustrate several degreesof
coupling betweendifferent prosodiclevels are presentedboth
from previous work within the SpeechCycling paradigm,and
from new data. A satiskctory accountof speechrhythm will
have to take bothlanguagespecificphonolodcal propetiesand
utterance-spefic couding amongnestedproductionunitsinto
accour.

1. On Classificationand Taxonomy

Taxonomy involves the determinationof discreteclasses. In
its classicalmanifestation,living forms are divided into dis-
crete groups (species,genera,families, etc), and criteria are
establishedvhich help to decidewhich taxon a given exem-
plar shouldbe assignedo. A basicassumptioris thatdiscrete
classesxist undelyingly, andthat a strict classificationis, in
principle, possible.In this regardit differsfrom the moregen-
eral practiceof hiosystematicsyhich considersary andall re-
lationshipswhich exist amongorganisms.

The dataon which a classificationis mademay, of course,
be insuficient to allow unambigwus classificationof a given
exemplar By way of a simple example,we might considera
simple racially homogeneouspopulationof menand women,
in which mens’heightsarenormally distributedarounda given
mean(say 2m) with a certain standarddeviation (say 0.5m),
while womers’ heightsaresimilarly distributedaroundadiffer-
entmean(say1.8m). Basedonly on a measureof heightfrom
anindividud, we canonly provide aprobabilisticclassification.
Nonethelessthereis assumedo be a undelying discretedif-
ferencebetweertheclasses.

There are mary forms of linguistic taxonany, most of
which have the propety thatwe have strongreasonto suspect
a discretedifferencein someformal featurebetweenthe lan-
guages.For example,somelanguage$have a basicword order
in which the subjectis orderedbeforethe verb, which in turn
precedesheobject,while othersorderthesethreeelementslif-
ferently Taxonomiclicenceis grantedbecauseof the discrete
natureof the elementsnvolved.

2. Prosodyasa Basisfor Taxonomy

Prosodyhas often beenusedas a basisfor classifying lan-
guagesThegrabbagof phenanenawhich canbelinked under
thelabel“prosody’ leavesconsiderale scopefor creatve clas-
sification. Attemptshave beenmadeto classifylanguagsbased
on stress,accent,intonation, lexical and morpholodcal tone,
and,of courserhythm. However, it hasnot alwaysbeenpossi-
ble to unambigwusly identify discreteelementxorrespading
to eachof thesedimensiors with the samerobustnessasin the
segmentalmorphdogical or lexical domairs.

Distinctionsbasecdn syllablestructurehave beenfairly un-
controversial,asa sggmentalinventoryis relatively easyto ob-
tainfor agivenlanguageandtheprinciplesof syllablestructure
have shavn considerablegenerality Linguistic theoriessuch
as Autosgmerntal Phonoloy or Optimality Theory have pro-
vided well-foundedand empirically supportedtheoriesof un-
derlying discretestructuresvhich permit classificationswithin
andacrosdangua@s.

Distinctions basedon fundamental frequeny have had
mixed success On the one hand, one canidentify langua@s
which make use of lexical tone (e.g. Mandarin) and oth-
erswhich do not (e.g. English). Intermediatecasesdo exist
(e.g. somedialectsof Korean),but theseare usually consid-
eredto representransitionalstatesof the languag from one
classto the other The morphologdcal useof tonefamiliarfrom
the Niger-Congolanguagesf Africa representsinothe well-
definedclass.

On the other hand, phenomea relatedto phrasalaccents
andphrasalintonationhave proved lessobviously amenale to
a convertional linguistic treatment. To be sure,thereare sev-
eral theoriesof phrasalintonationwhich relateobsened pitch
contoursto adiscretesetof underlying linguistic elementg16],
however agreemehamongtheoriesasto the natureand count
of suchelementshasbeenhardto arrive at. The situationis
furthercomplicatedby the mary non-linguistic rolesof intona-
tion, suchasin addingemplasisor expressie variation. Sev-
eral studieshave demorstratedgradientratherthan categorical
phenanenahere[11, 10].

But nowhere hasthe effort at establishingand defending
a prosodictaxonomyhad a hardertime thanin the domainof
'rhythm’. Without doubt, much of this lack of progresscan
be tracedto differing interpretationsof the term 'rhythm’. It
will be a contertion of this paperthat at leasttwo indepen-
dentdimensionshave beencalledto servicein characterizing
rhythm. Oneof thesds relatedto syllablestructureandsegmen-
tal inventories,and may thereforeoffer the basisfor a taxon-



omy. The otherrelatesto a gradientpheromenon not yet well
understod, which mediatesthe role of syllablesin determin-
ing macrosceic timing patterns.lts gradientnatureprecludes
it from supportinga classificationamonglanguages.Further
more, it will be claimed,pre-theoreticaperceptionof rhythm
(whethercharacteristiof a spealer or alangua@) arederived
from an interplay betweenthe discreteand the gradientphe-
nomena

3. Whereis Rhythm in Speecl?
3.1. Rhythm acrosslanguages

Our formal approachsto characterizinghythmin speechare
grouncedin a pre-theoreticaperceptionof a patterningin time
which speechandmusichave, to somedegree,in common.We
becomeaware of somethingik e rhythmic propertiesin speech
whenwe contrastspeechn differentlanguagesandthisis pre-
sumablythe reasonwhy rhythm hasso-oftenbeencalledupon
to supportlanguag classification. The ability to distinguish
amonglanguags basedon a signal which preseres low fre-
queng informationhasbeendocumentedn infants[13], while
Ramusdemonstratea similar ability in adultsusingresynthe-
sizedspeechn which segmentswerestrippedof their identity,
but not their broad phoretic class[17]. Many attemptshave
beenmadeto identify a basisfor this apparat percepion of a
rhythmicdifferenceamory languayes.Simplisticnotionsbased
onisochrormusunitshave beenuniformly rejected5].

Two currentinfluential models[18, 9] take up a sugges-
tion by Dauer[5] that languagesmay lie along a continuum
(or in a continuousspace) certainpoints of which have previ-
ously beenidentified with rhythmic classeqsyllable-, stress-
and mora-timedlanguags). They eachdevelop continuows
measuresvhich cansuppat clusteringof languag@sin accor
dancewith oldertaxonomicdivisions. Sincetheintroductionof
thenotionof gradientrhythmicqualities,it is nolongerentirely
clearthat a taxoromy is being sough, asopposel to a more
generalystematiaescriptionof variationamonglanguags.

Ramuset al. [18] arrive at two (correlated)variables,de-
finedoveranutterancetheproportionof vocalicintervals(%V)
andthe standardieviation of the durationof consonatal inter-
vals (AC). Both of thesemeasurewill be directly influenced
by the segmentalinventory and the phorptacticregularities of
a specificlanguage.Thatis, ary classificationbasedon these
variablescanbe relatedto an undelying discretesystem,and
sotrueclassifications, in principle, possible.

GrabeandLow [9] relaterhythmic diversity to serialvari-
ability in (a) the inter-vowel-onsetinterval and (b) the intenal
betweenonevowel offsetandthe following onset.As with the
previousmeasureghesewo variablesarenotentirelyindepan-
dent,andtheir distributionswill be dictatedlargely by the seg-
mentalinventory and phorotacticsof a given languag. Sim-
ilar resultshave recently beensuggestedasedon a sonority
measurenhich capturesghe degreeof obstruemy in the signal
[8]. Collectively thesevariablesmaybecomparedo alternatve
measure®n our hypotheical population from Sectionl: had
we measuredveight,or hairlength,insteadof height,we would
likewise have found a bi-modaldistribution, with the sameun-
derlyingcause.

3.2. Rhythm within spealer

Thereis anotherdistinct, sensdan which speechs rhythmical,
andthis is relatedto flueng.. As we speak,the flueng/ with
which speechis generatedrariescontinually We areall famil-

iar with both the easewith which fluent speechflows, andthe
debilitatingeffect of its opposite thedysfluer event. Thistype
of rhythmis considerablyharderto quantify, asit canvary sub-
stantiallywithin a singleutteranceandis apparetly subjectto
the vagariesof expressionand rhetoricalforce asmuchasto
languag-specificconstraints.

Let the sentencepresentedy Abercrombie[1] as’unam-
biguowsly’ illustrating the stress-timedatureof Englishsene
asan example: “Which is the Train for Crewe please”. Aber-
crombies suggestionwas that the readertap along with the
stressesvhile sayingthe sentenceandindeed.,it is notdifficult
to speakthis sentencewith 4 roughy isochrorousbeatson the
stressedsyllables. However, ary naturalisticrenditionwithout
the associatedappingwill departsubstantiallyfrom this regu-
lar pattern. Furthermorea syllable-basediming canlik ewise
beimposedon this sentencdthink “angry, seethingpassengr
facedwith unhelpfu guides”). Dependingon the commurica-
tive situation,the rate of speechthe degreeof expressiongtc,
ratherdifferenttiming patternccanoverlayoneandthe sameut-
terancefor asinglespealkr. Someof theseareregularenough
that we would want our definition of speectrhythmto extend
to themandtheir like. However, thesepatternswill clearly not
be of muchhelpin establishinga cross-languagtaxonamy.

This variability raisesthe questionof whetherthe kind of
index proposedoy Ramus,Grabeandotherscanmeanindully
be saidto capturearnything abou rhythm in speech. The dis-
crete basisfor the suggested taxonomy can be arguedto be
grounced in segmentalinventoriesand syllabic phorotactics,
and can thereforebe accountedfor without referenceto ary-
thing resemblinghe pre-theoreticahotion of rhythmdescribed
at the startof this section.More succinctly whereis the bom-
di-bom-bomin %V?

Theargumentto be developed hereis thatthereareindeed
two distinct phenomen here,which interactto provide a per
ceptionof rhythm in speech.On the one hand,thereare lin-
guistic units which vary discretelyacrosdanguags. ThusEn-
glish hasits heary andlight syllables,stressesfeet etc, while
Japaneséasits Morae, perhapsa bi-moraic foot, and so on.
Thesearesymbolic,linguistic entitiesfamiliar from phorology,
andlanguajetaxacanbeconstructean foof thereof.To some
extentthesealonedictatethe alternationof light andheary ele-
mentsin spolen langua@, andsothey contritute to the rhyth-
mic signatureof alanguag.

Theseunitsalsosene asparticipantsn hierarchicaliming
relationshipsin which smallerprosodicunitsarenestedwithin
largerunits,andthedegreeof couplingbetweerlevelsvariesin
gradientfashion,asdictatedby fluengy, corversatioral intent,
urgeng, etc. As coupling variescontinually so too doesthe
perceved rhythmicity of speech and, perhaps perceved flu-
engy, thouch thisdirectassociatiorhasyetto betested.

The gradien coupling betweenprosodc levels (syllables
within feet,feetwithin phrasegtc)hasbeenidentifiedandmod-
elled before[15]. It hasalsobeenobsened experimentallyin
the SpeeclCycling paradigm4, 19], in which subjectsepeata
shortphrasein time with an externalmetronome Resultsfrom
SpeechCycling experimeris with Englishand Japanesspeak-
erswill now briefly bereviewedto seeif they canilluminatethe
relationshipbetweerthesetwo interactingsource®f “rhythm”.

1Examples of  paricularly  fluent speech exhibit-
ing syllable-timed and stress-timd characteristics
within an utterance by a single spealkr are given at
http//cspeech.ucd &/~fred/speechinythm/speelrhythm.html.
2sorry.



4. SpeechCycling Results

Target = 0.5

big for a duck

big for a duck

Target = 0.66

big for a duck big for a

Figure 1: Targeted Speech Cycling task, as used with English
speaking subjects (reported in [4]). ' Target’ refers to the phase
of the L tone within the H-H cycle.

In [4], English speakingsubjectsrepeatedshort phrases
suchas“big for aducK' in time with a two-tonemetronome.
The phrasesvere always of the form “X for a Y”, andtheir
statedgoal wasto align the onsetof “X” with thefirst, higher
tone,andthe onsetof “Y” with the second ower, tone. The
relative timing of thetwo toneswasvariedsystematicallyo see
whatwaysthe stressedoot could be accommodtedwithin the
repeatingPhraseRepetitionCycle (PRC).Thetaskis illustrated
in Figurel. The resultswereunambguousandreadily inter-
pretable. Undertheseconditiors, subjectscould produceonly
threepatterngeliably. Thesepatternsareillustratedin Figure2.
Eachof thesepatternscanbe undestoodasthe strict nestingof
oneunit (the stressfoot) within alargerunit (the PRC).For the
third pattern thisrequiresntroducinganoncestresonthecon-
tentword for, andindeedwe found that somesubjectsdid not
producethis pattern,asthey did notdiscover this strateyy.

In relatedwork, Tajima had both English and Japanse
speakrs repeat short phrasesin time with a repeating
metronomg19]. Themetronomehereconsistednly of asingle
repeatingtone, and subjectswereinstructedto align the onset
of the phrasewith this tone. The texts usedcontainedcarefully
controlled sggmentalmaterialwhich testedthe relative stabil-
ity of syllableandmoradurationsat a rangeof prosodicposi-
tions. The similaritiesand differencesfound acrosslanguags
areilluminating. Firstly, both language shaved preferenes
for prominentsyllables(stressedn English, pitch accentedn
Japanesgeto fall at easily predictablepoints within the PRC
(one half, two thirds, etc.). Evidencefor temporalstability of
afoot-like unit wasfound In English,this is the corvertional
stress-footdelimitedby the onsetsof successie stressed/ow-
els. In Japarse therewassomeevidencefor a bi-moraicfoot,
within which individuad moraewere nested. (Indepeneént ev-
idencefrom morphology for the bi-moraic foot had hitherto
lacked ary supportingphoretic evidence.) The stratgiesem-
ployed by individual spealersin adheringto the settaskcon-
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Figure 2: Rhythmic patterns produced by English speakers in
[4].

straintsvariedmuchmoreacrosslapaesespealersthanamong
English spealkrs. SomeJapanesapeakrs appearedo make
useof a bi-moraic foot, while othersshaved no evidence of
sucha construct All Englishspealers(in [4] and[19]) shoved
clearevidence of usingthe stressfoot as a productionunit in
satisfyingthe giventaskdemand.

The speechcycling task(s)representan extreme caseof
rhythmicorganizationwheretheonly stableway to satisfytask
demand appeargo be prodiction of a hierarchicalrhythmic
structure,in which one phonolgical unit is nestedwithin the
other The natureof the phonolgical unit which is availableto
solve the problemappeargo vary acrosdanguaes,andmayin
fact suppat a discreteclassificationamonglanguags. Under
speecteycling condtions, wherea practicedphraseds beingre-
peatedgcognitive loadis minimal,andupcomingproductionde-
mandsare maximally predictable.Underthesecircumstances,
thereappearso benoimpedimer to thetight couplingbetween
distinctlevelsin atiming hierarchy

Further circumstantialevidencefor the languagespecific
natureof the discreteunits which constitutelevelsin a timing
hierarchycomesfrom attemptsby the preseniautha to extend
the methodsof [4] to spealers of Italian and Spanish. Unlike
Japaneseboth of theselanguage have lexical stress,and so
it was possibleto devise text setswith stresspatternscompa-
rableto Englishphraseqe.g. Eng: MANning the MIDdle/It:
MUNGo la MUCca/Sp:BUScala MOto). Subjectscould thus
beasledto align thefirst stresseayllablewith a high tone,and
the secondwith a low tone,asbefore. However, after obtain-
ing datafrom 4 spealers of eachlanguageit becameohvious
thatthe targetedspeectrycling task,which hadbeenrelatively
easyto conductwith Englishspealers, wasextremelyproblem-
atic for spealers of theseothertwo languayes. Whereaskn-
glishspealerstypically requiredabout 5 minutesinstructionbe-
foretheexperimeri couldbegin, spealersof ItalianandSpanish
wereunableto attempthetaskwithoutatleast30 minutesof in-
tensve practice andthey remainedsery uncomfortalte with the
taskthereafter Analysisof their datarevealedeither extreme



variability, or prodiction of a single, simple rhythmic pattern,
with the secondstresdocatedhalf way betweenphraseonsets.
The unexpecteddifficulty and high variability of the datapre-
cludedstatisticalanalysisput theobviousinferenceto bedravn
wasthatthe stresgoot, which enable€nglishspealkrsto coor
dinatetherelative timing of stressewvithin thePRC wassimply
notavailableto thesespealersasaunit, despitethe existenceof
lexical stresdn theirlanguage

5. Where elseto look?

The work of Grabeand Ramusand colleagwes[9, 18] consti-
tutesstrongprima faciaeevidence for catgorical distinctions
amonglanguags basedon thekind of linguistic unit on which

rhythm is “hung”. Evidencefrom SpeechCycling illustrates
how, unde ratherextreme elicitation conditions entrainment
of one prosodicunit within anothercan be induced. Speech
Cycling alonewill not sufice to make the casethatthereis a

continually varying level of entrainmentbetweenunits at one
level (syllables, perhapsfeet) and prosodic units at a higher
level (feet,perhajs phrases)assuggestety O’'Dell andNiem-

inen[15] andBarbosd?2].

The claim being madehereis that thereis suchentrain-
ment,andthatthe degreeof entrainmentwarieswithin spealer
andacrossautterancesBecausef thishigh degreeof variability,
theresultingrhythmicforms arenot stableenowgh to supporta
rhythmictaxonany. However, thesortof formsthatcanemege
aredictatedlargely by the discretecategoriesmentionedabove,
andso we will expectlanguage-secific manifestationf en-
trainmentbetweerprosodiclevels.

The evidence for temporal entrainmeih among prosodc
units at distincttimescalesinde more naturalspeakingcondi-
tionsis notuncortroversial. Attemptsto identify compensaty
shorteningwithin the foot as unstressedsyllablesare added
yieldednegative resultg12]. Somestudieshave producedveak
evidence of compensatorydurationaladjustmentoward weak
isochrory [14, 7], but mostsuchinvestigationshave beenfruit-
less[5]. However, noneof theseinvestigationshave considered
the degree of entrainmentetweenprosodc levels, and hence
the strengthof rhythmic regularity, to be a continuouslyvari-
ablefunction. We have recentlyfoundsomeintriguing evidenee
for ademonstrablentrainmebhbetweerprosodiclevelsin read
speechwithout metrononic influence. Theseexperimerts are
asyet at an early stage,but they do suggestwherewe might
continueto look in orderto teaseapartthegradientcontribution
to rhythmic patterningwithin a spealer’s utterances.

6. Metrical Structure

Methods As partof alarger experimentstill undervay, speak-
ersprovided readingsof word lists, whereeachlist contained
8 trochaicforms (e.g. “tango, lighter, daddy wiper, pory, cut-
ter, pinky, mangd). A total of 54 readerseachread6 such
lists in “as regular a form aspossible”. Thatis, they werein-
structedto producesomethingakin to an isochrorous series.
From eachreading,P-centerscorrespoding roughy to vowel
onsetswereobtainedby semi-automatieneang(following the
methodof [4]), andthe first six inter P-centerintervals were
plottedin severalways. (Thefinal two internvals arenot shawn,
asthelastonelacksa measurableight edge.)

Results Two illuminating plots areshavn in Fig 3. In the
top panel thefirst six inter-onsetintervalshave beencompued,
andeachdivided by the meaninter-onsetinterval. The median
andIQR of eachis shavn (n=318), andthe only interval which
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Figure3: Median and IQR of intervals from trochaic list read-
ing task.

standsout is the fourth, separatinghe first group of four from
the secoml. This interval is longerand morevariablethanall
the others.

In the lower panelof Fig 3, eachintenal hasbeennormal-
ized by a containirg intenal. For the first two intenals, the
normalizinginterval is the durationof thefirst two intervals, for
intenalsthreeandfour, it is the sumof intervalsthreeandfour,
andfor five andsix, it is thesumof intenalsfive andsix. In or-
derto make thesemeasuremenirectly comparake with those
of the top panel,all normalizedintervals are againdivided by
the meanfor the whole dataset. This representatiomf inter-
val durationtells a very differentstory Now interval duration,
expressedasa proportionof a containingtwo-intenal unit, is
much lessvariable. Thereis also a clear alternatingpattern,
wherethe first intenal of eachtwo-intenal “foot” is shorter
thanthe second

A simplemodelwhich canaccoun for thesedatawould be
onein which producedunits arehierarchicallyorganized with
a binary nestingof units at one level inside thoseat the next,
andthe furtherconstrainthateachunit at eachlevel be subject
to somedegreeof final lengthening In this way, theinterword
intervals plotted herewould be groupedinto two-word “feet”,
with the secondinterval in each“foot” exhibiting somefinal
lengthening Eachpair of two-word “feet” would againgroup
into four-word units, of which therearetwo in eachlist. The
additionallengthering arising from this groupingis visible in
the top panelof Figure 3 asthe long fourth interval. Interval
durationsexpressedn millisecondsarehighly variable reflect-
ing ratevariationacrosdlist readingsand from one spealer to
the next. When eachinterval is re-expressedas a propation
of a containinginterval, however, the databecomemuchmore
coherent.



The task of readinga regular list of 8 trocheeswhile not
asrhythmically constrainedasspeectitycling, is still carefully
designedto elicit maximally rhythmical speechprodictior?.
Given speechmaterialwhich lendsitself to simplerhythmical
grouping spealers do indeedimposea rhythmic organization
ontheir speechresultingin durationswhich areinterpretablen
termsof simplemeter Not all speechis thisregular, however. In
thefollowing sectionwe reportsomenewn datawhich provides
tentatve supportfor the hypothesisthat hierarchicaltiming is
imposedundermuchlessstringentspealing conditions.

7. Temporal structure as Characteristic of
an Individual Spealer

Methods In the courseof a larger experiment,readingsfrom
27 speakr pairswere obtainedreadingthe first paragrap of
therainbaw text. For eachpair of spealkrs,A andB, areading
wasfirst obtainedfrom A, thenA andB readtogetherattempt-
ing to remainin synchrayy with one another then Spealer B
readthetext. After someintervening practiceat this, the pro-
cesswas repeatedwith Spealer B starting,then A andB to-
gether andfinally Spealer A. From eachrecording the final
sentencé“When a manlooks for somethingbeyond his reach,
his friends say he is looking for the pot of gold at the end of
the rainbaw”) was excised, and 16 well definedpointsin the
waveformwereidentifiedby hand. Thesepointscorrespod to
reliably recognizableventssuchasstopreleasesyowel onsets
etc,andtogethetthey dividedtheutterancento 15 sub-interals
of approximately2—4 syllableseach.

ResultsThis sequencef 15 intenals canagainbe viewed
in two ways. Firstly, we canconsiderthe vectorof 15 millisec-
ond values,eachexpressinga well definedintenval. We would
naturally expect two utterancesrecordedin the synchraous
conditionto befairly similar by this measure.

However, we canobtaina very cruderepresentatioof the
rhythmical structureof an utteranceby expressingeachinter-
val insteadasa propation of somelarger containinginterval.
Theabove sentencés normallyreadastwo intonationd phrases
(separate@tthecomma) sowe canre-expressthe sequeie of
measuremds suchthateachintenval is now givenasa propor
tion of thecontaininglP (or themeasuremergointsmostnearly
locatedatthetwo endsof thatIP). Thisis alsoa vectorof inter
vals, but eachis expressedisa function of the overall temporal
organizationof the phrase.

Somethingathersurprisinghappe&swhenwe consideithe
similarity of two utterancesisingthesetwo measureskor each
synchraousutteranceywe computedheEuclideardistancebe-
tweenthis utteranceand all 163 otherutterancegor which all
15 interval measuremets wereavailable. We thenorderedthis
list of 163 distancesand notedthe index of the matchedut-
terancein the orderedlist. The matchedutterances that spo-
kenby anothe spealerin synchrawy with thepresenutterance.
A low index meansthat the two utterancesare similar by this
measure.Thetop left panelof Figure4 shaws the distribution
of thisindex for 92 synctronousutterancesandit canbe seen
that,in generaltheindex tendsto below in the orderedlist of
163distancessuggestingireasonabléemporalmatchbetween
utterances.

When the intervals are expressedas proportionsof their
containinglIPs, hawever, this similarity goesaway. The bot-
tom left panelof Fig 4 plotsthe samedistribution, but this time

3The datacollectedalsoincludesomavhat irregular lists which are
currently undegoinganalysis.
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Figure 4. Distributions of rank order of matched utterances.
Detailsin text.

usingtheseproportionaldurations. This distribution no longer
hasthe decayng exporential shapepreviously seen,andit is
not clearthatit is differentfrom a uniform distribution, which
is the expecteddistribution if the similarity measurevere en-
tirely worthless.

We cancarry out the sameprocedureagain, but this time
we definethe matchingutteranceto be the solo readinggiven
by the samespealer immediatelyprior to or immediatelyaf-
ter the synchraousreading. Thetop right panelof Fig 4 plots
thedistribution of indicessoobtained(n=73). Not surprisingly
whenwe do this usingintenals expressedas absolutevalues,
the Euclideandistancebetweervectorsdoesnotdo avery good
job of picking out utterancedy the samespealer. Finally, we
canlook for thematchingutterancgby the samespealer) using
normalizedintenals (lower right panel). Whatemeges,quite
remarkably is that this measuredoesa very good job indeed
at expressingsimilarity betweentwo utterancedy the same
spealkr, eventhoughthoseutterancesvereelicited underquite
distinctcircumstance(readingaloneandin synchrory with an-
otherspealer).

8. Discussion

Both the precedimg experimentalresultsillustratethe coordna-
tion of temporalintenals at one level with thoseat a higher
level. In the word list example, metrical structurebasedon
the hierarchicalnestingof eachword within a two-word unit
wasevident. In the precedingexample,a sequene of tempo-
ral intervalsin which eachinterval is expressedisa propation
of alargerinterval wasdemonstratedo be characteristiof an
individual spealer, and quite stableacrossdifferentelicitation
conditions. This accordswith the finding that timing at both



phoneame and word level remainslargely unalteredin speech
produca by professionalmimics, even thoudh the resulting
speechis percevedto be similarto thetamgetvoice[6, 20].

All of which bringsusbackto thesubjectof speechrhythm.
The agumentwas madethat a gradientphenanenon,not yet
well undestood, mediatesthe role of syllablesin determin-
ing macrosceic timing patterns.lts gradientnatureprecluces
it from supportinga classificationamonglanguages.Further
more, it was claimed, pre-theoreticalperceptionsof rhythm
(whethercharacteristiof a spealer or alangua@) arederived
from an interplay betweenthe discreteand the gradientphe-
nomena The intervals betweenstressedsyllable onsetshave
long beenheldto beof singularimportancen the perceptiorof
Englishspeectrhythm.

In the word list experiment,we saw that theseintenals
do in fact partale in a strictly metrical structure,demonstra-
ble and measurablén real time, whenthe spolen materialis
sufficiently regular The units (feetdelimitedby stresseaylla-
bles)arelanguagespecific(Japanesdpr example,hasno cor-
relateof stress)but the participationof theseunitsin genuindy
rhythmicalstructuress depen@nton the natureof the spolen
utterance.

In the secondexperimentwe saw that the entrainment
amonglevelsdoesexist in someform whenthe materialis less
regular The resultingpatternis not perceved as beingrhyth-
mic in amusicalsensebutin comma with thesimplemetrical
example,thereis ademorstrablecouding betweenintervals at
oneprosodiclevel andthoseata higherlevel.

Little is known aboutthe natureor origin of thesepro-
duction constraintswhich imposehierarchicaltemporalstruc-
ture upon an utterance.The similarity which canbe obsered
betweenspeechcycling patternsand patternsof coordindion
amongthe limbs [3] suggsststhatthe origin is to be soughtin
the demandsmposedby the finely tunedcoordnation of het-
erogeneas compaentsin speechproduction, andis thusone
aspecbf motorcontrolin speechBut the elementsiponwhich
thesepatternsarebuilt areembededin the phorological regu-
laritieswhich typify a givenlanguage Progressn the study of
speechrhythmwill requiretaking both the linguistic units and
theirformsof coordinationinto account.
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