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Abstrac t 

Studies of coordination in rhythmic limb movement have 
establishe d tha t  certai n phas e relationship s amon g cyc -
lin g limb s ar e preferred ,  i.e .  pattern s suc h a s synchron y 
and anti-synchron y ar e produce d mor e ofte n an d mor e 
reliabl y tha n arbitrar y relations .  A  speec h experimen t  i n 
whic h subject s attemp t  t o plac e a  phrase-media l  stres s 
at  a  rang e o f  phase s withi n a n overal l  phras e repetitio n 
cycl e i s presented ,  an d einalogou s result s ar e found .  Cer -
tai n phas e relation s occu r  mor e frequentl y cin d exhibi t 
greate r  stabilit y  tha n others .  T o a  first  approximation , 
thes e phase s ar e predicte d b y a  simpl e harmoni c model . 
The observe d commonalitie s betwee n lim b movement s 
and spoke n rhyth m suppor t  Leishley' s conjectur e tha t  a 
common contro l  strateg y underlie s th e coordinatio n o f 
al l  rhythmi c activity . 

Introduction 

I n hi s famou s pape r  o n th e proble m o f  seria l  order ,  Lash -
le y (1951 )  emphasize d th e importanc e o f  rhythmi c co -
ordinatio n i n al l  integrate d movement ,  suggestin g tha t 
speec h an d othe r  form s o f  coordinate d actio n mus t  shar e 
c o m m on organizationa l  principles .  Ther e ha s bee n a 
goo d dea l  o f  researc h int o th e rhythmi c principle s tha t  fa r 
cilitat e an d constrai n coordinatio n amon g th e limb s an d 
hand s (Kels o an d Scholz ,  1985 ;  Kugle r  e t  al. ,  1980 ;  Bern -
stein ,  1967) .  Recen t  wor k ha s show n tha t  th e relativ e 
timin g o f  repeate d lim b movement s ca n b e wel l  modele d 
by low-dimensiona l  oscillato r  dynamics .  However ,  ther e 
has bee n littl e effor t  t o lin k thes e findings  t o th e produc -
tio n o f  speech . 

One lin e o f  researc h o n finger  motio n finds  tha t  whe n 
subject s ar e aske d t o wa g tw o fingers,  o r  bot h hands , 
cyclicall y towar d an d awa y fro m th e body' s midline ,  sub -
ject s hav e a  stron g preferenc e fo r  a  synchronou s phas e 
relatio n betwee n th e fingers  o r  hands ,  wher e synchron y 
means tha t  th e limb s mov e towar d an d awa y fro m th e 
midlin e simultaneously .  Th e anti-synchron y phas e rela -
tion ,  wher e bot h mov e lef t  an d the n bot h m o v e right , 
i s  les s stabl e bu t  i s muc h mor e stabl e (smal l  variance , 
insensitivit y t o perturbation )  tha n othe r  arbitrar y phas e 
angle s betwee n th e limb s (Ka y e t  al. ,  1991 ;  Kels o an d 
Kay,  1987) .  Furthermore ,  whil e bot h synchron y an d 
anti-synchron y ar e stabl e a t  slowe r  tempos ,  a n increas e 
i n temp o eventuall y lead s t o a  contro l  regim e i n whic h 

onl y synchron y i s stable .  Stud y o f  th e stabilit y  proper -
tie s o f  eac h productio n m o d e an d o f  th e phas e transitio n 
betwee n stabl e mode s suggest s th e existenc e o f  a n un -

derlyin g dynami c whic h i s parameterize d b y rate .  T h e 
syste m exhibit s tw o competin g attractor s a t  slowe r  rates , 
a singl e attracto r  a t  fas t  rates ,  an d hysteresi s observe d 
betwee n th e tw o cases .  Tha t  is ,  i f  a  subjec t  trie s t o main -
tai n anti-synchron y betwee n effectors ,  increasin g temp o 
wil l  eventuall y lea d t o a  switc h t o synchrony ,  an d o n 
temp o reduction ,  synchron y wil l  b e maintaine d beyon d 
th e temp o a t  whic h th e switc h previousl y occurred . 

I n describin g rhythmi c coordinatio n i n thi s paper ,  w e 
wil l  mar k th e timin g o f  event s relativ e t o a n overal l  cycl e 
usin g phase ,  wit h a  rang e o f  0  t o 1 .  B y arbitraril y  takin g 
one o f  th e effector s i n th e abov e studie s a s definin g th e 
cycle ,  th e stabl e pattern s observe d hav e relativ e phase s 
of  0  (synchrony )  an d 0. 5 (anti-synchrony )  betwee n th e 
hands . 

I n th e literatur e o n th e performanc e o f  rhythmi c pat -
terns ,  i t  i s  wel l  establishe d tha t  subject s perceiv e an d 
produc e pattern s i n whic h th e interval s ar e relate d a s 
simpl e integer s (1:1 ,  2:1 ,  3: 1 etc. )  wit h m u c h greate r 
facilit y  tha n pattern s i n whic h th e componen t  interval s 
hav e arbitrar y o r  comple x ratio s (e.g .  2.72:1) .  Fraiss e 
(1982 )  give s a n overvie w o f  olde r  work ,  whil e Collie r  an d 
Wrigh t  (1995 )  giv e a  mor e recen t  summary .  Thi s i s true , 
whethe r  subject s spontaneousl y ta p ou t  group s of ,  say ,  2 
t o 4  elements ,  i n whic h cas e th e intergrou p interval s ten d 
t o relat e t o th e intragrou p interval s a s 2: 1 (Essen s an d 
Povel ,  1985 ;  Fraisse ,  1956 )  o r  whethe r  the y tr y t o repro -
duc e specifi c  interva l  ratio s (Collie r  an d Wright ,  1995 ; 
Summerset  al. ,  1989 ;  Tulle r  an d Kelso ,  1989) ,  wher e th e 
interval s produce d gravitat e toward s simpl e harmoni c ra -
tios .  Expresse d usin g ou r  phas e convention ,  an d takin g 
th e larges t  repeatin g uni t  a s th e cycle ,  subject s i n bot h 
thes e case s ar e showin g stron g preference s fo r  event s a t 
phase s o f  i ,  i ,  §  etc . 

Th e investigatio n o f  globa l  speec h rhyth m ha s hau l 
much les s tangibl e results .  Pik e (1945 )  wa s th e first 
t o classif y language s a s bein g stress-time d o r  syllable -
timed .  Althoug h som e dat a ha s supporte d version s o f 
th e syllable-timin g hypothesi s fo r  language s lik e Japan -
ese (Por t  e t  al. ,  1996 ;  Por t  e t  al. ,  1987) ,  attempt s 

415 

mailto:fcummin8@c8.indiana.edu
mailto:port@cs.indiana.edu


t o find  evidenc e fo r  isochron y o f  stresse d syllable s fo r 

Englis h hav e bee n largel y fruitles s (Dauer ,  1983 ;  Le -

histe ,  1977) .  A  wea k tendenc y toward s equall y space d 

stresse s i s documente d fo r  som e Englis h speec h (Jasse m 

et  al. ,  1984) ,  bu t  thes e dat a d o no t  satisfactoril y  accoun t 

fo r  speaker/listene r  impression s o f  rhythmicit y (Diuier , 
1983 ;  Lehiste ,  1977) .  T o loo k jus t  fo r  isochrony ,  however , 

i s  analogou s t o lookin g onl y fo r  1: 1 interva l  ratio s i n 
spontaneou s tapping .  Littl e attentio n ha s bee n pai d t o 

interstres s interval s whic h migh t  b e relate d a s 2:1 ,  1: 2 

or  othe r  simpl e ratios .  Bot h Jone s (1960 ,  1s t  ed .  1918 ) 

and Marti n (1972 )  mak e a n explici t  connectio n betwee n 
th e rhythm s o f  musi c an d speec h b y applyin g standar d 

Wester n musica l  rhyth m notatio n t o Englis h phrases . 

The y thu s impl y tha t  interstres s interval s sho w hierarch -

ica l  organization ,  wit h lon g an d shor t  interval s i n speec h 

organize d int o tempora l  structure s base d o n harmoni c 
fractions .  Whil e neithe r  Jone s no r  Marti n specificall y 

sugges t  tha t  thi s hierarchica l  organizatio n ca n b e identi -
fied  directl y fro m th e speec h signa l  itself ,  thi s  i s certainl y 
implie d i n thes e approaches . 

I n music ,  event s ar e notate d a t  harmoni c phase s o f 
th e measur e cycle .  I f  th e descriptio n o f  speec h a s havin g 
a somewha t  music-lik e rhyth m i s accurate ,  ther e shoul d 
be som e event s whic h occu r  a t  simpl e phase s withi n a n 
overal l  cycle .  Tha t  is ,  globa l  speec h timin g shoul d b e 

harmonicall y o r  rhythmicall y constrained ,  an d shoul d ex -
hibi t  simpl e interva l  ratios ,  m u c h a s ar e foun d i n th e lit -
eratur e o n th e manua l  productio n o f  rhythmi c patterns . 
We conducte d a n experimen t  t o se e i f  stres s pleicemen t 

withi n a  repeate d phras e migh t  ac t  lik e tap s i n a  repeate d 
tapping  tas k b y exhibitin g a  bia s towar d th e occurrenc e 

of  stresse d syllabl e onset s a t  harmoni c fr2u;tion s (eg ,  g , 
| ,  | )  o f  th e perio d o f  a  repeate d text .  I n orde r  t o par -
alle l  experiment s o n th e manua l  productio n o f  rhyth m 
(Collie r  an d Wright ,  1995 ;  S u m m e r s e t  al. ,  1989 ,  etc.) , 
subject s wer e instructe d t o plac e a  phrase-media l  stres s 
at  specifie d phas e angles . 

Stress placement: An experiment 

M e t h o d s 

I n ou r  experimen t  6  subject s wer e aske d t o repea t  th e 
simpl e phras e "Tak e a  pac k o f  cards. "  T h e perio d fro m 

th e onse t  o f  "take "  t o th e nex t  onse t  o f  "take "  define d 
th e basi c phas e cycl e fro m 0  t o 1 .  Thi s interva l  wa s fixed 
at  1. 5 sec .  Auditorily ,  th e subject s wer e presente d wit h 

jus t  th e word s "take "  an d "cards "  wit h "cards "  locate d 
at  on e o f  8  phas e angle s betwee n . 3 an d .6 5 relativ e t o 
th e basi c cycle . 

I n a  singl e trial ,  subject s wer e aske d t o continuall y 
repea t  th e phras e "Tak e a  pac k o f  cards "  an d t o alig n 

th e word s "take "  an d "cards "  wit h thos e o f  th e stimu -
lu s signal ,  whic h provide d a  targe t  phas e fo r  th e place -
ment  o f  th e phrase-media l  stress .  Eac h tria l  containe d 
thre e set s o f  phras e repetitions .  Afte r  speakin g alon g 
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Figur e 1 :  Histogra m o f  al l  observe d phase s o f  th e me -
dia l  stresse d syllabl e "cards "  i n repetition s o f  th e phras e 
"Tak e a  pac k o f  cards. "  Targe t  phase s ar e marke d i n 
blac k o n th e abscissa .  Althoug h ther e wer e 8  targe t 
phases ,  th e overal l  distributio n i s clearl y trimodal . 

wit h th e stimulu s 7  times ,  th e stimulu s wa s turne d off , 
and subject s continue d speaking ,  attemptin g t o maintai n 
th e targe t  timin g pattern .  Afte r  anothe r  7  repetitions , 
the y pause d fo r  3  second s an d the n performe d a  thir d se t 

of  7  repetitions .  Al l  8  targe t  phas e angle s wer e teste d 
withi n a  bloc k o f  8  trials .  Ther e wer e thre e blocks ,  withi n 
whic h th e targe t  phas e give n b y th e stimulu s wa s eithe r 
increase d fro m tria l  t o tria l  withi n th e block ,  o r  wa s de -
creased ,  o r  th e orde r  wa s randomized . 

Th e tim e o f  onse t  o f  th e initici l  an d media l  stresse d 
syllable s wa s measure d automaticall y fro m audi o record -

ing s b y a n onse t  detecto r  tha t  pick s ou t  a n increas e i n 
th e smoothe d signa l  energ y envelope ,  restricte d t o a  fre -
quenc y rang e o f  abou t  300-200 0 Hz .  Thi s locate s a 
"beat "  ver y clos e t o th e vowe l  onse t  o f  eac h syllable , 

and i s thu s simila r  t o algorithm s fo r  locatin g "P-centers " 
(Scott ,  1993 ;  Marcus ,  1981) . 

Results 

Th e mai n result s poole d acros s speakers ,  repetitio n set s 
and tria l  block s ar e show n i n Figur e 1  a s a  frequenc y 
histogra m o f  th e measure d phas e angl e o f  "cards. "  Th e 
first  mai n finding  wa s tha t  subject s coul d no t  produc e 
al l  targe t  phase s equall y well .  Althoug h th e targe t  phas e 
angle s fo r  th e media l  stres s wer e equall y probabl e a t  8 
differen t  phas e angles ,  th e produce d phas e angle s exhibi t 
a stron g preferenc e fo r  phase s clos e t o 0.5 ,  an d somewha t 
weake r  preference s fo r  phase s nea r  0.3 6 an d 0.6 .  Thes e 
value s ar e clos e t o |  an d | ,  predicte d b y a  simpl e har -
moni c mode l  fo r  stres s locatio n (althoug h th e consisten t 
deviatio n awa y fro m actua l  harmoni c prediction s merit s 
furthe r  attention) .  Contrar y t o ou r  expectations ,  sub -
jects '  attempt s t o reproduc e th e targe t  phas e wer e n o 
mor e accurat e whe n speakin g simultaneousl y wit h th e 
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Figur e 2 :  Observe d phas e o f  th e vowe l  onse t  fo r  "cards " 
as a  functio n o f  targe t  phas e whe n targe t  phase s ar e in -
creasing ,  decreasin g an d randomize d acros s trials .  Th e 
lin e y  =  I  i s  als o include d fo r  reference .  Hysteresi s i s 
apparen t  i n tha t  a  sequenc e o f  trial s i n whic h phas e in -
crease s fro m tria l  t o tria l  produce s smalle r  m e a n phas e 
value s tha n a  sequenc e wit h decreasin g phase . 

promp t  tha n the y wer e immediatel y afte r  it s  cessatio n o r 
afte r  th e 3  secon d delay . 

A secon d importan t  resul t  i s  tha t  th e produce d phas e 
was influence d b y tha t  produce d o n immediatel y preced -
in g trials ,  a s show n i n Figur e 2 .  Fo r  example ,  th e targe t 
phase s o f  0. 4 an d 0.4 5 ten d t o b e produce d a t  value s 
clos e t o 0. 5 whe n performe d immediatel y afte r  target s a t 
0. 5 (tha t  is ,  o n descending )  ye t  the y ten d t o sta y clos e 
t o 0.33 3 whe n performe d afte r  target s a t  0.33 3 (i n th e 
ascendin g condition) .  R a n d o m targe t  orderin g yield s in -
termediat e value s o f  m e a n phase .  T h e effec t  o f  recen t 
target s o n th e distributio n o f  observe d phase s i s import -
ant  informatio n fo r  inferrin g th e symmetr y propertie s o f 
th e underlyin g dynamic . 

Th e dat a show n s o fa r  i s  average d acros s subjects , 
whic h obscure s considerabl e intersubjec t  variability .  T h e 
bia s fo r  harmoni c fraction s ca n b e see n mor e clearl y whe n 
individua l  speaker s ar e examined .  B y w a y o f  example . 
Figur e 3  show s som e result s fo r  a  singl e subject .  Eac h 
dat a poin t  show s th e m e a n observe d phas e an d stand -
ar d deviatio n fo r  repetition s withi n a  singl e trial .  A s i n 
th e previou s figure,  trial s ar e groupe d b y bloc k (target s 
ar e eithe r  ascendin g o r  descendin g acros s trials) .  First , 
essentiall y th e sam e pattern s a s i n th e poole d dat a ar e 
evident :  fo r  mos t  targe t  values ,  th e ascendin g functio n 
lie s t o th e righ t  o f  th e descendin g function ,  i.e .  smalle r 
mean phase s ar e produced .  A  clea r  exampl e o f  bia s fo r 
target s a t  harmoni c fraction s ca n b e see n i n th e ascendin g 
curv e fo r  target s a t  0.3 ,  0.3 5 an d 0.4 .  Al l  wer e imitate d 
wit h th e sam e outpu t  phas e a t  abou t  0.35 .  The n target s 
of  0.45 ,  0. 5 an d 0.5 5 wer e al l  produce d ver y clos e t o 0.5 . 

Figur e 3 :  Sampl e dat a fo r  on e subjec t  showin g th e m e a n 
an d standar d deviatio n fo r  eac h trial .  T h e tw o condition s 
plotte d ar e th e phas e increasin g bloc k an d th e phas e de -
creasin g block . 

As th e targe t  change d fro m 0. 4 t o 0.45 ,  th e subject' s  pro -
duction s j umpe d discretel y fro m 5  t o 5 .  I t  appear s tha t 
th e actua l  phase s produce d b y subject s ar e dependent , 
no t  onl y o n th e combinatio n o f  targe t  phas e an d nearb y 
harmoni c attractors ,  bu t  the y ar e als o influence d b y con -
tex t  (i.e .  production s an d target s o n previou s trials) . 

Discussion: Speech as harmonically timed 

I n tappin g an d lim b movemen t  studies ,  th e dependen t 
variabl e i s usuall y th e phas e o f  on e lim b wit h respec t  t o a 
cycl e define d b y th e other .  I n thi s stud y w e measure d th e 
phas e o f  a  phrase-media l  stresse d syllabl e wit h respec t 
t o a  phas e cycl e define d b y th e repetitio n o f  th e phras e a s 
a whole .  O u r  hypothesi s wa s tha t  harmoni c fraction s o f 
th e large r  cycl e shoul d serv e a s attractor s fo r  th e timin g 
of  stresse d syllable s jus t  a s simpl e harmoni c fraction s 
(ofte n expresse d a s integra l  interva l  ratio s suc h a s 2:1 ,  3: 1 
etc. )  ar e foun d t o b e attractor s i n studie s o f  manuall y 
produce d rhythmi c patterns .  T h e dat a provid e stron g 
suppor t  fo r  this . 

O ur  cor e finding  i s  tha t  subject s produce d certai n 
phase s m u c h mor e ofte n tha n other s althoug h targe t 
phase s ar e equall y distributed .  I n th e finger  waggin g 
studie s o f  Kelso ,  K a y an d colleagues ,  onl y relativ e phase s 
of  zer o an d 0. 5 wer e observe d t o b e stabl e (Ka y e t  al. , 
1991) .  W e ,  too ,  foun d a  phas e o f  0. 5 t o b e strongl y pre -
ferre d b y subjects .  Kels o an d other s hav e modele d th e 
dynamic s o f  thi s behavio r  wit h oscillator y system s de -
scribe d b y second-orde r  differentia l  equations .  Y a m a n -
ish i  e t  a l  (1980 )  suggeste d usin g tw o couple d oscillator s 
of  identica l  period s t o mode l  th e contro l  o f  tw o fingers 
i n a  bimanua l  tappin g task .  K a y e t  a l  (1991 )  likewis e 
conside r  couple d oscillator s a s a  possibl e underlyin g con -
tro l  mechanism .  I n eac h case ,  a s th e oscillator s bea t  a t 

417 



identica l  frequencies ,  th e onl y stabl e mode s o f  productio n 
ar e a t  synchron y (relativ e phas e =  0 )  an d anti-synchron y 

(relativ e phas e =  0.5) . 
I n ou r  speec h data ,  w e observe d weake r  attrcurtor s a t 

phase s nea r  5  an d | .  Thi s directl y parallel s th e findings 

of  tappin g studie s i n whic h subject s produc e alternatin g 
lon g an d shor t  intervals .  I n eac h case ,  th e longe r  interva l 

tend s t o b e ver y clos e t o twic e th e lengt h o f  th e smal -

le r  interval .  Thi s sor t  o f  stabilit y  ca n b e achieve d b y 

allowin g th e couplin g o f  oscillator s o f  differen t  periods , 

wit h on e cyclin g n  time s fo r  on e cycl e o f  th e other ,  wher e 

n =  2  fo r  th e observe d relativ e phas e o f  0.5 ,  an d n  =  3 
fo r  relativ e phase s o f  5  an d |  (McAuley ,  1995 ;  TYeffne r 

and Turvey ,  1993) .  Thu s a  first  pas s a t  modelin g thes e 

dat a wil l  refe r  t o tw o endogenou s oscillator s o f  differen t 

periods .  Th e slowe r  oscillato r  i s identifie d wit h th e tim -
in g o f  th e repeate d phras e a s a  whole ,  whil e th e faste r 
correspond s t o th e contro l  o f  th e metrica l  foot . 

Unpublishe d dat a fro m pilo t  studie s w e hav e conducte d 
sugges t  tha t  i n th e absenc e o f  a  targe t  tempora l  pattern , 

subject s wil l  exhibi t  a  ver y stron g tendenc y t o produc e 
approximatel y harmoni c phases .  Th e stron g preferenc e 
fo r  a  phas e o f  0. 5 m a y wel l  figure  i n a  ful l  accoun t  o f  im -
pression s o f  isochrony .  Th e evidenc e fo r  "silen t  beats, "  i n 

whic h on e inter-stres s interva l  i s observe d t o b e twic e a s 

lon g a s neighborin g intervals ,  als o suggest s tha t  harmoni c 
phase s ar e preferre d an d produce d b y speaker s (Aber -
crombie ,  1967) .  I n th e presen t  study ,  w e se t  tas k de -
mands whic h ar e a t  odd s wit h thes e intrinsi c tendencie s 

by askin g th e subject s t o produc e pattern s i n whic h th e 
tw o oscillator s coul d n o longe r  couple .  Thei r  tendenc y 
t o gravitat e toward s simpl e intege r  ratio s was ,  however , 
clearl y eviden t  i n th e resultin g data . 

Conclusions 

Together ,  thes e result s suppor t  Lashley' s conjectur e tha t 

ther e i s a  c o m m o n contro l  strateg y underlyin g th e globa l 
coordinatio n o f  speec h a s wel l  othe r  coordinate d rhythmi c 
activity .  The y sugges t  tha t  'isochronou s timing '  fo r 

stresse d syllable s i s onl y on e o f  m a n y tempora l  relation -
ship s tha t  ca n b e supporte d b y a  rhythm-baae d mode l 
fo r  speec h timing .  The y als o sugges t  th e potentia l  utilit y 
fo r  speec h researcher s o f  a  variet y o f  researc h method s 
originall y develope d fo r  wor k o n limbs .  O f  course ,  ther e 
remai n m a n y issue s whic h nee d attention ,  fo r  example , 
th e influenc e o f  phoneti c conten t  o n th e observe d phases . 
Th e stabilit y  propertie s o f  th e stabl e mode s i n speec h 

productio n likewis e remai n t o b e investigated .  Notwith -
standing ,  th e presen t  stud y appear s t o b e th e first  t o 

offe r  direc t  phoneti c timin g dat a i n suppor t  o f  music -
lik e rhythm s i n huma n speech ,  an d establishe s clea r  link s 
betwee n rhyth m i n speec h an d lim b movements . 
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