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P h a s e - r e s e t t i n g a n d r h y t h m i c p a t t e r n g e n e r a t i o n i n s p e e c h p r o d u c t i o n 

Ellio t  S a l t z m a n 
Haskin s Laboratories ,  27 0 Crow n Street ,  N e w Haven .  CT ; 

Departmen t  o f  Psychology ,  Universit y  o f  Connecticut ,  Storrs ,  C T 
sa l t zman@hask ins .ya le .ed u 

The postulatio n o f  segmenta l  o r  phonemi c unit s i n 
linguistic s implie s tha t  ther e i s som e degre e o f  cohesio n 
among th e articulation s tha t  compris e thes e segments .  Tha t 
is .  w e expec t  tha t  th e cohesio n amon g gesture s withi n 
segmenta l  unit s i s stronger ,  i n som e sense ,  tha n th e 
cohesio n amon g gesture s o f  differen t  segmenta l  units .  (Th e 
ter m gestur e i s use d her e t o denot e a  member  o f  a n 
equivalenc e clas s o f  articulator y movemen t  pattern s tha t  ar e 
activel y controlle d wit h referenc e t o a  give n speech-relevan t 
goal ,  e.g. ,  coordinate d movement s o f  th e lip s an d ja w t o 
produc e a  bilabia l  closur e fo r  a  /p/) .  However ,  th e natur e an d 
origi n o f  thi s intergestura l  "glue "  ar e issue s tha t  requir e 
empirica l  study .  I t  ha s bee n hypothesize d from a  dynamica l 
system s approac h tha t  intergestura l  cohesio n ca n b e 
accounte d fo r  b y couplin g structure s defme d amon g 
intrasegmenta l  gestura l  unit s (Saltzma n &  Munhali ,  1989) . 
I f  so ,  evidenc e o f  suc h couplin g shoul d b e experimentall y 
observable . 

We repor t  result s fro m a  serie s o f  phase-resettin g (e.g. , 
Winfree .  1980 )  studie s o f  speec h productio n indicatin g tha t 
intergestura l  tempora l  cohesio n i s greate r  withi n segment s 
tha n betwee n segments .  I n ou r  data ,  th e coordinate d gesture s 
ar e a  bilabia l  closin g an d a  laryngea l  devoicin g gestur e fo r  a 
singl e /p/ ,  a s compare d t o thos e fo r  /p/ s a t  th e beginning s o f 
successiv e syllables .  I n thes e studies ,  downward-directe d 
mechanica l  perturbation s ar e applie d t o th e lowe r  li p durin g 
th e repetitive ,  rhythmi c utteranc e /...paepaepae... /  an d th e 
nonsens e wor d "puh'saepaepple "  (e.g .  Saltzman ,  LOfqvist , 
K.-Shaw ,  Kay ,  &  Rubin ,  1995) . 

I n th e repetitiv e utterance ,  th e amoun t  o f  tempora l  shif t 
introduce d b y a  perturbatio n i s measured  relativ e t o th e 
timin g patter n tha t  existe d prio r  t o th e perturbation .  Thi s 
shif t  i s  measure d afte r  th e transient ,  perturbation-induce d 
distortion s t o th e rhyth m hav e subsided ,  an d th e syste m ha s 
returne d t o it s pre-perturbation ,  steady-stat e rhythm .  Th e 
findin g o f  a  post-perturbation ,  steady-stat e tempora l  shif t 
usin g thi s metho d support s th e hypothesi s tha t  ther e exist s 
a centra l  "clock "  tha t  drive s th e articulator y peripher y an d 
whose stat e i s altere d (phase-shifted )  b y feedbac k specifi c  t o 
event s a t  th e periphery .  Perturbation s tha t  induc e transien t 
tempora l  shifts ,  bu t  no t  steady-stat e shifts ,  d o no t  indicat e 
resettin g o f  th e centra l  clock .  A  further ,  crucia l  aspec t  o f  th e 
phase-resettin g paradig m i s that ,  acros s trials ,  perturbation s 
ar e delivere d s o a s t o sampl e al l  phase s o f  th e rhythm' s 
cycl e i n orde r  t o examin e th e variation ,  ove r  th e cours e o f 
th e cycle ,  i n th e sensitivit y  o f  th e centra l  cloc k t o periphera l 
events . 

Usin g thi s paradigm ,  w e showe d tha t  perturbation s 
delivere d durin g th e speec h sequenc e /...paepaepae.. 7 induc e 
systemati c steady-stat e shift s i n th e timin g betwee n th e 
bilabia l  closin g an d laryngea l  devoicin g gesture s for/p/ s a t 
th e beginning s o f  successiv e syllables ,  an d observe d smalle r 

steady-stat e shift s i n th e relativ e phasin g o f  thes e gesture s 
withi n th e /p/s .  Thus ,  thes e result s no t  onl y demonstrat e a 
resettin g o f  th e centra l  "clock "  fo r  thes e utterances ,  bu t  als o 
demonstrat e tha t  intergestura l  tempora l  cohesio n i s greate r 
withi n segment s tha n betwee n segments .  Tha t  is ,  th e 
individua l  tempora l  shift s o f  th e bilabia l  an d laryngea l 
gesture s ar e larg e compare d t o th e relativ e tempora l  shif t 
betwee n thes e gestures ,  an d th e lip s an d laryn x appea r  t o b e 
phase-advance d a s a  relativel y coheren t  unit .  Furthermore . 
suc h resettin g behavio r  occur s onl y whe n th e perturbatio n i s 
delivere d withi n a  "sensitiv e phase "  o f  th e cycle .  Durin g 
thi s period ,  th e downwardl y directe d lowe r  li p perturbatio n 
oppose s th e just-initiated ,  activel y controlle d bilabia l 
closin g gestur e fo r  /p/ .  Thus ,  th e sensitiv e perio d 
correspond s (roughly )  t o th e acceleratio n portio n o f  th e 
closin g gestur e (Kawato ,  persona l  communication) . 
Additionally ,  althoug h change s i n tempora l  structur e wer e 
foun d fo r  othe r  perturbe d phases ,  thes e change s wer e simpl y 
transien t  effects ,  an d d o no t  indicat e a  resettin g o f  th e 
centra l  "clock. "  Fmally ,  i n conjunctio n wit h th e repetitiv e 
utterance ,  i t  i s  importan t  t o analyz e a  cortespondin g 
nonrepetitiv e utteranc e tha t  contain s th e sam e targe t 
sequence .  B y comparin g th e transien t  change s i n speec h 
timin g induce d b y perturbation s fo r  th e repetitiv e an d 
nonsens e wor d utterances ,  w e conclud e tha t  th e behavior s 
observe d i n th e (relativel y unnatural )  rhythmi c sequence s 
and th e (mor e natural )  nonsens e wor d sequence s ar e 
governe d b y a  commo n se t  o f  dynamica l  principles . 

Thes e phase-resettin g result s impl y tha t  eac h gestur e i n a 
rhythmi c utteranc e i s governe d b y a  correspondin g 
oscillator y uni t  (o r  se t  o f  units) ,  an d tha t  durin g th e 
performanc e o f  a  give n sequenc e thes e oscillator s behav e a s 
functionall y coupled ,  nonlinear ,  limit-cycl e oscillators .  I n 
unperturbe d cases ,  th e observe d patter n o f  gestura l  activit y 
correspond s t o a n associate d patter n o f  synchronizatio n 
(entrainment )  an d relativ e phasin g amon g th e oscillator s tha t 
i s specifi c  t o th e utterance .  Whe n th e syste m i s perturbe d i n 
th e rhythm' s sensitiv e phase ,  th e entir e rhyth m i s phase -
advance d i n th e steady-stat e an d th e relativ e phasin g amon g 
gestura l  unit s i s altere d t o a  smalle r  degree .  Suc h steady -
stat e shift s o f  intergestura l  relativ e phasin g wil l  b e see n i f 
either :  a )  th e experimenta l  observatio n tim e (approximatel y 
20 syllables )  wa s shorte r  tha n th e relaxatio n tim e require d 
t o retur n t o th e system' s pre-perturbatio n relativ e phas e 
value ;  o r  b )  th e initiall y  observe d relativ e phasin g wa s 
simpl y on e valu e i n a  phas e windo w (Byrd ,  i n press )  o r 
interva l  o f  allowabl e relativ e phases . 

Thi s interpretatio n i s als o consisten t  wit h experiment s i n 
whic h discontinuou s transition s o f  intergestura l  phasin g 
accompanie d continuou s increase s i n speakin g rat e (e.g. , 
Kelso ,  Saltzman ,  &  Tuller ,  1986a ,  1986b ;  Tulle r  &  Kelso , 
1991) .  Specifically ,  whe n subject s spok e th e syllabl e /pi / 
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repetitivel y a t  increasin g rates ,  th e relativ e phasin g o f  th e 
bilabia l  an d laryngea l  gesture s associate d wit h th e /p /  di d 
not  chang e fro m th e patter n observe d a t  a  self-selected , 
comfortabl e rate .  However ,  whe n th e repeate d syllabl e Zip / 
was similarl y increase d i n rate ,  it s  relativ e phasin g patter n 
switche d relativel y abruptl y a t  a  critica l  speed—fro m tha t 
observe d fo r  a  self-selected ,  comfortabl e rat e t o th e patter n 
observe d fo r  th e /pi /  sequences .  Suc h intergestura l  phas e 
transition s ma y b e viewe d a s behavior s o f  a  syste m o f 
nonlinearl y coupled ,  limit-cycl e oscillator s tha t  bifurcat e 
fro m on e moda l  patter n tha t  become s unstabl e wit h 
increasin g rat e t o anothe r  moda l  patter n tha t  retain s it s 
stabilit y  (e.g. ,  Haken ,  Kelso .  &  Bunz ,  1985) . 
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