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Abstrac t 

The perception of beat and meter is fundamental to the percep-
tio n o f  rhythm ,  ye t  modelin g thi s phenomeno n ha s prove n a 
formidabl e problem .  Thi s pape r  outline s a  dynami c mode l  o f 
beat  perceptio n i n complex ,  metricall y structure d rhythm s tha t 
has bee n describe d i n detai l  elsewher e (Large ,  1994 ;  Larg e & 
Kolen ,  1994) .  A  stud y i s describe d i n whic h pianist s per -
forme d notate d melodie s an d improvise d variation s o n thes e 
same melodies .  Th e performance s ar e analyze d i n term s o f 
amount  o f  rubat o an d rhythmi c complexity ,  an d th e model' s 
abilit y t o simulat e bea t  perceptio n i n thes e melodie s i s 
assessed . 

Introductio n 

The ability to perceive beat and meter is, arguably, the most 
fundamenta l  perceptua l  capabilit y  underlyin g ou r  experienc e 
of  musica l  rhythm .  Simpl y put ,  bea t  perceptio n refer s t o th e 
perceptio n o f  periodicit y withi n a  comple x rhythm .  Whe n 
one tap s one' s foo t  alon g wit h a  musica l  performance ,  fo r 
example ,  on e i s physicall y markin g beat s correspondin g t o a 
perceive d periodicity .  Mete r  perceptio n ca n b e describe d i n 
simila r  terms ,  a s th e perceptio n o f  tw o o r  mor e periodicitie s 
tha t  coexis t  o n differen t  rhythmi c tim e scale s (Lerdah l  & 
Jackendoff ,  1983 ;  Yeston ,  1976) .  Relationship s amon g beat s 
of  differen t  level s defin e regula r  tempora l  structure s tha t  cap -
tur e relativ e tim e relationships .  Suc h metrica l  structure s 
describ e pattern s o f  metrica l  accent s tha t  ma y explai n rela -
tiv e prominence :  th e perceptio n o f  stron g an d wea k beat s 
tha t  characterize s th e experienc e o f  musica l  rhythm .  Thes e 
musica l  concept s als o hav e clos e correlate s i n theorie s o f  lin -
guisti c rhyth m (e.g .  Lerdah l  &  Jackendoff ,  1983 ;  Liberma n 
& Prince ,  1977) . 

Researcher s i n divers e fields  hav e explore d th e powe r  o f 
suc h theorie s t o explai n variou s phenomen a i n th e perceptio n 
of  rhythmicall y structure d acousti c signals .  A s on e migh t 
expect ,  thi s diversit y o f  interes t  ha s le d t o a  wid e diversit y o f 
propose d models ,  includin g context-fre e grammar s (e.g .  Ler -
dahl  &  Jackendoff ,  1983 ;  Longuet-Higgins ,  1987) ,  symboli c 
AI  algorithm s (e.g .  Dannenber g &  Mont-Reynaud ,  1987 ; 
Rosenthal ,  1992) ,  statistica l  approache s (e.g .  Brown ,  1992 ; 
Palme r  &  Krumhansl ,  1990 ;  Verco e &  Puckette ,  1985) ,  an d 
connectionis t  model s (e.g .  Desai n &  Honing ,  1991 ;  Scarbor -
ough ,  Miller ,  &  Jones ,  1992) .  Althoug h eac h capture s certai n 
aspect s o f  bea t  an d mete r  i n idealize d rhythm s (i.e .  rhythm s 
comprise d o f  precis e duration s a s ma y b e foun d i n a  musica l 

score) ,  varyin g level s o f  difficult y ar e encountere d whe n 
model s ar e confronte d wit h th e flexible  an d comple x 
rhythm s tha t  human s naturall y produce . 

The difficult y o f  modelin g th e perceptio n o f  tempora l 
structur e i n naturall y performe d rhythm s arise s fro m sev -

era l  sources .  On e sourc e o f  difficult y  i s rubato .  Performer s 
use rubato ,  o r  systemati c timin g deviation ,  t o communi -
cat e musica l  intentions ,  an d suc h tempora l  deviatio n give s 
ris e t o nonstationar y rhythmi c signals .  Anothe r  sourc e o f 
difficult y i s  rhythmi c complexity ,  whic h refer s t o factor s 
suc h a s th e numbe r  o f  differen t  duratio n value s presen t  i n 
a rhyth m an d th e us e o f  syncopation .  I n short ,  th e periodi c 
component s o f  rhythm s tha t  correspon d t o perceive d beat s 
ar e no t  trul y periodic ,  an d eve n i n ideall y time d rhythm s 
ther e ar e missin g event s an d extraneou s events . 

I n thi s paper ,  bea t  perceptio n i s considere d a s a  patter n 
of  coordinatio n tha t  arise s betwee n a n internall y generate d 
periodi c proces s ( a self-sustainin g oscillator )  an d a  period -
icit y withi n a  comple x externa l  rhyth m (Jones ,  1976 ; 
Large ,  1994) .  A  dynami c mode l  o f  thi s process ,  describe d 
i n detai l  elsewher e (Large ,  1994 ;  Larg e &  Kolen ,  1994) ,  i s 
first  outlined .  Briefly ,  th e coordinatio n o f  interna l  an d 
externa l  periodicitie s i s mappe d ont o th e attracto r  state s o f 
a dynamica l  syste m comprisin g a n externa l  (driving ) 
rhythm ,  an d a n interna l  (driven )  oscillato r  (cf .  Schoner , 
1991 ;  Kelso ,  DeGuzman ,  &  Holroyd ,  1990) .  Further ,  th e 
intrinsi c dynamic s o f  th e interna l  oscillato r  ar e assume d t o 
adapt  t o th e externa l  rhythm ,  accountin g fo r  th e robustnes s 
of  bea t  perceptio n t o systemati c timin g deviation s an d 
rhythmi c complexitie s foun d i n naturall y produce d 
rhythms .  Next ,  a  stud y i s describe d i n whic h pianist s per -
forme d notate d melodie s an d the n improvise d variation s 
on thes e sam e melodies .  Th e performance s ar e analyze d i n 
term s o f  rubat o an d rhythmi c complexity .  Finally ,  th e 
robustnes s o f  coordinatio n betwee n a  simulate d oscillato r 
and a  targe t  periodicit y withi n eac h rhyth m i s assessed . 

A Dynamic Model of Beat Perception 

External Rhythms and Internal Rhythms 

The current approach relies upon the notion of a (simple) 
interna l  rhyth m tha t  respond s t o on e periodicit y withi n a 
(complex )  externa l  rhythm .  A n externa l  rhyth m i s repre -
sente d a s a  sequenc e o f  discret e impulses ,  s(t) ,  eac h 
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Figur e 1 :  A  sequenc e o f  discret e impulses ,  representin g th e 

onse t  o f  event s (notes) ,  drive s a  nonlinea r  oscillator . 

denoting a single event (e.g. a note onset). Figure 1 shows a 
suc h serie s o f  impulses ,  correspondin g t o not e onse t  time s i n 
an improvise d melody ,  collecte d o n a  computer-monitore d 
piano .  T h e rhythmi c signa l  serve s a s a  driver ,  an d impulse s 
i n th e signa l  pertur b bot h th e phas e an d th e perio d o f  a 
drive n nonlinea r  oscillator ,  causin g change s t o th e oscilla -
tor' s behavior . 

T h e interna l  rhyth m i s treate d a s a  limi t  cycl e oscillator ,  a 
structurall y stabl e dynamica l  syste m exhibitin g a n asymptot -
icall y stabl e limi t  cycle .  T h e advantag e o f  thi s approac h i s 
tha t  i t  doe s no t  requir e a  grea t  dea l  o f  knowledg e abou t  th e 
stat e spac e o r  th e dynamic s o f  th e interna l  rhythmi c process . 
Rather ,  th e stat e o f  th e oscillato r  i s reduce d t o a  singl e vari -
abl e calle d phase ,  <t>W ,  representin g th e positio n o f  th e oscil -
lato r  aroun d it s limi t  cycl e a t  tim e / . 

Phas e i s use d t o mode l  expectation s regardin g w h e n futur e 
event s (impulses )  ar e likel y t o occur .  Phas e ca n b e define d 
fo r  - p / 2 <  I  <  p / 1 a s 0( 0 =  t /p ,  wher e p  i s period ,  th e tim e 
require d t o complet e on e cycl e o f  th e oscillation .  Accordin g 
t o thi s definition ,  phas e varie s fro m -0. 5 t o 0.5 .  T h e point s 
4)((̂ )  =  0  reflec t  time s a t  wh ic h th e oscillato r  maximall y 
"expects "  event s t o occur .  W h e n a n even t  occur s a t  tim e 
< <  / j ,  i t  i s  sai d t o b e early ;  w h e n i t  occur s a t  tim e /  >  r ^  i s i t 
sai d t o b e late .  Thus ,  w e hav e th e relation : 

«M0 = 
'-' . , _ ^ < , < ,  + ? . (Eqnl ) 

The notio n o f  expectatio n ca n b e furthe r  refine d b y intro -
ducin g th e notio n o f  a  puls e functio n (Larg e &  Kolen ,  1994) , 
describin g a  "soft "  expectanc y regio n aroun d (̂ {i ^  =  0 .  A 
puls e functio n ca n b e define d as : 

x( 0 =  0.5( 1 +tanhY(cos27i(t)(f)-l) ) (Eqn2 ) 

wher e th e gai n paramete r  y  describe s th e widt h o f  th e puls e 
(Larg e &  Kolen ,  1994) .  Figur e 2  show s thi s puls e functio n 
fo r  Y  =  2 .  Puls e amplitud e i s non-zer o fo r  a  relativel y smal l 
portio n o f  th e oscillator' s cycle ,  definin g a  tempora l  recep -
tiv e fiel d fo r  th e oscillator .  Th e tempora l  receptiv e field  cor -
respond s t o a  sensitiv e phas e fo r  th e oscillator ;  adaptatio n t o 
extema l  event s (below )  occur s onl y whe n event s fal l  withi n 
thi s region . 

Phase Entrainment and Adaptation of Parameters 

Coordination of the internal oscillator with an extemal peri-
odicit y i s  describe d a s phas e entrainmen t  ( a for m o f  synchro -

nization) ,  supplemente d b y adaptatio n o f  oscillato r 

parameters .  Phas e entrainmen t  i s modele d usin g a  phas e 
attractiv e circl e m a p (cf .  Kelso ,  D e G u z m a n ,  &  Holroyd , 

1990) .  Th e circl e m a p predict s th e phase ,  ()>,̂. ,  ,  a t  whic h 
th e nex t  even t  wil l  occur ,  as : 

= 4, ,  +  i + 1 -t : 
P,* \ 

n,>/(0, .  Y,) . (Eqn3 ) 

wher e (t> ,  i s  th e phas e o f  th e oscillato r  a t  whic h th e i' * 

impuls e occurs ,  /, + |-' ,  capture s th e sequenc e o f  inter -
onse t  interval s presen t  i n th e drivin g rhythm ,  an d /((>, ,  y,) , 
i s a  nonlinea r  phas e couplin g ter m tha t  describe s th e alter -
atio n o f  phas e brough t  abou t  b y th e z' *  inpu t  impulse .  Th e 
couplin g strength ,  ri,̂ ,  describe s th e amoun t  o f  influenc e 
tha t  th e drive r  ha s upo n th e attentiona l  oscillator . 

The primar y advantag e t o modelin g bea t  perceptio n i n 
thi s wa y i s tempora l  stability :  th e abilit y  o f  suc h a  syste m 
t o sustai n coordinate d pattern s i n a  th e fac e o f  a  fluctuating 
environment ,  an d t o reestablis h coordinatio n afte r  pertur -
bation s (Schoner ,  1991) .  Becaus e o f  th e specia l  complexi -
tie s o f  performe d musica l  rhythms ,  however ,  adaptatio n o f 
oscillato r  parameter s i s als o required .  First ,  becaus e per -
forme d musica l  rhythm s ar e nonstationar y (i.e .  th e perio d 
change s i n systemati c  ways) ,  th e mode l  oscillato r  als o 
adapt s it s intrinsi c period : 

/',> !  =  /' ,  +  n,A«t>,,/',,Y,) . (Eqn4 ) 

The couplin g function ,  hd̂ . ,  p. ,  y.) ,  describe s th e adapta -
tion s o f  oscillato r  perio d tha t  resul t  fro m individua l  inpu t 
impulses .  Adaptatio n rat e r i  (analogou s t o couplin g 
strengt h i n Equatio n 3 )  determine s th e rat e a t  whic h oscil -
lato r  perio d adapt s t o change s i n th e stimulu s period . 

The mode l  handle s rhythmi c complexit y b y definin g th e 
function s /(((>; ,  y, )  an d /[((J), ,  /?, ,  y, )  i n suc h a  w a y tha t  phas e 
an d perio d chang e onl y w h e n impulse s fal l  withi n th e tem -
pora l  receptiv e field.  Impulse s tha t  fal l  outsid e th e field  d o 
not  affec t  phas e an d period .  Thi s m a k e s th e siz e o f  th e 
tempora l  receptiv e field  crucial :  i f  i t  i s to o smal l  th e oscil -
lato r  wil l  no t  robustl y handl e rubato ,  ye t  i f  i t  i s  to o large , 
th e oscillato r  wil l  b e le d astra y b y comple x rhythms .  Thus , 
y als o adapt s t o th e stimulus ,  accordin g t o th e relation : 

.^  0 8 

•S 0. 6 

|Temporu l  receptiv e tield / 
sensiliv e phase ) 

0 0. 2 0  4  - 0 4  - 0 2  0  0  2  0  4  - 0 4  - 0 2  0 
phase(4 ) 

Figur e 2 :  A  puls e functio n an d it s associate d tempora l 
receptiv e field  (sensitiv e phase) . 
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It 
Yi+ 1 =  iy i  +  r\yg(̂ ,.yi)) e 

p, (Eqn5 ) 

wher e g(«t), ,  y, )  describe s adaptation s o f  gai n tha t  resul t  fro m 
individua l  inpu t  impulses ,  y  als o decay s eac h cycle ,  thu s i f 
ther e i s n o even t  i n th e oscillator' s curren t  cycle ,  y 

decreases ,  widenin g th e tempora l  receptiv e field.  Finally , 
confidence ,  c ,  a  measur e derive d fro m gain ,  varie s fro m zer o 
t o one ,  measurin g th e overal l  succes s o f  th e oscillato r  i n find-
in g a  periodicit y i n th e inpu t  signal .  Th e function s /(<>, ,  7,) , 

''(<t>, .  Pi < Y, )  -  an d g((|), ,  y, )  ar e derive d i n (Large ,  1994) . 

Performances of Notated Melodies and 

I m p r o v i s e d Var ia t ion s 

The Test Data Set 

To tes t  th e robustnes s o f  th e mode l  i n respons e t o musica l 
performances ,  a  tes t  se t  o f  sixt y melodie s wa s collecte d a s 
follow s (fo r  detaile d descriptio n o f  th e dat a collectio n proce -
dure ,  se e Large ,  Palmer ,  &  Pollack ,  1995) .  T w o pianist s per -
forme d melodie s o n a  computer-monitore d Yamah a 
Disklavie r  acousti c uprigh t  piano .  Thre e children' s melodie s 
wer e chose n a s performanc e material .  Fo r  eac h melody ,  th e 
pianist s performe d an d recorde d th e melody ,  a s presente d i n 
musica l  notation ,  five  times .  Wit h th e musica l  notatio n 
remainin g i n place ,  th e pianist s wer e the n aske d t o pla y five 
improvisations .  Al l  performance s wer e o f  a  single-lin e mel -
od y only ;  pianist s wer e instructe d no t  t o pla y harmoni c 
accompaniment . 

Next ,  skille d musician s transcribe d th e improvisation s i n 
standar d musica l  notation .  T o asses s th e amoun t  an d distri -
butio n o f  rubat o a m o n g th e performances ,  a  measur e o f  tim -
in g deviatio n wa s calculate d fo r  eac h performanc e a s a 
coefficien t  o f  variatio n o f  performe d inter-onse t  interval s 
(lOIs) ,  base d eithe r  o n th e notatio n (fo r  performances )  o r  th e 
transcription s (fo r  improvisations) .  Thi s measur e o f  devia -
tio n wa s the n average d acros s th e five  performance s o f  eac h 
melod y o r  improvisatio n b y eac h pianist .  A n analysi s o f  vari -
anc e ( A N O V A )  o n mea n rubat o b y performanc e typ e 
(notate d melod y vs .  improvise d variation) ,  subject ,  an d tun e 
was conducted .  Ther e wa s a  significan t  mai n effec t  o f  perfor -
mance typ e (F(l,4 )  =  33.46 ,  p  <  0.01) ,  indicatin g that ,  o n 
average ,  mor e rubat o wa s use d i n th e improvisatio n o f  varia -
tion s tha n i n th e performanc e o f  th e melodie s fro m notation . 
M e an rubat o wa s 0.0 5 fo r  notate d melodies ,  an d 0.1 0 fo r 
improvisations .  Ther e wa s als o a  significan t  interactio n 
betwee n tun e an d subjec t  (F(2 ,  8 )  =  13.89 ,  p  <  0.01) .  Pianis t 
1 performe d th e melodie s an d improvisation s fo r  th e first 
tw o tune s wit h littl e rubato ,  bu t  fo r  th e thir d tun e wit h hig h 
rubato .  Pianis t  2  performe d tun e thre e wit h littl e rubato ,  an d 
performe d tune s on e an d tw o wit h relativel y hig h rubato . 

Bea t  T rack in g P e r f o r m a n c e 

Next, the oscillators ability to model beat perception in 
thes e melodie s wa s assessed .  Th e respons e o f  th e oscilla -
to r  wa s intende d t o mode l  th e perceptio n o f  beat s a t  a  par -
ticula r  leve l  i n a  metrica l  structur e (Lerdah l  &  Jackendoff , 

1983) .  Fo r  eac h performance ,  th e moda l  inter-onse t  inter -
val  (lOI )  categor y wa s determine d fro m th e scor e o r  tran -
scription ,  an d chose n a s th e targe t  periodicity .  Fo r  eac h 

performance ,  th e uni t  wa s initialize d suc h tha t  0  =  0  a t 
th e initia l  onset ,  an d p  wa s se t  t o th e initia l  lO I  o f  th e tar -
get  periodicity .  Thus ,  th e oscillato r  di d no t  hav e t o cop e 

wit h finding  initia l  phas e o r  period . 
A numbe r  o f  statistica l  measure s o f  performanc e wer e 

collected .  Onl y mea n absolut e valu e o f  relativ e phase , 
(|(|»|) ,  i s  reporte d her e becaus e thi s measur e corresponde d 
most  closel y t o intuitiv e impression s o f  successfu l  coordi -
nation ,  gleane d b y listenin g t o oscillato r  output .  <|(|)| ) 
measure s performanc e a s th e mea n absolut e phas e o f  th e 
oscillato r  o n whic h event s markin g th e bea t  occurre d (a s 
determine d b y th e score s an d transcription) .  <|(t»| )  =  0 

means perfec t  performance ,  whil e <|(t>| > =  0. 5 i s th e poor -
est  performanc e possibl e (meanin g tha t  th e uni t  wa s 180 ° 
out  o f  phas e wit h th e bea t  throughou t  th e melody) ,  an d 
(14)1 )  <  0. 1 generall y corresponde d t o a  subjectiv e impres -
sio n o f  goo d performance .  Fo r  eac h melody ,  oscillato r  per -
formanc e wa s assesse d b y comparin g (|(t)| )  wit h th e mea n 
rubat o score . 

Performance s o f  notate d melodie s an d performance s o f 
improvise d variation s differe d qualitativel y i n leve l  o f 
rhythmi c complexity ,  an d differe d significantl y i n th e 
magnitud e o f  timin g deviations ,  s o result s ar e discusse d 
separately . 

Performance s o f  Notate d Melodies .  First ,  th e oscillato r 
was expose d t o th e thirt y performance s o f  notate d melo -
dies .  Performance s o f  notate d melodie s provide d a  con -
trolle d leve l  o f  rhythmi c complexity .  Eac h melod y 
containe d thre e intende d duratio n categories :  sixteent h 
note ,  eight h note ,  an d quarte r  note .  Statistic s wer e col -
lected ,  an d a n analysi s o f  varianc e ( A N O V A )  wa s con -
ducte d wit h factor s tune ,  subject ,  an d analysi s typ e (mea n 
rubat o vs .  averag e absolut e phase) .  Th e A N O V A showe d a 
mai n effec t  o f  analysi s typ e (F(l ,  4 )  =  27.73 ,  p  <  0.01) , 
wit h mea n rubat o =  0.05 ,  an d averag e phas e =  0.06 .  Thus , 
fo r  thes e performance s oscillato r  performe d slightl y wors e 
tha n mea n rubat o woul d predict .  Thi s valu e o f  (|<|)|> ,  how -
ever ,  indicate s tha t  o n averag e th e wa s abl e t o achiev e 
robus t  coordinatio n wit h targe t  periodicities . 

To illustrat e th e natur e o f  oscillato r  coordination .  Figur e 
3 give s a n exampl e o f  th e oscillator' s behavio r  i n respons e 
t o a  performanc e o f  Ba a ba a blac k sheep .  Pane l  A  pro -
vide s a  notate d versio n o f  th e melod y (transcription s o f 
improvisation s d o no t  includ e grac e note s o r  othe r  orna -
ments )  an d a  singl e ro w o f  dot s fro m a  metrica l  structur e 
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gri d (Lcrdah l  &  Jackendoff ,  1983 )  markin g th e targe t  events . 
Note s tha t  ar e no t  marke d b y dot s correspon d t o extraneou s 

events ;  dot s tha t  d o no t  correspon d t o note s mar k time s whe n 

event s ar e "missing "  fro m th e targe t  periodicity .  Pane l  B 
shows bot h inpu t  an d outpu t  o f  th e oscillator .  Th e dashe d 

line s sho w impulse s i n th e signa l  (markin g even t  onse t 
times) .  Becaus e o f  th e scale ,  fiil l  outpu t  pulse s ar e no t 
shown ,  rathe r  discret e outpu t  pulse s (show n a s soli d lines ) 
ar e displaye d a t  f  =  r̂ .  Thes e tw o line s overla p whe n a  targe t 
even t  i s f)erforme d a t  precisel y th e tim e predicte d b y th e 
oscillator ,  tha t  is ,  a t  phas e zero ,  (tK» )  =  0 ,  o f  th e drive n oscil -
lator .  Amplitud e o f  th e discret e oscillato r  pulse s correspond s 
t o confidence ,  c  .  Hig h amplitud e o f  th e discret e puls e corre -
spond s t o a  smal l  tempora l  receptiv e field,  lo w amplitud e 
correspond s t o a  wid e receptiv e field. 

Panel  C  show s a  temp o curv e fo r  th e performanc e a s a 
soli d line .  Thi s curv e wa s derive d b y extractin g th e targe t 
event s fro m th e performanc e an d graphin g lOI s fo r  thes e 
events .  Thi s curv e give s th e lOI s t o whic h th e oscillato r 
shoul d respond .  Pane l  C  show s actua l  observe d cycl e time s 
of  th e oscillato r  usin g a  dotte d line .  Observe d cycl e tim e 
take s int o accoun t  no t  onl y th e intrinsi c period ,  p ,  o f  th e 
oscillator ,  bu t  als o phas e <t>( 0 a s i t  i s  adjuste d i n eac h cycle . 
Beginnin g a t  th e initia l  tempo ,  th e uni t  effectivel y calculate s 
a loca l  tempo ,  an d follow s performanc e temp o a s th e per -
forme r  speed s u p an d slow s down . 

Improvisation of Variations. Next, oscillator performance 
on th e thirt y improvise d variation s wa s examined .  Th e 
improvisation s provide d a  mor e difficul t  situatio n tha n th e 
performance s o f  notate d melodie s fo r  tw o reasons .  T h e 
rhythm s o f  th e improvisation s wer e mor e comple x tha n th e 
rhythm s o f  th e melodies ,  makin g us e o f  syncopation ,  an d 
containin g u p t o seve n differen t  level s o f  intende d duration s 
accordin g t o th e transcriptions .  Als o th e improvisation s 
showed significantl y greate r  timin g deviatio n tha n di d th e 
performe d melodies .  Th e oscillato r  wa s expose d t o th e melo -

dies ,  statistic s wer e collected ,  an d a n analysi s o f  varianc e 

( A N O V A)  wa s conducte d wit h factor s tune ,  subject ,  an d 

analysi s typ e (mea n rubat o vs .  averag e absolut e phase) . 

The A N O V A showe d n o mai n effec t  o f  analysi s typ e (F(l , 
4 )  =  0.(X)5 ,  p  =  0.947) ,  wit h mea n rubat o =  0.10 ,  an d aver -
age phas e =  0.10 .  Thi s resul t  show s tha t  fo r  thes e perfor -
mances ,  oscillato r  performanc e i s o n pa r  wit h m e a n 

rubato .  Th e A N O V A als o indicate d a  significan t  interac -
tio n o f  tun e an d subjec t  (F(2 ,  8 )  =  4.0 ,  p  <  0.05) ,  indicatin g 
tha t  th e oscillato r  ha d mor e troubl e wit h s o m e perfor -
mances tha n wit h others .  Cas e b y cas e examinatio n 
reveale d tha t  i n 2 0 ou t  o f  th e 3 0 cases ,  th e oscillato r  coor -
dinate d wel l  wit h it s targe t  periodicit y (<|(|)| > <  0.10) .  I n 1 0 
case s th e oscillato r  ha d som e difficulty .  Th e 1 0 difficul t 
case s wer e examined ;  tw o o f  th e mos t  difficul t  ar e dis -

cusse d here . 
Pianis t  I' s  improvisation s o n M a r y ha d a  littl e lam b 

wer e performe d i n a  freel y time d blue s style .  T h e first 
improvisatio n ha d th e highes t  rubat o scor e (rubat o =  0.25) , 
and highes t  mea n phas e ((|(t)| )  =  0.17) .  T h e oscillator' s 
behavio r  i n thi s cas e wa s representativ e o f  it s performanc e 
on thi s grou p o f  melodies ,  s o i t  wa s chose n fo r  furthe r 
study .  Th e tim e serie s correspondin g t o th e performanc e o f 
th e oscillato r  ar e show n i n Figur e 4 .  Th e temp o curv e indi -
cate s th e presenc e o f  larg e timin g deviation s a t  severa l 
point s i n th e melody .  Point s o f  particula r  interes t  ar e 
aroun d t  =  3000ms ,  t = SOOOww,  t = \6000ms ,  an d t  = 
230(X)ms .  A t  thes e points ,  y  drop s (correspondingly ,  con -
fidence  drops )  allowin g th e oscillato r  t o continu e t o syn -
chroniz e wit h th e targe t  i n spit e o f  th e larg e deviations . 

I n spit e o f  thes e difficulties ,  however ,  th e figure  show s 
tha t  th e oscillato r  di d a  respectabl e jo b o f  entrainin g t o it s 
targe t  periodicit y i n thi s rhythm .  Beat s ar e outpu t  a t 
approximatel y th e correc t  time s throughou t  th e piec e -  th e 
oscillato r  i s no t  lure d awa y b y th e m a n y distracto r  event s 
i n thi s rhythmicall y comple x performance .  Anothe r  wa y t o 
see thi s i s t o not e tha t  th e valu e o f  averag e absolut e phas e 
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((I<t>| )  =  0.17 )  i s lowe r  tha n mea n rubat o (0.25) .  Addition -

ally ,  oscillato r  confidenc e i s hig h fo r  larg e section s o f  th e 

piece ;  b y th e oscillator' s interna l  measur e it s performanc e i s 
good .  9  o f  th e 1 0 proble m case s examine d fit  th e profil e o f 

thi s case .  Th e oscillato r  ha d difficult y i n certai n section s o f 
th e performances ,  bu t  alway s recovere d gracefully ,  reestab -

lishin g coordinatio n afte r  larg e perturbations . 
I n 1  o f  th e 1 0 difficul t  case s examined ,  however ,  th e resul t 

was poor .  Pianis t  2' s improvisation s o n Hus h littl e bab y wer e 
th e mos t  varie d o f  al l  th e improvisation s studie d an d mad e 

heav y us e o f  rubato .  T h e improvisatio n tha t  prove d th e mos t 
difficul t  fo r  th e mode l  t o handl e wa s th e thir d variation .  Thi s 
improvisatio n m a d e moderatel y heav y us e o f  rubat o an d ha d 
th e highes t  m e a n phase ,  (rubat o =  0.16 ,  <|())| )  =  0.30).  Thes e 
number s sugges t  extrem e difficult y i n coordination .  Figur e 5 
show s th e actua l  tim e serie s correspondin g t o th e perfor -

mance o f  th e oscillator .  Throughou t  thi s improvisatio n th e 
performe r  make s us e o f  a  sor t  o f  "jagged "  rubato .  Th e temp o 
curve ,  show n i n pane l  C ,  reveal s timin g deviation s tha t 
strictl y alternate :  slower ,  faster ,  slower ,  faster .  Pane l  C  als o 
show s th e effec t  o f  thi s patter n o n observe d cycl e times . 
Cycl e time s ar e alway s on e ste p behin d th e performe d dura -
tion s becaus e change s t o th e oscillator' s phas e an d perio d i n 
th e curren t  cycl e effec t  oscillato r  cycl e tim e fo r  th e followin g 
cycle . 

Becaus e timin g deviation s zigzagge d i n thi s fashion ,  cycl e 
tim e decrease d whe n performe d duratio n increased ,  an d 
vice-versa .  Thi s rubat o patter n occurre d i n othe r  perfor -

mances a s well ,  howeve r  i n thi s cas e th e amoun t  o f  rubat o 
was larg e enoug h t o pos e a  seriou s difficult y fo r  th e oscilla -
tor .  Th e oscillato r  respond s t o th e correc t  events ,  an d output s 
pulse s a t  more-or-les s th e correc t  location s throughou t  th e 
piece .  However ,  confidenc e i s lo w throughou t  a s th e oscilla -
to r  attempt s t o establis h a  coordinate d pattern .  Thu s large , 
alternatin g rubat o pattern s represen t  a  limitin g cas e fo r  th e 
singl e oscillato r  model . 

Discussion 
A. 

Melodie s ar e perhap s th e mos t  difficul t  case s fo r  bea t  per -
ceptio n models ,  becaus e the y provid e fewe r  reliabl e cue s 

tha n accompanie d melodies .  Bas s line s an d harmoni c 
accompanimen t  ten d t o b e mor e rhythmicall y consistent , 

providin g additiona l  information .  I n thi s study ,  perfor -

mances o f  notate d melodie s provide d a  controlle d leve l  o f 
rhythmi c complexity ,  whil e improvise d variation s pro -
vide d syncopatio n an d a  grea t  variet y o f  duratio n catego -
ries .  Bot h type s o f  performanc e containe d timin g 
deviations ,  makin g th e tas k o f  coordinatin g wit h a  singl e 

periodicit y a  challengin g one .  Yet ,  i n 4 9 ou t  o f  6 0 cases , 
th e oscillato r  performe d robustl y b y a n objectiv e measur e 

In  11 cases, difficulties were encountered ((|(t>|) > 0.10). 
Thes e difficultie s wer e cause d b y larg e tempora l  devia -
tions ,  stemmin g fro m thre e sources :  heav y us e o f  rubat o 
includin g 'phase-shifts' ,  actua l  timin g error s o n th e par t  o f 
performers ,  an d jagge d rubat o curve s resultin g fro m alter -
natin g shortene d an d lengthene d duration s (Large ,  1994) . 
I n 1 0 o f  th e 1 1 cases ,  however ,  th e oscillato r  wa s wel l 
coordinate d fo r  larg e section s o f  th e melodies ,  havin g 
troubl e i n som e area s bu t  reestablishin g coordinatio n afte r 
larg e perturbations . 

I n th e mos t  difficul t  case ,  a n improvisatio n tha t  couple d 
heav y rubat o wit h a n alternatin g temp o profile ,  th e oscilla -
to r  performe d poorl y {\̂\ }  =  0.30 .  Althoug h i t  di d no t 
los e th e bea t  altogether ,  i t  wa s no t  abl e t o adequatel y fol -
lo w th e temp o changes ,  an d it s interna l  measur e o f  perfor -
mance wa s consistentl y low .  Thi s cas e illustrate s th e limit s 
of  a  singl e oscillato r  model .  Note ,  however ,  tha t  temp o 
change s o f  approximatel y th e sam e magnitud e strictl y 
alternat e (Figur e 5 ,  Pane l  C ) .  Thi s mean s tha t  ha d th e 
oscillato r  bee n operatin g a t  th e nex t  large r  periodicity ,  i t 
woul d hav e foun d almos t  n o rubat o a t  all .  Case s suc h a s 
thi s woul d ten d t o argu e fo r  a  multipl e oscillato r  model .  I n 
a multipl e oscillato r  mode l  differen t  oscillator s operat e a t 
differen t  tim e scale s (Larg e &  Kolen ,  1994) .  Interna l  inter -
action s synchroniz e interna l  oscillators ,  an d th e perceptio n 
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of  metrica l  structur e ca n emerg e fro m th e perceptio n o f  bea t 
on multipl e levels .  Buildin g network s o f  interactin g oscilla -
tor s t o mode l  th e perceptio n o f  metrica l  structur e i s a  focu s 
of  curren t  research . 

Overall ,  th e singl e oscillato r  mode l  coordinate d remark -
abl y wel l  wit h comple x rhythm s give n n o informatio n othe r 
tha n even t  onse t  times .  Thes e analyse s sugges t  tha t  nonlinea r 
oscillators ,  drive n wit h complex ,  nonstationar y rhythm s tha t 
aris e fro m musica l  performance ,  ca n adequatel y mode l  th e 
perceptio n o f  musica l  beat ,  an d ma y ultimatel y b e use d t o 
model  th e perceptio n o f  musica l  mete r  a s well . 

Acknowledgments 

The author wishes to thank Caroline Palmer, Brent Stans-
field,  an d thre e anonymou s reviewer s fo r  helpfu l  comment s 
on a n earlie r  versio n o f  thi s paper .  Thi s wor k wa s supporte d 
by Th e Ohi o Stat e Universit y Presidentia l  Fellowship . 

References 

Brown, J. C. (1992). Determination musical meter using the 
metho d o f  autocorrelation .  Journa l  o f  th e Acoustica l  Soci -
et y o f  America ,  91 ,  2374-2375 . 

Dannenberg .  R .  B .  &  Mont-Reynaud ,  B .  (1987) .  Followin g 
an improvisatio n i n rea l  time .  I n Proceeding s o f  th e 198 7 
Internationa l  Compute r  Musi c Conference .  Compute r 
Musi c Association . 

Desain ,  P .  &  Honing ,  H .  (1991) .  Th e quantizatio n o f  musica l 
time :  A  connectionis t  approach .  I n P .  M .  Tod d an d D .  G . 
Loy (Eds )  Musi c an d Connectionis m (pp .  150-160) .  Cam-
bridge :  M I T Press . 

Jones ,  M .  R .  (1976) .  Time ,  ou r  los t  dimension :  Towar d a  ne w 
theor y o f  perception ,  attention ,  an d memory .  Psychologica l 
Review ,  83 ,  323-335 . 

Kelso ,  J .  A .  S. ,  deGuzman ,  G .  C ,  &  Holroyd ,  T  (1990) .  Th e 
self-organize d phas e attractiv e dynamic s o f  coordination . 

I n A .  Babioyant z (Ed )  Sel f  Organization .  Emergin g 
Properties ,  an d Learnin g (pp .  41-62) .  N A T O AS T Serie s 
B:  Physics ,  Vol .  260 . 

Large ,  E .  W .  (1994) .  Dynami c representatio n o f  musica l 
structure .  Unpublishe d Ph.D .  Dissertation .  Th e Ohi o 
Stat e University ,  Columbus ,  O H . 

Large ,  E .  W .  &  Kolen .  J .  F .  (1994) .  Resonanc e an d th e per -
ceptio n o f  musica l  meter .  Connectio n Science ,  6  (J) ,  17 7 
-208 . 

Large ,  E .  W. ,  Palmer ,  C ,  &  Pollack ,  J .  B .  (1995) .  Reduce d 
memory representation s fo r  music .  Cognitiv e Science , 
19,  53-96 . 

Lerdahl ,  F .  &  Jackendoff ,  R .  (1983) .  A  generativ e theor y o f 
tona l  music .  Cambridge :  M I T Press . 

Liberman ,  M .  &  Prince ,  A .  (1977) .  A n stres s an d linguisti c 
rhythm .  Linguisti c Inquiry ,  8 ,  249-336 . 

Longuet-Higgins ,  H .  C .  (1987 )  Menta l  Processes .  Cam -
bridge :  M I T Press . 

Palmer ,  C ,  &  KrumhansI ,  C.L .  (1990) .  Menta l  representa -
tion s o f  musica l  meter .  Journa l  o f  Experimenta l  Psychol -
ogy :  H u m a n Perceptio n &  Performance ,  16 ,  728-741 . 

Rosenthal ,  D .  (1992) .  Emulatio n o f  huma n rhyth m percep -
tion .  Compute r  Musi c Journal ,  16 ,  64-76 . 

Schoner ,  G .  (1991) .  Dynami c theor y o f  action-perceptio n 
patterns ;  Th e movin g roo m paradigm .  Biologica l  Cyber -
netics ,  64 ,  455-462 . 

Scarborough ,  D .  L. ,  Miller ,  P ,  &  Jones ,  J .  A .  (1992) .  O n th e 
perceptio n o f  meter .  I n M .  Balaban ,  K .  Ebcioglu ,  &  O . 
Lask e (Eds )  Understandin g Musi c wit h AI :  Perspective s 
i n Musi c Cognitio n (pp .  427-447) .  Cambridge :  M I T 
Press . 

Vercoe ,  B .  &  Puckette ,  M .  (1985) .  Syntheti c rehearsal : 
Trainin g th e syntheti c performer .  I n Proceeding s o f  th e 
1985 Internationa l  Compute r  Musi c Conferenc e (pp . 
275-278) .  Compute r  Musi c Association . 

425 


	cogsci_1996_420-425

