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Abstrac t 

Recent models of metrical structure in music rely upon notions 
of  oscillatio n an d synchronization .  Suc h resonanc e model s 
U-eat  th e perceptio n o f  metrica l  structur e a s a  dynami c proces s 
i n whic h th e tempora l  organizatio n o f  musica l  event s synchro -
nizes ,  o r  entrains ,  a  listener' s interna l  processin g mechanisms . 
The entrainmen t  o f  a  networ k o f  oscillator s t o a n afferen t 
rhythmi c patter n model s th e perceptio n o f  metrica l  structure . 
I n thi s paper ,  1  compar e on e resonanc e mode l  wit h severa l  pre -
viousl y propose d model s o f  mete r  perception .  Althoug h th e 
resonanc e mode l  i s  consisten t  wit h previou s model s i n a  num -
ber  o f  ways ,  mathematica l  analysi s reveal s propertie s tha t  ar e 
quit e distinc t  fro m propertie s o f  th e previousl y propose d mod -
els . 

I n t roduc t i o n 

The perception of rhythm in music involves, among other 

things ,  th e perceptio n o f  metrica l  structure .  Metrica l  struc -

tur e describe s a n importan t  par t  o f  musica l  phenomenology , 
th e sens e o f  alternatin g stron g an d wea k beat s tha t  accompa -
nie s th e experienc e o f  listenin g t o musi c (Lerdah l  &  Jack -

endoff ,  1983) .  I t  i s  relate d t o th e metrica l  structur e o f 
languag e (Lerdah l  &  Jackendoff ,  1983) ,  however ,  i n musi c 
metrica l  structur e refer s t o a  distinctiv e for m o f  tempora l 

organization .  Psychologically ,  metrica l  structur e ma y b e 
viewe d a s a  perceptua l  framewor k tha t  affect s huma n per -
ception ,  attention ,  an d memor y fo r  complex ,  temf)orall y 
structure d even t  sequence s (Jone s &  Boltz ,  1989 ;  Palme r  & 

Krumhansl ,  1990 ;  Pove l  &  Essens .  1985) . 
Theorie s o f  metrica l  structur e attemp t  t o describ e th e per -

ceive d tempora l  organizatio n o f  rhythmi c patterns .  Genera -
tive  model s posi t  rule s fo r  describin g lega l  metrica l 

structure s (e.g .  Lerdah l  &  Jackendoff ,  1983 ;  Longuet-Hig -
gin s &  Lee ,  1978) .  Th e perceptio n o f  rhyth m the n involve s 
parsin g a  rhythmi c patter n t o retriev e it s metrica l  structur e 

(Jackendoff ,  1992 ;  Longuet-Higgin s &  Lee ,  1982) .  Cloc k 
model s hav e bee n propose d (e.g .  Essen s &  Povel ,  1985 ; 
Scarborough ,  Miller ,  &  J .  Jones ,  1992 )  tha t  explai n mete r 

perceptio n a s th e proces s o f  alignin g th e tick s o f  a n interna l 
cloc k wit h th e onse t  o f  event s i n a n acousti c signal . 

Dynami c attendin g model s (Jones ,  1976 ;  Jone s &  Boltz , 
1989 )  propos e tha t  rhyth m perceptio n i s a  dynami c proces s 
i n whic h th e tempora l  organizatio n o f  rhythm s synchronizes , 

or  entrains ,  a  listener' s attention .  Connectionis t  account s o f 
th e perceptio n o f  metrica l  structur e hav e recentl y bee n pro -

pose d tha t  ar e mor e o r  les s consisten t  wit h thi s vie w 

(Larg e &  Kolen ,  i n press ;  McAuley ,  1994 ;  Page ,  1994) .  I n 

thi s paper ,  I  focu s o n on e suc h mqde l  (Larg e &  Kolen ,  i n 

press) .  Accordin g t o thi s mode l  oscillator y unit s phase -

and frequency-  loc k t o periodi c component s o f  a  rhythmi c 

pattern ,  an d th e self-organizin g respons e o f  a  networ k o f 

oscillator s embodie s a  dynami c perceptio n o f  metrica l 

structure .  I  compar e thi s mode l  wit h previou s account s o f 

metrica l  structur e i n music .  I  argu e tha t  resonanc e model s 

of  musica l  mete r  provid e advantage s ove r  previou s 
approache s fo r  describin g th e perceptio n o f  tempora l 
structur e i n music . 

Models of Metrical Structure 

Models of metrical structure must account for several 
aspect s o f  th e perceptio n o f  tempora l  organizatio n i n 

rhythmi c patterns .  First ,  a  mode l  mus t  specif y structura l 
constraints ,  describin g whic h tempora l  structure s corre -
spon d t o lega l  metrica l  structures .  Thi s i s  no t  enough , 

however ,  becaus e th e relationshi p o f  rhythmi c pattern s t o 
lega l  structure s ma y i n principl e b e many-to-many .  Thus ,  a 
model  mus t  als o specif y a  se t  o f  metrica l  preference s 
(Lerdah l  &  Jackendoff ,  1983) ,  t o predic t  whic h structur e a 
listene r  woul d perceiv e fo r  an y give n pattern .  Finally ,  th e 

durationa l  pattern s tha t  musician s perfor m neve r  corre -
spon d precisel y t o th e duration s calle d fo r  i n a  musica l 
score ,  rathe r  the y contai n intentiona l  an d unintentiona l 

timin g variabilit y  (e.g .  Sloboda ,  1983) .  Thi s i s a  proble m 

fo r  mos t  model s o f  metrica l  structure ,  becaus e th e model s 
refe r  t o nomina l  not e durations .  Therefore ,  a  perceptua l 
model  mus t  als o explai n h o w listener s dea l  wit h perfor -

mance timing . 

Generative Models 

Generative models of metrical structure handle struc-
tura l  constraint s b y proposin g grammar s tha t  describ e th e 

organizatio n o f  event s i n time .  Fo r  example ,  Lerdah l  an d 
Jackendof f  (1983 )  hav e propose d a  generativ e theor y i n 
whic h th e metrica l  structur e o f  a  piec e i s transcribe d a s a 

gri d (se e Figur e 1 )  simila r  t o linguisti c metrica l  structur e 
grid s (cf .  Liberma n &  Prince ,  1977) .  Eac h ro w o f  dot s rep -
resent s a  leve l  o f  beats ,  an d th e relativ e spacin g betwee n 
dot s o f  adjacen t  level s describe s th e relationshi p betwee n 
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Figur e 1 :  A  metrica l  structur e gri d describin g a n alternatio n o f  stron g an d wea k beats . 

th e bea t  period s o f  adjacen t  levels .  Lerdah l  an d Jackendoff' s 

(1983 )  metrica l  grid s explicitl y  captur e th e perceptio n o f 

regularl y recurrin g stron g an d wea k beats .  Point s wher e th e 

beat s o f  man y level s coincid e ar e stron g beats ;  point s wher e 

fe w beat s coincid e ar e wea k beats .  Lerdah l  an d Jackendof f 

(1983 )  giv e a  se t  o f  well-formednes s rule s t o describ e lega l 

metrica l  structur e hierarchies .  The y giv e a  se t  o f  preferenc e 

rule s t o describ e whic h metrica l  structur e a  listene r  woul d 

perceiv e fo r  an y give n rhythmi c pattern .  The y d o not ,  how -

ever ,  dea l  wit h th e issu e o f  performanc e timing . 

Longuet-Higgin s (1978 )  ha s propose d tha t  th e mete r  (i.e . 

th e tim e signature )  o f  a  melod y m a y b e regarde d a s a  genera -

tiv e granmiar ,  an d th e rhyth m o f  a  melod y m a y b e describe d 

as a  tre e structur e generate d b y th e grammar .  Terminal s an d 

non-terminal s correspon d t o period s o f  time ,  an d produc -

tion s describ e tempora l  nesting s correspondin g t o intege r 

ratio s (2:1 ,  3:1 ,  4:1 ,  etc.) .  Th e "task "  o f  rhyth m perceptio n i s 

t o infe r  fro m a  rhythmi c patter n a  metrica l  gramma r  an d a 

pars e tree .  Figur e 2  show s a  simpl e melody ,  an d th e pars e 

tre e generate d b y a  metrica l  gramma r  tha t  describe s binar y 

tempora l  nesting s (correspondin g t o th e 2/ 4 tim e signature) . 

Longuet-Higgin s an d Le e (1982 )  handl e metrica l  prefer -

ence s a s processin g constraint s impose d b y th e demand s o f 

real-tim e parsing .  Longuet-Higgin s (1987 )  deal s wit h perfor -

mance timin g b y proposin g tha t  th e lengt h o f  a  bea t  perio d 
m ay b e adjuste d throughou t  th e performanc e a s th e per -

forme r  speed s u p o r  slow s down .  Accordin g t o thi s mode l  a 

parse r  use s a  stati c toleranc e window ,  withi n whic h i t  wil l 

trea t  an y onse t  a s bein g "o n th e beat" .  Incomin g duration s 

ar e assigne d t o on e o f  a  fe w duratio n categorie s (i.e .  quarte r 

note ,  eight h note ,  an d s o forth) ,  s o tha t  the y ca n b e properl y 

deal t  wit h b y th e grammar . 

Clock Models 

Models of meter perception sometimes invoke the notion 

of  a  cloc k tha t  attempt s t o alig n it s outpu t  tick s wit h even t 

onset s i n th e acousti c signal .  Fo r  example ,  Essen s an d 

Pove l  (1985 )  mode l  th e perceptio n o f  mete r  a s th e induc -

tio n o f  a  "bes t  clock "  accordin g t o whic h rhythmi c inpu t  i s 

code d an d store d i n memory .  Inpu t  t o thei r  syste m consist s 

of  a  patter n o f  inter-onse t  duration s wit h associate d accen t 

informatio n (strong/weak) .  Th e syste m hypothesize s 

clock s o f  ever y differen t  perio d an d phas e tha t  coul d b e 

implie d b y th e pattern .  Eac h cloc k i s the n ranke d accord -

in g t o counter-evidence ,  whic h include s th e numbe r  o f 

tick s tha t  woul d coincid e wit h weakl y accente d events , 

and th e numbe r  o f  tick s tha t  woul d coincid e wit h n o even t 

onset .  I n thi s way ,  th e patter n o f  accen t  i n th e sequenc e 

determine s th e bea t  period ,  phase ,  an d "strength "  o f  th e 
induce d clock ,  implementin g metrica l  preferences .  Th e 

model  doe s no t  dea l  wit h timin g variability . 

The BeatNe t  mode l  (Scarborough ,  Miller ,  &  J .  Jones , 

1992 )  wa s designe d t o implemen t  Lerdah l  an d Jackend -

off' s  (1983 )  generativ e theory .  BeatNe t  i s base d o n a  con -
nectionis t  paralle l  constrain t  satisfactio n paradigm .  Th e 

BeatNe t  networ k i s a  one-dimensiona l  arra y o f  idealize d 

oscillator s o f  differen t  beat-period s tha t  operat e t o alig n 

thei r  discret e outpu t  tick s wit h even t  onsets ,  producin g a 

metrica l  gri d o f  th e styl e propose d b y Lerdah l  an d Jack -

endof f  (1983) .  A  metrica l  structur e emerge s fro m loca l 

interaction s betwee n units ,  rathe r  tha n fro m th e globa l 

effec t  o f  rule-base d analysis .  Th e interaction s ar e hand -

crafte d t o implemen t  Lerdah l  an d Jackendoff' s  well -

formednes s an d preferenc e constraints .  Th e mode l  doe s 

not  dea l  wit h performanc e timing . 

Resonance Models 

Resonance models of the perception of temporal organi-

zatio n posi t  th e existenc e o f  on e o f  mor e oscillator s tha t 

entrai n t o rhythmi c pattern s (Larg e &  Kolen ,  i n press ; 

H 

A A A A A A A A 

A X  A  A  X 

Figur e 2 :  A  melod y an d a  metrica l  pars e tree .  Th e tre e describe s a  binar y nestin g o f  tim e spans . 
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McAuley ,  1994 ;  Page ,  1994) .  Resonanc e model s ar e consis -

ten t  wit h dynami c attendin g model s (Jones ,  1976 ;  Jone s & 

Boltz ,  1989 )  i n tha t  the y trea t  rhyth m perceptio n a s a 

dynami c proces s i n whic h th e tempora l  organizatio n o f 

externa l  musica l  event s entrain s a  listener' s attention .  Fo r 

specificity ,  I  describ e on e resonanc e mode l  i n detai l  (Larg e 

& Kolen ,  i n press) . 

Larg e an d Kole n (i n press )  hav e propose d a n approac h t o 

modelin g th e perceptio n o f  metrica l  structur e tha t  i s  base d o n 

th e mathematic s o f  couple d oscillation .  A  rhythmi c patter n 

serve s a s a  drivin g signal .  Throug h non-linea r  coupling ,  th e 

rhyth m perturb s bot h th e phas e an d th e intrinsi c perio d o f 

individua l  oscillators ,  modelin g musica l  beat .  A  syste m o f 

oscillator s entrain s t o th e periodi c component s o f  a  rhythmi c 

signa l  a t  differen t  time-scales ,  an d t o th e output s o f  on e 

another .  Thu s metrica l  structur e i s modele d a s th e collectiv e 
consequenc e o f  mutua l  entrainmen t  amon g man y constituen t 

processes . 

The rhyth m i s represente d a s a  serie s o f  discret e pulses , 

s(t) ,  correspondin g t o th e onse t  o f  individua l  musica l  event s 

(e.g .  notes )  suc h tha t  s{t )  =  1  a t  th e onse t  o f  a n event ,  an d 0 
at  othe r  times .  Eac h oscillato r  adjust s bot h it s phas e an d 

perio d s o tha t  durin g stimulatio n th e unit' s  outpu t  pulse s 

become phase -  an d frequency-locke d t o a  drivin g rhythm . 

The outpu t  o f  th e oscillato r  i s  give n by : 

I n 
o(i )  =  1+tanh(Y(cos—(r-/o)-1)) , (1 ) 

wher e t  i s  time ,  p  i s th e perio d o f  th e oscillation , 

{t -  tQ)(mod) p i s th e phase ,  an d y  i s th e outpu t  gain .  Eac h 

outpu t  puls e (se e Figur e 3 )  instantiate s a  tempora l  recep -

tiv e field  fo r  th e oscillator y uni t  -  a  windo w o f  tim e durin g 

whic h th e uni t  "expects "  t o se e a  stimulu s pulse .  Th e 

widt h o f  th e receptiv e field  ca n b e adjuste d b y changin g 

th e unit' s  outpu t  gain ,  y .  Th e uni t  respond s t o stimulu s 

pulse s tha t  occu r  withi n thi s field  b y adjustin g it s phas e 

and period ,  accordin g t o th e followin g rules : 

27t 27t 
A/q =  -Ti,i(f)psec h Y(cos—(/-/(, )  -  1 )  sin—(f-tg) ,  (2 ) 

2n 27 1 .̂ , 
Ap =  -y\̂s{t)pssc h Y(cos—(f-fo )  -l)sin—(t-»o) -  ̂ ^ ' 

Figure 3 shows three such units responding to a piano 

performanc e o f  a  shor t  melod y (fro m Figur e 1) .  Th e oscil -

lator s interacte d wit h on e anothe r  throug h discretize d out -

put  pulses .  Eac h oscillato r  wa s als o allowe d t o adjus t  it s 
own outpu t  gain ,  y .  Figur e 3  show s a  stabl e metrica l  inter -

pretatio n o f  th e inpu t  rhyth m emerge ,  wit h stron g an d 

weak beat s observabl e a s point s i n tim e whe n th e outpu t 
pulse s o f  severa l  oscillator s occu r  simultaneously .  Th e 

Performanc e 

Osc 1  Outpu t 

Outpu t 

Osc 3  Outpu t 

Time 

Figur e 3 :  Th e respons e o f  a  networ k o f  thre e oscillator s t o a  performanc e o f  th e melod y o f  Figure s 1  an d 2 . 

A)  Piano-rol l  notatio n o f  th e performance ,  B  -  D )  Outpu t  o f  th e oscillators .  Vertica l  line s sho w even t  onse t  times . 
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thre e oscillator s ar e correctl y respondin g t o th e metrica l 

structur e a t  th e sixteenth ,  eighth ,  an d quarte r  not e levels . 

Thi s exampl e show s th e networ k respondin g t o th e metrica l 

structur e o f  a  rhythmi c patter n i n th e presenc e o f  systemati c 

performanc e timin g deviations . 

Comparison of Models 

It is informative to compare the above resonance model 

wit h th e previou s model s w e hav e describe d above ,  becaus e 

ther e ar e importan t  similaritie s an d importan t  differences . 

For  instance ,  th e outpu t  pulse s o f  eac h oscillato r  ar e analo -

gou s t o th e beat s o f  a  metrica l  structur e grid ,  o r  th e tick s o f  a 
cloc k model .  Point s i n tim e whe n th e outpu t  pulse s o f  sev -
era l  oscillator s occu r  simultaneously ,  m a y b e though t  o f  a s 
stron g beats .  I n thi s sectio n I  presen t  a  compariso n o f  thi s 
approac h wit h previou s model s o f  metrica l  structure .  First ,  I 
discus s th e issu e o f  h o w th e resonanc e mode l  deal s wit h per -
formanc e timin g deviations .  Next ,  I  addres s h o w th e mode l 
implement s structura l  constraints .  I  d o no t  addres s th e imple -
mentatio n o f  metrica l  preference s i n thi s paper . 

Performance Timing 

I n th e resonanc e model ,  a n outpu t  puls e fills  th e rol e o f  a 
beat .  However ,  outpu t  pulse s diffe r  fro m beats ,  o r  th e tick s 
of  a n idealize d clock ,  i n tha t  eac h outpu t  puls e ha s a  width . 
Thu s a n even t  tha t  occur s a  littl e earlie r  o r  late r  tha n 
expecte d m a y stil l  b e interprete d a n bein g "o n th e beat "  an d 
th e oscillato r  wil l  adjus t  it s  phas e an d perio d accordingly . 
Precisel y h o w m u c h deviatio n fro m timin g regularit y a n 
oscillato r  wil l  tolerat e depend s o n th e thre e basi c parameter s 
of  th e model ,  ̂^ ,  rî ,  an d y . 

To understan d th e effec t  o f  thes e parameter s o n a n oscilla -
tor' s behavior ,  i t  i s  usefu l  t o examin e regim e diagram s fo r 
th e oscillato r  model .  A  regim e diagra m summarize s th e 
respons e o f  a  singl e oscillato r  t o periodi c stimulation ,  a  sim -
plifie d for m o f  inpu t  tha t  ca n b e expecte d eithe r  fro m a n 
externa l  rhyth m o r  fro m anothe r  oscillato r  i n th e networ k 

AO .  5  r^Ma^^^i^^^Btaai inB o .  5 

a 

(30 
c 

t 

0. 

(Larg e &  Kolen ,  i n press) .  I n th e followin g regim e dia -
grams ,  I  assum e tha t  q  i s th e perio d o f  th e inpu t  (driver ) 
and p  i s th e intrinsi c perio d o f  th e respondin g (driven ) 
oscillator .  Th e ratio ,  q/p ,  i s  plotte d alon g th e x-axis .  H j 
varie s alon g th e y-axis ,  an d individua l  diagram s ar e give n 
fo r  differen t  value s o f  y . 

The regim e diagram s sho w paramete r  region s tha t  resul t 
i n stabl e phase-locke d states ,  calle d Arnol' d tongue s 
(Schroeder ,  1991) .  Figur e 4  show s th e effect s o f  phase -
lockin g alon e (Eq .  2) .  Fo r  example ,  i n a n uncouple d sys -
te m (r| ,  =  0) ,  i f  q/ p =  0. 5 the n th e drive r  fires  twic e fo r 
eac h tim e th e drive n oscillato r  fires.  I n a  phase-couple d 
syste m (Eq .  2 ,  tI j  > 0 ) ,  eve n whe n q/ p i s differen t  fro m 
0.5 ,  th e syste m m a y stil l  loc k i n a  1: 2 relationshi p (th e 
cente r  "tongue "  i n th e diagram s o f  Figur e 4 ) ,  becaus e eac h 
tim e th e drive n oscillato r  fires,  it s  phas e i s  perturbe d 
slightl y b y th e couplin g t o th e driver .  Eac h diagra m identi -
fies  paramete r  region s tha t  resul t  i n phase-locke d ratios , 
q/ p suc h tha t  p  <  8 .  Darke r  region s reflec t  faste r  conver -
genc e o n stabl e phase-locks . 

Th e oscillato r  als o adjust s it s  intrinsi c perio d (Eq .  3) . 
Thi s i s importan t  fo r  modelin g musica l  bea t  becaus e whe n 
th e drivin g signa l  i s  temporaril y  removed ,  th e oscillato r 
continue s a t  th e driver' s period ,  "expecting "  th e driver' s 
eventua l  return .  Figure s 5A- C sho w th e effect s o f  addin g 
th e delt a rul e fo r  perio d (Eq .  3) .  Fo r  eas y compariso n wit h 
Figur e 4 ,  ri j  wa s fixed  a t  a  smal l  positiv e value ,  an d agai n 
Ti j  varie d alon g th e y-axis .  Thes e entrainmen t  region s ar e 
large r  tha n th e correspondin g region s fo r  phase-lockin g 
alone .  Adjustmen t  o f  intrinsi c perio d no t  onl y act s a s a  sor t 
of  memory ,  bu t  als o cause s widenin g o f  th e resonanc e 
tongues . 

Th e widt h o f  eac h Arnol' d tongu e reflect s th e sensitivit y 
of  th e couple d syste m t o deviation s i n th e q/ p ratio .  I n th e 
curren t  context ,  thi s correspond s t o th e sensitivit y o f  a n 
individua l  uni t  t o timin g deviatio n i n th e inpu t  signal . 
Thus ,  thes e Arnol' d tongue s predic t  sensitivit y o f  th e 
model  t o timin g deviatio n i n musica l  performance .  Th e 
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Figur e 4 :  Regim e diagram s describ e stabl e phase-lockin g region s a s a  functio n o f  driver/drive n perio d ratio s an d 

couplin g strength .  A )  y  =  0 ,  B )  y  =  2 ,  C )  y  =  8 .  Eac h diagra m show s th e followin g region s (lef t  t o right) : 

0:1 ,  1:8 ,  1:7 ,  1:6 ,  1:5 ,  1:4 ,  2:7 ,  1:3 ,  3:8 ,  2:5 ,  7:3 ,  1:2 ,  4:7 .  3:5 ,  5:8 ,  2:3 ,  5:7 ,  3:4 ,  4:5 ,  5:6 ,  6:7 ,  7:8 ,  1:1 . 
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Rati o o f  intrinsi c period s (q/p ) 

0. 2 0. 4 0. 6 0. 8 

Figur e 5 :  Phase-lockin g region s a s a  functio n o f  driver/drive n perio d ratio s an d couplin g strengt h wit h frequency -

lockin g enabled .  A ) y = 0 , B ) y = 2 , C ) y = 8 .  Eac h diagra m show s th e followin g region s (lef t  t o right) : 

0:1 ,  1:8 ,  1:7 ,  1:6 ,  1:5 ,  1:4 ,  2:7 ,  1:3 ,  3:8 ,  2:5 ,  7:3 ,  1:2,4:7 ,  3:5 ,  5:8 ,  2:3 ,  5:7 ,  3:4 ,  4:5 ,  5:6 ,  6:7 ,  7:8 ,  1:1 . 

respons e depend s o n th e rati o o f  th e intrinsi c period s o f  th e 
inpu t  an d th e respondin g oscillator ,  a s wel l  a s o n th e value s 

of  n, .  \ ,  an d y .  Adjustmen t  o f  intrinsi c perio d enhance s 
th e stabilit y  o f  th e oscillator' s respons e i n th e presenc e o f 
timin g deviation s 

Structural Constraints 

As external input brings the response periods of two oscil-

lator s i n a  networ k clos e t o som e rationa l  ratio ,  interactio n 

betwee n th e oscillator s wil l  ten d t o kee p th e tw o oscillator s 
locke d a t  tha t  ratio .  Thus ,  assumin g tha t  th e interactio n i s 

one-wa y (i.e .  tha t  on e oscillator' s discretize d outpu t  form s 

th e inpu t  t o a  secon d oscillator )  th e regim e diagram s o f  Fig -

ure s 4  an d 5  describ e allowabl e relationship s betwee n th e 
output s o f  th e tw o oscillator s muc h a s th e rule s o f  a  genera -

tiv e mode l  describ e allowabl e ratio s betwee n adjacen t  level s 
of  beats . 

The stabilit y  o f  th e lockin g behavio r  i s determine d b y 
sensitivit y t o deviatio n i n th e rati o o f  oscillato r  periods . 
Deviatio n i n thi s rati o ma y b e caused ,  fo r  example ,  b y th e 

oscillators '  respons e t o th e externa l  input .  Figure s 4  an d 5 

sho w that ,  i n general ,  1: 1 phase-lock s ar e mor e stabl e tha n 
1: 2 phase-locks ,  whic h ar e mor e stabl e tha n 2: 3 phas e lock s 
and s o forth .  Thus ,  th e Arnol' d tongue s summariz e th e struc -

tura l  constraint s o f  th e model .  T w o oscillator s ca n loc k i n 
any rationa l  ratio ,  wit h th e stabilit y  o f  th e loc k determine d 
(mor e o r  less )  b y th e identit y o f  th e ratio . 

Thi s i s a n importan t  departur e fro m th e previou s model s 
we hav e described .  Eac h o f  th e previou s model s allo w onl y 

intege r  rati o relationship s betwee n adjacen t  level s o f  beats . 
Thi s restrictio n o f  lega l  metrica l  structure s t o strictl y neste d 
hierarchie s limit s th e scop e o f  suc h theories ,  however .  Onl y 
some musi c ca n b e describe d i n thi s way .  Muc h non-Wester n 

music ,  a s wel l  a s contemporar y Wester n Ar t  music .  Jazz ,  an d 
popula r  musi c mak e us e o f  dissonan t  rhythmi c structure s 
(Yeston ,  1976) ,  know n a s pol y rhythms .  A  polyrhythmi c rela -

tionshi p betwee n tw o level s o f  beat s i s a  relationshi p o f  beat -

period s suc h tha t  N  beat s a t  on e leve l  occup y th e sam e 

amount  o f  tim e a s M beat s a t  th e nex t  level .  Polyrhythmi c 

relationship s ar e describe d usin g rationa l  ratio s (3:2 ,  4:3 , 

5:4 ,  an d s o forth )  (Yeston ,  1976) . 

The resonanc e mode l  handle s polyrhythmi c structur e 

naturally .  Rathe r  constructin g rule s tha t  describ e allowabl e 
beat  perio d ratios ,  polyrhythmi c relationship s aris e give n 
interactio n betwee n oscillator s i n th e network .  Further ,  th e 

stabilit y  o f  polyrhythmi c structure s i s limite d b y th e stabil -

it y  o f  th e correspondin g phase-lock ,  preventin g extrava -

gant  claim s regardin g th e perceptio n o f  polyrhythmi c 
structure s i n music . 

Conclusions 

Resonance models of metrical structure posit oscillators 
tha t  synchroniz e periodi c outpu t  pulse s wit h afferen t 

rhythmi c patterns .  Th e respons e o f  a  networ k o f  oscillator s 
model s th e perceptio n o f  metrica l  structur e a s a  proces s o f 
self-organization .  Th e mode l  I  hav e describe d her e (Larg e 
& Kolen ,  i n press )  i s consisten t  wit h result s i n huma n 

rhyth m perception ,  whic h sho w tha t  tempora l  patter n 

structur e affect s huma n abilitie s t o perceive ,  remember , 
and reproduc e rhythmi c sequence s (e.g .  Deutsch ,  1980 ; 
Essen s &  Povel ,  1985;  Jones ,  Boltz ,  &  Kidd ,  1982) .  I n 

addition ,  th e dynami c approac h t o metrica l  structur e per -
ceptio n i s consisten t  wit h dynami c theorie s o f  moto r  coor -
dination .  Th e literatur e o n moto r  coordinatio n reveal s a 
number  o f  activities ,  includin g rhythmi c han d movement s 
and cascad e juggling ,  t o b e consisten t  wit h mathematica l 

law s governin g couple d oscillation s (se e Bee k e t  al. ,  199 2 
fo r  a  revie w o f  recen t  models) . 

The outpu t  o f  eac h oscillato r  model s th e experienc e o f 
musica l  beat ,  an d th e coinciden t  outpu t  o f  severa l  oscilla -

tor s model s metrica l  accent ,  consisten t  wit h previou s mod -
el s o f  metrica l  structur e perception .  However ,  analysi s o f 
th e behavio r  o f  a  singl e oscillator y uni t  i n respons e t o peri -

odi c stimulatio n reveal s comple x dynamics ,  an d importan t 
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difference s compare d wit h previou s models .  Regim e dia -

gram s describ e th e conten t  o f  resonanc e model s regardin g 

th e well-formednes s o f  metrica l  structures ,  an d sho w ho w 

resonanc e model s handl e polyrhythmi c structure .  I n addi -

tion ,  resonanc e model s accoun t  fo r  th e perceptio n o f  mete r 

i n th e fac e o f  timin g variability .  Thu s resonanc e model s ma y 

provid e th e basi s fo r  mor e comprehensiv e account s o f  th e 

perceptio n o f  metrica l  structure . 
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