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Abstrac t 

In this paper, a dynamic niodel of human time percep-
tio n i s presente d whic h treat s tim e a s phase ,  relativ e t o 
th e perio d o f  a n oscillato r  tha t  adapt s it s oscillatio n rat e 
i n respons e t o a n inpu t  rhythm .  Th e adaptiv e oscillato r 
mechanis m i s characterize d b y fou r  fundamenta l  proper -
ties :  (1 )  a  preferre d oscillatio n rat e whic h capture s th e 
notio n o f  a  preferre d tempo ,  (2 )  a  fast-actin g synchro -
nisatio n procedur e whic h model s ou r  abilit y t o percep -
tuall y loc k ont o salien t  aspect s o f  a  rhythm ,  (3 )  a  deca y 
proces s t o oppos e synchroniaation ,  an d (4 )  a  drif t  pro -
cess whic h cause s th e preferre d rat e t o graduall y drif t 
toward s th e adapte d rate ,  thereb y modelin g th e contex t 
effect s o f  long-ter m patter n exposure .  B y assumin g tha t 
sensitivit y t o duratio n i s a  functio n o f  oscillato r  entrain -
ment  t o th e contextua l  rhythm ,  th e mode l  provide s a 
qualitativ e matc h t o dat a o n temp o discrimination ,  an d 
predict s th e type s o f  error s subject s woul d mak e o n suc h 
tasks .  Thes e prediction s ar e i n agreemen t  wit h dat a 
showin g tha t  subject s overestimat e shor t  interval s an d 
underestimat e lon g intervals . 

Introduction 

The perceptio n o f  rhyth m i s a  dynami c process .  I t 
embodie s ou r  sensatio n o f  movemen t  i n time ,  create s 
expectations ,  provide s u s wit h a  sens e o f  stron g an d 
weak "beats" ,  an d characterize s a n emergen t  entrain -
ment  betwee n th e nervou s syste m an d th e environment . 
I n essence ,  rhyth m play s th e rol e o f  imposin g tempora l 
structur e o n cognitio n (Jones ,  1976) .  I n spit e o f  th e fac t 
tha t  rhyth m i s s o centra l  t o cognition ,  relativel y fe w com -
putationa l  model s i n cognitiv e scienc e focu s o n rhythm . 
Thi s i s nowher e mor e eviden t  tha n i n wor k o n speec h 
recognition .  T o a  lesse r  degre e thi s i s tru e fo r  wor k i n 
computationa l  modelin g o f  musi c cognitio n whic h i s gen -
erall y biase d toward s melody . 

Centra l  t o a n adequat e accoun t  o f  rhyth m perceptio n 
i s a n explanatio n fo r  ho w th e brai n measure s time ,  a s i t 
i s  th e tempora l  patter n o f  even t  onset s whic h primaril y 
determine s rhythmi c organizatio n (Handel,  1993) .  How -
ever ,  mos t  computationa l  approache s t o rhyth m fai l  eve n 
t o tak e int o accoun t  ho w tim e i s perceived .  Tempora l  in -
terval s betwee n acoustic-even t  onset s ar e typicall y rep -
resente d wit h respec t  t o a  referenc e clock ,  fo r  exampl e 
i n seconds .  However ,  clock-tim e i s distinc t  fro m th e wa y 
we actuall y perceiv e time ,  a s i s eviden t  fro m a  revie w o f 
th e relevan t  tim e perceptio n literature . 

Fairl y recently ,  a  numbe r  o f  oscillato r  model s hav e 

bee n propose d a s a  wa y t o stor e tempora l  interval s (Mi -
all ,  1989 )  o r  mor e generall y a s a  wa y t o captur e th e hi -
erarchica l  structur e o f  rhythm s (Torr2« ,  1985 ;  McAuley , 
1994 ;  Larg e &  Kolen ,  1994) .  I n particular ,  th e adaptiv e 
oscillato r  mode l  propose d b y McAule y (1994 )  implicitl y 
measure s tim e a s phase ,  relativ e t o th e perio d o f  a n oscil -
lato r  tha t  i s abl e t o adap t  it s oscillatio n rat e i n respons e 
t o a n inpu t  rhythm .  Sensitivit y t o interva l  duratio n i s 
a functio n o f  ho w wel l  th e oscillato r  i s entraine d t o th e 
contextua l  rhythm .  Thi s pape r  furthe r  investigate s th e 
eidaptiv e oscillato r  mode l  b y showin g tha t  i t  capture s im -
portan t  dynami c propertie s o f  h u m a n tim e perception . 
A brie f  overvie w o f  thes e aspect s o f  tim e perceptio n i s 
presente d i n th e nex t  section . 

Time Perception 

How is clock-time related to perceived-time? Many psy-
choacousti c experiment s hav e probe d thi s questio n us -
in g serie s o f  equall y space d "isochronous "  tones .  Fo r 
rhythm-lik e patterns ,  th e interva l  betwee n ton e onset s 
( Id )  range s roughl y betwee n 0. 1 se c an d 3. 0 sec .  I n 
a single-interva l  experiment ,  th e subjec t  typicall y com -
pare s tw o stimul i  an d indicate s whic h i s  longer .  I n a 
multiple-interva l  experiment ,  th e subjec t  migh t  b e aske d 
t o detec t  a n interva l  chang e tha t  i s embedde d withi n a n 
otherwis e isochronou s sequence .  I n a  temp o discrimina ^ 
tio n tcisk ,  th e subjec t  ha s t o decid e whic h patter n sound s 
faster . 

For  m a n y o f  th e singl e an d multipl e interva l  exper -
iment s (Woodrow ,  1951 ;  Fraisse ,  1963 ;  Allan ,  1979 ; 
Hirsh ,  Monahan ,  Grant ,  &  Singh ,  1990) ,  th e m i n i m u m 
just-noticeabl e differenc e (JND )  i s 2 % — 1 0 % ,  an d usu -
all y occur s a t  a  preferre d lO I  valu e tha t  lie s somewher e 
betwee n 10 0 an d 100 0 msec .  Wors e sensitivit y i s foun d 
fo r  interval s longe r  an d shorte r  tha n thi s preferre d lO I 
value .  I n temp o discriminatio n experiments ,  optima l 
temp o sensitivit y ha s bee n foun d a t  aroun d 10 0 mse c b y 
Micho n (1964 )  an d betwee n 30 0 an d 80 0 mse c b y Fraiss e 
(1963 )  an d Drak e &  Bott e (1993) .  Th e m i n i m u m rela -
tiv e J N D i n thes e studie s range d fro m 2 % — 6%.  I n th e 
Drak e an d Bott e experiments ,  increasin g th e numbe r  o f 
isochronou s interval s wa s foun d t o improv e thresholds , 
and di d s o i n roughl y unifor m wa y acros s lOI's .  Thresh -
old s wer e raise d b y addin g variabilit y  t o th e ton e onsets , 
thu s makin g th e pattern s les s regular .  The y conclud e i t 
i s th e regularit y o f  th e sequence s tha t  improve s discrim -
inatio n thresholds . 
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Linke d wit h th e notio n o f  a  preferre d lO I  o r  temp o i s 
what  ha s bee n calle d th e indifferenc e interva l  Interval s 
shorte r  tha n thi s interva l  ten d t o b e overestimate d an d 
interval s longe r  tha n thi s interva l  ten d t o b e underesti -
mated .  A t  th e preferre d tempo ,  listener s sho w n o suc h 
bias ,  tha t  is ,  the y sho w indifferenc e (Woodrow ,  1951 ; 
Allen ,  1975 ;  Halper n &  Darwin ,  1982) .  I n broa d terms , 
listener s attemp t  t o equaliz e duratio n estimate s wit h re -
spec t  t o a  centra l  value . 

Th e result s describe d i n th e preceedin g paragraph s 
hav e bee n th e subjec t  o f  muc h debate ,  a s i t  h2i s bee n 
impossibl e t o obtai n a  consensu s amon g researcher s a s 
t o th e natur e o f  th e psychophysica l  la w fo r  time .  Pre -
ferre d temp o i s fa r  fro m invariant .  Significan t  difference s 
withi n an d betwee n individual s exis t  i n preferre d temp o 
an d i n th e shap e o f  threshol d curves .  M a n y contextua l 
factors ,  suc h a s th e lengt h o f  tradning ,  orde r  o f  patter n 
presentation ,  an d th e genera l  mentci l  stat e o f  th e sub -
ject ,  pla y a n importan t  rol e i n performance .  T o accoun t 
fo r  som e o f  thi s variability ,  i t  ha s ofte n bee n propose d 
tha t  subject s sho w a  centra l  tendenc y i n thei r  judgment s 
of  tim e (Hollingworth ,  1910 ;  Turchioe ,  1948 ;  Woodrow , 
1951) .  Thi s mean s tha t  a  subject' s preferre d lO I  wil l 
gravitat e toward s th e m e a n lO I  o f  th e stimulu s set .  A s 
a tes t  o f  thi s hypothesis ,  W o o d r o w (1951 )  evaluate d lis -
teners '  tendenc y t o over -  an d underestimat e tempora l 
interval s b y usin g a  singl e 1. 0 se c lO I  standar d stimulu s 
i n a  "Vhic h i s longer? "  task .  I n suppor t  o f  th e centra l 
tendenc y hypothesis ,  h e foun d tha t  th e subjects '  indif -
ferenc e interva l  move d fro m nea r  0. 8 sec ,  measure d afte r 
th e firs t  6 0 trial s t o nea r  0.9 6 sec ,  afte r  th e secon d sixt y 
trials .  Sinc e then ,  ther e ha s bee n bot h suppor t  an d crit -
icis m o f  th e centra l  tendenc y effect . 

Adaptive Oscillator Model 

In recent work, McAuley (1994) described a general 
clas s o f  adaptiv e oscillato r  mecheinism s whic h synchro -
niz e thei r  oscillation s wit h inpu t  rhythms .  Fou r  specifi c 
model s wer e investigated ,  eac h o f  whic h wa s chareicter -
ize d b y th e shap e o f  th e oscillator' s activatio n function . 
Thi s pape r  focuse s o n a  refinemen t  t o on e o f  thes e mechei -
nisms ,  th e adaptiv e harmoni c oscillator ,  an d explore s it s 
viabilit y  a s a  mode l  o f  h u m a n tim e perception .  Th e re -
searc h presente d her e emphasize s th e processin g o f  tem -
pora l  patterns ,  rathe r  tha n even t  identification .  Eac h 
even t  i s simpl y represente d a s a n onset-in-tim e an d a n 
intensit y valu e whic h ca n var y betwee n [0,1 ]  (se e Fig -
ur e lA) . 

Unlik e descriptiv e psychologice d models ,  th e propose d 
dynami c mode l  ca n b e evaluate d b y simulatin g specifi c 
behaviora l  experiment s fro m star t  t o finish .  Thi s enable s 
th e mode l  t o predic t  ho w m a n y o f  th e contextua l  aspect s 
of  tim e perception ,  rangin g fro m lengt h o f  trainin g t o 
th e orde r  o f  patter n presentatio n shoul d effec t  h u m a n 
performanc e i n analogou s experiments . 

Four  fundamenta l  propertie s characteriz e th e adaptiv e 
oscillato r  model .  (1 )  Th e adaptiv e oscillato r  ha s a  pre -
ferre d oscillatio n perio d whic h model s th e listener' s pre -
ferre d lO I  (o r  tempo) .  (2 )  A  fast-actin g synchronizatio n 
procedur e model s th e listener' s abilit y  t o perceptuall y 

loc k ont o salien t  aspect s o f  a  rhythm .  Gradient-descen t 
on th e synchronizatio n erro r  update s th e oscillator' s  pre -
ferre d perio d s o tha t  i t  become s entraine d t o periodi c 
component s o f  th e input .  (3 )  A  deca y proces s oppose s 
th e synchronizatio n proces s b y forcin g th e adapte d os -
cillato r  bac k t o it s preferre d rate .  A s a  result ,  i t  i s  eas y 
fo r  th e mode l  t o adap t  t o tempo s tha t  ar e aroun d th e 
preferre d rate ,  bu t  difficul t  fo r  i t  t o adap t  t o tempo s 
tha t  ar e significantl y slowe r  o r  faster .  (4 )  I n orde r  t o 
model  th e contex t  effect s o f  long-ter m patter n exposure , 
th e preferre d perio d i s allowe d t o drif t  slowl y toward s 
th e curren t  adapte d period . 

Preferred Period For the adaptive harmonic oscilla-
tor ,  th e preferre d perio d i s embodie d withi n a  sinusoida l 
"activation "  function : 

^(<) = (l+cos(j^))/2. 

The period of this oscillator Q{n) is initialized to its pre-
ferre d period :  n(0 )  =  p  (se e Figur e IB) .  O n ezw: h time -
step ,  th e curren t  inpu t  i{t )  an d th e curren t  valu e o f  th e 
sinusoi d <f>{t )  s u m togethe r  t o provid e a  measur e o f  tota l 
activity :  o(t )  =  (f){t )  -\ -  i{t )  Th e oscillato r  generate s a n 
outpu t  "spike "  o{n )  =  <f>{t )  eac h tim e th e tota l  activit y 
a(t )  reache s o r  exceed s a  threshol d valu e 6  =  1.0 ,  afte r 
whic h th e activatio n functio n i s immediatel y phase-rese t 
t o t  =  0  (se e Figur e IC) . 

Synchronization and Decay An input pulse that ar-
rive s out-of-phcis e wit h respec t  t o th e zero-phas e spon -
taneoxt s firing  patter n o f  th e oscillato r  may ,  dependin g 
on th e inpu t  intensity ,  forc e th e oscillato r  t o spik e a t  a 
pheis e tha t  i s negativ e (early )  o r  positiv e (late )  i n rela -
tio n t o th e spontaneou s spikin g behavior .  Thi s phas e in -
formatio n ca n b e use d t o defin e a  spike-drive n gradient -
descen t  procedur e whic h synchronize s th e oscillato r  wit h 
rhythmi c aspect s o f  th e inpu t  patter n (se e Figur e ID) . 
Synchronizatio n erro r  i s define d a s th e square d "tem -
pora l  distance "  betwee n input-force d spike s an d sponta -
neou s spikes ,  whic h i s th e square d differenc e betwee n th e 
threshol d 6  an d th e activatio n <f>{t) : 

E{r.)  = \i{t){e-my-

To minimize the synchronization error at each output 
spik e o{n )  (input-force d o r  spontaneous) ,  th e oscillator' s 
perio d n(n )  i s adapte d b y a  fractio n a  tha t  i s (nega -
tively )  proportiona l  t o th e partia l  derivativ e o f  th e syn -
chronizatio n erro r  E{n )  wit h respec t  t o fi(n): 

n ( n + l )  =  n ( n ) - a 
6E{n ) 

snln) ' 

To includ e a  deca y proces s a s peir t  o f  th e updat e rule , 
one cissume s tha t  th e adapte d perio d n(n )  i s normall y 

distribute d abou t  a  m e a n Q  equa l  t o th e preferre d pe -
riod .  B y takin g th e lo g o f  thi s distribution ,  on e obtain s 
a deca y ter m 

n̂ 2 ^^" ^  =  " 2 ^ ^ ^ - * ( * ) ) ( " ( " ) - " ^ 
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(A )  Simpl e Rhyth m (40 0 mse c 101 ) (B )  Hannooi c Oscillato r 
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Figur e 1 :  (A )  Discret e constructio n o f  a  simpl e inpu t  rhythm ,  wit h eac h onse t  occurin g ever y  400 .  (B )  Thre e period s 
of  a  2. 0 H z harmoni c oscillator .  (C )  Inpu t  pulse s ar e adde d t o th e harmoni c oscillato r  ever y 40 0 msec .  Eac h inpu t 
puls e cause s th e oscillato r  t o spik e an d t o b e rese t  t o zer o phase .  Outpu t  values ,  equa l  t o th e activatio n whic h i t 
spikes ,  ar e marke d b y a  squar e a t  eac h suc h pheuse-reset .  (D )  Fast-actin g synchronizatio n i s applie d t o th e oscillator . 
Notic e tha t  th e outpu t  value s a t  eac h phase-rese t  continu e t o increeise ,  providin g a n entrainmen t  measure .  Th e 
outpu t  i s approachin g a  valu e o f  1. 0 fo r  whic h synchronizatio n erro r  i s 0.0 . 

whic h amount s t o a  penalt y  fo r  larg e difference s betwee n 
th e adapte d perio d an d th e preferre d period .  Gradient -
descen t  o n th e deca y ter m pushe s th e adapte d perio d 
of  th e oscillato r  bac k toward s it s preferre d period .  Th e 
standar d deviatio n c r  determine s ho w importan t  th e de -
cay constrain t  is .  I f  a  i s  small ,  th e deca y ter m wil l  b e 
heavil y weighted .  I f  i t  i s  large ,  th e deca y i s negligible . 
The modifie d updat e procedure ,  whic h incorporate s bot h 
decay an d synchronizatio n i s 

n{„ + i) = fi(,)-«^+^^. 

The adaptation rates for synchronization and period de-
cay ar e a  an d j 3 respectively . 

Drif t  T o mode l  th e context-effect s of_long-ter m pat -
ter n presentation ,  th e preferre d perio d Q  i s allowe d t o 
"drift "  toward s th e adapte d perio d Q{n) ,  althoug h onl y 
at  a  smal l  fractio n 7  o f  th e synchronizatio n speed : 

n( n +  1 )  =  n(n )  -  7( a 
SEjn )  6D{n ) 

6n{n )  ^  6Q{n ) ) • 

Evaluatin g th e M o d e l 

To evaluat e th e performanc e o f  th e adaptiv e oscilla -
to r  model ,  i t  i s  eissume d tha t  huma n discriminatio n o f 
rhyth m an d tim e i s beise d o n entrainmen t  t o th e stim -
ulus .  Accordin g t o thi s interpretation ,  a  forced-choic e 
temp o discriminatio n tas k require s a  listene r  t o synchro -
niz e wit h th e standar d befor e havin g t o mak e a  judgmen t 
abou t  th e compeirison . 

I n th e model ,  eac h outpu t  spik e o{t )  provide s a  simpl e 
entrainmen t  measur e [0.0,1.0] .  A n outpu t  o f  0. 0 indi -
cate s tha t  th e curren t  inpu t  i s 18 0 degree s out-of-phas e 
wit h th e model' s oscillations ,  muc h a s syncopate d note s 
have th e tendenc y t o b e fel t  ei s out-of-syn c wit h th e bea t 
of  music .  O n th e othe r  hand ,  a n outpu t  o f  1. 0 corre -
spond s t o perfec t  synchronizatio n betwee n th e oscillar -
tor' s spontaneou s firin g an d th e inpu t  pulse .  W e ca n 
vie w th e phas e respons e t o eac h inpu t  a s creatin g a n 
attentiona l  phas e windo w tha t  i s symmetri c abou t  th e 
zero-phas e point ,  a a show n i n Figur e 2 .  Successiv e in -
put s tha t  fal l  withi n thi s attentiona l  focu s wil l  produc e 
large r  outputs .  Fo r  a n outpu t  o f  0.0 ,  w e ca n thin k  o f  at -
tentiona l  focu s a s maximall y broad ,  tha t  is ,  coverin g th e 
entir e range ,  [—tt ,  tt ]  .  A s a n adaptiv e oscillato r  entrain s 
t o it s input ,  th e attentiona l  focu s narrows ,  s o tha t  whe n 
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i t  i s  finall y fixe d onl y o n th e sero-phas e point ,  th e mode l 
i s perfectl y synchronize d wit h it s input . 
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Figur e 2 :  (A )  Phas e representatio n o f  time .  Spontaneou s 
pulse s o f  th e oscillato r  alway s occu r  a t  th e zero-phas e 
point ,  a s indicate d b y th e soli d blac k circle .  Eac h inpu t 
puls e perturb s th e oscillato r  a t  a  particula r  phase ,  indi -
cate d b y th e ope n circle ,  thu s providin g a n estimat e o f 
tim e i n relatio n t o th e presen t  perio d o f  th e oscillator . 
I n thi s example ,  a n isochronou s rhyth m wit h a  40 0 mse c 
lO I  ha s force d a  2H z oscillato r  t o fir e a t  phas e angl e o f 
-7 2 degrees .  Pane l  (B )  depict s th e correspondin g outpu t 
value s whic h provid e a  m e M u r e o f  synchronization . 

The second assumption is that a series of input pulses 
resultin g i n increasin g output s correspond s t o a  continu -
atio n o f  th e sam e rhythm .  O n th e othe r  hand ,  a  sudde n 
dro p i n output- a menta l  "stumble "  i f  yo u will-indicate s 
tha t  th e rhyth m ha s chauiged .  W h a t  constitute s a  sud -
de n decreas e i n output ? A  decisio n criterio n i s se t  whic h 
meMures th e spike-to-spik e chang e i n output .  A  dro p 
i n outpu t  belo w thi s threshol d A(n )  signal s change .  I n 
term s o f  phase ,  input s whic h preserv e th e sam e rhyth m 
fal l  withi n th e attentiona l  phas e window .  Input s wil l 
fal l  outsid e a  phMc-threshol d o f  thi s windo w indicat e a 
chcing e i n rhythm .  T o simulat e a  two-alternativ e "whic h 
i s faster? "  task ,  th e mode l  guesse s whe n th e outpu t 
continue s t o increas e throug h th e transitio n betwee n th e 
standar d an d compariso n patterns .  I n thes e cases ,  th e 
model  can' t  judg e whic h i s faster ,  becaus e bot h pat -
tern s "soun d th e same" .  W h e n th e mode l  doe s detec t  a 
chang e i n rhythm ,  th e sig n o f  th e phets e differenc e indi -
cate s whethe r  th e compariso n patter n i s faste r  (negativ e 
relativ e phase )  o r  slowe r  (positiv e relativ e phase) . 

Tempo Discrimination 

Give n th e abov e assumptions ,  on e ca n directl y compar e 
th e performanc e o f  th e adaptiv e oscillato r  mode l  t o th e 
Drak e &  Bott e dat a usin g a n analogou s 2 A F C cidaptive -
trackin g trainin g procedure .  Simulatin g th e trainin g 
procedure ,  a s wel l  a s th e specifi c  psychophysica l  tas k i s 
advantageou s becaus e i t  provide s bot h a  direc t  measur e 
of  performanc e i n term s o f  relativ e J N D an d permit s th e 
investigatio n o f  a  numbe r  o f  importan t  performanc e is -
sue s tha t  relat e t o th e trainin g process ,  suc h a s th e type s 

of  error s made ,  th e orde r  o f  patter n presentation ,  th e 
rang e o f  tempo s tested ,  an d th e siz e o f  o f  inter-stimulu s 
interva l  (ISI) . 

Method In the Drake & Botte experiments, attempts 
wer e mad e t o minimiz e contex t  effect s b y counterbal -
ancin g stimulu s presentatio n orde r  withi n an d betwee n 
sessions .  Consequently ,  fo r  th e purpos e o f  modelin g th e 
h u m an subjec t  data ,  th e oscillator' s drif t  paramete r  7 
was se t  t o 0.0 .  Th e othe r  p^aramete r  setting s fo r  thi s 
simulatio n wer e a s follows :  Q  =  500msec ,  a  =  0.1 ,  an d 
j 9 =  0.1 . 

Th e selecte d inpu t  rhythm s wer e 1- 5 interva l 
isochronou s pattern s havin g lO I  rangin g fro m 300-70 0 
msec i n 5 0 mse c intervals .  Eac h inpu t  puls e ha d a n in -
tensit y o f  1.0 .  O n a  give n trial ,  th e mode l  wa s presente d 
a standar d patter n A  followe d b y a  variabl e patter n B , 
and decided ,  usin g th e measuremen t  procedur e outline d 
above ,  whic h wa s faster .  Th e temp o o f  th e variabl e pat -
ter n differe d b y a  ±  fixe d percentag e o f  th e standard's . 
Th e IS I  betwee n th e standar d an d th e variabl e equale d 
tw o time s th e standard' s lOI ,  s o £i s t o maintai n th e reg -
ularit y o f  th e standard' s rhythm . 

Durin g a  bloc k o f  trials ,  th e initia l  A IO I  wa s se t  t o 
2 0 %.  Fo r  tw o consecutiv e correc t  responses ,  th e temp o 
differenc e wa s decrease d b y 1% .  Fo r  a n incorrec t  re -
spons e th e temp o differenc e w m increase d b y 1% .  Thi s 
2 A F C adaptive-trackin g procedur e i s show n t o converg e 
t o a  d '  =  1.0 ,  correspondin g t o a  70.7 % probabilit y  o f 
correc t  detectio n (Levitt ,  1971) .  Twent y 10 0 tria l  block s 
wer e ru n fo r  eac h typ e o f  patter n (1- 5 intervals )  an d eac h 
tempo .  Performanc e o n eac h bloc k wa s determine d b y 
averagin g ove r  th e leis t  5 0 trials ,  whic h wa s analogou s t o 
lookin g a t  th e las t  1 0 reversals .  Fo r  example ,  Figur e 3 A 
shows on e o f  th e 10 0 tria l  trackin g histories .  Notic e tha t 
severa l  up-dow n reversal s occu r  wel l  befor e th e en d o f 
th e firs t  5 0 trials .  Averagin g ove r  th e secon d 5 0 trial s 
tende d t o provid e a  stabl e measuremen t  o f  th e relativ e 
J N D.  I n general ,  ever y attemp t  wa s mad e t o simulate , 
as closel y a s possible ,  th e Drak e &  Bott e study . 

Results The relative JND meeisures from this simula-
tion ,  average d ove r  th e twent y repetition s o f  eac h con -
dition ,  ar e show n i n Figur e SB .  A n analysi s o f  varianc e 
was ru n o n thi s simulatio n dat a b y th e numbe r  o f  inter -
vals ,  repetitions ,  an d tempo ,  s o a s t o addres s th e mai n 
question s investigate d i n th e Drak e &  Bott e study .  Fo r 
compariso n wit h th e mode l  data ,  th e subjec t  dat a i s de -
picte d i n Figur e 4A .  I n th e Drak e &  Bott e experiments ,  a 
mai n effec t  o f  interva l  numbe r  i s foun d o n threshold .  Th e 
subject' s mea n relativ e J N D s ar e show n t o b e smalle r  fo r 
isochronou s sequence s tha n fo r  singl e intervals .  Further -
more ,  thes e threshold s improv e a s a n increasin g functio n 
of  th e numbe r  o f  intervals .  N o significan t  furthe r  im -
provemen t  wa s foun d beyon d fou r  intervals .  Similarly , 
th e mode l  dat a show s a  significan t  effec t  o f  interva l  o n 
threshol d ( p <  0.001) .  Th e model' s mea n relativ e JND s 
(average d acros s tempi )  fo r  singl e interval s i s 1 9 % an d 
fo r  increasin g interval s i s 1 0 % ,  8.5% ,  6.7% ,  an d 6.2% , 
respectively . 
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Figur e 3 :  S i m u l a t i o n s result s o f  singl e a d a p t i v e oscillato r  teste d o n a  2 A F C t e m p o tas k us in g a d a p t i v e t rack ing . 
(A )  Trackin g histor y fo r  a  mode l  usin g a  4-ton e standar d patter n wit h a  40 0 mse c lOI .  (B )  M e a n relativ e J N D s fo r 
standar d temp i  rangin g fro m 300-70 0 mse c lOI s fo r  3-,4-,5- ,  an d 6-ton e sequences . 
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Figur e 4 :  (A )  T e m p o discriminatio n dat a reproduce d fro m Drak e &  Bott e (1993) .  M e a n relativ e J N D s ar e show n 
fo r  sequence s containin g 2 ,  3 ,  5 ,  an d 7  tone s acros s temp i  rangin g fro m 100-150 0 mse c lOIs .  (B )  Simulatio n result s 
fro m multiple-adaptive-oscillato r  mode l  teste d o n a n analogou s 2 A F C temp o tas k usin g eidaptiv e tracking . 

Secondly ,  th e Drak e S i  Bott e experiment s d o no t  con -
firm  Weber' s law ,  whic h woul d predic t  a  flat  relativ e 
J ND curve ,  bu t  instea d revea l  a  U-shape d threshol d 
curv e wit h optima l  sensitivit y betwee n (300-80 0 msec) . 
I n euldition ,  th e listener s sho w simila r  U-shape d thresh -
ol d curve s acros s th e singl e an d multipl e interva l  con -
ditions .  N o significan t  interactio n betwee n temp o an d 
number  o f  interval s i s found .  Likewise ,  th e mode l  show s 
a significan t  U-shape d effec t  o f  temp o o n mea n relativ e 
J ND ( p <  0.001) .  Fo r  th e singl e adaptiv e oscillator , 
optimEi l  temp o inherentl y correspond s t o th e preferre d 
period ,  wit h mea n relativ e J N D varyin g fro m abou t  2 % 
at  th e preferre d temp o t o 2 2 % an d 1 6 % a t  th e fastes t 
and slowes t  tempi ,  respectively . 

There are several important diflFerences between the 
subjec t  dat a an d th e mode l  data .  Unlik e th e Drak e & 
Bott e experiments ,  th e mode l  show s a  significan t  inter -
actio n betwee n temp o an d numbe r  o f  intervals .  Wit h a 
standar d patter n tha t  i s a t  th e preferre d oscillatio n rate , 
th e numbe r  o f  interval s ha s n o effec t  o n performanc e be -
caus e th e oscillato r  i s alrejid y entraine d t o it ,  tha t  is . 

temp o discriminatio n fo r  pattern s a t  th e preferre d rat e 
i s alway s optimal .  Th e secon d majo r  differenc e i s tha t  a 
singl e adaptiv e oscillato r  i s unabl e t o captur e th e sam e 
rang e an d precisio n wit h whic h human s ca n discriminat e 
tempo .  However ,  th e adaptiv e oscillato r  mode l  doe s ex -
hibi t  th e sam e genera l  U-shape d threshol d curve s acros s 
th e singl e an d multipl e interva l  condition s usin g a  simpl e 
entrainmen t  principle . 

In summary, the model data, generated using a simu-
late d adaptiv e trackin g procedure ,  provide s a  qualitativ e 
matc h t o th e Drak e &  Bott e temp o discriminatio n data . 
However ,  capturin g th e rang e an d precisio n wit h whic h 
humans ca n discriminat e temp o require s mor e tha n on e 
adaptiv e oscillator .  I n preliminar y simulation s usin g 
multipl e oscillator s wit h preferre d period s spannin g th e 
spac e o f  tempi ,  a  bette r  fit  t o th e dat a hfi s bee n obtaine d 
(se e Figur e 4B) ,  althoug h i t  doesn' t  adequatel y captur e 
precision .  I n thi s simulation ,  eac h oscillato r  meike s a n 
independen t  temp o judgmen t  whic h i s the n weighte d b y 
ho w wel l  tha t  oscillato r  i s entraine d t o th e standard .  Th e 
weighte d su m o f  thes e independen t  judgment s provide s 
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th e probabilisti c  respons e o f  th e model . 

Predicting Errors in Time Estimation 

Becaus e intervi J duratio n i s measure d a s a  phase-angl e 
tha t  i s  relativ e t o th e adaptiv e oscillator' s period ,  th e 
model' s error s i n estimatin g tim e ar e systematic .  I n 
agreemen t  wit h th e tim e perceptio n literature ,  shor t  in -
tervals ,  b y virtu e o f  causin g th e oscillato r  t o fir e a t  a  neg -
ativ e phase-angle ,  ar e overestimated ,  an d lon g intervals , 
by virtu e o f  causin g th e oscillato r  t o fire  a t  a  positiv e 
phase-angle ,  ar e underestimated . 

Armed wit h th e knowledg e tha t  th e adaptiv e oscillato r 
over -  £in d underestimate s tim e wit h respec t  t o it s  pre -
ferre d period ,  i t  shoul d becom e clea r  t o th e reade r  tha t 
th e analogou s prediction s hol d fo r  tempo .  I n particular , 
i n a  temp o discriminatio n task ,  th e mea n relativ e J N D 
shoul d b e differen t  fo r  th e faste r  an d th e slowe r  com -
pariso n patterns .  I n a  2AF C "whic h i s faster? "  task , 
standar d p>atter n tempo s tha t  ar e faste r  tha n th e pre -
ferre d oscillato r  perio d wil l  b e overestimated ,  thu s mak -
in g i t  ecisie r  fo r  th e mode l  t o detec t  a  faste r  compari -
son patter n thei n a  slowe r  compariso n pattern .  Analo -
gously ,  standar d tempo s tha t  ar e slowe r  tha n th e pre -
ferre d temp o wil l  b e underestimated ,  thereb y makin g i t 
easie r  fo r  th e mode l  t o detec t  a  slowe r  compariso n pat -
ter n tha n a  faste r  compariso n pattern .  W e ca n comput e 
th e skewe d J N D value s directly .  Le t  Q *  equa l  th e stan -
dar d lO I  an d n *  equa l  th e decisio n threshol d interprete d 
ci s a n lOI .  Fo r  a  standar d patter n tha t  i s  faste r  tha n th e 
oscillato r  {Q '  <  n(n.)) ,  th e relativ e J N D fo r  th e slowe r 
compariso n patter n i s 

(2|n(n)-n'|-H|n'-n*|)/n', 

whereas the relative JND for the faster comparison pat-
ter n i s 

|n'-n*|/n' . 

For  a  stamdar d tha t  i s slowe r  thei n th e oscillator ,  th e 
equation s ar e reversed . 

Conclusions 

I n thi s paper ,  a  dynami c mode l  o f  tim e perceptio n wci s 
presente d tha t  provide d a n explanatio n fo r  a  numbe r 
of  result s o n singl e an d multiple-intervei l  discrimination , 
includin g th e Drak e an d Bott e temp o data .  Tim e wet s 
measure d a s phase ,  relativ e t o th e perio d o f  a n adaptiv e 
oscillator .  Sensitivit y  t o duratio n wa s thereb y a  functio n 
of  oscillato r  entrainment .  Th e result s capture d b y thi s 
model  included :  (1 )  U-shape d relativ e J N D curves ,  wit h 
optima l  sensitivit y a t  th e preferre d period ,  (2 )  improve d 
performanc e a s th e numbe r  o f  isochronou s interval s in -
crejued ,  an d (3 )  over -  an d underestimatio n o f  shor t  an d 
lon g interval s relativ e t o th e preferre d period ,  whic h als o 
implie d analogou s tim e estimat e error s fo r  tempo . 

I n broa d terms ,  suc h a  dynami c mode l  shoul d hel p 
pain t  a  mor e coheren t  pictur e o f  th e natur e o f  huma n 
tim e perception .  Result s whic h see m a t  odd s wit h eac h 
other ,  ma y b e unifiabl e i f  tim e perceptio n i s correctl y 
interprete d £i s a  dynami c process ,  thu s providin g a  foun -
datio n fo r  a  dynami c theor y o f  rhythm .  Ongoin g wor k 
i s directe d toward s thi s end . 
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