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Abstrac t 

The ability to resolve timing differences within and be-
twee n pattern s i s critica l  t o th e perceptio n o f  musi c 
and speech ;  similarly ,  man y moto r  skill s  suc h a s mu-
si c performanc e requir e fin e tempora l  contro l  o f  move -
ments .  Tw o importan t  issue s concer n (1 )  th e natur e 
of  th e mechanis m use d fo r  tim e measuremen t  an d (2 ) 
whethe r  timin g distinction s i n perceptio n an d moto r 
contro l  ar e base d o n th e sam e mechanism .  I n thi s pa -
per ,  clock -  an d entrainment-base d conception s o f  tim e 
measurement  ar e discussed ;  an d prediction s o f  bot h 
classe s o f  mode l  ar e the n evaluate d wit h respec t  t o a 
tempo-discriminatio n experimen t  involvin g isochronou s 
auditor y sequences .  Th e result s fro m thi s experimen t 
are show n t o favo r  entrainment -  ove r  clock-base d a|> -
proache s t o timing .  Th e implication s o f  thes e dat a ar e 
the n dbcusse d wit h respec t  t o th e hypothesize d rol e o f 
th e cerebellu m i n timing . 

Introduction 

The dominan t  conceptio n o f  tim e measuremen t  fo r  bot h 
perceptua l  an d moto r  task s ha s bee n base d o n a  cloc k 
time r  o n a  m s scal e tha t  record s th e duratio n o f  a n event , 
such a s th e duratio n betwee n th e onse t  o f  tw o tones ,  a s 
th e numbe r  o f  millisecon d "tim e slices "  tha t  occurre d 
durin g tha t  event .  Braitenber g (1967 )  propose d tha t 
such a  time r  migh t  b e implemente d i n th e cerebellu m 
vi a a  serie s o f  adjustabl e dela y lines .  I n orde r  t o resolv e 
timin g difference s tha t  requir e duratio n comparisons ,  i t 
has bee n commonl y assume d tha t  tim e estimate s ca n b e 
store d i n memory ,  an d the n late r  retrieve d (Keel e e t  al. , 
1989) .  Fo r  moto r  tasks ,  recorde d tim e measurement s 
retrieve d fro m memor y hav e bee n assume d t o serv e a s 
inpu t  t o a  moto r  progra m (Keel e e t  al. ,  1985 ;  Ivr y an d 
Keele ,  1989) . 

An alternativ e vie w i s tha t  tim e measuremen t  i s phas e 
based ,  involvin g th e entrainmen t  o f  a n oscillator y timer . 
I n contras t  t o th e passiv e recordin g o f  tim e involve d wit h 
cloc k models ,  entrainmen t  i s a  dynami c timin g proces s 
tha t  adapt s a n oscillator' s perio d t o matc h th e targe t  du -
ration ;  th e oscillator' s perio d the n provide s a  direc t  esti -
mate o f  duration ,  an d th e timin g o f  event s ca n b e relate d 
t o phase .  I n thi s paper ,  th e cloc k an d entrainmen t  con -
ception s o f  tim e measuremen t  ar e discusse d i n detail ,  an d 
th e prediction s o f  bot h classe s o f  mode l  ar e the n evalu -
ate d wit h respec t  t o a  tempo-discriminatio n experimen t 
involvin g isochronou s auditor y sequences .  Th e result s 
fro m thi s experimen t  ar e show n t o favo r  entrainment -

over  clock-base d approache s t o timing .  Th e implication s 
of  thes e dat a ar e the n discusse d wit h respec t  t o th e hy -
pothesize d rol e o f  th e cerebellu m i n timin g (Ivr y an d 
Keele ,  1989) . 

Clock Models 

A wide range of clock models of timing have been pro-
posed ,  althoug h mos t  shar e th e sam e bcisi c assumption s 
of  a  centra l  time r  (o r  clock) ,  a  perceptua l  store ,  a  ref -
erenc e memory ,  an d a  comparato r  (Churc h an d Broad -
bent ,  1990) ;  the y diffe r  mainl y i n th e for m o f  th e cloc k 
and perceptua l  store .  Fo r  man y o f  th e models ,  th e cloc k 
i s a  fas t  neura l  pacemake r  whic h generate s discret e neu -
ra l  pulse s a t  a n averag e rat e (A) ,  an d th e perceptua l 
stor e maintain s a  "count "  o f  th e numbe r  o f  pulse s tha t 
occu r  durin g th e targe t  interva l  (T )  (Abel ,  1972 ;  Creel -
man,  1962 ;  Treisman ,  1963 ;  Diveny i  an d Danner ,  1977) . 
Duratio n discriminatio n fo r  tw o tim e interval s ( T an d 
T +  A T )  i s modele d b y comparin g th e numbe r  o f  pulse s 
tha t  occure d durin g th e firs t  interva l  (/ i  =  AT )  wit h th e 
number  o f  pulse s tha t  occure d durin g th e secon d inter -
val  (/ i  =  A[ T -I -  AT]) .  Thi s approac h require s a  switc h 
whic h start s th e countin g proces s a t  th e beginnin g o f  th e 
targe t  tim e interval ,  an d clear s th e counte r  whe n th e esti -
mate o f  th e targe t  interva l  i s  transferre d fro m th e percep -
tua l  stor e t o th e referenc e memory .  Tempora l  resolvin g 
power  i s modele d b y th e varianc e o f  th e puls e generatin g 
source ,  wit h smal l  inter-pulse-varianc e correspondin g t o 
accurat e estimate s o f  duratio n an d hig h discriminatio n 
sensitivity .  I n modelin g duratio n discriminatio n acros s 
a rang e o f  T  values ,  debat e ha s centere d o n th e precis e 
for m o f  th e pulse-generatin g source . 

Ther e hav e bee n severa l  connectionis t  approache s 
t o tim e measuremen t  base d o n th e cloc k conceptio n 
(Churc h an d Broadbent ,  1990 ;  Miall ,  1989) .  Thes e 
diffe r  fro m th e "counter "  variet y i n importan t  ways . 
For  Churc h an d Broadben t  (1990) ,  th e pulse-generatin g 
sourc e i s replace d b y a  se t  o f  oscillator s wit h peri -
ods spannin g a  wid e rang e o f  tim e intervals ;  th e puls e 
counte r  i s replace d b y a  binar y vecto r  representatio n o f 
time ,  accordin g t o th e -I-1/- 1 phas e o f  eac h oscillator ; 
and,  th e referenc e memor y storin g th e puls e coun t  i s  re -
place d b y a  se t  o f  connectio n weights ,  permittin g mor e 
tha n a  singl e tim e interva l  t o b e store d i n th e referenc e 
memory a t  once .  I n connectionis t  cloc k models ,  dura -
tio n discriminatio n i s base d o n similarit y i n th e repre -
sentation s o f  th e to-be-compare d interva l  retrieve d fro m 
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memory;  i f  th e measur e o f  similarit y  i s les s tha n a  pre -
specifie d threshold ,  th e tim e differenc e i s detected . 

A weaknes s o f  bot h th e connectionist -  an d counter -
base d cloc k model s i s tha t  thei r  prediction s ar e usuall y 
limite d t o th e perceptio n o f  isolate d interval s (i.e ,  on e 
interva l  compare d wit h anothe r  i n isolation) ;  whereas , 
importan t  tempora l  distinction s i n musi c an d speec h oc -
cur  withi n th e contex t  o f  a  patter n o f  intervals .  However , 
i n th e directio n o f  incorporatin g patter n context ,  cloc k 
model s hav e recentl y bee n propose d t o mode l  th e effec t 
of  isochronou s context s o n temp o (rate )  discrimination . 
These model s ar e base d o n a  "multiple-look "  hypothe -
sis ,  i n whic h eac h interva l  i n a n isochronou s sequenc e 
provide s a n independen t  statistica l  (clock-based )  esti -
mate (o r  "look" )  (Drak e an d Botte ,  1993 ;  Schulze ,  1989) . 
Wit h multiple-observation s o f  th e sam e targe t  interval , 
th e perceive r  improve s th e estimat e o f  th e targe t  inter -
val' s  duratio n b y a  proces s o f  averagin g th e multiple -
looks ,  o r  i n th e cas e o f  temp o discrimination ,  improve s 
th e estimat e o f  th e th e sequence' s tempo ,  b y th e sam e 
process .  A n identica l  suggestio n i s tha t  th e stabilit y  o f 
a targe t  interval' s  memor y trac e improve s wit h repeti -
tion s o f  th e targe t  interval .  (Keel e e t  al. ,  1989 ;  Ivr y an d 
Hazeltine ,  1995) . 

Entrainment Models 

At the foundation of all entrainment models of timing 
i s th e assumptio n tha t  th e timin g mechanism s o f  th e 
nervou s syste m ar e couple d t o th e environment .  I n th e 
developmen t  o f  a n entrainmen t  theory ,  Jone s (1976 )  pro -
pose d a  centra l  rol e fo r  rhyth m i n cognitiv e processing , 
suggestin g tha t  th e tempora l  organizatio n o f  perception , 
attention ,  an d memor y i s inherentl y rhythmic .  A s par t 
of  thi s theory ,  i t  i s assume d tha t  th e rhythm s o f  musi c 
and speec h entrai n periodi c attentiona l  "pulses" ,  form -
in g a n attentiona l  rhythm .  Base d o n th e concep t  o f  at -
tentiona l  entrainment ,  Jone s an d Bolt z (1989 )  hav e pro -
pose d a n expectancy/contras t  mode l  o f  timing .  The y 
assume tha t  a n isochronou s serie s o f  tones ,  markin g ou t 
identica l  tim e interval s (Ti )  ,  wil l  entrai n a n attentiona l 
oscillato r  wit h a  perio d simila r  t o th e Tj's .  Th e pulse s o f 
th e oscillato r  provid e dynami c "expectancies "  fo r  whe n 
th e nex t  ton e (specifyin g 7<+i )  wil l  occur .  I n thi s way , 
th e adaptin g perio d o f  th e oscillato r  (Q, )  provide s a  con -
tinuousl y update d estimat e o f  th e tim e interval s {Ti) .  In -
terval s (Ti) ,  whic h violat e th e oscillator' s period-base d 
expectancie s creat e a  tempora l  contras t  (fj ,  — Ti) .  A s 
th e attentiona l  oscillato r  i s entraine d b y th e sequence , 
tempora l  contras t  i s minimize d (i.e. ,  Q ,  approache s Ti) . 

Tempora l  resolvin g powe r  i n th e Jone s an d Bolt z 
model  i s base d o n th e predicte d magnitud e o f  tempora l 
contrasts .  I t  i s  assume d tha t  wit h smal l  tempora l  con -
trasts ,  listener s wil l  b e mor e sensitiv e t o a  timin g chang e 
tha n wit h large r  tempora l  contrasts .  Thus ,  simila r 
t o th e "multiple-look "  model ,  th e expectancy/contras t 
model  predict s tha t  increasin g th e numbe r  o f  tone s i n 
an isochronou s sequenc e shoul d improv e listeners '  abil -
it y  t o detec t  a  differenc e i n th e timin g o f  a n interva l 
tha t  continue s th e sequence ,  an d shoul d als o improv e 
listeners '  abilit y  t o detec t  change s i n th e temp o o f  tha t 

sequence .  Th e expectancy/contras t  mode l  als o predict s 
tha t  listeners '  tempora l  resolutio n shoul d b e bette r  wit h 
metrica l  sequence s (o f  whic h isochronou s sequence s ar e 
an instance )  tha n fo r  irregularly-time d sequences ,  sinc e 
attentiona l  entrainmen t  shoul d occu r  mor e readil y wit h 
regularly-time d sequences . 

Adaptive Oscillators 

A shortcoming of the expectancy/contrast model is that 
th e hypothesize d proces s o f  attentiona l  entrainmen t  i s 
a descriptiv e componen t  o f  th e model ,  an d no t  linke d 
t o a  specifi c  mathematica l  mode l  o f  couple d oscillation . 
Thi s make s th e expectancy/contras t  model ,  an d othe r 
entrainmen t  model s (Schulze ,  1978 )  a  relativel y eas y tar -
get  fo r  criticism ,  sinc e man y o f  it s  prediction s ar e under -
specified ,  an d ope n t o multipl e interpretation s (Keel e 
et  al. ,  1989) .  A s step s towar d clarifyin g it s predictions , 
th e entrainmen t  mode l  ha s bee n formalize d an d a  tim -
in g mechanis m propose d tha t  i s base d o n a n adaptiv e 
oscillato r  (McAuley ,  1994 ;  McAuley ,  1995) .  Thi s wor k 
parallel s simila r  recen t  wor k b y Larg e (1994) . 

The adaptiv e oscillato r  i s a  processin g uni t  tha t  ha s 
some restin g rat e a t  whic h i t  periodicall y  "fires" ,  bu t 
wil l  adap t  tha t  restin g rat e whe n i t  i s  stimulate d a t  dif -
feren t  frequencies ,  combinin g bot h phas e couplin g an d 
perio d coupling .  I n it s simples t  "phase-resetting "  form , 
th e adaptiv e oscillato r  reset s it s phas e i n respons e t o a n 
inpu t  puls e an d wil l  us e th e input' s phas e t o adjust s it s 
natura l  perio d (Q )  t o b e a  littl e close r  t o th e "perceived " 
periodicit y o f  th e input .  Thi s proces s permit s adaptiv e 
oscillator s t o trac k periodi c component s o f  rhythmi c pat -
terns ,  despit e intrinsi c o r  expressiv e variabilit y  i n thei r 
timin g (se e McAule y (1995 )  fo r  a  mathematica l  descrip -
tio n o f  thi s process) . 

Time as Phase 

For entrainment models of timing, the oscillator period 
(fl )  provide s a n implici t  estimat e o f  a  duratio n (T) .  Fo r 
thos e tha t  ar e base d o n th e phase-resettin g adaptiv e os -
cillator ,  a  tim e chang e (AT )  i n th e duratio n (T )  wil l 
trigge r  a  phas e chang e (A0 )  i n th e reset-phas e o f  th e 
oscillato r  mechanism ,  wher e 

A<t > = 
r-t-A r 

n 
(mod 1) . (1 ) 

I n essence ,  thi s phas e differenc e (A^ )  register s th e ef -
fec t  o f  a  tim e differenc e (AT )  o n a n oscillato r  track -
in g a  serie s o f  equa l  interval s (T) .  I n a n entrainmen t 
model ,  th e relationshi p betwee n phas e difference s (A<̂ ) 
and tim e difference s (AT )  varie s a s a  functio n o f  th e 
rati o betwee n th e bas e interva l  T  an d th e estimat e o f 
duratio n fi ,  expresse d a s th e fractio n ̂ .  Thi s fractio n 
provide s a  measur e o f  th e amoun t  o f  over -  o r  underesti -
matio n o f  duratio n b y th e entrainmen t  mechanism ;  fo r 
^  >  1 ,  duratio n i s underestimated ,  fo r  ̂  <  1  duratio n 

i s overestimated ,  an d fo r  ̂  =  1. 0 estimate d duratio n i s 
identica l  t o th e actua l  duration . 

To understan d ho w th e relationshi p betwee n tim e dif -
ference s an d phas e difference s varie s a s a  functio n o f  thi s 
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rati o (q) ,  i t  i s  usefu l  t o rewrit e Equatio n 1  a s 

(mod 1) 
^  ,  ,T .  ,AT , 

(2 ) 

and t o represen t  phas e o n [—0.5,0.5 ]  instea d o f  o n (0,1] ; 
i n thi s representation ,  positiv e an d negativ e phas e dif -
ference s indicat e positiv e an d negativ e tim e differences , 
respectively .  Fo r  thi s reason ,  th e phas e difference s as -
sociate d wit h -f-A T an d — A T wil l  b e distinguishe d a s 
A^ + an d A ^ _ .  Ther e ar e the n thre e case s t o consider . 

Case 1: ^ = 10. For Case 1, illustrated in Figure 1, 
estimate d duratio n i s equa l  t o actua l  duration ,  Equa -
tio n 2  reduce s t o 

AT A^  =  ± -
T • (3 ) 

I n thi s case ,  lengthenin g o r  shortenin g T  b y X % main -
tain s th e magnitud e o f  phas e differenc e regardles s o f 
whethe r  th e tim e chang e A T i s positiv e o r  negativ e (i.e. , 
|A^- |  =  |A^+|) .  T o provid e a  concret e example ,  sup -
pose T  i s lengthene d b y 10% ,  the n A<f> + =  0.1 .  O n th e 
othe r  hand ,  i f  T  i s shortenin g b y 10% ,  the n A<t> -  =  -0.1 . 
For  eithe r  a n increas e o r  decreas e i n duratio n o f  10% ,  th e 
magnitude s o f  th e triggere d phas e difference s ar e equa l 
(|A0+ |  =  |A^_ |  =  O.l) . 

Figur e 1 :  Illustratio n o f  Cas e 1 .  Fo r  a n oscillato r  wit h 
a perio d Q  tha t  i s a  perfec t  estimat e o f  T  (a s show n o n 
th e left) ,  lengthenin g T  b y A T trigger s a  phas e differenc e 
A<j )  relativ e t o zer o phas e o f  th e oscillato r  (a s show n o n 
th e right) . 

Case 2 :  ̂  >  1.0 .  Fo r  Cas e 2 ,  illustrate d i n Figur e 2 , 
actua l  duratio n i s underestimate d ( Q <  T ) .  A s a  result , 
lengthenin g o r  shortenin g T  b y X % doe s no t  preserv e th e 
magnitud e o f  th e resultin g phas e differences .  Instead , 
lengthenin g T  trigger s a  phas e differenc e tha t  i s large r 
tha n tha t  fo r  shortenin g T :  |A^+ |  >  |A(^_| .  Anothe r 
effec t  o f  underestimatio n i s tha t  i t  stretche s th e mappin g 
betwee n A T an d A^ ;  notic e tha t  i n term s o f  Equatio n 2 , 
^  i s a  large r  fractio n o f  th e bas e interva l  T  tha n ^ 
is . 

Case 3: ^ < 1.0. For Case 3, illustrated in Figure 3, 
actua l  duratio n i s overestimate d { Q >  T ) .  A s i n cas e 
2,  lengthenin g o r  shortenin g T  b y X % doe s no t  pre -
serv e th e magnitud e o f  th e resultin g phas e differences . 
Symmetri c wit h th e effec t  i n Cas e 2 ,  shortenin g T  trig -
ger s a  phas e differenc e tha t  i s large r  tha n lengthening : 
|A0_ |  >  |A^+| .  An d th e additiona l  effec t  o f  overesti -
matio n i s tha t  i t  compresse s th e mappin g betwee n A T 

Figur e 2 :  Illustratio n o f  Cas e 2 .  Fo r  a n oscillato r  wit h 
a perio d fi  tha t  i s  a n underestimat e o f  T ,  lengthenin g T 
by A T trigger s a  phas e differenc e A ^  tha t  i s  large r  tha n 
tha t  fo r  Cas e 1 . 

and A(^ ;  notic e tha t  i n term s o f  i n Equatio n 2 ,  ̂  i s  a 

smalle r  fractio n o f  th e bas e interva l  T  tha n ̂  is . 

T 

•4 

T 

n 

AT 

I 
n 

Figur e 3 :  Illustratio n o f  Cas e 3 .  Fo r  a n oscillato r  wit h a 
perio d Q  tha t  i s  a n overestimat e o f  T ,  lengthenin g T  b y 
A T trigger s a  phas e differenc e A< ^  tha t  i s smalle r  tha n 
tha t  fo r  Cas e 1 . 

The Just-Noticeable Phase Difference 

I n orde r  t o specif y th e prediction s o f  a n entrainmen t 
model  fo r  temp o discrimination ,  i t  wa s assume d tha t 
th e detectio n o f  temp o difference s i s linke d t o th e de -
tectio n o f  phas e differences ,  triggere d b y "expectanc y 
violations "  i n th e entrainmen t  proces s (McAuley ,  1995) . 
The suggestio n tha t  phas e difference s ar e use d t o de -
tec t  timin g difference s pin s th e prediction s o f  a n en -
trainmen t  mode l  t o th e dynamic s o f  th e underlyin g os -
cillator y timer .  Fo r  th e adaptiv e oscillato r  mechanism , 
a just-noticeabl e phas e differenc e ( J N D ^ )  i s assume d 
tha t  specifie s th e threshol d tim e differenc e ( A T )  tha t 
i s  detectabl e i n a  interva l  T .  Thus ,  i f  th e magnitud e 
of  th e phase-differenc e (A^ )  triggere d b y a  tim e differ -
enc e (AT )  i s greate r  tha n J N D ^  the n th e tim e differenc e 
(AT )  i s detected ,  otherwis e i t  i s  not .  I n accordanc e wit h 
th e entrainmen t  hypothesis ,  th e just-noticeabl e phas e 
differenc e decrease s (sensitivit y improves )  a s th e track -
in g adaptiv e oscillato r  i s entraine d b y th e inpu t  (se e 
McAule y (1995 )  fo r  details) . 

I n evaluatin g th e prediction s o f  th e adaptive -
oscillator-base d mode l  fo r  temp o discrimination ,  th e 
mai n focu s i s th e relationshi p betwee n listeners '  sensitiv -
ity ,  measure d a s th e A T necessar y fo r  unbiase d 7 0 % cor -
rec t  performanc e (th e just-noticeabl e differenc e o r  J N D ) 
and th e model' s sensitivit y measure d a s a  just-noticeabl e 
phas e difference .  Th e relationshi p betwee n J N D an d 
J N D^  i s a  dynami c one ,  dependin g o n th e amoun t  o f 
under -  o r  overestimatio n o f  th e trackin g adaptiv e oscil -
lato r  an d it s degre e o f  entrainmen t  b y th e input .  Spe -
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cifi c  performanc e prediction s ar e linke d t o th e simula -
tio n o f  th e experimenta l  task .  However ,  severa l  gen -
era l  prediction s o f  thi s entrainmen t  mode l  fo r  temp o dis -
criminatio n ar e possibl e give n a n understandin g o f  ho w 
tim e difference s ar e mappe d ont o phas e differences ,  a s 
was examine d i n th e thre e case s above .  I n particular , 
adaptive-oscillator-base d prediction s regardin g differen -
tia l  sensitivit y t o increase s an d decrease s i n temp o wil l 
be discusse d below ,  an d compare d wit h thos e derive d 
fro m cloc k models . 

Tempo Discrimination 

In  several recent studies, listeners' ability to detect dif-
ference s i n th e temp o o f  isochronou s ton e sequence s 
has bee n systematicall y investigate d (Drak e an d Botte , 
1993 ;  Drak e an d Botte ,  1994 ;  McAule y an d Kidd ,  1994 ; 
McAule y an d Kidd ,  1995) .  McAule y an d Kid d (1994 ) 
separatel y examine d sensitivit y t o increase s an d de -
crease s i n temp o fo r  two -  an d four-ton e sequence s fo r 
inter-onset-interval s o f  100 ,  400 ,  700 ,  an d 100 0 m s .  O n 
eac h tria l  a  standar d sequenc e wa s followe d b y tw o com -
pariso n sequences ,  on e o f  whic h wa s faste r  o r  slowe r 
tha n th e standard .  Listener s judge d whic h compar -
iso n sequenc e wa s differen t  i n temp o fro m th e stan -
dard .  Separat e threshold s wer e obtaine d fo r  "faster " 
and "slower "  trial s usin g a n adaptiv e trackin g proce -
dur e (Levitt ,  1971) .  Consisten t  wit h Drak e an d Bott e 
(1993) ,  threshold s wer e foun d t o b e lowe r  wit h four-ton e 
sequence s tha n wit h two-ton e sequences ,  especiall y a t 
th e faste r  tempos .  However ,  a t  th e fastes t  tempos ,  lis -
tener s showe d greate r  sensitivit y t o increase s i n temp o 
tha n t o decrease s i n tempo ,  whil e th e revers e wa s tru e 
at  th e slowe r  tempos .  Thes e dat a ar e illustrate d i n Fig -
ur e 4 . 

T h e result s fro m thi s experimen t  confir m th e predic -
tion s o f  th e entrainmen t  model .  I f  a n intrinsi c "pre -
ferred "  perio d o f  th e syste m o f  aroun d 60 0 m s i s as -
sumed,  lon g lOI s (slo w tempos )  ar e underestimate d 
an d shor t  lOI s (fas t  tempos )  ar e overestimated ,  consis -
ten t  wit h empirica l  dat a (Fraisse ,  1982) .  Fo r  entrain -
ment  models ,  under -  o r  overestimatio n indicate s tha t  th e 
phas e differenc e (A<A )  correspondin g t o n o tim e differ -
enc e ( A T =  0.0 )  i s skewe d fro m A<i > =  0  t o a  positiv e o r 
negativ e value ,  a s describe d i n Case s 2  an d 3 .  Wit h un -
derestimation ,  a  temp o increas e o f  X % trigger s a  phas e 
differenc e tha t  i s  smalle r  tha n tha t  triggere d b y th e sam e 
temp o decrease ;  thus ,  wit h underestimation ,  th e mode l 
predict s greate r  sensitivit y fo r  temp o decrease s (slowin g 
down)  tha n fo r  temp o increase s (speedin g up) .  O n th e 
othe r  hand ,  wit h overestimation ,  a  temp o increas e o f X % 
trigger s a  phas e differenc e tha t  i s large r  tha n tha t  trig -
gere d b y th e sam e temp o decrease ;  thus ,  wit h overesti -
mation ,  th e mode l  predict s greate r  sensitivit y fo r  temp o 
increase s tha n fo r  temp o decreases .  A s describe d above , 
thi s patter n o f  differentia l  sensitivit y i s foun d wit h lis -
tener s (McAule y an d Kidd ,  1994) . 

I f  i t  i s  assume d tha t  i n th e limi t  (e.g. ,  a n isochronou s 
standar d sequenc e wit h a  larg e numbe r  o f  tones) ,  th e 
adaptiv e oscillato r  i s perfectl y entraine d b y th e temp o 
of  th e standard ,  i n whic h Cas e 1  applie s an d fi =  T , 

the n compariso n sequence s tha t  ar e faste r  o r  slowe r  b y 
th e sam e percentag e wil l  trigge r  equa l  phas e differences , 
and th e detectio n threshold s fo r  increase s an d decrease s 
i n temp o wil l  b e th e same .  Thus ,  i n th e limit ,  differen -
tia l  sensitivit y shoul d disappear .  Fo r  th e reporte d data , 
differentia l  sensitivit y di d disappea r  fo r  th e four-ton e se -
quences ,  bu t  onl y fo r  th e fastes t  tempos .  I n a  simulatio n 
of  th e entrainmen t  mode l  (McAuley ,  1995) ,  thi s sam e in -
teractio n wa s produce d b y th e dynami c interactio n be -
twee n period-couplin g an d a  period-deca y process .  A t 
fas t  rates ,  th e inpu t  pulse s drivin g th e entrainmen t  pro -
ces s occurre d a t  a  fas t  enoug h rat e t o enabl e th e mode l  t o 
achiev e perfec t  entrainment ,  i n spit e o f  th e counteractin g 
effect s o f  period-decay .  I n contrast ,  a t  slowe r  rates ,  th e 
inpu t  pulse s di d no t  driv e entrainmen t  quickl y enoug h 
t o completel y counterac t  th e effect s o f  period-decay ,  an d 
th e mode l  di d no t  achiev e perfec t  entrainment ;  hence , 
differentia l  sensitivit y di d no t  disappea r  fo r  th e slowe r 
tempos ,  a s wa s als o foun d wit h th e listeners . 

I n contrast ,  th e cloc k model s discusse d i n thi s pape r 
do no t  predic t  th e patter n o f  differentia l  sensitivit y foun d 
wit h listeners ,  sinc e tempora l  resolutio n i s base d o n th e 
variabilit y  o f  th e cloc k process ,  independen t  o f  th e stimu -
lus .  Consequently ,  n o performanc e distinction s betwee n 
faster/slowe r  comparison s ar e made .  I n addition ,  i t  i s 
not  clea r  ho w th e observe d patter n o f  differentia l  sensi -
tivit y coul d b e accounte d fo r  b y a  clock-base d mode l  i n 
a parsimoniou s way ;  i t  appear s tha t  on e woul d hav e t o 
at  leas t  assum e tha t  th e distributio n o f  cloc k variance s 
i s skewed ,  an d tha t  thi s skewnes s varie s a s a  functio n o f 
tempo . 

Discussion 

Wing and Kristofferson (1973) extended the concept of 
a cloc k time r  t o th e productio n o f  regularl y time d in -
terval s (suc h a s finger  tapping) .  The y assum e tha t  tap -
pin g variabilit y  arise s fro m tw o independen t  processes : 
th e cloc k componen t  an d a  moto r  dela y component .  B y 
makin g th e independenc e assumption ,  the y provid e a n 
elegan t  metho d base d o n analysi s o f  auto-covarianc e o f 
inter-tap-intervals ,  t o decompos e th e tapping  variabilit y 
int o th e variance s o f  th e componen t  processe s (se e Win g 
and Kristofferso n (1973 )  fo r  details) .  The y sugges t  tha t 
th e negativ e lag-on e covarianc e ofte n observe d i n tappin g 
task s m a y no t  b e du e t o a  compensator y timin g mecha -
nism ,  bu t  ca n instea d b e explaine d a s a n implementatio n 
dela y introduce d b y a n independen t  moto r  component . 

Base d o n thi s decompositio n o f  tapping  variabilit y  int o 
cloc k an d moto r  components ,  Ivr y an d Keel e (1989 )  pro -
pos e tha t  th e cerebellu m act s a s a  centra l  cloc k time r  fo r 
bot h th e perceptio n o f  duratio n an d th e contro l  o f  move -
ments .  The y repor t  tha t  fo r  bot h th e perceptio n an d 
productio n o f  tempora l  intervals ,  large r  clock-variabilit y 
estimate s ar e obtaine d wit h neurologica l  patient s wit h 
cerebella r  deficit s tha n ar e obtaine d wit h controls .  How -
ever ,  thi s suppor t  fo r  a  cerebella r  rol e i n timin g i s linke d 
t o th e assumption s o f  th e W i n g an d Kristofferso n model , 
requirin g a  firm  commitmen t  t o th e natur e o f  th e cere -
bella r  timin g mechanism ,  on e tha t  i s clock-base d (se e 
als o (Keel e e t  al. ,  1985)) . 
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Differentia l  sensitivit y t o increase s an d decrease s i n temp o 
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Figur e 4 :  Mea n discriminatio n threshold s o f  listener s fo r  th e detectio n o f  increase s an d decrease s i n th e temp o o f 
two -  an d four-ton e isochronou s sequence s fo r  bas e lOI s o f  100 ,  400 ,  700 ,  an d 100 0 m s (reproduce d fro m McAule y 
(1995)) . 

I n thi s paper ,  I  hav e argued ,  base d o n tempo -
discriminatio n data ,  tha t  ther e i s sufRcien t  evidenc e t o 
sugges t  tha t  th e natur e o f  huma n timin g capabilitie s i s 
entrainment-base d an d no t  clock-based ,  i n whic h case , 
th e assumption s o f  th e Win g an d Kristofferso n mode l 
(1973 )  ar e wrong .  Thi s call s int o questio n th e decompo -
sitio n o f  tappin g variabilit y  int o cloc k an d moto r  compo -
nents .  I  d o no t  inten d her e t o argu e agains t  a  cerebella r 
rol e i n timing ,  bu t  rathe r  t o sugges t  tha t  dat a use d t o 
suppor t  th e cerebella r  timin g hypothesi s shoul d a t  leas t 
be reanalyzed ,  takin g int o accoun t  ih t  possibilit y  tha t 
timin g i s base d o n entrainment .  Braitenber g (1967 )  pro -
pose d tha t  a  clock-base d time r  migh t  b e implemente d 
i n th e cerebellu m vi a a  serie s o f  adjustabl e dela y lines ; 
i t  ha s sinc e bee n argue d tha t  th e m a x i m u m neura l  de -
lay s i n th e cerebellu m ar e to o shor t  t o provid e a  rea -
sonabl e cloc k implementatio n (Fahl e an d Braitenberg , 
1984) .  Th e adaptive-oscillato r  mechanis m discusse d i n 
thi s pape r  provide s a n alternativ e suggestio n fo r  a  cere -
bella r  timer ,  on e tha t  i s  entrainment-based . 
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