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M U S A C T:  A  Connectionis t  Mode l  o f  Musica l  H a r m o n y 

JAMSHED J. BHARUCHA 

Dartmout h Colleg e 

A connectionist model of musical harmony is proposed to account for 

intuition s o f  schemati c expectanc y an d sequentia l  consonance .  Th e mode l 

distinguishe s betwee n schemati c an d episodi c structures ,  an d th e curren t 

versio n focusse s o n th e former .  Unit s representin g tones ,  chord s an d key s 

ar e linke d i n a  network .  Activatio n receive d b y ton e unit s fro m a  musica l 

even t  spread s throug h th e networ k phasically ,  reverberatin g unti l  th e 

networ k settle s int o a  stat e o f  equilibrium .  Th e settle d stat e represent s th e 

expectancie s fo r  event s t o follo w an d th e perceive d consonanc e o f  thes e 

event s shoul d the y occur .  Th e mode l  account s fo r  psychologica l  dat a o n 

ratin g judgment s an d recognitio n memory .  Evidenc e fo r  th e sprea d o f 

activatio n come s from  experiment s o n primin g o f  chords . 

Several features of connectionist models—in which simple processing units, connected by 

weighte d link s i n a  network ,  activat e eac h othe r  i n paraUeJ-recommen d the m a s model s o f  musi c 

cognition .  First ,  the y ar e highl y interactive ,  s o tha t  lo w leve l  processe s ca n influenc e highe r  leve l 

processe s an d vic e versa .  TTius ,  a  sequenc e o f  tone s ca n impl y a  chor d o r  a  key ,  an d th e implie d 

chor d o r  ke y ca n i n tur n influenc e th e perceptio n o f  tone s tha t  foJJow .  Second ,  th e architectur e o f  a 

connectionis t  syste m hook s u p naturall y wit h a  sensor y fron t  en d tha t  code s firequenc y a s a  (spatia l 

or  temporal )  patter n o f  activation s o f  neuron s i n th e inne r  ear .  Third ,  patte m matchin g o f  a  currentl y 

hear d sequenc e ca n b e achieve d i n paralle l  b y content-addressin g al l  simila r  m e m o r y traces , 

enablin g recognitio n o f  sequence s an d variation s thereof .  Finally ,  connectionis t  network s ca n 

internaliz e persisten t  regularities ,  suc h a s occu r  i n ou r  musica l  environment ,  withou t  explici t 

instruction . 

A network's ability to internalize regularities~by altering the strengths of connections 

betwee n unit s (McClellan d &  Rumelhart ,  1986)~enable s th e parsimoniou s vie w tha t  musi c 

cognitio n i s a  consequenc e o f  genera l  principle s o f  cognitio n operatin g o n structura l  regularitie s i n 

th e environment .  T h e averag e listene r  ha s little ,  i f  any ,  explici t  knowledg e o f  musica l  structure ,  ye t 

show s evidenc e o f  considerabl e taci t  knowledge .  Fo r  example ,  eve n listener s wit h n o forma l 

trainin g i n musi c sho w systemati c difference s i n processin g tim e fo r  chord s a s a  functio n o f  th e 

prio r  harmoni c contex t  (Bharuch a &  Stoeckig ,  1986 ,  1987) . 

The model proposed here, MUSACT, is designed to capture musical intuitions and 

psychologica l  dat a concemin g expectancy ,  sequentia l  consonanc e an d shor t  ter m memor y fo r 

musica l  harmony .  Schenke r  (1906/1954 )  observe d tha t  on e o f  th e qualitie s o f  th e dominan t  chor d i s 

"t o indicat e tha t  th e toni c i s ye t  t o come "  (p.219) .  Expectancie s o f  thi s sor t  ar e drive n b y cognitiv e 

structure s an d processe s tha t  hav e internalize d regularitie s i n th e musica l  environmen t  i n orde r  t o 

facihtat e subsequen t  perception .  H a n d i n han d wit h expectancie s ar e intuition s abou t  sequentia l 

consonance .  T h e greate r  a n event' s expectancy ,  th e greate r  it s context-dependen t  consonance .  A 

compose r  m a y choos e t o satisf y o r  violat e thes e expectancie s t o varyin g degrees ,  thereb y evokin g 

varyin g degree s o f  sequentia l  consonanc e o r  dissonance .  Th e aestheti c valu e o f  subtl e departure s 

from  th e expecte d ha s figure d i n numerou s theoretica l  writing s abou t  musi c an d abou t  emotio n 

(e.g .  Mandler ,  1984 ;  Meyer ,  1956) .  A  ne w piec e i s hear d a s culturall y anomalou s t o th e exten t  tha t 

expectancie s ar e violated .  Indeed ,  th e connectio n strength s betwee n unit s ar e assume d t o b e traine d 

by minimizing ,  ove r  th e histor y o f  one' s exposure ,  th e discrepanc y betwee n expectancie s generate d 

by th e networ k an d transitiona l  probabilitie s i n th e musi c o f  one' s culture . 

People exposed to Western music are assumed to acquire a network representation of chord 

function s (hereafte r  referre d t o a s chords )  an d thei r  organizatio n i n th e for m o f  keys ,  whic h serve s 
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to schematize subsequent perception. Constraints on the combining of tones into chords and 
constraint s o n th e sequencin g o f  thes e chord s ar e amon g th e mor e obstinat e regularitie s i n Wester n 
music .  Ever y amateu r  musicia n know s tha t  a  master y o f  onl y si x chord s enable s yo u t o accompan y 
a vas t  majorit y o f  popula r  songs .  Thes e basi c harmoni c regularitie s hav e eve n begu n t o permeat e 
much o f  tiie  popula r  musi c o f  countrie s i n th e East .  Give n th e pervasivenes s o f  thes e regularities , 
and give n th e evidenc e o f  taci t  knowledg e o f  tiiem  (Bharuch a &  Stoeckig ,  1986,1987) ,  i t  i s 
reasonabl e t o conclud e tha t  the y hav e bee n internalize d a s cognitiv e structure s tha t  facilitat e an d bia s 
subsequen t  perception . 

Schematic & Episodic Structures: Schematic & Veridical Expectancy 

Two broad classes of cognitive structures for music are envisioned: schematic structures, 
whic h represen t  abstrac t  structura l  regularitie s (sometime s formalize d a s granmiars )  o f  th e musi c o f 
one' s culture ,  an d episodi c structures ,  whic h represen t  particula r  musica l  sequence s (Bharucha , 
1984b) .  Th e forme r  embod y typica l  relationship s betwee n type s o r  classe s o f  events ,  an d th e latte r 
embody relationship s betwee n particula r  even t  tokens .  Th e expectatio n generate d b y a  dominan t 
chor d fo r  th e toni c t o follo w arise s fro m schemati c structure s tha t  encod e th e typicalit y o f 
relationships ,  wherea s th e expectatio n fo r  a  V I  chor d t o follo w a  particula r  dominan t  chor d i n a 
particula r  familia r  piec e arise s fro m episodi c strucmre s tha t  encod e th e particula r  event s i n tha t 
piece .  Th e forme r  generat e schemati c expectancie s an d th e latte r  veridica l  expectancies .  Th e tw o ar e 
usuall y i n agreemen t  bu t  ofte n i n conflict ,  givin g rise  t o th e peculia r  effec t  know n a s th e deceptiv e 
cadenc e ( a dominan t  chor d followe d b y a  V I  chord) .  Th e unavoidabl e effec t  o f  schemati c 
expectancies ,  eve n whe n listenin g t o a  piec e tha t  violate s them ,  provide s a  resolutio n o f 
Wittgenstein' s puzzl e (se e Dowlin g &  Harwood ,  1985 )  concemin g th e possibilit y  o f  violatin g 
expectancie s whe n listenin g t o a  familia r  piece . 

S C H E M A T IC 

S T R U C T U R ES 

/^""episodi c 
V t o a c e un i t s 

K EY un i t s 

I 

C H O RD UNIT S 

f 

T O NE UNIT S 

E X P E C T A N CY 

S E Q U E N T I AL C O N S O N A N CE 

R E C O G N I T I ON 

M U S IC 

F I G U RE 1 .  A  sketc h o f  th e mode l 
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Although schematic expectancies can in principle be generated from episodic structures by 
addin g veridica l  expectancie s ove r  episodi c trace s activate d i n parallel ,  a  mode l  o f  thi s sor t  woul d 
requir e documentin g al l  th e episodi c memor y trace s i n a  typica l  person' s brain .  M U S A CT focusse s 
on schemati c structures ,  employin g episodi c structure s onl y t o th e exten t  o f  implementin g 
experiment s o n shor t  ter m memor y fo r  sequence s o f  chords . 

The Model 

Architecture 

We have the sense that certain typical tone clusters, such as major and minor chords, are 
hear d a s unitary .  W e als o hav e th e sens e o f  a n eve n mor e abstract ,  meaning-like ,  stat e induce d b y 
music ,  calle d th e key .  Sequence s o r  cluster s o f  tone s ma y unavoidabl y sugges t  a  chor d o r  severa l 
alternativ e chords ,  an d combination s o f  chord s establis h a  sens e o f  key .  On e o f  th e advantage s o f 
th e mode l  i s tha t  i t  enable s chor d an d ke y instantiation s t o b e grade d an d ambiguous .  Thes e 
ambiguitie s ar e a n importan t  featur e o f  music ,  exploite d durin g modulation s o r  othe r  transitions , 
and use d t o creat e grade d degree s o f  expectanc y violation . 

The schematic network consists of three layers of units, representing tones, chords and keys 
(se e Figure s 1  an d 2) .  Ther e ar e symmetri c Unk s betwee n unit s o f  adjacen t  layer s (i.e .  betwee n ton e 
unit s an d chor d units ,  an d betwee n chor d unit s an d ke y units )  bu t  n o link s betwee n unit s withi n a 
layer .  Th e link s betwee n ton e an d chor d unit s reflec t  th e relationship s betwee n tone s an d th e chord s 
of  whic h the y ar e components .  Th e link s betwee n chor d an d ke y unit s reflec t  th e relationship s 
betwee n chord s an d thei r  paren t  keys .  I n th e curren t  versio n o f  th e model ,  onl y majo r  an d mino r 
chord s ar e implemented ,  an d onl y majo r  keys . 

The input to the network is a sequence of events, each event being a simultaneous cluster of 
tones .  Inpu t  i s  receive d vi a th e ton e units ,  whic h represen t  th e twelv e octave-equivalen t  pitc h 
categories .  Thi s laye r  constitute s a  discret e pitc h schem a t o whic h th e pitc h continuu m i s 
assimilate d (se e Shepar d &  Jordan ,  1984) .  Th e frequenc y response s o f  thes e unit s ar e equall y 
space d alon g a  logarithmi c scal e o f  frequency,  an d ar e fixe d onl y relativ e t o eac h other ,  underlyin g 
th e relationa l  natur e o f  pitc h memory .  Th e sensor y front  en d tha t  provide s th e inpu t  t o thes e unit s i s 
beyon d th e presen t  scope ,  bu t  neura l  ne t  model s tha t  extrac t  octave-equivalen t  pitc h categorie s (se e 
Deutsch ,  1969 )  ca n b e adapte d quit e naturall y t o a  connectionis t  mode l  o f  mor e abstrac t  phenomen a 
as propose d here . 

The output of the model is the pattern of activation of the chord and key units. A chord unit is 
activate d eithe r  b y th e explici t  soundin g o f  som e o r  al l  o f  it s  componen t  tones ,  o r  b y indirec t 
influences ,  vi a it s paren t  keys ,  fro m relate d chords .  W h e n onl y som e o f  th e chord' s componen t 
tone s ar e sounded ,  th e contex t  ma y hel p disambiguat e th e chor d b y top-dow n activatio n fro m 
paren t  ke y units .  A  ke y uni t  i s  activate d b y som e o r  al l  o f  it s  daughte r  chords ,  o r  b y indirec t 
influences ,  vi a it s  daughte r  chords ,  fro m relate d keys .  Indirec t  activatio n o f  chor d unit s permit s 
smoot h excursion s (suc h a s secondar y dominant s an d modulations )  from  th e focu s o f  activation . 

Phasic Activation 

After an event is heard, activation spreads through the network, via the weighted links, 
reverberatin g bac k t o unit s tha t  wer e previousl y activated .  I n thi s model ,  activatio n i s phasic , 
meanin g tha t  unit s respon d onl y t o change s i n activatio n o f  neighborin g units .  Phasi c activatio n 
was selecte d becaus e o f  th e salienc e o f  even t  onset s i n music .  O n eac h cycle ,  unit s ar e 
synchronousl y update d o n th e basi s o f  activatio n levels ,  fro m th e previou s cycle ,  o f  neighborin g 
units .  Phasi c activatio n eventuall y dissipate s unti l  th e networ k settle s int o a  stat e o f  equilibrium . 
The networ k wil l  setti e i f  n o uni t  transmit s mor e phasi c activatio n tha n i t  receive d o n th e previou s 
cycle .  Thi s requiremen t  i s easil y satisfie d i f  th e weight s ar e smal l  relativ e t o th e fan-i n o r  fan-out . 
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Activation ,  Tonality ,  an d Expectatio n 

The patter n o f  activatio n o f  ke y unit s represent s th e degre e t o whic h key s ar e established . 
Tona l  musi c wil l  ten d t o buil d u p activatio n i n on e regio n o f  th e network ,  suc h tha t  on e ke y uni t  i s 
most  highl y activated ,  wit h activatio n taperin g of f  witf i  increasin g distanc e fro m th e foca l  key . 
Atona l  musi c wil l  typicall y induc e a  les s focusse d pattern ,  an d polytona l  musi c woul d resul t  i n 
multiple ,  thoug h no t  ver y strong ,  foci .  Th e mode l  thu s allow s fo r  gradation s o f  key ,  an d fo r 
multipl e keys ,  consisten t  wit h th e finding s o f  Krumhans l  (Krumhans l  &  Kessler ,  1982 ;  Krumhans l 
& Schmuckler ,  1986) . 

The pattern of activation of chord units represents the pattern of expectancies for chords to 
follow .  A  chor d whos e uni t  i s  highl y activate d i s strongl y expected ,  an d a  strongl y expecte d chor d 
i s hear d a s consonant .  Th e patter n o f  activatio n o f  chor d unit s thu s underlie s ou r  harmoni c 
expectation s a s wel l  a s ou r  intuition s o f  context-dependen t  sequentia l  consonance . 

In future versions of the model that incorporate additional pitch structure, such as pitch 
proximit y (se e Bharuch a 1984a ;  Deutsch ,  1978 )  fo r  voic e leading ,  ton e unit s wil l  als o serv e a s 
outpu t  unit s respondin g t o top-dow n an d latera l  influences .  A t  present ,  althoug h th e ton e unit s d o 
propogat e top-dow n activation ,  th e mode l  i s  intende d t o b e teste d onl y fo r  it s  harmonic ,  no t 
melodic ,  adequacy . 

Weights 

All links between tone units and chord units are assumed to have equal weights. There are 
si x classe s o f  weight s betwee n chor d unit s an d ke y units ,  correspondin g t o th e si x chord s i n eac h 
key .  Al l  th e link s o f  th e sam e clas s mus t  hav e th e sam e weight ,  resultin g i n a  repeatin g patter n o f 
weight s ove r  th e network .  (Fo r  example ,  th e G  majo r  chor d ha s th e sam e relationship-th e 
dominant-t o th e ke y o f  C  a s th e C # majo r  chor d ha s t o th e ke y o f  F#. )  I n music-theoreti c terms ,  a 
chord' s relationship s t o it s paren t  key s ar e it s function s i n thos e keys .  Th e si x classe s o f  weight s 
thu s correspon d t o th e si x chor d functions .  Sinc e som e chor d function s ar e stronge r  instantiator s o f 
ke y tha n odier s (e.g .  th e ke y o f  C  i s mor e strongl y instantiate d b y th e C  majo r  chord-th e 
tonic-tha n b y th e F  majo r  chord-th e subdominant—eve n thoug h bot h ar e daughte r  chords) ,  i t 
woul d b e reasonabl e t o assum e tha t  link s fo r  stronge r  function s hav e highe r  weights .  However ,  i t 
turn s ou t  tha t  th e mode l  ca n exhibi t  al l  th e essentia l  qualitativ e pattem s o f  behavio r  eve n whe n th e 
weight s ar e no t  differentiate d accordin g t o function .  Thus ,  th e typica l  hierarch y o f  strength s o f  th e 
thre e majo r  chor d function s (tonic ,  dominant ,  subdominant )  emerge s eve n i f  thei r  weight s ar e 
equal .  Th e patter n o f  connectivit y alon e i s sufficien t  t o brin g abou t  functiona l  differentiation .  Th e 
model  thu s generate s th e desire d functiona l  hierarch y o f  chord s simpl y b y knowin g whic h chord s 
ar e member s o f  whic h key s an d whic h tone s ar e component s o f  whic h chords .  Thi s i s a  remarkabl e 
and unanticipate d propert y o f  th e model ,  an d point s t o it s power . 

The weights are assumed to be higher for major chord units than for minor chord units, since 
majo r  chord s ar e stronge r  instantiator s o f  key .  A s discusse d below ,  wit h onl y thes e elementar y 
constraint s o n link s an d thei r  weights ,  base d o n fundamenta l  tenet s o f  musi c theory ,  a  se t  o f 
weight s ca n b e foun d tha t  enabl e th e mode l  t o accoun t  fo r  a  comple x arra y o f  psychologica l  dat a o n 
th e perceptio n o f  harmon y a s wel l  a s som e subtl e aspect s o f  musi c theory .  Indeed ,  on e o f  th e 
advantage s o f  a  connectionis t  mode l  i s  tha t  complexitie s an d interaction s ma y emerg e namrall y fro m 
simpl e constraint s o n architecture . 

The Spread of Activation 

The activation, Bj ^, of the i*'' unit after the network has reverberated to equilibrium 

followin g th e e** *  even t  is : 
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equi l 

c=l 

where d is the rate of decay (0 < d, < 1) for one time unit, t is the time elapsed since the offset of 

th e las t  event ,  A  i s th e sourc e activatio n du e t o th e stimulus ,  an d s  i s 1  i f  th e uni t  i s  receivin g 

environmenta l  inpu t  an d 0  otherwise .  (Fo r  simplicity ,  th e presen t  versio n o f  th e mode l  assume s tha t 

al l  event s ar e o f  equa l  duration ;  duratio n i s varie d simpl y b y repeatin g events. )  Aa ,  ̂  j ,  i s  th e chang e 

i n activatio n afte r  reverberatio n cycle  c ,  an d i s th e outpu t  o f  th e uni t  o n cycl e c+1 .  Aa ,  ̂  j .  i s  th e 

su m o f  th e output s o f  it s n  neighborin g units ,  weighte d b y thei r  links ,  W y ,  ( 0 <  W y <  1) .  Thus , 

n 

Simulations 

The simulation results reported below were obtained with a weight assignment in which all 

chor d unit s o f  th e sam e m o d e (majo r  o r  minor )  hav e equall y weighte d link s wit h thei r  paren t  keys . 

Thi s enable s u s t o observ e th e differentiatio n o f  chor d function s withou t  forcin g thei r  differentiatio n 

vi a th e weights .  Majo r  chor d unit s wer e assigne d mor e strongl y weighte d link s (0.244 )  wit h thei r 

paren t  ke y unit s tha n wer e mino r  chor d unit s (0.22 ,  9 0 % o f  0.244) ,  sinc e majo r  chord s mor e 

strongl y establis h thei r  paren t  keys .  Link s betwee n ton e unit s an d chor d unit s wer e als o unifor m 

(0.0122 ,  5 % o f  0.244) ,  wit h n o preferenc e give n t o th e roo t  o f  th e chord .  Thi s weigh t  assignmen t 

yield s a n initia l  stron g influenc e o f  th e inpu t  tone s o n thei r  loca l  region s o f  th e network ,  followe d 

by a n extende d percolatio n durin g whic h th e tw o mor e abstrac t  layer s exer t  thei r  influence .  Thus ,  i f 

th e inpu t  ton e cluste r  i s  (C,E,G} ,  i.e. ,  a  C  majo r  chord ,  th e chor d unit s linke d t o thes e ton e unit s 

sho w a n initia l  prominence ,  s o that ,  fo r  example ,  th e A  majo r  chor d uni t  i s  mor e highl y activate d 

tha n th e D  majo r  chor d unit .  However ,  afte r  th e activatio n ha s ha d a  chanc e t o reverberat e fo r  a 

number  o f  cycles ,  th e D  majo r  chor d uni t  overtake s th e A  majo r  chor d unit ,  b y virtu e o f  it s  greate r 

proximit y t o th e eventua l  activatio n peak ,  whic h i s a t  C  major .  Withi n 4 0 cycles ,  al l  constraint s 

inheren t  i n th e networ k ar e satisfied ,  an d th e patter n o f  activatio n doe s no t  chang e qualitatively . 

Withi n 5 0 cycles ,  th e phasi c activatio n ha s dissipate d t o th e poin t  a t  whic h th e rati o Aa -  ̂  ̂ A doe s 

not  excee d 0.00 5 fo r  an y unit .  Fo r  th e result s discusse d below ,  th e equilibriu m stat e i s stipulate d t o 

be th e stat e o f  th e networ k whe n thi s 0.00 5 criterio n i s reached . 

The tone cluster {C,E,G}, i.e., a C major chord, played without any prior context, generates 

th e followin g patter n o f  activatio n (se e Figur e 3) .  Th e mos t  highl y activate d ke y i s C ,  o f  whic h th e 

sourc e chor d i s th e tonic .  Activation s o f  othe r  ke y unit s decreas e monoticall y wit h distanc e from  C , 

th e lowes t  bein g F# .  Th e patte m o f  activatio n o f  th e chor d unit s mirror s tha t  o f  th e ke y unit s wit h 

th e sam e alphabeti c name . 

Even though the weights between the source chord, C major, and its parent keys, F, C, and 

G,  ar e equal ,  th e paren t  key s ar e no t  activate d t o th e sam e degree .  I n decreasin g order ,  th e 

activation s o f  thes e thre e key s ar e C ,  F ,  an d G ,  whic h ar e th e key s i n whic h th e sourc e chor d i s th e 

tonic ,  dominant ,  an d subdominant ,  respectively .  Thi s i s exactl y th e hierarch y o f  harmoni c 

function s t o b e expecte d from  musi c theory . 

There seems at first to be a paradox here. On the one hand, a chord more strongly instantiates 

th e ke y o f  whic h i t  i s  th e dominan t  tha n th e ke y o f  whic h i t  i s  th e subdominant .  O n th e othe r  hand . 
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FIGURE 3. The pattern of activation of key units after activating the tone units C, E, 
and G  (hear d a s a  C  majo r  chord) . 

the key of the dominant is generally thought to be closer to the current key than is the key of the 
subdominant ,  an d shoul d therefor e hav e a  highe r  activation .  Thi s parado x i s no t  peculia r  t o th e 
presen t  model ;  th e mode l  simpl y force s u s t o confron t  it .  (Interestingly ,  th e mode l  conform s t o th e 
latte r  altemativ e i f  th e lin k betwee n a  ton e uni t  an d a  chor d uni t  i s  weighte d mor e heavil y  fo r  th e 
roo t  o f  th e chor d tha n fo r  th e othe r  tones ,  illustratin g th e unanticipate d interdependenc e o f 
apparentl y disparat e factors. )  Th e resolutio n o f  th e parado x lie s i n th e fac t  tha t  dominan t  chord s 
typicall y occu r  muc h mor e ofte n tha n subdominan t  chord s i n a  piec e o f  music ,  presumabl y becaus e 
dominan t  chord s contribut e t o a  mor e stab e key .  Give n th e hig h frequenc y o f  dominan t  chords ,  th e 
dominan t  build s u p mor e activatio n tha n th e subdominant . 

For an input consisting of a sequence of events, the rate at which activation decays between 
event s wa s se t  a t  0.3 .  I f  th e inpu t  sequenc e i s th e ton e cluste r  {F,A,C }  followe d b y {G,B,D} ,  i.e. , 
an F  majo r  chor d followe d b y a  G  majo r  chord ,  th e mode l  show s th e mos t  highl y activate d ke y uni t 
t o b e C ,  eve n thoug h th e toni c chor d o f  tha t  key ,  th e C  majo r  chord ,  ha s no t  occurred .  This ,  again , 
i s consisten t  wit h wha t  woul d b e expecte d from  musi c theory . 

Psychological Data 

The model's performance in experiments eliciting rating judgments and memory 
confusion s i s qualitativel y equivalen t  t o huma n performanc e o n thes e tasks .  I n a  serie s o f 
experiment s o n th e perceptio n o f  harmon y (Bhanich a &  Krumhansl ,  1983 ;  Krumhansl ,  Bharucha , 
& Castellano ,  1982) ,  th e perceive d relationshi p betwee n chord s a s a  functio n o f  contex t  wa s 
studie d usin g thes e tasks . 

Rating Judgments 

In the rating task, subjects were presented with two chords in succession and rated, on a 
scal e fro m 1  t o 7 ,  ho w wel l  th e secon d followe d th e first.  Fo r  th e simulation ,  th e ratin g judgmen t 
consiste d o f  readin g of f  th e leve l  o f  activatio n o f  th e las t  chord .  O n thi s assumption ,  th e observe d 
ratin g judgment s ar e equivalen t  t o judgment s o f  expectanc y o r  sequentia l  consonance . 

When both chords of the pair shared a parent key, subjects gave higher judgments when the 
las t  chor d wa s majo r  tha n whe n i t  wa s minor .  Thi s resul t  wa s particularl y interestin g fo r  a  pai r 
consistin g o f  on e majo r  chor d an d on e mino r  chord ,  becaus e th e sam e tw o chord s elicite d differen t 
judgment s dependin g upo n thei r  tempora l  order .  I n th e model ,  a  majo r  chor d activate s it s uni t 
slighd y mor e tha n doe s a  mino r  chord ,  eve n thoug h th e sourc e activation .  A ,  i s th e same ,  becaus e 
of  mor e reverberator y activatio n from  it s paren t  keys .  Thi s asymmetr y doesn' t  requir e asymmetri c 
links ,  sinc e i t  follow s directl y from  th e fac t  tha t  majo r  chord s establis h thei r  paren t  key s mor e 
strongl y tha n d o mino r  chords .  I n music ,  thi s translate s int o a  tendenc y t o en d wit h a  majo r  chord , 
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ofte n eve n i f  th e ke y i s minor . 

W h en th e tw o chord s wer e precede d b y a  contex t  tha t  establishe d a  key ,  subject s gav e highe r 
judgment s th e mor e closel y relate d th e las t  chor d wa s t o th e ke y o f  th e context .  I n th e model ,  thi s 
occur s becaus e th e contex t  activate s closel y relate d chord s mor e tha n distantl y relate d chords .  A n 
interestin g asymmetr y wa s containe d i n thi s resul t  a s well :  tw o chord s o f  th e sam e mod e (majo T o r 
minor )  elicite d a  highe r  judgmen t  i f  th e on e close r  t o th e ke y o f  th e contex t  wa s playe d last .  Thus , 
i n th e ke y o f  C ,  a n F  majo r  chor d followe d b y a  C  majo r  chor d i s a  mor e stabl e endin g tha n th e 
reverse ,  eve n thoug h th e revers e ma y b e tru e i n th e absenc e o f  a  prio r  context . 

Recognition Memory 

Memory for a sequence does not take the form of an explicit representation, but rather is 
encode d b y weigh t  increase s o f  link s betwee n th e unit s i n th e networ k an d episodi c unit s tha t  ar e 
temporall y organized .  Eac h even t  i n a  sequenc e increase s th e weight s o f  link s betwee n a  proprietar y 
episodi c uni t  an d th e schemati c units ,  i n proportio n t o th e activation s o f  thes e latte r  units .  Th e 
episodi c unit s ar e the n activate d ever y tim e th e tone ,  chor d o r  ke y unit s t o whic h the y hav e stron g 
link s ar e highl y activated .  Onc e activated ,  th e episodi c unit s i n tur n activat e th e schemati c units . 
Thi s architectur e ca n accomplis h patter n completio n (recallin g a  piec e give n onl y a  fe w note s o r  a 
sketch y rendition) ,  recognitio n o f  variations ,  an d retrieva l  o f  pas t  musica l  memorie s i n a  parallel , 
content-addressabl e fashio n rathe r  tha n throug h seria l  search . 

In the present implementation, episodic units serve only to simulate short term recognition of 
a sequence .  Conside r  a  to-be-remembere d sequenc e o f  chords .  Eac h chor d toke n i n th e sequenc e 
has it s proprietar y episodi c unit .  Link s betwee n thi s uni t  an d th e schemati c unit s hav e thei r  weight s 
increase d i n proportio n t o th e phasi c activation s o f  th e schemati c unit s afte r  tha t  chor d i s heard .  I n 
thi s way ,  th e patte m o f  activatio n o f  th e networ k afte r  hearin g a  particula r  chor d toke n ca n b e 
recovere d simpl y b y activatin g it s episodi c unit . 

Data from experiments on recognition memory for chord sequences show trends similar to 
thos e observe d fo r  ratin g judgment s (Bharuch a &  Krumhansl ,  1983 ;  Krumhansl ,  Bharucha ,  & 
Castellano ,  1982) .  I n thes e experiments ,  subject s judge d whethe r  tw o presentation s o f  a  sequenc e 
of  chord s wer e identica l  o r  ha d differen t  chord s (th e targe t  chords )  i n on e seria l  position .  I f  th e 
sequenc e a s a  whol e establishe d a  key ,  a  chang e wa s les s likel y t o b e detecte d th e mor e closel y 
relate d th e secon d targe t  wa s t o th e key .  Thi s manifes t  itsel f  i n tw o ways .  First ,  a  chang e wa s les s 
likel y t o b e detecte d i f  bot h target s wer e closel y relate d t o th e ke y tha n i f  bot h wer e distantl y relate d 
t o th e key .  Second ,  i f  on e targe t  wa s mor e closel y relate d t o th e ke y tha n th e other ,  a  chang e wa s 
les s likel y t o b e detecte d whe n th e mor e closel y relate d on e occurre d i n th e secon d presentatio n 
rathe r  tha n th e first .  I n general ,  i f  a  chang e i s mad e t o a  sequence ,  i t  i s  les s likel y t o b e detecte d i f  i t 
render s th e sequenc e mor e coheren t  tha n mor e anomalous .  Coherenc e i s a  consequenc e o f  th e 
stron g activatio n o f  a  subsumin g unit ,  suc h a s a  ke y uni t  i n music ,  o r  a  subsumin g semanti c uni t  i n 
languag e (Bharucha ,  Olney ,  &  Schnurr ,  1985) ,  relativ e t o th e othe r  subsumin g unit s i n th e 
network . 

In the model, the probability with which the second target is judged to be the same as the first 
i s  monotonicall y relate d t o th e activatio n o f  th e uni t  representin g th e secon d target ,  relativ e t o th e 
activation s o f  th e othe r  chor d units ,  whe n th e firs t  targe t  wa s heard .  Sinc e th e mor e closel y relate d 
th e secon d targe t  i s  t o th e ke y o f  th e context ,  fals e alar m rate s increas e wit h closenes s o f  th e secon d 
targe t  t o th e ke y o f  th e context . 

This short term memory architecture also predicts that if the second presentation is 
transpose d t o a  differen t  key ,  fals e alar m rate s shoul d decreas e wit h th e distanc e (alon g th e 
network )  betwee n th e tw o keys .  Thi s woul d b e consisten t  wit h recognitio n memor y result s fo r 
sequence s o f  tone s (Cuddy ,  Cohen ,  &  Miller ,  1979) . 

515 



B H A R U C HA 

Evidenc e o f  Spreadin g Activation :  Primin g 

Evidence that chords indirectiy activate representations of related chords comes from 
experiment s o n priming .  Bhanich a an d Stoecki g (1986 )  presente d subject s wit h tw o majo r  chord s 
i n succession ,  th e firs t  calle d th e prim e an d th e secon d th e target .  O n hal f  th e trials ,  th e chor d i n th e 
targe t  positio n wa s a  mistune d foil .  Subject s wer e instructe d t o judge ,  a s fas t  a s possible ,  whethe r 
th e chor d i n th e targe t  positio n wa s in-tun e o r  out-of-tune .  Subject s firs t  practice d withou t  th e prim e 
unti l  a  criterio n leve l  o f  accurac y wa s reached .  I n th e mai n task ,  respons e time s wer e significantl y 
faste r  whe n th e prim e an d targe t  wer e clos e togethe r  alon g th e networ k tha n whe n the y wer e 
distant .  Thi s demonstrate s tha t  th e prim e activate s unit s correspondin g t o closel y relate d targets ,  a s 
woul d b e predicte d b y th e model . 

Error rates mirrored response times, so that the target was more likely to be judged in-tune 
th e close r  i t  wa s (alon g th e network )  t o th e prime .  Th e respons e tim e an d erro r  rat e dat a measur e 
th e prime' s influenc e o n th e target' s expectanc y an d sequentia l  consonance ,  respectively . 

An alternative explanation of the above results is that the priming is due to overlapping 
harmoni c spectr a betwee n closel y relate d prim e an d targe t  chords .  I n a  subsequen t  stud y (Bhanich a 
& Stoeckig ,  1987) ,  harmonic s tha t  overlappe d wer e remove d from  th e stimul i  an d primin g wa s stil l 
observed .  Thi s demonstrate s tha t  ther e mus t  b e a  sprea d o f  activatio n a t  a  fairl y  abstrac t  cognitiv e 
level . 
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