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PSYCHOLOGICAL RESEARCH ON AUDITORY O R G A N I Z A T I O N  

Stephen McAdams 

I n s t i t u t  de Recherche e t  Coordina t ion  Acoustique/Musique 

INTRODUCTION 

Imagine t h a t  you a r e  walking b l ind fo lded  through t h e  s t reets  o f  a c i t y .  What 
do you hear?  A combination o f  chugging and wh i r r ing  metal and t h e  popping o f  
rubber  on cobble  s t o n e s  is  heard  as a pass ing  c a r .  A rhythmic c l i c k i n g  o f  
t o e  n a i l s  and j a n g l i n g  of small metal medal l ions  is heard as a dog t r o t t i n g  
by. 
You walk p a s t  a jack-hammer pounding t h e  s t r e e t  wi th  metal and your ears wi th  
p a i n f u l  p re s su re  waves. Do w e  merely hea r  t h e s e  sou rces  as a c o l l e c t i o n  of 
'sound e v e n t s '  ( p .  5 0 ) ?  Or do we h e a r  each  o f  t h e s e  complex sound 
c o n s t e l l a t i o n s  as a n  ' o b j e c t ' ?  I would o p t  f o r  t h e  l a t t e r  claim. I do n o t  
j u s t  hear  a j a n g l i n g  and c l i c k i n g .  
adorned c o l l a r .  There is a c e r t a i n  coherence i n  t h e  c o l l e c t i v e  behaviour o f  
t h e s e  even t s  t h a t  I have l ea rned  and which a l lows  (even induces )  m e  t o  group 
them i n t o  t h e  a u d i t o r y  image o f  t h e  dog or t h e  jack-hammer or t h e  he rd  o f  
c h i l d r e n .  

A s  organisms func t ion ing  i n  a n o t  always so h o s p i t a b l e  environment,  i t  is 
impor tan t  t h a t  our aud i to ry  systems -- a s  well as our v i s u a l  systems -- be  
a b l e  t o  o b j e c t i f y  t h e  elements o f  t h a t  environment. That i s ,  w e  must be a b l e  
t o  pa r se ,  or s e p a r a t e ,  t h e  complex a c o u s t i c  a r r a y  i n t o  its many sources  o f  
sound i f  w e  a r e  t o  be a b l e ,  on t h e  one hand, t o  s e p a r a t e  dangerous from 
innocuous or f r i e n d l y  o b j e c t s  and,on t h e  o t h e r  hand, t o  pay a t t e n t i o n  t o  a 
source  i n  o r d e r  t o  e x t r a c t  meaningful in format ion  from its emanations.  I n  
f a c t ,  t h e  a u d i t o r y  system is  so b ia sed  towards t h i s  p a r s i n g  behaviour t h a t  
we have d i f f i c u l t y  hea r ing  t h e  sound environment as o t h e r  t han  f i l l e d  wi th  
o b j e c t s .  
o f  co loured  l i g h t  i n s t e a d  o f  trees,  f lowers ,  mountains,  c louds ,  e t c .  

But now l e t  u s  move t o  t h e  world o f  sound a r t i f i c e  and e n t e r  (still 
b l i n d f o l d e d )  a c o n c e r t  h a l l ,  where a f u l l  symphony o r c h e s t r a  is p lay ing .  
What do you hear? A t  one l e v e l  you probably hea r  t h e  sound o b j e c t s  making up 
t h e  o r c h e s t r a ;  t rumpet ,  v i o l i n ,  f l u t e ,  tympani,  cont rabassoon,  e t c .  Under 
many cond i t ions  you can ' h e a r  o u t '  t h e s e  va r ious  ins t ruments  whether t hey  are 
p lay ing  me lod ica l ly  or i n  chords  (though less s o  i n  t h e  l a t t e r  ca se  
depending on t h e  vo ic ing  o f  t h e  c h o r d ) .  One s e t  o f  cues  t h a t  i s  u s e f u l  i n  
s e p a r a t i n g  t h e  in s t rumen t s  is a s s o c i a t e d  with t h e i r  occupying d i f f e r e n t  
p o s i t i o n s  i n  space .  This c e r t a i n l y  f ac i l i t a t e s  t h e  a u d i t o r y  sys t em ' s  t a s k .  
But imagine t h e  same o r c h e s t r a  be ing  recorded  wi th  a microphone and then  
r ep layed  over  a s i n g l e  speaker .  Now t h e r e  is a s i n g l e  p h y s i c a l  sou rce  
e m i t t i n g  a very complex waveform. What do you hea r?  I t  is  s t i l l  r e l a t i v e l y  
easy  t o  h e a r  o u t  t rumpets ,  v i o l i n s ,  e t c . ,  though t h e r e  is c e r t a i n l y  a loss o f  
a c u i t y  i n  denser  o r c h e s t r a t i o n s .  Somehow w e  are a b l e  t o  p a r s e  t h e  s i n g l e  
phys i ca l  source  i n t o  mul t ip l e  ' v i r t u a l  source  images' and t o  s e l e c t i v e l y  

A smal l  herd o f  c h i l d r e n  goes g i g g l i n g  and screaming by on b i cyc le s .  

I a l s o  hear  a t r o t t i n g  dog with a w e l l  

Th is  is  l i k e  t r y i n g  t o  look  a t  a landscape  and see ing  on ly  p a t t e r n s  
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focus  on t h e i r  s e p a r a t e  behaviours .  

This  is only one l e v e l  of 'g rouping '  or ' p a r s i n g '  o f  a musical sound 
environment. If t h r e e  or more ins t ruments  p l ay  d i f f e r e n t  p i t c h e s  
s imul taneous ly ,  t h e s e  e v e n t s  may be heard  as a group. The composite would 
be experienced as a chord having a c e r t a i n  f u n c t i o n a l  q u a l i t y  i n  a sequence 
o f  o t h e r  chords.  The s i n g l e  chord may, i n  some sense ,  be conceived as an 
o b j e c t ,  a s  might t h e  sequence o f  chords  d e f i n i n g  a c e r t a i n  harmonic 
progress ion .  The harmonic f u n c t i o n  o f  any o f  t h e s e  chords  depends on t h e  
component p i t c h e s  be ing  taken  p e r c e p t u a l l y  as a group. A chord can a l s o  be 
pe rcep tua l ly  ' c o l l e c t e d '  from a sequence of p i t c h e s  a c r o s s  t ime as wi th  
a rpeggios .  One might hea r  s e v e r a l  groups o f  i n s t rumen t s  t h a t  are blocked 
i n t o  d i f f e r e n t l y  t e x t u r e d  o r g a n i z a t i o n s ,  f o r  example, r a p i d  s t a c c o t o  winds 
a g a i n s t  r ap id  l e g a t o  a rpeggios  i n  t h e  s t r i n g s  and a unison  c h o r a l  melody 
l i n e .  Here t h e  ' o b j e c t s '  would be accumulated by a t t e n d i n g  t o  a c e r t a i n  
p lay ing  c h a r a c t e r i s t i c  or movement as we l l  as t o  va r ious  t imbra l  
c h a r a c t e r i s t i c s .  

The p o i n t  is t h a t  many d i f f e r e n t  l e v e l s  o f  o rgan iza t ion  a r e  p o s s i b l e  and 
even d e s i r a b l e  i n  a musical composition. One i s  less i n t e r e s t e d  i n  hea r ing  
t h e  phys ica l  o b j e c t s  ( t h e  in s t rumen t s )  than  t h e  musical o b j e c t s  (melodies ,  
chords ,  fused  composite t imbres ,  group t e x t u r e s ,  e t c . ) .  Never the less  any 
l i s t e n e r  b r ings  i n t o  t h e  musical s i t u a t i o n  a l l  of t h e  ' p e r c e p t u a l  baggage' 
acqui red  from o rd ina ry  in-the-world pe rce iv ing .  And t h i s  w i l l  c e r t a i n l y  
i n f l u e n c e  t h e  way t h e  music is l i s t e n e d  t o  and organized  by t h e  l i s t e n e r .  

Assuming an i n t e r e s t  on t h e  p a r t  o f  t h e  composer i n  v o l i t i o n a l  a c t  o f  
p e r c e p t u a l  o rgan iza t ion  t h a t  may t a k e  p l a c e  wi th in  each l i s t e n e r ,  one might 
a sk  t h e  fo l lowing  ques t ions :  
as a musical image? (By i m p l i c a t i o n ,  what are t h e  limits o f  musica l  
a t t e n t i o n ? ) ;  ( 2 )  What processes  can we conce ive  as be ing  involved  i n  t h e  a c t  
o f  a u d i t o r y  o rgan iza t ion? ;  and ( 3 )  What cues  would a composer o r  performer 
need t o  b e  aware o f  t o  e f f e c t  t h e  grouping  o f  many phys ica l  o b j e c t s  i n t o  a 
s i n g l e  musical image, or, i n  t h e  case  o f  music s y n t h e s i s  by computer,  t o  
effect  t h e  p a r s i n g  o f  a s i n g l e  musical image i n t o  many? 

Seve ra l  concepts  have been in t roduced  i n  t h e s e  opening paragraphs  which need 
t o  be e x p l i c a t e d  f u r t h e r ,  such as t h e  format ion  and d i s t i n c t i o n  o f  a u d i t o r y  
sou rce  images ( o b j e c t s ) ,  s imul taneous  and s e q u e n t i a l  a u d i t o r y  o r g a n i z a t i o n ,  
and a t t e n t i o n a l  p rocesses .  I d i s c u s s  t h e s e  concep t s  f u r t h e r  i n  an  a t t empt  
t o  c l a r i f y  what we have t o  work wi th  i n  approaching  answers t o  or 
r ephras ings  o f  t h e  ques t ions  posed. 

THE METAPHOR: AUDITORY IMAGE 

(1) What might p o s s i b l y  b e  pa id  a t t e n t i o n  t 3  

I t  is impor tan t  where music and psychology meet t o  develop metaphors f o r  
communication and c r o s s - f e r t i l i z a t i o n .  I n  t h e  sea rch  f o r  a metaphor t h a t  
embodies t h e  combined a s p e c t s  of a u d i t o r y  ' impress ions '  from pe rcep t ion ,  
memory and imagina t ion ,  t h e  no t ion  o f  t h e  ' a u d i t o r y  sou rce  image' has  proven 
f r u i t f u l  t o  me i n  d e s c r i b i n g  t h e  r e s u l t s  o f  a u d i t o r y  o r g a n i z a t i o n a l  
p rocesses  t o  composers, musicians and psycho log i s t s .  I n  p a r t i c u l a r ,  and 
d i r e c t e d  toward my main i n t e r e s t s ,  t h i s  metaphor has allowed t h e  development 
o f  a common language f o r  t a l k i n g  about  t h e  r o l e  o f  pe rcep t ion  i n  musical 
p rocesses  t h a t  a r e  t o  be embodied i n  compositions.  While my own work t o  d a t  
has  been l i m i t e d  t o  t h e  s tudy  o f  images d e r i v i n g  from sound s t i m u l a t i o n ,  
many composers wi th  whom I have worked f i n d  t h e  metaphor and t h e  d e l i n e a t i o r  
o f  i t s  p r o p e r t i e s  and i m p l i c a t i o n s  u s e f u l  f o r  t h e  imagining o f  musical 
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p o s s i b i l i t i e s  a t  both  conceptua l  and pe rcep tua l  l e v e l s .  

To summarize b r i e f l y ,  t h e  a u d i t o r y  image is a psychologica l  r e p r e s e n t a t i o n  
o f  a sound e n t i t y  e x h i b i t i n g  a coherence i n  i t s  a c o u s t i c  behaviour.  The 
no t ion  o f  coherence i s  necessa ry ,  i f  r a t h e r  g e n e r a l  a t  t h i s  p o i n t .  S ince  
any n a t u r a l  and i n t e r e s t i n g  sound event  has  a complex spectrum evolv ing  
through t ime ,  o f t e n  invo lv ing  no i sy  as w e l l  as p e r i o d i c  and quas i -pe r iod ic  
p o r t i o n s ,  i t  is impor t an t  t o  cons ide r  t h e  c o n d i t i o n s  under which t h e s e  
a c o u s t i c a l l y  d i s p a r a t e  p o r t i o n s  cohere  as a s i n g l e  e n t i t y .  For example, a l l  
o f  t h e  phys ica l  sou rces  l i s t e d  i n  t h e  first paragraph were q u i t e  complex 
a c o u s t i c a l l y  and some even involved  mul t ip l e  sou rces  o f  sound. But each o f  
t h e s e  could  be  perce ived  as a whole, as a s i n g l e  image. C e r t a i n l y  we could  
l i s t e n  only  t o  t h e  j a n g l i n g  medal l ions  or t h e  c l i c k i n g  n a i l s  o f  t h e  r i g h t  
f o r e f o o t .  But t h e  temporal n a t u r e  o f  t h e  p a t t e r n  as a whole is what g i v e s  
u s  t h e  coherent  a u d i t o r y  image o f  a domest ica ted  t r o t t i n g  dog. 

Here, a t  t h e  o u t s e t ,  I have in t roduced  what I cons ide r  t o  be t h e  most 
powerful a s s e t  o f  t h e  me taphor . I t  a l lows  f o r  a h i e r a r c h i c a l  o r  mul t i - l eve l l ed  
approach t o  a u d i t o r y  o rgan iza t ion .  We can cons ide r  a s i n g l e  trumpet t one  as 
an image and speak of i ts  p r o p e r t i e s  as a tone ,  f o r  example, p i t c h , b r i g h t n e s s ,  
loudness.  We can cons ide r  a whole sequence o f  trumpet t ones  as an  image and 
speak  o f  its p r o p e r t i e s  as a melody and o f  t h e  f u n c t i o n a l  p r o p e r t i e s  o f  t h e  
a r t i c u l a t i o n  o f  i n d i v i d u a l  t ones  as p a r t s  o f  t h e  melody. We can cons ide r  a 
c o l l e c t i o n  o f  b r a s s  t ones ,  many occur r ing  s imul taneous ly ,  o t h e r s  i n  
success ion ,  as an image and speak o f  t h e  p r o p e r t i e s  o f  a b r a s s  c h o i r  as an  
ensemble or of  t h e  p r o p e r t i e s  o f  a p a r t i c u l a r  p i e c e  w r i t t e n  f o r  b r a s s  c h o i r  
wi th  harmony, polyphony, rhythm, force ,panache ,  e t c .  A l l  o f  t h i s  is t o  s a y  
t h a t  t h e  metaphor a l lows  t h e  development and a p p l i c a t i o n  o f  a broad set  o f  
c r i t e r i a  f o r  m u s i c a l  coherence t o  be app l i ed  t o  music as a grouping  and 
p a r s i n g  o f  sound e v e n t s  i n t o  mul t i - t i e r ed  musical images. 

Next l e t  u s  cons ide r  t h e  a p p l i c a t i o n  of  t h i s  metaphor t o  psychologica l  
r e s e a r c h  on a u d i t o r y  o rgan iza t ion .  I s e l e c t  s e v e r a l  p e r t i n e n t  examples t o  
c i rcumscr ibe  t h e  n a t u r e  o f  s e q u e n t i a l  and s imul taneous  o r g a n i z i n g  p rocesses  
and t o  i l l u s t r a t e  t h e  e s s e n t i a l  d i f f e r e n c e s  between them. Then I r e t u r n  t o  
t h e  n o t i o n s  o f  t h e  aud i to ry  image and t h e  coherence o f  behaviour  of a sound 
e n t i t y  t o  see how far we can push t h e  metaphor a t  t h i s  s t a g e .  

SEQUENTIAL O R G A N I Z A T I O N  

Research on s e q u e n t i a l  o rgan iza t ion  o f  sound is  concerned wi th  how t h e  
s t r u c t u r e  of a sequence o f  even t s  a f f e c t s  t h e  perce ived  c o n t i n u i t y  o f  t h e  
sequence. That i s , u n d e r  what c o n d i t i o n s  i s  a sequence o f  sounds heard as  
one o r  more ' s t r e a m s ' ?  Bregman and Campbell (1971)  employed t h e  metaphor 
'stream' t o  denote  a psychologica l  r e p r e s e n t a t i o n  o f  a sequence o f  sounds 
than  can be i n t e r p r e t e d  as a 'who le ' ,  s i n c e  i t  d i s p l a y s  a n  i n t e r n a l  
cons i s t ency ,  or c o n t i n u i t y .  Van Noorden (1975) termed t h i s  c o n t i n u i t y  
' t empora l  cohe rence ' ,  t h a t  is t h e  e v e n t s  i n  t h e  sequence cohere  as  a 
pe rcep tua l  s t r u c t u r e  through time. I n  g e n e r a l ,  w e  may cons ide r  t h a t  a stream 
r e p r e s e n t s  t h e  behaviour  o f  a r e a l  and v i t a l  sou rce  o f  sound. Th i s  i s  
c o n s i s t e n t  with t h e  no t ion  of image - a stream is an image o f  a source  whose 
emanations a r e  extended a c r o s s  s e v e r a l  even t s  i n  time, t h a t  is  a melody is 
a stream is an  image. Implied he re  is t h e  p o s s i b i l i t y  t h a t  a s i n g l e  sequence 
o f  t ones  can be organized  (grouped) as more than  one stream. Th i s  case is 
p a r t i c u l a r l y  common i n  music f o r  solo ins t ruments  o f  t h e  Baroque pe r iod  
(cf. t h e  v i o l i n  p a r t i t a s  of J.S. Bach). I n  t h e s e  composi t ions ,  t h e  s o l o i s t  
sometimes a l t e r n a t e s  r a p i d l y  between r e g i s t e r s  or s t r i n g s  on success ive  n o t e s  
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and what one hea r s  is two melodies t h a t  appear  t o  ove r l ap  i n  t ime. 

I t  i s  a l s o  p o s s i b l e  t o  have a s i t u a t i o n  where a l i s t e n e r  can swi t ch  between 
hea r ing  a sequence as one or two s t r eams  by changing a t t e n t i o n a l  focus .  
Many o f  t h e  more i n t e r e s t i n g  i n s t a n c e s  o f  t h i s  i n  music have such m u l t i p l e  
pe rcep tua l  p o s s i b i l i t i e s .  I t  is  an impor tan t  p o i n t  p sycho log ica l ly  t o  no te  
t h a t ,  i n  such c a s e s ,  a l i s t e n e r  may hear  one o rgan iza t ion  or t h e  o t h e r  bu t  
no t  both a t  once. I n  o t h e r  words, I can hear  t h e  sequence as one stream 
or as two streams (and  swi tch  my a t t e n t i o n  between each o f  t h e  two s t reams 
a t  w i l l ) ,  b u t  I cannot  hear  t h e  sequence a s  both  one and two streams 
s imul taneous ly .  These are mutually exc lus ive  o r g a n i z a t i o n s .  

There a r e  s e v e r a l  impor tan t  p r o p e r t i e s  e x h i b i t e d  by a stream. These are 
d i scussed  more f u l l y  elsewhere (McAdams and Bregman, 1979),  so I merely 
summarize them. 

1. I t  is p o s s i b l e  t o  focus  o n e ' s  a t t e n t i o n  on a g i v e  stream and fo l low 
it through t ime ;  t h i s  means t h a t  a s t ream,  by d e f i n i t i o n ,  e x h i b i t s  
temporal coherence.  

2. The pa r s ing  o f  a sequence i n t o  sma l l e r  streams t akes  a c e r t a i n  amount 
o f  time t o  occur ;  it g e n e r a l l y  t akes  s e v e r a l  n o t e s  i n t o  a compound 
melody l i n e  u n t i l  t h e  s e p a r a t e  r e g i s t e r s  a r e  r e l e g a t e d  t o  d i f f e r e n t  
s t reams.  I t  appea r s  t h a t  t h e  pe rcep tua l  o rgan iz ing  p rocesses  assume 
t h i n g s  a r e  coming from one source  u n t i l  t h e y  accumulate enough 
informat ion  t o  sugges t  a d i f f e r e n t  i n t e r p r e t a t i o n  o f  how t h e  world 
is  behaving. 

I t  is e a s i l y  p o s s i b l e  t o  o r d e r  t h e  even t s  o f  a stream i n  time, bu t  i t  
is  more d i f f i c u l t  t o  de te rmine  t h e  r e l a t i v e  o r d e r  o f  even t s  a c r o s s  
s t r eams ,  Two s t reams r e s u l t i n g  from t h e  same sequence o f  n o t e s  
appear  t o  o v e r l a p  i n  time, b u t  it is hard t o  say  e x a c t l y  how they  a r e  
r e l a t e d  tempora l ly .  S ince  temporal o r d e r i n g  o f  no te s  is an 
e s s e n t i a l  de te rminant  o f  a melody, t h i s  means t h a t  a melody is, by 
d e f i n i t i o n ,  a stream, t h a t  is a melody has  a pe rcep tua l  u n i t y  
( tempora l  cohe rence ) .  This a l s o  impl ies  t h a t  no t  j u s t  any a r b i t r a r y  
sequence of t o n e s  c o n s t i t u t e s  a melody; i f  t h e  sequence i s  n o t  
tempora l ly  cohe ren t ,  it is  n o t  heard as a melody ( b u t  maybe as two 
o r  more me lod ie s ) .  

A g iven  event  can be a member o f  one o r  o f  ano the r  concur ren t  stream 
bu t  no t  both s imul taneous ly .  A s  mentioned above, one might swi t ch  
between hea r ing  an  even t ,  be longing  t o  one o rgan iza t ion  and then  t o  
ano the r .  The impor tan t  p o i n t  he re  is t h a t  s e v e r a l  p a r s i n g  schemes 
cannot  be used a t  t h e  same time. 

3 .  

4. 

The main a c o u s t i c  f a c t o r s  which have been found t o  be used by t h e  pe rcep tua l  
sys tems t o  bu i ld  d e s c r i p t i o n s  o f  s t reams inc lude  f requency ,  ra te  o f  
occur rence  of e v e n t s  ( tempo) ,  ampl i tude ,  and s p e c t r a l  con ten t  and form, t h a t  
is t h e  f r equenc ie s  p r e s e n t  i n  a complex tone  and t h e i r  r e s p e c t i v e  ampl i tudes .  
I t  is n o t  p o s s i b l e  t o  go i n t o  g r e a t  d e t a i l  about  a l l  o f  t h e s e  f a c t o r s .  
Simple i l l u s t r a t i o n s  are g iven  h e r e  and t h e  r e a d e r  is r e f e r r e d  t o  review 
a r t i c l e s  (Bregman, 1978, 1982; McAdams and Bregman, 1979). 
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Frequency Sepa ra t ion  

I t  has been shown r e p e a t e d l y  with s i n e  tone  sequences t h a t  t h e  r e l a t i v e  
frequency s e p a r a t i o n  between tones  in f luences  t h e  formation o f  stream 
organ iza t ion  (Bregman, 1981; Bregman and Campbell, 1971; Bozzi and Vica r io ,  
1960; Dannenbring and Bregman, 1976; Deutsch, 1975; Van Noorden, 1975, 1977; 
V ica r io ,  1965, 1982) .  A t  a given tempo, t ones  t h a t  are f a r t h e r  a p a r t  i n  
frequency are more l i k e l y  t o  be heard  i n  s e p a r a t e  s t reams than  those  t h a t  
a r e  c l o s e r  t oge the r .  Also, a t  a g iven  frequency s e p a r a t i o n  t h e  r o l e  o f  
tempo is  such t h a t  f a s t e r  sequences have more o f  a tendency t o  s p l i t  i n t o  
mul t ip l e  streams than  s lower  sequences.  There is a kind o f  t rade-of f  
between tempo and f requency  s e p a r a t i o n .  

FIGURE 1 The t o n e s  o f  p a r t s  o f  two common nur se ry  rhyme melodies 
are i n t e r l e a v e d .  I n  ( a )  t h e  frequency ranges  o f  t h e  two melodies 
a r e  similar and t h e  sequence is heard as one, un fami l i a r  melody. 
I n  ( b )  t h e  frequency ranges  o f  t h e  melodies are non-overlapping 
and each  melody i s  heard independent ly .  The d o t t e d  l i n e s  i n d i c a t e  
temporal coherence (perce ived  s e q u e n t i a l  o r g a n i z a t i o n ) .  ( d e r i v e d  
from Dowling, 1973) 

(a) 1 stream 

time + 

A compel l ing  example of t h e  frequency s e p a r a t i o n  e f f e c t  is i l l u s t r a t e d  i n  
F igure  1. This example is  based on an experiment by Dowling (1973) where he 
i n t e r l e a v e d  ( a l t e r n a t e d )  t h e  no te s  o f  two familiar nursery  rhyme melodies.  
When t h e  ranges  o f  t h e  p i t c h e s  o f  t h e  two melodies a r e  t h e  same (see Figure  
l a )  it is d i f f i c u l t  t o  hear  o u t  t h e  s e p a r a t e  melodies and one melody is 
heard which is a combination o f  t h e  two. 
a r e  s u f f i c i e n t l y  sepa ra t -d ,  one e a s i l y  d i s c e r n s  t h e  two melodies as is  
ind ica t ed  i n  F igure  l b .  In  t h i s  and similar succeeding  f i g u r e s  t h e  dashed 
l i n e s  between tones  i n d i c a t e  temporal coherence.  For example,in F igure  l b  
t h e  t h i r d  tone  is perce ived  as fo l lowing  t h e  first tone  r a t h e r  than  t h e  
second tone. 

However, when t h e  f requency  ranges  

I n  Taped Example l l , t h e  two melodies are played a t  f o u r  
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FIGURE 2 I l l u s t r a t i o n  o f  t h e  d i f f e r e n t  pe rcep t s  r e s u l t i n g  from t h e  
a l t e r n a t i o n  o f  two s i n u s o i d a l  tones  o f  i d e n t i c a l  frequency and 
d u r a t i o n ,  when t h e  amplitude o f  t one  A is v a r i e d  r e l a t i v e  t o  
t h a t  o f  tone  B. The shapes i n  t h e  f i g u r e  r e p r e s e n t  t h e  ampl i tude  
envelopes  o f  t h e  tones .  (from Van Noorden, 1975) 

fission 

(4 ~ 

(b> 

. .  

t 
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d i f f e r e n t  s e p a r a t i o n v a l u e s ;  t h e  f irst  and las t  are as shown i n  F igu re  1. 
Here t h e  i d e n t i f i c a t i o n  o f  t h e  melody a s  a whole e n t i t y  is dependent on be ing  
a b l e  t o  s e p a r a t e  i t s  elements from t h e  o t h e r  melody and hea r ing  them as a 
group. The s t reams t h a t  a r e  formed on t h e  b a s i s  o f  frequency s e p a r a t i o n  a r e  
t h e  melodies.  

Amplitude Di f f e rences  

Another f a c t o r  t h a t  can c o n t r i b u t e  t o  a stream format ion  is t h e  r e l a t i v e  
amplitude of the  tones .  Though t h i s  is a much weaker e f f e c t  t han  t h e  r e s t .  
Van Noorden (1975), f o r  example, has  demonstrated many pe rcep tua l  e f f e c t s  
r e s u l t i n g  from t h e  a l t e r n a t i o n  o f  two i d e n t i c a l l y  p i t ched  pure  tones  which 
d i f f e r  i n  ampl i tude ,  and they  range  from hear ing:  (1) a f i s s i o n  o f  t h e  
sequence i n t o  two p u l s i n g  streams (one  s o f t  and one loud;  F igure  2a ,  c ) ;  
( 2 )  t o  a coherent  stream a t  twice t h e  tempo (F igu re  2 b ) ;  ( 3 )  t o  a s i n g l e  
loud s t ream a t  one tempo p l u s  a s o f t  s t ream a t  twice  t h a t  tempo ( ' r o l l ' ;  
F igure  2 d ) ;  ( 4 )  t o  a loud pu l s ing  s t ream p l u s  a cont inuous  s o f t  t o n e  
( ' c o n t i n u i t y '  F igure  2 e ) .  These amplitude-based e f f e c t s  a r e  also dependent 
on tempo and frequency sepa ra t ion .  

FIGURE 3 E f f e c t  o f  d i f f e r e n c e s  i n  s p e c t r a l  composition on s e q u e n t i a l  
o rgan iza t ion .  I n  ( a )  a l l  t ones  a r e  s i n u s o i d a l  and t h e  f requency  
s e p a r a t i o n  between them is  a d j u s t e d  s o  t h a t  a s i n g l e  stream pe rcep t  
may be heard ,  as i n d i c a t e d  by t h e  d o t t e d  l i n e s .  I n  ( b )  t h e  t h i r d  
harmonic is added t o  one p a i r  and t h e  s p e c t r a l  d i f f e r e n c e  causes  
two s t reams t o  form, each wi th  a d i f f e r e n t  t imbre .  Each o f  t h e s e  4- 
tone p a t t e r n s  was r ecyc led  c o n t i n u a l l y .  (McAdams and Bregman, 1979) 
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S p e c t r a l  Form and Content 

The l a s t  f a c t o r  t o  be d i scussed  t h a t  c o n t r i b u t e s  t o  stream format ion  is  
s p e c t r a l  form and c o n t e n t .  A s t imu lus  sequence can be cons t ruc t ed  where t h e  
s p e c t r a l  composition is ve ry  similar ( a l l  tones  are s i n u s o i d a l ,  as i n  F igure  
3a) and t h e  frequency v a r i a t i o n  from tone  t o  tone  is  small enough so t h a t  
t h e  sequence can be heard  as one stream. By adding a harmonic ( t h e  t h i r d ,  
i n  t h i s  case) t o  c e r t a i n  tones  i n  t h i s  sequence, t hose  tones  are made t o  
form a s e p a r a t e  s t r eam (F igure  3 b ) .  The s o l i d  v e r t i c a l  bar  denotes  t h e  
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f u s i o n  o f  t h e  s p e c t r a l  components i n t o  one pe rcep t .  In  Taped Example 2 ,  you 
may hear  first t h e  s t imu lus  c y c l e  i n  F igure  3a and then t h e  c y c l e  i n  F igure  
3b. Note a l s o  t h a t  t h e  tempo o f  t h e  new streams is h a l f  t h a t  o f  t he  
o r i g i n a l  stream. This  i l l u s t r a t e s  t h a t  perce ived  rhythm is a l s o  dependent 
on t h e  s t ream o r g a n i z a t i o n ,  t h a t  is rhythm may be cons idered  as a q u a l i t y  o f  
a given s t ream.  

FIGURE 4 When a l l  o f  t h e s e  tones  are played by t h e  same ins t rument  
ascending  p i t c h  t r i p l e t s  a r e  heard ( s o l i d  l i n e s ) .  But when two 
ins t ruments  wi th  d i f f e r e n t  s p e c t r a l  forms each  p l ay  t h e  X's and 0 ' s  
r e s p e c t i v e l y ,  descending t r i p l e t s  are heard ( d o t t e d  l i n e s ) . ( f r o m  
Wessel, 1979) 

Another example of stream format ion  based on s p e c t r a l  form is i l l u s t r a t e d  i n  
F igure  4 which is  taken  from Wessel (1979) .  
Example 3 you may hea r  t h e  ascending  three-note  sequence played by one 
ins t rument .  Then, i n  t h e  second p a r t , t h e  tones  marked X are played by one 
ins t rument  and those  marked 0 by ano the r .  After a couple  o f  cyc le s  o f  t h e  
three-note  f i g u r e  (and  as t h e  sequence is sped up)  t h e  pe rcep t  s p l i t s  i n t o  
two over lapping  sets o f  descending t r i p l e t s  be ing  played by t h e  two s e p a r a t e  
ins t ruments  with very  d i f f e r e n t  s p e c t r a l  c h a r a c t e r i s t i c s .  Note h e r e  t h a t  n o t  
on ly  t h e  rhythm, bu t  also t h e  d i r e c t i o n  o f  t h e  t r i p l e t  changes when t h e  
sequence is parsed i n t o  m u l t i p l e  images. 

S p e c t r a l  Con t inu i ty  and Sequen t i a l  Organiza t ion  

A t  f irst c o n s i d e r a t i o n ,  ' there would appear  t o  be t h r e e  b a s i c  f a c t o r s  used t o  
o rgan ize  monodic ( s ing le -vo iced )  sequences o f  sound. One might t r y  t o  
exp la in  t h e  pa r s ing  as be ing  based on t h e  d i f f e r e n c e s  i n  pe rcep tua l  q u a l i t i e s  
of t he  s e p a r a t e  o rgan iza t ions .  For example, a s e r i e s  o f  s i n e  tones  t h a t  form 
two s e p a r a t e  a u d i t o r y  streams may be s a i d  t o  be pa r sed  on t h e  b a s i s  o f  p i t c h  
d i f f e r e n c e s .  A s e r i e s  o f  complex tones  t h a t  form s e p a r a t e  streams when they  
have d i f f e r e n t  s p e c t r a l  forms bu t  do n o t  s t ream when they a r e  s i n u s o i d a l  may 
be s a i d  t o  be parsed  on t h e  b a s i s  o f  t imbre  d i f f e r e n c e s .  A sequence o f  t ones  
o f  equal p i t c h  and t imbre  which d i f f e r  i n  amplitude and form s e p a r a t e  streams 
may be s a i d  t o  be pa r sed  on t h e  b a s i s  o f  loudness  d i f f e r e n c e s .  However, 
Bregman has  proposed ( c f .  Bregman and Pinker ,  1978) t h a t  t h e  pe rcep tua l  
q u a l i t i e s  themselves are der ived  from t h e  stream o r g a n i z a t i o n s ,  or source  
image groupings .  That  is, t h e  aud i to ry  system first groups t h e  complex 
a c o u s t i c  a r r a y  i n t o  source  sub-groups, and then t h e  q u a l i t i e s  o f  t h e s e  sub- 
groups  a r e  der ived  from t h e i r  r e s p e c t i v e  p r o p e r t i e s .  We then  h e a r  a 
c o n t i n u i t y  o r  proximity o f  t hose  q u a l i t i e s  wi th in  a g iven  stream. 

In  t h e  f irst  p a r t  o f  Taped 
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I have proposed (McAdams, 1981, 1983; McAdams and Wessel, 1981) t h a t  
s e q u e n t i a l  o r g a n i z a t i o n  is  based on a c o n t e x t  dependent c r i t e r i o n  o f  
s p e c t r a l  c o n t i n u i t y .  A l l  o f  t h e  t h r e e  a c o u s t i c  f a c t o r  c r i t e r i a  proposed 
e a r l i e r  i n  t h i s  s e c t i o n  may be reduced t o  t h i s  one c r i t e r i o n .  P a r t i c u l a r l y  
f o r  experiments done with s i n e  tones  or complex tones  wi th  cons t an t  
amplitude r e l a t i o n s  among t h e  p a r t i a l s ,  s p e c t r a l  c o n t i n u i t y  and p i t ch -he igh t  
c o n t i n u i t y  are p e r f e c t l y  c o r r e l a t e d  (Wessel,  1983) .  But van Noorden (1975) 
and Bregman (1982) have shown t h a t  when one c o n s t r u c t s  s t i m u l i  with a 
sequence o f  a l t e r n a t i n g  tones  where t h e  p i t c h  s e n s a t i o n s  are i d e n t i c a l  bu t  
t h e  s p e c t r a l  compositions are very  d i f f e r e n t ,  they  form s e p a r a t e  pe rcep tua l  
s t reams due t o  t h e  d i s c o n t i n u i t y  o f  t h e  s p e c t r a l  change, or o f  the  p l a c e  o f  
s t i m u l a t i o n  i n  t h e  a u d i t o r y  per iphery .  For experiments w i th  complex tones  
whose s p e c t r a l  s t r u c t u r e  changes from tone  t o  tone ,  t h e  s p e c t r a l  
d i s c o n t i n u i t y  and t imbra l  d i s c o n t i n u i t y  are we l l - co r re l a t ed .  I n  Taped 
Example 4 ,  composed by Wessel (1979) ,  you may hea r  t h e  e f f e c t s  o f  c o n t i n u i t y  
o f  s p e c t r a l  form on t h e  o rgan iza t ion  o f  a sequence of t ones .  This  sequence 
has  a d i f f e r e n t  ins t rument  p l ay ing  each no te .  I n  t h e  f irst  case ,  t h e  
ins t ruments  are chosen t o  maximize t h e  s p e c t r a l  d i s c o n t i n u i t y  and, n o t  
s u r p r i s i n g l y ,  i t  sounds d i scon t inuous ,  l i k e  a s e r i e s  o f  melodic f ragments  
s t r u n g  haphazardly toge the r .  I n  t h e  second p a r t ,  t h e  in s t rumen t s  are chosen 
t o  maximize s p e c t r a l  c o n t i n u i t y  whi le  s t i l l  changing in s t rumen t s  from n o t e  
t o  note .  (The p i t c h e s  and apparent  s p a t i a l  l o c a t i o n  o f  t h e  no te s  were a l s o  
v a r i e d  t o  make t h e  example more mus ica l ly  i n t e r e s t i n g . )  

Any musical passage t h a t  is changing i n  p i t c h ,  t imbre  and loudness  on a n o t e  
t o  no te  b a s i s  i s  c r e a t i n g  s p e c t r a l  d i s c o n t i n u i t i e s  a l l  t h e  time. And y e t  w e  
r a r e l y  have t r o u b l e  fo l lowing  melodies or o t h e r  k inds  o f  musical f i g u r e s .  
We cannot r u l e  o u t  t h e  in f luence  o f  h igher  l e v e l  musical c o n s t r u c t s  such as 
rhythmic and harmonic f u n c t i o n  on our organ iza t ion  of s e q u e n t i a l  m a t e r i a l .  
Ce r t a in  rhythmic f i g u r e s  can be e s p e c i a l l y  s t rong  ' g roupe r s '  of e v e n t s  with 
d i v e r s e  s p e c t r a l  compositions as anyone who has  heard  t h e  marve l lous  
complexi ty ,  and y e t  pe rcep tua l  u n i t y ,  o f  a b r a z i l i a n  batucada w i l l  t e s t i f y .  
To my knowledge, t h e r e  have been no sys t ema t i c  i n v e s t i g a t i o n s  o f  t h e  e f f e c t  
o f  s t r e n g t h  o f  me t r i c  f i e l d  or rhythmic p a t t e r n  on s e q u e n t i a l  o rgan iza t ion .  

O f  musical i n t e r e s t  is t h e  sugges t ion  t h a t  t h e  p r i n c i p a l  f a c t o r  f o r  
s e q u e n t i a l  o rgan iza t ion  can r e s u l t  i n  s e v e r a l  d i f f e r e n t  pe rcep tua l  q u a l i t i e s  
which can then  set  up i n t e r e s t i n g  paradoxes  i n  musical s t reams.  The ear 
fo l lows  s p e c t r a l  c o n t i n u i t y  and n o t  n e c e s s a r i l y  a g iven  sound source  t h a t  i s  
be ing  composed wi th  (though most musical sou rces  tend  t o  be r e l a t i v e l y  
cont inuous  s p e c t r a l l y  as used i n  common p r a c t i c e ) .  
example i n  a polyphonic s e t t i n g  c e r t a i n  p a t t e r n s  t h a t  jump around i n  p i t c h  
f o r  i n d i v i d u a l  ins t ruments .  But t h e s e  may be r eo rgan izab le  by t h e  ear i n t o  
s e v e r a l  meaningful melodic p a t t e r n s ,  each being a d i f f e r e n t  klangfarbenmelodie 
( h e a r  Taped Example 5) .  The impor tan t  fac t  is t h a t  while t h e  p r i n c i p l e  of 
s p e c t r a l  c o n t i n u i t y  i s  s imple ,  s p e c t r a l  o rgan iza t ion  i n  music imp l i e s  a v a s t  
complexity o f  musical p o s s i b i l i t i e s .  

One might compose f o r  

SIMULTANEOUS O R G A N I Z A T I O N  

S p e c t r a l  c o n t i n u i t y  o f  even t  sequences is n o t  t h e  on ly  sou rce  image o rgan iz ing  
p r i n c i p l e .  We must a l s o  i n v e s t i g a t e  how it is  t h a t  complex tones  such  as 
those  produced by musical i n s t rumen t s  are heard as s i n g l e  sound images and 
n o t  as compounds o f  many s i n u s o i d s .  Also,  how are we a b l e  t o  s e p a r a t e  
complexes from one ano the r  t h a t  are sounding a t  t h e  same time? 
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My r e c e n t  work has been concerned with de te rmining  t h e  p rocesses  t h a t  
c o n t r i b u t e  t o  t h e  format ion  and d i s t i n c t i o n  o f  concur ren t  sou rce  images, 
And o f  p a r t i c u l a r  musical i n t e r e s t ,  t h e  r e l a t i o n  between t h e s e  p rocesses  and 
t h e  d e r i v a t i o n  of t h e  p e r c e p t u a l  q u a l i t i e s  o f  sou rces .  A t  least  f o u r  c l a s s e s  
o f  a c o u s t i c  cues  may be shown t o  c o n t r i b u t e  t o  aud i to ry  image format ion:  
(1) coherence of ampl i tude  modulation a c r o s s  a sub-group of s p e c t r a l  
components be longing  t o  t h e  same source ;  (2 )  coherence o f  frequency 
modulation a c r o s s  a s p e c t r a l  sub-group; ( 3 )  s t a b l e  resonance s t r u c t u r e  
forming t h e  ampl i tudes  o f  a s p e c t r a l  sub-group; and ( 4 )  l o c a l i z a t i o n  i n  
space  o f  a s p e c t r a l  sub-group. The first t h r e e  have been shown t o  c o n t r i b u t e  
t o  ' s p e c t r a l  f u s i o n ' ,  t h a t  is t h e  pe rcep tua l  f u s i o n  o f  s p e c t r a l  components 
i n t o  a u n i f i e d  pe rcep t  or  sou rce  image. 

Amplitude Modulation Coherence 

By amplitude modulation, I mean t h e  low-frequency modulations w e  cons ide r  
as t h e  ampl i tude  envelope ( a t t a c k  and decay f u n c t i o n s ,  and f l u c t u a t i o n s  i n  
t h e  i n t e n s i t y )  o f  n a t u r a l  sounds.  I n  a musica l  s i t u a t i o n ,  t h i s  would a l s o  
inc lude  tremolo. Two a s p e c t s  o f  t h e  coherence o f  ampl i tude  behaviour  o f  
s p e c t r a l  components are impor tan t  f o r  grouping  dec i s ions :  o n s e t  synchrony 
o f  s p e c t r a l  components and amplitude f l u c t u a t i o n s  a c r o s s  t h e s e  components 
du r ing  a s u s t a i n e d  tone.  

Onset Synchrony. I t  has  been demonstrated s e v e r a l  times t h a t  when t h e  
o n s e t s  o f  t h e  p a r t i a l s  of a t o n e  complex are asynchronous by as l i t t l e  as 
20-30 msec, t h e  pe rce ived  f u s i o n  dec reases  and t h e  a b i l i t y  t o  hea r  o u t  
i n d i v i d u a l  p a r t i a l s  i n c r e a s e s  (Bregman and P inke r ,  1978; Dannenbring and 
Bregman, 1976; Rasch, 1978, 1979) .  The minor asynchronies  observed i n  t h e  
p a r t i a l s  o f  musical ins t rument  tones  are g e n e r a l l y  less than  20 msec (Grey 
and Moorer, 1977).  Helmholtz (1885, 1954) reminded u s  i n  t h e  l a s t  cen tu ry  
t h a t  with n a t u r a l  t ones  a l l  o f  t h e  p a r t i a l  t ones  tend  t o  s t a r t  t o g e t h e r ,  
swell uniformly and cease  s imul taneous ly .  'Hence no oppor tun i ty  is g e n e r a l l y  
g iven  f o r  hea r ing  them s e p a r a t e l g a n d  independen t ly '  ( p .  60) .  

With computer s y n t h e s i s  t echn iques ,  one has  easy c o n t r o l  over t h e  r e l a t i v e  
o n s e t s  of i n d i v i d u a l  p a r t i a l s .  I n  Taped Example 6 you may hea r  a s e r i e s  o f  
t ones  which are i d e n t i c a l  excep t  for  t h e  synchrony of o n s e t  of t h e  p a r t i a l s .  
The extremes o f  t h e  s e r i e s  are rep resen ted  schemat i ca l ly  i n  F igure  5. 
Beginning wi th  p e r f e c t  synchrony t h e  exponen t i a l  envelope o f  t h e  inharmonic 
p a r t i a l s  o f  t h i s  b e l l - l i k e  tone  are p r o g r e s s i v e l y  desynchronized u n t i l  you 
can hear  each p a r t i a l  s e p a r a t e l y .  Note t h a t  t h e  change is one from a fused  
r i c h  sound t o  a more chord- l ike  q u a l i t y ,  even though t h e  f requency  
r e l a t i o n s  a r e  i d e n t i c a l .  Here, t h e  coherence  o f  t h e  ampl i tude  behaviour  
i s  p rogres s ive ly  des t royed  which r e s u l t s  i n  t h e  d e s t r u c t i o n  o f  the image's 
u n i t y  ( o r ,  a l t e r n a t i v e l y ,  i n  t h e  c r e a t i o n  o f  a mul t ip l e  image).  

Kubovy and Jordan (1979) produced a similar kind o f  e f f e c t  by suddenly  
changing t h e  phase r e l a t i o n  o f  one harmonic o f  a 12-harmonic tone  r e l a t i v e  t o  
t h e p h a s e s o f  t h e  res t  o f  t h e  harmonies. I n  t h i s  ca se  t h e  s i n g l e  harmonic is 
s e p a r a t e l y  a u d i b l e  as a pure  tone  i f  t h e  phase d i f f e r e n c e  i s  a t  least  30 
degrees .  I t  seems l i k e l y  t h a t  a sudden phase  s h i f t  l i k e  t h i s  might be  
i n t e r p r e t e d  as an o n s e t  asynchrony by t h e  a u d i t o r y  sys tem,  t h u s  caus ing  t h e  
s i n g l e  harmonic t o  be heard  as a s e p a r a t e  source .  

Amplitude FZuctuations. 
inharmonic tone  complexes by imposing a common amplitude modulation on t h e  
components. Von Bdke'sy (1960)  r epor t ed  g e t t i n g  fused  images l a t e r a l i z e d  t o  

Inc reased  fus ion  can a l s o  be ob ta ined  even i n  
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one s i d e  o f  t h e  head when h e  presented  s i n u s o i d s  of d i f f e r i n g  f r equenc ie s  
(one  t o  each  ear over  headphones) and imposed an i d e n t i c a l  low-frequency 
(5-50 Hz) s i n u s o i d a l  amplitude modulation (100% modulation depth)  on each  
tone  component. 

FIGURE 5 The r o l e  o f  o n s e t  synchrony i n  s p e c t r a l  f u s i o n .  When 
t h e  ampl i tude  envelopes  o f  a l l  s p e c t r a l  components o f  t h i s  
inharmonic sound s ta r t  synchronously ( a ) ,  a s i n g l e ,  f u s e d ,  b e l l -  
l i k e  image occurs .  When t h e  o n s e t s  o f  t hese  p a r t i a l s  a r e  spread  
ou t  i n  t ime (b), each p a r t i a l  is  heard  as a s e p a r a t e  source  
image. (from McAdams and Wessel, 1981) 

I a synchronous b asynchronous 

1 image many images 

FIGURE 6 The r o l e  o f  ampl i tude  modulation coherence i n  s p e c t r a l  
fu s ion .  When t h e  ampl i tudes  of a l l  p a r t i a l s  f l u c t u a t e  toge the r  
( a )  a fused  image is  hea rd ,  b u t  when t h e  o n s e t s  a r e  asynchronous 

and t h e  ampl i tude  f l u c t u a t i o n s  are incohe ren t ,  s e v e r a l  images are 
heard.  (from McAdams and Wessel, 1981) 

a coherent b incoherent 

1 image many images 
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A s  far  as I am aware no sys t ema t i c  s tudy has  been done on t h e  necessary 
modulation depth or t he  l i m i t a t i o n s  of  t h e  modulation f r equenc ie s  which 
can cause tone complexes t o  fuse .  Bregman, Abramson and Darwin (1983) 
performed an experiment i n  which a pure tone  a l t e r n a t e d  with a two-tone 
complex ( a  s t imulus conf igu ra t ion  similar t o  t h a t  shown i n  Figure 6 ) .  The 
pu re  tone and the  upper o f  t h e  two tones i n  t h e  complex were amplitude 
modulated a t  100 Hz. The modulation rate o f  t he  lower o f  t h e  two tones  
v a r i e d  between 95 and 105 Hz. The b e s t  fusion o f  t h e  tone  complex occurred 
when the  modulation rates were t h e  same and t h e  modulation waveforms were 
i n  phase. The frequency r e l a t i o n  between t h e  tones o f  t h e  complex d i d  no t  
a f f e c t  t h e  fus ion .  Only t h e  coherence of t h e  amplitude modulation had an 
e f f e c t  on t h e  fus ion .  
implies  t h a t  it is the  coherent  f l u c t u a t i o n  t h a t  is the  un i fy ing  c r i t e r i o n  
r a t h e r  than the  harmonicity o f  t h e  s i d e  bands c r e a t e d  by t h e  modulation. 

T o  i l l u s t r a t e  t h e  e f f e c t  of AM coherence,  McAdams and Wessel (1981) 
synthesized a series of  t ones  where the  amplitude envelopes o f  t h e  p a r t i a l s  
f l u c t u a t e d  a t  approximately 3 Hz. When a l l  of t h e  p a r t i a l s  ( t h e  same 
inharmonic p a r t i a l s  as i n  Taped Example 6 )  f l u c t u a t e  cohe ren t ly  (see Figure 
6 a ) ,  t h a t  is  i n  e x a c t l y  t h e  same manner, one hea r s  a fused  tone.  However, 
when these  f l u c t u a t i o n s  a r e  no t  i n  phase or are completely d i f f e r e n t  (see 
Figure 6b) one hea r s  t h e  ind iv idua l  p a r t i a l s .  I n  Taped Example 7 you may 
hea r  again t h e  fused exponen t i a l  envelope tone from t h e  p rev ious  example, 
t hen  a coherent  3 Hz f l u c t u a t i o n  (50% modulation depth)  and then d i f f e r e n t  
mixtures  of  dephasing o f  t h e  pe r iod ic  f l u c t u a t i o n s  and a d d i t i o n  o f  t h e  
exponent ia l  envelopes on some of  t h e  p a r t i a l s .  Again, when the  amplitude 
behaviours o f  t he  components are cohe ren t ,  t h e  s p e c t r a l  components are 
fused i n t o  a s i n g l e  sou rce  image, but  when they are incohe ren t ,  o r  u n r e l a t e d ,  
t hey  tend t o  be heard as s e p a r a t e  s i n u s o i d a l  sources .  

Frequency Modulation Coherence 

The types o f  frequency modulation I am r e f e r r i n g  t o  he re  inc lude  musical 
v i b r a t o  ( p e r i o d i c  modulat ion) ,  j i t t e r  ( a p e r i o d i c  modulat ion)2,  and slow 
p i t c h  g l i d e s  such as i n  vo ice  i n f l e c t i o n s  o r  musical portamento. I n  a l l  
n a t u r a l ,  s u s t a i n i n g  v i b r a t i o n  sources ,  any p e r t u r b a t i o n ,  p e r i o d i c  or 
otherwise,  of t h e  fundamental frequency is imparted p r o p o r t i o n a l l y  to a l l  
o f  t he  harmonies. There are,  of cour se ,  minor depa r tu re s  due t o  va r ious  
n o n - l i n e a r i t i e s  i n  such a c o u s t i c  systems, b u t  i n  gene ra l  as the  fundamental 
frequency changes,  a l l  of  t h e  harmonics change with it maintaining t h e i r  
harmonic r e l a t i o n s .  Thus, what I ca l l  'coherent  frequency modulation'  is  
modulation maintaining t h e  frequency r a t i o s  o f  t h e  p a r t i a l s .  With t h e  
computer s y n t h e s i s ,  t h i s  can be app l i ed  t o  sus t a ined  inharmonic tones  as 
well a s  t o  harmonic tones.  

This same resu l t  was r epor t ed  by von BBk6sy and 

I t  is d i f f i c u l t  t o  do an experiment t o  show t h a t  frequency modulation 
a c t u a l l y  f u s e s  a tone complex. But it is c e r t a i n  t h a t  f o r  music s y n t h e s i s  
i t  adds a l i v e l i n e s s  and n a t u r a l n e s s  t o  otherwise dead and e l e c t r o n i c  
sounding images. I n  f a c t ,  I was first p u t  on t h i s  course o f  r e sea rch  by 
hear ing t h e  examples of  McNabb (1981) and Chowning (1980) who were t r y i n g  
d i f f e r e n t  methods o f  syn thes i z ing  sung vowels. They had synthesized a l l  of  
t h e  s p e c t r a l  form (speech format)  parameters  c o r r e c t l y ,  b u t  without 
modulation t h e  tones  were still  u n s a t i s f a c t o r y  f o r  musical purposes. When 
j i t t e r  and v i b r a t o  were added, t h e  vocal sounds became l i f e - l i k e  and imbued 
wi th  the  musical r i chness  t h e  composers were seeking. Th i s  e f f e c t  can be 
heard i n  Taped Example 8 where a vowel-like sound i s  unmodulated, t hen  
modulated, then unmodulated and then modulated aga in  with a s p e c t r a l  change 
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t o  a d i f f e r e n t  vowel. Note t h a t  t h e  n a t u r a l  vo ice  q u a l i t y  goes away, and 
one can a c t u a l l y  hear  o u t  i n d i v i d u a l  harmonics,  when t h e  modulation i s  n o t  
shown. 

I t  can be seen  t h a t  i f  a frequency modulation ( v i b r a t o  or j i t t e r )  is imposed 
on t h e  p a r t i a l s  of a harmonic tone  complex such t h a t  t h e  r a t i o s  a r e  n o t  
main ta ined ,  t h e  complex ' d e f u s e s ' .  I n  one experiment (McAdams, 1 9 8 3 ) ,  I 
asked t h e  q u e s t i o n  whether coherence could  be had simply by moving a l l  t h e  
harmonics i n  t h e  same d i r e c t i o n  a t  t h e  same time or whether i t  w a s  r e a l l y  
necessary  t o  main ta in  t h e  f requency  r a t i o s .  Sub jec t s  were asked t o  compare 
among harmonic complex tones  with d i f f e r e n t  modulation schemes. One t o n e  
had a modulation t h a t  main ta ined  cons t an t  f requency  r a t i o s  among t h e  16 
harmonics. The o t h e r  t one  had a modulation t h a t  maintained cons t an t  
f requency  d i f f e r e n c e s  among t h e  harmonics. These s t i m u l i  are i l l u s t r a t e d  
schemat i ca l ly  i n  F igure  7. The logar i thm o f  t h e  f requency  v a r i a t i o n  is 
p l o t t e d  as  a f u n c t i o n  o f  time. Note t h a t  on a loga r i thmic  scale, c o n s t a n t  
r a t i o s  main ta in  a c o n s t a n t  d i s t a n c e ,  whereas cons t an t  d i f f e r e n c e s  do n o t .  
We know t h a t  t h e  b a s i l a r  membrane r e s o l v e s  frequency components i n  t h e  inne r  
ear roughly on a l o g  f requency  continuum. Thus a cons t an t  ra t io  modulation 
would main ta in  t h e  r e l a t i v e  d i s t a n c e s  between t h e  p l a c e s  o f  maximum 
s t i m u l a t i o n  on t h e  membrance due t o  t h e  v a r i o u s  harmonics. 

When t h e  r m s  modulation width3 was a t  l ea s t  1 2  cen t s4 ,  l i s t e n e r s  more o f t e n  
chose t h e  c o n s t a n t  d i f f e r e n c e  tone  as having  more s o u r c e s ,  or images, or 
d i s t i n g u i s h a b l e  e n t i t i e s  i n  it. I n  t h e s e  t o n e s ,  one expe r i ences  a 
modulating fundamental wi th  t h e  rest  o f  t h e  tone  being r e l a t i v e l y  s t a t i o n a r y  
p a r t i c u l a r l y  a t  larger modulation widths.  I t  should  be noted  a l s o  t h a t  t h e  
f r equenc ie s  o f  t h e  components making up t h e s e  tones  move i n  and o u t  o f  a 
harmonic r e l a t i o n .  For t h e  c o n s t a n t  r a t i o  tones ,  t h e  p e r c e p t  is very u n i f i e d  
even a t  r a t h e r  l a r g e  modulation widths.  I n  Taped Example 9 you may h e a r  one 
series o f  each  type  o f  modulation ( c o n s t a n t  r a t i o s ,  c o n s t a n t  d i f f e r e n c e s ) .  
The s e r i e s  starts with no modulation and then  p r o g r e s s i v e l y  i n c r e a s e s  t h e  
modulation width up t o  56 c e n t s  (3.3%,a f requency  excur s ion  o f  about  a 
q u a r t e r  t one  on e i t h e r  s i d e  o f  t h e  c e n t r e  f r equency) .  Th i s  experiment 
demonst ra tes  t h a t  t h e  maintenance o f  c o n s t a n t  r a t i o  is a n  impor tan t  p a r t  o f  
t h e  d e f i n i t i o n  o f  coherence f o r  f requency  modulation. 

I n  another  experiment (McAdams, 1 9 8 3 ~ )  I modulated 15 of  t h e  harmonics o f  a 
16-component tone  cohe ren t ly  and modulated one harmonic incohe ren t ly .  I n  
t h e s e  t o n e s ,  I used a j i t t e r  modulation. The s t a t i s t i c a l  c h a r a c t e r i s t i c s  
o f  t h e  modulation on t h e  15 cohe ren t  harmonics and t h a t  on t h e  incohe ren t  
harmonic were ve ry  similar, b u t  t h e  random waveforms were independent.  
Seve ra l  p e r c e p t u a l  e f f e c t s  r e s u l t e d  depending on which harmonic was 
modulated and on what t h e  o v e r a l l  modulation width was. E i t h e r  c e r t a i n  
p a r t i a l s  s t a n d  o u t  as s e p a r a t e l y  aud ib le  ( lower  p a r t i a l s ) ,  or a kind o f  
' c h o r a l  e f f e c t '  r e s u l t s  where an i l l u s i o n  o f  mul t ip l e  s o u r c e s  is heard 
( h i g h e r  p a r t i a l s ) .  You may h e a r  a similar e f f e c t  i n  Taped Example 10. The 
v i b r a t o  modulation is added t o  a s i n g l e  harmonic and then  removed. T h i s  is  
done f o r  each harmonic i n  t u r n  from t h e  lowes t  up t o  t h e  s i x t e e n t h .  Note 
t h a t  even t h e  p i t c h  o f  t h e  s i x t e e n t h  harmonic can be  heard  when it is  
modulated independent ly  of t h e  rest o f  t h e  tone  complex. 

The c h o r a l  e f fec t  i n  t h e  h ighe r  p a r t i a l s  is n o t  s u r p r i s i n g  i f  w e  s t o p  t o  
imagine t h e  behaviour o f  s e v e r a l  i n s t rumen t s  p l ay ing  s u s t a i n e d  tones  
s imul taneous ly :  f i v e  v i o l i n s  f o r  example. Each a c o u s t i c  sou rce  has  its 
own independent j i t t e r  modulating a l l  o f  its harmonics. When w e  add a l l  of 
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t h e  sources  t o g e t h e r  we g e t  t h e s e  random movements of t h e  f r equenc ie s  
bea t ing  a g a i n s t  one another  c r e a t i n g  q u i t e  a complex s i t u a t i o n  a c o u s t i c a l l y .  
I n  a d d i t i o n ,  a s  one moves i n t o  the  h ighe r  harmonics,  t h e  p a t t e r n s  o f  
s t i m u l a t i o n  on t h e  b a s i l a r  membrane move c l o s e r  and c l o s e r  t oge the r  u n t i l  
t h e y  a r e  h e a v i l y  over lapping .  

FIGURE 7 The r o l e  of c o n s t a n t  r a t i o  f requency  modulation i n  s p e c t r a l  
fus ion .  A spec t rog raph ic  d i ag ramof  cons t an t  frequency r a t i o  and 
cons t an t  f requency  d i f f e r e n c e  modulations is  p l o t t e d  on a l o g  
frequency s c a l e .  I n  ( a )  a fused ,  modulating image is  heard.  I n  ( b )  
t h e  lowes t  frequency s e p a r a t e s  p e r c e p t u a l l y  from t h e  r e s t ,  which are 
perce ived  as ba re ly  modulating. 

a) constant ratio 

time + con stant difference 

time + 
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I n  t h e s e  r e g i o n s ,  t h e  incohe ren t  movement o f  ad jacen t  harmonics is c r e a t i n g  
a complex s t i m u l a t i o n  f o r  any g iven  a u d i t o r y  nerve.  You can  imagine t h a t  i f  
enough of t h e s e  v i o l i n s  are p lay ing  t h e  same p i t c h ,  t h e r e  is a l i m i t  t o  how 
many sources  you can p ick  o u t .  The d i f f e r e n c e  between 15 and 16 v i o l i n s  is  
very small indeed and af ter  about  8 t o  10, we g e n e r a l l y  j u s t  hear  'many' .  

I have r epor t ed  p rev ious ly  (McAdams, 1980, 1981, 1982a, 1982b, 1983a, 1 9 8 3 ~ )  
t h a t  FM s e r v e s  not  on ly  t o  group s imul taneous  components i n t o  a source  
image, bu t  s e r v e s  as a cue t o  d i s t i n g u i s h  concur ren t  sou rces  as well. The 
presence  o f  independent modulation p a t t e r n s  on s e p a r a t e  sub-groups g i v e s  two 
t y p e s  of cues  f o r  t h e  presence  o f  m u l t i p l e  sou rces :  (1) a d j a c e n t  p a r t i a l s  
belonging t o  s e p a r a t e  sou rces  are incohe ren t ly  modulating wi th  r e s p e c t  t o  
one ano the r ;  and ( 2 )  t h e  modulation a c r o s s  t h e  p a r t i a l s  be longing  t o  a 
s i n g l e  source  is coherent .  I t  seems l i k e l y  t o  me t h a t  t h e  a u d i t o r y  system 
makes use  both  of t h e  l o c a l  incoherence between p a r t i a l s  t o  d e t e c t  t h e  
presence  o f  m u l t i p l e  sou rces  and g l o b a l  coherence among p a r t i a l s  t o  
accumulate t h e  a p p r o p r i a t e  s p e c t r a l  components i n t o  a source  image. Th i s  
may be one reason  s o l o i s t s ,  p a r t i c u l a r l y  opera  s i n g e r s ,  u s e  v i b r a t o  t o  t h e  
e x t e n t  they do, t h a t  is t o  s e p a r a t e  themselves from t h e  res t  o f  t h e  ensemble. 
O f  cou r se ,  as mentioned b e f o r e ,  i f  t h i n g s  are too  crowded tempora l ly  and 
s p e c t r a l l y  t h e  system may have t r o u b l e  d i s t i n g u i s h i n g  i n d i v i d u a l  sou rce  
images and t r a c k i n g  t h e i r  behaviour .  This  would be  due t o  t h e  l i m i t a t i o n s  
of s p e c t r a l  and temporal r e s o l u t i o n  i n  t h e  a u d i t o r y  system. 

Another cue r e l a t e d  t o  f requency  t h a t  i n t e r a c t s  t o  a c e r t a i n  e x t e n t  w i th  
modulation coherence is t h e  harmonic i ty  o f  t h e  frequency components. Th i s  
is  p a r t i c u l a r l y  ev iden t  wi th  sus t a ined  sounds.  A harmonic series, i n  most 
c o n t e x t s ,  g i v e s  an  unambiguous p i t c h  sensa t ion .  Sus t a ined  inharmonic sounds 
t end  t o  e l i c i t  a pe rcep t ion  o f  mul t ip l e  p i t c h e s .  I n  many c a s e s ,  t h e  
pe rcep t ion  o f  m u l t i p l e  p i t c h e s  can be i n t e r p r e t e d  as t h e  presence  o f  m u l t i p l e  
sou rces  ( C u t t i n g ,  1976; S c h e f f e r s ,  1983) .  

I n  a l a b o r a t o r y  s i t u a t i o n ,  unmodulated, s u s t a i n e d  harmonic sounds can be 
p e r c e p t u a l l y  ana lysed  i n t o  t h e i r  harmonics f o r  harmonic numbers up t o  t h e  
f i f t h ,  s i x t h  or seven th  depending on t h e  fundamental  frequency. This  means 
l i s t e n e r s  can r e l i a b l y  hea r  o u t  i n d i v i d u a l  harmonics and i d e n t i f y  t h e i r  
p i t c h e s .  But a p i l o t  s tudy  I have r e c e n t l y  performed s u g g e s t s  t h a t  when 
t h e s e  tones  a r e  modulated, l i s t e n e r s  are no longe r  a b l e  t o  hear  o u t  t h e  
harmonics,  i n d i c a t i n g  t h a t  t h e  image is  fused  and unanalysable  p e r c e p t u a l l y .  
I n  t h i s  c a s e  t h e  on ly  p i t c h  heard is t h e  p i t c h  o f  t h e  fundamental .  This  
may be i n t e r p r e t e d  as suppor t  f o r  t h e  no t ion  t h a t  t h e  grouping  p rocesses  
( i n c l u d i n g  spectra fusion ) i n f luence  our percep t ion  o f  t h e  q u a l i t i e s  o f  
sou rce  images ( i n c l u d i n g  p i t c h ) .  There remains ,  however, t h e  p o s s i b i l i t y  
t h a t  p i t c h  d e t e c t i o n  a l s o  i n f l u e n c e s  sou rce  image format ion  under c e r t a i n  
cond i t ions .  I t  is still u n c l e a r  a t  t h i s  p o i n t  whether it is  t h e  presence  
o f  a number o f  p i t c h e s  t h a t  i n d i c a t e s  t h e  number o f  s o u r c e s ,  or whether t h e  
presence  o f  muZtipZe harmonic series 
r i se  t o  m u l t i p l e  p i t c h e s .  I am more i n c l i n e d  toward t h e  l a t t e r  
i n t e r p r e t a t i o n  g iven  t h e  p re l imina ry  r e s u l t  o f  r educ t ion  o f  pe rcep tua l  
a n a l y s a b i l i t y  o f  harmonic complexes i n  t h e  presence  o f  f requency  modulation. 

S p e c t r a l  Form 

Most s u s t a i n i n g  musical sound sources  have resonance s t r u c t u r e s  t h a t  are 
r e l a t i v e l y  s t a b l e ,  o r  ve ry  s lowly  changing, compared t o  t h e  frequency 
f l u c t u a t i o n s  mentioned i n  t h e  prev ious  s e c t i o n .  These s t r u c t u r e s  a r e  due t o  
r e sonan t  c a v i t i e s  t h a t  f i l t e r  t h e  sound be fo re  it r a d i a t e s  i n t o  t h e  a i r ,  f o r  

i n d i c a t e  m u l t i p l e  s o u r c e s  and g i v e  
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example, vocal c a v i t i e s ,  body resonance f o r  s t r i n g  in s t rumen t s  and tube  
resonance f o r  winds. Each resonance  has  a p a r t i c u l a r  f requency  t o  which it  
responds t h e  greatest. The frequency i s  r e l a t e d  t o  t h e  volume o f  t h e  
c a v i t y ,  and t h e  s i z e  o f  t h e  opening. Other f r equenc ie s  a r e  a t t e n u a t e d  (made 
less i n t e n s e ) ,  or are n o t  passed  a s  e a s i l y ,  r e l a t i v e  t o  t h i s  r e sonan t  
frequency. Also,  d i f f e r e n t  shapes  and the  n a t u r e  o f  t h e  walls o f  t h e  
r e sonan t  c a v i t i e s  i n f luence  which f r equenc ie s  near t h e  r e sonan t  f requency  
a r e  allowed t o  pass .  
t h e  r e sonan t  frequency t o  p a s s  we say  i t  has a l a r g e r  bandwith. 

These resonance r eg ions  a r e  c a l l e d  formants i n  voice  sc i ences .  And t h e  
placement o f  t h e  formant ( c e n t r e )  f r equenc ie s ,  t h e i r  r e l a t i v e  ampl i tudes  and 
t h e i r  bandwiths a r e  thought  t o  de te rmine  which vowel is perce ived .  Th i s  is  
p a r t i c u l a r l y  t r u e  f o r  t h e  arrangement o f  t h e  f irst  t h r e e  formants.  

Now l e t  u s  imagine what happens when a s i n g e r  s i n g s  wi th  v i b r a t o .  A l l  o f  t h e  
f r equenc ie s  are moving back and f o r t h  i n  a coherent  manner. And what happens 
t o  t h e i r  r e l a t i v e  ampl i tudes?  Wel1,since t h e  resonances  come af ter  t h e  p o i n t  
i n  t h e  system where t h e  v i b r a t o  is  in t roduced ,  t h e  ampl i tudes  must fo l low t h e  
contour  o f  t h e  formant s t r u c t u r e .  This  is  i l l u s t r a t e d  schemat i ca l ly  i n  
F igu re  8. The h o r i z o n t a l  a x i s  r e p r e s e n t s  l i n e a r  f requency  and t h e  v e r t i c a l  
a x i s ,  amplitude.  There are t h r e e  formants(bumps i n  t h e  cu rve )  r ep resen ted  
here .  Notice t h a t  f o r  a g iven  f requency  excurs ion  o f  t h e  fundamental  
f requency ,  t h e r e  a r e  p rogres s ive ly  g r e a t e r  excur s ions  f o r  t h e  h ighe r  
harmonics. This  is  due t o  t h e  l i n e a r  frequency scale used i n  t h e  diagram. 
Each harmonic is  moving a c o n s t a n t  percentage  lower and h i g h e r ,  s o  whi le  t h e  
excur s ions  a t  h ighe r  harmonics is g r e a t e r  when measured on a l i n e a r  scale,  
it still main ta ins  a cons t an t  r a t i o  d i s t a n c e  from a l l  o f  t h e  o t h e r  harmonics.  

The o v e r a l l  form o f  t h e  resonance  s t r u c t u r e  is i n d i c a t e d  by d o t t e d  l i n e s .  
The amplitude by frequency t r a j e c t o r i e s  of each p a r t i a l  are i n d i c a t e d  by 
s o l i d  l i n e s .  I n  a s e n s e ,  w e  can cons ide r  t h a t  as t h e  f r e q u e n c i e s  modulate,  
t h e i r  ampl i tudes  change such  t h a t  each p a r t i a l  t races  a small p o r t i o n  o f  t h e  
spectral  envelope , t h a t  is, t h e  frequency-amplitude curve  desc r ib ing  t h e  
o v e r a l l  s p e c t r a l  form. Th i s  complex coup l ing  o f  f requency  and ampl i tude  
modulation se rves  t o  d e f i n e  t h e  s p e c t r a l  contour  and i n  c e r t a i n  cases  may 
a c t u a l l y  reduce t h e  ambiguity o f  t h e  resonant i d e n t i f y  o f  the  sound source .  

I n  F igure  9 i s  ano the r  s p e c t r a l  form. Th i s  cor responds  t o  t h e  vowel /a/. 
The fundamental frequency is  q u i t e  high h e r e  so t h a t  n o t  ve ry  many harmonics 
f a l l  i n t o  each formant reg ion .  I n  t h i s  case t h e  formant s t r u c t u r e  is  n o t  
we l l  de f ined  and acco rd ing ly ,  t h e  pe rcep t ion  of t h e  vowel sound would be  
weak i f  a t  a l l  e x i s t e n t .  However, when t h e  s p e c t r a l  components are made t o  
modulate i n  f requency ,  t h e i r  ampl i tudes  trace t h e  s p e c t r a l  envelope and t h e  
a u d i t o r y  system then  has a c c e s s  t o  t h e  slopes of  t h e  formants  around each  
p a r t i a l .  This  adds  impor tan t  (even  e s s e n t i a l )  in format ion  whichthe sys tem 
can  use t o  i d e n t i f y  t h e  n a t u r e  o f  t h e  sou rce .  So one impor tan t  f u n c t i o n  o f  
frequency modulation is t o  reduce t h e  ambiguity o f  t h e  n a t u r e  of t h e  
resonance s t r u c t u r e  d e f i n i n g  t h e  sou rce .  Th i s  h a s  been v e r i f i e d  
expe r imen ta l ly ,  p a r t i c u l a r l y  f o r  h ighe r  fundamentals where d e f i n i t i o n  o f  
s p e c t r a l  form i s  l a c k i n g  (McAdams, 1982a, 1 9 8 3 ~ ) .  

Another experiment has  shown t h a t  i f  t h e  s p e c t r a l  envelope with t h e  f requency  
modulation, t h a t  is, t h e  ampl i tudes  o f  t h e  components remain c o n s t a n t ,  a kind 
o f  t imbra l  modulation occurs .  With vowel envelopes  one h e a r s  a w h i s t l i n g  
sound which seems a s s o c i a t e d  wi th  t h e  pe rcep tua l  decomposition o f  t h e  h ighe r  
formants.  This  o c c u r s  f o r  modulation wid ths  i n  excess  o f  1/8 t o  1 / 4  tone  

When it a l lows  a l a r g e r  number of f r equenc ie s  around 
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( 2 5  c e n t s  t o  50 c e n t s ) .  This r e s u l t  has  some i n t e r e s t i n g  musica l  
p o s s i b i l i t i e s  f o r  sound s y n t h e s i s  methods based on formant s t r u c t u r e s .  
is d i scussed  l a t e r .  

But now l e t  u s  imagine t h e  fo l lowing  pe rcep t ion  problem. The ear r e c e i v e s  
a complex spectrum as shown i n  F igure  10. 
t h e  components. 
i n  t h i s  complex and r e p o r t  as many as 6 - 8 d i f f e r e n t  p i t c h e s .  
s i x  such c o n f i g u r a t i o n s  i n  Taped Example 11. Without some cue t o  he lp  us  
group t h e  e lements  o f  t h i s  complex, i t  sounds l i k e  a tone  mass. 
however, w e  add some frequency modulation coupled t o  t h e  resonance s t r u c t u r e s  
t h e  e lements  a r e  grouped pe rcep tua l ly .  We hear  t h e  images more c l e a r l y  as 
be ing  a c e r t a i n  vowel a t  a c e r t a i n  p i t c h .  What t h e  a u d i t o r y  system may then  
have access  t o  s p e c t r a l l y  i s  rep resen ted  i n  F igure  11. I t  now knows t h a t  
t h e r e  are t h r e e  sou rces  each  wi th  d i f f e r e n t  vowel q u a l i t y  and p i t c h .  The 
s t i m u l i  a c t u a l l y  p re sen ted  a r e  no ta t ed  i n  F igure  12. You may h e a r  t h e s e  
same c o n f i g u r a t i o n s  o f  t h r e e  vowels a t  t h r e e  p i t c h e s ,  bu t  with v i b r a t o  t h i s  
time, i n  Taped Example 12. 

This  

There is no modulation on any o f  
L i s t e n e r s  sometimes r e p o r t  hea r ing  c e r t a i n  vowels embedded 

You may h e a r  

I f ,  

FIGURE 8 The d o t t e d  l i n e  r e p r e s e n t s  t h e  s p e c t r a l  form c r e a t e d  by 
a 3-formant resonance s t r u c t u r e .  As t h e  harmonics are modulated 
i n  f requency ,  t h e i r  r e s p e c t i v e  ampl i tudes  f l u c t u a t e  as a f u n c t i o n  
o f  t h e  s p e c t r a l  envelope. This  is i n d i c a t e d  by t h e  s o l i d  p o r t i o n s  
on t h e  do t t ed  l i n e .  Note t h a t  t h e s e  t r a c e  o u t  t h e  formant shapes  
and i n  t h e  case of f l  and f 2  t h e s e  shapes  ' p o i n t '  toward t h e  
formant peak. 

freq + 
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FIGURE 9 
frequency where t h e r e  a r e  few harmonics p r e s e n t .  
modulation ( a ) ,  t h e  i n f e r r e d  s p e c t r a l  form (dashed l i n e )  
would be very d i f f e r e n t  from t h e  a c t u a l  s p e c t r a l  form 
( d o t t e d  l i n e ) ,  With modulation (b), t h e  s p e c t r a l  s l o p e s  
g i v e  a much c l e a r e r  i n d i c a t i o n  o f  t h e  s p e c t r a l  form. 

The vowel /a/ is  p l o t t e d  with a h igh  fundamental 
Without 

(a) no modulation 
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FIGURE 1 0  Complex spectrum r e s u l t i n g  from s e v e r a l  unmodulated 
s u s t a i n i n g  harmonic sources. 

freq + 

FIGURE 11 S p e c t r a l  forms e x t r a c t e d  by t h e  a u d i t o r y  system when 
t h e  i n d i v i d u a l  sou rces  are modulated, t he reby  i n c r e a s i n g  the  
informat ion  p e r t a i n i n g  t o  t h e  number and n a t u r e  of t h e  sou rces .  
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F I G U R E  12 Permuta t ions  o f  t h r e e  vowels a t  t h r e e  d i f f e r e n t  p i t c h e s .  
These chords may be heard i n  Taped Examples 11 and 12. 

b I  0 I 0 a a 
n p r  n - A 

/ (1 a 0 '  I 0 1 
I I u U 1 " 

I t  is  impor tan t  t o  remark he re  t h a t  wi thout  t h e  grouping  informat ion  t o  
s e l e c t  a certain s u b s e t  o f  s p e c t r a l  components, one does n o t  have access t o  
t h e  p a r t i c u l a r  s p e c t r a l  form which g i v e s  t h e  vowel q u a l i t y .  The o v e r a l l  
s p e c t r a l  form is  heard ,  which does  n o t  r e a l l y  cor respond t o  any vowel'. 
But when t h e  modulation i s  added and t h e  p a r t i a l s  t r a c e  t h e  i n d i v i d u a l  
s p e c t r a l  envelopes ,  both t h e  coherent  harmonic behaviour  and t h e  reduced 
ambiguity o f  s p e c t r a l  form can be used t o  hear  o u t  t h e  vowels. 

I n  an experiment u s ing  s t i m u l i  similar t o  t h e s e ,  l i s t e n e r s  judged t h e  
vowels t o  be more prominent and t h e  p i t c h e s  less ambiguous when t h e  ' s o u r c e s '  
were modulating. B u t  t h e r e  was a l s o  a s u r p r i s i n g  r e s u l t .  I n  some c o n d i t i o n s  
a l l  t h r e e  vowels a t  t h e i r  r e s p e c t i v e  p i t c h e s  were modulated cohe ren t ly ,  
main ta in ing  t h e  e x a c t  r o u t e s  between a l l  harmonics o f  a l l  vowels. Given 
t h e  p u t a t i v e  c r i t e r i o n  o f  frequency modulation coherence f o r  grouping ,  I 
expec ted  it t o  be more d i f f i c u l t  t o  hea r  o u t  t h e  vowels i n  t h i s  s i t u a t i o n .  
However, t h e r e  was no d i f f e r e n c e  between modulating t h e  vowels cohe ren t ly  
or i ncohe ren t ly  between them. But remember t h a t  even when t h e i r  f r equenc ie s  
a r e  moving cohe ren t ly ,  t h e  ampl i tudes  o f  t h e  p a r t i a l s  o f  each vowel are 
t r a c i n g  t h e  s p e c t r a l  envelope o f  t h e  vowel a lone .  Thus each  vowel is s t i l l  
be ing  unambiguously de f ined  by t h e  amplitude movement. L i s t e n e r s '  r e s u l t s  
i n d i c a t e d  t h a t  t h e r e  was no effect  o f  t h e  coherence o f  modulation o f  t h e  
t h r e e  .vowels. As long  as they were be ing  modulated a t  a l l ,  they  were more 
prominent pe rcep tua l ly .  

Th i s  sugges t s  t h e  p o s s i b i l i t y  t h a t  pe rcep t ion  o f  vowel i d e n t i t y  is 
independent o f  a source  forming p rocess ,  t h a t  vowel i d e n t i f i c a t i o n  (or 
speech sound i d e n t i f i c a t i o n  i n  g e n e r a l )  i s  performed i n  p a r a l l e l  with sou rce  
image process ing .  This  sugges t ion  is suppor ted  by t h e  work o f  C u t t i n g  
(1976) .  The s t imu lus  he  used is shown i n  F igure  13. A schemat ic ,  two- 
formant speech sound (consonant-vowel s y l l a b l e )  was s p l i t  up and p resen ted  
d i c h o t i c a l l y  over headphones. The f irst  formant and s t eady  s t a t e  p o r t i o n  
o f  t h e  second formant were p re sen ted  t o  o n e e a r .  The second formant 
t r a n s i t i o n  r e s p o n s i b l e  f o r  t h e  pe rcep t ion  o f  t h e  /d /  phenome was p resen ted  
t o  t h e  o t h e r  ea r .  When t h e  temporal alignment o f  t h e  t r a n s i t i o n  sound was 
a p p r o p r i a t e ,  s u b j e c t s  r e p o r t e d  hea r ing  a /da/ s y l l a b l e  i n  t h e  e a r  with t h e  
s t e a d y  s t a t e  po r t ion .  When t h e  t r a n s i t i o n  was n o t  p re sen ted  a t  a l l ,  
s u b j e c t s  r epor t ed  hea r ing  a /ba/ most o f  t h e  time, So t h e  t r a n s i t i o n  i n  t h e  
oppos i t e  ear was c o n t r i b u t i n g  t o  t h e  pe rcep t  o f  t h e  /da/ s y l l a b l e ,  t h e  whole 
o f  which w a s  l o c a t e d  i n  one ear. However, many s u b j e c t s  a l s o  r e p o r t e d  
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hea r ing  a c h i r p  sound ( t h e  pe rcep t  e l i c i t e d  by t h e  second formant 
t r a n s i t i o n  a lone )  i n  t h e  oppos i t e  e a r  as w e l l .  A two source  pe rcep t  
r e s u l t e d  where one element of a c o u s t i c  in format ion  w a s  c o n t r i b u t i n g  t o  t h e  
q u a l i t i e s  o f  both sou rces  s imul taneous ly .  

FIGURE 13 Schematic r e p r e s e n t a t i o n  o f  t h e  formant t r a j e c t o r i e s  i n  
t h e  s t imu lus  used by Cu t t ing  (1976) .  The second formant t r a n s i t i o n  
for t h e  / d a / s y l l a b l e w a s  p resen ted  t o  one e a r  and t h e  r e s t  o f  t h e  
s i g n a l  was p re sen ted  t o  t h e  o t h e r  ear. The r e s u l t i n g  p e r c e p t s  and 
t h e i r  perce ived  l o c a t e d  a r e  i n d i c a t e d  a t  t h e  bottom. 

Left ear Right ear 
T I' 

Lc 

I -  

'chirp' A /da/ Percepts 

I now p r e s e n t  a musica l  example where t h e  same kind  o f  effect t a k e s  p l ace .  
Namely, t h e  behaviour o f  t h e  o v e r a l l  s p e c t r a l  form is e x t r a c t e d  as 
meaningful speech in fo rma t ion ,  while t h e  a c t u a l  s p e c t r a l  c o n t e n t s  are 
perce ived  as be ing  s e v e r a l  sou rces .  Taped Example 13, is a fragment 
composed by Ala in  Louvier f o r  t h e  dance t h e a t r e  p i e c e ,  ' Casta Diva I ,  by 
Maurice B B j a r t  and is  taken  from a r e c e n t  r eco rd  o f  e x t r a c t s  from 
compositions and r e s e a r c h  done a t  IRCAM (1983) .  The example was r e a l i z e d  
by Moorer u s ing  l inear  p r e d i c t i v e  coding techniques  f o r  a n a l y s i s  and 
r e s y n t h e s i s  o f  vo ice .  I n  t h e  a n a l y s i s  phase ,  t h e  vo ice  i s  modelled as a 
source  o f  a c o u s t i c  e x c i t a t i o n  ( a  p e r i o d i c  sound produced by t h e  voca l  
chords  and t h e  no i se  produced by b r e a t h ,  e t c . )  and a series o f  f i l t e rs  ( t h e  
voca l  c a v i t i e s )  which change i n  time. 
as ana lysed  i n  which case  one r ecove r s  a sound very  much l i k e  t h e  o r i g i n a l .  
Or one can perform a r e s y n t h e s i s  ( c a l l e d  'cross-synthesis ')  where t h e  normal 
voca l  chord e x c i t a t i o n  s t i m u l a t i n g  t h e  voca l  t ract  is rep laced  by a more 
complex, computer-synthesized waveform. Both k inds  o f  r e s y n t h e s i s  can be 
heard i n  t h e  Taped Example. 

What is f a s c i n a t i n g  mus ica l ly  and psycho log ica l ly  i n  t h i s  k ind  o f  example i s  
t h e  demonst ra t ion  o f  t h e  m u l t i p o t e n t i a l i t y  o f  t h e  imaging p rocess .  One 
can s y n t h e s i z e  t h e  behaviour  o f  t h e  o v e r a l l  s p e c t r a l  form and hear  
i n t e l l i g i b l e  speech. A t  t h e  same time one can ana lyse  t h e  s p e c t r a l  c o n t e n t s  
i n t o  m u l t i p l e  source  images. 

These can be r e syn thes i zed  e x a c t l y  
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S p a t i a l  Location 

Sounds i n  t h e  environment s t i m u l a t e  two sense  o rgans ,  our  two ears. Except 
f o r  sound sources  l y i n g  i n  t h e  median p l a c e ,  e q u i d i s t a n t  from t h e  two e a r s ,  
t h e  s i g n a l s  r ece ived  a t  t h e  two eardrums are s l i g h t l y  d i f f e r e n t .  When a 
source  l i e s  t o  t h e  r i g h t  s i d e  o f  t h e  head, t h e  sound reaches  t h e  r i g h t  e a r  
first.  I t  is a l s o  more i n t e n s e  i n  t h e  r i g h t  ear a t  h ighe r  f r equenc ie s  s i n c e  
t h e  head casts a sound shadow which a t t e n u a t e s  t h e  sound b e f o r e  i t  a r r i v e s  
a t  t h e  l e f t  ear. Also, t h e  two p innae  ( t h e  o u t e r  ears) modify t h e  sound 
s i g n i f i c a n t l y  depending on t h e  azimuth and e l e v a t i o n  of t h e  sound source  
r e l a t i v e  t o  them. These mod i f i ca t ions ,  t h a t  i s ,  t h e  i n t r o d u c t i o n  o f  c e r t a i n  
r e f l e c t i o n s  due t o  t h e  s t r u c t u r e  o f  t h e  o u t e r  ear ,  would aga in  be s l i g h t l y  
d i f f e r e n t  f o r  each  e a r  when t h e  sound was n o t  i n  t h e  median p l ane .  The 
pinna mod i f i ca t ions  are cons idered  t o  be  p a r t i c u l a r l y  impor tan t  f o r  d e t e c t i n g  
t h e  e l e v a t i o n  o f  a sound and f o r  making back / f ron t  d i s t i n c t i o n s .  

A t  any r a t e ,  what I am po in t ing  o u t  h e r e  is t h a t  i n  most cases, t h e  sounds 
a r r i v i n g  a t  t h e  two eardrums a r e  n o t  e x a c t l y  t h e  same. But t h e  two sources  
o f  s t i m u l a t i o n  are heard  a s  one s o u r c e ,  and t h e  d i s p a r i t i e s  between t h e  e a r s  
i n f l u e n c e  c e r t a i n  q u a l i t i e s  o f  t h e  sou rce  image, f o r  example i t s  l o c a t i o n  i n  
azimuth and e l e v a t i o n ,  t h e  c h a r a c t e r i s t i c s  o f  t h e  a c o u s t i c  environment 
( l a r g e  r eve rbe ran t  c a t h e d r a l  Versus open a i r  space ,  f o r  example; and I am 
s i t t i n g  nex t  t o  a wall r a t h e r  t han  be ing  i n  t h e  middle o f  t h e  aud i to r ium, )  
e t c .  

When sounds are p resen ted  over  headphones or s p e a k e r s ,  where two or more 
phys ica l  sou rces  a r e  p r e s e n t ,  t h e  placement o f  a v i r t u a l  sou rce  image between 
t h e  p h y s i c a l  sou rces  can be s imula ted  by a d j u s t i n g  t h e  r e l a t i v e  i n t e n s i t i e s  
and o n s e t  times a t  each  speaker  or headphone. For example, ove r  headphones 
(where t h e  sound is u s u a l l y  heard  i n s i d e  the  head b u t  can be moved from s i d e  
t o  s i d e )  a time o n s e t  d i f f e r e n c e  o f  on ly  0.6 msec is s u f f i c i e n t  t o  make t h e  
sound appear  t o  come e n t i r e l y  from t h e  l ead ing  earphone ( c f .  Mills, 1972) .  
If t h e  o n s e t  d i f f e r e n c e  is  inc reased  t o  a few msec one begins  t o  h e a r  two 
s e p a r a t e  even t s  ( c f .  Schuber t ,  1979; e d i t o r s ' s  comments pp 255-257). With 
speake r s  i n  a moderately r eve rbe ran t  room, t h e  d i f f e r e n c e  must be i n  t h e  
o rde r  of 30msec f o r  s e p a r a t e  even t s  t o  be perce ived .  Thus, i n  t h e  temporal 
domain, t h e r e  are some r a t h e r  narrow l i m i t s  t o  t h e  fus ion  o f  s e p a r a t e  even t s  
i n t o  a s i n g l e  image. Also,  i f  t h e  s p e c t r a l  and temporal c h a r a c t e r i s t i c s  
o f  t h e  even t s  a r e  q u i t e  d i f f e r e n t ,  t h e  d i s p a r i t i e s  necessary  t o  h e a r  t h e  
even t s  a s  s e p a r a t e  are sma l l e r .  

Of ten ,  i n  room l i s t e n i n g ,  echoes (which are r e p e a t e d  v e r s i o n s  o f  t h e  same 
sound, bu t  coming from d i f f e r e n t  d i r e c t i o n s  and t ransformed by t h e  room 
a c o u s t i c s )  do n o t  affect  t h e  appa ren t  l o c a t i o n  o f  t h e  sound source .  They 
a r e  ignored  i n  t h i s  r e s p e c t  by t h e  aud i to ry  sys tem,  b u t  c o n t r i b u t e  i n s t e a d  
t o  t h e  pe rcep t ion  o f  t h e  a c o u s t i c  p r o p e r t i e s  o f  t h e  environment.  Th i s  is 
c a l l e d  t h e  'p recedence '  e f f e c t  t o  i n d i c a t e  t h a t  t h e  event  which precedes  
i ts  r e p l i c a t i o n s  ( echoes )  is  used t o  de te rmine  t h e  n a t u r e  and l o c a t i o n  of 
t h e  sou rce ,  and t h e  r e p l i c a t i o n s  t h a t  fo l low are p e r c e p t u a l l y  fused  with t h e  
d i r e c t  sound. 

Now l e t  u s  cons ider  t h e  e x t e n t  t o  which s p a t i a l  l o c a t i o n  h e l p s  us  t o  
d i s t i n g u i s h  among sound sources .  Cherry (1953) s t u d i e d  t h e  a b i l i t y  o f  
l i s t e n e r s  t o  a t t e n d  t o  and e x t r a c t  meaningful in format ion  from a speech 
s t ream embedded i n  a no i sy  background ( a  c o c k t a i l  p a r t y )  o f  many o t h e r  
speake r s  (people  speaking  loud ly ,  n o t  l oudspeake r s ) .  When a t  t h e  p a r t y  
i t s e l f .  we can use  t h e  l o c a t i o n  o f  t h e  source ,  speech c h a r a c t e r i s t i c s  o f  t h e  
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voice being listened to, semantic constraints and additional visual 
information, such as lip reading, hand gestures and the like, to reconstruct 
information masked o r  covered up by the noisy environment. When we listen 
to the same person speaking in the same environment but recorded on a stereo 
tape recorder (in order to preserve the directionality of the various sources) 
intelligibility decreases somewhat but a significant amount can still be 
distinguished. However, when only one channel of sound is presented, 
intelligibility of the target speech stream is reduced drastically. 

This suggests that the sounds that mask the target signal in the monoaural 
case are not as effective as maskers when the auditory system can relegate 
them to separate spatial locations. Thus, spatial location is a cue that 
can be used to attend to and follow the emanations of a given sound source. 
There is a well-developed area of study in 'classical' psychoacoustics 
addressing the improvement in detection that occurs when two ears are used 
instead of one. This improvement is called a masking level difference (MLD 
cf. Durlach, 1972; Jeffress, 1972), since it is a difference between 
monaural and binaural listening conditions in the level that is necessary 
to hear a target signal in the presence of a masking signal. 

There arise certain situations in music where a composer desires a great 
complexity of material and, at the same time, a great clarity or  
distinguishability of the elements in that complexity. The spatial 
separation of key elements can help a listener to differentiate between them. 
A good example of this is the recent piece ' Repons by Pierre Boulez 
(1981/1982). He has six soloists playing percussive instruments (for 
example piano, xylophone, harp) which are arranged around the perimeter of a 
rectangular hall. Each soloist's sound is modified electronically and sent 
to six speakers also in the perimeter of the hall. A small orchestra is 
placed in the centre of the hall. 
orchestra and thus positioned between the acoustic orchestra and the 
electronically modified soloists. 
piece the transformed sounds from each soloist are echoed many times and sent 
bouncing around to the speakers. What results is a marvellously rich, 
crystalline texture of timbral arpeggios that nonetheless has a kind of 
clarity due to the timbral elements being distributed in space. After 
hearing the first performance of this work, I then heard a stereophonic 
recording of the same concert. The carefully woven, multi-mirrored 
reflections and the intricacy of the electronic modifications of the 
soloists' notes were reduced to a dull, ambient mush. The spatialization 
had been an essential compositional element in the hearing of the piece. 
This was something akin to seeing a photograph of a Monet painting of the 
water-lilies at Giverny in low-contrast black and white. In the case of 
'Repons ' ,  two electronic 'ears' were not enough to preserve the clarity 
because in a concert hall the human ears are attached to a movable globe 
and the act of moving itself helps to distinguish different sources by 
creating a continually changing disparity between the ears which is unique 
for each source of sound. This changing disparity is a very strong cue for 
the invariance in location of the source. 

The audience is distributed around the 

At one point near the beginning of the 

Coherent Behaviour of Sound Objects and Simultaneous Organization 

All of the factors discussed above contribute to a general coherence of the 
elements belonging to a physical sound source. And this coherence may be 
considered in turn as a by-product of the behaviour of the physical system 
producing the sound. I propose that much of the organization our perceptual 
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systems perform is based on ( b u t  by no means l i m i t e d  t o )  a l e a r n i n g  o f  t h e  
normal behaviour of p h y s i c a l  o b j e c t s  i n  t h e  world around u s .  I would no t  
want t o  l i m i t  t h e  p o s s i b i l i t i e s  o f  pe rce iv ing  t o  such objec t -based  l e a r n i n g ,  
bu t  I would sugges t  t h a t  t h i s  whole realm o f  normal pe rce iv ing  h e a v i l y  
in f luences  our percep t ion  o f  music. Fu r the r ,  I have found, i n  my own 
pe rcep tua l  ana lyses  o f  s e v e r a l  p i e c e s  of music, t h a t  ex tens ions  o f  t h e s e  
va r ious  c r i t e r i a  o f  ‘behav ioura l  coherence’ have proven u s e f u l  i n  p r e d i c t i n g  
when d i f f e r e n t  k inds  o f  r e o r g a n i z a t i o n  o f  t h e  p h y s i c a l  o b j e c t s  are p o s s i b l e ,  
f o r  example, t h e  recombination o f  s e v e r a l  i n s t rumen t s  i n t o  a fused  
composite t imbre ,  and s o  on. 

To summarize b r i e f l y  t h e  elements t r e a t e d  i n  t h i s  s e c t i o n ,  t h e r e  a r e  ( a t  
least)  f o u r  f a c t o r s  c o n t r i b u t i n g  t o  t h e  fus ion  and s e p a r a t i o n  o f  
s imul taneous  source  images. These are: (1) a common (or c l o s e l y  c o r r e l a t e d )  
g l o b a l  ampl i tude  modulation (low f requency  ampl i tude  f l u c t u a t i o n s  and 
ampl i tude  enve lope ) ;  ( 2 )  a common (or c l o s e l y  c o r r e l a t e d )  f requency  
modulation which main ta ins  t h e  f requency  r a t i o s  among t h e  components 
( p e r i o d i c :  v i b r a t o ,  a p e r i o d i c :  j i t t e r ,  or slow p i t c h  g l i d e s :  i n f l e c t i o n ) ;  
( 3 ) a  complex coupl ing  o f  amplitude and frequency modulation which d e f i n e s  a 
s p e c t r a l  envelope, implying a s t a b l e  resonance s t r u c t u r e  ( such  as vowel 
fo rman t s ) ;  and ( 4 )  a common s p a t i a l  l o c a t i o n  ( t h e  dynamic maintenance o f  
similar time, i n t e n s i t y  and s p e c t r a l  d i s p a r i t i e s  a t  t h e  two ears f o r  a l l  
e lements  o f  a source  whether t h e  sou rce  is  moving or t h e  head i s  moving). 

With computer music s y n t h e s i s  one can independent ly  c o n t r o l  t h e  degree  o f  
coherence f o r  any o f  t h e s e  f a c t o r s  and even p l ay  them a g a i n s t  one ano the r .  
I n  Taped Example 14 a s lowly  evo lv ing ,  bu t  s t a b l e  voca l  s p e c t r a l  form is  
p i t t e d  a g a i n s t  i ncohe ren t  random ampl i tude  modulation on each o f  t h e  
harmonics o f  t h e  complex tone.  This  modulation o c c u r s  around t h e  main 
s p e c t r a l  form as  i l l u s t r a t e d  i n  F igu re  14. Three d i f f e r e n t  v e r s i o n s  a r e  
p layed ,  each with a p r o g r e s s i v e l y  g r e a t e r  modulation depth.  
e f f e c t  moves from one of a kind o f  chorus  e f f e c t  t o  a crow-like image. 
S ince  t h e  average s p e c t r a l  form is t h e  same f o r  each  c o n d i t i o n ,  t h e  vowel 
sounds are maintained. But t h e  incoherence  o f  ampl i tude  behaviour  g i v e s  
t h e  impress ion  of many sources  and so an  image o f  a crowd t r y i n g  t o  s a y  t h e  
same vowels r e s u l t s .  

Note t h a t  t h e  

For Taped Example 15, t h e  sound o f  an oboe was ana lysed  by phase vocoder. 
You would f i r s t  hea r  t h e  o r i g i n a l  oboe sound on t h e  t ape .  The ou tpu t  o f  
t h i s  a n a l y s i s  d e s c r i b e s  t h e  ampl i tude  and f requency  behaviour o f  each 
harmonic. From t h e s e  d a t a  t h e  sound can  be r e syn thes i zed  e i t h e r  e x a c t l y  
as ana lysed  or with c e r t a i n  mod i f i ca t ions .  I n  t h i s  c a s e ,  t h e  even and odd 
harmonics a r e  s e n t  t o  s e p a r a t e  channels  i n  o r d e r  t o  b e  played over  d i f f e r e n t  
loudspeakers.  I n i t i a l l y  t h e  same v i b r a t o  and j i t t e r  p a t t e r n s  a r e  imposed 
on t h e  two groups o f  sounds.  Then, s lowly ,  t h e  f requency  modulation p a t t e r n  
on t h e  even harmonics i s  decor re l a t ed  from t h e  p a t t e r n  on t h e  odd harmonics. 
This  is i l l u s t r a t e d  i n  F igure  15. 

A s  you may hea r ,  t h e  i n i t i a l  image o f  a n  oboe between t h e  speake r s  g r a d u a l l y  
p u l l s  a p a r t  i n t o  two images and i n  t h e  two speake r s :  one o f  a soprano- l ike  
sound a n  oc tave  h ighe r  ( t h e  even harmonics) and one o f  a hollow, a lmost  
c l a r i n e t - l i k e  sound a t  t h e  o r i g i n a l  p i t c h  ( t h e  odd harmonics).  Following 
t h i s ,  each  channel is p layed  s e p a r a t e l y  and then  t h e  two channel ve r s ion  is 
played aga in .  I t  is  ext remely  impor tan t  t h a t  t h e  l e v e l s  of t h e  two 
channe l s  be p rope r ly  a d j u s t e d  f o r  t h e  e f f e c t  t o  work. This example was used 
i n  a composition by Roger Reynolds ‘Archipelagol (1983) and was r e a l i z e d  a t  
IRCAM by Lancino. Here w e  have a c a s e  where t h e  coherence o f  f requency  
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modulation a t  t h e  beg inn ingof  t h e  sound o v e r r i d e s  t h e  s p a t i a l  s e p a r a t i o n  of 
t h e  two s u b s e t s  o f  harmonics and one h e a r s  a s i n g l e  image o f  t h e  oboe, more 
o r  less l o c a l i z e d  between t h e  speake r s .  But as t h e  modulations become 
incohe ren t ,  t h e  images move t o  t h e i r  r i g h t f u l  p l a c e s  and t h e  sounds now 
appear  t o  come from where they  were o r i g i n a l l y  coming from. 

A s  d i scussed  i n  t h e  s e c t i o n  on s p e c t r a l  form, t h e  a u d i t o r y  system is  very 
s e n s i t i v e  t o  t h e  behaviour  o f  t h e  o v e r a l l  s p e c t r a l  s t r u c t u r e .  With Rodet ' s  
(1980a,b)time-domain, formant-wave s y n t h e s i s  c a l l e d  CHANT (from t h e  French 
word for ' s i n g ' )  one has  f l e x i b l e  and independent c o n t r o l  o v e r  t h e  behaviour 
o f  each  formant.  B a r r i e r e  (1983) used t h i s  c a p a b i l i t y  i n  a s e r i e s  of 
s t u d i e s  for h i s  p i e c e  'Chrebdo '  r e a l i z e d  a t  I R C A M .  He manipulated t h e  
way t h e  i n d i v i d u a l  formants changed i n  time t o  make t h e  s p e c t r a l  forms 
e i t h e r  coa le sce  i n t o  vowels o r  d i s i n t e g r a t e  i n t o  t h e  s e v e r a l  formants 
a s  i n d i v i d u a l  images. In  Taped Example 16 you may hear  some vo ices  modelled 
a f t e r  T ibe tan  chant  t h a t  are slowly d i s i n t e g r a t e d  by d e c o r r e l a t i n g  t h e  
formant movements u n t i l ,  a t  t h e  end o f  t h e  f ragment ,  i n d i v i d u a l  formants  
can be heard w h i s t l i n g  around a c r o s s  t h e  harmonics. 

A l l  of t h e s e  examples are in tended  t o  show t h a t  t h e  c o n s t e l l a t i o n  o f  f a c t o r s  
c o n t r i b u t i n g  t o  t h e  o r g a n i z a t i o n  of s imul taneous  elements i n t o  a u d i t o r y  
source  images is q u i t e  complex. They a l s o  demonst ra te  t h a t  t h e  f a c t o r s  can 
i n t e r a c t  and t h a t  some f a c t o r s  can o v e r r i d e  t h e  e f f e c t s  o f  o t h e r s ,  as was 
demonstrated i n  t h e  s p l i t  oboe example. 

FIGURE 14. The ampl i tudes  o f  each harmonic are modulated randomly 
above and below t h e i r  c e n t r a l  v a l u e ,  def ined  by t h e  vowel 
s p e c t r a l  envelope. The modulation p a t t e r n  on each  harmonic is 
independent o f  t h a t  on any o t h e r  harmonic. I n  Taped Example 14  
t h e  modulation depth  is va r i ed .  A s  t h e  modulation depth  is 
i n c r e a s e d ,  t h e  c e n t r a l  s p e c t r a l  form is deformed t o  a greater 
degree .  Note a l s o  t h a t  i n  t h e  Taped Example, t h e  c e n t r a l  s p e c t r a l  
form is a c t u a l l y  evolv ing  as well and t h a t  t h i s  evo lu t ion  is  n o t  
dep ic t ed  here .  

freq + 
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FIGURE 15 The p a r s i n g  of even and odd harmonies of an  oboe 
sound. I n i t i a l l y ,  a l l  harmonics a r e  modulated cohe ren t ly .  
Then t h e  even harmonics are s lowly  decor re l a t ed  from t h e  odd 
harmonics u n t i l  t h e y  have a n  independent modulation p a t t e r n .  
The t r i a n g l e  and squa re  waves a r e  on ly  used f o r  easy  
v i s u a l i z a t i o n .  V ib ra tos  o f  d i f f e r e n t  rates and independent 
j i t t e r  func t ions  were used i n  Taped Example 15. 

H 
transition 
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time +D 

The impor tan t  similarities among t h e s e  f a c t o r s  are t h a t  t h e y  are dynamic, 
t h a t  is they  change wi th  time, and t h e  coherence o f  change i n d i c a t e s  a 
common source  o r i g i n  whi le  incoherence  o f  change i n d i c a t e s  d i v e r s e  source  
o r i g i n s ,  I cons ide r  t h e  s p a t i a l  l o c a t i o n  f a c t o r  t o  be dynamic because i n  
normal l i s t e n i n g  both  t h e  head and t h e  sound source  are moving t o  some 
e x t e n t  and t h e  dynamic coherence of t h e  r e s u l t ,  w i th  r e s p e c t  t o  t h e  two ears, 
becomes a r e l a t i v e l y  unambiguous cue  f o r  p l ace  o f  o r i g i n  o f  t h e  sound 
source .  Indeed, ' p l a c e '  becomes an i n v a r i a n t  q u a l i t y  o f  t h e  sound image 
when t h i s  coherence is maintained. 

What I t h i n k  we need as a general and subd iv idab le  p r i n c i p l e  is t h e  no t ion  
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of t h e  coherence of behaviour o f  t h e  elements belonging t o  a source.  Again, 
as an explanatory metaphor, t h i s  not ion can be a p p l i e d  a t  s e v e r a l  l e v e l s  
of d e s c r i p t i o n  and de f ined  with r e s p e c t  t o  t h e  f a c t o r  being considered,  as I 
have demonstrated i n  t h e  previous s e c t i o n s .  I t  is a l s o  important  t o  consider  
t h a t  t h e  'meaning' of  coherence can be dependent on t h e  previous experience 
of a l i s t e n e r .  We can l e a r n  the  behaviour of  va r ious  sound sources .  And w e  
can inco rpora t e  t h e  i n s t a n c e s  and r e l a t i o n s  between i n s t a n c e s  o f  i ts  sound 
emanations i n t o  a model o f  coherence f o r  t h a t  o b j e c t  and f o r  p h y s i c a l l y  
similar o b j e c t s .  

I f i n d  myself r e t u r n i n g  o f t e n  t o  cons ide r  t h e  behaviour of phys i ca l  o b j e c t s  
fo r  r easons  of  both ' e c o l o g i c a l  v a l i d i t y '  (pe rcep tua l  systems are 'meant' t o  
ope ra t e  i n  t h e  phys ica l  world) and pe r sona l  experience with e l e c t r a c o u s t i c  
music. I n  l i s t e n i n g  t o  s e v e r a l  hundred hours o f  e l e c t r o n i c  and computer 
music I have o f t e n  been s t r u c k  by a p a r t i c u l a r ,  n a t u r a l  (a lmost  d e f a u l t )  
mode o f  l i s t e n i n g  which remarks t h a t  e l e c t r o n i c  sounds most o f t e n  sound l i ke  
something. Which is t o  say  t h a t  my pe rcep t ion ,  being always inf luenced by 
memory and learned p a t t e r n s  o f  c a t e g o r i z i n g  and i d e n t i f y i n g ,  t r ies  t o  hea r  
with r e s p e c t  t o  t h e  already heard. 
I consider  t he  i n t e r a c t i o n s  o f  s e q u e n t i a l  and simultaneous o rgan iza t ion .  

INTERACTIONS BETWEEN SEQUENTIAL AND SIMULTANEOUS O R G A N I Z A T I O N  

I r e t u r n  t o  t h i s  p o i n t  s h o r t l y ,  b u t  now 

I t  is no news t o  musicians t h a t  t h e r e  is some e s s e n t i a l  d i s t i n c t i o n  t o  be 
made between these  two types  o f  o rgan iza t ion ,  which a r e  t r a d i t i o n a l l y  
denoted as  ' h o r i z o n t a l '  and ' v e r t i c a l '  i n  r e fe rence  t o  t h e  page o f  t h e  
musical s co re .  I n  music we  see d i f f e r e n t  kinds o f  compositional p r i n c i p l e s  
i n  ope ra t ion  f o r  w r i t i n g  t h a t  tends more toward homophony and t h a t  which 
t ends  more toward polyphony. But,  of  cour se ,  t h e  most i n t e r e s t i n g  music 
arises where these  come i n t o  counterplay - e i t h e r  converging on similar 
p r o p o s i t i o n s  of  pe rcep tua l  o rgan iza t ion ,  or proposing s e p a r a t e ,  c o n f l i c t i n g  
o rgan iza t ions .  It is t h e  c r e a t i o n  o f  t ens ion  and func t iona l  ambiguity t h a t ,  
among many o the r  t h i n g s ,  b r ings  an  e x h i l a r a t i o n  t o  me as a l i s t e n e r .  

I n  a s ense ,  t h e r e  a r e  two s e p a r a t e  p ropos i t i ons  be fo re  our  ears i n  t h i s  kind 
of  counterplay.  I t  appears  t h a t  s e q u e n t i a l  and s imultaneous o rgan iza t ion  
are determined by s e p a r a t e  cri teria:  s e q u e n t i a l  elements are organized 
according t o  s p e c t r a l  c o n t i n u i t y ,  simultaneous elements are organized 
according t o  coherence of  dynamic cues.  That t hey  are organized by s e p a r a t e  
c r i t e r i a  sugges t s  t h e  p o s s i b i l i t y  t h a t  they may c o n f l i c t ,  even compete, with 
one ano the r .  This was t e s t e d  experimental ly  by Bregman and Pinker  (1978). 
The s t imu lus  they used is  dep ic t ed  i n  Figure 16. 

A pu re  tone  A a l t e r n a t e d  with a two-tone complex B and C .  The frequency o f  
t one  A was va r i ed  t o  make it more or less l i k e l y  t o  form a s e q u e n t i a l  stream 
with B. The onse t  time of tone C was va r i ed  to  make it  more or less l i k e l y  
t o  f u s e , t h a t  is form a simultaneous o rgan iza t ion  with tone  B.  Thus, both 
tones A and C were competing f o r  t h e  membership o f  tone B .  Two judgements 
were c o l l e c t e d  from s u b j e c t s :  (1) whether A and B formed one stream or  two; 
and ( 2 )  whether C w a s  perceived a s  being more pu re  or more r i c h .  When A 
and B were i n  c l o s e  frequency proximity ( t end ing  t o  be perceived as one 
stream) and B and C were asynchronous ( t end ing  t o  be perceived s e p a r a t e l y ) ,  
judgements i nd ica t ed  t h a t  A and B more o f t e n  formed one stream and C was 
perceived as  being more pure.  When A and B were d i s t a n t  i n  frequency 
( t end ing  t o  be perceived as two streams) and B and C were synchronous 
( t end ing  t o  be perceived as a g r o u p ) ,  judgements i n d i c a t e d  t h a t  A was heard 
i n  a stream by i t se l f  and C was perceived as being r i c h e r  (be ing  fused  with 
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B ) .  
above. 

These two cases may be  heard i n  Taped Example 17 i n  t h e  o r d e r  desc r ibed  

Th i s  was an impor tan t  experiment i n  two r e s p e c t s .  I t  demonstrated t h e  
s e p a r a t e  k inds  of o r g a n i z a t i o n  and t h e i r  i n t e r a c t i o n  i n  t h e  f i n a l  
pe rcep tua l  r e s u l t .  
sou rce ,  f o r  example t h e  t imbre  o f  C ,  was dependent on how t h e  e lements  were 
organized .  
pure .  But when they  were fused ,  C was perce ived  as being r i c h .  Thus 
t imbre ,  and ,  as I demonstrated with t h e  oboe i n  Taped Example 16, p i t c h  a r e  
p r o p e r t i e s  of source  images t h a t  are de r ived  af ter  t h e  concur ren t  e lements  
have been organized  i n t o  t h o s e  images. 

And it a l s o  demonstrated t h a t  a perce ived  q u a l i t y  o f  

When tone  B was n o t  grouped ( f u s e d )  wi th  C ,  t h e  l a t t e r  was more 

FIGURE 16 The s t imu lus  used by Bregman and Pinker  (1978) 
t o  demonstrate t h e  compet i t ion  o f  s e q u e n t i a l  and 
s imul taneous  o rgan iza t ions .  Tone B is p o t e n t i a l l y  a member 
o f  a s e q u e n t i a l  o rgan iza t ion  with A or a s imul taneous  
o rgan iza t ion  with C. See t e x t  f o r  more d e t a i l e d  informat ion .  

Stimulus 

I 
time + 

Percepts 

I- 

A & B stream A & B  segregate 
C pure C rich 
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Another example t o  demonstrate t h e  o rgan iza t iona l  dependency of t imbre is 
schematized i n  Figure 17. This sound conf igu ra t ion  is played i n  two 
s e p a r a t e  con tex t s  which g r e a t l y  affect  t h e  perceived t imbre o f  t one  A .  I n  
t h e  first p a r t  o f  Taped Example 18, tone A ( 4  components) i s  i n i t i a l l y  
played alone.  And then tones B and C (two components each)  g radua l ly  f ade  
i n .  A t  f irst  t h e  pe rcep t  is t h a t  shown i n  Figure 1 7  as ( a ) .  Tones B and C 
form one stream and tone  A forms another .  Note t h e  t imbre of  t one  A. But 
as t h e  i n t e n s i t i e s  of B and C approach t h a t  of A ,  t h e  components of A are 
captured and pu l l ed  i n t o  s e p a r a t e  o rgan iza t ions  by B and C. A t  t h i s  p o i n t  
t h e  o r i g i n a l  t imbre o f  A is more d i f f i c u l t  t o  hear .  
double t imbre and t h e  rhythmic p a t t e r n  is as shown i n  pe rcep t  ( b ) .  

I t  is rep laced  by a 

FIGURE 1 7  Depending on t h e  i n t e n s i t y  o f  t ones  B and C and on 
t h e  con tex t ,  
t imbre,  o r  it may be s p l i t  i n t o  two s imultaneous tones,  Ab and A, 
as i n d i c a t e d b y t h e  d o t t e d  l i n e s  i n  t h e  s t imu lus  diagram. I n  
t h e  former case, t h e  r e s u l t i n g  rhythm is  ( a ) ;  i n  t h e  la t ter  case, 
t h e  rhythm is ( b ) .  

A may be heard as a fused tone with its own 

Stimulus 

(a) Percepts (b) 

I,: E 
7Gs'  A 

F5 :,, 
b y  
A 

But now l e t  u s  r e v e r s e  t h e  procedure.  The second p a r t  o f  Taped Example 18 
starts with tones B and C and t h e  tone A is g radua l ly  faded i n .  This time 
it never reaches ( f o r  my ears anyway) a p o i n t  where it is p u l l e d  a p a r t  by 
tones  B and C. 
s t a b l e  as a s e p a r a t e  stream and s t a y s  a t  percept  ( a ) .  
sound conf igu ra t ion  as t h i s  w e  a l r eady  have some r a t h e r  complex effects 
o f  con tex t  on t h e  way t h e  elements are organized and t h e  t imbres  are 
perceived.  Demonstrations such as t h i s  support  t h e  p ropos i t i on  o f  Bregman 
(1977. 1980) t h a t  pe rcep t ion  is a n  a c t i v e  p rocess  o f  composing t h e  sensory 
d a t a  i n t o  some kind of i n t e r p r e t a t i o n  of t h e  way t h e  world is behaving. 

Somehow t h e  crescendo movement of  A seems t o  keep it 
So with as simple a 

The 
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composition process draws from a large number of elements in the perceptual 
field that interact in complex ways to produce a final percept (Bregman and 
Tougas, 1979). 

Where this becomes interesting musically is in its implication that, with 
computer synthesis techniques, processes of horizontal and vertical musical 
organization can be carried into the sound microstructure. The composer can 
play with the processes of perceptual organization that underly the heard 
musical surface. This sets up the possibility of composing situations where 
sequential and simultaneous organizations compete for individual spectral 
components to be part of the structure of a musical image. With a careful 
consideration (or better yet, embodiment and subsequent intuitive use) of 
these principles of perceptual organization, the composer has access to a 
whole realm of mutability of the heard 'image'. Convergences and 
divergences of the musical functionalities of individual elements allow the 
development of microstructural (and pre-perceptual) ambiguity. These 
possibilities are evidenced in the last Taped Example (no. 19), created by 
Rodet with the CHANT computer-synthesis program. 

SUMMARY 

I have proposedthatthere are separate groups of criteria that determine 
the way one organizes acoustic information sequentially and simultaneously. 
This distinction perhaps reflects the involvement of different types of 
perceptual mechanisms. Sequential information is organized according to 
criteria of spectral continuity. A sequence of events that maintains 
spectral continuity is more easily followed as a source image than a 
sequence that is discontinuous. In the latter case one is more likely to 
reorganize the sequence into two o r  more streams. 
is organized according to criteria of coherence of dynamic cues such as 
amplitude and frequency modulation that indicate common source origin, the 
tracing of spectral form that indicates a common spatial origin. Spectral 
components that behave coherently in these ways are more likely to be 
heard as originating from a common source and will thus form a unified, fused 
auditory image. As this coherence of behaviour is maintained across time, 
the image can follow in time as well. However, since the criteria for 
sequential and simultaneous organization are different, it is possible to 
construct situations where they come into conflict. In situations of 
conflict, either one criterion overrides another and the organization 
follows accordingly, or situations of organizational ambiguity result. 

Given the extensibility of the auditory image metaphor and the principles of 
continuity and coherence, it should be possible to develop a psychologically 
relevant theory of musical attention and organization that covers the range 
from the formation of the image of a single event to the accumulation of the 
'image' of a musical form, passing through many intermediate levels of 
organizational polyvalence (each element is potentially a member of several 
concurrent organizations) and the construction of composite musical objects 
that have a complex evolution through time. I feel that structural and 
functional ambiguities are a very important part of musical organization and 
if well understood can be used with great effectiveness and power in musical 
composition. 

So where do we stand with respect to the initial questions? As concerns what 
might possibly be attended to as a musical image, a good start has been made 
with an understanding of certain basic principles of sequential and 
simultaneous organization, at least at the level of source organization. 

Simultaneous information 
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There remains much work t o  be done on t h e  e f f e c t s  o f  h ighe r  l e v e l  o rgan iz ing  
p r i n c i p l e s ,  such as underlying metric and rhythmic s t r u c t u r e  and underlying 
harmonic s t r u c t u r e ,  on what can be followed th rough t  time as a coherent  
e n t i t y  and on what can be grouped as musical ly  meaningful conglomerates or 
composite images. With r e s p e c t  t o  the  second and t h i r d  ques t ions ,  t h e  
p r i n c i p l e s  o u t l i n e d  he re  a r e  c e r t a i n l y  an important  group of  p rocesses  
t h a t  are involved i n  t h e  a c t  o f  aud i to ry  o rgan iza t ion .  Again, what needs t o  
be f u r t h e r  researched (as much i n  musical as i n  psychological  paradigms) is 
t h e  e x t e n t  t o  which t h e  a c t i v e ,  c r e a t i v e  involvement o f  t h e  l i s t e n e r  can 
play a r o l e  i n  t h e  o rgan iz ing  o f  complex c o n s t e l l a t i o n s  o f  sound even t s  i n t o  
musical images. 

A s  I am prone t o  reiterate ad nauseum, each l i s t e n e r  s t i l l  carries i n t o  t h e  
musical s i t u a t i o n  'normal '  t endenc ie s  of  hear ing t h a t  are going t o  ac t  as 
d e f a u l t s  i n  t h e  o rgan iza t ion  o f  musical sound. However, what is most 
compelling as a r e s u l t  o f  a l l  of t h e  r e sea rch  on aud i to ry  o rgan iza t ion  is t h e  
fac t  t h a t  t h e  w i l l  and focus o f  t h e  l i s t e n e r  p l a y  an e x t r a o r d i n a r i l y  
important  r o l e  i n  determining t h e  f i n a l  pe rcep tua l  r e s u l t s .  Musical 
l i s t e n i n g  (as well as viewing v i s u a l  ar ts  or r ead ing  a poem) is and must be 
considered s e r i o u s l y  by any a r t i s t  as a c r e a t i v e  ac t  on t h e  p a r t  o f  t h e  
p a r t i c i p a n t .  A s  mentioned p rev ious ly ,  pe rce iv ing  is an a c t  of composition, 
and pe rce iv ing  a work of  a r t  can involve conscious and w i l l f u l  acts o f  
composition. What t h i s  proposes t o  t h e  artist is the  c r e a t i o n  o f  forms t h a t  
con ta in  many p o s s i b i l i t i e s  o f  ' r e a l i z a t i o n '  by a pe rce ive r ,  t o  a c t u a l l y  
compose a m u l t i p o t e n t i a l  s t r u c t u r e  t h a t  allows t h e  pe rce ive r  t o  compose a 
new work wi th in  t h a t  form a t  each encounter.  This proposes a r e l a t i o n  t o  
a r t  t h a t  demands of percept ion t h a t  it be  c r e a t i v e  i n  essence.  
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FOOTNOTES 

1. A cassette t a p e  o f  t h e  sound examples descr ibed i n  t h i s  t e x t  is 
a v a i l a b l e  by w r i t i n g  t o  the  au tho r .  

2. Vibrato is approximately s i n u s o i d a l  modulation with modulation rates 
between about 3-10 Hz. J i t t e r  is  an ape r iod ic  modulation g e n e r a l l y  
found i n  a l l  n a t u r a l  sus t a ined -v ib ra t ion  sources  l i k e  v o i c e s ,  bowed 
s t r i n g s  and winds: t h e  frequency spectrum o f  t h e  modulation i t s e l f  
u s u a l l y  has a low-pass c h a r a c t e r i s t i c ,  t h a t  is has a g r e a t e r  
predominance o f  lower f r equenc ie s ,  p a r t i c u l a r l y  those  below 30-50Hz 
(McAdams, 1983). 

3. R m s  s t a n d s  for root-mean-square which is a measure of t h e  o v e r a l l  
d e v i a t i o n  from t h e  c e n t r e  frequency o f  a given p a r t i a l .  Seve ra l  
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4 .  

5 .  

6. 

d i f f e r e n t  exper iments  have shown t h a t  t h i s  is a good measure s i n c e  
v a s t l y  d i f f e r e n t  modulation waveforms, l i k e  v i b r a t o  and j i t t e r , c a n  
be equated  f o r  amount o f  dev ia t ion  with t h i s  measure (Hartmann and 
Kle in ,  1 9 8 3 ;  McAdams, 1 9 8 3 ~ ) .  

1 c e n t  = 1/100 of a semi tone ;  12  c e n t s  is approximate ly  0.7% of  t h e  
frequency. 

This,however, has  been shown by Cohen (1980) t o  be dependent t o  some 
e x t e n t  on t h e  form o f  t h e  amplitude envelope. Inharmonic (and  by 
impl i ca t ion  mul t i -p i tched)  sounds a r e  most o f t e n  heard  a s  fused ,  
s i n g l e  sou rces  when they  have exponen t i a l ly  decaying ampl i tude  
envelopes as one f i n d s  wi th  many k inds  o f  s t r u c k  sound sources ,  
f o r  example, s t r i n g s ,  b a r s ,  t ubes ,  p l a t e s ,  e tc .  

For many l i s t e n e r s ,  t h e  vowel /a/ is always more prominent t han  t h e  
vowels / o /  and / i / , even  when t h e r e  is no modulation. 
l i k e l y  due t o  t h e  f a c t  t h a t  t h e  i n d i v i d u a l  vowels were equa l i zed  
f o r  loudness  be fo re  mixing i n t o  t h e  complexes. The formants  f o r  
t h e  vowel /a/ a r e  grouped i n t o  two s p e c t r a l  r e g i o n s  and t h u s  t h e i r  
energy is more concen t r a t ed  and t h e  harmonics i n  t h e s e  r eg ions  
s t and  above those  o f  t h e  o t h e r  two vowels whose s p e c t r a  a r e  more 
spread  out .  L i s t e n e r s  t hus  have access t o  s e v e r a l  formant 
f e a t u r e s  f o r  t h e  vowel /a/ even when it  i s  n o t  be ing  modulated. 

Th i s  is most 
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