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ABSTRACT

T h i s  t h e s i s  e x a m i n e s  t h e  u s e  o f  s ou n d  t o  p r e s e n t  d a t a .  Comput e r  
g r a p h i c s  c u r r e n t l y  o f f e r s  a v a s t  a r r a y  o f  t e c h n i q u e s  f o r  c o m m u n i c a t i n g  
d a t a  t o  a n a l y s t s .  G r a p h i c s  i s  l i m i t e d ,  h o w e v e r ,  by t h e  number  of  
d i m e n s i o n s  t h a t  c a n  be p e r c e i v e d  a t  one  t i m e ,  by t h e  t y p e s  of  d a t a  
t h a t  l e n d  t h e m s e l v e s  t o  v i s u a l  r e p r e s e n t a t i o n ,  a nd  by t h e  n e c e s s a r y  
e y e  f o c u s  on t h e  o u t p u t .  Sound  o f f e r s  an  e n h a n c e m e n t  and an 
a l t e r n a t i v e  t o  g r a p h i c  t o o l s .

M u l t i v a r i a t e ,  l o g a r i t h m i c ,  a nd  t i m e - v a r y i n g  d a t a  p r o v i d e  e x a m p l e s  f o r  
a u r a l  r e p r e s e n t a t i o n .  F o r  e a c h  o f  t h e s e  t h r e e  t y p e s  o f  d a t a ,  t h e  
t h e s i s  s u g g e s t s  a m e t h o d  o f  e n c o d i n g  t h e  i n f o r m a t i o n  i n t o  s ou n d  and 
p r e s e n t s  v a r i o u s  a p p l i c a t i o n s .  D a t a  v a l u e s  w e r e  mapped t o  s ound  
c h a r a c t e r i s t i c s  s u c h  a s  p i t c h  a nd  vo l ume  so  t h a t  i n f o r m a t i o n  was 
p r e s e n t e d  a s  s e t s  o r  s e q u e n c e s  o f  n o t e s .  In a l l  c a s e s ,  t h e  r e s u l t i n g  
s o u n d s  c o n v e y e d  i n f o r m a t i o n  i n  a manne r  c o n s i s t e n t  w i t h  p r i o r  
k n o w l e d g e  o f  t h e  d a t a .

E x p e r i m e n t s  showed  t h a t  s o u n d  d o e s  c o n v e y  i n f o r m a t i o n  a c c u r a t e l y  and 
t h a t  s o u n d  c a n  e n h a n c e  g r a p h i c  p r e s e n t a t i o n s .  S u b j e c t s  w e r e  t e s t e d  on 
t h e i r  a b i l i t y  t o  d i s t i n g u i s h  b e t w e e n  two s o u r c e s  o f  t e s t  i t e m s .  In 
t h e  f i r s t  p h a s e  o f  t h e  e x p e r i m e n t s ,  s u b j e c t s  d i s c r i m i n a t e d  b e t w e e n  two 
6—d i m e n s i o n a I  d a t a  s e t s  r e p r e s e n t e d  i n  s o u n d .  In  t h e  s e c o n d  p h a s e  of  
t h e  e x p e r i m e n t ,  75 s u b j e c t s  w e r e  s e l e c t e d  a nd  a s s i g n e d  t o  one  o f  t h r e e  
g r o u p s .  The f i r s t  g r o u p  o f  25 h e a r d  t e s t  i t e m s ,  t h e  s e c o n d  g r o u p  saw 
t e s t  i t e m s ,  a nd  t h e  t h i r d  g r o u p  b o t h  h e a r d  a nd  saw t h e  t e s t  i t e m s .  
The a v e r a g e  p e r c e n t a g e  c o r r e c t  was  64 . 5% f o r  t h e  s o u n d —o n l y  g r o u p ,  62% 
f o r  t h e  g r a p h i c s - o n l y  g r o u p ,  a nd  69% f o r  t h e  s ou n d  and  g r a p h i c s  g r o u p .  
I n  t h e  t h i r d  p h a s e ,  a d d i t i o n a l  e x p e r i m e n t s  f o c u s e d  on t h e  mapp i ng  
b e t w e e n  d a t a  v a l u e s  a nd  s o u n d  c h a r a c t e r i s t i c s  a nd  on t h e  t r a i n i n g  
me t h o d s .

As t h e  u s e  of  c o m p u t e r s  s p r e a d s ,  t h e  n e e d  f o r  m e t h o d s  of  c o n v e y i n g  
i n f o r m a t i o n  f rom t h e  c o m p u t e r  t o  humans  g r o w s .  C o m p u t e r - g e n e r a t e d  
s o u n d  o f f e r s  an a l t e r n a t i v e  t h a t  h a s  n o t  b e e n  w i d e l y  u t i l i z e d .  T h i s  
t h e s i s  s u g g e s t s  a r e a s  o f  f u t u r e  e x p l o r a t i o n  i n  b o t h  a p p l i c a t i o n s  and 
t e c h n i q u e s  f o r  a u r a l  d a t a  r e p r e s e n t a t i o n .  The r e s u l t s  of  t h e  work
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d e s c r i b e d  i n  t h i s  t h e s i s  a nd  t h e  many q u e s t i o n s  t o  be s t u d i e d  i n d i c a t e  
t h e  b r o a d  r a n g e  o f  u s e  f o r  s o u n d .

KEYWORDS: H u m a n / c o m p u t e r  i n t e r f a c e  Compu t e r  g r a p h i c s  D a t a
a n a l y s i s  t e c h n i q u e s  I n f o r m a t i o n  p r e s e n t a t i o n  Human 
f a c t o r s  I n t e r a c t i v e  s y s t e m s  Sound  s y n t h e s i s  Comput e r  
s o u n d
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INTRODUCTION

W i t h  t h e  a d v e n t  of  c o m p u t e r s ,  t h e  a b i l i t y  t o  p e r f o r m  d a t a  c a l c u l a t i o n s  
h a s  i n c r e a s e d  t r e m e n d o u s l y .  Much o f  t h e  d a t a  a n a l y s i s ,  h o w e v e r ,  s t i l l  
d e p e n d s  on humans  t o  f i n d  p a t t e r n s  and  e x t r a c t  i n f o r m a t i o n .  The s e  
a n a l y s t s  a r e  f a c e d  w i t h  t h e  p r o b l e m s  o f  an e v e r - i n c r e a s i n g  number  of  
n u m e r i c  r e s u l t s  a nd  w i t h  t h e  d e s i r e  t o  c o m p r e h e n d  t h e s e  r e s u l t s  e a s i l y  
a nd  q u i c k l y .  A n e e d  e x i s t s  t o  u n d e r s t a n d  l a r g e  a mo u n t s  of  d a t a  a nd  to  
p r e s e n t  t h i s  c o m p u t e r  d a t a  t o  humans  i n  a r e a d i l y - u n d e r s t o o d  fo rm.

In t h e  p a s t  f ew y e a r s ,  c o m p u t e r  g r a p h i c s  h a s  r e v o l u t i o n i z e d  t h e  
a b i l i t y  t o  o b t a i n  i n f o r m a t i o n  f r om c o m p u t e r s .  O u t p u t  f a r  more  v a r i o u s  
t h a n  p r i n t e d  w o r d s  a nd  n u m b e r s  i s  now a v a i l a b l e .  From b a r  g r a p h s  t o  
t h r e e - d i m e n s i o n a l  c o l o r  d i s p l a y s ,  c o m p u t e r  g r a p h i c s  i n v o l v e s  v i s i o n  as  
an  a c t i v e  a i d  i n  d a t a  i n t e r p r e t a t i o n .  P l o t s  e n h a n c e  a n a l y s i s ,  a 
c o m p u t e r  p a i n t b r u s h  e x p a n d s  a r t ,  d e s i g n e r  p l a n s  eme r ge  a l m o s t  a s  t h e y  
a r e  e n v i s i o n e d ,  a nd  s i m u l a t i o n s  h e l p  e x p l o r e  a r a n g e  of  a l t e r n a t i v e s .

I f  v i s u a l  f e e d b a c k  i m p r o v e s  t h e  u s e  o f  c o m p u t e r  c a l c u l a t i o n s ,  why n o t  
u s e  o t h e r  s e n s e s  a s  w e l l ?  Our  p e r c e p t i o n  of  t h e  w o r l d  a r o u n d  u s  comes 
f r o m  h e a r i n g ,  t o u c h i n g ,  s m e l l i n g ,  a nd  t a s t i n g ,  a s  w e l l  a s  f rom s e e i n g .  
A l t h o u g h  e x p e r i m e n t s  h a v e  b e e n  done  w i t h  t o u c h  [ 3 2 ] ,  mos t  c o m p u t e r  
r e s e a r c h  f o r  o u t p u t  o t h e r  t h a n  g r a p h i c s  h a s  b e e n  w i t h  s o u n d .  Sound 
t e c h n o l o g y  a l r e a d y  e x i s t s  f o r  mas s  r e p r o d u c t i o n  and  p l a y b a c k .  
A d d i t i o n a l l y ,  s o u n d  h a s  a w e l l - d e f i n e d  s t r u c t u r e  t h a t  t a s t e ,  s m e l l ,  
a nd  t o u c h  l a c k .  A v o c a b u l a r y  e x i s t s  t o  t a l k  a b o u t  s o u n d s ,  a nd  t h e  
r e l a t i o n s h i p s  among s o u n d s  c a n  be  c a t e g o r i z e d .  Sound  i s  a n a t u r a l  
c h o i c e  f o r  f u r t h e r  s t u d y  of  ways  t o  c o n v e y  c o m p u t e r  d a t a .

T h i s  t h e s i s  e x p l o r e s  t h e  u s e  o f  s o u n d  o u t p u t  t o  e x a m i n e  d a t a  f rom 
c o m p u t e r s .  I t  i n c l u d e s  t h e  p r o b l e m s  of  i n f o r m a t i o n  p r e s e n t a t i o n ,  t h e  
e x i s t i n g  m e t h o d s  of  s o u n d  g e n e r a t i o n ,  and  t h e  a l t e r n a t i v e s  f o r  u s i n g  
s o u n d .  An e x p e r i m e n t  shows  t h a t  l i s t e n e r s  c a n  c l a s s i f y  d a t a  v a l u e s  
e n c o d e d  i n t o  s o u n d .  C h a p t e r  1 o u t l i n e s  t h e  c u r r e n t  ways  of  
c o m m u n i c a t i n g  i n f o r m a t i o n  f r om t h e  c o m p u t e r  t o  a human and l o o k s  a t  
t h e  a s s o c i a t e d  p r o b l e m s .  C h a p t e r s  2 and  3 d e p a r t  f rom t h e  d i s c u s s i o n



SOUND a n d  COMPUTER INFORMATION PRESENTATION P a g e  2

of  p r e s e n t i n g  i n f o r m a t i o n  i n  s o u n d  t o  p r o v i d e  b a c k g r o u n d  m a t e r i a l .  
T e c h n i q u e s  f o r  c o m p u t e r - s y n t h e s i z e d  s o u n d  a r e  d e s c r i b e d  i n  C h a p t e r  2 .  
F a c i l i t i e s  a nd  d e s i r e d  t o o l s  a r e  r e c o r d e d  i n  C h a p t e r  3 .  C h a p t e r  4 
r e f o c u s e s  on i n f o r m a t i o n  p r e s e n t a t i o n  a nd  s u g g e s t s  a v a r i e t y  of  ways  
t o  u s e  s o u n d .  C h a p t e r  5 p r e s e n t s  t h e  r e s u l t s  f r o m  an e x p e r i m e n t  i n  
w h i c h  s u b j e c t s  u s e d  s o u n d  o u t p u t  f o r  d a t a  d i s c r i m i n a t i o n .  C h a p t e r  6 
s u m m a r i z e s  t h e  c o n c l u s i o n s  a nd  o u t l i n e s  f u r t h e r  a r e a s  o f  e x p l o r a t i o n .

A r e c o r d i n g  p r o v i d e s  e x a m p l e s  of  s e v e r a l  m e t h o d s  of  u s i n g  s o u n d  t o  
p r e s e n t  c o m p u t e r - g e n e r a t e d  i n f o r m a t i o n .  A p p e n d i x  A d e s c r i b e s  t h e  
r e c o r d i n g  in  d e t a i l .  J u s t  a s  g r a p h i c  i l l u s t r a t i o n s  h e l p  i n  c l a r i f y i n g  
t e x t ,  t h e  r e c o r d i n g  i s  mos t  u s e f u l  i n  i l l u s t r a t i n g  t h e  m a t e r i a l  i n  
C h a p t e r s  4 a n d  5 .  The r e a d e r  w i l l  b e n e f i t  by  l i s t e n i n g  t o  t h e  
r e c o r d i n g  w h i l e  r e a d i n g .



SOUND a n d  COMPUTER INFORMATION PRESENTATION P a g e  3

1: INFORMATION PRESENTATION

I n f o r m a t i o n  p r e s e n t a t i o n  i s  i m p o r t a n t .  The more  r a p i d l y  we c a n  o b t a i n  
i n f o r m a t i o n ,  t h e  more  q u i c k l y  we c a n  q u e s t i o n  a nd  e x p a n d  our  
k n o w l e d g e .  T e c h n i q u e s  f o r  p r e s e n t i n g  c o m p u t e r - g e n e r a t e d  i n f o r m a t i o n  
a r e  p a r t i c u l a r l y  i n t e r e s t i n g .  A c o m p u t e r  i s  e x t r e m e l y  f a s t  and
p r o v i d e s  q u a n t i t i e s  of  d a t a  a t  a r a t e  f a r  t o o  r a p i d  f o r  human 
c o m p r e h e n s i o n .  H o w e v e r ,  t h e  c o m p u t e r ' s  s t r e n g t h  i n  p r o v i d i n g
i n f o r m a t i o n  d o e s  n o t  c o m p e n s a t e  f o r  i t s  w e a k n e s s  i n  p r e s e n t i n g  t h a t  
i n f o r m a t i o n  t o  humans  i n  an e a s i l y  u n d e r s t a n d a b l e  m a n n e r .  T o o l s  f o r  
c o m p u t e r  d a t a  p r e s e n t a t i o n  a r e  c r u c i a l  f o r  mak i ng  a d e q u a t e  u s e  of  
c o m p u t e r  i n f o r m a t i o n .

T h i s  c h a p t e r  c o n c e n t r a t e s  on m e t h o d s  .of p r e s e n t i n g  c o m p u t e r  
i n f o r m a t i o n .  C o mp u t e r  g r a p h i c s  o f f e r s  a v a r i e t y  o f  ways  t o  d e a l  w i t h  
t h e  f l o w  o f  i n f o r m a t i o n ;  h o w e v e r ,  t h e r e  i s  d a t a  w h i c h  c a n  n o t  be
a b s o r b e d  by g r a p h i c s  a l o n e .  I t  i s  a p p r o p r i a t e  t o  e x p a n d  t h e  m e t h o d s  
f o r  c o m p u t e r  i n f o r m a t i o n  p r e s e n t a t i o n .  C o n s i d e r  t h e  ways  i n  w h i c h  
humans  p r o c e s s  i n f o r m a t i o n ,  t h e  c o m p u t e r  o u t p u t  w h i c h  s u p p o r t s  t h e s e  
s k i l l s ,  t h e  l i m i t a t i o n s  o f  t h i s  i n f o r m a t i o n  f l o w ,  and  some
a l t e r n a t i v e s  u s i n g  s o u n d .

1.1: Human Information Processing

In  o r d e r  t o  i n c r e a s e  t h e  u n d e r s t a n d i n g  o f  i n f o r m a t i o n  p r e s e n t a t i o n ,  i t  
i s  n e c e s s a r y  t o  u n d e r s t a n d  how humans  d e a l  w i t h  i n f o r m a t i o n .  In t h e  
w o r k  t h a t  f o l l o w s ,  a f ew g e n e r a l  s k i l l s  a r e  s i g n i f i c a n t  f o r  g a i n i n g  
i n f o r m a t i o n  f r o m  d a t a ,  p a r t i c u l a r l y  f rom l a r g e  s e t s  of  d a t a .  Four  
s u c h  s k i l l s  a r e  t h e  a b i l i t y  t o  n o t e  s p e c i f i c  f e a t u r e s  i n  t h e  d a t a ,  t h e  
a b i l i t y  t o  r e c o g n i z e  p a t t e r n s  o r  g r o u p i n g s  i n  t h e  d a t a ,  t h e  a b i l i t y  t o  
a s s i m i l a t e  o v e r a l l  s t r u c t u r e  and  p r o p e r t i e s  of  t h e  d a t a ,  and  t h e
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a b i l i t y  t o  p e r c e i v e  t h e  d a t a  i n  more  t h a n  one  way .  T h i s  s e c t i o n  
e l a b o r a t e s  on e a c h  of  t h e s e  s k i l l s .

The mos t  common means  of  d e a l i n g  w i t h  l a r g e  a m o u n t s  of  d a t a  i s  t o  n o t e  
t h o s e  e v e n t s  w h i c h  h a v e  p a r t i c u l a r  s i g n i f i c a n c e  o r  s t a n d  o u t  i n  some 
way f r o m  t h e  r e m a i n i n g  i n f o r m a t i o n .  A summary o r  o u t l i n e  o f  a s u b j e c t  
i s  o f t e n  s u f f i c i e n t  t o  p o i n t  o u t  t h e  i m p o r t a n t  t o p i c s .  An e x p e r i m e n t  
i n  w h i c h  o n l y  t h e  o c c u r r e n c e  of  a p a r t i c u l a r l y  l a r g e  v a l u e  i s  
i m p o r t a n t  may r e c o r d  o n l y  a f ew of  t h e  many f a c t s  o b s e r v e d .  A g r a p h  
q u i c k l y  i n d i c a t e s  one  o r  two p o i n t s  t h a t  l i e  f a r  away f r om t h e  o t h e r s .  
T h e s e  f e a t u r e s  ( o r  e r r o r s ! )  o f  t h e  d a t a  o f t e n  become t h e  f o c u s  of  
f u r t h e r  w o r k .

Many t i m e s ,  h o w e v e r ,  i t  i s  n o t  s u f f i c i e n t  t o  o b s e r v e  o n l y  a few f a c t s  
r e g a r d i n g  t h e  d a t a .  The s i g n i f i c a n t  i n f o r m a t i o n  may l i e  i n  t h e  
p a t t e r n s  o r  g r o u p i n g s  o f  t h e  d a t a .  Eve n  t h o u g h  an i s o l a t e d  v a l u e  i s  
i m p o r t a n t ,  t h e  e v e n t s  l e a d i n g  t o  t h e  n o t e d  o c c u r r e n c e  a r e  o f t e n  more 
e n l i g h t e n i n g .  F o r  e x a m p l e ,  r e s t r i c t i n g  e x p e r i m e n t  o u t p u t  t o  l a r g e  
d a t a  v a l u e s  m i g h t  h i d e  t h e  f a c t  t h a t  a p a r t i c u l a r l y  low v a l u e  a l w a y s  
p r e c e d e d  a p a r t i c u l a r l y  h i g h  v a l u e .  D a t a  u s u a l l y  i s  c l a s s i f i e d  by 
n o t i n g  r e l a t i o n s h i p s  a nd  s i m i l a r i t i e s  w h i c h  c o r r e s p o n d  t o  known 
i n f o r m a t i o n .  T h i s  c a t e g o r i z a t i o n  c a n  be  h e l p f u l  i n  s i m p l i f y i n g  a 
c o m p l e x  s e t  o f  i n f o r m a t i o n .

When n o t h i n g  i s  known i n  a d v a n c e  a b o u t  t h e  d a t a ,  e v e n  p a t t e r n s  o r  
g r o u p i n g s  a r e  d i f f i c u l t  t o  d e t e r m i n e .  I t  i s  i m p o r t a n t  t o  be  a b l e  t o  
c o m p r e h e n d  t h e  e n t i r e  b o d y  o f  d a t a  i n  some way .  A l l  t h e  i n f o r m a t i o n  
s h o u l d  be  c o n s i d e r e d  b e f o r e  s t r u c t u r i n g  t h e  d a t a  i n t o  p a t t e r n s  o r  
s p e c i f i c  e v e n t s .  A t w o - d i m e n s i o n a l  p r o j e c t i o n  o f  n - d i m e n s i o n a 1 d a t a  
may h i d e  a n a t u r a l  d i v i s i o n  o f  t h e  d a t a  i n  a n o t h e r  p l a n e .  B e i n g  
m i n d f u l  o f  t h e  o v e r a l l  s t r u c t u r e  o f  t h e  d a t a  may p r e v e n t  i s o l a t e d  
e v e n t s  o r  g r o u p i n g s  f r om f a l s e l y  d o m i n a t i n g  any  c o n c l u s i o n s .

Most  i m p o r t a n t  i s  t h e  a b i l i t y  t o  c o n s i d e r  d a t a  f r om a v a r i e t y  of  
v i e w p o i n t s .  What  may a p p e a r  a s  o r d i n a r y  i n  one  c o n t e x t  may be  q u i t e  
s i g n i f i c a n t  i n  a n o t h e r .  What  may h a v e  no m e a n i n g  f r om one  v i e w p o i n t  
may t a k e  on u s e f u l  s t r u c t u r e  f r om a n o t h e r .  F o r  e x a m p l e ,  a g r a p h  of  
e i g h t - d i m e n s i o n a l  d a t a  may a p p e a r  a s  r an d o m p o i n t s  when p r o j e c t e d  o n t o  
t h e  f i r s t  two a x e s  b u t  may show d i s t i n c t  s e p a r a t i o n  i n t o  s e t s  i n  a 
d i f f e r e n t  p r o j e c t i o n .  O f t e n  d a t a  p l o t t e d  l i n e a r l y  a p p e a r s  s c a t t e r e d  
b u t  shows  d e f i n i t e  p a t t e r n s  when p l o t t e d  l o g a r i t h m i c a l l y .  F i g u r e s  1.1
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a nd  1 . 2  i l l u s t r a t e  two e q u a l l y  i m p o r t a n t  v i e w s  of  one  s u c h  d a t a  s e t  
when t h e  x - a x i s  i s  a l i n e a r  s c a l e  and  when t h e  x - a x i s  i s  a l o g a r i t h m i c  
s c a l e . *  A n a l y s i s  i n v o l v i n g  s e v e r a l  m e t h o d s  of- e x a m i n i n g  d a t a  i n c r e a s e s  
t h e  u n d e r s t a n d i n g  of  t h e  d a t a ,  i t s  p r o p e r t i e s  and  s t r u c t u r e .

— ^  -N. N,
—  N . Ni

— ^  N N.
\  \  \  V I I I
N \  \  \  \  \  I
^  \  \  \  \  \  V
^  N \  \  \  \  V
^  N \  \  \  \  \

I

>1

Figure 1.1: Linear  Axis Figure 1.2: Logari thmic Axis

T h e s e  human s k i l l s  f o r  a n a l y z i n g  d a t a  s h o u l d  be  s u p p o r t e d  by c o m p u t e r  
m e t h o d s  f o r  p r e s e n t i n g  t h e  d a t a .  Many s u c h  c o m p u t e r  t o o l s  do e x i s t .  
C u r r e n t  f o r ms  o f  c o m p u t e r  o u t p u t  a nd  s u g g e s t i o n s  f o r  a l t e r n a t i v e s  
s h o u l d  be  e x a m i n e d  by c o n s i d e r i n g  how w e l l  t h e y  c o n t r i b u t e  t o  human 
u n d e r s t a n d i n g  o f  d a t a  i n f o r m a t i o n .

1.2: Viatud Computer Data Presentation

A c o m p u t e r  c a n  be  e s p e c i a l l y  p o w e r f u l  i n  a i d i n g  t h e  human a b i l i t y  t o  
c o m p r e h e n d  a nd  m a n i p u l a t e  l a r g e  b o d i e s  o f  i n f o r m a t i o n .  G i v e n  
a l g o r i t h m s  f o r  e x t r a c t i n g ,  g r o u p i n g ,  a nd  s u m m a r i z i n g  i n f o r m a t i o n ,  t h e  
c o m p u t e r  o f f e r s  a w i d e  v a r i e t y  of  t o o l s  f o r  p r e s e n t i n g  t h e  r e s u l t s .  
C u r r e n t l y ,  t h i s  d i g i t a l  o u t p u t  i s  p r i m a r i l y  v i s u a l ;  i n  p a r t i c u l a r ,  
t e x t  a nd  g r a p h i c s  a r e  e x t e n s i v e l y  u s e d  t o  c o m m u n i c a t e  f rom a c o m p u t e r

1. Figures 1.1 and 1.2 were provided by the Applied Technology Group of the 
Engineering Research Division at Lawrence Livermore National Laboratory.
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t o  a human u s e r . ^

T e x t  o u t p u t  f a l l s  i n t o  two m a i n  c a t e g o r i e s :  m e s s a g e s  and  c o mp u t e d
r e s u l t s .  M e s s a g e s  may be  m e r e l y  s t a t u s  i n f o r m a t i o n  o r  more  i n - d e p t h  
r e p o r t s  of  p r o g r a m  s t a t e s .  C a 1c u 1 a t i o n a 1 r e s u l t s  may be  a s  f ew as  a 
f i n a l  v a l u e  o r  a s  c o m p l e x  a s  t a b l e s  o f  d a t a .  F i g u r e s  1 . 3  a nd  1 . 4  a r e  
e x a m p l e s  of  t e x t  i n f o r m a t i o n  f o r  t h r e e  s e t s  o f  f o u r - d i m e n s i o n a l  d a t a .

RESULTS or raiNClPAL COIFOISNT ANALYSIS

ten  h ighest eigenTalues

4.228 0.243 0.078 0.024

corresponding e igenvectors

I xt 0.4219 0.8992 -0.9734 0.4186
2 x2 M1.0987 1.0000 1.0000 -0.4242
3 x3 1.0000 -0.2374 0.1275 -0.8367
4 x4 0.4182 -0.1034 0.9129 I . 0000

Zvar.exploB 92.462 5.307 1.710 0.521

cua.Zexplos 92.462 97.769 99.479 100.000

TrantfonM d Values

SI3.289S«^
3.2S47«<H)0 
3.090e«400 
3.2183«400 
3.2377«**00 3.7605«^ 
3 . 130S«*K)0 
3 .3574«^0  
3.0S37««00 
3 .3030*^0  
3.4066S400 
3.3731s>00 
3 . 1707s-M>0 2.659e«^0 3.33S7«^ 
3.6377«400 
3 .3605«400 
3.33184400 
3.666is400 
3.4020*400 
3.7262*400 
3.4637*400 
2.6600*400 
3.7350*400 
3.6731*400 
3.4069*400

x2
7.7330*400 
7.0532*400 
7.0971*400 
6.8597*400 
7.7431*400 
6.3109*400 
7.1731*400 
7.5193*400 
6.5035*400 
7.1396*400 
8.1790*400 
7.3156*400 
6.9736*400 
6.5952*400 
6.9100*400 
9.1261*400 
6.4059*400 
7.7227*400 
6.4910*400 
7.9969*400 
7.8316*400 
7.6666*400 
7.4764*400 
7.4306*400 
7.2449*400 
7.0956*400

x3
-1.1035*400 -4 
•1.4066*400 8
-1.0266*400 -1 
-1.0040*400 -1 
-9 .061U -01 -1 
-7.7466*-01 -7 
-6.2545*-01 -1 
-1.0934*400 -1 
-1.0220*400 -7 
-1.3673*400 -1 
-1.1627*400 -6 
-6.6592*-01 -2 
-1.4027*400 -5 
-9.5424*-01 -7 
-1.3104*400 1
-9.9219*-01 -3 
-6.2566*-01 1
-1.0122*400 5
-1.2560*400 -6 
-6.9941S-01 -1 
-1.4572*400 -6 
-7.0612*-01 1
-5.6774**01 -3 
-9.9133**01 1
-8.4767*-01 -4 
-1.4606*400 1

x4
. 125U-02 
.714U -02 
.7756*-02 
.4453*-01 
.2553**01 
.6364**02 
.0613**01 
.0436*-0l 
.9740*-02 
. 1695*-0l 
.4183*-02 
.5175«-01 
.4719*-02 
.3019**02 
.6700**01 
.5560«*02 
.7631**01 
.6749*-02 
.3590*-03 
.3219«*01 
.4250**02 
.0235**02 
.6306**02 
.5259**01 
.4275**01 
.6662**03

Figure  1.3: Analysis Ou t pu t Figure  1.4; Data  Vectors

N o t i c e  t h a t  a l t h o u g h  c o m p u t e r  
a nd  c o m p l e t e  i n f o r m a t i o n ,  s u c h  
r e a d e r  i n  e x t r a c t i n g  i n f o r m a t i o n

t e x t  o u t p u t  c a n  p r o v i d e  c o m p r e h e n s i v e  
o u t p u t  p r o v i d e s  l i t t l e  a i d  t o  t h e  

T e x t  i s  m o s t  u s e f u l  f o r  d e s c r i b i n g
p a r t i c u l a r  f e a t u r e s  
s t r u c t u r e s .

of  d a t a r a t h e r t h a n p a t t e r n s  o r  o v e r a l l

G r a p h i c a l  o u t p u t  i s  an  e s p e c i a l l y  e f f e c t i v e  mea ns  of  p r e s e n t i n g  d a t a  
[ 2 4 ,  4 9 ] .  A p i c t u r e  c a n  be  v i s u a l i z e d  a t  a g l a n c e  a nd  c a n  c o n t a i n  
more  i n f o r m a t i o n '  i n  a l i m i t e d  s p a c e  t h a n  t e x t  a l o n e .  T h e r e f o r e ,  
g r a p h i c s  u s u a l l y  o f f e r s  a f a s t e r  a nd  b r o a d e r  v i e w  o f  t h e  i n f o r m a t i o n .

2. In general. al 1 computer output is visual with two notable exceptions. 
First, speech and music outputs are rapidly gaining in use. Second, computer 
output can take the form of actions controlling peripheral equipment.
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P l o t s ,  b a r  g r a p h s .  p s e u d o —c o l o r  i m a g e s ,  c o n t o u r  maps ,  and  m o v i e s  a r e  
b u t  a f ew of  t h e  g r a p h i c  t o o l s  i n  u s e .  B e c a u s e  g r a p h i c s  p r o v i d e s  t h e  
m a j o r  medium f o r  c o m p u t e r  i n f o r m a t i o n  p r e s e n t a t i o n ,  i t  i s  w o r t h  
c o n s i d e r i n g  some o f  t h e  m e t h o d s  i n  more  d e t a i l .

++ +

■tf+ -If +

++

u  -■

<z -

SB

6.0 8.0

Figure  1.5: T h r ee - d i me n s i o n a l  Pe r spec t i ve  Plot

P l o t s  a p p e a r  c o n s t a n t l y  i n  c o m p u t e r  g r a p h i c s  a p p l i c a t i o n s .  P l o t s  
i n c l u d e  an  x—y r e p r e s e n t a t i o n  of  p o i n t s ,  a b a r  g r a p h  of  s e v e r a l  g r o u p s
of  d a t a ,  o r  a t h r e e - d i m e n s i o n a l  p e r s p e c t i v e  of  an o b j e c t .  A g r a p h i c a l  
p l o t  i s  a t wo— o r  t h r e e - d i m e n s i o n a l  r e p r e s e n t a t i o n  o f  d a t a  i n  w h i c h  
t h e  d a t a  v a r i a b l e  v a l u e s  a r e  mapped  t o  l o c a t i o n s  on t h e  v i s u a l
d i s p l a y .  F i g u r e  1 . 5  p r e s e n t s  a g r a p h i c a l  v i e w  of  t h e  r aw d a t a  
r e f e r e n c e d  i n  F i g u r e s  1 . 3  a nd  1 . 4 .  In t h i s  i n s t a n c e ,  v a r i a b l e s  2 ,  3 ,  
a nd  4 o f  t h e  f o u r - d i m e n s i o n a l  d a t a  s e t s  a r e  p l o t t e d  i n  a 
t w o - d i m e n s i o n a l  r e n d e r i n g  of  t h r e e - d i m e n s i o n s .  N o t i c e  t h a t  one  s e t  i s  
c l e a r l y  s e p a r a t e d  f rom t h e  o t h e r  t wo.  A n a l y s i s  m e t h o d s  r e d u c e
n - d i m e n s i o n a 1 d a t a  t o  f e w e r  c o m p o n e n t s  by m a t h e m a t i c a l l y  d e t e r m i n i n g  
l i n e a r  t r a n s f o r m a t i o n s  o f  t h e  o r i g i n a l  v a r i a b l e s .  The t r a n s f o r m e d  
v a r i a b l e s  a r e  s u c h  t h a t  t h e  f i r s t  h a s  maximum v a r i a n c e ,  t h e  s e c o n d  h a s  
maximum v a r i a n c e  s u b j e c t  t o  b e i n g  u n c o r r e l a t e d  w i t h  t h e  f i r s t ,  and  so 
on £242-  An a l t e r n a t i v e  v i e w  o f  t h e  d a t a  shown b e f o r e  i n  F i g u r e  1 . 5  
r e s u l t s  f rom p l o t t i n g  t h e  t r a n s f o r m e d  da t a '  a f t e r  a p r i n c i p a l
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c o m p o n e n t s  a n a l y s i s .  In F i g u r e  1 . 6 ,  t h e  f i r s t  two p r i n c i p a l  
c o m p o n e n t s  a r e  p l o t t e d .  N o t i c e  a g a i n  t h a t  S e t  1 i s  e a s i l y  
d i s t i n g u i s h e d  f r om S e t s  2 a nd  3 .  T h e s e  a r e  o n l y  two e x a m p l e s  of  
g r a p h i c a l  p l o t s ;  o t h e r  p l o t s  f o r  d a t a  r e p r e s e n t a t i o n  i n c l u d e  
p r o b a b i l i t y  p l o t s ,  l o g a r i t h m i c  p l o t s ,  h i s t o g r a m s ,  and  c u r v e s .
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Figure  1.6: Two-di mens i ona l  Plot

S e v e r a l  e s p e c i a l l y  i n t e r e s t i n g  m e t h o d s  of  g r a p h i c a l  r e p r e s e n t a t i o n  
a t t e m p t  t o  p r e s e n t  a l l  d i m e n s i o n s  o f  t h e  d a t a  t o  a i d  t h e  human v i e w  of  
t h e  g e s t a l t  i n  t h e  s u b s e q u e n t  a n a l y s i s .  Two e x a m p l e s  a r e  A n d r e w s '  
f u n c t i o n  p l o t s  [ 4 ]  a n d  C h e r n o f f ' s  FACES [ l 3 ] .  B o t h  o f  t h e s e  
i m a g i n a t i v e  m e t h o d s  a c c e p t  m u l t i - d i m e n s i o n a l  d a t a  a nd  p r e s e n t  a v i e w  
o f  t h a t  d a t a  t o  t h e  human u s e r .  F i g u r e s  1 . 7  a nd  1 . 8  p l o t  t e n  s a m p l e s  
f r om e a c h  o f  t h e  t h r e e  s e t s  d i s p l a y e d  i n  F i g u r e s  1 . 5  a nd  1 . 6 .  Fo r  
e a c h  d a t a  s a m p l e ,  Andr ews  p l o t s  a c u r v e  w h i c h  i s  b a s e d  on a f u n c t i o n  
whos e  c o e f f i c i e n t s  a r e  t h e  v a l u e s  o f  t h e  d a t a  s a mp l e  v a r i a b l e s .

( E q .  1 . 1 )
f v ( 0 V j /  \T2. +  V g S i n f  +  V j j c o s f  

+ v ^ s i n 2 f  + VgCos2f  + ...

w h e r e  —n < f < n
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'V'liiiiiiiijii

Figure  1.7: Andrews '  Func t ions

C h e r n o f f  d e p e n d s  on t h e  a b i l i t y  o f  t h e  human t o  a s s i m i l a t e  t h e  f a c e  a s  
a c h u n k  o f  i n f o r m a t i o n  a nd  t h u s  g r o u p  s i m i l a r  s a m p l e s .  In b o t h  of  
t h e s e  f i g u r e s ,  one  i s  a b l e  t o  s e p a r a t e  t h e  d a t a  c l e a r l y  i n t o  t h e  t h r e e  
known s e t s .

Image a n a l y s i s  a nd  s i m u l a t i o n s  a r e  o t h e r  o u t s t a n d i n g  e x a m p l e s  of  
c o m p u t e r  g r a p h i c a l  o u t p u t .  G i v e n  an  image d i v i d e d  i n t o  s m a l l  c e l l s ,  
e a c h  w i t h  an  a s s o c i a t e d  d a t a  v a l u e ,  image a n a l y s i s  u s e s  g r e y  s c a l i n g  
o r  c o l o r  t o  e m p h a s i z e  a r e a s  ( a n d  t h u s  v a l u e  l e v e l s )  w h i c h  m i g h t  
o t h e r w i s e  be  h i d d e n .  T h i s  i s  an  o b j e c t i v e  i n t e r p r e t a t i o n  of  n u m e r i c a l  
i n f o r m a t i o n  i n h e r e n t  i n  t h e  d a t a  b u t  t h e  m e t h o d  e n h a n c e s  s u b t l e  
c h a n g e s .  F i g u r e  1 . 9 ^  shows  a p i c t u r e  b e f o r e  and  a f t e r  image

3. Figure 1.9 was provided by the Signal and Image Processing Research Group 
of the Engineering Research Division at Lawrence Livermore National Laboratory.
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Figure  1.8: Chernof f ' s  FACES

e n h a n c e m e n t .  A d j u s t i n g  t h e  mean a nd  v a r i a n c e  o f  p i c t u r e  c e l l  v a l u e s  
i n  e a c h  s m a l l  r e g i o n  o f  t h e  f i r s t  p i c t u r e  c r e a t e s  more  d i s t i n c t  e d g e s
i n  t h e  s e c o n d .  Image a n a l y s i s  n o t  o n l y  o f f e r s  a v a r i e d  p e r s p e c t i v e  of
t h e  d a t a  b u t  a l l o w s  s p e c i f i c  o c c u r r e n c e s  a nd  p a t t e r n s  i n  t h e  d a t a  t o
be  o b s e r v e d  a s  w e l l  a s  p r o v i d i n g  an  o v e r a l l  v i e w  o f  t h e  d a t a .

Mo v i e s  o r  s i m u l a t i o n s  a r e  s i g n i f i c a n t  o u t p u t  f o r  t i m e - v a r y i n g  d a t a  a s  
w e l l  a s  a mea ns  o f  p r o v i d i n g  d i f f e r e n t  v i e w s  o f  s t a t i c  d a t a .  By 
o b s e r v i n g  t h e  c h a n g e  o f  i n f o r m a t i o n  f r om one  s t a t e  t o  a n o t h e r ,  one  
b e t t e r  u n d e r s t a n d s  t h e  s t r u c t u r e  o f  t h a t  i n f o r m a t i o n .  F o r  e x a m p l e ,  
F i g u r e  1 . 1 0  shows  n i n e  s u c c e s s i v e  r o t a t i o n s  o f  two s e t s  o f  d a t a .  By 
o b s e r v i n g  mor e  t h a n  one  v i e w  of  t h e  d a t a ,  i t  c a n  be  s e e n  t h a t  one  s e t  
o f  d a t a  moves  d i a g o n a l l y  t h r o u g h  t h e  o t h e r  s e t .  I m a g i n e  how t h e  v i e w  
o f  t h a t  t h r e e - d i m e n s i o n a l  d a t a  w o u l d  i mpr ove  g i v e n  a c o n s t a n t l y  
r o t a t i n g  f i g u r e .  The r e l a t i v e  p o s i t i o n s  o f  a l l  t h e  d a t a  p o i n t s  wo u l d
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Fi gure  1.9: Image Enha nc e me n t

become  much c l e a r e r .  An a b i l i t y  t o  a n i m a t e  
p o w e r f u l  a n a l y s i s  t o o l .

t h e  d a t a  p r o v i d e s  a

O t h e r  g r a p h i c  t e c h n i q u e s  f o r  p r e s e n t i n g  d a t a  i n c l u d e  c o l o r  a nd  s t e r e o .  
In a l l  c a s e s ,  c o l o r  c a n  be  u s e d  t o  h i g h l i g h t  p a r t i c u l a r  i n f o r m a t i o n  o r  
t o  p r o v i d e  a n o t h e r  d i m e n s i o n  f o r  d i s c r i m i n a t i n g  among t y p e s  of  d a t a .  
S t e r e o  o u t p u t  i s  e a s i l y  g e n e r a t e d  by c r e a t i n g  two i m a g e s ,  one  shown t o  
e a c h  e y e  f r o m  a v i e w p o i n t  a p p r o p r i a t e  t o  t h a t  e y e .  The r e s u l t i n g  
d e p t h  p e r c e p t i o n  p r o v i d e s  a g o o d  r e p r e s e n t a t i o n  o f  t h r e e - d i m e n s i o n a l  
d a t a  when  no o t h e r  c l u e s  a r e  p r e s e n t .

G r a p h i c s ,  a nd  s p e c i f i c a l l y  t h e  p o we r  o f  c o m p u t e r  g r a p h i c s .  g e t s  
i n f o r m a t i o n  t o  u s e r s  mo r e  q u i c k l y  t h a n  t e x t  o u t p u t  a l o n e .  V i s u a l  
m e t h o d s  a i d  t h o s e  s k i l l s  n e c e s s a r y  f o r  e x t r a c t i n g ,  g r o u p i n g ,  and 
s u m m a r i z i n g  d a t a  i n f o r m a t i o n .  Many g r a p h i c a l  t e c h n i q u e s  a r e  a v a i l a b l e  
so  t h a t  v a r i o u s  p e r s p e c t i v e s  o f  t h e  d a t a  a r e  o f f e r e d .  A n a l y s t s  u s i n g  
t h e  p o w e r  of  c o m p u t e r  g r a p h i c s  h a v e  t h e  a d v a n t a g e  of  e x p l o r i n g  t h e i r  
d a t a  by many m e t h o d s .
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Figure  1.10: Rota t i ng  Data

l . a s

D e s p i t e  t h e  m u l t i t u d e  o f  o u t p u t  f ro m  a c o m p u t e r .  t h e r e  i s  s t i l l  
i n f o r m a t i o n  n o t  b e i n g  p r e s e n t e d  i n  a m e a n i n g f u l  o r  u s e f u l  m a n n e r .  
The l i m i t a t i o n s  may be  t e c h n i c a l  l i m i t a t i o n s  b a s e d  on  t h e  p r o p e r t i e s  
of  g r a p h i c a l  o u t p u t  o r  t h e y  may be  p e r c e p t u a l  l i m i t a t i o n s  b a s e d  on t h e  
c h a r a c t e r i s t i c s  o f  v i s i o n .  L a r g e  d a t a  b a s e s  a nd  m u l t i v a r i a t e  d a t a  
b a s e s  a r e  p a r t i c u l a r l y  d i f f i c u l t  t o  p r e s e n t .  C u r r e n t  t e c h n i c a l  
m e t h o d s  a r e  r e s t r i c t e d  i n  t h e  number  o f  d i m e n s i o n s  a v a i l a b l e ,  l i m i t e d  
by  t h e  c o s t  a nd  s p e e d  o f  o u t p u t ,  a nd  c o n f i n e d  p r i m a r i l y  t o  v i s u a l  
a t t e n t i o n  on t h e  o u t p u t .  P e r c e p t u a l l y ,  n o t  a l l  d a t a  p r o b l e m s  l e n d  
t h e m s e l v e s  t o  g r a p h i c a l  r e p r e s e n t a t i o n .  U n d e r s t a n d i n g  t h e  l i m i t s  of
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c u r r e n t  i n f o r m a t i o n  p r e s e n t a t i o n  m e t h o d s  c a n  be  h e l p f u l  i n  s e e k i n g  
a l t e r n a t e  t e c h n i q u e s .

R e s t r i c t i o n s  on t h e  number  o f  o u t p u t  d i m e n s i o n s  a v a i l a b l e  l i m i t s  t h e  
p r e s e n t a t i o n  of  m u l t i v a r i a t e  i n f o r m a t i o n .  . By r e d u c i n g  an 
n —d i m e n s i o n a 1 p r o b l e m  t o  an  m—d i m e n s i o n a 1 p r o b l e m  ( m<n ) ,  one  may 
l o s e  i n f o r m a t i o n .  D e s p i t e  t h e  wor k  of  An d r e ws ,  C h e r n o f f ,  and  o t h e r s ,  
n —d i m e n s i o n a 1 o u t p u t  t e c h n i q u e s  do n o t  i n c l u d e  many s a t i s f a c t o r y  
r e p r e s e n t a t i o n s .  In c o m p l e x  s i m u l a t i o n s ,  w i t h  many e v e n t s  o c c u r r i n g
s i m u l t a n e o u s l y ,  s t a t i c  a p p r o a c h e s  a r e  n o t  e v e n  a p p l i c a b l e .  I n c r e a s i n g  
t h e  b a n d w i d t h  b e t w e e n  c o m p u t e r  a nd  human i s  n e c e s s a r y .

The w i d e s p r e a d  u s e  of  g r a p h i c s  i s  s t i l l  c o s t l y ,  p a r t i c u l a r l y  f o r  
f l e x i b i l i t y  i n  w o r k i n g  w i t h  l a r g e  a mo u n t s  of  d a t a . ^  A d i s p l a y  i s  
u p d a t e d  a t  m o s t  60 t i m e s  a s e c o n d .  The r e s o l u t i o n  and  u p d a t e  s p e e d  
p l a c e  an  u p p e r  l i m i t  on t h e  a c t u a l  number  of  b i t s  of  i n f o r m a t i o n  w h i c h  
c a n  be  p r e s e n t e d  g r a p h i c a l l y  ( i g n o r i n g  f o r  t h e  moment  t h e  number  of  
b i t s  of  i n f o r m a t i o n  w h i c h  c a n  be  c o m p r e h e n d e d ) .  An e a s y  a v a i l a b i l i t y  
o f  o u t p u t  m e d i a  f o r  l a r g e  a mo u n t s  o f  d a t a  i s  n e e d e d .

V i s u a l  o u t p u t  r e q u i r e s  t h a t  t h e  o b s e r v e r ' s  e y e s  be  on t h e  g r a p h i c
o u t p u t  i n  o r d e r  t o  o b t a . i n  t h e  i n f o r m a t i o n  b e i n g  p r e s e n t e d .  In a
s i m u l a t i o n ,  a t t e n t i o n  t o  one  e v e n t  may c a u s e  a n o t h e r  s i m u l t a n e o u s
e v e n t  t o  go u n n o t i c e d .  The a b i l i t y  t o  p r o v i d e  more  t h a n  one  fo rm of
s e n s o r y  i n p u t  w o u l d  be  h e l p f u l .

The p e r c e p t u a l  l i m i t a t i o n s  a r e  a s  s i g n i f i c a n t  a s  t h e  t e c h n i c a l
c o n s t r a i n t s .  Our  v i s i o n  i s  a c c u s t o m e d  t o  a t h r e e - d i m e n s i o n a l  s p a c e  
t h a t  c o n s i s t s  of  d i s t a n c e s  r e l a t e d  l i n e a r l y .  We h a v e  no model  f o r  
v i s u a l i z i n g  an n - d i m e n s i o n a 1 s p a c e  o r  n o n - E u c 1 i d e a n  g e o m e t r i e s .  D a t a

4. Despite an impressive array of hardware at ever decreasing costs, a typical 
512x512x1 display costs approximately $10,000. Such a display allows 262,144 
bits of information, assuming each bit of information is simply in one of two 
states (on or off). The number of pieces of data will be greatly reduced if the 
display is used for more complex representations of the data. The cost will 
increase if color is added to differentiate among data points.
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w h i c h  d o e s  n o t  f i t  i n t o  t h e  c o n s t r a i n t s  i mp o s e d  by v i s u a l  f a m i l i a r i t y  
i s  d i f f i c u l t  t o  p r e s e n t  a nd  c o m p r e h e n d  g r a p h i c a l l y .

1.4: Alternatives Using Sound

C o m p u t e r - g e n e r a t e d  s o u n d  o f f e r s  a n o t h e r  o p t i o n  f o r  i n f o r m a t i o n
p r e s e n t a t i o n .  Sound  i s  a l r e a d y  a f a m i l i a r  means  o f  o b t a i n i n g  e v e r y d a y  
i n f o r m a t i o n  ( c o n s i d e r  an  a l a r m  c l o c k ,  t h e  n e ws ,  o r  a w e l l - k n o w n
m e l o d y ) .  F u r t h e r m o r e ,  a u d i o  o u t p u t  may h e l p  o v e r c o m e  some o f  t h e
g r a p h i c a l  l i m i t a t i o n s  d e s c r ’i b e d  a b o v e  [ 7 2 ] .  S o und  p r o v i d e s  b o t h  an
e n h a n c e m e n t  t o  g r a p h i c  o u t p u t  a nd  an  a l t e r n a t i v e  t o  d a t a  p r e s e n t a t i o n .

Motivation

T e c h n i c a l l y ,  s o u n d  o f f e r s  a much d i f f e r e n t  medium t h a n  g r a p h i c s .  The 
d i m e n s i o n a l i t y  o f  s o u n d s ,  t h o u g h  n o t  a s  f a m i l i a r  a s  x - y  a x e s ,  c o n s i s t s  
of  s e v e r a l  c o m p o n e n t s  ( s u c h  a s  p i t c h ,  v o l u m e ,  a n d  d u r a t i o n ) .  Sound  
e q u i p m e n t  i s  a v a i l a b l e  a nd  r e l a t i v e l y  i n e x p e n s i v e . ^  The d a t a  r a t e  c a n  
be  e x t r e m e l y  h i g h  s i n c e  t h o u s a n d s  o f  s a m p l e s  a s e c o n d  c o n s t i t u t e  a 
s o u n d .  And,  u n l i k e  v i s u a l  o u t p u t ,  s o u n d  c a n  be  h e a r d  r e g a r d l e s s  o f  
t h e  p h y s i c a l  o r i e n t a t i o n  o f  t h e  l i s t e n e r ' s  a t t e n t i o n .

P e r c e p t u a l l y ,  s o u n d  o f f e r s  a  s t r u c t u r e  t h a t  i s  a l r e a d y  f a m i l i a r  ( a s  
s m e l l ,  t a s t e  a nd  t o u c h  do n o t ) .  We h a v e  a l a n g u a g e  f o r  d i s c u s s i n g  
s o u n d s .  I t  h a s  m e a n i n g  t o  s a y  t h a t  one  s o u n d  h a s  h i g h e r  p i t c h  o r  
l o we r  vo l ume  t h a n  a n o t h e r .  B e c a u s e  p e r c e p t i o n  o f  s o u n d  i s  d i f f e r e n t  
t h a n  v i s u a l  p e r c e p t i o n ,  s o u n d  c a n  o f f e r  a d i f f e r e n t  i n t u i t i v e  v i e w  of  
t h e  i n f o r m a t i o n  i t  p r e s e n t s .  F o r  e x a m p l e ,  m u s i c a l  o c t a v e s  a r e  
f a m i l i a r  t o  m o s t  p e o p l e  a n d  p r o v i d e  a n a t u r a l  e x p r e s s i o n  o f  
l o g a r i t h m i c  v a r i a n c e .

5. For many micro—computers, sound boards are available in the $300— $500 range 
and will output frequencies from 50 Hz to 20,000 Hz with volume and waveshape 
contro1 .
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Sound  o u t p u t  i s  n o t  w i t h o u t  l i m i t a t i o n s  a s  w e l l .  F i r s t  i s  t h e
n e c e s s i t y  f o r  an e n v i r o n m e n t  i n  w h i c h  d i s t r a c t i n g  n o i s e s  c a n  be
m i n i m i z e d .  S e c o n d ,  s o u n d s  a r e  t r a n s i e n t ,  u n l i k e  g r a p h i c a l  o u t p u t  
w h i c h  c a n  be  s t a t i c .  T h i r d ,  t h e  s t a t i c  a t t r i b u t e  of  g r a p h i c s  a l s o  
makes  r e f e r e n c e  p o i n t s ,  s u c h  a s  g r i d s  o r  t i m e  l i n e s ,  r e a d i l y
a v a  i I a b I e  .

The a d v a n t a g e s  and  l i m i t a t i o n s  of  b o t h  s i g h t  and  s ou n d  s e r v e  a s  a
r e m i n d e r  t h a t  a v a r i e t y  o f  t o o l s  i s  d e s i r a b l e  f o r  p r e s e n t i n g
i n f o r m a t i o n .  F u r t h e r m o r e ,  g r a p h i c s  a nd  s o u n d  c ombi ne  n a t u r a l l y  and
c a n  be  p r e s e n t e d  s i m u l t a n e o u s l y .  The p o s s i b i l i t y  of  u t i l i z i n g  s ound
w i t h  g r a p h i c s  w i l l  s t r e n g t h e n  t h e  b e s t  c a p a b i l i t i e s  of  e a c h .

Current Research Efforts

R e s e a r c h  h a s  b e g u n  t o  c o n s i d e r  t h e  u s e  of  c o m p u t e r  s ound  f o r  
i n f o r m a t i o n  p r e s e n t a t i o n .  N a t u r a l  s o u n d s  h a v e  b e e n  r e c o r d e d  and u s e d  
s u c c e s s f u l l y  f o r  d a t a  d i s c r i m i n a t i o n  More r e c e n t l y ,  Mathews
[ 5 8 ] ,  Yeung [ 9 9 ] ,  a nd  W i l s o n  [ 9 7 ]  h a v e  t r i e d  e n c o d i n g  d a t a  i n  s o u n d .  
T h e i r  wor k  shows  p o s i t i v e  r e s u l t s .

Mathews  u s e d  b o t h  g r a p h i c s  a nd  s o u n d  t o  p r e s e n t  up t o  f i v e  d i m e n s i o n s  
o f  d a t a .  Two v a r i a b l e s  p r o v i d e d  a v i s u a l  x - y  s c a t t e r  p l o t ,  w h i l e  
f r e q u e n c y ,  t i m b r e  a nd  a m p l i t u d e  m o d u l a t i o n  p r o v i d e d  a c o r r e s p o n d i n g  
n o t e  of  t h r e e  d i m e n s i o n s  f o r  e a c h  p o i n t .  A u s e r  i n t e r a c t i v e l y  
s e l e c t e d  a s e q u e n c e  o f  p o i n t s  t o  h e a r .  U s i n g  r e a l  d a t a  w h i c h  had  b e e n  
a n a l y z e d  by o t h e r  means  a s  w e l l ,  Mathews  showed t h a t  a u d i t o r y  
r e p r e s e n t a t i o n s  d i d  r e v e a l  s t r u c t u r e  i n  t h e  d a t a .

Yeung maps  m u l t i v a r i a t e  d a t a  v e c t o r s  t o  p r o p e r t i e s  of  s ound  s u c h  as  
p i t c h ,  v o l u m e ,  d i r e c t i o n ,  t i m b r e  a nd  d u r a t i o n .  He d r i v e s  t h e  s ound  
o u t p u t  d i r e c t l y  a nd  t h u s  u t i l i z e s  c o mp l e x  w a v e s h a p e  f u n c t i o n s  s u c h  as  
d a m p i n g .  F u r t h e r m o r e ,  Yeung f e e l s  t h a t  i t  i s  p o s s i b l e  t o  u s e  a t  l e a s t  
n i n e  d i m e n s i o n s  i n  s o u n d  a nd  p e r h a p s  a s  many a s  t w e n t y .  Fo r  i n s t a n c e ,  
Yeung r e p e a t s  a n o t e  w i t h  a r e s t  p e r i o d  b e t w e e n  r e p e t i t i o n s .  T h i s  
r e s t  p e r i o d  i s  one  of  h i s  d i m e n s i o n s .  F o u r  a n a l y s t s  h e a r d  40 s a m p l e s  
f ro m  f o u r  d a t a  s e t s  a nd  w e r e  s u b s e q u e n t l y  a b l e  t o  a c h i e v e  90% t o  100% 
c o r r e c t  c l a s s i f i c a t i o n  when h e a r i n g  a d a t a  i t e m  a g a i n .
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In a t h i r d  a p p r o a c h ,  W i l s o n  r e l i e s  h e a v i l y  on t h e  m u s i c a l  a s p e c t s  of  
s o u n d .  She s u g g e s t s  a u n i q u e  r e p r e s e n t a t i o n  o f  d a t a  by p l a y i n g  
s e q u e n t i a l  t o n e s  f o r  e a c h  d a t a  v e c t o r .  I n s t e a d  of  a s i n g l e  n o t e  
c o r r e s p o n d i n g  t o  an  o r d e r e d  s e t  o f  v a l u e s ,  an o r d e r e d  s e t  of  n o t e s  ( o r  
m e l o d y )  r e s u l t s .  W i l s o n  a l s o  s u g g e s t s  t h a t  t a b l e s  o f  d a t a  may be  
e n c o d e d  i n t o  a s e t  o f  n o t e s  so  t h a t  p a t t e r n s  i n  t h e  t a b l e  d a t a  a r e  
r e a d i l y  a p p a r e n t .  W i l s o n  e m p h a s i z e s  t h e  v a l u e  of  i n t e r a c t i v e l y  u s i n g  
s ou n d  t o  e x p l o r e  d a t a  s e t s .  She  r e p o r t s  p o s i t i v e  r e s u l t s  when 
c o m p a r i n g  h e r  m e t h o d s  t o  t r a d i t i o n a l  m e t h o d s  of  e x p l o r a t o r y  d a t a  
a n a  l y s i s .

The r e s e a r c h  o f  M a t h e w s ,  Ye ung ,  a nd  W i l s o n  r e p r e s e n t s  o n l y  a b e g i n n i n g  
of  t h e  p o t e n t i a l  u s e  f o r  s o u n d  a nd  i n f o r m a t i o n  p r e s e n t a t i o n .  A l l  
t h r e e  c o n c e n t r a t e  on d a t a  w h i c h  i s  r e p r e s e n t e d  by n - d i m e n s i o n a 1 
V e c t o r s .  In a d d i t i o n ,  W i l s o n  u s e s  s o u n d  f o r  p r o b l e m s  i n v o l v i n g  
c o n t i n g e n c y  t a b l e s .  They  do n o t  s u g g e s t  o t h e r  t y p e s  o f  d a t a  w h i c h  
m i g h t  be  a d v a n t a g e o u s l y  r e p r e s e n t e d  by s o u n d .  On l y  Mathews  c o m b i n e s  
s o u n d  w i t h  a  g r a p h i c  p r e s e n t a t i o n .  T h e r e  a r e  no f o r m a l  s t u d i e s  t o  
v e r i f y  t h a t  s o u n d  d o e s  c o m p a r e  f a v o r a b l y  w i t h  t r a d i t i o n a l  m e t h o d s  of  
d a t a  d i s c r i m i n a t i o n .  M a t h e ws ,  Ye ung ,  a nd  W i l s o n  h a v e  p r o v i d e d  good  
i n i t i a l  f i n d i n g s  on w h i c h  t o  b r o a d e n  t h e  s c o p e  a nd  u n d e r s t a n d i n g  of  
s o u n d  a n d  i n f o r m a t i o n  p r e s e n t a t i o n .
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2: SOUND

T h i s  c h a p t e r  p r o v i d e s  
g e n e r a t i o n  o f  s o u n d  in  
p r e s e n t i n g  i n f o r m a t i o n .

a b r i e f  r e v i e w  of  t e c h n i q u e s  f o r  c o mp u t e r  
o r d e r  t o  c o n s i d e r  s o u n d  a s  an a l t e r n a t i v e  f o r  

The m a t e r i a l  i s  n o t  c r i t i c a l  t o  t he
u n d e r s t a n d i n g  of  l a t e r  c h a p t e r s  b u t  p r o v i d e s  b a c k g r o u n d  i n f o r m a t i o n .
Much o f  t h e  d i s c u s s i o n  i s  b a s e d  on m a t e r i a l  f rom The P h y s i c s  o f  
M u s i c a l  S o u n d s  [ 8 8 ]  a nd  The Te c hno  l o g y  o f  Compu t e r  M u s i c  [ 5 7 ] ,  T h i s  
c h a p t e r  f i r s t  d e s c r i b e s  t h e  n a t u r e  o f  s o u n d .  T h e r e  i s  a d i s c u s s i o n  of  
c o m p u t e r  s o u n d  g e n e r a t i o n  a n d  a b r i e f  e x p l a n a t i o n  of  t h e  p e r c e p t i o n  of  
s o u n d .  The c h a p t e r  c o n c l u d e s  by r e v i e w i n g  a few of  t h e  c u r r e n t
r e s e a r c h  e f f o r t s  i n  c o m p u t e r - g e n e r a t e d  s o u n d .

2.1: Description

A s o u n d  i s  a wave  w h i c h  c a u s e s  p r e s s u r e  v a r i a t i o n s  t o  be t r a n s m i t t e d  
t o ,  a nd  t h u s  h e a r d  b y ,  t h e  e a r .  P h y s i c a l l y  a s ound  wave i s  
c h a r a c t e r i z e d  by i t s  f r e q u e n c y  a nd  a m p l i t u d e  a s  a f u n c t i o n  of  t i m e .  
The r e s u l t i n g  wa v e s  a r e  i n t e r p r e t e d  by t h e  e a r  i n  t e r m s  of  p i t c h ,  
t i m b r e ,  a nd  l o u d n e s s .  The r e l a t i o n s h i p s  b e t w e e n  t h e  p h y s i c a l  and 
p h y s i o l o g i c a l  a t t r i b u t e s  o f  s o u n d  a r e  n o t  w e l l  u n d e r s t o o d  and  a r e  a 
s i g n i f i c a n t  a r e a  o f  r e s e a r c h .

A wave  w h i c h  i s  a c o n t i n u o u s  f u n c t i o n  of  t ime  c a n  be r e p r e s e n t e d  
m a t h e m a t i c a l l y  a s  an i n f i n i t e  sum o f  s i n e  f u n c t i o n s . ®  F u r t h e r m o r e ,  two 
o r  more  wa v e s  p a s s i n g  t h r o u g h  a g i v e n  p o i n t  s i m u l t a n e o u s l y  h a v e  no

6. A theorem of real analysis demonstrates that any continuous function may be 
built from a countable sum of appropriately chosen basis functions. Fourier 
analysis uses trigonometric functions.
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e f f e c t  on e a c h  o t h e r :  t h e  r e s u l t  i n  s o u n d  i s  t h e  a l g e b r a i c  sum of  t h e  
c o mp o n e n t  s o u n d s .  T h e r e f o r e  any  s o u n d  o r  c o m b i n a t i o n  of  s o u n d s  h e a r d  
by t h e  e a r  may be e x p r e s s e d  a s  an i n f i n i t e  sum of  v a r i o u s  s i n e  w a v e s .

S i n c e  s o u n d  i s  a c o n t i n u o u s  f u n c t i o n  of  t i m e ,  t h e  f o l l o w i n g  e q u a t i o n  
r e p r e s e n t s  a ny  s o u n d  wa ve :

(Eq. 2 . 1 )
f ( t )  = S  A^ s i n ( 27Tf. t + ip, ).

k« 1

f.
a m p l i t u d e  of  t h e  k 
f r e q u e n c y  o f  t h e  k

th
th

(f>. ~ p h a s e  s h i f t  o f  t h e  k " c o mp o n e n t

c o mp o n e n t
c o mp o n e n t  

t h

F r e q u e n c y  d e t e r m i n e s  t h e  number  of  c y c l e s  i n  a g i v e n  u n i t  of  t i m e .
F i g u r e  2 . 1  i l l u s t r a t e s  t h e s e  
r e p e a t s  e v e r y  2tt r a d i a n s ,  t h e  
r e l a t i v e  t o  a n o t h e r .  A d d i ng  
c o n t i n u o u s  f u n c t i o n  o f  t i m e .

r CYCLE ,

c o m p o n e n t s .  S i n c e  t h e  s i n e  f u n c t i o n  
p h a s e  c o mp o n e n t  s h i f t s  one  s i n e  wave 
a ny  c o m b i n a t i o n  of  t h e s e  w i l l  y i e l d  a

AMPLITUDE

TIME —

Figure  2.1: Waveform

P u r e  a n d  m u s i c a l  t o n e s  a r e  c h a r a c t e r i z e d  by p e r i o d i c  f u n c t i o n s ,  
f ( t )  «  f ( t + p ) .  Not  o n l y  d o e s  t h e  f u n c t i o n  r e p e a t  i t s e l f  a t  a r e g u l a r
i n t e r v a l  b u t  a l s o  t h e  f u n c t i o n  c o m p o n e n t s  a r e  o r g a n i z e d  i n  some way.
O t h e r  s o u n d s  may c o n s i s t  of  p e r i o d i c  f u n c t i o n s  w i t h  d i s s o n a n t
f r e q u e n c i e s  o r  r an d o m  n o n - p e r i o d i c  f u n c t i o n s  w i t h  no p e r c e p t i o n  of  
r e g u l a r i t y .  B e c a u s e  p e r i o d i c  f u n c t i o n s  a r e  a m e n a b l e  t o  d i g i t a l
c o m p u t a t i o n ,  c u r r e n t  s o u n d  g e n e r a t i o n  t e c h n i q u e s  h a v e  u s u a l l y  a s s u m e d
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p e r i o d i c i t y  i n  t h e  u n d e r l y i n g  f o r m u l a s .  T h i s  d o e s  n o t  e x c l u d e  o t h e r  
p o s s i b i l i t i e s ,  p a r t i c u l a r l y  when p r o d u c i n g  s o u n d  f rom a s e t  of  d a t a  
v a l u e s  r a t h e r  t h a n  f rom a f u n c t i o n  e q u a t i o n .

A s i m p l e  s i n e  f u n c t i o n  ( i . e .  y = A • s i n (  27rf t ) )  p r o d u c e s  a p u r e  t o n e . ^  
T h a t  i s ,  t h e  o u t p u t  t o n e  h a s  t h e  f r e q u e n c y  a nd  a m p l i t u d e  of  t h e  s i n e  
f u n c t i o n .  Any o t h e r  s o u n d  c o n s i s t s  o f  s e v e r a l  s i n e  w a v e s ,  e a c h  w i t h  a 
p a r t i c u l a r  a m p l i t u d e  a nd  f r e q u e n c y .  When h i g h e r  and  l owe r  f r e q u e n c y  
s i n e  w a v e s  a r e  i n c l u d e d  ( c a l l e d  p a r t i a l s ) , t h e  t o n e  becomes  f u l l e r  and 
more  c o m p l e x .  T h e s e  r e s i d e n t  f r e q u e n c i e s  c o mb i ne  by a d d i n g  and 
s u b t r a c t i n g  t o  p r o d u c e  a w i d e  s p e c t r u m  of  p e r c e i v e d  f r e q u e n c i e s .  
M u s i c a l  t o n e s  a r e  a s u b s e t  of  s u c h  f u n c t i o n s  i n  w h i c h  t h e  p a r t i a l s  a r e  
i n t e g r a l  m u l t i p l e s  ( i . e .  h a r m o n i c s )  of  t h e  f u n d a m e n t a l  f r e q u e n c y .  
When i n h a r m o n i c  p a r t i a l s  ( t h o s e  w h i c h  a r e  n o t  s m a l l  i n t e g r a l  
m u l t i p l e s )  a r e  p r e s e n t .  t h e  p i t c h  i s  m u s i c a l l y  i l l - d e f i n e d ,  much l i k e  
a be  1 1 o r  g o n g .

The e q u a t i o n  f o r  m u s i c a l  t o n e s  i s  d e r i v e d  f rom t h e  g e n e r a l  e q u a t i o n  
( E q u a t i o n  2 . 1 )  by r e s t r i c t i n g  c o m p o n e n t  s i n e  wa v e s  t o  be  i n t e g r a l  
m u l t i p l e s  o f  t h e  f i x e d  f u n d a m e n t a l  f r e q u e n c y  / .  T h a t  i s ,  i n s t e a d  of  
a d d i n g  s i n e  w a v e s  o f  v a r i o u s  f r e q u e n c i e s ,  , e a c h  c ompone n t  i s  a
m u l t i p l e  o f  t h e  f u n d a m e n t a l  ( k ' f ) .

( E q .  2 . 2 )
M t )  »  2  Ajj • s i n (  27Tkf t  + (p^)

k - l

In a d d i t i o n  t o  t h e  s i n e  w a v e ,  o t h e r  s i m p l e  f u n c t i o n s  w h i c h  p r o d u c e  
m u s i c a l  t o n e s  a r e  t h e  s q u a r e ,  t r i a n g l e ,  a nd  s a w t o o t h  w a v e s .  A s q u a r e  
w a v e f o r m  i s  t h e o r e t i c a l l y  an i n f i n i t e  sum of  s i n e  f u n c t i o n s ,  e a c h  of  
w h i c h  i s  an  odd  h a r m o n i c  of  t h e  f u n d a m e n t a l  f r e q u e n c y .  In E q u a t i o n  
2 . 3  b e l o w ,  a s q u a r e  wave  i s  a sum of  s i n e  wa v e s  w i t h  f r e q u e n c i e s  t h a t  
a r e  odd  m u l t i p l e s  ( 2 k - 1 )  o f  t h e  f u n d a m e n t a l  f r e q u e n c y  /  w i t h  
p r o p o r t i o n a t e l y  s m a l l e r  a m p l i t u d e s .  F i g u r e  2 . 2  shows 300 odd 
h a r m o n i c s  a nd  t h e  sum a s  i t  a p p r o a c h e s  a s q u a r e  wa ve .  B e c a u s e  t h e  
s q u a r e  wave c o n s i s t s  o n l y  o f  odd  h a r m o n i c s ,  i t  i s  l i k e  t h e  wave s e t  up

7. A pure tone is a musical term for the tone produced by an idealized 
vibrating string.
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Figure  2.2: S q u a r e  Wave

by a c l o s e d - e n d  p i p e .  T h r e e  odd  h a r m o n i c s  a r e  shown i n  t h e  p i p e  of  
F i g u r e  2 . 3 .  C l a r i n e t s  a nd  o r g a n s  a r e  i n s t r u m e n t s  w h i c h  a r e  e x a m p l e s  
o f  v a r i a t i o n s  o f  c l o s e d - e n d  p i p e s .  Thus  a s q u a r e  wave p r o d u c e s  a 
s o u n d  w h i c h  i s  h o l l o w  a nd  somewhat  wo o d y ,  much l i k e  a  c l a r i n e t  [ l ] .

3F.

5F__

Figure  2.3: C l o s e d - e n d  Pipe



SOUND a n d  COMPUTER INFORMATION PRESENTATION P a g e  21

The s a w t o o t h  wave  c o n s i s t s  o f  f r e q u e n c i e s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e i r  a m p l i t u d e s .  E q u a t i o n  2 . 4  shows  t h a t  f o r  e a c h  i n t e g r a l  m u l t i p l e  
o f  t h e  f r e q u e n c y  / ,  t h e  a m p l i t u d e  A i s  p r o p o r t i o n a t e l y  s m a l l e r .  The 
s o u n d  i s  more  l i k e  t h a t  of  a s t r i n g e d  i n s t r u m e n t  o r  E n g l i s h  h o r n  [ l ] .  
A t r i a n g l e  w a v e f o r m  a l s o  f a l l s  i n  t h i s  s e t  of  f u n c t i o n s  w h i c h  c o n t a i n  
a c o m p l e t e  o v e r t o n e  s e r i e s ,  b u t  t h e  t r i a n g l e  w a v e f o r m  h a s  a d i f f e r e n t  
d i s t r i b u t i o n  t h a n  t h e  s a w t o o t h .

S q u a r e  wave 

( Eq .  2 . 3 )
M t )  = 2  ( A / ( 2 k - l ) ) *  s in[27T( 2 k - l ) f t  ]

S a w t o o t h  wave  

( Eq .  2 . 4 )
 ̂( t ) *  2  ( A / k ) • s i n  ( 27Tk f t )

k > l

Table 2.1: Equa t i ons  for  Musical  Tones

2.2: Teohnlauea of Sound Syntheria

The c u r r e n t  r e s u l t s  i n  s o u n d  s y n t h e s i s  t e c h n i q u e s  a r e  t h o s e  w h i c h  a r e  
a s i d e - e f f e c t  of  t h e  r e s e a r c h  i n  c o m p u t e r  s p e e c h  a nd  m u s i c .  Our 
e x p e r i e n c e s  w i t h  s o u n d  f a l l  p r i m a r i l y  i n t o  f o u r  c a t e g o r i e s :  s p e e c h ,
m u s i c ,  a u d i t o r y  c u e s  s u c h  a s  b e l l s  o r  a l a r m s ,  a nd  e f f e c t s  o f  n a t u r a l  
e v e n t s .  A l l  o f  t h e s e  f o r ms  c o n v e y  i n f o r m a t i o n  t o  t h e  l i s t e n e r ,  b u t  
s p e e c h  a nd  m u s i c  h a v e  b e e n  t h e  m a i n  a r e a s  f o r  human c r e a t i o n  and  
c o n t r o l .  I t  i s  n o t  s u r p r i s i n g  t h a t  c o m p u t e r - g e n e r a t e d  s o u n d  h a s  
c o n c e n t r a t e d  a l s o  on t h e  f i e l d s  o f  m u s i c  a nd  s p e e c h .

The g o a l  o f  s p e e c h  s y n t h e s i s  i s  d u p l i c a t i o n  of  s p o k e n  l a n g u a g e .  The 
s o u n d s  a r e  g e n e r a l l y  o f  s h o r t  d u r a t i o n  w i t h  f r e q u e n c i e s  i n  a f a i r l y  
n a r r o w  b a n d w i d t h .  In  a d d i t i o n ,  t h e  phone me s  of  s p e e c h  f o r m a
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r e l a t i v e l y  l i m i t e d  s e t  of  d a t a  f o r  r e p r o d u c t i o n .  B e c a u s e  s p e e c h  
s y n t h e s i s  i s  s t r i c t l y  d i r e c t e d  t o w a r d  p a r t i c u l a r  t y p e s  o f  s o u n d s ,  t h e  
t e c h n i q u e s  a r e  n o t  a p p l i c a b l e  f o r  g e n e r a l  u s e .

M u s i c a l  s o u n d s  i n c l u d e  a w i d e  r a n g e  o f  f r e q u e n c i e s  a nd  a w i d e  v a r i e t y  
o f  w a v e f o r m s .  M u s i c i a n s  a r e  i n t e r e s t e d  i n  new s o u n d s ,  a s  w e l l  as  
t h o s e  p r o d u c e d  by t r a d i t i o n a l  m u s i c a l  i n s t r u m e n t s ,  so  t h a t  e x p l o r a t i o n  
of  new t e c h n i q u e s  i s  i m p o r t a n t .  Much of  t h e  e f f o r t  h a s  f o c u s e d  on 
i n s t r u m e n t a l  t o n e s  w h i c h  a r e  p e r i o d i c ,  c o n t a i n  a c o m p l e x  c o m b i n a t i o n  
o f  h a r m o n i c s ,  a nd  h a v e  d e f i n i t e  a t t a c k ,  s t e a d y - s t a t e ,  a nd  d e c a y  
p h a s e s .  The r e s e a r c h  i n  c o m p u t e r  m u s i c  h a s  c r e a t e d  a w i d e  b a s e  of  
t e c h n i q u e s  w h i c h  c a n  be  e x t e n d e d  t o  o t h e r  a r e a s  of  s o u n d  r e s e a r c h .

S y n t h e s i s  o f  s o u n d  c o n c e r n s  i t s e l f  w i t h  p r o d u c i n g  w a v e f o r m s  w h i c h ,  
when c o n v e r t e d  t o  an a n a l o g  s i g n a l ,  c a n  be  h e a r d  by t h e  human e a r .  
T e c h n i q u e s  i n c l u d e  c o m b i n i n g  v a r i o u s  f r e q u e n c y  a nd  a m p l i t u d e  
c o m p o n e n t s  t o  p r o d u c e  a c o m p o s i t e  w a v e f o r m ,  r e d u c i n g  a c o mp l e x  
w a v e f o r m  by r e m o v i n g  some o f  i t s  c o m p o n e n t s ,  a nd  m o d u l a t i n g  t h e  
w a v e f o r m  by some ( u s u a l l y  n o n - l i n e a r )  f o r m u l a .  T h e s e  t e c h n i q u e s  a r e  
r e a l i z a b l e  by s i g n a l  p r o c e s s i n g  s y s t e m s  r a n g i n g  f r om an  a l l  a n a l o g  
e l e c t r o n i c  s y n t h e s i z e r  t o  a c o m p u t e r  w i t h  a d i g i t a  1- t o - a n a 1og 
c o n v e r t e r  a nd  a m p l i f i e r / l o u d s p e a k e r .  F l e x i b i l i t y  makes  d i g i t a l  
c o m p u t e r s  t h e  b a s i s  f o r  t h e  r e s t  o f  t h i s  d i s c u s s i o n .

In h i s  s u r v e y  o f  s i g n a l  p r o c e s s i n g  a s p e c t s  o f  c o m p u t e r  m u s i c ,  Moor e r  
[ 6 2 ]  d i s t i n g u i s h e s  t h r e e  m e t h o d s  f o r  s y n t h e s i z i n g  s o u n d :  d i r e c t
s y n t h e s i s ,  a n a l y s i s - b a s e d  s y n t h e s i s ,  a nd  m u s i q u e  c o n c r e t e .  In  d i r e c t  
s y n t h e s i s ,  t h e  c o m p u t e r  c o n s t r u c t s  wave  s a m p l e s  u s i n g  o n l y  
m a t h e m a t i c a l  f u n c t i o n s .  I n  b o t h  a n a l y s i s - b a s e d  s y n t h e s i s  a nd  m u s i q u e  
c o n c r e t e ,  t h e  w a v e f o r m  s a m p l e s  come f r om d i g i t i z e d  n a t u r a l  s o u n d s .  
A n a l y s i s - b a s e d  s y n t h e s i s  i n c l u d e s  f u n c t i o n s  w h i c h  m o d i f y  t h e  d i g i t i z e d  
s a m p l e s .  M u s i q u e  c o n c r e t e  e s s e n t i a l l y  r e p l a y s  t h e  d i g i t i z e d  s o u n d s  
w i t h o u t  c h a n g e .  T h e s e  l a t t e r  two m e t h o d s  a r e  d a t a  d r i v e n  a nd  t h u s  n o t  
a s  g e n e r a l  f o r  w i d e  a p p l i c a t i o n  o f  s o u n d  p r o d u c t i o n ;  t h e y  a r e  n o t  
c o n s i d e r e d  f u r t h e r  i n  t h i s  p a p e r .

Direct Synthesis

D i r e c t  s y n t h e s i s  e n d e a v o r s  t o  u s e  a m a t h e m a t i c a l  model  t o  c a l c u l a t e  a 
s o u n d  w a v e f o r m .  E q u a t i o n  2 . 1  ( d e s c r i b e d  e a r l i e r )  i s  an e x a m p l e  of  a
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m a t h e m a t i c a l  model  i n  w h i c h  v a r i o u s  f r e q u e n c y  a nd  a m p l i t u d e  c o m p o n e n t s  
a r e  a d d e d  t o  p r o d u c e  a d e s i r e d  w a v e f o r m .  T h i s  m e t ho d  of  d i r e c t  
s y n t h e s i s  i s  c a l l e d  a d d i t i v e  s y n t h e s i s .  A n o t h e r  f r e q u e n t l y  u s e d  
m e t h o d ,  c a l l e d  s u b t r a c t i v e  s y n t h e s i s , m o d e l s  a f i l t e r i n g  f u n c t i o n  and 
r e d u c e s  a w i d e  s p e c t r u m  of  f r e q u e n c i e s  t o  a d e s i r e d  wa ve f o r m. ® In 
e i t h e r  m e t h o d ,  r e s u l t s  a r e  n o t  b a s e d  on a n a l y s i s  of  e x i s t i n g  s o u n d s  
b u t  on c o n s t r u c t i o n  f r om f u n c t i o n  p a r a m e t e r s .  B e c a u s e  a d d i t i v e  
s y n t h e s i s  i s  mos t  commonly u s e d  t o  p r o d u c e  a w i d e  v a r i e t y  of  g e n e r a l  
s o u n d s ,  i t  w i l l  be  e x p l a i n e d  i n  some d e t a i l .

To e l i m i n a t e  u n n e c e s s a r y  c o m p u t a t i o n ,  d i r e c t  s y n t h e s i s  of  a w a v e f o r m  
i s  o f t e n  t a b l e - d r i v e n .  Mathews  [ 5 7 ]  p a r t i c u l a r l y  e x p l o i t e d  t h i s  
c o n c e p t  by u s i n g  m o d u l e s  t o  p r o d u c e  t a b l e s  f o r  l a t e r  c o m p u t a t i o n a l  
u s e .  T y p i c a l l y ,  a mo d u l e  p r o d u c e s  a t a b l e  f o r  a s p e c i f i c  f u n c t i o n  
s u c h  a s  t h e  s q u a r e  o r  s a w t o o t h  f u n c t i o n .  A r e s u l t i n g  t a b l e  c o n s i s t s  
of  e q u a l l y  s p a c e d  a m p l i t u d e  v a l u e s  f o r  one  c y c l e  of  t h e  w a v e f o r m .

TABLE( 1 )  = 0 TABLE( 5 0 1 )  = 500
TABLE(2) = 1 TABLE( 5 0 2 )  = - 5 0 0
TABLE(3) = 2 TABLE( 5 0 3 )  = - 4 9 9
TABLE(4) = 3 TABLE( 5 0 4 )  = - 4 9 6

TABLE( 4 9 9 ) = 498 TABLE( 1 0 0 0 )  =! - 2
TABLE(500) s  499 TABLE(lOOl)  =! -1

Table 2.2: Sawt oo t h  Func t ion

T a b l e 2 . 2  shows  t h e s a w t o o  t h f u n c t i o n  d i s c u s s e d e a r  1
t ab 1 e e n t r i e s  and a p e a k  a m p l i t u d e  v a l u e  of  500 . Fo r

w i t h  1001 
i t h e s i s ,  t h e

t i m e  f o r  d e v e l o p i n g  t a b l e s  i s  p a r t  o f  t h e  p r e p r o c e s s i n g  and  t h e r e f o r e  
d o e s  n o t  a f f e c t  t h e  r u n - t i m e  c o s t .

8. White noise is often the basis for subtractive synthesis. It is a random 
sound composed of many different frequencies uniformly distributed over a wide 
range and not harmonically related [92].
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T h e s e  t a b l e  v a l u e s  r e p r e s e n t  one  c y c l e  o f  a p e r i o d i c  w a v e .  The number  
o f  t i m e s  t h e  t a b l e  v a l u e s  a r e  o u t p u t  p e r  s e c o n d  i s  t h e  number  of  
c y c l e s  p e r  s e c o n d  o r  f r e q u e n c y .  T y p i c a l l y ,  a c o m p u t e r  s o u n d  s y s t e m
w i l l  o u t p u t  a s p e c i f i c  number  o f  s a m p l e s  o r  t a b l e  v a l u e s  p e r  s e c o n d ,
u s u a l l y  2 0 , 0 0 0  t o  3 0 , 0 0 0 .  T h i s  number  i s  t h e  s a m p l i n g  r a t e ,  S .  Thus  
t o  o b t a i n  a d e s i r e d  f r e q u e n c y  ( n u mb e r  of  c y c l e s  p e r  s e c o n d ) ,  t h e  t a b l e  
l e n g t h  i s  d e p e n d e n t  on t h a t  f r e q u e n c y  a nd  on t h e  s a m p l i n g  r a t e .  T h a t  
i s ,  i f  t h e  s a m p l i n g  r a t e  i s  5  s a m p l e s  p e r  s e c o n d  a nd  t h e  d e s i r e d  
f r e q u e n c y  i s  C c y c l e s  p e r  s e c o n d ,  t h e n  t h e  t a b l e  m u s t  c o n t a i n  e x a c t l y
S / C  e n t r i e s  t o  d e s c r i b e  one  c y c l e  o f  t h e  d e s i r e d  w a v e f o r m .  O b v i o u s l y
t h i s  i s  t h e  f a s t e s t  o u t p u t  m e t h o d  a nd  c e r t a i n l y  a l l o w s  r e a l - t i m e  
g e n e r a t i o n  g i v e n  t h a t  memory a c c e s s  r a t e s  e x c e e d  t h e  s a m p l i n g  r a t e . ^

In  t h e  s i t u a t i o n  a b o v e ,  a d i f f e r e n t  t a b l e  w o u l d  h a v e  t o  e x i s t  f o r  e a c h  
p o s s i b l e  f r e q u e n c y .  In  p r a c t i c e ,  a s i n g l e  t a b l e  i s  u s e d  by s i m p l y
c h o o s i n g  f r om t h a t  t a b l e  t h e  n e c e s s a r y  number  o f  e n t r i e s  f o r  a 
p a r t i c u l a r  f r e q u e n c y .  I f  C i s  t h e  d e s i r e d  f r e q u e n c y  i n  c y c l e s  p e r  
s e c o n d ,  t h e n  NUM «  S / C  i s  t h e  number  o f  o u t p u t  s a m p l e s  p e r  c y c l e .  I f  
E  i s  t h e  number  o f  e n t r i e s  i n  a t a b l e  d e s c r i b i n g  one  c y c l e  o f  a g i v e n  
w a v e f o r m ,  t h e  o u t p u t  c o n s i s t s  o f  i n c r e m e n t i n g  an  a p p r o p r i a t e  amount  
(E/NUM)  t h r o u g h  t h e  t a b l e .  C o m b i n i n g  o u t p u t  f r om s e v e r a l  t a b l e s  
r e p r e s e n t i n g  d i f f e r e n t  w a v e s h a p e s  b u i l d s  more  c o m p l e x  w a v e s h a p e s .

P r o b l e m s  a r i s e  b e c a u s e  t h e  t a b l e  i n c r e m e n t  m u s t  be  an  i n t e g e r  v a l u e  i n  
o r d e r  t o  i n d e x  i n t o  a t a b l e  o f  d i s c r e t e  v a l u e s .  T h r e e  m e t h o d s  a r e  
u s e d  t o  d e t e r m i n e  t h e  p r o p e r  s a mp l e  o u t p u t  [ 5 7 ] :  t r u n c a t i o n ,
r o u n d i n g ,  a nd  i n t e r p o l a t i o n .  T r u n c a t i o n  a nd  r o u n d i n g  a r e  t h e  s i m p l e s t  
( a n d  t h e r e f o r e  t h e  f a s t e s t  f o r  a c o m p u t e r ) ,  b u t  t h e y  l e a d  t o  o b v i o u s  
d i s t o r t i o n  i n  t h e  o u t p u t .  B e c a u s e  o u t p u t  s a m p l e s  d i f f e r  f r o m  a c t u a l  
w a v e f o r m  v a l u e s ,  t h e  r e s u l t i n g  w a v e f o r m  a p p r o x i m a t i o n  a l s o  d i f f e r s  
f rom t h e  a c t u a l  w a v e f o r m .  The d o t t e d  l i n e  i n  F i g u r e  2 . 4  r e p r e s e n t s  a 
s i n e  wave  d e f i n e d  by 100 v a l u e s .  The s o l i d  l i n e  shows  t h e  w a v e s h a p e  
w h i c h  r e s u l t s  when an  i n c r e m e n t  o f  1 3 . 7  i s  u s e d  t o  p i c k  v a l u e s  f rom 
t h e  t a b l e  u s i n g  t r u n c a t i o n .  When t h i s  d i f f e r e n c e  i s  a u d i b l e ,  t h e  e a r

9. Given a sampling rate of 25.000, the memory access time must be at most 
1/25,000 « 40 fisec. This time is easily met by almost all modern 
mini-computers.
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h e a r s  d i s t o r t i o n .  F o r  t h e  same l e n g t h  t a b l e ,  i n t e r p o l a t i o n  h a s  b e e n  
shown t o  g i v e  b e t t e r  r e s u l t s . * * ^

Figure  2.4: Table Tr unc a t i on

G e n e r a t i n g  more  c o m p l e x  n a t u r a l  s o u n d s ,  p a r t i c u l a r l y  f o r  m u s i c ,  
r e q u i r e s  s i g n i f i c a n t l y  more  c o m p l e x  w a v e f o r m s .  • Th e s e  s o u n d s  a r e  
c h a r a c t e r i z e d  n o t  o n l y  by t h e i r  i n d i v i d u a l  s i n u s o i d a l  c o m b i n a t i o n s  b u t  
a l s o  by t h e i r  a t t a c k  a nd  d e c a y  p e r i o d s .  Chowning  [ l 6 ]  h a s  d e v e l o p e d  
a n o t h e r  m o d e l ,  d i g i t a l  f r e q u e n c y  m o d u l a t i o n ,  w h i c h  h a s  p r o v e d  q u i t e  
s u c c e s s f u l  i n  m u s i c  s y n t h e s i s .  H i s  wor k  i n c l u d e s  c o n s i d e r a t i o n  of  t h e  
a t t a c k  a nd  d e c a y  p e r i o d s .  h a r m o n i c s .  and  m o d u l a t i o n s  of  b a s i c  
w a v e s h a p e s  f o r  r e a l i z i n g  v a r i o u s  i n s t r u m e n t a l  t o n e  q u a l i t i e s .

C h o w n i n g ' s  e q u a t i o n

( E q .  2 . 5 )  f ( t )  = A( t ) • s in[27Tf  ̂t  + I ( t ) s i n (  27rf t ) ]

r e p r e s e n t s  a f r e q u e n c y —m o d u l a t e d  w a v e f o r m .  The f u n d a m e n t a l  ( o r  
c a r r i e r )  f r e q u e n c y  i s  s i n u s o i d a l  b u t  m o d u l a t e d  by a s e c o n d  s i n u s o i d

10. Mathews [57] states that in general, rounding is about twice as accurate 
as truncation. While doubling the table length doubles the accuracy for 
truncation or rounding, it quadruples the accuracy for interpolation.
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of  f r e q u e n c y  / ^ . The m o d u l a t i o n  i n d e x .  I ,  i s  t h e  a m p l i t u d e  of  t h e  
s i d e  f r e q u e n c i e s .  The a m p l i t u d e  i s  a l s o  a f u n c t i o n  of  t i m e .  Fo r  many 
t o n e s ,  t h i s  s y n t h e s i s  f o r m u l a  y i e l d s  a c o m p l e x  wave s p e c t r u m  w i t h o u t  
t h e  n e c e s s i t y  of  a d d i n g  a m u l t i t u d e  of  c o mp o n e n t  w a v e f o r m s  o r  of  
o b t a i n i n g  a s p e c t r a l l y  r i c h  w a v e f o r m  and  p a s s i n g  i t  t h r o u g h  a 
t i m e —v a r y i n g  f i l t e r .  C h a n g i n g  t h e  r a t i o  of  t h e  c a r r i e r  f r e q u e n c y  t o  
t h e  m o d u l a t i n g  f r e q u e n c y  c o n t r o l s  t h e  s p e c t r a l  p a r t i a l s ;  c h a n g i n g  t h e  
m o d u l a t i o n  i n d e x  c o n t r o l s  t h e  c o n t r i b u t i o n s  o f  t h e  p a r t i a l s  by 
d e t e r m i n i n g  t h e i r  a m p l i t u d e s .

Problems

The f i r s t  p r o b l e m  of  s o u n d  s y n t h e s i s  i s  t h a t ,  u n l i k e  t h e  c o n t i n u o u s  
s i n u s o i d a l  w a v e f o r m  m o d e l s  d e s c r i b e d  i n  S e c t i o n  2 . 1 ,  t h e  c o r r e s p o n d i n g  
d i g i t a l  a p p r o x i m a t i o n s  a r e  f i n i t e  d i s c r e t e  s e q u e n c e s .  A w a v e f o r m  i s  
w e l l - r e p r e s e n t e d  by  a d i s c r e t e  s e q u e n c e  i f  i n t e r p o l a t i o n  b e t w e e n  t e r m s  
y i e l d s  a s mo o t h  c u r v e  w h i c h  h a s  a s m a l l  e r r o r  r e l a t i v e  t o  t h e  d e s i r e d  
c o n t i n u o u s  f u n c t i o n .  Thus  t o  r e p r e s e n t  a w a v e f o r m  d i g i t a l l y ,  i t  i s  
n e c e s s a r y  t o  c h o o s e  c a r e f u l l y  t h e  minimum number  o f  s a m p l e s .  The 
t h r e e  p r i m a r y  p r o b l e m s  i n  r e p r e s e n t i n g  a c o n t i n u o u s  f u n c t i o n  d i g i t a l l y  
a r e  a l i a s i n g ,  q u a n t i z a t i o n ,  a nd  w i n d o w i n g  [ 9 6 ] .

A l i a s i n g  ( o r  f o l d o v e r )  i s  c a u s e d  by  an  i n s u f f i c i e n t  number  o f  s a m p l e s  
f o r  a c c u r a t e  r e p r o d u c t i o n  o f  t h e  w a v e f o r m . * *  I t  i n t r o d u c e s  i n c o r r e c t  
f r e q u e n c i e s  w h i c h  t h e n  c o m b i n e  w i t h  e x i s t i n g  f r e q u e n c i e s  t o  p r o d u c e  
a d d i t i o n a l  sums a n d  d i f f e r e n c e s .  When a c u r v e  i s  d r a wn  t h r o u g h  t h e  
wave  by i n t e r p o l a t i n g  b e t w e e n  s a m p l e s ,  a v e r y  d i f f e r e n t  wave i s  
g e n e r a t e d .  U s i n g  t h e  S a m p l i n g  Th e o r e m o f  F o u r i e r  a n a l y s i s ,  i t  c a n  be 
shown t h a t  a f r e q u e n c y ,  F ,  m u s t  be  s a m p l e d  a t  a r a t e  o f  a t  l e a s t  2F t o  
r e p r o d u c e  t h e  w a v e f o r m .  I f  t h e  f r e q u e n c y  o f  t h e  wave i s  F and  
s a m p l i n g  r a t e  i s  R s u c h  t h a t  R * 2 F , t h e n  t h e  w a v e f o r m  g e n e r a t e d  h a s  a 
f r e q u e n c y  FI  = R -  F .  FI  w i l l  a dd  u n e x p e c t e d  a n d ,  v e r y  l i k e l y ,  
i n h a r m o n i c  f r e q u e n c i e s  t o  t h e  w a v e f o r m . * ^  F i g u r e  2 . 5  shows  a w a v e s h a p e  
o f  f r e q u e n c y  9 (Fs*9) .  I f  s i x t e e n  s a m p l e s  ( R*16)  of  t h i s  w a v e s h a p e  a r e

11. A common example of aliasing in video is the wheel which turns backwards 
when its rotational frequency exceeds 12 revolutions a second in a standard 24 
frames per second movie.
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t a k e n ,  t h e  r e s u l t i n g  c u r v e  h a s  f r e q u e n c y  7 ( R - F = F 1 = 7 ) .  No t e  t h a t
a l t h o u g h  64 s a m p l e s  p r o d u c e  a more  a c c u r a t e  r e p r o d u c t i o n  of  t h e  
o r i g i n a l  w a v e s h a p e ,  18 s a m p l e s  a r e  s u f f i c i e n t  t o  p r o d u c e  a f r e q u e n c y  
of  9 .

FREQUENCY 9 SAMPLING RATE 16

SAMPLING RATE 64
if n

Figure  2.5: Sampling

Q u a n t i z a t i o n  i n t r o d u c e s  n o i s e  d i s t o r t i o n  and  i s  c a u s e d  n o t  by t h e  
s a m p l i n g  r a t e  b u t  by t h e  a c c u r a c y  of  t h e  s a m p l e d  v a l u e s .  Fo r  e a c h  
s a m p l e  v a l u e  S ( t ) ,  t h e  e r r o r  S ( t )  -  f ( t )  d e p e n d s  on t h e  c o m p u t e r  wor d  
s i z e .  T h i s  e r r o r  r e s u l t s  i n  a s i g n a 1- t o - n o i s e  r a t i o  o f  a p p r o x i m a t e l y  
6 t i m e s  t h e  number  of  b i t s  u s e d  p e r  v a l u e . M o s t  a u d i o  e q u i p m e n t  h a s

12. Hearing ranges from 20 Hz to 18,000 Hz so that a sampling rate of 
36,000 Hz is desirable; most music software uses about 25,000 samples per 
second.

13. The signa1-lo-noise ratio is doubled for each additional bit of accuracy. 
Expressed in decibels, this is an additive component of 6 (i.e. 201og 2 w 6).
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a s i g n a I - t o - n o i s e  r a t i o  of  6 6 - 7 2 d B  so t h a t  11 o r  12 b i t s  i s  a
r e a s o n a b l e  d e g r e e  of  d i g i t a l  a c c u r a c y .

Wi n d o w i n g  o c c u r s  when a s a m p l e  s e t  c o n s i s t s  o f  l e s s  t h a n  a c o m p l e t e
c y c l e .  B e c a u s e  i t  a r i s e s  when r e a l  d a t a  d r i v e s  t h e  s y n t h e s i s ,  
w i n d o w i n g  i s  n o t  a s e r i o u s  p r o b l e m  f o r  mos t  s o u n d  s y n t h e s i s .  I f  a s e t  
of  d a t a  e x i s t s  w i t h  an  unknown c y c l e  t i m e ,  t h e  number  of  s a m p l e s  
n e e d e d  c a n  be  d e t e r m i n e d  by F o u r i e r  a n a l y s i s .

A s e c o n d  m a j o r  p r o b l e m  i n  s o u n d  s y n t h e s i s  i s  c o m p u t a t i o n  t i m e .  Even  a 
s i m p l e  t o n e  w i t h  h i g h  f r e q u e n c y  c o m p o n e n t s  r e q u i r e s  a b o u t  2 5 , 0 0 0
s a m p l e s  e a c h  s e c o n d .  Any m u s i c a l  s o u n d  c o n s i s t s  of  s e v e r a l  
i n s t r u m e n t s  o r  v o i c e s ,  e a c h  r e q u i r i n g  t h e  g e n e r a t i o n  o f  2 5 , 0 0 0  s a m p l e s  
e v e r y  s e c o n d .  F o r  r e a l - t i m e  s o u n d  g e n e r a t i o n ,  t i m e  i s  e s p e c i a l l y  
c r i t i c a l .  Eve n  t h e  f a s t e s t  h a r d w a r e  i s  l i m i t e d  i n  t h e  number  of  
o p e r a t i o n s  w h i c h  c a n  be  p e r f o r m e d  i n  4 0 / u s e c . W i t h  t h e  i n c r e a s e  of
m i c r o - c o m p u t e r s  a nd  d i s t r i b u t e d  p r o c e s s i n g ,  mos t  s o u n d  s y n t h e s i s  
s y s t e m s  now d r i v e  t h e  a c t u a l  s a m p l e  g e n e r a t i o n  w i t h  an  i n d e p e n d e n t  
p r o c e s s o r .

A t h i r d  m a j o r  d i f f i c u l t y  o f  s o u n d  s y n t h e s i s  a r i s e s  f rom t h e  l a c k  of  
u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  b e t w e e n  p h y s i c a l  a nd  p h y s i o l o g i c a l  
a s p e c t s  o f  h e a r i n g .  I n  g e n e r a t i n g  an  a r b i t r a r y  s o u n d  f r om a
m a t h e m a t i c a l  m o d e l ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  t h e  p e r c e i v e d  e f f e c t s .
I f  s y n t h e s i z e d  s o u n d  i s  t o  be  u s e d  t o  c o n v e y  m e a n i n g f u l  i n f o r m a t i o n ,
i t  i s  p a r t i c u l a r l y  i m p o r t a n t  t o  know w h a t  e f f e c t s  t h e  e q u a t i o n
p a r a m e t e r s  h a v e  on h e a r i n g .

2.3; P»yclio~acougtlcs

H a v i n g  d e s c r i b e d  t h e  g e n e r a t i o n  o f  s o u n d ,  i t  i s  i m p o r t a n t  t o  n o t e  some 
f a c t s  r e g a r d i n g  t h e  human s e n s a t i o n s  p r o d u c e d  by s o u n d .  V a r i o u s
c o m b i n a t i o n s  o f  s o u n d  c h a r a c t e r i s t i c s  h a v e  d i f f e r e n t  e f f e c t s  on t h e
p e r c e i v e d  s o u n d s .  B o t h  m u s i c  a nd  p s y c h o l o g y  h a v e  c o n c e n t r a t e d
r e s e a r c h  i n  t h i s  a r e a ,  f o r  e x a m p l e  by c o m p a r i n g  human r e s p o n s e s  t o  a 
v a r i e t y  o f  d i f f e r e n c e s  i n  s o u n d  c h a r a c t e r i s t i c s  a nd  by a n a l y z i n g  
i n s t r u m e n t a l  s o u n d s .  The p e r c e p t i o n  p r o b l e m  i s ,  i n  some w a y s ,  more
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s e r i o u s  t h a n  t h e  p r o b l e m  o f  p r o d u c i n g  s ound  s i n c e  one  w o u l d  l i k e  t o
p r e d i c t  i n  a d v a n c e  t h e  e f f e c t s  of  t h e  p r o d u c e d  s o u n d .

S t u d i e s  s u g g e s t  t h a t  t h e  human e a r  c a n  d i s c r i m i n a t e  b e t w e e n  any two of  
4 0 0 , 0 0 0  d i f f e r e n t  s o u n d s  p r e s e n t e d  i n  r a p i d  s u c c e s s i o n  a nd  t h a t  mos t  
p e o p l e  c a n  r eme mbe r  a nd  c o r r e c t l y  i d e n t i f y  49 d i f f e r e n t  s o u n d s  a t  one 
t i m e  C®®]- f a c t ,  r e a c t i o n  t i m e  t o  a u d i t o r y  s t i m u l i  i s  f a s t e r  t h a n
t o  v i s u a l  s t i m u l i  Q®]- H o w e v e r ,  t h e  p e r c e p t i o n  of  t h e  s ou n d  one  h e a r s
i s  d e p e n d e n t  on t h e  c o n t e x t  of  t h a t  s o u n d  —  t h a t  i s ,  on t h e
c o m b i n a t i o n  of  p a r a m e t e r s  d e s c r i b i n g  t h e  p a r t i c u l a r  s o u n d  a nd  on t h e  
n o t e s  p r e c e d i n g  a nd  f o l l o w i n g  t h e  s o u n d .  To r e p r e s e n t  d a t a  u s i n g  
s o u n d ,  i t  i s  i m p o r t a n t  t o  u n d e r s t a n d  how t h e  v a r i o u s  s o u n d  
c h a r a c t e r i s t i c s  a r e  p e r c e i v e d .

Most  n o t a b l e ,  p e r h a p s ,  a r e  t h e  i n t e r r e l a t i o n s h i p s  among 
c h a r a c t e r i s t i c s  of  s o u n d .  S o u n d s  i n  t h e  m i d d l e  r a n g e  o f  f r e q u e n c i e s  
s eem more  v a r i e d ,  a nd  a r e  t h e r e f o r e  e a s i e r  t o  s e p a r a t e ,  t h a n  h i g h  
r a n g e  s o u n d s .  Not  o n l y  a r e  t h e  f r e q u e n c y  c h a n g e s  more  d i f f i c u l t  t o
p e r c e i v e  b u t  t h e  vo l u me  o f  a h i g h  n o t e  a p p e a r s  s o f t e r  t h a n  f o r  a
c o r r e s p o n d i n g  n o t e  a t  l o we r  f r e q u e n c y .  D u r a t i o n  a l s o  a f f e c t s  t h e  
p e r c e p t i o n  o f  a n o t e .  F o r  e x a m p l e ,  a s h o r t e r  d u r a t i o n  n o t e  a p p e a r s  t o  
be  l owe r  i n  p i t c h  a nd  a l o u d e r  n o t e  a p p e a r s  t o  l e n g t h e n  t h e  d u r a t i o n  
[ 5 0 ,  9 8 ] .

T i m b r e ,  " t h e  m u l t i d i m e n s i o n a l  w a s t e b a s k e t  c a t e g o r y  f o r  e v e r y t h i n g  
t h a t ' s  n o t  p i t c h  n o r  l o u d n e s s "  [ 5 0 ] ,  a f f e c t s  p e r c e i v e d  p i t c h ,
l o u d n e s s ,  a nd  d u r a t i o n !  V a r y i n g  t h e  number  a nd  r e l a t i v e  i n t e n s i t i e s  
o f  e x i s t i n g  o v e r t o n e s  ma k e s  t h e  same f u n d a m e n t a l  f r e q u e n c y  s ou n d  
d i f f e r e n t l y .  The a t t a c k  a nd  d e c a y  p e r i o d s  h e a v i l y  i n f l u e n c e  s o u n d ,  
p a r t i c u l a r l y  t h o s e  of  s h o r t  d u r a t i o n .  L i s t e n i n g  t o  a t r u m p e t  a nd  a 
v i o l i n  i s  an  e x a m p l e  o f  t h e  i m p o r t a n c e  of  t i m b r e .  Two n o t e s ,  e a c h  a t  
t h e  same f r e q u e n c y  a nd  a m p l i t u d e ,  s o u n d  c o m p l e t e l y  d i f f e r e n t .

F u l l y  u t i l i z i n g  s o u n d  o u t p u t  f o r  p r e s e n t i n g  d a t a  w i l l  r e q u i r e  an
u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p s  and  e f f e c t s  of  s ou n d  p a r a m e t e r s .  
The o b s e r v a t i o n s  d i s c u s s e d  a b o v e  a r e  o n l y  a f ew o f  t h e  f a c t s  r e g a r d i n g  
p e r c e p t i o n  of  s o u n d .  F u r t h e r  s t u d i e s  mus t  c o n s i d e r  t h e  e f f e c t s  on 
d a t a  r e p r e s e n t a t i o n .
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2.4: Sound Synthesis Research

Mus i c  a nd  s p e e c h  a r e  t h e  c u r r e n t  f o c u s  f o r  r e s e a r c h  i n  s ound
s y n t h e s i s .  D i g i t a l  m u s i c  s u p p o r t s  m u s i c  a n a l y s i s ,  m u s i c  p e r f o r m a n c e ,  
and  m u s i c  c o m p o s i t i o n .  R e s e a r c h e r s  a r e  e x p l o r i n g  t h e  p e r c e p t i o n  of  
s o u n d s  u s i n g  t h e  c o m p u t e r  t o  g e n e r a t e  a v a r i e t y  of  w a v e f o r m s  u n d e r  
c o n t r o l l e d  c o n d i t i o n s  n o t  p r e v i o u s l y  p o s s i b l e  w i t h  c o n v e n t i o n a l  
i n s t r u m e n t s .  S p e e c h  i s  b e i n g  u s e d  t o  f u r t h e r  t h e  s t u d y  of  
h u m a n / m a c h i n e  c o m m u n i c a t i o n .

Two e x a m p l e s  o f  c o m p u t e r  m u s i c  r e s e a r c h  a r e  t h e  e f f o r t s  a t  B e l l  
L a b o r a t o r i e s  a nd  a t  S t a n f o r d  U n i v e r s i t y .  Max Mathews  i s  c o n s i d e r e d  by 
many t o  be  t h e  f a t h e r  o f  c o m p u t e r  m u s i c .  H i s  b o o k .  The T e c h n o l o g y  o f  
C o m p u t e r  M u s i c  [ 5 7 ] ,  i s  a b a s i c  g u i d e  f o r  t h e  u n d e r s t a n d i n g  o f  d i g i t a l  
m u s i c .  H i s  s o f t w a r e  FORTRAN p r o g r a m ,  MUSIC V, h a s  b e e n  e x t e n s i v e l y  
u s e d  f o r  s t u d i e s  o f  t i m b r e .  Work a t  S t a n f o r d  i n v o l v e s  a f r e q u e n c y  
m o d u l a t i o n  e q u a t i o n  a s  t h e  s y n t h e s i s  t e c h n i q u e  t o  p r o d u c e  more  c o mp l e x  
a nd  n a t u r a l  m u s i c a l  s o u n d s .  Chowni ng  [ 1 5 ]  h a s  a c h i e v e d  t h e  s y n t h e s i s  
n e c e s s a r y  f o r  a p e r c e i v e d  s o u n d  l o c a t i o n  w h i c h  v a r i e s  d y n a m i c a l l y .  
B o t h  o f  t h e s e  s t u d i e s  a r e  e s p e c i a l l y  r e l e v a n t  t o  t h e  p e r c e p t i o n s  of  
s o u n d  a n d  t h e  f u r t h e r  u s e  of  s o u n d .

G i v e n  t h e  m e t h o d s  a nd  e q u i p m e n t  f o r  c o m p u t e r - g e n e r a t e d  s o u n d ,  i t  i s  
a p p r o p r i a t e  t h a t  i t s  u s e  h a s  e x t e n d e d  t o  a r e a s  o t h e r  t h a n  m u s i c  and  
s p e e c h .  The t o o l s  f o r  p r o d u c i n g  s o u n d s  a r e  a v a i l a b l e  a nd  t h e  n e e d  f o r  
a d d i t i o n a l  m e t h o d s  of  p r e s e n t i n g  i n f o r m a t i o n  e x i s t s .  I n i t i a l  s t u d i e s  
i n d i c a t e  t h a t  d a t a  v a l u e s  c a n  be  e n c o d e d  i n t o  s o u n d s  so t h a t  d a t a  
r e l a t i o n s h i p s  a r e  p r e s e r v e d .  The n e x t  c h a p t e r s  e x p a n d  t h e  u s e  of
s ound  f o r  i n f o r m a t i o n  p r e s e n t a t i o n  by e x p l a i n i n g  t o o l s  f o r  u s i n g  s o u n d  
t o  r e p r e s e n t  d a t a ,  a p p l i c a t i o n s  f o r  a  w i d e  v a r i e t y  o f  d a t a  t y p e s ,  a nd  
r e s u l t s  o f  e x p e r i m e n t s  i n  w h i c h  s u b j e c t s  c l a s s i f i e d  d a t a  b a s e d  on 
s ou n d  r e p r e s e n t a t i o n s .
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3: FACILITIES AND TOOLS

R e s e a r c h  in  t h e  u s e  of  s o u n d  f o r  i n f o r m a t i o n  p r e s e n t a t i o n  r e q u i r e s  
b o t h  h a r d w a r e  a nd  s o f t w a r e  c a p a b i l i t i e s .  The s y s t e m  mus t  s u p p o r t  
s o u n d  g e n e r a t i o n  t h a t  c a n  be  b a s e d  on d a t a  v a l u e s  a nd  t h a t  a l l o w s  
c o n t r o l  of  a number  of  s o u n d  p a r a m e t e r s  ( d i m e n s i o n s ) .  F ou r  
r e q u i r e m e n t s  p r o v i d e  a minimum - c a p a b i l i t y  f o r  t h e  v a r i e t y  of  s ou n d s  
n e e d e d  f o r  t h e  wor k  d e s c r i b e d  i n  t h i s  t h e s i s :

1: C a p a b i l i t y  f o r  a t  l e a s t  two s i m u l t a n e o u s  n o t e s  o r  v o i c e s ,

2 :  C o n t r o l  of  e n v e l o p e  a nd  w a v e s h a p e  f o r  t i m b r e  v a r i a t i o n s ,

3 :  C o n t r o l  of  p i t c h  a nd  v o l u m e ,  a nd

4 :  C o n t r o l  of  n o t e  d u r a t i o n .

A s a m p l i n g  r a t e  o f  2 0 , 0 0 0  s a m p l e s  p e r  s e c o n d  a l l o w s  a maximum 
f r e q u e n c y  r a n g e  o f  1 0 , 0 0 0  Hz;  t h i s  e n c o m p a s s e s  t h e  n o r ma l  h e a r i n g  
r a n g e .  To be  g e n e r a l l y  u s e f u l ,  a l l  c o m p o n e n t s  mus t  be e a s y  t o  u s e  and 
i n e x p e n s i v e .  F o r t u n a t e l y ,  t h e  c o m p u t e r  m u s i c  f i e l d  p r o v i d e s  e x t e n s i v e  
r e s o u r c e s .

Two a d d i t i o n a l  r e s o u r c e s  a r e  h e l p f u l  i n  e x a m i n i n g  t h e  p o t e n t i a l  of  
s o u n d  o u t p u t  f o r  d a t a :  a c o m p u t e r  g r a p h i c s  c a p a b i l i t y  a nd  t r a d i t i o n a l
d a t a  a n a l y s i s  t o o l s .  S i n c e  mos t  c o m p u t e r  i n f o r m a t i o n  p r e s e n t a t i o n  i s  
v i s u a l ,  g r a p h i c s  c a n  p r o v i d e  a b a s i s  f o r  c o m p a r i s o n  and  f o r  
e x p e r i m e n t s  i n  c o m b i n e d  v i s u a l  and  a u r a l  o u t p u t .  T r a d i t i o n a l  c o m p u t e r  
t o o l s  p r o v i d e  t h e  c a p a b i l i t y  f o r  g e n e r a t i o n  a nd  a n a l y s i s  of  c o mp l e x  
d a t a  s e t s .  A l t h o u g h  n e i t h e r  of  t h e s e  f u n c t i o n s  a r e  r e q u i r e d  f o r  
p r e s e n t i n g  c o m p u t e r  i n f o r m a t i o n  i n  s o u n d ,  t h e y  add  v a l u a b l e  s u p p o r t  
f o r  s o u n d  e x p e r i m e n t s .
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The r e s e a r c h  in  t h i s  t h e s i s  was  c a r r i e d  o u t  on an i n t e r a c t i v e  
f o u r - v o i c e  s y s t e m  a nd  on a l a r g e  t i m e —s h a r i n g  s y s t e m  w i t h  a g r e a t  d e a l  
of  c o mp u t e  powe r  a n d  b a t c h  o u t p u t .  The e q u i p m e n t  o f t e n  d e t e r m i n e d
s p e c i f i c  f e a t u r e s  of  t h e  s t u d i e s  so  a d e s c r i p t i o n  o f  t h e  f a c i l i t i e s  
a nd  t o o l s  i s  h e l p f u l  i n  u n d e r s t a n d i n g  l a t e r  c h a p t e r s .  A d d i t i o n a l l y ,  
t h e s e  two v e r y  d i f f e r e n t  f a c i l i t i e s  p r o v i d e  good  e x a m p l e s  of  u s e f u l  
c o m p u t e r  s o u n d  s y s t e m s .

3.1: Interactive Systam

The i n t e r a c t i v e  s y s t e m  s i m u l t a n e o u s l y  p r o d u c e d  c o l o r  g r a p h i c s  and 
s ou n d  o u t p u t . ' ^  The f a c i l i t y  d i d  n o t  p r o v i d e  t o o l s  f o r  c r e a t i n g  n o r  
m a n i p u l a t i n g  l a r g e  d a t a  s e t s ,  so  a l l  d a t a  wa s  p r e p r o c e s s e d  on o t h e r  
c o m p u t e r  s y s t e m s .  Sound  o u t p u t  v a r i e d  w i t h  r e s p e c t  t o  p i t c h ,  vo l ume ,  
d u r a t i o n ,  e n v e l o p e ,  a nd  w a v e s h a p e  f o r  f o u r  n o t e s .  Sound  c o u l d  n o t  be 
p r e s e r v e d  e x c e p t  by r e c o r d i n g  t h e  a n a l o g  o u t p u t  i n  t h e  u s u a l  ma n n e r  on 
c a s s e t t e  t a p e .

Hardware

Most  p r o j e c t s  d e s c r i b e d  i n  C h a p t e r s  5 a nd  6 r a n  on a V a r i a n  (V73)  
m i n i c o m p u t e r  w i t h  an  I ms a i  ( 8 0 8 0 )  m i c r o c o m p u t e r  a nd  f o u r  S o l i d  S t a t e  
Mus i c  s y n t h e s i z e r  b o a r d s .  A l l  d a t a  c o m p u t a t i o n s  r a n  e n t i r e l y  on t h e  
V a r i a n  w h i l e  t h e  s y n t h e s i z e r  b o a r d s  g e n e r a t e d  t h e  a c t u a l  s o u n d  o u t p u t .  
The I ms a i  p r o v i d e d  a n  e a s y  i n t e r f a c e  b e t w e e n  t h e  V a r i a n  a nd  t h e  m u s i c  
s y n t h e s i z e r  b o a r d s ;  t h e  m u s i c  b o a r d s  c o u l d  n o t  i n t e r f a c e  d i r e c t l y  t o  
t h e  V a r i a n  b u s .  In  a d d i t i o n ,  an  A y d i n  5214  f r a m e  b u f f e r  d i s p l a y  
s y s t e m  p r o v i d e d  g r a p h i c  o u t p u t  w i t h  c a p a b i l i t e s  f o r  i n t e r a c t i v e  i n p u t .

A s y n t h e s i z e r  b o a r d  c o m p u t e d  t h e  n e c e s s a r y  wave  s a m p l e s  w h i c h  d r o v e  an 
a n a l o g  o u t p u t  s i g n a l .  I n p u t  f o r  e a c h  m u s i c  s y n t h e s i z e r  b o a r d  i n c l u d e d

14. This facility is a special purpose system for interactive battlefield 
simulations and no longer includes the sound output capability. The sound 
equipment is being moved to another computer for continued work on information 
presentat ion.
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a 128 b y t e  w a v e f o r m  d e f i n i t i o n ,  a 16 b y t e  e n v e l o p e  d e f i n i t i o n ,  15 
l e v e l s  of  v o l u m e ,  and  a f r e q u e n c y  r a n g e  of  15 Hz t o  25K Hz.  The 126 
b y t e  w a v e s h a p e  d e t e r m i n e d  one  c y c l e  of  t h e  p e r i o d i c  wa ve ;  t he  
s y n t h e s i z e r  b o a r d  a u t o m a t i c a l l y  r e p e a t e d  t h e  wave a s  n e c e s s a r y  f o r  t he  
d e s i r e d ,  f r e q u e n c y  a nd  d u r a t i o n .  The f r e q u e n c y  was  d e t e r m i n e d  by a 
f r e q u e n c y  v a l u e  r a n g i n g  f r o m  0 t o  255 c o mb i n e d  w i t h  an o c t a v e  v a l u e  
r a n g i n g  f rom 0 t o  7.*®

( Eq .  3 . 1 )  2 0 , 0 0 0 , 0 0 0
F r e q u e n c y  o u t p u t  = --------------------------------------------

( 2 5 6  -  f v )  • ( 128)  • ( 2®" ° ' ' )

f v  = b o a r d  f r e q u e n c y  v a l u e  
ov = b o a r d  o c t a v e  v a l u e

Not  o n l y  w e r e  t h e  s y n t h e s i z e r  b o a r d s  e a s y  t o  u s e  by m e r e l y  s p e c i f y i n g  
t h e  n e c e s s a r y  i n p u t s ,  t h e  t o t a l  c o s t  of  t h e  f o u r  b o a r d s  was  l e s s  t h a n  
$ 6 0 0 .

E a c h  s y n t h e s i z e r  b o a r d  o u t p u t  an  a n a l o g  s i g n a l  w h i c h  h a d  t o  be 
a m p l i f i e d .  The f o u r  s i g n a l s  ( f r o m  t h e  f o u r  s y n t h e s i z e r  b o a r d s )  we r e  
c o m b i n e d  i n  a p r e a mp  m i x e r  a nd  f e d  i n t o  a s t e r e o  s y s t e m  c o m p a r a b l e  t o  
a home s o u n d  s y s t e m .  The s o u n d  o u t p u t  p e r i p h e r a l s  c o n s i s t e d  of  t he  
p r e a mp  m i x e r  w i t h  f o u r  s t e r e o  i n p u t s  (Numark DM 1 1 0 0 ) ,  an  a m p l i f i e r  
( T e c h n i c s  SU—8 0 5 5 ) ,  two s p e a k e r s  ( E l e c t r o v o i c e  I n t e r f a c e ,  L i ne  S e r i e s  
2 ) ,  a nd  a h e a d p h o n e  ( Ko s s  P r o  4AA).  T h i s  p e r i p h e r a l  e q u i p m e n t  c o s t  
was  a l s o  l e s s  t h a n  $600 .

Software

Two t y p e s  o f  s o f t w a r e  p r o v i d e d  v a l u a b l e  s u p p o r t :  r o u t i n e s  f o r
g e n e r a t i n g  t h e  s o u n d  o u t p u t  a nd  p r o g r a m s  t o  c o n t r o l  d y n a m i c a l l y  
v a r i o u s  s o u n d  c h a r a c t e r i s t i c s .  A c c e s s  t o  t h e  s y n t h e s i z e r  b o a r d s  was  
t h r o u g h  a s e t  of  s u b r o u t i n e s  w h i c h  s p e c i f i e d  e a c h  of  t h e  s ound

15. For data sounds, a frequency expressed in hertz would be more appropriate. 
The configuration of the sound boards was probably due to the fact that they 
were intended for music output.
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a t t r i b u t e s  ( s u c h  a s  vo l ume  and  f r e q u e n c y ) .  The two mos t  u s e f u l  
p r o g r a m s  i n t e r a c t i v e l y  c o n t r o l l e d  t h e  m u s i c  s y n t h e s i z e r  b o a r d s  a nd  
i n t e r a c t i v e l y  m a n i p u l a t e d  t h e  m a p p i n g  b e t w e e n  d a t a  s e t s  a nd  s o u n d  
c h a r a c t e r i s t i c s .

A FORTRAN—c a 11a b 1e s e t  o f  r o u t i n e s  i n t e r f a c e d  c o m p u t e r  p r o g r a m s  t o  t h e  
s o u n d  b o a r d s .  T h e s e  r o u t i n e s  a l l o w e d  t h e  v a r i o u s  s y n t h e s i z e r  i n p u t s  
t o  be  s e t  a nd  c o n t r o l l e d  t h e  on a nd  o f f  s t a t e s  of  e a c h  b o a r d .  To 
g e n e r a t e  s o u n d  o u t p u t ,  a p r o g r a m  s e t  up a w a v e s h a p e ,  e n v e l o p e ,  
f r e q u e n c y ,  a nd  vo l ume  f o r  e a c h  b o a r d  t o  be  p l a y e d .  The p r o g r a m  t h e n  
h a d  t o  s e n d  t h e  s i g n a l s  t o  t u r n  t h e  b o a r d  on o r  o f f .  The t i m e  
i n t e r v a l  b e t w e e n  t u r n i n g  t h e  b o a r d  on a nd  t u r n i n g  t h e  b o a r d  o f f  
d e t e r m i n e d  t h e  n o t e  d u r a t i o n .

The s o u n d  c o n t r o l  p r o g r a m  g r a p h i c a l l y  d i s p l a y e d  a c o n t r o l  p a n e l  f o r  
t h e  f o u r  s y n t h e s i z e r  b o a r d s .  The f r e q u e n c y ,  o c t a v e ,  v o l u m e ,  a nd  
e n v e l o p e  d u r a t i o n  c o n t r o l s  c o r r e s p o n d e d  d i r e c t l y  t o  t h e  s y n t h e s i z e r  
b o a r d  i n p u t s .  A d r a w i n g  a r e a  a l l o w e d  t h e  u s e r  t o  m o d i f y  p r e d e f i n e d  
e n v e l o p e s  a nd  w a v e s h a p e s  a nd  s t o r e  t hem f o r  l i s t e n i n g  o r  f o r  i n p u t  t o  
s u b s e q u e n t  s o f t w a r e  d e v e l o p m e n t .  At  a ny  t i m e ,  any  of  t h e  f o u r  b o a r d s  
c o u l d  be  t u r n e d  on  o r  o f f .

The c o n t r o l  p r o g r a m  wa s  p a r t i c u l a r l y  v a l u a b l e  f o r  c o m p a r i n g  t h e  
e f f e c t s  o f  v a r i o u s  s o u n d  c h a r a c t e r i s t i c s ,  f o r  w a v e s h a p e  d e f i n i t i o n ,  
a nd  f o r  d i a g n o s t i c s .  C h a n g i n g  a s o u n d  p a r a m e t e r  s u c h  a s  vo l ume  
i m m e d i a t e l y  c h a n g e d  t h e  o u t p u t  s o u n d .  By t u r n i n g  on a nd  o f f  two s o u n d  
b o a r d s  w i t h  d i f f e r e n t  s e t t i n g s ,  t h e  d i f f e r e n t  e f f e c t s  c o u l d  be  
c o m p a r e d .  S i n c e  w a v e s h a p e  d e t e r m i n e s  t h e  t i m b r e  o f  t h e  s o u n d ,  t h e  
a b i l i t y  t o  t r y  i n t e r a c t i v e l y  a v a r i e t y  of  w a v e s h a p e s  was  e x t r e m e l y  
u s e f u l .  F i n a l l y  t h e  c o n t r o l  p r o g r a m  p r o v i d e d  a d i a g n o s t i c  t o o l  f o r  
c h e c k i n g  a l l  a s p e c t s  o f  t h e  s o u n d  b o a r d s .

The m a p p i n g  p r o g r a m  p r e s e n t e d  d a t a  a s  d i s c r e t e  s o u n d s .  G i v e n  a d a t a  
s a m p l e  a s  an  n - t u p l e

S »  ( V j  , V g ,  V g ............................ v^ ) ,

e a c h  V .  d e t e r m i n e d  t h e  l e v e l  of  a s o u n d  p a r a m e t e r  ( s u c h  a s  v o l u m e )  f o r  
a s p e c i f i e d  b o a r d .  T h u s ,  e a c h  d a t a  s a m p l e  S was  e n c o d e d  i n t o  a s i n g l e  
s o u n d .  The m a p p i n g  c o n t r o l  p r o g r a m  p e r m i t t e d  dy n a mi c  m a n i p u l a t i o n  of  
t h e  m a p p i n g  b e t w e e n  v.  v a r i a b l e s  a nd  s o u n d  c h a r a c t e r i s t i c s .
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The m a p p i n g  p r o g r a m  a l l o w e d  up t o  f o u r  s e t s  of  d a t a  w i t h  up t o  15 
v a r i a b l e s  p e r  s a m p l e  a s  i n p u t .  T h i s  i n t e r a c t i v e  p r o g r a m  was 
p a r t i c u l a r l y  h e l p f u l  i n  d e t e r m i n i n g  t h e  e f f e c t  of  v a r i o u s  s ound  
c h a r a c t e r i s t i c s  a nd  t h e  s i g n i f i c a n c e  of  i n d i v i d u a l  d a t a  v a r i a b l e s  by 
p r o v i d i n g  a means  f o r  s e t t i n g  up a d a t a - t o - s o u n d  m a p p i n g .  V a r y i n g  
o n l y  one  s o u n d  c h a r a c t e r i s t i c  a t  a t i me  q u i c k l y  i l l u s t r a t e d  how w e l l  
t h a t  c h a r a c t e r i s t i c  d i s c r i m i n a t e d  among d a t a  v a l u e s .  C o n v e r s e l y ,  
h o l d i n g  o n l y  one  s o u n d  p a r a m e t e r  c o n s t a n t  i n d i c a t e d  how i m p o r t a n t  t h a t  
c h a r a c t e r i s i t i c  was  i n  t h e  o v e r a l l  n o t e  d e f i n i t i o n .  One e a s i l y  
o b t a i n e d  a good  i n d i c a t i o n  o f  w h e t h e r  a v a r i a b l e  was  h e l p f u l  i n  
d i s c r i m i n a t i n g  among s e t s  by m a p p i n g  one  d a t a  v a r i a b l e  ( v . )  t o  a l l  
s o u n d  p a r a m e t e r s  a nd  t h e n  l i s t e n i n g  t o  t h e  s a m p l e s  i n  two o r  more  
s e t s  .

3.2: Batch Sound System

F o r  b a t c h  o u t p u t  o f  s o u n d ,  I u s e d  an  e x t r e m e l y  p o w e r f u l  t i m e s h a r i n g  
c o m p u t e r  n e t w o r k  w i t h  a h i g h  p r e c i s i o n  o u t p u t  f i l m  r e c o r d e r  [ 4 5 ] .  The 
s o u n d  i s  g e n e r a t e d  by  d r a w i n g  t h e  s o u n d t r a c k  o n t o  f i l m .  T h u s ,  t h e  
s y s t e m  s i m u l t a n e o u s l y  g e n e r a t e s  b o t h  g r a p h i c s  a nd  s o u n d .  S i n c e  t h e  
c o m p u t e r  n e t w o r k  i s  u s e d  f o r  many t y p e s  of  c o m p u t a t i o n  and  a n a l y s i s ,  a 
w i d e  s e l e c t i o n  o f  d a t a  c r e a t i o n  a nd  m a n i p u l a t i o n  t o o l s  a r e  a v a i l a b l e .  
F o r  s o u n d  o u t p u t .  up  t o  s i x t e e n  n o t e s  may be  g e n e r a t e d  a t  a t i m e ,  
t h e r e b y  a l l o w i n g  c o n t r o l  o f  t o n e s  w h i c h  c a n  be  u s e d  a s  o v e r t o n e s  f o r  
t i m b r e  c o n t r o l .  U n f o r t u n a t e l y ,  t h e  w a v e s h a p e  i t s e l f  i s  n o t  u n d e r  
p r o g r a m  c o n t r o l .  B e c a u s e  f e e d b a c k  i s  n o t  i m m e d i a t e ,  t h e  s y s t e m  i s  
m o s t  u s e f u l  f o r  g e n e r a t i n g  p r e c i s e  s o u n d  ( a n d  g r a p h i c s )  t h a t  c a n  be  
p r e s e r v e d  f o r  p l a y b a c k  a t  a l a t e r  t i m e .

Hardware

The c a l c u l a t i o n s  a nd  s o u n d t r a c k  d e f i n i t i o n s  a r e  p r o d u c e d  f rom p r o g r a m s  
e x e c u t i n g  on a C o n t r o l  D a t a  C o r p o r a t i o n  7600  m a i n f r a m e  c o m p u t e r .  The 
r e s u l t s  go t o  a m a g n e t i c  t a p e  w h i c h  i s  r e a d  by an I n f o r m a t i o n  
I n t e r n a t i o n a l ,  I n c .  FR60 f i l m  r e c o r d e r .  T h i s  f i l m  r e c o r d e r  d r aw s  t h e  
s o u n d t r a c k  on 35mm f i l m .  T h e s e  s o u n d t r a c k s  a r e  g e n e r a t e d  a f r a me  a t  a 
l i m e  by d r a w i n g  h o r i z o n t a l  l i n e s  a c r o s s  t h e  w i d t h  o f  t h e  s o u n d t r a c k .
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To h e a r  t h e  s o u n d  r e q u i r e s  a 35imn p l a y b a c k  f a c i l i t y  o r  c o n v e r s i o n  t o  
t h e  more  commonly u s e d  16mm f i Im.

Software

S o f t w a r e  s u p p o r t  i n c l u d e s  FORTRAN-ca11a b 1e r o u t i n e s  f o r  g e n e r a t i n g  t h e  
s o u n d t r a c k s  a nd  e x e c u t a b l e  p r o g r a m s  f o r  m a n i p u l a t i n g  l a r g e  d a t a  s e t s .  
T h e s e  l a t t e r  p r o g r a m s  w e r e  u s e d  f o r  s o u n d  o u t p u t  on t h e  t i m e s h a r i n g  
s y s t e m  a nd  f o r  p r e p r o c e s s i n g  d a t a  f o r  i n p u t  t o  t h e  i n t e r a c t i v e  s o u n d  
s y s t e m .

S o f t w a r e  r o u t i n e s  a l l o w  t h e  f r e q u e n c y  a nd  a m p l i t u d e  t o  be  s e t  f o r  up 
t o  16 t o n e s .  The w a v e s h a p e s  f o r  t h e  t o n e s  a r e  a d d e d  t o  c r e a t e  a f i n a l  
o u t p u t  w a v e .  F r e q u e n c i e s  r a n g e  f ro m  10 Hz t o  5000  Hz.  The a m p l i t u d e  
o f  t h e  c o m b i n e d  t o n e s  h a s  a f i x e d  maximum.  N o t e  d u r a t i o n  was  
c o n t r o l l e d  by s p e c i f y i n g  an  i n t e g r a l  number  o f  f r a m e s  f o r  e a c h  t o n e . * ®

The m o s t  u s e f u l  d a t a  m a n i p u l a t i o n  t o o l s  w e r e  t h o s e  f o r  c r e a t i n g  r andom 
d i s t r i b u t i o n s ,  f o r  t r a d i t i o n a l  d i s c r i m i n a n t  a n a l y s i s  o f  d a t a  s e t s ,  and  
f o r  g r a p h i c a l  r e p r e s e n t a t i o n  o f  m u l t i v a r i a t e  d a t a .  A r andom 
d i s t r i b u t i o n  g e n e r a t o r  c r e a t e s  c o m p l e x  d a t a  s e t s  t h a t  d i f f e r  i n  
w e l l - d e f i n e d  w a y s .  P r i n c i p a l  c o m p o n e n t ,  l i n e a r  r e g r e s s i o n ,  a nd  
q u a d r a t i c  r e g r e s s i o n  a n a l y s i s  p r o g r a m s  a r e  a v a i l a b l e  a s  a b a s i s  f o r  
d e t e r m i n i n g  t h e  d i f f i c u l t y  of  d i s c r i m i n a t i n g  d a t a  s e t s .  F i n a l l y ,  
p r o g r a m s  f o r  g r a p h i c a l  d a t a  p r e s e n t a t i o n  i n c l u d e  t w o -  and  
t h r e e - d i m e n s i o n a l  s c a t t e r  p l o t s  a n d  C h e r n o f f ' s  FACES.

16. Film is shown at 24 frames per second so the shortest note duration is 
1/24 second (42 msec).
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4: PRESENTING DATA IN SOUND

The p a s t  c h a p t e r s  s u g g e s t  t h a t  c o m p u t e r  s o u n d  c a n  be u s e d  t o  p r e s e n t  
d a t a .  Two q u e s t i o n s  now m u s t  be  a d d r e s s e d :  f i r s t ,  w h a t  d a t a  i s  t o  be
p r e s e n t e d  and  s e c o n d ,  how i s  t h i s  d a t a  t o  be  e n c o d e d  i n  s o u n d ?  The
l i t e r a t u r e  d o e s  n o t  y e t  p r o v i d e  a w e l l - d e f i n e d  s e t  of  p r o b l e m s  w h i c h  
b e s t  a d a p t  t h e m s e l v e s  t o  s o u n d  p r e s e n t a t i o n  n o r  a w e l l - d e f i n e d  me t hod  
of  m a p p i n g  d a t a  t o  s o u n d .  My p r e l i m i n a r y  s t u d i e s  e x a mi ne  a v a r i e t y  of  
d a t a  t y p e s  a nd  t e c h n i q u e s  f o r  u s i n g  s o u n d  t o  r e p r e s e n t  d a t a .

A g e n e r a l  c o n s i d e r a t i o n  of  w h a t  d a t a  i s  t o  be p r e s e n t e d  in  s ound  
i n c l u d e s  s e v e r a l  d a t a  p r o b l e m s  t h a t  a r e  d i f f i c u l t  t o  p r e s e n t
g r a p h i c a l l y .  In  a d d i t i o n  t o  m u l t i v a r i a t e  d a t a  s e t s ,  l o g a r i t h m i c  d a t a
a nd  t i m e - v a r y i n g  d a t a  a r e  two s u c h  a r e a s .  A l t h o u g h  l o g a r i t h m i c  p l o t s  
a r e  f a m i l i a r ,  t h e  g r a p h i c a l  r e l a t i o n s h i p s  a r e  n e v e r t h e l e s s  h a r d  t o  
g r a s p .  The e ye  r e p o n d s  t o  p o s t i o n  i n  a l i n e a r  way;  i n  s o u n d ,  p i t c h  
a nd  l o u d n e s s  a r e  l o g a r i t h m i c a l l y  r e l a t e d  t o  f r e q u e n c y  a nd  a m p l i t u d e . * ’ 
S i n c e  s o u n d  i s  c r e a t e d  by w a v e s  w h i c h  a r e  a f u n c t i o n  of  t i m e ,  s ound  
o f f e r s  i n t e r e s t i n g  p o s s i b i l i t i e s  f o r  t i m e - v a r y i n g  d a t a  a s  w e l l .

H a v i n g  i d e n t i f i e d  d a t a  a n a l y s i s  p r o b l e m s  f o r  a u d i o  o u t p u t ,  t h e  n e x t
t a s k  i s  t o  d i s c o v e r  a s t r a i g h t f o r w a r d  m e t ho d  of  r e l a t i n g  d a t a  t o
s o u n d s .  J u s t  a s  c o l o r ,  l o c a t i o n ,  s i z e ,  a nd  s h a p e  a r e  c h a r a c t e r i s t i c s  
o f  v i s u a l  p r e s e n t a t i o n s ,  s e v e r a l  s o u n d  p a r a m e t e r s  a r e  f u n d a m e n t a l  t o  
a u d i o  p r e s e n t a t i o n s .  The m o s t  o b v i o u s  a r e  p i t c h ,  v o l u m e ,  and
d u r a t i o n .  A n o t h e r  s i g n i f i c a n t  c h a r a c t e r i s t i c  i s  t i m b r e .  The t i m b r e  
of  a n o t e  i s  a f f e c t e d  by a t t a c k ,  d e c a y ,  h a r m o n i c s ,  and  t h e  w a v e s h a p e
i t s e l f .  The r e l a t i o n s h i p s  among n o t e s  a l s o  c o n t r i b u t e  t o  t h e  s ound

17. The intensity of color is logarithmically related to energy: however, 
humans have a more well-organized stucture for considering.pitch relationships 
than for considering color relationships.
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o u t p u t .  C o n s i d e r  v a r y i n g  s e q u e n c e s  of  n o t e s  ( f o r  e x a m p l e ,  m e l o d i e s )  
a nd  c o m b i n a t i o n s  o f  n o t e s  ( f o r  e x a m p l e ,  c h o r d s ) .  G i v e n  t h e s e  s e v e r a l  
c h a r a c t e r i s t i c s  of  s o u n d ,  t h e  q u e s t i o n  t h e n  i s  how b e s t  t o  u s e  them t o  
r e p r e s e n t  d a t a .

To e x p l o r e  t h e  u s e s  of  s o u n d  f o r  i n f o r m a t i o n  p r e s e n t a t i o n ,  b o t h  t h e  
d a t a  t y p e  a nd  t h e  d a t a  e n c o d i n g  i n  s o u n d  m u s t  be  c o n s i d e r e d .  The 
t h r e e  d a t a  t y p e s  o u t l i n e d  a b o v e  p r o v i d e  a b r o a d  a nd  v a r i e d  b a s i s  f o r  
e x a m i n a t i o n .  A l t h o u g h  m u l t i v a r i a t e ,  l o g a r i t h m i c ,  a nd  t i m e - v a r y i n g  
d a t a  a r e  n o t  i n d e p e n d e n t  c l a s s e s ,  s p e c i f i c  f e a t u r e s  of  e a c h  d a t a  t y p e  
s u g g e s t  v a r i o u s  r e p r e s e n t a t i o n s  i n  s o u n d .  F o r  e a c h  of  t h e  t h r e e  
c l a s s e s  o f  d a t a ,  t h i s  c h a p t e r  p r o p o s e s  a m e t h o d  f o r  r e p r e s e n t i n g  t h e  
i n f o r m a t i o n  i n  s o u n d  a nd  d i s c u s s e s  my o b s e r v a t i o n s  a f t e r  p r e s e n t a t i o n  
o f  t h a t  d a t a  i n  s o u n d .

4.1; Multivariate Data

New m e t h o d s  f o r  e x a m i n i n g  m u l t i v a r i a t e  d a t a  a r e  we l c ome  b e c a u s e  t h e r e  
i s  no u n i v e r s a l  t e c h n i q u e  f o r  f i n d i n g  p a t t e r n s  a nd  s t r u c t u r e s  w i t h i n  a 
s e t  o f  d a t a  o r  f o r  a s s i g n i n g  an  unknown s a m p l e  t o  one  of  s e v e r a l  
p o s s i b l e  s e t s .  T r a d i t i o n a l  t e c h n i q u e s  o f t e n  t h r o w  away some o f  t h e  
d a t a  i n f o r m a t i o n  s o  m u l t i v a r i a t e  d a t a  l e n d s  i t s e l f  t o  t h e  p o s s i b i l i t y  
o f  i n c r e a s i n g  t h e  i n f o r m a t i o n  p r e s e n t e d .  M u l t i v a r i a t e  d a t a  i s  r e a d i l y  
a v a i l a b l e  f ro m  a v a r i e t y  o f  d i s c i p l i n e s .  A t y p i c a l  p r o b l e m  of  
e x p l o r a t o r y  a n a l y s i s  i s  t o  d e t e r m i n e  w h a t ,  i f  a n y ,  f a c t o r s  d i s t i n g u i s h  
one  s e t  of  d a t a  f r o m  a n o t h e r .  S p e c i f i c a l l y ,  g i v e n  two o r  more  s e t s  of  
d a t a ,  c a n  an  unknown s a m p l e  be  a s s i g n e d  t o  one  o f  t h e  s e t s ?  Th e s e  
p r o b l e m s  a r e  i n t e r e s t i n g  b e c a u s e  t h e r e  i s  no p r e d e t e r m i n e d  a l g o r i t h m  
f o r  s e p a r a t i n g  t h e  s e t s  o f  d a t a .  A s p e c i f i c  d a t a  d i s c r i m i n a t i o n  
p r o b l e m  w i l l  o f t e n  be  i n t e r e s t i n g  b e c a u s e  t h e r e  i s  no c r i t e r i o n  f o r  
c h o o s i n g  t h e  b e s t  m e t h o d  o f  a s s i g n i n g  an  unknovm s a mp l e  t o  a s e t .

The n e x t  two s e c t i o n s  d e s c r i b e  one  m e t h o d  f o r  d a t a - t o - s o u n d  e n c o d i n g  
a nd  two a p p l i c a t i o n s  o f  r e a l  d a t a .  The e n c o d i n g  t e c h n i q u e  i s  t h e  
b a s i s  f o r  t h e  e n c o d i n g  u s e d  f o r  l o g a r i t h m i c  a nd  t i m e - v a r y i n g  d a t a  so 
i t  i s  d e s c r i b e d  i n  g r e a t  d e t a i l .  T h i s  e n c o d i n g  m e t h o d  i s  a l s o  t h e  one 
u s e d  f o r  t h e  e x p e r i m e n t s  i n  C h a p t e r  5 .  The p o s i t i v e  r e s u l t s  of  
a p p l y i n g  s o u n d  r e p r e s e n t a t i o n s  t o  two g r o u p s  o f  r e a l  d a t a  p r o v i d e  t h e  
m o t i v a t i o n  f o r  l a t e r  e x p e r i m e n t s .
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Encoding Data In Sound

A s e t  o f  d a t a  c o n s i s t s  of  i n d i v i d u a l  d a t a  s a m p l e s .  I f  t h e  d a t a  i s  
n —d i m e n s i o n a I , t h e n  e a c h  s a m p l e  i s  an n - d i m e n s i o n a I  d a t a  v e c t o r  o r  
n - t u p l e .  T h u s ,  a d a t a  s a mp l e  v e c t o r  c o n s i s t s  of  n  v a r i a b l e  v a l u e s .  
E a c h  o f  t h e  n  v a r i a b l e s  maps  t o  one  o f  t h e  n  c h a r a c t e r i s t i c s  o f  s o u n d .  
F o r  a p a r t i c u l a r  d a t a  s a m p l e ,  t h e  s p e c i f i c  n  v a l u e s  a s s o c i a t e d  w i t h  i t  
p r o d u c e d  a c o r r e s p o n d i n g  d i s c r e t e  s o u n d  ( n o t e ) .

S e v e n  c h a r a c t e r i s t i c s  o f  an  i n d i v i d u a l  n o t e  w e r e  c h o s e n  f o r
r e p r e s e n t i n g  d a t a  v a l u e s .  T h e s e  w e r e  p i t c h ,  v o l u m e ,  d u r a t i o n ,  
f u n d a m e n t a l  w a v e s h a p e ,  a t t a c k  e n v e l o p e ,  5^** h a r m o n i c ,  and  9^**
h a r m o n i c .  P i t c h ,  v o l u m e ,  a nd  d u r a t i o n  a r e  n e c e s s a r y  a t t r i b u t e s  of  a 
n o t e  a nd  e a s i l y  v a r i e d .  I n i t i a l  a t t e m p t s  a t  p r o d u c i n g  a v a r i e t y  of  
d i s t i n g u i s h a b l e  s o u n d s  i n d i c a t e d  t h a t  t i m b r e  i s  one  of  t h e  mos t
n o t i c e a b l e  c h a r a c t e r i s t i c s .  T h u s ,  t h e  f u n d a m e n t a l  w a v e s h a p e ,  a t t a c k  
e n v e l o p e ,  a nd  h a r m o n i c s  w e r e  i n c l u d e d  a s  s i g n i f i c a n t  p a r a m e t e r s .  
T h e s e  s e v e n  p a r a m e t e r s ,  t h e n ,  w e r e  e a c h  v a r i e d  o v e r  a s p e c i f i c  r a n g e  
i n  a p r e d e t e r m i n e d  m a n n e r .  ( L i s t e n  t o  t h e  p a r a m e t e r  v a r i a t i o n s  i n  
A p p e n d i x  A) .  S i n c e  f o u r  t o n e s  c o u l d  be  p l a y e d  s i m u l t a n e o u s l y  on t h e  
a v a i l a b l e  e q u i p m e n t  a nd  s e v e n  s o u n d  p a r a m e t e r s  w e r e  c h o s e n  t o  v a r y  f o r  
e a c h  n o t e ,  28 d i m e n s i o n s  w e r e  t e c h n i c a l l y  p o s s i b l e .

The a c t u a l  v a r i a t i o n  o f  e a c h  o f  t h e s e  s e v e n  c h a r a c t e r i s t i c s  i s  
d e s c r i b e d  i n  more  d e t a i l .  My i n t e n t  was  t o  v a r y  e a c h  c h a r a c t e r i s t i c  
o v e r  a r a n g e  w h i c h  p r o v i d e d  n o t i c e a b l e  e x t r e m e s ,  was  e a s i l y  a u d i b l e  
t h r o u g h o u t ,  a nd  was  c o m p u t a t i o n a l l y  s t r a i g h t f o r w a r d .  An i n t e g e r  c o d e ,  
f r o m  1 t o  m, c o r r e s p o n d e d  t o  e a c h  v a r i a t i o n  t h r o u g h o u t  t h e  r a n g e  of  a 
c h a r a c t e r i s t i c .  The number  o f  o u t p u t  l e v e l s  a v a i l a b l e  f o r  e a c h  of  t h e  
n o t e  c h a r a c t e r i s t i c s  v a r i e d  w i d e l y .  Fo r  e x a m p l e ,  o n l y  f i f t e e n  
i n c r e m e n t s  o f  vo l ume  w e r e  a v a i l a b l e  b u t  48 v a l u e s  o f  p i t c h  w e r e  u s e d .  
U n f o r t u n a t e l y ,  t h i s  a f f e c t s  t h e  p r e c i s i o n  of  t h e  d a t a  v a l u e  b e i n g  
e n c o d e d .

IB. I did not attempt to determine an upper limit on the number of dimensions 
that are useful or a hierarchy of the sound characteristics. In fact, only 
4 to 6 dimensions seemed to add information. Most users of the system said that 
pitch and duration were most valuable in distinguishing one note from another.
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S e v e r a l  s o u n d  c h a r a c t e r i s t i c s  w e r e  n o t  u s e d  a nd  t h e s e  d e s e r v e
a t t e n t i o n  in  t h e  f u t u r e .  C e r t a i n l y  l o c a t i o n  i s  an e a s i l y  d e t e c t a b l e
a t t r i b u t e  of  s o u n d s .  Ha r mony ,  d i s s o n a n c e ,  c h o r d s ,  a nd  m e l o d i e s  a r e  so 
f a m i l i a r  i n  m u s i c  t h a t  t h e y  s h o u l d  be  c o n s i d e r e d  a s  p o t e n t i a l
p a r a m e t e r s  f o r  p r e s e n t i n g  d a t a .  I c h o s e  t h e  c h a r a c t e r i s t i c s  u s e d
b e c a u s e  t h e y  v a r y  e a s i l y  a nd  p r o v i d e  a w i d e  r a n g e  o f  d i s t i n c t  s o u n d s .

Pitch

B e c a u s e  many p e o p l e  l o s e  t h e  a b i l i t y  t o  h e a r  h i g h  f r e q u e n c i e s ,  t h e  
f u n d a m e n t a l  f r e q u e n c y  was  l i m i t e d  t o  t h e  r a n g e  130 Hz t o  2000  Hz.  
A l t h o u g h  m u s i c a l  a b i l i t y  i s  n o t  common t o  a l l  a n a l y s t s ,  t h e  m u s i c a l  
s c a l e  p r o v i d e s  a f a m i l i a r  s e t  o f  s o u n d s .  F r e q u e n c y  i n c r e m e n t s  w e r e  
b a s e d  on  t h e  p i a n o  s c a l e .  T h u s ,  p i t c h  v a r i e d  o v e r  48 v a l u e s ,  t w e l v e  
n o t e s  i n  f o u r  o c t a v e s .

Volume

The vo l u me  r a n g e  was  c o n t r o l l e d  by t h e  o u t p u t  o f  t h e  e q u i p m e n t .  I t  i s  
q u e s t i o n a b l e  how v a l u a b l e  vo l u me  i s  a s  a d i s c r i m i n a n t  among s o u n d s .  
Sm a l l  d i f f e r e n c e s  a r e  o f t e n  d i f f i c u l t  t o  d e t e c t ,  a nd  t h e  p e r c e i v e d  
i n t e n s i t y  i s  s t r o n g l y  r e l a t e d  n o t  o n l y  t o  vo l ume  b u t  a l s o  t o  t h e  o t h e r  
c h a r a c t e r i s t i c s  o f  t h e  n o t e .  N e v e r t h e l e s s ,  I u s e d  t w e l v e  of  t h e  
f i f t e e n  v a l u e s  o f  vo l ume  a v a i l a b l e  f o r  v a r i a t i o n ,  f r o m  v e r y  s o f t  t o  
v e r y  l o u d .

Duration

The l e n g t h  o f  a n o t e  v a r i e d  f r om 50 msec  t o  1050 m s e c .  T h i s  r a n g e  was 
c h o s e n  a r b i t r a r i l y  w i t h  t h e  i n t e n t  t h a t  no n o t e  be  so  s h o r t  a s  t o  be 
i n a u d i b l e  o r  so  l o n g  a s  t o  c a u s e  t h e  u s e r  t o  s t o p  l i s t e n i n g .  D u r a t i o n  
v a r i e d  i n  5 msec  s t e p s  so  t h e r e  w e r e  201 l e v e l s  o f  d u r a t i o n .

Waveshape

A b u z z  a nd  a p u r e  t o n e  a r e  q u i t e  d i s t i n g u i s h a b l e ,  so  t h e  w a v e s h a p e
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v a r i a t i o n  was  b a s e d  on a s i n e  wave  a nd  a r andom w a v e s h a p e . ^ ®  The s ound  
s y n t h e s i s  e q u i p m e n t  a l l o w e d  a w a v e f o r m  of  128 v a l u e s .  T h u s ,  a s i n e  
wave  was  c o mp o s e d  of  128 v a l u e s  r a n g i n g  b e t w e e n  - 1 . 0  and  1 . 0 .  To 
b e g i n  a l t e r i n g  t h e  s i n e  wave  t o  a w a v e f o r m  t h a t  wo u l d  p r o d u c e  a 
b u z z i n g  s o u n d ,  one  of  t h e  128 v a l u e s  was  r a n d o m l y  s e l e c t e d  and 
r a n d o m l y  c h a n g e d  t o  a v a l u e  b e t w e e n  - 1 . 0  a nd  1 . 0 .  F o r  e a c h  s u b s e q u e n t  
c h a n g e ,  one  of  t h e  128 v a l u e s  n o t  a l r e a d y  s e l e c t e d  was  r an d o m l y  
c h a n g e d  t o  a v a l u e  b e t w e e n  - 1 . 0  a nd  1 . 0 .  In  t h i s  manne r  a s e t  of  128 
w a v e s h a p e s ,  v a r y i n g  f r o m  a p u r e  s i n e  f u n c t i o n  t o  a r andom w a v e s h a p e ,  
w e r e  d e f i n e d  ( s e e  F i g u r e  4 . 1 ) .

W A V E S H A P E  v a l u e  0 . 0 w a v e s h a p e  v a l u e  0 . 2 W A V E S H A P E  v a l u e  0  4

W A V E S H A P E  v a l u e  O . S W A V E S H A P E  v a l u e  0 . 8 W A V E S H A P E  v a l u e  1 . 0

Figure 4.1: Waveshape Var ia t ions

19. In an earlier attempt in creating a range of waveshapes, I varied the 
waveshape among computationally simple but aurally different functions. As 
noted earlier, a simple sine function produces a pure tone, a square wave 
function produces a sum of odd harmonics, and a triangle function produces a 
complete overtone series. Since these functions are straightforward but produce 
very different sounds, interpolation between any two seemed like an obvious 
method for varying the waveshape. In fact, it was found that more complex 
waveforms offer greater aural differences.
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Attack

The a t t a c k  e n v e l o p e  a f f e c t s  t h e  s h a p e  o f  t h e  n o t e  a nd  t h u s  i t s  o v e r a l l  
t i m b r e .  A l o n g  a t t a c k  makes  t h e  s t a r t  o f  a n o t e  s o u n d  s o f t e r ;  a s h a r p  
a t t a c k  c a u s e s  t h e  n o t e  t o  b e g i n  c r i s p l y ,  much l i k e  a pop f rom a gun .  
To h a v e  a f f e c t e d  t h e  e n d  o f  a n o t e  i n s t e a d ,  d e c a y  m i g h t  j u s t  a s  w e l l  
h a v e  b e e n  c h o s e n .  In a l l  c a s e s ,  t h e  e n v e l o p e  a f f e c t e d  t h e  e n t i r e  n o t e  
r e g a r d l e s s  of  t o t a l  d u r a t i o n ,  vo l ume  o r  w a v e s h a p e .  F i f t e e n  v a l u e s  
w e r e  c h o s e n  w h i c h  r a n g e d  f r om a l o n g  a t t a c k  t o  a c o n s t a n t  a m p l i t u d e  
e n v e l o p e  ( s e e  F i g u r e  4 . 2 ) .

E N V E L O P E  v a l u e  0 . 0 E N V E L O P E  v a l u e  0  2 E N V E L O P E  v a l u e  O  a

e n v e l o p e  v a l u e  0  6 E N V E L O P E  v a l u e  0  8 E N V E L O P E  v a l u e  1 O

Figure  4.2:  At t ack Var ia t ions

Harmonics

Odd h a r m o n i c s ,  t h e  h o l l o w - l i k e  s o u n d s ,  s e e me d  more  n o t i c e a b l e  t h a n  
e v e n  h a r m o n i c s ,  so  t h e  f i f t h  a nd  n i n t h  h a r m o n i c s  w e r e  a d d e d  a s  
o v e r t o n e s  ( F i g u r e  4 . 3 ) .  E a c h  h a r m o n i c  w a v e s h a p e  v a r i e d  o v e r  a r a n g e  
b e t w e e n  a p u r e  s i n e  f u n c t i o n  a nd  a r a n d o m  s h a p e ,  j u s t  a s  t h e
f u n d a m e n t a l  w a v e s h a p e v a r  i e d . 20 The r e s u l t i n g  o v e r t o n e  was

20. Harmonics might have been heard more effectively as a sound parameter if 
the amplitude of the harmonic waveshape added to the fundamental was varied 
instead of varying the harmonic waveshape itself.
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a l g e b r a i c a l l y  a d d e d  t o  t h e  d e s i r e d  f u n d a m e n t a l  w a v e s h a p e  t o  p r o v i d e  a 
f i n a l  w a v e s h a p e  f o r  o u t p u t .  I f  no v a r i a b l e  v a l u e  was mapped to  
o v e r t o n e ,  t h e n  no o v e r t o n e  was  i n c l u d e d .  As w i t h  f u n d a m e n t a l  
w a v e s h a p e ,  t h e r e  w e r e  128 v a r i a t i o n s  of  o v e r t o n e  w a v e s h a p e .

5 T H  H A R M O N  r C  V A L U E  0  0 9 T H  H A R M O N I C  V A L U E  0 . 0

Figure  4.3: Harmonic Waveshapes

Example

A d a t a  s e t  was  e n c o d e d  i n t o  s o u n d  by f i r s t ,  n o r m a l i z i n g  t h e  d a t a  
v a l u e s  t o  a [ 0 . 0 , 1 - 0 ]  r a n g e ;  s e c o n d ,  d e t e r m i n i n g  a ma pp i ng  of  d a t a  
v a r i a b l e s  t o  t h e  s o u n d  p a r a m e t e r s ;  a nd  t h i r d ,  p r o d u c i n g  t h e  n o t e  f o r  a
s p e c i f i e d  d a t a  s a m p l e .  The r a n g e  o f  a p a r t i c u l a r  d i m e n s i o n  t h r o u g h o u t
a l l  s e t s  i n  t h e  p r o b l e m  was  f o u n d  a nd  t h e n  mapped t o  [ O. O,  l . O ] .
T h u s ,  a l l  d a t a  v a l u e s  w e r e  b e t w e e n  0 . 0  and  1 . 0 .  A d i f f e r e n t  s ou n d
c h a r a c t e r i s t i c  was  c h o s e n  t o  c o r r e s p o n d  t o  e a c h  o f  t h e  n  d i m e n s i o n s .  
F i n a l l y ,  t h e  v a l u e s  of  a p a r t i c u l a r  d a t a  s a m p l e  w e r e  u s e d  t o  d e t e r m i n e  
t h e  l e v e l s  of  t h e  a p p r o p r i a t e  s o u n d  c h a r a c t e r i s t i c s .  A g i v e n  d a t a  
s a mp l e  t h e n  c o r r e s p o n d e d  t o  a w e l l - d e f i n e d  n o t e .

F o r  e x a m p l e ,  c o n s i d e r  
t h r e e  s a m p l e s :

a f o u r - d i m e n s i o n a l  d a t a  s e t  i n c l u d i n g  t h e s e

s j = ( 3 . 0 , 5 . 0 , 150 . 0 ,  3 •0 )
S2 = ( 7 . 4 . 2 . 0 , 152 . 0 , - 1 . 2  )
S3 = ( 1 4 . 0 , 8 . 0 , 153 . 0 ,  - 4 . 0  ) .

Assume t h a t i n  t h e  c o m p l e t e  d a t a  s e t v a r i ab 1 e 1 r a n g e s  b e t w e e n  3 . 0 and
1 4 . 0 ,  v a r  i ab l e  2 b e t w e e n  0 . 0 and 1 0 . 0 , v a r  i a b l e  3 b e t w e e n  1 5 0 . 0 and
1 5 5 . 0 ,  a nd v a r i a b l e  4 b e t w e e n - 4 . 0 and 1 0 . 0 . A f t e r  n o r m a l i z i n g  t h e s e
v a l u e s  t o  a [ 0 . 0 , 1 . 0 ]  r a n g e , t h e  t r a n s  f o rmed s a m p l e s  become
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Sj  = ( 0 . 0 ,  0 . 5 ,  0 . 0 ,  0 . 5  )
Sg *  ( 0 . 4 ,  0 . 2 ,  0 . 4 ,  0 . 2  )
S3 = ( 1 . 0 ,  0 . 8 ,  0 . 6 ,  0 . 0  ) .

The n e x t  s t e p  i s  t o  c h o o s e  a d a t a - t o - s o u n d  m a p p i n g .  Assume t h a t
v a r i a b l e  1 i s  r e p r e s e n t e d  by p i t c h ,  v a r i a b l e  2 by d u r a t i o n ,  v a r i a b l e  3 
by v o l u m e ,  a nd  v a r i a b l e  4 by w a v e s h a p e .  S i n c e  46 l e v e l s  of  p i t c h  a r e  
u s e d ,  a d a t a  v a l u e  o f  0 . 0  w i l l  c o r r e s p o n d  t o  a p i t c h  l e v e l  o f  1
( 130  Hz)  a nd  a d a t a  v a l u e  of  1 . 0  w i l l  c o r r e s p o n d  t o  a l e v e l  of  46
( 2000  H z ) .  L i k e w i s e ,  v a l u e s  f o r  t h e  o t h e r  t h r e e  d i m e n s i o n s  w i l l  map 
t o  l e v e l s  of  d u r a t i o n ,  v o l u m e ,  a nd  w a v e s h a p e .

Ea c h  s a m p l e  now p r o d u c e s  a n o t e .  SI  w o u l d  be  r e p r e s e n t e d  a s  a v e r y  
s o f t ,  l ow n o t e  o f  medium d u r a t i o n  w i t h  a s l i g h t l y  b u z z y  s o u n d .  S2 
w o u l d  h a v e  a m i d - r a n g e  p i t c h  a nd  vo l ume  i n  a l e s s  b u z z y  n o t e  of  s h o r t
d u r a t i o n .  S3 w o u l d  p r o d u c e  a v e r y  h i g h ,  l o n g  n o t e  w i t h  a p u r e  s o u n d
a t  m i d - r a n g e  v o l u m e .

A c h a n g e  i n  t h e  d a t a - t o - s o u n d  m a p p i n g  w i l l  c h a n g e  t h e  r e s u l t i n g  n o t e s .  
I f  v a r i a b l e  1 i s  mapped  t o  w a v e s h a p e ,  v a r i a b l e  2 t o  p i t c h ,  v a r i a b l e  3 
t o  d u r a t i o n ,  a nd  v a r i a b l e  4 t o  v o l u m e ,  t h e n  Sj  w o u l d  be  v e r y  p u r e  a nd  
s h o r t  c o m p a r e d  t o  S 3 w h i c h  w o u l d  s o u n d  b u z z y  a nd  l o n g e r .

Applications

T h r o u g h  t h e  i n t e r e s t  o f  Dr .  S t a n l e y  C r o t c h  [ 3 7 ] ,  s e v e r a l  m u l t i v a r i a t e  
d a t a  s e t s  w e r e  a v a i l a b l e  f o r  s o u n d  e n c o d i n g .  S e v e r a l  d i f f e r e n t
a p p l i c a t i o n s  o f  d a t a  show t h a t  t h e  s o u n d  e n c o d i n g  i s  a u s e f u l
d i s c r i m i n a n t .  Two o f  t h e s e  a p p l i c a t i o n s  a r e  i r i s  d a t a  f rom t h r e e
d i f f e r e n t  p l a n t  s p e c i e s  a nd  s p e c t r a  d a t a  f r om f o u r  d i f f e r e n t
m a t e r i a l s .  L i s t e n e r s  w e r e  a b l e  t o  d i s c r i m i n a t e  among t h e  s e t s  w i t h  
much t h e  same s u c c e s s  a s  w i t h  t r a d i t i o n a l  d i s c r i m i n a t i o n  m e t h o d s .

Iris Data

P e r h a p s  t h e  m o s t  w i d e l y  r e c o g n i z e d  d a t a  i n  t h e  f i e l d  of  d i s c r i m i n a n t  
a n a l y s i s  i s  t h e  F i s h e r  i r i s  d a t a  [ 2 6 ] .  U s i n g  d a t a  c o l l e c t e d  by Dr .  
E.  A n d e r s o n ,  F i s h e r  e x a m i n e d  t h e  d i f f e r e n c e s  among t h r e e  s p e c i e s  of  
f l o w e r s .  I r i s  s e t o s a .  I r i s  v e r s i c o  l o r , a nd  I r i s  v i r g i n i c a ,  w i t h  50
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p l a n t s  of  e a c h  s p e c i e s .  F o r  e a c h  p l a n t ,  s e p a l  l e n g t h ,  s e p a l  w i d t h ,  
p e t a l  l e n g t h  and  p e t a l  w i d t h  w e r e  r e c o r d e d .  The p r o b l e m  i s  t o  u s e  t h e  
m e a s u r e m e n t s  of  an a r b i t r a r y  p l a n t  t o  c l a s s i f y  i t  a s  one  of  t h e  t h r e e  
s p e c i e s  .

The f o u r  v a r i a b l e s  ( s e p a l  l e n g t h  a nd  w i d t h ,  p e t a l  l e n g t h  and  w i d t h )  
w e r e  mapped t o  p i t c h ,  v o l u m e ,  d u r a t i o n ,  a nd  f u n d a m e n t a l  w a v e s h a p e .  
The r e s u l t i n g  n o t e s  y i e l d  r e s u l t s  t h a t  a p p e a r  s i m i l a r  t o  t r a d i t i o n a l  
m e t h o d s  of  d i s c r i m i n a n t  a n a l y s i s .  The f i r s t  s e t .  I r i s  s e t o s a ,  i s  
q u i t e  d i s t i n c t  a nd  e a s i l y  i d e n t i f i e d .  The r e m a i n i n g  two s e t s  a r e  
d i s t i n g u i s h a b l e  i n  m o s t  i n s t a n c e s  b u t  seem t o  h a v e  some o v e r l a p .  
( L i s t e n  t o  t h e  e x a m p l e s  i n  S e c t i o n  4 of  A p pe n d i x  A) .  Most  c a s u a l  
o b s e r v e r s  who a t t e m p t e d  t o  p l a c e  an  unknown n o t e  i n t o  one  of  t h e  t h r e e  
s e t s  o n l y  m i s s e d  an o c c a s i o n a l  one  o r  two w h i c h  b e l o n g e d  t o  s e t s  2 o r
3 .  In f a c t ,  i t  i s  p o s s i b l e  i n  f o u r - s p a c e  t o  s e p a r a t e  t h e  t h r e e  s e t s  
so  t h a t  a l l  b u t  one  o f  t h e  150 s a m p l e s  a r e  c o r r e c t l y  c l a s s i f i e d .

v-rav spectra

R e c e n t l y ,  s c i e n t i s t s  a t  L a w r e n c e  L i v e r m o r e  N a t i o n a l  L a b o r a t o r y
m e a s u r e d  t h e  e n e r g y  e m i s s i o n s  o f  f o u r  d i f f e r e n t  m a t e r i a l s .  Ea c h
s p e c t r u m  c o n s i s t e d  of  s e v e n t e e n  c h a n n e l s  of  c o u n t s  v e r s u s  e n e r g y .  
T h i r t y  y - r a y  s p e c t r a  w e r e  o b t a i n e d  f o r  e a c h  m a t e r i a l .  T h i s  d a t a  was 
p r e p r o c e s s e d  u s i n g  t h e  s t a t i s t i c a l  t e c h n i q u e  of  p r i n c i p a l  c o m p o n e n t s .  
C r o t c h  [ 3 6 ]  e n c o d e d  t h e  r e s u l t i n g  t r a n s f o r m e d  d a t a  i n t o  s e v e r a l  
g r a p h i c a l  o u t p u t s ,  i n c l u d i n g  C h e r n o f f ' s  FACES. F i g u r e  4 . 4  shows 
t w e n t y  s a m p l e s  f r om e a c h  o f  t h e  f o u r  d a t a  s e t s .  Nex t  he  r a n d o m l y
s e l e c t e d  a n o t h e r  t w e n t y  f r om t h e  r e m a i n i n g  s a m p l e s  i n  t h e  f o u r  g r o u p s  
of  s p e c t r a  d a t a .  T h e s e  became  t h e  unknowns  t o  be  c l a s s i f i e d  a nd  a r e  
shown i n  F i g u r e  4 . 5 .  In  an i n f o r m a l  s t u d y ,  a number  of  i n d i v i d u a l s  of  
v a r i o u s  a g e s  a nd  s k i l l  l e v e l s  w e r e  a b l e  t o  i d e n t i f y  t h e  c o r r e c t  g r o u p  
f o r  an  a v e r a g e  o f  94% of  t h e  u n k n o w n s .

The same s e t  o f  d a t a  was  e n c o d e d  i n t o  s o u n d .  ( L i s t e n  t o  t h e  e x a m p l e s  
i n  S e c t i o n  5 o f  A p p e n d i x  A) .  F i v e  i n d i v i d u a l s ,  f a m i l i a r  w i t h  t h e  
s o u n d  t e s t i n g  p r o c e d u r e s ,  w e r e  a b l e  t o  c o r r e c t l y  i d e n t i f y  an  a v e r a g e  
of  94% of  t h e  u n k n o w n s .  T a b l e  4 . 1  shows t h e  r aw d a t a  f o r  b o t h
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e x e r c i s e s .  The s c o r e  shows  t h e  number  o f  c o r r e c t l y  i d e n t i f i e d  s a m p l e s  
o v e r  t h e  number  o f  s a m p l e s  g i v e n  a s  u n k n o w n s . ^ *

4»2; Logarithmic Data

L o g a r i t h m i c  d a t a  s eems  p a r t i c u l a r l y  a p p r o p r i a t e  f o r  s o u n d  e n c o d i n g  
s i n c e  f r e q u e n c y  a nd  p i t c h  a r e  l o g a r i t h m i c a l l y  r e l a t e d .  A p e r c e i v e d  
l i n e a r  p i t c h  d i f f e r e n c e  n a t u r a l l y  c o r r e s p o n d s  t o  an e x p o n e n t i a l  
f r e q u e n c y  d i f f e r e n c e .  1 e x a m i n e d  two t y p e s  of  p r o b l e m s  i n v o l v i n g  
l o g a r i t h m i c  d a t a  f o r  s o u n d  r e p r e s e n t a t i o n .  One t y p e  was  d i s c r e t e  
n - t u p l e s  much l i k e  t h e  m u l t i v a r i a t e  d a t a  d e s c r i b e d  i n  S e c t i o n  4 . 1  b u t  
w h i c h  c o n t a i n e d  a t  l e a s t  one  d i m e n s i o n  t h a t  v a r i e d  e x p o n e n t i a l l y .  
A n o t h e r  t y p e  was  t w o - d i m e n s i o n a l  d a t a  t y p i c a l l y  r e p r e s e n t e d  
g r a p h i c a l l y  on  a l o g / l i n e a r  o r  l o g / l o g  p l o t .

Encoding Data In Sound

In b o t h  e x a m p l e s  o f  l o g a r i t h m i c  d a t a ,  f r e q u e n c y  r e p r e s e n t e d  t h e  
d i m e n s i o n  w h i c h  v a r i e d  e x p o n e n t i a l l y .  In t h e  c a s e  of  t h e  n - t u p l e s ,  
t h e  d a t a  s a m p l e s  w e r e  e n c o d e d  i n  t h e  same ma n n e r  a s  t h e  m u l t i v a r i a t e  
s a m p l e s .  H o w e v e r ,  f r e q u e n c y  was  a l w a y s  u s e d  t o  r e p r e s e n t  t h e
l o g a r i t h m i c  v a l u e  w i t h  a m a p p i n g  t h a t  p r e s e r v e d  t h e  powe r  f u n c t i o n .  
I n s t e a d  of  u s i n g  t h e  48 l e v e l s  of  t h e  p i a n o  s c a l e ,  t h e  f r e q u e n c y  was 
mapped  d i r e c t l y  f r o m  t h e  d a t a  v a l u e .

( Eq .  4 . 1 )  O u t p u t  f r e q u e n c y  = Value

E q u a t i o n  4 . 1  c a l c u l a t e s  t h e  f r e q u e n c y  f o r  a g i v e n  d a t a  v a l u e .  The 
r a n g e  o f  t h e  d a t a  v a l u e s  d e t e r m i n e d  c o n s t a n t s  a  a nd  b s o  t h a t  t h e  
f r e q u e n c y  r a n g e  was  a u d i b l e .

21.  I used the t r ans formed s p e c t r a  d a t a  in a s l i g h t l y  d i f f e r e n t  manner.  
F i r s t ,  the da t a  was normal i zed  d i f f e r e n t l y .  Second,  each s u b j e c t  was given a 
random s e l e c t i o n  from each da t a  s e t  as t r a i n i n g  and a d i f f e r e n t  a d d i t i o n a l  
random group of unknowns from a l l  four  s e t s .
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Figure  4.4: Training

Figure  4.5:  Test
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FACES Sound

Sub i ec  t S c o r e % c o r r e c t
1 2 0 / 2 0 100%
2 1 8 / 2 0 90%
3 1 9 / 2 0 95%
4 1 9 / 2 0 95%
5 1 8 / 2 0 90%
6 2 0 / 2 0 100%
7 1 7 / 2 0 85%
8 2 0 / 2 0 100%
9 1 9 / 2 0 95%

10 1 9 / 2 0 95%
11 1 9 / 2 0 95%
12 1 7 / 2 0 85%
13 1 8 / 2 0 90%
14 1 8 / 2 0 90%
15 1 8 / 2 0 90%
16 1 9 / 2 0 95%
17 1 9 / 2 0 95%
18 1 9 / 2 0 95%
19 1 9 / 2 0 95%
20 1 9 / 2 0 95%
21 1 8 / 2 0 90%
22 2 0 / 2 0 1 00%
23 1 9 / 2 0 95%
24 1 8 / 2 0 90%
25 2 0 / 2 0 1 0 0 %
26 2 0 / 2 0 100%

j ec  t S c o r e % c o r r e c t
1 1 8 / 2 0 95%
2 1 9 / 2 0 95%
3 2 7 / 3 0 90%
4 2 9 / 3 0 97%
5 3 0 / 3 0 100%

A v e r a g e  % c o r r e c t : 94% A v e r a g e  % c o r r e c t : 94%

T a b l e  4 . 1 :  I n f o r m a l  y - r a y  S p e c t r a  S t u d y

In t h e  c a s e  o f  t h e  t w o - d i m e n s i o n a l  p l o t s ,  I d e f i n e d  two modes  o f  a u d i o  
o u t p u t .  A c h i r p  d e s i g n a t e d  a s o u n d  p l o t  i n  w h i c h  t h e  x - v a l u e  was  
e n c o d e d  a s  t i m e  a nd  t h e  y - v a l u e  p r o v i d e d  t h e  f r e q u e n c y .  T h u s ,  a s  t h e  
y - v a l u e  i n c r e a s e d  w i t h  i n c r e a s i n g  x ,  t h e  s o u n d  i n c r e a s e d  i n  f r e q u e n c y .  
A w a r b l e  d e s i g n a t e d  a s o u n d  p l o t  i n  w h i c h  t h e  s l o p e  ( y / x ) p r o v i d e d  t h e  
f r e q u e n c y  b a s e .  F o r  e x a m p l e ,  a l i n e a r  p l o t  h a s  a c o n s t a n t  w a r b l e .  In 
g e n e r a l ,  a l o g / l i n e a r  p l o t  was  r e p r e s e n t e d  by a s e q u e n c e  o f  n o t e s
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w h i c h  v a r i e d  o n l y  i n  f r e q u e n c y .  T h e s e  r e p r e s e n t a t i o n s  u s e d  c o n s t a n t  
s o u n d  c h a r a c t e r i s t i c s  w i t h  t h e  e x c e p t i o n  of  t h e  c h a n g i n g  f r e q u e n c y .  A 
t w o - d i m e n s i o n a l  p l o t  i s  t h e n  a s e q u e n c e  of  n o t e s  v a r y i n g  i n  t ime  w i t h  
t h e  i n c r e a s i n g  x—v a l u e .

Applications

A l t h o u g h  I d i d  v e r y  l i t t l e  e x p e r i m e n t a t i o n  w i t h  e i t h e r  of  t h e s e  two 
m e t h o d s ,  I was  e n c o u r a g e d  by t h e  r e s u l t i n g  s o u n d s .  S e i s m i c  
i n f o r m a t i o n  p r o v i d e d  t h e  d a t a  f o r  t h e  m u l t i v a r i a t e  l o g a r i t h m i c  d a t a  
t r i a l s .  C o m p u t e r - g e n e r a t e d  d a t a  p r o d u c e d  l o g / l i n e a r  p l o t s  f o r  t h e  
t w o - d i m e n s i o n a l  t r i a l s .  I n  a l l  c a s e s ,  t h e  s e q u e n c e s  of  n o t e s  d i f f e r e d  
a s  e x p e c t e d .

Seismic data

Sound  a nd  g r a p h i c s  a r e  u s e f u l  i n  i l l u s t r a t i n g  a t i m e  h i s t o r y  of  t he  
e a r t h q u a k e s  w h i c h  o c c u r r e d  i n  C a l i f o r n i a  i n  t h e  y e a r  1979 [ 5 2 ] .  The 
i n f o r m a t i o n  f o r  e a c h  e a r t h q u a k e  i s  l o n g i t u d e ,  l a t i t u d e ,  d e p t h ,  
m a g n i t u d e ,  a nd  s t a r t  t i m e .  The l o n g i t u d e  a nd  l a t i t u d e  w e r e  u s e d  to 
u p d a t e  a d i s p l a y  map w i t h  a d o t  e a c h  t i m e  an e v e n t  h a p p e n e d .  As t h e
d o t  a p p e a r e d ,  an a c c o m p a n y i n g  s o u n d  r e p r e s e n t e d  t h e  m a g n i t u d e .  The 
p i t c h  o f  a s o u n d  was  s u c h  t h a t  a low n o t e  ( r u m b l e ! )  i n d i c a t e d  a h i g h
m a g n i t u d e  q u a k e .  A m a g n i t u d e  o f  0 . 0  mapped t o  5120 Hz;  8 . 0  mapped to
2 0 . 8  Hz .  M a g n i t u d e  a l s o  c o n t r o l l e d  t h e  vo l ume  a nd  d u r a t i o n  of  t h e
n o t e  .

At  m o s t ,  f o u r  e v e n t s  ( f o u r  n o t e s )  c o u l d  be h e a r d  s i m u l t a n e o u s l y .  
P a t t e r n s  a nd  e x t r e m e l y  l a r g e  e v e n t s  w e r e  e a s i l y  o b s e r v a b l e .  V a r i a b l e s  
s u c h  a s  d e p t h  w e r e  n o t  u s e d  b u t  c o u l d  a dd  more  i n f o r m a t i o n  i f  i n c l u d e d  
i n  t h e  g r a p h i c a l  o r  s o u n d  r e p r e s e n t a t i o n .  The t r i a l s  w e r e  p o s i t i v e  
i n d i c a t i o n s  t h a t  s o u n d  be  u s e d  t o  h i g h l i g h t  f e a t u r e s  t h a t  a r e  mos t  
r e l e v a n t  t o  s e i s m o l o g i s t s .

Two-dimensional plots

D i f f e r e n c e s  i n  p l o t s  of  l o g a r i t h m i c  d a t a  o f t e n  a p p e a r  t o  be v i s u a l l y  
t h e  s a me ,  when i n  f a c t ,  t h e  r e l a t i v e  d i f f e r e n c e s  a r e  q u i t e
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s i g n i f i c a n t .  F o r  i l l u s t r a t i n g  t h i s  p o i n t ,  p l o t s  c o n s i s t e d  of  s c a t t e r  
p o i n t s  a nd  t h e  c o r r e s p o n d i n g  b e s t  f i t  l i n e  of  t h e  f o rm

y = Ae®*.

By v a r y i n g  t h e  v a l u e s  o f  A a nd  B, d i f f e r e n t  p l o t s  w e r e  o b t a i n e d  w h i c h  
a p p e a r e d  v i s u a l l y  q u i t e  s i m i l a r .

The wo r k  c o n s i s t e d  of  c o m p a r i n g  f o u r  d i f f e r e n t  a u r a l  o u t p u t s  f o r  e a c h  
of  t h e  p l o t s :  a c h i r p  o f  e a c h  s c a t t e r  p l o t ,  a c h i r p  of  e a c h  b e s t  f i t
l i n e ,  a w a r b l e  o f  e a c h  s c a t t e r  p l o t ,  a nd  a w a r b l e  o f  e a c h  b e s t  f i t  
l i n e .  F o r  t h e  w a r b l e  o f  a s c a t t e r  p l o t ,  t h e  s l o p e  a t  a p o i n t  ( x 2 , y 2 )  
was

( l n ( y 2 ) -  I n ( y l )  )

( x2 -  x l  )
w h e r e  x l  was  x2 l e s s  t h e  i n c r e m e n t  i n  x a nd  y l  was  Ae**^*^^.  The 
r e s u l t i n g  w a r b l e  f o r  a s c a t t e r  p l o t  v a r i e d  up o r  down i n  f r e q u e n c y  a s  
t h e  s c a t t e r  p l o t  p o i n t s  d e v i a t e d  a b o v e  o r  b e l o w  t h e  b e s t  f i t  l i n e .
The s l o p e  of  a b e s t  f i t  l i n e  was  t a k e n  t o  be  B ( i n  y = Ae®*) .  The
w a r b l e  was  c o n s t a n t  f o r  a g i v e n  l i n e  b u t  v a r i e d  f r om one p l o t  t o
a n o t h e r .

y m .99l3e"“ * .9943«*®®*** y  ■  l . O O S U * " ® ' ® *

Figure  4.6: Logar i thmic Plots

P l o t s  o f  t h e  d a t a  a nd  t h e  c o r r e s p o n d i n g  o u t p u t  w a v e f o r m s  a r e  shown in  
F i g u r e  4 . 6 .  A l t h o u g h  t h e  t w o - d i m e n s i o n a l  p l o t s  l ook  a l i k e ,  t h e  a u d i o
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o u t p u t  v a r i e s  s i g n i f i c a n t l y  a s  s e e n  by t h e  t h r e e  d i f f e r e n t  w a v e s h a p e s .  
The c h i r p s ,  e i t h e r  f o r  t h e  b e s t  f i t  l i n e s  o r  f o r  t h e  s c a t t e r  p l o t s  
t h e m s e l v e s ,  w e r e  d i s t i n g u i s h a b l e .  As m i g h t  be e x p e c t e d ,  t h e  w a r b l e s  
f o r  t h e  s c a t t e r  p l o t s  v a r i e d  so much w i t h i n  a s i n g l e  p l o t  t h a t  i t  i s  
d i f f i c u l t  t o  make any  d i s t i n c t i o n s  f rom one p l o t  t o  t h e  n e x t .  The 
mos t  i n t e r e s t i n g  a r e  t h e  w a r b l e s  f o r  t h e  b e s t  f i t  l i n e s .  They a r e  
mos t  i l l u s t r a t i v e  o f  t h e  d i f f e r e n c e s  among t h e  a c t u a l  b e s t  f i t  l i n e s .

4.3: Tlme-varyini^ Data

I n t u i t i v e l y  s o u n d  s eems  p a r t i c u l a r l y  a p p r o p r i a t e  f o r  u s e  w i t h  
t i m e —v a r y i n g  d a t a  d e s p i t e  t h e  s u c c e s s  i n  u s i n g  s o u n d  t o  d i s c r i m i n a t e  
among s e t s  o f  d i s c r e t e  m u l t i v a r i a t e  d a t a .  G i v e n  an a p p l i c a t i o n  in 
w h i c h  e v e n t s  v a r y  o v e r  t i m e ,  s o u n d  c a n  h e l p  h i g h l i g h t  c h a n g e s  and 
r e  1 a t  i o n s h i p s .

Encoding Data In Sound

The b a s i c  m e t h o d  o f  e n c o d i n g  t h e  d a t a  was  t h a t  u s e d  f o r  t h e
m u l t i v a r i a t e  d a t a  w o r k .  The v a l u e s  of  a l l  v a r i a b l e s  a t  a g i v e n  t i me
s t e p  c o m p r i s e d  a d a t a  s a m p l e .  The d u r a t i o n  was c o n s t a n t  f rom t i me  
s t e p  t o  t i m e  s t e p .  B e c a u s e  t i m e —v a r y i n g  d a t a  o f t e n  i n v o l v e s  two or  
more  s i m u l t a n e o u s  e v e n t s ,  a d i f f e r e n t  n o t e  r e p r e s e n t e d  e a c h  e v e n t  a t  
e v e r y  t i m e  s t e p .  H o w e v e r ,  i t  i s  d i f f i c u l t  t o  t r a c k  s i m u l t a n e o u s l y  
s e v e r a l  d i f f e r e n t  n o t e s  i f  o n l y  p i t c h  and  vo l ume  a r e  v a r y i n g .  Here  
t h e  w a v e f o r m s  t h e m s e l v e s  a p p e a r  t o  h a v e  t h e  mos t  p o t e n t i a l  f o r
d i s t i n g u i s h i n g  among e v e n t s .  I f  two v e r y  d i s t i n c t  w a v e f o r m s  a r e
c h o s e n ,  t h e n  e a c h  n o t e  c a n  be  more  e a s i l y  f o l l o w e d  a nd  o t h e r  s ound  
c h a r a c t e r i s t i c s  n o t e d .

Applications

P r o f e s s o r  Sam P a r r y  o f  t h e  Na va l  P o s t g r a d u a t e  S c h o o l  [ 6 7 ]  s u g g e s t e d  a 
t i m e - v a r y i n g  a p p l i c a t i o n .  C o mp u t e r  b a t t l e f i e l d  s i m u l a t i o n s  w h i c h  r u n  
f r om s t a r t  t o  f i n i s h  w i t h o u t  human i n t e r a c t i o n  p r o v i d e  i n f o r m a t i o n  
a b o u t  t h e  s t a t e  o f  t h e  b a t t l e  a t  e a c h  t ime  s t e p .  To an a n a l y s t  
i n t e r e s t e d  i n  t h e  r e s u l t s  o f  t h e  s i m u l a t e d  b a t t l e ,  t h i s  i n f o r m a t i o n  i s
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o f t e n  an  o v e r w h e l m i n g  c o l l e c t i o n  o f  s t a t i s t i c s .  N e v e r t h e l e s s ,  i t  i s  
i m p o r t a n t  t o  n o t e  t h e  b a t t l e  c h a r a c t e r i s t i c s  w h i c h  y i e l d  v a r i o u s  
r e s u l t s .  Thus  t h e  i n f o r m a t i o n  a t  e a c h  t i m e  s t e p  e n c o d e d  i n t o  s ou n d
r e s u l t s  i n  a s o n g  f o r  e a c h  b a t t l e .  L i s t e n i n g  t o  t h e  s o n g s  p r o v i d e s  a
q u i c k  v i e w  of  t h e  b a t t l e  i n  p r o g r e s s  and  d r a w s  a t t e n t i o n  t o  c r i t i c a l  
p o i n t s  d u r i n g  t h e  b a t t l e .

F o r  s i m p l i c i t y ,  o n l y  f o u r  v a r i a b l e s  of  a t w o - s i d e d  b a t t l e f i e l d  
s i m u l a t i o n  w e r e  u s e d  At  e v e r y  t i m e  s t e p ,  t h e  s i m u l a t i o n
r e c o r d e d  t h e  number  o f  u n i t s  a t  t h e  f r o n t  a nd  t h e  number  o f  u n i t s  i n  
t r a n s i t  t o  t h e  f r o n t  f o r  s i d e s  A a nd  B. S i d e  A o f  t h e  b a t t l e  was
e n c o d e d  i n t o  a p u r e  t o n e  ( a  s i n e  w a v e ) .  S i d e  B o f  t h e  b a t t l e  was
e n c o d e d  i n t o  a n o t e  w i t h  v e r y  n o i s y  t i m b r e  ( a  r a n d o m l y  d e f i n e d  w a v e ) .  
The number  o f  u n i t s  a t  t h e  f r o n t  mapped  i n t o  p i t c h  a nd  t h e  number  of  
u n i t s  i n  t r a n s i t  mapped  i n t o  v o l u m e .  T h u s ,  a h i g h  and  l o u d  n o t e  
r e p r e s e n t s  a v e r y  s t r o n g  b a t t l e f i e l d  p o s i t i o n .  B e c a u s e  t h e  S i d e  A
n o t e  d i d  n o t  h a v e  t h e  o v e r t o n e s  o f  t h e  S i d e  B n o t e ,  i t  was  n e c e s s a r y  
t o  a d j u s t  t h e  vo l ume  so  t h a t  t h e  S i d e  A vo l ume  r a n g e  was  somewhat  
h i g h e r  t h a n  t h e  S i d e  B vo l ume  r a n g e .

I t  was  p o s s i b l e  t o  l i s t e n  to- b o t h  n o t e s  s i m u l t a n e o u s l y  a nd  t h e r e f o r e  
f o l l o w  t h e  p r o g r e s s  o f  e a c h  s i d e  i n  t h e  b a t t l e .  B a t t l e s  w h i c h  h a v e
s i m i l a r  o u t c o m e s  do n o t  n e c e s s a r i l y  p r o d u c e  s i m i l a r  s o n g s .  ( L i s t e n  t o
t h e  e x a m p l e s  i n  S e c t i o n  6 o f  A p p e n d i x  A) .

4.4: Observationa

L i s t e n e r s  w e r e  e n t h u s i a s t i c  a nd  s u c c e s s f u l  i n  d i s c r i m i n a t i n g  among 
d i f f e r e n t  d a t a  s e t s  t h r o u g h o u t  t h e  v a r i e t y  of  d a t a  a p p l i c a t i o n s  and 
s o u n d  e n c o d i n g  t e c h n i q u e s .  The m u l t i v a r i a t e  d a t a  a p p l i c a t i o n s
p a r t i c u l a r l y  a p p e a l e d  t o  u s e r s .  T h o s e  who a t t e m p t e d  t o  d i s t i n g u i s h  
among d a t a  s e t s  b a s e d  on s o u n d  r e p r e s e n t a t i o n s  q u i c k l y  became adept-  a t  
t h e  p r o c e d u r e s  a nd  i m p r o v e d  t h e i r  s k i l l s  r a p i d l y .

In  t h e  b a t t l e  s o n g s ,  l i s t e n e r s  h a d  no t r o u b l e  d i s t i n g u i s h i n g  one song  
f r om a n o t h e r .  H o w e v e r ,  l i s t e n e r s  h a d  some d i f f i c u l t y  t r a c k i n g  one
s i d e  r e l a t i v e  t o  t h e  o t h e r .  T h i s  d i f f i c u l t y  i n  h e a r i n g  t h e  two s i d e s
i n d e p e n d e n t l y  d i d  n o t  i m p a i r  t h e  a b i l i t y  t o  r e c o g n i z e  b a t t l e s  i n  w h i c h  
s i g n i f i c a n t  e v e n t s  o c c u r r e d .  I t  d i d  make i t  h a r d  t o  i d e n t i f y  t h e
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c h a r a c t e r i s t i c s  ( g r e a t e r  f r o n t  l i n e  f o r c e s ,  f o r  e x a m p l e )  of  t he  
s i g n i f i c a n t  e v e n t s .

The e n c o d i n g  t e c h n i q u e s  w e r e  s a t i s f a c t o r y  f o r  i n i t i a l  a p p l i c a t i o n s  of
s o u n d  p r e s e n t a t i o n .  S e v e r a l  c o m b i n a t i o n s  of  s o u n d  c h a r a c t e r i s t i c s
w e r e  a l s o  t r i e d  a nd  s u b s e q u e n t l y  a b o l i s h e d .  Co mb i n i n g  two o r  more 
n o t e s  f o r  one  d i s c r e t e  d a t a  s a m p l e  seemed  an o b v i o u s  p o s s i b i l i t y .  
When e i g h t  o r  more  v a r i a b l e s  w e r e  p r e s e n t e d ,  two n o t e s  w e r e  p l a y e d  
s i m u l t a n e o u s l y  e a c h  w i t h  i t s  own f r e q u e n c y ,  v o l u m e ,  w a v e s h a p e ,  and
o v e r t o n e s .  The r e s u l t i n g  c h o r d  r e p r e s e n t e d  a s i n g l e  d a t a  s amp l e  b u t
t h e  s o u n d  became  n o i s y  a nd  much more  d i f f i c u l t  t o  c l a s s i f y .  Fewer
v a r i a b l e s  m i g h t  a l s o  u t i l i z e  two o r  more  n o t e s  i f  e a c h  v a r i a b l e
c o n t r o l s  s e v e r a l  s o u n d  c h a r a c t e r i s t i c s .  Fo r  e x a m p l e ,  one  v a r i a b l e
m i g h t  c o n t r o l  f r e q u e n c y ,  v o l u m e ,  a nd  w a v e s h a p e  of  one n o t e  w h i l e  a 
s e c o n d  v a r i a b l e  c o n t r o l s  f r e q u e n c y ,  v o l u m e ,  and  w a v e s h a p e  of  a n o t h e r .  
A g a i n ,  t h e  p r e s e n c e  o f  more  t h a n  one  n o t e  h e a r d  a t  a t ime  seemed 
d i s t r a c t i n g  r a t h e r  t h a n  h e l p f u l .  T h i s  may be  due  to  t h e  l i m i t e d  
r e s o l u t i o n  of  t h e  s o u n d  b o a r d  w a v e s h a p e s ,  t h e  me t h o d  of  v a r y i n g  t h e  
t i m b r e ,  a n d  t h e  s e r i a l  n a t u r e  o f  t u r n i n g  one  n o t e  on a f t e r  a n o t h e r .

The i n t e r a c t i v e  s y s t e m  was  d e f i n i t i v e l y  p r e f e r a b l e  t o  t h e  t i m e s h a r i n g  
s y s t e m  w i t h  b a t c h  o u t p u t .  The t u r n - a r o u n d  t ime  of  t h e  b a t c h  s y s t e m
s i m p l y  d i d  n o t  a l l o w  e n o u g h  e x p e r i m e n t a t i o n .  The s o u n d  o u t p u t  c o u l d
n o t  be  v a r i e d  d y n a m i c a l l y  so  t h a t  a w i d e  r a n g e  of  c o m p a r i s o n s  among 
n o t e s  a nd  s o u n d  c h a r a c t e r i s t i c s  was  d i f f i c u l t .  The i n a b i l i t y  t o  v a r y  
t h e  w a v e s h a p e  on t h e  b a t c h  s y s t e m  ( e a c h  o f  t h e  16 n o t e s  was b a s e d  on a 
s i n e  w a v e )  was  a l s o  a h i n d r a n c e .  W i t h  e i t h e r  s y s t e m ,  1 f o u n d  t h a t  
i n t e n s e  l i s t e n i n g  c o u l d  become t i r i n g  a f t e r  a p e r i o d  o f  t ime  ( 30  t o  45 
m i nu  t  e s ) .

A l l  t h e  a p p l i c a t i o n s  of  s o u n d  e n c o d i n g  f o r  d a t a  r e p r e s e n t a t i o n
d e s c r i b e d  h e r e  i n d i c a t e  t h e  v a l u e  of  s o u n d  a s  a means  of  i n f o r m a t i o n  
p r e s e n t a t i o n .  E a c h  o f  t h e  t h r e e  d a t a  t y p e s  o f f e r s  p o t e n t i a l  f o r
f u r t h e r  s t u d y .  T h e s e  p o s i t i v e  i n d i c a t i o n s  s u p p o r t  t h e  d e s i r a b i l i t y  of  
a f o r m a l  e x p e r i m e n t  t o  s u b s t a n t i a t e  t h e  v a l i d i t y  of  s ound
r e p r e s e n t a t i o n s .  C h a p t e r  5 d e s c r i b e s  t h e  s u b s e q u e n t  e x p e r i m e n t s  and 
t h e  i r  r e s u 1 t s .
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5: EXPERIMENTS

H a v i n g  e x p l o r e d  t y p e s  o f  d a t a  a p p r o p r i a t e  f o r  s o u n d  r e p r e s e n t a t i o n  and  
ways  o f  e n c o d i n g  . t h a t  d a t a  i n t o  s o u n d ,  I w a n t e d  t o  d e m o n s t r a t e  more  
c o n c r e t e l y  t h e  f e a s i b i l i t y  o f  u s i n g  s o u n d  t o  p r e s e n t  d a t a  i n f o r m a t i o n .  
I r a n  a s e t  o f  e x p e r i m e n t s  f o r  two r e a s o n s :  f i r s t ,  t o  d e t e r m i n e  t h a t
s o u n d  d o e s  c o n v e y  a c c u r a t e  i n f o r m a t i o n  a b o u t  t h e  d a t a  a nd  s e c o n d ,  t o  
e x a mi n e  t h e  p o t e n t i a l  of  u s i n g  s o u n d  t o  c o n v e y  more  i n f o r m a t i o n  t h a n  
t h e  u s u a l  mea ns  of  d a t a  a n a l y s i s .  The p r o b l e m s  of  m u l t i v a r i a t e  d a t a  
p r o v i d e d  a g o o d  b a s i s  f o r  t h e  e x p e r i m e n t s  b e c a u s e  i t  was  p o s s i b l e  t o  
c o n s t r u c t  a s t r a i g h t f o r w a r d  t a s k  f o r  v o l u n t e e r s  a nd  b e c a u s e  o t h e r  
m e t h o d s  o f  a n a l y s i s  e x i s t  f o r  c o m p a r i s o n .

E i g h t  s e p a r a t e  e x p e r i m e n t s  c o v e r e d  a v a r i e t y  o f  d a t a  s e t  d i f f e r e n c e s  
a nd  a f ew a l t e r n a t i v e s  f o r  s o u n d  p r e s e n t a t i o n .  P h a s e  1 c o n s i s t e d  of  
t h r e e  e x p e r i m e n t s  i n  w h i c h  one  d a t a  s e t  was  t r a n s l a t e d ,  s c a l e d ,  o r  
c o n t a i n e d  g r e a t e r  v a r i a b l e  c o r r e l a t i o n  r e l a t i v e  t o  a s e c o n d  d a t a  s e t .  
The p o s i t i v e  r e s u l t s  o f  P h a s e  1 l e d  t o  a more  f o r m a l  s e t  of  
e x p e r i m e n t s  i n  P h a s e  2 .  T h r e e  e x p e r i m e n t s  made up P h a s e  2 ;  two d a t a  
s e t s  w e r e  p r e s e n t e d  w i t h  s o u n d  o n l y ,  w i t h  g r a p h i c s  o n l y ,  a nd  w i t h  t h e  
c o m b i n a t i o n  o f  s ou n d  a n d  g r a p h i c s .  F i n a l l y ,  P h a s e  3 i n c l u d e d  two 
a d d i t i o n a l  e x p e r i m e n t s  b a s e d  on  t h e  s o u n d - o n l y  e x p e r i m e n t  of  P h a s e  2 .  
The f i r s t  c h a n g e d  t h e  m a p p i n g  o f  d a t a  v a l u e s  t o  s o u n d  c h a r a c t e r i s t i c s ;  
t h e  s e c o n d  c h a n g e d  t h e  t r a i n i n g  m e t h o d s  f o r  s o u n d  c o m p a r i s o n s .  Ea c h  
s u b j e c t  p a r t i c i p a t e d  i n  o n l y  one  o f  t h e  e i g h t  e x p e r i m e n t s .

F o r  e a c h  one  o f  t h e  e x p e r i m e n t s ,  two s e t s  o f  d a t a  d i f f e r e d  f r om e a c h  
o t h e r  i n  a w e l l - d e f i n e d  wa y .  The t a s k  f o r  e a c h  s u b j e c t  was  t o
d e t e r m i n e  w h e t h e r  e a c h  unknown t e s t  s a m p l e  b e l o n g e d  t o  S e t  1 o r  t o  S e t  
2 .  S i n c e  d i s c r i m i n a n t  a n a l y s i s  o f f e r s  a v a r i e t y  of  c o m p u t a t i o n a l  
t o o l s ,  1 was  a b l e  t o  c o m p a r e  t h e  r e s u l t s  w i t h  t r a d i t i o n a l  m e t h o d s  of  
d i s c r i m i n a t i o n .  The p r o c e d u r e s  f o r  e a c h  p h a s e  o f  t h e  e x p e r i m e n t  w e r e  
t h e  s a me .  The f o l l o w i n g  s e c t i o n  d e s c r i b e s  t h e  g e n e r a l  p r o c e d u r e  f o r
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an e x p e r i m e n t ,  f o l l o w e d  by d e t a i l e d  e x p l a n a t i o n s  of  e a c h  p h a s e  and  i t s  
r e s u l t s  .

5.1: Procedures

The e x p e r i m e n t  d a t a  b a s e s  w e r e  g e n e r a t e d  i n  w e l l - d e f i n e d  w a y s .  U s i n g  
a m u l t i v a r i a t e  n o r ma l  r andom d e v i a t e  g e n e r a t o r ,  I c r e a t e d  two s e t s  of 
d a t a  f o r  e a c h  e x p e r i m e n t .  E a c h  s e t  of  d a t a  was  s i x - d i m e n s i o n a l  and
c o n t a i n e d  f i f t y  s a m p l e s .  F o l l o w i n g  t h e  p r o c e d u r e s  d e s c r i b e d  f o r
m u l t i v a r i a t e  d a t a  i n  C h a p t e r  4 ( S e c t i o n  4 . 1 ) ,  t h e  d a t a  f o r  b o t h  s e t s  
o f  an  e x p e r i m e n t  was  e n c o d e d  i n t o  s o u n d .  The s o u n d  c h a r a c t e r i s t i c s  
c o r r e s p o n d i n g  t o  t h e  s i x  d i m e n s i o n s  w e r e  p i t c h ,  v o l u m e ,  d u r a t i o n ,  
a t t a c k ,  f u n d a m e n t a l  w a v e s h a p e ,  a nd  a f i f t h  h a r m o n i c  w a v e s h a p e .

F o r  a p a r t i c u l a r  t r i a l ,  a s u b j e c t  was  t o l d  t h a t  t h e  t a s k  i n v o l v e d
l i s t e n i n g  t o  s o u n d s  w h i c h  w e r e  g r o u p e d  i n t o  two s e t s .  The o b j e c t i v e ,  
a f t e r  l i s t e n i n g  t o  a f ew s o u n d s  f r om e a c h  s e t ,  was  t o  d e c i d e  f o r  e a c h  
s u b s e q u e n t  s o u n d  w h e t h e r  i t  b e l o n g e d  i n  S e t  1 o r  i n  S e t  2 .  F i r s t  t h e  
s u b j e c t  s p e n t  a b o u t  f i v e  m i n u t e s  l e a r n i n g  t h e  m e c h a n i c s  of  t h e  
f a c i l i t y  —  a d j u s t i n g  vo l u me  a nd  e a r p h o n e s  a nd  l e a r n i n g  t o  u s e  a 
c u r s o r  f o r  i n t e r a c t i v e  i n p u t .  L e f t  a l o n e ,  t h e  s u b j e c t  was t h e n  
p r e s e n t e d  w i t h  t e n  s a m p l e s  r a n d o m l y  s e l e c t e d  f rom S e t  1 a nd  t e n  f rom 
S e t  2 .  T h e s e  w e r e  c o n s i d e r e d  t r a i n i n g  s a m p l e s  a nd  c o u l d  be  r e p l a y e d  
a s  many t i m e s  a s  d e s i r e d  b e f o r e  p r o c e e d i n g  t o  t h e  t e s t i n g .  However ,  
o n c e  t h e  t r a i n i n g  was  c o m p l e t e d ,  i t  c o u l d  n o t  be  r e p e a t e d  l a t e r .  Not e  
t h a t  b e c a u s e  t h e  t r a i n i n g  s a m p l e s  w e r e  c h o s e n  r a n d o m l y ,  t h e y  v a r i e d  
f r o m  s u b j e c t  t o  s u b j e c t .

Vfhen s a t i s f i e d  w i t h  t h e  t r a i n i n g ,  a s u b j e c t  i n d i c a t e d  t e s t i n g  was  t o  
b e g i n .  S a m p l e s  w e r e  p l a y e d  one  a t  a t ime  w i t h  no S e t  1 o r  S e t  2 
i d e n t i f i c a t i o n .  The s u b j e c t ' s  t a s k  was  t o  d e t e r m i n e  f o r  e a c h  s a mp l e  
w h e t h e r  i t  b e l o n g e d  i n  S e t  1 o r  i n  S e t  2 .  The s u b j e c t  c o u l d  r e p e a t  
t h e  c u r r e n t  t e s t  s o u n d  a s  many t i m e s  a s  d e s i r e d  b e f o r e  mak i ng  a 
c h o i c e .  A f t e r  t h e  c h o i c e  was  ma d e ,  t h e  c o r r e c t  s e t  f o r  t h a t  s amp l e
was  d i s p l a y e d .  V i a  t h i s  f e e d b a c k ,  t h e  s u b j e c t  was  f u r t h e r  t r a i n e d .  
F i n a l l y ,  a g r o u p  of  s a m p l e s  was  p l a y e d ,  one  a t  a t i m e ,  w i t h  t he  
s u b j e c t  c h o o s i n g  S e t  1 o r  S e t  2 f o r  e a c h  b u t  r e c e i v i n g  no f e e d b a c k  on 
t h e  c o r r e c t  a n s w e r .
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F or  a g i v e n  t r i a l ,  t h e  g o a l  of  t h e  e x p e r i m e n t  was  f o r  t h e  s u b j e c t  t o  
i d e n t i f y  c o r r e c t l y  t h o s e  s a m p l e s  w h i c h  w e r e  i n  S e t  1 a nd  t h o s e  w h i c h  
w e r e  i n  S e t  2 .  No t e  t h a t  t h e  s u b j e c t s  w e r e  g i v e n  no i n f o r m a t i o n  a b o u t  
t h e  wa ys  i n  w h i c h  t h e  two s e t s  d i f f e r e d .  The s u b j e c t s  w e r e  n o t  
f a m i l i a r  w i t h  t h e  s o u n d  o u t p u t :  t h e y  knew n o t h i n g  o f  t h e  d a t a  s e t
r e l a t i o n s h i p s ;  a nd  t h e y  h a d  no p r e v i o u s  e x p e r i e n c e  i n  u s i n g  s o u n d  f o r  
c a t e g o r i z i n g  d a t a  i n  t h i s  way .  In o r d e r  t o  s e p a r a t e  s a m p l e s  i n t o  t h e  
two g r o u p s ,  e a c h  s u b j e c t  h a d  t o  r e l y  on p a t t e r n s  d e r i v e d  s o l e l y  f rom 
l i s t e n i n g  t o  t h e  t r a i n i n g  s a m p l e s .

F o r  e a c h  p a i r  o f  d a t a  s e t s ,  r e s u l t s  w e r e  p r o d u c e d  f r om t r a d i t i o n a l  
m e t h o d s  f o r  d i s c r i m i n a t i n g  s e t s  o f  d a t a .  T h e s e  r e s u l t s  p r o v i d e d  a 
known s t a n d a r d  f o r  c o m p a r i s o n .  One p r o g r a m  c a l c u l a t e d  t h e  p r i n c i p a l  
c o m p o n e n t s  o f  t h e  d a t a ,  t h e  v a r i a n c e  a c c o u n t e d  f o r  by c o n s i d e r i n g  a 
s u b s e t  o f  t h e  v a r i a b l e s ,  a nd  a p l o t  o f  any  two d i m e n s i o n s  of  t h e  
t r a n s f o r m e d  d a t a  ( f r o m  t h e  p r i n c i p a l  c o m p o n e n t s ) .  A s e c o n d  
d i s c r i m i n a n t  a n a l y s i s  p r o g r a m  ( l i n e a r  o r  q u a d r a t i c  r e g r e s s i o n )  
i n d i c a t e d  t h e  p e r c e n t a g e  of  unknowns  c o r r e c t l y  i d e n t i f i e d  g i v e n  a 
known t r a i n i n g  s e t .

T a b l e  5 . 1  s u m m a r i z e s  t h e  e i g h t  e x p e r i m e n t s .  F o r  e a c h  t r i a l  of  an 
e x p e r i m e n t ,  t h e  v a r i a b l e s  w e r e  1 ) t h e  s u b j e c t s  p a r t i c i p a t i n g ,  2 ) t h e  
t r a i n i n g  s a m p l e s  p r e s e n t e d ,  a nd  3 )  t h e  t e s t  i t e m s  p r e s e n t e d .  The 
r e c o r d e d  r e s u l t s  w e r e  1) t h e  number  o f  t e s t  i t e m s  f rom S e t  1 a nd  t h e  
number  f ro m  S e t  2 ,  2 )  w h i c h  s a m p l e s  f r om e a c h  s e t  w e r e  i n c o r r e c t l y
i d e n t i f i e d  by t h e  s u b j e c t ,  a nd  3 )  w h e r e  t h e s e  s a m p l e s  o c c u r r e d  i n  t h e  
t e s t i n g  s e q u e n c e .  Thus  a p h a s e  o f  t h e  e x p e r i m e n t  c o n s i s t e d  of  n  
s u b j e c t s ,  e a c h  o f  whom was  t e s t e d  on  m i t e m s .  A s u b j e c t  r e c e i v e d  
t w e n t y  t r a i n i n g  i t e m s ,  t e n  d r aw n  r a n d o m l y  f r om e a c h  o f  t h e  two s e t s  of  
d a t a .  The m t e s t  i t e m s  w e r e  t h e n  d r aw n  r a n d o m l y  f r om t h e  r e m a i n i n g  
e i g h t y  i t e m s  i n  t h e  c o m b i n e d  s e t s .

S.2; Phase 1

To e s t a b l i s h  a b a s i s  f o r  t h e  f a c t  t h a t  s o u n d  d o e s  c o n v e y  i n f o r m a t i o n ,  
s i x - d i m e n s i o n a l  d a t a  b a s e s  w e r e  g e n e r a t e d  i n  w h i c h  S e t  2 v a r i a b l e s  
w e r e  t r a n s l a t e d  r e l a t i v e  t o  S e t  1,  s c a l e d  r e l a t i v e  t o  S e t  1,  a nd  h a d  
weak c o r r e l a t i o n  ( w h e r e a s  S e t  1 h a d  s t r o n g  c o r r e l a t i o n )  among t h e  
v a r i a b l e s .  1 c h o s e  t h i s  b a s i s  f o r  d e f i n i n g  two s e t s  b e c a u s e  t h e y
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E x p e r  i m e n t s § s u b j e c t s § t r a i n i n g  
p e r  s e t

§ t e s t  i terns

P h a s e  1
T r a n s l a t i o n  (3  t r i a l s ) 7 10 40 p e r  t r i a l
S e a l i n g  (3  t r i a l s ) 7 10 40 p e r  t r i a l
C o r r e 1 a t  i on 4 10 60

P h a s e  2
G r a p h i c s  o n l y 25 10 40
Sound  o n l y 25 10 40
G r a p h i c s  w i t h  s o u n d 25 10 40

Ma pp i ng  c h a n g e 20 10 20
T r a i n i n g  c h a n g e 10 10 40

Table 5.1 : E x p e r i m e n t Cha r a c t e r i s t i c s

c o u l d  be  s e p a r a t e d  e a s i l y  by v a r y i n g  a mo u n t s  ( a l t h o u g h  any two d a t a  
s e t s  w e r e  n o t  n e c e s s a r i l y  d i s t i n c t ) .  Fo r  s i m p l i c i t y ,  a l l  v a r i a b l e s  
w e r e  e q u i v a l e n t ;  t h a t  i s ,  e a c h  d i m e n s i o n  i n  S e t  2 was  t r a n s l a t e d ,  
s c a l e d ,  o r  c o r r e l a t e d  by t h e  same a m o u n t .  F i g u r e  5 . 1  shows an e x a mp l e  
o f  e a c h  i n  w h i c h  o n l y  two o f  t h e  s i x  d i m e n s i o n s  a r e  u s e d  f o r  an x - y  
p l o t .  ( L i s t e n  t o  t h e  d a t a  s e t  d i f f e r e n c e s  i n  S e c t i o n  2 o f  A p p e n d i x  
A) .

Translation

S e v e n  s u b j e c t s  u s e d  d a t a  b a s e s  i n  w h i c h  S e t  2 was t r a n s l a t e d  r e l a t i v e  
t o  S e t  1.  G i v e n  two s e t s  of  m u l t i v a r i a t e  n o r ma l  r andom d a t a  w i t h  a 
s t a n d a r d  d e v i a t i o n  o f  1 , a l l  s a m p l e  v a l u e s  i n  t h e  s e c o n d  s e t  wer e  
i n c r e a s e d  by n .  E a c h  s u b j e c t  p a r t i c i p a t e d  i n  t h r e e  d i f f e r e n t  t r i a l s :  
a )  S e t  2 t r a n s l a t e d  by n  a  3 , b )  S e t  2 t r a n s l a t e d  hy n  — 1,  and c )  S e t  
2 t r a n s l a t e d  by  n  *  0 . 5 .  In g e n e r a l ,  t h e  s o u n d s  i n  S e t  2 w e r e  h i g h e r ,  
l o u d e r ,  l o n g e r ,  a nd  more  b u z z y  t h a n  t h e  s o u n d s  i n  S e t  1.

The a v e r a g e  p e r c e n t a g e  of  c o r r e c t  r e s p o n s e s  ( f o r  t w e n t y  s a m p l e s  w i t h  
a nd  t w e n t y  w i t h o u t  f e e d b a c k )  was  92% f o r  t r a n s l a t i o n  by 3 ,  70% f o r  
t r a n s l a t i o n  by 1,  a nd  53% f o r  t r a n s l a t i o n  by 0 . 5 .  The c o m p u t e r
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Figure  5.1: Pha s e  1 Data

d i s c r i m i n a n t  a n a l y s i s  p r o g r a m  was  g i v e n  15 s a m p l e s  i d e n t i f i e d  a s  S e t  1 
a nd  15 i d e n t i f i e d  a s  S e t  2 f o r  known t r a i n i n g  s a m p l e s .  The p r o g r a m  
c o r r e c t l y  i d e n t i f i e d  100% of  t h e  40 unknowns  f o r  t r a n s l a t i o n  by 3 ,  95% 
of  20 unknowns  f o r  t r a n s l a t i o n  by 1,  a nd  70% of  70 unknowns  f o r
t r a n s l a t i o n  by 0 . 5 .  As h o p e d ,  t h e  s u b j e c t s  p e r f o r m e d  i n  a c o n s i s t e n t
( t h o u g h  n o t  n e a r l y  s o  s u c c e s s f u l  a )  m a n n e r  a s  t h e  t r a d i t i o n a l  m e t h o d .  
As t h e  s e p a r a t i o n  o f  t h e  d a t a  s e t s  d e c r e a s e d .  t h e  a b i l i t y  t o
d i s t i n g u i s h  t h e  s e t s  by s o u n d  d i m i n i s h e d .
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Scaling

S e v e n  s u b j e c t s  u s e d  d a t a  b a s e s  i n  w h i c h  S e t  2 was  s c a l e d  r e l a t i v e  t o  
S e t  1 . G i v e n  a s e t  o f  m u l t i v a r i a t e  n o r ma l  r andom d a t a ,  f o r  a l l
s a m p l e s  i n  S e t  2 ,  e a c h  v a l u e  was  m u l t i p l i e d  by n .  Each  s u b j e c t
p a r t i c i p a t e d  i n  two o r  t h r e e  d i f f e r e n t  t r i a l s :  a )  S e t  2 s c a l e d  by
n  = 8 , b )  S e t  2 s c a l e d  by n  = 4 ,  a nd  c )  S e t  2 s c a l e d  by n  = 2 .  In
g e n e r a l ,  t h e  s o u n d s  i n  S e t  2 w e r e  h i g h e r  o r  l o w e r ,  l o u d e r  o r  s o f t e r ,
l o n g e r  o r  s h o r t e r ,  a nd  more  o r  l e s s  b u z z y  t h a n  s o u n d s  i n  S e t  1. The
S e t  1 s o u n d s  h a d  m i d - r a n g e  c h a r a c t e r i s t i c s  and  a l l  s o u n d e d  v e r y  much 
a l i k e .

The a v e r a g e  p e r c e n t a g e  of  c o r r e c t  r e s p o n s e s  ( f o r  t w e n t y  s a m p l e s  w i t h  
a nd  t w e n t y  w i t h o u t  f e e d b a c k )  was  69% f o r  s c a l i n g  by 8 , 74% f o r  s c a l i n g  
by 4 ,  a nd  55% f o r  s c a l i n g  by 2 ( o n l y  2 s u b j e c t s  ) .  Fo r  f i v e  of  t h e  
s u b j e c t s ,  t h e  t h i r d  t r i a l  was  a g a i n  s c a l e d  by 8 i n s t e a d  of  2 .  In t h i s  
c a s e ,  t h e  a v e r a g e  was  7 6 . 5 %.  , The d i s c r i m i n a n t  a n a l y s i s  p r o g r a m ,  g i v e n  
30 k n o wn s ,  c o r r e c t l y  i d e n t i f i e d  96% of  t h e  70 unknowns  f o r  s c a l i n g  by 
8 , 90% of  70 u nknowns  f o r  s c a l i n g  by 4 ,  a nd  56% of  70 unknowns  f o r  
s e a l i n g  by 2 .

I n  t h i s  s e t  of  t r i a l s ,  t h e r e  a r e  two l i k e l y  i m p l i c a t i o n s  o f  t he
r e s u l t s .  One i s  t h a t  s c a l e d  d a t a  i s  more  d i f f i c u l t  t o  d i s t i n g u i s h
t h a n  t r a n s l a t e d  d a t a ,  p a r t i c u l a r l y  s i n c e  t h e  s u b j e c t s  h a d  no p r i o r  
i n f o r m a t i o n  a b o u t  t h e  d a t a  o r  t h e  p a t t e r n s  t o  e x p e c t .  T h i s  i s  
s omewhat  i n t u i t i v e ,  r e c o g n i z i n g  t h a t  S e t  1 l i e s  w i t h i n  S e t  2 a nd  t h u s  
d o e s  n o t  h a v e  q u i t e  so c l e a r  a s e p a r a t i o n .  S e c o n d l y ,  t h e r e  s eems  to  
be  an  e f f e c t  of  t r a i n i n g ,  p a r t i c u l a r l y  f rom s c a l i n g  by 8 t o  s c a l i n g  by
4 .  The f i v e  who d i d  a s e t  s c a l e d  by 8 , t h e n  by 4 ,  and  t h e n  by 8 a g a i n  
s e e me d  t o  i mp r o v e  c o n s i s t e n t l y  i n d i c a t i n g  t h a t  t h e  d i f f e r e n c e s  b e t w e e n  
s c a l i n g  by 8 a nd  s c a l i n g  by 4 w e r e  n o t  so  g r e a t  a s  t h e  d i f f e r e n c e s  
b e t w e e n  f i r s t  a t t e m p t i n g  t h e  e x p e r i m e n t  and  a t t e m p t i n g  t h e  e x p e r i m e n t  
a f t e r  some p r a c t i c e .

Correlation

F o u r  s u b j e c t s  u s e d  d a t a  b a s e s  i n  w h i c h  t h e  v a r i a b l e s  of  S e t  1 w e r e  
s t r o n g l y  c o r r e l a t e d .  In  g e n e r a t i n g  t h e  u s u a l  d a t a  b a s e s ,  t h e  
c o v a r i a n c e  m a t r i x  f o r  t h e  m u l t i v a r i a t e  n o r ma l  r andom g e n e r a t o r  
c o n t a i n e d  I ' s  on t h e  d i a g o n a l  w i t h  z e r o e s  e l s e w h e r e .  F o r  t h i s  l a s t
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p a r t  o f  P h a s e  1 e x p e r i m e n t s ,  t h e  d a t a  b a s e  f o r  S e t  1 was  c r e a t e d  u s i n g  
a c o v a r i a n c e  m a t r i x  i n  w h i c h  a l l  v a l u e s  o f f  t h e  d i a g o n a l  w e r e  . 9 9 .  
T h u s ,  t h e  v a r i a b l e s  i n  S e t  2 h a d  no s t r o n g  c o r r e l a t i o n ,  w h i l e  t h o s e  i n  
s e t  1 d i d .  I n  g e n e r a l ,  t h e  s o u n d s  i n  S e t  1 w e r e  h i g h ,  l o u d ,  l o n g ,  and 
b u z z y  o r  l ow,  s o f t ,  s h o r t ,  a nd  p u r e  o r  m i d - r a n g e  p i t c h ,  v o l u m e ,  
d u r a t i o n  a nd  t i m b r e .  S e t  2 s o u n d s  m i g h t  h a v e  any  c o m b i n a t i o n  of  
c h a r a c  t e r  i s t  i c s .

The a v e r a g e  p e r c e n t a g e  of  c o r r e c t  r e s p o n s e s  was  60% f o r  60 unknowns  
( a l l  w i t h  f e e d b a c k ) .  The d i s c r i m i n a n t  a n a l y s i s  p r o g r a m ,  g i v e n  30 
k n o wn s ,  c o r r e c t l y  i d e n t i f i e d  96% of  t h e  70 u n k n o w n s .  T h i s  
r e l a t i o n s h i p  among d a t a  s e ems  p a r t i c u l a r l y  d i f f i c u l t  t o  d i s t i n g u i s h  
u s i n g  s o u n d ,  a t  l e a s t  w i t h o u t  f u r t h e r  t r a i n i n g .

j j l s u b j e c t s  § t e s t  a v e r a g e  a n a l y s i s  p r o g r a m  
i t e m s  % c o r r e c t  % c o r r e c t

T r a n s  1 a t  i on
by 3 7 40 92% 100%
by 1 7 40 70% 95%
by 0 . 5 7 40 53% 70%

S e a l i n g
by a 7 40 69% 96%
by 4 7 40 74% 90%
by 2 2 40 55% 56%
r e p e a t  by 8 5 40 76 . 5% —

C o r r e 1 a t  i on 
. 9 9 4 60 60% 96%

Table 5.2: Ex p e r i m e n t  Resul t s

Results

The r e s u l t s  w e r e  c o n s i s t e n t  w i t h  my e x p e c t a t i o n s  a nd  a r e  s u m m a r i z e d  in  
T a b l e  5 . 2 .  A l t h o u g h  t h e r e  w e r e  n o t  e n o u g h  s u b j e c t s  i n  e a c h  g r o u p  t o  
c o n f i r m  t h a t  t h e  r e s u l t s  w e r e  s i g n i f i c a n t ,  t h e  r e s p o n s e s  a r e  p o s i t i v e .  
When t h e  two s e t s  a r e  w i d e l y  s e p a r a t e d  ( a n d  t h u s  e a s i e r  t o
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d i s c r i m i n a t e ) ,  t h e  number  o f  c o r r e c t  r e s p o n s e s  a p p e a r s  much b e t t e r  
t h a n  c h a n c e .  When t h e  two s e t s  o v e r l a p ,  t h e  s u c c e s s f u l  p e r f o r m a n c e  
d e c r e a s e s .  I was  s u f f i c i e n t l y  c o n v i n c e d  t h a t  u s i n g  s o u n d  was  f e a s i b l e  
t o  t r y  a more  c o m p l i c a t e d  e x p e r i m e n t .

5.3: Phaae 2

D u r i n g  t h e  s e c o n d  p h a s e  of  t h e  e x p e r i m e n t ,  t h e  i n t e n t  was  t o  d i s c o v e r  
i f ,  f o r  some d a t a ,  s o u n d  c o u l d  a dd  i n f o r m a t i o n  t o  o t h e r  m e t h o d s .  I t  
was  n e c e s s a r y  t o  p r o v i d e  a d a t a  b a s e  whos e  c h a r a c t e r i s t i c s  we r e
d e p e n d e n t  on t h e  m u l t i v a r i a t e  n a t u r e  of  t h e  d a t a  so t h a t
d i s c r i m i n a t i o n  by u s u a l  m e t h o d s  was  more  d i f f i c u l t .  The e x p e r i m e n t  
t h e n  c o n s i s t e d  o f  t h r e e  d i f f e r e n t  means  o f  p r e s e n t i n g  t h e  d a t a
i n f o r m a t i o n  —  v i s u a l l y ,  a u r a l l y ,  a nd  w i t h  a c o m b i n a t i o n  of  g r a p h i c s  
a nd  s o u n d .

Data Sets

Once a g a i n ,  t h e  s i x —d i m e n s i o n a 1 d a t a  was  o b t a i n e d  f r om a m u l t i v a r i a t e  
n o r ma l  r an d o m d e v i a t e  g e n e r a t o r .  A s e t  o f  100 s a m p l e s  was  g e n e r a t e d  
a nd  t h e n  s e p a r a t e d  i n t o  two s e t s  s u c h  t h a t  a s a m p l e ,  s s  ( x l ,  x2 , x 3 , 
x 4 , x 5 , x6 ) ,  b e l o n g e d  t o  S e t  2 i f  a n d  o n l y  i f

x2^ + x3^ + x4^ + xS^ + xS^ < 1 . 52  
OR

xl^ + x3^ + x4^ + x5^ + xa^ < 1. 52  
OR

x l ^  + x2 ^ + x4^ + x5^ + x 6 ^ « 1 . 5^

O n l y  s a m p l e s  i n  w h i c h  a l l  6 v a r i a b l e s  h a d  p o s i t i v e  v a l u e s  we r e  
i n c l u d e d .  T h u s ,  a t  l e a s t  f i v e  o f  t h e  s i x  v a r i a b l e s  i n  e a c h  s a mp l e  of  
S e t  2 h a d  v a l u e  l e s s  t h a n  1 . 5  a nd  a t  mos t  one  of  t h e  v a r i a b l e s  x l ,  x 2 , 
o r  x3 c o u l d  h a v e  v a l u e  g r e a t e r  t h a n  1 . 5 .  A l t h o u g h  t h e s e  two s e t s  a r e  
c o m p l e t e l y  d i s t i n c t ,  a p r o j e c t i o n  p l o t  o n t o  any two a x e s  h a s  o v e r l a p .  
N o t e  t h a t  t h e  two s e t s  a r e  c o m p l e t e l y  d i s t i n c t  o n l y  i n  s i x - s p a c e .  In 
a c o m p l e t e  p o s i t i v e  a nd  n e g a t i v e  s p a c e .  S e t  2 l i e s  somewhat  w i t h i n  S e t
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F i g u r e  5 . 2  shows  s e v e r a l  p l o t s  o f  two of  t h e  s i x  d i m e n s i o n s .

F o r  s o u n d  o u t p u t ,  x l  was  mapped t o  w a v e s h a p e ,  x2 t o  o v e r t o n e  
w a v e s h a p e ,  x3 t o  p i t c h ,  x4 t o  e n v e l o p e ,  x5 t o  d u r a t i o n ,  a nd  x 6 t o  
v o l u m e .  T h i s  m a p p i n g  was  d e t e r m i n e d  a r b i t r a r i l y  by l i s t e n i n g  t o  a 
v a r i e t y  of  m a p p i n g s  a nd  s u b j e c t i v e l y  p i c k i n g  t h a t  w h i c h  seemed  t o  
d i s t i n g u i s h  S e t  1 f r om S e t  2 mos t  c l e a r l y .  The s o u n d s  i n  S e t  2 we r e  
g e n e r a l l y  s h o r t e r  a nd  s o f t e r  t h a n  S e t  1 s o u n d s  b e c a u s e  v a r i a b l e s  x 4 , 
x 5 , a nd  x 6 w e r e  a l w a y s  l e s s  t h a n  1 . 5 .  I f  a S e t  2 n o t e  was  b u z z y ,  t h e n  
i t  was  low i n  p i t c h .  When a S e t  2 n o t e  was  h i g h  i n  p i t c h ,  i t  c o u l d  
n o t  be  v e r y  b u z z y .

To e s t a b l i s h  t h e  v i s u a l  p o r t i o n  of  t h e  e x p e r i m e n t ,  t w o - d i m e n s i o n a l  
p l o t s  w e r e  g e n e r a t e d  f o r  e a c h  p a i r ,  ( x i , x j ) ,  o f  t h e  100  s a m p l e s  i n  
S e t s  1 and  2 .  ( E x a m p l e s  a r e  g i v e n  i n  F i g u r e  5 . 2 ) .  1 c h o s e ,  a s  t h e
g r a p h  f o r  v i s u a l  i n f o r m a t i o n ,  t h e  p l o t  i n  w h i c h  S e t  1 p o i n t s  s eemed  
mos t  d i s t i n c t  f r o m  S e t  2 p o i n t s .  As a r e s u l t ,  t h e  h o r i z o n t a l  a x i s  
r e p r e s e n t e d  v a r i a b l e  x l  a nd  t h e  v e r t i c a l  a x i s  r e p r e s e n t e d  v a r i a b l e  x 5 . 
F o r  g r a p h i c  e x p e r i m e n t s ,  t h e  i d e n t i f i c a t i o n  of  e a c h  p o i n t  a s  b e l o n g i n g  
t o  S e t  1 o r  t o  S e t  2 was  r e m o v e d  a nd  t h e  e n t i . r e  p l o t  was  a l w a y s  
d i s p l a y e d .  F i g u r e  5 . 3  shows  t h e  p l o t  o f  v a r i a b l e  x l  v e r s u s  v a r i a b l e  
x5 f o r  t h e  g r a p h i c  d i s p l a y ,  a nd  F i g u r e  5 . 4  shows  t h e  p l o t  a s  p r e s e n t e d  
t o  t h e  s u b j e c t s .  A p a r t i c u l a r  s a m p l e  f o r  t r a i n i n g  o r  t e s t i n g  was 
i n d i c a t e d  by h i g h l i g h t i n g  t h e  a p p r o p r i a t e  p o i n t .

S e v e n t y - f i v e  s u b j e c t s  p a r t i c i p a t e d  i n  P h a s e  2 ,  25 i n  e a c h  of  t h r e e
g r o u p s .  E a c h  t r i a l  c o n s i s t e d  o f  t e n  t r a i n i n g  s a m p l e s  f r om S e t  1 and  
t e n  f ro m  S e t  2 .  The s u b j e c t  t h e n  h a d  f o r t y  t e s t  s a m p l e s  t o  i d e n t i f y ,  
t w e n t y  s a m p l e s  w i t h  f e e d b a c k  a nd  t w e n t y  w i t h o u t  f e e d b a c k .  The f i r s t  
g r o u p  o f  25 h e a r d  e a c h  s a m p l e ,  t h e  s e c o n d  g r o u p  b o t h  h e a r d  a nd  saw 
e a c h  s a m p l e ,  a nd  t h e  t h i r d  g r o u p  o n l y  saw e a c h  s a m p l e .

22. Variables xl, x 2 , and x3 of Set 2 lie within three cylinders, each of 
radius 1.5 about the first three axes. Variables x 4 , x 5 , and x6 of Set 2 lie 
within a sphere of radius 1.5 about the origin of the last three axes. A Set 1 
sample may overlap into either of those two three-space containers but not both.
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Results

F i g u r e  5 . 5  shows  t h e  r aw d a t a  w h i c h  h a s  b e e n  r a n k  o r d e r e d  so t h a t  
s u b j e c t  1 i s  t h e  s u b j e c t  who ha d  t h e  f e w e s t  number  of  c o r r e c t l y  
i d e n t i f i e d  s a m p l e s  a nd  s u b j e c t  25 i s  t h e  s u b j e c t  who had  t h e  g r e a t e s t  
number  of  c o r r e c t l y  i d e n t i f i e d  s a m p l e s . T h e  a v e r a g e  p e r c e n t a g e  of  
s a m p l e s  c o r r e c t l y  i d e n t i f i e d  was  64 . 5% f o r  t h e  s o u n d - o n l y  
p r e s e n t a t i o n ,  62% f o r  t h e  g r a p h i c s - o n l y  p r e s e n t a t i o n ,  and  69% f o r  t h e  
p r e s e n t a t i o n  c o m b i n i n g  s o u n d  and  g r a p h i c s .  D i s c r i m i n a n t  a n a l y s i s  
u s i n g  q u a d r a t i c  r e g r e s s i o n  o f f e r e d  much b e t t e r  r e s u l t s .  Of 60 
u n k n o w n s ,  87% w e r e  c o r r e c t l y  i d e n t i f i e d  a f t e r  a t r a i n i n g  s e t  o f  40 
k n o w n s .

In o r d e r  t o  s u p p o r t  t h e  i n f e r e n c e  t h a t  s ou n d  was u s e f u l  in 
d i s c r i m i n a t i n g  b e t w e e n  d a t a  s e t s ,  s e v e r a l  h y p o t h e s e s  a b o u t  t h e  
e x p e r i m e n t  r e s u l t s  w e r e  c h e c k e d  s t a t i s i c a l l y  ( s e e  Ap p e n d i x  C ) .  The

2 3 .  The  c u r v e  r e p r e s e n t i n g  r a n d o m c h o i c e  wa s  d e t e r m i n e d  by a p s u e d o  e x p e r i m e n t  
i n  w h i c h  t h e  r e s p o n s e  f o r  e a c h  t e s t  i t e m  wa s  a r a n d o m  d r a w  of  S e t  1 o r  S e t  2 .  
T h i s  p s u e d o - e x p e r i m e n t  r a n d o m l y  d r e w  40 t e s t  i t e m s  f o r  e a c h  of  100 t r i a l s .
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EXPERIMENT DATA, PHASE 2
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G r a p h i c s

S o u n d

G r a p h i c s

— — —  R a n d o m

Figure  5.5: Resul t s

e x p e r i m e n t  r e s u l t s  a r e  p o s i t i v e ,  b u t  i t  was w o r t h  q u e s t i o n i n g  w h e t h e r  
t h e  r e s u l t s  c o u l d  h a v e  o c c u r r e d  by c h a n c e  and  w h e t h e r  t h e  r e s u l t s  d i d  
d i f f e r  among t h e  t h r e e  e x p e r i m e n t s .  T h e . c a 1c u 1 a t i o n s  show a t  a 99.9% 
c o n f i d e n c e  l e v e l  t h a t  t h e  p a r t i c i p a n t s  we r e  n o t  r e s p o n d i n g  by
g u e s s i n g .  The s e c o n d  h y p o t h e s i s  was  t h a t  t h e  p e r f o r m a n c e  in  e a c h  of  
t h e  t h r e e  g r o u p s  d i d  n o t  d i f f e r  f r om g r o u p  t o  g r o u p .  T h i s  h y p o t h e s i s  
was  r e j e c t e d  a t  a 95% c o n f i d e n c e  l e v e l .  The p e r f o r m a n c e  s c o r e s  of  
p a r t i c i p a n t s  i n  t h e  g r o u p  r e c e i v i n g  t h e  c o m b i n e d  g r a p h i c s  a nd  s ound  
p r e s e n t a t i o n  w e r e  h i g h e r  t h a n  t h o s e  i n  t h e  g r a p h i c s - o n l y  p r e s e n t a t i o n .  
The s o u n d —o n l y  r e s u l t s  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h e  
g r a p h i c s - o n l y  r e s u l t s .  O v e r a l l  t h e s e  r e s u l t s  v e r i f y  t h a t  s ou n d  i n d e e d  
p r o v i d e s  i n f o r m a t i o n  a b o u t  m u l t i v a r i a t e  d a t a  when i t  i s  p r e s e n t e d  to  
human a n a l y s t s .

The r e s u l t s  s u p p o r t  two o b s e r v a t i o n s .  F i r s t ,  i t  seems  t h a t  p o o r  
p e r f o r m a n c e  was  e q u i v a l e n t  i n  a ny  one  of  t h e  t h r e e  m e t h o d s .  S e c o n d ,  a 
c o m b i n a t i o n  of  s o u n d  a nd  g r a p h i c s  p r o v i d e d  an e a s i e r  d i s c r i m i n a t i o n  
t a s k  f o r  s u b j e c t s  who d i d  w e l l  t h a n  e i t h e r  s ou n d  a l o n e  o r  g r a p h i c s  
a l o n e .  F u r t h e r m o r e ,  s o u n d  a l o n e  seems  t o  be  a s  good  a me t h o d  f o r  
d i s c r i m i n a t i o n  a s  t h e  t w o - d i m e n s i o n a l  g r a p h i c s .  T h i s  seems 
p a r t i c u l a r l y  i n t e r e s t i n g  k n o w i n g  t h a t  s u b j e c t s  a r e  u s u a l l y  f a m i l i a r  
w i t h  x - y  p l o t s  b u t  w e r e  t o t a l l y  u n f a m i l i a r  w i t h  u s i n g  s ound  f o r  d a t a  
r e p r e s e n t a t  i o n .
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As e x p e c t e d ,  t h e  e x p e r i m e n t s  s u g g e s t e d  s e v e r a l  u n a n s w e r e d  q u e s t i o n s  
w h i c h  d e s e r v e  f u r t h e r  s t u d y .

1: How d o e s  one  d e t e r m i n e  t h e  m a p p i n g  f rom d a t a  v a r i a b l e s  to
s o u n d  p a r a m e t e r s ?

2:  How many s ou n d  p a r a m e t e r s  ( a n d  t h u s  how many v a r i a b l e s )  c a n
be u t i l i z e d ?

3;  Whi ch  s o u n d  p a r a m e t e r s  c o n v e y  t h e  m o s t  i n f o r m a t i o n ?

4:  How d o e s  t h e  i n t e r a c t i o n  among s o u n d  p a r a m e t e r s  a f f e c t  t h e
i n f o r m a t i o n  p r e s e n t e d ?

5:  Does  a l e a r n i n g  c u r v e  e x i s t ?  What  i s  t h e  b e s t  p e r f o r m a n c e
t h a t  c a n  be  e x p e c t e d ?

6;  How d o e s  one  p r o v i d e  a r e f e r e n c e  b a s i s  f o r  c o m p a r i n g  s o u n d s
t o  a g i v e n  s t a n d a r d  o r  t o  known d a t a ?

7:  What  t y p e s  of  d a t a  a r e  b e s t  s u i t e d  f o r  s o u n d  e n c o d i n g ?

8:  How c a n  s o u n d  and  g r a p h i c s  be u s e d  t o g e t h e r  f o r  i n f o r m a t i o n
p r e s e n t a t  i on ?

A l t h o u g h  i t  i s  p o s s i b l e  t h a t  s o u n d  may p r o v i d e  more i n f o r m a t i o n  a b o u t  
some d a t a  t h a n  t r a d i t i o n a l  m e t h o d s ,  s u c h  c o m p a r i s o n s  w e r e  n o t  made .  
In p a r t i c u l a r ,  no a t t e m p t  was  made t o  u t i l i z e  t h e  v a r i o u s  g r a p h i c a l  
m e t h o d s  f o r  p r e s e n t i n g  m u l t i v a r i a t e  d a t a .  The p o t e n t i a l  f o r  c o m b i n i n g  
s o u n d  w i t h  g r a p h i c s  i s  e x c i t i n g .  Ho w e v e r ,  f u r t h e r  u n d e r s t a n d i n g  of  
t h e  u s e  of  s o u n d  i t s e l f  i s  c r i t i c a l .  T h u s ,  t h e  f i r s t  q u e s t i o n s  t o  
a d d r e s s  a r e  t h o s e  c o n c e r n i n g  s o u n d  a l o n e .

S.4: Phase 3

A d d i t i o n a l  e x p e r i m e n t s  p r o v i d e d  i n i t i a l  o b s e r v a t i o n s  i n  two a r e a s  
s u g g e s t e d  a b o v e .  One e x p e r i m e n t  u s e d  a d i f f e r e n t  m a p p i n g  b e t w e e n  d a t a  
v a l u e s  a nd  s o u n d  p a r a m e t e r s .  The o t h e r  e x p a n d e d  t h e  t r a i n i n g  f o r  
s u b j e c t s .  In b o t h  c a s e s ,  1 u s e d  t h e  same d a t a  and  p r o c e d u r e s  a s  f o r
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t h e  s o u n d —o n l y  e x p e r i m e n t  i n  P h a s e  2 .  The m a p p i ng  c h a n g e  p r o v i d e d  no 
n o t i c e a b l e  c h a n g e  i n  r e s p o n s e s ;  t h e  t r a i n i n g  c h a n g e  i n c r e a s e d  t h e  
sub  j ec  t s ' s c o r e s  .

Mapping Change

Twent y  s u b j e c t s  (who h a d  n o t  p a r t i c i p a t e d  i n  P h a s e  1 o r  P h a s e  2 
e x p e r i m e n t s )  w e r e  t e s t e d  w i t h  a d i f f e r e n t  ma pp i ng  of  v a r i a b l e s  t o  
s o u n d  p a r a m e t e r s .  The m a p p i n g  f rom d a t a  v a l u e s  t o  s ou n d  
c h a r a c t e r i s t i c s  d e t e r m i n e s  t h e  n a t u r e  of  t h e  s o u n d s .  I f  one  o r  two 
d a t a  v a r i a b l e s  p r o v i d e  more ’ o f  t h e  d a t a  s e t  v a r i a n c e  t h a n  o t h e r
v a r i a b l e s ,  t h e n  i t  w o u l d  be  w i s e  t o  i n c o r p o r a t e  t h a t  k n o w l e d g e  in
d e f i n i n g  t h e  m a p p i n g .  The t a s k  of  d a t a  d i s c r i m i n a t i o n  b a s e d  on s ound  
p r e s e n t a t i o n  w o u l d  be  more  s t r a i g h t f o r w a r d  i f  a p r o c e d u r e  c o u l d  be 
f o u n d  f o r  s e l e c t i n g  t h e  o p t i m a l  m a p p i n g  f rom d a t a  v a l u e s  t o  s o u n d .

A new m a p p i n g  was  c h o s e n  b a s e d  on t h e  o u t p u t  of  a t r a d i t i o n a l
d i s c r i m i n a n t  a n a l y s i s  p r o g r a m .  The P h a s e  2 d a t a  s e t s  d e s c r i b e d  in  
S e c t i o n  5 . 3  w e r e  p r o c e s s e d  u s i n g  a p r i n c i p a l  c o m p o n e n t s  a n a l y s i s .  
T h i s  o f f e r e d  some b a s i s  f o r  r a n k i n g  t h e  i m p o r t a n c e  of  t h e  c o n t r i b u t i o n  
of  e a c h  v a r i a b l e  a s  x 2 , x l , x 3 , x 6 , x 4 , a nd  x 5 . L i k e w i s e ,  l i s t e n i n g  
t o  s o u n d  v a r i a t i o n s  o f f e r s  some b a s i s  f o r  r a n k i n g  t h e  c h a r a c t e r i s t i c s  
i n  i m p o r t a n c e  a s  p i t c h ,  d u r a t i o n ,  w a v e s h a p e ,  v o l u m e ,  e n v e l o p e ,  and 
o v e r t o n e .  T h u s ,  f o r  a c h a n g e  o f  m a p p i n g ,  x2 was  mapped t o  p i t c h ,  x l  
t o  d u r a t i o n ,  x3 t o  w a v e s h a p e ,  x6 t o  v o l u m e ,  x4 t o  e n v e l o p e ,  and  x5 to  
o v e r  t o n e .

The e x p e r i m e n t  p r o c e d u r e s  w e r e  l i k e  t h o s e  o f  P h a s e  2 e x c e p t  t h a t  o n l y  
t w e n t y  s u b j e c t s  p a r t i c i p a t e d  a nd  o n l y  t w e n t y  s a m p l e s  ( a l l  w i t h  
f e e d b a c k )  w e r e  u s e d  a s  t e s t  i t e m s .  Of t h e  t w e n t y  s u b j e c t s  who 
p a r t i c i p a t e d  i n  t h e  e x p e r i m e n t  w i t h  a c h a n g e  of  m a p p i n g ,  t h e  a v e r a g e  
number  o f  c o r r e c t l y  i d e n t i f i e d  s a m p l e s  was  62%. The r e s u l t s  do n o t  
i n d i c a t e  a s i g n i f i c a n t  d i f f e r e n c e  w i t h  t h i s  new m a p p i n g .

Training Change

A s u b j e c t ' s  s u c c e s s  m i g h t  i n c r e a s e  w i t h  a d d i t i o n a l  t r a i n i n g  s i n c e  e a c h  
p a r t i c i p a n t  i n  t h e  o r i g i n a l  P h a s e  2 e x p e r i m e n t  . was  e x p o s e d  to  b o t h  
u n f a m i l i a r  e q u i p m e n t  a nd  u n f a m i l i a r  t a s k s  w i t h  o n l y  15 t o  20 m i n u t e s
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l e a r n i n g  a nd  t e s t i n g .  A l s o ,  i t  a p p e a r e d  t h a t  a s u b j e c t  p e r f o r m e d
b e t t e r  w i t h  c o n s t a n t  f e e d b a c k  ( b a s e d  on t h e  d i f f e r e n c e  i n  t h e  number  
of  s a m p l e s  c o r r e c t l y  i d e n t i f i e d  when f e e d b a c k  was  g i v e n  v e r s u s  t h e  
number  of  s a m p l e s  c o r r e c t l y  i d e n t i f i e d  when no f e e d b a c k  was  g i v e n ) .  
T h u s ,  some m e t h o d  of  p r o v i d i n g  a c o n t i n u o u s  r e f e r e n c e  b a s e  c o u l d  be 
h e l p f u l  i n  i m p r o v i n g  p e r f o r m a n c e .

A n o t h e r  s h o r t  e x p e r i m e n t  was  r u n  t o  i n d i c a t e  w h e t h e r  i n c r e a s e d  
t r a i n i n g  a nd  a v a i l a b l e  r e f e r e n c e  s o u n d s  w o u l d  i n c r e a s e  t h e  number  of  
c o r r e c t l y  i d e n t i f i e d  s a m p l e s .  1 u s e d  t h e  same e x p e r i m e n t  d a t a  a s  u s e d  
i n  t h e  P h a s e  2 s o u n d - o n l y  g r o u p .  F i f t e e n  s u b j e c t s  w e r e  r a n d o m l y  
s e l e c t e d  f r o m  t h e  25 who p a r t i c i p a t e d  i n  t h e  s o u n d - o n l y  p o r t i o n  of  t h e  
o r i g i n a l  P h a s e  2 e x p e r i m e n t .  T h e r e f o r e ,  t h e  p a r t i c i p a n t s  i n  t h i s  
e x p e r i m e n t  h a d  p r e v i o u s  e x p e r i e n c e  w i t h  t h e  s o u n d  p r e s e n t a t i o n .  Of 
t h e s e ,  t e n  s u b j e c t s  r e p e a t e d  t h e  s o u n d - o n l y  e x p e r i m e n t  w i t h  t h e  same 
d a t a  b a s e  a nd  m a p p i n g  b u t  w i t h  m o d i f i e d  t r a i n i n g .

Training

The f o l l o w i n g  c h a n g e s  t o  t h e  e x p e r i m e n t  p r o c e d u r e  w e r e  a d d e d  t o  
i mpr ove  t h e  t r a i n i n g .

1: A p a r t i c i p a n t  c o u l d  l i s t e n  t o  e a c h  o f  t h e  s i x
c h a r a c t e r i s t i c s  o f  s o u n d  v a r i e d  one  a t  a t i m e  w h i l e  t h e  
o t h e r  f i v e  w e r e  h e l d  c o n s t a n t .  T h i s  d e m o n s t r a t e d  t h e  r a n g e  
o f  e a c h  p a r a m e t e r  f o r  t h e  l i s t e n e r .  ( L i s t e n  t o  t h e  f i r s t  
s e c t i o n  i n  A p p e n d i x  A) .

2 :  When t h e  t e n  t r a i n i n g  s a m p l e s  o f  e a c h  o f  t h e  two s e t s  w e r e
p l a y e d ,  a s u b j e c t  c o u l d  l i s t e n  t o  any  s u b s e t  i n  any  o r d e r ,  
r a t h e r  t h a n  a l w a y s  p l a y i n g  t h e  t w e n t y  t r a i n i n g  s a m p l e s  
s e q u e n t i a l l y .  T h i s  p r e v e n t e d  any g r o u p i n g  o f  n o t e s  b a s e d  on 
a s e q u e n c e  p a t t e r n .

3 :  A s u b j e c t  c o u l d  r e f e r  t o  t h e  t r a i n i n g  s e t  a t  a ny  t i m e  d u r i n g
t h e  e x p e r i m e n t .  T h i s  g a v e  t h e  s u b j e c t  a r e f e r e n c e  p o i n t  f o r  
r e v i e w ,  much a s  an  x - y  p l o t  p r o v i d e s  a c o n s t a n t  r e f e r e n c e  on 
t h e  a x e s  f o r  r e l a t i v e  p o s i t i o n i n g .
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4:  S i n c e  t h e  d a t a  s e t s  u s e d  in t h e  P h a s e  1 e x p e r i m e n t  we r e  o ne s
w h i c h  v a r i e d  in s e p a r a t i o n ,  t h e y  o f f e r e d  a c o n v e n i e n t  b a s e  
of  d a t a  s e t s  f o r  p r o v i d i n g  e x p e r i e n c e  i n  i d e n t i f y i n g  d a t a  
s a m p l e s  a s  s o u n d .  I r a n  s h o r t  s e q u e n c e s  of  t h e  t r a n s l a t i o n ,  
s c a l i n g ,  and  c o r r e l a t i o n  s e t s  w i t h  f o l l o w - u p  e x p l a n a t i o n s  of  
t h a t  d a t a .  T h i s  e x e r c i s e  p r o v i d e d  e a c h  s u b j e c t  w i t h  a 
v a r i e t y  of  e x p e r i e n c e s  i n  u s i n g  s ound  f o r  d i s c r i m i n a t i n g  
s e t s  of  d a t a .

The t e s t i n g  p r o c e d u r e  was  t h e  same as  t h a t  of  t h e  P h a s e  2 e x p e r i m e n t

Resul t s

S u b j e c t i v e l y ,  t h e  mos t  n o t i c e a b l e  r e s u l t  was t h e  a t t i t u d e  of  t he
p a r t i c i p a n t s .  In g e n e r a l ,  t h e y  f e l t  s u c c e s s f u l  and  e n j o y e d  t he
e x e r c i s e  more  t h a n  t h e y  h a d  t h e  f i r s t  t i m e .  Most  we r e  e n t h u s i a s t i c
a b o u t  t h e i r  a b i l i t y  t o  s e p a r a t e  s e t s  of  d a t a  v i a  s ound  and were  
w i l l i n g  t o  p a r t i c i p a t e  i n  f u r t h e r  t r i a l s .

The a b i l i t y  t o  r e f e r  t o  t h e  t r a i n i n g  s e t s  a t  any t i me  d u r i n g  t he  
e x p e r i m e n t  was  p a r t i c u l a r l y  u s e f u l .  S i n c e  s ound  i s  t r a n s i e n t  by
n a t u r e ,  s u b j e c t s  w e r e  a b l e  t o  r e f r e s h  t h e i r  m e m o r i e s  on t he
d i f f e r e n c e s  b e t w e e n  S e t  1 a nd  S e t  2 s o u n d s .  In f a c t ,  o f t e n  a s u b j e c t  
r e p e a t e d l y  c y c l e d  b e t w e e n  l i s t e n i n g  t o  a t e s t  s amp l e  and  l i s t e n i n g  to 
one  o r  more  t r a i n i n g  s a m p l e s .

The a v e r a g e  number  of  c o r r e c t  r e s p o n s e s  was 2 9 . 5  of  t h e  40 t e s t  i t e ms  
( 7 3 . 8 % )  c o m p a r e d  t o  a 2 5 . 8  a v e r a g e  ( 64 . 5%)  o r i g i n a l l y .  One can
c o n c l u d e  t h a t  t h e r e  was  a s i g n i f i c a n t  i mpr ove me n t  in t h e  s c o r e s .
U n f o r t u n a t e l y ,  t h e r e  was  a f l a w  in  t h e  e x p e r m e n t .  T r a i n i n g  i t e ms  
c o u l d  be  r e p e a t e d  a s  t e s t  i t e m s  i n  t h i s  p a r t i c u l a r  e x p e r i m e n t  
( a l t h o u g h  t h e  s u b j e c t s  b e l i e v e d  t h e r e  was no o v e r l a p  b e t w e e n  t he
t r a i n i n g  s e t  and  t h e  t e s t  i t e m s ) .  Thus  i t  i s  p o s s i b l e  t h a t  t he
i mp r o v e d  s c o r e s  r e s u l t e d  i n  p a r t  f rom t h e  o c c a s i o n a l  o v e r l a p  of
t r a i n i n g  and  t e s t  i t e m s .  C o n s e q u e n t l y ,  any s t a t i s t i c a l  a n a l y s i s  i s
m e a n i n g l e s s .  In o b s e r v i n g  t h e  p a r t i c i p a n t s ,  1 do n o t  b e l i e v e  t h a t  t he
o v e r l a p  g r e a t l y  i n f l u e n c e d  t h e i r  b e h a v i o r .  1 b e l i e v e  t h a t  t he
i m p r o v e d  t r a i n i n g  d i d  i n  f a c t  i mpr ove  p e r f o r m a n c e .
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5.5: Observations

The e x p e r i m e n t s  c o n f i r m e d  t h e  h y p o t h e s i s  t h a t  s o u n d  i s  u s e f u l  i n  d a t a  
p r e s e n t a t i o n .  S u b j e c t s  w e r e  s u c c e s s f u l  i n  i d e n t i f y i n g  s o u n d s  w h i c h  
b e l o n g e d  in  one  of  two s e t s .  T h e i r  p e r f o r m a n c e s  v a r i e d  c o n s i s t e n t l y  
w i t h  t h e  d i f f i c u l t y  of  t h e  t a s k  a s  d e t e r m i n e d  by t h e  d i f f e r e n c e  i n  t h e  
two s e t s .  I t  i s  p a r t i c u l a r l y  i m p o r t a n t  t h a t  t h e  p e r f o r m a n c e  i mp r o v e d  
a s  t h e  s u b j e c t s  became more  f a m i l i a r  w i t h  t h e  p r o c e d u r e s  and  w i t h  a 
v a r i e t y  of  d a t a  s e t  d i f f e r e n c e s  e n c o d e d  i n t o  s o u n d .  The r e s u l t s  in 
u s i n g  a c o m b i n a t i o n  of  s o u n d  a nd  g r a p h i c s  a r e  e s p e c i a l l y  p o s i t i v e  and 
i n d i c a t e  a t e c h n i q u e  f o r  i m p r o v i n g  c u r r e n t  m e t h o d s  of  p r e s e n t i n g  
i n f  o r m a t  i o n .

The s u b j e c t s  w e r e  n o t  r e q u e s t e d  t o  make j u d g e m e n t s  a b o u t  t h e  n a t u r e  of  
t h e  d a t a .  G e n e r a l l y  d a t a  s a m p l e s  w e r e  d i s c u s s e d  in  t e r m s  of  s i n g l e  
s o u n d  c h a r a c t e r i s t i c s ;  h i g h e r  o r  l o w e r ,  l o u d e r  o r  s o f t e r ,  l o n g e r  or  
s h o r t e r .  The r e s u l t s  of  P h a s e  1 show t h a t  t r a n s l a t i o n  d i f f e r e n c e s  
w e r e  e a s i e r  t o  r e c o g n i z e  t h a n  o t h e r  m e t h o d s  o f  s e p a r a t i n g  d a t a  s e t s .  
T h a t  i s ,  when one  g r o u p  of  s o u n d s  was  c o n s i s t e n t l y  h i g h e r  o r  l o u d e r  o r  
l o n g e r  t h a n  a n o t h e r ,  s u b j e c t s  d i s c o v e r e d  t h e  p a t t e r n  r e a d i l y .  The 
c o r r e l a t i o n  of  s o u n d  c h a r a c t e r i s t i c s  was  d i f f i c u l t  t o  p e r c e i v e  ( l i s t e n  
t o  t h e  d a t a  i n  S e c t i o n  2 of  A p p e n d i x  A) ,  a l t h o u g h  a v i s u a l  c o r r e l a t i o n  
of  v a r i a b l e s  i s  r e c o g n i z a b l e  ( l o o k  a g a i n  a t  t h e  same c o r r e l a t i o n  d a t a  
i n  F i g u r e s  1 . 1 0  a nd  5 . 1 ) .  W i t h  p r a c t i c e ,  s u b j e c t s  d i d  i mpr ove  in
h e a r i n g  t h e  v a r i a b l e  c o r r e l a t i o n  i n  s o u n d .  No a t t e m p t  was made w i t h  
any of  t h e  d a t a  t o  h a v e  s u b j e c t s  d e r i v e  any  a b s o l u t e  i n f o r m a t i o n  a b o u t  
t h a t  d a t a .  Even  i n  a r e l a t i v e  s e n s e ,  s u b j e c t s  t e n d e d  t o  t h i n k  of  o n l y  
one  d i m e n s i o n  a t  a t i m e  ( " T h i s  n o t e  i s  l o u d e r  t h a n  t h a t  n o t e " ,  o r  "The 
f i r s t  n o t e  was  s h o r t e r  t h a n  t h e  s e c o n d  n o t e " ) ,  a l t h o u g h  I am c o n v i n c e d  
t h e y  h e a r d  a nd  d i s c r i m i n a t e d  on t h e  g e s t a l t .
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6: SUMMARY

C o m p u t e r - g e n e r a t e d  s o u n d  i s  one  - s o l u t i o n  t o  t h e  e x i s t i n g  n e e d  f o r
a d d i t i o n a l  m e t h o d s  o f  i n f o r m a t i o n  p r e s e n t a t i o n .  The i n c r e a s i n g  u s e  of
c o m p u t e r s  p r o v i d e s  a n  a b u n d a n c e  o f  d a t a  o u t p u t .  To be  u s e f u l ,  t h i s  
d a t a  m u s t  be  p r e s e n t e d  i n  w a y s  w h i c h  a r e  e a s i l y  g r a s p e d  by a n a l y s t s .  
C o m p u t e r  g r a p h i c s  o f f e r s  a v a r i e t y  o f  w a y s  t o  d i s p l a y  i n f o r m a t i o n  b u t
i s  l i m i t e d  t o  o n e  s e n s o r y  i n p u t  a n d  i n  t h e  n umbe r  o f  d i m e n s i o n s
a v a ' i l a b l e  f o r  e n c o d i n g .  S o u n d  i s  u s e f u l  i n  d a i l y  l i f e  a nd  a l r e a d y  h a s  
a  we 11—u n d e r s t o o d  l a n g u a g e .  D a t a  c a n  be  e n c o d e d  i n t o  s o u n d s  so  t h a t  
i n f o r m a t i o n  i s  p r e s e r v e d .  T h i s  s o u n d  e n c o d i n g  p r o v i d e s  a new t o o l  f o r  
e x p l o r a t o r y  d a t a  a n a l y s i s .  The p o s s i b i l i t i e s  f o r  f u t u r e  r e s e a r c h  a r e  
v a s t .

The n e x t  two s e c t i o n s  s u m m a r i z e  t h e  c o n c l u s i o n s  o f  t h e  wo r k  d e s c r i b e d  
i n  p r e v i o u s  c h a p t e r s  a n d  o u t l i n e  s e v e r a l  t o p i c s  f o r  f u r t h e r  
e x p  1o r a t  i o n .

6.1; Conciiialo"«

T h i s  t h e s i s  d e m o n s t r a t e s  t h a t  s o u n d  i s  u s e f u l  f o r  c o m p u t e r  i n f o r m a t i o n  
p r e s e n t a t i o n .  The  w o r k  d e s c r i b e s  s u c c e s s f u l  a t t e m p t s  i n  e n c o d i n g  
d i f f e r e n t  t y p e s  o f  d a t a  i n t o  s o u n d .  A f o r m a l  e x p e r i m e n t  v e r i f i e s  t h a t  
s o u n d  r e p r e s e n t a t i o n  o f  d a t a  i s  u s e f u l .  F i n a l l y ,  s o u n d  a d d s  
i n f o r m a t i o n  when  p r e s e n t e d  i n  c o m b i n a t i o n  w i t h  g r a p h i c s .

S e v e r a l  t y p e s  o f  d a t a  a r e  a p p r o p r i a t e  f o r  s o u n d  r e p r e s e n t a t i o n .  The 
s t u d i e s  d e s c r i b e d  i n  C h a p t e r  4 p r o v i d e  a v a r i e t y  o f  d a t a  t y p e s  w h i c h  
a r e  p a r t i c u l a r l y  n a t u r a l  f o r  e n c o d i n g  i n t o  s o u n d .  L i s t e n e r s  w e r e  a b l e  
t o  d i s c o v e r  d i f f e r e n c e s  a n d  p a t t e r n s  i n  l o g a r i t h m i c ,  t i m e - v a r y i n g ,  a nd  
d i s c r e t e  m u l t i v a r i a t e  d a t a .  E a r l i e r  wo r k  o f  Ye ung ,  M a t h e ws ,  and  
W i l s o n  i n d i c a t e s  t h e  v a l u e  o f  u s i n g  s o u n d  t o  p r e s e n t  m u l t i v a r i a t e  d a t a
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s a m p l e s  a nd  p a t t e r n s  i n  t a b l e  d a t a .  The s t u d i e s  p r e s e n t e d  h e r e  e x p a n d  
t h a t  b a s e  t o  i n c l u d e  o t h e r  d a t a  t y p e s  w h i c h  a r e  a p p r o p r i a t e  f o r  s o u n d .

Sound  i s  a u s e f u l  d i s c r i m i n a n t  i n  c l a s s i f y i n g  d a t a  s a m p l e s .  The 
e x p e r i m e n t s  e x p l a i n e d  i n  C h a p t e r  5 v a l i d a t e  t h e  h y p o t h e s i s  t h a t  s o u n d  
c a n  be  u s e d  f o r  i n f o r m a t i o n  p r e s e n t a t i o n .  In t h e  P h a s e  2 e x p e r i m e n t s ,  
s u b j e c t s  d i d  c l a s s i f y  d a t a  b a s e d  on s o u n d s  a nd  s o u n d  e n c o d i n g  was  a s  
good  f o r  d i s c r i m i n a t i o n  a s  a t w o - d i m e n s i o n a l  g r a p h i c s  p l o t .  Th e s e  
r e s u l t s  p r o v i d e  f o r m a l  v e r i f i c a t i o n  o f  t h e  i d e a s  s u g g e s t e d  by t h e  
i n i t i a l  s t u d i e s  i n  C h a p t e r  4 a nd  by t h e  o b s e r v a t i o n s  o f  Yeung ,  
M a t h e w s ,  and  W i l s o n .

A c o m b i n e d  p r e s e n t a t i o n  o f  g r a p h i c s  a nd  s o u n d  i s  more  u s e f u l  t h a n  
t w o - d i m e n s i o n a l  g r a p h i c s  a l o n e  f o r  c l a s s i f y i n g  s i x - d i m e n s i o n a l  d a t a  
s a m p l e s .  S u b j e c t s  p e r f o r m e d  b e t t e r  when d i s c r i m i n a t i n g  b e t w e e n  two 
s e t s  o f  s i x - d i m e n s i o n a l  d a t a  g i v e n  i n f o r m a t i o n  i n  s o u n d  c o m b i n e d  w i t h  
a t w o - d i m e n s i o n a l  p l o t  t h a n  when g i v e n  g r a p h i c s  a l o n e .

6«2; Future E»ploration

The r e s u l t s  t h u s  f a r  i n d i c a t e  t h a t  s o u n d  o f f e r s  an  e x c i t i n g  new means  
f o r  c o m p u t e r  i n f o r m a t i o n  p r e s e n t a t i o n .  The wor k  t h a t  h a s  b e e n  done  i s  
o n l y  a s m a l l  b e g i n n i n g .  A b e t t e r  u n d e r s t a n d i n g  o f  b o t h  a p p l i c a t i o n s  
a nd  t e c h n i q u e s  i s  n e e d e d  t o  b u i l d  a s o l i d  f o u n d a t i o n  f o r  t h e  u s e  of  
s o u n d .  G i v e n  t h e  m e t h o d s  d e s c r i b e d  a l r e a d y ,  many d a t a  p r o b l e m s  c o u l d  
be  e x a m i n e d  a nd  e n c o d e d .  At  t h e  same t i m e ,  t h e s e  a p p l i c a t i o n s  a nd  
t e c h n i q u e s  a r e  o n l y  a f ew o f  t h e  p o s s i b l e  i m p l e m e n t a t i o n s .

T h i s  s e c t i o n  r e v i e w s  t y p e s  of  d a t a  t h a t  a r e  p a r t i c u l a r l y  a p p l i c a b l e  
f o r  s o u n d  e n c o d i n g  a nd  d e s c r i b e s  m e t h o d s  t h a t  d e s e r v e  f u r t h e r  
a t t e n t i o n  f o r  a u d i o  d a t a  p r e s e n t a t i o n .  A v a l u e  o f  any  t e c h n i q u e  i s  
i t s  a b i l i t y  t o  a i d  an  app-l i c a t  i o n . R e c o g n i t i o n  of  a b r o a d  r a n g e  of  
a p p l i c a t i o n s  a nd  t e c h n i q u e s  w i l l  c o n f i r m  t h a t  s o u n d  i s  an  e f f e c t i v e  
t o o l  f o r  h u m a n / m a c h i n e  c o m m u n i c a t i o n .
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Applications

The a p p l i c a t i o n s  f o r  s o u n d  p r e s e n t a t i o n  i n v o l v e  n o t  o n l y  t h e  t y p e  of  
d a t a  t o  be  p r e s e n t e d  b u t  a l s o  t h e  a u d i e n c e  and  t h e  i n t e r f a c e  t o  t h a t  
a u d i e n c e .  I h a v e  d i s c u s s e d  b r i e f l y  a f ew t y p e s  o f  p r o b l e m s  f o r  w h i c h  
s o u n d  c o u l d  be  u s e f u l .  Ho w e v e r ,  one  of  t h e  g r e a t e s t  d i f f i c u l t i e s  I 
h a v e  f a c e d  i s  t h e  a c c e p t a n c e  t h a t  s o u n d s  a r e  a v a l i d  means  of  
p r e s e n t i n g  d a t a .  P a r t i c u l a r l y  when e x p l o r i n g  s c i e n t i f i c  d a t a ,  
a n a l y s t s  a r e  a c c u s t o m e d  t o  v i s u a l  r e p r e s e n t a t i o n s .  I t  i s  o b v i o u s  t h a t  
s o u n d  p r e s e n t a t i o n  of  d a t a  b r o a d e n s  t h e  b a s e  of  i n f o r m a t i o n  a v a i l a b l e  
t o  t h o s e  who c a n n o t  s e e  o r  who a r e  i n  t a s k s  w h i c h  a l r e a d y  r e q u i r e  
v i s u a l  a t t e n t i o n .  Ho w e v e r ,  i t  i s  n o t  so i n t u i t i v e  t h a t  s ou n d  c a n  
a d e q u a t e l y  p r e s e n t  s c i e n t i f i c  i n f o r m a t i o n  f o r  g e n e r a l  u s e .  The b u r d e n  
i s  on t h e  r e s e a r c h  i n  s o u n d  p r e s e n t a t i o n  t o  show a p p l i c a t i o n s  i n  w h i c h  
s o u n d  d o e s  c o n v e y  u s e f u l  i n f o r m a t i o n  a nd  t o  f i n d  ways  of  i n t r o d u c i n g  
t h e  s o u n d  p r e s e n t a t i o n  t o  l i s t e n e r s .

One way o f  d e m o n s t r a t i n g  t h e  f e a s i b i l i t y  o f  s o u n d  f o r  d a t a  u s e  i s  t o  
e m p h a s i z e  a p p l i c a t i o n s  i n  w h i c h  t h e  s o u n d  e n c o d i n g  p r o v i d e s  more  
i n f o r m a t i o n  a b o u t  t h e  d a t a  t h a n  t r a d i t i o n a l  m e t h o d s  a l o n e .  1 h a v e  
a l r e a d y  d i s c u s s e d  m u l t i v a r i a t e  d a t a  i n  g r e a t  d e t a i l .  1 b e l i e v e  t h a t  
t h e  a r e a  i s  w e l l  w o r t h  p u r s u i n g .  Now 1 w o u l d  l i k e  t o  f o c u s  more  
a t t e n t i o n  on a u d i o  c u e s ,  l o g a r i t h m i c  d a t a ,  a nd  t i m e - v a r y i n g  d a t a .  The 
wo r k  d e s c r i b e d  i n  C h a p t e r  4 a l r e a d y  shows t h e  v a l u e  of  s ou n d  
r e p r e s e n t a t i o n  f o r  t h e s e  a r e a s  o f  d a t a  p r e s e n t a t i o n .  1 w o u l d  l i k e  t o  
s u g g e s t  a p p l i c a t i o n s  of  t h e s e  d a t a  t y p e s  w h i c h  a r e  p a r t i c u l a r l y  s u i t e d  
f o r  e x p l o r i n g  s o u n d  e n c o d i n g .

Audio Cues

One of  t h e  m o s t  s t r a i g h t f o r w a r d  a p p l i c a t i o n s  o f  p r e s e n t i n g  i n f o r m a t i o n  
i n  s o u n d  i s  t h a t  of  a u d i o  c u e s .  1 d e f i n e  an a u d i o  c ue  a s  a s i n g l e
s o u n d  o f  s h o r t  d u r a t i o n  w h i c h  i s  u s e d  t o  f o c u s  t h e  l i s t e n e r ' s
a t t e n t i o n .  Co m p u t e r  t e r m i n a l s  h a v e  b e l l s  w h i c h  s i g n a l  r e q u e s t s  f o r  
u s e r  i n p u t  o r  t a s k  c o m p l e t i o n .  I t  w o u l d  be  a s i m p l e  m a t t e r  t o  e x t e n d  
t h i s  i d e a  t o  more  c o mp l e x  s i t u a t i o n s .

The u s e  o f  a u d i o  c u e s  s eems  m o s t  a p p r o p r i a t e  f o r  i n t e r a c t i v e
a p p l i c a t i o n s  w i t h  g r a p h i c  o u t p u t  when t h e  u s e r  i s  i n v o l v e d  and  v i s u a l
a t t e n t i o n  i s  c a p t u r e d .  One s u c h  e x a m p l e  i s  any a p p l i c a t i o n  in w h i c h
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t h e  c o n t e n t s  o f  t h e  d i s p l a y  a r e  v e r y  c o m p l e x  a nd  r a p i d l y  c h a n g i n g .  An 
a u d i o  c ue  w o u l d  be  e s p e c i a l l y  h e l p f u l  e v e r y  t ime  c r i t i c a l  e v e n t s  
o c c u r r e d  ( s u c h  a s  e x p l o s i o n s  i n  a b a t t l e f i e l d  s i m u l a t i o n ) .  The a u d i o  
c u e  i s  e s s e n t i a l  when t h e  a p p l i c a t i o n  i s  s u c h  t h a t  t h e  d i s p l a y  d o e s  
n o t  c o n t a i n  a l l  t h e  e v e n t s  a t  a ny  one  t i m e .  An a u d i o  c u e  c a n  s i g n a l  
t h o s e  e v e n t s  w h i c h  o c c u r  o f f  t h e  c u r r e n t  d i s p l a y  and  w o u l d  n o t  be  
s e e n .  S i m i l a r l y ,  an  a u d i o  c ue  m i g h t  be  u s e d  t o  t r a c k  a s i n g l e  e v e n t  
s u c h  a s  t e m p e r a t u r e  i n  an a p p l i c a t i o n  of  w e a t h e r  m o n i t o r i n g .  The s e  
a r e  n o t  t e c h n i c a l l y  d i f f i c u l t  c o n c e p t s  b u t  t h e i r  p o t e n t i a l  h e l p f u l n e s s  
h a s  n o t  b e e n  f u l l y  u t i l i z e d .

R o b e r t  Lee u s e d  a u d i o  c u e s  i n  a f i l m  p o r t r a y i n g  a t w o - s t e p  l a s e r  
i s o t o p e  s e p a r a t i o n  p r o c e s s  A g a s  of  m i x e d  U- 235  a nd  U- 238  was
e x p o s e d  t o  a l a s e r  t h a t  e x c i t e d  t h e  U - 2 3 5 .  A b e e p  c o r r e s p o n d e d  t o  
e a c h  i s o t o p e  e x c i t a t i o n .  S u b s e q u e n t l y ,  a s e c o n d  l a s e r  i o n i z e d  t h o s e  
i s o t o p e s  i n  t h e  e x c i t e d  s t a t e  so  t h a t  t h e y  w e r e  a t t r a c t e d  t o  a 
n e g a t i v e  p l a t e .  F o r  e a c h  i o n i z a t i o n ,  a t o n e  was  h e a r d  w h i c h  l a s t e d  
u n t i l  t h e  i o n i z e d  i s o t o p e  r e a c h e d  t h e  n e g a t i v e  p l a t e .  I f  more  t h a n  
one  i s o t o p e  was  i o n i z e d ,  t h e n  more  t h a n  one  t o n e  was  h e a r d .  G r a p h i c s  
d i s p l a y e d  t h e  m o t i o n  of  a l l  i s o t o p e s .  An i s o t o p e  r a i s e d  t o  an e x c i t e d  
s t a t e  was  e n l a r g e d ;  an  i o n i z e d  i s o t o p e  i m m e d i a t e l y  f e l l  t o w a r d  t h e  
n e g a t i v e  p l a t e .  Ho w e v e r ,  t h e  many e v e n t s  o c c u r r i n g  on t h e  d i s p l a y  
o f t e n  d i s t r a c t e d  t h e  o b s e r v e r s '  a t t e n t i o n  away f rom o t h e r  c r i t i c a l  
e v e n t s .  The a u d i o  c u e s  w e r e  v a l u a b l e  i n  d r a w i n g  t h e  o b s e r v e r ' s  
a t t e n t i o n  t o  t h e  i s o t o p e  e x c i t a t i o n  a n d  t h e  s u b s e q u e n t  i o n i z a t i o n .  
F u r t h e r m o r e ,  t h e  o b s e r v e r  h e a r d  s e q u e n c e s  o f  e v e n t s  w i t h o u t  h a v i n g  t o  
s c a n  t h e  d i s p l a y  f o r  r a p i d l y  c h a n g i n g  s i t u a t i o n s .

Logarithmic Data

The e x a m p l e s  o f  l o g a r i t h m i c  d a t a  e n c o d e d  i n t o  s o u n d  w e r e  e n c o u r a g i n g .  
A l t h o u g h  t h e  s o u n d  e n c o d i n g  d i d  n o t  n e c e s s a r i l y  u s e  more  i n f o r m a t i o n  
t h a n  t h e  u s u a l  l o g a r i t h m i c  p l o t s ,  i t  p r o d u c e d  more  n o t i c e a b l e
d i f f e r e n c e s  a nd  r e l a t i o n s h i p s  i n  t h e  d a t a .  An a n a l y s t  o b t a i n s
i n f o r m a t i o n  more  q u i c k l y  o r  f i n d s  i n f o r m a t i o n  t h a t  was  n o t  p r e v i o u s l y  
obv  i o u s .

O f t e n  a n a l y s t s  a r e  s e a r c h i n g  f o r  p a t t e r n s  i n  t h e  b e h a v i o r  of
l o g a r i t h m i c  d a t a .  Suc h  t a s k s  a l m o s t  a l w a y s  a r e  a i d e d  by a d i f f e r e n t
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p e r s p e c t i v e  of  t h e  d a t a .  S i n c e  s ou n d  h a s  i n h e r e n t  l o g a r i t h m i c  
c h a r a c t e r i s t i c s ,  I b e l i e v e  i t  a d d s  new i n s i g h t  t o  t h e  d a t a .

Time-varving Data

L i k e  l o g a r i t h m i c  d a t a ,  t i m e —v a r y i n g  d a t a  d e s e r v e s  a d d i t i o n a l  f o l l o w - u p  
t o  t h e  wor k  d e s c r i b e d  e a r l i e r .  In t h e  b a t t l e f i e l d  e x a m p l e s  w i t h
s i m i l a r  o u t c o m e s ,  s o n g s  o f t e n  v a r i e d  n o t i c e a b l y  i n d i c a t i n g  t h a t  v e r y  
d i f f e r e n t  e v e n t s  l e d  t o  t h e  same c o n c l u s i o n s .  Sound a l l o w s  a
r e l a t i v e l y  s h o r t  c a p s u l e  r e p l a y  of  i n f o r m a t i o n  w h i c h  v a r i e d  o v e r  t i m e .  
In s u c h  r e p l a y s ,  i t  i s  e a s y  t o  n o t i c e  c r i t i c a l  e v e n t s  w i t h i n  a s ong  o r  
v a s t  d i f f e r e n c e s  among s o n g s .

W h e r e a s  t h e  a u d i o  c u e s  a r e  mos t  s u g g e s t i v e  of  i n t e r a c t i v e  d a t a
a n a l y s i s ,  s o u n d  f o r  t i m e —v a r y i n g  d a t a  h a s  p o t e n t i a l  f o r  r e v i e w i n g  
b a t c h  d a t a  a n a l y s i s .  I w o u l d  l i k e  t o  e x p l o r e  f u r t h e r  a p p l i c a t i o n s  i n  
w h i c h  t h e  number  o f  i n t e r a c t i n g  v a r i a b l e s  i s  a t  l e a s t  f o u r  o r  f i v e  and  
f o r  w h i c h  t h e  a n a l y s t  i n v o l v e m e n t  i s  one  of  l o o k i n g  b a c k  a t
i n t e r m e d i a t e  a c t i o n s  a nd  f i n a l  r e s u l t s .  1 b e l i e v e  t h a t  e n c o d i n g  t h e  
e v e n t s  i n  s o u n d  p r o v i d e s  a h e l p f u l  t o o l  f o r  q u i c k  r e v i e w  of  t h e  e n t i r e  
p r o b 1e m .

Techniques

MThatever  t h e  a v a i l a b l e  a p p l i c a t i o n s  f o r  u s i n g  s o u n d ,  t h e  t e c h n i q u e s  
a r e  c r i t i c a l  f o r  i n s u r i n g  t h a t  t h e  s o u n d  a d e q u a t e l y  d e s c r i b e s  t h e  
d a t a .  The n e x t  s e c t i o n s  d e s c r i b e  f i v e  a r e a s  r e l a t i n g  t o  t h e  
t e c h n i q u e s  f o r  u s i n g  s o u n d  t o  p r e s e n t  i n f o r m a t i o n .  Two a r e  c o n c e r n e d  
w i t h  t h e  m e c h a n i c s  o f  p r e s e n t i n g  t h e  i n f o r m a t i o n  i n  s o u n d :  o n e ,  t h e
m a p p i n g  b e t w e e n  d a t a  v a r i a b l e s  a nd  s o u n d  p a r a m e t e r s  and  two,  t h e  n e e d  
f o r  a c o n s t a n t  r e f e r e n c e  b a s e  o f  s o u n d s .  The t h i r d  a r e a  t o u c h e s  on 
t h e  n e e d  t o  u n d e r s t a n d  b e t t e r  o u r  p e r c e p t i o n  of  s o u n d .  The o t h e r  two 
a r e a s  s u g g e s t  a d d i t i o n a l  c h a r a c t e r i s t i c s  of  s ou n d  f o r  e n c o d i n g  d a t a .  
T i mb r e  a nd  s t e r e o / l o c a t i o n  a r e  two a s p e c t s  of  s o u n d  w h i c h  c o u l d  be 
u t i l i z e d  t o  p r o v i d e  s t r o n g e r  r e c o g n i t i o n  of  d a t a .
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Variable-To-Sound Mapping

S e v e r a l  c o n s i d e r a t i o n s  a r i s e  when e n c o d i n g  a d a t a  s e t  i n t o  s o u n d .  In 
p a r t i c u l a r ,  one  mus t  d e t e r m i n e  w h i c h  d a t a  v a r i a b l e s  map t o  w h i c h  s ound  
c h a r a c t e r i s t i c s .  My m e t h o d s  w e r e  s u f f i c i e n t  t o  e s t a b l i s h  s o u n d  a s  a 
u s e f u l  means  of  p r e s e n t i n g  d a t a .  More s o p h i s t i c a t e d  m e t h o d s  a r e  
n e e d e d  f o r  w i d e s p r e a d  u s e .

One i s s u e  t o  a d d r e s s  i s  how many c h a r a c t e r i s t i c s  ( d i m e n s i o n s )  of  s ound  
c a n  be  u t i l i z e d .  Yeung [ 9 9 ]  s u g g e s t s  t h a t  up t o  t w e n t y  a r e  p o s s i b l e .  
My own e x p e r i e n c e  i n d i c a t e s  t h a t  p r o b a b l y  o n l y  f o u r  o r  f i v e  w i l l
a c t u a l l y  a dd  i n f o r m a t i o n .  D i s c o v e r i n g  g u i d e l i n e s  f o r  t h e  amount  of
i n f o r m a t i o n  t h a t  c a n  be  e n c o d e d  i n t o  s o u n d  w i l l  h e l p  d e t e r m i n e  how 
o t h e r  f a c t o r s  o f  s o u n d  e n c o d i n g  c a n  be  o p t i m i z e d .

A s e c o n d  c o n s i d e r a t i o n  i s  t h e  d a t a  i t s e l f .  I n  many c a s e s ,  some of  t h e  
d a t a  v a r i a b l e s  may n o t  be  i n d e p e n d e n t .  - T h i s  f a c t  may o r  may n o t  be 
known a t  t h e  t i m e  of  i n i t i a l  a n a l y s i s .  F o r  e x a m p l e ,  t h e  k n o w l e d g e  
t h a t  two v a r i a b l e s  v a r y  i n v e r s e l y  w o u l d  be  u s e f u l  i n  d e t e r m i n i n g  w h i c h  
s o u n d  c h a r a c t e r i s t i c s  t o  a s s i g n  t o  t h o s e  v a r i a b l e s .

A t h i r d  c o n s i d e r a t i o n  i s  t h e  r e l a t i o n s h i p  among s o u n d  p a r a m e t e r s .
Some a s p e c t s  o f  s o u n d  a r e  more  s i g n i f i c a n t  t h a n  o t h e r s .  A d d i t i o n a l l y ,  
some a s p e c t s  of  s o u n d  wo r k  t o g e t h e r .  B e c a u s e  p e r c e i v e d  vo l ume
d e c r e a s e s  a s  p i t c h  i n c r e a s e s ,  i t  i s  n o t  c l e a r  t h a t  two i n d e p e n d e n t  
v a r i a b l e s  c a n  be  m e a n i n g f u l l y  mapped  i n t o  p i t c h  a nd  v o l u m e .  One 
s o l u t i o n  i s  t o  b a s e  t h e  vo l ume  on t h e  v a l u e  of  t h e  p i t c h .  U s i n g  s o u n d  
f o r  i n f o r m a t i o n  p r e s e n t a t i o n  i n c r e a s e s  t h e  n e e d  f o r  a good  
u n d e r s t a n d i n g  of  p s y c h o - a c o u s t i c s .

I t  w o u l d  be  i d e a l  i f  a g e n e r a l  a l g o r i t h m  e x i s t e d  w h i c h  w o u l d  f i n d  t h e  
m a p p i n g  b e t w e e n  a d a t a  s e t  a nd  s o u n d  c h a r a c t e r i s t i c s .  I t  i s  n o t  
l i k e l y  t h a t  one  s u c h  p r o c e d u r e  w i l l  s a t i s f y  a l l  a p p l i c a t i o n s .  R a t h e r ,  
f u r t h e r  e x p l o r a t i o n  w i l l  d e t e r m i n e  g u i d e l i n e s  f o r  s a t i s f a c t o r y  u s e  of  
s o u n d  t o  e n c o d e  d a t a .
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S o u n d  Re f e r e nc e  Base

One of  t h e  mos t  s i g n i f i c a n t  c h a n g e s  r e p o r t e d  by mos t  s u b j e c t s  who
p a r t i c i p a t e d  in  t h e  P h a s e  3 e x p e r i m e n t  w i t h  a d d i t i o n a l  t r a i n i n g  was 
t h e  a b i l i t y  t o  r e f e r  t o  t h e  t r a i n i n g  s e t s  a t  any  t i m e .  J u s t  a s  we 
o f t e n  make v i s u a l  d e c i s i o n s  by c o m p a r i n g  two o r  more  o b j e c t s ,  
d i s c r i m i n a t i n g  among s o u n d s  was  e a s i e r  when a c o m p a r i s i o n  was 
a v a i l a b l e .  O t h e r  r e f e r e n c e  b a s e s  s h o u l d  be  e x p l o r e d .

One s u g g e s t i o n  by an e x p e r i m e n t  s u b j e c t  was  t h a t  t h e  r a n g e  of  e a c h  
s o u n d  p a r a m e t e r  b e i n g  u s e d  i n  t h e  i n f o r m a t i o n  p r e s e n t a t i o n  be 
c o n s t a n t l y  a v a i l a b l e .  F o r  e x a m p l e ,  i f  p i t c h ,  v o l u m e ,  d u r a t i o n  and
w a v e s h a p e  a r e  v a r y i n g ,  t h e n  p r o v i d e  a c c e s s  t o  t h e  low,  m e d i a n  and h i g h  
v a l u e s  f o r  e a c h .  T h a t  i s ,  a t  any  t i m e ,  a u s e r  c o u l d  l i s t e n  t o  t h e  low 
vo l ume  o r  t h e  m e d i a n  d u r a t i o n  o r  t h e  h i g h  v a l u e  w a v e s h a p e  a s  a 
r e f e r e n c e  f o r  t h e  c u r r e n t  s o u n d  b e i n g  h e a r d .

The r e f e r e n c e  b a s e  b e c o me s  more  d i f f i c u l t  when t h e  d a t a  i s  t i me  
v a r y i n g .  B e c a u s e  t h e r e  i s  no p a u s e  b e t w e e n  n o t e s ,  t h e r e  i s  no
o p p o r t u n i t y  f o r  r e f e r e n c e  t o  o t h e r  s e t s  a nd  s t a n d a r d s  of  s o u n d .  I t  i s
c o n c e i v a b l e  t h a t  a c o n s t a n t  n o t e  c o u l d  accompany  t h e  d a t a  s ound  and 
t h u s  p r o v i d e  a b a s e  much l i k e  an  a x i s  r u n s  p a s t  p l o t s .  Howe ver ,  s u c h  
an a p p r o a c h  i m m e d i a t e l y  c o m p l i c a t e s  t h e  o u t p u t  s o u n d .

Res o l u t i on  In  S o u n d

The r e s o l u t i o n  o f  s o u n d s  a f f e c t s  t h e  a c t u a l  i n f o r m a t i o n  t h a t  a n a l y s t s  
d e r i v e  f rom s o u n d  p r e s e n t a t i o n s .  G r a p h i c s  o f f e r s  v e r y  good s p a t i a l  
r e s o l u t i o n  t h a t  p r o v i d e s  a b s o l u t e  d i s t a n c e s  f o r  d a t a  v a l u e  s e p a r a t i o n .  
C o l o r  d i f f e r e n c e s  i n  h u e ,  s a t u r a t i o n ,  a nd  i n t e n s i t y  a r e  n o t  so e a s i l y  
q u a n t i f i e d .  Two c o l o r s  w h i c h  a r e  v e r y  c l o s e  may l ook  a l i k e ,  and  i t  i s  
d i f f i c u l t  t o  d e t e r m i n e  a n y t h i n g  o t h e r  t h a n  r e l a t i v e  d a t a  i n f o r m a t i o n  
( i . e . ,  one  c o l o r  o r  d a t a  i t e m  i s  d i f f e r e n t  t h a n  a n o t h e r  c o l o r  o r  d a t a  
i t e m ) .  Sound  r e s o l u t i o n  o f f e r s  s i m i l a r  p r o b l e m s .

F i r s t ,  how d i f f e r e n t  do two s o u n d s  h a v e  t o  be i n  o r d e r  t o  be 
c l a s s i f i e d  by a l i s t e n e r  a s  d i f f e r e n t ?  Many t i m b r e  d i f f e r e n c e s  a r e  
n o t i c e a b l e  o n l y  i f  t h e  d u r a t i o n  o f  t h e  n o t e  e x c e e d s  some minimum t i m e .  
F o r  e x a m p l e ,  two d i f f e r e n t  a t t a c k s  w i l l  n o t  be e f f e c t i v e  i f  t h e  
d u r a t i o n  of  t h e  n o t e s  i s  l e s s  t h a n  t h e  l e n g t h  o f  t h e  a t t a c k s .
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S e c o n d ,  how do d i f f e r e n c e s  among s o u n d s  t r a n s l a t e  i n t o  i n f o r m a t i o n  
a b o u t  t h e  d a t a ?  S u b j e c t s  c a n  d i s t i n g u i s h  b e t w e e n  d a t a  s o u n d s  and  
c o r r e c t l y  c l a s s i f y  a s o u n d  w i t h  o t h e r s  o f  s i m i l a r  c h a r a c t e r i s t i c s .  In 
a d a t a  p l o t ,  one  c a n  d e t e r m i n e  a b s o l u t e  o b j e c t  s i z e s  a nd  d i s t a n c e s  
among s a m p l e s .  I t  i s  n o t  c l e a r  t h a t  s u c h  a b s o l u t e  i n f o r m a t i o n  i s  
a v a i l a b l e  f r o m  s o u n d .  G r a p h i c a l l y ,  one  w o u l d  e x p e c t  a l s o  t o  n o t i c e  
f a c t s  a b o u t  t h e  v a r i o u s  s e t s  s u c h  a s  t h e i r  r e l a t i v e  m a s s e s  o r  s h a p e s .  
Sound  may p r o v i d e  s i m i l a r  i n f o r m a t i o n  ( i n  t h e  P h a s e  1 s c a l i n g  
e x p e r i m e n t ,  s u b j e c t s  d i d  r e c o g n i z e  a s e t  w h i c h  was  w i t h i n  a n o t h e r  
s e t ) ,  b u t  e x p e r i e n c e  i s  n e e d e d  t o  u n d e r s t a n d  b e t t e r  t h e  m e t h o d s .

Timbre

The e f f e c t  o f  t i m b r e  i s  c e r t a i n l y  one  of  t h e  mos t  s i g n i f i c a n t
c h a r a c t e r i s t i c s  o f  s o u n d .  F o r  e x a m p l e ,  n o t e  how e a s i l y  one  c a n  
d i s t i n g u i s h  b e t w e e n  a t r u m p e t  a nd  a c l a r i n e t  a t  t h e  same p i t c h  and  
v o l u m e .  T h i s  a b i l i t y  t o  d i s c r i m i n a t e  b a s e d  on t h e  s h a p e  o f  t h e  s ou n d  
n e e d s  f u r t h e r  s t u d y  t o  r e a l i z e  i t s  p o t e n t i a l .

The d i f f e r e n c e  b e t w e e n  t h e  s o u n d  o f  a c l a r i n e t  a n d - t h a t  of  a t r u m p e t
c a n  be  shown by e x a m i n i n g  t h e i r  r e s p e c t i v e  w a v e s h a p e s  [ S ? ] .  In a
c l a r i n e t ,  t h e  e v e n  h a r m o n i c s  t e n d  t o  be  s u p p r e s s e d .  The r e s u l t i n g  
s o u n d  t e n d s  t o  be  l i k e  t h a t  of  a s q u a r e  wa v e .  In a t r u m p e t ,  t h e  
h i g h e r  t h e  f r e q u e n c y  h a r m o n i c ,  t h e  l a t e r  i t  a p p e a r s  i n  t h e  t o n e .  T h a t
i s ,  h i g h e r - n u m b e r e d  h a r m o n i c s  do n o t  r i s e  t o  t h e i r  s t e a d y - s t a t e  v a l u e s  
a s  q u i c k l y  a s  l o w e r - n u m b e r e d  h a r m o n i c s .

The e n c o d i n g  m e t h o d s  d e s c r i b e d  i n  C h a p t e r s  4 a nd  5 u s e d  t h e  w a v e s h a p e  
i n  a v e r y  s t r a i g h t f o r w a r d  a nd  c o m p u t a t i o n a l l y  s i m p l e  m a n n e r .  
B e g i n n i n g  w i t h  a p u r e  s i n e  wave  d e f i n e d  by 128 v a l u e s ,  r andom v a l u e s  
w e r e  c h o s e n  a nd  s u b s t i t u t e d  f o r  r an d o m p o s i t i o n s  i n  t h e  s i n e  f u n c t i o n  
u n t i l  t h e  s h a p e  o f  t h e  s i n e  was  l o s t  a nd  a b u z z  r e s u l t e d .  T h i s  me t h o d  
i n d e e d  p r o v i d e d  a v a r y i n g  s o u n d  b u t  d i d  n o t  a d d r e s s  t h e  f u l l  r a n g e  of  
p o s s i b l e  d i s c r i m i n a t i o n s  b a s e d  on  t i m b r e .  At  l e a s t  two a p p r o a c h e s  a r e  
w o r t h  c o n s i d e r a t i o n .  The f i r s t  i s  t h a t  o f  a l t e r i n g  t h e  w a v e s h a p e  
i t s e l f  by c h a n g i n g  d i s c r e t e  v a l u e s .  A s e c o n d  i s  t o  c r e a t e  t h e  
w a v e s h a p e  by a d d i n g  c o m p o n e n t s .  More c o n t r o l  of  t h e  w a v e s h a p e  a l l o w s  
more  n o t i c e a b l e  n o t e  d i f f e r e n t i a t i o n .
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V a r y i n g  f r om a s i n e  wave  t o  a r an d o m b u z z  i s  one  e x a m p l e  of  t h e  f i r s t  
a p p r o a c h .  Use o f  v a r i o u s  f u n c t i o n s ,  s u c h  a s  s i n e ,  s q u a r e ,  o r  s a w t o o t h  
( r e f e r  t o  S e c t i o n  2 . 1 ) ,  i s  a n o t h e r .  One p o s s i b l e  a l t e r n a t i v e  i s  t o  
move f rom a g i v e n  w a v e s h a p e  ( s a y ,  t h a t  o f  a c l a r i n e t )  t o  some o t h e r  
( s a y ,  t h a t  of  a t r u m p e t ) .  Suc h  i n t e r p o l a t i o n  n e e d s  c a r e f . u l  t h o u g h t ,  
e s p e c i a l l y  t o  i n s u r e  a s mo o t h  a nd  e v e n  t r a n s i t i o n .

The s e c o n d  a p p r o a c h  s u g g e s t s  c r e a t i n g  a w a v e s h a p e  and  d i r e c t l y
c o n t r o l l i n g  t h e  o v e r t o n e s  f o r  e a c h  d a t a  v a l u e .  T h i s  o f f e r s  an
a d d i t i o n a l  c a p a b i l i t y ,  p a r t i c u l a r l y  t o  u s e r s  w i t h  some m u s i c a l
t r a i n i n g .  B u i l d i n g  a w a v e s h a p e  o f  c h o s e n  o v e r t o n e s  c o n t r o l s  t h e
h a r mony  o r  d i s s o n a n c e  of  t h e  s o u n d .  The amount  of  d i s s o n a n c e  becomes  
an  a d d i t i o n a l  s o u n d  p a r a m e t e r .  I f  two o r  more  n o t e s  a r e  b e i n g  u s e d  
s i m u l t a n e o u s l y ,  h a r m o n i c  v a r i a t i o n s  may be  a more  m e a n i n g f u l  way to  
v a r y  t h e i r  r e s p e c t i v e  p i t c h e s  t h a n  by an a b s o l u t e  m a p p i n g  of  v a r i a b l e  
v a l u e s  d i r e c t l y  t o  p i t c h .

Stereo

S t e r e o  s o u n d  c a n  be  a c h i e v e d  q u i t e  e a s i l y  g i v e n  a t  l e a s t  two o u t p u t  
s o u n d  s i g n a l s  a nd  h e a d p h o n e s  o r  d u a l  s p e a k e r s .  Chowning  [ 1 5 ]  h a s  gone 
a s t e p  f u r t h e r  by  e x a m i n i n g  t h e  s p a t i a l  o r i e n t a t i o n  o f  s o u n d .  Thus  
a n o t h e r  a s p e c t  o f  s o u n d  o f f e r s  i t s e l f  f o r  u s e  i n  p r e s e n t i n g  d a t a .

F o r  a s i n g l e  n o t e  e n c o d i n g ,  s t e r e o  m i g h t  be u s e d  t o  r e p r e s e n t  one  of  
t h e  v a r i a b l e  v a l u e s .  F o r  e x a m p l e .  i n  s e n d i n g  one  n o t e  t o  two 
s p e a k e r s ,  t h e  s t e r e o  v a l u e  m i g h t  d e t e r m i n e  t h e  a m p l i t u d e s  of  e a c h  
s i g n a l  g o i n g  t o  i t s  r e s p e c t i v e  s p e a k e r .

L o c a t i o n  v a r i a t i o n  i s  p e r h a p s  more  s t r a i g h t f o r w a r d  t h o u g h  l e s s  e a s i l y  
i m p l e m e n t e d .  The v a l u e  of  t h e  v a r i a b l e  mapped t o  l o c a t i o n  d e t e r m i n e s  
t h e  l o c a t i o n  of  t h e  s o u n d .  T h i s  c a p a b i l i t y  h a s  a d i r e c t  
c o r r e s p o n d e n c e  t o  g r a p h i c a l  p l o t t i n g .  I t  seems  p a r t i c u l a r l y  
a p p l i c a b l e  t o  t h r e e - d i m e n s i o n a l  d a t a  s i n c e  l o c a t i o n  i s  c o n s i d e r e d  in  a 
t h r e e - d i m e n s i o n a l  s p a c e .  The c o m p a r i s i o n  of  t h r e e - d i m e n s i o n a l  p l o t s  
w i t h  t h r e e - d i m e n s i o n a l  s o u n d s  i s  i n t r i g u i n g .
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J a n u a r y - M a r c h  1 9 7 7 " ,  U n i t e d  S l a t e s  D e p a r t m e n t  of  t h e  
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t a b l e —d r i v e n  s o u n d  g e n e r a t i o n  w i t h  a d e t a i l e d  e x p l a n a t i o n  
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p .  119 ,  1962 .
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1977.

MPL u s e s  C h o w n i n g ' s  f r e q u e n c y  m o d u l a t i o n .
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[ 7 1 ]  R e v e s z ,  G . , I n t r o d u c t i o n  to  t h e  P s y c h o l o g y  o f  M u s i c ,  U n i v e r s i t y  
o f  Ok l a homa  P r e s s ,  1954 .

T h i s  i s  an e x c e l l e n t  r e f e r e n c e  a b o u t  t h e  p e r c e p t i o n  of  
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L a w r e n c e  L i v e r m o r e  N a t i o n a l  L a b o r a t o r y ,  L i v e r m o r e ,  C a l i f . ,  
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p .  7 ,  1972.
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[ 8 3 ]  S n e l l ,  J . ,  " D e s i g n  of  a D i g i t a l  O s c i l l a t o r  Which  W i l l  G e n e r a t e  
Up t o  256  Low D i s t o r t i o n  S i n e  Waves  i n  R e a l  T i me ” , Co mp u t e r  
M u s i c  J o u r n a l ,  Vo l .  1,  No.  2 ,  1977.

[ 8 4 ]  S p e e t h ,  S . D . ,  " S e i s m o m e t e r  S o u n d s " ,  The J o u r n a l  o f  t he  A c o u s t i c a l  
S o c i e t y  o f  A m e r i c a ,  V o l .  3 3 ,  No.  7 ,  1961.
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P r o c e e d i n g s  o f  t h e  IEEE,  V o l .  6 3 ,  No.  4 ,  p .  6 7 8 ,  1975.

[ 8 7 ]  S t r a w n ,  J .  ( e d i t o r i a l  n o t e s )  w i t h  J . A .  M o o r e r ,  a nd  J .  G r e y ,
" L e x i c o n  o f  A n a l y z e d  T o n e s " ,  C o m p u t e r  A f us i c  J o u r n a l , V o l .  1 
No.  3 ,  1977 .

The a r t i c l e  c o n t a i n s  a h e l p f u l  e x p l a n a t i o n  o f  t i m b r e .

[ 8 8 ]  T a y l o r ,  C . A . ,  The P h y s i c s  o f  M u s i c a l  S o u n d s ,  A m e r i c a n  E l s e v i e r ,
New Y o r k ,  1965 .

T h i s  book  i s  an e x c e l l e n t  r e f e r e n c e  book  f o r  a v e r y  
t h o r o u g h  a nd  t e c h n i c a l  d i s c u s s i o n  o f  s o u n d .

[ 8 9 ]  T e n n e y ,  J . C . ,  "The  P h y s i c a l  C o r r e l a t e s  o f  T i m b r e " ,  C r a v e s a n e r
B l a t t e r ,  V o l .  7 ,  No.  2 6 ,  p .  106 ,  1965 .

Te n n e y  i n c l u d e s  a d i s c u s s i o n  o f  t i m b r e  w h i c h  i s  r e l e v a n t  
t o  p s y c h o a c o u s t i c s .

[ 9 0 ]  T e n n e y ,  J . C . ,  " S o u n d  G e n e r a t i o n  by  Means  of  a D i g i t a l  C o m p u t e r " ,
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^ 9 1 ]  T o b i a s ,  J . V . ,  e d i t o r ,  F o u n d a t i o n s  o f  Moder n  A u d i t o r y  T h e o r y ,  
Volume I I ,  Ac a de mi c  P r e s s ,  New Yo r k ,  1972.

^ 9 2 ]  T r e m a i n e ,  H . M. ,  A u d i o  C y c l o p e d i a ,  Howard W. Sams,  I n d i a n a p o l i s ,  
I n d i a n a ,  1973 .

[ 9 3 ]  T r u a x , B . ,  " O r g a n i z a t i o n a l  T e c h n i q u e s  f o r  C:M R a t i o s  in
F r e q u e n c y  M o d u l a t i o n " ,  C ompu t e r  M u s i c  J o u r n a l ,  Vo l .  1,
No.  4 ,  1978.

The p a p e r  c o n t a i n s  good  i n f o r m a t i o n  on FM p a r a m e t e r s .

[ 9 4 ]  T u k e y ,  J . ,  E x p l o r a t o r y  D a t a  A n a l y s i s ,  A d d i s o n - W e s 1e y , Menlo
P a r k ,  C a l i f . ,  1977.

The book  c o n t a i n s  a w o n d e r f u l  d e s c r i p t i o n  of  a v a r i e t y  of  
t e c h n i q u e s  f o r  d a t a  a n a l y s i s .

[ 9 5 ]  von  F o e r s t e r ,  H. and  J .  Be a uc ha mp ,  M u s i c  By C o m p u t e r s ,  W i l e y ,
New Y o r k , 1969 .

A l t h o u g h  t h i s  i s  a good  o v e r v i e w  of  t h e  s u b j e c t ,  t h e  
p r i m a r y  f o c u s  i s  on m u s i c  c o m p o s i t i o n  and  m u s i c  a n a l y s i s .

[ 9 6 ]  W e a v e r ,  J . ,  D i s c r e t e  a n d  C o n t i n u o u s  F o u r i e r  A n a l y s i s , V o l t m e s
1 - 3 ,  L a wr e n c e  L i v e r m o r e  N a t i o n a l  L a b o r a t o r y ,  L i v e r m o r e ,  
C a l i f . ,  i n t e r n a l  r e p o r t  UCIR 9 9 6 ,  1977.

T h e s e  t h r e e  v o l u m e s  p r o v i d e  an e x c e l l e n t  c o u r s e  i n  F o u r i e r  
a n a l y s i s  a nd  t r a n s f o r m s .  C h a p t e r  1 i n t r o d u c e s  t he  
n e c e s s a r y  m a t h e m a t i c a l  b a c k g r o u n d  b e f o r e  t h e  d i s c u s s i o n  
p l u n g e s  i n t o  F o u r i e r  s e r i e s .  The book  c o n t a i n s  many 
e x a m p l e s  w i t h  a p a r t i c u l a r  f o c u s  on t h e  a p p l i c a t i o n  of  t he  
m a t h e ma t  i c s .

[ 9 7 ]  W i l s o n ,  S . R . ,  " Sound  a nd  E x p l o r a t o r y  D a t a  A n a l y s i s " ,  The
R e s e a r c h  S c h o o l  o f  S o c i a l  S c i e n c e s ,  The A u s t r a l i a n  N a t i o n a l  
U n i v e r s i t y ,  C a n b e r r a ,  A u s t r a l i a ,  d r a f t ,  1980.
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T h i s  p a p e r  s u g g e s t s  a m u s i c a l  r e p r e s e n t a t i o n  of  
m u l t i v a r i a t e  d a t a  a nd  o f f e r s  a t h o r o u g h  d e s c r i p t i o n  of  t h e  
m e t h o d  u s e d .  I t  i s  a u n i q u e  a p p r o a c h  a nd  i s  p a r t i c u l a r l y  
i n t e r e s t i n g  i n  c o m p a r i s o n  w i t h  o t h e r  t e c h n i q u e s .

£ 9 8 ]  W i n c k e l ,  F . ,  i f u s i c , S o u n d  a n d  S e n s a t i o n ,  D o v e r ,  New Y o r k ,  1967.

[ 9 9 ]  Yeung ,  E . S . ,  " P a t t e r n  R e c o g n i t i o n  by Au d i o  R e p r e s e n t a t i o n " ,  
A n a l y t i c a l  C h e m i s t r y ,  V o l .  5 2 ,  No.  7 ,  p .  1120 ,  1980.

To e x a m i n e  m u l t i v a r i a t e  d a t a ,  e a c h  m e a s u r e m e n t  of  a 
i b -d i mens  i o n e  I d a t a  v e c t o r  i s  t r a n s l a t e d  i n t o  a p r o p e r t y  of  
s o u n d .  Yeung r e p o r t s  e x c e l l e n t  r e s u l t s  when t h e  m e t ho d  
was  a p p l i e d  t o  p a t t e r n  r e c o g n i t i o n .  T h i s  p a p e r  i s  a 
l e a d e r  i n  t h e  a r e a  o f  u s i n g  s o u n d  f o r  d a t a  
d i  s c r  i m i n a t  i o n .
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APPENDIX A: RECORDING

The a c c o m p a n y i n g  r e c o r d i n g  c o n t a i n s  e x a m p l e s  of  t h e  s o u n d s  u s e d  to  
p r e s e n t  d a t a .  L i s t e n i n g  t o  t h i s  r e c o r d i n g  w i l l  h e l p  u n d e r s t a n d i n g  of  
t h e  p r o c e d u r e s  a nd  i d e a s  d e s c r i b e d  i n  t h i s  p a p e r .

The s e c t i o n s  l a b e l e d  P h a s e  2 E x p e r i m e n t ,  F i s h e r  I r i s  D a t a ,  and  S p e c t r a  
D a t a  a r e  a r r a n g e d  so  t h a t  t h e  l i s t e n e r  c a n  h e a r  t h e  t r a i n i n g  s a m p l e s  
a nd  t h e n  t r y  t o  s e l e c t  t h e  c o r r e c t  s e t  f o r  e a c h  t e s t  i t e m .  Th e s e  t e s t  
i t e m s  a r e  i d e n t i f i e d  i n  t h e  t e x t  f o r  c h e c k i n g  t h e  r e s u l t s  of  a. 
s e l f —t e s t  o r  f o r  r e a d i n g  w h i l e  l i s t e n i n g  t o  t h e  n o t e s .

1; Parameter Variations

E a c h  v a r i a b l e  v a l u e  was  mapped  t o  t h e  ( 0 . 0 ,  1 . 0 )  r a n g e .  Ea c h  s ound
p a r a m e t e r  was  v a r i e d  o v e r  some i n t e g r a l  number  of  l e v e l s .  A v a r i a b l e
v a l u e  c a n  be  e a s i l y  mapped  t o  a c o r r e s p o n d i n g  l e v e l  o f  a s ound
p a r a m e t e r .  T h u s ,  a v a l u e  o f  0 . 0  c a u s e s  t h e  l o w e s t  p i t c h  ( 130  H z ) ,  t h e  
s o f t e s t  v o l u m e ,  o r  t h e  s h o r t e s t  d u r a t i o n  ( 5 5  m s e c ) .  A v a l u e  of  1 . 0  
maps  t o  t h e  h i g h e s t  p i t c h  ( 2 0 0 0  H z ) ,  t h e  l o u d e s t  v o l u m e ,  o r  t h e  
l o n g e s t  d u r a t i o n  ( 1 . 0 5  s e c o n d ) .  F o r  a t t a c k ,  a v a l u e  of  0 . 0  w i l l  c a u s e  
a s l o w  a t t a c k  e n v e l o p e  a nd  a v a l u e  of  1 . 0  w i l l  c a u s e  a h i g h ,  s h a r p  
a t t a c k  e n v e l o p e .  0 . 0  maps  t o  a p u r e  s i n e  w a v e s h a p e  f o r  e i t h e r  t he  
f u n d a m e n t a l  w a v e s h a p e  o r  t h e  o v e r t o n e  w a v e s h a p e .  1 . 0  maps  t o  a r andom 
w a v e s h a p e  f o r  e i t h e r  t h e  f u n d a m e n t a l  o r  t h e  o v e r t o n e .  S e c t i o n  4 . 1  
c o n t a i n s  a c o m p l e t e  d e s c r i p t i o n  of  t h e  p a r a m e t e r  v a r i a t i o n s .

On t h e  r e c o r d i n g ,  e a c h  s o u n d  p a r a m e t e r  v a r i e s  f o r  d a t a  v a l u e s
0 . 0 ,  0 . 1 ,  0 . 2 ............. 1 . 0  w h i l e  t h e  o t h e r  f i v e  p a r a m e t e r s  a r e  h e l d
c o n s t a n t .  The c o n s t a n t  v a l u e s  f o r  p i t c h ,  v o l u m e ,  and d u r a t i o n  
c o r r e s p o n d  t o  d a t a  v a l u e s  of  0 . 5 .  When n o t  b e i n g  v a r i e d ,  t h e  a t t a c k
i s  c o n s t a n t  ( 1 . 0 ) ,  t h e  w a v e s h a p e  i s  p u r e  ( 0 . 0 ) ,  and  t h e  o v e r t o n e  i s
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n o t  u s e d .  The f i r s t  s e c t i o n  on t h e  r e c o r d i n g  i l l u s t r a t e s  t h e s e  
p a r a m e t e r  v a r i a t i o n s .

LI STEN  t o  e l e v e n  v a r i a t i o n s  f o r  e a c h  of  t h e  s i x  s o u n d  p a r a m e t e r s ;  
p i t c h ,  v o l u m e ,  d u r a t i o n ,  a t t a c k ,  f u n d a m e n t a l  w a v e s h a p e ,  a nd  o v e r t o n e  
w a v e s h a p e .

2: Normall«ation

P a i r s  o f  d a t a  s e t s  w e r e  u s e d  t o  v e r i f y  t h a t  i n f o r m a t i o n  was  p r e s e n t e d  
m e a n i n g f u l l y  a nd  c o n s i s t e n t l y  t o  l i s t e n e r s .  F i r s t ,  S e t  2 d a t a  was 
t r a n s l a t e d  r e l a t i v e  t o  S e t  1 d a t a .  S e c o n d ,  S e t  2 d a t a  was  s c a l e d  
r e l a t i v e  t o  S e t  1 d a t a .  T h i r d ,  S e t  1 v a r i a b l e s  h a d  a . 99  c o r r e l a t i o n  
w i t h  e a c h  o t h e r  w h i l e  S e t  2 v a r i a b l e s  h a d  no c o r r e l a t i o n .  S e c t i o n  5 . 2  
c o n t a i n s  a c o m p l e t e  d e s c r i p t i o n  of  t h e  n o r m a l i z a t i o n  ( P h a s e  1) 
e x p e r i m e n t s  a nd  F i g u r e  5 . 1  i l l u s t r a t e s  t h e  d a t a  s e t  d i f f e r e n c e s .

The d a t a  was  s i x - d i m e n s i o n a l  w i t h  e a c h  d i m e n s i o n  v a r y i n g  i n  t h e  same 
wa y .  T h u s ,  t h e  m a p p i n g  b e t w e e n  d a t a  v a r i a b l e s  a nd  s o u n d  p a r a m e t e r s  
was n o t  s i g n i f i c a n t .

Translation

In t h e  f i r s t  p a i r  o f  d a t a  s e t s .  S e t  2 was  t r a n s l a t e d  by 3 s t a n d a r d  
d e v i a t i o n s .  N o t e  t h a t  S e t  2 s o u n d s  a r e  s h a r p e r ,  l o u d e r ,  l o n g e r ,  
h i g h e r ,  a nd  b u z z i e r .  In  t h e  s e c o n d  p a i r .  S e t  2 was  t r a n s l a t e d  o n l y  1 
s t a n d a r d  d e v i a t i o n .  S e t  2 d a t a  a n d  S e t  1 d a t a  more  f r e q u e n t l y  o v e r l a p  
b u t  S e t  2 s t i l l  h a s  a n o t i c e a b l y  s h a r p  a t t a c k  a nd  l o n g  d u r a t i o n .

LI STEN  t o  t h e  t r a n s l a t i o n  p a i r s .

Scaling

In t h e  f i r s t  p a i r  of  s c a l e d  d a t a  s e t s .  S e t  2 was  s c a l e d  by 8 s t a n d a r d  
d e v i a t i o n s .  N o t e  t h a t  S e t  1 s a m p l e s  a r e  v e r y  m i d - r a n g e  a nd  a l l  s ound  
v e r y  much a l i k e .  S e t  2 s a m p l e s  seem t o  jump a l l  a r o u n d .  They  may be
h i g h  a n d  s h o r t ,  s o f t  a nd  low,  o r  any  c o m b i n a t i o n  w h a t s o e v e r  of
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p a r a m e t e r s .  In t h e  s e c o n d  p a i r .  S e t  2 was  s c a l e d  by 4 s t a n d a r d
d e v i a t i o n s .  Ten v a l u e s  w i l l  be  p l a y e d  f rom e a c h  s e t  f o r  e a c h  of  two 
s e a  1 i n g s .

LI STEN  t o  t h e  s c a l e d  p a i r s .

Correlation

S e t  1 v a r i a b l e s  h a d  a . 99  c o r r e l a t i o n  w h i l e  t h e  v a r i a b l e s  i n  S e t  2 had  
no c o r r e l a t i o n .  T h u s ,  S e t  1 s o u n d s  h a v e  c o r r e s p o n d i n g
c h a r a c t e r i s t i c s .  A s a m p l e  i n  S e t  1 w h i c h  i s  low in  p i t c h  i s  a l s o  
s o f t ,  s h o r t ,  v e r y  p u r e ,  a nd  h a s  a l ong  a t t a c k .  A S e t  1 s amp l e  w h i c h  
i s  l o u d  i s  a l s o  l o n g ,  b u z z y ,  h i g h - p i t c h e d ,  a nd  h a s  a s h a r p  a t t a c k  w i t h  
b u z z y  o v e r t o n e .  A good  e x a m p l e  of  t h e  d i f f e r e n c e  i n  S e t  2 i s  t he  
f o u r t h  t r a i n i n g  s a m p l e  w h i c h  h a s  low p i t c h  ( a  low d a t a  v a l u e )  b u t  l oud  
vo l ume  a n d  l o n g  d u r a t i o n  ( h i g h  d a t a  v a l u e s ) .  Ten v a l u e s  w i l l  be 
p l a y e d  f r om e a c h  s e t  o f  t h e  c o r r e l a t i o n  p a i r .

LI STEN  t o  t h e  c o r r e l a t i o n  p a i r .

3: Phase 2 Blatperiment

T h e s e  s o u n d s  a r e  a s u b s e t  of  t h o s e  w h i c h  w e r e  u s e d  a s  p a r t  of  t h e  
t r a i n i n g  a nd  t e s t i n g  f o r  P h a s e  2 of  t h e  e x p e r i m e n t s  d e s c r i b e d  in
S e c t i o n  5 . 3 .  The s i x —d i m e n s i o n a 1 e x p e r i m e n t  d a t a  was mapped i n t o  s i x
p a r a m e t e r s  o f  s o u n d .  T h e s e  p a r a m e t e r s  w e r e  p i t c h ,  v o l u m e ,  d u r a t i o n ,  
a t t a c k ,  f u n d a m e n t a l  w a v e s h a p e ,  a nd  o v e r t o n e  w a v e s h a p e .  Each  
p a r t i c i p a n t  was  g i v e n  t e n  s a m p l e s  f r om S e t  1 and  t e n  s a m p l e s  f rom S e t  
2 a s  t r a i n i n g .  S u b s e q u e n t l y ,  f o r t y  t e s t  s a m p l e s  w e r e  p l a y e d ,  one  a t  a 
t i m e .  The p a r t i c i p a n t  r e p e a t e d  t h e  t e s t  s amp l e  a s  o f t e n  a s  d e s i r e d
b e f o r e  i n d i c a t i n g  w h e t h e r  t h e  s a m p l e  b e l o n g e d  i n  S e t  1 o r  i n  S e t  2 .

Training Sets

Ten s a m p l e s  w e r e  r a n d o m l y  s e l e c t e d  f rom S e t  1 and  t e n  f rom S e t  2 f o r  
t r a i n i n g .  V a r i a b l e  1 was  mapped  t o  w a v e s h a p e ,  2 t o  o v e r t o n e ,  3 t o  
p i t c h , .  4 t o  a t t a c k ,  5 t o  d u r a t i o n ,  and 6 t o  v o l u m e .  At m o s t ,  one  of
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p i t c h ,  w a v e s h a p e ,  o r  o v e r t o n e  h a s  a h i g h  v a l u e  i n  S e t  2 .  ( R e f e r  t o  
S e c t i o n  5 . 3  f o r  more  d e t a i l s  of  t h e  d a t a  s e t s ) .  N o t e  t h a t  S e t  2 
s a m p l e s  a r e  i n  g e n e r a l  s o f t ,  l ow,  s h o r t ,  a nd  p u r e  s o u n d i n g .

F o r  r e f e r e n c e  t o  t h e  a c t u a l  d a t a  ( A p p e n d i x  B ) ,  t h e  t r a i n i n g  s a m p l e  
s e q u e n c e  n u m b e r s  a r e  l i s t e d .  F o r  e x a m p l e ,  t h e  f i r s t  t r a i n i n g  s a m p l e  
i n  S e t  1 i s  s a m p l e  4 3 ,  ( 0 . 9 8 9 ,  0 . 0 5 0 ,  0 . 0 5 2 ,  0 . 2 0 9 ,  1 . 5 1 1 ,  0 . 9 9 2 ) .  
G i v e n  t h a t  v a r i a b l e s  1,  5 ,  a nd  6 w e r e  mapped t o  w a v e s h a p e ,  d u r a t i o n ,
a nd  v o l u m e ,  t h e  n o t e  i s  n o t i c e a b l y  l o u d ,  l o n g ,  a nd  b u z z y .  V a r i a b l e  3 
i s  q u i t e  low a s  i s  t h e  c o r r e s p o n d i n g  p i t c h  of  s a mp l e  43 .

S e t  1: 4 3 ,  4 9 ,  2 8 ,  6 ,  3 3 ,  3 7 ,  14,  2 4 ,  4 6 ,  21

S e t  2 :  5 0 ,  18,  2 7 ,  9 ,  4 ,  3 0 .  4 8 ,  19,  10,  11

LI STEN  t o  t h e  t e n  t r a i n i n g  n o t e s  f o r  S e t  1 a nd  t h e  t e n  f o r  S e t  2.  

Testing

LI STEN  t o  t w e n t y  of  t h e  t e s t  s a m p l e s .

The c o r r e c t  i d e n t i f i c a t i o n  f o r  t h e  s a m p l e s  i s  a s  f o l l o w s .

#1 i s  S e t  2 ,  s a m p l e  3 2 .  I t  i s  v e r y  s h o r t ,  s o f t ,  and
low i n  p i t c h .

#2 i s  S e t  1,  s a m p l e  3 9 .  T h i s  n o t e  i s  n o t i c e a b l y  
l o n g e r .  l o u d e r ,  a nd  h i g h e r  i n  p i t c h .

#3 i s  S e t  1,  s a m p l e  4 0 .  The m i d - r a n g e  p i t c h  a nd  b u z z
i n d i c a t e  t h a t  i t  i s  n o t  i n  S e t  2 .

#4 i s  S e t  2 ,  s a m p l e  12.  A l t h o u g h  i t  i s  a h i g h e r  n o t e ,  
i t  i s  s o f t  w i t h  a l o n g  a t t a c k .

#5 i s  S e t  2 ,  s a m p l e  2 5 .  The n o t e  i s  low i n  p i t c h  a nd
s h o r  t .
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#6 i s  S e t  1,  s a m p l e  2 7 .  The l o u d  volume a nd  l o n g e r  
d u r a t i o n  a r e  i n d i c a t i v e  o f  S e t  1.

#7 i s  S e t  2 ,  s a m p l e  2 .  The p i t c h  i s  h i g h  and  s l i g h t l y  
l o n g ,  b u t  a l l  e l s e  r e m a i n s  low as  e x p e c t e d  in  S e t  
2 .

#8 i s  S e t  1, s a mp l e  4 5 .  Many h i g h e r  v a l u e s  a r e  
r e p r e s e n t e d  by a s h a r p e r  a t t a c k  a nd  b u z z y  n o t e .

#9 i s  S e t  2 ,  s a mp l e  4 2 .  A l t h o u g h  t h e  n o t e  i s  b u z z y ,  i t  
i s  s h o r t  a nd  s o f t e r  w i t h  a s l o w  a t t a c k .

#10 i s  S e t  2 ,  s a m p l e  38 .  The n o t e  i s  v e r y  low and 
s h o r  t .

#11 i s  S e t  1,  s a m p l e  2 0 .  The n o t e  i s  l o u d  w i t h  a s h a r p  
a t t a c k  d e s p i t e  b e i n g  low a nd  s h o r t .

#12 i s  S e t  2 ,  s a m p l e  3 4 .  I t  i s  low a nd  o t h e r w i s e  a b i t  
mi d - r a n g e .

#13 i s  S e t  1, s a m p l e  15.  The n o t e  i s  t o o  h i g h  and l ong  
t o  be  i n  S e t  2 .

#14 i s  S e t  1,  s a m p l e  3 .  The n o t e  i s  h a r d e r  t o  p l a c e  in 
e i t h e r  S e t  1 o r  S e t  2 by l i s t e n i n g .  I t  i s  a b i t  
t o o  l o n g  a nd  l o u d  f o r  S e t  2 .  g i v e n  o t h e r  m i d - r a n g e  
v a l u e s .

#15 i s  S e t  1,  s a mp l e  3 0 .  The n o t e  i s  low b u t  a l s o  l ong  
w i t h  a s h a r p  a t t a c k .

#16 i s  S e t  2 ,  s a m p l e  4 1 .  The n o t e  i s  o n l y  m i d - r a n g e  in 
p i t c h  a nd  s o f t  a nd  s h o r t .

#17 i s  S e t  1,  s a m p l e  2 3 .  S e t  1 c h a r a c t e r i s t i c s  a r e  t h e  
s h a r p  a t t a c k ,  t h e  h i g h  v o l u m e ,  and  t h e  d u r a t i o n .



SOUND a n d  COMPUTER INFORMATION PRESENTATION P a g e  100

#18 i s  S e t  2 ,  s a m p l e  2 3 .  The n o t e  i s  l o u d e r  t h a n  u s u a l  
f o r  S e t  2 ,  b u t  i t  h a s  a s l o w  a t t a c k  a nd  a low 
p i t c h .

#19 i s  S e t  1,  s a m p l e  18.  The n o t e  i s  s h o r t  b u t  h a s  t h e  
l o u d e r  vo l ume  a nd  s h a r p e r  a t t a c k  of  S e t  1. The 
s h o r t  d u r a t i o n  make s  i t  d i f f i c u l t  t o  h e a r  t h e  
b u z z  i n e s s .

#20 i s  S e t  2 ,  s a m p l e  4 4 .  A n o t e  w i t h  no o u t s t a n d i n g  
f e a t u r e s  i s  c h a r a c t e r i s t i c  of  S e t  2 ( p a r t i c u l a r l y  
s i n c e  t h e  a t t a c k  i s  n o t i c e a b l y  s l o w ) .

4: FiacliT Iris Data

R. A. F i s h e r  u s e d  m e a s u r e m e n t s  f r o m  f i f t y  p l a n t s  f o r  e a c h  of  t h r e e  
s p e c i e s .  I r i s  s e t o s a .  I r i s  v e r s i c o l o r .  a nd  I r i s  v i r g i n i c a ,  f o r  
d i s c r i m i n a n t  a n a l y s i s  by  l i n e a r  f u n c t i o n s  d u r i n g  t h e  1 9 3 0 s .  T h i s  d a t a  
c o n s i s t s  o f  f o u r  v a r i a b l e s  f o r  e a c h  f l o w e r :  s e p a l  l e n g t h ,  s e p a l
w i d t h ,  p e t a l  l e n g t h ,  a nd  p e t a l  w i d t h .  S i n c e  s e v e r a l  s t u d i e s  i n  
d i s c r i m i n a n t  a n a l y s i s  r e f e r  t o  t h i s  d a t a ,  i t  i s  i n c l u d e d  h e r e .  
S e c t i o n  4 . 1  a l s o  d e s c r i b e s  t h e  i r i s  d a t a .

Training

T h e r e  a r e  o n l y  f o u r  v a r i a b l e s ,  s o  no o v e r t o n e  was  u s e d  a nd  t h e  a t t a c k  
was  a c o n s t a n t  s h a r p  a t t a c k .  By l i s t e n i n g  t o  t h e  n o t e s ,  t h e  s o u n d s  
f o r  e a c h  s e t  c a n  be  g e n e r a l i z e d .  The n o t e s  i n  S e t  1 a r e  e x t r e m e l y  low 
p i t c h e d ,  s h o r t ,  a nd  l o u d .  S e t  2 n o t e s  a nd  S e t  3 n o t e s  a r e  h i g h e r  and  
l o n g e r ,  b u t  S e t  2 n o t e s  a r e  m i d r a n g e  i n  p i t c h  w h i l e  S e t  3 n o t e s  a r e  
g e n e r a l l y  h i g h e r  p i t c h e d ,  l o n g e r ,  a nd  s l i g h t l y  b u z z y .

LI STEN  t o  t e n  t r a i n i n g  s a m p l e s  f o r  e a c h  o f  t h e  t h r e e  d a t a  s e t s .
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Testing

LI S TEN  t o  t e n  of  t h e  t e s t  s a m p l e s .

The c o r r e c t  i d e n t i f i c a t i o n  f o r  t h e  s a m p l e s  i s  a s  f o l l o w s .

#1 b e l o n g s  t o  S e t  1. The n o t e  i s  s o f t ,  l ow.  a nd  s h o r t .

#2 b e l o n g s  t o  S e t  3 .  N o t e  t h e  h i g h  p i t c h  a nd  long  
d u r a t i o n  of  a v e r y  p u r e  t o n e .

#3 b e l o n g s  t o  S e t  3 .  T h i s  n o t e  i s  s l i g h t l y  l o n g e r  and  
l e s s  p u r e  b u t  s t i l l  h i g h .

#4 b e l o n g s  t o  S e t  2 .  No t e  t h e  m i d - r a n g e  o f  a l l
p a r a m e t e r s .

#5 b e l o n g s  t o  S e t  1.  As u s u a l ,  a S e t  1 n o t e  i s  low,  
s h o r t ,  a nd  s o f t .  N o t e  t h a t  t h i s  e x a m p l e  i s  
e s p e c i a l l y  b u z z y .

#6 b e l o n g s  t o  S e t  3 .  The n o t e  i s  l o n g  a nd  h i g h
p i t c h e d .

§7  b e l o n g s  t o  S e t  2 .  I t ' s  a p u r e - s o u n d i n g  t o n e  w i t h  
v e r y  m i d - r a n g e  c h a r a c t e r i s t i c s .

#8 b e l o n g s  t o  S e t  1. The e s p e c i a l l y  low p i t c h  i s
c l e a r l y  i n d i c a t i v e  of  S e t  1.

#9 b e l o n g s  t o  S e t  3 .  No t e  t h a t  t h i s  i s  l o n g e r  and  
l o u d e r  t h a n  #6 .

#10 b e l o n g s  t o  S e t  2 .  T h i s  n o t e  i s  v e r y  p u r e ,  b u t  
m i d - r a n g e  o t h e r w i s e .
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S; Spectra Data

A c t u a l  7 - r a y  s p e c t r a  d a t a  c o n s i s t e d  o f  f o u r  s e t s  of  1 7 - d i m e n s i o n a I  
d a t a .  A f t e r  t r a n s f o r m i n g  t h e  o r i g i n a l  d a t a  w i t h  a p r i n c i p a l  c o mpone n t  
a n a l y s i s ,  t h e  r e s u l t i n g  f i r s t  s i x  p r i n c i p a l  c o m p o n e n t s  w e r e  u s e d  a s  
t h e  s i x  v a r i a b l e s  f o r  e a c h  s a m p l e .

Trainin£

Li k e  t h e  i r i s  d a t a ,  t h e  s p e c t r a  d a t a  h a s  no w e l l - d e f i n e d  a l g o r i t h m  f o r  
d e t e r m i n i n g  t h e  d i f f e r e n t  s e t s .  The n o t e s  i n  S e t  1 a r e  low i n  p i t c h ,  
l o u d ,  somewhat  b u z z y ,  a nd  m i d - d u r a t i o n .  S e t  2 n o t e s  a r e  h i g h e r ,  
l o u d e r ,  a nd  w i t h  a s h a r p  a t t a c k  a s  a r e  S e t  3 n o t e s .  Ho we v e r ,  S e t  3 
n o t e s  d i f f e r  f r om S e t  2 n o t e s  by b e i n g  s h o r t e r  a nd  a b i t  more  b u z z y .  
S e t  4 n o t e s  a r e  n o t i c e a b l y  h i g h e r  i n  p i t c h  t h a n  any  of  t h e  o t h e r s .

LI STEN  t o  t e n  t r a i n i n g  s a m p l e s  f o r  e a c h  o f  t h e  f o u r  d a t a  s e t s .

Testing

LI STEN  t o  t e n  of  t h e  t e s t  s a m p l e s .

The c o r r e c t  i d e n t i f i c a t i o n  f o r  t h e  s a m p l e s  i s  a s  f o l l o w s .

# I  b e l o n g s  t o  S e t  2 .  No t e  t h e  s h a r p  a t t a c k  and
mi d r a n g e  p i t c h .

#2 b e l o n g s  t o  S e t  4 .  N o t e  t h e  h i g h  p i t c h .

#3 b e l o n g s  t o  S e t  4 .  N o t e  t h e  h i g h  p i t c h  a nd  l o n g e r
d u r a t  i o n .

#4 b e l o n g s  t o  S e t  2 .  N o t e  t h e  l o n g e r  d u r a t i o n  w i t h  
some b u z z i n e s s  a nd  o v e r t o n e .

#5 b e l o n g s  t o  S e t  3 .  S e t  3 n o t e s  u s u a l l y  a r e  m i d r a n g e
i n  a l l  p a r a m e t e r s  a nd  s h o r t e r  t h a n  S e t  2 n o t e s .
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§6 b e l o n g s  t o  S e t  2 .  No t e  a g a i n  t h e  l o n g e r  d u r a t i o n  of  
S e t  2 n o t e s .

#7 b e l o n g s  t o  S e t  4 .  The S e t  4 n o t e s  a r e  e a s i l y
d i s t i n g u i s h e d  by t h e  h i g h  p i t c h .

#8 b e l o n g s  t o  S e t  3 .  No t e  t h e  s h o r t e r  d u r a t i o n .

#9 b e l o n g s  t o  S e t  3 .  The s h o r t  d u r a t i o n  s e p a r a t e s  S e t  
3 f r om S e t  2 .

#10 b e l o n g s  t o  S e t  1.  The l owe r  p i t c h  and  l o n g e r
d u r a t i o n  make S e t  1 e a s y  t o  i d e n t i f y .

6: Battle Songa

T h r e e  s o n g s  w e r e  c r e a t e d  f r om t h e  t i m e  d a t a  o u t p u t  of  t h r e e  b a t t l e  
s i m u l a t i o n s .  F o r  e a c h  o f  two s i d e s ,  u n i t s  c o u l d  be  i n  any of  t h r e e  
s t a t e s  —  i n  r e s e r v e ,  i n  t r a n s i t  t o  t h e  f r o n t ,  o r  i n  c omba t  a t  t he  
f r o n t .  L o s s e s  o c c u r r e d  f r om u s e r  s c h e d u l e d  a t t a c k s  o r  f rom m u t u a l  
a t t r i t i o n  a t  t h e  f r o n t .  F o r  a g i v e n  b a t t l e  a t  e a c h  t i me  s t e p ,  t he  
number  o f  u n i t s  a t  t h e  S i d e  A f r o n t  l i n e s ,  t h e  number  of  u n i t s  a t  t he  
S i d e  B f r o n t  l i n e s ,  t h e  number  o f  S i d e  A u n i t s  i n  t r a n s i t ,  and  t h e  
number  o f  S i d e  B u n i t s  i n  t r a n s i t  we r e  r e c o r d e d .  Two n o t e s  we r e  
p l a y e d ,  a p u r e  n o t e  w i t h  s h a r p  a t t a c k  f o r  S i d e  A and  a b u z z y  n o t e  w i t h  
o v e r t o n e  and  l o n g  a t t a c k  f o r  S i d e  B. Fo r  e a c h  n o t e ,  t h e  number  of  
u n i t s  a t  t h e  f r o n t  d e t e r m i n e d  t h e  c o r r e s p o n d i n g  p i t c h  f o r  t h a t  t ime  
s t e p .  The number  o f  u n i t s  i n  t r a n s i t  d e t e r m i n e d  t h e  v o l u m e .  Thus  t h e  
p i t c h  o f  a n o t e  r o s e  a s  t h e  f r o n t  l i n e  u n i t s  i n c r e a s e d ,  and  t h e  vol ume 
i n c r e a s e d  a s  t h e  number  of  u n i t s  mov i ng  t o w a r d  t h e  f r o n t  l i n e  
i n c r e a s e d .  S e c t i o n  4 . 3  c o n t a i n s  a d d i t i o n a l  i n f o r m a t i o n  on b a t t l e  
s o n g s .

Battles With The Same Starting Input

T h r e e  b a t t l e s  w e r e  r u n  w i t h  c o n s t a n t  s t a r t i n g  p a r a m e t e r s .  T h a t  i s ,  a t  
t h e  s t a r t  of  e a c h  b a t t l e ,  t h e  number  of  u n i t s  f o r  S i d e s  A a nd  B d i d  
n o t  v a r y  f rom one  b a t t l e  t o  t h e  n e x t .  A l s o ,  t h e  t i m e s  of  m a j o r
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a t t a c k s  w e r e  s p e c i f i e d .  P r o b a b i l i s t i c  r a n d o m - n u m b e r - g e n e r a t e d  e v e n t s  
d e t e r m i n e d  s p e c i f i c  u n i t  mo v e me n t s  a nd  l o s s e s .

LI S TEN  t o  S i d e  A o f  t h e  f i r s t  b a t t l e .  N o t e  t h e  s h a r p  d e c r e a s e  i n  
p i t c h  w h i c h  s i g n i f i e s  a d e c r e a s e  i n  t h e  number  o f  u n i t s  a t  t h e  f r o n t .

LI S TEN  t o  S i d e  A o f  t h e  s e c o n d  b a t t l e .  Even  t h o u g h  t h e  b a t t l e  b e g a n  
w i t h  t h e  same p a r a m e t e r s ,  t h e  f r o n t  u n i t s  i n c r e a s e  t o  a g r e a t e r  number  
t h a n  i n  t h e  f i r s t  b a t t l e .

L I S TEN  t o  b o t h  s i d e s  o f  t h e  f i r s t  b a t t l e .  D e s p i t e  S i d e  A ' s  l o s s  o f  
u n i t s .  S i d e  A r e g a i n s  s t r e n g t h  a t  t h e  e n d  w i t h  more  f r o n t  u n i t s  t h a n  
S i d e  B h a s .

LI STEN  t o  b o t h  s i d e s  o f  t h e  s e c o n d  b a t t l e .  N o t e  t h e  s t r o n g  comeback  
o f  S i d e  A f r o n t  u n i t s  w h i l e  t h e  number  o f  u n i t s  a t  t h e  f r o n t  o f  S i d e  B 
s t a y s  f a i r l y  c o n s t a n t  i n  t h e  s e c o n d  h a l f  o f  t h e  b a t t l e .

LI S TEN  t o  S i d e  A o f  t h e  t h i r d  b a t t l e .  A l t h o u g h  t h e  vo l ume  i n d i c a t e s  
an  i n c r e a s e  i n  t h e  number  o f  u n i t s  i n  t r a n s i t  a b o u t  h a l f w a y  t h r o u g h  
t h e  b a t t l e .  S i d e  A n e v e r  make s  a s t r o n g  c o m e b a c k .

LI STEN  t o  S i d e  B o f  t h e  t h i r d  b a t t l e .  No t e  t h e  i n c r e a s i n g  number  of  
u n i t s  a t  t h e  f r o n t  f o r  S i d e  B.

LI STEN  t o  b o t h  s i d e s  o f  t h e  t h i r d  b a t t l e .  Once a g a i n ,  t h e  f r o n t  u n i t s  
of  S i d e  A s u d d e n l y  d e c r e a s e .  T h i s  t i m e ,  h o w e v e r .  S i d e  B g r ows  i n  
s t r e n g t h  a nd  e n d s  t h e  b a t t l e  w i t h  more  u n i t s  a t  t h e  f r o n t  t h a n  S i d e  A.

Battles With Varying Start Parameters

In  t h i s  s e t  o f  t h r e e  b a t t l e s ,  t h e  s t a r t  p a r a m e t e r s  f o r  e a c h  of  t h e  
t h r e e  b a t t l e s  d i f f e r e d .

LI STEN  t o  S i d e  A of  t h e  f i r s t  b a t t l e .  The n umbe r  o f  f r o n t  u n i t s  f o r
S i d e  A i n c r e a s e s  w i t h  o n l y  a l i t t l e  f l u c t u a t i o n .

LI S TEN  t o  S i d e  B of  t h e  f i r s t  b a t t l e .  D e s p i t e  some i n c r e a s e  i n  t h e
number  o f  u n i t s  i n  t r a n s i t  f o r  S i d e  B, t h e  number  o f  u n i t s  a t  t h e
f r o n t  d o e s  n o t  i n c r e a s e .
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LI STEN  t o  b o t h  s i d e s  of  t h e  f i r s t  b a t t l e .  No t e  t h a t  S i d e  A a l w a y s  h a s  
more  f o r c e s  a t  t h e  f r o n t  t h a n  S i d e  B. In f a c t ,  t h e  number  of  S i d e  B 
f r o n t  u n i t s  s t a y s  c o n s t a n t  o r  d r o p s .

LI STEN  t o  b o t h  s i d e s  of  t h e  s e c o n d  b a t t l e .  S i d e  A h a s  a s u d d e n  
d e c r e a s e  i n  t h e  number  of  u n i t s  a t  t h e  f r o n t  and  n e v e r  r e g a i n s  e n o u g h  
s t r e n g t h  t o  o v e r c o m e  S i d e  B.

LI STEN  t o  b o t h  s i d e s  of  t h e  t h i r d  b a t t l e .  S i d e  A l o s e s  a few u n i t s  a t  
t h e  f r o n t  b u t  t h e n  r e c o v e r s  t o  e n d  w i t h  g r e a t e r  f o r c e  t h a n  S i d e  B. 
N o t e  t h a t  t h e  number  o f  f r o n t  u n i t s  f o r  S i d e  B w o b b l e s  and  t h a t  S i d e  A 
h a s  a f a i r l y  l a r g e  number  o f  u n i t s  i n  t r a n s i t .
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APPENDIX B: PHASE 2 DATA

The f o l l o w i n g  d a t a  i s  t h e  c o m p l e t e  s e t  of  s a m p l e s  u s e d  f o r  t h e  
e x p e r i m e n t .  P h a s e  2 .  T h i s  i s  t h e  o r i g i n a l  d a t a  b e f o r e  i t  was
n o r m a l i z e d  t o  t h e  ( 0 , 1 )  r a n g e .  Sa mp l e  i , j  i s  t h e  s a mp l e  o f  t h e

s e t .  The MxnxiKum, Sxan i s  t h e  minimum of  t h e  t h r e e  v a l u e s

x2^ + x3^ + x4^ + x5^ + x6^

xl^  + x3^ + x4^ + x5^ + x6^

xl^  + x2^ + x4^ + x5^ + x6^.

Not e  t h a t  t h e  minimum sum i n  S e t  1 i s  a l w a y s  g r e a t e r  t h a n  2 . 2 5  a nd  t h e
minimum sum i n  S e t  2 i s  a l w a y s  l e s s  t h a n  2 . 2 5 .

< amp 1e x l x2 x3 x4 x5 x6 Minimum :

1 , 1 1 .. 700 0..577 0,. 229 1 .. 114 0. . 432 0,. 978 2 . 769
1 . 2 0 . 680 0, .488 1 ,. 126 1 .. 200 0, . 418 0.. 448 2 .516
1 . 3 0.. 222 0. . 892 0,. 748 0, . 665 1 ,. 145 0. .258 2 . 42 9
1 , 4 0.. 906 0. . 169 0. .991 0. . 334 1 ,. 562 0. .838 4 . 103
1 , 5 0 .904 0 .. 669 0 ,. 487 0 .783 1 ,. 665 0 .031 4 .071
1 , 6 2 . 184 0 .645 0,. 815 1 .. 031 0 . 663 0. . 212 2 . 628
1 . 7 0,. 886 0 .366 0 .570 1 ,. 571 2 .. 040 1 .. 357 8 . 930
1 , 8 0 .117 1 ,. 143 0.. 590 0,. 465 0. . 246 2. . 900 9 . 04 9
1 . 9 0,. 435 0.. 236 1 ,. 280 0 ,. 698 1 .. 382 0.. 182 2 . 675
1 , 10 1 ,. 258 0. . 085 1 .. 722 0.. 133 1 ,. 364 0, . 202 3 . 5 0 9
1 , 11 1 .394 0 .775 0 .080 0 .446 0 .541 1 .631 3 . 75 9
1 , 12 0 .807 1 ,.411 0 .515 0 .851 0 .681 0 . 749 2 . 66 5
1 , 13 1 . 355 0 .099 0 .235 2 .054 0 .656 2 . 127 9 .238
1 , 14 0,.498 2 .. 482 0 .370 0 .743 1 .580 0 . 415 3 . 606
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1 , 15 1 . 197 0 . 4 1 1 3 . 198 0 . 370 1 . 241 0 . 3 7 3 3 . 4 1 8
1 , 16 1 . 955 0 . 433 1 . 390 0 . 067 1 . 314 0 . 8 5 8 4 . 5 8 7

1 . 17 0 . 330 0 . 572 0 . 8 1 5 0 . 574 0 . 7 7 8 1 . 606 3 . 9 5 0
1 . 18 2 . 0 1 9 0 . 3 1 7 0 . 737 1 . 144 0.  193 0 . 705 2 . 4 8 7
1 , 19 0 . 9 9 6 0 . 4 2 6 0 . 6 1 3 1 . 6 1 2 0 . 157 0 . 7 1 1 3 . 6 8 6
1 , 20 0 . 775 0 . 359 0 . 5 8 9 0 . 874 0 .281 1 . 61 8 3 . 937
1 , 21 1 . 335 0 . 2 8 0 1 . 0 1 4 0 . 407 2 . 0 7 2 0 .  138 5 . 5 8 4
1 , 22 0 . 2 5 1 2 . 9 3 7 0 . 902 0 . 905 1 . 296 0 . 1 1 8 3 . 3 8 9
1 , 23 1 . 182 0 . 186 0 . 503 1 . 302 0 . 8 0 7 1 . 188 4 . 0 4 5
1 , 24 0 . 7 8 2 0 .  134 1 . 671 2 . 2 5 1 2 . 005 0 . 6 7 8 1 0 . 17 6
1 , 25 1 . 206 1 . 025 0 . 2 6 7 0 . 5 8 4 1 . 056 0 .  116 2 . 5 9 2
1 , 26 0 . 6 7 4 0 . 8 6 7 0 . 567 1 . 283 1 .531 1 . 046 5 . 8 6 0
1 , 27 0 . 207 0 . 244 0 . 969 0 . 5 2 3 1 . 060 1 . 342 3 . 3 0 0
1 , 28 0 . 9 0 7 1 . 190 0 . 834 0 . 281 1 . 129 0 . 029 2 . 8 7 3
1 , 29 0 . 4 5 3 0 . 7 3 3 1 . 138 0 . 840 1 . 078 0 . 324 2 . 7 1 5
1 , 30 0 . 086 0 . 699 0 . 167 1 .241 0 . 9 8 0 0 . 2 2 2 2 . 5 8 5
1 , 31 2 . 0 4 6 0 . 333 0 . 235 0 . 6 8 9 0 . 840 1 . 8 1 6 4 . 644
1 , 32 0 . 0 6 4 1 . 87 9 0 . 8 0 4 0 . 494 2 . 3 0 4 0 . 0 5 2 6 . 2 0 6
1 , 33 1 . 028 0 . 5 7 6 0 . 0 7 0 0 . 0 7 7 2 . 4 0 1 0 . 162 6.  134
1 , 34 1 . 2 1 9 0 . 527 0 . 663 0 . 154 0 . 6 7 9 1 . 91 7 4 . 877
1 , 35 0 . 853 1 . 876 0 . 985 0 . 792 0 . 5 5 8 0 . 4 8 8 2 . 8 7 5
1 , 36 0 . 390 0 . 2 1 5 2 . 847 1 . 509 0 . 9 6 7 1 . 642 6 .  107
1 , 37 0 . 307 0 .  112 0 . 205 1 . 662 0 . 048 0 . 674 3 . 2 7 3
1 , 38 0 . 217 0 . 885 0 . 259 1 . 087 0 . 7 3 9 1 . 005 2 . 8 5 2
1 , 39 0 . 130 0 . 096 1 . 686 0 .  108 1 . 020 1 . 198 2 . 5 1 3
1 , 40 1 . 224 1 . 481 1 . 835 0 . 3 1 8 0 . 5 1 0 1 . 500 6 . 3 0 3
1 . 41 0 . 200 1 . 37 3 0 . 9 4 3 1 . 51 7 0 . 0 4 7 0 . 472 3 . 4 5 6
1 , 42 0 . 6 1 6 0 . 2 7 1 1 . 431 1 . 127 2 . 0 7 0 0 . 004 6 . 008
1 , 43 0 . 9 8 9 0 . 0 5 0 0 . 0 5 2 0 . 209 1. 511 0 . 9 9 2 3 . 3 1 6
1 , 44 0 . 5 9 6 0 . 4 1 3 0 . 2 4 0 1 . 077 1 . 439 0 . 7 6 0 4 . 0 3 6
1 , 45 0 . 497 1 . 590 1 . 365 1 . 175 1 . 278 0 . 1 0 1 5.  134
1 , 46 0 .  117 0 . 52 4 0 . 950 1 . 131 0 . 022 1 . 142 2 . 8 7 2
1 , 47 1 . 781 1 . 173 0 . 5 1 5 0 . 7 8 6 1 . 789 1 . 31 8 7.  197
1 , 48 0 . 5 4 3 0 . 2 0 9 0 . 300 0 . 120 2 . 8 1 9 0 .  160 8.  120
1 , 49 0 . 002 0 . 0 3 9 1 . 199 0 . 557 1 . 204 1 . 097 2 . 9 6 5
1 , 50 1 . 769 0 . 5 0 3 0 . 301 1 . 065 0 . 866 1 . 2 4 2 3 . 7 7 0

2 ,  1 0 . 3 9 5 1 . 092 0 . 4 0 7 0 . 2 2 0 0 . 404 0 . 3 8 4 0 . 6 8 1
2 ,  2 0 . 396 0 . 605 2 . 0 7 0 0 . 4 0 9 0 . 9 2 7 0 . 0 6 0 1 . 553
2 ,  3 0 . 530 0 . 042 0 . 8 5 2 0 . 2 5 0 0 . 0 5 3 0 . 185 0 . 3 8 2
2 ,  4 0 . 362 1 . 308 0 . 729 0 . 397 0 .951 0 . 104 1 . 735
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2 .  5 0 . 236 0 .  107 0 . 0 9 1 0 . 705 0 . 2 6 6 0 . 2 1 1 0 . 6 3 2
2 .  6 1 . 042 0 . 259 0 . 8 2 5 0 . 0 8 6 0 . 355 0 .231 0 . 9 3 4
2 ,  7 0 . 2 8 1 0 . 253 0 . 570 0 . 470 0 . 5 5 0 0 .  161 0 . 692
2 .  8 0 . 292 0 . 6 9 9 0 . 076 0 . 153 0 . 3 0 3 0 . 0 6 4 0 . 2 1 0
2 ,  9 0 . 3 4 7 0 . 2 0 4 0 . 9 4 1 0 . 059 0 . 5 1 5 1 . 299 2 . 1 1 8
2 , 1 0 0 . 5 5 4 1 . 232 0 . 0 7 4 0 . 198 0 . 3 5 8 0 . 0 6 5 0 . 4 8 4
2 , 1 1 0 . 7 1 5 0 . 1 1 8 0 . 2 7 7 0 . 138 0 .641 1 . 108 1 . 748
2 , 12 0 . 358 0 . 242 1 . 839 0 . 0 5 7 0 . 7 1 4 0 . 3 9 1 0 . 8 5 3
2 . 1 3 1 . 1 5 1 0 . 435 0 . 642 0 . 8 0 1 0 . 2 2 9 0 . 6 1 0 1 . 668
2 ,  14 0 . 5 0 7 0 . 8 6 2 0 .  198 0 . 3 0 9 0 . 5 7 8 1 . 107 1 .951
2 ,  15 0 . 167 1 .261 0 . 0 3 1 0 . 6 5 8 0 . 306 1 . 289 2 . 2 1 7
2 ,  16 1 . 170 0 . 8 1 2 0 . 5 0 0 0 .  119 0 . 9 7 9 0 . 3 3 4 1 . 994
2 , 17 0 . 6 4 5 0 . 424 0 . 926 1 . 189 0 .  118 0 . 4 3 4 2 . 2 1 2
2 , 18 0 . 040 1 . 335 0 . 8 8 0 0 . 0 1 0 0 . 9 4 4 0 . 406 1 . 832
2 , 19 0 . 286 0 . 585 0 .  120 1 . 361 0 . 398 0 . 2 6 3 2 .  176
2 , 2 0 0 . 686 0 .  127 0 . 9 1 9 0 . 3 0 3 0 . 7 1 5 0 . 9 4 3 1 . 979
2 , 2 1 0 . 2 1 9 0 . 2 3 0 0 . 2 0 9 1 . 177 0 . 3 2 0 0 . 743 2 .  131
2 , 2 2 1 . 31 3 0 . 4 6 9 0 .  108 0 . 046 0 . 3 0 1 0 . 957 1 . 240
2 , 2 3 0 . 805 0 . 463 0 . 0 8 5 0 .  143 1 . 145 0 . 6 8 7 2 . 0 2 5
2 , 2 4 0 . 462 1 . 383 0 . 0 4 7 1 . 0 5 9 0 . 3 4 4 0 . 7 9 8 2 . 0 9 2
2 , 2 5 0 . 5 7 0 0 . 8 6 6 0 . 3 0 1 0 . 4 3 4 0 . 5 2 6 0 . 6 7 4 1 . 335
2 , 26 0 . 838 0 . 8 1 2 0 .  178 0 . 0 6 4 0 . 4 1 7 0 . 8 9 7 1 . 674
2 , 2 7 0 . 178 1 . 062 0 . 0 8 5 0 . 7 1 6 0 . 088 0 . 8 7 1 1 . 318
2 , 2 8 0 . 6 7 1 0 . 2 3 7 0 . 3 8 8 0 . 6 8 9 0 . 8 9 9 0 . 6 0 0 1 . 850
2 , 2 9 2 . 388 0 . 6 9 8 0 . 3 5 5 0 . 0 0 6 0 . 6 9 1 0 . 4 3 7 1 . 282
2 , 3 0 0 . 5 5 1 0 . 3 7 7 0 . 0 0 7 0 .  112 0 . 0 5 1 0 . 246 0 . 2 1 8
2 , 3 1 0 . 2 4 2 1 . 4 1 7 0 . 2 7 5 0 . 4 0 5 0 . 5 9 0 0 . 8 1 0 1 . 302
2 , 3 2 0 . 4 0 4 1 . 758 0 . 6 3 1 0 . 2 4 7 0 . 0 6 0 0 . 767 1 . 214
2 , 3 3 0 . 4 4 3 1 . 472 0 . 2 9 7 1 . 0 5 8 0 . 0 4 6 0 . 4 5 5 1 . 6 1 3
2 , 3 4 0 .  188 1 . 112 0 . 2 4 5 0 . 6 2 8 0 . 7 8 2 0 . 5 4 7 1 . 400
2 , 3 5 0 . 0 0 7 0 . 2 8 6 1 . 223 1 . 3 3 9 0 . 3 0 0 0 . 4 7 5 2 .  190
2 , 36 0 . 6 4 0 0 . 3 9 3 0 . 6 4 2 0 .941 0 . 6 7 8 0 .  123 1 . 924
2 , 3 7 0 . 7 3 7 0 . 4 2 7 0 . 796 0 . 7 2 3 0 . 194 0 .  149 1 . 308
2 , 3 8 0 . 5 6 5 0 . 5 7 1 0 . 0 0 5 0 . 3 4 0 0 . 5 0 7 0 .  168 0 . 7 2 0
2 , 3 9 0 . 9 7 6 0 . 3 4 2 0 . 0 9 8 0 . 3 5 6 0 . 5 3 2 0 . 4 6 1 0 . 7 4 9
2 , 40 1 . 165 0 . 5 1 0 0 . 212 0 . 9 8 0 0 . 7 3 6 0 . 5 7 4 2 .  137
2 . 4 1 0 . 8 2 1 0 . 2 9 1 1 . 185 0 . 4 6 5 0 . 0 6 1 0 . 3 9 2 1 . 132
2 , 4 2 2 .  195 0 . 7 7 6 1 . 027 0 . 5 1 8 0 . 5 1 7 0 .  135 2 . 2 1 1
2 , 43 0 . 438 1 . 427 0 .  183 0 . 0 5 0 0 . 3 7 0 0 . 5 6 3 0 . 682
2 , 44 0 . 2 4 3 0 . 7 1 7 0 . 5 3 1 0 . 5 9 7 0 . 376 1 . 170 2 . 2 0 8
2 , 4 5 0 . 042 0 . 199 0 . 745 0 . 3 6 4 0 . 3 9 9 1 . 086 1 . 5 1 2
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2 . 4 6  0 . 2 0 9  0 . 1 7 8  0 . 3 5 3  0 . 6 1 3  0 . 7 7 8  0 . 2 2 6  1 . 1 0 7
2 . 4 7  0 . 0 4 1  0 . 3 0 1  0 . 3 1 4  0 . 2 4 3  0 . 5 3 0  0 . 7 2 6  0 . 9 5 9
2 . 4 8  0 . 3 3 3  0 . 6 9 2  0 . 1 7 6  0 . 1 3 8  0 . 3 5 4  0 . 0 5 8  0 . 2 9 0
2 . 4 9  0 . 4 3 4  0 . 0 3 6  0 . 5 1 3  1 . 0 7 5  0 . 5 5 7  0 . 5 2 4  1 . 93 0
2 . 5 0  2 . 2 3 9  0 . 0 3 6  0 . 7 9 0  0 . 6 6 3  0 . 0 2 5  0 . 3 5 7  1 . 19 3
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APPENDIX C: ANALYSIS

T h i s  a p p e n d i x  c o n t a i n s  more  d e t a i l e d  i n f o r m a t i o n  c o n c e r n i n g  t h e  
r e s u l t s  o f  P h a s e  2 o f  t h e  e x p e r i m e n t  d e s c r i b e d  i n  C h a p t e r  5 ( s e e  
S e c t i o n  5 . 3 ) .  The p u r p o s e  o f  P h a s e  2 o f  t h e  e x p e r i m e n t  was t o  
d e t e r m i n e  w h e t h e r  s o u n d  m i g h t  e n h a n c e  o t h e r  m e t h o d s  of  d a t a  
d i s c r i m i n a t i o n .  T h r e e  g r o u p s  of  s u b j e c t s  w e r e  t e s t e d  f o r  t h e i r  
a b i l i t y  t o  d i s t i n g u i s h  b e t w e e n  two s o u r c e s  of  t e s t  i t e m s .  The d a t a  
a n a l y s i s  o f  t h e  r e s u l t s  i s  u s e d  t o  v e r i f y  t h a t  t h e  s u b j e c t s '  r e s p o n s e s  
w e r e  b e t t e r  t h a n  g u e s s i n g  a n d  t o  c o n c l u d e  t h a t  s o u n d  e n h a n c e s  g r a p h i c s  
i n  d a t a  d i s c r i m i n a t i o n .

1: Kacpwlinental Data

F o r  P h a s e  2 o f  t h e  e x p e r i m e n t .  75 s u b j e c t s  w e r e  s e l e c t e d  a nd  r a n d o m l y  
a s s i g n e d  t o  one  o f  t h r e e  g r o u p s .  Gr oup  1 saw t w o - d i m e n s i o n a l  
r e p r e s e n t a t i o n s  o f  t h e  d a t a ,  g r o u p  2 h e a r d  s i x - d i m e n s i o n a l  
r e p r e s e n t a t i o n s  o f  t h e  d a t a .  a nd  g r o u p  3 b o t h  saw t w o - d i m e n s i o n a l  
r e p r e s e n t a t i o n s  a nd  h e a r d  s i x —d i m e n s i o n a l  r e p r e s e n t a t i o n s  of  t h e  d a t a .

The e x p e r i m e n t  t a s k  was  f o r  a s u b j e c t  t o  i d e n t i f y  c o r r e c t l y  a t e s t  
i t e m  a s  b e l o n g i n g  t o  one  o f  two d a t a  s e t s .  Ea c h  s u b j e c t  was  p r e s e n t e d  
w i t h  40 t e s t  i t e m s .  c h o s e n  a t  r andom f r om t h e  two s e t s ,  a nd  a s k e d  t o  
i d e n t i f y  t h e  s o u r c e  o f  e a c h  t e s t  i t e m .  The number  of  t e s t  i t e m s  
c o r r e c t l y  p l a c e d  i n  one  o f  t h e  two s e t s  was  r e c o r d e d  a s  t h e  
i n d i v i d u a l ' s  s c o r e .  The r a w  s c o r e s  ( o r d e r e d  f rom low t o  h i g h )  a r e  
s u m m a r i z e d  i n  T a b l e  C . l .
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n d e x 1
Group

2 3

1 17 19 19
2 18 19 20
3 19 22 21
4 19 23 22
5 20 23 23
6 23 24 23
7 23 24 24
8 23 25 26
9 23 25 27

10 24 25 27
1 1 25 25 28
12 26 26 28
13 26 26 28
14 26 26 29
15 26 26 30
16 27 27 30
17 27 27 30
18 27 27 30
19 28 28 30
20 28 28 31
21 28 29 31
22 29 30 32
23 29 30 32
24 30 30 32
25 30 31 35

P a g e  111

Mean 2 4 . 8  2 5 . 8  2 7 . 5

S t a n d a r d  D e v i a t i o n  3 . 7 5  3 . 0 7  4 . 1 6

Table C. l :  Pha s e  2 Raw Scores

2: Data Analysis

The d a t a  a n a l y s i s  a t t e m p t s  t o  a n s w e r  t h e  f o l l o w i n g  two q u e s t i o n s
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1; Were  t h e  s u b j e c t s '  r e s p o n s e s  b e t t e r  t h a n  w o u l d  be  e x p e c t e d  
f r om g u e s s i n g ?

2:  Di d  some t e s t  g r o u p s  p e r f o r m  b e t t e r  t h a n  o t h e r s ?

D efinitions

The f o l l o w i n g  v a r i a b l e s  w e r e  i d e n t i f i e d  f o r  t h e  s t a t i s t i c a l  m e t h o d s  
u s e d  i n  t h e  d a t a  a n a l y s i s .

N i s  t h e  number  o f  t e s t  i t e m s  p r e s e n t e d  t o  e a c h  s u b j e c t :  N = 40 f o r  
e a c h  sub  j e c  t .

N( i , j ) i s  t h e  number  of  t e s t  i t e m s  c o r r e c t l y  i d e n t i f i e d  by t h e  j^** 
s u b j e c t  i n  t h e  i^** g r o u p .

i a  1,  2 ,  o r  3 w h e r e
1 i s  t h e  g r o u p  e x p o s e d  t o  g r a p h i c s  o n l y ,
2 i s  t h e  g r o u p  e x p o s e d  t o  s o u n d  o n l y ,  a nd
3 i s  t h e  g r o u p  e x p o s e d  t o  b o t h  g r a p h i c s  a nd  s o u n d ,

j a  1 , 2 ............2 5 .

X( i , j ) i s  t h e  p r o p o r t i o n  c o r r e c t l y  i d e n t i f i e d  by t h e  j^** s u b j e c t  i n

N( i  , j )
t h e  i g r o u p  .

X ( i , j )
N

P( i , j ) i s  t h e  p r o b a b i l i t y  o f  a c o r r e c t  r e s p o n s e  by t h e  j^** s u b j e c t  i n  
t h e  i ^ ^  g r o u p ,  a s s u m e d  t o  be  c o n s t a n t  f o r  a l l  t e s t  i t e m s .

P( i , • ) i s  t h e  a v e r a g e  p r o b a b i l i t y  o f  a c o r r e c t  r e s p o n s e  among s u b j e c t s  
i n  t h e  i g r o u p .
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Question 1: Were Responses Better Than Chance?

To d e c i d e  i f  p e r f o r m a n c e s  w e r e  b e t t e r  t h a n  w o u l d  be o b s e r v e d  i f  
s u b j e c t s  i d e n t i f i e d  t h e  s e t  of  a t e s t  i t e m  by c h a n c e  a l o n e ,  t h e  
h y p o t h e s i s  o f  c h a n c e  s e l e c t i o n ,

H g J : P ( i , j )  = 0 . 5  f o r  a l l  i ,  j ,

was  t e s t e d .  The f o l l o w i n g  a n a l y s i s  u s e s  a c h i - s q u a r e  s t a t i s t i c  t o  
show t h a t  one  c a n  r e j e c t  Hgj  and  c o n c l u d e  t h a t  t h e  r e s p o n s e s  w e r e  n o t  
by c h a n c e  a l o n e .

Un d e r  t h e  a s s u m p t i o n  t h a t  a s u b j e c t  h a s  a c o n s t a n t  p r o b a b i l i t y  p of  
c o r r e c t l y  i d e n t i f y i n g  t h e  s e t  of  a t e s t  i t e m ,  t h e  v a r i a b l e  N ( i , j ) i s  a 
b i n o m i a l  r andom v a r i a b l e  w i t h  p a r a m e t e r s  N = 40 and  p = P ( i , j ) .  Under
t h e  h y p o t h e s i s  o f  c h a n c e  i d e n t i f i c a t i o n ,  t h e  e x p e c t e d  number  of
c o r r e c t  r e s p o n s e s  i s  pN -  0 . 5 * 4 0  — 2 0 .

To t e s t  t h e  h y p o t h e s i s  Hgj  , an  a p p r o p r i a t e  t e s t  s t a t i s t i c  i s  a 
c h i - s q u a r e  s t a t i s t i c  w i t h  75 d e g r e e s  of  f r e e d o m  ( 25  s u b j e c t s  i n  e a c h  
o f  t h r e e  g r o u p s ) .

3 25 ( N ( i , j ) -  pN- s s ---------- .
i - i  j » l  p ( l - p ) N

U s i n g  t h e  d a t a  i n  T a b l e  C . l ,
^  »  3 8 6 . 0 .

S i n c e  t h e  9 9 . 9 t h  p e r c e n t i l e  of  t h e  c h i - s q u a r e  d i s t r i b u t i o n  w i t h
p a r a m e t e r  i/ = 75 i s

X ^ 7 5 , . 9 9 9  ~

one  c a n  r e j e c t  Hg j a nd  c o n c l u d e  t h a t  t h e  r e s p o n s e s  we r e  n o t  c h a n c e  
s e 1ec  t i o n s .
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Question 2: Did One Group Perforin Better Than Anv Other Group?

The h y p o t h e s i s  t o  be  t e s t e d ,

Ho2= P ( 1 . - )  *  P ( 2 . - )  »  P ( 3 . 0 .

i s  t h a t  t h e  a v e r a g e  p e r f o r m a n c e  ( i . e .  p r o b a b i l i t y  of  c o r r e c t  
i d e n t i f i c a t i o n )  i s  t h e  same f o r  a l l  t h r e e  g r o u p s .  The f o l l o w i n g  
a n a l y s i s  u s e s  an  F - d i s t r i b u t i o n  s t a t i s t i c  a n d  t h e  Newman- Keul s  
s t a t i s t i c .  F i r s t ,  t h e  v a r i a t i o n  b e t w e e n  g r o u p s  i s  c o m p a r e d  w i t h  t h e  
v a r i a t i o n  of  i n d i v i d u a l s  w i t h i n  a g r o u p  t o  show t h a t  t h e  g r o u p  
p e r f o r m a n c e s  a r e  d i f f e r e n t .  S e c o n d ,  t h e  a v e r a g e  d i f f e r e n c e s  among 
g r o u p s  a r e  c o m p a r e d .  The s t a t i s t i c  shows  t h a t  g r o u p  3 ( s o u n d  a nd  
g r a p h i c s )  p e r f o r m e d  b e t t e r  t h a n  g r o u p  1 ( g r a p h i c s  o n l y )  a t  a . 95  
c o n f i d e n c e  l e v e l .

To u s e  t h e  m e t h o d  o f  a n a l y s i s  o f  v a r i a n c e  f o r  t e s t i n g  h y p o t h e s i s  Hq2 > 
i t  i s  n e c e s s a r y  t o  a s s u m e  t h a t  t h e  v a r i a n c e  o f  t h e  r e s p o n s e s  i s
c o n s t a n t  f o r  a l l  i ,  j .  S i n c e  t h e  r e s p o n s e ,  N ( i , j ) ,  i s  a b i n o m i a l
r an d o m v a r i a b l e  f o r  w h i c h  t h e  v a r i a n c e  i s  r e l a t e d  t o  t h e  mean ,  t h e  
v a r i a n c e s  c a n  be  d i f f e r e n t  among t h e  g r o u p s .  T h u s ,  a t r a n s f o r m e d  
v a r i a b l e  was  u s e d  t o  a p p r o x i m a t e  more  c l o s e l y  t h e  c o n s t a n t  v a r i a n c e
a s s u m p t i o n  f o r  t h e  a n a l y s i s  o f  v a r i a n c e  m e t h o d .  The a p p r o p r i a t e
t r a n s f o r m e d  v a r i a b l e  i s

i n " ‘N/>Y( i , j ) *  s i n " V  X ( i , j ) .

The d a t a  i n  T a b l e  C . l  was  t r a n s f o r m e d  a nd  a n a l y z e d .  The a n a l y s i s  of  
v a r i a n c e  t a b l e .  T a b l e  0 . 2 ,  s u m m a r i z e s  t h e  v a r i a t i o n  i n  t h e  Y ( i , j )  
a t t r i b u t a b l e  t o  t h e  two s o u r c e s  o f  v a r i a t i o n :  1) t h e  v a r i a t i o n  i n  t h e  
a v e r a g e  p r o b a b i l i t y  o f  c o r r e c t  i d e n t i f i c a t i o n ,  P ( i , • ) .  b e t w e e n  g r o u p s ;  
2 )  t h e  v a r i a t i o n  i n  t h e  p r o b a b i l i t y  of  c o r r e c t  i d e n t i f i c a t i o n ,  P ( i , j ) ,
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S o u r c e  o f  D e g r e e s  o f  Sum of  Mean
Var  i a t  i on F r e e d o m  S q u a r e s  S q u a r e

G r o u p s  2 2 2 9 . 3  1 1 4 . 6
S u b j e c t s / g r o u p  72 2 3 5 0 . 3  3 2 . 6

T o t a l  74 2 5 7 9 . 6

Table C.2: Analysis of Var iance  Table

b e t w e e n  i n d i v i d u a l s  w i t h i n  a g r o u p .

The t e s t  s t a t i s t i c  f o r  t e s t i n g  Hgg i s

Gr oup  Mean S q u a r e s

S u b j e c t  Mean S q u a r e s  

U s i n g  t h e  d a t a  i n  T a b l e  C . 2 ,
F » 3 . 5 1 .

S i n c e  t h e  9 5 t h  p e r c e n t i l e  o f  t h e  F - d i  s t r  i b u t  i on  w i t h  p a r a m e t e r s  i/^ -  2

® 3 . 1 3 .

a nd  i/g *  72 i s

one  c a n  r e j e c t  Hgg a nd  c o n c l u d e  t h a t  g r o u p  p e r f o r m a n c e s  we r e
d i f f e r e n t .

G i v e n  t h a t  t h e  h y p o t h e s i s  o f  e q u a l  p e r f o r m a n c e  i s  r e j e c t e d ,  i t  i s
a p p r o p r i a t e  t o  i d e n t i f y  g r o u p s  w h i c h  p e r f o r m e d  b e t t e r  t h a n  o t h e r s .  
The Newman- Keul s  s t a t i s t i c  was  u s e d  t o  i d e n t i f y  s u c h  g r o u p s .  T h i s
s t a t i s t i c  i s  b a s e d  on t h e  r a n g e  b e t w e e n  t h e  r e s p e c t i v e  g r o u p  a v e r a g e s .  
U s i n g  t h e  t r a n s f o r m e d  d a t a ,  Y ( i , j ) ,  t h e  g r o u p  a v e r a g e s  a r e

Gr oup  I n d e x  M e a n , Y ( i , • )

G r a p h i c s  o n l y  i = l  5 2 . 1 2
Sound  o n l y  2 5 3 . 5 4
G r a p h i c s  a nd  Sound  3 5 6 . 3 3



SOUND a n d  COMPUTER INFORMATION PRESENTATION P a g e  116

Thus  c o m p a r i n g  g r a p h i c s  o n l y  v e r s u s  s o u n d  o n l y  i n v o l v e s  a r a n g e  of  two 
g r o u p s ,  c o m p a r i n g  g r a p h i c s  o n l y  v e r s u s  g r a p h i c s  a nd  s o u n d  i n v o l v e s  a 
r a n g e  o f  t h r e e  g r o u p s ,  a nd  c o m p a r i n g  s ou n d  o n l y  v e r s u s  g r a p h i c s  and 
s o u n d  i n v o l v e s  a r a n g e  o f  two g r o u p s .  The o b s e r v e d  d i f f e r e n c e s  a r e

| Y ( 1 , • )  -  Y ( 2 , • ) I = 1 - 42

| Y ( 1 , • )  -  Y ( 3 , • ) I = 4 . 2 1

I Y ( 2 , • )  -  Y ( 3 , • ) I = 2 . 7 9

The Newman- Keu l s  t e s t  c o m p a r e s  t h e  d i f f e r e n c e  | Y ( i , ‘ ) -  Y ( k , * ) l  f o r  
e a c h  p a i r  of  g r o u p s  a g a i n s t

S u b j e c t  Mean S q u a r e
q ,  7 2 ( 0 - 9 5 :

25

w h e r e  q .̂ 7 2 ( 5 - 9 5 )  i s  t h e  9 5 t h  p e r c e n t i l e  of  t h e  n o r m a l i z e d  d i f f e r e n c e  
b e t w e e n  g r o u p s ,  and

25 i s  t h e  number  o f  s u b j e c t s  p e r  g r o u p ,
72 i s  t h e  d e g r e e s  o f  f r e e d o m  f o r  t h e  S u b j e c t  Mean S q u a r e ,  and  
r  s  2 o r  3 i s  t h e  number  o f  g r o u p s  p e r  r a n g e .

F o r  a  r a n g e  r  s  2 ,  t h e  v a l u e  i s  3 . 2 2 2  a nd  f o r  a r a n g e  r  =  3 ,  t h e  v a l u e  
i s  3 . 8 7 3 .  S i n c e  4 . 2 1  > 3 . 8 7 3 ,  one  c a n  c o n c l u d e  t h a t  t h e  p e r f o r m a n c e  
o f  t h e  g r a p h i c s  a nd  s o u n d  g r o u p  ( i = 3 )  was  b e t t e r  t h a n  t h a t  of  t h e  
g r a p h i c s  o n l y  g r o u p  ( i a l ) .  I t  c a n n o t  be  c o n c l u d e d  t h a t  t h e  g r a p h i c s  
a nd  s o u n d  g r o u p  was  b e t t e r  t h a n  t h e  s o u n d - o n l y  g r o u p  n o r  t h a t  t h e  
s o u n d - o n l y  g r o u p  was  b e t t e r  t h a n  t h e  g r a p h i c s - o n l y  g r o u p .


