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In  t h e  p a s t  f ew y e a r s ,  t h e  i n c r e a s e  i n  i n t e r a c t i v e  
u s e  o f  c o m p u t e r s  h a s  l e d  t o  an  e m p h a s i s  on  h u m a n  
f a c t o r s  a n d  t h e  w a y s  i n  w h i c h  d i g i t a l  i n f o r m a t i o n  
c a n  b e s t  be  p r e s e n t e d  t o  u s e r s .  C o m p u t e r  g r a p h i c s  
h a s  b e e n  a t  t h e  f o r e f r o n t  o f  t h i s  g r o w t h  i n v o l v i n g  
v i s i o n  a s  an  a c t i v e  a i d  i n  i n t e r p r e t i n g  d a t a .  B a r  
c h a r t s ,  p s u e d o - c o l o r  image  p r o c e s s i n g ,  a n d  
3 - d i m e n s i o n a l  f i g u r e s  a r e  b u t  a f ew m e a n s  o f  
p r o v i d i n g  t h e  v i e w e r  w i t h  d a t a  i n f o r m a t i o n .  

As t h e  u s e  o f  c o m p u t e r s  i n c r e a s e s ,  t h e  n e e d  f o r  a 
v a r i e t y  o f  a l t e r n a t i v e s  o f  i n t e r a c t i n g  w i t h  
c o m p u t e r s  a l s o  i n c r e a s e s .  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  c a p a b i l i t y  n o t  b e i n g  f u l l y  u t i l i z e d  i n  t h e  
c o m p u t e r / h u m a n  i n t e r f a c e .  J u s t  a s  an  x - y  p l o t  
r e v e a l s  r e l a t i o n s h i p s  i n  d a t a ,  s o u n d s  m i g h t  a l s o  
r e v e a l  r e l a t i o n s h i p s  i n  d a t a .  T h i s  r e p o r t  f o c u s e s  
on  t h e  p o t e n t i a l  f o r  u s i n g  c o m p u t e r  g e n e r a t e d  
s o u n d s  t o  p r e s e n t  d a t a  i n f o r m a t i o n .  The  f i r s t  
s e c t i o n  a d d r e s s e s  m u l t i v a r i a t e  d a t a  p r o b l e m s  w h i c h  
m i g h t  be  a i d e d  by  s o u n d  o u t p u t .  The  s e c o n d  
d e s c r i b e s  e x p e r i m e n t s  p e r f o r m e d  t o  d e t e r m i n e  
w h e t h e r  l i s t e n e r s  c a n  d i s c r i m i n a t e  among d a t a  s e t s  
b a s e d  on  s o u n d .  The  f i n a l  s e c t i o n  d i s c u s s e s  
o n g o i n g  w o r k  a n d  f u t u r e  d i r e c t i o n s .  

PRESENTING INFORMATION 

V a s t  q u a n t i t i e s  o f  c o m p u t e r  o u t p u t  a r e  u s e f u l  o n l y  
i f  p r e s e n t e d  i n  w a y s  w h i c h  c a n  be  u n d e r s t o o d  a n d  
u t i l i z e d  by  h u m a n  a n a l y s t s .  In  p r o b l e m s  i n v o l v i n g  
s e v e r a l  v a r i a b l e s ,  i t  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  
v i s u a l i z e  t h e  r e l a t i o n s h i p s  among d a t a  s a m p l e s  a n d  
t h e  d i f f e r e n c e s  among d a t a  s e t s .  C o m p u t e r  g r a p h i c s  
h a s  b e c o m e  a w i d e l y  u s e d  a n d  s o p h i s t i c a t e d  
t e c h n i q u e  f o r  t h e  o u t p u t  o f  t h e s e  d i g i t a l  
c a l c u l a t i o n s [ 5 ] .  H o w e v e r ,  i n  a r e a s  i n  w h i c h  t h e  
n u m b e r  o f  v a r y i n g  p a r a m e t e r s  e x c e e d s  o u r  v i s u a l  
r e s p o n s e  t o  c o l o r ,  r o t a t i o n  a n d  d i m e n s i o n  o r  i n  
a r e a s  i n  w h i c h  t h e  d a t a  d o e s  n o t  c o r r e s p o n d  t o  o u r  
f a m i l i a r  t h r e e - d i m e n s i o n a l  p e r c e p t i o n ,  g r a p h i c a l  
d i s p l a y s  a r e  i n a d e q u a t e .  When t r a d i t i o n a l  m e t h o d s  
o f  g r a p h i c a l  p l o t t i n g  a r e  u s e d  t o  d i s p l a y  t h e  d a t a ,  
i n f o r m a t i o n  i s  o f t e n  l o s t  b e c a u s e  o n l y  a f ew 
d i m e n s i o n s  may  be  p r e s e n t e d .  
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Two particularly interesting graphical methods use 
multivariate data without restricting the 
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Figure I: Chernoff's FACES 

dimensionality. Andrews describes functions whose 
coefficients are the data variables of samples[I]. 
For data sets which are distinct, the resulting 
curves will cluster together accordingly. Chernoff 
depends on the ability of a human analyst to 
d i s t i n g u i s h  among  f a c e s [ 3 ] .  The  d a t a  s a m p l e  
v a r i a b l e s  a r e  m a p p e d  t o  f a c i a l  c h a r a c t e r i s t i c s  s o  
t h a t  e a c h  d a t a  s a m p l e  p r o d u c e s  a c o r r e s p o n d i n g  
f a c e .  F i g u r e  1 p l o t s  t e n  d a t a  s a m p l e s  f r o m  e a c h  o f  
t h r e e  s e t s .  The  f i r s t  two r o w s  o f  f a c e s  a r e  f r o m  
s e t  1, t h e  n e x t  two f r o m  s e t  2 ,  a n d  t h e  l a s t  two 
f r o m  s e t  3 .  The d i f f e r e n c e s  i n  f a c i a l  
c h a r a c t e r i s t i c s  c l e a r l y  s e p a r a t e  t h e  t h r e e  s e t s  o f  
d a t a .  

D e s p i t e  t h e  s u c c e s s  o f  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  i n f o r m a t i o n ,  p r o b l e m s  o f  a d e q u a t e l y  
c o n v e y i n g  m u l t i v a r i a t e  d a t a  t o  a h u m a n  a n a l y s t  
r e m a i n .  In  o r d e r  t o  u t i l i z e  g r a p h i c a l  o u t p u t ,  t h e  
h u m a n  m u s t  f i r s t  f o c u s  v i s u a l  a t t e n t i o n  d i r e c t l y  o n  
t h e  o u t p u t ,  t h e r e b y  r e s t r i c t 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  t o  t h a t  w h i c h  i s  b e f o r e  t h e  e y e s .  
S e c o n d l y ,  g r a p h i c s  a r e  g e n e r a l l y  l i m i t e d  t o  a 
f i n i t e  n u m b e r  o f  d i m e n s i o n s ,  r e q u i r i n g  t h a t  many  
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multivariate data problems be reduced to fewer 

dimensions before analysis. Thirdly, when dealing 
with data about which very little is known, a 

variety of perceptions of the data is helpful. For 

many applications, current means of presenting 

information from the computer to the human are not 
s u f f i c i e n t .  

Sound  m i g h t  improve  t h e s e  l i m i t a t i o n s  by p r o v i d i n g  
a u d i t o r y  c u e s  of  s i g n i f i c a n t  e v e n t s  when t h e y  o c c u r  
( a n d  t h u s  e a s i n g  t h e  r e s t r i c t i o n  of  f o c u s e d  
a t t e n t i o n ) ,  by i n c r e a s i n g  t h e  d i m e n s i o n a l i t y  of  t h e  
g r a p h i c s ,  and by p r e s e n t i n g  an a l t e r n a t i v e  " v i e w "  
of the data[13~. Computer generated sound is an 

available technology which offers a number of 
attributes for representing data dimensions. It is 

worth examining sound as a means of increasing the 
bandwidth of information from a computer to a 

human. 

EXPERIMENT 

To v e r i f y  t h a t  s o u n d  d o e s  h a v e  p o t e n t i a l  f o r  
p r e s e n t i n g  d a t a  i n f o r m a t i o n  t o  a n a l y s t s ,  1 r a n  
s e v e r a l  e x p e r i m e n t s .  T h e s e  e x p e r i m e n t s  s e r v e d  two 
p u r p o s e s ;  t h e  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  and t h e  
s e c o n d  to  e x a m i n e  t h e  p o t e n t i a l  o f  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  means  o f  
d a t a  a n a l y s i s .  The f o l l o w i n g  s e c t i o n s  d e s c r i b e  one  
m e t h o d  o f  e n c o d i n g  d a t a  i n t o  s o u n d ,  t h e  m e t h o d s  
f o r  t h e  e x p e r i m e n t s ,  and t h e  r e s u l t s  of  e a c h  p h a s e  
of  t h o s e  e x p e r i m e n t s .  

Procedures 

In  o r d e r  t o  p r e s e n t  d a t a  i n f o r m a t i o n  in  s o u n d ,  
t h e r e  m u s t  be a means  of  e n c o d i n g  d a t a  v a l u e s  in  
s o u n d  c h a r a c t e r i s t i c s .  C o n s i d e r  a m a p p i n g  b e t w e e n  
a p a r t i c u l a r  n - d i m e n s i o n a l  d a t a  sm ~p l e  and  a 
d i s c r e t e  s o u n d  o r  n o t e .  C h a r a c t e r i s t i c s  of  a n o t e  
i n c l u d e  p i t c h ,  v o l u m e ,  d u r a t i o n ,  w a v e s h a p e  and  
e n v e l o p e .  Each  of  t h e s e  may v a r y  o v e r  a 
w e l l - d e f i n e d  r a n g e .  A s i n g l e  d a t a  s a m p l e  c a n  t h e n  
be e n c o d e d  i n t o  a s i n g l e  n o t e  by u s i n g  t h e  v a l u e  of  
e a c h  v a r i a b l e  t o  d e t e r m i n e  t h e  l e v e l  of  a s o u n d  
c h a r a c t e r i s t i c .  T h u s ,  e a c h  d a t a  s a m p l e  p r o d u c e s  a 
c o r r e s p o n d i n g  n o t e  w h i c h  i s  d e t e r m i n e d  by a m a p p i n g  
f r o m  d a t a  d i m e n s i o n s  t o  s o u n d  c h a r a c t e r i s t i c s .  

F o r  t h e  e x p e r i m e n t s .  I u s e d  s i x - d i m e n s i o n a l  d a t a  
and mapped  i t  t o  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  
( p i t c h ,  v o l u m e ,  n o t 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 ,  and  o v e r t o n e  
w a v e s h a p e ) .  P i t c h  v a r i e d  o v e r  t h e  48 n o t e s  in  f o u r  
o c t a v e s  of  a p i a n o  s c a l e ,  vo lume  v a r i e d  f r o m  v e r y  
s o f t  t o  v e r y  l o u d  in  t w e l v e  i n c r e m e n t s ,  and  
d u r a t i o n  v a r i e d  f r o m  50 msec  t o  1050 msec  in  
i n c r e m e n t s  of  5 m s e c .  The w a v e s h a p e  of  a 
f u n d a m e n t a l  f r e q u e n c y  v a r i e d  f r o m  a p u r e  s i n e  t o  a 
r andom b u z z .  F i g u r e  2 shows  f o u r  o f  t h e  t e n  
v a r i a t i o n s  o f  w a v e s h a p e  u s e d .  S i m i l a r l y ,  a f i f t h  
o v e r t o n e  v a r i e d  in  w a v e s h a p e  and  was  added  t o  t h e  
f u n d a m e n t a l .  An a t t a c k  e n v e l o p e  v a r i e d  f r o m  a 
l o n g ,  s l o w  a t t a c k  t o  a c o n s t a n t  e n v e l o p e .  

Each  t r i a l  of  t h e  e x p e r i m e n t  c o n s i s t e d  of  two s e t s  
of  d a t a  w h i c h  d i f f e r e d  f r o m  one a n o t h e r  in  a 
w e l l - d e f i n e d  m a n n e r .  F i f t y  s a m p l e s  made up e a c h  
s e t  of  d a t a  and e a c h  s a m p l e  was  s i x  d i m e n s i o n a l .  
The 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  
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F i g u r e  2:  W a v e s h a p e  V a r i a t i o n s  

w a y s  in  w h i c h  t h e  two s e t s  d i f f e r e d .  In  t h e  
e x p e r i m e n t ,  s a m p l e s  w e r e  p r e s e n t e d  t o  t h e  s u b j e c t  
a s  c o m p u t e r  g e n e r a t e d  s o u n d s .  A s u b j e c t  f i r s t  
h e a r d  t e n  n o t e s  i d e n t i f i e d  a s  b e i n g  f r o m  s e t  1 and 
t e n  n o t e s  i d e n t i f i e d  a s  b e i n g  f r o m  s e t  2.  T h e s e  
w e r e  c o n s i d e r e d  t h e  t r a i n i n g  s a m p l e s .  A f t e r  
r e p e a t i n g  t h e  n o t e s  a s  o f t e n  a s  d e s i r e d ,  a s u b j e c t  
t h e n  e n t e r e d  t h e  t e s t i n g  p o r t i o n  of  t h e  e x p e r i m e n t .  
F o r  a g i v e n  t r i a l ,  t h e  g o a l  o f  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  c o r r e c t l y  i d e n t i f y  t h o s e  t e s t  
s a m p l e s  w h i c h  w e r e  in  s e t  1 and t h o s e  w h i c h  w e r e  in  
s e t  2.  T h a t  i s ,  t h e  s u b j e c t  h e a r d  a n o t e  and was  
a s k e d  t o  d e t e r m i n e  w h e t h e r  t h a t  n o t e  b e l o n g e d  t o  
s e t  1 o r  t o  s e t  2 .  F o r  e a c h  t e s t  s a m p l e ,  t h e  
s u b j e c t ' s  r e s p o n s e  was  r e c o r d e d .  A s u b j e c t ' s  f i n a l  
s c o r e  was  t h e  number  of  c o r r e c t  r e s p o n s e s  in  
d e t e r m i n i n g  w h e t h e r  t e s t  s a m p l e s  b e l o n g e d  in  s e t  1 
o r  s e t  2 .  

P h a s e  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  d a t a  i n f o r m a t i o n ,  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 f o r m e d  r e l a t i v e  
to  s e t  1. I n i t i a l l y  s e t s  1 and 2 w e r e  s e t s  of  
s i x - d i m e n s i o n a l  r a n d o m  n o r m a l  d a t a .  F o r  one  g r o u p  
o f  s u b j e c t s ,  s e t  2 was  t r a n s l a t e d  r e l a t i v e  to  s e t  
1. F o r  a n o t h e r ,  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 
a n d .  f o r  t h e  t h i r d ,  t h e  v a r i a b l e s  in  s e t  I w e r e  
s t r o n g l y  c o r r e l a t e d  r e l a t i v e  t o  s e t  2 .  F o 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  of  a t r a n s f o r m e d  s e t  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  e q u a l l y .  
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F i g u r e  3 :  P h a s e  1 D a t a  S e t s  

0 

F i g u r e  3 s h o w s  2 - d i m e n s i o n a l  g r a p h i c a l  
r e p r e s e n t a t i o n s  of  t h r e e  p a i r s  o f  d a t a  s e t s .  In  
t h e  f i r s t  p l o t ,  s e t  2 i s  t r a n s l a t e d  i n  a l l  s i x  
d i m e n s i o n s  r e l a t i v e  t o  s e t  1. In  t h e  s e c o n d  p l o t .  
s e t  2 i s  s c a l e d  i n  a l l  s i x  d i m e n s i o n s  r e l a t i v e  t o  
s e t  1. I n  t h e  t h i r d  p l o t ,  s e t  2 v a r i a b l e s  a r e  n o t  
c o r r e l a t e d  w h i l e  s e t  1 v a r i a b l e s  a r e .  N o t e  t h a t  
s u b j e c t s  d i d  n o t  s e e  a d i s p l a y  of  t h e  d a t a  b u t  
r a t h e r  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  i n  
s o u n d .  

T a b l e  I i s  a summary  of  t h e  r e s u l t s  f o r  t h e  
e x p e r i m e n t s  i n  d e t e r m i n i n g  w h e t h e r  t h e  s o u n d  
e n c o d i n g  of  m u l t i v a r i a t e  d a t a  w o u l d  c o n v e y  

# s u b j  # t e s t  g c o r r e c t  

T r a n s l a t i o n  
by  3 
by  1 
by  0 . 5  

S c a l i n g  
by  8 

by 4 
by  2 
r e p e a t  by  8 

C o r r e l a t i o n  
.99  

7 40 92~  
7 40 70~  
7 40 53~  

7 40 69~  
7 40 74~  
2 40 55~  
5 40 7 6 . 5 ~  

4 6 0  6 0 ~  

T a b l e  1 

c o n s i s t e n t  i n f o r m a t i o n .  
The f i r s t  g r o u p  o f  s e v e n  s u b j e c t s  w a s  f i r s t  t e s t e d  
on  d a t a  i n  w h i c h  s e t  2 w a s  t r a n s l a t e d  3 s t a n d a r d  
d e v i a t i o n s  f r o m  s e t  1. The s u b j e c t s  w e r e  t h e n  
t e s t e d  on  d a t a  i n  w h i c h  s e t  2 w a s  t r a n s l a t e d  1 
s t a n d a r d  d e v i a t i o n  f r o m  s e t  1 a nd  f i n a l l y  on d a t a  

i n  w h i c h  s e t  2 was  t r a n s l a t e d  .5  s t a n d a r d  
d e v i a t i o n s  f r o m  s e t  1, S i m i l a r l y ,  t h e  s e c o n d  g r o u p  
of  s u b j e c t s  w a s  t e s t e d  on d a t a  i n  w h i c h  s e t  2 w a s  
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  and  on d a t a  i n  
w h i c h  s e t  2 w a s  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 .  
The t h i r d  t r i a l  o f  t h e  s e c o n d  g r o u p  w a s  d a t a  i n  
w h i c h  s e t  2 w a s  s c a l e d  by  2 s t a n d a r d  d e v i a t i o n s  f o r  
two o f  t h e  s u b j e c t s .  The r e m a i n i n g  5 s u b j e c t s  w e r e  
a g a i n  t e s t e d  on d a t a  i n  w h i c h  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 .  The t h i r d  g r o u p  of  s u b j e c t s  
was  t e s t e d  on d a t a  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 .  As e x p e c t e d ,  g e n e r a l l y  
t h e  f u r t h e r  s e p a r a t e d  t h e  two s e t s ,  t h e  b e t t e r  t h e  
s u b j e c t s  w e r e  a b l e  t o  d i s t i n g u i s h  b e t w e e n  t h e m .  

P h a s e  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  w a s  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 d d  m o r e  i n f o r m a t i o n  t h a n  o t h e r  m e t h o d s  
a l o n e .  I t  w a s  d e s i r a b l e  t o  p r o v i d e  a d a t a  b a s e  
w h o s e  c h a r a c t e r i s t i c s  w e 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  m o r e  d i f f i c u l t .  
One s e t  o f  s a m p l e s  of  6 - d i m e n s i o n a l  d a t a  w a s  
o b t a i n e d  f r o m  a m u l t i v a r i a t e  n o r m a l  r a n d o m  d e v i a t e  
g e n e r a t o r .  S a m p l e s  w e r e  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 ffi ( x l ,  x 2 .  x 3 ,  x 4 •  x 5 ,  
x 6 ) .  b e l o n g e d  t o  s e t  2 i f  and  o n l y  i f  

x22 + x32 + x42 + x52  + x62 • 1 . 5 2  

o r  
x l  2 + x 3  2 + x 4  2 + x 5  2 + x 6  2 ~ 1 . 5  2 

o r  
x l  2 + x22  + x42  + x52 + x62 ~ 1 . 5 2  

O n l y  s a m p l e s  i n  w h i c h  a l l  s i x  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  w e 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  
of  t h e  s i x  v a r i a b l e s  i n  e a c h  s a m p 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  and  a t  m o s 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 .  In  a c o m p l e t e  p o s i t i v e  a n d  n e g a t i v e  
s p a c e ,  one  c a n  t h i n k  a b o u t  t h e  d a t a  i n  s e t  2 b e i n g  
c o n t a i n e d  i n  t h r e e  " c y l i n d e r s " ,  e a c h  of  r a d i u s  1 . 5  
a b o u t  t h e  f i r s t  t h r e e  a x e s .  F i f t y  s a m p l e s  w e r e  
u s e d  f r o m  e a c h  o f  t h e  two s e t s .  The e x p e r i m e n t  
t h e n  c o n s i s t e d  of  t h r e e  d i f f e r e n t  m e a n s  of  
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 ,  and  w i t h  a c o m b i n a t i o n  of  v i s u a l s  a n d  
s o u n d .  

F o r  s o u n d  o u t p u t ,  a l l  s i x  d i m e n s i o n s  w e r e  u s e d  by  
m a p p i n g  t h e  v a r i a b l e s  t o  p i t c h ,  d u r a t i o n ,  v o l u m e ,  
w a v e s h a p e ,  e n v e l o p e ,  a n d  o v e r t o n e .  F o r  g r a p h i c a l  
o u t p u t ,  o n l y  two d i m e n s i o n s  w e r e  u s e d  i n  an  x - y  
p l o t .  The p o i n t s  w e r e  n o t  i d e n t i f i e d  a s  b e l o n g i n g  
t o  s e t  1 o r  s e t  2 .  When a s a m p l e  w a s  u s e d  f o r  
t r a i n i n g  o r  t e s t i n g ,  t h e  p o i n t  was  h i g h l i g h t e d  on  a 
d i s p l a y  s c r e e n .  N o t e  t h a t  t h e  i n t e n t  w a s  n o t  t o  
c o m p a r e  s i x - d i m e n s i o n a l  s o u n d  w i t h  t w o - d i m e n s i o n a l  
g r a p h i c s  b u t  t o  d e t e r m i n e  w h e t h e r  t h e  s o u n d  c o u l d  
i n  f a c t  i n c r e a s e  t h e  d i m e n s i o n a l i t y  o f  t h e  
g r a p h i c s .  

75 s u b j e c t s  p a r t i c i p a t e d ,  25 i n  e a c h  of  t h r e e  
g r o u p s .  E a c h  s u b j e c t ' s  t r i a l  c o n s i s t e d  o f  10 
t r a i n i n g  s a m p l e s  r a n d o m l y  s e l e c t e d  f r o m  s e t  1 a n d  
10 f r o m  s e t  2 .  The s u b j e c t  t h e n  h a d  40 t e s t  
s a m p l e s  t o  i d e n t i f y .  The f i r s t  g r o u p  of  25  h e a r d  
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each sample, the second group both heard and saw 
each sample, and the third group only saw each 

sample. 

The average percentage of samples correctly 

identified was 62% for the graphics only 
presentation, 64.5% for the sound only 
p r e s e n t a t i o n ,  a n d  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  a n d  g r a p h i c s .  F i g u r e  4 i s  a p l o t  
o f  t h e  r aw  d a t a  i n  w h i c h  t h e  s u b j e c t s  h a v e  b e e n  
o r d e r e d  f r o m  low s c o r e  t o  h i g h  s c o r e  w i t h i n  e a c h  

EXPERIMENT DATA, PHASE 2 
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F i g u r e  4 :  P h a s e  2 R e s u l t s  

Sound and 
Graphics 

- -  - -  Graphics 

g r o u p .  N o t e  t h a t  f o r  t h o s e  s u b j e c t s  c o r r e c t l y  
i d e n t i f y i n g  a t  l e a s t  22 o f  t h e  40 t e s t  i t e m s ,  t h e  
g r o u p  u s i n g  b o t h  s o u n d  a n d  g r a p h i c s  h a d  
c o n s i s t e n t l y  h i g h e r  s c o r e s .  The  g r o u p  w i t h  s o u n d  
o n l y  p e r f o r m e d  a s  w e l l  a s  t h o s e  w i t h  g r a p h i c s  
o u t p u t .  T h e s e  s c o r e s  s u g g e s t  t h a t  s o u n d  d o e s  add  
u s e f u l  i n f o r m a t i o n  t o  g r a p h i c a l  o u t p u t  a n d  t h a t  
e v e n  s o u n d  a l o n e  i s  u s e f u l  i n  d i s c r i m i n a t i n g  
b e t w e e n  d i f f e r e n t  s e t s  o f  d a t a .  

S e v e r a l  m o n t h s  a f t e r  t h e  o r i g i n a l  e x p e r i m e n t ,  10 o f  
t h e  25 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  s o u n d - o n l y  
t r i a l s  w e r e  r a n d o m l y  s e l e c t e d  t o  p a r t i c i p a t e  i n  a 
s e c o n d  e x p e r i m e n t .  The  g o a l  o f  t h i s  s e c o n d  
e x p e r i m e n t  w a s  t o  f i n d  o u t  w h e t h e r  f u r t h e r  t r a i n i n g  
w o u l d  i m p r o v e  a s u b j e c t ' s  p e r f o r m a n c e .  The  
s u b j e c t s  w e r e  g i v e n  m o r e  e x p e r i e n c e  u s i n g  t h e  
f a c i l i t y  w i t h  a v a r i e t y  o f  s o u n d  o u t p u t  
a p p l i c a t i o n s .  I n  a d d i t i o n ,  t h e  t r a i n i n g  s a m p l e s  o f  
t h e  d a t a  w e r e  a v a i l a b l e  t o  t h e  s u b j e c t  t h r o u g h o u t  
t h e  e x p e r i m e n t  p r o v i d i n g  a r e f e r e n c e  a t  a n y  t i m e .  
The  s u b j e c t s  s t i l l l  h a d  no  k n o w l e d g e  o f  t h e  d a t a  
b a s e  i t s e l f .  T h e s e  s u b j e c t s  who h a d  f u r t h e r  
t r a i n i n g  c o r r e c t l y  i d e n t i f i e d  74~  o f  t h e  t e s t  
s a m p l e s .  

Overall the results are a positive indication that 
sound can indeed increase the information about 
multivariate data when it is presented to a human 

analyst. The responses from all groups were better 
than could be expected from guessing. The fact 

that further training improved the subject's 
ability to discriminate data samples based on sound 
alone suggests that the maximum performance level 

may not have been reached. It is also possible 
that improved methods for providing a reference for 
comparing sounds (much like the role of axes in an 
x-y plot) could increase the performance. Several 
areas of using sound synthesis for data 
presentation open themselves for futher 

exploration. 

0N-GOING WORK 

One implication of the results of the experiment is 
that sound not only conveys meaningful information 
about multivariate data but also has potential for 
increasing the information presented to a human 
analyst. It is possible in some cases that sound 
may yield more information to a human about 
multivariate data than graphical methods. However, 
the experiments made no attempt to compare the 
various methods of presenting multivariate data 
with graphics alone. Instead it seems most 
exciting to consider the potential of using both 
sound and graphics together. At this time, 
however, discovering more about the use of sound 
alone is critical to future studies involving both 

sound and graphics. 

Applications 

Since sound is not static but varies with time, it 
seems particularly appropriate to consider 
applications in which one of the variables is time. 
A real-time simulation is one such application 
currently being examined with sound output[2~. 
Simulations which run for several hours generate 
pages of statistics describing each time step of 
the model. In most cases, there are several 
variables involved and very different intermediate 
results may cause the same end result. By encoding 
the variables at each time step into the parameters 
of sounds, each run of the simulation then has a 
corresponding "song". Listening to the "songs" for 
several runs of a simulation can aid a human 
a n a l y s t  i n  d e t e r m i n i n g  t h o s e  s t a g e s  o f  t h e  
s i m u l a t i o n  w h i c h  a r e  p a r t i c u l a r l y  m e a n i n g f u l  o r  i n  
w h i c h  a s i g n i f i c a n t  c h a n g e  o c c u r e d .  

I n  a d d i t i o n  t o  t h e  m u l t i v a r i a t e  a p p l i c a t i o n s  
d e s c r i b e d ,  a t  l e a s t  two o t h e r  a r e a s  o f f e r  p o t e n t i a l  
f o r  s o u n d  e x p l o r a t i o n .  S i n c e  s o u n d  h a s  t h e  
c h a r a c t e r i s t i c  o f  n o t  r e q u i r i n g  a p a r t i c u l a r  f o c u s ,  
a u d i t o r y  c u e s  w o u l d  be  u s e f u l  i n  d r a w i n g  a t t e n t i o n  
t o  s p e c i f i c  e v e n t s .  S o u n d  m i g h t  a l s o  b e  
a p p r o p r i a t e  f o r  d i f f e r e n t  t y p e s  o f  d a t a ,  s u c h  a s  
l o g a r i t h m i c  d a t a ,  w h i c h  i s  o f t e n  d i f f i c u l t  t o  j u d g e  
v i s u a l l y .  

Sound Characteristics 

A l t h o u g h  t h e  a p p l i c a t i o n s  f o r  s o u n d  e n c o d i n g  a r e  
i m p o r t a n t ,  t h e  c h a r a c t e r i s t i c s  o f  s o u n d  d e s e r v e  
f u r t h e r  a t t e n t i o n .  F i r s t ,  s o u n d  p a r a m e t e r s  a r e  n o t  
i n d e p e n d e n t  a n d  t h u s  a f f e c t  t h e  r e l a t i o n s h i p s  among  
d a t a  v a r i a b l e s .  F o r  e x a m p l e  a t  c o n s t a n t  v o l u m e ,  a 
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high frequency note will sound softer than a low 
frequency note. Second, the timbre of a note is 
especially significant in determining the 
perception of that note. More work should be done 
in considering the possible uses and variations of 
timbre. Likewise, location or stereo effects of 
sound could add dimensionality. Third, it is not 
clear how many sound parameters can be 
distinguished and which of those parameters have 
the most meaning. 

SUMMARY 

All of the work thus far has indicated that sound 
can be a useful means of presenting information to 
a human user. As visual feedback from computers 
improves human use of digital calculations, it 
seems appropriate to examine other human means of 
obtaining information. Although experiments have 
been done with touch[6], most computer research 
involving senses other than vision has been with 
sound. Since sound technology already exists for 
mass reproduction and playback, it seems a natural 
choice for further study of its uses to convey 
digital information. The computer/human interface 
can only be enhanced by another means of presenting 
information. 
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t h e i r  c o n t r a c t o r s ,  s u b c o n t r a c t o r s ,  or  t h e i r  
e m p l o y e e s ,  makes  any w a r r a n t y ,  e x p r e s s  or  i m p l i e d ,  
or  a s s u m e s  any l e g a l  l i a b i l i t y  or  r e s p o n s i b i l i t y  
f o r  t h e  a c c u r a c y ,  c o m p l e t e n e s s  or  u s e f u l n e s s  of  any 
i n f o r m a t i o n ,  a p p a r a t u s ,  p r o d u c t  or  p r o c e s s  
d i s c l o s e d ,  or  r e p r e s e n t s  t h a t  i t s  u s e  wou ld  n o t  
i n f r i n g e  p r i v a t e l y - o w n e d  r i g h t s .  

R e f e r e n c e  to  a company or  p r o d u c t  name does  n o t  
imply  a p p r o v a l  or  r e c o m m e n d a t i o n  of t he  p r o d u c t  by 
t h e  U n i v e r s i t y  of  C a l i f o r n i a  or  t he  U .S .  
D e p a r t m e n t  of  E n e r g y  to  t h e  e x c l u s i o n  of o t h e r s  
t h a t  may be s u i t a b l e .  
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