
Dept. for Speech, Music and Hearing

Quarterly Progress and
Status Report

Speech and music
performance. Parallels and

contrasts
Carlson, R. and Friberg, A. and Frydén, L.

and Granström, B. and Sundberg, J.

journal: STL-QPSR
volume: 28
number: 4
year: 1987
pages: 007-023

http://www.speech.kth.se/qpsr

http://www.speech.kth.se
http://www.speech.kth.se/qpsr






STL-QPSH 4 /  19EI 

stress, emphasis e tc .  can a l l  be s igna led  by one s i n g l e  parameter,  such 
a s  t h e  v o i c e  f u n d a m e n t a l  f r equency .  I n  t h e  same way, t h e  d u r a t i o n  o f  
speech sounds is a f f e c t e d  by a v a r i e t y  of  cond i t i ons  including stress, 
p o s i t i o n  i n  t h e  u t t e r a n c e ,  and l o c a l  p h o n e t i c  c o n t e x t .  An e x t e n s i v e  
review of  t h e  f a c t o r s  t h a t  have been found t o  inf luence  t h e  du ra t ion  o f  
speech sounds  c a n  be  found i n  a p a p e r  by  Kla t t  (1976)  and  i n  s p e c i a l  
i s s u e s  o f  P h o n e t i c a  (1981;  1986).  A l l  o f  t h i s  is t a k e n  i n t o  a c c o u n t  by  
t h e  l i s t e n e r  i n  t h e  perceptua l  decoding process. 

The same a p p l i e s  t o  music.  The re  are many d i f f e r e n t  r e a s o n s  t o  
lengthen o r  s h o r t e n  a n o t e  beyond i ts  nomina l  d u r a t i o n  as  s p e c i f i e d  i n  
t h e  score.  Apparently, such pe r tu rba t ions  o f  t h e  nominal du ra t ion  serve 
d i f f e r e n t  p u r p o s e s ,  e.g.1 e m p h a s i s ,  marking  o f  p h r a s e  e n d i n g s ,  and  
sharpening t h e  c o n t r a s t  be tween  c a t e g o r i e s .  T h i s  r e s u l t s  i n  r a t h e r  
complicated i n t e r a c t i o n s  making i t  h a r d  t o  u s e  c o n v e n t i o n a l  a n a l y t i c  

methods. A s  a consequence, analysis-by-synthesis is a powerful t o o l  i n  
both speech r e sea rch  and music performance research.  

In  r e c e n t  years ,  t h e  use of  computers has  l e d  t o  g r e a t  advances i n  
both  s p e e c h  and mus ic  s c i e n c e s .  Wi th  t h e  h e l p  o f  f a s t  a n a l y s i s  t o o l s ,  
new knowledge h a s  been g a i n e d  and  new mode l s  s i m u l a t e d .  I t  is now 
poss ib l e  t o  s t u d y  t h e  a c o u s t i c  b e h a v i o r  o f  a r t i c u l a t o r y  mode l s  o r  t o  
compare du ra t ion  models t o  n a t u r a l  recorded speech i n  d a t a  banks. 

Speech r ecogn i t i on  systems have a t t r a c t e d  a l o t  of r e sea rch  money 
and some o f  i t  h a s  been  f r u i t f u l l y  i n v e s t e d  i n  b a s i c  s p e e c h  r e s e a r c h .  
Text-to-speech p rog rams  have been  p r o d u c t i v e  i n  i n c r e a s i n g  t h e  under- 

s tanding o f  t h e  s p e e c h  communica t ion  p r o c e s s .  Wi th  t h e  h e l p  o f  mode l s  
formulated a s  t r a n s f o r m a t i o n  r u l e s t  w e  have been  a b l e  t o  test o u r  
c u r r e n t  knowledge and t o  reject o r  accept  ideas.  

S imi l a r ly ,  our  work wi th  developing computer generated music per- 
formances, by means o f  n o t e - t o - t o n e  p rog rams ,  h a s  been r e v e a l i n g  a s  t o  
b a s i c  a s p e c t s  of  music communication. In  t h i s  a r t i c l e ,  w e  w i l l  analyze 
some s imi lar i t ies  t h a t  w e  have o b s e r v e d  i n  o u r  p a r a l l e l  working  w i t h  
text-to-speech and note-to-tone programs. 

Text-to-speech and Note-to-tone Programs 
We have e a r l i e r  r e p o r t e d  on t h e  long- t e rm e f f o r t  t o  d e v e l o p  h i g h  

q u a l i t y  t e x t - t o - s p e e c h  s y s t e m s  f o r  s e v e r a l  l a n g u a g e s  ( C a r l s o n  & Gran- 
strom, 1975a;  1986: C a r l s o n ,  Grans t rom,  & H u n n i c u t t ,  1982) .  The ap- 
proach taken has been t o  formulate  t h e  process  i n  a coherent  framework. 
Che c r i t e r i o n  was t h a t  l i n g u i s t s  i n v o l v e d  i n  c r e a t i n g ,  r e f i n i n g ,  and  
maintaining t h e  t e x t - t o - s p e e c h  s o f t w a r e  s h o u l d  b e  a b l e  t o  work w i t h  
c o n s t r u c t s  and convent ions f a m i l i a r  t o  them wi thout  n e c e s s a r i l y  master- 
ing convent ional  computer prgramming. Consequently, d i s t i n c t i v e  fea- 
t u r e s  and  phonemes a r e  p r i m e s  i n  o u r  sys tem.  Also ,  t h e  r u l e  n o t a t i o n  
borrows h e a v i l y  on t h a t  used i n  g e n e r a t i v e  phonology,  a l t h o u g h  it is 
expanded t o  e a s i l y  h a n d l e  c o n t i n u o u s  v a r i a b l e s  s u c h  a s  s y n t h e s i z e r  
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s t r a i g h t f o r w a r d  making t h e  i n t e r m e d i a t e  l e v e l  a l m o s t  u n n e c e s s a r y .  I n  
o t h e r  l anguages r  l i k e  Engl i sh ,  t h e  r e l a t i o n  is q u i t e  c o m p l i c a t e d  and n o t  
e n t i r e l y  a c c o r d i n g  t o  a se t  o f  c o n v e n t i o n s / r u l e s .  I n  t h i s  case, t h e  
speaker  o r  s y n t h e s i s  p r g r a m  needs  t o  r e l y  on l e x i c a l  in fo rmat ion .  

I n  a s e n s e ,  an  e q u i v a l e n t  i n t e r m e d i a t e  l e v e l  o f  d e s c r i p t i o n  e x i s t s  
a l s o  i n  m u s i c  , v i z . ,  when t h e  p l a y e r  or t h e  c o m p o s e r  c o m p l e m e n t s  t h e  
s c o r e  b y  a g r e a t  number  o f  a d d i t i o n a l  s i g n s ,  s u c h  as d o t s ,  d a s h e s ,  
wedges, s l u r s ,  etc. T h i s  t y p e  o f  score h a s  n o t  f o r m a l l y  b e e n  d i s t i n -  
g u i s h e d  from t h e  o r t h o g r a p h i c  r e p r e s e n t a t i o n  as  c l e a r l y  as  i n  t h e  case 
o f  speech. Also, t h i s  i n t e r m e d i a t e  l e v e l  seems more needed i n  speech. 
T h i s  can  be concluded from t h e  f a c t  t h a t  speech  produced by t h e  concate-  
n a t i o n  o f  sounds  d i r e c t l y  cor responding  t o  t h e  letters n o t  o n l y  sounds 
e x t r e m e l y  u n n a t u r a l ,  b u t  is a l s o  even p r a c t i c a l l y  i m p o s s i b l e  t o  under- 
s t a n d ;  music produced from a nominal  r e a l i z a t i o n  o f  t h e  n o t e  s i g n s ,  on 
t h e  o t h e r  hand, is still r e c o g n i z a b l e ,  even though v e r y  bor ing  t o  l i s t e n  
t o .  

Q u a n t i z a t i o n  
Although b o t h  m u s i c  a n d  l a n g u a g e  c a n  b e  r e p r e s e n t e d  b y  g r a p h i c a l  

s i g n s  t h a t  i n  some way can  be regarded  as symbols  f o r  t h e  cor responding  
a c o u s t i c  s i g n a l s ,  t h e  r e l a t i o n s h i p  between t h i s  g r a p h i c a l  r e p r e s e n t a t i o n  
and t h e  sound s i g n a l s  d i f f e r s  i n  one  i m p o r t a n t  respect. 

I n  t h e  music  s c o r e ,  p i t c h  and d u r a t i o n  are r e p r e s e n t e d  by symbols  
accord inq  t o  a s y s t e m  o f  q u a n t i z e d  c a t e g o r i e s .  For  i n s t a n c e ,  a f o u r t h  
n o t e  is n o m i n a l l y  twice as long a s  an e i g h t h  n o t e ,  and a C is a l m o s t  6% 

lower i n  fundamental  f requency  t h a n  a C sharp.  
I n  o r thography ,  on t h e  o t h e r  hand, n e i t h e r  p i t c h ,  nor  d u r a t i o n  are 

s p e c i f i e d .  I n  m o s t  l a n g u a g e s  i t  is r a t h e r  t h e  t i m e  d e r i v a t i v e  o f  p i t c h  
t h a t  is p r e d i c t a b l e  from t h e  o r t h q r a p h y ,  such  as i n  cases o f  q u e s t i o n ,  
q u o t a t i o n ,  a c c e n t ,  etc. ,  o r  f r o m  t h e  l i n g u i s t i c  c o n t e n t ,  s u c h  a s  i n  
cases o f  f o c u s .  I n  t h e  s o - c a l l e d  t o n e  l a n q u a g e s r  p i t c h  is p r e d i c t a b l e  
w i t h i n  non-quantized c a t e g o r  ies, such  a s  h igh ,  middle ,  low, r i s i n g  , and 
f a l l i n g .  Durat ion can  somet imes  be p r e d i c t e d  q u a l i t a t i v e l y  from ortho- 
g raphy ,  s u c h  a s  " l o n g "  a n d  " s h o r t "  v o w e l s  and  c o n s o n a n t s .  However ,  
p r e d i c t i o n  o f  p h o n e t i c  t r a n s c r i p t i o n  somet imes f a i l s  s o  t h a t  a l e x i c o n  
is needed i n  o r d e r  t o  a r r i v e  a t  c o r r e c t  word pronuncia t ion.  

P a r a l l e l s  

Role o f  t h e  author/composer 
The f a c t  t h a t  w e  can f o r m u l a t e  r u l e  s y s t e m s  t h a t  g e n e r a t e  i n t e l l i -  

g i b l e  speech  and music performance o f  a d e c e n t  mus ica l  q u a l i t y  apparen t -  
l y  means t h a t  t h e  a c o u s t i c  r e a l i z a t i o n  is i m p l i e d  i n  t h e  o r t h g r a p h y  and 
t h e  m u s i c  s c o r e .  T h i s  s u g g e s t s  t h a t  t h e  a u t h o r  limits t h e  number  o f  
possible a c o u s t i c  r e a l i z a t i o n s  of h i s  t e x t  i n  a s i m i l a r  way a s  t h e  
composer L i m i t s  t h e  p o s s i b l e  a c o u s t i c  r e a l i z a t i o n s  o f  h i s  score .  T h i s  is 
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probably an e s s e n t i a l  requirement  on a  u se fu l  symbol system, such as t h e  
orthography and t h e  music score.  This  s i m i l a r i t y  i n d i c a t e s  t h a t ,  i n  t h i s  
regard ,  s i m i l a r  processes  unde r l i e  speech and music performance. How- 
ever ,  t h e  f i n a l  a c o u s t i c  r e a l i z a t i o n  is n o t  o f  t h e  same p r i m e  c o n c e r n  
f o r  au tho r s  a s  f o r  composers. This  is a l s o  why wr i t i ng  systems can  have 
a more vague r e l a t i o n  t o  t h e  a c o u s t i c  r e a l i z a t i o n .  

S t r e s s  and emphasis 
An important  premise of  t h e  comparisons c a r r i e d  ou t  i n  t h e  p re sen t  

article is t h e  d i f f e r e n c e  between emphasis and stress i n  speech. While 
emphasis is c o n t e n t - d e p e n d e n t r  t h e  d i s t i n c t i o n  be tween  s t r e s s e d  and  
uns t ressed  is a word l e v e l  phenomenon. T h i s  means t h a t  e m p h a s i s  and  
stress e x i s t  a t  d i f f e r e n t  l e v e l s  i n  s p e e c h ,  stress b e i n g  a t  a l o w e r  
l eve l .  It seems t h a t  an equ iva l en t  d i s t i n c t i o n  can be made i n  music, i n  
t h a t  stress is a proper ty  t h a t  is dependent on t h e  pos i t i on  i n  t h e  ba r ,  
while  emphasis is r a t h e r  dependent on higher  l e v e l  a s p e c t s  of t h e  music- 
a l  s t r u c t u r e .  

Comunicat  i ve  purposes 
A: P r e d i c t a b i l i t y  and emphasis 

In  b o t h  s p e e c h  and  mus ic t  mos t  a c o u s t i c  e v e n t s  a r e  more o r  less  
predic tab le .  For i n s t a n c e ,  w e  a r e  v e r y  s k i l l e d  i n  f i l l i n g  g a p s  i n  t h e  
a c o u s t i c  information occurr ing because of i n t e r f e r e n c e  w i t h  noise. Even 
i f  a  d o o r  is banging  i n  t h e  m i d d l e  o f  somebody's s p e e c h ,  w e  c a n  m o s t l y  
hear what  t h e  p e r s o n  is say ing .  I t  is o f t e n  even  h a r d  t o  t e l l  wh ich  
speech sound t h a t  was masked by t h e  n o i s e .  Some c lassical  p e r c e p t u a l  
s t u d i e s  have shown t h a t  t h e  perceived l o c a t i o n  i n  t i m e  o f  a  d i s t u r b i n g  
sound is judged t o  b e  a  p l a c e  i n  t h e  c o n v e r s a t i o n  where  i t  makes a s  
l i t t l e  harm as poss ib le ,  i.e., c l o s e  t o  a  s y n t a c t i c  break. 

However, t h e  meaning of  an u t t e r ance  does no t  a lways surv ive  a  door 
bang. In  some p laces ,  t h e  s e ~ t e n c e  is vulnerable  and i f  information is 
l o s t  i n  such placest  t h e  meaning of t h e  sentence could not  be res tored .  
Worn t h i s ,  w e  c a n  c o n c l u d e  t h a t  p r e d i c t a b i l i t y  v a r i e s  a l o n g  a  spoken  
u t t e r ance ,  and where p r e d i c t a b i l i t y  is h i g h ,  t h e  i n f o r m a t i o n  f l o w  is 
low, and  v i c e  v e r s a .  

A similar reasoning seems app l i cab le  t o  music. Mostly w e  can com- 
plement a  m e l o d i c  l i n e  c o r r e c t l y ,  even  i f  one  n o t e  is m i s s i n g .  For 
ins tance ,  d e l e t i n g  a  passing-note would be comple te ly  harmless. 0-1 t h e  
o t h e r  hand,  t h e r e  are a l s o  more i m p o r t a n t  n o t e s  i n  a  melody. I n  t h e  
second theme from the  f i r s t  movement of  Schubert's B minor Symphony, D 

759, t h e r e  is a m o d u l a t i o n  from D ma jo r  t o  B m a j o r ,  see Fig. 1. The 
modulation is announced by a D s h a r p .  I f  t h i s  n o t e  is c u t  Ou t r  t h e  
harmonic i n t e r p r e t a t i o n  of the  fol lowing no te s  w i l l  be a f fec ted .  Thus, 

t h i s  D sha rp  seems t o  be an ind ispensable  no te  f o r  t h e  melody. It seems 
obvious t h a t  such important  no te s  a r e  i n  a  sense ind ispensable  and have 
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a low p r e d i c t a b i l i t y ,  and i t  can  be  assumed t h a t  p r e d i c t a b i l i t y  is 
dependent on t h e  inve r se  of t h e  informat ion  rate. 

F ig .  1. Second theme from f i r s t  movement of Schube r t ' s  Symphony i n  B 
minor, D 759.  The  t op  Line of numbers symbolize t h e  harmonics 
i n  terms of t h e  d i s t a n c e ,  i n  semitones,  between t h e  roo t  of t h e  
chord and t h e  roo t  of t h e  t o n i c .  

The p a r a l l e l  o c c u r r e n c e  o f  a  t ime-va ry ing  p r e d i c t a b i l i t y  i n  both 
speech and  mus ic  is by  no  means t r i v i a l .  Its e x i s t e n c e  i n  b o t h  
sugges t s  t h a t ,  p o s s i b l y ,  i t  r e p r e s e n t s  a way o f  mee t ing  a n  e s s e n t i a l  
l i m i t a t i o n  o f  t h e  p e r c e p t i v e  sys t em.  For i n s t a n c e ,  t h i s  s y s t e m  may b e  
incapable o f  p r o c e s s i n g  s i g n a l s  having  a n  i n v a r i a b l y  h i g h  i n f o r m a t i o n  
r a t e .  

P r e d i c t a b i l i t y  o f  words  h a s  been s t u d i e d  by s e v e r a l  a u t h o r s .  I n  a  
now c l a s s i c a l  s tudy  by Lieberman (1963) , t h e  r e l a t i o n s h i p  between con- 
t e x t  redundancy and keyword i n t e l l i g i b i l i t y  was s tudied.  It was shown 

t h a t  p r e d i c t a b i l i t y  had a s t r o n g  e f f e c t  on how clear a word w a s  pro-  
nounced. This  experiment was l a t e r  repea ted  by Hunn i c u t t  (1985, 1987a). 
In  a  t e x t - t o - s p e e c h  s y s t e m ,  Coker ,  Umeda, & Browman (1973)  i n c l u d e d  
f a c t o r s  a s  word f r e q u e n c y  and r e p e t i t  ion  o f  e a r l i e r  men t ioned  words. 
These parameters  added t o  t h e  na tu ra lnes s  of  t h e  speech qua l i t y .  Simi- 
lar i d e a s  about p r e d i c t a b i l i t y  a r e  included i n  modern communication a i d s  
f o r  t h e  handicapped. It can be shown t h a t  a  p red ic t ion  program working 
on ly  on  t h e  s u r f a c e  s t r u c t u r e  can  p r e d i c t  a t  l eas t  50% o f  t h e  t y p e d  
letter i n  a  running t e x t  (Hunnicutt ,  1987b). 

P r e d i c t a b i l i t y  i n  s p e e c h  is p r e s e n t  a t  many d i f f e r e n t  l e v e l s  s u c h  

a s  phoneme s e q u e n c e ,  c h o i c e  o f  word e n d i n g s ,  and even  s y n t a c t i c  
cons t ruc ts .  A t  a  s t r u c t u r a l  l e v e l ,  w e  know t h a t  c e r t a i n  p h r a s e  o r  word 
combinations are v e r y  p r o b a b l e .  I t  is even  l i k e l y  t h a t  c e r t a i n  word 
sequences a r e  l e x i c a l i z e d  j u s t  l i k e  c e r t a i n  s i n g l e  words, and t h a t  w e  
perce ive  these  phrases  a s  s i n g l e  uni t s .  

The v a r y i n g  p r e d i c t a b i l i t y  i n  a  s e n t e n c e  is s i g n i f i c a n t  t o  i ts  
a c o u s t i c a l  r e a l i z a t i o n ,  i.e., t o  speech .  In  o r d e r  t o  make s p e e c h  e a s y  
t o  understand and n a t u r a l  sounding, it is necessary t o  emphasize import- 
a n t ,  o r  l e s s  p r e d i c t a b l e ,  words  and t o  deemphas i ze  u n i m p o r t a n t ,  p r e -  
d i c  t a b l e  elements.  

The v a r y i n g  p r e d i c t a b i l i t y  is  s i g n i f i c a n t  a l s o  t o  t h e  q u a l i t y  o f  
music pe r fo rmance .  In  o u r  r u l e  s y s t e m  f o r  music  pe r fo rmance ,  w e  have  
introduced t h e  n o t i o n  of  m e l o d i c  c h a r g e  i n  o r d e r  t o  t a k e  i n t o  a c c o u n t  
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1970). In  t h e  music performance program, phrase and sub-phrase endings  
a r e  marked i n  t h e  i n p u t  n o t a t i o n .  Then, t h e  f i n a l  n o t e  o f  t h e s e  two  
c o n s t i t u e n t s  a r e  marked i n  t h e  performance. Th i s  marking seems to be an 
e s s e n t i a l  r e q u i r e m e n t  on a m u s i c  p e r f o r m a n c e  (Thompson & al., 1986) .  
Measurements on music performance suppor t  t h e  same assumption and also 
t h a t  c o n s t i t u e n t  mark ing  t a k e s  p l a c e  a t  d i f f e r e n t  l e v e l s  i n  t h e  h i e r -  
a rchy  (Todd, 1985) .  

Phrase marking is an in s t ance  of  t h e  g e n e r a l  p r i n c i p l e  of  marking 
c o n s t i t u e n t s  i n  a s t r u c t u r e .  T h i s  p r i n c i p l e  is o f t e n  r e f e r r e d  to  a s  
grouping wh ich  seems e s s e n t i a l  i n  a n y  t y p e  o f  communica t ion .  I t  seems 
t h a t  c o n s t i t u e n t s  a t  many d i f f e r e n t  l e v e l s  are marked. For  i n s t a n c e ,  
word boundaries  a r e  narked no t  on ly  i n  speech, a s  mentioned above, bu t  
a l s o  i n  o r t h o g r a p h y  w i t h  a space .  A l so ,  i n  u n d e r s t a n d i n g  s p e e c h  o f  a 
fo re ign  l a n g u a g e ,  a m a j o r  s t e p  is t o  d e t e c t  t h e  b o u n d a r i e s  b e t w e e n  
words. 

The f a c t  t h a t  c o n s t i t u e n t  marking a p p e a r s  n o t  o n l y  i n  s p e e c h  and  
music p e r f o r m a n c e  b u t  a l s o  i n  t h e  o r t h c g r a p h y  and  t h e  mus i c  s c o r e  
sugges t s  t h a t  t h e  marking of  c o n s t i t u e n t  is a paramount demand i n  many 
k inds  o f  inter-human communication. 

Choice of  a c o u s t i c  code 
A s  b o t h  s p e e c h  and mus i c  p e r f o r m a n c e  u s e  a c o u s t i c  s i g n a l s  f o r  

communicationt i t  is i n t e r e s t i n g  t o  compare  t h e  c o d e s  used. I f  s p e e c h  
and mus i c  p e r f o r m a n c e  u s e  s i m i l a r  c o d e s ,  t h e  u n d e r s t a n d i n g  o f  m u s i c  
r e q u i r e s  a compe tence  wh ich  p a r t l y  is t h e  same a s  t h a t  r e q u i r e d  f o r  
understanding speech. Thus, comparing t h e  codes w i l l  shed some l i g h t  on 
t h e  b a s i c  requi rements  f o r  understanding music. 

Ehphasis 
A s  mentioned earlier, t h e  main c o r r e l a t e s  f o r  emphasis  i n  speech is 

r e l a t i v e l y  g r e a t e r  p i t c h  c h a n g e s ,  i n c r e a s e d  d u r a t i o n s  a n d ,  t o  some 
e x t e n t ,  g r e a t e r  v o c a l  e f f o r t ,  a s  w a s  i l l u s t r a t e d  i n  F igs .  3 and  4. By 
and l a r g e ,  a s  p i t c h  and  d u r a t i o n  i n  m u s i c  a r e  d e c i d e d  upon by  t h e  
composer, much less  l e e w a y  is l e f t  t o  t h e  p e r f o r m e r  t h a n  t o  a s p e a k e r .  
However, whi le  our  s e n s i t i v i t y  to d i f f e r e n c e s  i n  t h e  d u r a t i o n  of  n o t e s  
presented i n  i s o l a t i o n  is modes t ,  t h e  s e n s i t i v i t y  t o  m i n u t e  p e r t u r b a -  
t i o n s  o f  t h e  d u r a t i o n  o f  a n o t e  a p p e a r i n g  i n  a s e q u e n c e  o f  n o t e s  o f  
s i m i l a r  d u r a t i o n  is a s  s m a l l  as  1 0  msec ( v a n  Noorden, 1975). Thus, b y  
a r ranging  sequences o f  n o t e s  o f  similar du ra t i on ,  t h e  composer seems t o  
o f f e r  t h e  p l a y e r  t h e  p o s s i b i l i t y  t o  communica te  e m p h a s i s  i n  terms o f  
lengthening and shor ten ing  of  notes.  

S imi l a r  o b s e r v a t i o n s  have  been made w i t h  r e g a r d  t o  speech .  The 
lower boundary f o r  perceiving d u r a t i o n a l  d i f f e r e n c e s  has  been found t o  

be o f  t h e  o r d e r  o f  10  msec (Huggins ,  1972;  K l a t t  & Cooper ,  1975).  The 
j u s t  no t i ceab le  d i f f e r s n c e  has  been shown t o  va ry  w i t h  t h e  type  of  sound 
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Fig. 3. Fundamental frequency differences between emphatic productions 
and the averaged neutral production of the Swedish sentence 
"Uno belznade gzrden i Boden" (Uno mortgaged the farm in Boden). 
The different curves pertain to emphasis on the four main words. 

Fig. 4. Durational differences between segments in emphatic and neutral 
utterances. The solid curve indicates the difference between 
segments in nonempnasized words of emphatic utterances and neu- 
tral production. The other curves pertain to the increase in 
duration of the words when pronounced emphatically. 
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and its phonet ic  con tex t  ( F u j i s a k i ,  Nakamura, & Imoto, 1975; Carlson & 

Granstrom 1975b).  
Musicians seem t o  t a k e  a d v a n t a g e  o f  t h i s  o p p o r t u n i t y .  A s  was men- 

t i oned  above ,  m e l o d i c  c h a r g e  is a p r o p e r t y  o f  a n o t e  t h a t  r e f l e c t s  t h e  
remarkableness o f  t h e  no t e .  S i m i l a r l y ,  t h e  ha rmon ic  c h a r g e  seems t o  
r e f l e c t  t h e  remarkableness  of  a chord. Remarkableness seems t o  call  f o r  
emphasis i n  t h e  performance. 

According t o  t h e  performance r u l e s ,  a h igh  melodic charge is marked 
by i n c r e a s e s  i n  sound l e v e l ,  v i b r a t o  e x t e n t ,  and dura t ion .  The method is 
s t r a igh t fo rward ;  t h e  i n c r e m e n t  o f  sound  l e v e l  v i b r a t o  ex  t e n t ,  and  
d u r a t i o n  is c a l c u l a t e d  as  a c o n s t a n t  times t h e  m e l o d i c  c h a r g e  o f  t h e  
i nd iv idua l  n o t e .  The r e s u l t  is t h a t  n o t e s  w i t h  a h i g h  m e l o d i c  c h a r g e  
sound emphasized. S i m i l a r l y ,  i n c r e a s e s  i n  harmonic charge g e n e r a t e  cre- 
scendos, and  t h e  a s s o c i a t e d  i n c r e m e n t s  i n  sound l e v e l  a r e  u sed  f o r  
c a l c u l a t i n g  t h e  i n c r e a s e s  i n  d u r a t i o n  and  v i b r a t o  e x t e n t .  Accord ing  t o  
formal l i s t e n i n g  exper iments  w i t h  mus i ca l ly  t r a i n e d  s u b j e c t s ,  t h e  music- 
a l  q u a l i t y  o f  a p e r f o r m a n c e  is r a i s e d  i f  m e l o d i c  c h a r g e  is marked i n  
t h i s  way (Thompson & a l . ,  1986).  

These examples seem t o  i n d i c a t e  t h a t  emphasis  is s igna l ed  by adding 
d u r a t i o n  r e s u l t i n g  i n  a slowing o f  t h e  tempo. The s i m i l a r i t y  w i t h  speech 
is obv ious .  Also ,  t h i s  s l o w i n g  down o f  t h e  tempo seems p e r c e p t u a l l y  
adequate; t h e  l i s t e n e r  is g i v e n  more time t o  p r o c e s s  t h e  unexpec t ed  
i n£  ormat ion.  

Melodic charge and i n c r e a s e s  i n  harmonic charge are a l s o  r e f l e c t e d  
i n  t h e  v i b r a t o  e x t e n t ,  a s  mentioned. Here, t h e  parallel w i t h  speech is 
less obvious,  bu t  t h e  fo l lowing  specu la t i on  is tempting. The pe rcep t ive  

system seems ve ry  s e n s i t i v e  to changes, eq., i n  p i t c h ,  and one emphasis  
marker i n  s p e e c h  is p i t c h  change.  V i b r a t o  a c t u a l l y  i n c r e a s e s  t h e  rate  
of change  o f  f u n d a m e n t a l  f r e q u e n c y ,  t hough  w i t h o u t  chang ing  t h e  mean 
perceived p i t c h .  I n  t h i s ,  p e r s p e c t i v e  v i b r a t o  c o u l d  b e  s e e n  as  a n  ele- 
g a n t  way o f  e x p l o i t i n g  p i t c h  change  f o r  e x p r e s s i v e  p u r p o s e s  w i t h o u t  
changing t h e  melodic pa t te rns .  

Cons t i tuen t  marking 
In  s p e e c h  a s  i n  m u s i c  p e r f o r m a n c e ,  i t  is n e c e s s a r y  t o  mark 

s t r u c t u r a l  c o n s t i t u e n t s  a t  d i f f e r e n t  l eve l s .  In  speech, t h e  most appar- 
e n t  example  is t h e  p h r a s e  and c l a u s e  e n d i n g  which  is s i g n a l e d  by a 
lengthening o f  t h e  l a s t  s y l l a b l e  o r  s y l l a b l e s .  T h i s  way o f  announcing  
t h e  e n d i n g  o f  a c o n s t i t u e n t  is common t o  most l a n g u a g e s  (L indb lom,  
1979). Actual ly ,  f i n a l  lengthening is so impor tan t  f o r  bo th  Swedish and 
Engl ish t h a t  s p e e c h  s y n t h e s i z e d  w i t h o u t  s u c h  a r u l e  is p e r c e i v e d  a s  
a c c e l e r a t i n g  a t  t h e  end  o f  e a c h  c l a u s e .  

In  s p e e c h ,  c o n s t i t u e n t s  o f  many s i z e s ,  f rom p a r a g r a p h s  t o  words ,  
are marked, no t  o n l y  w i t h  d u r a t i o n  but  a l s o  w i t h  o t h e r  parameters  like 
i n tona t ion  and voca l  source  s e t t i n g s .  Al~ot micro-pauses a r e  introduced 
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a t  major s y n t a c t i c  breaks  even i f  t h e r e  is no need f o r  brea th ing ,  eq., 
a f t e r  words  f o l l o w e d  by  a p e r i o d ,  a comma, o r  a semico lon .  D u r a t i o n a l  
d a t a  on these  e f f e c t s  have been r epor t ed  f o r  s e v e r a l  languages and are 
a l s o  formulated i n t o  coherent  r u l e  systems. 

Prosodic models have an obvious importance i n  t h e  gene ra l  d e s c r i p  
t i o n  of  languages and f i n d  a p p l i c a t i o n  i n  text-to-speech systems. Sev- 

eral o f  t h e s e  mode l s  have  been  t e s t e d  by  C a r l s o n ,  G r a n s t r o m ,  & Klat t  
(1979) 1 and t h e  more e l a b o r a t e  models g i v e  advantages both i n  na tu ra l -  
n e s s  and i n t e l l i g i b i l i t y .  

One d u r a t i o n a l  d e s c r i p t i o n  o f  Swed i sh  is h i s t o r i c a l l y  b a s e d  on a 
tree s t r u c t u r e  o f  a s e n t e n c e  w i t h  p h r a s e  b o u n d a r i e s  and  s y l l a b l e s  on 
s e p a r a t e  branches. Support f o r  t h i s  model w a s  found i n  r e i t e r a n t  speech 
(Lindblom & Rapp, 1973; C a r l s o n  & Grans t rom,  1973).  The model had a 
c y c l i c  f i n a l  l e n g t h e n i n g  r u l e  t h a t  i n c r e a s e d  t h e  e f f e c t ,  t h e  h i g h e r  
perceptua l  i m p o r t a n c e  a boundary  had. A s imilar  model h a s  been  found 
extremely product ive i n  descr ib ing  t iming d a t a  from piano music perform- 
ance (Todd, 1983).  

Another t y p e  o f  p r o s o d i c  model f o r  s p e e c h  is b a s e d  on a g e n e r a l  

s t r u c t u r e  proposed by K l a t t  (1979). The r u l e s  have as input  t h e  inhe ren t  
d u r a t i o n ,  which is t h e  t y p i c a l  du ra t ion  of t h e  phoneme i n  a word - in i t i a l  
p o s i t i o n  b e f o r e  a s t r e s s e d  vowel .  The second  p a r a m e t e r  is t h e  m i n i m a l  
d u r a t i o n ,  which is a measure of t h e  phoneme's compres s ib i l i t y .  F ina l ly ,  
a c o r r e c t i o n  f a c t o r  is used  t o  c a l c u l a t e  t h e  d u r a t i o n .  T h i s  f a c t o r  is 
set depending on l o c a l  and g l o b a l  parameters.  This  model has  proven t o  
be a good model t o  d e s c r i b e  d u r a t i o n  e f f e c t s  i n  r u n n i n g  speech .  The 
exper iences  f rom t h e  mus ic  p e r f o r m a n c e  program r e v e a l  t h a t  a s imilar  
model, including r e s t r i c t i o n s  on c o m p r e s s i b i l i t y ,  would be  p r o d u c t i v e  
a l s o  i n  music performance. 

There seems t o  b e  a c o n t r a d i c t i o n  be tween t h e s e  two mode l s  f o r  

desc r ib ing  du ra t ion  phenomena. The f i r s t  model is probably more s u i t e d  
f o r  w e l l  p r e p a r e d  r e a d i n g  o f  t e x t  w i t h  a h i g h  amount o f  s p e e c h  pre-  
planning whi le  t h e  o t h e r  is t y p i c a l  of  less planned speech w i t h  r u l e s  of  
a more l o c a l  nature.  

According t o  Todd ( 1 9 8 5 ) ,  t h e  e n d i n g  o f  a p h r a s e  is o f t e n  p l a y e d  
wi th  a small r i t a r d  w h i l e  t h e  b e g i n n i n g  is p l a y e d  w i t h  a small 
accelerando. I t  is w e l l  known t h a t  t h e  l a s t  n o t e s  o f  a p i e c e  o f t e n  are 
played w i t h  a f i n a l  r i t a r d  (Sundberg & V e r r i l l o ,  1980).  I n  t h e  mus ic  
performance program, t h e  last  no te  of a phrase is lengthened by 40 msec 
and te rmina ted  by a micro-pause. A sub-phrase t e rmina t ion  is marked by 
a micro-pause only. In  a d d i t i o n ,  t h e r e  are a number of o the r  r u l e s  t h a t  
sho r t en  and  l e n g t h e n  n o t e s  depend ing  on t h e  c o n t e x t ,  and t h e s e  r u l e s  

sometimes seem t o  s e r v e  t h e  pu rpose  o f  c o n s t i t u e n t  marking.  For i n -  
s t ance ,  i n  combination wi th  t h e  marker of  phrase ending, they  a c t u a l l y  
sometimes gene ra t e  s m a l l  r i t a r d s  a t  phrase endings. 
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Why is t h e  code  f o r  marking s t r u c t u r a l  c o n s t i t u e n t s  s imi la r  i n  
speech and music performance? A tempting hypothesis  is t h a t  t h e  code i n  
music is i m p o r t e d  f rom s p e e c h  i n  t h i s  r e g a r d ;  a s  a l l  mus ic  l i s t e n e r s  
have a c q u i r e d  a compe tence  i n  decod ing  s p e e c h ,  it would b e  s a f e  t o  u s e  
t h e  same code  i n  mus ic  pe r fo rmance .  However, some l a n g u a g e s ,  e.g., 
Danish, d o  n o t  u s e  f i n a l  l e n g t h e n i n g ,  and ,  y e t ,  m u s i c i a n s  f rom t h e s e  
c o u n t r i e s  a r e  obviously q u i t e  as competent musicians a s  t h e i r  co l l eagues  
from o t h e r  count r ies .  This  shows t h a t  t h e  code used i n  music perform- 
ance may n o t  be  bor rowed f rom s p e e c h ,  b u t  m i g h t  l e a n  on o t h e r  k i n d s  o f  
common ex  pe r  ience. 

As f a r  a s  t h e  f i n a l  r i t a r d  is concerned, t h e r e  is a s t r i k i n g  s i m i -  
l a r i t y  w i t h  t h e  d e c r e a s i n g  r a t e  o f  f o o t s t e p s  i n  a s t o p p i n g  r u n n e r  who 
keeps t h e  s t e p  l e n g t h  and t h e  b r a k i n g  f o r c e  c o n s t a n t  t h r o u g h o u t  t h e  
s topping process  (Kronman & Sundberg , 1987). Under t h e s e  cond i t i ons ,  t h e  
slowing down o f  t h e  f o o t s t e p s  f o l l o w s  t h e  same c u r v e  as  t h e  a v e r a g e  
r i t a r d  i n  motor music from t h e  baroque era .  Thus, t h e  f i n a l  lengthening 
seems t o  a l l u d e  t o  a well-known e x p e r i e n c e ,  name ly  t h a t  o f  s t o p p i n g  
locomotion. We may s p e c u l a t e  t h a t  a l s o  t h e  f i n a l  l e n g t h e n i n g  i n  p h r a s e  
endings a r e  f a i n t  a l l u s i o n s  t o  locomotion. I f  SO, t h e  code would be v e r y  
robus t  i n  t h e  sense  t h a t  anybody acquainted w i t h  locomotion is l i k e l y  t o  
know t h e  code. 

Outlook 
We can d i s c e r n  two apparent ly  ve ry  b a s i c  p r i n c i p l e s  used i n  speech 

and mus ic  per formance .  One is t h e  e m p h a s i s  which  is c a l l e d  f o r  by t h e  
varying p r e d i c t a b i l i t y .  I n  s p e e c h ,  p r e d i c t a b i l i t y  would s e r v e  t h e  
purpose of  making t h e  message robust.  I n  music performance, on t h e  o t h e r  
hand, t h i s  may o r  may not  be t h e  purpose; whi le  speech is of ten  r equ i r ed  
t o  func t ion  a l s o  i n  noisy  environment, music is l i k e l y  t o  be performed 
i n  less d i s t u r b e d  s i t u a t i o n s .  I n  a n y  e v e n t ,  i t  seems l i k e l y  t h a t  it is 
t h e  cogn i t i ve  system t h a t  a s k s  f o r  varying degrees  of  emphasis. Perhaps, 
t h i s  system cannot d i g e s t  long series of  e q u a l l y  unexpected e lements  i n  
communication. 

Another common b a s i c  p r i n c i p l e  i n  speech and music performance is 
c o n s t i t u e n t  marking. The p a r t s  t h a t  c o n s t i t u t e  b l o c k s  i n  t h e  s t r u c t u r e  
a r e  marked i n  t h e  a c o u s t i c  r e a l i z a t i o n ,  e.g., p h r a s e s  and  c l a u s e s  i n  
speech and p h r a s e s  and s u b - p h r a s e s  i n  music.  T h i s  a p p e a r s  t o  r e f l e c t  a 
requirement o f  t h e  c o g n i t i v e  s y s t e m ,  and is o f t e n  r e f e r r e d  t o  as t h e  
p r i n c i p l e  of  grouping. 

Why a l l  t h e s e  numerous p a r a l l e l s ,  what do they  imply? The paral-  
le ls  are no t  astonishing.  Both speech and music are examples of formal- 
ized  inter-human communication by means of  a c o u s t i c  s igna ls .  Both must 
be d e v i s e d  f o r  t h e  same p e r c e p t i v e  and  c o g n i t i v e  sys t ems .  The l i m i t a -  
t i o n s  and c a p a b i l i t i e s  of t hese  systems must c o n t r i b u t e  impor tan t ly  t o  
t h e  development of both speech and music. 
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