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E SOME NOTES ON THE PERCEPTION OF TEMPORAL PATTERNS IN SPEECH 5 be tween sy l lab le  n u c l e i ,  as  wel l  a s  the i n te rva l  between onse ts  o f  

Ro l f  Car l son* ,  B jö rn  Granstr6m*, and Dennis H .  K l a t t ,  M a s s .  I n s t .  s t ressed  vowe ls  ( a  measure  r e l a ted  t o  the foo t  concep t )  have  been 

o f  Tech . ,  Cambridge,  MA 02139  USA.  [ * A l s o  Dep t .  o f  Speech 

Communication, KTH, S-10044 Stockholm, Sweden.] 

shown to be perceptually important (Carlson and Gransträm, 1975; 

Huggins, 1972; Leh is te ,  1977) .  

This l eads  to  the ques t ions  t h a t  we wish t o  add ress :  g i ven  a 

i 

Ë Introduction. Prosodic fac to rs  in speech have recent ly  
j pr imary i n te res t  in  the funct iona l  proper t ies  o f  a model o f  

a t t r a c t e d  a remarkable amount o f  l ingu is t ic  and phonetic r e s e a r c h .  

… A prevalent  po in t  o f  v i e w  i s  that prosody i s  o f  paramount impor- 

? t a n c e ,  bo th  for  na tu ra lness  and in te l l ig ib i l i t y  o f  speech .  As a 

r esu l t  o f  t h i s  b e l i e f ,  a change can  now b e  seen in  the  methods 

. d  adopted in Speech t ra in ing for hard-of-hearing and foreign 

prosody, what demands should we put on i t ?  What aspects o f  the 

descr ip t ion a r e  most important? Wi l l  d i f f e ren t  models  be  ranked 

in the same order i f  d i f fe rent  c r i t e r i a  such as  naturalness and 

in te l l ig ib i l i ty  a r e  used? 

language s tudents .  The inc reased  focus on suprasegmental  compared In our present  s tudy  we h a v e  eva lua ted  both the natura lness 

to  segmental a r t i cu la t i on  i s  poss ib ly  advantageous .  From a and in te l l ig ib i l i ty  o f  sentences wi th  s e v e r a l  d i f fe ren t ‘dura t iona l  

sc ien t i f i c  point o f  v i e w ,  however ,  v e r y  l i t t l e  evidence i s  yet s t ruc tu res .  As  a s ta r t i ng  point we have  used a vers ion  o f  K l a t t ' s  

avai lable on the quant i tat ive importance of‘ prosody. This is ' durational rules for American English (K la t t ,  1979) that we use in 

especia l ly  t rue o f  the r e l a t i v e  importance o f  d i f f e ren t  aspec t s  o f  the MIT t ex t - t o -speech  p r o j e c t  ( A l l e n ,  1 9 7 6 ) .  

the prosodic p a t t e r n .  Test  Ma te r ia l .  An a lgor i thmical ly  complete ru le system is  

From a s tudy  employing synthet ic speech (Huggins, 1 9 7 6 ) ,  we meant to  genera te  a f i r s t  o rde r  approx imat ion t o  the durat iona l  

know that  r ea l l y  dev ian t  dura t ions  and fundamental f requency structune o f  any  spoken English sen tence .  In order  t o  eva lua te  

contour dec reases  i n te l l i g ib i l i t y .  Prosodic  pa ramete rs  h a v e  a lso such a system o f  r u l e s ,  a v a r i e t y  o f  syn tac t i c  and phonological  

been shown to  be e f f e c t i v e  in disambiguating sentences (Lehiste gt structures ought to  be tes ted .  The tes t  mater ia l  in our 

al,, 1 9 7 6 ) .  Our conce rn ,  howeve r ,  has  more t o  do w i th  what exper iments,  p resen ted  be low,  could include only a smal l  sample o f  

in format ion an e x p l i c i t  desc r i p t i on  o f  p rosody h a s  t o  supply and such s t ruc tu res .  These include Anna a c t i v e ,  pass i ve ,  quest ion,  

the p rec is ion  wi th  which i t  i s  supplied. simple, compound, and complex embedded sentence t y p e s .  Both short 

and long noun phrases are  represented. In Sentence 8 ,  the " )n"  

a f ter  "seafood" is  specially used to  indicate that the following 

preposi t ional  phrase i s  a sentent ia l  mod i f ie r ,  ra ther  than 

modi fy ing the " i c y  seafood" noun phrase .  

Descr ip t ive» models  for  segmental durat ion and fundamental 

f requency h a v e  been designed for a number o f  languages.  Typ ica l ly  

these models a re  based on material read repeatedly by  a single 

speaker in ea neutral ,  non-emphatic way. Subjects can perform 

remarkably consistent ly within such a recording session, but an Test Sentence measured dur. synth.dur. 

examination o f  spontaneous speech reveals great variabil ity in the (msec) (msec) 
, _ _ 1. Someone a t  the table ) n  ordered hot and sour soup. 2365 2615 prosodic real izat ions o f  a given sentence. 2 .  Going to school ) n  was an adventure.  625 1860 

, _ 3. He who eats  too  much ) c  wi l l  become f a t .  _ 2105 2295 
Thus i t  i s  not clear how precise the speci f icat ion o f  A. If Kate ) n  goes,  Bi l l  ) n  wil l  eat  her orange. 2430 2385 

duration i s  in the speech code common to speaker and l istener. We 5° Old 3885 ) n  of ten SPOil french bread. 2200 2330 
_ _ _ 6 .  The fa t  brown tu rkey  ) n  was chased by  everyone.  2H95 2u15 

also know that perception imposes cer ta in  restr ict ions on how 7 ,  Do you think that i t  will rain? 1370 1uso 
prosodic e f fec ts  could be appreciated (Klatt and Cooper, 1975)- 8° Pete ) n  ate icy seafood ) n  on the veranda. 2195 2155 

- .  F i t d '  (C __ i 9 .  Frank )n  saw pret ty  s t reetcars  ) n  in San Francisco. 2755 28ü5 
„ rom prev ous s u ies  arlson and Granstrom, 1975; Fujisak , where: Noun Phrase Boundary = ) n ,  Clause Boundary = ) c  

1975) ,  we know ‘that the sensit iv i ty '  to  durational changes is  

greater  in  vowels  than in consonants.  The durat ional  balance 
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These sentences were  reco rded  s e v e r a l  t i m e s ,  t h e  most  na tu ra l  

sounding reco rd ing  was s e l e c t e d ,  and the dura t ion  o f  e a c h  segment 

w a s  measured .  S ince the  ru les  a r e  in tended t o  ma tch  the speech  o f  

a part icular speaker (DHK),  the same subject  was employed in the 

record ing  sess ion .  Nine d i f f e r e n t  ve rs ions  o f  each sen tence  w e r e  

syn thes ized  and put on  language mas te r  c a r d s .  The syn thes is  

algorithm i s  d iscussed in K la t t  (1979 ) .  The vers ions l i s ted  below 

include three (3—5) that might be expected to  be p re fe r red  over 

vers ion  Ru le  ( s i n c e  the R u l e  du ra t ions  a r e  a d j u s t e d  in p a r t  toward  

Ref  durat ions) and four vers ions ( 6 - 9 )  expected to  be worse than 

Rule (s ince  va r i ous  ru les  contained in Rule have been de le ted ) .  

1 R e f  Syn thes i s  b y  ru le  us ing the measured du ra t ions  f rom 

na tu ra l  speech ,  but  norma l i zed  l i near l y  over  the  

whole sentence t o  ge t  the same to ta l  dura t ion a s  Ru le .  

Th is  ad jus tment  o f  the speech r a t e  was  r a the r  smal l ,  

averaging 6 pe rcen t .  

2 Rule Syn thes is  us ing  the r u l e  sys tem.  

3 Vowel  Synthes is  us ing the vowel  durat ions from R e f  and 

the consonan t  du ra t i ons  f rom Ru le .  

1 Cons Syn thes is  us ing the consonant du ra t ions  from R e f  
and the vowe l  dura t ions  f rom Ru le .  

5 S t r e s s V O  Syn thes i s  u s i n g  the du ra t ions  f rom Rule but  l i nea r l y  
norma l i zed  between s t r e s s e d  vowe l  o n s e t s  t o  ge t  the 
same dura t ions  be tween  onsets  o f  s t r essed  vowe ls  a s  

in R e f .  

6 NoParse  Syn thes is  us ing  the ru le  sys tem,  bu t  d i s rega rd i ng  
the syn tac t i c  boundaries marked b y  " ) n "  and " ) c " .  

7 SimpleFL Same a s  Simple (below) but with clause-f inal 
lengthening a t  punctuat ion marks .  Each segment 
a f t e r  and inc lud ing the l a s t  s t r e s s e d  vowe l  i s  

assigned increased durat ion by  a fac tor  o f  1 . 6 5 .  

8 Simple Synthesis using a v e r y  simple rule system: 
St ressed  vowel  ' Dur:  . 8 0  * inherent  durat ion 
U n s t r e s s e d  v o w e l  Dur: . 6 0  * inherent  dura t ion  
S t r e s s e d  consonant  Dur: . 9 0  * inherent du ra t ion  
Uns t ressed  consonant Dur: . 6 5  * inherent dura t ion  

9 Random Synthesis using the re ference durat ion,  but randomly 
mul t ip l ied  o r  d i v i d e d  by  a f ac to r  determined b y  the  
devia t ion between Rule and R e f .  This condit ion was 
included a s  a c lea r  example o f  a bad sys tem.  
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Experiment I :  Natura lness.  Nine phonetical ly t ra ined 

subjects (nat ive speakers o f  American English, working at RLE,MIT) 

were asked to sort  the nine versions o f  each sentence according to 

naturalness. o f  the durat ional  st ructure.  The sub jec ts  used a 

language maste r  and headphones. A f t e r  the order for  a par t i cu la r  
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sentence t y p e  was  s e t t l e d ,  the s u b j e c t  ass igned a number 

corresponding In) subject ive naturalness ( f r o m  0 - 100)  to  each 

vers ion .  Most  o f  t he  s u b j e c t s  f i n i shed  the  task  wi th in  two  h o u r s .  

In some c a s e s ,  the  t a s k  requ i red  s e v e r a l  s e s s i o n s .  S ince  the 

subjects  used d i f f e ren t  s c a l e s  in the r a t i n g  t a s k ,  t h e  d a t a  f rom 

each s u b j e c t  w e r e  normal ized to  produce a mean o f  0 and a s tanda rd  

deviat ion o f  100.  Mean ra t ings ac ross  sentences (Table 1, Column 

labeled "mean")  i nd ica te  tha t  R e f ,  R u l e ,  V o w e l ,  and St ressVO a r e  

judged to  be s ign i f i cant ly  more natural  than the o thers .  

The reproduc ib i l i t y  o f  the  na tu ra lness  r a t i n g  for  a sub jec t  

was es t imated from sen tence  s e v e n ,  which had no s y n t a c t i c  markers  

in the input r e p r e s e n t a t i o n ,  and  was thus i den t i ca l  in  v e r s i o n s  

Rule and NoParse.  The mean normal ized d i s t a n c e  ac ross  sub jec ts  

f o r  this pa i r  was 2 6 ,  which compares favorab ly  t o  a t yp i ca l  

s tandard  d e v i a t i o n  o f  6 0  fo r  the  obse rva t i ons  under ly ing an 

element in the mat r ix  (Table 1 ) .  This suggests that  subjects  were 

quite cons is ten t  in  thei r  ra t ings compared to the i n te r sub jec t  

v a r i a b i l i t y .  The es t imated s t a n d a r d  d e v i a t i o n  o f  each  element in  

the mat r ix  is  about 20 (60 d iv ided by  the square root  o f  9 ) .  The 

s tandard  dev ia t i on  (xt the mean ac ross  sentences  i s  g i v e n  in  the 

table for each vers ion .  

Table 1. Naturalness ra t ings  from Experiment I ,  as  averaged across 
nine s u b j e c t s .  Column A i nd i ca tes  the number o f  e r r o r s  for  6 ver— 
sions used in an intel l ig ib i l i ty  t e s t  descr ibed in Experiment I I. 
Versions 3 , ”  and 9 were not included in Experiment I I. 

ve r -  sentence mean s t . d .  A 
sion 1 2 3 H 5 6 7 8 9 

1 78  5 8  1 7  3 3  2 1  6 8  —18 5 1  78  H3 8 2 
2 18 33 u7 32 70 70 86 17 23 un 7 12 
3 8 6  60  2 8  0 5 2  10H un 81  no  55  7 - 
u o -2 6 7 3  3 8  7 1  -25 —23 61 22 8 - 
5 99 28 -2 81 35 108 -25 50 92 52 8 9 
6 1H 66 3 30 -101 33 70 11 su  20 8 12 
7 -36 u 22 21 -11u u H3 6 -80 -1n 9 15 
8 -63 —66 3 -169 -146  -30 -125 13 -127 -79 11 zu 
9 -116 -168 -169 -132 -163 -1u8 -150 «190 —80 —1u6 9 — 

Egperiment I I: Intel l ig ibi l i ty.  Some o f  the versions used in 

Experiment I were included in an intel l igibi l i ty tes t  that was 

presented  ind iv idua l ly  t o  18  MIT s t uden t s .  These sub jec t s  were  

phonetically na ive ,  na t i ve  speakers o f  American English, and 

unfamiliar wi th synthetic speech. Before the t es t  was run,  the 

subject l istened to  a short passage o f  synthet ic speech (75  sec)  
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t o  ge t  acqua in ted  to  the speech qua l i t y .  Th is  f am i l i a r i za t i on  

process has been shown t o  be ve ry  rapid (Car lson e t  a l . ,  1976) .  

The number o f  word errors out o f  122 possible words (excluding 
ar t i c les )  is shown in Column A o f  Table 1,  and i s  plotted against 

the natura lness ra t ing data  in F ig .1 .  

L 
“ l I I I ! I l l 0 

I00- $ " 
$ Eigg£g_l. Mean naturalness 

. … E _— r a t i ngs  for s i x  ve rs ions  are  
ä m & plotted against the word 

50-  “ m.. identi f icat ion ra te  from 
Table 1 .  The t w o  measures  

— - a re  p o s i t i v e l y  c o r r e l a t e d ,  
but  the improvement in  
na tu ra lness  f rom NoParse to  
Rule i s  no t  accompanied b y  an 
improvement  in 
i n t e l l i g i b i l i t y .  I t  should 

_ be  emphasized that  the 
_ i n te l l i g ib i l i t y  f igu res  a re  

' ' b a s e d  on a small  amount o f  
d a t a  and should be 

”°°“  “ in te rpre ted  with some 
I I 1 1 I l l 1 cau t i on .  

67*50 as 90 95  IOO 
woao IDENTIFICATION RATE (%) 
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Discuss ion .  I t  i s  c lea r  from r a t i n g s  and comments g iven on 

the answer sheets ,  tha t  s u b j e c t s  h a v e  d i f f e r e n t  p re fe rences .  ' F o r  

example,  R e f  i s  no t  cons idered b e s t  b y  al l  sub jec ts  for a l l  

sentences.  This might be a quest ion o f  d ia lec ta l  pre ference or 

id iosyncrat ic  d i f f e r e n c e s .  Another poss ib i l i t y  i s  t ha t  durat ions 

f rom natural  speech,  imposed on synthet ic  speech w i th  a somewhat 

d i f f e r e n t  r e a l i z a t i o n  o f  F0 and segmental  con ten t  cou ld  cons t i t u t e  

an incompatible combination. There i s  no  way  o f  cont ro l l ing for 

th is  in the present  s t u d y .  A para l le l  s tudy  using LPC-coded 

natural  speech might shed some l ight  on th is  i s s u e .  

Ref  and Rule have about the same mean naturalness score in 

Table 1 ,  ind ica t ing  that the dura t iona l  ru les  produce a s  na tu ra l  a 

durational structure a s  our reference speaker (POINT 1) .  However, 

i t  should be noted that the tes t  mater ia l  consist  o f  rather short 

sentences without e . g .  the  semant ic  r e l a t i o n s  between sen tences  

that  e x i s t  in paragraph-length ma te r i a l  and that  the 

intel l ig ibi l i ty o f  Rule was somewhat lower than that  o f  R e f .  
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We wanted t o  examine how the in termedia te  v e r s i o n s  b e t w e e n  

R e f  and Rule ( V o w e l ,  Cons ,  and  S t r e s s V O )  a re  o r d e r e d .  Th is  cou ld  

no t  be  done i f  we a r e  no t  su re  tha t  the re la t i on  between R e f  and 

Rule i s  the same for a l l  subjects .  Therefore, in  Table 2 ,  the 

resu l t s  a r e  p r e s e n t e d  a f t e r  d i sca rd ing  the  d a t a  on a sen tence for  

each sub jec t  who ra ted  Rule higher than R e f .  (This w i l l ,  o f  

c o u r s e ,  reduce  the na tu ra l ness  score for Rule re la t ive t  to  a l l  

other v e r s i o n s . )  

T ' ' ' 4T7 r ' ' ' F igure 2. Mean 
l O O -  _ na tu ra lness  r a t i n g s  

3 J ? from Table 2 are 
z i  ‘; m p lo t ted aga ins t  one 

" g i  && " measure o f  the 
E physica l  durat ional  
In 5 0 -  — d i s t a n c e  to  R e f  

$ ( c i t y  b lock) ,  i . e . ,  
- ‘2" g E _ the sum, over  a l l  

3 : ä o  segments ,  o f  th'e 
g; "‘ z absolute difference 
u 0 4 in  durat ion between 
5 E the ve rs ion  and R e f  
g “ 3 } ' (average  per sen- 
: ; t ence) .  There is a 
g -50 -  a _ general correlat ion 

r a t i n g s  and phys i ca l  
d i f fe rence  in 
du ra t i on ,  but R u l e ,  

'flOOr— * S t ressVO and Vowel 
a r e  r a t e d  more 
natura l  than one 
might e x p e c t  g i ven  
the dura t iona l  
d i f f e r e n c e s  
i nvo lved .  
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Table  2.  Na tu ra lness  r a t i n g s  a f t e r  exc lud ing  Ss who r a t e d  Ru le  
be t te r  than R e f .  The number o f  sub jec ts  for  each sentence i s  
marked i n  the  l a s t  l i n e .  

ver -  sen tence  mean s t . d .  

sion 1 2 3 u 5 6 7 8 9 

1 102 85 66 55 73 102 93 96 83 85 6 
2 13  12 10  u 5 9  4 2  un 1 4  12  1 8  8 

3 110 8 5  7 8  6 7 3  116 72 82 no  7H 8 
ü 2 -20 -u2 92 90 9 1  25 - 4 3  52  20 1 1  

5 105 27  27  5 3  ue 116  u 1  5 6  90  67 9 
6 —H 4 3  -3O 5 2  -125 37 an 19 56  20 10 

7 -ü0 -10 3 6  26  -159 - 1 1  17  13 -82  —20 13 
8 -u2 -68  -27 - 1 7 6  -208 -30 —71 -u -119 -73 I n  

9 -125 -133  -150 -121 -122 -150 -116 -180 -75 -130  12 

7 6 5 5 2 5 2 7 8 (#  sub jec ts )  
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The most  s t r i k ing  resu l t  seen in Figure 2 i s  tha t  both Vowel 

and St ressVO a r e  s ign i f i can t l y '  more  na tu ra l  than Cons, desp i te  

their‘ g rea te r  du ra t i ona l  d is tance  from R e f .  Th is  co r robora tes  

earlier observat ions that these two durational uni ts i . e .  vowel 

dura t ion  and i n t e r v a l  between onset  o f  s t r e s s e d  vowe ls  a r e  o f  

great  percep tua l  importance (POINT 2) .  Cons ,  which has al l  

consonant  du ra t i ons  r i gh t  bu t  vowe l  du ra t i ons  done b y  r u l e ,  does 

not  s c o r e  s i gn i f i can t l y  be t te r  than Ru le ,  re in fo rc ing  this 

i n te rp re ta t ion .  Fur thermore i t  i s  obv ious  that  phys ica l  d i s tance  

i s  c l e a r l y  n o t  a r e l i ab le  pred ic tor  o f  pe rcep tua l  d i s t a n c e .  

Isochrony ,  i . e .  the tendency  toward equal du ra t i ons  between 

cer ta in  un i ts ,  has been discussed in the l i te ra tu re .  It might be 

suspected t ha t  the high scores for R e f  and S t ressVO a r e  because 

they p rese rve  the isochrony o f  r e a l  speech.  We compared Rule and 

R e f  to  see  which h a s  a g rea te r  tendency toward  equa l  d i s tances  

between s t r essed  vowe l  o n s e t s .  I f  anyth ing,  Rule i s  more 

isochronous than R e f ,  sugges t ing  that the amount o f  isochrony 

implemented in the ru l es  v i a ,  e . g . ,  c lus ter  shortening and 

uns t ressed  segment shortening i s  probably s u f f i c i e n t ,  and no 

" i sochrony  ru le "  per se need to be  added (POINT 3 ) .  

Vers ions  Rule and NoParse have the same natura lness score  in 

F igure 2 .  H o w e v e r ,  i t  :nust ‘be remembered that a n  ed i t i ng  rms 

taken p lace which s e l e c t i v e l y  lowers the score  o f  Ru le .  In Table 

1, these two vers ions a re  s igni f icant ly d i f f e ren t .  For some 

sentences, however ,  the score for NoParse i s  higher than that for 

Rule. Even i f  these d i f fe rences  a re  not highly s ign i f icant ,  they 

ind icate that in these ins tances,  NoParse i s  regarded as close in 

qual i ty t o  Ru le .  One poss ib le  reason could be tha t  the ru les 

dea l ing w i th  ph rase  f i na l  lengthening o v e r e x a g g e r a t e  the 

lengthening e f f e c t .  An ana lys is  y ie lded no support for  this 

interpretation in our data. Another possibility which seems more 

reasonab le  i s  that  the phrase- f ina l  lengthening ru le  i s  applhm 

too f requent ly  (POINT N ) .  A simple-minded cu re  might be  to  ensure 

that short phrases containing only one content word are not 

af fected by phrase final lengthening although recent work by 
Cooper et  al ( 1978 )  indicates the l ikelihood o f  a more complex 

relation between surface structure and lengthening. 
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Comparing Simple and Ru le ,  we c a n  conclude that ru les  

modifying the durat ion o f  a segment as a function o f  syntax  and 

segmental con tex t  a re  o f  s i gn i f i can t  importance for both 

natura lness and i n te l l i g ib i l i t y .  Approx imate ly  ha l f  o f  the 

di f ference between the t w o  vers ions seems to  be explained by  the 

ext remely  simple c lause f ina l  lengthening ru le  used for SimpleFL 

(POINT 5 ) .  

The i n te l l i g ib i l i t y  resu l t s  shown in  Figure. 1 i nd ica te  a 

c lear co r re la t ion  between i n te l l i g i b i l i t y  and na tu ra lness .  

C o r r e c t  du ra t i ons  r e s u l t  in s i g n i f i c a n t l y  b e t t e r  i n te l l i g ib i l i t y  

and natura lness.  This con f i rms in pa r t  the cu r ren t  be l ie f  in the 

importance o f  p rosody  t o  sen tence pe rcep t i on .  (POINT 6 ) .  
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