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A negat ive  b inomia l  probabi l i ty  d is t r ibut ion  was found to give good agree-

men t  w i t h  emp ir ical  data d i s t r ibu t ions  of speech i n t e l l i g i b i l i t y  scores .

A new pe r fo rmance  ra t ing  for voice communica t ions  devices , t e rmed
an intel l ig ib i l i ty  threshold level (ITL) , was conceived as a means ( If  t ak ing
these f indings  into cons idera t ion  in es tabl ishing a measure  of i n t e l l i g i b i l i t y
p e r for m a n c e  that  is an es t imate  of an in te l l ig i b i l i t y  value that  the  m a j o r i ty
( r a the r  than the  s imp le average) of i n t e l l i g i b i l i t y  scores for  a voice processor
wi l l  equal or exceed , at a speci f ied  conf idence level es tabl ished in re la t ion
to the sample s ize  used in obta in ing the  r a t i ng .

It is proposed that an ITL rat ing is a more  mean ingfu l assessment  of the
degree of r isk involved in misunders tand ing  voice messages or caus ing  t i m e
N be lost in r equ i r ing  messages t o  be repeated.

It was shown that ITL I 5 can be d e t e r m i n e d  by t w o  a l t e rna t ive  methods :
by rank-order ing  the inte l l ig ibi l i ty  stores for  a processor  and c o n st ru c ’ t u u~
the cumula t ive  d i s t r ibu t ion  of data and its con f idence  band , or by u s ing  a
negat ive b inomia l  probabi l i ty  model for  the data d i s t r i b u t i o n .

Chi-squared tests indicated that in most cases the negat ive  b in o m i a l
probabili ty model gave a reasonable approx imat ion  to the data d i s t r i b u t i o n .

Intell i g ib i l i ty  threshold levels (ITL’ s) es t imated  ‘.vith the neg~ t i ~-c
binomial  probabi l i ty  model d i f f e r e d  by at most one quantum value (3 . 125)

r from the IT !. values de termined from the emp ir ical  d i s t r ibu t ions .

It is recommended that  fu ture  speech in tel l ig ib i l i t y  tests and evaluat ions
of digital voice communica t ions  processors and systems include an ana1~ si s
of the data to de termine  the 80 percent  ITL 1s at 95 percent probabi l i ty ,
that is , de te rmine  the in te l l ig ib i l i ty  level for w h i c h  there  is a 95 percent
probabili ty that  80 percent  of the  populat ion of intel l i gib i l i ty  scores (fo r
individual speakers and phonet ic  fea tu res)  wi l l  equal or exceed.
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Intelligibility Threshold Level (lii)
Rat ings of Some Current Dig ital

Vo ice Communicat ions Processors

I . I\TRODCCTIO’~

Over the past several  years there  has been an opportunity to stud y speech

ir.’e llig ib i l i ty  data obtained from tests and evaluations of a wide variety of  proc-

essl rs for dig ital  speech communicat ions  app lications. These studies have led to

a conclusion that  ave rag ~ in te l l ig ib i l i ty  scores currently used to specif y intelli gi-

b i l i t v  pe r formance  fal l  short of providing adequate ratings of intell igibil i ty,  and

that  a need ex i s t s  for an al te rna t ive  ra t ing  for speech intell igibil i ty that takes into

CI f l S i d e r at i on  d ispers ion  and highl y skewed dis t r ibut ions  of scores that character-

ize data obtained wi th  r n u t t i p le speakers and diagnostic in te l l ig ib i l i ty  testing. This

report pr esent’~ some of those findings and presents a new concept for a speech

i n t e l l i g i b i l i t y  ra t ing  to supp lement or rep lace average scores that rate the intelligi-

b i l i ty  pe r fo rmance  of speech communicat ions systems and devices.

1.1 I)iagnostic Rh y m e Test (DRT)

The i n t e l l i g i b i l i t y  pe r fo rmance  of speech communications processors is for

th e  roost part  evaluated wi th  the  Diagnost ic  Rh yme Test or DRT. This is a test

t h a t  grew out of research on ve ry- low-da t a - r a t e  digital  speech communicat ions  by

the  m eth od  of voice pa t t ern -ma tch ing .  A speech intel l igibi l i ty  test method was

neE ded i provide d iagn os t ic  intel l i g ibi l i ty  data , that is to assess separately the

( I N - c e i v e d  for pub l i ca t i on  17 A ugust 1979)
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in te l l i g i b i l i t y  obtained i c  each of the categories  of phonet ic  events , as w e l l  as

assessing overall  or ‘ t o t a l  i n t e l l i gi b i l i t y .  This need was c r i t i c a l  for evaluat ing

per formance  and guiding the research in connection w i t h  the voice pa t t e rn -co d ing

technique , as it was considered essent ia l  that  the l i b r a r y  of spectral  pat terns of

speech should full y accommodate  the  ranr c  of allophones of conversat ional  speech.
A diagnost ic  i n t e l l i g i b i l i t y  test method w a s  requ i red  in order  to assess whe the r

this  objective had been met and t o  iden t i f y any def ic iencies  in anal ysis and synthesis

of the various speech sounds. The Diagn os t i c  Rh yme Test or DRT was developed

to fu l f i l l  th i s  need. It qu ick l y became apparent  that  the DRT combined unique
propert ies  of resolving power and s e n s i t iv i ty  for assessing speech in t e l l i g ib i l i ty

per formance, as well  as being extremely e f f i c i en t  and economical  for ob t a in ing

detailed intelli gib i l i ty  anal yses w i t h  m in imum inves tments  in processing t i m e  and

lis tener crew t ime.  An ini t ia l  single-speaker  version of the DRT which  was used

in a f i r s t  survey of the inte l l igibi l i ty  per formance  of vocoder technology in 1967

was subsequently expanded to a mul t ip le-speaker version that  was used in a second

survey of i n t e l l i g i b i l i ty  per formance  of vocoder technology in 1972 . Since that

t im e  addi t iona l  mu l t i p le-speaker versions of the DRT including men and women
speakers have been recorded wi th  c lose- ta lking dynamic , carbon , and pressure-

gradient  (noise -cancel l ing)  microphones; recording conditions have included quiet

env i ronment s  and ta lkers  in various s imulat ions  of acoust ic  noise environments  of
interest  in the Department of Defense (DOD) . These in te l l ig ib i l i ty  test recordings
have been wide l y used in the DOD for evaluat ing in te l l ig ibi l i t y of a variety of digita l

and analog speech processing techniques and hardware .  Intell i gibi l i ty  data obtained
in these tests  has provided the opportunity to closel y examine such quest ions as
in t e l l i g ib i l i t y  d i f ferences  found among d i f f e r en t  speakers and var ia t ions  in intell igi-
b i l i t y  of the various phonetic features.

1.2 Speaker Variab iI it~

A general f inding has been that  in te l l ig ib i l i ty  scores are typ icall y character-

ized by s ign i f ican t  d i f ferences  among speakers. Examples of this e f fec t  are pre-
sen t e d  in Fi gures 1 and 2 which present rankings of nine spea i ,ers (six male and
three  female)  obtained from tests of t h r e e  categories of voice processors, con-
s i s t i n g  of approximate ly  a dozen each of n a r i o wb a n d , mediumband , and wideband
devices . The speaker scores presented are the averages for all processors of
each group. The Newman-Keuls  test of s i gn i f i c a n t  diffe rences among means was
u t i l i z e d  in de t e rmin ing  sign i f icant  d i f ferences  among the mean scores , leading to
the rankings  shown by the brackets .  Data f rom the  tes ts  wi th  the high -qua l i ty

dynamic microphone indicated that the speakers fell into four  categories  which
overlapped except in the case of the na r rowband  processors . Data obtained 

wi th 8



Nine - Speaker Diagnostic Rhyme Test

2400 BPS Systems 3600 B 4800 BPS Systems W ideband Systems

87. 7 CH] 880 CH1 89.2 RH
85.2 RH 1 86. 1 RH 88.8 CH

83.5 LL J 86.0 LU 88.5 LL
8 10  PK 83. 4 PK 1 86.3 P1< 1
79.7 MP(Fem) 82. 1 By J ~ 

85. 2 LS(Fem.)
79. 7 By 80.5 LS(Fem.) 84.0 MP(Fem.)
79.5 JE 79.8 MP(Fem.)J 83.5 JE
78.6 LS(Fem.) 79.4 JE 83.3 JS(Fem.)
75,7 JS(Fem .) ] 78.4 ,JS(Fem.) 82.3 By

The N e w m a n  - Keu!s tes t  of d i f f e r e n c e s  between means i n d i c a t e d

t h a t  Scores  w i t h i n  b r a c k e t s  d i d  not d i f f e r  s i g n i f i c a n t l y .

Figure 1. Mean Speaker Scores Obtained wi th  a Dynamic Microphone

Nine - Speaker Diagnostic Rhyme Test

2400 BPS Systems 3600 & 4800 BPS Systems W ideband Systems

83. 1 Ciii 85.0 Ciii 91 4 Ci i]
82.5 RHJ1 838 RHJ1 89.9 LL 1
79.8 LL J~ 

8 1 . 4 LL J 1 89.0 RH J
77.9 P1< J ~ 80.2 P1< 87.4 P1<
76.1 MP(Fem.) 78.6 MP(Fem.)I ii 86.9 LS(Fem.)
75.0 JE 78.5 LS(Fem.j H 860  JS(Fem )
74.7 LS(Fem,) 778  J E J 85.9 By
72.6 BV 1 75 7 BV J 85.8 MP(Fem.)
70.8 ,JS(Fem.) J 72 .1 JS(Fem.) ] 83.9 JE ]

The Newman  - K e e ls  t e s t  of d i f f e r e n c e s  between means i nd i ca ted

t h a t  Sc ores  w i t h i n  b r a c k e t s  d i d  not d i f f e r  s i g n i f i c a n t l y .

Fi gure 2 . ‘dean Speaker  Scores Obtained wi t h a Carbon M i c r op
hone9



the carbon microphone had the affect  of accentua t ing  the si gni f icant  d i f f e rences

among the speakers as shown in F i gu re 2 .
The data serve to highli ght the necessity for s tandardiz ing  the speakers used

in in te l l ig ib i l i ty  tes t ing.  They leave unanswered  the quest ion of the degree to w h i c h

d i f fe rences  in intel l i gibi l i ty  pe r fo rmance  might  occur in a large and d iverse  group
of speakers that might be involved in using a m i l i t a r y  voice communica t ions  svs-
tem. These tests represented a very l imi ted sample of speakers in t e rms  of

factors  such as age , regicnal dialects , fundamental  p i tch , and other fac tors  that

can be involved in speech qual i ty .  Considerable research remains to be done
be fore it can be determined whether  tests wi th  a small group of speakers such as
these provide in te l l ig ibi l i ty  pe r fo rmance  data that would  be typical of a much

larger  population of speakers.
Variat ions in intel l i gib i l i ty  per formance  of d i f f e ren t  speakers are presented

in other contexts as shown in Figures 3 and 4 , w h i c h  were  obtained f rom tests of
a l i n e a r - p r e d i c t i v e  vocoder a lgori thm ope ra t ing  at 2400 bits per second (BPS).

Fi gure 3 summ ..r izes  the e f f ec t s  of ra,,nd om bit e r rors  superimposed ofl the data
s t ream;  l in e~~ ’ regression equations were  de termined for the relat ion be tween

overal l  intell  b i l i ty  and the bit error  rate for  six male speakers. The in te l l i gi-
b i l i t y  pe r fo rmance  obtained for the d i f f e r e n t  speakers tended  to d ive rge  as the bit
error  rate increased; analy sis  of variance conf i rmed tha t  d i f f e rences  between
slopes of the  regression lines for the d i f f e r en t  speakers wer e  highl y s i gn i f i c a n t
(a 0 . 001) . The results emphasize the haza rds  of using the t r end  in average
inte l l i g ibi l i ty  scores (across all speakers) for p r e d i c t i n g  i n t e l l i g i b i l i t y  expected
for any  one speaker.

In Figure 4 the degradation of intelli g i b i l i t y  caused by the speakers  being
located in a noise environment  is summar ized .  In th is  e x p r . r i m e n t  the e ffects  of
the ambient noise in the cabin of a jet a i r c r a f t  w e r e  s imulated by electr ical ly mix-
ing a recording of noise measured in the a i r c r a f t , w ith the  recorded speech signal ,
p r io r  to p rocess ing  the speech w i t h  the voc t ier  a lgori thm , ln te i l ig ib i l i ’\ tes ts
were  pe r fo rmed  at various s ign a l - to -no ise  ratios and the  r e s u l t i n g  in t e l l i g i b i l i t y
data were  analyzed to de te rmine  2d order regression ni deL ’ r e l a t in g  the overall
in t e l l i g ib i l i t y  and the s i g n a l — t o — n o i s e  r a t i o . These d ot  ieei to he i n t e r p r e te d  w i t h
caut ion , since the procedure of e l e c t r i c a l l y m i x i n g  the noise  signa l  does not accu-
ra te l y encompass two si gn i f i can t  e f fec ts  that  would  he pr esent  in a ‘ rea l  wor ld ’
s i t ua t ion :  a speaker would alter his  per formance  in order to t r y  to compensa te  for

t h e  e f fec t  of the no ise , and the f requency  s p e c t r u m  of the in t e r f e r i n g  noise would
undergo changes due to the re~..ponse of the  pressure gradient  microphone  to a fa r-
field source of sound. While these e f f ec t s  would probabl y a l ter  th e  values shoan
for the regression c o e f f ic i en t s , the resul ts  show sign i f i c a n t  d i f fe ren ces  in intell igi-
bi l i ty  for the six speakers , d i f f er e n c e s  tha t  are ch scured  in a sing le , ove ra ll
i n t e l l i g i b i l i t y  score.

10
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Significant difference.~ in intelligibility a t t a I n e d  by d i f f e r en t  ~~~~~~~~~~~ and

s ign i f i can t  speaker processor  in te rac t ions  ave been r o u n d  to he the rule rather

ti -r an the excep t  ri in speech i n t e l l i g i b i l i t y  p e r l T c m a n c e .

1.3 Phnnp tu’ F~~ati j re ~ari ah i I it ~

It has been shown by examp les how large  l r f i  : .ren es a re  I unit among .~n e a k e r

in t e l l i g i b i l t t y  scores . Even la rger  variations have been . un d n r o m mc n l~ oc~ or

aci ng scores for  the :ar ious  phonetic f e at u r e s . E x a m p l e s  a re  presented  in Fig-

ures 3 an- I  6 sh y i n g  phonetic f e a t u r e  scores ob ta ined  in i n t e l l i g i b i l i t i  o’ . f o r m -
ance of a l i n e a r - pr e d ic t i v e  voc der ( [ P C i  operating at 2400 bits per as end. For

these examples , separate trends are shown or the six primary phonetic features

t est ed wi th  the Diagn os t ic  Rhy m e Test:  Voic ing, N a s a l i ty , S u s te n t i o n , S ib i l a t ion ,
G r av e n e s s , and Compactness .  (f t  w ill be Cl ow n  l a t e r  in th is  report  that  each of
these features  is f u r t h e r  subdivided by the tes t  nt four f ea tu re  s tat e s , a mon g
.,chich even la rger  var ia t ions  u e C u Y .)

In F i gu r e  3 l inear  regression lines are  shown that  represent  the var ia t ion  in
i n t e l l i g i br l i t v  score for each of these .ea ioo res , in relat ion t the bit e r r o r  rate .
The spread  of t ir e regress ion  l ines serves to i n d i c a t e  how 0 uch l evia t ion  is
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possible w i t h  ~e~ ar d  to the a ve r a g e  or ‘ t o t a l~ i n t e i i i g i b J i t v  v a r i a t i o n  for  the  en—

ser~ h 1e , as is the case in Figure 6 showing 2d order  regression cu r v e s  for

phonet ic  fea ture  i n t e l l i g i b i l i t y  in r e L a t i o n  to the speech-to-noise t~a t r  .. est imate  f . 5r

speech in sim ulat ed j et. a i r c r a f t  cabin noise.

l~ TFLlJ(;1BlL1T’r TF1RE~FfOLD LEVF.L (ITL) R .~TI \G

It has been shown tha t  typicall y the peculato r of i n t E l l i g i h I l I t ’ . scores , t h e

aggregate of scores representing the intellig ibility of individual speaker  nh - ,neto-

feature c o m b in a t i o n s , involves conside r ab le  d i spe r s ion. .  Pe rhaps because

is so cou ch  de ta i led inf orma tion f rom a single cu l t i - s p i ’ -i~:o r i n t e l i i g ; i r t l i t ’. ‘ s - . i t

has been 5h e p r ar o i c e  to condense the resul ts  to t h e  ave rage  score and I~~C s tanda rd

e r r o r .
The proposed 1Tl~ ra t ing i n i . lv~~s an i n t e r p r e t at i o n  based on the d i a t r i b u t r o n

of s c o r e s  obtained in a t e at . From anal ysis  of the d i s t r i b u t i o n , the I T L  r a t i n g

eSt m a t e s  the i n t e l l i g ib i l i t y value that  w i l l  be equaled or ext - ceded by a sp e c i f i e d

p er - cent ag e  of the populat ion of scores, at a spec i f i ed  conf idence  lev e l . F r

examp le , the d i s t r i b u t i o n  of scores m i g ht lead to an ITL es t imate  t h a t  there  is

,.
~~~~~ ‘- •. . ..



03 oem s n ’ pr r -s h a b i i i t r  t h a t  ao per~~~r’. t of me Sc ., r s  .~ O r :  n d : v : r ] u a l  s e ek e r s  and

ph ,n . ’r r c  f e a t u r e a l  a i l l  equal  .r - x s e d  70 . I Th : s  (T I .  va lu e  ha~ b i n  hserved in

c tm- the n .t ‘h a v er  s n t e l l , g r b : i t r v  scores arcund ~‘0.

2 . )  Rat iona le b r  t h e  IT L R.at iic~

The propto -~c-d ITL r a t : n g  ti ’ : t yp e  f rom Inspec t ion  of r o a n  d i s t r~b u t r o n s  f

i n t e l l i g i h i l i t ~ scores  and o b s e r v e r . )O5 of the large  d i f f e ren c e ~ i n sr i .  ok e r  en d

ph one t i c  f e a t u r e  scores  that  have been c r t ~ ti .  It also d e r i v e s  fr om a o re ’ . i :e e that

in c r i t i c a l  m i l i t a r y  v o ic e  communi  m o o s  (and :eerhap s  in o ther  c r i t i c a l  speech

com ir un rI otions such as air traffic control ) an ntt’Il i~ ibil itv asa’ ssnoen~ is requ :rso’d

tha t  is m ade  in t e r m s  of the lev el  of pe r formance  to . be expec ted  f r  t h e  niN :’i’ ’

- e t h e r  than for the average: the m a j o r i t y  of t h e  s p e ech  ev e n t s , and  the  m aj o r i t y

of t h e  sp . ake r s  and l i s t ene r s .

The averasi’ i n t e l l i g i b i l i t y  scores c u r r e n t l y used for  s p e c i fy i n g  p~~i f o r m a n c e
could be expected to s t a t e  a value equaled or exceeded ho hal f  t h e  u n d e r - ic  iri g pop-
u l a t i o n  of scores  (fo r speakers  and phonetic  f ea tu re s)  assuming that  tb ’  s cc ,r p s

w e r e  n o r m a l l y  d i s t r i b u t e d .
( l o t  ever , it has been found tha t  the populat ions of scores f rom d i agn os t i c

i n r = - i l i g i b r l i t v  tes ts  t y p i c a l l y are not normal l y d i s t r i b u t e d , but h i g h ly  s k ew ed; the

F hig her the average score , the g r ea t e r  t he  extent to a hich  the  d i st r i bu t i , . n 1’ score s
tends to be sk e a°d .

The Li l l ie f o r s  test for c o n fo r m i ty  w i t h  a normal  d i s t r i b u t i o n  has been app l ied

ti  many d i s t r i b u t i o n s  of i n t e l l i g i b i l i t y  data.  Where  the  sample popula t ion  is made
u p of the p h o n e t i c  f e a t u r e  sc or e s , w h e t h e r  of one or several  speakers , the null
hy p o t h e s i s  (fo r conformit y a i th the no rmal  d i s t r ibu t ion)  has i nva r i ab l y been
r e iected .

2.2 E~arn pI es of Dist ri butions of Speech Intdh i gibi li t % Data

An example of a DRT data s u m m a r y  is S11O ,Xn in F igure  7 consis t ing of
phonetic f ea tu re  scores for  a single speaker  (CII )  obtained wi th  a t e s t  of ont in-
uous -variable-slope delta modula t ion  (CV SD) at 16 k i l ob i t s  per s ec o n d .  The num-
h ers  i f  i stener  errors (based on evaluation w i th  a crew of eight listeners) that
provided the basis for each score  are  s h own  in paren theses  af ter  each score.
(A ‘ u l t i - s p e a k e r  i n t e l l i g ib i l i t y  test results  in a set of scores such as th i s  from
each speaker  of the test , p lus an overal l  sun . er r  l i s t ing . )

The L i s t i ng  of Figure  7 indicates boa  each of the six fsc i t , .:ces is tested in ti i r i s
four  f e a t u r e  s tates , that is the f ea tu re  Voic ing  involves separa te , independent

assessments  of Voicing Present ( F r i c t i ne l ) , Vo ic ing  Pr s cent ( Non-Fr i c t iona l) ,
Voic ing  Absent  ( F r i c t i o n a l ) , and V o i c i n g  Abs en t  ( N o n - F ’ r i c t i o n a l ) , l h s ’s s ’  being
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g or e  7 . Su m m e r - - of Dimc=r a t t n  Rh’rrr e 3e s r  (D R T )  I n—
t- - .~g bility S c r e s  (,bt a ned for  Speaker  CH w i t h  C’VSD at
~~ c o p s

eve r - .’ged (ou r w a v e  t~ obta in ~ co r es  for  t h e  e f f ec t s  of voicing being p r e sen t  and

abc  nt , end  for  fr i c t ~ n a t  and n o n — f r i c t i o n a l  e f f e ct s  5i v o t i n g .  0\ tl u e r a l l  aV~ ra~~e

e 3 t i 0 ’~~ t ’:a the total  in t e l l i g ib i l i t y  for  voicing.  ‘I ‘ese -leto  I a  hel p d i r  cro cc spec i f ic

d e f i c i e n c i e s  e ra-i hel p in der i t f~ Iri g possible causes and remedies .

The 24  s i - ore s for the  ‘our  ~ t ~te S of sea h of the s ix  f e a t u r e s , sh o w n  w i t h i n

‘‘ ‘1 a wee in F : o ur e  7 , p o r t er  the fine de t a i l s  of in te 1 li ~~ih ~i 5 t r  pe r f o r n ance  of

a p r o - - ’ ,S .r r .  ft is a n . ng these tlem rI.S th~~t the cl i  f f er e c  cc in y o r e  r~r o c e s s,r  p e r —

lie n- ,r c e  are  U 5 U ~s l l v  v~~ro t ih e d , a nd oief ~ e n c i e s  are  highlight ’d .

W n e n  t h s  [4 ‘
~‘e ’::r- e- o ta th  inte[1~g r h : l i t v  scores are , ‘ a r i t - r ’ d e r e d  and p lotted

in t h e  f or m  01’ a roor . u l e t , w’ ~imributHn , a plot of the type shown in Figure 8

~~~~~~~~~~~~~~ Here each of the 24 scores is r e p r e s sr n C e d  by a ve r t r c a l  line segment

represent ing I 2 4 r r  of th e  data populat ion and the  ends of c i  a :ent se g m er t .~ have

been nne”t c ’ d t o  f i r m  a cumula t ive  d i s t r i b u t i o n  s ta r t ing  w i t h  the lowest score

w h i c h  in ‘h i  a e x e rt  pie - ‘as for  Graveness Absent  (Lnv o i s t ed ) , the next lowest  score

w h i c h  was for  the  fea t u r e  ~t a t e  Graveness Present (Unvoiced) , etc. Acr oss the

t i p  of the f igu re  ‘s shown a scale en r o e  sn e n d in g  to the total  number of l istener

err ’  rs associa ted  wi th ear - h - s . A normal ogive is also sh o w n  cor responding
t ‘his ’ va lues  of th e  mean ( 0 2 . 1) and t h e  s t anda rd  dev ia t i cn  (12 . 4) associated w i t h
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Fiarore  8. Dis t r ibu t ion  of Phonet :c Feature Scores
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th: s  go - un of data.  The plot indicates  that  80 p e r c e n t  of the actual d at a  equaled or

exceeded a sc re of 84. 4. A one-sided 95 percent confidence band for the data

d i s t r i b u t i o n  - .~ as constructed by the m e t h o d  of Kolmogorov , shown as a dashed p ro -

fi le .  The conf idence  l i m i t  associated wi th  the cumula t ive  data dis t r ibut ion ~l- oe s

n i t  in tersec t  the  dot t e d  h o r i z i o n t a l  l ine de f in ing  80 percent ~~f the data sample; thus

we are unable to r-oakse a s tat e m e n t  about an es t imated 80 percent ITL at p 0. 95.

This examp le i l lu s t r a te s  an important feature of the ITL rat ing:  it is

~ssi’~ sed w ith respract to a conf idence hr - it , t ak ing  into considerat ion the  size of

the samp le used in arriving at the estimate. Data from a single speaker d id not

pr i v i d e  an adequate sample size for e s t i m a t i n g  the value for an 80 percent ITL at

p 0. O f ~

Alsr ,  shown in Figure 8 are points represent ing values that result  from a neg-

ative binomial probabi l i ty  d is t r ibut ion  n , c d e l  for  the d i s t r i b u t i o n  of l is tener

r ’ear ionses  in t e r n ’ s of listener e r r o r s , ra ther  than conventional DRT 5 - r , r ’Cs. In

‘h~~e” studies of intel l igibi l i ty  data d i s t r i b u t i o n s , comparisons were  made w i t h  the

no rma l , binomial , Poi sson , and negative b inomia l  forms,  Of these , only the
co ga ’iv e  h r n rc ial probabi l i ty  d is t r ibut ion  was found to provide a reasonable
:icp r’ x im- a ti ,n ~~ the speech inte l l igib li t ’c’  data dis t r ibut ions .
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2, 1 ‘segative Binorniai Probability Distribution Mod~,I

The n e g a ” i v e  binomial p r o b ab i f o r v  model  Ls sun ’, m a rt ” e d  ir.  F igure  iI~ The die-

t r i b u t i o n  s de ’insc ci by r e 0  pa rame te r s , c or 5 s l s t :n g  of t h e  mean value rn ( the mean

n umb e r  of l istener e r r o r s  that e s t abl i shed  fee’  or e - st a t e  ec-or’es I and a parameter

( c r  e h i eh  an cc imate can be made based on the ri can and var iance of t he  data
poor oi - ~t t i n  Hr . omi t s  of n r c .  of e r r o r s ’ . These ca lues  are  obtained by a s imp le
D : - a n s : - o r m a r L o n  -

~~~~ t im mean and v a r : a r - e  v a l o r - a  ,htained frorr , convent~~ na Scores,

No adequate tables of va lue s  of t he  nega t ive  bir :n-5ca [ p:-~ babi 1’ry distrihumor. ha ve

been fo~~rd it’, th e I ’ , e  r ,a ’~~:’e; howe ver , v O l o e S  ta n  be readi l y c a l — c u l o t e l  w i t h  a pr ’ -

grarccmablsc c a t - r  l l at or . ,4 p r o g r a m  for  na l uleting tlega’a’sc binomial ‘;a[ocE with a

f-f- an :  S Lide) 72 1) Caicula tor  r s  nr e s e n t e d  in Appendix  F ,

Ft g u r e  10 pre c - c ’ s  the d ist r ibut i rl r of scores for the cear,Jre 0H ~~ -

from t e st in g  CV SD at l~i k h p s, itt cibich the data ‘ :‘ Sp e a k er  Cl-I p r eser r ’d Lfl

F. ~p i re s  7 and 8 nsa been combLne ’[  w i th  da ta  for eig h t  e d d i t o  mal speaker ’s,

for cc ’cop ar l s ro :s a no rmal  ogl es based on the  mean s c , r e  (9 0 . 3) and  the  s t a n d a r d

deviattor , I A . 7) for  rh :s samp le percolation . These values equate ti’, m 3, 111)

r e p r e se n ’ ~ng the e v e r -’1120 number  of l is tener  e r ror s  per f ea tu re  Ste”e , - ‘cod 5~ j

va f ’ ,e of ‘. ‘ 0. -I r e p r e s en t i n g  the loarameters  fo r  a n ieçat ive  binom~~[ prob abi lity
- 1 c’r ibut irn ;‘-o,d el (cr which po. i ’its a r e  shown clo t t ed  a c o r n p a r t s - -n w~ t h th ’r  d~~’e
lia ’rihnion .

‘ar c he hserved from the fi cmre that 20 percent of the a ctual  c a r e  p o I c u l -’ c t o n

c~ or’,l~”, or exi-e ede,-1 a value i f  81. 3. An ITI  is shown in re la t ion t~ the . on( i’i ’eroce

band for the data dietr ibut ion: it  H s . c L ees an est ma l e  that at p 0. 95 , 80 percent
the  data population will equal or ex med a score of 71. 9~~ The d ifference between

the I TL  value and the actual  80 percent data v a l u e  aices into r nsideration the

san- ,n l e  si z e  that  ‘a— as the basis for  the dets:’ r ra in at io n .

Pr [x a ( t + 8  — I 
~ 

pk 
q 5 x 0, 1 ,2,......

0 < p <  I

I E ( x ) m k po S.
Parameter s k

* m’k a (m Mean nr. of Errors )
— m

P:(m~~k 
) q :~~~~

m )
Figure  P . N e g a t i v e  Binomial  Probabil i t y Dis t r ibut ion
Pa r ar n e t e r s
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Fio’ure 10. Dis t r i bu t ion  of Ph ’net:’ Feature Intelligi-
h : i i ’ a S n ’ res Obta ined  for N i n e  Sp . _ke r -e , w i t h  C t’SD
Pr ’ m o ’s e in g  at 16 kbps

This dc” ’  ‘r- ”,a’ or, of t he [TI. and ‘he r e o i : l t i n O  “ a lue  hvi u , s l v  - 1 - ’  n t  t a k e

m o ,  a - , ,,unr the  ‘ 1 - ct ~~‘, of the “bad” in t e l l i g i b r l m i v  so res  ~ha ’ c e de up ‘he h it tom

20 ner Cent  of t he  d i , s r m b u t i i c n .  On the other hand , in c r i t i ca l  v ice Ci ‘ o ’n l n I ’  i t : ’  ns ,

n o s o r  intelligibility .‘: ‘ f r”o anc c” for  any of ‘he ph , r . er i c  f e a t u r e ~ in c o m b i n a t i o n

~ ith an’. i f  the speakers  present s a r i s k  in t e r m s  o~ possible - - -ros equen ‘5 renause

of ‘ ‘sc.0ges being m sunds ’rat - - ‘ - d , or t ime 1 s t  w h i l e  i ’r ness age : a  o r e  r - ep ec i tc ’d .  .An

[T I .  r a t i n g  p r  v i de e  a more mean ing fu l  a s se s sm e n t  of the degree  of that rrsk than

a con ’,’p nt m ’ne s cor e  speci (vin .o average i n t e l l i g i b i l i t y  perfo rma:m e. The d : st r i b u _

ne of scores r ev e a l  that voice  sys tems ‘ar m have relat ively high average SCore s

and sti l l  have a s igni f icant  p ropor t ion  of l w  cc ic e s ;  the ITL focuses on the c r i t r o ,al

i , ”,e 20 pe r ent  (in these  examples)  and provides i n f o c r c a a t n i  in n b ’  UI , tj ’,p li v e r  t a o i  of

h s- . ‘ I i  ~~t r ’ ihu t , ion n f .s r r es

If the den ’  i t ”  of “bad” scores is requi red  for the purpose of gu idance f . r r ~ ’ -

se ar c h  in i mp r . ’ v i n g  n t e l l i g :b i l i t v  p e r f o r m a n c e , or for  compar ing  d i f f e r e n t  i c-

essors , that  m n f o r ’ r:a ’ro r m is readily avai lable  f r o m  convent iona l  l ’ s t i n c ~~ - f  i n t e l l i g i -

b i l i t y  data .
ft ‘an h’ ~~erved in I” :gu re 10 that  th e  negat ive b in o m i a l  nud .- ’l gave  gm - nd

agr . -e :n ’ sont w tb the ac tua l  de ’’a d i s t r i b u t i on .  The ds’a f requenc ies  a re  c0mpa r ed
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‘s ilo t h em, r etL ,ai r ’requerc n ie a based ton the negative binomial ,-cr ’idei in Table 1. A
ch i ‘ o ’ -,’o ai ’ed t o S ’ comparin g the dat a  and the m o d a l  resulted in a value of p 0. - 3 ’ ~5;
th e r’,Ui, :m , :t n e s m s  f - o r 000 ontm l ty s Eth a n’°gitcc’e binomial ‘o- deU was not r e —

~‘a t ted for th i s  °r’’e ,ohr ,a r n:e l from ‘r r s r m n g  CVSD at 16 kb ps .
In F .giore L I  the  d ’s t r fb u t i o n  of scores o ht a i r r - ,il “non : ‘esf m~ CVSD at -‘32 k l o n s

0 :eSenc ~~ m 1 t ogsot h - ‘ “ “  th  ‘tn’s 1)5 to r r ent  uror ,e - ‘ n’nfi d an -n e L m m m t  fop  ~~~~~ en ’op ir ic .i l

-J~ ’~ d : srrihurr’rn . The ~,a ’ ,a indr c  ate Liar t he re  rr ; 0 , 9- 1 pn ’;.hah l ey  that 30

th e popu la t i ,  -c of  .n I ’- ’L l i g ib ml i ty  scor ’oa ’,e il l equal. or enr :eso d ~~. 5. ( in  t h e  actuso

de ’a , -‘ i ’e th :’e,~i c m n l d  ‘y ea ”- ,’ . 8, ) TI” , negative b inomia l  o r u b a o r l r r y  m , del b a s ed  on

t h e  ,:ar ’on:eters obs erved r’. connection a : t h  ti a data led to an : n c e n t L  .i ITL es’ o-

ma e: 81 . 3. The  c,j t a  :reqr ~e!’, ’ Le5 are compared w r t h  the t h e o r e t m  al oega’ ive

iiino ,mrai n : - d e l  in Table 2 , a oh~ -s - I to ared rr e~~t c.cc’m~ a :’crg the dat a  -v Lth he m od e l
mc a o’almo,a of p 0. 44,

A th r  Li example ‘ 0f  the d i sr r ’b t e m ira of i n te l l ig ib i l i ty  s n o r e s , from a to ’S r ‘-t i n :

no ne speaker’s p re ser ’na d in F igure  12 , r epresent in: r  a suicomar’,’ f a tee -

CVSD ;p e r a t r n g  at 9, 3 kbps. In ti ’c ,~ case the  ITL was  , . ,n s i n er a h , ’ n ’- v ’ : than the

‘ “0  9rC”l ra oi e Pxam r ’i te s :  lt - 3  e s r t m .ated that  at a confidence level of 0. 95 , 80 ioe, r-

cent of ‘he populat ion n i  scores -t ill equal a’- exceed 53 1. When ‘he average

n ’ e l l ig ib i lmty  So re ’s ‘are compared for 10 kbps and 2 . 6  kb ps CVSD , t::e d i f i ’er en c e
- .t’ac 10.2 p o in t s  ( 9 0 . 3  vs 80 . i m . However , the difference in ITL values was 18. 2

po i nt s  (71 . 9 vs  53. 1).

The data  0 - equencies  are compared wi th  the t heo re t i ca l  negative binomial

model  based in the parameters  derived from the data for 9. 6 kbps CS/SD in Table 3.
A g a r n  in this case , a ‘a lue 01’ p ems obtained ind ica t ing  that  the negative b in o m r a l

p r o - ha hm ! i ty  d r at r i b u t i o n  gave a reasonable approximat ion  to the data d is t r ibu t ion .
A s  w i th  t h e  previous  o5xa:~:p le s, the  negative binomial  model led tsr an identical ITL

‘ al uC 5-1. 1) as -A n te  -n ed w ith the em -n pir ical  data  d i s t r i b u tor , .

lr ,r e . I i g i h i i : t v  da t a  frequencies obtained from tes t ing  an LPC-10 v i i  oder

algori thm ~o ( [ , PC-~ 3°~ o p er a t i n g  at 2400 BPS , - ,v it h  s ix  male speaker s and two inde-
Oe’r ,ier ,t pre .s e n r a t i m , n s  , the l i s t en e r  c rew are summar ized  in the dr s t r i b u t i o n  of

scst r”s presen te d  iii Figure 13. A l a ’ shown are the normal and ne i ret iv e  t ines-n, fa l

forr .s based on the p a r ame t e r s  for this d i s t r i bu t ion  and the upp er  i re-s ided

35 percent cs f l l i d s -r r . s ’e helt  for the s-r : :ipir ic .a i ‘iota d i s t r i b u t i on .  From the confidence

lim i t , en ITI .  e s t im a te  for t h i s  pr ’ sn e s so r  was  obtained: there is a 95 percent

pr ’ ,babi l itv  that 80 -r e r c e n t  if ‘he p opu lat i mn of i n t e l l i g ib i l i t y  scores wil l  equal or

7 ‘ . 0.

Table c i rnee  re-s the da’-a ,~ ‘— qu en c ie s  and the theoret ical  ‘-egative b i n om i a l
(r ” qu . -~n cc i” a dosed on ‘ I re p a r a n m e t em ’s calculated for  this Set of data. The value of
‘ h i - squared  and cor”e- ’spo nd in i z  va lue  of p a Q• 0211 i nd icrs ’ii not to r ep - r i  the null

~ynotnie’s s for  c on f 0 r m i t y  of the data d i e t r i b i r t  ion w:th the n e m t r v e  b inomia l  form.
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F igure 1-) , D n s t r n l  I t  , ‘ m ” i  i’f Phm ’,’netv: F e a tu r e  I r ,t e l l  gi —

b i l i t y  Scores Obtained for S , x  Speakers IT t o  Presen-
t. a t i  ns) woth an LPC V , im”o d ~~r

The in t e l l g i b t l i r v  t h r e sho ld  evi” (l ’FL) e s t imate  c a F c ’ i l a t e - f  —,v ,th the the:,ret~-

cal c u r o r l a t ~ :’e n r - . h a f - i H t v  a s so c i at e d  ‘a ith the negat~’;o b inomial  model r esu it ed  in

an ‘fen ’is-a I  va lue  ( 7 2 . 0) as t h a n , obta red from the e m p i r i c al  data d i s t r n h u t ~ on ,

An example  h o s e - I  on :ntE ’ i , t i g i b i i i t y  data  obt a ined w i t h  an t h e r  ta~oe of v’ l ce

pr i c’ eS s ’7 ’r , a s tit s- n - i  h a n r , e t  - , ‘, ( - ( m ’ I e r  ‘ n er a t Lng at 2400 BPS tes ted - “ ‘t n  s~ x male

as-n d th r 7 ’o female  srs~’~~ke r 3 , is presented in Figure 14. Comparing the data ‘h s-

t r ~n nu 5 ! n n  for th e  1,PC ~l0  V ! ii , s - ’l s- ’0 a1 g- -mr ith ~m (F igure  13) (i~us
7 ratr’~ aga in  that dof —

f’ s” n ’ Cf l S ! e s  in ITL ra t ings  t e n - f  tLi  be g rea t e r  than tho se  observed for  mean in te l lo g i -

b i l  t t ’ ~’ s” , , r ’ e s. The s - h a n n e i  v s o c i - d e r , a ith a mean score  i f ’  83.0 , x a s  a p p r ’x i i n n a t e l y

si x p o int s  l’- ,ae r  than  the mean i n t e l l i g i b i l i t y  st o r e  csbtained for  t I 1s ’ L P C - l 0  i” , s’csder

al gor i t hm.  H- aen’e r , ~he d i f f e r e n c e  in ITL ratings for the 1-I , p~’ - -  ‘ -C s’ ra was

more  t h a n  12 in ’ ~nt~i (7 3 .  0 vs. 5t ,s~ 4),

The v a l ue s  ns ’i,.~’ - s - i ’s t t ’d  w i t h  the data and the nega t i ’ ~’e bi n -tr ial  m o d e l  are l is ted

n Table  2 , t g e ~her  -
~ :~ fn ‘he resul ts  of a ch i -squared test i” s i m p a r t r l g the e m p ir i c a l

data f r ’t ’q u~’noie s  and the  n e g a t t ’5’e b inomia l  rns,dei . In this e ase , the va lue  of p ~ as

0. 02 ’ , a n - - f  ‘~ 
P n u l i  h ypothesis was  re lec ted .  A l t h  ugh t h e  data represented a poor

f~s t s . ~r~’ nei~a n tv e  1”, ’ n, , ”ntas fi rm the I TI ,  c a l cu l a t ed  f rom the n e g a t : ’,’e binomial

m ’- id~~l ‘f~ ffc ’r c”f by n l v  -ri d’ quantum level i fl  the data ( I TL  of 6 2 . 5  from the model

V’s. 35’ , 4 f r r s rn ‘t’ ’ a c t i a l  s-~n st a d l s t r l h S o t l s : r , ) ,
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Fi gure 14 . Dis t r ibu t ion  of Phonet ic  F e a t u r e  Intel l igi-
b i l i t y  Scores Obtained for Nine Speakers  w i t h  a Six-
teen-Channel  Voccsd€ ’ r at 2400 BPS

2 ,4 Results of Chi-Squared Tests for Con formity of intelli gibili t y Dat a
l) istr ibutions with Negative Binomial Probability Model

To fu r the r  tes t  c o n f o r mi t y  of in te l l i gi b i l i t y  data d i s t r ibu t ions  w i t h  a negat ive
h i n r s m i a l  probab l i t ’ ,’ model , a series of chi- squared  tests w e t ’ .’ perfi’rnted S’ S iriS ’

par ing  e m p i r i c a l  data d i s t r i b u t i o n s  wi th  the  negat ive  b inomia l  p r o b a b i l t t y  model
on 81 sets si speech ~n t e l l i g i h i 1i t v  da ta  on hand f rom pr ior  tests and eva lua t ions
of various speech processor al gor i t h m s  and h a r d w a r e .  These tes S’s inc luded  data

from r h o  c om b i n a t i o n s  of speakers  and pr ocessors  sumn sar i7 ( ’ -’l i n ‘I’a ble 6 , rang-
ing f r o n t  sk i t s for  a s ing le speaker  (both male and f ema le  speakers )  to as many as
t w e l v e  male speaker’s , the processors i n c l u d i ng  LPC and channel  v~ ‘s ’oilers and
( ‘V SD at th ree  data  rates . In t e l l i g i b i l i t y  data were  nna lvies’l ~s’pat’r ste!v for voiced

and unv oiced  f e a t u r e  data as we l l  as to t a l  data s u m m a r i e s .  The ‘ s ’s o l t s  Sd’ ~~,i s

expl o r a t o r y  stud y a re  s u m m a r iz e d  in Fi gure 1~ which presents  the  d i s t r i b u t i o n  ‘I ~
the values  of p r o b a b i l i t y  based s n  the  values 5 s f  r’hi-squared in r o n lu n c t i  n v  i th  t h e

de gree’: of F t ’ s ’ s ’ s l s i t n  . A lmos t  i s f l s ’  — f o u r t h  of the 81 cases r e su l t ed  in va lu es  s i f  p
less t h o r  0 .05 , for w h i c h  the  nul l  h ypo thes i s  would  be t ’ s ’ 1 s ’ a ’ t e s l , Thus  the agree-
rn ent w i t h  the  negat y e binon ’, ia I p r o b a b i l i t y  model was far ft ’ s t o  pe i ’ : s ’ s -  ( . 1\i any of
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Table 6 . S u m m a r y  of I n t e l l i g i b i l i t y  Data Sets Tested for ( o n f o r m t t v
with t he  Negat ive  B in o m i n a l  P r ob a b i l i t y  ~\ I s ~i l1 ’l

DRT I n t e l l i g i b i l i t y  Data  Tested for  C on f o r m i t y
w i t h  the  N e g at -.e  Binom ial D i s t r i b u t i o n

Talkers : Single Speaker  (r i l ;Fem )  Three -Speaker  (3 M ;  3 Fern)
Six M. Speakers  ( t w o  ve r s ions )
N i n e  Speakers  (6 1\I , 3 F i t -rd
‘)‘ -,v s” lv e \ l .  Speake rs

P r - i i r ’r ’s s i n g :  I ,PC Vocoders ; Channel  Vo cost l ers :  APC ; CVSD
(-3 r a t e s ) ;  Hybr id  Vocoder’s.

\ )~ of L i — s t o n e r ’ s :  Eig ht

Data  ~~s 5 -,14~ F e a t u r e  scores (by  i n d i v i d u a l  speake r s )
-Voiced fea tu res
-Unvoiced  fea tures
-Al l  f e a t u r e s

Tostal  DFI T scores (by l i s t e n e r s / s p e a k e r s)

‘I’ - f a l  Da ta  i ; i i i  ups  Used for (‘hi-Squared Tests: 81
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Fi gure 15. S u m m a r y  of Chi-Squared Test s  for (‘on-
F S i r m i t v  of Speech In te l l i g i b i l i t y  Data D i s t r i b u t i o n s
w i t h  a N s ’grs t ice Binomia l  P robab i l i ty  ~slodel
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the  data sets represented composite results from t w o  separate presenta t ions  to

the l istener crews.  It was subsequently found that a cur ious  t rend  was present in
the data sets in which  the composite data (fo r two  or more  presenta t ions  to lis-
teners) showed poorer agreement  w i t h  the model ;  data from the f i r s t  p resen ta t ion

to listeners agreed w i t h  the negat ive b inomia l  model in all of these cases. Fur ther
details  of th i s  anomaly are discussed in the fol lowing section.

A compar i son  of ITL values obta ined f rom the cumula t ive  data d i s t r ibu te - na ,
and TTL ’ s obtained wi th  the use of the negative b inomial  p r o b a b i l i t y  model , showed

good agreement , even for data sets that deviated s ign i f i can t ly  f rom the model.

2,5 Phenomenon Obsensed in Connection with Rep li cation of Listenin g

3 lests

In the  speech in te l l ig ib i l i ty  data anal yzed for c o n f o r m i t y  w i t h  the negat i ve
b inomia l  probabi l i ty  model many of the data sets represented  composite resul ts  s5f

p resen ta t ion  of the DRT recordings  to the l i s t ene r  c rew s n  t -x e separate  occasions

a week or more  apar t ;  one set of data involved th ree  n r e s e n t a ti s s n s  at i n t e r v a l s  of

a month , The in i t i a l  ch i -squared tests repor ted  in the prev ious  sec t ion a cr e  per-
formed on composi te  data combined ove r all p r e s e n t a t i s s ns  of a p a r t i c u l a r  DR’I ’

rer or d in g .  Subsequen t ly in the  s tud ies , s epa ra t e  assessments 1 s -r e  made for ‘ i - c

data r e s u l t i n g  f rom each separa te  p r e s e n t a t i o n  t s ,  l i s t ene r s .  A pa t te rn  a as f s ,u n d

in the r e s u lt s :  ag reement  of the  i n t e l l i g i b i l i t y  data w i t h  the n e g a t i v e  b inomia l  fo rm

“as  a lmost  al w ay s  h ig h e r  for the f i r s t  p r e s e n t a tio n  f ’  l i s t e n e r s, t h a n for subse-

quent p r e s e n t a t i o n s .  These f ind ings  are presented in ‘T able  7 ,

The l i s t ene r  t e st s  -xere pe r formed  “b l i n d , “ tha t  is , t he  lrs t s”ning rre- ,~ had
n ’ k n s s w l e d g i ’  as to the i d e n t i t y of any par - f  i c u l a r  speech p r - I s s ’e s s or  or the  process-

ing con di t ions , A ny  given test “ -as  a l ’ .’avs i n t e r s p e r s e d  a i th  other tests in a ran-

dssm m a n n e r , The listeners had much  p r io r  e x p e rr e n c e  w i t h  these  sr r a m blin gs  of
the DFT T ws si’d lists , and b i l e  t h e r e  was a s l ight  t e n d e n cy  for  scores t s ,  i nc rease
at the second p r e s e n t a t i o n , in m os t, instances the change s as n t . s t a t i s t i c a l l y
s i g n i f ic a n t .

P,s’’ -au~ s’ i f  these ‘ssnsi ’l er’a ti ssn s i t  is d i f f i c u l t  t (- S SOS eivC’ an’,’ exp l a n a t i o n  as
t s ,  ‘

~ }, ‘,‘ i t 1 ’  i n t e l l i r i l , : !  l v  d a t a  rlis t s ’ihutions tended to sb, ’,’: i n c r e a s i n g  dev ia tb sn
fr om rl;c ’ n i - g a l  ‘ ‘ - i -  b i n s  - a ;  a)  p r o h ah i l  5y  form a ith the ses’ s n;) and subsequent bresen —

ta 1 i~~ns .

)~ l)l’ ,T l’ ,H% I l\ ~‘rio~ OF l VI’H,l,l (,IIlIl. I’ I’~ ‘I ’ I I R F” I lOI , I )  Ii’ ~ I’,l,i’~ (Iii ’s)

It - ‘a s est ni ’Iisks ’ ) ‘ii~~~ t he s’list ,’ihi,itions of diagncst ic i nt e l lrgilsili t v sc-sires

a i ’ s  s ’  su f f i c  e nt lv  s 1s ,~ i’ ‘ - - ‘h i -  negat I 5 , ’i ’ b ins ’ ; : ,  a! p r a h ; S h i l s t \  c i ode l  t h a t  I v,’c~ alt e ‘na-
t iv e  pr o ( - ( ’ s I C  r i ’ s  f a r  a) s ’ r  s-’t ’m in ag I T I , ’ s - ‘-c i-c a v a i l a b l e ,
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3.1 I)eternunat ,on ~f I T I , ’,s from CumuIati ~e Data Distribut ions

En t h i s  p r s s c e d u r e  the samp le popula t ion  of d i agn os t i c  i n t e l l i g i b i l i t y  scores is

r a n k -u r d e t - e s’) , and the ranked data are ut i l ized  in cons truc t ing  a cumula t ive  table

s f  s c , , r e s  in re la t ion t s ,  cumula t ive  percent i les  of the data populat ion.  In these

~ t i ’ I i s ’ s  a p r o g r a m  aas  wr i t t e n  for t h e  W a n L s  ~T , s d e l  720 Calcu la tor  to pe r fo rm the

r a n k i n g .  Data values were  entered  into an a u x i l i a r y  memory  via the calculator

k s - vboa s- ’l , and a pr og i ’5 -oo subsequent ly  r e ar r a n g e d  the table in r a n k - o r d e r . Each

‘i n t u m  w a s  pa i red  w i t h  a code numbe r to m a i n t a i n  i d e n t i f i c a t i o n  of the phonetic

‘ s - : s t s i s , ’  and speake r  a s s , , ” i ; s t e d  a ith each  va lue .

n r s ’ l en  - hand  s’r s r the  d i s t r i b u t i o n  was  e s t a b l i s h e d  by the method of

Iaasl rn ’sgor s iv , in  w h i c h  a n s ’ -~~ided , - s ’ n I ’ i d s - ’ns ’s ’ band is de f ined  by a simple offset  of

ps- pubs ’ s o  p e r - s - e l i !  i l e~ by an ‘ t s p  r ’ t s ’ , ’iate quantile that is a function of the value of

o and She  sat  r i s ’ a t - ’ ’ . K o l m s s g s s r s v ’ s m e t h o d  assure-es a random sample Xl ,

X 2 , . . . , Xn sf s i ze  t i  a s,- ; - ’ - i ; s t e d  - ,s i th  s a le  u n k n o w n  d i s t r i b u t i o n  funct ion F (x ) .

F “ t h s -  c s ’n ” i ’ l” n s ’e ‘ e r  ‘is ’ ; e n t  t s s  be exact , the me thod  r e q u i r e s  that  the samp les

a s ’s-’ f r - s m  a S , s f l t i f l U O U S  d i s t r i b u t i o n :  h o w e v e r , if  the  random variables  are d i s c r e t e

(as  in t h i s  s ’ ; , ’, s ’ (  ‘ho ’ , ‘r i f i d e n c e  band is conserva t ive , that is , the “ t r u e ” but un-

kn i t to c on f i d s ’a - s ’ r i - i ’  f f i c i s ’n t  is t ’i - e :-s t e r  t h a n  the  stated one.

~ K s sl m o g s s r s s v ’s r’:o’thod is most  readi l y used by cons t ruc t ing  a tabular  l i s t ing  or

a g r a p h i c a l  rep ‘ s en t :- , ’ ion of t h e  e m pi r i c a l  d i s t r i b u t i o n  func tion .  In a g r a p h i c a l

rep ; i’s i ’ti ‘S r i , as in F,cu;’s’s 8 and 1’ and the  e x a m p les in A p p e n d L x  A , each datum

c ; : :  ) s -  s- - ’n s id e r ed  as a o ’ e r - t i ,  a! segment  tha t  e s tab l i shes  100-n  percent  of the t o t a l

pe-pu!at 5 5 0 :  ‘‘n il po lo ’s  of ad l a s - s - n t  s egmen t s  are  i s s i n e d  to fe-coo the  d i s t r ’ ihu t ion

~~~~~ s n  S ( x )  - ‘ :  h i s  1; is t m - - - ’ , m a t e d  at zero ~nd 100 pet ’ s - s - nt t s f  the sn ; ; :  p i s ’ . A tabular

i i ~~’ing  as in Table  4 (‘an hi - u t i l i , e d  for l i s t i n g  c :un , ’, i l a t t v s ’  pe rcen t i l e s  r ’epi’esent ing

t h e  end ps~o n t s  o r ’ } ‘ , s ; r l d r s , i s - s  s f  eac h s e g m e n t  i l ; s t s ,t m ) .

A c s - , n f i d i ’ ns - c  h an d  - , v i t h conf iden s ’s ’  s ’ s s , ’ i r i c - i e r t  I — a  a c: - ’ r t t ed  a i th  the  use of

t i - i -  I — a  qu ;S ’ot i le f rom a table  of f ) ; a ~ K’ -!mogorov test s t a t i s t i c  (A p p e n d i x  D) . In

‘b- ts’rr :; inin g IT! .‘s, the Up p € ’S’ s sn e— s i ’ l ’ ’ d  cisnfi densa- hand is of m t ,  ‘1 St , w h i c h  is

f or r n e ’l  hv ’ : s - ; - t i ca i  d i s p la s - s ’ ; : o e m  s f  t he  e m p i r i c a l  d i . ~t r i l ’ a t  son ‘,n , - t  R n  g r ap h h the

value  of ~ 1—a f rom a t ab l e  t s f  the Ks l a o s ’ g s  ‘r e-v t s’st ~ t ; s t t  St i s  , Thus  t h e  c o n f i d e n c e

bounda r”~ is an exas ’ t  rep lica ssf  t he  emp ir i c a l  d i st r ib u t  ‘ s n , - rt~~, - t  by an a p p r o p r i a t e

a mo un t , and t S ’ t  ; ;  inzs !ed  at  t P s -  v a lue s  ~ and 100 perc s ’a I  il lu~ t ‘, ; s  t i - j  in the e x a m —

pies of F i g u r e s  8 and P . A 1 ; e r r i a t i v , ’ i v , ‘ P s -  o- :s l s e - ’  of is added (or  s u b t r a c t e d

fo r ’ a l s s s, i s ’ t ’  s i n e — s i d e d  l i m i t )  ‘ i r a  t i , - c u n o u l a t ; ’ ,’ i- s s ’ r ’ ’ s ’ ; t i l e i - ;  of ti, , t a b u l a r  l i s t i s i s ’ ,

I f  the  c o n f , d € ’n S - e  l i m i t  is s T i n t  s ’ s l  by I ( x ) ,

t ’(x )  S ix )  +
1 -a

:11
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fo rming  the boundary of a one-sided 1-a confidence band w h i c h  comple te l y contains

the “ t rue” F(x) .

Values for ITL’ s for various percentages of the data populat ion ar - c  d e t e r -

mined in re la t ion to the upper one-sided confidence l imi t , e i ther  grap h i ca l l y as

i l lus t ra ted  in Figure 9, or w i t h  more accuracy from a tabular  l i st i n g  as in the

examp le of Table 4.
Diagnostic intel l ’ g ib i l it y  data popula t ions  presented  here  i s v ’’ h-ed 24 intel li kI-

b i l i t y  scores (fo r the phonet ic  feature  s tates)  from each of the speakers in an

intel l ig ib i l i ty  test .  With t w o  and r y ’ s r  e speakers , the number  of samp les exs:ee ’Ie’!

40 , and the approximat ion for ca l cu la t ing  the one-sided quan t i l e  of t h e  K s s !m c g ’ nr a v

test s ta t i s t i c  at p - 0 , 25 was used:

F o r n  > 40 ,

Q0 9 _  = l . 2 2 / ~~ i

3.2 Determination of lT 1~’~ from a ‘iegat i’Se Binomial Probability Model

A f t e r  a mean DR T score and its var iance  have been de te rmined  for a set of

in t e l l i g ib i l i t y  data , conversions to parameters  m and k that cha rac te r i ze  a nega-

t ive  binom~al p robab i l i ty  mrt del  a re  as fo l lows:

Mean nr .  of l i s tener  e r rors  m s- (100 - D ) / 3 .  1 2 5

where D = mean DHT score

Listener e r ro r  var iance = - - - S~~ hI , 125) 2

where  S~ = DRT score var iance

E s t i m a t e  of k k * 

~~~~ m

Here is an examp le of the derivat ions fcr  the data of Figui’e ft and Table 1, f rom

in t e l l ig ib i l i ty  data f rom tes t ing  (‘VSD at lii kb ps w i t h  n ine  speakers .

Mean DRT score r D 90 .26  DRT score va r i ance  S~ 222 , 06 n 216

Consequently

100 - 90 . 26 -m = 3 . 125 = 3. 12 (mean l i s tener  e r ro r s  per score)
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2 222 . 06 —s = 22 , 4 ( l i s t e n e r  e r ro r  var iance)
(3 125) 2

l ead ing  to the  e s t ima te  for k :

k * 3. 12) 2 
- - 0 49 1;

22 . 7 4 —  ‘1 . 12

Us ing t he se  values in c a l c ul a t i n g  p r o b a b i l i t i e s  based on a negative b inomial

dis  r ibut  ion:

p m
k

+ k 0 . 137 ~k 
= 0 .373  p robab i l i t y  s~~ no e r r o r s

q = m i ’ k :0 . 863

p lx;k , ml  = 
- 

i) p
k

q X X i s  nr of e r rors  = 0 , 1, 2 , . . .

(x 
- 0. 504) (0 .3731)

re su l t i ng  in the pr obabi l i ty  values and d i s t r ibu t ion  func t ion  presented in Table 1.

A conf idence  band for the negat ive  binom ial d i s t r i bu t ion f u n c t i s s n  can be formed

w i t h  the  same Kolmogorov tes t  s t a t i s t i c  and p rocedure  used w i t h  the emp i r i c a l

data d i s t r i b u t i o n s ;  the K simogorov t s- = ’ s-s- ’ n ’ i s t ic  is va l id  o’. i thout  regard to the  form

of ‘he d i s t r i b u t i o n .  Thus a s ’ s , n f i d s ’ n s  i’ band for the  n e g a t i v e  b i n o m i a l  d i s t r i b u t i o n

func t i on  is Is i - m ed  by a d i s p l a c e s  i ’  at  - f t h e  i ’ s  5 e n t i l e a  associa ted  w ith the  d is t r i -

but ion fun ctj sn by an app rop r i a t e  value of ~~l a fi r - t h i -  K o ! rt i s s g ’rov r i ’ s ’ s t a t i s t i c .

A number  ,f in te l l i g i br l i t y  data d i s t r i b u t i s w m s are  sh in in A ppendix  A , together

w i t h  93 perc ent one-sided confidet -w oi bands and I ’Ft ~ values.

I, I V I ’F , I , I , l ( ; I l ! I I , I T Y  T H R E SH O L D  LEVEL (I lL )  I( ~ Ti~~~ ;s FOR ~ O ’II
VOIC E I ’RUCES SORi”

Convent ional  i n t e l l i g i b i l i t y  scores are  compared  w i t h  ITL values in Tables 8,
9 , and 10 , and i l l u s t r a t e  tha t  d i f f e r e n c e s  in i n t e l l i g i b i l i t y  scores usuall y become

magn i f i ed  in d i f f e r e n c e s  in ITL’ s for the  same i n t e l l i g i h i l r t v  data .  The data als ’s

i l l u s t r a t e  that  t y p ical l y t l t , ’r e  a re  la rge  d i f f e rences  h et , ’.een the  i n t e l l i g i b i l i t y  s - , ,r ’es
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Table 8. I n t e l l i g i b i l i t y  Threshold Level (I TL)  Rat ings  for LPC Vocoder
Al gori thms Operat ing w ith Random Bit E r r o r s

Effec ts  of Random Bit Er rors  on Serial  2400 BPS
Linear  P red i c t i ve  Vocoders

based on six male speakers and two  presen ta t ions  to e ig ht l i s teners

80”~ In te l l i g i b i l i t y  Threshold Level
Test Mean -

Conf igura t ion  Score Voiced Un ’,’;s i s=p d Total

LPC Vocoder

Zero BER 90. 9 81.3 68. 8 7 5 . 0
1~~ 86 .0  68. 8 53. 1 ~‘T. 6
3% 77 . 1 53. 1 40 . 6 53. 1

6 8 . 6  40. 6 31.3 40. 6

P iecewise-LPC Vocoder
Zero BLO 9 2 . 4  78. 1 71. 9 78. 1

l’~ . 88.0 71 .9  65. 6 71 .9
3rn’s- 80 . 6 62 , 5 43. 8 62 , 5

71 . 2 50 . 0 31.3 43.8

5
Th ere is i 5 5 ~~ Confidence that 81F- of the specif ied population of diag-
o - a  t i s -  i n t e l l i g i b i l i t y  scores ( f e a t u r e  scores , by Speakers) wi l l  equal
or exceed the  stated value.

Table 9 . Comparisons of Convent iona l  Intel l i gib i l i ty  Scores and ITI , ’ s
from Diagnost ic  Rhym e Test Scores , 6 Male and 3 Female Speakers
and 8 Lis teners

IT0~ I n t e l l i g i b i l i t y  Threshold  Level
t 5 ° ’s- . ( ;onf idence) *,\ l e a n

Processor Scare Vs, iced Unvoiced Total

( ‘ \ ‘5 f l  Is . 6 kb ps 80 . 1 P2 . 5 25. 0 53. 1
(‘VSJ ) 1 6 k b ps ~~~~~ 81 .3 5P ,3  71. 9
(‘V~ 1) ‘12 kbps I’S. 0 90.6 71. 9 87. 5
( ‘P .  V s s ” oder  2400 8 3 . 0  9 2 .  5 37 . 5 5~’ . 4

*There is i ’ T~5, conf idence  that  8~~ of the  p o p u l a t i o n  of d i a gn o s t i c  i n t e l l i g i -
b i l i t y  sc ;sr es  (feature s cc’s, by speakers)  w i l l  equal or exceed the
stated value.

:4
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Table  10. Comparisons  of I T I , ’s Derived from Emp i r i ca l  Data D i s t r i b u t ions ,
and Obtained w i t h  t h e  Nega t ive  Binomia l  P c o b a b i i i t ’, ’ Model

Co m p ar i ss sn  of i,0’1 ITL ’ s (p 0. 95)
Values f rom data  d i s t r i b ut i o n , vs . Nega t ive  Binomial model

(Dat a  f rom P M .  & 3 I - cm.  Speakers , 8 Lis teners)

Voiced Fea tures  I nvoiced Total

Processor Data ( ,Sh,do ’l )  Data (M ode l )  Data (Mode l )

C\ ’SD 9 . 6  khps 62. 5 (65 .  6) 25 .0  (28 .  1) 53. I (53.  1)

C \’SD 16 kb ps 81 .3  ( 81 .3)  -56 .3 (53.  1) 71 . 1’ (7 5 . 0) 
A

CVSD 32 kb ps 90. 6 (9 0 .  6) 71 . P (71. 9) 87 . 5  (87 . 5)

Ch . Voc. 2400 62. 5 ((PS . 6) 37 . 5 (40 .  6) 59. 4 ( 6 2 .  3)

Ch. Voc.  2400 6-5 . 6 (65. 6) -51; . 3 (56 . 3) 65. 6 (65 .  6)

A P C - 4  6400 68. 8 (68 . 8) 40 . 6 ( 40 . 6) 59. 4 (6 2 .  5)

for the  o’ s i c e d  and for the unvoiced speech sounds , in comparison w i t h  the total

ensemble, and hi ghli ght the fact that the greatest  potential  payoff  in i m p r o v i n g
speech in te l l ig ib i l i ty  wi l l  c s;rae through improving  the f ide l i t ’- ’ csf the  unvoiced
speech events.

In Table 8, t w o  l i nea r -p red ic t ive  (LPC) vocoder al gor ’(t i in:a  are compared in

te rms of t h e i r  in te l l ig ibi l i ty  pe r fo rmance  in the presence of random bit e r rors  as ‘

could be caused by in te r fe rence  sr low-grade t r a n s m i s si s ,n  channels , -.r hen no
measures  are provided for e r ro r  pro tec t ion .

Table 9 compares conventional i n t e l l i g i b i l i ty  scores and ITI ’s for  c i s n t i n u sus
va r iab le-sloae  delta modulat ion (CVSD) at th ree  data ra tes , and a s nven t ional
channel “so sde’r .

Table 10 compares the ITL ’ s sbtained from the emp i r i c a l  d a t a  d i s t r i b u t i o n

w i t h  the values obtained with the use of the nega t ive  b inomia l  p r s nb a h i l t t v  model .
The greatest  d iscrepancy in ITL values was a one -quan tum change in the  value
(3. 125 points ) ;  over half of these eighteen comparisons gave per fec t  agreement
in ITL values assessed by the two  method.

5. (ONCI,I~ ,‘,ION~ -~“~D RECOMMENDA’l’IO\S

In t e l l i g i b i l i t y  scores for voice processors have been found to be typical l y
c h a r a c t e r i z e d  h hi ghl y s ign if icant  d i f f e r e n c e s  among speakers , as well  as h igh l y
s ign i f i can t  d i f ferences  among scores for the var ious  phonetic features.
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Distr ibut ions  of intelligibility scores are  not normally dis t r ibuted , but h igh l y
skewed.

A negat ive b inomial  probabi l i ty  d i s t r i b u t i o n  was found to  g ive g’ = il agr e e m e or

‘o ith empirical  in te l l ig ib i l i ty  data d i s t r ibu t ions .

A neo’, performance ra t ing for voice communicat ion , devices , termed an
In te l l ig ib i l i ty  Threshold  Level (ITL) , - -‘-as  conceived as a means if t a k i n g  th e s e

f indings  if l t a  c on s i d e r a t i o n  in e s tab l i sh ing  a measure of pe r formance  that  is an
eat ir : :a t s ’  of an in te l l i g ib i l i ty  value that the major i ty  ( r a the r  th an ”. t he s i ; ’ap le ’ av er a g m

of i nt e l l i g i b i l i ty  scores for a voice processor  w i l l  equal -~ s- exceed , a s- a specif:eil

conf idence  level established in re la t ion to the  sample s ize  usen :n ob ta in ing  t i e

r a t ing .

It is proposed tha t  an ITL ra t ing  s a m ’re  mean ingfu l  assess ‘ - : , - s ’, t of ‘h i’- d i -  -

gree of r i sk  involved in misunder s t and ing  voice messages, ci’ caus n~~ t i n e  t o  be
lost in requi r ing  messages to be repeated .

It was shown that  ITL ’ s can he de termined by t ’, v s - ,  a lt e s-n a t :v e  me t hod s :  by

r a n k - s s r d e r i n g  t h e  i n t e l l i g i b i l i t y  scores for a voice processor  ant i  - :u n s t r u c t ;n g  ‘i-fl .’

c u m u l a t i v e  d i s t r i b u t i o n  of data and i t s  c o n f i d e n c e  band , or ho’ u s r n g  a n e g a t i v e

b inomia l  pro ’t: ’ahi i tv  model for the  d i s t r ibu t ion .
C h i - s q u a r ed  r e s t s  ind ica ted  that  in ma s t  cases the n e -ga s - i v e  b i n  n’iial rs’no l’-;,hj l-

i t v  model gave a reasonable approx imat ion  t s ’s the data d i s t r i b u t i o n .
Intel l ig i b i l i t y  Threshold  Levels (IT L’s) est imated w i t h  the nec:, ’ i - ”  binomial

rr : s,d el  d i f f e r e d  ho- at most one pu an t o r a  ‘,‘aiue (3. 125 ) from ITI. ’ s d , ’t , ’r n r  n i P  in ’ - ‘n y,

the  empi r ica l  d i s t r i b u t i o n s .

F is r e c o m m e n d e d  tha t  f u t u r e  speech inte l l i g i b i l i t y  te ’ t s  and e v a l u a r ; -  na -

dig ital  voice c o m m u n i c a t i o n s  pros esss s rs  and sy s te ms i n c l u d e  a -~ i ’ - t . - r r n s :,a ’ i s s n  - ‘ f

t h e  80 percent ITI , ’ s at 0 . 95 p r obab i l i ty , Sh : S t is do~t er n :i ne  the i n t e l l i g i b i l i t y  l e v i - I
f o r  -,vhich t h e r e  is a 9-5 percent p robab i l i ty  that  80 percent of the p = ’pu lss~ ion sf

in t e l l i g i b i l i t y  scores (fo r ind iv idua l  speakers  and phone t i c  fs-’ - i t o s’ePS s~ i l l  s ’q u a l  ‘n ’
o xs” r ’erj ,
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A ppend ix B

Wang Model 720 Calculator Program for Negative
Binomial Probability Distribution

This p rogram sequence is designed to operate in conj unct ion
wit h  some u t i l i t y  subroutines for s tor ing and re t r ieving the
con ten t s  of the ca l cu la to r x&y regis ters , and fo r  c a l c u l a t i n g
and execu t ing  p lots  in con junc t ion  wi th  the Wang Model 702
P r i n t e r / P l o t t e r .

To i n i t i a l i z e, va lues  of m , s , n , and the cons tan t  fo r
conve r t ing  between l i s t ener  errors and DRT score , are
ente red f rom the key boa rd as follows :

m In to  r eg i s te r  0011.
a ( s t anda rd d e v i a t i o n  in l i s tener  e r ro r s )  i n to  reg. 044
n i n t o  r e g i s t e r  002
c ( f o r  c o ’- v e r t i n g  error  cou nt to DRT score) i n t o  reg 001

Load a zero i n t o  reg 032 to ob t a in  a l i s t i i U ,
Load a 2 i n t o  reg 032 to o b t a i n  a p l o t .

P o s i t i o n  t v  Model 702 P l o t t e r  P r i n t e r  at the top of
t : v  page lo t  a l i s t i  .ç; at  the or i g in fo r  a p lo t .

Ex e cu te  ~~~~~~ 1515” .
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Wa ng Ca lculator Program — continued .

0415 recall  y0408 MA RK S tar t  Neg.
1515 1515 Binomial  Rout ine 0003 003 In (p)
0700 0 0405 recal l  dir
0404 store d i r  0001 001 k*
0008 008 0602 m u l t i p l y
0405 reca l l  dir  0414 store y
0404 044 ~ 0011 011
0713 square 0405 recall  dir
0604 t 0012 012 Xi
0405 r eca l l  di r 0412 Wri te  A Skip if
000b OOo to 0711 Ch Sign Xi = 0
0601 - 0407 Search
0713 square 1411 1411
0606 exch . ~~~ 0415 Rec a l l  Y
0603 divide 0004 004 Ln (q )
0605 0o02 m u l t i p l y
0607 x l  OóOS

0400 + d i r e c t0604 
0011 0110414 store Y
0408 MARK0001 001 k* 1415 14150405 recall  dir  04 15 reca l l  y0006 006 in 0001 001

0606 exch . x&y 0405 recall dir
0600 + 0012 012 Xi
0606 exch.  x&y 0600 +
0603 divide 0701 1
0605 0601 -
0611 Ln X 0605
0404 store dir 06 11 Ln x
0003 003 Ln (~~ 0400 + di rect0701 1 

0011 01101106 exch.  x&y
0405 recal l  dir0601 -

0605 0012 012 Xi
~~~~ t o x 0611 Ln x
0404 store dir  0401 - direct
0004 004 Ln (q)  0011 011
0408 MA RK 0701 1
14 1 2 141 2 0401 - direct
0405 reca l l  dir  0012 012 decr , Xi0009 009 Xi 0415 recall v0404 sto re dir  0012 012 Xi0012 012 07 01 1

/
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Wang  C a l c u l a t o r  Program - cont inued.

0508 Skip if y < x  0405 rec direct
0407 Searc h 001 1 011
1415 1415 0614 ex
0405 rec direct  0411 Write
0011 011 0105 (1 . 5) p (m ,x ,k)
O i Sl4 e’t 0604
0400 + d i r ec t  0405 rec di rect
0008 008 0002 002 N
0415 rec Y 0602 m u l t i p ly
0008 008 060- exch x&y
0405 rec d i rec t  0411 Wr i t e
0009 009 0403 (4 , 3) Ne g Bin omia l  Frequency
0004 SR( s to re x&y) 0004 0405 rec d i rec t
0415 rec Y 0008 008
0302 032 0411 Wri te
0702 2 0105 (1.5) Cumulat ive p
0508 Skip  it ? < X  0o02 multi ply
0100 Execute SRO100 (ca lc .p lo t )  0605
0114 Execute SROII 4 (exe cu te  p lo t )  0411 Wri te
0415 rec Y 0403 (4.3) Cumulat ive Frequenc y
0302 032 0408 Mark
0702 2 1514 1514
0508 Skip  if ‘ i <x  0701 1
0407 Search  (Jump if f l a g  < 2) 0400 + di rect
1514 1514 0009 009 incr . x
0015 Execute  SROOI 5 (CR/LF ) 0415 r ec Y
0005 Execute SR000S(recail x&y) 0203 023 Xmax
0604 t 0600 +
0405 rec di rect  0600 +
0000 000 (score incr , )  0600 +

060 2 m u l t i p l y  0600 + (Xmax + 4)
0701 1 0405 rec d i rec t
0700 0 0009 009 x~
0700 0 0508 Skip if Y < X
01106 ~xch tc&v 0407 Search ( loop  for
0601 subtract 1412 1412 next x i)
0605 0515 STOP
0411 W r i t e
030 2 (3 . 2) (E q u i v a l e n t  DRT Score )
0005 Execute SR 000 5(recal l  x& ’.’)
0411 W r i t e
0200 ( 2 . 0) (M r of l i s t ene r  er rors)
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Appe ndix C

The Intellig ibili ty Threshold Level (ITL):

A new Approach for Evaluating Performan ce of

Digital Speech Communications Processors

CaIdwe l l P. Smith

Repr in ted  from ASA~~5O Speech C om m u n i c a t i on  P r e p r i n t  E x p e rtm e n t ,

Acoust ica l  Society of Amer ica , June  1979
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In t el l i i i r b i l i t y  performance of voice processors has been typically s1ecified i i .
average intelli g ibility scores: values pre suma b ly equaled or exceeded by half the under-
1 yir’~ popu lations of scores , assu ming a iio rma l distributi on . However , extens ive multi—
speaker testing of a wide var Iety of processor s over the p a st decade has show, c ,nci ’:s-

i’,’ely t ha t  (1) pop ulations of scores for p roce n s ’rs typicall y deviat e si 4 :s- i fic a n tl v
fr om norma l; (2) m e a n  scores of individual talkers in multi-speaker te st s t~~pica ~~ly
s -  ‘w hi 4h ly significan t differences (a .001) , and (3)  s i gn Ificant differe n ces as-r ;s-ig

the mean scores for phonetic festures are also typ i cal . T’ f’ ,rther an implied cbj eis - r ive
of i e t e I l i ,~ibi li ty testing: estimation of a level equaled -r exceeded b y the t r sj i - r i t y
of scores , fo r  exa mple , 807 of a popul a tion of scores for talkers and phonetic fea tures ,
a new ap ms r-”ach has been established for evaluation ’. , in which In t e l l i g i b i l i t y  dat a Is
a n al y zed to e s t i ma te in te l l i g i b i l it y th r e s h o l d  le ve l s  (ITt ’s): levels equaled or exceed-
ed by specified fractions of popula tions of scores , at a soi’ ci fl ed c ’ i r f i - i e i c e  level .
The method , based on non-parametric stat i stics of the Eolioo gorov -Smirnov type , involves
rank-orderi ng a population of scores and constructing a cumulative distribution and its
c on fide nce band , from wh ich lit ’s ca n be readil s - assessed , Inn t e I l 1 g i ~~i l i t i  data for
vari ous processors has typically shown l a r s - e r  differences in ITt ’s tha m ’ occ ur w ith
mean intelli g ibility scores.

INTRODUCTION .

Oiag.no srLc i,-nrelldgibi ,li ty testing (Vo iers ,l 973;1977) has be c is - a p p l i ed extensively to test
and evaluation of a variety of speech cornoiu ri icat ions process ors and s ;,ster os over ‘he past decad e;
numerous test results have been published in the literature (f :r example , Vo iers and Smith , 1972 ,
os -ni th ,l’)fl; 1979). Tes ting has usual l ) served multi p le objectives of prov idi n~ a ba sis f o r
compar ing different speech ?roce ssor algorithms or hardware , ,nd guiding research to “~~Lf l e  tune ”
al g or i r i r i . s  to obtain superior intelli g ibility or corre ct deficie n cies , bu t also L u r  csti n’a ting
si- te ll i 1n b ilit y predicted for the process or wh en used in a “real world ” environment b r  suppo r t
of voice coa:.au ricatior s for some population of talker s and listeners , pres unn.abl y not t ,o differ-
ea t fron ts - those used in conducting the te S ts . The Nversge inte l li g i b i l i t y  scores custom aril y
ci te i for voice systems carry the implication of repr e senting v alues that would be equaled or
exceeded by 507. of so underlying aggregate of scores for in ’iividual talkers , li steners , and
p h c i i s - t i c  feat u res , a po pulation sampled in t h e  pro cess of i n t e l l i g ibili ty testing, pres ’isiabl y
nor m a l l y  dist r ibuted and representative of a “real world” co,nsnu c iis -at ions environment.

/
RATIONALE FOR ThE INTELLIGISILITY THRESHOLD LEVEL (lr:) PE RFORMANCE gATING

Even if popula tio n ’s of i r . t e l l i g i b i l i t ’.’ sc ores obtained in multi-speaker tests were ri -rmal ly
- and there is considerable evidence that this is customarily not the case (Sm ith ,

- it would seem appropriate to reassess the pract i ce of specif yi ng p crf oroia nc e In terms of
average i n t e l l l g t b l l i t v  sc or es . Instea d , i m s - t e l l i c i h l l i t y  levels estimating the values attained
or exceeded b y a ‘-aji rlty In the populations of scores , fi r example 807, of the scores ,ar a s peci-
fied c— ”ofidence l eve l , would see’- t ’  be mi-ore m ea ningful aid relevant p e r fo r m a n c e  ra tin ~ s ,es p ec—
l a l l y  so f or assessing voice s’.’steoa required t im support critical crmnt .rtu nlca tiors invo b v lr g br i e f ,
ters e mes sa ges ~rnd where misunderstandings , or time lost in requiring messages 1 i- v re p ea t ed ,
could re sult in severe coSt i,e---a ’ t i i - s . Fro m this perspective , a perf ormance r a ti ns-~ in the fore -

~~
at’ l -t e l l i g i h i l i t - -- t i - res i - i ld b ev el (ITt) Is pri nosed : an experi nti enta . det e rm’[”e -b i i , t e l l l g i h i l i t v
le vel (based on rea ri n g with a oo r ,pr ia te talkers , li s t e — e r s , s-ma -i test Items , such as curre n t
multi - spea ker vers u s of t i- i -i ’ a,z”o a tlc Rh -i- Test) spe c i f v i ’ . a forecas t of the i n t e l l i g i b I l I t y
level t hat will i-- c eq u aled or exceeded h i -  a sp ec ifi ed per e e ” tage of a p op ul at ior ~ of I: ’te ll igl b-
i l i ty scor e s , at .s stat ed co n s - fide r c e lev el

~~~ L$ ?MI U lab? ~MLfl~! ~~~~~~~ X L t A ~~

?~~~I~~ PSI! ~~~~~ ~~° ~~- l ~) 
~~~~~~~
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So ar  ,s - s - -m m p l c - s of LTL ’ s d e t e r s - i - n e d  f r - s - n -- d i s t r i c i - u t i o m i s  ci d i a e, r- st,c int e lli g ibilit y scores s - f
o eLI - c n ,ti - s - j i d i t a l  s i-inc -Cl - - c i , c cs - , s .-r s  f o l l o w .  i- i -rh W on ieter mn jned b y u tiii z ii ,~ the 24 b a s i c

S c -  r i-c , i.e. ti ,- f - or  scores  a s c e r t i - , n e d  i .  r e~~oh ot t i - s - c si ’ s- -c  i s - a i ry  c an so n a u t a l  f e a t —
i - r i - s  tr s- ,te O w i t h  L i , .  l i l O s - f l o s t i c  kh)s - s- c - Test , fs - s -r is - ,,-s --~ a compo si te  data  tab le  composed of t eat u r ’s-
score s i - i a! I s - s - n  Seer s  j im t i-ic t e st . The com p o site tabl e was t i c s - n rank-ord e red and used to con-

s: r ct a c’ ,s- r- u lat n y c -  u s  t r i b u t  i on .  E s - v i n y L  c s - c  the  t ac t  th a t  i - ao h dat s -om - ( s c o r e )  represented am,
s t  r , , , t  ut t i c -  r t - s p  -i ac- s ~ i e i , ,, lt  I i st exe r s , t he r e  was I s - U  ave r apis - g ;  L i r e x a m p l e . s e p a r a t e  s c - i r i s

w i n ,  in cl u -s -n -d c - n  -o,- cc i iyp, it ~ c - i t  ( f r i c t i o n a l ) ,  v , i - o i i i s-- ~ir c-sc -rs -t (n i-o s-—frictional), voicing absent
( i r u L t i o i . ! )  Sri - i - ! ‘, .ic ir s - g a b s en t  ( m i - o n — f r i c t i o n a l )  i or  i - s c - i s -  s - a f t , etc. The deta i ls of p honeti c

I ts - i re ci s - e s that t - .. (Call, revea l idiosyn cracies and d e f i c i t r , c i e s  ‘e c u l i i - r r to  a voice process-

or a1i ~on,t s - mn n I a re retained in the cumulative i l - - t x of scores , Whil e tine di s trib u t us- ,n s do r i - - c

r ,-ve al 0 ,in ’ c i f i c  - l i - s - n i - t i e s  i- - f  i r s- a t t i r e s  a s - s -- J s-,~ r t ’ak e r s  involved in p a r t i c u l a r  “bad ’ sc’ s- re x , that

i ns - f r ation is s-’i - a d i l ’ . a v a i l a b l e  f r i- n m t i re c- r-ve notiona l lis tin m is- if diagnostic scores when needed

iO Os -- f or the p urpose  - f d i agnosi ng s p e c i f i c  d e f i c i e n c i e s.

- The c u m u l a t i v e  p l o t s  summ a r i z e  in a compac t
a nd efficient way all of the infor n sati or . contained

50 ’ 
- in the de t a i l e d  scores . ThiS , can facilita te I - s - r i - m a !

-~ or informa l assessment of the proportion of “had”

~~~~— i - -  i- .. = ~~ 
- scores , something r o t  easily determined by

a’ ‘4 9  — Inspecring t ime l i s t i n g  of scores. Confidence h e n s - s - I S

— - for the distributions were constructed b 3 the
- method of Ko lm n n og or o v  (Conover , 1 921 ), these prov_

C s t ’ - b s - i , e t n  ~f Pflntn~ t,c e.5,~,, Scans , ~. s- i s-lin e the b a s i n  for  a s c e r t a i c ,i ms -c I n ,  ‘ s , C u m u l a t i v e

4 0 ’  cvso IS sbp, 
- - distr ibutions also provide a b a sl s for ‘s-ther nor,-

parametr ic tests f- or c o mp a r i s o n s  w i t h  o t h e r  s tand-S M  S F.s, Sp.a ~.,s) , ard at experi m ent a l discrete - -r i-, tinuOus for m s ,
- (s-ne such test Is the L i l i i e f - ,r s test for con form-

‘s- ~~~ it , wits - ,  a ‘s -- s - r n - a l d istribut i - o r  ( L i l i i e f i - r s , l Q ’o 7 ) ,
~ 20 ~~. - s- ,, 9~~•t~ ns-’ n.~

,, L - ~~ ” -, : / Ji I 
A pplic ation 0f t i s-is t e s t  C .  d i s t r i b u t i o ’s - s  of d i s h ’

- s- c - - - r u s t i c  i i  t ell i g ib i h i - t -.- scores , i nclud i- -g single ami d
- - - 

~~, j— ’~
’
~ multi-speaker data icr a variet- of yrors -ess or s , ‘i- as

- - - 
-__,_

~~

_ 5 3 ,j ii  all cases indicat ed thi-i t the i~~ll i i -1 ’po th es i s
0 0 20 

- 
40 

‘ 60 
- as-o moo ( f u r  c~ ntvirrs - .it ’j with a n- r n - a l  d i s t r i b u ti o n )  s h o u l d

S A S S - i  OP T  ‘m E o L i G i B : L i T n  SCOR E be rejCcted. Distributions of t o t a l  intelli g ibil ity

~~~~~~~~ ~~~~~~~~ ~, C.,t i-, .5 I s cor e s  ( i n d i v i d u a l  l i s t e n e r s )  have been found  a p p r —

Fi~~.l. 0. t,’r ’-ination s-s-f ITt I ‘r l~~ ohs - is ~~~~~~~ 
s i - i rately norma l for a sing le s p eaker , b ut deviat-

in g s1 1i-oiii cant l) wi-tn ninultip lio-speaken data.

li . I ir5C1 tis t i - , ,  d is tri l is -t i - is - i l vs- f si-s- ,s- r ,s- s irons - ev aluation of continuous variable—slope delta 
at li -im s- (CVSD) i-i/i roti ni ~ at l’s - k i l obits per second , A one- sided s-57 , confidence band , and the

rs - s i -v t ’ c r  t i - ,, iim- a i , and var ianc e f ,,und in this data Set from tests with nine talkers (6 male
and 3 f , ’ , s- i- ic) ., r i  shi- ,wrm . lb s -c IlL i - -s n i s - s - i - i - c e from this data suggests chat , at ti e 95’!, confi d em mce

level , 31,17, s - - f time Sc ri ’s in  p o p u l a t i o n s - s  f o r  w h i c h  the  d a t a  is a r andom s a m p l e  w i l l  equal or exci-ci

7 1.  m . The 807, -.aiue jr t i - s - i -- actua l data distribution Was 8 1 . 3 .

ALTEPNATIVF DAT A BASES FUR Ill ’ s

A~ sun- s- ag th ,2r  m u l t i — a p i  al s-s - ’r d i a e ~m i s - s t l c  i n t e l l i g i b i l i t y  da ta has been established by forma l

i n m t e l l u i - o i M l i t -.- t e s t i l m i , s e v e r a l  a l t e r n a t i v e  nethods  can be cons idered  f o r  s e l e c t i n g  the d a t a
base s-i -se’! i n  i l i ’t e r o ’ i r . i n g  lit ’s , d i f f e r i r i -  in  t ime bas is  of s e l e c t i n g  an aggregate  of scores f -o r
t ! i i ’  asSess— c -mt. (‘-m e 1 - c - I s - - r i  h a s  a rca.ly been d e s c r i b e d  above. Sonic other possibilitie s

ar e (2) se ’-i-m r atin g the population cs -f scores arevi mo usl y described into sub- i - i - r i - up s consisting ‘i
v ’ s - i c r - i  and o n e - i c r - ! sci~m , i  r ,-’ - ’ect i .,’ ,-l v , and determining TTL ’s separately far the two categ s - s - r i e s;
(13 u m s - e r i n c i a n  acr  ci- ’. ,s - tio n e t ir t’, m r ure scores -‘ ( ta m ed with ea ch listener , thus creating a ps-o’-
,i i a r i i t n  of t i - s -ti - mi i - - t i - i l  i,iihi l i t ,  sc- - t e n , one for each speaker ‘liste ner combin a tion , and (4) -it il-
izinin cb s - c se as -m r -itt ’ s c -- r i’ s ‘ h t s - n l re ’ b  for ever y speaker feature/listene r combination.

.i- pp lic ac ion of ‘ e t ( i - --J (2) is illustrated in Fins - . 2. The diagnostic scores for j i m  kbp s CVSII

- ‘I FIR. I were separated i ’s - to groups repre ser t ing voiced and unvoiced lectures; separate rankings
, - s-b lfl~ s were es t a’ - lls he d for m i s- i ’ two e ros- i -ps. Th~

’
~~T~i represe nt a trend found in scores for

vo Ice p tm - c e n s o r s , in wb s - ch t ’a l - i - eS  of ITt ’ s for voiced features are hig her , a nd unvoiced f e at u res
1 - -wi r , t ii ~ ns - ‘ -c ITt va lues for t i - s - c total pop u lation of scores. Furti i er compar l sor— s are sb-s-v’s -i in

*LS PM1 LI MST ~~t J A L I 7 Y  PPtA, ~~ . .



Tab - li ’ I , which prese n ts IT!. ratings fr ’s-na total aggregat e -s of s - c n n  (as ‘!escr i - s - e-! - - t i m f i - r s t
r-s-i’ti i--I ) a nd separate lit ’s f or the data separated i nt s - s - populations o f  voiced and unvoiced feature

se r n . Tim e comparis ons suggest that the greate st ps-’ t m s - - c i a l  f i r  i m r - r °.’i ’o g i r t e ’ l l i g i b l l r t >  w i l l
lie Ir improving t ’- ,’ -n” (i-’lin~ of unvoiced speech evc .m ’ ts .

“e t h -  d ( 3) ,  using -‘list ribut ions of t i - a l  ‘00 ——_________

( s - t i - ! !  u i - l i n t ’ s -  or - ren ( f r  lr’l iv idua l l i s t e n e r s
s — c - u S e r s )  v — t n  found to result in di stribut— ~‘ O i , u i i - i - , i o n ,  al Sea ,si I s,

ions apo rox ima te ly norma l with a sim ile speaker , 0 cvso  is~sp.
‘- - i t  d e v i at i--z si.m m ’ i f i c a - t l y with r r s - i - l tip l e speak- ~ l6M ~ I F.a Sp.aUnsi r
era (on a basis of Lil li efors test results). ~
s-( -~~ev er , in  a l l cases t’rese distributions were ‘~‘c~~ I A o ~ 94 I I  

i-
I

ns - u cb i  less skewed than dist r i b u t i o n s  of d i a g s - s - - o st i c e — i-jar aue.d ( S a g  84 9 )
a t  - r rs far p h o m e t i c  features. Method (3) reveals . .~ ‘i-,, - s u .n  95% ca n t  a..,, ~~varja tjo os i s - s -  l iste m’ nr performance not revealed 

—
b y t i - ic f i r s t m ’ e t h , d  !escr lh ed; however , lu s t e s-s-er 

.,u 
~ 4

variations have - ne f o u n d  to be touch si - s - s - al l en us
t~~ 5r o s- ir iu tion a due to plo - s- etic feature s or due ~ 40

, s s - m m .ul’ers. A m a j o r  l c n i t a t i ’ s - n  of me thod  ( 3 )  is ~ ‘ - 
t

t i - s - c -  fa i l ure to reve al si~~s - s - cf ican t deficiencies ~
among thc feature so re s. For this r e u s - - , u s - ,
ur v a 1u a t c s - i~s - b y t h i: i-, r s - s - - i - ’,i - i is-~ of data is considered ~ ~~“

(oth od (s-i -) would offer composite is -s-f0rma tion 
0about tai k c r s , ph onetic features , and listeners. 20 40  60 80 00

However , it poses a major shorte,irm ing s- the 112- RA IISt ’s- OR’!’ n -EL L ,G r B I L r r T  SCORE
w - s - r s - i  Diagnos t ic Rh yme lest includes only eight l i s d , r , d s , i-  Sp .,,kar, . b1 F . a n u , . . )
token s f i .r each - -f the 24 feat ure states.
Con sequently method (4) would result in di s tr- Fig. 2. Separate d is t rc -bi m t ions and 807. ITt ’ s f or

Ib ut l ,omo s with extremely gross quantizatio n of v s - i - ciod a s -- s - i - u n v occms - 1 scores f r s- o s -  t i - r i  data C-f Fi - i -i.

t he scale (nine 2 s - os s - sihIe ‘clues for the scores) I. T i - i - , data su ,’ ce st that i n nmprs -s- .- e”ems -t ’i- in in tel !-

resul ting in inadequate resolution . j,,s - h i l i t y  could s- i-s t be found t - s - r s-~s - s - is - p ro ve s-i
modeling of unvoiced cor ,ss -s -m, am-t events .

Steps in deter-r i m- ing IlL ’s (using the first s -me thod des c r ihc -’,l) ore as f o l l ,w s ’

I . Rank—order the population of in te l li (i h ili ty scores comprised of the 24 f e ~~t - i - r e - n t a t , ’  ( ° r
“sub —f i- ’s -n ture”) scores - s - f each tali c’r , c s-mn’mbs - s- ined int o an a i s -gre g ate data m - i c s - m ,i a t ion , 2. i-s i -s -i- i- the
r u r T s - o ’ l  tab le , co ns truct the cun rn ,lative distribution of  scores. For this purpose , .- at h da tum is
in terpreted as a segment of ( i s -s- n N 100)!.. 3. Co ns tr imct a co rs-fi m ience band , usin e an appr o;- ri a te
q u a — t i l e  from a table s-f values s-s-f  the f a i n - - g o - t o ’.- n i -st statistic (Conover ,l97 1) or t i - c ’  Va !’,-
Q l,22//~

’ (for a one—sided band Sr p = - u S , an d n>40 ) , (Note t i - a t  with 26 feature scores f s - r
each of s i r  speakers , Q = .0983 , or i- dIP ). In reference t o  the fi gures , the value of Q des ie -
- aces an amount of vertical d l ap l ac m’ rnrs -n t of t i - s - n  data di s t ribiu ti o i m required to def iro is- the
specified co s -’ f ° - !e~rce ba n s- I . 4. To obtain desired lit ’ s , read fr s-’nr the conf ili’r’re band c- r - ,f ilc the
corre spom d in .i i s - - c e l l u i - i l b i l i t -, level. This car he done zrap i - ’ i - c a i l v, or f or ,ir ,’ ,,t er accurac ’-’ , f r i - s - -
t b - i ’  listing of ra  i’d sc- -r i ’s  arid a s s  s - e l a t e d  cu m u l a t i v e  p e r c en t a . i - s  (as done w i t - i t i - c ’  em ’a n s - p l e s  of
lit ’ s p r e s e s - t e d  here).

PROPO SED , ‘s- !i ’ s-’s -i- TAGtS OF THE l i - i TE LLIuIBI L 1TY Th REsHO LD L E V E l .  ( i - a i  R.ATI!F..

It Is r-rotm mnse( t i -s - o r  110, ratings have se’,’era i,s-iv i-m n ta,- --s s - icr aver a.r i s - t n - ! ! i g i - b i l i r v  sc s - r es
f o r  r a t i n e  t n n i . l l l g i h l h l t y  r , e r f s - o nm a n m c e  of “-ice comm nnun ic a tlo ns prs -- ’- esns-’s-rs : I. Ar lit rating
m n n n s s e s  I - - r i ’!! i g ihi l i t y  oerf r’ r’-,’,mo c m’ a tta i ms-e s -I f o r  t i - s - c  r a j  - r i  r 1 - ’s-. scor es ratl rer t a r  the av i- ra. ’,-
sc or e .  1’s -c  r a t i r . m  ‘ - r s - - v I -br - s i n f  r— -nri mn m’s- 95 t - s - wh et hi - r a v s --ic e :ir-oce ss - ’-r caused a s ignifica n t
a n  I - “ ‘jo’ of ‘ i-,a i- ’ s c - ri’s f-or a y  cs - tm ’s - m a r i o ’ s of sp ea lr cr  a s - d  s-s- Is- s - m i m e t i c  features . 2. c-is - f i - bene e
l e v el  i - s  ‘ i efj ’ - cn l  f i r  t” e 110, rating, s- Ti- n l’fl r a t i n m i , based ant non—par ..- -et r ic s- -r ’p m ’rt fe s s- - f t i e
d l  ncr I ‘‘st 10 s-of sc r i ’s  , is ‘ca l  s - C w i t s -  ‘ i i -  ri- card to the f - r-’ s - s - f  m -c  l i s t  r i 1  i t  i o n  -‘s -f sci r i ’s  , a m i d
Is  ‘ ‘or s - u f f e  — Ic-i  - ‘ , -li ’ s- a r t  u r e  in’ on norm -al i t  - ‘. Ti-c ru t ing is i m’i -her en tl s c o r ’r n ’ s -  sa t e I f i s - r  t i - s- m i - n m  -

- Cr -f s - e a s -  cr5 a- di - r t i e  t un i s - f - e r  s - s - f r e i - s - l i s - s - a t i c i - s of a t t ’st . 5 m3j rati o s - o s f-cr v s - ’ r s - - s - i s  pr -cr s s ’
ns  ‘ave -ce ” jnd t o  s i- - ‘w - r e r . r e r  s- I l f t e r e -  ces  a r o ’n c  s- i t  res t rn t a -  r ev e ai emi s- -v ,-,-- ,‘ra , c sc cres

6 . : i. IlL d n-c not s - e q  s - i - r e  as - - - s -v. - te n t i s - ,~ nmme t ’i-cid , , - i - ,- c n  d e t u s -  I,’! d a t a , i t  i s s - sp p l  r u b l e
u ’ - .-a i u a t r  ‘

~~ 
i r e M  .s-co: ! mt ‘data - -. -t o i l  t i - o r  t I ’e Di a g i a stir P b ’ s - - i ’  lest or liST , b, . r a l s o  l o t  i - i

Mod i E l i  R i - i  -e list  s-~ ‘i - i (lbs -n ’ . s- , e m al , l’i- ’mim ) s - mr tb - i ’ Cos-- so. a r t  i -be co~~s - i  t i - c s -  Te s t  or C R C  ( s -’r e s -msse
1 9 5 9 > ,  ilow i - - r , l e t a i l s  - f  d i a . - -  ‘s t i c  so r e - i -  - - . speakers aim s- i teat i - r i - s a re S s-u - ’ onl y I s - s - n  t I e
Is-i - 1,, s - n s m t c  RI-n

-- 
~‘j ‘~“F”! ~~~~~~L’t~I S  ~, E ‘= -
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T A B L E  I c0~I p A B m s o N a  OF s r t L L ! c , e , L i - r u  T H R E S H O L D  L E V E L S  i i l ’ L , i -

fr om Oiaqna.I i -c  SHim . V..? Sco,i ~ . 6 Ma,. 8 3 F.s,ai. Spaoa•r.
,u,d 8 L , P f ~ i-tI,.

P R O C E S S O R  N•sr  80% i n ? a s - m i~ ib i i i ? y !‘w.,saud Lers i  (sas no,.frd .re.i
Scan . i-’r -s -ad Ur,a,t.d Ta,a,

C V S O  9 6~~bss 90 I 6 2 5  2 5 0  5 3  i

C V S O  s- B aSp , 90 3 B r 3 163 7 1 9

CVSO 32 600, 950 so s  ?i 9 875

Cnn Va madI r  2400 9 3 0  6 2 S  5 7 5  594

V Ol t ,  ‘S 95% ianl , d •nc.  ~5 a?  80% at Li.  0 00 ui a ? , 0 0  at d.agno,tii

, e ? • s - s -, p , b , s - , L i- Scar.. ( l. a?u ,a  ac0 ’~~a , by 5p . ah~r . r . i i  •quai

Or •,cfl d i-i. u I a ~~~4 r a i s e

It i s h ypothesized tima t ilL ra ting s may b e mi- i -re  c l o s e l y c o r r e l a ted w itmi user a s - s - o e s-- t a i - i o e  v i
digital spee ch processors than are average im rt ellcii - ibi lit y scores; howcvc- r , no data has been
available to permit a test of this hypothesis.

CONCLUSIONS.

The rela tively new tecrini que s of multi-speaker diagnostic i n t e l i u ,i l b u l i t v  t e s t i s -  ,o have
tended to overwhelm the evaluat ,-r wi th the mass i-of information contained i t t  r ’1 s -I ca l i - n t e l 1 l g i b i l~
icy t est results. Perhaps because of time difficulties s-s-f evalua ting and lnm terpre tl ng fine

d etails of p e r f i a r r n i - a n c e , there has been a tendency to reduce results to sin i -t i e numbers : the as’erai-ce
i ntelligibility scores , values that provide no information as to variations among i”-di’ s - idua l
speakers and am -cog sc o res fs-mr ph one tic features , even tho ugh the sal te rm t differences in various
speech processor algorith ms are usuall y re vealed in these details . Prep arat i - ’m’ of cumulative
distribu tions of sc i s-res can provide a nseatrs for summarizing entire population s of cc - i t ’ s in
meaningful but compact fare s- that contains the significant variations arid h lg hl l .s- s- s- ts deficiencies .
Prepara tion of confi d ence bands ic r distributions can perm it forecasts of Intellig ib i l i ty
threshold levels (lit’s) f or se l ec t ed prop ortions of scores at specified conf i s - l e s - -n e levels .
S tudies of ITt ratings of intelligibility performance obtained with various spe ech processors
i s -mper s t i ’ ng unde r  a variety of conditions should provide guidance for determining rm’ i nn imur’ lit
standards that would be appropriate perfs - i r ma n c e criteria for various applications In cossnunicatio nm .
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