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ABSTRACT 

. - T W O  techn iques  a r e  presented here  t o  enable q u a n t i t a t i v e  comparison o f  t i m e  
domain fundamental  f requency e s t i m a t i o n  a l g o r i t h m s  a g a i n s t  a  r e fe rence ,  t h a t  
makes use o f  t h e  o u t p u t  f rom a laryngograph. These measures a re  c a r r i e d  o u t  on 
t h e  p u l s a t i l e  ou tpu t s  produced by  t h e  dev ices,  where each pu lse  corresponds t o  
an epoch o f  a c o u s t i c  e x c i t a t i o n  due t o  a  v o c a l  f o l d  c l o s u r e .  The r e s u l t s  
g i ven  he re  a r e  f o r  a  peak-p ick ing  a lgor i thm.  The comparison techn iques  are:  

1 )  Receiver  ope ra t i ng  c h a r a c t e r i s t i c .  
Th i s  i s  a p l o t  o f  t h e  p r o b a b i l i t y  o f  success fu l  d e t e c t i o n  o f  a  voca l  f o l d  
c l osu re ,  as compared t o  t h e  re fe rence ,  a g a i n s t  t h e  number o f  f a l s e  a la rms.  It 
i s  shown t h a t  t h i s  measure g i v e s  a c l e a r  i n d i c a t i o n  as t o  how w e l l  t h e  dev ice  
under t e s t  per forms w i t h  r espec t  t o  t h e  re fe rence ,  as  w e l l  as p r o v i d i n g  a 
q u a n t i t a t i v e  method f o r  dev ice  parameter o p t i m i s a t i o n .  

2 )  J i t t e r  d i s t r i b u t i o n .  
Th i s  i s  a  h is togram o f  t h e  d i f f e r e n c e s  i n  t h e  t imes  o f  occurence o f  o u t p u t  
pu l ses  f rom t h e  re fe rence  and t h e  corresponding t ime -a l i gned  pu lses  f r om the  
dev ice  under t e s t .  Th i s  measure g i ves  an i n d i c a t i o n  o f  hovd p r e c i s e l y  and 
c o n s i s t e n t l y  dev ices a r e  ab le  t o  l o c a t e  v o c a l  f o l d  c l o s u r e  i n s t a n t s .  

INTRODUCTION. 

Th i s  work i s  aimed a t  e s t a b l i s h i n g  a techn ique  which g i v e s  an au tomat ic  
q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  performance o f  speech based fundamental 
f requency e s t i m a t i o n  dev ices which operate i n  t h e  t i m e  domain. T y p i c a l l y  t he  
o u t p u t  f rom such dev ices takes  t h e  form o f  e x c i t a t i o n  epoch p o s i t i o n s ,  each 
be ing  s i g n a l l e d  by a pu lse.  I n  o rder  t o  make a success fu l  eva lua t i on ,  a  
r e l i a b l e  ' s tandard '  i s  r equ i red ,  and i n  t h i s  work a laryngograph [l] i s  
employed f o r  r e fe rence  purposes - a p r a c t i c e  endorsed by  Hess [ Z ] .  Automatic 
assessment s t r a t e g i e s  n o t  o n l y  g i v e  a f a s t  and conven ien t  r e s u l t  w h i l s t  g i v i n g  
a q u a n t i t a t i v e  b a s i s  f o r  improv ing  con f idence  i n  t h e  dev i ce  under t e s t ,  b u t  
a l s o  t hey  l e a d  t o  t h e  p o s s i b i l i t y  o f  u s i n g  i t e r a t i v e  o p t i m i z a t i o n  procedures t o  
a d j u s t  parameters i n  o rde r  t o  improve t h e  dev i ce  opera t ion .  

DEVICES USED FOR FUNDAMENTAL FREQUENCY ESTIMATION. 

Dev ices  and a l g o r i t h m s  f o r  e s t i m a t i n g  speech fundamental  frequency can  be  
b r o a d l y  ca tego r i zed  as: those  wh ich  ope ra te  on  t h e  speech pressure waveform i n  
e i t h e r  1) t h e  t i m e  domain, 2)  t h e  frequency domain, or 3) hyb r i ds  o f  1 and 2; 
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and 4 )  those  which d e r i v e  t h e i r  i n p u t  d i r e c t l y  a t  t h e  l e v e l  o f  t h e  l a r y n x  (see 
[3 ]  f o r  a  comprehensive rev iew) .  

I n  a  time-domain device, t h e  fundamental frequency es t ima te  i s  made d i r e c t l y  
f r o m  t h e  speech waveform by  measuring i t s  p e r i o d i c i t y .  T y p i c a l l y ,  t h i s  can be 
enhanced by t h e  use o f  v a r i o u s  pre-process ing stages, and t h e  o u t p u t  i s  
o b t a i n e d  as e i t h e r  a  p u l s e  t r a i n  o r  a  s e r i e s  o f  d u r a t i o n s  r e l a t i n g  t o  each 
de tec ted  per iod .  

Frequency domain dev ices  a r e  designed t o  per fo rm a  s p e c t r a l  a n a l y s i s  on 
success ive  p o r t i o n s  o f  t h e  speech waveform. They may t a k e  advantage o f  t h e  
harmonic s t r u c t u r e  assoc ia ted  w i t h  vo i ced  e x c i t a t i o n .  The fundamental  
f requency es t ima te  a r r i v e d  a t  by such dev ices i s  t hus  t y p i c a l l y  s p e c i f i e d  a t  
equaply spaced t ime  i n t e r v a l s .  Th is  format  i s  n o t  s u i t a b l e  f o r  t h e  comparisons 
desc r i bed  here, as they  r e q u i r e  da ta  i n  t h e  form o f  t h e  t i m e  o f  occurence o f  
e x c i t a t i o n  events  (Tx),  wh ich  can t h e n  be d i r e c t l y  compared with t h e  
la ryngograph  re fe rence  (see be low).  

A dev i ce  which makes a  d i r e c t  measurement o f  v o c a l  f o l d  a c t i v i t y  i s  t h e  
laryngograph.  A la ryngograph  works b y  measuring t h e  e l e c t r i c a l  impedance 
across  t h e  l a r y n x  a t  t h e  l e v e l  o f  t h e  voca l  f o l ds .  Movement o f  t h e  v o c a l  f o l d s  
r e s u l t s  i n  an impedance change which can be de tec ted  by  t h e  laryngograph.  The 
a p p r o p r i a t e l y  p o l a r i z e d  laryngograph ou tpu t  waveform (Lx )  t h u s  g i v e s  a  d i r e c t  
measure o f  v o i c i n g  and i t s  t i m e  domain r e p r e s e n t a t i o n  i s  much s i m p l e r  t h a n  t he  
corresponding speech p ressure  waveform. Therefore,  by means o f  r e l a t i v e l y  
s imp le  time-domain process ing,  a  good es t ima te  o f  t h e  fundamental  p e r i o d  o f  the  
speech can be obta ined.  I t  shou ld  be noted however, t h a t  t h e  Lx waveform does 
n o t  a lways g i v e  a  s t r o n g  i n d i c a t i o n  o f  voca l  f o l d  a c t i v i t y  i n  a l l  ca,ses when 
obse rva t i on  o f  t h e  speech waveform and i t s  spectrum i n d i c a t e s  t h a t  vo iced  
e x c i t a t i o n  i s  indeed present .  Th i s  ma in l y  occurs towards t h e  end o f  unst ressed 
vo iced  segments, when t h e  v o c a l  f o l d s  a r e  s t i l l  v i b r a t i n g ,  b u t  no  f i r m  c l o s u r e s  
a r e  made, and t h e r e f o r e  t h e  measured l a r y n x  impedance shows l i t t l e  change. 

The a l g o r i t h m  used t o  es t ima te  t h e  p e r i o d  epoch p o s i t i o n s  f rom t h e  Lx  waveform 
makes use o f  t h e  f a c t  t h a t  t h e  c l o s i n g  phase o f  t h e  v o c a l  f o l d s  g i v e s  r i s e  t o  a  
p o i n t  o f  maximum g r a d i e n t  o f  t h e  Lx waveform. Th i s  p o i n t  i s  un ique  and w e l l  
d e f i n e d  i n  each cyc le ,  t h u s  making i t  a  good f e a t u r e  t o  d e f i n e  p e r i o d  epochs. 
Th is  p o s i t i o n  i s  l o c a t e d  by  f i r s t  d i f f e r e n t i a t i n g  t h e  Lx, and t h e n  sea rch ing  
f o r  t h e  b e s t  l o c a l  maximum, s u b j e c t  t o  t h e  c o n s t r a i n s  t h a t  i t  must exceed a  
predetermined t h r e s h o l d  va lue  i n  amp l i tude  and t h a t  o n l y  one Tx p u l s e  i s  
a l lowed t o  be found w i t h i n  a  minimum p rede f i ned  i n t e r v a l .  Any i s o l a t e d  s i n g l e  
pu lses  a r e  then  r e j e c t e d  on t h e  grounds t h a t  t hey  were p robab l y  n o t  
a c o u s t i c a l l y  s i g n i f i c a n t ,  b u t  r a t h e r  r e l a t e d  t o  p r e c u r s i v e  l a r y n x  ad justments  
p r i o r  t o  phonat ion.  

The peak-p icker  under t e s t  he re  [ 4 ]  i s  a  t ime domain dev i ce  t h a t  generates a 
pu l se  eve ry  t i m e  i t  f i n d s  what i t  cons iders  t o  be  a p e r i o d  epoch marker i n  t h e  
speech p ressu re  waveform. The v e r s i o n  used here  i s  a sof tware model o f  a s m a l l  
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b a t t e r y  powered dev ice  developed as p a r t  of  t h e  E P I  group coch lear  i m p l a n t  and 
a c o u s t i c  p ro theses  [S] .  I t s  ope ra t i on  i s  e s s e n t i a l l y  ins tantaneous,  with no 
long- t ime c o n s t r a i n t s  b e i n g  a p p l i e d  t o  i t s  ou tpu t ,  f o r  i t  i s  i n  t h i s  way t h a t  
i t  can b e s t  b e n e f i t  b o t h  t h e  speech p e r c e p t i o n  and p r o d u c t i o n  o f  p r o t h e s i s  
users  [ 6 ] .  The o n l y  memory i n  t h e  system i s  due t o  t h e  t i m e  response o f  t h e  low 
pass f i l t e r  and secondary peak suppress ing c i r c u i t r y ,  which a r e  fundamental  t o  
t h e  o p e r a t i o n  o f  t h e  device. 

TYPES OF COMPARISON. 

The comparisons i n v e s t i g a t e d  here  are based on t h e  one-to-one d e v i a t i o n s  o f  t h e  
Tx pu lses  f rom t h e  dev ice  under t e s t  t o  those  due t o  t h e  re fe rence .  These 
comparisons a re :  
1 )  Th'e r e l a t i v e  p u l s e  j i t t e r  o f  t he  re fe rence  Tx t o  t h e  cor respond ing  p u l s e  ( 
i f  i t  e x i s t s )  i n  t h e  t e s t  Tx. 
2 )  Receiver o p e r a t i n g  c h a r a c t e r i s t i c  (ROC). Th i s  measure has i t s  f ounda t i ons  
i n  s t a t i s t i c a l  d e c i s i o n  theory .  To understand t h e  b a s i c  p r i n c i p l e s  o f  t h i s  
measure, cons ide r  t h e  o p e r a t i o n  o f  t h e  t ime-domain fundamental  f requency 
e s t i m a t i o n  a l g o r i t h m  as b e i n g  conceptua l l y  broken down i n t o  a  p re -p rocess ing  
s tage f o l l o w e d  by  a  t h r e s h o l d  stage. The f u n c t i o n  o f  t h e  p re -p rocess ing  s tage  
i s  t o  produce, from a  n o i s y  speech s i g n a l ,  a  waveform t h a t  g i v e s  t h e  maximum 
p o s s i b l e  d i s c r i m i n a t i o n  ( t o  t h e  f o l l o w i n g  t h r e s h o l d  c i r c u i t )  between t h e  
period-epoch-marker-present case and t h e  period-epoch-marker-absent case. The 
t h resho ld  s e c t i o n  then  mere ly  decides i n t o  which o f  t h e  two c a t e g o r i e s  t o  p l ace  
t h e  i n p u t  da ta ,  t h a t  i s ,  whether o r  n o t  t o  generate a  Tx pu lse .  I f  o n l y  t h e  
d e c i s i o n  c r i t e r i o n  o f  t h e  a l g o r i t h m  i s  changed, by r a i s i n g  o r  l o w e r i n g  t h e  
t h resho ld ,  t hen  t h e r e  w i l l  p robab ly  b e  a  change i n  t h e  ou tpu t .  However no 
fundamental changes t o  t h e  a l g o r i t h m  have been made and t h e  s i g n a l  i s  j u s t  as 
de tec tab le  t o  t h e  a l g o r i t h m  i n  each case. I t  i s  t h i s  i n h e r e n t  d e t e c t a b i l i t y  
t h a t  t h e  R O C  o f  t h e  dev ice w i l l  show. A p o i n t  on t h e  ROC i s  a  p l o t  o f  t h e  
p r o b a b i l i t y  o f  t h e  dev ice  c o r r e c t l y  i d e n t i f y i n g  a  p e r i o d  epoch marker ( a  h i t )  
versus t h e  p r o b a b i l i t y  o f  t h e  dev ice commit ing an e r r o r ,  t h a t  i s ,  by i n d i c a t i n g  
t h a t  a p e r i o d  epoch marker was present  when t h i s  as  n o t  t h e  case ( a  f a l s e  
a la rm) .  C l e a r l y  as t h e  t h r e s h o l d  becomes lower ,  t h e r e  w i l l  be  more h i t s  b u t  
a l s o  more f a l s e  alarms. I f  t h e  p r o b a b i l i t y  o f  h i t s  vesus p r o b a b i l i t i e s  o f  f a l s e  
a larms a r e  p l o t t e d  f o r  d i f f e r e n t  t h r e s h o l d  c r i t e r i a ,  t h e  p o i n t s  w i l l  t r a c e  o u t  
a curve. The p o s i t i o n  o f  t h i s  curve (which f o r  one p a r t i c u l a r  dev ice  can be 
s p e c i f i e d  t h e  d e f i n i t i o n  o f  a  s i n g l e  p o i n t )  i s  i n d i c a t i v e  o f  how d e t e c t a b l e  t h e  
s i g n a l  was t o  t h e  a l go r i t hm.  

I t  i s  l e g i t i m a t e  t o  p l o t  t h e  percentage o f  h i t s  versus t h e  number r a t h e r  t h a n  
t h e  p r o b a b i l i t y  o f  f a l s e  a larms f o r  t h e  ROC, p rov ided  t h a t  t h e y  a r e  a l l  p l o t t e d  
f o r  t h e  same i n p u t  da ta  ( t h a t  i s ,  w i t h  t h e  same speech and re fe rence  Tx) on t h e  
same graph w i t h  t h e  same scales.  The p r o b a b i l i t y  o f  a  f a l s e  a la rm would be 
es t imated  by  t h e  r a t i o  ( f a l s e  alarms)/(rnaximum p o s s i b l e  number o f  f a l s e  
a larms) ,  b u t  s i n c e  t h e  denominator i s  cons tan t  f o r  a l l  t h e  p o i n t s  p l o t t e d  on 
t h e  graph, i t  can be i gno red  w i t h o u t  changing t h e  r e l a t i v e  shape o f  t h e  curves. 

The r e f e r e n c e  Tx g i v e s  t h e  b a s i s  f o r  a  d e c i s i o n  as  t o  whether o r  n o t  a p u l s e  
i n  t h e  t e s t  Tx i s  a h i t  o r  a  f a l s e  alarm, a  h i t  o c c u r i n g  when t h e r e  i s  a 



QUANTITATIVE COMPARISONS BETWEEN TIME DOMAIN SPEECH 
FUNDk?ENTAL FREQUENCY ESTLWTION ALGORITHMS. 

cor respond ing  t e s t  Tx  p u l s e  f o r  a  g i ven  re fe rence  Tx pu lse ,  and a  f a l s e  a larm 
occu rs  when t h e r e  i s  a  t e s t  Tx p u l s e  and no  c o r r i s p o n d i n g  re fe rence  Tx pu lse.  

I n  o r d e r  t o  c a r r y  o u t  t h e  two comparisons i t  i s  necessary t o  know, f o r  t h e  ROC, 
f o r  each re fe rence  Tx pu lse,  whether o r  n o t  t h e r e  i s  a  cor respond ing  t e s t  Tx 
p u l s e  ( a  h i t ) ,  as w e l l  as  t h e  number of  f a l s e  alarms, and f o r  t h e  j i t t e r  
d i s t r i b u t i o n  t o  a l s o  have access t o  t h e  r e l a t i v e  t ime  s h i f t  o f  e s t a b l i s h e d  
h i t s .  The a l g o r i t h m  used t o  f i n d  t h e  "optimum" correspondence o f  t h e  re fe rence  

. . Tx pu l ses  and t h e  t e s t  Tx pu l ses  employs a  dynamic programming approach. 

Pulse corespondence r o u t i n e .  
Th i s  r o u t i n e  i s  designed t o  dec ide  which, if any, pu l ses  i n  t h e  t e s t  Tx pu l se  
t r a i n  correspond t o  those p resen t  i n  t h e  re fe rence  Tx p u l s e  t r a i n .  There w i l l  
i n  g e n e r a l  be a  t ime  delay between t h e  two Tx pu l se  t r a i n s  due n o t  o n l y  t o  t h e  
d i f f e r e n t  t i m e  de lays  i n  process ing,  b u t  a l s o  d u e , t o  t h e  f a c t  t h a t  t h e  L x  
s i g n a l  i s  de r i ved  ahead o f  t h e  speech p ressu re  waveform due t o  t h e  p ropaga t i on  
de lay  t h e  l a t t e r  i n c u r s  i n  r e a c h i n g  t h e  microphone. The o v e r a l l  t i m e  de lay  i s  
es t ima ted  by c ross  c o r r e l a t i n g  t h e  two Tx p u l s e  t r a i n s  and l o c a t i n g  t h e  t ime  a t  
which t h e  maximum i n  t h e  r e s u l t  occurs.  T h i s  de lay  i s  t h e n  used t o  t i m e  a l i g n  
t h e  two Tx p u l s e  t r a i n s .  For  each o f  t h e  re fe rence  Tx pu l ses  i t  i s  t hen  
assumed t h a t  t h e  corresponding t e s t  Tx p u l s e  i s  e i t h e r  1 )  t h e  neares t ,  2 )  the  
second neares t ,  o r  3 )  t h e r e  i s  no corresponding t e s t  Tx pu lse .  
A dynamic programming a l g o r i t h m  i s  then  employed t o  op t im i ze  t h e  
correspondence, t h e  c r i t e r i a  o f  o p t i m a l i t y  b e i n g  t o  min imize t h e  sum o f  t h e  
magnitudes o f  t he  i n d i v i d u a l  p u l s e  j i t t e r s .  The s o l u t i o n  i s  cons t ra i ned  t o  
o n l y  a l l o w  correspondence o f  pu l ses  w i t h i n  a  predetermined range and t h a t  t h e  
correspondence must be monotonic. Also a  p e n a l t y  (correspondind t o  t h e  maximum 
a l lowed j i t t e r )  i s  p a i d  f o r  d e c i d i n g  t h e r e  i s  no corresponding p u l s e  f o r  a  
g i v e n  r e f e r e n c e  Tx pu lse.  Th i s  i s  t o  p reven t  t h e  t r i v i a l  s o l u t i o n  o f  f i n d i n g  
no pu l ses  and t h e r e f o r e  hav ing  no g l o b a l  j i t t e r .  The a l g o r i t h m  thus  works as 
f 01 lows : 
1 )  For  each re fe rence  Tx pu lse ,  t h e  nea res t  two t e s t  Tx pu l ses  a r e  found. 
2 )  I f  a  t e s t  Tx pu l se  i s  f u r t h e r  away from t h e  re fe rence  Tx p u l s e  t han  a  
predetermined l i m i t ,  t hen  i t  i s  r e j e c t e d .  
3 )  S t a r t i n g  w i t h  t h e  l a s t  re fe rence  Tx pu lse ,  t h e  "optimumu two a l t e r n a t i v e s  
a r e  no ted .  Then moving backwards by one re fe rence  Tx pu lse ,  f o r  each o f  i t s  
two p o s s i b l e  l o c a l  correspondances, t h e  "optimum" o f  t h e  two p o s s i b l e  pa ths  
fo rward  f rom each one i n  t u r n  i s  then  chosen. Moving backwards aga in  b y  one 
r e f e r e n c e  Tx pu lse ,  f o r  each o f  t h e  two l o c a l  p o s s i b i l i t i e s  t h e  "optimum" pa th  
fo rward  i s  aga in  chosen. Th i s  proceeds u n t i l  a l l  t h e  re fe rence  Tx pu l ses  have 
been i n v e s t i g a t e d  and t h e  r e s u l t  i s  a  l i s t  o f  t h e  "optimumt1 correspondences o f  
each r e f e r e n c e  p u l s e  e i t h e r  a  t e s t  Tx p u l s e  o r  no t .  From t h i s  l i s t  t h e  number 
o f  " h i t s "  i s  then  ob ta ined  a long  w i t h  t h e i r  j i t t e r  va lues.  The number o f  f a l s e  
alarms i s  t h e n  c a l c u l a t e d  from as  t he  d i f f e r e n c e  between t h e  t o t a l  number o f  
t e s t  Tx p u l s e s  and t h e  number o f  h i t s .  
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F i g u r e  1: ROC f o r  the  peak-p icker  
CURVE 1: D i f f e r e n t  peak-picker  g a i n  

s e t t i n g s  f o r  r e c o r d i n g  room 
q u a l i t y  speech.  

CURVE 2 :  As c u r v e  1, b u t  speech  i s  
decraded by a d d i t i o n  of 
uniform d e n s i t y  random n o i s e .  

D E V I A T I O N  IN SAMPLES 

F i g u r e  2 :  J i t t e r  h i s t o g r a m  f o r  two 
Lx t o  Tx a l g o r i t h m s .  

RESULTS 

The r e s u l t s  p r e s e n t e d  h e r e  a r e  f o r  t h e  u t t e r a n c e  "speech p a t t e r n s  on view", 
spoken by a  male s p e a k e r .  The fundamental  f requency e s t i m a t o r  a l g o r i t h m s  a s  
w e l l  a s  t h e  comparison a l g o r i t h m s  were implemented on a  Masscomp 5500 s e r i e s *  
computer and t h e  speech p r e s s u r e  waveform and L x  were sampled a t  12800 Hz w i t h  
a  1 2  b i t  ADC, w i t h  a p p r o p r i a t e  a n t i - a l i a s i n g  f i l t e r i n g .  

The R O C  c u r v e  f o r  t h e  peak-p icker  i s  shown i n  f i g u r e  1. The c u r v e  w i t h  p o i n t s  
marked "1" cor respond  t o  t h e  performance w i t h  n a t u r a l  s p e e c h ,  and  t h e  c u r v e  
w i t h  t h e  p o i n t s  marked "2'' c o r r e s p o n d s  t o  u s i n g  t h e  same s p e e c h  as  b e f o r e  b u t  
t h i s  t i m e  c o r r u p t e d  w i t h  un i fo rm d e n s i t y  random n o i s e .  I n  e a c h  c a s e  moving 
a l o n g  a  c u r v e  away from t h e  o r i g i n  c o r r e s p o n d s  t o  i n c r e a s i n g  t h e  peak-p icker  
g a i n .  I t  can b e  s e e n  t h a t  a s  t h e  g a i n  o f  t h e  peak-picker  was i n c r e a s e d  i t  was 
more l i k e l y  t o  d e t e c t  a n  e x c i t a t i o n  (up t o  a  l i m i t )  b u t  a t  t h e  same time t h e r e  
was a  g r e a t e r  l i k e l i h o o d  o f  g e n e r a t i n g  a  f a l s e  a larm.  By comparing t h e  two 
c u r v e s  i t  is e v i d e n t  t h a t  a d d i n g  t h e  n o i s e  degraded t h e  d e v i c e  performance such  
t h a t  i t s  r e p e c t i v e  c u r v e  was a lways  below t h e  o t h e r ,  a s  is t o  b e  e x p e c t e d .  The 
n o i s e  p r e s e n t  c a s e  can b e  t h o u g h t  o f  as e q u i v a l e n t  t o  t h e  performance o f  a n  
i n f e r i o r  dev ice .  A ' b e t t e r '  d e s i g n  w i l l  have a  c u r v e  which i s  f u r t h e r  towards  
t h e  t o p  l e f t  o f  t h e  ROC. S a t u r a t i o n  o f  t h e  d e v i c e  i s  probab ly  t h e  c a u s e  f o r  
t h e  c u r v e  f o l d i n g  back o n  i t s e l f  i n  t h e  n o i s e  p r e s e n t  c a s e ,  where  t h e  ampl i tude  
compress ion s t a g e  is p r e s e n t i n g  s i g n a l  and n o i s e  peaks  t o  t h e  p e a k - p i c k e r s  a t  
much t h e  same l e v e l ,  and t h e  random n a t u r e  o f  t h e s e  is  c a u s i n g  i n c r e a s e d  h i t s  
and fewer  f a l s e  a la rms .  
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F i g u r e  3 

DEVIATION I N  SAMPLES 

F i g u r e  5 

F i g u r e  4 

DEVIATION I N  SAMPLES 

Figu re  6 

DEVIATION I N  SAMPLES DEVIATION I N  SAMPLES 

JITTER HISTOGRAMS FOR THE PEAK-PICKER 

F i g u r e  3 :  Recording room q u a l i t y  speech ,  
F i g u r e  4-6: Speech degraded by i n c r e a s i n g  uniform d e n s i t y  n o i s e .  
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Histograms o f  t h e  j i t t e r  between t h e  h i t s  i n  t h e  re fe rence  Tx and t e s t  Tx  f o r  
speech w i t h  d i f f e r e n t  l e v e l s  o f  un i f o rm  d e n s i t y  random n o i s e  con tam ina t i on  a re  
shown i n  f i g u r e s  3,4,5 and 6. It can be seen t h a t  t h e  j i t t e r  a l s o  became 
cons ide rab l y  worse as t h e  n o i s e  ampl i tude was increased.  T h i s  i n d i c a t e s  t h a t  
t h e  peak-p icker  was l e s s  a b l e  t o  p r e c i s e l y  d e f i n e  t h e  fundamenta l  p e r i o d  epoch 
a s  t h e  n o i s e  l e v e l  was increased.  F igure  2 shows t h e  j i t t e r  h i s t og ram f o r  
another  Lx  t o  Tx r o u t i n e .  The d i f f e r e n c e  between t h i s  r o u t i n e  and t h e  
r e f e r e n c e  i s  t h a t  t h e  Lx t o  Tx r o u t i n e  under t e s t  o n l y  t h r e s h o l d s . t h e  
d i f f e r e n t i a t e d  Lx waveform t o  determine t h e  epoch p e r i o d  marker, whereas t h e  

. r e f e r e n c e  Lx t o  Tx l o c a t e d  t h e  l o c a l  maximum i n  t h e  d i f f e r e n t i a t e d  waveform. 
N o t i c e  how w e l l  t h e  two d i f f e r e n t  Lx t o  Tx a l go r i t hms  compare. 

CONCLUSIONS AND FUTURE WORK 

Two new measures have been descr ibed  which have been implemented on a  Masscomp 
5500 computer w i t h  a  view t o  make q u a n t i t a t i v e  comparisons between speech 
fundamental  f requency e s t i m a t i o n  devices which opera te  i n  t h e  t ime  domain. For  
t ime-domain dev ices these  comparison techniques have c l e a l r l y  demonstrated some 
u s e f u l  aspec ts  o f  performance, as  w e l l  as p r o v i d i n g  t h e  b a s i s  f o r  dev i ce  
parameter o p t i m i z a t i o n .  Thus t h e  p o s s i b i l i t y  e x i s t s  t o  u t i l i z e  these  
techn iques  i n  t h e  development o f  new t ime  domain a l go r i t hms .  F u r t h e r  work i s  
aimed a t  ensur ing  t h a t  t h e  very  bes t  r e fe rence  Tx system i s  b e i n g  used, and 
t h e r e f o r e  o t h e r  Lx t o  Tx a l go r i t hms  a re  b e i n g  i n v e s t i g a t e d  and compared w i t h  
t h e  c u r r e n t  re fe rence .  Fundamental f requency e s t i m a t i o n  a l g o r i t h m s  based on 
frequency domain o r  h y b r i d  techniques cannot be sub jec t  t o  a  ROC a n a l y s i s  s ince  
t h e i r  o u t p u t s  a re  n o t  i n  t h e  form o f  a c o u s t i c  e x c i t a t i o n  epoch markers, upon 
which t h e  a n a l y s i s  depends. However i n  cases where a  t h r e s h o l d  i s  used w i t h  
f requency domain dev ices  f o r  vo iced /vo ice less  dec is ions ,  t h e  ROC techn ique  may 
be a p p l i c a b l e .  A t  p resen t  o t h e r  techniques a r e  be ing  i n v e s t i g a t e d  w i t h  a  view 
t o  i n c l u d i n g  any a c o u s t i c a l l y  based dev ices i n  f u t u r e  comparisons. 
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