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H I

A b strac t  

THE EFFECT OF NOISE BANDWIDTH 

ON

AUDITORY INTENSITY DISCRIMINATION

by

Paul N. Schacknow 

A d visor :  Pro fessor  David H. Raab

Raab and Goldberg ( l y 7 5 )  have noted th a t  d is c r im in a t io n  

between the I n t e n s i t i e s  o f  two bursts  o f  noise was only  

s l i g h t l y  a f f e c t e d  by changes In the bandwidth o f  the  

s t i m u l i .  S p e c i f i c a l l y /  th re s h o ld  s I g n a l - to-masker r a t io s  

Improved by on ly  1 dB when the bandwidth o f  the bursts  was 

Increased from 500 Hz to 5000 Hz. This r e s u l t  d i f f e r s  

sh arp ly  from what has been reported  by Green ( I 9 6 0 ) .  In 

th a t  paper/  the r e c i p r o c i t y  between s ig n a l  power d en s i ty  and 

bandwidth was given by both theory  and experiment to  be 5 dB 

per l o g - u n l t  o f  bandwidth. Since the s ig n a l  and masker In 

the Raab and Goldberg study were gated to g e th e r  and f i l t e r e d  

to g e th e r /  whereas the masking no ise  In Green's experiment  

was continuous and broad-band/ I t  seemed w orthw hi le  to  

examine the e f f e c t s  o f  bandwidth and p r e s e n ta t io n  mode on 

no ise  I n t e n s i t y  d i s c r im in a t i o n .

An experiment was performed to  study I n t e n s i t y  

d is c r im in a t io n  o f  b a n d - l im i t e d /  Gaussian noise s ig n a ls  

presented  In maskers o f  va r io u s  bandwidths. In some
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c o n d i t io n s ,  s ig n a l  and masker bandwldths were Id e n t ic a l  

(homogeneous c o n d i t io n s ) ;  In o th e r  c o n d i t io n s ,  masker 

bandwidth was broader than s ig na l  bandwidth (heterogeneous  

c o n d i t i o n s ) .  S ignal and masker (h a l f -p o w e r )  bandwldths 

ranged from 100 Hz to  10 ,000  Hz. The noise masker was 

e i t h e r  presented co n t in uo u s ly  throughout an experim enta l  

session o r  gated during the o b s erva t io n  I n t e r v a l s .  A 

fo rc e d -c h o ic e  psychophysical procedure was employed to  

obta in  th resho lds  f o r  100-msec noise s ig n a ls  a t  th re e  le v e ls  

of notse masker.

I t  was found th a t  when s ig na l  and masker are  f i l t e r e d  

to g e th e r ,  i n t e n s i t y  d is c r im in a t io n  o f  notse bands Is 

r e l a t i v e l y  independent o f  both noise bandwidth and 

p r e s e n ta t io n  mode o f  the masker. On the o th e r  hand, 

inc re as in g  s igna l  bandwidth r e s u l t s  in b e t t e r  d is c r im in a t io n  

performance In heterogeneous c o n d i t io n s  w ith  both continuous  

and gated maskers. Furthermore,  the degree of  

In te n s t ty -b a n d w id th  r e c i p r o c i t y  depends on the mode o f  the  

masker under the heterogeneous c o n d i t io n s .

These r e s u l t s  suggest m o d i f ic a t io n s  o f  the t h e o r e t i c a l  

e n e rg y -d e te c to r  model f o r  no I s e - I n t e n s I t y  d is c r im in a t io n  

(Ureen, 19 6 0 ) .  S p e c i f i c a l l y ,  we cons ider  the e f f e c t s  o f  

neural compression ( Mw h I te n ln g " )  o f  the s t im u lus  by human 

o b s erve rs ,  and opt im al  ad justment o f  the a u d i to r y  f i l t e r  to  

maximize the s Ig n a l - to -m a s k e r  r a t i o  o f  the Input s t im u lu s .
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While we are  ab le  to  account f o r  many fe a tu r e s  o f  the data  

w ith  respect to  bandwidth e f f e c t s ,  our understanding o f  the  

e f f e c t  o f  masker mode Is less complete .



vl

ACKNOWLEDGEMENTS

I should l i k e  to  express my s in ce re  a p p r e c ia t io n  to  

Professor David H, Raab f o r  se rv in g  as my d i s s e r t a t i o n  

a d v is o r .  Dr.  Raab/ as both teacher and s c i e n t i s t ,  has 

provided me w ith  In v a lu a b le  experiences throughout my 

graduate school t r a i n i n g .

I am a lso  g r a t e f u l  to Professors E l l  Osman and E r ic  

Helnemann f o r  t h e i r  help and encouragement towards the  

completion of  t h is  d i s s e r t a t i o n .

A sp e c ia l  note of thanks goes to Mr. Michael Bass f o r  

h is  conscient iousness tn s e rv in g  f o r  many hours as a 

1 Is te n e r  in the experim ents .

I d ed ic a te  th is  d is s e r t a t i o n  to my mother, Evelyn, and 

f a t h e r ,  Max.

This In v e s t ig a t io n  was supported by grants  ( t o  

Dr. Raab) from the N a t io n a l  Science Foundation and by funds 

provided by Brooklyn College o f  The C i t y  U n iv e r s i t y  o f  New 

York.



v l  I

TABLE OF CONTENTS

Page

ABSTRACT 111

ACKNOWLEDGEMENTS vl

LIST OF TABLES Ix

LIST OF FIGURES xi

Chapter

I .  INTRODUCTION 1
A. E n ergy -D etec t Ion  Model f o r  A u d it io n
B. In t e n s I t y - O I s c r l m ln a t I o n  Functions  

f o r  Noise S t im u l i
C. I n t e n s I t y - O u r a t Io n  R e c ip ro c i ty
D. In te n s I ty -B a n d w ld th  R e c ip ro c i ty
E. Plan o f  Research

I I . METHOD 37
A. Subjects
B. Apparatus
C. Procedure

1. Psychophysical Method
2. Experimenta l  Des ign

i l l .  RESULTS 56
A. In t e n s i t y  D is c r im in a t io n  o f  Noise Bands 

f o r  the Homogeneous Condit ions
B. I n t e n s i t y  D is c r im in a t io n  o f  Noise Bands 

fo r  the Heterogeneous Condit ions
C. Factors  In f lu e n c in g  the Bandwidth E f f e c t
D. The "Masker-Bandwldth Model"  

fo r  N o ls e - In -N o ls e
E. F i l t e r i n g  by Human Observers
F. I n t e n s i t y  D is c r im in a t io n  Functions  

f o r  Bands o f  Noise

IV .  DISCUSSION 101
A. Comparisons w i th  E a r l i e r  Stud ies  

N o i s e - I n t e n s i t y  D is c r im in a t io n
1. The Bandwidth E f f e c t  f o r  

N o i s e - I n t e n s I t y  D is c r im in a t io n
2. In t e n s ! t y - D l s c r i m l n a t I o n  Functions  

f o r  Noise Bands
B. Data and Theory: Energy D e te c to r  Models

1. D i f f e r e n t i a l  S e n s i t i v i t y
a .  Homogeneous Condi t Io n s
b. Heterogeneous Condit ions
c .  Mode o f  Masker



v l l  1

Append)x

2. N o i s e - I n t e n s i t y  D is c r im in a t io n  as a 
Function o f  Stimulus Bandwidth
a .  The Bandwidth E f f e c t :

Homogeneous Condit ions
b. The Bandwidth E f f e c t :  

Heterogeneous Condit ions
3. I n t e n s I t y - D l s c r l m l n a t I o n  Functions

C. Concluding Remarks

156

B lb lfography 159



Ix

LIST OF TABLES

Table Page

1-1 Summary o f  S tud ies  on the Bandwidth E f fe c t  33

1-2 The Four P r in c ip a l  Experimental Condit ions 35

2-1 Passbands Used In the Experiment 39

2 -2  Bandwldths ( In  H e r t z )  Employed in the 53
Experiment When Ws ■ Wn

2-3  Bandwldths ( In  H e r tz )  Employed In the 5<*
Experiment When Ws < Wn

3-1  Noise I n t e n s l t y - D I s c r l m l n a t l o n  as a 59
Function o f  Bandwidth (HPB) When Ws ■ Wn
(Data f o r  Subject  PS)

3 -2  M o ls e - In t e n s I ty  D is c r im in a t io n  as a 60
Function o f  Bandwidth (HPB) When Ws ■ Wn 
(Data  f o r  Subject  MB)

3-3  R e c t p r o c I t y - f a c t o r s  fo r  the Results  w ith  62
Homogeneous Bandwldths

3-U N o ! s e - In t e n s I t y  D is c r im in a t io n  as a 73
Function o f  Signal Bandwidth (HPB)
When w < W (Data  f o r  Subjec t  PS) 

s n
3-5 Not s e - In te n s  I ty  D is c r im in a t io n  as a 71*

Function o f  Signal Bandwidth (HPB)
When Ws < Wn (Data  f o r  Subject  MB)

3-6 R e c I p r o c l t y - f a c t o r s  fo r  the R esu lts  75
Presented In F igure 3-5

3-7 Slopes o f  B e s t - F i t t i n g  Lines f o r  96
I n t e n s I t y - D I s c r i m I n a t I o n  FunctIons  
(Data f o r  Subject  PS)

3-8 Slopes o f  B e s t - F i t t i n g  Lines f o r  97
I n t e n s I t y - D I  s c r Im ln a t Io n  FunctIons  
(Data  f o r  Subject  MB)

1*-1 A l t e r n a t e  S p e c i f i c a t io n s  o f  the 110
Stimulus Bandwldths Employed In 
the Present Experiment



X

4-2 T h e o r e t ic a l  Thresholds f o r  the
E n ergy -D etec to r  Model When Stimulus  
Bandwidth Is S p e c i f ie d  as Equiva len t  
S t a t i s t i c a l  Bandwidth (ESB) and 
E q u iva len t  Rectangular Bandwidth (ERB)

4 -3  T h e o r e t ic a l  Thresholds f o r  the
E n ergy -D etec to r  Model When Stimulus  
Bandwidth Is S p e c i f ie d  as E f f e c t i v e  
Bandwi dth

4 - 1* R a t io  o f  the Widest to  Narrowest
E f f e c t i v e  Passbands fo r  the Homogeneous 
S t im u l i  a t  Var ious Levels o f  System Notse

4-5 T h e o r e t ic a l  " R e c lp r o c I t y - F a c t o r s M fo r  
Homogeneous Condit ions a t  Several  
Assumed Levels o f  System Notse

112

116

143

145



xt

LIST OF FIGURES 

F igure  Page

1-1 T h e o r e t ic a l  energy d i s t r i b u t i o n s  f o r  7
s Ig na1-p lus -m asker  and masker a lo n e .

2 -1  Response curves o f  the bandpass f i l t e r s  40
l i s t e d  In T )b le  2 - 1 .

2 -2  Block diagram o f  the apparatus used 43
when the maskers were continuous.

2 -3  Response curves o f  the Sennhelser HD 414 45
earphone used In the exp er im en t .

2 -4  Block diagram o f  the apparatus used 48
when the maskers were g a ted .

3 -1  N o t s e - In t e n s I t y  d is c r im in a t io n  as a 57
fu n c t io n  o f  e q u iv a le n t  re c ta n g u la r  
bandwidth when Ws ■ Wn .

3 -2  H o l s e - i n t e n s I t y  d is c r im in a t io n  as a 64
fu n c t io n  o f  s igna l  ERB, when Ws *  wn .
Masker bandwidth equals 345 Hz.

3-3 H o i s e - I n t e n s I t y  d is c r im in a t io n  as a 6G
fu n c t io n  o f  s igna l  ERB, when Ws sWn .
Masker bandwidth equals 1013 Hz.

3 -4  N o )s e - in te n s 1ty  d is c r im in a t io n  as a 08
fu n c t io n  o f  s igna l  ERB, when Ws SWn .
Masker bandwidth equals  3206 Hz.

3-5 N o ! s e - In t e n s I t y  d is c r im in a t io n  as a 70
fu n c t io n  o f  s ig n a l  ERB, when Ws £Wn .
Masker bandwidth equals  10 ,051  Hz.

3-6 H o i s e - In t e n s I t y  d is c r im in a t io n  f o r  86
a s ig na l  o f  119 Hz ERB, as a fu n c t io n  
o f  masker bandwidth.

3-7 H o l s e - l n t e n s l t y  d is c r im in a t io n  f o r  88
a s ig na l  o f  345 Hz ERB, as a fu n c t io n  
o f  masker bandwidth.

3-8 H o l s e - l n t e n s l t y  d is c r im in a t io n  f o r  90
a s ig na l  o f  1013 Hz ERB, as a fu n c t io n  
o f  masker bandwidth.



N o i s e - I n t e n s I t y  d is c r im in a t io n  f o r  
a s igna l  o f  3206 Hz ERB, as a fu n c t io n  
o f  masker bandwidth.

x l i

92



Chapter I

INTRODUCTION

1

Both pure tones and w h i te  noise have long served as the 

s t im u l i  o f  choice In s tu d ie s  o f  In t e n s i t y  d is c r im in a t i o n .  A 

continuous, s in u s o id a l  tone Is com plete ly  s p e c i f ie d  by I t s  

f i x e d  am pl i tud e ,  frequency and phase, w h i le  noise Is a 

s to c h a s t ic  process and thus stands a t  the o th e r  end o f  a 

sc a le  o f  waveform com plex ity  ( M i l l e r ,  19A7).  Because there  

Is a g re a t  deal o f  u n c e r ta in ty  about I t s  parameters from 

moment to moment, noise Is an Inform at Io n - r I c h  s t im ulus  

( c f . .  Shannon and Weaver, 19<*9); I t s  use as a s ig n a l  can a id  

In de term in in g  which o f  the a v a i l a b l e  s t im u lus  cues are  

u t i l i z e d  by observers In In t e n s I t y - d l s c r t m t n a t t o n  

exper fments.

E m p i r i c a l l y ,  the accuracy o f  su b je c ts  Is l im i t e d  when 

they seek to d iscover  the presence or absence o f  a s ig na l  In 

an a u d i to r y  d e te c t io n  task ;  both misses and fa ls e -a la r m s  

occur .  C o n tr ib u t in g  to t h is  l e s s - t h a n - p e r f a c t  performance  

are  c o n s t r a in ts  Imposed by the random n atu re  o f  the s t im u l i  

themselves. While I t  Is undoubtedly t ru e  th a t  the nervous 

system o f  a rea l  observer  adds some s o r t  o f  " I n t e r n a l  no ise"  

to  the d e c is io n  process, " s t im u lu s -o r ie n te d "  th e o r ie s  o f  

d e te c t io n  hold th a t  the In h e re n t  t r i a l - b y - t r i a l  

f l u c t u a t io n s  o f  the s t im u l i  are  the cause o f  f a u l t y
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perform ance.

Receivers have been described th a t  are  opt im al fo r  the  

d e te c t io n  o f  var ious  kinds o f  s ig n a ls  In notse (P e te rson ,  

B I r d s a l l ,  and Fox, 19 5 k ) .  These Idea l  re c e iv e rs  serve as 

models fo r  comparison w ith  the performance o f  rea l  

observers .  Indeed, these re c e iv e rs  are  opt imal In the sense 

th a t  no o th e r  re c e iv e rs  — re a l  or t h e o r e t i c a l  — could  

ach ieve  b e t t e r  performance, given the In fo rm at ion  provided  

by the s t i m u l i .  For the severa l  types o f  s ig n a ls  they  

In v e s t ig a te d ,  Peterson, B I r d s a l l  and Fox showed th a t  an 

optim al r e c e iv e r  Is one th a t  bases I t s  dec is ions  on the  

computed l ik e l i h o o d  r a t i o  o f  Inputs ,  or on some q u a n t i t y  

th a t  Is monotontc w i th  l i k e l ih o o d  r a t i o .  S p e c i f i c a l l y ,  f o r  

the case where the s igna l  Is I t s e l f  a sample o f  n o is e ,  they  

demonstrated th a t  the optim al r e c e iv e r  Is an energy-  

d e te c to r .

Green has conducted severa l  experiments which prov ide  

some support fo r  the e n e rg y -d e te c to r  model f o r  the 

d e te c t io n  of  a notse s igna l  In a notse masker (Green, 1960;  

Green and Sew a l l ,  1 9 62 ) .  In the 1960 paper, he In v e s t ig a te d  

the in f lu e n c e  o f  the bandwidth, d u r a t io n ,  and cen te r  

frequency of  a noise s igna l  on I n t e n s i t y  d is c r im in a t io n ,  and 

compared the r e s u l ts  w ith  p re d ic t io n s  o f  the I d e a l - r e c e i v e r  

model.  He concluded: "For some constant d e t e c t a b i l i t y  the

equat ion  generated by the model and one c o n s ta n t ,  an
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a t t e n u a t io n  f a c t o r ,  c lo s e ly  f i t  the exp er im enta l  data over  

the major range o f  the exper im enta l  parameters" (Green,

1960, p. 1 2 1 ) .

In p a r t i c u l a r ,  the obta in ed  r e c i p r o c i t y  between s igna l  

power d e n s i ty  and s ig n a l  bandwidth (h en ce fo r th  r e f e r r e d  to  

as the "bandwidth e f f e c t " )  was ap prox im ate ly  -5  dB per lo g -  

u n t t  o f  bandwidth, the va lue  generated  by the energy*  

d e te c to r  model.  Raab and Goldberg (1975)  found, however,  

th a t  th re s h o ld  s I g n a l - to-masker r a t i o  decreased by only  

about 1 dB when noise  bandwidth was Increased t e n f o ld .  In 

the Raab and Goldberg s tudy ,  the s ig n a l  and masker were 

gated  to g e th e r  and f i l t e r e d  to g e th e r ,  whereas In Green's  

ex p er im en t ,  the masker was presented co n t inuou s ly  and was 

broader In bandwidth than the s i g n a l .  The r e c e iv e r  o f  the  

optim al model does not d is t in g u is h  among the d i f f e r e n t  

exper im enta l  procedures employed by Green and by Raab and 

Goldberg; I t s  performance Is id e n t ic a l  under e i t h e r  se t  o f  

c o n d i t io n s .  Thus i t  appeared w orthw hi le  to  examine In 

g r e a t e r  d e t a i l  the e f f e c t s  o f  bandwidth c o n d i t io n s  and mpde 

o f  the masker on n o i s e - I n t e n s I t y  d i s c r im in a t i o n .

That Green d isagrees  w ith  Raab and Goldberg on the  

magnitude of  the bandwidth e f f e c t  Is not a t r i v i a l  problem.  

Factors such as " In t e r n a l  n o ise "  make I t  u n l i k e l y  th a t  human 

observers  w i l l  perform as e f f i c i e n t l y  as Idea l  r e c e iv e r s .

The u se fu lness  o f  the mathematical models l i e s ,  however, In
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(1 )  t h e i r  a b i l i t y  to p o in t  out important st im ulus  

parameters/  and (2 )  t h e i r  a b i l i t y  to p r e d ic t  the way In 

which m a n ip u la t io n  o f  these parameters w i l l  a f f e c t  changes 

in the d e te c t io n  process. ( f  va ry ing  s t im u lus  parameters  

changes the performance of a real  observer In a manner th a t  

p a r a l l e l s  the d e te c t io n  process f o r  the Idea l  r e c e iv e r /  then 

the model has some v a l i d i t y .  Green 's  (1960)  re s u l ts  have 

c o n t r ib u te d  to the acceptance o f  the e n e rg y -d e te c to r  as a 

v a l i d  analog of  the human a u d i to ry  system (Green and Sew all /  

1962; P f a f f l i n  and Mathews, 1962; de Boer, 1966; Henning/  

1967);  th a t  the experiment o f  Raab and Goldberg (1975)  

n e i t h e r  confirms Green 's  f in d in g s  nor supports a fundamental  

p r e d ic t io n  o f  the model Is t h e r e fo r e  a m atte r  of some 

consequence.

A. Energy-Detect  Ion Model fo r  A u d it ion

Green (1960 )  extended the Peterson/ B I r d s a l l  and Fox 

(195b) e n e rg y -d e te c to r  model f o r  n o i s e - l n t e n s l t y  

d is c r im in a t io n  to the t w o - I n t e r v a l /  fo rc e d -c h o ic e  (2 IFC )  

exper im ent .  A burs t  o f  noise ( th e  " s i g n a l " )  Is added to a 

continuous background o f  notse ( th e  "masker") In one o f  two 

temporal I n t e r v a l s .  The r e c e i v e r ' s  task Is to determine  

which o f  the In t e r v a l s  conta ined the added segment o f  n o ise .  

The model assumes th a t  there  Is  p re c is e  knowledge o f
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stim ulus  parameters: s igna l  s t a r t i n g  t im e, d u r a t io n /

bandwidth and c e n te r  frequency.

The Ideal  r e c e iv e r  Incorpo ra tes  an input f i l t e r  w i th  a 

" r e c ta n g u la r "  passband th a t  Is a d ju s ta b le  w ith  respect to  

i t s  bandwidth and c e n te r  f requency.  The re c e iv e r  matches 

I t s  passband to th a t  o f  the noise s i g n a l .  Stimulus energy 

o u ts id e  the s igna l  passband has no In f lu e n c e  on the  

d e te c t io n  process. Hence/ the Ideal  observer performs  

e q u a l ly  w e l l  w i th  noise maskers having e i t h e r  the same 

bandwidth as the s igna l  (as In  Raab and Goldberg/ 1 9 7 5 ) ,  or  

a g re a te r  bandwidth than the s igna l  (as In Green/ 1960 ) .  

Center frequency per se Is a lso  unimportant so long as the 

passbands of  the r e c e iv e r  and s ignal  are matched. The 

random f lu c t u a t io n s  in s t im u lus  energy th a t  serve to l i m i t  

performance are a fu n c t io n  o f  s igna l  bandwidth (Ws ) but a re  

Independent o f  the c e n te r  frequency ( f c ) o f  the passband.  

Thus the Ideal  r e c e iv e r  e x h ib i t s  the same thresho lds  fo r  

s t i m u l i  th a t  have equal bandwldths but d i f f e r e n t  c e n te r  

f re q u e n c ie s .

As the Ideal  r e c e iv e r  f i l t e r s  In the frequency domain/ 

so Is  I t  s e l e c t i v e  In t im e. Stimulus energy Is measured 

o n ly  dur ing  the two o b s e rv a t io n  I n t e r v a l s  - -  the only  time  

periods when the s igna l  may occur .  Since energy present a t  

o th e r  times Is Ignored/ I t  makes no d i f f e r e n c e  to the Ideal  

r e c e iv e r  whether the s ig n a l  Is  added to a continuous masker
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(Green, 1960) or to  a gated masker (Raab and Goldberg,  

1 9 7 5 ) .

In the 2IFC ex p er im en t ,  the I n t e r v a l  c o n ta in in g  the 

s igna l  w i l l ,  on the average,  have the g r e a t e r  energy.  

However, s t a t i s t i c a l  f l u c t u a t io n s  w i l l  sometimes cause the 

the I n t e r v a l  w i th  the masker alone to  have more energy  

than the I n t e r v a l  w ith  s Ig n a l -p iu s -m a s k e r . Although an 

optimal d e te c t io n  s t r a te g y  is employed, sam ple-to-sam p1e 

v a r i a b i l i t y  o f  the noise  n e v e r th e le s s  r e s u l t s  In less than 

p e r f e c t  performance.  While I t  Is more probable  th a t  the  

I n t e r v a l  w i th  the g r e a te r  s t im u lus  energy Inc ludes the 

s i g n a l ,  I t  Is not c e r t a i n .

F ig ure  1*1 shows the energy d i s t r i b u t i o n s  c o n d i t io n a l  

on e i t h e r  s ig n a l  being presented  along w i th  the masker, o r  

the masker p resen t  a lo n e .  The r e c e iv e r  fu n c t io n s  as a 

s t a t i s t i c a l  h y p o t h e s Is - t e s t e r ,  measuring the s t im ulus  

energy dur ing  each o f  the ob s erva t io n  I n t e r v a l s  and 

re p o r t in g  th a t  the s ig na l  occurred In the In t e r v a l  w i th  the  

g r e a t e r  energy.  In d e r iv in g  the means and va r ia nc es  o f  

these d i s t r i b u t i o n s  (as shown In the f i g u r e )  Green makes 

c e r t a i n  s im p l i f y in g  assumptions about the n a tu re  o f  the  

random noise  process.  The noise source Is assumed to  be 

Gaussian w ith  a un i fo rm  s p e c t ra l -p o w e r  d e n s i t y .  The 

continuous waveform o f  the noise sample Is then represented  

by a d is c r e t e  ap p ro x im a t io n ,  using a f i n i t e  s e r ie s  o f  2WgT
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F igure  1-1

T h e o r e t ic a l  energy d i s t r i b u t i o n s  f o r  s lg n a l -p lu s -m a s k e r  and 

masker a lo n e .  SQ and NQ a r e ,  r e s p e c t i v e l y ,  average power 

per Hz f o r  s ig n a l  and f o r  masker. The s ig n a l  and masker 

waveforms are  s t a t i s t i c a l l y  Independent (average r *  0 ) .
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terms In a F o u r ie r  expansion (where Ws Is the s igna l  

bandwidth In Hz, and T Is the s ig na l  d u r a t io n  In seconds).  

Green notes th a t  the energy d i s t r i b u t i o n s  In  F igure  1 -1  may 

be approximated by normal d i s t r i b u t i o n s  I f  2WST Is g r e a te r  

than 30.

For the fo rc e d -c h o ic e  paradigm the d e c is io n  r u le  fo r  

optim al d e te c t io n  is to r e p o r t  the i n t e r v a l  having the  

l a r g e r  energy as the one c o n ta in in g  the s i g n a l .  The 

p r o b a b i l i t y  o f  a c o r r e c t  response by the Idea l  r e c e iv e r  Is 

the l i k e l i h o o d  of a random sample drawn from the s ig n a l -  

plus-masker d i s t r i b u t i o n  being g r e a te r  than one s e le c te d  

from the d i s t r i b u t i o n  o f  masker energy a lo n e .  This  

p r o b a b i l i t y  Is computed by co n s id e r in g  the t h e o r e t i c a l  

d i s t r i b u t i o n  o f  the s e t  o f  d i f f e r e n c e s  between samples taken  

from the d i s t r i b u t i o n s  o f  s ig n a l -p lu s -m a s k e r ,  and masker 

a to ne .  Since both o f  these energy d i s t r i b u t i o n s  are  

ap p ro x im ate ly  normal,  th is  d i f f e r e n c e  d i s t r i b u t i o n  Is a lso  

approx im ate ly  normal.  The mean o f  the d i f f e r e n c e  

d i s t r i b u t i o n  Is equal to the d i f f e r e n c e  between the means, 

and, s ince  the noise samples In the two o b s e rv a t io n  

I n t e r v a l s  are Independent, the v a r ia n c e  Is simply the sum o f  

the two v a r ia n c e s .  The normalized mean o f  the d i f f e r e n c e  

d i s t r i b u t i o n  is

M -
/ w T T

V ~2 N,
1 # ( 1- 1) 

✓ 1 ♦ S0/N 0 ♦ 1 /2  (S0 /N 0 ) z '
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where S0 and N0 are the s p e c t ra l  power d e n s i t ie s  o f  the  

s ig n a l  and maskers waveforms, r e s p e c t i v e l y .  For S0 /N 0 << 1, 

Equation 1 -1  is approximated by

/  wsT . so . ( 1 - 2 )

Thus: (1 )  The psychometric fu n c t io n  - -  percent c o r r e c t

as a fu n c t io n  o f  S0 /N 0 - -  Is  generated by the upper h a l f  o f  

a normal o g iv e ,  s in ce  the d i f f e r e n c e  d i s t r i b u t i o n  Is  

ap p ro x im ate ly  Gaussian. ( 2 )  The Weber f r a c t i o n  (S 0/N 0 >, f o r  

constan t  d e t e c t a b i l i t y ,  Is  determined by s ig na l  bandwidth  

(Ws) and d u r a t io n  ( T ) .  Furthermore, Weber's Law holds t r u e .  

( 3 )  There Is p e r f e c t  r e c i p r o c i t y  between Ws and T; n e i t h e r  

"M" nor the Weber f r a c t i o n  Is a f f e c t e d  by t r a d in g  W and T 

f o r  each o t h e r .  (<t) For f i x e d  NQ, and constant  

d e t e c t a b i l i t y ,  the r e c i p r o c i t y  between SQ and e i t h e r  W5 o r  T 

Is such t h a t  a t e n fo ld  Increase In  e i t h e r  Ws o r  T y ie ld s  a 

h a l f - l o g  u n i t  Improvement In  the Weber f r a c t i o n .

The psychoacoustic  l i t e r a t u r e  on no I s e - I n t e n s I t y  

d is c r im in a t io n  Is reviewed In the next s e c t io n  o f  t h is  

c h a p te r .  F i r s t ,  the  form o f  the Weber fu n c t io n  Is 

considered f o r  both narrowband and wideband s t i m u l i .  Under 

what c o n d i t io n s  Is Weber's Law obta ined? What a re  the
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e f f e c t s  of the mode o f  the masker (continuous vs. gated)?  

Does the form o f  the Weber fu n c t io n  depend on the bandwidth  

co n d i t io n s  ( I . e . ,  whether Ws -  Wn/ o r  whether Ws < Wn)? 

Second, the l i t e r a t u r e  on the r e c i p r o c i t y  between s igna l  

I n t e n s i t y  and d u ra t io n  is examined. The e f f e c t s  o f  masker­

mode and bandwidth co n d i t io n s  on In t e n s I t y - d u r a t lo n  

r e c i p r o c i t y  are  noted. F i n a l l y ,  data on the e f f e c t  o f  

bandwidth are reviewed. That both f i l t e r i n g  and mode of  

masker in f lu e n c e  In te n s I ty -b a n d w ld th  r e c i p r o c i t y  Is 

suggested from the experiments o f  Green (1960 )  and Raab and 

Goldberg (1975 )  p re v io u s ly  c i t e d .

B. I n t e n s I t y - D I s c r t m i n a t l o n  Functions f o r  Noise S t im u l i

The form o f  the Weber fu n c t io n  has long been o f  

I n t e r e s t  to p s y ch o p h y s Ic ls ts .  C o n v e n t io n a l ly ,  the Weber 

f r a c t i o n  Is p lo t te d  as a fu n c t io n  o f  s t im ulus I n t e n s i t y .  

Weber's Law Is evidenced I f  the data are  v /e l1 f i t t e d  by a 

h o r iz o n ta l  l i n e .

A l t e r n a t i v e l y ,  the r e s u l t s  can be p lo t t e d  as an 

" i n t e n s I t y - d l s c r t m l n a t I o n  f u n c t i o n . "  Consider one 

g e n e r a l iz e d  form o f  the Weber fu n c t io n ,

A  | -  k i m ( 1 - 3 )
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Taking logar ithm s of  both s id e s ,

l o g ( A t )  " m 1 o g ( l )  + lo g (k )  . ( l - i * )

This fu n c t io n  Is l i n e a r  on a lo g - lo g  p lo t  and values f o r  n 

and k can be es t im ated  from experim enta l  r e s u l t s  using  

standard regress io n  techn iques .

The s lope ,  m, o f  Equation ( 1 - 6 )  Is found to equal  

u n i t y  f o r  a v a r i e t y  o f  In te n s iv e  cont lnua (Fechner,  

1 8 6 0 /1 9 6 5 ) .  This Is Weber's Law. That the Weber f r a c t i o n  

decreases w ith  I n t e n s i t y  f o r  pu re - to ne  s t im u l i  I s ,  however,  

w el l  e s ta b l is h e d  (Dlmmtck and Olson, 1961; Campbell,  1966;  

Campbell and Lasky, 1967; M cG il l  and Goldberg, 1968 a, b;

VIerne I s t e r ,  1972; Schacknow and Raab, 1973; Penner,  

Leshowltz,  Cudahy, and R lcard ,  1 9 7 6 ) .  I n t e n s i t y  

d is c r im in a t io n  fu n c t io n s  fo r  s in u s o id a l  s t im u l i  have slopes  

between 0 .80  and 1 .0 0 .  This s o - c a l le d  "near -m lss"  to  

Weber's Law has been used to support a neura l  counting  model 

o f  d e te c t io n  ( M c G i l l ,  1 9 67 ) .

The s i t u a t i o n  w i th  respect  to noise s t im u l i  Is somewhat 

more com plica ted .  A number o f  s tu d ie s  have shown th a t  the  

I n t e n s i t y  d l f fe re n c e -1 Im e n  f o r  wideband noise Is  

Independent o f  the le v e l  o f  the masker. M i l l e r  (19 67 )  

presented l i s t e n e r s  w i th  a continuous noise background to 

which a s ignal  was added p e r i o d i c a l l y .  S ignal  and masker



bandwidth were the same, 6850 Hz; s igna l  d u ra t io n  eq u a l led  

X.5 seconds. S Ig n a l - to -m a s k e r  r a t io s  f o r  f i f t y  percent  

c o r r e c t  responses were In te r p o la te d  from ,,yes,,/ ,,no" 

psychometric fu n c t io n s .  Weber's Law was e x h ib i te d  f o r  

I n t e n s i t i e s  g r e a te r  than 30 dB sensation  le v e l  (S L ) .  

D is c r im in a t io n  th resho lds  were -9  dB to -10  dB. H a r r is  

(1950 ;  see a lso  H a r r is ,  1963, pp. 4 0 -4 1 )  e s s e n t i a l l y  

r e p l ic a t e d  M i l l e r ' s  experim ent and obta in ed  s i m i l a r  r e s u l t s .  

Po llack  (19 51 )  employed the method o f  l i m i t s  In a decrement-  

d e te c t lo n  experiment w ith  broadband maskers (W5 *  \Vn ) .  

Subjects heard a f iv e -s e c o n d  p re s e n ta t io n  o f  continuous,  

u n in te r r u p te d  n o ise ,  which was a l t e r n a t e d  w ith  a f i v e -  

second p re s e n ta t io n  o f  p e r i o d i c a l l y  decremented n o is e .  

Decrements were 55 msec In  d u ra t io n  and were preceded and 

fo l lo w e d  by 45 msec o f  the standard n o ise .  The s iz e  o f  the  

decrement was ad jus ted  ( In  ascending and descending fa s h io n )  

u n t i l  sub jec ts  could not d is t in g u is h  between the In te r r u p te d  

noise and a continuous noise o f  the same i n t e n s i t y .  The 

Weber f r a c t i o n  was constant  a t  -10  dB f o r  no ise  I n t e n s i t i e s  

g re a te r  than 35 dB SPL (sound pressure l e v e l ,  or dB re 

0.0002 m lc ro b a r ) .  Raab, Osman, and Rich (1 9 6 3 )  used a 2IFC 

procedure to determine th resho lds  f o r  500-msec Increments  

In a continuous noise masker. S ignal and masker bandwidth  

were e q u a l ,  6900 Hz. The s lope o f  the In t e n s i t y  

d is c r im in a t io n  fu n c t io n  f o r  the data as g iven  In t h e i r
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F igure 1 ( f o r  masker I n t e n s i t i e s  g re a te r  than 16 dB SL) Is 

1 .0 2 ;  Weber's Law held t ru e  ( A  I / I )  -  * 9 . 2  dB) over a 60 dB 

range o f  s t im ulus  I n t e n s i t i e s .

I n t e n s l t y - d l s c r l m l n a t l o n  fu n c t io n s  f o r  wideband noise  

have a lso  been obta in ed  using gated maskers. Postman (191*6) 

stud ied  the e f f e c t  o f  changing the In te r s t im u lu s  I n t e r v a l  

( IS I ) on I n t e n s l t y - d I s c r I m l n a t I  on a t  severa l  le v e ls  of  

masker. S t im u l i  were wideband (Ws -  Wn -  2500 Hz) noise  

bursts  o f  one second d u r a t io n .  Psychometric fu n c t io n s  were 

generated by the method o f  constant  s t im u lus  d i f f e r e n c e s  and 

DL's were obta ined  by I n t e r p o l a t i o n .  For I S I ' s  between 1 

and 2 seconds, the Weber f r a c t i o n  was about -1 0  dB over the  

range o f  I n t e n s i t i e s  employed. H a r r is  (1950 ;  1963, pp. U0- 

i * l )  determined the form o f  the Weber fu n c t io n  f o r  one-  

second bursts  o f  w h i te  noise b an d l lm l ted  o n ly  by the  

response o f  the PDR-8 headphones worn by the l i s t e n e r s .  

Threshold S/N was constant  a t  approx im ate ly  -9  dB f o r  

masker le v e ls  g re a te r  than 10 dB SL. Small ,  Bacon and 

Fozard (19 59 )  used the method o f  l i m i t s  to  o b ta in  th resho lds  

f o r  a l t e r n a t i n g  burs ts  (T » 1 second) o f  random noise  

presented a t  th ree  l e v e l s :  5, 20, and 50 dB SL. Several  

bandwldths and c e n te r  f requ en c ies  were u t i l i z e d .  The Weber 

f r a c t i o n  was e s s e n t i a l l y  the same a t  the two h igher  le v e ls  

o f  masker. For example, th res h o ld  S/N was about -8.1* dB 

f o r  no ise  w l th  an 8033-Hz bandwidth, a t  both 20 and
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50 dB SL. For te c h n ic a l  reasons, t h e i r  127-Hz band o f  noise  

could not be presented over a broad range o f  I n t e n s i t i e s ;  as 

a r e s u l t ,  the experiment t e l l s  us l i t t l e  about the form o f  

the Weber fu n c t io n  fo r  narrowband n o ise .  V le m e ls te r  (197U)  

measured d is c r im in a t io n  th resho lds  f o r  2 0 0 -m l111 second, 

wideband bursts  of noise using a 2IFC t r a c k in g  method. 

Stimulus bandwidth was determined by the frequency response 

o f  the TDM-39 headphone. Weber's Law held over a t  l e a s t  an 

80 dB range o f  masker s p e c t r u m - le v e l .  Moore and Raab 

(1975 )  a lso  employed the 21FC psychophysical procedure  

and obta ined  th resho lds  f o r  noise bursts  o f  10 and 250 msec. 

Again ,  the s t i m u l i  were wideband, l im i t e d  o n ly  by the  

response of  the Sennhelser HD-klk headphone. They reported  

slopes o f  In t e n s 1t y - d l s c r I m l n a t i o n  fu n c t io n s  c lose  to u n i ty  

f o r  both b u rs t  d u r a t io n s .

The V Ie m e is te r  (19 7k )  and Moore and Raab (19 75 )  s tu d ie s  

a lso  p ro v ide  data f o r  the I n t e n s i t y  d is c r im in a t io n  o f  gated  

noise bands In the presence o f  bandstop background noises ,  

in the V le m e ls te r  study the background was gated to ge ther  

w ith  the s ig na l  and masker; In the Moore and Raab study the  

background was on c o n t in u o u s ly .  In both experim ents ,  the 

noise s p e c tru m - lev e l  w i t h i n  the passband o f  the bandstop  

background was at  l e a s t  10 dB more In tense  than the standard  

b u r s t .  Both s tu d ie s  repo rted  Weber's Law f o r  "notches"  

v a ry in g  in w id th  from about 100 Hz to k000 Hz.
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In an experiment by Zwtcker ( 1 9 5 6 ) ,  su b jec ts  were asked 

to d e te c t  the presence o f  am pli tude (en ve lo p e )  v a r i a t io n s  In 

a nofse-band c a r r i e r  th a t  was s in u s o id a l l y  modulated a t  the  

r a te  o f  3 Hz, The depth o f  modulat ion  a t  th re s h o ld  was used 

as an Index o f  d i f f e r e n t i a l  s e n s i t i v i t y .  Zwtcker reported  

constant d e t e c t a b i l i t y  f o r  masker le v e ls  g r e a te r  than 

30 dB SPL w i th  wideband noise (Ws £  2000 H z ) .  The center  

frequency o f  the no ise  band was un im p ortan t .  Rodenburg 

(1972 a, h) confirmed Z w lc k e r 's  f in d in g  using a w h t te -n o ls e  

c a r r i e r  th a t  was s i n u s o i d a l l y  modulated a t  the r a t e  o f  

10 Hz. Weber's Law was found w ith  a l l  l i s t e n e r s  f o r  noise  

I n t e n s i t i e s  ranging from 20 to 60 dB SL. The average depth 

of  modulat ion a t  th resho ld  was a p p ro x im a te ly  3 p e rc e n t .

This  va lue  corresponds to a s Ig n a l - to -m a s k e r  r a t i o  o f  

about -9  dB.

With two ex c e p t io n s ,  the experiments we have reviewed  

a l l  p rov ide  support f o r  Weber’ s Law w i th  wideband n o is e .  

Green and Sewal1 (1 9 6 2 )  reported  s l i g h t l y  enhanced 

d i f f e r e n t i a l  s e n s i t i v i t y  a t  h ig her  le v e ls  In a 2IFC 

experiment w i th  continuous maskers. The Increment s igna l  

la s te d  100 msec; s igna l  and masker bandwldths were the same, 

kOOO Hz. Thresholds were es t im ated  from psychometric  

fu n c t io n s  obta ined  a t  se ve ra l  masker l e v e l s .  A 2 dB 

Improvement In th res h o ld  S/N was noted over a kO dB range o f  

masker SPL. V le m e ls te r  (19 7k )  p lo t t e d  Weber fu n c t io n s  f o r
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I n t e n s i t y  d is c r im in a t io n  o f  bandpass noise (650 Hz to  

2000 H z) .  S t im u l i  were 200 m i l l i s e c o n d  bursts  o f  n o ise ;  

th resho lds  were determined w ith  a 2IFC t r a c k in g  procedure.  

Weber f r a c t i o n s  were found to Improve s l i g h t l y  w ith  

inc reas in g  masker I n t e n s i t y .

The two I n t e n s I t y - d l s c r I m l n a t I o n  experiments th a t  have 

been performed employing narrowband noise d i f f e r  w ith  

respect  to the m a t te r  o f  Weber's Law. Bos and de Boer 

(1966 )  used a Bekesy audiometer to c o n tro l  the I n t e n s i t y  o f  

a noise s igna l  (T ■ 125 msec) th a t  was added p e r i o d i c a l l y  to 

a continuous background. Weber fu n c t io n s  were determined  

s e p a ra te ly  f o r  two bands o f  noise (200 Hz and 800 Hz) which 

were both centered  a t  1000 Hz* Threshold S/H v a r ie d  

In v e r s e ly  w ith  masker I n t e n s l t y ,  a lthough the e f f e c t  was 

more pronounced f o r  the narrower bandwidth. Malwald (1967)  

used the am pl i tud e-m od u la t Io n  technique w i th  a 127-Hz band 

o f  no ise  centered  a t  1000 Hz. The s in u s o id a l  modulation  

r a te  was 4 Hz. D e t e c t a b i l i t y  was Independent o f  the le v e l  

of  the c a r r i e r .

In summary, fo u r  types o f  experiments have been 

performed to determine i n t e n s i t y  d l f fe re n c e -1 Im e n s  f o r  

n o is e .  In the continuous-masker paradigm, s u b je c ts  must 

choose the temporal I n t e r v a l  b e l ie v e d  to co n ta in  a s igna l  

t h a t  has been added to (o r  su b tra c te d  from) a background o f  

continuous n o ise .  With gated-maskers the l i s t e n e r ' s  task
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Is to s e le c t  the more In tense of  two noise b u r s ts .  The 

t h i r d  procedure employs a r e l a t i v e l y  in tense bandstop noise  

to re g u la te  the bandwidth o f  the s igna l  and masker. This  

bandstop background may be presented e i t h e r  co n t inuou s ly  or  

gated w ith  the s t im u lus  b u rs ts .  In the two s tu d ie s  reviewed  

above/ the masker was gated to ge ther  w ith  the Increment  

s ig n a l .  The fo u r th  method/ t h a t  o f  am plI tude-m odu la t  I on, 

re q u ire s  the s u b je c t  to d e te c t  the presence o f  envelope  

f l u c t u a t io n s  In a notse-band c a r r i e r .  In a l l  fo u r  types o f  

s tu d ie s /  the bandwldths o f  the s igna l  and masker were 

I d e n t i c a l .  The experiments employing am pl I tud e-m od u la t lon  

used f l u t t e r  ra tes  o f  10 ilz o r  le s s .

With wideband noise s t im u l i  Weber's Law was obta ined  In 

a l l  cases but two. Green and Sewall ( 1 9 6 2 ) /  and V le m e ls te r  

(19 7U ) .  D i f f e r e n t i a l  s e n s i t i v i t y  was found to be 

Independent o f  masker le v e l  f o r  a l l  four  psychophysical  

procedures .

With narrowband n o ise /  the evidence f o r  Weber's Law Is 

not c o n s is te n t .  On the one hand/ a "near-m tss"  to Weber's 

Law Is found w ith  continuous maskers/ e s p e c ia l l y  f o r  the  

more narrowband s t i m u l i .  On the o th e r  hand, the a m p l l tu d e -  

n o d u la t lo n  technique y ie ld s  Weber's Law f o r  noise bandwldths  

as narrow as 127 Hz. NO experiments have been performed
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w ith  f a t e d  s t i m u l i .

C. I n t e n s l t y - D u r a t lo n  R e c ip ro c i ty

Green (1960)  s tu d ie d  the e f f e c t  o f  d u ra t io n  on 

d e te c t io n  of  a noise s l f n a l  presented  In a continuous masker 

( s p e c t r u m - le v e l ,  50 dB SPL). The s ig n a l  and masker had 

equal bandwldths, 3862 Hz. For s t i m u l i  l a s t in g  between 3 

and 300 msec, a p l o t  o f  10 log S0/ N 0 a g a in s t  d u ra t io n  had a 

slope o f  ap p ro x im ate ly  -5  dB per t e n f o ld  Increase In s ig n a l  

d u r a t io n .  P lo ts  such as t h is  a re  c a l l e d  " I n t e n s l t y -  

d u ra t lo n  f u n c t i o n s . "  Slopes o f  these fu n c t io n s  have the  

dimension of  d B / lo g - u n l t  o f  T. Campbell (1963 )  r e p l i c a t e d  

Green 's  ex p er im en t .  Using maskers th a t  were continuous and 

broadband, he found th a t  a l o g - u n l t  Increase In d u ra t io n  

produced an appro x im ate ly  5 .5  dB decrease In th res h o ld  S/N.  

Signal and masker bandwldths were e q u a l ,  5000 Hz; masker 

sp e c tru m -lev e l  was 50 dB SPL.

Some exper im enters  have re po rte d  slopes o f  I n t e n s l t y -  

d u ra t lo n  fu n c t io n s  th a t  a re  less than t h a t  p re d ic te d  by the  

e n e r g y -d e te c to r  model.  A study by M acm il lan  (1973 )  using  

s t im u l i  w i th  a 5000-Hz bandwidth (Ws -  Wn ) gave I n t e n s i t y  

d u ra t io n  t rades  o f  - U . l  and - 3 . 5  d B / lo g - u n l t  o f  T f o r  the  

d e te c t io n  of  noise Increments and decrements, r e s p e c t i v e l y .  

Spectrum -leve l  o f  the continuous masker e q u a l le d  62 dB SPL.
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Raab and Goldberg (1 9 7 5 )  presented t h e i r  l i s t e n e r s  w ith  

gated nolse-maskers .  The sub jec ts  showed an average  

Improvement o f  about 3 .7  dB In th res h o ld  S0 /N0 f o r  a decade 

Increase In d u ra t io n  w ith  broadband s t im u l i  

(Ws ■ Wn *  5000 ! lz ) .  The corresponding In te n s l  t y - d u r a t lo n  

fu n c t io n  f o r  narrowband noise (Ws ■ Wn •  500 Hz) had a slope  

o f  ap pro x im ate ly  - 3 . 5  dB per lo g - u n l t  o f  T.

The psychoacoustic  l i t e r a t u r e  a ls o  conta ins  th re e  

s tu d ie s  which reported  I n t e n s I t y - d u r a t I  on fu n c t io n s  whose 

slopes are steeper than -5  d B / lo g - u n l t  o f  T .  Raab, Osman, 

and Rich (1 9 6 3 )  used continuous maskers which were presented  

over a la rg e  range o f  I n t e n s i t i e s .  Signal  power needed to 

m a in ta in  75 percent  c o r r e c t  d e te c t io n  decreased a t  the r a te  

o f  about 7 dB per l o g - u n l t  o f  d u r a t io n .  Signal and masker 

bandwldths were both 6900 Hz. Rochester (1 9 7 1 )  obta in ed  a 

slope o f  about -8  dB per l o g - u n l t  o f  T f o r  the I n t e n s I t y -  

d u ra t  Ion fu n c t io n .  She employed continuous maskers r t  two 

sp e c tru m -lev e l  s, 54 and 64 dB SPL. Rodenburg (1972)  used 

gated maskers a t  30 dB SPL. Both narrowband noise  

(Ws -  Up » 300 Hz) a t  severa l  c e n te r  f requ en c ies  and one 

r e l a t i v e l y  wide band o f  noise  (equal to the passband o f  the  

headphones employed) were u t i l i z e d .  We have computed the  

slopes o f  In t e n s l t y - d u r a t t o n  fu n c t io n s  f o r  the data  

obta in ed  a t  b u rs t  d u ra t io n s  between 25 msec and 100 msec. 

I n t e n s l t y - d u r a t t o n  r e c i p r o c i t y /  averaged across su b jec ts
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and c e n te r  f re q u e n c ie s ,  was -7 .U  dB per l o g - u n l t  o f  T fo r  

the narrowband s t i m u l i .  For the wideband no ise  the  

corresponding v a lu e ,  averaged across s u b je c ts ,  was 

-10  d B / lo g - u n l t  o f  T.

An I n t e n s l t y - d u r a t I o n  trade  o f  -10  dB In s ig n a l  power 

f o r  a decade Increase In s igna l  d u ra t io n  In d ic a te s  a 

complete r e c i p r o c i t y  between S0 and T; performance Is not  

a f f e c t e d  by t ra d in g  s igna l  power and d u r a t io n .  P e r fe c t  

e n e r g y - In t e g r a t f o n  (such as was e x h ib i te d  by Rodenburg's 

sub jec ts  l i s t e n i n g  to wideband s t i m u l i )  has o f te n  been 

reported  In s tu d ie s  measuring ab so lu te  th re s h o ld  ( c . f . ,

Olson and C a rh a r t ,  1 9 6 6 ) ,  but Is not noted In any o f  the 

o 'b e r  s tu d ie s  on I n t e n s 1t y -d Is c r 1 m ln a t to n  reviewed In th is  

s e c t i o n .

To summarize, severa l  s tu d ie s  using e i t h e r  continuous  

or gated maskers p rov ide  I n t e n s I t y - d u r a t i o n  fu n c t io n s  w ith  

slopes th a t  are  equal to o r  g r e a te r  than th a t  g iven by the  

e n e rg y -d e te c t Io n  model. On the o th e r  hand, both Raab and 

Goldberg (u s ing  gated s t i m u l i )  and Macmil lan  ( I n  h is  

d ec rem en t-d e tec t lo n  paradigm) found slopes t h a t  were 

a p p re c ia b ly  sh a l lo w e r  than p r e d ic te d .  There Is no obvious  

way o f  r e p o n c i l ln g  these d iv e r g e n t  f in d in g s  w ith  Idea l  

r e c e iv e r  th eo ry ;  the opt Im um -detector  does not d is t in g u is h  

between Increments and decrements, nor among the d i f f e r e n t  

psychophysical procedures employed.
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D. In te n s l ty -B a n d w td th  R e c ip r o c i ty

Recall  t h a t  the e n e rg y -d e te c to r  model p r e d ic ts  

Improved d is c r im in a t io n  as the bandwidth o f  the st im ulus  Is 

Increased .  The p r i n c i p l e  Invo lved  Is s t a t i s t i c a l ;  as the  

noise  bandwidth Is Increased so Is the number o f  F o u r ie r  

components used to approximate I t s  waveform. As a r e s u l t ,  

the r e l a t i v e  v a r i a b i l i t y  (s lgma-to-mean r a t i o )  o f  the  

noise  energy, neasured from t r I a l - t o - t r I  a 1, decreases as 

the sq u a re -ro o t  o f  bandwidth inc re as es .  The p r i n c i p l e  Is  

the same as t h a t  Involved In In c re a s in g  the "power'* or  

" s e n s i t i v i t y "  o f  common te s ts  o f  s i g n i f i c a n c e ;  the standard  

e r r o r  o f  a s t a t i s t i c  Is In v e r s e ly  p ro p o r t io n a l  to the  

sq u a re - ro o t  o f  sample s i z e .  Thus f o r  constant  

d e t e c t a b i l i t y ,  the Idea l  r e c e iv e r  has an I n t e n s l t y -  

bandwldth r e c i p r o c i t y  (o r  bandwidth e f f e c t )  o f  -5  dB In 

s ig na l  power f o r  a te n fo ld  Increase In s ig n a l  bandwidth.

Studies o f  the magnitude o f  the bandwidth e f f e c t  f o r  

Gaussian noise  have employed a v a r i e t y  o f  exp er im enta l  

procedures. Green (19 60 )  asked h is  s u b je c ts  to In d ic a te  

which of  two temporal I n t e r v a l s  conta ined  a noise s igna l  

added to a broadband (ty, ■ 511*3 H z ) ,  continuous masker.  

S lg n a l - to -m a s k e r  r a t i o s  f o r  75 percent  c o r r e c t  d e te c t io n s  

were computed by I n t e r p o l a t i o n  from psychometric fu n c t io n s .
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Three values o f  s igna l  bandwidth were used: 655 Hz,

3862 Hz, and 51fc3 Hz. While the ab so lu te  va lue  o f  

10 log S0 /fJQ necessary fo r  75 percent  c o r r e c t  d e te c t io n s  

f e l l  sh o rt  o f  the model 's  p r e d ic t io n s  by about 5 to  6 dB, 

the observed change In d e t e c t a b i l i t y  as a fu n c t io n  o f  

bandwidth was In reasonable agreement w i th  the th eo ry :  

about - k . 3  dB In S0 per l o g - u n l t  o f  s ig n a l  bandwidth.

Green concluded th a t  the c e n te r  frequency o f  the s ig n a l  band 

had no e f f e c t  on the shape o r  lo c a t io n  o f  the psychometric  

fu n c t io n .  We note again th a t  the r e c e iv e r  o f  the Idea l  

model both Ignores s t im u lus  energy o u ts id e  the s ig na l  

passband and l i s t e n s  on ly  dur ing  the o b s e rv a t io n  I n t e r v a l s ;  

the r e s u l t s  o f  Green's  experiment support the n o t io n  th a t  

rea l  observers  are capable o f  doing these same th in g s .

The 655-Hz noise bands were presented a t  se ve ra l  cen te r  

f re q u e n c ie s ;  f o r  t h is  bandwidth, Green re p o r ts  th res ho ld  

S0 /H0 averaged across a l l  c e n te r  f re q u e n c ie s .

U n fo r tu n a te ly ,  s igna l  d u ra t io n  was 100 msec f o r  the 655-Hz  

bands and 250 msec f o r  the two w ider  bands. Green 

"a d ju s te d "  the th resho lds  f o r  the 100-msec (65 5 -H z )  

s ig n a ls ,  in  o rder  to compare them w ith  those o b ta in ed  w ith  

the 250-msec s ig n a l s .  F i n a l l y ,  the masker sp e c tru m - le v e l  

f o r  the 655-Hz noise bands was 10 dB h ig her  than the  

sp e c tru m - lev e l  f o r  the 3862-Hz and 51i»3-Hz bands. I t  is 

from these data — given In Green 's  Table  I I  ( p . 128) —
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t h a t  we have computed the va lue  o f  - k , 3  d B / lo g - u n l t  o f  Wg 

f o r  the In te n s l ty -b a n d w ld th  r e c i p r o c i t y *  (Data  f o r  two 

s u b je c ts  were a v e ra g e d . )  Needless to  say ,  t h is  va lue  may 

not r e f l e c t  the e f f e c t  o f  only  s ig n a l  bandwidth on I n t e n s i t y  

d l s c r l m l n a t I o n .

Campbell (196k)  a ls o  used a continuous masker th a t  had 

a w id er  bandwidth <Wn -  k9k0 Hz) than the noise s ig n a ls *

Four narrowband s ig n a ls  were employed; each had a d u ra t io n  

o f  one second and a bandwidth o f  700 Hz. Signal passbands 

were cen te red  a t  500 ,  1000, 2000, and 3000 Hz. A wideband 

s ig na l  o f  3200 Hz was a ls o  u t i l i z e d .  D is c r im in a t io n  

th res ho ld s  f o r  the 700-Hz s ig n a ls  depended on both the 

masker le v e l  and c e n te r  f requ en cy .  At moderate I n t e n s i t i e s ,  

the  magnitude o f  the bandwidth e f f e c t  compared fa v o ra b ly  

w ith  the m odel 's  p r e d i c t i o n s .  For example, the model 

fo re c a s ts  a 3 .3  dB lowering  o f  th re s h o ld  S/N when changing  

the s igna l  bandwidth from 700 Hz to  3200 Hz; the observed  

s h i f t  In th re s h o ld  was about - 3 . 5  dB ( a t  a masker 

s e n s a t i o n - l e v e 1 o f  60 d B ) . At th is  s e n s a t i o n - l e v e l ,  

performance was Independent o f  c e n te r  f requ en cy .

Bos and de Boer 's  (1966)  l i s t e n e r s  heard continuous  

noise  maskers, a l though the design o f  t h e i r  experiment  

Invo lved  the use o f  a secondary masking source as w e l l .  The 

bandwldths o f  the s ig n a l  and (p r im a ry )  masker were 

I d e n t i c a l ;  these s t im u l i  were.  In f a c t ,  genera ted  from the
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same nofse source, and had a uniform s p e c tra l -p o w e r  

d e n s i ty .  A secondary, wtdeband-masker was presented a t  an 

I n t e n s i t y  20 dB below th a t  o f  the primary masker (as 

measured In a band 1 /3 -o c ta v e  wide surrounding the cen te r  

frequency of  the s ig na l  passband). The secondary masker was 

w hite  below 500 Hz; above 500 Hz the sp e c tru m - lev e l  o f  the  

secondary masker was a t te n tu a te d  a t  the r a te  o f  3 dB/octave  

(p in k  n o is e ) .  The experim enters  f e l t  th a t  t h is  lo w - le v e l  

masking st im ulus  would p revent  f,any e f f e c t  o f  d i s t o r t i o n ,  

e t c . ,  from creeping  In . . . "  (p .  7 1 2 ) ,  so t h a t  the In f lu e n c e  

of  n o n - l i n e a r i t i e s  In the a u d i to ry  system would thereby be 

minimized. A Bekesy audiometer was used to co n tro l  the  

l e v e l  o f  the s igna l  (T ■ 250 msec). noise bandwidth ranged 

from 10 to 10,000 Hz, each band being presented a t  each o f  

f i v e  c e n te r  f re q u e n c ie s :  500, 1000, 2000, bOOO, and

8000 Hz. Two f in d in g s  are o f  I n t e r e s t  here .  F i r s t ,  

d i f f e r e n c e  llmens were Independent o f  c e n te r  frequency fo r  

a l l  but the 8000-Hz s t i m u l i .  Second, the t ra de  o f  s ig na l  

power w ith  s igna l  bandwidth was not as g re a t  as th a t  

p re d ic te d  by Green's  model. We have computed the magnitude  

o f  the bandwidth e f f e c t  fo r  the data o f  s u b je c t  EdB (see  

Figure 7, p. 7 1 3 ) .  For s t im u lus  bandwldths between 300 Hz 

and 10,000 Hz - -  where the t ra d e  Is f a i r l y  l i n e a r  on a lo g -  

log p l o t  - -  So decreased by approx im ate ly  2 dB per decade 

Increase In W . (T h is  va lue  Is based on data averaged over
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a l l  c e n te r  f re q u en c ie s  except 8000 H z . )  This I n t e n s i t y -  

bandwidth r e c i p r o c i t y  Is co n s id e ra b ly  d i f f e r e n t  from the  

va lu e  o f  -5  d B / lo g - u n l t  o f  W o b ta in e d  by both Green 

( I 9 6 0 )  and Campbell (1964 )  who used continuous maskers th a t  

were broader In bandwidth than the s i g n a l .  In the Bos and 

de Boer s tu d y ,  s ig na l  and masker bandwldths were e q u a l ,  I f  

one ignores the "seco nd ary ,"  p ln k -n o ls e  s t im u lu s .

Several  researchers  have used gated maskers In 

experiments on the bandwidth e f f e c t .  S m a l l ,  Bacon, and 

Fozard (1959)  presented s u b je c ts  w ith  bands o f  noise which 

changed In I n t e n s i t y  each second. L is te n e rs  were asked to  

a d ju s t  the I n t e n s i t y  o f  the " v a r i a b l e "  no ise  (which appeared  

In a l t e r n a t e  seconds) u n t i l  the loudness d i f f e r e n c e  between 

the  b urs ts  vanished and the s t im u lus  seemed to be 

cont in uou s .  The method o f  l i m i t s  (both ascending and 

descending) was employed to  a d ju s t  the loudness o f  the 

v a r i a b l e  b u rs ts .  Three octave bands (127 -255  Hz; 10U0- 

2080 Hz; 1*080-8160 Hz) and one "wideband" (127 -8160  Hz) 

noise  were employed, each a t  s e v e ra l  sensa t ion  l e v e l s .  For 

te c h n ic a l  reasons, not a l t  passbands cou ld  be used a t  a l l  

masker le v e ls *  We have computed the In te n s I ty -b a n d w ld th  

r e c i p r o c i t y  f o r  the d a ta  from t h e i r  h ig h ly  p r a c t ic e d  

s u b je c ts  a t  a masker I n t e n s i t y  o f  20 dB SL (see F igure  2,  

p. 5 0 9 ) .  A l l  fo ur  bands o f  noise were used a t  t h is  masker 

l e v e l ,  and Weber's Law holds t ru e  In t h is  I n t e n s i t y  region
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f o r  the th re e  w idest  bands o f  n o ise .  At t h i s  I n t e n s l t y ,  

th res h o ld  s igna l  power traded w ith  s t im u lus  bandwidth a t  the  

r a te  o f  appro x im ate ly  * 2 . 7  d B / lo g - u n l t  o f  bandwidth.

Moore (19 75 )  conducted an experiment s i m i l a r  to  the  

study of  Small e t  a l . ( 1 9 5 9 ) ,  except th a t  a 2 1 FT task was 

used w ith  gated maskers (T ■ 300 msec).  S t im u l i  were 1 / 3 -  

octave bands o f  noise a t  c e n te r  f re q u e n c ie s  o f  1000, 1*000, 

and 6300 Hz. F ive masker le v e ls  were employed; the  

bandwldths of  the s ig n a l  and masker were e q u a l .  The mean 

(across l e v e l s )  In te n s I ty -b a n d w ld th  r e c i p r o c i t y  was 

- 2 . 7  d B / lo g - u n l t  o f  bandwidth —  s i m i l a r  to the va lue  

obta ined  In the Small e t  a l . (19 59 )  s tudy .  Note,  however, 

th a t  the Moore (19 75 )  and Small e t  a l . (19 59 )  experiments  

may not d es cr ib e  the e f f e c t  o f  only  s t im u lus  bandwidth on 

I n t e n s i t y  d is c r im in a t io n .  Consider,  f i r s t ,  th a t  the c e n te r  

frequency o f  the passband had to vary  as the bandwidth was 

changed. There are no data as to whether or not the cen te r  

frequency o f  a no lse -band ,  per ae . Is Im portant  when gated  

maskers are used. Second, s in ce  the o v e r a l l  s e n sa t io n  le v e l  

o f  each noise band was matched ( e . g . ,  20 dB SL) f o r  each o f  

the d i f f e r e n t  passbands, the s p e c tru m - le v e l  (N 0 ) o f  the  

masker had to decrease as the bandwldths grew. While  

Weber's Law holds f o r  the Id e a l  r e c e i v e r ,  d i f f e r e n t i a l  

s e n s i t i v i t y  o f  rea l  observers  may be a fu n c t io n  o f  masker 

s p e c tru m - le v e l  f o r  some bandwldths. I f  one Is concerned
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w i th  s tudying  the e f f e c t  o f  bandwidth on I n t e n s i t y -  

d ls e r tm ln a t lo n ,  then an experiment where both c e n te r  

frequency and masker sp e c tru m - lev e l  are  held  constant  as 

bandwidth Is v a r ie d  Is much to be p r e f e r r e d .

De Boer (1965)  generated psychometric fu n c t io n s  using  

gated maskers in a 2IFC exper im ent .  Subjects judged which 

o f  two bursts  o f  noise (T ■ 400 msec) conta ined  the  

Increment s ig n a l .  S t im u l i  were bands o f  noise  f i l t e r e d  so 

as to co n ta in  equal power per octave-band;  I . e . ,  they were 

pink no ise s .  Thus, masker s p e c tru m - le v e l  was not co n s ta n t ,

N being more In tense f o r  lower frequency components In the  

passband than f o r  h igher frequency components. The cen te r  

frequency o f  the passbands was f i x e d  a t  1000 Hz; s ig na l  and 

masker bandwldths were the same. Four bands o f  noise  

- -  63 Hz, 250 Hz, 1000 Hz, and 4000 Hz - -  were used w ith  

s u b je c t  GR, and a l l  but the w idest  band were a lso  presented  

to l i s t e n e r  HV. S lg n a l - to -m a s k e r  r a t io s  f o r  app ro x im ate ly  

75 percent  c o r r e c t  d e te c t io n s  were es t im ated  from the  

psychometric fu n c t io n s  (see de Boer 's  F igures 1 and 2 ) .

Using these v a lu e s ,  the c a lc u la te d  r e c i p r o c i t i e s  are  

- 4 . 4  dB and - 5 . 5  dB per l o g - u n l t  o f  W f o r  sub jec ts  GR and 

HV, r e s p e c t l v e ly .  The mean va lue  o f  - 5 . 0  d B / lo g - u n l t  o f  W 

agrees w i th  the p r e d ic t io n  o f  the e n e rg y -d e te c to r  model,  

but Is s te ep er  than the r e c i p r o c i t i e s  obta ined  by Moore 

(19 75 )  and Small e t  a l . (1 9 5 9 )  w ith  gated maskers.



Raab and Goldberg (19 75 )  a lso  s tu d ie d  i n t e n s i t y -  

bandwidth r e c i p r o c i t y  w ith  gated notse-m askers.  Two bands 

o f  noise — 500 Hz and 5000 Hz ( f c -  1000 Hz) — were 

employed, each a t  two s p e c t ru m - le v e ls  o f  the masker. The 

computed r e c i p r o c i t i e s ,  averaged across m a s k e r - le v e ls  and 

s u b je c ts ,  are - 0 . 9  d B / lo g - u n l t  o f  Vi f o r  bursts  o f  10 msec 

d u r a t io n ,  and - 1 . 1  d B / lo g - u n l t  o f  \ i f o r  100 msec b u rs ts .

V/lth s t im u l i  th a t  were gated to g e th e r  and f i l t e r e d  to g e th e r ,  

Raab and Goldberg found l i t t l e  e f f e c t  o f  bandwidth on 

i n t e n s I t y - d l s c r I m l n a t I o n .  This outcome c o n tra s ts  w i th  th a t  

o f  the de Boer (19 65 )  study,  where a much g r e a te r  bandwidth  

e f f e c t  was o b ta in e d ,  './e note ,  however, th a t  w h i le  the 

s t im u l i  were gated to ge ther  and f i l t e r e d  to g e th e r  In both 

exper im ents ,  Raab and Goldberg employed w h ite  noise and 

de Boer used p ink n o ise .

tloore and Raab (1975)  determined In tens 1ty -bandwldth  

r e c l p r o c i t l e s  f o r  gated b urs ts  o f  no ise  In the presence o f  a 

continuous, b a n d s to p - f11te re d  background, whose spectrum 

l e v e l  In the passband was 10 dB above th a t  o f  the masker.  

(See t h e i r  F igure  1 f o r  d e t a i l s  o f  the s t im u lus  s i t u a t i o n . )  

They computed an average t ra d e  o f  - 2 . 5  dB In s ig n a l  power 

per decade Increase In "notch" bandwidth, over a k0 dB range 

In masker s p e c t ru m - le v e l .

In te n s I ty -b a n d w ld th  r e c i p r o c i t y  has a lso  been examined 

using the ampl1tu d e -m odu la t Io n  techn ique.  Zwlcker (1956 )
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employed w h i te  noise c a r r i e r s ,  modulated s in u s o i d a l l y  a t  the  

r a te  o f  3 Hz. D i f f e r e n c e  Itmens were constant  a t  

ap p ro x im ate ly  - 5 . 7  dB f o r  masker bandwldths w ider  than 

2000 Hz, and I n t e n s i t i e s  g r e a t e r  than 30 dB SPL (see  

Figure 111, p. 3 7 3 ) .  With noise bands less than 2000 Hz 

wide,  d is c r im in a t io n  became poorer as the passband was 

narrowed. S p e c i f i c a l l y ,  changing, the masker bandwidth by 

a f a c t o r  of ten (from 1000 !!z to 100 Flz) produced a 5 .6  dB 

Increase In the th resho ld  f o r  d e te c t in g  no Is e -a m p l I tu d e  

f l u c t u a t i o n s .  The e f f e c t  was subsequently  confirmed by 

Zwtcker and F e l d t k e l l e r  ( 1 9 6 7 ) .  In t h a t  exper im ent ,  the 

modulation r a te  was k Hz. The c e n te r  frequency o f  the  

nolse-band was 6000 Hz (see F igure  3 8 . 1 ) .  The I n t e n s l t y -  

bandwldth r e c i p r o c i t y  was about - S . k  d B / lo g - u n l t  o f  ' I .

Malwald (19 67 )  determined the depth o f  modulat ion fo r  

f l u t t e r  th resho lds  o f  s in u s o id a l ly -m o d u la te d  (t» H z ) ,  h ig h -  

pass no ise ,  which had a f i x e d  low -frequency c u t - o f f  o f  

6l»00 Hz. Note th a t  s ince the low -frequency c u t - o f f  was 

held  co nstan t ,  the c e n te r  frequency o f  the passband changed 

as the bandwidth o f  the noise c a r r i e r  was v a r ie d .  From the  

data In M a lw a ld ’ s F igure  17 (p .  2 0 5 ) ,  we compute a t ra d e  o f  

about - 5 . 5  dB In s ig na l  power per decade Increase In noise  

bandwidth.

The two Zwlcker s tu d ie s  and the Malwald experiment  

support the s q u a re - ro o t  r e c i p r o c i t y  o f  the Idea l  r e c e iv e r .



Rodenburg (1972 )  a ls o  used the am pl I tud e-m od u la t I  on 

procedure to study the e f f e c t  o f  bandwidth on n o is e -  

I n t e n s i t y  d is c r im in a t io n .  Depth o f  modulat ion a t  th res h o ld  

was determined as a fu n c t io n  o f  c a r r i e r  bandwidth f o r  th ree  

c e n te r  f re q u e n c ie s :  500, 2000, and 8000 Hz. The modulat ion

frequency was 10 Hz, a r a te  more than double th a t  employed 

In the Zwlcker s tu d ie s  or In the Malwald exper im ent .  

Rodenburg r e p l i c a t e d  Zw lcker*s  (1956)  f in d in g  th a t  

th resho lds  Improve as noise bandwidth Is Increased u n t i l  

some c r i t i c a l  va lue  Is reached, beyond which th resho lds  

remain consant.  These " c r i t i c a l 1* va lues are d i f f e r e n t  f o r  

each cen ter  frequency and are  approx im ate ly  tw ice  as la rge  

as the g e n e r a l ly  accepted es t im ates  o f  c r i t i c a l  hands ( c f . ,  

Scharf ,  1970, p. 1 6 2 ) .  We computed In te n s I ty -b a n d w ld th  

r e l c p r o c l t l e s  s e p a ra te ly  f o r  each o f  Rodenburg's s u b je c ts ,  

and f o r  each o f  the c e n te r  f re q u en c ie s  employed. (Only  

those data f o r  noise bandwldths between 100 Hz and the  

e m p ir ic a l  " c r i t i c a l "  va lues were used In the c o m p u ta t io n s . )  

The bandwidth e f f e c t ,  averaged across sub jec ts  and cen te r  

f re q u e n c ie s ,  Is - 1 3 . k d B / lo g - u n l t  o f  V/. This va lue  Is 

c o n s id e ra b ly  l a r g e r  than the  In te n s l ty -b a n d w ld th  t ra d e  o f  

-5  to  -6  d B / lo g - u n l t  o f  VI obta in ed  In e a r l i e r  experiments  

using am plI tude-m od u la t Io n  (Z w lc k e r ,  1956; Zwlcker and 

F e l d t k e l l e r ,  1967; Malwald, 1967 ) .  Perhaps the n a tu re  of  

the perceptua l  task  v a r ie s  as a fu n c t io n  o f  the d i f f e r e n t
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modulation ra te s  employed from experiment to experim ent .

A summary of the experiments reviewed In t h is  se c t io n  

Is g iven in Table 1 -1 .  In te n s l ty -b a n d w ld th  r e c i p r o c i t y  

accords w ith  the p re d ic t io n s  o f  the model when maskers are  

continuous and W* < Wn (Green, 1960; Campbell,  196k );  the 

degree o f  r e c i p r o c i t y  Is less when the background Is  

continuous and the s ignal  and masker have the same bandwidth 

(Bos and de Boer, 1 9 66 ) .  Gated hands o f  w h i te  noise y i e l d  a 

r e l a t i v e l y  small bandwidth e f f e c t  when U s ** Wn (Small et  

a l . ,  1959; Moore, 1975; Raab and Goldberg, 1975; Moore and 

Raab, 1975 ) ,  a lthough w ith  p ink  noise s t i m u l i ,  de Boer 

(1965 )  observed the -5 dB t ra d e  t h a t  Is p re d ic te d  by the  

e n e rg y -d e te c to r  model, flo experiments have been undertaken  

using gated s t im u l i  w i th  s ig na l  bandwidth sm a l le r  than 

masker bandwidth. Except f o r  Rodenburg's (1972)  experim ent,  

the s tu d ie s  employing the amplItude-modu1st Ion procedure  

confirm  the sq u are -ro o t  r e c i p r o c i t y  o f  the Id e a l  r e c e iv e r  

(Z w lc k e r ,  1956; Zwlcker and F e l d t k e l l e r ,  1967; Malwald,  

1 9 67 ) .

E. Plan o f  Research

Previous experiments a t te m p t in g  to s p e c i fy  the e f f e c t  

o f  bandwidth on noise I n t e n s l t y - d l s c r i m l n a t l o n  have not



33

Table  1 -1
Summary o f  S tud ies  on the Bandwidth E f f e c t .

Study Bandwidth 
C ondit Ions

Mode o f  
Masker

Cen. F re .
( a )

Rec1p . 
(b )

Green, I960 Ws s Wn ContIn . D - 6 . 3

Campbell,  1966 Ws < Wn C o n t In . D - 5 . 3

Bos & de Boer, 
1966

Ws Wn (O ContIn . 1 - 2 . 0

Smal1 e t  a l . ,  
1939

Ws Wn Gated D - 2 . 7

Moore, 1975 Ws Wn Gated D - 2 . 7

de Boer, 1965 (d ) Ws Wn Gated 1 - 6 . 6

Raab &
Goldberg, 1975

Ws Wn Gated 1 - 1 . 0

Moore &
Raab, (1975)

Ws Vin ( e ) Gated 1 - 2 . 5

Zwlcker ,  1956 Ws Wn 3 Hz AM ( f ) (g ) - 5 . 6

Zwlcker &
F e l d t k e l l e r ,  1967

Ws Wn 6 Hz AM ( f ) (g ) - 5 . 6

Malwald, 1967 Ws Wn 6 Hz AM ( f ) ( * ) - 5 . 5

Rodenburg, 1972 Ws Wn 10 Hz AM ( f ) (g ) - 1 3 . 6

(a )  Was c e n te r  frequency Independent ( I )  o f ,  or  
dependent (D) on, bandwidth?

(b )  In te n s I ty -b a n d w ld th  r e c i p r o c i t y  ( d B / lo g - u n l t  o f  Ws).

( c )  Primary masker: w h i te  n o is e ;  secondary ( l o w - l e v e l )
masker: p ink  no!se .

(d )  S t im u l i  were bands o f  p tn k -n o ls e .

( e )  Continuous bandstop background was used to va ry  s t im u lus  
bandwidth; see t e x t  f o r  d e t a i l s .

( f )  Am plI tude-m odula t ion  techn ique;  r a te  o f  s in u s o id a l  
modulation Is g iven  In parentheses.

(g )  Not s p e c i f ie d  In the paper.
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y ie ld e d  a s in g le  va lu e  f o r  the degree o f  I n t e n s i t y *

bandwidth r e c i p r o c i t y .  No experiment has been designed to

e x p lo re  s y s t e m a t ic a l l y  the separa te  c o n t r ib u t io n s  o f  mode o f  

masker, bandwidth c o n d i t io n s ,  and s p e c tru m - le v e l  o f  the  

masker.

Reported in th is  d is s e r t a t i o n  are  the r e s u l t s  o f  ju s t  

such a s tudy.  The experiment was conducted In fo u r  p a r ts  as 

o u t l in e d  In Table  1 - 2 .  To assess the e f f e c t  o f  masker

sp e c tru m - lev e l  on In te n s l ty -b a n d w Id th  r e c i p r o c i t y ,  and to

In v e s t ig a t e  the form o f  the Weber f u n c t io n ,  each p a r t  o f  the  

experiment employed th ree  I n t e n s i t i e s  o f  masker, Holse 

bandwidth was v a r ie d  Independently  o f  s p e c tru m - lev e l  (NQ) .  

U n fo r tu n a te ly ,  most e a r l i e r  s tu d ie s  had a l lowed N0 to change 

as the  st im ulus  bandwidth was m anipu la ted .

E x is t in g  evidence Is c o n f l i c t i n g  as to whether the 

c e n te r  frequency o f  a noise band does (Small e t  a l . ,  1359;  

Campbell,  196k; Rodenburg, 1972) or does not (Green, 1960;  

Bos and de B o e r ,1966; Zw lcker ,  1956; Zwlcker and 

F e l d t k e l l e r ,  1967; Malwald, 1967) a f f e c t  I n t e n s l t y -  

d ls c r lm ln a t Io n .  As a r e s u l t ,  we chose to use a s in g le  

c e n te r - f re q u e n c y  (1000 Hz) f o r  our noise bands. The study  

Included noise passbands as narrow as 100 Hz and as wide as 

10 ,000 Hz.

One hundred m i l l is e c o n d s  was s e le c te d  as the s t im ulus  

d u ra t io n  f o r  two reasons. F i r s t ,  I t  Is s h o r te r  than the
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Table  1 -2

The Four P r in c ip a l  Experimenta l  Condit ions

Ws ■ Wn Ws -  Wn

M asker: Masker:
Continuous Gated

Ws < Wn Ws < Wn

M asker: 
Continuous

Masker: 
Gated
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maximum d u ra t io n  f o r  which the a u d i to ry  system can In t e g r a t e  

stimulus energy. This Is g e n e r a l ly  re po rte d  to  be between 

200 and 300 msec fo r  noise bands (Green/ 1960; Raab/ Osman/ 

and Rich/ 1963; Campbell/  196*0 .  Second/ f i l t e r i n g  or 

c r i t i c a l  band mechanisms Involved In the p e rc e p t io n  o f  the  

noise s t im u l i  might re q u i re  some minimum time to become 

f u l l y  o p e r a t i v e .  Optntons d i f f e r  as to the minimum 

response-t Im e ,  but a l l  es t im ate s  agree th a t  100 msec would 

be long enough f o r  such f r e q u e n c y - s e le c t iv e  mechanisms to  

be a c t iv a te d  (see S c h a r f /  1970/ pp. 179-188 ;  Zwlcker and 

F a s t i ,  1 9 72 ) .

The chapters  th a t  f o l lo w  d es cr ib e  the design o f  the 

study/  present exper im enta l  f i n d in g s /  and discuss the  

p resent  work In r e l a t i o n  to th e o r ie s  o f  I n t e n s l t y -  

dI s c r im !n a t Io n .



37

Chapter I I  

METHOD

An experiment was performed to study I n t e n s i t y  

d is c r im in a t io n  o f  b an d -1 Im lte d ,  Gaussian noise s ig n a ls  

presented In maskers o f  var ious  bandwldths. The noise  

iiasker was e i t h e r  presented con t in uo u s ly  throughout an 

exper im enta l  session or sated during the o b s erva t io n  

I n t e r v a l s .  Forced-choice thresho lds were o b ta in ed  a t  th ree  

l e v e ls  o f  noise masker.

A. Subjects

One male undergraduate s tudent  (MB) and the author (PS) 

served as s u b je c ts .  Both had c l i n i c a l l y  normal audiograms 

and rece ived  15-20 hours o f  t r a i n i n g  b efo re  any data were 

recorded.

B. Apparatus

For those experim enta l  c o n d i t io n s  where the s igna l  and 

masker bandwldths were I d e n t i c a l ,  a s in g le  General Radio 

(1390-B)  noise g en era to r  provided the noise source. I t s  

output was b an d l lm lted  by means o f  a Rockland (10U2-F)  

e l e c t r o n ic  f i l t e r  whose s e t t in g s  were ad jus ted  so th a t  the  

passband was centered a t  1000 Hz f o r  a l l  bandwldths used.
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Table  2 -1  l i s t s  the va r io us  bandwldths used, as measured by 

the h a l f -p o w e r  p o in ts .  E q u iva len t  re c ta n g u la r  bandwldths 

(ERB) were c a lc u la te d  f o r  each passband using the procedure  

given by Beranek (191*9, pp. 56 t* -565 ) .  The 100-Hz passband 

was obta ined  by f i r s t  passing the noise generator  output  

through a UTC BML-1000 passive f i l t e r  and then In to  the  

Rockland f i l t e r  set  f o r  the 10 ,000 Hz bandwidth. (The 

Rockland f i l t e r  provided the hIgh-Impedance load requ ired  

by the JTC f i l t e r . )  Response curves f o r  the f i l t e r s  are  

shown In F igure 2 -1 .  i l o t e  th a t  the shape of  the passband 

f o r  the 100-Uz f i l t e r  Is d i f f e r e n t  from the o th e r  curves.

The a t te n u a t lo n -s lo p e  o f  the UTC f i l t e r  Is not as steep as 

th a t  of the Rockland f i l t e r  a t  f re q u e n c ie s  w e l l  removed from 

the c e n te r  of the passband, Bandwldths are henceforth  

reported  as h a l f -p o w e r  bandwldths (HP3) unless o therw ise  

n o te d .

The f i l t e r e d  outp ut  o f  the noise g en era to r  v/as d iv id e d  

and led to two channels — one f o r  the Increment s igna l  

( £ v )  and one fo r  the noise masker ( V ) .  Each channel  

contained an a m p l i f i e r  (S c o t t  IkO R) and a t te n u a to rs  f o r  

l e v e l  ad justm ent.  Trimming c a p a c i to rs  were used f o r  phase-  

balanc ing  o f  the channels.  The magnitude o f  the s igna l  

could be changed between blocks o f  t r i a l s  by means o f  a 

Lehigh V a l le y  ( 1U27) two-way s tepp ing  switch  and a s e r ie s  

o f  12 a t te n u a to rs  connected In cascade. The s ig na l  channel
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Passbands

H a lf -p o w e r  Bandwidth 
( Passband)

100
(951 -  1051}

316
( 85<t -  1170)

1000 
(618 -  1618)

3160 
(290 -  3U5Q)

10,000 
( 99 -  1 0 ,0 9 9 )

Table 2 -1

Used In the Experiment

Equlv .  Rect .  Bandwidth 
( Passband)

119
(9*2  -  1061)

31*1*
(81*3 -  1187)

1013 
(615 -  1628)

3206 
(286 -  3U92)

10 ,051  
( 99 -  1 0 ,1 5 0 )

Note: A l l  f requ en c ies  are In Hz.

Center  frequency equals  1000 Hz
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F t f u r e  2-1

Response curves of  the bandpass f i t t e r s  l i s t e d  In Table  2 - 1 .
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conta ined a r e la y  whose c lo s u re  p laced the £ V  in one o f  the 

two temporal i n t e r v a l s  compris ing a t r i a l .  A c t iv a t io n  o f  

th is  r e la y  was c o n t r o l l e d  by a BRS PP1 p r o b a b i l i t y  

g e n e r a to r .

The noise masker was presented to the s u b je c t  e i t h e r  

c o n t in uo u s ly  or gated w i th  the s igna l  by means o f  an 

e l e c t r o n i c  switch (G rason-S tad1e r  829B).  By powering the  

switch from an e x te r n a l  re g u la te d  supply (Kepco KR2 M),  hum 

and noise In the Instrument were s i g n i f i c a n t l y  reduced and 

the s t a b i l i t y  o f  the pedesta l  balance adjustment v ;as 

markedly Increased (see Raab and Schacknow, 1 9 7 3 ) .

A block diagram o f  the apparatus used In the continuous  

masker co n d i t io n s  Is given In F igure  2 - 2 .  The Increment  

s ig n a l  was passed through the e l e c t r o n i c  switch and then 

added c o h e re n t ly  to the no ise  masker by means o f  a r e s i s t i v e  

mixing  network. Surwiatlon accuracy o f  b e t t e r  than 

J . l  percent was achieved through the use o f  p re c is io n  

r e s i s t o r s .  The sum was passed through a master a t t e n u a t o r ,  

patched in to  a soundproof room (IAC 1200 SP), and d e l iv e r e d ,  

f i n a l l y ,  to the s u b je c t 's  r i g h t  earphone, a Sennhelser HD- 

t*lU. The Sennhelser Corporat ion  provided f requ en cy-  

response curves o f  t h is  earphone based on both " re a l  e a r "  

and " a r t i f i c i a l  e a r"  measurements. These are shown In 

Figure  2 -3 .

The s u b je c t  wore a PDR-10 earphone In an MX/kl-AR



F ig u re  2 -2

Block diagram of  the apparatus used when the maskers were 

cont in uou s .  With the switch In p o s i t io n  A, Ws < Wn; w ith  

the switch In p o s i t io n  B, Ws ■ Wn.
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Figure  2-3

Response curves of  the Sennhelser HD till* earphone used tn 

the exper im ent .  The lower graph Is a c a l i b r a t i o n  curve o f  

the microphone used to moke the " re a l  e a r"  measurements.
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cushion over h is  l e f t  e a r .  This served to  a t te n u a te  

a i rb o rn e  sounds r e s u l t in g  from the " o p e n -a i r "  design o f  the  

Sennhelser earphone.

For the gated masker c o n d i t io n s ,  where the s igna l  and 

masker had equal bandwldths, s ig n a l  and masker waveforms 

were f i r s t  added In phase and then passed through the 

e l e c t r o n ic  switch to the master a t t e n u a t o r .  F igure  2-i* 

shows th is  experim enta l  appara tu s .

V/hen the experiment requ ired  the s ig na l  and masker 

bandwldths to be d i f f e r e n t ,  two General Radio noise  

generators  and two Rockland f i l t e r s  were employed. One 

j e n e r a t o r - f 1 1 t e r  combination fed the s ig na l  channel and one 

combination was connected to the masker channel .  In a l l  

o th e r  respects the equipment was the same as f o r  the "e q u a l -  

bandwldth" c o n d i t io n s .

An e l e c t r i c a l  s ignal  o f  O.i* v o l ts  RMS, as measured by a 

B a l la n t l n e  (320)  v o l tm e te r ,  produced an a c o u s t ic  o u tp u t  o f  

ap p rox im ate ly  91 dB SPL from the Sennhelser earphone. Sound 

pressure le v e ls  given In th is  d i s s e r t a t i o n  are a l l  r e f e r r e d  

to 0.0002 m lc robar .

An Iconlx  (6 2 5 5 -6 0 1 0 )  d i g i t a l  t im ing  system and 

se ve ra l  T e k tro n ix  16 0 -S e r ie s  waveform and pulse generators  

were used to generate  the s t im u lus  sequences as re q u i re d .  

Responses were ta b u la te d  a u to m a t ic a l ly  by means o f  LVE 

(1U 25-10)  e lec tro m e ch an ica l  co u nte rs .
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Figure  2 - k

Block diagram of  the apparatus used when the maskers were 

g ated .  With the switch In p o s i t io n  A, Ws < Wn; w ith  the  

switch In p o s i t io n  B, Ws ■ Wn.
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C. Procedure

1. Psychophysical Method

I n t e n s I t y - d I s c r I  pi 1n a t Io n  thresho lds were determined  

using a t w o - I n t e r v a l , fo rc e d -c h o ic e  (2 IFC )  v a r i a t i o n  of  

the s ta i r c a s e  techn ique .  Each t r i a l  began w ith  a f a i n t

"ready"  c l i c k  presented to the s u b je c t 's  l e f t  earphone. The

increment s i g n a l /  A  V, was placed w ith  equal p r o b a b i l i t y  In 

one o f  two o b s e rv a t io n  I n t e r v a l s /  the f i r s t  o f  which began 

one second a f t e r  the " re ad y"  c l i c k .  A neon lamp was l ig h te d  

to mark the o b s e rv a t io n  p e r io d s /  whose onsets were spaced 

300 msec a p a r t .  The noise masker was e i t h e r  presented  

throughout an exper im enta l  run ("cont inuous c o n d i t io n " )  or  

switched on o n ly  dur ing  the two o b s e rv a t io n  In t e r v a l s  

("ga ted  c o n d i t i o n " ) .  The e l e c t r o n i c  switch was pulsed to  

y i e l d  a power envelope whose " e q u iv a le n t  re c ta n g u la r

d u r a t io n "  was c a lc u la te d  to be 100 msec. Crim inal  r i s e / f a l l

times o f  10 msec were employed.)  The s u b je c t  In d ic a te d  the  

I n t e r v a l  c o n ta in in g  the s igna l  by pressing  one or the o th e r  

of two mtcroswttch b u t to n s .  Immediate knowledge o f  r e s u l t s  

was fu rn is h e d  by red and green p i l o t  lamps. T r i a l s  were 

s e l f -p a c e d  and occurred  appro x im ate ly  once every f i v e
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seconds.

Each d e te rm in a t io n  o f  a th resho ld  began w ith  the 

Increment s ig n a l /  e a s i l y  d e te c ta b le .  I f  the su b je c t

responded c o r r e c t l y  on f i v e  out o f  s ix  t r i a l s  fo r  a given  

le v e l  o f  s ig n a l /  the s ig na l  was a t te n u a te d  f o r  the next  

block o f  s ix  t r i a l s .  I f  the s u b je c t  voted I n c o r r e c t l y  on 

two o f  the s ix  t r i a l s  In a b lo ck /  A was I n c r e a s e d ,

When the s igna l  and masker bandwidth were d i f f e r e n t /

A ^  was changed In steps o f  1 ,5  dR. Since s l r n a l  and masker 

waveforms were u n c o r re la te d /  the change In Increment power 

( Al )  was a lso  1 .5  dfl. When the s igna l  and masker 

bandwldths were the same/ A V was v a r ie d  In 3 d^ steps.

With c o r r e la te d  a d d i t io n  o f  the waveforms, A  I changed In 

steps o f  approxim ate ly  1 .5  HR over most o f  the range of  

th re s h o ld s .

This b lo c k e d - t r I  a 1s s t a i r c a s e  procedure ( c . f . ,

Campbell and Lasky, 1968) a l lows the s u b je c t  to cross and 

recross h is  th resho ld  ( th e  va lue o f  A  V y ie ld in g  

approxim ate ly  75 percent c o r r e c t  d e c is io n s )  many times 

during  an experim enta l  run. At the end o f  100 t r i a l s  the  

.tiedfan va lue of a t te n u a t io n  In the s igna l  channel ( a f t e r  the 

f i r s t  r e v e r s a l ) ,  A v ,  was computed and then converted to 

Increment power, A I .  The r a t i o  o f  s igna l  power to noise  

power In a 1-Hz band, was c a l c u la t e d .  This q u a n t i t y ,

expressed In d e c ib e ls  (10 log ) ,  Is used as an Index o f
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I n t e n s i t y  d is c r im in a t io n .

2. Experimental Design

The experiment was conducted In two p a r ts .  F i r s t ,  

I n t e n s i t y  d is c r im in a t io n  was In v e s t ig a te d  f o r  noise hands 

where the s ignal  bandwidth (l /s ) and the masker bandwidth 

(Wp) were equal ("homogeneous" c o n d i t io n s ) .  The f i v e  p a i rs  

o f  s ignal  and masker bandwidth are  l i s t e d  In Table 2 -2 .  

"econJ, sub jects  l i s te n e d  to combinations o f  Ws and Wn where 

the s igna l  bandwidth was sm a l le r  than the masher bandwidth 

("heterogeneous" c o n d i t i o n s ) .  Table  2-3  shows the 

heterogeneous bandwidth combinations t h a t  were u t i l i z e d .

The p r e s e n ta t io n  o f  bandvrldth combinations was 

randomized and was d i f f e r e n t  f o r  the two s u b je c ts .  Pa irs  o f  

consecu 11ve days were used to study each comb I n a t I  on o f  Ws 

and './n, the masker being presented cont inuously  on one 

of the days, and gated on the o t h e r .  During one day*s  

sess ion ,  the bandwidth combination was presented severa l  

times a t  each of  th ree  masker le v e ls  (5 d1),  25 dB and 

^5 d3 S P l ) .

Three thresho lds  (each based on 100 2IFC t r i a l s )  were 

f i r s t  determined fo r  each exper im enta l  c o n d i t io n .  A f te r  

data had been c o l le c t e d  f o r  a l l  90 c o n d i t io n s ,  tv/o more 

th resho lds  were determined f o r  each c o n d i t io n  In an order
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Table 2-2

Bandwldths O n  H e r t z )  Employed In the Experiment When W* « Wn

“s wn

100 100

316 316

1,000 1,000

3 ,160 3,160

10,000 10,000
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Table  2 -3

Bandwldths ( i n  H e r t z )  Employed in the Experiment When Ws < Wn

ws Wn

100 316

100 1,000

100 3,160

100 10,000

316 1,000

316 3,160

316 10,000

1,000 3,160

1,000 10,000

3,160 10,000
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co u nte rb a lan c in g  the o r i g i n a l  sequence. Thus, each 

th res h o ld  Is based upon 500 t r i a l s .  A d a l l y  experim enta l  

session las ted  ap prox im ate ly  1 .5  hours and consisted  of  

e i t h e r  G or D th res ho ld  d e te rm ln a t io n s  separated  by r e s t  

per Io d s .
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A. I n t e n s i t y  D is c r im in a t io n  o f  Noise Bands 

fo r  the Homogeneous Condit ions

The e f f e c t  o f  bandwidth on I n t e n s i t y  d is c r im in a t io n  fo r  

the homogeneous c o n d i t io n s  can be seen In F igure 3 -1 ,  v-here 

10 log :;0/ N 0 Is p lo t t e d  as a fu n c t io n  o f  the common 

e q u iv a le n t  re c ta n g u la r  bandwidth (F.RB) o f  the s ig n a l  and 

masker. The data presented In the f i g u r e  have been averaged  

across the two l i s t e n e r s ;  mean values o f  S0/ P 0 were 

c a lc u la te d  before  ta k in g  lo g a r i th m s .  Tables 3-1  an^ 3-2  

l i s t  the r e s u l ts  fo r  each observer s e p a r a te ly .  The 

parameters o f  the p lo ts  In F igure 3-1 are the spectrum 

l e v e ls  o f  the masker, and the mode o f  masker p re s e n ta t io n  

(continuous or g a t e d ) .  The s o l id  diagonal p lo t  shows the  

performance o f  the Ide a l  r e c e iv e r  as given by Green's  model 

(see Equation 1 - 1 ) .  The t h e o r e t i c a l  r e c i p r o c i t y  o f  Sq/ N q 

and V/s Is given by the slope o f  t h is  p l o t .  I f  we make the  

assumptions u n d e r ly in g  Equation 1 -2 ,  we may approximate the  

t h e o r e t i c a l  fu n c t io n  w ith  a l i n e a r  p l o t ,  w ith  slope of  

-5  dB per decade Increase In s ig n a l  handwldth.

The l i n e  b e s t - f i t t i n g  the r e s u l t s  a t  each le v e l  o f  

F.iasker was c a lc u la te d  s e p a ra te ly  f o r  each su b je c t  by the
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Figure  3-1

N o t s e - In t e n s I t y  d is c r im in a t io n  as a fu n c t io n  o f  e q u iv a le n t  

re c ta n g u la r  bandwidth, when W s ■ w ^  The r e s u l t s  have been 

averaged across l i s t e n e r s .  The parameters a re  masker 

sp e c tru m -lev e l  ( ^  ■ 5 dB; •  » 25 dB; •  ■ l»5 dB) and mode 

o f  the masker ( s o l i d  l i n e s :  continuous; dashed l in e s :  

g a t e d ) .  The s o l id  l i n e  w ith o u t  data p o in ts  Is the  

t h e o r e t i c a l  fu n c t io n  der ived  from Equation 1 - 1 .
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Table  3-1

Noise In t e n s t t y - D l s c r l m t n a t i o n  as a Function o f
Bandwidth (HPB) When -  W . Data f o r  Subject  PS.s n

Masker
Spec tru m -leve l  H a lf -p o w e r  Bandwidth (Hz)

(dB SPL) 100 316 1000 3160 10 ,000

C 45 dB - 8 . 0 - 6 . 7 - 7 . 5 - 7 . 2 - 9 . 9

C 25 dB i . oi - 6 . 9 - 8 . 0 - 8 . 4 - 9 . 6

C 5 dB - 4 . 6 - 4 . 2 - 5 . 7 - 7 . 9 - 1 0 .4

G 45 dB - 7 . 4 - 6 . 7 - 8 . 3 - 9 . 5 - 8 . 9

G 25 dB - 6 . 9 - 6 . 8 - 6 . 4 - 7 . 3 - 8 . 5

G 5 dB - 3 . 4 - 4 . 4 - 6 . 2 - 7 . 3 - 7 . 6

Note; Resu lts  are  given as th re s h o ld  va lues  of 10 log S /N . 
C In d ic a te s  continuous maskers.
G In d ic a te s  gated maskers.
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Table 3-2

Noise I n t e n s l t y - D I s c r l m l n a t I o n  as a Function o f
Bandwidth (HPB) When W -  W . Data f o r  Subject  MB.s n

Masker
S pectrum -leve l  H a lf -p o w er  Bandwidth (Hz)

(dB SPL) 100 316 1000 3160 10,000

C 1+5 dB - 7 . 3 - 6 . k - 6 . 9 - 8 . 1 - 9 . 0

C 25 dB - 7 . 8 - 7 . 1 - 7 . 0 - 8 . 0 - 9 . 1

C 5 dB - 3 . 6 - 5 . 2 - 7 . 5 - 9 . 1 - 1 0 . 9

G t+5 dB - 5 . 2 - 6 . 1 - 6 . 2 - 8 . 0 - 7 . 7

G 25 dB -U .9 -U .8 - 6 . 5 - 6 . 5 - 5 . 1

G 5 dB - 3 . 5 - 3 . 7 - k .  7 - 5 . 3 - 7 . 6

Note: Resu lts  are  g i v e n  as th resho ld  values o f  X0 log S0 / N0 * 
C In d ic a te s  continuous maskers.
G In d ic a te s  gated maskers.



61

method of le a s t - s q u a r e s . Slopes were converted to

nre c Ip ro c l  t y - f a c t o r s "  and are given In Table 3 -3 .  (The

r e e l p r o c l t y - f a c t o r  Is de f in e d  as the change, In d e c ib e ls ,

o f  S_ /I I *  r e s u l t in g  from a l o g - u n l t  Increase In V L . )  o o s
Reel p r o d t y - f a c t o r s ,  averaged across masker l e v e l s ,  are  

shown In the l a s t  tv/o rows of the t a b l e .  For the continuous  

masker c o n d i t io n s ,  the mean r e c I p r o c 1t y - f a c t o r  was 

c a lc u la te d  to be - 1 . 8  f o r  s u b je c t  PS and - 1 . 9  fo r  su b je c t  

ilB. With gated maskers, the mean r e d p r o c I t y - f a c t o r s  were 

- l . i *  and - 1 . 3  fo r  sub jec ts  PS and !1B, respect I vel y .

The data presented thus f a r  confirm  and extend the Raab 

and f ioldberg (1975)  f in d in g  o f  a small  bandwidth e f f e c t  f o r  

gated maskers when Ws and Wn are  e q u a l .  With continuous  

maskers, the bandwidth e f f e c t  Is s l i g h t l y  g r e a t e r .  In both 

cases, s t im ulus  bandwidth has a much s m a l le r  e f f e c t  on 

d is c r im in a t io n  than Is p re d ic te d  by Rreen 's  model. ( I t  

should be noted th a t  the degree o f  r e c i p r o c i t y  depends 

s l i g h t l y  on the i n t e n s i t y  o f  the masker. Both observers  

show g r e a te s t  r e e l p r o c l t y - f a c t o r s  w ith  maskers presented a t  

a 5 Jfl spectrum -1 eve 1 . )

F igure 3-1 shows th a t  except f o r  the narrowest  

bandwidth, rea l  observers  do more p oo r ly  than the model, the 

discrepancy In performance Increas in g  d i r e c t l y  w ith  

bandwidth. With the 100-Hz noise hand, our l i s t e n e r s  

e x h i b i t  b e t t e r  performance than the Id e a l  r e c e iv e r  a t  the
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Table 3 -3

R e c t p r o c t t y - fa c t o r s  f o r  the R esu lts  w ith  Homogeneous Bandwldths

Masker
Spect rum-1evel Con11nuous Gated

<dB SPL)

5 - 3 . 2  - 2 . 1
- 3 . 8  - 2 . 0

25 - 1 . 2  - 0 . 8
- 0 . 7  -O .k

*5  - 0 . 9  - 1 . 2
-1.1 -l.k

Mean - 1 . 8  - l . k
- 1 . 9  - 1 . 3

Note: For each c o n d i t io n  the upper va lue  r e fe r s  to  su b je c t  PS; 
the lower va lu e  to su b je c t  MB.
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25 dB and k5 dB masker l e v e l s ,  f o r  both continuous and gated  

maskers. Green 's  Idea l  r e c e iv e r  makes I t s  d ec is io n  on a 

basis th a t  Is  monotonic w ith  l i k e l i h o o d  r a t i o ,  v i z . ,  by 

comparing the noise en e rg ie s  dur ing  the two observa t ion  

I n t e r v a l s  compris ing a t r i a l .  C l e a r l y ,  se vera l  o f  the 

assumptions u n d e r ly in g  the Idea l  model must not hold f o r  

some o f  the exper im enta l  c o n d i t io n s  employed In our s tudy .

We s h a l l  d iscuss th is  m a t te r  In Chapter IV .

In summary, we have found t h a t  when the s ig n a l  and the  

masker a re  f i l t e r e d  to g e th e r ,  I n t e n s i t y  d is c r im in a t io n  o f  

notse bands Is r e l a t i v e l y  Independent o f  both noise  

bandwidth and p r e s e n ta t io n  mode o f  the masker. We have 

noted th a t  the model o f  opt im al  performance f a l l s  to  account  

f o r  the small e f f e c t  o f  bandwidth. A second t h e o r e t i c a l  

problem Is posed by the f in d in g  o f  b e t t e r - t h a n - e n e r g y -  

d e te c to r  performance In some exp er im enta l  c o n d i t io n s  w ith  

the 100-Hz s i g n a l .

B. I n t e n s i t y  D is c r im in a t io n  o f  Nolse-Bands f o r  the 

Heterogeneous Condit ions

Our exper im enta l  s i t u a t i o n  most s i m i l a r  to  Green's  

(1960 )  paradigm Is the heterogeneous c o n d i t io n  w ith  

continuous masker. Results  o b ta in ed  w i th  continuous maskers 

are  p resented  In F igures  3 -2  th ru  3 - 5 ,  to g e th e r  w ith
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F igure  3-2

N o i s e - I n t e n s i t y  d is c r im in a t io n  as a fu n c t io n  o f  s ig na l  ERB, 

when Ws s Wn. Masker bandwidth equals 344 Hz. The 

r e s u l ts  have been averaged across l i s t e n e r s .  The parameters  

are  masker s p e c tru m - le v e l  < A ■ 5 dB; •  -  25 dB;

•  •  45dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l in e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data po in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d otted  l i n e  w i th o u t  data  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 - 1 .
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Figure  3 -3

N o t s e - In t e n s t t y  d is c r im in a t io n  as a fu n c t io n  o f  s ig n a l  EBB, 

when Ws 9  Wn . Masker bandwidth equals 1013 Hz* The 

r e s u l ts  have been averaged across l i s t e n e r s .  The parameters  

are  masker sp e c tru m - lev e l  ( A  m 5 dB; •  ■ 25 dB;

•  ■ i»5dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l in e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data  p o in ts  Is  

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d otted  l i n e  w i th o u t  data po in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 -1 .
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F igure  3-U

N o t s e - t n t e n s l t y  d is c r im in a t i o n  as a fu n c t io n  o f  s ig n a l  ERB, 

when Ws a  Wn . Masker bandwidth equals 3206 Hz. The 

r e s u l t s  have been averaged across l i s t e n e r s .  The parameters  

a re  masker s p e c t ru m - le v e l  ( A  ■ 5 dB; •  ■ 25 dB;

•  ■ i*5dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l i n e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data  p o in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d o t te d  l i n e  w i th o u t  data  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 - 1 .
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F igure  3-5

N o l s e - I n t e n s l t y  d ls c r Im ln a t Io n  as a fu n c t io n  o f  s ig n a l  ERB, 

when Ws =S Wn , Masker bandwidth equals 10 ,051 Hz. The 

r e s u l t s  have been averaged across l i s t e n e r s .  The parameters  

are  masker s p e c tru m - le v e l  ( £  ■ 5 dB;

•  ■ 25 dB; ■ •  U5dB) and mode o f  masker ( s o l i d  l i n e s :  

cont inuous;  dashed l i n e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  

data  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  computed from 

Equation 1 -1 ;  the dotted  l i n e  w i th o u t  data  p o in ts  Is the  

t h e o r e t i c a l  fu n c t io n  computed from Equation 3 - 1 .
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thresho lds  obta ined  w ith  gated maskers. The data have been 

averaged f o r  the two s u b je c ts .  (Tab les  3 - U and 3-5  

co n ta in  the r e s u l ts  f o r  the tv»o l i s t e n e r s  s e p a r a t e l y . )  Each 

f i g u r e  presents r e s u l t s  f o r  a s in g le  E7B of  masker. r xcept  

fo r  the r i g h t  endpoint o f  each p l o t /  the masker handwldtb Is 

g re a te r  than the s ig n a l  bandwidth. Each f i g u r e  shows how 

I n t e n s i t y  d is c r im in a t io n  v a r l r s  f o r  s ig n a ls  o f  d i f f e r e n t  

handwldth detected  In a masker o f  f i x e d  bandwidth (where 

'■}s ^ W *  * ^ e s o l id  diagonal l i n e  In each f ig u r e  shows 

t h e o r e t i c a l  va lues o f  ( In  dk) c a lc u la te d  from g re e n ’ s

model. I t  should be noted, a g a in ,  th a t  th is  model assumes 

th a t  the r e c e iv e r  f i l t e r s  the Input  ( ’’ r e c ta n g u la r  1y") to 

natch the bandwidth of the s ig n a l ;  frequency components o f  

the masker o u ts id e  the s ig n a l  hand are I n f i n i t e l y  

a t te n u a te d .  (The diagonal l i n e  composed o f  s h o r t  dashes Is 

a ls o  t h e o r e t i c a l  and w i l l  he r e f e r r e d  to l a t e r . )

Since the trends In the data are e s s e n t i a l l y  the same 

f o r  F igures 3-3 thru  3 -5 ,  F igure  3-5  (where

■ 10 ,000 lz) w i l l  be used to I l l u s t r a t e  the general  

f in d in g s .  (F ig u re  3-2 d is p la y s  thresho lds  f o r  the 100-!!z 

s igna l  detec ted  In narrow-band maskers. These data w i l l  be 

discussed In the next c h a p t e r . )  Table 3 -6  gives  

r e c l p r o c l t y - f a c t o r s  f o r  l in e s  h e s t - f l t t l n g  the data In 

Figure 3 - 5 .  The r e s u l t s  in d ic a te  th a t  I n t e n s l t y -  

d )s c r lm ln a t io n  th resho lds  f o r  noise s ig n a ls  (V^ < )
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Tab le  3 - *

Noise In t e n s I t y - D l s c r f m l n a t I o n  as a Function  o f  Signal
Bandwidth (HPB) When W < W . Data f o r  Subject  PS.s n

Masker
Wn (H z)  S pec tru m -lev e l  Signal Bandwidth (Hz)

(dB SPL) 100 316 1000 3160

316 C 1*5 dB - 1 1 . 6
316 C 25 dB - 9 . 5
316 C 5 dB ♦ 1 .1
316 G 1*5 dB - 7 . 9
316 G 25 dB - 5 . 6
316 G 5 dB + k . l

1000 C 1*5 dB - 1 . 0 - 2 . 2
1000 C 25 dB -o .l* - 0 . 7
1000 C 5 dB ♦ 0 .5 - 1 . 3
1000 G k5 dB ♦ 2 .5 - 0 . 7
1000 G 25 d8 ♦ 1*. 3 +1*. 3
1000 G 5 dB ♦ 5 .0 + 2 .7

3160 C 1*5 dB +0.5 - 2 . 1 -1*. 8
3160 C 25 dB ♦ 1 .3 - 2 . 0 - 1 . 9
3160 C 5 dB + 0.8 - 3 . 6 - l * . 8
3160 G 1*5 dB ♦ 2.1* + 6 .0 + 2 .k
3160 G 25 dB ♦ 1* .0 ♦ 3 .6 ♦ 0 .1
3160 G 5 dB + 2.2 + 3.1* - 1 . 3

10,000 C 1*5 dB -0.1* - 2 . 6 - 5 . 2 - 7 . 1
10,000 C 25 dB ♦ 0.1* - 2 . 8 - k . 8 - 5 . 9
10,000 C 5 dB +0.1* - 3 . 6 - 5 . 8 - 7 . 5
10 ,000 G k5 dB ♦ 5 .2 ♦ 6 .1 ♦ 1 .0 - 7 . 7
10 ,000 G 25 dB +5.0 + 5 .7 ♦ 1 .0 - 2 . 6
10,000 G 5 dB ♦ 2 .2 ♦ 5 .0 ♦ 1 .7 - 3 . 1

Note: R esu lts  are given as th re s h o ld  va lues  o f  10 log SQ/N 0 .
C In d ic a te s  continuous maskers.
G In d ic a te s  gated maskers.
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Tab le  3 -5

Noise I n t e n s l t y - D l s c r l m l n a t l o n  as a Function o f  Signal  
Bandwidth (HPB) When W# < . Data f o r  Sub jec t  MB.

Masker
(Hz)  S pec tru m -leve l

"  (dB SPL)

316 c 1*5 dB
316 c 25 dB
316 c 5 dB
316 G 1*5 dB
316 G 25 dB
316 G 5 dB

1000 C 1*5 dB
1000 C 25 dB
1000 c 5 dB
1000 G 1*5 dB
1000 G 25 dB
1000 G 5 dB

3160 C 1*5 dB
3160 C 25 dB
3160 C 5 dB
3160 G 1*5 dB
3160 G 25 dB
3160 G 5 dB

10,000 C 1*5 dB
10,000 C 25 dB
10,000 C 5 dB
10,000 G 1*5 dB
10,000 G 25 dB
10,000 G 5 dB

Signal Bandwidth (Hz)
100 316 1000 3160

- 1 0 .7
- 5 . 6
+ 0 .5
- 2 . 9
- 0 . 5
♦ 2 .9

- 0 . 3 - 2 . 7
- 0 . 7 - 2 . 6
- 1 . 0 - 3 . 3
♦ 3.1* ♦ 1 .1
♦ 6 .6 ♦ 3 .8
+ 3 .6 + 2 .7

♦ 1 .3 - 1 . 3 -2.1*
♦ 0 .9 - 2 . 1 - l * . 7
♦ 0 .8 - 3 . 6 - 5 . 8
♦ 1 .6 ♦ 0 .2 + 2 .8
♦ 1 .6 ♦ 1 .0 -0.1*
+ 3 .1 - 0 . 8 -3.1*

- 0 . 0 - 1 . 7 - 1 . 5 - 5 . 9
♦ 1 .6 - 1 . 9 - 3 . 0 - 7 . 3
♦ 0 .2 - 2 . 9 - 2 . 8 - 7 . 7
+2.9 ♦ 1 .3 + 3 .1 - k . l
+2 .5 - 0 . 9 - 0 . 9 - 2 . 8
♦1 .2 - 1 . 8 - 1 . 3 - 2 . 9

Note: R esu lts  a re  g iven as th res h o ld  va lues o f  10 log % / ^ •
C In d ic a te s  continuous maskers.
G In d ic a te s  gated maskers.
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Table  3-6

R e c I p r o c l t y - f a c t o r s  f o r  the Results  Presented In F igure  3-5  

Masker
Spec tru m -leve l  Continuous Gated ( 1 )  Gated ( 2 )

(dB SPL) Masker Masker Masker

5 - 5 . 5  - 5 . 1  - 7 . 1

25 - 5 . 2  - 5 . 6  - 6 . 7

l»5 -U .7  - 7 . 3  - 9 . 3

Mean - 5 . 1  - 6 . 0  - 7 . 7

Note ( 1 ) :  Computation o f  b e s t - f i t t i n g  l i n e  Included data  
f o r  Wn ■ 100 Hz.

Note ( 2 ) :  Computation o f  b e s t - f i t t i n g  l i n e  om it ted  data  
f o r  Wn -  100 Hz.
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presented in a continuous masker o f  f i x e d  bandwidth  

(Wn *  10 ,000 H z ) ,  vary  as a fu n c t io n  o f  ‘,JS In a manner 

s i m i l a r  to th a t  reported  by Green (1 9 F 0 ) .

The mean r e c I p r o c I t y - f a c t o r ,  averaged across masker 

sp ectru m -1 eve 1s, was - 5 . 1  f o r  the continuous c o n d i t io n s ,  

dated maskers y ie ld e d  an average r e c I p r o c I t y - f a c t o r  o f  

- 6 . 0 .  degression l in e s  were a lso  determined f o r  the gated  

c o n d i t io n s  o m i t t in g  the l e f t  endpoint  o f  each o l o t ,  I . e . ,  

fo r  a l l  s igna l  handwldths g re a te r  than 100 Hz. The ta b le  

shov/s th a t  the rec I proc I t y - f a c t o r s  fo r  these l in e s  are  

c l e a r l y  l a r g e r  ( n e g a t i v e ly )  than - 5 . 0 ,  the value p re d ic te d  

by ^ re e n 's  model. Thus we see th a t  s igna l  bandwidth has a 

much g re a te r  e f f e c t  on d is c r im in a t io n  performance In the  

heterogeneous c o n d i t io n s ,  than In the homogeneous 

con 111Ions.

Real observers show poorer d is c r im in a t io n  than the 

optimal model. The 5 to 6 dH d i f f e r e n c e  In th res ho ld  G0/ H 0 

between theory  and experiment th a t  was observed by Green 

w ith  continuous maskers (Ws < Wn) Is a ls o  seen In our 

r e s u l ts  ( e . g . ,  see F igure  3 - 5 ) .  Furthermore, performance  

Is c l e a r l y  worse w ith  gated maskers than w ith  continuous  

maskers. The optimal model does n o t ,  however, d is t in g u is h  

between continuous and gated c o n d i t io n s ;  p re d ic te d  

th resho lds  are Id e n t i c a l  f o r  both nodes o f  masker. The 

Idea l  r e c e iv e r  has p rec ise  knowledge o f  s ig n a l  onset and
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te r m in a t io n  and " f i l t e r s 11 In the time domain, by l i s t e n i n g  

o n ly  during the o b s erva t io n  p e r io d s .  One would suppose th a t  

these assumptions about t im ing  In fo rm a t io n  are b e t t e r  

s a t l s l f l e d  f o r  re a l  observers when the s t im u l i  are gated .

One would t h e r e fo r e  expect performance to he b e t t e r  w ith  

gated than w ith  continuous maskers. Our re s u l ts  f a l l  to 

confirm  th is  n o t io n ;  d is c r im in a t i o n  Is poorer w ith  gated  

maskers.

To summarize, In c re as in g  s ig na l  bandwidth r e s u l t s  In 

b e t t e r  d is c r im in a t io n  performance In heterogeneous  

c o n d i t io n s  vvl th both continuous and gated maskers. For a l l  

masker bandwldths, t h e r e f o r e ,  the th res h o ld  va lue  o f  S0 / " 0  

Is l e a s t  when '.’s » Wn ( th e  homogeneous c o n d i t i o n ) .  Mth  

continuous maskers the e f f e c t  o f  s ig n a l  bandwidth on 

I n t e n s i t y  d is c r im in a t io n  was found to agree w ith  both theory  

and data as repo rted  by Green ( 1 9 8 0 ) .  Gated maskrrs a re ,  

however, everywhere more e f f e c t i v e  than continuous maskers 

f o r  the heterogeneous c o n d i t io n s  (Ws < !/n) .  Both th is  

f in d in g  and the f a c t  th a t  gated b urs ts  o f  noise y i e l d  

r e e l p r o c l t y - f a c t o r s  g r e a te r  than - 5 . 0 ,  present  

d i f f i c u l t i e s  f o r  the Id e a l  r e c e iv e r  model.

C. Factors In f lu e n c in g  the Bandwidth E f f e c t

Our research has confIrmed the re p o r ts  o f  both Paah and
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Goldberg (1975)  and Green (1 9 6 0 ) .  '/hen s igna l  and masker 

are gated to ge ther  and f i l t e r e d  to g e th e r  (Raab and 

G oldberg ) ,  bandv/ldth has l i t t l e  e f f e c t  on H I s c r I n i n a t I o n .

On the o th e r  hand, when noise s ig n a ls  are  presented In 

continuous broadband maskers (as In Green's e x n e r In e n t s ) ,  

the r e c i p r o c i t y  o f  G ^ ’Jg W lth  './s approximates th a t  given by 

the opt im al d e c is io n  model. These two experim enta l  designs  

(homogeneous-gated and heterogeneous-continuous) a r e ,  o f  

course,  e q u iv a le n t  f o r  the Ideal  r e c e iv e r .  For rea l  

observers they are not .

Should the I I f f e r e n c e  In f in d in g s  between the Preen 

experiment and the Raab and Goldberg study he a t t r i b u t e d  to  

the node o f  p re s e n ta t io n  o f  the noise masker? n r ,  Is the  

d i f f e r e n c e  a consequence o f  the bandwidth c o n d i t io n s ,  In 

th a t  the bandwidths were homogeneous In one study and 

heterogeneous In the o ther?  U n fo r tu n a te ly ,  the r e l a t i v e  

Importance o f  the two f a c t o r s  cannot he assessed hv 

comparing the two experiments s ince confounding Is complete.  

Gere, however, we have v a r ie d  the two fa c to r s  s e p a ra te ly  and 

are  In a p o s i t io n  to understand why Green d i f f e r s  from Raab 

and Goldberg w ith  respect  to the e f f e c t  o f  bandwidth on 

I n t e n s i t y  d is c r im in a t io n .

'/e ana lyze  our r e s u l t s  as fo l lo w s .  The mode o f  the 

noise  masker has only a minor In f lu e n c e  on the magnitude of  

the bandwidth e f f e c t  f o r  the homogeneous conditions;
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r e c i p r o c i t i e s  ere s i m i l a r  f o r  both continuous and gated 

maskers (see Table 3 - 3 ) .  However, f o r  the heterogeneous  

co n d i t ion s  th a t  u t i l i z e d  continuous maskers, the data show 

r e c 1p r o c l t y - f a c t o r s  of about - 5 . 0 ,  whereas the r e s u l ts  

w ith  gated maskers show an even la r g e r  bandwidth e f f e c t  (see  

Table 3 - 6 ) .  Thus the mode o f  the masker has l i t t l e  

In f lu e n c e  on the degree o f  r e c i p r o c i t y  f o r  the homogeneous 

c o n d i t io n s ,  but does a f f e c t  the magnitude o f  the bandwidth 

e f f e c t  when Ws < Wn, r'ode Is a f a c t o r  In determ in ing  the  

r e e l p r o c l t y  of 3 o^1Jo w I th , but s ince I t s  e f f e c t  depends 

on the bandwidth c o n d i t io n s ,  the two f a c t o r s  ob v io u s ly  

I n t e r a c t .

nandwldth co n d i t ion s  a lso  a f f e c t  the degree of  

r e c i p r o c i t y .  Changing from homogeneous to heterogeneous  

co n d i t ion s  Increases r e e l p r o c l t y - f a c t o r s ,  the magnitude o f  

the change depending upon the mode o f  the masker.

We see then,  th a t  the e f f e c t  o f  s igna l  bandwidth on 

I n t e n s i t y  d is c r im in a t io n  Is not a s imple one. The magnitude 

of the bandwidth e f f e c t  depends on both the mode of  the 

masker, and on bandwidth co n d i t io n s  (homogeneous or 

heterogeneous) .  The f in d in g s  o f  Green, and o f  Raab and 

'o lJ b e rg ,  though c o n t r a d ic t o r y ,  are  both con f irm ed;  the 

degree o f  r e c i p r o c i t y  o f  S 0 / * l 0  w ith  !/# r e s u l t s  f r o m  the  

I n t e r a c t i o n  o f  both f a c t o r s .

Our s u b je c ts  behaved l i k e  the Ideal  r e c e iv e r  w ith
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respect  to changes In s ig n a l  bandwidth o n ly  when the masker 

was presented c o n t in u o u s ly ,  w i th  s m a l le r  than W (G reen ’ s 

I960  exper im enta l  p ro ce d u re ) .  The o th e r  c o n d i t io n s  y i e l d  

r e c i p r o c i t i e s  d i f f e r e n t  from the p re d ic t io n s  o f  the model,  

Green's f in d in g  of  a r e e l p r o c l t y - f a c t o r  o f  about -5  was In  

some sense f o r t u i t o u s ;  had he employed any o f  the o th e r  

th ree  procedures he would have f a i l e d  to conf irm  the theory  

w ith  respect  to the e f f e c t  o f  s ig n a l  bandwidth.

H, The "Mas ker-Handw I d th ' !o de lM f o r  r'o 1 s e - I n - ' ! o Is e

Green's  Ideal  r e c e iv e r  a d ju s ts  I t s  f i l t e r  to match the  

bandwidth o f  the s igna l  (Ws ) .  Components o f  the masker 

which l i e  o u ts id e  the s igna l  passband (as when > ‘ *s ) play  

no p a r t  In d e c is io n  making. Thus, f o r  a s ig n a l  o f  s p e c i f ie d  

bandwidth, performance Is  Id e n t i c a l  f o r  the homogeneous and 

the heterogeneous c o n d i t io n s .  The data from our experiment  

I n d ic a te  th a t  human observers do not f i l t e r  the noise Input  

to match the s igna l  bandwidth; the presence o f  masking 

energy o u ts id e  the s ig n a l  passband r e s u l t s  In e le v a te d  

d is c r im in a t io n  th re s h o ld s .  That is to  say, f o r  a s ig n a l  o f  

bandwidth 1^ ,  the th re s h o ld  va lue  o f  depends on the

bandwidth (hfri) o f  the masker presented w ith  I t .

Given these r e s u l t s ,  I t  seems w o r th w h i le  to examine an 

ex ten s io n  o f  Green's model which t r e a t s  the case o f  a
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r e c e iv e r  whose bandwidth equals o r  exceeds th a t  o f  the  

masker ( th e  Mnasker-bandwldth  m o d e l" ) . This model, which 

has been d er iv ed  by Raab (u n p u b l is h e d ) ,  Is presented In 

Appendix I .  E x p l i c i t  expressions are g iven f o r  the mean and 

v a r ia n c e  of the d e n s i ty  fu n c t io n  f o r  noise energy  

c o n d i t io n a l  on one o f  two hypotheses, e i t h e r  " s ig n a l  plus  

masker" p res en t ,  o r  "masker" p resent  a lo n e ,  during the 

o b s e rv a t io n  I n t e r v a l .  For a 2IFC exper im ent ,  the model 

y ie ld s  "M," the norm alized  mean o f  the d i f f e r e n c e  

d i s t r i b u t i o n ,  as given by Equation 3 -1 :

This  equat ion  corresponds to Equation ( 1 - 1 )  o f  Rreen 's  

model ( t h e  " s ig n a l  bandwidth m o de l" ) .

The equat ions are Id e n t i c a l  when I I *  ■ " n — the  

homogeneous c o n d i t io n s ;  both models p r e d ic t  the sane 

th res ho ld  va lue  o f  s0 / r‘0 when the s ig n a l  and the masker have 

the same bandwidth. I f  we assume th a t  50 / n 0 << 'dn/W#, 

Equation 3-1  may be approximated by

M ■
r*z r- b so 1 . ( 3 - 1 )

✓Wn/Ws + So/No ♦ 1 /2 (S 0/N 0 >*n' I   N0

N0
( 3 - 2 )
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This equat ion  Is analogous to  Equation 1 -2  f o r  Green's  

model,  where I t  Is assumed th a t  S0/ N Q << 1*

The s ig n a l -b a n d w id th  model ("Ws-m odel") genera tes  a 

s q u a r e - ro o t  r e c i p r o c i t y  between S0/ N Q and Ws, I . e . ,  a 

r e c I p r o c I t y - f a c t o r  o f  - 5 . 0 .  Equation 3 -2  o f  o f  the 

masker-bandwldth model ("Wn-m odel") shows th a t  Sq/ N q and 

Ws tra d e  e q u a l ly  ( I . e . ,  the r e c l p r o c l t y - f a c t o r  equals  

- 1 0 . 0 )  f o r  s ig n a ls  p resented  In a masker o f  f i x e d  and 

broader bandwidth .  I t  Is worth n o t in g  t h a t  the d e r i v a t i o n  

of  the Wn-mode1 In c o rp o ra tes  the same s t a t i s t i c s  o f  n o ls e -  

energy f l u c t u a t i o n s  as the W -m odel.  N e v e r th e le s s ,  the two 

models y i e l d  d i f f e r e n t  In te n s I ty -b a n d w ld th  r e c i p r o c i t i e s .

The performance p r e d ic te d  by the masker model Is the same as 

t h a t  which would occur I f  energy f l u c t u a t io n s  d id  not e x i s t .  

In th is  re s p e c t ,  the f in d in g  o f  complete r e c i p r o c i t y  between 

I n t e n s i t y  and bandwidth p a r a l l e l s  the I n t e n s l t y - d u r a t l o n  

t ra d e s  d es cr ib ed  In c l a s s ic a l  psychophysics.

We can now I d e n t i f y  the dashed t h e o r e t i c a l  l in e s  In

Figures 3-2  th ru  3 - 5 .  They a re  p lo t s  o f  th re s h o ld  va lues

of  10 log S / M as a fu n c t io n  o f  W , computed from  o o s
Equation 3 -1  o f  the masker-bandwldth model.  I t  Is 

apparent  from the f ig u r e s  t h a t  the s ig n a l -b a n d w id th  model 

p r e d ic t s  s m a l le r  th res ho ld s  than the masker bandwidth model
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whenever Wf, > W# . A r e c e iv e r  th a t  does not a d ju s t  I t s  

f i l t e r  to match the s ig na l  bandv/ldth performs more poor ly  

than one th a t  does.

low do the r e s u l t s  o f  our experim ent compare w ith  the  

p r e d ic t io n s  o f  the U^-model w i th  respect  to the e f f e c t  o f  

changing s igna l  bandv/ldth? I t  w i l l  be r e c a l le d  th a t  the  

o bta ined  r e e l p r o c l t y - f a c t o r s  f o r  the homogeneous c o n d i t io n s  

are between -1  and -2 w i th  both continuous and gated 

maskers. In the heterogeneous c o n d i t io n s  the r e c l p r o c l t y -  

f a c to r s  are  ap p ro x im ate ly  -5  when the noise masker Is 

presented co n t in u o u s ly  and betv/een -5 and -10 when the 

masker Is gated w ith  the s i g n a l .  ' I hen bandwldths are  

homogeneous, n e i t h e r  the Ws-model nor the 'fn-model 

adequ ate ly  descr ibes  the e f f e c t  o f  bandwidth on I n t e n s i t y  

d is c r im in a t io n .  The r e s u l t s  f o r  the heterogeneous  

co n d i t ion s  w ith  continuous maskers show a bandwidth e f f e c t  

which accords w ith  the p r e d ic t io n s  o f  the '. / j -model.  The 

data fo r  the heterogeneous c o n d i t io n s  w i th  gated maskers 

give  r e c i p r o c i t i e s  more In l in e  w i th  the 'Jn-model *s 

assumption th a t  the r e c e i v e r ' s  Input  f i l t e r  has a Handwldth 

g re a te r  than ’d s.

Let us summarize some o f  the d i f f i c u l t i e s  w i th  both 

models. F i r s t ,  our observers perform b e t t e r  than the Ideal  

r e c e iv e r s  when s ig n a ls  are  narrow-hand. C le a r l y  some o f  

the assumptions o f  both models do not apply  In these
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In s tan ce s .  Second, f o r  s ig n a l  bandwldths g re a te r  than some 

minimum v a lu e .  I n t e n s i t y  d is c r im in a t io n  Is vrorse than 

p re d ic te d  by both models. T h i rd ,  w h i le  mode of  masker 

p r e s e n ta t io n  does a f f e c t  the le v e l  o f  performance In c e r t a in  

c o n d i t io n s ,  the models do not d is t in g u is h  between continuous  

and ;;ated maskers. Fourth ,  our r e s u l ts  show th a t  the 

lagn ltude of  the bandwidth e f f e c t  depends on hoth the mode 

of the masker and the bandwidth c o n d i t io n s .  The r e c e iv e r  o f  

the Jj-model Is I n s e n s i t i v e  to a l l  these changes In 

procedure and p re d ic ts  a r e e l p r o c l t y - f a c t o r  o f  -5  f o r  a l l  

fo ur  c o n d i t io n s .  The I Jn -model a lso  Ignores the mode o f  

masker p re s e n ta t io n  and y ie ld s  d i f f e r e n t  r e c l p r o c l t y -  

fa c to r s  fo r  the homogeneous and heterogeneous c o n d i t io n s  ( - 5  

and - 1 0 ,  r e s p e c t i v e l y ) .  In summary, both Idea l  re c e iv e r  

models, which are  based s o le ly  on the s t a t i s t i c a l  p ro p e r t ie s  

o f  n o ise ,  f a l l  In severa l  respects  to account f o r  the 

r e s u l ts  o f  our exper im ent .  '.'e s h a l l  discuss o th e r  

approaches to modeling n o i s e - I n t e n s I t y  d is c r im in a t io n  In 

Chapter IV .

IT. F i l t e r i n g  by Muman Observers

Te seek now to determine the Input passhands a c t u a l l y  

used by our sub jec ts  f o r  each o f  the va r io u s  s ig n a l  

bandwidths. For t h is  purpose the r e s u l ts  o f  our experiment
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have been r e p lo t t e d  In Figures 3-6  thru  3 - 9 .  Each f ig u r e  

shows how d is c r im in a t io n  v a r ie s  fo r  a s igna l  o f  f i x e d  

bandwidth (W# ) ,  as a fu n c t io n  o f  the bandwidth (Wn ) o f  the  

masker. r>oth s ig na l  and masker bandv/ldths are g iven as 

e q u iv a le n t  re c ta n g u la r  bandwldths. Also p lo t te d  are  

t h e o r e t i c a l  values o f  10 log 30 /f!0 fo r  both the ’ fs-model 

( s o l id  l i n e )  and the t/n-model (dashed l i n e ) .  Since 

stim ulus  energy o u ts id e  the r e c e i v e r 's  oasshand has no 

In f lu e n c e  on I n t e n s i t y  d is c r im in a t i o n ,  p lo ts  o f  the kind  

shown In these f ig u r e s  w i l l  have zero slope f o r  bandwldths 

g r e a te r  than the passband being used by the r e c e iv e r .  

F le tc h e r  (19UQ) used a s i m i l a r  method of  a n a ly s is  to  

c a l c u l a t e  the w idths of the c r i t i c a l  bands f o r  tones masked 

by no ise .

What a re  the forms o f  t h e o r e t i c a l  p lo ts  y ie ld e d  hy the  

two models using t h is  p re s e n ta t io n ?  The r e c e iv e r  o f  the  

s lg n a l -b a n d w ld th  model Is u n a f fe c te d  by noise energy  

o uts id e  I t s  passband (V/g); p lo ts  o f  I t s  t h e o r e t i c a l  

th resho lds a re ,  t h e r e f o r e ,  h o r iz o n ta l  l i n e s .  For the 

masker-bandwldth model. Equation 3-2  gives a s q u a re - ro o t  

t ra d e  between Sq/ H q and \ ' n ( f o r  f i x e d  d s and constant  

d e t e c t a b i l i t y ) .  That Is to say, th is  model p r e d ic ts  

e le v a te d  thresho ld  va lues o f  3g / ! l0 as the r e c e iv e r  l i s t e n s  

w ith  a 'wider and wider passband.

I f  our human observers were e i t h e r  a d ju s t in g  t h e i r
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Figure  3 -6

N o l s e - t n t e n s I t y  d is c r im in a t io n  f o r  a s ig n a l  o f  119 Hz ERB, 

as a fu n c t io n  o f  masker bandwidth. The parameters are  

masker s p e c tru m - le v e l  ( A *  5 dB; •  ■ 25 dB;

•  ■ J*5 dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l i n e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data  p o in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d otted  l i n e  w i th o u t  data  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 -1 .
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Figure  3 -7

N o l s e - I n t e n s l t y  d is c r im in a t io n  f o r  a s ig n a l  o f  3kk Hz ERB, 

as a fu n c t io n  o f  masker bandwidth. The parameters are  

masker s p e c tru m - le v e l  ( *  *  5 dB; •  ■ 25 dB;

•  •  dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l in e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data p o in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d otted  l i n e  w i th o u t  data  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 -1 .
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F Is ure  3-8

N o ls e - In te n s  I t y  d is c r im in a t i o n  f o r  a s ig na l  o f  1013 Hz ERB, 

as a fu n c t io n  o f  masker bandwidth. The parameters are  

masker s p e c tru m - le v e l  ( A ■ 5 dB; •  » 25 dB;

•  ■ U5 dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l i n e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data p o in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

d otted  l i n e  w i th o u t  d ata  p o in ts  Is the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 -1 .
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F igure  3 -9

N o l s e - l n t e n s l t y  d is c r im in a t io n  f o r  a s ig n a l  o f  3206 Hz ERB, 

as a fu n c t io n  o f  masker bandwidth. The parameters are  

masker sp e c tru m - le v e l  ( A *  5 dB; •  ■ 25 dB;

■ -  1*5 dB) and mode o f  masker ( s o l i d  l i n e s :  continuous;  

dashed l in e s :  g a t e d ) .  The s o l id  l i n e  w i th o u t  data  p o in ts  Is 

the t h e o r e t i c a l  fu n c t io n  computed from Equation 1 -1 ;  the  

dotted  l i n e  w i th o u t  data  p o in ts  Is  the t h e o r e t i c a l  fu n c t io n  

computed from Equation 3 - 1 .
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Input f i l t e r s  to match the passband o f  the masker, or  

l i s t e n i n g  wl th a wide open passband, then we should expect  

t h e i r  performance to worsen as Wn grew l a r g e r .  The data In 

Figures 3-6  thru  3-9 show th a t  th res ho ld  va lues  o f  S0 /M0 

are In f a c t  r e l a t i v e l y  constan t  beyond some " c r i t i c a l "  va lue  

o f  masker bandwidth. This Is so f o r  both continuous and 

gated maskers.

I t  Is d i f f i c u l t  to determine p r e c is e ly  the passbands 

used f o r  each s ig n a l ,  While  we have used noise cover ing  a 

tv/o-decade range o f  bandwldths, only  f i v e  values o f  

bandwidth were employed. I n t e r p o l a t i o n  between these  

c o a rs e ly  spaced C l /2  l o g - u n l t )  s t im u l i  Is r i s k y .

Furthermore ,  w h i le  both t h is  method o f  a n a ly s is  and the  

models v/e have been co n s id e r in g  assume a re c ta n g u la r  

passband f o r  the Input f i l t e r .  I t  Is u n l i k e l y  t h a t  such an 

" I d e a l "  f i l t e r  Is u t i l i z e d  by re a l  l i s t e n e r s .  Fwets e t  a l .  

(1962 )  have shown how es t im ate s  o f  the bandwidth o f  the  

l i s t e n e r ' s  f i l t e r  depend on the assumed "shape" o f  I t s  

passband. Since the data can prov ide  no c lue  as to  the type  

of f i l t e r  used by our s u b je c ts ,  I t  Is Impossib le  to  

determine the a c tu a l  bandwldths used. r ie v e r th e 1 ess,  the  

p lo ts  In F igures 3 -6  th ru  3-9 do perm it  some 

c h a r a c t e r i z a t io n s  o f  the f i l t e r i n g  process. F i r s t ,  I t  Is  

c l e a r  th a t  rea l  observers  are doing some f i l t e r i n g  of the  

s t im u lu s ;  they a re  not l i s t e n i n g  to a l l  f re q u e n c ie s  In the
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masker. Second, they a p p a re n t ly  do not narrow t h e i r  f i l t e r s  

s u f f i c i e n t l y  to match the s ig n a l  bandv/Idth. T h i r d ,  Input  

passbands are d i f f e r e n t  f o r  each va lue  o f  s ig n a l  handw H th ;  

the h o r iz o n ta l  p o r t io n  o f  each p lo t  begins a t  g r e a te r  values  

o f  Wn as Ws In c re as es .  F ourth ,  observers  are ab le  to set  

and m a in ta in  f i l t e r  passbands g r e a te r  than one c r i t i c a l  hand 

(160 iz f o r  a c e n te r  frequency o f  1000 Wz; see Scharf ,  1070, 

p. 1 6 2 ) .  F i f t h ,  fo r  a g iven s i g n a l ,  the Input passband 

appears to depend sonev/hat on both the mode and the 

spectrum -1 eve I o f  the masker.

F. I n t e n s l t y - D I s c r l m l n a t i o n  Functions  

fo r  Bands o f  ' lolse

I n t e n s I t y - d I s c r I m l n a t I  on fu n c t io n s  were determined f o r  

each combination o f  s ig n a l  and masker bandwidth employed In 

the exper im ent .  S p e c i f i c a l l y ,  p lo ts  o f  th res h o ld  SQ 

( I n  dS SPL) a g a in s t  :i0 ( I n  d3 SPL) were f i t t e d  by s t r a i g h t  

l in e s  using a le a s t -s q u a r e s  c r i t e r i o n .  Presented t h is  way, 

a slope of  u n i t y  In d ic a te s  a f i n d in g  o f  Weber's Law,

Tables 3-7  and 3-8  l i s t  the slopes of these I n t e n s l t y -  

d ls c r im !n a t Io n  fu n c t io n s  fo r  the two s u b je c ts .

We s h a l l  f i r s t  d iscuss the r e s u l t s  f o r  the c o n d i t io n s  

where s ig na l  and masker bandwldths are e q u a l .  Weber's Law 

f a l l s  to d escr ibe  I n t e n s i t y  d is c r im in a t io n  when the noise Is
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Table  3-7

Slopes of  B e s t - F I t t l n g  Lines f o r  I n t e n s l t y - D l s c r l m f n a t I o n  
F un ct ions .  Data f o r  Sub jec t  PS.

Ws (Hz) Mode Masker Bandwidth (Hz)
100 316 1000 3160 10 ,000

100 C 0.92  0 .68 0 .96 0 .9 9 0 .9 8
100 G 0.90  0 .7 0 0 .9 k 1 .0 0 1 .07

316 C 0 .9  *1 0 .98 1.0k 1 .03
316 G 0 .9 k 0 .9 1 1 .07 1 .03

1000 C 0.96 1 .00 1 .02
1000 G 0.95 1.09 0 .98

3160 C 1.02 1 .0 1
3160 G 0.92 0 .8 9

10 ,000 C 1 .0 1
10 ,000 G 0 .9 7

Note: C In d lc a te s continuous masker •
G In d ic a te s gated masker.
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Table  3-8

Slopes o f  B e s t - F i t t i n g  Lines f o r  I n t e n s l t y - D l s c r I m l n a t I o n  
F unct ions .  Data f o r  Subject  MB.

W_ (Hz) Mode Masker Bandwidth (Hz)9 100 316 1000 3160 10 ,000

100 c 0 .91 0 .72 1 .02 1 .0 1 0 .99
100 G 0.96 0 .85 0 .99 0.96 1.0k

316 C 0 .97 1 .02 1.06 1 .03
316 G 0.9k 0 .96 0 .9 9 1.08

1000 C 1 .01 1 .09 1 .03
1000 G 0.96 1 .16 1 .11

3160 C 1.03 1.05
3160 G 0.9(1 0 .9 7

10,000 C 1.05
10,000 G 1 .00

Note: C In d ic a te s  continuous masker.  
G In d ic a te s  gated masker.
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narrow-band. This Is so f o r  both modes o f  the masker. The 

computed slopes are  less than u n i t y ;  d is c r im in a t io n  Is more 

acute f o r  h igher  sp ectru m -1eve ls  o f  the masker ( th e  "n e ar -  

mlss" to / e b e r ^  Law.) In the continuous c o n d i t io n ,  the 

slopes Increase as the bandwidth o f  the s t im u lus  Is 

broadened. Indeed, a t  the two w id es t  bandwldths — 3160 Hz 

and 10,000 Hz —  the slopes ju s t  exceed u n i t y ,  fo r  both 

o bservers .  Stimulus bandwidth has a much sm al le r  e f f e c t  on 

the s lope of  the I n t e n s I t y - d l s c r I m l n a t I o n  fu n c t io n  when the  

nolse-bands are gated .  A d d i t i o n a l l y ,  slopes are sm a l le r  

when the maskers are gated then when they are continuous,  

w ith  the r e s u l t  th a t  d eb er 's  Law Is nowhere obta ined  except  

perhaps fo r  the 10,000 ilz band o f  n o ise .  Thus both 

bandwidth and the mode of  the masker a f f e c t  the slope o f  the 

1n t e n s I t y - d l s c r I  m ln a t I  on fu n c t io n  f o r  the homogeneous 

c o n d I t lo n .

The slopes fo r  the heterogeneous co n d i t io n s  can be 

compared by read ing  across the rows o f  the ta b le s .  The node 

of the masker a p p a re n t ly  has l i t t l e  In f lu e n c e  on the slope  

of the In tens I t y - d I s c r I m l n a t I o n  fu n c t io n  when the bandwidth  

of the masker Is g re a te r  than the bandwidth o f  the s i g n a l .

In some cases the slope fo r  the continuous c o n d i t io n  Is 

l a r g e r  than the slope f o r  the corresponding gated c o n d i t io n ;  

fo r  o th e r  bandwidth combinat ions,  the reverse  Is t r u e .

Slopes are c lose to or s l i g h t l y  g re a te r  than u n i ty  f o r  the
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heterogeneous c o n d i t io n s /  w i th  the e x ce p t io n  o f  one 

bandwidth combination.  P a i r in g  s ig n a ls  o f  100 Hz bandwidth 

w ith  maskers of 316 Hz bandwidth r e s u l t s  In I n t e n s l t y -  

d ls c r lm ln a t io n  fu n c t io n s  w ith  slopes co n s id e ra b ly  s m a l le r  

than u n i ty  ( th e  range across observers being 0 .68  to 0 . 8 5 ) .  

This Is found w i th  both continuous and gated maskers. An 

e x p la n a t io n  f o r  th is  f i n d in g  w i l l  be o f fe r e d  In the next  

ch a p te r /  when we examine p o s s ib le  mechanisms o f  i n t e n s i t y  

d ls c r lm ln a t i o n .

3oth the /s -model and the Jn-model p r e d ic t  t h a t  the  

slope of the In tens  I t y - d 1s c r I m l n a t 1 on fu n c t io n  Is u n i t y .  

Furthermore/ both Ideal  models hold th a t  Heber 's  Law Is t rue  

whether maskers are homogeneous or heterogeneous. Our 

r e s u l t s  show, however/ th a t  not o n ly  does H eber 's  Law f a l l  

to hold f o r  some experim enta l  c o n d i t io n s /  but a lso  th a t  the  

node o f  the masker and the bandwidth c o n d i t io n s  do a f f ° c t  

the slope of  the I n t e n s l t y - d l s c r l m l n a t l o n  fu n c t io n .

In summary/ when Ws » l.'n /  narrow-band s t im u l i  y i e ld  

I n t e n s l t y - d l s c r l m l n a t l o n  fu n c t io n s  w ith  slopes less than 

u n i ty  f o r  both modes o f  the masker. As the noise bandwidth  

Increases In the homogeneous c o n d i t io n /  slopes of  I n t e n s l t y -  

d ls c r lm ln a t lo n  fu n c t io n s  approach or exceed u n i ty  w ith  the  

continuous maskers/ and tend to remain less than u n i t y  w ith  

the gated maskers. For the heterogeneous c o n d i t io n s /  we see 

t h a t  i n t e n s l t y - d l s c r l m l n a t l o n  fu n c t io n s  have slopes equal
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to  or s l i g h t l y  g r e a te r  than u n i t y  when a noise s igna l  Is 

d etec ted  In the presence o f  a wl de-band masker 

CWn > 1000 d z ) .  This Is so f o r  both continuous and gated  

vers ions  o f  the masker. F i n a l l y ,  both Id e a l  re c e iv e r s  f a l l  

to account f o r  the observed e f f e c t s  o f  both masker r o l e  and 

bandwidth c o n d i t io n s  on the slopes of I n t e n s l t y -  

d ls c r lm ln a t lo n  fu n c t io n s .
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C hapter  IV

DISCUSSION

This chapter  Is d iv id e d  In to  two s e c t io n s .  F i r s t ,  the  

experim enta l  f in d in g s  are  compared w ith  the r e s u l t s  o f  the  

studies reviewed In the In t r o d u c t io n  (Chapter  I ) .  Second, 

d is crep an c ies  between the e n e r g y -d e te c tn r  th e o r ie s  (W j-  

model and :n-m odel) and the data are examined. Several  

m o d i f ic a t io n s  o f  the Ideal  models are proposed.

A. Comparisons w i th  E a r l i e r  Studies  

of No I s e - I n t e n s I t y  D is c r im in a t io n

1. The Bandwidth E f f e c t  

fo r  N o Is e - In  tens I t y  D is c r im in a t io n

The exper im enta l  r e s u l ts  presented In the preceding  

chapter  demonstrate th a t  the magnitude o f  the bandwidth  

e f f e c t  Is a fu n c t io n  of both mode o f  masker and bandwidth  

c o n d i t io n s .  (Comparison o f  the p resent  research f in d in g s  

w ith  the l i t e r a t u r e  reviewed In Chapter I w i l l  be 

f a c i l i t a t e d  by r e f e r r i n g  to Table 1 -1 ,  which summarizes 

stud ies  o f  the bandwidth e f f e c t . )  Creen ( I 9 6 0 )  and Campbell 

(196k)  used continuous maskers to o b ta in  d e te c t io n  

th resho lds  as a fu n c t io n  o f  s ig n a l  bandwidth. In both
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experim ents ,  masker bandwidth was f i x e d  and broadband 

(heterogeneous-continuous c o n d i t io n s ) .  R e c ip r o c i ty -  

f a c to r s  computed from t h e i r  data accord w ith  our r e s u l ts  as 

w el l  as w ith  the e n e rg y -d e te c to r  model (W^-model) .  Mote 

th a t  s ig na l  bandwidth v a r ie d  Independently  o f  cen ter  

frequency In the present study and covar ied  w ith  cen te r  

frequency in the Green and Campbell exper im ents ,  Cos and 

de "oer ( 1 9 6 0  employed continuous maskers, but kept /s and 

' fn equal as st im ulus  bandwidth changed. The I n t e n s l t y -  

bandwidth r e c i p r o c i t y  observed In t h a t  experiment (which  

used p ink noise as a secondary masker) is In agreement w ith  

the magnitude of  bandwidth e f f e c t  we obta ined  under the  

homogeneous co n d it ion s  w ith  continuous maskers.

This d i s s e r t a t i o n  provides the only  data on the 

bandwidth e f f e c t  f o r  gated maskers when ..rs < ’ rn . Subjects  

e x h i b i t  a g r e a te r  degree o f  In te n s I ty -b a n d w ld th  r e c i p r o c i t y  

than Is described by the /s - model,  although r c c l p r o c l t y -  

f a c to r s  are sm a l le r  than those given hy the b'n -modpl.

Several experIm enters  have s tu d ie d  the bandwidth e f f e c t  w ith  

gated maskers and homogeneous c o n d i t io n s .  Raab and Goldberg  

(1975 )  found th a t  noise bandwidth had l i t t l e  In f lu e n c e  on 

d e te c t io n  —  a r e s u l t  confirmed by our study.  Both Small e t  

a l .  (1959 )  and Moore (197*0  o b ta in ed  s l i g h t l y  g re a te r  

in te n s l ty -b a n d w td th  trades than re po rte d  in the two 

preceding s tu d ie s .  In the Small e t  a l . and Moore
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experiments '.J* and fc  c o v a r ie d ,  w h i le  In the Raab and 

Ooldberg study and In the present experiment f c was f i x e d  as 

'/s v a r i e d .  De Doer 's  (1965 )  data y i e l d  an even la r g e r  

In tens I ty -b a n d w ld th  r e c i p r o c i t y ,  one th a t  Is c lose  to the  

p r e d ic t io n  of  the ! fs -model.  De 9oer employed pink noise  

s t i m u l i ;  h is  exper im ent ,  t h e r e f o r e .  Is not a l t o g e t h e r  

comparable w ith  the o th e r s .  (Moore and Daab, 1975, employed 

a continuous bandstop background to vary  the bandwidth o f  

gated no I s e - b u r s t s ; they o b ta in ed  r e c i p r o c i t i e s  " s h a l lo w e r"  

than -5  d;i / l o g - u n l t  o f  bandwidth. The s ig n i f i c a n c e  of  

th is  experiment w i l l  he exp lored  l a t e r  In the c h a p t e r . )

! l th  the excep t io n  o f  the de 3oer r e s u l t s ,  I t  Is c le a r  th a t  

bandwidth has a sm a l le r  e f f e c t  on I n t e n s I t y - d I s c r I n I n a t I o n ,  

under homogeneous c o n d i t io n s  w ith  gated mashers, than Is 

given by e i t h e r  o f  the e n e r g y -d e te c t l  on schemes (Ws -model,

Vi -m o d el) .

Experiments employing the amplItudn-moduI a11 on 

technique provide  a d d i t io n a l  data on the bandwidth e f f e c t .

A nroblem a r is e s  In t r y in g  to c a te g o r iz e  the ,lmodeM o f  the  

masker under th is  procedure.  I t  could be argued, th a t  

d e te c t in g  a low r a te  o f  s in u s o id a l  f l u t t e r  o f  a noise  

c a r r i e r  Is akin to the d is c r im in a t io n  o f  Increments and /or  

decrements In a noise background. Thus the Al* procedure  

could be considered a v a r i a n t  o f  the c o n f ig u r a t io n  we have 

c a l le d  "homogeneous-continuous." U n fo r tu n a te ly ,  the



r e c l p r o c l t y - f a c t o r s  computed from the data o f  Zwlcker  

(1 9 5 6 ) ,  Zwlcker and F e l d t k e l l e r  ( 1 9 6 7 ) ,  and l la lwald  (19 67 )  

resemble those found f o r  heterogeneous c o n d i t io n s  and 

continuous maskers. Why Rodenburg (19 72 )  obta ined  an 

average r e d  procl t y - f  a c to r  o f  - 1 3 . k Is not d e a r  a t  a l l ,  

since he used e s s e n t i a l l y  the same AM procedure employed In 

the previous s tu d ie s .  (The modulat ion r a t e  he chose was, 

however, about th ree  times g r e a te r  than the ra te s  used In 

the Zwlcker and Malwald e x p e r im e n ts . )  That m a n ip u la t in g  

bandwidth a f f e c t s  performance under the AM paradigm Is 

obvious — whether the two Idea l  models should be a p p l ie d  to 

th is  c lass of experiments Is not so ap paren t .  T h e re fo re ,  

the remainder of th is  d iscuss ion  deals on ly  *-'lth the more 

convent iona l  procedures employing continuous and gated  

maskers.

2. I ritens I ty -D !  scr Iml nat I on Functions f o r  Molsr Bands

With the exception  of  experiments by Breen an! Sewall  

( 1 9 6 2 ) ,  and V lem e ls te r  (19710,  Weber's Law has been reported  

fo r  I n t e n s i t y  d is c r im in a t io n  o f  "wideband" no ise .  This Is 

t ru e  fo r  continuous maskers ( M i l l e r ,  19k7; H a r r i s ,  1950;  

P o l la c k ,  1951; Raab, Osman and Rich,  1963 ) ;  f o r  gated 

maskers (Postman, 19k6; H a r r i s ,  1950; S m all ,  Bacon and 

Fozard, 1959; V fe m e ls te r ,  197k; Moore and Raab, 1975);  and 

f o r  the study employing the a m p l I tu d e -n o d u la t Io n  technique
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(Z w lck er ,  1956 ) .  In a l l  these s tu d ie s ,  s igna l  and masker

bandwidth were equal (homogeneous c o n d i t io n s ) .

The data  o f  Bos and de Boer (196G) e x h i b i t  a "n e a r -

i ls s "  to Jeb er 's  Law f o r  noise bands o f  290 Hz and 800 Hz

(continuous maskers, '.'s *  '-n^' This Is c o n t ra d ic te d  by 

’ ’n lwald  ( 1 9 0 7 ) ,  who, using the Afl method, found th a t  

performance Is Independent o f  l e v e l  f o r  a narrow band 

(1 2 7 - ' l z )  o f  no ise .  (As we have p re v io u s ly  noted,  the Afl 

experiment employs a masker th a t  Is not s i m p l y  c l a s s i f i e d  as 

e i t h e r  continuous o r  g a te d . )

I t  would seem th a t  when ’ /s *  Vn/ "wideband" s t im u l i  

y i e ld  ’ ’e b e r 's  Law, whereas d is c r im in a t io n  Improves vMth 

Inc re as in g  le v e l  f o r  "narrowband" s t i m u l i .  ’lo lse bands are  

not "wide" or "narrow" In any ab so lu te  sense, o f  course, but 

only  In r e l a t i o n  to one a n o th e r .  I n t e n s l t y - d l s c r l m l n a t l o n  

fu n c t io n s  obta in ed  In the p resent  study under homogeneous 

co n d it ion s  have slopes t h a t  Increase towards u n i t y  as 

stimulus bandwidth Increases (see Tables 3-7  and 3 - 8 ) .  I t  

Is not s u r p r is in g ,  t h e r e f o r e ,  t h a t  Weber's Law has been 

reported  f o r  "wideband" s t i m u l i .  Indeed, our r e s u l t s  show 

slopes In c re as in g  w ith  bandwidth from values below 1 .0  to 

values exceeding 1 .0 .  With the w ides t  passbands, 

performance worsens w ith  Inc re a s in g  l e v e l .

Ours Is the on ly  experiment y i e ld in g  I n t e n s l t y -  

d ls c r lm ln a t lo n  fu n c t io n s  f o r  heterogeneous bandwidth
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c o n d i t io n s *  Slopes c lose  to or exceeding u n i ty  are  

evidenced f o r  most combinations o f  s ig n a l  and nasker  

bandwidth. (The major exception  occurs when Js ■ 100 Hz and 

ip *  316 Hz. Hore w i l l  be said about t h is  l a t e r . )  

Furthermore/ the node o f  the nasker a p p a re n t ly  has l i t t l e  

e f f e c t  on the slope of the I n t e n s I t y - d I s c r I  i l n a t 1 on 

fu n c t io n .  For some p a i rs  o f  ' i s  and Wn the slope f o r  the  

continuous c o n d i t io n  Is g r e a te r  than the slope f o r  the 

correspond!ng gated c o n d i t io n ;  f o r  o th e r  p a i rs  the reverse  

Is t r u e .

To summarize/ when s ig n a l  and nasker bandwldths are  

e q u a l /  slopes o f  In tens I t y - d I s c r I n  I n a t I  on fu n c t io n s  range 

from about 0 .90  to 1 .0 5 /  In c re a s in g  as a fu nct lo rt  o f  

stim ulus  bandwidth. For heterogeneous c o n d i t io n s ,  riost 

combinations of ./$ and fp y i e ld  slopes equal to or g r e a te r  

than u n i t y ,  re ga rd les s  o f  masker mode.

Li. Data and Theory: Energy D e tec to r  iodels  

1. D i f f e r e n t i a l  S e n s i t i v i t y

The '..'s-model describes  a t r u l y  o pt im a l  r e c e iv e r  f o r  

w h i te  Hausslan n o is e .  I t  Is Impossible  to develop a b e t t e r  

d e te c t io n  s t r a te g y  f o r  t h is  kind o f  s t im u lus  than measuring  

and comparing the energ ies  w i t h i n  the s ig na l  passband dur ing
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the o b s e rv a t io n  p e r io d s .  I f  the r e c e iv e r  does not or cannot  

set  a re c ta n g u la r  Input f i l t e r  to natch W# # hut l i s t e n s  

Ins tead  w ith  a bandwidth as la rg e  as th a t  o f  the nasker#  

then the Hn-mode1 p re d ic ts  the best performance o b t a in a b le .  

Once again the d ec is io n  s t r a te g y  employed Is energy  

d e te c t  Io n .

a .  D i f f e r e n t i a l  S e n s i t i v i t y :  Homogeneous Condit ions

I t  Is I n s t r u c t i v e  to compare the obta ined  Meher  

f r a c t i o n s  w ith  those generated by the Ws -model or the Wn -  

n o d e l . Consider# f i r s t #  the r e s u l t s  f o r  the homogeneous 

co n d i t ion s  (F ig u re  3 -1 ;  Tables 3-1 and 3 - 2 ) .  Here the 

/s -model and the Wn -model are In d is t in g u is h a b le  and v/e 

w i l l  s imply r e f e r  to the Wj-model.  For the 100-Mz noise  

bands# sub jec ts  e x h ib i t  Weber f r a c t i o n s  (S0 /H0 ) th a t  are  

" Im poss ib le#"  I . e . #  b e t t e r  than energy d e te c to r  performance.  

With gated maskers they a re  about 1 do more acute than 

n re d lc te d  (averaged across sub jec ts  f o r  the two h ig her  

nasker l e v e l s ) ;  w i th  continuous maskers they are  

ap p ro x im a te ly  2 .5  dC b e t t e r  than given by th e o ry .  Obtained  

th resho lds  are poorer than those o f  the Id e a l  r e c e iv e r  f o r  

a l l  o the r  (homogeneous) bandwldths used In the exp er im ent .

I f  energy d e te c t io n  Is the optim al s t im u lu s  processing  

technique fo r  noise bands# how# then# could our su b je c ts
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ever ach ieve  performance s u p e r io r  to  the Id e a l  model? I f  

they can perform b e t t e r  than " I d e a l "  f o r  some bandwldths,  

why are  e m p ir ic a l  th resho lds  h ig her  than p re d ic te d  f o r  o th e r  

passbands?

For energy d e te c to r  models, performance In a 

d is c r im in a t io n  task Is l im i t e d  s o l e ly  by the s t a t i s t i c a l  

f l u c t u a t io n s  In h eren t  In the noise s t i m u l i .  The d e r i v a t i o n  

o f  the Ws-model Inc o rp o ra te s  the "energy s t a t i s t i c s "  fo r  

Gaussian n o ise  w ith  a re c ta n g u la r  power spectrum (w h i te  

n o i s e ) .  U n l ik e  such " I d e a l "  (w h i te  n o is e )  s t i m u l i ,  the  

noise  bands used In our experim ent d id  not have un iform  

power s p e c t ra ,  I . e . ,  they were " t i n t e d . "  D e r iv in g  unique  

i d e a l - d e t e c t o r  models f o r  each o f  our noise bands is not  

necessary .  To employ Equation 1 -1  o f  the Ws~mode1 w ith  a 

t i n t e d  noise band, we must f i r s t  c a l c u l a t e  the " e q u iv a le n t  

s t a t i s t i c a l  bandwidth (ESB)" o f  the s t im u lu s .  I t  Is " the  

bandwidth o f  a h y p o th e t ic a l  r e c ta n g u la r  f i l t e r  which would 

pass a s igna l  w i th  the same mean square v a lu e  ( o f )  

s t a t i s t i c a l  e r r o r  as the a c tu a l  f i l t e r  when the In p u t  Is 

w h ite  no ise"  (Bendat and P l e r s o l ,  1971, p . 2 7 8 ) .  

S p e c i f i c a l l y ,

Q rw j
r i H ( f ) T d f
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where |M (f )J  Is the magnitude o f  the f i l t e r  t r a n s f e r  

fu n c t io n  ( I n  v o l ta g e )  a t  any frequency,  f .  The FSB may then  

be d i r e c t l y  s u b s t i tu te d  f o r  the st im ulus  bandwidth - -  ' / s — 

In Equation 1 -1 .

The approximate w idth  o f  the FSB fo r  each o f  the  

f i l t e r s  used In the experiment was computed by numerical  

I n t e g r a t i o n .  Table  U - l  l i s t s  these values along v/!th the  

corresponding h a l f -p o w c r  (UPH) and e q u iv a le n t  re c ta n g u la r  

(ERB) bandwldths o f  the f i l t e r s  taken from Table 2 -1 .  The 

e q u iv a le n t  re c ta n g u la r  bandwidth Is used to c a lc u la t e  

stim ulus s p e c t ra l  d e n s i ty  ( I . e . ,  ' I0 and 3 0)> w h i le  the 

e q u iv a le n t  s t a t i s t i c a l  bandwidth Is the parameter fo r  

determ in in g  the percentage o f  c o r r e c t  d ec is ions  f o r  the 

energy d e t e c t o r .  In each case, FSB > ERB > MPn fo r  our  

t i n t e d  noise bands. Had our s t im u l i  been t r u l y  w h i te ,  the  

th re e  measures of  s t im ulus  bandwidth - -  MPB, ERB, and ESB — 

would have been I d e n t i c a l .  Consequently ,  an energy d e te c to r  

w i l l  e x h i b i t  lower d is c r im in a t io n  th res ho ld s  f o r  one o f  our  

t i n t e d  no ise  bands w ith  an ERB equal to than f o r  a w h i te  

noise  band w ith  the same ERB ( I . e . ,  v/hen ERB ■ ' / ) .  Hathews 

and P f a f f l l n  (1965)  have presented a s i m i l a r  a n a ly s is  f o r  an 

energy d e te c to r  which processes broadband noise shaped by a 

s in g le - tu n e d  f i l t e r .
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Table  **-l

A l t e r n a t e  S p e c i f i c a t io n s  o f  the St imulus Bandwldths 
Employed in the Present Experim ent.

H a If -P o w er  Band. 
(HPB)

100

316

1000

3160

10,000

Equlv .  Rect .  Band. 
(ERB)

119

3M*

1013

3206

10 ,051

Equlv .  S t a t .  Band. 
( ESB)

186

1*81

1158

3399

10,1*71

Note: Bandwldths a re  given In Hz
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Each p l o t  o f  tha performance o f  the Ws-model appearing  

in the f i g u r e s  In Chapter I I I  was determined by s u b s t i t u t i n g  

the ERB o f  each noise  band f o r  Wfi In Equation 1 - 1 .  The 

assumption i m p l i c i t  In these c a lc u la t io n s  Is t h a t  the  

s t im u l i  a re  " I d e a l "  ( I . e . ,  w h i te )  noise bands. Tab le  U-2 

gives  the degree o f  Improvement In the t h e o r e t i c a l  

th res h o ld s  when the computations are  made u t i l i z i n g  the ESB 

of the s t i m u l i  r a th e r  than the ERB o f  the noise bands. With 

the narrowest nolse-band employed, f o r  example, the energy  

d e te c to r  a c t u a l l y  e x h i b i t s  thresho lds  about 1 dB s m a l le r  

than g iven by the t h e o r e t i c a l  p l o t  f o r  the r e c e iv e r  o f  the  

Ws-mode1. Thus, the d is c re p a n c ie s  between our obta ined  

th resho lds  f o r  the 100-Hz s t i m u l i  and the p r e d ic t io n s  o f  the  

energy d e te c to r  as d is p la y e d  In F igure  3 -1  are reduced.

(The gap between t h e o r e t i c a l  and e m p i r ic a l  th resho lds  

Increases somewhat f o r  each o f  our o th e r  noise bands, 

although the Increase In s e p a ra t io n  Is less f o r  the g r e a t e r  

bandw ld th s . )  While the 1 dB c o r r e c t io n  may b r ing  the 

average e m p ir ic a l  th resho lds  f o r  the 100-Hz bands w i t h in  the  

performance l i m i t s  o f  the energy d e t e c t o r  under the gated  

c o n d i t io n s ,  the th resho lds  w ith  continuous maskers a re  s t i l l  

about 1 .5  dB " b e t t e r  than energy d e t e c t i o n . "

S t im u l i  e n te r in g  the r e c e iv e r  o f  the Ws-model undergo 

th re e  stages o f  process ing  before  a d e c is io n  v a r i a b l e  Is 

computed (Green and Swets, 1966, p . 2 1 1 ) .  F i r s t ,  the
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Table  U-2

T h e o r e t ic a l  Thresholds f o r  the E n ergy -D e te c to r  Model When 
Stimulus Bandwidth Is S p e c i f ie d  as E q u iva len t  S t a t i s t i c a l  

Bandwidth (ESB) and E q u iva len t  R ectangular  Bandwidth (ERB).

ESB 10 log S0/ N 0

186 - 6 . 0 1
U81 - 8 . 2 9

1158 - 1 0 .3 2
3399 - 1 2 .7 5

10,1*71 -15.21*

ERB 10 log S0/ N 0

119 -I* .89
31*1* - 7 . 5 0

1013 -1 0 ,0 1
3206 -1 2 .6 2

10,051 - 1 5 .1 5

Note: A l l  bandwldths g iven  In Hz.
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e x te rn a l  no Isa  Is  shaped by an In p u t f l l t a r  w ith  a 

re c ta n g u la r  passband. Next# tha o u tp u t o f  th is  f l l t a r  Is  

fad  to  a sq u are -law  d ay lea  which computas tha power 

spectrum o f  tha s t im u lu s . F in a l ly #  tha o u tp u t o f  tha  

sq u are-law  d ev ice  Is  passed to  an In te g r a t in g  mechanism# 

which computas a d e c is io n  v a r ia b le  corresponding  to  tha  

o r ig in a l  s t im u lu s .

Tha energy d e te c to r  I t s e l f  comprises o n ly  the second 

and t h i r d  stages o f  the r e c e iv e r .  I f  the s t im u lu s  Is  w h ite  

noise# and the re c e iv e r  has a re c ta n g u la r  Inp ut f i l t e r  w ith  

I t s  passband matched to  th a t  o f  the stim ulus# then o p tim a l  

d e c is io n s  can be made. For t in t e d  no ise bands# our a n a ly s is  

has shown th a t  d is c r im in a t io n  th re s h o ld s  w i l l  be s m a lle r  I f  

th e  s t im u lu s  Is  not f i l t e r e d  b e fo re  I t  Is  fed  to  the energy  

d ete c to r#  than I f  the  re c e iv e r  has a re c ta n g u la r  Input  

f i l t e r  w ith  I t s  passband matched to  the ERB o f  the  e x te rn a l  

n o is e .  (R e c a ll  th a t  ESB > ERB f o r  these s t i m u l i . )  However# 

w h i le  l is t e n in g  to the t in t e d  bands "w ide-open *1 Is  a b e t t e r  

s t ra te g y  than employing a re c ta n g u la r  f i l t e r  (as the  Ws-  

model does)# I t  Is  not the o p tim a l method o f  s tim u lus  

process ing .

What# then# Is the o p tim a l techn ique fo r  p rocess ing  

homogeneous bands o f  Gaussian n o ise  having a non -un ifo rm  

s p e c tra l  d is t r ib u t io n ?  Consider a f i l t e r  t r a n s f e r  fu n c t io n  

w ith  less than I n f i n i t e l y  steep s k i r t s .  In  th eo ry  the



f i l t e r  w i l l  pass some energy e t  a l l  p o s s ib le  f re q u e n c ie s .

In p r a c t ic e *  o f  course* the  re s id u a l  n o ise  o f  th e  f i l t e r *  

and o th e r  system components* w i l l  "swamp" the f i l t e r  o u tp u t  

f o r  f re q u e n c ie s  f a r  from the  c u t - o f f  f re q u e n c ie s .  We 

d e f in e  th a t  band o f  f re q u e n c ie s  w ith  s p e c t ra l  power 

d e n s i t ie s  g re a te r  than the spectrum le v e l  o f  the  system 

noise  as the " e f f e c t i v e  passband" o f  the f i l t e r ;  the  

d i f f e r e n c e  between the h ig h e s t  and lowest f re q u e n c ie s  w ith in  

th e  e f f e c t i v e  passband Is  d e f in e d  as the " e f f e c t i v e  

bandwidth" o f  the  f i l t e r .  I t  can e a s i l y  be dem onstrated  

th a t  th e  r e l a t i v e  v a r i a b i l i t y  (s igm a-to -m ean r a t i o )  o f  

w h ite  Gaussian n o ise  w ith  bandwidth W, Is  less than the  

r e l a t i v e  v a r i a b i l i t y  o f  Gaussian no ise  ( e f f e c t i v e  

bandwidth ■ W) w ith  any o th e r  s p e c tra l  energy d i s t r i b u t i o n .  

(The system no ise I t s e l f  c o n tr ib u te s  some v a r i a b i l i t y  to  the  

n o ise  fed  to the energy d e te c to r .  The " c o n t r ib u t io n "  from  

the system no ise  can be reduced to  an a r b i t r a r i l y  small 

p ro p o rt io n  o f th e  t o t a l  v a r i a b i l i t y  by choosing a somewhat 

s m a lle r  v a lu e  f o r  the  e f f e c t i v e  bandwidth than s p e c i f ie d  by 

the d e f I n l t t o n . )

To o p t im iz e  perform ance (by m in im iz in g  the  r e l a t i v e  

v a r i a b i l i t y  o f  the  s t im u lu s )  we re q u ire  a d ev ice  which w i l l  

o p e ra te  on the t in t e d  n o ise  and produce " Id e a l "  ( I . e . *  

w h ite )  no ise  which Is then fed  to  the energy d e te c to r  

(s q u a re - la w  d ev ice  and I n t e g r a t o r ) .  T h is  type o f
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tra n s fo rm a tio n  Is c a l la d  "p re w h lte n ln g "  by communfcat Ion  

eng ineers  (Blackman and Tukey# 1 9 5 8 ) .

Undar tha homogeneous c o n d it io n s  a s in g le  f i l t e r  Is  

employed f o r  s t im u lu s  g e n e ra t io n  on both halves o f  a 2IFC  

t r i a l .  Consequently# a mechanism f o r  accom plish ing  

p re w h lte n ln g  Is e a s i l y  s p e c i f ie d .  The In p u t f i l t e r  o f  the  

re c e iv e r  should have a t r a n s f e r  fu n c t io n  w ith  the " In v e rs e "  

( r e c ip r o c a l )  s p e c tra l  c h a r a c t e r is t ic s  o f  the s t im u lu s .

Since w h ite  n o ise  has a f l a t  spectrum the t r a n s fe r  

fu n c t io n  o f an " In v e rs e  f i l t e r "  used w ith  th is  s t im u lu s  w i l l  

a ls o  be re c ta n g u la r .  Obviously# passing no ise which Is  

a lre a d y  w h ite  through such a f i l t e r  has no a f f e c t  on the  

r e l a t i v e  v a r i a b i l i t y  o f  the s t im u lu s .  This  s im ply confirm s  

th a t  tha Ws-model (w ith  I t s  re c ta n g u la r  In p u t f i l t e r )  

des crib es  the  o p tim a l re c e iv e r  f o r  w h ite  n o is e .

The e f f e c t s  o f  p rew h tten tng  on d is c r im in a t io n  perform ance  

fo r  the 100-Hz s t im u lu s  a re  shown In  Tab le  fc-3. The ta b le  

l i s t s  the  e f f e c t i v e  bandwldths o f  broadband n o ise  passed 

through the 100-Hz f i l t e r  f o r  v a r io u s  assumed le v e ls  o f  

system n o is e . Inc luded  are  th re s h o ld  s tg n a l- to -m a s k e r  

r a t io s  f o r  energy d e te c t io n  o f  such s t im u l i  a f t e r  

p re w h tte n ln g . (The sm all Inc re as e  In s t im u lu s  v a r i a b i l i t y  

due to  system n o ise  Is  n e g le c te d . )  These th re s h o ld s  a re  

compared# In the l a s t  column o f  the ta b le #  w ith  th e  

perform ance o f an energy d e te c to r  re c e iv in g  w h ite  no ise  w ith
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Table i*-3

T h e o r e t ic a l  Thresholds f o r  the E n erg y -D e te c to r  Model 
When Stimulus Bandwidth ts S p e c i f ie d  as E f f e c t i v e  Bandwidth.  

Stimulus ERB: 119 Hz; T h e o r e t ic a l  Thresho ld :  - 6 . 8 9  dB.

System Noise E f f e c t i v e  E f f e c t i v e  10 lo g  S o /N o  Improvement
dB re |Hnt| Passband Bandwidth re - 1*. 8 9

-10 890 - 1117 227 - 6 . 5 0 - 1 . 6 1

-15 866 - 1175 331 -7.1*1 - 2 . 5 2

-20 791 - 1250 1*59 - 8 . 1 9 - 3 . 3 0

-25 733 - 1352 619 -8 .88 - 3 . 9 9

-30 666 - 11*85 819 - 9 . 5 3 -t* .61*

-35 601 m 1660 1059 -1 0 .1 2 - 5 . 2 3

-uo 53U - 1875 13U1 - 1 0 . 6C - 5 . 7 7

-1*5 1*71 - 2117 161*6 - 1 1 .1 2 - 6 . 2 3

-50 1*27 — 2388 1961 - 1 1 . 5 1 - 6 . 6 2

Note: A l l  f re q u en c ie s  g iven  In Hz



a bandwidth aqual to  tha  a q u lv a la n t  re c ta n g u la r  bandwidth o f  

th a  100-Hz f l l t a r  (ERB •  119 Hz; 10 log S q / H q  •  - * . 8 9  d B ).  

For example/ th re s h o ld  s ig n a l  to  masker r a t io s  a re  reduced  

by more than 3 dB I f  system no ise l im i t s  the  p rew h lte n ln g  

process to  those frequency components th a t  a re  not more than 

20 dB below the maximum response ( |H m |)  o f  the f i l t e r .  This  

degree o f  Improvement In 10 log S0 /Nq I s enough to re c o n c i le  

the e m p ir ic a l  th re s h o ld s  o f  our s u b je c ts  ( f o r  the  100-Hz 

band*, homogeneous c o n d it io n s )  w ith  the t h e o r e t ic a l  

performance o f  the energy d e te c to r .  We have thus "sa lv a g e d *1 

th e  energy d e te c to r  by adding a s tage o f  p rep ro cess in g .

Note# a ls o /  th a t  f o r  any f ix e d  le v e l  o f  system n o is e /  

p re w h lte n ln g  Is less  Im portan t f o r  those s t im u l i  w ith  the  

la r g e r  ERB's. This  Is  because the p ro p o r t io n  o f  s t im u lu s  

In fo rm a tio n  — energy — o u ts id e  the  ERB o f  the f i l t e r  

decreases as the bandwidth (ERB) In c re a s e s .

In o rd e r  to prew htten  our no ise  s t im u l i  (and thereby  

o p t im iz e  d e c is io n  making) we have p o s tu la te d  an " In v e rs e "  

f i l t e r i n g  mechanism to  serve as the In p u t s tage o f  an energy  

d e te c to r .  Th is  would re q u ire  a unique f i l t e r  f o r  each 

s p e c t r a l ly  d i f f e r e n t  s tim u lus  th a t  Is to  be d e te c te d .  That 

so f l e x i b l e  a mechanism e x is ts  w i th in  the human a u d ito ry  

system Is  u n l i k e ly .  How/ then , might re a l  l is te n e r s  

accomplish the task  o f  reducing  the  r e l a t i v e  v a r i a b i l i t y  o f  

th e  s t l m u l I ?



A ll  o f  the mod*I t  presented  to  f a r  (Nt -n o d a l ,  Wn-  

model, Mathaws and P f a f f l t n  " s in g le - tu n e d "  modal,  " In v a rs a  

f l l t a r "  modal) a ra  s tim u lu s  o r la n ta d  In  t h a l r  approach to  

d a ta c t to n .  A l l  o f  thorn davalop m atham attcal ra c a Iv o rs  

l im i te d  In performance s o le ly  by f lu c tu a t io n s  In the  

s t im u l i .  Real o b s e rv e rs , however, cannot make d ec is io n s  

s o le ly  on th a  bas is  o f  tha p h y s ic a l s t im u lu s .  Stim ulus  

energy Is transduced by a u d ito ry  re ce p to rs  In to  nerve  

Im pulses. I t  Is  the "n e u ra l e f f e c t "  generated  by the  

stim u lu s  th a t  serves as the Inp ut to  th e  o b s e rv e r 's  d e c is io n  

making ap p ara tu s . The b eh av io r o f  re a l  observers  Is ,  

th e r e fo r e ,  more ad e qu ate ly  describ ed  by models which  

co n s id er th e  neura l c o r r e la te s  o f  s tim u lu s  e v e n ts , and which  

s p e c ify  the n a tu re  o f  the t ra n s fo rm a t io n  o f  the s t im u l i  to  

neura l e v e n ts . Models which In c o rp o ra te  these fe a tu r e s  are  

c a l le d  "h y b r id  models" by Raab and Goldberg (1 9 7 5 ) ,  a term  

which we s h a l l  a ls o  employ. Examples o f  the  h yb rid  approach  

to  m odeling In  a u d it io n  Inc lud e  papers by S le b e r t  

( 1 9 6 5 ,1 9 6 1 ) ,  M cG ill  (1967 ; M c G ill  and Goldberg, 1968a, 

1968b ), Luce and Green (1 9 7 2 ) ,  and Penner (1 9 7 2 ) .

I t  Is  g e n e r a l ly  accepted th a t  s tim u lu s  e n e rg ie s  a re  not 

transduced In to  neura l e f f e c t s  In a l in e a r  fa s h io n .  As 

Zw ts lo ck l (1 9 6 6 , p. 25) has s ta te d ,  "The neura l response 

grows less  r a p id ly  than the s t im u lu s  In t e n s i t y  whereby a 

s u b s ta n t ia l  compression o f  the u s e fu l In t e n s i t y  range Is
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a c h ie v e d ."  For In s ta n c e , Hind e t  a l .  (1 9 6 7 ) ,  working w ith  

prim ary  naurons In tha a u d ito ry  narva o f  tha s q u ir r e l  

monkey, p resen t d a ta  showing th a t  tha f i r i n g  r a ta  (s p ik e s  

oar second) Increases by o n ly  a f a c t o r  o f  k  f o r  a 60 dB 

Increase  In the In t e n s i t y  o f  a 2000 Hz tone . Klang (1 9 6 5 )  

had e a r l i e r  provided  s im i la r  data  f o r  the c a t .

Neural compression o f  s tim u lus  In t e n s i t y  provides a 

p a r t i a l  analog o f  the p rew h lte n ln g  process. Compression 

g ives  more w eigh t to  frequency components w ith  a lower 

average power ( I . e . ,  those near the edges o f  the  e f f e c t i v e  

passband o f  the s t im u lu s )  than to  those w ith  a h igher  

average power. The compression r e s u l t in g  from neura l  

t ra n s d u c tio n  does not **whlten" the s tim u lus  as co m p le te ly  as 

I f  an " In v e rs e  f i l t e r "  were used. N e v e rth e le s s , a 

c o n s id e ra b le  re d u c tio n  In the  r e l a t i v e  v a r i a b i l i t y  o f  the  

neu ra l e f f e c t  evoked by the s tim u lus  Is o b ta in e d  as a 

consequence o f compression. (T h is  Is  s im i la r  to  the a c t io n  

o f  au tom atic  volume c o n tro l c i r c u i t r y  which Is used to  keep 

the  Ins tan taneous power o f  an a m p l i f ie r  c lo s e  to  th e  mean 

o u tp u t p ow er.) W hile  the th res h o ld s  e x h ib i te d  by our  

su b je c ts  f o r  the 100-Hz bands o f  no ise a re  Indeed  

" Im p o s s ib le "  f o r  the r e c e iv e r  o f  the Ws-model (w ith  I t s  

re c ta n g u la r  In p u t f i l t e r  matched to  the ERB o f  the  

s t im u lu s ) ,  they a re  e n t i r e l y  c o n s is te n t  w ith  the perform ance  

o f  an energy d e te c to r  model where the In p u t Is  p a r t i a l l y  o r
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co m p le te ly  p rew h itened .

The exp erim en ta l r e s u l ts  show t h a t ,  w ith  the  e x ce p tio n  

o f  the 100-Hz bands o f  n o is e , re a l  l is t e n e r s  e x h ib i t  h ig h e r  

th resh o ld s  than those c a lc u la te d  f o r  the two Id e a l -o b s e rv e r  

th e o r ie s  (Ws-m odel, I n v e r s e - f 11 t e r  model) under the  

homogeneous c o n d it io n s .  The combined e f f e c t s  o f  a l l  those  

fa c to r s  w i th in  an organism which degrade d e te c t io n  

perform ance r e l a t i v e  to the s t im u lu s  o r ie n te d  models a re  

g e n e r a l ly  lumped to g e th e r  under the r u b r ic  o f  " In t e r n a l "  o r  

" b io lo g ic a l "  n o is e . Any process which reduces the  

In fo rm a tio n  con ten t o f  the s t im u lu s  by adding u n c e r ta in ty  

( v a r i a b i l i t y )  Is  a type o f  In te r n a l  n o is e . Green (1960 )  

Invokes a co nstan t a t te n u a t io n  f a c t o r  ( f o r  a f ix e d  le v e l  o f  

d e t e c t a b i l i t y )  to  reduce the e f f i c i e n c y  o f  the Ws-model and 

thereby to re c o n c i le  the th eo ry  w ith  h is  s u b je c ts '  d a ta .  

Although no p h y s io lo g ic a l  mechanism Is s p e c i f ie d ,  th is  Is a 

reasonable  th in g  to  do, s in ce  each o f  h is  o b ta in e d  s lg n a l -  

to-m asker r a t io s  ( f o r  f ix e d  d e t e c t a b i l i t y )  ts about 5 -6  dB 

la r g e r  than p re d ic te d  by the Ws-model over the  m ajor range 

o f  s ig n a l bandwldths and d u ra t io n s  employed In the  

ex p e rim e n t.  The d a ta  p lo t te d  In  F ig u re  3 -1 ,  do n o t ,  

however, s im ply p a r a l l e l  the t h e o r e t ic a l  l i n e  f o r  the energy  

d e te c to r  —  the d i f f e r e n c e  between e m p ir ic a l  and t h e o r e t ic a l  

th re s h o ld s  Increases w ith  s t im u lu s  bandwidth. Thus our  

r e s u l ts  cannot be p re d ic te d  m ere ly  by reducing the



121

e f f i c i e n c y  o f  the Wg-model by a co nstan t f a c t o r  ( I . e . ,  a 

f a c to r  Independent o f  bandwidth) as d id  Green.

For the  re c e iv e r  o f  the Ws-model, performance Improves 

w ith  In c re a s in g  bandwidth s ince  the r e l a t i v e  v a r i a b i l i t y  o f  

the s tim u lus  decreases. The e m p ir ic a l  r e s u l t s ,  however, 

show o n ly  a small bandwidth e f f e c t .  This  suggests th a t  the  

r e l a t i v e  v a r i a b i l i t y  o f  the t e s t  s t a t i s t i c  used by the  

s u b je c t  changes o n ly  s l i g h t l y  o ver a two-decade range o f  

bandwidth. I t  would appear th a t  the r e l a t i v e  c o n t r ib u t io n  

o f  In te rn a l  ( a d d i t i v e )  n o is e ,  to  the r e l a t i v e  v a r i a b i l i t y  o f  

the t e s t  s t a t i s t i c ,  must decrease w ith  s tim u lu s  bandwidth.  

Models which In c o rp o ra te  e x p l i c i t  s p e c i f ic a t io n s  o f  In te r n a l  

n o ise  mechanisms a re  considered l a t e r  In the c h a p te r .

What fo l lo w s  Is a b r i e f  summary o f  some o f  our  

o b s e rv a tio n s  and conclus ions on d i f f e r e n t i a l  s e n s i t i v i t y  

under the homogeneous c o n d it io n s :  ( 1 )  An energy d e te c to r

w ith  a re c ta n g u la r  Input f i l t e r  s e t  to  match the s tim u lus  

passband Is the optim a l re c e iv e r  f o r  w h ite  Gaussian n o is e .

(2 )  For Gaussian no ise  w ith  a non-un iform  s p e c tra l  

d is t r i b u t i o n ,  p rew h lte n ln g  o f the s tim u lus  b e fo re  I t s  power 

spectrum Is computed Improves d e t e c t a b i l i t y  r e l a t i v e  to  

th resho lds  fo r  non-processed n o is e .  The degree o f  

Improvement v a r ie s  In v e rs e ly  w ith  the le v e l  o f  system n o is e .

( 3 )  Through "neura l compression" the human a u d ito ry  system 

perform s a p a r t i a l  p rew h lte n ln g  o f  noise s t im u l i .  This
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serves to  reduce the r e l a t i v e  v e r I  a b i l i t y  o f  the s t im u l i  and 

thereby Improve t h e i r  d ls c r tm ln a b l 1 1 ty . (<t) Thresholds

e x h ib i te d  by our s u b je c ts  f o r  the 100-Hz s t im u l i  a re  w e ll  

w ith in  the th e o r e t ic a l  performance l im i t a t io n s  o f  an energy  

d e te c to r  fed  by a mechanism which "p rew h itens"  the stim ulus  

( " In v e r s e  f i l t e r "  m o d e l) .  That these th resho lds  a re  b e t te r  

than p re d ic te d  by the Ws-model tends to support the analogy  

between "neura l compression" and " p re w h lte n ln g ."

b. D i f f e r e n t i a l  S e n s i t i v i t y :  Heterogeneous C onditions

Three fe a tu re s  o f the data a re  noteworthy w ith  respect  

to  d i f f e r e n t i a l  a c u ity  f o r  the heterogeneous c o n d it io n s .  

F i r s t /  e m p ir ic a l  th res h o ld s  are  b e t te r  than those o f  the W g -  

model when Ws  ■ 100 Hz and W n  -  316 Hz (see F igure 3 - 2 ) .  

Under these c o n d it io n s  s u b je c ts  e x h ib i t  performance th a t  Is  

" Im p o s s ib ly "  acute  fo r  a sim ple energy d e te c to r .  On the  

o th e r  hand/ s u b je c ts  performed more p oo rly  than the W s -  

model when masker bandwidth was g r e a te r  than 316 Hz (see  

Figures  3 -3 /  3-%/ 3 - 5 ) .  F in a l l y /  I t  Is  s i g n i f i c a n t /  

t h a t /  w ith  the excep tion  o f  the 100-Hz band o f  n o is e / a 

p a r t i c u la r  s ig n a l Is  always e a s ie r  to d e te c t  under 

homogeneous c o n d it io n s /  than under heterogeneous c o n d it io n s .

To e x p la in  these r e s u l ts  I t  Is  necessary to  e x p lo re  In  

some d e t a i l  the n atu re  o f  the noise s tim u lus  fo r  each o f  the
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exp erim en ta l p rocedure* we employed. When a s in g le  f i l t e r  

Is  used to produce both the s ig n a l and the masker, as In our  

homogeneous c o n d it io n s ,  the power sp e c tra  o f  the s t im u l i  are  

Id e n t ic a l  (on the average) fo r  both halves o f a 2IFC t r i a l .  

This would be t ru e  even I f  the f i l t e r  generated  w h ite  ra th e r  

than t in t e d  n o is e . Because Sq/N0 I s the same In a l l  

frequency re g io n s , no ise components which a re  s tro n g ly  

a t te n tu a te d  by the f i l t e r  a re  as Im portant fo r  d e c is io n  

making as components near the c e n te r  o f  the passband. Thus 

I t  Is  to  the r e c e iv e r 's  adventage to l i s t e n  as wideband as 

p o s s ib le ,  c o n s tra in e d  o n ly  by system n o is e .

W hile  Sq/N q remains co n stan t throughout the s tim u lus

spectrum under the homogeneous c o n d it io n s ,  th is  Is not the

case fo r  the heterogeneous c o n d it io n s .  The a n a ly s is  Is

s t r a ig h t - fo r w a r d  I f  t r u l y  re c ta n g u la r  f i l t e r s  a re  used to

g en era te  the no ise bands. For example, the power t r a n s fe r
2

fu n c t io n  — |H 5( f ) |  - -  o f  a h y p o th e t ic a l  f i l t e r  used to  

generate  a 100-Hz s ig n a l Is :

i H ^ f ) ! 1  -  0 ; f  < f i

-  0 ; f  > f 2

-  1 ; f 2 < f  < f 2

|Hs( f c ) | 2
-  l ; f c •  1000 Hz

ws f j  •  100 Hz,
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where f i  and f 2 a re  the lower and upper c u t - o f f  

f re q u e n c ie s ,  r e s p e c t i v e l y .

S i m i l a r l y ,  f o r  a h y p o th e t ic a l  r e c t a n g u l a r - f i 1 t e r  

g e n e ra t in g  a 316-Hz masker.

lHn ( f ) i 0; f  < f :

0; f  > f<

1; f 3 < f  <

IHn ( f c ) l 1; f  -  1000 Hz c

W,n f ,  -  316 Hz,

where f j  and f^ are the lower and upper c u t - o f f  

f re q u e n c ie s ,  r e s p e c t iv e ly .

For the compound s t im u lus  (s ig n a l  plus m asker) ,  the 

r a t i o  Sq /Nq a t  any f requ en cy ,  f ,  Is d i r e c t l y  p ro p o r t io n a l  to  

the q u o t ie n t  o f  the f i l t e r  t r a n s f e r  f u n c t io n s .  That I s ,

N,
| H _ ( f ) | 2k • i a .   .
I Hn ( f  ) I

where k Is a constant o f  p r o p o r t i o n a l i t y .  To s i m p l i f y  the
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a n a ly s is ,  we sa t  "k"  to  u n i t y  and assume th a t  S0 and N0 ara  

equal a t  tha common c a n ta r  frequency o f  1000 Hz. Then f o r  

tha h y p o th a t lc a l  f i l t e r s  descr ibed  above, S0 /N0 Is constant  

and equal to  u n i ty  w i t h i n  the s ig n a l  passband, and equal to  

zero o u ts id e  the band-11mIts o f  the s ig n a l  over the range 

o f  f requ en c ies  encompassed by the masker. (The va lue  o f  

S0 /No I *  u ndef ined ,  and o f  no I n t e r e s t ,  beyond the upper and 

lower c u t - o f f  f re q u e n c ie s  o f  the m asker .)

Given t h is  d i s t r i b u t i o n  o f  Sq /Nq w i th  frequency ,  the  

re c e iv e r  should w eight  each s t im u lus  component w i t h i n  the  

s ig n a l  passband e q u a l ly ,  and a n u l l  w e ig h t ing  f a c t o r  should  

be assigned to st im ulus components everywhere e l s e .  A 

simple mechanism fo r  accomplishing th is  w e ig h t in g  w ith  w h i te  

noise  s t im u l i  Is to pass the Input to the r e c e iv e r  through a 

re c ta n g u la r  f l l t a r  w i th  I t s  passband matched to t h a t  o f  the  

s ig n a l .  The weighted s t im u lus  Is then fed  to the energy  

d e t e c t o r .  The r e c e iv e r  o f  the Ws-model employs j u s t  th is  

method o f  s t im ulus  processing.

Next,  consider the response c h a r a c t e r i s t i c s  o f  the two 

f i l t e r s  used to generate  the 100-Hz (HPB) and 316-Hz (HPB) 

noise  bands a c t u a l l y  employed In the experiment ( c . f . ,

F igure  2 - 1 ) .  The f i l t e r s  are  obv io u s ly  not " r e c t a n g u l a r . "  

Moreover, the shapes o f  t h e i r  t r a n s f e r  fu n c t io n s  a re  not the  

same. The compound (heterogeneous) st im ulus  Is obta in ed  by 

summing the outputs  o f  the two f i l t e r s  when they a re  both
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fed  from sourcos o f  broadband w h i te  n o Is a .  (A g a in /  tha  

a n a ly s is  Is  s i m p l i f i e d  by assuming S0 ■ N0 a t  tha  common 

c a n ta r  f re q u e n c y . )  With these two f i l t e r s /  S0 /N o Is 

d i s t r i b u t e d  as f o l lo w s :  ( 1 )  W ith in  the frequency l i m i t s  o f

the h a l f -p o w e r  passband o f  the s i g n a l /  1 /2  3  S0 /N 0 3  1.

( 2 )  As we move o u ts id e  t h is  re g io n /  S0 /N 0 r a p id ly  decreases  

towards r e l a t i v e  minima o f  approx im ate ly  0 .0 6  and 0• 0■» a t  

f re q u e n c ie s  o f  790 Hz and 1250 H z ,  r e s p e c t t v e ly .  (That  

these minima are not equal Is a consequence o f  a s l i g h t  

asymmetry In the t r a n s f e r  c h a r a c t e r i s t i c  o f  the 100-Hz  

f i l t e r . )  ( 3 )  E x t r a p o la t io n  o f  the curves In F ig ure  2 -1  

In d ic a te s  th a t  f o r  f re qu en c ie s  e i t h e r  g r e a t e r  than 1250 H z ,  

o r  less than 790 H z ,  S0/N 0 Increases r a p i d ly /  e q u a l l in g /  

and/ f i n a l l y  exceeding/  u n i t y .

For w h i te  noise  s t im u l i  under heterogeneous c o n d i t io n s /  

S0/N 0 Is u n i t y  w i t h i n  the s ig n a l  passband and zero  a t  a l l  

o th e r  f re q u en c ie s  where s t im u lu s  energy Is  p re s e n t .  Thus 

a l l  In fo rm at io n  about the presence or  absence o f  the s ig n a l  

Is  contained w i t h i n  the l i m i t s  o f  the s ig n a l  passband. For 

the t i n t e d  s t im u l i  we have been examining/ some In fo rm at io n  

Is p resent  a t  a l l  f r e q u e n c ie s .  While  s lg n a l - to -m a s k e r  

r a t i o s  are  moderate w i t h i n  the 100 Hz band centered  a t  

1000 H z ,  they are  by f a r  l a r g e r  a t  f requ en c ies  more than  

0 .3  log u n i t s  on e i t h e r  s id e  o f  the c e n te r  frequency .  (When 

e x t r a p o la t e d /  the t r a n s f e r  fu n c t io n s  o f  the two f i l t e r s



127

cross a t  thsss p o in ts ;  see F igure  2 * 1 . )

Can raa l  l l s t a n a r s  maka use o f  s i g n a l - In f o r m a t io n  a t  

f re q u en c ie s  o u ts id e  tha nominal passband o f  tha 100-Hz 

s i g n a l ,  where st im ulus  components are w e l l  below t h e i r  

spectrum le v e ls  near the c e n te r  frequency? A paper by 

Leshowltz and Wlghtman (1 9 7 1 )  suggests th a t  th is  may be 

p o s s ib le .  These In v e s t ig a t o r s  examined the masking o f  tonal  

s ig n a ls  by continuous s inuso ids  o f  the same frequency as the  

s ig n a l  (1000 H z ) .  The o s c i l l a t o r  used to  produce the s igna l  

generated  re c ta n g u la r  b urs ts  o f  tone .  Consequently ,  w h i le  

most o f  the s i g n a l ' s  energy was concentra ted  near the s igna l  

f requency,  about ten percent  o f  the  t o t a l  s ig na l  energy was 

" s p l a t t e r e d "  over f re q u e n c ie s  more than 1 /T  Hz on e i t h e r  

s id e  o f  the  s igna l  f requ en cy .  In c o n t ra s t  the s p e c t ra l  

energy d i s t r i b u t i o n  o f  the continuous s in u s o id a l  masker is 

approximated by a l i n e  a t  the s ig n a l  f requ en cy .  Larger  

r a t i o s  o f  s ig n a l  to masker energy a re  found, t h e r e f o r e ,  a t  

f re q u e n c ie s  somewhat removed from the s ig n a l  frequency .

Note, however, th a t  s t im u lus  components th a t  are  " o f f -  

frequency" c o n ta in  r e l a t i v e l y  l i t t l e  energy as compared to  

those near the s ig n a l  f requency .  Leshowltz and Wlghtman 

p rov ide  data  showing th a t  human observers  e x t r a c t  u se fu l  

In fo rm a t io n  from the st im ulus  a t  f re q u e n c ie s  "where the  

s ig n a l  energy Is as much as hO dB down from the peak"

(p .  1 1 1 0 ) .
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Leshowltz and Wlghtman davalopad a "s im ple  f l l t a r  

model" to account f o r  t h e i r  r e s u l t s .  To o p t im iz e  

performance, they propose t h a t  the lo c a t io n  o f  a band-pass 

I n p u t - f l l t e r  Is ad jus ted  to y i e l d  the maximum r a t i o  o f  

s ig n a l  energy to masker energy a t  the Input  o f  an energy 

d e t e c t o r .  According to t h is  model,  d e te c t io n  o f  tonal  

Increments Is b e t t e r  accomplished when the observer  centers  

h is  a u d i to r y  f i l t e r  a t  f re q u e n c ie s  o th e r  than 1000 Hz,

where h igher  s lg n a l - to -m a s k e r  r a t i o s  a re  found.

The "s im ple  f 1 1te r -m o d e l" proposed f o r  tone I n t e n s i t y  

d is c r im in a t io n  may be extended to  the p resent  exper im ent .  A 

s u b je c t  seeks to o p t im iz e  performance by s e t t in g  h ts  

a u d i to r y  f i l t e r  so th a t  the o v e r a l l  s lg n a l - to -m a s k e r  r a t i o  

a t  I t s  o u tp u t  Is maximized. For the st im ulus  c o n f ig u r a t io n  

we have been examining (100-H z s ig n a l  w i th  316-Hz masker) ,  

l a r g e r  va lues o f  Sq/H q a re  found o u ts id e  the nominal s ig na l  

passband than w i t h in  I t .  Thus the su b je c t  would p o s i t io n  

h is  a u d i to r y  f i l t e r  a t  a region  remote from the s igna l  

c e n te r - f re q u e n c y  r a th e r  than a t  1000 Hz. The lo c a t io n  

s e le c te d  would depend on the passband c h a r a c t e r i s t i c s  o f  the  

a u d i to ry  f i l t e r  ( In c lu d in g  c r i t i c a l  bandwidth 

c o n s id e r a t io n s ) ,  the a t te n u a t io n  slopes o f  the s t im u lu s -  

g e n e ra t in g  f i l t e r s ,  a u d i b i l i t y  c o n s t r a i n t s ,  and the le v e l  o f  

re s id u a l  no ise  In  the s t Im u lu s -p ro d u c t Io n  system.

Leshowltz and Wlghtman (1 9 7 1 )  obta in ed  data from t h e i r
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t o n e - In - t o n e  experiment suggestIng th a t  "observers  

probably  monitor energy changes In the low frequency regions  

o f  the spectrum" (p .  1 1 8 6 ) .  U n fo r tu n a te ly ,  whether t h is  Is 

a ls o  t rue  f o r  our 100-Hz s ig na l  and 316-Hz masker 

combination cannot be deduced from our r e s u l t s ,  f u r t h e r  

research employing secondary maskers o f  h lgh-and low-pass  

f i l t e r e d  no ise  should help  to  c l a r i f y  t h i s  m a t te r .

I t  Is reasonable to  expect th a t  a su b je c t  a t te n d in g  to  

st im ulus components o u ts id e  the 100-Hz passband o f  the 

s i g n a l ,  where s lg n a l - to -m a s k e r  r a t io s  are  l a r g e ,  would be 

a b le  to perform b e t t e r  than the r e c e iv e r  o f  the Ws-model 

which r e s t r i c t s  I t s  Input to  the nominal s igna l  passband.

The e m p ir ic a l  th resho lds  p l o t t e d  In F igure  3-2 are  by no 

means t h e o r e t i c a l l y  u n a t t a in a b le ,  s ince the W£-model Is 

o pt im a l  o n ly  f o r  re c ta n g u la r  nolsebands. The " Im p o s s ib le"  

s e n s i t i v i t y  shown by our observers  Is a consequence o f  the 

p a r t i c u l a r  way s ig n a l  and masker e n e rg ie s  are packaged under 

th ts  st im ulus  c o n d i t io n .  I t  Is worth r e i t e r a t i n g  here  

t h a t  these thresho lds  are " Im p o s s ib le "  only in the con tex t  

o f  the W -model.  As Green and Swets (1966 ,  p .  177) p o in t  

o u t ,  r a d i c a l l y  d i f f e r e n t  r e s u l t s  a re  produced I f  the 2WT 

sampling theorem is  not employed to  represen t  a f i n i t e  

noise  waveform.

Note th a t  the e m p ir ic a l  th resho lds  In F igure 3-2  

decrease monoton le a l1 y  w i th  In c re as in g  masker le v e l  f o r  both

continuous and gated c o n d i t io n s .  While S /N Is high a to o
remote f r e q u e n c ie s ,  s t im u lus  components In these regions are
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w e l l  below 0 dB SPL when masker s p e c tru m - le v e l  Is low.

Those s t im u lus  components which a re  In a u d ib le  ( I . e . ,  

e f f e c t i v e l y  masked by b i o lo g ic a l  n o is e )  a re  c l e a r l y  o f  no 

use In dec is io n  making. Only a t  high l e v e ls  o f  the  

stim ulus Is I t  p r o f i t a b l e  to  a t te n d  to  f re q u e n c ie s  ou ts id e  

the h a l f -p o w e r  passband o f  the 100-Hz s i g n a l .  As the 

a u d i b i l i t y  o f  s t im u lus  components v a r ie s  w ith  changes In the 

sp e ctru m -1 eve 1 o f  the s t im u lu s ,  the a u d i to r y  f i l t e r  Is 

a d ju s te d  to  maximize s lg n a l - to -m a s k e r  r a t i o  a t  I t s  o u tp u t .

I f  s e n s i t i v i t y  is so acute f o r  the combination o f  

100-Hz s igna l  and 316-Hz masker, why then Is d is c r im in a t io n  

so much poorer than the p r e d ic t io n s  o f  the Ws-model under 

the remaining heterogeneous c o n d i t io n s  (see F igures 3-3  

th ru  3 -5 )?  Consider the p a i r in g  o f  the 100-Hz f i l t e r ,  as a 

s igna l  source,  w i th  the output  o f  e i t h e r  the 1000 Hz,

3160 Hz, or 10 ,000  Hz f i l t e r s  as masking agent (see Figure  

2 - 1 ) .  W ith in  the h a l f -p o w e r  passband o f  the s i g n a l ,  S0 /N Q 

has a va lue between o n e - h a l f  and u n i t y .  Outside t h is  

frequency region the t r a n s f e r  fu n c t io n s  o f  any o f  these  

f l l t e r - p a l r s  r a p id ly  d iv e r g e ,  w i th  the r e s u l t  t h a t  S0 /N0 

moves towards z e ro .

E x t r a p o la t io n  o f  the curves In F igure  2 -1  shows th a t  

the t r a n s f e r  fu n c t io n  o f  the 100-Hz " s ig n a l"  f i l t e r  

e v e n t u a l ly  crosses the t r a n s f e r  fu n c t io n  o f  each o f  the 

"masker" f i l t e r s .  At frequency regions g r e a t l y  removed from 

the common c e n te r  f requency ,  S0 /NQ f a r  exceeds u n i t y .  Note,  

however, th a t  the r e l a t i v e  ( e x t r a p o l a t e d )  output o f  the 

I n d iv id u a l  f i l t e r s  pas t  these c ro s s -o v e r  f re q u en c ie s  Is
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co n s id e ra b ly  below tha maximum response. Although th is  

a n a ly s is  Is  nos t -hoc .  I t  appears th a t  s t im u lus  components 

a t  f requ en c ies  f a r  o u ts id e  the nominal s ig na l  passband are  

not used by the l i s t e n e r .  F i r s t #  the " e x t r a p o la te d "  output  

o f  the s igna l  f i l t e r  In  very  remote regions Is s u re ly  

swamped by the re s id u a l  e l e c t r i c a l  noise o f  the s t im u lu s -  

g e n e ra t in g  system. Second# those st im ulus  components which 

a re  both above the system noise# and which have high s l g n a l -  

to-masker ra t io s #  are  found a t  f re q u en c ie s  where they are  

most l i k e l y  too weak to  be heard by the l i s t e n e r .

I f  the observer Is unable to make use o f  s t im ulus  

components a t  f re q u e n c ie s  where S0/N 0 Is very large# then on 

what p a r t  o f  the s t im u lus  should the  l i s t e n e r  concentra te?  

C e r ta in ly #  I t  Is Im portant  to a t te n d  to  s t im u lus  f requenc ies  

w i t h i n  the nominal s ig n a l  passband# where S0 /N0 £ 1 /2 .

But should In fo rm at io n  processing a lso  Inc lude fre qu en c ie s  

j u s t  o u ts id e  the h a l f -p o w e r  passband o f  the s igna l#  where 

stim ulus  components are audib le# but where s l g n a l - t o -  

masker r a t i o s  a re  q u i t e  small?

Because F o u r ie r  components In these regions c o n ta in  

some s ig n a l  energy# t h e i r  In c lu s io n  In the sample fed to  the  

energy d e te c to r  does r e s u l t  In Inc re as in g  the s e p a ra t io n  

batween the means o f  the  " s ig n a l -p iu s -m a s k e r"  and "masker 

a lo ne "  energy d i s t r i b u t i o n s .  (The masker energy o f  each 

F o u r ie r  component Increments the two d i s t r i b u t i o n s  equal ly#
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on the average,  and thus has no e f f e c t  on t h e t r  r e l a t i v e  

s e p a r a t io n . )  However, t h is  tendency toward enhanced 

s e n s i t i v i t y  comes a t  the cost  o f  a co n co m it tan t  growth In  

the va r ia n c e s  o f  the two energy d i s t r i b u t i o n s ,  s ince the  

va r ia nc es  o f  F o u r ie r  components w i t h i n  and w i th o u t  the  

nominal s igna l  passband are  summed. Whether d is c r im in a t io n  

performance Is Improved or degraded by w idening the a u d i to ry  

f i l t e r  much beyond the nominal s ig n a l  passband, depends on 

the r e l a t i v e  e f f e c t  of these opposing f a c t o r s .

To c a l c u l a t e  the exact Input bandwidth which r e s u l t s  In 

the s m a l le s t  th resho ld  va lu e  o f  10 log S0 /N0 would re q u ire  

p re c is e  knowledge o f  the shape o f  the a u d i to r y  f i l t e r .  An 

approximate s o lu t io n  to t h is  problem may be attempted by 

using semi-quant 1 t a t I v e  arguments. Assume th a t  both the  

a u d i to r y  f i l t e r  and the 100-Hz s ig n a l  f i l t e r  have 

re c ta n g u la r  t r a n s f e r  fu n c t io n s ,  and f u r t h e r  assume th a t  the  

passbands o f  the two f i l t e r s  ere  matched. Extending the  

a u d i to r y  passband s l i g h t l y  above and below the b and-1 tm Its  

o f  the s igna l  would r e s u l t  In  a decreased percentage o f  

c o r r e c t  responses. This Is because the va r ia n c es  o f  the  

t h e o r e t i c a l  energy d i s t r i b u t i o n s  would be Increased by the  

a d d i t io n a l  masker energy,  but th e re  would be no change In 

the s e p a ra t io n  of  the two d i s t r i b u t i o n s ,  I . e . ,  th e re  Is no 

Increase In  s ig n a l  energy.  Furthermore,  the h ig h e r  the  

s p e c tru m - lev e l  o f  the "m asker-on ly"  s t im u lus  components,
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the more d e le t e r io u s  would be the e f f e c t  o f  t h e i r  In c lu s io n  

In the no ise  sample fed to  the energy d e t e c t o r .

With the experim enta l  s t im u l i  we have been examining  

( "1 0 0 -H z '1 s i g n a l ,  and e i t h e r  the " 1 0 0 0 -H z ,"  "S lS O -H z ,"  o r  

"1 0 ,0 0 0 -H z "  m asker) ,  f re q u e n c ie s  Just o u ts id e  the nominal 

s ig n a l  passband (b u t  b e fo re  the c ros s -o ve r  p o in ts  o f  the  

t r a n s f e r  fu n c t io n s )  do c o n ta in  a small amount o f  s igna l  

energy .  ( I n  these reg io ns ,  0 < S0 /N0 << 1 . )  Widening the  

a u d i to r y  f i l t e r  to Inc lude some o f  these s t im u lus  components 

r e s u l ts  In a s l i g h t  Increase  In the d is ta n c e  between the  

t h e o r e t i c a l  energy d i s t r i b u t i o n s .  I t  Is l i k e l y ,  however, 

th a t  t h is  apparent gain  In s e n s i t i v i t y  Is more than o f f s e t  

by the v a r ia n c e  c o n t r ib u te d  by the "new" components to  the  

t o t a l  v a r ia n c e  o f  the d e c is io n  s t a t i s t i c .  This Is 

e s p e c ia l l y  t ru e  I f  s t im u lus  components o u ts id e  the h a l f ­

power s igna l  passband have r e l a t i v e l y  high s p e c t ru m - le v e ls ,  

as they s u re ly  do up to the nominal b a n d - l im i t s  o f  the  

mesker. I t  would appear,  then ,  t h a t  s e t t in g  the Input  

f i l t e r  to a bandwidth equal to  100 Hz (o r  perhaps a l i t t l e  

w id e r )  Is the  best  s t r a t e g y .

S i m i la r  analyses hold f o r  the remaining combinations o f  

f i l t e r s  under the heterogeneous c o n d i t io n s .  By way of  

example, consider  the s ig n a l  and masker p a i r  where 

Ws ■ 1000 Hz and Wn -  10 ,000 Hz (h a l f -p o w e r  passbands).

For t h is  combination So/No v a r ie s  between o n e - h a l f  and
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u n i t y  w i t h i n  the h a l f -p o w e r  passband o f  tha s ig n a l .

In m e d la te ly  o u ts id e  the nominal s ig n a l  passband SQ/N 0 drops 

p r e c i p i t o u s ly .  S lg n a l - to -m a s k e r  r a t i o  continues to  

decrease as the h a l f -p o w e r  b and-1 tm tts  o f  the masker 

f i l t e r  are  approached. Outs ide the nominal masker passband 

Sq /Mo I s c o n s ta n t ,  s ince  the a t t e n u a t io n  s k i r t s  o f  the  

s ig n a l  and masker f i l t e r s  a re  p a r a l l e l  a t  these f re q u e n c ie s .  

In these regions there  Is p r o p o r t io n a t e ly  l i t t l e  s igna l  

energy,  I . e . ,  So/No << 1* Reasoning as b e fo re ,  I t  Is 

probable  t h a t  widening the a u d i t o r y  f i l t e r  much beyond the  

nominal s igna l  passband r e s u l t s  In an Increase In the  

r e l a t i v e  v a r i a b i l i t y  o f  the t e s t  s t a t i s t i c  used by the  

o b s e rv e r .  D i f f e r e n t i a l  s e n s i t i v i t y  s u f fe r s  as a 

consequence. The data In F igures  3 -7 ,  3 - 8 ,  and 3 -9 ,  

suggest t h a t  re a l  observers  do In f a c t  f i l t e r  out most 

st im u lus  energy o u ts id e  the nominal s ig na l  passband.

Under the heterogeneous c o n d i t io n s  I t  Is o n ly  the  

combination o f  the 100-Hz s ig n a l  and the 318-Hz masker th a t  

r e s u l ts  In our sub jec ts  perform ing b e t t e r  than the -  

model. As shown above, the s u p e r io r  performance f o r  t h is  

p a r t i c u l a r  combination o f  s ig n a l  and masker may be 

a t t r i b u t e d  to two f a c t o r s :  ( 1 )  S lg n a l - to -m a s k e r  r a t i o  Is

very  high a t  frequency regions o u ts id e  the h a l f -p o w e r  band-  

l l m l t s  o f  the  s ig n a l  f i l t e r .  ( 2 )  Stimulus components a t  

f re q u en c ie s  where % Is la rg e  a re  above abso lu te
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threshold^ a t  l e a s t  f o r  tha h igher  s t im u lus  l e v e l s .  E i t h e r  

or both o f  these c o n d i t io n s  do not  hold f o r  the o th e r  

heterogeneous s t im u l i  employed In the exper im ent .

The th resho lds  p lo t t e d  In F igures 3 - 3 /  3 - k # and 3-5  

are  poorer than those computed f o r  the r e c e iv e r  o f  the Ws- 

model. I t  has been demonstrated e a r l i e r  th a t  under these  

c o n d i t io n s /  s u b je c ts  should c o n f in e  t h e i r  l i s t e n i n g  to the  

Immediate neighborhood o f  the h a l f -p o w e r  s igna l  passband. 

Thus the W5-mode1 provides an approximate lower bound on 

the thresho lds we can expect to  o b ta in  w i th  re a l  l i s t e n e r s .  

The a c tua l  performance e x h ib i te d  by our s u b je c ts  w ith  these  

s t im u l i  I s /  of course/ worse than c a lc u la t e d  from 

Equation ( 1 - 1 )  o f  the Ws-model.  Once a g a in /  b io l o g ic a l  

n o ise  Is  Invoked as the agent degrading the performance o f  

re a l  observers In comparison w i th  the Idea l  model.

Although the r e c e iv e r  o f  the Ws -model makes no 

d i s t i n c t i o n  between the homogeneous and heterogeneous  

c o n d i t io n s /  the performance o f  re a l  l i s t e n e r s  Is a f f e c t e d  by 

bandwidth c o n d i t io n s .  The r e s u l t s  p lo t t e d  In F igures  3 -7  

th ru  3-9 In d ic a te  t h a t /  f o r  each noise s i g n a l /  the minimum 

th re s h o ld  va lue  o f  10 log S0 /NQ was obta ined  when the s ig n a l  

and masker passbands ware I d e n t i c a l .  (The th resho lds  f o r  

the  100-Hz s i g n a l /  as shown In F ig ure  3 -6 /  a re  anomalous In 

t h i s  re s p e c t .  Tha circumstances lead in g  to the e s p e c i a l l y  

f i n e  s e n s i t i v i t y  observed when tha  100-Hz s ig na l  was p a i re d
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w ith  the 316-Hz masker have a l re a d y  been d e s c r ib e d .  Here  

our d iscuss ion  Is conf ined  to the  o th e r  s ig na l -b and s  

employed In the heterogeneous c o n d i t i o n s . )  R eca l l  th a t  f o r  

the homogeneous co n d i t io n s  opt im al performance Is p o s s ib le  

o n ly  I f  the t i n t e d  noise Is not f i l t e r e d  p r i o r  to energy  

d e t e c t io n .  Because S0 /N 0 Is the same throughout the  

st im ulus  spectrum, any f i l t e r i n g  o f  the a u d i to r y  Input  

removes v a lu a b le  In fo rm a t io n  about the occurrence o f  the  

s i g n a l .  L is te n in g  "wideband" Is the p r e fe r r e d  s t r a t e g y .  

Under the heterogeneous c o n d i t io n s ,  however, some f i l t e r i n g  

o f  the st im ulus  Is d e s i r a b le .  The n o t ion  th a t  I t  Is 

w o rthw h i le  to  a t te n d  to  a l l  s t im u lus  f re q u e n c ie s ,  where even 

a s l i g h t  amount o f  s ig n a l  energy may be p re s e n t ,  was shown 

to be In c o r r e c t .  With these s t i m u l i ,  t h e o r e t i c a l  th resho lds  

are  lowest when the Input Is  r e s t r i c t e d  (a p p ro x im a te ly )  to  

the nolmlnal  band-pass o f  the s ig n a l  f i l t e r .  This Is 

because the t e s t - s t a t i s t i c  used In d e c is io n  making. Is  

c a lc u la t e d  w ith  more sample va lues In the homogeneous 

c o n d i t io n s ,  than In the heterogeneous c o n d i t io n s .  (S ince  

the  " e x t r a "  F o u r ie r  components have s lg n a l - to -m a s k e r  

r a t i o s  equal to  those found w i t h i n  the nominal s igna l  

passband, t h e t r  a d d i t io n  serves to  reduce the r e l a t i v e  

v a r i a b i l i t y  o f  the t e s t - s t a t i s t i c . )  To put I t  another way, 

observers  a re  a b le  to  make more r e l i a b l e  d e te rm in a t io n s  o f  

st im ulus  energy under the homogeneous c o n d i t io n s ,  than under
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the heterogeneous c o n d it io n s .  Thus, best th resho lds  fo r  

a g iven  s ig n a l ara  found w ith  the homogeneous s t im u l i .

We now compare the e f f e c t s  o f  s ttm u lu s -p re w h tte n ln g  

(and I t s  b io lo g ic a l  ana log , neura l compression) on 

In te n s l ty -d ls c r tm tn a t Io n  under the homogeneous and the  

heterogeneous c o n d it io n s .  When the same f i l t e r  generates  

both s ig n a l and masker notse-bands, the s t im u l i  presented  

during  the two ha lves o f  an exp erim enta l t r i a l  have 

Id e n t ic a l  power sp e c tra  (on the a v e ra g e ) .  I t  Is p o s s ib le ,  

th e r e fo r e ,  fo r  a s in g le  In v e r s e - f 11 t e r  to  w h iten  the  

s t im u lu s , whether I t  c o n s is ts  o f  s ig n a l energy p lus masker 

energy ("S + N "),  o r  o f  masker energy a lone ( " N " ) .  As 

described  p re v io u s ly ,  the r e l a t i v e  v a r i a b i l i t y  o f  a t in te d  

notse-band Is reduced by " w h ite n in g ,"  w ith  a consequent 

Increase In the accuracy o f  d ec is io n s  made In the 2IFC ta s k .

U n fo r tu n a te ly ,  the e f f e c t s  o f  p rew h lte n ln g  are  not as 

b e n e f ic ia l  under the heterogeneous c o n d it io n s .  Assume th a t  

the observer matches h is In p u t f i l t e r  to  the h a lf -p o w e r  

passband o f the s ig n a l ,  the procedure suggested e a r l i e r .

The t r a n s f e r  c h a r a c t e r is t ic s  o f both the s ig n a l and the  

masker f i l t e r s  a re  r e l a t i v e l y  f l a t  w ith in  th is  frequency  

re g io n . Thus the power s p e c tra  o f  the f i l t e r e d  "S+N" and 

"N" s t im u l i  th a t  are  passed to  the In v e r s e - f I  I t e r  are  

ap p ro x im a te ly  re c ta n g u la r .  These s t im u l i  would undergo 

alm ost no change w ith  re s p e c t to  t h e t r  r e l a t i v e  v a r i a b i l i t y ,
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s in ce  they ere  v i r t u e ! l y  "w h ite "  b efo re  In v e r s e - f I  I t e r  In s .  

Prewhlten Ins# then , hes l i t t l e  In f lu e n c e  on performence  

under heteroseneous c o n d it io n s .  I f  the no ise  Input Is f i r s t  

f i l t e r e d  to the nominal bandwidth o f  the s ls n a l .

I f  the observer does not s e t  h is  a u d ito ry  f i l t e r  to  the  

nominal b a n d -1 Im lts  o f  the s ls n a l ,  then the s i t u a t io n  Is  

more complex. For example, suppose th a t  a l l  s t im u lus  

components w ith in  the h a lf -p o w e r passband o f  the masker a re  

fed  throush the a u d ito ry  f i l t e r .  F i r s t ,  I r r e s p e c t iv e  o f  

prew hlten  Ins# the a d d it io n a l  s t im u lus  components o u ts id e  the  

nominal s ls n a l  passband tend to  desrade perform ance, as 

p re v io u s ly  d e s c r ib e d . Second, p re w h lte n ln g  o f both the  

"S+N" and "N" s t im u l i  cannot be accomplished w ith  a s in g le  

In v e r s e - f I  I t e r  —  on "N" h a lves  o f  an experim en ta l t r i a l  

the s tim u lus  spectrum Is roughly f l a t ,  w h i le  on "S+N" 

p re s e n ta t io n s  the s p e c tru m -le v e l Is  g re a te s t  a t  fre q u e n c ie s  

w ith in  the midrange o f the s ig n a l passband. To w h iten  each 

o f these s t im u l i  a d i f f e r e n t  In v e r s e - f1 1 t e r  Is needed. To 

decide which In v e r s e - f 1 1 t e r  must be employed on a g iven  

h a l f  o f  an experim enta l t r i a l  re q u ire s  ex ac t knowledge o f  

the o b s e rv a tio n  In te r v a l  c o n ta in in g  the In c re m e n t -s Ig n a l• 

O bviously , the In te n s l ty -d ls c r tm tn e t  ton task  Is t r i v i a l  I f  

th e  observer has such In fo rm a t io n .  Employing the  "wrong" 

i n v e r s e - f 11 t e r  on some t r i a l s  In troduces  a d d it io n a l  

v a r ia n c e  to the d e c is io n  process which ra is e s  th re s h o ld s .
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Moreover, num erical examples have shown th a t  even t f  a 

s in g le  I n v e r s e - f l i t e r  Is used to  preprocess the noise  

( e . g . ,  one th a t  would w h ite n  the MS+N" s tim u lus  c o m p le te ly ) ,  

s e n s i t i v i t y  Is poorer then I f  a ttem pts  a t  p rew h lte n ln g  a re  

Ignored a l to g e th e r  fo r  these s t im u l i .  Thus p rew h lte n ln g  o f  

th e  s t im u l i  under the heterogeneous c o n d it io n s  e i t h e r  has 

l i t t l e  e f f e c t  on performance (when the Input-b an dw ld th  Is  

r e s t r ic t e d  to the nominal bandwidth o f  the s ig n a l )  o r ,  an 

adverse e f f e c t  on s e n s i t i v i t y  (when stim u lus  components 

o u ts id e  the nominal s ig n a l passband a re  Inc luded  In the noise  

sample fed  to the energy d e t e c t o r . )

c . D i f f e r e n t i a l  S e n s i t i v i t y :  Mode o f  Masker

I t  Is  g e n e r a l ly  accepted th a t  gated s in u s o id a l maskers 

produce s i g n i f i c a n t l y  more masking o f  a pure tone s ig n a l  

than do continuous s in u s o id a l maskers (C am pbell, 1966; 

Campbell and Lasky, 1967; Green, 1969; Leshowltz and Cudahy, 

1 9 7 5 ) .  When the s t im u l i  a re  not tones, but bands o f  n o is e ,  

th e  e f f e c t  o f  masker mode on In t e n s i t y  d is c r im in a t io n  

depends on the bandwidth c o n d it io n s .  In the homogeneous 

c o n d it io n s  th ere  Is  l i t t l e  d i f fe r e n c e  In  the e f fe c t iv e n e s s  

o f  continuous and gated maskers. W ith the heterogeneous  

s t im u l i ,  s e n s i t i v i t y  Is everywhere poorer w ith  gated  

maskers, m im icking the to n e - In - to n e  d a ta .

Under heterogeneous c o n d it io n s ,  the continuous masker
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may p ro v id e  c lues  f o r  the optim a l lo c a t io n  o f the a u d ito ry  

f i l t e r .  Tha Increased u n c e r ta in ty  w ith  gated m asker*, where 

the observer must r e ly  to some e x te n t  on a u d ito ry  memory, 

may r e s u l t  In ra is e d  th re s h o ld s .  In the homogeneous 

c o n d it io n s ,  s u b je c ts  l i s t e n  "w lde-band" w ith  both  

continuous and gated maskers; In th is  case In fo rm a tio n  about 

the c e n te r  frequency of the s t im u lu s  Is r e l a t i v e l y  

u n im p o rtan t. These suggestions a r e ,  o f  course, post-hoc  

and u n te s te d . The q u estio n  o f why gated maskers produce 

more masking than continuous maskers, but o n ly  under 

heterogeneous bandwidth c o n d it io n s .  Is unresolved a t  

p re s e n t .

2 . N o is e - In te n s i ty  D is c r im in a t io n  

as a Function  o f  Stim ulus Bandwidth

a .  The Bandwidth E f f e c t :  Homogeneous C onditions

The r e c lp r o c l t y - f a c t o r  was d e f in e d  In Chapter I I I  as 

11 the change, In  d e c ib e ls ,  o f  SQ/ ^ 0 r e s u l t in g  from a lo g -  

u n l t  Inc re as e  In W# . M R e c lp r o c l ty - fa c to r s  f o r  the  

homogeneous c o n d it io n s  (see Tab le  3 -3 )  were c a lc u la te d  by 

d ete rm in in g  b e s t - f i t t i n g  l in e a r  fu n c t io n s  f o r  the  o b ta in ed  

d l f f e r e n t l a l - t h r e s h o ld s  p lo t te d  a g a in s t  the e q u iv a le n t  

re c ta n g u la r  bandwldths o f the s t im u lu s  f i l t e r s .  We now
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demonstrate th a t  r e c l p r o c l t y - f a c t o r *  computed In th is  

manner are  somewhat m is le a d in g / s in ce  they do not f u l l y  

d e s c rib e  the  e f f e c t  o f  changing s tim u lus  bandwidth on 

a u d ito ry  tn te n s t ty -d ls c r lm ln a t lo n  w ith  t in t e d  bands o f  

n o is e . S p e c i f i c a l l y /  we show th a t  th e o r e t ic a l  p lo ts  o f  

th re s h o ld  10 log SQ/N 0 versus s tim u lus  ERB/ y ie ld  slopes  

th a t  are  sh a llo w er than -5  d8 per lo g -u n l t  o f  bandwidth  

w ith  the homogeneous s t im u l i  used In  the ex p erim en t.

As noted p re v io u s ly /  " e f f e c t i v e  passband" Is more 

p ro p e r ly  s p e c i f ie d  as s t im u lu s  bandwidth In the homogeneous 

c o n d it io n s /  than Is the ERB o f  the no lse -band / when the  

stim u lus  does not have a un iform  s p e c tra l  p o w e r-d e n s lty . 

P rew hlten lng  w i th in  the e f f e c t i v e  passband/ then passing the  

noise  to  the .energy d e te c to r /  Is  the o p tim a l In fo rm a t io n -  

processing  te c h n iq u e . The In te n s lty -b a n d w ld th  r e c ip r o c i t y  

o f  th is  "m o d if ie d  " e n e rg y -d e te c t Io n  scheme Is the same as 

th a t  o f  the s im p ler Ws -m odel; a te n fo ld  change In bandwidth  

produces a 5 dB change In th re s h o ld  10 log S^/Hq . This Is  

because once the t in t e d  noise Is w h itened / the energy  

s t a t i s t i c s  o f the two models a re  the same.

In our experim ent/ the w id e s t f i l t e r  used/ 10 /000  Hz 

(ERB ■ 10 /051  H z ) /  had an e q u iv a le n t  re c ta n g u la r  bandwidth  

8%.5 times la r g e r  than th a t  o f  the narrow est f i l t e r  employed 

100 Hz (ERB ■ 119 H z ) .  The r a t io  o f  the w id es t to  narrow est  

e f f e c t i v e  passband o f  th e  homogeneous s t im u l i  depends/ o f
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course, on the le v e l  o f  system n o ts s . This  r a t io  ranges 

from 50 .8  to 1 0 .6 ,  f o r  spactru m -1ava ls  o f  system no ise th a t  

a re  10 dB and 50 dB below maximum f i l t e r  o u tp u t ,  

r e s p e c t iv e ly  (see Tab le  8- 8 ) .  Consequently, sw itch Ins from  

one s tim u lus  f i l t e r  to  another should not produce as la rs e  a 

v a r ia t io n  In th res h o ld  va lues o f  10 log S0 /N 0 as the  

corresponding change In s tim u lus  ERB m ight lead  us to  

e x p e c t.

Although e f f e c t i v e  bandwidth Is  the proper th e o r e t ic a l  

param eter, the r e c lp r o c l t y - f a c t o r s  g iven  In Table  3 -3  were 

computed using the e q u iv a le n t  re c ta n g u la r  bandwldths o f  the  

s t im u l i .  (T h is  Is the c o r re c t  procedure f o r  nolse-bands  

w ith  w h ite  s p e c tra ,  s ince e f f e c t i v e  bandwidth and ERB are  

equal f o r  these s t i m u l i . )  These r e c lp r o c l t y - f a c t o r s  should  

n o t ,  t h e r e fo r e ,  be compared w ith  the va lue  o f -5  fo r  the  

e n e rg y -d e te c to r  model, which r e s u l ts  from employing the  

same d e f i n i t i o n  o f  bandwidth In c a lc u la t io n s  o f  both  

th resho lds  and In te n s tty -b a n d w ld th  r e c i p r o c i t i e s .  More 

a p p ro p r ia te  y a rd s t ic k s  f o r  comparison a r e ,  however, r e a d i ly  

d eterm ined . Tab le  8*5 l i s t s  t h e o r e t ic a l  th resho lds  f o r  the  

homogeneous s l tm u lt  f o r  s e v e ra l  p o s s ib le  le v e ls  o f  system 

n o is e . The c a lc u la t io n s  assume th a t  the s t im u l i  are  

co m p le te ly  w hitened w i th in  t h e i r  e f f e c t i v e  passbands, then  

passed to the e n e rg y -d e te c to r .  Regression l in e s  were 

determ ined - -  a t  each le v e l  o f  system no ise  —  by p a i r in g
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Table 4 -4

R a tio  o f the Widest to Narrowest E f f e c t iv e  Passbands fo r  
the Homogeneous S t im u li  a t  Various Levels o f  System Noise.

System Noise 
dB re IHml

Bandwidth
R atio

-10 50.8

-20 29.1

-30 18 .9

-4 0 13.4

-50 10.6
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the computed th re s h o ld *  In Tab la  %-5 w ith  t h a t r  

corresponding e q u iv a le n t  re c ta n g u la r  bandwldths. Tha slopas  

o f  thasa l in e s ,  m u l t ip l ie d  by ta n ,  a ra  tha th a o r e t tc a l  

analogs o f tha r a c lp r o c l t y - f a c t o r s  presented  In Tab le  3*3  

(which were computed from tha data  o f  Tables 3 -1  and 3 - 2 ) .  

Thus, p lo t t in g  th res h o ld s  c a lc u la te d  using e f f e c t i v e  

bandwidth, a g a in s t  tha ERB o f  the  s t im u l i ,  y ie ld s  

" r e c lp r o c l t y - f a c t o r s "  th a t  ara  s m a lle r  ( In  m agnitude) than  

- 5 ;  th is  Is based on the assumption o f  optim a l processing  o f  

tha s t im u l i ,  v i z . ,  w h ite n in g  fo llo w e d  by e n e rg y -d e te c t Io n .

Several p o in ts  should be considered  when e v a lu a t in g  tha  

bandwidth a f f e c t s  o b ta in ed  f o r  our l is t e n e r s  (T a b le  3 -3 )  In  

comparison w ith  these t h e o r e t ic a l  " r e c t p r o c l t y - f a c t o r s . "  

F i r s t ,  th a t  p o r t io n  o f the 10 ,000  Hz (HPB) nolse-band th a t  

Is  u se fu l to the s u b je c t  may not be as wide as Is the  

e f f e c t i v e  passband o f  the s tim u lu s  a t  low le v e ls  o f  system  

n o is e . This Is because frequency components a t  the edges o f  

the passband are  p robab ly  below a u d lo m e tr lc  th re s h o ld s .  The 

t r u l y  " e f f e c t i v e "  passband o f  t h is  s t im u lu s  Is l i k e l y  to  be 

Independent o f  the In t e n s i t y  o f  tho system n o is e . This  

tends to  moke the s tim u lus  bandwldths more a l i k e ,  f o r  re a l  

l i s t e n e r s ,  e s p e c ia l ly  I f  system no ise Is tow. The expected  

bandwidth e f f e c t  Is  l ik e w is e  d im in is h e d . N ext, note th a t  

the la r g e s t  r e c lp r o c l t le s  are  found a t  the weakest masker 

s p e c tru m -le v e l employed. Here, I t  is reasonable  to  assume
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Table 4-5

T h e o re t ic a l  " R e e fp ro c l ty -F a c to r s "  fo r  the Homogeneous 
C o nditions a t Several Assumed Levels o f  System Noise.

System Noise:  
R e c lp r o c l t y - f a c t o r :

-10  dB 
- 4 . 6

re IHml

ERB (Hz)
E f f .  Band. (H z)  
10 log S0/No

119 344 
227 594 

- 6 . 5  - 8 .8

1013
1337

-1 0 .7

3206
3770

-1 3 .0

10 ,051
11,536

- 1 5 .5

System Noise:
R e e lp r o c l t y - f a c t o r :

-2 0  db 
- 3 . 9

re IHml

ERB (Hz)
E f f .  Band. (H z)  
10 log So/No

119 344 
459 912 

- 8 . 2  - 9 . 8

1013
1709

- 11.2

3206
4438

- 1 3 .3

10 ,051
13,376

-1 5 .8

System Noise:
R e e lp r o c l t y - f a c t o r :

-30  dB 
- 3 . 4

re IHml

ERB (H z)
E f f .  Band. (H z)  
10 log So/No

119 344 
819 1249 

- 9 . 5  - 1 0 .5

1013
2117

-1 1 .7

3206
5202

-1 3 .7

10 ,051
15,501

- 1 6 .1

System Noise:  
R e c lp r o c l t y - f a c t o r :

-4 0  dB 
- 3 .0

re IH J

ERB (H z)
E f f .  Band. (H z)  
10 log Sq/No

119 344 
1341 1612 

- 1 0 .7  - 1 1 .1

1013
2750

- 12 .1

3206
6077

-1 4 .0

10 ,051
17,957

- 1 6 .4

System Noise: -50  dB re |Hm|
R eclprocl t y - f a c t o r t  - 2 .8

ERB (H z) 119 344 1013 3206 10 ,051
E f f .  Band. (H z ) 1961 2010 2078 7081 20 ,797
10 log So/No -1 1 .5  - 11 .6  - 1 2 .5  - 1 4 .4  - 1 6 .8
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th a t  b io lo g ic a l  no laa  masks s tim u lus  components a t  tha edges 

o f  th e  f i t t e r  passbands, th ereby  l im i t i n g  the " e f f e c t i v e "  

bandwldths o f  the notse-bands . This  In tu rn  leads to  a 

g re a te r  bandwidth e f f e c t .  F in a l l y ,  neura l compression o f  

stim u lus  energy does not w hiten  a nolse-band as e f f i c i e n t l y  

as does an In v e rs e - f1 1  t e r .  As a r e s u l t ,  s t im u lus  

components a t  fre q u e n c ie s  remote from the c e n te r  o f  the  

passband a re  not w eighted as h e a v i ly  as they should be fo r  

o ptim a l d e c is io n  making. This tends to  accen tu a te  

d if fe re n c e s  In s t im u lu s  bandwidth and ac ts  to  Increase  the  

observed degree o f  In te n s lty -b a n d w ld th  r e c ip r o c i t y .

The small e f f e c t  o f  bandwidth on In te n s  I t y -  

d ls c r lm ln a t lo n  found fo r  our s u b je c ts  under homogeneous 

c o n d it io n s .  Is not co m p le te ly  e x p la in e d  by argu ing  th a t  the  

o v e r a l l  change In the e f f e c t i v e  bandwldths o f  the s t im u l i  Is 

less than the change In  the e q u iv a le n t  re c ta n g u la r  

bandwldths o f  th e  n o ise -band s . Raab and Goldberg (1 9 7 5 ) ,  

who re p o rte d  s im i la r  "sh a llo w "  r e c lp r o c l t y - f a c t o r s  w ith  

homogeneous s t im u l i  ( th e y  employed gated m askers), exp lo red  

the p o s s i b i l i t y  th a t  a d d i t iv e  In te r n a l  no ise  reduces the  

magnitude o f  the bandwidth e f f e c t  from th a t  a n t ic ip a te d  f o r  

the Ws-mode1. S p e c i f i c a l l y ,  they demonstrated th a t  I f  

In te r n a l  v a r ia n c e  Is p ro p o r t io n a l  to  s t im u lu s  energy, an 

a s s e r t io n  which " e x p la in s "  W eber's Law, then t n t e n s l t y -  

bandwldth r e c ip r o c i t ie s  are  p re d ic te d  which a re  comparable
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to  those e x h ib i te d  by both t h e i r  su b je c ts  end o urs . Reeb 

and Goldberg a ls o  developed a s in g le -c h a n n e l,  Polsson 

counting  model ( c . f . ,  M cG ill  and Goldberg, 1968a, b ) which  

y ie ld s  a small bandwidth e f f e c t  when s tim u lus  energy Is  

h e a v i ly  compressed during  neu ra l t ra n s d u c tio n .

U n fo r tu n a te ly ,  t h e t r  d e r iv a t io n  a p p lie s  on ly  to  pseudorandom 

n o is e s , whose waveforms va ry  between t r i a l s ,  but not w i th in  

t r i a l s .

b. The Bandwidth E f f e c t :  Heterogeneous Conditions

Our data  In d ic a te  th a t  bandwidth has a g re a te r  e f f e c t  

on In t e n s I t y - d ls c r Im ln a t io n  In the heterogeneous c o n d it io n s  

than In the homogeneous c o n d it io n s .  (F o r example, la r g e r  

r e c lp r o c l t y - f a c t o r s  a re  found In Tab le  3 -6 ,  than In  

Tab le  3 -3 .  In  a l l  cases, r e c lp r o c l t y - f a c t o r s  were 

c a lc u la te d  using s ig n a l ERB.) This  outcome r e s u l ts  from the  

d i f f e r e n c e  In f i l t e r i n g  s t r a te g ie s  adopted by the s u b je c ts  

under the  two bandwidth c o n d it io n s .

With homogeneous s t im u l i ,  op tim a l In fo rm a t io n -  

processing re q u ire s  th a t  the a u d ito ry  f i l t e r  be s e t  "w id e -  

open."  Neural compression o f  s t im u lu s  energ ies  a c ts  to  

reduce d i f fe r e n c e s  In s tim u lus  bandwidth. This th eo ry  Is 

c o n s is te n t  w ith  the  r e l a t i v e l y  small bandwidth e f f e c t  

observed e m p i r ic a l ly .  On the o th e r  hand, l is t e n in g  Is
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confined  to the neighborhood o f  the nominal s ig n a l passband 

In  tha heterogeneous c o n d it io n s  (see F igures  3 -6 ,  3 -7 ,  and 

3 - t ) .  Here " s te e p e r"  r e c ip r o c i t ie s  are  o b ta in ed  than In  

th e  homogeneous c o n d it io n s .  We suggest th a t  t h is  Is because 

th e  n o ise  s ig n a ls ,  as processed by the s u b je c t ,  a re  more 

d ls lm l la r  w ith  resp ec t to  t h e i r  bandwldths under the  

heterogeneous c o n d it io n s  than under the homogeneous 

c o n d it io n s .  The e s s e n t ia l  p o in t  Is  th a t  In the  

heterogeneous c o n d it io n s ,  l is t e n e r s  cannot make use o f  

s ig n a l energy o u ts id e  the nominal s ig n a l passband; 

perform ance is th e re fo r e  governed by the energy s t a t i s t i c s  

o f  the " Id e a l"  models (Ws-m odel, Wn-m o d e l) .

Although the mode o f  the masker has l i t t l e  in f lu e n c e  on 

the bandwidth e f f e c t  f o r  the homogeneous c o n d it io n s ,  w ith  

heterogeneous s t im u l i  r e c lp r o c l t y - f a c t o r s  a re  g re a te r  when 

gated maskers a re  employed then when continuous maskers are  

used (see Tab le  3 -6 ;  F ig u res  3 -3 ,  3-fc, and 3 - 5 ) .  Our 

a n a ly s is  o f  the  Wn-mode1 In d ic a te d  th a t  r e c lp r o c l t y -  

fa c to r s  between -5  and -10  r e s u l t  from w iden ing  the Input  

f i l t e r  beyond the nominal s ig n a l passband. In some unknown 

manner (perhaps by supply ing  In fo rm a tio n  about the c e n te r  

frequency o f  the s t im u lu s ) ,  the presence o f  the continuous  

masker may a l a r t  the s u b je c t  to  the p o r t io n  o f  the a u d ito ry  

spectrum needing maximum a t t e n t io n .  I f  a u d ito ry  memory Is 

poo r, such cues may not be a v a i la b le  w ith  gated stim u lus
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p re s e n ta t io n s .  U n fo r tu n a te ly ,  the  coarse spacing o f  the  

data  In F ig ures  3 -3 ,  3 -b ,  and 3 -5 ,  prec ludes our  

v a l id a t in g  th is  h y p o th e s is .

Under the homogeneous c o n d it io n s  the observer l is te n s  

"w Ide-band" a t  a l l  t im e s . L i t t l e  advantage Is  r e a l i z e d  by 

knowing the c e n te r  frequency o f  the s t im u lu s  spectrum. This  

Is r e f le c t e d  In  the s im i la r  r e e lp r o c l t y - f a c t o r s  found w ith  

continuous and gated maskers, when s ig n a l and masker 

passbands are  I d e n t i c a l .

There a re  two d i f f i c u l t i e s  w ith  our e x p la n a t io n  f o r  the  

r e l a t i v e l y  la rg e  In te n s t ty -b a n d w id th  r e c ip r o c i t i e s  found In  

the heterogeneous c o n d it io n s .  F i r s t ,  we have not accounted  

f o r  the e f f e c t s  o f  b io lo g ic a l  n o is e .  As noted p re v io u s ly ,  

Raab and G oldberg, (1 9 7 5 ) demonstrated th a t  an energy-  

d e te c tto n  model which In c o rp o ra te s  a d d i t iv e  In te r n a l  noise  

e x h ib i ts  "s h a l lo w e r"  r e c lp r o c l t ie s  than p u re ly  s t im u lu s -  

o r ie n te d  th e o r ie s .  Whether such a mechanism o pera tes  to  

d i l u t e  tn te n s lty -b a n d w ld th  r e c ip r o c i t ie s  In  the  

heterogeneous c o n d it io n s  Is  u n c le a r .  I t  Is p o s s ib le  th a t  

the a u d ito ry  f i l t e r  Is c o n s is te n t ly  s e t  w id e r  than the  

nominal s ig n a l  passband. This would tend to  b r in g  

r e c lp r o c l t y - f a c t o r s  c lo s e r  to  - 1 0 .  On the  o th e r  hand, 

In te rn a l  v a r ia n c e  would p u l l  r e c Ip r o c I t y - f a c t o r s  In the  

o p p o s ite  d i r e c t io n  (see page 1* 5 ) .  The r e s u l t in g  

r e c lp r o c l t y - f a c t o r s  m ight ve ry  w e l l  be In  reasonable
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agreement w ith  tha va lues determ ined from the exp erim enta l  

d a ta .  As b e fo re ,  the continuous maskers could supply  

In fo rm a tio n  u se fu l fo r  match Ins the a u d ito ry  f i l t e r  to  the  

s ig n a l passband. Thus, s m a lle r  r e c lp r o c l t y - f a c t o r s  would 

be expected w ith  continuous maskers than w ith  gated maskers.

A second problem a r is e s  when we cons ider th e  experim ent 

o f  Moore and Raab (1 9 7 5 ) .  These In v e s t ig a to rs  s tu d ie d  

In t e n s l t y - d ls c r lm t n a t lo n  f o r  no ise  b u rs ts  In  the presence  

o f  a continuous, b a n d s to p -f11te re d  background, whose 

s p e c tru m -le v e l In the passband was 10 dB above th a t  o f the  

standard b u rs t (see t h e i r  F ig ure  1, p. %01). They found 

th a t  performance Improved w ith  In c re a s in g  w id th  o f  the  

bandstop. However the average r e c l p r o c l t y - f a c t o r  o f  - 2 .5  

was about h a l f  th e  magnitude o f  the In te n s Ity -b a n d w ld th  

r e c ip r o c i t y  observed In our heterogeneous c o n d it io n s .

I t  Is  reasonable  to  assume th a t  the con tinuous,  

bandstop background sup p lied  p re c is e  In fo rm a tio n  about the  

band-Urn i t s  o f  the gated s t im u l i ;  the s u b je c t had no 

am big u ity  about the lo c a t io n  o f  the s ig n a l passband, as In  

our heterogeneous c o n d it io n s ,  where a t  b e s t ,  the c e n te r  

frequency o f  the s tim u lus  was conveyed by the continuous  

masker. By assuming a d d i t iv e  In te r n a l  n o is e , we may then  

account f o r  the reduced bandwidth e f f e c t  observed In the  

Moore and Raab (1 9 7 5 )  s tu d y , as compared to  the s q u a re -ro o t  

r e c ip r o c i t y  g iven  by the Ws-mode1.
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In summary: ( 1 )  Chanting tha ERB o f  tha notsa s t im u l i

In tha homoganaous c o n d it io n s  by ap p ro x im ate ly  two-decades 

had l i t t l e  a f f e c t  on In te n s l ty -d ls c r lm tn a t lo n  th re s h o ld s ,  

w ith  e i t h e r  continuous or gated maskers. For these n o is e -  

bands, Im portan t s tim u lus  components were shown to e x is t  

o u ts id e  the  ERB o f  the n o ts e -s Ig n a t . In c lu s io n  o f  such 

components, a f t e r  w h ite n in g .  In the no ise sample fed  to the  

e n e rg y -d e te c to r  e f f e c t i v e l y  makes the homogeneous s t im u l i  

more a l i k e  w ith  respect to  t h e i r  bandwldths. Hence, the  

change In th re s h o ld  10 log S0/N o brought about by s w itc h in g  

s t tm u lu s - f1 1te r s  Is m in im a l.  A d d it iv e  In te r n a l  noise  

serves f u r t h e r  to  reduce the degree o f  tn te n s lty -b a n d w ld th  

r e c ip r o c i t y .  ( 2 )  For the heterogeneous c o n d it io n s ,  optim al  

stim u lus  processing  n e c e s s ita te s  matching the a u d ito ry  

f i l t e r  to  the nominal passband o f  the s ig n a l .  F a i lu r e  to do 

so re s u l ts  In both decreased s e n s i t i v i t y  and r e c lp r o c l t y -  

fa c to r s  between -5  and -1 0 .  Our r e s u l ts  p ro v ide  some 

evidence th a t  s u b je c ts  do Indeed m a in ta in  In p u t passbands 

th a t  are  w id er than the ERB's o f  the  n o ls e -s lg n a ls .

In te rn a l  no ise probably  fo rc e s  the r e c lp r o c l t y - f a c t o r s  to  

c lu s te r  around a v a lu e  o f  - 5 .

3 . In te n s l ty -D ls c r lm ln a t Io n  Functions

A "n e a r-m ls s "  to  W eber's Law was found fo r  the narrow -
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band s t im u l i  undar tha homosanaous c o n d it io n s ,  f o r  both 

modas o f  masktr (saa  Tablas 3 -7  and 3 - 8 ) .  As tha  

bandwidth o f  tha notsa was In creased , s lopes o f  In t e n s i t y  

d is c r im in a t io n  fu n c t io n s  approached or exceeded u n i ty  w ith  

the continuous maskers, w h ile  w ith  the sated  maskers s lopes  

c lo s e  to u n i ty  were o b ta in ed  o n ly  fo r  the w id e s t passband 

employed (1 0 ,0 0 0  H z ) .  These f in d in g s  may be b e t t e r  

understood I f  we consider the a v a i l a b i l i t y  o f no ise  

components o u ts id e  the nominal passband o f  the s t im u lu s ,  as 

a fu n c t io n  o f  masker sp e c tru m -1e v e 1.

R eca ll th a t  In  the homogeneous c o n d it io n s ,  p rew h lte n ln g  

o f  the s t im u lu s  w ith in  I t s  e f f e c t i v e  passband r e s u l ts  In a 

s ig n i f i c a n t  Improvement In d i f f e r e n t i a l  s e n s i t i v i t y .  As 

masker le v e l  Is Increased , more and more s tim u lus  components 

o u ts id e  the nominal s ig n a l passband become a u d ib le ,  th a t  Is ,  

t h e i r  le v e ls  are  ra is e d  above the le v e ls  o f  both system and 

b io lo g ic a l  n o ises . £ s s e n tfa 11y , the e f f e c t i v e  bandwidth o f  

the s t im u lu s  grows w ith  In c re a s in g  masker s p e c tru m - le v e l , 

a t  le a s t  u n t i l  very  high s tim u lus  In t e n s i t i e s  a re  reached.

The change In  e f f e c t i v e  bandwidth w ith  masker spectrum -  

le v e l  Is  less f o r  the s t im u l i  generated  by the "w lde-band"  

f i l t e r s  than f o r  the s t im u l i  generated  by the more "narrow ­

band" f i l t e r s .  Even a t  high masker le v e ls ,  the r a t i o  o f  

a u d ib le  s tim u lus  components o u ts id e  the s ig n a l passband, to  

stim u lus  components w t th ln  the nominal passband, Is s m a lle r
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f o r  a "w ide-band" s tim u lus  than f o r  a "narrow -ban d 1 

s t im u lu s .  Thus a "n a a r-m ls s "  to  W eber's Law Is p re d ic te d  

fo r  narrow, homogeneous bands o f  n o is e , w h i le  slopes o f  

In te n s l ty -d ls c r (m ln a t to n  fu n c t io n s  tend toward u n i ty  as 

stim u lu s  bandwidth Is broadened. Why mode o f  masker a f f e c t s  

th e  s lope o f  t n te n s t ty -d ls c r tm ln a t to n  fu n c t io n s  In the  

homogeneous c o n d it io n s  remains u ne xp la in e d .

In the heterogeneous c o n d it io n s ,  the d e c is io n  s t r a te g y  

serves to  l i m i t  the power spectrum o f  the n o is e - In p u t  to  

the nominal passband o f  th e  s ig n a l .  T h e re fo re ,  In c re a s in g  

the le v e l  o f the masker does not r e s u l t  In any "new" 

components being added to the no ise  sample passed to  the  

energy d e te c to r .  Even I f  the  Inp u t f i l t e r  Is not se t  

p r e c is e ly  to the passband o f  the  s ig n a l ,  the broadband 

masker (Wn > Wft) "swamps" s ig n a l components a t  remote 

frequency re g io n s , as we have shown b e fo re .  Thus, Weber's  

Law Is expected and o b ta in ed  w ith  both masker-modes f o r  a l l  

the heterogeneous s t im u l i  employed In the experim ent save 

one, v i z . ,  the com bination o f  the  100-Hz s ig n a l and 316-Hz  

masker.

Slopes o f  In t e n s l t y - d ls c r lm ln a t lo n  fu n c t io n s  f o r  th is  

p a r t i c u la r  s tim u lu s  In d ic a te  th a t  Weber f r a c t io n s  

r a p id ly  d im in ish  w ith  In c re a s in g  masker sp ectru m -1e v e 1.

Th is  o b s e rv a tio n  Is  r e a d i ly  e x p la in e d .  We have seen th a t  

In fo rm a tIo n -p ro c e s s  Ing o f th is  s t im u lu s  (100-H z s ig n a l .
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316-Hz masker) best proceeds by p o s it io n in g  the a u d ito ry  

f i l t e r  a t  a reg ion  o u ts id e  the nominal s ig n a l passband, 

where s lg n a l- to -m a s k e r  r a t io s  a re  h ig h . When the  

s p e c tru m -le v e l o f  the masker Is  ra is e d ,  the lo c a t io n  o f  the  

a u d ito ry  f i l t e r  Is  s h i f t e d  to newly a u d ib le  reg ions where 

even la rg e r  s lg n a l- to -m a s k e r  r a t io s  a re  to  be found.

C. Concluding Remarks

Our In v e s t ig a t io n  has shown th a t  the s im ple energy-  

d e te c to r  (Ws -m odel) f a l l s  to  d e s c rib e  the e f f e c t  o f  noise  

bandwidth on In t e n s i t y  d is c r im in a t io n  f o r  homogeneous bands 

o f  t in t e d  n o ise . Furtherm ore , the model does not a c c u ra te ly  

p r e d ic t  the slopes o f  In t e n s I t y - d ls c r lm ln a t t o n  fu n c t io n s  

f o r  these s t im u l i .

We have developed a v e rs io n  o f  an energy d e te c t io n  

scheme which w i l l  account f o r  s i g n i f i c a n t  fe a tu re s  o f the  

o b ta in ed  d a ta .  S p e c i f i c a l l y ,  the model In c o rp o ra tes  

mechanisms f o r  u t i l i z i n g  In fo rm a tio n  from noise components 

o u ts id e  the nominal s t lm tu s  passband whenever p o s s ib le ,  a 

source o f In fo rm a tio n  Ignored by the Ws-m odel. These 

mechanisms reduce d i f fe r e n c e s  In  s tim u lu s  v a r i a b i l i t y  and 

lessen the e f f e c t  o f  changing bandwidth on In t e n s i t y  

d is c r im in a t io n  th res h o ld s  In  the homogeneous c o n d it io n s .  In  

the  heterogeneous c o n d it io n s ,  the s u b je c t  Is assumed to
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adept an In fo rm a tIo n -p ro c e s s In g  s t ra te g y  s im i la r  to  th a t  o f  

the re c e iv e r  o f  the Ws-mode1. As a r e s u l t /  r e c ip r o c i t y  

fa c to rs  are  f a i r l y  " s te e p ."  A d d it iv e  In te r n a l  no ise serves  

to  reduce the tra d e  o f  s ig n a l power w ith  s ig n a l bandwidth  

from the p re d ic t io n s  o f  the p u re ly  s t im u lu s -o r ie n te d  

models/ under both bandwidth c o n d it io n s .

Most models o f  In te n s l t y - d ls c r lm ln a t lo n  do not  

d is t in g u is h  between continuous and gated maskers/ although  

re a l  s u b je c ts  o f te n  do. W hile we have o f fe r e d  a t e n t a t iv e  

e x p la n a t io n  fo r  the e f f e c t  o f  masker-mode on

In te n s lty -b a n d w ld th  r e c ip r o c i t y /  we have shed no l i g h t  on 

why the mode o f  the masker In f lu e n c e s  the s lope o f  

tn te n s l t y - d ls c r lm t n a t lo n  fu n c t io n s  In the homogeneous 

c o n d it io n s /  and why I t  has l i t t l e  e f f e c t  In the  

heterogeneous c o n d it io n s .  T heories  which e x p l i c i t l y  model 

the response o f the a u d ito ry  nervous system to  s tim u lu s  

onset and te rm in a t io n  may be more f r u i t f u l  In d e s c r ib in g  

performance d i f fe re n c e s  as a fu n c t io n  o f  masker mode.
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Append t x 

THE MASKER BANDWIDTH MODEL 

Raab (u n p ub lished ) has extended the energy d e te c to r  

model f o r  n o is e - In t e n s i t y  d is c r im in a t io n  (W^-model) to  

Inc lude those exp erim enta l c o n d it io n s  where the n o ls e -  

s tg n a l bandwidth Is s m a lle r  than the nolse-m asker bandwidth  

-m odel) .  Consider the means and v a r ia n c es  o f  the masker 

alone and s ig n a l-p iu s -m a s k e r  energy d is t r ib u t io n s .  For 

those t r i a l s  where the masker Is  presented  a lo n e , the mean 

stim ulus energy Is

The v a r ia n c e  o f th is  d is t r ib u t io n  Is

No W„T.

L ikew ise , the mean o f  the s ig n a l-p iu s -m a s k e r  energy  

d is t r ib u t io n  Is

(N0 ♦ Sc )WgT ♦ N0 (Wn -  Wg)T ,

where the q u a n t i ty  (Wn -  W# ) rep resen ts  th a t  p o r t io n  o f  the  

stim ulus o u ts id e  the s ig n a l passband. The v a r ia n c e  o f  th is  

d is t r ib u t io n  Is
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(N0  ♦ S0 )*W gT ♦ nJ  <Wn -  Wg ) T .

Note th a t  s ince  the masker a lone and slgna1~plus*m asker  

noise  samples a re  d er iv ed  Ind ep en d en tly , the v a r ia n c e  o f  the  

d i f f e r e n c e  d is t r ib u t io n  Is s im ply the  sum o f  the va ria n c es  

o f  the two energy d is t r ib u t io n s .

Thus, the norm alized  mean o f  the d i f fe r e n c e  

d is t r i b u t i o n ,  "M ," Is

M .  ( K o  ♦  Sq I W . T  ♦  Hp(wn -  W . ) T  -  M n W n T

( n J  Wn T  ♦  ( N 0  ♦  S0 ) * W s T  ♦  N0  ( W n  - W ^ t ] ^

Expanding terms and perform ing  the In d ic a te d  a lg e b ra ,

S0 WgT

P ^  H iT ♦ 2N oV*sT ♦ ^ W s tJ 1̂  '

u B 1
" R T  / T “ [ I / 2 ( S 0 /N # ) '  ♦ ( S . / N g )  ♦ WK/ ^ W X

When s ig n a l and masker bandwldths a re  the same, WK/W(  ■ 1, 

and the above eq uation  becomes Id e n t ic a l  to  Equation 1*1 o f
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