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Chapter 1 

INTRODUCTION

Green (1964) d istinguished  between two methods o f psychophysical 

ana lys is :  molar and molecular. Molar psychophysics i s  the technique which 

has been most frequently  applied to the study of auditory  processing. 

Within molar psychophysics the stimulus i s  ty p ic a l ly  defined by i t s  

s t a t i s t i c a l  p roperties  ( e .g . ,  i t s  average power). The performance of 

human subjec ts  i s  also spec ified  by i t s  s t a t i s t i c a l  p ro p e r t ie s  ( e .g . ,  the 

average p robab ili ty  o f  a co rrec t  response). When models are f i t  to  the 

data the outputs of the models are described by th e i r  d i s t r ib u t io n a l  

p ro p e r t ie s .  The f i t  i s  therefo re  a f i t  o f  the average performance o f a 

model to the average performance of a sub jec t.  No attempt i s  made to use 

the model to pred ic t the t r i a l - b y - t r i a l  f lu c tu a tio n s  in the responses of 

the su b jec ts .

In c o n tra s t ,  w ithin molecular psychophysics the stimulus can be 

specified  exactly  on any given t r i a l .  S im ila r ly ,  the responses of 

sub jec ts  are considered on a t r i a l - b y - t r i a l  b a s is .  When f i t t i n g  models to 

the da ta , the output of the models are spec ified  exactly  for each 

stim ulus. The f i t  i s  specified  by comparing the output o f the model to 

the response of the subjec t for each indiv idual s tim ulus.

The present th e s is  employs data co llec ted  within a molecular 

experiment to evaluate a number o f  models o f  auditory  d e tec tio n . In t h i s  

chap ter,  four models w il l  be described which have been o f t r a d i t io n a l  

importance in psychoacoustics. Although each o f  these  models has been 

investigated  in some d e ta i l  on the molar le v e l ,  only one o f  them has 

received thorough consideration on the molecular le v e l .
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The Theory o f  Signal D e te c ta b i l i ty  as a s t a r t i n g  poin t

The Theory o f  Signal D e te c ta b i l i ty  (TSD) i s  composed o f  two 

th e o r ie s :  a decision theory and a de tec tion  theory. The development 

w ithin th is  th e s i s ,  as well as within most of the s tu d ies  reviewed here, 

assumes th a t  the decision processes used by the subjec t in the de tec tion  

ta sk  are well summarized by the decision theory of TSD.

In o u tl in in g  the Theory of Signal D e te c ta b i l i ty ,  Peterson, B ird sa ll  

and Fox (1954) considered the decision problem faced by an observer who 

must decide whether a waveform received during a p a r t ic u la r  observation 

in te rv a l  came from a population of noise-alone waveforms or a population 

of s ig n a l-p lu s-n o ise  waveforms. They assumed th a t  the decision of such an 

observer i s  based on the value o f some decision v a r iab le ,  X, which, 

because o f the random nature of noise , f lu c tu a te s  across -observation 

in te rv a ls  th a t  contain noise-alone waveforms. S im ila rly ,  the value o f  X 

v a r ie s  across observation in te rv a ls  th a t  contain s ig n a l-p lu s-n o ise  

waveforms. The r e s u l ta n t  d i s t r ib u t io n s  o f  values of X are  shown in Figure 

1.1. The d i s t r ib u t io n  labeled N shows the p ro b a b il i ty  density  associa ted  

with each value of X on t r i a l s  during which a sample from the population 

o f  noise-alone waveforms i s  presented. The d is t r ib u t io n  labeled SN shows 

the p ro b a b il i ty  density  associa ted  with each value o f X on t r i a l s  during 

which a sample from the population of s ig n a l-p lu s-n o ise  waveforms i s  

presented . The observer e s ta b l ish e s  a c r i te r io n  Xc along the decision 

ax is.  On any given t r i a l ,  the observer rep o rts  the presence o f a s ignal 

( i . e . ,  responds "Yes") i f  the observed value of the decision v a r iab le ,  

Xj, i s  g rea te r  than Xc. I f  Xj i s  le s s  than Xc, the sub jec t repo rts  th a t  

no s ignal was presented ( i . e . ,  responds "No"). The p ro b ab il i ty  th a t  the 

observer w i l l  rep o rt  the presence o f a s igna l during an observation 

in te rv a l  in which a s ignal was presented , P(y/SN), i s  equal to the area

-2-
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Figure 1.1. Theoretical d is t r ib u t io n s  o f the s u b je c t 's  decision v a r iab le ,  

X, for noise-alone (N) and s ig n a l-p lu s-n o ise  (SN) t r i a l s .
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under the SN curve to the r ig h t  o f Xo. The p ro b ab il i ty  th a t  the observer 

w ill  report the presence o f  a s ignal during an observation in te rv a l  in 

which no signal was presented, P(y/N), i s  equal to the area under the N 

curve to the r ig h t  o f  Xc. The normalized d is tance between the means of 

the N and SN d is t r ib u t io n s ,  dz (Note 1), has been widely used as a 

measure of s e n s i t iv i ty  for both models and humans. I t  can read ily  be 

computed from P(y/SN) and P(y/N). A measure o f the s u b je c t 's  b ia s .  Beta, 

can also be calculated  from the obtained h i t  and fa lse-a larm  r a te s .  Beta 

i s  equal to the r a t io  of the ordinate  o f  the SN d is t r ib u t io n  to the 

ord inate  of the N d i s t r ib u t io n  a t Xc.

Although the development o f  TSD by Peterson, e t  a l .  was oriented 

towards radar ap p lica t io n s ,  the s tru c tu re  of th e i r  theory proved to be 

more generally  app licab le .  In 1951*, Tanner and Swets applied TSD to  the 

study o f human psychophysics. Since th a t  tim e, the s tru c tu re  of TSD has 

become more and more widely accepted as a good i n i t i a l  descrip tion  of the 

decision processes underlying human performance in  many psychophysical 

ta sk s .

Two assumptions th a t  underlie  the ap p lica tio n  of TSD to  the study o f 

hunan observers are of p a r t ic u la r  importance to  the development here. 

F i r s t ,  TSD assumes th a t  the human observer i s  always operating in a noise 

background. Even in an environment th a t  i s  r e l a t iv e ly  free from 

"external"  noise sources, the  observer in troduces " in te rn a l"  noise . As a 

r e s u l t ,  measurement terms such as absolute threshold  or qu ie t threshold 

are misnomers and have no p a r t ic u la r  importance to  the models considered 

here. TSD also assumes th a t  the dimension depicted by X i s  continuous. 

There are no d is c o n t in u i t ie s  or quantal jumps in perception , as would be 

predicted by various threshold th e o r ie s .  The outputs  o f  a l l  o f  the models 

we w ill  consider are continuous functions o f  the parameters o f  the input 

s t im u l i .

-3-
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I f  one accepts the decision theory o f  TSD as a descrip tion  of the 

decision process of the human observer, then i t  remains for the 

psychophysicist to  determine the decision variab le  used by the sub jec t.  

That i s ,  the psychophysicist must specify  a se t  o f  transform ations by 

which ex ternal s tim uli are changed in to  values o f X. Thus, the present 

th e s is  w ill  attempt to specify  such a se t  of transform ations for the case 

in which the task  o f the subject i s  to de tec t  a tonal s ignal in a noise 

background.

Molar psychophysics

Although the output o f  a model of d e te c ta b i l i ty  i s  ty p ic a l ly  assumed 

to be monotonic with the decision v a r iab le ,  X, when comparing the output 

o f  a model to the molar performance o f a human observer, one cannot 

d i r e c t ly  measure the decis ion  variab le  of the human observer. I t  i s  

therefore  necessary to  transform the output o f  the model in to  a measure 

of performance. This i s  accomplished by producing d i s t r ib u t io n s  of the 

output of the model for the noise-alone and s igna l-p lus-no ise  cases. Once 

the d is t r ib u t io n s  for a p a r t ic u la r  stimulus s i tu a t io n  have been obtained, 

a "dz-like"  measure can be computed. F urther, by ca lcu la t in g  dz as a 

function of s ig n a l- to -n o ise  r a t io ,  a psychometric function for the model 

i s  obtained. I t  i s  a lso  possible to  compute the Receiver Operating 

C h a rac te r is t ic  (ROC) for a model from these d i s t r ib u t io n s .  Although most 

models do not specify  the mechanism by which a p a r t ic u la r  c r i te r io n  i s  

e s ta b lish ed ,  i t  i s  possib le  to  move a hypo the tica l c r i te r io n  along the 

decision axis and compute the expected h i t  and fa lse-a larm  p ro b a b i l i t ie s  

a t  each poin t. By p lo t t in g  the h i t  ra te  as a function of the fa lse-a larm  

r a t e ,  the ROC for the model i s  obtained.
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The decision theory of TSD, which was reviewed in the previous 

sec tion , has been widely applied in psychoacoustics. A d e tec tion  theory, 

idea l detector an a ly s is ,  has also been of g reat importance. This type of 

analysis  allows one to  describe the most e f fe c t iv e  de tec tion  s tra te g y  for 

an observer to  adopt, given a specified  amount o f  p r io r i  information 

about the stim ulus. Two of the models th a t  w ill  be considered here have 

th e i r  o rig in  in ideal detector an a ly s is .

I f  the s ignal i s  completely specified  to the observer before the 

observation in te rv a l ,  th a t  i s ,  the parameters o f  s ignal are known exactly  

(SKE), the optimal s tra teg y  i s  to c ro s s -c o r re la te  the known 

represen ta tion  of the signal with the input waveform (Peterson , e t  a l . ,  

195*0. Peterson, e t  a l .  were also able to  show th a t  the N and SN

d is t r ib u t io n s  on the decision axis have equal variances and are normal in 

form. Further, the expected d' for the Cross-Correlation observer i s  

equal to the square root of 2E/No, where E i s  the energy o f  the s ignal

and No i s  the spectrum leve l of the masking noise .

Ideal de tector analysis  was introduced to human psychophysics by 

Tanner and B ird sa l l  (1958). Although the performance o f the human

observer i s  always much worse than th a t  of the idea l observer, they argue 

tha t  ideal d e tec to rs  are useful as normative models because system atic 

d iffe rences  between the performance of the human and the id ea l  suggest 

what information i s  processed by the idea l th a t  i s  e i th e r  not received or 

not processed by the human observer.

Green (1960) found th a t  the psychometric function for the 

Cross-Correlator d if fe red  from th a t  o f the human in two important 

re sp e c ts .  F i r s t ,  the psychometric function o f the id ea l  observer showed 

considerably higher s e n s i t iv i ty  than th a t  of the human. Second, the slope 

o f  the psychometric function was much shallower for the id ea l  than for

-5-
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the human. Green went on to show th a t  the psychometric function for the 

ideal becomes steeper and moves toward the human psychometric function i f  

the task  of the ideal i s  to  d e tec t  a s ignal which may be any one of M 

orthogonal s ig n a ls .  For the case thus fa r  considered, M has been equal to 

1, The slope of the ideal d e te c to r 's  psychometric function for M equal to 

64 corresponded well to th a t  o f  the human for an M equal to 1 ta sk .  

However, the absolute s e n s i t iv i ty  of the ideal observer was s t i l l  10 dB 

g rea te r  than th a t  of the human observer. One possib le  in te rp re ta t io n  of 

th i s  remaining discrepancy in s e n s i t iv i ty  i s  th a t  the human observer 

operates in the presence of some form of " in te rn a l"  noise . The e f fe c t iv e  

s ig n a l- to -n o ise  r a t io  for the human i s  there fo re  le ss  than the  measured 

s ig n a l- to -n o ise  r a t io  and less  than the e f fe c t iv e  s ig n a l- to -n o ise  r a t io  

for the ideal, observer.

The argument th a t  the human observer i s  operating l ike  the idea l 

observer, but with g rea ter  uncer ta in ty ,  i s  compatible with another o f  

Green's observations. I f  a low leve l sinusoid of the same frequency and 

s ta r t in g  phase as the s ignal (a pedesta l)  i s  added to the noise on both 

s igna l-p lus-no ise  and noise-alone t r i a l s ,  the performance of the human 

w ill  improve dram atically . The slope of the human psychometric function 

for the pedestal condition i s  equal to th a t  o f  the id e a l .  F urther , the 

absolute level of performance i s  only 6 dB below th a t  of the id ea l .  A 

common in te rp re ta t io n  of th is  r e s u l t  i s  th a t  because the pedestal has the 

same frequency and s ta r t in g  phase as the s ig n a l ,  i t  reduces the human 

o b se rv e r 's  uncerta in ty  about the parameters o f  the s igna l;  th a t  i s ,  i t  

reduces the e f fe c t iv e  value of H. The absolute d iffe ren ce  in performance 

could again be explained by assuming th a t  because of " in te rn a l"  noise , 

the human observer i s  operating a t  a lower e f fe c t iv e  s ig n a l- to -n o ise  

r a t io .

-6-
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The ROC for the SKE observer w ill  be a s t r a ig h t  l in e  o f un it  slope 

when p lo tted  in normal-normal coordinates. Egan, Schulman and Greenberg 

(1959) found th a t  human ROCs were well f i t  by s t r a ig h t  l in e s  in  

normal-normal coordinates. However, the slope o f the b e s t - f i t t i n g  l in e  

was c o n s is te n t ly  le s s  than one. This suggests th a t  the variance of the 

s ig n a l-p lu s-n o ise  d i s t r ib u t io n  i s  g rea ter  than th a t  of the noise-alone 

d i s t r ib u t io n ,  a r e s u l t  th a t  i s  incompatible with a c o r re la t io n  observer.

Peterson, e t  a l .  were also able to show th a t  for the case where the 

parameters o f  the s ignal are known except for s ta r t in g  phase (SKEP), 

optimal performance could be obtained using a narrowband f i l t e r  with a 

bandwidth equal to  the rec ip rocal of the signal dura tion , followed by a 

l in e a r  d e tec to r  (envelope d e te c to r ) .  M arill (1956) derived the 

psychometric function for the Envelope D etector. He found tha t  i f  i t  i s  

assumed th a t  the absolute performance of the Envelope Detector i s  11 to 

15 dB worse than i t  a c tu a l ly  i s ,  a good f i t  between the psychometric

function of the human and the psychometric function o f the Envelope

Detector i s  achieved. This f i t  i s  b e t te r  than th a t  achieved between the 

human psychometric function and a normal ogive. Green and Swets (197*0

found, as Green (1960) had for the SKE observer, th a t  the slope of the

psychometric function i s  le ss  for the Envelope Detector than i t  i s  for 

the human observer. Again, i f  the observer was assumed to be de tecting  

one of M orthogonal s ig n a ls ,  the slope could be made as steep as th a t  o f  

the human observer’ s psychometric function. As with the SKE observer, the 

performance of the human observer was always lower than th a t  for the 

Envelope D etector.

J e f f re s s  (1964) noted th a t  the Envelope Detector generates 

d is t r ib u t io n s  for which the  variance of the s ig n a l-p lu s-n o ise  

d is t r ib u t io n  i s  g rea te r  than th a t  o f  the noise-alone d is t r ib u t io n .

-7-
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Further, the noise-alone d is t r ib u t io n  i s  a Rayleigh d i s t r ib u t io n ,  whereas 

the s ignal-p lus-no ise  d is t r ib u t io n  i s  a Rice d i s t r ib u t io n .  Using these 

two d is t r ib u t io n s ,  J e f f re s s  was able to  generate ROCs th a t  had the 

desired slope on normal-normal coord ina tes . F u r th e r ,  J e f f r e s s  obtained an 

excellen t f i t  to the 36-point ra t in g  scale  data  of Watson, R i l l in g ,  and 

Bourbon (1964).

The Energy Detector ( i . e . ,  a device for which the output voltage i s  

proportional to the energy in the input waveform, a f te r  f i l t e r i n g )  has 

t r a d i t i o n a l ly  been of importance in  radio e le c t ro n ic s .  I t  has a lso  been 

found to  be the ideal de tec to r  for the case when the s ig n a l i s  an 

increment in the in te n s i ty  of the noise (Peterson e t  a l . ,  1954). P fa f f l in  

and Mathews (1962) found th a t  the psychometric functions for the Energy 

Detector have slopes which were quite  s im ila r  to  those o f the human 

psychometric functions even when i t  was assuned th a t  M was equal to  1. 

However, i f  a " c r i t ic a l -b a n d - l ik e "  bandwidth (200 Hz for a 1000-Hz 

s igna l)  was assumed for the i n i t i a l  f i l t e r i n g  s tag e , the absolute 

performance of the Energy Detector was 5 to  10 dB b e t t e r  than th a t  o f  the 

human. I f  the i n i t i a l  f i l t e r  was assumed to have a much wider bandwidth 

(in  some cases, several thousand Hz), the performance o f the Energy 

Detector could be degraded u n t i l  i t  matched th a t  o f  the human. After 

considering the evidence from c r i t i c a l  band experiments, which suggested 

th a t  the i n i t i a l  f i l t e r in g  in the hunan auditory  system was probably 

r e la t iv e ly  narrow, P fa f f l in  and Mathews decided th a t  a more reasonable 

explanation of the discrepancy was to assune th a t  the hunan d e tec to r  was 

operating in the presence o f  " in te rn a l"  no ise , which reduced the 

e f fec t iv e  s ig n a l- to -n o ise  r a t io .

P fa f f l in  and Mathews also used the concept o f  " in te rn a l"  noise to  

explain the r e s u l t s  from pedestal experiments. As mentioned above, when a
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low level pedestal i s  added to the noise', the performance o f  a human

observer i s  improved. In ad d it io n , the  slope of the human psychometric 

function becomes shallower, and approximates th a t  of the SKE observer. The 

Energy Detector p red ic ts  these changes in the psychometric function

without re so r t ing  to the uncerta in ty  hypothesis . The c o r re la t io n  between 

the pedestal and the signal w ill  determine the e f fe c t  o f  the pedestal on 

the performance of both the hunan and the Energy Detector. When the

signal is  in phase with the pedestal ( i . e . ,  p o s i t iv e ly  c o r re la te d ) ,  the

increment in energy caused by adding the s ignal w il l  be g rea te r  than the

energy in the s ig n a l.  As the amplitude of the pedestal increases  to

in f in i t y ,  the performance of the Energy Detector approaches th a t  of the 

SKE observer. Although human performance does improve in the presence of 

a low leve l pedesta l, when the amplitude of the pedesta l becomes very

la rg e ,  performance, ra th e r  than approaching tha t  of the SKE observer,

declines  to a level below th a t  obtained with no pedesta l.  P fa f f l in  and 

Mathews point out th a t  th i s  r e s u l t  can be explained by assuming th a t  the 

human observer i s  operating in the presence o f  " in te rn a l"  noise which i s  

proportional to the leve l of the ex terna l s tim ulus. Hence, as the 

magnitude of the pedestal i s  increased , the e f fe c t iv e  s ig n a l- to -n o ise  

r a t io  w ill  decrease, causing the reduction in performance.

Green and Swets (197*0 observed th a t  the ROC for the Energy Detector 

i s  asymmetric, a r e s u l t  compatible with the human da ta .  The ouputs o f the 

Energy Detector are d is t r ib u te d  as chi-square on noise-alone t r i a l s  and 

as non-central chi-square on s ig n a l-p lu s-n o ise  t r i a l s .  The degree of 

asymmetry is  thus inverse ly  re la te d  to  the number o f  degrees o f  freedom, 

which w ill  be equal to twice the product o f  the e f fe c t iv e  bandwidth of 

the stimulus (W) and the e f fe c t iv e  duration  (T). Because the values of T 

and W are free parameters in the model, the exact form of the ROC i s  not 

specified  for the general model.
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J e f f r e s s  (1967,1968) introduced an e l e c t r i c a l  analog model o f  

auditory processing. The model has a general s tru c tu re  (see Figure 1.2) 

th a t  i s  capable o f mimicking several other models. The input waveform, 

y ( t ) ,  i s  passed through a f i l t e r ,  which ty p ic a l ly  has a r e l a t iv e ly  narrow 

bandwidth. This stage of the model may correspond to the mechanical and 

neural f i l t e r i n g  which occurs in the auditory periphery. The next s tage  

i s  a non-linear transform which r e su l ts  in a waveform containing only 

p o s it iv e  values. This stage may represent r e c t i f i c a t io n  processes 

inherent in the hair  c e l l s  and neural f ib e rs .  The next stage i s  an 

in te g ra to r ,  ty p ic a l ly  one with an appreciable decay (" lea k ") .  This stage 

may correspond to  temporal summation a t  some point in  the auditory  

system. A sampling process i s  applied to the output o f the in te g ra to r  to  

obtain  the value of the decision v a r iab le ,  X*.

By changing the parameters of the various stages of the model, i t s  

performance can be a l te re d .  J e f f re s s  (1967) found th a t  when a narrow 

(50-Hz) " c r i t ic a l-b a n d "  f i l t e r  was used for the f i r s t  stage of the model, 

followed by a halfwave r e c t i f i e r  and an in teg ra to r  with a short decay 

constant (1 ms) the output o f  the model followed the envelope of the 

waveform at the output of the 50-Hz f i l t e r .  By c o llec t in g  several hundred 

independent samples of the output of the model, J e f f re s s  was able to  

generate r e l a t iv e  frequency d is t r ib u t io n s  th a t  agreed well with the 

d i s t r ib u t io n s  Peterson, e t  a l .  derived mathematically for the Envelope 

D etec to r .

Typica lly , the Energy Detector has been implemented as a bandpass 

f i l t e r  followed by a square-law device ( i . e . ,  a device for which the 

output voltage i s  proportional to the square of the input voltage) and a 

tru e  in te g ra to r  ( i . e . ,  an in te g ra to r  without a " leak"). Within J e f f r e s s 1 

model, the Energy Detector i s  achieved by employing a square-law device
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Figure 1.2. The general s tru c tu re  of the model o f J e f f re s s  (1967).
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as the nonlinear stage and using the in teg ra tio n  stage and the sampling 

s tra te g y  to  approximate tru e  in te g ra t io n .  (Two methods achieving true  

in teg ra tio n  w ill  be discussed in  Chapter 4.)

Although J e f f re s s  in his  1964 paper had found a remarkably c lose  f i t  

between the ROC generated by the Envelope Detector and the 36-category 

ra t in g  data from the human subject of Watson, e t  a l .  (1964), he l a t e r  

found, as he s ta ted  in h is  1967 paper, th a t  " . . . t h e  ROC curve i s  not a 

s u f f ic ie n t ly  s e n s i t iv e  in d ica to r  to permit d is t in g u ish in g  d e f in i t e ly  

between the sub tly  d i f f e r e n t  d is t r ib u t io n  shapes with which we are 

concerned" ( J e f f r e s s ,  1967; p. 487). The sub tly  d i f f e r e n t  d i s t r ib u t io n s  

to which J e f f re s s  re fe rred  ranged from the normal-normal d i s t r ib u t io n s  of 

the Cross-Correlator to  the Rayleigh-Rice d is t r ib u t io n s  o f the Envelope 

Detector. In an attempt to find more se n s i t iv e  in d ic a to rs  o f  the 

processes underlying human auditory  d e tec tion , J e f f re s s  in v es tig a ted  the 

e f f e c ts  o f manipulating other stimulus parameters on the performance o f 

h is  e l e c t r i c a l  model. Of p a r t ic u la r  concern for J e f f re s s  was a fa c t  th a t  

he had demonstrated em pirically  for the Envelope Detector configuration  

o f  h is  model, and tha t  Peterson, e t  a l .  had shown mathematically fo r  the 

SKEP observer* The best performance of both models occurred when the 

duration of the s ignal was equal to the rec ip roca l of the bandwidth o f 

the model's f i l t e r .  In sharp co n tra s t ,  Green, B ird sa ll  and Tanner (1957) 

found th a t  human performance did not vary s ig n i f ic a n t ly  over a wide range 

of s ignal dura tions  (20 to  150 ms). J e f f re s s  (1964), noting th i s  f a c t ,  

suggested th a t  the human observers might ad just  th e i r  bandwidth to  the 

p a r t ic u la r  de tec tion  ta sk .  J e f f r e s s  (1967, 1968) was able to explain the 

duration data without re so r t in g  to the questionable hypothesis o f  an 

ad justab le  bandwidth. Although with a short decay constant the 

d e te c ta b i l i ty  index of the model showed a sharp peak when the duration  of
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the s ignal was equal to the reciprocal of the bandwidth of the f i l t e r ,  i f  

the decay constant of the in teg ra to r  was increased from 1 ms to 100 ms, 

the peak was f la tten ed  out and the model showed l i t t l e  v a r ia t io n  over a 

range comparable to th a t  shown by the human observer.

Je f f re s s  also found th a t  th i s  sp ec if ic  configuration  o f the  model, 

in  addition to f i t t i n g  the psychometric function , the ROC curves, and the 

changes in performance th a t  are found when s igna l dura tion  i s  v a r ied ,  

showed d ifferences  in performance for continuous and gated maskers th a t  

were q u a l i ta t iv e ly  s im ila r  to those shown by the human observers of 

Tucker, Williams, and J e f f re s s  (1968), That i s ,  J e f f r e s s 1 model p red ic ts  

the improved d e te c ta b i l i ty  of s ignals  in gated no ise , r e la t iv e  to s ig n a ls  

in  continuous noise . Further,  the model p red ic ts  the increased advantage 

for the gated noise condition when the s igna l dura tion  i s  s h o r t .

In th is  sec tio n , several e f fo r ts  to  r e la te  the molar performance of 

human sub jec ts  in  auditory  detection  tasks to  the outputs  o f various 

mathematically or e l e c t r i c a l l y  defined models have been d iscussed . In 

each case the outputs of the model, which are ty p ic a l ly  "v o l ta g e - l ik e ” or 

"power-like" q u a n t i t ie s ,  are transformed in to  some performance v ar iab le  

as would be measured for a human subject in  a psychophysical task . This 

transform ation i s  accomplished in the following way. The expected 

d i s t r ib u t io n s  of outputs for the model i s  obtained e i th e r  mathematically 

or em pirica lly . Then, by assuming the s tru c tu re  of TSD, the expected h i t  

and fa lse-a larm  ra te s  can be obtained, and from these , the normalized 

d is tance  between the means, dz. Using these d a ta ,  ROCs and psychometric 

functions for the model are derived.

This approach assumes th a t  one can d iscrim inate  among a number of 

possib le  population d i s t r ib u t io n s  based on the experimental d a ta .  

However, there  are several r e s u l t s  ind ica ting  th a t  t h i s  may be qu ite
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d i f f i c u l t :  1) The d iffe rences  th a t  e x is t  among the population

d is t r ib u t io n s  which we have considered are small. 2) There i s  

considerable v a r i a b i l i ty  in the experimental data which w il l  tend to 

d i s to r t  the d i s t r ib u t io n s .  That i s ,  the  ana lys is  assumes th a t  the 

s u b je c t 's  response r e f l e c t s  the d is t r ib u t io n  of the stimulus-dependent 

outputs o f the model. I f ,  however, the s u b je c t 's  response r e f l e c t s  not 

only the d is t r ib u t io n  of Stimulus dependent ou tpu ts ,  but a lso  " in te rn a l"  

no ise , the shape of the combined d is t r ib u t io n  w ill  in general be

d if f e re n t  from th a t  of the model ou tpu t,  un less , for example, both the 

model output and the " in te rn a l"  noise are normally d is t r ib u te d ;  3) 

Although the psychometric function and the ROC are the to o ls  most 

frequen tly  used to d iscrim inate  among the models, ne ither  i s  p a r t ic u la r ly  

s e n s i t iv e  to changes in  d is t r ib u t io n  shape.

Even i f  these d is t r ib u t io n s  could be d is tingu ished  using the to o ls  

tha t  are availab le  on the molar le v e l ,  comparing d i s t r ib u t io n s  i s  not

n ecessa r i ly  a good way to d iscrim inate  among models. Two d i f f e re n t  models 

may produce id e n t ic a l  d i s t r ib u t io n s  in  many s i tu a t io n s .  For example, the 

form of the d i s t r ib u t io n s  for several of the models we have discussed is  

dependent only on the number o f degrees o f freedom in  the output. In 

general, the number of degrees of freedom i s  proportional to the product 

of the e f fe c t iv e  bandwidth of the system and the e f fe c t iv e  in te g ra tio n  

time. Hence, one cannot estim ate the value of one o f these parameters 

without assuming the value of the o ther ( J e f f re s s ,  1968).

One f in a l  d i f f i c u l ty  with the molar approach i s  th a t  many of the

models y ie ld  only q u a l i t a t iv e  agreement with the hunan d a ta ,  performing 

much b e t te r  than the human, a t  le a s t  in some s i tu a t io n s .  Typically , the 

discrepancy between the model and the data i s  explained by assuming th a t  

the human i s  uncertain  about the parameters o f  the signal or i s  operating
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in the presence of ’' in te r n a l” noise. I t  i s  no doubt tru e  th a t  human 

performance i s  degraded by these fa c to rs ,  and any complete model of 

auditory processing w il l  have to  take uncerta in ty  and " in te rn a l” noise 

in to  account. However, these constructs  have, in  the molar s tud ies  

reviewed here, been added a f te r  the fac t  and used as free  parameters. No 

attempt has been made to  estim ate th e i r  value ou tside  of the 

m odel-f i t t ing  process.

Molecular psychophysics

The goal of " tru ly "  molecular psychophysics, as s ta ted  by Green 

(1964), i s  to predict the responses of the sub jec ts  on a t r i a l - b y - t r i a l  

b a s is .  Sherwin, Kodman, Kovally, Prothe, and Melrose (1956) compared the 

t r i a l - b y - t r i a l  responses of subjec ts  to the output o f  an e l e c t r i c a l  model 

th a t  was quite  s im ilar  to  the e l e c t r i c a l  model of J e f f r e s s  (1967). I t  was 

composed of a 60-Hz single-tuned f i l t e r ,  followed by a square-law 

detec to r  and then by an exponential in te g ra to r .  The task  of the  sub jec ts  

and the model was to de tec t  a 1000-Hz s ignal presented a t  random 

in te rv a ls  within a continuous noise . The s ig n a l- le v e l  was adjusted  such 

th a t  the human observers co rrec tly  reported the presence of the s igna l  

approximately 60 percent of the time. The threshold  o f the model was then 

adjusted to  give a 60 percent h i t  ra te  a t  the same s ig n a l - le v e l .  The 

decisions of the sub jec ts  and the model for the same s tim u li  were 

recorded on a t r i a l - b y - t r i a l  b a s is .  The h ighest c o r re la t io n s  between the 

model and the subjects  were achieved when the duration o f  the s ignal was 

300 ms and the time constant of the in te g ra to r  was 150 ms. However, for 

t h i s  case, even though the h i t  ra te s  o f  the sub jec t and the model were 

matched, the false-alarm  ra te  o f  the model was twice th a t  of the  human. 

F u rth e r ,  the few fa lse-a larm s reported by the human sub jec t were not well 

co rre la ted  with those reported by the model.
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Although Watson (1962) did not t ry  to  p red ic t  the t r i a l - b y - t r i a l  

responses o f h is  su b jec ts ,  he did perforin a f in e -g ra in  ana lys is  o f  the 

re la t io n sh ip  between stimulus and response. He tape-recorded ind iv idua l 

noise-alone and s ignal-p lus-no ise  s tim uli as they were presented to 

sub jec ts  during a s in g le - in te rv a l  task .  He then passed the s tim u li  

through a 100-Hz bandwidth f i l t e r  and recorded the number of peaks in  the 

f i l t e r e d  waveform th a t  exceeded each of 11 predetermined voltage 

th re sho lds .  The s tim uli were then grouped for a given sub jec t according 

to the four-category ra ting  response they had received when presented to  

th a t  su b jec t.  The average number of peaks which exceeded each o f  the 11 

thresholds was computed for each group. Watson found th a t  these average 

peak counts increased in an orderly  fashion as a function  of the 

confidence the subject had th a t  the s ignal was p resen t.

Williams and J e f f re s s  (1967) used a model s im ila r  to  th a t  o f  

J e f f re s s  (1967) to predict the responses of th ree  human observers on 

ind iv idual tw o-a lte rna tive  forced-choice (2AFC) t r i a l s .  The model was 

able to pred ic t the responses o f a subjec t b e t te r  than the responses o f 

each subjec t were able to p red ic t the responses o f the o ther su b je c ts .  

The model was also a b e t te r  p redictor of the responses of the sub jec ts  

than was the presence or absence of the s ig n a l .  On t r i a l s  where the th ree  

sub jec ts  made the same response, the model made the co rrec t  p re d ic t io n  81 

percent of the time.

Although Watson and Williams and J e f f r e s s  no doubt re a l iz e d  the 

importance of nonstimulus variab les  in p red ic ting  the psychophysical 

response, they did not sp e c i f ic a l ly  include them in th e i r  models. 

Sherwin, e t  a l .  assumed Gaussian v a r i a b i l i ty  on th e i r  model's th resho ld , 

in an attempt to  explain some of the d iffe ren ces  between the p red ic tion  

of th e i r  f ixed-threshold  model and the human responses. However, no

-15-



www.manaraa.com

attempt was made to pred ic t where the threshold would be on any 

p a r t ic u la r  t r i a l .

Green (196*4) argued th a t  there  are two components to  any 

psychophysical response. One component i s  determined by the stim ulus, and 

the other is  independent of the stim ulus. In order to be successfu l in 

p red ic ting  the t r i a l - b y - t r i a l  responses of the su b jec t,  the molecular 

psychophysicist must understand the in fluences o f  both o f these fa c to rs .  

The experiments Green presented were d irec ted  toward understanding the 

stimulus-independent aspects o f  the su b je c t’s response. In order to 

control the influences of the stim ulus, several sequences of 2AFC t r i a l s  

were tape-recorded. Each tape-recorded sequence of t r i a l s  was then 

presented to the same sub jec ts  sev tr *1 t i m e s .  Responses were recorded on 

a t r i a l - b y - t r i a l  b a s is .  This procedure allowed Green to  measure the 

consistency of responses across t r i a l s  th a t  contained id e n t ic a l  s t im u l i . 

Green hoped to find evidence for response biases th a t  could be used to 

augment the p red ic tions  of s tim ulus-orien ted  models. Although he found 

evidence for such b ia se s ,  the magnitude of these e f fe c ts  was small. He 

concluded tha t  the la rg e s t  share o f the stimulus-independent component o f  

the response continued to elude p red ic t io n .  Green also  estimated the 

magnitude of the con tribu tion  of the stimulus-dependent component (the 

"external"  noise) r e l a t iv e  to  the con tr ibu tion  of the 

stimulus-independent component ( " in te rn a l"  no ise ) ,  and found them to  be 

about equal. Noting these f a c ts ,  Green concluded th a t  the fu ture  o f a 

" tru ly "  molecular psychophysics was in  doubt. Other evidence (Swets, 

Shipley, McKee, and Green, 1959; Watson, 1962) a lso  ind ica tes  th a t  the 

contribution  of the  " in te rn a l"  noise i s  su rp r is in g ly  la rge . Indeed, the 

data from Gilkey, Hanna, and Robinson (1981) in d ica te  th a t  in many 

s i tu a t io n s  the con tr ibu tion  of stimulus-independent fa c to rs  may exceed
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the contribution  of stimulus-dependent fa c to rs  by as much as two to  one. 

As a remedy. Green suggested the p o s s ib i l i ty  o f  a quasi-molecular 

approach, in which by presenting the same stim ulus on several t r i a l s  one 

could measure the average response o f the sub jec t to  th a t  s tim ulus , and 

thereby minimize the e f fe c ts  o f nonstimulus v a r ia b le s .  I t  might then be 

possib le  to  use the parameters of the stimulus to p red ic t  th i s  average 

response.

The curren t study w il l  use an approach th a t  would be considered by 

Green as a quasi-molecular approach. The f i r s t  study to  use such an 

approach was th a t  of P fa f f l in  and Mathews (1966). They in v es tig a ted  the 

d e te c ta b i l i ty  of a 312.5-Hz sinusoidal s ignal th a t  was masked by each o f 

12 bursts  of computer-generated noise. The s tim u li  were presented in 

pa irs  to form 2AFC t r i a l s .  Each stimulus pa ir  was presented 72 or more 

times and the average p ro b ab ili ty  of choosing the f i r s t  in te rv a l  for each 

pa ir  was recorded. For each stimulus, they computed the energy passed by 

a 100-Hz wide rectangular f i l t e r  centered at the s igna l frequency and 

found th a t  the p ro b ab ili ty  o f  choosing the f i r s t  in te rv a l  was re la te d  to 

the d ifference  in energy between the two in te rv a ls .  However, t h i s  

quantity  did not explain a l l  of the variance in  th e i r  d a ta .

An examination of responses to p a ir s  which did not contain a s ignal 

in e i th e r  in te rv a l  and to pairs  which contained the id e n t ic a l  s tim ulus in  

both in te rv a ls  revealed "biases" which were independent o f the energy 

d iffe rence  between the in te rv a ls .  The r e la t io n sh ip  between the energy 

d ifference  and performance was weak on non-signal t r i a l s .  For severa l 

p a ir s ,  the in te rv a l  with the le a s t  energy was more o ften  chosen as 

containing the s ig n a l .  Although th i s  r e s u l t  ind icated  th a t  stimulus 

fac to rs  other than the energy d iffe ren ce  between the  in te rv a ls  were 

co n tro ll in g  the responses o f su b jec ts ,  P f a f f l in  and Mathews were unable
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to  determine what these other fa c to rs  might be. For the pa irs  th a t  

contained the same stim uli in both in te r v a l s ,  b iases  were found to be 

sample-dependent. I t  appeared th a t  sub jec ts  had b iases  toward d i f f e re n t  

in te rv a ls  in the case where both in te rv a ls  would have been id e n t i f ie d  as 

noise-alone and in the case where both in te rv a ls  would have been

id e n t i f ie d  as s ig n a l-p lu s -n o ise .

Ahumada (1967) also used the quasi-molecular approach in an attempt 

to  estim ate the c r i t i c a l  bandwidth of h is  su b jec ts .  He tape-recorded a 

s e r ie s  of 33 s ig n a l-p lu s-n o ise  and 27 noise-alone s in g le - in te rv a l  t r i a l s .  

Bursts of thermal noise, 100 ms in  duration  and b an d p ass-f i l te red  from 

250 to  750 Hz, were used as maskers. The s igna l was a 100-ms pulse of a 

500-Hz sinusoid . The taped sequence of t r i a l s  was presented to  the 

sub jec ts  f iv e  tim es. The number of p o s i t iv e  responses was summed for each 

stimulus across the f ive  p resen ta tions  of the tape. The s tim uli were

sampled from the tape-recording in to  a d ig i t a l  computer for subsequent 

ana lys is .  The energy in each stimulus was computed a t  the output o f  a 

single-tuned d ig i t a l  f i l t e r  centered a t 500 Hz. This quan tity  was 

computed for several f i l t e r  bandwidths. Ahumada found th a t  the

performance of h is  sub jec ts  on s ig n a l-p lu s-n o ise  t r i a l s  was best

co rre la ted  with the outputs of t h i s  simple Energy Detector when the 

bandwidth of the f i l t e r  was 10 to  20 Hz. However, on noise-alone t r i a l s ,  

considerably wider f i l t e r s  (100 to  200-Hz) were found to  c o r re la te  best 

with subjec t performance. He explained th i s  discrepancy by assuming tha t  

the subject monitors a 100 to  200-Hz wide bank of narrow (10 to  20-Hz) 

f i l t e r s  and th a t  the value of the maximum f i l t e r  output within the bank 

i s  used as a decision v a r iab le .  On s ig n a l-p lu s-n o ise  t r i a l s ,  the f i l t e r  

centered a t 500 Hz would be the one most f requen tly  se le c te d ,  leading to 

r e la t iv e ly  good c o rre la t io n s  between the output of t h i s  f i l t e r  and
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performance on s ig n a l-p lu s-n o ise  t r i a l s .  However, on noise-alone t r i a l s ,  

the selected  f i l t e r  would vary randomly from stimulus to  stim ulus, 

leading to a r e la t iv e ly  poor co rre la t io n  between the output of the f i l t e r  

centered a t 500 Hz and performance, and also leading to an estim ate of 

the c r i t i c a l  bandwidth th a t  corresponded more nearly to the width o f  the 

f i l t e r  bank than to  the width o f  an ind iv idual f i l t e r .  Ahumada did not 

attempt to f i t  t h i s  model to h is  d a ta ,  but merely o ffered  i t  as a 

possib le  explanation of the r e su l ts  he had found.

The p o s s ib i l i ty  th a t  the auditory system performs a more broad-band 

an a ly s is  of the input waveform when attempting to d e tec t  a s ignal in 

noise was in vestiga ted  by Ahumada and Lovell (1971). The r e s u l t s  of two 

experiments were reported . In the f i r s t  experiment, 25 s ig n a l-p lu s-n o ise  

and 25 noise-alone s tim uli were in v es tig a ted . The 100-ms noise waveforms 

were generated by a computer program and consisted of 32 s inuso ida l 

components spaced a t  10-Hz in te rv a ls  over the range from 350 to  660 Hz. 

The signal was a 100-ms sample of a 500-Hz s inusoid . The 50 s t im u li  were 

converted to analog form and recorded on audio-tape in e igh t random 

sequences for l a t e r  p resen ta tion  to ten su b jec ts .  Each of the sequences 

was presented to the sub jec ts  four tim es, for a t o t a l  of 32 responses per 

stim ulus per su b jec t.  The four-category ra t in g  responses of the subjec ts  

were summed across the 32 p resen ta tio n s .  The second experiment was 

e s s e n t ia l ly  id e n t ic a l  to  the f i r s t ,  except th a t  200 s t im u li  were 

presented to seven su b jec ts ,  16 times each.

A Fourier spectrum was computed from the d ig i t a l  rep resen ta tio n  of 

each stim ulus. A m ultip le  regression was then performed, using the power 

in adjacent 50-Hz (30-Hz for Experiment 2) bands as p red ic to r  v a r iab les  

and the summed ra t in g  responses as the v ar iab le  to  be pred ic ted . The 

functions  th a t  re la te d  the obtained weighting c o e f f ic ie n ts  to  component
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frequency were found to be q u ite  v a r iab le  across sub jec ts .  Ahumada and 

Lovell described some o f these weighting functions as peaked, some as 

f l a t ,  and others as showing a high-pass c h a r a c te r i s t i c .  Several of th e i r  

functions showed negative weightings a t  frequencies o ther than the s ignal 

frequency, but o thers  did no t.  S ig n if ic a n t ly ,  Ahumada and Lovell were 

able to  reduce the number of p red ic to r  v ar iab les  in the second experiment 

from nine to three with only a small decrease in predicted  variance. They 

accomplished th is  by defin ing  three weighting contours which they claimed 

corresponded to the auditory  " fea tu res"  o f  " p i tc h ,"  "loudness," and "tone 

presence." Many o f the seemingly random d iffe rences  in  weighting 

functions across subjec ts  were explained by assuming th a t  the sub jec ts  

applied d i f fe re n t  weights only to  these th ree  fea tu re s .

As Ahumada (1967) had found, there  were d iffe ren ces  between

sig n a l-p lu s-n o ise  and noise-alone t r i a l s .  The weighting functions 

obtained for s igna l-p lu s-no ise  and noise-alone t r i a l s  were not id e n t ic a l .  

A f i l te r -b a n k  model l ike  th a t  proposed in  Ahumada*s e a r l i e r  paper was 

used in an attempt to p red ic t  t h i s  d if fe ren ce .  However, the r e s u l t s

indicated th a t  wide f i l t e r s  and wide banks predic ted  best on noise-alone 

t r i a l s ,  whereas narrow f i l t e r s  and narrow banks p redicted  best on

sig n a l-p lu s-n o ise  t r i a l s .

The m ultiple regression approach was extended by Ahumada, Marken, 

and Sandusky (1975). In th e i r  an a ly s is ,  they allowed for the p o s s ib i l i ty  

th a t  the subject might d i f f e r e n t i a l l y  weight the stimulus in  the time 

domain as well as in the frequency domain. A computer was used to

generate 400 samples of noise . The noise samples were 500 ms in  dura tion . 

A 500-Hz s ig n a l ,  100 ms in  duration  and temporally centered with respect 

to the noise , was added to 200 o f the noise b u r s ts .  The s tim u li  were then 

converted to  analog form, b an d p ass-f i l te red  from 20 to  4000 Hz, and
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tape-recorded in  e igh t random sequences for l a t e r  p resen ta tion  to  

su b je c ts .  Each sequence was presented to the sub jec ts  once, and th e ir  

four-category ra ting  responses were summed across the e igh t p resen ta tions  

o f  each stim ulus. Fourier analyses were computed for successive 

nonoverlapping 100-ms in te rv a ls  o f  each waveforms. The power in  the 

Fourier components computed from each o f  these in te rv a ls  was then summed 

across adjacent 50-Hz bands over the range from 425 to  625 Hz, y ie ld ing  a 

to t a l  of 25 spectra l- tem poral components. These 25 components were then 

used as p red ic to r variab les  in  a m ultip le  regression  ana lys is  s im ila r  to 

th a t  used by Ahumada and Lovell (1971). The r e su l t in g  weighting contours 

appeared to be more cons is ten t than those o f Ahumada and Lovell. All 

sub jec ts  showed maximum weighting a t the 500-Hz component during the 

signal in te rv a l .  In ad d it io n , most sub jec ts  showed negative weightings 

before the s ignal in te rv a l  a t  the 500-Hz component, and also showed 

negative weightings at the  450-Hz component during the s ignal in te rv a l .  

Ahumada, e t  a l .  (1975) explained these negative weightings by assuming 

th a t  the decision of the sub jec t was based on a comparison of the 

on-frequency energy during the s ignal in te rv a l  to both the on-frequency 

energy before the s ignal in te rv a l  and the off-frequency energy during the 

s ignal in te rv a l .

In addition to the m ultip le  regression  a n a ly s is ,  Ahumada, e t  a l .  

compared the output of a single-channel Energy Detector l ik e  th a t  used by 

Ahumada (1967) to the responses o f su b je c ts .  The output o f  a 40-Hz-wide 

single-tuned f i l t e r  corresponded most c lo se ly  to  the performance o f 

sub jec ts  across a l l  t r i a l s .  When s ig n a l-p lu s-n o ise  and noise-alone t r i a l s  

were considered separa te ly ,  a 20-Hz bandwidth was most appropriate  on 

s igna l-p lus-no ise  t r i a l s ,  whereas a 40-Hz bandwidth was most appropriate 

on noise-alone t r i a l s .  Although th ree  values o f in te g ra t io n  time were
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considered, they were found to have only a neg lig ib le  influence on the  

p red ic t iv e  value of the model. Although s l ig h t  d iffe ren ces  were found 

between s ig n a l-p lu s-n o ise  and noise-alone t r i a l s ,  these r e s u l t s  are  

encouraging in l ig h t  o f  the r e s u l t s  o f  Ahumada (1967), who found la rge  

d iffe ren ces  in  bandwidth es tim ates  between noise-alone and 

s ig n a l-p lu s-n o ise  t r i a l s .  In add it io n , weighting- contours derived 

separa te ly  for noise-alone and s ig n a l-p lu s-n o ise  t r i a l s  appeared to  be 

more s im ila r  than those reported by Ahumada and Lovell (1971). However, 

while negative weightings were found for some components on 

s ig n a l-p lu s-n o ise  t r i a l s ,  no s ig n if ic a n t  negative weightings were found 

for any component on noise-alone t r i a l s .

All of these quasi-molecular s tud ies  have assumed th a t  an Energy 

Detector, or a weighted combination of Energy D etectors, i s  an 

appropria te  model o f the human auditory  system. Although Ahumada has , in 

some cases, been able to explain as much as 90% of the v a r i a b i l i t y  in the 

data o f some of h is  sub jec ts  with a weighted combination o f Energy 

Detector ou tputs, in  o ther cases he has only been able to  explain 8} o f 

the variance. An examination of the re la t io n sh ip  between the percentage 

of co rrec t  responses, P(C), and the proportion o f  variance accounted for 

in  the data presented by Ahumada and Lovell (1971) and by Ahumada e t  a l .  

(1975) reveals th a t  these two s t a t i s t i c s  are s trong ly  c o r re la te d .  

Although th i s  may only mean th a t  sub jec ts  who perform well are more 

cons is ten t in th e i r  s ta te g ie s  and are ,  th e r fo re ,  more p red ic tab le ,  i t  may 

also  in d ica te  th a t  a major fac to r  determining the Energy D e tec to r 's  

success as a model, i s  i t s  a b i l i ty  to p red ic t  the presence of the s ig n a l .  

A comparison of these r e s u l t s  to  other models might give a b e t te r  view of 

how appropriate  the Energy Detector i s  as a model of the auditory  system.
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Frank (1979) compared the ' performance of severa l models to h is  

quasi-molecular da ta ,  including the C ross-C orre la to r ,  the  Energy 

Detector, and one configuration of the  model of J e f f r e s s  (1967). He

investiga ted  the d e te c ta b i l i ty  o f  a 500-Hz s inusoid  th a t  was masked by 

four samples o f  computer-generated Gaussian noise . The noise was

band-pass f i l t e r e d  from 100 to  3000 Hz. Each o f  the four noise samples 

occurred on several randomly se lected  t r i a l s  during each block of 100 

t r i a l s .  Half of the t r i a l s  in each block contained random samples o f 

noise in an attempt to keep the sub jec ts  from "learning" any of the four 

samples. Each noise sample occurred during both noise-alone and 

s igna l-p lus-no ise  t r i a l s .  The s ig n a l- le v e l  was manipulated for each 

sample ind iv id u a lly  such th a t  the sample’ s psychometric function could be 

obtained. The value of 10 log(E/No) required to  y ie ld  80% co rrec t  

detection  was estimated for each sample from i t s  psychometric functions . 

Four values of s ignal s ta r t in g  phase (Alpha) over the range 0 to  90 

degrees were in v es t ig a ted .  Because the models do not make sp e c if ic  

p red ic tions  o f P(C) for sp e c if ic  noise samples (an assumption about the

magnitude of the " in te rn a l"  noise i s  required in order to a r r iv e  a t  a

d e te c ta b i l i ty  index for a sp e c if ic  sample), the f i t  o f  the models was 

evaluated by comparing the r e la t iv e  changes in  the outputs o f  the models 

as a function of Alpha to the r e la t iv e  changes in  average performance of 

the subjects  as a function o f Alpha. U nfortunately, the  r e s u l t s  o f  

Frank 's  m odel-f i t t ing  e f fo r t s  were inconclusive . There was considerable 

v a r i a b i l i ty  in h is  data across sub jec ts  and across samples. None o f  the 

models f i t  the data for a l l  samples and for a l l  sub jec ts  w ell. Because a 

lim ited  number of samples was in v es t ig a ted ,  i t  was d i f f i c u l t  to determine 

the source of the d iscrepancies  between the  models and the  d a ta .
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Bell and Schubert (1975), Bell and Becker ( 1 9 7 5 ) and Dolan, Hirsh, 

and Yost (1981) used a 2AFC paradigm, and also  found dramatic changes in 

d e te c ta b i l i ty  of a s ig n a l  masked by ind iv idual samples o f noise when the 

s ta r t in g  phase of the signal was varied . Bell and Becker were f a i r l y  well 

able to p red ic t  th e i r  narrow-band noise  masking data using an envelope 

d e te c to r .  Becker and Bell (1975) had minimal success a t  r e la t in g  the 

wide-band masking data of Bell and Schubert to  any of a v a r ie ty  o f 

stimulus measures.

The present study w il l  also in v e s t ig a te  models o ther than the Energy 

Detector. This w il l  be accomplished by es tim ating  parameters of the 

general form of the model described by J e f f re s s  (1967). As previously  

mentioned, given an appropriate  choice of parameters, t h i s  model w il l  

simulate anEnvelope-Detector, an Energy-Detector, and a Leaky 

In te g ra to r .  The data w i l l  be co llec ted  using a s in g le - in te rv a l  procedure 

to  avoid the problem of how the sub jec ts  combine the decision v ar iab les  

computed during the two in te rv a ls  of a 2AFC t r i a l .  Twenty-five noise 

samples w ill  be in v e s t ig a te d .  Each sample w il l  be used on both 

noise-alone t r i a l s  and s ig n a l-p lu s -n o ise  t r i a l s .  In add ition , four values 

of Alpha w ill be in v es tig a ted : 0, 90, 180, and 270 degrees. No attempt 

w i l l  be made to  obtain th resho lds  for ind iv idua l samples. In s tead , h i t  

and fa lse-a larm  ra te s  for each sample obtained at two fixed s ig n a l- le v e ls  

w il l  be re la ted  to the p red ic tions  of the models. The models p red ic t  th a t  

the p ro b ab il i ty  o f  a "Yes" response w il l  increase monotonically with the 

output o f the model. However, as mentioned prev iously , they do not make 

sp ec if ic  p red ic tions  regarding the d e t e c ta b i l i ty  o f  s ig n a ls  masked by 

indiv idual samples o f  noise .
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Footnote

1 .

dz=(M -M ) /  /V +V n sn n sn
where M i s  the mean o f  the noise-alone d is t r ib u t io n ,  M i s  the n sn
mean of the s igna l-p lus-no ise  d i s t r ib u t io n ,  Vr i s  the variance of

the noise-alone d is t r ib u t io n  and V i s  the variance of thesn
s ign a l-p lu s-n o ise  d is t r ib u t io n .  I f  the noise-alone and 

s igna l-p lus-no ise  d is t r ib u t io n s  are assumed to  have equal variance 

and be normal in form, d '=dz. The term d* w ill  here be reserved for 

th i s  case.
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Chapter 2 

METHODS

Subjects

The subjects  were four undergraduate work-study s tudents  (2 males, 2 

females) who were paid for th e i r  p a r t ic ip a t io n  in  the experiment. Their 

ages ranged from 19 years to 25 y ears .  All four sub jec ts  were experienced 

auditory  observers with audiom etrically  normal hearing. Each sub jec t had 

p a r t ic ip a te d  in s im ila r  auditory experiments for a period o f  a t  le a s t  

th ree  months before beginning the experiments reported here. In add it ion , 

each subjec t received several thousand p rac tice  t r i a l s  under the present 

experimental procedure before any of the data  reported  here were 

co llec ted .

Apparatus

Signal and noise s tim uli were generated on a D ig i ta l  Equipment 

Corporation PDP-11/34A computer. They were output through separate  

Analogic Corporation 14-bit d ig i ta l - to -a n a lo g  converters  (DACs) a t  a 

sampling ra te  o f  20,000 samples per second. The waveform in  each channel 

was then smoothed by a 6.3-kHz low-pass f i l t e r  with an 80-dB per octave 

r o l l - o f f  to prevent a l ia s in g .  The noise channel was ad d i t io n a l ly  

band-pass f i l t e r e d  from 100 to  3000 Hz. The s igna l was passed through a 

programmable attenuator to  control the p resen ta tion  le v e l .  The s ignal and 

the noise were then mixed ana log ica lly ,  passed through a f in a l  

a t ten u a to r ,  and presented to the subjec ts  through TDH-49 headphones. The 

four subjec ts  were seated in a S u t t le  Equipment Corporation double-walled 

soundproof room during the experiment.
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Procedure

The signal was a 100-ms sample of a 500-Hz s inusoid . The sinusoid 

was generated using the sine function provided with the RT-11 FORTRAN 

l ib ra r y .  The onsets and o f f s e ts  were shaped by 8-ms l in e a r  ramps. The 

s ig n a l- le v e l  was con tro lled  by a programmable a t ten u a to r .  Signals with 

four d i f f e r e n t  s ta r t in g  phase angles (Alphas) were investiga ted  over the 

course of the experiment: 0, 90, 180, and 270 degrees.

The noise waveforms were generated by a 33-b it  software

s h i f t - r e g i s t e r  (Gilkey and Frank, 1981). Within the 100 to  3000-Hz

passband, the long term power spectrum of the noise i s  white, and to  a 

very good approximation the d i s t r ib u t io n  of instantaneous pressures  i s  

Gaussian. Each time the s h i f t - r e g i s t e r  i s  i n i t i a l i z e d  to the same 

s ta r t in g  value , the id e n t ic a l  noise sample i s  produced. In the 

experiments reported here, 25 nonoverlapping 148-ms samples o f noise were 

se lec ted  for in v e s t ig a t io n .  Each day the same noise sample (not one o f  

the 25 s tudied) was used to c a l ib ra te  the noise channel of the c i r c u i t .  

This sample was output repeated ly  (with no temporal gap between the 

o f f s e t  and the onset) and i t s  lev e l  was adjusted to be equivalent to th a t

of a thermal noise with a spectrum lev e l of 50 dB SPL. The average

spectrum level o f  the 25 samples was then assumed to be approximately 

50 dB SPL.

Two s ig n a l- le v e ls  were used under each condition of the experiment. 

Within each se t  o f  four b locks, the s ig n a l- le v e l  on the f i r s t  and th ird  

blocks resu lted  in a 10 Log(Es/No) of 11.5 dB. The s ig n a l- le v e l  on the 

second and fourth  blocks resu lted  in a 10 Log(Es/No) of 8.5 dB. Each se t  

o f  four blocks was preceded by a p rac t ice  block during which the 

s ig n a l- le v e l  resu lted  in a 10 Log(Es/No) of 14.5 dB.
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All of the data reported here were co llec ted  using a s in g le - in te rv a l  

(Yes-No) procedure. Each t r i a l  began with a 198-ms warning l i g h t ,  

followed by a 100-ms pause, a 198-ms observation in te rv a l  marked by a 

l i g h t ,  a 1500-ms response in te rv a l ,  and a 198-ms feedback in te rv a l .  

During the observation in te rv a l ,  the noise b u rs t  began 25 ms a f t e r  the 

onset of the l ig h t  and was centered temporally with respec t to the l i g h t .  

The s igna l ,  i f  p resen t,  began 20 ms a f te r  the onset of the noise and was 

centered temporally with respect to  both the l i g h t  and the noise . The 

su b je c ts '  task was to press one of two bu ttons on the response panel in 

f ro n t  of them during each response in te rv a l ,  to  in d ica te  whether or not 

they believed a s ignal had been presented on th a t  t r i a l .  Feedback was 

used only during tra in in g  and p rac t ice  b locks. During the feedback 

in te rv a l ,  a l ig h t  indicated whether or not the s igna l had been presented . 

Because the 25 noise samples under in v es t ig a t io n  were never presented 

during t ra in in g  or p rac tice  blocks, sub jec ts  never received feedback 

about th e i r  t r i a l - b y - t r i a l  performance for these tw enty-five  samples. 

However, a t  the end of each se t  o f  four blocks su b jec ts  were given 

feedback on th e i r  average performance on each block.

During each two-hour experimental session four s e ts  o f  four blocks 

o f  t r i a l s  were presented. Each se t  o f  four blocks was preceded by a 

p rac tice  block. P ractice  blocks contained twenty t r i a l s ;  a l l  o ther blocks 

contained 100 t r i a l s .

Within each block o f  100 t r i a l s ,  each o f  the 25 noise samples was 

presented four times. On two of those four t r i a l s  a s igna l was added to 

the noise. On the other two t r i a l s  only the noise was presented . Over the 

course of the experiment each noise sample was presented between 156 and 

396 times for each combination of s ig n a l- le v e l  and Alpha. Again, on h a l f  

o f  these t r i a l s  (about 100 t r i a l s  fo r  each combination of s ig n a l - le v e l
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and phase), a s ignal was added to the noise sample. On the other h a l f  o f  

the t r i a l s ,  the noise sample was presented alone. The ac tu a l  number of

presen ta tions  of each sample to  each sub jec t under each condition i s

shown in  Table A1.1 of Apendix A1.

Stimulus Analyses

All noise-alone and s ig n a l-p lu s-n o ise  waveforms were output through 

the DAC, mixed an a lo g ica l ly ,  and presented through headphones as they 

would be on a normal t r i a l .  The mixed waveform was simultaneously sampled 

in to  the PDP 11/34 through an a n a lo g - to -d ig i ta l  converter a t  a point in  

the c i r c u i t  immediately before the f in a l  a t te n u a to r .  The sampling ra te  

was 20,000 samples per second. The d ig i t iz e d  waveforms were then

tra n s fe rre d  to the DEC-10 computer system on the campus o f  Indiana 

University-Purdue U niversity  a t  Ind ianapo lis .  Fast Fourier transforms 

(FFTs) were computed on the waveforms and stored for subsequent ana lys is  

(the mixed-radix fa s t  Fourier transform algorithm of Singleton (1969) was 

used to compute a l l  FFTs and inverse FFTs).

A model l ik e  th a t  of J e f f re s s  (1967) was implemented on the

computer. To mimic the f i r s t  s tage of h is  model, a subroutine was w ritten  

to  compute the amplitude and phase c h a r a c te r i s t i c s  of a s ingle-tuned 

(RLC) f i l t e r .  The amplitude and phase c h a r a c te r i s t i c s  defined by the 

subroutine were then applied to  the stored amplitude and phase spec tra  o f  

each stim ulus. The f i l t e r e d  spec tra  were transformed in to  the time domain 

by an inverse FFT. Seven f i l t e r  bandwidths (10, 25, 50, 75, 100, 302, and 

538 Hz) were used with the f i l t e r  centered a t  500 Hz. In ad d it io n ,  seven 

f i l t e r s ,  each with a bandwidth of 50 Hz, bu t d i f f e r e n t  center frequencies 

(350, 400 , 450 , 500 , 550, 600, and 650 Hz) were employed in  l a t e r

ana lyses .
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The n on linear ity  in  J e f f r e s s '  model was approximated in  two ways. 

Half-wave r e c t i f i c a t io n  was achieved by rep lacing  the negative values in 

each f i l t e r e d  waveform with zeros. The square-law device was simulated by 

squaring each element in each f i l t e r e d  waveform.

Each element in the output of the in teg ra tio n  stage was defined as 

the  sum of the corresponding input element and a l l  previous input 

elements weighted by an exponential decay. The value of the  exponential 

decay function was replaced with a value of zero i f  the computed 

weighting was le ss  than .01. Six values were used for the  decay constant 

o f  the exponential (.01, 1, 10, 50, 100, and 200 ms). The .01-msms decay 

constant was s u f f ic ie n t ly  short th a t  the d ig i t iz e d  waveforms were passed 

through the in teg ra tio n  stage unaltered .

The output of the in teg ra tio n  stage i s  a waveform, con ta in ing  3000 

d ig i t a l  values. Exactly what sampling s tra tegy  should be applied to  these 

3000 values in order to  obtain a s ing le  value as a decision  v a r ia b le  (X1) 

i s  not obvious _a p r i o r i . The f iv e  sampling s t r a te g ie s  considered here 

were thus chosen ra th e r  a r b i t r a r i l y .  The re s u l ta n t  value o f  X1 was equal 

to :

1. the average output of the in teg ra tio n  stage during the stimulus 
in te rv a l  (Strategy 1)

2. the average output of the in te g ra tio n  s tage during the s ignal 
in te rv a l  (Strategy 2)

3. the average output of the in te g ra tio n  stage during an 8-ms 
in te rv a l  th a t  began simultaneously with the s ig n a l o f f s e t  
(S tra tegy  3)

4. the average output of the in te g ra tio n  s tage  during an 8-ms 
in te rv a l  th a t  began 16 ms a f te r  the s ignal o f f s e t  (S trategy 4)

5. the maximum value o f the in teg ra to r  output during the stimulus 
in te rv a l  (Strategy 5)
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"Stimulus in te rv a l” r e fe r s  to an in te rv a l  th a t  s t a r t s  a t  the onset of the 

noise and ends approximately 2 ms a f t e r  i t s  o f f s e t ,  and "Signal in te rv a l"  

re fe rs  to an in te rv a l  th a t  begins 20 ms a f te r  the onset o f the noise and 

ends 28 ms before i t s  o f f s e t  ("Signal in te rv a l"  r e fe r s  to  the same 

in te rv a l  on both s ig n a l-p lu s -n o ise  and noise-alone t r i a l s . )
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Chapter 3 

RESULTS

As was mentioned in the in troduc tion , Green (1964) d istingu ished  

between two methods of psychophysical an a ly s is .  The method which has 

t r a d i t io n a l ly  been applied in  psychoacoustics he re ferred  to as molar 

psychophysics. The techniques applied in the experiments described here 

are c lo se r  to  the approach Green re fe rred  to  as molecular psychophysics 

(Note 2 ) .  In th i s  chapter the data from the present experiments w il l  be 

described on both of these le v e ls .  As w il l  be seen, the r e s u l t s  of these 

two forms of ana lys is  are qu ite  d i s t i n c t .  Some of the im plications of 

these d iffe ren ces  w il l  be considered.

Molar Level

The psychometric function has frequently  been used to  describe the 

r e s u l t s  from simple de tec tion  experiments such as the one reported here. 

Figures 3.1 through 3.4 show two-point psychometric functions for each of 

the four su b jec ts .  The four points  shown a t  each s ig n a l- le v e l  are the 

maximum p ro b ab il i ty  of a co rrec t  response, P(C)max, for each Alpha. 

P(C)max was obtained from d ' by assuming an optimal c r i te r io n  and 

c a lc u la t in g  the expected value of tP(Y/SN)+[1-P(Y/N>]}/2. The curves were 

generated by finding  the leas t-sq u a re s  f i t  to  the logarithm ic transform 

of the function d'smtE/No)*1 using the l o g i s t i c  approximation to the 

cumulative normal. The slopes (k 's )  and In te rc e p ts  (m’s) are well within 

the bounds ty p ic a l ly  found for a tone- in -no ise  de tec tion  task  (Egan, 

Lindner and McFadden, 1969). The average performance of the sub jec ts  i s
I

well f i t  by a psychometric function with a slope of 5% per dB over the 

approximately l in e a r  portion  (k=1.00), and an in te rc e p t  such th a t  a 10
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Figure 3.1. Psychometric function for subjec t SG. Points p lo tted  show 

P(C)max obtained under each cond ition . Square symbols are with Alpha 

equal to  0. C ircular symbols are with Alpha equal to  90. Diamond symbols 

are with Alpha equal to 180. Triangular symbols are with Alpha equal to 

270 .
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Figure 3 .2 . Psychometric function for subject CV. Points p lo tted  show 

P(C)max obtained under each condition. Square symbols are with Alpha 

equal to 0. C ircular symbols are with Alpha equal to 90. Diamond symbols 

are with Alpha equal to  180. Triangular symbols are with Alpha equal to 

270.
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Figure 3 .3 . Psychometric function for subject TW. Points p lo tted  show 

P(C)max obtained under each condition. Square symbols are with Alpha 

equal to 0. C ircular  symbols are with Alpha equal to 90, Diamond symbols 

are with Alpha equal to  180, Triangular symbols are with Alpha equal to 

270.
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Figure 3.*l. Psychometric function for subjec t JM. Points p lo tted  show 

P(C)max obtained under each condition . Square symbols are with Alpha 

equal to 0. C ircular symbols are with Alpha equal to 90. Diamond symbols 

are with Alpha equal to  180. Triangular symbols are with Alpha equal to 

270.
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Log(E/No) of 10 leads to a ' d 1 of one (m=-10.51). Tables 3.1 and 3.2 show 

the values o f P(C)max and Beta obtained for each sub jec t under each 

experimental condition. Unfortunately, data for the four values of Alpha 

were not co llec ted  simultaneously, but during successive 8 to  16 day 

periods. Presumably, the small d iffe ren ces  th a t  occur across d i f f e r e n t  

Alphas were more strongly  influenced by the fa c t  th a t  the conditions were 

run during d i f f e r e n t  periods of time than by any small changes in the 

average stimulus tha t  might have occurred as a r e s u l t  o f  the change in 

Alpha.

Molecular Level

When examining the data on the molecular le v e l ,  the  number of data 

points to be considered increases d ram atica lly . In an attempt to  re tu rn  

the amount o f  data to  manageable s iz e ,  the  remainder of the f igu res  

presented in th i s  chapter w il l  only show data th a t  have been averaged 

across su b jec ts .  This procedure i s ,  however, in  c o n f l ic t  with a t r u ly  

molecular philosophy, and does obscure some re a l  and, no doubt, important 

ind iv idual d iffe rences  which e x is t  between su b je c ts .  F igures for 

indiv idual subjec ts  have, th e re fo re ,  been included in  Appendix A2. To 

reduce fu rth e r  the amount o f  data to  be p resen ted , the remainder of the 

f igures  in th i s  chapter w ill  only show data co llec ted  when 10 Log(E/No) 

was equal to 8 .5  dB.

One way to  obtain an i n i t i a l  perspective  on the data  i s  to  p lo t  the 

r e s u l t s  for ind iv idual samples in  Receiver Operating C h a ra c te r is t ic  (ROC) 

space. Figures 3.5 through 3.8 show data  th a t  have been averaged across 

sub jec ts  p lo tted  in ROC space for each o f  four values of Alpha. Each 

number i s  p lo tted  a t the h i t  and fa lse-a larm  ra te s  obtained for the 

sample associated  with th a t  number. I t  i s  important to  r e a l iz e  th a t  these
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TABLE 3.1  

P(C)max a t  e a c h  Alpha  by S u b j e c t

10 L o g ( E / N o ) = 1 1 . 5  dB

SG CV TW JM

Alpha=0 . 813 .8 12 . 836 . 729

Alpha=90 . 864 .8 17 .869 .784

A l p h a = 180 . 819 . 806 . 835 .726

Alpha=270 .891 . 773 . 855 .787

10 L o g ( E / N o ) = 8 . 5 dB

SG CV TW JM

AlphasO .691 . 670 .70 0 .606

Alpha=90 . 718 . 686 .73 4 .660

Al ph a= 1 80 . 679 . 676 .72 8 .607

Alpha=270 . 738 . 622 .67 5 .626
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TABLE 3.2

Beta at each Alpha by Subject

10 Log(E/No)=11.5 dB

SG CV TW JM

Alpha=0 1 .17 .88 .80 .91

Alpha=90 1 .32 .76 .93 .69

Alpha=180 1.21 .70 1.07 .72

Alpha=270 2.09 .87 .57 1.03

10 Log(E/No)=8.5 dB

SG CV TW JM

Alpha=0 1.00 1.04 .95 .95

Alpha=90 1.13 1 .02 1 .12 .94

Alpha=180 .96 .94 1.12 .87

Alpha=270 1.42 1.01 .91 1.00
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Figure 3.5. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples are 

shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse-a larm  ra te  across a l l  samples. The data shown have been 

averaged across subjec ts  and were co llec ted  with Alpha equal to 0.
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Figure 3.6. Hit and fa lse-a larm  ra te s  obtained for individual samples are 

shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse-a larm  ra te  across a l l  samples. The data shown have been 

averaged across sub jec ts  and were co llec ted  with Alpha equal to  90.
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Figure 3.7. Hit and fa lse-a larm  ra te s  obtained for individual samples are 

shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse-a larm  ra te  across a l l  samples. The data shown have been 

averaged across subjec ts  and were co llec ted  with Alpha equal to  180.
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Figure 3.8. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples are 

shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse-a larm  ra te  across a l l  samples. The data shown have been 

averaged across sub jec ts  and were co llected  with Alpha equal to  270.
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po in ts  do not represent an ROC curve. Presumably the sub jec t has 

es tab lish ed  only one c r i t e r i o n .  The ind iv idual poin ts  in  ROC space do 

no t,  th e re fo re ,  rep resen t changes in  the s u b je c t 's  c r i te r io n  across 

samples, but ra th e r  the pos it ion  o f each noise-alone and 

s ig n a l-p lu s-n o ise  sample r e la t iv e  to the s u b je c t 's  s ing le  c r i te r io n .  On 

the molar le v e l ,  a l l  of these data would be summarized by a s ing le  po in t.  

This point i s  shown as the open square in each f ig u re .  As can be seen, 

the  average may not provide an adequate summary of the da ta . The data for 

ind iv idual samples are d is t r ib u te d  ra th e r  broadly throughout ROC space. 

An examination of the data in  these f ig u res  w ill  show th a t  fa lse-a larm  

ra te s  for ind iv idual samples range from .08 to .80. Hit ra te s  span an 

even broader range, from .18 to  .98. When one considers the data for 

ind iv idual su b jec ts ,  even g rea te r  ranges can be found for some su b jec ts .  

False-alarm  ra te s  for subject TW range from .00 to  .96. His h i t  ra te s  

range from .03 to  1.00. These ranges give a rough estimate of the degree 

to  which the subjec t i s  stimulus-bound. I f  a s u b je c t 's  responses were 

to t a l l y  determined by the stim ulus ( i . e . ,  i f  the sub jec t had no 

" in te rn a l"  no ise ) ,  when the id e n t ic a l  stimulus was presented, the subject 

would make the same response. The da ta , when p lo tted  in ROC space, would 

appear only in  the four corners o f  each f ig u re .  On the other hand, i f  the 

s u b je c t 's  responses were t o t a l ly  independent of the ex ternal stimulus 

( i . e . ,  i f  the responses o f the subjec t were determined by the " in te rn a l"  

n o is e ) , the data would a l l  l i e  within binomial variance of the average 

p o in t .  TW i s  by t h i s ,  and by o ther measures (Gilkey, e t  a l . ,  1981), a 

subjec t with a high degree o f  in te rn a l  consistency, as i f  he were 

operating  in the presence of r e l a t iv e ly  l i t t l e  " in te rn a l"  noise . I t  i s  o f  

i n t e r e s t  th a t  although subjec t SG i s ,  by th i s  and o ther measures, 

operating  in  the presence of considerably  more " in te rn a l"  noise , h is
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molar performance i s  almost id e n t ic a l  to th a t  of TW. This r e s u l t  i s  

d i f f i c u l t  to  reconcile  with the assumption of many of the models 

discussed in the in troduction  th a t  the e f f e c t  o f  " in te rn a l"  noise i s  

simply to  reduce the e f fe c t iv e  s ig n a l- to -n o ise  r a t io .

I t  should be noted from these f igures  th a t  the po in ts  for p a r t ic u la r  

samples under ce r ta in  conditions co n s is te n tly  f a l l  below the chance l in e .  

For example, the average sub jec t had a fa lse-a larm  ra te  of .31 for 

Sample 10 when Alpha was se t  to  zero, yet a t ta in ed  a h i t  r a te  of only 

.24. An examination of the data for ind iv idual sub jec ts  revea ls  th a t  

Sample 10 f e l l  below the chance l in e  for a l l  su b jec ts .  This implies th a t  

Sample 10 sounds more l ik e  s igna l-p lu s-no ise  when i t  i s  presented alone 

than when a s ignal at th i s  Alpha i s  added to i t .

The position  of the samples within ROC space changes when Alpha i s  

varied .  Although the fa lse-a larm  ra te s  tend to s tay  r e l a t iv e ly  cons tan t,  

the h i t  r a te s ,  in  many cases, change appreciably. For example Sample 10 

i s  found below the chance l in e  in  Figure 3 .5 , where Alpha i s  equal to 

zero; but in Figure 3.7, where Alpha i s  equal to  180, i t  has moved to the 

top o f ROC space, with a h i t  ra te  o f  .98 and a fa lse-a larm  ra te  of .37. 

These e f f e c ts  of Alpha can be seen more c le a r ly  by examining Figure 3.9. 

Each panel of th i s  f igu re  describes data for an ind iv idual noise sample. 

The top h a l f  of each panel shows the h i t  r a te  ( f i l l e d  c i r c le s )  and the 

fa lse -a la rm  ra te  (open c i r c le s )  obtained by the average subject for th a t  

p a r t ic u la r  sample as a function of Alpha. The lower panel shows the power 

a t  the 500-Hz component o f  the Fourier spectrum on s ig n a l-p lu s-n o ise  

( f i l l e d  symbols) and noise-alone (open symbols) t r i a l s  for th a t  same 

sample. There a re ,  in  many cases, dramatic changes in h i t  ra te  which are 

associated  with changes in Alpha. As shown above for Sample 10, the h i t  

ra te  of the average subject for an ind iv idual sample may change by as
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Figure 3 .9 . Performance and stimulus measures as a function of Alpha. 

Each panel shows the r e s u l t s  for a p a r t ic u la r  sample. The upper h a l f  of 

each panel shows the obtained proportion o f "Yes" responses. The lower 

h a l f  of each panel shows the power a t the  500-Hz component o f  the Fourier 

spectrum of the stim ulus. F i l le d  symbols are for s igna l-p lus-no ise  

t r i a l s .  Open symbols are for noise-alone t r i a l s .  Performance data have 

been averaged across su b je c ts ,  and were co llec ted  at 10 Log(E/No) equal 

to  8.5 dB. (The f igure  extends through five  pages.)
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much as .70 with a 180 degree change in  Alpha. The data for ind iv idua l 

sub jec ts  in d ica te  th a t  the h i t  r a te  may change from near zero to  near one 

with as l i t t l e  as a 90 degree change in  Alpha. These changes a re ,  to a 

f i r s t  approximation, associa ted  with changes in  the power a t  the  500-Hz 

component o f  the Fourier spectrum. A f a i r l y  good correspondence, for 

example, i s  seen between the h i t  r a te  o f the average su b jec t  and the 

power of the 500-Hz component of Sample 10. In some cases, however, there  

i s  a r e la t iv e ly  poor correspondence between the 500-Hz component and the 

obtained h i t  ra te .  This correspondence i s  weak, a t  b e s t ,  for a sample 

l ik e  Sample 13. The re la t io n sh ip  between performance and the power a t  the 

500-Hz component appears to  be weaker when both s ig n a l-p lu s -n o ise  and 

noise-alone t r i a l s  are considered. The below-chance performance, which i s  

found for Sample 10 when Alpha i s  equal to zero, corresponds to  a 

negative d iffe rence  between the power of the 500-Hz component on 

s igna l-p lus-no ise  t r i a l s ,  and the power of the  500-Hz component on 

noise-alone t r i a l s .  However, such a negative d iffe ren ce  in  power e x is ts  

for Sample 1 when Alpha i s  equal to  270, bu t does not lead to  below 

chance performance. F u rther ,  the  average performance for Sample 8 when 

Alpha i s  equal to  270 i s  below chance, but the  d iffe ren ce  between the 

power in  the 500-Hz component on s ig n a l-p lu s-n o ise  t r i a l s  and noise-alone 

t r i a l s  is  pos it ive  and g rea te r  than 10 dB.

Comparing fa lse-a larm  ra te s  across  samples a lso  rev ea ls  some 

s t r ik in g  d iscrepancies . For example, there  i s  l e s s  power a t  the 500-Hz 

component for Sample 15 than there  i s  for any o ther noise-alone sample. 

In f a c t ,  there  i s  more than 11 dB le s s  power. Yet Sample 15 received the 

h ighest number of fa lse-a larm s of any sample.

In summary, the d a ta ,  when analyzed on the molar le v e l ,  in d ica te  

th a t  the performance of a l l  sub jec ts  i s  well w ithin the bounds normally
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expected for a tone-in -no ise  de tec tion  task .  There were, a t  most, small 

e f fe c ts  o f  manipulating Alpha when examined on th i s  le v e l .  In sharp 

co n tra s t ,  when the data were considered on the molecular le v e l ,  large 

changes in  performance were found with r e la t iv e ly  small changes in Alpha. 

A wide range o f v a r ia t io n s  in performance was found across samples. For 

ind iv idual samples, a correspondence was found between the observed 

changes in h i t  ra te  as a function of Alpha and the concurrent changes in  

the power a t  the 500-Hz component o f  the Fourier spectrum. This 

re la t io n sh ip  seemed to  be considerably weaker when noise-alone t r i a l s  

were a lso  considered, or when performance was compared across samples.
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Footnote

2. The experiment reported here would be c la s s i f ie d  by Green (1964) as 

quasi-moleeular. However, no d i s t in c t io n  between molecular and 

quasi-molecular w il l  be made in  the remainder o f  t h i s  th e s i s .

-38-
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Chapter 4 

DISCUSSION: MODELS

As described in Chapter 2, a model with a s t ru c tu re  s im ila r  to  the 

model of J e f f re s s  (1967) was implemented on the computer. During the 

i n i t i a l  an a ly s is ,  a half-wave r e c t i f i e r  was used as the non-linear stage 

of the model. With a 10 Log (E/No) o f 8.5 dB, the output of the model was 

computed in response to each of the 125 s tim u li  (25 noise-alone s tim uli 

and 100 s igna l-p lus-no ise  s tim u li)  for  a l l  combinations of the seven 

bandwidths (10, 25, 50, 75, 100, 300 and 500 Hz) and s ix  time constants  

(.01, 1, 10, 50, 100 and 200 ms). Each of the f iv e  sampling s t r a te g ie s  

described in Chapter 2 wa3 applied to  the output of the in teg ra tio n  stage 

to  obtain a value of the model's "decision v a r iab le"  (X1). In order to  

compare the value of the decis ion  v a r iab le  of the model to  the responses 

of the su b jec ts ,  the logarithm of X* for each sample was transformed in to  

a predicted proportion of "Yes" responses, P '(Y ), using the lo g i s t i c  

approximation to  the cumulative normal, P(Y)=1/{1+exp[-(X '-a)/b]}. The 

parameters of the lo g i s t i c  were chosen to  minimize the squared deviation  

between the obtained proportions o f "Yes" responses, P(Y)s, and the 

P '(Y)s (Note 3). This leas t-sq u a re s  f i t  was obtained using a function 

minimization rou tine  ca lled  STEPIT (Chandler, 1970).

The r e s u l t s  of t h i s  ana lys is  are summarized in F igures 4.1 through 

4.4. The po in ts  p lo t ted  were se lec ted  to  summarize the e f fe c ts  of the 

model's major parameters ( f i l t e r  bandwidth and in te g ra to r  decay constant) 

in the regions of the parameter space where the model i s  able to  p red ic t

the data r e la t iv e ly  w ell. The upper panel in  each f igu re  shows the e f fe c t
2 2of bandwidth on the value of R , where R i s  defined as the sum of the 

squared deviations between the P '(Y)s and the mean of the P(Y)s divided
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2Figure 4 .1 . R as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  Square symbols are for a 10 Log(E/No) of

8.5 dB. C ircular symbols are for a 10 Log(E/No) of 11.5 dB. F i l le d  

symbols are  for S tra tegy  2. Open symbols are for S trategy  5. In the upper 

panel, the decay constant o f  the in te g ra to r  has been fixed a t  .01 ms for 

the f i l l e d  symbols, and 200 ms for the open symbols. In the bottom panel, 

the bandwidth of the f i l t e r  has been fixed a t  50 Hz for both f i l l e d  and 

open symbols. The r e s u l t s  shown are for subjec t SG.
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Figure 4.2. as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  Square symbols are for a 10 Log (E/No) of

8.5 dB. C ircular  symbols are for a 10 Log(E/No) of 11.5 dB. F i l le d  

symbols are fo r  S trategy  2. Open symbols are  for S trategy  5. In the upper 

panel, the decay constant of the in te g ra to r  has been fixed a t ,01 ms for 

the f i l l e d  symbols, and 200 ms fo r  the open symbols. In the bottom panel, 

the bandwidth of the f i l t e r  has been fixed a t  50 Hz for both f i l l e d  and 

open symbols. The r e s u l t s  shown are for subjec t CV.
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2
Figure 4 .3 . R as a function o f the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  Square symbols are  fo r  a 10 Log(E/No) of

8.5 dB. C ircular  symbols are for a 10 Log (E/No) of 11.5 dB. F i l le d  

symbols are for S trategy  2. Open symbols are for S tra tegy  5. In the upper 

panel, the decay constant o f  the in te g ra to r  has been fixed a t  .01 ms for 

the f i l l e d  symbols, and 200 ms for the open symbols. In the bottom panel, 

the bandwidth of the f i l t e r  has been fixed a t  50 Hz fo r  both f i l l e d  and 

open symbols. The r e s u l t s  shown are for sub jec t TW.
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2
Figure *4.4. R as a function of the bandwidth of the f i l t e r  and the  decay 

constant of the in te g ra to r .  Square symbols are for a 10 Log(E/No) of

8.5 dB. C ircular  symbols are for a 10 Log(E/No) of 11.5 dB. F i l le d  

symbols are for S trategy  2. Open symbols are for S tra tegy  5. In the upper 

panel, the decay constant of the in te g ra to r  has been fixed a t  .01 ms for 

the f i l l e d  symbols, and 200 ms for the open symbols. In the bottom panel, 

the bandwidth of the f i l t e r  has been fixed a t 50 Hz for both f i l l e d  and 

open symbols. The r e s u l t s  shown are for subjec t JM.
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by the sum of the squared dev ia tions between the P(Y)s and th e i r  mean. 

The square symbols show these  i n i t i a l  r e s u l t s  obtained a t a 10 Log(E/No) 

of 8.5 dB. The curves fo r  two d i f f e r e n t  sampling s t r a te g ie s  are shown. 

The f i l l e d  symbols show the r e s u l t s  when the decision v ar iab le  of the 

model, X', i s  the average value of the output of the in te g ra tio n  stage 

during the s ignal in te rv a l  (S trategy 2 ). The open symbols show the

r e s u l t s  when X* i s  equal to  the maximum value of the output of the 

in te g ra t io n  stage during the stimulus in te rv a l  (Strategy 5). S tra tegy  2 

i s  most e f fe c t iv e  when the decay constant of the in te g ra to r  i s  r e la t iv e ly  

sho rt .  The r e s u l t s  when the decay constant of the in teg ra tio n  stage i s  

.01 ms are  shown. S tra tegy  5 i s  most e f fe c t iv e  when the decay constant of 

the in te g ra tio n  stage i s  r e la t iv e ly  long. The r e s u l t s  when the decay

constant i s  200 ms are shown. The peak for both curves i s  obtained when 

the bandwidth of the f i l t e r  i s  50 Hz. However, f i l t e r  bandwidths between 

25 Hz and 100 Hz p red ic t  the data r e la t iv e ly  well. The d iffe rences  

between the two curves are small, p a r t ic u la r ly  near the 50-Hz peak. The 

s im i la r i ty  of these two curves i s  to  be expected from a consideration  of 

the value of X* in  these two cases. For the f i r s t  case, the .01-ms decay 

constant i s  short r e la t iv e  to  the 20 KHz sampling ra te  a t  which the

stim uli were d ig i t iz e d .  As a r e s u l t ,  the in te g ra tio n  s tage  i s

fu n c tio n a lly  removed from the model. That i s ,  the output of the 

in te g ra t io n  stage i s  id e n t ic a l  to  the inpu t. However, the sampling 

s tra teg y  averages over the s ignal in te rv a l ,  and i s  th e re fo re  p roportional 

to  tru e  in te g ra tio n  ( i . e . ,  in te g ra t io n  without a " leak ") .  X' fo r  th is  

case i s  p roportional to  the  in te g ra l  of the half-wave r e c t i f i e d  f i l t e r  

output over the s ignal in te rv a l .  In the second case, the 200-ms decay 

constant of the in te g ra t io n  stage i s  long r e la t iv e  to  the duration  o f the 

s tim ulus. Thus, a t  the end of the stimulus in te rv a l  the inputs from the
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beginning of the stimulus have not decayed completely and re ta in  

approximately h a l f  of th e i r  o r ig in a l  value. That i s ,  because the decay 

constant i s  long and the stimulus duration  r e la t iv e ly  sho rt ,  the output 

of the in te g ra t io n  stage w i l l ,  to  a rough approximation, be equal to the 

t ru e  in te g ra l  of the input. F urther , when the decay constant of the 

in te g ra to r  i s  r e l a t iv e ly  long, the output o f the in teg ra tio n  stage tends 

to  grow throughout the stimulus in te rv a l ,  reaching a maximum near the end 

o f the in te rv a l .  As a r e s u l t ,  X1 w i l l  be approximately equal to  the true  

in te g ra l  of the half-wave r e c t i f i e d  output of the f i l t e r  over the 

stimulus in te rv a l .  Thus, the values of X* used to  compute the two curves 

are very s im ila r .  The c i r c u la r  symbols show the r e s u l t s  for  10 Log(E/No) 

equal to  11.5 dB. As a t the lower s ig n a l - le v e l ,  the nonlinear stage of 

the  model i s  always a half-wave r e c t i f i e r .  At th i s  s ig n a l- le v e l  the 

output of the model has been computed only for combinations of f i l t e r  

bandwidth and in te g ra to r  decay constant which led to  r e la t iv e ly  high
p

values of R with 10 Log(E/No) equal to  8.5 dB. As can be seen, the shape 

of the curves i s  s im ila r  to  th a t  found a t  the lower s ig n a l- le v e l .  The 

curves are  somewhat f l a t t e r  than those obtained a t  the lower 

s ig n a l - le v e l ,  but s t i l l  peak near 50 Hz. (One of the curves for subject 

JM reaches a s l ig h t ly  higher value a t  75 Hz than a t  50 Hz.) The open and 

closed symbols show the r e s u l t s  for the two combinations of in te g ra to r  

decay constant and sampling s tra te g y  shown a t the lower s ig n a l - le v e l .  

Again, only small d iffe ren ces  are found between the two curves.

The lower panel of F igures 4.1 through 4.4 shows the e f fe c t  of the 

decay constant of the in te g ra to r .  The bandwidth of the i n i t i a l  f i l t e r  has 

been fixed a t  50 Hz. As in  the upper panel, the square symbols show the 

r e s u l t s  fo r  10 Log(E/No) equal to  8.5 dB and the c i r c u la r  symbols show 

the  r e s u l t s  fo r  the 10 Log(E/No) equal to  11.5 dB. Except for an overa ll
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2increase  in  R , the r e s u l t s  are qu ite  s im ila r  a t  the two s ig n a l- le v e ls .  

The f i l l e d  symbols show the r e s u l t s  when the value of the decision 

v a r iab le ,  X ', i s  equal to the average output over the s ignal in te rv a l  

(S trategy  2 ) ,  while the u n f i l le d  symbols show the r e s u l t s  when X' i s  the 

maximum output during the stimulus in te rv a l  (S trategy 5 ). As can be seen. 

S tra tegy  2, the average, i s  most e f fe c t iv e  with r e la t iv e ly  short decay 

constan ts , while S tra tegy  5, the maximum, i s  most e f fe c t iv e  with 

r e la t iv e ly  long decay constan ts .

J e f f r e s s  (1967) reported th a t  for the case when the bandwidth of the 

i n i t i a l  f i l t e r  i s  50 Hz, the n o n - lin e a r i ty  i s  a half-wave r e c t i f i e r ,  and 

the decay constant of the in te g ra to r  i s  1 ms, the model i s  roughly 

equivalent to  an Envelope Detector. To obtain a value of the decision 

v a r iab le ,  J e f f r e s s  sampled the output of the model a t  the end of the 

s ignal in te rv a l  (S trategy  3). The r e s u l t s  of t h i s  form of the Envelope 

Detector are shown in  the f i r s t  l in e  of Tables 4.1 through 4.4. As can be 

seen, the model with t h i s  s tra teg y  i s  not p a r t ic u la r ly  e f fe c t iv e  a t  

p red ic tin g  the data of any of the su b jec ts .  However, S trategy  1, 

averaging the output of the in te g ra t io n  stage over the s ignal in te rv a l ,  

proved to  be e f f e c t iv e .  The r e s u l t s  for  th i s  form of the model are shown 

in the second l in e  of each ta b le .  J e f f r e s s  (1967, 1968) found th a t  when 

the decay constant of the in te g ra to r  i s  increased to  50 or 100 ms, the 

model i s  b e t te r  able to  f i t  some of the data . The r e s u l t s  for severa l 

forms of t h i s  Leaky In te g ra to r  model can be seen in  the ta b le s .  When a 

50-Hz bandwidth for the f i l t e r  and a 50-ms decay constant for the 

in te g ra to r  are employed, sampling the output of the model near the end of 

the s ignal in te rv a l  (S trategy 3) i s  r e l a t iv e ly  e f fe c t iv e .  However, as can 

be seen, using the maximum value of the output of the in te g ra to r  during 

the stimulus in te rv a l  (S trategy 5) proved to  be even more e f fe c t iv e .  The
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TABLE 4.1

P a r a m e te r s  o f  v a r i o u s  m odels  and R o b t a i n e d  
b e tw e e n  t h e  d a t a  o f  s u b j e c t  SG and e ach  model 

10 L o g (E /N o )= 8 .5  dB

BAND NON- DECAY SAMPLING
MODEL WIDTH LINEARITY CONSTANT STRATEGY R2

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 3 .132

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 2 .709

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 3 .652

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 5 .661

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 100 ms 5 .689

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 50 ms 5 .653

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 1 00 ms 5 .674

Energy 25 Hz S q u a r e - l a w .01 ms 1 .681

Energy 25 Hz S q u a r e - l a w .01 ms 2 .701

•M odel 1 50 Hz H a lf -w a v e .01 ms 2 .716

Model 2

F re q u e n c y  W eight 

T em pora l  W eight

50 Hz H a lf -w a v e 200 ms 5 .692

.780

.718

(* —  Best fitting model)
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TABLE 4.2

P a r a m e t e r s  o f  v a r i o u s  m odels  and R2 o b t a i n e d  
b e tw een  t h e  d a t a  o f  s u b j e c t  CV and e ach  model 

10 L o g (E /N o )= 8 .5  dB

MODEL
BAND
WIDTH

NON-
LINEARITY

DECAY
CONSTANT

SAMPLING
STRATEGY R2

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 3 .115

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 2 .687

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 3 .612

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 5 .6 1 9

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 100 ms 5 .676

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 50 ms 5 .613

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 100 ms 5 .663

E n erg y 50 Hz S q u a r e - l a w .01 ms 1 .661

E n erg y 25 Hz S q u a r e - l a w .01 ms 2 .661

Model 1 50 Hz H a lf -w a v e .01 ms 2 .690

#Model 2 50 Hz H a lf -w a v e 200 ms 5 .693

F re q u e n c y  W eigh t .745

T em p o ra l  W eigh t .733

( • _ _ b e s t f i t t i n g  m odel)
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TABLE 4.3
p

P a r a m e te r s  o f  v a r i o u s  m odels  and R o b t a i n e d  
be tw een  th e  d a t a  o f  s u b j e c t  TW and e ach  model 

10 L o g (E /N o )= 8 .5

BAND NON- DECAY SAMPL
MODEL WIDTH LINEARITY CONSTANT STRAT

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 3

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 2

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 3

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 5

•L eak y  I n t e g r a t o r 50 Hz H a lf -w a v e 100 ms 5

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 50 ms 5

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 100 ms 5

Energy 50 Hz S q u a r e - l a w .01 ms 1

Energy 50 Hz S q u a r e - l a w .01 ms 2

Model 1 50 Hz H a lf -w a v e .01 ms 2

Model 2

F re q u e n c y  W eight 

T em pora l W eight

50 Hz H a lf -w a v e 200 ms 5

R2

. 104 

.515 

.502 

.540  

.555 

.525 

.522 

.495 

.505  

.521 

.542  

.587  

.618

(* —  best fitting model)
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TABLE 4.4

P a r a m e te r s  o f  v a r i o u s  m odels  and R^ o b t a i n e d  
be tw een  t h e  d a t a  o f  s u b j e c t  JM and e ach  model 

10 L og<E /N o)=8 .5  dB

BAND-
MODEL WIDTH

E n v e lo p e  50 Hz

E n v e lo p e  50 Hz

Leaky I n t e g r a t o r  50 Hz

Leaky I n t e g r a t o r  50 Hz

Leaky I n t e g r a t o r  50 Hz

Leaky I n t e g r a t o r  75 Hz

Leaky I n t e g r a t o r  75 Hz

E nergy  25 Hz

E n erg y  25 Hz

•M odel 1 50 Hz

Model 2 50 Hz

F re q u e n c y  W eight 

T em pora l  W eight

NON- DECAY SAMPLING
LINEARITY CONSTANT STRATEGY

H a lf -w a v e

H a lf -w a v e

H a lf -w a v e

H a lf -w a v e

H a lf -w a v e

H a lf -w a v e

H a lf -w a v e

S q u a r e - l a w

S q u a r e - l a w

H a lf -w a v e

H a lf -w a v e

1 ms 

1 ms 

50 ms 

50 ms 

100 ms 

50 ms 

1 00 ms 

.01 ms 

.01 ms 

.01 ms 

200 ms

3

2
3

5

5

5

5

1

2

2

5

R* 

.0 3 3  

.425  

.3 7 6  

. 401 

.407  

.399  

.380  

. 3 8 6  

.4 0 8  

.4 2 8  

.401 

.5 7 7  

.482

(* —  best fitting model)
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2following th ree  l in e s  of the ta b le s  show values of R fo r  the Leaky

In te g ra to r  with other combinations of bandwidth and decay constant which

have previously been considered by J e f f re s s  (S tra tegy  5 i s  employed in

a l l  cases) .  For each sub jec t,  the combination o f a 50-Hz bandwidth and a

100-ms decay constant proved to  be the most e f fe c t iv e  form of the Leaky

In te g ra to r .  I t  should be noted th a t  although the bandwidths employed here

are s im ilar  to those used by J e f f r e s s  (1967, 1968), the ac tu a l  shapes of

the f i l t e r s  are quite  d i f f e r e n t .  Here, a s ing le-tuned  f i l t e r  has been

used for both the 50-Hz and 75-Hz bandwidths. J e f f r e s s  employed a

"s teep -s ided” 50-Hz bandpass f i l t e r  and an asymmetric 78-Hz wide f i l t e r ,

which was formed by sub trac ting  the output o f  a s teep 525-Hz low-pass

f i l t e r  and a s teep  500-Hz low-pass f i l t e r .  Although d i f f e r e n t  f i l t e r

shapes have not been studied in the work reported here, i t  seems

reasonable to  assume th a t  changes in the shape of the i n i t i a l  f i l t e r
2would have some influence on the values of R .

All of the r e s u l t s  shown in F igures 4.1 through 4.4 were obtained 

using a half-wave r e c t i f i e r  as the nonlinear stage of the model. As 

s ta te d  in the In troduc tion , the nonlinear stage of an Energy Detector i s  

a square-law device. The r e s u l t s  for th i s  case are shown in Figures 4.5 

through 4 .8. The values of R2 are for a 10 Log(E/No) equal to  8.5 dB. The 

open symbols show the r e s u l t s  for  the square-law device with the decision  

v a r iab le ,  X', equal to  the average output of the in te g ra t io n  stage over 

the s ignal in te rv a l  (S trategy 2 ) .  For comparison, the f i l l e d  symbols show 

the r e s u l t s  for the half-wave r e c t i f i e r  and S tra tegy  2, shown previously 

in Figures 4.1 through 4 .4 . As can be seen, the curves for these two 

cases are qu ite  s im ila r .  The curves for the square-law device tend to  

peak a t  lower bandwidth than those obtained with the half-wave r e c t i f i e r .  

For th ree  out o f  four su b jec ts ,  s l ig h t ly  higher values of R2 are  found a t
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2
Figure 4 .5. R as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  The f i l l e d  symbols are for a half-wave

r e c t i f i e r .  The open symbols are for a square-law device. In the upper

panel, the decay constant of the in te g ra to r  was .01 ms. In the lower

panel, the bandwidth of the f i l t e r  was 50 Hz. All values are for a 10

Log(E/No) of 8.5 dB and S tra tegy  2. The r e s u l t s  shown are for subject SG.
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2
Figure 4 .6 . R as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  The f i l l e d  symbols are for a half-wave 

r e c t i f i e r .  The open symbols are for a square-law device. In the upper 

panel, the decay constant of the in te g ra to r  was .01 ms. In the lower 

panel, the bandwidth of the f i l t e r  was 50 Hz. All values are for a 10 

Log(E/No) of 8.5 dB and S tra tegy  2. The r e s u l t s  shown are for subject CV.
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o
Figure 4 .7 . R as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  The f i l l e d  symbols are fo r  a half-wave 

r e c t i f i e r .  The open symbols are fo r  a square-law device. In the upper 

panel, the decay constant of the in te g ra to r  was .01 ms. In the lower 

panel, the bandwidth of the f i l t e r  was 50 Hz. All values are for a 10 

Log(E/No) of 8.5 dB and S tra tegy  2. The r e s u l t s  shown are for sub jec t TW.
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p
Figure 4 .8 . R as a function of the bandwidth of the f i l t e r  and the decay 

constant of the in te g ra to r .  The f i l l e d  symbols are  for a half-wave 

r e c t i f i e r .  The open symbols are fo r  a square-law device. In the upper 

panel, the decay constant of the in te g ra to r  was .01 ms. In the lower 

panel, the bandwidth of the f i l t e r  was 50 Hz. All values are for a 10 

Log(E/No) of 8.5 dB and S tra tegy  2. The r e s u l t s  shown are for subject JM.
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p
25 Hz than a t  50 Hz. The h ighest value of R obtained by the square-law 

device i s  almost as high as th a t  obtained by the half-wave r e c t i f i e r .  

However, fo r  a l l  sub jec ts  the half-wave r e c t i f i e r  proved to  be more 

e f fe c t iv e  a t  p red ic tin g  th e i r  responses. For the ty p ica l  configuration  of 

the  Energy Detector, the in te g ra t io n  stage of the model i s  assumed to be 

a t ru e  in te g ra to r .  As mentioned previously , t ru e  in teg ra tio n  can be 

accomplished within the curren t model by providing the in teg ra tio n  stage 

with a very short decay constant (e f fe c t iv e ly  removing th i s  stage from 

the model) and allowing the in te g ra tio n  to  be performed by the sampling 

s tra te g y .  E ither  S trategy  1, averaging over the stimulus in te rv a l ,  or 

S tra tegy  2, averaging over the s ignal in te rv a l ,  i s  appropria te .  The 

r e s u l t s  for both of these cases are shown in Tables 4.1 through 4 .4 . In 

both cases, the bandwidth shown i s  the one which leads to  the maximum 

value of R2 .

The Envelope D etector, the Leaky In te g ra to r  and the Energy Detector
2a l l  p red ic t  the data r e la t iv e ly  well. The d iffe ren ces  in R between the 

models a re ,  in general, f a i r l y  small. For th ree  out of four sub jec ts ,  the

combination of an Envelope Detector and S tra tegy  2, averaging over the
2s igna l  in te rv a l ,  y ielded the highest value of R fo r  any of the models

thus fa r  considered. For sub jec t TW, the Leaky In te g ra to r  with the 50-Hz

bandwidth and 100-ms decay constant proved to  be the most e f fe c t iv e
2model. For each sub jec t,  the value of R could be increased, r e la t iv e  to  

th a t  obtained by the combination of an Envelope Detector and S tra tegy  2, 

by shortening the decay constant of the in te g ra to r  to  .01 ms ( i . e . ,  

removing the in te g ra tio n  stage from the model). This p a r t ic u la r  

configura tion : 50-Hz wide s ingle-tuned f i l t e r ,  half-wave r e c t i f i e r ,

in te g ra to r  with a ,01-ras decay constant and S tra tegy  2; w i l l  be re fe r red  

to  as Model 1. For two su b jec ts ,  t h i s  model proved to be the most
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e f fe c t iv e  configuration  of the general model o f J e f f r e s s  (1967). For two 

su b jec ts ,  a c lo se ly  re la te d  configura tion : 50-Hz wide s ingle-tuned

f i l t e r ,  half-wave r e c t i f i e r ,  in te g ra to r  with a 200-ms decay constant and 

S tra tegy  5; yielded somewhat la rg e r  values of R . This configuration w ill  

be re fe rred  to  as Model 2. Although Model 1 i s  able to  p red ic t  the data 

o f  sub jec t CV nearly  as w ell, Model 2 i s  best able to  p red ic t  her data . 

The r e s u l t s  for both Model 1 and Model 2 can be seen in  Tables 4.1 

through 4 .4. As mentioned previously , for  sub jec t TW the b e s t - f i t t i n g  

form of the model i s  the Leaky In te g ra to r  with a bandwidth of 50 Hz and a 

decay constant of 100 ms.

All of the models shown in Tables 4.1 through 4.4 c o r re la te  about

equally well with the data . That i s ,  the changes in  parameters suggested
2by these models have r e l a t iv e ly  minor in fluences  on the value of R . This

can a lso  be seen from an inspection  of Figures 4.1 through 4.8. Although
2the curves r e la t in g  R to  the bandwidth of the f i l t e r  tend to  peak at 

50 Hz, bandwidths between 25 Hz and 100 Hz a l l  p red ic t  the data 

r e la t iv e ly  well. F urther,  changes in the decay constan t,  which range over
p

several orders o f  magnitude, make only minor changes in the value of R . 

There are severa l possib le  explanations for the i n s e n s i t iv i ty  of the 

m o d e l-f i t t in g  procedures to  changes in the parameters of the general 

model. I f ,  for example, the bandwidth used by the sub jec t varied from 

t r i a l  to  t r i a l ,  we might expect th a t  the average bandwidth would p red ic t  

the data most accu ra te ly .  However, o ther bandwidths within the range used 

by the sub jec t might p red ic t  the data almost as w ell. As a r e s u l t ,  f l a t  

curves l ik e  those seen in Figures 4.1 through 4.4 would be expected. A 

second explanation, which i s  a lso  compatible with the fa c t  th a t  the 

values of R2 obtained are r e l a t iv e ly  low, i s  th a t  the " t ru e ” model of 

auditory  de tec tion  i s  qu ite  d i f f e r e n t  from any of the models we have
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in v es t ig a ted ,  and th e re fo re  the models te s te d  f i t  the data about equally 

poorly. On the o ther hand, the fa c t  th a t  so many models can be 

incorporated within the s ing le  s tru c tu re  suggested by J e f f re s s  (1967) 

in d ic a te s  th a t  these  models are r e la t iv e ly  s im ila r .  I f  the outputs of the 

models are highly co r re la te d ,  then the c o r re la t io n s  between each o f the 

models and the sub jec t w il l  be s im ila r .  Thus, there  are a t  l e a s t  three 

possib le  explanations of the general model's apparent in s e n s i t iv i ty  to 

param etric m anipulations. F i r s t ,  there  may be a problem in  the data which 

are being modeled ( i . e . ,  they may be influenced by some form of in te rn a l  

v a r i a b i l i t y ) .  Second, there  may be a problem in the models which are 

being applied to  the data ( i . e . ,  th e i r  s tru c tu re  may not be adequate to 

the task  of modeling the auditory  system). Third, the techniques used to 

determine the b e s t - f i t t i n g  model may themselves be r e la t iv e ly  in se n s i t iv e  

( i . e . ,  large changes in  Rc may not be expected when manipulating 

parameters over a moderate range). I t  i s  d i f f i c u l t  to  e s ta b lish  a p r io r i  

i f  these  fa c to rs  are  influencing  the r e s u l t s  reported here, or even to 

determine exactly  what the e f fe c ts  of these fa c to rs  would be i f  they were 

p resen t.

One way to  obtain  a b e t te r  understanding of these issues  i s  to 

attempt to  model a known system ra th e r  than a human sub jec t.  Thus fa r  the 

system to  be in v es tig a ted  has been the human su b jec t.  We can, however, 

rep lace the human with Model 1, as the system to  be in v es tig a ted , and 

then generate curves for Model 1 l ik e  those which were shown for the 

human sub jec ts  in  F igures 4.1 through 4 .4 . Remember, Model 1 i s  a fixed 

parameter model composed of: a 50-Hz f i l t e r ,  a half-wave r e c t i f i e r ,  an 

in te g ra t io n  s tage  which has fu n c tio n a lly  been removed from the c i r c u i t ,  

and a sampling s tra te g y  which averages over the s ignal in te rv a l  

(S tra tegy  2 ) .  I f  the curves r e la t in g  bandwidth to  R with Model 1 as the

-46-



www.manaraa.com

system to  be in vestiga ted  are f l a t  l ik e  those found for human su b jec ts ,  

then the p o s s ib i l i ty  th a t  the bandwidth used by the sub jec t va r ie s  from 

t r i a l  to  t r i a l  need not be introduced; the bandwidth of Model 1 i s  fixed . 

Further, the s tru c tu re  of the models considered here are c e r ta in ly  

adequate to  the task  of modeling Model 1. Indeed, one combination of 

parameters w il l  f i t  Model 1 p e r fe c t ly .  S im ila rly ,  the output o f Model 1 

can be re la te d  to  the outputs of each of the models reported in  Tables 

4.1 through 4 .4, thereby generating such a tab le  fo r  Model 1. Again, i f  

we find th a t  a l l  the models are reasonably well able to p red ic t  the data

of Model 1, then the s im ila r  a b i l i ty  of these models to  p red ic t  the data

of the human sub jec ts  would not be su rp r is in g .

Figures 4.9 and 4.10 show curves l ik e  those in  Figures 4.1 through

4.4 except they are computed with Model 1 as the system to  be 

in v est ig a ted .  The r e s u l t s  in Figure 4.9 are  for 10 Log(E/No) equal to

8.5 dB, while the r e s u l t s  in Figure 4.10 are for 10 Log(E/No) equal to

11.5 dB. As in  the f igures  for ind iv idual su b jec ts ,  the f i l l e d  symbols 

are for the case where X1 i s  equal to  the average value o f the output of 

the in teg ra tio n  stage over the s igna l in te rv a l  (S trategy 2 ). The open 

symbols are  for the case where X' i s  equal to  the maximum value of the 

in te g ra tio n  stage during the stimulus in te rv a l  (S trategy  5 ) .  In the upper 

panel, the f i l l e d  symbols are with the decay constant of the in teg ra tio n  

stage equal to  .01 ms ( i . e . ,  the waveform passes through the in te g ra tio n  

stage u n a lte red ) .  The u n f i l le d  symbols are  with the decay constant of the 

in te g ra t io n  stage equal to  200 ms. In the lower panel, the bandwidth of 

the i n i t i a l  f i l t e r  i s  fixed a t  50 Hz for both curves. Like those for the 

human su b jec ts ,  these curves show a ra th e r  f l a t  response as a function of 

the bandwidth of the i n i t i a l  f i l t e r .  Again, both curves peak a t  a 50-Hz 

bandwidth, but bandwidths between 25 Hz and 100 Hz a l l  p red ic t  the  output
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p
Figure 4 .9 . R as a function of the bandwidth of the f i l t e r  and the decay 

constant o f the in te g ra to r .  F i l le d  symbols are for S trategy  2. Open 

symbols are fo r  S tra tegy  5. In the upper panel, the decay constant of the 

in te g ra to r  has been fixed a t  .01 ms for the f i l l e d  symbols, and 200 ms 

for the open symbols. In the bottom panel, the bandwidth of the f i l t e r  

has been fixed a t  50 Hz fo r  both f i l l e d  and open symbols. All poin ts  were 

obtained with 10 Log(E/No) equal to 8.5 dB. The r e s u l t s  shown are for 

Model 1 as the system to  be in v es t ig a ted .
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p
Figure M.10. R as a function o f the bandwidth of the f i l t e r  and the 

decay constant of the in te g ra to r .  F i l le d  symbols are for S trategy  2. Open 

symbols are for S tra tegy  5. In the upper panel, the decay constant of the 

in te g ra to r  has been fixed a t  .01 ms for the f i l l e d  symbols, and 200 ms 

for the open symbols. In the bottom panel, the bandwidth of the f i l t e r  

has been fixed a t  50 Hz fo r  both f i l l e d  and open symbols. All points  were 

obtained with 10 Log(E/No) equal to  11.5 dB. The r e s u l t s  shown are for 

Model 1 as the system to  be in v es t ig a ted .
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of Model 1 r e la t iv e ly  well. The curves obtained a t  a 10 Log(E/No) of

11.5 dB are even f l a t t e r  than those obtained a t  a 10 Log(E/No) of 8.5 dB.

These r e s u l t s  in d ica te  th a t  the value of R2 i s  not dram atically  affec ted

by small changes in the bandwidth of the i n i t i a l  f i l t e r  even when the

system under in v es t ig a t io n  has a fixed bandwidth. Therefore, i t  i s  not

necessary to  assume a variab le  bandwidth to  explain the bandwidth curves

for human sub jec ts  shown in  Figures 4.1 through 4 .4. S im ilarly , the f l a t

curves obtained fo r  Model 1 cannot be explained by assuming th a t  no

combination of parameters i s  adequately p red ic tin g  the output of Model 1.

One combination i s  p red ic ting  p e r fe c t ly .  Considering the data in the

lower panels of Figures 4.9 and 4.10, i t  can be seen th a t  changes in the

value of the decay constant over several orders of magnitude may have a
2minimal e f fe c t  on the value o f R . Those regions of the curves where

pr e la t iv e ly  large  changes in R are observed are the same regions where 

r e la t iv e ly  large changes were observed for human sub jec ts .  The a b i l i t y  of 

the various models to  p red ic t  the data for Model 1 i s  shown by the values 

of R in Table 4 .5 . Most of the models are able to  p red ic t  the outputs of
O

Model 1 r e la t iv e ly  well. F urther,  the values of R for most of the models 

are reasonably s im ila r .

The r e s u l t s  from Figures 4.9 and 4.10 and from Table 4.5 demonstrate 

th a t  even for the case of a fixed parameter ("no ise less")  su b jec t,  l ik e  

Model 1, many d i f f e re n t  models p red ic t  the data w ell. The techniques 

employed are not p a r t ic u la r ly  s e n s i t iv e  to  changes in the parameters 

under in v e s t ig a t io n ,  and the outputs of the models are highly co rre la te d .  

Additional in s ig h ts  in to  the data of the human sub jec ts  can be gained by 

a more thorough in v es t ig a t io n  of Model 1 as a system to be modeled. 

Ahumada and h is  a sso c ia te s  (Ahumada, 1967; Ahumada and Lovell, 1971; and 

Ahumada, Marken and Sandusky, 1975) have c o n s is ten t ly  found d iffe ren ces
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TABLE 4.5

P a r a m e te r s  o f  v a r i o u s  m odels  and R2 o b t a i n e d  
b e tw een  t h e  o u t p u t  o f  Model 1 and e ach  model 

10 L o g (E /N o )= 8 .5  dB

MODEL
BAND
WIDTH

NON-
LINEARITY

DECAY
CONSTANT

SAMPLING
STRATEGY R2

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 3 .112

E n v e lo p e 50 Hz H a lf -w a v e 1 ms 2 .998

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 3 .894

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 50 ms 5 .897

Leaky I n t e g r a t o r 50 Hz H a lf -w a v e 100 ms 5 .899

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 50 ms 5 .883

Leaky I n t e g r a t o r 75 Hz H a lf -w a v e 100 ms 5 .874

E nergy 25 Hz S q u a r e - l a w .01 ms 1 .930

E nergy 50 Hz S q u a r e - l a w .01 ms 2 .9 8 5

Model 1 50 Hz H a lf -w a v e .01 ms 2 1 .0 0

Model 2 50 Hz H a lf -w a v e 200 ms 5 .915
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between s ig n a l-p lu s-n o ise  t r i a l s  and noise-alone t r i a l s .  F i r s t ,  th e i r  

a b i l i t y  to  p red ic t  responses on noise-alone t r i a l s  i s  almost always less  

than th e i r  a b i l i t y  to  p red ic t  responses on s ig n a l-p lu s-n o ise  t r i a l s .  

Second, bandwidth estim ates  obtained for noise-alone t r i a l s  tend to  be 

wider than those obtained for s ig n a l-p lu s-n o ise  t r i a l s .  The models 

considered here have a lso  been le s s  able to  p red ic t  responses on 

noise-alone t r i a l s .  However, bandwidth estim ates are a t most s l ig h t ly  

wider on noise-alone t r i a l s  than on s ig n a l-p lu s-n o ise  t r i a l s .  Ahumada has 

argued th a t  a model composed o f a bank of several r e la t iv e ly  narrow 

f i l t e r s  should be able to  p red ic t  the  da ta . The decision variab le  for 

t h i s  " f i l te r -b a n k "  model i s  fu n c tio n a lly  re la te d  to  the magnitude of the 

l a rg e s t  output of any f i l t e r  within the bank. Ahumada and h is  associa tes  

have found r e l a t iv e ly  l i t t l e  support for  such a model within th e i r  data.

Can e i th e r  of these d iscrepancies  between noise-alone and 

s ig n a l-p lu s -n o ise  t r i a l s  be captured by a s in g l e - f i l t e r  model l ik e  

Model 1? The answer apears to  be yes. Figures 4.11 and 4.12 show curves 

s im ila r  to  those shown in  Figure 4.9. Again, the outputs of Model 1 have 

replaced the s u b je c t 's  data in the m o d e l-f i t t in g  process. Here, however, 

the square symbols show the r e s u l t s  when only s igna l-p lus-no ise  t r i a l s  

are considered, while the t r ia n g u la r  symbols show the r e s u l t s  when only 

noise-alone t r i a l s  are considered. S tra tegy  2, averaging over the signal 

in te rv a l ,  has been used to  compute the decision va r iab le ,  X1, for a l l  of 

the curves in  Figure 4.11. In the upper panel, the decay constant o f the 

in te g ra t io n  s tage has been fixed a t  .01 ms; in the lower panel, the 

bandwidth of the f i l t e r  has been fixed a t  50 Hz. In Figure 4.12, X1 is  

equal to  the maximum output o f  the in te g ra t io n  stage (S trategy 5). In the 

upper panel, the decay constant, has been fixed a t  200 ms; in  the lower 

panel, the bandwidth of the f i l t e r  has been fixed a t  50 Hz. In the upper
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2
Figure 4.11. R as a function of the bandwidth of the f i l t e r  and the 

decay constant o f  the in te g ra to r .  Square symbols are for 

s ig n a l-p lu s-n o ise  t r i a l s .  Triangular symbols are for noise-alone t r i a l s .  

All r e s u l t s  are for 10 Log(E/No) equal to  8.5 dB and S tra tegy  2. In the 

upper panel, the decay constant of the in te g ra to r  has been fixed at 

.01 ms. In the bottom panel, the bandwidth of the f i l t e r  has been fixed 

a t  50 Hz for both f i l l e d  and open symbols. The r e s u l t s  shown are for 

Model 1 as the system to  be in v es tig a ted .
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Figure 4.12. as a function of the bandwidth of the f i l t e r  and the 

decay constant o f the in te g ra to r .  Square symbols are for 

s ig n a l-p lu s-n o ise  t r i a l s .  Triangular symbols are for noise-alone t r i a l s .  

All r e s u l t s  are fo r  10 Log(E/No) equal to  8.5 dB and S tra tegy  5. In the 

upper panel, the decay constant of the in te g ra to r  has been fixed a t 

200 ms. In the bottom panel, the bandwidth of the f i l t e r  has been fixed 

a t  50 Hz for both f i l l e d  and open symbols. The r e s u l t s  shown are for 

Model 1 as the system to  be in v es tig a ted .
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panel of Figure **.11, the two curves are constrained to  reach a value of 

un ity  when the bandwidth i s  equal to  50 Hz. At 50 Hz the model being f i t  

to  the system i s  the same as the system to  be modeled (Model 1). However,

i t  can be seen th a t  while small changes in  bandwidth have r e la t iv e ly
? 2 l i t t l e  e f f e c t  on the value of R obtained on s ig n a l-p lu s-n o ise  t r i a l s ,  R

drops r e l a t iv e ly  rap id ly  when the bandwidth i s  varied from 50 Hz. The

r e s u l t s  shown in the lower panel dep ic t a s im ila r  r e s u l t  when the decay

constant i s  varied from .01 ms. Again, both curves are constrained to

reach a value of un ity  when the decay constant i s  .01 ms. As the decay
2constant i s  varied away from .01 ms, the values of R are s l ig h t ly ,  but

c o n s is te n t ly ,  sm aller for  noise-alone t r i a l s  than fo r  s ign a l-p lu s-n o ise  

t r i a l s .  The r e s u l t s  shown in Figure 4.12 show s im ila r  discrepancies

between the  accuracy o f p red ic tio n s  on s ig n a l-p lu s-n o ise  and noise-alone
2t r i a l s .  Notice the large  discrepancy between the values o f R even a t  the

250-Hz bandwidth. Here the values of R have been computed between Model 1

and Model 2. Remember the decision  v a r iab le  for Model 1, the system under

in v e s t ig a t io n ,  i s  equal to  the " true"  in te g ra l  of the f i l t e r e d  and

half-wave r e c t i f i e d  waveform over the s igna l in te rv a l ,  while the decision

v ar iab le  fo r  Model 2, the model being f i t  to  the data of the system under

in v e s t ig a t io n ,  i s  approximately equal to  the " true"  in te g ra l  of the

f i l t e r e d  and half-wave r e c t i f i e d  waveform over the stimulus in te rv a l .  As

was shown in  Table 4 .5 , these models are  very s im ila r ,  y ie ld ing  a value 
2of R of *915 across a l l  t r i a l s .  However, on s ig n a l-p lu s-n o ise  t r i a l s ,  

the value of R i s  .843, and on no ise-alone t r i a l s ,  the value i s  only 

.729. These r e s u l t s  in d ica te  th a t  un less  the model f i t s  the data 

p e r fe c t ly ,  d iscrepancies  between the values of R2 obtained on

s ig n a l-p lu s -n o ise  and noise-alone t r i a l s  would be the ty p ic a l  r e s u l t .  

F u rther ,  these  d iscrepancies  occur even when the  data are generated by a 

r e l a t iv e ly  simple, s ingle-channel model l ik e  Model 1.
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The re s u l t s  shown In Figures 4.11 and 4.12 do not lead to  d i f fe re n t  

es tim ates  of the bandwidth on s ig n a l-p lu s-n o ise  and noise-alone t r i a l s .  

However, no tice  th a t  the shapes of both curves are asymmetric. Further, 

the curve fo r  s ig n a l-p lu s-n o ise  t r i a l s  tends to reach somewhat higher 

values a t  narrow bandwidths, while the curve for noise-alone t r i a l s  tends 

to  reach higher values a t  wider bandwidths. Hence, although both curves 

peak a t  50 Hz, i f  there  were any e r ro r  in the bandwidth estim ate , we 

would expect the erroneous estim ates on s ig n a l-p lu s-n o ise  t r i a l s  to  tend 

towards narrower bandwidths, while the erroneous estim ates on noise-alone 

t r i a l s  would tend towards wider bandwidths. The r e su l ta n t  discrepancy 

would be in agreement with the bandwidth estim ates  of Ahumada and his  

a sso c ia te s .

Although the p a tte rn  o f r e s u l t s  obtained with Model 1 as the system

to be investiga ted  i s  f a i r l y  s im ila r  to  the r e s u l t s  observed for human

su b jec ts ,  the absolute a b i l i t y  of the models to  p red ic t  the data for the

human sub jec ts  i s  much le s s .  Even the " b e s t - f i t t i n g "  model for each

sub jec t i s  able to  explain only a r e la t iv e ly  small proportion of the
2v a r i a b i l i t y  in the responses of su b jec ts .  Do these small values of R 

in d ica te  th a t  the model i s  not f i t t i n g  the data very well and th a t ,  

p o te n t ia l ly ,  a b e t te r  one could be found? Or do they ind ica te  th a t  the 

model i s  f i t t i n g  the data r e la t iv e ly  poorly because there i s  a large 

e r ro r  component in  the data , and th a t  the p red ic tab le  component of the 

data i s  the re fo re  r e l a t iv e ly  small? In order to  obtain an estim ate o f how 

much p red ic tab le  variance i s  p resent in  the sub jec ts  data , s p l i t - h a l f  

c o r re la t io n s  were computed between data obtained from a l te rn a te  blocks a t 

the same s ig n a l- le v e l .  The values of r 2 and r  for  each sub jec t a t  

10 Log(E/No) equal to  8.5 dB are  shown in  Table 4 .6 . As can be seen, 

these values are large  when compared to  the the values of R2 obtained
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TABLE 4.6

S p l i t - h a l f  c o r r e l a t i o n s ,  r ^  and ( r ) , b e tw een  
d a t a  c o l l e c t e d  on a l t e r n a t e  b lo c k s  o f  t r i a l s  

10 L o g (E /N o )= 8 .5  dB

SG CV TW JM

.931 .882  .964  .891
( .9 6 5 )  ( . 9 3 9 )  ( . 9 8 2 )  ( .9 4 4 )
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between the sub jec ts  and the models. F urther, sub jec t TW, whose data were 

q u ite  d i f f i c u l t  to  p red ic t  (R^=.555), has the la rg e s t  s p l i t - h a l f  

c o r re la t io n ,  while sub jec t CV, whose data were r e la t iv e ly  easy to  p red ic t  

(R =.693), has the sm allest s p l i t - h a l f  co r re la t io n .

These s p l i t - h a l f  c o r re la t io n s  would suggest th a t  a considerable 

po rtion  of the variance in the su b je c ts '  data i s  p o te n t ia l ly  p red ic tab le .  

In an attempt to  explain th i s  re s id u a l variance, a m ultip le component 

model s im ila r  to th a t  employed by Ahumada and Lovell (1971) and Ahumada, 

e t  a l .  (1975) was applied to  the da ta . The decision variab le  of the 

present m ultip le component model was based on the output of seven 50-Hz 

wide s ing le-tuned  f i l t e r s .  The f i l t e r s  d if fe red  only in center frequency. 

The seven cen ter frequencies were 350 Hz, 400 Hz, 450 Hz, 500 Hz , 

550 Hz, 600 Hz, and 650 Hz. Each f i l t e r  was followed by a half-wave 

r e c t i f i e r .  The output of each r e c t i f i e r  was averaged over the s ignal 

i n t e rv a l .  The logarithm of a l in e a r  combination of these  seven values was 

converted to  a P'(Y) using the lo g i s t i c  function . The weighting 

c o e f f ic ie n ts  of the l in e a r  combination and the parameters of the lo g i s t i c  

function  were chosen to  minimize the squared d iffe rences  between the 

P(Y)s and the P '(Y )s. As before, STEPIT was used to  obtain th i s  

le a s t- sq u a re s  f i t .  The re s u l ta n t  weightings for each sub jec t are shown in 

the upper panels o f Figures 4.13 through 4.16. As Ahumada, Marken and 

Sandusky (1975) found fo r  th e i r  su b jec ts ,  and Ahumada and Lovell (1971) 

found for some o f th e i r  su b jec ts ,  negative weightings were found a t  some 

frequencies for a l l  su b je c ts .  This would suggest th a t  sub jec ts  might be 

making a comparison between the information a t  the s igna l frequency and 

the information presen t a t  o ther frequencies .

A second m ultip le  component model was a lso  f i t  to  the data. In th is  

case, the output of a s ing le  f i l t e r  followed by a half-wave r e c t i f i e r  was
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Figure 4.13. B e s t - f i t t in g  weights for  the multiple-component models 

described in  the t e x t .  The square symbols are for a 10 Log(E/No) of

8.5 dB. The c i r c u la r  symbols are for a 10 Log(E/No) of 11.5 dB. In the 

lower panel, the two arrows ind ica te  the time of the onset and the o f fs e t  

o f  the s ig n a l.  The r e s u l t s  shown are for sub jec t SG.
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Figure 4.14. B e s t - f i t t in g  weights for the multiple-component models 

described in  the t e x t .  The square symbols are fo r  a 10 Log(E/No) of

8.5 dB. The c i r c u la r  symbols are fo r  a 10 Log(E/No) of 11.5 dB. In the 

lower panel, the two arrows in d ica te  the time of the onset and the o f fse t  

of the  s ig n a l .  The r e s u l t s  shown are for subject CV.
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Figure 4.15. B e s t - f i t t in g  weights for the multiple-component models 

described in the t e x t .  The square symbols a re  for a 10 Log(E/No) of

8.5 dB. The c i r c u la r  symbols are for a 10 Log(E/No) of 11.5 dB. In the 

lower panel, the two arrows in d ica te  the time o f the onset and the o f fs e t  

o f  the s ig n a l.  The r e s u l t s  shown are for subjec t TW.
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Figure M.16. B e s t - f i t t in g  weights for the multiple-component models 

described in the te x t .  The square symbols are for a 10 Log (E/No) of

8.5 dB. The c i rc u la r  symbols are for a 10 Log (E/No) of 11.5 dB. In the 

lower panel, the two arrows ind ica te  the time o f the onset and the  o f f s e t  

of the s ig n a l.  The r e s u l t s  shown are for subject JM.



www.manaraa.com

RE
LA

TI
VE

 
WE

IG
HT

 
RE

LA
TI
VE

 
W
EI
GH

T
1 .0 0 -1

0 . 0 0 -

-0 .50 -

FREQUENCY (HZ)
1. 00-1

0 . 0 0 -

-0 .50 -

- 1 . 0 0 -

T IM E (MS)



www.manaraa.com

used to  p red ic t  the da ta . However, the output was averaged over seven 

su b -in te rv a ls  of the stimulus in te rv a l .  The logarithm of a l in e a r  

combination o f these  seven values was converted to  a P'(Y) using the 

l o g i s t i c  function . As before, STEPIT was used to  obtain a leas t-sq u ares  

f i t  to  the data of each su b jec t.  The r e su l ta n t  weights are shown in the 

lower panels of Figures 4.13 through 4.16. The small arrows ind ica te  the 

approximate time of the onset and o f f s e t  of the s ig n a l .  As Ahumada, 

Marken and Sandusky (1975) found for th e i r  su b jec ts ,  the sub jec ts  tend to 

give negative w eigh ts- to  information which occurs immediately before the 

s ignal in te rv a l .  Ahumada, e t  a l .  had used a 500-ms burs t of noise and 

found th a t  negative weights were given to  the 100-ms in te rv a l  of noise 

immediately before the onset of the s ig n a l .  The present r e s u l t  i s  

somewhat su rp r is in g  given th a t  the t o t a l  duration of the noise burs t in 

the present experiment was 148 ms and the portion  of t h i s  noise which 

occurred before the s ig n a l onset was only 20 ms in duration . These r e s u l t  

would suggest th a t  the sub jec t may be using the non-signal-carry ing  

temporal fr inge  of the waveform to  compare to  the s igna l in te rv a l  even 

with r e la t iv e ly  sh o rt  bu rs ts  of noise .

Some caution should be taken in  in te rp re t in g  these r e s u l t s .  F i r s t ,  

the weighting functions are not t o t a l l y  cons is ten t across sub jec ts .  The 

frequency weightings, for example, show maximum p o s it iv e  peak a t  500 Hz 

and co n s is ten t negative weightings a t  650 Hz, but vary across sub jec ts  a t  

the other frequencies . The temporal weighting functions show negative 

weightings before the s igna l in te rv a l  and r i s e  throughout most of the 

f i r s t  h a l f  of the s ig n a l in te rv a l ,  but y ie ld  in co n s is ten t  weightings 

across sub jec ts  during the second h a lf  of the waveform. Adding these 

weighting functions to  the model does produce an increase  in explained 

variance. For sub jec t JM, the increase  in  i s  f a i r l y  la rge ,  about .15.
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For the o ther su b jec ts ,  the increase i s  sm aller, approximately .06 (see 

Tables M.1-M.4).
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Footnote

3. Because the number of responses to  each sample was not always the 

same across conditions, each squared dev ia tion  was weighted by the 

average number of responses obtained from the p a r t ic u la r  subject 

under the p a r t ic u la r  condition . These values can be seen in  Table 

A1.1 of Appendix A1.
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Chapter 5 

Summary and Conclusions

Before reviewing the r e s u l t s  and conclusions from the previous 

chapters, i t  i s  important to  consider the re la t io n sh ip  between the 

molecular data presented here and more t r a d i t io n a l  views of masking. In 

the c la s s ic a l  l i t e r a t u r e ,  masking phenomena have been described under 

the assumption th a t  the s ignal and the masker are separable e n t i t i e s .  

F le tcher  (1953, p. 153) argued th a t  when a s e t  of neural f ib e rs  was 

busy carrying information about the masker, th a t  "such nerve f ib e rs  

then can no longer be used to  carry  any o ther message to  the b r a i n . . . " .  

Geldard (1972, p. 215), on the other hand, spoke o f the "suppressive 

influence" of the masker upon the s ig n a l .  L ick lide r  (1951, p. 1005) 

pointed out th a t  masking i s  the "opposite of an a ly s is ;  i t  represen ts  

the i n a b i l i ty  of the auditory  mechanism to  separate  the tonal 

s tim ulation  in to  components and to  d iscr im inate  between the presence 

and the absence of one of them" (Note 4 ).  In these views, the 

d iffe rences  among maskers are charac ter ized  by th e i r  a b i l i t y  to  

in te r f e r e  with the s ig n a l.  Differences among s ig n a ls  are s im ila r ly  

charac terized  by th e i r  a b i l i t y  to  elude the influence of the masker.

The present data are best in te rp re te d  with a somewhat d i f f e re n t  

view of masking. An examination of Figures 3.5 through 3.8 reveals  th a t  

the p ro b ab il i ty  th a t  the subject w il l  id e n t i fy  a p a r t ic u la r  sample of 

noise (a p a r t ic u la r  masker) as containing a s igna l varies  widely 

depending on which masker has been se le c ted .  This v a r i a b i l i ty  e x is t s  

not only for the case where the s ignal i s  p resen t,  but a lso  on t r i a l s  

during which only the noise i s  p resen t.  With the c la s s ic  view of 

masking, i t  i s  d i f f i c u l t  to  determine the amount of masking th a t  has
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occurred. Can one, for example, explain the wide v a r ia t io n  in 

fa lse -a la rm  r a te s  as r e su l t in g  from d iffe rences  in the amount of 

masking of a non-ex isten t s ignal?  Even on s ig n a l-p lu s-n o ise  t r i a l s ,  

id en tify in g  the e f fe c ts  of masking may be d i f f i c u l t .  Consider, for 

example. Sample 6 in  Figure 3 .5. I s  Sample 6 an in e f fe c t iv e  masker? The 

h i t  ra te  fo r  Sample 6 i s  f a i r l y  high, nearly .5 . On the other hand, i t s

fa lse -a la rm  ra te  i s  even higher. That i s ,  more than 50 percent of the

responses made to  sample 6 are in c o r re c t .  A fu r th e r  complication for 

th i s  c la s s ic  view of masking can be seen by examining Figure 3 .9 . I f ,

as ind ica ted  by F le tcher (1953), the ro le  of the masker i s  to block the

s ignal on the transm ission l in e s  to  the bra in , then i t  i s  d i f f i c u l t  to 

po s tu la te  a mechanism for the phase e f fe c ts  reported here. Or i f ,  as 

s ta te d  by Geldard (1972), the masker has a "suppressive influence" on 

the s ig n a l ,  by what mechanism does i t  d i f f e r e n t i a l ly  suppress s ig n a ls  

with d i f f e re n t  s ta r t in g  phases? I t  i s  c le a r ,  from a consideration  of 

the physics involved, th a t  the waveform th a t  i s  presented to  the 

sub jec t on s ig n a l-p lu s-n o ise  t r i a l s  i s  not two s t im u li ,  but one. 

S im ila r ly ,  we would not think of the power in the waveform as being the 

sum of the s igna l power and the masker power. Since the duration of the 

s ignal i s  reasonably long, the t o t a l  power w il l  be determined, to  a 

good approximation, by the power in the vector sum of the amplitude of 

the  500-Hz component in  the s ig n a l and the amplitude of the 500-Hz 

component in  the  noise (Note 5). Hence, ra th e r  than the f l a t  functions 

pred ic ted  by a power sum, the power in the r e su l ta n t  waveform changes 

c y c l ic a l ly  as a function of Alpha. These cy c lic  changes can be seen 

both in the stimulus measurements (the lower panels of Figure 3.9) and 

the human performance (the upper panels of Figure 3 .9 ) .
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Thus, using the molecular data i t  has been d i f f i c u l t  to  specify 

the amount of masking. I t  i s  more reasonable to  quantify  the amount of 

masking on a molar leve l as the change in s ig n a l- le v e l  necessary to  

maintain a constant P(C)max when the masker i s  added. Although th i s  i s  

an adequate q u an tif ica tio n  of masking, i t  i s  a completely inadequate 

d e f in i t io n  of masking. As Tanner (1958) pointed out, there  are a 

v a r ie ty  of cases where the add ition  of a stimulus a l t e r s  the

d e te c ta b i l i ty  of another stimulus in a manner we would not ty p ic a l ly  

r e fe r  to  as masking. As was mentioned in the in tro d u c tio n ,  presenting  a 

weak pedesta l a t  the same frequency as the s igna l may a c tu a l ly  increase 

the d e te c ta b i l i ty  of a tone in a background of noise . Typically , we 

would not consider th i s  e f fe c t  as masking.

The s ignals  presented here have been masked by the noise . I f  the 

mechanism of masking cannot be seen on the molar le v e l ,  perhaps i t  w ill  

be revealed by a deeper evaluation  of the molecular data . Again,

consider the data in  Figures 3.5 through 3 .8 . As has been discussed, a 

broad range of both h i t  and fa lse-a larm  ra te s  was obtained. Many o f the 

noise-alone samples have the property  of "sounding" l ik e

s ig n a l-p lu s -n o ise ,  while a t  the same time, many of the

s igna l-p lus-no ise  s tim uli "sound" l ik e  noise alone. As has been pointed 

out before, w ithin the Theory of Signal D e te c ta b i l i ty ,  the de tec to r  i s  

thus forced to  adopt a s tra teg y  such th a t  e i th e r  some noise-alone 

samples w il l  be id e n t i f ie d  as containing s ig n a ls ,  or some

s igna l-p lus-no ise  samples w il l  be id e n t i f ie d  as no ise-a lone. Thus,

masking occurs. When the noise lev e l  i s  decreased, the overlap between 

the s ign a l-p lu s-n o ise  and noise-alone samples decreases and the amount 

of masking decreases. As the lev e l  of the noise i s  increased , the 

amount of overlap increases , as does the  amount of masking. The data
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from the lower panel of Figure 3.9 in d ica te  th a t  th i s  problem i s  more 

than a simple f a i lu r e  of an a ly s is ,  as normally defined. Even i f  the 

observer considered only the power in  the 500-Hz component, th a t  i s ,  i f  

he were able to perform a complete ana lys is  in  the frequency domain, i t  

would not be possib le  to  d iscr im inate  p e r fe c t ly  between noise-alone and 

s ig n a l-p lu s-n o ise  t r i a l s .

The models under consideration  here do not assume th a t  the noise 

in te r f e r e s  with the s ig n a l .  They do, however, p red ic t  the overlap 

between noise-alone and s ig n a l-p lu s -n o ise  samples. That i s ,  the output 

decision va r iab le ,  X ', for  the models i s  sometimes g rea ter  on 

noise-alone t r i a l s  than on s ig n a l-p lu s-n o ise  t r i a l s .  The models were in 

many cases able to  p red ic t  below-chance performance for p a r t ic u la r

samples. F urther , as would be expected, given th a t  a l l  of the models 

considered give maximum weight to the  500-Hz component, the models are 

able to capture the cy c lic  changes in performance as a function of

Alpha.

The b e s t - f i t t i n g  model did not simply consider the 500-Hz 

component. I t  was found th a t  models with approximately a 50-Hz 

bandwidth were best able to  p red ic t  performance. However, bandwidths 

between 25 and 100 Hz were able to  p red ic t  the data r e la t iv e ly  well. 

Small changes in  the estimated bandwidths were associa ted  with changes 

in other model parameters, most p a r t ic u la r ly  the form of the nonlinear 

s tage .

The models were bes t  able to  p red ic t  the performance of sub jec ts

when the nonlinear stage was a half-wave r e c t i f i e r .  However, changing

the no n lin ea r ity  to  a square-law device (the only o ther non linearity
p

considered), caused only a minimal decrement in  the value of R .
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Within the curren t approach, the decay constant of the in te g ra to r  

in te ra c ted  with the sampling s tra teg y  applied to  the in te g ra to r  output. 

Because many of the sampling s t r a te g ie s  considered computed the average 

value of the in te g ra to r  output over p a r t ic u la r  in te rv a ls  of the 

stimulus waveform, the r e su l ta n t  value of X' i s  roughly proportional to 

the double in te g ra l  of the input to  the in te g ra t io n  s tage . 

Configurations th a t  were best able to p red ic t  the data produced values 

of X' th a t  were more nearly  p roportional to  the s ing le  in te g ra l  of the 

input to the in te g ra to r .  These configura tions  e i th e r  minimized or 

elim inated the in teg ra tio n  performed by the in te g ra t io n  s tage ( i . e . ,  

reduced i t s  decay constant to  near zero) or e lse  employed sampling 

s t r a te g ie s  th a t  performed l i t t l e  or no averaging. Because of these 

in te ra c t io n s ,  i t  i s  d i f f i c u l t  to  specify the exact in te g ra t io n  time of 

the system. However, a value of 100 to  200 ms seems appropria te . 

S im ilarly , i t  i s  d i f f i c u l t  to  determine the best approximation to  the 

sampling s tra teg y  by which the system transforms the stream of acoustic  

information in to  a decision v a r iab le .

In many cases, the e f fec tiv en ess  of the models was not s trongly  

influenced by changes in the parameters. Evaluation of the 

e f fec tiv en ess  of the model in p red ic ting  the output of a known model 

revealed th a t  t h i s  in s e n s i t iv i ty  to  param etric manipulations was not 

necessa r i ly  caused by noise in the data to  be f i t t e d ,  nor did i t  

n ecessar i ly  imply th a t  the s t ru c tu re  of the model was incompatible with 

the system to  be modeled.

A few methodological po in ts  should be noted. Ahumada (1967) used 

techniques f a i r l y  s im ilar  to  those employed here to  estim ate the 

c r i t i c a l  bandwidth of the system. The estim ates derived here are qu ite  

s im ilar  to  other estim ates o f  the c r i t i c a l  bandwidth a t  500 Hz.
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Nevertheless, the f l a t  curves r e la t in g  R2 t0  banduidth lad ioa ta  th a t  

the bandwidth estim ates derived by th i s  technique may not be 

p a r t ic u la r ly  p rec ise .  The e f fe c ts  of manipulating the parameters of the 

model are even le ss  d i s t in c t  when 10 Log(E/No) i s  increased from 8.5 dB 

to 11.5 dB. Thus, parametric in v e s t ig a t io n s  should be conducted using 

s ig n a l- to -n o ise  r a t io s  th a t  are towards the low side of the p ra c t ic a l  

l im i ts .

Estimating parameters on the molecular leve l does have one 

d i s t in c t  advantage over c e r ta in  molar techniques. The d i s t r ib u t io n s  of 

outputs for several models are dependent only on the product of the 

e f fe c t iv e  bandwidth (W) and the e f fe c t iv e  duration  (T). Therefore, in 

order to estimate e i th e r  of these parameters on the molar le v e l ,  i t  i s  

necessary to  assume a value of the o ther .  Such an assumption i s  not 

required on a molecular lev e l .  These parameters are f a i r l y  independent. 

A 50-Hz value of W i s  most e f fe c t iv e  in  almost a l l  s i tu a t io n s .  

S im ilarly , a value of 100 to  200 ms seems most appropria te  for T.

The d is t in c t io n s  which Ahumada (1967), Ahumada and Lovell (1971), 

and Ahumada, e t  a l .  (1975) have made between p red ic tions  on 

s igna l-p lus-no ise  t r i a l s  and noise-alone t r i a l s  can be explained 

without recourse to a " f i l te r -b a n k M model. When f i t t i n g  the other 

models to the outputs of Model 1, i t  was found th a t  unless the f i t  was 

exact, the models tend to  have d i f f e r e n t i a l  success a t  p red ic ting  

s igna l-p lus-no ise  and noise-alone t r i a l s .  F u rther ,  although the models 

made correc t estim ates of the bandwidth on both s ig n a l-p lu s-n o ise  and 

noise-alone t r i a l s ,  i t  was argued th a t  i f  th e re  were any e r ro r  in the 

bandwidth es tim ates , the estim ates  on noise-alone t r i a l s  would be 

l ik e ly  to  tend toward wider bandwidths, whereas those on 

s ig n a l-p lu s-n o ise  t r i a l s  would tend toward narrower bandwidths.
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Using a decis ion  v ar iab le  th a t  was determined by the outputs of 

seven f i l t e r s  th a t  d if fe re d  in  cen ter  frequency gave some improvement 

over the s ing le  f i l t e r  case. Negative weightings were found a t  some 

frequencies. S im ila r ly ,  combining the output of a s ing le  f i l t e r  over 

seven 21.4-ms su b -in te rv a ls  of the stimulus in te rv a l  improved the 

p red ic tions  of the model. In th i s  case, negative weightings were given 

to the su b -in te rv a l  th a t  immediately preceded the s ignal onset. The 

fa c t  th a t  negative weightings were found gives some support to  the 

suggestion of Ahumada and Lovell (1971) and Ahumada e t  a l .  (1975) th a t  

the subject might compare information in  the s igna l-carry ing  p a r t  of 

the waveform to  information in the par t  of the waveform not carrying 

the s ig n a l .

In summary, a molecular experiment was conducted th a t  investiga ted  

the d e te c ta b i l i ty  of a 500-Hz sinusoid in the presence of each of 25 

d i f f e r e n t  samples of white, approximately Gaussian, noise . S ignals  a t  

each of four s ta r t in g  phase angles and a t  two le v e ls  were in v es tig a ted .

The estimated p ro b ab il i ty  of a "Yes” response to ind iv idual noise

samples was found to  vary widely as a function of the noise sample

se lec ted . This was tru e  on both s ig n a l-p lu s-n o ise  and noise-alone 

t r i a l s .  Manipulating the s ta r t in g  phase of the s ignal was also  found to 

have large  e f fe c ts  on the p ro b a b i l i ty  of a "Yes” response. The general

form of the model of J e f f r e s s  (1967) was implemented as a s e r ie s  of

computer subroutines and f i t  to  the da ta . The combination of a 50-Hz 

wide s ing le-tuned  f i l t e r ,  followed by a half-wave r e c t i f i e r  and an

in te g ra to r  with an in te g ra t io n  time of 100 to  200 ms was found to  f i t  

the data r e la t iv e ly  well fo r  a l l  su b jec ts .  S l ig h t  v a r ia t io n s  in

parameters of the b e s t - f i t t i n g  model were found across su b jec ts .  The

proportion of variance explained by the model varied considerably
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across su b jec ts ,  over a range from .43 to .72. Combining the ou tputs  o f  

several models th a t  d iffe red  in center frequency or in te g ra tio n  

in te rv a l  increased the proportion of predicted variance. Negative 

weightings were found at some frequencies and for some time in te rv a ls ,  

suggesting th a t  the s u b je c t 's  decis ion  might be based on a comparison 

between information in d i f f e re n t  parts  o f the stim ulus.
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Footnotes

I t  i s  not completely c lea r  what L ick lider (1953) meant by 

" a n a ly s is ." Here Fourier ana lysis  i s  assumed, although th i s  may not 

be an adequate rep resen ta tion  o f  L ic k l id e r 's  views.

Because the duration  of the signal i s  f i n i t e ,  i t s  bandwidth i s  not 

zero . Hence, vector sums described only a t  the 500-Hz component w ill  

not be a completely adequate descrip tion  of the change in power when 

the signal i s  added to the noise.
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TABLE A 1.1

The number o f  p r e s e n t a t i o n s  (P) o f  each  sam ple  t o  each  
s u b j e c t  u n d e r  ea c h  c o n d i t i o n  and t h e  a v e r a g e  number o f  
r e s p o n s e s  t o  ea c h  sam ple  from  ea c h  s u b j e c t  u n d e r  ea c h  

c o n d i t i o n  f o r  s i g n a l - p l u s - n o i s e  t r i a l s  (S) and f o r  
n o i s e - a l o n e  t r i a l s  (N)

10 L o g (E /N o )= 11 .5  dB

SG CV TW JM

P 1 30 136 136 198
A lpha = 0 S 1 30 1 3 1* 136 198

N 1 30 135 136 198

P 78 80 80 80
A lpha=90 S 78 79 80 80

N 78 79 80 79

P 88 128 128 178
A lp h a = 180 S 88 127 127 178

N 88 127 128 178

P 82 82 82 82
A lpha=270 S 82 82 82 82

N 82 82 82 81

10 Log<E/No)=8 .5  dB

SG CV TW JH

P 130 136 1 36 198
A lpha=0 S 130 134 136 197

N 1 30 135 136 198

P 80 80 80 80
A lpha=90 S 80 79 80 80

N 80 79 80 78

P 90 128 128 178
A lpha=180 S 90 127 127 178

N 90 127 128 178

P 80 82 80 80
A lpha=270 S 80 82 80 80

N 80 81 80 80
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Figure A2.1. Hit and fa lse-a larm  r a te s  obtained for ind iv idua l samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subjec t 

SG and were co llected  with Alpha equal to  0.
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Figure A2.2. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in  ROC space. Each number p lo t ted  shows the data for the sample 

assoc ia ted  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

SG and were co llec ted  with Alpha equal to  90.
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Figure A2.3. Hit and fa lse-a larm  ra te s  obtained for individual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associa ted  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

SG and were co llec ted  with Alpha equal to 180.
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Figure A2.JJ. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are  shown in ROC space. Each number p lo tted  shows the data for the sample 

associa ted  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

SG and were co llec ted  with Alpha equal to  270.
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Figure A2.5. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for su b jec t  

CV and were co llected  with Alpha equal to 0,
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Figure A2.6. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are  shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

CV and were co llected  with Alpha equal to  90.
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Figure A2.7. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for su b jec t  

CV and were co llec ted  with Alpha equal to 180.
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Figure A2.8. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are  shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  r a t e  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

CV and were co llected  with Alpha equal to  270.
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Figure A2.9. Hit and fa lse -a la rm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

TV and were co llec ted  with Alpha equal to 0.
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Figure A2.10. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

TW and were co llec ted  with Alpha equal to  90.
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Figure A2.11, Hit and false-alarm  ra tes  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data  shown are for sub jec t 

TW and were co llec ted  with Alpha equal to 180.
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Figure A2,12. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

TW and were co llec ted  with Alpha equal to  270.
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Figure A2,13. Hit and fa lse-a larm  ra te s  obtained for individual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

JM and were co llec ted  with Alpha equal to 0.
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Figure A2.1M. Hit and fa lse-alarm  ra te s  obtained for ind iv idual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

JM and were co llec ted  with Alpha equal to  90.
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Figure A2.15. Hit and fa lse-a larm  ra te s  obtained for individual samples 

are shown in ROC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  ra te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for sub jec t 

JM and were co llec ted  with Alpha equal to 180.
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Figure A2.16. Hit and fa lse-a larm  ra te s  obtained for ind iv idual samples 

are shown in HOC space. Each number p lo tted  shows the data for the sample 

associated  with th a t  number. The square symbol shows the average h i t  r a te  

and fa lse  alarm ra te  across a l l  samples. The data shown are for subject 

JM and were co llec ted  with Alpha equal to  270.
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Figure A2.17. Performance and stimulus measures as a function of Alpha. 

Each panel shows the r e s u l t s  for a p a r t ic u la r  sample. The upper h a l f  of 

each panel shows the obtained proportion of "Yes1' responses as a function 

of Alpha. The lower h a lf  o f  each panel shows the power a t  the 500-Hz 

component of the Fourier spectrum of the s tim ulus. F il led  symbols are for 

s igna l-p lus-no ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for subject SG, and were co llec ted  at 10 Log(E/No) 

equal to  8.5 dB. (The f igure  extends through five  pages.)
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Figure A2.18. Performance and stimulus measures as a function of Alpha. 

Each panel shows the r e s u l t s  for a p a r t ic u la r  sample. The upper h a l f  of 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  of each panel shows the power a t the 500-Hz 

component o f  the Fourier spectrum of the stim ulus. F i l le d  symbols are for 

s igna l-p lus-no ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for sub jec t CV, and were co llec ted  a t 10 Log(E/No) 

equal to  8.5 dB. (The f igure  extends through five pages.)
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Figure A2.19. Performance and stimulus measures as a function o f  Alpha. 

Each panel shows the r e s u l t s  for a p a r t ic u la r  sample. The upper h a l f  of 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  of each panel shows the power a t  the 500-Hz 

component of the Fourier spectrum of the s tim ulus. F i l le d  symbols are for 

s igna l-p lus-no ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for subject TW, and were co llec ted  a t  10 Log(E/No) 

equal to  8.5 dB. (The f igure extends through five  pages.)
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Figure A2.20. Performance and stimulus measures as a function of Alpha. 

Each panel shows the r e s u l t s  for a p a r t ic u la r  sample. The upper h a lf  of 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  of each panel shows the power a t  the 500-Hz 

component o f the Fourier spectrum of the stim ulus. F il led  symbols are for 

s igna l-p lus-no ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for subject JM, and were co llec ted  at 10 Log(E/No) 

equal to  8.5 dB. (The f igure extends through five  pages.)
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Figure A2.21. Performance and stim ulus measures as a function of Alpha. 

Each panel shows the r e s u l ts  for a p a r t ic u la r  sample. The upper h a lf  o f 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  o f  each panel shows the power a t the  500-Hz 

component o f the Fourier spectrum of the s tim ulus. F ille d  symbols are  for 

s ig n a l-p lu s-n o ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for su b jec t SG, and were co llec ted  a t  10 Log(E/No) 

equal to  11.5 dB. (The fig u re  extends through five pages.)
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Figure A2.22. Performance and stim ulus measures as a function of Alpha. 

Each panel shows the r e s u l ts  for a p a r t ic u la r  sample. The upper h a lf  o f 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  o f each panel shows the power a t the 500-Hz 

component o f the Fourier spectrum of the stim ulus. F ille d  symbols are for 

s ig n a l-p lu s-n o ise  t r i a l s .  Open symbols are fo r noise-alone t r i a l s .  

Performance data are for sub jec t CV, and were co llec ted  a t 10 Log(E/No) 

equal to  11.5 dB. (The figu re  extends through five pages.)
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Figure A2.23. Performance and stim ulus measures as a function  of Alpha. 

Each panel shows the r e s u l ts  for a p a r t ic u la r  sample. The upper h a lf  of 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  of each panel shows the power a t the  500-Hz 

component of the Fourier spectrum of the stim ulus. F ille d  symbols are for 

s ig n a l-p lu s-n o ise  t r i a l s .  Open symbols are fo r noise-alone t r i a l s .  

Performance data are for sub ject TW, and were co llec ted  a t 10 Log(E/No) 

equal to  11.5 dB. (The fig u re  extends through five pages.)
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Figure A2.24. Performance and stim ulus measures as a function of Alpha. 

Each panel shows the r e s u l ts  for a p a r tic u la r  sample. The upper h a lf  of 

each panel shows the obtained proportion of "Yes" responses as a function 

of Alpha. The lower h a lf  o f each panel shows the power a t the 500-Hz 

component o f the F ourier spectrum of the stim ulus. F illed  symbols are for 

s ig n a l-p lu s-n o ise  t r i a l s .  Open symbols are for noise-alone t r i a l s .  

Performance data are for sub jec t i ,  and were co llec ted  a t 10 Log{E/No) 

equal to  11.5 dB. (The fig u re  extends through five pages.)
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