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stimul i were sixteen amplitude—modulated noise patterns that varied in modula-
tion frequency (Tempo) and attack (Quality) . Two listeners learned an ei ght—
category partition that was based primar i ly on stimulus Quality , and two
learned a partition that was based primarily on stimulus Tempo. The resulting
confusion data were analyzed in terms of the aural classification model propose
by Howard, Ballas , and Burgy (1978). The theoretical analysis enabled us to
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listener on each of the sixteen trial blocks. The results indicated that
although large indi vidual differences occurred, al l l isteners had more
difficulty making use of the subtle stimulus differences along the Quality
dimension than they did of differences along the Tempo dirnension .~~TI1ree ofthe four listeners placed a greater emphasis on Tempo than would bF’b~tima1.Although one listener only °discovered” the Quality dimension after 7~Q_trials , very few changes occurred for any listener after 1000 trials. \t
was concluded that extensive practi ce alone is not likel y to improve a \
listener ’s ability to use difficult features in aural classification . I
role of sensory factors in limiting performance was considered.
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In a recent pa per , Ho wa rd , Ballas , and Burgy (1978)

presented  a b o t t o m — u p  model  for the  c l a s s i f i c a t i o n  of complex ,

s t e a d y — s t a t e  sounds .  The model assumes t h a t  l i s t e n e r s  u n d e r g o

severa l  steps in c l a s s i f y i n g  a p resen ted  s t i m u l u s .  F i r s t , an

initial , low—level measurement representation of the stimulus is

cons t ruc ted  by the p e r i p h e r a l  aud i to ry  system . Second , these

m e a s u r e m e n t s  a re  t r a n s f o rmed by a f e a t u r e  e x t r a c t i o n  processor

in to  a vec to r  of h i g h e r — o r d e r  f e a t u r e  e l e m e n t s .  Th i rd , a

dec i s ion  processor  then e s t ima t e s  the pe rcep tua l  d i s t a n c e  be tween

the s t i m u l u s  and each of a set of c a t e g o r y  p r o t o t y p e s  to

d e t e r m i n e  the l i k e l i h o o d  of each  ca t ego ry  g i v e n  t h a t  s t i m u l u s .

Finally, the st imulus i s c lass i f ied into the cate gor y hav ing the

greatest likelihood .

As in previous models of aural classification (Durlach &

Braida , 1969), it is assume d that cat egory likel ihood s are

re presente d by Gauss ian dens i ty fun ct ions over the per ceptual

space. These likelihood functions may be estimated by fitting

Gaussian distributions to confusion data obtained in a

classification experiment. In the Howard et al model , the

es t ima ted  v a r i a n c e  p a r a m e t e r s  for  the Gauss ian  d i s t r i b u t i o n s  are

p a r t i c u l a r l y  i m p o r t a n t .  U n l i k e  e a r l i e r  c l a s s i f i c a t i o n  model s ,

one paramet •e r  is ob ta ined  for each d i m e n s i o n  in the f e a t u r e

space. These p a r a m e t e r s  are  ana logous  to u n c e r t a i n t y  measures  in

tha t  they desc r ibe  the e x t e n t  to which  the ca tegor ies  o v e r l a p  in

the perceptual space.

Previous research with the model (Howard et al , 1978) has

shown that listeners improve their classification peformance very
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quickly wi th pract ice , an d that this improvement is refl ec ted in

a correspond ing red uc t ion i r~ the est imated uncertainty

parameters. The reduction was described as a fine tuning process

that the listeners use to maximize the overall probability of

correct classification. This tuning process is selective in that

it emph as i zes features that are important in the class ificat ion

tas k , i.e., greater uncertainty reduction occurs for more

relevant d imensions than for less relevant dimensions. However ,

Howard et al have note d that the tun ing pro cess does not cont inue

as long as one woul d expect for optimal classification. In

par tic u l a r , there appeare d to be an overall limit on the amount

of uncertainty reduction that could occur . Since this limit

coul d not be at tributed to absolute sens itiv i ty limitations ,

Howar d et al (1978) argued that it was determined by a limit on

the listener ’s overa ll info rmation—processing capacity (e.g.,

Ka hneman , 1973). Given this limit , it was concluded tha t the

l i st ene r ’s feature tuning process apportioned his or her

a t t e n t i or i a l  e f f o r t  between the two percep tua l  f e a t u r e s  so as to

m a x i m i z e  the a v e r a g e  probability correct.

The Howard et al ( 19 7 8 )  f i n d i n g s  h a v e  an a l t e r n a t i v e

ex planation which must be explored . It is possible that

insufficient practice was provided in the experiment for

listeners to fine—tune their sensitivity optimally on both

stimulus dimensions. Their listeners peformed 720

classifications over three days which was not sufficient to

conclud e tha t  asympto t ic  level s had been reached . In order  to

stud y the e f f e c t s  of a d d i t i o n a l  p r ac t i ce , a c l a s s i f i c a t i o n  ‘
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e x p e r i m e n t  was conduc ted  t h a t  provided extensive pr actice. The

s t imu l i and e x p e r i m e n t a l  proced ure  were sim ila r  to those use d in

the previous study. Listeners were asked to classify sixteen

ampl itud e modulated noise patterns into one of eight categories.

The st imul i , wh ich resem bled a b roa d class of pass ive sonar

s i g n a l s , v a r i e d  in both  m o d u l a t i o n  f r e q u e n c y  and a t t a c k .  Howard

et al~ ( 19 7 8 )  have referre d to the perce ptual correlate of

m o d u l a t i o n  f r e q u e n c y  as sound Tempo , and the pe rcep tua l  co r re l a t e

of a t t a c k  as sound Q u a l i t y .  Some l i s t e n e r s  l ea rned  a c a t e g o r y

p a r t i t i o n  t h a t  was based pr i m a r i l y  on s i gna l  Tempo ( the Tempo

g r o u p ) , and ot hers learned a partit ion that was b ase d pr imar ily

on s i gna l  Qu a l i t y  ( the Qu a l i t y  g r o u p ) .  The a u r a l  c l a s s i f i c a t i o n

mod el was used to a n a l y z e  and i n t e r p r e t  the r e s u l t s .

Metho d

Part icipants. Four students were recruited by

a d v e r t i s e m e n t .  Two s t u d e n t s  were ass ig ned to the Tempo g roup and

two to the Quality group . All four listeners , three females and

one male , reported normal hearing . Their pay was determined by a

schedule that encouraged high performance.

Apparatus. All experimental events were controlled by a

l a b o r a t o r y  d i g i t a l  c o m p u t e r .  M o d u l a t i o n  w a v e f o r m s  were

syn thes i zed  by the computer  and ou tpu t  on a 12—bi t

digital—to—analog converter at a 5 kHz s a m p l i n g  ra te . This

signal was applied to the input of a laboratory—constructed

transconductance opera tional amplifier circuit (RCA CA3084). The

output  g a i n  of the o p e r a t i o n a l  a m p l i f i e r  was d i r e c t l y

p ropor t iona l  to the ampl i tud e of the m o d u l a t i o n  s igna l . These

4
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a m p l i t u d e— modu la t ed  s i g n a l s  were d e l i v e r e d  to l i s t e n e r s  over

matched Telephonics TDH_149 headphones with MX— 41/AR cushions.

Stimuli. A set of 16 amplitud e—modulated noise signals was

genera ted  by c o m b i n i n g  four  l e v e l s  of m o d u l a t i o n  f r e q u e n c y  (14 ,

14.8, 5.6, 5~ 14 Hz) and four levels of attack (43% , 57% , 71% , 86%

of per iod). These sounds differed from those used by Howard et

al both in modulation frequency and attack. The modulation

fre quency di f ferences were ma d e smaller in or d er to increase task

demand and to prevent possible ceiling effects. The attack

values were chosen to avoid rise times of 20—140 msec. According

to Cutt ing and Rosner (19714), perception of rise times in this

interval involves different processes than perception of rise

times outside this interval .

The noise carrier was 20 Hz — 20 kHz wh i te noise  ( B  & K t ype

11402 Random Noise Generator). The modulated signals had sawtooth

waveforms with the attack value s indicated above. All signals

were presented at about 65 dB SPL . As in the Howard et al (1978)

study, two partitions of the 16 sounds into eight categories (two

sounds per category) were constructed . In the Tempo partition ,

l isteners were required to discriminate four levels of Tempo and

only two of Quality (43% and 57% vs 71% and 86%). The second ,

Quality, partition required four levels of Quality discrimination

and two of Tempo discriminat ion (4 and 4.8 Hz vs 5.6 and 6.4 Hz).

Procedure. The listeners were tested individually in a

sound attenuated booth . They were told that their task was to I’

learn to classify 16 sounds into eight categories , two sounds per

category. No specific instructions were given about how Tempo

________________ . .
~~c ~~~~~~ 
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and Q u a l i t y  were to be used . Each t r i a l  began  w i t h  a v i s u a l

warning followed by a 2.5  or 3 sec p r e s e n t a t i o n  of one of the

sounds .  The two s i g n a l  d u r a t i o n s  occu r r ed  e q u a l l y  often and were

includ ed to discourage a simple “peak—counting ” strategy. After

the signal end ed , the listener presse d one of e ight keys (labeled

wi th  CVC nonsense  t r i g r a m s of equa l  a s so c i a t i o n  v a l u e ) to

i n d i c a t e  the c a t e g o r y  for  the sound . Feedback was p rov id ed  a f t e r

each t r i a l .

All l i s t ene r s  received 192 t r i a l s  in each of 16 b locks  for  a

total  of 3072 t r i a l s .  This  r e p r e s e n t s  a s u b s t a n t i a l  i nc rease

over the 720 t r i a l s  used in our e a r l i e r  s t u d y .  T r i a l s  were

r a n d o m i z e d  w i t h i n  each  b l o c k .  L i s t e n e r s  n o r m a l l y  completed two

c o n s e c u t i v e  b locks  a d a y .

R e s u l t s  and Di scuss ion

O v e r a l l  p e r f o r m a n c e .  G e n e r a l l y ,  a l l  four  l i s t e n e r s  a c h i e v e d

a s y m p t o t i c  p e r f o r m a n c e  w i t h i n  e i g h t  b locks  ( 1536 t r i a l s)  as may

be seen in F igu re  1.

I n se r t  F i g u r e  1 here

It is evident from this figure , however , that the four listeners

diffe red widely in their final per formance levels. For example ,

listener SG achieved a final level of 85% correct , whereas
I

listener PD remained at approximately 25% correct throughout the

entire experiment. Although in all cases listeners were

classifying well above the 12.5% chance level , it is evident that

listeners EK and PD had considerable difficulty in using both

~~~~~~~ 
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dimensions. In particular , PD’ s 25% performance level suggests

that he was totally insensitive to differences in signal Quality.

Individual listener performance will be considered in more detail

below.

The data also reveal higher overall performance levels for

the Tempo partition than for the Quality partition (59% and 36%

correc t for the Tempo and Quality groups , respectively).

Although this finding is consistent with the results reported by

~!oward et al (1978), in the present stud y even larger wit hi n

group differences were observed .

Theoret ical analysis. The Gaussian classification model was

used to estimate theoretical confusion matrices for each listener

on each block. The theoretical matrices were determined by

s e l e c t i n g  s t a n d a r d  d e v i a t i o n  p a r a m e t e r s  for  each  f e a t u r e  t ha t

minimized the discrepancy between the theoretical and observed

matr ices in a least squares sense . A standard , quasi—Newton

g r a d i e n t  a l g o r i t h m  was used to p e r f o r m  the f i t s  ( s u b r o u t i n e  Z X M I N

in the INSL s t a t i s t i c a l  l i b r a r y)  . The rec iproc al s of t he

stan d ard d ev iat ion parameters were use d to est imate a subjec tive

weigh t  for  each f e a t u r e , and the two w e i g h t s  were summed to

estimate the total attentional effort. The predicted confusion

matr ices were correlated with the observed matrices to judge the

accuracy of the estimation. These correlations , averaged across

blocks (using Fisher ’s z transformation) , were .96, .89 , .78 and

.63 for listeners SG, EK , KR and PD, respectively. Thus , the

fits ranged from very good for listener SG , to very poor for

listener PD.

~~~~~~~~~~~~ 
/‘?
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The estimated parameters for each listener are plotted as a

function of block in Figures 2 to 5.

Insert Fig ures 2 — 5 here

Since the overall attentional effort is simply the sum of the

Tempo and Quality weights , one can determine which feature a

listener emphasized by comparing the Tempo weight to the total

a t t e n t i o n a l  e f f o r t  p a r a m e t e r .

A q u e s t i o n  of pr i m a r y  i n t e r e s t  in the p r e sen t  s tud y c o n c e r n s

the long term s t a b i l i t y  of the l i s t e n e r s ’ o v e r a l l  a t t e n t i o n a l

e f f o r t .  In p a r t i c u l a r , does t h i s  p a r a m e t e r  c o n t i n u e  to inc rease

after the 720 trials examined in the Howard et al (1978)

e x p e r i m e n t ?  To wha t  e x t e n t  do any  i n c r e a s e s  beyond  t h i s  p o i n t

refl ect additional tuning of the less important feature? An

ex am inat ion o f Figures 2 — 5 r e v e a l s  t h a t  w i th  the e x c e p t i o n  of

l i s t e n e r  KR , r e l a t i v e l y  l i t t l e  i m p r o v e m e n t  occur s a f t e r  the

fourth block (i.e., after 768 trials). However , s ince

interesting individual differences exist , the d ata of eac h

listener will be characterized in more detail.

Listener SG had the best overall performance. She improved

consistently over the first four blocks as is evident in Figure

1. It is important to note , however , that her improved
I

performance resulted from a fine—tuning of both the Tempo and

Quality features. This is seen in Figure 2 in the initially

diverging plots of the attentional effort and Tempo weight

parameters. The more rapid increase in attentional effort

_ _ _ _  _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _:
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reveals that Quality, as well as Tempo , is becoming  i n c r e a s i n g l y

important. It is also interesting to note that this listener

ach ieve d a n e a r l y  op t ima l  d i v i s i o n  of a t t e n t i o n  between the two

features. Beyond the second trial block , her est imate d Tem po

weight  is n e a r l y  id ent ical to that  re qu ired for opt imal

classif ication performance (a Tempo to Qual-ity ratio of 60:140).

The sta bi l it y of the a t t e n t i o n a l  e f f o r t  and Tempo we igh t  c u r v e s

suggests that this listener was doing about as well as she could.

Th is ra ises the poss ibi l ity tha t  sensor y l im ita t ions contr ib ute d

to the pe formance ceiling observed in this case .

The secon d l istener in the Tem po g rou p , l i s t ener  EM ,

ac hieved little improvement after the fifth block. In contrast

to SG , EM concentr ated almost exclusivel y on the Tempo dimension.

Th is is c l e a r l y  seen in the over l a ppi n g a t t en t ional  e f f o r t  an d

Tempo weight curves in Figur e 3. It is important to note that an

opt imal al locat ion of a t t en t i on  in t h i s  case woul d resu l t  in a

60:40 split between the Tempo and Quality dimensions. Since EK

generally allocated between 80% and 100% of her attention to the

Tempo dimension , her 40% correct performance level fell well

below that observed for listener SG. Of particular interest in

t hi s case , however , are several instances when EM increased her

overall attentional effort by increasing her Quality weight .

This occurred on blocks 5, 7, 8, 10, 14 and 16. On these

occasions her pe r formance  improved , and her division of attention

was more nea r ly  opt imal . This suggests tha t  for EM , the

per formance cei l ing ref l ected by the a t ten t ional  e f fo r t  parameter

is not a t t r ibu tab le  to sensory l im i t a t i ons .  It appears , ra ther ,

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
— 
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that this listener was able to distinguish important differences

in s igna l  qual it y , but did not do so in any consistent fashion.

This interpretation is consistent with her post—experimental

interview in which she expressed l i t t l e  a w a r e n e ss  of s i g n a l

Quality as an independen t cue .

A l t h o u g h  l i s t ener  KR was  the be t te r  of the two in the

Qual i ty  grou p , she did not begin to improve significantly until

the fifth block. The amoun t of overlap between the overall

attent ional effort and Tempo weight curves over the first three

d a ys for this l is tener  (Figure 14) indicates that she initially

concentrate d almost exclusively on Tempo , the  less im p o r t a n t

feature. At block 4, however , KR “discovered ” the Quality

d i m e n s i o n  as is  ev idenced  by the d i v e r g i n g  o v e r a l l  e f f o r t  and

Tempo .weight c u r v e s .  From blocks  5 to 16 , her  a t t e n t i o n  was

a l located pr i m a r i l y  to the more i m p o r t a n t  Q u a l i t y  d i m e n s i o n .  The

c o n s i s t e n t l y  h i g h e r  pe fo rmance  du r i n g  t h i s  i n t e r v a l  is obv ious  in

Figure 1. Despite this , however , KR focused more  a t t e n t i o n  on

Tempo than would have been optimal (see Figure 14). This

observation , together with the relativel y stable performance

after block 5, suggests that KR could not do any better with the

Quality dimension. As in the case of listener SG, this implies

that sensory factors are playing an important role in limiting

her performance.

Listener PD showed little improvement during the experiment.

Most of’ his effort was allocated to Tempo , the less relevant

dimension. In fact , his 25% correct peformance level would be

expected if’ he were accurately discriminating the two levels of’
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Tem po and responding randomly with regard to Quality. The slight

fluctuations in performance that are observed in Figure 1 are

attr ibutable to small increments in the Quality weight since the

Tempo weight remained constant over the 16 blocks . These

observations were confirmed by PD’s self—reporte d inability to

distinguish the Quality differences . Since PD was familiar with

the two— dimensional structure of the stimul i be fo re  b e g i n n i n g  the

ex per iment , h is data clearly indicate a sensory limitation.

Summary and conclusions. The present findings clearly

in d icate that  ex ten d ed pr a c t i c e  alone is no t  l ikely  to lea d to

any  s ign ific an t  im provements  in a li s tener ’s ability to use less

impor t an t , d i f f icul t s igna l  f e a t u r e s  in a u r a l  c l as s i f i c a t i o n .

Al t hou gh one l is tener  (KR ) only  “discovered ” the Quality

dimension on block 14 , v e r y  few c h a n g e s  occur red  in the ove ra l l

attent ional effort parameter for any listener after block 5. The

present  f i n d i n g s  also emphas ize , however , t h a t  the “ a t t e n t i o n a l

e f f o r t”  p a r a m e t e r  r e f l ects sensory  as well  as c o g n i t i v e  f a c t o r s .

Two of our listeners , EM an d PD , foun d it e x t r e m e l y d i f f i c u l t  to

d iscriminate differences in signal Quality. On the other hand ,

listeners SG and KR could make use of this feature , al beit to a

lim ited degree . There was no doubt , however , that Tempo was the

easier of the two d imensions for all four listeners. Further

research with Howard et al’ s (1978) aural classification model

should address the issue of how sensory and cognitive factors

contribute to the attentional effort parameter . Similar work

along these lines by Gravetter and Lockhead (1973) suggests that

such an approach may prove fruitful .
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