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A variety of recent auditory psychophysical studies have

required listeners to evaluate the subjective similarit y of two

or more complex acoustic stimuli. Such studies have involved

both speech (Shepard, 1972) and complex nonspeech sounds (Miller

& Carterette, 1975; Howard, 1977; Grey & Gordon, 1978). It is

generally assumed that the similarity ratings obtained in this

situation reflect the outcom e of a peceptual comparison based on

one or more  psychophysical features that characterize members of

the  s t i m u l u s  se t .  T y p i c al l y ,  s t anda r d m e t r i c  and nonmet r i c

m u l t i d i m e n s ional s c a l i n g  t echn iques  a r e  used to e x t r a c t a set of

p e r c e p t u a l  d imens ions f rom the  observed ma t r i x  of s i m i l a r i t y

j u d g m e n t s .  The d imensions  revea led  in t h i s  a n a l y s i s  a re  t h o u g ht

to r e f l e c t  the  e l e m e n t a r y  p e r c e p t u a l  u n i t s  or f e a t u r e s  t h a t  the

l i s t e n e r s  used to compare  the s t i m u l i .  An i m p o r t a n t  i m p l i c i t

a s s u m p t i o n  in th i s  r e sea r ch  is t h a t  h u m a n  listeners can reliably

r e p o r t  the perceived s i m i l a r i t y  among sounds  even though they

may not be e x p l i c i t l y  aware  of t h e  u n d e r l y i n g  s t i m u l u s  f e a t u re s .

As Pl omp and his  assoc ia tes  have  ind ica t ed  (Pl omp, 1 9 7 6 ) ,  t hese

methods  have  con t r ibu ted  s i g n i fi c a n t l y  to our  u n d e r s t a n d i n g  of

the  processes involved in t i m b r e  pe rcep t ion .

The F e a t u r e  Select ion Problem

The specific question addressed in the present paper

concerns the perceptual features listeners use to make pa irw ise

similar ity judgments on a set of sixteen complex steady— state

sounds that diffe r primarily in timbre. How are the elementary

units of comparison determined? What cr iteria do lis teners us e

to select a subset of all possible dimensions for comparing the
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individual mem bers of the stimulus set?

Howard and Ballas (1978) have re ferred to t h i s  as the

f e a t u r e  se lec t ion  probl em. Two c o n t r a s t i n g  approaches  to th i s

problem have been suggested in the liter ature. First, the human

auditory system may be equipped with a set of specific feature

detecting mechanisms that monitor incoming aural informa tion for

particular stimulus cues (e.g., Barlow, 1972). This approach

emphasizes the importance of the feature detectors themselves .

Each detector “looks for” an individ ual stimulus property, and a

set of feature detector s dete rmines a property list for the

stimulus . Howard and B a l l a s  ( 1 9 7 8 )  r e f e r r e d  to t h i s  as t he

p r o p e r t y — l i s t  approach .  Second,  it is poss ib le  t h a t  the

a u d i t o r y  sys tem has  an i n t e r n a l i z e d  set of ru l e s  and c r i t e r i a

f o r  f e a t u r e  se lec t ion r a t h e r  than  a set  of f i n e l y - tu n e d  f e a t u r e

detectors. These rules and processes enable the listener to

determine what the comparison features should be in any

p a r t i c u l a r  s t i m u l u s  con tex t . This  v iew was ca l led  the

process—or ien ted  a pproach (Howard  & B a l l a s ,  1978) .

Although evidence supporting both positions can be found in

the literature, Howard and Ba llas (1978) argue that the

process—oriented approach is more naturally suited for

theorizing about the timbre comparison task. While it may be

reasonable to argue that man has evolved specialized brain

~f i lt e r s~ for certain aural cues (e.g., speech features), an

extens ion of this argument to include detector s for the

individual timbre attributes of complex tones resis ts

credibility . Since timbre obviously encompases a large set of

~~~~~~~~~~ ‘:
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perceptual attributes (Pl omp, 1976; von Bismarck, 1974), at the

very least, a prope rty—list approach to timbre comparison would

suffer an embarrasing lack of parsimony . Furthermore, i f  we

were to argue that only a subset of detector s would be used in

a n y  p a r t i c u l a r  compar ison t a sk  then  we would still be obliged to

e x p l a i n  how t h a t  subse t  is se lec ted  by the  l i s t e n e r .

Consequently, in the presen t paper we adop t a process—oriented

approach to the feature selection problem. In other words,

rather than searching for the set of invarian t aud itory feature

detectors that underlie timbre comparison, we will attempt to

outline som e genera l principles that would account for feature

selection in a variety of comparison contexts.

Toward a Model of Feature Selection

In their recent treatment of this problem, Howard and

Ballas (1978) argue that when asked to compare the timbre of

steady—state sounds, human listeners perform a structural

analys is on the low—resolution spectra of the comparison

stimuli. In this case, the fea ture selection process may be

thought of as a structure preserving transformatio n that maps

stimuli from an in itial low— level representation (the

measurement represen tation ) onto a higher—order representa tion

of lower dimensionality (a feature representa tion). In the case

of steady—state comp lex sound s it may be argued that the

measurement representation is approx imated by a 1/3—octave

spectral analysis, adjusted for unequal sensitivity across the

spectrum (Zwicker, Flottorp & Stevens, 1957). Although in

general it is evident tha t informa tion will be lost with such a
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t r a n s f o r m a t i o n ,  Howard and B a l l a s  ( 1 9 7 8)  a r g ue  t h a t  l i s t e n e r s

select the comparison features so as to minimize this loss. In

other wor ds, in a comp arison ta sk , features are selected to

account for as much of the variability among the measur ement

representations of the stimuli as possible . They point out that

a transformation having thE~se properties is very similar to a

pr inc ipal components a n a l y s i s .

A p r i n c i p a l  components  ana lysis provides a transformation

t h a t  m a p s  ob jec t s  from one space into a subspace of lowe r

d i m e n s i o n a l i t y .  The f i r s t  pr incipa l componen t is s i m p l y  a new

a x i s  in the o r ig ina l  space tha t  accounts  fo r  most of t he

v a r i a b i l i t y  among the  objects . In o ther  wo rds ,  the  set of

p r o j e c t i o n s  of objects  in  the measu remen t  space onto  t h e  f i r s t

principal component has maxim um var iance. The second p r i n c i p a l

component  is an axis  or thogona l to the f i r s t  t h a t  accounts  f o r

most of the resid ua l variance and so on (Harris , 1975) .

Given thes e arg uments , we can construct a preliminary model

of the stimulus comparison process for steady—state complex

sounds. Figure 1 displays an outline of our approach.

Insert Figure 1 he re

An initial meastn em~~it transformation , denoted M , determines

a measurement representation from the time domain stimuli. 1 We

assume that M reflects a low—resolution spectral analysis ,

and denote the mea s urement representation for s t imulus S1 by a

colum n vector of m 1/3—octave band levels, M (s1 ), where

~~~~~~~~~~~~~ ~~~~~~~~~ ~~~
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x .  = (X
1 
, x 12 ~ ~~~~~~~ 

X lm ) .  A f t e r tx~ ~s, a seco nd t r a n s f o r m a t i o n ,

T , occurs t h a t  e x t r a c t s  a set of compar i son  f e a t u r e s  from t h e

m e a s u r e m e n t  vec tors~. In our  model  we assum e t h a t  t he  o u t c o me  of

t h i s  t r a n s f o r m a t i o n  is a c o l u m n  vec tor  of n f e a t u r e  va l ues for

each s t i m u l u s. That  is,  = T(x . ) ,  where

= 
~~ii ‘ ‘ .., 

~in w i th  n < m .  0ncr.~ the  f e a t u r e

i n f o r m a t i on is a v a i l a b l e ,  t h e  l i s t e n e r  compares t h e  s t i m u l i  to

determine a similarity judgment, C(~ 1~ f
1

) .

The heart of the feature selection problem involves

s p e c i f y ing the  t r a n s f o r m a t i o n  . F o l l o w i n g  Ho ward  and  B a l l a s

(j 9 7 8 ) ,  we h a v e  a rgued  t h a t  t h i s  t r a n s f o r m a t i o n  r e f l e c t s  the

outcom e of a s t r u c t u r a l  a n a l y s i s  of the  s t i m u l u s  se t ,  much l i k e

a principal components analysis. Th is assumption specifies four

i m p o r t a n t  p r o p e r t i e s  of the  t r a n s f o r m a t i o n. F i r s t ,  the

t r a n s f o r m a t i o n  is l i n e a r .  Since the  f e a t u r e s  r e p r e s e n t  new

d i m e n s i o n s  in the m e a s u r e m e n t  space,  t he  t r a n s f o r m a t i on m u st

p r o j e c t  each s t i m u l u s  in the measu rem ent space onto  the new

dimensions. The featur e va lues, f
1 , for stimulus S1 are

therefor e we ighted linea r combinations of the origina l

m e a s u r e m e n t s ,  x 1 . In m a t r i x  n o t a tio n ,  each vector of f e a t u r e

v a l u e s  is the  produc t of a measuremen t vector and an n by m

matrix of weights or coefficients, T, T x 1, or

f i l  t 11 t 12 . . . ~~~ X~~1

t 2 1 t 22 . . . t~~fl~ X 12

a .

. . .
~~~ t ,~1 t,~2 .  . . tnm

.
~ ~,.-.... . --
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In this view, the jth feature coordinate for stimulus Sj, f~~ ,

is determined by the inner  produ ct of the jth row vec tor of T

and  the m easur emen t vector for t h a t  s t i m u l u s , f 11 = E t j k~ 
X ik

Second, the transformation should project stimuli from the

rn—dim ensional measurement space onto the n—dimensional featur e

space while preserving as much of the origina l informatio n as

possible .  This is achieved by selecting transforma t ion

coefficients , T, such that the variance of stimulus projections

onto ea ch dim ension is m a x i m a l .

Third , the transforma tion coefficien t vector for each

feature (i.e., each row in the T ma tr ix) should be of unit

leng th. This restriction is required to avoid trivially

s a t i s f y i n g  the second condi t io n by se lec t ing  a r b i t r a r i l y  larg e

c o e f f i c i e n t s.

Fourth, the transformation coefficient vectors should be

mutually orthogonal. Since the pr imary function of the feature

transformation is to eliminate redunda n cy in the measurement

r e p r e s e n t a t i o n s ,  it is obvious ly  des irab le tha t the fea tur es

carry as little overlapping informa tion as possible. Together

with the third condition, this specifies that the vectors of

pro jec t ion  c o e f f i c i e n t s  be or t h o n or m a l ,  i . e . ,  o r thogona l  and of

unit leng th .

Trans formations having these properties are frequently

encou ntered in the theore t i ca l  p a t t e r n  recogni t ion l i t e r a t u r e ,

and represen t a particular instance of the discrete

Xarhunen—Lo~ ve expansion (Meisel, 1972; Young & Calvert, 1974) .

Fortunately, the desired transforma tion coefficients are readily

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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F e a t u r e  Selec t ion Page 8

o b t a i n e d  by decom posing the  symmet r ic m by m c o v a r i a n c e  m a t r i x

of stimulus meas urem ents (in our case the 1/3—octave band

levels) using standard techniques. The normalized eig envectors

resulting from this decomposition provid e the transforma tion

coefficients, and the corresponding eig envalues indicate the

relative importance of each eigenvector . An optimal

n—d imensional feature space may then be determined by selecting

the n eigenvectors having the larges t eigenvalues .

More spec ifically, to decompose the covariance matrix we

need to solve the well—known eig enva lue problem

= cT~~ e .  i = 1, 2,..., in.

where 1 represents the covariance matrix, 1e 1} represents a set

of m orthogonal solutio n vectors, called eigenvectors, and

~ 
} are a set of m associated scalars called eigenvalues

(Green & Carroll, 1976) . In the present context, the

eigenvectors indicate the new dimensions in the feature space

and the ith eigenvalue reflects the variability of stimulus

pro jec t ions  onto the  ith f e a t u r e  d i m e n s i o n . A l t h o u g h  m

eigenvectors exist for an m by in covariance matrix , a more

e f f i c i e n t  s t i m u l u s  r e p r e s e n t a t i o n  can be obta ined  by d i sc a r d i n g

the  e igenvectors  tha t account  for r e l a t i v e l y  l i t t l e  of the

s t i m u l u s  v a r i a b i l i t y .  To the e x t e n t  t ha t  r e d u n d an c y  e x i s t s  in

t h e  o r i g i n a l  measuremen t s , the i n f o r m a t i on in the  s t i m u l u s  can

be adequa te l y p or t r a y e d  w i t h  f e w e r  d imens ions  in the featur e

space than  in the  m e a s u r e m e n t  spac e ( i . e . ,  n < m in the notatio n 0

developed above) . Once we have se lected the n e igenvec to r s ,

these  va lues  d e t e r m i n e  the c o e f f i c i e n t s  in t he  t r a n s f o r m a t i o n

• 
-—— — ,• — • . — ••
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matrix !‘ i.e.,

T = . =

Rationale

In the presen t pape r we will examine the abov e model as a

characterization of the featur e selection process for human

listeners in a timbre comparison task. Since it is well known

that the shape of the amplitude spectrum is the pr imary physica l

correlate of timbre (Plomp, 1976), any model that describes the

feature selection process must account for its effects on the

psychological feature represent ation. Because we are primarily

interested in the transformation s involved in timbre perception,

sixteen complex , steady—state sounds that differ in spectral

shape will be used in the present experiment. The sounds were

synthesized by combining individ ual sinusoidal com ponents at

1/3—octave intervals. These intervals were selected since it is

generall y accepted that the ear resembles a set of 1/3—octave

filters in its frequency resolving power (Plomp, 1976). The

amplitude spectra were shaped by com bining the components at

various amplitudes . All sixteen sounds had two spectral peaks

or formants of differing peak ratio and distinctiveness.

The set of s ix t een  complex sounds w i l l  be presented  to

l i s t e n e r s  fo r  pa i rwise  s i m i l a r i t y  judgments . A m e a s u r e m e n t

vector (x 1 ) wi l l  be ob ta ined  for each sound by

~~

•

~~~~~~
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F e a t u r e  Select ion Page 10

a m p l i t u d e — w e i g h t i n g  the 1/3—octave band levels u s i n g  Steven s

loudness f u n c t i o n  ( St e ven s ,  1972) . These loudnes s — a d j u s t e d

spectra  w i l l  be analyzed according to the procedures outlined

above to determine an optimal structure—preserving feature

t r a n s f o r m a t i o n .  The fe a tur e re presenta t io n predicted by t h ’•s

t h e o r e t i c a l  a n a l y s i s  w i l l  be compared to t h e  s u b j e c t i v e  f e a t u r e

r e p r e s e n t a t i o n  observed in the e x p e r i m e n t  to t e s t  t h e  adequacy

of the  m o d e l .

The feature representatio n actually used by the listeners

will be estimated by submitting the observed similarity matrices

to a nonmetric multidim ensional scaling analysis . In

particular, the ALSCAL prog ram (Takane, Young & de Leeuw, 1977)

will be used to decompose the data into an n— d imens ional metric

space in which each stimulus ‘s represented as a single point or

vector. The dimensions revealed in t h i s  a n a l y s i s  w i l l  be t aken

to reflect those features that the listeners employed to compare

the sounds.

Method

Subjec t s

Six u n d e r g r a d u a t e  s t u d e n t vo lun t ee r s  (5  m a l e s  and 1 f e m a l e )

were paid an  average  of $ 3 . 0 0  per hour  for their participation.

A l l  s t u d e n t s  had  some m u s i c a l  ba ckground ;  however ,  none had

t a k e n  f o r m a l  t r a i n i n g  in the  l a s t  t h r e e  years . The vo lun t ee r s

reported no h i s to ry  of h e a r i n g  d i so rde r s

A~pparatus

All experimental events were controlled by a Digita l

Equipm ent Corporation PDP— 8/e computer. Statistica l analyses

• . • •~~~~~~~ ~~w ~~~~i.



-
~~~ w —

Feature Selection Page 11

were ca r r i ed  out on the C a t h o l i c  U n i v e r s i t y’s DE C Sy s t e m — l O

computer using the IMSL statistica l library, and the ALSCAL

multidim ensiona l scaling program (Takane et al., 1977).

Listeners were isolated in a sound—attenua ted booth during

the experiment. A video display was used to presen t verbal

feedback and instructions, and listeners entered their responses

on a sol id—state keyboard . A 12—bit digital—to—analog converter

(Digita l Equipm ent Corporation AA5 O ) was used to output the

complex auditory waveforms at a sampling ra te of 10 kHz.

Synthesized waveform s were low—pass filtered (Krohn—Hite Model

3 5 5 0 )  w i t h  an upper cutoff freque ncy of 4 kflz to remove aliasing

f r e q u e n c i e s .  The sound s were passed throug h a p rogrammable

a t t e n u a t o r  ( T e x s c a n  PA—50) before being presented over ma tched

headphones (Telep honics TDH—49 , MX 41/A R cushions)

St im U ii

S i x t e e n  complex s t e a d y — s t a t e  sounds were  cons t ruct ed

d i g i t a l l y  by adding toge ther  22 i n d i v i d u al  s i nuso ida l

com ponents .  As indicated above, thes e components  were  spaced a t

1 /3—octave  i n t e r v a l s  be t ween 20 and 2 5 0 0  H z .  Two parameters,

peak ratio and peak smear were varied to produce amplitud e

spectra of different shapes . The resulting spectra had maxima

a t  5 0 0  and 1 0 0 0  Hz w i th  pea k a m p l i t u d e r a t io s  of 1 .00 ,  .90 ,  .80,

or .70  on a l oga r i t hmic  sca le .  The ampl i tudes  of the remain ing

f requency  components were de te rmined  by G a u s s i a n  d i s t r i but i o n s

centered a t  the two peak fr equencies . Peak smear was

m a n i p u l a t e d  by vary in g the stand a rd dev ia t ion  of the

d i s t r i b u t i o n s  ( 5 0 ,  100, 200 ,  or 4 0 0  H z ) .  Thus,  the spectr a had

~~~~~~ ~~~~~
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two distinct peaks with small standard deviations, but appeared

smeared with large standard deviations . It should be noted that

the two parameters are not orthogonal s ince  e i t h e r  a low peak

r a t i o  or a l a rg e s tand a rd d e vi a t i o n  would  produce a more  un i form

spec t rum . The four  e x t r e m e  spectr a produced by the combinat ion

of these two dim ensions a r e  d i sp l ayed  in F i g u r e  2, and t he

physical parameters for each stimulus are presented in Table 1.

I n s e r t  F i g u r e  2 and  Table 1 h e r e

The s t i m u l i  were equa ted  s u b j e c t i v e l y  for l oudnes s  by a

preliminary group of listeners who did not participate in the

exper im en t .  The l o u d n e s s — e q u a t e d  sounds  were p resented  at

levels of between 76 and 78 dB SPL.

Procedure

Participants were seated in the  s ou n d— a t t e r ~ua te d booth and

were g i v e n  t y p e w ri t t e n  i n s t ruc t ions . A f t e r  t he  l i s t e n e r s

unders tood the ins t ruc t ions ,  t he  comp l ex set of s i x t een  sound s

were presented four times in order to fa miliar ize the person

w i t h  the sounds they were to compare . The listener was

instructed that he or she was to compare the stimuli, and assig n

a rating of “5” if the two sound s were very similar or a rating

of “1” if the sounds were very dissimilar. The rating s between

1 and 5 were to be used for pairs of intermediate similarity.

After the initial familiarization period, the listeners

participated in the comparison task for three days in one—hour

sessions. At the end of the third day, a brief sound—sorting

• • ~~~~~~~~~~~~ ~ 
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Figure 2. Four extreme spectra (sounds 1, 4, 13, and 16) produced by
the combination of the peak ratio and peak smear parameters.
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Table 1

Physical Parameter Va lues Used to Generate Each of the Sixteen Test Sounds .

Peak Ratio Refers to the Amp litude in dB of the 1000 Hz Peak Relat ive

to th e 500 Hz Peak . Peak Smear is Expressed in Standard Deviation

Units (Ha ).

Sound Peak Ratio Peak Smear

1.00 50

2 1.00 100

3 1.00 200

4 1.00 400

5 .90 50

6 .90 100

7 .90 200

8 .90 400

9 .80 50

10 .80 100

11 .80 200

12 .80 400

13 .70 50

14 .70 100

• 15 .70 200

16 .70 400

_ __ L
— 
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task was given in which the listene r had to order the sounds

from lowest to highes t pitch by making pa irwise judgments. The

participants were not informed of the pitch—sorting task until

after the third scaling session. The pitch—sorting task was

included to assess the possible role of pitch in the similarity

data .

Each trial in the similarity ra ting task began when the

word LISTEN appeared on the video display. After a brief delay,

successive three second samples of the comparison sounds were

presented with a one second interstimulus interval. After the

second stimulus was presented , the words RATE SIMILARITY were

displayed . Listeners were allowed unlimited t im e to make their

response; however, most responded within four seconds. After

the listener reponded, the display was cleared and the next

trial began. Each of the 120 possible stimulus pa irs were

presented twice , counterbalanced for order of pr esen tation.

This procedure was repeated on each of the three successive

days .

At the end of the third day, listeners partic ipated in the

pitch—sorting task. Before beginning, each of the sixteen

sounds was played to review the entire set. On each rating

trial, the participant saw the word LISTEN followed by a

s t i m u l u s  p a i r ,  and then the words WHICH SOUND WAS LOWEST IN

PITCH (I.E., MORE BASS SOU N D I N G ) ? ,  we re displayed . The listener

then pressed 010 if the first sound was lower than the second,

or “ 2” if the second was lower than the first. The listener

could repeat the trial by pressing a key marked “S.” A

_______________  • 
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bubb le—sor t  a l g o r i t h m  was em pl oyed to sort the  sounds us i ng t he

p a i r w i s e  pi tch r a t ings . A f t e r  the sort  was complete,  the

listener hear d a l l  of the soun ds in the  pitch ord er ing that  he

had determined . If the listener was not satisfied with this

ordering , the above task could be repeated . However, all

listeners required only one pass to achieve a satisfactory

s o r t i n g .  Sound pa i r s  were presented in a d i f f e r e n t  random order

for each listener .

Resul ts and Discussion

L~s2L .~~~i Ana1~~~~s

A predicted featur e representation was obtained by applying

the model to the 22—element measurem ent vector s (x .) for the

sixteen sounds. As indicated in the introduction , the predicted

features are simply principa l componen t ax es obtained in an

eigen—analysis of the measurement covariance matrix . The

var iance acconted for by each axis or feature is given by the

corresponding eigenvalue . In the present case, the first two

pr incipal componen ts accounte d for 91% of the  overa l l  st imulus

var iability (74% and 17% for the first and ~.econd principal •

com ponen ts, respectively). Since the third principa l component

accounted for less than 6% of the overall variance, it was not

cons idered further. This analysis ind icates that listeners need

only  use two compar ison fea t ures to account for  mos t of the

var iability in the presen t stimuli.

The normalized transformation coefficients obtained in this

analysis  are displayed in Tabl e 2. As indicated in the

introduction, the feature projections for any st imulus are

~~~~~~~~~ 
• •~~~‘~~~~~ ‘- ~c •
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obtained from the matrix equat ion, f~ T x~~, where the

t r a n s f o r m a t ion m a t r i x  is g iven  by the  c o e f f i c i e n t s  in Table 2,

T ~ 
( 

~ ) .  The l e f t  h a l f  of F i g u r e  3 d i sp l ays  a p lot  of t he
\ !z/

s ix t een  s t i m u l i  in the predicted two—dimens ional featur e space.

I n s e r t  F i g u r e  3 and  Table 2 h e r e

It is obvious from an e x a m i n a t i o n  of F i g u r e  3 that the

first pr incipal component (Dimension 1) is related to the peak

smear parameter used to gener ate the stimuli. Stimuli having

the least smear (1, 5, 9, 13) appear at the far rig h t  a long th is

dimension , whereas stimuli having the greatest smear (4, 8, 12,

16) appear on the extrem e left. It is also evident, however,

that stimuli having the same peak smear do not have ident ical

Dimens ion  1 coordinates . For example, sounds  3, 7, 11, and 15

were all synthesized with a standard deviation of 200 Hz, but

have differing coordinates along this dimens ion. It appears ,

then, that although Dim ension 1 is determined pr imarily by peak

smear , it also depends on the peak ratio parameter .

A more complete description of this predicted feature may

be obtained by examining the coefficien t vector in Table 2.

Since the Dimens ion 1 pro ject ion for any  st im u l u s is simply a

we ighte d linear combination of its 22 band—leve l measur ements,

the coeffi cients indicate the relative importance of each

in div id ual band level. For Dimension 1, the two frequency bands

lying between the 500 and 1000 Hz peaks, 630 and 800 Hz, have

the largest coefficients . This is generally consisten t with our

• • - ,.~~~~.•~*- 
•

_______ I w ‘
— ~~~

-• 
• • •~

• •i”~4,~• :• , - -



• — -
~~
- w — -

In ~~~ IL)

•

(D 

c~ 
1~~

LU • 
_ 2Cl ) .

•‘•-0 

12 H• • cz•— a)• — In
‘4-
,—
(5 a)

4.) E
4- 0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  w U

C
a)
a)

a) 4.)
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  4-’ )(

U •‘-
•.- In
-o
0) ~-
5.. 0

LU • w ‘4- ~~~•

• • . c~I

— C. —Q. Cl) (5
0) Cit) — 5

LU •
~~~~~~~~~~• u - a )

K) .
~~• —
4.)C%J

•

~ NOISN3V II~

_ _ _  

_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
•
~~~~~~~~~~~~~~~~~~~~~~~~~ ••• 

- 
~~~~~~~~~~~~~~~~~~~~



- w — -

Page 19

Table 2

Normalized Transformat ion Coefficients (x io~) for Each Frequency Component

Obtained in a Theoretical Analysis of the Sixteen Sounds . The Two Co-

efficient Vectors , t1 and t2 Form the Predicted Transform Matrix T.
a

Component Frequency (Hz)

1 20 -38 -1

2 25 -39 —1

3 31 .5 —40 -1

4 40 -41 0

5 50 -42 0

6 63 —44

7 80 -46 2

8 100 —55 5

9 125 —75 10

10 160 -98 21

11 • 200 —129 39

12 250 —144 63

13 315 
- 

— 174 . 114

14 400 -206 [211]

15 500 -- -- 
- 

-

16 530 1-2361 1211 1
17 800 ~-218] 83

18 1000 -66 1-9981

19 1250 —136 p313 1
20 1600

21 2000 -8 -17

22 2500 0 0

obs:~~~ ?nent amplitudes were equated at the 500 Hz peak ,hence , zero coefficients were

___  
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observa tion that Dimension 1 is most closely related to the peak

smear parameter. However, the amplitud e of components lying

between the two peaks wil l be determined by both peak ratio and

peak smear. These values may be increased by either (1)

i nc reas ing  the  smear , as in mov ing  f ran  sound 1 to sound 4,  or

(2) increasing the peak ratio, as in moving from sound 15 to

sound 3. In s ummary,  the  mode l predicts  t h a t  l i s t e n e r s  wil l

focus  on the i n t e n s i t y  of components  be t we en t h e  two peaks as a

p r i m a r y  comparison f e a t u r e .  It is i n te r e s t i n g  to note in th is

context that a s i m i l a r  “ peak  d i s t i n c t i v e n e s s” pe rcep tua l  f e a t u r e

was described by Howard (1977) in an earlier psychophysical

investigation of complex sounds.

When the second dimension is considered , a similar picture

emerges. Examination of Figure 3 clearl y indica tes that the

stimulus coordinates along this dimension are dete rmined by an

interaction of the peak ratio and peak smear parameters .

Al though the peak ratio rank ordering is maintained within

groups  of four s ti m u l i ,  the abso lu t e  Dim ension 2 coor dina te

depends  on peak smear  as w e l l .  As wi th  Dimension  1, a c leare r

u n d e r s t a n d i n g  of t h i s  f ea t u r e  may  be ob ta ined  by examining  the

c o e f f i c i e n t  vecto r in Table 2. It is in t e re s t ing  t h a t

f r e q u e n c i e s  below 4 u 0  Hz c o n t r i b u t e  very li t t l e to t h i s  f e a t u r e

value. In contrast, the bands adjacent to the 500 Hz peak, 400

and 630 Hz have large positive coeff icients , and the 1000 and

1250 Hz bands have very larg e negative weights . When these

coefficients are appl ied to transfor m the 1/3—octave spectra for

our sounds, a “relative pit ch” dimension emerges. In
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particular, sounds having relatively grea ter hig h frequency

energy (i.e., 1000 and 1250 Hz reg ion) will produc e large

negative coordinates for this feature. For example, since soun d

5 has a lower peak ratio than sound 1, it is clear that it will

have relatively less energ y in the high frequency region. When

sound 2 is canpared to sound 1, however, we must consider the

role of peak smear. In this case, the 100 Hz standard deviation

used to smear the peaks in sound 2 effectively increases the low

f r e q u ency energy r e l a t i v e  to the  h i g h  f r equency  ene rgy .  This

occurs becaus e of the wider 1/3—octave intervals in the high

frequency region . In contrast, when sound 4 is compared to

sound 2, the broader peak smearing used for sound 4 (400 Hz

standard deviation ) also increases the amplitude of the more

heavily we ighted 1250 Hz component. The net resul t is that the

Dimension 2 coordinate for sound 4 is som ewhat more negative

t h a n  th •a t  fo r sound 2. S u b j e c t i v e l y ,  we can s ay tha t l i s t eners

are expected to canpare the overall pitch of the stimuli within

the four—stimulus clusters along Dim ension 1. The expected

i n t e r ac t i on  of peak smear a nd peak r a t i o  is c lea r ly  eviden t in

the inverted “U” dis t r ibut ion of s t i m u l i  in the pr edicted

feature space .

To summarize, the feature selection model predicts that

listeners will need only two comparison features to adequately

peform the similarity judgment task for these stimuli. More

specifically, we expect the intensity of inter—peak components

or peak dis tinctiveness to be particularly important (Dimension

1). The second , but less important feature should reflect the

- 
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relative amount of hig h versus low frequency energy in the

sounds.

P e c e p t u al  Ana4y sis

A full 16 by 16 matrix of similarity jud gments was obtained

f rom each l i s t e n e r  on each of t h e  t hr e e  s e s s ions .  The f i r s t

session was viewed as practice, and these data were not

cons idered further. Data were summed across the remaining two

sessions to yield a single proximity matrix for ea ch listener.

Th ese data were checked for consistency by computing a Pearson

product—moment correlation between the upper and lowe r halves of

each matrix . The average corr elajon was .70, with five of the

six listeners showing a correlation of .64 or better . This was

taken to indicate that the listener s similarity judgments were

sufficientl y stable to justify further analysis .

The summed ma trix for each individ ua l was submitted to a

n o nr n e t r i c  i n d i v i d u a l  d i f f e r e n c e s  A LSCAL analysis. The selected

n o nx n e t r i c  s c a l i n g  model r equ i red  t h a t  we only  assum e o r d i n a l

level measurement in the initial subjective proximity matrices .

In addition, the individua l differences model provides a

saliency vector for each lis tener that indicates the relative

importance of each dimension for that person. The latter

property will enable us to assess individua l listener

consis tency .

The two—dimens ional ALSCAL solution provided an adequate

representatio n of the subjective similarity data . Although the

observed stress (18.6%) was only in the “fair ” rang e accord ing

to Xruskal (1964), the addition of a third dimension resulted in

_ _ _  • 
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little improvem ent in either stress (5%) or intepretabi lity. In

addition , Young (1970) has pointed out that for Proximity data

containing any sampling error , stress tend s to increase with the

number of data points. This occurs despite the fact that the

scaling solution may actua l ly recove r most of the underlying

metr ic information. The stimulus space obta ined in our scaling

analysis is disp layed in the right half of Figure 3. Th ese data

wi ll be discussed in terms of the theoretical predictions

outlined above.

The finding tha t a two— d imensional scaling solution was

acequate suggests that our listeners employed two comparison

features. This was predicted in our theoretical analysis. It

was further predicted that the two dimensions would differ

wi~iely in their relative importance. Theoretically, Dimension 1

accounted for 74% of the stimulus variability and Dimension 2

a~~~~ ur~te~ for only 17% of the va r iability. A similar result was

observed in our scaling analysis of the perceptual data . All

six listeners placed relatively greater empha s is on one

dimension (Dimens ion 1 in Figure 3) than on the other.

An initial visual comparison of the theor etical and

observed feature spaces in Figure 3 reveals both similarities

a n d  d i f f e r e n c e s .  F i r s t ,  it is apparen t t h a t  the  o v e r a l l

configuration of stimuli is similar in the two spaces. In both
I

cases , the stimuli have an inverted “U” distribution, albeit

more  p ronounced  in the  s u b j e c t i v e  space,  and t he  s t i m u l u s

p ro3ec tions  on to  the two axes  a r e  g e n e r a l l y  comparab l e .  The

Pearson product—mom ent correlations between the corresponding
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coordinates in the two spaces are consis tent with this

observation (r = .94, t(14) = 9.91, ~ < .01, and r = .82,

t(14) = 5.46, E < .01 for Dimension s 1 and 2, respectively).

The actual theoretica l and observed coordinates for both

dimens ions are presented in Tabl e 3.

Insert Table 3 here

We may concl ud e, ther e f o re ,  tha t the fea tu re selec tion mo del

outlined above successfully predicted the signal attributes that

listeners would use to compare the sounds .

However, despite this overall consis tency, a num ber of

im p o r t a n t  d i f f e r e n c e s  e x i s t  t h a t  d e s e r v e  f u r t h e r  comment . W i t h

regard to Dimension 1, it is obvious in Figure 3 that listeners

did not clearly distinguish the four stimulus clusters predicted

b y the  m o d e l .  Ra t h e r ,  t h e  l i s t e n e r s  tended to d i c h o t o m i z e

stimuli along this dim ens ion, maintaining a large peceptual

difference between the low peak smear stimuli (50 and 100 Hz

standard deviation) and the high peak smear stimuli (200 and 400

Hz standard deviation). It is interesting to note, however,

that the predicted between—clus ter rank ordering s are observec~

in all cases. Mean Dimens ion 1 pro3ections of 1.28, .64, — .82,

and —1.09 we re observed for the four expected clusters

(1—5— 9—13, 2—6—1 0—14, 3— 7—11—15 , and 4—8—12—16 , res pect ivel y ),

and in no instance did the clusters overlap along this

d imension . It appears, then, tha t our listeners made somewhat

cruder stimulus distinctions in the peak distinctiveness featur e
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Table 3

Predicted and Obtained Psychological Coordinates

for Each of the Sixteen Comp lex Soun ds

Predicte d Dimensions Observed Dimensions

Sound 1 2 1 2

1 1.11 —1.87 1.24 -1 .46

2 .45 -1.42 1 .02 - .78

3 — .74 —1.37 — .63 -1.01

4 -1.70 —1.59 - .99 -1.36

5 1.20 — .45 1.28 — .91

6 .60 .03 .70 .83

7 - .39 .32 — .87 .29

8 —1.34 .30 — 1. 13 - .99

9 1 .25 .20 1.34 .10

10 .66 .70 .42 1.40

11 - .30 1.09 - .92 .88

12 —1.25 .53 —1.09 - .22

13 1.27 .51 1.25 .53

14 .70 1.02 .41 1.70

15 - .26 1.44 — .85 1.32

16 -1.24 .55 -1. 18 - .32

I 
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than were predicted by the model.

A n o t h e r  d i s c r e pan c y  of i n t e re s t was observed in Dimension

2. H e r e ,  the  i n t e r a c t i o n  of the peak r a t i o  and  peak smea r

parameters was strong er than expected theoretically. In

particular, the low freque ncy dominan t sounds (10, 14, 11, and

15) were more clearly distinguished from the high frequency

dominant sounds tha n expected. Th is difference would occu r if

the listeners gave the lower spectral region (i.e., adjacent to

the 500 Hz peak) greater we ight than indicated by the predicted

transformation coefficients in Table 2. This result would be

expected if perceptual masking effects are cons idered .

To obtain additional informa tion on the subjective

properties of this feature, the results of the pitch ranking

task were examined. In this task listeners performed a pairwise

pitch sorting of the sounds. If Dimension 2 in the scaling

solution reflects overall stimulus p itch, then the pitch ranking

obtained in the sorting task should corres pond to the Dimension

2 coor dinate rank ing . Since the six listener s produced

generally consistent r a n k  o r d e r i n g s  ( co e f f i c i e n t  of concordance

• W = .87, X 2(15) = 77.94, p < .001), a r a n k  of summ ed ra nks was

d e t e r m i n e d  fo r  each stimulus. Of interest here was the finding

that all eight low peak smea r stimuli (i.e., genera ted wi th 50

or 100 Hz s tan da rd devia tions ) were  r anked  lower in p itch t h a n

the eight high smear stimuli. This is clearly inconsisten t with

the observed Dimension 2 projections . It is im portant to note,

however, tha t only the high smear sound s had any significant

energ y at frequenc ies beyond 1000 Hz because of the wider

___  •
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component spacing in this region. Our lis teners were sensitive

to this high frequency energy, and assigned these sound s

appropr iately higher pitch rankings. When th~ low and hig h

smear  sounds are cons idered separa tely, the within set orderings

correspond reasonably well to the Dimension 2 pro jection ranks

in the perceptual featur e space as may be seen in Table 4.

I n s e r t  Ta ble 4 h e r e

T hi s  o b s e r v a t i on was c o n f i r m e d  by s i g n i f i c a n t  Spearman

correlations for both sound clusters (r .98, ~ < .01 and

= .7 1, ~ < . 0 5  for the low and high smear sounds,

respectively). This finding is c o n s i s t e n t  w i t h  our  t h e o r e t i c al

analysis in indicatin g that Dimension 2 reflects pitch in a

relative rather than absolute sense.

E u m r r a r ~ a n d  Co n c l u s i o n s

The perceptual data considered abov e were generally

consistent with the predictions of our feature selectio n model .

Th e model suc c e s s f u l l y  predi c ted the two com par ison fea tur es

that the listeners us ed to generate their pairwis e similarity

ratings. In addition, it was able to predict the relative

im portance of these two dimensions . This suggests tha t our

theore tical as sumpt ions about the  l is tener s fea ture selec t ion

cr iteria were reasonable. The mode l proposes that listeners

pe form a s truc tura l  ana lys is of the var iab il ity in th e st im u lus

set, and select features tha t enable them to retain as much of

this variability as possible while eliminating redundancy .
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Table 4

Rank Order of Low Smear and High Smear Sounds Observed in the Pitch Ranking

Task and Multi dimensional Scaling Solut ion (Dimension 2).

Low Smear Sounds H i gh Smear Sounds

Sound P i t ch  R ank S c a l i n g  Soun d P i t ch  Rank S c a l i n g

1 1 1 3 2 2

2 4 3 4 1 1

5 2 2 7 3.5 6

6 6 6 8 3.5 3

9 3 4 11 5 7

10 7 7 12 6 5

13 5 5 15 7.5 8

14 8 8 16 7 .5 4
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Simply put, the listen ers we re doing exactl y what we expected

them to do-—that is, compare the sounds——in a statistically

efficient manner.

This in terpretation is con sis ten t with the process—oriented

approach to auditory feature selectio n (Howard & Ballas, 1978).

It asserts that the most reasonable questions to ask about

t i m b r e  pecep t ion  s h o u l d  address  the  f e a t u r e  s e l ec t ion ~~~ cess

that listeners use rather than the feature d e t e c t o r s  t h a t  t h e y

use. Indeed, it is e n t i r e l y  possible t h a t  s p e c i f i c  t i m b r e

features do not exist in any absolute sense . The invariant and

p r e d i c t a b l e  aspect  of t imbre  percep t io n may  wel l  involve  a set

of r u l e s  and c r i t e r i a  tha t s p e c i f y  a f l e x ib le  f e a t u r e  selec t ion

process. It has been our objective here to investigate this

possibility .

A l t h o u g h  the p r e s e n t  model en joye d some s u c c e s s  in

predicting the general chara c ter istics of the perceptual feature

space , a n u m b e r  of d i f f i c ult i e s  e xi s t .  In p a r t i c u l a r ,  we noted

that the fine struc ture or distribution of stimuli within

dimens ions was not well handled by the model. This short—coming

wi ll  ho pe f u l l y  be el imina te d as we a re , a b le to develop a more

precise specification of the proposed transformations. At

present, for example,  we summar ize the con t r ibution of the

au ditory periphery by a loudnes s—weighted 1/3—octave spectral

analys is. Al though reasonable as a firs t approximation , masking

an d other known peripheral effects must be considered .

Similarly, we must clar ify the role of atten tional bias in the

feature selection process, spec ify an appropr iate measurement
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space for transien t or time—varying signals, and indicate how

the proposed structural analysis takes pl ace on a trial—by—tria l

basis. These and other questions clearly call for additional

research.

Finally, it is important to r ecogn ize  t h a t  the p r e s e n t

research has a num ber of important practica l implications beyon d

the theoretica l issues discussed above. Once specified , a

feature sel ection model will enable us to predict a pr ior i the

fea tures or sources of variation that liste ners will use to

evaluate complex aural signals. Once the feature structur e is

known , the  c o n f u s a b il i t y  of s p e c i f i c  s t i m u l i  can be a n t i c i pa t e d .

In a conte x t  where th is  i n f o r m a t i o n is im p o r t a n t ,  e . g . ,  in the

classification of aural sona r signatures, pr eprocessors or other

p e r f o r m a n c e  a ids  may  be i n t r o d u c e d  to r educe  i tem confusability

as r e q u i r e d .
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