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Recognition Interfe rence

INTR OD UCT ION

Rarely do we take second notice of the multitude of meaningful non-speech 4
sounds we are exposed to daily. As with other modal ities , the perception of

meaningful auditory stimuli requires little effort and continues rather “auto-

matically. ” Al though we are normally not aware of the ongoing processes

responsible for auditory perception , much empirical evidence indicates that

substantial perceptual processing is require d to recognize even the simp lest

audi tory si gnal (e.g., Wightman & Green , 1974).

Al though we can readi ly identif y a variety of sounds , there are large

di fferences in the relative difficulty with wh i ch particular sounds may be

classified. The reasons for this can be revealed th rough an analysis of the

psychophysical structure of the sounds and of the perceptual processes required

to experience them . For instance , when classifying automobile and jet—turbine

sounds , the differences between the physical structure of the two categories

mi ght be more apparent than the physical distinctions among different sounds

within each set. These physical distinctions infl uence the perceptual processes

app lied to the sounds , leading to di fferences in perceptual complexity . In

general , the greater the number of physical components that vari ous sounds have

in coninon , the more difficult it will be to distinguish one from another

psychologically.

The psychological literature indicates a tendency for listeners to exhibit

selective sensitivity to particular auditory dimens i ons or features . The

present report descri bes three experiments that further investigate this

phenomenon by requiring listeners to identify the perceived quality (high pitch

or low pitch , for instance ) of one of three acoustic dimensions (funda-

mental frequency , wavefor m , or formant frequency) in brief-duration complex

auditory signals. A complete descri ption of these dimensions wil l be
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presented below .

The analysis of auditory information processing, as visual processing,

has typically followed a classical multi -stage model (cf., Lindsay & Norman ,

1972 ; Neisser , 1967). Al though the details of such models vary from author to

author , in general , four major stages are identifi ed : detection , feature extrac-

tion , recognition , and response. Each stage or sublevel represents a series

of mental processes wh ich share comon characteristics. According to this

model , in the fi rst or detection stage the stimulus is encoded or converted to

an inte rnal representation . Frequently, this stage is associated wi th a sen-

sory store or memory where information in its literal form is held briefly

for later processing. The second or feature extraction stage , is considered to

be the level at which the raw representation of the stimulus is broken down

into its major features. This process is referred to as feature extraction .

A square wave , for instance , is analyzed in terms of its loudness and pitch

which in turn may be based on the telations among various harmonics.

The third level of processing, or the recognition stage , is of special

relevance to memory since it is at this stage that the interaction of raw stimuli

and higher cognitive processes takes pl ace . For instance , an incoming pattern

mi ght be compared with previously stored patterns according to a particular rule.

The result of this comparison is the naming or categori zation of the ori ginal

pattern . The fourth and last stage , the response stage , involves a determination

of the output. This final stage is of little interest to the present report

and will not be discussed further.

From this general model it is apparent that auditory perception depends

on the ability of a listener to extract featural information from the stimuli ,

transform this information into a meaningfu l form by referencing stored infor—

mation , and finally to initi ate some sort of response. Furthermore, it is

_ _ _ _ _ _ _ _  —- .--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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obvious that the psychological mechanism underl ying pattern recognition is a

dynami c one involving the interrelation of all four l evels of processing.

Distinction Features of Auditory Stimuli

For the most part , the major emphasis in past studies of auditory per-

ception has been on the perception of the major parameters of relatively simp le

acoustic waveforms . These include such elements as frequency , ampl i tude , phase ,

and harmonic content. Such studies count into the hundreds and have , conse-

quently, provided psychoacousticians wi th a ri ch background of material for

the analysis of more comp lex auditory patterns . Al though it is clearl y important

to understand how such basic acoustic features are perceived , it is also important

to make a distinction between simp le auditory features such as pitch (frequency),

l oudness (amplitude) and duration , and more complex features such as tonal

complexi ty. Gibson (1966) especially stressed this distinction : sllnstead

of simp le pitch , the (auditory stimuli) vary in timbre or tone quality , in

combinati ons of tone quality , in vowel quality , in approximations to noise , in

noise quality and in chan ges of all these in time . . . .“ It is obvious

that the relations among features of naturally occurring auditory events are

critical to their perception , and a more complete statement of the auditory

recogniti on process can not be made without a consideration of the perceptual

properties of these more complex physical events .

Several methods have been used to examine the relative importance of

complex auditory features. One successful method of investigating the degree

of feature importance or saliency involves the app lication of a scaling technique

such as the INDSCAL multidimensional scaling (MOS) method (Carroll & Chang, 1970).

Such a method has been employed for speech sounds (Shepard , 1972), musical sounds

(Miller & Carterette, 1975; Grey , 1977), and most recently, was employed in the

-4
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anal ysis of sonar (Howard , 1977) and sonar-l i ke sounds (Howard & Silverman , 1976).

In this latter study, the MDS technique was used to derive a rel ation between

certain physical characteristics of comp lex non-speech sounds and their per-

ceptual correlates . The MDS technique was found to be a successful method of

determining which of the physical characteristics of a complex sound are per-

ceptually important.

For the 16 sounds investi gated by Howard and Silverman , three auditory

features were found to differ in featural saliency : fundamental frequency ,

waveform , and the nunter and center frequency of formants. That is , in judg-

ing the similarity or difference between comp lex tones comprised of these

featu res , listeners tended to use the fundamental frequency to a greater degree

than waveform and formant frequency . The present study investigates the per-

ception of these three features in brief duration signals.

Feature Extraction in Brief-Duration Auditory Siqnals

Earlier work has shown that under condi tions where an auditory stimulus is

presented for onl y a brief duration , identification of the signal will require

processing time that exceeds the duration of the stimulus itself (e.g.,

Massaro , 1975 ; Sparks , 1976). Massaro (1915) has argued that a preperceptual

auditory image or memory persists beyond the stimulus presentation which “ .

contains the necessary information for perceptual processing. ” The listener ’s

auditory recognition processes are applied to the preperceptual image ,

extracting information about the auditory features present in the memory.

Two experimental procedures have been used to exami ne memory for non-speech

sounds : a paired comparison task and a recognition interference task.

In paired-comparison tasks , a standard and a comparison tone are compared .

Typically, an increase in the i nter—stimulus interval (ISI) between the tones

_ 
~-- —-



r . - 

~~~~~~~~~~~~~~~~~~

Recogni t ion  I n t e rference

5.

results in a decline in performance (Harris , 1952 ; Bachem , 1954). This has

been attributed to a decay of the auditory image of the standard tone. Under

conditi ons of vari able intervals between the standard and comparison tone ,

performance can be degraded by events occurring between the standard and com-

parison tones . Wickel gren (1966) exami ned this effect by varying not only

tone and ISI duration , but the duration of an i nterpolated interfe ring tone

as well. In general , he found that a) the longer the duration of an inter-

fering tone , the poorer the memory for the pitch of the standard , b) increasing

the durati on of the standard tone from two to eig ht seconds facilitated the

memory for pitch and c) there were substantial differences in listener ’s per-

formance with different types of auditory stimuli. Especial ly i mportant to

the present study is Wicke l gren ’s suggestion that recognition performance

is not only related to the duration of the stimulus and interfe rence tones

themselves but also depends on the interfering material . These findings have

been supported in recent studies by Watson , Wroton , Kelly and B’-ibassat (1975)

and Sparks (1976).

Deutsch , in a seri es of studies (1972a , 1972b) , further exami ned

this interactive effect for pitch memory . In general , her results indicated

that memory for the standard and comparison tones can be disrupted or enhanced

depending on the pitch of intervenin g tones. The two tones presented were to

be compared for pitch . Six tones were presented within a fi ve secon i interval

between the standard and comparison tones . When the second tone of the sequence

was identical to the standard , memory of the standard was facilitated. As the

second interpolated tone changed in pi tch (in increasing 5 Hz steps) memory

for the standard decreased . In general , identi fication performance in a paired-

comparison task will be infl uenced by the duration of the stimuli , the separa-

tion in time between stimuli , and by auditory events occurring between the tones .

_ _  — -— ~~~~~~~ --- - -
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In recognition interference studies a tone is presented to an observer

for a few milliseconds . Under these conditions , a click-like sound will be

heard . If the same tone is presented for a longer duration (greate r than

10 msec), the tone will begin to acquire a pitch quality . In general , when

asked to report the pitch of the tone, an observer ’ s accuracy increases as

the duration of the tone increases (Massaro , 1975). For longe r tones more

information is available for determining the pitch of the stimulus . In

addition , if an observer is asked to report the pitch of a constant duration

tone followed after a variable interval by a masking sound , accuracy will

increase as the time between tone offset and noise onset increases .

Massaro has been particularly inte rested in the nature of the audi tory

image created by a tor suggests that a “temporal unit of an audi tory

stimul us is stored i ~eptual auditory store” for later processing.

This is very much visual image that persists after the offset of a

visual stimulus (cf. , Sperlin g , 1960 ; Averbach & Coriell , 1961 ; Neisser , 1967).

In both modalities , perceptual processing depends on a preperceptual image

where information is held for subsequent processing. Most important is the

fact that the readout process takes a certain amount of time emphasizing

“the temporal course of perceptual processing. ” Massaro ’s basic argument for

a preperceptua l store is that features (of an auditory image) cannot be recog-

nized as they arri ve since this requires that perception be immediate ” (1972).

He provi des strong evidence for the existence of an image that outlas ts a

stimulus by mani pulating the events following stimulus offset.

Observers in one of Massaro ’ s expe r imen t s  were trained to identify the

particular quality of the stimuli. For instance , a tone mi ght be of a “sharp ”

nature (square wave) or have a “dull” quality (sine); its pitch mi ght be high

(high frequency) or low (low frequency). Massaro reported that during testing,
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recognition performance improved with increases in the silent ISI up to 250 msec .

Recognition performance did not improve beyond this interval . In general , the

poor performance after short ISIs was thought to reflect the termination of

perceptual processing of the audi tory image by the masking tone. Massaro and

others (Elliot , 1967; Homick , Elfner , & Bothe , 1969 ; Efron , 1970) have exami ned

these results further in forward masking designs as well as under conditions

requiring the listener to estimate the duration of a test tone (since short

tones produce an auditory image , listeners tend to overestimate their duration).

Summary

To summari ze, the previous discussion has emphasized three major aspects

of auditory info rmation processing. First , the recognition of all auditory

patterns , whether speech or non-speech , is  based on their important auditory

features . This is true for simple stimuli , such as pure tones , as well as

for more complex patterns. Second , since t ime is require d to process this

information , the sounds must be maintained in some form of preperceptual

memory . Third , it is convenient to consider auditory perception as the result

of an ordered flow of informati on through specialized elements of a processing

system. Finally, it 1 i mpo rtant to consider the processing of any auditory

event as the product of a dynami c interdependence among a variety of processes .

At present , little research has considered how the recognition of a

comp lex , brief-duration , non-speech sound depends on the particular dimensions

or features present in that signal. Much of the evidence presented thus far

suggests that listeners are diffe rentia lly sensitive to particular acoustic

information . Sensitivity , in the present usage , refers to the ability of a

listener to classify a tone presented for a very short duration and followed by

an interfering burs t of white noise . Those auditory features that are more

important or salient should be less effected by the white noise (regardless

—

~ 

-- ., ~~~~~
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of its temporal proximi ty) than those that are less salient.

The present study is designed to investigate the relative importance of

di fferent auditory features in a procedure similar to that of Massaro . How-

eve r , unlike Massaro , the present research focuses primarily on the relation of

performance to the featural composition of the auditory stimuli. More speci-

fically, the pri mary questi on asked is: if a particu 1~ r signal is composed

of some combination of ~wo possible frequencies , waveforms (e.g., triang le or

square) , and has diffe rent concentrations of acoustic energy (formants), which

of these features ‘ stand out” or lend themselves to clearer identification over

others ? If the listener is allowed to extract the important informati on from

a stimulus unde r conditions where the amount of time allow ed for this p rocess

is cons tra i ned , the rela ti ve perce p tual importance of par ticular fea tures shoul d

be reflected i n the overall performance . T he recogniti on interfe rence task

emp loyed i n the p resen t stu dy w i ll not onl y provide information about the

relative importance of specifi c auditory fea tures , but wil l  also permi t inferences

about the temporal course of the feature extraction process.

EXPERIMENT 1

Ex per i ment 1 exam i nes the effec t of a maskin g no i se on the class i f i cat i on

of brief-duration auditory si gnals varying in either fundamental frequency ,

waveform or formant frequency . Each observe r was asked to cl assify the signals

in to one of two categories (e.g., hi gh or low) on the basis of each of the three

features on di fferent days . Since performance data are available for each

observer on each feature , classificat ion performance can be compared for dif-

ference features .

I. Method

A . Observers

The listeners were four female and four male students (aged l~ -29 years).
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All but one of the students attended The Catholic Univers i ty of America. All

reported having norma l hearing; four listeners were randorI ly chosen and admini-

stered audiograms . Each observer was paid $18.00 to partic ipate in th ree two-

hour sessions .

B. Stimuli

As in the Howard and Silverman (1976) study, the st imuli were ger~~ ated

by driving a laborato ry-constructed formant filter (Graeme , 1971) with a square

or tri angular wave at either 90 Hz or 140 Hz. The cen ter fre quency of the

formant f i lter had a max im um ampli tude 10 dB grea ter than the f i lter ’s res ponse

at 100 Hz . The stimuli were recor ded con ti nuousl y on magnet i c ta pe for late r

p layback during the ex per i men t . Ta b le 1 d is p lays an outl i ne of the three

auditory features employed i n the present ex perime nt. The follow i ng notat i on

was developed to describe the varying stimulus parameters :

= (f
~’~ LJ ’~~k

)

where ,

S = Stimulus

F = Fundamental frequency

W = W avefo rm

f = Formant frequency .

Fundamental frequency was either high (ft ) or low (F 1 ),  waveform was either

tri angular (W
~

) or square (~~) , and fo rman t  f requency e i t h e r  hi gh (4) or low

Stimul i were equated for loudness for each listener using the method of

constant stimul i in a pi lot stu dy .

C. Apparatus

All laboratory events were unde r di gital computer control (PDP—8/E).

Figure 1 disp l ays a diagram of the instrumentation . All signals were p l ayed

continuousl y on a 4-track stereo tape deck (TEAC 3300) into one of two picoreed 

, .~~~~ 
_ _ _ _ _ _ _  _ _ _ _ _ _ _
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Table 1

Summary of the Three Auditory Stimuli Emp l oyed in Experiment 1

(the notation is descri bed in the text)

0
B WAVEFORM FUNDAMENTAL FREQUENCY FORMANT FREQUENCY
S

1 S
~ 

= (F
h
,W ,f

h ) S9 = (Fh ,W ,f
h ) ~17 = (Fh ,ws ,fh)

2 S2 = (F
h
,W
t~
f
h

) S10 = (F~,W5 ,f~) S~~ = ( Fh ,Ws ,fl )

3 S3 = (F
1 
,W ,f

h) ~11 = ( F
h
,W ,fl ) ~19 = (Fh,Wt ,fh )

4 S~ = (F1 ~
Wt,fh

) S12 = (F
1 
,W ,f1 ) ~20 = (Fh ,Wt ,fl )

5 S5 = (Fh~
W ,fl) S 1 3  = (F h ,Wt

,fh) ~2 .l = (F 1 ,W~ ‘~h~

6 = (F
h~

W
t
,f

l
) S14 = (F 1 ,Wt ,fh ) S22 = (F 1 ,W5 ,f1 )

7 S7 = (F 1,W ,f1 ) ~~ = (F h,w t ,fl) S2 3  = (F 1 ,Wt,fh)

8 S8 (F1 ,W~
,f1) ~ 16 = (F 1 ,W~ ,f1

) S2~, = ( F 1 ,W t,fi )

_ _ _ _ _ _ _ _ _ _
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relays . The broadb and white noise (20 Hz - 20 kHz) was generated by a B & K

model 1402 Randon Noise Generator. A third relay presented the noise. The

tones and inte rfering noise were presented over matched Telephonics TDH-49

hea dphones at 83 dB SPL .

D . Proce dure

There were two phases to the experiment. The fi rst, or t r a in i ng phase ,

required the listener to report whether a one-second tone was “hi gh” or “low ”

in the fundamental frequency or formant f.equency condition , and “shar p” or

“dull’ in the waveform condition . Training on a particular feature occurred

duri ng the firs t block of each four-block test session . A total of 300 trials

were presented during th is phase. All listeners achieved and gene rally exceeded

a leve l of 75 percent correct on a l l  features . Af ter tra i nin g, 350 test t r i a l s

were presented per block during the second , t h i r d , and fourth blocks . The

feature presented during training was identical to the feature that vari ed

dur i ng tes ting . Thi s sequence of one tr a i n i n g bloc k followed by three testing

blocks was repeated for each of the three features on separate days .

Signals were counterbalanced for all features across listeners . For

example , consider fundamental frequency as displayed in Table 1. Observers

were presented stimuli counterbalanced for wave form and forniant frequency .

Two of the listeners (4 1 and #2) were presented tones generated by driving the

fo rmant filter centered at 940 Hz by a 90 Hz or 140 Hz square wave . Listeners

3 an d 4 were presented tones genera ted by dr i v i n g the forman t fi l ter centere d

at 600 Hz by a 90 Hz or 140 Hz square wave . Listeners 5 through 8 received

similar counterbalancing with triangular wave signa ls. The waveform and formant

frequency cond itions were counterbalanced in a similar manner. The sequence of

treatment presentation was randomized over l isteners .

On each tri al a complex signal was presented for 20 msec followed , after
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a var iable ISI (0 , 40 , 80, 160, 250 , 350, 500 msec~ , by a 500 nisec wh ite noise

burst. The l istener reported whether the tone was hig h or low (sharp or dul l ) .

Feedbac k was given on all tr ials. Figure 2 presents a diagram of the sequence

of events for one experimental tri al. In all conditions a sing le feature was

var i ed whi l e  the other features rema i ned constan t. The IS ! as well  as the

levels within each dimension were presented randomly during each session , w i t h

the only constra int that an equal number of trials occurred for all ISIs and

leve ls.

Each experimental block consisted of 350 trials (25 tri als/ feature x 7 ISIs

x 2 levels ) .  An average trial took 4.5 seconds. There were three 25 minute

blocks of tr ials with a 10-minute rest peri od between blocks .

II. Results

Recognition performance was recorded for all listeners for each IS! and

feature . Percent correct scores were converted to levels of d ’ w i th the use of

the Elliot table presented in Swets (1964). A discussion of the rationale

for applying the theory of signal detection to a recognition memory paradi gm

can be found in Egan (1958). A preliminary analysis of the performance data

revealed no overall listener bias to report “high” or “low ,” bu t nonet heless ,

bias-free d ’ scores were employed . Figure 3 presents d’ levels for each IS!

and feature averaged across the eigh t listeners .

Massaro has outlined a formal theory where the discriminabi lity level , d’ ,

can be described by an exponential function of time as in equation (1):

d’ = ct (1 - e Ot ) (1)

where ,

= the asympotic level of d’

8 = a rate parameter reflecting the rate at

w h i c h  the asymptote is  approached

—4
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t the total processin g time of the stimulu s , (tone

duration + ISI).

The greater the level of discr iminability , the lar ger the val ue of ci.

Simi l arly, the greater the rate of perceptual processing , the lar ger the value

of 0 . The solid curves in Fi gure 3 represent predicted values of d’ obta ined

by fittin g equation (1) to the observed data using a modified Levenberg-

Ma rquard al gori thm with a least squares cri terion (cf. subroutine ZXSSQ in the

IMS L statistical library). Reasonably good fits were obtained for each of the

th ree curves (r 2 = .82, .91 , and .93 for formant , fundamental and waveform ,

respectively) .

A visual inspecti on of Figure 3 suggests that recognition improved with

increasing processing time for all three features . This observation was con-

fi rmed by a two-way analysis of variance wi th repeated measures on both IS!

and feature (Myers , 1967). Si gnificant main effects were observed for ISI ,

F(6,42) 18.98, a <  .001 , and Feature , F(2,l4)  = 6.55 , p <  .01 . In addition ,

a signi ficant interacti on was found between IS! and Feature , f(12 ,84) = 3.37 ,

< .01 , indicating that the duration of the interval between the signal pre-

sentation and the masking white noise differentially affected classification

performance for three features. This finding suggests that the time course of

the feature extraction process involved in the recognition i nterference task

depends on the audi tory  dimension or feat ure being analyzed .

A further anal ysis of mean d ’ levels over sessions (t tests) revealed no

si gnificant difference between any two sessions . This result , an d the fact

that no practice effects were found with training , indicates that learning

effects were absent during the test phase of the experiment.

As previousl y descri bed , an elaborate counterbalancing procedure was

employed for each auditory featu re . For instance , stimuli varying on the 

- .. -~~-- ----- --- -- 
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waveform dimension were counterbal anced for fundamental frequency and forman t

center frequency. Consequently, four combinations of stimuli varying on wave-

form were possible , and two listeners were presented wi th each particular

combination . To insure that there were no differences in d’ scores associated

with stimuli over all coun terbalanced features , comparisons were ma de between

mean performance (collapsed over ISI) of listeners in each group . No signifi-

can t differences were found .

I I I . D i scussion

Two major conclusions are evident from the present experiment. Firs t ,

the noise was effective in disrupting processing of the auditory ima ge create d

by a short burs t of a comp lex audi tory signal . As in Massaro ’s earlier studies

(1970; 1975), performance reached an asymptotic level at an IS! between 160

and 250 msec . This suggests that the duration of the auditory image for comp lex

non-speech sounds is approximately 200 msec , generally consistent wi th estimates

from recognition interfe rence studies employ i ng both simp le non-speech (Massaro ,

1975) and speech (Wolf , 1976) si gna l s .

Second, accurate identi fi cation of a comp lex s ignal  depen ds cri t i call y

on its psychophysical structure . Differential performance on the three audi tory

features was revealed in both the rate of information processing (as indicated

by the different shaped perfo rmance by IS! functions for the three features ),

and in the maximum performance reached (as indicated by the di fferent asymp-

totes for the three features ). This suggests that either : (a) d i f f e re nt

feature extraction processes are involved in the analysis of the three dif-

ferent features , or (b) the same feature extraction process proceeds at different

rates and to different levels for di fferent features .

In order to further explore the acoustic correlates of performance in the

present task , the physical structure of the signals was exami ned for possible 

--_______ , - - ..- -~~~ ~~~~~~~~~~~~~~~~~
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correlates with classification performance . Each of the signals was subjected

to a narrow-band spectral analysis using a Federal Scientific Spectral Analyzer ,

Model UA—100 . Fi gure 4 presents the steady-state line spectra for two examp les

of each of the three featu res . The spectra have been ordered wi th the most

easily discr iminable pair on the top to the least easil y discrimina b le on the

bottom. Before progressing further , i t  should be noted that  the spec tra presente d

in Fi gure 4 were obtained from steady-state signals rather than from the 20 msec

bursts used in the experiment. As Licklider (1951) has pointed out , the spec-

trum of a brief- duration signal will be distorted or “smeared” re la t ive  to i ts

steady-state spectrum. Nonetheless , the spectra presented in Figure 4 should

be useful in c la r i fy i ng the psychoacoustic basis of performance in the p resent

task . Instances where the spectral smeari ng is likely to have infl uenced perfor-

mance w i l l  be noted below where appropriate .

As is evident in Fi gure 4 , the p r i nci pal d i ffe rence between the two wave-

forms l ies in the distributi on of harmonics . While both the square (Figure 4a)

and tri angular (Fi gure 4b) waves are composed of only odd harmonics , the d istr i-

but ion is much more steeply sloped for the triangular wave . At the intensity

levels invest i gated in  the present study , more harmon ics would be audible for

the square than triangular waves . The net result is that the partials present

in the square wave infl uence more critical bands than those present in the

triangular wave [below approximately 1 kHz , the c r i t i ca l  ban ds are roughly

50 Hz about th9 center frequency (Scharf , 1971)]. In the frequency condition

(Fi gures 4c and 4d), the only physical di fference is in the spacing between

harmonics. That is , the harmonics of the 90 Hz fundamental (Figure 4c) are

more close ly spaced than those of the 140 Hz fundamental (Figure 4d).

For formant frequency , the only physical difference lies in the amplitude

relat ions among all the harmonics . For examp le , in Figure 4e , a 90 Hz square

-

~

. — .,



0 A B

- 1 0

-20

-30

— 4 0  ~~~~~~~~~~~~~~~~~~~~~~ .A~~ • _ __.~~~_L_.. . .. .
0 C D

V

LU - 2 0
>
F-

- 3 0
-J
LU

- 40 ~~ -‘ — — — — L. • .. - ~~~~~ ._i -~- .L. ~~ ~~~~~~~

0 E F

- 1 0

::: LI _
— 40 ~ 

— — — — — L.

0 2 0 2

FREQUENCY ( k H z )

Figure 4. Stead y—state line spectra for signals differing in
waveform (a & b), fundamental frequency (c & d), and
formant frequency (e & f) .

-. . . ,
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~



-- . .-~ - --
~

-—--

Recognition Interference

20.

wave with the formant centered at 600 Hz , the seventh harmonic was approximately

4 dB greater than the fifth or ninth . In Figure 4f , a 90 Hz square wave with

a forniant centered at 940 Hz , the eleventh harmonic was 4 dB greater than the

nin th or thirteenth partial .

Th is analysis suggests that the number of audible harmonics (1 .e. , wave-

form), the distance between the harmonics ( i .e., fundamental ) , and the amp l i t u d e

relat ions among them (i.e., formant frequency) occupy a respective hierarchy

of subjective importance in the class i f i cation of b ri ef- durat i on se gments of

these s i gnals . i t i s clear , however , that  the sug ges ted h i erarch y of featural

salience cannot be absolute or ri gid l y de term i ned for all li s tening cond i tions .

In the Howard and Silverman (1976 ) multi di ment i onal scalin g stu dy, it was

revealed that fundamental frequency was more salient ( i .e. ,  accounted for more

of the judgment variance in the scal ing solution) than either waveform or

formant frequency . Alt hough the stimuli emp loyed in this and the present study

were identical , the stimulus durations were very different (3 seconds for

Howard & Silverman and 20 msec for the present study) . The tone bursts used

in the present study would tend to preserve relatively more high than low

frequency information , thereby emphasizing the subjective importance of the

harmonics . For examp le , in the extreme case of the 90 Hz tone , the 20 msec

burst would contain fewer th an 2 comp lete cyc les at the fundamental , but woul d

contain more than 10 cyc les at the fifth harmonic. In contrast , the Howard

and Silverman study allowe d the listener to integrate the signal over a longer

period of time (3 seconds) , enablin g that observer to stress the fundamental--

the f requency containing the greatest relati ve energy .

Imp licit i n the above analysis is the assumption that the three auditory

feature s (fundamental frequency , waveform and formant frequency ) are revealed
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or ext racted from a c omplex sound by three different feature extraction pro-

cesses . However , as pointed out above , an equall y viable alternative is that

the three features diffe r only along the single dimension of discriminability ,

and therefore differentially infl uence a singl e feature extraction process .

According to the latter hypothesis , the three features exami ned in the present

study lead to different sensitivity by ISI functions primarily because the

specifi c feature values investigated were not equated for discriminability .

For example , it is conceivable that the psychological processes responsible

for distinguishing two square waves that differ by 10 Hz are no different from

those responsible for distinguishing sounds having two distinctive formants

but identical fundamentals. Since no previous recognition interference studies

have investi gated the effects of discriminability on classif ication performance ,

the effects of this vari able and its role in determining featural saliency re-

main unclear. Experiments 2 and 3 are designed to exami ne the effects of dis-

cri minabi lity on recognition performance for two auditory features (formant

frequency and fundamental frequency , respectively) .

EXPERIMENT 2

In this experi ment , formant frequency is vari ed along a sing le continuum

of discriminabi lity by changing the separation between the center frequencies

of the formants in 90 Hz square waves . Listeners are required to classify

signals into two categories on the basis of formant frequency under three con-

ditions. The three conditions investi gated the ori ginal fo rmant center frequency

difference of 600 /940 , a more discrimi nable difference of 600 /1000 , and a still

greate r difference of 600/1200 . if recognition performance vari es with dis-

cri minability in a manner identical to that observed in Experiment 1 (i.e.,

different asymptotes and rates for the three levels) , then this would suggest 

~~~~~~~~ ~~~~~~~~~ ~~ -.-- - . -
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that the results of Experiment 1 could be attributed to discri minabi lity dif-

ferences and not to any uni que psychological characteristics of the different

features. If , on the other hand , recognition perfo rmance in the present study

differs from that of Experiment 1 (e.g., asymptotes , but  no t rates,di ffer for

the three levels), then this woul d provide evidence that the three features

are extracted by distinct psychol ogical processes.

I. Method

A . Observers

Two male and two female undergraduates , aged 19-22 years , served as ob-

servers . No participant had participated in the f i rst ex periment or had any

known history of hearing disorders . Instructions and payment were identical

to those of Experiment 1.

B. Apparatus

The apparatus was identical to that of Experi ment 1. Three stimulus

ta pes were genera ted by pass i ng a 90 Hz square wave throu gh the previously des-

cribed form~nt filter centere d at one of the four di ffe rent frequenc i es . One

tape was recorde d w it h the formant fre quency centere d at 600 Hz on one channel

and 1000 Hz on the other. A second tape was similarly recorded with the formant

frequencies centered at 600 and 1200 Hz. A formant tape recorded for the fi rst

experiment (center frequencies at 600 and 940 Hz) was used for the third stimulus

pair. All stimuli were presented at a listening level of 83 dB SPL.

II. Resul ts

Fi gure 5 presents the d’ levels averaged over all four listeners . For all

levels of formant discrimina bi lity , reco gnit ion pe rformance improved with in-

creasing IS!. These data were analyzed with a two-way repeated measures analysis

of vari ance . As suggested by visu al inspection of Figure 5, main effects were
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observed for IS! , F(6 ,l8) = 14.40 , p < .01 , and Discriminabil i ty , F(2 ,6) =

26.72 , ~ < .001. However , the IS! Disc riminability interaction did not

approach statistical significance , E(l2 ,36) < 1.0. This result suggests

that while higher asymptotic performance occurs for sound pairs with more

widel y se parated formant f r equenc ies , the rate at wh ich this asymptote is ap-

p roached with increasin g IS! does not differ for the three di scri mi nabi li ty

levels examined.

Curves of predicted d’ values were fitted to the data using equation 1

and the procedure descri bed in Experiment 1. The predicted values are d is p l ayed

as solid curves in Figure 5. Extremely good fits were ob ta ine d for the 600/940 ,

and 600/ 1000 conditions (r2 = .99 and .97 , respectively) ; however , equation 1

provided a relatively poor description of the data for the 600/ 1200 condition

= .62).

III. Discussion

The resul ts of this ex periment are clear i n reveal i ng dif feren t asympto ti c

performance levels for stimulus pairs differing only in the frequency separation

between formants . Th i s find ing ind i cates that asymp totic performance is deter-

mi ned largel y by feature d iscr i minab ility rather than by any inherent perceptual

characteristic of the auditory feature itself. For example , asymptotic perfor-

mance for the 600/1200 condition in the present experiment (~ = 4.16) far

exceeded that observed for the waveform condition of Experiment 1 (cx = 3.05).

Th i s occurred desp ite the fact that in Experiment 1 the formant condition pro-

duced the l owest asymptote (~ = 1.34).

The present findin gs also suggest that similar processing rates occur for

stimuli differing only in discr iminabi lity alon g a single auditory feature .

Al though this result is not immediately obvious from a visual inspection of 

- - _ _ _ _ _ _ _ _
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Fi gure 5, a statistical anal ysis of the data was clear in revealing no signi-

ficant 1St Discriminabi lity interaction . This finding contrasts with the

highly significant interaction observed in Experiment 1 where feature was

varied .

EXPERIMENT 3

Experi ment 3 is designed to extend the findings of Experiment 2 to a

second aud i tory feature , fundamental frequency . Observers were required to

categori ze brief-duration comp lex sounds as “high ” or “ low ” on the bas i s  of

their fundamental frequency . As in Experiment 2, three sound pa i rs of varying

d iscri mina b ility were emp loyed and each si gnal presentat ion was followed by an

interferin g white noise burst. If the effects of discriminabi lity noted in

Ex periment 2 app ly to reco gni tion performance of features other than form ant

frequency , then simi lar effects should be observed i n the present study.

I. Method

A . Observers

Two male and two female observers participated in the experiment. No

participant had served in either of the previous experiments or reported any

known history of hearing disorders . Instructions and payments were identical

to those of Experiment 1.

B . Apparatus

The apparatus was identical to that of Experiment 1 . Stimulus tapes were

generated by recording a square wave of 90, 120 , 130 or 140 Hz fundamental

through the fo rmant fi lter centered at 600 Hz. Three test pairs of 90/120 ,

90/ 130 , and 90 /140 Hz were produced to obtain three l evels of discrimi nabilit y.

The signals were subjectively equated for loudness before being presented at a

comfortable listening level (83 dB SPL) .

_ _
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11. Resul ts

Mean d’ values , averaged across the four observers , are disp l ayed in

Figure c .  As in  both earl ier experiments , perfo rmance improved with increasing

ISI up to an asymptote at approximatel y 200 insec , F(6 ,18) = 8 .70 , E <

In addition , as in Experiment 2 , higher asymptotic performance was observed

for tht ’ ‘iior ~ widely separ a ted s igna l pairs , F(? ,b) = 9.87, p
~ 
< .025 , but no

reliabl e differences were obse rved in the rate at which perfo rmance approached

this asymptote wi th increas ing IS! , F ( l2 ,36) 1 .43 , ~ 
. .10.

Predicted d ’ va lues ,  disp layed in the sol id  curves of Fi gure 6 , were

fitted to the data as descri bed above. However , in contrast to the earlier

experiments , rela ti vel y poor fits were obtained or all three conditions (r~ =

.53, .80, and .62 for the 90/120 , 90/130 , and 90/140 conditions , respectively).

Visual incpection of Figure 6 suggests that the wors t fits are observed at the

shortest ISIs . This observation was confirmed in a closer examination of the

data which revealed substantially large r mean squared deviations from the pre-

dicted values for the firs t three ISIs (deviations of .079, .071 , and .170 for

the 90/120 , 90/130 , and 90/140 conditions , res pect i vel y) than for the last

four (deviations of .022, .065 , and .024, respectivel y). In short , i t  appears

that equation 1 does not provide an adequate descri ption of the present data

for s hort IS Is .

III . Discussion

In genera l, the resul ts of this experiment are consistent with those re-

por ted for formant frequency in Experiment 2. Once again , discrimina bi lity

had a large effect on asymptotic performance with more widely separated stimulus

pairs showin g correspondin gly hi gher asymptotes . In addition , asymptotic per-

formance levels for all th ree discriminations investigate d in the present study
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(c x  = 1.97 , 2. 51 , and 2.86 for the 90/120 , 90/130, and 90/ 140 Hz conditions ,

respectively ) were higher than that observed for fundamental frequency in

Experiment 1 (.~ 
= 1,92 for a 90/140 Hz discrimination). These findings

clearly indicate that asymptotic performance depends more on the discri minability

of critical features in a comp lex  soun d than on any singular properties of the

feature itself.

A second fi nd ing of the present study , again consistent wi th Experiment 2,

is that no statistically rel iable difference was observed in the effect of IS!

on discriminabi lity. As in dicated above , this fi nding suggests that fundamental

frequency is processed at a constant rate regardless of its relative salience

or discriminability in the acoust ic environment. While this finding is statis-

tical ly clear , processing rate must be interpreted with some caution in the

present study . In part i cular , the data presented in Fi gure 6 appear to approach

asymptote in a sudden rather than gradual manner as i nd icated by the rela ti vel y

poor fit of equation 1. This finding is not surprising given the low frequencies

investigated in the present study . Under optimal presentation conditions , a 20

msec burst woul d conta i n only 1.8 , 2.4, 2.6, and 2.8 cycles at fundamentals of

90, 120 , 130 , and 140 Hz , respectivel y. The prevent data indicate that a

minimum processing time of between 100 and 1 80 msec is required to extract suffi-

cient informa tion from the auditory image to make this discrimination.

GENERAL D I S C U S S I O N

The present study examined the sensitivity of listeners to three selected

auditory features in a two-choice , recognition interference task. Two major

fin dings are evident. Firs t , asymptotic recognition performance in this task

depends on a variety of stimulus as well as subjective factors . However , there

is little evidence in the present study to indicate that featural saliency , as
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refl ected by asymptotic performance , is determined by any unique perceptual

property of individual features . Second , the results suggest that different

auditory features are processed at different rates , but that processing rate

remains invariant when discr iminab ili ty is varied w ith feature held constant.

These major findings are discussed in more detail below .

Asymptotic Performa nce

Listeners in the presen t study were clearly able to selec tivel y respond

to specifi c auditory features in brief-duration , comp lex non-speech sounds .

Experiment 1 revealed substantial differences in the performance asymptotes

for three di fferent auditory feature s (waveform , fundamental frequency , and

formant frequency). A compari son of these fi ndings with the results of

Experiments 2 and 3, suggest that at leas t two stimulus parameters are impor-

tant i n determining asymptot i c performance leve l: s i gnal dura t ion  and stimulus

discri minability .

The importance of si gnal duration became ev i dent i n a compari son of the

results of Experiment 1 and the earlier scaling study . In Experiment 1 , wave-

fo rm produced the highest asymptote with fundamental and formant yielding

successively lower overal l performance levels. On the other hand , i n  the

scaling study , fundamental frequency accounted for substantially more of the

total judgment vari ance than did waveform . Al though the si gnals were identical

in the two studies , two major differences may be noted : (1) the responses re-

quired were quite different , and (2) dramaticall y different signal durations

~cre used in the two studies . In Experiment 1 , listeners categori zed brief

presentations (20 msec) of individual sounds , whereas in the scaling study ,

listeners ware required to make relative similari ty judgment s of successivel y

presented three-second segments of two sounds . Al though it is impossible to
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rule out the possibility that listeners use different criteri a in making classi-

fication responses and similarity judgments , it is more likely that signal dura-

tion was the key factor underlyin g the different pattern of results observed

in these studies . As was in dicated above , the tone bursts used in Experiment 1

would tend to preserve relatively more hi gh than low frequency information ,

and hence , the sub jective importance of waveform would be enhanced relative to

fundamental . On the other hand , when listeners had a sufficiently long inte-

gration peri od , as in the scalin g stu dy, the low-frequency fundamental would

become more i mportant relative to waveform.

The second stimulus factor infl uencing asymptotic performance level is

signal discriminability . Experiments 2 and 3 revealed higher asymptotic

performance for signal pai rs having larger physical differences . In both

experi ments where discriminability was varied , asymptotic performance equalled

or exceeded that observed for the correspon ding conditions in Experiment 1.

The implicati on of these findings is that differences in asymptotic performance

cannot be attributed to any invariant subjective property of individual auditory

features . Rather , at least two physical characteristics of the stimulus , its

duration and relative distinctiveness , have a major influence on a l i s t e n e r ’ s

ability to selective ly respond to individual features in a complex non-speech

sound.

In addition to these stimulus factors , at least one subject ive factor——the

amount of prior experience in classifying sounds on the basis of a particular

featu re-— p layed a primary role in determining asymptotic performance in the

present study . When absolute performance levels are compared for the corres-

ponding conditions across the present experiments , it becomes evident that

Experiments 2 and 3 produced substantially higher overall levels than did
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Experiment 1. For examp le , in Experiment 2, where formant discr iminabilit y was

varied , the asymptotes for all three discriminabi lit y le’,els (cx 2.06, 3.33,

and 4.16) were hig her than that observed for the formant condition in Experi ment

1 (cx = 1.34) . Similarly, the three asymptotes observed when fundamental separa-

tion was varied in Experiment 3 (cx 1 .97, 2.51 , and 2.86) all exceeded the asymp-

tote for the comparable condition in Experiment 1 (cx  = 1.92).

Since this discrepancy occurred even for identical signal pairs , the dif-

ferences cannot be attributed to any physical character ist ics of the auditory

waveforms . Similarly, differences in the absolute amount of practice cannot

account for these findin gs since listeners in all three experiments received

the same number of trials. It should be noted , however , that while all listeners

had an identical amount of overall experience in the task , listeners in Experi-

ments 2 and 3 always classified si gnals on the basis of a specifi c feature,

whereas the listeners in Experiment 1 class i fi ed stimuli on the bas i s  of th ree

different featu res on separate days . Hence , it appears that experience with a

specific feature leads to substantial ly better performance than does experience

with different features .

Two different psychological mechanisms could underlie this effect. First ,

observers may simp ly develop an improved ability to selectively focus their

featu re extraction efforts on a particular relevant feature , and ignore  o ther

ir relevant features . Similar improvements in selective attention have been

reported for experienced listeners in discriminating temporally varying tonal

patte rns (Wats on , Wroton , Kelly, & Benbassat , 1975). It should be noted , how-

ever, that if an improvement in attentional ability were occurring, the rel ative

lack of improvement observed in Experiment 1 would suggest that such improvement

would be quite feature specific.

- -
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Second , it is possible that the observed diffe rences refl ect an increased

absolute sensiti vi ty to the practiced feature . In other words , extended prac-

t ice may improve the efficiency or accuracy of the feature extraction process

i tself. Although the present study was not designed to distinguish between

these alternatives , it is clear that the performance levels observed in the

present experiments --especially Experiment 1- -do not reflect any absolute  l i m i t

on a listener ’s ability to recognize specifi c features in brief -duration complex

sounds . It remains for future research to empiri cally clari fy the two possible

psychological mechanisms outlined above .

Rate of Processing

One of the most obvious findings of the present study was that performance

improved with increasing IS!. The longer the peri od between signal presentation

and the interfering noise burst, the higher the performance level up to some

optimal asymptotic val ue . As indicated above , this finding is consistent with

Massaro ’s (1975) earlier data , and wi th his argument that brief-duration sounds

are retained in a short-lived auditory memory for further processing . In

Massaro ’s thinking , the time between the signal offset and noise onset is con-

sumed by “pri mary recognition processes ” which transform the relati vely un-

processed auditory image into a categorical (i.e., recognized) representation .

Since the interfering noise is thought to disrupt this and terminate this pro-

cess , the rate of recognition processing is revealed in the rate at which per-

formance improves with increasing ISI.

In Experiment 1 of the present study , IS! was observed to differentially

infl uence performance for the three auditory features . In contrast , when

feature was held constant while discriminability was vari ed in Experiments 2

and 3, no statistically reli able difference was noted in the effects of 1St on
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performance . Since post asymptotic data in the three experiments were

relatively stable , these resu lts suggest  tha t  different auditory features are

processed at different rates , but the rate of processing for a particular

feature remains invariant when factors influencing asymptotic performance are

varied. This would be expected if diffe rent feature extraction processes

were applied in the analysis of the three features exami ned in the present

study. Furthermore , this interpretation is also consistent with the previousl y

discussed finding that extended pract i ce select ivel y improves perf ormance for

par ti c u l a r  features . Howeve r, despite its apparent theoretical consistency ,

this finding must be interpreted with caution for at least two reasons . First ,

the findin g is based on a comparison of data across experiments using different

li steners and di ffe rent nu rthers of part i c ip ants. Secon d , a com par i son of

processing rates across conditions assumes that performance improves in an

orderly and systematic fashion as ISI is increased . In the present data ,

relatively large vari ance was observed at the short ISIs (i.e., 0, 40, 80 msec),

and as indicated above , the data of Experiment 3 appear to show a sudden rather than

gradual  improvement wi th increasing ISI .

Implications

The present findings clearl y indicate that the stimu l us environment p l ays

an important role in determining the subjective importance of auditory features .

They suggest that selective changes in the auditory environment (e.g. , through

signal preprocessing) could significantly enhance a listener ’s ability to recog-

nize even relatively subtk acoustic cues (e.g., formant frequency). The

findings also suggest that practiced listeners may have an improved ability to

se lectively focus their attention on specifi c auditory cues in a complex aural

disp lay . It appears that extended practice with i mportant , but initially

~
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unsal ient cues , would lead to a greater performance increment than would an

equivalent amount of practice wi th a variety of cues. Overall , the backward

recognition interference paradigm was shown to be a valuable tool for examining

the effects of various signal parameters on an observer 1 s ability to extract

info rmation from complex sounds . In addition , its potential for examining the

time course of auditory information processing may prove inval uable.
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