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Psychophysical phenomena such as categorical perception and the perceptual magnet effect indicate
that our auditory perceptual spaces are warped for some stimuli. This paper investigates the effects
of two different kinds of training on auditory perceptual space. It is first shown that categorization
training using nonspeech stimuli, in which subjects learn to identify stimuli within a particular
frequency range as members of the same category, can lead to a decrease in sensitivity to stimuli in
that category. This phenomenon is an example of acquired similarity and apparently has not been
previously demonstrated for a category-relevant dimension. Discrimination training with the same
set of stimuli was shown to have the opposite effect: subjects became more sensitive to differences
in the stimuli presented during training. Further experiments investigated some of the conditions
that are necessary to generate the acquired similarity found in the first experiment. The results of
these experiments are used to evaluate two neural network models of the perceptual magnet effect.
These models, in combination with our experimental results, are used to generate an experimentally
testable prediction concerning changes in the brain’s auditory maps under different training
conditions. © 1999 Acoustical Society of America.@S0001-4966~99!00411-7#

PACS numbers: 43.71.An, 43.66.Ba@JMH#
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INTRODUCTION

It is well-known that our perceptual spaces for som
auditory stimuli, such as phonemes, are warped. That is,
perceptual distance between two stimuli, as evidenced b
subject’s ability to discriminate them, is not always
straightforward function of their distance as measured al
physical dimensions such as frequency or time.1 English stop
consonants, for example, have long been known to exh
categorical perception~see Jusczyk, 1986; Liberman, 199
Lieberman and Blumstein, 1988; and Repp, 1984 for
views!. For example, if subjects are presented with synth
speech stimuli created by varying the second formant tra
tion in small steps through a range corresponding to the p
nemes /"/, /$/, and /,/, they show very poor discriminability
when two stimuli both fall within one of the categories a
very good discriminability for stimuli that straddle catego
boundaries, even though the stimulus pairs in these two c
are equidistant in frequency space~Liberman et al., 1957;
Eimas, 1963!. Other experiments have shown similar ca
egorical effects for voice onset time~VOT! distinctions be-
tween /$/ and /#/ ~Libermanet al., 1961b! and between /"/
and /!/ ~Liberman et al., 1961a!. Similar effects have also
been reported for a variety of nonspeech stimuli, includ
melodic musical intervals~Burns and Ward, 1978!, simple

a!Electronic mail: guenther@cns.bu.edu
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visual shapes~Lane, 1965; Goldstone, 1994!, and morphed
faces along an intriguing ‘‘John F. Kennedy to Bill Clinton
continuum~Beale and Keil, 1995!.

Researchers have also shown, relatively recently,
the perceptual space for some synthetic vowels and se
vowels appears to be warped~e.g., Aaltonenet al., 1997;
Iverson et al., 1994; Iverson and Kuhl, 1994, 1995; Kuh
1991, 1995; Kuhl et al., 1992; Sussman and Lauckne
Morano, 1995!. Kuhl ~1991! referred to this warping as a
‘‘perceptual magnet effect,’’ thus distinguishing it from ca
egorical perception. Roughly speaking, the effect is char
terized by a warping of perceptual space such that acou
patterns near phonemic category prototypes are perceive
closer together than equally spaced acoustic patterns tha
further away from phonemic category prototypes. Accord
to the Kuhl et al. account, the magnet effect differs from
categorical perception in that it is characterized by diff
ences in discriminability for prototypical vs nonprototypic
stimuli that fall within thesamephonemic category. Specifi
cally, better discrimination is found near nonprototypic
members of a category than near prototypical memb
However, other researchers have claimed that catego
perception and the perceptual magnet effect are essen
the same. For example, Lotto, Kluender, and Holt~1998!
conclude from their study that the magnet effect ‘‘may
nothing more than further demonstration that general d
criminability is greater for cross-category stimulus pairs th
for within-category pairs’’ ~p. 3648!. By either account,
though, the perceptual space for vowels and semivowels
29006(5)/2900/13/$15.00 © 1999 Acoustical Society of America
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pears to be warped, although apparently not as dramatic
as for consonants.

It is very likely that some of the warping of auditor
space is ‘‘built in’’ to the auditory nervous system. Eviden
for this comes from studies of auditory perception in anim
and newborn infants. For example, the discriminability
chinchillas of changes in VOT for stimuli varying betwee
@$Ä# and@#Ä# is nonuniform and peaks at a VOT of about 3
ms, which is near the voiced/voiceless boundary in Eng
~Kuhl and Miller, 1975, 1978; Kuhl, 1981!. A similar result
was also reported for macaque monkeys~Kuhl and Padden,
1982!. Increased discriminability was also found at t
/"/–/$/ and /$/–/,/ phonetic boundaries of a continuum
F2 transition onset frequencies in the macaque mon
~Kuhl and Padden, 1983!. Eimaset al. ~1971! showed that
human infants 1–4 months old produced evidence of
egorical perception for the voiced/voiceless distinction, f
ther suggesting that this effect is a consequence of aud
mechanisms that are present at birth.

A. Experience-based warping of auditory space

Other aspects of the warping of auditory space appea
arise from learning, rather than from built-in properties
the auditory system. Evidence for this view comes fro
cross-language studies, since differences in the location
warping in auditory space across languages are presum
the result of learning driven by linguistic experience. O
example of such a difference is the small but systematic
ference in the VOT boundary for the voiced/voiceless d
tinction across languages~e.g., Lisker and Abramson, 1970!.
Another example is the language specificity of the warp
of auditory space for vowels as measured in studies of
perceptual magnet effect. In a study of 6-month-old Engl
and Swedish infants presented with English and Swed
vowel stimuli, Kuhlet al. ~1992! found that infants had more
difficulty discriminating between stimuli falling near a pro
totypical vowel from their native language than stimuli fa
ing near a prototypical vowel in the non-native language

The experiments described in the current article w
designed to investigate learned warpings of auditory perc
tual space. Because the experiments were designed in p
test neural network models of the perceptual magnet ef
~as described in the next section!, and because the magn
effect is one of the most heavily studied examples o
learned warping of auditory space, we will frequently refer
it when discussing our experimental results. We do not m
to imply by this that the perceptual magnet effect should
considered as a separate phenomenon from learned inst
of categorical perception.

Liberman ~1957! identified two possible learning pro
cesses that might underlie categorical perception. The fi
acquired distinctiveness, is defined as an increase in perce
tual sensitivity for items that are repeatedly categorized
ferently in a learning situation. Liberman~1957! reported
evidence for acquired distinctiveness in detecting dura
differences for speech sounds versus nonspeech sounds
later studies provided further examples of acquired disti
tiveness for nonspeech stimulus sets~e.g., Lane, 1965; Gold
stone, 1994!. The second possible learning process identifi
2901 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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by Liberman~1957! wasacquired similarity, also referred to
by some authors asacquired equivalence. In acquired simi-
larity, sounds that were originally distinguishable from ea
other become less distinguishable after repeatedly being
egorized together. It has been noted that very young infa
are capable of making some acoustic distinctions that
come more difficult to make later in life if those distinction
are not used to differentiate phonemes in the infant’s na
language~e.g., Eimas, 1975; Goto, 1971; Miyawakiet al.,
1975; Werker and Tees, 1984!. These results appear to b
examples of acquired similarity for a category-irreleva
stimulus dimension, i.e., a physical dimension which do
not provide any information about category membership.

Goldstone~1994! reported another example of acquire
similarity for a category-irrelevant dimension in adults pe
forming a categorization learning task utilizing visu
stimuli. Participants were trained to categorize visual stim
that differed along two dimensions~brightness and size!. For
some subject groups, only one stimulus dimension was
evant for the categorization task. Goldstone~1994! found
one case of acquired similarity for a category-irrelevant
mension, but no instances of acquired similarity were fou
for category-relevant dimensions.

However, if acquired similarity is playing a role in
learned instances of categorical perception and the per
tual magnet effect, it must involve category-relevantdimen-
sions. The very notion of ‘‘nearer to the category boundar
that is commonly used to describe these phenomena imp
that we are talking about category-relevant dimensions, s
as formant frequencies for vowels. Although attempts ha
been made~e.g., Goldstone, 1994!, acquired similarity for a
category-relevant dimension has apparently not been sh
experimentally~Liberman, 1996, pp. 18–19!.

B. Considerations from experimental and theoretical
neuroscience

It seems reasonable to assume that infants are m
commonly exposed to prototypical examples of a spe
sound than nonprototypical examples during the learn
process that leads to the perceptual magnet effect.2 Perhaps
relatedly, many neurophysiological studies of sensory m
have shown that disproportionately large exposure to a
ticular type of stimulus typically leads to a larger cortic
representation for that stimulus. For example, kittens rea
in a visual environment consisting only of vertical strip
have more visual cortex cells tuned to vertical contours th
kittens reared in a normal environment~e.g., Rauschecke
and Singer, 1981!. Analogous results have been found
other sensory modalities. Preferential stimulation of a digi
monkeys leads to a larger cortical representation for t
digit in somatosensory cortex~Jenkins, Merzenich, and
Ochs, 1984; Jenkinset al., 1990!. In the auditory realm, Re-
canzone, Schreiner, and Merzenich~1993! found that repeat-
edly exposing monkeys to tones in a particular frequen
range during learning of a tone discrimination task resul
in an increase in the area of auditory cortex preferentia
activated by sounds in the trained frequency range an
concomitant increase in the discriminability of the trainin
tones.
2901Guenther et al.: Effects of training on auditory space
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It is also commonly believed that, all else being equ
stimuli that have a larger cortical representation are m
easily discriminated from one another than stimuli that ha
a smaller cortical representation. For example, the cort
representation of the fingers in human somatosensory co
is disproportionately large when compared to the represe
tion of the back, and, correspondingly, humans are typic
much better at discriminating tactile stimuli with their finge
than with their backs~e.g., Kandel, 1985!. Similarly, the pri-
mary visual cortex representation of the high-resolut
foveal area of our retinas is much larger than the represe
tion of the low-resolution visual periphery.

If one assumes that frequent exposure to a stimulus le
to a larger cortical representation, and that larger cort
representations lead to better discriminability, then one s
a paradoxical aspect of the perceptual magnet effect: in
magnet effect, discriminability of more frequently encou
tered stimuli ~prototypical vowels! is worse than discrim-
inability of less frequently encountered stimuli~nonproto-
typical vowels!. Two recent neural network models pos
explanations for the perceptual magnet effect in terms
experience-based formation of neural maps in the audi
system ~Bauer, Der, and Herrmann, 1996; Guenther a
Gjaja, 1996!. These models are of interest because they m
clear predictions about the organization of the brain that
be tested using recently available imaging techniques suc
functional magnetic resonance imaging~FMRI! or positron
emission tomography~PET!.

A schematic of the Guenther and Gjaja~1996! model is
provided in Fig. 1. The model uses two layers of neuro
referred to as the formant representation and the audi
map, connected by a set of modifiable synapses. When
sented with a vowel input, the formant frequencies of
vowel are represented by the formant representation c
Signals projecting from these cells to the auditory m
through modifiable synapses lead to the activation of a su
of the cells in the auditory map. The strengths of the s
apses determine which cells become active in the audi
map. The strengths of the synapses are then modified
manner that depends on the pre- and post-synaptic cel
tivities, thus changing the ‘‘firing preferences’’ of the cel
~i.e., the vowel stimuli that maximally activate the cells! in
the auditory map. This process is carried out repeatedly w

FIG. 1. Schematic of the Guenther and Gjaja~1996! neural network model
of the perceptual magnet effect. See the text for details.
2902 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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new vowel stimuli during a training period. The Baueret al.
~1996! model has a similar structure and function, differin
primarily in the equations governing changes in the syna
weights projecting to cells in the auditory map.

Though developed independently, the basic idea beh
the Guenther and Gjaja~1996! and Baueret al. ~1996! mod-
els is the same. Exposure to vowel sounds in the e
months of life causes changes in the distribution of firi
preferences of neurons in an infant’s auditory map. For
ample, in the Guenther and Gjaja~1996! model, more cells
in the auditory map become tuned to the vowel sounds
the infant hears most often. It is these changes in the audi
map that underlie the perceptual magnet effect in both m
els.

Although the Guenther and Gjaja~1996! and Bauer
et al. ~1996! models are similar in many respects, they diff
in how they account for the apparent paradox descri
above. In the Guenther and Gjaja~1996! model, the paradox
is accounted for by differences in the training distributio
for categorical stimuli as compared to noncategorical stim
where categorical stimuli are those that are typically p
ceived as members of a discrete set of categories~e.g.,
speech sounds! and noncategorical stimuli are those that a
not typically perceived in this way~e.g., pure tones!. Specifi-
cally, it is suggested that the training distribution of catego
cal stimuli has relatively sharp peaks near the category p
totypes~i.e., infants hear many more examples of vowel-li
sounds that fall near prototypical vowels than near nonp
totypical vowels!, as compared to the typically flatter distr
butions of noncategorical stimuli. This sharply peaked tra
ing distribution leads to a similarly peaked distribution
cell firing preferences in the neural map, and this in tu
leads to a warping of perception toward the more prototy
cal exemplars due to population coding in the nervous s
tem. The details of this process are presented in Guen
and Gjaja~1996!; for current purposes, it suffices to note th
this model predicts that it is the distribution of trainin
stimuli, not the type of training, that leads to the percept
magnet effect.

In the Baueret al. ~1996! model, it is assumed that, fo
some stimuli, the neural map formation process leads
smaller cortical representations for the most frequently e
countered stimuli, rather than the larger cortical represe
tions reported in the neurophysiological studies descri
above. Although not treated by Baueret al., we infer here
that differences in the learning situation for categoric
stimuli as compared to noncategorical stimuli lead to t
difference in how the cortical representation changes size
these stimuli. In other words, whereas discrimination train
leads to a larger cortical representation for the most
quently encountered stimuli, categorization training leads
a smaller cortical representation for the most frequently
countered stimuli. Although the differential effects of diffe
ent types of training in the Baueret al. model may seem
more intuitive from a learning perspective, the Guenther a
Gjaja model is more in line with the traditional view of neu
ral map formation in the computational neuroscience lite
ture.
2902Guenther et al.: Effects of training on auditory space
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C. Goals of the current experiments

The first purpose of the current studies was to obse
whether it is possible to induce acquired similarity for
category-relevant dimension of nonspeech stimuli~auditory
noise stimuli! using a categorization training task. This typ
of induced ‘‘perceptual magnet effect’’ is predicted by t
Guenther and Gjaja~1996! model since this model attribute
the reduced discriminability near a category prototype
neural map formation principles that are not specific
speech. Although this sort of acquired similarity had be
identified as a possible learning mechanism underlying
egorical perception several decades ago~e.g., Liberman,
1957; Lane, 1965!, it apparently has not been demonstrat
experimentally~Goldstone, 1994; Liberman, 1996!. A sec-
ond purpose of the current study was to investigate som
the learning conditions that are necessary to reduce sen
ity for frequently encountered stimuli, if it is indeed possib
to induce such an effect. A final purpose of this study was
test between the Guenther and Gjaja~1996! and Baueret al.
~1996! neural models of the perceptual magnet effect in
der to form a clear and testable hypothesis concerning
properties of the nervous system that lead to this effect. M
of the experimental results reported herein have been
sented in preliminary form in conference publications~e.g.,
Husain and Guenther, 1998a,b!.

I. EXPERIMENTS

Four experiments were performed. All experiments co
sisted of four phases: a calibration phase in which a subje
detection threshold for auditory stimuli like those used
later phases of the experiment was determined, a pre
phase to determine baseline sensitivity, a training phase,
a post-test phase to measure any change in sensitivity
may have resulted from training. Experiments I, II, and
used the same testing procedure; these experiments dif
only in the type of training the subjects underwent during
training phase. The pre- and post-tests for experiment
were modified slightly from the others. The common aspe
of the experimental design are treated in the following pa
graphs.

A. Participants

Subjects were male and female adults between the
of 18 and 50 with no history of speech, language, or hea
disorders. Subjects were compensated at the rate of $
hour. Each subject participated in a single experimental
sion, consisting of a calibration phase lasting approxima
15 min, a pretest lasting approximately 15 min, a train
session lasting approximately 45 min, and a post-test las
approximately 15 min, for a total session length of appro
mately 1.5 h. No subjects were used in more than one
periment. A subject’s results were excluded from analysi
the subject did not perform within a previously determin
criterion on the training task, as described below. Subje
had no prior knowledge regarding the purpose of the exp
ment.
2903 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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B. Apparatus and stimuli

The stimuli for all experiments were narrow-band fi
tered samples of white noise with different center frequ
cies. The center frequencies of the passband ranged bet
1000 and 3500 Hz. The bandwidths of the stimuli were ch
sen to be equal in mel space, with the stimulus at 2500
having a bandwidth of 100 Hz and the bandwidths of
stimuli falling within the range of 90–130 Hz. The stimu
were generated at a sampling rate of 16 kHz using Entrop
ESPS/WAVESsoftware on a Sun SPARCstation 10 by filterin
white noise through a bandpass filter~a linear phase finite-
impulse response filter created using a weighted mean-sq
error criterion! with a falloff of approximately 20 dB per 100
Hz.

The sound files were sent through an Ariel D/A co
verter to both speakers of a set of headphones worn by
subject while sitting in a quiet room. The sounds were play
at a level the subjects deemed most comfortable,3 typically
around 75 dB. Subjects’ responses were entered using
mouse and keyboard of the computer that controlled the
sentation of stimuli.

C. Calibration phase

Each individual subject’s threshold for discriminatin
the stimuli was established at the beginning of the exp
ment. This was done to account for rather large intersub
differences in the ability to discriminate between t
stimuli.4 An adaptive up–down staircase method~AX same–
different paradigm! was used to determine the discriminatio
threshold. Stimuli for this procedure consisted of narro
band white noise centered at different frequencies aro
2500 Hz with a bandwidth of 100 Hz. The step size th
shifted the center frequency of the noise stimuli was fixed
5 Hz. Thresholds were determined both for frequenc
lower than and greater than 2500 Hz. The final threshold w
the average of these two thresholds. This threshold, spec
in mel units, was used as an estimate of the just noticea
difference ~jnd! for that particular subject throughout th
range of frequencies used in the experiment.

The stimuli for the remainder of the experiment we
generated based on this jnd measure, as shown in Fig. 2.
hashmarks on thex-axis of this figure are spaced 1 jnd apa
First, a reference stimulus, labeled ‘‘milestone B’’ in Fig.
was located at 3200 Hz. This stimulus and six additio

FIG. 2. The range of frequency space within which different types of stim
were generated. Milestone A and its neighbors form the control region
milestone B and its neighbors form the training region. Regions spannin
jnds on either side of the training region are called ‘‘band edges.’’ See
text for details.
2903Guenther et al.: Effects of training on auditory space



e
r
1

e
f
i-
e
e
nd

li
g
en
ng
n

de
r’s
lly
th
n

re
o
e
y

on
d
re
e
.

iti
nd
s

T
n
s
n
n
ng
fo

ng
m
ro
ns

of
e-
ile
r

of
r-
ch
ta
a
x

le

as
as

ical
r in

di-
the

.
sts
ch

d
m

n,
h as

ion
n
m-

b-
.

re-
of

-
nce

as
as
stimuli spaced61, 1.5, and 2 jnd from it constitute th
‘‘training region’’ of frequency space. Next, a second refe
ence stimulus, milestone A, was located at a frequency
jnd’s less than milestone B. Milestone A and stimuli spac
61, 1.5, and 2 jnd from it constitute the ‘‘control region’’ o
frequency space.~The spacing used for the stimuli in exper
ment IV was slightly different; this will be addressed in th
description of that experiment.! In the pre- and post-tests, th
subject’s sensitivity to stimuli in both the control region a
the training region was measured by estimatingd8 between
the milestones A and B and their neighboring stimu
Stimuli in the training region were involved in the trainin
phase in a manner specific to the particular experim
stimuli in the control region were not encountered duri
training. Comparison of the difference between pre- a
post-test results for the training and control regions provi
information about the effects of training on the listene
sensitivity to the training region stimuli. This design partia
controls for shifts in response bias which may occur over
roughly 45-min training period separating the pretest a
post-test.

The training regimes used in the experiments requi
the use of stimuli from outside of the training region but n
in the control region. These additional stimuli were chos
from a uniform distribution over two regions of frequenc
space labeled ‘‘band edges’’ in Fig. 2: a 4-jnd-wide regi
between the training region and the control region, an
4-jnd-wide region located above the training region in f
quency space. There was a separation of 1.5 jnd’s betw
the band edges and both the training and control regions

D. Pre- and post-test phases

Tests were conducted to measure subjects’ sensitiv
to differences in the auditory stimuli for both the control a
training regions before and after training. The pre- and po
test sessions for the same experiment were identical.
tests measured discriminability around milestone A a
milestone B~see Fig. 2!. Tests were conducted in two block
of 64 trials each, using an AX same–different paradigm. O
block of trials measured sensitivity in the control regio
while the other block measured sensitivity in the traini
region. The order of presentation of the blocks was varied
different subjects, with roughly half the subjects performi
tests with the control block first and the other half perfor
ing tests with the training block first. Subjects were not p
vided feedback concerning the correctness of their respo
in the pre- and post-tests.

Each trial within a block was composed of a pair
stimuli. The first stimulus of the pair was always the mil
stone. The second stimulus of the trial was either the m
stone again or any of its neighbors in the corresponding
gion, as shown in Table I. A total of 7 distinct pairs
stimuli was generated for each block, with 6 being ‘‘diffe
ent’’ and 1 being ‘‘same.’’ There were 8 repetitions of ea
different pair and 16 repetitions of the same pair, for a to
of 64 trials per block. The length of each of the stimuli in
trial was 500 ms, as shown in Fig. 3. In the first three e
periments, the interstimulus interval~ISI! was 750 ms long
with a brief burst of white noise, 250 ms long, in the midd
2904 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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In the fourth experiment, the ISI was 250 ms and there w
no white noise between the two stimuli. The noise burst w
added in the first three experiments to favor a categor
mode of sensory processing; this topic is discussed furthe
the description of the fourth experiment~Sec. I E 4!.

Trials were presented in random order. Subjects in
cated whether they thought the tones they heard were
same or different by pressing the ‘‘s’’ or ‘‘ d’’ key on the
keyboard. Subjects generally completed a test in 15 min

The change in sensitivity between pre- and post-te
was analyzed for the group of subjects. Analysis of ea
subject’s sensitivity (d8) was performed using both hit an
false-alarm rates. Groupd8 scores were then calculated fro
these individual measures to produce a collapsedd8 measure
~Macmillan and Creelman, 1991; Macmillan and Kapla
1985!. This measure has been used by researchers suc
Sussman and Lauckner-Morano~1995! to investigate the
perceptual magnet effect. Pairwiset-tests ~Howell, 1992!
compared pre- and post-trainingd8 scores to test for signifi-
cant change in both the training region and the control reg
~whose sounds did not occur during the training sessio!.
Changes in sensitivity for the training region were then co
pared to changes in sensitivity for the control region.

Discriminability was compared across groups of su
jects using theG statistic~Gourevitch and Galanter, 1967, p
27! which allows for comparison of groupd8 measures. The
G statistic tests the significance of the difference of the p
and post-trainingd8 scores by considering the number
observations per data point~10 subjects38 trials580 obser-
vations per data point!.

TABLE I. Generation of pairs of stimuli for the AX same–different dis
crimination tests.M stands for milestone, and subscripts denote the dista
from the milestone in jnd units.

A X Type of trial Number

M M Same 16
M M 21 Different 8
M M 21.5 Different 8
M M 22 Different 8
M M 11 Different 8
M M 11.5 Different 8
M M 12 Different 8

Total 64

FIG. 3. Time course of a test trial. In experiments I, II, and III, the ISI w
750 ms long with a distractor noise of 250 ms. In experiment IV, the ISI w
250 ms long with no distractor noise.
2904Guenther et al.: Effects of training on auditory space
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E. Training phase

The type of training varied for each experiment, and
different training paradigms are explained along with the r
evant experiments below. All experiments shared the follo
ing criterion for inclusion of a subject’s results in the ana
sis: the subject must have responded correctly on half
trials of each of the ten training subsessions which compr
the training phase. If the subject did not meet this criterion
was assumed that he/she did not succeed in learning
training task, and his/her results were thus excluded from
statistical analyses.

1. Experiment I

The main goal of the first experiment was to investig
whether it is possible to induce a decrease in discriminab
along a category-relevant dimension of a set of nonspe
stimuli that was repeatedly encountered during a train
session. This would constitute a demonstration of acqu
similarity along a category-relevant dimension, and it wou
also be in keeping with models of the perceptual mag
effect that attribute the effect to neural map formation pro
erties that are not specific to speech~Guenther and Gjaja
1996!.

a. Training. In the training phase of experiment I, su
jects were trained to choose sounds that belonged to
training region~i.e., milestone B and its neighbors! from a
list of sounds. Specifically, subjects were told that they w
to learn to identify sounds from a category, referred to as
‘‘prototype category’’ and corresponding to the training r
gion of frequency space in Fig. 2, and that during train
they would have to choose the prototype category so
from a list of sounds that included only one member of
prototype category. Since the subjects were taught to t
the training region sounds as members of the same categ
we will refer to this type of training ascategorization train-
ing. The subjects underwent two types of training trials:~1!
listening trials in which they heard example sounds from
training region and did not have to make any response,
~2! identification trials in which they identified one soun
from a list of sounds as belonging to the training regio
During a listening trial, subjects heard four sounds random
chosen from a set of nine sounds which were evenly spa
in 0.5-jnd increments within the training region. These
cluded the milestone B and its six neighbors used in
testing procedure, plus the two stimuli falling60.5 jnd from
the milestone. During an identification trial, subjects hear
short list of sounds, only one of which came from the tra
ing region. The other sounds that comprised the identifi
tion trial were generated from the ‘‘band edges’’ regio
flanking the training region~see Fig. 2!. These sounds wer
randomly chosen from a set of 18 sounds: nine sou
spaced 0.5 jnd apart from within the band edge region lo
in frequency than the training region, and nine sounds spa
0.5 jnd apart from the band edge region higher in freque
than the training region. As noted earlier, the band edge
gions did not overlap with either the training or control r
gions, and no sounds from the control region were prese
during training.
2905 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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Subjects could choose whether to perform a listening
an identification task for any given trial, with the stipulatio
that no more than 15 listening trials could be performed
any subsession. The subsession ended when 30 identific
trials were completed. Each subject performed ten such s
sessions, and subjects received feedback about the cor
ness of their responses. Task difficulty was increased o
the ten subsessions by increasing the length of the lis
sounds from which the subject had to identify the traini
region sound: a two-sound list was used in the first th
subsessions, a three-sound list was used in the next t
subsessions, and a four-sound list was used in the last
subsessions. Subjects generally completed the entire trai
phase in 45 min. Two of the 12 subjects who participated
the experiment performed below the established criter
during the training session and their data were thus exclu
from subsequent analysis.

b. Results. Figure 4~a! shows the collapsedd8 values for

FIG. 4. ~a! The collapsed d8 score for the control region of experiment
before and after training, as a function of distance from the milestone.~b!
The collapsed d8 score for the training region of experiment I, before a
after training, as a function of distance from the milestone.~c! Change in
sensitivity after training for the control and training regions in experimen
Subjects showed a significant decrease in sensitivity for the stimuli in
training region but not in the control region.
2905Guenther et al.: Effects of training on auditory space
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sounds in the control region before and after training, a
Fig. 4~b! shows the same results for the training region. S
jects were significantly worse (p,0.05) at discriminating
stimuli in the training region after training compared to b
fore training@t(5)5212.4; p,0.05#, but not in the control
region @t(5)521.48; p.0.05#. Figure 4~c! compares the
change ind8 for the control and training regions. The chan
in d8 was calculated as the percentage increase or decrea
d8 from pretest to post-test. This figure indicates that
change in sensitivity for the training set of stimuli was s
nificantly more negative@t(5)525.14;p ,0.05# than the
change in sensitivity for the control region. All ten subjec
showed a decrease in sensitivity for the training region,
eight of the ten showed a larger sensitivity decrease in
training region than in the control region.

Discriminability before and after training was also com
pared across groups using Gourevitch and Galanter’s~1967!
G statistic. Overall, as seen in Table II, there was a gen
pattern for sensitivity to worsen~indicated by the negative
values! for the training region. On the other hand, sensitiv
for the control region, across all the comparison steps,
not change significantly.

c. Discussion. The results of the first experiment indica
that it is possible to induce acquired similarity along
category-relevant dimension if an appropriate training
gime is utilized. Although the training region stimuli wer
encountered more frequently than the control region stim
during the experiment, subjects showed a reduction in t
ability to discriminate stimuli in the training region as com
pared to the control region. As mentioned in the Introdu
tion, the perceptual magnet effect also appears to be a ca
acquired similarity along category-relevant dimensions~for-
mant frequencies! for more heavily experienced stimuli. Th
main result of experiment I might thus be interpreted a
case of inducing a ‘‘perceptual magnet-like’’ effect in a no
speech modality, as predicted by the Guenther and G
~1996! neural model of the perceptual magnet effect. A
though Baueret al. ~1996! do not address the issue o
whether the conditions leading to the magnet effect in th
model are speech-specific, the results of experiment I are
inconsistent with the Baueret al.model if one assumes that
reduced cortical representation with heavy exposure can
cur for nonspeech stimuli as well as speech stimuli~see the
General Discussion, Sec. II!.

2. Experiment II

The second experiment tested whether a training r
men different from that used in experiment I could result

TABLE II. G statistic comparison for experiment I. Asterisks denote sta
tically significant (p,0.05) changes in sensitivity.

Stimulus Control Training
~jnd! G score G score

22 0.27 22.37*
21.5 20.29 22.25*
21 20.20 23.54*

1 0.15 23.46*
1.5 20.63 23.28*
2 20.73 23.20*
2906 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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a different effect on the subjects’ sensitivity to the traini
stimuli even though a similar distribution of sounds is pr
sented during training. In this experiment, a discriminati
training paradigm was used in which subjects were rep
edly asked to report whether they thought two sounds w
the same or different. Subjects were given feedback conc
ing the correctness of their responses. One might expect
this sort of training would lead to an increase in the ability
discriminate the sounds encountered during training, as
posed to the decrease in discriminability seen in experim
I for approximately the same distribution of training sound
As discussed further below, such a result would be incon
tent with the Guenther and Gjaja~1996! model of the per-
ceptual magnet effect, since that model suggests that it is
shape of the distribution of vowel-like stimuli encounter
by an infant that leads to the magnet effect, not the type
training.

Twelve adults with normal hearing participated in th
second experiment. Two subjects performed below the es
lished criterion during the training session, and their d
were thus excluded from subsequent analysis.

a. Training. The set of training stimuli for experiment I
was generated in an identical fashion to the training set
experiment I, consisting of sounds from the training regi
and band edge regions but not the control region. Care
taken to insure that the number of times each subject he
each training sound was approximately the same as in
periment I.5 During the training session, subjects listened
pairs of stimuli and indicated whether they thought the t
stimuli in the pair were the same or different by pressing
s or d key of the computer keyboard. Each training trial w
of the same form as the pre- and post-test trials as descr
at the beginning of Sec. I~see top half of Fig. 3!, except that
subjects were provided with feedback about the correctn
of their response. Each subsession consisted of 45 trials
of which involved pairs of stimuli that were the same and
of which involved pairs of stimuli that differed. There wer
ten such subsessions within the training session, and the
difficulty of the subsessions increased as follows: the ini
three subsessions required subjects to discriminate sti
that were 2 jnd’s apart, the next three subsessions invo
stimuli spaced 1.5 jnd’s apart, and the final four subsess
involved stimuli that were 1 jnd apart. Subjects genera
completed the training session in about 45 min.

b. Results. Figure 5 shows the main results for expe
ment II. Figure 5~a! shows the results of the pre- and pos
tests for the control region. Subjects became significan
worse at discriminating stimuli within the control regio
@t(5)522.54, p,0.05#. This differs from the effects of
training on the control region in experiment I, where no s
nificant change ind8 was measured, though there was a ve
small negative change in sensitivity for the control region
that experiment. Although it is unclear why there are re
tively small negative changes ind8 for the control region in
all four experiments~though not statistically significant in
experiment I!, we suspect that this may be due to subje
fatigue toward the end of the approximately 1.5-h expe
mental session. Of course, fatigue would be expected to
fect the training region as well, but the larger changes

-
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ta-
duced by training would make this small fatigue effe
difficult to detect. Because we are primarily interested in
relative effects of training on one region of frequency spa
~the training region! as compared to another~the control re-
gion!, the source of the small negative changes ind8 for the
control region was not investigated further in this paper.

Figure 5~b! shows the results of the pre- and post-te
for the training region. Subjects showed a significant
crease ind8 @t(5)52.29, p,0.05# after training. The in-
crease ind8 was significantly greater for the training regio
as compared to the control region@t(5)53.23,p,0.05; see
Fig. 5~c!#.

The general pattern for sensitivity to improve for th
training region, but not the control region, is also indicat
by theG scores listed in Table III. Note that for the trainin
region, the most positive change in sensitivity occurred
the right of the prototype of the training region. In fact, t
sensitivity for the22 and21.5 jnd stimuli did not change
significantly. Perhaps relatedly, subjects as a group sho
far fewer errors for the22 and21.5 jnd stimuli during the
pretest than they showed for the other four stimuli, with on

FIG. 5. ~a! The collapsed d8 scores for the control region of experiment I
before and after training.~b! The collapsed d8 score for the training region
of experiment II, before and after training.~c! Change in sensitivity after
training for the control and training regions in experiment II.
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nine total errors for the22 jnd stimulus and 20 total error
for 21.5 jnd stimulus as compared to 38, 53, 32, and
errors, respectively, for the21, 1, 1.5, and 2 jnd stimuli. We
thus suspect that the lack of an increase ind8 for the22 and
21.5 jnd stimuli was a ceiling effect due to the very hig
level of sensitivity for these stimuli even before trainin
which was in turn apparently due to inaccuracies in calibr
ing the jnds for a subject across the entire range of frequ
cies used in the study.

c. Discussion. The results of this experiment indicat
that the same distribution of training stimuli that led to
decreasein sensitivity for the training region in experiment
can lead to anincreasein sensitivity if the training regime is
changed to a discrimination training task. This is a case
acquired distinctiveness along a category-relevant dimen
~see also Goldstone, 1994!. Possible implications of this re
sult for neural models of the perceptual magnet effect
treated in the General Discussion~Sec. II!.

3. Experiment III

The third experiment was designed to elaborate on
training conditions required to induce the acquired similar
along a category-relevant dimension that was demonstr
in experiment I. The specific question this experiment sou
to answer was whether training with only a single exemp
from a category is sufficient to induce decreased sensiti
in its immediate region of acoustic space. It is possible tha
listener must experience many exemplars from the same
egory in order to induce acquired similarity. This scena
makes sense if one takes the view that acquired similarit
a case of learning to ignore differences between exemplar
the same category; if subjects hear only one exemplar
category, there are no differences between category ex
plars to learn to ignore.

Eleven adults participated in the third experiment. O
subject’s performance did not meet the established criter
and this subject’s results were thus not included in the an
sis.

a. Training. This experiment involved a categorizatio
training regime that differed from that of experiment I
only one respect: instead of hearing different exemplars fr
the training region when performing either a listening
identification trial, subjects always heard the same exemp
milestone B~see Fig. 2!.

b. Results. Figure 6 shows the main results for expe
ment III. Figure 6~a! shows pre- and post-test results for t
control region. As in experiment II, subjects became sign

TABLE III. G statistic comparison for experiment II. Asterisks denote s
tistically significant (p,0.05) changes in sensitivity.

Stimulus Control Training
~jnd! G score G score

22 20.48 20.01
21.5 21.21 0.45
21 21.15 1.87*

1 0.46 2.74*
1.5 0.89 3.83*
2 20.80 3.81*
2907Guenther et al.: Effects of training on auditory space
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cantly worse at discriminating stimuli within the control r
gion @t(5)522.98, p,0.05#. Again, general fatigue may
have been a factor in this decrease in sensitivity. Subj
also became significantly worse at discriminating stimuli
the training region@Fig. 6~b!; t(5)522.04,p,0.05#. More
importantly, the change in sensitivity for the training regi
was not significantly different from the change in sensitiv
for the control region@t(5)50.30,p.0.05; see Fig. 6~c!#. In
other words, using only a single exemplar from the train
region during training did not lead to a significant decrea
in discrimination performance for the training region as co
pared to the control region.

TheG scores are shown in Table IV. The change acr
most of the testing distances after training was not signific
for either the training or the control region, except in the ca
of the 1.5-jnd step to the right of the control milestone. T
decrease for the training region was not significantly lar
than the decrease for the control region. This indicates
training with only one exemplar of a category does not le

FIG. 6. ~a! Thecollapsed d8 scores for the control region of experiment II
before and after training.~b! Thecollapsed d8 scores for the training region
of experiment III, before and after training.~c! Change in sensitivity after
training for the control and training regions in experiment III.
2908 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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to significant acquired similarity in the immediate region
that exemplar.

c. Discussion. In both experiments I and III, the overa
change for the control and the training regions was in
negative direction. However, the decrease in sensitivity
the training region in experiment I was highly significa
when compared to the change in the control region, while
analogous comparison in experiment III was not significa
This suggests that a single category exemplar is not suffic
to induce acquired similiarity in the neighborhood of th
category exemplar, or at minimum that a single exemp
does not induce as much acquired similarity as multiple
emplars. Perhaps relatedly, Goldstone~1994! was not suc-
cessful in using two exemplars to induce acquired simila
of a category-relevant dimension for visual stimuli differin
along two dimensions. A possible explanation for the succ
in inducing acquired similarity in experiment I and the fa
ure to do so in experiment III and Goldstone~1994! is that
many exemplars of a category, not just one or two,
needed to noticeably decrease sensitivity along a categ
relevant dimension.

4. Experiment IV

Several investigators have suggested that the brain’s
resentation of sounds can be broken into two differ
memory modes: a continuous auditory memory mode t
consists of a reasonably accurate representation of a s
that decays relatively rapidly after the stimulus goes away
is interrupted by a new auditory stimulus, and a more ‘‘d
cretized’’ or ‘‘categorical’’ mode that can be maintained
memory for a longer period of time, e.g., for comparison to
second stimulus in a discrimination task with a relative
large interstimulus interval~ISI!. When investigating speec
sounds, Pisoni~1973! referred to the different memory form
asauditory modeandphonetic mode. In a model of sound-
intensity discrimination, Durlach and Braida~1969! delin-
eated two memory modes that they termedsensory-trace
mode and context-coding mode; these modes are roughl
analogous to Pisoni’s auditory mode and phonetic mode,
spectively. Macmillan, Goldberg, and Braida~1988! ex-
tended the Durlach and Braida~1969! model to explain ex-
perimental results involving speech stimuli. Since we are
dealing with speech stimuli directly in this experiment, w
will use the termssensory-trace modeand context-coding
modehere.

The purpose of experiment IV was to determine whet
the acquired similarity induced in experiment I could be b

TABLE IV. G statistic comparison for experiment III. Asterisk denot
statistically significant (p,0.05) changes in sensitivity.

Stimulus Control Training
~jnd! G score G score

22 1.51 20.16
21.5 20.02 1.05
21 20.65 1.50

1 0.8 20.38
1.5 2.44* 20.92
2 0.75 0.29
2908Guenther et al.: Effects of training on auditory space
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ter characterized as a result of changes in the sensory-
mode or the context-coding mode of auditory memory. It
usually assumed that increasing the ISI and/or adding a b
noise burst between two stimuli interferes with the senso
trace mode of memory more than context-coding mode~e.g.,
Repp, 1984; Werker and Pegg, 1982!. Given the relatively
long ISI of experiment I and the use of a noise burst betw
the two stimuli in a discrimination trial, one might reaso
ably conclude that the effect measured in that experim
primarily involved the context-coding mode of audito
memory. In experiment IV, the ISI during discriminatio
training was reduced and the interstimulus noise was
moved in order to better gauge whether the acquired sim
ity demonstrated in experiment I is also manifested in
sensory-trace mode of auditory memory.

a. Training and testing. The training and testing stimul
used in experiment IV are shown in Fig. 7. The traini
regime for experiment IV was identical to that of experime
I, and the training stimuli were generated in the exact sa
fashion as in that experiment. The testing procedure for
periment IV involved an ISI of 250 ms and there was
distractor noise between the two stimuli~see Fig. 3!. In a
pilot experiment, it was determined that these manipulati
allowed subjects to discriminate the test stimuli almost p
fectly. This invalidated thed8 measures, since they are on
accurate if a significant number of errors are made dur
testing. In order to obtain an accurated8 measure with the
shorter ISI, the stimuli used in the testing sessions of exp
ment IV had to be more closely spaced than they were in
earlier experiments. Test stimuli for experiment IV were
cated at 0.75, 1.125, and 1.5 jnd units6 above and below the
milestones in the control and training regions, as compa
to a spacing of 1, 1.5, and 2 jnd units in experiment I. T
placement of the milestones and the positioning of the b
edges regions were not affected by this change.

b. Results. Figure 8 shows the collapsedd8 scores for
the control region@Fig. 8~a!# and training region@Fig. 8~b!#
before and after training. A significant decrease in sensitiv
occurred for both the control region@t(5)525, p,0.05#
and the training region@t(5)523.8, p,0.05#. The change
in the training region was not significantly different from th
change in the control region@t(5)520.63, p.0.05; see
Fig. 8~c!#. The G scores for experiment IV are presented
Table V, with the group change ind8 reaching significance

FIG. 7. The training and testing stimuli for experiment IV. Training stim
were generated in exactly the same manner used in experiment I. Te
stimuli were more closely spaced than in experiments I–III to compen
for increased discriminability of the test sounds due to the shorter ISI
removal of the interstimulus noise burst. See the text for details.
2909 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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for only one test stimulus~21 jnd in the training region!.
c. Discussion. The results of this experiment indicat

that the use of a shorter ISI and no noise burst between
two stimuli in the sensitivity testing trials essentially erad
cates the acquired similarity found in experiment I desp
the use of the same training regime as in that experim
Since decreasing the ISI and removing the noise burst
sumably favors a sensory-trace memory mode ove
context-coding memory mode, this result suggests that

ing
te
d

FIG. 8. ~a! Thecollapsed d8 scores for the control region of experiment IV
before and after training.~b! Thecollapsed d8 scores for the training region
of experiment III, before and after training.~c! Change in sensitivity after
training for the control and training regions in experiment IV.

TABLE V. G statistic comparison for experiment IV. Asterisk denotes s
tistically significant (p,0.05) changes in sensitivity.

Stimulus Control Training
~jnd! G score G score

22 1.56 1.39
21.5 0.54 1.42
21 0.23 1.90*

1 0.32 20.53
1.5 0.31 1.35
2 0.45 0.10
2909Guenther et al.: Effects of training on auditory space
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acquired similarity seen in experiment I was primarily as
ciated with the context-coding mode of auditory short-te
memory. This result is consistent with the hypotheses
Macmillan et al. ~1988!, Pisoni ~1973!, Repp ~1984!, and
Werker and Pegg~1992! that a shorter ISI can diminish th
categorical nature of the responses made by an observe

II. GENERAL DISCUSSION

Figure 9 is a composite plot of the totald8 measures
collapsed across subjects before and after training in all
experiments. The left side of this figure illustrates that
change in sensitivity in the control region due to training
all four experiments was negative, though this change
relatively small and did not reach statistical significance
experiment I. Because the control region stimuli were
presented during training, we suspect that these small n
tive changes ind8 were the result of generally poorer perfo
mance in the post-test as compared to the pretest, per
due to subject fatigue near the end of the roughly 1.5-h-lo
experimental session~see Sec. I E2 b!.

The right half of Fig. 9 illustrates thed8 measures for
the training region before and after training. The results
the first two experiments indicate that, depending on
training regime, it is possible to induce either an increase
a decrease in the discriminability of a set of auditory stimu
The first experiment indicated that categorization training
which subjects were asked to identify sounds belonging
small region of frequency space as members of the s
category, led to a decrease in the discriminability of stim
within this small range. That is, subjects exhibited acqui
similarity along the category-relevant dimension of cen
frequency of the narrow-band noise stimuli. The third a
fourth experiments helped elucidate some of the neces
conditions for attaining this acquired similarity. In expe
ment III, the small range of frequencies corresponding to
learned category in experiment I was shrunk down to
single exemplar during training. This eliminated the acqui
similarity seen in experiment I, suggesting that a liste
needs to be exposed to different examples of a category
ing training, not just a single exemplar, in order to decre

FIG. 9. Totald8 in the control and training regions before and after traini
for experiments I through IV.
2910 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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the listener’s ability to discriminate between stimuli fallin
near the center of the category. In experiment IV, it w
shown that a testing regime that favors a hypothesi
sensory-trace mode of auditory memory over a conte
coding mode~e.g., Durlach and Braida, 1969; Pisoni, 197
Macmillan, Goldberg, and Braida, 1988! weakens the ac-
quired similarity effect of training, suggesting that catego
zation training primarily affects the context mode of memo
processing.

If we are to fully understand the neural processes t
lead to experience-based warpings of auditory space suc
the perceptual magnet effect, it is important to formulate a
test hypotheses regarding the neural mechanisms under
these phenomena. The Guenther and Gjaja~1996! and Bauer
et al. ~1996! models of the perceptual magnet effect attribu
it to neural map formation properties in auditory brain are
such as the primary auditory cortex. According to both
these models, the learning process during which infants
velop phonemic categories involves a change in the distr
tion of firing preferences of cells in auditory cortex. Th
change in the auditory neural map for vowel-like sounds
hypothesized to underlie the perceptual magnet effect.

Because the Guenther and Gjaja~1996! model posits
that the magnet effect results from neural map format
properties that are not specific to speech stimuli, it pred
that exposing a listener to new, nonspeech auditory stim
within a training regime that appropriately mimics the lear
ing of phonemic categories by an infant should lead to
similar change in the distribution of firing preferences
cells coding these stimuli in auditory cortex. This change
the auditory neural map should in turn result in a measura
‘‘perceptual magnet-like’’ effect for these auditory stimu
That is, we should see a decreased ability for subjects
discriminate the training stimuli. The results of experimen
supported the prediction of decreased discrimination in
heavily experienced training region due to categorizat
training. Though not predicted by Baueret al. ~1996!, the
results of experiment I are not inconsistent with the th
model if one assumes that the reduced cortical representa
for heavily experienced sounds that underlies the magne
fect in the model results from a particular kind of trainin
rather than from speech-specific neural mechanisms, as
hypothesize below.

The results of experiment II indicated that the decre
in sensitivity was related to the categorical nature of
training task used in experiment I, since a discriminati
training task led to anincreasein the ability to discriminate
training stimuli in experiment II. This result conflicts wit
the Guenther and Gjaja~1996! model, since this model posit
that it is the distribution of training stimuli, not the type o
training, that leads to the magnet effect. Baueret al. ~1996!
do not speculate on what training conditions might be
quired to induce a perceptual magnet-like effect, but th
model allows for different training conditions to have diffe
ent effects on the size of the representation of train
stimuli in the neural map. Based on the results of the curr
experiments, we propose that discrimination training and c
egorization training have opposite effects on the size of
neural representation of the training stimuli. This hypothe
2910Guenther et al.: Effects of training on auditory space
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in combination with the neural map model of Baueret al.
~1996!, is schematized in Fig. 10. The left side of the figu
corresponds to a categorization training situation, as in
periment I. The top and bottom panels schematize the a
tory map as a function of acoustic space before and a
training, and the middle panel schematizes the distributio
training stimuli in acoustic space. In categorization trainin
heavy exposure to a set of training sounds leads to fe
cells coding these sounds in the auditory map, and the re
ing smaller cortical representation diminishes a listene
ability to differentiate sounds in this region of acous
space. This is how the Baueret al. ~1996! model, with an
appropriate parameter choice that leads to a negative ma
fication factor for the cortical representation, accounts for
perceptual magnet effect. The right side of Fig. 10 cor
sponds to a discrimination training situation, as in expe
ment II. Here, more cells in the map become tuned to
most frequently encountered training stimuli, and the res
ing larger cortical representation increases the listener’s a
ity to differentiate sounds in this region of acoustic spa
This learning situation corresponds to the ‘‘classical’’ form
lation of a self-organizing feature map in the computatio
neuroscience literature, in which increased exposure to a
of stimuli leads to a larger cortical representation for tho
stimuli ~e.g., von der Malsburg, 1973; Grossberg, 1976; K
honen, 1982!, and can also be accounted for by using a po
tive magnification factor in the Baueret al. ~1996! model.
We are currently testing predictions of the hypothesis ill

FIG. 10. Hypothesized changes in the neural map in auditory cortex
result of categorization training~left; experiment I! and discrimination train-
ing ~right; experiment II!. The x- andy-axes of all plots correspond to two
acoustic dimensions, such as the first two formant frequencies. Thez-axis
corresponds to the number of cells in the map devoted to each regio
frequency space~top and bottom plots! or the number of training stimuli
from that region of frequency space~middle plots!. Categorization training
leads to a decrease in the number of cells coding the most frequently
countered stimuli, whereas discrimination training leads to an increase in
number of cells coding the most frequently encountered stimuli.
2911 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999
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trated in Fig. 10 using functional magnetic resonance im
ing techniques.
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1The term ‘‘warping’’ in this article refers to nonuniformities above an
beyond the roughly logarithmic relationship between perceptual space
frequency in Hertz, as estimated by the bark and mel scales.

2It is difficult to ascertain the typical distribution of speech sounds heard
an infant during the first years of life, particularly given that most infan
are exposed to ‘‘motherese’’ in which phonemes are often spoken in
exaggerated fashion as compared to casual speech. If one simply coun
number of occurrences in the Peterson and Barney vowel formant
quency database of /{/ sounds falling within a 120-mel radius of the proto
typical and nonprototypical /{/ sounds used by Kuhl~1991!, one finds that
there are indeed more /{/ examples near the protypical /{/ than near the
nonprototypical /{/. This evidence should be viewed as weak, however,
no female or child utterances of /{/ in the database fall within the 120-me
radius of either the prototypical or nonprototypical /{/ of Kuhl ~1991!.

3Steps were taken to ensure that stimuli differing in center frequency w
played at the same absolute intensity level~dB SPL!.

4Typical jnd measures determined in the calibration phase ranged betw
10 and 50 Hz for the different subjects.

5Because subjects in experiment I could choose to perform fewer tha
listening trials during each training subsession, the total number of ti
that each sample was heard during training varied from subject to sub
However, subjects usually used all 15 listening trials per subsession.
training stimulus distribution for experiment II was thus chosen to ma
the training distribution for experiment I under the assumption that
listening trials were used.

6Because the jnd was estimated in the calibration phase using a longe
and an interstimulus noise burst, it is expected to be larger than the jnd
the stimuli as presented during the pre- and post-tests, which had a sh
ISI and no interstimulus noise burst.
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