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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 Amerid&0001-49669)00411-1

PACS numbers: 43.71.An, 43.66.BAVIH]

INTRODUCTION visual shapeglLane, 1965; Goldstone, 1994and morphed
faces along an intriguing “John F. Kennedy to Bill Clinton”
It is well-known that our perceptual spaces for somecontinuum(Beale and Keil, 1996
auditory stimuli, such as phonemes, are warped. That is, the Researchers have also shown, relatively recently, that
perceptual distance between two stimuli, as evidenced by #e perceptual space for some synthetic vowels and semi-
subject’s ability to discriminate them, is not always aVOWels appears to be warped.g., Aaltonenet al, 1997;
straightforward function of their distance as measured alon§/ersonet al, 1994; lverson and Kuhl, 1994, 1995; Kuhl,

physical dimensions such as frequency or ti'nEeninsh stop 991, 1995, Kuhletal, 1992; Sussman_ and ITauckner-
Morano, 199%. Kuhl (1991 referred to this warping as a

consonants, for example, have long been known to exhibit ., ]
categorical perceptiofsee Jusczyk, 1986; Liberman, 1996; pergeptual magnet effect,” thus dlgtlngU|sh|ng It ffom cat-

, i ' ' ' ' egorical perception. Roughly speaking, the effect is charac-
L_|eberman and Blurr?steln_, 1988; and Repp, 1_984 for re_’[erized by a warping of perceptual space such that acoustic
views). For example, if subjects are presented with syntheuq)‘.memS near phonemic category prototypes are perceived as
speech stimuli created by varying the second formant transkjoser together than equally spaced acoustic patterns that are
tion in small steps through a range corresponding to the phdurther away from phonemic category prototypes. According
nemes/, /d/, and g/, they show very poor discriminability to the Kuhl et al. account, the magnet effect differs from
when two stimuli both fall within one of the categories and categorical perception in that it is characterized by differ-
very good discriminability for stimuli that straddle category ences in discriminability for prototypical vs nonprototypical
boundaries, even though the stimulus pairs in these two cas&§muli that fall within thesamephonemic category. Specifi-
are equidistant in frequency spadabermanet al, 1957; cally, better discrimination is found near nonprototypical
Eimas, 1963 Other experiments have shown similar cat-Meémbers of a category than near prototypical members.

egorical effects for voice onset tin®OT) distinctions be- Howevgr, other researchers have claimed that categorlical
tween A/ and #/ (Libermanet al, 19618 and betweent/ perception and the perceptual magnet effect are essentially

) . the same. For example, Lotto, Kluender, and HA!998
and p/ (Libermanet al, 19613. Similar effects have also conclude from their study that the magnet effect “may be

been reported for a variety of nonspeech stimuli, inCIUdingnothing more than further demonstration that general dis-
melodic musical interval$Burns and Ward, 19%8simple  riminapility is greater for cross-category stimulus pairs than
for within-category pairs” (p. 3648. By either account,
dElectronic mail: guenther@cns.bu.edu though, the perceptual space for vowels and semivowels ap-
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pears to be warped, although apparently not as dramaticallyy Liberman(1957 wasacquired similarity also referred to
as for consonants. by some authors ascquired equivalencdn acquired simi-

It is very likely that some of the warping of auditory larity, sounds that were originally distinguishable from each
space is “built in” to the auditory nervous system. Evidenceother become less distinguishable after repeatedly being cat-
for this comes from studies of auditory perception in animalsegorized together. It has been noted that very young infants
and newborn infants. For example, the discriminability byare capable of making some acoustic distinctions that be-
chinchillas of changes in VOT for stimuli varying between come more difficult to make later in life if those distinctions
[da] and[ta] is nonuniform and peaks at a VOT of about 30 are not used to differentiate phonemes in the infant’s native
ms, which is near the voiced/voiceless boundary in Englishanguage(e.g., Eimas, 1975; Goto, 1971; Miyawakt al,
(Kuhl and Miller, 1975, 1978; Kuhl, 1991A similar result ~ 1975; Werker and Tees, 1984These results appear to be
was also reported for macaque monkéshl and Padden, examples of acquired similarity for a category-irrelevant
1982. Increased discriminability was also found at thestimulus dimension, i.e., a physical dimension which does
Ibl—Id/ and H/-/g/ phonetic boundaries of a continuum of not provide any information about category membership.

F2 transition onset frequencies in the macaque monkey Goldstone(1994 reported another example of acquired
(Kuhl and Padden, 1983Eimaset al. (1971 showed that Similarity for a category-irrelevant dimension in adults per-
human infants 1-4 months old produced evidence of cafforming a categorization learning task utilizing visual
egorical perception for the voiced/voiceless distinction, fur-stimuli. Participants were trained to categorize visual stimuli

ther suggesting that this effect is a consequence of auditoriiat differed along two dimensioribrightness and sizeFor
mechanisms that are present at birth. some subject groups, only one stimulus dimension was rel-

evant for the categorization task. Goldstofi®94) found
one case of acquired similarity for a category-irrelevant di-
Other aspects of the warping of auditory space appear tension, but no instances of acquired similarity were found
arise from learning, rather than from built-in properties offor category-relevant dimensions.
the auditory system. Evidence for this view comes from  However, if acquired similarity is playing a role in
cross-language studies, since differences in the locations é#arned instances of categorical perception and the percep-
warping in auditory space across languages are presumablyal magnet effect, it must involve categaslevantdimen-
the result of learning driven by linguistic experience. Onesions. The very notion of “nearer to the category boundary”
example of such a difference is the small but systematic difthat is commonly used to describe these phenomena implies
ference in the VOT boundary for the voiced/voiceless disthat we are talking about category-relevant dimensions, such
tinction across languagés.g., Lisker and Abramson, 1970 as formant frequencies for vowels. Although attempts have
Another example is the language specificity of the warping?€en madée.g., Goldstone, 1994acquired similarity for a
of auditory space for vowels as measured in studies of théategory-relevant dimension has apparently not been shown
perceptual magnet effect. In a study of 6-month-old Englistexperimentally(Liberman, 1996, pp. 18-19
and Swedish infants presented with English and Swedish
vowel stimuli, Kuhlet al. (1992 found that infants had more B. Considerations from experimental and theoretical
difficulty discriminating between stimuli falling near a pro- neuroscience
totypical vowel from their native language than stimuli fall- It seems reasonable to assume that infants are more
ing near a prototypical vowel in the non-native language. commonly exposed to prototypical examples of a speech
The experiments described in the current article weresound than nonprototypical examples during the learning
designed to investigate learned warpings of auditory percefprocess that leads to the perceptual magnet effBerhaps
tual space. Because the experiments were designed in parti@atedly, many neurophysiological studies of sensory maps
test neural network models of the perceptual magnet effediave shown that disproportionately large exposure to a par-
(as described in the next sectjprand because the magnet ticular type of stimulus typically leads to a larger cortical
effect is one of the most heavily studied examples of aepresentation for that stimulus. For example, kittens reared
learned warping of auditory space, we will frequently refer toin a visual environment consisting only of vertical stripes
it when discussing our experimental results. We do not meaRave more visual cortex cells tuned to vertical contours than
to imply by this that the perceptual magnet effect should beittens reared in a normal environmefe.g., Rauschecker
considered as a separate phenomenon from learned instaneggl Singer, 1981 Analogous results have been found in
of categorical perception. other sensory modalities. Preferential stimulation of a digit in
Liberman (1957 identified two possible learning pro- monkeys leads to a larger cortical representation for that
cesses that might underlie categorical perception. The firstligit in somatosensory cortexJenkins, Merzenich, and
acquired distinctivenesss defined as an increase in percep-Ochs, 1984; Jenkinst al, 1990. In the auditory realm, Re-
tual sensitivity for items that are repeatedly categorized difcanzone, Schreiner, and Merzenid®93 found that repeat-
ferently in a learning situation. Libermafi957 reported edly exposing monkeys to tones in a particular frequency
evidence for acquired distinctiveness in detecting duratiomange during learning of a tone discrimination task resulted
differences for speech sounds versus nonspeech sounds, andan increase in the area of auditory cortex preferentially
later studies provided further examples of acquired distincactivated by sounds in the trained frequency range and a
tiveness for nonspeech stimulus s@g., Lane, 1965; Gold- concomitant increase in the discriminability of the training
stone, 1994 The second possible learning process identifiedones.

A. Experience-based warping of auditory space
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new vowel stimuli during a training period. The Baedral.
(1996 model has a similar structure and function, differing
primarily in the equations governing changes in the synaptic
weights projecting to cells in the auditory map.

Though developed independently, the basic idea behind
the Guenther and Gjajd 996 and Baueet al. (1996 mod-
els is the same. Exposure to vowel sounds in the early
months of life causes changes in the distribution of firing
preferences of neurons in an infant’s auditory map. For ex-
Fixed-weight ample, in the Guenther and Gjaj&996 model, more cells

Connection

AUDITORY
MAP

—p

FORMANT i 1
TN TATION @D @D @ @ - Modifiable in the auditory map become t.uned to the vowe_l sounds Fhat
Fi+ Fl. F2+ F2. Synapse the infant hears most often. It is these changes in the auditory
map that underlie the perceptual magnet effect in both mod-
FIG. 1. Schematic of the Guenther and Gj&}j896 neural network model els

of the perceptual magnet effect. See the text for details.

Although the Guenther and Gjajdl996 and Bauer
et al. (1996 models are similar in many respects, they differ

It is also commonly believed that, all else being equal,n how they account for the apparent paradox described
stimuli that have a larger cortical representation are morabove. In the Guenther and GjadjE996 model, the paradox
easily discriminated from one another than stimuli that haveds accounted for by differences in the training distributions
a smaller cortical representation. For example, the corticafor categorical stimuli as compared to noncategorical stimuli,
representation of the fingers in human somatosensory cortaxhere categorical stimuli are those that are typically per-
is disproportionately large when compared to the representaeived as members of a discrete set of categofées.,
tion of the back, and, correspondingly, humans are typicallyspeech soundsand noncategorical stimuli are those that are
much better at discriminating tactile stimuli with their fingers not typically perceived in this wafe.g., pure tonés Specifi-
than with their backse.qg., Kandel, 1985 Similarly, the pri-  cally, it is suggested that the training distribution of categori-
mary visual cortex representation of the high-resolutionca| stimuli has relatively sharp peaks near the category pro-
foveal area of our retinas is much larger than the representgotypes(i.e., infants hear many more examples of vowel-like
tion of the low-resolution visual periphery. . sounds that fall near prototypical vowels than near nonpro-

If one assumes that frequent exposure to a stimulus leadgypical vowels, as compared to the typically flatter distri-
to a larger cortical representation, and that larger cortications of noncategorical stimuli. This sharply peaked train-
representations lead to better discriminability, then one Se&Rg distribution leads to a similarly peaked distribution of
a paradoxical aspect of the perceptual magnet effect: in they firing preferences in the neural map, and this in turn
magnet effect, discriminability of more frequently encoun- leads to a warping of perception toward the more prototypi-
tered stimuli (prototypical vowel$ is worse than discrim- cal exemplars due to population coding in the nervous sys-
inability of less frequently encountered stimyfionproto- tem. The details of this process are presented in Guenther

:eyprIC:rlla\tlic()) nglgf;)rTmZ reecrir;t t:ZlIJrr?:aniglroéltffegoidneltser[r)r?ssno nd Gjaja(1996); for current purposes, it suffices to note that
P P P 9 his model predicts that it is the distribution of training

experience-based formation of neural maps in the auditory,. . o
) timuli, not the type of training, that leads to the perceptual
system (Bauer, Der, and Herrmann, 1996; Guenther an
magnet effect.

Gjaja, 1996. These models are of interest because they make .

cIJeaJ\r prediitions about the organization of the brain tr?/at can In thg Bgueret al. (199 model, it 'S assumed that, for

be tested using recently available imaging techniques such ggme St'mL."" the neural map formation process leads to

functional magnetic resonance imagifgVRI) or positron smaller corthal r_epresentatlons for the most.frequently en-

emission tomographyPET). qountered stlml_Jll, rather than thg Iarger cortlcgl represgnta—
A schematic of the Guenther and Gj&je996 model is tions reported in the neurophysiological stud!es described

provided in Fig. 1. The model uses two layers of neurons@P0ve- Although not treated by Baueral, we infer here

referred to as the formant representation and the auditorf?@t differences in the learning situation for categorical
map, connected by a set of modifiable synapses. When prélimuli as compared to noncategorical stimuli lead to this
sented with a vowel input, the formant frequencies of thedifference in how the cortical representation changes size for
vowel are represented by the formant representation cellghese stimuli. In other words, whereas discrimination training
Signals projecting from these cells to the auditory mapleads to a larger cortical representation for the most fre-
through modifiable synapses lead to the activation of a subs@uently encountered stimuli, categorization training leads to
of the cells in the auditory map. The strengths of the syna smaller cortical representation for the most frequently en-
apses determine which cells become active in the auditorgountered stimuli. Although the differential effects of differ-
map. The strengths of the synapses are then modified in @nt types of training in the Baueat al. model may seem
manner that depends on the pre- and post-synaptic cell atore intuitive from a learning perspective, the Guenther and
tivities, thus changing the “firing preferences” of the cells Gjaja model is more in line with the traditional view of neu-
(i.e., the vowel stimuli that maximally activate the ceglis ral map formation in the computational neuroscience litera-
the auditory map. This process is carried out repeatedly withure.
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C. Goals of the current experiments Control Region Band Edges Training Region Band Edges
. . - - - ———— -
The first purpose of the current studies was to observe

whether it is possible to induce acquired similarity for a
category-relevant dimension of nonspeech stinfaliditory 1]
noise stimulj using a categorization training task. This type C
of induced “perceptual magnet effect” is predicted by the rrr

Guenther and Gjaj&1996 model since this model attributes -~ 00 He ey
the reduced discriminability near a category prototype to Ll e in

neural map formation principles that are not specific to

speech. Although this sort of acquired similarity had beerf!G. 2. The range of frequency space within which different types of stimuli

; i : ; : : were generated. Milestone A and its neighbors form the control region and
identified as a possible learning mechanism underlying ca ilestone B and its neighbors form the training region. Regions spanning 4

egorical perception several decades &ga., Liberman, jnds on either side of the training region are called “band edges.” See the

1957; Lane, 1965 it apparently has not been demonstratedtext for details.

experimentally(Goldstone, 1994; Liberman, 1996A sec-

ond purpose of the current study was to investigate some @&. Apparatus and stimuli

the learning conditions that are necessary to reduce sensitiv- - . .
The stimuli for all experiments were narrow-band fil-

ity for frequently encountered stimuli, if it is indeed possible . : : )
. ) : tered samples of white noise with different center frequen-
to induce such an effect. A final purpose of this study was to_.

: cies. The center frequencies of the passband ranged between
test between the Guenther and Gje}a96 and Baueket a_I. 1000 and 3500 Hz. The bandwidths of the stimuli were cho-
(1996 neural models of the perceptual magnet effect in or-

der to form a clear and testable hypothesis concerning th%en to be equal in mel space, with the stimulus at 2500 Hz

. : aving a bandwidth of 100 Hz and the bandwidths of all
properties of the nervous system that lead to this effect. Most,. = . - I~
. . stimuli falling within the range of 90—-130 Hz. The stimuli

of the experimental results reported herein have been pre-

sented in preliminary form in conference publicaticsg were generated at a sampling rate of 16 kHz using Entropic’s
Husain and Guenther, 1998a.b ESPS/WAVESSoftware on a Sun SPARCstation 10 by filtering

white noise through a bandpass filter linear phase finite-
impulse response filter created using a weighted mean-square

error criterion with a falloff of approximately 20 dB per 100
I. EXPERIMENTS Hz.

Milestone A Milestone B

I Y I | | [ -

L | |
- ||||||I||II|II=

i R B R

The sound files were sent through an Ariel D/A con-
verter to both speakers of a set of headphones worn by the
§ubject while sitting in a quiet room. The sounds were played
at a level the subjects deemed most comfortatijgically

Four experiments were performed. All experiments con
sisted of four phases: a calibration phase in which a subject
detection threshold for auditory stimuli like those used in

later phases of the experiment was determined, a preteg ound 75 dB. Subjects’ responses were entered using the

phase to determine baseline sensitivity, a training phase, a ouse and keyboard of the computer that controlled the pre-
a post-test phase to measure any change in sensitivity th@éntation of stimuli

may have resulted from training. Experiments I, II, and Il
used the same testing procedure; these experiments differ%d Calibration phase
only in the type of training the subjects underwent during the ™
training phase. The pre- and post-tests for experiment IV~ Each individual subject’s threshold for discriminating
were modified slightly from the others. The common aspectghe stimuli was established at the beginning of the experi-
of the experimental design are treated in the following parament. This was done to account for rather large intersubject
graphs. differences in the ability to discriminate between the
stimuli.* An adaptive up—down staircase metH@& same—
different paradigmwas used to determine the discrimination
threshold. Stimuli for this procedure consisted of narrow-
Subjects were male and female adults between the agémnd white noise centered at different frequencies around
of 18 and 50 with no history of speech, language, or hearin@500 Hz with a bandwidth of 100 Hz. The step size that
disorders. Subjects were compensated at the rate of $8 aifted the center frequency of the noise stimuli was fixed at
hour. Each subject participated in a single experimental se& Hz. Thresholds were determined both for frequencies
sion, consisting of a calibration phase lasting approximatelyower than and greater than 2500 Hz. The final threshold was
15 min, a pretest lasting approximately 15 min, a trainingthe average of these two thresholds. This threshold, specified
session lasting approximately 45 min, and a post-test lastinip mel units, was used as an estimate of the just noticeable
approximately 15 min, for a total session length of approxi-difference (jnd) for that particular subject throughout the
mately 1.5 h. No subjects were used in more than one exange of frequencies used in the experiment.
periment. A subject’s results were excluded from analysis if ~ The stimuli for the remainder of the experiment were
the subject did not perform within a previously determinedgenerated based on this jnd measure, as shown in Fig. 2. The
criterion on the training task, as described below. Subjectiashmarks on theg-axis of this figure are spaced 1 jnd apart.
had no prior knowledge regarding the purpose of the experiFirst, a reference stimulus, labeled “milestone B” in Fig. 2,
ment. was located at 3200 Hz. This stimulus and six additional

A. Participants
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stimuli spaced+1, 1.5, and 2 jnd from it constitute the TABLE I Generation of pairs of stimuli for the AX same—different dis-

“training region” of frequency space. Next, a second refer- crimination testsM stands for milestone, and subscripts denote the distance
- - : ’ om the milestone in jnd units.

ence stimulus, milestone A, was located at a frequency 1t|r :

jnd’s less than milestone B. Milestone A and stimuli spaced A X Type of trial Number
+1, 1.5, and 2 jnd from it constitute the “control region” of v v s

. . .. . ame 16
frequency spaceThe spacing used for the stimuli in experi- M, Different 8
ment IV was slightly different; this will be addressed in the M_is Different 8
description of that experimentn the pre- and post-tests, the M M_, Different 8
subject’s sensitivity to stimuli in both the control region and M M. Different 8
the training region was measured by estimatitighetween m m*“ 3:2222: 2
the milestones A and B and their neighboring stimuli. 2 Total 64

Stimuli in the training region were involved in the training
phase in a manner specific to the particular experiment;
stimuli in the control region were not encountered during
training. Comparison of the difference between pre- andn the fourth experiment, the ISI was 250 ms and there was
post-test results for the training and control regions providesio white noise between the two stimuli. The noise burst was
information about the effects of training on the listener'sadded in the first three experiments to favor a categorical
sensitivity to the training region stimuli. This design partially mode of sensory processing; this topic is discussed further in
controls for shifts in response bias which may occur over thehe description of the fourth experimef8ec. | E 4.
roughly 45-min training period separating the pretest and  Trials were presented in random order. Subjects indi-
post-test. cated whether they thought the tones they heard were the
The training regimes used in the experiments requiredame or different by pressing thes* or “ d” key on the
the use of stimuli from outside of the training region but notkeyhoard. Subjects generally completed a test in 15 min.
in the control region. These additional stimuli were chosen The Change in Sensitivity between pre- and post-tests
from a uniform distribution over two regions of frequency was analyzed for the group of subjects. Analysis of each
space labeled “band edges™ in Fig. 2: a 4-jnd-wide regionsypject’s sensitivity ¢’) was performed using both hit and
between the training region and the control region, and 3g|se-alarm rates. Groupy scores were then calculated from
4-jnd-wide region located above the training region in fre-these individual measures to produce a collagtetheasure
quency space. There was a separation of 1.5 jnd’s betweqRjacmillan and Creelman, 1991; Macmillan and Kaplan,
the band edges and both the training and control regions. 1985. This measure has been used by researchers such as
Sussman and Lauckner-Morari@995 to investigate the
perceptual magnet effect. Pairwigeests (Howell, 1992
Tests were conducted to measure subjects’ sensitivitiegompared pre- and post-trainig scores to test for signifi-
to differences in the auditory stimuli for both the control and cant change in both the training region and the control region
training regions before and after training. The pre- and posttwhose sounds did not occur during the training segsion
test sessions for the same experiment were identical. Thehanges in sensitivity for the training region were then com-
tests measured discriminability around milestone A andared to changes in sensitivity for the control region.
milestone B(see Fig. 2 Tests were conducted in two blocks Discriminability was compared across groups of sub-
of 64 trials each, using an AX same—different paradigm. Ongects using thes statistic(Gourevitch and Galanter, 1967, p.
block of trials measured sensitivity in the control region, 27) which allows for comparison of grougy measures. The
while the other block measured sensitivity in the trainingG statistic tests the significance of the difference of the pre-
region. The order of presentation of the blocks was varied foand post-trainingd’ scores by considering the number of
different subjects, with roughly half the subjects performingobservations per data poiftO subjectx8 trials=80 obser-
tests with the control block first and the other half perform-vations per data point
ing tests with the training block first. Subjects were not pro-
vided feedback concerning the correctness of their responses

D. Pre- and post-test phases

in the pre- and post-tests. . ) stim2 Experiments
Each trial within a block was composed of a pair of e LILH

stimuli. The first stimulus of the pair was always the mile- 500 ms 250 ms 500 ms

stone. The second stimulus of the trial was either the mile- ~ ~"""> =& =7

\j

stone again or any of its neighbors in the corresponding re- %
gion, as shown in Table I. A total of 7 distinct pairs of

stimuli was generated for each block, with 6 being “differ- ‘ stim1 stim2 ‘ Experiment
ent” and 1 being “same.” There were 8 repetitions of each v
different pair and 16 repetitions of the same pair, for a total <y < 00msy

of 64 trials per block. The length of each of the stimuli in a - 1230ms

trial was 500 ms, as shown in Fig. 3. In the first three eX_FIG. 3. Time course of a test trial. In experiments |, I, and IlI, the I1SI was

p(leriment.s, the interStir.nUlUS. intervelSl) was 750 ms ang 750 ms long with a distractor noise of 250 ms. In experiment IV, the ISI was
with a brief burst of white noise, 250 ms long, in the middle. 250 ms long with no distractor noise.
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E. Training phase 4

.. . . 3.5 Before m

The type of training varied for each experiment, and the After
different training paradigms are explained along with the rel- g zz
evant experiments below. All experiments shared the follow- 2
ing criterion for inclusion of a subject’s results in the analy- (a) g 2
sis: the subject must have responded correctly on half the S 13
trials of each of the ten training subsessions which comprised !
the training phase. If the subject did not meet this criterion, it 0.5
0

was assumed that he/she did not succeed in learning the 2 .15 10 15
training task, and his/her results were thus excluded from the Distance from the Milestone in JND (mel)
statistical analyses.

4
X 35 Before W
1. Experiment | 3 After

The main goal of the first experiment was to investigate
whether it is possible to induce a decrease in discriminability (b)
along a category-relevant dimension of a set of nonspeech
stimuli that was repeatedly encountered during a training
session. This would constitute a demonstration of acquired
similarity along a category-relevant dimension, and it would 2 s L0 1 is 2
also be in keeping with models of the perceptual magnet Distance from the Milestone in JND (mel)
effect that attribute the effect to neural map formation prop-
erties that are not specific to spee@uenther and Gjaja,

1996.

a. Training In the training phase of experiment I, sub-
jects were trained to choose sounds that belonged to the
training region(i.e., milestone B and its neighborfom a
list of sounds. Specifically, subjects were told that they were ©
to learn to identify sounds from a category, referred to as the
“prototype category” and corresponding to the training re-
gion of frequency space in Fig. 2, and that during training
they would have to choose the prototype category sound 2 15 -1 0 1 15 2
from a list of sounds that included only one member of the Distance from the Milestone in IND (mel)
prototype category. Since the subjects were taught to treat ) )
the training region sounds as members of the same catego@é?o'r:';?thif‘:'rgﬁisﬁd d score for the control region of experiment |,

. . L. . . A g, as a function of distance from the milestdme.
we will refer to this type of training asategorization train-  tpe collapsed d score for the training region of experiment I, before and
ing. The subjects underwent two types of training tridly:  after training, as a function of distance from the milestofwe.Change in
listening trials in which they heard example sounds from théens_itivity after trainin_g fp_r the control anq training_r(_egions in experimgnt l.
training r_e_gio_n and_ did_not h_ave to make any response, anta;it;]]i?]cgtsr:gr}g\r/]v%cljjtan(s)ltgir::f{ﬁin(tzodne;::(;le?esgeiOlrr1].sensmvny for the stimuli in the
(2) identification trials in which they identified one sound
from a list of sounds as belonging to the training region.
During a listening trial, subjects heard four sounds randomly  Subjects could choose whether to perform a listening or
chosen from a set of nine sounds which were evenly spaceah identification task for any given trial, with the stipulation
in 0.5-jnd increments within the training region. These in-that no more than 15 listening trials could be performed in
cluded the milestone B and its six neighbors used in theny subsession. The subsession ended when 30 identification
testing procedure, plus the two stimuli falling0.5 jnd from  trials were completed. Each subject performed ten such sub-
the milestone. During an identification trial, subjects heard aessions, and subjects received feedback about the correct-
short list of sounds, only one of which came from the train-ness of their responses. Task difficulty was increased over
ing region. The other sounds that comprised the identificathe ten subsessions by increasing the length of the list of
tion trial were generated from the “band edges” regionssounds from which the subject had to identify the training
flanking the training regiorisee Fig. 2 These sounds were region sound: a two-sound list was used in the first three
randomly chosen from a set of 18 sounds: nine soundsubsessions, a three-sound list was used in the next three
spaced 0.5 jnd apart from within the band edge region lowesubsessions, and a four-sound list was used in the last four
in frequency than the training region, and nine sounds spacezlibsessions. Subjects generally completed the entire training
0.5 jnd apart from the band edge region higher in frequencyhase in 45 min. Two of the 12 subjects who participated in
than the training region. As noted earlier, the band edge rethe experiment performed below the established criterion
gions did not overlap with either the training or control re- during the training session and their data were thus excluded
gions, and no sounds from the control region were presentefiom subsequent analysis.
during training. b. ResultsFigure 4a) shows the collapsed’ values for

Collapsed d’

=
L

Control |:|

Train B3

ge ind'
< e
i () wn —
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TABLE II. G statistic comparison for experiment |. Asterisks denote statis-g different effect on the subjects’ sensitivity to the training
tically significant (p<0.05) changes in sensitivity. stimuli even though a similar distribution of sounds is pre-

Stimulus Control Training sented during training. In this experiment, a discrimination
(jnd) G score G score training paradigm was used in which subjects were repeat-
5 0.27 e edly asked to report whether they thought two sounds were
15 _0.29 5 o the same or different. Subjects were given feedback concern-
-1 —-0.20 —-3.54 ing the correctness of their responses. One might expect that

1 0.15 —3.46' this sort of training would lead to an increase in the ability to
15 -0.63 -3.28

discriminate the sounds encountered during training, as op-
posed to the decrease in discriminability seen in experiment
| for approximately the same distribution of training sounds.

(ﬁs discussed further below, such a result would be inconsis-

sounds in the control region before and after training, an ) .
Fig. 4(b) shows the same results for the training region. Sub:[ent with the Guenther and Gjajd996 model of the per-

jects were significantly worsep(0.05) at discriminating ceptual magnet eff'ect,' since that quel suggests that itis the
stimuli in the training region after training compared to be-Shape of the distribution of vowel-like stimuli encountered
fore training[t(5)= — 12.4; p<0.05], but not in the control by_a_n infant that leads to the magnet effect, not the type of
region [t(5)= —1.48; p>0.05. Figure 4c) compares the training. . . . .
change ird’ for the control and training regions. The change Twelve aQuIts with ”Or”?a' hearing participated in the
in d’ was calculated as the percentage increase or decreases,fr;ﬁond e_xpgnment.. Two SUbJe,Ct.S performed below th? estab-
d’ from pretest to post-test. This figure indicates that the"s ed criterion during the training sessmn,_and their data
change in sensitivity for the training set of stimuli was sig- Were thus excluded from subsequent analysis.

nificantly more negativdt(5)=—5.14p <0.05] than the a. Training The sgt of t-ralnmg s_tlmul| for exp.erllment Il
change in sensitivity for the control region. All ten subjectsWas generated in an identical fashion to the training set for
showed a decrease in sensitivity for the training region, an§*Periment I, consisting of sounds from the training region

eight of the ten showed a larger sensitivity decrease in th@"d band edge regions but not the control region. Care was
training region than in the control region. taken to insure that the number of times each subject heard

Discriminability before and after training was also com- €8¢h tralnéng sound was approximately the same as in ex-
pared across groups using Gourevitch and Galan(&g67) perlment I_. Du_nng the 'Framlng session, subjects listened to
G statistic. Overall, as seen in Table II, there was a generdf@irs of stimuli and indicated whether they thought the two
pattern for sensitivity to worsefindicated by the negative Stimuliin the pair were the same or different by pressing the
values for the training region. On the other hand, sensitivity S OF d key of the computer keyboard. Each training trial was

for the control region, across all the comparison steps, di@f the same form as the pre- and post-test trials as described
not change significantly. at the beginning of Sec.(kee top half of Fig. 8 except that

c. DiscussionThe results of the first experiment indicate Subjects were provided with feedback about the correctness
that it is possible to induce acquired similarity along a©f their response. Each subsession consisted of 45 trials, 15
category-relevant dimension if an appropriate training re-of which involved pairs of stimuli that were the same and 30

encountered more frequently than the control region stimulfen such subsessions within the training session, and the task
during the experiment, subjects showed a reduction in theidifficulty of the subsessions increased as follows: the initial
ability to discriminate stimuli in the training region as com- three subsessions required subjects to discriminate stimuli
pared to the control region. As mentioned in the Introduc-that were 2 jnd’s apart, the next three subsessions involved
tion, the perceptual magnet effect also appears to be a casegfmuli spaced 1.5 jnd’s apart, and the final four subsessions
acquired similarity along category-relevant dimensi¢ies-  involved stimuli that were 1 jnd apart. Subjects generally
mant frequenciesfor more heavily experienced stimuli. The completed the training session in about 45 min.
main result of experiment | might thus be interpreted as a  P. ResultsFigure 5 shows the main results for experi-
case of inducing a “perceptual magnet-like” effect in a non-ment Il. Figure %a) shows the results of the pre- and post-
speech modality, as predicted by the Guenther and Gjajtests for the control region. Subjects became significantly
(1996 neural model of the perceptual magnet effect. Al-worse at discriminating stimuli within the control region
though Baueret al. (1996 do not address the issue of [t(5)=—2.54, p<0.05. This differs from the effects of
whether the conditions leading to the magnet effect in theitraining on the control region in experiment I, where no sig-
model are speech-specific, the results of experiment | are nétficant change inl” was measured, though there was a very
inconsistent with the Bauest al. model if one assumes that a small negative change in sensitivity for the control region in
reduced cortical representation with heavy exposure can oéhat experiment. Although it is unclear why there are rela-
cur for nonspeech stimuli as well as speech stinssie the tively small negative changes @i for the control region in
General Discussion, Sec).ll all four experimentsthough not statistically significant in
experiment ), we suspect that this may be due to subject
fatigue toward the end of the approximately 1.5-h experi-
The second experiment tested whether a training regimental session. Of course, fatigue would be expected to af-
men different from that used in experiment | could result infect the training region as well, but the larger changes in-

2 -0.73 —3.20°

2. Experiment Il
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4 TABLE Ill. G statistic comparison for experiment Il. Asterisks denote sta-

35 Before B tistically significant <0.05) changes in sensitivity.
After
) 3 Stimulus Control Training
3 (jnd) G score G score
(a) § -2 ~0.48 -0.01
S -15 -1.21 0.45
-1 -1.15 1.87
1 0.46 2.73
15 0.89 3.88
2 15 -1 0 1 15 2 —0.80 3.81
Distance from the Milestone in JND (mel)
3.: Before m nine total errors for the-2 jnd stimulus and 20 total errors
3 After for —1.5 jnd s'tlmulus as compared to 38, 53, 32, 'and 27
s errors, respectively, for the 1, 1, 1.5, and 2 jnd stimuli. We
g7 thus suspect that the lack of an increasd ‘ifor the —2 and
(b) £ 2 —1.5 jnd stimuli was a ceiling effect due to the very high
S 13 level of sensitivity for these stimuli even before training,
! which was in turn apparently due to inaccuracies in calibrat-
0.5 ing the jnds for a subject across the entire range of frequen-
s u o 1 1s 3% cies used in the study.
Distance from the Milestone in JND (mel) c. Discussion The results of this experiment indicate
that the same distribution of training stimuli that led to a
1.5 decreaseén sensitivity for the training region in experiment |
1 can lead to afincreasein sensitivity if the training regime is
X changed to a discrimination training task. This is a case of
E 03 acquired distinctiveness along a category-relevant dimension
() §° 0 (see also Goldstone, 19940ossible implications of this re-
£-05 sult for neural models of the perceptual magnet effect are
-1 Controll ] treated in the General Discussi@Bec. I).
-1.5 Train@
27 45 91 0 1 15 o 3. Experiment Ill
Distance from the Milestone in JND (mel) The third experiment was designed to elaborate on the

FIG. 5. (@ Th ) . training conditions required to induce the acquired similarity
. 5. ecollapsed d scores for the control region of experiment II, . .
before and after trainingb) The collapsed d score for the training region along a category-relevant dimension that was demonstrated
of experiment II, before and after training) Change in sensitivity after  in experiment |. The specific question this experiment sought
training for the control and training regions in experiment II. to answer was whether training with only a single exemplar
from a category is sufficient to induce decreased sensitivity
duced by training would make this small fatigue effectin its immediate region of acoustic space. It is possible that a
difficult to detect. Because we are primarily interested in thdistener must experience many exemplars from the same cat-
relative effects of training on one region of frequency spacesgory in order to induce acquired similarity. This scenario
(the training regiohas compared to anothéhe control re- makes sense if one takes the view that acquired similarity is
gion), the source of the small negative changed'irffor the  a case of learning to ignore differences between exemplars of
control region was not investigated further in this paper. the same category; if subjects hear only one exemplar of a

Figure b) shows the results of the pre- and post-testscategory, there are no differences between category exem-
for the training region. Subjects showed a significant in-plars to learn to ignore.
crease ind’ [t(5)=2.29, p<0.05 after training. The in- Eleven adults participated in the third experiment. One
crease ind’ was significantly greater for the training region subject’s performance did not meet the established criterion,
as compared to the control regifif5)=3.23,p<0.05; see and this subject’s results were thus not included in the analy-
Fig. 5c)]. Sis.

The general pattern for sensitivity to improve for the a. Training This experiment involved a categorization
training region, but not the control region, is also indicatedtraining regime that differed from that of experiment I in
by the G scores listed in Table Ill. Note that for the training only one respect: instead of hearing different exemplars from
region, the most positive change in sensitivity occurred tahe training region when performing either a listening or
the right of the prototype of the training region. In fact, the identification trial, subjects always heard the same exemplar,
sensitivity for the—2 and —1.5 jnd stimuli did not change milestone B(see Fig. 2
significantly. Perhaps relatedly, subjects as a group showed b. ResultsFigure 6 shows the main results for experi-
far fewer errors for the-2 and—1.5 jnd stimuli during the ment Ill. Figure &a) shows pre- and post-test results for the
pretest than they showed for the other four stimuli, with onlycontrol region. As in experiment Il, subjects became signifi-
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4 TABLE IV. G statistic comparison for experiment Ill. Asterisk denotes

15 Before W statistically significant §<<0.05) changes in sensitivity.
After
3 Stimulus Control Training
3 (jnd) G score G score
2 -2 1.51 -0.16
(@) % -15 -0.02 1.05
-1 -0.65 1.50
1 0.8 -0.38
15 2.44 -0.92
2 15 -1 0 15 2 2 0.75 029
Distance from the Milestone in JND (mel)
3‘: Before m to significant acquired similarity in the immediate region of
) After that exemplar.
% 25 c. DiscussionIn both experimer_lts_ | and _III, the ovgrall
3 change for the control and the training regions was in the
(b) E’: 2 negative direction. However, the decrease in sensitivity for
S 13 the training region in experiment | was highly significant
1 when compared to the change in the control region, while the
0.5 analogous comparison in experiment Il was not significant.
0 5 a5 g o 1 is % This suggests that a single category exemplar is not sufficient
Distance from the Milestone in JND (mel) to induce acquired similiarity in the neighborhood of the
category exemplar, or at minimum that a single exemplar
15 Control [J] does not induce as much acquired similarity as multiple ex-
1 Train g emplars. Perhaps relatedly, Goldstdd®94 was not suc-
X cessful in using two exemplars to induce acquired similarity
E 03 of a category-relevant dimension for visual stimuli differing
© % 0 i W Hig U‘” | glqng tvvp dimen§ions..A .po.f,sit_)le eprapation for the success
505 in inducing acquired similarity in experiment | and the fail-
1 ure to do so in experiment Il and Goldsto(994) is that
15 many exemplars of a category, not just one or two, are
needed to noticeably decrease sensitivity along a category-

2 -5 -1 0 1 15 2 relevant dimension.
Distance from the Milestone in JND (mel)

FIG. 6. (a) Thecollapsed d scores for the control region of experiment lll, 4. Experiment |V

before and after trainingb) The collapsed d scores for the training region S li . h d that the brain’
of experiment Ill, before and after trainingc) Change in sensitivity after everal investigators have suggested that the brain’s rep-

training for the control and training regions in experiment I11. resentation of sounds can be broken into two different
memory modes: a continuous auditory memory mode that
consists of a reasonably accurate representation of a sound
cantly worse at discriminating stimuli within the control re- that decays relatively rapidly after the stimulus goes away or
gion [t(5)=—2.98, p<0.05]. Again, general fatigue may is interrupted by a new auditory stimulus, and a more “dis-
have been a factor in this decrease in sensitivity. Subjectgrétized” or “categorical” mode that can be maintained in
also became significantly worse at discriminating stimuli inmemory for a longer period of time, e.g., for comparison to a
the training regiorFig. 6b); t(5)=—2.04,p<0.05]. More second stimulus in a discrimination task with a relatively

importantly, the change in sensitivity for the training region Iarge(;ntt;r;tlmtig;, mtefrva(llilz. \t/xhedr?f;nvesttlgatlng sp;eech
was not significantly different from the change in sensitivitySoun s, Pisor(1973 referred to the different memory forms

for the control regiorit(5)=0.30,p>0.05; see Fig. @)]. In as auqnory. quganq phonetic modein a mpdel of soqnd-
. : .. _intensity discrimination, Durlach and Braidd969 delin-
other words, using only a single exemplar from the training

. . e . . eated two memory modes that they termsshsory-trace
region during training did not lead to a significant decreasq_node and context-coding modethese modes are roughly

in discrimination performance for the training region as COM-analogous to Pisoni’s auditory mode and phonetic mode, re-
pared to the control region. _ spectively. Macmillan, Goldberg, and Braid4988 ex-
The G scores are shown in Table IV. The change acrossended the Durlach and Braid2969 model to explain ex-
most of the testing distances after training was not significangerimental results involving speech stimuli. Since we are not
for either the training or the control region, except in the casejealing with speech stimuli directly in this experiment, we
of the 1.5-jnd step to the right of the control milestone. Thewill use the termssensory-trace modand context-coding
decrease for the training region was not significantly largeimodehere.
than the decrease for the control region. This indicates that The purpose of experiment IV was to determine whether
training with only one exemplar of a category does not leadhe acquired similarity induced in experiment | could be bet-
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FIG. 7. The training and testing stimuli for experiment IV. Training stimuli Distance from the Milestone in J (mel)
were generated in exactly the same manner used in experiment |. Testing 4
stimuli were more closely spaced than in experiments I-Ill to compensate 35 Before
for increased discriminability of the test sounds due to the shorter ISI and 3 After
removal of the interstimulus noise burst. See the text for details.
25
, . 2 5
ter characterized as a result of changes in the sensory-trace (b) 2
mode or the context-coding mode of auditory memory. It is g L5
usually assumed that increasing the I1SI and/or adding a brief 1
noise burst between two stimuli interferes with the sensory- 0.5
trace mode of memory more than context-coding m@de., 0 Ty
Repp, 1984; Werker and Pegg, 198&iven the relatively Distance from the Milestone in JND (mel)
long ISI of experiment | and the use of a noise burst between
the two stimuli in a discrimination trial, one might reason- 15 Contral]
ably conclude that the effect measured in that experiment . ;’;;‘:@
primarily involved the context-coding mode of auditory
memory. In experiment IV, the ISI during discrimination 20'5
training was reduced and the interstimulus noise was re- ) ¢ 0
moved in order to better gauge whether the acquired similar- §_0‘5
ity demonstrated in experiment | is also manifested in the .
sensory-trace mode of auditory memory. i
a. Training and testingThe training and testing stimuli -1.5
used in experiment IV are shown in Fig. 7. The training 2 15 10 1 15 2
regime for experiment IV was identical to that of experiment Distance from the Milestone in JND (mel)

I, and the training stimuli were generated in the exact same . .
fashion as in that experiment. The testin rocedure for e F_:IG. 8. (a) Thecollapsed d scores for the control region of experiment IV,

: . p ) gp Xpefore and after trainingb) The collapsed d scores for the training region
periment IV involved an ISI of 250 ms and there was noof experiment 11, before and after trainingc) Change in sensitivity after
distractor noise between the two stim(iee Fig, 3 Ina training for the control and training regions in experiment IV.
pilot experiment, it was determined that these manipulations
allowed subjects to discriminate the test stimuli almost peroy only one test stimulué—1 jnd in the training region
fectly. This invalidated thel” measures, since they are only ¢ pjiscussion The results of this experiment indicate
accurate if a significant number of errors are made duringhat the use of a shorter ISI and no noise burst between the
testing. In order to obtain an accurale measure with the o stimuli in the sensitivity testing trials essentially eradi-
shorter ISI, the stimuli used in the testing sessions of eXperigates the acquired similarity found in experiment | despite
ment IV had to be more closely spaced than they were in thghe yse of the same training regime as in that experiment.

earlier experiments. Test stimuli for experiment IV were lo- sjnce decreasing the 1SI and removing the noise burst pre-

milestones in the control and training regions, as Comparegontext-coding memory mode, this result suggests that the
to a spacing of 1, 1.5, and 2 jnd units in experiment I. The
placement of the milestones and the positioning of the ban
edges regions were not affected by this change.

b. Results Figure 8 shows the collapsetl scores for

gfiABLE V. G statistic comparison for experiment IV. Asterisk denotes sta-
tistically significant £<0.05) changes in sensitivity.

the control regiorfFig. 8@] and training regionFig. 8b)] Stimulus Control Training
before and after training. A significant decrease in sensitivity (ind) G score G score
occurred for both the control regid(5)=—5, p<0.05 -2 1.56 1.39
and the training regiofit(5)= —3.8, p<0.05]. The change -15 0.54 1.42
in the training region was not significantly different from the -1 0.23 1.90
change in the control regioft(5)=—0.63, p>0.05; see 15 %321 _01'5335
Fig. 8(c)]. The G scores for experiment IV are presented in 5 0.45 0.10

Table V, with the group change i’ reaching significance
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12 the listener’s ability to discriminate between stimuli falling
Pretest[ ] Postiest[il near the center of the category. In experiment IV, it was
10 shown that a testing regime that favors a hypothesized
sensory-trace mode of auditory memory over a context-
8 coding mode(e.g., Durlach and Braida, 1969; Pisoni, 1973;
Macmillan, Goldberg, and Braida, 1988eakens the ac-

6 quired similarity effect of training, suggesting that categori-
zation training primarily affects the context mode of memory
4 processing.

If we are to fully understand the neural processes that
lead to experience-based warpings of auditory space such as
the perceptual magnet effect, it is important to formulate and
test hypotheses regarding the neural mechanisms underlying
I O I v I oI m v these phenomena. The Guenther and GjE$96 and Bauer
et al. (1996 models of the perceptual magnet effect attribute
it to neural map formation properties in auditory brain areas
FIG. 9. Totald’ in the control and training regions before and after training such as the primary auditory cortex. According to both of
for experiments | through IV. these models, the learning process during which infants de-

velop phonemic categories involves a change in the distribu-
acquired similarity seen in experiment | was primarily asso+jon of firing preferences of cells in auditory cortex. This
ciated with the ConteXt'COding mode of auditory Short-termchange in the auditory neural map for vowel-like sounds is
memory. This result is consistent with the hypotheses ofypothesized to underlie the perceptual magnet effect.
Macmillan et al. (1988, Pisoni (1973, Repp (1984, and Because the Guenther and Gjdj996 model posits
Werker and Pegg1992 that a shorter ISI can diminish the that the magnet effect results from neural map formation
categorical nature of the responses made by an observer. properties that are not specific to speech stimuli, it predicts

that exposing a listener to new, nonspeech auditory stimuli
Il. GENERAL DISCUSSION within a training regime that appropriately mimics the learn-

Figure 9 is a composite plot of the totdl measures ing of phonemic categories by an infant should lead to a
collapsed across subjects before and after training in all fougimilar change in the distribution of firing preferences of
experiments. The left side of this figure illustrates that thecells coding these stimuli in auditory cortex. This change in
change in sensitivity in the control region due to training inthe auditory neural map should in turn result in a measurable
all four experiments was negative, though this change wasperceptual magnet-like” effect for these auditory stimuli.
relatively small and did not reach statistical significance inThat is, we should see a decreased ability for subjects to
experiment |. Because the control region stimuli were notiscriminate the training stimuli. The results of experiment |
presented during training, we suspect that these small negaupported the prediction of decreased discrimination in the
tive changes irl’ were the result of generally poorer perfor- heavily experienced training region due to categorization
mance in the post-test as compared to the pretest, perhafigining. Though not predicted by Bauet al. (1996, the
due to subject fatigue near the end of the roughly 1.5-h-longiesults of experiment | are not inconsistent with the their
experimental sessiofsee Sec. | R b). model if one assumes that the reduced cortical representation

The right half of Fig. 9 illustrates thd’ measures for for heavily experienced sounds that underlies the magnet ef-
the training region before and after training. The results offect in the model results from a particular kind of training,
the first two experiments indicate that, depending on theéather than from speech-specific neural mechanisms, as we
training regime, it is possible to induce either an increase ohypothesize below.

a decrease in the discriminability of a set of auditory stimuli. The results of experiment Il indicated that the decrease
The first experiment indicated that categorization training, inin sensitivity was related to the categorical nature of the
which subjects were asked to identify sounds belonging to &aining task used in experiment I, since a discrimination
small region of frequency space as members of the samigaining task led to amcreasein the ability to discriminate
category, led to a decrease in the discriminability of stimulitraining stimuli in experiment Il. This result conflicts with
within this small range. That is, subjects exhibited acquiredhe Guenther and Gjajd996 model, since this model posits
similarity along the category-relevant dimension of centerthat it is the distribution of training stimuli, not the type of
frequency of the narrow-band noise stimuli. The third andtraining, that leads to the magnet effect. Baaerl. (1996
fourth experiments helped elucidate some of the necessado not speculate on what training conditions might be re-
conditions for attaining this acquired similarity. In experi- quired to induce a perceptual magnet-like effect, but their
ment Ill, the small range of frequencies corresponding to thenodel allows for different training conditions to have differ-
learned category in experiment | was shrunk down to ent effects on the size of the representation of training
single exemplar during training. This eliminated the acquiredstimuli in the neural map. Based on the results of the current
similarity seen in experiment |, suggesting that a listeneexperiments, we propose that discrimination training and cat-
needs to be exposed to different examples of a category duegorization training have opposite effects on the size of the
ing training, not just a single exemplar, in order to decreas@eural representation of the training stimuli. This hypothesis,

Total d'

Control Training
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Categorization Discrimination trated in Fig. 10 using functional magnetic resonance imag-
Training Training ing techniques.
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The term “warping” in this article refers to nonuniformities above and
Ma.p .after beyond the roughly logarithmic relationship between perceptual space and
training frequency in Hertz, as estimated by the bark and mel scales.
2t is difficult to ascertain the typical distribution of speech sounds heard by
an infant during the first years of life, particularly given that most infants
are exposed to “motherese” in which phonemes are often spoken in an
exaggerated fashion as compared to casual speech. If one simply counts the
number of occurrences in the Peterson and Barney vowel formant fre-

FIG. 10. Hypothesized changes in the neural map in auditory cortex as guency database of sounds falling within a 120-mel radius of the proto-

N ‘\""’0"”';;

result of categorization trainindeft; experiment | and discrimination train-  typical and nonprototypicai//sounds used by Kuhit991), one finds that
ing (right; experiment I). Thex- andy-axes of all plots correspond to two ~ there are indeed more//examples near the protypical than near the
acoustic dimensions, such as the first two formant frequencies z-es nonprototypical i/. This evidence should be viewed as weak, however, as

corresponds to the number of cells in the map devoted to each region of\© female or child utterances df in the database fall within the 120-mel
frequency spacétop and bottom ploisor the number of training stimuli Sradlus of either the prototypical or nonprototypicaldf Kuhl (1992).
from that region of frequency spa¢middle plot3. Categorization training Steps were taken to ensure that stimuli differing in center frequency were

leads to a decrease in the number of cells coding the most frequently enPlayed at the same absolute intensity el SPL).
countered stimuli, whereas discrimination training leads to an increase in thel YPical jnd measures determined in the calibration phase ranged between

number of cells coding the most frequently encountered stimuli. 10 and 50 Hz for the different subjects.
Because subjects in experiment | could choose to perform fewer than 15

listening trials during each training subsession, the total number of times

. L . that each sample was heard during training varied from subject to subject.
in combination with the neural map model of Bateral. However, subjects usually used all 15 listening trials per subsession. The

(1996, is schematized in Fig. 10. The left side of the figure training stimulus distribution for experiment Il was thus chosen to match
corresponds to a categorization training situation, as in exdhe training distribution for experiment | under the assumption that all

.listening trials were used.

periment . The top and bottom panels schematize the aud Because the jnd was estimated in the calibration phase using a longer ISI

tory map as a function of acoustic space before and afteknd an interstimulus noise burst, it is expected to be larger than the jnd for
training, and the middle panel schematizes the distribution ofthe stimuli as presented during the pre- and post-tests, which had a shorter
training stimuli in acoustic space. In categorization training, 'S! and no interstimulus noise burst.

heavy exposure to a set of training sounds leads to fewer

cells coding these sounds in the auditory map, and the resultaltonen, O., Eerola, O., Hellsmo, A., Uusipaikka, E., and Lang, A. H.

ing smaller cortical representation diminishes a listener’s (1999. “Perceptual magnet effect in the light of behavioral and psycho-
ability to differentiate sounds in this region of acoustic B;’Sé’f"on.’_gf'%‘l?faF’{’Jérﬁfon‘rtr‘msa%%’Aﬁgée}eg%;t%ﬂ%g the magni-
space. This is how the Bauet al. (1996 model, with an fication factor of self-organizing feature maps,” Neural Com@t757—
appropriate parameter choice that leads to a negative magni771.

fication factor for the cortical representation, accounts for thé3eale, J. M., and Keil, F. Q1995. “Categorical effects in the perception

. . . of faces,” Cognition57, 217-239.
perceptual magnet effect. The right side of Fig. 10 COMeg,ms E. M. and Ward, W. D.(1978. “Categorical perception—

sponds to a discrimination training situation, as in experi- phonemenon or epiphenomenon: Evidence from experiments in the per-
ment Il. Here, more cells in the map become tuned to the ception of melodic musical intervals,” J. Acoust. Soc. A8, 456—468.
most frequently encountered training stimuli, and the resuItD“”aChr'] N. 1., ?’Fd Braida, L. ID(_l%?'J“'Rte”SitysperciF{tng’”F; |.2Pr§ggwi-
ing larger cortical representation increases the listener’s abil-gggt eory ot intensity resolution, J. Acoust. Soc. ARG, P1. 2, 372~
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