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Recent research (Kuhl, 1991)has suggested that the internal structure of vowel categories is graded
in terms of stimulus goodness. It has been proposed that a best instance stimulus reflects a central
point or prototype, which effectively renders within-category members perceptually more similar. Dis
crimination experiments suggest a nonlinear relationship between acoustic and perceptual space near
category centers (Iverson & Kuhl,1995b).This phenomenon has been described as the perceptual mag
net effect. The present study investigated the presence of the perceptual magnet effect in five Aus
tralian vowel categories. Australian English speakers identified, rated, and discriminated between a
pool of 32 vowel stimuli that varied in Fl and F2 values. The results from Experiments 1 and 2 showed
that subjects were able to judge the quality and identity of each stimulus and that a general grading of
stimulus quality was reported. This was not symmetrical, and the subjects' responses varied consider
ably. In Experiment 3, closer control of the methodology in the discrimination task and of contextual
factors influencing the test materials was exercised. Despite this, evidence of the warping of percep
tual space in discrimination data was not found. In general, these results do not provide support for the
existence of the perceptual magnet effect, and explanations for this finding are discussed.

For three decades or more, a large body ofresearch on
speech perception has concentrated on the nature of
between-category perception. Recent work has focused on
the internal structure ofphonetic categories. This change
of focus has been largely fueled by studies suggesting
that listeners may organize phonetic categories around a
central prototypical I member of the category (Eimas &
Corbit, 1973; Massaro & Cohen, 1991; Samuel, 1982).
Various studies have used different techniques to reveal
fine, within-category structure. For example, adaptation
experiments have shown that prototypical stimuli are
more effective adapters than are stimuli taken from around
the category boundary area (Miller, 1977; Miller, Con
nine, Schermer, & Kluender, 1983; Samuel, 1982). Other
direct measures have shown a systematic increase in cat
egory goodness ratings by listeners for various voice on
set time (VaT) values, as stimuli were moved from a
boundary toward a more central position (Miller & Vo
laitis, 1989). A subsequent decrease in goodness rating
was observed as the stimuli were moved toward the op
posite boundary. A similar structure has also been dem-
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onstrated to exist in vowels (Grieser & Kuhl, 1989; Kuhl,
1991; Miller & Eimas, 1996).

Clearly, there is strong evidence indicating a fine
structure within phonetic categories that is somehow in
fluenced by or related to the perceived quality or good
ness of exemplars. Research into categorization pro
cesses (Nosofsky, 1986, 1987, 1991) has suggested that
category members may cluster to form groups of exem
plars that have similar attributes. This clustering has the
effect of distorting the perceptual space, so that there is
no longer a one-to-one mapping of physical dimensions
onto psychological dimensions. Kuhl (1991) also sug
gested that category goodness influences the way in
which humans categorize phonemes and that, within a
category, there exists a prototypical example that is per
ceived as being a best instance ofthat category. The func
tion of this prototype is to act as a perceptual magnet that
draws members of a group together, rendering them per
ceptually similar to the category prototype. This percep
tual magnet effect has been investigated for one vowel cate
gory with infants and adults (Kuhl, 1991). It has been
suggested to be specific to human speech, since it is not
present in primates (Kuhl, 1991), and is claimed to be na
tive language dependent (Kuhl, 1993, 1994; Kuhl, Wil
liams, Lacerda, Stevens, & Lindblom, 1992).

Two broad suppositions underlie Kuhl's (1991) per
ceptual magnet effect. The first is that members of a
phonetic category are organized within that category in
terms of their phonetic quality. Furthermore, phonetic
quality degrades symmetrically as the distance from a
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central, prototypical stimulus increases. Evidence for the
first supposition is provided by Kuhl in her original ex
periment (Kuhl, 1991). Two arrays of 32 variants of the
vowel Iii were synthesized. The array coordinates of
each variant was defined by its Fl and F2 values, mea
sured on the mel scale, which placed it on one offour or
bits centered on a stimulus representing either a proto
type (good quality) or a nonprototype (poor quality)
category center. Thus, there were 8 equally spaced vari
ants on each orbit. The orbits were 30, 60, 90, and 120 mels
from the center. Sixteen adult listeners were required to
make quality judgments about each Ii! in terms of its
goodness or representativeness ofthe category as a whole.
The results showed that listeners gave good quality judg
ments to stimuli at the center of the array of stimuli and
progressively poorer quality judgments to stimuli at the
extremes of the array. Kuhl (1991) noted remarkable sym
metry in quality judgments, in that judgments became
poorer as a function of distance from the center of the
prototype array. This was not seen in the nonprototype
array. These findings were taken as evidence of a sym
metrical graded structure within the vowel space.

Attempts to replicate these data have delivered mixed
results. The variation in goodness ratings observed by
Kuhl in the prototype and nonprototype arrays was evi
dent in recent data (Lively & Pisoni, 1997), but the sym
metrical gradation was not obvious in either the proto
type or the nonprototype stimulus arrays.

For the second supposition, much of the evidence for
the perceptual magnet effect comes from discrimination
experiments (Iverson & Kuhl, 1995a, 1995b; Kuhl, 1991;
Miller, 1994; Sussman & Lauckner-Morano, 1995).
Specifically, discrimination between members ofa cate
gory placed near a prototype is described as being poor
in relation to discrimination ofmembers situated further
away from a prototype. Poor discrimination at the center
reflects the perceptual magnet effect in operation, since
stimuli are rendered more similar. This was demon
strated, for example, in Kuhls (1991) second experiment.
She asked adults to discriminate between either the
prototype Iii and its variants or the nonprototype Iii and
its variants. Results revealed significantly poorer dis
crimination performance when the prototype Iii was the
referent than when the nonprototype Iii was the referent.
The evidence of discrimination changes within cate
gories found in this experiment led Kuhl (1991) to sup
pose that the prototype exerted an effect much like a per
ceptual magnet, shrinking the perceptual space in the
center ofthe category (Nosofsky, 1987). This conclusion
is certainly consistent with Kuhl's (1991) results, but the
subsequent investigations (Iverson & Kuhl, 1995b; Suss
man & Lauckner-Morano, 1995) revealed some prob
lematic aspects ofKuhl's work. For example, Kuhl's (1991)
nonprototype stimulus was identified in an li/-not-/il
paradigm as belonging to the Iii category only 26% ofthe
time (Sussman & Lauckner-Morano, 1995). In fact, it was
probably more readily perceived as either lei or !II. This
would mean that better discrimination involving the non
prototype Iii may have been a result of across-boundary

identification, and not ofany clustering ofperceptual space
within the category that was due to the perceptual mag
net effect.

Consequently, Sussman and Lauckner-Morano (1995)
synthesized a more appropriate nonprototype from Kuhl's
(1991) stimulus values that was likely to be identified as
Iii 50% ofthe time. This item was situated at the category
boundary. Five groups of adults were tested: one with a
prototype and variants, and four with a range of nonpro
totype stimuli and variants. The subjects' discrimination,
response strategy, and reaction times (RTs) were mea
sured. Overall, the prototype group had the poorest sensi
tivity, the highest number ofmisses, and the slowest RTs
for hits. However, poorer discrimination performance of
the prototype group, in comparison with other groups,
could have been a result of improved discrimination ow
ing to either across-boundary judgments or membership
ofa different category. For example, differences revealed
by comparison of the prototype group with the 75-up and
120-mel groups may have involved separate category
members, since subjects identified the category boundary
to be 75 mels from the prototype. Stimuli heard by these
groups were between 75 and 135 mels distant from the
prototype. The important exception was the comparison
between the prototype and the 75-down groups. Here, the
variant stimuli were common to both continua, simply
changing mel steps in opposite directions. Listeners in the
prototype group showed significantly poorer discrimi
nation than those in the 75-down groups, which is con
sistent with a perceptual magnet effect. Sussman and
Lauckner-Morano suggest that this difference might be
caused by closer to optimal performances when Fl val
ues of consecutive tokens are decreasing, as in the 75
down group stimuli.

In a third experiment, they hypothesized that a non
prototype that was identified as Iii 50% of the time may
not have been an appropriate nonprototype, since it may
have allowed across-boundary discriminations and arti
ficially contributed to a magnet effect. They considered
the possibility that a better nonprototype might be a token
identified as Iii 65% of the time (67 -mel stimulus). Re
sults indicated that the hypothesized, more optimal non
prototype stimulus was not always more easily discrim
inated than the prototype and was not always discriminated
differently to the stimuli 75-mel groups. It was, therefore,
not shown convincingly to have been a better nonproto
type stimulus than one situated at the category boundary.
They concluded that the results for the prototype group
in their Experiments 2 and 3 partly supported those found
by Kuhl (1991, 1992) but did not provide conclusive ev
idence of the existence ofphonological prototypes oper
ating as perceptual magnets.

Category membership of Kuhl 's nonprototype stimu
lus was again investigated by Lively and Pisoni (1997),
who tested phonetically naive subjects in an li/-not-/il
identification task. They found that their subjects identi
fied Kuhl's nonprototype stimulus as Iii only 28% ofthe
time. In addition, they reported that their subjects did not
agree on the same prototype stimulus as Kuhl's nonnaive
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subjects and that individual subjects appeared to have
their own internal representation ofprototypicality. This
finding suggests that, if phonetic prototypes do exist,
they may be different for each subject. Lively and Pisoni
proceeded to test discrimination with arrays ofstimuli syn
thesized around individual subjects' own measured
prototypes and again failed to demonstrate evidence of
the perceptual magnet effect.

Finally, Iverson and Kuhl (1995b) reviewed Kuhl's
(1991) earlier work and addressed the issue of identifi
cation, by asking subjects to identify a subset of Kuhl's
(1991) stimuli, to ensure they were perceived as belonging
to the category Iii, before asking them to rate the stimuli
on a scale from 1 to 7 (1, poor Iii; 7, good Iii). Kuhl (1991)
had proceeded directly to a discrimination task and had
not studied identification. Iverson and Kuhl (1995b) found
that subjects identified the good-quality stimuli more
quickly than the poor-quality stimuli. Their data broadly
corresponded to the data collected by Kuhl (1991). Kuhl's
(1991) nonprototype was identified as Iii 55% ofthe time
and gained a mean rating of 3.2. Kuhl's previous work
had been restricted to investigating overall percentage
correct and proportion of misses as a measure of gener
alization. In this second study, they used signal detection
theory (Macmillan & Creelman, 1991) to analyze discrim
ination, and they used RTs and multidimensional scaling
analysis to describe mathematically how the perceptual
space within a category might be distorted. Results showed
that, although the stimuli's formant values were equally
spaced on the mel scale." in perceptual space the good in
stances of stimuli were clustered together, implying poor
discrimination around them. Iverson and Kuhl (1995b)
point out, importantly, that this pattern is different to that
expected from classical categorical perception. The per
ceptual magnet effect predicts differences in discrimina
tion for a range of identically labeled stimuli. Categori
cal perception predicts the same level of discrimination
for a range of identically labeled stimuli. They both pre
dict discrimination peaks at identification boundaries.

In summary, two fundamental assumptions underpin
the logic of Kuhl's (1991) perceptual magnet effect. The
first is that the internal structure of phonetic categories
is invariant and symmetrically graded. This can be dem
onstrated by varying levels of quality judgments given
to stimuli lying within the category. The second is the
ability to show differences in discrimination and identi
fication scores within a category that cannot be explained
by categorical perception and that suggest a warping of
perceptual space. Research to date has shown clear evi
dence for graded category membership (see, e.g., Flege,
Schmidt, & Wharton, 1996; Iverson & Kuhl, 1995b;
Kuhl, 1991; Miller & Volaitis, 1989; Sussman & Lauck
ner-Morano, 1995). However, it does not consistently
demonstrate a symmetrical gradation, invariant quality
ratings, or distortion of the perceptual space suggestive
of magnet effects (Lively & Pisoni, 1997; Sussman &
Lauckner-Marano, 1995).

Robustness of the effect warrants further investiga
tion, particularly since the perceptual magnet effect has

been argued to playa central part in Kuhl's native lan
guage model of speech perception (Kuhl, 1994; Kuhl &
Meltzoff, 1996; Kuhl et al. 1992).

THE PRESENT RESEARCH

In the present study, the intention was to provide a
fairer test for the presence of the perceptual magnet ef
fect in five synthetic Australian vowel categories by ad
dressing some factors not previously accounted for in a
single study. Previous investigations have been confined
to the American English vowel Iii and the Swedish IY/.
Evidence of the magnet effect in five vowel categories of
a different English vowel system would add to our under
standing of speech categorization processes.

Three experiments were conducted. In the first exper
iment, the claim (Kuhl, 1991) that vowel categories have
a graded structure that is invariant and declines sym
metrically in quality as the distance from a prototypical
center increases was tested in five Australian vowel cat
egories. The aim of the second experiment was to in
vestigate category membership of the stimuli rated in
Experiment 1.

By scrutinizing the rating and identification data from
Experiments 1 and 2, suitable prototype and nonproto
type stimuli from each category were selected, which had
opposing levels ofcategory goodness, yet retained cate
gory membership. The first two experiments were ex
pected to add to the literature in regard to graded category
membership and were necessary to define the test mate
rials for Experiment 3. The third experiment was designed
to address some methodological concerns overlooked by
previous research.

First, the internal structure of speech categories has
been shown to be sensitive to changes ofcontext. For ex
ample, speaking rate can radically change the location of
best category exemplars, and their quality ratings change
as the acoustic context changes (Miller & Volaitis, 1989;
Volaitis & Miller, 1992). Lively and Pisoni (1997) tested
for the perceptual magnet effect in a vowel discrimination
task, using both a sameldifferent and a modified four
alternative forced choice task, but they compared across
context. Their previous experiment had indicated that
the nonprototype stimulus was rated quite differently
when presented in the context of the nonprototype array,
as compared with the prototype array. This may indicate
that, according to context models ofcategorization, pro
totypes or category best instances may change with stim
ulus set ranges (cf. Iverson & Kuhl, 1995b). This may
have influenced their listeners' discrimination results,
since the prototype, the nonprototype, or, indeed, any
stimulus in the array would have differing levels ofgood
ness or category membership. The tasks are not, there
fore, equivalent. Comparing discrimination performance
without equivalence could obscure any observable magnet
effect. In Experiment 3 ofthe present study, the prototype
and the nonprototype stimuli were taken from the same
array, in order to avoid influences ofcontext, making the
prototype and the nonprototype test conditions equiva-
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lent. Ifthe rating scores in this array are related to proto
typicality (and since the stimulus context is unchanged),
it should be possible simply to select any good-quality ex
ample as a prototype and any poor-quality example as a
nonprototype and test for a perceptual magnet effect. In
the third experiment, it was hypothesized that performance
would be poorer when subjects discriminated within
category stimuli from the selected prototype stimulus than
when they discriminated within-category stimuli from the
selected nonprototype stimulus. In addition, prior pho
netic experience would influence their discrimination
performance.

Since the perceptual magnet effect has been argued to
be apparent in discrimination tasks (e.g., Kuhl, 1991), Ex
periment 3 was designed to maximize discrimination per
formance between consecutive stimuli. Kuhl (1991) used
a I,OOO-msec interstimulus interval (lSI) in her changel
no-change discrimination task. Long ISIs have been
shown to promote the use of phonetic labeling when dis
criminating pairs of stimuli, rather than comparing them
on the basis of their acoustic traces (Fujisaki & Kawa
shima, 1969). This may have made between-category dis
tinctions within Kuhl's nonprototype stimuli more obvi
ous and, therefore, facilitated discrimination, falsely
indicating a magnet effect. The same effect may also in
fluence discrimination of category boundary stimuli, since
for these ambiguous stimuli, subjects may be prepared to
label them in favor of the across-boundary category in
order to optimize performance (Nosofsky, 1986). Suss
man and Lauckner-Morano (1995) used a 500-msec lSI,
which would have improved the salience ofacoustic cues
in their discrimination task. But since Pisoni (1973) found
that vowel formant discrimination improves when the lSI
is shortened from 500 to 250 msec, to further increase the
salience of spectral cues available in our samel different
task, a short lSI of 250 msec was used in Experiment 3.
Iverson and Kuhl (1995b), in fact, used an lSI of250 msec
in their second experiment. However, even though small
spectral differences in their adjacent stimuli may have
been easier to discriminate as a result, their demonstration
ofa magnet effect requires some consideration. Their stim
uli were taken from Kuhl's (1991) array and were made up
of 13 tokens from the diagonal where FI and F2 change
in an opposing manner in 30-mel steps. More specifically,
they divided these stimuli into two groups. The first was
Kuhl's (1991) prototype stimulus and tokens 30, 60, and
90 mels to the left and right of it (prototype condition), and
the second was Kuhl's nonprototype stimulus and tokens
30, 60, and 90 meIs to the right and left of it.

Iverson and Kuhl's (1995b) main result was that their
subjects were significantly worse at discriminating stim
uli from the prototype than from the nonprototypes. How
ever, the same criticism regarding across-boundary com
parisons in the nonprototype condition that has been
leveled at Kuhl (1991) can be applied here.

Better evidence ofa magnet effect came from Iverson
and Kuhl's (1995b) second experiment. First, they found
a significant difference between discrimination of stim
uli positioned to the right and to the left of the prototype.

However, stimuli to the left of the prototype had previ
ously been given high quality ratings and identification
scores, which indicated that they were all more or less
highly representative of the category. Claims of a mag
net effect from these stimuli should be considered in light
of the fact that all of these stimuli were discriminated from
a prototype (one of many). The prototype(s) may have
assimilated tokens, but since there was no comparison
with discrimination from a nonprototype for these stim
uli, it is difficult to interpret this finding as evidence for
a perceptual magnet effect. Nevertheless, the data does
indicate, as Iverson and Kuhl (1995b) point out, that cat
egory goodness can influence discrimination within a
category (see also their third experiment). Stimuli to the
right ofthe prototype, however, had been given a quality
rating of between 3.7 and 5.5 and identified as Iii be
tween 83% and 98% of the time. In this case, the same
stimulus set was discriminated from the prototype and
the nonprototype referents. These results showed a dif
ference in performance that only approached significance
(p = .11). Although it is not explicitly stated, it seems
likely that this significance results from the comparison
for the 30-mel distance. These results are interesting,
since it is this condition that is free from the effects ofthe
context. In the other conditions of this experiment and in
previous research (Kuhl, 1991; Lively & Pisoni, 1997;
Sussman & Lauckner-Morano, 1995), the stimulus set
was different when discrimination was compared be
tween tokens and a prototype or a nonprototype condi
tion. In Experiment 3 of the present study, discrimination
of stimuli from the same stimulus set (with a 15-mel step
size, smaller than that used by Iverson & Kuhl, 1995b),
from a prototype and a nonprototype is compared.

Finally, Kuhl's (1991) stimulus arrays (and those tested
by Lively & Pisoni, 1997) were described in terms ofra
dial distance from a central stimulus. It is not explicitly
stated how the coordinates were calculated, but if each
token was placed on a circular orbit, the change in F I and
F2 values for the diagonals was different from the change
in Fl and F2 values for the vertical and horizontal axes.
In studies in which all 32 stimuli in the prototype and
nonprototype arrays are used, this fact introduces an
other nonlinearity along the physical dimension that may
influence the plausibility in interpreting results as a non
linearity in perception. In this study, Fl and F2 changes
were made in equal steps. The result was a series ofrec
tangular orbits, rather than circular orbits. Circular orbits
mean that the increments that effect simultaneous Fl
and F2 changes are larger than those where FI and F2
change separately, by a factor of 104.

The following series of three experiments were de
signed to be a fairer test of the perceptual magnet effect,
since methodological factors were more tightly controlled
than in any single investigation to date.

EXPERIMENT 1

The five vowels chosen for this experiment were Iii,
/3/, hi, lal, and lre/. The vowels were chosen because
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Table 1
Stimulus Coordinates of the Five Central Tokens for the
Australian English VowelsUsed in Experiments 1 and 2

Formant hI /31 lal lrel Iii
FI 440 485 730 756 273
F2 750 1,430 1,100 1,850 2,328
F3 2,495 2,525 2,440 2,575 3,010
F4 3,300 3,300 3,300 3,300 3,300
F5 3,750 3,750 3,750 3,750 3,750

Iii, hi, lal, and lrel have F1 and F2 values that define the
four corners of the Australian vowel quadrilateral and
the vowel 131 is situated roughly in the middle of this for
mant space. An initial trial synthesis of prototype and
nonprototype stimulus arrays for these vowels suggested
that stimuli positioned further than 120 mels from the
center were, more often than not, situated in another cat
egory or were so extreme in their F1 and F2 values that
they sounded unnatural. Because the focus of this study
was on within-category structure, all the stimuli follow
ing Kuhl's nonprototype array were not synthesized, the
exception being those four stimuli that were on the vec
tor that was common to both her prototype and her non
prototype arrays. Our aim was to describe a large enough
proportion of each vowel space to be able to examine
structure and to be able to define a prototype and a non
prototype within that space.

Method
Subjects. Sixteen adults (10 females and 6 males), 22-41 years

of age (mean = 28.6), participated in this experiment. All the sub
jects had normal hearing (i.e., pure tone air conduction responses
at 20 dBHL for octave interval frequencies from 250 to 8000 Hz).
They had no reported history of hearing disorder or of speech and
language disorder and had no training in phonetics. The subjects
were native Australian English speakers, were right-handed, and
were staff and students at the University ofQueensland.

Stimuli. The stimuli were 33 synthetic vowels in each of the cat
egories Iii, I:JI,13/,lal, and lad. For each vowel category, an initial
prototype was selected that had formant values corresponding to
single utterances of vowels found in Australian English (Bernard,
1989). Bernard's data were originally collected in the late 1960s.
On the basis of phonetic transcription, Bernard grouped Australian
English speakers into the three categories ofcultivated, general, and
broad speakers. He documented the acoustic specifications for each
group in terms of formant values for the major vowels. No large
scale national investigation into the acoustic specifications ofAus
tralian English has been undertaken since. However, studies of adult
pronunciation in Sydney (Horvath, 1985) and of Australian ado
lescents nationally (Mitchell & Delbridge, 1965) have suggested
that, overall, individual speakers appear to use a mixture of broad,
general, and cultivated vowels. Furthermore, for specific vowels,
they appear to consistently use a pronunciation from one category.

In a pilot test, a range of stimuli centered on the vowels lrel, Iii, I:JI,
lal, and /31 were synthesized. The central vowels were synthesized
using the first three formant values from Bernard's (1989) general cat
egory. Fifteen subjects were asked to rate each stimulus in terms of
category goodness. Results showed that, for lrel and Iii, the subjects
thought that the general prototype was atypical and chose a different
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Figure 1. Distribution of the stimuli used in Experiments 1 and 2. The stimuli are arranged around a prototype so that
Fl and F2 vary in equal steps of 30 mels. The eight vectors emanate from the central prototype.
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Figure 2. From Experiment I, the subjects' ratings of each stimulus in the Australian English vowelcategory lre/. The upper
number placed by each stimulus is the mean; the lower number is the standard deviation. Stimulus coordinates are a function
of FI and F2, depicted in hertz. The locations of the prototype (P) and the nonprototype (NP) are shown. The filled squares
are the locations of the stimuli on the continuum selected for use in Experiment 3.

stimulus with formant values more like the cultivated versions of the
vowels, as being the best example. Consequently, the pilot prototype
formant values for Iii and lrel were used in the present study. The for
mant values for I'J/, /31, and lal used are those described by Bernard.
The formant values of all prototype vowels are presented in Table I.

The values ofthe first and second formants (Fl and F2) were al
tered in steps of30 mels, to form a series of32 vowels spaced around
each prototype. The change in the physical distance between each
stimulus was, therefore, constant in terms ofFI and F2. The mel
was used for a number ofreasons. The difference limen for the first
three formants are similar when formant values are expressed in
mels (Flanagan, 1957). The mel scale is believed to equate the per
ceived magnitude of pitch over a range of frequencies. Using the
mel scale to describe the differences in FI and F2 should preserve
equal psychophysical spacing for the formant's pitch (see note 2).
The values were calculated, using the formula suggested by Fant
(1973, y = klog ( 1 +fll ,000), where y is the mel scale value, k is a
constant, andfis the formant frequency in hertz. The result was 32
stimuli arranged in a series of four squares, each made up of8 stim
uli. Each square became progressively larger in 30-mel steps and
was centered on the category prototype. Previous investigators'
stimuli (Kuhl, 1991; Lively & Pisoni, 1997; Sussman & Lauckner
Morano, 1995)were situatedon circular orbits, 8 stimulito each, which
meant that the Fl and F2 step sizes between stimuli on the diago
nal dimensions were different from that of stimuli on the horizontal
and vertical axes. The square configuration was thought to be more
appropriate, since it maintained a constant step size for the experimen
tal independent variables, Fl and F2, in all vectors (see Figure 1).

All the stimuli were synthesized with five formants, 16-bit reso
lution, and at a sample rate of 12 kHz, using a version of the Klatt
(1980) speech synthesizer (CSRE45, Avaaz Innovations, Inc., Lon
don, ON, 1995). For Iii, I'JI, hI, and lal, the fundamental frequency
contour was the same. It rose from 112 to 132 Hz in the first
100 msec and then fell to 92 Hz over the next 400 msec. The dura
tion of these vowels was 500 msec. Voicing amplitude increased
linearly from 0 to 45 dB in the first 40 msec and increased to 53 dB
over the next 40 msec to a maximum of55 dB for 20 msec. The am
plitude then fell back to 53 dB for 20 msec, to 45 dB for 380 msec,
and then to 40 dB at 500 msec. The vowel lal was shorter, being
300 msec long. The fundamental frequency of voicing rose from
112 to 132 Hz in the first 100 msec but then fell to 92 Hz in the last
200 msec. Amplitude ofvoicing rose to 15 dB by 10 msec, 40 dB by
20 msec, 55 dB by 100 msec, and then fell to 45 dB at 300 msec.
The stimuli were balanced for intensity (within 2 dB ofeach other)
by measuring the overall dB(A) value ofeach stimulus with a sound
level meter (Bruel and Kjaer Type 2235), using the A weighted
maximum hold function. A final listening check was conducted to
ensure equality of loudness.

Equipment. The experiment was controlled by computer (Total
Peripherals, 386, PC), which also presented the stored, previously
synthesized vowel stimuli via a 16-bit digital-to-analog conversion
card (Creative Technology SBI6). The stimuli were then lowpass
filtered at 4200 Hz (Krohn-Hite 3901 elliptical filter) before being
directed to the earphones (TDH 39) via a clinical audiometer (In
teracoustics AC5). The controlling software randomized the pre
sentation sequence ofstimuli within each block, chose the sequence
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Figure 3. From Experiment I, the subjects' ratings of each stimulus in the Australian English vowelcategory Iii. The upper
number placed by each stimulus is the mean; the lower number is the standard deviation. Stimulus coordinates are a func-
tion of FI and F2, depicted in hertz. The locations of the prototype (P) and the nonprototype (NP) are shown. The fllled
squares are the locations of the stimuli on the continuum selected for use in Experiment 3.

of vowel categories for each subject from a Latin square design, and
logged all the subjects' responses in a text file.

Procedure. The subjects listened to the stimuli presented bin
aurally via headphones (at 68 dB SPL), seated in a sound-proofed
room. The five vowel categories were tested independently, the order
taken from a Latin square design. Each subject was presented with
all of the 32 vowel stimuli and the prototype once, in one block, as
practice. The test session consisted of five blocks in all, with every
block comprising one repetition of each stimulus, for a total of 165
trials per category. The subjects were asked to point, using a mouse,
to a rating displayed as a 1-7 scale on the computer screen (7 being
a good quality vowel and I being a poor quality vowel). For exam
ple, the end points of the scale were marked "7 best leel" and" I
worst lee!" with the numbers 2-6 marked on a line between them.
Once a subject responded, the next stimulus was presented 500 msec
later. The subjects had 5 sec in which to respond; otherwise, a no
response was recorded, and the next stimulus was presented. After
each block of 33 trials, the subjects were given a break from testing
until they were ready to proceed. The five ratings for each stimulus
were averaged to make a mean rating score for each stimulus. The
test session lasted approximately I h.

Results and Discussion
The main finding of this experiment was that listeners

were able to rate stimuli as having differing levels of
quality, indicating some level of internal structure of the
Fl-F2 space. This is consistent with previous reports of
an internal structure of phonetic categories. Miller and

Volaitis (1989) studied identification and goodness rat
ings ofCVs that varied in VOTs that were representative
of the VOTs found when speaking rate was increased.
They found that the change in duration by manipulating
VOT context for an extreme Ipi/-/pi/-/bil continuum re
sulted in a change of identified category membership
and perceived goodness.

Figures 2 to 6 show the mean rating scores given to
the 32 variants and the prototype in each category in the
present study.

It can be seen that, for all categories except for lreland
la/, the stimuli closest to the category center (i.e., our
initial best-guess prototype) earned high rating scores.
However, these center stimuli were not always given the
highest rating, and a number of stimuli in each category
attracted equal or higher rating scores. Consider the ex
ceptions. In particular, the preferred stimuli for lrel (see
Figure 1) were positioned toward the end of the high Fl
and F2 space on Vector 2. There are three possible ex
planations for this. First, the duration of this vowel was
shorter than those for the others (300 msec), and duration
is an important cue for lrel in Australian English (Ber
nard, 1967; Collins & Blair, 1989; Jones, 1968). The re
sults may have reflected a tradeoffbetween formant fre
quencies and duration not seen in the other categories.
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Figure 4. From Experiment 1, the subjects' ratings of each stimulus in the Australian English vowel category faf. The
upper number placed by each stimulus is the mean; the lower number is the standard deviation. Stimulus coordinates are
a function ofFl and F2, depicted in hertz. The locations of the prototype (P) and the nonprototype (NP) are shown. The
filled squares are the locations ofthe stimuli on the continuum selected for use in Experiment 3.

Second, subjects often prefer hyperarticulated versions
of vowels when they are presented in isolation. This has
been demonstrated for the American vowel Iii (Johnson,
Flemming, & Wright, 1993), and the extent of this pref
erence for any particular vowel is probably dialectically
related. The highly rated stimuli in lrelsounded as ifthey
were more open, had slightly more nasality, and articu
lated with more backness than the prototype. These fac
tors may have made them sound more overarticulated
than the other categories for Australian listeners. Finally,
lrelin Australian English is quite variable, with instances
ofproductions approaching lre;'l, lre:/, and lei often being
heard (Clark, 1989). These variants tend toward a progres
sively higher F2 value and, in conjunction with over
articulation, may have been perceived as being good in
stances of that category. A similar picture is seen in lal,
where the highest ratings were distant from the central
prototype, favoring high Fl and F2 values. The vowel
lal is very stable in Australian English (Clark, 1989) but
with some instances leaning toward le~1 being produced,
again a variant where a tendency toward higher F2 values
exist. Our rating results for the other vowels are broadly
in agreement with previous work in American English,
since our initial best-guess prototype for Iii also attracted
a high goodness rating (see Iverson & Kuhl, 1995b; Kuhl,

1991). For I:JI and /31, more than one stimulus was con
sidered to have high quality ratings that were similar to
our best-guess prototype (see also, e.g., Lively & Pisoni,
1997, for their Iii stimuli).

To assess the performance ofdifferent subjects on this
task, frequency histograms (number of subjects X rating
score) for individual stimuli were studied. The subjects'
rating scores tended to be more closely clustered where
stimulus means were higher (i.e., good quality ratings
above 4), and a wider range of rating scores was ob
served where the mean rating was low. This was taken to
reflect a higher level ofconfidence when rating good stim
uli than when rating poor stimuli. A contributing factor
to increased standard deviations seemed to be that some
individual subjects gave stimuli with a low mean rating
extraordinarily high ratings and vice versa.

Kuhl (1991) noted that stimuli situated on the same
orbit or radial distance from the prototype attracted sim
ilar ratings and that quality declined generally with dis
tance from the central stimulus. In order to investigate
this graded structure, separate nonparametric Friedman
analyses ofvariance (ANOVAs) for related samples were
applied to the data for the Iii, I:JI, and /31 categories. The
lreland lal categories were not tested, since it is difficult
to discuss symmetry where subjects placed the highest,
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Figure 5. From Experiment I, the subjects' ratings of each stimulus in the Australian English vowel category lei. The
upper number placed by each stimulus is the mean; the lower number is the standard deviation. Stimulus coordinates are
a function ofFI and F2, depicted in hertz. The locations of the prototype (P) and the nonprototype (NP) are shown. The
filled squares are the locations of the stimuli on the continuum selected for use in Experiment 3.

more prototypical stimuli quite differently from our ini
tial center estimates. The following discussion regarding
symmetrical gradation relates to the categories Ii!, hi,
and /3/. The mean rating score given to stimuli on the
same orbit was the dependent variable, and orbit number
(1-4) was the independent variable. Figure 7 shows the
mean rating score for each orbit. For these three cate
gories, a significant effect of orbit (p < .00 I) was seen.

Although these results provide evidence of a mean re
duction ofquality rating as distance increases, scrutiniza
tion ofFigures 3, 5, and 6 indicates that, in all cases, there
are mean group ratings at some point on each orbit where
scores are quite disparate. For example, evidence of sym
metry might be argued for Orbit I, for Iii, but not for other
orbits (e.g., values on Orbit 2 range from 2.98 to 6.02,
with a mean value of 4.75). If the decline in quality was
symmetrical, the mean rating scores ofthe stimuli in each
orbit should be the same. In order to test this, further sep
arate nonparametric Friedman ANOVAs for related sam
ples were applied to the eight stimuli on each orbit of the
categories Iii, hi, and /3 /. In each of these categories, the
mean quality rating of stimuli on the same orbit were
highly significantly different at the p < .001 level. Lively
and Pisoni (1997) found a similar result with a replication
of Kuhl's (1991) prototype and nonprototype Iii stimuli.

It seems, then, that a systematic change in Fl and F2
is not paralleled by a systematic change in quality. Changes
in FI values alone invariably produced a wider range of
quality ratings than did changes in F2 alone. Since cues
provided by FI are important in vowel identification
(Schouten & Van Hessen, 1992), it would be expected that
within-category quality judgments would be affected by
manipulation ofa spectral cue that influenced vowel iden
tity. Indeed, there is evidence that the physical differences
of FI and F2 can be mapped successfully onto a two
dimensional perceptual vowel space (Kewley-Port & Atal,
1989). This suggests a defined relationship between the
physical and the perceptual spaces. Kuhl's (1991) data
imply that this relationship is more ofa one-to-one func
tion than the present study and others would suggest. Cer
tainly, there is no logical reason to suppose that a phonetic
category "center" or prototype has to be in the physical
center of a category.

In summary, the internal structure ofvowel categories
can be described in terms of graded goodness. However,
the symmetrical graduation and invariance observed by
Kuhl (1991) is not apparent in our data. This finding is
consistent with previous work (Lively & Pisoni, 1997).
It appears that the measure of goodness apportioned to
stimuli by listeners is related to formant values, but the
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Figure 6. From Experiment 1, the subjects' ratings of each stimulus in the Australian English vowelcategory hi. The
upper number placed by each stimulus is the mean; the lower number is the standard deviation. Stimulus coordinates are
a function of Fl and F2, depicted in hertz. The locations of the prototype (P) and the nonprototype (NP) are shown. The
filled squares are the locations ofthe stimuli on the continuum selected for use in Experiment 3.

function relating the physical to the perceptual (pho
netic) space is not simple.

EXPERIMENT 2

The results from Experiment I provided evidence of
an internal structure related, to some extent, to perceived
quality and FI and F2 coordinates. Therefore, it would
be expected that higher rated stimuli should also be iden
tified as within-category stimuli. However, this may not
be the case with low-rated stimuli. A stimulus may have
attracted a mean low rating because it was outside of the
category, as was the case for Kuhl's (1991) nonprototype
Iii stimulus. In Experiment 2, the subjects were asked to
identify each stimulus in the five Australian English
vowel categories as belonging or not belonging to that
category, in order to establish category membership of
the test stimuli. A second purpose was to identify a non
prototype stimulus with a low rating and a high or, at least,
moderate identification score and a prototype stimulus
with a high rating and a high identification score, in each
category. These stimuli could then be used to investigate
discrimination associated with the perceptual magnet ef
fect in Experiment 3.

Method
Subjects. The 16 adults who participated in Experiment I took

part in Experiment 2.
Procedure. The stimuli, the equipment, the procedure, and the

test environment were the same as those used in the previous ex
periment, except that, rather than rating each stimulus, the listeners
were required to identify each stimulus. For example, they had to
decide whether the stimulus they had just heard was Iii as in the
word peep. Responses were made by clicking a mouse on one of
two boxes on a computer screen labeled "Ieel" or "not-/ee/" (for
the Iii category). The percentage of identification (i.e., percentage
of lal for vowel la/) was recorded and averaged across the five
blocks to form a mean percentage of identification score for each
subject, stimulus, and category.

Results and Discussion
The mean percentage in-category scores for all the

subjects for each vowel category are presented in Figures
8-12. The main result ofExperiment 2 was that listeners
were able to identify a substantial number of the variant
vowel stimuli in each category as belonging to that
category.

For Iii, 13/, and I:J/, the chosen central, prototypical
stimulus in each case was identified as belonging to the
category approximately 97% of the time. This suggests
that the initial choices of prototype formant values were
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highly representative of the category. In addition, per
centage of identification decreased as distance from the
center increased. The points in FI and F2 space, where
identification approached 50%, define the category boun
daries. The central stimuli of lrel and lal were identified
37% and 62% ofthe time, respectively, and received good
ness scores 00.4 and 5.87, respectively, suggesting some
disagreement between subjects' choice ofa best instance
and the characteristic formant values produced in Aus
tralian English measured by Bernard (1989). How reliable
and relevant Bernard's acoustic specifications of Aus
tralian English in the 1960s are to Australian English in
the 1990s is ofinterest. There is evidence ofsociolinguis
tic change in Australia, leading to general Australian be
ing spoken more predominantly (Horvath, 1985). In view
of this, some disagreement would be expected between
subjects' ratings and Bernard's production data. Never
theless, a good instance (prototype) and a poor instance
(nonprototype) stimulus could be identified, from the
data, even though they were at locations not predicted by
speech production data for these vowels.

The variation seen in the percentage of identification
scores reflects subjects' high confidence in responding
to stimuli well within categories and outside of categor-

ies but low confidence for stimuli near the 50% boundary.
This trend was seen for all the categories. A strong rela
tionship was observed between subjects' ratings (in Ex
periment I) and percentage of identification scores for
all the vowel stimuli. Since correlation analysis revealed
highly significant Spearman's correlation coefficients
(.91-.97,p < .005), it would seem that listeners' identi
fication judgments, like their rating judgments, rely on
the spectral cues that arise from FI and F2 changes. Lis
teners had no option other than to identify stimuli as ei
ther lrel or not lrel (for example); therefore, poor quality
ratings were reflected in low percentage in-category iden
tification scores.

The present data show that some examples of the stim
uli distributions were not identified as belonging to the
category in question. Of interest is that this study's 120
mel stimulus in Iii was not considered by listeners to be an
Iii. This is consistent with other reports (Iverson & Kuhl,
1995b; Sussman & Lauckner-Morano, 1995). In a similar
experiment, Lively and Pisoni (1997) noted that, for Iii,
Kuhl's (1991) 120-mel stimulus was identified quite dif
ferently, depending on whether the stimulus was presented
in the context of the prototype or of the nonprototype dis
tribution of stimuli. In Experiment 2, category member-
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Figure 8. From Experiment 2, the subjects' percentage identification score for each stimulus in the Australian English
vowelcategory lre/. The upper number placed by each stimulus is the mean; the lower number is the standard deviation.
The stimulus coordinates are a function of Fl and F2, depicted in hertz. The locations of the prototype (P) and non-
prototype (NP) are shown in each category. The filled squares are the locations of the stimuli on the continuum selected
for use in Experiment 3.

ship was established for stimuli in each vowel category
within the context of its 32-stimulus array. Initial com
parison ofthe results from Experiments 1 and 2 enabled a
number of prototype and nonprototype stimuli to be se
lected. Part of Experiment 3 included identification of a
subset ofthese 32 stimuli in order to establish whether set
size would have an effect on subjects' labeling of identi
cal stimuli. This smaller set ofstimuli (7 in each category)
was used to test for the perceptual magnet effect in a dis
crimination task carried out in Experiment 3.

EXPERIMENT 3

In this experiment, discrimination ofthe selected proto
type and nonprototype stimuli from variants synthesized
between them was investigated. The first and main ob
jective was to demonstrate poorer discrimination perfor
mance with a prototype as a referent than with a non
prototype as a referent. This experiment was designed to
facilitate discrimination and to better control for the ef
fects of stimulus set context. It was therefore thought to
be a fairer test of the perceptual magnet effect than in
vestigations of previous studies.

Second, the influence oflisteners' phonetic experience
was considered. Kuhl's (1991) subjects were experienced
in phonetics, whereas Sussman and Lauckner-Morano
(1995) and Livelyand Pisoni (1997) used subjects untrained
in phonetics. Iverson and Kuhl (1995b) tested a mixture of
phonetically trained and untrained subjects in their rating
and identification tasks but untrained subjects for their dis
crimination task. In the present study, a phonetically expe
rienced and a phonetically naive group of subjects were
tested. The objective was to investigate the hypothesis that
training in phonetics can change subjects' listening strat
egy or their internal representation of vowel prototypical
ity. Therefore, the plausibility of inferring magnet effects
from discrimination data might be questionable. A point to
note here is that, ifthis perceptual effect is dependent on ex
perience, exactly how robust is it likely to be?

Method
Subjects. Thirty-two adult subjects (10 males and 22 females),

18-29 years of age (mean = 22.4), took part in this experiment.
None had taken part in Experiment I or 2. The group was drawn
from undergraduate and postgraduate students of the University of
Queensland. Half of the subjects had taken courses in phonetics,
transcription, speech pathology, and linguistics; the remainder were
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Figure 9. From Experiment 2, the subjects' percentage identification score for each stimulus in the Australian English
vowel category Iii. The upper number placed by each stimulus is the mean; the lower number is the standard deviation.
The stimulus coordinates are a function of FI and F2, depicted in hertz. The locations of the prototype (P) and non-
prototype (NP) are shown in each category. The filled squares are the locations of the stimuli on the continuum selected
for use in Experiment 3.

naive in these areas. All were native Australian English speakers
and were right-handed. All the subjects passed a hearing screen at
20 dBHL at octave intervals between 250 and 8000 Hz. They had
no reported history of hearing or speech disorder.

Stimuli. From the pool of 32 stimuli for each category used in
Experiments I and 2, a prototype, a nonprototype, and five variants
were selected. In order to fit these variants into an equal number of
five psychoacoustic steps on a continuum between the prototype
and the nonprototype stimuli, the step size was reduced to IS meIs,
with new stimuli synthesized in the intermediate positions. By ex
amining the rating and identification scores from Experiments I
and 2, a continuum of the variants along one diagonal or another
was chosen (see the filled blocks marked on Figures 2-6 and 8-12).
The five-stimulus continuum was bounded by a prototype stimulus
and a nonprototype stimulus.

The main criteria for choosing the prototype and nonprototype
stimuli were that they received identification scores that were ap
proximately 40% apart and rating scores that were at least 2 points
apart, and that they were separated by six IS-mel steps on any stim
ulus vector with the same direction. In some cases, these values
were interpolated between the stimuli in order to choose an appro
priate prototype or nonprototype stimulus that allowed consistent
mel intervals. The resulting prototype stimuli were identified as
within-category stimuli more than 90% of the time and were rated
5.8 and above. The nonprototype stimuli were identified between
42% and 63% of the time and were rated between 2.8 and 4.3. The
nonprototype identification scores given that were below 50% were
for the vowels /31 (42%) and IJI (46%).

Procedure. The equipment used in Experiment 3 was identical
to that in Experiments I and 2. Discrimination of the five categories
ofvowel stimuli (Iii, IreI, lal, 13/,and IJ/) was tested in two condi
tions. In the first condition, each ofthe five vowel stimuli was com
pared with the prototype. In the second condition, each ofthe five
vowel stimuli was compared with the nonprototype selected from
that category. A same/different paradigm was used throughout.

Same/different paradigm. On each trial, either the prototype or
the nonprototype stimulus (depending on the condition) was paired
with one of the variants from the continuum or with itself. The lSI
was 250 msec. The subjects sat looking at a computer screen on
which two boxes, one marked same the other marked different, were
displayed. On listening to a trial, the subjects were instructed to use
the computer mouse to select the same box if they considered the
trial to consist of two identical stimuli or the different box if not. Re
sponses were logged by the computer. Ifno response was made after
4 sec, the next trial was presented and a no response recorded. The
subjects were asked to respond as quickly as possible, since their
RT would be logged. Feedback was given on each trial for both hits
and correct rejections. There were 120 trials in all, presented in 12
blocks of 10 trials, with same trials being presented with a proba
bility of .5. Within each block, each of the five stimuli from a con
tinuum was presented once, in a different trial.

Two extra blocks were presented for practice. Trials were ran
domized within each block, and the order ofblock presentation was
randomized. All stimuli, presentation order, and response logging
were under computer control, running CSRE45 software (Avaaz
Innovations, Inc.).
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Figure 10. From Experiment 2, the subjects' percentage identification score for each stimulus in the Australian English
vowel category la/. The upper number placed by each stimulus is the mean; the lower number is the standard deviation.
The stimulus coordinates are a function ofFl and F2, depicted in hertz. The locations of the prototype (P) and non pro-
totype (NP) are shown in each category. The filled squares are the locations of the stimuli on the continuum selected for
use in Experiment 3.

From the collected data, hit (different when stimuli were differ
ent) and false alarm (different when stimuli were the same) rates
were analyzed, and the unbiased discrimination measure d' (Mac
millan & Creelman, 1991) was calculated. In addition, the mean re
sponse RTs for hits for each stimulus on a continuum were calculated.

Identification. The data from Experiments I and 2 were used to
construct the vowel continua used in Experiment 3. In the selection
process, it was apparent that the nonprototype stimuli were not al
ways identified as belonging to a category 50% or more ofthe time,
and therefore, discrimination may have been based on across-bound
ary decisions. However,owing to different stimulus set sizes and con
text influences, the identification data in Experiments I and 2 may
not have reflected similar identification scores with the smaller stim
ulus set size (7 as opposed to 32 stimuli) in Experiment 3. In addition,
some of the intermediate stimuli chosen were extrapolated and not
implicitly identified in Experiment 2. In view of this, 14 of the sub
jects (7 naive and 7 experienced) who took part in the third discrim
ination experiment also identified the same stimuli, using the proce
dure described in Experiment 2. The results are reported below.

Results and Discussion
Identification Data. The identification results are

shown in Table 2. In Experiments 1 and 2, we tested naive
listeners and selected the materials for Experiment 3 on
the basis of their results. Since Sussman and Lauckner
Morano (1995) found evidence that naive and experienced
groups differed in their choice of prototypes, separate

nonparametric Friedman ANOVAs were carried out on
data from each vowel category. Factors were group (naive
vs. experienced) and identification score for each stim
ulus. No significant differences of group membership
were seen at the p < .05 level. The cause of the disparity
between Sussman and Lauckner-Moranos data and the
present data is not particularly clear. By comparing the
present study's naive listeners in Experiments 1 and 2
with the experienced listeners in the identification part
of Experiment 3, we see that different levels of linguis
tic experience appear not to change perceptions of cate
gory membership.

The second point of interest is that all the subjects
identified stimuli in the smaller set differently than when
exposed to a much larger stimulus set. This was much
more obvious around the nonprototype end of the con
tinua, implying that, given less choice, listeners tend to ac
cept poorer quality category members as being within
category. As in the second experiment, a number ofstim
uli were identified as within-category 95% or more ofthe
time. These were generally within 30 mels of the chosen
prototype. Subsequently, a satisfactory range between
prototype and nonprototype remained in all continua.

The third important point is that the subjects who had
discriminated the smaller set of Australian vowels now
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Figure II. From Experiment 2, the subjects' percentage identification score for each stimulus in the Australian English
vowel category 13/. The upper number placed by each stimulus is the mean; the lower number is the standard deviation.
The stimulus coordinates are a function of FI and F2, depicted in hertz. The locations of the prototype (P) and non pro-
totype (NP) are shown in each category. The fiDed squares are the locations of the stimuli on the continuum selected for
use in Experiment 3.

considered the nonprototype stimuli to be within-category
examples between 51% and 69% of the time (in contrast
to Experiment 2) and the prototype stimuli between 94%
and 100% ofthe time. This indicates that the stimuli dis
criminated in Experiment 3 were accepted as being within
category when subjects considered them in the context
of (1) a smaller set size and (2) category-representative
stimuli. This is evidence of stimulus context influencing
category membership.

Discrimination data. The mean d' for each of the five
continuum stimuli in each category was calculated for
the two subject groups. To test for multivariate concen
tricity, a multiple linear regression was run on the data
for each stimulus comparison, in order to measure the
mahalanobis distance. This is a measure of how distant
a case is from the average ofall cases on any independent
variable. The results indicated no significant outliers that
exceeded the chi-squared limit (X 2 = 19.46,p < .01). To
test the effect of phonetic experience on discrimination,
a repeated measures ANOVA on the two groups (naive or
experienced) and on discrimination in the five prototype
and five nonprototype measures was used to analyze the
data. There was no significant effect ofgroup in any con
dition (for the p < .05 level). In view of this finding, the
two groups were pooled for subsequent analysis.

Sussman and Lauckner-Morano (1995) found phonetic
experience differences in their identification experiments
but did not test this in discrimination data. This result in
dicates that category membership measured in an iden
tification task may not transfer to discrimination tasks.
Perhaps this is another example of the influence of task
nonequivalence.

The mean d' scores for each stimulus on the continuum
for the prototype and nonprototype conditions are shown
in Figure 13.

In order to compare performance in the prototype and
the nonprototype conditions, a fully repeated measures
ANOVA, with perceptual distance (d' for each stimulus)
and condition (prototype or nonprototype) as factors, was
run separately for each vowel category. A significant inter
action (p < .00l) ofthe main effects (condition X distance)
was noted for categories I'JI and Iii (F = 3.8,p < .001, and
F = 8.79,p < .001, respectively). Of these two categories,
only I'JI showed a main effect ofcondition (F = 4.533, p <
.05). No significant interaction or main effect of condition
was seen for lrel,lal, or /31 at the p < .05 level. All the cat
egories, however, showed a highly significant effect ofdis
tance (p < .001). These results are taken to demonstrate that
the significant change in discriminability of the test stim
uli in IreI, lal, or /31 that occurred as a function ofdistance
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Figure 12. From Experiment 2, the subjects' percentage identification score for each stimulus in the Australian English
vowelcategory 1::>1. The upper number placed by each stimulus is the mean; the lower number is the standard deviation.
The stimulus coordinates are a function of F1 and F2, depicted in hertz. The locations of the prototype (P) and nonpro-
totype (NP) are shown in each category. The filled squares are the locations of the stimuli on the continuum selected for
use in Experiment 3.

is similar in each condition. This is not the case for I'JIand
Iii. Investigation of the simple effects associated with con
dition in these categories revealed a significant difference
in performance at the N2P2 distance for both I'JI and Iii
(F = 32.4,p< .001, andF = 16.63,p< .001, respectively).
For I'J/, this differencein performance is in the wrong direc
tion to support a perceptual magnet effect (i.e., performance
in the prototype condition was better than that in the non
prototype condition). However, performance for Iii was
poorer for the P condition and, therefore, is in the right di
rection to support a perceptual magnet effect. These differ
ences undoubtedly contributed to the overall interaction of
the main effects. On their own, they provide minimal sup
port for a perceptual magnet effect, since a robust effect
should be present in all the categories.

A comparison of the discrimination data for Iii from
this study with discrimination data for Iii from Iverson
and Kuhl (1995b) is possible. Iverson and colleagues
tested discrimination ofIii variants corresponding to the
high F2/10w Fl, low F2/high Fl diagonal of Kuhl's
(1991) stimuli. Their "right of prototype" and "left of
prototype" stimuli correspond to this study's continua of
stimuli between the prototype and the nonprototype.
Iverson and Kuhl (1995b) found that their subjects' per
formance was not significantly poorer (at thep < .05 level,

although it was just significant at thep = .11 level) when
discriminating stimuli right of their prototype from the
prototype stimulus than when discriminating stimuli left
of their nonprototype from the nonprototype stimulus.
Thus, no substantial evidence of a shrinking of percep
tual space consistent with magnet effects was shown.
Iverson and Kuhl (1995b) explain that this effect may be
less prevalent in adults, since previous work with chil
dren (Kuhl, 1991) had shown a much larger effect. In the
present study, no supportive evidence for a perceptual
magnet effect was found in any of the discrimination data
for the five vowel categories, including Iii.

Further comparison with Sussman and Lauckner
Morano's (1995) data is also possible. Sussman and col-

Table 2
Identification Scores for the Continua for the Five Australian

VowelsUsed in Experiment 3

Continuum hi /31 lal lrel I if

DSP 94 100 97 97 96
DS1 93 97 97 94 90
DS2 93 100 94 99 84
DS3 81 99 89 94 76
DS4 57 94 86 86 63
DS5 54 87 66 69 51
DNP 54 69 61 53 51
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Figure 13. Results from Experiment 3 for the five Australian English vowels tested. The vertical axis is mean d', depicting discrim
ination performance. The five intervals in physical space between the prototype and the nonprototype referents are shown on the hor
izontal axis.
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leagues measured discrimination (d') by 40 adults on
five different continua also taken from the high F2/10wFl,
low F2/high FI diagonal (vector 4) of Kuhl's (1991) stim
uli. There are data for two groups from Sussman's study
that can be compared with the present data: first, their
prototype (P) group, which discriminated between a
prototype Iii and four stimuli separated by 15-mel steps
increasing in Fl and decreasing in F2 along Kuhl's Vec
tor 4; second, their 75-up group, which discriminated be
tween a nonprototype stimulus, 75 mels away from the
prototype along Kuhl's Vector 4, and four stimuli toward
the prototype in 15-mel steps. Sussman's P and 75-up
groups are, therefore, analogous to the present study's Iii
prototype condition and nonprototype condition, respec
tively. Sussman and Lauckner-Morano found that dis
crimination was significantly poorer in the group that had
the prototype for a referent than in the group that had a
nonprototype, the 75-up stimulus, as a referent. In the
present study, no such differences were found.

Reaction time for hits. In view of the failure to dem
onstrate a definitive magnet effect by measuring dis
crimination, it was thought that studying subjects' RTs in
each of the prototype and nonprototype conditions might
provide evidence for the perceptual magnet effect. RTs
have been shown to be more sensitive to within-category
acoustic differences than are discrimination measures (Pi
soni & Tash, 1974). MUltiple linear regression analysis mea
sured the mahalanobis distance for each data point in the
RT data, and there were no significant outliers exceeding
the chi-squared limit (X2 = I9.46,p < .01). Some minor
evidence ofskewness was present in the RT data; therefore
the 10glO transform was taken and used in this analysis.
In the following text, RT means the 10glO-transformedRT.
The data collected from the two groups (naive and non
naive subjects) were analyzed by running an ANOVA
(group X condition). Again, no significant differences
were found between the groups, and the data were pooled
for subsequent analysis.

The mean RT was calculated for each subject, for each
of the five acoustic distances from the prototype and non
prototype conditions in each vowel category (see Fig
ure 14). The perceptual magnet effect predicts that, in the
prototype condition, discrimination should be poorer than
in the nonprototype condition. Therefore, increased RTs
where the prototype is a referent were expected. A fully re
peated measures ANOVA, with condition (prototype or
nonprototype) and distance (NI-P5) as factors, was ap
plied to the RT data in each category, separately. A signif
icant main effect ofcondition (F = 3.85,p = .059) and an
interaction between condition and distance (F = 2.90, P <
.05)was seen for 1:)1 only.As was expected, there was a gen
eral trend in all the vowel categories for RT to increase sig
nificantly (p < .00 I) as the acoustic distance became
smaller-that is, as the task became more difficult. This in
dicates that, for categories other than 1:)/, the rate at which
RT varied with distance was similar, irrespective ofwhether
the prototype or the nonprototype was the referent. Inves
tigation of the simple effects associated with condition in
1:)1 revealed that subjects' RTs were significantly longer in

the nonprototype condition than in the prototype condition
for the NIP1 distance only. The perceptual magnet effect
would predict longer RTs for the prototype condition, since
other members of the stimulus set are rendered more sim
ilar and, therefore, less discriminable.

In summary, the important result is that RTs to the
stimuli in the same/different task were independent of
referent quality, and, therefore, the data do not provide
evidence for the perceptual magnet effect.

CONCLUSIONS

The results ofthe present investigation do not support
the presence of a perceptual magnet effect in the five
Australian English vowels studied. In Experiment 1, a
graded structure was observed in all the categories. This
is consistent with previous data (Kuhl, 1991; Lively &
Pisoni, 1997; Sussman & Lauckner-Morano, 1995). How
ever, in the categories where there were highly rated cen
tral stimuli (e.g., Iii, 1:)/, and /31), a symmetrical degrada
tion in quality ratings, as described in Kuhl's (1991) data,
was not seen. Stimulus ratings were not invariant, as Kuhl
had suggested. In addition, comparison of the identifi
cation data in Experiment 2 with the identification data
in Experiment 3 support the contention that stimulus set
size influences judgments ofcategory membership. These
findings are consistent with previous research (Lively &
Pisoni, 1997). In Experiment 3, neither RT data nor d'
measures could reveal a perceptual magnet effect. This
was so even though test stimuli were within-category, free
from the influences of context, and presented in a para
digm designed to promote discrimination ofspectral cues.
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NOTES

I. According to prototype theory, categories are represented by the
central tendency ofthe category members along each attribute. This cat
egory representation, in terms of average or typical attributes, is re
ferred to as the prototype. For categorization, an incoming stimulus is
considered to be a category member if it is judged to be more similar to
that category's prototype than to other category prototypes (Medin, Al
tom, & Murphy, 1984, p. 334).

In contrast, exemplar models are based on information that is actively
retrieved from individual members (exemplars) ofa category stored in
memory. The stimulus to be categorized acts as a retrieval cue that inter
rogates the membership ofone or more exemplars. Classification is then
based on the membership ofthe retrieved exemplars, rather than on sum
mary information about typical attributes (Medin & Schaffer, 1978).

It is not within the scope of this article to discuss the relative merits
of each model. However, theoretically, both can account for the issue
with which this article is concerned, which is that not all instances of a
category are perceived as being equally good category members (see,
e.g., Nosofsky, 1986, 1987). Kuhl (1991) refers to prototypes as a way
of describing an internal representation of speech abstracted by a lis
tener and does not intend to make a distinction between an exemplar
and a prototype model ofcategorization. The present article has the same
intention.

2. The perceptual magnet effect predicts differences in discrimination
that are nonlinearly related to changes in the physical dimensions of a
stimulus set. In order to show evidence of this perceptual warping, the
physical dimension must be understood. Otherwise, any nonlinearity
seen in the perceptual data cannot be directly attributed to perception
but may be related to nonlinearity in the physical dimension. In this ar
ticle and in others (e.g., Kuhl, 1991; Iverson & Kuhl, 1995b; Lively &
Pisoni, 1997; Sussman & Lauckner-Morano, 1995), the formant fre
quencies ofsynthetic vowels were manipulated to form a physical dimen
sion ofvowels that differed only in the first and second formants. Since
these changes reflect systematic simulated alterations ofthe human vocal
tract, the influences on the overall spectra of the stimuli on the physical
dimension is also relatively systematic. Spectral analysis of the test ma
terials shows an analogous systematic change of formant peaks. Given
that pitch is a cue for discrimination between two stimuli in the same
category and with formants being at the most some 75 mels apart, the
mel scale would seem a more equable metric than, say, a frequency
scale. We assume, then, that, in the absence ofempirical evidence to the
contrary, our stimuli (and those of other studies) are physically equally
spaced on the mel scale.
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