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Studies involving human infants and monkeys suggest that experience plays a critical role in
modifying how subjects respond to vowel sounds between and within phonemic classes.
Experiments with human listeners were conducted to establish appropriate stimulus materials. Then,
eight European starlingsSturnus vulgaris were trained to respond differentially to vowel tokens
drawn from stylized distributions for the English vowelédnd #/, or from two distributions of

vowel sounds that were orthogonal in th& —F2 plane. Following training, starlings’ responses
generalized with facility to novel stimuli drawn from these distributions. Responses could be
predicted well on the bases of frequencies of the first two formants and distributional characteristics
of experienced vowel sounds with a graded structure about the central “prototypical” vowel of the
training distributions. Starling responses corresponded closely to adult human judgments of
“goodness” for English vowel sounds. Finally, a simple linear association network model trained
with vowels drawn from the avian training set provided a good account for the data. Findings
suggest that little more than sensitivity to statistical regularities of language (ppakiability—
density distributionstogether with organizational processes that serve to enhance distinctiveness
may accommodate much of what is known about the functional equivalence of vowel sounds.
© 1998 Acoustical Society of Amerid&0001-496808)00312-9

PACS numbers: 43.71.AfWS]

INTRODUCTION judgments of the degree to which particular stimulus is per-
ceived as a good example of a particular phonetic segment
Two significant characteristics of the way listeners per-(Grieser and Kuhl, 1989; Iverson and Kuhl, 1995; Kuhl,
ceive speech sounds are that experience in a particular lang91; Miller and Volaitis, 1989; Volaitis and Miller, 1992
guage environment has profound effects, and that some The research effort reported here concerns developmen-
acoustic instantiations of a phoneme are perceptually morgyl aspects of responding to vowel-sound distributions in a
compelling or effective than others. Although this latter ob-graded and language-specific manner. By the age of 6
servation has been a common one ever since speech fgonths, infants respond to vowel sounds in a language-
searchers first manipulated natural and synthetic speech sigppropriate fashion even when stimuli overlap considerably
nals, for a long while relatively little was made of this fact. along acoustic dimensions that are less directly relevant to
Perhaps this was owing to the historical influence of “cat-yowel identity (Kuhl, 1983. Using a reinforced head turn
egorical perception” of speech sounds, by which within-paradigm, Kuhl trained infants to turn their heads only when
Category differences were considered Iargely irrelevant. Athe phonemic qua“ty of a repeating background stimulus
number of studies have revealed the importance of differchanged between the relatively similar synthesized vowels
ences between different examples of the same phoneme. Fy and 4/ modeled after male utterances. When tested on
example, some speech stimuli served as more effectivRgye| synthesized vowels/and 5/ modeled after utterances
adapters in selective adaptation studikBller etal, 1983; py women and childrefadding variation in pitch contour in
Samuel, 198p and some stimuli served as better competi-pqgition to shifting absolute frequency of formantsfants
tors in dichotic competition .experim(.entévliller, 1977, _provided the correct response as defined by phonéimic-
Repp, 197). More recent studies have incorporated explicit{jona)) equivalence despite talker and fundamental-frequency
(f0) changes.
dElectronic mail: kluender@macc.wisc.edu While this earlier study attests to the ability of infants to
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respond equivalently to vowels in the face of phonemicallywhen it is necessary to portray the intentions of other
irrelevant variation, more recent studies by Kuhl and herinvestigators. Also, the terms “prototype” and “prototypi-
colleaguegGrieser and Kuhl, 1989; Iverson and Kuhl, 1995; cal” will be used only for consistency with formulation of
Kuhl, 1991 have investigated how responses to vowelthese issues by othetdnstead, descriptions of stimulus ma-
sounds vary across acoustic/auditory dimensions that are dierials will hew more closely to physical dimensions, and
rectly relevant phonemically. In these cases, instances of thmore neutral terminology such as “functional equivalence”
same vowel differing in acoustic/auditory dimensions seenor “functional mapping” will be used.
not to be perceptually equivalent for either 6-month olds or  Considerations of terminology aside, Kuhl's measure-
adults. Using a reinforced head-turn paradigm, Grieser anthents of infants’ differential responses to contrasts between
Kuhl (1989 examined the extent to which six-month-old acoustically different instantiations of a given phoneme con-
infants responded to a change from a repeating backgrourstitute an important step in understanding how infants come
/il stimulus to another variant off drawn from a distribution to perceptually organize sounds in a fashion appropriate to
of /il examples. They found that the degree to which infantgheir language. More fine-grained analyses of the overall
responded to a change from the background stimulus to arstructure of infant functional mappings for vowel sourtifs
other variant of the vowel was less when the backgroundontrast to establishing only the centroid or protojyps|
stimulus was a vowel judged by adult listeners to be neabe especially important, in part because, to a large extent, it
ideal or “prototypical,” Kuhl (1991 conceptualized this as a is the hallmark of other studies of categorization that such
“perceptual magnet effect” and suggested that infants comequivalence classes have graded structures with some stimuli
to internalize vowel category prototypes similar to those for(not only prototypep being better exemplars than others.
adults, and that variants of the vowel category are perceptusoodness judgments by adult listenésihl, 1991) suggest
ally assimilated to the prototype or “Native Language Mag-that, not only do equivalence classes for vowels have the
net” (Kuhl, 1993 to a greater degree than could be ex-appearance of being structured around a best example or pro-
plained by psychophysical distance alone. totype, but also that instances nearer to the best exemplar or
As might be expected, whether one of the comparisorprototype are “better” members of the category—an arche-
stimuli was a “prototype” or not, greater acoustic/auditory typal category structure. Analogous data has been collected
distance resulted in greater discriminability, and infants werdor adult classification of consonar(s.g., Ilverson and Kuhl,
generally more likely to respond when acoustic/auditory dif-1995; Massaro, 1987; Milleet al., 1983; Miller and Volai-
ferences were greater. This fact makes the results a bit motes, 1989; Samuel, 1982
difficult to interpret with regard to the process by which in- What has become apparent is that the degree to which
fants respond differentially. In a sense, the paradigm pitteéhfants treat instances of a vowel distribution equivalently is
the infant’s ability to discriminate two vowel tokens against conditioned by their experience with a particular language.
the infant's tendency to respond equivalently to discrim-Evidence supporting a role for learning can be found in a
inably different vowels that share some functional equiva-study(Kuhl et al,, 1992 using the same paradigm as Grieser
lence. By analogy, one would not wish to suggest that infantend Kuhl(1989; Kuhl, 1991 with infants from different lan-
were incapable of detecting gender and age differences iguage environments. Six-month-old infants raised in
Kuhl's (1983 experiments with the vowelsa/ and b/. In  Swedish- and English-speaking environments exhibit quite
any event, these studig&rieser and Kuhl, 1989; Kuhl, different tendencies to respond to changes from a relatively
1991 demonstrate that infants were less likely to respondyood example to a relatively poor example of a vowel when
(indicating a stimulus chang&hen the background stimulus tokens are drawn from a distribution corresponding to the
represented a relatively good example of the voweKuhl  Swedish high front rounded vowel /y/ versus a distribution
(1999 took this as evidence that there is an internal organicorresponding to the English vowel/./ Again, for both
zation of phonetic categories around prototypic members thajroups of infants, larger acoustic differences were detected
is an ontogenetically early aspect of the speech code. more easily for both native and non-naftweowel sets. Im-
This conclusion is consonant with the ubiquitous findingportantly, however, English infants were much more likely
in psychological studies of categorization that instances ofo respond to differences between the relatively good “pro-
categories or concepts, whether dogs or birds or automobilesytype” high front rounded Swedish vowel /y/ and variants
are not equally exemplary. If one infers the existence anaf /y/ than they were to respond to differences between the
nature of internal representations for categories from rerelatively good “prototype” Englishi/ and its variants. The
sponses on a variety of tasks, such representations woultbmplementary pattern was found for Swedish infants’ re-
seem to have a graded structure—often described as beisgonses. The fact that infants are less likely to respond dif-
centered around an ideal or “prototypical” instance of theferentially to examples of a vowel common within their lan-
category(Rosch, 1975, 1978 For now, the present authors guage environment is taken as evidence that, by six months
are agnostic with regard to the existence of internal represerof age, infants have begun to treat similarly sounds that cor-
tations for categories and are not prepared to require thenespond to functional groupings in their native-language en-
existence when the data mostly consist of differential revironment.
sponses to functionally near-equivalent instances. Some res- By contrast, Kuhi(1991) found that, for rhesus monkey
ervations regarding the utility of posting representations suckubjects discriminating//and i/-like sounds in a task meth-
as phonetic categories will be conveyed in later discussion imdologically analogous to that used with infants, there was
this report. Here, the term “category” will be used only little or no evidence that relatively good stimuli are per-
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ceived as any more similar to other vowel sounds drawn 1900

from a distribution of #f sounds than are relatively poor in- o

stances. Taken together, results with human infants and with 1800 + ... S °o°

monkeys have encouraged'a. pumber of reseaychers to pro- 1700 10 © ocgg o§ 6.0

pose that infants possess initial “language-universal” cat- o0 8 0 3 o°

egories that are modified through exposure to the native lan- 1600 0~ 0QO0 ‘38?’ oco0o

guage to become language-specific categories of adult T °o° o %

language usergMiller and Eimas, 1996; for reviews, see 2 1500 4 ° 8 ¢

Best, 1994; Werker, 1994Most specifically, Eima$1991) é A

has argued that there exists an innately given, universal set of = 1400 : ; ;

phonemes tpgethgr with processes t_hat enable the infant to g 200 300 400 500 600

map acoustic variants onto phonemic category representa- g 1900

tions. In addition to being consistent with traditional nativist [-:;

accounts of language competer(egg., Halle, 1990; Pinker § 1800 4 o B

and Bloom, 199)) innate phonetic categories may be conge- 3 .,-‘;pgoo:o,

nial to some essentialist accounts of concepts more generally = 1700 + 000%@000

(Atran, 1987; Gelman and Wellman, 1991; Keil, 1987; Me- 5 ° °0°§ %2 g o

din and Ortony, 1989 E 1600 4 0Ap 000
Kuhl (1991 was initially circumspect with regard to °:o%@09°;:

such questions, presenting two potential explanations: 1500 + 3%

“First, infants at birth could be biologically endowed with

mechanisms that define vowel prototypes for certain vowels 1400 + + f

(e.g., the ‘quantal’ vowe)sor for all of the vowels in all the 200 . 300 400 S00 600

languages of the wall. .. A second alternative is that the . .

effects are due to experience in listening to a specific lan- Pitch of First Formant (Mels)

gua_lge.(p. 103" More recently' Kuhl (19_93 suggests that FIG. 1. In the top pane(a), 13 stimuli used in preliminary studgotto
native-language prototypes are most likely the product okt al, in press are represented by filled circles and plotted in mel coordi-
early experience in a language environment. Relatively littlenates corresponding to synthesizer frequency values=fomnd F2. All
has been revealed. however. about putative processes 'g):les, filled and unfilled, correspond to stimuli used by K(I891). In the

. . ! . ' ttom panel(b), 19 vowel stimuli used in experiment 1 are plotted as filled
which learning and experience would shape development Qficies in a mel-scale@1-F2 space. Unfilled circles corresponda and
functional (phonemi¢ equivalence among vowel sounds if, F2 values for i and #/ stimuli used in experiments 2 and 3.

in fact, functional equivalence can be learned. It is necessary

to elucidate the processes by which functional equivalencegith contrasts between speech soun@duender, 1991;

for vowel sounds might arise through experience and learnk|yenderet al, 1987; Kluender and Lotto, 1994; Kuhl and

ing if they are to arisele novo If equivalence classe®ho-  Miller, 1975, 1978; Kuhl and Padden, 1982, 198&luding

netic categoriesfor different acoustic instantiations of vow- yowel sounds(Burdick and Miller, 1975; Kluender and

els can be a function of experience and general processes pfehl, 1987, it is not enough simply to demonstrate that

learning, what are the salient characteristics of the resultingtarlings can respond differentially to different vowel

response structure? In particular, do patterns of responses égunds. If general processes of learning serve to explain per-

learned vowel equivalence classes bear close resemblanced@ptual development of speech perception by human infants,

response patterns measured for infant and adult humans? then one needs to demonstrate that responses to vowel
The use of nonhuman animal subjects afforded Kuhlequivalence classes learned by nonhuman subjects bear close

(1997 the opportunity to assess vowel discrimination in aresemblance to response patterns measured for infant and

model unfettered by extensive experience with distributionahdult humans.

properties of vowel sounds. In the present studies, animal

mode!s are u_sed to address explicitly questions re_Igtmg t?_ EXPERIMENT 1

experience with vowel sounds when language-specific prop-

erties are strictly controlled. The aim is to understand better The present effort began with synthesis of stimuli in

the nature of explicitly learned equivalence classes for voweaccord with the descriptions given by Grieser and Kuhl

sounds to afford comparison with extant measures from hu¢1989 and Kuhl(199J). In a preliminary experiment_otto

man infant and adult listeners. The nonhuman species usedés al., in pres$ a series of stimuli was drawn from their two

European starling$Sturnus vulgaris a bird that has been overlapping distributions of vowel soundSee top pandia)

demonstrated to have hearing comparable to humans withiof Fig. 1] With the exception of durational differences,

the frequency range of human vowel souiBsoling et al,  stimuli were synthesized in accordance with their descrip-

1986; Kuhnet al,, 1980, 1982 and appears to share a com- tions. Tokens for each of Kuhl'61991) distributions lay on

mon mechanism of spectral analysis with many other verteeight spokes radiating from a centroid in a mel-scaled

brates including human@®ooling et al,, 1986. F1-F2 space. Lottt al. (in pres$ used only the 13 stimuli
Because nonhuman animals have been shown to be realong the diagonalfilled symbols. Sixteen listeners were

sonably adept at responding differentially when presentedsked to judge the quality of these 13 vowel sounds with
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respect to whether each sounded most like the vowel ifABLE I. Synthesis parameters for first and second formants of stimuli
“heat.” “hat.” “hate.” “hit.” “head.” “hood.” or “none used in experiment 2 depicted as both Hz and mel.
of the above.” The most important feature of subjects’ re-

ported percepts is that at least two of the stimuli from Grieser rerz mel
and Kuhl's (1989 and Kuhl's (1991 /i/ distribution [top F1 F2 F1 F2
panel(a) of Fig. 1] typically were not perceived a# by this 221 2421 288 1775
group of listeners. Much more common for these sounds 233 2388 303 1760
were percepts ofe/, /e/, and ¥/. Because stimuli were not 246 2355 317 1746
included from other spokes from Kuhl{€991) distribution, ;33 5235 gié i;ig
these data do not address the degree of which other stimuli ,g4 2258 359 1704
drawn from that distribution would be perceived &s This 205 2226 373 1690
observation that some of the tokens intended to be perceived 308 2194 387 1676
as i/ by Grieser and Kuh{1989 and by Kuhl(1991) are not 321 2163 402 1661
perceived asil is consistent with earlier reportb/erson and 22‘71 ;igg j;g igg;
Kuhl, 1995; Lively, 1993; Sussman and Lauckner-Morano, zg 2071 244 1619
1995. 374 2041 458 1605

In the interest of employing a set of stimuli that would 387 2011 472 1590
constitute a distribution of reasonably compelling instances 401 1982 486 1576
of the vowel 1/, a second series of stimuli were synthesized. 3;2 iggi ggg igig
In order to better delineate a range of acceptable tokens of ,,4 1896 529 1534
the vowel 1/, these stimuli were presented to naive listeners 457 1868 543 1520
for identification.
A. Method

. treme durations and shorter more natural durations.

1. Subjects

Fundamental frequency was held constant at 120 Hz. A
Sixteen college-age adults served as subjects. For all e25-ms linear amplitude ramp was imposed on the beginning

periments reported here involving human objects, individualsind end of each stimulus.

learned English as their first language and reported normal

hearing. All subjects received Introductory Psychology class

credit for their participation. 3. Procedure
o Given the intended application for these stim(atkperi-
2. Stimuli ment 2 and the present emphasis upon the range of accept-

Nineteen five-formant vowel stimuli were synthesizedable i/ stimuli, a forced-choice identification task was used.
using the cascade branch of the KI&O80 software syn- Subjects were asked to identify stimuli asdr as i/. The
thesizer implemented in CSRECSYNTR16; Jamieson choice of i/ as an alternative was based upon the authors’
et al, 1992 on a microcomputer with 12-bit resolution at a perception of many of these short@00 vs 435 mpstimuli
10-kHz sampling rate and were stored on computer diskbeing better examples off than of £/ or /¢/. Stimulus pre-
Stimuli were synthesized with parameters chosen from alongentation was under control of a microcomputer. Following
a diagonal in a mel-scaleell—-F2 spacdsee filled circles in  D/A conversion(Ariel DSP-16, stimuli were low-pass fil-
bottom panelb) of Fig. 1]. In contrast to earlier efforts and tered (Frequency Devices 677, cutoff frequency 4.8 kHz
in the interest of better circumscribing a region of perceptufrior to being attenuate@Analog Devices AD7111 digital
ally acceptable instances df,/stimuli were spaced only 20 attenuator, amplified (Stewart HDA4, and played over
mel apart along the diagonal. The diagonal was at 45° reladheadphone¢Beyer DT-100 at 70 dB SPL. Calibration of
tive to the mel-scaledr1-F2 plane, so théc1 andF2 mel  presentation level was achieved by first matching the rms
values of each stimulus were of equal increments or decrdevel of all stimuli to a 1-kHz tone prior to D/A conversion.
ments relative to adjacent stimuli. The fifth stimulus from theSubjects were instructed to press either of two buttons la-
most extremélow F1, highF2) end of the diagonal shared beled “heat” and “hit” to indicate which of these alterna-
the sameF1 andF2 values as the centroid of th# distri-  tives best characterized the vowel sound heard on a trial.
bution used previouslyGrieser and Kuhl, 1989; Kuhl, 1991
and conformed to mean values for male talkers measured bé{ Results
Peterson and Barne§1952. Center frequencie$Hz) and :
mel values forF1 andF2 are listed in Table |. Synthesizer Data pooled across 16 listeners are presented in Fig. 2.
values forF3, F4, andF5 were held constant at 2780, 3300, The first nine stimuli were labeled as/ /quite reliably
and 3850 Hz, respectively. Formant bandwid®%, B2, B3,  (greater than 85% of presentation&s F1 and F2 values
B4, andB5, were 50, 70, 110, 250, and 200 Hz, respectivelyincrease and decrease, respectively, more stimuli are identi-
Duration of each stimulus was 300 ms. Although Grieser andied as 1/, not /. Based upon this distribution of responses, it
Kuhl (1989 and Kuhl(199]) used 500-ms stimuli, and Iver- was now possible to construct with confidence distributions
son and Kuhi(1995 used 435-ms stimuli, 300 ms was cho- of /i/ and £/ exemplars for presentation in the following
sen as a reasonable compromise between those rather equivalence class learning experiment.
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FIG. 2. Identification data from 16 listeners responding “heat” or “hit” . R
First Formant Pitch (Mels)

when identifying 19 vowel stimuli in experiment 1 and depicted in the
bottom panelb) of Fig. 1. Stimuli 5 and 1Xindicated by*) shareF1 and

F2 values with “prototypeil” and “nonprototype i/” stimuli, respectively,
used by Kuhl(1991).

FIG. 3. Mel-scaled plot of 196 vowel stimuli synthesized for experiment 2
representing equal 49-token distributions of the English vowiéland #/

and vowels approximate tg//and &/. Filled circles represent stimuli used

in training. Unfilled circles, filled squares, and the symbals//, fy/, and

el (centroid$ correspond to stimuli withheld until the testing phase of
experiment 2. Squares labeled A, B, C, D correspond to pairs of stimuli used
Experiment 2 was designed to answer the primary quesn comparison of between- and within-distribution response strengths.

tion addressed in this report. If equivalence classes for dif-

ferent acoustic instantiations of a given vowel can be a func-

tion of experience and learning, what are the salieniowels are shown in Fig. 3. From experiment 1, it is inferred
characteristics of the resulting response structure? In particuhat all 49 examples of//were reasonably good versions of
lar, are response gradients acquired through learning compghe English voweli/. The centroid of ¥ was synthesized
rable to response gradients measured for infant and adulith values very close to the mean values fbrnieasured by
human listeners? Animal studies of speech perception haveeterson and Barne§1952, and the authors perceived all
been used to assess auditory processes without confoundsraémbers of thei/ distribution to be acceptable versions of
effects of experiencée.g., Doolinget al, 1995; Kluender the English vowell/. However, owing partially to the dura-
and Lotto, 1994; Kuhl, 1981, 1986, 1991n contrast, the tion of the stimuli, a few instances were not particularly
present study is designed explicitly to engage processes @bmpelling versions of a lax vowel. Centroids fgf &nd &/
learning in an animal for which experience with speechwere determined on the basis of considerations other than
sounds can be precisely controlled. European starligs-  appropriateness as exemplars of vowels from Swedish or any
nus vulgarig were trained to respond differentially to stimuli other language. Instead, centroids fgrand &/ were chosen
drawn from distributions of vowel sounds representative ofso that the cluster of four distributions fulfilled a number of
English vowels, i/ and #/, or from distributions constructed experimental desiderata including denser sampling, orthogo-
to be orthogonal to the//and #/ distributions in a mel-scaled nality, and evaluation of discrimination versus functional
F1-F2 plane. These orthogonal distributions roughly corre-equivalence(categorization

spond to high front rounded vowel//and high mid rounded Of course, none of the vowels closely mimic realistic
vowel f/ like those occurring in Swedish. Half of the birds productions representative of infant experience. Steady-state
were assigned as-/ birds, and half were assigned as#/  vowels, with variations of onlyF1 and F2 and excluding

II. EXPERIMENT 2

birds. diphthongal patterns, consonantal contexts, and durational
differences, may be pale imitations of the real thing; how-

A. Method ever, static monophthongal vowels are consistent with previ-

1. Subjects ous studies addressing the same and related questions. Al-

though formant values fory/ closely approximate stimuli
éjsed for Kuhlet al. (1992, it is unlikely that any of the
stimuli in this distribution would constitute particularly good
examples of Swedisly// for two reasons. First, for Swedish,
o Iyl is heavily diphthongized, and these sounds are monoph-
2. Stimuli thongal. Second, high front rounded vowels have relatively
A total of 196 vowel stimuli were synthesized represent-low-frequency F3, and the range of2 frequencies used
ing equal 49 token distributions of the English vowelsashd  across the distribution preclude the useFSf values appro-
/il and of the two orthogonal distributiong /&and #&/. Distri-  priate for a high front rounded vowel. Both of these reserva-
butions for i/ and #/ vowels alone are represented in thetions hold for the synthetic versions of Swedigh used by
bottom panel(b) of Fig. 1, and distributions for all four Kuhl et al. (1992.

Eight European starling$Sturnus vulgaris served as
subjects in the learning experiment. Free-feed weight
ranged from 66 to 102 g.
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The four distributions of stimuli differed in several ways two of the §—u/ birds, pecks toyl were positively rein-
from the original Grieser and KuhL989 and Kuhl (1991 forced, while, for the other two, pecks te/ Avere positively
stimuli, First, 12 spokes of stimuli, instead of 8, emanatedeinforced. Stimuli were presented, responses were recorded,
from the centroids. Second, stimuli were synthesized alon@nd reinforcement was controlled by a 80286 microcomputer
each spoke witlF1 andF2 frequency values corresponding with an Ariel DSP16 A/D-D/A board and custom parallel
to four 20-mel increments. As seen from experiment 1, thd/O.
smaller step size afforded a more realistic approximation of  On each trial, a single vowel sound was presented re-
the perceptually acceptable area in #e-F2 plane for a peatedly once per 1.3 s at an average A-weighted peak level
given vowel sound. Half again as many spokes and thef 70 dB SPL measured at the approximate location of the
smaller step size together contributed to more compact disird’s head(Bruel & Kjaer type 2232 Stimuli were equated
tributions that provided a denser sampling of the perceptugfor rms energy level prior to attenuation. On a trial-by-trial
space. basis, the intensity of the sound was varied randomly from

There are two other important aspects of these stimulugo dB by+0-5 dB[meanr=70 dB SP] through a computer-
distributions that bear note. First, each pair of vowel distri-controlled digital attenuatotAnalog Devices 7111 This
butions (/i/~hl, ly/-ka/) is orthogonal to the other in a mel- roving intensity level mitigated the opportunity for respond-
scaled space. One virtue of this arrangement is that any coling correctly on the basis of relative loudness. Average du-
founds related to predispositions of the auditory system or t@ation of each trial was 30 s, varying geometrically from 10
effects from experience with other sounds can be detected @ 65 s. Intertrial interval was 15 s. No sound or lighther
eliminated. than normal chamber illuminatiprvas presented during the

Second, vowel pairs overlap sufficiently to assess sepantertrial interval. Responses to positive stimuli were rein-
rately the contributions of discrimination versus functionalforced on a variable interval schedule by 1.5-2.0 s access to
equivalence. This is because some subsets of stimuli thagod from a hopper beneath the peck key. Duration of hopper
require differential responding by half the subjects do notaccess was adjusted for each bird for consistent performance
require differential responding to the other half of the sub-across a session. Average interval to reinforcement was 30 s
jects. For example, one can see from stimuli marked by filleq10 to 65 3, so that positive stimuli were reinforced on an
squares in Fig. 3 that stimuli to whicti-/ birds should  ayerage of once per trial. Note that when a trial was long
respond differentiallfA vs B and C vs D do not require (e g., 57 or 65 sand times to reinforcement were shéetg.,
differential responding byy/-u/ birds (A,B both &/ and C,.D 10 or 12 §, reinforcement was available more than once.
both 4/). These comparisons afford direct measurement of jkewise, on shorter positive trials, reinforcement did not
whether subjects respond similarly due to functional equivapecome available if time to reinforcement was longer than
lence or due to lack of discriminability. _ . the trial. Such intermittent reinforcement encouraged consis-

All stimuli for experiment 2 were synthesized with the tent peck rates during subsequent non-reinforced test trials.
same values for duration, amplitude contd@ contour, for-  pyring negative trials, birds were required to refrain from

mant bandwidthF3, F4, andFS5 as stimuli from experiment  pecking fa 5 s inorder for presentation of the stimulus to be
1. Formant-frequency values fél andF2 at the centroids ierminated.

for the /i/_ were 270 and 2290 HB44.8 and 1718.1 mels as Following magazine training and autoshaping proce-
in experiment ], and 389 and 1986 H#84.8 and 1578.1 g,res reinforcement contingencies were gradually intro-
mels for /u/. First and second formant values fof differ  §,ced over a one-week period in sessions of 60 to 72 trials
minimally from Peterson and Barnd§959 average values gach. During that first week: mean amplitude of the stimuli
of 390 and 1990 Hz for men. Values 6fl andF2 at the a5 increased from 35 to 70 dB SPL in order to introduce
centroids were 270 and 1986 K#44.8 and 1578.1 melfor  he sound without startling the birds; average trial duration
lyl, and 389 and 2290 H#84.8 and 1718.1 maldor /4/.  icraased from 5 to 30 s; intertrial interval decreased from 40
Formant frequencies for the other 48 stimuli for each distri-, 15 s: average time to reinforcement was increased from 5
bution were placed at 20-mel intervals measured from thg, 39 s access to the food hopper was decreased from 4.0 to
centroid, 4 on each of the 12 spokes for each distribution. ; 4 & anq the ratio of positive to negative trials decreased
from 4:1 to 1:1.
3. Procedure Birds were trained first to respond differentially to a
Birds were first trained by means of operant proceduresubset of 64 of the sounds included in their respective pairs
to peck differentially to vowels either drawn from distribu- of vowel distributions. Training stimuli are represented as
tions for 4/ or A/, or drawn from distributions fory/ and &/.  filled symbols in Fig. 3. Some stimu{unfilled symbols and
Following 5 to 20 h of food deprivatiofadjusted to each filled squarey including the centroids of the distributions,
bird individually for optimal performanég birds were were withheld from presentation during the training phase of
placed in a sound-proof operant chamfedustrial Acous- the study. These stimuli were reserved for the test phase in
tics Corp. AC) inside a larger single-wall sound-proof order to be used as novel exemplars to assess the degree of
booth (Suttle Acoustics Corp In a go/no-go task, birds generalization to novel tokens and to assess the response
pecked a single lighted 1.2-cm-square key located 15 crstructure in a way that is unconfounded with history of rein-
above the floor and centered below the speaker. For two dbrcement. All birds learned quickly to respond correctly to
the -1/ birds, pecks toi/ were positively reinforced, while, training tokens ofi/ versus ¥, or fy/ versus #/, pecking at
for the other two, pecks ta//were positively reinforced. For least twice as often to positive stimuli versus negative stimuli
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the eight avian subjects, data as a functionFaf and F2
values were reflected and/or rotated to align positive and
negative vowel clusters in thel—F2 plane. Data for cases
when {/ was positive were rotated 180 degrees to conform
with data for cases wheii/ ivas positive. Foryl and &/, a
reflection is required to meet the same end. Values from
cases for whichy/ was positive were reflected over &2

axis separatingy/ from /i/. Values from cases for whick/

was positive were reflected over &1 axis separatings/
from /i/. Analogous reflections were performed prior to
analysis for negative categories. Finally, in order to normal-
ize for individual differences in peck rates, mean peck rates
in pecks per minute were converted to percentages of the
maximum mean peck rate measured for each bird in response
to any test trial.

Multiple linear regression analyses were conducted
separately for peck rates to novel positive stimuli and to
novel negative stimuli. Three independent variables were en-
tered into the multiple regression analyse&:value(mels;

70 F2 value(mels; and distance from centroid of the distribu-
tion (mels. These dimensions are orthogonal, thus avoiding
many of the usual concerns regarding multivariate measures.
For stimuli to which birds were reinforced for peckigpsi-
tive), all three variables contributed significantly to predic-
tion of peck rate. The three-variable regression was statisti-
cally significant Eratios ;3,=26.37,p<<0.0001, multipleR

at the end of 80 days of training120 trial3. Birds contin- = 0-61). The value of2 had the greatest contributiom (
ued to be trained with the subset of representatives of thei 0-52, P<<0.001) followed byF1 value ¢=-0.28, p
distributions for a total of 101 training sessions. <0.001) followed by distance from the centroidr (
The eight birds were then tested on novel examfiles = —0.14,p<0.05). Using as an example the two birds for
centroids and other stimuli that had not yet been presenteffhich // was the positive vowel, regression analysis indi-
from the birds’ respective distribution@/—//, ly/—fa/)]. A cates that birds pecked most vigorously in response to
subset of previously reinforced training stim@ight from  Stimuli with higherF2 and lowerF1, and overlaid upon this
each vowel-sound distributionalso were tested as test Patternis atendency to peck more rapidly to stimuli closer to
stimuli in this second Stage of the experiment to make posthe centroid of the distribution of//tokens. The same pattern
sible comparisons between experienced exemplars and novsps seen for each vowel distribution: highest rates for high
instances of the distributions. Across 50 daily sessions, all 561 and lowF2 for //, low F1 and lowF2 for /y/, and for
test stimuli (34 novek-16 non-novel were presented 20 highF1 and highF2 for //, with enhanced responding near
times each. During a single test session, 20 novel stimufihe centroid for all cases.
were presented individually in 30-s trials. During presenta- ~ For stimuli to which birds were trained to refrain from
tion of novel stimuli, no contingencies were in effect. Birds Pecking(negative, the same basic pattern was found with all
neither received food reinforcement nor needed to refraithree variables again contributing significantly to prediction
from pecking in order for presentation to terminate after 30 sof peck rate. The overall regression was significaft
Trials with novel stimuli were interspersed among the 64ratio; 13=33.22,p<<0.0001, multipleR=0.66). The ordinal
reinforced trials using non-novel training stimuli. Test trials relation of the three variables predicting peck rates was the
could not occur until after 15 non-novel stimulus trials hadsame as for the positive cases. The valueFafhad the
been presented. This assured that each bird “settled in” t@reatest contributionr(=0.46, p<<0.001) followed byF1
the task before responding to test stimuli. value (=-—0.37,p<0.001) followed by distance from the
centroid ¢=0.28, p<0.001). Using the same example of
the two birds for whichi/ was positive andi/ was the nega-
Data for all birds across four conditions are displayed intive vowel, the regression analysis indicates that birds
Fig. 4. For each subject, the two highest and two lowespecked least in response to stimuli with lowe#t and higher
response rates to a given stimulus were not entered into tHel, and overlaid upon this pattern is a tendency to peck
analyses. Whether birds were reinforced for pecking i / relatively less to stimuli closer to the centroid of the distri-
N, lyl, or kM, the same basic patterns of data were seerbution of #/ tokens. The same pattern was seen for each
There were no systematic differences between//and  vowel distribution: lowest rates for low1 and highF2 for
ly—/ birds, nor were there any systematic differences as &/, high F1 and highF2 for /y/, and for lowF1 and lowF2
consequence of which vowel in a pair was designated posfor /&/, with diminished responding near the centroid for all
tive. Consequently, in order to evaluate performance acrossases. For both positive and negative stimuli, response rate

FIG. 4. From experiment 2, adjusted peck rates as a functiéiiandF2
values are plotted as histograms &n(F1) andy (F2) axes following
rotation/reflections to align responses in the-#/ diagonal. Bar heights
correspond to mean peck rates for stimuli with a giveh or F2 value
following scaling to each bird’s maximum peck rate for any stimulus.

B. Results
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stimulus at one wavelengttS+) would shift to a longer
_— wavelength when S was a shorter wavelength. Basically,
0- this “peak shift effect” consisted of the response pattern to
Same Different S+ (excitatory being skewed away from-S (inhibitory).
‘ . . In the present experiment, strength of responses to
Vowel Sound Distribution stimuli from positive distributions became greater as the fre-
FIG. 5. Average differences in peck rates in response to pairs of simuluencies of spectral prominences fét andF2 were more
when drawn from the same vowel sound distribution or from different dis-distant from those for the negative distributions. For the ex-
tributions. ample of the vowelsi/ (S+) and #/ (S—), response strength
increased with decreasirigl and increasindr2 frequencies.
for any given stimulus can be reasonably well predicted onrhjs pattern is consistent with what one would expect on the
the bases oF1 andF2 values and on the distance from the pasis of precedents in the learning literature. Lest one con-
centroids of the distributions. sider this point to be of significance only as it pertains to a
The reader may recall that one of the difficulties in in- rjyjal consistency between pigeon and starling performance,
terpreting infant responses is that one cannot know whethegf pears note that such behavior is consistent with classic

infants fail to respond because they cannot discriminate tW@erspectives in phonetics. As Jakobson and Halle wrote in
stimuli or because they are treating discriminably differentrhe Fundamentals of Languag@971, p. 22 “All pho-

stimuli equivalently. To address this question in the presenfemes denote nothing but mere otherness.” In this case, the
experiment, distributions had been constructed to overlap iGegree to which a stimulus is treated & #/, iy/, or ki

a manner such that some pairs of stimuli were included in epends considerably upon the degree to which the stimulus
single distribution for one set of birds, but were divided be'is not A/, fil, fal, or yl, respectively. This tradition was ex-
tween the two distributions for the other set of birds. Labelstended, for example, in the simulation studies by Liliencrantz

A, B, C, andD denoted these four pairs in Fig. 3. Analyses 54 | indblom(1972 and later by Lindblor{1986 in which
of peck rates for these pairs of stimuli indicate that pairs Ofmany of the consistencies in vowel systems across languages
vowels from the same distribution for one set of bifdsy.,

. , C ) could be explained by the principle of languages using vowel

/i-1l) were, indeed, discriminably different for the other st nqs that are as mutually distinctive as possible in acoustic

of bII’dS. (e.9., j—ul). Average abso!utejvalue differences in and/or auditory space. When one considers the present ex-

normalized p.eck rates are pllotted n F'Q- 5 . .. .. periment as one for which the task for subjects is to organize
When stimuli were assigned to different distributions

. a very small vowel space, such “mere otherness” plays an
(B—C andA-D for /y—u/; A—B andC-D for /i—1/) the av- influential role
erage difference was 71.94 pecks per minute, a significantly However consistent the data may be with regard to pre-

greater response differench 4= 15.58,p<0.0001) as com- cedents in the learning and phonetics literature, there exists a

pe_lredl_to an a\(/jerage ?iffereﬂce of 7'1?1.‘)6%(3 _fo;mlisnute dWheBotentiaIIy disquieting difference between starling response
sct||”r[1)uf| w/ere / rgwg ro(rjnAt S fs an/w'e /|s_trr;‘ U?Q t;h tag.f patterns and previous reports of adult human goodness rat-
—D for /y—u/; B-C andA-D for /i-1/). The fact that dif- = ;. ¢ Gistributions ofif tokens. Following the necessary

ferences in peck rates were so much greater for stimul asr’eflections, all eight starlings exhibited graded response

S|gnzdt to tghffe;e(jnt d'Stf”bUt't%ngl/ VS /Ic:', {(y./bvf. /.;/)/ ;:o/n; structures with increasing response strength as the frequen-
pared to stimuli drawn from the same distributidt, 11/, /y/, cies of F1 andF2 became more distant from formant fre-

or ./H/) can b.e t_al_<en as strong evidence that the degre_e { uencies for the opposing vowel distribution. However, Kuhl
which stimuli elicit the same response cannot be explaine

. S . 1997 found no strong evidence for this sort of anisotro-
simply as a lack of discriminability. It appears that birds _, . . -
o ; L .~ phism for goodness judgments by adult humans for stimuli

learned to treat discriminably different stimuli as function-

ally equivalent d_istributed_ ar_om_md the same centroid but w_ith 30-mel step
' sizes. While it is true that the present experiment employed
distributions of more densely packed stimuli relative to ear-
lier efforts (e.g., Grieser and Kuhl, 1989; Kuhl, 1991his
From the data for the eight birds, several observationglifference between human and starling data bears note. Ex-
can be made. First, relative frequencies of the two primaryperiment 3 of this report provides adult human judgments of
spectral prominenced-1 andF2) were good predictors of the stimuli used in Experiment 2, and discussion of these
how these two-vowel spaces became organized for starlindiscrepancies will receive fuller attention.
subjects. Within the context of general principles of learning,  Turning now to the third predictor of response strength,
analogous effects are well established and may remind theonsider the fact that response rates were greater for positive
reader of classical theories of discrimination learn{egy., distributions and lesser for negative distributions when

go 30 Spence, 1936, 1937, 1952, 196@ne of the essential facts

E that these early learning theorists wished to explain was that
@2 . 60l a positive response to one stimuli&st) was affected by the

§ 2 nature of a second stimulu&S—) which discouraged re-

%.' w01 sponding. A classic experiment in this regéthnson, 1959

& demonstrated that the peak of the discrimination function for
§ é 2 responses by pigeons that were trained to respond to a visual
:

=

o

C. Discussion
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65 predeposition. The fact that starling data did not differ sys-

0—0\0\‘\. tematically as a function of voweli/, fi/, ly/, la/) suggests
that none of these sounds is privileged in acoustic/auditory
551 \ terms.

Centroid It is beyond the scope of the present report to review
fg 45 theories of categorization; however, it bears note that all
: A theories of categorization strive, at least in part, to explain

the ubiquitous finding of graded structure. This is true for the
g 3 \ : y ; ' class of probabilistic models which include spreading activa-
e - 0 20 40 60 8o loo tion (e.g., Collins and Loftus, 197%r feature comparison
T30 (Smith et al,, 1979 and which often include hypothesis of
E B some internal prototype with which particular instances are
3 20 comparedsee, e.g., Posner and Keele, 1968; Strastga.,
g7 1970. Others have proposed that graded structure can be
g . accommodated in exemplar-based models by which stimuli
- Centroid : . i
10 4 are categorized with reference to stored exemplars of indi-
/ vidual experienced instancés.g., Hintzman and Ludlam,
._’_.__.———0/‘ 1980; Medin and Schaffer, 19Y.&inally, more recent con-
0 = . : . .

nectionist models of distributed memofg.g., Knapp and
<20 0 20 40 60 80 100 Anderson, 1984also result in graded category structure.
Orbit (Mels) One explanation offered for the results of the earlier
studies by Kuhl and her colleaguéSrieser and Kuhl, 1989;
FIG. 6. From experiment 3, adjusted peck rate data averaged across con%ersorl and Kuhl, 1995; Kuhl, 1991, 1998 that vowel
tions for stimuli at different distances from the centroids of posittep A) . S ! ’ NN - .
and negativebottom B distributions. categories’ could be congeptuallzgd as being organized
around an ideal or prototypical version of the vowel. Kuhl

stimuli were nearer to centroids of the distributions. Figure 6(1993 argues for experience-based versus innate prototypes,

displays adjusted peck rate data averaged across conditioﬁgd _the present data are con5|st_ent W.'th this in as much as
for stimuli at different distances from the centroids of posi—Starllngs would be unlikely genetic recipients of prototypes

tive and negative distributions. Such response patterns—0" the human vowel sound#//i/, lyl, ful. With respect to

whether derived from ratings of “goodness,” response timeshumans’ KIue_nde(lQ94) has made_ the argument that, in

in category judgment tasks, or response rates/probabiIities—_g-eneral' pnnuple_s: of natural selection would not encourage
are frequently considered among the halimarks of «cgtinnate predispositions for speech sounds that are relatively
egory” structure infrequent among the worlds languages. In this respect, none

Gradients present for starling data stand in contrast t(S)f the VO.WGIS used in this study, with the exception if /
Kuh's (1991 finding that rhesus monkeys showed no evi.occurs with great frequency among languages. Even for very

dence of response differences beyond those predicted simpI mmon 1/, acoustic properties can vary considerably across
by acoustic/auditory distance. Monkeys were equally profi- hguages. . L
For the most part, theories of human categorization be-

cient discriminating pairs of vowel stimuli when one stimu- . o

lus was the prototype//as when one stimulus was the poorer havior do not rely upon endowmen_t V\.”th Innate prototypes or

rendition (nonprototypg of /i/. Despite the fact that distribu- concetp))ts, a!tr]llough., sAome ef;g?_t%'slt accounc;sv\c/)f"concepts

tions were more densely sampled in the present case, tﬁl%“éi_ se.? |1n98u;a.n;[\|/la¢d_tran, 40 t’ eTgangant de ma?,

centroids for #/ distributions in both studies were near iden- » Rell, » Miedin and Lrtony, .B nsteac, mos
attempts to explain categorization behavior make do with the

tical to those for Kuhl(1991). There are two reasons not to ) ; .
consider the present results to be at odds. First, K191 assumption that the environment provides ample structure
' ' for experience to define and shape internalized category

used a within-distribution discrimination task; monkeys were Tuct In th ¢ it starl d inf
reinforced for responding to within-distribution stimulus dif- ST UCtUe. 1n the present case with starlings, one would inter

ferences. The present case is more akin to actual use of phglat experience with distribl_JtionaI properties of these vowel
netic distinctions with starlings reinforced for responding tosounds served as the basis for development of the graded

between-distribution differences with no encouragement t esponse structures. More specifically, behavior comes to re-

respond differentially to within-distribution differences. Sec- lect experienced probability-density functions in as much as

ond, monkeys did not have the benefit of extensive eXperi\_/owel—sound distributions were more dense nearer to the

ence with the distributions of vowel sounds. Of course, thiscentmid' Following experiment 3, a simple linear learning
odel will be presented that tests how, for starliigad

is not analogous to the case for starlings in the present stu ] . R .
nor for the comparison case of six-month-old human infant umang, experience with distributional properties of vowel
who have been bathed in a half-year exposure to distribu§Ounds may give rise to graded response structures.
tions of vowel sounds.

Overall, there is little to recommend a sensory account!”' EXPERIMENT 3
The monkey data suggest that differential effewis,a vis Starling response gradients, both fori/ birds and for
the centroid, are not a consequence of any general auditofly—w/ birds, differed from thei/ category gradient inferred
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from adult goodness judgments in KuUi®91). In particular, Goodness Ratings
the majority of the variance in human judgments measured in
that earlier study by Kuhl could be attributed to distance
from the centroidprototype with little observable influence

of F1 andF2 frequencyper se In the present experiment, a
goodness judgment task much like that used by KtBBl)

with adult human subjects was used to assess the pattern of
relative “goodness” judgments of//and #/ stimuli used in
experiment 2.

o
o
o
® 0o ©
[ d
0 0 00 =~0 0 00
.0000
.0.
o
o

A. Method

1. Subjects

Thirteen college-age adults served as subjects. All sub-
jects learned English as their first language, reported normal
hearing, and received Introductory Psychology class credit 7 1

for their participation. 1
Judgments
1 = good /1f
N 7 = good /i/
2. Stimuli good

7

All 98 stimuli from the distributions fori/ and f/ em-

ployed in experiment 2 were used in experiment 3 FIG. 7. From experiment 3, average ratings by 13 human listeners of good

/il (7) to good 1/ (1) for 34 stimuli presented to starlings as novel test
stimuli. Histograms are as a function BL andF2 values.

3. Procedure

The subjects’ task was to judge all vowel tokens with ) ) )
regard to the extent to which each token constituted & — 0-13,p<0.001. The value ofF1 did not contribute sig-
“good” example of the vowel i or the vowel 1/. One to nificantly to predicting the relative goodness af tbkens
three subjects were tested concurrently in three singletr =—0.04,p=0.34).
subject sound-proof chambe(Suttle Equipment Corpdur- For judgments oft/, all three variables contributed sig-
ing a single half-hour experimental session. Each of the 9gificantly to prediction of ratings. The three-variable regres-
stimuli was presented six times in random order at an intenSion was statistically significantF ratio; ¢34=45.88, p
sity level of 70 dB SPL at a rate of about one stimulus every<0.0001, multipleR=0.42). Distance from the centroid had
3 s. To avoid any bias being introduced by the particulathe greatest contributionr &0.30, p<<0.001) followed by
pronunciation of the experimenter, all instructions were writ-F2 value ¢=0.24,p<0.001) followed by value of1 (r
ten. Subjects were instructed to press one of seven buttors —0.18,p<0.001).
labeled “1 good hit,” “2,” “3,” “4,” “5,” “6,” and “7 Regression analyses were conducted to quantify the cor-
good heat” to indicate the degree to which each tokerfespondence between starling responses to distributions for
sounded like a good example of ér /i/. After selecting one /i/, i/, ly/, and &/ and adult human goodness ratings for the
of the seven alternatives, subjects pressed an eighth button/and #/ distributions. For starlings, the data consisted of the
indicate that they were satisfied with their selection. To makdesponses to novel test tokens drawn from respective positive
certain that subjects were familiar with the range and distriand negative distributions following reflections as before for
bution of the stimulus tokens, the first two blocks of 98 re-/i/, /i/, ly/, and &/. Response rates for these 34 tokens, 17

sponses were considered practice and were not subjected R§Vel positive tokens and 17 negative, were compared with
further analysis. goodness ratings for corresponding tokensibanhd f/, re-

spectively. The correlation between responses to tokens
drawn from positive and negative distributioffier starlings
and goodness judgments of correspondiifgiid #/ tokens

All subjects had no problems conforming with instruc- (for humang was extremely highr(=0.999,p<0.0001) in-
tions and completing the task. Patterns of average ratinggicating that, across the two distributions, starling responses
across the 13 subjects are displayed in Fig. 7. Analogous tand adult human judgments were in generally close corre-
the analysis for experiment F1 value (melg, F2 value  spondence.
(mels, and distance from centroid of the distributicmels Given the source of much of the variance in the data for
were entered into the multiple regression analyses. Regresoth human and avian subjects, such substantial correlation
sion analyses were run separately for responses to stimuinay not be surprising. Much of the variance across response
from the i/ and #/ distributions. For responses tid étimuli,  rates and across ratings for the two distributions is related to
regression on only two variables was statistically significandifferential responses to two distributions of sounds. Star-
(F ratiog g3,~30.20,0<<0.0001, multiple R=0.35). The lings were trained to respond differentially to contrasts be-
value of F2 had the greatest contributionr €£0.33, p  tween i/ vs i/ or y/ vs i/, and humans were asked to rate
<0.001) followed by distance from the centroidr ( instances of phonemically distinct classes of sourdand

B. Results
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fil. Consequently, much of the total variance entered into the
correlation analysis can be interpreted with respect to re-
sponses being of two distinct types owing to the use of two
distinct distributions of sounds. As such, the extremely high
degree of shared variance may have more to do with variance
between vowel distributions than with variance within vowel
distributions, a central focus of this effort.

In order to address correspondences between response
patterns within individual vowel distributions, separate re-
gression analyses were conducted for starling responses to
novel positive tokens and human judgments of correspond-
ing tokens of i, and for starling responses to negative tokens
and human judgments of corresponding tokensibfThe Centroid
correlation between starling peck rates to the 17 novel
stimuli drawn from positive distributions and human good- /
ness judgments of the corresponding stimuli drawn from the .__.’—0“"/‘
/il distribution was substantiat € 0.671,p<<0.01). The cor-
relation between starling peck rates to the 17 novel stimuli 2 0 20 40 60 80 100
drawn from negative distributions and human goodness judg-
ments of stimuli drawn from ther// distribution was still Orbit (Mels)
greater (=0.784,p<0.001).

The choice of il as the benchmark positive distribution F'G: 8- From experiment 3, average goodness ratings from human listeners

. for 34 stimuli presented to starlings as novel test stimuli as a function of
was an arb'trary onej//could have been used. Althoth the distance from the centroids af {top A) and #/ (bottom B distributions.
lack of systematic variation as a consequence of which
vowel was designated positive suggests that this choicgne also can observe that the valuerafplayed a negligible
ought not matter, two additional regression analyses wergyle in goodness ratings foi’/ Human goodness judgments
conducted. One analysis compared responses to tokegficited for tokens from tighter, denser distributions in ex-
drawn from pOSitive distributions for Starlings with gOOdneSSperiment 3 Correspond well with L|Ve|y’@_993 measures of
judgments for i, and one compared responses to tokengoodness for broader distributiofss used by Kuhl, 1991
drawn from negative distributions for starlings with good- Further, starling responses are in close accord with these
ness judgments foii// Both of these correlations were com- findings.
parable to those computed for the previous complementary  One possible explanation for the sizable influenc&af
relationships. The correlation between peck rates in respongguld be that, whef2 is relatively high and near&3, there
to novel positive tokens and goodness judgments for corréis some auditory interaction creating a functiof@ (F2')
sponding ¥/ tokens was significant yielding=0.697 (@  that serves to warp perceptual distance in a fashion not cap-
<0.002). The correlation between responses to novel negaared solely by mel distande.g., Johnson, 1989Typically,
tive tokens and goodness judgments for corresponding /the assumption is thd&t2’ can be described as the weighted
tokens also was significant yielding=0.703 (p<0.002). average ofF2 andF3, thus equal mel steps whé is near

Overall, there was a remarkable correspondence be=3 result in disproportionately large perceptual distances.
tween human goodness judgments and starling peck rates. One way in which starling and human performance dif-
With the exception of the negligible contribution Bl fre-  fered is informative. For human listeneF2 and, to a lesser
guency on goodness judgments fir dverall pattern of hu-  extent, distance from the centroid accounted for much of the
man responses is quite consistent with the starling measuregriance in goodness judgments if For the same listeners,

Figure 8 displays mean goodness ratings as a function ofariance in goodness judgments dfwas best described in
distance from the centroids of the distributions fdrahd 4/.  terms of distance from the centroid followed B and fi-
This tendency to attribute a greater degree of “goodness” taally F1, all being statistically significant predictors. This
tokens with formant-frequency values nearer the centroids ofontrasts with starling data for which distance from the cen-
these distributions is consistent with Kuh{5991) measure- troid always is less predictive thd&?® or F1. The more com-
ments for a broader distribution of tokens which shared thepelling effect of distance from the//centroid for native-
same i/ centroid as used in these experiments. AlthoughEnglish listeners may be due to the fact that férBut not
broad gradients corresponding to valuesraf for /i/ judg-  /i/, close neighbor§e/, le/, I3/, and i/) surround all sides in
ments and td-1 andF2 for /i/ judgments do not correspond the F1-F2 plane. There is a smaller effect of distance from
well to Kuhl's data, the effects, particularly fof ivere not  the centroid for goodness judgments @f which lies at an
unanticipated. Lively(1993 synthesizedi/ stimuli compa- extreme corner of the vowel space with no neighboring vow-
rable(30-mel ring$ to those used by KuhL991), and while  els with lowerF1 or higherF2. While extreme versions off/
his adult human subjects demonstrated a significant effect dfow F1, high F2) are most distinctive relative to other En-
distance from the centroid for both “prototype” and “non- glish vowel sounds, acoustic instances wftthat are most
prototype” conditions, vowels with highef2 values were central to the distribution would be maximally distinctive
given the highest goodness ratings. From Lively’s figuresfrom surrounding vowel sound distributions. What is the

o,

Centroid

LS Y . ]
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Goodness Judgments (7 = good /i)
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same whether one considers either the minimalist two-vowekxhibited a gradient across values l6f andF2 such that
spaces presented to starlings or the more-populated Engligiteater and lower outputs occur for those stimuli with ex-
vowel space, a perceptual principle akin to “mere other-treme formant values. Also, there is a similar “prototype”
ness” is observed much as it was suggested to exist in theffect in as much as output values respect the probability—
postulation of “adaptive dispersion{Lindblom, 1986 as a  density distribution of the input with relatively higher or

predictor of the structure of vowel inventories. lower values nearer the centroids of the positive and negative
distributions, respectively. Correlation coefficients were
C. Minimalist computational model computed comparing model output and peck rates ifew /

birds reinforced for pecking either té@ br to /. For the i/
ositive caser =0.926,p<<0.0001. For ther/ positive case,
=0.919,p<0.0001. As was the case for comparisons be-

In order to better understand how a relatively simple
organism such as a starling can come to learn a function

mapping of vawel sounds that is so similar to that for hu'tween avian responses and human goodness judgments, com-

ggr:js’uasii'mzllir:;gi?;rasrsn();g;'Ogngetl";g?;rmooﬁgzivfﬁss'g‘gf)arisons also were made between model outputs and avian
9 y P : esponses to stimuli within individual vowel distributions.

cause the data for starlings and for humans were fairly wel he correlation between starling peck rates to the 17 novel

accommodated in the linear operations of regression anal;g.mu” drawn from positive distributions and model predic-

sis, there was reason to believe that a learning model bas% ns for the corresponding stimuli drawn from thédistri-

SOltert'u?lor'] I;near ?peratlons ;nflgh':hprc()jVI?e ‘T’E adeqdua}te arlﬁmion wasr =0.678,p<0.01. The correlation between star-
potentially informative account for Ihe data. 'he model use ing peck rates to the 17 novel stimuli drawn from negative
here can be considered an instantiation of the Hebbian syny.

ldHebb. 194 dis a tightl trained model | istributions and model predictions for stimuli drawn from
apse ru &Hebb, ; 3 and is a tightly constrained moaelin y,q 4/ gistribution was greater=0.730,p<0.01. It appears
which all operations are local and there is no need for th

“back tion” of ¢ ¢ t'?hat this minimalist perceptron model may provide respect-
ack-propagation” of errors common to many current net- predictive power.
work models.

: . It should be emphasized that the purpose of this simula-
. A linear network. can be concep}uahzed as a system O{ion exercise was not to propose that the learning process for
linear algebra equations of the form: either human infants or starlings must reduce to a simple
Aw=Dh, (1) model of this type. Although this model can be cast as a
“neural network” model and could enjoy the allusion to
neural processing, no such claims are being made here. It
does bear note, however, that such a model engenders bio-
logically plausible operations in the sense that connections

where A is a matrix of input exemplarsy is a vector of
connection weights, anb is a vector of output values. The
weights of the network can then be solved for by

w=A"b, 2 are local and weight adjustments follow simple Hebbian
whereA* is the pseudo-inverse @. (For review, see Jor- rules. Nevertheless, the model is likely too simplistic and
dan, 1986 ' ' contexturally isolated at present to be suggested as a model

for neural activity in avian, let alone human brains. What is
important is that there is reason to hope that the processes by
yghich human infantgand starlingscome to organize vowel
sounds in a language-specific fashion may be explainable by
rather elegant and possibly linear processes.

Inputs to the network were synthesizer valuesHrand
F2 for each English vowel/i/ and /). Thus, each vowel
sound was described as a two-value vector. The 64 vecto
for the training stimuli used fori41/ birds in experiment 3
were entered into an arrgy yielding a 64<2 element input
matrix. A 64X1 output matrixb was created by entering a
“1" for the positive stimuli (/i/) and a “0” for the negative
stimuli (1/). Then, Eq.(2) was solved for the 1 weight V. GENERAL DISCUSSION
vectorw. This completed the “training” phase. This matrix-
algebraic solution is formally equivalent to using a single- The present effort began with the fundamental question
layer network for which weights are determined throughof how perceptual behavior of human infants could come to
multiple iterations of exposure to training tokefi®ordan, respect language-specific equivalence classes for speech
1986. In this case, advantage was taken of the fact that theounds through experience and learning if such classes were
same weights can be derived by solving equations in closetb arisede novo Earlier findings(Kuhl, 1991 using nonhu-
form. man subjects suggested that, for vowel sounds at least, prop-

The model then was tested using the 34 novel teserties of mammalian auditory sensory systems do not, by
stimuli and 16 training stimuli that were presented to birds inthemselves, give rise to functional equivalence classes ap-
trials without contingencies. This constituted a new inputpropriate to linguistic sound systems. This evidence, together
matrix A of dimensions 58&2. This matrix was multiplied with studies(Kuhl, 1983; Kuhlet al, 1992 demonstrating
by the 2<1 weight vector derived in the “training” phase to that, by six months of age, infants respond to acoustically
yield a 1X50 vector of values corresponding to the outputdifferent vowel sounds in a fashion that respects their func-
values(between 0 and)Ifor each of the test stimuli. tional equivalence within a language environment, suggests

Comparisons between the model output for test stimulian essential role of early experience. While K891 took
and avian peck rates to the same stimuli reveal a number @dvantage of animal subjects to minimize effects of experi-
similarities. As was the case for bird responses, model outpwgnce with speech sounds in order to evaluate raw sensory
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abilities, the present studies exploited the opportunity to emfunctional equivalence of vowel sounds within the vowel
brace and control experience with approximations to naturagpace of a language environment. This demonstration of the
distributions of speech sounds. efficacy of simple learning via distributional properties at the

Following an experiment which established the appro{phonetic level is consonant with recent demonstrations that
priateness of stimulus materials for this effort, it was foundstatistical relationships between neighboring speech sounds
that starlings could learn functional equivalence classes ofan be used by 8-month-old infants at the morphemic level
vowel sounds that were representative of the English vowelfor word segmentatiofSaffranet al, 1996. When one con-

/il and #/ as well as control stimuliy/ and &/. Starlings siders the task assigned to the infant language learner, it may
generalized to novel instances of these distributions, antie possible for young listeners to establish their nascent lexi-
there was evidence that equivalent responses to different teéons through little more than sensitivity to statistical regu-
kens drawn from the same distributions of vowel sounddarities of language input together with organizational pro-
were not indicative of a lack of discriminative capacity. In cesses that serve to enhance distinctiveness of regions in that
fact, avian subjects that learned to treat orthogofial input.

F1-F2 spacg distributions equivalently were facile in re-

qunding differentially to_the same pairs of stimuli treatedACKNOWLEDGMENTS

equivalently by other subjects.

Both across and within vowel distributions, there was ~ The authors thank Carol Fowler, Francisco Lacerda,
remarkable agreement between measures of starling respordghur Samuel, and Winifred Strange for thoughtful com-
strength(peck rat¢ and human goodness judgments of thements on an earlier draft of this manuscript. This work was
same English vowel sounds. To the extent that divergencéupported by NIDCD Grant No. DC-00719 and NSF Young
between starling and human performance was fagneater ~ Investigator Award DBS-9258482 to the first author.
effect of distance from centroid for/), it is likely explain-
able on the basis of experience with vowel sounds encourfAmong concerns one may have regarding the use of the term “category” is

tered by native-English human listeners but not by Starlingthe fact that the term is used in at least three dlfferent ways. First, the term
most commonly is used to refer to a group of objects or events in the world

subjects. Taken tOQethe'_'a human and avian results suggegiat more or less share some set of attributes. Second, the term “category”
that the process of mapping a space of vowel sounds may beften is used to refer to a set of objects or events that give rise to similar

in accord with Iong-held princip|es of “mere otherness” and behavior, i.e., functional equivalence. Third, the term is sometimes used
“ : : : " with reference to some internal cognitive representation which may or ma
adaptive dispersion. g p y y

. . L not be defined by a prototype. Putatively, this internal representation serves
A very simple linear associative model was used t0 as-to mediate the relation between sensory information and behavior.

sess starling performance. When the model was permittetkuhl (1991 was similarly circumspect with regard to her use of “proto-
the same range of “experience” with distributions of vowel type” with respect to internal representations of phonetic categories. In the

d tarli t ths to individ iognitive psychology categorization literature, behavior that has been at-
sounds as starlings were, response strengths 10 INdiVIAU&g;p e to the existence of prototypes also has been attributed to exemplar

vowel sounds from the model and birds were in close agree-models that do not require categories to be defined by reference to a single
ment. Although no claims should be made about the verisi-representation of the categofsee, e.g., Brooks, 1978; Knapp and Ander-

e . . - .1 son, 1984; Medin and Schaffer, 1978; Nelson, 1974; Reed,)19VRBile
militude of the computatlonal simulation as compared with there are significant differences both within and between different proto-

b?0|09ica| instantiations of these processes by humans or byype and exemplar models of categorization, for now, it will be adequate to
birds, the model does present an existence proof that ainderstand that, for all of these theoretical approaches, categories are taken
simple linear system can result in functional mappings of to exhibit structure such that not all instances of a category constitute

: L _ i _equally good category members. Kyhb91, 1993 accepts both prototype
vowel sounds in similarly graded and language-specific fash and exemplar models as plausible with respect to phonetic categories.

ion. In particular, simulation results do suggest that relativelytthe Swedish vowel system does include a variant of the véijehow-
elegant solutions may exist to explain how subjects with ever, Swedishi/ is substantially different acoustically from Englishdnd

brains of little volume come to exhibit response patterns thatthe # “prototype” used in Kuhlet al’s (1992 study was not typical of
I . . Swedish .
are strikingly like those measured for human subjects for theOptimal performance was defined as the highest ratio of pecks to positive

same vowel sounds. Avian and computational performancesersus negative stimuli. Birds were idiosyncratic with regard to the amount
taken together, it may be appropriate to exhibit some cautiorpf deprivation that resulted in the most stable performance, and weights

before one either posits the requirement of innate specifi anged from 80% to 90% of free-feed weights at the time of training/
esting.

predispositions for phonetic categories, or hypothesizes th&yireme values were deleted to account for the fact that behavior of the
existence of internal prototypes for phonetic categoriesbirds can be affected by motivational factors irrelevant to the questions of
through Whatever process Nelther starllngs nor perceptrong'lterest For example, avery hungry SUbjECt will peCk more vigorously and

L . . . . indiscriminantly, often early in a test session, and relatively satiated birds
have the privilege of inheriting human phonetic Cat(':‘gor'es”will decrease peck rates overall toward the end of some sessions. Trunca-

and peaks in response gradients allude to, but do not requirion of both extremes is an unbiased method of avoiding such aberrant data.
putative prototypes. In a similar spiritacerda, 1998has  °One would expect that, if nonhuman subjects must respond differentially to
introduced an exemplar-based model inspired by neuronafore than two vowelge.g., the four front vowelsi/, //, /e/, and k/), a

lection th P del 1987th tfp th C)i/ greater effect of distance from the centroid should be foundifand &/
group selection theoryEdelman, Jrthat further demon- owing to the requirement of distinctiveness from flanking neighbors. The
strates that constructs such as prototypes are unnecessary d@hors presently are conducting such an experiment.

account for extent data for human adults and infants respond-

Ing to vowel sounds. ran, S.(1987. “Folkbiological universals as common senseNoam
|t_ well may be the case that rather g?neral processes Olchomsky: Consensus and Controversgited by S. Modgil and C. Modgil
learning can accommodate much of what is known about the (Faimet, Philadelphja
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