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Research on the perception of vowels in the last several years has given rise to new conceptions 
of vowels as articulatory, acoustic, and perceptual events. Starting from a "simple" target 
model in which vowels were characterized articulatorily as static vocal tract shapes and 
acoustically as points in a first and second formant (F I/F2) vowel space, this paper briefly 
traces the evolution of vowel theory in the 1970s and 1980s in two directions. ( 1 ) Elaborated 
target models represent vowels as target zones in perceptual spaces whose dimensions are 
specified asformant ratios. These models have been developed primarily to account for 
perceivers' solution of the "speaker normalization" problem. (2) Dynamic specification 
models emphasize the importance offormant trajectory patterns in specifying vowel identity. 
These models deal primarily with the problem of "target undershoot" associated with the 
eoarticulation of vowels with consonants in natural speech and with the issue of "vowel- 
inherent spectral change" or diphthongization of English vowels. Perceptual studies are 
summarized that motivate these theoretical developments. 

PACS numbers: 43.71.An, 43.71.Es 

INTRODUCTION 

In the past 15 years, there has been renewed interest in 
some basic questions about the perception of vowels. These 
questions concern the characterization of what spoken vow- 
els are as articulatory and acoustic events, and how listeners 
recover speakers' intended vowels from the acoustic signal. 
In this paper, two directions in which vowel theory has 
evolved over the last several years are described and some 
perceptual research that motivates current conceptions of 
the nature of vowels as dynamic articulatory and acoustic 
events is summarized. 

In order to put the recent developments into perspec- 
tive, I will begin by sketching the basic assumptions of a 
genetic theory of vowel perception, which I refer to as a 
"simple target" model. Some version of this view was held 
implicitly or explicitly by most speech perception research- 
ers in the early 1970s. It is also the "textbook" characteriza- 
tion of vowels and vowel perception that we still teach in 
introductory phonetics and speech science courses (e.g., La- 
defoged, 1982; Pickett, 1980). 

Central to this theory is the notion of the vowel target as 
a unifying concept among articulatory, acoustic, and percep- 
tual characterizations of vowels. Vowel targets are con- 
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ceived of as the canonical forms of vowels, the context-free 
stored representations of the phonelogical segments (Dani- 
left and Hammarberg, 1973). Articulatorily, these canoni- 
cal targets are best represented by the static vocal tract 
shapes assumed when a speaker produces sustained, mon- 
ophthongal vowel sounds. In continuous speech, these static 
articulatory positions are considered the goal states when 
coarticulating vowels in syllabic contexts (e.g., MacNeilage, 
1970). Acoustically, vowel targets are represented as points 
in a multidimensional acoustic space whose coordinates are 
the first two (F 1/F 2 ) or three ( F 1/F 27F 3 ) oral formants. 
Formant frequencies are derived from a single spectral cross 
section through the steady-state portion of the acoustic sig- 
nal (Joes, 1948; Peterson, 1952, 1961). 

According to a simple target model of perception, the 
target frequencies of the first two formants constitute the 
primary and often sufficient acoustic information for the 
perceptual identity of the vowel (e.g., Delattre et al., 1952). 
Thus articulatory, acoustic, and perceptual descriptions of 
vowels are unified by this concept of a static, context-free 
target. Given this characterization of what vowels are in 
their canonical form, problems in explaining the perception 
of speakers' intended messages arise from two sources of 
variation in vowels as actually produced. First, as the classic 
work of Peterson and Barney (1952) showed, the target for- 
mant frequencies are not invariant with respect to intended 
(or perceived) vowels across men, women, and children, 
and different vowel categories often overlap in F 1/F 2 space 
even for speakers of the same age and gender. Thus, in a 
simple target model, formant frequency information must 
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somehow be adjusted to compensate for speaker variability. 
"Speaker normalization" has been considered one of the ma- 
jor problems in need of an explanation in any vowel percep- 
tion theory • (see Miller, 1989, for a historical review of for- 
mant-ratio theories of normalization). 

A second kind of variation in vowel targets is present 
even for vowels spoken by a single speaker and is often re- 
ferred to as the "target undershoot" problem. Early studies 
by Lindblom (1963), Stevens and House (1963), and others 
showed that when vowels are eoarticulated with consonants 

in consonant-vowel-consonant (CVC) syllables in contin- 
uous speech spoken at normal to rapid rates, the canonical 
acoustic (and articulatory) targets are often not reached. 
The degree of discrepancy from the target formant frequen- 
cies varies with phonetic context, stress, rate of speech, and 
even with individual differences in coartieulatory strategies 
(of. Gay, 1978; Gay et aL, 1974; Kuehn and Moll, 1976). 
Thus formant maxima in vocalic nuclei bear a complex rela- 
tionship to canonical vowel targets, and it is again argued 
that the listener somehow compensates for this variability to 
recover the intended vowel targets (Stevens and House, 
1963; Lindblom and Studdert-Kennedy, 1967). Given these 
two sources of variation in the acoustic representation of 
vowels---speaker variation and contextual variation--we 
are left with a classical problem in speech perception, the 
lack of a simple correspondence between acoustic signal and 
perceived phonetic segment. An adequate perceptual theory 
must account for how pereeivers compensate for this acous- 
tic ambiguity in recovering the speaker's intended message. 

Much of the research on vowel perception in the 1950s 
and 1960s focused on the speaker normalization problem. 
Having accepted the characterization of vowels as inherent- 
ly ambiguous across speakers, researchers such as Lade- 
foged (1967), Lieberman et aL (1972), and others postulat- 
ed normalization processes whereby listeners used 
information in ongoing speech to "calibrate" for a particular 
speaker's acoustic vowel space? A well-known study by La- 
defoged and Broadbent (1957) provided empirical support 
for this hypothesis. Synthetic stimuli with ambiguous target 
formant frequencies were shown to be identified in relation 
to the vowel space specified by the formant structure of a 
preceding carrier sentence (see also, Dechovitz, 1977; 
Nearey, 1989). 

Fewer early research efforts were directed toward the 
target undershoot problem. In another classic study, Lind- 
blom and Studdert-Kennedy (1967) hypothesized that lis- 
teners interpreted formant maxima of coarticulated vowels 
in relation to the direction and rate of formant transitions. 

They presented synthetically generated CVC syllables in 
which formant maxima varied along a continuum and dem- 
onstrated that perceptual boundaries shifted as a function of 
the syllable duration and direction of F2 transition; that is, 
listeners demonstrated "perceptual overshoot" in identify- 
ing dynamic formant patterns that compensated for produc- 
tive undershoot (see also Williams, 1987, and Nearey, 1989, 
for further discussion and data). 

Quite aside from these early perceptual studies of the 
normalization and target undershoot problems, another 
body of work published in the early 1960s, by Peterson and 

Lehiste (1960), reported important, though largely ignored, 
descriptive information about the acoustic specification of 
vowels. Analysis of a large corpus of CVC syllables spoken in 
sentence contexts revealed that there were systematic differ- 
ences in the time-varying patterns of coarticulated Ameri- 
can English vowels. First, vowels were differentiated in 
terms of intrinsic duration. They also reported systematic 
differences across vowels in the shape of formant trajector- 
ies, specifically in the relative durations ofonglides (formant 
transitions into the syllable nucleus), offglides (formant 
transitions out of the syllable nucleus) and quasi-steady- 
state portions of CVC syllables. These differences in formant 
trajectories distinguished so-called tense and lax vowels. Syl- 
lables containing tense vowels have relatively rapid onglides 
and offglides that are of approximately equal duration. Thus 
formant trajectories (especially the trajectory of the first for- 
mant F 1 ) form a symmetric pattern. Syllables containing lax 
vowels had slightly less rapid onglides but much slower off- 
glides than for tense vowels, and much shorter quasi-steady- 
state portions. This resulted in asymmetric F 1 trajectories. 
Thus independent of differences in overall duration between 
short, lax vowels and long, tense vowels, there are also differ- 
enees in formant pattern that differentiate these vowel cate- 
gories (see Strange, 1989, for an illustration of "tense" and 
"lax" formant trajectories). 

These systematic differences in dynamic acoustic pat- 
terns are of potential importance perceptually, because they 
differentiate vowels with similar articulatory and acoustic 
targets; that is, vowels with formant maxima that overlap in 
F l/F2 acoustic space when spoken by different speakers, at 
different rates, and in different phonetic contexts, may nev- 
ertheless be distinguished with respect to intrinsic duration 
and trajectory shape. However, until quite recently, studies 
of vowel perception have, for the most part, not included 
these dynamic sources of information. This is clearly evident 
in studies using synthetically generated stimuli in which for- 
mant trajectory shapes and syllable durations are not varied. 
A number of early experiments (cf. Ainsworth, 1972; Ben- 
nett, 1968) demonstrated that, when present, intrinsic dura- 
tion was an important perceptual cue to vowel identity. 
However, to my knowledge, no perceptual studies had inves- 
tigated the relevance of trajectory shapes for the identifica- 
tion of vowels when we began our own research in the 1970s. 

Research on vowel perception in the 1970s and 1980s 
has progressed along two theoretical lines. I will refer to the 
two approaches as "elaborated target" models and "dynam- 
ic specification" models (using the term model in its most 
general sense of a theoretical framework). Both efforts con- 
stitute a return to basic questions about how vowels are best 
characterized acoustically and pereeptually; specifically, 
both positions challenge the assumption of the simple target 
model that vowels are acoustically ambiguous. The two ap- 
proaches differ, however, in that the first focuses, as did ear- 
lier models, on the perceptual characterization of vowels as 
static points in a multidimensional space, while the other 
emphasizes the role of dynamic sources of information as 
perceptually critical. They also differ in the emphasis they 
place on the speaker normalization and target undershoot 
problems. 
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I. ELABORATED TARGET APPROACHES TO VOWEL 

PERCEPTION 

Elaborated target models have been formulated primar- 
ily to account for speaker normalization. That is, a main 
concern is to try to characterize vowels produced by speak- 
ers of different gender and age in such a way that variations 
among tokens of the same intended and perceived vowel are 
minimized and differences between perceptually distinct 
vowels are maximized. 3 The recent work of Syrdal and Go- 
pal serves as an elegant example of this type of effort (Syrdal, 
1985; Gopal and $yrdal, 1984; Syrdal and Gopal, 1986). In 
Syrdal's model, fundamental and formant frequencies are 
transformed to the psychephysically motivated critical band 
or Bark scale; then vowels are arrayed in a multidimensional 
"auditory space" defined by the coordinates F l-F0, F 2-F 1, 
and F 3-F 2. Finally, vowels are classified into two categories 
along each dimension according to whether or not they ex- 
ceed a three-Bark critical difference (Syrdal and Gopal, 
1986). Using the Peterson and Barney (1952) multispeaker 
corpus, this representation was shown to reduce the overlap 
among tokens of different vowel types produced by different 
speakers. The dimensions also corresponded quite well to 
traditional phonetic features that describe articulatory tar- 
get shapes in terms of tongue, lip, and jaw position. 

Other elaborated target models have proposed different 
algorithms for the transformation of acoustic data (Gerst- 
man, 1968; Skinner, 1977) and recently Hillenbrand and 
Gayvert (1987) have compared a variety of transforma- 
tions. While these models differ considerably in detail, they 
have one characteristic in common. The acoustic raw data 

for the auditory representation of vowels are taken from a 
single spectral cross section of the acoustic syllable. That is, 
all these attempts presuppose that a static spectral configu- 
ration captures the essential acoustic input for vowel identi- 
ty, at least for so-called monophthongal vowels. This poses a 
"segmentation" problem in the case ofcoarticulated vowels, 
because there may be no steady-state portion within the syl- 
lable that can easily be identified as most representative of 
the vowel target. 

In the case of Syrdal's 1986 model, formant data were 
obtained from the Peterson and Barney corpus, in which 
vowels were produced in/h/-vowel-/d/citation-form syl- 
lables. Stevens and House (1963) showed that vowels pro- 
duced in this context contain steady-state vocalic nuclei in 
which formant frequencies correspond closely to those of 
sustained vowels spoken in isolation; i.e., there is little effect 
of coarticulation. Thus the problem of determining which 
spectral cross section is most representative of the vowel tar- 
get is minimal for vowels spoken in this context, and target 
undershoot due to coarticulation is nearly nonexistent. An 
important question about the generality of transformed au- 
ditory representations such as the one proposed by Syrdal, 
then, concerns their adequacy in characterizing vowels coar- 
ticulated in different consonantal contexts and at different 

rates (see Gopal and Syrdal, 1984). At some point, any mod- 
el that relies on single spectral sections must make explicit 
the decision criteria for choosing which spectral cross sec- 
tion of the acoustic syllable is to serve as input. 

The article by Miller (1989) presents an auditory-per- 

ceptual model of phonetic recognition in which speech sig- 
nals are characterized as paths through a three-dimensional 
auditory-perceptual space defined in terms of transforma- 
tions of formant ratios and a "sensory reference" based on 
the speaker's average fundamental frequency. According to 
this theory, simple (undiphthongized) vowels are identified 
when the "perceptual pointer" performs a "segmentation 
maneuver" within one of the large and irregularly shaped 
"perceptual target zones" of that space. After a historical 
review of formant-ratio conceptions of vowels, Miller ela- 
borates the theory and presents data on vowel recognition 
performance by the model, including recognition of vowels 
coarticulated in CV syllables. In discussing the performance 
of the model on coarticulated speech samples, the criteria by 
which segmentation maneuvers are performed are dis- 
cussed, as well as the problems associated with diphthongi- 
zation, rhotacization, and nasalization of vowels. This, then, 
constitutes an ambitious attempt to elaborate a target model 
of vowel perception that takes into account both speaker 
normalization and coarticulatory effects. 

II. DYNAMIC SPECIFICATION APPROACHES TO 

VOWEL PERCEPTION 

A second theoretical approach to vowel perception (re- 
ferred to as the dynamic specification approach), which has 
evolved over the last several years, stems primarily from re- 
search on the perception of coarticulated vowels. Thus the 
emphasis has been on accounting for how perceivers identify 
intended vowels in the face of acoustic variability associated 
with contextual effects (the target undershoot problem) 
rather than on the problems associated with speaker vari- 
ability. Renewed interest in this problem came, in part, from 
some unexpected results of studies of vowels spoken in var- 
ious stop consonant contexts by multiple speakers (Ver- 
brugge et al., 1976; Strange et al., 1976; see, also, Strange 
et al., 1979; Gottfried and Strange, 1980). 4 These studies 
found that coarticulated vowels were identified with surpris- 
ing accuracy, even by phonetically unsophisticated listeners, 
despite considerable acoustic ambiguity in formant frequen- 
cies measured at the point of closest approximation to the 
target.• In fact, vowels in CVC contexts were identified more 
accurately than isolated vowels produced by the same panel 
of speakers even though formant maxima were less distinct 
in F l/F2 vowel space than were the isolated vowel targets. 
Furthermore, perceptual confusions among coarticulated 
vowels, when they occurred, were not highly predictable on 
the basis of similarity of formant frequency maxima. 

A number of researchers subsequently reported failures 
to replicate the finding that coarticulated vowels were identi- 
fied more accurately than isolated vowels (see Nearey, 1989, 
for a review of some of the data). Studies by Macchi (1980), 
Diehl etal. ( 1981 ), Assmann etal. (1982), and Rakerd etal. 
(1984) showed that, under different stimulus and task con- 
ditions, both isolated vowels and coarticulated vowels were 
perceived extremely accurately, even when speakers varied 
unpredictably from trial to trial (but see Strange and Gott- 
fried, 1980; Gottfried et al., 1985). When dialect variation 
among speakers and listeners was restricted or when more 
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sophisticated listeners were tested, performance approached 
ceiling levels for both coarticulated and uncoarticulated 
vowels (see, also, Carney et al., 1983). However, it is impor- 
tant to note that in no study using natural (as opposed to 
synthetic) stimuli were isolated vowels identified more accu- 
rately than coarticulated vowels, as would be predicted if 
static targets were the primary source of information for 
vowel identity. 

On the basis of these findings, my colleagues and I hy- 
pothesized that there were additional sources of information 
available in the time-varying acoustic signal, which per- 
ceivers utilize in identifying the speakers' intended vowels. 
Research efforts in our laboratory and elsewhere in the past 
several years have been directed toward an exploration of the 
nature of dynamic information available in coarticulated 
syllables. In order to gain more control over stimulus param- 
eters, while still working with naturally produced coarticu- 
lated vowels, a methodology was adopted in which digitized 
waveforms of spoken CVC syllables were modified by delet- 
ing portions of the signal and changing the temporal rela- 
tionship among remaining portions (see Jenkins et al., 1983; 
Strange et al., 1983; Strange, 1989, for a detailed description 
of the procedures). Using this technique, the perceptual effi- 
cacy of three types of information has been explored. 

First, there is information provided in the syllable nu- 
cleus, i.e., the central portion of a CVC syllable in which 
formants are quasi-steady state or change at a relatively slow 
rate. These nuclei, which contain formant maxima, are 
thought to provide the best information about canonical tar- 
gets; however, it must be noted that, for American and Cana- 
dian English vowels, there is systematic movement within 
the nucleus even of supposedly monophthongal vowels, 
which may be important perceptually (see Nearey, 1989; 
Strange, 1989, for further discussion of the role of diph- 
thongization or "vowel-inherent spectral change" in percep- 
tion). A second source of information is provided by (rela- 
tive) duration differences intrinsic to the vowel, which, in 
combination with other factors such as final consonant voic- 

ing, stress, and speaking rate, determine the overall syllabic 
duration. A final hypothesized source of information is pro- 
vided by the formant transitions into and out of the syllable 
nucleus. These transitional portions, taken together, may 
best reflect systematic differences in opening and closing 
characteristics of vowel gestures, which determine param- 
eters of trajectory shape. Note that none of these sources of 
information is adequately captured in any single spectral 
cross section through the acoustic syllable, but rather must 
be specified as a change over time in spectral structure. 

Modified stimulus conditions in which various combi- 

nations of these three types of information were available 
included: (1) silent-center (SC) syllables, in which the en- 
tire syllable nucleus was attenuated to silence, leaving the 
initial and final transitional portions in their original tempo- 
ral relationship; (2) neutral-duration, silent-center 
(NDSC) syllables, in which intrinsic duration information 
was removed by equating the duration of silent intervals 
between initial and final transitional portions; (3) centers in 
which (variable duration) vocalic nuclei were presented 
with initial and final transition removed; (4) neutral-dura- 

tion centers (NDCs), in which vocalic nuclei were all 
trimmed to the length of the shortest original nucleus. Con- 
trol conditions included: (5) unmodified syllables, (6) an 
"initials only" condition, and (7) a "finals only" condition. 
The latter two were included to rule out the possibility that 
vowel identity was preserved in either of the transitional por- 
tions of the SC and ND$C syllables alone. 

In general, the results of these studies showed a consis- 
tent pattern of identification errors. Intended vowels were 
most accurately identified in SC syllables containing both 
trajectory shape and duration information. In some studies, 
errors in this condition were somewhat greater than for un- 
modified control syllables; in others they were not, but, al- 
ways, this condition was the best of the modified conditions. 
NDSC syllables, in which intrinsic duration differences were 
neutralized, yielded somewhat greater errors for syllables 
containing lax vowels, but overall identification remained 
quite accurate, relative to other modified conditions. Center 
stimuli, which contained target information, vowel-inherent 
spectral change, and relative duration information, were 
also identified as well as or nearly as well as unmodified 
controls. When (most) spectral-change and duration infor- 
mation were removed from syllable nuclei, as in NDC condi- 
tions, error rates increased significantly. Finally, perfor- 
mance in the initials only and finals only conditions was 
extremely poor; thus accurate vowel identification in the SC 
and NDSC conditions could not be attributed to information 

present in either transitional component alone (see Strange, 
1989, for a more detailed discussion of these results). 

The perceptual robustness of SC syllables has been cor- 
roborated in a parametric study by Parker and Diehl (1984) 
in which intrinsic duration information was factored out by 
constructing separate tests of intrinsically short and intrinsi- 
cally long vowels. Stimuli were /d/-vowel-/d/ syllables 
spoken by four different speakers in which 60%, 70%, 80%, 
or 90% of the total acoustic syllable was removed from the 
center and replaced with either silence or aperiodic noise. 
Vowel identification remained well above chance even for 

the 90% SC condition. Less radical excisions of center por- 
tions yielded error rates of about 5% and 15 % for long and 
short vowels, respectively. The noise versus silence manipu- 
lation produced no significant differences except for the 
90% excised stimuli. 

Nearey and Assmann (1986) extended this paradigm to 
tests of untoarticulated Canadian English vowels spoken in 
citation form. They hypothesized that both SC syllables and 
center stimuli were identified accurately because they con- 
tained information about vowel-inherent spectral change. 
Their results showed that listeners could identify vowels on 
the basis of two 30-ms portions taken from early and late in 
the syllable only if the two portions were presented in the 
appropriate sequence. (These data are reviewed more exten- 
sively in Nearey, 1989, and Strange, 1989.) 

To examine whether vowels in SC syllables are identi- 
fied on the basis of dynamic trajectory information or on the 
basis of interpolated "acoustic targets," Verbrugge and Ra- 
kerd (1986) presented SC syllables in which initial and final 
transitions from the same (citation-form) syllable produced 
by different speakers (one man and one woman) were re- 
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combined. They found that identification of vowels in these 
hybrid SC syllables was no worse than for SC syllables of a 
single speaker, and significantly better than when either ini- 
tial transitions or final transitions were presented alone (see, 
also, Rakerd and Verbrugge, 1987). They concluded that 
"information...carried relationally (by initial and final tran- 
sitions of CVC syllables)...is complementary to, and distinct 
from, formant frequency information present in a syllable's 
center" (Verbrugge and Rakerd, 1986, p. 39) and that this 
relational information is speaker independent. This result 
has recently been replicated in our laboratory with syllables 
spoken rapidly in a carrier sentence (Jenkins and Strange, 
1987). 

The results of the preceding studies with modified natu- 
ral speech strongly suggest that perceptually relevant dy- 
namic information is specified over the initial and final tran- 
sitional portions of CVC syllables. Furthermore, they 
suggest that this information is relational in nature; that is, 
transitional portions define distinctive trajectory shapes in 
which such parameters as the ratio of transition to quasi- 
steady-state duration or the symmetry versus asymmetry of 
onglides and offglides distinguish vowel gestures. Some re- 
cent research at MIT using synthetic speech materials sheds 
further light on the role of trajectory shape in vowel percep- 
tion. 

Huang (1985, 1986) synthesized several series of/d/- 
vowel-/s/syllables in which syllable duration and temporal 
structure of the formant trajectories (symmetrical "tense" 
versus asymmetrical "lax" temporal trajectory) were inde- 
pendently varied in F I/F2 series contrasting both tense-lax 
and lax-lax vowel pairs. Identification boundaries along the 
F l/F2 frequency continuum shifted significantly for both 
tense-lax and lax-lax contrasts as a function of both tempo- 
ral trajectory and syllable duration. 

Di Benedetto (1989) extended this paradigm to a study 
of the role of temporal parameters of F 1 trajectory i n the 
perception of vowel height and tenseness in synthetically 
generated patterns of/d/-vowel-/d/syllables. Tests with 
relatively sophisticated listeners showed systematic differ- 
ences in identification of both vowel height and vowel tense- 
ness as a function of the relative durations off 1 onglides and 
offglides. Di Benedetto concluded that vowel identity is de- 
pendent upon temporal parameters defined over the entire 
F 1 trajectory, that is, on when formant maxima are reached, 
proportional to the overall duration of the acoustic syllable 
(see Strange, 1989, for a more detailed description of the 
studies by Huang and Di Benedetto). Further studies of this 
kind using synthetic stimuli that manipulate dynamic vari- 
ables will provide important insights into the precise nature 
of the information provided by these time-varying acoustic 
patterns. 

In summary, then, research from several laboratories, 
which has been motivated by or interpreted within a dynam- 
ic specification framework, points to the critical importance 
of time-varying acoustic parameters for the accurate identi- 
fication of coarticulated vowels. This has led to a characteri- 

zation of vowels as dynamic articulatory and acoustic 
events. According to this view, American English vowels 
must be described articulatorily as gestures having intrinsic 

timing characteristics (Fowler, 1980). Canonical vowels are 
thus defined not only by the target state to be reached by the 
articulators, but also by their characteristic opening and 
closing phases, which are coordinated such that both the 
duration and rate of movement of the articulators are appro- 
priate for the intended vowel. The acoustic consequences of 
these gestures, when coproduced with consonants, are con- 
tinuously varying formant patterns. No single spectral cross 
section adequately captures all the perceptually relevant in- 
formation; rather, the acoustic information for vowel identi- 
ty resides in the changing spectral structure. 

Given this articulatory and acoustic characterization of 
vowels, the nature of the problems to be explained by a per- 
ceptual theory changes. If, as the perceptual results suggest, 
there is sufficient information within single syllables to allow 
the listener to identify intended vowels, even when those 
vowels are coarticulated by different speakers in different 
consonantal contexts, then the need to postulate psychologi- 
cal processes by which the perceiver enriches otherwise am- 
biguous sensory input is eliminated. Instead, the goal be- 
comes the development of perceptual models that describe 
how perceivers detect and utilize the available sources of 
information for vowel identity during the perception of on- 
going speech. 

III. CONCLUDING REMARKS 

It is perhaps time to merge the efforts of researchers 
working within the two broad theoretical frameworks out- 
lined in this paper. The Focus Session on Vowel Perception 
at the Spring 1987 Meeting of the Acoustical Society of 
America, upon which the papers of this series are based, was 
an attempt to further that process. It is encouraging to see 
evidence of such integration already taking place. The sec- 
ond article of this series by Nearey (1989) reviews theory 
and research dealing both with issues of speaker normaliza- 
tion and with the role of dynamic information in the specifi- 
cation of vowels. He advocates a theoretically eclectic ap- 
proach, which utilizes the powerful tools of quantitative 
pattern recognition models in the interpretation of percep- 
tual results. Investigators working on elaborated target 
models have begun to ask how normalization algorithms can 
be modified to take into consideration effects of coarticula- 

tion and speaking rate (Gopal and Syrdal, 1984). The audi- 
tory-perceptual model, described in the third article of this 
series (Miller, 1989), could, in principle, incorporate dy- 
namic spectral information carried in formant trajectories in 
his formulation of a mass-spring model of the "perceptual 
pointer." He deals explicitly with the problem ofdiphthong- 
ization of English vowels. In turn, researchers within the 
dynamic specification framework have begun to consider is- 
sues of speaker variability when they attempt to describe 
dynamic acoustic parameters of coarticulated vowels (Ver- 
brugge and Rakerd, 1986). The article by Strange (1989) 
makes a start in this direction by presenting a replication and 
extension of earlier results with new speakers. 

While the research reviewed here and reported in the 
following papers offers new insights into the nature of vowels 
and how they are perceived, the work is far from finished. 
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Clearly, future efforts will benefit from a consideration of 
issues arising from both theoretical approaches. Quantita- 
tive modeling techniques, such as the ones developed by 
Nearey and others, will be helpful in describing the nature of 
the information for vowels and will provide a more precise 
way to relate acoustic and perceptual data. Finally, it is now 
time to push forward with analytic perceptual studies using 
carefully constructed synthetic materials to further our un- 
derstanding of the exact nature of the dynamic acoustic in- 
formation for vowels. Such methods may also provide more 
powerful ways to explore how that information is utilized by 
perceivers in recovering the speaker's intended message. 
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•The term "normalization" is used in two different senses in discussions of 

the acoustic and perceptual representation of vowels. In the engineering 
sense, it refers to methods by which acoustic parameters can be trans- 
formed and represented to "factor out systematic, but phonetically nondis- 
tinctive, covariation in signal properties..." (Nearey, 1989). In this sense, 
no claims about the psychological reality of such transformations are 
made. In psychological models, the term normalization has been used to 
refer to physiological and/or mental processes by which incoming sensory 
data are recoded and "interpreted" in reference to internal representations 
of phonetic categories. It is possible that several normalization algorithms 
could be found that served equally well to differentiate tokens of different 
vowel types (see Hillenbrand and Gayvert, 1987). The problem for speech 
perception theorists, then, becomes one of determining which (if any) of 
these normalization routines can be shown to have psychological reality. 
Experiments showing a strong correlation between outcomes of normal- 
ization routines and human perceptual studies are only a first step in this 
process. Stronger claims for the psychological reality of such procedures 
must await evidence from "true" experimental designs in which acoustic 
input is manipulated and perceptual consequences are assessed with re- 
spect to proposed models. 

2These theorists thus postulated psychological normalization processes that 
used information extrinsic to the test syllable itself. In the terminology of 
Nearey (1989), this constitutes a theory ofextrinsic or transsegmental spe- 
cification. Thus this type of model can be referred to as an extrinsic nor- 
malization model. 

3Such models can be referred to as intrinsic normalization theories in that 

they attempt to specify invariant information for vowel categories on the 
basis of acoustic parameters within the target syllables. Such models can 
refer to normalization in either the engineering sense or in the psychologi- 
cal sense. 

4[ would like to acknowledge the enormous contribution to this work from 
the many brilliant colleagues I have had the pleasure of collaborating with 
over the last several years: Donald Shankweiler, Robert Verbrugge, Brad 
Rakerd, James Jenkins, Thomas Edman, Thomas Johnson, Terry Gott- 
fried, and Arlene Carney. I am also indebted to Randy Diehl and to Mi- 
chael Studdeft-Kennedy, Carol Fowler, Alvin Liberman, and other col- 
leagues at Haskins Laboratories for many stimulating and challenging 
discussions about vowel perception. 

•As Nearey (1989) points out, the absolute error rates in our early studies 
were considerably higher than for those reported in subsequent studies 
from our own laboratory and those of other researchers. In these initial 
studies, productions were obtained from a set of speakers with considerable 
dialect variation within American English. We did not preselect tokens on 
the basis of phonetic "goodness," and we urged subjects to speak rapidly 

and "naturally"; that is, we discouraged "careful" pronunciation of the 
stimuli. This was done so that our corpus would represent the variability in 
speech one normally encounters in an environment where speakers come 
from diverse regional areas of the United States. 
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