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The present work reviews theories and empirical findings, including results from two new 
experiments, that bear on the perception of English vowels, with an emphasis on the 
comparison of data analytic "machine recognition" approaches with results from speech 
perception experiments. Two major sources of variability (viz., speaker differences and 
consonantal context effects) are addressed from the classical perspective of overlap between 
vowel categories in F 1 X F2 space. Various approaches to the reduction of this overlap are 
evaluated. Two types of speaker normalization are considered. "Intrinsic" methods based on 
relationships among the steady-state properties (FO, F 1, F2, and F3) within individual vowel 
tokens are contrasted with "extrinsic" methods, involving the relationships among the formant 
frequencies of the entire vowel system of a single speaker. Evidence from a new experiment 
supports Ainsworth's (1975) conclusion [W. Ainsworth, Auditory Analysis and Perception of 
Speech (Academic, London, 1975) ] that both types of information have a role to play in 
perception. The effects of consonantal context on formant overlap are also considered. A new 
experiment is presented that extends Lindblom and Studdert-Kennedy's finding [ B. Lindblom 
and M. Studdeft-Kennedy, J. Acoust. Soc. Am. 43, 840-843 (1967)] of perceptual effects of 
consonantal context on vowel perception to/dVd/and/bVb/contexts. Finally, the role of 
vowel-inherent dynamic properties, including duration and diphthongization, is briefly 
reviewed. All of the above factors are shown to have reliable influences on vowel perception, 
although the relative weight of such effects and the circumstances that alter these weights 
remain far from clear. It is suggested that the design of more complex perceptual experiments, 
together with the development of quantitative pattern recognition models of human vowel 
perception, will be necessary to resolve these issues. 

PACS numbers: 43.71.Es, 43.71.An 

INTRODUCTION 

This work is concerned with the problem of perceptual 
invariance in vowel perception. Although a number of side 
issues will be discussed, focus will be centered on the classi- 
cal problem of overlap in formant frequencies of different 
vowels due to speaker- and context-dependent variability. 
Some additional attention will be given to intrinsic dynamic 
properties in English vowels, including relative vowel dura- 
tion and diphthongization (or "vowel-inherent spectral 
change"). The problems to be addressed will be first out- 
lined from the point of view of pattern classification or "ma- 
chine recognition" of speech. Later, the question of the cor- 
respondence of such procedures to categorization by human 
listeners will be explicitly addressed. 

Speaker-dependent overlap among the F 1 X F 2 patterns 
of different vowels is viewed as arising primarily from differ- 
ences in vocal tract size. Two types of procedures have been 
proposed to deal with this problem. Following the terminol- 
ogy of Ainsworth (1975), these will be called intrinsic versus 
extrinsic normalization. Intrinsic normalization procedures 
may be regarded as reducing F ! XF2 overlap by means of 
exploiting relationships of these formants with F0 and/or 
higher formants within a single syllable. Extrinsic normali- 
zation reduces overlap by using information that is spread 
across a speakefts entire vowel system, e.g., by reformulating 
absolute formant frequencies as proportions of a speaker's 
formant frequency ranges ( Gerstman, 1968). 

Context-dependent overlap in F 1 X F2 patterns is tradi- 
tionally viewed as the acoustic manifestation of coarticula- 

tory effects in speech production. Roughly speaking, articu- 
lators are viewed as being pulled away from their 
context-free vowel targets by mechanical and neuromuscu- 
lar overlap. At least two explicit proposals (Broad, 1976; 
Kuwabara, 1985) have been made in the literature as to how 
such coarticulatory effects might be "undone" in pattern 
recognition procedures. 

The procedures sketched above are "data analytic" 
rather than "perceptual" in the sense that they deal with 
reliable separation of categories based on data from produc- 
tion measurements only. Although this is a worthy practical 
end in itself, a detailed correspondence between the output of 
such methods and listeners' performance must be demanded 
before even tentative perceptual validity can be claimed. In 
the following discussion, I will attempt to assess these meth- 
ods from the point of view of their qualitative and quantita- 
tive compatibility with listeners' identification behavior. Be- 
fore examining these arguments in detail, it is useful to 
review some perceptual results based on experiments with 
natural speech. 

I. SPEAKER AND CONTEXT EFFECTS FOR NATURAL 
SPEECH 

Table I summarizes error rates in four experiments that 
involve speaker-dependent effects in the perception of natu- 
rally produced vowels. The absolute magnitude of errors 
varies considerably depending on a number of additional 
factors. However, in all cases there are significantly fewer 
errors for stimuli that are presented in a "blocked" speaker 
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TABLE I. Error rates for vowel identification by listeners for blocked 
( speakers segregated) and mixed ( speakers randomized } conditions. In all 
four cases, there wer• significantly lower error rates in the blocked condi- 
tion. 

Speaker condition 
Stimulus Mixed Blocked Source 

type (%} (%) 

/V/ 43 31 Strangeetal. (1976) 
/pVp/ 17 10 Strange et al. (1976) 
/V/ 5 4 Assmann et al. ( 1982} 
Gated /V/ 14 l0 Assmann et al. ( 1982} 

condition (speaker identity held constant for a full set of 
vowels) compared to a "mixed" speaker condition (speaker 
identity varying randomly from trial to trial). 

Table II summarizes error rates for vowels presented in 
isolation versus consonantal context. Some experiments 
show significant advantages for CVCs while others do not. 
The fluctuation in error rates for isolated vowels is striking. 
While some of the experiments presented by Strange and her 
colleagues have shown alarmingly high error rates for isolat- 
ed vowels, and vastly improved performance in consonantal 
context, experiments from a number of labs (Kahn, 1977; 
Macehi, 1980; Assmann et al., 1982) have shown consider- 
ably higher performance on isolated vowels and little or no 
advantage for consonantal contexts. A case has been made 
by some of these researchers, including Assmann et al. 
(1982; see also Diem et al., 1981) that these advantages 
might stem in part from extraneous, task-related effects such 
as orthographic interference. The column labeled "re- 
sponse" indicates the nature of the task required by subjects. 
"PVP" indicates that listeners were required to mark off 
words and pseudowords, spelled in English orthography, 
such as "peep, pip, pep .... ""HVD," and "KVK" indicate 
answer sheets analogously spelled with "h... d" and 
"k... k (e)" words. "Rhyming" indicates that the answer 
sheet contained words that were not identical with the stim- 

uli, but merely rhyming words (or in the case of isolated 
vowels, near rhymes ending in/t/). "Spoken" indicates re- 
sponses that were produced verbally by subjects and later 
transcribed by trained listeners. [The blocked HVD and 
blocked spoken responses reported for Assmann et al. 
(1982) were recorded simultaneously, i.e., listeners gave 

spoken responses and marked down their judgments on 
HVD answer sheets. ] "Monitoring" involves having listen- 
ers monitor for a single specific vowel category in a single 
session, e.g., to respond "yes" or "no" depending on whether 
the presented stimulus contained the vowel/i/. 

In spite of the evidence for orthographic compatibility 
effects, Strange and Gottfried (1980) provide good evidence 
that more than task variables are involved. They report a 
significant advantage for/kVk/syllables (7% errors) over 
isolated vowels (28% errors). Note here that this advantage 
is considerably less than some of the earlier reports. Rakerd 
et al. (1984) also find a very small but reliable consonantal 
context advantage in their vowel monitoring task (4% vs 
5%) although they acknowledge that task variables can 
greatly affect apparent error rates. 

The following conclusions will be drawn from this and 
related data: First, concerning context effects, isolated vow- 
els are not by their nature impoverished stimuli; rather, in 
many conditions they are well identified. Therefore, extreme 
theories of cospecification of vowels by consonantal context 
must be rejected. On the other hand, as Strange et al. (1983) 
point out, there are never any large disadvantages for vowels 
in consonantal context as might have been expected from 
some "target" theories. Furthermore, stimuli in consonantal 
context can have a reliable advantage, even when task vari- 
ables are carefully controlled. Second, concerning speaker 
effects, even speaker-rando•nized isolated vowels are often 
well identified. Thus extreme theories of relational vowel 

space normalization must be also rejected. Nonetheless, 
there appear to be reliable advantages that accrue from lis- 
tening to syllables of a single speaker. Recent work by Mul- 
lennix et al. (1989) shows that similar advantages are robust 
and persist in a variety of conditions for the identification of 
real words. 

Studies of error rates in natural speech are important in 
keeping us in touch with the real world. However, although 
strong circumstantial cases can sometimes be made, error 
rate studies rarely provide unequivocal evidence as to pre- 
cisely which stimulus properties are responsible for the ob- 
served differences in perception. Thus, although a blocked 
speaker condition leads to lower error rates, it is not clear 
just which features era voice a listener "tunes in to." Similar- 
ly, we cannot tell which aspects of the signal lead to advan- 
tages for consonantal context. For detailed illumination of 

TABLE I1. Error rates for vowels in isolation and in consonantal context. Blocked = speakers segregated; mixed = speakers randomized; single = single 
speaker. See text for a description of the response tasks. 

Speaker Response Context (%) 
condition task t#V4•/ tCVC/ Source 

Mixed PVP 43 17 • 
Blocked PVP 31 10 • 
Mixed KVK 28 7 

Mixed XV(T)/XVK 19 5 
Blocked HVD 17 15 

Blocked Spoken 5 5 
Mixed PVP 9 4 • 

Mixed HVD 11 8 

Single Monitoring 5 4' 

Strange etaL, 1976 
Strange et aL, 1976 
Strange and Gottfried, 1980 
Strange and Gottfried, 1980 
Assmann et al., 1982 Simultaneous 
Assmann et aL, 1982 responses 
Assmann et aL. 1982 
Assmann etaL, 1982 
Rakerd et aL, 1984 

• Error rates for CVCs significantly lower than for isolated Vs. 
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these problems, we must rely on studies that include a de- 
tailed specification of signal parameters. 

II. FORMANT FREQUENCY VARIATION AND VOWEL 
QUALITY 

The traditional position will be adopted that F 1 and F2 
are the primary determinants of vowel quality. 1 From this 
perspective (essentially that of Chiba and Kajiyama, 1941; 
Joos, 1948; Peterson, 1961; Ladefoged, 1967; Assmann et 
al., 1982; Nearey and Assmann, 1986; Miller, 1989), the 
classic puzzle has been to try to deal with formant frequency 
overlap between categories. One of the most common ways 
to attempt to reduce overlap is through the use of normaliza- 
tion procedures. The term "normalization procedure" is 
used here simply as a label for explicit methods that attempt 
to factor out systematic, but phonetically nondistinctive, co- 
variation in signal properties, and thus to reveal more nearly 
invariant patterns separating phonetic categories. However, 
many of the theories discussed below have been couched in 
blatantly psychological terms. In my view, the experiments 
of the type discussed below provide strong evidence only 
about what types olinformation are important, and not pre- 
cisely how that information is used by listeners. 2 

It is useful to consider the approximate range of vari- 
ation in formant frequencies induced by several different 
sources. In the following discussion, ranges of variation will 
be generally calculated as a percentage change from some 
baseline value, or more precisely as 

% change = 100[(x/Vr•f) -- 1], (1) 

where x is the modified value and Vrcr is the baseline or 
reference value. 

Perhaps not surprisingly, the largest single source of 
variation is vowel identity itself. Here, F 1 and F2 show a 
range on the order of 170%-200% among the vowels of a 
single speaker. In the male averages in Peterson and Barney 
(1952), for example, the F 1 range is from 250-750 Hz, and 
F 2 from 840-2290 Hz. As another benchmark, consider that 

the spacing off 1 ranges from about 38% 44% for adjacent 
vowels in the front vowel series/i•ea•/in the Peterson and 

Barney female 3 averages, and the F2 spacing for/•e/vs/^/ 
is about 46%. 

The next largest source, on the average, is speaker-de- 
pendent variation. The range of within-category variation is 
on the order of 30% when comparing the formants of chil- 
dren with those of adult males. The Peterson and Barney 
(1952) children's averages show ranges of 370-1030 Hz in 
F1 and 1060-3200 Hz in F2. Variation can be as large as 
100%, compared to male averages, if infants' vocalizations 
are considered. Figure 9.3 of Lieberman and Blumstein 
(1988) shows data from a single infant with an F 1 range of 
about 450-1400 Hz and an F2 range of 1800-4000 Hz (see 
also Buhr, ! 980). Although tendencies toward nonuniform- 
ities in scale factors have been noted by Fant (1973), 
speaker-dependent effects apply to all vowels almost uni- 
formly (Nordstr6m and Lindblom, 1975; Nearey, 1978). 

Consonantal context and reduction effects vary consid- 
erably from vowel to vowel, and possibly from speaker to 
speaker, but on the average they are smaller than child vet- 

sus male speaker effects, at least for obstruent contexts. 4 An 
inspection of Figure 6 of Stevens and House (1963) for vow- 
els in varying consonantal frames reveals that context in- 
duced variation in F 1 is less than about 25 Hz for all vowels 

except/n/, where a range of about 90 Hz or 13% of the null 
context F 1 value (720 Hz) is found. Variation in F2 is as 

large as 400 Hz for/u/and 200 Hz for/•/, corresponding to 
about 40% and 20%, respectively, of their null context F2 
values { 820 and 1040 Hz). For the other vowels studied, F 2 
variation is on the order of 100 to 150 Hz. 

The Stevens and House data represent measurements of 
full duration stressed vowels of three male speakers of Eng- 
lish. More extreme formant frequency variation has been 
reported by Lindblom for a single speaker with changes in 
stress and prosodic factors as well as consonantal context. 
Lindblom's formulas 3 to 5 and 7 to 9 (together with data 
from his Tables I and lI) have allowed the compilation of 
estimated magnitudes of change in F 1 and F2 values from 
isolated vowel targets to midpoints of short ( 100 ms) CVC 
syllables. These calculations are summarized in Table III. 
To the best of my knowledge, the most extreme context- 
dependent effect ever reported for stop-consonant bounded 
vowels is about 600 Hz in F2, corresponding to about 71% of 
the isolated vowel target, for the/dad/syllable shown in 
Table IIl. This resulted from the change of a stressed isolat- 
ed vowel to one in unstressed/dVd/context. 

The foregoing discussion has given some indication of 
the magnitude to speaker and consonantal context effects on 
vowel formant frequencies. In the following sections, an at- 
tempt will be made to relate these effects from measurements 
of production data to changes in listeners' behavior in speech 
perception experiments. 

III. SPEAKER-DEPENDENT VARIATION AND VOWEL 
SPACE NORMALIZATION 

There have been two main approaches to the problem of 
speaker-dependent overlap in the F 1 XF2 space. Both ap- 
proaches have long histories (see Chiba and Kajiyama, 
1941; Joos, 1948; Ladefoged, 1967; Peterson, 1961; Miller, 
1989). Following the terminology of Ainsworth (1975), 
these will be labeled theories of intrinsic versus extrinsic spe- 
cification. 

Pure intrinsic specification assumes that all information 
necessary to identify a vowel is contained within the vowel 
itself. Approaches of such researchers as Miller (1953), Pe- 
terson ( 1961 ); Miller ( 1984, 1989), and Syrdal (1984) fall 
into this general category. Although it is possible to formu- 
late such approaches as normalization procedures, the term 
is rarely used by this group. Instead, the invariance problem 
is deemed not to exist when the correct parametric represen- 
tation of spectral properties of vowels is considered. Overlap 
in the F 1 XF2 plane is viewed as the result of looking at the 
wrong two-dimensional projection in the wrong space. 
When certain transformations of F0 and the F pattern are 
employed, the overlap is believed to be largely eliminated. 
Typically, these transformations involve a nonlinear fre- 
quency warping transformation (log, mel, Bark, or modified 
Bark) followed by some simple linear transforms (see Ap- 
pendix A). 

Pure extrinsic specification, on the other hand, assumes 
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TABLE III. Deviations from steady-state targets for F I and F2 of 100-ms CVC syllables as predicted from formulas and tables in Lindblom ( 1963 ). F I, and 
F2, are target values from isolated vowels: F I c and F2c are estimated midsyllable values. 

FI, FI• Dif. F2• F2• Dif. 
/CVC/ (Hz) (Hz) (Hz) % change (Hz) (Hz) (Hz) % change 

bib 325 325 0 0.0 2200 2004 - 196 - 8.9 
beb 515 463 -52 - 10.0 1925 1784 - 141 - 7.3 
bvb 350 350 0 0.0 1925 1796 - 129 -6.7 
b•b 500 454 - 46 - 9.2 1625 1561 - 64 - 4.0 
b4b 425 407 - 18 --4.3 1125 1229 104 9.3 

bab 760 618 - 142 - 18.6 1275 1266 - 9 - 0.7 

bab 515 463 -52 - 10.0 800 913 113 14.2 
bob 370 370 0 0.0 690 831 141 20.4 
did 325 325 0 0.0 2200 1983 - 217 --9.9 
ded 515 422 -93 -- 18.1 1925 1771 154 -8.0 

dYd 350 350 0 0.0 1925 1802 - 123 -6.4 

ded 500 417 - 83 - 16.6 1625 1634 9 0.6 

d4d 425 392 - 33 --7.8 1125 1462 337 30.0 

dad 760 504 -256 - 33.7 1275 1480 205 16.1 

dad 515 422 -93 - 18.1 800 1186 386 48.2 
dad 370 370 0 0.0 690 1178 488 70.7 

gig 325 325 0 0.0 2200 2214 14 0.6 
geg 515 421 - 94 -18.3 1925 2110 185 9.6 
gYg 350 350 0 0.0 1925 2052 127 6.6 
g•g 500 416 - 84 - 16.8 1625 1887 262 16.1 
ggg 425 391 -34 -7.9 1125 1326 201 17.9 
gag 760 501 - 259 - 34.1 1275 1780 505 39.6 
gag 515 421 -94 - 18.3 800 977 177 22.1 
gag 370 370 0 0.0 690 869 179 26.0 

that a frame of reference is established from information that 

is distributed across the vowels of a single speaker, e.g., that 
there is a transsyllabic specification of vocal tract size or 
formant ranges. This is the approach of Joes (1948), Lade- 
foged and Broadbent (1957), Ladefoged (1967), Gerstman 
(1968), Nordstr/•m and Lindbiota (1975), and Nearey 
(1978). 

Varieties of both approaches have been incorporated in 
statistical pattern recognition models, with generally suc- 
cessful results--better than 90% correct identification---on 

the individual data from the study of Peterson and Barney, 
1952. [See Nearey (1978), Hindle (1978), and Disner 
(1980) for comparisons of some extrinsic approaches; 
Nearey etal. (1979), Assmann etal.(1982), Syrdal (1984), 
and Hillenbrand and Gayvert (1987) for at least some com- 
parison of intrinsic and extrinsic approaches. ] The range of 
issues involved is complex and a full discussion is not possi- 
ble here. However, an outline of some of the difficulties is 
provided in Appendix A. 

One of the problems in assessing the differences between 
intrinsic and extrinsic factors in pattern recognition studies 
is that the two may be quite strongly correlated in produc- 
tion data. This can be illustrated by considering relation- 
ships in the data of the Peterson and Barney (1952) study. 
When all frequency values are first transformed to a natural 
log scale [i.e., ln(Hz)], the pairwise correlations between 
subject means among F0, F 1, F 2, and F 3 all range between 
0.82 and 0.87 (using the 76 individual subjects' data and 
averaging each formant over all vowels). For grouped data, 
the increases between males' and children's means are nearly 
equal for F 1, F2, and F3 on the natural log scale, ranging 

between 0.2964 and 0.3206. This corresponds to a nearly 
uniform increase of 35% to 38% on a linear (Hz) scale. All 
other things being equal, such a uniform scaling of formant 
frequencies is to be expected with a change in vocal tract 
length (Nordstr6m, 1975 ). On the other hand, F0 rises con- 
siderably faster between the two groups, namely, 0.7129 on 
the log scale or 104% in hertz. These values correspond 
roughly to Ainsworth's (1975) observation that formant 
frequencies of children are about 30% higher than those of 
adult males, while fundamentals differ by about 100% ( 1 
oct). Relationships of this kind are also the basis of J. D. 
Miller's inclusion of the exponent 1/3 on F0 in his formula 
for the "sensory reference" (personal communication), 
since on a log scale, formant frequencies rise at about one- 
third the rate of the fundamental? The values of 1 oct in F0 

and 30% in formant frequencies below will be used as bench- 
marks in the discussion that follows to compare against 
shifts observed in perceptual experiments. 

Relationships of this type have led researchers, such as 
Fujisaki and Kawashima (1968), Holmes (1986), and Ains- 
worth (1975), to suggest approaches to normalization that 
might be viewed as mixtures of the two extremes described 
above. For example, vowel internal information could serve 
to specify a speaker frame of reference, e.g., vocal tract size, 
perhaps in conjunction with external factors. Ryalls and Lie- 
berman explicitly suggest that "... average fundamental 
plays a secondary role in establishing the normalization fac- 
tor ..." (1982, p. 1633). On the basis of a priori perceptual 
considerations and experimental evidence, there are a num- 
ber of arguments that can be brought to bear for and against 
both pure approaches. 
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A. Extrinsic specification 

The strongest perceptual argument against pure extrin- 
sic specification is that high identification rates are found for 
vowels (including gated vowels where spectral change is 
minimal) even when different speakers' voices are randomly 
mixed (Assmann et al., 1982). This is the limiting case for 
what might be termed "the bootstrap problem" for extrinsic 
specification: If every vowel is relative to every other, how 
can we ever get into the system? (See Peterson, 1961.) 

A partial escape from the bootstrap problem might be 
found in universal constraints on F 1 X F 2 patterns. As noted 
by Nearey (1978, pp. 95-100), given some general con- 
straints on the shape of a possible single speaker vowel space 
(the "vowel triangle") and on the nature of speaker differ- 
ences (e.g., uniform scaling of formant frequencies), certain 
vowels could not overlap in the F 1 X F 2 space. Such vowels, 
or other conventional "conversation starters" of known 

phonetic quality might then serve to "calibrate" the rest of 
the system (Lieberman, 1984; Joos, 1948). 

Although experiments by Strange et al. (1976) with 
precursor vowels in natural speech have failed to provide 
any evidence for extrinsic normalization, precursor vowels 
of known quality have been quite successful in studies with 
synthetic speech. Ladefoged and Broadbent (1957) demon- 
strated that the categorization of a fixed set of test vowels 
could be altered systematically by manipulating the formant 
ranges of a synthetic carrier sentence: "Please say what this 
word is __ ." They also showed that the nature of the in- 
duced perceptual shifts were consistent with the changes of 
the relative position in F 1 X F2 space of the test vowels with 
respect to vowels in the carrier. Ainsworth (1975) demon- 
strated a similar effect on an entire continuum of synthetic 
vowels, using changes in formant ranges for synthetic/i a u/ 
precursors. He found that a 30% increase in formant fre- 
quencies of the precursors resulted in 3% to 6% rise in "cen- 
ter of gravity" measurements of the F 1 X F 2 response areas 
for the test vowels. Ainsworth suggests, however, that the 
method used might underestimate actual response shifts by a 
factor of 2. Nearey ( 1978; see Lieberman, 1984 for a sum- 
mary) demonstrated that the change of a single "context 
vowel" from formant frequencies near those of Peterson and 
Barney (1952) male average/i/to average children's/i/ 
values was sufficient to significantly alter the response re- 
gions of all vowel responses in a large F 1 X F 2 continuum. 
Nearey estimated the change induced by a 35% increase in 
F 1 and a 45 % increase in F 2 of the context/i/vowel to be on 

the order of 15% in F 1 and 20% in F2 for the test vowels in 
the continuum. 

In addition to this evidence from two formant stimuli, 

there are several other positive indications for the extrinsic 
specification of vowels. Assmann et al. (1982) provide evi- 
dence for the relevance of extrinsic normalization proce- 
dures in modified natural speech (100-ms sections gated 
from isolated vowels), though not for full duration isolated 
vowels. Remez et al. (1987) report results quite similar to 
those of Ladefoged and Broadbent for "sinusoidal voices," 
Le., frequency-modulated sinusoids replacing the first three 
formants of natural speech patterns. Finally, Dechovitz 
( 1977a, cf. 1977b) finds striking evidence for extrinsic nor- 

malization in a natural speech setting very reminiscent of the 
Ladefoged and Broadbent (1957) experiment. The Decho- 
vitz experiment involves syllables from an adult male's 
voice, which are imbedded in a carrier phrase of a 9-year-old 
child. 

B. Intrinsic specification 
1. Fundamental frequency 

Some difficulties arise regarding vowel quality specifica- 
tion based on F0. Some of these objections are either a priori 
or anecdotal, rather than empirical, but even they cannot be 
dismissed out of hand. Theories like those of J. D. Miller, 
Syrdal, or Traunmiiller that posit a strong link between F0 
and F 1 run into theoretically murky waters from the point of 
view of source-filter independence on the production side. 
On the perceptual side, such a link appears to run afoul of the 
traditional phonetic distinction between features of phona- 
tion and features of articulation that are generally viewed as 
resulting in essentially independent perceptual properties. 6 
Dudley's (1939) early demonstrations with source-filter vo- 
coders, whereby spectrum envelope information from hu- 
man speech is preserved, while arbitrary source spectra are 
substituted, was taken by Dudley as confirming the percep- 
tual independence of source and filter characteristics and led 
him to develop the concept of "the carrier nature of speech" 
(Dudley, 1940). 

There are other indications of relative source-filter inde- 

pendence in the perceptual domain. Vocoded speech with 
altered (usually raised) formant ranges is now sometimes 
used on news broadcasts with anonymous informants where 
it appears to result in highly intelligible signals in which the 
normal F0 and formant relations are altered substantially. 
Helium speech at normal atmospheric pressure remains 
highly intelligible when formant frequencies are doubled, 
although fundamental frequencies are largely unaffected 
(Morrow, 1971; Beil, 1962; see also Barany, 1937). The ear- 
ly observations of Chiba and Kajiyama ( 1941, Chap. XIII) 
of vowel identification from phonograph records played 
back at several speeds results in the perturbation of the nor- 
mal relations between F0 and the formant frequencies. They 
report that intelligibility of vowels remains high over a range 
of about 1.5-0.8 times normal record speeds for adult male 
voices. 

In natural speech, problems associated with rather large 
fluctuations of fundamental frequency within the speech of a 
single speaker (up to an octave; Lieberman, 1967) should 
also give pause. Do vowel F ls really span a 1/3-oct range 
over a single speaker's intonation contour to maintain a con- 
stant distance from F0? (Evidently not completely, although 
there may be a slight correlation ofF0 and F 1 over a single 
speaker's intonational range; see Syrdal and Steele, 1985.) 
And what about tone languages? IfF 1 fails to keep pace with 
contour tones, do diphthongs result? 7 Finally, whispered 
speech, with no fundamental, is relatively intelligible, al- 
though less so than phonated speech (see, e.g., Kallail and 
Emanuel, 1984). 

In natural speech, partial F0 versus formant indepen- 
dence is shown by unusual voices like those of Julia Child 
(the French Chef), with a rather high fundamental, but low 
formant frequencies on the one hand; and Popeye (the voice 
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of Jack Mercer), on the other, where the opposite situation 
occurs. a There is other support for relatively "loose cou- 
pling" between F0 and F 1 from the literature. Thus, for ex- 
ample, data from a study of sung vowels by Gottfried and 
Chew (1986) indicate that vowels produced with a full oc- 
tave change in fundamental frequency (from 130 to 260 Hz) 
show only about a 10% increase in F 1, while falsetto vowels 
at 260 Hz show less than 5% increase over low fundamental 

chest register vowels. Even the larger of these two changes is 
only about half the size that might have been expected by 
interpolation from the rule of thumb noted above (i.e., a 
30% change in F 1 for a 100% change in F0}. In a study of 
the speech of preadolescents, Bennett and Weinberg (1979) 
present data indicating that formant frequency differences 
between boys and girls may actually be larger than funda- 
mental frequency values. Thus F 1 for the vowel/a•/is 10% 
higher for girls than boys, while the corresponding F0 in- 
crease is only about 3% (see their Table II). 

In spite of the existence of"slippage" in the relationship 
between F0 and formant ranges in natural data, there is other 
evid. ence for clear effects ofF0 in vowel perception for syn- 
thetic speech. There have been two studies based on the aver- 
age formant frequencies of ten vowel categories of Peterson 
and Barney (1952) in which fundamental frequency was 
systematically varied in combination with formant patterns 
for different speaker groups. Lehiste and Meltzer (1973) 
crossed fundamental frequencies for males, females, and 
children with formant patterns for the same groups. Results 
from their Table 7 indicate that listeners' vowel identifica- 

tion rates for the female vowel set were better (82%) for 
stimuli produced with the matching female fundamental 
than for those using either the male or children's F0 values 
(54% and 43%, respectively). For the male formant set, 
however, the male and female F0s produced about the same 
identification rate (76% and 77%, respectively), while iden- 
tification rates were lower (43%) using the children's fun- 
damental frequencies. For the children's formant patterns, 
the highest correct identification rate (77%) actually oc- 
curred with the female F0 followed by the children's and 
male F0 (68% and 44%, respectively). 

In a similar experiment using synthetic vowels based on 
Peterson and Barney averages, Ryalls and Lieberman 
(1982) also show that listeners' error rates are affected by 
changes in fundamental frequency. However, the pattern of 
change in errors is again complex. Error rates for stimuli 
with formant frequencies based on male averages show no 
significant increase when lowered from the average male F0 
of 135 to 100 Hz, but errors are significantly higher when the 
fundamental is raised to 250 Hz. For vowels based on female 

formant averages, error rates are also increased when the 
fundamental is raised from the average female 185 to 250 
Hz, although the latter value is noted by Ryalls and Liebet- 
man as being" ... within the normal range of female speak- 
ers" ( 1982, p. 1632). When the fundamental was lowered to 
100 Hz, error rates also increased for the female average 
formant set, although the error rate was still significantly 
lower than that of the 250-Hz F0 stimuli. The authors note 

that large mismatches between fundamental and formant 
frequencies compared to normal speech result in increased 

error rates. However, because lowering fundamental fre- 
quency generally had less of a detrimental effect than raising 
it, the authors argue that the denser sampling of the spec- 
trum envelope associated with low fundamentals may lead 
to more accurate formant frequency extraction by listeners. 

Synthetic experiments involving formant continua also 
show clear evidence for effects of F0 on vowel categoriza- 
tion. Miller (1953) estimates a shift of 80 Hz ( 16% ) in the 
/a-,x/F 1 boundary for a 1-oct shift ( 144 to 288) in F0 for an 
F I XF2 continuum spanning a range of back and central 
vowels. He finds a smaller shift of 30 Hz (6%) for the/i-e/ 
F 1 boundary in a front vowel series for the same fundamen- 
tal frequencies. Fujisaki and Kawashima (1968) explore a 
large range ofF0 values, from 130 to 350 Hz for two series of 
continua consisting of correlated F 1 • F 2 changes. Interpo- 
lation from their graphs to a 1-oct shift in F0 from 130 to 160 
Hz indicates shifts of 14% in F 1 for their/u-e/series and 

21% for their/o-a/series. Traunm/iller ( 1981 ) presents a 
series of rather complex experiments exploring the relation 
between F0 and F 1 in perception. He concludes that F 1 
boundaries are strongly affected by F0, and that boundaries 
between different phonetic vowel height classes correspond 
to nearly equal "tonality" differences between F0 and F 1 
when a Bark scale is used. Using the Bark scale of Zwieker 
and Terhardt (1980) or the modified Bark scale of Syrdal 
and Gopal ( 1986, which was based on Traunm/iller's work), 
this implies a 130- to 150-Hz (26% to 30% ) increase for a 
boundary near 500 Hz for an octave increase in F0 from 130 
to 260 Hz. Holmes (1986) includes a pair of experimental 
conditions (conditions I and 2) where an upward shift of 1 
Bark in F0 for an F1XF2 vowel continuum leads to in- 

creases of 0.2 to 0.5 Bark in center of gravity measurements 
in F 1 response areas, as estimated from his Figure 16.1. 

As for naturally produced speech, evidence for the per- 
ceptual role of F0 to formant frequency relationships is 
sparse. I am aware of no studies of the intelligibility of voices 
like those of Julia Child or Popeye. However, Gottfried and 
Chew (1986) show an increase in error rate as fundamental 
frequency is increased by their counter tenor voice, although 
the spectrum envelope sampling effect suggested by Lieber- 
man and Ryalls (1982) above cannot be ruled out here. 
There is some evidence in Assmann et al. (1982) that the 
inclusion of fundamental frequency measurements in a sta- 
tistical pattern recognition model increases correlation of 
the predictions era pattern recognition model with listeners' 
judgments (at least in speaker-randomized conditions; see 
their Table V). Furthermore, Assmann (1979) reports that 
inclusion of fundamental frequency (in addition to formant 
measures) in a regression model significantly improves cor- 
relations with two phoneticians' judgments of vowel height 
and advancement of the same data. 

2. F3 and the higher formants 

As Fujisaki and Kawashima (1968) note, F3 varies rel- 
atively little from vowel to vowel (rhotasized vowels except- 
ed) but considerably from subject to subject, and hence 
might serve well as a reference for vocal tract length. In this 
way, it might behave as a kind of intrinsic source of extrinsic 
information (vocal tract length) that could pervade the 
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whole vowel system and complement F 1 XF2 range infor- 
mation. On the negative side of this issue, Ladefoged (1967) 
presents some graphic evidence for measurements of cardi- 
nal vowels that he interprets as unfavorable to F 3-based nor- 
malization. Furthermore, for nonlow back vowels, the am- 
plitude off 3 may be so low that it is below threshold, though 
this fact in itself might be useful for vowel identification. 

On the positive side, Fujisaki and Kawashima (1968) 
find clear F3 based effects, although their magnitude de- 
pends on other factors. Interpolating from their Figure 6, for 
the/u-e/boundary, they find an increase of about 18% in 
the F 1 value of the boundary for our benchmark 30% in- 
crease in F 3. For the/a-o/boundary (their Fig. 7), how- 
ever, only about a 3% increase occurs for the same change. 
Holmes (1986) also shows evidence for F3-related effects. 
Comparing his conditions 2 and 6, a 1-Bark increase in F3 of 
itself leads to no more than about a 0.25-Bark increase (for 
two vowels, there are actually small decreases in F2) in the 
center of gravity of F 1 or F 2 responses for any of the vowels 
displayed in his Figure 16.1. In percentage terms, the F 3 
increase in the stimuli is about 18%, while the largest ob- 
served response shifts are on the order of 4%. 

There are also some apparent interactions of formant 
amplitude and spectral tilt on F 3 effects. Fujisaki and Kawa- 
shima find that for noise excited vowels with a + 6-riB/oct 

noise source, a 30% increase in F 3 (interpolating from their 
graphs) leads to about a 26% increase in F 1 for the/e-u/ 
boundary, and about a 16% increase for/a-o/. However, 
when the spectral roll-off of the noise is changed to - 12 
dB/oct (similar to that for their voiced stimuli), smaller 
changes comparable to those in the corresponding voiced 
stimuli occur. This would seem to suggest that an increase in 
the relative amplitude off 3 might increase the size of the F 3 
effect. However, Fujisaki and Kawashima also report that 
increasing the effective frequency of their higher pole correc- 
tion circuit by as much as 60% has no measurable effect on 
the/u-e/boundary (for buzz excited speech), although 
such a change should attenuate F3 by about 9 dB and F4 by 
about 20 dB (see footnote 9). 

Finally, there is evidence of a reversal of the spectral tilt 
effect in Holmes (1986). Holmes noted that attenuation of 
the F 3 region by 15 dB generally leads to less harsh sounding 
voices that were more likely to be accepted as synthetic fe- 
male speakers. He actually found a slight positive shift in 
F 1 • F2 for vowel response areas with the decreased F 3 am- 
plitude. He notes:" ... [ the] variation of amplitude of the F 3 
region between condition 2 and 3 seemed to make only a very 
small difference to vowel labeling, in spite of the differences 
in naturalness and the tendency for one to sound female and 
the other male" ( 1986, p. 357). 

3. Combinations of FO and F3 increases 

Data from both Fujisaki and Kawashima (1968) and 
Holmes (1986) show evidence that concomitant changes in 
F3 and F0 lead to larger increases than either alone. In the 
case of Fujisaki and Kawashima (again interpolating to the 
benchmark interval), an octave increase in F0 in combina- 
tion with a 30% increase in F 3 yields about a 30% increase in 
both the/a-o/and/u-e/boundaries. For Holmes' data, the 

largest change observed from the baseline male condition 
occurs with a concomitant increase ofF0 and F 3 by 1.5 Bark, 
coupled with a 15-dB attenuation of the F 3 region. This cor- 
responds to a 137% increase in F0 (or about 1.25 oct) and a 
30% increase in F3. Comparing conditions 1 and 7 on his 
figure 16.1, the largest observed increase in F 1 is on the order 
of 1 Bark (21%). The largest F2 increase is about 0.8 Bark 
(15%). 

IV. EXPERIMENT I: EVALUATION OF INTRINSIC AND 

EXTRINSIC FACTORS IN VOWEL PERCEPTION 

As the preceding review indicates, there are a number of 
unresolved issues in the literature. In view of the complex 
pattern of evidence, it seems reasonable to contemplate com- 
promise positions, and to consider models that would allow 
for differential weighting of a number of factors that might 
vary from situation to situation. Assessing the relative sizes 
of effects in different experiments is difficult, since different 
languages (or dialects), different synthesis techniques and 
different methods of measuring response shifts are involved. 

There has been one attempt in the literature, that of 
Ainsworth (1975), to try to compare extrinsic versus intrin- 
sic effects in a homogeneous experimental environment. In 
his experiment, Ainsworth estimated that the extrinsic fac- 
tor, the formant ranges of precursor/i a u/syllables, had 
roughly twice the effect of the intrinsic factor F0. Ainsworth 
used only two formant/hVd/syllables, so the effect of F 3 
cannot be assessed. Furthermore, he did not report a factor- 
ial breakdown of effects of simultaneous versus separate 
changes in F0 and precursor vowels. In order to shed more 
light on the issues, an experiment was conducted in our labo- 
ratories with four and five formant isolated steady-state 
vowels. The present experiment was designed primarily to 
extend the approach of Ainsworth (1975) by playing off 
intrinsic and extrinsic factors in a fully crossed experimental 
design. 

A. Stimulus materials 

1. Overview of the stimuli 

The stimuli were synthesized on an implementation of 
the Klatt (1980) software synthesizer on a DEC PDP-12 
minicomputer at a sampling rate of 12 kHz. The stimuli were 
steady-state vowels with a duration of 150 ms, consisting of 
thirty 5-ms frames. Either four or five cascaded formants 
were used (depending of the value of the higher formants 
factor as described below). The stimuli were low-pass fil- 
tered at 5000 Hz before recording. 

This experiment used a fully crossed faetorial design 
with two intrinsic factors: (a) pitch, i.e., fundamental fre- 
quency, and (b) higher formants, viz., F 3, F 4, and, for some 
conditions, F 5; together with an extrinsic factor, F 1 • F 2 en- 
semble, involving the formant ranges era set of context vow- 
els. There were a total of eight experimental conditions, each 
of which was intended to simulate a single speaker's vowels. 
The two levels of the pitch factor were 120 Hz for the low 
value and 270 Hz for the high value. This is slightly larger 
than the 1-oct difference used by Ainsworth. A simulated 
falling intonation contour was provided on each of the vow- 
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els. The higher formants factor consisted of two sets of F3 
and F 4 (and for the low value of this factor, F 5 ) frequencies 
that corresponded approximately to values appropriate for 
an adult male and of a child, respectively. The two levels of 
the ensemble factor consisted of two sets off 1 X F 2 patterns. 
One set corresponded to the F 1 X F2 space of an adult male 
speaker and the Other to that of a child speaker. Detailed 
descriptions of each of the factors are given below. 

2. The baseline condRion 

A summary of the eight conditions is provided in Table 
IV, which also gives abbreviations used to refer to the condi- 
tions in the remainder of the text. Individual conditions will 

be referred to by capital letters indicating the factors that are 
set high ( + ) for that condition. The condition where all 
factors were low (N) corresponds approximately to the for- 
mant frequency ranges and fundamental of an average adult 
male speaker and will be referred to as the baseline or "all 
factors low" condition. Except as noted, stimulus specifica- 
tions for all other conditions were derived by a simple multi- 
plication of the frequency values of one or more of the pa- 
rameters of this condition. 

(a) Fundamental frequency. A fundamental frequency 
contour was provided that was fixed at 120 Hz for the first 8 
frames (40 ms) and then exponentially declined to a value of 
84% of the initial F0 over the last 22 frames ( 110 ms). More 
precisely, the F0 of each frame was 

FO(i) = 120, i< = 8, (2) 

FO(i)=O.99264FO(i--1), i>8, (3) 

where i is the frame number. 

(b) F$ and the higher formants. In order to provide rea- 
sonably natural relationships among F 1, F 2, and F 3, the fre- 
quency of F3 was specified as a function of the F 1 and F2 
values using piecewise linear relations of the type discussed 
by Broad and Wakita (1977). [See also Sato etal. (1982) ]. 
However, rather than using the coefficients reported by 
Broad and Wakita for their single female speaker, their esti- 
mation procedure was applied to the average male data re- 
ported by Peterson and Barney (1952) for American Eng- 
lish (omitting the vowel /a•/) and by Fant (1973) for 
Swedish. This method is described briefly below. 

Two separate multiple regressions were run: one for 
front vowels (F2> 1500 Hz) and one for back vowels 
(F2 < = 1500). The following coefficients were estimated: 

F3tro,t = 0.522F1 + 1.197F2 + 57, (4) 

F3back = 0.7866F1 -- 0.365F2 + 2341. (5) 

This procedure leads to a good fit with observed F 3's, show- 

ing an rms error of 106 Hz, or about 7% of the average F3. 
Only three of the vowels showed residual errors of greater 
than 100 Hz. 

For synthesis purposes, the boundary between front and 
back vowels was redefined as the intersection of the two 

planes specified by Eqs. (4) and ( 5 ) (see Broad and Wakita, 
1977, p. 1468). This intersection corresponds to the line 
F2 = 0.17F 1 + 1463. If the F2 of a stimulus was less than 

this value, it was classed as back and Eq. (5) was used to 
determine F3; otherwise Eq. (4) was used. Thus redefined, 
the revised F2 boundary ranges from 1505 Hz for low F 1 
vowels to 1591 Hz for high F 1 vowels. This procedure avoids 
discontinuities for vowels with adjacent F 2 values that hap- 
pen to straddle the original 1500-Hz front/back boundary. 
Vowels straddling the revised boundary will have more ho- 
mogeneous F3 values, because as the boundary line is ap- 
proached in the F 1 X F2 plane, F 3's calculated from either 
(4) or (5) approach a common value. 

In the baseline condition, F4 and F5 were fixed at 3500 
and 4500 Hz, corresponding roughly to the neutral position 
(uniform tube) values for a 17.5-cm vocal tract length. Or- 
dinarily, for cascade synthesis at 6 kHz, a sixth formant at 
5500 Hz would also be included, and indeed this was done in 
initial synthesis attempts. However, preliminary listening 
tests indicated that maintaining the full complement of cas- 
cade formants resulted in extreme harshness for the high 
higher formant s'timuli (see below). After some experimen- 
tation, it was decided to omit formants above 5450 Hz (i.e., 
closer than 550 Hz to the folding frequency) in all condi- 
tions. The omission of F6 in the baseline stimuli leads to a 

spectral tilt with a steeper high-frequency roll-off than 
would occur with a full complement of six formants. How- 
ever, informal listening tests with five and six formant stimu- 
li indicated that only minor changes in apparent voice quali- 
ty and no obvious changes in vowel identity resulted from 
this strategy for any of the low higher formants stimuli. "• 
(See Appendix B for an outline of the effects on formant 
amplitudes. ) 

(c} The F1XF2 ensemble. The low level of the ensemble 
factor consisted of a set off 1 X F 2 patterns whose ranges are 
typical of an adult male speaker (see Appendix B). A deli- 
berate attempt was made to confine the F 1 X F2 space to an 
area consistent with that of a single speaker because of Near- 
ey's (1978) finding of a relationship between the categoriza- 
tion of certain vowel pairs and a decision as to whether both 
vowels came from the same "apparent speaker" (for a sum- 
mary, see Lieberman, 1984). The F 1 X F2 pattern, or ensem- 
ble, was confined to a quadrilateral based on Peterson and 
Barney (1952) and Fant (1973) male average values. Thir- 
teen equally spaced steps in log F 1 and log F2 were used, 

TABLE IV. The eight stimulus conditions for experiment I. Individual conditions are labeled by capital letters indicating the factors that are set high ( + ) 
for that condition, except for condition 1, indicated by N (for "none high"). 

Condition I 2 3 4 5 6 7 8 
Abbreviation N P H PH E EP EH EPH 
Ensemble ( F 1 X F 2 ) .... + + + + 
Pitch -- + _ + _ + _ + 
Higher formants -- + + _ _ + + 
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ranging from 250-750 Hz in F 1 and 750-2250 Hz in F 2. The 
resulting pattern is shown in Fig. 1. 

3. The modified conditions 

[a) The high ensemble condition {E}. The high level of 
the ensemble factor consisted of the same grid but shifted up 
by three log steps. This is equivalent to a 32% increase in the 
formant frequencies, about the same as that used by Ains- 
worth (1975). The relation of the two ensembles is shown in 
Fig. 2. The low ensemble stimuli are shown with O's and the 
high ensemble stimuli with X's. Notice that there is a sub- 
stantial region of overlap between the two conditions. These 
vowels will be referred to as the overlapping test vowels. The 
other vowels in each ensemble will be referred to as nonover- 

lapping vowels, which include the/i r> / context vowels 
described below. 

In the analyses presented below, responses to the over- 
lapping test vowels will sometimes be considered separately. 
It should be emphasized that for these overlapping vowels, 
any comparisons involving a difference of ensemble factor 
alone (with all other factors equal) involve response pat- 
terns to physically identical stimuli in different extrinsic con- 
texts. 

The F0 in condition E was exactly as in the baseline 
condition; F 3 was calculated using the F 3 formula specified 
above, applied to the shifted F 1 X F 2 valuest F4 was left at the 
baseline value for all stimuli except for a small number of 
cases for high F2 vowels, where it was found that the calcu- 
lated F3 would approach the F4 baseline. in such cases, F4 
was moved to a value 300 Hz above F 3. Note that this small 

additional shift ofF4 did not affect any of the stimuli in the 
overlapping region of the F 1 • F2 space that is common to 
both ensemble conditions (see Fig. 2), but did affect only a 
few vowel stimuli that were unique to the high ensemble 
condition. 

{b} The high pitch condition (P). Here, F0 was shifted 
upward by a multiplicative factor of 2.25, corresponding to 
nine steps in the logarithmic frequency scale off 1 and F2. 
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FIG. 1. Configuration off 1 X F 2 values for low ensemble stimuli of experi- 
ment I. 
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FIG. 2. Configuration of low and high ensemble stimuli in F 1 • F 2 plane. 
Here, O's represent low ensemble context stimuli, X's represent high en- 
semble context stimuli, and filled symbols represent overlapping test stimu- 
li. 

All other factors were the same as in the baseline condition. 

(c } The high higher formants condition (H}. Here, F 3 and 
F4 were shifted upward by three log steps (a multiplicative 
factor of 1.32) from the corresponding stimuli in the base- 
line condition, and F 5 was omitted from the cascade circuit. 
Scaling ofF5 from the baseline condition resulted in a for- 
mant at 5940 ( = 1.32X4500 Hz) just below the folding 
(Nyquist) frequency, 6000 Hz. Preliminary investigation 
indicated that this configuration led to very harsh vocal 
quality, with unduly high amplitudes in the higher formants 
(see Holmes, 1986). Indeed, it was found to produce a per- 
ceptible high-frequency buzz for vowels in the expected high 
back region. After sSme further experimentation, it was de- 
cided to limit synthesis of formants to 5450 Hz (i.e., 550 Hz 
below the folding frequency) for all the stimulus conditions. 
Informal comparisons of selected stimuli indicated that this 
strategy greatly improved the naturalness of the high higher 
formant stimuli, with only minor effects on the voice quality 
of the low higher form ant stimuli (see Appendix B). 

(d} Combination conditions (HP, EH, EP, EHP}. Com- 
bination conditions were produced by combining the single- 
condition shifts described above. It should be noted that the 

"all factors high" condition (EHP) had fundamental and 
formant frequency ranges roughly comparable to those of 
the Peterson and Barney averages for children. See Appen- 
dix B for details. 

B. Subjects and procedures 

Fifteen native speakers of Canadian English were re- 
cruited from graduate and undergraduate students in lin- 
guistics at the University of Alberta. All had at least minimal 
training in the use of phonetic symbols. 

In pilot experiments for some of the conditions, several 
listeners reported hearing more than one synthetic voice, 
with some of the vowels appearing to have been produced by 
a larger "apparent speaker." After some additional informal 
listening, it was decided to present each of the test vowels in a 
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given condition with a pair of fixed context vowels, drawn 
from the same condition and corresponding to precursor 
vowels in Ainsworth's (1975) experiment. The vowels on 
each trial were presented in the following format:/i D X/ 
where X is one of the 128 test vowels from the set and/i/and 

/D/ represent context vowels drawn from the same set. The 
/i/for a given condition was the stimulus in that set with the 
highest F2 and lowest F 1, while the/D/was the stimulus 
with lowest permissible F 2 at the highest F 1 for the set. Thus, 
in Fig. 2, the/i/context vowel for the low ensemble set 
corresponds to the O symbol nearest the upper left corner, 
while the/•/corresponds to the O symbol with the highest 
F 1 roughly diagonally opposite the/i/. Preliminary listen- 
ing tests revealed that the context vowels from a single con- 
dition were well identified as the intended vowel categories 
and they produced consistent speaker size judgments. 

The stimuli of each condition were synthesized and ran- 
domized, placed in the appropriate/i • __ / context and 
recorded on cassette tapes using a Sony TC-K61 tape deck. 
In the recordings, each of the/i D X/triads was repeated 
three times on a single trial. This ensured adequate time for 
judgment and for consideration of both the primary and sec- 
ondary tasks described below. Each of the subjects heard 
each of the eight single condition tapes in a different rando- 
mized order, over a period of 2 or 3 days, listening on a Sony 
TCM-737 cassette player and Sony DR-S3 headphones. The 
data from the entire experiment comprised a total 15 360 
categorization judgments ( 128 stimuli X 8 conditions X 15 
listeners). 

C. Listeners' instructions and tasks 

Listeners were told that they would hear a series of syn- 
thetic vowels consisting of two context vowels and a test 
vowel and that each set of three vowels would be repeated 
three times. They were told that the context vowels were 
intended to be tokens of the categories/i/and/•/. Their 
primary task was to decide on the phonetic category of the 
third vowel in the series. Before their first session, they were 
allowed to listen to a few items from the beginning of their 
first tape in order to familiarize themselves with the presen- 
tation format. They marked their responses on specially pre- 
pared answer sheets that included both keywords and pho- 
netic symbols. 

In addition, however, it was suggested that listeners, 
when they felt it appropriate, might mark two additional 
types of information on their sheets next to each test item. 
The first was whether the target vowel sounded like a par- 
ticularly bad (indicated by an X next to the item) or particu- 
larly good exemplar (indicated by a check mark) of the cho- 
sen category. The second involved listeners' judgments of 
whether the target vowels appeared to come from the same 
synthetic speaker as context/i t) __/. It was explained 
that we had intended that the vowels on a single tape should 
all sound like they were produced by the same artificial 
voice. They were told, however, that listeners in pilot tests 
occasionally reported hearing more than one speaker on 
some of the tapes and that we were interested in finding out 
more about this. The new listeners were asked to mark an O 

for "other voice" next to an item if they thought that a par- 

ticular test vowel sounded like it was produced by a different 
synthetic speaker than the context/i • __ / vowels. 

Subjects were instructed to concentrate on the primary 
task (identifying the phonemic category of the target vow- 
els) and to mark secondary responses as they saw fit. They 
were given an index card to help them keep track of their 
position on their answer sheets. A brief summary of the sec- 
ondary response categories was written on that card; it read 
as follows: X--bad example of chosen category;v'--good 
example of chosen category; O---other voice. 

In addition, after each experimental session, subjects 
were asked four questions about the voices on the tape they 
had just heard. ( 1 ) Did all the vowels appear to come from 
the same synthetic speaker? (2) Did the voice you heard 
speaking the context vowels seem most like a male or female 
voice? (3) Given the answer to question (2), would you 
expect the voice of the context vowels to belong to a relative- 
ly large speaker, an average sized one, or a small one? (4) If 
there appeared to be more than one speaker for this tape, 
how would you describe the sex/size differences in the 
voices? 

D. Results and discussion for secondary responses 

The secondary responses were collected as an explora- 
tory measure. Although the all conditions low voice was 
based on adult male frequency values, and the all conditions 
high voice was based on values near the Peterson and Barney 
children's averages, no detailed hypotheses about speaker 
class judgments were formulated in advance of the experi- 
ment. Nonetheless, a descriptive summary of the results in- 
dicates fairly consistent patterns that may shed some addi- 
tional light on the formal analysis of the primary responses 
detailed below. 

1. "Goodness" ratings 

Table V presents the percentage of target vowel second- 
ary responses rated as good or bad or left unmarked on the 
answer sheets. Overall, there does not appear to have been a 
great deal of difference among the voices on these ratings. 
Between 38% and 46% of the responses were left unmarked 
(presumably neither particularly good nor particularly bad 
representatives of the categories chosen), while from 29% to 
37% were marked as "bad," and 25% to 28% were called 
"good." 

TABLE V. Percent responses to target as good, bad, and left unmarked for 
quality. 

Condition Bad Unmarked Good 

N 34 43 26 

P 30 46 24 

H 34 40 26 

PH 29 43 28 
E 33 41 26 

EP 37 37 25 

EH 29 44 27 

EPH 32 43 25 
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œ. Voice consistency 

Analysis of the first post-session question about voice 
consistency shows that for all the low ensemble conditions 
(i.e., N, P, H, PH, also Table V), most of the 15 subjects 
(from 13 to 15 of 15 ) thought that they heard only one voice 
throughout the experiment. For the high ensemble condi- 
tions, however, only the all factors high (EPH) condition 
showed a majority (11/15) of "yes" (consistent voice re- 
sponses). The other conditions E, EP, and EH showed only 
four, seven, and six "consistent voice" responses, respective- 
ly. Thus it appears that, while low ensemble voices are heard 
quite generally as originating from a single speaker, only 
when all factors are shifted simultaneously will a majority of 
listeners hear a single voice from the high F 1 X F 2 ensemble 
sets. Additional information is available from the percentage 
of individual target vowels that were marked explicitly as 
emanating from another voice, hereafter referred to as an 
intruder voice, shown in Table VI. 

In all but two conditions, intruders constitute less than 
5% of the total. Far and away the highest number of intrud- 
ers occurs in condition E. 

An inspection was made of the plots of the total number 
of intruders for each stimulus in condition E. Those plots 
revealed that all stimuli judged to have shifted by 5 or more 
of the 15 subjects occur in the lowest 5 F 1 steps (of the 13 in 
the condition). However, vowels with high F l's and vowels 
with low F l's and very high F 2's (i.e., those near the context 
/i/) are largely exempt from "other voice" judgments. 

3. Apparent speaker characteristics of the vowels 

Table VII summarizes listeners' responses to post-ses- 
sion questions (2) and (3), concerning the apparent sex and 
size characteristics of the speaker of the context (/iD / ) 
vowels. Responses to the extreme conditions show overall 
effects in the expected direction. The all factors low (N) 
condition shows a majority (10/15) of listeners labeled the 
voice as a large male, while the rest heard it as a medium 
sized male. For the all factors high (EPH) condition, the 
majority (9/15) called the context voice medium female, 
with the rest evenly divided between small female and small 
male. 

Condition H shows a generally similar profile to N. The 
two low pitch, low ensemble conditions (N and H) are the 
only ones for which there are no female voice judgments. 
The two high pitch, low ensemble conditions, P and PH, 
show profiles quite different from N and H, with the major- 
ity of responses spread fairly evenly among medium and 
small male and large female. 

As for the high ensemble stimuli, condition E shows 
almost unanimous judgments as a small male voice. This 
peculiar property may be related to the large number ofoth- 

TABLE VI. Percentage of individual target vowels judged as coming from 
an intruder voice, i.e., one judged as a different voice from the/i o .../ 
context. 

Condition N P H PH E EP EH EHP 

2 I 4 2 18 8 3 4 

TABLE VII. Judgments of apparent sex and size of the speaker of the con- 
text vowels in the eight conditions (L = large, M = medium, S = small). 
See text for a description of the size score and the size ranking procedure. 

Male Female Total Size 

L M S L M S female ranking 

N 10 5 0 0 0 0 0 5.7 

P 0 6 4 3 2 0 5 3.9 

H 11 3 I 0 0 0 0 5.6 

PH I 4 5 4 I 0 5 4.0 

E 0 0 14 0 I 0 I 3.4 
EP 0 0 3 0 5 7 12 1.8 

EH 1 7 6 I 0 0 I 4.3 

EPH 0 0 3 0 9 3 12 2.1 

Size 

Score 6 5 3.5 3.5 2 I 

er voice responses for this condition mentioned above. The 
EP and EPH conditions are fairly similar to each other, 
showing only small male and medium and small female re- 
sponses. The EH condition shows a pattern somewhat simi- 
lar to the PH condition, except that there is only one female 
voice judgment. 

The seventh column in Table VII shows the total num- 

ber of female voice judgments by all listeners. It is 
noteworthy that none of the voices is unanimously judged as 
female. This is perhaps not surprising in view of recent find- 
ings (Klatt, 1987; Fant et al., 1987) on the importance of 
certain glottal waveform characteristics (see Appendix B) 
in synthesizing convincing female voices. However, substan- 
tial numbers of female voice (5/15 or more) judgments oc- 
cur in all conditions with high pitch (P, HP, EP, EHP). 
Majority (12/15) female voice responses occur when both 
the fundamental and F 1 • F 2 ensemble factors are simulta- 

neously high (EP, EHP). 
The last column in Table VII represents an attempt to 

summarize information characterizing apparent speaker 
size in a way related to supralaryngeal vocal tract size. An a 
priori scoring scheme (shown in the last row of Table VII) 
was used, ranking the voice "sizes" from left to right in de- 
creasing order. It was (arbitrarily) decided to score "small 
male" and "large female" as a tie at 3.5. The "size ranking" 
in the last column of Table VII was calculated as a weighted 
average of the size scores as follows: 

6 

1 ,•,(S, Nc,), (6) 
where Si is the size score for the ith column (given in the 
bottom row of Table VII) and N½,i is the number of judg- 
ments in the ith column for condition c in Table VII. 

Using this index, we find that, all other things being 
equal, either raising pitch or raising the ensemble always 
leads to "smaller" voice judgments. However, raising the 
higher formants does not show any clear trend in that direc- 
tion. For the low ensemble voices, the size judgments for N 
and H are nearly equal, as are those for P and PH. For the 
two high ensemble pairs differing only in the higher for- 
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mants factor, the trend is in the opposite direction: EH and 
EPH show somewhat larger size indices than E and EP, re- 
spectively. This point will be returned to below. 

It was the intention of question (4) to elicit whether 
target vowels that appeared to be from a different voice than 
the context vowels seemed to be produced by a larger or 
smaller speaker. Unfortunately, the wording of the question 
was not sufficiently precise. While all subjects indicated that 
they heard more than one voice in some of the conditions, for 
only 8 of the 15 subjects was it clear whether the context or 
intruder voice was larger. By and large, even among this 
group, interpretable responses of this type were made only 
for high ensemble conditions (E, EP, EH, and EHP). The 
most common situation was for subjects to hear the intruder 
as a "larger voice," i.e., as either a change from a smaller to 
larger speaker of the same sex, or from a female to a male of 
the same or larger size catego{y. This occurred in 18 out of 
21 judgments of change given by these eight subjects. The 
remaining three responses were essentially neutral: one in- 
volved an intruder voice that sounded different but was still 

of the same sex/size class; a second report was of speakers 
that changed size and sex classes in opposite directions, i.e., a 
change from a large female to a medium male; and the third 
was a report of hearing several intruder voices, some larger 
and some smaller than the context voice. 

The most consistent change involved condition E (high 
ensemble only) where all eight of the subjects who gave in- 
terpretable responses agreed that the intruder sounded like a 
larger male speaker than the context voice. This fact, com- 
bined with the large number (18%) of intruder targets 
found for this condition, might be related to the anomaly in 
the apparent size shift caused by the higher formants. It was 
noted that EH actually showed a larger size rating than E. 
However, it is conceivable that the overwhelming number of 
small male judgments to the context voice for E condition 
(Table VII) was due to a contrast effect with the fairly fre- 
quent "larger male" intruder voice. (Condition EH showed 
only two of six judgments of a larger male intruder voice and 
an intruder rate of only 3%.) 

E. Results and analysis for primary responses 

While the analysis of voice characteristics is interesting, 
the main question of interest here involves phonetic categori- 
zation. How do changes in the factors affect the response 
areas of the vowels in the F1 XF2 space? Following the 
methodology of Ainsworth (1975), the center of gravity of 
the response area for a particular vowel was chosen as a 
summary statistic for its location. Unlike Ainsworth's analy- 
sis, which used the centers of gravity of all vowel categories, 
discussion here will be limited to a single response category. 
The vowel/a/was chosen since it is an "interior" category, 
surrounded on all sides by response areas for other vowels. •t 
Furthermore, a substantial number of the stimuli in the over- 
lap region received/•/responses, regardless of condition. 
Majority responses (i.e., agreement by at least 8 of the 15 
subjects) for the vowel/o/for the two most extreme condi- 
tions are shown in Fig. 3. The all factors low responses (con- 
dition N) are represented by O's and the all factors high 
(condition EPH) responses by X 's. Filled symbols indicate 
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FIG. 3. Majority responses for the vowel/o/in experiment I: O's represent 
responses in the all conditions low context; and X's represent those in the 
all conditions high context. Filled symbols show majority responses in all 
conditions. Hatched areas show unique low ensemble ( • • • ) and high en- 
semble (///) stimulus areas. Blank background in center of figure repre- 
sents overlapping stimuli. 

majority /•/ responses in both extreme conditions. The 
background pattern of Fig. 3 indicates three regions: The 
hatched regions represent unique high ensemble (///) and 
unique low ensemble ( • • • ) stimulus areas, while the blank 
background in the center of the figure represents the over- 
lapping stimulus area. 

Two sets of analyses will be presented here. The first 
analysis involves the location of the response area for the 
vowel /•/ in the overlapping test vowel region only. It 
should be reemphasized that the analysis of the overlapping 
stimulus set involves measures based on physically identical 
stimuli for corresponding intrinsic conditions in the high 
and low ensemble conditions. By limiting consideration to 
these stimuli, we can be assured that any effects involving 
extrinsic factors are in fact due to the context/i D / and 

to the contextual influence of other members of the appro- 
priate ensemble outside the overlap area. 

A second analysis will also be reported for center of 
gravity of/•/responses for the entire stimulus set in a given 
ensemble. Theoretically, this could bias the analysis of the 
ensemble factor because a different range of stimuli would be 
potentially available for averaging in the two ensemble con- 
ditions. However, failure to consider vowels outside the 
overlap region results in an increase in severity of the "win- 
dowing" problem. As can be seen from Fig. 3, the majority 
response area for/a/in the all factors high condition ( X 's) 
extends beyond the overlapping stimulus area (the clear cen- 
ter region ) into the unique high ensemble stimuli (///). The 
problem is less severe for the low ensemble stimuli, but even 
here one majority response stimulus spills out of the overlap- 
ping stimulus region into the unique low ensemble stimuli 
( • • • ). Extending the "viewing area" into the entire stimu- 
lus ensemble region may yield more accurate estimates of the 
size of the shifts involved. 
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1. Analysis of the overlapping stimuli 

A graphic summary of the overall mean F 1 and F2 for 
/•/for the overlapping stimuli is presented in Fig. 4. (Note 
the combination of high intrinsic factors PH is represented 
by the single symbol B. ) Repeated measures analysis of vari- 
ance was performed for the mean of the/•/response areas 
for each listener. A significant main effect was found for 
ensemble IF(1,14) = 177.5, p < 0.0001 ]. The mean F 1 was 
12.1% higher (54 Hz) in high ensemble stimuli. There is 
also a main effect for pitch IF(I,14) = 62.1, p<0.0001], 
corresponding to an upward shift of about 7.4% (33 Hz). 
There was no significant main effect for higher formants; 
though the higher formants by ensemble interaction was sig- 
nificant [F( 1, 14) = 4.74, p < 0.048]. Simple main effects 
testing of higher formants within ensemble revealed signifi- 
cant differences only within the high ensemble stimuli, 
where high higher formants stimuli were about 13 Hz or 
2.7% greater. 

A similar analysis was performed for F2 response 
means. A significant main effect for ensemble was again 
found [F(1, 14) = 103.8, p<0.001], with an average up- 
ward shift of 136 Hz or 10.0%. There was no main effect for 

pitch and the main effect for higher formants just failed to 
reach significance [F(1, 14) = 4.44, p<0.055], corre- 
sponding to a shift of 17 Hz or 1.2%. There was, however, a 
significant interaction of pitch by higher formants [F( 1, 
14) = 5.25,p < 0.038 ]. Simple main effects testing on higher 
formants within pitch reveals a significant difference only 
within the low pitch condition, where the mean for the low 
higher formants condition was significantly lower (by about 
30 Hz or 2%). 

2. Analysis of responses to the complete ensembles 

A graphic summary of the overall mean F 1 and F2 for 
/•/ for the complete ensembles (both overlapping and 
unique ensemble stimuli) is pr.esented in Fig. 5. As in the 
case of the overlapping stimuli, repeated measures analysis 
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FIG. 4. Means of the response areas for/o/in F 1 X F2 in the eight condi- 
tions of experiment I for the overlapping stimuli only. Intrinsic factors are 
indicated as follows: P = high pitch; H = high higher formants; B = both P 
and H; N = neither high. 
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FIG. 5. Means of the response areas for/a/in F 1 XF2 in the eight condi- 
tions of experiment I, including all stimuli in each ensemble. Intrinsic fac- 
tors are indicated as follows: P = high pitch; H = high higher formants; 
B = both P and H; N = neither high. 

of variance was performed on individual listeners' means. 
The results for F 1 are very similar to those for the overlap- 
ping stimuli. A significant main effect was again found for 
ensemble ['F( 1, 14) = 248.4, p < 0.0001 ]. The mean F 1 was 
16.8% higher (72 Hz) in high ensemble stimuli. There is 
also a main effect for pitch [F(1, 14) --- 73.0, p<0.0001], 
corresponding to an upward shift of about 8.8 % ( 39.5 Hz). 
As in the case of the overlapping stimuli, there was no signifi- 
cant main effect for higher formants. The higher formants by 
ensemble interaction was again significant IF( 1, 
14) = 7.95,p < 0.014]. Simple main effects testing of higher 
formants within ensemble revealed a somewhat different 

pattern of significant differences from those found in the 
overlapping stimuli. In the case of the overlapping vowels, 
within high ensemble stimuli, increasing the higher formants 
factor resulted in a significant increase in F 1 values as ex- 
pected. While in the present case, the trend for the same 
comparison was in the same direction (by about 9 Hz or 
1.9% ), it just failed to reach significance. Instead, a signifi- 
cant difference for higher formants was found within low 
ensemble stimuli, where the higher level of higher formants 
actually led to significantly lower means by about 2.4% ( 11 
Hz), representing a small shift in the wrong direction, from 
the point of view of an intrinsic normalization approach. •: 

For F 2 responses, a significant main effect for ensemble 
was again found [F(1, 14)= 195.0, p<0.001], with an 
average upward shift of 243 Hz or 17.7%. Unlike the case of 
the overlapping stimuli, there was a main effect both for 
pitch [F( 1, 14) = 4.78, p < 0.047] and for higher formants 
IF( 1, 14) = 8.70, p < 0.011 ]. The pitch effect corresponded 
to an average shift of 22 Hz or 1.5%, while that due to the 
higher formants factor was 27 Hz or 1.8%. Unlike the over- 
lapping stimuli, there was no significant interaction of pitch 
by higher formants, but one additional interaction was sig- 
nificant, ensemble by higher formants IF( 1, 14) = 6.08, 
p <0.028]. Simple main effects testing on higher formants 
within ensemble reveals significant difference only within 
the high ensemble condition, where the mean for the high 
higher formants condition was higher by about 58 Hz or 
3.6%. 
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F. Discussion 

I. Overall shift in extreme conditions 

Considering the data summarized in Fig. 4, we find that 
total response shift between the most extreme (i.e., between 
all factors low and all factors high) conditions for the over- 
lapping stimuli is about 20% in F 1 and 12% in F 2. If the data 
in Fig. 5 are considered (i.e., both the overlapping test vow- 
els and the nonoverlapping vowels in the ensemble), the 
average shift of/a/area means is about 25% in F 1 and 21% 
in F2. This is roughly two-thirds the 32% shift of the for- 
mant ensemble itself. Although windowing effects and other 
artifacts (see Ainsworth, 1975 for a discussion) of measure- 
ment of change may still be present, in light of the descriptive 
analysis of the voice judgments, it is possible that the failure 
to find shifts as large as those observed in natural data is a 
result of failing to produce a fully convincing "small voice" 
condition. It is possible that other factors, such as spectral 
tilt and breathiness may be required to provide a full effect 
(Klatt, 1987). Nonetheless, the observed shifts are consider- 
ably larger than the empirical estimates of Ainsworth 
(1975), although his extrapolated estimate of 16%, involv- 
ing liberal allowances for potential artifacts such as window- 
ing and range effects, are in the neighborhood of the empiri- 
cal findings for the overlapping stimuli only. 

2. Ensemble and pitch effects 

Both the ensemble and pitch factors showed large main 
effects in the statistical analyses detailed above. From either 
Fig. 4 or 5, it is clear that the extrinsic ensemble effect domi- 
nates the changes. From the analysis above, we see that the 
average effects of ensemble range from about 12%-17% in 
F 1 and 10%-18% in F2. On the average, these shifts are on 
the order of 31% to 56% of the expected changes under a 
pure extrinsic hypothesis given the 32% upward shift in the 
ensemble factor. However, apart from this shortcoming in 
magnitude, pure extrinsic specification predicts no effect of 
pitch or higher formants. Clearly, this model is wrong, since 
pitch has a considerable effect on F 1 in both ensemble sets. 
The average effect for pitch is on the order of 7% to 9% in F 1 
and about 1.5% in F2. These results are consistent with 
those of Ainsworth (1975), who also found that extrinsic 
vowel context effect had a larger influence than pitch; and 
further, that F0 effects are much greater for F 1 than F2. 

On the other hand, models of pure intrinsic specification 
predict upward shifts of response areas for a pitch increase 
and/or higher formant increase, but no change for the en- 
semble effect. The present results are not consistent with 
either a pure intrinsic or a pure extrinsic approach. Contrary 
to pure intrinsic specification, the extrinsic ensemble factor 
has the largest overall effect on both F 1 and F2 response 
patterns. On the other hand, contrary to pure extrinsic speci- 
fication, the effects of pitch on F 1 categorization are clearly 
evident. These are in qualitative accord with aspects of the 
theories of Miller ( 1984; 1989), Syrdal (1984), and Traun- 
mailer ( 1981 ). 

But what about quantitative comparison? The average 
pitch induced shift in F 1 is on the order of 7% to 9%. How 
large a shift might we expect? Using Ainsworth's rule of 

thumb based on natural data (or considering the Peterson 
and Barney's male and child averages for the vowels/i/or 
/a/, which are in the range of the F 1 average observed for the 
all conditions low stimuli here), we would expect about a 
30% increase in F 1 for the roughly octave increase in F0 in 
the present experiment. The observed shifts are thus on the 
order of 23% to 30% of the predicted shifts. 

It should be noted in passing that there are other diffi- 
culties for several theories, including Miller's and Syrdal's 
intrinsic and Nearey's extrinsic. •3 According to these theo- 
ries, an increase in F 1 for a vowel category should be accom- 
panied by an increase in F2, since for all these theories the 
ratio (or difference, in log or Bark scales) of F2 to F 1 is 
supposed to be invariant for a given vowel (see Appendix 
A). This implies that when the response area to a given vow- 
el is shifted upward along the F 1 axis, it should be shifted 
upward by roughly an equal amount on the F2 axis. In con- 
trast, the present data indicate F0 induced shifts in F 1 cate- 
gorization that are, to a large degree, independent of F2 
shifts. 

This lack of strict invariance is confirmed by analysis of 
variance on formant ratios (F2/F 1 ) in the eight conditions, 
analogous to those performed on the mean F 1 and F2 values. 
For the overlapping stimuli, there is a significant main effect 
for pitch IF(1,14) = 30.3, p < 0.0002 ], with high pitch con- 
dition showing 6.8% lower F2/F 1 ratios than low pitch. 
There was also a significant ensemble by pitch interaction 
[F(1,14) = 5.51, p < 0.024]. Simple main effects testing of 
ensemble within levels of pitch revealed that ensemble differ- 
ences were not significant within the low pitch conditions, 
but that within the high pitch conditions, high ensemble 
vowels showed a significantly higher F2/F 1 ratio (by about 
3.7% ). A similar analysis on the responses to the complete 
ensemble (including both overlapping and nonoverlapping 
test vowels) revealed only one significant effect, namely the 
main effect for pitch [F(1,14) = 29.21, p <0.0002], with 
high pitch stimuli showing F2/F 1 ratios about 6.2% lower 
than low pitch. While these differences are not large in abso- 
lute terms, they are nonetheless reliable. 

It should be noted here that Traunmfiller ( 1981 ), while 
insisting on the importance off l-F0 distance in the percep- 
tion of vowel height, seems to imply some freedom off 2-F 1 
differences in vowel perception, at least as it affects rounding 
judgments. Specifically, he claims: "...the distance between 
F2 and F 1 is not the major cue for the distinction of front 
rounded versus front unrounded vowels" (1981, p. 1471). 
Furthermore, some recent unpublished work by Traun- 
miiller (cited by Lindblom, 1987) suggests that an increase 
in F0 and F I unaccompanied by increases in higher formants 
may be associated with a perceived increase in vocal effort, 
e.g., in "shouted" versus normal speech. However, it is also 
apparent that the present experiment does not confirm a 
constant difference in modified Barks between F0 and F 1 

that is part of Traunmiiller's theory. The shifts induced by 
F0 on F 1 are simply too small. 

3. The effects of higher formants 

The higher formants factor appears on the average to 
have had very little effect in this experiment, although, for 
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the most part, the small differences observed are in the ex- 
pected direction. A significant main effect for higher for- 
mants was found only for F 2 for the full set of stimuli, where 
raising the higher formants resulted in about a 1.8% in- 
crease. (The main effect just failed to reach significance for 
the overlapping stimuli, showing a 1.2% increase.) There 
are also several interactions in the case of the higher 
formants. For the most part, these showed shifts in the 
expected direction in some subset of the stimuli, although 
ensemble X higher formants interaction for F 1 of the com- 
plete ensemble stimuli was exceptional in this regard. 

The failure to find a substantial global shift due to F 3 
appears to be in conflict with Fujisaki and Kawashima 
(1968), who found perceptual boundary shifts that were 
roughly equivalent to observed shifts in acoustic data when 
fundamental frequency and higher formants factors were 
combined. The fact that the present experiment was meant 
to correspond to a speaker-segregated experiment (one 
"synthetic speaker" per experimental block, and with F 1 
and F 2 confined to reasonably natural ranges for the intend- 
ed speaker), while Fujisaki and Kawashima's experiment 
involved a synthetic speaker-randomized situation, may be 
important here. This may indicate that different perceptual 
weight should be attached to F 3 for conditions in which a 
listener is tuned in to the voice of a single speaker. However, 
Holmes (1986) also reports a somewhat larger influence of 
F0 and F3 than found for the present data, without any ex- 
trinsic factor. Holmes' stimuli were apparently presented in 
a blocked condition with respect to F0 and higher formant 
factors. However, the same F 1 • F2 ensemble was used in all 
cases and the formant ranges were apparently not confined 
to correspond to the vowel space of any single speaker as in 
the present experiment, but rather they "...explored the 
whole F1, F2 plane within the limits of the synthesizer" 
( 1986, p. 353). Additional experiments involving simulated 
speaker-randomized (mixed speaker) as well as speaker-se- 
gregated (blocked speaker) conditions are required to see if 
F3 and F0 related effects are larger when the apparent 
speaker varies randomly from trial to trial. 

As noted in the review presented above, the size of F 3 
related effects appears to depend on a number of factors, 
including F 1 and F2 values (Fujisaki and Kawashima found 
smaller effects for/a-o/than/u-e/), and spectral roll-off 
for noise excited stimuli. A possible source of this discrepan- 
cy may lie in the relatively lower amplitude off 3 in the high 
higher formants conditions for the present experiment. In 
the overlapping region of the test vowels, F3 occurs at a 
relatively large separation from F2 in the high higher for- 
mants condition and, consequently, its amplitude is lower 
(by about 8 dB on the average) compared to vowels in the 
low F 3 condition. However, one result from Fujisaki and 
Kawashima's experiment indicates that changes in higher 
formant amplitude spectral slope may not matter greatly in 
voiced speech. Specifically, raising the effective frequency of 
the higher pole correction network in their analog synthesiz- 
er (and thus indirectly lowering the amplitude off 3) had no 
effect on listeners' categorization (see Appendix B). As not- 
ed earlier, Holmes (1986) also experimented with changes 
in the amplitude off 3 in voiced stimuli. His results appear to 

be in direct conflict with those of Fujisaki and Kawashima 
for their noise excited stimuli, since inspection of Holmes' 
Figure 16.1 shows that vowels with attenuated F3's, and, 
hence, with more falling spectral slopes, actually show a 
larger shift from his baseline condition than the correspond- 
ing unattenuated conditions (cf. condition 2 vs 3 and condi- 
tion 6 vs 7). Clearly, further experiments with smaller step 
sizes in the higher formants factor and with parallel synthe- 
sis, independently varying the amplitude off 3 are called for. 

In spite of the generally small average effect of the high- 
er formants, there is one clear suggestion that this factor did 
have a substantial effect on some aspects of listeners' percep- 
tion in the present experiment. Specifically, in the descrip- 
tive analysis of intruder voice responses given above, condi- 
tion E (in which only the ensemble factor was raised) 
produced a high proportion of intruder voice responses for 
low F 1 stimuli. These responses also associated with sub- 
stantially lower values off I and F 2 averages (Figs. 4 and 5 ). 
When F3 is raised to a value compatible with the F 1 XF2 
range of the high ensemble stimuli (condition EH), the 
number of intruder voice responses drops off dramatically, 
and both the F 1 and F 2 averages increase substantially. Thus 
it seems likely that a "lower than expected F3" can serve to 
greatly increase the probability of hearing a "larger voice" 
and thus partly counteract the effect of the extrinsic factor. 

4. Summary 

Although more experiments are needed to clarify some 
of the results found here, it appears that no existing model is 
capable of adequately accounting for all the results of this 
experiment. Pure extrinsic models, such as Nearey's (1978) 
or Nordstr/Sm and Lindblom's (1975), fail because of the 
clear effects øfF0 on F 1. Pure intrinsic models, such as those 
of Miller, Syrdal, or Traunm•ller, fail to account for the 
extrinsic factor, the largest effect observed. All the factors 
ever considered in the identification of isolated vowels ap- 
pear to be playing some role here. We clearly need models 
that are sensitive to both intrinsic and extrinsic effects of 

speaker variation. Furthermore, it seems likely that other 
factors related to voice quality may be necessary to attain the 
full shift in categorization between synthetic adult male and 
children's speech parallel to that in natural data. In view of 
the variety of effects involving speaker identity, vowel quali- 
ty, and vocal effort, it appears that a considerable number of 
experiments involving simultaneous judgments of vowel 
category, naturalhess, and apparent speaker qualities will be 
necessary before these matters can be fully sorted out. The 
information gathered in the course of these experiments is 
likely to be useful not only for an account of vowel percep- 
tion, but also in the attainment of higher quality synthesis of 
a variety of voices. 

V. EXPERIMENT Ih CONTEXT-DEPENDENT VARIATION 

Although they are somewhat smaller in magnitude than 
speaker-dependent effects, systematic consonantal context 
effects in vowel formant frequencies have been firmly estab- 
lished in a number of studies (e.g., Stevens and House, 1963; 
Lindblom, 1963). The study of Lindblom (1963) is of par- 

2102 J. Acoust. Soc. Am., Vol. 85, No. 5, May 1989 Terranco M. Noarey: Vowel perception 2102 



ticular importance because of its influence on subsequent 
theories of coarticulation. Variations of up to 70% in the 
formant frequencies of a single vowel category were found to 
be caused by coarticulation effects with surrounding stop 
consonants. Lindblom and Studdeft-Kennedy (1967) pres- 
ent the results of perceptual experiments with 
glide + vowel + glide syllables that showed a kind of "per- 
ceptual overshoot" effect that might serve to offset the un- 
dershoot effects of production. [Williams (1987) has repli- 
cated this experiment with variations and provided strong 
evidence that it is a "speech mode," rather than general audi- 
tory effect. ] While it is clear that the perceptual shifts ob- 
served by Lindblom and Studdert-Kennedy are in the direc- 
tion predicted by undershoot theory, the question of detailed 
complementary match between production and perception 
still remains. 

Note that Lindblom and Studdert-Kennedy's stimuli 
consisted of glide + vowel + glide stimuli (/wVw/ and 
/jVj/). On the other hand, Lindblom's (1963) production 
study involved stop + vowel + stop syllables. There is a 
spectrogra m of running speech in the Lindblom and Stud- 
dert-Kennedy study that shows transitions similar to their 
stimuli; however, no measurements of/wVw/or/jVj/syl- 
lables are provided. Indeed, this would be difficult, since (as 
the authors note) these are phonologically ill-formed sylla- 
bles in English. 

An experiment conducted in our laboratories based on 
the 'Lindblom/Studdert-Kennedy paradigm shows that 
"perceptual overshoot effects" can occur in synthetic 
stop + vowel + stop syllables; however, the magnitudes of 
the perceptual compensations are somewhat smaller than 
those observed in production data by Lindblom (1963), and, 
in some cases, are very small indeed. 

A. Methods and procedures 
1. Baseline isolated vowel stimuli 

The baseline stimuli consisted of a continuum of steady- 
state, four-formant synthetic vowels, using a cascade model 
of synthesis based on that described by Fisher and Engebret- 
son (1975), implemented on a PDP- 12 minicomputer with a 
sampling rate of i6 kHz. Here, F 1, F3, and F4 were fixed at 
700, 2400, and 4000 Hz, respectively. Also, F2 was varied in 
20 steps from 900 to 1800 Hz. The vowels were 100 ms in 
duration and had a fundamental frequency of 120 Hz. The 
resulting continuum spanned three phonetic categories in 
Western Canadian English/D/,/,x/, and/e/. 

2. CV stimuli 

Two additional continua were created to produce stimu- 
li corresponding to/bVb/and/dVd/syllables. The/bVb/ 
stimuli were produced with rising initial F2 and F3 transi- 
tions, and the/dVd/with falling initial transitions. The gen- 
eral nature of the transitions is indicated in Fig. 6. The 
/dVd/stimuli had initial "loci" of F 1 = 150, F2 = 2000, 
and F 3 = 3000. The/bVb/stimuli had initial loci F 1 = 150 

Hz, F2 = 700, and F3 = 2100. 
The F 1 transitions were specified as follows for the first 

half of the stimulus duration: 

4000 

3000 
2000 

1000 
UJ 

0 0 20 40 60 80 100 I 

TIME(MS) 

FIG. 6. Schematic spectrogram of transitions of one of the/dVd/stimuli of 
experiment lI. 

Fl(t) =Flo + (F1,-Flo)[(t-tv)P/t•], (7) 
where F 1 (t) is the frequency off 1 at time t, F 1 i is the initial 
target frequency, F 1 o is the frequency of the steady-state 
target at t o, the time of the midpoint of the stimulus (50 ms), 
and p is the order of the transition, discussed in more detail 
below. The second half of the stimulus was the mirror image 
of the initial half, so that the transitions were symmetrical 
functions about the temporal midpoints of the stimuli. Anal- 
ogous functions were used to define F2 and F3 transitions. 
Due to an error in the formant track generation algorithm 
that was not detected until after the experiment was run, the 
mirror image of the second half was not quite complete, and 
the last frame synthesis did not achieve the target value of 
the initial frame, but rather only that of the second. 

The transitions in the study of Lindblom and Studdert- 
Kennedy (1967) were quadratic, corresponding to a value 
ofp = 2.0 in the above transition formula. In pilot listening 
tests, such stimuli were found to produce glidelike percepts 
(/wVw/for the/b/transition onsets or/jVj/for the/d/ 
transition onsets). As the power p is increased, the rate of 
transition becomes greater near the end points of the syllable 
and slower near the center. After some preliminary experi- 
mentation, it was found that a value of 6.0 for p provided 
reasonably convincing stoplike effects for all the/bVb/and 
/dVd/stimuli. 

Possibly because of the very low frequency of the F 1 
onset, the nominal onsets of the F2 and F3 transitions were 

not visible on spectrograms of the stimuli. It was decided to 
redigitize the stimuli and empirically determine the effective 
formant onsets. Using LPC based formant analysis ( 17 coef- 
ficients at 16 kHz, 16-ms window advanced in 4-ms frames 
with a negative second derivative peak-picking algorithm), 
F2 onsets were measured at the first frame at which the for- 

mant amplitude was less than 20 dB below the maximum F2 
amplitude for the syllable. For the final transitions, there 
was a drop of more than 10 dB over two frames in the LPC 
measurements. Values measured just before this drop-off 
were quite close in value to the initial measurements de- 
scribed above. For/bVb/syllables, onset and offset frequen- 
cies measured in this way ranged from about 800-1170 Hz, 
while/dVd/onsets ranged from about 1510-1920 Hz. It 
turns out that these measures correspond within a few hertz 
to the theoretical values for the second and the last frame of 
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Fig. 6. Fortuitously, the empirically measured onsets are 
correlated with the F2 of the vowel target in a manner rea- 
sonably similar to transitions observed by Nearey and Sham- 
mass (1987) for natural Canadian English stop + vowel syl- 
lables. 

3. Subjects and procedure 

Subjects were 14 native speakers of Canadian English 
who were enrolled in a course in phonetics. Responses were 
recorded on computer answer sheets. Keywords for the vow- 
els in both phonetic transcription and English orthography 
were visible on a blackboard. The stimuli were played over a 
high-quality audio system through a loudspeaker in a quiet 
phonetics laboratory. For the main experimental condition, 
denoted by the blocked context condition, listeners heard 
only one of the syllable types (isolated vowel, /dVd/ or 
/bVb/) in a single session, consisting of a randomized list of 
ten replications of each of the 20 stimuli. Each of the listeners 
heard each of the stimulus tapes twice, yielding a total num- 
ber of responses of 280 per stimulus ( 14 subjects X 20 repli- 
cations), or a total of 16 800 responses for the 60 stimuli. 

In a smaller, follow-up experimental condition, the 
mixed context condition, 11 of the same listeners heard stim- 
uli from all three syllable types randomized together. These 
tapes contained six replications of each of the 60 stimuli. 
Thus the entire experiment yielded 66 ( 11 subjects X 6 repli- 
cations) responses per stimulus and 3960 responses for the 
entire stimulus set. 

B. Results and discussion 

The results of the categorization of all three stimulus 
continua in the blocked context condition are shown in Fig. 
7. Results from the mixed context condition are generally 
similar. The observed boundary shifts occur in the direction 
expected by "undershoot theory." Boundary estimates were 
made for individual subjects using logistic regression. 

Table VIII shows the boundary estimates for both the 
blocked and mixed contexts averaged over subjects. The 
Bonferroni approach to multiple comparison (Meyers, 
1979), with a family error rate of 0.05, was adopted in the 
analysis of the significance of/e-^/and/^-o/boundary 
shifts induced by consonantal context. Since four compari- 
sons were involved, a per test alpha level of 0.0125 was cho- 
sen (one-tailed, because the direction of the shifts is predict- 
ed a priori). Using this criterion, t-tests of boundary shifts 
for individual subjects indicate that boundary shifts in the 
blocked context for the/d/syllables are both highly signifi- 
cant [for /e-^/, t(13)=5.884, p<0.001; for /^-t•/, 
t(13)----4.426, p<0.001]. For the /b/ stimuli, only the 
/^-o/ boundary shift is significant [t(13)=--3.385, 
p < 0.0025] and is less than half the size of either of the 
/dVd/shifts. 

Analysis for the mixed context condition yields similar 
results. For the/d/stimuli, both boundary shifts are signifi- 
cant [for /e-^/, t(10)=5.826, p•0.001; for /^-o/, 
t(13) = 3.373, p • 0.0025 ]. For the/b/stimuli, again, only 
the /^-•/ boundary shift is significant [t(13)- 3.385, 
p • 0.0025 ], but here it is in the same general range as the 
/dVd/shifts. 
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FIG. 7. Categorization responses of 14 Canadian English listeners to the 
blocked context stimuli of experiment II. Circles represent/D/responses; 
triangles represent/A/responses; and squares represent/e/responses. 

In spite of the high significance levels for three of the 
four shifts, their absolute magnitude is not very large, in the 
range of 86-125 Hz. How do these shifts compare to what 
might be expected from production data, if "perfect compen- 
sation" for undershoot took place according to Lindblom's 

TABLE VIII. Average of individual boundary estimates (Hz) for isolated 
vowels and vowels in consonantal contexts. Blocked and mixed refer to the 

two context presentation conditions. Numbers in parentheses indicate the 
size of boundary shifts compared to isolated vowels. 

Syllable type 
Condition Boundary /#V#/ /bVb/ /dVd/ 

Blocked /D--A/ 1191 1155 (- 36) 1279 (88) 
Mixed /O--A/ 1195 1087( -- 108) 1305(110) 

Blocked /A--e/ 1541 1525 (- 15) 1626 (86) 
Mixed /A--e/ 1552 1539 ( -- 11) 1678(125) 
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(1963) model? Consider first, the /dVd/ stimuli, which 
show the largest shifts. The formula given by Lindblom [his 
Eq. (5) ] for the center frequency ofa/dVd/is 

F2c = 2.0(F2i - F2, )exp( - 0.021d) + F2,, (8) 

where d is the duration of the syllable (in ms); F2c is the 
estimated frequency of F2 at the temporal midpoint of the 
syllable (i.e., at 1/2d); F 2i is the empirically measured val- 
ue ofF2 at the transition onset; and F 2, is the "target value" 
off 2 for a long duration isolated vowel. To calculate a range 
for the estimated size of shift for the present experiment, the 
stimulus values bracketing the isolated vowel boundaries 
and the midpoint of the/^/range are substituted for F2,. 
For the values of F2•, the nominal formant values at the 
second (and the last) synthesis frames, are substituted. The 
results of these calculations are shown in Table IX. 

In general, the observed shifts from Table VIII, ranging 
from 88 to 125 Hz for/d/and from -- 11 to -- 108 Hz for 

/b/, are substantially smaller than those predicted in Table 
IX. Predicted shift sizes for/d/from Broad and Clermont's 

formulas 38 and 39 and their Table VI are larger still ranging 
from 311 to 605 Hz for/d/. For/b/, their predictions range 
from + 12 for stimulus 7 to -- 209 Hz for stimulus 15. 

These results are important, since they show effects 
reminiscent of undershoot compensation. But they also indi- 
cate that caution is in order concerning the magnitude of 
such effects. The observed shifts are fairly small, less than 
10% of the vowel center frequency, and on the order of twice 
Flanagan's (1955) estimates ofthejnd for formant frequen- 
cies of steady-state vowels. In fact, they are actually less than 
the 176 Hz average DL estimate of Mermelstein (1978) for 
F2 in synthetic CVCs. 

The fact that the size of the "perceptual compensation 
effects" in the above experiments is smaller than expected 
from Lindblom's (1963) model may be due to a number of 
factors, including transition shapes and onset frequencies. •4 
Clearly, perceptual experiments varying these factors 
should be undertaken. It is possible that the actual shape of 
transitions plays a role, although neither Lindblom's (1963) 
nor Broad and Clermont's (1987) models allow this as a free 
parameter; they treat it instead as a universal constraint. 

However, another possibility that must be considered is 
that the single subject studied by Lindblom showed a rela- 
tively extreme degree of undershoot in this production. 
Lindblom's original hypothesis was that physiological un- 
dershoot effects were bound to increase as a matter of phys- 
ical necessity as the duration of the vowel decreased. [This 
position was revised, considerably in Lindblom 

TABLE IX. Shifts in F 2 predicted by Lindblom's ( 1963 ) undershoot model 
for stimuli in the range of isolated vowel/^/responses, given F2 at center 
(F2½) of syllable and at onset (F2i). 

F2i (Hz) Predicted shift (Hz) 
Category Stimulus F2• (Hz) /d/ /b/ /dVd/ /bVb/ 

/^-D/ 7 1184 1618 927 261 - 158 
mid/^/ 11 1374 1707 1016 201 -- 219 

/^-e/ 15 1563 1795 1104 140 --281 

( 1984,1988), in light of some of the evidence mentioned be- 
low.] Physiologi6al studies, such as those of Gay (1974), 
Gay and Ushijima (1974), or Kuehn and Moll (1976), indi- 
cate considerable variation in strategies employed by speak- 
ers when producing short duration syllables. Changes in ges- 
tures adopted by some speakers, notably the increased 
velocity of articulator movement, result in the effective 
avoidance of large amounts of positional undershoot at short 
syllable durations. Keeproans-van Beinum (1979,1980) 
noted large variation in the degree of acoustic contrast re- 
duction in vowels of a number of Dutch speakers and has 
shown that intelligibility of vowellike intervals excised from 
speech is inversely related to the degree of reduction in their 
acoustic measures. One possibility that must be considered 
(as suggested by Koopmans-van Beinum) is that some of the 
reduction that occurs in fast speech of some speakers is likely 
not compensated for by listeners, but rather is simply a loss of 
perceptualphonetic contrast. This position seems compatible 
With some recent findings of Lindblom and Moon (1988) on 
the pronunciation of "hyperarticulated speech," where sub- 
jects are asked to speak very clearly. Lindblom and Moon 
found that formant frequency values that showed substan- 
tial undershoot in normally articulated speech had values 
much closer to slow speech "targets" in the hyperarticulated 
condition, even at short durations. 

On the other hand, the perceptual compensation effects 
noted in this experiment are reliable, even if of limited mag- 
nitude. Viewed from another perspective, the boundary 
shifts are sizable compared to the width of the/^/category. 
Furthermore, syllable-length or shorter stretches extracted 
from running speech are known to be better identified when 
more of their surrounding context is supplied (Verbrugge et 
al., 1976; Kuwabara and Sakai, 1972). The work of Kuwa- 
bara (1985) and Broad and his colleagues (e.g., Broad, 
1976; Broad and Clermont, 1987) shows considerable prom- 
ise for the development of "correction formulas" for conso- 
nantal contexts that can be included in explicit pattern rec- 
ognition models for vowels. Further experiments comparing 
such models to listeners' behavior are being planned in our 
laboratories. We must bear in mind the possibility of partial 
perceptual compensation combined with partial loss of con- 
trast in studying this problem. 

VI. VOWEL-INHERENT DYNAMIC FACTORS 

Thus far, the question of overlap in vowel nucleus mea- 
surements has dominated the discussion. But in the case of 

English vowels, there are at least two other factors that are 
independent of spectral properties of the nucleus itself; 
namely, intrinsic duration contrast and what Nearey and 
Assmann (1986) have termed vowel-inherent spectral 
change. •5 It is likely that a considerable amount of instanta- 
neous spectral overlap could be tolerated perceptually, both 
in isolation and in consonantal context, provided the affect- 
ed categories remained distinct on these additional variables. 

A. Intrinsic duration 

There is clear evidence from studies of production data 
(e.g., Joes, 1948; Peterson and Lehiste, 1960) and from per- 
ceptual experiments (Bennett, 1968; Ainsworth, 1972; 
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Strange et al., 1983) that vowel duration has a role to play in 
distinguishing English vowels. Because of variations of dura- 
tion caused by such factors as speaking rate, and prosodic 
and consonantal context, issues very similar to those in vow- 
el formant frequency normalization are raised in connection 
with vowel duration as a cue (see, e.g., Miller, 1981,1987; 
Port, 1981; Klatt, 1976). It is beyond the scope of this study 
to review this evidence in detail. It is, however, clear that a 
full account of the perception of English vowels will ulti- 
mately have to integrate information about vowel duration. 

B. Vowel-inherent spectral change 

Another dynamic property that must be considered is 
that of intrinsic spectral change. Nearey and Assmann 
(1986) present evidence for the importance of such informa- 
tion in the Perception of isolated vowels. Strange et al. 
(1983) presented results of an experiment that showed an 
error rate of 13 % for "silent center syllables," wherein rela- 
tively steady-state centers of/bVb/syllables were replaced 
with silence, so only initial and final transitions remained. 
Identification of the complementary syllables, the vowel 
centers without the initial and final transitions, showed near- 
ly the same error rate (14%). 

In considering these results, the hypothesis arose that 
both kinds of modified syllables might be specifying the same 
information about vowels and that this information might be 
preserved in the end points of the formant trajectories at the 
boundaries of the vowel centers and the rapid consonantal 
transitions. If this were the case, then experiments analogous 
to those of Strange et al. (1983) might be obtained for isolat- 
ed vowels. 

In Nearey and Assmann (1986), evidence was provided 
that this was indeed the case. In that experiment, naturally 
produced isolated vowel stimuli were manipulated in the fol- 
lowing way: From each original stimulus, two 30-ms sec- 
tions, one each from the onset (A) and offglide (B) por- 
tions, were extracted and multiplied by a 30-ms Hamming 
window (to avoid gating transients). The original vowels 
and three sets of test vowels were played back to listeners. 
The test vowels consisted of two windowed sections separat- 
ed by 10 ms of silence. In the natural order (A-B) condition, 
the two sections from the same original vowel were played in 
their natural order; in the repeated nucleus (A-A) condi- 
tion, the first section was presented twice; and in the reverse 
order (B-A) condition, the sections were played in the re- 
verse of their natural order. Analysis of listeners' errors 
showed that listeners made significantly more errors on the 
repeated nucleus A-A, condition and reverse order B-A 
condition than for the original unmodified vowels, while the 
natural order A-B sections were identified as well as the full 
duration vowels. These results indicate that sufficient infor- 

mation is retained for reliable vowel identification in two 

brief sections taken from near the beginning and end of a 
vowel, provided they are presented in their original order. 

Statistical analysis of formant frequencies of production 
data showed that half of the ten vowels studied showed reli- 

able formant movement, including the vowels/i/,/e/, and 
/•e/, which are usually described as monophthongs. Nearey 
and Assmann (1986) also constructed a pattern recognition 

model, trained on the production data only (i.e., without 
access to the results of the perception experiment) that in- 
cluded formant change information. They showed a clear 
correlation between predictions based on this model and lis- 
teners' categorization of both the unmodified and windowed 
vowels. They also presented some preliminary evidence that 
inherent spectral change appeared to persist in/bVb/con- 
texts and thus might, in part at least, account for the high 
identification rate of Strange et al.'s silent center syllables. 
Such a suggestion is, of course, pure speculation. How could 
formal tests be made? There is no reason to believe that the 

formal modeling techniques used by Nearey and Assmann 
for isolated vowels could be extended to test effects of conso- 

nantal context in a completely explicit way. Such tests are 
currently underway in our laboratories (Nearey and An- 
druski, 1988). 

VII. GENERAL DISCUSSION 

The present work has reviewed three types of studies 
relating to vowel perception in English: ( 1 ) perception stud- 
ies that focus on correct identification of naturally produced 
speech; (2) data analytic or pattern recognition studies that 
examine the acoustic factors that separate vowel categories; 
and (3) perceptual experiments where listeners' categoriza- 
tion is related to specific measurable properties of stimuli, 
e.g., phonetic continuum experiments. Of key importance to 
the discussion is what Lindblom and Studdert-Kennedy 
(1967) have termed "complementarity," that is, the corre- 
spondence between details of variation in production data on 
the one hand and details of perception on the other. 

Four types of information have been implicated in the 
perception of English vowels. These are: ( 1 ) static proper- 
ties, such as steady-state formant frequencies and the funda- 
mental; (2) dynamic properties, including inherent spectral 
change and consonantal context effects; ( 3 ) intrinsic (intra- 
segmental) relational properties, especially relations among 
the fundamental and formant frequencies within vowels; (4) 
extrinsic (transsegmental) relational properties, such as rel- 
ative vowel duration and the relative formant frequencies of 
a vowel compared to those of other vowels of the same 
speaker. The main conclusion of this work is that, although 
relative importance of some of these effects is situation de- 
pendent, none of these factors can safely be ignored in a full 
account of English vowel perception. It seems fruitless for us 
to concentrate on only one set of effects and assume that the 
others are laboratory curiosities. 

While a complete understanding of the relative weights 
of these factors in various laboratory conditions, much less 
in normal conversation and fluent discourse, must await 

further research and theory building, there is little reason to 
doubt the adequacy of available experimental and modeling 
techniques in advancing toward that goal. As a matter of 
research policy, it is probably best to assume that there are 
no real mysteries in speech perception, but rather only some 
difficult puzzles. Assessing the varying weights of different 
factors in different circumstances is a complex task, but one 
where it should be possible to make incremental progress. 
For example, aspects of experiments I and II above could be 
combined in an attempt to assess the relative size of conso- 
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nantal context effects and speaker related effects. As we at- 
tempt to handle problems that begin to approach the com- 
plexity of natural speech, we must expect that our 
experiments will become more complex. 

At this level of complexity, qualitative comparisons are 
unlikely to resolve all issues. We should strive to develop 
formal, quantitative models so that they can guide us in the 
design of critical experiments. Experiments with modified 
natural speech (or synthetic speech carefully modeled on 
natural tokens), that attempt to correlate perceptual 
changes with measurable properties of the stimuli are of par- 
ticular interest. In our laboratories, we hope to continue to 
develop modeling techniques for the explicit comparison of 
explicit recognition models to categorization by human lis- 
teners. It is such detailed comparison, I believe, that will lead 
to the most rapid--and, perhaps, the only convincing-- 
progress. 
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APPENDIX A: SOME ISSUES IN DATA ANALYTIC 
VOWEL NORMALIZATION 

This discussion provides a somewhat different perspec- 
tive on some issues in data analytic vowel normalization 
from those presented by Miller (1989), although there is 
substantive agreement on a number of points. The issues that 
differentiate the majority of current approaches fall into four 
major classes: (1) the "correct" or optimal transformation 
of the frequency axis (e.g., log versus Bark); (2) the geomet- 
ric nature of subsequent transformations (e.g., translations, 
rotations, rescalings); (3) the number and nature of 
speaker-dependent variables and how they are to be estimat- 
ed; and (4) the nature of the classification algorithm applied 
to the transformed space (e.g., linear or quadratic discrimi- 
nant analysis, simple distance functions, empirically chosen 
boundary regions). Some of these issues and their interac- 
tions are discussed below. 

1. Nonlinear transformations of the frequency axis 

The choice of frequency axis transformation is a prob- 
lem that cuts across both intrinsic and extrinsic approaches. 
The scales adopted have generally been borrowed from audi- 
tory psychophysics. A logarithmic scale (musical semi- 
tones) was advocated by Joos (1948). In the 1950s and '60s, 
the mel scale (Stevens and Volkmann, 1940) and two ap- 
proximations to it, the Koenig scale and Fant's (1973) tech- 
nical mel scale, came in to widespread use. Steven's scale was 
based on such tasks as fractionation of pitch intervals and 
direct subjective judgments of pitch differences for sinu= 
soids. However, recent work by Elmasian and Birnbaum 
(1984) indicates that the logarithmic (musical) scale, cou- 

pied with a subtractive model of comparison, actually pro- 
rides a more accurate account of pitch scaling. 

A number of contemporary researchers represent the 
frequency axis for vowels in the Bark scale. This measure is 
based on auditory masking and other studies that estimate 
the bandwidth of auditory filters (Zwicker and Terhardt, 
1980). Note that these scales were originally developed to 
account for properties relating to frequency resolution, rath- 
er than "pitch magnitude" or "tonality scale." The transfer 
from one to another, when explicit, is often made without 
discussion. Thus, e.g., Traunm/iller speaks of "..a scale rep- 
resenting critical bands with unit width (1 Bark), which 
may also be considered as a tonality scale" ( 1981, p. 1465). 
These critical-band-rate scales (which are similar in appear- 
ance to pitch magnitude scales, like the mel scale) are con- 
structed by integrating the inverse of the estimated critical- 
band function (Moore and Glasberg, 1983 ). Above 1000 Hz 
or so, the relative shapes of the Bark, mel, and hertz scales 
are quite similar. The Bark scale and reel scale both differ 
from the log scale in that the lower frequency region (below 
about 500 Hz) is more nearly linearly related to hertz than is 
the log scale (which is concave downward when plotted 
against hertz throughout its range). There is some dispute 
about the bandwidth of the auditory filters in the low-fre- 
quency range. Moore and Glasberg ( 1981 ) have proposed 
an equivalent rectangular bandwidth (ERB) scale that is 
slightly more "log-shaped" (ultimately, because the esti- 
mated filter bandwidths have more nearly constant Q prop- 
erties than the Zwicker and Terhardt data) in the low-fre- 
quency range. 

A possibility that has long intrigued some workers in 
this area is that certain relational properties of basilar mem- 
brane excitation patterns might be invariant for equivalent 
vowels (Chiba and Kajiyama, 1941; Potter and Steinberg, 
1950; Syrdal and Gopal, 1986). Such models seem most ap- 
propriate for a pure "place theory" of frequency coding, 
rather than, for example, modern synchrony theories. Such 
models also run into the difficulty that individual harmonics 
are clearly resolved (by any of the critical-band functions, as 
well as by empirical results) in the F 1 region. This poses a 
problem for both formant-based and "whole spectrum" au- 
ditory theories. See Klatt (1986b), Chistovich (1985), Ass- 
mann (1985), and Assmann and Nearey (1987) for discus- 
sion of related issues. 

There have been several attempts to provide ad hoc 
scales for formant frequencies specifically designed to opti- 
mize some property of vowel representation. In the context 
of intrinsic normalization procedures, a modified Bark scale 
has been suggested by Traunmiiller (1981; see also Syrdal, 
1984; Syrdal and Gopal, 1986). This scale was specifically 
developed to account for relationships ofF1 and F0. [The 
exact procedure used is far from clear. Traunmfiller states: 
"Several careful identifications, made by the author [Traun- 
mfiller], of one-formant vowels...led to the suggestion that 
the dependence of perceived openness on the distance 
between F 1 and F0 could be described uniformly if the Bark 
scale of tonality was modified at its low frequency end. This 
modification is shown in Fig. 7" ( 1981, p. 1469).] It might 
be noted that the modifications suggested do not appear to 
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have any independent psychephysical motivation whatso- 
ever and that, in fact, the changes to the classical Bark scale 
suggested by Traunmfiller for the region below 250 Hz, are 
in direct conflict with the revisions suggested by Moore and 
Glasberg in their ERB-rate scale. 

In the context of extrinsic normalization, there have 
been at least two efforts involving ad hoc scales. Nearey 
(1978) attempted to construct an optimal scale for additive 
decomposition speaker and vowel effects (in an extrinsic 
normalization context}, using methods described by Ans- 
combe and Tukey (1963) and Box and Cox (1964). Lennig 
(1978) attempted to construct a scale that would lead to 
more homogeneous variances for vowel formant measures 
[also in an additive extrinsic normalization framework; see 
also Kent and Fornor (1979) and Nearey ( 1978, p. 146) for 
related remarks on variance stabilizing properties of the log 
transform]. Although some minimal improvement in ex- 
trinsic normalization was found in both cases, both Nearey 
and Lennig concluded that the scales they constructed were 
not sufficiently different from an ordinary log scale to merit 
the additional complexity, in the absence of more compelling 
results and more data. Similarly, Peterson ( 1961 ) and Mill- 
er (1989) have suggested that there is little evidence to favor 
auditory scales (mels, Barks) over more traditional scales in 
intrinsic normalization schemes. Hillenbrand and Gayvert 
(1987) provide evidence that even a representation in linear 
hertz can produce high identification rates of the Peterson 
and Barney data, provided quadratic discriminant analysis, 
which does not assume the homogeneity of dispersion matri- 
ces, is used for classification. 

2. Normalizing transformations of parameters 

Given an initial transformation of the frequency axis, all 
the approaches discussed here agree that the next step is to 
apply some set of linear normalizing transformations to the 
derived measures. They disagree in the number of param- 
eters in the transforms and how the parameters are to be 
estimated. The major difference between intrinsic and ex- 
trinsic schemes, as noted earlier, is in the locus (intrasyllabic 
versus transsyllabic) of speaker-dependent information that 
is allowed to enter into subsequent transformations. The 
transformations themselves are often remarkably similar 
( see discussion below). 

There has been extensive discussion of the appropriate 
number of parameters and appropriate family of transfor- 
mations to use in connection with extrinsic normalization 

schemes. The simplest of these are based on the uniform 
scaling hypothesis (Nordstrtm and Lindbiota, 1975) also 
known as the constant ratio hypothesis (CRH) or constant 
log interval hypothesis (CLIH, Nearey, 1978, pp. 89-90). 
These methods allow for a single speaker-dependent param- 
eter to be used for normalization. This parameter is a multi- 
plicative scale factor in a linear hertz space; in a log frequen- 
cy space, it is an additive location parameter, corresponding 
roughly to the center of gravity of a speaker's vowel triangle 
(Nearey, 1978). Other methods allow for a much broader 
class of speaker-dependent arline transformations. Disner 
(1980), Lennig (1978), and Hindle (1978) attempt to bring 
evidence from cross language and dialect comparison to bear 

on normalization issues. Disnor argued that Nearey's CLIH 
procedure was not well suited to certain cross-language com- 
parisons where there were large skewings of vowel inven- 
tories (e.g., comparing languages with front rounded vowels 
to those without). Hindle and Lennig, on the other hand, 
found Nearey's CLIH scheme (aptly renamed log-mean 
normalization by Hindle) to be the method of choice in dia- 
lect comparisons (see also Holden and Nearey, 1986}. Inter- 
estingly, Disnet (1986) adopts an ANOVA model for cross 
language comparison, which, except for the choice of scale 
(reel versus log), bears much closer ties to Nearey's (1978) 
additive normalization models than to the PARAFAC mod- 

els she preferred in her 1980 paper. Nearey (1978,1983) has 
also investigated the adequacy of CLIH in perceptual experi- 
ments for "single synthetic speaker" contexts and found it to 
provide a good first approximation of perceptual results (see 
also Lieberman, 1984). 

3. Classification procedures 

The initial frequency transformation followed by the 
normalizing procedures together result in what will be called 
a transformed normalized formant space (TNFS). There is 
again considerable diversity of opinion on the matter of ap- 
propriate methods classification. Some researchers use stan- 
dard statistical pattern recognition procedures, such as dis- 
criminant analysis, assuming vowel measures display 
multinormal distributions in the TNFS (Nearey, 1978; 
Nearey et al., 1979; Assmann et al., 1982; Hillenbrand and 
Gayverts, 1987). Others use Fratios and Euclidian distance 
metrics or graphic techniques as clustering indices, without 
explicit classification (Hindle, 1978; Lennig, 1978; Disner, 
1980). Syrdal (1984; Syrdal and Gopal, 1986) prefers a 
coarse categorization of the axes of the TNFS corresponding 
to binary feature values, though she also uses discriminant 
analysis in some comparisons. [Interestingly, Nearey's 
(1978) CLIH scheme compares favorably in the latter.] 
Finally, in Miller's scheme, complex categorization regions, 
called perceptual target zones, are constructed by an itera- 
tive (and not fully disclosed) process. It has recently been 
pointed out by Hiilenbrand and Gayvert (1987) that the 
choice of classification algorithm can interact profoundly 
with other factors, such as choice of scale. Furthermore, in 
the course of linear discriminant analysis, intermediate di- 
mension reducing linear transformations of the input axes 
are often imposed prior to classification and thus interact 
with the apriori secondary transformations discussed above. 

4. Covert similarities among representational systems 

Differences between several TNFS systems appear 
smaller on reflection than first meets the eye. Some of the key 
properties of Miller's intrinsic scheme are identical to those 
of Nearey's (1978) CLIH scheme. According to both, dif- 
ferences in log(F2)-log(Fl) should be invariant across 
speakers for a given vowel (Nearey, 1978, p. 91 ). This may 
be less than apparent to the casual observer of normalization 
schemes, since Miller chooses to use the notation log(F2/ 
F 1 ) to express the same quantity. If CLIH is extended to 
three formants, precisely the same within-vowel cross-speaker 
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relationships among theformants are posited by CLIH and 
Miller's approach. CLIH also explicitly posits fixed relation- 
ships among the formant frequencies of different vowels of 
individual speakers. Given an extension of CLIH to three 
formants and the degree of correlation between a speaker's 
mean log F0 and mean log formant frequencies, it would be 
surprising if strikingly different classification results would 
be obtained, say, by discriminant function analysis of vowel 
data "preprocessed" by the front ends of the two theories. It 
is also interesting to note that Miller's sensory reference for- 
mula makes use of geometric means of a speaker's funda- 
mental frequency, which corresponds, in effect, to an extrin- 
sic (transsyllabic) factor. Since the log means used in CLIH 
are simply the logs ofthe geometric means over F 1 and F 2, a 
slight redefinition of the sensory reference would lead to a 
theory virtually indistinguishable from a three formant ver- 
sion of log-mean normalization, apart from the method used 
to determine the final classification boundaries. 

Miller's and Syrdal's methods differ by considerably 
less than might be apparent from a casual reading. As noted 
above, and by Miller (1989), differences between a logarith- 
mic versus Bark scale transformation (apart from an arbi- 
trary, global linear transform that will not affect most classi- 
fication schemes) are difficult to detect except in the 
low-frequency range. In addition to this, Miller's use of the 
sensory reference is, except for a global constant, equivalent 
to subtracting 1/3 of the log frequency of the fundamental. 
This has a grossly similar effect on fundamental frequencies 
(compared to formant frequencies above 250 Hz) as Traun- 
milllet's ( 1981 ) ad hoc modification of the very low range of 
the Bark scale. They both decrease the apparent magnitude 
of changes in the F0 range, compared to the uniform use of 
unmodified sales (log or Bark) throughout the F0 and for- 
mant ranges. Though there are some potentially testable dif- 
ferences in detail, both these methods may be viewed as pri- 
marily incorporating the empirical relationship summarized 
by Ainsworth ( 1975, viz., a 30% rise in formant frequencies 
corresponds roughly to a 100% rise in fundamental). It 
should be realized that the adjustments in scales are essen- 
tially ad hoc modifications to account for the empirical rela- 
tionships found in speech data and do not appear to follow 
from any independently motivated "auditory" properties. 

In passing, it might be noted that there is at least one 
more essentially ad hoc hypothesis that is quite prevalent in 
auditory approaches to vowel perception, namely, the exis- 
tence of a 3- to 3.5-Bark critical separation between adjacent 
formants. Chistovich, who introduced this rule of thumb 
into the literature, is always careful to point out that such an 
effect must be "post-auditory," since the critical auditory 
distance, the critical band, is 1, not 3 or 3.5, Bark wide. Ac- 
cording to classical critical-band theory, auditory filters at 
spacings larger than this interval provide independent infor- 
mation to the higher processing levels. To the best of my 
knowledge, the 3-Bark interval, like Traunmtiller's modifi- 
cation of the Bark scale, is motivated purely by phenomena 
related to speech and has no counterpart in general auditory 
psychophysics. Arguably, both of these effects could be 
classed as "speech mode," rather than purely auditory phe- 
nomena. 

APPENDIX B: CONSIDERATONS OF THE 
"NATURALNESS" OF THE STIMULI IN EXPERIMENT I 

The synthesis conditions of experiment I involve combi- 
nations of parameters that are not encountered in normal 
synthesis situations. Quite rightly, both reviewers raised 
some questions about the naturalness of the stimuli. This 
appendix addresses some of these concerns. 

1. Fundamental frequency and formant frequency 
ranges 

It should be pointed out that all the individual factors 
involved in this experiment are within ranges already ex- 
plored in the literature. Both Fujisaki and Kawashima 
(1968) and Holmes (1986) studied increases (184% and 
137%, respectively) in F0 that were actually larger than 
those in the present study (about 104%). Fujisaki and 
Kawashima's F 3 increase (60%) was considerably larger 
than that of the present study (32%), while Holmes' ranges 
were roughly equivalent. The increase of the extrinsic factor 
(32%) was similar to that of Ainsworth (1975). While all 
the above mentioned studies included smaller step sizes in 
their experiments, their most extreme conditions invariably 
produced the most extreme and, therefore, most readily de- 
tectable results. 

From the point of view ofF0 and the ranges of the lowest 
three formant frequencies, the all factors low, or baseline, 
condition was roughly equivalent to the average male data of 
Peterson and Barney ( 1952, excluding the vowel/,/); the 
all factors high condition, corresponded roughly to average 
children's measurements on these parameters. Table B I 
compares the formant frequency ranges for F 1 to F 3 and 
fundamental frequency ranges with those of Peterson and 
Barney (1952). 

As far as the mixed conditions (i.e., where some factors 
are high and some low) are concerned, some of the normal 
relationships that are present, on the average, in natural 
speech are altered. Two of the mixed conditions involve 
cases where there is an unusual relationship between the fun- 
damentel and vocal tract resonances. Thus condition 2 (P) 

corresponds approximately to a male countertenor voice 

TABLE BI. Comparison ofF0 and formant ranges from Peterson and Bar- 
ney, 1952 averages and experiment I. 

Experiment I Peterson and Barney, 1952 

All factors low Adult males 

F0 120 124-141 
F ! 250-750 270-730 
F2 750-2250 840-2290 
F3 2003-2774 2240-3010 

All factors high Children 

FO 270 25 !-276 

F 1 329-987 370-1030 
F 2 987-2961 1060-3200 
F3 2657-3806 3 i 70-3730 
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(Gottfried and Chew, 1986) or perhaps to a female voice 
like that of Julia Child. Condition 6 (EH) corresponds 
roughly to a Popeye-like male voice or to helium speech at 
normal atmospheric pressure (Morrow, 1971; Beil, 1962). 

The two remaining conditions, however, namely, condi- 
tion 3 (H) and condition 5 (E), correspond to cases that are 
somewhat contradictory with respect to intrinsic and extrin- 
sic specification of supralaryngeal vocal tract size. I am 
aware of no nonsynthetic conditions corresponding to these 
situations. Nonetheless, these conditions were included in an 
attempt to explore parts of logically possible phonetic space 
relatively remote from the main cluster of natural variation. 
There is some risk that such improbable stimuli may give rise 
to artifacts that have little to do with the perception of natu- 
ral speech. However, to the extent that listeners respond in 
systematic ways to such stimuli, it may still be useful to at- 
tempt to compare listeners' performance with expectations 
from alternative models. All other things being equal, a ro- 
bust model that accounts for listeners' behavior on relatively 
unnatural (but still perceptually interpretable) stimuli with- 
out sacrificing performance on more natural stimuli is a bet- 
ter account of perception than one that is highly sensitive to 
the covariance patterns of natural speech in ways in which 
listeners are not. Furthermore, stimuli with even larger mis- 
matches of intrinsic properties were included in the Fujisaki 
and Kawashima experiment, and yet their results show 
smooth changes of boundary position throughout this ex- 
tended range. 

2. Spectral tilt, formant amplitude, and voice quality 

Although no body of normative data is yet available in 
the literature, there has recently been considerable interest 
in glottal source parameters, including factors such as spec- 
tral tilt and breathy excitation. Indications are quite str. ong 
(Fant et al., 1987; Klatt, 1987) that such parameters must 
be controlled for high-quality synthesis of female and chil- 
dren's voices. Since neither sufficient information nor appro- 
priate software was available at the time of the construction 
of these stimuli, no explicit attempt was made to deal with 
such factors. However, the synthesis strategy described in 
experiment I had some indirect effects on relative formant 
amplitudes that might have affected apparent voice quality. 
(A simpler and better approach would have been to use par- 
allel mode synthesis with a fixed number of formants. Unfor- 
tunately, the continuum generation software used to drive 
the implementation of the Klatt synthesizer d!d not include 
this option.) 

The fact that formants were omitted from the cascade 

synthesis when closer than 550 Hz to the Nyquist frequency 
resulted in a somewhat more rapid high-frequency roll-off 
than would be the case for a full set of formants. Impression- 
istically, a slight difference in voice quality was noticeable in 
the low higher formant stimulus sets, corresponding to addi- 
tional "bassiness" of the "short formant" set (five cascaded 

formants) compared to the "complete formant set" (six cas- 
caded formants). However, in informal back-to-back com- 
parison for a number of vowels, this difference did not ap- 
pear to affect the phonetic quality, nor did one set sound 
particularly more "natural" than another. 

In the case of the high F3 stimuli, the proximity ofF5 in 
the "complete formant" set (five cascaded formants) to the 
folding frequency led to high amplitudes ofF5, and a highly 
unnatural quality, particularly for back vowels. In this case, 
the short formant set (four cascaded formants) was consid- 
erably more speechlike and the voices had more or less the 
expected impressionistie qualities of speaker size. The effects 
of the leaving out a formant are global, since the pole density 
throughout the entire periodic digital spectrum is affected. 
However, the magnitude of the effect of omitting a single 
pole near the folding frequency decreases with decreasing 
frequency. The result is comparable to raising the effective 
frequency of a higher pole correction network in analog syn- 
thesis. 

To investigate the consequences of this effect on the 
present experiment, stimuli at the corners of the vowel space 
corresponding roughly to/i, •e, t•/, and/u/of both ensem- 
ble sets as well as test stimuli in the overlapping regions (cor- 
responding to the stimuli near the center off I and F2 ranges 
for both ensemble sets) were resynthesized. The amplitudes 
of the lowest four or five formants were measured using LPC 
techniques described in Nearey and Assmann (1986). For 
the low higher formants stimuli, vowels synthesized with 
five formants were compared with vowels synthesized with 
six formants. For the high higher formants stimuli, vowels 
were synthesized with four and five formants. The results 
showed the expected effect of spectral tilt, with short for- 
mant stimuli showing relatively more rapid spectral roll-off 
in the higher formants. 

The largest attenuation ofF3 (relative to F 1 ) observed 
was 11 dB for the low ensemble, high higher formants/i/ 
stimulus. For the other "corner vowels" and in the overlap- 
ping region, attenuation ranged from 3-7 dB. The range of 
variation in the relative amplitudes off 3 to F 2 and F 2 to F 1 
caused by the presence or absence of the "top formant" fell 
well within the range of natural speaker-to-speaker variation 
for comparable vowels (i.e., vowels in analogous positions in 
the F 1 xF2 plane) reported by Peterson ( 1961 ). The total 
range of relative amplitudes of adjacent formants for vowels 
of nominally comparable quality was greater for the present 
stimuli than in the Peterson data. However, this was largely 
due to the differences in formant spacing caused by the dif- 
ferent formant range combinations deliberately manipulated 
in the experiment rather than the presence or absence of the 
top formant. 

It is certainly possible that formant amplitude differ- 
ences have affected aspects of the perception of vowel quality 
in experiment I. Indeed, the results of Fujisaki and Kawa- 
shima ( 1968, see their experiment 7 and Figure 8) indicate 
that a change in spectral tilt of 12 dB/oet can have a consid- 
erable effect on the efficacy of F3 as a source of intrinsic 
normalization information for noise excited stimuli. How- 

ever, they also report that raising the effective frequency of 
the higher pole correction (which corrects for the absence of 
formants above F4 in their analog synthesizer) had no effect 
on vowel identification boundaries (see their experiment 5 
and Figure 9). The effect of this modification would be quite 
similar to the deletion of the highest pole below the Nyquist 
frequency in digital formant synthesis. Finally, as reported 
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in the text, a decrease in F 3 amplitude by 1 $ dB (larger than 
any caused here by omission of the top formant) by Holmes 
(1986) actually led to slightly larger observed F 1 and F2 
shifts as well as to more female voice judgments. 

In general, the effects of changes of formant amplitude 
and/or spectral tilt on vowel perception are not well under- 
stood. The work of Ainsworth and Millar (1971) suggests 
that for two formant stimuli, over a range of about 28 dB, 
vowel identification is relatively insensitive to formant am- 
plitude change. Lindquist and Pauli (1968) found that a 
large change (25 dB) of the amplitude of an F 2 - F 3 pattern 
relative to F 1 produced only negligible change in categoriza- 
tion along an F 2 -- F 3 continuum when the stimuli were pre- 
sented such that a given spectral tilt condition was in effect 
for an entire experimental session (although measurable 
changes are observed when stimuli with differing spectral 
tilts are mixed). In experiments involving identification of 
synthetic talkers by voice quality, Carrell (1984) found that 
glottal wave shapes, including changes of spectral slope, had 
relatively little influence on apparent speaker identity, while 
fundamental frequency and especially formant range effects 
had a much larger effect. Chistovich (1985) reviews the ef- 
fects of formant amplitude changes on phonetic quality 
when formants are relatively closely spaced. In the case of 
the present experiment, when F 1 and F 2 were closely spaced, 
the effect of the missing top formant was quite small, show- 
ing no more than a l-dB change in relative amplitude off 1 
and F2 for the hack comer vowels/o/and/u/. 

Since the stimuli of experiment I represent, to a large 
extent, explorations into synthetic terra incognita, it is con- 
ceivable that some of the effects noted are not representative 
of phenomena encountered in natural speech. However, 
there is no compelling evidence, whether from the literature 
or from listeners' comments, to suggest that there are any 
gross violations of constraints of known perceptual rel- 
evance. 

Nonetheless, further experiments are called for, using 
parallel synthesis with independent manipulation of formant 
amplitudes and with more sophisticated control of glottal 
Waveshape. Simultaneous judgments should be gathered in- 
cluding:(I) vowel identity; (2) speaker size, sex, and age 
characteristics; and (3) vocal effort [in view of "the Traun- 
miiller effect" reported by Lindblom (1987) ]. It would be 
impractical to attempt to produce "fully crossed" experi- 
mental designs involving all these factors. Judicious interpo- 
lation between relatively well-undestood synthetic voices 
based on natural speech and some of the extreme conditions 
represented in experiment I might be a promising research 
strategy. 

•This assumption is the subject of criticism by advocates of what might be 
called the "whole (auditory) spectrum" school, e.g., Suomi (1984), Bla- 
don et al. (1984). As Klatt has pointed out ( in the discussion that followed 
the oral version of this paper), the work of Pols et al. (1969) indicates that 
deciding between "spectral shape" and "formant-oriented" approaches 
may be very difficult due to the similarity of the putative perceptual rela- 
tionships that may be derived from these alternate representations (see 
also Nearey et al., 1979). For at least some of these approaches, problems 
such as speaker differences (e.g., Pols 1977, pp. 14-15) lead to similar diffi- 
curies as for formant based theories (but see Suomi, 1984; Bladon et al., 
1984). Further problems associated with auditory theory and vowel per- 
ception such as F', F2' and the role of 3- to 3.5-Bark separation of formants 

are important topics, but cannot be dealt with here. See Assmann ( 1985 ), 
Chistovich (1985) and Klatt (1986b) for a general discussion of issues 
related to peripheral auditory modeling in speech research. 

•-This is not to say that such issues are not amenable to experiment. See, for 
example, the reaction time study of Summerfield and Haggard (1975). 
Experiments to decide between competing models of real time processing 
of speaker differences are likely to be quite subtle and will undoubtedly 
benefit from some prior agreement about what stimulus properties are rel- 
evant in the first place. 

3Female averages were used here because the chosen intervals are somewhat 
more uniform than the male averages. In particular, the male/r/-/ae/F 1 
difference is on the order of only 25%. How much of this is due to nonuni- 
form scaling (Fant, 1973) or dialect heterogeneity (Nordstrfm and 
Lindblom, 1975; Nearey, 1978) is not clear. 

4Effects may be larger for stops bounded by some resonant consonants. Pre- 
/r/and pre-/l/effects are quite large in many dialects of English. How- 
ever, in these cases, there is some question as to whether specifically select- 
ed variants, or "extrinsic allophones" are involved, rather than ordinary 
coarticulation effects. To the best of my knowledge, no such proposal has 
been made for vowels in stop contexts in English, at least for bilabial and 
alveolar stops. However, because of the common neutralization of phone- 
logical contrast in dialects preceding voiced velar stops (especially the 
merger of (/eg/-/eg/and to a lesser extent/ig/-/ig/), some caution 
should be applied in this case as well. 

•It might be noted that, strictly speaking, Miller's theory is not purely in- 
trinsic, since his sensory reference formula uses a geometric mean of a 
speaker's F0, which unless the time constant of the averaging process is 
very short, likely includes information extrinsic to the vowel being normal- 
ized. 

6As an anonymous reviewer has pointed out, some implied assumptions of 
orthogonality of traditional phonetics do not strictly hold perceptually. 
Thus, for example, F0 and F 1 transitions have been shown to have an effect 
on VOT boundaries. However, such disorthogonalities, although reliable, 
are generally secondary, shifting boundaries by only a small percentage of 
the natural speech range of the primary variable (VOT). Such small inter- 
actions, while theoretically very important, are nothing like the implied 
linkages in Traunmiiller's or Syrdal's theories, where, rather than suggest- 
ing a small "retuning" off I, a new perceptual feature--the tonality differ- 
ence between F 1 and F0•is proposed to replace F 1. 

7Lehiste (1970) reports that there is no necessary connection between pitch 
changes and formant frequencies. Although some languages, like Vietna- 
mese, may have distinct allophones of certain vowels in association with 
different tones, these are language specific "extrinsic allophones" and not 
necessary phonetic covariation. For other languages, such as Serbo-Croa- 
tion, Lehiste asserts "...tone appears to have no effect on phonetic quality" 
( 1970, p. 78). 

•Formant measurements of a few vowel tokens from recordings of these two 
speakers have been made in our laboratories. Popeye shows formant fre- 
quency values approximately in the range of Peterson and Barney (1952) 
child averages, while his fundamental is below the average male range. Ju- 
lia Child shows formant ranges only slightly higher than male average 
data, with a fundamental frequency in the female range (200-300 Hz). 

øThese figures are based on the higher pole correction calculation of Flana- 
gan ( 1972, pp. 217-218) applied to neutral tube F 3 and F4 frequencies of 
2500 and 3500 Hz. 

•øThis is consistent with the lack of effect on vowel identity for an increase in 
the effective frequency of the higher pole correction factor observed by 
Fujisaki and Kawashima (1968). 

• •Such "surrounded" categories tend to have symmetrical "moundlike" re- 
sponse surfaces, for which various measures of location such as the mean, 
median, or mode are likely to be very similar. For exterior categories, cate- 
gorization profiles along one or more of the dimensions is likely to have a 
nonsymmetrical, ogival shape for which there is no mode, but only asymp- 
totes of 0% and 100% identification within reasonable stimulus ranges. 
This characteristic is a major factor in the windowing problem noted by 
Ainsworth (1975). 

•2Such negative shifts are not unprecedented. Holmes' (1986) Figure 16.1 
shows two small negative shifts in center of gravity ofF2 for an increase in 
F3 between conditions 2 and 6. 

•3This applies to Nearey's (1978) constant log interval hypothesis (CLIH). 
Nearey also discusses a second version, CLIH2, in which separate scale 
factors are estimated for F 1 and F2. Although the method of estimation 
used there involves only F 1 and F2 measurements, CLIH2 could be modi- 
fied for an F0 correction factor. 

•4This is particularly true in light of the rapid transitions in the present 
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stimuli. However, it might be pointed out that Broad and Clermont's 
model, which predicts even larger shifts for/dVd/than does Lindblom's, 
does not depend on empirical transition onsets, but only on theoretically 
derived "loci" for the phonological category in question. 

I•This admittedly awkward term was deliberately used in preference to the 
more familiar, but phonetically loaded, term "diphthongization," since 
the latter implies a perceptually salient (to the phoneticJan at least) 
change of vowel quality over time. 
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