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In the experiments reported here, perceived speaker identity was controlled by manipulating 
the fundamental frequency (F0) range of carrier phrases in which speech tokens were 
embedded. In the first experiment, words from two "hood"-"hud" continua were synthesized 
with different F0. The words were then embedded in synthetic carrier phrases with intonation 
contours which reduced perceived speaker identity differences for test items with different F0. 
The results indicated that when perceived speaker identity differences were reduced, the effect 
of F0 on vowel identification was also reduced. Experiment 2 indicated that when items 
presented in carrier phrases are matched for speaker identity and F0 with items in isolation, 
there is no effect for presentation in a carrier phrase. Experiment 3 involved the presentation of 
vowels from the "hood"-"hud" continuum in two different intonational contexts which were 

judged to have been produced by different speakers, even though the F0 of the test word was 
identical in the two contexts. There was a shift in identification as a result of the intonational 

context which was interpreted as evidence for the role of perceived identity in vowel 
normalization. Overall, the experiments suggest that perceived speaker identity is a better 
predictor of vowel normalization effects than is intrinsic F0. This indicates that the role of F0 
in vowel normalization is mediated through perceived speaker identity. 

PACS numbers: 43.71.An, 43.71.Es, 43.71.Bp, 43.71.Cq 

INTRODUCTION 

Of all of the hearer's accomplishments in perceiving 
speech, one of the most important is the ability to adjust to 
different talkers. In addition to adjusting to differences in 
dialect and idiosyncratic aspects of articulation, hearers 
must adjust to physical differences among talkers. This as- 
pect of adjusting to different talkers, which has been called 
vocal tract normalization or simply normalization, is the fo- 
cus of this paper. The results of three experiments which 
examine the role of perceived speaker identity in fundamen- 
tal frequency (F0) normalization of vowels are reported 
here. These experiments suggest that the perceived identity 
of the speaker plays a crucial role in vowel normalization. 
The first section of the paper is a review of the literature. In 
the second section the results of two pretests are reported. 
Next, the normalization experiments are described, and, fin- 
ally, their bearing on vowel normalization theories is dis- 
cussed. 

I. THEORIES OF VOWEL NORMALIZATION 

This review of the literature is organized around two 
binary distinctions among theories. • The first distinguishes 
between the types of information seen as being utilized in 
vowel normalization, and the second concerns the role that 
normalization information plays in perceptual vowel nor- 
malization. 

Following Ainsworth (1975) and Nearey (1989), we 
canidentify two types of information which are used in per- 
ceptual vowel normalization. Syllable internal properties 
such as F0 and the frequencies of higher formants play a role 
in perceptual normalization (Syrdal and Gopal, 1986; Suss- 

man, 1986; Traunmiiller, 1981 ). This intrinsic information 
is potentially useful in perceptual normalization because it is 
relatively stable for a given talker (as compared with the first 
two formants). In addition to intrinsic information, syllable 
external properties such as vowel formant range in a preced- 
ing context are also used in perceptual normalization (Lade- 
foged and Broadbent, 1957; Ainsworth, 1975; Nearey, 
1989). Such extrinsic information is also useful for normali- 

zation because it provides a frame of reference for the per- 
ceptual evaluation of F 1 and F 2. 

Additionally, in order to describe the different theories 
of normalization that have been proposed, it is necessary to 
distinguish two roles that normalization information (in- 
trinsic or extrinsic) may play in perceptual normalization. 
The two views on the role of intrinsic and extrinsic informa- 

tion in normalization will be called direct and indirect theo- 

ries of vowel normalization. In a direct theory, it is posited 
that normalization information is used directly in the con- 
struction of perceptual representations of vowels. For in- 
stance, in Syrdal and Gopal's (1986) view the proper repre- 
sentation of a vowel is composed of the Bark differences 
between the F 1 and F0, F 3 and F 2, and F 2 and F 1. So, using 
the classifications outlined here, this is a direct theory; Syr- 
dal and Gopal posit that F0 (intrinsic information) is used 
directly in constructing the representation of the vowel. The 
alternative to direct theories are theories which posit that 
normalization information is used indirectly in perceptual 
normalization. For instance, Nearey's (1978) point vowel 
normalization scheme involves the use of one vowel of 

known vowel quality to adjust a frame of reference within 
which other vowels are interpreted. Such an adjustment of a 
frame of reference is the hallmark of indirect theories. The 
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extrinsic information, in this case the formant values of a 
context vowel, is held to affect the frame of reference which 
is then used in the interpretation of other vowels. 

The oldest theories of vowel normalization exemplify 
the extreme views that Nearey (1989) called pure intrinsic 
and pure extrinsic. Potter and Steinberg (1950) proposed 
that vowel categories are perceptually defined by the relative 
pattern of stimulation along the basilar membrane rather 
than the absolute locations of peaks in the spectrum. "With- 
in limits, a certain spatial pattern of stimulation along the 
basilar membrane may be identified as a given sound regard- 
less of position along the membrane" (p. 812). This theory 
focuses on the role of intrinsic information and holds that 

this information directly affects vowel representations. Oth- 
er intrinsic direct theories have been proposed by Traun- 
miiller ( 1981 ), Sussman (1986), Syrdal and Gopal (1986), 
and Miller (1989). In various ways, these authors have im- 
plemented the intrinsic direct approach to vowel normaliza- 
tion. 

At the other extreme is the extrinsic indirect approach to 
vowel normalization. This type of theory is described by 
Nearey (1989) as pure extrinsic. Joos (1948) was an early 
proponent of an extrinsic indirect theory of vowel normali- 
zation. He suggested that vowel formant values for a given 
speaker are interpreted relative to the range of formant val- 
ues for that speaker. Other researchers who have adopted an 
extrinsic indirect viewpoint are Ladefoged (1967), Gerst- 
man (1968), Labonov (1971), Nordstr6m and Lindblom 
(1975), and Nearey (1978). There is a good deal of vari- 
ation in the type of implementation used by these authors, 
but the basic orientation is the same. For instance, Nord- 
str6m and Lindblom (1975) used the average F3 of a set of 
back vowels to estimate the length of the speaker's vocal 
tract and then used this value to scale F 1 and F 2. (Note that 
scaling the formant values of a vowel is functionally equiva- 
lent to adjusting a perceptual frame of reference and is quite 
different from the role of normalization information in vow- 

el representations posited in intrinsic direct theories.) Bla- 
don et al. (1984) also proposed an extrinsic indirect theory, 
although this is not at first obvious. They proposed that nor- 
malization is accomplished by shifting auditory spectra of 
female vowels down by one Bark before comparing them 
with templates constructed from male vowels. This scheme 
uses as normalization information whatever information is 

necessary to determine the gender of the speaker. Bladon et 
al. were not explicit about this, and so it may be best to 
characterize their approach as an indirect theory using both 
intrinsic and extrinsic information. 

Although less common than the "pure" theories, other 
combinations of information and process have been pro- 
posed. For instance, Broadbent and Ladefoged (1958) pro- 
posed a direct mechanism (adaptation level theory, Helson, 
1964) to explain the role of context (extrinsic information) 
in vowel normalization. In the classifactory scheme adopted 
here, this theory is an extrinsic direct theory because it posits 
that vowel representations are directly affected by extrinsic 
information. 

Fujisaki and Kawashima (1968) described what may be 
interpreted as an intrinsic indirect theory. Their experiments 

involved the manipulation of intrinsic information exclu- 
sively, but they introduced the paper with a discussion of the 
role of pitch and higher formants in perceived speaker iden- 
tity. In their view, as opposed to the view of Potter and Stein- 
burg (1950) and others who adopt an intrinsic direct ap- 
proach, syllable internal information serves as a cue to 
speaker identity and so affects vowel perception indirectly. 

In addition to approaches which focus on a single source 
of information (intrinsic or extrinsic) and a single percep- 
tual role for that information (direct or indirect), there have 
also been suggestions involving combinations of information 
and/or processes. For instance, if the geometric mean of F0 
used in Miller's (1989) approach is taken from surrounding 
context as well as from the vowel, this theory would then 
involve both extrinsic and intrinsic information in a direct 

normalization process. Another way that both intrinsic and 
extrinsic information might be used in direct normalization 
involves the postulation of two processes which modify vow- 
el representations--one, the contextual mechanism pro- 
posed by Broadbent and Ladefoged (1958) and, the other, 
the type of intrinsic direct normalization suggested by Potter 
and Steinburg (1950). 

Peterson ( 1961 ) and Ryalls and Lieberman (1982) pro- 
posed theories in which both intrinsic and extrinsic normali- 
zation information are used indirectly. Peterson placed 
heavy emphasis on formant ratios, as is typical of proponents 
of intrinsic direct theories, but he also said, "Only to a first 
approximation do phonetically equivalent vowels have simi- 
lar formant ratios" (1961, p. 26). He, therefore, suggested 
that the hearer's previous experience with speech plays a role 
in the interpretation of vowel formant ratios, citing explicitly 
both the work of Ladefoged and Broadbent (1957) and Mill- 
er (1953). Ryalls and Lieberman focussed on the role ofF0 
in vowel perception and proposed that both intrinsic and 
extrinsic F0 .influence vowel recognition indirectly, by pro- 
viding information about the speaker. As mentioned above, 
the theory outlined by Bladon et al. (1984) may also rely on 
both intrinsic and extrinsic information in an indirect pro- 
cess. 

Finally, Slawson (1968) found that both perceived vow- 
el quality and perceived musical timbre are influenced by 
changes in intrinsic fundamental frequency and higher re- 
sonances. Since the shifts in perceived vowel quality were not 
as great as the formant shifts found in speech production 
data, he suggested that perceptual vowel normalization is 
accomplished by a combination of the intrinsic direct mech- 
anism found to operate both in speech and music perception, 
and indirect use of intrinsic information (p. 100). 

Empirical data suggest that both intrinsic and extrinsic 
information are used in vowel normalization. Studies by 
Miller (1953), Slawson (1968), Fujisaki and Kawashima 
(1968), Summerfield and Haggard (1975), Ainsworth 
(1975), Traunmiiller (1981), and Nearey (1989) demon- 
strate a perceptual role for intrinsic information, while the 
work of Ladefoged and Broadbent (1957), van Bergem et al. 
(1988), Remez et al. (1987), Ainsworth (1975), Nearey 
(1978), and Nearey (1989) demonstrate that extrinsic in- 
formation is used in perceptual vowel normalization. Studies 
which combine manipulations of intrinsic and extrinsic in- 
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formation (Ainsworth, 1975, and Nearey, 1989) have found 
that extrinsic information (specifically, the vowel formant 
range indicated by precursor vowels) has a greater effect on 
perceived vowel quality than does intrinsic information such 
as F0 or higher formants. 

The fact that there is evidence that both intrinsic and 

extrinsic information are used in vowel normalization elimi- 

nates the "pure" theories. Perceptual vowel normalization 
necessarily involves both intrinsic and extrinsic information. 
What is not yet clear is whether this information is used 
directly in the construction of vowel representations (intrin- 
sic and extrinsic direct) or indirectly in the perceptual inter- 
pretation of primary vowel information (intrinsic and ex- 
trinsic indirect) or, further, whether the same information 
can be used in different ways (for instance, Slawson's, 1968, 
suggestion that intrinsic information is used both directly 
and indirectly in vowel normalization). 

The experiments reported here were designed to assess 
the role of perceived speaker identity in vowel normaliza- 
tion. If vowel normalization involves indirect use of normali- 

zation information (where F0 or other stimulus properties 
indicate the size of the speaker), then it should be possible to 
predict the results of vowel normalization experiments on 
the basis of data concerning the perceived speaker character- 
istics of the stimuli. Perceived speaker identity in the experi- 
ments was manipulated by constructing synthetic phrases 
which had intonational contours spanning different ranges 
ofF0. Vowel tokens from a "hood"-"hud" continuum were 

then embedded in these phrases. Manipulation of the intona- 
tional contours of the phrases allowed for a certain degree of 
control over perceived speaker identity, by making use of the 
fact that, in natural speech, hearers are confronted ( 1 ) with 
speech from the same talker in which F 0 is variable and (2) 
with speech from different talkers in which F0 ranges over- 
lap. 

Experiment 1 involved the presentation of tokens from a 
"hood"-"hud" continuum in carrier phrases with intona- 
tional contours which sounded like they had been produced 
by the same talker, even though the F0 of the test word was, 
in one contour, 150 Hz and, in the other, 100 Hz. The experi- 
ment, thus, avoided confounding perceived speaker identity 
with F0. Experiment 2 addressed the question of whether 
simply embedding test words in an intonational context af- 
fects vowel identification behavior independently from the 
F0 or perceived speaker identity of the tokens. This experi- 
ment also tested whether it is possible to predict the degree of 
vowel normalization from perceived speaker identity. Ex- 
periment 3 involved the presentation of the "hood"-"hud" 
continuum in carrier phrases that were judged to have been 
produced by different talkers, while the F0 of the test word 
was identical in the two phrases. 

Two pretests were conducted to determine the perceived 
speaker characteristics of a series of intonational contours, 
and the results of the pretests were used to select contours for 
the vowel identification experiments. The next section re- 
ports the results of these pretests. 

II. PRETESTS 

The stimuli used in experiments 1-3 were designed to 
contrast perceived speaker identity in certain ways. In order 
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to select intonational contours and token F0's that fulfilled 

the requirements of the experimental designs, two pretest 
were conducted to evaluate the perceived speaker identity of 
a set of intonational contours and token F0's. In the first 

pretest, subjects were asked to judge whether tokens with 
different intonational contours (in the case of synthetic car- 
rier phrases) or F0 levels (in the case of isolated synthetic 
syllables) had been produced by the same speaker. A fixed- 
standard AX-discrimination paradigm was used to elicit 
these judgments. In addition to this "speaker discrimina- 
tion" task, another pretest was performed in which subjects 
were asked to label the synthetic "speaker" of the phrases or 
syllables according to gender and size. 

A. Fixed-standard AX-discrimination task 

In the fixed-standard AX-discrimination task, a pair of 
tokens (either two intonational contours or two test words 
in isolation) were presented to subjects who were asked to 
classify the items in the pair as having been produced by the 
same speaker or a different speaker. The only acoustic pa- 
rameter which was manipulated in the tokens was F0. Car- 
rell (1984) found that both F0 and vowel formant range 
were strong cues for speaker identity. The vowel formants 
which were used in synthesizing the tokens here were am- 
biguous between those reported by Peterson and Barney 
(1952) for men and women. Thus the perceived identity of 
the speaker was easily modified by changes of F0. 

B. Method 

I. Subjects 

Ten undergraduate students (seven males, three fe- 
males) from Indiana University served as subjects in the 
experiment. Each subject participated in a single 1-h session 
and received partial course credit for their participation. 
They were all native speakers of American English and re- 
ported no history of speech or hearing disorders. 

2. Materials 

Sixteen versions of the phrase "This is hood" were syn- 
thesized (using the Klatt, 1980, formant synthesizer). Fif- 
teen of these had falling intonational contours which ended 
at 15 different F0 levels (90-160 Hz in 5-Hz steps). The 16th 
version had a rising intonational contour which ended at 150 
Hz. The rising contour can be transcribed in Pierrehum- 
bert's (1980) system of intonational transcription as 
L*HH%, and the falling contours as H*LL%. 2 The last 
word in the phrase had steady-state F0, and so the intona- 
tional patterns were somewhat stylized. Formants of [t] in 
"this" and "is" were between the values for men and women 

reported by Peterson and Barney (1952) (F1 =456, 
F2 = 1740, F3 = 2796 Hz). The word "this" was 415 ms 
long and was clearly the nuclear syllable in the phrase. F0 
contours for all of the intonational contexts are shown in 

Fig. 1. Fifteen isolated "hood" tokens were also synthesized 
with steady-state F0 levels from 90 to 160 Hz in 5-Hz steps. 
All synthesizer parameters for the isolated tokens were iden- 
tical to those used for the word "hood" in the carrier phrase 
items. 
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FIG. 1. Intonational contours of"this is hood." The thick line is the rising 
intonational contour which was used as the fixed-standard in the first pre- 
test. The rising contour was also used in experiments 1-3. The falling con- 
tours that were used in experiments 1-3 are labeled. 
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FIG. 2. Results of the fixed-standard AX-discrimination pretest. For both 
the items in isolation and the intonational contours the fixed-standard to- 

ken had test word F0 of 150 Hz. 

3. Procedure 

The experiment was conducted on-line on a PDP 11/34 
computer at Indiana University. Tokens were played at 10 
kHz and low-pass filtered at 4.8 kHz, and presented binaur- 
ally over matched and calibrated TDH-39 headphones at a 
peak SPL of 85 dB. Subjects were run in groups of up to six at 
a time, and reaction time as well as response data were col- 
lected. Labels for the response buttons used by subjects were 
displayed on a CRT at eye level, and the response to button 
association was switched for successive blocks of trials. 

Subjects were asked to judge the relative identity of the 
speakers of the tokens in a fixed-standard AX-discrimina- 
tion task. In this task one token is chosen as a standard 

against which the other tokens are judged. The subject's task 
is to decide whether the X token had been produced by the 
same talker who had produced the A (standard) token. The 
standard was always presented before the test token. For 
both the carrier phrases and the isolated syllables, the stan- 
dard "hood" (in isolation or as the last word in the carrier 

phrase) had an F 0 of 150 Hz. The rising intonation contour 
was the standard for the intonational context items. The 

items were presented blocked according to context type 
(carrier phrases versus test words in isolation) and the block 
of carrier phrases was presented to all subjects before the 
block of isolated syllables. 

C. Results 

The speaker discrimination results are shown in Fig. 2. 
This figure shows the percent "same" responses as a function 
of the F 0 of the word "hood" in the X token (the F 0 of the 
word "hood" in the A token was always 150 Hz). The isolat- 
ed syllable tokens are plotted with open symbols, and the 
carrier phrase tokens are plotted with filled circles. The to- 
kens which were chosen for use in experiments 1-3 are indi- 
cated by arrows. 

There was a significant interaction between F0 level 

(90-160 Hz) and context (isolated syllables versus carrier 
phrases) [F(1,14) = 22.62, p <0.001 ]. In addition to this 
overall pattern, there were some very large differences 
between subjects which indicate that subjects adopted differ- 
ent strategies for the task. For instance, one subject classified 
all of the isolated syllables as having been produced by differ- 
ent talkers unless the F0 of the item was 150 Hz (identical 
with the standard). For this subject the task was essentially a 
pitch matching task at which he was very successful. At the 
opposite extreme another subject classified all of the isolated 
syllables as having been produced by the same speaker. For 
this subject the task may have been one of identifying vocal- 
tract characteristics or speaker voice source differences 
which were not present in the tokens. All subjects exhibited 
the same pattern of results for the carrier phrases (with vary- 
ing degrees of internal consistency and bias). 

The tokens which were chosen for experiments 1-3 had 
the following properties. The tokens used in experiment 1 
contrasted vowels with F0 of 100 and 150 Hz in the test word 

(the item itself for isolated syllables or the last word in the 
carrier phrase). For isolated syllables, this contrast resulted 
in a large difference in perceived speaker identity (only 16% 
"same" responses), while, when the contrast was between a 
carrier phrase with a rising contour which ended in 150 Hz 
and a carrier phrase with a falling contour which ended in 
100 Hz, the perceived speaker identities were quite similar 
(72% "same" responses). The tokens used in experiment 2 
had roughly equal perceived speaker identity differences. 
The contrast between isolated syllables with F0's of 150 and 
130 Hz (50% "same" responses) was about the same as the 
contrast between a rising intonational contour which ended 
at 150 Hz and a falling intonational contour which ended at 
130 Hz ( 39% "same" responses). The cartier phrase tokens 
used in experiment 3 (isolated tokens were not used in exper- 
iment 3) were judged to have been produced by the same 
speaker only 13% of the time, although they had identical 
final F 0 ( 150 Hz). 
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III. LABELING EXPERIMENT 

To further evaluate the perceived speaker identities of 
the tokens, a labeling experiment was performed. In this ex- 
periment subjects were asked to label each of the tokens used 
in the fixed-standard AX-discrimination task as either 

"male" or "female" and as either "big" or "small." Results 
of this task were then compared with the discrimination 
task. 

A. Method 

1. Subjects 

Twenty-one undergraduate students (15 males, 6 fe- 
males) from Indiana University served as subjects in the 
experiment. Each subject participated in a single 1-h session 
and received partial course credit for their participation. 
They were all native speakers of American English and re- 
ported no history of speech or hearing disorders. One group 
of subjects (seven males, four females) labeled the isolated 
syllables, and one group (eight males, two females) labeled 
the carrier phrases. 

2. Materials 

The same synthetic tokens which were used in the pre- 
vious experiment were used in this experiment. 

phrases were judged to cover a smaller range of possible val- 
ues of speaker size (ranging from 1.19-2.59) than were the 
items in isolation (1.05-3.1). This leads to the prediction 
that in a discrimination task the carrier phrases will have 
smaller differences in perceived speaker identity than will 
the items in isolation. If anything, the results of the discrimi- 
nation experiment show the opposite result, fewer "same" 
responses when comparing carrier phrases than when isolat- 
ed syllables. It may be that the full specification of pitch 
range in the carrier phrases (each item had both high and 
low F0) led to a more fully specified representation of the 
speaker. This assumption can explain how the cartier 
phrases could be judged in the labeling task to span a smaller 
range of speaker sizes while still showing less similarity 
between the perceived speaker identities in the discrimina- 
tion task. Note, also, in Fig. 3 (b) the tendency for quantal 
effects. Tokens with final F0 from 90-120 Hz form one pla- 
teau, tokens with final F0 from 125-135 Hz form another, 
and the rest of the tokens (140-160 Hz) form yet a third 
quantal region. This slight tendency for the categorical per- 
ception of speaker identity is consistent with the assumption 
that perceived speaker identity is more fully specified by a 
phrase than by a single item. 

Second, data from the labeling experiment [Fig. 3 (b) ] 

3. Procedure 

The equipment used to run this experiment was the 
same as that used in the previous experiment. Each item was 
presented ten times, with order of presentation random. Sub- 
jects were asked to label each stimulus as "male" or "female" 
and then, based on their judgment of the talker's gender, to 
label the stimulus as "big" or "small." Data were then trans- 
formed into a four-point scale (called here a "speaker-size 
index"): 1 = big male, 2 = small male, 3 = big female, and 
4 = small female. 

B. Results 

Results of the experiment are shown in Fig. 3. In panel 
(a) speaker-size index scores for the isolated syllables are 
shown. The horizontal axis is the F0 of the "hood" and the 

vertical axis is the speaker-size index. The solid horizontal 
line in the graph indicates the score for the item with F0 of 
150 Hz. The vertical solid lines indicate the degree of differ- 
ence in perceived speaker identity of the item with 150 Hz 
and the items with 130 Hz (labeled "Exp 2") and 100 Hz 
(labeled "Exp 1"). These comparisons are of special interest 
because tokens with these F0 values were used in experi- 
ments 1 and 2 described below. In panel (b) speaker-size 
index scores for the carrier phrases are shown. In this figure, 
the solid horizontal line is the speaker-size index of the rising 
contour (the A token in the previous experiment). The com- 
parisons indicated by vertical lines are of special interest be- 
cause the F0 contours being compared were used in experi- 
ments 1-3. In general, the labeling data are consistent with 
the discrimination data presented above. However, there are 
some discrepancies which merit discussion. 

First, note that in the labeling experiment, the carrier 
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FIG. 3. Results of the labeling pretest. The y axis is an indication of subjects 
judgments of speaker size. 1 = large male, 2 = small male, 3 = large fe- 
male, and 4 = small female. (a) Speaker-size judgments for the isolated 
syllables. (b) Speaker-size judgments for the carrier phrases. In each panel, 
the solid horizontal line is the score for the token which was used as the 

fixed-standard in the previous experiment. 
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do not correctly predict which item with a falling intonation- 
al contour would be judged as most similar to the rising 
intonational contour which was used as the standard in the 

discrimination task. Based on the labeling data, we would 
predict that the falling contour which ends with an F0 of 120 
Hz will be most similar to the rising contour [ the horizontal 
line in Fig. 3 (b) ], when actually the token judged as most 
similar to the rising contour was the one that ended at 100 
Hz. In general, the discrimination data could be better pre- 
dicted by the labeling data if the speaker-size index for the 
rising contour were lower by about 0.25 on the speaker-size 
index scale. This discrepancy between the labeling and dis- 
crimination data may have resulted from a difference in the 
rate of occurrence of the rising intonational contour in the 
two experiments. In the discrimination experiment, the ris- 
ing contour served as the fixed standard and so occurred 
equally as often as the falling contours (half of the tokens in 
the experiment had rising contours and half had falling con- 
tours). In the labeling experiment, the rising contour oc- 
curred once in every 16 trials. This difference in rate of oc- 
currence may have led to a difference in strategy. If, in the 
labeling task, subjects gave relatively greater weight to the 
F0 of the final word in each contour (a strategy which would 
have given a correct indication of overall pitch range in 15 
out of 16 trials), they would have ended up with higher 
speaker-size index scores for the rising contour than if they 
had given equal weight to the entire phrase. Speaker-size 
scores for the first trial for each token (presumably before 
the adoption of this strategy) indicate that this explanation 
is correct. The speaker-size index for the first occurrence of 
the falling intonational contour which ended at 100 Hz 
(averaged across ten listeners) was 1.3, while the score for 
the rising intonational contour (which ended at 150 Hz) was 
1.5. Scores from the first trials for the falling contours which 
ended at 130 and 150 Hz were 2.1 and 2.6, respectively. Thus 
the discrepancy between the labeling and discrimination 
data seems to be the result of a difference in listening strate- 
gy. 

In summary, these pretests have shown that intonation- 
al contexts can be used to modify perceived speaker identity. 
Discrepancies between the voice labeling and discrimination 
tasks have been attributed to ( 1 ) different degrees of speaker 
specification (contours provide more speaker information 
than isolated words) and (2) differences in listening strate- 
gy which seem to be related to differences in the rate of oc- 
currence of falling and rising intonational contours in the 
two experiments. Although factors which affect perceived 
speaker identity are of inherent interest, the experiments dis- 
cussed here were designed primarily to evaluate 'the per- 
ceived speaker characteristics of the tokens used in a set of 
vowel normalization experiments. It is to these experiments 
that we now turn. 

which has been taken to indicate that intrinsic information is 

used directly in the construction of vowel representations 
confounds F0 information with speaker information. In all 
of the studies which have demonstrated an F0 normalization 

effect (e.g., Miller, 1953; Fujisaki and Kawashima, 1968; 
Slawson, 1968; and Traunmiiller, 1981 ), the vowel sounds to 
be identified have been presented in isolated syllables with 
different levels ofF0. Since the only stimulus variable which 
changes from one condition to the next is F0, itis natural to 
talk about changes in perceived vowel quality as a function 
of F0. It seems likely, however, that confounded with the 
differences in F0 are also differences in perceived speaker 
quality because F0 is a strong cue for speaker identity (Car- 
rell, 1984, and the pretests above). Thus previous F0 norma- 
lization experiments do not distinguish between direct and 
indirect uses of intrinsic information. In this experiment, 
perceived speaker identity and vowel F0 were manipulated 
separately. If intrinsic F0 influences vowel quality directly, 
we predict that the manipulation of perceived speaker identi- 
ty will have no effect. On the other hand, if intrinsic F0 in- 
fluences vowel quality indirectly, as a cue to speaker identi- 
ty, we expect that manipulating perceived speaker identity 
by means of preceding intonational contour will modify per- 
ceived vowel quality. 

The F0 of synthesized test tokens along a continuum 
from [ hod ] to [ h^d ] was set at 100 Hz for one version of the 
continuum and 150 Hz for another. The test tokens were 

presented (in a forced-choice identification task) either in 
isolation or as the last word in one of two carrier phrases. 
The phrase "this is hVd" was synthesized with a rising into- 
national contour (question intonation) or a falling intona- 
tional contour (statement intonation). All other synthesis 
control parameters were identical in the two versions of the 
carrier phrase. The 150-Hz tokens were presented in the ris- 
ing intonational context, and the 100-Hz tokens were pre- 
sented in the falling intonational context. The two carrier 
phrases had been judged in the first pretest to have been 
produced by the same speaker 72% of the time, while isolat- 
ed test words with F0 of 100 and 150 Hz were classified in the 

pretest as having been produced by different speakers. Use of 
intonational contexts made it possible to separate perceived 
speaker identity from the F0 of the vowel being identified. 
The items in isolation differed both in F0 and in perceived 
speaker identity and therefore any shift in vowel identifica- 
tion from high F0 to low F0 could be due to either direct or 
indirect use of intrinsic F0. The items presented in an intona- 
tional context differed in F0 to the same extent that the items 

in isolation did, but did not differ as much in terms of the 
perceived identity of the speaker; therefore, these tokens 
provide a test of the hypothesis that intrinsic F0 is used di- 
rectly in vowel normalization because F0 in these tokens is 
not confounded with perceived speaker identity. 

IV. EXPERIMENT 1 

The fact that there is perceptual evidence indicating that 
both intrinsic and extrinsic information are involved in per- 
ceptual normalization seems to require a model in which 
both types of information play a role; however, the evidence 

A. Method 

1. Subjects 

Twenty undergraduate psychology students at Indiana 
University (5 males, 15 females) served as subjects in the 
experiment. They received partial course credit for their par- 
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ticipation. All subjects reported no history of speech or hear- 
ing disorder, were naive to the purpose of the experiment, 
and participated in a single 1-h session. 

2. Materials 

A seven-step [ had ]-[ had ] continuum was synthesized 
once with F0 of 100 Hz and again with F0 at 150 Hz. For- 
mant values of the vowels in the continuum are given in 
Table I. The endpoints of the vowel continuum had formant 
values between the average values reported for male [ ̂  ] and 
female [o] as reported by Peterson and Barney (1952) and 
so were ambiguous with regard to speaker sex. The steps in 
the continuum were equally spaced in Bark. 

The [ hVd] tokens were synthesized in isolation and in 
the intonational contexts shown in Fig. 4. The 150-Hz to- 
kens were presented in the rising intonational contour which 
had been used as the standard in the first pretest, while the 
100-Hz tokens were synthesized in the falling intonational 
context which in the first pretest had been judged to be most 
similar in perceived speaker identity to the standard. The 
vowel tokens were steady-state vowels (200 ms) in the con- 
sonantal environment [hVd]. Duration of the/h/portion 
was 60 ms. The final transitions to/d/had a duration of 30 
ms. Overall duration of the test words was 290 ms. Like the 

vowel formants of the test tokens, the formant values for [ t ] 
in the carrier phrase ("This is ...") were chosen so as to be 
ambiguous between values typical of males and females 
(F1 = 456, F2 = 1740, F3 = 2796). "This" was 415 ms 
long, with a 210-ms steady-state [t]. "Is" was 195 ms long, 
90 ms of which was the steady-state vowel. Overall duration 
of the phrase (including the test word) was 900 ms. 

3. Procedure 

The experiment was conducted on-line using a PDP 
11/34 computer at the Speech Research Laboratory at In- 
diana University. Tokens were played at 10 kHz and low- 
pass filtered at 4.8 kHz, and presented binaurally over 
matched and calibrated TDH-39 headphones at a peak SPL 
level of 85 dB. Subjects were run in groups of up to six at a 
time, and reaction time as well as response data were collect- 
ed. Labels for the response buttons used by subjects were 
displayed on a CRT at eye level, and the association between 
response categories and buttons was switched on successive 
blocks of tokens. 

Half of the subjects heard the isolated tokens and half 
responded to the tokens in intonational context. Each token 
(or token in its carrier phrase) was presented ten times, and 
the order of presentation was randomized. A between-sub- 
jects design was used with presentation type as the grouping 

TABLE I. Formant values of the test tokens used in experiments 1-3. 

Token No. 1 2 3 4 5 6 7 

F1 474 491 509 526 543 561 578 

F2 1111 1124 1137 1150 1163 1176 1189 

F3 2416 2424 2432 2440 2448 2456 2464 
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FIG. 4. Intonational contours of the carrier phrases used in experiment 1. 

variable. Each subject responded to 140 presentations (7 to- 
kens X 2 F0 levels X 10 repetitions). 

B. Results and discussion 3 

The vowel identification data (Fig. 5) were analyzed in 
a repeated-measures analysis of variance. The between-sub- 
jects factor was PRESENTATION TYPE (items in isola- 
tion versus items in intonational context) and the within- 
subjects factors were TEST WORD F0 (high = 150 hz 
versus low = 100 hz) and TOKEN NUMBER (see Table 
I). The TOKEN NUMBER and F0 main effects were signif- 
icant [F(6,108) = 68.53 andF(1,18) = 39.06, respectively, 
both p < 0.001 ]. The TOKEN X PRESENTATION TYPE 
and TOKEN X F 0 interactions were significant 
[F(6,108 ) = 5.15 and F(6,108 ) = 4.87, respectively, both 
p <0.001 ]. As can be seen in Fig. 5, PRESENTATION 
TYPE and F0 level affected the ambiguous middle tokens in 
the continuum more than they did the continuum endpoints. 
It is also clear from Fig. 5 that the F0 effect was greater when 
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FIG. 5. Results of experiment 1. Identification functions for the high and 
low F0 items in isolated syllables and carrier phrases. 
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items were presented in isolation than when the test words 
were presented in context. This interaction (PRESENTA- 
TION TYPEXF0) was significant [F(1,18)= 10.04, 
p<0.01]. The three way interaction (FOXPRESENTA- 
TION TYPEXTOKEN) was not significant (F= 1.37). 

Means (averaged across tokens) and standard devia- 
tions of the percent "hood" responses are presented in Table 
II. The values in this table make it possible to estimate the 
relative magnitude of an effect which can be attributed to an 
indirect normalization process. A HL is the difference 
between the high and low F0 conditions. As indicated in the 
table, this difference was reduced when the difference in per- 
ceived speaker identity was reduced. Note, however, that in 
the pretest the two contours used in this experiment were not 
judged to be the "same" speaker 100% of the time, and so 
some of the shift seen for the items in carrier phrases may be 
attributable to some residue of difference in perceived 
speaker identity. This is also indicated in the results of the 
speaker identity labeling experiment [ see Fig. 3 (b) ]. 

The degree of boundary shift for items in carrier phrases 
was calculated in terms of %F 1 shift per doubling of F0. 
(There was no 50% crossover boundary in the identification 
function for isolated syllables with low F0, and so no attempt 
was made to calculate the degree of boundary shift for these 
items. ) Fifty percent crossover boundaries were calculated 
by linear interpolation from the identification functions for 
items in carrier phrases in Fig. 5. The boundaries corre- 
sponded to F 1 values of 511 and 536 Hz for the low and high 
F0 continua, respectively. The %F 1 shift per 100% shift in 
F0 [ calculated by formula ( 1 ) ] was 9.8 %. This is on the low 
end of the 10%-20% per doubling F0 reported by Nearey 
(1989). The fact that the perceptual shift was reduced by 
reducing perceived speaker identity differences is consistent 
with the hypothesis that the F0 normalization effects report- 
ed in previous studies using isolated syllables involved an 
indirect process similar to the one indicated by these data: 

[ ( AF 1/F 1 low ) / (AF0/F0•ow) ] * 100. ( 1 ) 
F llow is the lower of two F 1 boundaries and F0•ow is the 
lower of the two F0 values used as independent variables in 
the experiment. 

V. EXPERIMENT 2 

It is possible that the effect for presentation type found 
in experiment 1 involves something other than perceived 
speaker identity. It may be that the perception of a vowel 

TABLE II. Results of experiment 1. Percent "hood" responses are shown 
for the high and low F0 tokens in isolation and in an intonational context. 
Standard deviations are shown in parentheses. A HL is the difference 
between the % "hood" responses to the two F0 levels, and AA HL is the 
difference of the differences. 

F0 = 150 Hz 100 Hz A HL 

Isolation 73.70 (18.7) 19.14 (17.3) 54.56 
Context 55.86 ( 10.1 ) 38.00 (10.5) 17.86 

AA HL 36.7O 

continuum will be constrained by the presence of a preceding 
context in ways other than the simple perceived speaker 
identity measure identified in the pretest (Broadbent and 
Ladefoged, 1958). To investigate this possibility, an experi- 
ment was conducted in which the difference in perceived 
speaker identity scores and the F0 values of isolated syllables 
and carrier phrases were roughly matched. If there is some 
effect for presentation in a context in addition to these two 
factors (F0 and perceived speaker identity), we would ex- 
pect this experiment to reveal a difference for these matched 
phrases and syllables. Experiment 2 also served as a further 
test of the hypothesis that degree of shift in a normalization 
experiment can be predicted from perceived speaker identi- 
ty. 

Subjects identified vowels from "hood"-"hud" con- 
tinua which were synthesized at steady-state F0 levels of 130 
and 150 Hz. Isolated syllables with these F0's were classified 
in the first pretest as having been produced by the same 
speaker 50% of the time. The tokens were also presented in 
intonational contexts which had been classified (in the pre- 
test) as having been produced by the same speaker 39% of 
the time. Thus, in this experiment, we expected the contribu- 
tion of perceived speaker identity difference to be roughly 
equal for the two presentation conditions, and of course, we 
expected the contribution of F0 differences to be the same 
whether the tokens are presented in isolation or in a phrase. 

Based on the results of experiment 1 the following pre- 
dictions were possible: (1) Since speaker identities are 
roughly equal in the two presentation conditions, we pre- 
dicted that the degree of shift due to changing F0 would be 
roughly the same whether the items are presented in an into- 
national context or in isolation, and (2) since both presenta- 
tion types included speaker differences as well as F0 differ- 
ences, we predicted that the degree of shift in F 1 boundary, 
as a function ofF0 doubling, would be greater in this experi- 
ment than was the shift in F 1 boundary for the items in car- 
rier phrases in experiment 1 (where speaker differences were 
reduced to a minimum). 

A. Method 

The experimental design and procedure were identical 
to those in experiment 1. Instead of using tokens synthesized 
with F 0 of 100 and 150 Hz (with their respective intonation- 
al contours), the tokens used in this experiment were synthe- 
sized with F0 of 130 and 150 Hz. These intonational con- 

tours are shown in Fig. 6. The subjects (8 males and 12 
females) were native American English speaking students at 
Indiana University. They had no reported history of speech 
or hearing problems. Fifteen of the subjects received partial 
course credit for their participation, and five were paid a 
small sum for participating. Ten subjects identified the vow- 
els in isolated syllables, and ten subjects identified the vowels 
in carrier phrases. 

B. Results and discussion 

The results of experiment 2 are shown in Fig. 7. Data 
were submitted to a repeated-measures ANOVA with 
between-subjects factor: PRESENTATION TYPE (items 
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FIG. 6. Intonational contours of the carrier phrases used in experiment 2. 

in isolation versus items in carrier phrases) and within-sub- 
jects factors: TEST WORD F0 (high or low) and TOKEN 
NUMBER. There was a main effect for TOKEN NUMBER 

[F(6,108) = 157.48,p < 0.001 ]. TheF0 main effect and the 
F0 X TOKEN interaction were also significant 
IF(1,18) = 13.82, p <0.01 and F(6,108) = 5.42, 
p < 0.001 ]. As illustrated in Fig. 7 the F0 X TOKEN interac- 
tion occurred because there was a boundary shift in response 
to the change in F0 level. There appears to be a trend for the 
items in carrier phrases to be identified as "hood" more often 
than the items in isolation, but this trend was marginally 
significant [F(1,18)= 5.48, p=0.031]. Of greater theo- 
retical interest is the interaction between the F0 and PRE- 

SENTATION TYPE factors. There was no significant ef- 
fect of presentation type on the degree of shift in 
identification when F0 was varied [F( 1,18) = 1.22, 
p = 0.284]. Table III shows these data. Comparing Table 
III with Table II (results of experiment 1 ), we see that when 
differences in perceived speaker identity for the two types of 
presentation (carrier phrases and isolated syllables) are 
matched, they produce comparable degrees of shift in the 
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FIG. 7. Results of experiment 2, identification functions for the high and 
low F0 items in isolated syllables and carrier phrases. 

TABLE III. Results of experiment 2. Percent "hood" responses are shown 
for the high and low F0 tokens in isolation and in an intonational context. 
Standard deviations are shown in parentheses. A HL is the difference 
between the % "hood" responses to the two F0 levels, and AA HL is the 
difference of the differences. 

F0 = 130 Hz 100 Hz A HL 

Isolation 55.1 (8.9) 37.4 (12.02) 17.7 

Context 58.8 ( 10.1 i 48.6 (10.26) 10.23 

AA HL 7.47 

vowel identification functions. Note, however, that the di- 
rection of the shift in the carrier phrase condition is actually 
the opposite of that which would be predicted from the label- 
ing data in Fig. 3(b), although the difference in perceived 
speaker identity shown in Fig. 3 (b) between the rising and 
falling contours used in this experiment was quite small. 

The 50% crossover boundaries in the functions for high 
and low F0 (averaged over presentation type) correspond to 
values off 1 of 535.8 and 517.9 Hz for the high and low F0 
continua, respectively. Expressed relative to the degree ofF0 
shift in this experiment this F 1 shift corresponds to a 22.5% 
increase in F 1 boundary per doubling of F0. This value is 
markedly greater than the degree of shift found for the items 
in carrier phrases in experiment 1 and conforms to the pre- 
dictions of a model of in which intrinsic F0 is used indirectly 
in vowel normalization. 

The fact that there was no interaction of presentation 
type and F0 in this experiment indicates that the data in 
experiment 1 for the items presented in carrier phrases re- 
flect the operation of a process sensitive to perceived speaker 
identity and not simply an effect of presentation type. 

VI. EXPERIMENT 3 

In the final experiment, subjects identified vowels from 
the "hood"-"hud" continuum which were synthesized in 
carrier phrases which had intonational contours that had 
identical F 0 on the test word, even though the items sounded 
like they had been produced by different speakers (a high- 
pitched voice making a statement and a low-pitched voice 
asking a question). The situation created by the use of these 
carrier phrases is one in which perceived speaker identity 
varies as a result of the F0 of the carrier phrase while test 
word F0 is held constant. If vowel normalization involves 

only a direct use of intrinsic information (Potter and Stein- 
berg, 1950; Traunmiiller, 1981; Sussman, 1986; Syrdal and 
Gopal, 1986; Miller, 1989), or if the only extrinsic informa- 
tion which can be used in perceptual normalization is the 
vowel formants of context vowels (Ladefoged and Broad- 
bent, 1958; Ainsworth, 1975; Nearey, 1989), we would ex- 
pect to find no difference in vowel identification as a result of 
placing the test words in these contexts. If, on the other 
hand, extrinsic information is used indirectly in vowel nor- 
malization by serving as a cue to the perceived identity of the 
speaker (in this case by reference to pitch range), we would 
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predict that there will be a shift in vowel identification such 
that vowels produced by the higher-pitched voice will be 
identified more often as "hood" than will the vowels pro- 
duced by the lower-pitched voice. 

A. Method 

1. Subjects 

Nine (five female, four male) undergraduate psycho- 
logy students at Indiana University served as subjects. The 
subjects had not participated in the previous experiments 
and were naive as to the purposes of the study. They all 
reported no history of speech or hearing disorder, were na- 
tive speakers of American English, and received partial 
course credit for their participation. 

2. Materials 

The "hood"-"hud" vowel continuum which was used 

in experiments 1 and 2 was also used in this experiment. The 
F0 of the test word was, in both intonational contexts, 150 
Hz. Two different versions of the phrase, "This is hVd," 
were synthesized. The intonational contours are shown in 
Fig. 8. In the rising contour F0 started at 105 Hz and dipped 
to 95 Hz during "this" and then rose to 150 Hz by the start of 
the test word. The falling contour started at 185 Hz and rose 
to 240 Hz during "this" and then fell to 150 Hz by the start of 
the test word. In the first pretest, these contours were identi- 
fied as having been produced by the same speaker only 10% 
of the time. The falling contour sounded like a talker with a 
high-pitched voice making a statement, and the rising con- 
tour sounded like a talker with a low-pitched voice asking a 
question. 

3. Procedure 

The procedure was identical to that used in experiments 
1 and 2 except that there was not a manipulation of presenta- 
tion type. Only items in carrier phrases were presented. 

B. Results and discussion 

The results of experiment 3 are shown in Fig. 9. A two- 
way repeated-measures ANOVA was performed on the 
identification data. The factors were TOKEN NUMBER 

and INTONATIONAL CONTEXT. As expected, the TO- 
KEN main effect was significant [F(6,48) = 80.9, 
p < 0.001 ]. There was also a significant main effect for IN- 
TONATIONAL CONTEXT [F(1,6) = 13.15, p <0.01 ]. 
Subjects identified items in the falling contour as "hood" 
52.5% ofthe time (s.d. = 5.7), while items in the rising con- 
text were labeled "hood" only 44.9% of the time 
(s.d. = 6.96). Also, the interaction between the TOKEN 
and CONTEXT factors was significant [F(6,48) = 5.10, 
p < 0.001 ]. As is shown in Fig. 9, the context had an influ- 
ence on how the ambiguous tokens (Nos. 3 and 4) were 
labeled, while the perceptual identities of the endpoints re- 
mained stable. 

The degree of shift in identification in this experiment 
(7.6% "hood" responses) is smaller than might have been 
expected from the results of experiment 1 and the first pre- 
test. In experiment 1, the difference between the % "hood" 
responses to isolated test words and the % "hood" responses 
to the items in carrier phrases was 36.7%, and since, in the 
first pretest, the degree of perceived speaker identity differ- 
ence between the intonational contours used in this experi- 
ment was roughly equal to the degree of perceived speaker 
identity difference between the isolated tokens used in exper- 
iment 1, we would expect that the degree of shift in this 
experiment would be about the same as the reduction of the 
boundary shift found in experiment 1 (AA HL in Table II). 
This difference in results could have two explanations. First, 
it may be that the measure of perceived speaker identity used 
in the first pretest was not a sufficiently accurate measure of 
the perceived difference between talkers. Second, it is possi- 
ble that the tokens in isolation in experiment 1 were subject 
to a contrast effect which was not present, or not as large, in 
the carrier phrases. 4 

The data of experiment 3 are directly analogous to the 
data reported by Ladefoged and Broadbent (1957). How- 
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FIG. 8. Intonational contours of the carrier phrases used in experiment 3. 
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ever, instead of signaling perceived speaker identity by shift- 
ing the formant values of the carrier phrase (as was done by 
Ladefoged and Broadbent), the identity of the speaker of 
these phrases was changed by changing the range ofF0 in the 
carrier phrase. This difference is important because it indi- 
cates that the effect of context in vowel normalization is not 

direct (involving a vowel contrast mechanism as suggested 
by Broadbent and Ladefoged, 1958) and points to an indi- 
rect involvement of extrinsic information through perceived 
speaker identity. In the one case, perceived speaker identity 
information was present in the formant ranges of the carrier 
phrase, and, in the other case, perceived speaker identity 
information was present in the F0 range of the precursor 
phrase. 

Vii. CONCLUSION 

A. Summary and implications 

In experiment 1, it was found that when differences in 
perceived speaker identity were reduced (by embedding 
vowel tokens in carrier phrases), the degree of shift in vowel 
identification corresponding to a shift in F0 was reduced. 
There was a "residue" shift in the identification functions for 

the carrier phrase items, which may be due to a direct in- 
volvement of F0 in vowel representations or to incomplete 
elimination of differences in perceived speaker identity. The 
results of this experiment seem to indicate that the role of 
intrinsic F0 in vowel normalization is indirect, serving as a 
cue for speaker identity. In this interpretation, when the in- 
formational content of intrinsic F0 is modified by altering 
the pitch range of a carrier phrase, the impact of that infor- 
mation on vowel normalization is modified. 

In experiment 2, it was found that when differences in 
perceived speaker identity were roughly matched for carrier 
phrases and isolated syllables, the degree of shift was about 
the same in the two conditions. This result was taken to 

indicate that intrinsic and extrinsic F0 play the same role in 
vowel normalization because there was no difference 

between the perception of vowels in isolated syllables and 
vowels in carrier phrases when perceived speaker identity 
was controlled. 

Experiment 3 demonstrated that when intrinsic F0 is 
held constant and perceived speaker identity is varied, a shift 
in vowel identification occurs. The similarity between exper- 
iment 3 and the experiment reported by Ladefoged and 
Broadbent (1957), in view of the fact that vowel formants in 
the precursor phrases in experiment 3 were not altered, 
seems to indicate that vowel formant changes in a precursor 
phrase influence normalization indirectly, through per- 
ceived speaker identity. 

Overall, the data reported here are consistent with mod- 
els of vowel normalization in which both intrinsic and ex- 

trinsic information play an indirect role. Slawson's (1968) 
suggestion that intrinsic F0 influences vowel categorization 
both directly and indirectly is also consistent with these data 
(provided extrinsic information is also taken into account). 

In addition to these data, the data reported by Mullen- 
nix et al. (1989) suggest that intrinsic information is used 
indirectly in normalization. They found that words were less 

accurately recognized when the identity of the talker was 
varied from trial to trial (as opposed to trials blocked by 
talker). These data can be explained if we assume that 
hearers construct a representation of the talker in the process 
of auditory word recognition. This representation would be 
less accurate in the case where talker identity varies from 
trial to trial, and thus the probability of incorrect word rec- 
ognition will increase. (The suggestion, mentioned in the 
discussion of the pretests above, that carrier phrases more 
fully specify the identity of the talker is relevant to this argu- 
ment. ) 

Also, positing the indirect use of intrinsic F0 offers a 
solution to the "bootstrap" problem (Nearey, 1989, p. 
2092). Extrinsic indirect theories involve a circularity. If 
vowels are perceived relative to a vowel space which is set by 
context vowels, it is not clear how hearers form a frame of 
reference for the perception of context vowels in the first 
place. Extrinsic indirect theories offer no explanation for the 
perception of context vowels or vowels in isolation. How- 
ever, if intrinsic F0 is used in the construction of a represen- 
tation of the talker, it can provide a route "into the system" 
(Nearey, 1989, p. 2092). 

B. Generalizability of the results 

The experiments presented here have dealt with the 
vowels [o] and [^] with the assumption that the results 
apply to vowels in general. Is this assumption valid? It is 
likely that it would not be possible to replicate these results 
with a front vowel continuum (for instance, [ • ] to [ e ] ). In 
all studies which have found an F0 normalization effect us- 

ing synthetic continua (as opposed to synthetic vowel matri- 
ces; see Miller, 1953; Ainsworth, 1975; and Nearey, 1989), 
the continua have had positively correlated first and second 
formants. This fact is a further indication that intrinsic F0 is 

used indirectly in vowel normalization. If hearers expect 
generally higher formants for vowels produced by short 
vowel tracts, it is not clear how that expectation will affect 
their perception of a continuum in which F 1 and F 2 are nega- 
tively correlated across the tokens in the continuum. This 
does not mean that front vowels are not normalized, just that 
perceptual normalization is unlikely to produce a consistent 
effect with a front vowel continuum. This consideration is 

one constraint on the replicability of the present experi- 
ments. 

Miller (1953) and Nearey (1989) found that the [o]- 
[ ̂  ] boundary was particularly malleable when F0 and con- 
textual vowels were manipulated. This malleability may be 
the result of the fact that these two vowels are very similar in 
all respects except their formant values. They have similar 
inherent durations (Peterson and Lehiste, 1960) and for- 
mant trajectories (Lehiste and Peterson, 1961 ). This simi- 
larity is less pronounced in other pairs of back vowels (for 
instance [ a] and [ ̂  ] or [ o ] and [ ̂  ] ). And the situation is 
paralleled in the front vowels, where [ • ] and [ e ] share many 
phonetic properties not shared by other front vowels. There- 
fore, for many vowel pairs, the dynamics of vowel articula- 
tion will serve to distinguish between vowels (see Strange, 
1989, concerning the confusability of [ o ] and [ ̂  ], as well as 
evidence of individual differences for this confusability). So, 
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in a sense, the contrast between [ o ] and [ ̂  ] is a special case; 
a special case which makes possible the study of a very inter- 
esting property of the human perceptual system. 

C. Quantitative predictions of normalization 

The experiments here have shown that it is possible to 
qualitatively predict shifts in vowel identification from dif- 
ferences in perceived speaker identity. In this concluding 
section, we discuss the quantitative relationship between 
perceived speaker identity and vowel identification. The 
data used in this section are drawn from the pretests and the 
experiments reported here and also from one other experi- 
ment which has not been reported. This additional experi- 
ment was almost identical to experiment 1 except that the F0 
values of the test words were 95 and 150 Hz instead of 100 

and 150 Hz. Inclusion of data from this experiment in- 
creased the number of data points which were entered into 
the analysis. Correlations between the identification data 
(magnitude of shift in identification) and the two measures 
of speaker identity (speaker-size index and speaker similar- 
ity judgments) were calculated (Pearson product moment 
r). These correlations were compared with the correlation 
between the identification data and the F0 differences of the 
stimuli. These correlations are shown in Table IV. 

As indicated in the table, differences along the speaker- 
size index were most highly correlated with the degree of 
shift found in the vowel identification experiments (ac- 
counting for 82% of the variance). This correlation is shown 
in Fig. 10. When the differences in F0 were used to predict 
the identification data, only 42% of the variance could be 
accounted for, and likewise, the correlation between the de- 
gree of perceived talker similarity (as measured in the fixed- 
standard AX-discrimination pretest) and the identification 
data was low (24% of the variance accounted for). The per- 
ceived speaker similarity pretest gave qualitatively correct 
predictions (as has been emphasized throughout this pa- 
per), but it fails to predict the magnitudes of the shifts in 
identification. The results of experiment 3 are not predicted 
very well by either measure of perceived speaker identity. 

The results of this correlation analysis are consistent 

TABLE IV. Correlations between shifts in identification and three predic- 
tors. A HL is magnitude of shift in identification (see Tables II and III). A 
F0 is magnitude of change in F 0 (unreported experiment had F0 levels of 95 
and 150 Hz). A SSI is the difference in perceived speaker identity on the 
speaker-size index. Percent "different" responses from the first pretest are 
also shown. 

A HL A F0 A SSI % "different" 

Experiment 1, phrase 17.86 50 0.294 28 
isolated 54.56 50 1.433 84 

Experiment 2, phrase 10.23 20 0.158 61 
isolated 17.70 20 0.608 50 

Experiment 3, phrase 7.60 0 0.713 87 
95 vs 150 Hz, phrase 19.00 55 0.374 41 

isolated 61.70 55 1.480 85 

Correlations (?) 0.423 0.82 0.24 
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FIG. 10. The correlation between change in speaker size (as measured in 
the labeling pretest) and magnitude of shift in identification (experiments 
1-3 and one other experiment). 

with the hypothesis that both intrinsic and extrinsic F0 are 
used indirectly in vowel normalization. It is also clear, how- 
ever, that quantitative predictions of this sort are very depen- 
dent upon the measure of perceived speaker identity em- 
ployed. Further research is needed to evaluate experimental 
measures of perceived speaker identity. 

In this paper, it has been demonstrated that vowel iden- 
tification behavior in F0'normalization experiments can be 
both qualitatively and quantitatively predicted from per- 
ceived speaker identity. The predictive success of measures 
of perceived speaker identity suggests that the role of both 
intrinsic and extrinsic F0 in vowel normalization is indirect, 
as a cue for the identity of the speaker. 
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2 In this transcription system H and L stand for relatively high and low F0 
levels, respectively, and a starred tone indicates a pitch accent (in this case 
the accent for the nuclear stress oh "this"), the percent symbol indicates 
that the tone is a "boundary tone," and the unmarked H or L is used to 
indicate a "phrase accent"--a tone which occurs after a nuclear accent and 
fills up the time until the phrase boundary. The intonation contours used 
here are the normal patterns for a simple statement (in the case of the 
falling contour) or question (rising contour) in American English. 

3 Reaction time data were collected, but they do not particularly bear on the 
hypothesis under consideration. A brief discussion of the general pattern 
of this data will be given here. This pattern was observed in all three experi- 
ments in this study. The reaction time data for the, isolated tokens con- 
formed with the pattern found by Pisoni and Tash (1974) (ambiguous 
items were identified more slowly than unambiguous items). The reaction 
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times to the items in context were on average faster than to the items in 
isolation and were undifferentiated across the continuum (no difference 
between ambiguous and unambiguous items). This conforms to the pre- 
diction of Egan (1948) that context serves to allow subjects to prepare for 
a response. The lack of differentiation between items in the continuum can 
then be interpreted as a floor effect. Since these considerations do not help 
in separating the hypotheses under consideration no further analysis of 
reaction time data was performed. 
It is likely that the magnitude of the F0 effect for the isolated condition is 
increased by a contrast effect (Johnson, 1990). 
In Johnson (1990) I report the results of two experiments which demon- 
strate the existence of a quite large contrast effect in F0 normalization for 
tokens presented in isolation and suggest that this contrast effect is a con- 
trast in perceived speaker identity. 
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