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Effects of token variability on our
ability to distinguish between vowels

ROSALIE M. UCHANSKI and LOUISD. BRAIDA
Massachusetts Institute of Technology, Cambridge, Massachusetts

Even when the speaker, context, and speaking style are held fixed, the physical properties of nat
urally spoken utterances of the same speech sound vary considerably. This variability imposes lim
its on our ability to distinguish between different speech sounds, Wepresent a conceptual framework
for relating the ability to distinguish between speech sounds in single-token experiments (in which
each speech sound is represented by a single wave form) to resolution in multiple-token experi
ments. Experimental results indicate that this ability is substantially reduced by an increase in the
number of tokens from 1 to 4, but that there is little further reduction when the number oftokens in
creases to 16. Furthermore, although there is little relation between the ability to distinguish be
tween a given pair of tokens in the multiple- and the l-token experiments, there is a modest correla
tion between the ability to distinguish specific vowel tokens in the 4- and 16-token experiments.
These results suggest that while listeners use a multiplicity of cues to distinguish between single to
kens of a pair of vowel sounds, so that performance is highly variable both across tokens and lis
teners, they use a smaller set when distinguishing between populations of naturally produced vowel
tokens, so that variability is reduced. The effectiveness of the cues used in the latter case is limited
more by internal noise than by the variability ofthe cues themselves.

Our ability to distinguish between speech sounds is de
termined by the physical properties of the sounds and by
limitations on auditory resolution and memory for salient
differences between the sounds. The long-term goal ofthis
research is to understand the limitations on our ability to
identify and discriminate between speech sounds associated
with natural variations in the production ofdifferent utter
ances of the same speech sound. Although the difficulties
posed by such variation for automatic speech recognition
systems have increasingly been appreciated (e.g., Perkell
& Klatt, 1986; Pisoni, 1990), the effects of such variation
on human speech reception have not been studied system
atically. While we are seldom aware ofthese effects in quiet
communication situations, they may be more problematic
when speech reception is restricted by noise or hearing loss.
Under conditions that restrict the salience ofcertain phys
ical differences between speech sounds, the variations in
the utterances may consume a proportionally larger fraction
of the available perceptual space.

Ultimately this research will consist ofthree components:
(1) determining the perceptual effects of utterance to ut
terance variations (token variability); (2) characterizing
the variability in the acoustic properties of the speech
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sounds; and (3) developing a model that relates perceptual
effects to the acoustical properties and variability of the
stimuli. This report addresses the initial component ofour
research program.

Our approach to determining the effects of token vari
ability on auditory discrimination focuses on measuring
how well listeners can distinguish between speech sounds
as a function of the number of tokens that represent the
sound in a given task. Since we are ultimately interested in
relating the effects of variability to those associated with
basic auditory resolution and memory, we use a generalized
measure ofsensitivity, d' (see, e.g., Braida, 1991; Green &
Swets, 1966) to characterize the ability to distinguish be
tween sounds. This methodology and the generalized mea
sure are thus potentially applicable to both speech and
nonspeech sounds and to both discrimination tasks in
volving a pair of speech sounds and identification tasks
involving an arbitrary number ofspeech sounds. Inprevious
work on the effects ofsuch variability on the identification
of a set of 10 vowel sounds, Uchanski, Millier, Reed, and
Braida (1992) found only modest reductions in sensitivity
as the number of tokens was increased from 1 to 4 (d' re
duced by roughly 25%) and then further increased to 16
(d' reduced by roughly 33% in comparison with the 1
token case). This report analyzes the effect of token vari
ability on pairwise discrimination tasks for the same stim
uli used in the previous 10-vowel identification tasks.

Pairwise discrimination experiments that use one token
of each speech sound can be regarded as complex-sound
analogues of simple psychoacoustic discrimination tests
(see, e.g., Durlach & Braida, 1969) that use a fixed pair of
sounds. Such tests are typically used to measure the ability
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to discriminate changes in elementary physical character
istics (e.g., amplitude, frequency, etc.). Researchers have
introduced stimulus variability into psychoacoustic ex
periments for three main purposes. Variations in irrelevant
characteristics are introduced in discrimination tests em
ploying complex sounds to control the relative effective
ness of the cues available to the listener. For example, in
tests of the ability to resolve differences in pitch ofthe two
tone complex having frequencies nfand (n + 1)f, Houtsma
and Goldstein (1972) randomly varied the parameter n to
reduce the effectiveness ofcues based on spectral locus. In
tests ofthe ability to distinguish between different spectral
shapes, random variations in overall level are often intro
duced to reduce the effectiveness of cues related to loud
ness differences (e.g., Farrar et aI., 1987; Green, Kidd, &
Picardi, 1983). Variations in relevant characteristics are
introduced when one attempts to equate the "memory load"
in different tasks. For example, Pollack (1956), Berliner
and Durlach (1973), and Berliner, Braida, and Durlach
(1977) randomly varied the overall level of tone pairs in a
two-interval intensity discrimination task to match the
range ofintensities used in an intensity identification task.
In a third type ofvariation, small controlledperturbations
of selected elements of complex sounds are introduced to
assess the relative weights assigned by the listener to each
of these elements. Such perturbations are assumed to in
troduce differential changes in discriminability that can be
estimated with the use of a COSS (conditioned on single
stimuli) analysis (e.g., Berg & Green, 1990).

Studies of the ability to distinguish between speech
sounds rarely have employed only one token ofeach item.
Simple pairwise discrimination abilities are seldom studied.
Irrelevant variations have been introduced to reduce the
effects of possible artifacts in synthetic stimuli (see, e.g.,
Macmillan, Goldberg, & Braida, 1988). More typically,
speech discrimination experiments have included trial-to
trial variation in the relevant parameter. This variation is
intended to assure that the range of stimuli spans a contin
uum from one phonetic category to another. The perturba
tion technique and associated COSS analysis are not rou
tinely employed with speech stimuli, although the procedure
developed by Kuhl (1991) to study the perceptual magnet
effect would seem to be congenial to such an analysis.

THEORY

The analysis of experiments that use complex stimuli
such as speech is problematic because several physical
characteristics of complex stimuli may be relevant to a
given task. Moreover, the set of relevant characteristics is
likely to depend on the strategy used by the observer. In
the analysis that follows, we assume that the strategies
used differ only with respect to the weights given various
stimulus characteristics. We develop relations between
measures ofexpected performance in different tasks when
the same weights are used in all tasks. This is essentially
a null hypothesis which assumes that the decision process
is independent of the stimulus context.

Weassume that the perceptually relevant physical charac
teristics ofvowel sounds are described by aK-dimensional
vector ofcues Q= (qI' % ... , qK); see Figure 1. Decisiqns
are made on the basis of the vector of observations, 0 =

Q+ IV, where the components of the additive internal
noise vector N= (nl, n2' ... , nK) are identically distrib
uted, independent Gaussian random variables with zero
mean and variance (J'2 that are independent of the stimu
lus wave form. The observer is assumed to distinguish be
tween vowels by forming a decision variable X that is a
weighted sum of the observations:

K

X= I,akok.
k=l

For convenience, we assume

K

I,al = 1.
k=l

When an observer is distinguishing between one fixed
token V; and ~ of each of the vowels V and W, the ob
server's sensitivity d~(V;,~) is

, ~ vik -l1jk
dF(V;,ffj) = £..ak a '

k=l

~here vik and l1jk are the values of the kth component of
Q for tokens V; and ffj, respectively. In Figure I, d ~(V;, ffj)
is proportional to the length of the projection of the line
segment connecting the points representing V; and ~ onto
a line whose direction cosines are given by the weights Uk'

The highest value of d~, d~,max is achieved by matching
the set of Uk to the direction cosines of the line segment
that connects a given pair of tokens, by using Uk' that are
proportional to Vik - wjb yielding

In this case, d~(V;, ffj) is proportional to the length of the
line segment connecting the points representing Vi and ffj.

When more than one utterance is used to represent each
vowel, the listener is assumed to attempt to distinguish be
tween populations ofutterances, applying a fixed decision
rule to the vector of observations, rather than attempting
to remember the detailed characteristics ofeach utterance
ofeach vowel. The population of tokens V; and ffj ofvow
els Vand W is described probablistically, by assuming that
the set of vik and wjk are independent Gaussian random
variables with means mVk and mWk and variance 'Tf that is
the same for both vowels. Figure I illustrates these as
sumptions for the case of K = 2 cues and 'T1 = 5 'T2' As in
the l-token case, we assume that decisions are based on a
weighted sum of observations. We express the limits im
posed by internal noise and cue variation from token to
token in the quantity d~, which, together with the ob
server's criterion, determines the listener's overall score in
the multiple-token experiment, ignoring the identity ofthe
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Figure 1. Two-dimensional (QI' Q2) cue space for a hypothetical discrimination
experiment. The open squares represent sample tokens of vowel V; the open cir
cles represent sample tokens of W. Coordinates (vii' vi2) denote the cue values for
a specific token (wave form) V; of the vowel V.The ftlled symbols represent the co
ordinates of the population means of the cue values for each voweltype. The coor
dinates (m VI' m V2) denote the mean cue values for vowel Vand (m wl, mW2) denote
the mean cue values for vowel W. The weights used by the observer in formulating
the decision variable correspond to the selection of a specific direction in this space.
Since internal noise is assumed to be equal for aUcoordinates, an observer's sensi
tivity in discriminating a single token of Vfrom a single token of Wis proportional
to the projected distance between the cue values along this direction.

(4)

According to the framework that we have described,
cue variability and internal noise have similar effects on

(8)

(7)

(9)

(6)[
' ] 2 K 22 2f/J dF(V;,Tfj) =-2 Lak"k =2y .

(J k=l

The relation of these quantities to d pis then

"mm :5:y:5: "max,
(J (J

where T 2min and T 2max are the minimum and maximum
values of cue variance across components.

An important special case of this analysis applies when
there is only one perceptual dimension: K = 1. In this case,
there is effectively only one choice ofweights, <Xl = 1, and
the form of many of the results can be substantially sim
plified. It should be noted, however, that in this case, it is
not possible for the listener to change the weights as the
number of tokens is varied, so the null hypothesis and
Equation 7 must necessarily hold:

, Ep[d~]
dp = ,

,,1+ y2

where Ep[d ~] is the expected value ofd~ over the popula
tion of token pairs. If the weights are not constant across
experiments, additional assumptions are required to relate
d pto measures ofd~.

The quantity y2 is a relative measure (with respect to
the sensation variance Cf2) of the weighted average vari
ance of the cue components over the vowel tokens, using
weightings that are relevant to the task. Because we have
assumed that the squared weight values sum to one, it is
clear that

tokens. The quantity d p, the listener's sensitivity in dis
tinguishing between the populations of Vand W, is given by

K

Lak(mVk - mWk)

d~(V, W) = He (3)
K

(J2 + Lai"i
~ k=l

In the multiple token case, the highest value ofd p, d Pmax'

is achieved ifeach weight ak is proportional to (m Vk - ~WlY
(Cf2 + Tf), yielding

d' (V. W) = ~ (mVk - mWk)2
p'max' '\ s: 2 2

~ k=l (J + "k

K

Ep[d~ ] = EIJ[d~(V;, Tfj)] = ~ Lak(mVk - mWk)' (5)
(J k=l

and, because the variation in properties over the popula
tion is uncorrelated,

In the context of this theory, d p, together with a specifi
cation of the listener's criterion, determines the probabil
ity, averaged over the population, that tokens of Vand W
will be identified correctly as representatives of their re
spective vowels.

The relation between average measures ofperformance
on tests in which each vowel is represented by a single
token and tests in which multiple tokens are used is com
plex, depending on both the characteristics of the stimuli
and the strategies used by the observer. In general, the
variation in cue values across the population of tokens
causes d~(V;, Tfj) to vary from token pair to token pair,
particularly if the optimum choice ofweights is made for
each pair. However, if one fixed set ofweights is used for
all tests (consistent with the null hypothesis), it is possible
to relate the mean (EIJ) and variance (VIJ) of d~ across
the population of token pairs to d p.
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(14)

resolution. A technique used to analyze binaural detection
experiments with "frozen noise" maskers (Siegel & Col
burn, 1989) can be used to estimate yfrom data collected
in a multiple-token experiment. This technique uses a
modest sample oftokens to represent the population ofto
kens. Each time token V; is presented in such an experi
ment, the decision variable X has a Gaussian distribution
with mean

K

Xi = I,akVik
k=l

and variance (J"2. Ifthe observer's responses are determined
by comparing the decision variable X to a fixed criterion
C, the probability of response R to stimulus V; is given by

c-x'1 2 2
Pr(RIV;)=Pr(X <CIV;)= f __ e- X

1
2

0" , (10)
-~ ,,21C

so that the z-score ofthe probability ofresponse R to token
V; is given by

The average vowel duration across this corpus was 264 msec, and
the average Fafor this speaker was 214 Hz. Preliminary analysis of
our recordings suggests that the coefficient ofvariation for these pa
rameters is roughly 9% (Maney, 1989). In quiet, these vowels have
been identified with better than 99% accuracy by listeners with nor
mal hearing. The experiments reported in this paper test the ability
of listeners to distinguish between vowels in Ih/V/dl syllables
specifically, the four vowel pairs found to be most highly confused
in 10-vowel identification experiments (Uchanski et aI., 1992): Iii,
lui; lrel, 10/; !AI, lei; and III, lui.

Distortion
Since our purpose was to study the effects of token variability

under difficult listening conditions, each utterance was distorted by
a multiplicative process (Schroeder, 1968). Unlike additive noise,
which can mask different utterances by different amounts, the mul
tiplicative distortion is self-adjusting relative to the levels ofthe ut
terances. In the Schroeder distortion, each sample of the distorted
speech signal, r(t), was related to the corresponding sample of the
undistorted speech signal, s(t), by

r(t) = s(t) ~ "~it),

v I +,.2

METHOD

If the weights used to form the decision variable are in
dependent of the composition of the token set, there is a
further constraint on the z scores. Specifically, when the
same stimuli are presented in different experiments, the z
scores corresponding to these stimuli in the two experi
ments should differ at most by an additive constant, cor
responding to the difference in criteria for the two exper
iments. As a result, the z scores corresponding to these
stimuli in one experiment should show strong correlations
with those in the other experiment.

Speech Materials
The speech sounds consisted ofvowels produced in CVC context.

Sixteen tokens ofeach of 10 American English monophthongs lrel,
lal, I'J/, Iii, lei, 1'.1"1, I II, lui, lui, IAIin six consonant contexts (ini
tial consonants Ibl, Ipl, Ih/; final consonants It!, Id/) were spoken
in random order using citation style by one female ofMiddle Amer
ican dialect over a 2-day period. The speaker was a teacher of the
deaf skilled m producing cued speech (Cornett, 1967). Recordings
of her productions were digitized (with 16-bit resolution) at a 20
kHz sampling rate. The utterances were then excised and stored in
computer files. A single distorted version ofeach utterance was cre
ated by the process described below. The wave forms used in the ex
periments were then reconstructed using a 9-kHz antialiasing filter.

z(V;) = z[Pr(R IV;>] = z[Pr(X < CI V;)] = C - Xi . (11)
a

According to the theory presented above, the mean and
variance of this quantity, and its counterpart z(ffj), over
the population of tokens, determine the average single
token sensitivity corresponding to the weights used in the
multiple-token experiment, and the value of y corre
sponding to these weights:

EJ[z(nj)] - E/[z(Jif)] = Edd~(Jif, nj)] = Ep[d~], (12)

and

(15)

(16)

n(t) = €(t) X s(t),

where

S I
SNR= IOlog- =20Iog-.

N K

The distorted signals were normalized to the same overall RMS
level. The signals used in the present experiments, including the dis
tortions, were Identical to those used in our previous 10-vowel iden
tification study (Uchanski et aI., 1992). Given the pattern of errors
observed in that study, at an SNR of -12 dB (K = 4.0), the primary
physical characteristics used to identify the vowel sounds appeared
to be Fa,F" and duration.

and €(t), was a random pulse train with values 1 or - I occurring
with equal probability. The parameter K specified an equivalent in
stantaneous signal-to-noise ratio (SNR);

Procedures
Three normal-heanng listeners, including the first author (S3) and

two young adult M.LT. students (SI, S2) were tested. The stimuli
were presented monaurally over TDH-39 headphones at a level of
roughly 74 dB SPL to the listeners, who were seated in a sound-treated
room. The tests used a one-interval binary-response paradigm with
out feedback. On each trial a single wave form was presented and lis
teners assigned one of two labels to the single sound presented.

Initially, subjects were trained (with feedback) to distinguish be
tween the vowel pair I'J/, 1'.1"1, which had been found to be easily dis
tinguished by trained listeners in earlier identification experiments
(Uchanski, et aI., 1992). Two I-token tasks using different wave
forms were performed, followed by a single 64-triaI4-token exper
iment and a 64-trial 16-token experiment. These initial training runs
were designed to familiarize the listeners Withthe overall procedures
and specifically with the one-interval task.

To control the effects of learning, the number of tokens used to
represent the vowels was progressively increased from I to 4 to 16
as the testing proceeded, as in the 10-vowel identification experiment
(Uchanski et aI., 1992).The listeners were tested together as a group
and thus experienced the same order of presentation of the stimuli.

For each ofthe four pairs ofvowels (ljI, IU ; lrel, 10/; IAI, lei; and
I II, lui), several traimng trials were presented with feedback prior to
each test run in order to ensure that listeners used the mtended
"label" consistently for each vowel.' The familianzation with labels
provided during this period facilitated combming results across con-

(13)Jif[z(Jif)] = fj[z(nj)] = ')'2.
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Figure 2. Filled symbols are percentage correct scores for across-vowel discrimina
tion averaged across 3 listeners as a function of number of tokens for the four vowel
pairs Iii, luI (crosses); IreI, 101(circles); IAI, tet (squares); and III, luI (diamonds). Av
eraged over vowelpairs, the standard deviations of the scores across listeners were 3.5,
6.6, and 7.2 points for the 1-,4-, and 16-token conditions, respectively. Open symbols
are estimates of percentage correct scores for within-vowel discrimination for the four
vowels Iii, luI, III, and luI. These scores have been averaged across the pairs Iii, luI
(cross) and III, luI (square) for Listeners SI and S3.

ditions. For the I-token conditions. an 8-trial training run (with feed
back) was performed before each ofthe three 64-trial test runs (with
out feedback). For the 4-token conditions, a 16-trial training run was
performed before the first 64-trial test run, and 8-trial training runs
were performed before the two subsequent 64-trial test runs. Finally,
for the 16-token condition, a 32-trial training run (with feedback)
was performed before the first two 64-trial test runs, but no training
runs were performed prior to the remaining ten 64-trial test runs. Re
sponses obtamed from trials during which feedback was provided
are not included in the data analyses.

In the main experiments, the stimuli consisted of wave forms
drawnfrom the set of 16 utterances of each oftwo vowels in each run.
In the l-token tests. 8 tokens ofeach vowel were selected at random
from the set of 16 utterances. Eight pairs were then created by ran
dom selection without replacement in order to create the stimuli tested
in the I-token tests. In the 4-token tests, the 16 utterances of each
vowel were partitioned into four groups of four vowels each. Each
group contained two different pairs of tokens that had been used in
the I-token tests and two additional pairs oftokens that had not been
used in these tests. Thus, each of the 16 tokens ofeach vowel sound
were included in one of the groups. The number of presentations of
each token was 96 in the eight l-token experiments, and 24 in each
of the four 4-token experiments and the 16-token experiment.

Auxiliary experiments were conducted to determine how well lis
teners could distinguish between pairs of tokens of the same vowel.
In these experiments, the stimuli consisted of randomly selected
pairs of tokens of a single vowel. Six contrasts using four tokens of
each of the vowels Iii, luI, IAI, and te! were tested. Only Listeners
SI and S3 participated in these experiments. They were instructed
to report which ofthe two tokens (specified by numerals) in the pre-

sentation set was presented on each trial. Each token was presented
96 times in these tests.

RESULTS

Test Scores
An initial analysis was performed to determine the prin

cipal effects of token variability on the ability to distin
guish between pairs ofvowel sounds. For each vowel pair,
the responses provided by each listener were combined
into a 2 X 2 confusion matrix, ignoring the identity of the
token representing each vowel. This matrix was then ana
lyzed to determine the percentage of correct responses.
For all vowel pairs, the resulting scores (Figure 2) were
much higher when comparisons were restricted to a single
token ofeach speech sound in a given run than when mul
tiple tokens were used to represent each speech sound. By
comparison, there were only small differences between
scores in the 4- and lri-token conditions. Similar results
were obtained from all 3 listeners, although there were
minor interactions between listeners and vowel pairs in the
4- and 16-token conditions.

Examination of more detailed results of the one-token
experiments provides an observation critical to further
analysis. When only one token was used to represent each
vowel sound, most pairs oftokens were distinguished with
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high accuracy, but scores were much lower for a few token
pairs. For example, Listener SI was able to respond cor
rectly on roughly 95% of the trials for the vowel pair lrel,
10/, but for a particular pair of tokens of these vowels SI
responded correctly on only 73% ofthe trials.t Similar ef
fects were seen for all vowel pairs and all listeners: Spe
cific pairs of tokens proved much more difficult for a
given listener to distinguish than the other pairs, and a pair
that proved difficult for a given listener was generally eas
ily distinguished by at least one other listener, although
not necessarily by all listeners.

In the auxiliary experiments involving pairs of tokens
of a single vowel, scores pooled across tokens were also
very high, ranging from 93% to 98% correct. However, as
in the case of tests using single tokens of two different
vowels, some token pairs proved much more difficult to
distinguish than others. For example, in the case of the
vowel lui, for which both listeners achieved average
scores of roughly 93%, one pair of tokens yielded scores
of only 59% and 77%.

Taken together, the relative ease with which most pairs
of tokens of a single vowel sound can be distinguished,
the inhomogeneity of scores across token pairs, and the
existence ofpairs that were difficult for some listeners but
not for others suggest that a plurality of token-dependent
cues can be used to distinguish between these complex
natural sounds. As can be seen in Figure 1, cue variability
across the population of utterances of a single vowel
sound implies that, although all listeners will find some
pairs to be difficult to distinguish, most pairs oftokens can
be easily distinguished if appropriate cues are used. If a
given listener uses cues inappropriate for a given pair of
tokens, the pair will prove difficult to tell apart, whereas
another listener who uses different cues may be able to
distinguish between the two tokens with high accuracy. In
the remainder of the paper, we consider whether the abil
ity to distinguish between pairs of vowels can be ac
counted for by assuming that a fixed set ofweights is used
independent of the number of tokens.

Data Analysis
Results were analyzed for each subject separately. For

each N-token experiment, we formed a 2N X 2 confusion
matrix, segregating the responses to each vowel by token.
We then computed the relative frequencies of producing
one ofthe two available responses and used these frequen
cies to derive estimates ofz(V;) and z(nj), restricting the
computations to frequencies that were both greater than 0
and less than I so that z scores were finite. As suggested
by the analysis developed by Siegel and Colburn (1989),
we then computed the mean and variance of these esti
mates to estimate Ep[dF]and f1J[dF], using Equations 12
and 13. These estimates were restricted to the same eight
token pairs used in the one-token experiments. As might
be expected on the basis of the high average scores seen
in Figure 2, this analysis proved problematic for the one
token experiments, however. Estimates of model parame-

ters were derived from the data obtained in those experi
ments using an iterative method described in the Appen
dix.

Effect of Varying the Number of Tokens
Consider, first, the dependence ofEp[d F] on number of

tokens shown in Figure 3. This dependence is consistent
with that seen previously for percentage correct scores.
Sensitivity in the single-token experiments is roughly
three times as large as in the multiple-token experiments.
However, there is very little difference in sensitivity for
the 4- and I6-token conditions. Similar patterns were seen
for all vowel pairs and all 3 listeners.

Second, consider the dependence of y on the number of
tokens. In the single-token experiments, y2 (Equation 6)
was estimated according to the procedure described in the
Appendix. In the multiple-token experiments, the mean
and variance ofz score estimates associated with the token
pair matrices were computed for each vowel of the pair.
The average of the variances- was used as an estimate of
y2. Whereas the 16-token experiments provided a single
estimate of y, the 4-token experiments provided in princi
ple four estimates of this quantity. These four estimates
were averaged to derive a single estimate of y for the 4
token condition.

The parameter y exhibits a dependence on the number
of tokens which is similar to that for Ep[d F](Figure 4). In
particular, y is largest for the case of a single token, and
substantially smaller, but roughly the same, for stimulus sets
consisting of4 and 16 tokens. Since y 2 measures weighted
average variance of the cue components relative to the sen
sation variance, this variation in y would be unexpected if
listeners used the same set ofcue weights in all experiments.

Estimates ofd p
According to the theory presented previously, if listen

ers use the same set ofweights independently ofthe num
ber oftokens, then different experiments should yield con
sistent estimates of d'p, computed using Equation 7. To
test the constant-weight hypothesis more precisely, esti
mates ofEp[d F] and of y were computed as described pre
viously, but only tokens that were used in all experiments
were considered. (Inclusion of tokens was also subject to
the requirement offinite z scores in the multiple-token ex
periments.) For each listener and each vowel pair, a single
estimate ofd'p was thus obtained for each experiment. The
estimates ofd 'p for the 1- and 4-token conditions are com
pared in Figure 5; these estimates are compared in Fig
ure 6 for the 1- and I6-token conditions. In both cases, it
is clear that the estimate of d'p derived from the single
token experiments is much higher than that derived from
the multiple-token experiments. (Simulations showed that
our method ofestimating d'p in the l-token case had neg
ligible bias over the range ofdFand yencountered.) More
over, there is little correlation of pairs of d'p estimates
across listeners and vowel contrasts between the single
and multiple-token cases. By contrast, estimates ofd 'p de-
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Figure 3. Filled symbols are estimates of Ep[dFI for across-vowel discrimination av

eraged across 3 listeners as a function of number of tokens for the four vowel pairs
used in the main experiments. Symbols are as defined in Figure 2. Averaged across
vowels, the standard deviations of these estimates across listeners were 0.32, 0.22, and
0.32 in the 1-, 4-, and 16-token conditions, respectively. Open symbols are estimates of
Ep[dFI for within-vowel discrimination for the four vowels Iii, luI, III, and luI, aver
aged across the pairs IiI, luI (cross) and III, luI (square) for Listeners SI and S3. Av
eraged across vowels, the standard deviation of these estimates across listeners was
0.18. Estimates of Ep[dFI were obtained using the techniques described in the Ap
pendix in the I-token case, and by conventional techniques in the 4- and 16-token
cases, averaging over token groups in the 4-token case.

rived from the 4- and 16-token experiments (Figure 7) are
both fairly similar in size and show that average values of
sensitivity are moderately correlated (p '" .7) across lis
teners and vowel contrasts. These results indicate that the
cue weights used in the 4- and 16-token experiments were
fairly similar, but that they differed from those used in the
I-token experiments.

Correlation of Sensitivity Across Experiments
Wealso compared the ability to distinguish between the

specific pairs of tokens that were used in both the single
and multiple-token experiments. In the multiple-token
case, sensitivity is estimated using the Siegel-Colburn
analysis with dF(V;, Tfj) = z(V;)-z(Tfj). In the single
token case, dFwas estimated from the proportion of cor
rect responses q, assuming that there was no response bias,
d F= 2z(q). Comparisons were restricted to cases in which
z scores were finite in the multiple-token experiment and
o< q < 1 in the single-token case.

No comparisons of sensitivity between the 1- and 4
token or between 1- and 16-token experiments yielded
correlation coefficients that were different from 0 at the
.01 level of significance. Our failure to find a correlation
between measures of sensitivity in the single- and multi
ple-token experiments is partially due to the small number
of possible comparisons (eight pairs per vowel per lis
tener), the difficulty ofestimating high values ofd', and the

relatively high variability of estimates of z scores in the
multiple-token experiments (each z score is computed
from responses to 24 stimulus presentations; differencing
z scores to estimate d' doubles the variance ofthe estimate).
Nevertheless, the finding of low correlation is consistent
with our failure to find significant correlation for values
of d ~ for these conditions and suggests that the same set
of cue weights was not used in the single- and multiple
token experiments.

There was some correlation between measures of sen
sitivity (as measured by differences in z scores) for the
token pairs in the 4- and 16-token experiments. When cor
relations were restricted to the eight token pairs used in
the l-token experiments, significant correlations were ob
served for Iii, lui (p = .84) and IAI, lei (p = .97) contrasts
for listener S2. When all 16 pairs were included, three ad
ditional comparisons were found to be significant: lrel,
101 for Listener Sl (p = .99) and III, lui for Listeners Sl
(p = .67) and S2 (p = .86).

Finally, we tested the hypothesis that listeners used the
same cue weights in the 4- and 16-token experiments, by
determining the correlation between the z scores corre
sponding to response frequencies for individual utterances.
With fixed weights, z scores for the same utterance in two
different experiments should differ at most by an additive
constant, corresponding to differences in response criteria,
and this constant should be the same for all the utterances
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Figure 4. Estimates of y averaged across the 3 listeners for across-vowel discrimi
nation as a function of number oftokens for the four vowel pairs used in the main ex
periments. Symbols are as defined in Figure 2. Averaged across vowel pairs, the stan
dard deviations of these estimates across listeners were 0.30, 0.12, and 0.14 in the
1-,2-, and 16-token conditions, respectively. Estimates of y in the multiple-token ex
periments were derived from the same set of eight token pairs used in the I-token ex
periments.

used in the two experiments. Because estimates ofz scores
are meaningful only when response frequencies are greater
than zero and less than unity, we combined estimates ob
tained across the four 4-token subexperiments for each
vowel pair in order to have sufficient data. Since each of
the 4-token subexperiments was assumed to have a crite
rion value C that might differ from that in the 16-token ex
periment' we estimated the criterion for each 4-token
subexperiment by determining the value ofC that gave re
sponse frequencies closest (in a chi-squared test) to those
observed for the same tokens in the 16-token experiment
for each listener and each vowel pair. The resulting esti
mated criterion value was added to all z scores in each
subexperiment. With this correction," there was evidence
for correlations that were different from 0 at the .01 level
of significance (.52 < p < .86) for each vowel pair for
each listener. This analysis provides additional evidence
that listeners used similar cue weights in the 4- and 16
token experiments.

DISCUSSION

The variability of our stimuli results from both the ut
terance to utterance variation in the production of the syl
lables and the wave form to wave form variability of the
distortions applied to the utterances (Equation 14). Since
each utterance was distorted only once, the experiments
reported in this paper do not permit us to separate the ef
fects ofthese two types ofvariability. This separation is es
sential to our goal of relating perceptual measures ofvari
ability to variations in the physical characteristics of the

utterances ofvowels. To this end, we plan in future work to
measure resolution under conditions that include con
trolled variation in the distortion as well as across tokens.
Nevertheless, we believe that the major effects of token
variability on the ability to distinguish between vowels are
not artifacts associated with the specific distortion and
would have been seen if, for example, a nonstochastic dis
tortion (e.g., low-pass filtering or spectrum reversal) had
been used instead. In related work, Ronan (1992) found
that the relative ease with which specific pairs ofdistorted
tokens can be distinguished is fairly well accounted for by
measurements of the physical properties of the undis
torted tokens. Also, we repeated our auxiliary experiments
using a few pairs of undistorted tokens of the vowels Iii,
IAI, lei, and lui, and we found roughly the same pattern
ofwithin-vowel scores as that for the distorted tokens. Ad
ditional evidence that limits the possible role of the noise
distortion as a source of discrimination cues comes from
Hanna's (1984) study of the ability to determine whether
two 400-msec bursts of wideband noise separated by
500 msec were the same or different. The ability ofhighly
practiced listeners to compare the wave forms correctly
(d' "" 1.1) was much poorer than the ability of our listen
ers to discriminate two vowel wave forms when each was
subject to a single noise distortion (d' > 3).

For a given vowel, the utterance-to-utterance variability
studied in these experiments is only one component of the
variation that occurs in natural speech. The physical char
acteristics ofa given vowel are known to vary substantially
across speakers (see, e.g., Peterson & Barney, 1952) and
consonant contexts (e.g., House & Fairbanks, 1953; Klatt,
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Figure 6. Estimates of d pin the 1- and 16-token experiments.
Symbols are as defined in Figure 2. All estimates are derived
from the token pairs used in the I-token experiments. Multiple
data points for each of the four vowel pairs are separate results
for each ofthree listeners.

would reduce the ability to distinguish token pairs uni
formly. In particular, the ordering ofdifficulty with which
token pairs can be distinguished would be the same as the
number of tokens changed. Had the values of d' for spe
cific token pairs in the l-token experiment been correlated
with the values in the 4- and 16-token experiments, the ef
fect of token variability could be attributed to a uniform
change in internal noise, but such correlations were not
observed. By contrast, there was evidence for modest cor
relation for the 4- versus 16-token conditions. This is con
sistent with the notion that listeners modifiedthe weights
applied to the available cues as the number of tokens used
to represent each vowel changed. When the number of to
kens is small, weights appropriate for specific tokens can
be used. When the number of tokens is large, the weights
approximate those appropriate for the whole population
of tokens.

Our estimates ofthe value ofthe parameter yshed some
light on the relationship between auditory perceptual res
olution and speech production variability. In the 4- and 16
token experiments, d' == 1 and y== 0.4. This indicates that
the populations were relatively difficult to distinguish and
that the difficulty resulted more from auditory perceptual
limitations (or internal noise) than from relevant cue vari
ability (or external noise). It is interesting to compare our
estimates of yin the multiple-token experiments with es
timates derived by Siegel and Colburn (1989) for the case
ofbinaural detection ofa tone in additive low-pass Gauss
ian noise. Their estimates (for three listeners and two listen
ing conditions) were in the range 0.4 < y< 1.1. By com-
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1976), as well as speaking style and lexical stress (e.g.,
Huang, 1991; Picheny, Durlach, & Braida, 1986). Never
theless, this type ofvariability is fundamental to all styles
of speech production, and its study contributes to devel
opment ofmethods that may prove useful when other types
of variability are present.

Our results show, however, that even this restricted
utterance-to-utterance variability can have substantial per
ceptual effects. When listeners attempted to distinguish
between pairs of single tokens of these vowels selected
randomly, they nearly always were able to do so, whether
the utterances represented the same vowel or different
vowels that were difficult to distinguish in a 10-vowel
identification experiment. Each listener found some pairs
of tokens difficult to distinguish, although other listeners
could usually distinguish the same pairs fairly easily. The
effect of variability in this case was to provide a plurality
of cues that listeners could use to distinguish between the
utterances, although not all listeners appeared to base de
cisions on the most salient differences. When the number of
tokens was increased to 4 and 16, and listeners were re
quired to distinguish between the populations ofutterances,
performance decreased markedly relative to the single
token case. The effect of variability in this case was to re
duce the utility of cues that were effective in distinguish
ing between individual tokens but were not relevant to
general differences between the populations.

It is unlikely that the decreased ability to distinguish be
tween vowel populations simply reflects the uniform in
crease in internal noise for the same decision variable X
used in the single-token experiments. Such an increase

d'p (1-token exp)

Figure 5. Estimates of dp in the 1- and 4-token experiments.
Symbols are as defined in Figure 2. All estimates are derived from
the token pairs used in the I-token experiments. Multiple data
points for each of the four vowel pairs are separate results for
each of three listeners.
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Figure 7. Estimates of d~ in the 4- and 16-token experiments.
Symbols are as defined in Figure 2. All estimates are based on
the same token pairs used in the I-token experiments. Multiple
data points for each of the four vowel pairs are separate results
for each of 3 listeners.

parison, our estimates were in the range 0.2 < r < 0.8.
Clearly there is substantial overlap between these ranges.

Although different listeners were tested and different
tokens ofthe vowel sounds were employed, our results can
be compared with the data of Uchanski et aI. (1992) on
vowel identification. In the I-token case, resolution for all
four vowel pairs was greater (by a factor of 1.5-2.0) in the
present 2-vowel task than in the lO-vowel identification
task. By contrast, in the 4- and I6-token cases, sensitivity
was roughly the same in the 2- and lO-vowel tasks. Thus
while the present results are similar to those found for
identification (Uchanski et aI., 1992) in that the effect of
increasing the number of tokens from 1 to 4 was greater
than that from 4 to 16, the effect of increasing the number
of tokens from 1 to 4 was much larger for 2- than for 10
vowel tests.

The 2- and IO-vowel tasks allow the listener different
degrees of flexibility in selecting the various cues used to
perform the task. According to the model of discrimina
tion experiments, when only two vowels are to be distin
guished, the listener forms a single decision variable as the
linearly weighted sum ofthe available cues. This weighted
sum, even ifoptimal for a particular vowel pair, is unlikely
to be adequate for the l O-vowel identification task. To
achieve high identification scores, listeners must attend to
characteristics relevant to all of the vowels used in the
more complex task. These characteristics are more likely
to be similar to those used to make phonetic distinctions
in ordinary situations.

Depending on instructions, listeners can make distinct
estimates ofthe "psychophysical" and "phonetic" distance
between synthetic vowel sounds (Klatt, 1979). Psychophys-

ical distances are manifest when subjects judge the differ
ence between pairs of vowel sounds (see, e.g., Carlstrom,
Grantstrom, & Klatt, 1979). Phonetic distances are mani
fest when subjects consider vowel identity explicitly and
disregard such factors as harshness and speaker identity.
Klatt (1979) found that different parameters affected the
two types of judgments. For example, altering the phase
relations among voicing source harmonics strongly af
fected the judgment ofpsychophysical distance but not the
judgment ofphonetic distance. It is also noteworthy that, al
though different groups of listeners were used in the two
rating tasks, the average estimates of phonetic distances
were generally much smaller than average estimates of
psychophysical distances. Although Klatt (1979) did not
examine the effect of utterance to utterance variations in
vowel production, these results suggest that components
that contribute to the ability to distinguish between vow
els as sounds may have little bearing on the ability to dis
tinguish between vowel sounds as speech elements.

The existence of utterance to utterance variability in
speech production is likely to have substantial effects on
studies of the relationship between physical and percep
tual properties of speech sounds. The traditional psy
chophysical strategy of varying specific stimulus charac
teristics and examining the effects on the listener's ability
to distinguish between stimuli, like our I-token experi
ments, may have limited interpretative value because the
perceptual results may not depend on stimulus properties
that have general phonetic value. A more promising ap
proach would introduce random variation in some charac
teristics while focusing on controlled differences in oth
ers, in an effort to encourage listeners to generalize over
irrelevant variations. Although this would seem likely to
create situations in which the ratio of external to internal
variance was small, as in our multiple-token experiments,
it is noteworthy that listeners appear to adopt relatively
consistent cue weightings when a large set of tokens of
each utterance is used. However, in this case ris relatively
small, so it may be more difficult to relate perceptual re
sults to physical characteristics, because they may be
dominated by internal variability rather than the charac
teristics of the stimuli.
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NOTES

I. These labels corresponded to the names of the intended vowels III

the main experiments and to numerals m the case of the auxiliary
experiments.

2. Listener S2 also found this pair difficult to discriminate, but LIS
tener S3 was able to distinguish the pair without error.

3. The raw variance estimates were first corrected to account for the
Bernoulli variability of the estimate of the response frequency. An esti
mate of the variance associated with this variability (Gourevitch &
Galanter, 1967) was subtracted from the computed variance ofthe z scores.

4 The number of pairs available to estimate the correlation then
ranged from 13 to 28.

5. Specifically, in 12 of the 96 across-vowel tests and 5 of the 48
within-vowel tests.

APPENDIX

In the l-token experiments, there were an inadequate number
of confusions for many token pairs to allow d' to be estimated
conventionally (see, e.g., Macmillan & Creelman, 1991). Rather
than exclude such cases from our analysis, or assign them an ar
bitrarily selected value ofd',we make use ofthe fact that for a fixed
set of weights, the distribution of d Fover populations of token
pairs is Gaussian with mean I.tand variance 71 2. We then used I.t
as the estimate ofEp[dFland 71 2 as the estimate of V[dFl = 2y2.
We estimated I.t and 71 from the measured distribution of pro
portion correct (Pc) scores. In most cases Pc< 1.0, and we made
use of the relation Pc= <IJ(dF/2). In the small number! of cases
in which Pc = 1.0, we modified the observed value of Pcby as
suming that a response error would have occurred on the next
trial. Finally, with the following procedure, we improved the es
timates of I.t and 71 obtained from these values of Pc: We simu
lated fixed token experiments for values of I.tand 71 in the range
0.5 < I.t < 5.0 and 0.0 < 71 < 3.0 with the same number of trials
per token pair as in the real experiments. We then used our pro
cedures to estimate I.tand 71 from the results ofthe simulated ex
periments. Improved estimates were derived by linearly regress
ing the simulated values of I.t and TJ on the estimated values.
Additional simulations that were conducted to test the adequacy
ofthese regressed estimates indicate that over the relevant range
of parameter values the procedure yields estimates of I.t and TJ
that show little bias (less than 10% ofnominal values), with stan
dard deviations of roughly 20% ofnominal values.
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