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ABSTRACT

The stimulus space used in this study was a (perceptually)
uniformly sampled region of the vowel space generated through
orthogonal variation of F2 and F3.  Stimuli within this space can
be identified as instances of the English vowels /U/, /I/, and /ÎÕ/.
The structure of this space allows comparisons among stimuli to
be made along four axes of acoustic attributes:  common F2,
common F3, common F3-F2 distance, and common arithmetic
mean of nominal F2 and F3.  Binary identification experiments
within partially over-lapping subsets of these stimuli indicate
that boundary locations could be described in terms of a constant
F2 for the /U/-/I/ distinction and a roughly constant mean of
nominal F2 and F3 for the /ÎÕ/-/I/ distinction.  Performance on
the /U/-/ÎÕ/ distinction was more variable--while half of the
subjects placed the boundary at a constant F3-F2 distance; the
other half employed a variety of strategies across the stimulus
set.

1.  INTRODUCTION
The experiment reported here is an extension of a previous study
[1] and also provides pilot data for upcoming research.  In the
earlier study, separate, non-overlapping regions of an F2/F3
plane were used to investigate the correspondence of boundaries
between the feature distinctions [+/-back] and [+/-coronal] with
the proposed 3 to 3.5 Bark critical limit of formant integration
[2].  In was found that the boundary for the [back] distinction
could be explained rather well by a constant value of F2.
However, for the [coronal] distinction, both F2 and F3
influenced the placement of the boundary.  Although the
boundary fell along a nearly constant value of F3-F2, this value
was below the 3 to 3.5 Bark critical distance predicted for these
feature distinctions [3].

The results presented here are for an expanded and more
richly sampled region of the F2/F3 plane.  Three different binary
distinctions in vowel quality can be found within this plane: /U/
vs. /I/, /ÎÕ/ vs. /I/ and /U/ vs. /ÎÕ/.  We sought to determine if the
boundaries for each of these distinctions can be explained
relative to elementary properties of the stimuli--formant peak
frequencies and/or simple arithmetic relations between them
(e.g., F3-F2).  The results of the earlier study had suggested that
this may be the case.

2. METHOD
2.1. Stimuli
Fifty-six, five-formant synthetic vowel stimuli were synthesized
using a KLATT88-type cascade resonance synthesizer
implemented on a PC.  All stimuli had a common nominal first

formant frequency of 455 Hz (4.5 Bark) but varied orthogonally
in F2 and F3 frequency.  F2 varied from 9.0 to 14.2 Bark (1081
Hz to 2390 Hz) in equal 0.4 Bark steps.  F3 varied from 10.0 to
15.2 Bark (1268 Hz to 2783 Hz), also in equal 0.4 Bark steps.
The Hz values used as input parameters to the synthesizer were
calculated to correspond with desired Bark values using an
equation from Traunmüller [4].  Figure 1 shows a graphical
representation of the entire stimulus space.  Each stimulus  is
depicted as a point in the F2/F3 plane. Within this space,
reasonable examples of the vowels /U/, /I/, and /ÎÕ/ can be
identified.
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Figure 1.  A graphical representation of the stimuli used in this
experiment.  Regions enclosed by boxes denote the three over-

lapping stimulus regions used for the three experiment
conditions.

The three points labeled /U/, /I/, and /ÎÕ/ in Figure 1
represent the stimuli that fall closest to the average values of F2
and F3 produced by male speakers for these vowels [5].

This stimulus set allows for the  comparison of responses in
terms of four primary stimulus axes:  common F2, common F3,
common difference of F2 and F3 and common average of F2 and
F3.  Again referring to Figure 1, the positions of the points along
the X- and Y-axes denote the  nominal values of F2 and F3.
While overall F2 and F3 were sampled in 0.4 Bark intervals, the
distribution of the sampling was staggered so that for any given
F2 frequency, F3 was sampled at 0.8 Bark intervals and vice
versa.

As indicated by the arrows in the lower right-hand corner of
Figure 1, along one diagonal of the stimulus space, stimuli were
arrayed according to equal steps in F3-F2 distance (in Bark),
ranging from a minimum formant spacing of 1 Bark to a
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maximum of 5.8 Bark in six 0.8 Bark steps. Along the opposing
diagonal axis, the stimuli differed according to the nominal
average of F2 and F3.  The range in average F2/F3 frequency
was from 9.5 to 13.5 Bark (1172 Hz to 2152 Hz) in thirteen 0.4
Bark steps.

All stimuli were 225 ms in length. This duration was
chosen to be similar to measured intrinsic durations of these
vowels in citation form [5].  The values of F4 and F5 were, 3250
Hz (16.2 Bark) and 3700 Hz (17.0 Bark) respectively.  The
fundamental frequency was a constant 132 Hz for the first 150
ms and thereafter fell linearly to 127 Hz.  All stimuli were
normalized for RMS amplitude.

2.2. Binary Identification Tasks
The larger stimulus set was sampled in order to form three
partially overlapping stimulus subgroups, one for each of the
three possible binary identification tasks (refer to the regions
enclosed within the boxes in Figure 1).

The 24 stimuli used for the /U/ vs. /I/ distinction can be
described in terms of four separate series differing in F2 and
varying in F3 in six steps of 0.8 Bark within a continuum.  Each
of these stimuli was presented in 20 randomized blocks (480
trials/subject).

The 27 stimuli used for the /ÎÕ/ vs. /I/ distinction form three
continua differing in the value of F3-F2.  Within each
continuum, stimuli vary in eight steps according to the
numerical average of F2 and F3.  In this case, the continua lie
along one of the diagonal axes of the stimulus space.  The
stimuli in this condition were presented in 20 randomized blocks
(540 trials/subject)

Finally, the 30 stimuli used for  the /U/ vs. /ÎÕ/ distinction
comprise six continua differing in F2 and varying according to
F3 frequency.  In this condition, twelve stimuli had F3-F2
distances of 2.6 Bark or below, while 18 had F3-F2 distances of
3.4 Bark or above.  Eighteen randomized blocks were presented
in this condition (540 trials/subject).

2.3. Subjects and Procedure
Three separate groups of  Introductory Psychology students from
the University of Texas at Austin served as experimental
subjects in exchange for partial course credit.  All reported
having normal hearing and were native speakers of American
English. The number of subjects per condition was as follows:
/U/ vs. /I/, 17 subjects; /ÎÕ/ vs. /I/, 18 subjects; /U/ vs. /ÎÕ/, 21
subjects.

Subjects were seated at separate response stations in a
sound attenuated chamber.  For each binary identification task,
subjects indicated their responses by pushing one of two
response buttons appropriately labeled for each condition.

3. RESULTS
3.1.  /U/ vs. /I/ Condition
Average subject data for this condition are presented in Figure
2.  Identification functions by F2 frequency are plotted for each
of the four F3 continua.  All four continua in this condition could
be described using a single logistic function with a common
slope
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Figure 2.  Percent /U/ response by F2 for each of four values of
F3.

and identification boundary (F(6,400) = 1.20, p = 0.31).  The
fifty-percent identification boundary was located at 11.78 Bark
along the F2 axis.  A previous study [1] also found F2 as the
major cue for this distinction; however, due to the differences in
the range of values used, the identification boundary fell at a
smaller F2 value.

3.2. /ÎÕ/ vs. /I/ Condition
Average subject data for this condition are presented in Figure
3. Identification functions by average F2/F3 frequency are
plotted for each of the three F3-F2 continua.  While these three
functions
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Figure 3.. Percent /ÎÕ/ response by the average of F2 and F3 for
each of three values of F3-F2

.
share a common slope, the fit of the logistic regression was
significantly improved if each continua had a unique boundary
value (F(3,482) = 3.27, p < 0.05). Even though identification
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boundaries varied, they did fall within a narrow range--0.1 Bark.
Boundaries values for the three continua in terms of average
F2/F3 and in order of increasing F3-F2 separation were 12.52
Bark, 12.57 Bark and 12.62 Bark.  This tendency for slightly
higher boundary locations may indicate a greater influence of F2
as  the inter-formant distance increases.

3.3. /U/ vs. /ÎÕ/ Condition
The results for this condition were less clear.  Subjects could be
placed into subgroups according to apparent response strategy
implemented.  Eleven of the 21 subjects appeared to rely on
both F2 and F3 for boundary placement across all six F2
continua.  This is revealed in the plot of their identification
means by F3-F2 frequency for each F2 value (Figure 4).  For
these 11 subjects, the /U/ vs. /ÎÕ/ boundary fell along a relatively
constant value of F3-F2.
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Figure 4.  Percent /U/ response by F3-F2 for each of six values of
F2.  These data represent the average response of 11 subjects

who based the boundary between /U/ and /ÎÕ/ relative to a
constant value of F3-F2.

The remaining ten subjects formed a heterogeneous group
in regard to response strategies used--there was variation among
subjects as well as across stimuli.  Rather than employing a
consistent strategy across the six F2 continua, subjects' response
patterns changed depending on the value of F2.  Often, for the
lowest two or three F2 continua, boundary locations appeared to
rely either on F2 or F3 alone.  Thereafter, many of these subjects
switched to using a consistent F3-F2 value for boundary
placement. The relative inconsistency in these subjects
responses is reflected in Figure 5.
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Figure 5.  Percent /U/ response by F3-F2 for each of six values of
F2.  These data represent the average response of 10 subjects

who used a range of response strategies for locating the
boundary between /U/ and /ÎÕ/.

4. CONCLUSION
Subjects performed binary identification tasks within three sets
of synthetic vowel stimuli sampled from a single F2/F3 plane.
For two of these distinctions, /U/ vs. /I/ and /ÎÕ/ vs. /I/, the
location of boundaries could be well described in terms of
relatively simple stimulus parameters, F2 and the average of F2
and F3 respectively.  For the third distinction, /U/ vs. /ÎÕ/,
performance across subjects was more variable.  Identification
performance for half of the subjects could be characterized
relative to a single derived stimulus parameter, F3-F2.
Performance for the remaining subjects in this condition, while
not as systematic across  the  range of stimuli, was also not
random.  We hope to formulate a method that will allow us to
describe the orderly manner in which these subjects'
performance differed across stimuli.

The study reported here found no common correlate for the
phonological boundaries between three vowel distinctions: /U/
vs. /I/, /ÎÕ/ vs. /I/ and /U/ vs. /ÎÕ/.  This is counter to models of
vowel perception which propose that such distinctions arise from
a single critical limit of spectral integration [2,3].  Nonetheless,
the phoneme boundaries described herein can be characterized
in terms of a small number of simple spectral properties and the
relations between them: F2 value; arithmetic average of F2 and
F3; and the difference between F2 and F3.  Although we have
described these properties in terms of the locations of spectral
peaks, it is possible that they may also be described by
correlated properties of a whole spectrum representation.
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