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I. INTRODUCTION

Adequate description of speech sounds requires
physiological, acoustical and perceptual analyses with-
in a linguistic framework. ©Such data have been reported
for most sound classes of American English with »erhaps
only a few excepcsions. One such case is the group of
diphthongs, [o%,al,a%,et,o%,11,u"],! which have been
analyzed acoustically (Lehiste and Peterson, 1961; Hol-
brook and Fairbanks, 1962), but not treated in terms of
those features which provide cues for recognition. These

diphthongs are used in widespread varieties o¢f English

in such words as boy, buy, bough, bay, boat, beet and

boot.

Purpose of the Study
Diphthongs show a gliding movement along a par-
ticular path in the vowel space between zones appropriate
to two different vowels. This gliding movement, which

accounts for the major temporal portion of the diphthong,

1The transcription followed here implies a glide
from a general vowel area toward, but not necessarily
reaching, a higher vowel area. This notation will be used
except when references are made to specific phonemic
theories. In addition, the use of square brackets shows,
a8 is conventional, that in this instance the transcrip-
tion reflects a phonetic rather than a phonemic description.

-1-
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is evidenced by formants that either rise or fall sharp-
ly, depending on the values of the adjacent vowel zones.
The purpose or thLis study was to determine the boundaries
within which formants of the initial and terminal vowel
areas of selected diphthongs contribute to the identifi-
cation of each diphthong; and to investigate the glide
movements, in terms of duration and frequency change,
as perceptual cues for diphthong recognition. In this
study, the choice of diphthongs was limited to /oi,ai,au/
because the diphthongal nature of each is phonemically

distinctive in most dialects of American English, [el,

ou,Ii,Uu}, on the other hand, alternate with nondiphthongal
allophones of the phonemes /e,o0,i,u/, respectively, thus
suggesting that their offglides carry no phonemic signif-
icance. ©Specifically then, this study was designed to
answer the following questions:

1. At what points along various acoustical con-
tinua are /oi/, /ai/ and /a/ resolved into three dis-
tinct phoneme categorie:?

2. What is the phonemic status of the initial
and terminal portions of these diphthongs?

3., What are the differential effects of formant

frequency change and duration as perceptual cues for

/Oi/, /ai/ and /a%/?

Phonemic Status

According to traditional phonetic theory, diph-
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thongs are produced by a continuous change in articula-
tion from one vowel to another. In the case of /oi/
for example, the glide is said to be from a vowel posi-
tion of [o] to one of [1]. Articulation begins with an
open mouth, low-back tongue position and some lip round-
ing and changes gradually to a more closed mouth, high-
front tongue position with the lips becoming more spread.
The position for /ai/ begins lower and more central, at
(a], and glides higher and toward the front to [z].
/a%/ likewise begins at [al but ¢’ anges to a high-back,
mouth-closed position with some liprounding (ful). The
usual transcription, both phonetic and phonemic, is a
sequence of two vowels, /o1,ar,auv/. The treatment of a
diphthong as a2 sequence of two vowels is held more com-
monly for /oi,ai,au/ than for [ei,ou], the distinction
being based largely on the phonemic stability of /ai,
ai,au/ (Pike, 1947) and acoustic data (Lehiste snd Peterson,
1961) which show only /oi,ai,au/ as having explicit in-
itial and terminal vowel areas.

Perhaps a more widely followed system is the Tra-
g-r and Smith (1951) unalysis which treats diphthongs
as a sequence of a vowel plus a semivowel. Trager and
Smith describe the vowel system of American English as
consisting of nine simple vowels and twenty-seven com-
plex nuclei. These nuclei are formed by the combination

of any of the nine simple vowels with one of the three
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off-glides, /y/, /w/ or /h/.2 (These glides are congsid-
ered allophones of pre~vocalic /y,w,h/.) The semivowel
/y/ glides higher and toward the front; /w/ glides higher
and toward the back and is more rounded:; and /h/ is a
more central and unrounded glide. The transcription

of /oi,ai,au/ according to this system would be /oy,

ay, aw/. Although all twenty-seven complex nuclei are
not found in each regionsl dialect, they are represented
when the different dialects are viewed collectively.
Francis (1958, p. 1l43) agrees in general with the Trager-
Smith system but adds a fourth glide, /r/. In addition,
he uses the terms, "fronting," "retracting" and "center-
ing" in describing diphthongs ending in /y/, /w/ and

/h/ or /r/, respectively. Gleason (1961) is also in
close agreement with Trager and Smith but considers

/h/ as only a .pre-vocalic fricative. He posits a sep-
arate phoneme, /H/, to represent a centering off-glide

as well as length.

The Trager-Smith system however, is not without
criticism. Sledd (1954), for example, suggests that a
nine vowel-three glide system is inadequate for describ-
ing all regional dialects and that "pure long vowels"
(as in "beat" and "boot") can occur as such, and not
only as complex forms as Trager and Smith suggest.

Kurath (1964, pp. 17-19) also disagrees with the Trager-

°The Trager-Smith [y] corresponds to the IPA [j].
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Smith viewpoint in suggesting a system of six "checked"
and eight or nine (depending on regional dialect)r"free"
vowels., This dichotomy is based on the traditional tense
(free) - lax (checked) vowel distinction. Checked vowels
are either monophthongal or centering while free vowels
tend to glide to or toward a higher position. Also,
checked vowels do not occur in word-final positions where-
as free vowels are found in all positions of words. The
diphthongs /oi,ai,au/ are classified among the upgliding
free vowels and thus, are considered as unitary phonemes
rather than vowel plus vowel or vowel plus semivowel
sequences.

It is apparent that the alignment of diphthongs
within the phonological structure of American English
is unclear in terms of both phonetic and phonemic des-
criptions. This absence of widely adopted descriptions
has, in part, led to the analysis of these sounds in terms

of their acoustical characteristics.

Acoustical Characteristics
The excitation source of all vowel sounds is nor-
mally at the glottis where vocal fold vibrations generate
a quasi-periodic tone whose rpectrum revzels a rich har-
ronic structure. This glottal tone is applied to the
vocal tract which acts as a resonator modifying the tone
into a distinct spectral envelope. This envelope is

revealed by several amplitude peaks located at different
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frequencies. The frequency locations at which these
amplitude peaks occur depend on the overall shape of
the vocal tract. Thus, changes in articulation produce
changes in vocal tract configuration and subsequent
changes in resonant frequency location. These reso-
nances are called formants and the center frequencies
at which they occur are known as formant frequencies.
Since vowel articulation is relatively steady through
time, formant frequencies are likewise relatively un-~
changed. Diphthongs, on the other hand, are produced
by continuous articulatory change and thus, are char-
acterized by continuous formant frequency change (the
most marked of which occurs for the second formant).
Results of research by Potter, Kopp and Green (1947),
Joos (1948) and Delattre, Liberman, Cooper and Gerstman
(1952), among others, have shown that the formant fre-
quencies of the different vowel sounds are responsible
for individual vowel gquality. The lowest three formants
are the primary identifying cues although even one- or
two-formant synthetic vowels can be recognized.

The published acoustical research on diphthongs,
based largely on the premise that these sounds are se-
quences of two vowels each, is concerned primarily with
specifying Uhe acoustic positions of initial and terminal
target areas by means of spectrographic analysis. A

sound spectrogram is a graphic representation of the
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time, frequency and intensity characteristics of a short-
time speech sample. Formants are seen as dark bands
(with degree of darkness corresponding to intensity)

which course through time., Sample spectrograms of /ol,

a’,a"/ are shown in Figure 1.1.

Figure 1.2 summarizes the results of three differ-
ent spectrographic analyses (Potter and Peterson, 1948;
ILehiste and Peterson, 1961; Holbrook and Fairbanks, 1962)
in a graph where first formant frequencies are plotted
against second formant frequencies relative to vowel
positions reported by Peterson and Barney (1952).3 It
can be seen from this graph that, except for onset values
of /oi/, the initial and terminal targets of each diph-
thong are 1ot necessarily bounded by specific vowel posi-
tions.* Tre course for /ai/ begins at formant positions
appropriate to [o] and terminates at positions bounded
by [g] and (1], /ai/ begins at or higher than Taq°, peos-
haps at [a], and terminates in areas close to [¢} and

[1}. /a%/ shows a general movement from formant posi-

tions between [a] and [=ee] to areas Dbetween [25] and [ul.

5Although these vo-el positions are used primarily
for summary purposes, their values vary only slightly from
those of each individual study and thus, can be regarded as
general reference boundaries for initial and terminal diph-
thong positions.

4It is interesting to note that the above three
studies, along with one carried out by Peterson and Coxe
(195%3), found similar "phonetic ambiguities" of,initial

and terminal vowel areas for the diphthongs, e’ ] and [o"].
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All three diphthongs course through fairly wide areas
following more or less straight routes from initial to
terminal targets. The status of these targets is appar-
ently variable. The data of Holbrook and Fairbanks show
that the major formant movements occur during the final
half of the syllable with a prominent steady state present
only at initiation. Lehiste and Peterson, on the other
hand, found that /ai,ai,au/ are each characterized by

two explicit target areas (defined arbitrarily as the
frequency position where the formant is parallel to the
time axis for at least 20 msec), the first longer than
the second but both shorter than the transition. In
summary, the /ai-ai/ distinction can be attributed to
lover initial first and second formant values for /oi/.
Pirst and second formants for both /oi/ and /ai/ diverge
toward terminat:on, with greater degrees of divergence
evident for /oi/. /a%/, on the other hand, glides in a
different direction, with first and second formant values
converging toward termination.

The effects of certain portions of the transition-
al components as perceptual cues for diphthongs were
observed by Wise (1965). He states that the elimination
of 30 msec of the transition immediately before the ter-
minal target is "scarcely perceptible,” incurring "no
phonemic change." With the entire transition (115 msec )

eliminated and the two targets brought together (by means
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of a gating circuit and a dual-loop tape recorder), a
diphthong rather than two separate vowels is still per-
ceivea (this is apparently due to the proximity in time
of the two segments). Perception of the terminal target
areas for /ai/ and /a%/ favor [i] or (] and [ul] or (ul,
respectively. These judgments correspond to acoustical
measurements,

Although acoustical analyses have contributed
important data regarding diphthong movements, experimen-
tal results are varied and inadequate for purposes of
identifying the primary perceptual features of these
sounds. In this respect, psychoacoustic experiments
involving perception of synthetic speech have been es-
pecially applicable in studying glide-like sounds (Liber-
man et al, 1956; C('Connor et al, 1957; Lisker, 1957).

General Procedures

The present study is comprised of three experi-
ments concerned with the phonemic boundaries, target
area perceptions and duration-recognition relationships
of the three phonemically distinct diphthongs of Amer-
ican English, /oi,ai,au/.

Synthetic speech stimuli were used in all experi-
ments. These stimuli were produced by a speech synthe-
sizer, the Pattern-Playback of Haskins Laboratories, New
York City. The Pattern-Playback converts spectrographic

patterns, hand-painted on acetate, into corresponding
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acoustic units by means of an optic transducing system.
A light source is modulated by a rotating "tone-wheel”
into 50 harmonics whose fundamental frequerncy is 120 cps.
The liztht is reflected by the specirographic pattern to
a photocell collector which transduces the optical el-
ements into electrical and subsequent acoustic waveforms
(Cooper, 1952). 1In this study, various patterns were
drawn, synthesized and recorded onto magnetic tape.
Stimuli for each experiment were random ordered into
master lists by tape splicing techniques. All stimuli
were preceded by the synthesized carrier phrase, "The
word is ___ ," set at intervals of 4 or 4.5 seconds (de-
pending on the particular experiment). Stimulus lists
were played back t. subjects in group sessions through a
loudspeaker at intensity levels of approximately 80 db,
overall SPL. Testing was done in a quiet but not fully
sound-treated room.

Subjects were ten undergraduate speech majors
ranging in age from 18 to 20 years. All subjects were
second generation born and raised New York City residents
whose speech was typical of the d'alect area. All sub-
jects had some training in phonetics. Hearing loss was

ruled out by routine audiometric screening.



II. EFFECTS OF FORMANT FREQUENCY MOVEMENTS ON
THE PERCEPTION OF /oT,al,a%/

This part of the study is concerned with the 4dif-
ferences in formant frequency transitions responsible
for separating /o y8 ,au/ into distinct phoneme cate-
gories.- freliminary investigation with stimuli synthe-
sized on the Pattern-Playback revealed that such dis-
tinctions could be made along certain acoustical contin-
ua where important cues are provided by variations in
the course and extent of the formants, especially the
second formant. The /oi-ai/ distinction occurs along
a continuum where second formant transitions course up-
ward through time; /a%/, on the other hand, is sepa-
rated from /o/ along second formant continua that course

downward through time.l

In addition, further modifica-
tions of diphthong identification accompany changes in
first formant movements and to a lesser degree, third
formant movements. Although these continua produce
sounds which are phonemically identifiable as /oi-ai/
or /a%-o/, they do not specify for example, whether

/ai/ is characterized by transitions which begin at

1 o/ in this case iurf ag the diphthongal var-
iant, [0"], which unlike /o~ ,a ,a "/ is characterized by
a non-phonemic offglide.

-1%-
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formant positions appropriate to [o] or extend to posi-
tions appropriate to [1]. To determine the status of
these targets, steady state vowels, with formants cor-
responding to the initial and terminal targets of all
diphthong stimuli, were alsc synthesized.

Stimuli and Test Batteries

/oi-ai/ Continuna.~--Figure 2.1 illustrates the acoustical

continua used to produce /oi,ai/ stimuli. Exploratory
work found these ranges appropriate for either /oi/ or
/ai/ perceptions without incurring other phonemic impres-
sions., Five different second formant onset values

ranging from 840-1320 cps were extended to terminal val-
ues of either 1920 or 2040 cps. All patterns with sec-
ond formant transitions terminating at 1920 cps will sub-
sequently be referred tosm "A" patterns and those termi-
nating at 2040 c¢cps, "B" patterns. Each "A" and "B" set
was combined with two different first formant and two dif-
ferent third formant transitions. The two first formant
transitions each began at 600 cps and terminated at either
480 or 360 cps. The two third formant transitions like-
wise began at one initial value, 2640 cps, terminating at
either 2520 or 2400 cps. All patterns were drawn with
durations of 250 msec and bandwidths three harmonics wide
(each of the two side harmonics being of lower intensity
than the center freqQuency). The transitions in each pat-

tern were drawn as straight bands from onset to termine
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ation. This enabled greater control of the transition
course without incurring any loss in the naturalness of
the sample.

In addition to the primary continua, supplementary
patterns were drawn for purposes of enhancing both /oi/
and /ai/ perceptions. The supplementary patterns appro-
priate to /oi/ were constructed by adding lower first
(480-3260 cps) and third (2520-2400 cps) formants to the
existing "A" and "B" continua in Figure 2.1, except for
deletions of all 1200 and 1320 cps second formant onsets
and any replications. The supplementary /ai/ patterns
were drawn with two higher first formants (720-360, 720-
480 cps) and two higher third formants (2760-2400, 2760-
2520 cps) in combination with the continua in Figure 2.1
except for deletions of all 840-1080 cps second formant
onsets and any replications. These supplementary contin-
ua provided a total of 15 additional /oi/ and 24 addi-
tional /ai/ stimuli for each "A" and "B" set.

/a%-0/ Continua.--The acoustical continua appropriate to

/al-0/ perceptions are shown schematically in Figure 2.2.»
Second formants begin at 1080-1320 cps and terminate at
either 960 cps ("A") or 840 cps ("B"). First formant
transitions of 600-480, 720-480, 720~600 cps and third
formant transitions of 2400-2280, 2520-2280, 2520-2400
cps were each combined with the three second formant

transitions in each set to provide a total of 27 (3x3%x3)
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"A" and "B" stimuli. The actual mechanics of construct-
ing the stimuli were identical to those described above.
In addition, the ranges of formant frequencies comprising
this continuum were sufficient to provide highly intel-
ligible /a%/ stimuli,thus, eliminating the necessity for

synthesizing supplementary patterns.2

Target vowels.--This set of stimull consisted of steady

state vowels whose values correspond to the initial and
terminal targets of all diphthong patterns. An example
of these patterns is shown in Figure 2.3, Here the diph-
thong is comprised of a first formant of 600-360 cps, a
second formant of 840-1920 c¢ps and a third formant of
2640-2400 cps. The steady state vowel appropriate to

the initial target of the diphthong has first, second and
third formants of 600, 840 and 2640 cps, respectively.
The terminal target vowel has first, second and third
formants of 360, 1920, 2400 c¢cps. This procedure was
followed for all diphthong patterns in synthesizing a
total of 32 initial and 16 terminal target vowels.

All vowels were of 250 msec duration and each formant
consisted of a strong center frequency bounded ty two

harmonics of lower intensity.

Test batteries.--A total of 172 diphthong stimuli were

2/o/ (=[o%]) perceptions however, are not limited
to these continua but are not explored further since ab-
solute boundaries for /o/ are not of primary interest
here.
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synthesized on the Pattern-Playback and recorded onto
magnetic tape. Four recordings were made of each stim-
ulus for purposes of providirg as many replications in
the test battery. All diphthongs were randomized into
a master list by tape cutting and splicing methods. The
synthesized carrier phrase, "The word is," was inserted
0.5 seconds before each diphthong and at successive in-
tervals of approximately 4.5 secodds. Listener responses
were recorded on prepared forms. After hearing each
sound, subjects first labelled it as one of the set /oi,
ai,au,o,a/ and then rated it for quality on a "1-5" scale
where "1" represented highest quality. Later analysis
of these quality judgments showed them to provide little,
if any, significant information. PFigure 2.4 shows the
relationship between diphthong identification and qual-
ity ratings. The scattergrams for /oi/ and /ai/ show
only a slight positive relationship between higher qual-
ity ratings and higher diphthong identification. This
does not hold for /a*/ and /o/ where quality ratings are

i,ai/ but are scattered more

generally higher than for /o
or less uniformly throughout the range of diphthong in-
telligibility. Except for these results, the quality
ratings provided no further information and for this
reason were eliminated from subsequent test batteries.

Stimuli were arranged in groups of ten with brief

rest periods occurring between groups, Longer rest
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periods were scheduled after every group of 50 stimuli.
Testing was carried out over two separate group sessions,
Practice items, randomly selected from the master list,
were presented before each experimental session.

Initial target and terminal target vowels were
arranged in two separate batteries., The procedures used
in preparing the diphthong battery were generally fol-
lowed with only a few exceptions. Carriers were set
at approximately four second intervals and only labelling
responses were obtained. Response choices were /a,o,
o,u,a/ for the initial target vowels and /i,1,¢,u,v,o0,

o/ for the terminal target vowels. Both tests were pre-

sented in sequence during the course of one session.

/ot-al/ Distinction

Results of the continua.--For all /oi-ai/ continua, the

effects of third formant course are slight. Figure 2.5
shows these effects for all patterns appropriate to
both /oi/ and /ai/ ,judgments.5 Results for /oi/ are
least variable with curves indicating only negligible
changes in /oi/ perception attributable to changes in
third formant values. For those patterns appropriate
to /ai/, some changes in /ai/ judgments are evident for
changes in third formant values but these changes are

slight and show no real consistency in terms of either

3For the ,entire /oi—ai/ conEinua, all stimuli
not heard as /oi/ were heard as /al/ and vice versa.
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onset or termination values, Since these movements ap-
pear to have only a stabilizing effect on /ai—ai/ iden-
tification, subsequent data for the remalning continua
will be pooled across all third formant results.

The results of the primary /oi-ai/ continua, shown
in Figure 2.6, indicate that in genersal, /oi/ and /ai/
are distinguishable by onset values of second formant
transitions. High /oi/ recognition is maintained for
second formant transitions that originate between 840-
1080 c¢ps. Up to this point, differences in first for-
mant transitions have little effect. For second formant
onsets of 1200 and 1320 cps, /oi/ identification is
sharply decreased (/ai/ identification increased) for
three of the four first formant-second formant combina-
tions. For these two onset frequencies, /oi/ identifi-
cation is generally lower for a lower terminating second
formant ("A" patterns) and consistently lower for a
higher terminating first formant (480 cps versus 360
cps). This last effect is most obvious for the "B"
patterns where at a second formant onset of 1320 cps,
for example, a higher first formant offset (480 cps) is
is accompanied by a decrease in /01/ intelligibility of
approximately %5 per cent. Apparently then, the shift
from‘/oi/ to /ai/ not only occurs for a higher second
formant onset but also for a higher first formant off-

set in combination with a lower second formant offset
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(the combined effect at offset being less divergence of
first and second formants and consequently a slower rate
of formant frequency change).

Similar effects are also evident in the supple-
mentary stimuli (Figures 2.7, 2.8). For these patterns,
the only effect of a lower first formant is to maintain
high /oi/ identification across the range of all second
formant transitions. /ai/ judgments, while remaining
relatively stable across all 1200 and 1320 cps second
formants, show as much asm 38 per cent increase for the
720-480 cps first formant as opposed to the lower ter-
minating, faster changing 720-360 c¢ps first formant.

This effect, while not deducible from the usual
phonemic analysis of English, is nonetheless supported,
to varying degrees, by each of the three acoustical anal-
yses summarized earlier (Figure 1.2). These measurements
each show a higher first formant offset value for /ai/
as opposed to /oi/. Thus, two factors apparently oper-
ate in separating /oi/ from /ai/. High /oi/ recognition
requires low initial first and second formants while
high /ai/ recognition requires both high initial first
and second formants and high terminal first formants.
These characteristics of /oi,ai/ present certaim rele-
vant phonetic and articulatory implications both of which
will be demonstrated more clearly in the following sec-

tion.
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Phonetic description.--In this section, a broader, pho-

netic description of the /oi,ai/ continua will be pre-
sented. Figures 2.9, 2.10 show the initial and terminal
target coordinates of all /oi,ai/ stimuli and the dis-
tributions of target vowel responses accompanying them.
These coordinates and the majority preferences of the
accompanying vowel distributions will be used later in
plotting the formant movements of the various /oi—ai/
stimuli.

Results of these vowel distributions, as would be
expected in a grid with closely positioned coordinates,
show some degree of scattering. This is most evident
for the first formant-second formant positions of 480-
840, 600-13%20, 720-1200 and 720-1320 cps. Even with
these scatterings however, clear, if sometimes small,
phoneme majorities are evident. Majority preferences
are in general alignment with those of earlier studies
involving synthetic vowels (Delattre, Liberman, Cooper
and Gerstman, 1952; Liberman, Delattre and Cooper, 1952)
and with acoustic measurements of resal speech (Peterson
and Barney, 1952). Terminal target distributions, on
the other hand, show widespread scattering across both
front and back vowel categories. Of special interest
is the majority of [u] responses for the 360-1920 cps
position. This sound gives an auditory impression of
the high-front, rounded vowel, [y]. This impression



Figure 2.9.--Target vowel distributions for all initial /ol,ai/ stimuli.
Data are plotted against appropriate first formant-second formant coordinates,
in per cent.



Figure 2.10.--Target vowel distributions for all terminal
stimuli, in per cent.
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is supported by Delattre, Liberman, Cooper and Gerstman's
(1952) data on synthetic vowels which show first and
second formant positions of 250 and 1900 cps as belng
most appropriate for [y] perception. Since [y] was not
included in the response mode of the present study, it
is suspected that subjects randomly assigned this sound
to either a front or back vowel category. For these
reasons then, this coordinate might best be described
as [y] rather than [u]. Likewise, other [u] and (u]
preferences at the three remaining coordinates are prob-
ably due to some [y] coloring. The front vowel con-
fusions on the other hand, might be explained by their
coordinates not being aligned with real speech measure-
ments. The 360-2040 cps coordinate, which shows [1i] as
a majority preference, has a lower second formant than
is usually found for real speech [i]. Also, the [1]
preferences, which are accompanied by relatively high
[¢] preferences, occur at coordinates whose real speech
values range between those of [x] and [s] (Peterson and
Barney, 1952). It should be noted however, that these
coordinates are aligned with those found for real speech
tot,als.

Based on the majority preferences of the first
formant-second formant coordinates, frequency tracts
between targets appropriate to different percentages

of /oi/, are plotted as contours in Figure 2.11, These
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contours show that highly preferred /o1/ patterns (90-
100 per cent) are not necessarily bounded by initial
and terminal targets appropriate to [o] and ([z1]. /oi/
can course from either [uv] to [y,i] or from [s] to [y,
i,z]. Other strong /oi/ preferences (80-90 per cent)
are characterized by formants coursing from [al to [i].
In general, as /oi/ preference declines, initial targets
shift to [Al], and terminal targets shift from [y,i] to
[z]. The formant movements of the highly preferred /oi/
contours generally enclose those routes established by
acoustical measurements. Thus, it becomes apparent, from
both these data and acdustical measurements, that formant
movements appropriate to /oi/ recognition course between
areas that enclose more than one specific vowel position.
For this dialect area then, a mdfe appropriate descrip-
tion of /oi/ might best be made by referring to general
rather than specific initial and terminal target areas,
In Figure 2.12, where /ai/ contours are plotted,
strong preferences for /ai/ (80-90, 90-100 per cent)
appear to have more specific boundaries, However,
closer inspection of the appropriate initial and ter-
minal targets (Figures 2.9, 2.10) reveals that vowel
preferences for these positions are among those showing
only small phoneme majorities. The appropriate ([a]
poesitions are accompanied by high [A] responses and the

[1] positions are accompanied by high [€¢] responses.
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Thus, the explicit status of these targets is perhaps
doubtful and formant movements for /ai/, although re-
stricted to a more limited course than those for /oi/,
might also be described in more general terms. As /ai/
preferences decrease, the initial target moves from [a]
to [A]. The effects of a lower terminating first for-
mant incurring lower /ai/ preference is shown here as a
shift in terminal target from [z] to [y,i]. Thus, where-
as a glide from [al] to [1] provides high /ai/ identifi-
cation, a glide from [a] to [y,i] provides only marginal
/ai/ identification. This effect of faster rate of fre-
quency change has an interesting articulatory correlate.
The tongue position for [4] is somewhat higher and
slightly more forward than that of [1]. Thus, a glide
from [a] to [i] shows greater tongue movement than a
glide from [a] %o [1] and consequently, if both sounds
are of equal duration, the [a] to [i] articulatory move-
ment occurs with greater speed than the [a] to [1] ar-
ticulation. This also applies to the /oi/ movement.
Since the tongue position for [o] is farther back than
that of [al, the articulatory speed of /o1/ is that much
faster than any /ai/ articulation.

In general then, the shift from /oi/ to /ai/ oc-
curs for initial targets that change from [o5] to {[a]
to [a] and for terminal targets that change from [y,i]
to [1], a shift which is accompanied by a progressively
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slower speed of articulation. Before discussing the
phonemic implications of these data, the formant fre-
quency characteristics of /a“,0/ will be described first,
as these sounds bear relationships similar to those of

/ot aty.

/a%-0/ Distinction

Results of the continua.--As was apparent for the /oi-ai/

continua, different third formants contribute little to
the separation of /a“-o/. This is shown in Figure 2.13
where second formant curves vary only slightly across
the range of third formants. The maximum variation for
any second formant is about 8 per cent but this varia-
tion is not consistent in terms of either third formant
onset or extent. Thus, the earlier procedure of pooling
responses across third formant data will be followed here.
The results of the /a“-o/ continua are shown in
Figure 2.14. Here, /a'/ identification depends on co-
variation of first and second formant course. TFor both
"A" and "B" patterns, primary contributions are made by
both higher initial and higher terminal first formants,
with highest /a%/ preference accompanying the 720-600 cps
first formant. The data for this formant are somewhat
complicated by the number of /a/ responses which occurred
along with /au,o/ responses. The /a/ curves for both
"A" and "B" patterns are shown in Figure 2.15. The re-

latively strong /a/ preferences at the second formant
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onset values of "A"-1080 cps can be expected inasmuch

as the course of this formant extends only one harmonic
lower at termination. After this point, progressively
greater differences in second formant onset and termina-
tion values are accompanied by consistently fewer /a/
responses. It would be difficult to speculate on what
effect two category judgments (/a®-o/) would have had
on listener responses, i.e. to which category, /a“/ or
/o/, listener's would have assigned these stimuli.

The effect of a higher terminating 720-600 cps
first formant in the /a“"-o/ continua operates in a some-
wvhat reverse fashion to a higher terminating first for-
mant in the /oi-ai/ continua. Second formants in this
continua, unlike those for /oi-ai/, extend down toward
termination. Thus, a higher terminating first formant
here, serves to increase the degree of convergence of
first and second formants at termination. The perception.
of /au/ then, behaves along lines similar to the per-
ception of /oi,ai/, insofar as cues being assignable to
extent of the first formant. As will be shown below
however, this effect plays a more important role in sep-

arating /a’-o/ than it does for /oi—ai/.

Phonetic description.--The initial and terminal targets

of /a%-0/ are the same as those for initial /oi-ai/
(except for the first and second formant coordinate of

480-1080 cps) and thus have distributions as shown in
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Figure 2.9. There is however, an additional initial
target used in the /a“-o/ continuum. This is the co-
ordinate at 720-1080 c¢ps. The responses at this posi-
tion are distributed similarly to those at the 720-1200
cps position, showing a majority of [a] responses (62
per cent), followed by smaller [A) (30 per cent) and
[5] (6 per cent) ;judgments.4

The contours for /a%/, which are plotted in Fig-
ure 2.16, show that recognition of /au/ requires a glide
from [a) to [5)]. Moreover, rather large gradations in
/au/ identification occur for different formant movements
enclosed within the general [a] to [o] areas. Highest
/a%/ recognition occurs for highest initial and terminal
first and second formants with progressively lower /au/
preferences accompanying lower first and second formants.
The limitation of the terminal portion of /a%/ to [2]
is supported by Holbrook and Fairbanks' (1962) acoustical
measurements which also found /a%/ to terminate squarely
at [9]. Potter and Peterson's (1948) data are not so
explicit, showing termination beyond (o], and Lehiste
and Peterson's (1961) analysis shows /a%/ termination
closer to but not at [v] (their data also show /a%/ in-

itiation closer to [a] than [a]). Yet, these areas are

4This position is probably more appropriate to
[a] than it is to the more fronted [a]. However, since
these sounds vary only allophonically, listeners were
not required to discriminate between them.
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more restricted than those for /oi,ai/.

The effects of a lower terminating first formant
on the /au-o/ distinction are demonstrated clearly in
the contours for /o/ (Figure 2.17). Here, the various
preferences for /o/ are all bounded by terminal targets
appropriate to [ul. Initial targets, on the other hand,
range from [A] to [al, with as much as 70 per cent /o/
intelligibility occurring for formants that course from
[al to [u). Thus, whereas /a%/ is characterized by for-
mants that course from [a] to [o], /o/ is characterized
by formants that course from [A] to [u] or [al] to [u].
Although these data show that articulatory speed is
generally greater for /o/ than /a%/ (the glide for /o/
travels a greater distance, beyond [o2] to [uv]l, during
a given period of time), real speech measurements would
probably show the reverse is true. In this study, a
complete range of /o/ configurations was not constructed.
Thus, it is not unexpected to find that the formant
movements for /o/ are not in agreement with those of real
speech. Interestingly enough however, the highest pre-
ferred /o/ patterns at least, seem to be higher frequen-
¢y extensions of real speech [ou], i.e. the synthesized
/o/ formants begin and terminate at higher frequencies
but course in the same direction as [ou], with the ter-
minal targets of the /o/ patterns approaching the initial
targets of real speech [o0%]. Both phonetic and articula-
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tory cbmparisons between /a%-o/ are further complicated
by the fact that [o%] occurs as a nonphonemic variant
of /o/ and thus, has an offglide of no phonemic signif-
icance, as opposed to the offglide role in /a“%/.

Figure 2.18 summarizes the areas within which
/oi,ai,au,o/ are identified at least 50 per cent of the
time. Both /oi,ai/ course through relatively wide areas,
showing some overlap at both onset and termination.
Initial targets are generally distinct with /oi/ begin-
ning at lower first and second formant areas. Covarying
with /oi-ai/ target shifts are shifts in articulatory
speed with the rate of glide movement progressively
slowing down for /ai/. /a%,0/ on the other hand, show
areas which overlap at onset but separate toward termina-
tion. Also, /o/ courses through wide areas while the
route for /a%/ is limited. Thus, in strict phonetic

i,ai/ as bounded by glides

terms, a description of /o
from [5] to [z] and [a] to [1], respectively, might be
too limiting. On the other hand, an [a] to [o] des-
cription of /a%/ might be more justified.

The results of this experiment have a certain
relevance to the major phonemic analysées of /oi,ai,au/

and, in addition, provide some basis for developing an

overall descriptive account of these sounds.

Phonemic Interpretation

The theories that /oi,ai,au/ consist of either
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sequences of vowel plus vowel or vowel plus semivowel
require certain acoustic phonetic evidence, much of which
is not found in the results of this experiment.

In accordance with the vowel plus vowel theory,
/oi,ai,au/ would each necessarily contain steady state
initial and terminsl targets. The stimuli used in this
study contained neither, thus showing the nonessential
characteristics of such steady states for diphthong iden-
tification. However, some form of steady state target
is usually found in real speech, but these steady states
do not apparently constitute actual vowel sequences.
Holbrook and Fairbanks' (1962) data show a steady state
present only at onset, not at termination. Lehiste and
Peterson (1961) found that /oi,ai,au/ "usually" contain
both initial and terminal steady states; but the actual
status of these steady portions seems questionable in
light of the criteria used for classification., According
to their definition, a target of at least 20 msec is
classified as steady state; however, whether a target
of this duration is sufficient for describing a steady
state, especially in an utterance totalling as much as
370 msec duration, seems doubtful. Thus, since steady
targets are neither required for perception nor found
consistently in real speech measurements, a description
of /oi,ai,au/ as actual sequences of two vowels does not

seen justified.
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In the vowel plus semivowel theory, a different
set of acoustic and phonetic variables are encountered.
Here, phonological significance is assigned to a post-
vocalic glide, either /j/ or /w/, instead of a terminal
vowel or vowel area. Since these glides are posited
as allophones of pre-vocalic /j,w/, their gliding move-
ments, both articulatory and acoustic, are similar in
course to initial /j,w/, only in reverse order. Thus,
for purposes of comparison, the formant characteristics
of initial /j,w/ can be aligned with the formant charac-
teristics of terminal /oi,ai,au/. One such comparison
was made by Lehiste (1964) who found that the target
frequencies of initial /j,w/ are not compatible with
the terminal target frequencies of /oi,ai,au/. For pur-
poses of this study however, a more appropriate compar-
ison might be made with the analysis by O'Connor et al
(1957) of initiel /j,w/, inasmuch as their study was
based on perception and stimuli were produced by the
Pattern-Playback. Figure 2.19 shows how O'Connor's
preferred /jo,ja,wa/ in reverse order compare with /oi,
ai,au/. This illustration shows several features of
initial /j,w/ not characteristic of /oi,ai,au/. First,
neither first nor second formant termination values of
reversed /jo,ja,wa/ correspond to those of /ai,ai,au/.
First formant offsets for both /j,w/ occur at about

240 cps, while terminal target frequencies range from
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360-480 cps for /oi,ai/ and are fixed at 600 cps for

/a%/. The second formant terminal values for /j/ are
higher than the terminal values for /oi,ai/, 2760 cps
versus 2040 and 1920 cps, respectively, and the second
formant termination of /w/ is lower than that of /al/,
600 cps for /w/ as opposed to 960 cps for /a“/. Thus,
since the terminal frequency positions of hypothetical
/o3,a3,aw/ are not compatible with those of /ol,al,a%/,
the suitability of a vowel plus semivowel description
of /oi,ai,au/ seems doubtful.5 In addition, another
obvious difference between the two sets of patterns oc-
curs along the time dimension. The durations of /j,w/
are approximately 100 msec as compared to diphthong dur-
ations of 250 msec, The effect of this difference is
apparently quite relevant. Both O'Connor and Liberman
et al (1956) found that transition duration acts as a
primary cue for separating different sound classes.
Specifically, their data show that longer durations of
/3,w/ plus a vowel incur an auditory impression of =a
vowel of changing color, e.g. a shift from /je -ie/ and
/we-ie /. Thus, the impression for hypothetical /o],
aj,aw/ would apparently be distinct from /oi,ai,au/

insofar as the duration of /j,w/ would not be great

5It should be noted however, that since post-
vocalic and pre-vocalic [j,w] are posited as allophones
of /j,w/, hypothetical [2j,aj,aw] need not necessarily
be acoustic "mirror images" of [Jjo,ja,wa], thus sug-
gesting that only tentative conclusions can be based on
syllable reversals of this type.
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enough to produce diphthongsal quality.6

Further, if
these glide durations were equal to those shown for /ai
al a%/, the glide itself, without the preceding steady
state vowel, would carry the diphthongal quality.
Apparently then, the primary feature of /oi,ai,
a%/ is a gliding movement which in itself is sufficient
for providing diphthongal gquality. In this experiment,
these gliding movements have been described primarily
in terms of onset and termination frequencies. However,
a glide is also bounded by its movement through time,
with the rate of this movement bearing a direct relation-
ship to either the duration of the glide (if the target
levels are fixed) or the frequency levels of the targets
(if duration is fixed). In this experiment, duration
was the fixed feature and consequently, /oi,ai,au/ each
differed in terms of both rate of formant movement and
initial and terminal frequency levels. Thus, whether

i,au/ are recognized as such by consequence of

/oiaa
their target frequency positions or rate of formant move-
ment cannot be stated without first separating these

features along the time dimension.

6This distlnction was observed informally by
playing the present /ol,al,al/ tapes backwards. The
auditory impressions were (19,1a,0a] rather than [jo,
ja,wal.



I1I. EFFECTS OF DURATION ON THE PERCEPTION
OF /oi,ai,au/

1

In the previous experiment, /oi,a ,a%/ were

identified by differences in the course and extent of
formant frequency transitions. Accordingly, /oi,ai,
a%/ were each shown to be characterized by a specific
course of formant movement an a particular set of
phonetically describable targets. The purpose of the
next experiment was to determine whether perception
of /oi,ai,au/ is cued by the phonemic identity of
these targets, with the rate of frequency change of
the transition between serving no phonemic role, or
by the rate of frequency change of the transition,
the phonemic identity of the targets being only con-
sequential,

The extending of the formant transitions of
/oi,ai,au/ toward termination, is controlled by the
time dimension which governs frequency change and, at
any given point, frequency position. Thus, elimin-
ation along the time dimension, of either the initial
or terminal portions of the transition, concurrently

produces a change in the frequency position of the tar-

get, with no accompanying change in the rate of frequency

~54—
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change of the transition. Exploratory work has shown
that progressive reduction of transition duration of
/oi,ai,au/ causes a shift in perception from diphthong
to simple vowel. Whether this shift is a function of
transition duration alone or the frequency position at

cut-off (consequently, rate of formant change or target

position), is the major concern of this experiment.

Stimuli and Test Batteries
Stimulil.~--The stimuli used in this experiment consisted
of three groups of synthesized patterns each based on
the spectrographic configuration most appropriate for
/oi,ai,au/ identification. 1In each group, the full dur-
ation pattern was, in effect, reduced in duration from
250 msec to 100 msec, in steps of 10 msec, in one case
beginning at the terminal target and in the other, be-
ginning at the initial target.l Figure %.1 1llustrates
the procedure used in constructing patterns based on the
basic /ai/ configuration. ©Since the course of the second
formant transition shows the greatest rate of frequency
change and is primarily responsible for the separation
of vowel from diphthong, the control of its time-frequen-
¢y characteristics constituted the experimental variable.
Thus, all first and third formants were drawn as steady

states, a procedure which did not sffect diphthongal

lThe full duration patterns in this experiment are
identical in duration to the stimull of Experiment I.
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from loo msec to 250 msec, providing a shift in terminal target frequency (I) or
injtial target frequency (Tg positions with rate of frequency change remaining fixed.

_9g-



-57-
quality. Full duration /al/ consisted of steady state
first and third formants of 720 and 2760 cps and a sec-
ond formant which extended from 1320 ¢ps to 1920 cps.
The top row of Figure 3.1 shows the patterns for which
second formant transitions extend progressively higher
through time, until extension is completed at 250 msec.
In each case, the rate of change of the second formant
transition remains fixed. This series of patterns, in
which the onset position of the second formant transi-~
tion remains preserved throughout changes in duration,
will subsequently be labelled "I". These patterns pro-
duce an /a-ai/ shift. In the second series of patterns,
labelled "T", the terminal target frequency remains
fixed through time, thus producing an /e-ai/ shift.2
In each series, duration was varied from 100 msec to
250 msec in steps of 10 msec, producing a total of 16
"I" and 16 "T" patterns appropriate to shifts from vowel
to /al/.

The procedures used for varying the duration of
/ai/ were followed in varying the durations of /oi,au/.
Full duration /oi/ consisted of steady state first and
third formants of 600 cps and 2520 cps and a second for-
mant extending from 840 cps to 2040 cps; /a‘/ consisted
of 720 cps and 2400 c¢ps first and third formants and a

2‘l‘he impression of /¢/ rather than /1/ is appar-
ently due to the influence of the higher terminating,
steady state first formant.
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1220-960 cps second formant.

Test batteries.--The procedures used in preparing the

/oi,ai,au/ stimuli of Experiment I were generally fol-
lowed here. "I" and "T" series stimuli were arranged

in two separate master lists, Fach list consisted of

all appropriate /o> ,al,a%/ stimuli, replicated 4 times
each, thus containing a total of 192 (16x3x4) test items.
The synthesized carrier, "The word is," was inserted 0.5
second before each stimulus and at successive intervals
of approximately four seconds. Subjects were required

to label the "I" series stimuli as /o ,ai u

i i gl

49,8/ and
the "T" series stimuli as /o™, ,€,A/ on prepared
answer forms.3 The choice of simple vowel responses
was based on exploratory work. Subjects were given prac-
tice items before each test battery. Both tests were

presented in sequence during the course of one group

session.

Time-Frequency Effects for /oty
Results of the "I" and "T" series patterns for

/oi/ are shown in Figures 3.2 and 3.5.4 Both curves

5Nine of the original ten subjects participated in
this experiment. The additional teath however, also met
the residence and speech requirements described earlier.

“For all /o ,ai,au/ series, subject responses,
except where otherwise noted, were of the two-category
type, e.g. /o/ or /oi/. Thus, all graphs are plotted
as per cent diphthong recognition.
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indicate that duration rather than frequency position
provides the primary perceptual cue for separating

/o/ from /oi/. For the "I" patterns, the /o-oi/ shift
(more than 50 per cent /oi/ recognition) occurs at

170 msec and a corresponding second formant center
frequency of 1680 cps. Although this shift accompanies
a change in frequency from 1560-1680 cps, /oi/ recog-
nition does not level off at this frequency position
but rather increases across it through time. The in-
crease in /oi/ recognition across this and other sec-
ond formant cut-off frequencies would not be expected
if the cut-off frequency position were the primary

cue. This 1680 c¢ps position in combination with the
first formant of 600 c¢ps is appropriate to acoustic
positions for [=]. The glide at this point then,
courses from [o2] to [=]. but still provides greater
/ol/ than /5/ intelligibility. As the shift to /ol/
continues, second formant termination approaches acous-
tic positions more appropriate to [t].

The /c-oi/ shift, shown in Figure 3.3, occurs
earlier in time than does the /o—ai/ shift, at 130
msec. This curve also clearly demonstrates that the-
effect of duration is greatef than that of onset fre-
quency position. The second formant onset at 130 msec
is 1320 cps, which in combination with the 600 cps first
formant was phonetically described earlier as [a] (Fig-

ure 2.9). Thus, the targets for these patterns are appro-
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priate to [A] and [1], with the glide between providing
approximately 66 per cent /oi/ intelligibility across
the duration range of 130-150 msec. /&/ identification
for this group of patterns is approximately 30 per cent
and /ai/ identification, 4 per cent.” 1In the previous
experiment however, Jjudgments for a glide between these
same two targets favored /ai/ over /oi/, 67 per cent to
3% per cent (Figure 2.6).6 Figure 3.4 illustrates this
situation in which two patterns originating at similar,
if not almost identical formant frequency positions but
differing in absolute duration and more importantly, rate
of formant frequency change, are recognized as two sep-
arate phonemes. This separation clearly demonstrates
that rate of formant frequency change is primarily re-
sponsible for separating /oi/ from /ai/. This effect
is further evident at the 1200 cps position where /ai/
Judgments, although somewhat less expected than at the
1320 cps position, are nonetheless, virtually absent.
The results of this series of patterns clearly

demonstrate that the second formant course for /oi/

°a11 /ai/ judgments, which never exceeded 7.5 per
cent for thie series, were obtained from one subject
whose responses in the previous experiment were also out
of line with the other subjects' responses.

6The spectrographic configurations of these
earlier patterns differ from the duration patterns only
in that the latter contain a steady state first for-
mant, the effgct of which however, should only serve
to enhance /a”/ perception.
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need not necessarily begin or terminate at the bounding
targets for the diphthongal quality of /oi/ to be per-
ceived. /oi/ is perceived as a diphthong by consequence
of duration and further, is separated from other diph-
thongs, notably /ai/, by its greater rate of formant
frequency change or correspondingly, faster speed of

articulation.

Time-Frequency Effects for /ai/

The effects of duration for both "I" and "T" pat-.
terns appropriate to /aiA shown in Figures 3.5 and 3.6,
are similar in nature to those for /oi/. The /a-al/
and /e-ai/ shifts are clearly time based, consistently
progressing across the ranges of different cut-off fre-
quencies. The /a-ai/ shift occurs at 180 msec, with the
transition at this point extending between acoustic po-
sitions appropriate to [a] and [e]. Strong /ai/ pref-
erences require the full 250 msec duration. The /e—ai/
shift is consistently stronger through time than the
/a—ai/ shift although the 50 per cent point occurs only
10 msec earlier, at 170 msec. The onset target config-
uration at this point has a slightly higher second forw
mant than that appropriate to [a] but is not high enough
to approximate [s]. These patterns also show that /ai/
preferences increase to a maximum at full duration.
Both the "I" and "T" curves for /ai/ rise at a slower

rate than those for /oi/, the difference perhaps being
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attributable to the greater rate of frequency change

characteristic of /oi/.

Time-Frequency Effects for /a%/

Figures 3.7 and 3.8 show the effects of duration
on the perception of /a%/. The shift from /a/ to /a%/
is rather sharp, occurring at 150 msec with sharp in-
creases in /a%/ continuing until 170 msec before slowing
down. Here, as expected, the shift is clearly time
based. Strong /a%/ preferences occur at about 3/4 full
duration, a duration similar to that for strong /oi/.
The /a-a%/ curve also rises sharply, showing the shift
to /a%/ occurring at 160 msec and strong /a“/ preferences
at 190 msec or also at close to 3/4 full duration. As
was shown in the continua data, /a“/ is bounded by spe-
cific formant positions with reductions in /a“/ prefer-
ence accompanying even small changes in first and second
formant onset and termination frequencies, In this stim-
ulus series however, the presence of = higher_terminating,
steady state first formant has no adverse effect on /au/
preference, but rather perhaps enhances /au/. Also,
for both "I" and "T" patterns, a lower second formant
cut-off point does not incur lower /a%/ responses, ex-
cept at shorter durations. Since the course of the sec-
ond formant for /a’/ changes rather slowly and mostly
within the general area of [a], the formant movements

of /a/ do not glide through intermediate vowel posi-
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tions until the glide approaches the positions of [o],
slightly before termination.

Discussion

The results of this experiment clearly demonstrate.
that transition duration rather than change in frequen-
cy position provides primary cues for separating vowel
versus diphthong and consequently, that the rate of for-
mant frequency change is a fixed feature of the diphthong
movement. These data further imply that changes in the
rate of production of /o',a ,a%/ would be reflected by
changes in target frequency positions rather than changes
in the speed of articulatory movement. To relate these
perceptual implications to real speech articulation, for-
mant frequency and formant rate of change measurements
were made for real speech /o s 8 ,au/ under three differ-
ent conditions of speech rate. Teble 3.1 shows the re-
sults of these measurements as well as those made for
/o/. All diphthongs were produced in a single sentence
context, "The boy passed by the bow of the boat," with
samples obtained from two male informants. For both
speakers, the results of all measurements for /oi,ai,
a%/ occurred as would be expected within the frame of
the perception results. /oi,ai/ behave similarly, each
showing rather marked decreases in terminal target po-

sitions as a function of increased rate of production.

Second formant onset levels increase concurrently but
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TABLE 3.l.--Real speech measurements of /ai,ai,au,

o/ under three different conditions of rate. Meas-
urements shown are averages for two speakers.

Rate Duration F2-Initial F2-Terminal F2 Change

(msec) (eps) (eps) (¢cps/msec)
i Slow 15% 655 1520 5.7
/9~/ Moderate 113 690 1265 5.3
Fast 75 720 1200 5.8
i, Slow 163 930 1475 3,4
/a~/ Moderate 110 935 1350 3.7
Fast - 88 Q80 1240 3.8
Slow 270 1145 800 1.3
/a%/ Moderate 165 1110 925 1.1
Fast 125 1045 905 1.1
Slow 130 895 835 0.5
/o/ Moderate 123 895 865 0.3
Fast 105 850 835 0.1
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not to the same degree as terminal target levels decrease.
In each case however, second formant rate of change re-
mains fixed. The measurements for the different dura-
tions of /au/ also show a constant rate of second for-
mant change, with variations occurring in the frequency
levels of the initial and terminal targets. These var-
iations, unlike those for /oi,ai/, occur uniformly for
both the initial and terminal target levels. The second
formant rate of change for [ou], on the other hand, tends
to slow down with increased rate of production. This

is not unexpected in light of the [o%] off-glide incur-
ring no phonemic significance. Thus, these measurements
support the earlier findings by showing that second for-
mant rate of change is a fixed feature across changes in
duration.

It was suggested in the first experiment that the
formant movements of /oi,ai,au/ are not compatible with
those of a vowel plus vowel or vowel plus semivowel se-
quence in terms of either target frequency position or
glide duration and consequently, that these sounds might
best be treated as unit phonemes. The results of this
experiment further support this treatment in demonstra-
ting that /oi,ai,au/ are characterized primarily by an
invariant rate of formant frequency change. Both the
vowel plus vowel and vowel plus semivowel theories sug-

gest that the distinction between /oi/ and /ai/, for
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example, is attributable to differences in initial tar-
get position ([»] versus([a]), with the gliding movement
serving only the simple vowel-diphthong separation.7
The present data however, show that the specific course
of the glide, rather than the locations of the targets,
serves as the primary distinguishing cue (with glide
duration responsidble for the simple vowel-diphthong sep-
aration). Apparently then, since the target positions
serve no phonemic role, /oi,ai,au/ cannot be described
as sequences of two phonemes.

The results of the previous experiment specified
the formant movements appropriate to identification of
/ai,ai,au/, while the results of this experiment deter-
mined the features of those movements which provide cues
for recognition. Taken together, these results permit
the following overall phonetic and phonemic description
of /oi,ai,au/.

The diphthongs /ai,ai

,8%/ are each characterized
by gliding movements from one vowel area to another.
The onset and termination points of these glides are
general for /ai,ai/ and more specific for /a%/. The
location of these points however, do not in themselves
contribute phonemic status to the diphthongs but rather

serve as loci from which and toward which articulatory

?In the case of /ai—au/ however, the direction of
the glide, whether fronting or retracting, respectively,
is relevant in the distinction.
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movement is directed within a particular unit of time.
The movement through time provides the primary cue for
diphthong versus simple vowel perception and the direc-
tion of glide separates /oi,ai/ from /e%/. The /oi—ai/
distinction is attributable to rate of frequency change
~or in articulatory terms, speed of movement. Since /oi,
ai,a“/ glide toward but do not necessarily reach any one
specific terminal target, an overall phonetic transcrip-
tion might best be made by using a superscript form, as

in [ol,a’,a%].



IV. SUMMARY AND CONCLUSIONS

The diphthongs /oi,ai,au/ are each characterized
by a pronounced gliding movement through a particular
path in the vowel space. The gliding movements are
evidenced by formants that either rise or fall sharply
depending on the values of the adjacent targets. This
study was concerned with the effects of both the course
and duration of these movements on the recognition of
/oi,ai,au/. In the first part of the study, various
formant transitions appropriate to classes of /oi-ai/
and /a“-o/ were synthesized on the Haskins Laboratories
Pattern-Playback, converted to sound and presented to ten
phonetically trained listeners for purposes of phoneme
labelling. To determine the phonemic status of the diph-
thong targets, steady state vowels, with formants cor-
responding to the initial and terminal targets of all
diphthong stimuli, were also produced. The results of
these two listening tests provided an acoustic-percep-
tual description of each phoneme. Both /oi,ai/ course
through relatively wide formant areas showing some over-
lap at onset and termination. The glide for preferred
/oi/ begins at [p] or [u] and courses to [i,y,1]}. The

course for /ai/ is somewhat more specific, beginning at

_ =75-
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[a]l and terminating near [1]. The formant course for
/a%/ is limited to a glide from [al to [0]. The results
of this experiment support a treatment of /ai,ai,au/

as unit phonemes in that the gliding movements of each
are not compatible with those of a vowel plus vowel or
vowel plus semivowel sequence in terms of either fre-
quency course or duration. In addition, a gliding move-
ment alone, exclusive of steady state targets, is suf-
ficient for providing diphthongal quality.

The purpose of the cecond experiment was to deter-
mine whether the phonemic identity of the initial and
terminal targets or the rate of frequency change of the
second formant transition cues the perception o /ai,
aj,a”/. These features were separated along the time
dimension by synthesizing diphthongs whose absolute sec-
ond formant frequency course remained fixed but whose
durations were extended from 100 msec to 250 msec in
steps of 10 msec, in one case beginning at the terminel
target and in the other, at the initial target. Each
series was presented to ten subjer:s who provided labels
of either vowel or diphthong. For each series of /oi,
ai,au/, the shift in perception from simple vowel to
diphthong occurred as a function of duration rather than
second formant terminal frequency position, indicating
that transition duration rather than target position is
the primary perceptual feature. Further., in the case of

/oi-al/, the rate of frequency change of the second
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formant transition and not the onset Teguency positiown
serves as the primary distinguishing cue. This invar-
iability of second formant rate of frequency change (or
in articulatory terms, speed of movement) is also evi-
dent in real speech spectrographic measurements.

The results of this study suggest a treatment of
/oi,ai,au/ as unit phonemes each ch-racterized primarily
by an invariant speed of articulat~ry movement. Although
each begins and termiuates at phonetically identifiable
zones in the vowel space, the actual positions of these
targets are neither perceptually relevant nor fixed
across changes in duration. Thus, since target positions
are only implicit, an overall phonetic transcription
might best be made by using a superscript form, as in
[oi,al,aol.

In suggesting that the formant rate of change

+.a%/ is a fixed fea-

of the gliding movements of /oi,a
ture, the results of this study provide a framework for
examining the effects of such restraints as stress and
phonetic environment on the diphthong movement. Perhaps
the most significant questions might be whether a change
in intensity or fundamental frequency or the presence

of a steady state target (especially initially) serves
suprasegmentally as the stress bearing element of the
syliable, whether different consonant environments af-

fect formant frequency extension and if these effects

are evident in the same way for both /o%,at,a%/
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and the group of diphthongal variants, [ei,ou,xi,vu].

Finally, it might be speculated that the parameter of
articulatory speed need not be unique to diphthong per-
ception but in addition, might be relevant in describing
other sreech events characterized by articulatory move-
ment, as in the case of semivowels and certain consonant-
vowel sequences.l
As was stated at the outset of this study, an ad-
equate description of speech sounds is dependent on physi-
ological, acoustical and perceptual analyses. All of
these features however, may not be viewed by the linguist
as necessary for the phonological description of a lan-
guage. He might, for example, prefer a strategy that
makes considerations of economy and symmetry paramount.
The phonemic role of the diphthongs that distinguish
words such as boy, buy and bough is not in question. What
is in question is the use of an experimental (or some
other) basis for fitting these diphthongs into the Eng-
lish vowel system. The view implicit in this study is
that if a phonological mcdel is to have any explanatory
power in the production and perception of speech, the

parameters of the model should be testable.2

It is hoped
that the experimental data presented here contribute

to such an undertaking.

lFor an example of recent work on the dynamics
of consonant-vowel coarticulation, see Ohman (1966).

2For a fuller discussion of the relationship be-
tween experimentation and language description, see
Lisker, Cooper and Liberman (1962).
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