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‘LIE IDENTIFICATION AND DISCRIMINATION
OF SYNTHETIC VOWELS*

D. B. FrY, ARTLUR S. ABRAMSON, PETER D. SiMas*™ and Arvin M. LICERMAN**
University College, London and Haskins Laboratories, New York

A vecies of thirteen two-formant vowels was synthesized znd used as the basis
of labelling and discrimination tests with a group of Enlish-sneaking fisteners, The
sounds. varied only in F1/F2 plot and the resuliing vewel qualities were such that
listeners found no difficulty in assigning each sound i one of three plhionemic
categories, those of the vowels in bid, bed and bad. The resuits of the tests wcre
compared with those previously obtained in experiments involving the consonant
phonemes /b, d, o/.

It appears from the data that the phoneme boundaries in the case of the three
vowel phonemes are less sharply defined than in the case of the stwop consonanis.
The labeiling functions for the vowels show a gradual slope and the discrimination
functions do not show any marked increase in sensitivity to ciange in the region of
the phoneme boundaries. It is clear also that the listeners were able to discriminate
differences very much smaller than would need to be distinguished simply in order
to place vowels in 1he appropriate category. The results show further that the cifect
of sequence or acoustic context in the perception of vowels is very considerable.

In ali the aspects examined in these experiments, e perception of synthetic vowels
is found to be diffcrent from that of synthetic stop censonants. These differences
lend some support to the hypothesis that the degree of articulatory discontinuity
between sounds may be correlated with the sherpness of the phonemic boundaries
that separate them.

In previous studies of the acoustic cues that may be used in the identification ol
English consonants, it has been found that, at least for ‘certain classes of cousvnant,
tnere is a strong tendeacy for lisieners to hear speech sounds in a categorical fushion.
The evidence for this has been gained by presenting to listeners a series of synthetic
speech sounds, differicg from cach other by some very small step on a single acoustic
dimension, asking them to label each sound in the series with an appropriaie phonemic
label and also measuring their sensitivity to change in this acoustic dimension. For
the consonant group /b, d, g/, for example, a set of stimuli was used in which the
transition of the second forman: (F2) was systematically varied (Liberman, Harsis,
Hofiraan, and Griffith, 1957 ; Giffith, 1957). The subjects’ latelling of these stimuli
placed the sounds in three well-defined classes, corresponding to the three phoaemic
units, with a sharply marked boundary between each class and the reighbouring one.

*  This work was supported in part by the Carregie Corporation of New York.
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The measures of discrimination showed that subjects were in fact more sensitive to
caange in the cegion of the phoneme boundary than at other points in the continuum
of chiange. The labelling and the discrimination data taken together suggested very
strongly that subjects were in fact hearing this series of sounds . categorically and
the discrinination data were thercfore re-cxamined on the assumption that listeners
were able to discriminate only to the extent that they were able to identify the sounds
as belonging to different phonemes. It was found that the major variations in the
ability to discriminate which would be predicted on the basis of this extreme
assumption were actually present in the data but that the general level of discrimination
was somewhat higher than purely categorical hearing of the sounds would require.

Later experiments dealing with a variety of acoustic dimensions, but most of them
concerning at least in part the broad class of Stop consonants, have reinforced this
view of consonant perception and lent support to the theory that a listener’s own
articulatery habits may be an important factor in determining the way in which
a¢ perceives speech sounds. In the case of /b, d, g/ there is clearly a discontinuity
it the articulatory level between /b/ and /d/ and between /d/ and /g/; it is not
a fact possible for a human speaker to produce a series of sounds that changes
moothly from /b/ to /d/. The tendency to hear suck sounds categorically may
be connected, therefore, with the existence of such articulatory discontinuities.
f this were so, then we should expect that there will be marked differences between
arious classzs of speech sound as to the way in which they are perceived, since
iere are certainly differences in the degree of articulatory discontinuity. .

We are of course concerned here only with groups of sounds in which change
ith respect to a single acoustic dimension is a sufficient cue for phonemic differences.
Vithin this limitation, there are cases such as change in the mid-point of a noise
and 2s a cue to the difference between /s/ and /f /> and change in third formant
ansition as a cue to /1/ and /t/, wkere the articulatory discontinuity is very much
ss obvious than in the change from /b/ to /d/. We might therefore expect to
nd that in these instances perception might also be less categorical in character.
here is, however, a class of sounds, the vowels, in which continuous articulatory
ange from one member of the class to another is possible (at least insofar as English
wels are concerned) and vowels therefore provide an excellent testing-ground for

Al
vell

¢ hypothesis that categorical hearing of speech sounds and articulatory discontinuity )

¢ related to each other.

It is well-established that the frequencies of the first and second formants (F1 and
) taken together are a sufficient cue for vowel differences and that these frequencies
> very largely dependent on tongue articulation. Analyrical acoustic studies of vowels
ve shown that F1 and F2 vary over a wide range in the case of a single vowel
cred by many different speakers and that there is considerable overlap in the plots
Fl and F2 when data for all the vowels in the English system are taken together
terson and Barney, 1952) Since the correlation between F1 and F2 and tongue
iculation is close, this overlapping in the acoustic .data indicates -that vowel
iculation not only can be changed continuously but that it in fact is so varied
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if we take into account utterances from diffrreat sneakers in different contexts.
The experiments reported in this paper represent a preliminary attempt to'e:fplof"e
the pcréeption of synthetic stimuli in which F1 and F2 are varied systematically in
such a way as to cover the range corresponding to several vowel p}*tonemcs.' 'ljnc
stimuli were used as the basis for labelling and discrimination experiments similar
to those carried our for /b, d, g/ and the results coustitute in the ‘ﬁrst place a
coniribution to the study of the relation between articulation and perceptioa.

There are, however, a number of other. reasons for atterapting ” this kind of
perceptual experiment with vowels. The consonant-vowel dic{:otomy.has appeared
in discussions of language from the most anci .ot times and ‘rs persisted  down B
the present despite some questioning in recent years of the validity anfi the_ necessicy
of the distinction. If the two classes of gound fulfil different functions in speech
we may expect to find differences correlated” with their occurrence at a numl'ncr
of cifferent levels, among them the perceptual level. Experimental restlts showing
that listeners perceive vowels and consonants ir different ways wo‘.;fi .torm wc loost
contributory evidence to suggest that the two classes are tunctionauy disiinct.

One important respect in which vowels and consonants differ seems o be 'in their
informational loading. This is indicated in a qualitative way by the obss{va'txon th?;t
English speech in which all vowel distinctions have been artiﬂcially' ‘ehmmatcd is
many times more intelligible than English in which all consonant d:ﬂct“cnccs h;xvvc
been removed. The same principle is recognized in the aiphabetic spelling of such
languages as Hebrew where all the essential information is conveyed by the consonant

letters. Reliable quantitative studies of this difference would need to be based on-

computations of the number of possible choices available at succeading points in
actual phonemic sequences and a comparison of the numabers for vowel and CONSORant
phonemes, having regard to the total information content of the sequence. Dqla
concerning this aspect of English will shortly be available as a result of computcr
Work on phonemic transcriptions of English speech (Denes, unpublished). Meanwhile

-one could argue theoretically that if the loading of consonants were high, then the

most important part of consonant reception by tie listener woul? cousist an peeing
the sound in its appropriate phonemic category ; it would be essential that this
operation should be done accurately and also quickly, requirements which would be
cfficiently met by the kind of categorical hearing for which there is already a good
deal of evidence in the case of consonants.’ It is quite clear that vowels, whatever
their loading from the phonemic point of view, carry other kinds of information. ‘Thcy
are the principal vehicle for rhythm and intonation, they carry the voice quality og
the speaker, convey his emptional state and, in English especially, provide most of
the information about dialect. All these kinds of information arc borne by relatively
long time segments and hence are delivered at rates very much slower than the
phonemic rate. Rhythm and jntonation paiterns occupy a span usually equivalent to
that of a number of phones ; the listener’s appreciation of a speaker’s dialect is the
cumulative effect of hearing a number of vowels over and over again, a process wh:';b
may take a matter of minutes. For these nmemasee mamid and aaail.. -
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carsgorisation of the vowels is not important and if it should turn out that the
loading of the vowels with respect to phoremic information is relatively low, then
there would be good grounds for expeciing that vowels should be perceived rather
differeatly from consonants.

The differences in vowel quality that must be perceived in comparing the vowels
of one dialect with those of another are very much smaller than the differences
between the constituen: vowels of one speaker’s vowel system so that in making
judgmenis of dialect a listener is discriminating sub-phoncmic vowel differences which
would be imperceptible to him if vowels were perceived in the categorical way that
has been fouuad to hold for stop consonants. Something much more in the nature
of continucus hearing seems to be called for in the case of the vowels where in
general it Is possible to trade speed for fineness of discrimination. In comparing the
perception of stop consonants and vowels we may, therefore, be dealing with opposite
ends of & scale ranging from rapid, categorical and hence relatively coarse hearing
ac ene extrexe to relatively slow, continuous but highly discriminating hearing at th:
otnier. . ‘

Oae furiher difference is implied in the contrast between categorical and continuous
heaving. Irn o:zder to provide a basis for quick and accurate decoding, the former
mmst deal in categories which are relatively fixed and independent of context. If
context exeits a great influence on the perception of sounds, this must lead either
‘0 a great number of errors in decoding or to the need for more time in which
tv take in and allow for the nature of the neighbouring sounds. The results of some
experiments with stop consonants (Eimas, 1962), which we shall have occasion to
discuss later in this paper, indicate very little influence of context. In labelling stimuli
a /b, d, g/, for example, listeners’ judgments of a given stimulus were not much
sffected by the preceding stimulus; the categories they were using seem to be
mather sharply defined and most jimuli fell clearly into one or another of them.
In any case where the listener is not functioning in this way, where he is discriminating
comparatively fine differences and dealing with a continuum rather than discrete
classes, that is to say in what we have referred to as continuous hearing, we should
exp2ct that context might play an important part. There will be a tendency for the
subject’s judgment to be determired largely by the fact that x is ‘light* compared
with y, or that z is “dark ’ compared with x rather than by a longer-term conviction
ihat x and y are in the class ‘light * and z in the class © dark ’.

There is already some evidence that the perception of vowels is greatly dependent
on context. Experiments by Ladefoged and Broadbent (1957) bave shown that
subjects’ identification of the vowel in an English ‘monosyllable can be influenced
by the forman: patterns used in a preceding carrier sentence. These results not only
demonstrate an effect of context on vowel perception but also support the view which
has been generally held for a very long time that in dealing with vowels uttered by
a particular speaker, listeners rapidly form an appropriate reference frame against
which they judge the quality of and identify the sounds which occur. The reference
frame is readily changed when utterances from another smeaker are racaioad and i
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15 clearly dependent on judgmnents of the relativus Letween vower quulitivs. G witian,
this is a marter in which context is bound to exert considerable influcnce zad the
categories that the listener is using will be shifring closses determined by the
interrelations within a system rather than well-defined absolute categorics. This
is not to say, of course, that listeners experience serious difficulty in placing vowel
sounds into phonemic categories. In the experiraents by Broadbent and Ladefoged,
for example, the subjects showed ro hesitation in selecting the syllable that they
heard, and in general listeners are able to assign vowel sounds to phonemes. The
important point is that the particular phonemic category selected is dependent on
context, that is more specifically on the vowel reference frame which is operative
for the listener av the time of reception.

In these circumstances, then, we expect the identification of vowels in a labelling
test to be rather dependent on context and ¥ this effect is strong cnough there will
be trends in the experimental data to indicate that the scquence in which the stimuli
are presented to the subjects is a factor of some weight. A later seciion of this
paper gives an account of a method of treating 1ae data so as tc und out whetuer
this factor is important.

PROCEDURE

The purposes of this experiment required, first, that we have as siimuli a series
of synthetic vowels that vary along an articulatory and acoustic continuum from
one phoneme to another. The relevant data are obtained, then, by presenting these
vowels to listeners (1) for identification as phonemes and (2) for discrimination on any
basis whatsoever. In this way we determine whether or not there arc peaks in
discrimination at the phoneme boundaries and, also, to what exent the listener can
or cannot hear intra-phonemic differences. In geneval we were at pains to make
the procedures of this experiment correspond as closely as possible to those of
earlier studies on consonant perception; this was done in o.der that the results
of the several studies might the more easily be compared.

Stimuli

We chose to synthesize /1/, /¢/, and /x/, and to divide the space between them
s as to have a total of 13 stimuli. Our aim is best described by asking the reader
to imagine a two-dimensional acoustic space whose coordinates represent the frequirncies
of the first and second formants, scaled logarithmically, and then to consider that our
stimuli would, ideally, lie at equal distances along a straight line drawn through the
points at which /1/, /e/, and /2/ are located.

The vowels were synthesized on 2 machine called “ Alexander ”, a formant-type
terminal analogue synthesizer designed and built at the Haskins Laboratories.’ It can

¥ No technical descripiion has been published as yey, but the general design is shuilar in many
respects to other formant-type synthesizers in use elsewhere. For a discussion of them, sece
Fant (1958).
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TaBLE 1
Formant Frequencies of the Synthetic Vowel Stimuii
SECOND.FORMANT

StimuLus NUMBER FIRST FORMANT

1 330 1930
2 380 1970
3 410 1960
4 460 1930
5 490 1910
6 500 1890
7 550 1889
8 530 1860
9 650 _ 1860
10 - 700 1820
11 730 - 1820
12 830 1780
13 890 1750

_be ceairolled manually for steady-state sounds or by means of a pattern on an
cptically scanned acetate loop for the synthesis of running speech. It has four formant
gwnerators connected in parallel: Only two of them, excited by buzz pulses of variable
repetition rate, were used for the present study. Smooth onsets and offsets of vowel
araplitude and fundamental frequency envelopes were obtained by circuitry that gave
an exponential rise and decay.

Appropriate formant frequencies for the three vowels were obtained by reference
to data available in the literature (e.g., Peterson and Barney, 1952), supplemented
by the results of our own exploratory work. There is, of course, some error and
uncertainty in the control of the synthesizer, just as there is in the measuremeni of
the sounds the synthesizer has produced. After synthesizing the thirteen vowels that
were to consticute the stimuli of the experiment, we measured the formant frequencies
by inspecticn of wide- and narrow-band spectrograms as well as narrow-band sectiors
made on the Xay Sonagraph. A 1200 cps./inch scale was used for bettér visual
resolution than the standard 2000 cps. can give. The harmonics of a complex
wave of 400 cps. were used for frequency calibration. After arriving at formant
frequencies this way, we then repeated the procedure with another set of spectrograms
and sections for each of the variants. Table 1 gives the averages of the two sets
of measurements of the formants of the synthetic vowels. These numbers have
been rounded to the nearest 10 cps. as a realistic estimate of the attainable precision.
We estimzte the formant band-widths to be about 100 cps. throughout. The average
difference in intensity between F1 and F2 in the same stimulus in 8db. The
difference in over-ail intensity between stimuli occurring in one triad does not
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The spectrographic cxamination of the stimuli revzaded tha NE Dl DLy Jd
succeed n coming as close to the intended frequencies as we might have lwx.s.;;: .
In pacticular, the difference between numbers 5 and 6 is considerably smaller than

it was supposed to be.

Measurzment of discrimination ' .
" A forced-choice ABX. method was used to determine how well tle hstcn%‘rs cguld
discrim'nate the syathetic vowels. In this methed the stimuli are au't'aflged. in triads,
the first (A) and second (B) being always different, and the third (X., being alwa;:f
identiczl with the one or the othes. The listeners’ task is to determine whether X
is identical with A or with B and to guess if necessary.

We undertook to measure discrimination between each stimulur and these that

i +he sti o epale  This mas
were one, two, and three steps avay from it on the stimulus scale. 1315 M@ Je a

total of 33 A-B pairs. Each ABX triad was arranged in all possible permutations

(ABA, ABB, BAA, and BAB) to counterbalance csries or order eifects. Giv;:n 33
A-B pairs and four ABX permutations of each one, there was, then, 2 wtal or e
ARX triads. These triads were presented to the subjects in racdom orde'r, t‘he
number of presentations being such as to provide 20 judg.ments per stimuius
comparison (A-B pair) for each subject. Three of the subjects worked longer
and made a total of 40 judgments of each stimulus pair.

Phonemz identification : ' !
To determine how the various stimuli were assigned to the three phoneme ciasses

(/1/, /el, and [=/), we presented to the subjects the same ABX arrur‘xgcmcnis of
stimnli that had been used in the discrimination tests, but instead of asking whether
X was identical with A or with B, as we had in measuring discrimination, we instructed
the subjects to label each stimulus as /1/, /¢/, or [2/. No 0[%16%‘ responses were
accepted, and the subjects were asked to guess if necessary. The triads were prcsented
in random order. Obviously the stimuli near the middle of the continuum will appear
more often than those near the ends; the number of judgments per stimulus varicd
accordingly from 84 to 184.

Subjects
Eight paid volunteers attending the University of Connecticut summer school served

as subjects. They had been selected from a group of 17 on the basis of a special
pre-test in which they had been found to be most consistent in applying phoneme
labels to the synthetic vowels. a

RESULTS

In presenting the results of the vowel experiments it is nccessary to stress once
more that these are preliminary attempts at studying the discrimination and Iahelling
of vowel sounds and the results too must be considered as being preliminary. We
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sta!l have occasion to compare the vowel data with those for stop consonants,
parzicularly /b, d, g/, 2nd it will be immediately apparent that the former are very
much less tidy than the consonant data. There are several reasons for the greater
amount of noise in the vowel data. The first is to be found in the experimental
stimuli thezaselves since past expericnce has shown that a great deal of experimentation
ic necessary before one can produce the best synthesised sounds for a given set
of discriminations. The vowel-like sounds usec in the present series of experiments
were adequate but ro more, and it should be possible in future work to effect
some improvement in the stimuli. More exact specification and closer control of
formant frequencics, intensities and band-widths is needed, the signal to noise
ratic in the test tapes should be improved and it is advisable to examine the
desirability cr otherwise of jntroducing constant third or higher formants and to
determine the most suitable time course for over-all intensity and fundamental
frequency variation.

A sccond reason for the scatter of the results is also connected with the stimuli
but is ore which is inherent in the nature of the experiment. A pre-requisite for
this type of measurement is that we should find a single dimension such that variation
vith respect to it is a sufficient cue for phonemic differences. In the case of the
vowels the F¥1/F2 plot may justifiably be considered as forming a single dimension
and thus satisfies the conditions but the situation is nonctheless different from that
(ncountered in the consonant experiments. The variation of F2 transition in the
/e, d, g/ case gave rise to a set of stimuli which cued the recognition of these
thres consorants but which nowhere in the progression suggested to the listener
come other English consonant; it was, as it were, a lincar sequence. An F1/F2
plot, on the other hand, is a point on s plane on which it is possible to define
«n area bounded by extreme values of F1/F2 either for all vowels occurring in a given
language or, more generally, for all vowels that can be produced. Such an area
represents a physical projection of a space containing a great range of vowel
qualities perceived by listeners. The correlation between the physical and the
perceptual is, of course, not simple and when we set out to find a series of F1/FZ
plots formaing a progression from /1/ through /e/ to /®/ we cannot take it as
axiomatic that these valucs will lie on a straight line in the physical space, nor even
that they will necessarily lie on a smooth curve. We know already from analyrical
data that the sounds corresponding to 2 given phoneme will cover a conmsiderable
area in the F1/F2 space so that there will clearly be a number of paths which will
form a progression from one vowel to another and to determine the best path for
the purposes of labeliing and discrimination experiments is an empirical matter.
Further, even assuming that we have found the optimum progression, there is the
added difficulty that any deviations from this through small errors in setting up the
stimuli may produce sounds which suggest to the listeners some vowel other than
the three which are the basis for the labelling.

Such difficulties as these were in fact encourtered in the preparation of the test
To M T tha agmarimentg ~ennrted here. Thev reoresent in themselves a warticular
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Fig. 1. Identification of the synthetic vowcl stimuli as English /1/, /e/, or /a/ as a iuncuon

.. ) . : . are
of first and second formani-frequency combinations as shown in Tabie 1. The daia

the pooled responses of all eight subjects.

facet of the fundamental reason for the scatter of the datz which 1 si;}}p!y th'ur.
subjects do find it dificult to label vowel sounds consistently. The variabjhty of im?.
vowel sounds produced by speakers, reflected in the large area of 1¥m F1/F2 space
occupied by the sounds belonging to 2 single vowel phoneme, is m‘atcned by a con‘c:.sj-1
ponding inconsistency on the part of listeners when they arc asr:ed. to .lqbcl vowe
sounds. As we shall see from the results and in the subsequent discussicn, vow:el
categories are not as sharply defined nor as absolute as some c?nsonanf. ca;cgérlcs
and vowel judgments are very highly susceptible to the effects of contexl. In these
circumstances, improvements in the stimuli in future work may l?e expected 10 cge.t
rid of some of the variability in the data but there will remain “hat part o i
which is, it seems, inherent in the judgments we have been trying to investgate.

Vowel identification results .

Fig. 1 shows the pooled responses of cight subjects to the vowel identification test.
The stimuli evoked = considerable number of identifications in each of the phonemic
categories, though there wers in all rather fewer judgments 1r the /m’/ category
than in either of the other two. Stimuli 1 and 13 set zn artificial boundary to the
/1/ and [®/ categories and we cannot, of course, make a valid comparison.of the
extent of all three categories unless the range of stimuli is enough to take hstcne.rs
into a fourth and fifth category at either end. The range used appears to be quite
satisfactory for the purpose of these experiments, that is' 0] .show boundaries between
the /1/ and /¢/ and the /e/ and /=/ phonemgs, and the judgments are not unduly
weighted in favour of any one phoneme.
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it is, perhaps, worih noting that the labelling functions of Fig. 1 are less sharp
thua those that have been obtained when comparable procedures are carried out with
syrihetic stops (Eimas, 1962). Such a comparison reveals another difference in that
in the case of the consonants the degree of agreement or consistency reaches a high
level in all three categories whilst in the vowels the middle category does not produce
as nigh a level as the other two. These are indications of the effect of context on
vowel judgments, which will be discussed in a later section. It will be enough to
poiat out here that the context effect in vowels works by contrast which means, if
we express it in terms of phonetic classificaticn, that a given vowel sound will
appear more open when preceded by a sound closer than itself and more close after
2 sounid more open than itself. In the case of the stimuli used in these tests, every
“sound in the series strikes the listener as being more open than stimulus No. 1 so
that the effect of context here is to increase the number of judgments that No. 1 is
/1/ 5 similarly, all sounds appear closer than stimulus No. 13 and :his increases
the judgmenis that No. 13 is /®/. For all the stimuli labelled as /e/, however,
there are included in the test soine sounds that make them appear closer and
others that mezke them appear more open. Hence these stimuli are labelled less
consistantly and this fact is reflected in the labelling function for /e/. More generally,
of couise, :I! the vowel stimuli other than those at the extreme of the continuum
will tend to be labelled according to the context in which they are presented ; this
will reduce the consistency with which the labels are applied and thus produce

the sloping functions of Fig. 1 rather than the more nearly quantal functions found
with the stops. :

Vowel discrimination results

The curves of Fig. 2 show the percentage of correct responses in discriminating

between stimuli which differ by onc, two and three steps. The series of stirouli are
sct off cn the horizontal axis in arbitrarily equal steps and in the same order as
in the case of the labelling data. The continuous curve in each part of the figure
indicates the pooled results for all subjects. It has been noted above that the step

between stimuli 5 and 6 was considerably smaller than other steps and this accounts -

for the fact that at this point in the graph the level of discrimination falls to nearly
50%. The mean level of discrimination for the one-step differences is however very
close 10 75%, which would normally be taken as a threshold criterion. When the
difference between test items is as largé as two steps on the stimulus scale, the
percentage of correct responses is very near to 100%, and there is very little room
for improvement on this in the case of the three-step differences. -

In the course of previous work on the discrimination of consonants a model has
been developed which enables us to consider to what extent discrimination is influenced
by categerical perception and to predict from labelling data the level of discrimination
to be expected if subjects were able to discriminate only to the extent that they
could place the same stimyli consistently in phonemic categories. In the case of a

varicty of consonantal discriminations it has been found that the discrimination
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Fig. 2. Obrained and predicted discrimination for one-, two-, and three-step differences among
the synthetic vowel stimuli. The data are the pooled responses of all eight subjects.

functions obtained experimentally lie quite close to the functions predicted on the
basis of labelling data. Usually the subjects’ level of discrimination is slightly bct.ter
than the predicted level but the major inflections in the pradicted functions,‘ whxcl;x
appear at the region of the phoneme boundaries, are found also in the expenmcnt':n
data. The broken lines.in Fig. 2 represcnt the discrimination fuaction for the vowels
predicted in the same way, that is to say on the assumption that subjccts.car.
discriminate only as well as they can label. In the case of the onc-step discriminations,
the predicted scores do not differ materially from the chance score of 50%. For.thc
two-step differences, the level of the predicted scores rises a little and there is ¢
pronounced maximum for the discrimination of stimulus 9 from stimulus 11, the
sounds which lie closest to the phoneme boundary indicated in the labelling data.
This maximurn is, of course, still more marked in the predicted scores for the
three-siep differences but for other parts of *™~ ranze th~ predictad con-og remnin
quite low. In the obtained scores for the one-step discriminations, the lcw leve!
of discrimination at stimulus 5 rather confuses the picture, but there is no doubt
that the obtained level is far above the predicted level. At two and three steps the
difference between the obtained and the predicted scores is even more striking and
the discrimination is so good throughout the range of stimuli that there is no room
for improvement in the region of the phonerne boundaries. On the basis of these
data we have to say that the perception of the vowels is continuous rather than
categorical. There is no evidence of discontinuities in the discrimination functions
at phoneme boundaries. More generally, it is clear that discrimination is much better
than that which is predicted on the extreme assumption that the listeners can only
hear phonemically (i.e., categorically).
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Fig. 3. Greup obtained and predicted discrimination functions for the /b, d, g/ stimuli at two
aad taree steps. Reproduced from Eimas (1962), Fig. 4.

Tkere is a marked difference between this result and the discrimination data for
/b, d, g/ obtained by Eimas (1962) and shown in Fig. 3.2 We should remark
here that thz comparison between the vowel data and the results of Eimas’ study is
a rezsonable one. In both cases there were three phoneme classes ; these three classes
were divided into fourteen stimulus steps in the case of the stops and thirteen in the
case of the vowels. It is clear from Fig. 3 that the perception of the stops tends
to be categorical. There are obvious peaks in discrimination in the regions of the
phoneme boundaries, and in general discrimination is very little better than is
precicted on the basis of the extreme assumption that the listeners can only discriminate
as well as they can apply the three phoneme labels. Thus, in the case of the stops
the subjects tuke very little notice of anything but phonemic distinctions, while in
the vowels, on the other hand, they discriminate quite well between sounds within
the sume phonemic category. It was suggested earlier that in order to recognize

dialectal differences a listener would in fact need to take account of differences in’

vowels which are considerably smaller than the phonemic differences within the
systern of a single speaker. The experimental resuits provide strong evidence that
listeners are well able to do this.

The effect of context on identification

In discussing the identification data we have aiready mentioned that the sequence
in which sounds were presented for labelling was a factor which influenced the results.
The same test tapes were used in both the labelling and discrimination experiments
so thet many of the stimuli for identification were heard in quick succession (at intervals

2 This par: of Eimas’ siudy, which was intended 1o provide a basis for certain other comparisons
between continuously and categorically perceived stimuli, was much like the earlier experiments
of Literman, Harris, Hoffman, and Griffith (1957) and Griffih (1957). Eimas’ procedures
were niore like those of the present study, however, in that the stimuli were presented for
labelling in ABX triads and the results for all subjects were pooled.

‘of one sec.) and in groupings (ABA and ABB) which wouid tend to maximisc
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the

effcct of context. The rather gradual slope of the identifica.ou fUNCeolls, e s U

- Jevel of consistency in labelling thz end-points of the range of stimuli, the retadively

inconsistent labelling of the middle phoneme category, it hius beer suggested, may
all be sigas that contest is playing an important part ia identificatior.. In the present
section we shall consider further treatment of these data intended to give us some
idea of the magnitude of the effect.

Le: us consider first the case in which a listener hears a souid, %, paired with
another sound, y, that is, cither followed or precceded by y. if concext or sequence
has some effect on what he perceives, it must operate in one of two directicns : cither
y will szem more unlike x because of its proximity in time, or it will seem saore like
x. In the first case we should say that context was working in che direction of

‘contrast and in the second, of. assimilation. DPrevious work on tte perception of
.vowels suggests that the effect is more likely to be one of contrast. In the experiments
‘reported by Ladefoged and Broadbent, for example, the lowering of .71 in the carrier

sentence made the test item sound more open in queiity, the. is as thx R It had

-a higher Fl. .

The stimuli for the vowel experiments, which are numbered from 1 1o 15 in Table
1, are ranged in order from the most /1/-like to the most /z/-like vowel, that is from
the closest sounding to the most open sounding. If the effect of context was in the
direction of contrast, then any stimulus which in the test sequence was paired with

“a stimulus of lower number than itself would tend to sound more open ; when paired

with a stimulus of higher number it would sound closer because of this proximity.

'We can obtain a very simple and crude measure of the contest cifect therefere if

we examine the labelling responses for each stimulus in the range and break the
judgments down into two groups, those made when the stimulus was paired with
another of higher number and those made when paired with one of lower number.

"The greatest effect that context could possibly have would be exenplified when for

a given stimulus, x, all the labelling judgments were swung in a particular direction
when x was paired with higher numbered stimuli and in the opposite direction when
paired with lower numbered simuli. The way o <whict thir simple morsvre was
applied can best be seen from hypothetical examples such as those shovin in

“Table 2.

In the first example we suppose that of all responses to stimulus x, 50% labelied it as
/1/ and 50% as /e/. We now divide the responses into those made when x was
paired with a stimulus having a higher number and those when it was paired with
one with a lower number. Assume now that every time that x wes paired (in the

- ABX ‘triads) with a stimulus having a higher number, the label applied to x was /1/
and that every time x was paired with a stimulus having a lower number, the label

was /e/. This would represent the maximum contrast effect, expressed in our

“example by subtracting the percentage of /1/ judgments when x was paired with
"higher valued stimuli from that when x was paired with lower valued stimuli, giving

the value 100 (the positive sign has been chosen arbitrarily to denote contrast). In



184 Identification and Discrimination of Synthetic Vowels

TABLE 2

Hypothetical Examples of Maximum Context Effect

Total response distribution

Response distribution when paired with
higher numbered stimuli

Response distribution when paired with
fower numbered stimuli

Maximum context effect

Total response distribution

Response distribution when paired with
higher numbered stirauli

Response distribution when paired with
lower numbered stimulj

Maximum context effect

he

f context is. now reversed since x is

bove it and /1/ when paired with stimuli below it

ais gives the value of —100 for the
ssimilation.

It will more frequently. happen that /1/ and /e
otal distribution of responses and examples 3 and
ompuited for the case of some other division of the

ith higher and fower numbered stimuli.

e maximum contrast effect would mea

hen paired with higher numbered stimuli and als

wer valued stimuli. We arrive at the
me way as before, obtaining the value

again reversed and maximum context effect

In dealing with the data, we have
ssibie and the actual effect of con

ontext effects of the kind described here cou

fthe continuum, since these cowld be paired only wirh stimulf

ther.

second example we have the same total distribu

EXAMPi.E 1
/1/ /ef
50% 509
100% 0%

0% 1009

1009,
ExaMPLE 3
/o Jef

60%  40<
100% 09

20%  80%
80%

EXAMPLE 2
/1/ /el

50% 50%
0% 1009

1009, 0%
—100%

Examprik 4
/Y /ef
60% 40%
20% 80%

1009 0%
~ 809,

tion of responses, but the effect

labelled /e/ whenever paired with stimuli

By the same procedure as before

context effect, which represents maximal

/ are not equally divided in the
4 show maximum context effects
total. Stimulus x is paired equally

If now 60% of the toral responses are [1/,
n that x was labelled /1/ in all instances

0 in 20% of the pairings with

value for maximum context. effects in the

of 80 (contrast). In example 4, the effect
is —~80 (assimilation).

used this method to compute both the maximum
text for the various synthetic vowels.* The actual

Id not be calculated for the stimuli q either end

lying 10 one side or the
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Fig. 4. Actual and maximum context effect for ore-, two-, and threc-step dificrences,

over all eight subjects.

i ible ; hich the
effect can vary between zero and the maximum possible ; the cxtcr'tc tg‘ winﬂ“emw
i i i a T o ‘. Al‘? e
actual effect approximates the maximum possible is & r~igh me~cure of t
of context on perception. : . ‘
i 1 'es the
In Tig. 4 the broken lines show the maximum, an(:f the conug;.lou;‘. c;lrcx:; e
- M a carly
< T - -, and three-step differences. Clearly ‘
actual context effects for one-, two-, . e e e
5 in the directio
t j learly, the effect was consistently
an effect of context, and, just as ¢ 8 i . ‘ rochor
i { 1 one sees, further,
tual effect with the maximum
of contrast. By comparing the ac o one o
s cct was very larg
i i wo- hree-step cases, that the context ¢
especially in the two- and t that " or o vary large
i i hat it mi been. This is to say that whes
in relation to whaat it might have s | whei e
variation in the response to a vowel, that variation was not pnmaru}t/l randon;, but
i i ich the vowe 5
was rather determined almost eatirely by the context in which the
judged. o
i ity t are 1t 1s
To determine how great these relative magnitudes of context eff(::(;: are o
i i 1 esults
instructive to compare the results of this experiment on the vowels wit f- suE;n o
. ;
similar studies of some consonants and certain simple non-speech ;nmu‘.. s
. . . s
(1962) has made just such comparisons, using the voiced stops (b, :qg/t, ?,‘,: >
i ion: :f whkite z-~iss. Mo f~ th
cards of varying reflectance, and various duration: >f white = 1,.. e
effect of context in the perception of the stops to be much smaller t a}rll lat . ;hc
we have observed here with the vowels. In the case of the non-speec Stlmlll e
. . . s 2
context effect was rather variable, but in general it was less than the vowe
greater than the stops.

DISCUSSION

On the evidence of the results presented in this paper there are cxearl); groutx;c}i
for believing that listeners perceive vowels in a way somevyhat dlifrent rlmzm ‘ixs
in which they perceive the stop coasonants. '.Ihf: chief basm.for t ..‘s c‘o'nc usion ;
to be found in the fact that the ability to discriminate vowels is f:.u' superior to wha

1 T

. . - forrn thana ea R ~
wanld ke reauired merely in arder o acefen vh
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eppears v be no particular sharpening of sensitivity in the region of phoneme
boundarier, waereas discrimination of /b, d, g/ was very little if at all superior
to labelling and showed the predicted increase in sensitivity near the phoneme
boundaries.* It scems that we may here be dealing with two extremes in speech
perception, in the case of the stops with perception that is maximally categorical
cad in the vowels with the extreme of continuons perception. In experiments involving
plosive consonants it hes often been commented upon by both experimenters and
subjects that when one listens to the stimuli there indeed seems to be a rather sharp
switching over between categories. This was particularly noticeable in the /b, d, g/
experiment (Liberman et al, 1957}, the /d, t/ experiments (Liberman, et o, 1961a),
and the /si, spl/ experiments (Bastian, Eimas and Liberman, 1961). If the vowels
cnd the stops do represent extremes in ihis matter, then one would expect that some
other classcs of sound may be perceived in & manner which falls somewhere between
the categorical and the condinuous, and it would cbviously be profitable to explore
other cases of labelling and discriniination from this point of view. It might be
pacticalarly interesting in this connection to study the fricatives, nasals, and liquids.

.

Ia the introduction to this paper it was suggested that some association was to be
cxpected between categorical perception and the effect of context on perception.
Suaarply defined and strongly marked categories would be rather in the nature of
absolute categories and in assigning sourids to them a listener would be rather little
iaflueaced by temporal sequence. In this respect, too, the vowels present an extreme
case, for the influence of context on the vowel judgments is almost as great as it
can possibly be in the conditions of the experiments. Indeed, as we pointed out
carlier, the effect of context is greater on the vowels than on simple non-speech
stimuli. Thus it appears that listeners have a stroag tendency to judge a vowel by
comparing it with one they have just heard. This fact lends support to the idea
which has often been expressed in the past (see, for example, Joos, 1948 ; Broadbent
“znd Ladefoged, 1960) that in dealing with vowels a listener establishes for himself
& frame of reference appropriate to a given listening situation. In particular he is
likely to set up a reference system of vowel qualities for an individual speaker and
to judge ail vowel sounds occurring in this individual’s speech by comparing them
with the reference values. A listener who is decoding the speech of a total stranger
usually manages in quite 2 short time to erect the reference frame by making use
o the redundancy of the language, which in most cases will determine with a very
high probzbility what vowel ‘must’ have occurred, and then judging a particular
vowel quality by comparison with those that have preceded it. Nevertheless, when
faced with speech showing very marked features of a dialectal pronunciation far
removad from his own, a listener may require to hear some considerable streich of
speech before he is able with certainty to assign a vowel to the correct category

by

ia sequences where redundancy does not resolve all ambiguities. It is only by paying
4 good deal of attention to the sequence of vowel qualities and by remembering them

* Related studies on phonemic tones (Abramson, 1961) and phonemic vowel duration (Bastian
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that he builds the frame of refereace.

The situation with regard to the stop consonants is plainly ditferent. cvin whed
the /b, d, g/ stimuli were presented in triads, as in the experiment by Eimae (1962)
referred to earlier, the effect of context on the judgments was very small anc
certainly nowhere near to the maximum possible effect. The catcgorizs hers appear
to be rather more zbsolute and classification is more or less independeat of sequential
eflecss. There can be no doubt that the series /b, d, g/ includes merked discontinities
on the articulazory plane and, as we have already said, the association of catcgorical
perception and articulatory discontinuity in this class of consonants formed the starting
point for the theory that perceptual and articulatory continuity or discoatinuity right
ve linked. Vowels present clearly a case of articulatory continuity and the prisen:
results, as far as they go, indicate coniinuous percepricn® but this evidence is not
of course critical for the theory. it would be quite possible for articulatory continuity
to be associated with well-defized categories established on some other, perhaps
purely perceptual, basis. On the other hand, if it could ke showrn thor coptinuous
perception in speech was possible for a series of sounds whic': inciadea .narged
articulatory discontinuities, this would certainly be a contra-indication to the theory.
Material for such critical experiments might be found in the fricative series in English
since it contains varying degrees of articulatory continuity. The change {rom /f/
to /s/ involves very little break, therc is a rather more decided one between /s/
and /0/ and an even greater one between /6/ and /f/. The difficuity here is that

. no single cue has equal weight in all these discriminations, as lias been shown in

experiments with naturally produced speech (Harzis, 1958). It would therefore be

- difficult to generate a completely satisfactory serics of stimuli o cover th: whole

group of fricatives, but it might be possible in separate cxperiments to discover how
closely articulatory discontinuity is linked with sharpness of the ptoneme boundary.
It has been suggested in previous papers that many of the data hitherto obtained
concerning the perception of speech sounds show that this is a rather special kind
of perception. In all cases where there was evidence of well-marked categories, the
discrimination function showed peaks in the region of the phoneme boundaries and
the general level of discrimination was such o5 to saggest hat listeners coula

- discriminate between sounds only very little better than they could place these sounds
. in appropriate phoneme categories ; they could in fact distinguish only about as

many different sounds as they could identify. This result is very different from those
obtained in psychophysical experiments with non-speech stimuli. It has generally
been found that in judging stimuli varied with cespect to a single dimension, subjects
are able to discriminate many more stimuli than they can identify with certainty ;
they can distinguish more different pitches or brightnesses than they can label correctly.
The comparison between speech and non-speech stimuli has been directly made in
experiments already reported (Liberman et dl., 1961a, 1951b) in which the discrimina-
tion of speech stimuli was compared with that of non-speech stimuli which were

. *As do the studies on phonemic tones and phonemic vowel duration (fn. 4). These phonemic

distinctions also le alone artisyletory eoeina
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as physically sirsilar to the speech stimuli as it was possible to make them. The
resuits showea two important differences between the two types of perception : -first,
for the non-specch sounds there was not the degree of fiuctuation in discriminability
taat was found with the speech sounds and second, discrimination was generally
worse for nou-speech stimuli than for comparable speech simuli. This led to the
conclusion thut the sharpening of sensitivity to change at the region of phoneme
toundarics raust be the resuit of linguistic training in the listener.

Experiments with non-speech controls have so far been limited to the class of stop
consonants (discrimination of /d, t/, /sl, spl/, /p, b/) but it is significant that in
each case discrimination of speech sounds has proved to be superior to that for the
ren-speech controls. It is clear that listeners have learned to make the speech
discrimination as a result of linguistic training. In tie case of vowels, there are

certain difficultics inherent in obtalning suiteble controis in order to find out how
fac the discrimination of vowels may be the result of training, particularly where

tac physical varizble is to be formant frequency. A transposition of the formant
frequercies on the frequency scale is likely to result in sounds which are either
still too speech-like cr too musical. Discrimination of the latter might not be
indueaced by linguistic training but would be dependent on musical training and
this factor might mask the effect that was being studied. It is quite possible
taat suitable control stimuli for vowel experiments may be found empirically but
swanwhile little comment can be made about the effect of linguistic training on vowel
disciiimination except in one respect, that is with regard to the evidence provided
by the mecasures of context eifect.

it was pointed out in the section on results that the influence of context un the
perception of stop consonants was very weak and certainly less than in the case of
the non-speech stimuli that were examined. For the synthetic vowels, on the cther
hand, the effect of context was if anything greater than for the non-speech stimuli.
This suggests the very interesting conclusion, if this observation proves, in the light
of further experimental evidence, to be well-founded, that linguistic training in the
case of vowe! perception may include learning to make the maxiraum use of context.
It is possibl: that English speakers, at least, learn both to make the necessary
vowel phonemic distinctions and to appreciate the sub-phonemic differences involved
in the recognition of different dialects, basing both operations on the maximum use
of shert term memory for vowel quality. In other words, they learn to shift the frame
of reference for vowels very frequently and very rapidly under the influence of sounds
heard in the immediate past. If this were indeed so, vowel perception would not
only present a very special case of perception but would also appear to be quite
justifiably considered -as being different from consonant perception.
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