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Difference limens (DL) of formant frequencies were measured for two steady-state vowels and the same
vowels in symmetric stop-consonant contexts. The stimuli were generated. using a computer-programmed
synthesizer, and the formant-frequency parameters ‘were adjusted to be steady or symmetric transition
functions around the temporal center of the syllable. The DL for the time-varying
consonant-vowel-consonant (CVC) stimuli were found to be significantly larger than those for the steady-
state vowels. In some cases the DL for the second formant was found to be larger in thé direction of
expected formant shift due to consonantal coarticulation than in the reverse direction. For CV or VC
stimuli the increase in vowel-formant DL is reduced. The difference in DL values in and out of context
has, at least partially, an auditory origin. However, the phonetic decoding of the CVC stimuli may also

contribute to the loss of vowel-quality information.

PACS numbers: 43.70.Dn, 43.70.Jt

INTRODUCTION

Difference limens (DL) for steady-state vowels re-

. flect the ability of the human auditory system to differ-

entiate complex stimuli having stationary spectral pat-

~ terns. The speech signal, however, is rarely stationary
in its spectral composition for any length of time.  The
time-varying formant patterns form significant cues for
the extraction of phonetic information. It is of interest,

_therefore, to explore the effects of spectral variation on
the just noticeable differences (JND) in formant fre-
quencies. The JND’s measuied in consonantal context
can be expected to be better indicators of formant-fre-
quency discrimination in continuous speech.

Differences in perception of vowels in and out of con-
text have been previously noted (Stevens ef al., 1966).
Discrimination of changes in vowel quality for vowels
presented in isolation has been found to be equally acute
.within a phoneme region or across a phoneme boundary
(Fry etal., 1962). Yetvowels in contexttend tobe per-
ceived in a categorical fashion; that is, they possess dis-
crimination functions that are characterized by peaks
at the phoneme boundaries (Stevens, 1968).

The identification of vowels in context is a complex.
perceptual task. The effects of context are to introduce
different time~dependent formant variations in the vocal-
.ic segments. In the presence of such variations, the
vowel-category boundaries are displaced as well (Lind-
_ blom and Studdert-Kennedy, 1967). Acoustic data on
vowel reduction (Stevens and House, 1963) reveal that
the characterlsuc formant frequencies of vowels in iso-
lation are not attained in dynamic speech contexts. The
consonantal context always has the effect of shifting F,
from a value appropriate for the null environment to-
ward a more central position. The shift in F, for labial
and alveolar stops is generally of the order of 200 Hz;
however, ‘for the rounded vowel /u/ it was as much as

"This paper was presented in part at the 92nd meeting of the
Acoustical Society of America, San Diego, CA 16-19 Novem-~
ber 19768. [J. Acoust. Soc. Am, 60, S119(A) (1976)]1.
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350 Hz. It has been suggested that during the perception
of vowels in consonantal contexts a corresponding com-
pensation is made for undershoot in vowel articulation
(Lindblom and Studdert-Kennedy, 1967; Stevens, 1968).

- The perceptual significance of such undershoot should be

assessed with the aid of DL data on the vowels in context.
If the measured shift is equal to the DL value for the

" same proportional change in the various formants, only

50% of the shifted tokens will be judged different relative
to the tokens where the formant frequencies have not
been shifted.

Speech coding systems extract a set of time-varying
parameters from the speech signal at the source, trans-
mit the values of these parameters, and reconstitute the
signal at the destination. The DL’s of these parameéters
represent the maximum permissible transmission errors
if the signal is not'to be noticeably degraded in trans-.
mission. The bandwidth requirements of the encoded
signal are therefore directly dependent on the DL’s of
the parameters. Any significant increase in the DL as
the size of the context is increased would suggest that
larger signal segments be selected for encoding as a
unit. Such procedures offer potential bandwidth savings
in the transmission of the individual parameters beyond
those due to the inherent limitations on the time varia-
tions of these parameters.

In measuring the DL for vowel formants we attempt

. to exclude explicit labeling of the speech stimuli from

the perception process by focusing on discrimination
differences irrespective. of their origin. Identification
of stimuli must be based on dis¢riminable differences;
therefore, the DL values are of interest as indicators

of human speech perception performance. We' have
been primarily interested in the relative DL values at
various points in the formant-space for vowels in and
out of context, rather than in the absolute DL values ,
which are of greater interest in designing speech com-~. .
munication systems (Flanagan, 1955). '

Strange et al. (1976) report better identificati“on of .
vowels spoken in a consonantal environment than in iso-
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lation. They interpret these results as evidence that
dynamic acoustic information, distributed over the tem-
poral course of the syllable, is used by the listener to’
identify vowels. We may ask whether the presence of
transitions per se, without regard to the dependence of
the-triansition on the vowel, assists in the discrimina-
tion of the vowels. When vowels are differentiated on
the basis of spectral information alone, the addition of
transitions to and from fixed points in acoustic space
provides a relatively invariant consonantal frame. The
transitions emgloyed are equal in duration and differ
only in the vowel formants which they meet. If such
limited transitional information is useful for vowel dis-
crimination, then listeners should discriminate synthe-
sized consonant-embedded vowels better than their
steady-state counterparts. - If such improved discrimi-
nationis notfound, the more accurate identification of
vowels in context must depend on additional factors such
as duration associated either with the relatively station-

ary vowel segment, or with the transitions, or with both.

Of course, the model for CVC productions of a’ vowel
segment surrounded by transitions is incomplete. In
many productions no stationary segment may be identi-
fiable or, as in diphtongization, the vowel segment is
not stationary.

Stevens (1968) reported improved discrimination for
isolated vowels over CVC stimuli, The CVC stimuli
used in his study, however, varied both in steady-state
formant frequency and in duration. The improved dis-
crimination, therefore, ‘'may have been due to the addi-
tional temporal differences among the CVC stimuli.

Our study focuses on discrimination in formant frequen~

cies alone and forms an extension of Stevens results to

dlfferent vowels and contexts.

We report in this paper a series of five experiments
comparing the DL of vowel formants for the vowels in
isolation and in context. Experiment 1 explored DL val-
ues in the /1/ vowel region. In experiment 2, the ref-
erence formants were those near the boundary between
/e/ and /®/. Experiment 3 compared discrimination

- of CVC versus V over the F, =600 Hz line and covered
four different vowel regions. The fourth experiment
limited the context to CV and VC syllables.  In experi-
ment 5 we attempted to restrict the changes in DL to
phonetic processing effects and to eliminate aud1tory
contributions by employing CVC’s with nonvarying F,
frequencies, and allowing the consonantal information
to be encoded in the time variations of F, and F,.

I. STIMULI

Steady-state vowels and CVC syllables were generated
using a software formant synthesizer modeled after the
one presented by Rabiner (1968). The first three for-
mants were a.d]ustable under program control the
fourth and fifth formants were fixed at 3500 and 4500
Hz, respectively. Bandwidth values were fixed at 60,
80, 100, 175, and 281 Hz, respectively. The stimuli
were entirely voiced and consisted of steady or changing
formant patterns. In experiments 1 and 2 the formant
trajectories for the CVC syllables followed symmetric

J. Acoust. Soc. Am.. Vol. 63. No. 2. Februar\; 1928

573
30001
| I a0tz e
-~ N

/ N\ /gVg/

. # :
........ i a1 e
E:'j N Sex // r/’ ’ T~J
N \\\ s Interval of ’
8] TN e A F PP :
T }varluhon
w el
s /
g
- Steady-state
vowel
/bVb/ —
10001~

.......... b finterval of

_//’ e \\\ Fy variation

% N,

200 msec

FIG. 1. Formant trajectories for steady-state vowels and

congsonant—vowel—consonant stimuli, Left—/1/, /bib/, /g1g/
series; right—/¢/, —/beb/, ~/geg/ series. Unconnected

points at syllable centers indicate ranges of F; and F, variation,

cubic functions of the time differences from the tempor- .
al center of the stimulus (see Fig. 1). In experiment 4
the transitions were linear functions of time. In experi-
ments 3 and 5 they were parabolic functions of time.

The paired stimuli consisted of a standard and a vari-
able counterbalanced to eliminate any order effects.
The variable stimuli had central formant frequency val-
ues differing in F, (+ 25-Hz steps) or F, (+ 50-Hz steps).
Differences of one, two, three, and four steps were
used to modify each variable up or down to cover the
DL range expected on the basis of the data given by
Flanagan (1955). Two symmetric consonantal contexts
were used—/bVb/ and /gVg/ . These differed only in
the trajectory of the second formant frequency. All of
the stimuli were 200 ms in duration except for an addi-
tional shorter steady-state series of 133-ms duration
that is discussed further below. The formant frequency
variations are illustrated in Fig. 1. The steady-state
vowels had a steady fundamental frequency of 125 Hz
except for a drop to 100 Hz over the last 50 ms. The
fundamental frequency of the CVC stimuli followed the
same cubic trajectory as the formant frequencies and
covered the same range, namely 125 Hz at the center
and 100 Hz at the initial and terminal points. The dif-

» ferent fundamental frequency variations chosen for the

CVC and V stimuli contributed somewhat to an enhanced
naturalness for each group. s

In view of Stevens’ (1968) results that vowels in con-
sonantal context near the phoneme boundary are dis-
criminated better than vowels with formant values well
within the phoneme category, we used two separate
standard stimuli as given in Table I. In the first experi-
ment, we used values appropriate for the vowel /1/, in
the second, a value near the boundary between /e/ and
/#%/ (Peterson and Barney, 1952). Through use of dif-
ferent standards, we attempted to explore what effects,
if any, proximity to a phoneme boundary may have on
the DL values.
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TABLE I. Central and terminal formant frequencies for the
standard stimuli of experiments 1 and 2,

Formant frequencies

. . (Hz)
' Vowel /1/ (center) 350 21000 2900
Experiment 1 Stop /b/ (terminal) 50 1500 2000
Stop /g/ (terminal) 50 2400 2600
Vowel /e/—/¢/ (center) 600 1780 2450
Experiment 2 Stop/b/ (terminal) 50 900 . 2000
Stop /g/ (terminal) 50 2100 2300

. SUBJECTS

The subjects were volunteer students from Yale Uni-
versity and the University of Connecticut and were paid
$2. 00 per hour for their services. Five subjects took
part in the first experiment, and six subjects partici-
pated in the second experiment. An additional group of
five subjects, colleagues and students at Haskins Lab-
oratories, took part in the identification experiments.
Further groups of four subjects each acted as listeners
in experiments 4 and 5. All subjects were native speak-
ers of ‘English. : ' '

IIl. PROCEDURE

Subjects heard pairé of stimuli 0.4 s apé,rt, separated

by 1.6 s of silence from the next pair. They were asked ’

to judge whether each pair consisted of the.same or dif-
, ferent stimuli. The “same/different” response para-
digm was employed.to simplify the task and avoid mem-
ory-related problems that one encounters with ABX dis-
-crimination (Pisoni, 1971; Fujisaki and Kawashima,
1970). Some pairs consisted of the standard presented.
twice; others consisted of the standard and variable in
either order. In experiments 1 and 2 steady-state

. vowel pairs, and /bVb/ and /gVg/ syllable pairs were
all randomized within one grand list.. In experiment 3
we employed V and /bVb/ stimuli; in experiment 5 V
and /gVg/ stimuli were used. In experiment 4 V, /bV/,
and /Vb/ stimulus pairs were randomized together.
Each stimulus pair occurréd at least five times in each
order. '

Subjects were allowed to listen to trial pairs of stimu-
li until they felt comfortable with the quality of the syn-
thetic speech.’ Roughly ten pairs usually sufficed. -
Each experiment lasted approximately one-half hour
and was divided into two parts by a short rest period.
The first experiment contained a total of 336 pairs, the
second 360 pairs. Just noticeable differences ‘were
determined for each of the three contexts and each in-
dividual subject separately.

The fraction of stimuli reported different for any
variable increment was adjusted for guessing. We as-
sumed that the probability of a guess that the stimuli
are different when in fact they are the same is given by
p(d/A =0), the fraction of different responses for the
“same” stimulus pair. Following Swets (1964), the ap-
parent probability of discrimination at some formgnt- -
frequency difference value A is given by
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p(d/8)=p'@/a) +p'@/a =0)1 - p'@/a)],

where p'(d/A) is the true or corrected discrimination
probability and pf/a =0) is the guessing probability.
After the data were corrected for guessing,. sigmoid
curves were fitted to the data (Finney, 1964), and the
points of 50% discriminability and their standard errors
were estimated. =

IV. RESULTS

The DL values for experiment 1 are given in Table II.
The direction above or below the center formant fre-
quency in which the first or second formant was moved

" did not appear to affect the results significantly; there-

fore, the data are pooled and tabulated according to the
formant varied. The mean DL for F, variations is 50
Hz for the steady-state vowels and 49 Hz for the con-
sonantal context. For none of the subjects is the differ-
ence in Fy discriminability due to context significant.
The mean DL for F, variations is 142 Hz for the steady-
state vowel, 174 and 199 Hz, respectively, for the /b/
and /g/ contexts. The average increase in DL value is
45 Hz, or 31% over the DL value for the steady-state
vowel. All the DL values in consonantal context are
higher than the corresponding values for the same sub-
ject for the steady-state vowel. Six of the ten differ-
ences are significant at the 0.01 level. Significant vari-
ations are noted among the data of the various listeners.

‘Note particularly the low DL values for subject 2 and

the high values for subject 4 in all contexts,

Is the information provided by the separate formants
additive? To explore the effects of simultaneous varia-
tion in both the first and the second formant frequencies,
variable stimuli were included in the DL tests that were
constrained to lie along the line in formant-space given
at points such that AF,=2F;, AF,=+25, 50, 75, and 100
Hz, respectively. The DL values for F, under these
conditions are also given in Table II for each context.

TABLE II. Difference limenand standard error values (Hz) for
listeners to stimuli of experiment 1,

Subject
No.1 No.2 No.3 No.4 No.5  Mean

Variation in Fy ’

Vowel alone T4+ 8 3645 4746, 566 396 50

/b/ context 6128 4015 4146 577 29+4 46

/8/ context 646 3542 467 566 535 51

Variation in F, N

Vowel alone 16620  79%15 174434 164+19 125+14 142

/b/ context 207+46 136+156 22252 18112 12613 174

/g/ context 245469 109%14 208+38 23073 206+49 199

AF, =2AF,

Varlation in F,

Vowel alone 66:11  63x11 54211 76x10 ~63%14 64

predicted 11 53 83 93 66 81

/b/ context 142428 66411 8014 88x12 63x14 88

predicted 105 69 oo 96 53 80
_ /g/ context 101221  53+£11  80+16  78+19 63+14 75

predicted 114 59 80 101 86 88

Short vowel . . o

Fy variation 46+8° 307 . 54%10 38%5 4210 @ 42

F, variation 11322  63+14 120%30 134x25 71321 100
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TABLE III. Difference limenand standard error values (Hz) for listeners to stimuli of experiment 2.

Subject 4

No. 1 No. 2 No. 3 No, 4 No, 5 No, 6 Mean
+Fy variation
s8-8 vowel 37+ 6 297 32+4 335 39+ 5 29:+4 33
/b/ context 6747 174+112 41 %5 7546 83415 52+ 6 82
/g/ context 837 669 387 81+6 72+13 568 66
~ Fy variation s
s—s vowel 305 4048 2945 42+ 6 37+4 27+ 4 34
/b/ context 555 82 +10 3947 TT+8 9616 85+ 13 72
/g/ context 4146 87417 315 88411 56+ 8 608 61
+F, variation
s—8 vowel 62+12 115418 60+ 9 13619 107+17* 70£12 92
/b/ context 182+19 205 + 42 114+13 18219 189+ 38 202+ 36 179
/g/ context 161 50 182 £ 35% 113+ 18 149 +17 186+ 37 156 +16* 158
~F, variation ' ‘
s—a vowel 58410 3547 3547 93+ 14 59+12 6811 58
/b/ context 2454 80 2694 98 125+14 233452 242 +72 261+ 82 229
/g/ context 180420 1052 15 65+£10 - -151+14 130+19 9210 120
*significant difference with respect to DL in ~ F, direction at the 0, 01 level.-

Let us assume a simple model that considers F, and F,
to be independent parameters that contribute informa-
tion to discriminability given by ‘

(W1(AF1)2 + wz(AFz)z)lla ’

where w, and w, are appropriate weighting factors. This
model results in DL regions in formant space composed
of elliptical sections. On the basis of DL measurements
for F; and F, variation alone, this model allows predic-
tion of the DL when both parameters are varied simul-
taneously. The predicted DL values for F, under the
constraint that F,=2AF, are also given in Table II. The
measured DL values appear to be reasonably well pre-
dicted from the DL values for independent formant vari-
ation when F; and F, are not located close to each other.

One hypothesis that may account for the increased DL
for the consonant-embedded vowels is that the time inte-
gral of the difference between the formant trajectories
of the time-varying stimuli differing in a given F, value
is less than the same difference for the steady-state
- stimuli. One may argue that if the temporal duration of
a given difference is reduced, the discriminability may
also be reduced. However, Liang and Chistovich (1971)
found no substantial difference in the DL value for
steady tones near 1 kHz between duration values of 100
and 200 ms. The duration had to be reduced below 100
ms in order for an increase in DL to be manifested. To
assess the duration effects for speechlike stimuli, the
DL was also measured for 133-ms-long steady-state
vowels around the same point in formant space. No in-

_crease in DL value due to the shorter stimulus duration
was noted for any subject. ' In fact, a decrease was mea-
sured in the second-formant DL value relative to the
longer vowels that is significant at the p<0.01 level for
three of five subjé'cts. We know no good explanation for
the causes of this reduction in DL values accompanying
a reduction in stimulus duration. We may conclude,

however, that the decreased discriminability for con-
sonant-embedded vowels is not due to the decreased
average duration of the formant differences.

The results of the second experiment are shown in
Table Ill. Here differences were apparent in the DL
values determined for variations in the positive and
negative directions of the formant frequencies. There-
fore, the data for these directions are shown separately.
For each of the four directions of variations and for all
contexts, the DL’s in consonantal context are larger )
than the DL’s for the steady-state vowels. All but one
of the 48 differences are significant at the 0.01 level.
The average DL for F, is 33 Hz for steady-state vowels,
70 Hz in consonantal context. The average DL for F, is
75 Hz for steady-state vowels, and 171 Hz in consonan-
tal context. The average increase in each case exceeds
100%. The mean DL data for each vowel and context are-
summarized in Fig. 2.

An additional experiment (experiment 3) was carried
out to test the comparative discriminability of vowels in
isolation and in CVC context over larger region of the
vowel space. Stimuli were regularly spaced along a line
in the space of the first two formant frequencies such
that F, was constant at 600 Hz, and F, ranged from 1 to
2 kHz in 50 Hz increments. This allowed generation of
vowels varying through /2,4, 9,¢, and=/. The conso-
nant in experiment 3 was always /b/, achieved by using
initial and terminal second-formantfrequency values
ranging from 500 to 1000 Hz in 25 Hz steps. The initial
and terminal F; frequency was always 50 Hz. The F,
pattern was unchanged from experiment 2. All formant
trajectories were parabolic in shape and had a total dura-
tion of 200 ms. The corresponding steady vowels had
the same duration.

In Fig. 3 we have plotted the average discrimination
by four subjects of pairs of stimuli spaced three steps,



576 Paul Mermelstein: Formant frequency differencevlimens

Hz
- 2200+

2000

1800
F2

T

1600

1400

© /bVb/ context mm——— :
1200 /gVg/ context ————m . -
s.s. vowel ’

766~ 300 300400500
F :
FIG. 2, Just noticeable difference regions for vowels in and
out of consonantal context. The results are mean values for
five subjects (/1/ group) and six subjects (/¢/ group), respec-
tively
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or 150 Hz in the central F, value. . The short bars indi-
cate the one standard deviation limit in each case. The
overall average discrimination is 83+ 14% for the vowel
alone, but only 26+ 22% for the vowel in the CVC con-
text. The loss in discrimination due to the consonantal
context is clearly demonstrated.

Experiment 4 compared the DL values determined for
F, variations for /bV/ and /Vb/ syllables with the same
values for the corresponding vowels. The syllabic stim-
uli were synthesized with 48-ms linear formant transi-.
tions preceding or following 96-ms steady-state seg-

" ments. All duration values were integral multiples of
the fundamental voicing period of 8 ms. The steady-
state segments alone constituted the vowel stimuli. Four
new subjects acted as listeners in this experiment and
heard eight presentations of stimulus pairs differing by
0, £50, + 100, + 150, and + 200 Hz from the F, of the
standard. Results for these pos1t1ve and negative excur-
sions about the F,=1780 value at an F, value of 600 Hz
are given in Table IV.

Twelve of the 16 CV or VC versus V comparisons
yielded positive DL differences significant at the 0. 01
level. - In most cases even a single prevocalic or post-
vocalic transition suffices to increase the vowel-formant

TABLE IV. Difference limen and standard error values for
listeners to stimuli of experiment 4,

Subject
" No. 1 No. 2 No. 3 No. 4 Mean

+F, variation
v v 140416 132417 93+ 14 82413 112
cv 176+ 11* 1714 15‘\ 139+ 13* - 175 15* 165
vC 160+ 16 192 + 362 169+ 11* 155+ 18* 169
—F, variation : .
v 103+13 164 +£27 5448 92+15 103
cv 163+ 14* 93+19 738 125+£11* 114

13113 77+ 8% 105+11 117

vC 156 2 15°

*Difference limen of CV and VC significantly larger than that
for corresponding V at the 0,01 level.

J. Acoust. Soc. Am., Vol. 63, No. 2, February ‘1978

576
TABLE V. Difference limen and standard error values for
listeners for vowels and CVC stimuli with statlonary Fz pat- .
terns (experiment 5),
@
Subject
No. 1 No. 2 No. 3 No.4  Mean

+F, variation

Vowel 44+ 8 47+ 8 3247 327 39

cve 101110 52+10 67+10% 43110 66
~F, variation ’

Vowel 89+10 67+9 428 327 58

cvc 112+ 18% 138+ 172 177+ 28% 10216 132

*Difference with respect to corresponding DL for the vowel alone
significant at the 0. 01 level.

DL The differences between DL values between CV
and VC syllables are not generally significant. Also,
the DL differences remadin even when all fundamental
frequency variations have been eliminated.

The average magnitude of the DL difference for CV or
VCversus V is significantly smaller than the difference
measured for similar CVC syllables. Admittedly, dif-
ferent groups of subjects took part in the two experi-
ments and the stimuli employed were not precisely com-
parable. ‘In experiment 4 we used linear transitions and
100-ms vowels, in experiment 2 we used parabolic tran-
sitions and 200-ms vowels. Nevertheless, the results
suggest that CV or VC syllables oécupy an intermediate
position in the contextual hierarchy in that they increase
the vowel DL’s less than the CVC syllables.

Is there an increase in the DL even when the target
formant is stationary and the consonantal information
is supplied entirely by the other formants ? Experiment
5 compared the perceived DL of F, for CVC stimuli with
stationary F, patterns, but time varying Fy and Fg, with

_ vowel stimuli having Fy, Fy, and F, stationary, The
_vowel stimuli included a standard with Fy at 600 Hz, F,

at 1780 Hz, and F, at 2600 Hz; the CVC standard had
terminal F, and F; values of 50 and 2300 Hz, respec-
tively. As before, F, variations of + 50, + 100, + 150,
and + 200 Hz were employed. Each subject responded
to a total of 160 pairs of stimuli, Table V gives the DL

Three-step Discrimination Functions (aF, =150Hz)

Overall Averages:
Vowelalone 83:14%
Vowel in CVC 26422%
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results obtained. Six of the eight comparisons (two F,
directions and four subjects) yield significant DL in-
creases for the CVC stimuli, The DL increase for posi-
tive F, variation was found to be significantly smaller
than the DL increase for negative variation. This asym-
metry in the DL value may result from consonantal
quality differences induced by the increased proximity
of Fy to the terminal F, values when F, was varied in the
positive direction. Although the frequency values were
selected so as to leave consonant identity unchanged at
/g/ for the entire range of F, variation, slight quality
changes could not be avoided. Nevertheless, the over-
all increase in DL in'CVC context is reduced compared
to the more natural CVC stimuli having time-varying F,
patterns used in the first four experiments. We attrib-
ute this reduction to the elimination of the auditory con-
tribution. The residual DL increase appears to result
from the structure information carried by the other
formants. Since this information alters the phonetic
interpretation of the steady second formant, we tenta-
tively describe the effects as a phonetic contribution to
‘the increased DL,

V. DISCUSSION

Comparison between experiments 1 and 2 reveals a
decrease in the steady-state vowel DL for F,; as the fre-
quency of F, increased. Similarly, there was a de-
crease in the steady-state vowel DL for F, with the de-
creasing frequency of F,. These agree with the de-
crease in DL found by Flanagan (1955) when the formant
amplitude increases due to the mcreased proximity of

the two formants.

Flanagan obtained a DL in F; of 15 Hz at 350 Hz. Our
DL result of 50 Hz at 300 Hz appears to be significantly
higher. At 600 Hz our result of 33 Hz is comparable to
the 25 Hz Flanagan obtained at 500 and 700 Hz. As seen
in Table II, the measured values depend greatly on the
listener. - An additional factor may be the fact that at an
F, of 300 Hz the second and third harmonics of the 120-
Hz fundamental are equally excited. Discrimination of
" formant differences in such regions may be poorer than
when the formant comc1des with a maximally exc1ted
harmomc

When we compare the sets of DL values measured in
the two experiments, we find that the values in the con-
sonantal context are larger for both F; and F, in experi-
ment 2. The relative increase in DL may be due to the
more extensive formant transitions employed in the sec-
ond experiment. The lack of a significant difference in
the DL for F, in experiment'l in and out of context may
be due to the small range of F, transition there.

We noted an interesting tendency for asymmetry in
the DL values with the direction of variation of F,. -For
.the steady-state vowels, the data of four of six subjects
revealed significantly larger (0.01 level) positive DL

~ values than negative DL values. For the /gVe/ stimuli
three of six subjects showed significantly larger DL val-
ués in the same direction, For the /bVb/ the data show
a trend in the opposite direction, namely larger DL val-
ues in the negative F, direction. . However, since the
largest F, difference included in the stimuli was 200 Hz,
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when the DL estimates exceed this value the error of .
the estimate may also be large. Thus we could not es-
tablish the significance of the directional asymmetry

for the /bVb/ stimuli. F, variations in /b/ context are
concave downward, F, variations in /g/ context are
concave upward. In both cases the larger DL value is in
the direction.of the terminal F, value.

These increases in discriminability might simply be

- the usual increases observed at a phoneme boundary,

but at a boundary that shifts with consonantal context
due to perceptual compensation for articulatory under-
shoot. Thus a shift in the /e/-/=/ boundary to a point
above the central F, frequency for the /g/ context, but
to a point below the central F, frequency for the /b/
context would be in a direction consistent with the find-
ings of Lindblom and Studdert-Kennedy (1967). Moving
Fp toward the perceptually adjusted boundary might then
result in a lower DL than moving it away from the
boundary. If this hypothesis were correct, the stimuli
of the second experiment should yield a clear /e/~/=/
boundary near the formant values of the standard. To

- test for this, a vowel identification experiment was run

with five additional subjects. (The subjects used in the

.original discrimination tests of experiment 2 were no

longer available.) The stimuli used were those of ex-
periment 2 which varied in the central F, value in steady
state, in /b/, and in /g/ contexts. Subjects were in-
structed to identify these stimuli as /e/, /%/, or “other
vowel.” Within the limits of the variation among the
stimuli, no crossover was observed for any subject be-
tween a majority of /®/ and a majority of /e/ observa-
tions along any of the three stimulus continua.  The

_asymmetry in./e/-/%=/ identification can be expressed

as

(N¢-Nz)- (N -Na)/(N¢+Ne+Ngp+Ng),

where N# is the number of positive F, excusion stimuli
identified as /@/, N} the number of positive F, excur-
sion stimuli identified as /e/, and N2 and N ¢ are defined
similarly for the negative F, excursion stimuli. A per-
fect boundary at the formant values of the standard
would have resulted in a ratio of 1. For no subject did
this ratio exceed 0.20. Therefore it is unlikely that,

for a fixed stimulus duration of 200 ms, "the 400-Hz range
of F, variation was sufficient to effect significantly the
probability of /e/ versus /=/ judgment. The difference
in discriminability between the positive and negative ,
directions of formant variation observed in experiment
2 appears not to be due to perceptual shifts in vowel
boundary as a function of consonantal context.

The results of the third experiment indicate that dis-
crimination of the steady-state vowel series is clearly
continuous. Two minor peaks in the CVC discrimina-
tion curve do appear at 1175 and 1625 Hz, and these

" roughly correspond to the /2/-/a/ and /a/~/¢/ bound-

aries as observed from the identification of the same
stimuli. However, discrimination is not sharply cate-
gorical, and the identification curves of the different
vowels show significant overlap. Furthermore, dis-
crimination does not vary appreciably with the central
F, value as that value is changed from 1000 to 2000 Hz.

Thus, unlike the case for single formant stimuli, it
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does not appear that the critical bandwidth of the audi-
tory system, which increases as we traverse this fre-
quency range, is a limiting factor in establishing the
. difference-limen value.

VI1.- CONCLUSIONS

The overall mean DL value in CVC context in the first

. two experiments encompassing 11 different listeners ’
was 60 Hz for F, and 176 Hz for F,. In experiment 3 a
change in F, of 150 Hz could be discriminated on the
average only 26% of the time.” These results question

. the perceptual signifitance of most of the F, shifts due
to consonantal context observed by Stevens and House
(1963). Only when the formant shift exceeds the DL can
the listener be expected to invoke generative rules to
correct for context-induced formant shift. Relatively
greater significance must be assigned to the measured
F, shifts than to the F, shifts,

Formant-frequency differences that are discriminated
among steady-state vowels. are not discriminated in the
presence of consonantal transitions. _We' interpret this
result as due to a stage in processing the incoming
speech signal where some information concerning for-
mant differences is lost. Two thechanisms may ac-
count for this result.

First, we may consider the result as purely auditory
.in origin, If steady-state vowels are mapped into a
unique excitation pattern on the basilar membrane, any:
time variation of the vowel spectrum can be expected to
-broaden the excitation pattern and thus add uncertainty
to the spectral component of perceived vowel quality, -

Tsumura, Sone, and Nimura (1973) carried out exper-
iments on the just noticeable differences between two
steady portions of a tone burst seéparated by rising or
. falling transitions. The threshold frequency difference
increased roughly logarithmically with decreasing tran-
sition duration for.transitions shorter than 50 ms.
tones near 1 kHz in frequency, the threshold was found

" to be greater when the frequency transition occurs near
the burst onset, than if it occurs near the cutoff. The
threshold was generally higher for a rising transition
than for a falling transitien.. Evidently frequency tran-
sitions may exert an auditory masking effect on steady
tones. The frequency transitions in our stimuli (as
often in speech) were significantly larger than those
used in the Tsumura study; so that masking effects of
significantly greater magnitude may occur in speech ’
than those reported for tones. These effects would tend
to increase the just noticeable difference (JND) of the
formant frequencies in context above those that hold for
steady-state vowels. :

Second, the effect may be due to the phonetxc decodmg

that must follow the auditory processing of the cve

" stimuli. Liberman, Mattingly, and Turvey (1972) sug-
gest that phonetic decoding of consonants “strips away
auditory information” in short-term memory. A simi-
lar process may be involved in the decoding of vowels,
though perhaps at a slower rate. Discrimination in con-
sonantal context is still quite good despite the fact that
the vowels belong to the same phoneme category. "Yet
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it is not as good as that observed for the steady-state .
vowels. A partial loss of information has taken place.

Experiment 4 was designed to test vowel discrimina-

“ bility in the s1mp1e§t linguistic - context, namely, when

the vowel is accompanied by just one prevocalic or post-
In comparing the DL value for CV and VC'
'stimuli, we were testing the retention of vowel-quality
information as a function of the position of the inter-
stimulus pause with respect to the vowel segment. For
CV syllables the pause followed the vowel segment di-
rectly; for VC syllables the postvocalic transition inter-
vened. If purely auditory effects such as forward and ‘
backward masking were the main contributors to the in-
crease in DL, for the CV syllables forward masking
would be expected to predominate and for the VC sylla--

bles backward masking would be ‘more important. In

each case the 400-ms intersyllabic pause would tend to
prevent masking across the stimuli. Extrapolating
from results on recognition masking of tones (Massaro,
1973), we would expect backward masking to have more
severe effects.on the vowel DL than forward masking.
Since there was no significant difference between the DL
values for VC and CV syllables, forward and backward

‘masking appear unlikely to be the major causes of the

increase in DL. Furthermore, a postvocalic pause
does not facilitate retention of vowel-quality information
as against a postvocalic stop. These results argue for

‘the existence of phonetic processes which incorporate

temporally parallel decoding of vocalic and consonantal
information. The presence of a ¢onsonant, whether it
occurs before or after the vowel segment, worsens
equally the retention of vowel-quality information. The

‘amount of interference appears to be related to the com-

plexity of the syllabic stimulus. - The presence of both

a prevocalic and postvocalic consonant affects discrimi-
nation more than one consonant alone. We may hypothe-
size that when the amount of ongoing phonetic processing ’
is increased, a correspondingly higher loss of informa-
tion regarding vowel quality is incurred. Further re-
search in this direction may result in methods for objec-
tive assessment of phonetic complexity.

Comparison of the DL results for vowels in experi-
ments 2, 4, and 5 reveals significant variations over the
separate groups of listeners. Therefore we will com-

_pare only the relative increases in DL within the various

experiments. The average increase in the DL of F, for -
CV and VC stimuli with respect to the corresponding
vowel (experiment 4) alone was 34 Hz. The average in-
crease in DL for the CVC with flat F, tra;ectones (ex-
periment 5) was 51 Hz.” The largest average increase,

‘97 Hz, was noted for the CVC with time-varying F, pat-

terns. The relative magnitudes of the DL changes ob-
tained allow us to conclude that both auditory effects
(time varying versus stationary formant patterns) and
phonetic effects (perception of one or more consonants)
contribute to increased values for the DL of vowel for-
mants. The explanation in terms of phonetic effects is
a tentative hypothesis and further experiments dare need-
ed to delimit the environments, both speechlike and non-
speechlike, where such DL increases can be observed.

The improved identification for natural vowels in con-
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text over those in isolation obtained by Strange et al.
(1976) is apparently not due to improved formant fre-
quency discrimination. Our data imply that on the basis
of frequency information alone, steady-state vowels are
. better discriminated than consonant-embedded vowels.

However, if temporal information concerning the differ-
ences in the transitions were used in the discrimination
task in addition to the formant-frequency diffefences,
the consonant-embedded vowels might be better dis-

criminated. Durational information, in particular, was »

missing from the /e/-/%/ stimulus series. Such dura-
tional information, which is regularly used when inter-
preting continuous speech (Peterson and Lehiste, 1960;
Klatt, 1976), may more than suffice to overcome the re-
duced frequency discrimination, and thereby result in
improved identification of vowels in consonantal context.
The results suggest that improved vowel- recognition
performance in automatic Speech recognition is not to
be attained by improved accuracies in formant frequency
determination. Rather, contextual and temporal factors
must be utilized as well.

At an Fy value of 600 Hz, the 1-2 Hz-frequency range
for F, covers four different English vowels, /3/, /a/,
/®/, and /e/. Since the DL for F, in consonantal con-
text was nearly 200 Hz, one may argue that no more
than five vowels can be reliably differentiated on the
basis of spectral information in a 1000-Hz frequency
range. One may suspect that it is to overcome this
limitation that different vowels with similar formant
values are likely to differ in other characteristics such
as duration and diphthongization. Liljencrants and
Lindblom (1972) discuss a 12-vowel model where the
vowels are distributed in F,~F, space on the basis of
. maximum perceptual contrast. Even for that system,
no-more than four vowels are located in the above fre-
quency range. It appears that there exist fundamental
auditory and phonetic limitations on the density of vowels
in formant space, and vowel-rich languages such as
English have closely approached those: limits.

The results concerning increased DL values in con-
sonantal context é.ppear to have significant implications
for speech coding applications. The limited data indi-
cate an increase that frequently exceeds 100% for the DL
values in consonantal context. More detailed explora-
tion of the limitations of these results, if any, needs to
be carried out. In particular, one must determine
whether the same results are obtained throughout the
vowel space and in all consonantal contexts.. If the re-
sults can be generalized to the encoding of all vowels
and contexts in syllable-sized units, the resolution need
to quantize the formant frequencies of the syllabic peak
(the point of maximal spectral stability) may only be
half as fine as that expected on the basis of DL values
for steady-state vowels. Furthermore, since spectral
discrimination at points of greater spectral variation
can be expected to be worse than at points of relative
spectral stability, discrimination at the syllabic peak
appears to impose the tightest requirements.

The DL values cited cannot be applied directly fpr the
independent encoding of formant information for succes-
sive shori-time segments. Clearly, if on ‘resynthesisﬂ
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independent perturbations of formant-frequency values
of a magnitude comparable to the measured DL values -
were introduced, the result would be unacceptable to the
listener. However, where syllable-sized segments are
encoded as a unit, in terms of duration and spectral pa-
rameters, substantial information-rate savings may be
achievable.
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