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CHAPTER I

SOME THEORIES OF THE PHYSIOLOGICAL AND ACOUSTIC 
BASES FOR THE OPPOSITION OF MEMBERS OF 

COGNATE PAIRS IN AMERICAN ENGLISH

Within the phonemic Inventory of American English 
there are several pairs of sounds which are termed cog- 
nates by many linguists and phoneticians. There is 
general agreement that the members of each connate pair 
are characterized by the identical manner of articulation 
(e.g. stop) and by the identical place of articulation 
(e.g. apico-alveolar).1 These cognate pairs may be 
designated as follows:^

TABLE 1-1 
ENGLISH COGNATE PAIRS

Stop Fricative

Bilabial /p-b/
Labio-Dental /r-v/
Lingua-Dental /e-B/
Apico-Alveolar /t-d/ /s-z/
Alveolar-Palatal /$ -3 /
Dorso-Velar /k-g/

1
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There is considerably less agreement about the 
characterization of the feature(s) which distinguishes one 
member of a cognate pair from the other. Many linguists 
have sought one distinctive feature which would separate the 
members of all of the cognate pairs, whatever their phonetic 
realizations, into two groups: /ptkfes^/ vs. /bdgv3z3/.
The two features most commonly proposed as performing this 
function are the voiced/voiceless opposition and the 
fortls/lenis opposition.

On the other hand, some investiga.o r s , doubting or 
denying the existence of any generally distinguishing 
feature, have proposed a series of individual phonetic 
features which, taken individually, or in various combina­
tions, are said to underly the opposition of the members of 
the pairs of sounds in a variety of phonetic environments. 
Among these features are the nature of the burst and as­
piration of stops, the duration of closure of stops, the 
duration of the friction of fricatives, and the duration of 
sounds preceding the members of both stop and fricative 

cognates.

The Volcea/Volceless Opposition
In its most elementary manifestation, the voiced/

voiceless opposition is caused by the presence or absence

of periodic vibrations of the vocal folds during the
i]articulation of a speech sound. Thus the vocal folds may 

be described as vibrating during the articulation of such
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sounds as /b,g,v,z/ and at rest d u r i n g  the articulation of 
such sounds as /p,k,f,s/.

A variety of impressionistic tests is recommended 
to demonstrate this assertion. C. K. Thomas suggests that 
one touch the tip of one's larynx lightly while saying the 
words fal1 and veil to demonstrate the voiceless/voiced 
contrast between /f/ and /v/. Daniel Jones remarks that 
when "breathed [voicelessJ and voiced sounds are pronounced 
while the ears are stopped a loud buzzing sound is heard in 
the latter case but not in the former," and adds that "It 
is possible to sing tunes on voiced sounds, but not on 
breathed [voicelessJ o n e s . T h e  validity of such tests Is, 
of course, questionable, particularly with regard to stops 
such as English /b,d,g/, where tactile sensitivity may not 
be acute enough along the time dimension to distinguish 
the voicing during closure (if there Is any) from that of 
the following vowel. ̂

It is, in fact, the category of stops which supplies 
much of the basis of the argument which denies that the 
voiced/voiceless opposition (in the form so far considered) 
effectively separates the members of cognate pairs In 
English. Spectrographic evidence reveals that in initial 
position before a stressed vowel, both /p,t,k/ and /b,d,g/ 
are often produced without voicing during their closure

Q
stage. Thus, according to the elementary definition of 
voicing, both series of stops are voiceless in English in 
at least one very common phonetic context.



Spectrographlc Investigation further Indicates that 
there is often audible voicing present in the closure for
/p,t,k/ when these stops are preceded by voiced sounds m

grunning speech. Finally, there is evidence that cognate 
stops in whispered (i.e. voiceless) speech can usually be 
distinguished.lljl

There is some indication that members of the frica­
tive series /v,6,z,£/ may be articulated without accom­
panying vocal fold vibrations upon occasions. Trans- 
illumination studies reveal that members of these series 
are often produced with an open glottis, and, less fre­
quently, without vocal p u l s i n g . ^

It appears, then, for fricatives as well as for 
stops, that the presence or absence of periodic vocal fold 
vibrations Is not always a certain indication that a sound 
will be perceived as belonging to one phonemic category 
rather than another. That is, the voiced/voiceless con­
trast does not serve to separate the perception of stop and 
fricative cognates in all their phonetic manifestations.

The Fortls/Lenls Opposition
An alternative contrast often said to perform the 

above function successfully is the fortis/lenls opposition. 
Most linguists use the terms fortls and lenls to refer to 
either or both of two parameters:

1. The degree of oral breath pressure during the 
articulation of a sound.

2. The tension of the muscles Involved in articula-
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In this scheme sounds such as /p,k,f,s/ are said to be 
characterized by relatively greater muscular tension and 
high oral breath pressure and so are labelled fortis. Sounds 
such as /bjgjVjZ/ are said to be characterized by relatively 
lax articulation and low oral breath pressure and so are 
termed lenls.

Many linguists hold that in English the fortis/ 
lenls opposition is more fundamental than the voiced/ 
voiceless opposition. Jakobson, Halle and Fant comment that 
"In languages lacking an autonomous opposition of voiced 
and voiceless consonants, the latter is either used as a 
mere concomitant of the opposition of lax and tense con­
sonants, as in English, or oral consonants are normally 
voiceless . . . Stetson, in much the same manner, states
that the pressure difference underlying the fortis/lenis 
opposition "Is more fundamental than the voicing of con­
sonants, and persists after the voicing distinction is lost, 
i.e. after both surd (fortis) and sonant (lenis) are 
voiced . . .

Although earlier statements of this theory were 
often based on impressionistic evidence, some experimental 
work In recent years has supported the validity of the 
opposition in a variety of phonetic environments. Black 
found the mean oral air pressure during the articulation of 
/p,t,f,s/ greater than that during the articulation of 
/b,d,v,z/. This finding held for sounds in initial, inter­
vocalic and final positions.1^ Stetson found that vertical
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movements of the larynx caused pressure differences In the 
oral cavity and that these pressure differences were In 
agreement with the assignment of / p ,t,k,f,9,s,$/ to the 
fortis category, and of their cognates to the lenis group.

Mal^cot found that oral air pressure measurements
taken by means of a nasally Inserted catheter matched his
subjects' "kinesthetic Impression of force of articulation
In a general way and . . . [fit] the lenls-fortls theory

17perfectly." In a later study, using improved mechanical
devices for measuring pressure, Mal^cot found that there
were significant differences in peak pressure, time Integral
of Instantaneous pressure and total duration of pressure
between classes of stops In intervocalic, pre-stress
position. Further, Malecot determined that the subjects
of his experiment were sensitive to differences In peak
pressure anu time integral of pressure that were "well

19within the range of values observed real speech."
Some recent studies, however, by Malecot, Lisker 

and others, have shown that there is no consistent physical 
basis for a fortis/lenis distinction In English, either in 
terms of breath pressure or of articulatory energy. ̂  

Measuring the breath pressure component of the opposition 
in stops, Lisker found "questionable the ready acceptance of 
the view that a difference in supraglottal air pressure Is a 
thoroughly reliable Index of the /ptk/-/bdg/ contrast, and 
that such a pressure difference constitutes the evidence for 
the existence of a fortis-lenls dimension Independent of



7

ana more funuamental than one of voicing."*^ Lisker mea­
sured peak pressure, the time integral of instantaneous 
pressure, and the uuration of pressure buildup and decay 
for stops ir. initial, medial-pre-stress, meuial-post-stress, 
and final positions. 1̂1' ho one of these measures of pressure 
effectively separated the stops ir, each of the positions 
investigated, altnough all of the measures were effective 
in final position ana one or more measures were operative 
in each position.'0

It may be noted that Lisker ano faltcot differ in 
tneir results for meuial-pre-stress position in regaru to 
peak pressure. notn, however, found the time integral of 
instantaneous pressure to separate stop caterories in tnis 
position, and Lisker, in a later study, founu total 
duration of pressure to ue a reliable indicator of

• )  I-categorizatiori.c ̂
Lisker’ has pointed out that the fact that initial 

stops of both classes show no significant difference In 
pressure profiles is of special import: LInce initial 
stops of botn classes are often prouuced without voicirn'" 
during the closure period while pressure is increasing,
"tne aosence of any difference between the two . . . does
contradict the view that a difference in pressure in­
variably marks the contrasts between /ptk/ and /bdg/."^b

Further, in questioning the consistency with which 
phoneticians apply the terms fort is and lenls, Lisker 
notes that a medial post-stress stop, such as the /p/ In
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copper has been characterized in the literature as being 
lenis. Since /p/ is elsewhere referred to as fortis, Lis­
ker concludes that "we must reckon with the fact that there 
is some disagreement as to the existence of a fortis-lenis 
contrast between /ptk/ ana /bdg/ in just that position where 
the two series (alveoiars excepted) differ most [according to 
studies done at hasKins Laboratories] in pressure. Con­
versely, it is where phoneticians seem most in agreement 
that there is a fortis-ienis difference, namely in initial 
position, tnat no pressure difference may be fourw." Lisker 
concludes that "if we wish to continue to say that the 
initial stops differ in tension, we must reject the [air] 
pressure definition of the fortis-lenis difference ana
search for some other physical Interpretation of this 

27dimension."
The second of the fortis/ienis measures, muscular 

tension of tne articulators, was investigated by Kal^cot. 
Measuring pressure duration, peak pressure, and pressure 
impulse of the muscles of opposing articulators, for labial 
arid alveolar stops and nasals, he found that "American 
speakers ao not articulate consonants in such a way as to 
yield values [of articulatory pressure] sufficiently dis­
tinctive to be used proprloceptlvely in identifying phonetic 
class." Malecot concludes that motor commands to the 
articulators (for the sounds he studied) contain no in­
formation regarding tension, but merely that an occlusion

28be made at a particular place in the mouth.
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Force of muscular tension Curing articulation has 
also been measured in two independently conducted studies 
which employed electromyographic techniques. Measuring con­
tractions of the orbicularis oris muscle during the articu­
lation of oral and nasal labial stops, in Initial and final 
syllable position, a research group at Haskins Laboratories 
founa tnat although some differences in tension exist be­
tween /p/ and /b/, they "are small at best and non-existent 
for some subjects. The differences observed in these ex­
periments could not serve as the basis for a workable
phonemic distinction based on muscular tenseness or 

.. 2 9laxness.
Fromkin, in a separate stuay, found such a great 

overlap uetween the peak amplitudes of the EMG traces for 
/p/ and /b/ in initial and final positions that she con­
cluded "the gestures at the lips were virtually identical" 
for both sounds. She did, however, find a greater duration 
of muscular tension for /b/ than for /p/ in every utterance 
tested.^0 This finding contradicts the fortis/lenis theory. 
In the data supplied by the principal subject of Fromkin1s 
experiment, "initial /b/ .hows both greater amplitude and 
greater duration of muscular activity than initial /p/, 
while final /p/ shows greater amplitude but shorter dura­
tion than final /b/." On the basis of these results 
Fromkin concludes, in agreement with the Haskins group, 
that "a feature other than the tense-lax feature must 
differentiate these two phonemes [i.e. /p/ and /b/J
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In English.”31,32

It seems, then, in English, that both the voiced/ 
voiceless and the fortis/lenis oppositions, if interpreted 
in their most basic and fundamental senses, do not possess 
the generality necessary to separate the members of cognate 
pairs into two classes. That is, there is at least one actual 
contrasting phonetic manifestation of each cognate pair tnat 
neither of the oppositions adequately explains.

Acoustic Cues to Cognate Differentiation
Phoneticians, both in attempts to extend the nature 

of the oppositions described above, or in recognition of 
their inadequacy, have Investigated a number of phonetic 
features that characterize the allophone of one phoneme in 
a given phonetic environment, but not the allophone of 
Its cognate in the same environment. It is likely that 
those who view these features as reflexes of the voiced/ 
voiceless or fortis/lenis oppositions recognize that these 
oppositions must be substantially modified from their funda­
mental forms In order to serve as theoretical bases which 
adequately account for each of the several acoustic events 
that might be ascribed to them.

One of the features which has been studied Is 
aspiration. It has long been noted that aspiration accom­
panies the release of English /ptk/ (but not of /bdg/) when 
these sounds occur Initially in a syllable before a stressed 

vowel.33,314
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Two Independently conducted tape-cutting experi­
ments are widely interpreted as demonstrating the presence 
of aspiration as cue to /ptk/ and Its absence as a cue to 
/bdg/. In both of the studies it was found that when the 
/s/-frictlon was removed from the beginnings of words such 

as SP J- H  * fLkAAAj skill, native speakers of English Identi­
fied them as b ill, d i l l , g i l l , rather than as words initi­
ated by /ptk/. Since the stops in these words are often 
described as voiceless and unaspirated, and since they were 
heard as "voicea" stops by the listeners, the experimenters 
concluded that "aspiration Is a more dominant cue than 
voicing in the perceptual separation of these two classes of 
s tops."J J

Hultzen argues that stops after /s/ in Initial 
clusters should be interpreted phonemically as /bdg/.
He uses tape-cutting experiments as evidence, and refers to 
analogous cases where "the segment after /s/ is a recognized 
lenls, elsewhere voiced, which has no recognized fortis, 
usually voiceless counterpart, [e.g. /sm/, /sn/, /sw/,
/sj/, /si/ . . .]."3b

Lisker objects to Hultz^n's assumption that voiced 
consonants such as /m,n,w,J,l/ in post-/s/ position are 
lenls and voiceless. Referring to work by Sholes, Lisker 
indicates that air pressure measurements for stops after 
/s/ do not vary significantly from those for initial /ptk/. 
Further, "spectrographlc evidence also contradicts Hultzen 
In his consignment of the second members of such clusters
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as S£, si., and tr all to a single voiceless lenls category, 
Inasmuch as there Is no acoustic basis for claiming that 
they are equally devoiced in that position." Lisker con­
jectures that Hultzen may have mistaken a "reduction in the
duration of the second consonant" in such clusters as /sm/,

17/sn/, /si/, for devoiclng.
Lisker further rejects Hultz^n's contention, point­

ing out that although the tape-cutting experiments indicate 
that post-/s/ stops "can be distinguished from initial 
/ptk/, they certainly cannot be taken to force the decision 
that . . . [they are] /bdg/." That is, the stops beginning
the words labelled as bill, d i l l , g ill, are not initial 
stops. Rather, they are acoustic segments which have been 
displaced from their actual context. T h u s , comparing them 
with initial /ptk/ and /bdg/ may lead listeners to make a 
phonemic identification that in fact ”conflict[s] with an 
assignment required by the phonological facts of the 
language." Lisker notes that when "the /p/ in words like 
rapid copper, etc. were presented as initial stops for 
Judgments . . . they were by and large called /b/. Since
English contains such pairs as rapid-rabid it is very clear 
that the results of this experiment cannot be phonologically 
decisive."^

Some phoneticians feel that aspiration is simply a 
reflex of the pressure differences which characterize the 
fortis/lenis opposition. If it is, it is a reflex that is 
absent in several phonetic contexts: /ptk/ are often
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unasplrated (I.e. unreleased) In English In absolute final
3yposition, and preceding other stops, especially their 
HOcognates. For those contexts where /ptk/ are clearly dis­

tinguishable from and in opposition to /bdg/, in spite of
ij 1the lack of aspiration, one must assume either that the 

fortis/lenis opposition Is inoperative, or that it mani­
fests itself In other ways (see below: vowel duration pre­
ceding final consonants).

Other investigators tend to view aspiration as a 
reflex of the voiced/voiceless opposition, although their 
Interpretation of the opposition is different from that 
described above. This interpretation will be dealt with 
at length in a later section of this study.

Much the same line of argument that has been applied
to the cue value of the aspiration of stops may also be

 ̂2applied to the burst-release of /ptk/. As with as­
piration, some linguists tend to view burst pressure or 
Intensity as a reflection of fortisness or lenisness.
Halle, Hughes and Radley, making acoustic measurements
of stop consonants, noted that burst pressure is the

4 3essential cue that separates /ptk/ from /bdg/: "lax
stops . . . show a significant drop in level Ir. the high
frequencies [of the burst]. This high-frequency loss is 
a consequence of the lower pressure associated with the pro­
duction of lax stops and is therefore a crucial cue for this

h iiclass of stops." However, Halle et al. found that using 
an electronic gating device to remove the bursts of final-
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4 5position stop consonants caused little confusion between
members of cognate pairs, "because of the very marked
difference in duration of vowels before tense and before

46 47lax stops. . . . "  * There was, however, some significant
confusion in judging syllables originally ending in /ptk/
which were thought to be "open" (i.e. unchecked) when heard

48with the burst removed. This would seem to indicate that
the burst is a cue for the presence or absence of /ptk/, but
not necessarily a cue opposing those stops to their cognates

Malecot and Wang report similar results in their
studies of plosives in final position. Malecot states that
"suppression of the releases leaves the voiced stops
practically unaltered, but results in a drastic reduction of
the manner [i.e. voicing] identification of the voiceless 

4 9stops." Wang explains that since American speakers tend 
to release final /ptk/ more frequently than final /bdg/,
the releases of the former set are more important cues for

SOidentification than are the releases for the latter set.
Both Wang and Malecot found that replacing the re­

leases of final /ptk/ with those of /bdg/ generally tended 
to shift the perception of the final consonants from the 
former to the latter set, although there was no significant 
3hlft when final /bdg/ releases were replaced with those of 
/ptk/. These results were explained by the fact that there 
was voicing during half the closure for both classes of 
stops. Thus, for example, when a /p/ release was sub­
stituted for a /b/ release, the voicing during closure cued
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the original perception as /b/, whereas a /b/ release sub­
stituted for a /p/ release merely reinforced the perception

51 52of /b/ cued by the voicing during closure. * This Is 
further evidence of the relatively greater Importance of 
the release of /ptk/ as a cue for identification, as opposed 
to the release of /bdg/.

As In the case of aspiration, It must be noted that 

burst-release Is not a universally present reflex of a 
fortis/lenls opposition, If, In fact, It can be ascribed 
to differences In breath pressure and articulatory pressure. 
That Is, there are cases wnere stops are unrelepsed In 
English and In which, therefore, no differentiation Is pos­
sible on the basis of the acoustic nature of the burst. It 
is interesting to note that these unreleased allophones 
occur In phonetic contexts where Lisker found that there is
a pressure difference between the two classes of stops

51(see above, p. 7). Further, when stops in these contexts 
are released, It does not appear that the pressure differ­
ence always cues a distinction between them.

Another phonetic feature, studied for both stops 
and fricatives, is duration. In the case of stops the 
duration measured Is that of the closure or 'hold* period. 
For fricatives, the duration of the friction in the acoustic 
signal is considered relevant. Both of these types of 
duration have generally been found to be relatively longer
for the /p,t,k , f ,6,s,S, / series than for their cognates,

5 hin those contexts where differences are found.
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Lisker, using varying lengths of blank tape to 
simulate the closure portion of Intervocalic bilabial and 
velar stops, found that "there exists a closure duration, 
perhaps about 76 msecs for trochees in Isolation, such 
that all stops of a briefer duration are heard as voiced 
by American subjects; and that there is another closure 
duration, 130 msecs . . . such that stops of this duration
and longer are assigned to the voiceless category."

In a similar study, using spectrographic analysis, 
Sharf found a significant difference between the closure 
durations for /p/ and /b/, and for /k/ and /g/ in inter­
vocalic post-stress position. No such difference, however, 
was found between /t/ and /d/. This was expected, since 
the /t/-/d/ opposition is effectively neutralized in medial
post-stress position by many, if not most, speakers of

56American English in such words as latter- ladder.
These results received further confirmation in a 

later study in which Lisker measured closure duration by 
noting the duration of the rise and fall of intraoral 
pressure assumed to accompany stop closure. The data were 
virtually identical with chose derived from spectrographic 
measurement. Lisker found, however, that there was only a 
negligible difference In closure duration between the two
categories of stops in other than intervocalic post-stress

57 56 59position. * * He does, however, note another type of
difference between the two classes of stops: The closure 
duration of intervocalic /bdg/ is much more sensitive to
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variation In stress on the preceding and following 
syllables than is that of /ptk/. In fact, the difference 
between /bdg/ closure duration following stressed vs. un­
stressed syllables is as significant as "the difference be­
tween voiced and voiceless categories in the one position 
In which it Is found.

In a later experiment, employing spectrographic 
measurement, Lisker found the relation of stop closure 
duration of /ptk/ to /bdg/ to be the reverse of that for 
post-stress intervocalic position: /bdg/, separated from a 
preceding /s/ by a worn boundary as in It's B i l l 13 (/s 
0 b,d,g/), evidence a longer closure duration than do /ptk/ 
In a similar context such as It's pills (/s 0 p,t,k/). The 
"neutralized" stop in expressions of the type It's still 
(/s 0 sp,st,sk/) and I_t spills (/ 0 sp,st,sk/) evidence 
closure durations that do not seem to differ significantly 
from the closure durations found for stops in contexts such 

as It's pills C/s 0 p.t.k/).^1
Lisker concludes from his investigations that stop 

closure duration is unreliable as an indication of the 
fortis/lenis opposition because It fails to separate the 
categories of stops In a consistent manner. The fortls/ 
lenis opposition must thus be rejected as a useful theory 
if it Is maintained that "the two stop categories differ 
In force of articulation only where they differ in 

duration.
Investigation of the duration of friction for
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/ f ,0,3,$/ indicates that it is relatively greater than is
il

the duration for /v,5,z,j/. The perceptual significance 
of friction duration has been demonstrated by Denes in an 
experiment on the words (the) use /jus/ and (to) use /Juz/. 
By interchanging the final consonants and adjusting their 
durations so that /s/ was shortened by two-thirds and /z/ 
lengthened by a factor of three, Denes caused listeners to 
reverse their Judgments of the originally recorded words: 
/Jus/ was heard as /Juz/, and vice-versa. In the same 
experiment, varying durations of /s/ friction were coupled 
with a preceding vowel of varying duration. The results 
of listeners' Judgments indicated that " . . .  the duration 
of the vowels and of the final consonants have a definite 
and consistent influence on the perception of 'voicing.'"
The durations which were varied were found to be inter­
dependent, with the effect that "the perception of 'voicing'
of the final consonant increases as the ratio of the dura-

65tlons of final consonant to preceding vowel decreases."
Two experiments by Sholes, using synthesized /s/, 

in final position, produced results similar to Denes'. In 
the first study, preceding vowel (syllable) duration and 
friction duration were co-varied along with formant tapering 
and total voice duration. Friction duration was found to 
be the most Important of the variables tested, although 
preceding vowel (syllable) duration also proved crucial as 
a cue for most of the listeners who judged the final /s/ 
as /z/: . . shorter total length [of the preceding
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vowel-syliable] tends to disfavor /z/, whereas longer, or 
at least medium total length tends to favor It. In this, 
total length works at odds with friction length, which

6 6favors /z/ when shorter, but rules it out when longer."
Further analysis of the data indicated that a constant
friction duration of 110 msec was most appropriate for /z/,
whereas the most unanimous Judgments of /s/ were "for some
(sufficiently long) value of friction l e n g t h . T h i s
finding contrasts with Denes' that /s/-/z/ identification
depends on the "ratio of friction and vowel durations."
However, Denes' use of very short syllables in which the
optimal friction duration for /z/ {as determined by Sholes)
was not always reached, may explain the discrepancy. In
any event, both authors clearly Indicate that "non-spectral
characteristics, such as durational relations, play a
by-no-means insignificant role in our perception" of speech

b bsounds as 'voiced' or 'voiceless.'
Both Denes and Dholes comment on the cue value of

the intensity ratio between the preceding vowel and the
consonant. Denes notes that "the effect of intensity is
greatest . . . where the duration ratios [of vowel to
consonant] change over from the 'voiced' to the 'unvoiced'
values. . . . [T]he final consonant is more likely to be
heard as a 'voiced' sound as Its intensity becomes less

69and less as compared with the vowel."
Sholes, by synthesizing vowel formants with varying 

degrees of tapering, was able to adjust the intensity
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ratios between final consonant and preceding vowel. He 
found that two of the four subjects required a tapered
formant in order to hear /z/, and that none required a

70tapered formant to hear /s/. The first of these results, 
for /z/, seems, In part, to contradict Denes' findings.
That is, tapering the vowel formant tends to lower the in­
tensity of the vowel relative to the consonant. This, 
according to Denes, should make /s/ a more likely response, 
rather than /z/.

An oft-noted fact of (American) English pro­
nunciation is that vowels preceding consonants of the class
/ b,d,g , v ,5,z ,3/ are of greater duration than those pre-

71ceding the class / p ,t ,k ,f ,0,s ,S/• Frequently the differ­
ence is associated with or ascribed to the voiced/voiceless 
opposition: "The same vowel if stressed, is longer when
final or before a voiced consonant than it is before a voice-

72less consonant." The fortis/lenis classification of the
consonant is also offered as an alternative basis for the
systematic variation in vowel duration: " . . .  the voicing
characteristic (or the effort) associated with . . . the
following consonant . . . changes the average duration of

7 ̂vowels markedly." Differences in vowel duration have
been most closely studied for stops in final position in

7 ̂isolated words. Absolute measurements of duration vary 
greatly from vowel to vowel, since intrinsically shorter 
vowels such as /I,»,e,U/ when lengthened before a con­
sonant of the class /bdg/ will not be as long as
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Intrinsically longer vowels such as /i,el,*,u/ In the same
75context. One must thus view absolute values of duration 

as fully significant only with relation to a single vowel 
in a single phonetic environment, especially since a vowel 
such as /i/ may, in the context /b_t/ be shorter than a 
vowel such as /I/ in the context /b_d/. Per cent 
differences, ratios, and ranges of absolute values will thus 
be more revealing than any single absolute value or mean 
of absolute v alues. Table 1-2 presents some of the 
measurements and estimations of vowel duration reported 
in the literature. Figures are presented as originally 
stated by the writers with the addition of ratios, per 
cent differences and ranges of variation as determined, 
when possible, by this writer from the data. All durations 
have been converted to milliseconds for the purposes of 
comparison.



TABLE 1-2

COMPARISON OF DATA FOR VARIATION IN VOWEL DURATION BEFORE 
'VOICED* AND BEFORE ’VOICELESS' STOPS 

(ALL DURATIONAL VALUES GIVEN IN MILLESECONDS}

Author

VOWEL DURATION BEFORE ALL STOPS
RANGES OF VOWEL DURATION BY PLACE OF 

ARTICULATION OF FOLLOWING STOP

%
Differ­
ence Ratio

Range 
/ptk/ /bdg/

Average
/ptk/ /bdg/ /P/ /b/ /t/ /d/ /k/ /g/

Heffner76 20 A : 5 1 AO-
270

190-
330

1A0- 
250

190-
280

150-
270

2 00-
330

1A0-
250

270-
300

Rositzke77 50 1:2

7 8Peterson 33 2:3 138- 
2 A 3

168-
318

197 297 136-
188

203-
307

1A7-
210

2 0 6-
318

IA5-
200

2A3-
31U

79Stetson 60 1:2.3 60
(Avg.)

1A0
(Avg)

Gimson6^ 50 1:2
0 T

Belasco AO 3:5 1A0-
270

2 60-
290

. . .  ..

rvro
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Results similar to those recorded in Table 1-2 have 
been found for vowel duration preceding medial stops.
Lisker found an average difference of 25 msec between the
shorter vowel before /p/ and the longer vowel before /b/

0 ?for trochees of the type staple-stable, rupee-r u b y . ' Lorge
notes the difference in vowel duration before intervocalic

8post-stress /t/ and /d/, as does Sharf, whose spectro-
graphic measurements reveal a 9 msec difference. This
contrasts with the 30 msec difference found before inter-

84vocalic post-stress labial and velar stops. This dis­
crepancy might well be expected, however, since, as has 
been noted above, the /t/-/d/ opposition in words such as
bltter-bidder, latter- ladder and metal-medal is often

8 5neutralized in American English. It is clear, therefore,
that the difference in vowel duration before final stops

8 6is preserved in the case of intervocalic post-stress
stops, although it is greatly diminished, especially before

, 67 ,88 alveolar /t/ and /d/. '
Vowels preceding fricatives show a similar variation

in duration. Peterson and Lehiste found an average vowel
duration (for intrinsically long and short vowels taken
together) of 228 msec before fricatives of the class
/ r , e , s , 5/, and of 378 msec before fricatives such as 

89/v,&,z,3/. The corresponding ranges of variation were
192-278 msec and 231-410 msec for an approximate ratio of

902:3 and a per cent difference of 33*
Although the differences in vowel duration recorded



91above have been noted for at least a century. It Is only 
recently that their cue value has been investigated. Daniel 
Jones notes that, "In some varieties of English It would 
appear that no difference is made between the sounds of 
final d ana t, both being pronounced d. In the speech of 
those who pronounce in this way words like heed and heat 
. . . are distlnguisned solely by the length of the vowel,
h. J. Uldall . . . considers this pronunciation common in
America, but the point does not seem to have received much

92attention from American phoneticians." Lisker and 
Abramson concur, adding that "The single differentiating 
feature [for stops In final position] that all descriptions 
agree Is regularly present Is the greater length of vowels
followed by /bdg/, but this is usually treated as a matter

91of vowel allophones."
The view of the difference in vowel duration before 

consonants of different classes as non-distinctive Is put 
forth by several American phoneticians. Thomas states that
"Some of these differences are, of course, so slight that

9 4we usually disregard them." Wise comments that "Since 
changes of length . . . take place in the utterance of
English-speaking people automatically and without signifi­
cance, it is cf little value to the layman even to know of 
the changes. . . .' Heffner and Locke, writing specifi­
cally of the durational difference of vowels before final 
/t-d/, doubt if it is long enough to be perceptually 
significant: "This difference is of the order of .0^ to .06
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96seconds, which Is 'perceptually' very short indeed. . . .
It is not unreasonable, however, to assume that the 

duration of a preceding sound might have perceptual signifi­
cance as a cue to the nature of the sound following it. As 
Lisker suggests, there may be "a one-many relationship 
[which] exists between linguistic segments and acoustic ele­
ments specified by a subset of the features contributing to 
speech perception." Thus "each acoustic segment might 
be said to supply cues to a single linguistic segment, while 
any features it contains which have cue value for some other 
linguistic segment could be considered 'automatic' In the 
neighborhood of the acoustic segment or segments having a 
recognized relation to this other linguistic segment." In 
sum, "a single linguistic segment may be identified on the 
basis of cues contained in more than one acoustic segment, 
and . . .  a single acoustic segment may provide information

97for the identification of more than one linguistic segment."
Some recent work, often based on experimental evi­

dence derived from newly developed and Improved measuring 
devices, tends to ascribe relatively great perceptual 
significance to vowel duration. Jakobson and Halle suggest 
that "The relative duration of the consonant ana the ante­
cedent phoneme may remain for certain contextual or optional
variants of tense and lax consonants the chief or even the

98only cue to their distinction." Pilch notes that the 
durational difference in vowels "before voiced rather than 
before voiceless stops . . . has . . .  in certain dialects,
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acquired phonemic significance by virtue of being maintained 
even when /d/ and /t/ coalesced under [/•] between stressed 
and unstressed vowels as in latter /leerer / ladder,
/l»tre- /, and similarly in writer . . . rider, pouter . . .

99p owder. . . Lorge's study revealed that Ss, when
identifying their own and other S s ' recordings of potentially 
minimal pairs with intervocalic post-stressed /t/ or /d/
(e.g. latter- ladder), tended to make more errors "on the 
words containing short vowels than on those containing long 
ones. . . . This imbalance might possibly have occurred be­
cause the distinction between /t/ and /d/, when lost in the 
intervocalic stop may be preserved in the length of the 
preceding stressed vowel, and diphthongs allow for greater 
variation in length than do short vowels.'1̂ ^

Denes' experiment, noted above (see pp. 18-19), 
indicated that vowel duration can be a sufficient cue to the 
identification of a word-final fricative as /s/ or as / z / :
[sj preceded by a sufficiently long vowel was identified as 

/ z / . 101

Related experiments, employing only synthetic speech,

and attempting to synthesize final /z/ using hiss (aperiodic
vibrations), revealed that vowel duration or total syllable
duration can be a significant and sometimes essential cue,

10 2.103although not as Important as friction duration.
Other experiments, on synthesized final stops, 

indicated that a shorter vowel duration (225 msec) enhanced 
the perception of /ptk/, while /bdg/ were more readily
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identified when the preceding vowel was lengthened (to 300 
104msec). More specifically, "A syllable having a vowel

duration of 200 msec, was so synthesized that it could be 
heard equally well as /ek/ or /eg/ (Previously Identified 
voicing cues . . . were . . .  at neutral values). The
duration of the /te_/ portion was then extended and contracted 
in steps of ^0 m s e c ., so that the final range of vowel 
durations to be tested was from 100 to 400 msec." Vowels 
longer than 200 msec produced listener judgments of /eg/; 
vowels snorter than 200 msec caused listeners to hear 
/ e k / . 10')

In a study employing tape-cutting and filtering 
techniques, Noll found that shortening the vowels before 
’v oiced’ fricatives, although it did not cause a change In 
perception, did result "in a slight impression of voice­
lessness," when the voice bar was simultaneously filtered

, 10b ou t .
In testing final "voiced" fricatives, Noll found 

that "The perception of post-vocalic /// and /s/ as voiced 
consonants seems to be especially affected by increasing 
the duration of the preceding vowel, particularly If this 
is combined with an addition of a voice bar. . , . The post­
vocalic /f/ and /©/, on the other hand, do not seem to be 
nearly so much affected by the vowel duration factor. Thus 
vowel duration would seem to have some effect on the per­
ception of voicing in post-vocalic consonants [fricatives], 
but the evidence of this study would Indicate that this
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effect varies with different phonemes and is secondary as
compared to the presence or absence of a periodic component

10 7in the consonant spectrum."
Estimates of the perceptual cue value of the dura­

tion of vowels in re the sounds that follow them bear a 
close relationship to the question as to whether these dura­
tional differences are physiologically conditioned or learned. 
If the differences were found to be a function of physiology, 
that is, if vowels must be longer before voiced sounds than 
before voiceless sounds because of factors Inherent in the 
human vocal apparatus and its control mechanisms, then one 
might confidently expect that vowel duration would turn out 
to be a highly significant perceptual cue, since a vowel of
a given duration would aIways be associated with consonants

108of a given class. On the other hand, physiological con­
ditioning is not crucial to the Importance of vowel duration 
as a cue in any given language: Theoretically, durational 
differences could be learned and Just as consistently 
associated with different classes of consonants as if they 
had been physiologically conditioned.

Perhaps the most popular argument for the case of 
physiological conditioning is that identical relationships 
between vowel duration and the nature of the following 
consonant have been found in a number of languages: e.g. 
English, Norwegian, Icelandic, German, French, Italian, and 
Hungarian. "The existence of the lengthening effect . . . 
in so many languages supports the assumption that It has a
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109physiological background."

Peterson and Lehiste, however, on the basis 
cros3 -linguistic Investigation, maintain that the con­
ditioning of vowel duration in monosyllables is a particular 
feature of English and not a "general principle applicable 
to all languages induced by physiological factors.
House's rejection of physiological conditioning is based on 
tne idea that whereas vowels preceding fortis sounds should 
have a greater duration than those preceding lenis sounds, 
the opposite obtains in English.

Other writers, however, disagree sharply with House's 
position. Delattre points out, contrary to House's estimate 
of the fortls/lenis effect on vowel duration, that "We have 
always made the opposite hypothesis, namely that the anti­
cipation of greater effort would make one shorten the vowel 
more in bit than in bid

Despite some experimentally-based, though ambiguous
113and frequently unreliable evidence presented by Stetson, 

as well as some speculation concerning neuro-physiology by
1114 U SHeffner and Locke, and by House and Fairbanks, there 

is very little in the way of empirical or theoretical evi­
dence relating to the physiological events underlying the 
phenomenon of vowel lengthening in English. Further theo­
rizing and speculation should await such evidence.

Timing Relationships: Articulation and Glottal States 
Among the most recent theories explaining the 

perceived differences between members of cognate phonemes
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is that proposed by Abramson and Lisker. This theory seeks 
the generality of the fortls/lenls and of the voiced/voice­
less oppositions. In fact, one rnay easily view the theory 
as an extension and adaptation of the voiced/voiceless 
opposition which was presented at the beginning of this 
chapter. Using an idea presented by F ant, Lisker and 
Abramson have suggested that differences between cognates 
may be explained in terms of the timing relationships be­
tween activity at the glottis and supraglottal articulatory 
movements.1^  Since the glottis is one of the primary foci 
of attention In this theory, the relation to earlier con­
cepts of voicing is apparent.

The development of the new voicing hypothesis de­
rives in part from the early work done in speech synthesis 
at Haskins Laboratories. The presence or absence of voicing,
originally assumed to be the primary cue differentiating

117members of stop cognate pairs, was shown, In a series 
of experiments, to be of less importance than the nature of
the first formant transition and "time interval between the

1 1Hburst and transition." These latter cues are both evi­
dent from spectrographlc analysis of real speech. Gimson 
notes that "there is likely to be a marked rising bend of
FI of the adjacent vowel in the case of /b,d,g/ which is

119not as marked in the case of /p,t,k/." Flscher-
J^rgenson states that the beginning of the [vowel] 
transition after /ptk/ is concealed by "the voiceless pause 
[containing aspiration] between the explosion and
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-> (.120 the v o w e l . . . .
Delattre, reviewing the findings of the Haskins

group, Indicates that it is the presence of the flrst-
formant transition which "seems to contribute very strongly
to the presence of vclcing and its absence [along with
aspiration in the second- and third-formant transitions]

121to voicelessness."
Since the transition of PI is a significant cue to

voicing, the cutback (or removal) of FI may be viewed as a
12 2(further) delay in the onset of voicing. Thus it is 

possible to "define the amount or degree of voicing of a 
stop [in Initial position] as the duration of the time Inter­
val by which the onset of periodic pulsing either precedes

12 3or follows release.” If the two classes of stops dis­
play distinctly different ranges of values of voicing onset 
time (hereafter, VOT) It is then possible, In a sense, to 
reinterpret the difference between them as one of voicing. 
Further, the presence or absence of aspiration, often taken 
as a sign of the fortls/lenis opp'v-It ion, and "coordinate
with voicing, is then regarded simpi,, as the automatic con-

12^comltant of a large delay in voice onset."
Abercrombie explains this last point in Elements of 

General Phonetics: "Finally we must consider the co­
ordination of the states of the glottis with the different 
phases of a stop. . . .  If voicing does not set In until 
after phase ill [release] Is completed, the plosion Itself 
will be voiceless, and the stop is said to be voiceless
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aspirated. If, however, voicing starts simultaneously with 
the beginning of phase 1 1 1 , then the plosion is voiced and 
the stop Is termed voicless unasplrated. . . .  A voiced stop, 
a voicless unaspirated stop and a voiceless aspirated stop 
differ, then, according to the point at which voicing sets 
In. . . ,"12i

Lisker and Abramson, In a cross-language study 
using spectrographic analysis, sought to determine if, In 
fact, the VOT measure would serve to distinguish classes of 
stops in initial position. Their data for four English 
speakers, speaking isolated words, revealed that in every 
case of initial /bdg/ there was an earlier onset of voicing
of the following vowel than there was in the case of the

. , , .. -126 cognate class /ptk./
The authors conclude that their findings can be 

explained by "certain inferences about glottal behavior.
. . . It is to be understood that this is not merely the
obvious question of whether or not there Is laryngeal 
vibration. Instead, it seems evident that a fairly com­
plicated acoustic output is dependent upon the relatively 
simple matter of varying the area of the glottis. If the 
speaker closes the glottis down enough for phonatlon, he 
does not directly 'command* the vocal folds to vibrate; 
rather, he makes the necessary muscular adjustments that set
the conditions for vibration when sufficient airflow Is 

127supplied." In sum, Lisker and Abramson propose that
"glottal mechanisms" are the basis for explaining most, If
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not all, of the phonetic features which distinguish stop 
classes in various phonetic contexts.

A later study sought to determine what effect 
running speech (context) would have on VOT in stops. In 
general, it was found that VOT values were reduced in running 
speech as compared with the pronunciation of Isolated words.
Another effect was that the VOT values for members of cog-

12 8nate pairs were found to overlap in context. Lisker and
Abramson maintain that the failure of the VOT measure to 
separate the two stop categories in context means either 
that there is "some general ’blurring' of distinctiveness 
that may be inevitable at . . . higher articulation rates
. . . where linguistic constraints will take up any 'slack'
in intelligibility . . . " o r  that there are "other acoustic
features, whose contribution to intelligibility may be re­
dundant for deliberate speech but indispensable at higher

129rates of transmission."
In seeking to explain the cause of the overlap In 

VOT values for cognate sounds, the authors point to several 
contextual factors arid experimental artifacts. One factor 
contributing to the overlap Is stress. The VOT values for 
/ptk/ are greater when these sounds appear before stressed 
vowels than before unstressed vowels. The reverse is some­
times true for /bdg/, where values are slightly greater be­
fore unstressed, rather than stressed, vowels, In those cases

130where there is no voicing lead.
A complicating factor In measuring VOT, especially
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for /bdg/ before unstressed vowels, Is that in a voiced 
context, vocal pulsing usually continues from the preceding 
sound through the stop closure." ^ 1 Thus overlap between 
stop categories appears to be greater than it is, since only 
very few "occurrences of /bdg/ . . . could be measured for
VOT," and most of them overlapped with /ptk/ values. If, 
however, these cases of continuous voicing are taken as
negative VOT, then there is little overlap between stop

. 132 categories.
The /ptk/ series also provides measurement diffi­

culties before unstressed vowels. These sounds, in a con­
text of voicing, often have audible "edge vibrations" of the 
vocal folds during the articulatory closure period. Lisker 
and Abramson view edge vibrations as the continuing 
"laryngeal oscillations of a preceding voiced environment," 
which occur "for a while even after the glottis has begun to 
open for a voiceless s t o p . " ^ ^  These vibrations, however,
drop "from 2 to 20 d b . below auditory threshold" after the

134release of the stop. Since these cases of audibly dis­
continuous voicing are not taken into account when one 
measures VOT from the stop release, the overlap between
categories Is again made to appear greater than it might

135otherwise seem.
Taking these factors into consideration, the authors 

conclude that there does seem to be "a very close match 
with respect to the relations between stress and VOT," 
and that when the effects of stress are taken into account
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It can still be maintained that "/ptk/ and /bdg/ are
characterized by significantly different distributions of 

1^7VOT values," In isolated words before stressed or un­
stressed vowels, VOT completely separates the two stop cate­
gories. In words In sentences, although there Is an overlap 
in VOT values, especially before unstressed vowels, "not 
only are the mean VOT values greater for /ptk/ than for 
/bdg/ In the same context, but . . .  no contextual variant 
of /ptk/ has a mean value as small as that of any variant 
of /bdg/ . " 133

The fact that there is an overlap, however, Indi­
cates that there is possibly "no single acoustic feature 
by which the category membership of any given stop may be 
determined Independently of context. Instead, there is 
reason to believe that /ptk/ are Invariably characterized
by a gesture of laryngeal opening, and that such a gesture

13 9does not accompany the articulations of /bdg/."
The Inference concerning the states of the glottis 

during stop production is based, in part, on early 
translllumlnation experiments done at Haskins Laboratories. 
Although the data for these experiments is somewhat re­
stricted with regard to number of subjects (only one) and 
utterances analyzed, there were examples of "all the English 
stop and fricative consonants" In initial and medial

T Jj Qpositions. The experimenters found that "in the case of
the stops, the voiced and voiceless categories are almost 
perfectly sorted on the basis of presence versus absence of
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glottal opening or Interruption of pulsing." As In the con­
text experiment, the authors found that /ptk/, especially 
before an unstressed vowel, occasionally showed either no
glottal opening during articulatory closure, and/or no break 

1*11in phonation. Before stressed vowels /ptk/ was produced
9 6 $ of the time with an open glottis; before unstressed 
vowels, 84$ of the time. /bdg/, on the other hand, was pro­
duced 9 *1$ of the time with the glottis closed.

Other experimental findings support the correlation 
between VOT and stop classes, as well as inferences about 
glottal states. Llsker's study of stops after initial /s/ 
(see above, p. 17) indicated that VOT "sharply"
separated utterances of the type "It's pills" (/s#p,t,k/) 
from those of the types "It spills" (/ #sp,s t ,s k / ), "It's 
skill" (/s#sp,st,sk/), and "It's Bill's" (/s#b,d,g/):
The "mean value of 9b msec [for "It's pills"] is appropriate

1 *; 3for stops of the kind called voiceless and aspirated,”
If, of course, VOT were crucial to perception, by virtue of 
the fact that it conditioned the presence or absence (or 
degree) of aspiration after the scop release, we would ex ­
pect from these results that the stops in Initial /sp, 
st,sk/ combinations, not having appropriate VOT values for 
the set /ptk/, should be perceived as /bdg/. The two 
independent tape-cutting experiments cited above (see 
pp. 11-12) confirm this hypothesis. That Is, when the /s/- 
frictlon is removed from before the stops in words such as 
spill, still, and skill, they are perceived as b i l l , dill



37

1 ii Ji i  lie;and gill by speakers of English. * ^
Electromyographic evidence also lend3 support to the 

effectiveness of the VOT measure in separating stop cate­
gories. Although no differences in muscular tension could 
be found between Initial and medial /p/ and /b/, experiment­
ers felt that the "difference between the bilabial stops 
can be accounted for on the basis of the behavior of the 
glottis. During the series recorded here [e.g. /apik, 
abik, pika, blka, d®pl, daanbl, daempl,/ etc.] the vocal cords 
were always vibrating at the time the stop occlusion was
released for voiced sounds and never were vibrating at the

1^6time of release of voiceless sounds."
Slmiarly, Fromkin found an average difference of *45 

msec between the peak of muscular activity for initial /b/ 
and /p/ and the onset of voicing, the shorter duration being

1*J7between /b/ and the following vowel. For /p/ and /b/
in final position, Fromkin's data Indicate that the offset
of voicing occurs simultaneously with labial closure for
final /p/, but continues for some time during the closure

1*4 8for final /b/.
Experiments employing synthetic speech and designed 

to confirm the perceptual significance of VOT have been 
performed. Abramson and Lisker synthesized a vowel pre­
ceded by an alveolar stop. The VOT was varied from a lead 
of 150 msec to a lag of 1 5 0 , as measured from the release. 
The synthesized stimuli consisted of a burst, preceded by 
a voicing bar of varying length in those cases where there
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was voicing lead, or silence when there was no lead, 
followed by an FI with a 50 msec transition that was re­
placed by hiss as it was cut back in the series of stimuli 
with voicing lag. Attempts were made to keep the burst-
hiss intensities at a ratio equally appropriate to both /t/ 

149and /d/. When the stimuli were heard by speakers of
English it was found that the phoneme boundary between 
initial /t/ and /d/ was at + 25 msec, a value which "co­
incides neatly with the boundary between the two non-over­
lapping ranges of VOT values for productions" which had been

150determined in an earlier experiment.
Lorge, using the same synthetic stimuli described 

above, in another experiment, sought to compare perception 
with production for specific subjects. Her fifteen subjects' 
data gave a /t/-/d/ phoneme boundary "between 30 and 40 
milliseconds of voicing lag," slightly longer than that 
found by Abramson and Lisker. The phoneme boundary was
sharp, "/t/ responses going from 3 3 % at 30 msec, [of

151voicing lag] to 89% at 40 msec." Four subjects were then
chosen, two with "1 0 0 % consistency in identifying sounds up 
to a certain point [specifically between 30 and 40 msec of 
voicing lag] as /d/ and beyond that point as /t/," and two
whose responses were less consistent and whose phoneme

152boundaries were different from the group mean. The sub­
jects chosen produced initial /t/ and /d/ in monosyllabic 
words, and their productions were analyzed. It was found 
that the subjects whose perceptual phoneme boundaries were
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lOGjK consistent produced utterances in which VOT values 
clearly fell into two categories on either side of the 
perceptual boundary. The subjects with less consistent 
perceptual responses produced utterances in which VOT values 
did not fall consistently on the appropriate side of phoneme 
boundaries as determined for the group of 15 subjects.
These subjects tended to produce some /t/'s having VOT
values Identical with those of the synthetic stimuli which

151they heard as /d/.
There has been very little experimental work done 

on the applicability of VOT and of glottal states to frica­
tives. In general it may be noted that the presence or 
absence of a voicing bar and of the first formant transition 
have perceptual significance for fricatives as for stops, 
and have often been used as cues in speech synthesis.
Delattre found, however, that the most effective cue in 
synthesizing voiced fricatives was the continuation of low

151*intensity formants through the articulatory closure period.
Kanter and West present a theory of aspiration in 

final fricatives which bears a distinct similarity to 
theories based on VOT and glottal states. They point out 
that in "English the transition from a vowel sound to a surd 
fricative Is usually accomplished by opening the glottis at 
the Instant at which the tongue quits the vowel position 
and begins to move in the direction of the position it will 
occupy for the fricative. Thus in the Interval between the 
cessation of the voiced tone and the beginning of the
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fricative sound air is streaming out without resistance 
[i.e. aspiration is present], . . .  If the timing at the 
glottis Is altered in such a way that the voice continues 
until the fricative sound starts, there is a typical un­
aspirated surd fricative, not standard In English. . . .
If one continues the voice on Into the fricative, he affects

155the voiced fricative usual in English, . . ." ^
MacNeilage, however, found that for /f/ In absolute

final position, or as the first member of a final cluster,
the cessation of voicing corresponded with the onset of 

156friction, a state of affairs which Kanter and West, as
noted above, feel should produce a non-standard English 

157sound. MacNeilage presents no data for final /v/ or
any other fricatives of either category and thus no com­
parison between classes is possible.

The early transillumination experiments indicate 
that both classes of fricatives are produced with an open
glottii, and differentiation between classes depends mainly

158upon whether or not the vocal folds are in vibration.
It is pointed out that the "high incidence of glottal 
opening for the voiced fricatives as compared with the 
voiced stops is not unreasonable if we suppose that a well- 
formed fricative requires audible turbulence, and that the 
airflow needed for this is most easily supplied when the 
glottis is partially open. . . . [I]t Is almost exclusively 
the fricatives with higher levels of noise Intensity, 
primarily /z/ and /?/, that show opening of the glottis as
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1 *19the normal accompaniment of the oral constriction."
There is, at present, little significant data available on 
the timing relationships between the onsets of articulatory 
activity and glottal states in the case of fricatives.

Conclusion
In a sense, this chapter has come full circle in its 

attempt to trace the theory and experimentation that seek to 
explain the physical bases which underlie the perceived 
difference between two classes of (American) English sounds. 
The sense in which this is true Is that glottal activity is 
again being considered by several investigators as the 
dominant factor contributing to the opposition which has 
been variously labelled as fortis/lenis, voiced/voiceless, 
surd/sonant, etc. The search for a general explanation, of 
whatever form, clearly reveals that although such a theory 
may be simply stated, its manifestation in human behavior 
is indeed complex: It must account for a large number of
grossly different acoustic events which are in themselves 
audible cues to the opposition in different phonetic environ­
ments. That is, the general underlying difference, which 
may not itself be "audible" in the usual sense of the word 
(e.g. one cannot "hear" timing relationsnlps per se between 
glottal states and articulation), must be sho*n to give 
rise to those numerous acoustic features which are per­

ceived by listeners.
Nor is it abundantly clear that such a general 

explanation will be found, or at least that it can be



H2

verified. It does seem, at this time, that simple notions 
about presence or absence of voicing, or aspiration, and 
differences in articulatory tension or breath pressure have 
been discredited as general theories. Yet such differences 
do exist and certainly bear perceptual significance In one 
phonetic context or another. Whether or not such differ­
ences may, in turn, be related to differences between 
glottal states ana their timing in relation to articulatory 
events remains, for the most part, to be proven. Initial 
experimental work is promising in this regard, but it may 
well be that phoneticians and linguists will have eventually 
to fall back on a selection from a large set of acoustic- 
articulatory cues to explain the opposition of /p,t,k,f,
©,s,// to /b,d,g,v,6 z ,3 / in any given context in which such 

an opposition may appear. Such cues have been summarized 
in the following table (I-jj).



TABLE 1-3

SUMMARY OF ACOUSTIC AND ARTICLLATORY FEATURES ASSOCIATED WITH OPPOSING 
MEMBERS OF COGNATE CLASSES OF STOPS AND FRICATIVES

Acoustic
Articulatory

Feature Prevocailc

Inter-,
Postvocalic
Pre-Stress

Inter-,
Postvocalic
Post-Stress

Post-Vocalic, 
Word-Final

Vocal Pulsing Traditional: 
Present for 
/□agvftz^/.
ADsent for 
/ptkfGsJ/.
Often absent in 
stops ciurlng 
closure stage 
wnen preceding 
a stressed vowel 
ana preceded by 
silence cr a 
voiceless sound. 
/pt k/ rr.ay nave 
voicing during 
closure wnen 
preceaeo by 
voiced sounas.

Intervocalic 
/vftzj/, es­
pecially /zj/, 
often produced 
with open glottis, 
and occasionally 
with no vocal 
fold vibration.

Intervocalic 
/v&zj/, es­
pecially /z3/, 
often produced 
with open, vi­
brating glottis.

Conflicting evi­
dence :
1 . /ptkfGs// 

usually pro­
duced with no 
vocal pulsing; 
/bdgvfczs/ 
usually pro­
duced with some 
vocal pulsing.

2. Voicing found 
during half of 
closure dura­
tion for both 
/ptk/ and 
/bag/.
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Acoustic
Articulatory

Feature Prevocalic

Inter-, 
Postvocalic 
Pre-Stress

Inter-, 
Postvocalic 
Post-Stress

Post-Vocalic, 
word-FInal

Intra-Oral
Pressure

Conflicting Evi­
dence: Earlier 
data: Higher 
values for /ptk/; 
Later data: no 
difference be­
tween stop cog­
nates .

Conflicting Evi­
dence: Earlier 
aata: High peak 
pressure, time 
Integral of in­
stantaneous 
pressure, for 
Intervocalic 
/ptkfes//. Later 
data: difference 
only In time In­
tegral of instan­
taneous pressure—  
higher for /ptk/. 
No difference 
found between 
/ptk/ after 
/s/ and initial 
/ptk/.

Higher values for 
peak pressure, 
duration of onset 
of pressure, and 
time Integral of 
instantaneous 
pressure for 
inter-vocalic 
/ptk/ than for 
/bdg/.

Values of all 
measures higher 
for /ptk/ than 
for /bdg/.

Articula­
tory
Tension

LMG studies 
reveal no 
difference be­
tween initial 
/p/ and /b/.

EMG studies reveal 
no differences be­
tween /p/ and /b/ 
in terms of mus­
cular activity.



TABLE 1-3..Continued

Acoustic
Articulatory

Feature Prevocalic

Inter-,
Postvocalic
Pre-Stress

Inter-,
Postvocalic
Post-Stress

Post-Vocalic
Word-Final

Aspiration Present for 
/ptk/; Absent 
for /bdg/, ex­
cept before a 
stressed vowel 
after /s/.

Present for inter­
vocalic /ptk/; 
Absent for /bdg/. 
Absent for /ptk/ 
after /s/.#

Burst-
Release

Higher inten­
sity for /ptk/; 
Lower for /bdg/.

More intense burst 
for /ptk/ than for 
/bdg/. Burst may 
be absent for both 
/ptk/ and /bdg/, 
but more commonly 
present for /ptk/, 
for which it is a 
cue.* Absence of 
burst may lead to 
confusion between 
identification of 
cognates.*

•Cue value demonstrated by synthetic experiments, manipulation of real speech,
or both.
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Acoustic
Articulatory

Feature Prevocalic
Inter-,

Postvocalic
Pre-Stress

Inter-,
Postvocalic
Post-Stress

Post-Vocalic, 
Word-Final

Duration No durational 
differences 
found, either 
spectrographi- 
cally or In 
terms of dura­
tion of intra­
oral pressure 
rise and fall.

No difference be­
tween /fcitk/ and 
/bdg/ after an 
/s/ in the same 
word. Longer 
closure duration 
for /bdg/ after 
an /s/ ending a 
preceding word.

Longer closure 
duration for /pk/ 
than for /bg/. 
Evidence from 
spectrography 
and from duration 
of rise and fall 
of intra-oral 
pressure.*

Friction duration 
greater for /f®s// 
than for /vftzj/.*

Intensity 
Ratio Be­
tween Vowel 
and Con­
sonant

Some Indi­
cation of 
greater ratio, 
consonant to 
vowel, for 
initial 
/ptkf9s;/.

Conflicting evi­
dence :
1. Lower ratio—  

vowel to con­
sonant before 
/s/.»

2. Lower ratio—  
vowel to con­
sonant before 
/z/.#

*Cue value demonstrated by synthetic experiments, manipulation of real speech,
or both.
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Ac oustlc 
Articulatory 

Feature Prevocalic

Inter-,
Postvocalic
Pre-Stress

Inter-, 
Postvocalic 
Post-Stress

Post-Vocalic
Word-Final

Vowel
Duration

Greater before 
/bg/ than before 
/pk/. Greater 
before /d/ than 
before ft/, al­
though difference 
Is less than 
before labials 
and velars.

Greater before 
/bdg v & z y  
than before 
/ptkfesj/. Cue 
value demonstrated 
before /s-z/.f

FI transi­
tion

Full transi­
tion after 
/bdg/; Atten­
uated transi­
tion after 
/ptk/.*
Same FI re­
lationship 
found between 
fricative cog­
nates .

Full transi­
tion after 
/bag/; 
Attenuated 
transition 
after /ptk/. 
Same FI re­
lationship 
found between 
fricative cog­
nates .

Full transition 
before /bdg/; 
Attenuated 
transition 
before /ptk/.

•Cue value demonstrated by synthetic experiments, manipulation of real speech,
or both.
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Acoustic
Articulatory

Feature Prevocalic

Inter-,
Postvocalic
Pre-Stress

Inter-,
Postvocalic
Post-Stress

Post-Vocalic
Word-Final

Voice Onset 
(Offset) Time

VOT lag for 
/ptk/; 0 VOT 
or voicing lead 
(positive VOT) 
for /bdg/ in 
initial posi­
tion in iso­
lated words.* 
EMG data:
Vocal folds 
vibrating at 
/bdg/ release; 
not vibrating 
at /ptk/ re­
lease. Peak of 
muscular 
activity closer 
to voice onset 
for /b/ than 
for /p/.

Greater meaiVOT 
values for /ptk/ 
than for /bdg/, 
but values over­
lap In running 
speech.

EMG Data: Labial 
closure for /p/ 
simultaneous with 
offset of voicing. 
Offset of voicing 
after labial 
closure for /b/.

.

•Cue value demonstrated by synthetic experiments, manipulation of real speech,
or both.
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Footnotes - Chapter I

1Arthur J. Bronstein, The Pronunciation of American 
English (New York: Appleton-Century-Crofts, i9 6 0 ), pp. 70,

83, 85.
2The affricates, /tJV and /dj/, which are often in­

cluded among the cognate pairs, have been omitted here be­
cause of the lack of agreement as to their classification 
in English. That is, some linguists hold that the affricates 
are to be regarded as unit sounds, others that they are 
sequences of sounds.

It must be added, however, that many of these
features are interpreted by linguists as manifestations of
the fortls/lenis or of the voiced/voiceless oppositions.
The discussion of these features below will thus relate them
to their appropriate theories as well as examine them as
independent cues.

4Claude E. Kantner and Robert West, Phonetics, re­
vised edition (New York: Harper and Brothers, i9 6 0 ), p.
159. See also Claude M. Wise, Introduction to Phonetics 
(Englewood Cliffs, New Jersey: Prentice-Hall Inc., 1957), 
p. 62; David Abercrombie, Elements of General Phonetics 
(Chicago: Aldine Publishing Company, 1967), p. 27; Roman 
Jakobson, D. Gunnar Fant, and Morris Halle, Preliminaries to 
Speech Analysis (Cambridge, Mass.: MIT Press, 1967), p. 26.

The Phonetics of American English, 2nd edition 
(New York: Ronald Press, 1958), p. 34. Wise recommends the 
same sort of test, Introductlon, p. 64.
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^The Pronunciation of English, 4th edition (Cam­
bridge, Cambridge University Press, 1966), p. 34. N.B. 
Although this study deals with American English, there are 
many features that AE shares with British Received Pro­
nunciation and other ulalects. Thus the work of British 
phoneticians will occasionally be useu in these pages when 
their statements ana findings are in agreement with or 
relevant to American English.

7Wise, Introduction, p. 64. Wise notes this short­
coming for the "ear-ringing" test as well.

Leigh Lisker and Arthur S. Abramson, "A Cross- 
Language Study of Voicing In Initial Stops: Acoustical 
Measurements," W oru, 20 (December, 1964), 364.

ULeigh Lisker and Arthur S. Abramson, "Dome Effects 
of Context on Voice Onset Time in English Stops," Language 
and Speech, 10 (January-March, 1967), 6.

"^Alvin M. Liberman, Pierre C. Delattre, and Franklin
S. Cooper, "Some Cues for the Distinction Between Voiced 
and Voiceless Stops in Initial Position," Language and 
Speech, 1 (July-September, 1958), 153. Kantner and West 
hold that fricatives, unlike stops, cannot be distinguished 
in whispered speech. Phonetics, p. 208.

"^Leigh Lisker, Arthur S. Abramson, Franklin S. 
Cooper, and Malcom H. Schvey, "Transillumination of the 
Larynx in Running Speech," Haskins Laboratories Status Re­
ports on Speech Research, 5-6 (November-June, 1965-6), 4.4. 
A. C. Gimson indicates that Initial and especially final
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/vftzs/ in British English may be completely voiceless. An 
Introduction to the Pronunciation of English (London: Ed­
ward Arnold, Ltd., 1962), p. 174.

12Kantner and West, Phonetics, p. 6 0 .
13 Preliminaries, p. 26. The terms tense and lax are 

taken here to be synonymous with fortls and lenls respective­
ly, as they apply to consonants. There are some differences 
between the Interpretation of the former and the latter 
pairs of terms, but such differences do not seem to be dis­
tinctive enough to this writer to alter the essential meanings 
of statements in which the terms are taken a3 synonyms. 
Jakobson, Halle and Fant define tense phonemes in terms of 
the "greater distinctness and pressure" with which they are 
articulated, as opposed to the "corresponding Lax phonemes 
. . . a lower vs. higher air pressure in the cavity behind
the main or only source (i.e. . . . behind the point of
articulation for the consonants)." "Tenseness and Laxness,"
reprinted in Jakobson, Halle and Fant, Preliminaries, p. 60.

14 R. H . Stetson, Motor Phonetics (Amsterdam: North 
Holland Publishing Company, 1951), p. 50. See also Lee 
S. Hultzen, "Voiceless Lenis Stops In Prevocalic Clusters," 
W o r d , 18 (December, 1962), 308 and passim, and Gimson,
Introduction, p. 32.

1 LJohn W. Black, "The Pressure Component In the Pro­
duction of Consonants," Journal of Speech and Hearing Dis­

orders , 15 (June, 1950), 208-9.
^ M o t o r  Phonetics, p. 50.
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1 7Andie Mal^cot, "An Experimental Study of Force of 
Articulation," Studia Llngul3tlca, 9, No. 1 (1955), ^2.
It is not quite clear exactly what Malecot's subjects are 
responding to when they give their impressionistic responses 
of effort needed to produce sounds. That is, they may be 
responding to intra-oral pressure differences, and/or 
articulatory tensions, and/or some other factors associated
with the production of the sounds in question.

13 "The Effectiveness of Intra-Oral Air-Pressure- 
Pulse Parameters In Distinguishing Between Stop Cognates," 
Phonetlca, I1*, No. 2 ( 1966), 69- It should be noted, how­
ever, that Mal^cot ascribes these pressure differences to 
variations in glottal posture during the production of the 
two classes of sounds. I bid., p. 77.

^ Ibld . , p . 76 .
20Many of the differences between the results of the 

earlier and later studies may be explained by the use of 
more sensitive and sophisticated measuring and recording
devices in recent years.

21 Leigh Lisker, "Supraglottal Air Pressure in the 
Production of English Stops," Haskins Laboratories Status 
Reports on Speech Research,  ̂ (November, 1965), 3-12.
Lisker made his measurements with a pressure transducer, 
attached to a catheter, which was inserted through the nose 
and suspended in the pharynx above the glottis.

22Ibld., p. 3*5 
23Ibld., p. 3-12.
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2k I b i d .
25 "Measuring Stop Closure Duration from Intraoral 

Pressure Records," Haskins Laboratories Status Report on
Speech Research, 7-8 (July-December, 1966), 5*3*

2 6 "On Hultz^n's 'Voiceless Lenls Stop3 In Prevocalic 
Clusters,'" Word, 19 (December, 1963), 384.

27Ibld .
2 8 "Mechanical Pressure as an Index of 'Force of

Articulation,'" Phonetlca, 14, No. 3 (1966), 178.
29 Katherine S. Harris, Gloria F. Lysaught, and Mal- 

com M. Schvey, "Some Aspects of the Production of Oral and 
Nasal Labial Stops," Language and Speech, 8 (July-September,

1965), 146.
30Victoria A. Fromkin, "Some Phonetic Specifications 

of Linguistic Units: An Electromyographic Investigation," 
Working Papers in Phonetics, UCLA, 3 (1965), 166.

31Ibld ., pp. 168-69.
^2Fischer-J/(irgensen, in her analysis of Danish stops 

reaches the same conclusion: "There is no physiological 
evidence . . . for a stronger tension of p t k , Muscular
feeling goes in the opposite direction, particularly for t^-d, 
and palatograms show identity of contact, or slightly more 
contact for d and "Acoustic Analysis of Stop Consonants,"
Miscellanea Phonetlca, 2, Nos. 1-3 (1954), 45.

■^Bronsteln, Pronunciation, pp. 68, 70. Kantner and 
West, Phonetics, p. 275. C. K. Thomas, Phonetics^, p. 157. 
Jones, Pronunciation, pp. 69-76.
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34Fischer-JjJrgensen notes the same thing for Danish 
stops. "Acoustic Analysis," p. 4J(.

J. A. Reeds and W. S-Y. Wang, "The Perception of 
Stops after s ," Phonetlca, 6 , No. 1 (1961), 80-1. See also 
John Lotz, Arthur S. Abramson, Louis J. Gerstman, Frances 
Ingemann, and William J. Nemser, "The Perception of English 
Stops by Speakers of English, Spanish, Hungarian, and Thai: 
A Tape-Cutting Experiment," Language and Speech, 3 (April- 
June, I9 6 0 ), 77-

■^"Voiceless Lenis Stops," pp. 310-11.
■^"On Hultz^n's," p. 3 8 6 .
^ I bld, pp. 38 6-8 7 .
39Bronsteln, Pronunciation, pp. 70, 72, 77.
^QI b l d ., pp. 71, 76, 78.
^1e.g. [bet-] /bet/ vs. [bed-] /bed/; (put your) 

[bet- darn] /bet daun/ vs. [bed- daun] /bed daun/ (the 
horses).

4 2Mo3 t writers use "release" in final position to 
refer to both burst and following aspiration in the case of 
/ptk/. For /bdg/ the term generally refers to the burst 
plus the embryonic voiced or voiceless (aspirated) vowel 
transitions following the burst.

^" A c o u s t i c  Properties of Stop Consonants," Journal 
of the Acoustical Society of America, 29 (January, 1957), 

107.
^ I b l d ., p. 1 0 8 . The experimenters also found the 

lax /bdg/ bursts to be more intense than the tense /ptk/
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bursts: 8 db vs. 5 d b , respectively. This finding would 
seem to be at odds with the air pressure relationships that 
Halle et al. posit between tense and lax stops. He does
not comment on this apparent contradiction.

45 It should be noted that Halle et al. do not say 
whether or not the stop closure was also removed by the 
gating, although their description so suggests. This appears 
to weaken their conclusions seriously, since they state 
earlier In the same paper (p. 107) that voicing during
closure can distinguish voiced from voiceless stops.

46Halle at al., "Acoustic Properties," p. 114.
4 7The experimental findings of Halle et al. and of

others discussed below, are taken here as a rejection of the
claim made by Rositzke that non-release of final stops,
3ince it "produces no discernable sound, . . . reduces the
distinction between [cognate stops] . . . to a point where
these sounds . . . are often impossible to discriminate
with certainty." "The Articulation of Final Stops in
General American Speech," American Speecfr, 18 (February,

1943), 39.
48Halle et a l . , "Acoustic Properties," p. 115.
4q "The Role of Releases in the Identification of 

Released Final Stops," Language, 34 (July-September, 1958), 

379.
SO ̂ "Transition and Release as Perceptual Cues for 

Final Plosives," Journal of Speech and Hearing Research,

2 (March, 1959), 71.



56

^ M a l e c o t ,  "Role of Releases," pp. 379-80. Malfecot 
does not Indicate that there was voicing during closure as 
Wang does. He did, however, cut the closure halfway be­
tween Its beginning and the release, so If there were 
voicing during the first part of the closure, that is pre­
cisely the part that would have been left.

Wang, "Transition and Release," p. 70. This would 
seem to Indicate that voicing during closure is a more im­
portant cue than burst release. Further, it should be noted 
that Wang does not indicate whether the "release" he is using 
is simply the burst, or the burst plus aspiration (for final 
/p/) or low intensity vowel transitions (for final / b / ) .
In either case the results might be expected to be the same. 
What is not clear, however, from Wang's description, is why, 
given the importance ascribed to closure voicing as a per­
ceptual cue, the substitution of a /ptk/ release for one of
a /bdg/ did not reverse perception. Such a substitution, 
all other things being equal, should create exactly the cues 
which Wang describes as being present in the sounds originally
perceived as /ptk/. In fact, If closure voicing is as sig­
nificant as Wang states, one may well wonder why listeners 
perceived the unaltered final /ptk/ set as they did. Two 
explanations are suggested here. One is that all other 
things are not equal with respect to closure voicing: I.e. 
there is a greater duration of voicing during /bdg/ than 
during /ptk/, although Wang does not state that this is 
so. The other answer might be that some other cue is
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operating here, namely vowel duration. For example, it 
might be that the long vowel before /bdg/ is a more impor­
tant cue than the release of the consonant (for as Wang 
says, release of final /bdg/ is less common than that of 
/ptk/), whereas the short vowel before /ptk/ is not a3 
significant a cue as the release of these consonants. Thus 
when the release is changed to one that is inappropriate, 
the perception changes also.

^^"Supraglottal Air Pressure," p. 3.12.
Pierre C. Delattre, "Acoustic Cues in Speech:

First Report," trans. by George Sholes from the article appear­
ing in Phonetlca, 2 (1958), 108-118, 228-251. Translated 
version distributed in mimeographed form by Haskins Labora­
tories, pp. 29-30.

55 "Closure Duration and the Intervocalic Voiced- 
Voiceless Distinction in English," Language, 33 (January- 
March, 1957), 49. Glmson notes the same closure duration 
relations for medial stops in British English. Introduction, 

p. 149.
56 "Duration of Post-Stress Intervocalic Stops and 

Preceding Vowels," Language and Speech, 5 (January-March,

1962), 29.
5 7"Measuring Stop Closure Duration from Intraoral 

Pressure Records," Haskins Laboratories Status Report on
Speech Research, 7-8 (July-December, 1966), 5-3-

SBSpectrographic measurements made by the writer 
confirm that in final position there is no consistent
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difference in the closure duration for the two sets of stops.
59 Danish stops, according to Pischer-JjJrgensen, do 

show a difference in closure duration in initial position. 
This difference is the reverse of the one for intervocalic 
post-stress stops in English. That is, the closure for /ptk/ 
is shorter than for /bdg/. "Acoustic Analysis of Stop Con­
sonants," Miscellanea Phonetlca, 2, Nos. i-3 (195*0, **5- 

^ " M e a s u r i n g  Stop Closure," p. 5.3. 
b^"The English Stops After /s/ at Word Boundary: A 

Three-Way Contrast," 11th Final Report on Speech Research 
and Instrumentation, Haskins Laboratories (March, 1965), 

pp. 5-7, 9.
b2Ibid.
b^John Douglas Noll, "The Perceptual Significance of 

Certain Acoustical Correlates of Consonant Voicing Con­
trasts," (unpublished Ph.D. dissertation, University of Iowa, 
I960), p. 27. See also Pierre C. Delattre, Alvin M. Liber- 
man, and Franklin S. Cooper, "Formant Transitions and Loci 
as Acoustic Correlates of Place of Articulation in American 
Fricatives," Studla Linguistics, 16, No. 2 (1964), p. 109; 
and Peter Denes, "Effect of Duration on the Perception of 
Voicing," Journal of the Acoustical Society of America, 27

(July, 1955), 761. 
h 4"Effects of Duration," p. 761. 
b^I b l d ., p. 763. It is interesting to note that the 

final /s/ used in the experiment was always heard as /a/ 
when Judged In isolation, regardless of Its duration. This
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indicates that the contextual cues supplied by the vowel 
may be of greater significance than Denes indicated in his 
study.

^ " H i s s  Alone as a Cue for Final /z/ on Voback," 
Haskins Laboratories Quarterly Progress Reports, No. 31 
(1959), Appendix 1, pp. Al, 6-7.

f\ *7"Acoustic Cues for Final /s/ and /z/," Haskins 
Laboratories Quarterly Progress Reports, No. 31 (1959), 
Appendix 3, p. A3- Sholes does not report any specific 
friction duration as being most appropriate for /s/. It Is 
understood, however, that the friction durations appropri­
ate for /s/ are greater than the 110 msec, which character­
izes the highest percentage of /z/ responses.

6bIbld ., pp. A3-**.
Effect of Duration," p. 7 6 3 .

^^"Hiss Alone," p. A l - 7 . See also Louis J. Gerst- 
man, "Cues for Distinguishing Among Fricatives, Affricates, 
and Stop Consonants," (unpublished Ph.D. dissertation, New 
York University, 1957). Gerstman concludes that for frica­
tives and affricates In initial position, the intensity ratio 
of consonant to vowel Is likely to be a significant cue to 
cognate opposition. He finds that / v 6 z dd^/ have a lower 
intensity In relation to the following vowel than do 

/f 6 s / t//.
71Pilch notes that durational differences have had 

a changing significance in American English. Prior to the 
19th century "the lengthening of the short vowels as it
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occurred before f, £, r was phonemic, i.e. it meant their 
transfer to the level of contrasting long phonemes," the 
oppositions at that time being of the nature /I/ j* /l:/.
When this phonemic lengthening ceased to be distinctive, 
that is, when the current qualitative oppositions of the 
nature /I/ f /i/ came into being, "the lengthening of the 
short vowels . . . before voiced consonants and voiceless 
spirants was only of allophonlc significance, i.e. it pro­
duced no phonemic changes, but merely variant pronunciations 
of the same phoneme as in . . . [bl-d] vs. [bit]." H. Pilch,
"The Rise of the American English Vowel Pattern," Word, 11 

(April, 1965), 57.
One should note, however, that this does not ex­

clude the possibility that there were durational variations 
within the ranges of the phonemlcally short and long vowels 
prior to the 19th century. That is, there may have been a 
long variant of /l/ before "voiced" consonants, but not so 
long as to overlap with the range of durations of /l:/; 
and there may have been a short variant of /l:/ before 
"voiceless" consonants, but not so short as to overlap with 
the range of durations of /l/. The probability of such 
durational differences relates directly to the question as 
to whether or not they are physiologically conditioned (see

above, pp. 28-29)-
72John S. Kenyon, American Pronunciation, 10th 

edition (Ann Arbor, Michigan: George Wahr Publishing Co.,
1951), pp- ^1, ^5, 121-31- See also Arthur S. House, "On
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Vowel Duration In English,” Journal of the Acoustical Society 
of America, 33 (September, 1961), 1175; Roe-Merrill S. 
Heffner, General Phonetics (Madison, Wisconsin: University of 

Wisconsin Press, 1964), p. 209; Thomas, Phonetics, p. 165; 
Wise, Introduction, pp. 117-18. Durational differences are 
also noted for British English: Abercrombie, Elements, p.
81; Gimson, Introduction, pp. 147, 174.

^H o u s e ,  "Vowel Duration," p. 1176. See also W. N. 
Locke and R-M. S . Heffner, "Notes on the Length of Vowels 
II," American Speech, 15 (February, 1940), 74-75, and for 
British English, Gimson, Introductlon, p. 90. Belasco also 
ascribes the difference to the force of articulation of the 
following consonant, although his measurements were made 
for French utterances: "Influence of Force of Articulation 
of Consonants on Vowel Duration," Journal of the Acoustical
Society of America, 25 (September, 1953), 1016.

7 4See especially the series of articles authored 
and co-authored by R-M. S . Heffner: "Notes on the Length of 
Vowels (I-VI)," appearing in American Speech from 1937-1943.

^ T h e  notion of intrinsically short and intrinsi­
cally long vowels has been put forth by many authors, 
notably by Peterson and Lehiste for American English: 
"Duration of Syllable Nuclei in English," Journal of the 
Acoustical Society of America, 32 (June, I960), 701-03; 
by Kantner and West, Phonetics, p. 69; and for British 
English by Daniel Jones, Pronunciation, p. 137; and by 
Abercrombie, Elements. p. 81. Heffner and Rositzke, on
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the other hand, can find no evidence for dividing vowels into 
a long and a short series. "The most that may be said is 
that in each of these series the vowels [I], [*]> [U], and 
[a ] head the list of brevity. . . . That is to say, the
relative shortness of these four vowels is real only with­
in each type of phonetic context and cannot be a character­
istic of tne vowels only. . . . The length of a vowel In
English is not determined by the nature of the vowel but only 
by its phonetic environment. . . . "  Heffner, General Pho­
netics, p. 210. Heffner bases this conclusion on his 
studies of vowel duration before /t/ and /d/, in which he 
found no "absolute sequence of vowel durational values which 
might be in any way structural." Although two classes of 
duration emerge from the data before /d/, no such division 
is possible before /t/. Heffner and Locke, "Notes (II)," 
p. 78. Similarly, Rositzke points out that "The classifi­
cation of GA vowels Into 'short' and 'long' must according­
ly rest upon the natural grouping of the objective measure­
ments into categories more or less clearly set off from each 
other, if these terms are to have any meaning. It has been 
pointed out that no such clearly demarcated groups of dura­
tions appear in the pronunciation of the five subjects [used 
in this study]. If, notwithstanding this overlapping, the 
GA vowels be grouped into categories according to length, 
the following divisions based mainly on the durations of the 
vowels before mediae [voiced stops] may be taken as most 
nearly correct: Long [i u e o m  o a] Short [I U A t ] . "
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"Vowel-Length In General American Speech," Language, 15 
(April-June, 1939), 107. Peterson-Lehistu, Heffner and 
Rosltzke used General American pronunciation as a source 
for their data. The differences between their findings may 
be ascribed to the more precise techniques of spectro- 
graphlc measurement available to Peterson and Lehlste, which 
had not yet been developed when Heffner and Rosltzke did 
their studies.

^ H e f f n e r ,  General Phonetics, pp. 209-10. The data 
for /p-b/ and /k-g/ are from Heffner, "Notes on the Length 
of Vowels (IV)," American Speech, 16 (October, 1941), 209.

^ ^ "Vowel-Length," p. 104.
"^"Duration," p. 702.
70 Motor Phonetics, p . 58.
H nIntroduction, p. 90. Gimson, speaking of British 

English, presents no data, and the ratio presented in the 
table is only an approximation: "/I:/ in beat is only about 
half as long as tne /i:/ of bee or b ead. . . . "  I bid.

Q T
"Influence," p. 1015. Belasco's measurements are 

for French stops preceded by the French vowel /*/• The 
data are included here for purposes of comparison with that 
of English.

a q
"Closure Duration," p. 45.
"A Study of the Relationship Between Production 

and Perception of Initial and Intervocalic /t/ and /d/ In 
Individual English Speaking Adults," Haskins Laboratories 
Status Report on Speech Research, 9 (January-March, 1967),
3 .15.
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ft ii"Duration of Post-Stress," p. 26.
y 5Oswald, for one, maintains that the label "voiced

t" often given to the stop In such words as little, latter,
etc. Is a misnomer: "Whatever the variants of the sound, 
whether they be well articulated, or trilled or tapped, or 
merely flipped, they are all voiced sounds. . . . Now there
is nothing about such a sound, phonetically speaking which 
would lead an objective observer to conclude that it is 
a kind of [tj." Oswald concludes from his own experimental 
work anu from that of others, that "except when a voiceless
stop was used to represent t, the listeners heard otherwise
similar words spelled with t̂ and d as homonyms." "Voiced 
/t/— A Misnomer," American Speech, 18 (February, 19^3), 

21-25.
Q

The term "intervocalic" here is to be taken both 
literally (e.g. latter-ladder) and to mean between a vowel 
and a syllabic consonant (e.g. petal-pedal) .

R 7Gimson notes that the difference is also pre­
served when final or medial stops are preceded by other 
consonants, "notably /l, m, n/ . . . especially when the
consonants themselves are preceded by a short vowel. . . ."
Introduction, p. 1^7.

O Q
Sharf points out that differences in vowel quali­

ty may occur with consistency before /t/ and /d/ in inter­
vocalic post-stress position. He maintains that in General 
American speech /al/ is realized as [al] before voiced stops 
and as [al] before voiceless stops. He then notes that
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listeners consistently hear a "voiced t_" as /d/ when pre­
ceded by [al], but show confusion between /t/ and /d/ when 

It Is preceded by [a I]. "Distinctiveness of 'Voiced t* 
Words," American Speech, 35 (May, I960), 107, 109.

Duration," p. 700.
9°I bld., p. 7 0 2 .
91 Claes-Chrlstlan Elert, Phonologic Studies of 

Quantity in Swedish (Uppsala, Sweden: Almqvlst and Wiksells,
1964), p. 134. Elert notes Sweet's recognition of "The 
lengthening effect of a voiced consonant on the preceding
vowel" In 1877.

92 The Phoneme: Its Nature and Use (Cambridge,
England: W. Heffer and Sons Ltd., 1950), p. 121. Glmson 
agrees with Jones about the cue value of vowel or syllable 
duration, stating that final stop and fricative cognates,
In which "the voicing factor is not strongly operative," 
are differentiated largely "by the length of the syllable
which they close." Introduction, pp. 147, 174.

9 3 Cross-Language Study of Voicing In Initial 
Stops: Acoustical Measurements," W o r d , 20 (December, 1964), 

385n.
9 ^Phonetlc3, pp. 165-66. Thomas notes a similar 

variation In the duration of consonants; "Thus [n] Is slight­
ly longer before the voiced [d] of bend [b«n*d] than before 
the voiceless [t] of bent [bent]." As in the case of the 
vowels, however, Thomas notes that these variations are so 
slight that they may usually be disregarded," Ibid., p. 167.
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^ Introduction, pp. 117-18.

96 "Note3 (II)," p. 78.
97 Leigh Lisker, "Linguistic Segments, Acoustic Seg­

ments, and Synthetic Speech," Language, 33 (July-September,

1967), 372.
98 "Tenseness and Laxness," p. 60.
no "The Rise of the American English Vowel Pattern," 

Word, 11 (April, 1965), 85-86.
^09 "A Study of the Relationship," p. 3.15*
^°^"Effect of Duration," p. 76l.
^ ^ Sholes, "Acoustic Cues," p. A3-1*.
10 ̂ Sholes, "Hiss Alone," p. Al-1.
104 "Terminal Stops and Nasals," Haskins Laboratories 

Quarterly Progress Report, No. 13, Appendix 2 (1954), pp. 
A2-2-3. This article and the one In the following reference 
are unsigned in the Progress Report. The staff at Haskins 
Laboratories has Informed the author, however, that the re­
search reported was carried out by George S h oles.

IQS "Stop Consonants in Final Position," Haskins 
Laboratories Quarterly Progress Reports, No. 21, Appendix 
5 (1956), pp. A5-1-2.

^°k"Perceptual significance," pp. 58-62.

I07Ibld . , pp. 64-65.
1 0 fiAssuming, of course, that use were made of the 

class distinction to begin with. That is, In a language 
where [s] and [z] were allophonic variants of the same 
phoneme, vowel duration, even If physiologically
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conditioned, would be ignored, Just as would the other 
phonetic features which might distinguish one of these phones 
from the other In a variety of phonetic environments.

^°^Elert, Quantity in Swedish, p. 134. See also 
Jones, The Phoneme, pp. 177-78, and Pierre C. Delattre,
"Some Factors of Vowel Duration and Their Cross-Linguistic 
Validity," Journal of the Acoustical Society of America, 34 
(August, 1962), 1142-43, and S. A. Zimmerman and S, M. Sapon, 
"Note on Vowel Duration Seen Cross-Lingulstically," Journal 
of the Acoustical Society of America, 30 (February, 1958), 
152-53* Zimmerman and Sapon comment that although the differ­
ence exists in Spanish, it is too small to be of perceptual 
significance.

110"Duration," p. 693*
^^■"Vowel Duration," p. 1177* Together with Fair­

banks, House goes so far as to say that "attempts to inter­
pret the effect of voicing of the consonant upon vowel 
duration have thus far been fruitless." "The Influence of 
Consonant Environment upon the Secondary Acoustical Char­
acteristics of Vowels," Journal of the Acoustical Society

of America, 25 (January, 1953)* 108.
112 Delattre's argument in terms of anticipation of 

greater effort is well taken here, in the light of Llsker's 
finding that all measures of air pressure difference are 
operant in final position (see above, p. 7). Support 
for Delattre*s contention Is found in a relatively early 
study of vowel duration by Heffner and Locke: "Mr. Locke's
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final [t] articulation, when he began hl3 experimental work, 
was very weak, and normally not exploded. When he saw this 
on the recordings, and before we began to take measure­
ments, he became conscious of this fact, ana as a result, 
may have expended more energy on the formation of his final 
[tj's than was entirely normal for him. It seems possible 
that this added energy expended on the articulation of the 
final [t] should have the effect of shortening the preceding 
vowel slightly." "Notes (II)," pp. 74-75. See also Belasco's 
"Influence," p. 1016, and Elert, Quantity in Swedish, pp. 

13^-35.
^ ^ Motor Phonetics, pp. 35-36. Stetson's work has, 

of course, been proven unreliable in many respects in recent 
years. For example, see Philip Lieberman, Intonation, 
Perception, and Language (Cambridge, Massachusetts: MIT Press, 
1967), pp. 191-93. In this case, Stetson's findings indi­
cate that "The duration of the syllable depends somewhat 
on the force with which it Is uttered. Increased force of 
utterance Involves a greater contraction of the positive 
muscles of expiration and this requires a longer time for 
the process of the arresting movement. Sometimes this in­
crease In length shows in the vowel, when the negative chest 
muscles which arrest the movement come into play during the 

later part of the vowel."
The ambiguity in these findings arises from the 

problem of where In the syllable the force of utterance Is 
manifested. If In the vowel, and If one posits a total
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energy for all syllables that approaches a constant, then 
one might predict the sort of vowel-consonant relationship 
proposed by Delattre: That is, the more energy expended on 
the vowel, the less will be available for the consonant.
This interpretation, however, is one which would explain the 
fortls/lenis differences between final consonants In terms 
of the preceding vowel, rather than one which would explain 
durational vowel differences as a function of the nature of 
the following consonants. On this point, see Daniel Jones, 
The Phoneme, p. 118.

If the syllable force is to be determined from 
the final consonant, then Stetson seems to be saying that 
the consonant will be lengthened. It appears, however, that 
only final fricatives evidence durational differences be­
tween members of cognate p a i r s .

Finally, if forcefulness Is to be determined 
for the syllable as a whole, one might expect to find the 
type of theoretical relationship posited by House. That is, 
more forceful (long) vowels would be associated with more 
forceful (fortis) consonants, and inversely.

lll4"Notes on the Length of Vowels (VI)," American 
Speech, 18 (October, 19^3) , 211. Heffner and Lockt. suggest 
reasonably that the Innervation initiating a final con­
sonant occurs sooner when that consonant is voiced than when 

it is voiceless.
^■^"Inf luence ," p. 108.
^ ^ ’’Cross-Language study," p. 422.
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117 Alvin M. ijiberman, Pierre C. Delattre, and 
Franklin S. Cooper, "The Role of Selected Stimulus Variables 
in the Perception of Unvoiced Stop Consonants," American
Journal of Psychology, 65 (October, 1952), 499n.

liftFranklin S. Cooper, Pierre C. Delattre, Alvin M. 
Llberman, John M. Borst, and Louis J. Gerstman, "Some Ex­
periments on the Perception of Synthetic Speech Sounds," 
Journal of the Acoustical Society of America, 24 (November,
1952), 600; Llberman et al., "Selected Stimulus Variables," 
p. 499; Pierre C. Delattre, Alvin M. Llberman, and Franklin 
S. Cooper, "Acoustic Loci and Transitional Cues for Con­
sonants," Journal of the Acoustical Society of America, 27 
(July, 1955), 773; Alvin M. Llberman, Pierre C. Delattre, 
Franklin S. Cooper, and Louis J. Gerstman, "The Role of 
Consonant-Vowel Transitions in the Perception of the Stop 
and Nasal Consonants," Psychological Monographs, 68, No. 8 
(195*0, 5; Alvin M. Llberman, Pierre C. Delattre, Louis J. 
Gerstman, and Franklin S. Cooper, "Tempo of Frequency Change 
as a Cue for Distinguishing Classes of Speech Sounds,"
Journal of Experimental Psychology, 52 (August, 1956), 128.
As some of their titles indicate, not all of the above 
studies deal primarily with the voiced/voiceless distinction. 
The pages cited are thus those which contain the pertinent 

information.
^ ^ Introduction, p. 149.
120"Acoustic Analysis," p. 45. Although Fischer- 

J<Jrgensen's study deals with Danish stops, she notes that
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the similarity between Danish and English stops allows for 
a meaningful comparison of data from the two languages.

"Acoustic Cues," p. 29.
122PI cutback and VOT are not necessarily iden­

tical measures. A sound with no PI cutback may evidence a 
gap between release and the onset of voicing. For example, 
a stop burst may be followed by a period of silence before 
a relatively unattenuated PI transition. If such a stop is 
perceived as voiced, cutting back on the FI transition might 
change the perception to voiceless. The cutback In such a 
signal would thus be equivalent to further delay in voicing 
onset.

123 Llsker and Abramson, "Cross-Language Study,"

P. 387.
124 Ibid.
12 SElements, p. 148. Abercrombie's "voiceless un­

aspirated stop" Is, of course, usually referred to In 
English as a 'voiced' stop. See also Kantner and West, 

Phonetics, pp. 159, 163, 270-74.
"Cross-Language Study," p. 39^- In general, VOT 

values for English stops clustered around + 10 msec, and 
+ 75 msec, for /bdg/ and /ptk/ respectively. I b i d ., p. 403. 
In general there was little or no overlap In VOT values 
between /p/ and /b/, /t/ and /d/, /k/ and /g/, or between 

labials, alveolars and velars. I bid., p. 399.
VOT values are assigned in reference to the stop 

release, which is arbitrarily given a value of zero.
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. . thus, measurements of voice onset time before release 
are stated as negative numbers and called voicing lead, 
while measurements of voice onset time after the release 
are stated as positive numbers and called voicing lag."
Ibid., p. 389.

127Ibid., pp. HlH-Vj.
1 p Q

Lisker and Abramson, "Effect of Context," p. 8.
^2^Ibld., p . 11.
130I b l d . , p. 16.
I31I bld., p. 8.
I32I bld., p. 18.
133"cross-Language Study," p. 417. In 1941, Heff­

ner, offering a tentative explanation for the production 
of "voiced t," described "residual vibrations" of the vocal 
folds during the phase of glottal opening which are akin 
to, if not identical with, the "edge vibrations" described 
by Lisker and Abramson. Heffner notes that In words such 
as butter "the opening of the [vocal] cords at the occlusion 
of t̂ has been so quickly followed by the closure of the 
glottis for the final syllable that the residual vibrations 
of the vocal bands occupy the very short Interval taken up by 
the occlusion." "An Adjunct to the Graphic Method," Ameri­

can Speech, 16 (February, 1941), 37-38-
13**Llsker and Abramson, "Effect of Context," p. 8.

135Ibid., p. 18.
136Ibld.
137Ibld., p. 24.
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138I b l d ., pp. 24-25.
139I bld., p. 27.
1K0 Lisker, Abramson, e t _ a l ., "TransIllumination,"

p p . 4 . 2-4.
l it i Ibid., p. 4.4.
i l i ? Ibid., p. 4.5.

3"English Stops," p. 6.
14 4Lotz» et a l ., "Perception of English Stops,"

pp. 71-76.
145 Reeds and Wang, "Perception of Stops After ŝ ,"

pp. 78-81.
1 U f i Harris, et a l ., "Aspects of Production," p. 147. 
^ ^ " S o m e  Phonetic Specifications," pp. 137, 147. 

l48Ibid., P- 167.
i li q "Voice Onset Time in Stop Consonants," Haskins 

Laboratories Status Reports on Speech Research, 3 (August,

1965), 1.3-4. See also Arthur S. Abramson, Leigh Lisker, 
and Franklin S. Cooper, "Laryngeal Activity in Stop Con­
sonants," Haskins Laboratories Status Reports on Speech 
Research, 4 (November, 1965), 6.7, fig. 2, for a schematic 
diagram of the pattern used In the synthesis.

^■^"Volce Onset Time in Stop Consonants," p. 1.4. 
^■•^"Study of Intervocalic /t/ and /d/,n p. 3*3. 
152Ibld., pp. 3.3-4.
153Ibld., pp. 3.8-11 (figs. 3-6).
^ ^ D e l a t t r e , et a l ., "Acoustic Cues," pp. 28-29. 
•^^PhonetlCB, p. 272 .
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156v "Electromyographic and Acoustic Study of the 

Production of Certain Final Clusters," Journal of the
Acoustical Society of America, 35 (April, 1963), *162.

157
K a n t n e r  a n d  W e s t  d o ,  h o w e v e r ,  n o t e  t h a t  s u c h  a n  
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CHAPTER II

CUES TO THE CLASSIFICATION OF THE MEMBERS OF COGNATE 
PAIRS IN WORD-FINAL POSITION: SPECTROGRAFHIC

ANALYSIS AND TAPE-CUTTING EXPERIMENTS

The experiments described in this chapter were de­
signed to determine the relative importance of two potential 
cues to the categorization of the members of cognate pairs 
in word final position. The cues Investigated were (1)
Voicing Offset Time: the final-position analogue of Voicing 
Onset Time, and (2) the duration of the vowels preceding 
the final consonants. Two other related potential cues 
were also investigated: (1) voicing during consonant closure, 
and (2) total voicing duration in the syllable.

Voicing Onset Time is measurable from the release 
of an initial stop consonant, with a lag In onset after 
release being specified by positive values, onset occurring 
before release being specified by negative values1 (see Fig. 
2-1). An analogous method may be used to determine the Voicing 
Offset Time for stop consonants in final position: Voicing 
which ceases before the release of a final stop may be 
specified by positive values of offset time, and voicing 
which continues after release may be specified by negative 
offset values. In those cases where a final stop is

75
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unreleased, the offset value Is assumed to be zero: Since
the silence which marks the closure is unbounded, it is 
reasonable to assume that the consonant is coterminous with 
the offset of voicing (see Fig. 2-2).

The time at which voicing ceases may be coincidental 
with the termination of the vowel preceding a final consonant. 
In spectrograms this point Is taken to be that at which 
(because of the closure for the consonant) there is no 
trace of formant structure above FI, either as voice or as 
noise (aspiration). Thus, in the case of stops, voicing 
during closure (I.e. any presence of voicing, as indicated 
by the presence of FI or of a fundamental frequency which 
extends beyond the termination of the formant structure of 
the vowel) will be the complement of any positive Voicing 
Offset value for the total duration of closure. Positive 
Voicing Offset Time Is thus the duration of the period of 
voicelessness, if any, between the release of the final 
consonant and the offset of voicing during closure. For 
example, if the duration from the termination of the vowel 
to the release of the final consonant (i.e. closure duration) 
Is 100 msec., and If voicing continues for ^0 msec, into 
the closure, then the voicing offset value for the final 
consonant is + 60 msec.

The procedure used for measuring Voicing Offset 
Time for fricatives 1 b similar to that used in the case 
of stops. Positive values are assigned to those utterances 
where voicing ceases before the end of the friction, and
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VOCE OFFSET TIME: STOPS 
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negative values are assigned in those cases where voicing
continues unbroken through and beyond the cessation of 

2friction. The question of non-release i3 obviously not 
relevant here since the friction cannot continue indefinite­
ly. The duration of voicing during closure (i.e. voicing 
during the friction portion of the consonant) is comple­
mentary to the positive voicing offset value, for the 
total duration of closure (see Fig. 2-3).

In general, then, an Increase in voicing offset 
values for a given utterance mandates a decrease of the 
duration of voicing during closure, and thus In most cases 
both measures can be determined by a single measurement 
(once closure duration is known) and can be altered by a 
single experimental manipulation of the stimulus.

The duration of a vowel preceding a final con­
sonant can be determined spectrographically by measuring 
from the point where a full formant structure first be­
comes evident, either as periodic vibration or as noise 
(aspiration), to the point where such formant structure 
ceases to be evident.

Experiment I: Spectrographlc Measurements
of Potential Cues

Procedure
In this fir3 t experiment a corpus of test items was 

developed which consisted of minimal and sub-minimal pairs 
of English w o r d s . The pairs contrasted by virtue of the 
flnal-position phonemic oppositions /p-b/, /t-d/, /k-g/,
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\OCE OFFSET TIME: FRICATIVES
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/f-v/, /©-&/, /s-z/, /S~i/ (see Appendix 1 for a complete 
listing of the corpus). The vowels and diphthongs chosen 
to precede the final consonants were /i, I, e,e , a , u,
U, 0 , 0 , a, a ,» , al, aU, ol/. Each word was spoken by each 
of three native male speakers of Standard New York City 
dialect. The speakers each read from one of three different­
ly randomized lists. For the purposes of this experiment 
the results drawn from one speaker's recording of the list 
of words are reported.

Wide band spectrograms were made for each recorded 
item using a standard Kay Sonograph. A -10 db amplitude 
display was incorporated into each spectrogram and was used 
as an aid to detect both the onset of consonant closure and 
the cessation of voicing. Narrow band spectrograms were 
also made in those cases where it seemed that an inspection 
of harmonics might be useful as an aid to determine the 
presence or absence of voicing.

Four points were marked on the wide band spectro­

grams :
(1) The onset of the vowel (or diphthong) pre­

ceding the final consonant.
(2) The offset of the vowel (or diphthong) pre­

ceding the final consonant.
(3) Tne offset of voicing during the closure period

of the final consonant.
(k) The release of the final consonant: i.e. the 

burst (if present) in the case of stops, and
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the cessation of friction in the case of 
fricatives. (See Fig. 2-*0

The distances between these four points were then 
measured In millimeters and converted to their equivalents 
in milliseconds. Figures were rounded to the nearest five 
milliseconds as an estimate of experimental accuracy. Four 
principal measures were then computed for each item:

(1) The duration of the vowel preceding the final 
consonant (point 1 to point 2 ).

(2) The duration of the voicing during the closure 
of the final consonant (point 2 to point 3 )*

(3) The total duration of the voicing during the 
syllable, discounting the initial consonant (i.e. 
vowel duration plus duration of voicing during 
closure: point 1 to point 3 ).

(4) The Voicing Offset Time (I.e. the duration of 
the period of voicelessness, if any, between 
the release of the final consonant and the 
offset of voicing during closure; point 3 to 

point *0. (See Fig. 2-5)
An additional measure was also computed:

(5) The total closure duration (point 2 to 
point 4).

Results
An inspection of the data reveals that, with few 

exceptions, all four principal measures correlate with the 
opposition of the members of cognate pairs: Vowel duration,
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SPECTROGRAPHIC MEASUREMENTS
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voicing during closure, and total voicing duration exhibit 
larger values in syllables ending with /bdgv&zi/, than in 
syllables terminating with /ptkf0sJV. Voicing Offset Time, 
as predicted from its relation to closure voicing, exhibits 
larger values in syllables ending with /ptkf8s// than 
in those ending with /bdgvfiz^/. (See Tables II-7 and 
II-8.)

Vowel duration averaged 164.0 msec before /ptk/ and
316.4 msec before /bdg/, a ratio of slightly less than 
2:1. For fricatives the average vowel durations were
210.4 msec before /fOsjV, and 362.2 msec before /v6 z y ,  
a ratio of 1:1.7 (see Tables II-l and II-2) . Average 
Voicing Offset Time was 57-6 msec before /ptk/ and 23.2 
msec before /bdg/, a ratio of 2.5:1. The average Voicing 
Offset Time before /f0 sj/ was 212.0 msec, and before /vftzj/ 
66.1 msec, a ratio of 3-2:1 (see Tables II-l and II-2) .



TABLE II-l 

SPECTROGRAPHIC DATA FOR STOPS

avg.
£b

ratio avg.

t
5

ratio

k
S

avg. ratio
§j

avg.
k

ratio

Vowel
Duration

140.0
293.6 1 :2.1 176.0

330.7 1:1-9 157.3
291.4 1:1.9 164.0

316.4 1:1.9

Closure
Voicing

38.2
136.8 1:3.6 38.7

115.0 1:2.9 53.2
115.9 1 :2.2 42.8

121.8 1 :2.8

Total
Voicing

204.1
428.6 1 :2.2 214.0

445.0 1 :2.1 217.3
394.6 1 :1.8 212.0

425.1 1:2

Voicing
Offset

59.1
20.8 2.9:1 54.3

27.0 2:1 60 .5
20.9 2.9:1 57.6

23.2 2.5:1

Closure
Duration

113.3
157.5 1:1.4 103.3

135.4 1:1.3 113 .6 
125.5 1 :1.1 109.7

123.9 1 :1.1

CDON



TABLE II-2

SPECTROGRAPHIC DATA FCR FRICATIVES

f
V

avg. ratio avg.
J
6

ratio

s
z

avg. ratio

f©s*

avg. ratio

Vowel
Duration

207.8 
360 .6 1:1.7 183.0

356.0 1:1.9 217.5
365.4 1:1.7 210,4

362.2 1:1.7

Closure
Voicing

71.1
80.6 1 :1.1 53.0

125.0 1:2.4 34.6 
120 .6 1:3.5 50.7

108.1 1 :2.1

Total
Voicing

267-8
353.3 1:1.3 236.0

461.0 1:2 252.1
475.3 1:1.9 257.4

337.2 1:1.3

Voicing
Offset

178.3
50.0 3 .6:1 205.0

62.0 3-3:1 240.0
75.0 3 .2:1 212.0

66.1 3.2:1

Closure
Duration

252.7
141.6 1 .8:1 256.0

191.0 1.4:1 274 .6 
195.0 1.4:1 263.8

176.2 1.5:1

•Data for the one minimal pair ending in /J-$/ may be found in Table II-9.
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TABLE II-3
DATA FOR MINIMAL PAIRS ENDING IN /p-b/

TIME VALUES FOR EACH PARAMETER ARE
GIVEN IN MILLISECONDS

Vowel
Duration

Closure
Voicing

Total
Voicing

Voicing
Offset

Closure
Duration

Heap 210 30 240 130 160
Hebe 330 175 505 -55 175
Nip 95 75 175 95 170
Nib 130 150 280 0 # 150

Gape 140 40 180 90 130
Gabe 250 135 390 0 » 135
Rep 225 85 310 30 115
Reb 230 170 400 -35 170

Lap 200 10 210 0 » 10
Lab 355 120 475 -25 120

Mop 165 5 170 0 5
Mob 410 145 555 0 * 145

Lope 215 60 275 95 155
Lobe 340 175 515 0 175
Loop 85 50 135 130 180
Lube 350 80 430 80 160

Sup 100 0 100 25 25
Sub 215 150 360 0 « 150
S lurp 195 25 220 55 80
Herb 270 80 350 0 * 80

Tripe 190 40 230 0 * 40
Tribe 350 145 495 -30 145

•Denotes unreleased stop.
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TABLE II-*4
DATA FOR MINIMAL PAIRS ENDING IN /t-d/

TIME VALUES GIVEN IN MILLISECONDS

Vowel Closure Total Voicing Closure
Duration Voiding Voicing Offset Duration

Pleat 155 *40 195 55 95
Plead 305 135 *4*40 -30 135
Bit 105 *45 150 105 150
Bid 185 160 3*40 -55 160
Rate 190 65 255 55 120
Raid 360 90 *450 0 90
Bet 165 0 165 20 20
Bed 260 100 3 6O -*45 100
Hat 2*45 10 255 25 35
Had 350 120 *470 0 120

Pot 125 2 6 150 0« 2 6
Pod 315 70 385 0» 70

Sought 190 25 210 100 125
Sawed 320 1*40 *460 -*40 1*40

Moat 210 *45 260 100 1*45
Mowed 355 105 *460 -*40 105
Put 115 30 1*45 30 60
Good 180 150 330 -*40 150

Suit 175 *40 215 100 1*40
Sued 355 70 *425 *4 5 115
Hurt 135 20 150 0« 20
Heard *405 135 5*10 -HO 135
Height 200 30 230 95 125
Hide 390 60 *4*45 0« 60

Hoyt 210 85 290 65 150
Boyd 375 175 550 -85 175
Clout 185 **5 230 65 110
Cloud *450 100 550 -30 100
Pallet 235 75 310 0 75
Pallid 355 115 *470 0* 115

•Denotes unreleased stop.
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TABLE II-5
DATA FOR MINIMAL PAIRS ENDING IN /k~g/

TIME VALUES GIVEN IN MILLISECONDS

Vowel
Duration

Closure
Voicing

Total 
Voic ing

Voic ing 
Offset

Closure
Duration

Leak 135 65 200 100 165
League 275 135 405 80 215
Wick 260 35 295 35 70
Wig 270 55 325 -25 55
Fake 145 70 285 20 90
Vague 320 145 325 -25 145
Peck 145 100 245 40 140
Peg 320 125 450 -15 125
Sack 130 65 200 75 140
Sag 215 105 320 10 115
Clock 140 65 205 65 130
Clog 335 75 410 -55 75
Hawk 175 0 175 70 70
Dog 310 155 465 -70 155
Broke 150 30 180 100 130
Brogue 330 165 495 -40 165
Duke 185 15 200 65 80
Krug 335 105 440 25 130

Tuck 110 70 180 35 105
Tug 180 105 285 10 115
Burke 155 70 225 60 130
Burg 315 105 420 25 130
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TABLE II-6
DATA FOR MINIMAL PAIRS ENDING IN /f-v/ 

TIME VALUES GIVEN IN MILLISECONDS

Vowel
Duration

Closure
Voicing

Total 
VoleIng

Voicing
Offset

Closure
Duration

Grief 145 80 225 175 255
Grieve 330 80 410 65 145

Syph 165 65 230 145 210
Sieve 270 100 370 35 135
Safe 21b 80 295 200 280
Save 385 95 480 70 165
Ref 225 60 285 220 280
Rev 255 175 430 25 200

Half 280 60 340 210 270
Have 380 100 480 45 145

Proof 200 70 270 130 200
Prove 410 90 510 20 110

Duff 200 40 240 215 245
Dove 325 75 400 65 140

Serf 190 115 30 5 150 265
Serve 400 25 425 80 105
Life 250 70 320 160 230
Live 490 85 575 45 130
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TABLE II-7
DATA FOR MINIMAL PAIRS ENDING IN /ft -e / 

TIME VALUES GIVEN IN MILLISECONDS

Vowe 1 
Duration

Closure
Voicing

Total 
VoleIng

Voicing
Offset

Closure
Duration

Teeth 175 30 205 200 230
Teethe 315 105 420 85 110
With 150 85 235 185 270
With 265 170 435 30 200
Loath 180 65 245 210 275
Loathe 455 55 510 55 110
Sooth 160 25 185 200 225
Soothe 435 35 470 50 85
Mouth 250 60 310 230 290
Mouthe 310 260 570 90 350
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TABLE II-8

DATA FOR MINIMAL PAIRS ENDING IN /s-z/
TIME VALUES GIVEN IN MILLISECONDS

Vowel
Duration

Closure
Voicing

Total
Voicing

VoleIng 
Offset

Closure
Duration

Peace 150 20 170 235 255
Peas 310 60 375 125 185
Hiss 115 85 200 200 285
His 265 160 425 40 200
Pace 220 10 230 250 260
Pays 360 80 440 95 175
Press 205 20 225 220 240
Pres 320 165 485 45 210

Ass 345 40 385 220 260
As 420 130 550 65 195
Floss 250 15 265 255 270
Flaws 330 120 350 85 205
Dose 225 25 250 255 280
Doze 420 140 560 95 235
Deuce 225 25 250 255 280
Dues 400 125 525 70 195
Bus 140 70 210 225 295
Buzz 225 170 395 60 230

Dice 2bb 50 305 255 305
Dies 475 75 550 110 185
Boyce 245 40 285 240 280
Boys 470 50 520 110 160

House 235 15 250 270 285
House 390 175 565 0 175



TABLE II-9
DATA FOR MINIMAL PAIRS ENDINC IN //-$/ 

TIME VALUES GIVEN IN MILLISECONDS

Vowel Closure Total Voic ing Closure
Duration Voicing Voicing Offset Duration

Cash 285 50 335 215 265
Cas(ual) 370 110 480 125 235
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Figures 2.6-2.13 indicate that the two categories of 
stops and fricatives are generally, though not absolutely 
separated by all four measures. That Is, there is rela­
tively little overlap of values between categories along each 
of the dimensions measured. More important, with but three 
exceptions in each one of pairs of words studied, there was 
a vowel of shorter duration and an earlier cessation of 
voicing during closure before the sounds usually labelled 
as "voiceless" than before those usually labelled as "voiced." 
In the exceptional cases, and in those cases where differ­
ences were minimal, the addition of the two measures re­
vealed that for each minimal pair no total voicing duration 
was greater in a word ending In /ptkf®s// than In a word 
ending in /bdgvftzj/.

An analogous observation obtains for the Voicing 
Offset measure. That is, for each minimal pair the values 
were greater for words ending In /ptkf8s// than for words 
ending In /bdgvftzj/. This fact Is somewhat obscured in the 
case of the stops which were unreleased sounds; theae, 
assigned a value of zero for the Voicing Offset measure, 
occasionally had the same value as their cognates (see 

Tables II-3 and 11-4) .
It should be noted that eight of the cases of unre­

leased stops were for the sounds /b,d/, while only four 
cases of unreleased /p,t/ and none of /k,g/ were found.
This finding corroborates the view that voiceless stops

5are released more frequently than are voiced stops.
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The additional measure of closure duration proved 
to successfully categorize the fricative consonants into 
cognate classes. With one exception, the closure durations 
for /f©s/ exceeded those for /v6z/ In every case by at least 
30 m s e c . The average closure duration for each member of a 
cognate pair and for each class of cognates as a whole were 
clearly separated, and there was a minimum of overlap in the 
absolute values (see figure 2-1*1 and Tables II-l and II-2).

Discussion
All of the parameters investigated provide data 

which effectively categorize cognate sounds. The most 
effective measure was that of total voicing duration. This 
measure, in turn, may be viewed as being comprised of two 
component measures; vowel duration and, alternatively, 
voicing during closure or Voicing Offset Time (since these 
last two are, in general, complementary). The fact that 
these measures allow for categorization of cognate sounds 
does not Indicate that any or all of them are perceptually 
significant. The correlation between acoustic measurements 
and linguistic categories does, however, suggest the like­
lihood that there is a significant cue value to be found 
among the parameters investigated. The experiments de­
scribed below were designed to test this likelihood.
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Experiment II: Voicing Offset Tlme/VolcIng During
Closure as^a Cue to the Classification of the 
Members of Stop Cognates in

Position: A Tape-Cutting Experiment

This experiment was designed to determine the 
effectiveness of the measure(s) of Voicing Offset Time/ 
Closure-Voicing Duration as a cue to the categorization of 
cognate stop phonemes In word-final position.^

Procedure
A typical minimal pair was selected from each of the

three categories of stops tested in Experiment I (see Tables
II-3» 11-^, II—5). All of the syllables, except for the one 
ending with /p/, had clearly released stops in final position. 
Each pair (six words in all) was re-recorded many times.
These dubbings were made at a tape speed of 15 i p s .

A cutting and splicing technique was then employed 
to remove some portion of the voicing during closure from 
each member of the pairs ending in /bdg/. The amount of 
closure voicing removed from each successive dubbing was 
increased in steps of 10 m s e c . Blank tape was added to r e ­
place the segment of tape with closure voicing that had been 
removed. The effect of the cuts was thus to decrease, pro­
gressively, the duration of the voicing during closure from 
one stimulus to the next, while at the same time increasing 
the Voicing Offset value for the final stop.

The cutting and splicing technique, used in this
and the following experiment, began by placing an audible 
click on the tape recording of the original ucterances
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before the dubbings were made. This was done by touching 
the edge of a magnetized razor blade perpendicularly to 
the surface of the tape. The click was manifested on a wide 
band spectrogram by a vertical spike, occurring some 
distance after the release of the final stop.

The distance from the click to the point of voicing
offset was then measured and converted to a time value in
milliseconds. This time value was in turn converted to the
corresponding length of tape which represented it on the 15
ips dubbings. It was then possible to locate the reference
click on each dubbed stimulus by turning the tape reels
slowly by hand until the desired point on the tape passed
over the recording head. This point was marked and the point
at which the voicing during closure ceased was determined by
measuring the calculated distance along the tape which
corresponded to the time value derived from the spectrogram.
The tape was cut at this point and a further length of tape,
corresponding to the desired time value of closure voicing
to be removed was marked off. Another cut was made at this
point. The piece of tape containing voicing during closure
was removed and a piece of blank magnetic tape, equal in
length to that Just removed, was substituted in its place.
The several sections of tape were then spliced together to

7yield a completed stimulus.
The cuts were made on an Editall splicing block 

having a splicing groove milled at an angle of 8 0° to the 
perpendicular. This angle provides a stimulus that does
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not lose as much of the time dimension as the usual ^5° 
splicing cut. Further, It avoids placing an audible click 
on the tape which is often heard when a 90° cut is inade.
The accuracy of each cut was verified by making wide-band 
spectrograms of each altered stimulus.

The stimuli used In each of the three tests of the 
experiment consisted of one unaltered utterance ending with 
one of the stops /bdg/, a series of altered words with pro­
gressively greater durations of voicing during closure 
removed and ending with the same stop as the unaltered 
stimulus, and an equal number of recordings of the second 
member of the minimal pair which ended in the cognate of

Q
the unaltered stimulus.

The stimuli were then randomized and played to 
twenty phonetically-naive native English Speakers (standard 
New York City Dialect). The subjects were asked to Judge 
each item as either one or the other of the minimal pair 
originally recorded. They were told to make a Judgment 
for each item, even if they were unsure as to which it was. 
Listeners heard the stimuli as played on an Ampex 301 tape 
recorder over a loudspeaker in a sound-treated room.

Results
No significant changes in the listeners' perceptual 

Judgments were found for any stimulus. That is, there were 
no instances of a majority of listeners hearing words 
originally ending with /b/, /d/, or /g/ as words terminated 
by /p/» /t/, or /k/, regardless of the amount of voicing
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during closure that had been removed and the resultant 
increase in Voicing Offset Time. Similarly, all of the 
unaltered items which ended in /ptk/ were perceived as 
originally intended.

Figures 2.14-2.16 reveal the almost total lack of 
change in perceptual Judgments. The final /k-g/ opposition 
displayed no change whatsoever in percentage of listener 
identification: All stimuli were heard as originally re­
corded, whether they were altered or not. The final /t-d/ 
opposition yielded only six Judgments (out of a possible 
300) of /d/ a3 /t/. Two of these Judgments were made of 
stimuli in which the voicing had been cut back 5 msec into 
the end of the vowel, another for a stimulus in which the 
voicing had been cut back to the end of vowel, and another 
of a stimulus in which only 5 msec of voicing during closure 
remained. The /p-b/ opposition yielded similar results.
Of the two Judgments (out of a possible 120) of /b/ heard
as /p/» both were of items in which the voicing had been
cut back 6 msec into the end of the vowel.

Discussion
The measure(s) of Voicing Offset Time/closure 

voicing duration does not appear to be a significant cue 
to the perception of final stops as belonging to the class 
/bdg/ or /ptk/. Any perceptual changes caused by increasing 
Voicing Offset Time (i.e. removing voicing during closure) 
are few in number and limited to the stimuli in which
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voicing curing closure has been virtually eliminated, or in 
which voicing has in fact been cut back into the vowel.
These findings suggest that vowel duration may be a more 
potent cue to the categorization of word-final stops than 
the measure tested in this experiment.

Lxperlment III: Preceding Vowel Duration as a
Cue to the Classification of the Members 
of Stop and Fricative Cognates in Word- 

Final Position: A Tape-Cutting 
Experiment

This experiment was designed to determine the 
effectiveness of preceding vowel duration as a cue to the 
categorization of word-final step and fricative phonemes.
From the corpus described above (see pp. 80-81 and Appendix 1) 
one minimal pair from each of the stop and fricative cate­
gories of place of articulation was chosen. The tape cutting 
and splicing procedure previously described (see pp. 108-13) 
was used, except that instead of measuring from the reference 
click to the offset of voicing, the distance (and duration) 
from the reference click to a point in the vowel Just before 
the final transition was calculated and marked off. The 
cutting and splicing in this experiment removed progressive­
ly greater sections of the vowel in ten millisecond steps.

The words chosen, with one exception, all con­
tained what are generally termed "lax" or "checked" vowels. 
Such vowels display a relatively steady-state formant 
structure and thus sound more natural when subjected to the 
cutting and splicing procedure than do "tense" or "free"
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vowels, whose formant structures often display large changes 
in frequency from beginning to end. The accuracy of all 
cuts was again verified by spectrographic analysis.

In this experiment only the stimuli which were 
originally recorded and perceived to end in /bdgv&z^/ were 
used in the listening tests. That is, the signal heard by 
the 3s was comprised of an initial consonant (or cluster), 
a vowel (usually shortened to some extent), and the complete, 
originally "voiced1’ consonant, with the transitions leading 
to it, as spoken by the principal informant.

The stimuli were randomized and played over a loud­
speaker for 100 pnonetically-naive, native speakers of 
American English (standard New York City Dialect) on an 
Ampex jOl tape deck in a sound-treated room.

Results
Stops

Figures 2.17-2.19 Indicate the results for the 
stimuli ending In /bdg/. A crossover in listener Judgments 
was obtained for each place category of final stop c on­
sonant. In the case of the labials, once the vowel had been 
shortened by 90 msec, more Ss heard the final stop as /p/ 
than as /b/, the crossover point being approximately 86 
msec. The crossover for /t-d/ was 79 msec, and for /k-g/,

82 msec.
It should be noted that the /t-d/ and /k-g/ Judg­

ments reconverge at the extreme limits of vowel reduction, 
there being a secondary crossover in the case of the
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alveolars. This "end effect" is not evident in the data for 
/p-b/, where the relatively short vowel (130 msec, as 
opposed to 185 and 215 msec for the other vowels before /d/ 
and /g/) may preclude its occurrence.

Fricatives

Figures 2.20-2.23 indicate the results for the 
stimuli ending in /vbz$/. It Is clear that the fricative 
data differs somewhat from that for the stops, although 
there is a general similarity between the two manner 
classes .

The /f-v/ opposition is similar to that for the 
stops, except that there Is no "end effect." Further, the 
crossover In Judgments takes place only after a proportionate­
ly greater segment of the vowel has been removed than In the 
case of the s t o p s .

The //-$/ opposition resembles the stop results most 
closely. There is both a relatively early crossover of 
Judgments and a reconvergence of Judgments, resulting in a 
secondary crossover, near the extreme limits of the vowel 
reduction,

The /Q-b/ and /s-z/ oppositions are the least 
dramatic in terms of crossover Judgments. Such crossovers 
are sporadic and weak, and reflect, perhaps, an ambivalence 
of Judgments and an ambiguity of stimuli rather than a real 
change in the perception of the listeners from one cate­

gory to another.
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Discussion

Preceding vowel duration, In general, does prove to 
be a sufficient cue to the perceptual categorization of the 
members of cognate phoneme pairs In final position of iso­
lated words. The data Indicate that the cue is more effec­
tive in the case of stops than in the case of fricatives. 
Fricatives generally require a proportionately more ex­
tensive reduction in preceding vowel duration than do stops, 
in order for perception to change from one category to 
another. Further, the members of each of the cognate pairs 
/0-6/ and /s-z/ do not exhibit a significant crossover in 
percentage of listener Judgments. The sounds are merely 
confused as the vowel is shortened, indicating an uncertain­
ty rather than a change in the perception of the subjects.
The remaining fricative pairs and all of the stops, on the 
other hand, show a definite categorical change in Judgment 
on the part of the listeners.

A possible explanation for the difference between 
stops and fricatives might be that the longer duration of 
closure for the fricative manner allows the voicing during 
closure to play a more prominent role in cueing the cognate 
opposition than in the case of stops. One might then ex­
pect that the preceding vowel would have to be reduced pro­
portionately more In the case of fricatives in order to over­
come the relatively stronger cue within the closure and 
bring about a perceptual change.
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The reconvergence and secondary crossover of Judgments 
noted for several of the stops and fricatives tested suggest 
that the parameter of voicing during closure/Voiclng Offset 
Time may Indeed be a cue of some significance. It seems 
possible that this cue, although a minor one as compared to 
preceding vowel duration, may assert itself once the vowel 
has been sufficiently shortened. That is, once the vowel Is 
reduced almost to the point of elimination it may be too 
brief to be of any value as a cue, and so the listeners may 
be forced to rely on the secondary cue in making their 
Judgments.

Two other observations support the hypothesis that 
Voicing Offset Time may be a cue of minor importance. First, 
when the stop closure in Experiment II was fully eliminated, 
a cut of 5 to 10 msec into the vowel did produce a slight 
shift in the percentage (10?) of Judgments of the listeners 
for the /p-b/ and /t-d/ oppositions. In Experiment III, on 
the other hand, when the stop closure was left intact, such 
a slight reduction of the vowel caused a smaller change in 
the percentage of Judgments. Second, If voicing during 
closure were of no significance whatsoever as a cue, one 
might expect the crossover in Judgments to occur at that 
point where the vowels before /bdgvftz^ had been reduced to 
the same duration as the vowels preceding /ptkfes// in the 
corresponding member of each minimal pair. In fact, with 
one exception, the crossovers were attained only after the 
vowel had been reduced to a point where It was 10 to 140



1 2 H

msec shorter than the vowel preceding the other member of 
the cognate pair. In the exceptional case of the /6-6/ 
opposition, which showed a confusion rather than a clear 
change in perception, the first crossover in Judgments 
occurred when the vowel was reduced to a point where its 
duration was equal to that of the vowel before /0/.

The results of this experiment, then, indicate the 
relative importance of preceding vowel duration as a cue to 
the separation of the members of cognate phoneme pairs when 
such vowels are reduced before /bdgv6zs/. The tape cutting 
and splicing procedures employed here, however, do not allow 
for the testing of the reciprocal relation: the lengthening 
of vowels before /ptkf8s//. In order to determine If such 
a manipulation of the acoustic signal would cue an analogous 
change In perception it was necessary to turn to speech 
synthesis.
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Footnotes - Chapter II

^Leigh Lisker and Arthur S. Abramson, "A Cross- 
Language Study of Voicing in Initial Stops: Acoustical
Measurements," W o r d , 20 (December, 1964), 387 ff.

2In the Isolated words studied in these experiments 
no cases of voicing extending beyond the cessation of 
friction were found.

3See Table 1-2, Chapter I, p. 22, for a comparison
of these data with those of other investigators.

14If the data supplied by the unreleased stops is 
ignored, the averages for Voice Offset Time before /ptk/ 
and /bdg/ respectively are 70.8 and 23*0 msec. The ratio 
is then 3*l*'l, which is quite similar to the 3*2:1 ratio 
found before fricatives. The exclusion of the data for un­
released stops might be Justified on the grounds that the 
arbitrary zero value assigned to Voice Offset Time in these 
cases might not reflect the fact that closure was, In fact, 
released, although not audibly, or that some cue to the 
cessation of closure might not be evident on the spectro­
grams .

^William S - Y , Wang, "Transition and Release as Per­

ceptual Cues for Final Plosives," Journal of Speech and 
Hearing Research, 2 (March, 1959), 71.

^The nature of the experimental procedure used 
precluded the Investigation of Voice Offset Time/voicing 
during closure for fricatives. In cutting and splicing
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the tape It would have been necessary to alter the duration 
of the friction, a duration which has been shown to exhibit 
significant cue value for the categorization of cognate 
fricatives in final position (see above, Chapter I, p. 18). 
This, of course, would have introduced a second variable to
the experiment.

7In cases where there was a negative value for 
Voice Offset Time, a preliminary cut was made removing all 
voicing following the stop release.

U
In this experiment, closure duration was essen­

tially unaltered. This writer has performed a similar ex­
periment in which blank tape was not used to replace the 
voicing during closure that was removed. This procedure 
progressively eliminates the voicing during closure and 
shortens the closure duration, but does not affect the 
Voice Offset Time. The results for that experiment were 
virtually Identical with those reported here for the cue 
value of Voice Offset Time. That Is, neither total closure 
duration nor the amount of voicing during closure proves 
to be a significant cue to cognate opposition for word- 

final stops.



CHAPTER III

VOWEL DURATION AS A CUE TO THE PERCEPTUAL 
SEPARATION OF WORD-FINAL COGNATE SOUNDS:

SYNTHETIC-SPEECH EXPERIMENTS

The purpose of the experiment described in this 
chapter was to determine the effect of preceding vowel 
duration upon the perception of final consonants as being 
one or the other of the members of a cognate pair. This 
experiment employed synthetic speech and thus differed from 
the one described in the preceding chapter in that it was 
possible to explore the effects of varying vowel duration 
before sounds of the category /ptkf©s//, as well as before 
the cognates of this category.

Further, this experiment tested the effect of 
varying vowel duration before word-final clusters of the 
types: 3top-plus-stop; stop-plus-fricative; and fricatlve- 
plus-stop.

Using the results of the tape-cuttlng experiments 
as a basis, four hypotheses were developed and tested 
experimentally:

Hypothesis I predicted that final consonants and clusters
regardless of the voicing cues used in their synthesis, 
would be perceived as voiced when preceded by vowels

127
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of long duration and as voiceless when preceded by 
vowels of short duration.

Hypothesis II predicted that any changes In the perception 
of final consonants or clusters would be continuous 
rather than categorical. That Is, the Ss in the ex­
periment would be able to discriminate the test 
stimuli far better than they could label them. Thus, 
the discrimination functions for the stimuli would 
be at substantially higher levels, both across and 
within phoneme boundaries, than would be predicted 
from the labelling data. This hypothesis rests both 
on the results of the tape-cutting experiment, and on 
the assumption that the perceptual classification of 
the final consonants is in fact conditioned by the 
duration of the preceding vowels (Hypothesis I). 
Perceptual changes in vowel duration, as well as
quality, have been shown to be continuous, rather

1 2than categorical. * Thus, in the case of final- 
position, post-vocalic consonants and clusters, per­
ceptual changes will be predicted to be continuous.

Hypothesis III predicted that voicing during consonant
closure would be of minor perceptual significance as 
a cue to the classification of word-final consonants. 
Once again, this assumption rests on the findings of 
the tape-cutting experiment, in which it was found 

that (1) in order to cause a perceptual change,
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vowels preceding voiced consonants had to be shorten­
ed to a point where their durations were less than 
those which preceded their voiceless cognates, and 
(2) once the vowel had been so shortened that its 
duration could no longer serve as a cue, perception 
tended to revert to the original categorization of 
the final sound as voiced. In the synthetic experi­
ments It was expected that this cue value would be 
manifested by a difference between the durations of 
vowels needed to cause equivalent perceptions of 
sounds synthesized as cognates. That is, it was 
expected that a shorter vowel would be needed to 
cause a final consonant to be perceived as voiceless, 
when that final consonant had been synthesized with 
cues for voicing, than when cues for voicelessness 
had been employed. Conversely, it was expected that 
a longer vowel would be needed to cause a final 
consonant to be perceived as voiced, when that final 
consonant had been synthesized with cues for voiceless­
ness, than when cues for voicing had been employed.

Hypothesis IV predicted that the varying of vowel duration
would be more effective in causing perceptual changes 
before final stops than before final fricatives.
That is, it was expected that the results would be 
similar to those obtained from the tape-cutting ex­
periment In which the variations in vowel duration 
that caused perceptual changes before stops would
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be smaller than those before fricatives. Since the 
durations of vowels preceding clusters In real 
speech were more like those preceding stops than

"3those preceding fricatives, It was further pre­
dicted that the range of variation of vowel duration 
needed to cause perceptual changes In clusters 
would be more similar to that needed In the case of 
the stops than In the case of the fricatives.

Procedure

The synthesizer employed In these experiments was the 
Haskins Laboratories' Pattern Playback. The Pattern Play­
back is a device that "generates speech by converting hand-

4painted spectrograms into sound.”
The stimuli produced by the Playback varied with the 

type(s) of consonants being tested. The final stops were 
synthesized by using a three-formant, steady-state vowel with 
50 msec transitions appropriate to the place and voicing 
characteristic desired for the (initial and) final con-

c;sonant(s). A typical stimulus pattern for a syllable end­
ing in a voiced stop is shown in Figure 3-1.

A series of stimuli of the type shown in Figure 3-1 
with vowel durations varying from 150 to 350 msec was pre­
pared. The range of vowel durations synthesized was deter­
mined from both the experiments reported in Chapter II 
and from studies of vowel duration reported in the literature 
reviewed in Chapter I. All final stops were synthesized
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without burst-releases.^

After recording the series of "voiced" stimuli, 
each member of the series was converted to a "voiceless" 
stimulus by eliminating the final 50 msec FI transition.
The new voiceless series of stimuli was then recorded 
(see Figure 3-1).

Final fricatives were synthesized by random stipp­
ling in the frequency ranges appropriate to the desired 
place of articulation as reported in the Haskins literature. 
Pig- 3-2 shows a pattern used for a stimulus ending in a 
voiced fricative. The duration of the friction patch was 
70 msec ana was accompanied by a voicing bar in the lowest 
harmonic produced by the playback. After the voiced stimuli 
had been recorded, with vowel durations ranging from 200 to 
*100 msec, they were converted to stimuli ending in voiceless 
fricatives by a three-step process: (1) the voicing bar 
beneath the friction patch was removed; (2) the FI transition 
was removed; (3) 80 msec of friction in the appropriate fre­
quency range was added to the friction patch, making its 
total duration 150 msec (see Fig. 3-2).

Final clusters were synthesized in one of three 
ways, depending on whether they were comprised of stop-plus- 
stop, stop-plus-fricatlve, or fricative-plus-stop. The 
two syllables ending in voiced stop-plus-stop clusters were 
synthesized exactly as were those ending in simple stops, 
with the addition of a 100 msec silent interval after the 
first stop of the cluster, followed in turn by a release in
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the form of embryonic transitions of 30 msec duration.
These transitions were appropriate to the place of articu­
lation of the second consonant in the cluster and pointed 
toward a following, non-existent, schwa-like vowel.
Figure 3-3 shows the pattern used to synthesize a typical 
syllable ending in a voiced stop-plus-stop cluster. After 
these stimuli had been recorded, they were converted to 
syllables ending in voiceless clusters by: (1) removing the
final FI transition of the vowel of the syllable, (2) re­
moving the FI transition after the final consonant of the 
cluster; and (3) changing the final embryonic transitions 
from solid to dotted lines in order to simulate aspiration 

(see Figure 3-3).
The three syllables ending with voiced stop-plus- 

fricative clusters were synthesized as were those ending in 
simple stops, with the addition of a 100 msec silent gap 
after the stop, followed by the voice bar and random 
stippling appropriate for the final fricative as described 
above in the synthesis of final fricative stimuli (see 
Figure 3-4). After being recorded, these stimuli were con­
verted to syllables ending in voiceless stop-plus-fricative 
clusters by (1) removing the 50 msec FI transition of the 
stop in the cluster; (2) removing the voicing bar beneath 
the friction patch; and (3) extending the duration of the 
friction patch to one appropriate to a voiceless fricative. 
The friction patch was extended to the right, thus main­
taining the silent Interval at a duration of 100 msec (see
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Figure 3-4 ) .
The single syllable ending In a voiced frlcative- 

plus-stop cluster was synthesized as were those ending with 
a simple fricative, with the addition of a silent interval 
of 100 msec followed by the embryonic transitions described 
above In the synthesis of the final voiced stop-plus-stop 
clusters (see Figure 3-5)* After recording, the con­
version to voiceless final clusters was accomplished by:
(1) appropriate lengthening of the friction patch; (2) 
removal of the voice bar beneath the friction patch; (3) 
removal of the embryonic FI transition; and (4) changing 
the solid F2 and F3 transitions to dotted ones to simulate 
aspiration. In the case of these stimuli the final F2 and 
F3 transitions were removed and repainted to maintain the 
duration of the silent interval for the stop closure at 
100 msec (see Figure 3-5)*

The range of vowel durations synthesized before 
the final clusters, as determined from the results of 
spectrographic analysis, varied from one set of stimuli to 
another. The diphthong in the minimal pair tlghts-tldes 
ranged from 200 to 400 msec. The lax vowel in the tucked- 
tugged minimal pair ranged from 100 to 300 msec. The other 
vowels in the final cluster stimuli were varied from 150 to 
350 msec, the same range used before syllables ending in 
simple s t o p s .

The stimuli chosen were all intended to represent 
a corpus of real English w o r d s . The test corpus and the
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oppositions tested are shown In Table III-1. The use of 
stops exclusively as the only Initial sounds in the stimuli 
tended to restrict somewhat the choice of minimal pairs 
available, but outside of the relatively artificial pair 
cash /la»J/-c a s (ual) /k»5__/ the subjects reported no diffi­
culty in accepting the stimuli as real words.

Tables III-2 through III-6 give the full specifi­
cations of all the stimuli used in this experiment.

An attempt was made to use a representative sample
of all vowels from the traditional categories: (1) front-
central-back; (2) high-mid-low; (3) tense-lax. Figure 
3-6 gives a detailed breakdown of the classification of the 
vowels used in the synthetic stimuli. In addition to the 
simple vowels, one diphthong, /al/, was used. This diphthong 
was chosen as representative of its class because it appears 
commonly In minimal pairs.

A similar attempt was made to balance the classes 

of stops initiating each of the stimuli. Table III-7 shows 
the classes of stops represented according to place of 
articulation and voicing characteristic.

Each of the series of stimuli was randomized and 
placed into the following order on the test tape:

(1) Syllables ending in voiced stops, /bdg/
(2) Syllables ending in voiced fricatives, ^ftz^/
(3) Syllables ending in voiced clusters, /bd, zd,

bz, gd, dz, gz/
(4) Syllables ending In voiceless stops, /ptk/
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TABLE III-l 
TEST CORPUS AND OPPOSITIONS TESTED

Stops

Gape-gabe /p-b/
Bet-bed /t-d/
Burke-berg /k-g/

Fricatives

Duff-dove /f-v/
Teeth-teethe /e-s/
Deuce-dues /s-z/

Cash-cas(ual)

Clusters

Bopped-bobbed /pt-bd/
Tucked-tugged /kt-gd/

Cost-caused /st-zd/

Cops-cobs /ps-bz/

Tights-tides /ts-dz/

Plcks-pigs /ks-gz/
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TABLE III-2
SPECIFICATION OF STIMULI USED FOR
SYNTHETIC STOP-FINAL SYLLABLES?

Stim­
ulus tla 12 t3 FI F2 F3 Tlb T2 T3

/geb/ 0 2640 2760 420° 2220 2520 0 1480 2160
/gep/ 0 2640 2760 420 2220 2520 — 1480 2160

/bid/ 0 1320 2280 540 1920 2520 0 1860 2680
/bit/ 0 1320 2280 540 1920 2520 — i860 2680

/byg/ 0 900 1800 600-
4806

1260-
12006

2l6 0 -
13806

0 2040 +e

/byk/ 0 900 1800 600-
480d

1260-
12006

2160-
13806

2040 +e

a t: Transition for Initial consonant.
bT: Transition for final consonant. t, T values are 

terminating transition frequencies, not loci.
°F values are for the central formant frequency.

FI and F2 were painted with a bandwidth of two harmonics 
(240 Hz.), F3 with a bandwidth of one harmonic (120 Hz.).

^There were 60 msec of steady-state at the second of 
the two frequencies listed, before the final transition.

eA slight positive transition of 10-20 msec was used. 
Because of the steep positive T2 it was not possible to 
use a full 50 msec final transition.

f The range of vowel durations synthesized before 
3 tops was 150-350 m s e c .



TABLE III-3

SPECIFICATIONS OF STIMULI USED TO SYNTHESIZE FRICATIVE-FINAL SYLLABLES**

Stim­
ulus tla 1 2 t? FI F2 F3 Tlb T2 T3

Friction
Range

Friction
Duration0

120 Voice 
Bar Below 
Friction13

/ d  a v /  

/ d i f /

0

0

1560

1560

2580

2580

6608

660

1200

1200

2400

2400

660 900

900

2100

2100

960 - 
2760 
960 - 
2760

70 msec 

150 msec

yes

no

/ti b/
/ t i e /

- 2100

2100

2880

2880

360

360
2400

2400

3000

3000
360 1920

1920

2800

2800

960 - 
2760 
960 - 
2760

70 msec 

150 msec

yes

no

/duz/

/dus/

0

0

1320

1320

2520

2520
300
300

840

840

2280

2280

300 1200

1200

2520

2520

l 1

00 
0 

00 
0

 
0

0
0

0
 

0
0

0
0

t 
1 70 msec 

150 msec

yes

no

/ t e e j /

/ J t e J * /

- 2400

2400

2 5 2 0

2520

780
780

1740

1740

2400

2400

780 1680

1680

2580

2580

1920 - 
3600 
1920 - 
3600

70 msec 

150 msec

yes

no

at: Transition for initial consonant.

bT: Transition for final consonant, t, T values are terminating transition fre­
quencies, not loci.



TABLE III-3•.Continued

cThe edges of the friction patches were painted unevenly to avoid Inducing stop 
or affricated stop perception.

dThe voice bar was painted as a formant tapered at both ends.

eF values are for the central formant frequency. FI and F2 were painted with a 
bandwidth of two harmonics (2b0 Hz.), F3 with a bandwidth of one harmonic (120 Hz.).

The range of vowel durations synthesized before final fricatives was 150-^00 msec.



TABLE III-4

SPECIFICATION OF STIMULI USED TO SYNTHESIZE SYLLABLES ENDING IN STOP-PLUS-STOP CLUSTERS

Stim­
ulus tla t2 t3 FI F2 F3 Tl* T2 T3

Closure
(Silent)
Duration

30
msec
Tic

30
msec
T2

30
msec
T3

Range of 
Vowel 

Durations
/bttbd/ 0 900 2040 720d 1080 2400 0 900 2040 100

msec
0

(sol­
id)

1560
(sol­
id)

2520
(sol­
id)

150-
350
msec

/Enpt/ 0 900 2040 720 1080 2400 - 900 2040 100
msec

- 1560
(dot­
ted)

2520
(dot­
ted)

150-
350
msec

/tagd/ - 1560 2520 600 1200 2400 0 2160 2400 100
msec

0
(sol­
id)

1560 
(sol­
id)

2520
(sol­
id)

100-
300
msec

/takt/ - 1560 2520 600 1200 2400 - 2160 2400 100
msec

■

1560
(dot­
ted)

2520
(dot­
ted)

100-
300
msec

at: Transition for initial consonant.

bT: Transition for first consonant of cluster.

CT: Transition after release of second consonant of cluster, t, T, T values are 
terminating transition frequencies, not loci.

^F values are for the central formant frequency. FI and F2 were painted with a band­
width of two harmonics (240 Hz.), F3 with a bandwidth of one harmonic (120 Hz.).



TABLE III-5
SPECIFICATIONS OF STIMULI USED TO SYNTHESIZE SYLLABLES ENDING 

IN STOP-PLUS-FRICATIVE CLUSTERS
1
Closure Fric­ Range
(Silent) Fric­ tion 120 Voice of
Dura­ tion Dura­ Bar Below Vowel

Stimulus tla t2a t3a FI F2 F3 Tlb T2 T3 tion Range tion Friction Durations

/kabs/ . 1200 2580 720c 1080 2400 0 900 2040 100 3000 - 70 yes 150-350
msec 4800 msec msec

/kaps/ - 1200 2580 720 1080 2400 — 900 2040 100 3000 - 150 no 150-350
msec 4B00 msec msec

/taidz/ 1400 2560 *760- *1080- *2400- 0 1920 2640 100 3000 - 70 yes 200-400
360 2040 2640 msec 4800 msec msec

/tajts/ - 1400 2560 *760- •1080- •2400- - 1920 2640 100 3000 - 150 no 200-400
360 2040 2640 msec 4800 msec msec

/pigz/ 1200 2160 390 1980 2520 0 2400 2760 100 3000 - 70 yes 150-350
msec 4800 msec msec

/piks/ - 1200 2160 390 1980 2520 - 2400 2760 100 3000 - 150 no 150-350
msec 4800 msec msec

at: Transition for initial consonant.

bT: Transition of stop in cluster, t, T values are terminating transition frequencies, 
not loci.

CF values are for the central formant frequency. FI and F2 were painted with a band­
width of two harmonics (240 Hz.), F3 with a bandwidth of one harmonic (120 Hz.).

•Starting frequencies of formants of the diphthong /al/ had a steady state of 50 msec;
final frequencies held at steady state for 20 msec.

1



TABLE III-6
SPECIFICATIONS OF STIMULI USED TO SYNTHESIZE SYLLABLES 

ENDING IN FRICATIVE-PLUS-STOP CLUSTERS*

Stimulus tla t2 t3 FI F2 F3 Tlb T2 T3

Fric­
tion
Range

Fric­
tion
Dura­
tion

120
Voice
3ar

Below
Fric­
tion

Clo­
sure
(Silent)
Dura­
tion

T2 a

Abzd/ - 1080 2400 600d 840 2400 600 1200 2580 3000-
43QC

75
msec

yes 100
msec

0
(solid)

1560
(solid)

2520
(solid)

/kost/ — 1060 2400 600 840 2400 - 1200 2580 3000-
4800

150
msec

no 100
msec

- 1560
(dotted)

2520
(dotted)

4t: Transition for Initial consonant.
bT: Transition for first consonant of cluster.

CT: Transition after release of second consonant of cluster, t, T, T values are termina­
ting frequencies of transitions, not loci.

dF values are for the central formant frequency. FI and F2 were painted with a bandwidth 
of two harmonics {240 Hz.), F3 with a bandwidth of one harmonic (120 Hz.).

eThe range of vowel durations synthesized before the frlcatlve-plus-stop clusters was 
150-350 msec.
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Front Central 
5 types 2 types

Back 
3 types

5 tokens 3 tokens 4 tokens
High

Tense
5 types^e 
5 token

Lax
6 types 
8 tokens

3 types 
3 tokens

4 types
5 tokens 

Low
3 types
4  tokens

' l  diphthong:/ai/

ANALYSIS OF FREQUENCY OF OCCURRENCE 

OF VOWELS USED IN TEST STIMULI

figure 3-6
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TABLE III-7
ANALYSIS OF FREQUENCY OF OCCURRENCE OF STOPS 

USED TO INITIATE TEST-STIMULI

/p/ - 1 /t/ - 3 /k/ - 3 Voiceless - 7

/b/ - 3 /d/ - 2 /g/ - 1 Voiced - 6
Bilabial - 4 Alveolar - 5 Ve lar - 4
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(5) Syllables ending In voiceless fricatives./f®sj/
(6) Syllables ending in voiceless clusters, /pt, 

st, ps, kt, ts, ks/
The test tapes were then played to 25 undergraduate 

students of Hunter College of the City University of New 
York. The students were enrolled in an advanced course in 
phonetics. There were 20 females and 5 males, all with 
normal hearing, in the group. The subjects were told only 
that they would hear a series of words produced synthetically 
and that they would have to Judge, for each stimulus they 
heard, whether it was one or the other of the two choices 
on their response sheets. Sample stimuli were played for 
the subjects in order to familiarize them with the type of 
signal produced by the pattern playback. There was a five-
minute rest period between the playing of the voiced
stimuli and the playing of the voiceless stimuli.

The subjects heard the stimuli on a loudspeaker in
the sound-treated speech science laboratory at Hunter 
College. The tape3 were played on an Ampex AG-500 machine 
at 7-1/2 i .p.s .

Results and Discussion

Hypothesis I
The experimental results confirm Hypothesis I, with 

one exception. All final consonants and clusters among the 
stimuli, regardless of the cues used in their synthesis, 
were perceived as voiceless when preceded by vowels of short 
duration and voiced when preceded by vowels of long duration.
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That Is, a final consonant or cluster synthesized with the 
cues for voicing would be perceived as voiceless when the 
vowel preceding it was of short duration, and voiced when 
the preceding vowel was of long duration. A final cluster
or consonant synthesized with the cues for voicelessness
was perceived in exactly the same way.

Figures 3-7 through 3-12b show the percentage of
listener Judgments of the consonants and clusters heard as 
voiceless as a function of the preceding vowel duration.

The exception to this result was found in the case 
of the // /-/$/ opposition. As can be seen in Figure 3-13, 
although there is a general trend on the part of the sub­
jects toward perceiving the stimuli with longer vowels as 
ending in voiced sounds, the overall picture is one of con­
fusion of perception, rather than change in perception of 
the type seen in the other consonants and clusters. The 
subjects never perceived any stimulus synthesized as ending 
in / more than 6k% of the time as ending in ///, or more 
than 76% of the time as ending in /$/. Of the stimuli 
ending in ///, none was ever perceived more than 80S of 
the time as ending in ///, or more than 88S of the time as 
ending in /$/.

It is true, however, that the peaks in the per­
ception of /J* / occurred near the short end of the vowel 
duration range, and the peaks of the perceptions of /$/ near 
the long end of the range. Nevertheless, it is clear that 
the subjects were never fully convinced as a group that any
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stimulus belonged to one class rather than to another.
Three explanations are suggested here for the 

failure of the /S~2>/ opposition to behave as did the other 
final consonants. First, these two sounds are not well 
synthesized by the Pattern Playback. The high noise level 
of the machine Itself tends to make the synthesis of any 
voiceless fricative difficult. Thus, the cue of short vowel 
duration, rather than offsetting the cues of presence or 
absence of voicing during the friction, tends merely to make 
the stimuli ambiguous.

Second, the /J /-/$/ opposition Is one of extremely 
low yield In English. It is thus possible that the Ss were 
not used to listening for it and so lacked the experience 
necessary for making rapid decisions as to the class of the 
final consonant of the stimuli.

Finally, the minimal pair used, as mentioned above, 
was somewhat artificial: It contained what might have been
an unusual or even unknown word for some of the listeners, 
and lacked the difference in vowel articulation usually used 
by speakers of New York City English in distinguishing the

y
members of the pair.

Since the indications are that the unique results 
for /J-$/ are due partly to the structure of the language, 
partly to the nature of the synthesizer used, and partly 
to the choice of test utterances, rather than to a failure 
of the cue being tested, the data for //-3 / will not be 
considered further, either in comparison with other final
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fricatives, or In comparing one manner class with another.

Hypothesis II

The results of the experiment generally confirm the 
second hypothesis: The changes In perception on the part of 
the listeners were continuous rather than categorical.

The question of categorical vs. continuous per­
ception Is of particular Interest in the experiment described 
above. Previous findings have indicated that synthetic stop 
consonants (in particular) are perceived categorically with

Qregard to changes in place and voicing, and that changes 
in vowel perception are continuous with regard to quality 
and d u r a t i o n . ^  In the experiments described here, however, 
the cue to the voicing characteristic of a final consonant 
lle3 not within the articulatory period of the consonant It­
self, but within the duration of the preceding vowel. If,
In fact, the changes In duration are continuously perceived, 
then the changes in consonant perception that they cue should 
be perceived in a similar manner, as hypothesized.

The verification of this hypothesis consisted of 
an experiment in which the stimuli previously labelled by the 
Ss were presented in a test to determine how well listeners 
could discriminate one stimulus from another. Earlier 
studies employing this type of test have revealed that where 
perception is categorical, there Is a close fit between the
discrimination function predicted from the labelling curves

11and that obtained from the discrimination test itself.



162

In those cases where perception was continuous across a range
of varying stimuli, the curves did not fit, the obtained
discrimination function lying at a considerably higher level

12than the predicted function. Further, If perception were 
continuous and Ss discriminated more accurately than they 
labelled, the greatest distance between the curves was at 
the points where stimuli within a phoneme boundary were 
being compared, rather than at points where stimuli across 
the phoneme boundary were presented for comparison."^

In the discrimination experiment reported here, one 
member of each class of test consonants was selected; a 
final stop in the word Berg / b y g / ;  a final fricative in 
the word dues /duz/; and a final cluster in the word picks 
/piks/. Further, the sounds selected represented either

li)the shortest or the second shortest critical vowel duration 
of their classes. It was felt that categorical perception, 
if it were present, would be most likely to occur In those 
stimuli for which perception changed over the fewest 
stimulus steps.

The stimuli were prepared for the test in an "odd­
ball" format, in which the Ss heard a triad of stimuli, one 
of which was different from the other two presented. Ss 
were asked to pick the odd member of each triad. The 
stimuli used were taken primarily from the critical vowel 
duration. Each stimulus was matched in a triad with the 
stimulus which differed from it by one, two, three, and 
seven stimulus steps. Further, each stimulus was heard
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once In the triad in all three positions, so that three 
triads were prepared for each oddball stimulus for each of 
the stimulus steps tested. An example of the result for 
a stimulus in the middle of the range of stimuli being 
tested was as follows:

For a stimulus with a vowel duration of 220 msec, 
six triads were prepared in the one-step test:
220 210 210 220 230 230
210 220 210 230 220 230
210 210 2 20 230 2 30 220

Six more triads were prepared for the two- 
step test:
220 200 200 220 240 240
200 220 200 240 220 240
200 200 220 240 240 220
And a third set of six triads were prepared for 

the three-step test:
220 190 190 220 250 250
190 220 190 250 220 250
1 9 0 1 9 0 2 2 0 250 2 2 0 2 2 0

For stimuli at the end of the test range, of course, fewer
triads were prepared because of the absence of stimuli to 
the left Cat the short end of the range), or to the right 
(at the long end of the range).

In order to compare discrimination across phoneme 
boundaries with that within phoneme boundaries, a seven-step 
test was prepared. Seven steps were necessary because of
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the extended critical vowel duration which separated the 
phonemic labels applied by the Ss (see Figures 3-8, 10, lib). 
Because of this relatively large number of steps and be­
cause perceptual changes occurred at the short end of the 
stimulus range, there were only three or four stimuli in 
the seven-step test. In all cases, one stimulus was from 
the voiceless range on the labelling test, and two were from 
the voiced range. This allowed for one comparison across 
and one within the phoneme boundary. In the discrimination 
test for dues /duz/, there were enough stimuli from the 
long end of the range to add another comparison within the 
voiced phoneme category. There were, however, no comparisons 
within any voiceless phoneme category.

The discrimination test tapes were prepared and 
played to twenty-five undergraduate phonetics students at 
Lehman College of the City University of New York. The stu­
dents had first been given the labelling test so that the 
range of stimuli for the discrimination test could be de­
termined. It should be noted that the range selected coin­
cided almost exactly with the range that would have been 
selected from the labelling curves obtained from the Ss in 
the experiment reported In the discussion of Hypothesis I.

The results of the one-, two-, and three-step dis-
15crimination tests are shown In Figures 3-14 to 3 - l 6 •

Because the results of these tests contain no Intra-phonemic 
comparisons, they are not as revealing as the seven-step 
test results. They do, however, Indicate a generally
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higher level of discrimination than would be expected from 
the predicted curve. This is particularly true in the 
case of the final stop and fricative tested, especially 
as the step-function increases from one to three. The final 
cluster results for picks /piks/ are ambiguous, with little 
difference between the obtained and predicted functions, 
and occasional points where the obtained function actually 
dips below the predicted f u n c t i o n , ^  Thus, although the 
indications from the one-, two-, and three-step tests are 
that perception is continuous, these are by no means con­
clusive findings.

More convincing results may be seen in the seven- 
step test (Figure 3-17), which allowed for inter- and intra- 
phonemic stimuli comparisons. In all three categories 
tested, the obtained discrimination function lies at ex­
tremely high values, both for inter- and lntra-phonemic com­
parisons. On the other hand, the predicted levels, while 
high in the inter-phonemic comparisons, still lie con­
siderably below the obtained functions. Further, the pre­
dicted levels for the lntra-phonemic comparisons are 
virtually at the chance level, while the obtained functions 
for the came comparisons are at or near the ninety per cent 
level.

From these results it appears that 5s can discrimin­
ate far better than they can label, both across and, 
especially, within phoneme boundaries, and that when the 
voiced-voiceless opposition is cued by the duration of the
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preceding vowel, that perception is continuous, rather than 
categorical.

Hypothesis III
The third hypothesis predicted that the minor cue of 

voicing during final consonant closure would cause a differ­
ence between the durations of vowels needed to effect 
equivalent perceptions of sounds synthesized as cognates.
This hypothesis is confirmed by the fact that the curves for 
the voiced stimulus series generally descend earlier than 
those of their voiceless cognate stimulus series (see 
Figures 3-18 to 3-21). There are some differences, however, 
between the classes of sounds tested.

Three points on the curves may be taken as indicative 
of the differences between the effects of vowel duration on 
the perception of the stimuli:

1. The beginning of the critical vowel duration.
The critical vowel duration is taken to be the 
range of stimuli over which perceptual Judgments 
change from eighty per cent to twenty per cent 
agreement of voicelessness.

2. The first fifty per cent crossover point.
3. The end of the critical vowel duration.

Table III-8 displays each of these points for each of the 
contrasts tested.

It was assumed that the particular vowel used In the 
synthesis of any series of stimuli did not materially affect 
any of the measures used to confirm Hypothesis III, or
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TABLE III-8

CRITICAL VOWEL DURATIONS 
POINTS OF MEASUREMENT (MILLISECONDS)

STOPS

Beginning Point 1st 50% Crossover End Point

Opposition Voiceless Voiced Voiceless Voiced Voiceless Voiced
Tested Stimulus Stimulus Stimulus Stimulus Stimulus Stimulus

/p-b/ 265 215 282 245 300 265
/t-d/ 252 187 275 205 289 235
/k-g/ 202 190 243 223 260 242
Average
Difference 42.3 42.3 35.7

FRICATIVES

/f-v/ 186.6 183 228 198 305 275
/ e - 6 / 228 208 269 251 330 258
/s-z/ 243 190 271 217 308 260
Average
Difference 25.5 34.0 50.0

CLUSTERS
/pt-bd/ 214 200 239 218 269 252
/st-zd/ 243 215 265 265 303 307
/ps-bz/ 230 200 238 218 275 243
/kt-gd/ 148 140 194 162 226 169
/ts-dz/ 262 252 273 263 294 294
/ks-gz/ 194 185 221 223 235 240
Average
Difference 16.5

—  --------------

13-5 17.7
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Hypothesis IV, in which the measures were compared between 
stimulus classes. This assumption seems reasonable, what­
ever view one takes of inherent vowel duration in English. 
Obviously, if one assumes that there exist no Inherently 
long or inherently short vowels, then the particular vowel 
used is of no immediate signlfloanee in determining critical 
vowel duration, or the location of the first fifty per cent 
crossover point. On the other hand, if one assumes that 
there are Inherent uurations, and that vowels may be divided 
into long and short groups, then It Is possible to point out 
that vowels from both groups were used before all the 
classes of final consonants tested, and that this did not 
seem to make a relative difference In the critical vowel 
durations or in the locations of the first fifty per cent 
crossover points.

The stops conform most consistently to the hypothe­
sis. In every case there is at least a 12 millisecond 
difference between any pair of points for each contrast
tested. The average difference between the three points

*

measured for each class of sounds Is greater than 3b milli­
seconds in the predicted direction.

The fricatives are about as consistent as the stops. 
With the exception of the /f-v/ opposition, where the values 
for the beginning of the critical vowel duration are only 
3.6 milliseconds apart, every pair of points is separated by 
at least Id milliseconds, and the average difference between 
the three points measured for each class of sounds is greater
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than 2b milliseconds in the predicted direction.
The findings are somewhat different in the case of 

the clusters. Although the average difference between any 
of the three pairs of points is in the predicted direction, 
it is never more than 17.7 milliseconds, and as low as 13.b 
milliseconds. Further, there are two cases where the values 
for a pair of points are identical, and still three others 
where the difference between the values, though small, is 
not in the predicted direction. It would seem that in the 
case of the final clusters, there were fewer differences 
between the perceptual changes in the voiced and the voice­
less stimuli than between the voiced and voiceless stimuli 
of the final stops and fricatives.

The overall tendency for a voiced stimulus to be 
heard as voiced after vowels of shorter duration than a 
voiceless (cognate) stimulus heard as voiced, supports the 
conclusion of Chapter II that the presence or absence of 
voicing during the closure for the final consonant does con­
tribute to perception in some minor way.

hypothesis IV
The fourth hypothesis held that changes in per­

ception caused by varying vowel duration would be more 
readily effected before stops than before fricatives. 
Further, It was predicted that the clusters would resemble 
the stops more than the fricatives in the way in which Yowel 
duration affected their perception.
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Two Interrelated measures confirm this hypothesis.
One of these is the critical vowel duration. If the voicing 
during consonant closure is a more Important cue in the case 
of fricatives than In the case of stops (see Chapter II, 
p. 123), one would expect that the critical vowel duration 
for fricatives would be greater than that for stops. That 
Is, the range of durations over which the vowel must be 
varied to overcome the effect of voicing during closure and 
thus cause a change In perception will be greater before 
fricatives (which are relatively long in duration) than be­
fore stops (which are relatively short in duration). The 
data in Table III-9 confirms this assumption.

The slopes of the perception curves during the 
critical vowel duration (which are, of course, a function 
of that duration) present the same evidence in another form. 
(See Table 111-10.) Although there is one case of overlap 
between the slopes for the two categories, the averages are 
clearly separated. The figures indicate a much steeper 
slope and thus a much more rapid change in perception per 
unit of vowel duration in the case of stops than in the case 
of fricatives.

The clusters, as predicted, do resemble the stops 
more than the fricatives in the way in which their perception 
is affected by preceding vowel duration. Although the range 
of variation within the cluster category is greater than the 
range within the other two categories, the average critical 
vowel duration for the clusters (51.2 msec) is much closer
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TABLE XII-9

CRITICAL VOWEL DURATIONS 
(MILLISECONDS)

Opposition
Tested

Voiceless
Stimulus
Series

Voiced
Stimulus
Series

/p-b/ 35 50
/t-d/ 37 48
/k-g/ 
Average:

58 52
Each series: 

Average:
Both series

43-3
46.6

00

/r-v/ 118.4 92
/e-6/ 102 50
/s-z/ 
Average:

85 95
Each series 

Average:
Both series:

95-1
87.1

79 .0

/pt-bd/ 55 52
/st-zd/ 60 82
/ps-bz/ 45 43
/kt-gd/ 78 29
/ts-dz/ 32 42
/ks-gz/ 
Average:

41 55
Each series 

Average:
Both series

51.8
51.2

50.5
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TABLE 111-10 
SLOPE OF CRITICAL VOWEL DURATION

Stops

Voiceless
Stimulus

Voiced
Stimulus

gape 1.715 1 .200 gabe
bet 1.7*10 1 . 2*10 bed
burke 1.070 1.150 berg
Average: Average:
Voiceless Stops 1.508 1. 197 Voiced Stops

Fricatives

duff .507 . 6*45 dove
teeth .585 1 . 200 teethe
deuce .9*15 .858 due3
Average: Average:
Voiceless Fricatives .679 .901 Voiced Fricatives

Clusters

bopped 1.110 1 .150 bobbed
cos t 1.330 .655 caused
cops 1.385 1. 330 cobs
tucked .765 2 .070 tugged
tights 1.915 1 .**60 tides
picks 1. 460 1.090 pigs
Average: Average:
Voiceless Clusters 1.328 1.293 Voiced Clusters

Average: All Stops 1.353
Average: All Fricatives .790
Average: All Clusters 1.310
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to that for the stops (*i6.6 msec) than to that for the frica­
tives (87.1 msec). Similarly, the average slope of the 
critical vowel duration for the clusters (1.310) is much 
closer to that for the 3tops (1.353) than to that for the 
fricatives (0 .7 9 0 ).

One can infer from these results that it is the 
presence of the stop in each of the final clusters that 
conditions both the vowel length and the rapidity of the 
perceptual change as manifested by the critical vowel dura­
tion. This is true even for those clusters containing a 
fricative and independently of the ordering of the stop and 
fricative in the cluster. Table III-ll presents data re­
vealing that, in real speech, vowel duration before final
clusters of all three types tested more closely resembles

17that of final stops than that of final fricatives.
It can be concluded, then, that identical variations 

in preceding vowel duration will cause a greater and more 
rapid change in the perception of stops and clusters than 
in the perception of fricatives. It should be noted, how­
ever, that this difference, manifested In the generally 
greater critical vowel duration of fricative syllables, is 
not the only one distinguishing the classes of sounds. The 
manner in which the perception changes for the fricatives is 
often markedly different from that of the stops and clus­
ters. The latter, during their relatively brief critical 
vowel durations, produce curves that are generally smooth 
and which do not often reverse direction. The few reversals
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TABLE III-ll 
AVERAGE VOWEL DURATIONS

Vowel 
Precedes: Msec

Stop + Stop
voiceless 163
voiced 242

Stop + Fricative
voiceless 150
voiced 219

Fricative + Stop
voiceless 157
voiced 240

All Clusters
voiceless 156
voiced 230

All Stops
voiceless 164
voiced 316

All Fricatives
voiceless 210
voiced 362.2
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that do occur are most usually at the extremes of the 
critical vowel duration. That Is, once the listeners' per­
ceptions begin to change, they continue to change until the 
cognate of the sound originally perceived is heard.

This is not the case for the fricatives, where there 
is often a zone of confusion during the critical vowel 
duration. Within the central portion of this zone the per­
centage of judgments tends to change in small steps, and 
changes in the direction of the curve are not uncommon un­
til the perception changes rapidly to that of the cognate 
first perceived. These characteristics of the various 
curves are evident in Figures 3-8 to 3-10, as well as in 
the functions derived from the tape splicing experiment in 
Chapter II (Figures 2-17 to 2-23).

In Figure 3-22 the critical vowel durations of all 
the fricative and stop stimuli have been set equal to one 
hundred per cent, and the average values for all the curves 
for both classes of stimuli have been plotted together.
The resultant curves are much smoother and more unidirec­
tional than any of the curves for a specific series of 
stimuli, but even here the differences between the classes 
of sounds can be noted: The center of the critical range
(from 60 per cent to 40 per cent) of total judgments covers 
a 3pan of 26 per cent of the total critical vowel duration 
for the stops, and 48 per cent of the total critical vowel 

duration for the fricatives.
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Footnotes - Chapter III

^D. B. Fry, A. S. Abramson, P. D. Eimas, and A. M. 
Liberman, "The Identification and Discrimination of Synthetic 
Vowels," Language and Speech, 5 (October-December, 1962), 
171-189.

2J. Bastian and A. S. Abramson, "Identification and
Discrimination of Phonemic Vowel Duration," Journal of the
Acoustical Society of America, 3^ (1962), 7^3 (Abstract).
See also A. M. Liberman, F. S. Cooper, D. P. Shankweiier,
and M, Studdert-Kennedy, "Perception of the Speech Code,"

Psychological Review, 7^ (1967), 9^3-
^See below, p. 183, for the data comparing vowel

duration before stops, fricatives and clusters, 
aHoward S. Hoffman, "Study of Some Cues in the Per­

ception of the Voiced Stop Consonants," Journal of the 
Acoustical Society of America, 30 (1958), 1035. For a more 
detailed description of the Pattern Playback, see F. S. 
Cooper, A. M. Liberman, and J. M. Borst, "The Intercon­
version of Audible and Visible Patterns as a Basis for 
Research in the Perception of Speech," Proceedings of the 

National Academy of Sciences, 37 (1951), 318-325.
c. All initial consonants In these experiments were 

synthesized as stops in order to facilitate the accurate 
determination of the duration of the vowel in each stimulus. 

^Preliminary experiments showed no significant
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difference in listener Judgments between stops synthesized
with releases and those synthesized without releases.

7There is some disagreement in the literature as to 
whether [«] is a tense or a lax vowel. Bronstein, for 
example, notes that [®] is "commonly considered a lax vowel," 
but adds that "a clearly tense variety . . . exists in all
parts of the country." The Pronunciation of American Eng­
lish (New York: Appleton-Century-Crofts, I960), p. 15*J.
The vowel has been classified here as lax, partially be­
cause it is, like most other lax vowels, found almost ex­
clusively in checked position. Since there is no objective 
evidence confirming the existence of a tense-lax opposition 
of vowels, the linguistic criterion seems no more arbitrary 
than any other that might be chosen.

The difference in vowel quality alluded to here is 

the use of a lower, perhaps laxer [as] in cas(u a l ), and a 
raised, perhaps tenser [»a], [ e v ] ,  or even [ev«] in c a s h .
Even with this difference omitted in the synthetic stimuli, 
the results suggest that if the range of vowel durations 
had been extended in both directions, perceptions might 
have approached unanimity. Such an extension, however, 
would have contained vowels both much longer and much short­
er than could be heard in real speech.

^Fry et al., "Identification and Discrimination," 

pp. 171-189.
^ B a s t i a n  and Abramson, "Identification and Discrim­

ination," p. 7**3.
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"^That Is, on the extreme assumption that Ss can 
discriminate no better than they can label. Thus, if per­
ception is categorical, the discrimination curve which is 
predicted from the labelling curve should not differ in any 
significant way from the discrimination curve obtained from 
the discrimination test. See A. M. Liberman, K. S. Harris,
H. S. Hoffman, and b. C. Griffith, "The Discrimination of 
Speech Sounds Within and Across Phoneme Boundaries, Journal 
of Experimental Psychology, 5*4 (November, 1957), 358-388;
A. M. Liberman, K. S. Harris, J. A. Kinney, and H. Lane,
"The Discrimination of Relative Onset-Time of the Components 
of Certain Speech and Nonspeech Patterns, Journal of Experi­
mental Psychology, 61 (May, 19bl), 379-388; A. M. Liberman, 
K. S. Harris, P. Limas, L. Lisker, and J. Bastian, "An 
Effect of Learning on Speech Perception: the Discrimination 
of Durations of Silence With and Without Phonemic Signifi­
cance," Language and Speech, *4 (Oc tober-December, 1961), 

175-195.
^ F r y  et al., "Identification and Discrimination,"

pp. 180-182.
13Ibld.
1 *4"Critical vowel duration" is used here to refer to 

the range of stimuli over which perception changed most 
rapidly for a given stimulus series. The boundaries of the 
critical vowel duration were determined by the points where 
the perception function intersected the ordinate values of 

80 per cent and 20 per cent.
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15 The equation used to predict the discrimination 
function from the labelling results was (pi~p2 )2 ( ■66) + .3 3 . 

For the derivation of this equation, see Appendix 5.
"^Although spectrographic evidence and inspection 

of the painted patterns used in the synthesis do not reveal 
any error, there are clear indications that at least one 
stimulus from the long end of the range was faulty in some 
way. This is suggested by the stimuli comparisons 6, 5, 
and 4 In the 1, 2, and 3-step tests, respectively. Instead 
of the expected Increase of the obtained function there is a 
decrease from the 1- to the 2-step test, and a rise from the
2 -  to the 3- step test. Further, the final obtained value 
In the 3-step test for the 4 comparison is, In fact, lower
than that for the 6 comparison In the 1-step test.

17 Samples are taken from the same speaker sources 
as those in Chapter II, Tables II-l and II-2.
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S U M M A R Y  A N D  I M P L I C A T I O N S

On the basis of the results of the tape-cutting and 
synthetic speech experiments, It is possible to reach the 
following conclusions:

1. Preceding vowel duration is a sufficient (and, 
for the types of stimuli tested here, a necessary) cue to 
the perception of the voicing characteristic of a word-final 
stop, fricative, or cluster.

2. The perception cued by the preceding vowel 
duration is continuous, rather than categorical.

3- The presence of voicing during closure does have 
some cue value, although it is minor compared to that of 
vowel duration.

4. The cue of preceding vowel duration is more 
effective before clusters (of the type tested here) and 
stops, than before fricatives.

That preceding vowel duration should be a powerful 
cue is not surprising, especially if one contrasts it with 
the nature of the other potentiaJ cues to the voicing 
characteristics of final consonants: Variation in vowel
duration is the most consistently present of all the cues. 
Examples of voiced consonants with little or no voicing 
during consonant closure are not uncommon, especially if

189
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such consonants are followed In context by voiceless sounds. 
Similarly, voiceless consonants which evidence vocal pulsing 
throughout most or all of their closure period are not un­
common, especially when such consonants are followed In con­
text by voiced sounds,^ The cue of stop release, it will
be recalled, Is often absent In American English In final

2position, and fricative duration differences, although con-
3slstently present, may be accompanied by contradictory vocal

Hpulsing cues, depending on the context of the utterance.
Since the reliability of these cues Is not great, It might 
be expected that the more consistently present cue of pre­
ceding vowel duration would attain a primacy in the perceptual 
categorization scheme of listeners. In a sense, what we may 
have here is a sort of natural selection among the cues, 
with the one best equipped to survive the destructive effects 
of context becoming the most significant cue of all.

That vowel duration is a necessary cue to voicing 
is Indicated by the fact that when all of the potential 
cues mentioned above were synthesized to be appropriate for 
one of the categories of voicing, a preceding vowel of in­
appropriate duration caused the listeners to perceive the

5final consonant as belonging to the other voicing category.
The association of the voiced-voiceless opposition 

with the cue of vowel duration appears to bring about a 
situation in which continuous rather than categorical per­
ception occurs. Such a situation differs from most others 
already investigated, In which the cues to the opposition
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are such that changes in perception are more nearly cate­
gorical. For example, perceptual tests of synthetic stimuli 
involving FI cutback and VOT for initial position stops, and 
for real speech tests on intervocalic stop closure duration, 
reveal a perceptual pattern in which listeners can discrimin­
ate stimuli only about as well as they can label them.^

There Is, then, something more here than Just another 
case In which different cues to the same distinctions are 
in operation In different phonetic contexts. In this case 
the cue itself is perceived differently from other cues to 
the same opposition in other contexts. Further, the time of 
occurrence of the cue does not fit into the usual pattern of 
expectation. The phonetic features which are said to dis­
tinguish one sound or class of sounds from another are al­
most universally assumed to be present during, and as a 
direct result of, the articulation of the sound(s) in ques­
tion. That is, for example, the phonetic feature that 
differentiates a voiced stop or fricative from a voiceless 
one is generally expected to be coincidental in time with 
the closure for that sound. For the stimuli tested here, 
however, the cue for voicing does not coincide with the 
articulation of the sounds. Rather, it occurs during a pre­
ceding vowel segment. We have here an example of Lisker’s 
point that "a single linguistic segment may be identified on 
the basis of cues contained In more than one acoustic seg­
ment, and . . . [that] a single acoustic segment may provide 
information for the identification of more than one
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7linguistic segment,' One could further hold with L lf t k a r  

that "each acoustic segment might be said to supply c u m  
to a single inguistic segment, while any features It con­
tains which have cue value for some other linguistic seg­
ment could be considered 'automatic' in the neighborhood 
of the acoustic segment or segments having a recognized r * -

g
latlon to this other linguistic segment." Specifically, 
the acoustic segment manifested by formants here supplies 
cues to the single linguistic segment identified as the 
vowel. One of the other features it contains, its duration, 
ha3 a cue value for another linguistic segment, the follow­
ing consonant, with which it has "a recognized relation."

It appears, then, that any system of distinctive 
feature analysis which purports to account for the pro­
duction and perception of English sounds, or, more generally, 
for all sounds in all natural languages, should take dura­
tional factors into consideration, at least In the sense in 
which they have been investigated here.
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Footnotes - Chapter IV

^L. Lisker and A. S. Abramson, "TransIllumination of 
the Larynx in Running Speech," Haskins Laboratories Status
Reports on Speech Research, 5-6 (1966), 4.4.

2Harry Rositzke, "The Articulation of Final Stops in 
General American Speech," American Speech, 18 (1943), 39.
See also, A. Malecot, "The Role of Releases in the Identlflca 
tlon of Released Final Stops," Language, 3^ (1958), 370.

F. C. Delattre, "Acoustic Cues In Speech: First 
Report," translated by the author from the article appearing 
In Phonetica, 2 (1958), 108-118, 226-251- Translated ver­
sion distributed in mimeographed form by Haskins Laboratories 
pp. 29-30.

^Lisker and Abramson, "Transillumination," p. 4.4.
The claim that vowel duration is a necessary cu® Is 

made only for the synthetic stimuli used in this study. It 
may well be that the addition of other cues to the synth®tie 
speech, or the presence of other cues in real speech could 
render vowel duration less significant as a cue.

8 A . M. Liberman, F. 5. Cooper, D. P. Shankweller, 
and M. Studdert-Kennedy, "Perception of the Speech Code," 
Psychological Review, 74 (1 9 6 7 ), 442-443-

^L. Lisker, "Linguistic Segments, Acoustic Segments, 
and Synthetic Speech," Language, 33 (July-September, 1957), 
372.

8Ibld.
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Appendix 1

ITEMIZED CORPUS OF WORDS USED FOR 
SPECTROGRAPHIC MEASUREMENTS OF 

POTENTIAL CUES

Pre­
ceding
Vowel
Sound /p-b/ /t-d/
/i/ heap-Hebe pleat-plead
/I/ nlp-nlb bit-bid
/e/ gape-Gabe rate-raid
/% / rep-reb bet-bed
&  / * lap -lab hat-had
/a / mop-mob pot-poa
/o / sought-saweci
/o/ lope-lobe moat-mowed
/U / *put-good
/u/ loop-lube suit-sued
/a / sup-sub but-bud
/»/ ■slurp-Herb hurt-heard
/ai/ tr^pe-trlbe height-hlde
/oi / *Hoyt-Boyd

/tiV / clout-clouu
/e / pallet-pallid

/k-g/ 
leak-league 
wic k-wig 

*fake-vague 
pec k-peg 

*sack-sag 
clock-clog 

*hawk-dog 
broke-brogue

•duke-Krug 

tuck-tug 
3urke-Berg

•sub-minimal pair
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Dummy Corpus (incorporated In randomized 
list with test corpus above)

Pre­
ceding 
Vowel Sound

/l/ heave please
A  / niche bln
/e/ wretch Bess
/e/ gave rain
As/ **lax hang
A / mom palm
/o / song
/o/ loaf moan
A t / **puss
/u/ lose soothe
/a / sun bus
/V/ •* hearse Hersh
/al/ tries wine

A>i / »*boys
A m  / clown
/ a /  palace

leash 
wish 
pen 

••raise 
•*sash 

clotch 
••dawn 

broach

dune
touch
birch

••dummy item for sub-minimal pair
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Appendix 2

TEST INSTRUCTIONS: TAPE-SPLICING EXPERIMENTS

The speaker on the tape you are about to hear will be 
saying one of the two words listed on the top of response 
sheet A each time he speaks. Your task will be to deter­
mine which of the two words the speaker intended to say 
each time you hear him speak. To indicate your decision, 
circle the word that you think was intended next to the 
appropriate item number on the response sheet. Since a 
particular word was intended in every case, you should 
respond to every item spoken, even if you are not sure of 
the speaker's intention, and so have to guess.

There are no "right" or "wrong" answers on this test. 
We simply want to find out what you hear, individually, and 
as a group. There Is therefore no need to be concerned if 
you are uncertain of your response, or If your responses 
are not In agreement with those of your classmates, In 
whole or In p a r t .

I will now play five practice Items for you, for which 
apace has been provided on the top of the sheet. These are 
the Items labelled A, D, C, D, and E. Are you ready?
Then here are the practice items.

(The practice items are played)

Are there any questions you would like to ask at this 
time? (Any questions which are not likely to contaminate
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the experimental results are answered.)
We are now ready to begin the test proper. We will 

begin with Item number one (1). Remember, you must respond 
to every item you hear by circling the word that you think 
was intended, or by guessing if you are not sure.

(The first test tape Is played)

Turn now to response sheet B . 1 Your task this time is 
exactly the same, but with another pair of words, the pair 
listed on the top of the new response sheet. Here again 
are five practice items.

(The practice items are played)

Are there any questions you would like to ask at this 
time? We are now ready to begin the next test. Remember 
to respond to every item you hear.

(The second test tape is played)

^Thls section of the instructions, with appropriate 
changes in the response 3heet letter, is repeated for each 
succeeding test tape played.
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SAMPLE RESPONSE SHEET: TAPE-SPLICING EXPERIMENTS—  
VOICING OFFSET TIME, VOWEL DURATION

NAME________________________________

RESPONSE SHEET A 
PECK PEG

PRACTICE ITEMS:
A. PECK PEG
a. PECK PEG
c . PECK PEG
D. PECK PEG
E . PECK PEG

TEST ITEMS:
1. PECK PEG
2. PECK PEG

3 . PECK PEG

4. PECK PEG

9. PECK PEG
6 . PECK PEG

7 . PECK PEG
a . PECK PEG

9. PECK PEG
10. PECK PEG

(o ver}
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Appendix 3

TEST INSTRUCTIONS: SYNTHETIC-SPEECH LABELLING EXPERIMENTS

The speech you are about to hear la spoken by a machine. 
It was produced by a speech synthesiser called the Pattern 

Playback, which was developed at Haskins Laboratories in
New York City. The speech does not sound like human speech, 
but this is basically due to a lack of melody (the machine 
speaks on a monotone), and to a difference between the voice 
quality of a machine and a human being. The actual speech 
sounds spoken are, however, quite Intelligible, and you 
should have very little difficulty understanding the words 
and sentences produced by the synthesizer.

In order for you to become familiar with this type of 
speech, I am going to play some samples of the synthesizer 
saying the sentence: "I am a speech synthesizer."

(Play: "I am a speech synthesizer." three times.)

Here is another sentence. This time I will not tell 
you what It is until you have heard It twice.

(Play: "Alexander is an Intelligent conversationalist."
two times.)

The sentence you heard was, "Alexander Is an Intelli­
gent conversationalist."

(Play: "Alexander is an intelligent conversationalist."
o n c e .)
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la there anyone here who could not understand the 
second sentence after I told you what It was? (If there 
la, he le Instructed to write that fact on the top of the 
first response sheet. His results will be discounted for 
use In the study.)1

On the tape you are about to hear now, the synthesizer, 
each time it speaks, will say one of the two words listed 
on the top of response sheet A. Your task will be to 
determine which of the two words the synthesizer said, each 
time you hear it speak. You will Indicate your decision by 
circling the word that you heard, next to the appropriate 
number on the response sheet. You should respond to every 
item, even If you are not sure which of the two words you 
heard. If you are not sure, therefore, you must guess.

There are no "right" or "wrong" answers in this test.
We simply want to find out what you hear individually and 
as a group. There is, therefore, no need to be concerned 
if you are uncertain of your response, or if your responses 
are not In agreement with those of your classmates, in 
whole or in p a r t .

I will now play five practice items for you, for which 
space has been provided on the top of response sheet A,
In the items labelled A, B, C, D, and E. Are you ready?
Then here are the practice items.

1There were no such subjects found in the course of 
the listening tests.
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(Practice Items are played)

Are there any questions you would like to ask at this
time? (Any questions which are not likely to contaminate 
the experimental results are answered.)

We are now ready to begin the test proper. Remember, 
you must respond to every item you hear by circling one of
the two choices next to the appropriate number. Circle the
word you hear In each case, or guess If you are not sure.

(The first test tape Is played)

2Turn now to response sheet B. Your task this time is 
exactly the same, but with another pair of words, the pair 
listed at the top of the new response sheet. Here again 
are five practice items;

(The practice items are played)

Are there any questions that you would like to ask at 
this time?

We are now ready to begin the next test. Remember to
respond to every Item you hear.

2This section of the Instructions, with appropriate 
changes in the response sheet letter, is repeated for 
each succeeding teet tape played.
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SAMPLE RESPONSE SHEET: SYNTHETIC-SPEECH LABELLING EXPERIMENT

NAME___________________________________

RESPONSE SHEET A 
pfCKS PIGS

PRACTICE ITEMS:
A. PICKS PIGS
B . PICKS PIGS
C. PICKS PIGS
D. PICKS PIGS
E. PICKS PIGS

TEST ITEMS:
1. PICKS PIGS
2. PICKS PIGS
3 . PICKS PIGS
It. PICKS PIGS
5. PICKS PIGS
6. PICKS PIGS
7. PICKS PIGS
8. PICKS PIGS
9. PICKS PIGS

10. PICKS PIGS
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Appendix 4

TEST INSTRUCTIONS: DISCRIMINATION OF SYNTHETIC STIMULI

The tapes you are about to hear contain synthesized 
speech of the same sort as that which you heard on the 
last set of test tapes. Your task this time is somewhat 
different. On these tapes you will hear three successive 
synthetic utterances, separated from each other by one- 
second silences. Two of these three Items are identical; 
the third differs from the other two. Your task is to pick 
out the odd stimulus from each group of three.

You will indicate your choice by circling the appro­
priate letter next to the proper utterance number on the 
list: circle A if you feel that the first item of the three 
was different from the second two; circle B if you feel that 
the second item differed from the first and the third; 
finally, if you feel that the first two items were the same 
and that the third was the "oddball" in the group, circle 
the letter C.

You must respond once to every group of three utter­
ances that you hear, even if you have to guess because of 
uncertainty as to which item Is unique among the three.

As with the other test tapes, there are no "right" or 
"wrong" answers. We Just want to see what you hear, both 
individually and as a group. There is, therefore, no need 
to be concerned if you are uncertain of your responses, or 
if your responses are not in agreement with those of your
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classmates, in whole or in part.
I will now play five practice items for you, for which 

space has been provided on the top of response sheet A in 
the items labelled A, B, C, D, and E. Are you ready?
Here are the practice items.

(Practice items are played)

Are there any questions you would like to ask at this 
time? (Any questions which are not likely to contaminate 
the experimental results are answered.)

We are now ready to begin the test proper. Remember, 
you must respond once to every group of three items that you 
hear by circling the letter of the odd item in the group. 
Guess if you are not sure.

(The first test tape is played)

Turn now to response sheet B .  ̂ Your task this time Is 
exactly the same, but the utterances will be taken from the 
words listed on the top of the new response sheet. Here 
again are a few practice items.

(The practice items are played)

Are there any questions that you would like to ask at 

this time?

This section of the instructions, with appropriate 
changes in the response sheet letter, is repeated for each 
succeeding test tape played.
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We are now ready to begin the next test. Remember to 
respond once to every group of three Items that you hear, 
circling the letter of the item which is different from 

the other two.

(The second test tape is played)



SAMPLE RESPONSE SHEET: 
DISCRIMINATION OF SYNTHETIC STIMULI

NAME

RESPONSE
PICKS

PRACTICE ITEMS:
A . a b c
B . a b  a
C . a b c
D . a b c
E . a b c

SHEET A 
PICS

TEST ITEMS
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Appendix 5

DERIVATION OF THE DISCRIMINATION PREDICTION EQUATION

The subjects in the discrimination test are assumed to 
be able to discriminate only as well as they have labelled 
on the perception test. They have two alternatives on the 
perception test, and the same two possible ways of Identifying 
the stimuli on the discrimination test.

Each stimulus can be discriminated in two unique ways 
as It appears In a triad: one In which It is the majority 
member of the triad (occurring twice), while another stimulus 
ts the "odd ball," e.g. A-B-A; and one in which It Is the 
odd member of the triad, e.g. A-B-B.

In the prediction equation (using the /p/-/t/ opposition 
as an example here) we shall let:

pt * the probability of an S hearing the A stimulus as /t/.
(

pt *= the probability of an S hearing the B stimulus as /t/.

pd » the probability of an s hearing the A stimulus as /d/.
f

pd * the probability of an s hearing the B s timulus as /d/.

Thus the subject can hear the A stimulus as /t/ or as /d/ and 
the B stimulus as /t/ or as /d/. This means that there are 
eight ways In which any given triad can be heard, each of 
which will cause the subject to make a certain decision or 
type of dacision as to which stimulus in the triad is the 
"odd ball." Some ways will lead to a correct decision,
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others to an Incorrect decision, others to a guess.
For a triad of the type A-B-A, the possible ways are:

Leading to a Leading to an in- Leading
correct decision correct decision to a guess

t-d-t t-t-d t-t-t
o

d-t-d t-d-d d-d-d
d-t-t
d-d-t

For a triad of the type A-D-B, the possibly ways are:
Leading to a Leading to an in- Leading

correct decision correct decision to a guess
t-d-d d-t-d t-t-t
d-t-t t-d-t d-d-d

d-d-t
t-t-d

Since both types of triads are possible, but only one 
can occur at a time, the probability of a correct decision 
in the case of any triad will be one-half the sum of the 
probabilities of a correct decision for each of the two 
basic types:

Thus
^corr * ^ ^ ^ c o r r  (ABA) + Pcorr (ABB)^

^corr (ABA) 1 x Pcorr + 0 x p^ncorr + *33 PgUess

- pt pi pt ♦ pd K pd ♦ -33(pt pi pt ♦
pd pd v
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Since P(j ■ 1-Pt 411(1 pd * 1-pt w* m *y substitute as follows:
= p|(i-pJ,) ♦ pid-p,,)1 ♦ .33(p|pi » (d-pi))((i-pt))2)
= pf-pfpj. ♦ p|,d-2Pt+ p?) . .33(p|Pt +(d-pi))

(d-2Pt * p|)))
B pt"1i pt * pt-2ptpt * .33(P®Pt ♦ l-Pt-?pt ♦ ?ptpt

♦ p?-ptp t>
= p|*P^-2PtP^ ♦ .33-.33P;-.66Pt ♦ .66PtP; ♦ .33P?

pcorr (ABA) = d 3 3 F 2 ♦ .66Pt - 1.33PtPt - .66Pt ♦ .33

Jcorr (ABB) * 1 x pcorr ♦ 0 x Pjjicorr * *33PgueaB

= PtPdPd + pdptpt * .33(Ptptpt * pdpdpd)
Since P^ ~ 1-P-t 411(1 pd a 1-pt we o>ay substitute as followe:

S ptd-pi>2 ♦ d-Pt>Pt2 ♦ .33(ptp;2 ♦ ((1-Pt))
((i-Pt))s)

= ptd-2p|, ♦ pj,2) «■ Pt2-ptPt2 ♦ .33(ptpi® ♦ (d-pt))
(d-2pi * p^2)))

= pt -2ptpt *ptpt2 ♦ pt2 -ptpt2 ♦ • 3 3 < 1 - p t  -2Pt
• 1 2 i*2PtPt *Pt)

= Pt -2PtP^ «• .33 -.33Pt -.66pJ. ♦ .£6ptp;
♦.33Pi2

pcorr (ABB) * -66pt * d 3 3 P tpi ♦ 1.33PJ2 -.66p|. * .33



Adding Poorr (AB4) to POTrr {ABB) ** get!

poorr * 3-33P? -8.66PtPi *.66 *1.33p|,2 
- 1.33(P-»')S *.66

Dividing by two yields:

roorr = .66(P-P*)2 *.J3
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