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ACOUSTIC CUES FOR THE PERCEPTION OF INITIAL
/w, j, ¥, 1] IN ENGLISIL*
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In invesligeting the acouslic cues for Lhe pereeplion of speech
it i~ nzuslly convenient and often necessary o sbudy only a rela-
tively small group of phonemes in any single experiment. Thus,
our Gwn carier rescarch and thal of our colleagues at ITaskins
Luhoralovies has deall separalely with the stop, nasal, and [rica-
tive cersonants.' In the experimenls to be reported here we
lmvc.c}msen Lo_sLudy /w, i, r, 1/ as a group and Lo lry Lo find the
physical stimuli essential Lo Lhe recognilion of Lhese phonemes 11
(ahsolule) inikial position before vowels.

The seleclion of fw, j, v, 1/ is necessarily arbitrary, al least in
some degree; il is not random, however, since these phonemes have
cerbain articulalory and distribulional properties which tend to
set Uhem off from Uhe other English consonanls. From an articu-
latory standpoint, Lhey differ from the conslriclive consonants
(slops. fvicalives) in Lhe degree of oral slricture presenl,® and
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: The mujorily of the allophones of Jw,j,r,}} ave voiced oral resonants, and the
oceurrinse of voiceless fricative allophones of all four phonemes in Lthe sanic phonelic
cavironnient, i.c., after a voiccless slop or fricative in Lhe same syllable, whilsl no
doubl com celed with their phonemic disiribulion, is an added mark of Lheir cohe-
rence as o class, .
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from the nasals by Lheir oral arliculation. On the hasis of distri-
bulional characteristics, too, Jw, j, r, 1] can be Gistinguished as a
sroup from olher sub-classes of Baglish consonanls. 'l‘l‘mir mosl,
obvious distinguishing mark is that they, and they aone, can
sonsbitute the third member of an inilial three-Lerm consonant
cluster—Tlor example in words like screw, splinl, skew, and syuare.
in obher inilial clusters these consonanls must occupy Lize position
immedialely before the vowel and cannot have any olhei consonant,
inlervening belween Lliem and the vowel.? Simiimjly, where
they oceur in final consonant clusters they musl, again, oceupy
the place nearesl the vowel, as in words like mells and Dipelel?
The one exception Lo this is in words sueh as snarl or world, where
[r] comes belween the vowel and I, We can, therelove, eeneralize
Lhe disbribution of Lhese soinds by saying tiab they musl oceupy
a posilion in the syllable i immediale contact with the vowel
(or willt the vowel plus /r[), and thal they are the ouly sounds
permitted as the third term of a Uhree-term inilial consonant
cluster.®

The fact that /w, j, r, I/ can be arouped Logether on articutatory
and distribulional grounds permils us Lo hope hiat they wiil have
certain significant acoustic [fealures in common. We should
expect, -then, that some of the acouslic cues which cn.ablc the
listener to distinguish within the class will be found Lo lic on H}c
same acouslic dimension, and, further, thal ihese common acoushic
{features will serve, al leasl in parl, to distinguish this class 0.
phonemes from other classes.

METHOD

The inspection of acouslic speclrograms is a rewarding study
which has already made a notable conbribulion to linguistic work,
and il was upon such study thal we relied for our pr(e!in}im\ry
observations. If a specirogram has a faull, however, il 15 D Lhe

3 In many, perhips mosl, dialeets of Snglish this would be an exclusive class-
marker but, in the case of Lhose dianlects where “‘new™ = [nu/, thie phoneme i) shares
this distributional eharacteristic. )

4 “This sebs them otf frou. all Fnglish plionemes except /13/ which st also occupy
the immediately posl-vocalic position, althongh it is uile unlike fw, j,r,f in i3 general
distribution.

5 Jror a anore detailed statement of the combinatory latitudes of Jw,jn,l] sce
J. D. O'Connor and J. L. M. Trim, Vowel, consonant, and S.\'“ill'll_‘ S phonologicul
definition, Word, 9.193-122 (1993),
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abundince of ils revelations, which lead an invesligator Lo wonder
what, in a given streleh of speech, is linguislically basic and whal
dispensable.  Often, too, the acouslic fealures are only vaguely
shown on a speclrogram, making il difficult to know the precisc
characlerislics of {hose features which are revealed. These
difficullies can Lo some extent be overcome by use of the pallern
playbaci, a machine with which hand-painted patlerns, resembling
speclrograms more or less closely, may be converlted Lo sound.
This provides a convenienl. method for making experimental
modificalions in various presumably imporlanl parls of the
pattern and then evalualing the effects of these changes on the
sound as heard. The present mvestigalion was based primarily
on Lhis technique.

We were concerned in this experiment with the recognition of
phoneme sequences as such.  This is, of course, only one stage
in the process by which specch is understood: the sounds pereeived
musl be sel against, the pallern of bolh linguistic and cxlra-
linguistic probabilities and a balance struck. In the experiments
being reported here we have minimized (he effect on inlelligibility
ol any bul the immediale sound conlexls by working exclusively
witli nonsense syllables of the paltern GV. The vowels used were
seven in number, corresponding approximalely lo the cardinal
vowels [i, ¢, ¢, a, 9, 0, ul.”

The experiments fall into Lwo parls. In Parl I we explored a
wide variely of acouslic variations and allempted to delermine,
always by our own listening, which of these varialions were
important for the perception of /v, j, v, I/ and which were not.

I is difficult. Lo know precisely how many patlerns and patiern

changes were made and lislened to, bul Lhe number is in Lhe
thousands.  This is an important consideralion only because il
means Lhal we were unable Lo control perfectly the contexts in
whichi, and occasions on which, we listened (o and judged Lhe

¢ For a deseriplion of (he patlern playbaek see F. 8. Cooper, Spectrum analysis,
donrnal of the Aconslical Saciely of America, 22.7G1-762 (1950) ; . &, Cooper, A, M, Li-
herman, J. M. Borst, The interconversion of audible and visible pallerns as a hasis
for research in Lhe perception of speech, Proceedings of e Nalional deademy of Seiences,
37.318-325 (1951); I, 8. Cooper, Some fustrumental aids to vescarch on speech, pp. 46-
53 in Report of the fourih annual reund table meeling on linguislics and language leaching,
Washinglon, D. . : Instilule of Languages and Linguistics, Georgelown University
(1953;.

7 See P. . Delallre, A, M. Liberman, I, 8. Cooper, Voyelies synthélinques a deux
formantes ci voyelles cardinales, e Mailre phonélique, 96.30-37 (1951).

of real speech are necessarily eurvilinear.
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various  pallerns.  The possibilily exisls, therefore, thal our
judgments were made against a background or standard that
varied somewhal from week to week and from one conlexl fo
another. As a partial conlrol against Lhis possibilily, and also in
order to have judgments from a group of naive lislencrs, we carried
out the experiment reported in Part 1T, For the purposes of the
seccond parl of Lhe study we sampled [rom Lhe various acoustic
dimensions we had found lo be important in Part I, arranged these
stimuli in a random order, and presented them to naive college

students for judgment as jw/, /j/, v/, or [l].

PART 1

Figure 1 shows patlerns Lhal conlain Lhe cues we bhelieve Lo be
most important for the perceplion of jw, j, r, I/. These palterns
are, in general, like those we have found in previous studies to be
appropriale for other CV syllables in Lhal they consist primarily
of formant transilions, or frequency shilts, followed by a sleady
state.® Il hiad been found in Lhie earlier studies Lhat, the transilions
contain important, and in many cases suflicient, cues for Lhe
pereeplion of Lhe consonanls,® while, as is weli known, vowel
color depends largely on Llie Irequency posilion of the sleady-state
formants.’®  As can be seen from these patterns, the distinclions
among fw, j, r, I/ depend primarily on the Lransilions of Lhe second
and Lhird formants. The second-formanl, Lransilion is suilicient

~Lo distinguish [w/ [rom [r-1/ from [j/: for [w[ Lhis transilion originales

* We have drawn all our lransilions as sleaighl lines oven thonzh the transitions
Using straisht lines enables us to control
the palterns more precisely, and it does nol significantly alter the audilory impression,
® See Liberman, Delullre, Cooper, Gerstman, op. il

' This has been demonstrated by several methods :
the vowel produclions of nny speakers by G. K. Petersan and L 1., Barney, Coulrol
methods used in a study of the vowels, Joarnal of the Acouslical Sociely of America,
L 175184 (19523 from Lests canstracted al the patlern playback by . C, Delatise,
A M. Liberman, .S, Cooper, 1. 0. Gerstian, An experimental stindy of {he acoustic
delerminants of vowel color: observations on one- mind two-formant vowels syuthesized
from spectrographic pullerns, Word, S.195-210 (1952 and from vowel synlhesis em-
See: HL KL Dunn,

from a stalistieal analysis of

ploying electronic analogs of the vocal tract by severa! investigntors.
Tne calculation of vowel resonances, and an clectrical vocai trael, Journel of the _\eous-
lical Sociely of America, 22.710-703 (1950); K. N. Stevens, S. Kasowski, C. ;. M. Fant,
An clectrical analog of Lhe vocal tract, Journal of the A\ecoustical Soriely of America,
20.731-742 (1953); K. N, Stevens and A, S, House, Development of a quantilative
descriptlion of vowel arliculation, Jouraal of the Acoustical Sociely of America, 27.181-

493 (1953). .
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Fig. 1. I‘.’and-paint_ed spectrograms that produce reasonable approximations to /re/,
/lef, [wel, and /je/ when converted into sound by the pattern playback.

at a low frequency, for [r/ and /l/ it begins nearer the middle of
our frequency range, while [j/ requires that the (ransilion slart
high. The distinction belween [If and /r/ seems to depend prima-
rily. on lhe third-formanl transition: for [r/ the third formant
begins ab a point just slightly above the second formant and then
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rises to ils steady-state level, while Tor fIf the Lhird formant starls
ab a level at least as high as the steady-state.

There s also al the beginning of cach formant a relalively
short steady slale which, for convenience, we will refer o as a
“steady-stale onsel.” These sleady-stale onsels represenl whal,
we have previously referred Lo as the consonant loei, Mt and they
are, quite obviously, the acouslic counlerparis of the slarting
points of the consonant arliculalion. [t is of considerable interest
that the loci are explicil for [w, j, r, }/ because in this respeel these
four phonemes arc differenl as a class from Lhe stop amd nasal
consonanls. In Lhe case of Lhe stops (and presumably for Lhe
nasal consonanls, too) we had found for the second formant that,
the Lransilion may not begin at. the locus but must rather slart al
a poinl somewhal delayed in“time. The steady-slale onsels we
sce in Fig. 1 indicate Lhal for fw, j, r, I/ the formanis nol only
begin al the loci bul spend [rom 30 Lo HO msece. there helore
proceeding to the sleady-state positions of the vowel,

Steady-slale onsels similar to those of Fig. 1 were found in an
carlier study Lo be necessary for Lhe synthesis of Lhe nasal conso-
nants in initial position, bul in this respect [w, j, r, 1/ are very
different from the nasal consonanls in thal the steady-siale
onsets are always continuous with the Lransilions for the former,
but typically difler in frequency from the slarling points of the
{ransitions for the latler. This is so, presumably, because in the
case of Lhe nasal consonants Lhe steady-state onsel is produced
as a consequence of the addition of the nasal resonalor and is
Jittle affected by the (buceal) articulatory posilion, which never-
theless delermines the starting frequency of the formant Lransitions.
With /w, j, r, 1/ the steady-stale onsets reflecl the starl of Lhe
buccal articulalion.

Iaving made these rather general comments aboul the acoustic
cues Lhal distinguish among /w, i, r, I/, and aboul certain charac-
Lerislics of these four phonemes as a class, we should like to proceed
to a more delailed discussion of our resulis.

Number of formants needed.

As shown in Fig. 1, a dislinction may be made al Lhe oulsel

‘between /w, j/ on the one hand, and [r, 1/ on the other, in thal

11 Por a discussion of the “locus™ concept, see P €. Delabtre, AL ML Liberman,
F. 8. Cooper, Acouslic loci and Lransitional cues for consonunts, Journal of the Acous-
lical Sociely of America, R7.769-773 {1955).
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te Tormer can be synthesized salisfaclorily with only two formants,
while ihe latler require Uree.  In Lhie case of fw, j/ this is no
more Lhan mighl be expected, bearing in mind the well-known
possibility of two-formanl. vowel synlhesis, and Lhe arliculalory
relalionship between [ij and /j/ and between [u] and /w/. We find
for [r/ and [lf, however, thal a Lhird formanl, is clearly necessary
incorder lo synthesizé Lhese Lwo consonants before Lhe full range
of vowels.  As can be scen in Fig. [, and as we will have occasion
lo discuss In grealer delail later, the second-formant starling
poinls are nol. very dilferent for /r/ and [lf-—they both begin in
Lthe middle ol our frequency scale— so il is nol. surprising Lhat, we
cannol distinguish (hese phonemes by means of Lwo [ormants
alone.  This does nol -mean Lhal the morc-or-less common [r-1/
second formant will produce, wilh all vowels, a phoneme which
is indilTerently /r/ or JIf. In facl, we find wilh (wo-formant
patlerns thal when Lhe second-formanl Lransilion rises from the
[r-1] region to the frequency levels appropriale for front vowels
we hear [r/, but.when Lhe transition falls to a back vowel we hear /1.

Duration of steady-state onsets.

Steady-stale onsels were found Lo be useful, nol for any distine-

Live Tunclion they might have wilhin our group ol consonants,
bul. Lo avoid a potential conlusion with cluslers of Stop+-/w, j, r, 1/.
When the onsel phase was omilted and Uhe lransilion begun
immediately, Lhe resulting slimulus appeared Lo have an explosive

beginuning, a stop of some kind being clearly apprehended though -

not always idenlified with cerlainly. The duralion of steady-stale
necessary Lo avord {his clustering eflfect differs as between [r, 1/
and jw, j/. For /r/ and [lf a sleady-stale onscl period of aboul H0
or G0 msee. was needed—below (his Lhe explosive beginning
slarled Lo make itsell heard—avhilst al greater duralions, Irom
70 misec. upwards, the eflfect was of syllabicily, often leading to
the identification of a schwa vowel before the consonant.  For [j/
and /w/ the onset duration could apparently be smaller; 30 msec.
was suflicien! Lo eliminate Lhe explosive beginning, and 40 msec.
upwards gave the effect of a [ull vowel, /if or /u/, despite a reduclion
in intensity of the steady-slale onsets vis-a-vis the following vowel
formants.

Recenl work suggests Lhal the sleady-state onsels can perhaps
be dispensed with for fw/ and [j/ withoul causing an explosive
beginning Lo the syllable, provided that the first-formant transition

i
.
i
t

“conlinuous in frequency wilh the starl of Lhe transition.
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begins al a suflicienlly high [frequency (discussed in the ne.\'l_,
scelion).  We have also found it possible l'o hear /1/ wilhout
inilial steady stales, provided Lhat the intensily onsel s ;,:rmh!nl,
bub we have never heen able Lo synthesize an aceeplable [If using
transilions alone. We nole that none of the four phones is l.\armcd
by Lhe prescnce of appropriale steady-slale onsels, and m«lcfzd,
Lhat spectrograns Lypically show, if not a sleady slale preceding
the transitions, al leasl a very mueh slower rate of frequency change
than pertains Lo the Lransilion phase.

Starting frequencies of the transitions (steady-state onset
frequencies).

In the preceding section we observed thal npprupri'al.c sleady-
slate onsets serve mainly lo distinguish the class /w, ], 1. .}/ from
ollier groups of phonemes.  Since Lhese onsels have duralions up
to 60 msec., it is not inconceivable thal they might alsr.) Lhemselves
be idenlifiable as /w/, [if, [r/, or [I}, bul our ohservations Sx'xg.';,rosl.
that for the most part they are nol; rather, it is the l.x'a})s'lllons,
particularly Lhose of Lhe sccond and lhird formants, \\'lm-‘n play
Lhie main part in distinguishing among the f(nn: phm‘mm('s. Sleady-
slale fw/ and [j/ are quite oul of Lhe queslion since the absence
of transitions can resuil only in fu/ and [if. The onsel of [lf
contains some identifying information, bul naive listeners have
considerable difficulty in perceiving (he steady stale as /.
For [r/ there is more information in the sleady-slate onscl, to
the extent thal the onsel approximales an [r/-colored vowel.

Bearing in mind that lhe btransition directions and exlents a
the most imporlant cues for distinguishing among /w, j. . 1/,
we will nevertheless specify lhese variables by reference Lo Lhe

frequency posilions of the steady-slale onsels, sinee they are u'll\‘\l'ays
ese

re

starting poinls provide a convenienl way of (lcsvrihi.n;s Lhe tran-
sitions because Lhe onsels remain relatively fixed while transition
directions and extents shifl radically with changes in the Tormant
positions of the following vowel.'?

First-formanl onset. It will be obvious from Lhe pa.l.l‘c?ms‘nf.
Fig. 1 that the onset of Lhe first formanl,.(locs nol, «'hsl.m;:ms’h
among [w, j, r, I/ since, for the same following vowel, ils ffmn is
unchanged throughout. It does, however, serve the very impor-

12 Delaltre, Libermnn,. Cooper, {1955}, op. cil.
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tant function of distinguishing /If [rom Lhe nasal consonants. - if
the onsecl of Lhe first-formant transition is located at 240 cps, the
resulting sound will be identified more often as a nasal than as /I
even when the sccond and third formanls are given Uheir best /lf
values, whereas wilh Lhe first-formant onset al 360 ¢ps, or above,
theidentification wilt he 1/, The best I/ resulls were oblained with
the steady-stale onset localed at or slightly below the frequency
of the firsl formanl of the lollowing vowel, bul no lower than
360 e¢ps.  In subsequent work the first-formant onsel was placed
at 480 cps for [a], and 360 cps for the remaining vowels.

For both /w/ and [j/ one would expect the frequency ot Lhe
firsl-formant onsel fo be in the neighborhood of 240 cps (the
first-formant Trequeney of both fif and Ju/f), and this proved Lo
be well founded.  In facl. there was nol much freedom Lo deviale
from Lhat value lest cither of Lwo complicalions oceur: when the
steady-stale onset was Jocaled al 120 cps, the semivowels acquired
slop-like beginnings, /bw/ or [gj/, an elfect thal we have discussed
in other papers:!? when Lhe onset was placed much above 360 cps,
the impression of /w/ was destroved, while a non-speechlike whistle
was introduced into [if.

The influence of Lhe first-formant slarling frequency on [r/
was small. 1T a pellern contained second- and third-formant
Lransilions salisfaclory for /r/, the only dilfercnce made by a
firsl-formant, ongel. belween 120 and 600 cps was a difference of
“color”, corresponding al the bottom of the range Lo extreme
lip-rounding and al the lop lo lip-spreading.

We sce. then, thatl /lf imposes more stringent requirements upon
the first-formant onsel frequency than the other three phonemes.
ITowever. when we use values appropriate for flf we also satisfy
the resbriclions imposed by [w. . r/f. -

Second-formanl onsel.  The onsel frequency of the second-
formant Lransilion has a very considcrable eflecl on the perceplion
of /w. j. r.1f. Other things being equal, high [requencies (about

11 Delatire, Liberman, Cooper, (1953, op. eil.; Ao M. Liberman, P. C. Delattre,
L. J. Gerstman, 1. 8. Cooper, Tempo of frequency chiange as a cue for distinguishinyg
classes of speech sounds, Journal of Erperimental Psychology, 52.127-137 (1956).
The first-formant locus for Lhe stop consonanls was found to be at Lhe lowest frequency
attainable with the patfern playback (120 eps). Any higher frequency caused the
stops Lo sonnd less like slops @l more like semivowels,  This effect was slight, howe-
ver, as compared Lo the strong influence of transition duration: patterns were heard
as semivowels of stops depending on whelher Lhe Lransitions were more or less than
90 msee,
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2760 cps) give [j/, low [requencies (about GOV cps) give [wi, and
intermediale [requencies give either [If or [r]. The frequency
ranges of I/ and [r overlap.

For [w/ and [j/ Lhe starling frequencies are, again as one wou!sl
expect, in Lhe neighborhood of the second formants of {u] and i,
respeclively, bul the opener and closer semi-voealic allophones
are clearly reflected in the differing ranges before different. vowels,
Belore the vowel [i], the lower limit of the [i range has Lhe same
frequency as the second formant of the vowel (2760 ¢ps), Lhe glide
effect being oblained by Lhe Lransition of the first formant and
the gradual increase in the intensily of the lransitions; more
satislaclory resulls are obtained, however, wilh a higher second-
formant onsel. frequency and consequent falling Lransilion.  Belore
[e] (second formanl al 2160 cps). the lower limit of the range is
2280 cps. One cannol slarl [i] below 2280 cps for any following
vowel without producing the effect of a olide from [o] or [¥].
‘There is virtually no upper limit for /j/, 3600 eps still being entirely
satisfactory.

The frequency range of the second-Tormant onsel for [w/ belore
[u] (seccond formant at 720 eps), is the very low and rcgl.ri(.:l,e_(l
one of 360-480 cps; before [o] on the other hand the upper lmib
is 600 ¢cps, and [or the remaining vowels, 840 cps.

For [r/ the frequency range of the second-formanl onsel before
[i, e, ] is 840-1560 cps, before {0] 840-1200 cps, and before [0, u]
$00-1200 cps. In Lhe lower parl of the range the acouslic coun-
terpart of labio-velarization is heard, leading Lo confusion between
[r/ and [w[ below the lower Jirnil, whilst in the higher parl of Lbe
range an ellecl of palatalization is heard.

For JIj belore [i, e, ] the frequency range is 960-1800 cps,
before {a] 840-1800 c¢ps, and belore [», 0, u] it is 810-1630 eps.
In the lower part of these ranges Lhe /1] was of a dark or \'clzn.rl'/.cd
variely, Lhe lower Lhe [requency the darker the [If; at the higher
frequencies the [l/ was clearer or more palatalized, until, above
the upper limils here given, Lhe cffecl of laterality was fost, and
was replaced by a vowel glide from {e] or from [

We can therefore distinguish [w/f, /i, v/, and [j] by reference Lo

“the second formant. Although Lhe starling point ol Lhe second-

formant Lransition should be somewhal higher for [!f than for [r],
this does not provide a reliable differentia belween Uhe Lwo phones.

T'hird-formanl onsel.  The Lhird formant is the crueciad faclor,
as we suggested carlier, in distinguishing [1/ from [r/, but conlri-
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hutes little Lo Lhe perception of fw/ and [j/.  The third-formani
starling frequeney for [1f is close Lo Lhat of the vowel Lhird formant,
whereas Lhe Chird-formanl onsel ol /r/ neceds Lo be lower in [re-
quency, fairly close Lo the second-formant onsel.  This being the
case, il is possible Lo pass from [If Lo [v/ by no other change in Lhe
patlern Lhan a gradual lowering of the starling frequency’ol the
Lhird formanl. Il /w{ and [j/ are to have a third formanl, the

transilion can be similar to that required for [lf, although as we
have poinled oul. such a third formant contribules very liltle Lo .

the perceplion of Lhe semivowels.

We have already menlioned thal the need for third-formant
Lransitions in distinguishing [If from [r/ varies as belween front
and back vowels, so il should nol be surprising Lo find Lhese
differences reflecled in the permissible ranges of Lhird-formant
starting frequencies.  For the vowels [i, ¢, €], where Lhe second-
formanl, Lransilion is rising and only two formanls are required
to hear [r/, the third-formant onset for [r/ can vary from 840 cps
{Lhe lower limil for Lhe second-formant onsel) to as high as
1920 ¢ps; Lhis means in elleet thal the frequency ranges of lhe
sccond- and third-formanl onsels are virtually idenlical for [r/,
whereas the third-formant onset for [lf must be no lower than Lhe
Lhird formant of the vowel.  [For the vowels {9, 0, u], where the
second-formanl. transition is falling and a lwo-formant pattern is
heard as [lf, the restriclions are now reversed: the third-formant
onsel, for /I may be as low as 1920 cps, bul for /r/ il may be no
higher than 1680 eps.  IU is possible, of course, lo find slarting
frequencies for the second and third formants which cancel cach
olhier, so thal neither [rf nor [If is perceived with clariby; we may
make /r/ and I/ maximally discriminable, however, by placing

the Lhird-formant onsel either as low as Lhe sccond-formant onsel

permils, or as high as the third formant of the vowel.

Precise specificalion of formanl slarling frequencies.  The reader
will have noled that we summarized our observalions aboul the
stacling frequencies of the second- and third-formant Lransilions
in lerms of ranges rather than as specilic values. 'Thus, for
example, we placed Lhe sccond-formant onset [requency of [re/
between $10 and 1560 ¢ps, bul did nol say that any parlicular
value belween these extremes gave a “‘beller” [ref than any other.

We believe thal Uhis is the most realistic way ol staling our
findings, since, in differcut idiolecls and dialects, Lhere are many
phonetically discriminable sounds which are neverlheless readily
identifiable as [r/. Similarly, two different frequencies within
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our range will produce sounds which ave distinguishable, bul,
which are, in our estimalion, bolh idenlifiable as fr/.  We do nol
¢laim that every sound produced from different frequencies wilhin
a stated range makes an equally natural impression on us, or
would do so on a wider seleclion ol listeners—a very clear [1]
inilially may sound as odd to some lisleners as a very dark {1] does
Lo others—bub we do believe thal every such sound is recognizable
phonemically. ’

The limits of the ranges are usually diflicull to draw, since a
given slimulus, evaluated phonetically, may contain auditory
features reminiscent of both, say, /w/ and [r/, or [v[ and fIf; furtler,
a stimulus identificd by the phlonetician as [5) might well be
calegorized by the naive listener as [j/. for lack ol any otuer
opoosilional category in which Lo place il even Lhougi [§] is nol

"normally found as an allophone of [j/.  We have always tried Lo

draw the line al a poinl where Lhe identificalion seems to us lo
be sLill posilive; Uhe samne identification mightl be made beyond the
limits we have laid down, bul we would expecl, mere confusion
in Lhese arcas and more uniform responses wilhin our ranges.

Our observalions indicale thal Lhe range of starling frequencics
is shifted somewhal (on the [requency ‘scale) according to the
following vowel, and Lhis is no doubl a funclion of conditioned
allophonic varialion : we should suppose thal Lo produce a given
allophone we musl change the slarting frequency as we change
the vowel. Ilowever, our [requency ranges relleet a good deal
more Lhan Lhe allophones of a single idiolecl or even of a single
dialect, within which we would nol necessarily expecl so wide a
range ol [recuencies.

Since our own judgments, whilsl basically phonemic, are neees-
sarily also parlly phonelic, it will be particularly interesling Lo sec,
in Part II, whether the shifting of slarling poinis in relation Lo the
following vowel is confirmed by naive listeners jadging on whal
we assume Lo be a purely phonemic basis.

Transition duration.

Transition duration is another faclor in the perceplion ol jw.
i, 1, 1/ Ils role seems lo be similar to thal of Lhe steady-stale
onsets in Lhal it does not serve Lo distinguish among Lhe four
phonemes {with the minor exceplion Lo be noted below), hul does
aid in differenlialing /w, j, r, 1/ as a class from other groups of
consonanls. _If Lhe Lransitions are ol Loo briel duration, Lucre is
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conlusion with nasals and stops, while wilh transilions that occupy
too mueh time in moving from the steady-slale onscls Lo the
sleady-state vowel formanls, there is the danger of losing the
consonanl. impression enlirely in favor of a vowel of changing
color. Belween these extremes Lhere is a middle range of durations
which serves reasonably well for all four consonants, although the
particular values that give the most realistic sounds are somewhat
dilferent for ecach phoneme.

A duration of 100 msce. is suilable for Lhe second- and third-
formant Lransilicns ol all four phonemes. Brieler values give
slightly belier [l] identificalions, while longer ones help /r/.  When
/I is made as briel as 30 msec., Lhere is Lhe possibilily of confusion
wilh Lhe nasal consonants, bul al 60-70 mscc. Lhis ambiguity has
disappeared, leaving [I/ al ils mosl generally satisfaclory value.
When Lhe transilions of an olherwise salisfactory [r/ pallern are
reduced to H0 msce. or less, one hears a relroflex flapped sound,
bul, ow Lhe olher hand, durations of up to 300 msec. do not destroy
Lhe [rf effecl.

i xperiments wilh Lwo-formant fw/ and [j/ showed Lhat duralions
of 50 and 100 wmsee. were salisfactory, though Lhe laller gave a
somewhat more realistic sound; below D0 msece. Lhe effect was of
a vowel plus stop or flap.?t AL 150 msce. [j/ was slill good, but
an otherwise salisfaclory [w/ pallern, before the vowels [i, e, €],
was heard as [wr/; Lhis eflect is undoubledly due Lo the large
rising Lransilion of the second formant coupled wilh a compara-
tively slow rate of frequency change.  The rising sccond-formant
lransilion is oflen suflicient to produce an fr/ without the parallel
rising third-formant lransition that we have found Lo be so polent
a cue for [r/.  We lind thal a relatively broad rising second formant
produces nearly the same ellecl as second- and Uhird-formant
rising Lransilions running parallel and in near conliguily. As
oue would expeet, the /wr/ effect disappears when the transition
duralions arc made bricler {Lhus speeding up the rate of {requency
change), or when a straight Lhird formant is added. ;

The firsl-formant, transition for /w, j, v/ may have a duralion
idenlical Lo Lhose of the second and third formants.
lowever, Lhere is something of a special problem, since even al the

W These effects correspond exuctly to those oblained wilh naive subjecls who
were able Lo hear the serics [be, we, ugf or Jge, je, ie/ solely as a funclion of changes
in transition duration.  See Liberman, Delalire, Gerstman, Cooper, op. cil., and
Foolnote 13. - )

For [, "
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briclesh duralions used with second and Lhird formants (50 msee.),
the first-formant transition seenied Lo be too gradual, giving the
impression of a vocalic glide. 1L is apparently nol wilhoul. signi-
jicance thal speclrograms of spoken flf show a very abrapl fre-
quency change belween the first-formant onsel and the following
vowel. We sought to obtain this effect synthetically by reducing
the transition duration to 10 msec., with the result that /I idenli-
fications were definilely improved. We found, further, that the
pallerns for /w, j, r/ were not adversely aflected by this special
first-Tormanl Lransition, and have incorporaled il into all Lhe

pallerns used in Parl IL.
PART I

In this seclion we shall describe the resulls we oblained when
we presented some of the stimuli of Part I Lo phonelically naive
listeners for judgment as [w, j, r, I/. We are concerned here only
with the cues that distinguish among these four phonemes.
Accordingly, we have varied only Chose aspeels of Lhe pallern
that had been found in our carlier investigation (sec Parl 1) Lo
be imporlanl for those distinclions, and we have asked our lisleners
Lo restrict their choices to fw/, i/, /r/, or [I]. In regard Lo Lhose
acoustic variables which distinguish these phonemes from other
classes, we have selected values which favored /w, j, r, I/ and held
them constant in all the stimulus patlerns.

The palterns scen in Fig. 2 illustrale, for the vowel {e], the
stimulus variables we used in Lhis experimenl.  As shown in the
top row, there were six second-formanl Lransilions, so chosen as
to cover the range thal had been found earlier Lo be importanl
for /w, j,r,1/. We should note, however, thal the range is sampled
in rather large steps. By converling these Lwo-formant pallerns
into sound we produced six of our test stimuli.  Anolher Lwelve
stimuli were made by combining cach of these varions second-
formant transilions with a slraight third formant aml with a
rising third formant as shown in the middle and bollom rows of
Fig. 2. The straight third formant and the rising third formant
had scemed on Lhe hasis of our earlier rescarch Lo be reasonably
appropriate for /If and [r/, respeclively.  There was, then, a Lotal
of 18 stimulus palterns for the vowel [¢]. In the bollom row of
the figure we see thal the rising third-formant trausilions always
started at a point just slightly above the slarting point of the
second-formant transitions.
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There were, in addibion, 18 stimulus pallerns cach for Lhe vowels
[a] and [o], constructed in essenlially Lhe same fashion as the
stimuli for [e] in g, 2. Figure 3 summarizes the stimuli for
[e, 4, o] Logether. In Lhe Lop row we sec thab Lhe starting points
of the second-formant transitions were identical for all three
voweis.  The middle and bottom rows illustrate, respectively,
straight and rising third formants for a single second-formant
slarling point.

These pallerns were converted into sound and presented in
randeum order Lo a group of 44 phonelically naive listeners, all of
whom were undergraduate students at the Universily of Connec-
Leutl.  Each listener was asked to identily every sound as /w/,
[il, [rf, or [lf, and lo guess if necessary.

‘The results of Lhis experinient are Lo be found in the judgments
ol owr hsleners, all of which are shown in Fig. 4. There we have
plotled the Jw, j, r, I responses, expressed as per cenls, against
the sccond-formant onsel frequencies, which are labelled on each
abscissa by letter and identified by frequency in the key at the
bolion: of the figure. The three third-formanl conditions (no
third formant, straight Lhird formant, and rising third lormant)
are the parameters, coded as shown in the upper right-hand corner.
To aveid the diflicullies in reading that, would have been caused
by many more or less overlapping curves, we have pul Lhe curves
into separate plols according lo responses (columns) and vowels
{rows). )

In general, the resulls oblained here are similar Lo Lhose we
described in Parl 1. The starling point of the second-formantl
[ransition distinguishes fw/, [r-1f, and [j/. This formanl starls
ab a low frequency for /w/, at a middle [requency for [r/ and [lf,
and sl a high frequency for [j/. The third formant lends Lo
distinguish /r/ from /1, [v/ being helped by the rising Lhird formant
and [/ by the slraight third formant. Straight and rising third
formanls have litlle effecl on fw/ and [j/, except that the rising
Lhird formant, in favoring [r/, tends Lo reduce the number ol [w/
reSPONSeS.

As we pointed outl earlier, the stimuli thal were presented for
judgment in this experiment represent a rather large-slep sampling
of the various ranges, and il is, therefore, idle to draw conclusions
which depend upon ecxact comparisons of the various curves,
particularly in regard Lo Lhe positions and heights of their peaks.
However, some ol Lhese more specific effects are sufliciently large,
and sufliciently consistent within the experiment, thalt we can
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Fig. 4. Responses of 44 phonetically unirained listeners, plotted as a function of
second-formant onset frequency for each of the three third-formant conditions.
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be reasonably confident Lhal they would be reproduced, ab least
in Lheir grosser aspects, il the experiment were repeabed wilh a
much liner sampling of Lhe slimulus range.

Perbiaps the most imporlant of these more specilic resulls is
Lhe fendeuey of the peaks of bolh Lhe /I and [r/ curves Lo occur
al diiferent. positions on the abscissa as we go from the vowel [e]
through [a] to [o]. ‘Fhese shifls in the response peaks mean bhal
Lo produce the best frf’s and [I’s we musl adjust Lhe slarbing
frequency of the second-formant Lransition according Lo Lhe
frequency level of the second formant of the following vowel.
The slarting poinl. of Lhe second-formantl transilion should be
somewhal higher when the second formant of the vowel is high
(ax i [e]). and it should be somewhat lower when the vowel
forivant is low (as in [o]).  We see, however, Lhal the varialions
in the starting points of the Leansitions are ¢uile small in relation
Lo the frequency range through which the vowel formant moves.
All of this confirms what we had previously observed and reported
in Part I, and considerably increases our confidence in the result.
The resull itself is of some general importance, we believe, for
when we take into aceounl thal /rf and [l Lransitions begin al the
aclual loci (as many olher consonanl Lransitions de nol), we sec
Lhat, we have here a clear case in which the {requency position of
a consonaub locus varies with changes in the frequency level of
the vowel formanl.  This varialion in the position of the locus is
relalively small, which is forlunate for the utility of the locus
concepl as a simplifying assumplion, but it clearly occurs, and we
have remarked on il al some lenglh because it is the first direct

evidence we have had that a consonant locus will behave in this’

manner.!?
The judgments of our naive listeners Lend Lo agree wilh our own
impressions (as reporled in Parl 1) in several other parliculars.

150 N. Stevens il AL S0 Heuse have demonstraled that precisely Lhis kind of
loens movemen! ean he expected, on the basis of their calenlations, to oceur for the

secomd-Tornund toel of /b and of fgf: Stadies of formanl transilions using a vocal
In our

trael analog, Journal of the Acouslical Sociely of America, 28.573-585 (1956).
own earlier research on {he second-formant loci of (b, jdf, and [g/, we had to conlend
wilh the diftliculties arising from the fact thal the second-formant Lransilions do not
(and, indeed, cannot) begin at the locus, bul must only peint Lo it.  As a result, we
had lo rely on u series of steaight sccond formants (ab various frequency levels) in
arder to fiml the b, fdf, andd ] loci. By the very nature of Lhat procedure, it was
impossible to detect the Kind of locus movement that we have here found with [r/
and Jif and thal Stevens and House would expect to find with [bf and el
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We see in Fig. 4, for example, thal the best starbing voinl. for Lhe
sccond-formant Lransition is al a somewhal higher [requency
for /1 than for [r/, though Lhis dilference would not. appear from
Lhese dala Lo provide a very good basis, in ilsell, for the perceived
distinction belween these Lwo phonemes. I is also reasonably
clear from Lhe results with naive listeners Lhal wilh Lwo formants
alone, JIf is relatively good awilh the back vowels, while [rf is
relalively good wilh the front vowels.

[L had been our feeling in working with Lhese sounds Lthal
our [l was, al, besl, inferior Lo the other three phonemes, bul we
were somewhal surprised Lo discover how very poor our naive
listeners found it.  We believe Lhal certain ralher delailed changes
in Lhe first-formant sleady-state onsel. and Lransition will con-
¢iderably improve the [lf for onr naive lisleners.

We sce in Ifig. 4 thal /w/ before Lhe vowel [o] was rallier poor.
This is nol surprising when we consider thal there were no patierns
for [0] in which Uhe starling point of the second-formant transition
was below Lhe steady stale of the vowel (720 cps). Starling the
{ransition al a somewhat lower frequency will probably improve
the /wo/ considerably.

Ilaskins Lalboralories.
New York, N. Y.



