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I. MANUSCRIPTS AND EXTENDED REPORTS ' ' <
1] : i D

'Un the Dissociation of Spectral and Temporal Cuq% to' the Voicing Distinction
“in Initial Stop Consonants¥ B

L . N ' ’ . 7 Y
Quentin Summerfield and Mark Haggard! _ R v

ABSTRACT
x It has been claimed that a rising [irst-formant (Fy) transi-
tion is an important cue to the voiced-voiceless distinction for
syllable~initial, prestressed stop consonants in English. Lisker
___(1975) has pointed out that the acoustic manipulations suggesting @

"role for-F| have involved covariation of the onset frequency of Fy ‘1;7““__

with the duration, and hence the frequency ‘extent of the Fjp
transition; lLie has also argued that effects hitherto aseribed to
the transition are more properly attributed to its onset. Tw

experiments are repcrted in which *F| onset frequency and F)
transition duration/extent weré manipulated independently. //The
results confirm Lisker's suggestion that the major effect of Fy in
initial voicing contrasts is determined by its perceived frequency
at the onset of voicing and show that a periodically excited Fy

transition is not, per se, a positive cue to voicing. In a thiuvd
~ experiment, the frequencies at the onset of voicing of both F] and

/
"

— i

*A partial summary of these results was presenfed,at the 90th meeting of the:
Acoustital Society of America, San Diego, California, November 1975. This
paper has been accepted for pub]i;afion in the Jov-nal of the Acoustical
" Society-of America. ’ ’ E ' '

. .
. IThe Medical .Research COQﬁcil-Hearing R%search Institute, Nottingham, Eng-
land. i . : o .
\ . . »
Acknowledgment : -.Experiment I was conducted in.the Department of Psychology
aty the Queen'{ University of Belfast, Northern Ireland with the support of
grant AT/2058/021/HQ- frem the Joint Speech Research Unit, U.K: and grant
B/RG/1466 from 'the, Science ResearchrTCounciL,' U.K. it was reported as
“Fitst formant onset frequency as a cue to the Voicing distinction in pre-
stressed, syllable—initial-stop—consonants," in Speech ‘Perception No. 3,.
pp. 25-33. (Progress Report, Department of Psychology, The Queen's Univer-
sity of Belfast). This paper, was written,; and the 1a;erjéxperimentsiwere
carried out, at the Haskins Laboratories, -New H en, Connecticut, U.S.A.
while Quentin Summerfield was supported by a N.A.T.O. postdoctoral re-
search fellowship. We should like to express our appreciation to Alvin
*Liberman for his generous hospitality and encoursgement, and to Bruno Repp,
Péter Bailey, ‘Gary Kuhn and David Pisoni for their criticisms- of earlier
drafts of this manuscript. | ‘ : -
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¥Fo werae vn1n|pu1aLod Tue " intluence on the perception of stop-
consonant voicing that resulted was determined specifically by the
frequency of Fy, rather than by the overall distribution of energy
in the spectrum. The vesults demonstrate a complementary relation=
thp between perceptual cue sensitivity and production constraints:

in proouctlon, the VOT characterizing & particular’ stop-consonant
varies inversely with the degree ot vocal tvact constriction, and
hence the frequency of Fy required by the phoneme following the
stop; in perception, the lower' the frequency of Fy at the onset of
voicing, the longer the VOT that is required to cue voicelessness. .
In this way, the inclusion of FJ onset frequency 1in the cue-—~
repertoire for voicing reduces the noninvariance ‘problem fcr per-
ception. . ST

Ceeee 7T INTRODUCTION
‘ R
Lisker and Abramson (1964) suggested- that the artlculatOry basis for the
voiced-voiceless ‘distinction for stop-consonants resides. in the relative
timirg of laryngeal and supralaryngeal articulations. Prestressed syllable-

. initial voiced stops in English display temporal coincidence of oral releasc
‘with the onset of laryngeal vibration. When the onset of wvocal cord
~vibration follows oral release by more than about -"%0 msec, the stop 1is

voiceless. By translating variation on this articulatory dimension - into
variation of the parametric input to an acoustic speech synihe51zer, Lisker

and. Abramson (1967) generated vOT! continua that spanned the two perceptuai .

categories of voicing for each of the three places of stop production used in
Bnglisk'. Phoneme boundarles on these continua occurred close to those values
of VOT thar optimally segregate voiced from v01ce1ess stops 'in the produc-
tions of English speakers. Since then, VOT continua have been used exten-—

__S)vely as experimental devices. They perm1t the determination of a phongme.
" boundary, changes in whose position. can be used as sensitive- ‘indices of the
-perceptual consequences of variation of parameters both 1ntr1nsrq\ (for

example, Stevens and Klatt, 1974) and extrinsic (fer example, Elmas\ and
Corbit, 1973, Summerfield, 19753) to the test syllables rhemselves. Howev:rl
it has not always been clear which aspects of the stimulus are held to be

perceptual cues, given that many of \the acoustical paraméters so far asserted
to -possess cue value have tended to covary. Incorporating covariation in a

set of stimuli is well justified from an articulatory point of view if the

objectives o° an experiment are linguistic or cognitive.. .But, if the:

objectives are psychoacoustical or ‘perceptual, then the use of covarying
parameters begs the question of what acoustical variables are registered 'and

lyith reference to the acoustics of production, the term 'VOT':will refer to
the time 'interval between the onset of the occlusion release transient and
“1e onset of quasiperiodicity. ' With reference to continua of synthetic
st1mu11 /fne term 'VOT' will refer to the interval -between the onset of the
stimulu€ (that may or may not include a burst) and the onset of per10d1c
iration. During this interval, the presence of noise -excitation .in Fp,
and the higher formants, and the absence of energy in P} is implied. The
term 'separation interval' 7! refer only to the temporal.aspect . of VOT.

T .
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Qon;ribdtc to the perception of the contrast. A precise specification ol ‘the
perceptually pertinent pavamcters is important if valid interpretations are
te be made of data obtained using various types of continua whose members are
~aid to vary in "VOT". ‘

Using synthetic stimuli, Summer field anu Hagg#*d (1974) artificially

‘'varied the temporal separation ‘of the fricated burs. from. the events that
normally follow it: formant transitions and the onsrt ‘ofs periodicity. They

demonstrated that the temporal interval is indeed & powerful perceptual cue,
whether or not it is filled with aspivation. The question remains: which of
the spectral parameters of YOT whose variation is‘'normally correlated with
that of the separation interval aré also perceptual cues? Stevens and Klatt
(1974)- suggested that some threshold duration or spectral extent of first
formant (Fy) transition may bn» psychoacoustically a more basic cuc to the
voiced value of the reature, and that VOT (that is, the temporal separation
intervil) is grafted conto this through learning in infarcy. Summerfield and
Haggard (1974) showed that the detectability of transitions in both the first

‘and higher formants, whether or not they were periodically excited, could

provide important secondary cues for adults. Lisker (1975) has ~srgued that
the simple articulatory basis of VOT (for example, Lisker and Abramson, 1971)
renders it the-most general and basic cue, but proposed that if eny secondary
aspect of the acoustical array related to formant transitions is important,
then it is the cnset frequency of F) 'rather than its dynamic spectral
properties. Lisker's data show that when the importance of the 'spectral cues
is assessed by trading them against VOT, which in turn- affects the values of
the secondary transition .cues, then VOT does emerge as the most  potent
perceptual .cue. ~However, his results, based on a nonorthogonally varying
stimulus set, implicate the average frequency region of Fg as a functioning
secondary cue in addition to F; onset frequency. The experimentes reported

here were designed to refine and extend Lisker's cgnclusion and to reduce the

arbiguity by using orthogenally varying stimulus arrays. The matter can, be
simplified by asking three que$tions. Does F| onset cue a voiced percept in
inverse relation to its frequency? Is a rising Fj tvansition a positive cue
to voicing independent of.its qnset frequency? = Are spectral influences on
the perception of voicing a function only ci the frequency of Fj or of the
distriburion of energy in both Fj and the higher formants? Experiments I and
11 were designed to answer the first two of these questions. Experiment III
was designed to a«nswer the third question. o '

EXPERIMENT I: Conditions 1l and 2.

In the first. condition of Experiment 1, the frequency of a fixed~-
frequency, transitionless Fj was systematically lowered across a set of
consonant-vowe} (CV) VOT continua. If Lisker's (1975)yconc1uEion;is correct,
this procedure should increase the probability of a voiced percept at .any
given VUT. 1In the second condition, the onset ‘frequency of F) was held

_constant independently gi'the réalized‘VOT,.while the duration, and conse-
. quently the spectral extent of Fj transition following voicing onset, were

systematically increased. If a periodically excited Fj transition is, per -
se, a cue to voicing, then this' procedure ‘stould incredse the probability of

a voiced percept at an; given VOT. \
. _ , y
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Stimuli and Procedure /

Both c¢onditions o¢of Experimept [ were run interactively with "stimuli
generated at run-t ime by a Fonemy OVE 1TIb serial resonance specch synthesiz-

er cuntrolled by the SPEX propg&n (Draper, 1973) running on a D.E.C. PDP-12
digital computetr. Stimuli w¢re exemplars drawn from /g=k/ ‘V5T cont inua
cspanning the 10T range fronm qZésec to +80 mse¢ in l-msec steps. The closed-

loop plgorithm controlliny Stimulus presentation was an implementation of
PEST ATaylor and Creelman,/‘l967) with the following control parameters

deviation limit  of" tv/ sequential test (W)=0.52; utarting step

size/ = 16 msec; termiuatipgy step size = 1 msec. These paramoters reqult in

an @stimate of the p 0.5 point o the psychometric funct on undvr]ylng the

physical test con’inuum;/ this point corresponds to the phoueme boyndary. To

- -4chieve a controlled ecftimate of the position of the boundary, two PEST runs

‘/”/ were randomly inferl/7ved with starting points randomly drawn from pre\slect—

b

"+ ed ranges approximatiely evenly balanced on either side of the su 'Qgt's
expected phoneme bovndary region. The two interleaved runs converged inde-.
pendently from stafting points at long and " short VOTs, and SUbJGCt .wefe
unaware of pertorming in a closed-loop situation. Convérgence was continued

until the step sAizé of each run had ‘diminished to less fhan_or equal to
I msec and the V{Ts corresponding to the p 0.5 estimates from each run were
within 5 msec of one another. The phoneme boundary position is here defined
as the average ¢t these two independent estimates. Previously, open-loop and
closed-loop prpcedures for escimating phoneme boundaries have been compared
and shown to ptoduce highly similar results (Summerfield, 1974a). :

The stipuli used in each condition were constructed from seven five-
formant CV /'stimulus types'. A stimulus type is’ that ‘set of aynthesis
control parjameters that generates a stimulus with a. “VOT of 0 msec. The
frequency ¢ontours of F9 and.F3 did not differ between stimulus types and

- were constucted with .initial formant transitions appropriate for the velar
place of Articulation. These transitions were linear in frequency/time over
their duration of 44 msec. The F, tfansition had its onset at 2400 Hz and
reached /a steady state at 2000 Hz. The F3 transition had its onset at
2600 Hz /and reached a steady state at 3000 Hz. F4, and Fg were set to 3500 Hz
and 5000 Hz, respectively. The total duratio® of each stimulus type was
320 mséc. The seven stimulus types used in Condition 1 were distinguished by

- the frequencies of their flrst forgants that were set to 200, 225, 250, 275,
300, /350, and 400 Hz. ) The. seven stimulus types used in Condiiion 2 were
distinguished by the duration of their ‘F| .transitions; these transitions
always onset at 250 Hz and rose 11nearly at 5 Hz per msec for either 0, 6,

| 12, /18, 24, 30 or 36 msec -after voicing onset. No othe: synthesis control
parpmetzrs.were varied between stimulus types or conditioms. .Over the first
SO[isec of each stimulus type,”the overall amplitude contour was constant and
~thé -fundamental frequency. (Fq) was fixed at 100 Hz so that differences in Fy

at/ voicing onset could noi accompany differences in VOT. A stimulus with any
VOT in the range 0 msec to +80 msec could be constructed .from any one of the

-

3|

With W=0.5 the: PEST algorithm 1is simplifiea. The Wald sequential decision
o, . . . . - . . .
test is obviated and a change in stimulus value occurs after” every response.

4 - _ £
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Figure 1: . Schematic spectrograms showing the patterns of the first three
: : formants for the . seven stimuius types used in Experlment I,
Condition I in exemplars with VOTs of O msec. (left) and +20 msec
e (right). Solid lines indicate periodic and dotted lines aperiodic
' " formant excitation. The stinulus types are d15t1ngu1shed by the
' frequenc1es of their transitionless first formants.
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"As Figure 1 for the seven stimulus types used in Experiment I,
‘Condition 2. The stimulus types are distinguished by the duration

and extent of their first formant transitions which onset, inde-

~.pendently of VOT, qt 250 Hz.
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sUimulus typea by algoraithm,  The alporithw vreplaced fhe perfodic exeitatian
priov Lo the specitied VOT with notse excilation 5.5 dn Yower aud o alao
widened the bandwidrh ot ¥y from 60 Hz to JOO Hz tor this portion ot the
syllable, This procedure vecuces the level ot aperiodic energy dn Fypoand
thercby siwmulates the acoust iem consequences of couplting the pharynx and the
trachea.  The wasct of pitch=-pulsing wias syuchronized to the apeciliod VOT by
the procedure desciibed by Draper and Hagpard (1974).  Figuve I illustrates
the differences between the stimulus types used in Condition | 1n displays of

.the formaut paremcter specifications ¥y, ¥y and F3 ot cxemplars with VOTs of

0 msec and +20 mscc.. Figure 2 displays analogous patterns for the atimuli
used in Condition 2 and shows that in order to hold the onsct frequency ot Fy
¢onstant as VOT varied, it was necessary to restructure the gpectral relatien
between F| and the higher. formants in a maaner that is not representative ol
any.naturally oc¢urring variation.

i
.

$ix adult subjeccs performed in the experiment, three iu the order
Condition 1| - Conditiou 2, and three in the reverse order.. Each was a native

" speaker of British English and had served previously in experiments involving
“closed-lgop phonrme boundary estimation. GStimuli were presented binaurally

through AKG K60 600-Ohm headphones to stbjects who sat in a sound-damped
cubicle. 1he peak intensity of presentation was constant across subjects at
approximately'bﬁ'dB SPL for stimuli with O\nisec. VOT derived from the two
identical stimulus types (Types 3 and ‘'l 1n Conditions 1 and 2, respectively).
Subjects, were instructed to identify the initpal ccnsonant of each stimulus
as either /g/ or /k/ and to indigate their response by pressing one of two
buttons labeled -'G' .and 'K'. A thiru Sartor, labeled '?7", could be pressed
to summon a repetition of the current ;timglus. Each subject ran through the
whole set of continua twices In Condiqion 1, three ,subjects experienced the
continua in ascending, followed by descending, order of F} frequencies, and
three in descending, followed by ascending order. The two estimates obtained
were averaged to provide a single estimate for each subject on each
¢Bntinuum. Analogous order balancing was employed in Condition 2. The lack
of naturalrvess inherent 1in ‘thc stimulus structure posed do difficulty for
listeners, although some subjects reported hearing stimuli with long VOTs and
extensive F) transitions in Condition 2, as initiated by the cluster /kl/,
rather than by the single consonant /k/. °

Results

M :

The seven boundary_posifiohé obtained for each subject in each condition
are plotted against 'the frequency of F; for Condition 1! in Figure 3, and
‘against both the duration o: the F| transition and the frequency of the F;
steady state for Condition 2 1in Figure 4. Mean boundary positions obtained
by averagiug these data over subjécts are tabulated in Table 1 for
Condition ] and in Table 2 ror Condition 2.

, Y

The results of Condition 1 Support Lisker's (1975) conclusion that the
onset' frequency ot F{ can function as a voicing cue: the data in Table 1
show that <“he position of the phoneme\ boundary averaged across sabjects
decreases monotcnically as thé frequency of a transitionless first formant is
raised. Oaly subject 6 failed to show an overall decrement. The seven

" phoneme boundarics from each: of the six subjects”were examined together in a

O
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FigurerB{

'Results of Experlment I;
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Results of Experiment 1, Condition 2 plotted as for Figure 3. The
functions for individual subjects are either horizontal (S2, S85) _

or decline (S1, S3, S4, S6:) as -the duration of the F) transitién

increased, showing that the présedcg of an Fy'transition does not
predispose, voiced percepts when its onset frequency is fix&d.
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TABLE 1: Experiment 1l: Condition 1.

‘Mean - phoneme boundaries in msec of VOT /PBs/- averaged over two
‘estimates by each of 6 subJects on seéven /gtk/ VOT continua differen-
tiated by the frequency of a constant frequency, ‘transitionless first -
formant (200,Hz = 400 Hz).

Number and flrst formant flequency (Hz)
of Stimulus Type :- .
- 4

Fn.

(1) - (2) - (3) (4) (5) . (6) ()
200 - 225 250 275 . 300 - 350 %7 400
| PBs | 33:81 30.99 © 29.53 28..13 26.64 24,73 22.59

T
a N 5/‘
- //
. > & -
TABLE 2: Experiment T:' Condition 2 , - ///
Mean phoneme boundaries in msec of VOT /PBs/ averaged over wO
estimates by each of € subjects on seven /g-k/ VOT continua differen- e
~tiated by the durations of their first formant transitions (0 mgec—
36 msec) that onset at 250 Hz 1ndependent1y of VOT.
Number and flrbt formant transition duratlon méec)
of Stlmulus Type - : A ) . o
L@ 3 @ (5) (6) )
0 6 12 18 24 30/ 36
|pBs] 28.25 .28.01 27.59 25.74  °26.04 26.81 26.18
r/"’
- N ‘. s

10

= - 5
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Aonparametric tést for mopotonic trend (Ferguson, 1966) that give a value of
/'the normal. deviate equal to 6.19, indicating that the trend is significant
7 (p'<0.01; 2-tailed). The resulfs‘gf.Coﬁdition 2 indicate that variation’ in
F) transition duration/extent does produce -a small effect on the perception
. of stop woicing. However, it is not in the direction predicted from the

argument’s of. Stevens and Klatt (1974) or Summerfield and Haggard (1974 ). on

" the basis. of transition detectability. Table 2 shows that a. fall in the
Vvalug/ of VOT at the phoneme boundary occurred as transition duration
increased. This trend is evident ‘in the data of Subjects 1, 3, 4 and 6 and

is also significant (2=2.58; p < 0.05; 2-tailed).
,Discuséion . . ' ( : ' R : )

The results of Experiment I imply that the critical aspect of ¥; for the
perception of ‘stop-voicing 1is its perceived frequency ‘at the “onset of
voicing, and suggest “hat an ‘F) transition’ as.such does not. specifically -
predispose a voiced retrcept. ~However, the relative amplitudes in the outputs

~of a serial resonance synthesizer ave not fixed, but vary according to ‘the
. formant frequency separations {c.f.. Fant, 1960). In natural productions.,
constricting -the supralaryngeal vocal tract lowers the frequency of Fi and
reduces .the amplitudes of the higher formants and the overall intensity “of
the output. Incpéasing the frequency of F] in an OVE synthesizer raises the
overall -intensity of the output, including the.higher‘formants;;so‘that the
. distribution of energy .in the spectrum increasingly favours higher frequen=
. cies. Accordingly, the results of Experiment I could reflect. perceptual
_sensitivity either.to changes in the location of the. first spectral peak at
"the onset of periodicity, or alternatively, to changes.in the amplitude of:
_ that . peak “relative to . peaks: at 'hi:..r frequencies. To determine -which
interpretation 1is, K more appropriate control experiment was run using ,
"stimuli generdted on q parallel‘férmang synthesizer whose formant amplitudes' o '
could be specified individually a&nd for which, therefore, the frequency of F) ’
and- the relative amplitudes of the first three .formants could be .varied
independently. S , ' o B

-~ i g

EXPERIMENT II: Control Conditions 1 and 2

ke

[ - : - . ]
In the first control ‘condition, nine VOT cottinua were created by
combining each of  threes ~values of F; onset frequency with -each of three

.+ extents of F; traasition. ‘Within each continuum, the onset frequency of Fy

" was held- constant as,in Condition 2 of Experiment I. 'If the results of. that
condition reflect perceptual sensitivity to changes in the onset frequency of

Fj, thefphoneme boundaries should vary here with' F) onset frequency, but not

with F] transition extent. In the second control.condition, the amplitude of

F] relative to Fg was varied over a 12 dB range across three VOT contirway '
‘while the spectral 'specification of the stimuli.comprising .the continua was
unchanged. If the results of Experiment, I reflect perceptual sensitivity to,
¢hanges in relative formant amplitudes, then phoneme boundaries should shift

" to shorter. VOTs -.as the intensity of ¥] 1is Treduced .relative .to. Fg.
Alterhatively, if the results reflect .sensitivity to the frequencies of
spectral peaks at the onset of periodicity, rather than to their absolute or
relative amplitudes, then the three boundaries should coincide. .

L -~
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‘Control.Condition'l: Stimuli and -Procedure

4 .
foi

e Nine two formant /g- k/ VOT contlnua ‘were synthesized on the parallel

resonance synthe512er at Haskins Laboratories (Mattlngly, 1968) .., Each con-
tinuum conslsted ‘of ,eight 300 msec stimuli that vawied in VOT -from’ ‘%15 msec

to +50 msec 1in' 5 msec steps with the onset of pitch: pulsing synchronlzed to
- the intended VOT As VOT increased-along each continuum, the amplltude of Fy
was reduced to' zero and Fop was excitei~by noise.  SﬁihU11 with the sames VOT

in different contiinua were differentiated only by the frequencies of their’

first - formants. Within any continuum the actual onset frequency of F] was
fixed and did not vary with VOT. Nine continua were created by combining
three values of F) onset frequency (208, 311 and 412°Hz) with three frequency
extents - of F] transition (200, 100 and O Hz). The duration of these -
transitions was 20 msec. (The first formant frequency parameter changed over
five successive 5-msec intervals reachdng a steady state in the fifth
"interval.) The transition rates were, therefore, 10 Hz/msec,.S;Hz/msec and
Y HZFﬂS°C . The transition rate of 5 Hz/msec is the' same as that used 1in
Cundl ion.2 of Experiment I.° The tr ansition ‘duration of 20 msec 1is longer

than the .5 msec that Stevens and Klatt (1974) showed to be the 75 percent
_threshold duration for detection of an F]| transition chang;ng at- a rate of

€.5 Hz/msec. The acoustic differences among the members of thée continua are '

eXemplified in Figure 5, where the formant parameter’ specifications-‘of_
stimuli in which Fl onsets at. 208 Hz with -VOTs ‘of O msec and ' +20 msec are’

d1splayed

Two groups of &éubjects listened to a randomlzatlon that included ten
occurrences of each of the 72 stimuli. Stimuli were presented binaurally
through. Grason-Stadler TDH39-300Z headphones -at a level of 85° ‘dB SPL (peak
deflection). :One group of subjects consisted, of six members of the resecich

© wstaff of - Hasklns'uaboratorles, any ‘of whose rf51dua1 phonetic naivety was

di'spelled by a description of the acoustic st. ‘ucture of. the stimuli. The
other group consisted of nine students attendiug a Yale University -summer
school who declared théemselves to be phonetlcelly naive. Subjects were
instructed to make a forced ‘ahoice identification of the initial consonant of
each stimulus as either /g/ or /kY, but to- 1nd1cate in addition if.the sound

that they heard was not a satlsfactory exemplar of a cv - sy11ab1e 1n1t1ated by -

e1ther /gl or [kf. S o . v

Control Condlt;on li Results

4 . . E——

. >
" Four of the experienced subjects and six of the naive subjects exhibited
‘predictable performance: ‘they . reported few instances of stimuli initiated by
phonemes other than /g/ or /[k/ _and repotted dincreasing numbers of /k/
percepts as VOT increased along each continuum. . However, the VOT range
+15 msec to +50 msec was not gufficient” to- permit - the computdtion of a
phonemé boundary for every subject in every condition. Accordingly; the data

=~ from Condition 1l are cummarlzed in Table 3 not as phoneme boundary positions,

but as percentages Of. /g/ responses made by these ten subjects to the eight

Q
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" members of each continuum tombined. Figure 6 displays plots of the percen- - :
. tage of /g/ responsas made to each stimulus in each continuum averaged across. K
- these squects Each point plots the mean of 100 observatlons _ . o
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"Figure 5: .

xr

..
-

> i

0 20 50 300(msec] - . O "20 - 50 '300[msec] =
_' VOT=0msec . = "VOT=+20msec '

]

1, -y

Schematic -spectrograms showing ' the ‘pattern of the. first two
formants for ‘stimuli used in, Experiment "IF, Condition 1 in
exemplars with VOTs of ‘0 msec (left) and. +20 msec (right) in which
Fi' onsets.at 208 Hz.. Stimuli were derived from nine . VOT contirua

distinguished by - a) the onset. frequencies of their first formants.
(208,. 311 or 412 Hz), and b) the extent of th¥ir first“formant -

transitions (0,100 or-200 Hz).
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TABLE 3 ;Experimentvll :._Condition.f. ";;;,/ﬁ{

Percentages of'G' responses made to the members of oniue /g=k/ VOT
continua averaged over 10 subjects. Each continuum consisted of.
_eight members.ranging in VOT from %15 msec to +50 msec. The continua
were distinguished by the onset frequincy of rheir first formants
(208, 311 or 412 Hz) and by their frequency extent of the first
formant transitions (0. 100, or 200 Hz). o o B

-

' " First FormantPOﬁsetlFrequency'(Hz):, .
. ' e ) 208 311 - 412 :
o ' , First Formant O . 77.8 66.6 33.5
*' 7 Transition 100 69.2 48.9. 34.1
Exten%'(Hz) 200 - 60.4 52.9 41.5
A differencg of 12.6 percent between any pair of meéns is sufficient
- for a posteriori significance at the p < 0.0l level. o
h . N
TABLE 4 : Expefimént II : Condition 2.
s : ) '’ : . ) 7'\‘\,\\\\'_ A . i . [4 .
‘Mean ‘phoneme boundaries in?msec\Ef*VOT\gﬁtimated'By Probit Analysis
for each of seven . subject’s (s) oglg@ch'of‘three\[g-k/ VOT continua.
. The continua were distinguished by the reLafive'intéﬁEibies\qf F] and"
> : Fol F) varied through a- 12 dB range across the three continua—(=._. - |
"~ % 76 dB, 0..dB and +6.dB relative to Fp). o ‘ . T
- . “ B . ] ’ s - PN ' .
( _Continuum: : S . . -
) . Y Relative-fhteLsity>o£ Fpem' - DT
L Uy . @2y w(3) . R
_ Subjeet _-6dB .- 0dB - +6dB e
. sl 36.39 - 34.56 33.76
© 82 ot R 39.78 °36.95 - 33.77 o ‘ o Ce
$3 - - . 39.65 39.56 . 39.54 ' Lo
s4. . © 33,96 .37.77 37.42 | B |
§5 - - .. 33.92  37.26 25,98 : o -
s6 L . 41.18 ~ 36.00 4158 ' e : .
. S7 "t v 27.88  32.22 36.05 «. : ' . °
" MEANS - 36.10. " 36.33 36.71 LT '
. . _ E . ST y
Do ; !
— g ' 1!
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Four SJbJects claimed that ‘more than 25 percnntiof the 1n1t1al conso-

nants were neither /g/ nor /k/. " They heard some stimuli with long .VOTs as
 initiated by palatal affricates (for. example, /tfi/). Their data were
’“”qualitativalv similar,- though more variable thaa those of the other subjects.

o
* The data of one exoerrencea subject were noise free but “will~be— ment-ioned--no- -

further 2s he only heard instances of /g/

The numbers of /g/ responses afforded each of the 72 stimuli ‘by-each "of
thevten con51stent subjects were examined in a three-way univariate .analysis.

of variance " with the factors

. . .
- . . R
o

" a) subJects (lO)

.. 'b) F] onset frequency (208, 311 or 412 Hz),
~¢) Fj transition extent (0, 100 or 200 Hz) and
"'d) VOT (15, 20, .25, 30, 35, 40, 45 er 50 msec)..

The effects of both the major 1ndependent variables and their intevac-

tion were significant (F) onset frequemcy: F|2,18] =28.64; p < 0.01. " F)
transition extent: F|2,18}=11.38; p\< 0.01. . I teraction Fl4,36}=7.30;

p< 0.01). Post-hoc. comparisons made acccrding to the criteria recommended

. by acheffe (1959) show that: 1ncreas1ng F] onset frequency both from 208 Hz to
23117 Hz, fapnd- from 311 Hz -to 412 Hz, produced significunt decreases in the
-.percentage of /g/ responses (p< 0. 05)~: Increasing F transitton\extent from

- 0 Hz to either ‘100, Hz or.200 Hz, also produced a significant decréase_ in the

' percentage of voiced percepts  (p < 0.05), but no systematic effect resulted .

from the” increase from ivd Hz to 200 Hz of F| transitTon extent. TThe extent

‘to Which these results are manifest in 1nd1v1dual comparisons may be examined N

in. Table 3 where a difference of 12.6 percent between any pair of. means is
required for a posterlori significance at’ the p< 0.01 level

Overall, the results show that 1ncreas1ng F) onset frequency reduces ‘the
proportion of voiced percepts 1ndepehdently of the characteristics of any
following F: transition. The extent to which -the presence/” “of an Fy
transition alsc reduces [the proportion of voiced pergepts depends on its .
onset frequency. ' The effect is largest for omsets at- 208 Hz, and d1m1nishes
to ‘zero as the onset s taised to é12 Hz.

Cofitrol Condition 2 : o . — ' .

. \N\_ - Two stimuli were added to the coatinuum used in Condition 1 in which Fy
had its .omnset at 311 Hz with G Hz F)  transition extent.  The "extended
continuum ranged -from +10 msec to +55 msec of VOT. It was duplicatad twice .

to create a total of three contimua in which the level of F] relative to Fg
was ‘+6 dB O dB:and -6 dB. Seven\naive subJects listened to a randomization
~ comprising ted instances of each of the 30 stimuli and indicated whether they
perceived -the initial consonant as /g/,.or /k/. ‘' Table 4 shows. their phoneme
poundaries estimate\\\\ probit analy51s (Finney, 1971) .

. [}
W

4

These boundaries were examineu'in a two way analy51s of var1ance with-

. J

.the factors

N




- -a) subjects (7) and : : .
' b) relative formant amplitude (+6 dB, O B or -6 dB). .

. . The .effect of varying the relative amplitudes of F; end Fop wés not _
f__figgiﬁigant'(F12312J=0.093)a Although one subject did show a rasall increase
in boundary position—with--increasing intensity of Fj, two, o.hers displayed

the reverse patteru. Overall, variation of the relativeiutensities of Fj
. and ¥y in these continua produced no systematic effect. on the decision as to
whether the initial stop was voiced or voiceless. : '
T e ® X .

Discussion . : L o
R . p .
The perceptual effects of varying F) onmset frequency in Experiment -1I
could have been mediated by those. covariations: in gﬂiative and overall
formant amplitudes that'the acoustic theory of speech/ production predicts,
T ‘and that-an OVE synthesizer produces.  Had that beex so, no effects should
have resulted in Experiment 11 from-varying the freqtency of F) while holding
J 1ts absolute and relative amplitude _constant, but’ an apprec¢iable effect
should- h&ve resulted from varying its amplitude while holding#its frequency
constant. This was not the case. The opposite pattern was. produced and
confirms that the critical aspect of F} for the perceptual categorization of
" members of 'VOT continua is its pérceivé&“{reqhéqqyjan,théﬁonset of voicing, .
< “rather than its absolute or relative amﬁli@ﬁdef” T e : ‘
, e PE rEiEEs e P
s .InfContfgl Conditibn 1, the frequency éktent"qf Fl?tngpsition'was varied
while -holding .its onset frequeficy fixed.  The results of ‘this manipulation
confirmed the' second finding of Experiment I that a rising F) transition
following. .the onset of voicing does a0t, in itself, increase the probability,
of a voiced pergept;-.f¥apsitions onsetting at 250Hz (in Experiment I) and at’ -
208Hz and 311Hz (in Experiment 11), significantly increased the probability
S of voiceless percepts. The physiologiCal tepresentations of thg separation
\ cue and the F] onset cué could-bo;h.be-influenced;by whetheir voicing onset is
accompanied by a rising, rather than a steady, Fy. If there were less energy"
in the critical band around the-putative onset frequency of an F| transition
“than at the onset of a fixed frequency F{, then the.separation interval might
5\; be perceived as- longer. and ‘the F]. onset frequency as higher than their
respective physical values. The data -imply that the perczived onsét of F; in
\\-.thesn stimuli is-determined .by spectrotemporal integration overthe duration
"\ of the first two.or three pitch pulses, but that the dependency of F) onset
. registration ot spectrotemporal -integration decreases as physical onset
frequencies increase from 200 Hz to 400 Hz. = : : \ ' o P
+ .+ Experiments I and II demonstrate that. the, perceived frequency of Fj. at
"~ the onset of Jyoicing ‘'plays an identifiable role as a spectral parameter.
‘influencing the voiced-voiceless decision. They do not determine “whether it
‘is correct to imputé to the frequency of the: F} peak the entire-burden:of -
- " «pectral influence or whether that influetce deri@%s,from<the distribution of"
j,enefgyain the specﬁfum_igcluding both' F] and the h&gber formants. ‘Lisker .
1 (1975) considered this possibility .to be qplikelk, although - the perceived
+  differences between his stimulus types can be economically summarized by -
‘“  expressing the spectral influence as ‘the weighted sum of an” effect of F) and
an effgct of Fa. A dependency of boundary location..on the frequencies of,
Lo v - ,
. . 17.
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TABLES 5a, by c: Obtalned phOneme b0undar1eb 4n nwec qf'VOT and '{
boundaries predlcted by the equation: _: | B

v V=58 - 1001(2/5)Log(F1 /200) + (2/3)Log(F2 /1000)1
.. where: )
iy Vb is the predlcted boundary in msec o: voT,
F1* and Fo* are the frequencies of the first
and second formants at the onset of voicing.

o

i

.

. ‘\ .

'TABLE 5a.: _ The letterb A B, C, D and E identify ftve /g~ k/ continua
as in the—grlglnal paper. - .

Cont inuum F1*. Fo% 'Obtained Preulcted leference

A 540 . 1232 39 40 +1 ‘
B 769 ~ 1232 30 29 R
c 386 1232 43 41 -2 7
D 286" 1845 35 34 -1 . B e
R 412 2000 24 25 S| L .
Data from Llsker (1975) - PR R o
T . -
TABLE 5b:, Predictions are made for three of’the seven concinua. \
, Cont inuum 'F1* Fo* Obtained Predicted Difference B . _\\
- 1 200 2098 34 - 37 . . 43 A o A
5- 300, 2158 27 . 29’ +2 co T .
7 . 400 2194 23 23 0 . | a
. Data from Experiment I1: Condltlon . . v, - O T p—
gt . ,
% TABLE 5c: Predlctlons are made for eight /da-ta/ contlnua diffeidn-
' tiated by their Fl transition: durations (FlT Dur ). '
. . - ¥
Continuum F)* Fo% » Obtalned Predicted leference' Y
v ~ Fy) T-Dur. ’ o . : '
20 645 1200 21 - 232 0 +1l o
<25 - 575 1235 22 34 . +12 T I
40 . 540 1320 30 33 . 43 2] :
55 . 478 1375 34 - ' 34 0
700 7 452 1410 40 34 -6
- 85 / . -6427 1445 44 34 . =10 . .
-100- - 400 1480 45 .7 34 ‘ -11 TN
115 " 3757 1500 46 35 =11 R \

.‘~Datalfrom*LL5ker et al. (1975)

p] 5,‘:-. N -
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~=— both Fj and. F7 at the onset of voicing is economically expressed in the
N A . . . T
otherwxse arbltrary formula: : -

Vb=58 - 100[2/51Log(F1 /zoo)l - 2/3lLog(F2 /1000011 - =l
T~
- ~
.Wbe{é: Vb 'is the predlcted voicing boundary of =~ :
Co VOT 1n msec. - ‘ e
.+ Fp* and -Fp* are the frequenc1es in Hz of the first and’

N second f01mants at the onset of voicing.

The values of the consStants were der1ved by tr1a1 and errorlto fit Lisker's
(197%) data as shown in Table 5a. While. the fit ‘to Lisker's-data is quite

... good, suggesting a role for Fj, "and the expression adequate y predicts the
. boundary positions observed here 1in Experiment I (shown! in Table 5b),
Table 5¢ shows. that the equation fails to account “for the data of Lisker,
Libermar, Ericks<n and Dechoyitz (1975) . ' - '

Figure 7 displays a plOt ot obta1ned phoneme boundary locatlon as a
function of F| onset frequency for data reported in the present. paper, and by+
Stevens and -Klatt (1974), Liskér (1975), Lisker et .al. (1975), aﬁd Darwln
and Brady (1975). There are two ‘impertant features of. .this displeay. Flrst
the: inverse relationship between the onset frequency. ot F] and the p051glon

. of 'the voicing boundary demonstrated in- the present experiments is equally :
apparent in-"the other sets-of data plotted here. Secondj.despite the failure
-of the -equation to’ describe the data of Lisker et al., the remaining data do
justify the search for some description -of spectral influences that includes -
the frequency of Fy in addltlon to that of Fl The dotted linme in Flgure 7 -
falling diagonally from left to rights segregates- the data accordxng to “the

frequency of Fz incorporated in the stimuli.. Results obtained from stimuli
in which Fjp was above 1500 Hz fall below thls 11ne, those in. which Fy . was
below 1500 Hz fall above the line. The pattern - suggests. that lowerlng\the

N frequentles of ‘both F} and  Fp can ‘cause the voxc?ng boundary to shift™ to
longer: VOTs In" addition, it appears that the more dlfoae the spectrum “the-
larger LS the. effect -of varying F; onset frequency : . :

f
\
i

Whlle this is one explanation for the pattern of data in; Flgure s it is
also possible that the pattern reflects the effects of varlatlons in voicing
cues quite different from-those. considered "here |[see Klatt (1975) for a
reviewj, and the effects of different strategies for-synthesis and the use of -
different groups of llsteners Resolution of these alternatives’ requ1res,;
7+ that . the' -same  group ' of Tisteners categorize the members of a set of VOT"

continua.whose vocalic contexts. are: charactérized by a range of F2 frequen-

cies in combination with a range of Fi frequenc1es This was done -in _

Experiment III: : T

EXPERIMENT 111

r
. a -~

Stimuti and Procedure o : v 1

Sixteen /d-t/ VOT continua’ were synthesized on the parallel formant
synthesizer at Haskins Laboratories. The continug &ncluded identical syn-
the¥is 'control .parameter spec1f1catxons\ for Fa, 0 and the - overall. and
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f. o scestinuli uged in Experiment 111 in exemplars '.gitﬁ VOTs of .0 msec (left) and’+20 msec -
T R -.;.):(right)T'aj"Sixteen,VOT continua were created by combining e?ch 'of'.f,ou‘r Fl con‘tour.s
- n (1 Hl}]) with each of four Fy.contours .('[.1]'-[4])' The stimuli 1nc1ﬁuded a 10 msec
E . burst centered on'4000 Hz that is not shown. . T
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individual tormant amplitudes. They were.distinguisﬁed only by “differences

in‘ the frequency contours of their first and second (formants Srxteen :
continua were formed by combining each.of four F;j steady-state fxequengfzg\\\\\\\\
(208, 412, 614 and 819 Hz) with each of four Fy steady~state fréquencies
(1001, 1306, 1611 and 1917 Hz). This range of formant fréquencies includes
vowels not found in the English vowel system. Transitions in Fj, Fy and: Fj
were linear in frequency/time over.their duration of 35 msec. F] transitions:
rose from 208 Hz at stimutus -onset Lo the appropriate steady-state. Fj onset
frequencies were Computed so ' that ‘the extrapolated trajectories of Foy
transitions originated at 1800 Hz 50 msec ‘before syllable onset. The. Fj3-
transition had its onset.at 2861 Hz and fell to a steady-state at 2527 Hz.
All stimuli 1nc1uded a frlcated burst centered on 4000 Hz and lasting 10 msec

from stimulus onset. ,Eath stimulus was 300 msec in duration. Over the first
100 msec, the fundamental frequency was constant at 110 Hz. - Figure & in-
cludes schematic displays of the formant parameter specifications of the

stimuli.

Fach continuum consisted’ of 10 members with VOTs of +5, +10 +15, +20,
+25; +30, +35, +40,- +45 and #50 msec formed by replacing periodic excitation
with noise excitation in Fq and F3 and eliminating energy. in F).. The onset
of °1tCh pulsing was SynChronlzed to the intended VOT in every :tlmU]US

“~

Ten naive subjects listened to a randomization that included 10 in-
stances of each of the 160 stimuli. over Grason-Stadler TDH39-300Z headphones
at a constant peak 1nten51ty of 85 dB SpL., They were instructed to make a
forced-choice identification -of the initial consonant of each stimulus- as
either /d/ or /t/ and. tO indicate their percept by writing 'D' or 'T'. In

addition, Subjects weré® instructed to ‘mark with a '7'~any re5p005e .about
which they were not/tontldent - :

Results

Despite being presented with & bizarre array of "vowels, most subjects
experienced little difficulty in performing the ‘task. While four subjects
did indicate that many of their.responses to the members of the four.continua -
with F| set to 200 Hz were guesses,.no subject performed inconsistently with

" stimuli drawn from the other ' cohtinuaf : :

The data were examined in three-ways in differeht'univariatéi@nalyses.of
variance. The first examined the sums of the numbers of 'D' responses made
to each stimulus by each subject, according to the four factors: '

o ' L : . -

a) subjects (10), -

b) F| steady-state (208, 412, 6]4 or 819 Hz),

c) Fy steady-state (1001, 1306 1611 or 1917 Hz) and

d) VOT (+5,+10,+15, +zo +25, +30 ,+35,+40, +45 or +50 msec).

‘Both the main effect of F (F[3,27]=26.27; p < 0.01) and. its interagtion.
with VOT (F[27,243/=13.27, p < 0.01) were significant, Neither the main
effect of Fy (F[3,27]=0.68; p> 0.2), nor 1its. interaction with VOT were
significant. The data provxded bv the six 'subjects who perfor. d4 consistent-
ly ‘on all 51xteen continua were examined ' in probit analyses that fitted

hY
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“--.separate analyses with the factors:

i “a)-subjects (6);

ogives to the data from each subjeét for each continuum. Two parameters were
estimated for e%ch ogive: ‘the physical stimulus value corresponding to the
g 0.5 point on' the psychometric function and the slope of the  probit
regression. The first parameter isan estimate of the phoneme boundary. The -
second varies directly . with the standard deviation of the psychometric

,function underlying the test continuum and hence reflects the slope of the

identification function at the boundary. The two parameters were examined. in

H]

b) F, Steady-state (208, 412, 616 or 818 Hz) and
.- ¢) Fp steady-state (1001, 1306, 1611 or 1917 Hz).

Analysis  of the 50 peréent\intergepts that correspond to the phoneme

‘boundary, showed B significant effectx‘of%xFi (F13,15]=35.95; p < 0.001),

nonsignificant effects of ¥y (F13,15}=0.84; p >°0.2), and nbd ‘F}xFy interac-
tion (F[9,45]=0.48;'p > 0.2). Analysis or the boundary-slopes alsc showed a
significant effect of Fy (F[3,154=5.00; p <. 0.025), nponsignificant effects of
Fo (F13,15}=0.05; p>0.2), and no F|xFo interaction (F[9,45]=1.93; p > 0.1).

These results may be assessed in relation to the plots in Figure 9 where’
boundary position. is)plotted against the steady-state frequency of Fg for
2ach- value. of F} steady-state frequency. Only data ‘provided by the "siX
subjects who performed consistently on all sixteen continua are represented,
The plots corresponding to each value of Fj onset frequency are horizontal,

illustrating the 1acH\of any depehdency.of boundary position on “Ey " onset .

.frequency. Means obtained by averaging over .these subjects are tabulated in
Téble 6 which shows that. as the F] steady-state increases in frequéncy, two

. (o4 h . - § .
things do happen:. shioneme boundaries shift~to shorter VOTs and the-slopes. of
the probit regressions; and hence of the identification functions at the
boundary, become steepeff i o ' i o '

4

N
v

i

Discussion = b C B - ‘ ' -

o \ N - o , _

It is clear that, overall, the perceived frequency of Fy at the onset of
voicing plays an insigihificant role in determining how listeners ,categorize
the members of /d-t/ VPT continud as voiced or voiceless3, It is unlikely:
that- the absence of .an F; eftect here, as contrasted with Lisker's (1975)
data, results from our|use| of the .alveolar rather than the velar place of -

production. - Comparison of\the data from Experiment ITI with that plotted 'ind"

Figure 7 shows our velar'apd'alveolar data to correspond quite precisely.

.Wwhile Lisker's (1975) data kemain‘anomalous, the present result is congruent

with two earlier.observations. _Summerfield (1974a) varied the durations of
syllable-initial F), Fpland F3 transitions in the members of /ga—ka/ and /gi-
ki/ VOT .continua. This| produced a systematic change in the position of the

l

.macroscopic effect -soug

Zﬂgyever,|%ee Draper anJ;Hagggrd'(l974), Sawusch and Pisoni (1974), and-Repp

(1976) for discussions, of effects’ on the perception' of place and voicing

‘deriving from the micr struct&re of Fy and F3 transitions, as opposed to the
Wt herf., i L ' _ _ .

'3
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horizontal showing no. dependency of the p051t10n of ‘the. VOlClng boundary on the
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TABLE 6: Experlment III.

o

v Phoneme boundary positions in msec of VoT averaged over six bUbJeCtS
" whose data were internally consistent on all sixteen continua.

. The continua were distinguished by the frequency of their Fj steady-

states (1001 Hz, 1306 Hz, 1611 Hz or 191/ Hz) ‘and the frequency of
their F| steady-states (208 Hz, 412 Hz, 614 Hz or 819 Hz).

‘Four values are..indicated for each continuum. The first "is the
"pObltlon of the average phoneme boundary in msec of VOT [PB]. The
. gegond is the average slope of the Probit regression line [bL] U Its

units’are (Probit of |+voiced] responses)/{ms.).
The third and fourth values are ‘the frequencies -of the flrbt and
second formants at the mean phoneme boundary locations (F1* and Fap¥ )

¢
s

Continua with F1=208 and F)=412 Hz:-
F] steady-state (Hz),

: : - "% Fy steady-state (Hz) :- T :

[Fp). 208 208 -~ 208 208 .. 412 7 412 412 412

lE5)] 1001 1306 1611 ‘1917 1001 - 1306 . 1611 1917

MEANS a 4 : B ' :

[PB] 30.09 . 30v47 32.13 . 31,94 28.83 28.34 28.86 28.92
. LsL] -0.142 -0.158 =-0.167 -0.138 —0.?87 -~0.182" -0.174 -0.167

1Fy*] 208 208 208 208 .- 38l 38l 381 381
[Fg* | . 1001 1306 1611 1917 - 1077 1382 1611. 1917

o

Continua with F)=616 Hz and F1é818.Hz:% v
; 'F| steady-state (Hz),
. F2 steady-state (Hz):-
[Fy] 616 - 616 616 616 . 818 gre - 818 -  8l8

[Fp] 1001 1306 1611 .- 1917 ~ 1001 1306 1611 1917 -

MEANS :
+ | PB] 25,59 - 25.36  25.73 '26.34 22.84 22,24 . 22.33 22.99 .

s} -0.188 =-0.172 -0.158 =-0.169 -0.195 -0.185 =-0.195 =-0.227

[Fy*] 535 535 .+ 535 535 . 6%l 611> 611 611« -

" LFa%) 1077 7 1382, 1611 1917 1077 1382 1611 1917
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phoneme boundary- in /a/- ontext where there was an. extréme F; transition

whose onset frequency at any given VOT varied with transition duration.
However, there was no effect in /i/-context, where, despite a regligible Fj
transition,”’ there "were .appreciable transitions in Fo and F3 whose onset

"frequencies.did vary. Lisker et al. (1975) varied the durations of the Fo

and Fq transitions 1ndependently ofr that 1in Fl in the members of a /da-ta/
continuum. Systematxc changes in the position of the voicing boundary

resulted from manipulations of Fj, but not from those of Fy and F3. The:

“ results vf Experxment I11 sugment these earlier findings They demonstrate
‘" that thesmajor spectral influence on .the perceptxon of.. stop-v01c1ng resides

in F{ and is not distributed throughout the entire spectrum Perceptual

behavior is explained ih terms of the direct acoustic effects of particular’

vocali¢ environments on the v01c1ng cues without ‘the invocation of feedback
from the ‘phonetic identification of the vowel. : :

ﬁ%r each steady- state frequency of Fg9 wused’ “in Experrment I1I1, - the
emprigal function relating the position of the phoneme boundary -to- the” onset
frequency of F}, if plotted in Fxgure 7, would cross the dotted line that has
been purported to segregate results according to the frequency of Fjp
incorporated - in the stimuli. Clearly, a different rationale for the pattern
of data in Figure 7 is required. The explanation may be found in the

observation that the dxfferent data sets displayed derived from stimuli with

different overall durations. The stimuli of Lisker et al. (1975) and Darwin

~and Brady (1975) had durations of 600. mb%c, wiile those of Lisker (1975) were

- measures of other pertlnent cues, and compare the combined cue-value with a
criterion value to determine the value of the voicing féature. JIf the effect

450 msec, and" those wused in .the’ present e:periments were 300 msec in_

duration. Summerfield and Haggard (1972) observed  that - increasing the

duration .of the steady-state portion of a CV..syllable with a fixed VOT

increased the, prODabxlxty .that the .initial consonant would be. perceived as
voiced. They argued that this finding demonstrated perceptual sensitivity to
acoustic covariants of speech rate.:  We havewrepylcated this f1nd1ng1§nd

found -that an increase from 90 msec to '~ 310 msec in' the duration of the vowel
in the members of a /biz-piz/ continuum shifts the position’ of the voicing
.boundary ‘by about 7 msec. A sxmple mechanism that could simulate this- effect

would scale the duration of the separation interval in a stimulus in relation
to the total duration of the syllablz, combine the scaled duration with

~

of manipulating the physical. value >f _another cue, for example, F] - onset

frequency, were assessed by measuring changes in the position of the voicing

boundary expressed in terms of the physical value of the separation interval,
then the meéasured effect, would increase as the total duration of the StlmUIUS

-increased. The relation between the pr esent data and that of Lisker et al.

(1975) :and Darwin ‘and Brady (1975) is congruent with ‘this rationale; larger
effects of E| onset frequency variation were produced by these authors’

600 msec stimuli than by our 300 msec stimuli. This;: explanation remains to

be tested and does not account for the patterns pf Stevens and Klatt's (1974)

and Lisker's (1975) data; those data remain anomalous.

y



GENERAL DISCUSSION

Trading Relationships in Productien and Perception

These results identify the' perceived freqiency of the first formant at
the onset of ‘voicing as the critical spectral parameter influencing the
. _perceptual categorization of ‘members of VOT continua.. They have shown that a
""larger value of the.separation interval, the purely temporal component of
VOT, is required for the perception of a voiceless stop when F| has a low
onset -frequency (indicating greater vocal tract constriction) and vice versa.
This trading realtionship corresponds elegantly with one in production.
o ' . g I3 A. .
‘ In production, oral release gestures of diffeginglextents made~by'th¢
same articulators nevertheless tend to require the same length of time (for
example, Kent and ‘Moll, 1969; Perkell, 1969). It is observed that VOT varies

-

inversely with both the rate at which the.ofal reiease gesture is made and f

with the degree of vocal. tract constriction required by the phoneme following’
the stop. :Thus, ionger VOTs chgracterize velar stops.. compared to alveolars,
compared to bilabials {Lisker and Abramson, 1964); VOTs:tend to be longer
before the vowel /i/ than before /a/ (Llacti, 1975; Summerfield, 1975a); VOTs

are longer in stop+/r/+vowel and stop+/1/+vowel environments than. in-

' .stoptvowel enviromments (Klatt, 1975).% 1t is not entirely clear why this
relationship occurs in production. A relatively\constricted vocal tract both
. increases the acoustir load on the glottal source (Flanagan and.Landgraf,
1968),. and may also. retard the attainment of the transglotgﬁl pressure drop
necessary for vocal cord vibrgfion (van den Berg, 1968). Klatt (1975) points

~out, however, that passive aerodynamics can orly ‘contribute to¢ variations in .

VOT observed in productions of voiced stops, since in voiceless productions
the supraglottal pressure established during the occlusive phase is entirely

dissipated during the” fricative. portion of the stop-release and is at -

- .
: . . : -

v

4. Lisker (1961) "Voicing. lag in clusters of stop plus /r/. Haskins
Laboratories Final Peport on Speech Research and Instrumentation (unpub-

Tished). Lisker reports VOis measured. in syllable-initial voiceless stops .

"preceding a vowel and preceding /r/+vowel as follows:
/p/: +61 msec, /pr/: +89 msec; ' o
/t/: +64 msee, /tr/: +110. msec; . ~ o -
/k/: +77 msec, /kr/: +107 msec. : : . T
‘ - R

" Klatt (1975) reports similar data for voiceless ‘pioséves aid the =

following data for voiced plosives:
/b/: +7 msec, /br/: +12 msecs; -
/d/: +14 msec, /dr/: +29 msec; ,
/g/: +23 msec, /gr/:,+32 msec.

¢

¥
Il

~Tt. 'is.noteworthy that a putativelyivoicéd,fﬁyllablé4initial /grf can be

(Hirsh, » I'959) that .has been invoked as a psychoacoustic basis for the
voicing“distinctﬂon in English (for example, Miller“ec al.,. 1976; Pisoni, in
- press). o ' . o : o

~

Y

“i#characterized by a VOT almost twice as large as ‘the simultaneity.threshold -



Q

ERIC

Aruitoxt provided by Eic:

.-\l : ,

_atmospheric level at the time thn vocal cord adduction is initiated, He

suggests that, to offse et the inherentl- low frequency of F) ‘when stops are
produced t¢core a close ~Vowel or.a lateral, the timing of glottal adduction
relative to oral release could be actively delayed.? It is 'fairly parsimoni-
ous to postulate ‘such learned compensatibn in production. Perceptual sensi-
tivity to the summed cue ‘values of separation interval and F] onset frequency

-is already required, whatever the habits of productlon may be. By pooling

measures of these two cues at a low level,; the noninvariance problem for

'percéption is reduced, This perceptual summat ion should a ply equally in the
"speaker's perception of his own productions. As a guid pro quo, productlon

could.be expected to develop vowel contingent modifications.to delay adduc-
tion in order Lo ‘permit a general criterion value. of the summed measure to,

.characterize phoneme boundaries in most circumstances., -Possibly, small
- passive aerodynamic effects of the adjacent vowel upon voicing omset cccur in
unstressed syllables,. while larger delays result from -controlled adduction

delay 1n stressed syllables.

The, iQentification of the role of F| onset frequency permits the
rationalization of a group of previously reported results. In Figure 10,
four F| transition contours thar might be incorporated in the members of
synthetic VOT continua are schepatized. Transitions |al and |b} differ in
duration, while transitions' [b]. and le] differ in spectral extent. Contour

'|d] evinces no transition. Weré voicing to onset.at time T] msec, F] onset:

frequencies of F,, Fp, F. and Fq Hz would result. The diagram exemplifies,
as Lisker et al (1975) have emphasized, that variation in* either the
temporal duration or the frequency extent of an F] transition results, in’
covariation of Fl onset frequency at any given VOT. Thus, effects previously .
attributed to Fl transitions foliowing experimental manipulation of either

- transition duration. (Stevens and Klatt, 1974 Summerfield, 1974a), or freé-

quency extent ‘(Summer field and Faggard, 1974) where the F| steady state was
fixed, are more appropriately ascribed to variation'in F] -onset frequency.
Slmllarly, phoneme boundaries on VOT continua. involving the vowal /i/ (with a
low frequency ‘F; in the vowal and hence little or no F{ transition) fall at
longer VOTs than do those on cortinua with the vowel /a/ (with a high
frequency F) in the vowel and:a porentially extensive F| transition) (Cooper,
19745 Summerfield, 1974a; 1975b); that finding is rationally explained by the
ne?essarxly lower F] onset frequency in /i/~context. (Compare contours Iy
and [d] in Figure 10.) These results would be paradoxical if the transition
were ‘consideted to be a cue ‘to voicedness; the paradox™ led Summerfleld and

Zope o
' e : N

~ - . . L
. d LA RN . .
~ B : ’ o ‘

SWe ‘and ‘our colleagqe Peter Bailey have recently measured . periods . of.
devoicing and VOTs. in productions of /p/, /t/ and /k/ before /1/ /al, /ri/
and /ra/ in bisyllables such as /bepri/.. Total perlods of devoicing (that
is, sthe 'time- from the disappearence -of periodidity in the waveform .t

_approximately the moment -of stop °closure ‘to its  kxeemergence at voicing
‘onset), tend to be. more invariant than either the period of devoicing
preceding oral release or the VOT itself. Possibly obsen\ed covariations of
VOT with the degree of vocal tract constriction required by the followlng
phoneme reflect an active process in which it is the moment™of oral release{
that is varied within a fixed time-frame-of adduction-abductiog. =~

28 | I
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'Frequency .

Figure 107 Schematic ,descriptions of fdgr _sy11ab1e7initia1 first formant
L  zonteurs (lal, IbJ, [c], ld]) which could be incorporated in the

¥ members of different VOT continua. Were voicing to onset at time
Ty, first ‘formant onset frequencies cf F,, Fp, F< and Fyq Hz would
resuit.. . . | h : : o
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Haggard (1974) to consider a possibility that they ‘otherwise acknowledged to
be unparsimonious, namely that the perceptual weightings of measures of the
temporal and spectral aspects of VOT might be conditioned by vocalic context,
With F|/onset frequency identified as the critical spectral parameter, there
is no.teed for such feedback, and the voicing decision may be reached without
referefice to the category .of phoneme following the stop. (See also Darwin
and  Brady, 1975.) Further methodological implications are reviewed in a
following section. ‘ : 3

The results r~btained here may reflect "the effects of. another, less

influential spectral - parameter, in addition to F) onset - frequency. The

schematic displays in Figures 1, 2, 5 and 8 show that the consfraints that
were applied to ;he'ncoustic structure of the stimuli necessarily resvlted in
covariation of the frequency of .the fF| steady-state with, "in different
conditions, either the onset frequency of Fj, or the extent of the F)
transition. Increases in toth these latter variables raised the "probability
that a stop-consonant characterized by a particular VOT would be perceived as
voiceless. Thus, the results exhibit a correlation between the frequency of
the F; steady-state and the probability of a voiceless percept. Experiment 1T

showed that there 1is not a strong causative relationship between the two.

Bowever,/the results do not eliminate the possibility that there may be some
influence. Stevens. and Houge (1963) noted that the contour of F) in* the

vocalic portions of natural CV syllables is lower in frequency following.

voiced, as opposed to voiceless, stops--reflecting the increase . in vocal
tract, length that results from the lower position of the larynx in voiced
productions, (for exampie, Ewan and Krones, 1974). This aspect of articula-=
tory behavipr . increases the spectral difference in Fj; at voicing onset
between voiced and voiceless productions. It remains to be detetmined
whether an additional perceptual effect derives from the coarticulated
variation in the F; steady-state. ' '

]
»

First Formant Transitions and First Formant Onsets

‘The failure of an” F) transition to cue voicing in adults taises doubts

about Srevens and Klatt's (1974) suggestion as to its perceptual primacy for

the perception of voicing contrasts in infants. Such wariness 1is reinforced
by two recent findings. First, demonstrations of the categorical perciftion
of the members of continua  formed by varying the relative onset timg¢s of

noise and ‘buzz segments (Miller, Pastore, Wier, Kelley and Dooling, 197¢) and ~

pairs of sine waves (Pisoni, in press) have confirmed Hirsh's claim (Hirsh,
1959; Hirsh and Sherrick, 1961) that a natural psychoacoustic boundary
between the -perceptioa of successive and simultaneous  coterminous “acoustic

evénts occurs at a temporal offset of -about 17 msec. Although as the results.

of the present experiments show, the perception- of voicing contrasts involves
the registration of the spectral concommitants of the interval between
release and voicing onset, psychoacoustic considerations may well dictate why

a tempgfal interval is .the basis of ‘the voicing distinction in general

(whether positive or negative. values of VOT:-are involved), and why in
partj/ lar many of the world's languages place a category boundary between
VOTs 0f O and +40 msec. The second difficulty for the supposed primacy of
transitions comes from a developmental study by Simon 71974). He showed that

children older than eight years do not categorize any members - of a 'Goat--

2

Coat' VOT continuum as initiated by lgl, unless they contain a low F| onset

K
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frequency. Children younger than five years, on thea other hand, indicate
that they haveé perceived gl in the absence of the spectral cue and appear to
be primarily sensitive to variation in the temporal cue. These results
support Lisker's assertion of the primnéy_o[ the temporal aspect of VOT and
suggest that it is the al 'ty to detect the spectral cue that is learnt.

At present, it is not clear whethcréﬁnfnnta' behavior in discriminating
membews nf VOT continua (c.f. Eimas et al:, 1971; Streeter, 1976) represents
a psy-hoacoustic ability to distinguish successive from simultaneous acoustic
events, or a phonetic ability to distinguish voiced from voiceless stops
. (Pisoni, in press). The alternatives could be dissociated by- experimenting
with VOT continua (for ewxample, /gri-kri/) on which the phoneme boundary, by
virtue of a low F} onset .frequency, occurred at a considerably longer VOT
than the simultaneity-succesivity threshold. Would infants discriminate
better across the psychoacoustic'boundﬁry, the phonetic boundary, or both?6
B | — ' Lo ’

Implications for Studies Using- Stimuli Drawn from VOT Continua

T . . *

’

The demonstration that the temporal and spectral components of VOT may
be traded for one another and that, by implication,.each possesses perceptual

otency in cueing tle voicing distinction, has methodological import ‘for
potency g g , olog por

‘stuflies whpse stimuli are drawn. from VOT continua.

\

) " " : v’
Wherp F| transition duration is held unnaturally constant across contin-
ua that | represent articulations in, which it would normally vary, the

positiong of phoneme boundaries should. not. varys- Darwin and Brad§ (1975).

synthesifed /de-te/ and /dri-tri/ continua with identical parametric specifi=
cations pf F).- The perceptual identification functions for the two ‘continua
differed slightly, but in the reverse direction from that to be expected if
the bourjdary locations were determined by phonetic class: boundaries on the

. /dri-trl/ continuum occurred ‘at shorter VOTs than those on the. /de-te/

continupm. Lisker et al. (1975} synthesized /ba-pa/, /da-ta/ and /ga-ka/

‘continup with identical transition specifications for Fj).: Boundaries on

these three continua coincided, in contrast to those obtained in Lisker and

" Abramsdn's original (1967) study where the duration of the F] tranmsition
covaridd marurally with place of production.’ ) ' :

1f VOT continua involve cutback of the duration/frequency-extent of an

F| transition, then variation in VOT ower the duration of this transition

(for example, between times T; and Ty in Figure 10) will alter the physical

-~

b4

~

®The value of this test would be nullified if the psychoacousticvsimultaneity"

threshold varied as a function of the frequency of the lower spectral

Y

component of the stimulus.  This possibility is currently under investiga-

tion.

7p small place-voicing correlation,fequiQalent to a shift in the VOT boundary'

of about. plus ‘or minus 2 msec, remains even ‘when all acoustic differences
between stimuli are neutralized (see Draper and Haggard, 1974; Sawusch and
“ Pisoni, 1974; Repp, 1976; Miller, in press). S _

- K
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values ot both cura. Equivalent variation beyond the end ot the tranaition
(tor example, between times T3 and T4), or oun continua not involving an Fj
transition (for example, between cither T) and T9 or between T3 and Ty on
contour [dl), witl only vary the value of the  separation cue. ~ Lf, as the
results of the present experiments suggest, the decision an. teo the vatue of
the voicing feature may be represented as being based on a combination of
analogue measures of these two cues and others (Hoffman, 1958; Haggard, 1974,
Summerfield, ‘1974b)8, then the perqeptual. effect of a particular change in
VOT will depend upon the magnitude of the change ia the combired value of the
cues .that' it produces. A VOT shift that changes the physical values, and
hence the perceptual measures, of both cues should produce a larger perceptu-
al effect than should one that only varies the value of the separation cue.
It is likely, in addition, that the perceptual' scaling of the temporal
separation component of VOT for values greater than the simultancity-
successivity threshold approximates Weber's Law (Abel, 1972; Miller et al.

~1976). As a result of both these factors, the perceptual effect of a change

in VOT of f1ixed size should diminish as the absolute VOT on which that change
is centered, increases. ‘The perceptual consequences of the two factors have
not been dissociated, although effects have been observed that reflect their
joint operation. quon1 and Lazarus (1974) carried out 4IAX discrimination
tests of members of a /ba-pa/ continuum involving syllable-initial formant
transitions of 50 msec ,duration. They noted that discrimination of stimuli
differing in VOT by 20 msec was more accurate in the voiced range of VOTs
from 0 to 40 msec, where the physical values of both cues were changing, than
in the voiceless: range above 40 msec. Similarly, Summerfleld (1975¢) meas-
.ured phoneme bpundary widths, defined ,as- the difference between the VOTs
correspond1ng to 25 percent and 75 percent voiced responses for each of elght
subjects on a /ga-ka/ continuum ‘that was synthe51zed with an extensive rising
F; transition of .60 msec duratlonA and on "a /gi-ki/ coutinuum that was
synthesized with no. Fy transition. Boundary width, in this definition,
relates inversely to discrimination in the boundary reglon and should reflect
the rate of change” of the combined value of the two cues at the boundary.

Mean phoneme boundaries occurred at +29.0 msec in /a/-context aad at
+41.6 msec in /i/-context. Mean boundary widths were 6.6 msec in /a/- context
ana 10.5 msec in /i/-context. - Each of the eight subjects displayed. larger
boundary widths on the /gi—ki/ continuum than on the /ga-ka/. continuum.

Similarly, estimates of the slope of the psychometric functions underlying

‘ the continua ~in ExperlmenL 111 decreased ,significantly as mean phoneme

"boundary location. anreaSed In al] these studies, discrimination 'of VQT
differences was best (a) at shorter as opposed to longer .VOTs, and (b) when
the changé in VOT to be discriminated varied both the separatlon interval and

the onset frequoncy of the flrst formant .

CAn implication of these observations -is that the 51ze of the change in
the position 'of the phoneme boundary on a VOT continuum induced by " a given
difterence in some contextual variable will be greatest when -the induced

. . \ - N » N -’ » SN :
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change occars at a large -mean VOT. and only -varies tbe duration . of the.

separat1on«cue It will be smallest when the changé occurs at short VOTs and
varies. both the onset frequency -oif Fl and the duration of.the separat}on cue.
Summerfield (1975b) measured the size e of shifts "in the phoneme boundary on

"+ VOT continua- caused by -variation in the’ syllabic rate of phrases that

:flntroduce test syllables drawn from the continua. On continua- synthesized-
"iwith the vowel./i/ (where F] was low in frequency and there was only a‘small
Fy transition), phoneme boundaries ‘fell at longer VOTs .and larger' phoneme’

"'Qboundary sh1fts were ‘measured, ‘than.on continua with .the: vowel /a/ (where

T~

‘ithere was an extensive Fj trans1t10n) The observations confirm the above
':deductlons concern1ng discriminability and lend force to recent warnings by
“Abramson (1976) -that - the VOT dimension, though a simple temporal continuum
when v1ewed 1n art1cu1atory terms, involves variation in a .complex .set of
‘.acoustic. parameters whose relative availability. is a function of both

absolute VOT and phonetic context. The 1nterpretat1on of data obtained with

stimuli drawn from such cont1nua is only valid if it takes th1s complex1ty.
. 1nto account.

s e . 5

, SUMMARY AND CONCLUSIONS

- v . s .
- '

The experiments reported here permit two coné¢lusions: (1) The perceived

onset frequency of F) .is the critical spectral parameter included in the,

repertoire of cues to. the voicing decision for syllable—initial préstressed
stop-consonants 'in Eng]1sh . The, spectral 1n§1uence der1ves only from Fy, not
from the spectrum compr1s1ng F1; and the hlgher formants. - (2) A per10d1ca11y

excited, rising first formant transitiom is not, per-se,.-a pos1t1ve cue to

voicing when its onset frequency is controlled.9

In. perceptlon, the temporal separatlon component of VOT and the Fl onset
frequency component may be traded one ‘for the other: the lower the’ frequenc

" of Fi at the -onget of»vo1c1nb, the longer_the separatlon interval requ1red to

produce ‘a voiceléss- percept This ~-trading relationship parallels one in
production where VOT varies 1nverse1y with the degree. of vocal “tract

constriction, and hence with the frequency of -Fj, required by the phoneme -

following the stop-consonant. .
. B <}

The greater role of F| onset frequency than of F] transition:here does
not imply -that transifion characteristics are never important in /speech
perception. = A rising first formant at the onset of a pattern of formant

frequendies signals ah.obstruent articulation ‘and is more likely to /predis-—
pose a consonantal percept, than is a fixed—frequency transitionlegs first

v . ' l/‘
/

. . . { L4 o
INot all aspects of the ,present results are entirely. novel. ./ Liberman,
Delattre and Cooper (1958) roted ‘that cutting back F] changed tpe values of

.ftwo correlated variables:- the onset time. of. Fy ‘relative to FZ‘and F3; and

the onset frequency of Fj. They demonStrated that relat1ve onset time has
.perceptual significance independent of onset frequency. Whether F] onset

-frequency had independent perceptual ¢<ignificance was: not neportéd at ‘the |

-time. "The intervening years have enabled us to bring more sophisticated

synthes1s, psychophysical methodz, and both psychological and articulatory
1nterpretat10ns to the classical:- problem of spec1fy1ng the iues .

al
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formant onsettlng at the same. frequency. Such a rapid spectral change need
not be sonxlned to the spectrum above 1 kHz as ‘Stevens (1975) suggests It

121ng (+v01ced) contrlbutes T : - S e e
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"Perceptual Integration and Selective Attentlon in Speech Perceptlon'“
Experlments on Intervocaliec Stop Consonants

3

AT

_Bruno H. Reﬁp TR S ‘ L . .

“ABSTRACT

“ Thr
and explosive formant transitions of intervocalic stop conso-

mants were conducted using synthetlc VeV utterances. Experlment I

demonstrates that implosive transitions are dlfflcult to perce1ve
correctly when followed bv a steady-state vowel after a short silent

. interval (closure).. Thus, perception of the stop is.interfered with

even when mno conflicting explosive .transitions follow the ‘closure
period. The same experiment also shows that VeV stimuli in which

the’ 1mp1051ve transitions are followed by’ confllctlng explosive.
‘transitions are difficult’ to, d1scr1m1nate from stimuli in.which the

1mploslve transitions are phonetlcally compatlble with the exp1051ve
transitions or absent altogether, as long as the closure duration is

~sufficiently short. Thus, the 1nterference effect is.as .pronounced -

in terms of dlscr1m1natlon ‘performance as it is-in .identification.

experlments on the perceptual 1nteractlon'betWeen 1mplo—"

Further

nxperlment II, a reaction-time (RT) task, repllcates the flndlng;ﬂs

that 'same" Judgments about the medlal consenants in ﬁdb successive
VCV utterances are faster and more accurate ‘when  the final vowels

‘are the same than when ‘they ‘are different. Eliminating the explo-

sive transitions does not +educe the effect, hot'evenuat relatively
long "closure duratiecns, which indicates a general perceptual inte-
gration effect that. is not mediated by the acoustic ‘covariation of

'eXp1051ve transitions with the final ‘vowel. .The data suggest that,

in addition to complete stimulus identity -- .which apparently is

~detected at a prephonetic, holistié stage of processing -- equality

of. overall stimulus‘' structure (VC vs. VCV). facilitates ''same
judgments.. The size of the perceptual units compared Seems 'to
depend on the structure of the stimulus presented “first. Experiment
II1 investigates perceptual 1nteractlons between implosive and ex-
plosive transitions by preceding stimuli from a /be/-/de/ -continuum
with either /ab/ ot /ad/; or followlng stimuli from' an /ab/- /ad(

" continuum with either /be/ or. /de/. Precursor/postcursor effects on
the stimuli from the acoustic continua are measured om.a six-point

rating "scale. At a closure duraglon of 25 'msec, the implosive
transitions .exert a pronounced ‘assimilative effect on the perception
of the explosive transitions, "although’ the former are not perceived

as a separate phonemic event. At a, closure duration of 265 msec, -

r

the Haskins Laboratories.
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"explosive trznsitions exert a slight contrastlve effect on 1mp1051ve, _
S trans1t10ns (now perceived as ‘a separate consonant) but not v1ce N

e
_/

. . /
The present eXperlments cont1nue and extend research reported earlier by

Dorman, Raphael; Liberman, and Repp (1975) and Repp (1975, 1976a, 1976b).
For>a general’ 1ntroduct10n, the redder-is referred to these earlier art1c1es

o versa

BN

.wl |

. This experiment.had two parts: an 1dent1f1cat10n task and a d1scr1m1na—

tion task. Dorman et al. (1975) demonstrated that a VC-CpV utterance, for

example, ./eb-de/, tends to . be perceived as VCyV (that is, /ede/) if the stop

closure - interval is ‘artificially shortened. A perlod -of 50~ 80 msec’ of

silence is needed to identify Cj correctly In an eXperlment using. synthetlc

stimuli similar to those used in the present studies, Becky Trelman1 found |
. -asymptotic identification performance at a closure, period ‘of 60 msec.

Informal observations of my-own showed that it is not-absolutely necessary teo

follew the implosive transitions (Cl) with conflicting explosive transitions

(Cy) for the perceptlon of “C; to. be 1mpa1red similar interference also

seemed to occur in VC-V utterances, that is, when the 1mplos1ve transltlons

were followed -(after a short period of sllence) by a steady-state ‘vowel that

did not provide conf11ct ng information about the place of articulation of

the stop consonant. This effect was ‘to be demonstrated more formally in Task

‘1 of the present experlment

. : . W .

. The ‘results of Dorman et al. and ' Treiman were obtained in| identification
ltasksf where the .subjects s1mp1y wrote down what. they heard - While /egb-~de/
- with a very short closure period may sound like /ede/, ‘the questlon remains
+~ .  whether it counds exactly like a '"real" /ede/ (that is, /ed- ds/) ‘with the

same closure period.” Although - the "two - utterances are phonetically alike,
they may still have a d1scr1m1nab1y different, aud1tory quality, or one may-be
a less convincing 1nstance of /ede/ than' the other Recently, 1 demonstrated”
(Repp, 1976b) ‘that it is very difficult to discriminate /ed-de/ frem /e-de/,
‘where the implosive transitions have been substituted with =teadyﬁstate vowel
formants. Performance in this task approached chance -at a closure perlod of
65 msec, the shortest interval used in this- ear11er studys. To, explore both
issues further, three types of utterances were tested for thg;r discrimina-
bility from each other 1in Task 2 of the present experiment. The three
stimulus types were VC-CV (for example, /ab-de/, heard ‘as' /ade/s at short’
closure intervals), V(C)-CV (for example, /ad-de/, which is always heard as
/ade/ “at the closure durations-used here) and V-CV (for example, /a-dg/,.
which is heard as /ade/ at snort closure duratlons afd as ‘fa-de/ -~ with a
:perceptfble pause between initial vowel and consonant -~ at 1onger closure
duratlons). These stimuli differed only in the portlons immediately preced-
ing the silent .closure int val the implosive transitions were either
_ incompatible with the. explosi %iztransitions (VC-CV), compatible (V(C)-CV), or
completely absent (V-CV). Task 2 of Experiment. I was deslgned to determlne,

N

~ . -

IThis experlment was conducted by Ms . Trelman, with my ass1stance, to fu1f111
a course requ1rement at Yale University. No formal write- up is available.
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'the functlons that relate dlscrlmlnatlon accuracy to closure duration for the

i

p e - =

three pairs of st1mu1us types . .

Subjects. The subJects were 10 re1at1ve1y 1nexper1enced 1lsteners and

hyself ‘Eight of the subJects had previously participated in Experlment IT,

(described later in this paper) and thus had beén exposed to stimuli very

.51m11ar to.those in the presont exper1ment

, S*imuli The st1mu11 were der1ved ‘from those used. in my earlier stud1es
(sée Repp, 1976b, for details). The basic stimuli were /abe/, Jabi/, /ade/, .

‘and /adi/, synthesized on the Haskins Laboratories parallel formant synthe-

sizer. In- the stimuli for Task 1, the explosive transitions 0of the medial

“stop consonant were replaced with the steady-state formants of the following

vowel.  This resulted 1n /ab-g/, /ab=i/, /ad-g/, and' /ad-i/, ;hat is, /ab/

~ and /ad/ followed by either /e/or /i/ after a variable closure duratlon The -
closure intervals ranged from O to 125 msec in 25-msec steps. ‘ The resultlng-

24 stimuli were recorded ‘in five different randomlzatlons with 1nterst1mu1us

intervals (ISIs) of 3 sec.3 This series was preceded by a random sequence of

10 /ab/ and 10 /ad/ syllables : -

' Three types of stimuli were prepared for ‘Task 2. The original stimuli
represented the V(C)-CV set in which both implosive.and explosive transitions
Mere "appropriate for -the sdme place of art1cu1at10n VC-CV utterances /ab-
de/, /ab- di/, /ad- bg/ and /ad bi/ .were obtained by interchanging the 'VC

'portlons of the: V(C)-CV stimuli. V- CV 'stimuli /a-be/, /a-bl/ /a-de/, ‘and

/a- d1/ were. obtained by rep1ac1ng the implosive ‘transitions with: the steady-
state fdrmants of the initial vowel, holding formant amplitudes constant.
The closure duratlons used ranged from 0 to 100 msec in 25-msec steps, except.
for the practice trials, ‘where the stimuli’had a 250-msec closure interval.

) R 3 .. . ’ b : C . ’
There were three 'discrimination conditions: V(C)-CV vs. VC-CV, V(C)-CV

"vs. V-CV, and VC-CV vs. V-CV. An AXB paradigm was used, that is; the first

and the last stimulus in a triad were always different from each other, and
the second stimulus was identical with either the first or the third. - The
stimuli in a triad always had the same closure duration ‘and- the _same -CV

‘portions; they differed only 'in the information immediately preced1ng the

closure. interval. 1In *each condltlon, there were 80 AXB . triads) resulting

from 4 stimuli with 5 closuré durations ‘in 4 AXB configurations (AAB, ABB,

BAA BBA) Each - ser1es was randomized and " recorded as a __separate- block,

: preceded by 16 pract1ce trials (stimuli with 250*msec closure(lntervals)

K}

-t

¢

2My own data were included because they were not. qualitatively d1fferent'from
.those of the other subjects (although I made fewer errors) and because they
had—also been ‘included’in Experiment II of Reop (l976b) which was to be

compared with the present results. : »
3Note °that in thls paper, Sthe term ISI 'never denotes the brief silent
interval between the, VC and CV (or V) portlons of st1mu11, which is. always
referred to as clasure 1nterva1 - o
39
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The within-triad ISI was 1 sec; the'betweenFtriad 181, 3 sec. - J

Procedure.” ~4ll subJects first " did the 1dent1f1cat10n taskl -hAfter
11sten1ng to the short practice. list of -VC syllables, the subJects listened

twice to the VC -V identification series. The first time they were instructed.‘
to write down B when they heard /ab-e/ or /ab-i/, D when they heard /ad-e/ or.

. /ad=i/, and 0 when they heard no consonant at all, thatyis, /a-¢/ or /a-i/.
"In the second run, O-responses were no longer. perm1tted and -d forced choice
between B and D had to be made for each st1mulus :

The sequence of- the three d1scr1m1nat10n c01d1t1ons was,appromeately
coutiterbalanced across subjects. The structure of the stimuli was explained
before each condition, so that the subjects knew. quite "well what they ~were
‘listening to and what they were trying to discriminate. The -responses, were A
.and B, whtchever the X stimulus ip the'AXB triad equalled

\1

" Other procedural detalls were the same as in previous studies (sée Repp;
. 1976b). ' T . - ~ T

-z

Task 1: VC-V Identification. All subjects identified the 20 practice
VC syllables without difficulty. Only a 'single error was committed. The

résults of the fifst run through' the VC-V identification task.are 'shown in

Figure la. Tne dashed line represents O-riesponses, the solid ‘line the total
error rate (that is, O-responses plus confusion errors). . The difference
between the two functions is. the percentage of confusions, which" did not
change at all with closure duration. [The percentage of G- ~responses declined
rap1dly over the first 25 msec and then more slcwly -

Estlmates_ofvperfqrmance level in Ran 1 may be bbtained by assuning
that, 1f forced to guess. instead of responding 0, the subjects would have -

been correct 50 percent of the time. These estimates are shown in Figure 1b
together with the results of the “second run - (where O-responses were not
permitted). : It can be seen that per’ormance was close to chance when there
was no closure interval at all; byt 1cv improved rapidly as closure duration
increased. An asymptote seemed .to be reached at a closure duration of 100

msec; however, note that the asymptot1c error rate was much -higher than for -

.VC-'syllables in isolation! Performance .in Run 2 was better than in Run 1.
This may reflect not only practice effects, ‘but also the 1ncorrectness of, the

. assumption that all 0- ~responses were equ1valent to gandom guesses

"
- i

: . . 4 .
A 4-way analysis of variancé was performed' on ithe data in Figure .1b,

with consonant‘and (final) vowel as additional factors. The effects of runs

AR 10 = 26.6, .01) and.of closure duration (F5,50 = 33.5, p<s._.01) were.
. h1ghly s1gn1l1cant In addition, however, there was a s1gn1f1cant effect of
‘consonant (Fj'19 = 5.5, p < .05) and a highly significant conscnant x vowel
‘interaction (?1 10 = 17 2, p< .01). This interaction is shown in F1gure 2.

It is evident that when followed by. a vowel, /ab/- was, much easier Q.
identify than /ad/, especially at 1longer: closure ‘durations, where, /ad/

stimuli were solely responsible for the high error rates. In addition, /ad- -

i/ was much more difficult -than /ad E/, but /ab—s/ was more difficult than
/ab 1/ 4 . ‘_. .

40 - « : SR
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Figure 1: VO~V identification errors as a function of closure duration.
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" VC-V IDENTIFICATION: RUNS 1 AND 2
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, Task 2: VCV Discriminatiod. As expected’ . the VC)-CV wvs. V-CV
{compatible vs. absent implosive transitions) condition was the most diffi-

" cult. This was evident’ already in the practicé trials, where the average

ervor rate was 16.5 percent in this condition, but only 6.8 and 6.3 percent,
respectively, in the other two conditions. . The results for the shorter
closure.durations are shown in Figure 3. The compat1b1e -absent condition was.
more diffi¢ult than the incompatible-absent condition, which in turn was more
difficult thap the compatible-incompatible condition. Error rates declined

-stead11y as closure duration increased, but were still considerably ‘abov~ the"

practice trial error rate at the longest closure durat1on, wh1ch ‘thus 'does
not.represent the asymptote. : :

A‘A—way’analysis of variancelshowed not only highly significant “effects
of .condition (Fp.20° = 17.3, p < .01) and closure dutation (F4 40 = 38.1,
p <<.01), but also a significant effect of vowel (F1 10 = 7.9, p < OS)iand

‘a s1gn1f1cant cordition x comsonant interaction (F2 20 = 13.6, p< .0,

Slnce none of these effects interacted with closure duratlon, the data were

~collapsed over this factor and each condition was analyzed separately in a 2-
way analysis of ¥ariance. . ‘ . - : .

2

In the compatible- absent cond1t1on, there was on1y a s1gn1f1cant effect

detect_ in /ab/ (B) than in /ad/ (D). For /ab/, performance remained at
chance level up to - a closure duration of 50 msec or more, while for /ad/ the
error percentage decreased almost linéarly from the beginning. These resuls
are in excellent agreement with those of Repp (1976b, Experiment II, Task 3,

Figure 5) wherq.exactly the same difference was found .at sllghtly longer_

closure durat1ons.m

e

In the compat1b1e-1ncompat1b1e cond1t1on, there wasgmanly a marginally
51gn1f1cant effect of vowel (F) (10 = 5.5, p < :05). Stimuli ending in /-€¢/
were -easier than st1mu11 ending in i/, but this difference was present on;y
at two closure durations (25 and 75 mSec) A similar effect was present in
the incompatible=absent:condition but d1d not quite reach significance (Fy 10

.= 4.2, p <. 10). However, in the latter. cond1t1on, there was a s1gn1f1cant

effect .of consonant (F1 10 = 8.9, p <.02). As indicated by the s1gn1f1cant

~condition sx consonant~1nteract1on obtarnea car11er, ‘this effect -was ‘in--the™

oppos1te ~d1rect1on of that 1n ;he compatible-absent condition. - However,
since the ¢onsgnant factor in this earlier ana1y51s reflected the nature of
the. exglos1ve transitions (which  alone .were' constant from condition to
condition), it 1is obvious that the.consonant effect in the .incompat 1b1e7

'absent cond1t1on (shown -in Figure 4b) was the same as that in the. compat;ble-

abgent condition .n terms. of implosive tran51t1gns. 'Thus, the presence of"
implosive labial" ‘transitions . was more difficult to detect, regardless of.
whether they were followed by compat1b1e or 1ncompat1b1e explos1ve transi—

tions. That the two consonant effects shown in Figure 4 were in fact due to

the. 1mp1051ve transitions and not the explos1ve trans1t10ns, is also support-.

‘ed by the complete abSence of a consonant effect. .in  the compatible-
'1ncompat1b1e condition, where the consonant factor reflected only var1at1od

in the explosive transitions. : , o i

' _ : L B

. of consonant (Fl 10 = 13. 1, p < .01) which is shown in Figure 4a. Quite .
. obv1ously, the presence of. 1mplos1ve transitions was much more difficult to

-t
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Discussion

'

The VC-V identification task demonstrates that- it is not necessary: to :
follow implosive transitions with explosive transitions to produce interfer-
‘enée at short closure durations. A steady-state vowel is sufficient. No
direct comparison of the two effects was conducted here, but c0mpar156n with
the results of Dorman et al. (1975) and Treiman (see Footnote\l) suggests
that the interference of ,a steady-state vowel is somewhat less severe than
‘that of incompatible expldsive transitions at short closure- ‘durations, but -
that .it extends to longer [¢losure durations. Overall, the two effects do not
K - seem fundamentally differe#t sfrom each other.4 : K

This finding is- compatible with both explanations that have been
forwarded for the interference effect. One explanation claims it is true'
recognition backward masking, thal 1s, 1nterrupt10n of processing (Massaro
1975); . the ‘other refers to links between perception and production and
a85umes that the perceptual system refuses to dedl with speechlike sounds

that are impossible to articulate (Dorman et 2l., 1975; Liberman, 1975).- It "~

is certainly true that a’'VC-V utterance with a perfectly steady-state final
vowel could not te pronounced with closure durations as short as the ones
used here. .Theres is a mr-e specific 'implication<for the backward-masking
hypothesis: if it is correct, then the 1nterrupt10n of processing of the
implosive transitions probakiy does not take place in a mechanism specialized
for the perception of stop consonants or place of articulation, since cthe
masking vowel prﬂsumab]y dces nor engage this processing mechanism. Rather,

. we.seem to be dealing with « more ' general audltory 1nterference with the
perceptlon of implosive tran51t10ns

\
The large d1fferences due to consonants (/b/ vs. /d/) and vowels (/e/
“vs. [/i/) were quite surprlslng On the basis of the acoustic characterls—
tics :of the target stimuli alorne, a consonant effect in - the ,opp051te
direction might have beep expehted /ab/ differéd from /ad/ not only in the
) second— and third-formant transitions, but;/1t also had a shorter first-
formant (Fl) transition with a higher 'tefminal frequency. 5 8ince the Fl
tran51t10n is an important manner cue, one might have expected /b/ to be less

‘ stop like" and therefore more su%ceptlble to interference . than /d/.
’ ~ Ingtead, /d/ was mich more affected by the following vowel. Closer -inspec-—
‘ tron\\of the data from Run 1 showed, however, that this difference was:
primarily due to genuine misidentifications of /d/ as /b/; khere. was a much
g%s%aller difference between the two consonants in terms of O-responses, wh1ch
| Feflecq detection of the manner cue. Thus, - it was’ alveolar place of’
brticulétion that * specifically" suffered frOm interference. reover, as

\

! ‘ ¢\

4Malmberg (1955) noted long ago that the consonant of. VC-V.

il perceptually grouped with the" f1na1 vowel when the closure duration is

" very short\ he did not mention any interférence effect. This difference may
be ascrlbed\to Malmberg's use of sophlst1cated listeners, and perhaps to the
1dent1t) of\the 1n1t1a1 and f1na1 vowels in his stimuli. =~ - "~

5This d1fference ‘was not really intended but somehow crept into ‘the. or1g1nal
stimulus.set and: then was carried along. It was also present in the earlier
experiments (Repp, 1976a, -1976b) and was eliminated only in the present

‘Experiments I and I11. |
46 .
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, have spec1f1ca11y harmed /d/ 1dent1f1cat10n

ot

Flgure la SwaS, there was V1rtua11y no decllne in the frequenCy of genuine

~confusions as’ closube duratlon increased. Even at a closure duratlon of 125

msec, a largze prOportnon of /d/ stimuli was labeled /b/, despite the. fact
that the VC portions were perfectly identifiable in- isolation. This was
surprising since the final /d/ was, in a sense, acoustically more 'prominent"
than the final /b/, due to its .steeply rising third-formant transitions’
(cf. also Repp, 1976b). Prec1se1y for this reason, however, Yad/'perhaps
sounded less natural than /ab/, and this may have been responsible for its
poor identification when followed. by a steady—-state v0we1 -

, ”The interaction between consonants and vowels (Figure 2) is even more
intriguing. -Closer inspection of the data from Run 1 indicates 'that the
‘differential effect of the two vowel masks on 7ab/ was entirely due to O0-
responses, while, with /ad/, both-O-responsés and genuine errors shtived a

large vowel effect. The differentihl .effect of the two vowels on the
detectability of the manner"éue'(implosive F} transitions) may have been due
to their different Fj frequencies. .However, why did it interact with the

final consonants? As mentioned earlxer,l/ad/ had a longer F} transition with
a lower offset frequency than /ab/; /i/ had a lower Fj than /e/. Thus, the
Fy of /i7/ *(279 Hz) was closer to'the F| offset of /ad/ (381 Hz), and the F;
of /e/ (535 Hz) was closer to the F) offset of /ab/ (560 Hz). .This‘relatiVe
continuity of F] may have led to the perceptual illusion of-a‘transition
between two vowels without any 1nterven1ng\811ence We thus arrive at the --—
“admittedly speculative —- hypothesis that a listener will be less 11keby o
perceive an implosive F} transition as a stop manner cue if it p01nts t0wards
the Fj frequency of a following v0we1 :

The devastatlng effect of /i/ on the perceptlon of /ad/ rema1ns to be
explained.’ Perhaps the relative continuity of the second and third formants
(Fy and.F3) can provide an explanation. /ad/ had rlslng lmploslve Fp and F3
transitions; the Fj offset. (1459 Hz) was below the Fy of /e/ (1840 Hz) and
far below the Fyp of /i/ (2298 Hz), while the F3 offset (3363 Hz) was abdve
the F3 of /i/ (3029 Hz) and far above the \F3 of /e/ (2527 Hz). A formant
continuity interpretation would be possible only for F3 but not for Fp, for
which the relationships are reversed. However, to the degree that the Fg
transition was responsible for the somewhat artificial .sound of /ad/ its
relative continuity with the F3 of the f0110w1ng vowel (eqpec1a11y /1/) may

. X . , .
Thus, the results point towards frequency spec1f1c 1nteract10ns between
the implosive transitions and the following vowel. Relative continuity of
formants across the intervening silence seems to make it more difficult. to
perceive -manner and place conveyed by 1mp1051ve transitions. This effect 1s
reasonable from an auditory information processing viewpoint. However, an
1nterpretat10n in terms® of artlculatory .relationships may also be p0551b1e,
since audlrory and articulatory varlables are highly correlated.
o Turning to the results of the, discrimination task, note first that the
general interfering effect of C2 on C] in VC-CV utterances was confirmed. As
‘closure duration was decreased, ve- ~CV became 1ncrea51ng1y more difficult to
discriminate from V{(C)-CV and V-CV: The extent and timeé- course of the effect
were not only similar to those reported earlier by Dorman et al. (1975), -but
they also paralleled the reqults in the VC-V identification task, confirming
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that backward 1nterference by a steady—state vowel and by an 1ncompat1ble CV
syllable are basically similar effects. - The¢ fact that the present "masking"

functions extend over a wider range of closure durations than those of Dorman
et al. (1975) may be due to differences in st1mulus structure and methodolo-

. 8Y-

B

Despite the fact that V(C)-CV and V-CV utterances were very difficult to

discriminate from each -other, VC-CV. stimuli weré comnsistently easier to

discriminate from V(C)-CV stimuli than from V-CV stimuli. - In the'V(C)-CV vs.
VC-CV condition, the difference consisted in a large difference in F, and F3
and 'a small difference in Fj;. In the V-CV 'vs. VC-CV condition, the"
difference in F1 was larger,but that in Fy and- Fq was smaller Apparently,

‘then, it was the difference in the h1gher formants that was more important

for discrimination performance. The ac0ust1c ‘differences to be discriminated
in VE-CV vs. V-CV, and in V(C)-CV vs. V-CV were about equivalent, and indeed
performance in the two conditions was similar at the two shortest closure
durations (see Figure 4). At longer closure durations, the former condition .-
had an advantage as the difference .in phonetic structure began to emerge.

“tus, the results suggest that discriminations -at very short closure dura-
tions "weve made primarily on the basis of auditory differences .(very
ineFficirhtly) ‘while at -longer closure durations, phonetic distinctions

.~ played s=n.-increasing  role. The d1fference'between VC-CV vs. V(C)-CV.and VC-

CV vs.. V-CV at longer closure durations may also reflect a phonetic factor,
as suggested by my own ‘observations: when -V-CV stimuli were paired with VC-
CV stxmull,-the VC-CV context sometimes induced the V-CV stimuli to be heard
as VC-CV too, thus reducing discrimination accuracy. .In V(C)-CV stimuli, the
presence of (compatlble) 1mploslve transitions apparently prevented such
phonet1c=1llus1ons Jt-.also seems that they did. not occur in V(C)-CV vs. V="

'CV discrimination, so that the better-than-chance ‘discriminability of these

stimuli must be ascribed to.an auditory cue —- a slight discontinuity between
initial vowel and consonant in VC-V 'stimuli that became noticeable as closure

duration increased. i

It

' The strong consonant effect in the V(C)-CV vs. V-CV ccndition’ replicated
the effect found by Repp (1976b). Most likely, it was due to.the perc¢éptible
acoustic difference between the'implosive transitions of the two.consonants.

The 'steeper- F) and F3 transitions of /ad/ and its resulting somewhat strident

0
5

- sound insured its® Jbetter d1scr1m1nab111ty from the steady-state vowel. The

consonant effect was less pronounced in”the VC-CV vs. V-CV condition, perhaps
because -of the higher ‘performance' level there, which resulted from ‘the

"~ additional ‘phonetic .factor aiding discrimidation.

. exactly the same target dlscr1m1nat1on was requ1red on ever

While both the above conditions involved the discrimination of a VC
stimulus from a V stimulus in the presence of a constant\CV "mask' -- which
amounts .to detecting the presence of 1mplos1ve transitions 7—” the third
condition, V(C)-CV vs. VC-CV, involved the discrimination of- twd different
types of implosive transitions. Thus, unlike the othé?\ltwo conditions,

trial, and only
the CV mask varied. 1In contrast to the variation .in 1mplos1ve transltlons,

- the var1at10n in explosive transitions had no effect on performance

48
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decisicn process

A

EXFERIMENT IT . | )

' . e

This exper1ment was a. follow-up to Experlment I. of Repp (1976b) and very

similar in design. Repp (1975, 1976a) showed that 'same' judgments about the
medial consonants of two successive VCV (that is, V(C)-CV) utterances have ™~

shorter latencies. when the final vowels are the same than when they are
different, and that. this effect persists when the closure period is:

increased. - Since the absolute latércies also increased with- closure
duration, it seemed that the subJects based their decisions solely on the cv
portions of the stimuli. Repp (1976b, Experiment 1) used a design' that

randomly mixed VC and VCV.utterances, 'in order to force the listeners to

focus on the implosive transitions. This procedure was successful in sa far

as the latencies no 'longer increased systematically -with the closure duration
of the VCV stimuli. Paradoxically, however, the effect of the final vowel on

‘"same" .latencies did not dlsappear at long closure durations -=- a result that
-could not be explained, since the 1atenc1es seemed . to indicate that 'the

subJects relied on the 1mp1051ve transitions alone, which were independent of

' the final v0we1 . . - o v

Repp (1976b, Experlment 11) employed a simpler choice-reaction time task
to get at the same problan. By presenting VCV stimuli with and without

implosive transitions (the :: “(C)-CV and V- CV stimuli) and varying closure
~duration, 1 demonstrated .’ espense latencies for deciding whether ‘a

stimulus began with /ab/ oxr . «/ increased with closure duration for V-CV_

stimuli, but not for V((,-C. stimuli:. Clearly, thed, the listéners were T

paying selective attention to the . VC .portion of 'the stimuli.  However,

-latencies for isolated VC stimuli were faster ‘than for V{%)-CV stimuli, which

showed that the . following: CV. .portion in v(Cc)-CcV st1mu11 still affected the
. e . ‘2}3»1 .;v S . . '

The alternatlve, and pthapq more obvious, procedure to investigate the
influenceé of the CV portion on decisions about' the VC poriion is to remove
the explosive.transitions and compiare latencies for V(C) CV and VC-V stimuli.
Thisy anproach was taken in the present experiment, after -some hesitation.

_While removing ‘the implosive transitions of a V(C)-CV stimulus has little

perceptual consequence (V\C) -CV and V-CV stimuli sound extrcwaly. similar at
short closure durations ---cf. Experiment 1), removing the explosive transi-
tions has a much more disturbing effect: - V(C)-CV and VC-V stimuli .sound

~differently, especially at short rclosure durations,: wh2re the consonant 1in

VC-V stimult 1s difficult to pewceive (cf. Experiment 1I). Thus, high error
rates were to e expected but I nevertheless found the cxperiment worth
Lo, : .

attemcting. . - Co . . -

The present experiment consisted ‘of three fasks. - .Task 1 served to
familiarize the listener with the barcic target stimuli; it required & simple

‘forced-choice classification of the two standard VC syllables, /ab/ and /ad/.

Task -2 was ‘also ‘a consonant cléssification task but here’ most of the VC
targets were follownd by either a phonetically compatlble CV syllahble.or by a

‘steady-state vowel, after one of two closure intervals. It was expected that.

whatever influence -the explosive cransicions exerted on con$onant judgments

:WOvld be absent in V(-V stimuli,- s0 that'létencies v ewpetted to be faster
for VC-V stimuli than for V{(C)-GV stimuli. However, since’ the, 1nte111g1b111—

ty ot the VC-V consonant suffered at short closure duratang, it was
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considered poasxble that the faster latencies for VC- V stimuli would emerge -

oply at the longer closure duration. ,

B -t

Task 3 was a same—different reaction time (RT) task. Here, as in fhe.

previous experiments (Repp, '975, 1976a, 1976b -- Experxment I, Task 3), the
effect of principal interest was the influence of the final vowel .on ‘the
latency of "same' judgments. The design included V(C)-=CV and VC-V stimuli

. with two closure durations, as well as. VC stimuli, in various combinations’
with ehdch other. Repp (1976b) hypothesized that, in V(C)-CV pairs, ‘the

subjects compared the explosive ‘transitions instead of the implosive transi-
tions on some trials, leading to an effect of the final vowel even at long
closure durations. If this interpretation is correct, the final-vowel effect
should dxsappear in VC-V pairs that do not contain any explosxve transitions.
On the other hand, if the effect of .the . final vowel is due to:some more
general perceptual integration, it should be present in VC-V stimulus pairs
as well (perhaps in reduced magnitude). Again, some effect at short closure
duratlons was to be expected simply because of the interfering effect of the
flnal vowel the more 1nterest1ng condltlon was the long closure duratlon
. pi .

Although these hypotheses were formulated in” terms of 1atenc1es, the
experiment contained a safeguard agaxnst the p0551b111ty that RTs would show
too much variability. due' to  the relative “difficulty of the task. for
inexperienced listeners. Earlier exper1ments have shown that error rates are

hlghly correlated with latencies in this type of task, and as. task difficulty

increases, they become a more reliable dependent varlable than the latencies
themselves. Most of ‘the hypotheses could therefore be replaced by,subst1tut—
ing “fewer errors" for '"faster latencies'". As it turned out, I had to rely

“heavily on the error rates 1in interpreting the rtesults of the present

experiment. B : ’ ' : .

Subjects. Ten volunteer subJects part1c1pated all of them relatively
1nexper1enced in this type of experiment: ' :

Stimuli. . Tle same basic set of V(C)-CV stlmuly was used as-ln the
earlier experiments (/abe/, /abi/, /ade/, /adl/) VC-V stimuli were generat—
ed by- replacing the explosive transitions with steady state vowel formants,

tgs in Task 1 of Experiment I. Closure durations were 1C0 and 250 msec. VC

stimuli, consisted onl!y of the stimulus portions preceding the silent closure
interval. One slight difference between the present stimuli and those of

earlier experiments ~as that the Fj transitions of ./ab/, originally shorter -
than those of /ad/, were made equal-, long. ‘While this may have increased.

the detectability of :mplosive labial tran51t10ns in V(C)-CV. stimuli (cf.

 Figure 4a), it hardly affected the intelligibility of VC-V stimuli 1n whlch -2

~pr1mattly, /ad/ suffered-from the followlng vowel (cf. Figure 2)

fhe initial VC list *(Task 1) contained 50 stimuli if random order with
I1SIs of 3,555 msec.  The choice-RT sequence (Task 2),contained 100 stimuli

~ presented in.five individually randomized blocks of 20. . Each block contalnnd‘

16 VCV stimuli (four basic stimuli with or without explosive tran51t1ons .at

two . closure durations) and 4 VC stimuli. The . TSI covaried with closure
‘duration . and stimulus type; it was ‘the stimulus onset ' (or  VC offsef)

°
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asynchrony that was held constant at 3,740 msec. The tape \for' Task 3
contained two 1nd1v1dually randomized blocks of 144 stimulus palrs . Each
block contained all pairwise combinations of the four V(C)-CV Stlmull and all
pairwise combinations .0of the four VC-V stimuli at each of the QWO closure

durat1ons, resulting 'in .2'x 2 x lé-—= 64 stimulus pairs; plus.all c0mb1nat10ns
of "the two VC stimuli with all V(C)-CV and VC-V stimuli at each closure

§

duration; resulting in another 2 x 2 x 16 64, stimulus pairs; plus four

repl1cat1ons of the four 'VC. c0mb1nat1ons Note Lhat the two st1mulL in a vVCv
pair always were of the same type (V(C)-CV or VC-V) and had the same- closure
durgtion. The within-pair onset asynchrony was constant at 1 'sec; the

between -pair onset asynchrony (from the onset of the second stimulus,in a
pair to the onset of the first stimulus of the next pair) was. 3,740 msecC.

\ .

Procedure. Equipment, procedure,. and analysis were almost \exactdy

identical to those of Repp (1976b, Experiment I). -Only the main features

shall be repeated here. " In Tasks 1 and 2, the subiects pressed one response
key for /ab/ and the other for /ad/, ignoring the final vowel, if present.

The response-hand assignment was varied from subject.to subject. In. Thsk 3,
all subjects responded "same' with the (preferred) right hand and “diff%rent"

with the left. .-It was empha51zed .to .respond . as quickly as possible, " to
" ignore the flnal vowels, and not to wait. for the end of an utterance before
responding. ' It was ‘mentioned that some stimuli‘ might be a little |more
difficult to identify than others. . Subjects were asked to "correct" their"

~own errors (if reallzed) by quickly pressing \the other key. (This procedure
was found usefuln1n earlier studies but had been neglected in the earlier

experlments of‘mh1s series.) Each subJect listened to the two blocks tw1ce,

" that is, to<4 % 144 = 576 stimulus pairs altogether. - All tasks wera preceded

by a fewmmlnutes of practice selected randomly from the tapes.

Data' analys1s was conducted on the median RTs of correct responses
calculated from 25 stimulus replications in Task 1,.from 5 repl1cat10ns (10
for VC st1mu11) in Task 2, and from 8 responses (16 for VC pairs) in Task ?
These eight responses in Task 3 resulted from cross-classifying the responses

accord1ng to the factors blocks (1 and 2 vs 3 and 4), stimulus types (V(CJ-

"CV ‘vs.. VC-V), closure duration (100 vs. 250 msec), same/different consolr

nant, and same/dlfferent vowel, which left eight responses per cell. Pairs

““conralnlng VC stimuli were analyzed separately: from the other. (structurally
homogeneous) pairs; the factorial design was similar, except that temporay
order (VC first or second) replaced the same/dlfferent vowel factor VCE
.pairs were not 1ncluded in thls analysis. Y

"RTs were measured from-VC offset in each case. Errors corrected by the%
subJects themselves were omitted from- analysis, since earlier 'studies had

indicated that they were mostly due to response ant1c1pat10ns or response
hand confus1ons and nqot related to the experimental conditions. Except for

_individual differences in frequency, they :showed no .dbvious pattern in the
‘present experiment e1bher : -

P

Results . L

L

classifying—theﬁvc syllables in isolation. ' The overall error rate was 1.8

_percent, excluding corrected errors (2.0 . percent). .They ‘consisted ’of 8
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Task 1: VC Glassification. The subJécts had little difficulty “in-




errors with /ad/ (3.2 percent) and only 1 error with /éb/ (0.4 percent). RTs
were faster to /ab/ (368 msec) than to /ad/ (410 msec). ' This difference was
shown by eight of the ten subjects and- was significant (Fp ,10- = 13.21,
p.< .01). 1t is in the opposite direction’'of the difference found by Repp
(1976b -~ Experlment 1, Task 1). In fact, while the average'RTs to-/ad/ are
comparable in the two stud1es, those to-/ab/ were faster in the present study
by over 100 msec. 'This difference most likely reflects the change in the F]
transition of /ab/. ; . : T
. ] : .

" Task 2: Choice-RT Task. The results of the choLce RT task are shown in
Figure 5. Figure 5a shows the, latenc1es, Figure 5b the error rates. Both
figures show. an interaction between stimulus type and closure duration.
While closure duration had relatively little. effect in V(C)-CV 'stimuli,.-
performance with VC-V st1mu11 was much better at the long clcosure duration.
than at the short one. This was expected because the fihal vowel interfered
with the perception of the implosive: transitions at the 100-msec closure
duration; the error 'rate- was * correspondingly high. It -is "interesting,
‘however, that. at the 100-msec closure duration, VC-V RTs were hardly longer
than V(C)-CV RTs, despite the ‘large difference in error rates, and at the
250-msec closuré\durat1on, VC-V RTs were: actually faster than V(C) -CV RTs, .
althougb ve-v st1mu11 continued to exhihit a s11ght1y higher error rate.
Thus, although error. rates and latencies tend to be positively correlated,

s metimes ‘one measure shows a difference where the other does not (cf. Repp,
l976b for similar observations). :

. R o o _ . R
Unfoftunately, the RT effects did not reach. significance due to large

individual differences and high variability. .A 4-way analysis of variance =~

(stimulu$ types), closure durations, consonants, vowels) yielded no signifi-
cant effects. Transformations of the data or eliminating subjects with.
exceptionally long RTs.did not help. . Thus, no firm conclusions can be drawn
.from the RT pattern in Figure Sa. : ' o

The .error patterns were more cons1stent although the maJorlty of the
errors was contributed by a few subjects. ~The overall error rate was 9.5
percent, excludlng corrected errors (3.5 percent). In addition to the
effects of stiwulus type and closure duration evident in Figure 5b, there
were the expected large differences between individual stimuli: /adi/ (26.0
percent), /ade/ (10.5 percent), /abe/ (3.0: percent), /ab1/ (2.0 percent).
Thus;, the large majority of the errors consisted - alveolar-to-labial
confusions. For VC-V stimuli- W1th a closure duration of 100 msec, the error
rates for the four " 1nd1v1dua1 stimuli were 42.0, 34.05 6.0, and 10.0,
respectively -- cons1derab1y highér than in Experiment I, Task 1 (Eigure “2).
This difference probably reflects the more stringent demands of the present
task . and . perhaps context ‘effects; however, the pattern agrees with the
results shown in F1gure 2 . : o ' o '

Error rétes for VC stimuli wefre comparable to those for other stimuli at
the” longer closure: duration (Figure 5b). However, RTs tended to be faster
for VC stimuli than for, VCV stimuli (Figure 5b). * VC stimuli in Task 2
exhibited both higher error ratés and slower RTs than the VC stimuli in Task
1 -— a context effect ‘also obtained by Repp (1976b). ‘

<’
K
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Task '3: Same-Different Reaction Time. The results of Task 3 are shown
in Figures 6 and 72*“?qgure 6 shows the data for VCV pairs (that is, pairs

_.not containing VC stimuli).. It has four panels: panels a and b (above) show

RTs, panels b and ¢ (below) the ‘corresponding error rates. Panels a and c
‘(on the left) are for V(C)-CV st1mu11, panels b and d (on the rxght) are for

ve-v stimuli. . N : S

i latency data were analyzed in' a 5-w.y analysis of variance that
y1e1ded \several significant effects. Howevel, the effects that were not
'significant provided- equally interestingi information: there was no signifi-
cant pradtice (block) effect, no s1gn1f1cant overall increase in RTs with
closure duration, no significant overall difference between V(C)- CV and ve-v
pairs, an (surprisingly) o slgnlflcant difference between '"same" and
"different'\ RTs (that were confounded with right vs. left, response hand).
The only main effect that reached significance was that of same/ciffereunt
vowel (F} g = 8. 43, p-< .05), with faster overall latencies when vowels were

" the same.f Several hlgher order ipgteractions reached significance but do not

merit extensive discussion. They were primarily due to - the prec'oltous
decline in VC-V "different" latencies w1th closure duration’ where the words

were the same {cf. Flgure 6b). -

It is evident fr0m Figures 6a and 65 that both stimulus/ﬁprs showeo an
effeét of the final \vowel on '"same" latencies. The effect was 1in the
expected direction (faster RTs when the vowels were the same) and did not
decrease as .closure durat ion increased. The effect of the final vowel .on
"different" latehcies was not consistent, on the other hand, and seemed to

_interact with stimulus types as well as closure duratuon. The result that
" the final vowels had a consistent effect on 'same" responses only is 1in

agreement with earlier experlments, and so is the absence of a decline of

o

this effect as closure duration increased. . .
To -clarify the statlstlcaL‘ re11ab111ty of ti» effect, a scparate
analysis- of variance was conducted on- "same'" latent .. only. The main effect

of same/different vowel reached significance (Fl g = 5.13, p < .05) and did
not interact with any other factor. The only other significant effect was an
.uninterpretable 3-way interaction between the other three factors (blocks,

closure duratlons, StlmUlUs tvpes). . /—mn—-

Because of the high - rror rates and the great varidbility of the

‘latencies, .the error pattern was likely to' provide & more. direct. and

consistent indicator of the major experimental effects. Figures 6c and\6d
show quite clearly that -(1) more errors were made on "different™ trials than
on "same'" trials (that is, incorrect "same'- responses were more frequent -thai
incorrect’ "dlffer . responses), (2) "different" trials had much hlgheS\
error rates with VC- V pairs than with V(C)-CV pairs, (3) "different" errors

‘(that 1is, incorrect ‘"same! responses) decreased as closure duration

increas:d, but "same' errors -remained roughly constant, and (4) the
same/dlfferent vowel factor had a clear effect only on "same' errors and was
independent of closure duration and _stimulus type. ~ Error and latency
patterns for 'same" responses are in good agreement, which in part reflects
the greater reliability of "same" latencies because of the lower error rates
on -"same' trials. There was no increase in" accuracy over blocks. All-
effects just mentioned‘were\highly significant in an’ analysis of variance,

.

Ve - —/_/:/'/:-"’_ . o i K ’ . . . - | SO / ‘
\//_./ S a ST o T
Q ; poT ' - o o o

\



V(C)-CV PRIR. VC-V PRIR3

ﬁ IRnE ¥ SR .uud CIFF. v LLF0 L ’ ﬁ s v B Boose@ DIFF v NDH.
[111) EARE oy DIFF . . (T11) SRk (¥ DIFF)
el DIFF v bHAF ' gl DIFF Iv SANE) B
- (a)_ By
®
w L - o S ——— ——— o4 —
~ ~
o 4 .
. w
n
L
. b N S
r
- o
3 :
1 :» R ; —
3 - o
- | ™ b
\:J' — N ; [ S e e . . - —
S o .
S 4 - i i 4 -
\ i o i ;
i 0o . | S -
. td)
| 0
— = !
| = 1 i
A
. ; 7 -t
- v (c) o - |- B
o - \\ v
v W - - - 1| . - - P QU
[ql]
[ - 4 —— ——t - .
N
(72 - J——
& .
(=] <
= "
- a w1 —
w - i
. ! o
: L 1o I e
5 T
- ) - 4 —
% - ! L TITTYY TTTT LLIITT TYP
o ek - - e S
1 t i )
g 1o : .
W o l i ! t
L4 | Y ! . ' / . §
S S R . b X
s ; P i ! fi
b " L ! | i
4 S N T se v, san 28 100 N - 250 32 | .
S A - - "
b ) R CLOS RE "CRATION Wy ™M-E0 . CLOSUN: DURATION 1HMSEC
o ' ! ' .
: !
. : ' _ / .
Figure 6: Mean latencies of correct responses and .error rates in t{fhe same-
' © . -different task: V(C)-CV pairs and.VC-V pairs'. P
N . : \\‘ . . . - . ~
: . o 5
3 \ . - 5

ERIC

Aruitoxt provided by Eic:



O

E

Aruitoxt provided by Eic:

RIC

¢ P
VICY-0v HND Vo PRIRS VC-V RAND VvC PHIRS
g [ LI 1IN Weces@ O1FF 1¥C BEFON! a sanl ve Fiast) Wesca@ OIF0 (vf SHLONDY
(ITYY SR YT SELOND) @ s ave L1 sese SHME vl RETOND)
DIFE v TIRETS SA O1F ve Wit ( ) CI1FF oG FLRBT)
g e g ¥ s e _{b).
©
L 4. 1 S SR | — SSUUNEIE (RIS BN SRSUR SO
P
e M T
_ Yoo,
t 1) N
'™
- - " !
[ XTI TTTITS
R
] .t - Jaam O
- S A ‘ l ..... -
i (d)_
) '8
. 4
Lol b2 S —
o~ - .
S .. "
. . {e) “\L
RT' { | A Sl ]‘l 9
i . ! T ~
o i \:.?
S PR . . i
. : . ; t | ; -
P | I \
o I [ A
R . { . I L 1
o A A A J
H ! !
o N ] .
b ;.A e - i, }__...I___ Rt ]
Pl ! L :
P H ’, U l P/ 1 — ke i - -
e AN 176 s vC 2¢ 190 175 250 325

CLYSHIRE DURATIOM MSEC)

CLOSURE DURRTION (MSEC!

.

7

- »

Mean latencies of correct responses and error rates in the same-
different task:
and VC pairs.

V(C)-CV and VC-V stimuli paired with VC stimuli,

A



Q

P . . . i
N oo ) . Mo e . ; S N !
) ' !

but since th1s ‘analysis_ was mnot qu1te 1eg1t1male because of the _N1gh1y

asymmetr1c distribution- of the™ ‘error scores, deti1led results will not be

reported here. . : L . \_

The results for st1mu1us pairs conta1n1ng Ve st1mu11 are shown in F1gure'

.7 with panels arranged as in F1gure 6. The RTs (F1"ures 7a and 7b) deserve
. little comment, for, desp1te their apparent orderl1ness, a 5-way analys1s of

variance did not reveal a single significant effect. (Not even the. 1nterac-._

tion of - same/d1fferent c0nsonant with closure duration approached signifi-

:

- cance. ) Latencies for VC pairs seemed to be faster than for other st1mulus_

%

pairs (F1gure 7a), however, this difference was not tested for significance.

.It was aga1n in the error ‘rates that d1fferences emerged. more clearly.
F1gures 7c . and 7d shew. that palrs in which the VC stimulus came first :and

. which had 1dent1ca1 c01sonants had much lower error. rates than qQther st1mulus,

9‘ .
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combinations. Thus, temporal “order of the stlmu11 in ‘a pair clearly made a
‘difference for."same" responses;.for "different" responses, a similar effect

was observed at the longer closure dvration only. (Note that these effeccs,

‘tended to be reversed in terms of RTs; however,\a true speed- accuracy trade-"

off could hardly underly this 1nconslstency ) Except for the steep increase

in errors for pa1rs containing VC-V srxmultyat the shorter closure durationj
" the error patterns’ for the two stimulus types were\qu1te “similar. Aga1n, no

pract1ce effects were evident. . All relevant effech were 51gn1f1cant 1n -an

- . %o b

analys1s of var1ance S o \ -

Lo
i

N

Although RTs for VC pa1rs tended to be faster, their error. rates were
comparable to those for most. other pa1rs at the longer closure“durat1on. At
the 250-msec: closure durat1on, only pairs of VC-V stimuli had highly elevated

vowels. . 11troduced .a 'strong tendency to respond - same to consonants that
actually were d1fferent regardless of- whether the two\yowels were the same

or not !

Discussion

As far as RTs are concerned, this, experiment was not part1cu1ar1y

successgul.f *Inter- and intra-subject var1ab111ty was. too great and error.

.rates too high to lead to, useful  results, apart from the marginally

.s1gn1f1caht vowel effect in Fask 3. However, if the view is accepted that

the error rates convey very much the same 1nf0rmat1on as - the laUenc1es, the
relat1ve1y greater consistency ‘of ‘the error patterns perm1fm one to draw
conclusrons that or1g1nally were to be based on the RTs. It “"hld be noted
that these conclusions apply only to relatively- 1nexper1encez listeners; so

T error-.rates (F1gure 6a) following both target consonants with. irrelevant..

far, there is ‘little evidence that pract1ced 11st°ners are senn1t1ve to the.

-context f0110w1ng Ve targets in any systematlc way 6 . S

c- BS

' “The"’ pr1nc1pal result 1s the dffect of the relat1onsh1p of the final
vowels on '"same" Judgments about -.the . stop consonants* in pairs of - VCV

’ s

6See Repp (1976b). I ‘also served as a subJect in the present’ experiment and
showed no systematic effects of context (at least, no effects consistent

w1th.those,shown by inexperienced listeners). : . 57
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the following vowel, :
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the final vowel. However, the explanation was
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'same place of artlculatlon
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-occur as much as 250 ms ec ear11er

‘that obtained ir V(C)-CV st1mu1
nature and does not depend on;
by phonetically c0mpablb1e cue
cues seems to be sensitive LJ

considerable time span. Of co?
factors, such as the salience

listener.

It is instructive to evalifate systematicall

vowels (or'CV portions) to one
for. VC pairs constitute a basp
portion is added to the second
in Figures ,c and 7d thac this|

. rates at:the long closure period;
! increased cpnsiderably, especia
' VCV-VC pairs.

(Figures 7a and
exactly the seme manipulation
'-_1s involved. Here the effe
of the add~d final vdwel .to th
played a role. _Errors at bot

O @m0

-different " final vowel to-’
consonants weré the same had
~#t reduced error.-rates at th
" ‘teresting, |for although the
Speciarryji " the case of VC
“same' trials The fact that t
>m6re 51mllar may have been mor
the' final vowels, although the

When the target consonants were different,
increased error

second stimulus.
(ve- V paxrs) increased errors d

. These
final vowel

stimulus iientlcal
port1on was added that was alrelady contained in th
the¥ second
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the effect of addlng
in a pair.. The error frates
eline (Figure- 7a‘ ;—If"a final vowel o6r CV
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addltlon ‘of a vowel had little effect on error
but at the {short closure period, ferrors
11y on VC-V "different” trials. In comparing
7b) with VCV-VCV| pairs (Figures 6a and 6b)
- addlng a ‘final yowel to the second st1mu1us—,
ts were more complex, because the relatlonshlp
final vowel of the first stimulus in jthe pair
closure. durations \were drastlcally réduced by

or both VC stimul

to the ‘first when a vowel (or €V)
firat stimulus. Adding a
stimulus f - pair jhich the

ittle effect at the 1onger cTosure 'duration,
e shorter closure duration. This .effect is
ifference between .thé two seimuli ﬁncreased,
V. stimuli), fewer ertors wer. +:mmitted™ on
hie overall structure of)\ the tw :iimuli became
el important than Lhe.pkecise relaticnship of

latter, of course, had\an additional effect.
adding a fipai CV oortiom Lo the
sllghtly, while adding a fxnaﬂ vowel only
r stlcally The differenke in thé mqgnxrudes

This rules out the hypotheg}s that the*lﬁ
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7:of these effects must have been due’ to the presence vs. absence of explosive .

transitiaons which conveyed relevant-- consonantal,lnformatlon It was most .
surprising that thd\addition of a final vowél had such a large effect in VC- v
stimuli at the 250°gsec closure ‘duration. Apart from this effect, the
results may be cautNously interpreted to xshow two factors at work:
similarity of overall .shimulus” structure, whlch pldyed a role only at the-
short closure duration (sSuggesting that, at thellonger closure duration, the
two portions'of each stimulus no longer formed one perceptual unit or chunk),
and complete identity, which was effective at both closure dirations.

-"—-—6cn31der—now the effect of adding a “fifal vowel or CV portlon to the

first stimulus in a pair. D01ng this to a VC- VC pa1r results in a VCV-VC

pair. The effect is an increase in errors on "same" trials but not on
"different” trials, except at the short closure duration for VC-V stimuli
(Figure 7d).  In each case, the manlpulatlon ‘eliminates the advantage of

'‘same' trials, hlch apparently requires that two identitcal st1mulus portlons'
follow d1rectlz upon each other. (Note that the advantage of "same' trials
was found in VC-VCV pairs, where no audltory information intervened between
the two 1dent1ca1 VC portions.) When a ‘vowel or-CV portlon is' added to the
first stimulus .in a VC-VCV pair, a VCV-VCV pa1r results in which the overall

" stimulus structure of the two stlmull 1s equal. ‘On "same" trials, the error

rates . for VC-VCV pairs, are more like those of VCV- vev pairs with different
vowels at the short closure duration, but like those of VCV-VCV pairs with
identical ‘vowels at the -long closure duration. This again duggests that the
final vowel or CV portion formed a perceptual unit with the VC portion-at the
shorter closure duration only. 1In each case, there is =an advantage for two
identical perceptual units following directly upon each other, be they VCs or.

. VCVs. The effect of adding a vowel to the first stlmulus on "different"

trials is similar to the effect of adding a vowel to the second stimulus: a
moderate increase in errors for V(C)-CV stimuli, and ‘a large increase for vC-

V stimuli, regardless of closure duration.  The increase 1n errors at the
-short- closure - duration may also reflect a bias towards. same7~\nesgonses

arising from similarity in overall 'structure.

The data'suggest, then, that the average unpracticed subject processes
the stimuli as follows. All the information that occurs prior vo- the onset

"of the second VC stimulus .is phonet1cally dinterpreted and stored. The
'1nformat10n‘beg1nn1ng with the second VC is first compared to the .stored

information i a holistic manner. - In this holistie comparison, the size of
the units compared’ is determined by the total infotmation held in storage,
that is, if the first stmmulus was a VCV (even with a closure per1od oi 250
msec), the units-to be compared will be VCVs, if it was a VC, they will be
YCs. (In the latter ~case, if. the - second VC 1is- followed by further
1pformat1on after a relatively. short interval, the listener may have diffi-

culty in segregating the VC portion as a unit for comparison. ) If the second -

un1t exactly matches the first unit held in storage, an accurate (and fast).
'same" response is issued. The low error rates for identical VC-V stimuli ’
with a short closure period suggest that these matches take place at a_
prephonetic (auditory) level; otherwise,. there should have been ‘more errors
on! "same" trials because of the high uncertainty about the. phonet1c.1dent1ty,
of ‘these stimuli' {(cf. Experiment I1). If the holistic match is negative (or
already while it is being performed), a more analytic comparison is conduct-
edb\;ost'like]y,between phonemic stimulus representations. The final vowel
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in VCV stimuli can be ignored in this comparison, but it may still have.
indirect effects on the identification of the stop consonant. These--indirect -

——effects may "account for part of the error pattern, rsuch as the striking
difference  between VC-WVC-V "same™" (vowel diiferent) trials and VC-V/VC
"same' trials at the short closure duration. : g

Clearly, .this 1is' not 'a full account of what 1is going on in the
llstener s head in-this ‘complex task. Various individual differences and
strategles may be involved ' But the avallablllty of a special prephonetlc
.mode of comparison for the detection of exact identity seems fa1rly clear.
The good agreement with the results of Repp (1976b) shouvld be noted, in terms
of error rates, at least. There was no consistent.effect of closure duration
on RTs when the second stimulus was of the V(C)-CV type. This also agre
with the earlier results and indicates that the subjects did not.make their
decisions” solely on the basis of the explosive transitions. Clearly,
however, the explosive transitions were taken into account, as chown by the
difference in "different" error rates between V(C)-CV :nd VC-V pairs.
Further research yielding cleaner RT data will be needed to gain more imsight
into the prec1se processing strategies employed by listeners |in.this . task

EXPERIMENT III - /

This experiment investigated the perceptual interaction between implo-
sive and explosive transitions in VCV stimuli by a new method: §ystemat1c
manipulation of the acoustic structure of the transitions. Consider a VCV'
utterance with- a short closure duration (for example, 25 msec). The medial

stop is almost always perceived .according to the explosive transitions, even

if the implosiveé transitions are appropriate for.-a different place of
articulation (cf. Dorman et al., 1975, and, the present Experiment I). 1In

other words, both /ab-de/ and /ad-de/ are perceived.-as /ade/, and.both /ab-

be/ and /ad-be/ are: perceived as /abe/, 'if the closure period is. made
sufficiently short. What happens if the explos1ve transitions are chosen so

~  ths? the second syllable is ambiguous between /be/ and /de/ when presented in
isglation? Will it be equally ambiguous when preceded by /ab/ or /ad/ at a
short closure duration? Or will the (unambiguqus) implosive transitions

determine the phonetlc percept in this. case? Their effect could be either

assimilative or contrastive; because of the close contiguity of the interact=
'ing transitions, and since the implosive transitions areinot perceived as a
separate phonemic event, an assimilative effect seems more likely: Such. an
"effect. would provide evidence of perceptual ‘integration,of implosive and
explosive transitions, while absence of any effect would support a perceptual

interruption hypothesis (Massaro, 1975) or at least suggest that implosive
" transitions play no perceptual role at very short closure duratlons

Con51der now the reverse case. As the.closure duration is‘increas~s, a
stimulus 1like /ab-de/ changes perceptually. from /ade/ to /ab-de/. At
comparable closure .durations, /ad-de/ remains /ade/ in peérception; gemi:..ate
consonants (/ad-de/). are perceived only at much longer closure durations
(Repp, 1976b). What happens if the implosive transitions are made ambiguous

" between ‘/ab/ .and ./4d/?' When followed by /de/ at an intermediate closure
duration (Il5 msec, say), will the perceptual result be /ade/ or /ab-de/?
When followed by /be/, will it be /abe/ or /ad-be/? Again, the effect of the

expldsive transitions on the .perception of the ambiguous implosive transi-
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tions could be either assimilative or contrastive, or absent altogether. A
prediction is much.-more._ difficult.to make _in this case. _Again, an - as§1m11a—
tive effect would pr0v1de evidence of perceptual 1ntegrat1on over a perlod as
long as the closure -duration used :

. The method.used“Was to construct acoustic continua of imploéive_tranéi—
tions (/ab/-/ad/) and explosive transitions (/be/-/de/) and to investigate
shifts in the phoneme -boundaries on these wcontinua ‘as a function of the

phonetic iden.ity of the preceding (following) tramsitio s. Four control
conditions were included. In two of them, the VC and CV - port1on;ﬂ_were
presented in isolation. ~In the other two, the VC-CV, combinations had a

closure duration of 265 msec, so that the 1mplos1ve transitions were always
perceived as a separate phonemic event, even when phonetically compatlble

with the ~explosive transitions. (The 51ng1e geminate boundary lies around
213 msec -- Repp, 1976b) 1f there is any perceptual . interaction between
implosive ‘and explos1ve transitions over this long temporal distance, it is
most likely contrastive. A ratlng scale was used to .judge the stimuli, 51nce

" it was thought possible that the perceived clarity of a consonant might be

Method

affected by preceding (or following) compatible (or 1ncompat1b1e) transi-
tions, 1ndependent1y of its perceived 1dent1ty :

Subjects.' Ten new volunteer subjects particfbéted. 1 also served as a
subject, but my data were not combined with those of the_other'éubjects.

Stimuli. All stimuli were prepared on the Haskins Laborator1es parallel.
formant synthesizer. Two stimulus continua were constructed: a VC continuum
of seven syllables ranging perceptually from /ab/ to /ad/, and_a CV continuum
of seven syllables ranging perceptually from /be/ to /de/. The stimuli
within each  continuum differed only in. the offset (onset) fzequenc1es and
‘trajectories cf the second- and third-formant transitions, spaced in equal.
steps between ‘the two endpoint stimuli. The stimuli were selected so that
the: phoneme boundary would fall approx1mate1y in the center of each continu-
um. The VC stimuli were 185 msec -long, with 35-msec transitions; the’ CV

- stimuli were 300 msec long, with 50-msec transitions (as in the previous
.exper1ments) The VYC stimuli all had the same Fj ‘tramsition as the /ab/
~stimuli in Experiment .I and earlier experiments (unlike the' stimuli 1in.

hExperiment 11).

‘
v

Two st1mu1us tapes were prepared. The CV faée first contained a random
series of 75 CV syllables consisting of “the seven ‘CV ‘stimuli with the -
following frequency distribution: 5 c¢imes (1,2,3,3,3,2,1). This distribu-
tion of stimuli was used to provide. more re11ab1e 1nf0rmat10n in the region
of the phoneme*boundary and was maintained in all other -conditions. The
initial CV series was followed by a Eerles of 150 stimuli consisting of the
same CVs preceded by either /ab/ or /ad/, the two endpoint stimuli of the VC
continuum. The closureointerval was. 25 msec. Another analogous series. of
150 stimuli followed, with a closure period of 265 msec. These sequences

.were arranged 'in successive blocks of 30 stimuli, each containing one cycle
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The VC- tape was exactly ar.” log0us An initial 75-item VC series was -
fo1lowed by two i50~item VC-CV sevi¢s 1n which each VC siimulus was followed

- by either /be/ ‘or /= /, the two endphint .stimuli of the CV continuum. The
closure period was 115 mseciin th. firsr series and 265 msec in the second.
The CV and ‘VC rtapes had 1dent1ca1 stimulus raadomizations, "with reversed
roles of the VC and CV pcrtlons ' ‘

Procedure. %11 subjecrs received the ¢ nd1t1ons in the same order
first the CV t:pz, then the VC tape, and thz stimulus ‘sequences in the order
described abnve. 1In the initial CV serles, the subjects were instructed to*

rate ezch ccnscnant on a ccale ranging from 1l to 6, where 1 represented a -
"very—ctear B", 3 "ambiguous, more llKe a B", 4 "ambiguous, more like a D",
.and 6 a "very zlear D". SubJects were urged to use. the extreme ratings at
least occasionally, that is, tu make their judgments according to ' the
relative goodness of the stimuli ard not according to how they cor .red with
real speech. The subjects were exposed to a portion. of the stimulus series
‘before- actually beginning the task. In the following conditions, the.
subjects ‘were asked to maintain thé criteria established. during the initial
series, that is, to givé generally poorer ratings if all stimuli sounded
poorer and generally better ratings if all stimuli sounded better. For the
25-msec CV condition, the subjects were merely told that each CV syllable
would be preceded by the vowel /a/; nothing was mentioned about the implosive
transitions. For the 265-msec CV condition, the subjects were told that.each
CV' syllable would be preceded by either ./ab/-or /ad/. - These initial
syllables were to ‘be ignored, and only the relative category goodness of the
initial consonant of_ the second syllable was to be. evaluated
In the VC: cond1t1ons, the subJects f1rst rated the syllable-final
consonants on the same .s1x-point scale. Then, in the 115-msec condition; a -
different response mode . was ’introduced’ because of the perceptual
‘heterogeneity of the stimuli (either  one or two intervocalic consonants).
‘Instead of using the rating scale, the subjects wrote down '"1" when they
. heard a single ‘consonant. (/abe/ or /ade/)'and "2" when they heard two
different consonants (/ab-de/ or /ad-be/). ~ Finally, in the 265-msec -
condition, ‘the rating scale was used again to evaluate the first. (syllable- -
final) censonant, 1gnor1ng the /be/ or /de/ ‘that followed .
The equipment was thé same as 1n previous. experlments All conditions
were administered in .a single session of about” one hour. : :

Results
The results of the CV conditions are shown fn.Figures‘Ba'and 8b..- The
dashed lines represent the ratings for CV stimuli in 'isolation.  The other

.two functions in each panel of Figure 8 represent responses to cv syllables
preceded by /ab/ and /ad/ respectively. S

It is obvious that “the. VC precursors had an- effect in the 25-msec
.condizion but not in the 265-msec condition. The former effect was assimila-
tive, as expected, and remarkably copnsistent from "subject to subject, as.
reflected in its high significance (Fl g = 45.87, p << .01). The signifi-
cance test was performed-on the difference between the effects »nf the two
precursors on the ratinps; the control data (§Vs in 5solat1on) were not

. . y . !
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“included in this analysis. The precursor effect did not -interact with
position on the stimulus continuum; it can’ be seen 1in Flgure 8a -that it was
equally present for each of the seven "cV stimuli.- The rating -functions for.

the VC-CV stimuli were not only flatter than the function for CV stimuli in

~isolation, but they also reached .an earlier asymptote at one énd. When the ..

same. results were plotted in terms of -the percentage of - 'p" responses (that :

is, the percentage of ratings falling between &4 and-6); the pattern was

identical. This suggests that the implosive~ transitions 51mp1y "got through"
on.a percentage of trials:— Th1s was not entirely unexpected;. at. a closure
duratlon of25 msec, the perceptual dom1nance of the explosive transitions is

“not perfect (Dorman et al., 1975, and the present Experlment 1).- One subject

actually heard /ade/ whenever the VC portion was /”H/ -Another subject -

reported hearing /ab—ds/ on a number of trials.

Thus, "the question arises whether the effect of the VC precursor was_

all-or-none or gradual 1n nature., Did 1t consist ently b1as the perceptlon of

and have no effect on .all others” One way of anSWerlng this’ questlon is to

.make the average ratings conditional on whether they fell between 1 and 3 (B) -

or between 4 and 6 (D) These conditional ratirgs for the 25-msec condition

are shown in Figure 9. Only data’ p01nts with.at least 10.responses 1n the”

relevant category are shown. The entries represent means ca1cu1ated over -all

individual responses of all subjects, that is, different subJects contributed
-diffegent numbers of responses, and therefore no statistical ana1y51s ‘could .
‘be conducted, It is evident from F1gure 9. that the precursor effect -was

reddced in terms of conditional ratings, but a ”smaller effect 1in . the

pred1cted direction clearly rema1ned ‘In other words, /be/ preceded by /ad/

was -indeed perceived as a "poorer B" than. /be / preceded by /ab/ .or by

+gilence, . and /d€/.preceded by /ab/. was perceived as a "poorer D" ‘than- /de/
preceded by /ad/ or by silence. We may conclude, then, that the VC precursor

éxerted a genuine biasing effect on the: perceptlon of the explosive transi-

. . tions on most or all trials. ‘Note, however, that preced1ng an unambiguous CV
“with a phonetically compatlble VC .precursor did not improve its ratings
'compared to the same CV syllable in 1solat10n, thus, there was no positive

contribution of the - implosive transitions to the perce1ved c1ar1ty of the

% . . . . . . >

it is curious that 1 was the only 115tener who showedca precursor effect

_in the opposite direction, .that 1is, a ‘contrast effect, although I never

perceived more than ‘a single consonant in the 25-msec condition. It is not
rlear why my exten51ve exper1ence with the stimuli should’ have 1ed to this

surprlslng reversal.

[

The obvious ibsence . of any average precursor effect "in the 265—msec cv

effects, and the remaining three showed irregular'effects'or none at’ all. I
showed an assimilation effect. Thus, although some of these effects may just
represent random variation, it seems  that the VC precursor did affect the

“perceptlon of the CV syllables, but in ‘different directions for different

listeners. At present, the ba51s of the. 1nd1v1dua1 d1fferenc°s is obscure.

65

.cordition (Figure 8b) may not be representative of individual listeners. Ofﬂ.h
_ the .temn subjects, two showed assimilation effects, five 'showed. contrast
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The res Its:ofithe~vc rating conditions are . shown in.Figure 10. Figure, =

10a -shows the .115- msec condition. Here, the. responses indicated the number

“of consonants. heard.. The ordinate is ‘labeled percent "D" responses, ‘which ..

means the percentage of ratings between 4. and 6 for. VC"syllables in-
isolation, the percentage of "2" responses for stimuli followed by /be/, and
the percentage of "1" responses for stimuli £follewed by /de/. . Plotted in

this way, it is evident that the two CV "postcursors” had" little dlfferentlal_

effect. Aga1n, however, individual results var1ed w1de1y -- more so than

one. would expect from mere random variability. ~Four 1subJects, were more .

likely to hear one consonant with the /be/ postcursor than they were to hear

two consonants with the /de/. postcursor, one -subject showed ' the opp051te_

effect, and |{the remaining subJects showed different effects in different
regions of the VC continuum. Such lan interaction . is weakly evident also in
Figure 10a:-  at the /ab/-end of the VC continuum, the /be/-function lies.
above- the /de /-function, and this reélationship is reversed as the /ad/-end of
.the VC. continuum is- approached Se%en out of ten subjects showed results at
least partially compatible with thls\pattern, which, however, 1s not readily
.interpretable and was not statlstlca‘ly significant. ’ : ~

v

Much more consistent than the differences between the 'two postcursors

‘'was the difference between the postcursor functions and the function . for VC

syllables in isolation (Fl g = 5.9, < .05, for the main effect; F4 3¢ =
13.3, p'< .01, for the ;nteractlon w1th position on the cont1nuum) 77 The
difference.éan be broken down ‘into two components: ~lower asymptotes of the

‘postcursor ~functions (4t least at the /ab/ end of the VC continuum), and a
-general shift.in the VC category. boutddary towards the /ad/ end when a
.—postcurser followed: No matter which CV syllable followed, 'the VC portion.
was- more likely to be perce1ved as /ab/ ‘than in 1solatlon The reason for
.the- first compohent was probably general uncertainty due -to the-re1ativg

difficulty of the task. The reason for the second component is not -clear, -

except that it is reminiscent of the general d1ff1cu1t1es subJects had in
‘perce1v1ng /ad/ correctly in ear11er exper1ments

I aga1n produced a curious resu1t ‘in-the '115-msec condltlon I needed-a
while toe hear any instances of two consonants at all, “which made my data

‘quite useless. (The same happened in a rep11catlon of. the experlment ) Warm-

up effects: of this sort -may have played a’ role with some of the other
subjects, too, aIthough they seemed to have much 1ess trouble. :

. —

F1na11y, the results of the 265-msec ¥C condition need to be dlscussed
‘They are shown in Figure 10b. (The data of one subject had to be “excluded in’
this condition because he apparently responded to the CV’ portlons 0of the

stimuli. It can_be seen “that there was a small postcursor effect .in the
predicted direction, that is, a codtrast effect. . Slight contrast effects
were shown by five subjects and myself; the remaining subjects” showed no
systematic effects.,  No listener showed ‘any  assimilation effect in this

°c

. condition,. Due to thls re1at1ve con51stency between subJects, the postcursor

L
-’ -

0

71n ‘the statistical analysis, the seven positions were reduced to five by -

combining the two positions at éach end of thé continuum, so that an ‘€qual

number of observatlons was available at each of the resulting five posi-

-t 1ons
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effect reached significance (F| g = 7.97, p < .05), although most individual/

effects were smaller than those ' in the 265-msec CV condition.. The effect did "~

-

VC syllable |when followed by a CV syllable.

Discussion : : T - .

L

These results demonstrate that implosive and explosive transitions are
not perCeiVed independently of each other. At short closure,dbrations, the
implosive. transitions are peréeptually-dominated by .the explosiVe. transitions
and only a single consomant is heard. Nevertheless, the implosive transi-

~tions” bias the perception of the explosive transitions. The conditionel
‘ratings (Figure;9) indicaté that this is, at least 1in part, a genuine

perceptual bids due to perceptual integfation of auditory or phonetic
information. Part of the effect may also be due to occasional perceptual
dominance of implosive over explosive transitions. Whether the perceptual
integrdtion occurs at 4&fy auditory “or at .a phonetic level is not—cléar at

present. This issue -could be further .investigated -by varying the acoustic

structure of the VC precursor within phonetic ¢ tegories.

When the closure period 1is’ lengthenéd, the implosive'transitions emerge
as a separate phonemic’ percept 1f they are incompatible with the explosive
trausitions. As the results of the 115-msec condition show, the’ nature of

this percept is not consistently -influenced by the identity of the postcur-

‘sor. However, the mere presence of a CV postcursor biased the perception of
the VC portion towards labials. This effect ‘can. no longer be. due to

straight forward perceptual integration, but’ it-p:ébably represents, some more
general :perceptual. interaction as exemplified also- in Experiment I, Task 1

(VC-V stimuli).. In terms of Massaro's (1975) ﬁheory, the results may be

interpreted to indicate that /ad/ required more processing time than /ab/, so
that a following event interfered more. with :the former than with the latter.

~ . =
- 1

‘When separated by a closure pefidd‘ bf 265? msec, the perception of

_ implosive and explosive transitions is largely independent, but there .is a/
tendency towards small contrastive "effects that, 'surprisingly, are more’

consistent in the backward direction thah”infqhe forward direction. This may
reflect .the lower perceptual salience of implosive transitions.. Although the
present VC stimuldi were as _consistently identified as the CV. stimuli in

isolation, their ssusceptibility to tontextual factors seemeéd to be gredter,
' perhaps due to the absence of a “"protective’ continuation of the signal/ (such
"as a rélease burst might provide it). The contrastive postcursor effects are

evidenéé'that,‘at least occasionally,.phbﬁetic decisians'about.the-'/ﬁlosive

transiiions are postponed until eyents occurring as much. as 265 msec later

have been phonetically interpreted. Of. course, it may be.the normal mode of
p;ocessing_speech tg;phoneticéliy recode chunks of VCV size or ladrger. "This

agrees well with the results of Experiment II and the earlier RT studies.
. . " . .'- i ) . N : ‘/’ )
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|/ ' . ABSTRACT - ‘ | |
, Thé resﬁlts of a recent srudy (L1l srman, 1., ‘Shaﬁkweiler,'
Libernan;, Fowler,}and Fischer. suggest that good beginning
~. readers |are more affected ti r redders by the iphoneti
charactd&istiqs»of Visually pr items in a racall task. Th

" good rgéhersvmade significantly ...e recall errors on strings O
Iétters!%ith"rhyming letter names| than on nonrhyming sequences; in
contrsati .~e poor readers made r&ughly equal numbers’of errors on

. the =, ¢ and Ponrhyming latter strings.. The purpose of the
prese:- . Jdy was to determine whether- the interactio? between
readins avility aﬁd phonetic simildrity may be solely determined by
different, reh;aréal strategies of! the two groups. Accordingly,
good and ipoor readers were tested on rhyming and nonrhyming words
using a recognition memory paradigm\thét minimized the opportunity.
for r heékﬁal.’-Performance of .theigood readers was more afferted:
by phpnetic similarity than “was’ that of the poor 'readers, in
agfee'ent%with the earlier study. The present findings support the
hypotZesis that good and poor readers do differ in their ability to \

ccesi a phonetic representation. ‘ o / ‘ .
[ | . INTRODUCTION - * = ' [0

Py

!

L

Many|investigators see rhe root lause . of reading disability in schoel.
children jas a| deficit % perceptualjlearning (for example, Bender, 1957;
,Frostig, [1963; Silver  ans Hagin, 1960)Y Their research has emphasized,the
"importance. of wvisual processes such as' those involved in the identification’

- ! . - . s . .
ofvlgtter shapfs and the scanning of text. However, critlcal surveys of such
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‘regearch (Benton, 1962, 1975; Hammill, 1972; Vernon, 1960) produced little
hard evidence td\support ‘ne hypothesis that visual ‘and directional factors
figure heavily in most cases of reading disability. Th'is conclusion was
reaffirmed by the 'work of Shankweilvr and Libeiaan (1972), Vellutino, Steger,
and Kandel (1972)} Vellutino, Prurek, Steger, and Meshoulam (1973), and
‘Vellutino, Steger, Hardlng, and Phiiiips (1975) '

In view of the qepeated»fallurt to establlsh v1sua1 perceptudl deficits
as a major problem in learning to read, several investigators have begun to
examine other cognitive pfer;qu.51res for reading acquisition, in particular,
‘those relating to the «child's primary language abjlltles - These "investiga-
tions (for example, Bloomfield, 1942; I. Liberman, - 1971, 1973; Mattingly,
1972; Rozin and.Gleitman, 1977, Shankweller ‘and leerman, 1076) have suggest—~
ed that reading . should not by viewed as an independent ab111ty, but * as
‘parasitic upon the spoken: ianguage. If readlng is a derivative of speech and
acquired by the child.only aftpr he has acquired speech, it is reasonabke to
"consider how learning to rea’ may build upon the earlier language acquisi- '
tions of the young child. - ' ' : '

Although both good ai. poor readers speak and understand the language,
it may be that poor reafers have deficiencies in certain subtle aspects of
language development that are not evident even to trained observers. The -
present research examines “this p0551b111ty Specifically, its purpose is to.
explore the role of phonetic recoding in reading acquisition and to investi-
gate the hypothesis that good and poor beginning readers differ in their
. ability to access and to use a phonetic representacion.

. \

A notable characterlstlc of 1anguage is that the meanlng of the longer
segments (for example, sentences) transcends the meaning of the shorter
segments (for example, words); it follows that a listener would have to.
maintain the smaller units in some temporary store, until a sufficient number
of ttem have -accrued—-to enable him to apprehend the mearing.' It has been
argued (A. Liberman, Mattingly, and Turvey, 1972) that a phonetic represen-—:
tation is used for this purpose and that it"is unlquely suited to the short-
term storage requirements of language. Jur own research has empha51zed two
additional functions of the phonetic representation of spoken language
(Shankweiler and Liberman, 1976; I. Liberman, Shankweiler, Liberman, Fowler, -
and Fisrher, 1977). We have speculated that' a language user may employ a
phon:r ‘. representation in order to access his mental lexicon and to
reco. -.vuct the prosodic information thezt is crucial to understanding speech.
We have also suggested that readers of a language may contilnue to use a
‘phonetic representation, just as hearers do, rather ‘than develop a new moce
of ‘processing for the written-langlage. Lo : -

There is considerable experimental evidence to support the view thad
people  do employ a phonetic code to store visually presented letters or
words, even under circumslances where it ‘s disadvantagcous to -do so (for
example, Conrad, 1964, 1972; Baddeley, 1966, 1968, 1970; Hintzman,  1967;
Kintsch and Buschke, 1969). Typical studies presented subjects with letter
or word sequences to be read silently. and then recalled. The investigators
usually reported that most confusion errors were based on the sound of the
letter or word rather than on its visuak appeerance i



In addition to these considerations, there is reason to believe that
. .phonetic recoding is of special significance for the beginning reader who is
" learning how the alphabet .works. Consider the relationship between the !
alphabet and the spoken language. English, unlike the logographic writing
system o1 Chinese and the Japanese Kanji, uses a symbol system; the alphabet,
that is keyed largely to the sound structure of the language. 1If the child
has learned comething about how the spelling reflects the sound ‘structure, he
will be able to offer at least- an approximate pronunciation of new words.
_However, to take full advantage of the benefits..inherent. in the symbol
‘economy .of an alphabet, the ‘reader must. be .able to employ .an analytic
strategy, grouping the letter  segments .into articylatory units and mapping
‘them 1into speech, rather than ‘treating words as ‘irreducible wholes
(Shankweiler and Liberman, 1976; Liberman et al., 1977). o '
However, in order to use an analytic strategy, the reader must recogn@ze
that' the alphabet is largely a direct representation of the phonemes ‘in
speech. Whereas the recognition of two spoken utterances like bet and best
-as different words, is3sufﬁicient for the comprehemnsion of these as lexical

o

items, the process of mapping the written word onto its spoken counterpart

requires, in addition, re-ognition of thé number and identity of the phonemes
contained in'the spoken wo-d. There is now considerable e7idence to suggest
that the ability to recognize phoneme segments in speech is * predictor of -
success in learning tc re@d (Savin, 1972; Helfgott, 1976; Luoerman et al. .

1977; Zifcakl). o
In vie. of the evidence that poor readers have difficulty in perforn
phoneme segmentation tasks, it is appropriate to ask whether pocr witaders &.
also deficient in the abjility to comstruct and employ ¢ nhonaet”c  represemta=
o tion._ Conceivably, _poor readers might attempt to relat) script’ as snapes,
rather than as phonetic entities. Using a recall-memory task. our research
group has found evidence to suggest that good and _ pnor _readers d&.diifu; in
their phosretic coding ability (L.berman et al., IS77). Im thst stely, good
and poor second grade readers=uere presented with seqrencex of legters . or
recall. Half of the sequences were composed of riyming ccuionants firea cha”
set BCT GP TV Z), the remainder of nonrhyaming--cvasvnants \.rom the sou
HKLQRSWY). Each of the strings of " five unpar-fase let er:  was
dispiayed tachistoscopically for three seconds. The sukjects were instruc.ed
to print as many of the. letters as théy ~could-remember. ¢ ‘ther immediately

after presentation or after”3“154éécwdéIE&IIMIHEii“£g§@SEEes.were-5561é5'BBEH‘“

with and without regard to serial position. il

" Under both recall conditioms, the good readers—displasy ~~r _nificantiy-
mo ‘e’ phonetic interference -than t -~ ' poor féédéfE;':u;"meéSﬁfé&wdﬂy“:fﬁéil;;:f‘
differences in total errors beiween the ‘hyming and nonrhyming segqueances.
Because nf this interaction between reading ability and ploneric similaetrity.
the dif:.rence’ .n performance between good and poor readers cannot be
explained by supposing that the two reading groups differ in "general nemory
capacity."” The differences also cannot be attributed, to & serial-ordering

4
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problem in the poor readers, since the effects were significant even when
recall was scored without regard t0‘seria1 position.

It appeared,.then, “that the phonetlc characteristics of the. letrer names
had a dlfferentlal effect on recall in.good and poor readers. ‘From th1s,‘1t
was assumed - that the good readers are better .able to access and use a
phunetic. representation in short-term memory than ‘the poor readers. An
alternative interpretation, however, would ascribe these findings to differ-
ern-es in rehearsal strateay for the two readlng groups.2 If the poor readers

were ‘able to’ rehearse “fewer letters *ten the prood readers before recall
began, the rhymlng letters would have less oppo.“uwnity to interfere. This
might give rise to the pattern of results obtained: infer:or recall of the

nonthyming items by the poor readers, but ‘little d:fference between the’

groups on the rhyming letters.

'

The present experlment was undertaken primarily in an effort to- resolve
this wabiguity.: A paradigm originally devised by Hyde and Jenkins (1969) for
a-different purpose was adapted for this study, because it permits us to test
memory in a way that minimizes the opportunity for rehearsal. The procedure
involves a test list of words followed by a recognition'list The subjects

_are not. informed at the time of the presentation of the first list that . a

subsequent test of - recognition memory will -follow. Thus, the task appeared
to the child 'merely as a readlng tac:. If differential rehearsal rates were
responsiblé for the-earlier results,® then differences in phonetic similarity

:-shouLd disappear. with this new procedure. However, should the findings of

the present. study replicate those obtained in the previous research,’ there
would be support . for the 1nterpretatlon that the poor readers have a def1c1t
in- accesslng or uslng a phonetlc representatlon derlved from scr1pt

A second reason for undertaking  the present study was to test the
phonetic coding ability of the two groups of readers in a task more nearly
resembling & realistic reading situation.. This was aLcumpllbhEU by using
words, rather than letter strings, as the, stlmulus items. '

METFOD

Subjects

The subjects were second grade schosl s children: in the'mMansﬁield
Connecticut public school system. Children were ‘selected for pretesting on
the basis. of their total reading grade on the Stanford ‘Achievement Tesi
{SAT), that had been administered by the schools during the fourth month of
tte school .year. In this prellmlnary screening, children with total reading

‘gredcs between 3.5 and, 5.0 on the SAT were candidates. for the good reading
.group, while those with read1ng scor2s betweer 1.5 and 2.4 were considered

for rhe poor reading group. Final .selection of the ‘two -reading groups “from.

‘amoug these children was a##de in the seventh month of the school year by

acniuistering tné word - ‘reccgnition suotest of the Wide Range Achievement Test
("'RAT) (Jaefar, Bijou, and Jastak, 1965). : The criterion for .inclusion in the
gosd reading grovp was a WRAT grade level between 3.1 .and 5.0." A child %was
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Cof 1.5.:5 2.4.

(range: 1.5 to 2.4). -

selected for the poor reading group if his WRAT graaw lgyél was in the range

Thirty-seven children (19 good readers. and .3 poor readers) met the WRAT
criteria ror participation in the experiment. »cven subjects (four good and

" three poor readers) had to-be dropped l :cause ‘their data were incomplete due

to an experimenter error. Another poor reader had ‘to bé excused from the

‘experiment because he was unable to read more than 50 percent of the words on

the retognition list (see Scoring Method). Thus, the data analysis was .based
on the performaﬁcewqﬁQlS‘gopd Teaders with a wmean. WRAT grade level of 3.97
(trange: 3.1 to 4.5) and l4-poor readers with a mean WRAT grade .level of 2.19

The good readers had a mean age of 92.4 months, while the mean age of
the 'poor readers was 94.0 months (£(27) = .97, p < .40]. The relative .
intelligence (IQ) oi the two reading groups ‘was assessed by the Wechsler
Intelligence Scale for Children, Revised Edition (Wechsler, 1974). The good

"readers had a mean Full Scale 1IQ of 142 (Verbal Scale IQ = 113.1,
' Performance Scale IQ =112.5). The Full Scale, Verbal, and .Per formance IQ

means for the poor teaders were 109.0. 106.4, and 110.9 respectively. The
intelligence scoresi9i the two reading groups did not differ significantly cn
any of the three scales: Full Scale, t(27) = 1.05, p < .40; Verbal, t(Z7) =
1.52, p < .20; Performance, t(27) = .29, p < .80. ° S o B

t

Word Lists

The word lists cdnsisted of monasyllabléé chosén from Part One of the .
Cheek Master Word List (Cheek, 1974). The words (see Table 1) were limited

to the. first grade level (1.0 — 2.0) in order to ensure that the poor readers
could.read the bulk of-the words presented, despite their reading handicap.

The initial 1list ~was composed of 28 words. The recognition list
included the 28 words on the initial list and. an equal number cf words, the
foils, not nresent on that list. Fourteen of the foils were phonetically

paired with- a word on the*initial list. These are the phonetically similar
(that is, rhyming) items. Word pairs were classified as phonetically similar
if they met both of the following’ criteria: (1) they must share the saae

vowel sound; (2) they can differ by no more than three consonantal phonetic

features in -the set -of "place", "manner", "voicing" and '"masality" (Wickel-
gren, = 1966). If a set of two words failed to meet ! either ‘or %ec.un
requirements, they were considered to be phonetically dissimilar. .

' The phonetically similaf foils,.additiﬂnally,'had to meet the reguire-

. ment that they be ar dirferent as possible 1in visual configuration from all

-ords on the initirl list.  (for example, my-high, know-go).. The decision to
make this regiirement was motivated by the possibiliry that. some subjects
might be respcnding primarily to the visual appearance of the word, thereby
potentially confounding the results. The remaining 14 foils were both
phonetically and visually dissiﬁilar'to’%ords on the recognition lisz.

. . 0 Lo ' o s
Given the r -<straint of having to select-words from a first grade
reading list, it was impossible to maintain 'strict criteria for visual
dissimilz-‘ty. However, it was important to have some measure of dthe

75

e
-~



TABLE 1: List of Phoneticall
Dissimilar Words

——

y Similar Word

Pairs and Phonetically

Phonetically SimilarIWOrd Pairs:

0ld Foil "
{ know 2 go
\ ' ‘my buy
cry : ‘high -
' good ' could .
they o way .
but J_ what '
‘gum - come
= shoe two
new do
bird word
{ your for
) said red
run done
door more
Diss:im.ilar Words
o1d -Foil
year best
life guess
each - as
. o “awalk ! ride e o R o
v help - - our '
keep did,
not cake .
- see duck ' - ' ,
. friend oh s/ )
. up off
. jump box
told - bring
. yes' face:
: gave brown - RN

.76



O

ERIC

Aruitoxt provided by Eic:

~
e

'relative visual similarity of the two foil types to words on the initial
‘list, 'so that possible visual coding strategies would not confound .the
‘results. Accordingly, several®informal criteria of visual similarity were
followed: (1) the two words had the same number of letters; (2) the initial
letters in the words.were the same; (3) the.initial letters in the words were

of the same shape (see below); (4) the final 1qtters‘in the words were the

gsame shape.
() Cas

. i e Vo S ' L
_ In the following chart, the lower-case letters are grouped 1nto four -
categories reflecting "similar shape'. according to a scheme devised by the-

authors. N

Lower Case Letter Shapes .

short curved ~ c o e asmmnru

short straight - v wx z i - : ' ’ |
tall above line —h db-f 1t k : : .
tall below.line - p q g j'y '

on oo

A visual-similarity matrix was constructed to compare each foil word

with “each word from the initial list. The numbers entered in a particular

c&il indicated the dimensions of visual similarity shared by a particular
word-pair. The relative visual similarity of the two foil types to the words
on the initial list was computed by taking the total number of times each of
the four criteria was® satisfied for each foil; thus, four totals were
obtained for each foil word. Separate t-tests uwere performed on the four
visual similarity measures derived for the two types of foils.. No t-test was

significant beyoad the .05 level. This suggests that the two sets of foils

.

were roughly comparable in visual similarity to words on the initial list.

Some words had more than one rhyming counteipurt (for example, mv-high,
cry-buy). As a result, isome foils were puonetically similar with a second
-iord on the ianitial list. This somewhat undesirable situation arose with the

need to increase the size of the word list, which was constrained by theé

limits of a first grade reading lis=.

Words 'with phonetically similar foils were equally distributed 1n each

half of the initial 1ist. Each half of the recognition li.t contained an
- equal number of words from: four sets: phonetically-similar old words;
‘phonetically-dissimilar old woxds, phonetically-similar foils, and phoneti-
cally-dissimilar foils. 1In addition, half of the rhyming " foils preceded
their rhyming counterparts from the initial list, while the remaining foils
appeared after their counterprarts from the initial list. '

N o
The words were hand-printed in lower case on white, three-dy-five cards,

using a black, felt-tipped-pen. The. short letters werc 1/4 inch nigh, the
rall letters 1/2 inch high. : : ' - ‘ o

a

Procedure

The chiildren were assigned at random to one of two examiners who- tested
_them individually. e ' ) ’ :
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Initial 1ist. At” the start of the .experiment, the child was told that
some words were going to be shown to him one at a time. He was instructed to
read each word aloud and then to walt uniil the next word was shown. Each
word was shown for as long as it took the child to pronounce it. If the
‘¢child read the word incorrectly, the experimenter indicated this on the
scoring sheet; ‘no attempt was. made to correct the child. However, if the

_ghxld corrected himself spontancously, the word was scored as having been
read correctly » ‘ . '

5

Recognition' list. After completing the initial list, the child was’
informed.that he was going to be shown a second list of words, one at a time.
(Nc mention of this had been made prev10usly ) His task was to read each word
aluud and then to say "yes'" if he believed the word was on the old list or
"no" 1if he,believed it was not. The experimenter recorded both the child's
rwcognition response ('yes" or '"no") and whether the child read the word
.urrectly. Before presentation of the recognition 1list, the examiners
verified the chﬁld's comprehension of the instrugtions.

. e
« ‘

Scoring Method

_ Reading éE;;;;-__X;; word that was misread on.either list was excluded
from ana1y51s 6f that child's recognltlon judgments. If the child misread- A
word on the initial list that rhymed with a foil on the recognition list, the
recognltlon response. to the phonetically similar foil was also discarded,
except in cases/where the foil rhymed with another word on the initial list,
gge_g;gglggg/é;ctlon) These exclusions were necessary in order to ensure
.Jiit errors 1n recognition  judgments could be attributed with confidence to
pbonetlc 51m11ar1ty with a word on the initial list. Any ch11d who misread
?re than 50 percent of the ‘words on the recognition list was dropped frOm
tye experlment

Recognition judgments. A child's recognitinn performance on each'of the
four word sets was expressed as ~ ratio of the number of recognlr on errors
to the total number of words read correct]y in each set.

RESULTS

If the findings of Liberman et al. (1977) can be taken to reflect
differences between superior and poor readers in phdnetic recoding, then we
may expect the- follow1ng°resu1ts in the present .study: the good readers
should make 51gn1f1cant1y more recognition errors on the rhymlng foils than
an the nonrhyming foils; the poor readers, on the other hand, should generate
approximately equal frequencies 0of errors on the two types of foils. 1If,
however, both reading groups make equal numbers of errors on each foil type,.
then we may suppose that opportunlty for rehearsal, which was a feature of’
the prev10us investigation but not of the present one, may have accounted for
the. 1n:eract10n, be;ween ‘reading ‘ability and phonetic similarity reported
earlier. : .

0

I : .

‘Recogﬁition;JudgmenEsl_

-

) Two types of recognition ‘errors will be considered. Of primary interest
are.the "falsé positive" errors: the child reports a word as having occurred
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on the initial list when, in fact, it was a "new" wBrd. The '"false negative"
‘error, which occurs when the child fails to recognize an "old word" as having

apgeared on the initial list, will alsc be considered.

~ False positive errors., The mean percentages of recognition errors for:
thé two types of foils (rhyming and nonrhyming) were computed. For the good
readers, the error rate was.strikingly higher on the rhyming foils, (20.4
percent) than on the nonrhyming foils (4.8 percent). In contrast, the poor.
.readers showed little difference between the percentage of "false pgtitive”
errors made on the rhyming foils (16.0 percent) and the nonrhyming foils
(12.4 percent)., Because of the apparent heterogeneity of variance shown by
the good readers on the nonrhyming foils relative to rhyming foils, a
nonparametric statistic, the Mann-Whitney U-Test (Mann and Whitney, 1947) was
used to assess'the significance of the phonetic characteristics of the foils.
For the géod readers, the mean difference beween the mean recognition errors
on the two foil categories was highly significant [U('5,15) = 265 p < .002],
whereas for the poor readers the c ror difference between rhyming and

nonrhyming foils was not significant [U(14,14) = 80; p > .10). .
. - o

The interaction between reading ability and foil-type (Figure 1) was
.examined by comparing the difference between the error scores on the rhyming
‘and nonrhyming foils for the two reading groups. The mean error ‘difference
was 15.5 percent for the good readers and 3.5 percent for the poor readers
[U(15,14) = 23.5;p < .002]. ~These data strongly support the interpretatio _
of the interaction between reading ability and responses to phonetic similar?\\g
ity that was offered by Liberman et al. (1977). ' : :

>

False negative errors. It is somewhat misleading to make a 'simple
division of the old words into those with rhyming foils and those without a
rhyming foi'. On- the recognition list, a word with a phonetically similar
foil is indistinguishable from phonetically dissimilar old words until the.
appearance of-its rhyming foil; only those old words that follow their
rhyming foil on the recognition list can Le said to differ  from the
nonrhyming old 'words. In comparing recognition judgments of rhyming and
nonrhyming old words, it is reasonatle 'to consider -as "phonetically simiiar
old words” only  the words that appear ~after their rhyming foils; and
" consequently, all other repeated words must be viewed- as ' nonrhyming old

words. Using this criterion for categorizing old words, the frequency of .
"false negative" recognition errors for the good readers was 23.8 percent on
the rhyming old words, and 28.8 percent on the nonrhyming- old” words. The
‘comparable error _rates for the poor. readers were 18.8 percent and 19.6.
percent respectively. ' ' o ' o

.o

" “The pattern of false negative errors reflects a tendency on the part of
the good rcaders' to say that a word from the initial list was 'cld" when it
- followed its rhyming foil. Thus, ror ths good readers, words on the initial =
list that followed their rhyming foils on the recognition list more frequent- .
1y evoked "yes" judgments than did words that- lacked rhyming® counterparts.
The poor readers showed no such tendency. .They made a nearly equal number of
"yes' responses to phonetically similar and dissimilar words. Thus, tbe
récognition judgments of repeated words re€intorce the indications from.the
analysis of the talse positive errors that good readers have a more
‘persistent phonetic representation “in short-term storage than do poor

”
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Table 2 shoys tlie mean pércentagé of misread words by the good and poor
. readers on each of the four  sets (phonetically-similar old words,
.phonetically-dissimilar old 'words, phonétically-similar = foils, a%d

. . . s . . . . . |
phonetical -dissimilar foils) of words. A$ noted in the description of .
scoring- proc. .ures, recognition judgments of words that were -misread. on/

either 1iét were not included ‘in this tally. 1In addition, when a misre?@
word rhymed with one of th: foils on the recognition list, the recognition
judgment on that foil .was also ‘excluded. As would be  expected, the good
readers mada consitcrehlv fower errors than.the poor readers. In fact, 13 qf
tke 15 good readers made no reading errors at.all. _The poor readers, on the

orner hand, wmisread an appreciible number of words. This dis a matter for

concern only if their errors are unequally distributed among the four sets of

words. ~In that event, one could quespioq the ~eliability of the dffferences-

in false positive recognition errorss ‘the finding of major /interest.
'However, from inspection of Table 2, it may be seen that. roughly the same
proportion of misreadings occurred on each-of the four sets.. This impression
was substantiated by the results of a two-factor within-subjects analysis of
variance in which phanetic similarity-dissimilarity was treated as one factor

(P) and old and new -(foil) words were ‘treated as the other factor (R) -

Neither factor was significant [Fp(1,13) < 1; Fp(1,13) < ,11. It is apparent
that the errors were indeed equally distributed among the four sets of words.

‘Thus, the differences between .the reading groups in the distribution of;

-recognition errors on rhyming and nonrhyming foils cannot be attributed to a
tendency on the part of the poor readers to. make moré errors-in reading the
words of some sets than of others. : - v

.TABLE 2: Readirg efrors as a functioﬁ of 6pportunity for good and. poot

readers. .
_Reéding _ . . _ :
Group L PS¢ PD¢ PS, - PDq
Good » Errors 6 1 - 4 2
n =15 Opportunities 210 210 3— 210 - 210
SR Percent 2.9, -0.5 .9 1.0
. . ‘s . ) ’/A s , o .
Poor . ;  Errors 27 . 30 3. 3
n.= 14 " .ppportunities - 196 7196 . 194 196
' Fercent ‘ 13.8 ~15.3. 15.3 17.3
‘ L AT .
PS¢ - Phonetically Similar Foil - : N
PD¢ - Phonetically Dissimilar Foil T ' -
- Po - Phonecically Similar-Old-Word L : Lo e
PD, - Phonetically Dissimilar Old: Wordzs | ) o
_ T G :
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.DISCUSSION ,
4 \
Ina recent study (Liberman-et al., 1977), good beginning readers were .

found to be more affected than poor readers by the phonetic characteristics

of visually-presented items in a recall task. We attributed this result to
differences ‘between the groups'abilities to employ phonetic represcntation.
The possibility has been raised, however, ‘that differences in rehearsal
Strategy may’ account’ _for the finding. 'The major aim of the present
experlment was to clarify the 1nterpretat10n of the earlier study by u.ing a
task in which reheargal was not afactor. For this purpose, a recognition

" memory paradigm was used instead of a recall task. _The advantage of this
! procedure is that it_does not alert-the child to rehearse the targdt_items,
because he is not 1nformed in advanCe that his ~memory or these 1tems w111 be

tested . ,

TR secondary aim of the present experiment was to- demonstrate the
differential effects of phonetic similarity on good and poor readers in. a
task that ~mploys words rather.than arbitrary letter sequences, thus extend-
ing the e. .:er f1nd1ngsAt6 a situation that more closely approximates an

affﬁal reading task. : . S ' B

- The result:s are /summarized in Figure 1: the good readers made fewer
recoonltlon errors on the norrhyming foils relative to their performance on
the rhymlng fotls; in contrast], the poor readers made r0ugh1y equal numbers

SuE of errors in . recognition judgments on the two types of f011s. The confirma-

tion of the 1nteract10n.hetweep readlng ab111ty and phonetic s1m11ar1ty with
this new task that’ m1n1m12es possible rehearsal effects, suggests that the
earlier findings. cannot be attr1buted solely to dlfferences in rehearsalﬂﬁ
strategy between good and poor readers. The data, therefore, tend .to support
the hypothesis that the two readlng groups d1ffer in their .use of a phOneth

representation. : o h

- !

It might be concluded, then, that poor readers have. a specific difficul-
"ty 1in. accessing ‘a8 phonetic {representation derived from script. There 1is
‘reason to believe, however, ithat the poor readers' difficulties in &aking
effective use of a phonetic, tepresentation are of a more ‘general nature ‘and

} not limitéd to recoding from Script.. The evidence comes from a study
- reported bv Shankweilter aud” Lzberman (1976) that was a sequel to the Liberman

et al. (1977) visual recall jexperiment. The point of that <«tudy was to
create an auditory analog 0% the earlier experiment, In which the letter

" strings would. be presented" od magnetic tape instead of 'tachistoscopically.
Since phonetic coding 1is pr sumably unavoidable when speech is presented
auditorily, both read1ng groups in thé auditory experiment y would thus be

forced to code the 1ncom1ng speech signal phonetlcally If the poor readers
essential dlfflCUlty was specific to recoding visually presentéd script, the .
auditcry version ®f the recall experiment should yzeld\dlfrereﬂt_results, the
statistical interaction betwgen reading ability" and phonetic similarity,
obtained *in the previous study, should disappear. However, if the interac-
v~ -tjon—remained, 'kt 'would suggest that the phonetic recoding dlfferences
‘ between good and poor readers are not .pecifically tied to the Lconversion
from print to 'speech,. but rather that “the poor readers deficit ‘extends to'-
heard speech as well as written 1anguage. 3 '

-

-
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//."
oy The results 'of these new exper1mentﬂ were nearly identical to those
/ using v1sua1 recall. As before, the good readers showed 81gn1f1cant1y more
/ phopet;c/lnterference than-the” poor readers. Thus, it may be concluded that
the,nature of tne poor readers def1c1t is related to the accessing and use
of a phonecic representation, regardless of the source of the linguistic
" information. Further 1nVest1gat10n of the circumstances that limit access to
the phonetlc representatlon is likely to contribute to an understandlng of
the sources of difficulty in learming to read.
. Toon ' ‘ ) .
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Interactive Experiments with a Digital Pattern Playbgck*

Patrick W. Nye, Franklin S. Coopef, and Paul Mermelstein

ABSTRACT

. Among the most useful tools "for speech research have been

those that enable spectrograms to be scompared with one anpther,
» that provide ways of modifying speech data and that permit the user
to listen to the modified speech signal. This paper reports an
experiment in which such an interactive research tool--a Digital
Pattern Playback (DPP)--was- used to evaluate a spectrum-matching

and dictionary-search technique for speech recognition. The DPP
was used to display spectrograms of “"unknown' sentences. An.
analyst divided these sentences into segments of word-length and-
listed their important acoustic features. Using these fpatures,'an ¢

interrogation program examined a feature-based spectrographic
dictionary and recovered all the words having features that matched
each unknown segmeﬁt. When necessary, additional features were
assigned ‘"to narrow the search. The re€ference spectrograms
retrieved from the dictionary were compared, one at a time, with
the spectrograms of the unknown sentence, and the best match was
selected for each unknown segment>™ In general, the performance of
the human analysts was found to be quite low, since only 26 percent
of the words contained in the senfences were matched correctly.
The paper concludes -with a discussion of the factors governing
human and, machine per formance on spectrogram matching.

)

INTRODUCTION

This paper describes results obtained from a speech analysis experiment
that explored methods for organizing the intormation required for automatic
speech recognition. The ekperiment required that the analysis operations be
performed by two human subjects who worked from visual displays. These
analysts studied the spectrogram, waveform, and amplitude functiens of an
unknown sentenceé and divided the sentence intg word—length segments. _Having
listed the most salient features of each segment, the analysts then sought a
set ot matching reference words that were retrieved automatically from a

feature-labeled dictionary. The identities of the reterence words were not
known to either of the dnalysts whose data are reported in this paper. Thus,
syntactic and semantic considerations did not play a direct part 1in. the
selection of suitable matches. G ~ ﬁ

o . 0

#Thi§ paper was presented in part at the 90th meeting of the Acoustical
Society of America, San Francisco, Calif. November 3-7, 1975.

|HASKTINS LABORATORIES: Status Report on Speech Research SR-49 (1977)]}
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Togemann  and  Mermelstein (1975) have reported the rvesults @ of some

“similar experiments that were carrvied out ‘with conventional paper spectro-

grams. Their experience showed that the clerical problems became serious
when subjects were required to work with reference 'libraries as large as 100
words. The present work represented a continuation of .those experiments but
avoided the inconvenience of handiing volumes of paper by using o comput er-
based display system. ‘

THE DISPLAY SYSTEM -

The "speech signals wer> displayed by an interactive rescarch tool--
called tiw Dipital Pattern ?2layback .(DPP)--which has been built around a PDP
11/45 and GT40 computer system- (Nye, Reiss, Cooper, McCuire, Mermelstein, and

Montlick, 1975). The system organization 1s sketched in Figure 1. The PDP

11745 ruins a - general-purposs operating system allowing multiprogram access
from several terminals. 'The GT40 supports the display functions. The
analyst, seated at the keyboard, can selectively access the, PDP 11/45 or the
GT40. Using this facility, he may display two spectrograms lying one above
the other on the same sdreen—=each _representing 1.6 - secs. of - speech  (see
Figure 2. The lower spettrogram display field 1s usually occupied hy a
veference item that has been selected from the dictionary.and installed there
tor direct comparisca with the unknown.. A cursor, controlled by a knob, can
be moved to any-point along the time axis of the upper, unknown spectrogram
and the cross-section at that point can be- displayed. A similar cross-
section facility is- dlso available for the lower .spectrogram. In addition,
the wvser has the freedom to examine waveform plots for the unknown at points
indicated by the cursor, and to examine th'e intensity and fundamental
frequency functions of selected segments of speech data. Other facilities
include provisions for manipulating speech spectra and hearing the results
through a channel vocoder. The system forms a general speech analysis-
synthesis facility, only a few of whose capabilities were employed in the
experiments described here. ' :

ORGANIZATION OF TUE RETRIEVAL PROGRAM

Each of the reference ;pectrograms consisted of 'a candidate word
presented in the sentence frame "Please say agaig.” These spectrograms
made up a lexicon of 100 reference items of which 20 had both stressed.and
unstressed forms represented, giving a grand. total of 120 entries. The items

"wereTstored on a disk in such a way that they could be selectively retrieved

by means of a specially designed program that also collected data on each
analyst's decisions and analysis procedures. A general. model of this process
is given in Figure 3. : ' : :
Before commencing the experiment, the .two analysts were each asked to
select a personal set of up to 16 descriptive features that were considered

‘to be useful in correctly selecting matching words from the lexicon. Each

analyst thén used his chosen features to label each member of the reference
1isp. Any one of. three discrete values could be assigned to eath feature;
either present, absent or unspecified. =

Tne retrieval propram listed the features that an analyst found in a
word=segment of the unknown sentence and used this list (or feature vector)

88
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Lo extinet a4 subset ol he teference Tesicon that shaved the same featuren,
A addittonal propertye of the propram was hat Munspecitiod™ teature values,
in rotorenee words, satohed both “present” and Mabsent” assipoment ool those

teaturgs an rhe unknown sevment

' While the matehing propram was ander way, an oanal vite could specity

additional  teature  intormation  aboub “the wnknown by \‘l\:llwlfﬁalpz vitlues o1
spect ﬁ;i iy previously unspeciticd values, Afternatively, he could relax
teature assivnments by incrbasing the number ot unspecitied features and
thvrvh@ increase the sive ot the matching word Tist,. The number of reterence
spectrograms  that  watched Tany “specitied  feature=vector collfi bo rapidly
determined. o the event that too mauy 1oterence items matehed the spocified
features, the analyst was atlowed to revalue fratures in the reforMmee list
to achieve preater precistion,  When the number al retr feved items Y¥oell to a
sutticientlv Tow ltoevel, the analvst could scan through them one by one, each
time (lisplnﬁjnn the petential mateh above the unknown. In order to make a
unique solection, he ¥duld then invbke additional intormation not included in
the provious feature assigument: tor example, expected fbrmant  shifts from
the trterence lopm to it 2the apparent context ot the unknown: 1f none of
the retrieved items matched sutficiently well, the feature assipgnmuent  was
then moditied to select a new list of matcehing words.

The analyst couid also display a series of ((\tcnt ial word matches in an

appropriate order, side by side, and judye whiyther coarticulotion effects

could account tor the remaining discropancies between the reference words and

the unknown. After the analvst had arrived at a hypothesized reference-vord

A1 . . . . . - . .
seqreace that satisfied his criteria, the sequence of items was given to the

original speaker to be spoken in the same tone of voice atd with the same
intonation pattern used . in the original unknown sentence. This production
torm . of the matched scquencey was then added to the data bade. for the
analysts' examination. At this point, new reference words could > be substi-
tuted where the analyst noted thbat a mismatch with the unknown sentence had
occurred. ' ’ - ‘

- . .

The recprd-keeping section of the retrieval program noted the number of
scarches of. the reference library that were made by both the analysts and all
of the reference words that they examined. This record allowed the authors
to trace the significant informatien feedback paths in the system--those that
resulted in new searches of the reference library with differing feature-
vectors. These feedback paths are noted in Figure 3.. The extent to which
lexical infermation can modify an analyst's segmentation and feature assign-
ment was not surprising. In fact, through this attempt to model enplicitly
the information tlow among the verious subtasks of the ahalysis process s we
have uncovered a structure. similar “to the model for  speech recognition

propo;%d by Fant (1970) nearly 7 years ago. -

B EXPERIMENTAL OBSERVATIONS

Both analyvsts found the 16 assignable features to be insufficient and
would. have ysed a larger number, had there been provision to do =so. Howet -r,
even the assigament of Tsixteen features to 120 reference items was very time-
consumine.  In ordes not to, impeosc any priornfwaturwnor;nhizntion on our
analysts, all teatures were considered cqually impertant in establishiing a

3
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Cmatel . Mhe anatyats were drusteated by the necessity to exptic oy marvk Che
abrence ot many teaturces--a vequirement imposed by the sinple=lovel feature
organization. Use ot a multileve! or hicrarchic feature organ Laal ton necess
sitating,the selection of secondary features onty it they were appropriate in
the  light ot specitic assipmments ot the primary  fteatures, would have
overcome this ditficutty, '

.

Bora analysts  found little difficulty establishing reference-word
matches to the prominent words of the unknown sequence, In fact, they were
surprised ho, discover how little informatioa (possibly only 3 or 4 features)
sufficed for the rvetrieval of ng wore that, 6 matching ttems . Mure severe
difficulties were encountered in actempting to find the matches for the less
prominent words er syllables. Here the analvsts did not trust their feature
assignments=-an indication of the difficulty that chey eacountered in making
thosc assignmeats .in the first place. One analyst resorted to an exhaustive
Scanuing of the list of unstressed refercnce items. lhe other compared pairs
of stressed and unstressed reference items to inter which features could be
cexpected to be Yarwer to detect under reduced stress.  He then relaxed the
feature assignment for the cdrresnonding unstressed items,

LTHO second analyst attempted to overcome the word segmentat ion problem
bY(kéelccting prominent syllaples sround which to organize a retrieval
attempt. ‘The ability to look at variaciony in the spectrum envelope as the
cursor swept through successive time intervals of the upectrograms.provod to
be quite helpful in sclectii,. *he most prominent syllable of a.ysequence.
Orgunizing the retrieval strazegy agound prominent syllables permitted the

. rapid examination of alteruative hypotheses. For example, the first hypo-
chesis might be a monosyllabic stressed word, the second a bisyllabic word
with an additional unstressed syllable. Information about additional conso-
nantal segments could be added to the feature vecwor used for retrieval until

_the number of retrieved items was small enough to be individually scanned.
Even though only a few <-lient features located near the prominent vowel were
assigned, the retrieval process frequently resulted in an obvious match to a
much longer scgment of the unknown: =~

N .? B

- The features describing vowel!color were aot found very useful by either
analyst. There are two reasons that may account for this finding.  First,
contextual inflvences on the vowel formant-frequencies of both the reference-
word and_the unknown word-segment made reliable feature assignment difficult.
Second, very few of the reference items differed by vowel color alone. Thus,
the specification of vowel color features did not significantly reduce the

_number,of retrieved natches in contrast to leaving them unspecified.

N

The one analys. who attempted to make use of segment duration io® his
feature astignment -~ound it to be useful -only in extreme cases. For the most
part, the GSegmental durctions of unknown words varied considerably as a
function of stress, syntactic role and position in the sentence, making small
dur~stional diiferences ineffective for discrimination purposes. .

-
.
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Results

The average pregportion "of words that the two analysfs succeeded 1in
correctly matching was only 26 percent, and this figure did not increase
after one cycle of feedback.. Although one error was corrected, an additional
error was:introduced in the words. hypothesized on.thé second attempt. The
overall word-matching performance was thus significantly lower for the
machine-assisted word-matching experiment than for the *similar experiment
conducted with conventional spectrograms by Ingemann and Mermelstein (1975).
There are. several pos>1b1e reasons//fo* this deterioration in match1ng :

ﬁerformance. The relative unfam111ar1ty of the display--in particular the
way, acoustic features seen on thg DPP -are affected by the 11m1ted time
resolution of the display--may have. been one” factor. More importantly,
perhaps, the séntence in the current experiment was longer (21 words vs. 16
words) and somewhat more complex. The lexicon used in the DPP experiment
intentjonally included more words that had close phonetic s1m11ar1t1eb to the
unknown words .of the sentence \\

The word-identification scores are broken down by analyst,\ tress, and
number of syllables in Table 1. While 52 percent of the words that contained
at least one stressed syllable were correctly identified overall, practically
all of the matches with unstressed words were incorrect. Overall per formance
on multisyllabic words was somewhat higher than on monosyllabic words. Here

the relative performance of the subjects differed significantly. The analyst. .

who used the strategy that focused on prominent syllables did better -on
smonosyllabic words_bdt worse on multisyllabic words. The strategy led to
frequent errors on the - unstressed syllable of a multisyllabic word=-
particularly when phonetically 'similar words were included in the lexicon. |
Substitutions in the unstressed syllables of those words were quite frequent:
Examples of such substitutions are "immunity" for "community", "“human" for
"humor", “arrive" for '"derived"; and "salt" for 'assault."

>
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TABLE l: Percentcorrectly identified words.
® ‘ : , “Pass 1 o Pass 2

- Tokens ‘Analyst 1  Analyst 2 ~ Analyst ‘1 ‘Analyst 2

S

- Monosyllabic words 15 33 .20 ' 27 20
Multisyllabic words - 6 17 - 33 - 7 50
Unstressed words 11 9 0 L0 0.
Stressed words .10 s 50 50 50 T . 60
Al1l words - 21 . 29 - 23 23 : 29

- . h Percent correctly identified syllables .

L

(Al syllables © 30 43 47 43 47




O

-

o

CONCLUSIONS

_ The single most important observation to emerge from the results is the
poor performance ‘of the analysts on unstressed words. A reference token,
whether .spoken- in a stressed form or in a different unstressed énvironment,

- does not provide sufficient information to enable the analyst to effect a

match. Perhaps a larger number of reference tokens taken from a variety of
contexts in - which the word may occur might be useful, since it is evident.
that. analysts are usually unable to predict the 'transformatlons that the
acoustic features of words can undergo if they are uttered 1in phonetically
different contexts. Analysts generally judge similarity in terms of ‘common
features between the unknown and reference tokens. They do not pay
partlcular attention to the variability of those features and thus do not
differentiate among the features according. to their reliability in
establisking matches. It seems likely that intensive learning sessions on
the variability of acoustic features are required before improved word

‘matehing results can be obtained. _ N

The lack 'of any blgnlflrant improvement following feedback of the
hypothesized words spokem as a sentence is probably due to the fact that the
overall performance was initially -too low (that is, the initial hypothe51s
was offered with such a low level of confldenee that it contributed as much
to the analyst's uncertainty as it did to his knowledge). It appears to be
that a higher- minimum performance must be reached before the information

supplied by feedback ‘can be wusefully absorbed. If an unknown word is.
embedded in the correct context, its appearance is likely to be quite similar
to its foerm in the unknown sentence. However, if the context 1is incorrect as

well, a new production of the reference form is obtained that may not be any
more similar to the unknown than it was to the original.

Let us now conblder the ' prospects . for implenenting an entire feature
assignment and word-matchlng procedure in algorlthmlc form for execution by a
machine. The selection of matching words on the babls of assigned feature

~values is clearly the easiest procedure to implement, ‘and, ‘inc<fact’, this has

already been- successfully carried out. Heuristics are. avallable for the
assignment of values to most acoustic features and, therefore, we can expect
that this analysis procedure can “be implemeénted at a cost that increases
roughly linéarly-‘with the " number of features used. We -anticipate more
difficulty, however, with the process labeled "similarity'". We are not, as
yet, able to quantify a general 51m11ar1ty metric that assigns perceptually’
approprlate weights to prlelC differences.., Events of short durat&on, such
as bursts, may contribute a great deal to measures of similarity, whereas
differences in events of longer duration, such as shifts in formant
frequencies, in vocalic intervals, may be of less significance.
& : ° N
It  is possible that the comparison - of word-sequences ‘might . be

" implemented with the aid of a bPGGCh synthe31s program; however, it appears

that finding an appropriate metric of similarity 1is the most difficult
probLem Given any general différence measure, we do. not- yet Know how to
separate dlfrerenceb between speakers from differences between words, -and
until we can Jz2arn what the important distinction® are that we must look for,

-word identificstion through, spectrum matching by a human analyst, or by a
~.machine, will _not be a practical art. -
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The Function of Strap Muscles in Speech: Pitch Lowering or Jaw Opening?”

James E.  Atkinson' and Donna Erickson

SN v
LTl

ABSTRACT

. This paper reports on one aspect of a continuing study to
determine the physiological correlates of the changes in fundamen-
tal voice frequency (Fp). Several el:ctromyographic’ (EMG) studies
with speech have reported an associaiion of strap-muscle activity,
‘particularly the sternohyoid, w1th low Fp and some of these studies
sugzgest that the sternohyoid 1is actlvely involved in lowerlng FO
It has also been suggested, however, that the sternohyoid is
involved with jaw opening, and that the reported pitch-lowering
effects may actually be the result of jaw opening. To investigate
this question an EMG experiment was conducted on one speaker of
American English under normal and clenched jaw conditions. The
normal utterancés'were of the form “"Bev loves Bob" with emphasig on
the various words. The clenched. jaw data were obtained while -the
subjrct leld his jaw fixed by biting on’ a tongue depressor and
intoned the corresponding intonation patterns with 'a fixed vowel

‘carrier /a/.” The results indicate that the strdp muscle activity
‘for the.normal utterances is very similar to the dctivity for the
- same intonation patter: - ith the jaw clenched. Strap muscle
activity ‘thus seems to ore closef} related to pitch effects

than to jaw-opening effects.

This paper reports on one aspect of a cont1nu1ng btudy to determine the’
physiological correlates of changes in fundamental voice frequency (FO)

’Spec1f1cally, we investigate the sternohyoid muscle, one of. several extrinsic

laryngeal muscles, and its role in controlling Fp. Several electromyographlc
LEMG) studies with speéch have reported an association of strap muscle
activity, -particularly the sternohy01d with low Fg, and some of these studies
suggest that the sternohyoid is actively involved in lowering Fp (Faaborg-
Andersen, 1965; Ohala, 1570; Ohala and Hirose, 1970; Atkinson, 1973; Collier,
1975; Erickson, 1975). It has also been suggested, however, and - there has
been -=some supportive data, that the sternohyoid plays a role in some

~

*A version of this papér was presented at the 92nd meeting of the Acoustical
Society of America, San Diego, Califérnia, November, 1976.

TSpec1a1 Projects Department, Naval Underwatér Sy§téms Center, New London,
Connectlcut _ e Tl . :
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articulatory gestures involving jaw opening and that the reported pitch
lowering effects may actually be the wesult of jaw opening (Ohala, 1972;.

Chala and Hirose, 1970; Harris, 1971). 5

- Figure | gives a ,simplifiedt'séhematic representation of the relevant
anatomy.. First, the thyroid cartilage and larynx as a whole are suspended
from the hyoid bone by the strap muscles (hence. their name) .. Clearly,’
contraction of these muscles can affect the thyroid cartilage in either the
front back or in the vertical direction. Any such movement could change the

lengthand tension of the vocal cords and hence their rate of vibration (Fg)..
The exact mechanism involved is still not clear, although several possible
explanatlonb have been suggested.

The figure shows only one of the supra~hyoid muscles, for simplicity,
the digastric muscle, although there are other muscles (such as geniohyoid
and mylohy01d) in this group. Both the strap muscles bUppOftlng the larynx

~and the jaw opening muscles attach.to. the hyoid bone. As seen in Figure 1,
sntraction of the dlgabtrlc creates a force that pulls the hyoid bone
upward. To allcw jaw openlng, there must be an opposing downward force to

stabilize .the hyoid-.and’ glve the. Jaw opening force scmething to pull against.

Thus," it; hab been . buggested that the sternohyoid and/or other strap musCles

contract to bupply thls force and allow jaw opening.

To 1nvebt1gate this questlon an EMG experiment - was conducted on one

‘speaker of American Engllsh under normal and clenched jaw .conditions. The
normal utterances were: "Bev 'loves Bob " with emphasis on various words.

6 The clenched jaw data were obtained whlle the sybject held his jaw, flxed by

biting on a tongue depressor, and intoned the corresponding pitch patterns
.with & fixed vowel carrier /a/. . Am-.xample is "BEV loves Bob™ with the

_corresponding clenched jaw form "AH. hah hah.'" A direct ‘comparibon of
sternohyoid act1v1ty for the same pltch pattern with and without jaw openlng

effects was obtained. .

.Table 1 listg the utterances used.

TABLE 1: Test utterances.
!

NORMAL - : CLENCHED JAW
BEV loves Bob. . AH hah hah.’
Bev LOVES Bob. ah HAH hah?

Bev loves BOB. ah~ hah HAH.

. : ‘ j « .
EMG data were obtained from the. bternohyOLd muscle using fiooked wire
eleccrodes ‘and then recorded for proceSblng and ana1y51b using the Habklnb
———————Laboratorles EMG fac111tv
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— .-Figure 1: Simplified schematic rep_resentétion of -the muscles involved in

pitch lowering and jaw opeiring: - e _
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act1v1ty for normal and. clenched-

jaw versions of an utterance having the same intonation’ pattern.
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Figure 3:

SH ACTl\I\-ITY.[ L)
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STERNOHYOID ACTIVITY

—=----- PITCH (F,)

Comparisan of*-sternohyoid muscle activity for two utterances
having the same segmental phonemes but- different intonation pat-
terns. ' ' ' ’
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The maJor results are given in Figure 2, which :hows sternohyoid
actmv1ty for the normal utterance "BEV loves Bob," and for the clenched jaw
version with.the same Fp _pattern ""AH hah hah. " In" comparing” these two
utterances we are, in-effect, holding pitch constant, and any differences in
musc le aétivity_must be a rebult of articulatory and jaw opening effects.
Although there are some timing dlfferenceb,“as seen in this figure, it is
quite clear that the sternohyoid actlvxty is very similar for both the normal
and clenched jaw versions. In fact, even with the timing differences the

_waveforms hzve a correlation coefficient of 0.7. Thus, no noticeable jaw

opening effect 1s shown.

In Figure 3 we compare sternohyoid activity for the normal utterances
"BEV loves Bob" and "Bev LOVES Bob." Here we effectively have the same
segmental and jaw opening effects ‘but very different Fy patternb Any
difterences in muscle activity thus would seem to. be caused by pitch
differences. :

Clearly, the muscle activity is less similar here than in Figure 2 (the
correlation coefficient is only 0.3). Thus, a clear pitch effect is seen.

To summarize, utterances haviag the same pitch pattern regardless of

'artlculatory dlfferencebAshow very similar bternohy01d activity. Utterances

having. the same articulatory and jaw opening’ gestures (but different pitch
patterns) show very different sternohyoid activity. We conclude, therefore,

“that sternohyoi .activity is more closely related-to pitch effects than to
jaw opening effects, at least in this speaker. We are presently extending’

the study to other. speakers in order to test the generality of . these

conclusions.
LY
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The Geniohyoid and the Role of the Strap'Mﬁscles*

‘Donna Erickson, Mark Liberman! and Seiji Niimi

R )

ABSTRACT -

Manv investigats:s have noted a refationship between stray
muscle activity and pitch lowering, but- there does not seem. to be
any single generally accepted theory to account for this connec~
tion. The particular effect of strap  muscle contraction will
depend in part on what other forces are acting-on the hyoid bone;
therefore, in the context of a general EMG investigation of English
intonation, we.recordei from a. suprahyoidal muscle, the geniohyoid,
as well as the strap muscles (sternohyoid, sternothyroid, -and
thyrohyoid) and the cricothyroid. In our data, the three strap .

. muscles show nearli identical patterns of activity; as a grocp,
their activity shows a strong negative correlation with the activi—-
ty of the geniohyoid and the cricothyroid. - Examination of the
relationship of these muscles" activity to Fg levels showed . the

_cricothyroid and genichyoid to have a positive relation to Fp, and
the sternohyoid (selected as a representative strap muscle) to have
1 slightly negative relation to Fp. These findings are ,related to
“the development of a possible model for the relative .motion of the
larynx during pitch changes. A ' ) s

o

EXPERIMENT

It is known that the strap muscles [sternohyﬁid (5H), sternoﬁhyroiﬂ (sT)

‘and thyrohyoid- {TH)] are active during low and falling Fy (Chala, 1970; Ohala

and Hirose, 19707 Atkinson, 19735 Collier, 1975; -'Erickson, , 1976). .  The
suprahyoidal muscles have not previously been investigated with respect to
their role im Fp control in speechj: yet, -the anatomicagl arrangement of
extrinsic laryngeal musculature is such that an éffectxof*ﬁﬁgg;'I@p<muscl%s
with respect to Fy will certainly depend 1m part on suprahyoidali.forces as
one can gee by referring to Figure 1. In view of ‘these considerations, we
examined*.the EMG activity from a representative suprahyoidal muscle, the

- geniohyoid (GH), as well as- from the .three strap ‘muscles (the SH,:.8T, and

Englisk intonation.- o . S

TH), and the cricothyroid (CT) in the context of a larger EMG experiment on

ot

. We will present dsta from this experiment that bears on the following -

.

" .two guestiomns: . . s

- . . "

“ 2

*The:paper was preseﬁted at the 92nd meeting of the Acoustical Society of

America, San Diego, California, 15-29 November 1976.

“TBell Laborafories; Murray Hill, N.J.
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Results

1973, Collier, 1975, Erickson, 197¢€¢5.

1. What overall relationship do the activities of the strap muscles,
cricothyroid, and ggniohyoid bear to each other?

2. What relationship do the activities of these muscles . bearizto Fy
levels? )

"Fight sentences, from 9.to 14 syllables long, with ve.:ous screscings
and intonational patterns, repeated eight times, were exdamined. We have only
recorded a single speaker thus far. The quantltatlve data we will present in
this paper is drawn from a subset of: the total, but the rezults are
qualitatively valid for the entire experimental run. |

Relationships among the muscles. Pearson product-moment correlation

coeffitients were calculated for the variogs mu~cles using the Haskins
Laborator.es Computer*implemented crrrelation program, and the results :an be

‘seen in FEigure 2. The activicy of the three strap muscles positively

correlates with each other, and nesatively correlates with the genlohy01d and

c¢ricothyroid. Tk~ acc‘v1ty of the geniohyoid and cricothyroid positively -

correlates with each other. Althou h guantification of the correlatlon of
iatrastrap. muscle activity .in term€ of correlatioen coeff1c1ents has not been
nrésented heretofore in the literature, the data here agree with the findings
of Erickson (1976). The finding of a negative relation between the activity,
of the strap muscles and the cri¢othyroid has been reported previoysly in:

other EMG studies. (Atkinson, 1973; Collier, 1975; Erickson, 1976). The
posltlve relatlonshlp between the activity of the .CT and the GH has not been .

ey'-ored previously. We are currently investigating: this w1th respect to
p0551b1e physiological correlates of stress in English.

Relationship of muscle activity to Fy levels. Im order tu ascertain the
relationship of these muscles to Fy level's, we concentrated on two key
syllables (the intonational 'tWead" and "nucleus") in two repetitions of the
sentence "It's nothing less than a masterpiece,’" spoken on five: 1ntonat10nal
patterns [see Liberman (1975)]j. VWYe compared root mean square of the
integrated ENG activity for these syllables/&to mean g 100 msec later. This
delay appears to be approximately .appropriate for the contraction time of the
laryngeal muscles (Sawashima, 1974; Atkinson, in press) The RMS values were
calculated from EMG recordings sgmp’ed at every. 5 msec. Tr=2 Fg values were

calculated’ from the voiced part of the syllable : .
. 1} . : 1

The GH activity has a clear positive relationship to Fg. above about 105

Hz. This interesting  observation leads to speculation about. possible  GH
function ds an aux1]1ary pitch~- ra;slng mechanism for high Fgp, when the CT
needs an extra 'boost'" to raise Fg, "as in- stressed syllables. We are

1nvest1gat1ng this further. The CT activity shows a positive relation to Fp,
and in this respect agrees with several other EMG studies, (for example,
Atkinson, 1973, Collier, 1975, Erickson, 1976). The results are shown in¥
Figure 3. The SH activity shows a tendency towards, a negatlve correlation
with F,, and this too agrees with the findinges of_other ‘studies (Agklnson,

7
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In addition to looking at the relationship of EMG.activity\fb\Eorlevel,
it is also interesting to look at the EMG activity for the particular
syllables as shown in Figure 4. The relationship between GH activity and cT ™~
activity has not been explored previously, but holds considerable interest
for future investigation. The relationship between CT activity and SH
activity appears -similar to that shown for Thai syllables (Erickson, 1976).

Physiological Implicatfans

These findings can be related to a general picture of the motion of the

larynx during changes in Fy.  There appears to be a tendency for the larynx
_as a whole to move in an, aré, as shown by the arrow in Figure I: motion
forward and up being generally associated with-pitch raising, and motiom back
and down with pitch lowering. This seems-to be substantiated by cineradio-

graphic evidence that shows the hyoid bone moving up and forward during high
pitch (Faaborg-Anderson and Sonninen, 1960; Colton and Shearer, 1971).
(This, of course, is dependent on the head position and holds true only when
the head is in the 'upright position seen in Figure 1). The result of this

upward and forward motion of the hyoid bone is to pull the thyroid cartilége

up and forward. Since the cricoid cartilage would tend tp remain relatively
fixed (due to its connection with the constrictor muscles and the trachea),
it would tend to resist the forward component of the motion. The résult of

this relative motion (rotation or translation) between the two cartilages at
the cricothyroid joint would tend to lengthen the vocal folds, as the larynx
moves up and ‘forward, and relax them as it moves back -and down. A paper’
describing this view in more detail is now in preparation.

As a final remark, we wish to say that this is a preliminary  investiga-
‘tion and the speculations and physiological findings introduced in this paper
are being explored further with a view toward application to current theories:
of intonation and stress in English. - :

-~
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‘individual syllables. -

Syllable Syntht.xs‘

Ignatius G. MattlnglyT

ABSTRACT - .

A scheme  for synthesis by rule based on the phonetic syllable
is described. A syllable-feature specification of the utterance to
be synthesized determines a pattern of articulatory "influences;
these influences .in turn determine the parameter values of the
synthesizer ] ' ’ '

)
o

For quite a long time, as the first slide (Figure 1) may remlnd you, my
colleagues at Haskins Laboratories have been insisting that speech is‘a code,
and that the encoding unit is the: phonetic syllable. As the result of the
merging of various coarticulatory'influences, the correlates of the phonemes
at the acoustic level are, in the vivid phrase’ of Liberman, Cooper,
Shankweiler, and Studdert-Kennedy (1967), "overlapped or shingled, one onto
another," yielding "irreducible segments of approximately syllabic dimen=-
sions." This observation should, indeed, be generalized to "include the
articulatory level as well (MacNellage and DeClerk, 1968). 1In this view of
the syllable |which' of course goe* back at least to Stetson (1951)], my
colleagues have been encouragsed by the findings of Koshevnlkov and Chistovich -

~

But the appeal of the phonetic syllable as an encoding, unit does not
rest merely on empirical observations as to the unsagmentablllty of anything
smallec. There is not time to make the theoretical .case for the syllable at
length, but I would at least point out how nice it would be if it were
possible to order freely the unlts of an ideal phonetic transcrlptlon at each
prosodic level.*~ Because of _phonotactlc restrictions, this COﬂdlthﬂ is
clearly out of the question if these wunits - are. cpnventlonal phonetic
segments, but seéms quite reasomable if the units are phonetic syllables.
Though “overlap between the physical manifestations of adjacent syllables
occurs, the principle of free ordering in the traﬂbcrlptlon will be preserved
as ‘long as such overlap is predictable from the specification of -the

v

From this point of v1ew, the syllable is a cyclic process, passing from

“onset to peak to offset as the vocal trdct moves from a more closed to a more

open to a more closed configuration. The process can be realized in many

- *This paﬁez was presented at the 92nd Meefing of the Acoustical Society of

America, San Diego, California, 15-19 November 1976.
TAlso University of Connecticut.
|HASKINS 'LABORATORIES: Status Report on Speech Research  SR-49 1977}

111

[
B
<o




O
e
o
Lol

Figure 1: Intéraction of consonantal and vocalic influences in [bég]. After
Liberman (1972). ' ‘
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parameter values and a curve that represents the extent of the ‘influcnce over
time. An influence curve 1s a modified exponential function of the form
kegr. In this (function [similar to the one uged by Lindblom (1963)7ﬁn his
well-known model = of consonant-vowe) coarticulation], ,the coefficient
¥ determines the oefféctive time of onset. of an influénce, and the
exponent  deteérmincs its rate of growth. On phonetic grounds, these proper-
ties of ‘the function are appealing, since one would expect both the shape-and
the relative timing of the various influence curves to be significant
variables. Of course, there are other functions that might possibly have
been used instead. The value of the function is restricted to' the range
0...1, since it is'used as a weight, and at a certain time T (x) after the
notional beginning of the syllable cycle, B becomes negative, so that the
influence will begin to diminish. " The target values, and the values
of x, B, t(x), and other variables are assigned by the rules. ‘

It might be objected that the notion of an "influence'" simply reintro-
duces the phonetic segment in a new guise, particularly when I refer to the
influences of consonants and vowels, and employ the conventional terms for

manner classes. But unlike phonetic segments; influences are not linearly
ordered; their temporal relationship is more complex than that. And "conso-
nant," "vowel," and the various manner class terms are to be understood not

T as begment categories, but as labels given to various recognizable abpect of
the syllabic cycle by which they are deilned )

o

%ecause of our'particular interest in the temporal patterns. of events
within the syllable, we, have provxded various wayb to control these patterns
in"the program.? As we have just seen, k controls the effective onset of an
influence; by manipulating this variable,. different degrees of consonantal
and vocalic coarticulation may be provided. Since the moment when an
influence begins to diminish is a variable, articulatory holds for stops and
fricatives can be represented. ' Moreover, each influence can potentially
increase the duration of the syllable by a certain amount. If such. an
increment is called for, the orsets of syllable-final and following~ S}llable
influences are poatponed by appr‘prla«ely reducxng their x values.

The actual. parameter values for aﬂpartiéular 5-msec sample of speech are
derived by an iterative calculation. The influences are regarded as ordered,
from vowels to fricatives to stops. At each iteration, the valve computed
for a parameter 1is :

Vi = Vip + LTy = Vi-p)

that is, the weighted sum of the target values associated with the influence
and the value computed at the preceding. iteration, the relative weighting
being determined by the value of the influence functlon at that point in.the
syllable. (At the first iteration, the target value for the vowel of the
previous syllable serves as the seed value Vp.) Because of the large number
cf influences, the burden of calculation would be considerable were it not

¢

20ur investigations of syllable duration are reported in a paper read .by
Linda Shockey at an earlier session’ (Shockey and Mattingly, 1976).
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that at any one time, many potential influences are inactive, that is, have
wvalues near zero, and may simply be ignored.

Thu next three slides (Figures 2, 3, 4) illustrate how the overlapping
ious influcnces 1s realized. This slide (Figure 1) shows an la]

'aseumnd to have been preceded by [a] and followed Ry [ej. The curve with
black circles in the upper portions of the &slide shows the increasing
influence of the [al at the expense of the [0] of the preceding syllable.
The curve with white circles shows the increasing influence of the [e¢] of the
following uyllable at the expense of the [a]. The lower portion of the slide
(Figure 1) shows the target formant frequencies for all three vowols and the
formant movements resulting from their influence.

In this slide (Figure 3) the influence of a final palatal glide is
interposed, in addition to the other influences, to give the diphthong lar],
and the formants change accordingly.

Finally, in Figure 4, the influences of an initial [y] glide in the {ar ]
syllable and .of an initial [w] glide in the following qyllablc are superim-
posed upon the other influences.

Thlq way of calculating parameter values will be recognized as a
generalization of the method used by Holmes, Mattingly and Shearime (1964) and
by the earlier Haskins programs for calculating formant transitions (Matting-
ly, 1968a, 1968b; Kuhn, 1973), in which the "boundary value" used as a basis
for interpolation was the weighted sum of ‘the target frequencies of .two
ad jacent phones. It i1s also analogous, as ‘Tim Rand has pointed out, to a
serids of filters, each of which corresponts to an "influence." '

The scheme,  as described  so far, 1is quite general, and could be
implemented in terms of articulatory gestures, or vocal: tract shapes, or
formant movements, depending upon the choice of parameters. - The most
interesting and satisfying implémentation would be the articulatory one,. but
Abecause we are anxious to explore temporal questions as soon_ as possible, we

are beginning with an acoustic version.
53
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Articulatory Movemceuts in VOV Scquences

Thomas Gay! Lt !

ABSTRACT

v
The purpose of this experiment was ta study hoth the timing
' and positional properties of articulatory movements in VCV utter-
ances. Conventional cinefluorographic techniques were used to
“track the movements of the upper 1%?: lower, lip,.jaw, tongue tip,
and tongue body of two speakers who ‘read randomized lists of VCV
utterances containing: the vowels /i,a,u/ and thei consonant’s
/p,t,k/, in all possible combinations. " Results showed that the
timing of articulatory movements in a VIV sequence is constrained
by the intervocalic consonant, even if the gesture for the conso-
nant is not a contradictory one. Anticipatory movements toward the
second vowel always begin during the closure period of the intervo-
calic consonant. The appearance of carryover coarticulation ef-
fects degénds on_the phonctic identity of the’particular segm:nt or
degree of involvement of the articulator’. Carryover effects, like’
anticipatdry. effects, did not extend beyond an immediately adjacent

segment. These findings suggest ‘that the rules governing -the
segmental input to‘a speech string might be simpler than present
models suggeést. ¢ ' .
< &Y
. - -
- } INTRODUCTION

-

The purpose of this paper is to explore a number of questions related to
the properties of articulatory movements in VCV utterances. The exveriment
was motivated by the fact that in the literature there exist contradictory
reports concerning ‘the nature and extent.of various coarticulatory phenomena.
While the traditional view, and the earlier papers of Bhman (1966), and
Daniloff and Moll (1968), for example, hold that coarticulation is inherent
in the programming of speech sequences, and that its effects can extend

across variour structural boungaries, other more recent studies (Gay, 1974a,
Gay, 1974b; Bell-Berti and Harris, 1975) suggest that the rules governing

-

* TAlso University of Connecticut Health Center, Farmington, Conn.
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her assistance in .the analysis of the data. Th'Yis research was supported by
grants from the National Institute of Neurological and Communicative Disor-

- ders and Stroke (NS-10424), and The National Science "Foundation: (GSOC-
7403725) . ' B
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,coarticulation (both ant;cxpator' and* carryover) mlght be somewhat simpler
than prev10us1y believed.

Anticipatory coarticulation effects are essentially- timiné effects:
movements toward some parts of a feature target of a given segment begin
before others. :I.. a study of anticipatory lip rounding,' Kozhevnikov and
Chistovich (1965) found that the onset of the rounding gesture for the vowel
/u/ placed in a CCV syllable occurred at .the beginning of the syllable.
Daniloff and Moll (1968), 'in extending the observations of Kozhevnikov and
“Chistovieh, showed that lip rounding for /u/ can begin across as-many as four
segments . ahead of the vowel. In their experlment antlc;patlon of 1ip
rounding for the vowel /u/ was studied for a- number of monbo~- and dlsyllabic
single .and two-word utterances embedded in sentence frames using lateral view
c1nef1uorography Onset of 11p rounding usually began during the closure

phase of the first consonant in the sequence, and was pot affected by the

‘position of word or sy11ab1e boundaries within the _sequence. Another type of
anticipatory coarticulation was shown to ex1st by Ohman. 1In a spectrographic
study ©of coarticulation in VCV sequences, *Ohman showed that the 'variability

y

observéd in transition movements to the consonant could be predicted by the. .

formant frequenc1es ‘of the second vowel. This led Ohman to conclude, that

vowel-to-vowel movement in a VCV is essentially dlphthongal with the qonso-"

_nant simply superlmposed on the basic gesture; in other words, movements
toward the second vowe®? begln independently from and at about the same time
as those toward the consonant. In other studies, Moll and Daniloff (1971}
showed that velopharyngeal openlng for a nasal consonant can: begrn two. vowels
in advance of the consonant, and McClean (1973) showed that in  a CVWN

sequence, velar opening for the final nasal. "begins ahead of the syllable

boundary, unless the two vowels are separated by a marked Junctural boundary.

These studies, among others, suggest that artlculatory encoding is a complex

phenomanon whose effects can spread across several adJacent segments. Most
studies support, either exp11c1t1y or implicitly, Henke's (1966) art1cu1atory
model that proposes the operation of a mechanism that scans future segmental

inputs, or features thereof, and sends commands for the immediute attainment -

of those feature targets that would not interfere with the attainment of
immediately intervening articulations.

. ) . X ) o ; 4.
However, in several recent studies,.both electromyographic (Gay i 1974b;
Ushijima and Hirose, 1975) and dcoustic (Ohde and Sharf, 1974; Bell-Berti and

Harris, 1975), evidence was uséd to argue against the ubiguity of anticipato-.

ry coarticulatlon effects .in speech In an experiment by Gay (1ﬁ74b) EMG
recordlngs were obtained from -the genioglossus ‘and "orbicularis oryis muscles
of two subjects during the production of various VCV syllables/. In thosa
utterances where .the genioglossus muscle was involved in - the p{oductlon of
both the first and second vowels (as in /upi/ or /itu/), or wheére the first
and- second vowels were the same (as in /ipi/ or /utu/) a ‘cessation of

‘act1v1ty occurred for the.genioglossus muscle 'during the tim¢ of consonant,

production. In other words, each vowel in the sequence (even fin a symmetri-
cal VCV) was marked by a separate muscle pulse. The interpfetation of the
finding reflected a discontinuity in vowel-to-vowel movement, and thus, a

o

- contradiction £o Ohman's (1966) diphthongal movement hypothesls Another

f1nd1ng of this-experiment was the preserce of a trough in the orbicularis
oris enveélope during ‘the production- of an alveolar or velar consonant that

. separated two rounded vowels. This’ f1nd1ng was not consistent with others

"
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that .showed a considerably- earlier onset of the lip rounding gesture

(Kozhevnikov and Chistovich, 1965; Daniloff and Moll, 1968; Benguerel and -

Cowan, 1974). 1In another EMG experimént, Ushijima and Hirose (1975) showed

that in a- CVVN sequence, lowering of the velum in anticipation of ‘the final

nasal was restricted by the syllable boundary. While these results were
obtained from Japanese, they nonetheless argue against a general model of

anticipatory velar lowering. o - .

" In an experfhent pertormed by Bell-Berti and Harris (1975), spectro-
graphic measurements were made from eighteen utterance types that consisted
.of the vowels /i,a,u/ in.CVC combinations with the consonants /p,t,k/. The

data showed that the effects of the‘terminal consonant on the midpoint of the
stressed vowel were not nearly as~large as those of. the initial consonant; in
other words, the carryover effect of the initial consonant on the yowel is ..
‘considerably greater than the anticipatory effect of the second consonant.
The same results were also obtained independently by Ohde and Sharf g1974)::
in a variety of CVC sequences,. carryover articulation effects on ' vowel
targets were likewise greatcs than anticipatory effects. =

Carryover coarticulation effects are essentially positional effects and

‘exist in the form of variability in target (or target feature) positions as a
function of changes in phometic context. Carryover effects have traditienal-
ly been attributed to mechanical or inertial effects and, in general, have
been studied less extensively than anticipatory effects. Although:carryover
effects have been shown to exist at both the EMG and articulatory levels
(MacNeilage and DeClerk, 1969; Sussman, MacNeilage, and Hanson, 1973; Gay,
1974c), the pervasiveness of these effects is somewhat in doubt. In a study
of- the production of thirty-six CVC monosyllables, MacNeilage and DeClerk
(1969) found that some aspect of the production of every phone was always.
‘influenced by a preceding phone and almost . always influenced by a following

‘phone. "~ In particular, the size of the EMG - signal: would be different"
depending on the identity of the_adjacent vowel ‘or consonant. In countering
the argument that a motor command representation of the phone shows less
variability than an articulatory target representation, MacNeilage (1970)
later proposed that the observed EMG variability reflected a complex motor
strategy, the underlying goal of which is a relatively invariant articulatory
‘end. The concept of an' articulatory-based target system as proposed by
MacNeilage was further supported, at least - for vowels, by the cinefluoro-
graphic data of Gay, Ushijima, Hirose, and Cooper (1974) and Gay (1974a). 1In
the latter study, lateral view.x-ray motion pictures were obtained from two
speakers who produced the vowels /i,a,u/ in a variety of VCV contexts. The
results . of this _experiment showed that for both subjects, the target
positions for both /i/ and /u/, in both pre- and postconsonantal positions,
remained quite stable (within 2-3-mm) across changes in the consonant and °
transconsonantal vowel. . Finally, a careful examinatioh of Ohman's (1966)
acoustic data shows that carryover effects of the first. vowel or -the

. intervocalic consonant on the formant frequencies of ‘the second vowel were
virtually nonexistent: formant frequencies fell within a 50-60 Hz range ~
regardless of the identity of the preceding phones. However, in contrast to
the studies cited above, carryover effects have been shown to exist at 'the

~articulatory level. Sussman, MacNeilage, —and* Hanson (1973) and Gay (1974c),
for example, have. produced data showing jaw position during consonant and
vowel production to be'.sensitive to the degree of jaw opegigg_gjﬂanﬁadjaeent
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'Subjectsrand Speech Material

phone. Thus, although evidence exists to support an articulatory target
formulation; no present theofy specifies the rules governing failure to
achieve a partlcular target. . L,

\

The dive?%ent research results of the iast- ten years, whether arising
from differences in interpretation or the utilization of different experimen-—

.tal .techniques, nevertheless serve to point out that a rfumber of -important

questions concerning the dynamic properties of speech gestures remain un-
answered. In"this experiment, both the timing and posltlonal properties of
articulatory movements in VCV utterances were studied, using conventional
pellet tracking and spectrographic techniques, in an attempt to provide
answers to some of these questions. " The format of the exper iment was

designed to explore ‘questions related to two particular issues: 1) the

constraints an intervening consecnant might place on the movements of the

artlculators, especially the tongue body, from one vowel to another (1s .the"

movement from vowel to vowel essentially dlphthongal or is it locked somehow
to the intervocalic consonant?) and 2) the extent of carryover coarticulation
effects throughout the syllables (are. such ‘effects limited to phonetically
unmarked features such as jaw position or do they extend to other pronertles
of both vowel and consonant productlon7)

o

’

- "~ METHOD

.

Subjects were two adult males, both native speakers of American English.
The speech material consisted of CVCVC strings where the initial "and final

_consonants remained constant (/k/ and /p/, respectively), and the meédial VCV

sequences contained the vowels “/i,a,u/ and the consonants /p,t,k/ in all
possible combinations. 'Each of the twenty-seven utteradnces was placedvln the

carrier phrase, ''Say again;" and random~ordered into a master list.

Data.ReCOrding.

© Lateral view X~ ray:films were recorded with a 16 mm cine camera at a
speed of .60 fps. . The x-ray generator delivered 1 msec pulses at 120 kv to a
nine-inch image | intensifiar tube. For purposes of tracking artlculatory

‘movements, 2.5 mm lead pellets were attached to the upper and lower lips,

tongue tip, dorsum, and body (at twe locations) of both subjects.l in
addition, a-reference. pellet was attached- at the embrasure of the upper
central incisors. Jaw movements for both subjects were tracked by measuring
the ‘distance between the tip of the lower central incisors and the reference

pellet. All pellets wefe attached at the midline using a cyanoacrylate

adhesive. The'locations of the pellets are shown for both subjects in Figure
1. : '

EacH subject was positioned‘ in a head holder. The  subjects were
instructed to read the list at a comfortable speaking rate and with equal

1

lThe second, ‘more posterior, tongue body pe]let for. Subject GNS fell off
during the experiment run. . .

.
, - g
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stress placed on the .two syllables. .A brief practice session preceded each
run. . During the x=-ray run, the corresponding acoustic signal was also
recorded on magnetic tape. : .

Data Analzgig \»

A semiédtomated system for .analyzing the x-ray data ‘was developéed for
this "purpose. It consists essentially - of a 16 mm film analyzer (Percepto—
scope, Mark ITI) and digitiziug tablet (Summagraphics) that. is interfdced to
a small laboratory computer. (D.E.C., PDP/BE). The film image is projected,
friame-by-frame, - -'via an- overhead mirror system onto the surface of the
digitizing tablet. The position coordinates of each pellet (or other

anatomical landmark) are stored in the computer when a hand-held pen is !
it

dépressed over the. pellec location. Sections of the tablet outside the image

-~area are used for control operations, for example, storlng a special skip

code or indicating end of utterance. The computer measures the X and Y
coordinate pos1t10ns of each pellet relative to the p051t1on of the reference |
pellet and stores the accumulated data, frame-by-frame-by~utterance, on disk.
A_secoﬁd program 1is used to -display the X and Y components separately as a
movement track. on a large display scope. The resolution of the digitizing
tablet is .25 mm. By projecting the film twice real size, measurement error
is easily reduced to within + 1 'mm. This was the ‘usual maximum real size
error obtained from repetitive measurements of selected samples. :

One particular problem inherent in x- réy pellet tfacking techniques ‘is

the obstacle dental fillings present in marking pellet locations. Because of
the den51ty of amalgams, the pellets, become lost when they enter behind- such
fillings. Dental restorations interefered with the.tracking of the first

tongue body pellet of Subject FSC and the tongue body and tongue t1p pellets
of Subject GNS, both to.varying cegrees in different utterances.

Wide band spectrogfams, using a Haskins Laboratorieg digital spectro-

graph routine, were made for 41l uttérances. A partlcular advantage of this-
routine is a software thresholding feature that can be used to reduce the
background noise produced by the x-ray generator. This permitted spectro-

graphic measurements to be made for almost all.of the vowel nuclel, although
the less intense parts of the 51gnal assoclated. w1th formant transitions were

-lost in the noise. _ _ . : -

-’

The acoustic recordings of both subJects were analyzed for ‘the -purpose
of determining whether stress differences appeared for -the: first and second

vowels. Perceived destressing occurred con51stent1y for /a/ in preconsonan-
tal position for Subject GNS. " Destressing of preconsonantal /a/ was also °
evident .in the spectrographic megsures. First and second formant frequencies

for /a/, pooled across consonants and vowels, were 640 Hz and 1340 Hz . for the
initial position, and 810 Hz and 1210 Hz, for the final position. Instances
of first "vowel destre551ng for /a/ 'also occurred for Subject FSC, but not

consistently. These were the only stress effects that appeared for either
subject. ' ’ :
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The Timing of Articulatory Wovg_ﬁﬂéé
~ Ar& . L ‘

. One of the basic questlohg adﬁts SSed j, thiy experiment concerns the
coordination of articulatory mod Ene’ o hrOUghOUt a VCV utterance, that is,
the relative t1m1ng of the moveq/ RN c? tongt® body in relatlon to those
of the lips, jaw, and tongue t}D d{f lally during the production of the

’

intervocalic consonant. The (7, Qﬁﬁl the Srept cONsonants appearing in the
various utterances were sekectga V4T Pro basis Of th“ varying degrees of
1nvolvement of the tongue du;;hv hg y dUcClOn complete independence as

a primary articulator for /p/ sﬂﬁdy ;zrgue tiP involvement for /t/, and
complete’ involvement of the toqg¢ A oy 3 prlmary articulator for /k/. As
will be shown, however, tongye feb ements are either involved in or
constrained by each of the threg lf ' intervocalic congonants. i

Measurements of the relatl‘/e ﬂ i: of artiCulatory m6Vemente in the
various VCV sequences are sumn¢ol¢’ 3 v, Fl%friii . Thi: flfure shows the
ranges of onset time$ of tongug d{; Ron ng and P ary artjculator movement s
(either the lower 1lip, tongue c’p dﬁh\ Ue bodY for /p,t k/ respectively),

from the first vowel to the intgf™ 00 458 °Hsonar1t and frOm the 1nterv?callc
consonant to the' second vowe] , ?h) elmes are relative to the time of
closure for the consonant and 5fQ /31 d separdtely for the three conso--
nants. These .data  provide ay Ove v ‘Plepyre of the relatlve timing: of
articulatory mdvemepts.throﬁgh s / | Seuepce. :

For both subjects, the tigf a1y AN tlCulatory mOVemEnts from the . first
vowel to the consonant. were fq,, b{pwsl tralned than articulatory movements

from the consonant to the sec of oy -r For closing movements, the. onset
times of tongue body, “jaw, anq f Ty fh ticuylator movements fell within the
same overall time window. wbi e ¢Ch %indow, 1itself, 'is rather wide,.

coordination within the. window 5 I abt :re conséralned, with the movements
of the tongue body, Ji:, and prgj w zfju: 1:éaioiy :gi?glzitw;thlitliblz gssc‘
i o e ribu
ot each ;tﬁfr The 2 served aqy A 10éea op ;ﬁe dentity of theaflrst vzwelo_
either the duration o consonaq: Tlie e y ! ‘
although there was some tendenc Qfng atr Stzzﬁtgg timés to qecu; ff; /i/,
£ a Q nc or acCement, It shou also
gzoﬁiitﬁ a:h:t :lcijogugéegri); Zﬂ§t% o’ Qozably'thOSe Seqhences where the
first vowel is /u/, closing mbqgmeés £ the p?;mary articulator were not
:aCcompanled by corresponding may,/ Myp ‘ e1ther the tOngue body or Jaw,2

, . y,
In contrast to the. constrazf eq ﬁon N8 moyements frOm the flrSt vowel. to
the consonant, opening from thg Curp to the Second vowel was character-

- . e 1
2When the intervocalic consonaqt Qﬁ%ﬂd ger /p/ or /t/, tOngue body partici-
__pation in the consonant gesturg Qﬂﬁﬂl ®n the ldentlty of the first vowel;
tongué body movements always aof W/ shg  Primary articulator. movements when
the first vowel was /a/, sometymﬁﬁﬁ h' d movement when the first vowel. was
/i/, and never showed -movemen; d first vowel was' /u/. For /k/, of

cour se, the tongue body always gth%dl °Vement into the consonant. . In those
cases where tongue body movemeﬂ s%fggtlot appédr for the consonant, the
tongue body 51mp1v malntalned epo - Pogjtion of the first vowel.
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Figure 2: Ranges of relative onset times of artlculatory movement associated
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ized by a stag gered pattern of movements. For both subjects, opening’toward
the second- vowel: began with the tongue body, and was fellowed by the jaw and
primary art1cu1atcr, in. that order. Movements of the tongue body began

_anywhere from 5-50 msec for Subject FSC, and 5-60 msec for Subject GNS after .

the time of consonant closure. All tongue body movements, however, were
underway before the time of consonant release. The onset time of jaw. opening

"also varied within the interval of consonant closurce, but usually followed

tongue movements and preceded primary artlcplator movements. The' variability
of "opening onset t1mes, like those .for closing, did not correspond to any
feature other than a tendency for earlier open1ng to occur for a follow1ng
open vowel. ;

The dynamic properties of articulatory movements in a VCV sequence, :and

‘the rules that govern those movements, will' be discussed for each consonant
category, b using graphical illustrations produced from the frame-by-frame

measurements of the x-ray films. The movements of the tongue body, lips, and
jaw for a VCV sequence where the intervocaliec consonant 1is /p/, are

illustrated for both subjects in Figure 3. This figure shows the movement

track of the h81ght dimension for' the sequence /1pa/ Each track wss graphed
from discrete points measured every film frame, that 'is, at appro§gmately i7
msec 1qtervals Measurements begin during the closure period of the initial.

/k/ and:- ‘end at the time of closure for the f1na1 /p/; O on thﬂ abscissa -

corresponds to the time of consonant closure. - This figure 111ustrates the
constraints that ‘ the intervocalic consonant places ~on the t1m1ng of the

tongue body from vowel to vowel. The movement of the tongue body “from the
first vowel to the second vowel does not’ begln until after closure for ‘the
intervocalic con'sonant is comp;eted Th1s, of course, was a salient feature

im the production of -all VCV utterances by both subjects (ref. Figure. 27,
This flgure also shows that the movements of the tongue body begin ahead of

‘those for the Jaw "The delay time-is approximately’ 40 msec for Subject FSC

and 60 msec for Subject GNS. This delay ¥uggests that tongue body movements
toward the vowel are.probably independent .from jaw movements. toward the

_vowel. -This -figure also illustrates °“the variability of jaw movements

associated with consonant. production. For Subject FSC, jaw closing begins at

.the time of lip closing, while jaw opening precedes lip opening. For Subject
GNS, on the other hand, jaw closzng does not accompany lip closLng and jaw

openfng follows_ lip opening (this pattern. is the only excepiion to the-
general rule). As is also evident in téls figure, upper lip contr1butlons to

“1ip closure were negligible for both subJects. Finally, SubJect FsC- showedwa

pattern of lip closure that was often characterized by contlnued compression
throughout the closure period. .

Consonant constraints on vowel- to—vowel movements are as evident in the -
front-back dimension as in the height ‘dimension. Figure. 4 shows tongue
movemeént in the X dimension plotted aga1nst the same baseline as lower lip
movement . in Lhe Y d1men31ont+both as¥-a fﬂnctlon of time for - the -sequence
/ipu/. “Again, it is apparent Ehat tongue movement toward the second vowel
does not begin until aftér - consonant closure. The data for SubJect GNS also
show. what might be a tongue.body gesture associated with the consonant. Such
a_gesture, however, did not appear regularly in the data, :nor did the tongue
body appear to reach a spec1f1c, repeatable target posltlon when . such a

gesture did appear.

o
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The samg rules for tongue body movegent associated| with /p/ are also

"evident  for ‘utterances where /t/ is the ‘intervocalic cohsonant (Figure 5).

Here, as before, movements coward the second vowel do noff begin until after
closure for /t/. Also, this figure shows that the movements of the tongue
body, tongue tlp, and jaw are again, independent from each other: they all
begin m. :ng into the second vowel at different times, with the tongue body
leading the jaw and tongue tip, in that order. ’ . '

Perhaps the best illustration of consonantal constraints on tongue body
‘movements is ‘one where the first and second vowels of the utterance are the

same. Figure b shows the movement tracks for the jaw and four tongue pellets
during the production of /iti/ for Subject FSC. Instead of the tongue
maintaining the /i/ target during the cGnsohant,ffhe tongue blade and both
tongue body pellets show movement throughout the consonant /gesture. The
"blade and anterior tongue body pellet appear to shadow movements of the tip,
while the posterior’ tongue body« pellet. moves 1in the opposite dlrectlon
(lower). Because the tongue body is displaced at least 5 mm from the vowel

‘target during the time of consonant production, the movement is probably not

passive (a pressure perturbation for example). Rather, it would seem that
the gesture is a facilitory one or one that reflects a strategy to modulate
the degree of aspiration that might otherwise occur 1if the postalveolar
channel were too constricted.? It should also."be noted -that the present
finding agrees with the x-ray data of Kent (1970) that also showed tongue
body movement in a symmetrical VCV at the time of consonant production.

The most interesting tongue movements are those -associated with . /k/

-production. Figure 7 shows both the height and fronting components of tongué

body movement during the production of /aki/, /aka/, and /aku/, for Subject
FSC. These traces show that the tongue body "is in ‘continuous movement
throughout the closure phase of the consonant. From the time of /k/ closure,
‘the tongue body continues to move upward and forward for a following /i/ or

"/a/, and upward and slightly backward for a following /u/. Cont inuous

movement of the tongue body during /k/ production has also been reported in a
number of other papers. The data of both Kent (1970) and Perkell (1969) show
elliptical patterns of movement of the tongue body for /k/ in symmetrical

./VkV/ and /okV/ sequences; respectively. A similar .pattern exists in the

present svmmetrical /VkV/ sequences and would emerge from the /aka/ data in
Figure 7 if a composite trace were constructed from the two movement tracks.
The present data are also in general agreement with those of Houde (1967) who
showed that the tongue: body was in continuous movement during /k/ in an
asymmetrical /VkV/ ésquence.

0f particular knterest in the present datd 1is th= finding that,
irrespective of the identity of che second vowel in the sequence, closure for

/k/ occurs at approximately the same lc-ation in the vocal tract. Tongue
movement continues through the.consonant, with release\occurrlng at different
locations in anticipation of the following vowel (ref. Flgure 7). While the

three movement tracks are within 3 mm of each other, in both dimensions, at
closure, they diverge towards release, at which point thé\differences are™8

mm between /i/ and v/a/ in the height dimension, and 10 mm'BQtWeen /i/ and /u/

3K. N. Stevens: personal communication.
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in the (ronting dimension. Thus, consistent with the data for both /p/ and
/t/, the data for /k/ show anticipatory movements to be .locked to the closure
phase of the consonant.

For VCV utterances containing eitheor /p/, /t/, or /k/ as the intervocal-
ic consonant, the wusual sequence of farticulatory events 1s as follows.
Movements of the jaw, tongue body, and primary articulator begin at about the
same time,.with jaw closing continuing past the time of occlusion for the
consonant. Shortly after closure for the consonant occurs, tongue .body
movement toward the second vowel begins. This movement is followed indepen-—

.dentlyv by jaw opening and release of the consonant. Articulatory movements

for the postvocalic vowel always begin between the time of consonant closure

.and consonant releasc.

The data of this experiment, in showing consonant constraints on vowel
movement in a VCV utterance, are not consistent with Bhman's (1966) hypo-
thesis that vowcl-to-vowel movement in a VCV sequence is essentially diph-
thongal. Ohman's hypothesis is based on the assumption that tongue body
movemerts toward the second vowel begin at about the time of onset of closing
for the’ consonant. However, jthe present data show that movement toward the
second vowel begins much later, some 5 - 60 msec after closure for the
consonant has already been completed. This pattern of movement even occurs
for /VpV/ sequences, where the tongue body is not actively involved in the
production of the intervocalic consonant. These data suggest that either the
tongue¢ body itself attains a target during consonant production, or more
Tikely, that the release of the consonant and the movement toward the vowel
are lirked in a basic gesture,

In addition to questions concerning anticipatory movements of the tongue
body, 1t was expected that the data of this experiment could be used to track
the onset of lip rounding for a rounded vowel preceded by a.variety -of -

differont phones. Lateral view x-rays can provide an indication of 1lip
rounding in the form of degree of lip protrusion. Unfortunately, however,

this measure was not a very sensitive one for the two speakers used in this
experiment. Tha difference in protrusion between the spread vowel /i/ and’
the rounded vowel- /u/ averaged only 5 mm for both speakers. - It might be
noted though, that in no case did evidence of a protruding gesture appear for
the rounded second vowel in any of the VCV utterances until after closing for

the intervocalic consonant was completed.
. i1

To 'sumr ~izs the data thus far: the relative timing of articulatory
movements In 2 VOV sequence is affected by the intervocalic consonant, even
1f the gestur- ‘or the consonant 1s not a contradictory one. The intervocal-~

ic consonant aifects both tongue body and jaw movements toward the second
vowel. Anticipatorv movements toward the second vowel always begin during
the c¢losure period of the intervocalic consonant, suggesting that the CV
component of the VOV sequence might be organized as a’basic unit. ’

The Attainment of-Articulatory Targets
Carryover coarticulation ~ffects. were studied in relation to both the
influence the tirst vowsl wxeorts on the position of the intervocalic
consonant and the intluecnce the intervocalic -nsonant exerts on the attain-

{
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ment of the target for the second vowel.

v

In contrast to timing measurement s, useful positional measurements for
/p/ could not be obtained. The important positional information for /p/
appears primarily in the coronal. plane; lateral view x-rays simply do not
reveal this information. However, the present data do show a rather strong
vowel effect on jaw positiomn during /p/. Figure 8 illustrates this effect
for bothy subjects: These plots, which agree with the data of Sussman,
MacNeilage, and Hanson (1973) and Gay (1974c) show that the positinn of the
jaw during the production of /p/ is sensitive to the openness of the adjacent"

vowel: greater jaw opening for the consonant ocrurred with a more open
adjacent vowel. This figure also shows what 1s presumed:. to be a stress
effect -in the data of Subject GNS. Jaw opening (and consequently tongue

height) for /a/ is reduced in the preconsonantal position.

h) .
Carryover effects of the first vowel on the positional properties of /t/
did not appear in either the tongue tip or jaw measurements. Figure 9
illustrates the insensitivity of tongue tip position for /t/ to different

_preceding vowels, in both the height and fronting dimensions. It 1s apparent
that neither the retrusiveness of /u/ nor the opr ness of /a/ had any
measurable effect on the /t/ target, in either dimensions. The only
di fferences in the three traces appear 1in the timing of the closing
movements. Since the onset of closing is earliest for /a/ and latest for
/u/, the differences are presumed to be displacement ‘related. Finally, jaw

movemenp, for /t/, unlike those for /p/, were not affected by the openness of
the preceding or following vowel. ‘ o

The most interesting and extensive carryover effects of the first vowel
on conscnant production appaared in the movement _track of the tongue body
during /k/ production. This 1is illustrated in Flgure 10 for the VCV sequence

.where /1/ 1s the common second vowel. Here the predicted effect of different

first vowels is evident. At the time of closure for /k/, the tongue body: is
higher - and -more fronted for /i/, and progr6551ve1y lower and more retruded
for /u/ and /a/. The magnitude of these effects is on the order of 7 mm
betwepn /i/ and /a/ in the height dimension, and 5 mm between /i/ and /a/'in

"the fronting dimension. The most interesting feature of thls graph, however,

is that the carryover effects of the first vowel do not extend far 1npo
consonantal closure. On the contrary, the three curves converge before
consonant release at about the time movement begins toward the second vowel
The relative invariance of the movement from consonant release toward the
second vowel further strengthens the- suggestion that the CV transition is
produced as -an integral unit. : i ' -

1

Carryover effects. of the first vowel on the productlon of the intervo-
calic consonant were var;able they .could not be adequately measured for
/p/, they did not appear for /t/, but did appear, in a predictable way, for
/k/. The jaw effect evident for /p/ 1is apparently due to the secondary
importance of jaw closure in bringing about lip 'closure for /p/. Although

”closure for /p/ can have both lower 1lip and jaw components, the jaw component

is probably facilitory and, as such, sensitive to phonetic 'environment.
Likewise, the difference in effects for /t/ and /k/ is presumably related to
the . differences in degree of involvément of the tongue body during the
production of the two consonants. '

137

- A ' .

b .
. . 1. c)‘ N



SET

2 nN9iy

JAW OPENING (cm)

'

X .
m
i

[ ]
—a—

T
[ %)

[ S N A I N

1 -
RO -

~==ipi
s APQ

Subject FSC —upu | Subject GN§

- | | REF -

)
te,
*
'..'

— ‘ _'I——-'I'g l‘ l_
00 0 100 200 00 0 100 200
© DURATION fnsed <

~ Figure 8: Movement tracks of ja opening for [ipi/, /apa/, /dpu/, both

subjects.



HEIGHT _

FRONTI NG
!
N
| |

=200 -100 O 106 200 300
| DURATION (msec) - ‘ |

RELATIVE TONGUE POSITION (cm)

. o
Figure 9: Movement tracks for rongue tip position, Subject FSC.

~139

. S 16y




~a

\ ——— ika
'\ ......... OkO
uka
= ,
X
Z
o
- I
@ 9
O w
o I
Ll
)
o
o <
- -
w Z
> 0
-~
L -302 -200 -100 O _H]_OO 200 300
: _\___DURATION;'('msec) o

!

Figd?é 10:  Movement tracks of second.tongue body pellet for /ika/, /aka/,

/uka/, Subject FSC.
- \

140




Carryover cffects of the intervocalic consonant on the following vowel
apprared only for the open vowcel Ja/, and were reflected in ditferences in
jaw and, consequently, tongue body height. These effects, that are consis-
tent with those reported by Gay (1974a), are illustrated in Figure 11, This
figure shows the difterences in tongue body and jaw height for the vowel /a/
when the Intervocaliv consonant varies from /p/ to /t/. Opening for the
vowel is preater when the-intervocalic consonant is /p/, as opposed to e/,
The difference in tongue body height for the: first vowel 1is probably due to
differences in stress between the two utterances. However, this was not
apparent when listening to the tapes. This figure also shows what appears to
be tongue body involvement during the production of /t/. The movement track
for the tongue body sho.s greater elevation than that for the jaw during the
~ime of consonant production. This means that. the tongue body position
during consonant production is not simply being carried passively by the jaw,
but rather has an active muscle component underlying it as well. Althoujh.

: variability in tongue body and jaw opening appeared in the articulatory data
for both subjects, similar variability was not reflected in the corresponding
acoustic measures. Apparently, the differences in jaw position as measured

anteriorly at the incisors either do not correspond to the size of the
pharyngeal constriction for /a/, or are much less when the arc of rotation 1is
measurod ¢loser. to the hinger axis of the jaw.

Carrvover ¢ffects of a preceding consonant on the production of the
vowels /i/ and /u/ were small. These effects are summarized in Figure 12 and
Table | The figure shows the relative positions of the upper lip, lower’
lip, jaw, and tongue body at the time the ‘tongue hody reached its target
(point of maximum displacement) fobr each of ,nine utterances containing the
vowel /i/ in final position. Table 1 shows the corresponding values of the
first and second formant frequencies at that point in time. .

N

YABLE l: First and second formant frequency values (Hz) for the vowel /i/ in
nine different VCV utterances. FEach utterance number corresponds
to that of Figure 12.

Utterance Subject FSC Sdbject GNS
Fl F2 R F2
‘ L.oipi 340 ,2200. 310 2230
2. api 3160 ‘4 2030 320 2250
3. upi 360 2220 300 2160
4, iti 360 2220 330 2200
‘ 5. ati 320 2120 340 2210 ,
6. uti 350 1990 ° 320 2120
7. iki 320 2210 320 2270
8. aki 360 2160 320 2160
9. uki § ' 350 2190 . 320 2250
141
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As 1is ev1dent in the figure, varlablllty of tongue body target positions
is minimal (2.5 mm for Subject FSC an¢ 3 am, for Subject GNS). Lower lip and
jaw positions, on the other hand, vary within a larger range, approximately 5
mm for Subject C and 10 am fot Subject! GNS. . Interestingly, lower lip and
jaw targets seemﬁi\\zary 1ndependent1y from: -tongue body positions, but covary
for both subjects. i{s finding contradicts that of Hughes and Abbs (1976),
who showed that mouth XZpening for /i/ remained relatlve]y constant because of
trade-offs between lower lip and jaw dlqplacem nts. 'This type of equ;valence‘
was not evident in the present data, for either /i/ or /t/. Differences
between the two sets of data might be attributable to differences in either
or both the speech material and instrumental methods used 1in the' two

. -—C—Z\ per iments—

The acoustic measurements of target formant frequencies showed some
wariability among the nine.utterances (Table 1). First formant freguencies
were -within a range of 40\ Hz for both subjects, while second formant
frequencies fell within a rapge of 230 Hz for ‘Subje¢t FSC, and 120 Hz for
SubJect GNS. The measured acoustic variability did not appear to corrcspond
.to..any observed artlculatory variability. For example, utterances 2 and 7
for Subject FSC were tharacterized by similar articulatory target points, but
quite different . formant frequencies’. Conversely, utterances 3 and 4, and 1
and 9, were characterized by virtually the same formant frequencies, ‘but
different articulatory target points. Either the variability observed fell,
for the most part, within the range of measurement error, Or more likely, a
four-point parameterization tracking ‘procedure of the t'ype used in this
experiment is simply inadequate fox the purposc of relating differences in
articulatory target points to the\bcoustic'output. It might alsc” be noted
that acoustic variability for both /u/’and /a/ were, in terms of percentage,
within the same range as-variability for /i/. A ‘

Carryover.effects, then, when they do appear, are unlike anticipatory
effects in that they depend on the phonetic identity of the particular
segment. Like anticipatory effects, however, carryover effects, seem to
spread no farther than the nelghborlng phone. These findings 'support an:
articulatory based formulation of speech production (MacNeilage, 1970). For
the most part, an articulatory target corresponded as a relatively invariant
representation of a phoneme. Articulatory variability, when it did occur,
did so only under special circumstances. First, cartyover effects for a
consonant are reflected mainly in varlablllty of jaw position, and only when

* the jaw 1s not prlmarlly involved in the production of the phone, as in /p/.

However, when the jaw is more tlghtlv involved in the productioa of a phone
(/t/ for example), degree of jaw opening was not. sensitive to that of the
adjacent phone. The only other stroag carryover effect appeared in tongue
body movements for imtervocalic— /k/. Here, unlike variébility in jaw
~optn1ng, carryover effects on tongue body movements do not ‘seem to be either
random in appearance or inertial in origin: Unlike ./VpV/.and /VE#V/ sequences
where the tongue body is usually in a waiting position before it moves toward
the second vowel during consonant closure in a /VkV/ sequence, the tongue
body is involved as a primary articulator in the production of the consonant.
"The movements of the tongue body through /k/ (Figure 10) seem tc be directed,
in a straight~line fashion, to a common target position for” release of the

consonant. The data for /k/ provide a fairly convincing illustration of the

limited spreading effects of coarticulation in a VCV seqdenceh Because of
\ .
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As 1s evideut in the figure, variability o *ongue body tafget~positions
is minimal (2.5 mm for, ‘Sub j=-t FSC and .3 mm for Subject GNS).. Lower lip and

‘jaw positions, on the otuel hanu,- ary within a larger range, approximately 5
"mm for Subject #SC and:I¥ mm: for Subject GNS. Interestingly, lower lip and

jaw targets seem to vary 1ndependeﬂt1/ from tongue body positions, but covary
for both subjects. This fiuding contwadicts that of Hughes and Abbs (1976),

who' showcd nhat mouth opening for /i/ remained felatively constant because of
trade—o' is petween lower 'lip and jaw dlcplacements. This type of equivalence
was not evident in the gresent data for either /i/ or /t/. Differences
betw. en the two sete of data might be attributable to differences in either

"ot botr the speeck materia. and dinstrumental methods wused ‘in the two

experiments.

The acoustic measurements of target formant freque: ‘es showed some
variahility ‘among the nine utterances (Table 1). First 1 cmant frequencies
were within a range of“ﬁO Hz for both- subjects, while second formant

'frequenc1es fell within a range of 230 Hz for Subject FSC, and 120 Hz for

Subject GNS. The measured acoustic varlablllty did not appear to correspond
to any observed articulatory variability, For example, utterances 2 and 7/
for Subject FSC were characterized by similar: articulatory target points, but

quite different formant frequencies. Conversely, utterances 3 and 4, and—1—

and 9, ‘were characterized by wvirtually the same formant )frequenc1es, but

different .articulatory target points. Either—the variability observed fell,

for the most peart, w1th;n the-range of measurement error, or more likely, a
four-point, parameterlzatlon tracking procedure of the type used in this

_——experiment is simply lnadequate for the purpose of relating differences in

articulatory target points to the acoustic output. It m1°ht also be noted
that acoustic variability for both /u/ and /a/ were, in terms of percentage,
within the same range as variability for /i/.

Carryover =ffects, then, when they do 1ppear, are unlike anticipatory
sffects 1in that they depend on the phonetic identity of the particular
segment. - Like anticipatory effects, however, .carryover effects seem to
spread no farther than the neighboring phone. These. findings support an
articulatory based formulation of speech production (MacNeilage, 1970). For

the most part, an articulatory target corresponded as a relatlvely invariant-

representation .of a phoneme. Articulatory variabilify, when it did occur,
did so only under special circumstances. First, carryover effects for a
consonant are reflected mainly in variability of jaw positicn, and only when
the jaw is not primarily involved in the production of the plure, as in /p/.
However, when the jaw is more tightly involved in the producticw of-a phone

(/t/ for example), degree of jaw opening was not sensitive _o'that of the
-ad jacent phone. The only other strong. carryover effect appeared in tongue .
body movements. for intervocalic . /k/.' Here, wunlike variability 1in jaw

openlng, carryover effects on tongue body movements do not seem. to be .either

random in appearance or inertial in origin. Unlike /VpV/ and /VtV/ sequencesn

where the tongue body is usually in a waltlng position before 1t moves toward
the second vowel during consonant closure in a /VkV/ sequenre, the tongue
body is involved as a primary articulator in-the productiion of the consonant.

The movements of rhe tongue body through /k/ (Figure 10) seem to be directed,
in a straight-line fashion, to a common target position for release of the

consonant. The data for /k/ provide a fairly convincing illustration of the
limited. spreadiny effects of coarticulation in a VCV sequence. Because of
144 '
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continuous tongue body involvement in the ‘production of. €VC syllables
containing /k/ as the intervocalic consonant, the elements of 'these 'syll-
ables, specially /k/ itself, should be the most sensitive to the spreading of
coarticulation effécts in both directions. Yet, the assimilation of carryo-
ver effects and.the®onset of anticipatory movements both occur within the

closure period of the consonant, with movements from the same vowel into /k/

(ref. Figure 7), or movements toward the same vowel from /k/ (ref. Figure
10), not being affected by the articulatory event on the other side of the

consonant.

'

Stability of tongue bo?y‘targets for vowels (at least /i/ and -/u/) was

also the rule, rather than the exception. The only substantial articulatory=. .

variability occurred in jaw displacement, with /a/ showing the greatest
effects and /u/ the ledst. As was ment ioned before, however, variability in

jaw displacehent for /a/, as measured-anteriorly at the incisors, might be

either exaggerated.or-irrelevant in relation to variability that might exist-

in‘the-pharyngeal constriction for /a/. ‘Likewise, the variability of maximum
jaw displacement for both /i/ and /u/ seems unrelated to the variability
observed in the position of the tongue body for those vowels. Thus, the two

features, tongue. body height and jaw displacement, might be independent ones,

- with jaw opening being a facilitory gesture and an unmarked phonetic feature.

This formulation suggests a reevaluation of models of vowel articulation that
specify jaw position as a primary.determiner of tongue height (Lindblom and
Sundberg, 1971). : '

SUMMARY AND CONCI.USIONS

The major fipdings-produced by this - :periment are as follows. First,
anticipatory movements. toward the second vowel in a vowel-stop consonant-.
vowel sequence begiﬁ?ﬁﬁring the clgsure period of the intervocalic consonant.
This ‘restricted coarticulatory field includes both tongue body and jaw
movements associated with -the second vowel. Furthermore, the size of this
field is not affected by the identity .ef the intervocalic consonant. Second,
like anticipatory effects, carryover effects did not extend beyond an
immediately neighboring segment. Unlike anticipatory effects, however, the
appearance of carryover coarticulation effects depended on the - phionetic

idenrity of the particular segment on which these effects might act.

The implication of these findings 1s that the rules governing the
s:swental input to a VCV string might not be as complex as present models
suggest. The finding that anticipatory movements begin and primary carryover
rffects 'end at about -the same time during the closure period of the
consonant, suggests that the release of the consonant and movement toward the
vowel are organized and produced as an integral articulatory event. '

. B B . +

This formulation, which specifies a syllable~sized articulatory unit, 1is
not consistent with the operation of a phoneme based scan-ahead mechanism,
This does not n: ‘essarily mean, however, that a scan~ahead mechanism does not
operate on larg.r units or at another stage of the speech production process.
For example, Lindblom and Rapp (1973), Nooteboom and Cohen (1975), and
Fromkin (1971) hava supgested the existence of an anticipatory mechanism in

the temporal .formulation of speech sequences. Likewise, the complex reorder-
ing of ~ommands accompanying changes 1in.speaking rate (Gay, Ushijima, Hirose,
VEY ‘ . 145
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and Cooper, 1974)-also suggests that the tempnral feature- o downstream
segment might be known in advance. -

Thus, while it has tradltlonally been considered- that the serial

'orderlng of segment's 1s governed by complex rules whosz2 effects can spread

across several adjacent segments, and the temporal control of speech 1is

. governed by a ‘simple adjustment of tlmlng of commands to the articulators
(Lindblom, 1973), it may well be that " the reverse is true: the segmental .. --—

input to the speech string is governed primarily. by-simple ‘rules that act
upon syllable-sized units, while the temporal formulation of the string
requires. .complex articulatory adjustments based on advance information

" obtained from a higher level scan-ahead mechanism.

Like most studies of speech organization, especially those using high=’
speed cinefluorogfaphic techniques, the results of this experiment are based
on data obtained from a relatlvely 'small subJect population and are appl 1=
ble to the production of only a few phonetic elements, themselves constrained

bv the artificial format in which they were placed. Thus, .the findings of
this experiment are obviously far from conclusive, and go only part way
toward answering those  questions posed at the outset.. The present findings
can serve, however, as a basis for _examining or reexamining a number of
questions concerning the organization- of segmental gestures. For example, it
was shown that a four-point parameterlzatlon procedure for relatlng articula-
tory targets to acoustic targets is inadequate. In’ order’ to resolve the

differences between thée acoustic data of Ohman (1966) and the articulatory
data of the present study, formant tracking must be matched to a far more
comprehensive multipoint parameterization of the vodal tract. The present

_ results also suggest, without providing:convincing evidence, that the onset

of anticipatory lip roundlng mlght be conditioned differently in CCCV and VCV
sequences; also, they raise further questions about the use of trade-offs
between tongue and jaw movements in achieving articulatory targets, and the
importance of jaw position in determining tongue. height 1in vowel articula-
tion. ' ' :
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Measuring Laterality Bffects in Dichotic Listening™

Bruno H. Repp . ’ -

ABSTRACT

This: ‘paper discusses methodolog1ca1 issues and problems relat-
ed to measuring laterality effects in dichotic listening. Section
1 describes the standard dichotic two-response parad1gm as well .as
a ynumber of indices of the ear advantage proposed in the litera-
ture. The numerical range of most of these indices 1s constrained
by performance level; only one particular - index avoids these.
constraints. Howerr, this does not necessarily make this index
_ the optimal one. A correction for guessing is proposed--an issue
" that has been neglected in the past.- Analogies to signal detection
theory are discussed, as well a: the theoretical. and empirical
criteria for choosing the "correct" index of laterality. The index
called e, is proposed as the best solution given the present state
of knowledge. Section -2 discusses the phenomenon of dichotic
fusion ‘and the dichotic single- response paradigm, which offers many 3
methodological advantages over the two-response paradigm. Section
2 discusses the factors of ear dominance and stimulus dominance in -
the perception of fused - stimuli. An index of ear dominance 1is .%
derived by taking - advantage of analogies to signal detection
theory. In Section &4, a number of remaining problems are
d1scussed stimulus intelligibility, guessing and selective atten-
tion, blend responses, test reliability, va11d1ty, and homogene1ty.

{
u

INTRODUCTION

Since Kimura's (1961) demonstration of an average right-ear advantage
(REA) in the recognition of dichotic verbal stimuli, many résearchers have
used dichotic listening tasks to measure hemispheric dominance for language.
Kimura's interpretation that hemispheric dominance for language under11es the
ear asymmetries has had almost universal acceptance. While some studles have
been content with diagnosing the mere direction of the #.erage ear- “advantage
(left or right) and testing 1its significance, many recent studies have:

a—

i 5 2
A sl;ghtly’rev1sna version of this’ paper is now in press in the Journal "of
“the Acoustxcal Soc1ety of America. K T
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attemptéd(to'compape different individuals, different tests, or ditterent

experimental conditions wiff TEspect to the observed magnitude of the ‘ear
~asymmetry. Underlying these attempts has been the Uelief that .cerebral
lateralization, like handedness, 1s a matter of degree and can be measured on-
a continuous scale (Zangwill, 1960, Shankweiler and Studdert- Kennedy, 1975).

——

In order to yield meaningful and *ellable measurements, dichotic te ting
must meet certain formal and methodological requirements that have been given
relatively little attention in the past. If dichotic, listening tasks are
used as instruments. to measure the degree ~f hemispheric dominance for
language, ‘they must satisfy the same high standards of construction, proce-
dure, and qcor1ng as any other psychological test. These - standards may be
derlved Irom~methodolog1cally oriented research in the laborgtory, theorcti-
cal analyses of the task 51tuation and general test-theoretical principles.

“Many of these requirements are not suff1c1ent1y met by dichotic tects as they
~are now used. S - ) }
- t .

The present paper summariées the issues that must be handled in

constructing a -good dichotic test to measure hemispheric dominance. The

dichotic listening situation is remarkably complex. In the discussion that

follows, 1 provide some suggestlons but point out many problems that need

further investigation or have not been dealt with at all in the ‘past.

Although the discussion is restricted to dJdichotic listening, many of the
issues should apply to any situation in which lateral asymmetries are to’ be
measured (for example, tachistoscopic perception, binocular ‘rivalry, or
ocular dominance experiments), and therefore may be of interest to a wider
audience. T S _ -

The first focus of the present discussion is choosing a numerical index
of the ear- advantage. This problem is fundamental to the measurement of
lateralization; unless it is solved, no meaningful comparisons between
subjects, ‘tests, or experimental cohditions are possible. In Section 1--
which heavily relies on earlier discussidns by Halwes (1969) and Marshall,
Caplan, and Holmes (1975)--1.discuss a number of indices that have been
proposed and used in” the past in cofijunction with the dichotic two-response

- paradjgm (that requires the listener to identify-both- stimuli in a dichotic

pair). Most of these indices fail .to take 1into account the constraints
-imposed by performdnce level on the range of differences between the scores
for the two ears. In addition, none of them corrects for" gue sing, despite

the  fact that most dichotic studies wuse only a few different SleUll,A.

resulting in substantial guessing probabilities. After dGSCrlblng an index
rhat takes both performance .level and guessing inte account, 1 hasten to
point out that a correct index_must be based on a correct theory and

) o . < - . .
empirical evidence of how scores for the .two ears change with performance

level and how guessing operates. This theoretical and empirical basis 1s not
available at present.. I describe an index that is- based on plausible
assumptions, but the question whether it is the "correct" index remains open.

The second focus of the present paper is finding ways to simplify
dichotic testing and to circumvent some of the problems ecncountercd in the
standard two-response paradigm. In Sections 2 and 3, 1 discuss an. approach

to dichotic listening that in many ways scems simpker than the two-response

~paradigm. This method, that requires only a single responsc to ecach dichotic
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stiﬁulus, relies on tie phenomenon of dichotic, (or binaural) fusion. In
Sectiion 2, I discuss the factors that make two dichotic stimuli fuse more or
less? complgtoly into a single perceived stimulus, as well as the methodologi-
cal consegpences of such fusion. Section 3 derives an index of the ear
advantage for the single-responscparadigm. —Inm the course of deriving the
1ndexf I discuss the phenomenon of stimulus dominance (perceptual dominaance
: of one stimulus over the other in a fused dichotic pair) - that exerts
constraints on the ear score difference similar to that exerted by perfor-
- mance. level in the two-response paradlgm. Iilllustrate how these constraints
c:an be dealt with and how Chey actually become a crucial factor in deriving
an upbiased index of the ear advantage. :
Section 4 is devoted to a survey of additional topics and problems 1n
. dichotic testing: stimulus intelligibility, selective attention, blend res-
ponses, tést rellabLlLLyﬂ—homogenelty,‘and validity.  Since my concern 1in-
this paper\ exc1u51ve1y methodological, 1 avoid .any discussion of the-
phy5101og1c¥1 factors that may underly dichotic ear advantages. My aim is tof?
" develop meﬂhods for measuring the dichotic ear advantage ‘with maxilmum
__precision. Before we can attempt to answer the more -fundamental questions
about the st:uctdres and processes underlylng the ear .asymmetry, we must be
able to obtaln valid and reliable measurements from dichotic tests. - There 1is
much room for \improvement in existing methods with respect to that goal.

1.| LATERALITY INDICES IN THE TWO-RESPONSE PARADIGM

1.1. The Method

\

In the two-response paradigm, .two different stimuli are simultaneously
presented to thé two ears, and the subject :s asked to identify both--
typically without' any constralnt on the order of report. The two responses
must be different from each other, 'and gue551ng 1s: encouraged . This 1s the
standard situation that will be conSLdered in this seEtlon. ’ ’

1}\ i . i

The results of a standard two-response test may.be summarized in a 2 x 2
table, as shown lq Table 1. The reeponses are scored as correct. (that 1s,
identical with one' of the .stimuli) ‘or incorrect, without regard to order.
"The proportions of 'correct and incorrect responses are calculated separately

" for each ear, so that the row sums in Table 1 are equal to 1.0.
\ ‘ -

—

TABLE !: The data séructure in the_EWO-responSeAp@radigm.
‘ , ' i

Responses -

C%rfect Incorrect
‘ /
- R | 1= P, . ' 100 ‘
Chfnnols . ‘. J— ‘ |
i RE . PR : I - Pgr “ 100
5? | : Lt PR 2 - P, -Pg | 2,00
U‘ i ‘ ,
. . r I A
/ D - | : 151
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The overall performance level is defined as the average proportion of
correct responses per ear, ' )

(1) Py = (PR + PL)/2

<

-1.2.° The Simple Ditference Score (d) ¢

a

The simplest index of the ear advantage is the differeénce between the
proportions of correct responses for the two ears, :

(2) Cd =Py - P N

R PL ; L
The - vast majority of dichotic listening studies have reported the ear
advantage as d. (Th-re is nc commonly accepted name of the index; I call it

d here simply for notational convenience.) The symbol d is\vseful as a
descriptive statistic, but it has severe limitations when thel results of
difforent subjects, different tests, or different experimental conditions are
to be compared. These limitations arise from the constraint imposed o¢n
diffqrences between proportions by their ~bsolute size--a fact that is often
neglected and so constitutes one-"of the primary fallacies of descriptive
stiatistics. 1In the context of measuring laterality effects, Halwes (1969)
was the first to point out that the overall performance level P, sets an
upper limit to d, ,

3
-

3y Anax = 2Pg if 0.0 < Py < 0.5 ‘
max = 2(1 =.P5) if 0.5 < Py, < 1.0
: o
where dgzx 1s the maximal value that d can assume at a given level of P,, and
dmax -dging, the corresponding minimal value. Figure la shows the triangu-
lar function reprcsented by Equation 3. : .

Thus, d indices of different subjects, tests, or experimental conditi?ns
are not directly comparable unless the respective performance levels are;
equal. “Since, in general, performance  levels are’ not constant from one
subject (test, condition) to another, comparisons of d indices , are almost
certainly invalid. Many studies in the past have neglected this quite
elementary limitation of simple difference*scores-and, consequently, some of

¢+ thése studies may have reached “faulty conclusions.! I should point out thac,

B .. ) : . : : t, DA
lconsider; for example, two “subjects, A and °B, \wjth P, = 0.6 and 0.8,
respectively. Assume that d = 0.5 for 4 and d = 0.4 for B. Who shows the
larger ear-advantage? From a comparison of . indices, the answer would be
A. However, B never could have reached that index because ~f her higher
performance level that permits a maximal d of only 0.4. There is no reason
".why B's better performance on the test should imply that she is less
lateralized than A. In fact, once performance level is taken into account,
it becomes clear that B . shows the maximal.d for her level of pertormance,
- while A's index is considerably below the maxamal d possible at P, = 0.6
(dpax 0.2). It therefore should be concluded that ! contra. - to the first

R superficial impression, B shows a stronger REA than A
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theoretically, it does remain conceivable that direct comparisons of d are
valid, affer all--that is, that d 1is the correct index to use--but the
assumptlons that woyld have to be made in order to ju:s ify such comparisons
are highly 1mploua1b1e (see Section 1.5). Hopefully, empirical -evidench will
become available in the tuture to decide this issue objectively, T

1.3. 'Correcting" for the Constraints gﬁ Per formance Level

- 1 _ ’

Several authors became aware. of the limitations ~f d - and proposed
alternative indices of the ear adbantage (that were subsequently used by
others). All of these indices were intended to provide a mcasure (f the ear
advantage tha* is independent of perfornance iével, both theoretically and
“empirically. Only the last of the four |indices *hat I will discuss Seems to

achieve this aim, but, as I will argue,'it is still far-from a figdl sblutlon R

\

to the problem of f1nd1ng the optithal index of the ear advantage.

POC (percentage of correct [responseq], 3 POE kpercentabc,of”errors)
are two alternative indices suggested by Har Hmon and Krashen ' (1972). *They
are defined as : = :

. . . ;o
(4) POC = Pp/ (PR + P1) ,
(5) POE = (1 - P_)/(2 -~ Pg - Pp)

These indices range from 0 (perfect LEA) to 1 (perfect REA); an index .c1 0.5
means ao ear advantage. For those who, like myself, prefer a scale rangidg

from 1 (perfect LEA) to +1 (perfect "EA)--and this is encirely & mattar of,

personal choice--corresponding POC' agd POE" incices are obtained by a simple
linear transformation of POC ang POE:

(6) . POC' = 2POC - 1 = (Pgp - Pp)/(PR + Py) .

(7) POE' = 2POE - 1 = (Pge- PL)/(2 = PR = P) .
An analagous index was proposed by Studdert-Kennedy .and Shankweiler (1970,
but their index was based on single-correct responses only. TFor a brief

dlscu551on, see Repp (1977b).

The llmltatlons of POC and POE as a functlon 0f pertormance level have

recently been competently discussec by Marshall et al. (1975). Hm.analoj
gous limitations of POC' and POE' are illustrated in Figures lb and lc. 1In’

- formal terms, we obtain from Equations 3, .6, and 7,

(8) POC'pax = 1 - if 0.0 < P, < 0.5

: POC'max = (1 = Pg)/Py if 0.5 < Py < 1.0 ,

(%) POE'pax = Po/(l = Py) *if 0.0 < Pyt < 0.5
POE ' max = 1 ' if 0.5 < By <.1.0 ..

Thys, it is-evident that the Ttange of POC' is unconstrained at low
per formance -evels and the range of POE' is unconstrainad at high perfoimance
levzls, but where one index is unconstrained the other is severely limited by
per formance level. The same is true for POC and ZOE. . Harshman and Krashen

154

Jout
ce .



. . 4 “x ' ’\

¢ //z . “ ) ‘ o "

(1972) preferrcd POE over POU after empirically demonstratln% § high pOkltlve
correlatjon between P, and. P7C, but a low correlation between . Po and POE, as
yomputed over a aumber ¢: -c¢udies in the literature. Thls finding 'can be

explained by the fact - iat high performance levels are ocre commonly"

nncountexed in dichotic studies than low performance levk;s, so that the
_majority of the reported scores fell in the region where PQEmax rather than

POCqax 1s'independent’ of p\1formance lovel b !
\ \ \ . 1

! . \ I
A quite different and ' original approach was takep by Kuhn (1973)
who proposed an ex1st1ng € al index, the ¢ coefficient, as \the solu-
Ltion to: ﬁhe performance oroblem. Hcwever, Levy. (1n press) has
'presented mathematical, pro. émplrlcal evidence that éhe ¢ cogfficient
does depend on parformance level ‘TTe theoretical argument can be \made 1in
Jir=*i¢ied |form by p01nt1ng out the re‘atlonshlp between ¢ and POC' and PCE':
]
Loy = (R _/PL)/[(PR ¥ PL>(2 - by - P I/ = l(Poc")(POE )11/\
»aen, trom Equat10n5x8, 9, and 10, 3 : ' : . \
(11). s max = [Po/(1 = P12 if0.0 < Py < 0I5 \
6+ max = 1l - P, )/P J1/72 i£0.5< Py < 1.0 . \

N o \
Thus, ¢ ax, much like d .y, is constrained by P, at all performance levels
except C0.5. This is illustrated in Figure ld. : V-

-

_Being a conjunction of POC' and POE'~—viz . theip“geometric meant -

¢ combines the censtraints of these two indices. 'The most obvious solutlon
is a dlsJuncplve use of POCY and POE' that takes' advantage of the fact that
each 1is unconstralned in one.half of the range of P Thus, |
(12) =~ e = P’ = (P - RL)/(PR + PL) if 0.0 < Py < 0.5 |

e'= POE' = (Pp - Pp)/(2 ='Pp - Pp) if C.5 < Py < 1.0 .. ‘ !

(o]

\

Since e = d}/dmax (cf. Equations 2 and 3), egzx =1 and thus 1is completely\
independent | of P, The idea to express the observed ear difference as aj

proportion of the max1mally possible - ear difference at a given performancL\
level was first conceived by Halwes (1969) ‘and, more ‘recently and apparently
1ndgpendent1y by Marshall et al. (1975) ‘who called their index f. The:

Solution seems straightforward--it.  is a 51mp1e multlpllcatlve rescaling of d
to fut its restricted range.

l

lNevertheless, e 1s/.not necessarily the optimal index. The kind of
theotetical and empirical- support that 1is needed to determine the correoct
ifidest will bé discussed in Section 1.5 (see also.Marshall et al., 1975). At
this |point, T would like to consider a more 3bvious shortcomi~ of the e
index (and all other indices pvcposed, for that matter): -its f{ailure to
‘corrdct’ for guessing. Strangely enough, a « rrection for guessing has never
. been |considered in the past, although it is obvious that guessing plays a
substlantial role in most dichotic e~ +riments. " In the next secciorn, I will
propose a correction for this factor. -
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1.4. Correction i.r Guessiug

{ -

In order to deal with che guessing problem, we need to consider the
scores for each ear, not jusr their difference d, as a function of P,. This
is illustrated in Fiyure 2. 7The diagonal line labeled Pr = P is.the case
of no ear advantage (d = v . Ian this case, Pgp = Py =Py, regardless of the
guessing probability. At the c¢ther extreme, consider the maximal: and minimal
possible ear scores, Ppp,g and Prpin, as a function of P,. (We assume here,
without loss of generality, that the rig - ear 1is the dominant ear; the
corre¢sponding results for left-ear advantages are obtained by interchanging
the R and L subscripts ) Let us first assume -that N, the number of stimuli,

equals infinity, so th.l the guessing -probability is zero. Then t'l.e lowest
possible performance li~wel, Pynin, is zero, and, of course, Prpax = Pimin = 0
if Pomin = 0. As. Ty 1pcreases, Pgpax Increases linearly towards J.Q while
Pihig remains at O; corsequently, Ppmax = 2Py and Prpig = 0 for 0.0 = P, =<
0.5. At Py, = 0.5, " qax reaches 1.9 and remains at this level while -Pynip
begins to increase ' "h Pgy; constquenvly, Ppray = 1.0 and Ppgig = ZPQ’— 1 for
0.5 < P, = 1.0. s, the maximally divergent scores for the two ears -are
represented. by the large parallelogram labeled N =« in Figure 2a. Of

course, Ppuax — PLmin dpax, whose relation to Py is shown in Figure la and
again in Figure 2b as the functic labeled N. = w,

 Now consider the more realistic case of a nonzero guessing probability.
Two typical cases, N = 6 and N = 4, are illustrated in Figure 2a. The lowest
expected performance level for a given number of stimuli, Pgopin, is found to
be 2

(12) Pomin = (N - 1)/(5) = 2/N

This is the pertormance level that would be expected if the subject produced

only completely r.ndom gucsses, because (N - 1) of th. possible (g) = (N
- 1)/2 combinations of two responses lead by ¢hance tn a correct response for

. A»] = RN ~- . o = . ] v 1 &
one ear. Thus, "Rmax = Prmin Pomin 1f;Po Pom1n'. From, this minimums
Prmax 1ncreases linearly towqrds 1.0 as Py inc.cases, while ?Lmin remalns at
chance level. However, this chance level dces not remailn constant but

depends on Pgpay.. At the point of maximal ear difference, Pgpp,¢ reaches 1.0,
and :

(14) Pimin = 1/(N - 1)

which is the simple guessing probability for N stimuli. (It "is not 1/N
becanse the right-ear response must be different from the left~ear response.)
In other words, at this point a hypothetical listener with .the 1iaximal
possible ear difference always can identify the stimulus in the domirant ear,
but produces a random gu ss for the stimulus in “he other ‘ear. The maximal
ear difference dpyy at this point is '

(15) doax ® PRmax — PLmin = 1 - 1/(N - 1) =(N- 2)}/(N- 1),
which is the maximal expected ear difference for a given N. Tt occurs at a
performance level of \
156
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"Figure 2: Maximal and minimal ear scorcs (upper ranel) and their difference
(lower panel) as a function of ‘performanc: level, ror taree levels
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(16) Py = 1/2 + 1/2(N - 1) = N/2(N - 1)

From this point on, Ppo.. remains at 1.0 and Prpjn incre-ses with P,. ‘The
complete -functions relating Pppax and Prpin to Py are: :

[2/(N - 2)]l(ﬁ - 1)P, - 1} if 2/N £ Py 2 N/S2(N - 1)

(17) PRmax =

. PRmax T 1 if NJ2(N = 1)< Py < 1.0
(1) Prmin = [2/4N - 2) ]t e if 2/N < Po < N/2(N - 1)
a Plmin = 2P - 1 if N/2(N - 1)< Py < 1.0

Figure 2b shows the corresponding relatica:nip vetween dj 4 and Py ior N

=w N=6, and N = 4, For a finite N, this . - ion is
(]9) dnax = PRmax ~ PLmin = o -
= |2/(N - 2)}(NP, - 2) if 2/N < P, < N/2(N - 1) E
= 2(1 - Py) A if N/2(N - 1) < P, < 1.0
(The function for N =® is given in Equation 3.)
Now we define e,--as we will call e with the correction for guessing--as
(20) eg = d/dpax =
: = (Pg - P1)/[2(NPy = 2}/(N - 2)] if 2/N < P, < N/2(N - 1)
= (PR - Pp)/{201 - 245)] if N/2(N - 1) < Py < 1.0
Equation 20 shows that e, is identical to e--and thus to POE‘——in the upper
range of performance levels. In other words, POE' is unaffected by guessing
probability and needs no correction. It is only 1in the lcwer range of
per formance, where POC' applies. that a correction for guessing becomes
necessary. Without 7it, the magnitudes of ear advantages at low performance

levels would be ~eriously underestimated..

The correction for guessing that I ~ just proposad is only a global and
approximate solution. Ideally, such a ¢ 2ction should be based on a detailed:
model of perceptual and response processes in dichotic listening. At present.
such a model does mnot exist. Recently, I have considercd a very simple
srobabilistic model that ,assumes that the listener either perceives 'a stimulus
vorrectly or makes a random guess, indepéndently for each ear. I found that
the e index based on the resulting estimates of the ''true'" probal.lities of
perceiving left- and right-ear stimuli 1s almost identical to e,. However,
the model is too simple to provide a complete account of rthe pcrception . f
di~hotic stimuli. A more detailed discussion of this approach-is provided in 1
ceparate paper (Repp, 1977b}

1.5. Isolaterality Contours

The "correct" index of the ear advantage must fit both theoreticel
conceptions anr empirical evidence. Halwes (1969) believed he had solved the
‘theoretical problem by pronmosing an index (e) whose range 1 free ‘of the
con: raints of performance :evel...However, this argument , intuitively appeal-
ing as it is, really attacked the problem from the wrong side, although it may
have led to a correct ou:come. Marshall et al. (1975), who also proposed e as
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che perhaps best index, correctly st ssed that different indices represent
"psycholugical theories of how an S (g 7Fiect] changes Rc and 'Lc [PR and P | 1in
arhieving different overall accuracies” . 320). 1In other words, performance
level must be understood as a -onsequence of changes-in right-ear and left-..r
scores; and the concomitan: constraints on the ranges of certain indic.s must
be accepted if they are predicted by tueories about the form of covariation of
Pr and PL. There is no such theory that postulates that the range of an ear
advantage index must not be constrained in any region of performance. & '

However, among the infinite number of possible theories, there 1is one

class of theories that leads precisely to this outcome--an example is the

theory underlying the e index. In order to clarify this point, consider the
isolaterality conte'rs assumed by different .indices, that 1is, by different
theories of the ea: ivantage. Isolaterality contours connect points of equal

underlying car asymmetry at different levels of performance. 1In Figure 1,
these contours would be parallel horizontal lines within the limits of each

index. It s more il! :irating -0 represent these isnlatcrality contours in
terms of Py and P;, as Marshall et al. (1975) have done. Figure. 3 plots Py
against Py, s: -hat the isolaterality contours connect all pairs of scores (Pp,

Pp) that are assumed to reflect the same underlying «+ir asymmetry. To simplify
the exposition, we have assumed in Figure 3 that the guessing probability is
zero; a nonzero guessing -probability would have the effect of restricting the
possible score combinations to a region in the upper right~hand corner of the
unit square (or accuracy space, as Marshall et z1. call it).

Figure 3 chows the isolaterality contours assumed by four thecries: those
associated with the indices d, POC', POE', and e. Note .that the region above”
the positive diagonal represents REAs, while the symmetric region below the
positive *diagonal represents LEAs. .The isolaterality contours are shown only
for REAs; those fo. LEAs are obtained by symmetric reflection around the
positive diagonal. The isoperformance contours, which. connect all pairs of
scores (Pp, Py ) at the same Py = (Pp + P)/2, are straight lines parallel to
the tegative diagonal in each case.

4

“  Figure 3 shows that 6n1y the e index provides a definite est.~.. . e
magnitude of the ear advantage for everv pair of scores. Tie ot. . .r.ee
indices depicted can g.ve only a lower or upper bound on the ear advan' . e,
one of the two ear scores is either at chance level or perfect bhe :u. .ise
data points cannot be uniquelw assigned to a particular isolateialitv .antour.
For example, the fact that d cannot exceed 0.2 when by, =..0.8~ due to the

‘constraint imposed by pevformance level on the range of the index,' discussed
in. connection with Figure l--reail,; mplies that, if d is the correct index
(that is, if .ne theery underlying d is correct), any true ear advantage of d =

0.2 cannot '« measured ~r P, = 0.8. 1f the model underlyingz d happened to b
correct, this disadvantage must be accepteu; i° _annot be talen as an a prio

argume - agoinst the index-theory. Similar srguments appiv to POC' and POE'.
s x
From Figure 3, the close 'analogy to signal ‘ietection -xpeviments that has
also 'bren peinted out bv Marshall et al. (1975) is evident. Pp is formally
analogous . the false alarm probability, and Py to the hit probabil! [y in
siznal detection. Isolaterality contours correspond to receiver operating
ot acteristic (ROC) functions. and isoperformance contours !n ijsobias contours
(cf. Green and Swets, 1966). The isolaterality contours assumed by the o

. ' _ ) 159
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Figure 3: Isolaterality contours assumed by the ‘theories under lying four

indices of the ear advantage.
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indg% (Figure 3d) are linear approximations to the ROC functions resulting from

/2yu standard signal detection model assuming unde: lying normal distributions
i

ith equal variance. This gives the e index sdme intuitive plausibility, in
view of the success of the staniard signal detection model in many different

sitnations. However, whether it is also a correct model of dichotic listening

remains to be proven. In the absence of stronger theoretical or empirical
support, the alternative mddels underlying d, POC', or POE' cannot be ruled.

~Gut. The POE' model, for example, corresponds to a 'high-threshold” model in

rarms  of signal detection theory that has been found wuseful 1in certain
cuations (Green and .Swets, 1966). There is an infinity of other possible

“models; those depicted in Figure 3 are merely the extreme cases.

In addition to the intuitive appeal of e, its underlying assumptions may

be plausibly conceptualized as follows. Assume that differences in pertormance
level reflect different levels of noise 1in the perceptual-auditory system of
iisteners. Further! assume that, as the internal noise level is reduced from

very high to very low, Pp and P increase independently of each other in the.
form of two ogive functi-ns. The separatign between these functions equals the,
true ear asymmetry and may be expressed in terms of the signal-detection:
statistic d'. This simple conception’ is identical with the standard signal

detection m.¢2l, so that e--whose isolaterality contours are a good approxima-—

tion to the standard model--would be the correct index (if not d' itself is
chosen 'as the- index, whi'h certainly 1s an option). Again, however, this
argum~nt has . only intuitive plausibility at present. A decision between
different models will reaire empirical evidence in favor of one or the other.

Un forcunately, cmpirical p@sts of the modeils are difficult. Ma.shall et
al. (1€75) nave pcinted out that, in an v to signal detection, it would be
necessary to vary performance level in a number of steps
underlying ear asymmetry constant. This would generate pofnts on the same ROC
function whose shape could then be determined. "There are poth theoretical and
practical problems witn this approach. The most obvious chnique would be to
‘mploy masking noise or sowz ccher form of distortion to vary performance level

within a single subject, but it is not ciear whether this .lation would be
equivalen' to th2 hypothetical variations 1in internal noise levél,@hat caus:
variations in P, between subjecrs, d.spire high monaural intelligibility of the
stimuli. Cullen, Thowpson, iuagih-s, Berlin, and Samscn (1974) have varied
cienal-t »-noise ratio:in a dichotic two-response paradigm, but their results
ar~ lIrregular ond permit o concicsion, A practical problem ig¢ that ear
advintages| tend- to be rather small and highly variable, so that an enormous
amount of data woi .1 bhe necessary to distinguish different shapes of ROC

functions in the vicirity of the pusitive diagonai

Halwes (1969) wused the more global empirical approach of taking the
average oar differences obtolned for different groups of subjects in a number

of !ififerent experiments and plotting them as a function of the 'natural"
Liriations in average performance level betwcen the experiments.. Whe: the
sveragn ~ar advantages were exproe-sed in terms of e, they turned out ! he
strikingly inderondent of performance level, which, at the- time-, pr... -~d’
impressive empirical ~+.r- ~ for the e index. Unferrtunately, this result S
not holu uvp in tha gl moze recent data. T have surveyed-a large n oor
of dichocier—studies condusted since 197 and found large variations in the
.magnitudesfhf ear advautazes from stoc. ze stedy, - gardless of performance
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level, soythat no clear conclusion emerges from the data.

Yet another way of testing the assumptions underlying the e index would be
to condu:t an analysis of individual stimulus pairs. A large amount of data
would ha\e to be collected for this purpose. 1f individual stimulus pairs vary
in their "performance lvvel," then the ddta points (Pg plotted against Pp) for
all individual stimulus 'pairs should lie on the same ROC function. This
approach is analogous to that discussed in Section '3 for the single-response
paradigm, and it is certainly worth investigating. However, it is not clear
whether individual stimulus pa2irs vary more than randomly in "performance

level" (except for the 'feature--s sharing effect" discussed in Section 4);
performance level ‘has so far been considered a characteristic of the listener,
not of the stimuli. .More detailed investigations of the dichotic competition

" between 1nd1v1dual stimuli are needed. ;

Thus, although e has the advantage of being the most 1ntu1t1ve1y satisfy-
ing index, other indices and their corresponding models cannot be ruled out
completely at present. T would recommend, however, that e/ (that is, e with
the correction for guessing--Equation 20) be adopted as an index as long as

there “is no €Vidence that speaks against its use. In the'remainder of this

paper, we will describe a simpler approach to measdring “the ear advantagp that,

despite many analogies, avoids some of the problems 1nherent in the two-~
response paradigm. Some of these problems will become clear as the discussion
proceeds (see ¢specially Section 4). Considering the complex1ty of the. two~
response paradigm, it may be time to-look for alternat1ve methods that perhaps
fEﬁTEVE*lhe ‘Same goal with fewer compllcatlons.

<

k ‘ ' ;2. DICHOTIC FUSTION AND THE SINGLE-RESPONSE PARADIGM

)

[ . B
2.1.  Dichotic Fusion

" When two sounds are presented simul uneously to the two ears, they are not
always perceived as two svpavate events. Often they fusZ into a single sound

"image. This is obviously true when the two sounds are exactly identical. In

real life, envirommental sounds normally reach both ears, but the signals at
each ear typically sho. slight differcnces in spectrum, intensity, and time of
onset. Nevertheless, they give rise to a single localized sound image (Mills,
1972). ’ :

Stereo headphones make it poss.hle to present different sounds indepen-
dently to the two ears and thus to investigate the mechanisms of binaural
(dichotic) fusion. Laboratory -studies have shown that the fusion mechanism
tolerates a certain amount of spectral discrepancy beyond that encounte.ed in
natural siltuations.. For .example, dichotic -sinusoids within a certain ctitical
frequency range (the "binaural criticdl band'") are heard as a single tone,
although it may "heat" when low frequencies are involved (0d2nthal, 1963;
Perrott and Barry, 1969; Van den Brink, Sintnicolaas, and .an Stam, 1976). The
width of the binaural critical band increases with signal frequency (Perrott
and Barry, 1969) and intensity (Perrott, 1970); it also increases as the s1gnal.
duration decreases (Perrott, Briggs, and Perrott, 1970). The fused tone is
heard at a frequency intermediate between the - two dichotic frequencies (Oden-
thal, 1963). Of special importance is the finding that. twdo differen: " tones
that normally woul! not fuse can be madc to fuse by imposing the same low-
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frequency modulation onto them (Leakey, Sayers, and Cherry, 1958; Tobias,
1972). In general, it scems that complex auditory signals with similar
wave form envelopes fuse despite cons1derab1e differences in microstructure.

his result is important in. the dichotic fusion of speech sounds. The
waveform envelope of a -speech signal 1is determined by its low—frequency
components (primarily the fundameatal frequency), while the higher formants
constitute the microstructure. Two different formants presented dichotically
at the same fundamental frequency fuse into a single sound, while two formants
with the same center frequency but with different fundamental frequencies arc
heard as separate sounds (Broadbent and Ladefoged, 1957)+ .Thus, a' speech
signal "may be "split" by filtering it intc nonoverlapplng( low- a 1 high-

-irequency bands which, 'if presented simultaneouély to the two €ars, ¢ e heard

as a single source resembling the original (Broadbent, 1955; Franklin, 1969).
Several recent studies have employed the related "split-formant technique" with
synthetlc speech, where some formants are presented to one ear. and the
remaining formants to the other ear (Rand, 1974; Nye, Nearey, and Rand, 1974;
Nearey and Levitt, 1974; Haggard, 1975). Cutting (1976), 1in his recent
classification of dichotic fusion phenomena, called this "spectral fusion."

Dichotic fusion is not limited to the case where parts of. a speech signal
fuse to re--'.<titute the original whole stimulus. Even if two different
complete utt :.nces are presented, the perceptual result may be a ingle fused
stimulus, p:-vided that the two dichotic stimuli have sufficiently similar
fundamental frequencies. The fused ‘pcr;cpt im .y resembic one or the other

‘component, or it may be a hybrid (see Cuttiag. 1976). 1n assessing dichotic

ear differences, it is important to know whether some or «ll of the stimuli
fuse. Ideally, the experimenter should be able to control this prope.ty’>«f the
stimull. . - ’ '

coat

The verbal materials used in dichot ¢ listening studies may be roughly

classified into three groups:

(1) Words, digits, and other larger-sized verbal units. Typically, they
are natural speech and acoustically heterogeneous, so that the waveforms in the
two ears show little correspondence. Therefore, they tend not to fuse.

(2) Natural-speech nonsense syllables that have been used extensively in
Tecent research (for example, Studdert-Kennedy and Shankweiier, 1970; Berlin,
Lowe-Bell, Culien,. Thempson, and Loovis, 1973; -Cullen, Thomtson, Hughes,
Berlin, aud Samson, 1974). 7The typical set is ./ba/, [/aa/. /e=!, /pal, /ta/,
/ka/, spoken by the same’ voice. Some of ti:e dichotic =»airs for-d from these
syllables may fuse into a single syllable if they are cpectrally similar and
properly synchronized; this will depend on the part1cular stimuli and recording

procedures used. Apart from temporal aiignment:, however, the experi~enter has’

little control over fusion. Tests of this kind often contain fused and unfused

2NeVLrtheless, the spectral separation of the two COmpetlng signals may affect -

perférmance. Perceptual separability may be viewed as a continuum ranging
from perfect fusion to perfect separability. (See also the discussion of
selective attention in Section &4.4) S '
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pairs mixed togetier, which is a methodological disadvantage.

(3) Synthetic svllables ‘for example, Halwes, 1969; Shankweiler and
Studdert-Kennedy, 1967 1975). As with any other stimuli, it depends on their
spectral similarity (most of all on their fundamental frequencies) whether they

"do or do not fuse. However, the important advantage of synthetic syllables 1s
“that their acoustic properties—-and, hence, thelr tendeucy to fuse--are under

the control of the expérimenter. Thus it is possible to construct hgmogencous
tests that contain only pairs that fuse, or only pairs that do not fuse.

The most widely used synthetic stimulus set is /ba/, /da/, /ga/, /pal,
/ta/, /ka/ with identical fundamenta. frequency contours. As with the analo-
gous natural-speech set of syllables, the reason for their popularity is |
primarily the convenicnce and availability of & stimulus:set that tends to give
reliable REAs-—-not their tendency to fuse, that has been given little atteny
tion. The differences between these stimuli are confined to the first 50 msec
or so,-which carry the consonantal distinctions. The vowel pogﬁions——that may
last for another 250 msec or so-—are exactly identical,k and therefore fuse
perfectlv in dichotic presentation. This alone is sufficient to guzarantec that
dichoric pairs ot these stimuli will sound more or less .fused (Halwes, 1969).

"The “more or less" will depend on the spectral similarity of the dnitial 50
‘ |4 y
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‘msec. Synthetic /ba/, /da/, /ga/, if synthesized so they differ only in fhe

transiticns of the second (and third) formant  fuse perfectly into a single
syllable. This was experimentally demonstrvated by requiring subjects £
discriminate dichotic pairs- from binaural (identical) pairs of stimuli from the™
same set. Most _of the subjects, including experienced listeners, performed &t
chance level (Repp, 1976b). It is justifiedy therefore, to call these stimulus
nairs ''perfectly fused".3 ' ' :

.nformal observations suggest that strong fusion 1s also obtained for the
voiceless set (/pa/, /ta/, /ka/) if the stimuli differ only in their formant
transitions. On the other hand, stimuli *hat contrast in voicing (and thus in
the relevant cue, voice onset time, so that a periodic waveform in ong ear is
accompanied by fillitered noise in the other ear during the first 57 ssec or 50)
are sufficiently different tu prevent perfect fusion. The listener has some
indication that different events have occurred in the two ears, but since these
events are immediately followed by a perfectly fused vowe!, their discrepancy
is perceived only as a brief noise-or roughness .ccompanyirg the perception of
a single fused syllable that can be identified without great -difficulty.
Diciotic pairs consisting of-a single - phonetic percept accompanied by an
audltory stgnal of interaural discrepancy may be called "partially fused”.

“he fusion of synthetic syllables can be effectively prevented by present-
ing them at different fundamental frequencies (Halwes, 1969; Repp, 1976a).
Temporal as;sciivory ailso re’_ces fusion, but as long as the signals overlap,
they may sti!! parti1:lly fuse. Some researchers have paired CV syilables that
contrasted in *heir vowels as well as in the 1nitial conscnants (Studdert-

3The actual syllables in this experiment were /bae/, /dae/, /gae/, but “the
nature of the vowwrl is Immaterial. VPorfectly fused syllables have been used
in a*number of other studies since (Reopp, 1976c, and anpublished work).
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Kennedy, Shankweiler, and Pisoni, 972). Different vowels with the same
fundamental frequency seem’ to tuse quite well, althoygh they may be discrimin-
able from binaural stimuli if they are’ spectrally dissimilar (Kuwahara and
Sakatl, 1976).% The frequency of the tirst formant may play a role in addition
to fundamental drequency, but little work has been done on the .fusion of
complex sounds such as vowels. The influence of various other parameters, such
a- differences in initial bursts, transition duratlon, Otc., on dichotic fusion

speech sounds has not been qutomatlcally studied. If stimuli involving
such differences are to e used for assessing ear advantages, their degree of
fusion should first be determined. . . :

2.2. The Single-desponse Paradigm o
1nple-sesp —_— » ‘ .

The standard procedure requlrésﬂ the subjeccs 1in a dichotic test to

Jldentxfy both competing stimuli. While aporopriate with unfused stimuli, the
two-response procedure has also been used with synthetic syllables subject to’

dichotic fusion (for -example, Shankweiler and Studdert- Kennedy, 1975). It i

not surprising that the overall accuracy was quite low {hese studies .
because at least- orn of the two responses mumt have  been a guess. Although it
is possible to analyze only first responses “and ignore second responses, one
cannot be sure that th- subjects always record their most confident response
first, even when instructed to do so. Thus, the ,responses reflecting what the
listeners actually perceived are dlstrlbuted over two response columns, and it
ié impossible for the enperimenter to identify them reliably. Hence, instruc-

tions to 1dent1fy two stimuli when only one is heard are inappropriate. . 'The.

only appropriate instfuction is simply to identify the syllable heard (the
single-response paradigm). The listener need not even be informed gvout the
presence of different events 1in the two ears. Instructions to selectively

attond to one ear are also inapproprfate when the stimuli, are fused, since it -

nas been shown that seloctlve attention to one ear has little or no effect with

 fused -3timuli (Halwes, 1969; Repp, 1976b). The topic of selective attentian

~e
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will be discussed in more detail in Section 4.4.
s ‘

Thuws, dichotic tests u51np fus@d syllables are quite different from those
using unfused stimuli. th unfused stimuli, the subject gives two responses
that are then classifiedlas correct or incorrect., The emphasis 1s on accuracy
of identification. 4 large number of errurs is desirable. These errors should

be due to dichotic competition only; the monaurel intelligibility. of the.~

stimuli should be as high as possible. The "raw" ear advantage (d) is defined

as the difference between the proportions of correct résponses for ghe two !

ears. 5 '

. /o :

In a test using fused stimuli, on the otlhier hand, only a single response
is given 'o each stimulus pair. Ideally. thi- 1 =ponse should match one or the
cther of the component stimuli. Dichotic pal‘,'Z‘f‘which this indeed tends tu
be the case (for evample, “a/-/da/, which is heard as ither /ba/ or-/da/) are
espo~ially des Lrabl Ot... pairs also yield hybrid responses such as "psycho-
acounstic tusiong' or blond r¢spon<Ps (LuLthg, 1976, Repp,.1976b 197/3 . The

/

. / N
aKuwahara, H., and Sakai, H. Identification and dichotiz fr ‘os of time-.
varying synthetic vowels. Unpublished manuscript, 1976 . ) o0
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methodological problom% cre ated by such responses will be discussed in Scction

T4, If we consider. only the "ideal" pairs, such as /ba/- /da/; wherc virtually

all responses match one of the two component stimuli. we see taat thbre are  no
errors and accuracy is perfect (or, 1in practice, as good as the monaural
intelligibility of the stimuli). The questjon is not how accurately cach car
performed, "but how the.chpeting information was weighted and combined into-a
single perceptual outcome. Thus, the emphasis is on dichotic integration, not

"on competition. Instead of dlfferont accuracy levcls for each rar, we have .two
complémentary propQrtlons rcpresentlng each ear's share of ti- respongts. The
difference between these proportions represents the ''raw' ear advantag

Despite the theoretical and methodological differences, the twWo ‘paradigns
also have much in common. Specifically, the problems encountered in deriving
an appropriate laterality index are rather similar. This will become evident
in *he following section which derives such an index for the single—fesponsc
paraadigm. — '

3. LATERALITY INDICES FOR THE SINGLE-RESPONSE PARADIGM

—3.1. Ear Dominance and Stimulus Dominance

In this section, we make the simplifying assumption that cach stimulus

-palr in a test using fused stimuli yields only two kinds of (single) responses,

one that matches the stimulug presented to the left ear, and one that matcres
the stimulus in the right ear. One example, already mentioned in e preceding
section, 1s the‘pair /baf=7da/; which -is heard as either /ba/ /da/. (For

" other anmplgs, seé Section 4.5.) Thus,‘the responses.can: be d1v1ded into those

reflecting perceptual dominance of the left-ear stimulus and those reflecting
perceptual dominance of the right-ear stimulus. Taking Into account the two

possible channel/ear assignments of the stimuli, the data. for a single stimulus

pair can then be represent 7 in a 2 x 2 table, ac illustrated in Table 2. The
two different channel/ear assignments of the stimuli constitute the rows of
this table, and the two responses the columns. The .entries are the proportlons
of the two responses for each of the two channel conflguratlons.

¥
2] 4

|
K}

TABLE 2: Th: dat- fcrucfuréifor a single stimulus pair in the single-response
paradigm, with sample values.
z

+ Channels o ) Responses
LE - RE i /ba/ Jaal .
. ’ . \ .
; /ba/ - /da/ ©x; =0.276 1 - x; =0.726.  1.000
/da/ - /ba/ y; = 0.487 1 -y =0.513 1.000

v

i .. . e . .
Perceptual dominance is! a probabilistic phenomenon, so that,, 1in:general,
both responses will occur wilth some frequency over a number of single-response

vtrials, There are two independent. factors that determine which of the two

competlng stlmull dominates [the perception of the fused syllable at - a glven
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time. One .is- the tendency of (the stimulus in) one ecar to dominate (the
stimulus 1 P‘thv other ear. It 1is appropriately called car dominance and, ot
course, 1% analogous' to the car advantage observed in the two-response
para(ligm.5 The other foctor is the tendency of one stimulus to dominate the
ocher stimulué, resardless ot their particular channel assignment. It may be
called stimulus dominance and constitutes an important phencmenon in its own
right (Repp, 1976b).

The two factors are illustrated by ‘the fictitious,urta in Table 2. Ear
dominance is reflected in the difference between the averages of the diagonal
entries in the 2 x 2.table. TIa the present example, there is a right-ear
dominance: (72.4 + 48.7)/2 60.5 percent of the responses went to the right
ear and only (27.6 + 51.3)/2 =-39.5 per;ent to the left ear. At the same time,
there is a pronounced stimulus dominance effect, which is "reflected 1in the

difference between the column averages: /da/‘was weard 1n (72.4 + 51.3)/2 =
61.8 percent of the trials; /ba/ only in (21.6r4m48;79¢2—=—3872_percent.6

n

v . T

) N . o . .
' 'r sheuld be emphasized “har the 1nformat1on about ear and stimulus

domin.im i« contained only 'n the complete 2 x 2 contingency table but not in
its . ivilual rows. ; The two different channel assignments of a part1CJlar
stim s pair must 41 ave ne considered together; otherwise, the results can be
Ve ding . n ‘Table 2, for example, /da/-/ba/ (with /ba/ in the right
e.a a 11ght LEA, while /ba/-/da/ (with /da/ in ‘the right ear) shows a°
Ve ;e REA. Suchfa reosult can appear puzzllng if it is interpreted without
¢..... ss of the joiht operat =~ of two factors, ear dominance and -stimulus
domiran... (cf. Speaks, tNiccum, Carney, and Marble, 1975; Niccum, Speaks, and
Carnev, .276). 1n fact, the right-car dominance underlying these data is
c~~~21led by stimulus dominunce in the pair /da/-/ba/, and it 1is augmented by
st. ! s dominance in :(he pair /ba/-/da/. Neither case 1in isqlation_reveal§

"¢ acztwal size of. the REA which lies betwren “hese cextremes aqd must be

‘gn4erred from the ‘complete ru‘k1ngency tot . Likewise, an appropriate esti-
mate of stimulus dominance in an individual stimulus combination can only be

derived ifrom the complete table.

5In order to avoid new’ acronyms, ' the abbreviations REA and LEA will- be

maintained for the corres pond1n trends in car dominance.

6It may be argued that stjmulus dom“nance reflects merely response bias, that
is, a stimulus-indepencent tendency of listeners tc give one. response more
often than the other. "However ., stimulus dominance 1relationships can be
changed by modifying the acoustic.structure of the stimuli within phonetic
categor ‘s (Repp, 1976b, 1977b)., so that they are at 1east in part stimulus-—
dependent. Repp (1976b) hypothesized that stimulus domlnance is completely’
determined by the relationship of the stimuli to the-listener's perceptudl

category prototypes. Essentially, *his 1s a theory of response bias.
Stimulus dominance may !¢ considered as :the result of the interaction betwee
the listener's percep® ..il:or 5an1aat1on and the structure, of the stimuli.
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Table 2 bears a close resemblance to the 2 x 2 Contingencyqtab]e for the
two-response paradigm (Table 1). However, in Table.l, the dimensions were

‘left/right ear and correct/incorrect responses. The analogy becomes closer

if one response 1in
example, /ba/) and the other as "incorrect" (for example, /da/). The rows of

the two tables remain incompatible; however, in Table 1, they represent the
individual component stimull in each ear, while in Table 2 they represent the
‘two -possible channel/ear assignments of both component stimuli. Ir the two-
response paradigm, it is- easy to summarize the responses to all stimulus
pairs in a single table; in fact, it is standard procedure to do so, and the
data are rarely broken down to the level of individual stimulus pairs:
Basically, each individual channel assignment of each stimulus pair yiélds
its-own 2 x 2 table (of the form shown in Table 1), and these tables are then
simply added up or averaged. This presents no problem, because-each stimulus
.pair yields .left-ear and right-ear as well as correct and incorrect res-
In the single-response paradigm, on the other hand, the 2 x 2 tables
for the individual stimulus pairs are not commensurate--their rows and
columns ‘have different labels in each case--and therefore cannot simply be
added up or averaged. Even if we stipulate that the positive diagonal always
Contain right-ear responses and the negative diagonal left-ear responses (as
in Table 2), there remains one degree of freedom for the arrangement of the
table. We show now how. this problem can be solved. o

3.2. The e Index for the Single—ResponSe'Paradigm

———=____The problem now at hand is how to compute ‘an appropriate laterality
index? for a whole single-response test. It is easy to compute ear dominance
indices for individual stimulus pairs. Despite the different nature of the

O
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__~®ntries in Table 1 and Table 2, ;the structure of the data is almost

completely identical in the two cases, and most of the discussion of Section

] applies. In particular, the factor of stimulus dominance exacts the same

~constraints here as the factor of performance level in the two-response

1

v (21) 'ei = (yi - x3)/(y; + x3) if (y; + x3)/2°
K : = x3)/(2 . 1 + x3)/2

\

paradigm. £ 50/50 distribution of responses here 1is analogous to a 50
percent performance level there. The simple difference index, dj = y; - x;,
is unsatisfactory for the same reason that d is unsatisfactory in the two-
response paradigm. (The subscript i indicates that we are dealing with a
single stimulus pair.”) Clearly, the best choice is.

0.
0

W

fvia

Since the arrangement of the 2 x 2 data table 1is arbitrary, the
conVention of tabulating the less frequent response in the left colunn (as in
Table 2) may be adopted, so that the first condition always holds and.

(22) e; = (y; - %{)/(yj +ox;) .

Thus, a laterality index can be computed for each individual stimulus
pair. The most straightforward way of arriving at an index for the whole
test would then be to take the average of all the e; indices. However, these

indices vary considerably in their precision, depending on how much stimulus,

dominance deviates from equilibrium. The e; indices are most reliable when
the two stimuli are in equilibrium, and  they become more "variable and
unreliable as the relative dominance of one or the other stimulus increases.

SN e —

4oy
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Table 2 1is arbitrarily considered as '"correct'" (for



[}
'

(Ihis follows straightforwardly from statistical arguments. Therefore, ey
indices for stimulus pairs with very asymmetrical response distributions

_should receive less weight than indices for stimulus pairs with more nearly

symmetrical response distributions. The degree of asymmetry is represented
by the proportion of the. less frequent of the two respons:s, wj = (y; +
x;)/2, which 1s the approprlate weight to be assigned to each ej. The

overall E index as the welghted average of the elrlndlces is then computed,

»

Z wlei/z wi =
(1/2) § 1Qy; + xi)(yi = x1)/{yi + x4 )l/(l/2) 1 (y; + xp) =
3(Y1—xi)/z(y1+~<)=e. ~

(22) » E

Thus, the result turns out to be identical with the e index computed
from a summary 2 x 2 table.for the whole test. We note that, by adopting the
conventions of tabulating the less frequent response in the.-left column and
right-ear responses .in the positive diagonal, we have fixed the format of the
data tables, so-that they can now be. added up or averaged in a nonarbitrary
way. The e index computed from this summary table is then’ identical with the
weighted average of the e; indices for the individual stimulus pairs.

¢ The variance of the e; indices provides us with an estimate of whether
the overall e index is 51gn1flcant1y different from zero. Assuming that the
e; indices are approximately normally distributed’ around zero if the null
hypothesis is true, we make use of the well-known relation that the estimated
variance of the mean i: the sample variance divided by the gumber of
observations, > '

(24) s2(e) = s (e)/N
where N is the number of stimulus p.irs. The subscript w indicates that,
again, we would like to assign more weight to the deviations of the. more
reliable indices from the mean than to the deviations of unreliable  indices.
We thus compute the weighted variance of the e; indices as

¢

(25) s2,0e;) = L wiley - )2/} wi =

i
t~1
)
-
m
™
~
0~
=/
i
%
f
f

(y1 + x9)12 . QR

= § L - S T i)
© L ST

Confidence limits for e can then be estlmated by e * 2s{e). 1f they do not
include zero, e is significant at approximately p < .05 .

.3.3. The e' Index A s

The e index will be useful as long as the distribution of the e; indices

1s roughly symmetrlcal. With very asymmetric distributions, however, an
arithmetic meéan is not the optimal measure. There 1s an alternative method
available that also permits an approximate graphical determipation of "the
- laterality index. This method uses the basic concepts of signal detection
theory that have already been referred to in Section 1. In additTon, it
provides a direct test of the assumptions underlying the e 1index. The

procedure 1s illustrated in Figure 4 using some actual data from a recent
experimerit by Repp (1977a).
169°
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Figure 4: 1llustration of the graphic derivation of the e' index. -Data from

Repp- (1977a). See text for explanation.
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*  Attention is again restricted to the less frequent responses only, that
is, to the leftgycolumns of the N data tables for the individual stimulus
combinations.f The entry in the top row, Xj, represents left-ear responses,
or "false alarms." The entry in the bottom row, y;j, represents right-ear
responses, or "hits." We then plot y;j--or p(H)’, the hit probability--against
x;--or, p(FA), the false alarm probability-—for all stimulus, pairs. This
results in a swarm of poirts located on or below the negative diagonal of the
unit square. (Therefore, only its lower triangular portion 1is' -shown 1n
Figure 4.) To these points, .8 receiver operating characteristic (ROC)
function may be fitted. The standard ROC function™1s curvilinear,-but for
our purposes little accuracy is lost by simply fitting a linear function. A
straight line through the origin 'and the data points may be fitted by eye,
or, more precisely, by the method of least squares. The slope b of this line
will range from infinity (perfect REA) to 0 (perfect LEA). 1In order to .
convert this range to the standard scale from +1 to -1, we defiue

(26) et = (b - /b + 1) . - S

This value can also be tread off.a linear scale on the negative diagonal, as
illustrated in Figure 4. The triangles are the average results of eight
subjects, while the circles are for a single exp€rienced listener (myself)
who showed an especially large REAT Based on 24 data points (stimulus pairs)
in each case, the e' coefficients are +0.55 and +0.96, respectively. )

e' may be directly calculatec as |
(27) e' = tanl:(1/2)arctan]|( ) y;2 - ) xi2)72 ) xiyill

which effectively is a rotation of the best-fitting line into the *45 degrees
sector, so that its slope (thé tangent) ranges from *l to -1. '

The e' index is an unbiased measure in terms of signal deféction theory,
since it 1is. a. simple linear transformation ‘of the area under the ROC

function, a commonly used measure of sensitivity that 1is independent of any’
particular assumptions >about the internal representations of the sensory
events (Green and Swets, 1966; Richardson, 1972). Testing the significance
of e' is not straightforward, so that one may rely on the e approximation
(Equation 22) for this purpose. ' : N

~.
—— T~
. —

% .

—

TABLE 3: Ear advantages on the voicing dimension. Data of eight subjects
from Repp (1977a). ' '

Subjects e e ° s(e)
JK ' +0.17 +0.16 0.06
JL . +0.73 +0.72 0.06
RG +0.89 +0.89 '0.02°
MR +0.57 +0:49 0.10
GG -0.09  -0.12 0.08 ]
WT +0.90 +0.88 0.04
1J : +0.47 +0.44 0.07
W +0.75 +0.74° 0 S
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The ¢' index is usually well approximated by e¢. Table 3 presents ¢' dand

e coefficients, together with sfe), for the ecight subjects in Ropp s (1977a)
study. It can be scen that e is generally very close to ‘e'; the largest
deviation occurs for subject MR, who, in fact, showed a hlgnly asymmetrical

distribution of e; indices By the 25 criterion, all coefficients except -

that. for subject GG (the only case of left-ear domlnance) are 1gn1flcant.

It should be noted that s(e) becomes constrained as ¢ approaches 21

(cf. subjects RG and WT in Table 3), so that it should not be used for

testing whether two coefficients are significantly -different from each other.

A rnonparametric test may be used for this purpose. '
. 4 .

)

Ore important difference between the present procedure of deriving, e'
and the signal detection paradigm should be pointed out. In the latter,
]

for which sensitivity is being measured are held constant. If the stimuli
(for example, signal and/or noise levels) were to be changed, the listener's
sensitivity would change, too. In the present case, stimulus dominance takes

tho role of bias, and ear dominance that of sen51t1v1ty. However, in order -

to changc stimulus domlnance, the stimuli themselves are varied. This, it is
assumed that ear dominance is independent of the nature of the stimuli, at
least within a given class (such as initial stop consonants). The validity
of this assumption is an empirical question. It is especially convenient
that determining e' for a set of data at the same time provides a test of its
underlying assumptions: 1if the linear ROC*® funct.don: fits the data poorly, a
different” function and a different index may have "to be:chosen. So far the
results have been encouraglng ba. Moreover,no correction for . guessing 1is

is varied by means of instructions, payoffs, etc., while the stlmulx

3

needed for e' since, in general _guessing plays only a small role in the .

single-response paradigm. However, the . single-response paradigm 1is not

‘without its own problems. The last sectlon discusses a number of methydolog-

.

ical issues and problems so far not consygered.

4. PROBLEMS IN MEASURING THE DICHOTIC EAR ADVANTAGE

4.1. §timulus Intel]igibility

It 1s good practlce to precede a dlChOth test with a series of binaural
(or monaural) st1mu11 in order to familiarize the listener with their sound
and to find out whether they can be reliably identified. 1In order to obtain
useful dichotic data, the stimuli must be 1intelligible  and yield high
binaural (or monaural) identification scores. e : !

This goal is more eas11y aChleVLd with natural Speech stimuli than with
synthetic sp;ech . However, synthetic stimuli are desirable because their
acoustic properties can be controlled by the experimenter. Therefore, it is

advisable to use a good set of synthetic stimuli that has been pretested for

intelligibility--a point that has often been neglected in the past.

‘ Even when the average intelligibility of a set of syllableé is high,
their intelligibility should-be tested for each individual subject in a given

L3

6 . : . oo . .. .
aReppj E. H. Stimulus dominarmce and ear dominance in the perception of.
dichotic voicing contrasts. <(submitted for publication). :
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test. From time to time, 1 ‘viduals ave encouniered vho find it very

difficult to identify synthetic speech sownds, Such individuals may have to
be excused from the test. (Th:s is an obvious problem in clinical applica-

tions of dichotic tests.) Y -

Intelligibility 1is usually "asscssed in terms of tha confusions that’

occur betVween members of a stimulus set. The information obtalnod from a

monaural confusion matrix may be used to apply a correction to dichotic data

that leads to a better estimate of the stimulus dominance relationships
between the stimuli (Repp, 1976b). Unfortunately, however, information about
ear dominance cannot be recovered in this fashion--confusable -stimuli yield
smaller ear advantages than nonconfusable stimuli (Repp, 1977a). Since this
effect may be confolnded with individual differences in confusion patterns)
it\ is ‘advisable to omit confusable pairs when calculating ear advantage
indices for individual subjects. ) o
b=

Problems arising from confusability of certain stimuli may also be
reduced by using a dichotic listening procedure that does not require a
labeling response. Only one. such alternmative 1is mentioned here, originally
proposed by Preston, Yeni-Komshian, and Benson (1968), and especially suited
for fused stimuli: the =wo component stimuli are presented. binaurally,
followed by the dichotic pair, and the listener judges whether the dichotic
stimulus was more similar to the first or the second binaural stimulus. 1 am
currently experimenting w1th an ‘AXB version of this ABX paradigm, that is,
with the dichotic pail: 1in the middie of each stimulus triad (cf. Repp,
1976a). This method may yield cleanér data than the single-response identi-
fication task. but it is more time-consuming.

L .
N The intelligibility-confusabitity issue raises an important theoretical

=

problem. Individual differences-in the perception of stimuli. (edpecielly of

~synthetic syllables) are large, and "poor subjects" who produce many confu~

sions will tend to have smaller ear advantages than eood subjects" The

individual differences that thus confound the measure of -the ear adVantage-

may be ascribed to different levels of '"internal noise" in the- listeners'
perceptual systems. Now suppose we have sutceeded in generating an excellent
stimulus set “that produces no confusions at all. Have we eliminated the

individual differences? Overtly, yes; but if the stimuli were attenuated or

mixed with white,noise, some subjects probably would produce more confusions
than others. Also, if tested with -an acoustic stimulus continuum as used 1in

categorical-perception studies, some subjects would have sharper category

s

boundaries than others. Again, this may be ascribed to 1ulividual differ-’

ences in internal noise. level--most most likely the same differences that are
evident with confusable stimuli. ‘
Given such individual differences in perceptual accuracy, it is likely
that they play a role in the perception of dichotic stimuliw.... A fused
dichotic syllable pair is often quite ambiguous, and an unfused stlmulus palr
is often degraded through mutual interference between the t wo stimuli. - The
problem is Yest illuStrated with a fused pair, for example, /da/- /ga/, ‘a
‘shown in Figure 5. Assuming perfect intelligibilty of the .component stimuli

sounds like /da/ and sometimes like /ga/. (%lecause of categorical percep-
tion, the subject may often not be aware of the inherent ambiguity of the
syllable.) For individuals with a REA, the dichotic pair sounds a little more

"and no pronounced stimulus dominance effect, this dichotic pair = sométimes - .
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(often) like /da/ when /da/ is in the right car, and a ltittle more (often)
like /ga/ when /ga/ is in the right ear.s Thus, thé two fusced stimuli may be
considerced as lying on a /da/-/ga/ continuum, a little to the left and a
little to the right of the catégory boundary, respectively. A "pood subject"
with a low internal noisec level has a sharp category boundary' and thus
‘resolves the two dichotic stimuli well; he or she will show a clear RFAL A
"poor subject , on the other hand, with the same underlying REA as the good
subject, is likely to have a tlatter psychometric function separating the two
categories and, as a resuli, will produce similar response distributions tor
the two dichotic pairs and a much smaller REA. This is schematically
illustrated in Figure 5. ' .

.

If this argument is correct, it implies that individual differences in
the dichotic ear advantage may be inextricably confounded with individual
differences in internal noise level. This would be a serigus obstacle to
measuring individual ear advantages on an ordinal scale.

-This problem seems to be less acute in the two-response paradigm; there,
variations in perceptual accuracy are translated primarily into variations in
per formance level that can be dealt with more easily. However, this apparent
advantage of the two-response paradigm is offset by a number of disadvantages -
that are discussed in the next paragraphs.

. 4.2. Stimulus Dominance

T The factor of stimulus dominance can be dealt with elegantly in the
,single-response paradigm, thanks to the analogy with performance level in the
two-response paradigm. -However, this analogy is purely formal--these are the

° factors that can be effectively handled in the respective paradigms by using
similar methods--but they are conceptually very dlfferent. As the preceding
paragraphs have shown,.presumably there ere variations in "performance level"
(thaa isy perceptual accuracy) in the single- response, | adigm, but they are
covert and much more difficult to deal with. Correspondingly, there is the

/Jﬁroblem of how to dealN with stimulus domlnance in the two-response paradigm.

. 4
Although stimulus dominance may be efpécted to play a smaller ro]e in
the two-response paradigm, there is evidence that it is nevertheless preqent.
Berlin et al. (1973), for example, have reported that unfused natural-speech
syllable pairs that contrast in voicing receive more «cor<ect wvoicelesc

responses than correct voiced responses. - Berlin et al. reduced this
asymmetry by aligning the stimuli at the first pitch pulse rather than at
stimulus onset. Speaks et”al. (1975), who used the same alignment camiterion,
reported data suggesting that stimulus dominance effects are of minor
. importance with natural-speech stimuli. However, this issue needs to be
investigated in more detail. There 1i9° To doubt that strong stimulus

domiaance reduces the manifest ear advantage, and 1if some. individuals show
stronger effects .than others, these individual d1fferences are confounded
. with the measure of the ear advantage. At preésent, I know no way of dealing
"with this potential problem. :

Q V. . L o . e
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4.3, CGuessing .

Guessing plays an insigniticant role in the single>response paradigm.
Random guesses following lapses of attention or highly am' ., qous stimuli nay

occur now and then, but, 1n general, the listener’” reporis what he or she

hears and does not resort to guossing (except for "sophisticated" guessing
between a very limited number of alternatives). In the two-response’ para-
digm, on the other hand, kuess’ng is commonplace. Frequently a listencr can
identify the stimulus 'n one ear but has no clues about the stimulus in the
other car. The resulting guesses cannot be reliably identified in the data

dand lead to a considerable amount of random wvariation. The (orrection for

guessing proposed in section 1.2 is a rather crude procedure, and alternative
ways of dealing with the guessing problem should be considered.

One obvious possibility is to instruct the listeners not to guess, that
1s, to give zero, one, or two responses per stimulus pair, depending on how
many stimull he or she heard clearly. This method has rarely been used’,
because the vesulting heterogeneous protocols are difficult to analyze. More

. . . . 9 . .
© common instructlons have been to write ddwn the more confident response first

and to analyze only these responses. - Effectively, this is the single-
response paradigm applied to unfused stimuli. (The second response might
just as well be omitted.) If both stimuli can be identified, it amounts to a
judgment which of them is the more salient. This procedure 1is interesting
because it reduces guessing and permits the methods of Section 3 to be
applied so tvat stimulus dominance can be taken into account. The main
problem s the control of _selective attention, discussed in the next
paragraphs. '

4.4. Selective Attention

The most important difference between fused and unfused syllables lies
in the effect of selective attention. Perfectly fuged syllables are heard as

originating in the middle of thg head, and voluntary efforts to pay attention
to- one ear has no effect on the responses (Rz2pp, 1976b). The effect of
selective attention with partiaily fused gyllables appears to be very small,
although this issue deserves' further investigation (see Halwes, 1969; Repp,
1976a). Un fused syllablesaf'on the other hand, yield large attentional
effects, and practiced listeners are able to reach almost perfect scores when
reporting only.the syllablcs. in one ear (Halwes, 1969). It is fair to say
that the effectiveness of selective attention is a direct function of the

degree of fusion of two stimuli (cf. also Footnote 2). v

It follows that, with untused syliables, it is not possible to separate
attentional preferences, effectiveness, or bias from the ear advantage per se
that presumably has a physioiogical basis. Some rescarchers have hypothe-
sized that the ear ad’antage is entirely an attentional phenomenon (Kins-
bourne,; 1973, 1975; Mor:is and-Landercy, 1977) or a perceptual advantage for
stimuli iocalized to the right of the midline (Morais and Bertelson, 1973,
1975; Morais, 1975; Hublet, Morais, and Bertelson, 1976). The fact that a
REA' is obtained for "perfectly fused syllables in the absence of any
attentional effects (Repp, 1976k, 1976c) suggests cthat there are both
physiological and attentioual components of the ear advantage. Perfectly
fused syllables may yield an estimate of the physiological :omponent’ alone,
with the attentional gomponent removed. This makes tests using;%fused
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syl lablgs such promising instruments. With untfused syl{ables, physiolopical

“and attentional ~1fecis are confounded.

. In fairneds, one should distinguish two kinls of attentional effects:
automatic and ctrategic biascs. Automatic biases may arisc from contingen-
the experimental situation; for cxample, during
imdlus, the-left hemisphere may be activated
an automdtic bias for stimuli on the -right
side. These kinds c¢f 1nv01untar biases are what Kinsbourne and Morais have
in mind. The REA for unfuse syllablesv apparently can be influenced by
contextual factors (Goldstei 'and Lackner, 1974; Morais and Landercy. 1977);
whether the same is true w1t£\
far as individual differences are concerwed, automatic attentional effects
are difficult to.distinguish from the physiological or functional asymmetry
itself; they are.probably highly correlated. Strategic biases, on the other
hand, are voluntary and at the disposition of the listener. For example, by
deliberately paying attention to the left ear, even persons with a rtrong REA
can produce a LEA with unfused stimuli. Such strategies are not under
‘control in the standard two-response paradigm, so that the ear" advantages
obtained «re not a pure reasure of lateral ésymmetry.

cies and expéctancies withi
or after procetsing a verbal 2
more than the right, leadxng‘,p

" This is eqpeC1ally obvious in the single-response paradigm. when applled

SN
fto un fused stimuli. 1t does not suffice to instruct the listeners not to pay

atténtion to either ear; especially inexperienced listeners may not follow
these imstruclions, and there is no way of controlling -/hether they do. It

may be difficult.in principle to ‘"neutralize" attention.. Requiring ‘two

responses at least reduces the effect that attentional biases would have in
the single-response paradigm. There remains the possibility, of controlling
the listeter's strategles by instructions to.- pay attention to one or the

other ear and to report only the stimuli in ,that ear. This procedure has-
.been followed by several resédrchers, sithough usually not forgthe purpose of

assessing ear advantages. It may be considered as a two-response paradigm ir
two passes; in this case, a single ear advantage 1index would be computed
after combining the results of the ‘two (properly courtﬁrbalanced) selective-
attention .conditions. . The problem is that here, because' of the relative
efficiency of selective attention, performance level will be rather high,
making the. ear advantage  index less reliable® Alternatively, the twe
selective-attention conditione may bé considered as single-response pdra-

digms, and two separace single-response Jindices may be computed whose

difference is then taker as the measurg of the ear advantage. However, here

. »we. encounter the same problem as with ‘the d jindex: simple differences depend

on the absolute .size of the numbers involved, so that the resultlng index -
N

reflects individual differences in the relative effectiveness of selective

attention in addition to the ear advantage itself. Regardless of the form of

~data analysis there 1is the theoretical possibility that there are lateral

asymmetries. in the effectiveness of voluntary selective attention that: are
1ndependent of the ear advantage itself and again would confound the measure
of the ear advantage. ' - ‘ .

We Qpnclude -that there 1s no perfect way of controlling "attentional
strategies with urnfused stimuli, so that fused stimuli offer a significant
methodological "advantage in this respect. Future research will determine
whether the relatively small ear advantages obtained with perfectly fused
syllables are the relatively "bure" meastre of physiological asymmetry that 1

fused syllnbles remains to be iavestigated. ' As
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4.5, Bledd Responses

In the discussion of the single-responsc paradigm (Sectton V), 1t was

assumed that only two kinds of responses are giveh to a fuged dl&hng1< pair;
they match one of the two component stimuli and can be daszplud to one or the
other ear. Of the f{fteen possibdc combinations of the six standard stop-

consonant-vowel syllables, only seven meet this strict criterion, given that
they: are highly intelligible. in isolation. ' These pairs arc¢ the place
contrasts /ba/-/da/, /da/-/ga/, /pa/~/ta/ and /ra/-/ka/, and the voicing
covtrasts /ba/~/pa/, /da/-/ta/ and /ga/-/ka/. These Te the stimelus pairs
especially suited for the methodology outlined in Sectlon 3.

However, it- may be dosxrable,for some. purposc t~ include other stimulus
domblnathns as well, “and past eypeviments have almost always included all
pogsible é%mblnatlons of the stimuli. The two place contrasts, /bBa/-/ga/ and
fpa/-/ka/, way  receive a third response, /da/ Jand /tal, respectively.
Cutting (1976) 'has called these intermediate percepts 'psychoacoustic fu~
sions." Their frequency may be negligible for:many listeners, but some give «
substantial proportion of these responses (Repp, 1976b) . The remaining

.stimulus combinations are the six double-feature contrasts: /ba/-/ta/, /ba/-

/kal, /da/-/pal, [/da/-/ka/, [ga/-/pa/ and /ga/-/ra/. They typically yield
two additional responses per, pair, resulting from the combination of “the
feature values of the component stimuli; for example, /ba/-/ta/ is heard not
only as /ba/ or /ta/, but also as /pa/ and /da/. These "blend" respnnses are
usually quite frequent and may even exceed the proportions of correct
responses, although there 1is much: variation between stimulus pairs and
subjects in this respect (Halwes, 1969; Repp, 1977a).. Blend responses and
psychoacoustic fusidns usually do mot convey direct ‘information abpout ear
asymmetries, so that the question arises what to do with them.

"
>

Hybrid responses also occur with unfused syllabies (Halwes, 1969;
Studdert-Kennedy and Shankweiler, 1970). 1In the two<response pavadigm, they
are simply grouped together with other types of errors in th=s class o}
incorrect responses. As a result, double-feature contrasts ‘typically have
higher error rates than single-feature contrasts, an -effect that has been
trrmed. the ''feature-sharing advantage' (Studdert-Kennedy and Shankweiler,
1'70; Studdert-Kennedy et 4l., 1972,4P15001 1975). The availability of the
correct-incorrect distinction ‘makes it ‘easy to dispose of bledds in the two-
response paradigm. . . :

In the slngle response, paradigm, on the other hand we have assumed that
all responses are correct,' apart perhaps from a few random.errors {(that may
be divided up between the two response categories). Blend responses are

'different from,random errors in that they reflect what the lxstener actually

heard; in a sense, they are correct responses. However, _they annot be
unambiguously assigned to one or the ‘other ear. There .are two ways. of
dealing with them. One possibility, followed by.Repp (1977a);" is to analy-e
the data 1ip tg&ms of the individual phonetic features ard to calculate two
laterality indices, one for voicing and one for place. It only roe feature
1s considered at a time, blend responses become .informativas witl. respect to

lateral asymmetries. The two resulting indices may be av taged to obtain a
. single index. ¢ ' ‘
178
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The other possibility, which consists of discarding blend veaponnes, s

more proablematic. Consider the following example, shown in Table 4
TABLE 4:  Fictitious response distribution for a double-tfeature  contrant
palr.
St anuli Responses
1 LE RE /ha/ St/ /pa/ /da/
of
/ba/=/ta/ 0 .33 .33 .33
/ta/-/ba/ .5 0 . .25 .25
¢ s

Here omission of blends (/pa/ and /da/ responses) would lead to the
conclusion thot therc is a perfect REA for this stimulus pait. However, when
the data are analyzed for each feature separctely, it is found that there are

moderate REAs for voicing\and place (e = +0.46 for both). 1f blend
errors are discarded, this information is lost and the REA is inflated. It

“is not clear which should be consid:ised the correct index: the average of

the separate indices for the two feaiures.or the index based on '"correct"
respo.ses only. v

It may be possible to settle the problem by examining empirical
isolaterality contours (ROC functions) for single- and double-feature con-
trast pairs. ' In the meantime, double-feature contrasts and pairs yielding
psychoacoustic fusions are best omitted from dichotic single-response tests,
as long as only the ear advantage is of concern. This leaves us with only
seven of the original fifteen stimulus pairs -- perhaps too few to
constitute 2 useful test. However, synthetic stimul’ offer the possibility
of 'varying the acoustic structyre of the stimuli whllc leaving their phonetic
content unchanged. By varylng voice onset time or the formant transitions
wi thin phonet1c categories, stimulus dominance rélationships can be ‘changed,

_so that an e' index can easily be calculated (Repp, 1976b, 1977a). In fact,

it is possible ‘to.take a single stimulus pair (for example, /ba/-/pa/), to
select several tokens with different acoustic;chafacteristics (for example,
four different voice onset times within each category), and thus to 'arrive at
a test that contains a sufficient number of stimulus pairs (sixteen combina-
tions), 1is maximally homogeneous, and leads to a clean estimate of ear
dominance (see footnote 6a) .’ This 1llustrates one of .the. great methodologi-
cal advantages of the single -response paradigm over the two-response
paradigm; the latter always.requires a larger number of response alternatlves
in order to reduce the effect of guessing.
« . \

»

e e ) W

B

.

7In principle, e' can be calculated without varying stimulus dominance.
Howeve:, varying the stimuli and, with them, stjimulus dominance is.important
‘@0 order to avoid ertreme dominance asymmetries due to individual idiosyn-
crasics, to derive an ROC functicon, and simply to provide variety in the

test.
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. 4.6. Test Reliability

In the Introduction, I have stressed that dichotic tests must Eatisfy

.general test—theoretical standards. One.of these is reliability. 4g¢ 1in any
other psychological test, the observed score (ear advantage) of a 5ubjeQt
represents his or her true score plus random measurement  errgy- S
* magnitude of the measurement errot depends on the length of the test_ 1t ls

L not surprising that, in repeated administrations of a short dicha tlc tf35t
’ " the observed ear advantages for 4 givem subject vary considerably gﬂd pay
‘even show reversals in direction (Speaks, Niccum, and Carney, 19765y, Most

dichotic ‘studies in lhe past have used short tests whose reliabiy ity 'was
likely to be 1low. The fact that a certain parcentage of rlght/haﬂded
subjects show either no REA or an LEA (although phys1ologlcal data suggfSt
that virtually all are left-hemisphere-dominant for speech) is at lggst 2UYe
in part. to measurement error (cf. Blumstein, Goodglass, and Tartter, 1975

a Ryan and McNeil (1974) have.reported a test-retest rellablllty coeffli'
. cient- of +0.80 for a 60-item test, and Blumstein et al. (1975) found
" somewhat” lower coefficient of +0.74 for an 80-item test. hoth studjes U5ed
-~ natural-speech CV syllables in the two-response format. Thele rellab111t1e§
are quite satisfactory in view of the relative shortness of the testg snd F''e
weaknesses of the two- response paradigm (guess1ng, attentional fluctuﬂtxo‘1
etc.). - Researchers in the field have tended to expect too much from 3 N t
dichotic test and have been reluctant to accept the conclusion that mdeh
longer tests will be necessary to obtain precise measurements. . If wp acc€Pt
the Blumstein et al. results as typical and apply the standard Spearmgp™ Bro¥m
-formula (Lord and Novick, 1968, p. 112), we. find that the .test hag to Pe
three times as long (about 240 p11rs) to achieve a rellablllty of +0_90; anq -
six -times as long (about 480 pairs) to reach r = #0.95. From the Ryan a7
McNeil data, we: obtain more moderate estimates of 140 and. 280 paif®
respectlvely. Considering the fact that the standard set of six CV syllabl S
yields .a basic test .unit of 30 dichotic pairs, I would recommend ppat £€n
repetitions of this test unit (that is,~ 300 palrs) be administered g ord N
to obtain stabie ear advantage indices.  Such® test requires gpout
minutes of listening time and therefore should be feasible under mo St
A cirfumstances, both in and outside the-laboratory. ' o '

. Underlying the development of the s1ngle response methodology 18 ehe
hope that this procedure "will proye to be more reliable than the tradjtloﬁ
two- reSponse_paradlgm Alternative methods, such as the AXB paradigy mept 2>

" oned earlier, may also lead to. increased reliability. I plan to condv®
pertigent”studies ﬁn the near future.8

Bl

T 4.7. Teést Homogeneity and Validity - e
. The problem of test réliability is a practical ome that'always €an EQ
solved - bv using a test of sufficient length. More important js a8

v .
. - N
> : . . \

¢

-8Extremely encouraglng rgsults have been obtained recently by Bruce wexleb
(personal communication, 1976). .Using a 60-item test of relatively ynfys€d
syllables in a single-response paradigm, Wexler obtained reliability.5 wé
above +0.90 for both normal and psychotic subjects. (See also footngt€ 62°
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: : ’ 3
theoretical question of what is actually being measured-=-ibhe validity of the
test. Ultimately, 1its validity as an instrument for assessing hemispheric
dominmance needs to be ‘assessed by physiological criteria of functional
lateralization. At present, however, these physiological measurements are
still crude and hazardous; ‘moreover, they are a less. .crucial criterion than
they may seem at first thcught. First of all, the only reliable physiologi-
cal indicator in nérmal subjects, the Wada test, yields only categorical
outcomes (left, right, or no dominance), not a graded scale of lateraliza-
tion. Moreover, it really supplies a useful criterion only for the small

group of left-handers, since it 1s now well-established that virtually all:

right-handers are left-hemisphere-dominant for speech. Secondly, the origi-
nal - idea that the dichotic ear advantage directly ‘reflects hemispheric
‘d0minance for speech is probably an oversimplification. It is likely that
there are multiple factors underlying the.dichotic ear advantage, only one of
which is the (quite possibly all-or-none) dominance of one hemisphere for
speech. The primary task of the theoretical study of the ear advantage must
therefore be to determine what is actually being measured. This is a
difficult problem, but some preliminary steps are possible by asking the
following familiar test-theoretical questions: Do all items 1in a test
measure the same underlying variable(s)? And do different tests composed of
items from the same general class (viz., those that tend to yield an average
REA) measure the same underlying variable(s)? ' :

These important (and closely related) questions about within-test _(or .

item) homogeneity and between-test homogeneity (or validity) have been
totally ignored in the past.  Their .answers .are by no means obvious.
Consider the question of item homogeneity. Repp (1976b), for example, found

‘that two-fused stimuius pairs of a three-item test yielded REAs but the third

pair did not. More evidence on this problem 1s needed. The statistical

techniques that may be applied are intercorrelation of laterality indices for,

Aindividual. items in a test and suybsequent factor analysis, or perhaps an
‘adaptation of the more recent methods of stochastic test theory (Rasch, 1960;
Lord and Novick, 1968). These analyses should determine whether 2:1 items in
the test measure a single factor, or whether different 1items measure
differerct factors. The derivation of an ROC function-in the single-response
paradigm (Section 3.2) also constitutes a (less rigorous) test of item

“*homogeneity. (However, even if it turned out that only a single factor 1is

being measured, this would show only that the test 1s homogeneous and all
items measure the same thing; the single factor may nevertheless represent a
complex of underlying variables.) : ‘
{ A L

A related problem is whether the ear advantages for different phonetic
features reflect the same underlying factors. In a recent Study‘ofkpartially
fused ‘dichotic double-feature contrasts, I obtained.e' coefficients separate-
ly far voicing and place; they correlated only +0.64, although each index was
based on the same 768 trials (Repp, 1977a). I hypothesized that individual
differences in perreptual organization may be reflected in the dichotic ear
advantage (see also Section 4.1). Tests of 'this hypothesis are needed.

Finally, the homogeneity question needs to be asked about whole tests:
Do tests composed of different types of speech stimuli (CVs, VCs, VCVs, or

-

. A - . ~ <
words; stops, fricatives, or nasais; etc¢.) measure the same factor? Do tests

composed of .natural-speech syllables measure the same factor as synthetic
tests? Do fused and unfused syllables (or:- the single-response and the two-

v
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resPonse_paradigm) assess the same factor? Again, intercorrelations betweenwx
different tests (perhaps supplemented by factor analysis and modern test/
theory) should provide an answer. So far, there are no data. available. A
positive result would. reassure us that we are actually measur1ng a weil

defined charéEFE?istlc whose complex1t1es will have to be unravelled pr1mar1—

ly by phys1ologlsts Negatlve results, on the other hand, disastrous as they‘_T

would be for the dlagnostlc application of dichotic tests, would be of great
theoretical interest. Perhaps there is more than one "ear advantage,?’that

Jds, different tests may tap different dimensions of a very complex phenome-

non. : ' J
y
4.8. Absolute Magnitude of the Ear Advantage - -/

l »

The questions of reliability, homogeneity, and validity,/ which are
correlational in nature, must be kept separate from the 1issue of the absolute
magnitude of the ear advantage. For example, ear advantages’ may increase
with practice (although the evidence appears to° be negat1ve--see Porter,
Troendle and Berlin,. 1976), but as_long ‘as they do so for a11 individuals,
the reliability of the test will not be affected. leferent items in a test
may yield different magnitudes of ear advantages, but they nevertheless may
measure the same wunderlying variable. Similarly, different classes of
stimuli may yield different average magnitudes of REA and nevertheless
me asure the same thing. As long as all individuals teqted are 1in bas1cally
the same rank order on each test (or on .each 1tem) the’ homogenelty criterion
is satisfied, and it is immaterial which tests or items are selected for
testing persons, as long as a11 persons to be compared are tested with the.
same tests or items. . The vari .tions in the’ absolute magnitude of the ear
advantage represent variations in item or test "difficulty," in terms of test’
theory. It is a separate but nevertheless 1mportant question what causes
these variations in d1ff1cu1ty, if they exist.” On the other hand, if two
items or tests yield the same average REA, this implies absolutely nothing
about their 1ntercorrelat1on. 4 ‘ : ’

G / - .

One striking dlffereﬁre 1n the magnltude of ear advantages has been
d1scovered in recent rese rch u51ng the $ingle-response paradigm (see Repp,
1976b,” 1976¢, 1977a, and footndte 6a): partially fused syllables (voicing
and double feature contrasts) yikld much larger ear advantages than perfectly
fused syllables (place contrasts)\ This result is methodologically interest-
ing, because larger ear advantageg are also likely to be muic reliable. The
reason for this difference is not clear ‘at present, _except that perfect
fusion seems. te. play a role. The role of selective attention with partially
fused stimul? needs to be reassessed, although earlier studies suggest that
it is small (Halwes,1969; Repp, 19763) Future research will concentrate on
determining the? factprs that are responsible for this difference between
fused and partially fused syllables. ' )

,
/

:

«

91 am referring here to tests at the same level of complex1ty, vary1ng only
in the auditory and phonetic properties of the stimuli. There is good
reason to believe that dichctic tasks of different complexity tap d1fferent
_aspects of lateralization (Porter and Ber11n, 1975 .

Iz T T o .
_ ‘ : : RSV
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e A 51m01e random—guessing model of" the -dichotic - two—respons

A Simple‘ModeI.of Response Selection in the Dichqtic Two-Response Paradigm

Bruno H. Repp

ABSTRACT

'paradigm is described. The model prowldes a way of calculating an
index of the ear advantage that -takes, guessing into account. It
also generates predlctlons of the proportions of single- and double-
corroct responses at different performance levels. A comparison
with real data shows that the broportions of double-correct re-
sponses are generally overpredicted. By introducing an additional
parameter reflecting limited channel capacity, the model can be
made. to fit closer to empirical data, but the value of the
parameter is not the same for different sets of data. While this
model is 0ver51mp11f1ed in many ways, it nevertheless provides a
rudimentary formal framework for the interpretation of dichotic
data. " : ‘ ‘

INTRODUCTION

4

Despite a large amount of research and theoretical speculations -on
dichotic listening, little.thought--has been glven ‘to formulatlng and testing
mathematlcal models of the response processes involved. 'The present paper

briefly examines <the simplest conceivable . formal model and derives spme’

pred;ctlons from it. The model is almost certainly . an oversimplification.
Howeéver, the” purpose of t!:2 exercise is to point out some basic; relations
between several dependent varlables in dlchothp listening experiments. These

‘relations are likely to hold up approx1mate1y, even 1f the 'model that
,,predicts theu ‘s not precisely true,’ and they need to be taken 1nto account

in the 1nterpretat10n of dichotic data. K

The present paper serves as an appendix to my methodological- paper,

"Measuring Laterality Effects in D1chot1c Llstenlng (Repp, 1977), 'to which !

frequent reference will be made

éE INDEPENDENT-CHANNELS MODEL WITH RANDOM GUESSING
R »

In Section 1 of the preceding paper, I discussed. the dichotic Ctwo-
response paradigm.: This is the standard procedure that requires the listener

‘to identify both stimuli on each ttial. ‘The two responses must be different

from each other and are scored without regard to order..” The proportions of
correct responses for the right and left ear- are Pr and PL, respectlvelv, and

- &
w
K

- - 4

. > ' e " '
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in the exper1ment then

e stimulus is perceived correctly.

‘the overall per formance level  is °, = (PR + Pp)/f2. I describe:d what 1is

probably the best index of ear asymmetry (I called it e; 1it.1s basically
identical with the f index of Marshall, Caplan, and Holmes, 1975), and I
derived a correction for guessing. This correction is rather crude, based on
linear interpolation between three extreme cases. I pointed out, that a
formal model of guess1ng would prov1de a ‘more elegant solur1on - g

The simplest model of response selection in the dichotic twc-response
paradigm_makes the“jgllow1ng two assumption.: (1) the stimuli in the two

ears are perceived independently of . each other; (2) a stimulus .1s eilther
percelved correctly or a ravdom guess is made. Although the real situation
is almost certainly more complex, the predlctlons of -such a simple model are

‘worth considering. If PR™ and PL are the "true" probao111t1es of correctly

perce1V1ng the, stimuli in the respective ears-anc N is the number of stimuli

!

(1) Pg = PR + (1" = PRE)PL¥[1/(X 0o+ (1 - PR 9(1 - PL*)(2/N) , and
(2). P = PL¥ + (1 - PL¥)PR¥|1/(N - 1)) + (1 - PL¥)(1 - pR*)(z/N)
The three_additiue'terms in these equations are: . (1) the probability of

.correctly perceiving the stimulus in the ear concerned; (2) the probability - - -
of making a correct guess when the stimulus ‘in- the other gar 1is correctly

identified; and (3) the probability of making a correct guess .when no

€

. By taking the difference’ between these two equat1ons, we f1nd that .

]

(3) ,d.=PR~PL'=PR*,— P llf(N—l)J(PR - P
‘ : = |[(N - 2)/(N - l)J(PR - PL7) _ L,
wom = LN - 2)/(8 = DY L . g
- Thus, the observed ear dlfference d is in a 51mp1e proport1ona1 relat1onsh1p
to the underlying ear difference d*.’ The proportlonallty factor is 1dent1caJ _
with the -largest possible expected d, dp.x, for a givem N (Repp,, I977: Eq. -
15). This becomes obvious by noting.that it d, f;?max then necessar11y d* =
d"nax = d/dpax =.1. '

The numerical solution bf Equations 1 and 2 for Pg~ and-PL“ is not -
straightforward, so that it will not. be derived here. (The solution is found

most easily by. @ recursive procedire.) After “estimates of PR and PL* are

obtained, 'an appropriate 1ndex of the ear advantage .is .

(4) ¥ = (pR* - PL )/ (PR* + PL¥) if 0.0 < Py
L= (PR - PL )/(2 - PR - PL ‘) if 0.5 < Po. !

*
%

— O

5
.0

IAlA

0f ‘course, Equat1on 4 is identical with the formula for the e index .

before the correction for. gue951ng (Repp, 1977: Eq. 12) except that
observed scores PR and P are replaced-by underlying probabilities PR and
| .that -are already corrected for guessing. One m1ght expect ey (the e

index after the correct1on for guessing proposed in Repp, 1977 -Eq.  20) to
‘be identical with e”, but this is not 'quite true, as 111ustrated in Figure 1.

b
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Figurecl: Four different indices of the ear advantage as a function of P, ¥
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A Figure Isk four laterality indices as a function of two variables::

Po,* and d¥--the average and ttie difference, respectively, of the two
un_.‘d‘_,‘e‘_r]ying,\;p:,_g:_-quabil it ie_g\\PR\"'"'and PL¥.  These are not Psolaterality contours,
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-needs to be derived. Secondly

e

which are horizontal straight lines in Figure 1. Rather, each curve
describes the value of the relevant index for a constant d°, so :hey are
"isodifference'" contours.

I
e

The index e was proposed by Halwes (1969) -and Marshall et al. (1975)
without a correction for gueazsing (Repp, 1977:Eq. 12), whereas e, incorpo-
rates the correction for guessiag proposed in Repp (1577:Eq. 20). This
correction has the effect of. \endlng the left parts of the e functions
(Po* < .0.5) upward, so that the functions beceme U-shaped and nesrly symme-
tric. However, they are not perfectly symmetric, as the e® functions are.
The reason for this will become clear in the next section. Here we note only

that'eg and e¥ are nearly identical, which shows that the rough correction.

for guessing .proposed earlier is compatible with the simple guessing model
discussed: here. Therefore, this correction should suffice for all practical
purposes, and 1t generally w1ll not be necessary to actually compute e™

The fourth index, eg, was ‘not discussed in Repp (1977) but deserves a

rbrlcf comment here. Studdert-Kennedy and Shankweiler (1970) proposed to

consider only single-correct trials’ for computing an index of the ear

advantage, since double-correct responses provide no information about ear

asymmetry. If Ppg and Ppg are the -proportions of single~ corrects for the two

ears, and Pg = Pgpg + Pirg, then PRg/Pg constitutes an 1ndex of the edr
advantage; or, alternatively, ) , o .

(5) . eg = (Ppg ~ PLSH) /Pg , - . . - - ‘
is’an equivalent iadex that %anges from -1 to +l. This index is plotted as a
function of P,” in Figure 1, together with .the other indices disctussed .

earlier. The" 51mple guessing model provides a useful theoretlcal comparison -

of different indices. ¢
\"

First of all; eg obviously peeds a correction for guecrsing that still
leg is clearly different frem e,-leading tc

larger values throughout. This i
lond" as two indices zre perfectly correlated (as they seem to be), one is as
good as the other for ordinal" measurement. The index eg 1is-' based - on
increasingly fewer observation= as, P, increases, so .that- its variability
increases 'and its relﬂablllty decreases,_however the same .is .true  for -e.

'Thus, it seems thatj.wifh an @ppropriate correction for guessing, eg would be
.an acceptdble alternative to e, or e¥.” On the other® hand, however, ‘there.-is

no reason why eg should be used instead of e, for which the correct1on for

" . guessing has been worked out and which is 'just as easy-to compute Certainly

e and , eg indices are not directly comparable becapse they represent

‘different scales of the ear advantage. Therefore, to maintain unifnrmity and

comrarability from study to study, eg 1s not recommended .-for general”use.

SINGLE- AND DOUBLE-CORRECT RESPONSES : ' .

4. . _ - d r

Both eg and e® presuppose the validity of the model- outlined in the

first. section. It 1is- important to determine to which degree this model
‘actually fits real data. One way of testing it consists in examining its
190 ' i " '
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predictions of the proportions of double-correct and single-correct responses

« at different pertormance lévels.

The proportion of double -correct responses, PD,°prédicted by the simple
guessing model is ' '

<

(h) Pp = PR¥PLY + (1 = PRFIPLFLL/(N - 1)) + PRFUL = PLYILL/(N = D]+
: . . + (1= PR™)(1 - PL J2/N(N ~ 1))

b\mgﬁe proportion of °ing19—corre”t responses, Ps, is

(7) Pg = LR“<1 - PN - 2)/(N - 1)+ PLR(L — P )N = 2)/(N = T1) +
S ~ + (1 = PR¥)(L - PL*)(2/N)

Alternatively, Pg may be obtained by subtraction:

(8) Pg = Ppg + Prg = (PR - Pp) + (Pwa Pp) = PR + Py - 2P7p

Of course, the overall pertormance level is

C -

(9) P, = (Pp + PL)/2 = Pg/2 + PD -

Flgure 2. shows PD» PS: and P as ‘a function of Po* for the special cage
of N = 6. For each dependent varlable, ‘two functions are shown. One 1is
curvilinest and represents the case of no ear advantage, d* = 0. - The other
consists=.0f two ‘linear segments and repfésentst the case ‘of- the maximal
underlyling ear dlfterence at a given P, * d* = d"max (glven Pq *) (cf. Repp,
1977 Eq ¥). The functions for constant values of d” between C, and d pax
(given Po ) fall between the two extremes shown in Figure 2 and are parallel

to _the curv111near functton The dlfferences in proportions brought about by

‘an 1ncrease ir d7 from d = 0 is shown in deta11 in Figure 3. Herc 1t can be
seen more clearly that not on1y Pp and. PS, but~ also P, depend on d* (and,
hence, on d), as. well. as 6n P,¥. Thus, the observed pertormance level P, is
: not completely independent of the observed ear difference d; according to the
model ‘there is a slight negative’ relatlonshlp This is the reasou why eg
and e” do not coimcide in Figure 1. . Only e™ ) which 1s dlrectly bazed on the
model,, - takes the interdependence of P, and d" into- account. However, while
this effect is interesting from a theoretical viewpoint, it is negligible for
practical purposes. . . ' — ' '

The Pn and Pg functlons are of special ‘interest. From’ Figure 2; it can
be. seen that, as pertormance level increases from chance, both PD and Pg
increase at f1rst but soon Pg begins to decrease rapidly while Pp continues

to 'increase steadlly Figures 2 and 3 permit comparisons w1th real data. If
the observed proportions P,, d, Pg, and Pp are known, predlcted prcportlons
" Pg "and Pp are found as follows - first, d™ is determined from Equation 3;

then P, is"located 1n Figure 2 on an 1nterpolated ‘function appropriate for d™
(the effect "of d* is so small that it may be lgnoted) then, the 'values of Pg
"and Pg;for this P, are determined on the ordinate in Flgure 2; finally, Pg
and PD are corrected for the offect of d™ by Figure 3. .
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TABLE 1: Comparison -of some reported proportions of double="and  single-
: correct .responser. with the predictions of the simple guessing
o model.. . N ' N . -
.-/ " T
. ) PO' d* . QPS Pp- ﬁs ﬁD
A: Initdal consonants 0.68 0.15 0.50° " 0.43 0.49 0.43
- A: Mediel vowels 0.82 0.03 0.28 0.69 0.32 0.66 -
A: Final consonants 0.74 0.08 0.44 0.52 0.42 0.53 -~
B: 30 dB ' - 0.52 -0.15 _0.66- G.19 ° 0.58 0.22
B: 40 dB ,0.62 0.09 0.5% 0.32° 0.54 0.35
B: 50 dB - 0}7% 0.15 0.52 0.45° 0.46 0.48
C: Before practice 0.61 0.21' - 0.65 0.28 0.56 0.32
C: After practice. 0.67 0.25 .58 0.38 0.52 "0.40
D: Clinical _ 0.37 0.13 0.62 0.06 ‘0.56 .09
D: Normal ©0.50 0.14 0.67. 0.18 0.60 0.20 ™
- E: 5 years 0°52 0.08,. 0.6¢° - 0.18  0.60 & 0.22 - °
.- E: 7 years 0..56 0510 - 0.68 0.22 0.58 0.27 ¢ .
E: 9 years: 0.58 0.11 0.68 0.24 0.57 0.30 o
- E: 11 years 0.61 0.13 = 0.67 . 0.27 0.55 - J.33 .
¢ "E: I3 years 0.61  0.14  0.65 ©0.28, 0.55 0.33 ; £
. . . . ' s -
. A = Studdert-Kenredy amd Shankweiler (1970) ' . » ' .
B = Cullen et al, (1974)° , S o :
C = Porter et al. (1976) ) S L . . oo
D = Tobey-et.al. (1976) _ ' : = - o,
E = Berlin et al. (1973) - ‘ : '
. e T . - A
n Note: All studies used natural speech fand the six stop® consonants
. preceding /a/ (study A used CVC utterances)._ ~ _ .
gl : o A ' L )
_ Several studies in the literature repgrt all the :necessary parameters
for ceveral experlmental conditions with different performance levels. . These
data. and the pred1ct10ns from the model are shown in Table l. It can be seen-

‘that the model overpredicts Pp and. underpredlcts Pg in all cases but one. In

" . other words, ‘the observed proportions of double-correct responses are consisg-
" tently smaller than predicted by the model. This indicates. a negative
dependency between PR and PL', such that the probability of perceiving the
ctimulus.in one-ear correctly is reduced if the stimulus in the other ear has
‘already been perceived correctly.. This effect is plausible in view of
factors like fusion, selective attention, and memory, all of whleh tend to
redcze perceptual accuracy for one channel to the degree that they increase

accuracy for the other. ‘ . » ‘e o
. 6 . ’ ) . ook ¢
NONINDEPENDENCE OF €HANNELS . . oL
g e 850 " o ST
The mode! represented by Equations ,1 and 2 assumed that errors in
<dichotic performance 4arise only from a very general form of processing

limitation that reduces accuracy for both ears relatjve to monaural perfor-.

-

.- 4
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mance, but permits independent perception of the degraded stimuli in each ear
(cf. the "perceptual noise" hypothesis of Repp, 1975a, 1975b)." However, the
relatively poor fit. 'of  the model indicates that this assumption is not
sufficient. ‘Apparentiy, thete is, in addition, a more specific processing
limitation that makes it difficult to identify a second stimulus after one
stimulus has been correctly perceived. (This 1s one way of conceptualizing
the problem.) This limitation can be easily modelled by- introducing one
__additional parameter into .the model’ “Let us assume that the conditional
probability of perceiving the stimulus in one ear correctly, given that the
"stimulus in the other ear has élreadf heen correctly identified, 1s Yeduced
by a multiplicative factor c with respect to the same probability, given that
the stimulus in the other ear has not been correctly identified. Thus,

N - o .

(10) 'PRﬁ L correct = CPR* L not correct, and
(11) '~ PL® R correct = cPL® R not correct

The constant c varies between O and l; ¢ = 0 indicates® that, if the
stimulus in one ear is correctly identified, the other stimulus can never be .
correctly identified except by a random guess; c¢ = 1 indicates complete

independence of the two channels. The full model, stated in terms of Pp and
Pg, that will now be called Pp' and ‘Pg', respectively, is?

t

(12) . Pp' = cPR*Pp* '+ {Pg¥(1 = cPL*) + PL¥(1 - cPp®) '+ (1 - PRM)PL™ +
o+ (1 = PLIPRFI/2(N - 1)+ (1 - PRI = PLT)L2/N(N - 1)),

and Y . _ : '

(13) © Pg'.= [PR*(1 - cPL¥) + PL*(1 - cPg¥) + (1 - PFF)P ¥ +

+ (1 - PLOBRF LN = 2)/28 - 1] + (1 = BgP)(1 = BL¥)(2/N)

~

__ In this version of the model, it makes a difference which channel 1is

'prbcgssed first; this reSUItségh the additional terms in the equaticns and in

the additional "2" in the numerator. The simplifying assumption needs to be

.made that each channel is equally likely to be processed first, so that ear

. differences rest solely on,differences bé;weeanR* and PL*_ (Relaxing this

.assumption would lead to a more complex model that cannot be: considered
here.) - ' . .
. - ’ : = ’

The effect of a -decrease in ¢ from 1 towards 0 is best illustrated by

the differences between Pp and Pp'  and between ‘Pg and Pg'. Subfractine

Equation 12 from Equation b, one obtains aftér some rearrangement of terms,

(1&) ~, Pp - Pp' = PR¥PL.™(1 - c)(N - 2)/(N - 1)

&btion 7,

and subtqac;ing Equation 13 from Eq
(15)  Pg - Pg' = -PR¥PL¥(1 = c){N - 2)/(N - 1) . -~

‘Thus, Pg and Pp change in, precisely complementary fashion, resulting in

a_decfbass;in P, as c decreases (cf» Equation 9). This is illustrated in
Figure & that shows P,', Pp', and Pg' as a function of Pof for three values
of c: 0, .5, and 1. It.is assumed that N = 6 and d* = Pg“> - PL" = 0. Singe
/._ - . St : - . ; 19 :)

2:,6 K -
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and Table 1), the offect of ear differences on these functions may be
neglected with little loss in accuracy (c¢f. Figure 3).. The functions for ¢
=1 in Figure 4 arc identical with the curvilinear functions in Figure 2. Tt
can be seen that complete neratlvo dupendnncv between the two channels (¢ =
0J. reduces the maximal -expedted performance level to 0.6 and the maximal
expected proportion of double-¢orrect responses to (0.2.

The model is compared to the data of Table 1 in Figure 5. The Pp' and

- P ' <functions of Figure 4 for ¢ = 0 and ¢ = | have been replotted here with

O

ERIC

Aruitoxt provided by Eic:

Py, ‘the oxpected or observed performance level on the abscissa, in order to
facilitate comparisons with real data. The long curvilinear functions are
for ¢ = 1, the short linear functions for ¢ = 0. Functions with ¢ between 0
and | lie between these two extremes, starting at the same point at the left

~and extending up to a point on the long linear segments that represent the
maximal ‘expected scores for different values of c¢. COnly the -observed Pg’

scores from Table | are plotted. (The difterences between observed and
predicted Pg scores are exactly twice as large as those between observed and
prudicted Pp scores, and therefore make dlscrepan01es easier to see.)

E1- r of two conclusions.ecan be drawn from Figure 5. If all data

points are to be fit by é‘éingle function (and it seems that they could be),

then the model is incorrect, for it cannot generate this function. On ‘the
other hand, it is possible that different z2xperiments, stimuli, or groups of
subjects require different functions. The three data points of study A

(Studder?‘Keﬁqedy-and Shankweiler, 1970) are fit by a function with ¢ =1,
indicating virtual independence of channels. Eight of the oOther twelve data
points seem to be fit by a function with approximately c¢= .3 (that has been

drawn in Figure "5), indicating substantial negative dependencies between
channels. 'The other data points require intermediate values of ¢, except for
one point that falls completely outside the range of the model. Variations
in ¢ as.a function of stimuli or subjects are not implausible. The stimuli-
of study A, for example, were different in several ways from those of studies
B - E, which d11 come from the same laboratory. 1In this case, ¢ may serve as

an indicator of the degree of channel 1nteract10m (for examplg, fusion). in an
|

\
Mhile furlther research will be required to evaluate the usefulness of
the present model for making global predictions, it is tlear ‘that the model
is not sufficiént at a detailed level of analysis.  For exapple, it-could not
explain stimulus dominance or the feature-sharing effect (see Repp, 1977).
However, its gross predictions are likely to be not too far from the truth.
The model has| implications for researchers who have focused on Pp as a
possible indicator of auditory processing capacity that is semi-indepemdent

experlment
.o

o,

of overall pe:&ormahce level (Berlin, Hughes, Lowe-Bell, 'and Berlin, 19732;

Dermody and No{fsinggr, 1976; Tobey, Cullen, and Rampp, 1976). The results

of two such stiydies |are included in Table 1 and in Figure 5. Tobey et al.
(1976) noted that their two groups of subjects (children-with and without
auditory procegsing \disorders) did not differ..in Pg, but only in Pp.
Similarly, Berlain et al. (1973) found that Pp increased with age, ‘while Pg
decreased, but to a much lesser extent. As can be seen in Table 1 and the

. figures, both findings are predicted by the present model. . The subjects 1in

both studiss pertorme d at relatively low levels, where Pg is nearly constant

vith changes ih  performance level. Therefore, the findings should be
\
198 .
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ascribed to changes in overall performance level, not to any specific factor
reflected by'Pp alone.
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Acoust ic Correlates of Perceived Prominence in Unknown Utterances™

Jane H. Gaitenby and Paul Mermelstein

.o ABSTRACT
Intensity; fundamental frequency, and syllable duration all
contribute to the perception onf relative prominence among the

syllables of continupus speech. ' These acoustic parameters were
studied for their relative ability to predict syllabic prominence
in a corpus of 24 imperative sentences by four talkers. The -

_sentences were constructed with controlled syntax and limited
vocabulary, as may be the case for speech communication with
machines. Of the individual prosodic parameters, the best predic-
tor of perceptual prominence was the maximum frequency-weighted
intensity value for the syllable, relative to the maxima of the

neighboring syllables. Duration and. fundamental frequency were
significantly poorer prominence predictors. A linear combination
of relative intensity.and duration was the- best multi- parameter
predictor. In polysyllabic words, perceived relative prominence

ratings agreed with the intrinsic lexical stress patterns in
essentially all cases. When prominence was predicted from relative
intensity measurements, it agreed with the lexical stress contours
~for 90 percent of the words; combined relative  intensity and
durat ion brought the agreement to 92 percent

INTRODUCTION
— '
PrOSOdIC features structure the speech signal at .the supraségﬁental
level. ~They serve to organize sequences of syllables into words and phrases
Lexical stress 1s an lmportant cue to word identity, and automatlc “stress:
indication for hypothesized syllable sequences can be expected to assist in
the determlnatlon of the corresponding word sequences 1n _speech recognltlon

PN

e

Duration,"lnten51ty, and the fundamental freqhency contour have been
"previously suggested as acoustic correlates of linguistic stress (Mol and,
Uhlenbeck, 1956; Bolinger, 1958 Lehiste and Peterson, 1959; Lieberman,
1960). Since stress or prominence . judgments ‘can be considered to be
associated with the individual syllables, it is of interest to obtain
syllable-based mezsures for the prosodic parameters. If prominence predic-

t

o

*This paper has been "Submitted to the Journal of the ‘Acoustical Society of
America.. - | . t

‘Acknowledgemept: We appreciate the assistance of Loretta Reiss in process-
‘Ing the data, and the direction of the recording sessions- by Lea Donald.
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tors can be based on single measurements per parameter rather than parameter
contours, a significant data- reduction can be attained. Such measurement$
would truly reflect the qupraqegmental aspects of the prosodlc parameters 1if
based on automatically derived syllable-sized units without regard to the
segmental structure of such units. 1In the experiment to be described, we
have. characterized the duration, intensity, and fundamental frequency con-
tours in terms of differences between adjacent sy'lables in the duration of
the voiced subsegment of-the syllable, the peak frequency—welghted intensity,
and the peak fundamental frequency; and have determined the effectiveness of
these meas urement s individually and in combination, in.predicting syllabic
prominence and 1ex1ca1 stress for a limited- amount of speech.

' The relative importance of the three acoustic correlates in signaling
stress 1n Engllsh has also received much .attention. Conflicting claims
abound, perhaps due to the different types of speech materials studied by the
various investigators (Fry, 1958; Lieberman, 1967; .Lehiste, 1970).
Information concerning the phonemic content of acoustic segments is frequent-

1y signaled by a number of distinctfacoustic features. Some .features are

necessary, others are optional. In the appropriate: context, and when

appropriate values are assigned to ‘all the other ‘features, variation of the .

“value of each optional feature generally suffices to change the phonetic

identity of the segment. It is.not surprising that a similar situation is.
found for prosodic features. Sometimes one feature carries a heavier =

information load, sometimes another.

Background

This paper 1is concerned with the ‘acoustic correlates of syllable
prominence (including ,lexical stress) 1in speech spoken with a limited
vocabulary and with controlled syntax, as if to a 5peech—understand1ng
automaton. Speech-understanding systems, for the foreseeable future, will
not be abtle to recognize and respond to. utterances selected from a natural’

language in its entirety. .The necessity of controlling the vocabulary and
syntax of the A&cceptable ‘utterances will impose its own -influences on the
pfosody of the spoken materials. The reported experlments therefore analyze
the acoustic correlates of prominence  in Fust such utterances.

Generalization of the results to other modes of speech--such as fluent
conversation or script readings—-may not be warranted. '

- e &

_Prosodic features have not yet been widely exploited for purposes of
automatic speech: recognition, ‘although suggestions have been frequent that
such features would .prove useful. This lack of exploitation is duento the
variable and intricate nature of the prosodic parameters 1in continuous
speech, and to the consequent comparative ‘Tarity of publications that
quantitatively describe ‘intonation, rhythm, and rate 1in extensive sp z2ch
samples. : / ‘

Progress has been reported however, in a60ust1c detectlon of stress and
closely associated phenomena such as juncture.- An outstandlng example is the
Series of studies of American English prosodics begun by Medress, Skinner,
and Anderson (1971) and continued by Lea and colleagues (1972 1973a, 1973b,
1975, 1976a, 1976b). Lea's latest. report concludes that stress is- best
determined by combinations of prosodic cues, of which long chunks of high

202 . \ ' .
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cenergy and local increascs in tundamental frequency are the most effegtive,

Lea has reportnd» resulls rvanging from 63, percent to 92 pomcwnt correct
locat ion of pertoxved stresses, depending ow the corpus oxamxncd

.

In the same study, Lea reports that the prlmary simple cues to stress

are (in order of increasing effectiveness): high intensity in the stressed
vowel, long durations of stressed vowels or syllablc nuclei, and bhigh Fy
[fundamental frequency] values in the stressed vowel. Lea is not explicit

on the details of his stress detection method, but it appears to be based on
absolute measurements. One result of the study to be described here in which

relative values are used is that the reverse ranking was obtained.

Evidence was presented by Gaiternby (1974, 1975) that lexical stress in
fluently-rcad speech 1is, in the majority of cases, predictable by summing
weighted syllabic data for peak frequency,  intensity, and duration of
voicing. Although the summation method appeared to have promise for
automatic. stressed syllable location in words and phrases, a prerequisite to
its wse, as Gaitenby implied, is the creation of an algorithm for detecting
syllable boundaries. Mermelstein " (1975) demonstrated that automatic
segmentation of 'syllables in continuous speech was feasible with small error
rates. This suggested that automatic prominence indication might poss1b1y be
attained through - assignment- of an integrated promlnence measure to the
individual syllables. : .

~ The present experiment was undertaken to examine .further the effective—'
ness of individual and combined prosodic parameters in locating stressed
syllables. An additional consideration was an attempt to apply- syllable
segmentation as the first stgp in arriving at reliable automatic prominence
detection for speech recognition purposes.

© METHOD

Speech Materials . . ' E -
' . .
In order to record samples ‘of - speech that more closely resemble
spontaneous utterances than 'do direct script readings, we instructed a group
of talkers to create sentences for themselves, although constraints were put

on the form and content of their utterances. Each talker was given a state-

transition chart constraining the syntax and vocabulary of the sentences to
be spoken. This, diagram (shown in Figure 1) confined the syntax 'so that the
utterances resembled commands’ that may be given to a computer-based robot.

The vocabulary was correspondingly limited. Each talker was required  to

- construct his or her sentences by reading left to right "across the dlagram,

selecting words from successive columns. The talker was instructed to speak
each selected sentence aloud a time or two, as.rehearsal, and then to deliver
the sentence for the actual recording without referring back to the .diagram.
We hoped- that these instructions would result in some degree of spontaneity
in the recorded svntences. . : g ]
Four talkers were used, two men and two women, all native speakers of
American En?11sh Each talker recorded a minimum of six sentences in a’
single 'session. Twenty-four sentences were selected for analysis, four by
Talker 1, six cach by Talkers 2-and 3, and eight by Talker 4. -

I
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runring speech.) .

Perceptual Measurements

Perceptual prominence judgmentq wore collected to provide a standard to
which the agoustic measurements ‘could be compared. The tapgd sentences were
presented to listeners in the following formal test of ptl%& ved prom1nence.
The subjects were told to mark the more prominent syllable of each pair of
adjacent syllables (syllable A vs. B,.B vs. C, etc. } in every sentence.
Although individual =subjects were required to make binary judgments of
prominence, indications of intermediate stress emerged in the pooled results.
This approach to listeners' stress judgments had been useful in a tesgt we had
made in 1975 (unpublished) and a similar method was used by Lea et al (1973b)
in evaluating perceived stress., (Stress and prominence may be considered
equivalent terms when judgments are made between contiguous syllables of

t

Five listeners were chosen from the laborgtory staff. The test was
taken by each subject individually, using headphones in a quiet environment,
proceeding at his or her own pace. Each received a typescript'of the spoken
sentences on which the overlapping sequential syllable pairs were. 1nd1cated,
for example: [!damaged, maged ta, table]. Listeners were instructed, in
Listening Test 1, to write down the syllable heard as prominent in each pair.
They. were allowed to play the 24 tgped sentences in any order, and to listewn

. .85 many times as necessary to arrive at judgments. Four out of the five

subjects finished the test in less thau an hour, at a single sitting. None
of the five found the test difficult. An additional listener had found the
task 1mposs1b1e, and was not 1nc1ud€d in the final group.

To establiish the- con51°tency ‘of listeners' prominence judgments, the
experiment was repeated. Listening -Test 2, the same_as Test 1 except that
the prominent syllable had to be check—marked rather than writtem out, was
presented to each of the subjects between a week and a month after the first
test. ' The results of Tests 1 and 2 appear as Appendices 1A and 1B, 1C and
Ip. - : ‘ ST _

In both tests, the initial and final syllable data in all sentences were
doubled to compensate for the fact that syllables in those pos1t1ons could
reteive only half the number of. judgments received by the rema1n1ng syll-
ables The maximum number of votes that a syllable could receive in either

est was 10, resulting from two comparisons, one with the preceding and one
th\ the following syllable, by each of the five 11stener8. Nlnety five
percent of the 274 syllables received the samé€ number of pooled , prominence
judgments in Test 2 as in Test 1. For only four syllables did as manVy as
three judgments {out of 10) shift in the second test. The consistency of
invididual listeners in making judgments ranged from 87 percent to 91
percent, averaging 90 percent. In the pooled results of’ both listening
tests, more than half (54 percent) of the syllables received "unanimous
iwdgments. The extent of inter-listenmer agreement 1is illustrated by ‘the
overall correlation between the most and least consistent listeners: 0.86.
Judgment consistency was significantly higher for the speech of Talker 1 and
lower for Talker 2 than for the two other speakers. Sxm11(r talker
differences appeared.in the correlations of the acoustic parameters with the
parceptual data, as shown in Tzbie 1. The strongest conflicts in judgments

occurred in syllable pairs having comparable potential for prominence.
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Examples are: big box, bencath all, all surfaces, 1in which inherently

—

stressed syllables abut —-and pamphlets in, over a, under the, that are pairs

' of normally unstressed syllables. The wmajority of ' these "high coullict"
/ syllables cither tlanked a pause or were nppxox1mlt01y equal in duration, or
both.
. o , R R . | :
TABLE 1: Corrclation ccetficients for acoustic parameters| and perceived

prominence. . ‘

Talker 1 2 3 4  + Overall
No. of Sentepces . 4 6 6 8 24
No. of Syllables 47 69 63 95 274
s i N .

Relative Inténsity 0.76 0.70 0.74 0.70 0.70
Relative Duration 0.70 0.44 0.53 0.45: 0.52
Relative Frequency 0.44 0.21 0.38 0.55 0.38
Relative Intensity & 0.81 0.73 0.77 0.77 0.7

Relative Duration

4.

vl

Al

Acoustic Measurements .

The data were automatically segmented into syllable-sized units, using
minima in a frequency-weighted intensity function as likely syllable boundar-
ies (Mermelstein, 1975). The intervals within the syllabic units manifesting
voicing as evidenced by a significant amount of low frequency energy (0-300
Hz) were next delimited. (Ir should be noted that the '"syllabic unit" is nog
necessarily exactly équivalent to the perceived syllahle where phonologlcal
and lexical criteria may play a significant role. ) We attempted to weight the
intensity function when integrated over frequency so that it approximated
perceptual loudness. The weighting function was flat between 500 Hz and 4
kHz and dropped off at 12 dB/octave outside these freque?cfes. The maximum
of this weighted intensity function over the voiced portilon of the syllabic
unit was assigned as the peak intensity of the syll@ble Fundamental
frequency values were computed for voiced intervals using an autocorrelation~
based pitch extraction program (Lukatela, 1973), and the peak frequency for
the syllable was determined. The algorithm- based measurements were CIroOSs~
checked against wideband spectrograms of all 24 sentences generated witn the

.Digital Pattern Playback. {(Nye, Reiss, Cooper, McGuire, Mermelstein and
Montlick, 1975). The spectrograms, each hard copy dispiajing 1.6 sec of
speech, were augmented by frequency and weighted 1nten51ty curves.

; Up to this stége, data were collected without knowledge of the specific
/ - verbal -content of the speech material. To correct possible syllabificaticn
errors output by the segmentation program, the recordings were then listened

" to. It was found thet the algorithm had successfully detected 93 percent of

the 274 syllables. The errors were the f0110w1ng 9 cases in which one
"syllable was subdivided into 2, one case of 1 syllable subd: vided into 3 (in
‘Iblerd] of 'razorblade”), and &Seven two-syllable sequences that were not

LY
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‘divided.  The most trequent cause of more syllables having been indicated by

the program than were heard, was the presence of a clear dip in intensity

within a diphthpng. To~ fcw syllables had been indicated most often in two-
syllable scquences in w  h at least one syllable was unstressed, and in
which the phone at the cow.gon boundary between the syllables was a semivowel
(/t/ or /1/) or syllabic‘,/n/. These errors were .hand-corrected. In

addition, syllabic units shorter thHan 51.2 ms were discarded, being deemed
too Yrief to have syllable status in the particular utt@rances. :

The accustic measurcments were convVerted to units similar to those used
in Gaitenby's 1975 study, namelni peak fundamental frequency - 4 Hz, ‘dura-

“tion of voicing - 12.8 ms, and peHk intensity - 1 dB. The parametric data,
i y > P

in these units, are given in fppendices 2A and 2B, 2C and 2D. [|Talkers l and
2 (the. female speakers) had fundamental frequency ranges that were much
higher than.those of the male talkers. To take this into considerati®n, the

Fy data for the lowest peak in, each sentence became the baseline for the
frequency measurements. | ‘

RESULTS

Correlation coefficients between each measurement and the perceptual
prominence scores .were selected as indicators of the effectiveness of any one
measurement in predicting perceptual prominence. (A preliminary result was
that absolute intensity predicted brqminence at approximately the same rate
as the, parameter summing method mentioned in the Background section of this
report. The correlation coéfficient for absclute intensity and perceived
prominence was 0.54.) Since the perceptyal judgments were determined rela-
tive to the prominence of the neighboring syllables, the intensity, frequency
and duration measurements were converted to relative measures through the use
of the following local difference function on groups of three cqgsecutive
syllables:

' b
Me = 2Myx = (My-1 + Mys1)

~where My 1is a relative measure for syllable- x (pedk frequency, peak

intensity, or duration), and M, 1is the absolute measure for the same
variable. For the initial and final syllable we used

MX = 2( - MX+1)
/ '
and

N

M

% 2(My - Mx—l) {Fspectively. .

The resulting corr€lation coefficient's were given in Table 1. It is
apparent that of the individual measurements, relative intensity 1is the
single best fcorrelate: of relative prominence. In terms of:- the overall
results, duration and fundamental frequency are the worst correlates, in that
orderT™ However, when we look at the correlation coefficients for fhe texts
of individual talkers, duration 1is less highly correlated with yprominence

‘than frequency for one talker. There appear to be significant difAerences in

the way the various talkers encode the prominence information in terms of the

three prosodic parameters. '
: - . ¢
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_effects among the parameters.

Woe next  investipated whether o Tincar combination of the two moat

effective parameters would prove more uscetful than cither of them atone.  The

two best individual parameters, retative intensity and duration, showed a
correlation coetticiont of 0.3 with renpect to each other. - Based on multipte
regress ion  techniques  (MeNemar, t96Y), the resultdng  best  cstimator  for

plomln*ncv from relative intensity and duration was determined to be

} : 4 ( 17

Pust 0.59 Tpap v 0.32 Dpyy v
where Tp.op and Dy ave the retative.intensity and duration measurements, and
Past is the estimated. velative prominence.  The correlation of this new
estimate with the promlnonCv judgments was 0.77.

'8 . .
To judge the \ffvatxvvngss of the above correlation fxgure we attempted
to determine the disdgreement tq be expected ‘between the prominence ratings
of different listewrs. It 1is unlikely that the agrcement between the
overall prominence judgments and that predicted £rom acoustic measurements
can exceced the agreement between prominence judgments of individual 1lis-
teners. Since each listener jpdged the -spoken’ data twice, consistency
measures were available on the  judgments by each listener. The most
con51qtont and least consistent, llsteners were sclected to illustrate  the
ange ot udgments one can xpétt The overall correlation betwecen .the
judgments of these two subJects was 0.36. This figure, then, represents a
rough upper limit to which the correlation between the best estimate of
prominence and its judgment may be compared. Evidently, relative intensity
and duration are quite effective when used in combination to predict relative
prominences Relative intensity alone is slightly poorer. o)
. M wr

Qs DISCUSSION o
14
The results of the correlation analyses show that the ranking of the
single parameters as prominence .cues is 1nten51ty fxrst duration second, and
fundamental frequency third--the reverse Yorder of that found by Fry (1658)

and Lea (1976a). A, main difference between this analysis and ‘those, aside
from the tvpe of 1nten<1ry measurement, is that the present data are -values
relative to the adjacent syllables. Another difference is that many of our

sample sentences were delivered rather slowly and hesitantly. The sizable®

pitch excursions? aud strengly contrasting durations that may domet imes
accompany fluent speech tend to disappear in utterances that are nesitantly
or cautiously produced, with rhythmic phrasing lessening as stress tends to
be applied more evenly to all of the words in slow speech. When frequency
and duration are "vader-used" as cues to prominence, the reliability of
intensity ds a stress signal may increase due to the well-known trading

LN

Perceived relative prominence ratings agreed with intrinsic (that is,
diciionary) lexical stress in essentially every case. For these multisylla-
bic words we attempted to predict lé&ical stress from acoustic¢ measurements.
Relative intensity correctly indicated lexical- patterns in 90 percent of the

'(muytisyllabic) words. Two words were responsible for -5 of the 8 errors
tound: ‘'"'beneath'" 2nd ''maroon." Since /i/ or /u/ appeared in the stressable
syllable®o® thesn two words, normalization with respect to the-average peak
intensity fuuns or thase vowels was tried, but without significant result.
. ' . w— e o - “
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It was noted that error words "beneath! and:'maroon" usuall receded a pause
X : y P

~and were accompanied by a fall in peak Fg and a large rise in duration

relative "to the preceding syllable. Duration was plainly the solitary
SUpraSegment%1 feature signaling prominence in those cases. . Also noted, 1in
passing, was the fact that both of these words and '"settee," another word
producing an error, are intrinsically stressed on the- final syllable.

vy

When the linear combination of relative intensity and relative duration
was. used as a predictor of major lexical stress, the number of errors fell to
6; and in predicting secondary stress, omne error: occurred in the wdrd

"razorblade." In total, the speech sample contained 77 polysyllabic words (37 |
‘different words, including 5 in both singular and plural forms). There were

11 trisyllabic: tokens and 66 disyllables. ‘Using the intensity and duration
combination for stress prediction, the words with errors were, as before, all
disyllabic: "beneath" (twice), "under" (twice), "any" and "settee." Again
the errors occurred often in prepausal words containing the phone /i/ in the
normally stressed syllable. Four out of 6 errors were in function words.
All error words occurred late in the' sentencés. It was noted too that the
meaning af ‘both "beneath" and’"under" is low, a factor that might influence
their prosodics to some extent. Combined intensity and duration; predicted
the lexical stress patterns in 97 percent of the polysyllabic content words
and 69 percent of the function words. For all polysyllables, the intensity-
‘duration .combination's stress prediction rate was 92 percent. -This figure
equals the highest prediction ‘rate. for perceived stresses achieved by Lea
(1976a) and by .Sargent © (1975). Our 2 percent gain in overall stress
preddction, achieved by the inclusion of duration as well as intensity data,
may be hardly worth the iacreased complexity of the algorithm. Alone, as has
been shown, frequency-weighted intensity is a highly reliable stress predic—
tor. ' B . . :

!

v

Lea reported elsewhere (1976b pp. 6-8) that his approach had gucceeded
in detecting syllables at an 81 percent rate in a corpus that consisted of 15
statements, questions, and commands, and that’ 63 percent of the stressed
syllgbles had been located correctly. The 24 sentences we have examined here
are comparable in length to those used by Lea, but represent only commands ,
and might be considered more simple in syntax. A precilse gomparison of
results is therefore difficult. Nevertheless, our overall syllable detection
rate was 93 -percent, and the correlation of 0.77 between relapive prominence
predicted via intensity and duration, and} perceptually judged; suggests that
85 ‘to 90 percent of all syllables iEnged prominent would be 'located.
Auromatic stress assignment ‘requires e construction of ,a decision rule
based on acoustic measurements such. as ‘those used here. ;/ In polysyllabic

_wotds the simplest rule 1is to assign major lexical stress 56 the syllable in
the word found most.prominent. For monosyllabic words, a gimple threshold on

the relative prominence may suffice for stress assignment . Prominence

- measures can, additionally, serve to predict the clarity’ with which the

acoustic information can be expected to be manifested. s
" . L4 .

A few -peripheral observations about the sample séhtences'are worthy of

_mention. First, the limited syntatic structdre used in our sample sentences

was meant not dnly tc resemble commands to a robof, but alsa to reveal
structural relationships with prosodic featuresr - So’ far, aside from certain
long pauses, evidence of regular prosodic reflections of syntax has not been

- Iy
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found in Lhe data.‘ This result may not be surprising in view of the fact

that. only "syliable peak data were examlned and the utterances, were predoml—a

nantly slow -

Second pause length was extremely variable, both within and across
talkers, ranging up to 1.8 secs. Seventeen of the 24 sentences COntalned at
leasﬁ.one pause, and Talker 3 produced five of .the sentences lacking any
pause. If more than one pause occurred in a sentence, the first®was the
longest. “Most of the pauses took place after the first noun (which preceded
the adverbial phrase) and thus -appeared to” have syntactic relevance. No

‘pauses occurred at any earlier location in a sentence.. There were a few
cases of pause introduced between an adjective (or article) and. the final

noun. In this position the word "a" was pronounced ler and "the" became an
elongated 13al or 1sil. Such hesitation effects had several p0551ble causes:
the spatial design of the diagram given to the talkers as a guide to their

_productions, the restric*ed vocabulary, and the constralnts of the speaking

task as a whole. Average time intervals between stressed’ syllables and pause
length showed no dependable relatlonshlpc .

Finally, Table 2 shows the intensity‘and frequency ranges for the four
individual talkers. The voices of the female speakers were 'typically” high;
the men's were low. The women displayed not only a larger frequency range,
but also a smaller intensity range than that of both men. ‘As expected, the
range and ratios of voicing duration were similar for all four talkers.
Generally speaking, there was as much variation in the absolute duration for
a given word within a single talker's speech as there was across the talkers.

S

TABLE 2: Ranges of intensity and frequency, by Talker

) Talker “V'Intensity - Frequency
#1  Female’ 11.2 4B~ 108 Hz
#2 0 " 12.8 110
#3 Male 14.7 72
#hooom 16.3 83
— - —
 CONCLUSIGNS

Retative prominence- of syllables in continuous speech may be prédicted
from syllable-based measurements with a reliability approaching the agreement
between individual listeners. The most and least consistent listeners in the

perceptual test of prominence- showed a mutual correlation of 0.86. This
figure is a ~tandafd against which the acoustic predictions of prominence may
be evaluated. 0f the three 1nd1v1dual prosodic parameters, a relative

‘measure of spectrally-weighted. 1ntens1ty correlates most highly (0.70 over-

all) with perceived prominence-~in the (mostly) slow speech sample. Syllable
prominence is predicted more closely, however, by a combination of relative

- intensity and relative duration of voicing, with an overall correlation of

[
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0.77. This combination predicts lexical stress in 92 percent of polysyllaﬁic
content and function words.

The sample we have discussed includes utterances bv only four talkers,
two men and two women; therefore the observation made on male versus female
. . 7/ . . - . . .
prosodic differefces can be considered only suggestive. The implication from
our very limited data is that female speakers have both a wider frequency
range and a narrower intensity range than males. Further research is plainly

needed on prosodic differences in male versus female speech. One question
is: to what. extent are these differences affected by socio-linguistic

factors?

?

Research is also needed on'the extent to which the use of the separate
prosodic cues to prominence change with increasingly rapid speech for a
variety of speakers. A persisting related question is how speech material
and other factors influence speech rate and segmental duration. The depen-
dence of vowel duration on speech mode, . for example, is-highlighted in Harris
‘and Umeda (1974) where it is concluded that the role of prosody seems to be
very different in carrier phrases as Opposed»to connected textﬂ

The present results provide further quant1tat1ve ev1dence that different
talkers may use their prosodlc resources for prominence in different ways,
some u51ng more intensity or frequency variations, others, more 'durational
cues. Lieberman and Michaels '(1962) have made a similar' observation, that
individual talkers show prosodic differences in expressing emotional atti-
tudes. Nevertheless, in the present speech sample, the pattern of relative
intensity is the single'feature shared dependably by all four talkers in
signaling prominence. Carefully spoken sentences—-like those examined in
this report--miy be the most recognizable form® of connected speech input to
computers for some time. We suggest the use-of the simple frequency—welghted
intensity measure for prominence prediction in this type of man-machine

.\ communication task. - ' B
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