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- Dichotic Competition of Speech Sounds: The Role of Acoustic

Stimulus Structure

Bruno H. Repp

Haskins Laboratories, New Haven, Connecticut

Dichotic consonant-vowel syllables contrasting in two features of the initial
stop consonant (voicing and place) were presented for identification in a
single-response paradigm without selective attention instructions. The acous-
tic structure of the syllables was varied within categories on both dimensions
(voice onset time and formant transitions). These variations {especially
those in voice onset time) had a clear influence on the pattern of responses
(including blends), which ruled out a simple phonetic feature-recombination
model. Rather, the auditory properties of the stimuli seemed to be preserved
at the stage of dichotic interaction. A prototype model, which assumed that
dichotic integration of information takes place at a stage intermediate be-
tween auditory and phonetic processing, was only moderately supported by
the data. Nevertheless, some arguments are presented for maintaining this
model as a working hypothesis. A new procedure for estimating the dichotic
ear advantage is applied for the first time in conjunction with the single-
response requirement. Most subjects showed unusually large right-ear advan-
tages, making the present methodology interesting for the study of hemi-

spheric asymmetry,

Many recent studies of dichotic listening
have emploved synthetic syllables as stimuli,
most often the set /bha/, /da/, /ga/, /pa/,
/ta/, and /ka/. These syllables offer a num-
ber of advantages over other materials.
Being synthetic, their acoustic properties can
be precisely controlled. Phonetically, they
are a homogeneous stimulus set that repre-
sents all possible combinations of two values
of the voicing feature (voiced and voiceless)
and three values of the place feature (labial,
alveolar, and velar). They also yield a re-
liable right-ear advantage that often tends
to be larger than the right-ear advantage for
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other classes of competing speech sounds
( Blumstein, 1974; Cutting. 1974 ; Haggard
1971).

Feature-Recombination Hypothesis

Detailed studies of the dichotic competi-
tion between the six stop consonants have
revealed several interesting phenomena, one
of which is of special interest here: \When
the two competing stimuli differ on both
dimensions (voicing and place, for example,
/ba/=/ta/), many errors are obtained that
combine correct feature values from the two
ears, for examiple, /pa/ or /da/ as responses
to /ba/-/ta/. These responses have been
termed blend errors (Halwes, 1969 ; Stud-
dert-Kennedy & Shankweiler, 1970). Blend
errors are responsible for anoether finding
often called the featurc-sharing adwvantage,
which is more properly named featurc-con-
trast disadvantage. Dichotic syllables that
differ in both features receive fewer correct
responses than syllables that contrast only
in a single feature (IHalwes, 1969; Pisoni,
1975; Studdert-Kennedy & Shankweiler,
1970; Studdert-Kennedy, Shankweiler, &
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Pisoni, 1972). These two plhienomena (which
are two sides of the same coin, since blend
errors can occur. only with- double-feature
contrasts and. therefore, lead to higher error
rates for these dichotic pairs) have provided
the primary support for a feature-recombi-
nation model of dichotic interaction. In its
simplest forny, this model assumes that pho-
netic features are (a) independently ex-
tracted from the auditory information arriv-
ing from each ear, (b) stored in a common
feature buffer where information about the
otigin of the feature values is lost, and (c)
finally  recombined into percepts or re-
sponses. In other words, it is assumed that
the interaction between dichotic stimuli
takes place after the extraction of phonetic
features and that the competing values of
a particular feature have roughly equal prob-
abilities of being selected from the feature
bufter, independently of other particular fea-
tures. Although this model has not always
been clearly stated in the past, it was im-
plicit i most previous research on dichotic
competition (Blumstein, 1974: Cutting,
1976; Halwes. 1969; Pisoni, 1973; Stud-
dert-Kennedy & Shankweiler, 1970; Stud-
dert-Kennedy et al., 1972).

This simple model makes several strong
and easily testable predictions, some of
which have been examined by Halwes
(1969). If all information about the local
origin of the feature values is lost, double-
feature contrasts should receive an equal
number of correct responses and blend er-
rors; the two possible blend (and correct)
responses should also bLe equally frequent.
However, Halwes found correct responses to
be twice as frequent as blend errors. This
result could be acconunodated by assuming
that some of the local information is re-
tained. so that feature values that come from
the same hemisphere (ear) have a better
than even chance of being selected together
to form a response. However, Halwes also
found wide variation in the frequencies of
blend errors for different individual stimulus
combinations as well as strong asymmetries
in the frequencies of the two possible blend
(and correct) responses for individual stim-
ulus pairs, He suggested that unequal sa-
lience of different acoustic cues may have

played a role, but he did not indicate how
this idea could be incorporated in the fea-
ture-recombination model (which he did not
explicitly reject).

In fact, it is possible to maintain the basic
structure of the model, if the additional as-
sumption is made that individual phonetic
feature values have different strengths or
suliencies, which are reflected in unequal
probabilities of being selected from the pho-
netic feature buffer. The question remains:
What determines these strengths? One pos-
sibility is that they are inherent. that is, that
they have a phonetic basis. The other pos-
sibility, suggested by Halwes (1969), is that
they reflect the acoustic structure of the
stimuli. If the latter hypothesis were true,
the simple phonetic feature-recombination
nodel would have to be rejected, since it
rests on the basic asswmption that dichotic
competition is exclusively phonetic in nature.

To test these hypotheses, let us consider
another prediction of the model. This predic-
tion is that acoustic stimulus variations
within phouetic categories should not aftect
the frequency of blend errors and, indeed,
should leave the whole response pattern un-
changed. Since the phonetic features are as-
sumed to be extracted independently before
the combination of information irom the two
hemispheres, acoustic within-category varia-
tions can affect ouly the feature extraction
process but not the subsequent recombina-
tion of the features. However, by definition.
within-category variations do not affect the
accuracy of phonetic feature extraction (if
they do, they are not true within-category
variations), so that their effect in dichotic
competition should be nil. This null hy-
pothesis, whose maintenance is essential to
the survival of the feature-recombination
model, is the focus of the present study. A
rejection of the hypothesis is expected, since
an alternative model is available that
predicts specific effects of within-category
acoustic variations.

Prototype Model

This alternative model has been proposed
by Repp (1976b; Note 1). It differs from the
feature-recombination model in that it con-
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siders syllables not as bundles of separately
extracted phonetic features but as integral
multidimensional eutities whose dimensious
are inseparable aspects of the whole pattern
(cf. Garner, 1974; Lockhead. 1970, 1972;
see also the present General Discussion sec-
tion). The dimeusions are assumed to re-
flect the auditory properties of the stimulus
and thus are continuous, not binary, Instead
of representing speech sounds as matrices
of discrete feature values, they are concep-
tualized as points in a continuous multi-
dimensional perceptual space. In the same
auditory space, a limited number of fixed
prototypes are located, which represent the
listener's ideal concepts (his tacit knowl-
edge) of the relevant phonceme or svllable
categories, According to this prototype
nmodel. a stimulus is identified in the follow-
ing three stages: (a) First, auditory pro-
cessing leads to a mapping of the acoustic
information into the multidimensional space.
(b) Second, in this perceptual space, the
stimulus leads to activation of the proto-
tvpes in its vicinity, the degree of activa-
tion being an inverse and probably non-
linear function of the (Luclidean) distance
between stimulus and prototype. This results
i a multicategorical vector whose elements
are the activation values of tlie prototypes.
(c) Finally, a probabilistic decision process
selects the prototype with the largest activa-
tion value as the response (or percept).

In this model, dichotic interaction is as-
~sumed to take place at the level of multi-
categorical representation, in the form of a
weighted averaging of the multicategorical
vectors for the two stimuli. A single cate-
gorical decision then is made on the basis
of this average vector. Thus, the model as-
sumies that the competing information is
combined and results in a single percept. an
asswmption that is justified with synthetic
svllables that have the same fundamental
frequency and the same vocalic context be-
cause these stimuli strongly tend to fuse in
dichotic competition (Halwes, 1969; Repp,
1970h; Repp & Halwes, Note 2),

The nature of the single categorical per-
cept is determined by two factors: (a) ear
dominance, represented by the weights in
the averaging process and (b) stimulus

dominance, which is determined by the rela-
tive distances of the two competing stimuli
from the prototypes in the perceptual space.
The model predicts that stimuli that are

close to a prototype will tend to dominate

stimuli that are far from prototypes; this
may be called the category goodness hypoth-
esis of dichotic competition. Category good-
ness, that is. the distance from the correct
prototype, is a function of auditory stimulus
characteristics, so that the model predicts
that stimulus dominance will vary if acoustic
within-category variations of the stimuli are
introduced. This was confirmed by Repp
(1976b) within a restricted stimulus set,
that of the voiced stop consonants. By vary-
ing the initial formant transitions. the domi-
nance relations between the stimuli from
this place continuum could be reliably in-
fluenced ; the pattern of the data conformed
at least qualitatively to the prototyvpe model.

The present experiment investigates the
generality of these earlier findings. To be
useful, the prototype model should explain
the response pattern for all dichotic com-
hinations of the six stop consonants. as well
as the effects of variations in cues other than
the initial formant transitions. Consider first
how the model explains blend responses:
Two stimuli, for example. /ba’ and /ta/,
will not only activate their corrvect proto-
types (n» and T. respectively) but also, to a
lesser degree, the blend prototypes (b and p,
respectively), that are neighbors in percep-
tual space. Because of the preswumed addi-
tivity of prototvpe activation levels, the
blend protoypes may reach activation levels
comparable to those of the correct proto-
types, to which only one of the two stimuli
makes a substantial contribution.

In principle, this model allows for varia-
tions in the frequencies of blends between
individual stimulus pairs, since thev will de-
pend in a complex way on the arrangement
of prototypes and stimuli in the perceptual
space. A mathematical formulation of the
miodel should be able to predict their pattern.
In the present context, however, we will be
content with qualitative predictions concern-
ing changes in the response pattern, leaving
quantitative tests to a future study.

Contrary to the feature-recombination
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F2: 846 99 1465 1620 1920 2078
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Figure 1. Acoustic stimulus parameters. (The
steady-state frequencies for /a/ were 1,232 Hz
(F2] and 2,525 Hz [F3]. vor = voice onset time;
T2 = second formant; F3 = third formant.)

model, the prototype model predicts varia-
tions in the response pattern with changes in
the acoustic structure of the stimuli. Con-
sider again the previous example, the stimu-
lus pair /ba/-/ta/. Assume that we delay
the voice onset time (vor, the important
acoustic cue for the voicing feature) of /ba/,
so that the stimulus is still identified as B
in isolation; however, in the perceptual
space, it is farther removed from the B
prototype and closer to the P prototype. It
will now be closer to the boundary between
voiced and voiceless sounds, and it will con-
tribute less activation to B and p and more
to p and T than the original /ba/. As a
result, the frequencies of r and T responses to
the dichotic pair /ba/~/ta/ should increase;
those of B and p responses should decrease.
Similar predictions may be made for changes
of the vot of /ba/ in the other direction, in the
other stimulus (/ta/), or in the formant

transitions (the acoustic cue for place of -

articulation) of either stimulus. A number
of other, more detailed, predictions may be
derived from the model, some of which wiil
be considered in tlie Results and Discussion
section. '

The phonetic feature-recombination model
and the prototype model are not the only
possible conceptions of the process of di-
chotic interaction; however, most other
plausible models are compromises between
these two extrenies (see the General Discus-
sion section). The detailed formulation of

such models seemis less important than the
empirical demonstration of within-category
effects in dichotic competition, which would
rule out a whole class of such models.

In addition to the primary focus on stim-
ulus dominance in dichotic competition, the
factor of ear dominance is given attention in
the present studv. A new method of calcu-
lating ear advantage indices, especially de-
signed for the single-response paradigm
(Repp, 1976a, 1976b; Repp & Halwes, Note
2), is applied here for the first time. (The
present experiment coustitutes part of an
ongoing series of studies aimed at develop-
ing optimal procedures for assessing lateral
asymuetries in dichotic listening.)

Method
Subjects

The subjects were eight paid volunteers, four
women and four men, mostly Yale University stu-
dents. All had normal hearing, except one man
who claimed to have a slight (5 dB) hearing loss
in the righit ear. Two subjects were left-handed,
one of them only in writing. All were relatively
inexperienced listeners.

Stimuli

The stimulus set comprised 24 utterances syn-
tiesized on the Haskins Laboratories parallel res-
onance synthesizer. They sounded like /ba/, /da/,
Jga/, /pa/, /ta/, and /ka/. There were four acous-
tically different versions of each syllable, resulting
from all combinations of four different vors with
six second- and third-formant transitions (see Fig-
ure 1). All syllables were 300 msec long, had no
initial bursts, the same transition durations (50
msec),t and the same constant fundamental fre-
quency (90 Hz).

The experimental tape was recorded using the
Pulse Code Modulation system at Haskins Lab-
oratories. The tape contained a series of 120 single
syllables consisting of 5 different randoin sequences
of tie 24 stimuli. It was followed by 2 blotks of
dichotic pairs. Each block contained 192 pairs,
representing all possible double-feature contrast
combinations of the 24 stimuli: 6 pl.oneme com-
binations (/ba/-/ta/, /ba/-/ka/, [da/-/pa/, /da/~-
/ka/, /ea/—/pa/, /ga/-/ta/), with 2 channel/ear
assignments for each, and 16 different acoustic

1 It was discovered after the experiment that the
first-formant transitions of the labial consonants
were only 40 msec long. However, this was almost
certainly of no consequence.
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combinations within each phonemic contrast. Their
sequence was completely random, with interstimuy-
lus intervals of 3 sec. The onsets of the syllables
in a dichotic pair were exactly simultaneous (.123
msec maximal error).

Procedure

The subjects were tested in small groups in a
single session lasting about 2 hr. The single-chan-
nel series was presented monaurally for identifica-
tion, followed by 2 dichotic blocks. After a break,

Table 1
Confuston Matrix of the 24 Stimuli (Monaural
Identification) : .

Stimulus Response
vot and F2 B D G P T K
/ba/
O-low 80 —_ —_ — —_ —
0-high 80 —_ — _— — —
+15~low 76 —_ —_ 4 —_ —
+15-high 79 — —_ 1 — —
/da/
0O~low — 28 52 — —_— —_—
0-high — 34 46 -— —_ —_
+15-low —_ 27 53 — — —
+135-high — 39 40 —_ — 1
/8a/
O-low — 5 75 — — —
0~high — — 80 —_ _— —_
+15~low — 16 64 — — —
+135-high — — 79 — —_ 1
/pa/
+40-low — —_ 80 — —_
++0-high 1 —_— — 78 — 1
+55-low — — — 80 — —
+33-high — — —_ 80 — —
/ta/
“+40-low — — 1 22 57
+40-high — 1 — 1 34 44
+53-low — — 3 30 47
+55-high — — —_ -— 61 19
/ka/
+-40-low —_ 4 — 12 64
~+40-high — t 2 — 4 23
+35-low —_ — —_— 2 6 7 %
+35-high — - _— 2 1 77

Note. vOT = voice onset time; F2 = second formant
(starting frequency).

the tape recorder channels were reversed elec-
tronically; the 2 dichotic blocks were presented
2gain, followed by the monaural syllables, All in
all, each subject listened to 10 replications of each
monaural stimulus and to 4 replications of each
dichotic pair (8 replications, if channel/ear assign--
ment is ignored). The tape was played back from
an Ampex AG-500 tape recorder through an am-
plifier/attenuator to Telephonics TDH-39 head-
phones. The intensities of the two channels were
carefully equalized at about 65 di SPL (peak
deflections on a voltmeter).

As part of the instructions, the subjects were
told about the two features, voicing and place, and
the precise stimulus combinations to expect; a dia-
gram on the answer sheet elucidated the explana-
tion. However, they were not informed about the
within-category variations until after the experi-
ment. The subjects were asked to write down
what the fused stimuli sounded nmost like; they
were instructed to give only a single response for
cach dichotic pair. Naturally, the responses werc
restricted to the six stop consonants, with the
additional admonition to try to give both voiced
and voiceless responses.?

Results and Discussion
Monaural Intelligibility

As is often the case with synthetic sylla-
bles, their.intelligibility in the experiment
turned out to be somewhat poorer than an-
ticipated. The confusion matrix for all eight
subjects is shown.in Table 1. It can be seen
that the problem lay almost exclusively with
/da/ and /ta/, which were more often heard
as /ga/ and /ka/, respectively. The absence
of a burst, which is especially important in

2It was thought that some subjects might give
predominantly voiceless responses, which would
kave reduced the information in the data. This
suspicion, derived from pilot ohservations, was ap-
parently unfounded. For the same reason, four
subjects (two old and two new) were (re)tested
with the same tape with detection instructions.
These instructions restricted the response set to
either the voiced consonants (B, D, and 6) or the
voiceless consonants (p, T, and K) only, counter-
balanced across blocks within subjects. Since the
subjects knew that each dichotic pair contained
one voiced and one voiceless consonant, this
amounted to a detection task. The main purpose of
the detection instructions was to force the subjects
to give an equal number of voiced and voiceless
responses to each pair; conscquently, only the ef-
fects of variations in formant transitions could be
assessed. These effects agreed with those under
standard instructions.
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Table 2
Dichotic Stimulus-Response Matrix

Percentage of responses

Correct  Blends
Stimulus B D G r T K total total
Jba’="ta/ 114 3.6+ 3.4 567 142 4+ 106 36.2 63.8
/ba’=ka/ 13.3 3.5 4+ 6.8 56.2 3.2 4 16.6 335 06.5
Adas=lpa/ 4.8  24.6 4+ 20.0 236 12.2 + 14.7 68.2 31.8
Jda’-/ka/ 1.2 4165 379 1.7 4+ 82 346 (3.3 i.7)
FEas-pa/ 7.1 8.1 4384 246 4.3 4 17.5 711 28.9
Jua=/ta/ 8 4109  37.5 1.3 4173 322 (56.1) (43.9)

Note. Bold type represents blends; plus signs connect responses that were pooled in the analysis; parentheses
indicate that the exact proportions of correct responses and blends were uncertain.

alveolar consonants, may have been a factor
here. The confusability of these stimuli was
not detrimental to the purpose of the experi-
ment, although it had to be taken into ac-
count in the analysis of the dichotic data.

Confusions along the voicing dimension
were extremely rare and occurred exclu-
sively at the vors closer to the boundary.
A similar pattern may be seen for /ga/ and
/ka/ with respect to place confusions: Al-
veolar responses were more frequent when
the velar transitions were closer to the
boundary (low). However, for /da/ and
/ta/, the opposite was the case: Velar re-
spouses were more frequent when the transi-
tions were farther away from the alveolar—
velar boundary (low). This curious reversal
has been confirmed in other studies using
similar stimuli (Repp, Note 3), but its ex-
planation is far from clear.

Dicliotic Response Pattern

The dichotic response pattern for the six
phonemic contrasts, disregarding within-
category variations, is shown in Table 2.
The percentages in bold type represent
blends; their total frequencies are given in
the last column. It can be seen that blend
responses were extremely conumon but var-
ied in frequency as a function of the stimuli
involved: In the two pairs containing /ba/,
they comprised almost two thirds of all re-
spouses; in the two pairs containing /pa’,
they comprised ounly about one third of all
responses; inn the remaining two pairs, they

comprised somewhat less than half of all re-
spouses. In these last two pairs (alveolar—
velar contrasts), the exact proportion of
blends was uncertain, as indicated by the
parentheses in Table 2. Because of the lis-
teners’ uncertaintiés about the place of ar-
ticulation of the component stimuli, blend
responses could have arisen from either
blending or from confusion and. likewise,
“correct” responses may have included some
true blends.

The poor discrimination between alveolar
and velar place is also reflected in the re-
sponses to the other pairs containing one la-
Dial consonant. Since the labials were highly
intelligible (see Table 1), alveolar and velar
responses were simply grouped together in
these dichotic pairs, as indicated by the plus
signs in Table 2. (For example, G responses
to /ba/—/ta’ were considered blends, where-
as K responses were cousidered correct.)
In alveolar—velar pairs, the few labial re-
spouses that occurred (probably random er-
rors) were combined with the alveolar re-
sponses. These groupings were maintained
in all further data analyses.

Table 2 shows enormous variation in the
pattern of blend respouses. In the two pairs
containing /ba/, ¥ responses predominated
and were more than twice as frequent-as P
responses to pairs actually containing /pa/.
In terms of the prototype model, this indi-
-ates that /ba/ was far from the p prototype
on the voicing dimension but close to it on
the place dimension ; that is, it was weak on
the former but strong on the latter; hence,
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the joint predominance of labial and voice-
less responses. This suggests that the re-
sponse pattern perhaps could be explained
in terms of separate and indepeident com-
petition on the two features, voicing and
place, although this would contradict the
prototype model. However, in the two pairs
containing /pa/, for example, correct re-
sponses were much more frequent than pre-
dicted by this hypothesis; in pairs containing
/ba’, they were less frequent than predicted.
Note that the hypothesis of feature indepen-
dence predicts that responses in the differ-
ent place categories should be proportional
within voicing categories. However, the
stimulus pair /ga/-pa/, for example, re-
ceived five times as many ¢ responses as b
responses but actually fewer x than p re-
sponses, which contradicts the hypothesis of
feature independence in dichotic competition.
~ In principle, these results are compatible
with the prototype model, although it is not
vet clear whether a more rigorous quantita-
tive formulation of the model would be able
to explain the detailed response pattern. The
feature-recombination model, on the other
hand, cannot explain the variations in the
proportions of blend responses for different
stimulus pairs or the asyminetries in blend

responses to individual pairs observed ear-
lier by Halwes (1969).

Effect of Within-Category Variations in
Foice Onset Time

The effects of within-category variations
in vor are shown in Table 3. The data are
shown as the percentages of voiced and
voiceless responses and of correct responses
and blends to the four voT combinations,
averaged over the different phonemic con-
trasts and the variations in formant transi-
tions.

Obviously, the variations in vor had a
strong effect on the response pattern. The
most striking effect was produced by a
change in the vor of the voiceless stimulus.
Voiceless stimuli with the shorter vor
(+40) led to a slight predominance of
voiced responses, whereas those with the
longer vor (+55) brought about a pre-
dominance of voiceless responses. This is in

Table 3

Percentages of Voiced and Volceless Correct
Responses and Blends as a Function of Toice
Onset Time (VOT) Combinations

Correct

Blends Total
AXe +40 +55 +4) +35 40 +355
Voiced responses
0 428 15.1 to.1 5.7 6H1.0 20.8
415 5.1 206 185 104 i 310
Vaiceless responses
0 16.3 33 21.8 46 1 X1 79.2
+15 19.5 285 269 403 4.4 69,0
Total
0 501 482 4,0 318 1000 1000
+15 546 491 43.4 309 1000 100.0

agreement with the prototype model, since
there is good reason to assume that a voice-
less stimulus with a vor of +3535 will be
closer to its prototype than a stimulus with
a vor of +40. On the other hand, the effect
of a change in the vor of voiced stimuli was
less striking and showed an interaction with
the voT of the voiceless competitor. When
the vot of the latter was +40, the effect of
a vor change from 0 to +15 in the voiced
stimulus was as predicted, that is, it led to
a relative decrease in the percentage of
voiced respouses. However, when the vor
of the voiceless stimulus was +553, the effect
of the same change in the vor of the voiced
stimulus had just the opposite effect. This
interaction was unexpected and is difficult
to explain.

This pattern of results was highly con-
sistent between individual phoneme combi-
nations and individual subjects. Analysis of
variance of the percentages of voiced (voice-
less) respouses yielded a highly significant
effect of the vor of the voiceless stimulus,
F(1, 7) = 59.14, p <.0002, and a signifi-
cant interaction between the vor of the
voiced stimulus and the vot of the voiceless
stimulus, F(1, 7) =24.63, p <.002. The
main effect of the vor of the voiced stimulus
was not significant,

Table 3 also shows that the proportion of

. correct’ responses aud blends varied as a

function of vor. Correct responses were
more frequent where voiced responses were
more frequent, whereas blends tended to ac-
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Table 4

Percentages of Correct Responses and Blends
Sharing Place Feature Values with Voiced
(V+) or Voiceless (1'=) Stimuli as a
Function of Transition Combinations

F2 Correct Blends Total

transi-

tions» V+ V4 V4 V4 A V4
close  far close far close far

Responses sharing place with V 4 stimulus

V' close 30.9 25.1 29,1 33.0 61.0 58.1
V= far 32,0 262 36,0 368 68.0 6.4.0
Responses sharing pluce with V= stimulus
Ve close 234 283 15.6 1.6 309.0 41.9
V— far 20.t 5.7 11.9 1.3 32.0 3i0
Total
Ve clyse 543 526 45.7 474 100.0 100.0
V— far 52.1 519 47.9 481 100.0 100.0

s F2 = sccond formant,

company voiceless responses. Note that the
majority of all voiced responses were cor-
rect; whereas, among the voiceless re-
sponses, blends were miore frequent than
correct responses. This indicates that the
place feature of voiceless stimuli was weak
in competition against the place feature of
voiced stimuli. In terms of the prototype
model, it suggests that noise-excited formant
transitions are a less effective cue to place
of articulation than voiced transitions. This
is plausible in view of the fact that the pres-
ent stimuli did not contain any bursts, a
second important cue to place of articulation
that certainly is more important in voiceless
plosives.

Effect of IWithin-Category Variations in
Formant Transitions

The effects of within-category variations
in formant transitions are shown in Table 4.
The percentages of correct responses and
blends are subdivided into those that share
the place feature value with the voiced stim-
ulus and those that share it with the voice-
less stimulus, The dimensions of each 2 X 2
subtable are the transitions of the voiced
stimulus and the voiceless stimulus. The
transitions were classified according to
whether they were close to or far from the
category boundary separating the place fea-
ture values of the two competing stimuli.

Thus, close refers to the higher F2 (second
formant) transitions for labials and for al-
veolars paired with velars but to the lower
F2 transitions for velars and for alveolars
paired with labials, ‘

It is evident that the effect of variations
in the formant transitions was much smaller
than that of vor, but it was in the direction
predicted by the prototype model. Responses
sharing place with the voiced stimulus were
most frequent when the transitions of the
voiced stimulus were far and those of the
voiceless stimulus were close; they were
least frequent when the opposite was the
case.®* This pattern was shown primarily by
the correct responses; the blends followed a
somewhat different pattern, tending to be
least frequent when both stimuli were close
and niost frequent when both were far.

Analysis of variance of the responses
sharing place with the voiced (voiceless)
stimulus yielded a highly significant effect
of the transitions of the voiced stimulus,
F(1.7) =27.17, p <.002, but only a mar-
ginally significant effect of the transitions
of the voiceless stimulus, F(1, 7) =479,
p < .07, with no significant interaction be-
tween the two. Thus, the former was niore
reliable than the latter, which again indicates
that the transitions of voiceless stimuli were
weak in their perceptual effect.

There were some consistent deviations
from the pattern in Table 4, which are re-
sponsible in part for the relatively small
average effect. Labial-velar pairs, especially
/pa/—/ga/, received more labial responses
when the velar transitions were far than
when they were close. Pairs containing al-
veolar consonants, on the other hand, con-
formed to the predictions, despite the in-
verted pattern of place confusions in mon-
aural presentation (see Table 1).

31t may be argued that the within-category ef-
fect of the transitions reflected merely changes in
the confusion probabilities of alveolar and velar
stimuli (cf. Table 1). However, the dichotic effects
were ouly slightly reduced after a correction was
applied that took changes in confusion structure
into account. Moreover, the transitions of labial
consonants (which were rarely confused, as can
be seen from Table 1) had a very pronounced
effect. -
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IVithin-Categofy Feature Interactions

It has been pointed out above that the
response pattern in Table 2 cannot be ex-
plained by independent competition on the
two phonetic dimensions (phonetic feature
independence). Questions of feature inde-
pendence may also be asked «within pho-
nemic combinations (auditory feature inde-
pendence) : Did within-category variations
in vor affect competion on the place dimen-
sion? Did within-category variations in the
formant transitions influence competition on
the voicing dimension?

The answer to the first question is nega-
tive: Responses sharing place with the
voiced (voiceless) stimulus did not vary sig-
nificantly as a function of vor. However, a
more detailed analysis showed that the vor
of the voiceless stimulus did have a signifi-
cant influence in some individual stimulus
combinations. The largest of these effects
was in /ba/—/ka/ and cousisted in a de-
crease in labial responses and an increase in
velar responses as the vor of /ka/ changed
from +40 to +53. This effect is in agree-
ment with the prototype model which pre-
dicts a certain amount of positive correlation
between features: As a stimulus moves closer
to its prototype along one dimension, its
overall Euclidean distance from the proto-
type is reduced, and other dimensions will
indirectly benefit from this increase in cate-
gory goodness.

On the other hand, voiced (voiceless) re-
sponses showed a significant effect of the
transitions of the voiceless stimulus, F(1, 7)
= 2261, p < .003. Voiced responses were
more frequent when the voiceless transitions
were closer to the place boundary, which is
again in agreement with the prototype
model. The (nonsignificant) effect of the
transitions of the voiced stimulus, however,
was not in the predicted direction. It was
also surprising that the voiceless transitions
affected competititon on the voicing feature
more than competition on the place feature.
~ The prototype model also predicted varia-
tions in the proportion of blend errors (and
correct responses) as a function of joint
variation in both stimulus dimeusions, Cor-
rect responses were expected to be most fre-

quent (and blend responses least frequent)
when the two competing stimuli were farth-
est apart in perceptual space, that is, when
they were closest to their respective correct
prototypes. The opposite result was pre-
dicted when the two stimuli were closest in
perceptual space, and thus almost as close
to the blend prototypes as to the correct
prototypes. This hypothesis was most easily
tested by considering only the acoustically
most similar and the acoustically most dis-
similar pair within each phouemic contrast.
(For example, in /ba/~/ta/, the most simi-
lar pair would be /ba/ with high F2 transi-
tions and a vor of 413, paired with /ta/
with low F2 transitions and a vor of +40;
the most dissimilar pair would be /ba/ with
low F2 transitions and a vor of 0, paired
with /ta/with high F2 transitions and a vor
of +355.) Of the six phonemic contrasts,
only one supported the prediction, whereas
four showed differences in the opposite di-
rection. Overall, blends were more frequent
when the competing stimuli were acousti-
cally dissimilar. This is in contradiction to
the prototype model. However, the result is
in agreenient with and, indeed, a couse-
quence of the earlier observations that (a)
variations in the formant transitions had a
relatively small effect and that (b) blends
tended to accompany voiceless responses
that increased greatly in frequency as vor
changed from +40 to +35.

Ear Dominance*

The present experiment offered a first op-
portunity to apply an improved wethod for
calculating an unbiased index of ear domi-
nance recently proposed by Repp (1976a,
1976b). This new index takes into account
variations in stimulus dominance by apply-
ing the methods of signal detection theory
and fitting a linear receiver operating char-
acteristic function to the data points for in-
dividual stimulus pairs. The index is a linear
transformation of the area under the re-

4 The terms ear dominance and car advantage
are used interchangeably here, although the former
is more appropriate within the single-response
paradigm.
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Table 5
Individual Ear Advantuges
Place
without
alveolar-
velar
Subject Voicing Place contrasts
1 +.17 +.09s +.10s
2 +.73 +.52 +.64
3 +.89 +.57 +.76
4 +.57 +.82 +.89
5 —.09 +.35 +.33
6 +.90 +.76 +.78
7 + .47 +.14 +.26
8 +.73 +.81 4-.98
Average +.33 +.51 -+.60
Author +.96 +.35 C .64

Note. Subject 1 claimed a 3-dB hearing loss in the
right ear. Subject 8 was left-handed; Subject 6 was
left-handed in writing only. Data for the author are
based oa three sessions.

s Coeflicient is not signiticant. All other coeflicients
are signiticant at p < .03 or better. Unbiased co-
efticients and signilicance estimates are based on the
methods described in Repp and Halwes, Note 2.

ceiver operating characteristic function (cf.
Green & Swets, 1966), and it ranges from
+1 for a perfect right-ear advantage to —1
for a perfect left-ear advantage. Its deriva-
tion and its advantages over other indices
are discussed in Repp and Halwes, Note 2.

The calculation of the unbiased ear ad-
vantage index presupposes that the re-
sponses can be grouped into two exhaustive
categories. Double-feature contrasts present
a problem here, because of the large propor-
tion of blend errors that are ambiguous with
respect to ear dominance. At present, it is
not clear how a valid index could be derived
from the respouses at the phonemic level.
However, the problem can be circumvented
by separately considering the two features,
voicing and place. Ear dominance indices for
voicing only are easily calculated by classi-
fving the responses as voiced or voiceless,
ignoring the place feature. These indices
(and the corresponding receiver operating
characteristic function) were based on 24
data points. representing the four vor com-
binations for each of the six phonenic con-
trasts, ignoring variation in the transitions.
The results are shown in the second column
of Table 3.

Similar indices were calculated for the
place dimension by dichotomizing the re-
sponses, using the same grouping of place
categories as in the earlier data analysis (see
Table 2). Each index was based on 24 data
points, representing the four transition com-
binations for each of the six phonemic con-
trasts, ignoring variatious in vor. These in-
dices are shown in the third column of
Table 3. The fourth colummn of Table 3
shows place feature indices that omit the
cight data points representing alveolar—velar
contrasts.

Table 5 shows that there was a highly sig-
nificant average right-ear advantage. Ixcept
for one subject on the voicing dimension, all
subjects showed right-ear advantages. The
wost striking result is the maguitude of
these effects, The average right-ear advan-
tages as well as most of the individual coeffi-
cients are several magunitudes larger than the
ear advantages reported in earlier studies of
normal subjects. (In fact, several subjects
showed right-ear advantages close to the
possible maximum.) There are two possible
reasous why these indices are so large. One
is that conventional indices, such as the phi
coefficient (Kuhn, 1973 Repp, 1976b), may
underestimate the “true” size of the ear ad-
vautage. For example, the average phi co-
efficient on the voicing dimension was +.30,
which is only about half the size of the un-
biased index of +.33. Still, however, this
phi coefficient is very large compared to those
in earlier studies, which required the subjects
to give two responses (e.g., Shankweiler
& Studdert-Kenuedy, 1973, who reported
an average phi of +.06). The reason for this
difference may be that the single-response
paradigm adopted here eliminates much of
the noise that is piresent in two-response
data and, therefore, reveals the true magni-
tude of the ear advantage. There is much to
be said in favor of this argument (see Repp
& Halwes, Note 2). However, Repp (1976b)
reported an average phi coefficient of only
+.00 in a single-response experiment with
completely fused svllables that contrasted in
place ounly. Clearly, there must be an addi-
tional factor beyond the response require-
ments and the kind of index used. Although

. previous studies have not indicated a sub-
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stantial difference in the right-ear advan-
tage for completely fused syllables (as in
Repp, 1976b) and partially fused syllables
(as in the present study), the present re-
sults suggest strongly that such a difference
exists; it perhaps was obscured by guessing
in earlier studies requiring two responses.®

A comparison between the third and
fourth columns in Table 3 shows that, for
all subjects but oue, exclusion of alveolar-
velar pairs led to an increase in the ear
dominance coefticient on the place dimen-
sion. This fAnding illustrates an important
methodological point: Pairs of stimuli that
are highly coufusable will tend to show a
reduced ear advantage. It follows that high
intelligibility of the stimuli in a dichotic test
is an important requirement and that pairs
of confusable stimuli should be omitted from
consideration when the ear advantage is
determined,

Finally, the indices for voicing and place
(Columus 2 and 4 in Table 5) may be com-
pared. While the average indices are similar,
there are substantial individual differences.
Some of these may be due to chance, but
the larger differences (aud especially that
for the author whose results are based on
2,304 responses) are certainly real. It must

_be concluded that, for a given individual, the

right-ear advantage on the voicing dimension
is not necessarily the same as on the place
dimension. Underlying these differences may
be individual differences in the perceptual
representation of the speech sounds and their
dimensions (i.e., in the structure of the sub-
jective perceptual space). This points to a
substantial problem in measuring the “true”
or physiological ear advantage, which we
are only now beginning to understand. Fu-
ture research will have to deal with the
possibility of interactions between hemi-
spheric dominance and perceptual organiza-
tion in individuals.

General Discussion

The present study demonstrates clear ef-
fects of within-category acoustic variations
on dichotic stimulus dominance relations.
This. finding constitutes conclusive evidence
against a simple phonetic feature-recombi-

nation model. as outlined in the introduction.
It also renders insufficient a more elahorate
version of this model incorporating the cou-
cept of inherent phonetic feature strength.
Rather, the competitive strengths of pho-
netic feature values are probably a direct
function of the acoustic stimulus structure,
and changes in the latter lead to changes in
the former. Thus, dichotic interaction does
not take place at a strictly phonetic level but
at an earlier stage where auditory informa-
tion is still preserved in some form.

The prototype model provides one possi-
ble conception of this auditory representa-
tion. According to this model, the dichotic
inputs converge in the form of multicate-
gorical vectors, a stage intermediate herween
continuous auditory and discrete phonetic
representation. The multicategorical stage
embodies the relation between the variable
auditory input and the more or less fixed
plionetic categories. This stage has proven
useful in conceptualizing the process of di-

‘chotic interaction and fusion (Repp. 1976b,

Note 1), which so far has been counsidered
only in termis of the auditory-phonetic di-
chotomy  (Cutting, 1976; Pisoni. 19753
Studdert-Kennedy, 1976; Studdert-Kennedy
et al,, 1972). However, the prototype model
was ouly moderately supported by the pres-
ent data. Below, I will briefly swumarize
some of its shortcomings, consider some al-
ternative models, and present some theoreti-
cal arguments in favor of maintaining the
prototype model as a working hypothesis.
On the whole, the main prediction of the
prototype niodel was confirmed. A dichotic
stimutlus  tends to gain in competitive
strength if its acoustic structure is changed,
so that it moves closer to its presumied cor-
rect prototype and away from category
boundaries. However, there were two major
exceptions: (a) the inverted effect of a
change in vot from 0 to 415 wheun the com-

5 It may be noted that none of the four subjects
who received detection instructions (see Footnote
2) showed a large right-car advantage on the place
dimension, and one subject showed a marked re-
duction in right-ear advantage compared to the
standard condition. The coefficients for these sub-
jects were +.05, -+.20, +.08, and +.12 (alveolar—
velar pairs included).
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peting stimulus had a vor of +55 (see
Table 3) and (b) the inverted effect of a
change in the transitions of velars when
paired with labials (mentioned in connection
with Table 4), Both effects are very diffi-
cult to rationalize, but there is no doubt
about their reality,

A follow-up study of dichotic comppetition
along the vor dimension (Repp, Note 4)
has revealed even more bizarre interactions.
Note that they cannot be explained by atypi-
cal stimulus characteristics (such as syn-
thesis artifacts) or by different assumptions
about the location of the prototypes in per-
ceptual space. For example, its has been im-
plicity assumed that a vor of 0 is closer to
the voiced prototype than a vor of +13 and
that a vor of 453 is closer to the voiceless
prototype than a vor of 40, However, if
the obvious hypothesis is introduced that
the prototypes represent the modal produc-
tion values of the corresponding articulatory
dimensions, the first part of the assumption
is probably false: A vor of +15 is closer
to the modal production valye than a vor
of 0, at least for alveolars and velars (Klatt,
1973; Lisker & Abramson, 1964; Zlatin,
1974). However, even if this were true—
and the data permit this interpretation as
well as the opposite—it could not explain
the interaction obtained; all that would
change is which part of the interaction is
considered anomalouys. (Note also that the
VOT interaction was exhibited by all six
phonemic combinations and thus was ap-
parently independent of place of articulation, )

There is little value in discussing the sev-
eral other respects in which the prototype
mocdlel has failed. Instead, it seems useful to
cousider ‘alternative models - that perhaps
could account for the anomalous findings.
UnfOrtunately, however, the most obvious
candidates make rather similar predictions
-and do not fare better than the prototype
model,

It is possible, for example, to consider a
pure auditory averaging model. This model
would assume that the dichotic stimuli are
integrated at a strictly auditory level of
processing, so that a single stimulus (a kind
of auditory average of the two components)
is phonetically interpreted. In the present

context, this model makes predictions that

~are quite similar to those of the prototype

model ; however, in other contexts, differen-
tial predictions can be generated and .the
auditory averaging model has Dbeeq found
insufficient (Cutting, 1976, Repp, 1976b,
Note 1). It is quite possible, however, that
some auditory interaction is involved in ad-
dition to integration at g higher, multicate-
gorical (and, perhaps, even phonetic) level.
Such a multilevel model of dichotic inter-
action would be of cousiderable complexity,
but it is not clear whether it could explain
the anomalies in the present data.

Another alternative model that deserves
some discussion is the feature-detector model
which  currently enjovs some popularity
(Cooper, 1974 Cooper & Nager, 1975;
LEimas & Corbit, 1973, Aliller, 1975, 1976
Studdert-Kennedy, 1976). This model as-
sumies a separate set of detectors for each
feature, with one detector corresponding to
each value of a featyre (Cooper, 1974,
Eimas & Corbit, 1973; Miller, 1973). Effec-
tively, this places the prototypes at the level
of auditory analysis. Dichotic interaction
may be conceptualized as follows: Each
stimulus passes through separate banks of
feature detectors and emerges as an array
of multicategorical feature codes (i.e., as a
multicategorical matriv), These matrices
then converge upon a single processor where
they are averaged. Subsequently, separate
feature decision mechanisms select the larg-
est detector response for each feature, and
finally, these categorical feature values are
combined into a percept or response. Thus,
each feature or dimension has its own little
perceptual space and its own set of proto-
types.

The predictions of the feature-detector
model are again rather similar to those of
the prototype model, except that, in its sim-
plest form, the former assumes mutual in-
dependence of individual features, There are
several instances in the present data where
this assumption must be rejected, so that
rather complex ad hoc assumptions about
the interrelations among feature detectors
and among feature decisions would have to
be introduced. The prototype model, on the
other hand, predicts specific interdepen-
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dencies between different features; some of
them were supported by the data but others
were not. The data, therefore, do not permit
a choice between these alternative models.
However, given that they are equally well
(or equally poorly) supported, there are
some theoretical reasons why the prototype
model might be preferred as a working
hypothesis,

The voicing and place features of stop

consonants are among the best examples of
integral dimensions (Lockhead, 1972; Gar-
ner, 1974). One cannot exist without the
other, and selective attention to one feature
is impossible without taking the other fea-
ture into account. In fact, there is strong
evidence that the whole consonant-vowel
svllable is an integral umit of processing
(Wood & Day, 1973; Pisoni & Tash, Note
5). Integral units are multidimensional, and
their dimensions interact during processing.
~The feature-detector model can deal with
such interactions only by some rather strenu-
ous assumptions that, typically, are made
post hoc and often are based on assumptions
of serial processing. which are inappropriate
with integral dimensions (Garner, 1974).
The prototype model, by virtue of its multi-
dimensional Euclidean structure, naturally
incorporates such interactions, and it makes
predictions that can be quantified and falsi-
fied. Moreover, it is somewhat counterintui-
tive and uneconomical to assume a separate
categorical decision for each feature, suh-
conscious as these decisions may be. A single
phonetic decision is more in line with sub-
jective experience and certainly more par-
simomnious.

Lockhead has discussed similar problems
with respect to visual stimuli. Lockhead's
(1972) views are worth quoting here, since
they apply to speech stimuli as well :

A distinctive feature must be a set of attributes
considered in relation to all stimuli; one canuot
lave distinztive features in a vacuum. . . . We
must determine the space, the set of relations, and
not just the features, if we are to understand pat-
tern recognition. The basic hypothesis is that ob-
servers first lo:ate an object in some .complex psy-
chiological space and then analyze that lozus ac-
cording to tie needs of the task. . . . Perhaps a
distinctive feature can be defined as an attri-
bute(s), or the value of an attribute(s), of a

stimulus which causes that integral object to be
distant from other potential stimuli in the psycho-
logical space. . .. [This] directs attention to. the
possibility that the relations between attributes
(which is another way of saying locus in space)
may be processed before the values of the attri-
butes themselves are processed. (pp. 417-418)

The prototype model is very mwuch in line
with Lockhead's views. It adds the assump-
tion of category prototypes, a concept that
has been useful in other research on percep-
tion and pattern recognition (e.g., Hyman
& Frost, 1975; Posner, 1969; Reed, 1972;
Rosch, 1973; Smith, Shoben, & Rips, 1974)
but has been largely neglected in models of
speech perception (however, see Galunov &
Chistovich, 1966). Thus, the prototype
model has considerable heuristic value and
much more evidence will have to be col-
lected before it can be confidently rejected.
The achievement of the present study lies
primarily in the rejection of the overly sim-
ple phonetic feature-recombination model;
its contribution to the evaluation of the
prototype model remains modest.

An additional result of the present study
is the magnitude of the ear advantages ob-
tained. It suggests that the single-response
paradigm, together with the unbiased ear
dominance index (Repp, 1976a, 1976b;
Repp & Halwes, Note 2), is a powerful
method for assessing laterality effects, and
it is probably one step closer to an optimal
dichotic test for diagnostic purposes,
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