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Perception of synthetic nasal consonants
in initial and final syllable position

LEAH S. LARKEY, JERRY WALD, and WINIFRED STRANGE
University ofMinnesota, Minneapolis, Minnesota 55455

Identification and discrimination of synthesized syllable-initial and syllable-final nasal con
sonants (/mae-nae-9ael and laem-aen-ae91) by adult American subjects were assessed to determine
(1) whether place-of-articulation contrasts in nasals, cued only by second and third formant
transition variations, were perceived categorically, and (2) if linguistic experience affected the
perception of this acoustic dimension. In two experiments, subjects produced consistent identi
fication functions with sharp boundaries between familiar phoneme categories. Corresponding
discrimination functions showed "peaks" of relatively accurate perception for cross-category
comparison pairs, indicating categorical perception. Identification consistency and discrimina
tion accuracy were inferior for the In/-/91 contrast in the unfamiliar (and phonologically inappro
priate) syllable-initial condition compared to the familiar syllable-final condition. No such
difference was found in identification and discrimination of the acoustically comparable oral
stop consonant contrast Id/-/gl in syllable-initial and syllable-final position. These results pro
vide evidence that perception of linguistically relevant acoustic dimensions by adults is con
strained, at least in part, by their familiarity with those acoustic (and phonetic) contrasts
in specific phonological contexts.

Research on the perception of consonants has
shown that the ability of adult listeners to discrim
inate acoustic differences in speech stimuli depends
on the linguistic relevance of those differences. That
is, speech patterns that differ along a (phonetically
relevant) acoustic dimension are discriminated with
high accuracy only if the patterns are identified as
different phonemes within the listener's language.
Other acoustic patterns that differ to the same
degree, but are identified as tokens of the same con
sonant, are discriminated only slightly better than
chance. Such an acoustic dimension is said to be
perceived categorically. (See Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967; Pisoni,
1973; Studdert-Kennedy, 1976.)
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Of particular interest for the research reported
here are the experiments dealing with contrasts in the
place-of-articulation of consonants. It has been
shown that the direction and extent of the transition
of the second oral speech formant (F2) provides a
sufficient cue to differentiate Ibl from I dl from Igl
in synthetic stop consonant + vowel (CV) syllables
for certain vowels, such as lrel (Liberman, Delattre,
Cooper, & Gerstman, 1954). The direction and extent
of the third formant (F3) transition was shown to be
a cue for the place-of-articulation of liquids, IrI and
III (O'Connor, Gerstman, Liberman, Delattre, &
Cooper, 1957), and also an important second cue for
stops (Harris, Hoffman, Liberman, Delattre, &
Cooper, 1958).

Studies of the identification and discrimination of
two-formant synthetic CV patterns have demon
strated that F2 transition differences in oral stop con
sonants are perceived categorically (Liberman, Harris,
Hoffman, & Griffith, 1957; Mattingly, Liberman,
Syrdal, & Halwes, 1971). Typical discrimination
functions were marked by "peaks" of highly accu
rate discrimination of pairs whose members were
drawn from different phoneme categories, (i.e., from
across an identification boundary) and "troughs" of
poor discrimination of equal-interval pairs drawn
from within a single phoneme category. Pisoni (1973)
replicated these results using three-formant synthetic
stimuli in which F2 and F3 transitions varied.

The present study investigated the perception of
differences in place-of-articulation as cued by F2IF3
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transitions in synthetic nasal stop consonants Iml,
Inl, and 191. When in syllable-initial position, nasal
ity is cued primarily by the presence of low-frequency
energy (a major nasal formant) which precedes the
onset of the formants and continues into the follow
ing vowel. However, the place-of-articulation of
nasal consonants that distinguishes Iml from Inl
from 191 can be cued by the shape of the F2 and
F3 transitions, just as for oral stop consonants
(Delattre, 1958; Liberman et al., 1954; Malecot, 1956).
Thus, it is possible to generate a series of synthetic
nasal + vowel stimuli that are identified as instances
of /rnte/, /nae/, and 19,ce/, in which the stimuli
differ only in F2 and F3 transitions. In addition, a
series of vowel + nasal syllable-IcernI , /ren/, and
lce91-can be produced by synthesizing patterns that
are mirror images of the syllable-initial stimuli.

There are two reasons for our interest in the per
ception of these speech patterns. First, they provide
an opportunity to investigate the perception of the
nasal manner class. Studies of phonetic distinctions in
oral stops, fricatives, liquids, and vowels have pro
duced reliable findings regarding categorial perception
(e.g., Abramson & Lisker, 1970; Cutting & Rosner,
1974; Fry, Abramson, Eimas, & Liberman, 1962;
Mattingly et al., 1971 1

; Miyawaki, Strange, Verbrugge,
Liberman, Jenkins, & Fujimura, 1975). Previous un
published experiments of nasal consonants, however,
yielded ambiguous results (Garcia, Notes 1 and 2)!
A recent study by Miller and Eimas (1977) investi
gated only one of the possible place-of-articulation
distinctions (lml-/n/, but not Inl-/9/).

A second reason for our interest in the nasals is
that they enable us to ask about the effects of linguis
tic experience upon the perception of phonetic con
trasts (or, more specifically, the acoustic differences
underlying those contrasts). In English, Iml, In!
and 191 may each occur in syllable-final position,
as in "ram," "ran," and "rang." However, the
velar nasal 191, cannot occur in syllable-initial posi
tion in English, e.g., "met" and "net," but not
"nget." Thus, there is a "hole in the code" created
bYthe phonotactic rules of English, since all possible
contrasts are not utilized in all syllabic contexts. 3

We were interested in whether the perception of the
acoustic differences that differentiate place-of-articula
tion would reflect this "hole in the code." Specifically,
would the perception of syllable-initial and syllable
final 191differ? If highly accurate perception of acous
tic dimensions depends upon familiarity with specific
phonetic contrasts along those dimensions, then we
might expect relatively poor discrimination between
tokens of Inl and Iryl in syllable-initial position.

Evidence for the influence of linguistic experience
on perception of phonetic contrasts comes largely
from cross-language studies (Abramson & Lisker,

1970; Miyawaki et al., 1975). Each of these studies
compared the discrimination by two groups of sub
jects of an acoustic dimension underlying a contrast
that is used in the language of one group (i.e., is
phonemic) but is not used in the language of the
other group. The typical categorical "peaks" in dis
crimination were produced only by the subjects for
whom the contrast was phonemic. Subjects in the
other language group showed uniformly poor dis
crimination both within phoneme categories and
across the "foreign" identification boundary.

A within-language study by Abramson and Lisker
(1970) provides some additional evidence that cate
gorical perception of acoustic dimensions is influenced
by highly specific experience with particular phonetic
contrasts. In the Thai language, a voicing distinction
is phonemic for stop consonants with labial and
alveolar place-of-articulation but not for stops with
velar place-of-articulation. Results of discrimination
tests of two native Thai speakers showed categorical
peaks at the identification boundary for labial and
alveolar synthetic stimuli; however, discrimination of
the comparable velar series produced no clear peak.
These data suggest that good discrimination of
acoustic differences in speech stimuli requires famil
iarity with the specific phonetic contrasts cued by
those differences.

In the present experiments, we were interested in
whether discrimination of the acoustic dimension
differentiating place-of-articulation in nasals would
reflect subjects' familiarity with phonetic contrasts
in specific syllable contexts. The first experiment
asked three questions: (1) Were the syllable-initial
and (mirror-image) syllable-final synthetic nasals
highly identifiable? That is, were the synthetic pat
terns "good" representations of nasal phonemes?
(2) Were the initial and final nasals perceived cate
gorically? (3) Were there specific effects of syllable
position on the perception of the velar nasal, 19/?
In particular, was the contrast between Inl and 191
discriminated less well for syllable-initial nasals than
for syllable-final nasals?

The second experiment was a replication and ex
tension of the first. In addition to testing a second
group of subjects on the nasal stimuli, two series
of oral stop consonants-a syllable-initial and a
syllable-final series-were also presented in a within
subjects design. This allowed for a more detailed
comparison of the effects of syllabic context and lin
guistic familiarity on the perception of place con
trasts. The contrast between alveolar and velar oral
stops, I dI-/g/, is distinguished acoustically by the
same changes in F2 and F3 as for the nasal In/
19/ distinction. However, for the stops, the contrast
is phonologically appropriate and familiar in both
syllabic positions.
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EXPERIMENT 1

Results and Discussion
Familiarization. As noted above, studies by Garcia

(Notes 1 and 2) produced equivocal results pertaining
to the categorical perception of nasals because the
synthet!c nasal stimuli were not heard as speech by
all subjects. In the present experiment, all subjects
spontaneously reported hearing the familiarization
stimuli as speech. For both syllable-initial and
syllable-final nasals, all subjects reported hearing
I.ml and /n/. However, syllable-initial 191 was at
first reported only as a "third speech-like sound"
by several subjects.

Ide.ntification. Given that the stimuli were initially
perceived as speech, the next question was how the
subjects partitioned the stimulus series into the
phonetic categories they reported hearing. Such par-

comparisons of the 10 stimuli were made (9 one-step comparisons
and 8 two-step comparisons), and each of the permutations of
each comparison were included: AAB, ABA, BAA, BBA, BAB,
and ABB. The 102 triads (17 x 6) were recorded in random
order, with a I-sec interstimulus interval and a 3-sec intertriad
interval. This test was divided into two 51-triad subtests for pre
sentation to subjects.

The stimuli and tests as described above were used for the
syllable-initial condition. For the syllable-final condition, the tape
recorded test sequences were played backwards. As a result, the
syllable-final nasal stimuli were exact temporal mirror images of
the syllable-initial nasals, and the sequencing of stimuli was
reversed.

Subjects. Nine summer-session students at the University of
Minnesota participated in this experiment. Each was paid or
received extra credit points toward hislher grade. All were normal
hearing native English speakers, and none were told the nature
of the experiment until after its completion.

Procedure. The subjects were tested in small groups ranging
from two to four in number. All groups were tested for 4 days
In a sound-attenuated experimental room. The stimuli were pre
sented binaurally via Koss Pro-600A earphones and a Revox tape
recorder at a constant listening level for all conditions.

All subjects were presented the syllable-final nasals on the first
2 days of testing and the syllable-initial nasals on the last 2 days."
At the beginning of the first session for each syllable condition,
the subjects heard the appropriate familiarization series with no
prior instructions and were asked to describe what speech sounds
they heard. They were then told that the stimuli consisted of
instances of /rn/, Inl, and 191, and the familiarization series
was presented again.

Immediately following familiarization, the first identification
test (counterbalanced over groups of subjects) was administered.
For each stimulus, the subjects were instructed to record on an
answer sheet whether they had heard an "rn," "n," or "ng"
sound. After a brief break, the subjects completed the discrimina
tion test (again with the order of presentation of subtests counter
balanced across groups), in which they indicated on a printed
score sheet whether the first, second, or third stimulus in each
triad was the "different" one.

On the second day of testing for each syllable condition the
subjects were reminded of what sounds they would hear; 'they
then completed the second identification test and the discrimina
tion test (with the opposite ordering of subtests). Each subject
th.erefore completed two identification tests (20 judgmentsl
stl~ulus) and two discrimination tests (12 judgmentslcomparison
pair) for the syllable-final nasals in the first two sessions and an
equal number for the syllable-initial nasals on the final 2 days
of testing.
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Figure 1. Schematic representation of the nasal stimulus series.
The narrow lines indicate variable portions of each syllable.

Method
Stimulus materials. The stimuli were produced on the Minnesota

Glace-Holmes parallel-resonance synthesizer. The syllable-initial
nasal series consisted of 10 three-formant nasal + lrel syllables.
The 10 stimuli were identical in all respects except for the initial
transitions of the second and third oral formants. Figure I presents
a schematization of the series. The narrow lines represent the
variable portions of each stimulus. The starting frequency of the
second formant (F2) was increased in steps of approximately
120 Hz from 1,048 Hz for Stimulus I to 2,123 Hz for Stimulus 10.
The starting frequency of the third formant (F3) increased in
approximately 180-Hz steps from 2,113 to 2,848 Hz over the
first five stimuli, then decreased in the same steps from Stimulus 6
to Stimulus 10. Transitions of F2 and F3 were 40 msec in duration
and were linear functions from their starting loci to the steady
state frequencies of 1,765 and 2,480 Hz, respectively.

As shown in Figure I, the constant nasal formant was centered
at 265 Hz; its onset occurred 100 msec prior to the onset of F2
and F3. The constant steady-state first formant (FI) began 40 msec
after the onset of the upper formants; it was centered at 720 Hz.

The amplitude of the nasal and FI formants was modulated
during the transition portion of each syllable. Coincident with
the onset of F2 and F3, the amplitude of the nasal formant
was decreased in a positively accelerated function from its full
amplitude ( - 9 dB relative to FI at full amplitude) to its offset
70 msec later. The amplitude of FI increased in a decelerated
function to its full amplitude 20 msec after its onset. F2 and F3
rose to full amplitude within the first 10 msec of onset; during
the steady-state vowel portion, F2 and F3 amplitudes were - 2
and - 7 dB relative to FI, respectively.

The stimuli were digitized using the Pulse Code Modulation sys
tem at Haskins Laboratories, and three kinds of tests were con
structed: a familiarization series, two identification tests, and a
discrimination test. The familiarization series consisted of the 10
stimuli, recorded in order from I to 10. Each identification test
consisted of 10 blocks of the 10 stimuli randomly arranged within
each block. Within each block, the interstimulus interval was 2 sec
the interblock interval was 5 sec. Two such randomizations wer~
recorded on audio tape for presentation to subjects.

The oddity discrimination test consisted of triads of stimuli
in which two of the three stimuli were identical' the third stimulus
differed from these by either one step or two steps, All 17 possible
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Figure 3. Frequency histogram of subjects' category boundary
locations for nasals: Experiment 1.

zero in the /zen/ category. With respect to the Inl
category, these Iml and 191 tokens constitute
"intrusions. "

These two indications of consistency (i.e., relative
steepness of slope and relative frequency of labeling
stimuli within a phoneme category as tokens of that
category) are captured in a measure that was derived
for each subject by computing the proportion of
stimuli in each category x that are labeled x. (See
Appendix A for a full description of the way this
measure was derived.) This measure yields six con
sistency scores for each subject, one for each pho
neme category in each syllable condition. These
scores may then be averaged across subjects. The
individual subjects' consistency scores and the aver
age consistency scores for the syllable-initial and
syllable- final nasals are shown in Table 1.

The average values suggest that the Iml category
(where no difference due to syllabic condition was
expected) is labeled more consistently in initial posi
tion than in final position, while the Inl and 191
categories are labeled more consistently in final posi
tion. However, when submitted to statistical anal
ysis, these numerical differences were not significant,
perhaps because of the small number of subjects.
Patterns of identification consistency are examined
more closely in Experiment 2.

In summary, the results of identification tests indi
cate that most subjects were able to label the tokens
of the stimulus series as instances of the three nasal
consonants. Tokens within phoneme categories were
labeled quite reliably, and boundaries between cate
gories were sharp and, for the most part, monotonic.
There was some suggestion that lack of familiarity
with the phoneme 191 in syllable-initial position
might have affected identification adversely, as shown
by the greater number of "intrusions" within the
syllable-initial Inl category. The consistency scores
in Table 1 also suggest an increased ambiguity of the
191 category and the adjacent Inl tokens for SYllable
initial stimuli relative to the final stimuli, although
the differences were not statistically significant. In
order to determine further the degree to which famil
iarity affects the perception of the acoustic contrast
between Inl and 11)/, the results of discrimination
tests were examined.
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titions can be defined in terms of functions obtained
from the identification tests. The number of times
each of the stimuli was identified as each of the
three speech sounds was determined for each subject.
The place where two identification functions cross
defines a phoneme boundary for that subject.

Figure 2 shows the identification functions for the
syllable-initial and syllable-final nasals pooled over
all nine subjects. As can be seen, the average pho
netic boundary between Iml and Inl occurred close
to Stimulus 4 in both conditions. For the syllable
initial nasals, the average /n/-191 boundary occurred
between Stimuli 8 and 9; it occurred between Stimuli
7 and 8 for the syllable-final condition. The relative
rightward placement of the syllable-initial In/-Iryl
boundary may reflect a general bias against using the
unfamiliar 19rei response.

These average boundaries reflect quite accurately
the results obtained for individual subjects. Figure 3
shows the distribution of Im/-/nl and In/-/91 cate
gory boundaries for the nine subjects. (One subject's
identification function had no evidence of a Im/
Inl boundary in the syllable-initial condition, this
same subject and one other had no /nee/ -/9rel
boundary; a third subject had no clear /ren/-/re91
boundary. Data for these subjects at these bound
aries are therefore not included in Figure 3.) This
distribution shows that more subjects perceived a
category boundary between Stimuli 8 and 9 in the
syllable-initial condition than in the syllable-final
condition.

The pooled identification functions in Figure 2
show relatively sharp boundaries rctween categories.
The steepness of the boundary slopes is one indica
tion of the consistency with which subjects identified
the stimuli. A second indication of identification
consistency is the relative frequency with which stim
uli within a category (defined by the appropriate
identification boundaries) are identified as a token of
that category. For example, the proportion of stimuli
between 4 and 7, inclusive, that are labeled I een/
on the pooled syllable-final identification function
reflects consistency of identification of I een/. Incon
sistency is reflected by the extent to which the curves
for the other categories /tem/ and lreryl rise above

Figure 2. Pooled identification of syllable-initial (left) and
syllable-final (right) nasals: Experiment 1.
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Figure 4. Pooled discrimination of one-step (upper) and two
step (lower) nasals: Experiment 1.

Table I
Consistency Scores: Experiment 1

lable conditions is consistent with the fact that the
Im/-/nl boundary fell between these stimuli for
both the syllable-initial and the syllable-final nasals.
Similarly, there is a relatively high level of discrim
ination for Comparison Pair 7-8, the stimulus pair
that straddles the I~nl-/~91 boundary on the
syllable-final discrimination function. However, in
the syllable-initial function, no discrimination peak
appears for Pair 8-9, the stimuli bordering the In~/

19~1 boundary. In fact, the level of discrimination
is comparable to that observed for within-category
pairs. In contrast to the level of discrimination ob
tained for the stimulus pairs that crossed familiar
phoneme boundaries, most pairs of stimuli drawn
from within phoneme categories were discriminated
less well. This is reflected in the discrimination func
tions as "troughs" within the identification cate
gories.

Examination of the two-step functions reinforces
the one-step data. There is good discrimination of
Pair 3-5, one of the pairs that straddles the Im/
/n/ boundary, for both syllable-initial and syllable
final functions. Pair 2-4 in the syllable-final condi
tion, which also straddles the boundary, was also
discriminated relatively well. This contrasts with the
poorer discrimination for most pairs lying completely
within each of these categories. There is also a high
level of discrimination for the syllable-final pairs 6-8
and 7-9, the pairs that straddle the l~n/-/~91

boundary. This same level is not observed for the
corresponding stimulus pairs on the syllable-initial
function. The level of accuracy for these pairs is
more like within-category discrimination. In short,
discrimination performance at category boundaries is
good except for the boundary that is not phonemic
in English.

If, as these pooled functions suggest, familiarity
with phonetic contrasts in specific syllabic contexts
influences perception, individual subjects would be
expected to show better discrimination for syllable
final pairs than for syllable-initial pairs at their In/
19/ boundaries. In order to test this hypothesis
directly, one-tailed Wilcoxon signed-ranks tests for
matched pairs (Mendenhall & Ramey, 1973) were
carried out on the one-step and two-step discrimina
tion functions. First, each subject's syllable-initial
and syllable-final Iml-InI and Inl -19/ boundaries
were established from their identification perform
ance. (If a particular boundary did not appear on
a subject's identification function, the subject was
excluded from the test performed for that boundary.)
Then the number of correct judgments on syllable
initial and syllable-final discrimination tests were
compared separately for the one- and two-step pairs
that straddled that subject's boundaries. For one
step discrimination, only one stimulus pair was com
pared at each boundary. For two-step tests, the two
stimulus pairs that straddled each boundary were
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Discrimination. Figure 4 shows the pooled dis
crimination functions for all nine subjects. Each
function shows the percent correct discrimination for
each comparison pair. One-step functions are shown
in the upper part of the figure; two-step functions
are shown below. 5 The major result can best be seen
in the one-step functions. The relatively more accurate
discrimination of Comparison Pair 3-4 in both syl-

Note-A blank indicates that the subject did not identify any
stimulus as belonging to this category (see Appendix A).
Adjusted means were computed including only subjects for
whom both initial and final categories were represented. The
t tests reported in the text are basedon these data.
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Figure 5. Predicted (dotted) and obtained (solid) pooled dis
crimination functions for one-step (upper) and two-step (lower)
nasals. Syllable-initial comparisons are 'on the left; syllable-final
comparisons are on the right: Experiment 1.

ination scores are typically higher than the predicted
scores, especially for the syllable-final condition, the
location of the peaks of relatively accurate discrim
ination for the predicted and obtained functions cor
respond to one another quite closely. Chi-square
tests of goodness of fit were calculated for each sub
ject's predicted and obtained one-step and two-step
discrimination functions in each syllable condition.
In no case were the predicted and obtained discrim
ination functions significantly different from one
another. 7 Thus, each subject's discrimination of
stimulus pairs was conditioned by the way the subject
labeled those pairs; that is, each subject perceived the
nasals in a categorical manner.

The results of this experiment provide initial
answers to the three questions presented in the intro
duction. First, the synthetic stimuli were identified
quite reliably as tokens of the intended phoneme
classes. Second, the acoustic dimension that differen
tiates place-of-articulation in both syllable-initial and
syllable-final nasals was shown to be perceived cate
gorically. This is in accord with results of experi
ments on consonants of other manner classes in
which place-of-articulation was distinguished by sim
ilar acoustic parameters (Mattingly et al., 1971 ;
McGovern & Strange, 1977; Miyawaki et al., 1975),
and with the results reported by Miller and Eimas
(1977) on the Im/-/nl distinction. As in these studies,
the present experiment yields a distinctive pattern of
results. Identification tests yielded consistent labeling
functions with abrupt crossovers from category to
category; discrimination of stimulus pairs showed
the "peaks" and "troughs" that are predictable on
the basis of identification results for each subject.
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considered; the sum of correct judgments for the two
pairs was the score used in the statistical test.

The results of the Wilcoxon tests support the hypo
thesis that linguistic familiarity influences discrimin
ability. Based on the data from six subjects on one
step tests, syllable-final nasals were better discrim
inated than syllable-initial nasals at the Inl-/9/
boundary by five of the subjects, a significant differ
ence (p = .05 by a one-tailed test). Five of the six
subjects also showed better performance on the
syllable-final nasals for two-step tests; however, this
difference was not statistically significant considering
the magnitude of the signed ranks.

No advantage of syllable-final stimuli was found
for discrimination of the one-step and two-step pairs
straddling the Im/-/nl boundary. For the one-step
functions, six out of seven subjects discriminated the
syllable-initial /rnre/-z'nee/ pair better than they did
the syllable-final /rem/v/ten/ pair. This is a large
difference, but in the direction opposite that assumed
by the one-tailed test, and thus cannot be considered
significant. (By a two-tailed test, which does not
assume a directional prediction, this difference
would not be significant.) For the two-step functions,
only three of eight subjects discriminated syllable
final Iml-/nl pairs better than their syllable-initial
equivalents. Thus, as indicated by the pooled data,
performance by individual subjects revealed relative
ly better discrimination of the In/-/91 contrast in
the familiar and phonologically appropriate syllable
final context. No such differences were found for the
Iml-/nl contrast, which is phonologically appro
priate in both syllable positions.

Categorical perception. Two aspects of perform
ance that reflect discontinuities in the perception of
speech-relevant acoustic dimensions have been con
sidered: (1) the steepness of the ascending and
descending portions of the identification curves
(which is an indication of the relative distinctiveness
of stimuli at category boundaries) and (2) the relative
discriminability of cross-category and intracategory
equal-interval stimulus pairs. These kinds of discon
tinuity give evidence that the acoustic dimensions are
perceived categorically. According to the strong
claim of categorical perception, stimuli lying within
one phoneme category (i.e., identified as the same
phoneme) cannot be discriminated, while stimulus
pairs containing tokens from different phoneme cate
gories are easily discriminated. This claim may be
tested directly by comparing the discrimination per
formance that is predicted on the basis of identifica
tion data with the discrimination functions that were
actually obtained."

Figure 5 shows the pooled predicted and obtained
discrimination functions for the syllable-initial and
syllable-final nasals. Both one-step and two-step
functions are shown. Although the obtained discrim-'



Finally, comparisons of syllable-initial and (mirror
image) syllable-final nasals suggested an effect on
perception of the "hole in the code" produced by
the phonological rules of English. Average functions
showed relatively accurate discrimination (and con
sistent identification) of stimuli in the region of the
Inl-191 boundary for the syllable-final condition
where this phonetic contrast is phonologically appro
priate and therefore familiar to the listeners. How
ever, for stimuli that marked the same phonetic con
trast in syllable-initial position (where it does not
occur in English), discrimination was little better
than for within-category comparisons. Identification
performance also gave some suggestion that the
syllable-initial 191 phoneme category was less well
defined perceptually than the familiar syllable-final
191.

EXPERIMENT 2

In the previous experiment, the results of identifi
cation and discrimination of stimuli in the region of
the Im/-/nl boundary-a contrast that is phonemic
in both syllabic positions-were used as evidence that
the perception of syllable-initial and syllable-final
place contrasts is comparable if the contrasts are
phonologically appropriate in both contexts. On the
assumption that there were no complex interactions
between the "intrinsic" discriminability of initial and
final transitions and the particular acoustic differ
ences that underlie the two phonetic contrasts, we
could conclude that the differences in performance
on the In/-/91 boundary stimuli were due to phono
logical factors. One may question the assumption
upon which this conclusion is based, however; we
have no independent way of ascertaining its validity
in the previous experiment. Indeed, the unexpected
advantage of syllable-initial Iml-/nl discrimination
casts doubt on this as an appropriate control. One
way to avoid this ambiguity is to include series of
syllable-initial and syllable-final consonants that are
acoustically comparable to the nasals, but that in
clude an alveolar-velar phonetic contrast that is
phonologically appropriate in both syllabic contexts.

Experiment 2 was designed as a replication of
Experiment I with the addition of this control. Two
series of tests were included that used the oral stop
consonant stimuli, Ibl, Idl, and Igl, in syllable
initial and syllable-final position. We expected that
the identification and discrimination of these stimuli
would not differ as a function of syllable position in
the same way that the nasals did, since there is no
"hole" in the phonetic code for oral stop consonants.
That is, all three phonemes occur in both syllable
initial and syllable-final position in English.
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Method
Stimulus materials. The nasal stimuli were the same as those

described in Experiment I. The (syllable-initial) stop stimuli were
a series of 10 three-formant stop + lrel syllables which were the
same as the nasal stimuli except for the following: (I) the nasal
formant was deleted, (2) the first oral formant began simulta
neously with the upper formants at a center frequency of 200 Hz
and rose in a linear transition to its steady-state value in 40 msec,
and (3) the onset of all three formants was abrupt. The transi
tions of F2 and F3 for the 10 stop stimuli were identical in fre
quency and amplitude to those transitions in the nasal stimuli,
as depicted in Figure I. Thus, the variable portions of the stimuli
were exactly the same for the stops and the nasals.

The sequencing of stimuli for the familiarization, identification,
and discrimination tests were identical for both the stop and nasal
tests. As before, tests of the syllable-final stops were presented
by reversing the tape recordings of the syllable-initial stops.

Subjects. Sixteen undergraduates at the University of Minnesota
were either paid for their participation in the experiment or re
ceived a combination of money and extra credit toward a grade.
All were native English speakers with no known hearing losses.
Prior to familiarization, subjects were told only that the experi
ment was concerned with how well people could perceive syn
thesized syllables.

Procedure. The 16 subjects were tested in four groups of 4;
each group was tested on 4 consecutive days. The first and third
groups were tested on syllable-final nasals on the Ist day, syllable
initial nasals on the 2nd day, syllable-final stops on the 3rd day,
and syllable-initial stops on the 4th day. The second and fourth
groups were tested on the series in the order: syllable-final stops,
syllable-initial stops, syllable-final nasals, syllable-initial nasals.
Thus, subjects always heard syllable-final consonants before
syllable-initial consonants in each consonant condition, as in
Experiment I, but the order of presentation of stops and nasals
was counterbalanced.

Each day, the subjects first listened to the appropriate familiar
ization series and reported what they had heard. They were then
informed of the phonetic identity of the syllables and were asked
to listen for those syllables while they heard the recording for a
second time. They were allowed to listen to the familiarization
recording repeatedly until they said they could hear all three
phonemes; this took from two to five repetitions. (At this point,
some of the subjects reported that identification of the syllables
was still very difficult.)

Following the familiarization period, the subjects were tested on
the first identification test, then the first discrimination subtest,
and finally the second discrimination subtest. After a 5-min break,
the subjects performed a similar series of tests using the second
identification test, the second discrimination subtest, and finally
the first discrimination subtest.

The first session usually lasted approximately I y, h; the other
sessions were about I h in length. The sequence of familiarization,
identification, and discrimination testing was the same on each
successive day of testing. In each experimental condition, the sub
jects listened to each of the identification tests and to each of the
discrimination subtests twice, giving a total of 20 identification
judgments per stimulus and 12 discrimination judgments per com
parison pair. 8

Results and Discussion
In this section, identification and discrimination of

nasals are considered first; then the results for the
oral stop consonants are reported. In general, the
results for the nasal stimuli replicate those of the first
experiment. In particular, nasals were categorically
perceived, and syllable-final Inl and /91 were identi
fied more consistently and discriminated better than
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Figure 7. Frequency histogram of subjects' category boundary
locations for nasals: Experiment 2.

step of the mode, but 2 subjects produced boundaries
farther to the right than any subjects had in the
syllable-final tests, and 1 subject produced no clear
boundary at all.

Two other differences are apparent upon compar
ing the two identification functions in Figure 6. First,
the boundary between /ten/ and lre91 (on the right)
is somewhat steeper than the boundary between /rue/
and 19rel (on the left). Secondly, although the iden
tification functions for /rnre/ and /tem/ are about
the same, /nee/ and 19rel are identified less consis
tently than /ren/ and lre9/; that is, more stimuli
in the /nte/ category are called 19re/, and vice versa.

The functions of individual subjects are similar to
the pooled functions: A measure of consistency of
identification for each of the three categories in each
syllabic position was calculated, using the same pro
cedure as in Experiment 1 (described in the Appendix).
Table 2 presents each subject's consistency scores
and average consistency scores for each category in
syllable-initial and syllable-final conditions. A corre
lated t test shows no significant difference in con
sistency of identifying tokens of /rern/ and /rnre/.
In contrast, consistency of identification within the
lre91 category is significantly greater than within the
19rel category (p < .03), and consistency of /ren/
identification is significantly greater than consistency
of /nee/ identification (p < .05). The latter finding
seems to be due to confusion in distinguishing /nre/
from 19re/, which would lead to more incorrect
labeling of stimuli in both categories. Thus, these
results are in accord with expectations based on the
phonemic use of these sounds in English.

Discrimination of nasal consonants. Figure 8 com
pares the pooled discrimination of syllable-initial
nasals with syllable-final nasals. One-step and two
step functions are shown in the upper and lower
portions of the figure, respectively. The major result
of interest is best seen in the one-step discrimination
functions. There is a large discrimination peak in the
syllable-final function for Comparison Pair 7-8,
which corresponds to the modal /ren/-/re91 bound
ary, while there is no peak at the corresponding
/nee/-/9rel boundary in the syllable-initial function.

4 5 6
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Iial

S,II"-Ilitiol
Na....

1 2

100 I.al

were syllable-initial Inl and 19/. The stop conso
nants, in contrast, did not yield differences in the
perception of the syllable-initial and syllable-final
tokens.

Familiarization. Some subjects spontaneously re
ported hearing all three nasal phonemes when the
familiarization series was first presented. Most re
ported hearing all three phonemes when the record
ing was again presented after telling the subjects what
phonemes they should hear. The few subjects who
still had difficulty at the end of the familiarization
trials claimed that by the end of the first identifica
tion test they heard all phonemes without difficulty.

Identification of nasal consonants. Figure 6 shows
the pooled identification functions for all 16 subjects.
In general, the subjects were able to label the stimuli
consistently in both syllable positions, although per
formance was slightly better on syllable-final nasals.
A closer examination of category boundaries sheds
some light on the nature of the difference between
identification of initial and final nasals. As in Experi
ment 1, the pooled boundary between Iml and Inl
occurred between Stimuli 3 and 4, with little differ
ence between syllable-initial and syllable-final nasals.
In contrast, the pooled boundary between Inl and
19 I for syllable-initial nasals is shifted to the right
relative to syllable-final stimuli. As mentioned pre
viously, this rightward shift of the Inre/-/9rel
boundary shows a tendency to call fewer stimuli 191
in the syllable-initial condition than in the syllable
final condition. (However, the shift is not as large
as the comparable shift noted in Experiment 1.)

Figure 7, which presents the distribution of cate
gory boundaries, indicates how individual subjects
contributed to the pooled boundary shift. Note that
for syllable-final nasals, 10 of the 16 subjects showed
/sen/-hc91 boundaries at the modal value, between
Stimuli 7 and 8. Boundaries for the other 6 subjects
fell within one (full) stimulus step of this modal
value. For syllable-initial nasals, however, the Inre/
19rel boundaries for only 6 subjects occurred at the
modal value between Stimuli 7 and 8. Of the remain
ing 10 subjects, 7 produced boundaries within one

Figure 6. Pooled identification of syllable-initial (left) and
syllable-final (right) nasals: Experiment 2.
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Figure 8. Pooled discrimination of one-step (upper) and two
step (lower) nasals: Experiment 2.

discriminated better than syllable-initial nasals at
the /rn/-/nl boundary (p = .025) for the two-step
test. No such difference was found for the one-step
comparisons, however. These results support the
hypothesis that discriminability is determined, at
least in part, by linguistic experience.

Categorical perception of nasal consonants. Fig
ure 9 compares the pooled obtained and predicted
discrimination functions, computed as described in
Footnote 5. An inspection of the figure shows that
functions for syllable-initial nasals match the predic
tions better than do syllable-final functions. For the
latter, the obtained scores were slightly higher than
was predicted, both for comparison pairs within cate
gories and across category boundaries.

Chi-square tests of goodness of fit calculated
separately for each subject's one-step and two-step
functions showed that, for syllable-final nasals, only
2 out of 16 subjects yielded significant differences
between predicted and obtained functions. For
syllable-initial nasals, there were no significant dif
ferences between predicted and obtained perform
ance. (But see Footnote 6.) Thus, performance on
the labeling task predicts discrimination quite well;
that is, perception of nasals is categorical for almost
all of the subjects.

Identification and discrimination of stop conso
nants. Considering the nasals alone, our results have

Table 2
Consistency Scores; Experiment 2

Syllable-Initial Syliable-Final
Nasals Nasals

mae nae ')all aem aen aery

Subject I .68 .56 .41 .95 .93 1.00
Subject 2 .90 .93 .95 .90 .70 .71
Subject 3 .91 .80 .85 .75 .75 .85
Subject 4 .56 .61 .28 .63 .55 .77
Subject 5 .80 .66 .83 .97 .94 1.00
Subject 6 .83 .85 .98 .83 .80 .93
Subject 7 .78 .86 .93 .80 .81 .87
Subject 8 .85 .68 .78 .90 .84 .92
Subject 9 .83 .66 .83 .96 1.00 1.00
Subject 10 .83 .57 .51 .87 .94 .93
Subject 11 .98 .70 .43 .98 .89 .93
Subject 12 .98 .72 .85 .85 .80 .83
Subject 13 .89 .83 .65 .86 .89 .97
Subject 14 .73 .96 .97 .93 .88 .83
Subject 15 .84 .85 .90 .85 .78 .80
Subject 16 .97 .73 .93 88 .87 1.00

Mean .83 .75 .76 .87 .83 .90

The small discrimination peaks at Comparison Pair
3-4, which correspond to the modal Iml -/nl bound
aries, are comparable for syllable conditions. Dis
crimination within phoneme categories is, on the
average, relatively poor in both conditions.

Turning to the two-step functions, it is relevant
to compare performance on two discrimination pairs
at each boundary. Pairs 6-8 and 7-9 both span the
modal In/-/91 boundary, in each syllable condition.
For Pair 6-8, final nasals are discriminated much
better on the average than are initial nasals. For
Pair 7-9, final nasals are again discriminated better
than initial nasals, although the magnitude of the dif
ference is smaller. In contrast, at the Iml-/nl bound
ary, there is almost no difference in average perform
ance between initial and final nasals for Pair 2-4
and a small difference favoring final nasals for Pair
3-5. Average discrimination of pairs within a pho
neme category is less accurate than for pairs spanning
phoneme boundaries.

A similar pattern of results was found when we
compared individual subjects' discriminations in the
two syllabic positions. In each condition, each sub
ject's boundaries were determined from his identifi
cation functions, as in Experiment 1. Wilcoxon tests
were performed to determine whether discrimination
was significantly better at syllable-final boundaries
than at syllable-initial boundaries. For two-step
functions, the Wilcoxon test was based on the
summed correct judgments of the two relevant bound
ary pairs. Both one-step and two-step comparisons
at the Inl-I9/ boundary showed significantly better
discrimination of syllable-final nasals (p = .005 and
p = .025, respectively, by a one-tailed test). Con
trary to expectation, syllable-final nasals were also
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Figure 9. Predicted (dotted) and obtained (solid) pooled dis
crimination functions for one-step (upper) and two-step (lower)
nasals. Syllable-initial comparisons are on the left; syllable-final
comparisons are on the right: Experiment 2.

.......FI.....,.
- 1.'1-1.'1
CJ 1.'1-1."

1245678910
Stimuli

10

4 5
Stimuli

Figure 11. Frequency histogram of subjects' category boundary
locations for stops: Experiment 2.

Comparison of the two graphs in Figure 10 sug
gests that the final stops were better perceived than
the initial stops. Two points can be noted about this
difference, however. First, consideration of the part
of the functions that is of interest in this experiment
(Stimuli 7 through 9 that have to do with the bound
ary between Idl and Igl shows that syllable-initial
and syllable-final functions for the stops are virtually
identical.

Secondly, the identification functions for syllable
initial and syllable-final stops appear different only at
Stimuli 5 and 6. To a large extent, this difference
is a property of the pooled functions. Identification
functions for most individual subjects do not re
semble the pooled function at Stimuli 5-6. As Figure
11 shows, there is considerable variability in the loca
tion of the Ib/-/dl boundary across individual sub
jects, yielding a bimodal distribution for syllable
initial stops. As a comparison of Figure 11 with Fig
ure 7 shows, the distribution of Ibl-I dl category
boundaries differs greatly from the distribution of
Iml-/nl boundaries. We currently have no explana
tion for these results.

The consistency scores in Table 3 support the
interpretation that the apparent difference is due
to variability in subjects' boundary locations. A cor
related t test yielded no significant differences be
tween consistency of identification of initial and final
stop consonants.

Figure 10. Pooled identification of syllable-initial (left) and
syllable-final (right) stops: Experiment 2.
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shown that both initial and final nasal consonants
are perceived categorically, and more important,
these results have demonstrated an effect of the
"hole in the code" on both identification and dis
crimination of these stimuli. Syllable-initial Inl and
191 were not as consistently identified nor as well
discriminated as they were in syllable..final position.

In the preceding discussion, discrimination at the
Im/-/nl boundary served as a control for discrim
ination at the In/-/91 boundary. That is, since both
initial and final Iml and Inl occur in English, we
expected no difference in discriminability at the
Im/-/nl boundary due to syllable position. However,
as noted above, significant differences were found
for the two-step functions.

As an additional control, we compared the pattern
of discrimination of the nasal series with the pattern
of discrimination of the comparable series of the oral
stop consonants. We expected that, in contrast with
the nasals, the stops would fail to show the differen
tial effect of syllable position in the way that the
nasals did, since there is no "hole in the code" for
stops. Thus, we predicted that the syllable-final Id/
Igl contrast would not be identified more consis
tently or be better discriminated than the Id/-/gl
contrast in initial stops. If there were any advantage
due to syllable position, we expected that it might
be in favor of the syllable-initial stops, as the results
of Mattingly et al. (1971) showed.

Figure 10 shows the pooled stop consonant identi
fication functions for all 16 subjects. A comparison
of Figure 10 with Figure 6 shows that, on the aver
age, the stops are not identified as consistently as the
nasals.
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Table 3 initial stops and syllable-final stops did not differ.
Consistency Scores: Experiment 2 The one-step functions in the upper portion show an

SYllable-Initial Syllable-Final apparent syllable-position effect for Pair 7-8. How-
Stops Stops ever, Wilcoxon tests comparing performance on

----
pairs at each subject's boundary yielded no signifi-bae dae gae aeb acd aeg

Subject 1 .80 .69 .88 .98 .90 1.00
cant differences either in one-step or two-step dis-
crimination .Subject 2 .90 .58 .66 .98 .42 .72

A summary of the comparison between nasal andSubject 3 .90 .85 1.00 .85 .83 .93
Subject 4 .90 .98 .98 .73 .52 .69 stop consonants is given in Table 4. We conclude
Subject 5 .85 .69 .49 .72 .48 .90 that the syllable-position effect found for the percep-
Subject 6 .75 .60 .73 .95 .75 .82 tion of nasal consonants supports the "hole in the
Subject 7 .87 .82 .80 .7 I .77 .90

code" hypothesis. The evidence for this is as follows:Subject 8 .70 .62 .78 .87 .73 .87
Subject 9 1.00 .64 .57 .98 .82 1.00 (l) Identification consistency showed a syllable-
Subject 10 .72 .45 .61 1.00 .84 .82 position effect for the Inl and Iryl nasal categories,
Subject 11 .95 .72 .52 .93 .49 .54 but not for the comparable stops Idl and Ig/.
Subject 12 .98 .93 .92 .82 .85 .98 (2) Discrimination performance showed a syllable-Subject 13 .88 .65 .88 1.00 .90 .98
Subject 14 .79 .55 .73 1.00 .86 .87 position effect for nasals at the Inl -Iryl boundary
Subject 15 .98 .87 1.00 .90 .83 .80 but not for stops at the I d/ -I gl boundary. (3) No
Subject 16 .85 .84 .97 .50 .72 .92

Mean .86 .72 .80 .87 .73 .86
Table 4

Summary of Results: Experiment 2

Nasals final> initial final> initial (=) final> initial

Stops

Note- "=" indicates no significant difference between final and
initial positions; "(=)" indicates no consistent difference
between final and initial positions-differed on two-step tests
but not on one-step tests.

Consistency of Identification Discrimination
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Discrimination of stop consonants. Figure 12 com
pares the pooled discrimination of syllable-initial
stops with the pooled discrimination of syllable-final
stops. Results for both one-step and two-step dis
crimination functions were in keeping with the expec
tation that syllable-final stops would not be superior
to syllable-initial stops. As seen in the bottom por
tion of the figure, the two-step functions for syllable-
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consistent syllable-position effects were found either
in identification of labial phonemes (lml and Ib/)
or in discrimination at the labial-alveolar boundaries
(lml-/nl and Ibl -I d/).
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Figure 12. Pooled discrimination of one-step (upper) 'and two
step (lower) stops: Experiment 2.

In the experiments reported above, we were inter
ested in two major questions concerning the percep
tion of nasal consonants. First, was the place-of
articulation of nasals, as cued by F2IF3 transitions,
perceived categorically? Second, was the perception
of particular phonetic contrasts affected by linguistic
usage? Specifically, was discrimination of the alveolar
velar contrast in syllable-initial nasals (where it is
phonologically inappropriate) less accurate than for
the same contrast in syllable-final nasals, where it is
phonologically appropriate and familiar to the
listeners?

Previous research by Garcia (Notes 1 and 2) con
cerning the categorical perception of nasals prod 'Iced
ambiguous results on the In/-Iryl distinction due to
the fact that the stimuli were not identifiable as
"good" instances of the phonemes in question. The



310 LARKEY, WALD, AND STRANGE

results reported here have shown that it is possible
to synthesize highly identifiable instances of nasal
stop consonants in both syllable-initial and syllable
final position by varying only the direction and extent
of the second and third oral formants. While these
"cues" for place-of-articulation are not the only
ones that Occurin naturally produced nasals (Fujimura,
1962; Malecot, 1956), the results of both familiariza
tion and identification tests indicate that the transi
tion variations provided sufficient information for'
most listeners to identify the consonants unam
biguously."

Comparison of identification and discrimination
tests of both syllable-initial and syllable-final nasals
showed that the F2IF3 acoustic dimension was per
ceived categorically. Subjects were able to discrim
inate with high accuracy only those acoustic varia
tions that differentiated phonemes in English.
Acoustic differences of the same magnitude that were
linguistically irrelevant (i.e., did not mark a pho
nemic contrast) were discriminated considerably less
accurately. This is in accord with the results obtained
by Miller and Eimas (1977) for stimuli that con
trasted the labial and alveolar nasal consonants in
syllable-initial and syllable-final position.

Of major interest was the finding of a syllable
position effect in discrimination (and to a lesser
extent, identification) of stimuli in the region of the
In/-/91 phoneme boundary. As expected on the
basis of English usage, identification of these tokens
was somewhat less consistent for syllable-initial
nasals than for syllable-final nasals. More impor
tantly, discrimination of pairs that straddled this
phoneme boundary was different in the two syllabic
conditions. That is, discrimination of the acoustic
variations that differentiate In! from 191 in syllable
initial position was poorer than discrimination of the
mirror-image patterns that differentiated those pho
nemes in syllable-final position. This is probably not
due to "intrinsic" differences in the discriminability
of initial transitions vs. final transitions. We found
no consistent discrepancies for stimuli that differen
tiated Iml and In! in syllable-initial and syllable-final
position (although, in Experiment 2, two-step func
tions did show a difference). Furthermore, an exam
ination of oral stop consonants, which were also dif
ferentiated only by F2/F3 variations, showed that
discrimination of syllable-initial and syllable-final
stimuli did not differ. A direct comparison of initial
oral and nasal stops showed that when the F2/F3 '
variations cued thelnl-/91 contrast, they were dis
criminated far less accurately than when the same
variations cued the Id/-/gl contrast. No such differ
ence between oral and nasal stops was found for the
mirror-image F2/F3 variations in syllable-final tran
sitions. We concluded from this configuration of
results that the differences in discrimination of stirn-

uli that contrast Inl and 191 in initial and final
syllabic position were due, at least in part, to linguis
tic experience. Subjects' ability to perceive a phonetic
contrast was influenced by their familiarity with that
contrast in the particular syllabic contexts in which it
occurred. They were able to discriminate the acoustic
variations with high accuracy only if those variations
provided information for a phonetic contrast in a
syllabic context that was appropriate according to the
phonological rules of English.

This result is congruent with the findings from
cross-language studies and the study reported by
Abramson and Lisker (1970) with Thai speakers that
was described in the introduction of this paper. To
gether, these data constitute strong evidence that the
'perception of acoustic dimensions that differentiate
the phonemes of a language is influenced by the lin
guistic experience of the perceiver. Adult speaker
hearers appear to be attuned to perceive only those
acoustic variations that "make a difference" in terms
of extracting the phonological message from the
acoustic signal. (See Strange and Jenkins, in press,
for a full review of the effects of linguistic experience
on the categorical perception of speech.)

The fact that linguistic experience affects the
(categorical) perception of some linguistically rele
vant acoustic dimensions is important in light of re
cent theoretical developments concerning an explana
tion of categorical perception phenomena. Studies
showing that infants as young as 2 months of age
discriminated linguistically relevant acoustic dimen
sions in a discontinuous manner similar to that of
adults (e.g., Eimas, 1975a, 1975b) have led to the
postulation of the existence of "property detectors"
that underlie the perceptual processing of some
acoustic dimensions (Eimas & Corbit, 1973). Much
recent research has been devoted to an investigation
of the nature and functioning of these detector mech
anisms, including their short-term modifiability (cf.
Eimas & Miller, in press, for a review). However,
little theoretical or empirical effort has been directed
towards the question of the long-term modifiability
of the perceptual processes underlying categorical
perception of speech-relevant dimensions. It is our
opinion that an adequate account of categorical per
ception phenomena and, more generally, of the per
ception of speech must take into account these facts
about the role of long-term linguistic experience in
perception.

APPENDIX A

Derivation of Consistency Scores
Consistency scores were calculated in order to quantify

subjects' performances on the identification task. For each
subject within a condition, a consistency score was derived



for the subject's identification of each phoneme category.
For a given phoneme category, j, this score is the frac
tion:

= the number of tokens in the subject's category
i. which was labeled j -7 the total number of
tokens in the subject's category j.

The following two steps were used to decide which stim

uli were in a subject's category i:
(a) Stimulus i is in category j if the subject labels i as a

j more than 330/0 of the time in the identification task.
(b) If the stimuli in a category are not consecutive

according to the criterion in Step a, the intervening stimuli
should also be added to the category. (When this happens
it lowers computed consistency. We believe this is reason
able because consistent categorization should include defin
ing the category by consecutive stimuli.) Using the numbers
I through 10 to label the stimuli as before, let a j be the
lowest numbered stimulus in category j, let bi be the highest
numbered stimulus in category j, and let Pij be the propor
tion of stimulus i tokens labeled j.

The equation in (I) then becomes:

bj bj

.LPij . LPjj

C
I=~ I=~

) b, + b.
~1 J

a
J

i=~
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NOTES

1. Using oral stops, Mattingly, Liberman, Syrdal, and Halwes
(1971) found little evidence of categorical perception for mirror
image reversals of two-formant CV pattern. These results are un
interpretable, however, since the offset characteristics of the re
versed patterns were acoustically quite different from naturally
produced final stops and sounded quite unnatural. In the case of
mirror-image synthetic nasals, the nasal resonance is sustained
past the offset of oral formants (as is the case for naturally spoken
nasals), producing a more natural sounding pattern. Because of
this, highly identifiable final nasals can be generated using exact
mirror images of the cues for place-of-articulation of initial nasals,
even though naturally produced initial and final nasals are not
simple mirror images of one another.

2. Many subjects failed to identify the stimuli consistently,
which suggests that the synthetic tokens used in these studies were
poor representations of the phonemes. It is not possible, therefore,
to assess with any confidence the correspondence (or lack of it)
between discrimination and identification performance necessary
for determining if nasals are perceived categorically.
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3. Some phonologists might object to this statement, saying that
[91 does not occur initially because its underlying phonological
form is Ing/. According to this description, there is no "hole in
the code" at the phonological level, since Ingl, Indl, and Imbl
all fail to occur initially. Thus, the "hole" is phonetic, not phono
logical, as the term "code" implies. For the purposes of this
experiment, we are concerned with the phonotactic constraints
on the surface forms [rn], [n], 191, and how they may affect
perception of the acoustic patterns specifying these phonetic units.

4. Syllable-final nasals were always presented first, since the
sound 191 can occur in the final position. By exposing the listeners
to this condition first, we hoped that the added practice would
increase the reliability of the data for the syllable-initial nasals,
and in particular the data for 19/. We assumed that if the order
of presentation biased the results at all, it would be in a direction
counter to our hypothesis that syllable-final nasals would be per
ceived better than syllable-initial nasals. That is, practice on
syllable-final nasals might improve performance on syllable-initial
nasals.

5. The one-step functions show the percent correct discrimina
tion of stimuli that were one step apart in the stimulus series
(e.g., Pairs 1-2,2-3, ... , 9-10). The two-step functions show the
discrimination of pairs of stimuli that were two steps apart (e.g.,
Pairs 1-3,2-4, ... ,8-10).

6. The formula

P(i,j)
1 + (m; - m)' + (nj - n)' + (9'; - 9)'

3

m j = the probability of identifying stimulus i as an m
nj the probability of identifying stimulus i as an n
9i = the probability of identifying stimulus i as an 9
m. = the probability of identifying stimulus j as an m
nj J = the probability of identifying stimulus j as an n
9j = the probability of identifying stimulus j as an 9

This formula for the probability of discriminating correctly in an
oddity discrimination task is derived in the same way that
Liberman, Harris, Hoffman, and Griffith (1957) derived their
formula for ABX discrimination.

7. The chi-square test of goodness of fit is extremely insensitive.
However, there is no consistent direction of difference between
goodness of fit on forward and backward functions.

8. Subjects in this experiment took twice as many tests in the
same number of sessions as in Experiment 1. They took the two
identification and four discrimination tests for each condition in
one session instead of over two sessions. In addition, all subjects
heard the first discrimination and identification tapes before the
second discrimination and identification tapes. The order of pre
sentation of these tapes was not randomized as in Experiment I.
Note, however, that the sessions were counterbalanced with res
pect to whether subjects heard nasals first or stops first.

9. Stimuli used by Miller and Eimas (1977) also distinguished
place-of-articulation among nasals by differences in F2 and F3
transitions only. While their stimuli did include upper nasal
resonances, they were fixed for all stimuli.

gives the probability of the subject's correctly discriminating
stimulus i from stimulus j as a function of six different probabili
ties obtained from his identification functions:
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