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Integrality of nasalization and F,. Il. Basic sensitivity

and phonetic labeling measure distinct sensory
and decision-rule interactions

Neil A. Macmillan®
Psychology Department, Brooklyn College, City University of New York, Brooklyn, New York 11210

John Kingston, Rachel Thorburn, Laura Walsh Dickey,” and Christine Bartels
Linguistics Department, South College, University of Massachusetts, Amherst, Massachusetts 01003

(Received 23 November 1998; revised 28 June 1999; accepted 16 July 1999

In vowel perception, nasalization and heidttie inverse of the first formang,) interact. This

paper asks whether the interaction results from a sensory process, decision mechanism, or both. Two
experiments used vowels varying in height, degree of nasalization, and three other stimulus
parameters: the frequency regionrof, the location of the nasal pole/zero complex relativé 1

and whether a consonant following the vowel was oral or nasal. A fixed-classification experiment,
designed to estimate basic sensitivity between stimuli, measured accuracy for discriminating stimuli
differing in F;, in nasalization, and on both dimensions. A configuration derived by a
multidimensional scaling analysis revealed a perceptual interaction that was stronger for stimuli in
which the nasal pole/zero complex was below rather than above the oral pole, and that was present
before both nasal and oral consonants. Phonetic identification experiments, designed to measure
trading relations between the two dimensions, required listeners to identify height and nasalization
in vowels varying in both. Judgments of nasalization dependeH oas well as on nasalization,
whereas judgments of height depended primarilyFgn and on nasalization more when the nasal
complex was below than above the oral pole. This pattern was interpreted as a decision—rule
interaction that is distinct from the interaction in basic sensitivity. Final consonant nasality had little
effect in the classification experiment; in the identification experiment, nasal judgments were more
likely when the following consonant was nasal. 1®99 Acoustical Society of America.
[S0001-4966900511-1

PACS numbers: 43.71.An, 43.71.E8VIH]

INTRODUCTION resentation of the stimulus set can be described as a rectangle
in a perceptual spaceas in Fig. 1a). In our application, the
dimensions are the perceptual correlates of the first formant

Different physical dimensions of speech sounds can congthe Cx stimuli are higher, with smaller values &), and
tribute to the same perceptual product. In Repp’s classi@asalization(the y0 stimuli have zero nasalization, tha
characterization, these physical dimensions serve as multiplgimuli moderate nasalizatiprEach point may be thought of
cues to phonetic contrasts, and “a change in the setting ofs the mean of a bivariate distribution of perceptual effects
one cue...can be offset by an opposed change in the setting glong these dimensions, and every point in the space corre-
another cue so as to maintain the original phonetic perceptéponds to a percept that may arise on a particular trial. The
(Repp, 1982, p. 87 Such changes are often described as oneircles around each mean connect points of equal likelihood,
cue “trading” with the other. In this paper we consider a and indicate the spread of the distribution.
well-established interaction of this sort, between the height Now suppose that a listener in a trading-relations task
and nasalization of vowels, and ask whether it arises at enust sort observations arising from these stimuli into catego-
basic, sensory level, or is located instead in the listener'sies such as “high” (an appropriate response for ti@x
decision-making process. The question, and our method fastimuli) or “mid” for the Dx stimuli). Any single point may
reaching an answer, have implications for all trading-relatiorarise from more than one stimulus, and the listener does best
results. by establishing aecision boundaryhat divides the percep-

To make the sensory/decision distinction explicit, con-tual space into regions corresponding to each response. The
sider a 2<2 stimulus set constructed by combining two val- solid line in Fig. Xa) shows a boundary that is perpendicular
ues on each of two dimensions. The elements of such t the dimension of judgment. Applying this boundary to the
stimulus set can be represented as the four corners of a re¢ectangular representation leads to the lack of a trading rela-
angle in a stimulus space. If each physical dimension igion: the value of dimension {perceived nasalizatiorhas
transduced into an independent perceptual one, then the repo effect on judgment of dimension @erceivedF,, or

inverse vowel height
| o . One way in which a trading relation can arise is by use
ectronic mail: nmacmillan@gc.cuny.edu .. . .
bNow at the Max Planck Institut fuPsycholinguistik, PB 130, Nijmegen, Of @ nonorthogonal decision boundary like the dashed line in
NL 6500 AH, The Netherlands. Fig. 1(a). Using this boundary, the “high” versus ‘“low”

A. The psychophysics of perceptual interaction

2913 J. Acoust. Soc. Am. 106 (5), November 1999  0001-4966/99/106(5)/2913/20/$15.00  © 1999 Acoustical Society of America 2913



Nasalization minimal, two-stimulus sets. The data allowed us to deter-
mine a sensory representation for vowels differing-inand
nasalization and to examine the stimulus characteristics that
correspond to perceived height and nasalization. In experi-
ment I, listeners judgedr,; while nasalization was varied
irrelevantly (as in Krakowet al, 1988, and in a separate
condition judged nasalization whilg, varied irrelevantly.
The data provided information about both sensory and deci-
sional aspects.

Fl

B. The trading-relations paradigm

In the trading-relations paradigtRepp, 1982 observ-
ers provide phonetic labels for sounds drawn from a two-
dimensional stimulus set. In a typical application, the data
are summarized bidentification functionghat give the per-
centage of trials on which each value of a dimension leads to
a particular response. The value of dimension 1 that is as-
signed on 50% of trials to each of two categories is termed a
boundary and the extent of trading is measured by the
boundary shifon the stimulus axis when the value of dimen-

sion 2 is changed.
@ Krakow et al. (1988 used the trading-relations para-

digm to study the interaction between the height and nasal-
ization of vowels produced with an articulatory synthesizer.
Their listeners classified vowels on continua betwgeh(a

FIG. 1. Possible representations of four two-dimensional stimuli in a per{qyy vowel, with highFl) and [8] (a mid vowel, with lower

ceptual space. Squares represent the means of bivariate distributi¢as. In . . .
the representation is perceptually separable, because the squares fornFé)’ and dlsplayed a tradlng relation: The boundary between

rectangle, whereas ifb) it is perceptually integral. Solid and dashed lines €~ and “ a” shifted closer to[e] with greater nasalization.

are decision boundaries that might be used in phonetic identification of th@ecause lowering the soft palatiecreasing nasal coupling

vertical (F,) dimension, the solid lines being perp_endicular to p(_ar_ceﬁlpd had the same perceptual effect as Iowering the tongue, soft

and the dashed ones not. Boundary shifts—discrepant positions of the . . . “ .

boundary on thé0-C0 andDM-CM segments—occur if either the bound- Palate _and tongue height can be said to '”t_eg_rate posi-

ary is nonorthogonal or the representation is perceptually integral. tively” in Krakow et al's data. The same description can be
applied to the acoustic consequences of these articulations,

S for F, and nasalization are inversely related to tongue and
decision is different for theO column and theyM column: g4 palate height, respectively. Krakost al. obtained the
the yM stimuli are identified as “high” more often than the boundary shift when the following consonant was dial
corresponding 0 stimuli. The two stimulus dimensions pro- gntext [bvd]), but not when it was nasafin context
vide independent information, but the listener’s decision iS{and])_ Krakow et al. argued that this last result occurred
based on a linear combination of them instead of just thgecayse listeners attributed the vowel’'s nasalization to coar-
relevant one; this is a trading relation whose sourceelsi-  ticyjation with the consonant, thereby hearing out the effect
sional o ~ of tongue height alone.

In Fig. 1(b), the representation itself leads to a trading As the comparison of Fig. (&) and (b) shows, such a
relation, because the two independent stimulus dimensiong,if; in the decision boundary could arise either because the
map onto two nonindependent perceptual ones. To put it difyg stimulus dimensions do not map into independent per-
ferently, the two stimulus dimensions contribute to & COM-centyal dimensions, or because the decision criterion de-
mon perceptual variable that runs roughly fr@0 to CM. I hengs on the value of the orthogonal variable, or because
the decision depends only on the vertical dimension, thgoth effects occur. The necessary independent means of de-
solid-line decision boundary is used, but the result is still thatcermining the mapping from stimulus to perceptual dimen-
the yM (nasalized stimuli are identified as “high” more sions is provided by fixed classification tasks.
often than the corresponding (unnasalizeg stimuli. This

is a trading relation whose source sensory Finally, the
dashed line in Fig. (b) shows a nonorthogonal boundary
used in a non-independent space; in this case, the trading In the fixed-classification paradigm, listeners’ ability to
relation results from the combined sensory and decisionalistinguish between two incompletely discriminable stimuli
effects. is directly measured by asking them to assign different re-

We report here two experiments designed to tease apasponses to the two stimuli. Performance is converted to an
these sensory and decisional components. In experiment |,iadex with distance properties, such as theof detection
replication and expansion of Kingston and Macmillantheory. A geometric model of the data is constructed using
(1995, listeners classified stimuli from a large number of data from many possible stimulus pairs.

F1

Nasalization

C. The fixed-classification paradigm
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Kingston and Macmillan (1995 examined the synthesized vowelée.g., Rubinet al, 1981; Krakowet al.,
nasalization+, interaction using this method. Stimuli were 1988 but can also be obtained with a terminal analog syn-
drawn from sets constructed by combining two value§ pf thesizern(Klatt and Klatt, 1990 by independently controlling
with two of nasalization. Six pairs of stimuli can be drawn the frequency difference between the nasal pblg) (@nd the
from each 22 array, a single pair differing iff;, nasal- nasal zero ), and setting=, appropriately.
ization, or both. In any block of trials, only elements of one The frequency of the nasal pole/zero complex relative to
such pair were presented. Ability to distinguish a pair wasF,, and the frequency separation between the nasal pole and
indexed byd’, and the sixd’ estimates were interpreted as zero, affect both the center-of-gravity and bandwidth of the
the sides and diagonals of a parallelogram in perceptudbw-frequency region. The complex may consequently alter
space. Kingston and Macmillaias well as Kingston, 1991 perception of the vowel’s height as well as its nasalization.
found that vowel pairs in which nasalization varied directly Perception of vowel height as well as nasalization is also
with F; (DM and C0) were consistently more difficult to altered by theF; raising caused by nasal-pharyngeal cou-
classify than those in which they varied inverseQ and  pling. Finally, the listener may be uncertain about which
CM), so thatF; and nasalization integrated negatively, as inpeak to attribute to nasal—pharyngeal coupling and which to
Fig. 1(b), a result that can be describedrasan-integrality  attribute to tongue height. It is not surprising, therefore, that
(see Maddox, 1992 The effect was obtained whether the perceptual interactions are found between height and nasal-

following consonant was nasal or oral. ization, and that these occur whether nasalization is contras-
Kingston and Macmillan’§1995 conclusions may ap- tive or not(as in English.
pear to be in conflict with those reached by Kraketval. In this study, we factorially manipulated three stimulus

(1988 using the trading-relations paradigm, but Fig. 1variables that have been found to play a role in the percep-
makes it clear that the presence of a boundary effect and th@n of nasalization: consonantal context, the location of the
finding of mean-integrality are, in fact, unrelated phenom-nasal pole/zero complex relative to the oral pole, &nd
ena. As we have seen, a trading relation can occur whether &ecause of the high-dimensional nature of speech, we did
not dimensions are mean-integral, and vice versa. One wayot expect this design to uncover a single stimulus correlate
to understand the unrelatedness of the two measures is to sekevowel nasalization or height, and it did not. However, the
that integrality is a function of sensitivity values, whereas aresults do limit models of psychoacoustic processing, and we
boundary shift can be just a measure of response bias.  did not want our psychophysical conclusions to be specific to
However, information about sensitivity is available from an idiosyncratic choice of stimuli.
the phonetic identification task: The ability to distinguish
two stimuli (differing in, say,F;) can be estimated by sub- A. Consonantal context
tracting thez-transformed proportions of “high” responses
to them. This statistic can be interpreted abf avalue, and is
related to theslopeof the identification function. In a fixed
classification study, sensitivity is measured directlydas

Our vowels were placed in CVC syllables, and the final
consonant was either nasal or oral. In Kingston and Mac-
millan (1995 a similar manipulation had no effect on fixed

; lated variable. Th classification, but in the trading relation study of Krakow
proportion correc{p(c)], or a related variable. The major et al. (1988 nasalized vowels were judged lower in an oral

poin'F of contaqt between t_he fixed clgssiﬁca}t_io_n and_tradinqhan in a nasal context. Other data also show that listeners
relations data is a comparison of their sensitivity est|mates.are less likely to attribute vowel nasalization to a vowel if
they perceive nasality in an adjacent, potentially coarticulat-
. ACOUSTIC AND PSYCHOACOUSTIC DIMENSIONS ing consonant. Kawasaki986 presented listeners with na-
CORRESPONDING TO VOWEL HEIGHT AND salized vowels between nasal consonants, and found that
NASALIZATION - o . . .
judged nasalization increased as the consonant’s intensity
The dimensions of the presumed perceptual space, andlas reduced. Krakow and Bedd991) asked listeners to
their interrelation, are the consequence of a mapping fronmatch naturally produced vowels for nasalization and to
acoustic dimensions, which are themselves determined bydge how nasal they were. Their stimuli were oral vowels
the speaker’s articulations. Both transformations are comproduced between oral consonafits d], nasalized vowels
plex. Increasing the height of the tongue extends the pharyrproduced between nasal consonapts_n], oral vowels
geal cavity and narrows the vocal tract at the palate, therebgross-spliced into nasdim_n] contexts, nasalized vowels
lowering F; and increasing perceived vowel height. Vowel cross-spliced into ordlb_d] contexts, and isolated oral and
nasalization is produced by lowering the soft palate, openingasalized vowels spliced out of these contexts. Their listen-
the velopharyngeal port and thereby acoustically couplingers matched nasalized vowels most accurately when the vow-
the nasal to the pharyngeal cavity. The two principal acoustiels were in isolation, and more accurately when the nasalized
effects of nasal-pharyngeal coupling are adding a pole/zereowels occurred in an oral than a nasal context. These lis-
pair in the low-frequency part of the spectrum, and raisingteners also judged a vowel to be more nasal in isolation and
F,. Furthermore, nasalized vowels differ in the positions ofbetween oral consonants than between nasal consonants.
the nasal pole/zero complex relative to the oral pole as a ) i
function of height: The complex lies above the low oral poIe%r;;er?t“e”C'es of the nasal pole/zero and first
of high vowels, below the high oral pole of low vowels, and
either above or below the mid-frequency oral pole of mid The nasal pole/zero complex may be located either
vowels. These effects are jointly produced in articulatorilyabove or below the oral pole: For low vowels, is high and

2915 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Macmillan et al.: |ntegra|ity of nasalization and Fy. L 2915



the complex falls below it, whereas for high vowels, is rine (ms) rime (ms)

low and the complex falls above it. For mid vowels, Stevens 0 10 200 300 4000 100 200 300 4%
et al. (1987 suggest a placement beldw , and that is what 200 '
Kingston and Macmillar{1995 used. However, Beddor and
Hawkins (1990 and even more directly Maedd993 pre-
scribe a placement abowe, for such vowels. The meah;
frequency in Kingston and Macmillan’s vowels was about £’
400 Hz, on the cusp between the above and below case: ,,,
according to Maed&l1993. In the present experiments, both
placements were used, in separate conditions. We indeper
dently manipulated th&, range, a supposed determinant of
the proper location of the pole/zero complex, by using two
sets of vowels, withF; centered at 480 Hz for the higher
range and at 380 Hz for the lower range.

N
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500
el
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8

Frequency (Hz)
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Frequency (Hz)

Frequency

100 T T T T 100
[ 100 200 300 400 © 100 200 300 400

Il. EXPERIMENT I: ONE-DIMENSION AND TWO- @ Time (me) tine (me)
DIMENSION (CORRELATED) CLASSIFICATION N
A. Methods 100 Below

(Hz)

1. Stimuli

Both experiments used stimulus sets in whighand the
nasal zero-pole differenctly-N; (henceforth denotedN)
varied orthogonally, using the Klatt and Kl&i990 synthe-
sizer. The ranges of all parameters Butere identical in the

5004

Fregquency (Hz)
w
o
S

Frequency

100 100

. . . Below —_ Below
two experiments, and the difference in the rang&ofalues 7001 dow w1 - :i Low F1 700
in experiments | and Il was only 3 Hz. Mo Zero N
- - - 5004 F500
Stimuli for experiment | were of the forrhiCVC], the an . NO Heavy N an P

initial consonant being one ¢b,d] and the final consonant
one of[b,d,m,N. The values of the formants in the vowel

were apprqpnate for a high or mid, back, rounded qudhty 100 | 100
in our previous experimentsThere were two stimulus sets, (0) Time {ms) Time (ns)

Above and Below, named for the location of the nasal I:)OIE/FIG. 2. Time course of oral pole, nasal pole, and nasal zergajoBelow

zero complexe Fy. In ea}Ch Se_t: four values &, and three  ang (n) Above stimuli. Stimuli with the highest and lowest and highest
values of N were combined independently. There were 8and lowestN values and shown.

variants(2 initial consonantg 4 final consonanjsof each the
12 combinations, for a total of 96 distinct stimuli in the
Above and in the Below conditions.

In both the Above and Below set§,; could be Low
(360 or 400 Hz or High (460 or 500 Hz, straddling the
frequency at which Maed@1993 predicts that the nasal
pole/zero complex crosses over from above to befow
The Low+ 4 stimuli are closer to those used by Kingston and
Macmillan (1995 (415-430 Hz and Kingston(1991) (400—
430 H2. The larger 40-Hz interval was used here to increase
listeners’ success in classifying the vowels ey differ-
ences. The degree of nasalization was Zeko=Q Hz),
Moderate(43 Hz), or Heavy(87 H2. Experiment | used eight listeners, paid volunteers re-

Figure 2 shows values df;, N;, andNg for some of cruited by advertisement from the undergraduate student
the stimuli. The nasal pold; was always separated frofm body at the University of Massachusetts, Amherst. All spoke
by 175 Hz. When the nasal complex was abdve [Fig.
2(a)], the frequencie&;,N;,Ny were in that order; when the
nasal complex was belo®, [Fig. 2(b)], the frequenciesl,,

Ng, F1 were in ascending order. In this paper, we refer to ) Nasalization N=Ny—N;) in Hz
First formant

w
=3
=3

300

Frequency (Hz)
Frequency (Hz)

%

[

from 1024-point fast Fourier transforiti-FT) spectra cen-
tered in the vowel, the sensofgquivalent rectangular band-
width, or ERB raté spectra of our vowels. These spectra are
shown in Fig. 3. Theenter of gravit COG) for each stimu-
lus between 0 and 2 kHz, plotted in Fig. 4, drops with in-
creasing nasalization and increases vithboth above and
below.

2. Procedures

TABLE |. Nomenclature for vowel stimuli in experiment I.

each stimulus by a letter—number pair, as shown in Table [; (F)inHz  0(Zerg 43 (Moderat¢ 87 (High)

for exampleDO is the stimulus withF;=500Hz andN

=0Hz, CM is the stimulus with F;=460Hz and N High F, igg 28 'é'\,cl %HH

=43 Hz, etc. Other stimulus details are in Appendix A. 400 BO BM BH
We used the VIlIth nerve response model of Moore and Low F1 360 AO AM AH

Glasberg(1987; Glasberg and Moore, 199@ calculate,
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FIG. 3. The ERB-rate spectra from 0.1 to 1 kHz for selected stimuli in(&eAbove and(b) Below sets. Columns are Zero, Moderate, and Heavy
nasalization; rows ar&,=360, 400, 460, and 500 Hz. Squares indicBte plus signs indicateN,, and circles indicatdN,; the triangles indicate the
center-of-gravity(COG) of the 0.1- to 2-kHz interval.

English natively and none reported any speech or hearing (a) Above
pathology. Four were assigned to the Above condition and
four to the Below condition. 550+ -~
Listeners heard the stimuli binaurally at self-selected :
comfortable listening levels over TDH-49 headphones, while
sitting in semi-isolation in a sound-treated room. They per-
formed all 18 possible one-dimension and all 12 possible
two-dimension classification tasks with stimuli drawn from
within the High+, (stimuli Dx andCx in Table ) and Low-
F, (Bx and Ax) arrays. These tasks correspond to the sides
(for example,DO vs DM or BO vs AQ) and diagonalgfor
example,DO vs CM or AO vs BM) of all possible 2<2 350 .
H H 360 400 460 500
stimulus subarrays. Listeners gave one of two responses to
classify the stimulus, followed by a confidence rating on a (b) Below
1-4 scale. For example, in tH20 vs DH task, one button
indicated that the stimulus was @'0,” the other that it was 3301
a “DH.” The confidence judgment was prompted by a rapid
tone triplet occurring 750 ms after the listener responded,
and was entered, like the response, by a button press. The
listener had 2000 ms to make the initial response and 1500
ms to make the confidence judgment. A 500-ms feedback
light then came on over the button corresponding to the cor-
rect response, and there was an additional 1000 ms before
the next trial began.
Each block consisted of 16 orientation trials in which the 350 .
H H 360 400 460 500
stimuli altematec_i between the two classes and t,)etween OrﬂG. 4. Center-of-gravity for the 0- to 1-kHz region of the stimuli used in
and nasal following consonants, and 80 randomized test trisyperiment I. Dashed lines connect stimuli in whighandN are negatively
als in which the contrasting vowels occurred equally oftenrelated, dotted lines those in which they are positively related.

HEH

450+

COG (0-1 kHz) in Hz

450

COG (0-1 kHz) in Hz
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before oral and nasal following consonants. The listenersonants in the stimulias “b,” “d,” “m,” or “n” ) several
were taught which button to press for a particular stimulugimes during the running of the experiment. Trials were pre-
by the orientation trials and by feedback; no other instrucsented in blocks that began with 16 orientation trials in
tions were given. which the stimuli cycled in a fixed pattern through the four

Type of task alternated from day to day between singlefinal consonants, and continued with 96 randomized test tri-
dimension and two-dimension classification. Within a day,als in which each stimulus was presented once. All other
single-dimension tasks alternated in groups of three betweegprocedures were identical to those used to collect the vowel
the F; and N dimensions, and two-dimension tasks alter-judgments. Feedback was provided to train listeners in hear-
nated from block to block between those in which the dimen4ing the consonants with the intended nasality, but their suc-
sions were correlated positivelfor example,C0 vs DM) cess(see belowsuggests that this was unnecessary. Three of
and negativelyfor example D0 vs CM). Tasks were drawn the listeners in the Below condition heard four such blocks,
in a pseudo-randomized fashion from both the Low- andhe fourth listener five. All listeners in the Above condition
High-F; arrays within each day. The entire series of tasksheard eight blocks. As there were 24 stimuli for each final
was run twice, once early in the string of days and then agaiconsonant, pooling responses across listeners yields 408 re-
later, with the order of tasks reversed between the two runsponses per consonant in the Below condition and 768 re-
Task order during a day in the Above condition reversed thasponses per consonant in the Above condition.
used in the Below condition. Between 9 and 12 blocks of
trials were run each day in sessions lasting 90 min. As there
were 6 different classifications fdf,, 12 different classifi-
cations forN, and 12 different combinations &f; and N,
completing two passes through the 30 classification tasks
plus the consonant identification blocks took 7-9 days
which were spread over 3—4 weeks.

To check that the final consonants were heard with the  The overall error rate in consonant identification was
intended nasality, we asked listeners to identify the final con4.2%. This number is much lower than the 25.8% found by

B. Results

'1. Consonant identification

TABLE Il. Mean d, values(standard errojsacross listeners, pooled across replication and final consonant place of articulation. Stimulus parantéters are
(in Hz) andN [Z(ero), M(oderate, and Heavy)]. The code for the stimuli is given in Table I.

a. Nasal complex Above F,, vowel precedes Oral consonant

Stimulus | F,N | 5000M | 500,H | 460,Z | 460M | 460,H | Stimulus | F,,N | 400M | 400,H | 360,Z | 360M | 360,H

F,N Code | DM DH co CM CH F,N Code BM BH A0 AM AH

500, Z DO 62 1.70 1.23 2.51 3.62 400, Z B0 96 1.93 2.30 2.70 3.49

@2y | 39 | 38 | 63 | (65 @ | 3 | o | 59 | @29

s0,M | DM 71 | 4 | 76 | 163 | s00M | BM 49 | 193 | 201 | 331
Ge | on | Ge | @y | asy | s | o) | can

S00,H | DH 163 | 131 | 26 | 400,H | BH 208 | 190 | 158
@y | @ | an 32) | 260 | (23

40,2 | co 7| 147 | 360,z | 40 100 | 179
24 | (52 32 | 47

460,M | cM 100 | 360,M | am 118
(23) (27)

b. Nasal complex Above F;, vowel precedes Nasal consonant

Stimulus | F,N | 500,M | 500,H | 460,Z | 460M | 460,H | Stimulus | F,,N | 400M [ 400,H | 360,Z | 360,M | 360,H
F,N Code | DM DH Co CM CH F,N Code BM BH A0 AM AH
500, Z Do 1.21 1.95 1.52 2.66 3.56 400, Z Bo 1.14 2.63 1.13 2.59 3.84

36) | 68) | 420 | (56) | (53) 36) | (700 | 29 | 31D | (19

500,M | DM 75 64 94 205 | 400,M | BM 80 1.45 1.50 | 2.74
2 |y | @ | 32 ¢y | 49 | 39 | (29

500,H | DH 1.60 59 54 400,H | BH 154 | 137 94
43) | 13) | 31 (1) | 22 | (2%

460, Z co 114 | 213 | 360,Z | A0 132 | 2.04
25 | (69 39 | (30)

460,M | CM 1.01 | 360,M | AM 82
(.40) (.16)
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TABLE Il. (Continued)

¢. Nasal complex Below F,, vowel precedes Oral consonant

Stimulus | F,N | 500M | 500,H | 460,Z | 460,M | 460,H | Stimulus | F,N | 4000M | 400,H { 360,Z | 360,M | 360,H

F,N Code DM DH Co CM CH F,N Code BM BH A0 AM AH

500,Z Do 43 2.00 1.10 2.18 3.81 400, Z B0 1.54 3.78 2.14 3.27 3.96

26 | @ | 06 | 19 | 39 Gy | 3oy | @2 | @5 | 40

500,M | DM 67 62 87 352 | 400M | BM 2.08 67 232 | 275
(1t6) | 29 | 159 | 3D 3 | Wy | an | @3

500,H | DH 74 68 164 | 400,H | BH 35 17 1.23
(26) | (18) | (33) 23) | (49 | @18

460,Z | co 52 3.17 | 360,Z | 40 69 2.66
(19) | (47 (19) | (45

460,M | CM 254 | 360,M | AM 2.35
(23) (.14)

d. Nasal complex Below F,, vowel precedes Nasal consonant

Stimulus | F,N | 500M | 500,H | 460,Z | 460M | 460,H | Stimulus | F,N | 4000M [ 400,H | 360,Z | 360M | 360,H
F,N Code | DM DH Co M CH F,N Code BM BH A0 AM AH

500,Z | Do 26 1.75 89 225 | 375 | 400,z | Bo | 105 | 321 | 206 | 351 | 3.73
(30) | 15 | (10) | 07 | (53) (15 | @25 | 28 | 40) | 12)

500,M | DM 37 73 62 405 | 400,M | BM 1.78 86 234 | 2.64
(15 | @3y | an | an 33 | 23 | 13) | (39)

500,H | DH 15 28 1.57 | 400,H | BH A5 48 1.45
28 | (17 | 49 (15) | 06y | 3D

460,Z | co .60 318 | 360,Z | 40 68 2.14
(14) | (30) (17) | (30)

460,M | CM 253 | 360,M | AM 227
(39) (27)

Kingston and Macmillari1995, a result of careful resynthe- across subjects, with standard errors, are given in Table II.

sis of the stimuli. The largest errors were mistaking fimal] Four separate subtables are provided to describe the Above

for [b] on 12.7% of trials in the Above condition, and mis- versus Below position of the nasal complex and the Oral

taking [d] for [n] on 6.7% of trials in the Below condition. versus Nasal feature of the following consonant.

Oral:nasal confusions are thus few enough that the listeners The most striking feature of the data is that the nega-

can be considered to be hearing the vowels in consonantglely correlated two-dimensional comparisofesg., DO vs

contexts that are distinct on the oral:nasal dimension. CM) vyield in every case greater accuracy than the corre-
sponding positively correlated onés.g., CO vs DM). The
discrepancy is quite large, averaging 2.89 units. This in-

2. Vowel classification accuracy dicates a perceptual interaction: StimulD6 is hard to dis-

For each pair of stimuli and subject, the data werecfiminate fromDM because it is lower in both; andN, and
pooled across p|ace of articulation of the |n|t|a| Consonanlthe effects of these differences cancel each other. Stimulus
and repetition of the task to produce a matrix in which eacHcM is easy to discriminate frod0 because it is lower iff |
combination of response and confidence rating to eachut hlghel’ inN, and the effects of these differences augment
stimulus was separately represented. Using the method @®ch other. LoweN may cancel lowet; by undoing the
Dorfman and Alf (1969, receiver operating characteristic lowering of COG, whereas highét adds to the lowering of
(ROQ) curves were fitted to the multiple estimates of hit andCOG (see Figs. 3 and)4
false-alarm proportions obtained from these matrices. A~ Geometric models of perceptual interactidike those
natural index of sensitivity is the area under the ROC curveysed in Kingston and Macmillan, 19p%ake advantage of
which equals optimal proportion correct in a two-alternativethe status ofl, as a distance measure. The data allow us to
forced-choice taskGreen and Swets, 1966; Macmillan and test a critical distance axiom, the triangle inequality. Three
Creelman, 1991 We transformed this statistic @, a dis- sets of conditions can be examined. First, consider stimulus
tance measure that generalizes the better-kndWwito mod-  triples, like {DO,DM,DH}, that differ only onN. If these
els of unequal underlying varian¢8wets and Pickett, 1982; stimuli are represented as points on the same perceptual di-
Macmillan and Creelman, 1991Values ofd,, averaged mension, then we expectd,(D0,DM)+d,(DM,DH)
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= da(DO,DH); if not, we expect da(DO,DM) (a) Above condition

+d,(DM,DH)>d,(D0O,DH). Examining the 16 such as Oral C;"sm"t A Nasal §°n5°ﬂant ) s
triples in the table, the sum of the smaller values is OdL4 2.5 - 2.5
unitslessthan the larger one, a small violation of the triangle

inequality. Second, none of the 48 triples involving the posi- ~ . * o

tively correlated comparisons, e.g{D0,DM,C0O} and g H@‘_J_‘ l% 2
{DM,CO0,CM}, violate the triangle inequality becausk § ° il .\ = \ = 0 ;§
values for the positively correlated tasks, suctbas vs CO, a [edy | L E

are consistently small. The third relevant stimulus set is all fed

triples, such agD0,DM,CM} and{DO0,C0O,CM}, that in- 25 s

clude a negatively correlated comparis@0(vs CM). Of 48
such comparisons, 36 fail to satisfy the triangle inequality,
the average discrepancy being 0.84 units.

The violation of the axiom is relatively small in magni-
tude (equivalent to about 4 or 5 percentage points fai,a
values of 2.0, and could be interpreted as a case of “more-
than-complete” integrality, but the effect is too systematic to
be entirely due to chance. One possible culprit is the implicit

Dimension 2
o
Low F1

E,
A
E‘,'

@/ . E

assumption of our detection-theoretic analysis that all distri- 2.5 r s is : S 28

butions have the same covariance matrix; unfortunately, the Dimension 1 Dimension 1

experimental design does not allow for a test. We adopt in- _

stead a data-analysis strategy that adjusts the perceptual di (b) Below condition

tances between stimuli so that thdyp satisfy the axioms: s TR Comeenmant o oA Comsemanc

multidimensional scaling. 2.5 2.5
M = bd | = .

3. Multidimensional scaling (MDS) analysis of a I */- p

perceptual interaction g ° v ./-L{ . ° g

We performed multidimensional scalitfNDSCAL) on °

the values ofl, ; because this statistic is a distance measure, fed

we constrained the program to fit the actual data in Table Il, -2-5 ‘ ‘ 2.5

not an arbitrary monotonic transformation of them. We ex- . s 2.5

pected that two perceptual dimensions, roughly correspond-

ing to the two stimulus dimensions, would describe the data,~ Bi'@ @

and considered only two-dimensional outcomes. Each sec-.g 's"\ ] B

tion of Table Il contains all pairwisd, values for both the g ° ' \ T e |° 3§

High-F, and the LowF, subset(but no comparisons be- & e

tween these subsegtso there are eight resulting configura- o]

tions, shown in Fig. 5. Stress values range from 0.12 to 0.19, s _ s

averaging 0.17Kruskal's stress formula)l The proportion -2.5 0 2.5 -2.5 0 2.5

of variance in the data that is accounted for by distances in Pimension 1 pimension 1

the configurations ranges from 0.63 to 0.91, averaging 0.77/IG. 5. The MDS configurations for all sets of six stimuli, based on the

These moderately low stress values and moderately hig¢iassification data of experiment |. {g) the nasal complex is Above; and

squared correlations imply, for metric scaling, that distanced () itis Below. In each panel, the top row is for Higfy sets(stimuli Dx

. . . . and Cx), the bottom row for LowF; sets (stimuli Bx and Ax), the left

in the representation are approximately proportional to th%olumn for vowels preceding an Oral consonant, and the right column for

input data, and thus justify the use df as a distance vowels preceding a Nasal consonant. Line segments connect midpoints of

measure. the sides of the implied quadrilateral for each paiMbfalues: solid lines
How is the nature of perceptual interaction captured b)jor Zero: HeavyN (quadrilaterals{D0,DH,CO0,CH} for High F,; and

. - . 0,BH,AQAH} for Low F;), dashed lines for Zero:Moderate
) 1
these representations? Let us first consider the Above/Nasqip({DO’DM’CO’CM}’ {BO,BM,AO0,AM}), and dotted lines for Moderate:

High data[upper right panel of Fig. ®]. A “centroid” HeavyN ({DM,DH,CM,CH}, {BM,BH,AM,AH).

(represented by a dois shown for each pair of stimuli shar-

ing the same value dfl (for example,D0 andC0), and line

segments are drawn in Fig. 5 between pairs of correspondingpntours of perceptual change Bg decreases, keepiny
centroids(for example, those ofD0,C0} and {DM,CM}). constant.

Three such segments, for Zero versus MedNnZero ver- Degree of interaction can be measured by the aAgle
sus Heavy, and Medium versus Heavy, indicate the contounshich anN contour and arfr; contour intersect. An angle of
of perceptual change asis increased, keepinig, constant. 90 degrees would reflect orthogonaliynoninteractiop,
Three analogous line segmer(fer example, between the angles of 0 or 180 degrees compléteegative or positive
centers of gravity of DO,DM} and {CO,CM}) show the interaction. For thgD0,DM,C0,CM stimulus subset, these
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TABLE Ill. Values of 6 (in degreesaveraged across listengitandard errojs representing extent of perceptual interaction betwegemandN in various
stimulus sets. All angles are less than 90 degrees, indicating a negative interaction; angles greater than 90 degrees would indicate a (Bisitidarone.
errors for row and column average are based on the number of measurements contributing to the mean, not the number )of listeners.

Stimulus set Nasalization comparison
N-complex Final Zero versus Moderate Zero versus

location consonant F, region Moderate versus Heavy Heavy Average

Above F, Oral High 29(9) 87 (6) 56 (11 57 (9

Low 63 (20 74 (4) 69 (7) 68 (7)

Nasal High 35(8) 51 (9 44 (8) 43 (5

Low 46 (18 48 (16) 37 (10 44 (3)

Average 43(8) 65 (6) 51 (5) 53 (13

Below F; Oral High 29 (10 32 (6) 24 (5) 28 (4)

Low 34 (11) 28 (10 16 (5 26 (5)

Nasal High 30(14) 20 (6) 26 (8) 25 (5

Low 30 (8 35 (8) 10 (5 25 (5)

Average 30(5) 28 (6) 18 (5) 26 (2

contours intersect at an anglef 56 degrees, indicating that +7; F(1,6)=6.68,p=0.041]. The difference ird values be-
F, andN interact moderately in this region of the stimulus fore nasal and oral consonants was much smaller when the
space. We used the anglé¢o assess the degree of interaction nasal pole/zero complex was below the oral @@k degrees,

in all conditions, with the results shown in Table III. +8, versus 27 degrees;10) than above(43 degrees;+8,
versus 63 degrees;10), but the interaction between these

4. Effects of stimulus manipulations variables did not achieve significandé(1,6)=4.34, p
=0.082)].5

Using # as a measure, we now summarize the effects of
stimulus variables on the degree of perceptual interaétion. ) )
To evaluate reliability, we applied the method described®: Piscussion
above to each listener's data in each condifiand sub- Experiment | vyielded strong evidence of mean-
jected the resultingd values to a repeated-measuresintegrality. We first summarize this evidence and compare
ANOVA. The independent within-subjects variables weke  our MDS-psychological space assessment of interaction with
range,N difference, and following consonant nasality; the our previous approach. We then examine psychoacoustic
independent between-subjects variable was the position @fiechanisms that might be responsible for the effect.
the nasal pole/zero complex with respect to the oral pole. ) ) )

There are three major results. 1. Evidence of integrality

First, F; andN interacted in our listeners’ perceptiorts: a. Perceptual-space analysiKingston and Macmillan’s
averaged 40 degreeq95% confidence interval=6 (1995 conclusion thaF; andN integrate negatively is con-
degrees), and all the values in Table Il reflect negative infirmed in these experiments. Using the MDS approach to
teractions <90 degrees), so that an increaseNrand a  assessing interaction, the present data display
decrease i, had similar perceptual effectas in Kingston =40 degrees, the earlier datahen reanalyzed with MDS
and Macmillan, 1995 This conclusion paraphrases the ear-6=47 degree$+11). A better comparison may be with only
lier observation that highest discriminability is obtained with the Below data =26 degrees) or only the Below, Zero
stimuli in which N andF, covary negatively. versus Heavy comparison®<€ 19 degrees), as the stimuli

Second,F; andN integrate more when the nasal pole/ used to obtain the earlier data had the nasal pole/zero com-
zero complex is below the oral pol@€ 26 degrees;+7 de-  plex below the oral pole and a nasalization difference similar
grees than when it is abovéd=53 degrees, =7 degrees; to that between Zero versus Heavy. Either comparison
F(1,6)=40.6,p=0.001]. The effect in the Below condition clearly supports the major conclusion about the direction of
is qualitatively different from that in the Above condition. interaction. Under the reanalysis, the two studies also agree
The configurations of the Above-condition stimulus subsetghat the extent of integrality is greater for vowels followed
are approximately parallelograms, and increasedlipro- by a nasal rather than oral consonant. In the present data, a
duce approximately linear paths through the space; whereammsal consonant decrease$from 45 to 34 degrees overall,
in the Below condition points in the perceptual space ofter63 to 43 degrees in the Above conditions, 27 to 25 degrees in
do not form parallelograms, and increasedNiproduce non- the Below conditions; for the Kingston and Macmillan data,
linear paths. In particular, stimuGH andAH (heavyN and  under the revised analysis, the shift is from 69 degfee®)
the lower value ofF;) differ from the other stimuli in a to 25 degree$+14).
direction approximately orthogonal to the dimension along  The form of the interaction in the Above and Below sets
which the other stimuli vary. is qualitatively different. For the Above data, it is clear that

Third, F; andN were more integral before nasal conso- one dimension is related to perceived height, and perceived
nants @=34degrees,=7) than oral oneg #=45degrees, nasalization contributes a separate effect. As noted earlier,
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the second dimension for the Below data seems primarily to
distinguish stimuliCH and AH from the other five stimuli in
each set.

There was no interaction between High versus Low
range offF; and the location of the nasal complex. According
to Maeda’s(1993 model, listeners expect a shift in the fre-
guency of the nasal complex relativeFg in the range 360—
500 Hz, but we obtained no evidence for such a shift.

b. Parallelogram modelsin our past work we used a
different method to assess degree of interaction from similar
data. Kingston and Macmillan1995 and Kingstonet al.
(1997, using only 2<2 arrays, averaged’ values for op-
posite sides and fit a parallelogram to points corresponding
to the four stimuli. The degree of interaction was estimated
as an interior angle of this figure. For noiseless data that
actually do form a parallelogram(or a trapezoiy this
method is equivalent to the one used here, so the present
method can be viewed as an extension and generalization of
the previous one. To compare the two techniques for real
data, we applied both to data from experiment |, and data
from Kingston and Macmillar{1995.

For the present data, the correlation between the two
values ofd was 0.80, but values of obtained from paral-
lelogram analysis were lower than those obtained from MDS
by an average of 32 degrees. For the Kingston and Mac-
millan (1995 data, values ofd’ representing single-

DO

Fl

N1

2

a

Fl

Nl

co

F1

| N1

T

(a) ABOVE
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Fl

DM

N1

F1'1| Fl

F1’

Fl
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F1

|N1

T

High F1

Low F1

High F1

Low F1

(b) BELOW
dimension and correlated task performance by each of the

eight listeners were submitted to INDSCAL, amdvalues FIG. 6. Schematic spectra of stimuli0, DM, CO, and CM. Solid lines
. . represent the frequency and amplitudeFaf and N, , the dashed line the

were CaICUIatPTd from t_he group solutions according to th(?requency and amplitude of perceivBg(F1), which is lowered to compen-

method described earlier. The values are: 8 degfee sate for the raising produced by nasalization.

before[n], 42 degrees=22) before[m], 79 degreeg*+13)

before[d], and 60 degree$+10) before[b]. On average,

these figures are 24 degrees higher than those found with t

parallelogram methofil0 degree+16), 28 degree$+18),

32 degreeg+30), and 22 degree&+30), respectively, al-

though the figure fofn] context is lower. Analyzed this way,

the data show that integrality is stronger before nasghl (

=25degrees) than oralg¢69 degrees) consonants, as in that COG over the low-frequency region plays an important

the present experiment. : : : : : .
. role in phonetic labelingsee the discussion following Ex-
The discrepancy between the two methods probabl>%S P d g

and Below stimulus sets and for tlid] and [n] contexts,
r?:1(?/eraged 0.72. About half the variancedp values is thus
accounted for COG differences, suggesting that listeners rely
heavily on this stimulus characteristic in classifying these
vowels.

Although previous work on nasalization has suggested

. b th el del ai ¢ eriment 1), we are aware of no previous work investigating
arses because the parallelogram model gives 100 MUCHs o6 in fixed classification. The COG of our stimuli in-

creases with~; and decreases witN, so that COG differ-
Ehces are greater for negatively than for positively
correlated-stimulus pairs. The effect is visible in Fig. 4,
fhere the negatively correlated stimuli in eack 2 subset
are connected by dashed lines and the corresponding posi-
tively correlated stimuli by dotted lines. The difference in
COG (the vertical discrepancy, not the length of the Jire

The major psychoacoustic questions raised by this exuniformly greater for the negatively correlated pairs.
periment are: What aspects of the stimuli are used by the To see that these two effects predict the negative inte-
listeners in making their classifications? What type of pro-grality found in our data, focus on the stimulus subarray
cessing led to the patterns of perceptual interaction displayeD0,DM,C0,CM}. The COG values for these four stimuli
in Fig. 5 and thed values calculated from them? We considerare 552, 531, 511, and 493 Hz in the Above condition and
the related but different question of the physical correlates 0652, 508, 511, and 452 Hz in the Below condition. The dif-
speectcategoriesin the discussion following Experiment Il.  ference betweeBM andCO0 (20 Hz Above and 3 Hz Below

a. Center-of-gravity For each pair of vowels that was is much less than that betwe®0 and CM (59 Hz Above
discriminated in the experiment, we computed differences irmnd 100 Hz Below and the discriminabilities follow the
the COGs of the ERB rate specttaken from Fig. 4 The  same pattern: For the Above stimudi,=2.51 vs 0.43 before
correlations between COG differences ahd for the Above [d] and 2.66 vs 0.64 beforfn]; for the Below stimuli,d,

weight to fitting larged’ values accurately. The MDS as-

sumes no specific geometric arrangement, and is thus mo
general. In any case, the positive relation between valués of
obtained by the two methods means that most qualitativ
conclusions are unaffected by the choice of technique.

2. Psychoacoustic analysis
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=2.18 vs 0.62 befor¢d] and 2.25 vs 0.73 beforf]. This  Ill. EXPERIMENT II: TRADING RELATIONS

asymmetry is cgpturgd, in the data ana!ysjs, by the §taﬂstic In this trading-relations experiment, listeners judged a
Thus there is evidence that COG is important in vowelygye| height continuum while vowel nasalization was varied

classification. However, if decisions were based entirely onas in Krakowet al, 1989, and a nasalization continuum

COG, the MDS representations in Fig. 5 would be one-while F, was varied. Both judgments were made on stimuli

dimensional, which they are not. in which the following consonant’s nasality was varied or-
b. Perceived I. Diehl et al. (1990 suggested that judg- thogonally. Two sets of results are reported here, one ob-

ments of both height and nasalization depend on perceiveined from the same listeners who had earlier participated in

F1, and that nasalization modifies this perception. In naturagxperiment | and another from naive listeners. The two

speech, the presence of nasalization incre&seslf, as in ~ groups are compared to determine the effects of this prior

our stimulus set, perceptible nasalization is added pd €XPerience.

stays the same, the listener may lower the perceived value ¢f Methods

F, in compensation. That such a process could account folr Stimuli

the integrality we observed is illustrated in Fig. 6, which ™~

displays schematic specttef. Fig. 3 for stimuli DO, DM, The vowel array was a finer subdivision of that used in

CO, andCM. (The four spectra have been rearranged to high_experlment I. Seven equally spaced values spanned the total

light the key comparison£)0 vs CM and DM vs CO0.) The ranges ofF; and OfN (see Table)I: Thus, the range dF_l

dashed lines labeleB! represent the perceived location of V&° 360-500 Hz, with 23-24-Hz intervals betwgen adjacent

1 ep p
the first formant after compensation for the raising effects ofl values, and the range .(N was 0-90 Hz, WIth.lS_HZ
T ) . intervals. Otherwise, the stimuli were constructed in exactly
nf';\sallzatmn. The compensation process mcreasd?(l#(él\/l the same way as in the previous experiment, except that the
difference and reduces ti@EM-CO difference, and this effect

o * initial consonant was alwayi$]. Four 7X7 F;XN arrays

differences(horizontal and diagonal comparisons, in the fig- and the location of the nasal complgibove or BelowF ).
ure) are unaffected.
The Diehl et al. hypothesis also makes a prediction 2. Subjects

about pairs of stimuli in which the covariation &f andN Listeners who participated in experiment | remained in

does conform to listeners’ expectations. With such a stimulu@he same condition, Above or Below. Six additional listeners
set, performance on the two correlated tasks should be mo¥gxard the Above stimuli, and six more the Below stimuli.

equal and the two stimulus dimensions should integrate lesshe listeners who had participated in experiment | will be
Kingston and Macmillar{1995 used such a stimulus set. In referred to henceforth as “trained” listeners, those who did
their experiment Il, stimuli were “rotated” 45 degrees in the not as “untrained.”

stimulus space so that the,#A-D,5 stimulus pair differed in

F, but notN and the Bs—C,s5 stimulus pair differed ilfN but 3. Procedures

not F,. Compensation for the expected effects of nasaliza-  For the trained listeners, experimental blocks of trials
tion should have lowered perceivéq for B,s considerably pegan with 28 ordered orientation trials, which stepped
relative to Gs because B was so heavily nasalized. On the through the relevant dimension, alternating between the low-
other hand, the perceptual distance betweeg @d D;s  est and highest values of the orthogonal dimension and be-
should not have been affected by compensation, as they weteeen Oral and Nasal following consonanfg stimulus
both equally nasalized. These effects should at least hawelues< 2 following consonants 2 endpoints The orienta-
equalized(and perhaps reversethe differences in perfor- tion trials were followed by 98 randomized test trials, one for
mance on the correlated tasks, compared to those obtain€&ch stimulus in the 27X 7 array. Listeners gave one of
with the original unrotated stimulus array. Our MDS reanaly-two responses: “U” versus “O”(henceforth “high” versus

sis of the degree of interaction in those experiments confirmsmid” ) if the relevant dimension was,, and “oral” ver-

these expectationg'= 100 degree$95% confidence interval SUS “nasal” if the relevant dimension was They had 2000
+18) overall for the rotated data, 92 degre@s20) before ms to give their response after hearing the stimulus and 1500

nasal consonants and 108 degréesl8) before oral conso- M before the next trial began. Blocks alternateq betvF.qen'
greesle) andN judgments, a total of 15 blocks for each dimension in

?h?[ts.e-:—fr:)?riear:/?elufasarﬁe:\lll CIZS(Z;;) 09n0 t?lig:\?vis’cl)nr?elz(l::ttgg%e Above condition and 17 in the Below condition. Two 2-h
P Yy €q essions over two days were needed. Other procedural details

tasks. _ o were as in experiment 1.
Compensating for the expected raisingFof by nasal- A slightly different orientation procedure was used for

ization is & top-down process that depends on separating Ngye yntrained listeners. Before having to categorize the full
salization fromF; perceptually. Comparing the COG values stimulus continua, they were presented with one or two
of two stimuli, on the other hand, is an entirely bottom-upplocks of trials in which the 28 endpoint stimuli were pre-
process. We reconsider the effects of COG and percdiyed sented in random order. The listeners responded “high” ver-
after describing experiment I, and argue that these factorsus “mid” or “oral” versus “nasal” and were given trial-
are also implicated in vowel identification. by-trial feedback. One orientation block of this kind was
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FIG. 7. Identification functions for trained listeners responding “high” as

F, varies (experiment ). In (a), the nasal complex is AbovE,, in (b)

Below. The parameter i¥; the symbol 1 indicates 0 Hz, 7 is 90 Hz, and the

other numerals are spaced at 15-Hz intervals between these values. In each

panel, responses to vowels preceding an Oral consonant are displayed at {hkS. 8. Identification functions for untrained listeners responding “high” as
top, responses to vowels preceding a Nasal consonant at the bottom. ~ F1 varies(experiment I). See Fig. 7.
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(a) —® values of nasalization. Logistic psychometric functions fitted
to the response frequencies were used to estimate a crossover
point, or category boundary—the stimulus value judged 50%
of the time in each category—and a slope.

Category boundaries for “high” judgments are plotted
in Fig. 9@). In the Below condition, thé-; crossover point
increases as a function 6fby 35—40 Hz, but in the Above
condition it instead decreases by about 10 Hz. A repeated
measure ANOVA was run in which Trained versus Un-
trained and Above versus Below were between-subjects vari-
ables andN and following consonant were within-subjects
260 : variables. The only significant main effect whis[F(6,96)

° 3 3% 4560 75 %0 =3.28, p=0.006 and the only significant interaction was
N X Above/Below [F(6,96)=6.84, p<0.001. Crossover
(b) 8 avove points decrease slightly and then increase noticeably in the
—H— Below Below condition as a function df, whereas they decrease
steadily in the Above conditiofFig. 9b)].

a5 To abstract sensitivity measures for “high” judgments,
we examined the slopes of the psychometric functions in
Figs. 7 and 8; these are plotted in Fig(d0 The slopes are
steeper for the Untrained than the Trained listeners, and in
407 the Above than the Below condition. In a repeated measures
ANOVA using the same independent variables as in the
analysis of crossover points, only the main effects of the
between-subjects variables, Trained versus Untrained and
T T T a0 s e s Above versus Below, reached significarideained versus

N (H2) Untrained:F(1,16)=5.07, p=0.039; Above versus Below:

’ F(1,16)=5.30, p=0.035; see Fig. 1(b). The interaction

FIG. 9. Crossove(50% responding pointdor “high”: “mid” judgments, between following consonant and Above versus Below ap-

from the F, identification functions in Figs. 7 and &) Separate lines and PR _ _ :
plotting figures are used for each combination of TraifiBdand Untrained proached significanckF(1,16)=3.66, p=0.074, reflecting

(U) listeners, Above(A) and Below(B) placement of the nasal complex, St€eper slopes before nagall Above but before ora[d]
and Oral([d]) and Nasal[n]) consonant conditiongb) The average result Below.
for Above and Below. Bars are 95% confidence intervals.

454

407

Decision Boundary re: Fl (Hz)

Decision Boundary re: Fl1 (Hz)

sufficient for “high” versus “mid” categorization, two for
“oral” versus ‘“nasal” categorization. The procedure was 2. “Oral” judgments
thus the same as for trained listeners, except that untrained
listeners categorized the stimuli for “high” versus “mid” or
“oral” versus “nasal” in three successive blocks before

The average proportion of “oral” judgments for trained
and untrained listeners is plotted agaifhstn Figs. 11 and

612. The multiple panels reflect the Above/Below distinction
and Oral versus Nasal context, and the separate functions in

such blocks were run for both categorizations in 2-h time h | for th ibl lUeB of Logisti
periods on different days. each panel are for the seven possible values ofLogistic

Because of occasional failure to respond in the aIIottecPSyChomemC functions could not always be fit reliably to the

time, the results reported here for trained listeners are bas(%sfponse frequencies, because in many instafespecially

. . the untrained listenersthe psychometric functions
on an average of 14 out of the possible 15 judgments pec':phanged little as a function dfl. Analysis of the “oral”

stimulus per listener for each dimension in the Above con- daments is based instead on the average broportions of
dition and an average of 15—-16 of the possible 17 judgment g Y ge prop
oral” responses across all sevéhvalues for each value of

in the Below condition. Results for untrained listeners areF and final consonant
based on an average of 13—16 responses in the Above conh? ) e
Mean proportions of “oral” judgments acro$$ values

dition and an average of 15 responses in the Below condi- . .
tion 9 P for eachF, value and following Consonant are plotted in

Fig. 13a).% “Oral” responses increase witlf; generally,
but this effect is relatively small for the untrained listeners in
o the Above condition. In a repeated measures ANOVA using
1. “High” judgments the same independent variables as in the previous analyses,
The average proportion of “high” judgments is plotted the only significant main effect was foF; [F(6,96)
againstF, in Fig. 7 for trained listeners and in Fig. 8 for =63.82, p<0.001. F; also interacted significantly with
untrained listeners. The multiple panels reflect the AboveAbove versus BelowF(6,96)=3.28, p=0.006 and with
Below distinction and Oral versus Nasal context, and thehe interaction between Above versus Below and Trained
separate functions in each panel are for the seven possiblersus UntrainedF(6,96)=4.27,p<0.001]; see Fig. 1&).

B. Results
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T R A different hypothesis can account for the discrepancy
T between the Above and Below data. Suppose height judg-
ments depend on the intensity of the harmonics on the upper
skirt of the lowest spectral prominence, as well as on its
COG.[This hypothesis is consistent with Assman(1985
finding that height judgments vary much more with the in-
tensity of harmonics just Abovie; than those just Below if.
These harmonics will become more intenseNagcreases
for the Above but not the Below stimuli, becaudg is
Above rather BelowF, . This increase on the upper skirt can
easily be seen by comparing panels within a row in F{g).3

-0.014

-0.024

-0.034

-0.04+

Slope (Logits/Hz)

~-0.05+

-0.064

-0.07 < 1 , Above, this effect will oppose that of decreasing COG and
R AN may even lead listeners to mistakig for F,, thus reducing
0 “high” responses ad increases. In the Below condition, on
—Jl— above

the other hand, decreasing COG and mistakingfor F;
cooperate, markedly increasing “high” responsesNag-
creases.

Krakow and her colleagues have conducted extensive
research on the nasalization—height interaction using the
trading relations paradigm, but their use of an articulatory
synthesizer renders their studies hard to compare with ours.
For example, Krakowet al. (1988 used a continuum from
“mid” [e] to “low” [e], and found that height judgments
shifted towards “low” when vowels were nasalized. This is
superficially the opposite of our result, but becabsein-
Trained Untrained creased in concert witN for their stimuli, the two results are
quite consistent.

—0.01] (B) —H Balow

-0.02+
-0.034

-0.044

Slope (Logits/Hz)

-0.054

-0.06+

-0.07

FIG. 10. Slopes for “high”:“mid” judgments, from the~, identification
functions in Figs. 7 and &a) Separate lines and plotting figures are used for
each combination of Traing@) and UntrainedU) listeners, AboveéA) and 2. Nasalization judgments
Below (B) placement of the nasal complex, and Offal]) and Nasak[n])

consonant conditiongb) The average result for Trained and Untrained lis- The likelihood of an “oral” judgment depends strongly

teners. Bars are 95% confidence intervals. on F, in both the Above and Below conditions, with stimuli
judged “high” more likely also to be judged “nasal” and

C. Discussion stimuli judged “mid” more likely to be judged “oral”

(Figs. 11 and 1P Further, sensitivity toN differences in
making “oral” versus “nasal” judgments depends non-
monotonically onF;. As a comparison with Figs. 7 and 8

The primary interest in these results is in the trading
relations they display betwedn, andN, and in the effect of
following-consonant nasality on these relations. A prelimi- e
nary question concerns the ways in which experience in fixeGhows, the effect of, on Orfll, Jl'J,d.gments was much
classification and consonant identificati@xperiment ) af- stronggr thgn the effect CM on “high” judgments. TheF,
fected these results. Comparison of the trained and untraind@"9€ S a little over 1.5 times as large as Meange, but
listeners shows two effectl) For “high” judgments, un- changes response proportions by eight to nine times as much.

trained listeners werenore sensitive toF, differences than Across the 140-H#, ranger; “oral” responses shift from
trained listeners, and sensitivity in the Above condition ex-0-23 10 0.73 on average, whereas across the 90krimge,

ceeded that in the Below condition more for the trained than M9N’” résponses shift only from 0.45 to 0.50. Also unlike
the untrained listener$2) For “oral” judgments, untrained the effect ofN on height, thls_ |_nteract|on was equally I_arge in
listeners were relatively insensitive 1 differences in the e Above and Below conditions, at least for the trained lis-

Above (but not in the Below condition. The overall pattern teners. ,
of results was otherwise very similar. _ All of these asymmgtne_s may folloyv from the fac_t that
o height but not nasalization is phonologically contrastive for
1. Height judgments American English vowels. In making nasalization judg-
The likelihood of a *high” judgment depends dN in  ments, our listeners were likely to have been judging the
the Below condition, with more nasalized vowels more likely stimuli as much if not more in terms of their perceived vowel
to be judged “high” [Figs. 7b) and 8b)]. On the other height as their perceived nasalization, but in making vowel
hand, more nasalized vowels are less likely to be judgedieight judgments, little if any mirror image effect was likely.
“high” in the Above condition [Figs. 1a) and &a)]. In- Speakers of Indic languages, in which nasalization is
creases irN produce decreases in CQ€ee Fig. 4for both  contrastive, respond more categorically to this feature than
the Above and Below stimuli and, according to the hypoth-American English listeneréBeddor and Strange, 1982, for
esis that COG is the mediating variable, more “high” judg- Hindi; Hawkins and Stevens, 1985, for Hindi, Gujerati, and
ments. The COG hypothesis is thus consistent with the BeBangal). Hawkins and Stevens also report that Gujerati
low but not the Above data. speakers showed the greatest degree of categoricalness, fol-

2926 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Macmillan et al.: Integrality of nasalization and F,. Il. 2926



FIG. 11. Identification functions for trained listeners responding “oral” as
N varies (experiment ). In (a), the nasal complex is AbovE,, in (b)
Below. The parameter i6,; the symbol 1 indicates 360 Hz, 7 is 500 Hz,
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and the other numerals are spaced at 23- to 24-Hz intervals between these
values. In each panel, responses to vowels preceding an Oral consonant are

displayed at the top, responses to vowels preceding a Nasal consonant at thés. 12. Identification functions for untrained listeners

bottom.
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: Hawkins (1990. These authors report that in matching na-
salized to oral vowels, American English listeners gave
greater weight td=, than COG for high and low vowel$i,

u, &, a], but more or less equal weight to bdth and COG

for mid vowels,[e, 0.

3. Consonantal context

Mean Proportion "Oral"

Contrary to past findings, our data dot reveal an in-
teraction between perceived vowel height and the nasality of
the following consonant. In Krakowt al. (1988, the bound-

360 384 407 430 454 477 500 ary shift in helght judgments witN did not occur when the
FL (Hz) following consonant was nasal, whereas in our data, the shift
' (b) - Ta was equally strong before a nasal as an oral consonant. Ac-
B T8 cording to Kingston and Macmillan @995 reanalysis, Kra-
—e—vua kow et al. also found greater sensitivity when the vowel and
——us consonant agreed in nasalify; functions were steeper with
higher N for vowels followed by a nasal consonant, but
0.5 T 3 + il steeper with loweN for those followed by a oral consonant.

No such slope differences are found in vowel height judg-
ments reported here; instead, the Above data show consis-
tently greater sensitivity té-, differences for allN values
before both oral and nasal following consonants than the
Below data, and this difference is greater for trained than
S untrained listenerfFig. 12a) and (b)].
F1 (uz) There is a weak interaction between the following con-
FIG. 13. Proportion of “oral” judgments, from thdl identification func-  sonant’s nasality and the nasal pole/zero complex’s position
tions in Fig_s. 1'1 and 12{‘_3) Separate Iine_s and pI_otting figures are used for ra|ative to the oral pole: Sensitivity tB, is greater before
each combination of Traing@) and UntrainedU) listeners, AbovéA) and .
Below (B) placement of the nasal complex, and Offal]) and Nasal[n]) [n] Above’ but before{d] BeIOW' E?(perlment | showed that
consonant conditiongb) The average result for each combination of train- F1 integrates less with nasalization Above than Below. If
ing and nasal complex placement. Bars are 95% confidence intervals.  lesser integration means that a vowel is more likely to sound
nasalized for a giveil value Above than Below, then in this
lowed by Hindi and Bengali. Hindi and Guijerati listeners respect our results correspond to those of Kralaival. in
discriminated the intermediate nasalization values better thashowing greater sensitivity t6; when the vowel and con-
the extremes for all ofi, u, a, e, 0. For American English sonant agree in nasality. Two caveats are, however, in order:
listeners, Hawkins and Stevens found that vowels were distl) the effect observed in our data is at best marginally sig-
criminated equally well across the nasalization continuunmificant, and(2) the interaction is not betweex and conso-
when the vowel wasi, u, a] but best with intermediate na- nant nasality, but between the separability of the two dimen-
salization values when the vowel ws, 0. A mid-range sions and consonant nasality.
peak in nasalization discrimination has thus been consis- In experiments using a matching paradigm to study
tently observed for mid vowels, both in our experimerftg (  vowel nasalization judgments, Krakow and Bedd®991)
values of 360—500 Hzand those of Hawkins and Stevens showed that naturally produced vowels are more reliably
(400 Hz for[e], 430 Hz for[o]), suggesting that our listeners identified as nasalized in isolation and between oral conso-
and theirs responded in terms of the same perceptual effectsants, rather than between nasal consonants, a context in
Hawkins and Stevens also observed that whereas thehich their nasalization could be coarticulatory. The psycho-
high and low voweldi, u, a] showed a discrimination peak metric functions for nasalization judgments in our data, on
near the crossover point for categorizing these vowels as or#ihe other hand, do not differ between oral and nasal contexts
versus nasal, the mid vowdls,0] showed a peak at the point in either the Above or Below conditions. Instead, sensitivity
whereN; separates fronf,; spectrally. They suggested that to N differences is greater for intermediate than extrdme
this separation causes listeners to hear a different vowelalues before both oral and nasal consonants, both Above
quality, an interpretation compatible with the conjecture thatand Below(Figs. 11 and 1P Differences in how the conso-
our listeners used vowel height percepts as much or moreant nasality contrast was implemented may account for
than nasalization percepts in identifying vowels as “oral” these disparate effects of context. Krakow and Beddor com-
versus “nasal.” In Hawkins and Stevens’s high and low pared m.n and h_d contexts, Krakovet al. (1988 b_nd and
vowel stimuli, [i, u, a], the nasal pole/zero complex was b_d contexts, and our experiments € and C.d. Again,
always well separated from the oral pole, so increasing nakowever, the discrepancy may involve COG and perceived
salization would not bring about a change in vowel quality.F;: when F; was high it raised COG and perceivéd
Further evidence that nasalization is perceived differently irenough nearly to overwhelm the contrary influence of in-
mid than high or low vowels can be found in Beddor andcreasingN on these percepts, and vice versa. As a result,

Mean Proportion "Oral'
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responses crossed over more sharply when the orthogone
variable, herd~,, had intermediate values.

d'F1l classify =
d'F1 identify

IV. GENERAL DISCUSSION: SENSORY AND
DECISION PROCESSES IN PHONETIC
IDENTIFICATION

} boundary shift

Fixed classification and identification provide, we have

argued, rather different information about vowel perception.

In particular, the mean-integrality found in experiment | is

logically unrelated to the boundary shifts observed in experi- (a) Orthogonal decision boundary
ment Il. However, the two tasks must ultimately tap the same
information. In this section we attempt to describe the pri-
mary identification resultgboundary shifts and sensitivity
pattern in terms of a common perceptual space, of the sort
that was derived from fixed classification data.

To start, we return to Fig. 1, which offered some alter-
native interpretations of Repp(@982 concept of cue trad-
ing in perceptual-space terms. The results of experiment |
showed that most2 2 stimulus subsets were represented by
guadrilaterals that were not rectangul@=90 degrees), but
rather displayed a negative correlation between percdiyed
and perceivedN (0 averaged 53 degrees in the Above con-
dition, 28 degrees BelowOf the possibilities outlined in the
Introduction, this arrangement most resembles that of Fig. (b) pDiagonal decision boundary
1(c), an elaborated version of which is shown in Fig. 14 for
the {C0,D0,CM,DM} corner of the perceptual space. FIG. 14. A corner of a perceptual space that displays perceptual integrality.

The implications of this pattern for identificatiof@x-  The vertical line fromDO to CO is the optimal decision axis for a listener
periment 1) depend on the listener’s decision boundary. Supjdentifying stimuli by theirF; values. The listener ifa) adopts a decision

. . . . boundary orthogonal to this axis, obtains a sensitidityF,) for discrimi-
pose this boundary IS orthOgonal to the percelvq\dms, as nating these stimuli equal to that obtained in a fixed classification task, and

in Fig. 14@). The boundary shift is the difference in propor- gisplays a boundary shift, that is, will respond unequally to stir@@iand
tion of “high” judgments for the nasalized and unnasalized CM. The listener in(b) adopts a nonorthogonal decision boundary shifted by

stimuli, the vertical difference between two identification @1 angle ¢ from the orthogonal one, obtains a lower sensitivity
functions in graphs like Fig 7 Expressedzi-rmnits d’ (F)cos(p) for discriminatingD0 andCO, and displays a smaller bound-

ary shift.
boundary shifz[ P(‘‘high” |[CM)]
—Z[P(**high’’ |CO)]. (1) d (identify)=2z[ P(**high” [DO)]
For the trained observers, we calculated the average bound- —Z[P(“‘high”” |CO)]. 3

ary shift by this method, with the results shown in Table IV.

For F, judgments with the Above stimuli, the negative value

indicatesa reducedtendency to say “high” asN increases; Because the decision boundary is perpendicular to the per-

the positive values in the other cases indicate positive interceived height dimension, thi$' should be equal to that ob-

actions between these variables. tained in fixed discrimination. In fact, as Table IV shows,
From the geometry of Fig. 14), the magnitude of shift values estimated from experiment Il are about half as large

predicted from fixed classification can be expreSsederms  as the corresponding estimates from experiment I.

of dy (sensitivity toN), and ¢: Both of these discrepancies between the two experi-
ments, the prediction of too large a boundary shift and lower
boundary shiftd/, cog 6). (2)  sensitivity in experiment Il than in experiment |, can be ad-

dressed by modifying a single assumption. As shown in Fig.
These values are also given in Table IV, and it is clear thall4(b), let us allow the decision boundary to be a straight line
the observed boundary shifts are smaller than predicted fdhat intersects the optimal boundary at a nonzero aggle
both F; andN judgments. The decision boundary now depends both variables, a

The assumption of an orthogonal decision rule alsanatural geometric interpretation of “cue trading.” Values

makes a prediction about sensitivity in the identification taskBelow the boundary are greater in bdth andN than cor-
The observer’s ability to discriminate two stimuli in this con- responding values Above it. As Fig. (3 shows, the use of
dition can be estimated, fét; judgments, by comparing the this diagonal decision rule produces a smaller boundary shift
proportion of “high” responses to the stimuli: than did the orthogonal rule, namely,
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TABLE IV. Observed sensitivityexperiments | and Jland boundary shiftéexperiment 1), together with predictions of orthogonal and nonorthogonal
decision boundaries.

Boundary shift

(z-units)
Identification
Dimension Identification Predicted d, predicted
judged Stimulus set Fixed, da 0 (degreep Observed by Eq.(2) ¢ (degrees by Eq. (5)
E Above 1.23 0.92 53 -0.15 0.56 44 1.08
! Below 1.52 0.64 28 0.30 1.12 54 0.89
N Above 0.93 0.46 53 0.46 0.74 16 0.89
Below 1.27 0.48 28 0.45 1.34 51 0.79

NOTE

This reduces to Eq2) when ¢ =0 degrees. In thi icl ked whether th |
Perceptual distances between stimuli are now measured n this article, we asked whether there was a perceptua

between points projected onto the new decision axis, whicllt€raction betweedl andF, in vowel perception, and if so
how it could be characterized. The tentative answer we have

is perpendicular to the decision boundary. Under the diago- ) ST ¢ .

nal strategy for judging, , sensitivity in identification drops reqched is thqt th.ere are tvyo distinct interactions in our data.

from d’ to A fixed classification experlment showeq perceptual integral-

1 ity of N andF: IncreasingN or decreasingr, led to corre-

lated changes in an underlying perceptual space. This is an

de (identify) =dg cog¢). () interaction in sensitivity. A trading-relations experiment
showed that judgments ™ depend on bottN and onF,

The diagonal rule model, then, predicts that boundary shifténd judgments oF; depend on largely oR; but to a lesser

in identification will be accompanied by lower sensitivity degree onN. This is an interaction in the decision process

than in fixed classification, and thus accounts qualitativelyused by our observers.

for the important aspects of the data. We have presented a psychophysical analysis that ac-
Because the model requires just one parameter to deounts for some aspects of the data, particularly the relation

scribe both results, it can be quantitatively evaluated. Théetween the fixed classification and identification data, and

parameteip, estimated from Eq(4), is given in Table IV. As  have also provided an entry point to a psychoacoustic analy-

Fig. 140b) illustrates(for F, judgments, but the result is true sis of the stimulus correlates of these perceptual outcomes. A

for N judgments as wel] the values obtained mean that lis- companion papetKingstonet al, in preparatioh describes

teners employ a decision boundary that depends on Bpth yet another experiment on the interactionMfand F, that

and N. The last column of Table IV recalculates the pre-greatly expands the psychoacoustic analysis, and relates

dicted sensitivity in identification assuming the new decisionthose results to the present ones.

boundary [Eq. (5)]. The averaged’ of 0.63 is still

overpredicted—the model calculates 0.91—but the discrep-

ancy is much less than for the orthogonal model, which preACKNOWLEDGMENTS
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Let us summarize the conclusions to which these Calc.uéarlier drafts. Patrice Beddor, Paul Iverson, James Sawusch,

Iatio_ns have. brought us. Identificat.ion functions _obtainedllnand an anonymous reviewer played their roles well.
trading-relations experiments provide two key pieces of in-
formation: a slope, which reflects sensitivity, and an inter-
cept. If judgments of one variable actually depend on each o
two variables, as is often postulated, slopes will decrease an
intercepts will shift. That slopes have decreased can be de- In Tables Al-Alll are listed the values of the synthesis
termined by a converging task, fixed classification. Our dataparametergin the form of time-value paijsother thanF
which display this phenomenon, provide support for a psy-andN in the vowel: Table Al lists source parameters, Table
chophysical model of trading-relations effects. More generAll formant frequencies, and Table Alll format bandwidths
ally, they show how multiple tasks, together with a model ofand the frequencies of the nasal pole and zero in final nasal
the processes they require, can be used to explore a singtensonants. All parameters are linearly interpolated between
perceptual model in a way that no single task can. the target values listed in theses tables.

PENDIX: STIMULUS DETAILS
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TABLE Al. Source parameters for synthesis.

Time (ms) Fo (Hz) Time (ms) AV Time (M9 0Q (%) TL (—dB at 3 kH2
0 100 0 45 0 75 40
80 100 80 45 70 75 40
Vowel
100 125 90 60 80 50 0
200 125 270 60 250 50 0
Final consonant b,d m,n b,d m,n b,d m,n
280 100 280 45 54 280 75 50 40 14
355 100 355 45 54 355 75 50 40 14
390 100 390 0 0 390 75 50 40 14
TABLE All. Formant frequencies for synthesis.
Time (ms) Fi (Hz) F, (Hz) F3 (Hz) F4 (Hz)
0 200 900 2100 3250
70 200 900 2100 3250
Vowel
110 Target 1025 2395 3250
250 Target 1025 2395 3250
Final
consonant b d m n b d m n b d m n b,m d,n
280 260 260 220 240 840 1600 840 1240 2300 2795 2300 2590 3250 3750
285 260 260 220 240 840 1600 995 1140 2300 2795 2425 2590 3250 3750
390 260 260 220 240 840 1600 995 1140 2300 2795 2425 2590 3250 3750

TABLE Alll. Formant bandwidths antll; andN, values for synthesis. Other parameters were held constant throughout the stimuli: the bandwhdtaadf
Ny both=90 Hz, F5=4200 Hz, andBs= 1500 Hz.

Time (ms) B; (Hz) B, (Hz) B; (Hz) B, (Hz) N, No
0 1000 1000 1000 1000 280 280
70 1000 1000 1000 1000 280 280
Vowel
110 100 70 90 200 Target Target
250 100 70 90 200 Target Target
Final
consonant b,d m n b,d m m b,d m n b,d m,n b,d m,n b,d m,n
280 1000 230 120 1000 150 250 1000 250 150 1000 200 280 310 280 450
390 1000 125 120 1000 150 250 1000 250 150 1000 200 280 310 280 450

!Generalized Recognition Theory has introduced the tgrenseptual sepa-
rability and perceptual integrality (Ashby and Townsend, 1986for

dimension of the group solution for each listener. The stress values for our
representations are higher than those often reported in the literature, but

(noninteractions inferred from a perceptual space, reserving unmodifiedcomparison is difficult because most applications (Bemore than six

separabilityandintegrality to be used in Garnerd974) operational sense.

stimuli, and(b) nonmetric algorithms. Several aspects of the data reassure

Perceptual integrality includes changes in variance and correlation as wells. First, within the Above and Below stimulus conditions, the plots for

as mean, smean-shif{or justmean) integrality (Maddox, 1992is a more

precise term for the kind of interaction shown in Figb)l

2values ofd, did not differ significantly with place of articulation of the

High- and Low¥; ranges are very similar. Second, plots for the individual
listeners are very similar to plots based on averages. Third, we also con-
ducted nonmetric analyses. Nonmetric representations are very similar to

following consonant, but were sometimes reliably smaller in the secondmetric onegjustifying the treatment of, as a distance measli@nd have

than the first repetition. All cases involvel differences in the Below
condition: for Zero versus Moderate, d, was 1.58(+0.28 in the first
repetition and 1.36+0.19 in the second; for Moderate versus Hed\y
the values were 1.92:0.29 and 1.60+0.24). Neither place of articulation
nor repetition interacted significantly with any other variable in any22

subset.

distance matrices, which are composed of thevalues for all stimulus

of stimuli).

similar stress value@vhich may therefore be high due to the small number

“This rather “processed” statistic is a natural one for our geometric repre-
sentations. It directly reflects the most important qualitative aspect of the
data, the discrepancy between accuracy in classifying positively and nega-

tively correlated pairs. For parallelogram-shaped integrdbty, for ex-
*INDSCAL provides a group solution to the collected individual listeners’ ample, in Fig. 1b)], it is equivalent to the measure, also caldised by

Kingston and Macmillar{1995.

pairs in the High- and Low, ranges. Weights are also provided for each SIndividual data were derived by applying each listener's weights for each
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dimension to the group solution produced by INDSCAL.

parameters of signal detection theory and determination of confidence

%A final finding is peripheral to the major questions being investigated: The intervals—Rating method data,” J. Math. Psyct&487—496.
degree to which integrality was stronger in the Below condition was largerDurlach, N. I., Tan, H. Z., Macmillan, N. A., Rabinowitz, W. R., and

for comparisons involving the stimuli with Heawvalues. The interaction

Braida, L. D.(1989. “Resolution in one dimension with random varia-

betweenN difference and Above:Below was not significant, but a planned tions in background dimensions,” Percept. Psychopl$s293—-296.

comparison of the contrast between the different pairingd vélues was:
F, and N integrated more when Zerbl was paired with HeavyN(6
=35 degrees,*=5) than when moderat® was paired with heav\N [6
=47 degrees;+8; F(1,6)=6.36,p=0.045. The 6 value for the pairing of
Zero with ModerateN, 37 degree$+13), is similar to that of Zero versus

Garner, W. R.(1974. The Processing of Information and Structure
(Erlbaum Associates, Potomac, MD

Glasberg, B. R., and Moore, B. C.(@990. “Derivation of auditory filter
shapes from notched-noise data,” Hearing RE%.103—-138.

Green, D. M., and Swets, J. A1966. Signal Detection Theory and Psy-
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Hawkins, S., and Stevens, K. KL985. “Acoustic and perceptual correlates
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1560-1575.

not use the complete Garner paradigm, which includes selective and dikawasaki, H.(1986. “Phonetic explanation for phonological universals:
vided attention, and our dependent measure was accuracy rather than thd he case of distinctive vowel nasalization,” Experimental Phonology
more common response time. Still, the data could be used to label the type€dited by J. J. Ohala and J. J. Jae@ferademic, Orlando, F), Vol. 88,

of interaction as one of a small number of previously identified categories pp. 81-103.

of perceptual interaction. The most direct approach, with our data, is td<ingston, J.(199J). “Integrating articulations in the perception of vowel
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1.83 to 1.24. This “correlated gain” is larger for the Above conditions

(0.78 than the Below(0.40, but occurs for both, and for both consonantal
contexts, a pattern that marks the dimensiéisand N as “integral.”

height,” Phonetica48, 149-179.

Kingston, J., and Macmillan, N. A1995. “Integrality of nasalization and
F, in vowels in isolation and before oral and nasal consonants: A
detection-theoretic application of the Garner paradigm,” J. Acoust. Soc.
Am. 97, 1261-1285.

Examination of Fig. 5, however, makes clear that focusing on a “correlated<ingston, J., Macmillan, N. A., Dickey, L. W., Thorburn, R., and Bartels, C.

gain” reverses the conclusion about the conditions in whighand N

integrate most, ford values deviate more from 90 degrees in the Below
than in the Above condition. There is no real conflict here: The traditional
analysis is operational, whereas ours depends on characteristics of an in
ferred perceptual space. Another essential, but less easily quantified findi
in this experiment is that the perceptual spacing in the two cases follows
different pattern; the traditional taxonomy does not distinguish among in-

teractions that differ in this way.

8Mean proportions across the relevant stimulus continuum estimate respon&&akow, R. A., and Beddor, P. $1991.
variability as a function of the orthogonal stimulus variables in much the

1997. “Integrality in the perception of tongue root position and voice
quality in vowels,” J. Acoust. Soc. AmL01, 1696—-1709.
Kingston, J., Macmillan, N. A., Dickey, L. W., Thorburn, R., and Bartels, C.
(in preparation). “Integrality of nasalization and~;. Ill. Multinomial
modeling of two-response identification.”

n
g_glatt, D. H., and Klatt, L.(1990. “Analysis, synthesis, and perception of

voice quality variations among female and male talkers,” J. Acoust. Soc.
Am. 87, 820-857.

“Coarticulation and the percep-
tion of nasality,” in Proceedings of the XIlI International Congress of

same way as category boundaries. In a repeated measure ANOVA on mearfhonetic Sciences$Publications de L'Universite de Provence, Aix-en-

“high” response proportions, a significant main effect bf [F(6,90)
=5.02,p<0.001 and a significant interaction betwedhand Above ver-
sus Below F(6,90)=25.51,p<0.001] were obtained, as in the comparable

Provencg Vol. 5, pp. 38—41.

Krakow, R. A., Beddor, P. S., Goldstein, L. M., and Fowler, C.(2988.
“Coarticulatory influences on the perceived height of nasal vowels,” J.
Acoust. Soc. Am83, 1146-1158.

analysis of category boundaries. In addition, a significant interaction Wa§acmillan, N. A., and Creelman, C. 01991). Detection Theory: A User's
obtained betweeiN, Above versus Below, and Trained versus Untrained Guide(Cémbri(j,ge U. P. New YYot)k

[F(6,90)=2.93,p=0.012, reflecting the fact that Above and Below con-
ditions differ more as a function & in the responses of the Untrained than
the Trained listeners.

®The formulas are slightly different for the positive integration céssght
judgments in the Above condition

Ashby, F. G., and Townsend, J. T1986. “Varieties of perceptual inde-
pendence,” Psychol. Re@3, 154-179.

Assmann, P. H1985. “The role of harmonics and formants in the percep-
tion of vowel quality,” Ph.D. dissertation, University of Alberta.

Beddor, P. S., and Hawkins, §1990. “The influence of spectral promi-
nence on perceived vowel quality,” J. Acoust. Soc. A8, 2684—2704.

Beddor, P. S., and Strange, \1982. “Cross-language study of perception
of the oral-nasal distinction,” J. Acoust. Soc. A, 1551-1561.

Braida, L. D., and Durlach, N. 1972. “Intensity perception. Il. Resolu-
tion in one-interval paradigms,” J. Acoust. Soc. ABL, 483-502.

Diehl, R. L., Kluender, K. R., and Walsh, M. A1990. “Some auditory
bases of speech perception and production Adtvances in Speech, Hear-
ing, and Language Processingdited by W. A. AinswortiJAI, London,
Vol. 1, pp. 243-267.

Dorfman, D. D., and Alf, Jr., E(1969. “Maximum likelihood estimation of

2932 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999

Maddox, W. T.(1992. “Perceptual and decisional separability,” Multi-
dimensional Models of Perception and Cognitiedited by F. G. Ashby
(Erlbaum, Hillsdale, N)J pp. 147-180.

Maeda, S(1993. “Acoustics of vowel nasalization and articulatory shifts
in French nasal vowels,” ilNasals, Nasalization, and the Veluedited
by M. K. Huffman and R. A. KrakowAcademic, San DiegoVol. 5, pp.
147-167.

Moore, B. C. J., and Glasberg, B. R1987. “Formulae describing fre-
guency selectivity as a function of frequency and level, and their use in
calculating excitation patterns,” Hearing R&8, 209-225.

Repp, B. H.(1982. “Phonetic trading relations and context effects: New
experimental evidence for a speech mode of perception,” Psychol. Bull.
92, 81-110.

Rubin, P., Baer, T., and Mermelstein, @981). “An articulatory synthe-
sizer for perceptual research,” J. Acoust. Soc. Aifl. 321-328.

Stevens, K. N., Fant, G., and Hawkins, (3987. “Some acoustical and
perceptual correlates of nasal vowels,” Festschrift for llse Lehisteed-
ited by R. Channon and L. Shockélyoris, Dordrecht, The Netherlangs
pp. 241-254.

Swets, J. A., and Pickett, R. M1982. Evaluation of Diagnostic Systems:
Methods from Signal Detection Theowcademic, New York

Macmillan et al.: Integrality of nasalization and F;. Il. 2932



