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Integrality of nasalization and in vowels in isolation and 
before oral and nasal consonants: A detection-theoretic 

application of the Garner paradigm 
John Kingston a) 
Linguistics Department, South College, University of Massachusetts, Amherst, Massachusetts 01003 

Neil A. Macmillan b) 
Psychology Department, Brooklyn College, CUNt, Brooklyn, New York 11210 

(Received 22 July 1993; revised 2 September 1994; accepted 16 September 1994) 

In vowel height contrasts, tongue height and soft palate height covary. A series of vowel 
classification experiments examined the perceptual interactions between F• and nasalization, the 
principal acoustic correlates of these articulations. Listeners classified imperfectly discriminable 
stimuli in the set of tasks that compose the Garner paradigm. Detection-theoretic models applied to 
the data led to the conclusion that vowels, whether in isolation, before oral consonants, or before 
nasal consonants, display integrality of F• and nasalization. The contrary conclusion reached by 
Krakow et al. [J. Acoust. Soc. Am. 83, 1146-1158 (1988)] on the basis of data from a trading 
relations experiment reflect a limitation of that design for studying perceptual interaction. A second 
experiment used an array "rotated" in the stimulus space to determine whether F• and nasalization 
are privileged, perceptually primary dimensions. A new method for predicting classification 
performance for the rotated array without the assumption of primacy showed that they are not. 

PACS numbers: 43.71.An, 43.71.Es 

INTRODUCTION 

Whether considered in acoustic or articulatory terms, the 
sounds of speech are multidimensional. That the perception 
of these sounds is also multidimensional is not in doubt, but 
the relation between stimulus and percept is far from clear. 
An understanding of how physical dimensions combine per- 
ceptually is of importance both theoretically, for modeling 

speech perception; and pract?ally, for developing efficient 
coding schemes. 

In this paper, we consider two related questions about 
the perceptual dimensionality of vowels differing in F• and 
nasalization (or, in articulatory terms, tongue and soft palate 
height). First, do these speech dimensions interact perceptu- 
ally, so that more than one physical dimension contributes to 
the same psychological continuum? This is the integrality 
question. Second, of the many mathematically equivalent 
choices of dimensions by which our stimulus space might be 
characterized, are some "more equivalent" than others? This 
is the primacy question. 

A. Do speech dimensions interact? 

Though perceptual interaction between two physical di- 
mensions is a distortion of the speech signal's acoustics, it is 
a benefit to the listener when both dimensions are attributes 

of the same speech sound and their interaction enhances a 
contrast with another speech sound. The interaction with 
which this article is concerned, that between nasalization and 
F•, is a case in point: Diehl et al. (1990) have argued that for 

a)E-mail: kingston@coins.cs.umass.edu 
b)E-mail: nam@bklyn.bitnet 

vowels in entirely oral contexts, soft palate height is directly 
covaried with tongue height because the resulting direct co- 
variation of nasalization • with F• enhances vowel height 
contrasts. 

To explain how varying soft palate height may interact 
with varying tongue height in influencing a listener's percep- 
tion of vowel height, it is necessary to describe the acoustics 
of nasalized vowels. Lowering the soft palate in a nasalized 
vowel couples the nasal to the oral cavity; the acoustic effect 
of this coupling depends on the vowel's tongue height (and 
also its backness and rounding) and the amount of coupling 
(House and Stevens, 1956; Fujimura, 1960; Fujimura and 
Lindqvist, 1971; Stevens et al., 1987; Beddor and Hawkins, 
1990; Maeda, 1993. The account below follows Maeda's but 
accords with the other sources cited). 

As the velopharyngeal port is opened in a nasalized 
vowel, the frequency of the zeros of the nasal cavity in- 
creases monotonically with respect to the corresponding 
poles of this cavity. Although there are at least two pairs of 
poles and zeros that may noticeably affect the perception of 
nasalized vowels, we will discuss only the lowest frequency 
pair, designated here as N O and N•, because these were all 
that were manipulated in our stimuli. 

In nonlow vowels, N•'s frequency is higher than the 
lowest oral pole's (F•), so an additional spectral peak, N•, 
appears above F• as No rises away from N• with the velo- 
pharyngeal port's opening, and immediately above N• en- 
ergy is sharply attenuated by No. In low nasalized vowels, 
on the other hand, N• is below F•, and N O lies between 
them. In both low and nonlow vowels, F• also rises as the 
velopharyngeal port opens. 
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TASKS: Experiment I 
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FIG. 2. Stimulus and response arrangements for the four types of classifi- 
cation tasks in the Garner paradigm, for the stimulus array used in experi- 
ment !. Top left: baseline, top right: correlated, bottom left: selective atten- 
tion, and bottom right: divided attention. Squares and open circles indicate 
stimuli to which distinct responses must be given; X's indicate stimuli not 
used in the task. 

"orthogonal" tasks. The bottom left panel in Fig. 2 illustrates 
the task in which the listener must filter out No-N• differ- 
ences in order to distinguish stimuli with high F•'s (A 0 and 
B 0, filled squares) from those with low F•'s (Co and Do, 
open circles). 

One other four-stimulus task was run: 

(4) In the divided attention task (Fig. 2, bottom right 
panel), listeners classified the positively correlated stimuli B0 
and Co (open circles) separately from the negatively corre- 
lated stimuli A 0 and Do (filled squares). Attention in this 
"condensation" task (Posner, 1964) is divided in the sense 
that listeners must attend to both dimensions. 

Garner proposed that for perceptually separable dimen- 
sions performance on the correlated and selective attention 
tasks should be equivalent to that on baseline tasks. For in- 
tegral dimensions, however, variation on a second dimension 
is expected to modify performance: Correlated performance 
should be better than baseline ("redundancy gain") and se- 
lective attention performance should be worse ("filtering 
loss"). The Garner paradigm thus provides a set of converg- 
ing operations that can reveal whether the two stimulus di- 
mensions are integrated or separable in perception. 

The divided attention task is not directly relevant to as- 
sessing integrality, 3 but has been held up as a key task in 
measuring primacy. Further discussion will be deferred until 
Sec. IV, which deals with the primacy issue. 

II. EXPERIMENT I 

Experiment I was designed to assess the integrality of 
F• and nasalization, the principal acoustic correlates of 
movements of the tongue body and soft palate in vowels. In 
most respects, the experiment is a typical realization of the 

TABLE I. Klatt synthesizer parameter settings for isolated vowels. 

Amplitude profile 

Time (ms) 0 10 20 45 55 65 
AV (dB) 0 57 60 60 57 0 

F 0 and formant center frequencies and bandwidths 

F 0 Formants F• F2 F3 F4 F5 

125 CF (Hz) Table III 1050 2350 3300 3750 

Bandwidth (Hz) 70 110 141D 250 250 

Garner paradigm. The most important departure (motivated 
by our desire to include a detection-theory analysis of the 
data) was that the stimuli differed along each dimension by 
approximately one jnd, and the dependent variable was ac- 
curacy rather than response time. 

In order to characterize the influence of context on the 

interaction of the stimulus dimensions, we used vowels in 
nasal and oral contexts, as well as in isolation. The isolated 
vowel conditions replicate the earlier study of Kingston 
(1991), who employed the traditional Garner analyses. We 
include a brief summary of these data, so that we can apply 
our detection-theory models to them as well. 

, 

A. Stimuli 

Stimuli were created with Klatt's (1980) terminal analog 
synthesizer. One stimulus set consisted of brief, isolated 
vowels similar to those used by Kingston (1991). In the other 
sets, spectrally identical but longer vowels were placed in 
C1--C2 contexts, where C1 was one of [b,d] and C2 was one 
of [b,d,m,n]. The final consonant was thus either a voiced 
oral stop or a corresponding nasal. (The flanking consonants' 
place of articulation was varied to make it difficult for lis- 
teners to memorize the stimuli.) Settings for parameters other 
than F 1 and No-N1 are listed in Table I (for isolated vow- 
els) and Table II (for contextualized vowels). 

The isolated vowel stimuli lasted only 65 ms from onset 
to offset of energy; the extremely short durations were nec- 
essary to reduce accuracy below ceiling. Because the overall 
amplitudes of all the vowels were matched (to within 0.2 
dB), listeners could not use the ordinarily lower amplitude of 
nasalized vowels (House and Stevens, 1956) to detect' nasal- 
ization in these stimuli. On the other hand, the reduction in 
F l'S amplitude by the adjacent nasal zero in the nasalized 
stimuli (described below) remained available as a cue to na- 
salization. 

The formant frequencies simulated a mid, back, rounded 
vowel. In the isolated vowels the fundamental and formant 

frequencies remained constant throughout. In the contextual- 
ized vowels, these frequencies followed the time courses 
listed in Table II; preceding and following consonant inter- 
vals were 80 ms long; and transitions to and from the vowel 
lasted 30 ms. During the 140-ms steady state, the vowel was 
identical in all spectral properties but F0 to the correspond- 
ing isolated vowel; F 0 followed the time course specified in 
Table II. Formant onset and offset frequencies specific to 
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TABLE II. Klatt synthesizer parameter settings for contextualized vowels. 

Source amplitude profile 

Time (ms) 0 80 90 270 280 360 __C 
AV (dB) 45 45 60 60 45 45 b,d 
AV (dB) 45 45 60 60 54 54 m,n 

Fundamental frequency contour 

Time (ms) 0 80 100 200 280 360 
F 0 (Hz) 100 100 125 125 100 100 

Formant frequency and nasal zero contours 

Time (ms) 0 80 110 250 280 285 360 C 
F• (Hz) 200 200 see Table III 200 200 200 b,d 

200 200 see Table III 480 480 480 m,n 

No (Hz) a a see Table III a 450 450 m,n 

F 2 (Hz) 

F 3 (Hz) 

900 900 1050 1050 

a a 1050 1050 

1700 1700 1050 1050 

a a 1050 1050 

2100 2100 2350 

a a 2350 

2600 2600 2350 

a a 2350 

900 900 900 b•__b 
900 1270 1270 • 

1700 1700 1700 cl•/•d 

1700 1340 1340 .•n 

2350 2100 2100 2100 b•/•b 
2350 2100 2130 2130 .am 

2350 2600 2600 2600 d•/•d 
2350 2600 2470 2470 

aNasals did not occur in initial position. 

bilabial and alveolar consonants followed the prescriptions in 
Klatt (1980). 

Because the nasal zero (No) at 450 Hz was close in 
frequency to F1 at 480 Hz and F 1 had a broad bandwidth in 
both [m] and [n] (see Table II), the oral pole was effectively 
canceled in the nasals. The nasal pole (N1) in these conso- 
nants, on the other hand, was well separated in frequency 
from N O , and thus was not canceled by it. 

All formant bandwidths were set to maximum values 

during oral stops (500 Hz for F1 to F 4 and 700 Hz for Fs) to 
prevent any energy from being radiated above the fundamen- 
tal. They were abruptly narrowed to values appropriate to the 
vowel at the boundary between consonant and vowel. During 
following nasals, however, bandwidths of F 2 and F 3 were 
allowed to remain narrower (200 Hz), as these sounds differ 
from oral stops in haying weak formants during the interval 
of oral closure. Furthermore, in the nasals, F 2 and F 3 
changed frequency abruptly from their value at the end of the 
vowel-to-consonant transition to values prescribed for bila- 
bial or alveolar nasals by Klatt (1980), simulating the acous- 
tic effect of shifting from an oral to nasal-plus-oral side 
branch resonator (Fant, 1960; Manuel, 1991). 

The settings of No-N 1 and F 1 , which are the same for 
isolated and contextualized vowels, are listed in Table III. 
The frequency of N1 was always 175 Hz less than (and thus 
varied directly with) that of F 1 , and N O was always between 
N1 and F 1 in frequency. The bandwidths of N O and N 1 were 
both the default values of 90 Hz. Degree of nasalization cor- 
related directly with No-N 1: the larger this separation, the 
less Nl'S amplitude was reduced by N O . We henceforth use 
N in place of No-N1, as synonymous with nasalization. The 

TABLE III. Klatt synthesizer parameter settings for F•, N O , N•, and 
No-N • for isolated and contextualized vowels used in experiment I. 

Stimulus characteristic Frequency (Hz) 

A0 B0 
F1 430 430 
N O 265 315 
N1 255 255 

No-N• 10 60 

Co Do 
F• 415 415 
No 250 300 
N• 240 240 

No-N• 10 60 

60-Hz separation in the more nasalized vowels B 0 and D o 
may be enough to make these vowels heavily rather than 
moderately nasalized, as N O is closer to the midway point 
between N• and F• than to N•. The difference of 15 Hz 
between the F•'s of A0 and Co or B 0 and D O is close to the 
three percent jnd for formant frequencies determined by 
Flanagan (1957), but larger than the one-to-two percent val- 
ues obtained from very experienced listeners in low- 
uncertainty conditions by Hawks (1994) and Kewley-Port 
and Watson (1994). 

In natural speech (or an articulatory-based synthesizer, 
like that used by Krakow et al.), increasing the size of the 
velopharyngeal port also increases F•, but such a correlation 
is not necessary using a terminal analog synthesizer like 
Klatt's. We made no such adjustment in F•, because to do so 
would have violated the conditions of the Garner paradigm, 
which requires that the physical dimensions of the stimuli be 
orthogonal. 

B. Procedures 

1. Listeners 

The listeners were the experimenters and six graduate 
students recruited from the University of Massachusetts 
community. All reported normal hearing. The students were 
paid for their participation. Seven other potential subjects 
were rejected for failing to reach above-chance performance 
on all tasks during training. 

2. Instructions 

Written instructions, expanded orally by the experi- 
menter, were used to describe the stimuli and the tasks. The 
listeners were told that they were to classify a set of two or 
four vowels according to quality and/or nasalization. In one 
condition, these vowels would appear in a C•C frame, 
while in another they would appear without any flanking 
Consonants and would be quite brief. 

For the contextualized vowel stimuli, the preceding con- 
sonants were described as [b,d] and the following consonants 
as [b,d,m,n]. Listeners' attention was drawn to the fact that 
two of the final consonants were oral and the other two nasal. 

The contextualized and isolated vowels were both described 

as varying in nasalization and quality. The diagram in (1) 
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was shown to listeners to illustrate the orthogonality of dif- 
ferences in nasalization and quality (it was explained that the 
tilde indicated nasalization): 

o 6 
U 0. 

Nasalization was described as making a vowel sound on 
the one hand "buzzy" or "muffled" or on the other "fuller," 
"deeper," or "lower in pitch." The latter descriptions are 
plausible because a larger No-N1 difference makes N1 more 
intense and thus shifts the spectral center of gravity down- 
ward in our stimuli, as when vowels are heavily rather than 
moderately nasalized. The difference between "o" and "u" 
was described as approximately that between the vowels in 
daub or dawn versus bode or bone, or like that between dud 
or bun vs doob or boom (pronounced with the vowel of foot, 
not food), i.e., as like that between [o] vs [o] or [A] vs [U], but 
smaller. 

The qualities represented by these IPA symbols cover 
the range of qualities imitated or named by the listeners. The 
vowels were always described as back, but there was varia- 
tion in the description of their height or rounding. The ex- 
perimenter pointed out that the listeners' impressions might 
not coincide with any of the descriptions, and urged them to 
devise their own. Listeners varied idiosyncratically in 
whether they reported that any of the qualities they heard 
was a good exemplar of any vowel category. None of these 
differences in the description or labeling of the stimuli cor- 
related with listeners' relative success on particular classifi- 
cations: The same classifications were relatively easy or dif- 
ficult for all listeners. There were, however, clear differences 
between listeners in overall performance level. 

Listeners were told that each classification would be bi- 

nary, and that the responses Y(es) and N(o) would be arbi- 
trarily assigned to the stimuli from task to task. For each 
task, the listener was shown a version of the diagram in (1) 
above in which each stimulus was labeled with the appropri- 
ate response. In addition, for each block of trials, the experi- 
menter described the nature of the differences between the 

vowels to be classified, as well as the context (if any) in 
which the vowels would appear. 

raining 

Both contextualized and isolated vowel conditions be- 

gan with training, in which the listeners learned to classify 
the vowels according to quality and nasalization. Training 
consisted of the following tasks, in order of what we judged 
to be increasing complexity. (In particular, the task in which 
stimuli differed on a single dimension was presented first.) 

(1) one baseline task on each dimension: (a) on F1, the 
low-N vowels A 0 vs Co, and (b) on N, the low-F1 vowels 
C O vs D O; 

(2) the negatively correlated task: low-N, high-F1 A 0 vs 
high-N, low-F1 D 0; 

(3) the selective attention task in which the high-F1 
vowels A 0 and B 0 had to be classified separately from the 
low-F1 vowels Co and D O , with N irrelevant to the classifi- 
cation; and 

(4) the divided attention task, in which B 0 and Co, the 
vowels in which N was positively correlated with F1, had to 
be classified separately from A 0 and Do, in which the two 
dimensions were negatively correlated. 

Listeners were instructed to assign an label, "Y(es)" or 
"N(o)," to each class of stimuli in each task, with the assign- 
ment varying arbitrarily from task to task. We did not find it 
necessary to train our listeners on the arbitrary assignment of 
"Y/N" labels to different stimuli in different tasks, because 
they were told at the outset about and trained on the arbitrary 
assignment, and they were told to pay careful attention to the 
feedback provided both in training and subsequent testing to 
learn what the particular assignment of labels was on each 
task. These instructions and experience made clear that "Y/ 
N" had no content vis-fi-vis stimulus characteristics but were 

merely reusable labels. Because each listener performed the 
tasks in a different order (determined by a balanced Latin 
square) and yet their performance waxed and waned with the 
tasks in similar ways, the labels' arbitrariness was apparently 
inconsequential. That it was instead task difficulty that pre- 
dicted performance was shown by how closely a listener's 
success on a task performed early matched that on the same 
task repeated later. 

In training on the contextualized stimuli, each vowel 
was presented eight times in each of the four possible com- 
binations of framing initial and final consonants in separate 
final-oral and final-nasal blocks (final oral stops: [b__b, 
b__d, d__b, d__d] versus final nasals: 
d__m, d__n]), yielding one or two blocks of 64 trials each, 
depending on whether two or four vowels had to be classi- 
fied on that task. Within a block, both vowel and frame var- 
ied randomly. Listeners performed each vowel classification 
before oral and nasal consonants in paired but separate 
blocks; the order of oral and nasal blocks was varied pseu- 
dorandomly. 

After each pair of blocks in training (and subsequent 
testing), the experimenter told the listener the percent cor- 
rect, for each context, and asked for a description of the 
stimuli and any strategy the listener might have used. 

4. Listening conditions and desion 

Listeners sat individually in an IAC sound-treated room 
in front of a monitor and keyboard. On each trial, a 500-ms 

by the stimulus, presented monaurally (to the ear each lis- 
tener identified as "best") through a TDH-39 earphone. The 
listener's response (pressing the "Y" or "N" key followed 
by a carriage return) initiated a 500-ms message on the 
monitor reporting the correct answer. Thus there was a 
1000-ms inte•al between the listener's response and the pre- 
sentation of the next stimulus. 

Before any vowel classification conditions (including 
training) were •n, listeners participated in a consonant iden- 
tification task using all combinations of vowels 4 and initial 
and final consonants. They identified the final consonant of 
each syllable as one of [b,d,m,n]. Each of the 64 stimuli was 
presented twice in separate randomizations, yielding 32 
judgments of each final consonant by each listener. 

In the experiment proper, all listeners performed the 
contextualized vowel classifications first. Each vowel stimu- 
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lus was presented 10 times in each of the four consonant 
frames for each context block. There were thus 40 judgments 
of each vowel in each of the two contexts, oral and nasal, for 
each task. Otherwise, testing was identical to training. The 
total number of test trials per listener was [(4 baseline 
tasksX2 vowels)+(2 correlated tasksx2 vowels)+(2 selec- 
tive attention tasksX4 vowels)+(1 divided attention taskX4 
vowels)Ix(4 C•C framesX2 contexts X10 repetitions) 
= 1924. 

For the isolated vowels, the same procedures were fol- 
lowed, but since there was no context, one or two sub-blocks 
of 64 (training) or 80 (testing) trials sufficed. In testing, 40 
judgments were made of each isolated vowel stimulus in 
each classification task. The total number of trials per listener 
was: [(6 tasksX2 vowels)+(3 tasksX4 vowels)]X(40 
repetitions) =962. 

In both contextualized and isolated vowel conditions, 
the order in which the different classification tasks was per- 
formed was different for each listener, and was determined 
by a balanced Latin square. 

Before testing began in each session, listeners' memo- 
ries of the stimulus dimensions were refreshed by repeating 
the two training tasks in which the stimuli differed along just 
one dimension. The experiment required up to 10 h per lis- 
tener to complete, distributed over 5-6 sessions lasting 
1.5-2 h each. Following the consonant identification task, 
which lasted about 15 min, the remainder of the first session 
with contextualized vowels consisted of training. The same 
tasks were also used in training for the isolated as the con- 
textualized vowel stimuli, but training took only half the 
time (about an hour) because there was no manipulation of 
context. 

C. Kingston (1991)' Stimuli and procedures 

Kingston's (1991) experiment was identical to the 
present isolated-vowel condition, except that the F• differ- 
ence was twice as large, and the frequency separation be- 
tween F1 and N1 was 150 rather than 175 Hz. (One other 
difference with the present isolated-vowel condition is dis- 
cussed in Sec. IV.) Table III lists the relevant stimulus pa- 
rameters. In addition, Kingston's listeners (paid undergradu- 
ate and graduate volunteers from the Cornell University 
community) were neither given feedback after each trial nor 
aided by a diagram in keeping the stimuli straight. See 
Kingston (1991) for other details. 

D. Results 

1. Final consonant identification 

Listeners were familiarized with the stimuli by having to 
identify the final consonant as [b,d,m,n]. Table IV is the 
confusion matrix for the final consonant identification, show- 
ing performance for each vowel separately. (Recall that two 
sets of four vowels were actually used, one from each ex- 
periment; Table IV reports only the data for syllables using 
the vowels of experiment I.) 

For 15 of the 16 vowel/final-consonant segments, iden- 
tification was correct on at least half the trials; average pro- 
portion correct was 0.74. The errors were systematic, and fell 

TABLE IV. Proportion of final [b,d,m,n] identified as [b,d,m,n] (with stan- 
dard errors), for each preceding vowel in experiment I. Each vowel- 
consonant combination was presented four times to each of eight listeners, 
so each cell represents the proportion of 32 judgments per VC combination, 
or the proportion of 128 judgments per final C. 

Consonant identification by vowel (0-deg vowels) 
Stim. Vowel "b .... d .... m .... n" 

A0 
B0 
Co 
Do 

0.875 (0.067) 0.094 (0.066) 0.031 (0.031) 0.000 (0.000) 
0.844 (0.066) 0.031 (0.031) 0.094 (0.046) 0.031 (0.031) 
0.906 (0.066) 0.063 (0.063) 0.031 (0.031) 0.000 (0.000) 
0.844 (0.066) 0.031 (0.031) 0.125 (0.047) 0.000 (0.000) 

all V 0.867 (0.032) 0.055 (0.025) 0.070 (0.020) 0.008 (0.008) 

Ao 
B0 
Co 
Do 

0.000 (0.000) 0.719 (0.100) 0.031 (0.031) 0.250 (0.106) 
0.031 (0.031) 0.531 (0.129) 0.031 (0.031) 0.406 (0.125) 
0.000 (0.000) 0.906 (0.046) 0.000 (0.000) 0.094 (0.046) 
0.000 (0.000) 0.469 (0.145) 0.000 (0.000) 0.531 (0.145) 

all V 0.008 (0.008) 0.656 (0.061) 0.016 (0.011) 0.320 (0.061) 

Ao 
B0 
Co 
Do 

0.219 (0.100) 0.063 (0.041) 0.563 (0.148) 0.156 (0.094) 
0.219 (0.120) 0.063 (0.041) 0.563 (0.148) 0.156 (0.105) 
0.125 (0.095) 0.063 (0.041) 0.688 (0.123) 0.125 (0.047) 
0.031 (0.031) 0.031 (0.031) 0.719 (0.120) 0.219 (0.100) 

all V 0.148 (0.046) 0.055 (0.019) 0.633 (0.066) 0.164 (0.043) 

Ao 
B0 
Co 
Do 

0.000 (0.000) 0.344 (0.170) 0.031 (0.031) 0.625 (0.164) 
0.000 (0.000) 0.063 (0.041) 0.000 (0.000) 0.938 (0.041) 
0.031 (0.031) 0.156 (0.081) 0.000 (0.000) 0.813 (0.092) 
0.000 (0.000) 0.•25 (0.082) 0.000 (0.000) 0.875 (0.082) 

all V 0.008 (0.008) 0.172 (0.053) 0.008 (0.008) 0.813 (0.054) 

in a pattern that can be described as follows: Listeners were 
able to identify lb] and In] more reliably than [d] and [m] 
(proportion correct=0.84 vs 0.64). Sounds having the same 
place of articulation were most commonly confused. A three- 
way repeated measures ANOVA with factors final consonant 
([b,d,m,n]), response ("b", "d", "m", "n"), and preceding 
vowel (Ao,Bo,Co,Do) yielded a significant three-way inter- 
action [F(27,189)=2.05, p=0.003] reflecting two ef- 
fects: 

(1) [d] and [n] were each likely to be heard as the other 
consonant when the preceding vowel had a conflicting value 
for N: [d] was frequently heard as In] after vowels with high 
N (B o or Do) and [n] was heard as [d] after vowels with low 
N (Ao or Co); and 

(2) the effects of conflicting N values on oral/nasal 
judgments were much smaller for the labial consonants lb] 
and [m]. 5 

These results suggest that place of the articulation of the 
following consonant, as well as its nasality, should be in- 
cluded as a separate factor in analyzing the effects of context 
on vowel classification. 

2. Analysis of vowel classification data 

The preliminary analysis of both contextualized and iso- 
lated vowels has two parts. First, mean correlated and mean 
selective attention performance are each compared with 
mean baseline performance, to test for the redundancy gains 
and filtering losses that indicate integrality in the traditional 
Garner analysis. In our ANOVAs, these are planned compari- 
sons. Second, we examine the data for asymmetries between 
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TABLE V. Mean d' (and standard errors) across listeners for contextualized vowels in experiment I. 

Context 

Oral Nasal 

Tasks Stimuli Labial Coronal Labial Coronal Mean 

F1 

Baseline 1.16 (0.31) 1.36 (0.24) 1.31 (0.20) 1.42 (0.16) 1.32 (0.11) 
A 0 vs B 0 1.47 (0.36) 1.33 (0.47) 1.37 (0.27) 1.67 (0.23) 1.46 (0.17) 
C O vs D O 1.42 (0.44) 1.69 (0.34) 1.59 (0.30) 1.53 (0.40) 1.56 (0.18) 
N Mean 1.44 (0.37) 1.51 (0.34) 1.48 (0.23) 1.60 (0.26) 1.51 (0.15) 
A 0 vs C O 1.03 (0.38) 1.34 (0.29) 1.03 (0.27) 1.04 (0.31) 1.11 (0.15) 
B 0 vs Do 0.75 (0.24) 1.10 (0.27) 1.26 (0.31) 1.45 (0.29) 1.14 (0.14) 
F• Mean 0.89 (0.30) 1.22 (0.23) 1.15 (0.29) 1.25 (0.26) 1.12 (0.13) 

Correlated 1.56 (0.30) 1.82 (0.36) 1.66 (0.22) 1.77 (0.21) 1.71 (0.13) 
Fi+N B 0 vs Co 0.56 (0.31) 1.08 (0.45) 0.68 (0.31) 0.69 (0.22) 0.75 (0.16) 
F•-N A o vs Do 2.57 (0.36) 2.56 (0.37) 2.65 (0.26) 2.85 (0.27) 2.66 (0.15) 

Selective attention 1.10 (0.26) 1.25 (0.29) 1.03 (0.18) 0.98 (0.19) 1.09 (0.11) 
N AoC o vs BoD0 1.48 (0.31) 1.63 (0.29) 1.22 (0.21) 1.17 (0.27) 1.37 (0.13) 
F• AoB o vs C0D 0 0.73 (0.27) 0.87 (0.33) 0.84 (0.22) 0.78 (0.26) 0.81 (0.13) 

Divided attention 

AoDo vs BoC o 0.45 (0.16) 0.66 (0.22) 0.33 (0.21) 0.46 (0.18) 0.48 (0.10) 

variants of the same task type, breaking down baseline and 
selective attention performance into F 1 vs N and correlated 
tasks into positively vs negatively correlated. 

Success in classifying the vowels in each condition is 
summarized by a mean d' calculated across all listeners. For 
the four-stimulus conditions, the d' calculation is heuristic, 
and the values cannot be interpreted as distances in a deci- 
sion space. A systematic application of detection theory fol- 
lows in Sec. III. 

3. Vowels in context 

Table V presents the results for contextualized vowels, 
both averaged across task types and for each variant sepa- 
rately. To compare the various conditions, we conducted a 
three-way repeated-measures ANOVA with factors task type 
(baseline versus correlated versus selective attention); and 
Nasality (oral versus nasal) and Place (labial versus coronal) 
of the following consonant. 

The data reveal a clear redundancy gain: Mean perfor- 
mance on the correlated tasks (d'-1.71) was better than 
baseline (d'=1.32) [F(1,7)=9.70, p<0.01]. Filtering 
loss was smaller, but not reliably so: mean selective attention 
d' was 1.09 [F(1,7) = 3.27, p = 0.09]. This pattern was 
largely independent of the following consonant. Neither the 
nasality nor the place of the consonant affected performance 
on any of the three task types significantly. Overall perfor- 
mance was slightly better for [m] than [b] but worse for [n] 
than [d] [F(1,7)=4.53, p=0.07]. 

The dimension along which the vowels had to be clas- 
sified strongly influenced performance. Four dimensions ean 
be identified in the stimulus space of Fig. 1: N, which dis- 
tinguishes A 0 and Co from B 0 and Do; F1, which distin- 
guishes A 0 and B0 from C0 and D 0; F1 + N, an increasing 
45-deg axis that distinguishes B 0 and Co; and F1-N, a de- 
creasing 45-deg axis that distinguishes A 0 and D 0. In an- 
other three-way ANOVA, the task type factor was redefined 

in terms of these dimensions, so that the levels were N base- 
line, F1 baseline, N selective attention, F• selective atten- 
tion, F1 +N correlated, F1-N correlated, and divided atten- 
tion. 

Classification was better along the N than the F1 dimen- 
sion in baseline and corresponding selective attention tasks 
[average d'= 1.44 vs 0.96, F(1,7)= 10.66, p<0.01], in- 
dicating that we were not entirely successful in equating 
stimulus differences along the two dimensions. Listeners 
were much better at classifying vowels along the F1-N di- 
mension (the negatively correlated task) than along the 
Fi+N dimension (the positively correlated task) [d'-2.66 
vs 0.75, F(1,7)= 84.97, p<0.0001]. This asymmetry can- 
not be due to any inequality in stimulus differences and must 
instead reflect a genuine perceptual difference in how N and 
F1 interact when negatively rather than positively correlated. 
The nasality and place factors followed the same pattern as 
in the analysis where tasks were not broken down by axis. 

4. Isolated vowels: Present experiment and Kingston 
(1991) 

Table VI presents the results for brief, isolated vowels in 
the present experiment and in Kingston (1991). As in the 
contextualized vowel condition, there is more consistent evi- 
dence of a redundancy gain than of a filtering loss. In both 
the present isolated vowel condition and Kingston's (1991) 
data, mean correlated performance exceeded baseline 
[present: d'=2.04 vs 1.30, F(1,7)=9.38, p<0.01; King- 
ston (1991): d'-3.27 vs 2.53, F(1,7)= 17.69,p<0.005], 
but only in Kingston's (1991) data was mean selective per- 
formance reliably poorer than baseline [present: d'= 1.01 vs 
1.30, F(1,7)= 1.39, p=0.26; Kingston (1991): d'=2.13 
vs 2.53, F(1,7)=5.07, p<0.05]. 

Re-analysis by classificatory axis revealed that King- 
ston's (1991) listeners were substantially better at sorting 
isolated vowels by F 1 than N [baseline d'=3.22 vs 
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TABLE VI. Mean d' (and standard errors) across listeners for isolated 
vowels, experiment I and Kingston (1991). 

Tasks Present Kingston (1991) 

F1 

Baseline 1.30 (0.26) 2.53 (0.12) 
A 0 vs B0 1.15 (0.33) 1.01 (0.58) 
C O vs D O 1.46 (0.23) 2.65 (0.43) 
N Mean 1.31 (0.25) 1.83 (0.33) 

A 0 vs Co 1.60 (0.33) 3.47 (0.08) 
B 0 vs D O 0.97 (0.38) 2.96 (0.22) 
F• Mean 1.28 (0.34) 3.22 (0.13) 

Correlated 2.04 (0.36) 3.27 (0.18) 
F• +N B 0 vs Co 1.52 (0.48) 2.90 (0.34) 
F•-N A o vs D O 2.56 (0.33) 3.64 (0.05) 

Selective Attention 1.01 (0.21) 2.13 (0.16) 
N AoC o vs BoD0 1.15 (0.26) 1.56 (0.39) 
F• AoB 0 vs CoD0 0.87 (0.23) 2.69 (0.30) 

Divided attention 

AoD0 vs BoC o 0.31 (0.16) 0.25 (0.11) 
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• o DO 
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1.83 and selective attention d'=3.64 vs 2.90; F(1,7) 
=22.23, p<0.0001], while the listeners in the present ex- 
periment exhibited no reliable differe•nce between the two 
axes [baseline F 1 d' -- 1.28, N-- 1.31; selective attention F 1 
d' =0.87, N- 1.15; F(1,7)< 1]. This discrepancy, and the 
reversal of the effect found for contextualized vowels, prob- 
ably reflects Kingston's use of a 30-Hz rather than a 15-Hz 
change in Fl. 

Both isolated-vowel data sets reveal an advantage for 
classifying negatively over positively correlated stimuli, as 
was found with the contextualized vowels [present: 
d'=2.56 vs 1.52, F(1,7)=11.54, p<0.005; Kingston 
(1991)' d'=3.64 vs 2.90, F(1,7)=3.85, p=0.06]. The 
more modest effect in Kingston's (1991) data may again re- 
flect the larger F• difference he used. 

E. Discussion 

1. Garner analysis 

According to the conventional interpretation of the Gar- 
ner paradigm, the results of experiment I lead to the conclu- 
sion that F1 and nasalization are perceptually integral dimen- 
sions in our stimuli: Correlated performance is uniformly 
better than baseline, which is better than selective a{tention. 
Not all comparisons achieve significance, but all are in the 
appropriate direction. 6 

Our data show one systematic effect not usually found 
for integral stimuli: More reliable classification of vowels 
differing in F•-N than F• +N, that is, in the negatively than 
the positively correlated task. Asymmetric performance has 
been reported by other investigators applying the Garner 
paradigm. Pomerantz (1981; Pomerantz and Schwaitzberg, 
1975) considers unequal performance on the correlated tasks 
to be diagnostic of configurality, or the presence of emergent 
dimensions. Pomerantz has proposed, as a test of configural- 
ity, that performance in the divided task should exceed that 
in selective, a result that we did not find. Melara and O'Brien 
(1987), studying the interaction between "synesthetically 
corresponding" dimensions (pitch and visual height) found 
asymmetric correlated performance in the absence of high 

FIG. 3. Schematic spectra of the vowels used in experiment I, obtained by 
measuring pressure every 25 Hz between 100 and 600 Hz from a 29th-order 
LPC model of a 128-ms Hanning window placed over each vowel's steady 
state. Values plotted were obtained by subtracting mean intensity at 0 Hz 
from all measurements to normalize for overall differences in level, and then 
converting from dB to pressure (i.e., Pressure= 10dB/20). Filled plotting fig- 
ures are used for the unnasalized vowels A 0 and Co and open plotting 
figures for the nasalized vowels B 0 and D O . Lines are splines fitted to the 
measurements. Labeled arrows indicate spectral centers of gravity for each 
vowel in experiment I as calculated by (2). 

accuracy in the divided task. Our data resemble theirs, but 
there is no obvious "correspondence" between our dimen- 
sions. 

The consonants we used to provide a nasal or oral con- 
text for our vowels were not equally identifiable. Although 
no appreciable effect of context on the perceptual interaction 
between N and F 1 was revealed in the analyses described 
above, these differences led us to examine our data for each 
context separately in our theoretical analyses (see Sec. III). 

2. Phonetic implications 

Interestingly, the data are in apparent conflict with the 
predictions of both auditory enhancement and direct realist 
theories. 

According to Diehl et al.'s (1990) hypothesis, a positive 
covariation between moderate nasalization and F1, corre- 
sponding to the natural pattern of cooccurrence for these 
dimensions, 7 would be expected to enhance the vowel height 
contrast. In both the isolated and contextualized vowel con- 

ditions, the direction of the asymmetry between the two cor- 
related tasks contradicts this prediction. 

On the other hand, if nasalization was heavy rather than 
moderate in our nasalized vowels, our results are expected, 
because heavy nasalization lowers the center of gravity of a 
vowel's lowest spectral prominence rather than simply 
broadening its bandwidth as moderate nasalization does. Fig- 
ure 3 shows how N•'s prominence and F l'S frequency com- 
bine to produce a larger difference in center of gravity be- 
tween the vowels A o and D O in which F 1 and N are 
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FIG. 10. Stimulus and response arrangements for the four types of classifi- 
cation tasks in the Garner paradigm, for the stimulus array used in experi- 
ment II. For details see Fig. 2. 

tance between stimuli B45 and C45 is represented by a 
straight line along the N axis, whereas the distance between 
B45 and A45 is represented by the sum of two straight line 
segments, one parallel to each axis. In fact, these two pairs of 
stimuli are equally far apart by this measure. In the absence 
of primacy, the distances between stimuli are measured in 
Euclidean fashion, and B45 and C45 are farther apart than 
B45 and A45. Primary dimensions, if they exist, thus impose 
a "city block" rather than Euclidean metric on the underly- 
ing psychological space. 

The primacy question and the integrality issue are dis- 
tinct, but particular models of these effects may interpret 
them as dependent. Adopting for the moment the city-block 
view of primacy, consider three possible relations between 
dimensions: mean integrality, variance integrality, and sepa- 
rability. Under mean integrality, the two stimulus dimensions 
are mapped onto a common psychological one. For two di- 
mensions that are completely integral, the psychological 
space lies along a dimension that is the sum or difference of 
the original dimensions. City-block distances between two 
points in this space are systematically greater than Euclidean 
ones, but it appears that these metrics cannot be distin- 
guished experimentally, so the presence of primacy cannot 
be determined. For separable stimuli, on the other hand, 
mean locations are unaffected by the second dimension, and 
primacy can clearly be assessed. 

A method for evaluating primacy using rotated arrays in 
the Garner paradigm has recently been proposed by Melara 
and Marks (1990; see also Grau and Kemler Nelson, 1988; 
Smith and Kemler, 1978; Melara et al., 1993a,b; Kemler 
Nelson, 1993). Figure 10 illustrates the various tasks of the 
Garner paradigm with the rotated array. The key tasks, ac- 
cording to Melara and Marks, are selective and divided at- 
tention. Selective attention is predicted to be poorer at 45 

TABLE IX. Klatt synthesizer parameter settings for F•, No, N•, and 
N o-N• for isolated and contextualized vowels used in experiment II. 

Stimulus characteristic Frequency (Hz) 

A45 B45 
F• 434 423 
N O 299 330 
N• 259 248 

No-N• 40 82 

C45 D45 
F• 423 412 
No 248 277 
N• 248 237 

No-N • 0 40 

deg, for two reasons. First, rotation disaligns stimuli that are 
to be categorized together with respect to the perceptually 
primary dimensions. Second, among those stimuli that are 
categorized differently, there are stimuli that are identical on 
one dimension; for example A45 and D45 are identical in N, 
but belong to different categories in both selective attention 
tasks. On the other hand, performance in divided attention 
should improve, because rotation by 45 deg renders stimuli 
that are to be categorized together identical on one percep- 
tually primary dimension. In fact, the divided attention task 
reduces to a classification of the two stimuli which have the 

same intermediate value along one of the putatively primary 
dimensions separately from the two that have extreme values 
along that dimension. Of course, if the 45-deg rotation cor- 
responds to the perceptually primary dimensions, mirror im- 
age effects are expected, i.e., poorer selective attention and 
better divided attention performance at 0 than at 45 degs. 

In experiment II, the same subjects who served in ex- 
periment I were tested with the 45-deg stimulus set of Fig. 9, 
using the tasks of experiment I (compare Fig. 10 with Fig. 
2). The data allow us to apply Melara and Marks' analysis, 
but our detection-theory models offer a quantitative approach 
as well. 

, 

A. Method 

1. Stimuli 

Parameter values for the stimuli were identical to those 

used in experiment I except for the values of F 1 and N, 
which are given in Table IX. As in experiment I, vowels were 
presented both before oral and nasal consonants and in iso- 
lation. We again report the isolated vowel data of Kingston 

10 
(1991), who also used a 45-deg array. 

2. Procedure 

Procedures were the same as in experiment I, and the 
same subjects served as listeners. Half the listeners served in 
experiment I first, the other half in experiment II. Each lis- 
tener completed one experiment before beginning the other. 

Listeners were separately trained for each experiment. In 
experiment II, the training consisted of the following tasks, 
in order: 

(1) The two correlated tasks: (a) B45 vs C45 , positively 
correlated stimuli differing just in N, and (b) A45 vs D45 , 
negatively correlated stimuli differing just in F1; 
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TABLE XI. Mean d' (and standard errors) across listeners for contextualized vowels in experiment II. 

Context 

Oral Nasal 

Tasks Stimuli Labial Coronal Labial Coronal Mean 

Baseline 

F•-N A45 vs B45 
C45 vs D45 

F•-N Mean 
F I+N A45 vs C45 

B45 vs D45 
F• +N Mean 

Correlated 

F• B45 vs C45 
N A45 vs D45 

Selective attention 

F•-N A45C45 vs B45D45 
F•+N A45B45 vs C45D45 

Divided attention 

A 45 D 45 vs B 45 C45 

0.98 (0.28) 1.05 (0.26) 1.14 (0.29) 1.39 (0.28) 1.14 (0.14) 
1.36 (0.52) 1.47 (0.41) 1.91 (0.41) 1.95 (0.44) 1.67 (0.22) 
1.70 (0.47) 1.65 (0.53) 1.77 (0.53) 1.80 (0.38) 1.73 (0.23) 
1.53 (0.47) 1.56 (0.46) 1.84 (0.43) 1.88 (0.39) 1.70 (0.21) 
0.17 (0.10) 0.13 (0.24) 0.27 (0.22) 0.62 (0.24) 0.30 (0.11) 
0.71 (0.23) 0.94 (0.27) 0.61 (0.32) 1.19 (0.32) 0.86 (0.14) 
0.44 (0.15) 0.53 (0.16) 0.44 (0.23) 0.91 (0.25) 0.58 (0.10) 

1.71 (0.38) 1.49 (0.37) 1.85 (0.46) 1.61 (0.40) 1.67 (0.19) 
2.21 (0.43) 1.65 (0.31) 1.97 (0.58) 1.70 (0.45) 1.88 (0.22) 
1.22 (0.49) 1.34 (0.48) 1.74 (0.49) 1.53 (0.49) 1.46 (0.23) 

0.77 (0.25) 1.03 (0.26) 0.81 (0.24) 0.88 (0.23) 0.87 (0.12) 
1.39 (0.40) 1.54 (0.44) 1.34 (0.42) 1.33 (0.34) 1.40 (0.19) 
0.16 (0.18) 0.52 (0.14) 0.29 (0.13) 0.43 (0.19) 0.35 (0.08) 

0.33 (0.13) 0.42 (0.14) 0.39 (0.15) 0.33 (0.12) 0.37 (0.06) 

attention d' = 0.47] than labial consonants [baseline 
d' =0.44 and selective attention d' =0.22]. 

3. Isolated vowels 

The isolated vowel data from the present experiment and 
from Kingston (1991) are shown in Table XII. In the present 
experiment, both correlated (d'=2.03) and selective atten- 
tion (d'= 1.01) differed from baseline [d'= 1.50; F(1,7) 
= 13.14, and F(1,7)= 11.43, both p<0.005], implying 
integrality of F• + N and F•-N. In the breakdown by clas- 
sificatory axis, performance was significantly better on the 
negatively correlated F• than the positively correlated N axis 
[d'=2.41 vs 1.66; F(1,7)=7.16, p<0.05]. And vowels 
differing along the F•-N axis were classified significantly 
more accurately in baseline and selective attention 
[d'=1.78 and 1.37] than those that differed along the 
F•+N axis [d'=1.22 and 0.64; F(1,7)=10.64, 

TABLE XII. Mean d' (and standard errors) across listeners, isolated vow- 
els, experiment II and Kingston (1991). 

Stimulus set Present Kingston (1991) 

Baseline 1.50 (0.29) 2.39 (0.24) 
F1-N A45 vs B45 1.73 (0.32) 2.88 (0.37) 

C45 vs D45 1.84 (0.29) 2.88 (0.28) 
F•-N Mean 1.78 (0.26) 2.88 (0.17) 

F• +N A45 vs C45 1.04 (0.31) 1.71 (0.48) 
B45 vs D45 1.41 (0.48) 2.09 (0.41) 

F•+N Mean 1.23 (0.39) 1.90 (0.41) 

Correlated 2.03 (0.36) 2.77 (0.28) 
N B45 vs C45 1.66 (0.33) 2.39 (0.51) 
F• A45 vs D45 2.41 (0.44) 3.15 (0.22) 

Selective attention 1.01 (0.31) 1.36 (0.25) 
F•-N A45C45 VS B45D45 1.37 (0.34) 1.72 (0.28) 
F• +N A45B45 vs C45D45 0.64 (0.34) 0.99 (0.25) 

Divided attention 

A 45 D45 and •45•645 0.30 (0.11) 0.78 (0.25) 

p<0.005]. The first difference reverses the result obtained 
with contextualized vowels, which were always classified 
more accurately with respect to the N than F 1 axis, but the 
second accords with the contextualized vowel outcome. 

In Kingston's (1991) data for 45-deg isolated-vowel 
stimuli, correlated performance exceeded baseline, but not 
significantly [d'=2.77 vs 2.49, F(1,7)= 1.05, p=0.32]; 
selective attention (d'=1.36) was significantly worse 
[F(1,7)=17.61, p<0.001]. In the breakdown by classi- 
factory axis, performance was better along the negatively 
correlated F1 (d' = 3.15) than positively correlated N axis 
(d' = 2.3 9), though not quite significantly [F(1,7) = 3.4 7, 
p=0.07]. Performance on baseline and selective attention 
tasks was significantly better along the F1-N than the 
F I+N axis [d'=2.88 and 1.72 vs 1.90 and 0.99; F(1,7) 
=8.73, p<0.01]. Kingston's (1991) results with vowels 
from a 45-deg array thus accord in detail with those obtained 
with isolated vowels from the same rotation in the present 
study. 

In summary, both isolated and contextualized vowels 
from the rotated arrays displayed integrality by the standard 
tests. Filtering losses were stronger than redundancy gains 
for the isolated vowels, while the reverse was true for con- 
textualized vowels. We now turn to deteCtion-theoretic mod- 

eling of our data to interpret this and the other patterns ob- 
tained with the rotated stimulus arrays. 

C. Integrality 

1. Baseline and correlated tasks: Parallelogram 
analysis 

Parallelograms •nferred from baseline and correlated 
performance with the contextualized vowels are shown in 
Fig. 11. The greatest deviation in O's from 90 ø was 180 ø, 
which occurred before the consonant that was most reliably 
identified as oral, [b], and the least deviation (98 ø) was be- 
fore the consonant most reliably identified as nasal, [n]. That 
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TABLE XV. Correlated performance at 45 deg interpolated from averaged 
0-deg baseline performance, and correlated performance at 0 deg interpo- 
lated from averaged 45-deg baseline performance. Observed is correlated 
performance divided by V•. 

Contexualized Isolated 

Condition/ Present Kingston 
Interpolation b d m n (1991) 

45 ø from 0 ø 

0 ø from 45 ø 

N Predicted 0.89 1.22 1.14 1.24 1.29 3.22 

Observed 0.86 0.95 1.23 1.08 1.70 2.23 

F• Predicted 1.45 1.51 1.48 1.60 1.33 1.83 
Observed 1.56 1.17 1.39 1'.20 1.17 1.69 

F•+N Predicted 0.44 0.54 0.44 0.90 1.22 1.90 
Observed 0.40 0.76 0.48 0.49 1.07 2.25 

F•-N Predicted 1.53 1.56 1.84 1.87 1.78 2.88 
Observed 1.82 1.81 1.87 2.02 1.81 2.57 

therefore expect that, for example, the d' from the positively 
correlated condition at 45 deg (B45 vs C45) should equal the 
average of the two horizontal baseline conditions at 0 deg 
(A0 vs B0 and Co vs Do). Correlated performance must be 
divided by V'• before making this comparison, to account for 
the greater distance between the diagonal stimuli. 

Four such comparisons can be made for each stimulus 
context. In Table XV, correlated performance divided by V'• 
at one rotation ("observed") is compared to mean baseline 
performance at the other rotation ("predicted"). The predic- 
tions are generally successful' The average rms error is 0.27 
for predicting 45-deg performance from 0 deg and just 0.15 
for predicting 0-deg performance from 45 deg. Performance 
at the two rotations thus turns out to be highly consistent 
once tasks are compared in which the stimuli differ along 
parallel axes. 

__1 ___1 _•._' 

This interpolation CalCmaUO•l does not UlStlllgUl•511 tile 

case where some set of axes is perceptually primary from 
one where none are. In the next section, we predict across 
rotations aspects of performance which do require taking a 
stand on the primacy question. 

E. Primacy 

In Melara and Marks's (1990) conception, nonprimary 
dimensions are less accessible than primary ones. Tasks that 
require perception in terms of nonprimary dimensions (or 
combinations of primary ones) should be difficult. Rotating 

the stimulus set away from the primary axes should therefore 
make the selective task more difficult (relative to baseline) 
and the divided task less so. 

In qualitative terms, this is in fact what we found. Un- 
explained selective loss increased modestly with rotation for 
contextualized vowels and more noticeably for isolated vow- 
els: A comparison of the averaged difference between pre- 
dicted and observed performance for experiment I in Table 
VII with that for experiment II in Table XIII shows an in- 
crease from three to 5.5% for contextualized vowels, and a 
similar comparison of Table VIII with XIV shows an in- 
crease of 4% to 10% for isolated vowels. Rotation reduced 

the unexplained loss in divided attention (predicted minus 
observed in Tables VIi vs Xiii and Vii vs XiV) from 6% to 
0% for contextualized vowels and from 15% to 11% for 

isolated vowels. These changes are roughly consistent with 
the hypothesis that F• and N are primary dimensions by 
Melara and Marks' (1990) definition. 

It is important, however to compare the data to the out- 
comes expected in the absence of primacy. We can use our 
detection-theoretic framework to predict performance quan- 
titatively in all tasks. The first requirement is some assump- 
tion about the relation between the stimulus and perceptual 
spaces. The simplest possible hypothesis--that each percep- 
tual dimension is a function of just one of the stimulus 
dimensions•an be ruled out because it predicts separability 
(0=90ø). Instead, we assume that the stimulus-perception 
transformation is bilinear, that is, that each perceptual di- 
mension is a linear function of both stimulus dimensions: 

x?=axs+bys, (3) 
ß 

yp=cxs+ dys. (4) 

In these equations, (Xs ,Ys) is the location of a point in the 
stimulus space, and (xp,ye) is the corresponding distribu- 
tion mean in the decision space. 

The coefficients a, b, c, and d of the bilinear transfor- 
mation can be inferred from the parallelogram representation' 
for the 0-deg data. Applying the inferred transformation to 
the rotated array yields a predicted parallelogram for the 45- 
deg condition. Table XVI shows that the method provides a 
good account of our 45-deg data. The sides of the 45-deg 
parallelogram are well predicted (average rms error is 0.17 
for contextualized vowels and 0.14 for isolated vowels, and 
the qualitative changes in 0 are also accounted for (rms error 
is 17ø). 

TABLE XVI. Predicted versus observed baseline performance at 45 deg; predictions are from bilinear trans- 
formations of 0-deg data. 

Contextualized Isolated 

Present Kingston 
Condition b 45 ø d 45 ø m 45 ø n 45 ø 45 ø (1991) 45 ø 

Predicted 1.65 '1.79 1.81 1.97 1.58 2.89 
d' F1-N Observed 1.53 1.56 1.84 1.88 1.78 2.88 

Predicted 0.40 0.75 0.46 0.47 0.93 2.31 
d' F I +N Observed 0.44 0.53 0.44 0.91 1.23 1.90 

Predicted • 180 ø 107 ø 122 ø 123 ø 91 ø 58 ø 

0 Observed 180 ø 110 ø 106 ø 98 ø 68 ø 73 ø 
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