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[ntegrating Articulations in the Perception of Vowel Height

John Kingston

Department af Linguistics, South College, University of Massachusetts, Amherst, Mass., USA

Abstract. In vowels contrasting for height, a large number of articulations covary with
tongue height, which is supposed to be the principal bearer of the contrast. However, at-
tempts to link these covarying articulations to tongue movement physiologically have been
farzely unsuccesslul, and the particular pattern of covariation appears (o make maore sense
a5 2 concerted effort to influence the perceived height of F;. The experiments reporied here
ysed the Garner interference paradigm, modified to assess the perceptual primacy of stim-
ulus dimensions, to show that the acoustic effects of two of these covarying articulations,
velum height (nasalization) and rate of vocal fold vibration (pitch) are integrated perceptu-
ally with the acoustic effects of varying tongue height. This perceptual integration suggests
that the different articulations are not independently perceived, contrary to the predictions

af direct realist theories of speech perception, that articulatory events covary so as [0 en-
hance each other's perceptual effects, and that the surface phonological or initial phonetic
representation of vowels might be quite richly specified (contrary to claims of phonetic

underspecification).

1. Introduction

Many articulatory settings covary di-
rectly with the height of the tongue in vow-
els: the higher the vowel, the more ad-
vanced the tongue root [Lindau, 1975, 1978,
1979: Jackson. 1988), the higher the jaw
[Lindbiom and Sundberg, 1971}, the more
protruded the lips in back vowels and the
mare retracted the lips in front vowels
[Linker, 1982}, the higher the velum [Mall
and Shriner. 1967; Lubker, 1964; Bell-Berti,

1976 Bell-Berti et al., 1979], and the higher
the rate of vocal fold vibration [Peterson
and Barney, 1952; House and Fairbanks,
1953 Lehiste and Peterson, 1961; Honda,
1987 Steele, 1986; Ohala and Eukel, 1987,
Silverman, 1987]. Duration, on the other
hand, varies inversely with tongue height
[Lindblom, 1967: Lehiste, 1970; Westbury
and Keating, 1980; Keating, 1983]. The con-
ventional view is that these other articula-
tory settings are sccondary to the height of
the tongue in distinguishing one vowel from




dnother, and May even be mechanical con-
stquences of moving the tongue flor an ar
sument of this type, see Ohala and Euke)
1987). Here. it will be argued thar vowel
‘height' is instead ap integration of alj these
settings, with no priority, f{or articulatory
control nor acoustic goals, given 1o the
height of the tongue. The basis of this claim
is that, aside from the duration difference,
and the labia] articulations, which affect F,
and thus the Percept of vowel backness
maost strongly, all thege articulatory seftings
converge an g single effect, the manipula-
tion of the perceived F|. (‘Perceived Eis
used s shorthand in this paper for the [js-
tener's response to the distribution of en-
EEEY in the lower part of the spectrum.
which contains the first resonance, as well
a5 the acoustic effects of a variety of other
articulations.) 1t is 1o bring about this cop-
vergence that all thegp articulatory events
covary as they do, and not some purely
physiological dependency hetween them
[see Dieh] and Kluender, 1989, and Dieh],
this volume, for similar views],

The available evidence indicates in Fact
thar the articulatory setlings thar covary
with tongue height are independently con.
trolled. Many languages of East and West
Alrica exhibit contrasts for the position of
the tongue root g well as for longue
height [Hall e al, 1974: Linday. 1973,
1978, 1979- Jackson, 1988]: the velum is ac-
tively raised in higher vowels [Lubker,
1968]): F, is actively elevated through the
contraction of the cricothyroid in higher
vowels [Vitkman g al, 1989 Honda and
Fujimura, 19891 and F, differs in the same
direction  between vowels of  differen:
heights in csophageal as well a5 laryngeal
speech [Gandour and Weinberg, 1980: Fox
and Trudeau, 1988]: and speakers differ in

&
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how much of the vertical
longue is achieyved by jaw
longue raising  or

Position of
45 Dpposed g
lowering [ Lar;ief'ug-eff1
1990], These demonstrations of indepeng.
enl control undermine any attempt o g
plain the observed covariation which yokes
the other articulations ph_vﬁiuiugiualil;.- i
the movement of the tongue. Explanatigy
of a different sort mus; be sought, Tike i
bne argued for here that unites these arp
culations in thejr effects on the Perceived
frequency of the lowest resonance of the
vowel,

The convergence of the acoustic effeq

of these articulations could indicate i)
the distinctive features that represent
vowel height contrasts, [high] and [low], ar
Clements’s [1989] feature [open], do not
despite their names, refer simply (o tongpe
height or degree of consiriction, hut age
instead labels for 4coustic or percepiusl
values [for similar views, see Ladeloged,
1980); Disner, 1983). In 3 weak sense of
this view, vowel height, i.e., perceived i
15 always and primarily ‘a function of
tongue height, even though the other artie-
ulations thut covary with tongue height
enhance the perceived difference in F; of
vowels produced  with different tongue
heights. In the strong sense of this view,
on the other hand, vowel height conerests
do not necessarily imply differences in
tongue height; instead the dcoustic effects
of each of the covarying articulations con-
tribute equally to the perceived F,, Height
then is an abstract scaje representing the
covariation among  these articulations
jointly. Evidence from (he behavior of
vowels in phonological inventories, rules,
and changes in support of this stronger
view will be outlined in the last section of
this paper.
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[f vowel height is an integration of artic-
glations in the phonetics, the convergence
of all these articulatory events on a single
acoustic effect also undermines the theory
of direct perception of speech gestures
[FDW|UT~ 1986, 1990], since that theory
argiies that the articulatory sources of
pm;-.._»ﬂies in the acoustic signal can all be
individually recovered. Direct perception
of specch gestures does not rule out the
possibility that during any limited interval
in the signal it may be uncertain whether
an acoustic property is there because the
gesture that produces it is part of the cur-
repl scgment or because of coarticulation
with gestures of adjacent segments. How-
ever, this theory does argue that this ambi-
guity will always be resolved once an inter-
val is evaluated that is long enough to re-
yeal any coarticulatory source of such
geoustic  properties  [Fowler and  Smith,
1986: Krakow et al.. 1988; see also Silver-
man, 1987]. However, none of the covary-
mg articulations listed above have coarticu-
latory origins, and il these articulations
have the same acoustic effect, then this ef-
fect cannot be attributed, except arbitrarily,
to just one of them. That the articulations
other than tongue height
acoustic properties ol the vowel than its F;,
e.z., its pitch, nasality, etc., does not help
unless the listener can reliably separate
them perceptually (in any case, tongue
height itself affects more than F|). Percep-
tnal separation would indicate that the
acoustic effects of the articulations that co-
vary with tongue height make vowels of
different tongue heights easier to distin-
guish simply by adding to the differences
vetween them. (Such a theory does not, of
tourse, provide any explanation for why
these other articulations covary consis-

affect other

tently in the way they do.) The experiments
reported in this paper are a first attempt to
test whether the acoustic effects of these
covarving articulations are instead inte-
grated in the perception of vowel height,
and the extent to which listeners can sepa-
rate their articulatory origins.

Looking for this sort of integration is a
test of a strong version of the auditory en-
hancement theory argued for by Diehl and
his colleagues [Kluender et al., 1988; Diehl
and Kluender, 1989; Dichl and Walsh,
1989, Diehl, this wvolume]. This theory
claims that articulations covary in speech
because the perceptual effect of one articu-
lation exaggerates the perceptual value of
another so that that speech sound becomes
more distinet from one in which the two
articulations covary in the opposite direc-
tion. For example, vowels are lengthened
before [+ voice] stop closures to exagperaie
the perceived shortness of what is already
a shorter closure than in [—voice] stops
[Kluender et al., 1988). The perceived dura-
tion of the [—wvoice] stop closure would of
course be lengthened by the shorter vowel
that precedes it. The perceprual effect of
vowel duration on judgments of following
stop closure duration is attiibuted to a gen-
eral auditory mechanism Kluender et al.
[1988] call *durational contrast’, and propo-
nents of this theory argue that many cases
of enhancement can be atiributed to such
mechanisms. This paper does not address
the issue of whether enhancement of one
perceptual effect by another arises out of
such general auditory mechanisms, bui
instead the more general prediction of
enhancement theory that the perceptual
effects of covarying articulations merge
into a single, more distinct perceptual ob-
ject.
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Table 1. Two-by-twe stimulus array of e Gar-
ner paradigm

Dimension |

Low High
Dimension 2
High A B
Low C [

Dimension |, €. 8. Masalization or Pitch: ditmensian
2 2.8 Tongue Height.

2. Methods and Stimulj

2.1. What Kind of Experimental
Desipn Is Needed?

The hypothesis that all the
Coviary

articulations whieh
with tongye height do so because their per-
ceptual effects are the same suggests that lstenery
do not actually hear them as separable articulations,
ar al least not as articulations associated with any
other contrast than vowel heighi, Accordingly, what
is needed is an Bxperimental design which allows a
test of the extent 10 which the acoustic effects of
thess wvarious ariculations are perceptually inte-
grated. More precizely, what js needed is a tes) of
whether the perception of the value g vowel has
along an acoustic dimension reflecting one articuls
tion is influenced by its valug along an acoustic di.
mension determined by snother, COVAIVIng anticulz-
ton, Withaut g demonstration that a vawel's pET-
ceptual value along one acoustic dimension de-
Pends on its acoustic vajye along another (and vice
versa), then the only motivation for COVArYINg arti-
culations is thap differences along more than ane di-
Mension at # time make vowels more distinet, OF in-
terest here is the stronger claim that articulations ¢q-
vary becavse their Perceplual effects exceed their
sum and actually converge on a single; exaggerated
pereeptusl value, for £,

At the same lime, sinee 2ach of these articuly-
tons participates in phonemic contrasis in iLs own
right, their acoustic effects could also defige orthog-
onal dimensions by which listeners sort vawels, For
example, nasalizaion may make a low vawel sound
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lower, as g result of perceprual integration of g

BCOUSHIC effacts of nasalization with those of tongy
height, and also simply nasalized, since (hay i3
acoustic dimensian orthogonal to vaws] quality, T;
UM vp, needed are g fes; of Perceptusl integrafiy
of orthogonal acoustic dimensions and a4 teg g
whether listeners can also classify stimuli glgy
those dimensions indiﬂriuarly. These two (egs __r,
pravided by 1he Garner [1974] paradigrn, dameday
Sugpested by Melars and Marks [1990], which i ga
scribed in the next section.

2:2, Integrability v, Separabilin
The Garner Paradigm

The inln:gruhirily of dpparently arthogonal s,
ulus dimensions has frequently been examined u
ing a paradigm developed by Garner [1974]. In thir
paradigm, subjects are required 1q classily, &
quickly as possible, stimuli selected fram a two-hy
twWo array defined by the dimensions whase intear-
bility is being investiputed (1able | indicates the di-
mensions that were investigated in he CXPETiments
reparted here),

The stimuli are supposed o be separated dlong
each dimension so s 1o be equally discriminahle
Stimuli are selected from this arrgy to be presented
to subjects for classification in a numher af differ-
ent wavs (fig. 1):

{1 In baseline classification, stimuli are sefected
from just one side of (he array and they thus difTet
along just one dimensing- Le. A e C or Bvs, Dan
the Tongue Height dimension, and A vs. Bar C e
L on the Nasalization or Pitch dimensions.

(2) In correfared classification, stimuli are se-
lected from opposite corners of the array, and they
differ along hoth dimensions at once. Thelr value
on these dimensions are either positively, B (bath
high) vs. C (bath low), or negatively, A (law, high)
vi. I3 (high, low), correlated,

(3) In selective attention, all four stimuli in the
rray dre selected, but the perceiver must attend se
lectively 1o just one dimension while ignoring the
other, In classification Tor Tongue Height, A and B
are contrasted with C and D, while for Nasalization
or Fiteh, A and C are contrasied with B and D. The
orthogonal difference dlong the other dimension i
supposed to be irrelevant 1o the classification.

Iptexraling Articulations

Fig. 1. Stimulus arravs at
(left) and 43° (right), illustrat
ciass membership in instances
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fions; the stimulus arrays o 23
would be intermediate, The ve
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which belong (o & class on a af
Block of trmals, squares encl
stimuli that do not. At 07, the il
trated Baseline and Selsctive
tention tasks require judgments
Tongue Feight; the Correla
task contrasts positively correla
simuli; and the Divided Attent
135k contrasts positively with ne
tively correfuted stimuli

{2} In divided attention, a
0gain selecied, but the perceive
ton between the two dimension
Wo. positively correlated stimu
Buished from A and D, the n
loted stimuli. Both dimensions
4515 the nature of the correlativ
Ues,

If the two dimensions of the
Onte, us they are in the correl
ion, and divided attention tas
Mensions are integrated percs
Bperable, then performancs
these tasks and the baseline tw
difTer slong just one dimensio
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Fig. 1. Stimulus arrays at 0°
(lefty amd 357 (right), Hustrating
glass membership in instances of
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the various 1asks at the two roto-
trons; the stimulus arrayvs ot 22,5
would be intermediate, The verti-
cal axis is (the inverse of} Tongue
Height (Fy) and the borizontal axis
is zither MNasalization (N;-N;) or
Pitch (Fa). Circles enclose stimuli
which belong to a class on a given
block of trals, squares enclose
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stimuli that do not. At 0%, the illus-
tmated Baseline and Selective At- A
tention tasks require judements of
Tengue Height; the Correlated
lask contrasts positively correlated
stimuli; and the Divided Attention
task contrasts positively with nega-
tively correlated stimuli,

4} In divided attention, all four stimuli are
Bgain selected. but the perceiver must divide atten-
tion between the two dimensions, since B and C, the
two positively correlatéd stimull, have to be distin-
gushed from A and D, the twao negatively corre-
lated stimuli, Both dimensions are always relevant,
#5:i5 the namre of the correlation between theie val-
g,

['the two dimensions of the stimuli are varicd at
Bce, as they are in the correlated, selective atten-
in, and divided attention tasks, and iF these di-
mensions are integrated perceptually rather than
stparable, then performance will differ between
iBese tasks and the baseline task, in which stirnuli
differ along just one dimension at a time. [nregea-

DIYIDED

tion of dimensions means that the value a stimulus
has along one dimension changes its perceptul
value along the ather dimension. For example, a
high value for Nazsalization could make a vowel
sound lower than itz value Tor Tongue Height-alone
would lead one to expect

Integration causes the stimuli to be classificd
more rapidly and accurately in the correlated than
the bascline task, because the change in the stimuli’s
perceptual values along one dimension by their
vitlue along the other exaggerates the difference be-
tween the stimuli to be contrasted in the correlated
task. [ dimensions are perceptually separable, then
performance might be facilitated because there are
two rather than just ane difference berween the




stimuli. Demnn.-.!r.u[ng integration
quires thet performance also be worse an the selec
tive altention task compared to baseline. With per-
ceptually separahle dimensions, variation on the un-
altended dimension would not affect accuTacy in
classifving the stimulj long the attended dimension
in the selective atlention task, Integration reduces
performance in selective atrention becanse the SUp-
Posedly frrelevant differences ilong the unattended
dimension change the stimuli’s perceived value on
the altended dimension. This increases the variabil.
ity among the members of cach class and with it the
perceivier’s umcertainty about whether a stimulus be-
lamgs 1o & class,

Having to attend 1o bogh dimensions at once
wanld by itsell reduce performance in the divided
attention task, but integration should add to this dijfs
ficulty, Integration should degrade performance
even more in divided attention becapse the metual
changes in a stimulpss valie dlong oae dimensign
by its value along the other will make it more difg-
cult o deteet that the stimulus's values were posi-
tively or negatively correlated With perceptually
separable dimensions, on the other hand, the stimuy-
lus’s value along each dimension can be indepen-
dently measured and the polarity of the carrelation
between the values an (he two dimensions would
therefore be maore easily determined,

The nawral pattern af covaridlion betwesn Na-
salization or Pitch and Tangue Height could alsn in-
Muence performance in these classification tasks if
listenars Found the vowels in which the dimensions
covared as in naturs) speech

therefore re-

mare distinet thap
thoze in which the covariation went in the apposite
direction. If this is so. then vowels in which Pitch
#nd Tangue Height are positively correlated or iy
which Nasalization and Tongue Height are nega-
tively coreelated should be mare  easily  distin-
guished (and less casily grouped together) than
vowels in which these correlations have the oppo-
site polarity, Thus perfurmance should be better an
the positively than negatively correlated task when
vowels vary in Pitch and longue Height, but berrer
for the negstively than positively - correfated task
when they varv in Nasafization and Tongue Height,
Conversely, performance should be even poorer in
the divided attention task since vowels which have
been made more distinet by natural covariation will
have to be classed together. Performance on the
baseline and selective ansntion tasks should nat be

Kingsiy

affected by any greater distinctiveness thay iy
arise out of natural covariation of dimensians,
each of the baseline tasks, a distinetion: has ok
drawn between a vowel which js mare distint e
cduse it exhibits natyeal covariation and ape whisd
i5 less distinet because it does not, In the selei
atention tasks, each clyss always contains one mar
#nd one less distiner vowel, |n both kinds of task!
then, the effect of an additional distinctiveness the
may arise out of patyral covanation of dimeasion
15 evenly distributed among the subtusks.
I simmary, by altering the perceptual valug 4
a stimulus along one dimension through its vl
along the other, intepration shopld facilitale Fast, an
curale classification in the correlaced tasks com.
pared to the bascline task, but interfere with it in
selective and divided amention tasks, IT integration
also renders some of the stimuli more distinet tha
the others, perhaps those in which stimuli's values
coviry as they do naturally, then further effects wil
be observed in the correlated and divided attention
tasks, With dimensions thar are perceplually separ
ahle, neither facilitation nor interference is expectel
since the value a stimulus has along one dimension
does not alter its perceptual vilue along the other

2.3, Perceprual Frimacy

231 Rotation of the Arrgy

Melara and Marks |1990] argue
tual integration of dimensions does
dependent evaluation of u stimulus
ally primary dimensions; these ure the pycholog:
cally real dimensions in the stimulus space alonz
which any stimulus is evalyated, They sugges! ior
stead that even if two dimensions are integrated in
the perception of the stimuius as o wiltole, subjects
may still extract the stimulus's atrriburer, i. e, its val
ves along perceptually primary dimensians, Follow:
ing Smith and Kemler [1978] and Grau and Kemier
Melson [1988], Melara and Marks [1990] show how
rotating 1he amay in the plane alters the perceptudl
interaction between its members and therehy reveals
the arientation in the stimulus space corresponding
to perceptually primary dimensions,

If the original orientation (0% carresponds 0
perceptually primary but integrable dimensions,
then rotation (fig. 1) inereases the intraclass vars

that the percep
not preciude ie
ulong percepty-
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differ more on the horizontal di
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the verfical difference expands a
one shonks. With further rotatio:
gruent stimuli differ omly along
mension and incongruent ones c
vertical. As Melara and Marks [|
fhis grientation the divided attenti
i sgme-different decision along
and should thus be faster and mos
the ariginal otientation. I
When dimensions are integrs
2lly primary, the difference in e
EurRcy berween selective  attent
should therefare increase with rot
lus axes since the stimulus array i
With these pereeptually primary
tilference. herween divided atter
Tesponse (ime or accuracy shoul
with rotation since attention can
tna single dimension,

.32 Congruence

Melara and Marks [ 1990] des
fure of perceptual primacy, the
Vi illl.'m-u_rnmm variation along tl
At issue is whether perceEivirs cal
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distracting varnability on the ather Ijll..'!'ll.‘ﬂhfl:lrl. :

Rotation shou Id thus cause more interference in
i selective attention task, Furthermore, when the
iy i ratiated 457, stimuli which are supposed 1o
b.:suﬂ'-‘d inta different classes, 1.e, A v D and B
el are pctually identical on one FJi.I'I'I.':Il:-i(IIL mitk
ing selective attention even more difficult.

0n the other hand, rotation should make re-
sponses faster :1n-?t more :Jl_'cur::lr_' in th-? divided at-
jention task. As in the sslective auention task, all
four stimuli froen the array are presented in the di-
ided-attention task, bul the subject must divide at-
tention between the two dimensions by sorting the
positively correlated or congruent stimuli, B and C,
from the nepatively correlated or incongruent ones,
Asnd D. The lacilitation that rotation brings about
in the divided attention task zrises by increasing dil-
ferences on the altended dimension, reducing
pthogonal differences, and by aligning the mem-
pers of cach class more closely with the putatively
primary perceptual dimensions. With rotation [rom
o 22,57, the congruent stimuli, B and C, come (o
differ more on the horizontal dimension than the
yertical, while for the incongruent stimuli, A and D,
the vertical difference expands and the horizental
pne shonks. With further rotation to 43°, the con-
grient stimuli differ only along the horizontal di-
mension and incongruent ones differ only on the
vertical. As Melara and Marks [1990] point out, at
this orientation the divided atiention task reduces to
asame-different decision along #ither dimension
and should thus be faster and more accurate than ot
the original orentation.

When dimensions are integrable but perczptu-
ally primary, the difference in response time or ac-
curacy between selective attention and baseline
stiould therefore increase with rotation of the sumu-
Ins axes since the stimulus array is no longer aligned
with these perceptually primary dimensions. The
filference between divided attention and baseline
response time or accuracy should instead decrease
with rotalion since attention can focus increasingly
on's single dimension.

2.2.2. Congruence

Melara and Marks [1990] describe another mea-
sure of perceplual primacy, the cffect of congruent
&/ incongruent varation along the two dimensions,
Aljssue is whether perceivers can deteet that two of

the four siimuli in the array vary along the two di-
mensions in the same direction — both high or both
low =, while the other two vary in opposite direc-
tions — one high and one low. The perceiver’s ability
to detect congruence or its absence depends on a
prior ability to detect whether a stimulus has a hizh
or low value along the two dimensions individualily,
which should only exist il those dimensions are per-
ceptually primary. If stimulus attributes are not
classified in terms of these individual dimensions,
then it would not be possible to tell whether a stim-
ulus kad high or low values along both dimensions.
The dimensions would not in fact exist perceptually
a5 measures of stimuluy value, and since no determi-
nation of cangruence could be made, no difference
in performance should be observed between the
putatively congruent and incongruent stimuli.

2.4, The Stimuli

Ihe perceptual integrability of the acoustic ef-
fects of two aticulations that covary with tongue
height, velum height and rate of vocal fold vibration
— referred to here as Masalizadon and Pich - as
well as their perceptual primacy, are examined in
expenments designed on the models of Garner
[1974] and Melara and Marks [[990].

The effect on Tormant frequencies of dillerent
degress of tongue height, lip, and larynx position
were determined through the uwse of a software
model, Vocal 2.1 [kindly provided by Peter Lade-
foged]), which aflows simulation of vocal tract
shapes, trunsforms them to arsa functions, and then
caleulates the lormant frequencies such a shape
would produce [Ladefoged, n.d.; sce also Lindau,
1975, 1978, 1979; Jackson, 1988). (Henccforth,
Tongue Height will refer stimply o the position of
the tongue in the-mouth, or to its principal acoustic
correfate, Fi. Vowel height, on the other hand, will
be reserved to refer to the phonologics] contrast be-
tween vowels, and it should not be taken to grant
any priority to tongue height or position in convey-
ing these contrasis.) Becawse this work will later be
cxtended to the 2ifects ol lip rounding on perceived
vowel height, these investigations focused on vocal
tract shapes appropriate to back vowels: In design-
ing the stimuli used here, the effects of Tongue
Hetght differences were simulated across a 2-mm
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Table 2. First three formant frequencies (in Hz)
resilting  from simulations. of thrae degrees ol
Tongue Hejghs

F) Fz Fs
t| mm 385 1030 2360
0 mm 430 Loso 2330
=1 mm 430 070 2320
range from | mm below the neutral position 1o

Lmm above it, with the further assumption of 2 mm
of lip protrusion, 2 mm of laryax depression, and
lip aperture 13 mm wide fsee Lindblom and Sund-
berg, 1971, Riordan, 1977, and Linker, 1982, for djs.
cussion af these articulations and their acoustic
effects.] With each millimeter aof longue raising,
the tongue was advanced z third of a millimeter tg
simulate the more forward position of higher back
vowels, The resulting values (ropnded 10 the near-
est 3 Hz) for the first three formants are given in
table 3,
Although Tongue Height clearly affects Fs and
Fs as well a5 Fy, for simplicity's sake it was decided
to employ constant values for these two formants in
the stimuli; the valyes used were 1,050 and
2,350 Hz, respectively, Varation in Fi alore of the
65 Hz that ? mm dilference n Tongue Height pro-
duces [s more than sufficient to produce g different
vowel quality. These formant frequencies were thep
used to synthesize vowels through the cascade
branch of a Klatt synthesizer. Masalization was 5VI-
thesized by placing & nasal zerg (M:) between a ng-
sal (M) and ora) pole (Fi) (the former was alwaws
130 Hz lower than the latter): the further the nasa
zero 3s from either of the (wa flanking poles, the
more nasalized the resulting vowel sounds [Stevens
et al., 1987]. Although nasalized vowels are typically
weaker than oral ones [House and Stevens, 1956],
the peak amplitude of a1l vowels were normalized to
within 0.2 dB of one another, which would largely
prevent listeners from using an amplitude difference
in the Nasalization by Tongue Height experiment,
This was done so thar performance would be dater
mined by the effects an the Spectrum of separating
the nuszl zers from the nasal pole by various
amounts. Any reduction in intensity in the region of
the first formant in the nasalized vowels is of course

. Strictly betwesn Tongue Height which increases top

ot affected by this
tensity in that region of the spectrum which iz,
N natural nasalized vowels [House and Slerg
1936] could have heen used by the listeners i
Masalization by Tongue Height EXpErment F‘.-_—q'
Fy was simply varied directly. -
Filot experiments in which listeners discriz
nated between members of stimulus pairs diffry
by varying amaounts along the dimensiogs ¢
Tongus Height (the inverse of F), Nasalizags
and Pitch were then run o determing rough just g
ticeable differences along these various dimeneig:
For Fy, & difference of ghont 25 Hz wug refigh/yds
lected; for MNaszalization, an N~N| differencs of
10 He was distinguishable from one of 50 Hzyand
lor Pitch, just a § Hz difference was deteciaby
Since differences are easiest 1o detect when im
stimuli are presented side by side far COIT g,
and the stimuli were to he presented individuallyj
the experiments reparted here, somewha larger it
ferences than the minimum ones detectable weg
employed in canstructing the stimulus arrays,
Finally, it is imporant 16 note that varying Ne
salization and Pitch does not directly affect the
measured frequency of F; in these stimulj, oy
Tongue Height differences do. However, it is o
dicted that the acaustic effects of these articalatian
will affect the. perceived frequency of 7. It is thi
prediction in fact that these cxperiments arc e
signed o test,
The stimuli for the twao seis of arrays, at the vad
DU rotations, are given in table 3. Henceforth inth
ErenCe o these arrays, a distinction will he drawn

to bottom and F| which increases from bottom
lop. Nasglization and Piich increpse from [eftio
right (fig. 1),

The differences in Fy, the inverse of Tongue
Height, arc the same for the twe experiments. Fy
Was sel to the intermediate value of 125 Hzin ull the
stimuli in the Nasalization by Tongue Height exper
iment, while the difference between the nasal for
mant and the pasal zero was set to 0in the Picch by
Tongue Height experiment, eliminating any nasali-
Zation,

In terms of the acoustic measures themselves
Fi. N=Np, and Fy, the conpruent stimuli in both
sets of arrays would be B and O sinee it is these
stimuli in which values along each pair of acousiic
dimensions are cither both high or both low, while
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Fable 3. Stimuli [or Masalization

: F
Nasalization _
by Tomgue Heiglht M.
M
I““.:'._ NJ
F
M.
M)
N,~Nj
“Fitch Fi
by Tangue Height e
F
Fp

mAand Dithey have Dppnsit:‘_ val
wo arrays differ in which pz1r.nf
values in a way best corresponding
height contrasts. I7 more Nasal
vowel sound lower for a given To
tverse of Fy) and vice versa, then
ehe are the most distinet in vowel b
silization by Tongue Htigl'llt arvays
i5-in accord with ncoustic cong
misher Pitch makes a vowel of
Helght sound higher, then A and L
tinct in vowe! height for the Piteh 1
brays, and distinctness does not o
mngruence. For the sake of consis
Pretetion of the arrays, B and C
the congruent stmuli and A an
ones in all future discussion,
Since error rate rather than reg
measure of performance in these
Yowels were made quite boefl, I
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‘egion of the spectrun which ie foizng
alized vowels [Howse and Steven
ve been used by the listenprs in 1|1='
y Tongue Height experiment.
varied directly,

iments in which listeners diseripg.
members of stimulus pairs |:|1Tr'-:n'1-|L~
mounts along the dimension: af
t (the inverse of Fy), Nasal':zu;.'m
then run 1o determine rough just o
nces along these various dimensigng
‘ence of about 25 Hz was reliahly da
salization, ‘an N~N; difference of
inguishable from ane of 50 Hz: g
a ¥ Hz diffcrence was detectnple
e are easiest to detect when twg

sented side by side for COmparisan,

were to be presented individuallyig

: reported here, somewhat larger dif

the minimum ones detectable wep
matructing the stimulus arrays.,

i important 1o note that varying Na
Pitch does not directly affect the
dency of Fy in these stimuli; anjy
differences do, Hawever, it iz pre
scoustic effects of these articulations
perceived frequency of Fy. Tiisihis
act that these experiments are d&

for the two sets of arrays, ot the vans
re given in lable 3. Henceforthimref

arrays, a distinction will be drawn -
Tongue Height which increaszestop

Fy which increases from bottomila
an and Pich increase from [eftita

aees in Fi, the inverse of Tonge

same for the two experiments: By
termediote value of 1235 He in ailthe
asalization by Tongué Height exper
e difference between the nasal for
152l zero was set ta 0 in the Plich By
experiment, eliminating any nualk

the scoustic measures themselves -
| Fg, the congruent stimuli in:bol
vould be B and C since it is theses
1 values along each pair of acoste
either bath high or both low, While
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Table 3. Stimuli for Masalization by Height and Pitch by Height arrays
G
Rotation
L iy 45
A B A B A B
Nasalization F 260 460 465 453 466 445
by Tangue Height N, 320 370 337 371 351 363
My 310 310 313 303 316 295
M=y 1 60 22 it 33 70
C D C D L D
Fy 430 430 437 435 445 424
M 260 340 289 324 205 309
My 280 280 287 273 295 274
MM 1) Bl 2 49 0 35
A B A B A B
Pitch Fi 45) 460 465 453 466 445
fy Tongue Height Fis 120 130 123 131 125 132
C D [ (B 2 |5
Fy 430 430 437 425 445 424
Fn 120 130 119 123 118 125

mAand I3 they have opposite values. However, the
pin armays differ in which pair of stimuli combine
yaliies in a way best corresponding to natur] vowel
hesght contrasts. If more MNasalization makes a
vowel sound lower for a given Tongue Height (the
imverse of Fy) and vice versa, then the B and C vow-
glsare the most distinct in vowel height for the Na-
faliration by Tongue Height arrays, and distinctness
imin accord wilh scoustic congruence, but if a
bgher Pitch makes a vowel of & given Tongue
Heizht sound higher. then A and T are the most dis-
tinct in vowel height for the Pitch by Tongue Height
wrrays, and distinctness does not agree with acoustic
wnegruence. For the sake of consistency in the inter-
pretation of the arrays, B and C will be considered
e congruent stimuli and A and [ incongruent
mes in all futuee discussion.

Since error rate rather than reaction time was the
measure of performance in these experiments, the
Sowels were made gquite briel, lasting only 63 ms

from the onset of energy to its offset, in order to re-
duce accuracy overall. Amplitude rose steeply from
( to 57 dB in the first 10 ms and then more gradu-
ally to 60 dB in the next |0 ms, remained ar 60 dB
for 25 ms, and then [ell back te 0 dB in mirror 1m-
age al its rise (recall that the peak amplitude in the
output waveform was also normalized for all stim-
uli). The frequencies of the first oral and nasal Tor-
mants, the nasal zero, and the lundamental were
constant throughout each stimulus; and the frequen-
cies of formants sbove the first as well as all Tor-
mant bandwidths were constant-acrass stimuli,

2.5, Connections amang Design
Companents

If integration of dimensions occurs, perfor-
mance on the correlated task should be Tuster and




mare accurate than that on the baseline tasks, while

erformance of the selective and divided attention
tasks should be slower and less accurate. [ integra-
tioms shows up in thesé experiments, i would show

that the perception af vowel quality inlegrates dif-
ferences in the acoustic signal due Lo velar o laryn-
geal articulations with those due to movements of
the tongue,
Even il integration oecurs, listeners may till sor
the stimuli by their valyes along the individual di
mensions. For example. a vowel may still be per-
ceived as having a high Tongue Height when Nasal-
ization 15 alse high, even though its perecived
Tongue Height is lower than it world be if Magaliza-
tion were low, Conversely, a vowe] may stil] be per-
ceived us having u low degree of Nasalization when
Tengue Height is high, even though its perceived
Masalization is higher than i) would be if Tongue
Height were low, IF listeners can still judge a stimu-
lus's value an these dimensions individually, even if
that vialue is distorted by the stimulus’s value on the
other dimension, then the dimensions are perceptu-
ally primury, in accord with their traditional label-
ling with different features, [high] and [low] {Tongue
Height), [nasal], and [High] (Pitch). As a result of in-
tegration, the lstener's percept af the vowel's height
is mare than just an additive composite of its values
for cach of these dimensions, byl af the same time
the vowel is recopnizabie as being in large part com-
posed of sertings alang each of these
because they

dimensions,
are also perceptualfy primary.
Perceptual primacy iz assessed in twa ways,
First, performince on selective and divided atgen.
tion compared to the baselipe tasks should change
in opposite wavs with rotation of the stimulus array
away from its orientation 1o the original stimulus di-
mensions. If that orientation aligns with percepiu.
ally primary dimensions, then performance an a se-
lective attention task should declineg, since intrackass
variability is incressed with rotation. Performance
on the divided attention task should, on the other
hand, improve, sinee rotation reduces the intraclass
variability with respect o the primary dimensions,
Second, with percepiually primary dimensions, con-
gruent stimuli should be percejved mpre reliably
than incongricent ones, since in the congruent stim-
ult bath stimulus dimensions vary in the same direc-
tion, while in the incongruent ones, they vary in op-
posite directions: If it should turn out that vowels
which exhibit natural covariation for these dimen-

sians are more distine from ans another thag e
which do nat, then performance on tasks in

the INecongruent stimuli must he distingyihy
should actuslly be beter in the Pitch by Tongy
Height experiment (in the Masalization hy Trigy
Height experiment acoustic CONETUENce coingi|
with the natural patern af coviriation of thoseg
mensions).

=
y

2.6. Method of FPresentation

The stimuli were presented 1o subjects seqradiy
4 sound-treated room, at comfortable Jevels a4
Readphones to anc ear, the nght for alf subjects by
I, who claimed his left rar was better. The subjécy
ran the expedment themselves from g video dispiay
terminal through which they entered their response
and controlled their progress from Block to biod
Each block of trials began with a series of pragtice
trials in which the stimuli that belonged to the cote

gary were presented in alternation with those the.
4 stimulus belonged to the o

did noet, Whether
gory was indicated by presenting the words “ves'
‘N’ on the computer scraen immediately before the
subject heard the stimujus. The message remainsd
on the screen for S0 ms, and then the subject heard
the stimulus, They were then 1o respond by striking
labelled ‘ves” and ‘no’ keys (these keys were the '
and ‘3" keys of the keypad and the subjects struck
them with the index fingers of their left and right
hinds, respectively). The nexi trial began 230/ms
alter their response. After the subjects had heard
8 repetitions of each simulus in training, the test
tridls began. In cach block of test trials, they heard
24 instances of each stimulus, in randam ardee, B
lot wark had shown that o prevent suhjects fromTe:
spending at chance on the more difficull tasks, they
nesded o be reminded of what sounds belonged (0
the calegory during the test trigls: accardingly, & 'Ii'f
the 24 test triuls were preceded by 'ves’ or ‘no’. 5510
the practice trials, while tlia remitining |6 wers pre:
ceded by ‘puess’ (which trialé wers preceded by
Yes', ‘o’ or ‘guess’ was also random), Only their
performance on the 16 trials where they had to
guess was included in the results, The subjecis were
instructed to respond as quickly as possible to h”[_h
the practice and test trials, and [f anything 1o ;m_:ri-
fice accuracy to speed. They were also told Lo give
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heir immediate impression of whe

peionged to the category .'lll'ld not
when the decision was I.:I_Iﬂ_l.-l'_,IJ]'l. .

There were two sessions, one [t
tign by Tongue Height arrays and t
Pitch iuy Tongue Heights u:-mys._H
#id Nasalization by Tongue .Hi.:u;_f
other half Pitch by Tongue Hv:q_rth fi
gessict, there were 27 blocks of [rrm
giucks by 3 rotations. The ¥ tasks
jneks (A vs: By € ve, 11.. A Vs n’_.
reorrelated tasks (B vs. © umfl A
siiention tasks (A and H vy, £ an;l.
yeifhand D), and 1 divided ;"Emnm
ve A and D), and the 3 mtat:nmf v
45°, Subjects heard all 2 m.ske.- with
gether, but the order in which .I]u:'_.'
ton was determined by a Latn sg
order in which the 9 tasks were pr
motation, expect that the Tirst task il
to perform on any rotation was # b.'.
restriction ensured that 1]19_1.- -s:nr'.h:ﬂ
finding out what one 01_' its ‘dime
mally, whethier a given stimulus or
tothe categary on 2 given task was
across subjects,

2.7. Subjects and the Pract
af the Experiments

Subjects in this experiment we
wolunzeers from the Cornell Univ
who answered posted advenisemer
“dents, 5 undergraduate and 3 =
had some background in linguisti
b:ginrﬁng their 2nd year of g!’_ﬂd1
Huistics, but all were entirely ign
pose of the experiment Six of §
Women and the other 2 men. Each
| i'bath sessions of the cxperime
ook approximately an hour and ;
Fsubject, the two sessions were
days; far that subject the [irst sess
Eoming and the second in the
Sdime l:l:l'\.'. Suhjects paced thems:
and were told that thev could tak:
they wished between blocks.
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then performance on tasks iy "'-'hinh-:
ent stimult must be d“””@‘-ﬂahgﬂ.
¥ be better in the Piich by TUI':Eu[.
nent {in the Nasalization by TGT‘-&H:
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| were presented 10 subjects sealed i
 room, ar comfortable levels Tver
one car, the right for all subjeers bt
1 his lelt ear was better, The subjecil
nent themselves from 2 video dj
th which they entered their rcs#.jiz:f
their progress from block to blode:
trials began with a series of pracige.
the stimuii that belonged to the caje.
iented in alternution with thoze tha
aer a stimulus belonged to the-caget
ated by presenting the words ‘veson
nputer screen immediazely hefore |!1';-' ]
the stimules. The message remained?
or 500 ms; and then the subject heart
hey were then to respond by 5[;&1,1[_::-
nd ‘no’ keys (these kevs were the B8
“the. keyvpad und the subjects sthks
index ingers of their lefi and:ngal
ively). The next teial began 250ms=)
wonse. After the subjects had heendt
" each stimulus in traming, e lest
each block of test trials, they heand
each stimulus, in random ordes =
own that ta pravent subjects fromns
wnce on the more difficult tasks; theg
mminded of what sounds belonged fos
iring the test trizls; accordingly, i
iwere preceded by ‘ves” or “no’ 31‘5_-_
s, while the remaining 16 werepies
38" {which trials were preceded: B i
wess” was also random),. Only theg
n the 16 trials where they hadsiees
ded in the results: The subjeots 'm'l:'l.
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it immediare impression of whether o stimulus
hdanscd to the category and not to reflect even
when the decision was d.i.ff'lcul:. :

There were TWo sessions, ane for the Masaliza-
tipn by Tongue Height arrays and the other for the
pitch by Tongue Heights arrays, Half the subjects
{id Masalization by Tengue Height first and the
ather half Piteh by Tongue Height first. Within each
cpexion, there were 27 blocks of trials, consisting of
g tasks by 3 rotations. The 9 tasks were 4 bascline
ekr (A vs. B, C va. DA ws: Coand B vs. I,
seamrelated tasks (B vs, Cand A vs. D), 2 selective
steation tasks (A and B vs. C and D and A and C
s B and D), and | divided attention task (B and C
v A and D), and the 3 rotations were 0,225, and
452 Subjects heard all 9 tasks within 2 rotation to-
gether, but the order in which they heard each rota-
tion was determined by a Latin sguare, as was the
grder in which the 9 tasks were presented within a
rotation, expect that the first task that a subject had
to pecform on any rotation was & baseline task. This
restriction ensured that they started each rotation by
ﬁ;;ig;[ng out what one of ite ‘dimensions’ was.: Fi-
maily, whether a given stimulus or stimuli belonged
tothe cotegory on a given task was counterbalanced

3crnss subjects.

2.7, Subjects and the Practical Conditions
of the Experiments

Suhjects in this experiment were & paid (357h)
volunteers from the Cornell University community
w0 answered posted advertisements; all 8 were stu-
dents, 5 undergraduste and 3 graduate. Five of 8
had some background in linguistics, in fact 2 were
Begnning their 2nd vear of graduate study of lin-
guistics, but all were entirely ignorant of the pur
izt of the experiment. Six of the subjects were
women and the other 2 men. Each subject took par
i both sessions of the experiment, each of which
ook approximately an hour and & hall, For 2] but
Isubject, the two sessions were run on differen
tays: for that subject the [rst session was run in the

moming and the second in the afternoon of the

!}'5'1'& day. Subjects paced themselves in a session,
_"_l'd- Wwere told that they could take breaks whenever
ey wished berween blocks.

Since each stimulus was presented 16 times and
there were 8 subjects, the results are based on 128
responses to cach stimulus in each of the 9 tasks at
each rotation. Given that there were 16 repetitions,
of 4 stimuli, in @ tasks, ol 3 rotations, in 2 experi-
ments, each subject produced 3,456 responscs.

3. Results
3.1, Introduction

All subjects reported somehow that
vowel quality was manipulated in both ex-
periments. All also noticed that Pitch was
manipulated in the Pitch by Tongue Height
experiment, but the only subjects who de-
seribed the orthogonal variable as Nusaliza-
tion in the other experiment either had
some linguistic training or experience with
a language such as French in which nasali-
zation is contrastive on vowels. The other
subjects described some of the vowels in the
Masalization by Tongue Height experiment
as muffled or otherwise obscured. These re-
ports suggest that the subjects were able o
detect the principal acoustic manipulations
of these experiments, but they do not re-
quire that Nasalization, Pitch. and Tongue
Height be perceptually primary dimensions.
All the subjects also reporied far more diffi-
culty with the selective and divided atten-
tion blocks in which two stimuli belonged
to cach class rather than just one, This diffi-
culty could refleet interference from per-
ceptual integration, or just the greater diffi-
culty in forming a class of two rather than
just one member. Both of these ambiguities
are resolved by the analysis of the subjects’
performance.

The dependent measure in these experi-
nients was error rate as a proportion of the




Table 4. Mean arrar rates (with standard errors), as

of Task Type and Rotation: Nasalization by Tongue H

Task Rotation
0 235° 45° Mean '
==t M B e £ e == <
mean  SE mean SE mean SE mean S
R = = e — e
Neasalizaiion
by Tongue Heighr
Razeline 0.148 LAl 0160 0.024 0,151 0,037 0,153 0,014
Megative co reelation 0,008 0,035 (L0220 .01z (L35 (1.02] G027 (Ui
Positive correlation AL 0042 0.215 0.071 0,156 0067 D134 o
Selective 0.190 0022 0.287 0.051 0:232 0.036 0253 oy
Divided 0441 0.027 h29x (L0320 0379 037 440 pom
mean 0175 0.026 0.236 (.03 0.205 0.026 0205 D04
Piteh
by Tungue Heigh
Haseline 0074 0.Ol7 (LO57 018 0,064 0.028 0065 oo
Negative correlatinn 0.035  0.015 0020 0008 0.031 e (L0330
Positive correlation 027 0007 0.039 0.018 0.023 0.000 0030 0R
Selective 0191 0.034 (.235 L.027 0.278 0017 0235 Q08
Divided 0339 042 0.289 0.057 0.339 (050 {.322 0028
mean 134 (0.023 0.128 0022 0,147 0.025 136 0003

total responses for that subject, task, and
rotation. Preliminary danalyses of varance
(ANOVA) vielded nao significant interac-
tions betwsen Subject and the other inde-
pendent variables, so the requirements for a
randomized complete hlock design were
met here,

3.2, Assessing Perceprual Integrarion:
Overall Error Rates

Mean error rates {with standard ETTOrS)
obtained in the two experiments for each
combination of Task Type and Rotation are
presented in tabled (positive correlation
refers to the task where the stimuli ejther

4 propotion of tatal responses for

cach combing
eight and P -Uq‘

iteh by Tongue Height

had high or low values an both scoustic di-
mensions, B and C, while negative correlt-
tion refers to the task where the stimuli had
a high value on one acoustic dimension and
a low value on the other, A and D).

Differences in overal BITOr raie wers ai-
sessed in terms of a three-way ANOVA
with Experiment (Nasalization or Pitch),
Rotation (0, 22.5, and 453 ), and Task Type
(baseline, negatively correlated, positively
correlated, selective attention, or divided
altention) as independent variables. The
main effect of differences in Experiment
was quite significant, F, ., = 34957
p <0.0001, with substantially more errors
overall (51%) in the Nasalization by
Tongue Height than the Pitch by Tongue
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Fig. 2. Mean error rates (with
stundard errors), expressed as the
proportion of the responses in a
gven task for each subject: I]'Il:.tr-
fects of Rotation in the Nasahza-
fion vs. Pitch by Tongue Height
eiperiments {a) and the EFT-FEIZE of
Task Type in the Nasalization Ve,
Fitch by Tonmpue Height experi-
ments {h}.
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Hasaling

Height experiment. Rotation was not signif-
feant Fiy apgy = 2.000, p = 0.1379. Task Tvpe
Was: highly significant, Fy 0y = 116.591,
B<0.0001, and post hoc tests (Scheffé's )
showed that all pairwise comparisons be-
iween Task Types, except that between the
p;gsilivel}' correlated and baseline tasks,
‘Were significant at 0.05: overall error rates
lower for negatively
eorrelated than baseline tasks, and signifi-
~Gntly higher for selective attention and yet
.}ﬁ'ghur for divided attention tasks.

Meg. Cor.d
Fos. Cor,
Soloctive-

Dlvidod-

Interpreting the different effects of nega-
tive vs. positive correlation requires looking
at the interactions in this analysis, one of
which reached significance, and another
which approached it. The interaction be-
tween Experiment and Rotation, Fi g
= 1887, p= 0.058 (fig. 2a), was almost sig-
nificant because rotation affects error rates
more in the Nasalization by Tongue Height
than Pitch by Tongue Height experiment,
and because more errors occurred at 22.5°
than at other rotations, The differences be-
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Table 5. Mean differences (with standard errors) between selective or divided attention and baselin
error rates by Rotation: Nasalization by Tongue Height and Pitch by Tangue Heighy

Task Rotation
o= 22 43 mean
mean SE mean  SE mean  SE medan ‘?E_h
Nasalization
by Tongue Height
Selective — Baseline 0.042 0022 AzZ7 L0385 0131 0.047 LIS L5 S Xy e
Divided = Baseling 0.293 0.029 0338 0.051 0.228 0.032 0286 08
mear 0. 168 0.037 0.232 [EXTES 0179 0.030 0193 0.0
Firch
by Tangue Heighe
selective = Baseling 0.118 (L0300 0179 0.023 (L2115 ERIE R 0170 0006
Divided ~ Baseling 0266 {1044 ;232 0,043 (.274 0054 0.257 [L027
mean 19] 0.034 0,201 0.024 0245 0.029 0214 0017

tween Experiments in the effects of Task
Type reflected in the second significant in-
teraction, F; 15, = 4.818, p = 0.001 (fig. 2b),
include: a drop in error rate for both the
positively and negatively correlated tasks
compared to baseline performance in the
Pitch by Tongue Height experiment. but
only for the negatively correlated task in the
Nasal by Tongue Height experiment vs.
substantial increases in error rate for both
experiments in the selective and divided at-
tention tasks. The interference indicated by
the poor performance on these last two
tasks indicates integration of both Nasaliza-
tion and Pitch with Tongue Height, but in-
legration also predicts facilitation on both
the positively and negatively correfated
tasks. The absence of such facilitation in
the positively correlated task in the Nasali-
zation by Tongue Height experiment thus
requires explanation. This difference he-
tween the two experiments in the behavior

of positively vs. negatively correlated stim-
uli is shown to arise from differences in per-
ceptual primacy between Nasalization and
Pitch relative to Tongue Height in the evak
uation of the effects of congruence in sec-
tion 3.4,

3.3. Assessing Perceptual Primacy

Perceptual primacy of the dimensions:of
Tongue Height, Nasalization, or Pitch was
assessed first by looking at whether the.dif-
ference between selective attention and
baseline performance gets larger with roté
tion from {} to 457, while the difference bt
tween divided attention and baseline per
formance gets smaller. If Rotation interdcts
with Task Type in this way, then the dimen:
sions corresponding to the original orienté:
tion are perceptually primary. More gentl
ally, the interaction of rotation with thest

[rtegrating Articulations

Fig. 3. Difference in  mear
error rates (with standard error
for [Selective Attention—DBaseline
and [Divided Attention—Baseline]
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Pitch by Tongue Height expen
menls {a}; Nasalization by Tongus
Height alone (b)) ws. Pitch b
Tongue Height slone (c)
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two kinds of differences allows the percep-
tually primary dimensions to be discovered;
they are those dimensions aligned with the
rotation at which the selective attention vs,
baseline differences are smallest and the
divided attention vs. baseline differences
largest.

These twa kinds of differences were cal-
colated for each task, rotation, and subject
and serve as the depeéndent measure in a
three-way ANOVA in which the indepen-
dent variables are Rotation, Experiment,

0.0 v =
-11.25 0.00

T
11.25 22.50 33.75 45.00 56.I5

and Artention (= subset of Task Types:
table 3).

Meither Rotation nor Experiment was
significant, though Attention was, F, g
= 44321, p<0.0001, reflecting the poorer
perfomance averall in divided compared to
selective attention. The interaction of Ex-
periment by Attention reached significance,
Fium =3.805, p= 0.0184, because in the
Masalization by Tongue Height experiment
the divided attention error rate differs more
from the selective attention error rate than




in the Pitch by Tongue Height experiment,
As predicied by the hypothesis that the di.
mensions at one of the orientations are per-
ceptually primary, the interaction of Rota-
approach signifi-
cance, Faq = 2,032 p = 0.0593, reflecting
the difference in
performance on the divided vs. selective at-

tion with Attention did
Progressive reduction of
tention tasks with rotation (fig. 3a,

However, figures 3b. . which break out
the effect of Rotation by Experiment, show

that while rotation away from )° uniformly

increases the error rate in selective attention
tasks in both
rates in the divided attention tasks is not
uniform across or within experiments. Inex-
plicably, the divided attention error rate is
highest at 22.5° for the Nasalization by
Tongue Height experiment (fig. 3b), while
that error rate drops with rotation ta 225"
and then with rotation to 45° rises dgain in
the Pitch by Tongue Height experiment
(fig. 3c). While the increase in error rate for
selective attention with rotation awayv from
0% does support interpreting the dimen-
sions aligned with the array at 0° as the per-
ceptually primary ones, the changes in di-
vided atiention error rates do not. The as-
sessment of perceptual primacy is therefore
pursted along a different path in the evalu-
ation of congruence in the next section.

3.4. Assessing Percepiual Primacy
through Congruence

In both experiments, there is a contrast
between stimuli in which dimensions vary
congruently vs. those where they vary in-
congruently, but the pwo experiments differ
in whether the congruent stimuli are alsg
those which exhibit the naturally occurring

experiments, its effect on error
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covariation of dimensions, For the Nagl
ization by Tongue Height experiment, i
congruent stimuli, B and C, are alsp lh:L
which exhibit the natural covariation of g
mensions, # large N,-N, difference wj
high F| and vice versa. For the Pitch bﬁ
Tongue Height experiment, on the gihe
hand, the congruent stimulj exhibit the a}
posite pattern of covariation, high F, wit
high F, and vice versa. Of interest hep,
then, is whether the congruent or the g
rally covarying vowels are perceived mop
accurately in both experiments.
For each experiment, subject, rotation
and task type (baseline, correlated, selectiye
attention, and divided attention), the errpn
Were separately tabulated for egch of A B
C, and D, and then expressed as a propor
tion of the total responses for that subjed,
CXperiment, rotation and task type: The &

ror proportions for the congruent stimuli, B

and C, were then added together, as wee
the error proportions for the incongruent
stimuli, A and D, and a COMgruence score
was caleulated by subtracting the congruent
sum (B4C) from the incongruent one
(A+D). These scores would tend to be posk:
tive if fewer errors were made for the puta
tively congruent B and C than the puts:
tively incongruent A and D. Mean congnt
ence scores (with standard errors) are pre:
sented in  table (note that errors are
pooled within a task type).

Taking these differences for each Sub-
Ject as the dependent va riable, a three-way
ANOVA was performed in which the inde-
pendent variables were Experiment, Roig:
tion, and Task Type.

Experiment was significamt  (F) 6=
22708, p.<0.0001) because COnEruence
scores were predominantly negative in the
Nasalization by Tongue Height experiment,

[negrating Articulations
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Table 6. Mean congruence score
srrors for stimuli B and € and summn
Nasalization by Tongue Height and

Tusk Rotatior
Tus
0
mean
Nosalization
by Torgue Height
in
Baseling _rz_n.‘ 7
Correlated J"L:J'.],
Selective L], .
Bivided ~0.016
mean —0.04]
Firch
by Tongee Height
" Baseline 0.0 ;I|
Correlated I}.I}E—.
Selective I}.ﬂ'f
Divided ~0.025
meLn —0.002
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dtores [or divided anention &
0 polarity for baseline tasks.
Lot significant as a main effe
Two interactions achievec
Experiment by Task Type, I
D= 0.0132 (fig. 4a), and Rot
Type, Fyy e = 3.739, p= 0.




- Ringag
T

" dimensions. For the Nag
ngue Height experiment, the
auli, B and C, are also thyg,
the natural covariation gf",:ﬁ_.
ulrge NN, difference With
vice versa. For the Pitch b
it experiment, on the othey
gn{ent stimuli exhibit the op-
of covariation, high F, wig
vice versa. Of interest hep
er the congruent or the pay,
g vowels are perceived mops
woth experiments.
speriment, subject, rotation,
baseline, correlated, selective
divided attention), the errors
y tabulated for each of A, B
| then expressed as a propos-
al responses for that subject,
station and task type. Theer
s for the congruent stimuli;B
hen added together. as wer
sartions for the incongrusnt
| D, and a congruence scor
by subtracting the congruent
from the incongruent ome-
scores would tend to be post
rors were made for the puotas
mt B and C than the pute=
ent A and . Mean congri-
Ath standard errors) are pres
sle & (note that errors: 46
a task type), -
se differences for each Sub=
sendent variable, a three-way
performed in which the indes
bles were Experiment, Rois
Twpe.

was  significant

0001) because congrusnts
redominantly negative in the
v Tongue Height experiment

(Fiisn= &

pterating Articulations

-
1

——

Table . Mean cungruence scores iwith standard errors), as differences between summed proportion of

rars for stimuli Band C and summed proportion of errors for A and D, i.¢. [errors(A+D)—errors{ B+ C)l:
Nasalization by Tongue Height and Pitch by Tongue Height
};_:k Rotation
0 3L 45 mean
mean  5E mesn SE mean  SE mean SE
e
Nazalization
by Tange Heirhit
Baseling 0012 0.007 0.02e 0011 0019 D014 0000 0.008
Corcelated —0.041 0020 0098 D034 —0.051 04036 =0.063 0.018
gelective B K 0084 0037 —3.m3 0028 —n.0af mila
Bivided 0016  0.034 —0.006 0.028 0.055  0.024 0.011 0017
[mEan -n.04] 0012 0040 0017 —0.027  L0ls =036 0.4
Firch
by Tongue Height
Haseline 0010 0.008 0024 0014 0001 0007 0,004 0.006
Correlated 0004 0007 00010  0.010 0004  0.010 0001 0003
Selective 0023 0031 0056 0.024 0009 0.036 =008 0018
Divided 0025  0.027 0040 0012 0.09a 0029 0037 0017
mean 0002 0011 0001 00K 0027 D013 0,008 0.007

but near zero or weakly positive in the Pitch
by Tongue Height experiment. Congruent B
and C were clearly perceived less accurately
for the Nasalization by Tongue Height ex-
geriment than incongruent A and D, but
there was little difference in accuracy be-

“tween congruent and incongruent stimuli in

the Pitch by Tongue Height expenment.
Task Type was also significant as a result of
merative congruence scores for correlated
and: selective attention tasks vs. positive
scores for divided attention and scores with
mo polarity for baseline tasks. Rotation was
mot significant as a main effect,

W Two interactions achieved significance,
Experiment by Task Type, Fi ey = 3.690.
p=0.0132 (fig. 4a), and Rotation by Task
Bype, Fy 1oy = 3.739, p= 0.0016 (fig. 4b).

The Experiment by Task Type interaction
leads to reinterpretation of the two signifi-
cant main effects, since CONETUence sCOTES
for correlated and selective attention tasks
are only markedly negative in the MNasaliza-
tion by Tongue Height experiment: in the
Pitch by Tongue Height experiment, the
congruence scores in these two tasks are
much closer to zero, as arc Congruence
scores overall for this experiment, This dis-
parity is reversed for divided attention
where congruence scores are mare strongly
positive in the Pitch than Masalization by
Tongue Height experiment. In correlated
and selective attention tasks, the two mem-
bers of either the congrucnt and incongru-
ent pairs must always be assigned to differ-
ent classes. In the MNasalization by Tongue
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Height experiment, achieving this resuit is
I-'.'].ﬁf.!f]}' much more difficult for B and C, the
snn‘_luli in which the two dimensions covary
as n natural vowels, than A and D. in
which they covary inversely, but only a
much smaller disparity can be l::nbz-:r:n'c:f] in
the Pitch by Tongue Height experiment,
and that is due g negitive -:ungruenué
scores at 22.5° alone. In the divided atten-
tion task, where the congruent stimuli are to
be distinguished from the incongruent,
there is an advantage for the :magruethu over

the incongruent stimuli. This advantage s
greater in the Pitch hy Tongue Height &%
periment, where it increases with rotation
away from 0° than in the Nasalization by
Tangue Height experiment, where congr-
Efice scores are only noticeably positive at
45°. Interpretation of both results is aided
by figure 1. If the A-B and C-D sides of the
stimulus array were lengthened percepti-
ally with rotation away from 0°, perfor
mance should improve for the incongruent
A and D stimuli over the congruent B and
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c stimuli for the two tasks in which the
members of each pair are assigned to differ-
ont classes. the correlated and selective at-
ention tasks, but this advantage should be
eversed for the task where the congruent
stimuli are assigned to the same class, the
givided attention task. What remains puz-
ding is why the first effect is more pro-
nounced in the Nasalization by Tongue
Height experiment, but the second is more
?rnnnunucd in the Pitch by Tongue Height
gxpﬂl.‘i]]‘ll:ﬂ[..

A series of independent two-tailed t tests
were performed for each combination of
Task Type and Rotation in each Experi-
ment to sce whether the congruence scores
differed from zero; their results resemble
those obtained from the ANOVA, For the
Nasalization by Tongue Height experiment,
genificantly negative resulis were obtained
a3 (of 12) tests (p<0.05), almost signifi-
cantly negative results in 2 others
{0.05< p=<0.10). negative trends in 5 oth-
zrs, and positive values for only 2: the base-
fine task at 22.5° (tq, = 2.634, p = 0.0337)
and the divided attention task at 437 (i =
2746, p= 0.0596). The preponderance of
negative congruence scores shows that the
putatively incongruent pair of stimuli, A
and D, were usually classified more accu-
rutely than the putatively congruent pair, B
and C, in this experiment. However, this re-
sult does not support the conclusion that
Masalization and Tongue Height are per-
ceptually primary dimensions, since it does
fot depend on the listeners’ ability to make
independent measurements of the stimuli
dlong the two dimensions. Instead, vowels
inwhich the dimensions covary unnaturally

‘#re apparently more readily distinguished.

This result is a generalization of the lower
error rates observed for A and D in the neg-

atively correlated task compared to B and C
in the positively correlated one (see end of
section 3.2). The t tests lor the Pitch by
Tongue Height experiment vielded guite
different results. Congruence scores were
significantly positive in just one case, the
divided attention task at 457 (4 = 3.300,
p = 0.0131) and approached positive signif-
icance in one other, divided attention at
22.5° (t;; = 2.218, p = 0.062); there was |
case where the test approached negative sig-
nificance, selective attention at 22.5% (i
=-2.350, p = 0.051; otherwise, the congru-
ence scores did not differ from zero and no
trends emerged (5 were weakly positive and
4 weakly negative). The overall failure of
the congruence scores to differ significantly
from zero in the Pitch by Tongue Height ex-
periment suggests that listeners do no reli-
ably classify vowels along these two dimen-
sions independently of perceived vowel
height — this result also generalizes the simi-
larity in error rates between the positively
and negatively correlated tasks in the Pitch
by Tongue Height experiment.

3.5, Summgry

That correlated variation facilitated classifica-
tion, while orthozonal variation interfered with it in
both these experiments suggests that both Masaliza-
tion and Pitch are integrated with Tongue Height in
the perception of vowels, The perceptual primacy of
any of these dimensions remains in doubt, however,
since although selective atention performance did
decline with rotation away from 05, divided atten
tion perfarmance did not improve uniformly. Masal-
ization appears from these results to be more of an
independent attributle of vowels than Pitch does, ul-
though the analysis of the congruence scores sug-
gests a different interpretation.

There it was found that stimuli which combine
Masalization with Tongue Height in ways not ob-
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served in natural speech wers classified mare geeu-
rately than those that did, across tasks and rote-
tions, Those stimuli in which these dimensions co-
vary naturally are classified less accurately as o re-
sult of more thorough integration of the twa dimen-
sions in them, which makes jt maore difficult to inde-
pendently evaluste their values along each dimen-
sion. It s harder to detect whether 2 vowel has a
high amount of Nasalization when its Tongue
Height is Low (= high F,} and vies versa, than when
these two dimensions cavary in the opposite direc-
tion. With covariation in apposite directions (low Fi
with high MN.~N; and vice versa), iwo relatively dif-
lerent dimensions of difference can be more readily
detected, and as o result thase vowels with upnaty-
ral covaristion are classified more accurately. The
perezptual primacy of MNasalization and Tongue
Height can thus be blocked by their integration into
¢ pereept of vowel height. On the othier hand, by
either test, Pirch does not appear Lo be & perceptu-
ally primary attribute of vowels in these stimuli,

4. Discussion

4.1. Implications for Theories
af Speech Perception

These experiments address the question
of whether the effects of independent anic-
ulations are separated in perception as pre-
dicted by direct realist theories. at least in
their strong form. Proponents of these the-
ories have argued that such separation is
possible so long as a coarticulatory source
is available [for nasalization and tongue
height see Beddor et al., 1986, and Krakow
et al.. 1988; for similar results regarding
pitch and tongue height see Silverman,
987, and see Fowler and Smith, 1986), but
they would argue that when no coarticula-
tary source exists, as with these stimuli
then integration may take place. But this
does not explain why these patterns of co-
variation occur in natural speech outside
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contexts in which they could arise vig Coay
ticulation: low vowels have inlrinsicaﬂj
more nasalization and lower pitches thas
high vowels. In fact, if it is the height of iy
tongue that is the targert of perception, the
these patterns of covariation are just g
much noise, since in a direct realist theon,
they convey the accurrence of irrelevant g
ticulations,
On the other hand, from the perspectip
that all the speaker’s articulatory behavig
is intended to influence the perceived
height of F,, and from that to produce @
particular percept of vowel height, then the
observed covariation AND the ready inte
gration across dimensions become inteflig
ble. The objects of speech perception ame
nat arficulatory, but acoustic, and the
many-to-one mapping of the one onto the
other ceases to be a problem and becomess
positive advantage for the listener, The inte
gration between Nasalization or Pitch and
Tongue Height demonstrated in these er
petiments supports the strong version of the
auditory enhancement theory [Diehl and
Kluender, 1989: Diehl, this valume], a
though these experiments do not point {0
precisely what auditory mechanism is &
sponsible [for a likely mechanism. see Sy
dal and Gopal. 1986].

4.2, Implications for the Represenation
af Vowel Heighr

4.2.1. Mutual Dependencies hetween

the Covarving Articulations and

Their Categorical Representation

The results of the two experiments also
undermine the traditional phonological ﬂfP‘
resentation of vowel height as a single Em'f'
ulatory property. At least from the listener's
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spint of view, vowel height contrasts are an
sntegrated rather than additive composite of
ihe effects of tongue height, velum height,
gnd rate of vocal [old vibration, and listen-
ers may integrate the effects of the ather co-
varving supralaryngeal articulators. too.
The speaker does not achieve the observed
covaration because raising the tongue 1o a
particular height in the mouth mechanically
perturbs the other articulators, but by con-
trolling cach of these articulatory events in-
dependently, The linked control of each ar-
ticulation, the observed covariation, DOES
have a single goal, but it is acoustic or more
properly perceptual, the manipulation of
perceived Fy and through it the perceived
height of the vowel.

This covariation raises an interesting
problem for the representation of vowel
height in phonological contrasts. Since each
of these covarying articulators is referred to
independently in the statement of phono-
logical contrasts or rules, then should vow-
els differing in height also be specified for
the features [high] and [low] (tongue height),
[nasal], [High] (pitch), as well perhaps as
[advanced tongue root], [round], ete.? Both

the synchronic and diachronic behavior of

vowzls dilfering in height suggest that their
values for these other articulators are not al-
ways so constrained as to remain safely sub-
phonemic. For example:

(1) ATR. Differences in tongue root po-
sdition have brought about changes in vowel
Beight in Mon-Khmer languages [Greger-
son, 1976; Huffman, 1976], In many of the
languages which exhibit vowel harmony for
ngue root position in West and East
Africa, the low vowel does not contrast, but
instead takes a single value, usuall v [—ATR]
[Hall et al. 1974] Somewhat less fre-
fuently, the high vowels also do not con-

trast, typically taking [+ATR] values [Hall
et al., 1974],

(2) Rounding. Contrasts for lip round-
ing are similarly dependent on tongue
height, where in a great many languages,
only nonlow back vowels are rounded. In
languages with front rounded vowels, the
occurrences of such a vowel at a given
height implies the occurrence of all front
rounded vowels of greater height, though
not vice versa [Crothers, 1978; Disner, 1983,
1984. 1986]. Hayes [1990] describes diph-
thongization in Quebec French, the Lund
dialect of Swedish, and Eastern Finnish in
which a monophthong breacks into higher
and lower components. In each of these
cases, if a nonlow back vowel becomes low.
it loses distinctive rounding, and if a low
back vowel becomes nonlow it acquires it.
The case of Quebec French is particularly
interesting since a contrast for backness is
preserved between the low vowels derived
by diphthongization despite the loss of
rounding from the back one, which shows
that rounding is linked to height in this pro-
cess.

(3} Nasal, The susceptibility of vowels
to nasalization depends on their height: low
vowels are more likely to be distinctively
nasalized than nonlow ones, and high vow-
els more than mid ones [Ohala, 1974, 1975
Ruhlen, 1978]; nasalization also frequently
changes vowel height, both diachronically
and synchronically, lowering high and mid
vowels and raising low ones [Ruhlen, 1978;
Wright, 1980; Beddor, 1983; Beddor et al.,
1986]."

! MNeither favoring nasalized high vowels over
nasalized mid vowels nor raising nasalized Jow vow-
els 35 predicted by the uniform (and inverse) covari-
ation of nasalization with vowel height. However,
the acoustic effects, and their likely perceptual con-




(4) Pirch. Differences in rate of funda-
mental frequency berween nigh and Tow
vowels have led in ane case to tone split-
ting, in the Northern Mon-Khmer language
U [Svantesson, 198Y], although this is Very
rare [Hombert, 1977 a]," while in Foochow
and Lahu, vowels have been raised by high
and rising (ones, respectively [Hombert,
1977a). Andersen [1986] suggests that
[+ATR] vawels may have raised High tones
historically in the Chari-Nile language,
Lugbara, so perhaps vowe| height may in-
fluence the phonological use of Fy through
another of its cova rving articulations.

sequences, of the light nasalization that sccompan-
25 fow oral vowels are different from the heayy
naselization of nasalized anes, Lowering the velem
bath replaces the firg oral pole with a ngsal
pole-nasal zern—arg pole triplet and rises the fre.
quency af the oral pole, Raising the requency of
the oral pale waould Appear to be the predominant
effect of light nasalization, since the nasal 2era i5
still close enough
it oul, and wauld
lower,

ta the nasal pole to largely cancel
mike an already low vowel sound
as well e making higher vowel sound
lower, Increasing nasalization dugments the separa-
tion of the nasal zera from the nasal pole; and may
also reduce the spectral prominence of the aral
pole. With low vowels, this has the effect
the center ol gravity in that
lower frequency, like tha of a higher vowel, Far
high vowels, on the other hand, these effects are siij)
likely to muke the vowel sound lower, especizlly in
the highest ones in which the nazal pale i3 actually
above the oral pale,

* Hombern [1977a), who argues thar Fy differ-
ences between high and faw vawels rarely affect
tones, cites just Mour cases, Hausa, Middle Chinese,
the Crmei dialect of Mandarin, and Mgizim. Accord-
ing 1o Homberl, the Haysa and Middle Chinese
cises can and probebly should he analyzed differ-
ently, and in Npizim, a iow vowel [a] in the first syi-
lable of a verb leads tnexpectediy to the verh gy
ing a high tone rather than low tone, This leaves just
the single case of the Omes dialect of Mandurin be-
side the Mon-Khmer language 1,

of shifting
part of the spectrum to a

Kin
— i

Many of these phonological COnm
quences are the result of what Ohala (194
has described as the misperception of i
speaker’s intent by the listener. For ez
ple, nasalization changes vowel height b
cause its acoustic effects lead the listenery
hear a vowel of dilferent height than 1k
speaker actually produced, angd the g
tener’s jor the language learner's) own i
duction is determined henceforth by thy
misperception. But it 15 also impartaniy
distinguish this sort of Case from otheg
listed above, where it is just the inherent e
variation among articulations, and the
convergent perceptual effects. rather thi
the effects of one distinetive feature on (he
perception of another, that influence pha
nological patlerning. Inherent covariatio
among articulations acrs MOore as a cog
straint on phonological inventarias and pro-
cesses than a source of change. Even so. (it

splitting of U’s tones as a result of inheren
difference in F, between high and low vow-
els shows that change, though rare, can
tome from this inherent covariation,
Representing these articulations, or their
perceptual correlates, in terms af individual
features does not require that they he sepe:
rable, however, since the value for one fes-
ture is still predictable from the value for
another, and this covariation could be
achieved by means of bidirectional redur
dancy rules of the form [u high] ~— [—u n&
sal], ete. The bidirectionality of these rules
expresses the perceptual integration of the
acoustic consequences of these articuls-
tions, whose independence, strictly from
the speaker's paint of view, is expressed by
the use of a separate Feature for each ont.
(Stevens et al. [1986] and Stevens and Reyer
[1989] give similar arguments for using dis
tinctive features for enhancement purposes,
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put Stevens and Keyser distinguish, for con-
conants, between what they call ‘primary’
reatures, those employed to bear a contrast,
and ‘secondary” features, which enhance
these contrasts. Here, I argue against this
distinction, ut least for vowels.)

Two further picces of evidence support

categorical representation of these covary-

ing articulations. First are cases like tone
splitting in U [Svantesson, 1989], where the
inherent differcnce in pitch between high
and low vowels has split earlier tones into
higher and lower reflexes in the present-
day language. The pitch difference has
clearly become categarical, and has done
sa-by itsell, even il it were not categorical
ariginally. (The neutralization of [ATR]
contrasts in high and low vowels in many
languages [Hall et al., 1974] is alsa evi-
dence of the categorical behavior of these
ovarying articulations.) Second is evi-
dence that some of these articulations do
not covary in step with tongue height, but
instead show extreme ‘high’ values for all
vowels above some arbitrary dividing point
in' the tongue height continuum and ex-
reme ‘low” values below it. This incipient
categoricality is apparent in Linker’s [1982]
data on lip rounding and is also character-
istic of piteh differences associated with
longue height [see Silverman, 1987, for dis-
cussion]. The partitioning of the tongue
aeight continuum by the extreme values of
the covarying articulations originates in
their use by the speaker to exaggerate con-
iiasts, or more generally the perceptual
motivations for their use, but can also be
viewed, from the perspective of the gram-
mar of the language, as the persistence of

tategoricality from phonological represen-

tations [see Pierrehumbert, 1980, for other
evidence that phonetic implementation

needs to refer directly to the categorical
properties of speech sounds].

an Articulation Is Used Contrastively?

However, representing all these cova ry-
ing articulations in terms of bidirectional
redundancy rules referring to categorical
features also overstates the magnitude of
the differences in these articulations be-
tween high and low vowels, and even worse
incorrectly predicts that these features may
not contrast phonemically in vowels. For
example, if low vowels are inherently [+ na-
sall, then no contrast should be possible be-
tween a low oral and low nasal vowel: for
that matter, if cach height has an associated
specification for nasality, then no vowel, at
any height, should contrast for nasality.
What is needed here is a phonetic represen-
tation that allows specification of nasality
differences among what are phonemically
all [~ nasal] vowels,

The solution to this dilemma is to recog-
nize that vowel height contrasts are abstract
in the phonology:® the paint of this paper
has been in fact to argue that they are 50 ab-
stract in that component of the grammar as
not to have any necessary association with
the height of the tongue per se (nor with de-
gree of constriction). (Whether other pho-
nemic contrasts are abstract in the same
sense remains to be determined, but [ su-

* John McCarthy [personal commun.] notes that
this view is very like the traditional view of stress in
English, as an abstract coding of prominence, which
is realized in terms of a variery of different articula-
tions, variously selected according Lo context [Beck-
man, [986]. Stress, too, may exhibit integration of
different dimensions, for cxample of amplitude and
duration, as suggested by Beckman [1986] in her no-
tion of ‘total amplitude’,




spect they are.) Once these abstract height

tontrasts are implemented in the phenetics,

however, they are spelled out in terms of a
sel of at least quasi-categorical articulations
involving the velum, larynx, jaw, lips, and
tongue. If another phonemic contrast also
gets spelled out in terms of any of these ar-
ticulators, then in some cases their inherent
covariation in spelling out vowel height will
be subordinate to, and in physical terms
smaller than the articulatory events and
dcoustic consequences that spell out the
phanemic contrast. That sy perordinate con-
[rast may even wipe out the inherent covari-
ation, as for example if phonemically nasal-
ized vowels of different heighis (or those
which are nasalized by an adjacent nasal)
no longer differ in nasalization, as phone-
mically oral vowels da.

The data show, however. that differences
in nasalization between vowels of different
heights are frequently preserved when
they're contextually nasalized. and in some
cases even when they are distinctively na-
salized. Clumeck [1976] shows that relative
to the duration of the vowel, the higher the
vowel the later the velum begins to lower in
oral vowels before nasal consonants in Eng-
lish,* French, Amoy. and Hindi, and he
finds the same dependency in Swedish long

* Cohn [1990) argues that there is na phonclogi-
cal rle which uniformly nasalives vowels before na-
sals in English. If the vowel does not acteally come
to Bear a [+ nasal] specification, vowels of different
heights could still differ in degree of nasalization in
that context. Hawever, even Cohn [1990] notes that
deletion or severe truncation af the nasal conse-
nant's aral articulation renders a vawel [+ nagal] in
a word such as ean'r, 50 it should still be possibie to
test for the persistence of height-refated differences
in nasalization in the presence of positive specifica-
Uon for that Festure. T am not aware of any study
that presents the relevant data, unforiunately,

£
!(il:guj*

but not short vowels, which are sq E“ﬁ
that the whole vowel is nasalized. The myl
nitude of velar lowering in ora] vowelsf
fore nasal consonants was not entirely F[E_r
dictable from height for all the speakes
but even so all the significant differenp
between vowels rank them in terms of mag
nitude of velar lowering as: low > midis
high. Moll [1962) and Kuehn [1976] alsom
port larger velar opening for low thap hifgh
vowels before nasals. In addition, Clumeg
[1976] observed that Jaw vowels were pp
duced by English speakers with velar lowss
ing in oral environments, but this was na
observed for the other languages [this dif
ference in velum height between high ang
low vowels outside of nusal contexts ywa
also observed by Moll, 1962, and Kushn
1976, for English, and by Kuenzel. 1977 fat
isolated German vowels]. Finally, Clumesl
[1976] reports that the magnitude of velar
lowering did not differ for distinctively ni
salized vowels of different heights in Hindi
or French, but for Amoy and Portugueseit
did, with less velar lowering for higher vow
¢ls in both languages. The data of Bell-Beri
et al. [1979] from a single speaker of English
show consistently lower velum position i
low than high vowels in oral as well as s
sal contexts in disyllabic utterances of the
form [FVCmVp] and [[VmCVp], where the €
is an oral obstruent and the Vs were cither
both [i] or both [a). The velum was actually
lower in all the segments, consonants @
well as vowels, oral as well as nasal conso-
nants, when the vowel was [a]. Differences
in nasalization associated with vowel height
must not only survive contextual nasalizé-
tion but also influence its contrastive reak
ization. Finally, contrary to all these obser
vations, Vaissiere [1988] found no differ
ences in degree of velar lowering between
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Jowels of different heights for 2 speakers of
Enelish in connected speech,

Even an independent phonemic contrast
on 2 vowel for an articulation which other-
wise covaries with tongue height does not
always constrain its use in conveying vawel
peight contrasts, and in the case of F; actu-
ally exaggerates its effect. Ladd and Silver-
man [1984] have shown that when German
yowels cantrasting in vowel height are in fo-

cus, the difference in F; between high and

jow vawels is far larger than when they are
not [similar results are presented for Eng:
lish by Steele, 1986]. Focus was apparently
mplemented in part by mapping a pitch ac-
cent containing a High tone onto the vawels
inquestion, s0 F, is being used contrastively
i this case {and also in Steele’s English
data). Another possible aspect of focus, a
local expansion of the pitch range, may also
contribute substantially to the increase in
the: F, differences between high and low
vowels in this context [Beckman and Pierre-
fombert, 1986, and Pierrehumberr and
Beckman, 1988]). Conversely, Silverman
[1987] has shown that listeners factor out
the expected effects of vowel height on F
when judging whether a vowel is in focus: a
relatively high F, on a high vowel is attrib-
uted to the vowel's height and is insuffi-
gient for the vowel to be judged in focus,
while 2 relatively low F; on a low vowel is
sfficient for it to be judged in focus
Clearly, Fy can at once contribute to con-
ieying both vowel height and intonation.
Fy can probably be used for two pur
Poses at once because the interpretation of
i F; value in terms of the tones that repre-
80t intonational contrasts in the phonology
depends on F, values elsewhere in the F,
fontour, and perhaps even on the entire
wntour. Its local value in isolation of this

larger context is only relevant to judgments
of vowel height (and perhaps obstruent
voicing). Nasalization, on the other hand.
may be used for only one purpose at a time
because ils contrastive use and its use in
connection with vowel height are confined
to the same local domain in mast lan-
guages. This account predicts that F, would
be constrained in its use in conveying vowel
height contrasts in tone languages where F,
contrasts in each vowel. This prediction is
falsified by the partial maintenance of
height differences in F, in the tone lan-
guages Yoruba [Hombert, 1977b] and Tai-
wanese [Zee, 1980] In both languages, F, is
substantially higher for high than low vow-
els produced on a high tone, but on a low
tone the Fy differences are neglipible. This
partial preservation probably reflects differ-
ences in the greater expandability of the
high as compared to low end of the pitch
range which have been observed elsewhere
|Pierrehumbert and Beckman, 1988, and
suggests that Ladd and Silverman’s [1984]
results should be reinterpreted as an effect
of High tone rather than focus. In any case,
even partial maintenance of height-related
differences in F; when it is used contras-
tively is sufficient to show that contrastive
use of an articulation on the individual
vowel itself does not preclude its use in con-
veving vowel height.

However, despite the fact thar the do-
main of phonological contrast for tone is as
local in these tone languages as the domain
of nasalization in most languages, the inter-
pretation of F; values as particular tones
probably still reguires global reference to
the F, contour, just as in languages where
the domain of tonal contrasts is the intona-
tional phrase. This hypothesis is supported
by the fact that the phonetic implementa-
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lion of tonal conlrasts, however they arise
in the phonology of differen: languages, is
achieved by essentially the samp mecha-
nisms [Beckman and Pierrehumbery, 1986
Pierrehumbert and Beckmanp, 1988, chapter
8]. Interpretation of F; values ip terms of
tones, whether lexical or intonzatiunuL must
therefore depend on the same global pefer-
ence to the larger F, contour, That F, can be
used in tonal as wel] a5 vowel height eon-
trasts at the same time, while nasalization
tannot, is because the PHONETIC domain
of Fy differences is far more global than thap
of nasalization: the phonological origin of
the F, differences does not matter,

4.2.3. Phonetic Underspecification

The image of vowel articulations de-
scribed abave, in which all articulators con-
tribute 10 Conveying a contrast in vowe]
height through their influence on perceived
F,, differs markedly from the underspeci-
fied phonetic fepresentations argued for by
Keating 1985, 1990], In conveying vowel
height, na articulator |acks specification, al-
though as just described, the realization of
other contrasts by means of the same articy-
lators may alter their contribution to con-
veying vowel height contrasts, A strong in-
terpretation of Keating’s [1983 [990] pro-
posal predicts coarticulation will arise only
when an adjacent scgment s unspecified
for an articulation and allows that articula-
tion in its neighbor to be anticipated or 1o
carry over. This sort af coarticulation onto
unspecified segments will only be possible
if that articulations is not already used in
the target segment 1o enhance its distine-
tivensss, However, the use of an artieyla-
tion in conveying vowel height does not
block an adjacent segment from imposing
its value for that articulation on a vowel. as

nasals impose [+ nasal] an preceding
els. regardless of their height {anymors
the use pf nasalization
height contrass blocks nasal cnmras;sﬁ
vowels). The persistence of differencesz
nasalization between vowels of differy
heights under contextual il not contrasiy
nasalization suggests instead that Coartig
lation can take place even when the i
sement is specified for that articulation, g
that that specification alters the extent i
both time and space of the coarticylatip
[see Stevens, 1990, for similar arguments)y

4.2.4. The Fhonological Equivalence

af C'm'r:r_w'ng Articulations -

[ATR] and fligh]

The extremely rich Tepresentation g
vowel height advocared here, which cop
bines tongue height with bath laryngeal and
supralaryngea] articulations, is anticipatad
by Hyman's [1988] argument that [+ high,
—low, -~ ATR] vowels must be phonetically
equivalent to [— high, — law, + ATR] vowels
if their behavior in vowel height harmony
in Esimbi is to be accounted for. The resulls
of Khabanyane's [1989) study of height a&
similation in Sesotho [Southern Sotho, see
also Doke and Mofokeng, 1957, and Qe
ments, 1989] also become more intelligible
from  this Perspective. In this language
which distinguishes apparently between
five degrees of height (table 7). the mid
vowels /e/ and /5/ are rajsed to /e/ un‘d
4o/ if the vowel in the following svllable
higher, i.e,, by any of /e, o, 1, 11, 0, u/, Hﬂld
1/ and Ao/ are raised, but not quite 1o _f"’f
and Su/, by either of /i, u/ (a followmng
velar nasal /n/, which derjves histﬂriﬂﬂjll-!'f
from *ni, also induces both kinds of rais
ing). The change in /¢, 5/ ta /e, 0/ is appar
ently of [- ATR] to [+ ATR], but only some

jutegrating Articulations

of the conditioning vowels
[ ATR], while the others .

[Fhigh]. (The change in [, v

tion of [+ ATR], but does
‘way.) The apparent Ia.u:i: ol
the conditioning environm
gace it is recosnized that
with tangue height, in additi
1 distinctive feature in this |
o/ will have relatively hi
metically for [ATR] because
vowels and should trigger
H ATR] in /&, o/ just as tk
FATR] but nonhigh /e, o,
Esinibi, [+ high] appears to t
[+ ATR]; this is so becaus
marily covaries directly with
That the assimilation opera
IATR] is also suggested by i
application lto Sesotho wvov
~were what the rule manipulal
should be raised toward /v, 1
- ing -higher vowel [Clements,
that the raising of the mid
iE, 2/ to /e, o/ collapses a
‘tat of the high ones does 1
“tental consequence of a rece:
ralization of the occurrenc
“tontexts in which raising d
dion their occurrence, and v
therefpre phonemically distin
However, stating the ruli
flom [ ATR] to [+ ATR] ov
fects on the high [- ATR] von
ot collapse with /i, u/, K
therefore he seen as a phone
‘incing the tongue root of
ey are followed by vawels
Mot s phonetically  muo
Whether because of phonalog
lion g5 [+ ATR] or because tt
dvancing the tongue root c:
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25¢ [+ nasal] on preceding Vo
55 of their height lanymore thay
nasalization to enhance vawg|
trasts hlocks nasal Contrasts. i
1e persistence of differency, in
1 between vowels of differeny

ler contextual if not Contrasijye. |

1 suggests instead thag COarticg.
lake place even when the Lirgpp

recified for that articulation, and:

recification alters the eXlent jp
ind space of the coarticulatigy
i, 1990, for similar arguments]-

e Phonological Equivalence
ving Ariicularions:

d (high)

remely rich representation of
it advocated here, which Come
& height with bath laryngeal and
eal articulations. is anticipated:
s [1988] argument that [ high,
R] vowels must be phonetically
0 [ high, — low, + ATR] vowsls
avior in vowel height harmony,

te be accounted for. The results:

‘ane’s [1989] study of height as

n Sesotho [Southern Sotho, see

and Mofokeng, 1957, and Cle

| also become more intelligible

perspective. In this languags
nguishes apparently berween
i of height (table 7), the mid
and /2/ are raised to /e¢/ end
ywel in the following syllableis
by any of /e. o, 1 0, 0. U/, dIu‘i
are raised, but not quite ta /if
¢ either of /i, u/ (a following
/04, which derives historicallf

s0 induces both kinds of raig
inge in /g, 2/ to /e, o/ is appais
TR] ta [+ ATR], but only soms

IJ'lEFfEIIiHI:.-"I-I'ljl:ulu[iuns
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of the conditioning vowels /e, o, i. u/ are
= ATR], while the others /i, ©, i, u/ are
{.;.hi,EhL (The change in [1, v] is in the direc-
gon of [+ ATR], but daoes nat ga all the
gay.) [he apparent lack of uniformity in
te: conditioning énvironment disappears
gnee it is recognized that [ATR] covaries
with tongue height, in addition to serving as
g distinctive Teature in this language. Thus,
/i o/ will have relatively high values pho-
metically for [ATR] because they are high
sowels and should trigger the change to
[+ATR] in /£, 5/ just as the contrastively
BATR] but nonhigh /e, o/ do. Just as in
Esimbi. [+ high] appears to be equivalent o
[FATR]: this is so because [ATR] ordi-
mrily covarics directly with tongue height.
That the assimilation operates in terms of
[ATR] is also suggested by its discontinuous
sgpplication to Sesotho vowels. If height
were what the rule manipulated, then /e, g/
siould be raised toward /L o/ by a follow-
g higher vowel [Clements, [959]. The fact
that the raising of the mid |- ATR] vowel
{2/ to /e, o/ collapses a contrast. while
that of the high ones does not, is an scci-
dental consequence of a recent, limited gen-
tralization of the occurrence of /e, 0/ to
eontexts in which raising does not condi-
tion their occurrence, and where they are
therefore phonemically distinct from /8,37,

However, stating the rule as a change
fom [- ATR] ta [+ ATR] overstates its ef-
[Ects on the high [~ ATR] vowels, which do
w0l collapse with /i, u/. Raising should
lherefore be seen as a phonetic process ad-
Tncing the tongue root of vowels when
ey are followed by vowels whose tongue
Mt is phonetically more advanced.
Ehether because of phonological specifica-
o as [+ AT R] or because they are higher.
Avancing the tongue root causes the non-

Tahle 7. Sesotho vowels
[1989] and Clements [1985]

after Khabanyane

High Low ATR
i i -+ = i
L o + —_ =
g o = = +
[ 3 - - =

‘high [- ATR] vowels to overlap completely

their [+ ATR] counterparts, but only causes
high [- ATR] vowels to approximate their
[+ ATR] counterpars, perhaps because dif-
ferences in tongue root position between
[- ATR] and [+ ATR] vowels increase with
tongue height. The iterative nature of this
process, whereby a vowel which has under-
gone it can induce it in a [- ATR] vowel to
its left, does not preclude it from being pho-
netic either, since other coarticulatory pro-
cesses may apply in similar ways, For exam-
ple, according to Ghazeli [1977], segments
in the vicinity of a distinetively uvularized,
‘emphatic’ coronal in Tunisian Arabic are
phonetically uvularized, If a nonuvularized
coronal is encountered, it becomes fully
uvularized and propagates uvularization
even further than it would have gone other-
wise (1 am grateful to John McCarthy for
making me aware of this example),

4.3, Conclusion

The surface representation of vowel

height, at the point of entry into phonetic
implementation, would be in terms of the
array of features whose settings will influ-




ence Fy, specifying the ful] Panoply of artie-
ulations that Covary in conveving this eon-
trast. It is probable that no distinction ean
in this representation between
distinetive and redundant features. af] are
on equal looting because they all contribute
contrast. This rich
specification is motivated perceptually, by
the listener's demands for differences in F|
enhanced by these covarying articulations,
phonetic representations resemhble
phonological ones in using categorical spec-

be drawn

o conveying the same

Finally,

ifications of articulatory events,
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