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Abstract. Do the phonological predictions derived from phonetic models impose restric-
tions on the definition of “possible phonological system™? This question is addressed by ex-
gmining the spectral integration model of vowel perception. The output of the model is in-
vestigated under a series of phonetic manipulations and translated into a set of phonologi-
gl predictions, which are then compared against cross-linguistic patterns in vowel pro-
pesses and inventories. It is argued that, despite the serious constraints on predictive pawer
mposed by language-specific aspects of phonetic and phonological structure, phonetic
models such as the spectral integration model enable us to define the set of phonetically

motivated phonological phenomena.

~ One of the goals of phonological theory
& to delimit or define the set of possible
phonelogical systems. Phonetic theory has,
imrecent vears, locused on the development
offmodels of the human speech mechanism,
These two goals overlap in that the pho-
netic models have been used to generate
setsoof predictions concerning the structure
ofphonological systems. The present paper
aonsiders the possible consequences of this
fpproach for phonological theory by asking
#hether the predictions derived from pho-
netic models impose restrictions on the def-

“mition of ‘possible phonological system’.

nanswering this question, this paper ex-

| dmines one specific phonetic model, the

spectral integration model of vowel percep-
tion. The model is used to zenerate a set of
predictions concerning the effects of five
phonetic manipulations — nasal coupling,
horizontal tongue body constriction, lip
rounding, breathy voice, and creaky voice -
on perceived vowel height. The general
guestion of the consequences of phonstic
models for phonological theory is then ad-
dressed in terms specific to this model: To
what extent do the automatic constraints on
vowel processing imposed by the spectral
integration model translate into phonologi-
cal predictions concerning the nature of
vowel raising and lowering processes and
the structure of vowel inventories?
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l. Phonetic Modeling

Quantitative models of specific COmpo-
nents of the speech process have many ap-
plications, one type of which is to phonoe-
logical systems. Interpreting a phonetic
model in terms of its phonological conse-
quences often involves some version of the
following three steps: First, the response of
the model is investigated under selected
phonetic conditions, yielding a set of out-
put conditions. Second, the output condi-
tions are interpreted as a set of predictions
concerning the structure or behavior of
phonological systems. Third, these predic-
tions are tested against such aspects of
phonological systems as leatures, units, in-
ventories, and processes. The focus in this
paper is on predictions as tested against
phonological inventories and processes.
[Concerning the relation of phonetic mod-
els to phonological leatures and units, see,
for example, Stevens, 1983 and 1989, and
Browman and Goldstein, 1989, respectively,
and also Keating, 1988, for an overview, ]

Each of the three steps just described
rests on a set ol assumptions. The phonetic
model itsell is of course only an approxima-
tion to a4 component (e. g., the aerodynamic,
articulatory, or acoustic component) of the
speech process. Thus, in the first step, the
validity of the output conditions of the
model depends on the adequacy of both the
model and the characterization of the input
conditions. In the third step, it is the ade-
quacy of the available language data that is
potentially problematic. That is, a funda-
mental assumption is that language data in
grammurs or other linguistic accounts pro-
vide sufficiently detailed and accurate pho-
netic deseriptions (o serve 4 an appropriate
test of the model’s predictions,

In the second step, phonetic models tend
to be interpreted in one of two ways with
respect to their phonological consequences
Under one interpretation, the output condj.
tions of the model are viewed as physiesl
limits which have fairly direct conse
quences for the behavior of speaker-hear
ers; these phonetic consequences may be
tome incorporated into the phonologicil
system. This approach is represented by the
work of Ohala [e. g., 1974, 1981, 1983), wha
argues that physical constraints result in
speaker-induced or listener-induced varis
tion in the speech signal. Such variation
may (under appropriate conditions nat, for
the most part, specified by phonetic magd:
els) result in sound change, which is sy
chronically reflected in phonological pre
cesses or the structure of phonological ins
ventories. For example, calculations using
models of speech aerodynamics indicate
that voicing can be sustained longer in#
front-articulated stop than in a back-artict-
lated stop [Ohala, 1983: Keating, [984)
Phonetically, il preferred closure duration
were the same for all places of articulation;,

back stops might be expected to sporadi

cally devoice. Systematic incorporation of
such occasional devoicing into a languags
should result in allophonic or morphophe:
nemic alternations or, if applied to all
stances of a back stop. loss of that SE‘T"*]J'
(c.g., /g/) in the segment inventory, Cros
linguistic phonological patterns suppof
these predictions: devoicing processes @
pear to be favored in back stops and voiced
stop inventories are more likely to fack back
stops than anterior ones [Ohala, 1983; Mad=
dieson, [984], ]
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posed 10 physical limits). This approach as-
sumes that speaking and listening are pro-
cesses. governed in part by the biological
principle of least effort and that the devel-
ppment of phonological systems is in part
an adaptation to this principle [see, Bip.
Lindblom, 1983]. The translation of output
conditions into a set of phonological pre-
dictions thus requires a definition of “least
effort’ for that aspect of the speech system,
When applied to speaker-based models,
lzast effort is translated into a model-spe-
cific definition of ‘ease of articulation’. For
srample, Westbury and Keating [1986] used
amathematical aerodynamic model to pre-
dict patterns in stop consonant voicing and
defined least elfort as minimal velocity of
articulatory transitions. When applied to
listener-based models, the principle of least
effort is interpreted as ‘maximal perceptual
contrast’, which assumes the listener’s task
to:be easiest when speech sounds are per-
ceptually as different as possible. Assuming
this principle. a model which derives acous-
tic.or perceptual distance measures can be
psed to predict. for example, the relative
frequency of certain consonant or vowel in-
ventories in the world’s languages [e. g., Lil-
jencrants and Lindblom, 1972: Lindblom.
1886 Wright, 1986]. As it is ultimately the
combined motor-perceptual system that is
eritical here, a principle of overall ECONOMmyY
has been proposed in recent applications of
phonetic models to phonological systems
[e.g., Lindblom and Maddieson, 1988].

2. A Phonetic Model:
Spectral Integration

This section presents the spectral inte-
fration model of vowel perception as it has

been described and developed in the litera-
ture and considers its implications for
phonological systems. The limitations of
this model and approach need to he recog-
nized. The spectral integration model js
based on imperfect understanding of hoth
dcoustic-to-auditory  transformations  and
the effect of these transformations on the
perception of vowel quality. The madel is
also based for the most part on static char-
acteristics of the vowel spectrum and does
not take into account coarticulatory influ-
ences on perceived vowel quality., Further,
by viewing the spectral integration model in
isolation, other phonetic influences on
vowel systems are being ignored. The ap-
proach taken here is to temporarily mini-
mize these limitations in order to maximize
the predictive strength of the model — in ef-
fect. to push the model as far as possible
(sections 2.1 and 2.2), Phanetic and phono-
logical restrictions on this approach are
then discussed (section 2.3), leading to lim-
ited predictions which are tested against
phonological data (section 2.4).

2.1, Deseription of the Model

The theory of spectral integration pre-
dicts that, when two adjacent peaks in a
vowel spectrum are close in frequency, the
perception of vowel quality is determined
by a weighted average of this region of the
spectrum rather than by the frequency of
the individual peaks. This theory rests on a
perceptual phenomenon [irst demonstrated
by Delattre et al. [1952], who found that
perceptually acceptable one-formant ap-
proximations to nonfront vowels could be
synthesized by 2 single formant intermedi-
ate in frequency between F; and F, of the
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Fig. 1. Schematic representation of the spectrul
integration phenomenaon accarding to Chistovich's
madel. When two spectral peaks are within 3-3.5
Bark of each other, the frequency corresponding 1o
the perceprual center of gravity (see text), repre-
sented by the dashed line, is an amplitude-weighted
measure of the mean frequency of the twa peaks.

corresponding naturally produced vowels,

ront vowel approximations generally re-
quired two formants, with the preferred
stimuli having a second formant higher in
frequency than that of F, of natural front
vowels. Given the proximity of F, and F. in
hack vowels, and of Fy and F. in lrant vow-
els, Dielattre et al. [1952] speculated that lis-
teners’ responses were governed by formant
spacing, This phenomenon of averaging or
integration of spectral peaks close in [re-
quency has heen substantiated in numerous
subsequent experiments [e. g, Miller, 1953:
Carlson et al, 1975: Bladon and Fant
1978 Traunmiiller, 1981 Beddor and Haw-
kins, 1990},

The detailed spectral characteristics un-
der which spectral integration occurs have
bezn investigated by Chistovich and Lub-
hinskaya [1979] and Chistovich et al. [1979]
and incorporated into a model of auditory
spectrum processing [Chistovich, 1985] The
facus here is on those aspects of the model
specifically related to spectral integration.
Two aspects are particularly noteworthy.
First, based on listener matches Tor vowel
quality between one-formant and two-for-

mant synthetic vowels, the frequency range
within which spectral integration oceug
was caleulated at 3-3.5 critical bands ar
Burk. Adjacent spectral peaks are perceiveg
as a single ‘center of gravity’ only wheyp
they fall within this critical range. Second
when two formants are within the criticy
distance, the perceptual center of gravity of
that region of the vowel spectrum is infly
enced by relative formant amplitude. A
schematically represented in figure 1, the
perceptual center of gravity (i.e. the fre

quency of the one-formant stimulus that fis |

teners would choose as most similar to the
two-formant reference vowel) falls in the
middle of the spectral region when the two
formants have equal amplitudes, but i
closer to the greater-amplitude peak when
the formants have different amplitudes. The:
model defines the centroid, an amplitude
weighted measure of mean frequency in the
critical frequency range. as a spectral meg
sure of the effective perceptual centerof
gravity, according to the formula [based on
Chistovich, 1985
reEn =1 [If’:iYLh’ E(Y5)

where X = frequency (Bark) and Y =
sponse magnitude (variably computed in
linear, power, and log scales).

Thus Chistovich's model predicts thit
spectral smoothing applies within a band of
3-3.5 Bark. The critical distance of roughly
3 Bark is well attested [Bladon, 1983; Sy
dal, 1985]). However, recent studies suggest
the need to maodify Chistovich’s formulas
tion of the smoothing function in erms D.
the relative weighting of formant frequents
and amplitude. Klatt [1985] covaried fof
mant amplitude and frequency such that
the perceptual center of gravity should T
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main constant according to Chistovich’s
formuliation and found that the contribu-
tion of formant [requency to perceived
yowel guality outweighed that of formant
gmplitude, Beddor and Hawkins [1990] ma-
mipulated formant bandwidth and found
that formant frequency dominated per-
ceived vowel guality when formant band-
widihs were narrow, whereas overall spec-
tral shape exerted more influence when
pandwidths were widc.

Based on these findings, the madel
adopted here assumes that the integration
function of 3=3.5 critical bands is an ampli-
tude-weighted Frequency measure in which
the relative weight assigned to amplitude
increases as spectral prominence decreases.
While a precise spectral measure of the in-
tegration function is lacking, the descrip-
tion is sufficiently detailed to predict the di-
rection of 4 shift in the perceived center of
gravity that results from a given spectral
manipulation, and in this respect the model
can be investigated under a variety of pho-
netic conditions,

2.2 Outpur af the Model: Manipulating
the Low-Frequency Center of Gravity

This section investigates the conse-
quences of the spectral integration mode]
for perceived vowel height. The perceprual
dimension of height is often described as
torrelating with the frequency of F,, such
that perceived vowel height lowers as F) fre-
fUency increases |e.g., Peterson and Bar-
Iy, 1952; Fant, 1960: Lindau. 1978]. The

Pectral integration model as presented
“above leads to the ex pectation that, while

s description works well for vowels
Whose low-frequency spectrum is domi-

nated by F,, a more general characteriza-
tion is that perceived height correlates with
the low-frequency region of spectral promi-
nence. Under this view, phonetic manipula-
tions which shift the center of gravity of the
low-frequency region of preminence in a
vowel spectrum are predicted to influence
perceived vowel height. Below. the specilic
tonsequences of five such manipulations
are considered: nasal coupling, horizontal
tongue body position and lip position
(taken together as oral cavity shape), and
breathy and ereaky voice (taken together as
phonation type).

2.2.1. Nasal Coupling

Coupling the nasal tract to the oral tract
in the production of a nasal vowel princi-
pally affects the vowel spectrum in the low
frequencies, where a pole-zero pair is added
in the vicinity of F, [Fujimura and Lind-
quist, 1971; Stevens et al., 1987]. A conse-
quence of the nasal pole-zero pair is that
the low-frequency spectral energy has a low
amplitude and is distributed over a broad
frequency region relative to the spectrum of
the corresponding nonnasal vowel [House
and Stevens, 1956; Hawkins and Stevens,
I985]. These changes in spectral shape are
generally accompanied by frequency shifts
in the center of gravity of this region of the
spectrum. The frequency of the first ‘oral’
formant of the nasal vawel F|' is shifted
relative to | frequency of the correspond-
ing nonnasal vowel. The frequency ol the
added nasal formant, F.. is generally less
than that of F;' in low vowels. but greater
than F," frequency in high and (higher-)
mid vowels [Fant, 1960 Fujimura and
Lindgvist. 1971]. These consequences of na-
sal coupling are illustrated in figure 2 hy
the vocal tract transfer functions of oral and
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Fig. 2. Transfer functions of sk
ticulatorily synthesized oral (solid
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greater than Fy" frequency in the
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nasal versions of [a] and [1] generated on the
Haskins Laboratories’ articulatory synthe-
sizer [described by Rubin et al., 1981). In
both nasal vowels, Fy is within 3.5 Bark' of
Fy’. but in the low vowel, addition of a mod-
erate degree of coupling shifted the center
of gravity of the low-frequency region

! Here and elsewhere in the paper, Bark values
were calculated from Hertz values by the equation
provided by Schroeder et al, [[979).

4 =] high vowel (b)

2300 300D

slightly downward, while in the high vows
coupling shifted the center of gravity uf
ward. 8o, in general. Fy is predicted o
lower the low-frequency center of gravityi
low vowels and to raise it in high and mid
vowels, i

That these shifts in the center of gravity
due to nasal coupling correlate with shifts
in perceived vowel height has been demot
strated experimentally. Using formant sy
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thesis, Beddor and Hawkins [1990] gen-
erated vowel sets in which a nasal vowel
sandard was paired with a series of oral
vowels, The stimuli in each oral vowel
series varied in the frequency of F,, the per-
ceptual  effect being vadation in vowel
peight. Listeners, who selected from each
sel the oral vowel which sounded most sim-
ilar to the nasal standard. tended nor to
chose the oral vowel in which F, frequency
was the same as F|" frequency in the nasal
yowel (except lor [1), in which F,-Fy dis-
tance exceeded 3.5 Bark). As predicted by
the model, listeners preferred oral vowels in
which F, frequency fell between Fy and F,”
of the nasal vowel standard.

While the general prediction of the
model is that nasalization will lower the
perceived height of high and mid vowels
and raise that of low vowels, the model can
also be shown to predict that the height
consequences will differ for back versus
front vowels. Because of the proximity of F,
and F; in back but not front vowels (i_e_ the
low-frequency region of prominence in
back nasal vowels often includes not only
Fiand Fy but also Fa), it is not unlikely that
the magnitude of the center of gravity shift
due to nasalization will be less in back vow-
els, and the shift in perceived height will be
rarrespondingly smaller, Given that current
spectral measures do not accurately de-
seribe the perceprual center of gravity of the
low-frequency region, this suggested differ-
snce is difficult to substantiate, But taking
the centroid calculation as a rough descrip-
fion, centroid measures of the spectra of
tdmrally spoken vowels do indicate this
front-back asymmetry, the centroids of non-
10w front — but not back — nasal vowels be-
g consistently higher than that of corre-
ponding oral vowels [Beddar, 1982].

2.2.2. Oral Cavity Shape:

Rounding and Backness

Although lip rounding and front-back
tongue body constriction are separdable pho-
netic manipulations, they are considered to-
gether here as they interact in their effect on
formant proximity in the low [requencies of
the vowel spectrum. The principal spectral
consequence of lip rounding is to lower for
mant frequencies, especially F—F, [Fant,
1960 Ladefoged, 1982). Horizontal tongue
body constriction correlates with F: fre-
quency. such that a backed position leads
to a maximally low F. and a front position
to a maximally high F, [Fant, 1960: Stevens,
1972, 1983]. When lip rounding and back
tongue position co-occur, as they do in
most vowel systems of the world's lan-
guages, F, and F, are in relatively close
proximity, with F, having a wide bandwidth
[Stevens, 1989],

The clustering of F, and F: in back
rounded vowels enhances perceived vowel
backness [e.g., Lindau, 1978; Ladefoged,
1982, Stevens et al.. 1986). F,—F, proximity
is also predicted, according to the spectral
integration model, to influence perceived
vowel height: for a vowel with a given F,
frequency, perceived height should be
lower when the F.—F, distance is within 3.5
Bark than when it is not. This theoretical
prediction is consistent with the empirical
findings of Chistovich and her colleagues,
although the perceprual consequences of
their manipulations of F;—F, proximity are
described generally in terms of overall
vowel quality. It is more directly supported
by Beddor and Hawkins [1990), who de-
scribe the acoustic manipulations as influ-
encing perceived height.

If increased proximity of F; to F, lowers
perceived vowel height, then phonetic ma-
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nipulations which affect this proximity,

such as lip rounding or unrounding and
tongue body backing of fronting, might be
expected to influence not only perceived
roundness or hackness, but also to shift per-
ceived height. This claim has not been in-
vestigated experimentally, but acoustic
measures of naturally spoken vowels show
that linguistic use of rounding and backness
have the expected effect on formant prox-
imity. For example, acoustic measures of
high back rounded [u] and unrounded fw]
in Turkish show that F, and F; are generally
within about 3 Bark for [u], but are sepa-
rated by about 7 Bark for [w] [based on
Selen, 1979, and Ergeng, 1989], Manipula-
tion of lip rounding by means of articula-
tory synthesis has a similar, albeit smaller,
effect on F,—F, separation. The vocal tract
configurations corresponding to the trans-
fer functions in figure 3 differ only in lip
protrusion, the main spectral difference he-
ing in F- frequency. Lip protrusion reduced
F:—F, separation to within the critical dis-
tance, which raised the low-frequency cen-
ter of gravity, and is predicted to lower per-
ceived vowel height.

(dashed [ine),

similarly, languages which contrastively
manipulate the front-back dimension @
vowels appear to exhibit the critical sepank

tion or proximity of formant frequencies

For example, some speakers of FErench
maintain a distinction between two low um
rounded vowels, central [a] and back [a]
Measures of formant frequencies show thal
Fi and F; are within 2.1-2.9 Bark of each
other for [a], but are 3.4-5.6 Bark apart for
[a] [Debrock, 1974: Mettas, 1979). Although
these French vowels may also differ some-
what in height and lip rounding, these fae-
tors were controlled for in articulatonly
synthesized versions of [a] and [a] repre
sented by the transfer functions in figure 4
Fronting of the tongue body center from [d]
to [a] caused the F,—F, separation to exceed
the critical distance. so that in [a] the low:
frequency center of gravity is determined
exclusively by F| (as opposed to a weighted
F\—F; average in [a]), which is predicted 0
raise perceived vowel height.

In contrast, the addition of lip rounding
to front vowels, or the backing of front Vo
central configuration, dﬂ"f
not generally place F, and F, within the e0*

els fo a more
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fznce is 3.0 Bark in the back vowel
{salid line) ond 4.2 Bark in the
central vowel (dashed line). a

tical distance for spectral integration, The
F—F) distance for the front rounded vowels
of Swedish [Fant, 1969; Linker, 1982] and
French [Mettas, 1979], for example, exceeds
6l Bark. This distance is of course smaller
mcentral vowels, but is still greater than 4.0
Bark in, for example, the short central
nunded vowel [8] of Swedish [Linker,
19582]. Therefore, based an the assumption
that perceived height will shif only if the
low-frequency center of gravity shifts, the
spectral integration model predicts that
variation in lip rounding and horizontal
longue body position will alfect the per-
teived height of back vowels but not that of
front vowels. The situation with central

Vowels is more complex, with lip rounding

predicted to have little or no effect, and
fangue backing predicred to affect only the
oW vowels (due to relatively high F, fre-
'?Juen{:u and rounded vowels (due to rela-
vely low F; frequency).

500 1000

2.3 Phonation Type: Breathy and
*Creaky Voice

The phenomenon of spectral integration
Bturs not only when two formants are in

. the addition of lip rounding?
5, or the backing of front ¥oWS=
z central configuration; dﬂ'?:"_‘
place F, and F, within the<n=

iy el O
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T ¥

1500 2000 2500 3000

Frequency (Hz)

close proximity, but more generally when
adjacent spectral peaks are within the criti-
cal range. O particular i importance is that
spectral averaging has been demonstrated
for the first harmonic, Fy, and F, [Fujisaki
and Kawashima, |968; Carlson ot al., 19735],
and Fo—F, proximity has been shown to in-
fluence perceived vowel height [Traun-
miiller, [981].

The phonatory manipulations considered
here are breathy voice, in which the vocal
folds are abducted relative to unmarked or
modal voicing, and stiff or creaky voice, in
which the vocal folds are relatively ad-
ducted. Based on a quantitative model of the
vocal folds, Stevens [1988] reported that the
low-frequency  spectral consequences of
breathy phonation are increased bandwidth
of F, and increased amplitude of F,, result-
ing in Fy amplitude being substantially
greater than F; amplitude. In contrast, the
vocal fold configuration in creaky voice
(Stevens' ‘pressed’ voice) leads to a de-

creased bandwidth of F, and increased

amplitude of F, relative to that of F,.
These predicted spectral effects have
been found in naturally produced vowels of
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languages in which breathiness or creak has
4 contrastive function. For example, in Jal-
dpa  Mazatec, which contrasis maodal,
creaky, and breathy vowels, Fy amplitude is
less than Fy amplitude in creaky vowels and
more than F| amplitude in breathy vowels,
with the general finding being that Ii‘EL‘.
value (in dB) of the amplitude difference

between Fy and F, increases from creakyt
modal to breathy voice [Ladefoged et il
1988]. This gencralization also holds forthe
breathy—nonbreathy distinction in Gujarati
[Fischer-Jorgensen, 1967], |Xoa [Lact-sfngﬂd
and Antofianzas-Barroso, 1985] and Dinka
[Denning, 1989]. The Dinka contrast, 8
produced by a speakter of the Bor dialeth
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g illustrated by the FFT spectra in figure 5.
in nonbreathy [g], F, amplitude is less than
f, amplitude (the third harmonic carrying
most of the energy due to F)); this ampli-
jude relation is reversed in breathy [g].

Within the spectral integration model,
the cffect of these manipulations is for
breathy voice to lower, and for creaky voice
to raise. the center of gravity of the low-fre-
quency region. {Possible accompanying dif-
ferences. such as changes in pitch are being
ignored. While such differences sometimes
co-occur with phonation differences in lan-
guages, they need not.) Consequently. the
perceived height of breathy voice vowels is
predicted to be higher than their non-
breathy counterparts and that of creaky
yoice vowels to be lower than their non-
creaky counterparts.

The predicted shilts in perceived height
depend on the assumption that F, and F,
are within an integration band of 3-3.5
Bark. However, Fy—F, spacing does not sat-
isfy this condition for all vowel heights and
pitch ranges. (For example, given a vawel
with an Fy of 130 Hz, F, is within 3.5 Bark
anly il it has a frequency of less than 300
Hz) This suggests that the predicted effect
of breathiness and creak on perceived
height is, in general, restricted to nonlow
vowels: On the other hand, even in low
vowels, phonation type influences F, band-
width (which is broad in breathy vowels
and narrow in creaky vowels) and F, band-
width can affect perceived vowel height
[Beddor and Hawkins, 1990]. The effect of
increased bandwidth appears to be to in-
trease the influence of the spectral enve-
_!I'Jpl: (a5 opposed to peak frequency) on per-
etived height. The prediction of the spectral
integration model concerning height shifts
in low nonmodal vowels therefore depends

Table 1. Predicted height effects of changes in
oral cavity shape

Tongue body backness

frant central back
Retraction - | |
{round or low only)
Fronting iz - 1

Rounding - -
Unrounding - -

Far each manipulation, { indicates = predicted rais-
ing effect, | indicates lowering, and — indicates thas
no height shift is predicted.

Tahle 2. Predicted height eflfects of nasalization
and phonation tyvpe

Tongue body height

high / mid low
Nasalization H |

[especially [Tont)
Breathiness I 4
Creak | ?

Symbaols are as in table 1 7 indicates that the direc-
tion of the expected height shift is unclear from
available pcoustic data.

in part on the shape of the spectrum of the
F| region. Whether breathiness or creak has
a consistent effect with respect to this spec-
tral property is unclear from the literature
and hence, based on current descriptions,
there are no predictions concerning the di-
rection of shifis in the perceived height of
low vowels due to phonation type.

2.2.4 Summary of the Height Shifts

Predicted by the Model

The spectral integration mode] has been
interpreted here as predicting that a shift in




the low-frequency center of gravity will in-
fluence perceived vowel height. Based on
what is known about the consequences of
nasal coupling, oral cavity shape, and pho-
nation type in the low frequencies of the
vowel spectrum, it is predicted that these
manipulations will shift perceived height as
summarized in tables | and 2. The height ef-
fects of oral cavity shape (table 1) depend
on vowel backness, with effects being re-
stricted to back vowels (and to a subset of
central vowels in the case of retraction), On
the other hand. the height effects of nasali-
zation and phonation type (table 2) are pri-
marily conditioned by vowel height, with
the height effects of nasalization being
more pronounced in front vowels,

2.3, Translation inta Phonalogical
Predicrions

It is emphasized that, if we accept the
model’s representation of vowel precessing,
the predicted shifis in perceived height au-
tomaticaily follow. (The exact mechanisms
of this automaticity are nat directly relevant
to this paper.) How. then, are these auto-
matic consequences of vowel processing
translated into predictions for phonological
systems !

234 Ariewlatory Consequences

uf Percepiual Constraints

The translation here of perceptual con-
straints into phonological predictions fol-
lows a view of the contribution of the lis-
tener to phonological change (and hence
synchronic phonological patterns) that is
implicit in the work of Sweet [1888] and
Paul [1891], and made explicit by Ohala
[e.z., 1981, 1989]. Within the context of

Hedu.'
___‘_‘1_
height effects, the view is that. if a listeqs

(presumably, the language learner) De
ceives a vowel as being relatively highg
low — for example, if a breathy voice v
is heard as higher than its nonbreathy
equivalent or a nasal vowe| is heard &
lower than its oral equivalent — then gy
learner will in turn produce that vowel with
a relatively high or low tongue body confi
uration. That is, the shift in perceived vogl
height that results from a shift in the o
lrequency center of gravity is reinterprefed
by the learner in terms of tongue hody
height [see Ohala, 1981, and Beddor el
1986, for further discussion]. Thus the inter
pretation here of the spectral integration
model with respect to its phonological con
sequences parallels the first approach de:
scribed in section 1.2 That is. the constraints
on vowel processing imposed by the moddl
are interpreted as perceptual limits having
direct consequences for the behavior ol
speaker-listeners — consequences which be-
come incorporated into the phonological
systent.

The question of how the shifted vowel
articulations of individual speaker-listencs
are incorporated into the phonological sys:
tem as a stable pattern is in large part a:s0-
ciolinguistic one. However, if the percep
tual height effects of such processes as, 58%
breathy voice and nasalization are indeed
automatic consequences of vowel process:

* This is not w say that the spectral i::[ﬁgfal'!_liﬂI
phenomenan is not compatible with the secondifi
lerpretation. For example, the spectral integratiol
model could be viewed as generaling ﬂuditﬂ]'.\_’
vowel spectra that serve s input to a pereeptual 'jE"
tance metric [e g, Lindblom, 1986] However, HH
approach involves additional considerations thet gd
bevond the scope of this paper.
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ing, then we would expect shifted articulu-
tions of breathy or nasal vowels (at least in
the speech of language learners) to be the
porm rather than sporadic variants. Under
this view, it would appear that the output of
the spectral integration model should trans-
late into strong predictions concerning
yowel raising or lowering patterns in pha-
nological systems. such that languages with
hreathy vowels, nasal vowels, and so on, are
erpected to exhibit the height patterns de-
seribed above,

2.3.2. Limitations on the Consequences

af Auditory Constrainis for

Fhonological Systems

But such expectations are not satisfisd
by cross-linguistic study of the relevant
phonological patterns. For example, Ruh-
len’s [1978] survey of 155 languages with
distinctive nasal vowels found no reported
differences (other than nasality) between
the oral and nasal vowel inventories of half
of the languages. While the inventories of
many of the remaining languages did exhib-
itheight differences (and while some of the
gther inventories may have had height dif-

ferences that went unreported), it seems

that height shifts in phonological systems
fie ot fecessary consequences of vowel na-
silization. However, given that nasalization
un be shown to influence perceived height
nder a variety of experimental settings
[Wright, 1986; Krakow et al., 1988 Beddar
ind Hawkins, 1990], there would appear (o
te'a discrepancy between the automatic
wnstraints imposed by the spectral integra-
ion model and the phonological instantia-
Bn of these constraints. Put another way,
e strength of our phonological predic-
linns appears to be weaker, in terms aof the
lkelihood of occurrence in a given phono-

logical system, than might be expected an
the basis of laboratory hindings.

Many factors may aceount for this dif-
ference. One general factor which poten-
tially influences whether the constraints 1m-
posed by the model are manifested in a
given phonological system is phanetic vari-
ation. Languages may differ, for example,
in the size of the shifts in the low-frequency
center of gravity caused by changes in na-
salization, oral cavity shape, and phonation
type. Consequently, in some languages, the
center of gravity shift might not be of suffi-
vient magnitude to effect a phonological
height shift. That is, if the perceived differ-
ences are guite small, shifted articulations
on the part of language learners are ex-
pected to be more sporadic, and the likeli-
hood of the shift becoming a stable phaona-
logical pattern is lessened. For example, the
combined effects of backness and rounding
result in an F,~F, separation of less than 3.5
Bark in Turkish /u/, but this separation ex-
ceeds the critical distance in American Eng-
lish /u/ [Syrdal, 1985], (This difference is
consistent with the informal observation
that Turkish /u/ is more rounded than that
of American English.)

Languages apparently differ not only in
the magnitude but also in the nature of the
acoustic consequences of manipulations
that are described as rounding, breathiness.
and so on. For example, the vowel systems
of the related West Nilotic languages of
Dinka and Acholi are both described as
having a breathy—nonbreathy voice distine-
tion, but Denning's [1989] acoustic analyses
of 2 speakers of each of these languages
showed that the expected F—F, amplitude
differences were present only in the Dinka
vowels, Physiological studies of the two lan-
guages might explain this result, but of im-
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ent acoustic manifestations, leading to dif-
ferent predictions as derived from the
model,

Phanetic variation introduced by indi-

also have critical consequences for e
model’s predictions. Figure 6 shows FFT
spectra of two tokens of [¢] produced by?2
speakers of Hindi, F,~Fy spacing is withif
the critical distance only for the vowel of
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speaker A. .—'ufmlysis of uddi_lionul Llnl'-fen:-'. af
€l showed this'to be a consistent difference
hetween these speakers: F/-F, distance
was within 3.5 Bark for speaker A's vowels
and exceeded 4.5 Bark for speaker Bs?
Once again, these differences lead to differ
ent predictions: [€] should be perceptually
lower than [¢] when produced by speaker A,
but not speaker B.

A second general factor that influences
the potential phonological effects of per-
ceptual constraints is that listeners appear
to compensate for certain predicted per-
cepual  consequences in ways possibly
linked to the phonolegical structure of their
native language. The claim that a phonetic
manipulation which shifts the low-fre-
quency center of pravity affects perceived
vawel height assumes that, in some in-
stances, listeners may exhibit imperfect
knowledge of the spectral consequences of
that phonetic manipulation. This claim is
based for the muast part on listener re-
sponses (o isolated vowels. Vowels em-
bedded in a4 phonetic context, however. are
judged relative to their coarticulatory con-
fext |Lindblom and Studdert-Kennedy,
1967; Strange et al., 1976; Fowler, 19811,
and the nature of the contextual influence
sggests that listeners’ sensitivity to coartie-
ilatory patterns enables them to correctly
assess the articulatory configuration which
generated the acoustic pattern. How this
sensitivity comes about is controversial. but
When a listener succeeds in identifying the
amiculatory source of a given vowel spec-

 The difference in F~ FN spacing was presums-
2y due at lesst in part to the degree of nasal
Zilion, speaker A's nasal vowels being less nasal-
28 (a5 determined perceptually) than those af
iptaier B,

trum, there will be no shift in articulation
when the listener produces that vowel, and
hence no potential for rhonalogical change
[Ohala, 1981, |986).

Listeners apparently compensate for
spectral integration in  certain circum-
stances. For example, the pereeptual data
reported in Krakow et 3l [1988] indicate
that, under appropriate conditions. listeners
adjust for the effects of a shift in the low-
frequency center of gravity on perceived
vowel height. In that study, listeners iden-
tified articulatorily synthesized oral vowels
(in a [bVd] context), noncontextually nasal-
ized vowels ([bVd]), and contextual ly nasal-
ized vowels ([bVnd]), The low-frequency
spectral effect of velar port Dpening was to
raise the center of gravity in the nasal vow-
els refative to that of the corresponding oral
vowel. American English subjects’ judg-
ments showed that, when comparing vowels
generated with the same tongue configura-
tion, the perceived height of oral and con-
textually nasalized vowels was the same,
but that of noncontextually nasalized vow-
els was lower, indicating that the perceived
height of nasal vowels is not entirely a func-
tion of their low-frequency center of arav-
ity. When listeners are provided with an ap-
propriate context for vowel nasalization, as
in the [b¥nd)] context for English, they are
apparently able to correctly assess the rela-
tive contribution of nusal coupling and
tongue body configuration to perceived
vowel height. It is expected that similar re-
strictions apply to the perceived height ef-
fects of the other phonetic manipulations
discussed above, and hence whether these
manipulations result in phonological shifts
in vowel height in a given language should
depend in part on the phonological strue-
ture ol that language.
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2.3.3. The Nature of Phonological
FPredictions Based on the Speciral
Integration Model

It follows from the limitations just con-
sidered that, although the phenomenon of
speciral integration imposes automatic con-
straints on vowel processing, the conse-
quences of this phenomenon for perceived
vowel height do not necessarily entail con-
sequences for a given phonological system.
The first factor (i. e., phonetic variation in
parameters influencing the center of grav-
ity) shows that strong phonological predic-
tions would require detailed descriptions of
spectral structure that are generally not
available.  Although such descriptions
could, in principie, be obtained through ap-
propriate phonetic analyses, the second fac-
tor (i.e. listeners’ perceptual strategies)
shows that even detailed spectral deserip-
tions would nat be sufficient, as spectrally
identical vowels can elicit different percepls
depending on the context in which they oc-
cur. Such problems in the translation of the
model’s output into phonological conse-
quences are consistent with cerlain of the
arguments offered by Ladefoged [1984,
1989] concerning the limitations of phonetic
explanation.

Ghiven the current understanding of spec-
tral integration and the lactors contributing
to perception of vowel height, and the pho-
netic and phonological limitations just dis-
cussed, the spectral intégration model can-
not be interpreted as predicting that ali lan-
guages will manifest height effects of spec-
tral integration, nor which languages will
manifest such effects: However, as inter-
preted here, the spectral integration model
both predicts that languages will exhibit
correlations between nasalization, tongue
body backness, rounding, breathiness, or

—_

creak on the one hand and tongue by
height on the other, and specifies the nNati
of these correlations. That is, the mode] §
interpreted as predicting, for languages
hibiting a shift in vowel height correlating
with one or more of these properties, thed

rection of that shift. The final step in the ap-

plication of the spectral mtegration modd
to phonological systems is to test these pEe-
dictions against phonological data.

2.4. Phonological Verification

ldeally. phonological testing of the
model’s predictions should invalve seles
tion of a sufficiently large, genetically bil-
anced language sample and analysis of ile
vowel inventories and processes (andif
available, historical vowel shifts) of these
lected languages in terms of the height &
fects of nasalization, oral cavity shape, and
phonation type. But phonological descnp
tions differ considerably in purpose and
theoretical orientation, and only a substl
provide detail sufficient for these purposss
In practice, then, the size and balince of
such survevs are seriously limited by the
scarcity of appropriate sources [for furth
discussion of this problem see, e.g., Mg
dieson, 1984]. The survey presented here &
even more limited in that investigation of
the phonological consequences of the spe&
tral integration phenomenon is an ongoing
praject and hence preliminary in some
areas.

For the reasons discussed in the ]'Jrﬁﬂfd‘
ing section, phonological testing of tht
spectral integration model is restricted 10
languages in which vowel height appears
interact with nasalization, backness, rous
ing, breathiness, or creak. Such testfg
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vields both supporting and conflicting lan-
;guugﬂ duta. In the interest of space, how-
ever, language-specific descriptions are not
presented; rather, the results are stated he
low in terms of general cross-linguistic pitt-
terns of vowel raising and lowering.

24.1. Height Effects of Nasalization

The phonological effects of nasalization
on vowel height are relatively well estab.
lished due to several cross-linguistic sur-
vevs. Beddor [1982] analyzed allophonic
and morphophonemic processes of nasul
vowel raising und lowering in 75 languages
and found that oral-nasal height differences
reflected the following tendencies: {a] Na-
salization raises the height of low vowels.
(b) Nasalization lowers the height of high -
especially ront — vowels. () Distinctive
nasalization lowers the height of mid — es-
pecially front — vowels, (d) Allophonic na-
salization raises the height of mid — espe-
aelly back — vowels. These patterns are
generally consistent with the diachronic
height shifts reported by Schourup [1973]
and Bhat [1975], and the oral and nasal
wowel inventory differences discussed in
Rublen [1978].

The phonological data closely parallel
the predictions based on the spectral inte-
grition model in two respects; the contrac-
tion of the height dimension due to nasal-
ization (i.e., lowering of high and mid vow:
ds-and raising of low vowels) and the more
monounced lowering effect of nasalization
o front than on back vowels. A third
dpect, the different consequences of dis-
linctive as opposed to allophonic or contex-
Wal nasalization for mid vowel height was
ot predicted by the model,

The raising effect of contextual nasaliza-
tion may be linked to temporal factors. His-

oo

torically, phonemicization of vowel nasal-
1zation is usually accompaniced by loss of an
adjacent nasal consonant and compensa-
tary vowel lengthening [de Chene and An-
derson, 1979 Clements, 1982]. Contextuai
nasal vowels may therefore he shorter than
their poncontextual counterparts and exper-
imental evidence indicates that short vowels
are perceived as higher [Krakow ot al.,
1988] and less nasal [Whalen and Beddor,
1984] than the corresponding long vowels.
Alternatively, Ohala [1986] has suggested
that the raising effects of contextual nasal-
ization might be due to listener overcoms-
pensation. Although the presence of g nasal
tonsonant normally should enable a Jis-
tener lo correctly assess the contribution of
nasal coupling to perceived vowel heighr,
the listener might overestimate the con-
tribution of nasal coupling, thereby rais-
ing vowel height [see Krakow et al, 1958,
for evidence consistent with this
well].

VIEW as

2.4.2. Height Effects of Oral Cavity Shape

[n a preliminary effort to determine
whether phonological patterns of vowel
raising and lowering are linked to vowel
rounding or backing, I inspected the vowel
inventories of the 317 languages in the
UCLA  Segment Inventory Databuse
(UPS1D) as reported by Maddieson [1924].
If the lowering effect of rounding on the
pereeived height of back vowels predicted
by the spectral integration model has pho-
nological consequences, then languages

with a rounding contrast in back vowels
should exhibit asymmetries such that the
rounded vowels are lower than their un-
rounded counterparts. Similarly, if tongue
body retraction lowers the perceived height
of nonfront (rounded or low) vawels, then
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vowel inventories with a central-back con-
trast should also show height differences,
with the central vowels being higher than
their back equivalents.

The first hypothesis of a correlation be-
‘ween rounding and height was not sup-
ported by the UPSID vowel inventories. Of
the 27 languages which had both back
rounded and unrounded {nonlow) vowels,
the majority had rounded and unrounded
vowels of the same height. In the 1] lan.
guages which showed height asymmetries
in the back vowel system, there was no oh-
vious patiern in the height differences at-
tributable to lip rounding,

The hypothesis that backness correlates
with height fared somewhat better. Only 9
languages in the UPSID sample had plain
central rounded vowels, and 5 of these had
back rounded vowels of the same height as
the central ones. But in the other 4 Jan-
guages, the back vowel was lower than its
central counterpart {e.g.. both Mongolian
and Somali have high central /u/ as op-
posed to lower-high back Su/)

Assessment of the phonological height
effects of rounding or backness is limited
using this approach given the relatively
small number of languages having back up-
rounded or eentral rounded vowels, Analy-
sis of the combined effects of rounding and
backness offers more compelling results.
Since both lip rounding and retracted
tongue position are predicted to lower
vowel height, comparison of back rounded
and front unrounded vowe! systems should
show the expected height differences. Such
companson encompasses aver 9804 of the
UFSID languages. In the vast majority of
these languages, the height of the highest
back rounded vowel was the same as that of
the highest front unrounded vowel (iie.,

Etlja.j{i
/u/ and /i/). However, when the heighy
differed, a lower back vowel Wis near]y-4
times more likely than a lower front vowst
Specifically, the highest front unrounded|
vowel was lower than the highest bag
rounded vowel in & languages, the patten
in all & being /1 u/, Twenty-nine language;
had the reverse height difference, with the
patterns including relatively low back Vo
els (i.e,, not only /i v/, but also /i os, 1ok
and /ia/). The frequent absence of Su/ ek
ative to /i/ in vowel systems has been prey:
ously noted [e.g., Crothers. 1975- Disnez,
1984].

The phonological changes described if
Labov et al. [1972] also suggest an influence
ol vowel backness and rounding on vowsl
height. Their analysis of ongaing chain
shifts in the vowels of various English dia-
lects, combined with study of completed
shifts in other languages, showed that the
fronting of back tense trounded) vowelsin
such shifts may be accompanied by a rais |
ing movement. Tn contrast, front vowel
chain shifts, which primarily involve the
height dimension, do not show a height:
backness (or height-rounding) interaction
[Other phonetic factors, of course. may be
involved here: see Goldstein, 1983, for at-
other view.]

Thus preliminary data from vowel inver
tories and historical change are generally
consistent with the claim that the combing
tion of backing and rounding lowers vowel
height and the combination of fronting and
unrounding raises vowel height. Additional
cross-linguistic analysis is needed not only
o provide further support for these tenté
tive patterns, but also to differentinte ﬂ“_’
relative contributions of rounding ané
backness to phonological shifts in vowel
height.
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2.4.3. Height Effects of Breathy and

Creaky Vaice

This scction is based on the phonologi-
cal data reported in Denning [1989), which
examined evidence from 30 languages ex-
hibiting. an  Interaction between vowel
height and phonation (taken to include
phonation tvpe, pitch, and voicing in adja-
ceat consonants). In over haif of these lan-
guages, the interaction involved the phona-
tion types of breathy or creaky voice, some-
times Co-occurting with other differences.
such as pitch or tongue root position. For
example, in Acholi, the hreuthy-nonbremhy
distinction correlates with consistent differ-
ences in vowel height: breathy ligagu]
and nonbreathy [1 £ a2 ul, But the set of in-
teracting factors may be quite complex, as
insome dialects of Akan, where the vawels
[izou] have breathy voicing, advanced
Iongue root position, and a lowered laryvnx,
and [1 £ 2 v a] have creaky voicing, normal
fongue root position, and a rajsed larynx,
Drawing on allophanic variation, phonemic
vowel inventories, historical change, and
phonetic analyses, Denning [[989] ¢on-
claded that, in languages with a correlation
hetween vawel height and phonation- i)
greater vocal fold laxness (as in breathy
toicing) is associated with higher vowaels:
(b) greater vocal fold tension {as in creaky
¥oicing) is associated with lower vowels,

It should be noted that the patterns in (a)
and (b) are consistent with the predictions
of the spectral integration model, The
phonological patterns, however, would ap-
Pear to be more general than expected in
that the model makes no clear predictions
tonceming low vowels., It may be that,
Mhonologically, low nonmodal vowels are
Iess likely to shift height than nonlow ones,
While the high and mid vowels in the lan-

1]

guages cited by Denning consistently exhib-
it the predicted height effects of phonation
L¥Pe, the low vowels in severa of the lan-
guages either fail to have a phonation can-
trast (45 in the Akanp example above) ar
show no height difference between modal
and nonmodal vowels. Yet it is also the case
that, in ather languages, low vowels exhibit
d clear effect of phonation t¥pe on vowel
height. Noting the frequent interaction of
phonation type, vaicing, and tongue root
position in these languages, Denning [1939]
suggested that the shifts in tongue body
height might be the result of aerodynamic
and neuromuscular factors, as well as big-
mechanical linkages involving longue root
retraction, laryngeal height, and vocal fold
tension. It may well be that differences in
the relative amplitudes of F, and F, interact
with differences in F, frequency resulting
from changes in articulatary con figuration
to enhance the perceptual effect of raising
or lowering,

3. Discussion and Conclusion

This paper has focused on the interpreta-
tion of the spectral integration model in
terms of its phonological consequences as a
detailed illustration of ape dpproach to the
application of phonetic models to phong-
logical systems, Using evidence from articu-
latory modeling and acoustic measures of
naturally produced vowels, it was shown

that manipulation of nasalization, oral cay-
ity shape, and phonation type resulted in
shifts in the low-frequency center of gravity
of the vowel spectrum. Investigation aof
these spectral shifts in terms of the spectral
integration model indicated that their per-
ceptual consequence was to raise or lower
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perceived vowel height, depending on the
direction of the center of gravity shift, But
while these changes in perceived height are
automatic consequences of (the model's
characterization of) vowel processing, the
translation into phonological consequences
was shown to be mediated by both phonetic
and phenological considerations, yielding
restricted predictions concerning the pho-
nological effects of nasalization, backness.
rounding, breathiness and creak on vowel
height. Furthermore, even these restricted
predictions (taken to apply not to all lan-
guages, but only to those exhibiting a corre-
lation between vowel height and one or
more of these properties) must be viewed as
the output of a single component of the
speech mechanism, and hence as predic-
tions that could in principle be cutweighed
by other lorces.

However, despite these limitations. the
height shifts predicied by the model were
generally borne out by phonological pat-
terns of height differences between oral ver-
sus nasal vowels, back rounded versus ront
unrounded vowels, and modal versus non-
modal vowels. (That certain other height ef-
fects not predicted by the model were also
found is not surprising since, as noted,
viewing the model in isolation ignores influ-
ences other than spectral integration.) The
overall parallel, then, both supports the val-
idity of the assumptions underlying the cur-
rent approach and leads to the conclusion
that the phonetic motvation for diverse
phonological processes of vowel raising
and lowering is, at least in part, the phe-
nomenon of spectral integration.

Betore considering what the conse-
guences of this conclusion might be for
phonological theory, it is noted that the lim
itations on the translation of the model's

output into phonological predictions dre
not unique to the spectral Integratio
maedel, nor even to listener-hased models iy
general. Of the models presented in the [
erature, neither those interpreted ag gen-
erating default settings [e.g., Lindblom
1983, 1986: Westbury and Keating, 1984
nor those viewed as imposing physical lim.
its [e.g., Ohala, 198]. 1983] derive excep
tionless predictions for phonological sys
tems. It would appear that only constrains

of the type ‘the human vocal mechanisy |

cannot produce the sound X or “the human |

auditory system cannot differentiate be

tween the sounds X and Y' would yield
such predictions. Yet to the extent that such
constrdints are known [see, e.g., Catford
1977], they fall considerably short of char
acterizing the vowel or consonant space uti
lized by the woarld's languages [Lindblom,
1983, 1990; Ladefoged, 1985].

Of what value to phonological theory,

then, are phonological predictions of the |

type generated by the spectral integration
model? Taking one of the goals of phone-

logical theory to be the delimination of the |

set of possible phonological swstems, the
answer is that such predictions enable us, i
principle, to delimit the set of possible
phonetically motivated phonological phe
nomena. The gualification ‘in principle’ i
needed because, in most cases, a gived
model provides information concerning
anly one component of the speech process
So. for example, the spectral integration
model as interpreted here identifies only 2
particular class of perceprually motivated
vowel height phenomena. Tn reality, thel
predictions that delimit the more gL‘ﬂi‘F-‘fl
set of ‘phonetically motivated’ phanologt
cal phenomena will depend on the conver
gence of the output of models of all speech
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components. Fortunately, phonetics re-
search would appear to be moving in the di-
rection of such convergence: not only do
phonetic studies extend to virtually all com-
i:..jnenIS of the speech process [Ohala, 1990],
but there 1s increasing emphasis on their in-
wractions [Stevens, 1972, 1989; Lindblom,
|983; Lindblom and Maddieson, 1988).

Implicit in this view of the contribution
of phonetic modeling to phonolagical the-
pry is the assumption that it is desirable o
be able to determine whether or not a pho-
nological phenomenon is motivated by pho-
netic factors. Inasmuch as this is essentially
equivalent to saying that it is desirable to be
gble to explain phonological phenomena,
this assumption is taken to be uncontrover-
sial. To quote Anderson [1981, p. 497]: it is
still very much part of the business of pho-
nologists to look for “phonetic explana-
tions” of phonological phenomena’. In the
approach taken here, the offered explana-
tions or predictions fall short of the deduc-
tive-nomological form required by Dinnsen
[1980] since the model cannot be interpreted
as nmecessitating  phonological shifts in
vowel height. Rather, the spectral integra-
tion model achieves what Ohala [1987] has
referred to as deductive-probabilistic expla-
nations.

[n concluding, it is emphasized that
there is considerable potential for streng-
thening the contribution of phonetic mod-
tls to phonological theory. Although cer-
tgin limitations are inherent in the ap-
proach, others can be addressed by further
stedy. One rectifiable limitation is the scar-
tity of adequate descriptive accounts of di-
Verse phonetic and phonological structures.
Also, as noted, manipulation of models of
solated components of the speech mecha-
nism needs to be supplemented with study
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of possible interactions, The output of dif-
ferent components may be in conflict [Lind-
blom, 1990] or may enhance each other [see,
€.g., section 2.4.3 and Stevens et al., 1986]
with respect to a particular property, but in
both cases knowledge of their interaction
should improve the *fit’ between the predic-
tions derived from phonetic theory and ob-
served phonological phenomena.

Finally, interpreting the output of pho-
netic models in terms of phonological con-
sequences is hindered by lack of knowledge
concerning the nature of certain phonetic-
phonological interactions: Within listener-
based models; for example, perhaps the
strongest limitation on translating the per
ceptual effects predicted by the model into
phonological consequences is  evidence
that, under certain conditions, listeners are
able te adjust or compensate for otherwise
expected perceptual consecquences. But rel-
atively little is known about the conditions
which facilitate such compensation. In par-
ticular, little is known about the extent to
which compensatory -abilities are influ-
enced by knowledge of a particular phono-
logical system, Krakow et al. [1988), for ex-
ample, suggested on the basis of judegments
by American English listeners that, for vow-
els, such abilities depend in part on the
phonological appropriateness of the con-
text in which the vowel oceurs, but cross-
linguistic investigation is needed to support
this position.

It 15 hoped, then, that further investiga-
tion will enhance our understanding of the
conditions under which perceptual com-
pensation does or does not take place and,
more generally, shed light on the conditions
under which a particular phonetic con-
straint becomes a stable phonological pat-
tern, However, while further study might
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enable us to better characterize these ap-
propriate or prerequisite conditions, serious
constraints on the predictive power of pho-
netic models will remain. Interpretation of
the spectral integration model was restrict-

ed here to predictions concerning the direc-
tion of height shifts in languages exhibiting
a correlation between vowel height and cer-
tain propertics, Given that other phonetic
and nonphonetic forces may counteract the
predictions of an isolated model, this ap-
proach encounters exceptions (although in-
spection of exceptional languages should
indicate, in some cases at least. the nature
ol the countervailing forces). Thus, for cur
rent phonetic models, predictive power may
be limited to the claim that there is a
greater-than-chance tendency for phonolog-
ical systems to reflect a given model’s con-
straints. Yet the consequences of such lim-
ited predictions for phonological theory
should not be minimized. Phonetic models
cannot predict the structure of phonologi-
cal systems, but they enable us to predict
which phonological structures recur across
languages and provide explanations for
their occurrence,
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