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This article describes a model in which the acoustic speech signal is processed to yield a discrete
representation of the speech stream in terms of a sequence of segments, each of which is described
by a set(or bundlg of binary distinctive features. These distinctive features specify the phonemic
contrasts that are used in the language, such that a change in the value of a feature can potentially
generate a new word. This model is a part of a more general model that derives a word sequence
from this feature representation, the words being represented in a lexicon by sequences of feature
bundles. The processing of the signal proceeds in three gtBpdetection of peaks, valleys, and
discontinuities in particular frequency ranges of the signal leads to identification of acoustic
landmarks. The type of landmark provides evidence for a subset of distinctive features called
articulator-free featurege.g., [vowel], [consonant [continuan}). (2) Acoustic parameters are
derived from the signal near the landmarks to provide evidence for the actions of particular
articulators, and acoustic cues are extracted by sampling selected attributes of these parameters in
these regions. The selection of cues that are extracted depends on the type of landmark and on the
environment in which it occurg3) The cues obtained in stéf) are combined, taking context into
account, to provide estimates of “articulator-bound” features associated with each lan@nark

[lips], [high], [nasal). These articulator-bound features, combined with the articulator-free features

in (1), constitute the sequence of feature bundles that forms the output of the model. Examples of
cues that are used, and justification for this selection, are given, as well as examples of the process
of inferring the underlying features for a segment when there is variability in the signal due to
enhancement gestur@gcruited by a speaker to make a contrast more salrdue to overlap of
gestures from neighboring segments. 2002 Acoustical Society of America.

[DOI: 10.1121/1.1458026

PACS numbers: 43.71.An, 43.72.Ar, 43.72 NRK]

I. INTRODUCTION There is ample evidence that words are stored in
memory in terms of sequences of segmental units, and that

This article describes a proposed model of the procesgese segmental units are further represented in terms of the
whereby a listener derives from the speech signal the s&ralues of a set of binary features. That is, the lexical repre-
quence of words intended by the speaker. The proposesentation is discrete in at least two ways: each word is an
model contains a lexicon in which the words are stored agrdered sequence of discrete segments, each of which is rep-
sequences of segmeriteach of which is described in terms resented by a discrete set of categories. Some of this evi-
of an inventory of distinctive features. Acoustic cues are exdence comes from acoustic studies of sounds produced by
tracted from the signal, and from these cues a sequence Q@rious manipulations of the vocal tract, showing certain dis-
feature bundles is derived. This pattern of estimated featurgnctive and stable acoustic patterns when the vocal tract is in
bundles is matched against the items in the lexicon, and garticular configurations or performs particular maneuvers.
cohort of one or more sequences of words is hypothesized. A&hese combinations of acoustic and articulatory patterns are
final feedback stage synthesizes certain aspects of the soupgsed on the physics of sound generation in the vocal tract,
pattern that could result from each member of the cohort, anﬁHcIuding theories of coupled resonators, the influence of
selects the word sequence that provides the best match to thgcal-tract walls on sound generation, and discontinuities or
measured acoustic pattern. stabilities in the behavior of sound sourd&tevens, 1972,

This article is concerned primarily with the part of the 1989 2001 Evidence for features also comes from quantal
model that leads to a description of the signal in terms of &spects of auditory responses to sound, such as responses to
sequence of discrete phonological segments, i.e., in terms gfqystic discontinuities and to closely spaced spectral promi-
bundles of distinctive features. That is, we are attempting t;encegChistovich and Lublinskaya, 1979; Delgutte and Ki-
model the speech perception process up to the point whetg,y 1984, There is further evidence that these features are
the analog acoustic signal has been interpreted as a sequengBuped together in a hierarchical struct(@ements, 1985:

of discrete phonological units. McCarthy, 1988; Halle, 1992; Halle and Stevens, 19%he
aim of the acoustic processing of the speech signal, then, is
dElectronic mail: stevens@speech.mit.edu to uncover the features intended by the speaker, so that these
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features can be matched against the lexicon, which is alsduced with a significant narrowing of the airway in the oral
specified in terms of segments and features. cavity.

In contrast to the discretely specified phonological rep-  Acoustically, vowels have greater intensity than conso-
resentation of an utterance, the acoustic signal that is radiatethnts. The first formant frequency is generally higher in
from the mouth of a speaker is continuous. It is an analogowels than in consonants because the oral cavity is rela-
signal that is generated by continuous movements of a set dively open for vowels and there is a narrow constriction in
articulatory and respiratory structures. As has been observethe oral region for consonants. The generation of true conso-
however, the relations between the articulatory and theants involves a sequence of two steps: the formation of a
acoustic representations of speech have certain quasi-discretarrowing in the oral cavity, and the subsequent release of
or quantal characteristics that are exploited in speech produghat narrowing. By definition, true consonants cause a par-
tion (Stevens, 1972, 1989These quantal attributes help to ticular type of discontinuity in the acoustic signal at one or
simplify the process of uncovering the discretely specifiechoth of these times of closing and releasing. The acoustic
segmental and categorical representations that are buildingscontinuity is a consequence of a rapid change in the pres-
blocks of words. sures and flows within the vocal tract—either a rapid in-

In this article we first examine how the acoustic signalcrease or decrease in pressure behind the constriction in the
provides evidence for the presence of the discrete segmentatal cavity (to produce obstruent consonants an abrupt
units, and we review the inventory of segmental features angwitching of the airflow to a different path within the oral
their defining or primary acoustic and articulatory correlatesand nasal cavities without an increase in intraoral pressure
(Sec. I). A formal structure for storing words in the lexicon (to produce sonorant consonantin the case of sonorant
is then described@Sec. Il)). We then observén Sec. IV) that  consonants, it is possible to produce the requisite acoustic
in running speech there are several factors that combine tgiscontinuity only by creating a complete closure of an oral
create variability in the acoustic representation of the segarticulator in the midline of the oral cavity. For obstruent
ments and features. These factors introduce additional cuggnsonants, however, an acoustic discontinuity can be
for the features depending on the context in which they ocformed either by making a complete closure in the midline or
cur. Itis argued that this variability can be reduced by selectpy creating a partial closure that is narrow enough to cause a
ing acoustic cues that are closely tied to articulation, sincgressure increase and to create continuous flow through the
the variability can be traced to modifications in articulation cgnstriction.
that are governed by well-defined principles. The process of  One of the ways that true consonants differ from vowels
estimating the discretely specified underlying segments angn addition to the presence of the acoustic discontinuity
their features from analysis of the continuous speech signg{pted abovgis that the spectrum amplitude in the low and
is then outlinedSec. V). midfrequency regions in the consonant region is weaker than
the corresponding spectrum amplitude in the adjacent vow-
els. A reduced spectrum amplitude of this kind can also be
produced without generating a constriction that is sufficient
to cause an acoustic discontinuity. Segments produced in this

The distinctive features describe the contrasts betweeyyay are glides. In English, they include /w/ and /j/, which are
words in language. That is, a change of the binary value of &oduced by raising the tongue dorsum to produce a narrow-
feature for a segment in a word has the potential of generatng between the dorsum and the palate, and, in the case of
ing a different word. For example, the word pagsat and /w/, a rounding of the lips. The consonant /h/ is also a glide,
sheet orbat andpat differ by a single feature in the first and the reduced amplitude is produced by spreading the glot-
segment. As discussed below, each distinctive feature is a§s Without creating a significant narrowing in the vocal tract
sumed to have a defining articulatory action and a correabove the glottis.
sponding defining acoustic correlate. In summary, then, there are three broad classes of seg-
ments: vowels, glides, and consonantal segments. Production
of a vowel causes a maximum in the low- and midfrequency

There is a set of features that classify segments intspectrum amplitude. An acoustic discontinuity occurs at the
broad classes—classes that can be described roughly as votvnes when a consonantal constriction is formed or released.
els and some general classes of consonants. These are calkeall the acoustic correlate of a glide is a reduction in low-
articulator-free features since they do not specify a particulaand midfrequency spectrum amplitude but without acoustic
articulator that is activated to produce the segmeétdlle,  discontinuities. Evidence for these three kinds of segments
1992. Rather, they refer to general characteristics of conwithin an utterance is provided by landmarks in the signal: a
strictions within the vocal tract and the acoustic consepeak in low-frequency amplitude for a vowel, a minimum in
guences of producing these constrictions. low-frequency amplitude, without acoustic discontinuities,

Probably the most fundamental distinction in speech idor a glide, and two acoustic discontinuities for a consonant,
between vowels and consonants. Vowels are produced with@ne of which occurs at the consonant closure and one at the
relatively open vocal tract, so that air can flow freely throughconsonant release. Figuréal displays a spectrogram of a
the tract without obstruction and without significant pressuresentence, and shows the placement of vowel and consonant
drop across any narrowing that may be present in the suprdandmarks; examples of glide landmarks are shown in Fig.
glottal airway. True consonants, on the other hand, are prak(b). In Fig. 1(a), the arrows at the top of the spectrogram

Il. SEGMENTS AND THEIR FEATURE
REPRESENTATIONS

A. Segments and articulator-free features
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FIG. 1. (a) Shown at the top is a spectrogram of the senteSammantha came back on the plane, produced by an adult male speaker. The plot immediately
below the spectrogram gives the frequencyafversus time during the vocalic regions, measured at 7.5-ms intervals. At the bottom is a plot of the relative
amplitude of the first-formant prominence during the vocalic regions. Each point on this amplitude plot and on the plot of freqBé&risyntdasured from

a spectrum which is obtained by averaging a 10-ms sequence of spectra, each of which is calculated using a 6.4-ms Hamming window. The arrows below the
spectrogram indicate vocalic landmarks and the arrows at the top identify consonantal landmarks. @eentStevens, 1998 (b) The spectrogram is the
sentencd he yacht was a heavy one, produced by a female speaker, illustrating acoustic attributes of glides. The first-formant frequency in the vicinity of the
glides is shown immediately below the spectrogram. The plot at the bottom is the amplitudeFdf piheminence. The arrows at the amplitude minima for

the glides identify the glide landmarks. The irregularities in the amplitude for /h/ are smoothed with the dashed line. Measurements are matgeat/a-ms

using the procedures described in the legend for @rtfrom Stevens, 1998
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TABLE I. Articulator-free features for some consonants in English. TABLE Il. Seven articulators and the features that specify phonetic distinc-

tions that can be made with each articulator. The articulators are divided into
td S,z 0,0 n three groups: those that can form a constriction in the oral cavity, those that
control the shape of the airway in the laryngeal and pharyngeal regions, and

Continuant B + + - the aspect of vocal-fold adjustment relating to stiffness.

Sonorant - +

Strident + - lips [round

tongue blade [anteriof
[distributed

identify acoustic discontinuities due to consonant closures or ["';‘]tefaﬂ
releases. The two panels below the spectrogram are plots of tongue body %Li;’;']c]
the first-formant frequency versus time and the amplitude of [low]

the F1 spectral prominence versus time during the vowels. [back
Vowel landmarks are indicated by the arrows near the times

. . L. . soft palate [nasal
when Flis a maximum, WhICh is glose to the time Wher_1 the pharynx [advanced tongue robt
low-frequency amplitude is a maximum. For the four glides glottis [spread glotti
in Fig. 1(b), the arrows identify times when the amplitude of [constricted glotti$
the F1 prominence is a minimum. vocal folds [siiff vocal folds

In the case of consonantal segments, we have observed
that two further subclassifications can be assigned. A conso-
nant can be formed with a complete closure in the oral cavity
in the midline (designated by the articulator-free feature are(1) the lips,(2) the tongue bladg3) the tongue body4)
[—continuan}) or with a partial closure that permits a frica- the soft palate(5) the pharynx,(6) the glottis, and(7) ad-
tive consonant to be produced with continuous turbulencgustments of the tension of the vocal folds. These articulators
noise(designated ap+continuant). For[—continuani seg-  can be manipulated in one or more ways to generate seg-
ments, there is a further subdivision infe-sonorant (no ~ ments that are distinctivé.e., that could potentially distin-
increase in pressure behind the consonant closarel  guish between wordsEach of these ways of manipulating
[ —sonorant (increased intraoral pressiire an articulator is described by a feature, which can have a plus
Still another articulator-free feature is used to implementor minus value. The articulators and the features associated
a contrast for{ +continuant consonants produced with the with them are listed in Table II.
tongue blade. With appropriate shaping of the cavity anterior  In Table IlI, the articulators are classified into three
to the constriction, and by directing the air stream against thgroups. The first group, consisting of the lips, the tongue
lower teeth, the resulting sound spectrum of the fricativeblade, and the tongue body, involve adjustments of the con-
consonant at high frequencies has a much greater spectruiguration of the oral cavity. The soft palate, the pharynx, and
amplitude than the adjacent vowel in the same frequencihe glottis form the second group, and manipulations of these
range. Such a consonant is designated [astrident, articulators control the vocal-tract shape in the laryngeal and
whereas a fricative with weak high-frequency noise ispharyngeal regions. The third class in Table Il describes ad-
[ —strident. justments of the stiffness or slackness of the vocal folds, and
For consonantal segments, then, there are threthese adjustments are not involved directly in changing the
articulator-free features: continuant, sonorant, and stridenghape of the airway. Not all of the features in Table Il are
Table | gives a classification of representative consonants igdistinctive in English, and this is not an exhaustive list of the
terms of these features. It is noted that the feaftsomorant  universal distinctive features that are used across languages.
is distinctive only for[—continuant consonants, whereas Vowels and glides are specified completely by a listing
[strideni is distinctive only for[+continuant consonants. of articulator-bound features. In general, the major features
We adopt here a convention of not designating a featuréor vowels are the features specifying the position of the
value when that value is redundant, i.e., can be predictetbngue body—the featurdkigh], [low], and[bacK. In En-
from the other features. glish, additional features that describe contrasts for vowels
are [round and [advanced tongue ropt The features that
distinguish between glides can involve any of the top six
articulators in Table II. In Englisitand in most, if not all,
languagel the inventory of glides is considerably smaller
We turn now to a description of features that specifythan the inventory of vowels or consonants.
which articulators are active when the vowel, glide, or con- A listing of the features for some vowels and glides is
sonant landmarks are created, and how these articulators agezen in Table Ill. Note that the featufeound] is unspecified
shaped or positioned. Descriptions of the primary articulafor front vowels, and the featufepread glottiis the only
tory and acoustic correlates of these features have been givene that is specified for the glide /h/. Some vowels in English
in a number of publication€€homsky and Halle, 1968; Key- are diphthongs, such as the vowelshide andboy. We
ser and Stevens, 1994nd we will simply summarize those represent these diphthongs as sequences of two segments, the
descriptions here. second of which is a glide. An example of the feature repre-
There are seven articulators that can potentially be acsentation for the diphthongxj/ is given in Table Ill. Our
tive in producing phonetic distinctions in language. Theseconvention for the offglides of such diphthongs is to leave as

B. Articulator-bound features and their acoustic
correlates
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TABLE IIl. Listing of the features for some vowels and glides in English.

i € & a A u w j h aj
High + - - - + + + -+
Low — - + + — — — _ 4
Back - - - + + + + +—
Round - - + +
Advanced tongue root  + - - - - + + + -
Spread glottis +

unspecified the value of the featuredvanced tongue ropt distinctive acoustic correlate for that contrast. We illustrate
but to mark this offglide as a glide. this premise with three examples.

To fully describe a consonant, it is necessary to desig- When a consonant is produced with a tongue-blade con-
nate which primary articulator is used to form the constric-striction, the constriction can be positioned forward of the
tion that produces the acoustic discontinuities or discontinualveolar ridge (in which case the defining feature is
ity that constitutes the landmark. Only three articulators carf+anteriof) or posterior to the alveolar ridgei.e.,
produce these consonantal landmarks: the lips, the tongde-anterion). The strident fricatives /s/ and//m English are
blade, and the tongue body. These articulators produce cowlistinguished by this feature, as Table IV shows. Acousti-
strictions in the oral cavity. Associated with each articulatorcally, the tongue blade position for /s/ creates a resonance of
there is a set of one or more articulator-bound features. For the cavity anterior to the constriction that is in the range of
given primary articulator, some of these features must b¢he fourth or fifth formant for the speaker, giving rise to a
specified. In addition to designating a primary articulator andspectral prominence in the sound in this frequency range. In
its features, it is usually necessary to specify the featurethe case of¥/, the tongue blade is moved to a slightly more
associated with secondary articulators. In English, these fegosterior position, and is shaped somewhat differently, so
tures arglnasal and[stiff vocal folds|. (In some other lan- that there is a spectral prominence in the third formant range.
guages, the featurgspread glottisand[constricted glottis ~ Thus the+ or — values of the featurganteriof define the
are used distinctively. position of the tongue-blade constriction with respect to a

A listing of articulators and articulator-bound features landmark on the hard palate. Coincident with this manipula-
for some consonants in English, together with articulator-fredion of the constriction, there are well-defined acoustiad
features already given, is displayed in Table IV. Features thgterceptual consequences that specify which natural fre-
are redundant or do not contribute to a distinction in Englishquency of the vocal tract receives principal excitation from
for a given segment are left blank. the frication noise source near the constriction.

The articulator-bound features in Tables 11—V are iden- Another example is the featuféack for vowels. For
tified with particular articulators and with the shaping and[+back] vowels, the tongue body is displaced back to form a
positioning of those articulators. However, these featuremarrowing in the pharyngeal or posterior oral cavity. The
also have well-defined acoustic and perceptual correlatesicoustic consequence is a second-formant frequency that is
Linguists have argued that the universal set of features thadw and close to the first-formant frequency. Vowels classi-
are used to define contrasts in the languages of the Wofld fied as[—back], on the other hand, are produced with the
which those discussed above for English represent a gubsd@bngue body forward and a high second-formant frequency.
have the property that for each feature there is a coincidenc& natural dividing line for[+back] and[—back] vowels is
between the articulatory description for the contrast and ahe frequency of the second subglottal resonance, which is in

TABLE IV. Listing of articulator-free features, articulators, and articulator-bound features for some consonants
in English.

Continuant - - - - + + + + — -
Sonorant - - - — i I
Strident + + +

Lips + + + +
Tongue blade + + + + i
Tongue body +

Round - — _ _
Anterior + + + _ i
Lateral _ i
High +

Low -

Back +

Nasal 4 B
Stiff vocal folds - - - + + + _ n
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the vicinity of 1500—1700 Hz for adult€ranen and Boves, mine articulator-bound features for consonants resides in re-
1987. WhenF2 for a vowel comes close to this resonance,gions that are a few tens of milliseconds on either side of the
an acoustic perturbation can be created. This subglottal resconsonant landmarks. Since the consonant landmarks are de-
nance forms a kind of “acoustic berm.” Vowels that are fined by acoustic discontinuities, the acoustic properties near
[—backl tend to maintainF2 above this perturbation; for one side of a landmark are usually quite different from the
[+backl vowels, speakers tend to plaé® below this fre- properties near the other side of the landmark, as in the ex-
guency. There is also evidence that the auditory response tosmple above relating to stiff vocal foldStevens, 2000a
front vowel, with F2 high and close td=3, is qualitatively The diverse information from these two sets of properties,
different from that for a back vowe{Syrdal and Gopal, including the nature of the abrupt changes in certain acoustic
1986. Again we see a coincidence of an articulatory posi-properties, must be integrated to determine the intended
tioning and an acoustic and perceptual consequence of thatticulator-bound features.
articulatory manipulation. The features listed in Tables I-IV can be organized in a
A third example is concerned with the featurestiff = geometrical, treelike hierarchy to represent more closely
vocal foldg® (Halle and Stevens, 19YIWhen this feature is their relation to the articulatory structures that are used to
used to characterize an obstruent consonant, there are t@plement them. This treelike structure highlights the fact
acoustic consequences in the vicinity of the consonant rethat the various features in Tables I-IV are not simply a list,
lease. For a consonant classified astiff vocal folds| (com- ~ but are structured into groups. As has been noted elsewhere
monly referred to as a voiced consonatite vocal folds are  (Clements, 1985; McCarthy, 1988; Keyser and Stevens,
slackened, and glottal vibration during the time when there 1994, the phonological patterning of the sounds in language
a reduced transglottal pressure in the consonant interval gan be described succinctly in terms of these groupings. In
facilitated. The increased slackening also carriers over intéhe model described in the present article, however, the lexi-
the following vowel, leading to a lowered fundamental fre- cal representations will not utilize this formal hierarchical
quency near the beginning of the vowel. The opposite effecgtructure.
occurs for a consonant that js-stiff vocal foldg (i.e., a
voiceless consonaniThe vocal-fold stiffening inhibits glot- IIl. LEXICAL REPRESENTATION AND PLANNING
tal vibration during the obstruent interval. This increasedS TAGE

stiffening extends into the following vowel, leading to @  The stored items in the lexicon consist of sequences of
raised fundamental frequency near the beginning of thgegments, each of which is represented by a list of features.
vowel. Again we see a coincidence between the articulatoryrhe features are of several kinds: membership in one of three
manipulation for the feature and the acoustic consequencgfioad classes of vowel, glide, and consonant; in the case of
of this manipulation. In this example there is an acousticyowels and glides, a listing of articulator-bound features; and
correlate of the feature in the constricted interval for thejn the case of consonants, a specification of the articulator-
consonant and a different acoustic correlate in the vowel folfree features(continuant, sonorant, stridentone of three
lowing the consonantal releaséAs will be noted later, in  possible primary articulator$ongue body, tongue blade, and
certain phonetic or prosodic environments in English, addifips), and a set of articulator-bound features.
tional gestures may be introduced to enhance the saliency of |t is also necessary to specify in the lexicon the structure
the contrast between consonants that differ in the featuref the syllables. In English, there are particular constraints on
[stiff vocal folds].) the contexts in which consonants can occur. These con-
These and other examples provide support for the viewgtraints for a given consonant can be described conveniently
that for each articulator-bound distinctive feature there is dn terms of the position of the consonant in the syllable and
defining articulatory manipulation and a distinctive acousticon the features of the vowel and consonants within the syl-
pattern that results from this manipulation. We will observelable. A conventional way of representing syllable structure
later, however, that, in addition to the defining acoustic atin English characterizes the syllable as an onset and a rime,
tribute for a feature, there may be added articulatory gesturesith the rime consisting of a nucleus and a cddf Clem-
and further acoustic cues that can contribute to identificatiornts and Keyser, 1983A consonant or consonant sequence
of the feature, depending on the context in which it appearscan be appended after the coda as an affix. If there is a glide
The acoustic correlates of the articulator-bound featuresr a sonorant consonant in the onset or the coda, this seg-
depend to some extent on the type of segment—whether it iment is always adjacent to the nucleus, or vo{eth rare
a vowel, a glide, or a consonant. In general, the acoustiexceptions, as in the sequences /mju/ or /nju/ in words like
manifestations of these features are most salient in the viciTnute andnew). With some exceptions, a consonantal seg-
ity of the landmarks. For example, to estimate the values ofment (i.e., a segment that is implemented with abrupt land-
the features for a vowel or glide, attributes of the acoustianarks is always adjacent to either a vowel or a glid€he
signal in the region that is within a few tens of milliseconds exceptions are when the consonant is /s/ or is adjacent to /s/,
of the vowel or glide landmarks must be examined. In gen-as for the /s/ irspot or the /k/ indesk. Other exceptions are
eral, the acoustic properties in the vicinity of these land-in affixes following the rime, as iasked offifth, where the
marks for vowels and glides change in a smooth and conaffixes are always consonants produced with the tongue
tinuous manner, and the time course of these changdsade)
provides the information needed to uncover the features for ~Knowledge of the syllable structure is important during
these segments. Acoustic information that can help to detespeech production because details of the implementation of a
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TABLE V. Lexical representations for the wordgbate wagon anchelp. The syllable structure of each word
is schematized at the tdjp-=syllable, c=onset, =rime).

(8} O,
O (o]
d |e b |e |t w e [g |8 |n h |g i1 p
Vowel + + + + +

Glide + +

Consonant + + + + + + |+

Stressed - + + - +

Reducible + - - + _

Continuant - - - - - - -
Sonorant - - - - + + |-

Strident

Lips + +
Tongue blade + + + +

Tongue body +

Round - + -
Anterior + + +
Lateral

High + - T - [+ |- -

Low - - - + |- - -
Back - - + |- I _
Adv. tongue root + + |- -
Spread glottis +
Nasal +

Stiff vocal folds | - - + - +

consonant, including the timing of the articulator move-vowel. These features afetres$ and[reduciblg, and three
ments, are dependent to some extent on its position withisombinations of plus or minus are used. The combination
the syllable. The timing of implementation of the syllable [ +stress,+reduciblg is not allowed.
nucleus or vowel is also influenced by the syllable structure.  Examples of the representation of three words in
For a listener, the ability to estimate syllable structure inmemory in the proposed lexical access model are given in
running speech can be helpful in determining word bound-Table V. A schematic representation of the syllable structure
aries, since the onset of a word is always the onset of &r each word is given at the top of the table. The syllable is
syllable in the lexicon. marked byo and the onset and rime by o and r. One of the
Words in English containing more than one syllable al-words has one syllable and the other two have two syllables.
ways mark one of the syllables as carrying primary stressin the case of the wor#vagon, the consonant /g/ is shared
Furthermore, some vocalic nuclei in a word may be markedetween the two syllables of the word. This consonant is said
in the lexicon as being potentially reducible. Thus, threeto be ambisyllabi¢Clements and Keyser, 1983
kinds of vocalic nuclei are identified in the lexicon: stressed,  The first three rows of the table below the syllable struc-
reducible, and neither stressed nor reducible. The acoustiare specify the general category of vowel, glide, or conso-
correlates of primary stress and of reduction are not welhant. Stress and potential for reduction for the vowels are
defined, but some combination of vowel amplitude, durationmarked in the next two rows, followed by the three
fundamental frequency contour, glottal source waveformarticulator-free features that apply to consonants. The pri-
and vowel formant pattern contributes to judgments of thesenary articulator for each consonant is given by-a™placed
attributes. In the lexical representation, the status of a sylin one of the next three rows. The remaining rows list the
lable as being stressed, reducible, or neither stressed nor rarticulator-bound features. The last two features are sepa-
ducible is indicated by two features that are attached to eactated out from the others since they can be considered as
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secondary articulator-bound features for consonants in Erforming the plural adds /z/ in all cases except when the noun
glish. terminates in a voiceless segment, in which case the voice-

The conventions used for marking the features or deless /s/ is added. These rules lead to the standard plural forms
scriptors for lexical items in Table V depart somewhat fromsuch as bus/busses, bag/bags, and bat/bats, the plural being
lexical representations proposed, for example, by Chomskgepresented by the affix /z/ in the first two examples and /s/
and Halle(1968 or by Clementg1985. For example, the in the third example. Similar rules that manipulate features
designation of vowel, glide, or consonant, while marked inor groups of features apply to a large variety of affixes.
the lexicon by “+” in the appropriate row, is not strictly a It is assumed that a representation of words in the
feature representation. Any one segment is classified by on@emory of a speaker or listener takes the form shown in
“+,” and such a segment is automatically not a member offable V. One type of evidence for this assumption comes in
either of the other classes. Similar comments could be madgart from the fact that a language user appears to have access
about the use of +” to specify the primary articulator for a to phonological rules of the type just described for appending
consonant. A consonatdt least in English and in most other the plural phoneme to nouns in English. There is a large
languagelscan have just one primary articulator. number of such rulege.g., Chomsky and Halle, 1958n-

It is evident that the representation of any one segmeritolving essentially all the features that are contrastive in En-
of a lexical item is rather sparse. All but one of the segmentglish, i.e., for which the change in the value of a feature
in Table V are represented in terms of 6 or 7 feateesept creates a possible new word. The rules can be expressed
/h/), whereas the entire list of features in the table numberéfficiently in terms of manipulations of these features or
21. The specification of some features is conditional on th@roups of features.
values of the articulator-free features and, for consonants, on When an utterance is to be produced, there is an initial
the designation of the primary articulator. If one requires tha®lanning process. For a multi-word utterance, a sequence of
each feature be truly distinctive, in the sense that changiny/ords, possibly constructed from morpheme sequences, is
the value of the feature creates a potentially different wordselected from the lexicon. Retrieval processes and phono-
then the feature representations in Table V can be made evé@gical rules operate on the morpheme sequences to produce
more sparse. For example, a segment thdttsonsonant, @ sequence of segments and their associated features, which
+tongue bod¥is automatically[ +high], and for such a seg- will subsequently be translated into articulatory commands.
ment the featuref—low, +back are not distinctive. Thus The syllabification of this segment/feature sequence may be
the average number of distinctive features for each segme@djusted somewhat from the syllabification in the lexicon.
is smaller than the six or seven implied in Table V, especiallyThis planning stage also involves prosodic markers in the
for consonants. form of a metrical template which, at a minimum, indicates

In the representation of the wordgbate andvagon in phrasally prominent syllables, full vowel syllables without
Table V, the reducible syllables are assigned a full set ophrasal prominence, and reduced syllables. In addition, pro-
vowel features. The first syllable idebate has the features sodic specifications for the FO contour, duration pattern, and
for the high front vowel /i/, and the second syllablenagon ~ @mplitude contour of the utterance must be ggnerateq, to re-
has the features for the nonhigh back vowsl These are flect both word-level and phrase-level prosodic constituents
postulated to be the features underlying the vowels, and thand prominences. The details of these prosodic aspects of the

acoustic manifestations of these features would be well dg?!@nning stage are not central to the aim of this article, which
fined in some situations if the words were spoken clearly. IS concerned instead with the listener’s task of estimating the

speaker’s planned sequence of segments and features. These
However, the presence of the featdirereducibld is an in- issues about the nature of the planning stage have also been
dication that these vowel features are not distinctive in théddressed in Leveltl989, Shattuck-Hufnage(1992, Lev-

sense that no minimal pairs are generated when the values 8ft €t &l- (1999.
these features are changed. Thus these features do not con-
tribute to identification of the words. In the more common

production of these vowels, the durations would be deq, MULTIPLE ACOUSTIC CUES FOR FEATURES AND

creased. _ ~ THEIR DEPENDENCE ON CONTEXT
In addition to stem morphemes, the lexicon also contains

affixes which can be appended to stems to produce net- Articulatory interactions and multiple acoustic

words. This process can lead to modification of certain featles

tures in the stem or to different forms for the affix depending From the point of view of the speaker, the array of seg-
on features of segments at or near the stem boundary. Rulesents and features in the planning stage provides a sketch of
for generating these new formatives involve modification ofthe instructions to the articulators specifying how a word is
features or groups of features in environments that are alsim be produced. It describes which articulators are to be ma-
specified in terms of features. An example is the generationipulated and how they are to be shaped and positioned.
of the plural forms of nouns. The process for generatingThese movements of the articulators in turn give rise to the
these plural forms can be described as a sequence of twamund pattern.

ordered rules. The first rule is to add an unstressed schwa Although each of the distinctive features has certain de-
vowel at the ends of words that terminate in strident consofining articulatory and acoustic correlates, there are addi-
nants produced with the tongue blade. The second step imonal acoustic properties that are biproducts of the principal

this case, the vowels would be implemented aseduced.
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articulatory and acoustic requirements for the feature. ThesA [+strideni consonan{in English is produced by direct-
properties can arise through articulatory actions that are ndhg the airstream against the lower incisors. This action re-
specified directly by the feature. Some of these actions magjuires that the tongue blade be shaped in a way that properly
be automatic consequences of the primary articulatory gesdirects the jet of air, and therefore requires that the jaw be
ture for the feature, and others may be introduced to enhangaised so that the lower incisors are properly positioned to
the perceptual contrast defined by the feature when the fe@rovide an obstacle for the jet. The contrastrgstrident

ture occurs in certain phonetic or prosodic contégfskKey-  consonant requires a tongue blade position and shape that
ser and Stevens, 2001Such enhancing gestures often give avoids an airstream that impinges on the lower incisors
rise to new acoustic properties, as well as strengthen thdownstream from the constriction. For each of these ex-
primary acoustic correlate of the feature. Of these enhancingmples, the secondary articulatory gestures have acoustic
gestures, some are obligatory in the sense that they are reensequences that can provide cues to aid the listener in
quired for proper acoustic implementation of the primaryuncovering the feature.

acoustic property, whereas others may be optional. These Recruitment of articulators that are not directly specified
additional articulatory gestures and their acoustic propertieby the features for a segment may also be motivated by the
are not specified in terms of distinctive features since they daeed to enhance the acoustic and perceptual consequences of
not by themselves define contrasts in the language. They caane of the features of the segment. Some of these enhance-
however, provide acoustic and perceptual cues that potemaent actions are reviewed in Keyser and Ste@081). We

tially help the listener in the estimation of the distinctive restrict our discussion here to two examples where the en-
features. This view that enhancing gestures are introduced Hyancing gesture creates not only a strengthened primary
a speaker to strengthen a perceptual contrast is consistemtoustic cue for the feature, but also introduces additional
with similar views expressed by Dieli1991), by Kingston  acoustic properties or perceptual cues that can contribute to a
and Diehl(1994, and by Diehlet al. (2002).* listener’s estimation of the feature.

The enhancing gestures are presumably introduced when There are two primary acoustic correlates of the feature
the defining acoustic correlate for a particular contrast is nof+stiff vocal folds]. During the consonantal intervaivhile
sufficiently salient. That is, the use of enhancing gestures ithere is a buildup of intraoral pressura segment with the
driven by perceptual requiremenf®iehl, 1991; Keyser and feature[+stiff vocal folds| shows essentially no glottal vi-
Stevens, 2001 Since the inventory of feature@nd con-  bration during the constricted interval for the consonant. The
trasts is language dependent, the gestures that may be usedntrasting segment with—stiff vocal folds| does exhibit
for enhancing the perceptual saliency of a feature may beglottal vibration at some time during the constricted interval
language dependent. It is possible, then, to observe diffefor the consonant. In the initial part of the vowel following
ences in the acoustic manifestation of the same feature ithe consonant the fundamental frequency is higher for a
different languages. Such variability is well documented in[ +stiff vocal folds] segment than for the-stiff vocal folds]|
the literature(cf. Ladefoged, 1980 cognate, reflecting the carryover of vocal-fold stiffness into

The articulatory actions that are automatic consequencebe following vowel. Several types of gestures are used to
of the implementation of particular features include the  enhance the featufstiff vocal folds| depending on the syl-
stiffening of the vocal folds during the production of a high lable position of the consonant. In syllable-initial position for
vowel, leading to a higher fundamental frequency for higha stop consonant before a stressed vowel, aspiration is intro-
vowels than for low vowelgfHouse and Fairbanks, 1953; duced by maintaining a spread configuration for the glottis
Whalenet al, 1998; (2) the increased duration of low vow- for a few tens of milliseconds following the consonant re-
els relative to high vowel@House and Fairbanks, 196Znd  lease, leading to a delay in the onset of glottal vibration
(3) the different duration of the frication noise burst at thefollowing the consonant release. This action presumably in-
release of different articulators in producing a stop consonantreases the separation between frication noise at the conso-
(Cho and Ladefoged, 1999; Hanson and Stevens, 2006 nant release and the onset of glottal vibration, and hence
duration being shortest for labials, longest for velars, andnhances the voiceless character of the consonant. The vowel
intermediate for tongue-blade consonants. Th@sel pos- preceding a syllable-final voiceless consonant is often short-
sible othej consequences of particular feature-related gesened relative to its duration preceding a voiced consonant,
tures are determined by anatomical and physiological factorparticularly if the syllable is phrase-final, thereby reducing
over which the speaker has little control. the amount of glottal vibration in the syllable and enhancing

We consider next some examples of active secondarthe perception of the featufe-stiff vocal folds|. Also, when
articulatory gestures that are required if the primary acoustia voiceless stop consonant is in syllable-final position in cer-
correlate of a feature is to be realized. In each of these exain phonetic contextgparticularly for an alveolar conso-
amples, the primary feature is an articulator-free feat(ire. nanj, the vocal folds are often adducted to form a glottal
Any consonant that is classified pssonorant must be pro-  closure, leading to an abrupt termination of glottal vibration.
duced with a closed velopharyngeal port, since by definitioriThis glottalization enhances the voiceless character of the
pressure is built up in the oral cavity for such a consonantconsonant in this syllable-final positigkeyser and Stevens,

(2) The production of a consonant that[iscontinuant re-  2001).

quires significant airflow through the oral constriction, and  Another articulatory action that can be interpreted as an
usually this airflow can only be achieved when the glottalenhancing gesture is the positioning of the tongue body for a
opening is greater than it would normally be for a vow8).  tongue-blade stop consonant. In the case d¢franteriof
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stop consonant in English, for example, the tongue body ishe fricative, because of the influence of the word-initial
adjusted to a somewhat fronted position, presumably to assisbiceless /f/ or /s/, respectively. Or, to put it another way, the
in positioning the tongue blade constriction and hence twoicelessness of word-initial /f/ and /s/ is strengthened.
enhance the contrast with labial consonants, as seen in the There are, however, exceptions to this word-initial ro-
spectrum shape of the burst. This tongue-body gesture isustness principle. For example, some of the acoustic char-
reflected in the formant movements in the following vowel. acteristics of word-initiald/ can be influenced by a preced-
The fronted tongue-body position also leads to formant traning word-final consonant, so thai//may appear to have the
sitions that are different from those of labial consonants, an@¢haracteristics of a noncontinuant or sonorant consonant
therefore contributes to the perceptual saliency of the alveaManuel, 199%. These effects can be observed in sequences
lar consonant. like “win those cups,” or “at those classes,” where there

It is evident, then, that several acoustic cues in combimay be little direct acoustic evidence for the features
nation can lead to identification of a feature and hence of thé+continuant and [ —sonoran} which are normally associ-
word for which the feature constitutes a component. In runated with 6/. It is noted, however, that the features
ning speech, each of these cues can be present with variolis anterior, +distributed (i.e., the place features fod/) ap-
degrees of strength, depending on several factors such agar to be represented robustly in the signal independent of
speaking style, the syllable position of the segment, and ththe contexf Another exception is word-initial /h/ when it
phonetic and prosodic environment in which the feature oceccurs before a reduced vowel, as in “will he go.” In casual
curs. In some environments and for some styles of speakingpeech, there may be little or no evidence for /h/ in this
all of the cues for a particular feature might be stronglyphonetic environment.
present, and identification of the feature is robust and reli-  When there is a word-initial consonant cluster, the same
able. In other situations, including speech in noise or in theobustness principle applies to the consonant that is immedi-
presence of other distorting influendesich as the degree of ately adjacent to the vowel. Since there are constraints on the
casualnegs some of the cues may be weak or absent. Fofeatures of the consonant or consonants preceding this
example, in rapid speech, the articulatory movements for twewowel-adjacent consonant, the features for these other com-
adjacent segments may overlap in a way that obscures thgonents of the initial cluster can also be identified reliably
acoustic consequences of some of the movem@nasvman  (cf. Fujimura, 1997.
and Goldstein, 19901In such cases, identification of the fea- In running speech, some syllables are produced with
ture from the available cues may be unreliable and may degreater prominence than others. This greater prominence is
pend strongly on knowledge of the context in which the fea-manifested in the sound by increased amplitude, increased
ture occurs.(See Sec. IV Q. Situations can arise, for vowel duration, and increased duration of the initial conso-
example, in which the defining acoustic cues for a feature imant. In such a prominent or accented syllable, the cues for
some contexts are not available, but cues associated withe features of the initial consonant or consonants are present
enhancing gestures remain. in the sound with greater strength and possibly with greater

We turn now to a discussion of cases whétefeature  number than are the cues for consonants in other environ-
identification is robust, an(2) cues may be severely weak- ments. For example, voiceless stop consonants are aspirated

ened. in this position, thereby enhancing identification of the fea-
ture [ +stiff vocal folds|, as noted above. And the increased
B. Word-initial segments and prominent syllables vowel and consonant durations permit a clearer representa-

Hon of consonantal place of articulation in the vicinity of the
consonant release, with minimal influence of vowels and
than consonants in other positiof@utler and Carter, 1987; f:onsonagts othelr(tjhant_the ]meed|ately fto ||dOWII’|1Ig g/lowell. The
Manuel, 1991; Gowet al, 1996. This statement is espe- Increased vowel duration Tor an accented syliable aiso re-
duces the influence of adjacent consonants and vowels on the

cially true when the word is not a function word, in which ¢ ¢ f . th iddle of th L C
the vowel can be reduced. For the most part, these initiglor ant frequencies near the middie ol In€ Vowel. L.onse-
ently, the cues for place of articulation for the vowel as

consonants are adjacent to vowels, or at least they usual _—

precede vowels, glides, or liquids. Thus there is an opportu- ell as for the initial cons_onant are mor_e_robust,_ and the
nity for cues to be present both in the interval preceding thé’oweI featqres can be estimated with minimal reliance on
release when the consonant constriction is in place, and iﬁontextual information.

the sonorant or vocalic interval immediately following the It frequently happens, of course, that accented syllables

release. These cues tend to be modified minimally by a se re also word-initial syllablesCutler and Carter, 1987In
ment at the end of a preceding word. It is not uncommon fo_his case, there is more than one reason why the features for

some of the cues for features in a word-initial segment tdnitial consonants are represented by robust cues in the

spread their influence to regions of the sound that migh?ound'

normally be associated with the final segment in a precedin% ) o

word (cf. Zsiga, 1994 In some sense, then, this spreading of - Sources of weakening or modification of cues for
cues enhances the identification of the features for the wordS"®S
initial consonant. Thus, for example, in a sequence like “his ~ We have just shown that there is a set of environments
five sisters,” voicing in the segment /z/ ms or /v/ infive  for consonants and vowels in which cues for the distinctive

may be only weakly represented near the time of closure fofeatures tend to be robust. Cues for certain features of seg-

There is some evidence that features for consonants i
word-initial position exhibit a stronger set of acoustic cues
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ments in other contexts are subject to weakening or to elimi- into the end of the closure for the preceding consonant.
nation in running speech. This modification of cues for fea-  This preceding consonant has the same place of articu-
tures of a particular segment generally arises because of the lation as /n/, so that the consonant is terminated by the
influence of adjacent segments. The articulatory movements opening of the velopharyngeal port and is followed im-
needed to implement an adjacent segment may prevent some mediately by the syllabic nasal. A similar merging can
of the cues for the features from appearing in the signal, or occur when a reduced vowel is followed by a liquid, in
may weaken the cues because of overlap of these movements which case the peak in low-frequency amplitude occurs

with those required for the featuréd8rowman and Gold- within the syllabic /r/ or /ll. The syllabic /r/ could in
stein, 1990. We discuss here a few examples of such cases some cases be considered as a vowel segiratiier
in English. than being derived from a sequenca/), but in other

In running speech, it is common to classify the vowels cases it is a reduction, as in an utterance like
into three categories: accented vowels, full vowels but not come for dinner, wheresl/ in for reduces to syllabic /r/.
accented, and reduced vowels. For example, in the word Similar comments could be made about /I/, for example
potato, the first vowel is normally reduced, the second vowel in the wordlegal. In all of these cases, it is usually
is accented, and the third vowel is a full vowel but nonac-  possible to detect a low-frequency amplitude peak or
cented. Reduced vowels are inherently produced with weak- landmark indicating the presence of the syllabic liquid or
ened cues for place features. It is expected that when a vowel nasal, and hence to detect that a syllable is present, but
is reduced, it is sufficient to specify simply that the vowel is  there is no direct evidence on the surface for a sequence
present, with no identification of place features. The more of a vowel and a consonant.
difficult issue is to determine the presence of a reduced
vowel. It is normally expected that each vowel or syllabic [N reduced vowels, the formant frequencies can be influ-
nucleus in running speech is characterized by a peak in lowenced strongly by the consonant context and by the phonetic
frequency amplitude in the waveform, and this peak define§haracteristics of vowels in adjacent syllables. Some influ-

a landmark for the vowel. This peak may be small, howeverénce of context can also be seen in vowels that are not re-
in the case of a reduced vowel. duced. This influence can be sufficiently strong that estima-

Some phonetic environments in which evidence for &lion of the features underlying a nonreduced vowel must take

reduced vowel may not appear as a separate Iow-frequené'glto account the consonantal context as well as the formant

peak in amplitude of the oral acoustic output are listed agreauencies within the vowel. _
follows: As has been observed, the acoustic cues for a consonant

are most robust when the consonant is in word-initial posi-
(1) If a reduced vowel immediately follows another vowel, tion preceding a stressed vowel. For consonants in a number
without an intervening consonant, the presence of thef other phonetic environments, the inventory of cues for the
vowel may not be manifested as a low-frequency peakjarious consonantal features is often more sparse. That is, in
separate from the peak for the preceding vowel. An exsome other environments there is less opportunity to gener-
ample is the sequensaw a dog where the sequenae//  ate acoustic cues for the consonant in the vicinity of the
usually gives rise to only a single peak in low-frequencytimes of closure and release for the consonant. The articula-
amplitude, with the peak occurring at the time the mouthtory maneuvers that are specified by the features for the con-
opening is largest. The lack of a separate low-frequencgonant are implemented, but the gestures for nearby seg-
amplitude peak can also be observed for a sequence @fients prevent the acoustic cues for the consonantal features
two vowels when neither vowel is reduced. In an utter-from appearing in the signal. This effect of overlapping ges-
ance like “he saw eight dogs,” a separate vowel land-tures is more prevalent when there is an increased speaking
mark may not be observed in the sequenae/./ This rate.
merging of two vowel landmarks into one cannot occur ~ One common omission of a cue for a consonant is an
when the vowel i§ —tensd, since such vowels must be acoustic record of both closing and opening movements
followed by consonants. when a consonant occurs in a sequence of two or more con-
(2) When a reduced vowel is surrounded by voiceless obsonants. For example, in a sequence lileto, the closure
struent consonants, the glottal spreading and vocal-foldor /t/ often occurs before the opening movement for /p/, so
stiffening that accompanies the consonants could spreathat neither the labial release nor the alveolar closure creates
into the vowel, and the vowel would then become voice-an acoustic landmark. There is an articulatory opening and
less. Examples of this kind of consonant reduction areclosing gesture for each consonant, but only two landmarks
sometimes observed in words such psetato and are evident in the sound. It may also happen that the overlap
classical. in gestures for the two consonants in a sequence is suffi-
(3) When a nasal consonant follows a reduced vowel, thereiently great that the acoustic manifestations for some fea-
are some phonetic environments in which the vowel-tures of the first consonant are influenced by the second con-
consonant sequence reduces to a syllabic nasal. Tremnant. Thus there can be a weakening of cues for certain
wordsbutton orlesson are examples where such a reducfeatures of the first consonant. Examples are the weakening
tion can occur. In the sequencan/ in these examples, of place cues for a tongue-blade consonant that is followed
the nasalization of the vowel preceding the nasal consoby a consonant with a different place of articulati@ng., the
nant extends back over the entire length of the vowel andequenceote closely or the weakening of acoustic cues for
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voicing of the first consonant in a sequence litis cake

(Gow, 2002. y
In some versions of words likbutton orcotton, a cue Landmark
for the presence of the /t/ following the first vowel may be Detection

the glottalization that terminates the vowel. The actual alveo-
lar closure may occur after this glottalization, and conse- )

quently there is no direct acoustic evidence of this closure c:‘j”::?:{g:&’;fﬁ:y
event. The underlying features for the stop consortaet, Compare of landmarks
[ —continuant,—sonorant,+tongue blade+anterior, -+ stiff
vocal foldg) must be inferred from the sequence of three —»C\ v
events: the formant movements in the preceding vowel, the Estimation of feature
glottalization, and the abrupt onset of syllabic /n/ resulting bundles and syllable
from opening of the velopharyngeal port. All of the gestures S - structure

. - ynthesis of
for the segments and features are implemented, and sufficiel} jandmarks
acoustic cues are available to reconstruct the sequence ¢ and cues
gestures and hence the segments and features. I '

Another modification of the acoustic cues for a conso- Matchto | Lexicon

nant is the flapping of a coronal stop consonant in certain v lexicon 1<
phonetic environmentZue and Laferriere, 1979Examples Cohort of
are in the sequencesriter, rider, atom, andbad apple. In words  [<—
these examples, tongue blade contact is made on the hai ‘

palate, as specified for the features of an alveolar stop con

sonant, but the. closure a_nd release are so CI_Ose together ﬂll"l’é. 2. Block diagram of model of human lexical access. The three com-
the corresponding acoustic landmarks essentially merge. Thignents in the box marked by heavy lines are the principal concern of the
reduction in closure time for the consonant may interfereproposed researdfrom Stevens, 2000b

with the implementation of cues for the voicing feature.

~ These various modifications of the landmarks and acoussased on segments, features, and syllabic structure, and we
tic cues for the features of vowels and consonants in Englishyystrate how this derivation proceeds with some examples.
have implications for the lexical access process. It is of somgp ee steps are involved in this process. These steps are

significance that many if not all of the modifications of land- cnematized by components within the box represented by
marks and of cues for features are a consequence of inflysg1d jines in the block diagram in Fig. 2.

ences from other articulatory gestures associated with nearby |, the first step, described in Sec. V B, the locations and

segments. Usually the articulatory gestures specified by thgnes of the basic acoustic landmarks in the signal are estab-
inventory of features for a segment, including gestures introfished. These acoustic landmarks are identified by the loca-
duced to provide enhancement,_ are in fact |mplementeq, bYions of low-frequency energy peaks, energy minima with no
the gestural context or the rapidity of the gestures may influcoystic discontinuities, and particular types of abrupt acous-
ence the acoustic end result, leading to reduction in thgc events. From these acoustic landmarks certain articulatory
strength of the cues or of the landmarks or to elimination ofayents can be hypothesized: the speaker produced a maxi-
acoustic cues or Ian(_jmarks. Uncoyering of the segments gqqum opening in the oral cavity, or a minimum opening with-
features that underlie the words in an utterance, then, gyt an abrupt acoustic discontinuity, or a narrowing in the
volves using the acoustic data to make inferences about thg| cavity sufficient to create several types of acoustic dis-
gestures that the speaker uses to implement these featurggntinuity. Estimates of the articulatory-free features are
since the gestures tend to bear a closer relation to the featurgs;ge pased on these hypotheses. The secondSgepV O

than do the acoustic patterns. consists of the extraction of acoustic cues from the signal in
the vicinity of the landmarks. These cues are derived by first

V. DERIVING A SEGMENT- AND FEATURE-BASED measuring the time course of certain acoustic parameters

REPRESENTATION FROM THE SPEECH SIGNAL such as the frequencies of spectral peaks or spectrum ampli-

tudes in particular frequency ranges, and then specifying par-
ticular attributes of these parameter tracks. The selection of
When presented with an utterance, the task of the humathe acoustic cues is guided by a requirement that they be
listener, or of a speech recognizer that simulates the humadirectly related to the movements or states of various articu-
listener, is to derive a discrete or symbolic representatiomators in this time region in the vicinity of the landmarks. The
similar to that in Table V through appropriate analysis of theoutput of this component is a sequence of landmarks, labeled
acoustic signal, and, ultimately, to derive the sequence olith times and with preliminary estimates of articulator-free
words. In the proposed model, analysis of the acoustic signdeatures at each landmark, and with the values of a set of
leads to extraction of cues that can be interpreted in terms afcoustic cues attached. Within this component, estimates are
articulatory movements. From these cues, the segments amadso made of the syllable affiliation of the consonants, to the
features are estimated. We outline in this section the initiakxtent that this information is revealed in the acoustic signal.
process of deriving from the acoustic signal a representatioAs a part of this second step, the parameters that are derived

A. Introduction: Steps in the derivation
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from the signal near the landmarks are also examined t8. Detection of acoustic landmarks and estimation of
determine whether this pattern is consistent with the landarticulator-free features
mark sequence derived in the initial step of the model. Based  The initial step in the analysis is to determine the loca-

on this analysis, new landmarks might be hypothesized, or fions of the vowel, glide, and consonant landmarks. Roughly
might be recognized that some landmarks do not signal th§peaking, the vowel landmarks are the places in the signal
presence of a segment. where there is a maximum in amplitude in a frequency band
In the third step(Sec. V D), the landmarks and acoustic i the range of the first formant frequency. These places are
cues derived in the signal processing stage in Fig. 2 are cofsyally where the first formant frequency is maximally high,
Solidated, and a Sequence of feature bundles is derived, %d Correspond rough'y to the times when the oral Cavity is
shown by the third block in the figure. The acoustic cues arenaximally open during a syllable. Additional cues for land-
combined in a way that leads to estimates of the articulatormark locations come from the fact that there are constraints
bound features corresponding to each of the landmarks ide®n the locations of these vowel landmarks. For example, the
tified in the first step. A further task in this step is to converttime between the vowel landmarks is rarely shorter than 120
the landmark representation derived in the first step into ans, and, except when there is a pause, is rarely longer than
representation in terms of underlying segments. For mosibout 350 ms in running speech. Thus there are certain
landmarks there is one-to-one conversion of landmarks tehythmic aspects of running speech that place some limits on
segments for vowels and glides. For consonants, there athe spacing of the vowel landmarks. The relative amplitude
two abrupt landmarkscorresponding to an articulatory clo- of the maximum for a vowel landmark can be useful for
sure and releageThese two landmarks must be converted toestimating the degree of prominence of the vowel. Examples
a single consonant segment. At this level, the derived segsf the amplitude changes within a vowel have been shown in
ments, the features, and their combinations must be consi&ig. 1(a). Procedures for estimating vowel landmarks have
tent with the patterns that are present in syllables in words iffeen developed and evaluated by Howi2000. Earlier
the lexicon, although acoustic evidence for some segment&ork on the detection of syllable nuclei has been reported by
and features may be missing due to casual speaking or efdermelstein(1975.
ternal interference, for example, by noise. It has already been observed that any method based on
The part of the model outside the highlighted box in Fig_detection of maxima of parameters like amplitude and first-
2 looks ahead to the problem of using the estimated sedormant frequency will not always generate a landmark for
ments and features for an utterance, together with the lexach syllabic nucleus in the underlying representation of run-
con, to propose a sequence of words. There could be mofing speech. For certain vowel sequences, particularly when
than one hypothesis concerning the words or word se"® vowel is rgduced, onI_y one landmark may be detected.
quences, particularly since there may be a low confidence i_ﬁurther analysis of acoustic parameters within the sequence
the estimates for some features. A final step in the lexical® needed tp uncovgr the presence of more than C?”e \(owel.
access process would be to test whether each hypothesiz&]'S analysis examines the formant movements primarily of
sequence is consistent with the original acoustic pattern. ThiEl_ andF2 on either _3|de_ of the putatlv_e landmark to deter-
testing involves an internal synthesis of the main acousti ine whether fch_e direction and magnitude of these move-
landmarks and cues that would be exhibited by each hypothrpents are sufficient to suggest the presence of an adjacent
esized sequence. In particular, the possible sequences %?wel.(See Sec. vV G. .

) . The consonantal landmarks are places in the sound
landmarks, together with acoustic parameters around thesehere articular tvpes of spectral discontinuities oceur
landmarks, are synthesized. These internally generated lan h b har typ b )

ese discontinuities are the result of consonantal closure or
gl'ease movements by one of the three articulators: lips,

can be done with full knowledge of the context in which the e o4 cavity has certain types of spectral change that result

sequence occurs, and consequently more information igom rapid changes in the cross-sectional area of the con-
available to help in estimating the landmarks and parametersyriction near the landmark.

In the bottom-up analysis that leads to the hypothesized co-  other types of acoustic discontinuities can occur as a
hort, this context may not be available, and consequently thgonsequence of closings or openings of the soft palate or of
feature estimates may be less robust. The process of derivingryngeal or pharyngeal movements. These discontinuities
potential word sequences and the details of the final analySiﬁa\/e a different acoustic Character, and do not qua“fy as
by-synthesis stegStevens and Halle, 195are not devel-  consonantal landmarks in the sense defined here, since they
oped in this article. The derivation of word sequences anére not produced by a closure or release of one of the oral
their meaning from the acoustic signal also utilizes linguisticarticulators and therefore do not mark the occurrence of a
knowledge at a level higher than the phonological represereonsonant segment. Further analysis of the signal in the vi-
tation of lexical items. The role of these higher-level sourcesinity of the preliminary estimates of consonantal landmark
of linguistic knowledge is not addressed here. The principalocations is required to separate the bona fide landmarks
concern of this article is the operations in the blocks withinfrom these other discontinuities. This analysis examines the
the rectangular box in Fig. 2. formant movements on the vocalic side of each discontinuity.
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If these movements are small and/or slow, it is assumed that Estimation of the locations of acoustic landmarks is, for
the discontinuity is not produced by the formation of a clo-the most part, a process that examines local acoustic proper-
sure or release by an oral articulator. The existence of thedees, and is not generally influenced by more remote acoustic
discontinuities can, however, provide cues for some of theevents. However, associating these landmarks with underly-
features and for the existence of certain segments. At thigg segments and their articulator-free features, and postulat-
stage in the analysis, then, it is assumed that the presenceioff segments not directly signaled by the landmarks, may
these “nonconsonantal” discontinuities is marked. require additional analysis that examines a broader context.

Examples of the locations of the consonantal landmark¢See Sec. V G.
are shown at the top of the spectrogram in Fi¢).1For
certain consonant sequences, an acoustic landmark may nat oo .
be manifested in the sound for ever t rel _Toward estimation of acoustic cues relevant to

. y consonant release ar<];\qt|culator-bound features

closure, particularly when two stop consonants with different
places of articulation occur in sequence. The detection of a peak landmark or a valley landmark

Each consonantal landmark can readily be further catis usually acoustic evidence that a vowel or a glide occurred
egorized in terms of the articulator-free features that underlién the linguistic representation underlying the speaker’s ut-
the consonant—the featurdsonoran}, [continuant, and terance. Acoustic cues that provide evidence for the positions
[strideni. The decision concerning the featysonorant is and movements of the articulators that can lead to estimation
based largely on the presence or absence of strong vocal-foff the features for a vowel or a glide are expected to be
vibration on both sides of the landmark, since there is ndound in the vicinity of these respective landmarks.
increase in intraoral pressure, and the pressure across the The detection of a particular type of abrupt event in the
glottis is the full subglottal pressure. One landmark for aSignal is evidence that a closure or narrowing is made by a
sonorant consonant will always be adjacent to a vowel or #fimary consonant articulator or that a release has bgen made
glide. In the case of a landmark produced by a nonsonorarly such an articulator. Each consonant has an articulatory
consonant, the consonant is identified agontinuant or as ~ closure and releaséexcept for consonant sequences pro-
[+continuan} depending on whether frication noise is con- duced with the same major articulatolrhus there are two

tinuous on one side of the landmark. For consonants ident@rticulatory events when a consonant is produced—a closure
fied as[+continuant, the main cue for the featufetridenj ~ @nd a release—although, as already noted, one of these two

is the high-frequency amplitude of the frication noise in re-€Vents may not always be evident in the signal. Acoustic
lation to an adjacent vowel. Some initial progress in develues for the articulatory states and movements on which the

rticulator-bound features for the consonant are based reside

oping algorithms for detecting the consonant landmarks an@ - :
the vicinity of the acoustic landmarks.

for estimating the associated articulator-free features had ) ) )
been reported by Li(1996. Extensions of this work for The landmarks, then, define the centers or regions in the
nasal consonants have been reported by GBBAO. signal where acoustic parameters are examined, and, based

A glide can occur only immediately adjacent to a vowel| ©n this examination, cues are extracted. Interpretation of
in English. Thus if a glide landmark is to be detected it will t€S€ cues leads to hypotheses as to what the various articu-

always occur adjacent to a vowel landmark, with no imer_lators are doing in the vicinit_y of the landmarks. We propose
vening consonant landmark. In prevocalic position, a glide id'€"€ @n inventory of acoustic parameters that should be ex-

usually characterized by a narrowing of the airway in the oraf"@cted from the signal. The acoustic cues are derived by

cavity, and hence by a low first-formant frequency, a reduce&am.pllng these P arame.te.(ra_r changes in the parameteet
low-frequency amplitude in relation to the following vowel, particular times in the vicinity of landmarks. The parameters

and smooth transitions of formant frequencies and of th all into ten categories that provide evidence for relevant

amplitudes of the formant peaks between the glide and thgonﬂguranons and movements of the supralar_yngeal and la-
yngeal structures and the state of the respiratory system.

vowel. Examples of glide landmarks are labeled on the spe(,rp ) o ) .
arameters in the first five categories relate to regions of the

trogram in Fig. 1b). A preliminary algorithm for locating signal where there is no major constriction in the vocal tract
h lide | ks h I . : )
these glide landmarks has been developed by (3886 and the sound source is at or near the glottis. We refer to

Glides can also be implemented immediately following ) . . :
such regions loosely as vocalic regions. Parameters in the

a vocalic nucleus. Such an “offglide” is often seen in diph- . S .
: . next three categories provide information about the supra-
thongs such asij/ and bw/, where there is a relatively slow T
. ) lottal and laryngeal states during time intervals when there
and continuous movement of the first and second forma I . .
. . IS a consonantal constriction. The ninth category describes
frequencies after the vocalic nucleus./The landmarks for . :
) : arameters that can potentially lead to estimates of changes
these offglides are placed toward the end of this forman . . 2
. . . In subglottal pressure in an utterance, particularly at the ini-
movement where the narrowing of the airway in the oral . . o :
tiation and termination of a phrase, and the tenth category is

cavity is most extreme. At the initial landmark-detecting . . .
. L concerned with temporal characteristics based on times at
stage, offglidegand some prevocalic glidesnay often not .
¥vh|ch landmarks are located.

be detected through simple measures of amplitude and firs Here is the proposed list of parameters:
formant frequency. The presence of these glides must be de- '
termined at a later stage when articulator-bound features fdil) Acoustic parameters related to the position of the tongue
the vowel are estimated, based on other parameters that are body and to lip rounding. These parameters are mea-
extracted from the signal. sured when there is an acoustic source at the glottis,
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(2

3

(4)

©)

(6)

(7)

8

there is no nasalization, and the vocal tract above the pharyngeal opening and place of articulation for a nasal
glottis is not sufficiently constricted to create a signifi- consonant, or, for a liquid, the special state of the tongue
cant increase in supraglottal pressure. In the vicinity of  blade. These parameters are measured during the nasal
vowel, glide, and consonant landmarks, these parameters murmur or the constricted region for a liquid, where
are the formant frequencies and their bandwidbis there is a low-frequency first formant.

equivalently, the relative amplitudes of the formant(9) Parameters providing information concerning the sub-
prominences Interpretation of these formant parameters  glottal pressure. These parameters are especially impor-
in terms of tongue-body positions and lip rounding may  tant near the beginning and end of an utterance or adja-
depend on nasalizatiditem (2) below] and on the glot- cent to a pause, where the acoustic cues for certain
tal configuratior{item (5)]. vowel and consonant articulations are likely to be modu-
Parameters that are related to the presence of a velopha- lated because of the changing subglottal pressure.
ryngeal opening in a vocalic region as (). These pa- (10) Parameters based on measurements of the times be-
rameters include the amplitude of the F1 prominence in tween landmarks or between landmarks and other
relation to the spectrum amplitude at low frequencies events such as onset of glottal vibration. These param-
(200—-300 Hz and in the 1000-Hz rang@attori et al, eters provide information about timing, and these in
1958; Chen, 1997 turn provide cues for certain features of vowels and
Parameters that describe the spectrum change at times consonants.

when there is rapid motion of articulators, particularly

the lips and the tongue blade. In this same region within  In the vicinity of a landmark defined by a peak in low-
which there is an acoustic source at the glottis, there arérequency amplitudéa vowel landmark the acoustic analy-
times that the formant frequencies move very rapidly,sis must lead to cues derived from parameters of the type in
particularly near a release or closure for a constant. Cueigem (1), with additional help from itemé&2), (4), and(5) and

for the consonant place of articulation reside in thesegpossibly (8) in the case of syllabic nasals and liquids. The
rapid spectral changes, and may be different from thossame inventory applies to so-called glide landmarks. In the
in item (1) above. vicinity of an abrupt landmark that signals a consonantal
The frequency of glottal vibration. This is the principal closure or release, there are cues that are derived from pa-
parameter indicating vocal-fold stiffness when the vocalrameters measured in the vocalic region adjacent to the land-
folds are vibrating. This parameter is present when themark as well as in the region on the other side of the land-
vocal folds are vibrating during a vowel, a glide, or a mark where there is a consonantal constricti@tevens,
sonorant consonant. 2000a. The cues, then, are based on the types described in
Parameters from which the state of the glottis in a vo-items(1)—(5) in the vocalic regions, an@)—(8) in the con-
calic region can be estimated. These parameters includgricted regions, depending on the articulator-free features.
measures of the low-frequency spectrum sh@peh as  As noted, cues derived from itef®) are invoked at phrase
H1—H2, where H1 and H2 are the amplitudes of theboundaries. Parameters related to tinfiigm (10)] form the

first two harmonick the spectrum tilt(such as H1 basis for several cues for vowel and consonant place features
—AS3, where A3 is the amplitude of the third formant and to voicing for consonants.

prominencg the bandwidth of1 (as inferred from H1 There are a number of acoustic cues that might be ex-
—A1l), and a measure of the amount of noise in thetracted from the parameters listed above in order to contrib-
spectrum at high frequencie&latt and Klatt, 1990; ute to identification of the various features in running speech.
Hanson, 1997 These parameters also indicate whetherThe details of these acoustic cues and their effectiveness in
or not there is glottal vibration and whether aspirationidentifying the features are beyond the scope of this article.
noise is present. We give one illustration of this cue-selection process, how-
Cues for the place of articulation for an obstruent con-ever, by listing some of the cues for one class of features—
sonant, as determined from the spectrum shape of thihe features that define the place of articulation for stop con-
frication noise, and by its amplitude in relation to an sonants. These cues include measures of the first two or three
adjacent vowel. When there is a raised intraoral pressurdprmant frequencies and their movements in the vowel adja-
as for an obstruent consonant, frication noise may beent to the consonant landmatk.g., Kewley-Port, 1982;
generated in the vicinity of the oral constriction, either asSussmaret al, 1991; Manuel and Stevens, 199%e spec-

a brief burst(for a stop consonapntor as continuous trum amplitude of the release burst at high frequencies rela-
noise(for a fricative. tive to midfrequencies(e.g., Fant, 1960, 1973; Stevens,
Parameters relating to the state of the glottis and of thd 998; the spectrum amplitude of the burst in particular fre-
vocal folds within the region when there is an increasedjuency ranges in relation to the spectrum amplitude of the
supraglottal pressure. Continued vocal-fold vibrationvowel immediately adjacent to the landmdekg., Ohde and
throughout the obstruent region is evidence for slack-Stevens, 1983 and the duration of the frication noise burst
ened vocal folds, while lack of vocal-fold vibration is (e.g., Lisker and Abramson, 1964; Fant, 1973; Hanson and
evidence for stiffened vocal folds near consonant releas8tevens, 2000 All of these cues in one way or another de-
and for spread or constricted glottis near consonant clofine attributes that are closely related either(1p the loca-
sure following a vowel. tion of the constriction along the oral cavifg.g., formant
Parameters that help to determine the state of the veldransitions for velars and labials, burst spectra for all places
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of articulation), (2) the identity of the articulator that forms Phonetic Prosodic
the constriction(e.g., burst duration and rates of movement context context
of the formanty or (3) an enhancing gesture that character- l l
izes the forward movement of the tongue body adjacent ta

the landmark for an alveolar consonaetg., F2 and F3

movements adjacent to the landmark similar catalog of

cues for other features could be listed. Acoustic 7 Feature
Derivation of the time course of parameters in the vicin- cues ™ value

ity of landmarks has two functions other than providing a —

basis for specifying cues that can be combined to estimate —

distinctive feature values. One of these functions is to allow

preliminary estimates of the syllable affiliation of conso- T

nants, and the other is to verify or to modify the initial as- Landmark

signment of articulatory-free features to landmarks. time

Although syllable affiliation cannot always be estimated
with confidence from acoustic analysis some cues are avai -1G. 3. Schematic representation of a module for estimating an articulator-
. . ] . ound featurdéfrom Stevens, 200Qb
able in the signal. One example is the delay in onset o
glottal vibration following the release of a stop consonant.

This delay, together with the presence of gsplratlon durlngarticulator, and hence is not a bona fide consonant landmark.
the delay interval, can be seen in the acoustic parameters thl%wever, the presence of the glottal stop should be noted,

are extracted fqllowing the releasg of th? stop consonan, .o it provides a possible cue for word onset—a cue that
When these attributes are present in the signal, the stop COfan be useful at a higher level when lexical candidates are
sonant is in syllable-initial position. On the other hand, if thedetermined

acoustic parameters provide evidence for glottalization at the o .
closure landmark for a stop consonant, the consonant i8. Estimating the underlying segments and the
probably syllable-final. In a vowel preceding the closurecorresponding articulator-bound features

landmark for a nasal consonant, nasalization can be ob- QOnce the sequence of landmarks has been identified, and
served, and this nasalization begins a few tens of millisecy set of acoustic cues has been evaluated in the vicinity of
onds preceding the consonant closure if the consonant is sy¢ach landmark, the next step is to transform this graded
lable final. When the nasal consonant is affiliated with thQandmark/Cue pattern into a Symbo"c or quanta| description
following vowel, the extent of nasalization in the precedingconsisting of a sequence of feature bundles. In the vicinity of
vowel is considerably less extensi@ierakow, 1993. Differ-  each landmark, certain acoustic parameters are extracted de-
ences in the time course of formant parameters and formampending on the type of landmark. The values of these param-
amplitude changes can also be observed in syllable-initiaters, or the changes that occur in these parameters, provide
and syllable-final liquid consonantSproat and Fujimura, acoustic cues that are relevant to estimation of the
1993. articulator-bound features for the segments. These cues are
Tracking of acoustic parameters related to articulationcombined or weighted to obtain estimates of the features.
can also provide evidence either for additional segments nothe particular combination of cues and their weighting usu-
detected by simple landmark estimation or for landmarksally depends on the context in which a landmark occurs. That
that are inadvertently inserted but which do not mark thes, the value of a particular featufe- or —) associated with
presence of a vowel, consonant, or glide segment. For exa landmark-derived segment depends not only on what the
ample, when a sequence of two vowels shows only one lowarticulators are doing around the time of the landmark but
frequency peak, and hence only one acoustic landmark, the&lso on the effect of instructions to the articulators from seg-
trajectories of the first two formants over a few tens of mil- ments that precede or follow the segment that underlies the
liseconds preceding and following the landmark should bdandmark.
sufficient to determine whether or not a sequence of two  We propose that the estimation of each feature is carried
vowels gave rise to these trajectories. In this case, a secommlit in a specialized module, as represented schematically in
segment is hypothesized, and a “pseudo-landmark” is inFig. 3. The inputs to the module are the acoustic cues that are
serted in the appropriate region. relevant to the feature, and the output is an estimate of the
An example of an inadvertent insertion of a landmark isfeature ast+ or —. In addition, the output gives an estimate
the production of a glottal stop at the onset of a vowel-initialof the confidence of this value of the featurféd simple
word (e.g., at the onset of the second word that sometimemethod for specifying the confidence of a feature estimate
occurs in the sequencevo apple$. A glottal onset here would use a two-point scale: if a value af or — for a
might be detected as a landmark representing a consonafgiature is estimated with high confidence, this value is
release. Further analysis at the beginning of the followingmarked in the output. If the estimate of the feature value has
vowel would show, however, the presence of glottalizationJow confidence, no value is entered for this featufEhe
coupled with the lack of consonantal formant movementsnodule also has inputs that specify the phonetic and prosodic
immediately following the onset. This acoustic pattern is notcontext of the feature for which the model is designed. It is
the product of the release of a narrowing formed by an orahssumed that modules that perform these types of functions
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are present in the listener’s brain. It is supposed that suchniversal inventory of features that are determined by the
modules exist in some elementary form in the child that isproperties of the vocal tract as a generator of sounds with
learning language, and that experience helps to fill in detailperceptually distinctive acoustic properties. Each feature has
such as additional cues and the effects of context, so that theedefining acoustic and articulatory correléaéthough other
modules become more elaborated based on continued expeerrelates may also be employed@he features that are used
sure to language. contrastively in a given language are a subset of this univer-
There is a module of the type shown in Fig. 3 for eachsal inventory.
articulator-bound feature or group of features. A list of these  There are two kinds of distinctive features: articulator-
modules for English includeg§l) place of articulation for free and articulator-bound. Articulator-free features specify
consonants(2) the voicing feature for obstruent consonants,classes of articulatory actions but are not tied to particular
(3) the featurdnasal, (4) identification of liquid consonants, articulators. They give rise to several types of acoustic land-
(5) the featurgdback] for vowels and glides(6) the features marks that indicate the presence of segments, and establish
[high] and [low] for vowels, and(7) the featurefadvanced regions in the signal where acoustic evidence for the
tongue roo} (or tensenegsfor vowels. It is noted that a articulator-bound features can be found. Articulator-bound
module is activated for each consonant landmark, althougfeatures specify which articulators are involved in producing
when a consonant is in intervocalic position there are twahe landmarks, and how these articulators are positioned and
landmarks for the same consonant. If the feature estimateshaped. When the articulator-free features have been estab-
derived from the modules for the closure and release landished, the number of articulator-bound features that are
marks are the sam@nd if the time between landmarks is needed to fill out the bundles of segments is relatively sparse
appropriate for a single segment rather than a gemirtéen  (three to four features, on average
these two landmarks are merged, and a single segment is When a particular articulator-bound feature is specified
proposed. It is possible that the confidence in the featurm a segment within a word that a Speaker is producing, vari-
estimates for this combined segment is greater than the colpijlity can occur in the acoustic pattern for that feature. This
fidence based on each landmark separately. The gaigariability arises for at least two reasons. One type of vari-
achieved by combining landmarks has been examined for thgpility occurs because, in addition to the primary articulatory
voicing feature by Cho{1999. action specified by the feature, the speaker recruits additional
From the listings of features in Tables IlI-V, it can be grticulatory actions to enhance the perceptual contrast de-
seen that, once the articulator-free features associated a langhegd by the feature when the segment is in a particular pho-
mark have been established, the number of articulator-boungktic or prosodic environment. These enhancing gestures
features that is needed to completely specify a segment iay not only strengthen the perceptual salience of the defin-
relatively small. For example, in the case of consonants the}hg acoustic pattern for the feature, but may also introduce
are[ —sonorant—continuan (i.e., stop consonantsthe task  aqgitional acoustic properties that can provide a listener with
of the modules is simply to specify place of articulation fyrther acoustic cues for the presence of the feature. There
([lips], [tongue bladg or [tongue body) and the voicing  may also be other articulatory and acoustic attributes that are
feature([stiff vocal folds]). Consonants that afetsonorant  piomechanical consequences of implementation of the fea-
also require just two or three modules to estimate th§yre and that provide additional enhancement to the defining
articulator-bound features. In t_he case of vowel_s three mods-qustic correlates of the feature. Thus the enhancing ges-
ules are necessary, and for glides the number is even fewg[;res can contribute a number of acoustic cues to the identi-
We are dealing, therefore, with a relatively sparse specificagcation of a feature depending on the syllable position and
tion of articulator-bound features, and the number of modype prosodic environment in which the segment occurs. A
ules that are.called into action for a given Iand.mark With itSgacond type of variability occurs because of overlap in the
attendant articulator-free features is generally in the range grticulatory gestures that are involved in producing adjacent
to 4. segments, causing a weakening or obscuring of some of the

“The details of each of these modules, including the sez . stic cues that would otherwise help to uncover the un-
lection and design of acoustic cues that form possible 'np“taerlying features.

for each module,_are beyon_d the scope of this article. Some Estimation of the features from acoustic processing of
progress toward implementing the modules for some Consqpe gpeech signal is often straightforward. The defining
nant features is reported elsewhei@hoi, 1999; Stevens acoustic properties for the features, together with some addi-
etal, 1999; Chen, 2000 tional cues, are evident in the signal, and the effects of over-
lapping of gestures for nearby segments are minimal. Fre-
quently, however, this is not the case. The listener must be
The central concept of the proposed model of lexicalaware of cues for both the defining and the enhancing ges-
access is the representation of words in memory as seures, and must be able to account for the fact that some of
qguences of segments, each consisting of a bundle of binatyese acoustic cues may be weakened or eliminated due to
distinctive features. Each word in a language generally hagestural overlap. From a processing point of view, the inven-
just one such representation in the lexicon. The distinctivaory of acoustic cues for a feature must be selected to reflect
features define the contrasts in the language: a change in otfee articulatory actions that created the acoustic pattern,
feature in one segment can potentially generate a differersince the enhancements and the overlapping are best defined
word. Independent of what language is involved, there is an terms of articulatory gestures. Once the cues for an

VI. SUMMARY AND DISCUSSION
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articulator-bound feature have been extracted, these cuéise proposed model. For example, while some illustrations of
must be weighted or combined in some way to yield anthe use of enhancing gestures have been given in Keyser and
estimate of the feature. These combinations of cues must &teveng2001), a more thorough study of enhancement both
learned by a speaker of the language. in English and across a variety of languages is needed. Some
The lexical-access model described here has several girinciples governing the selection of acoustic parameters
tributes that differ somewhat from those of other modelswhich must be involved in feature identification have been
particularly models that are more data driven. Three of thesdescribed here, but it will be necessary to specify in more
attributes are listed here. detail the acoustic cues that are to be derived from these
arameters and how these cues should be combined in a

(1) There is generally only one representation of each Wor@ariety of listening situations, particularly in noise.

in the lexicon, and that representation is in terms of
bundles of distinctive features. For a given segment, the
output of the model is required to postulate a pattern of
distinctive features consistent with the patterns that ardCKNOWLEDGMENTS
used in the lexicon. While variability can lead to many

. . ) Development of the ideas in this lexical-access model
ways of producing words, these multiple representatmni/

as strongly influenced by discussions with a number of

ith variability b . | ibl ._“colleagues and students. Acknowledged with special thanks
with variabiiity by proposing several possible pronuncla- o the contributions of Stefanie Shattuck-Hufnagel, Sharon
tions for words, _these_ pronunciations being speCIfled_ ""Manuel, Jay Keyser, Morris Halle, Marilyn Chen, Elizabeth
ter_rtns ;f acotus;uc fggg cgllebq phones %r phone{ggg‘_@(:hoi, and Wil Howitt. This research was supported in part by
ur," S (Zue etal, ; rabmer an uang, * Grant No. DC02978 from the National Institutes of Health.
O’Shaughnessy, 2000

(2) The analy3|s of the Slgnal .proceed.s by Iqemlfymg a Se_1Throughout this article we will frequently use the terms “segment” and
quence of Iandmarks:, which provide evidence for the s«teature.” These terms refer strictly to the abstract units in terms of which
sequence of underlying segments. € concept ol arwords are represented in the lexicon of a speaker/listener. The term “seg-

f underl ts. Th t of

acoustic segmentation in which sequences of pieces ofnent” does not refer directly to a portion of the speech waveform and does

. . . ot have temporal characteristics. A “feature” is a linguistic entity, and
the waveform are labeled with phones Is not ConSIStemgoes not refer directly to an attribute of the acoustic signal. Landmarks

with the proposed model. It is suggested that labeling of provide evidence for underlying segments, and acoustic properties in the
an utterance be done at least in terms of landmarks, sinceicinity of landmarks provide cues for the features of these segments.

it is proposed in the model that landmark identification iSZThe feature[advanced tongue ropts used here to distinguish between
a critical first step vowels such as A/ or /e /. In some formulations, a featufeensg is used

. . . . to capture this distinction: /i/ if+tensd and 4/ is [ —tensd.
(3) The selection of acoustic cues in the model is based 0Ofrhe feature[stiff vocal foldg is related to the feature fortis/lenis as de-
the view that variability in articulation is guided by a scribed by Kohle(1984, but is defined here somewhat differently.

few principles and is rather constrained. These acoustighe role of perceptual distinctiveness in shaping the acoustic attributes of
' segment inventories in language has also been persuasively argued by

CU?S are deS|gned to prowde information about reI(:"Vami_indblom (1990 and by Liljencrants and Lindblorf1972. The discussion
articulatory states and movements. A spectral represenof enhancement theory in the present article and in Keyser and Stevens
tation of the signal based on acoustic patterns that aré2001 has attempted to draw on this concept of perceptual saliency while
not specifically oriented to the estimation of articulation "etaining(in somewhat modified forinthe traditional view of a universal
. . S inventory of distinctive features based on primary articulatory and acoustic
is expected to show substantially greater variability than . a|ates.

one that is oriented to this goal. Use of such an acousti€strictly speaking, it is not necessary to use the feaftdistributed for /5/
representation requires considerable training from a dadn English, sinced/ is distinguished from /s/ by the featufstrideni, as

tabase of utterances in order to describe variability that"?!¢d earlier. The shaping of the tongue blade &rahd 6/, with a con-
comitant adjustment of the tongue body to a more backed position than for

exists in the acoustic patterns. /sl, can be considered as a gesture that prevents the airstream from imping-
) ) ing on the lower incisors, and hence enhances the distinction between the
In the model proposed here, words in running speech arg+strideni and[—striden{ fricatives.
accessed by assuming a mental representation of words ifhe use of acoustic discontinuities of both typés., those formed by

. e constricting the vocal tract with an oral articulator and those formed in
terms of segments and features, and identifying the wordsbther way has been developed by Gladko8§ as an effective way of

through an analysis that uncovers the segments in the wordegmenting the acoustic stream into a sequence of units. This type of acous-
and the features that define the segments. Such a view dfc segmentation has been incorporated into the front end of an existing
lexical access has not been universally accepeegl, Klatt, ~ automatic speech recognition systeZue et al, 1990.

1979. A major cause for the skepticism for the proposed

approach is the apparent variability in the acoustic manifes-

tation of a feature or of a word, and hence the apparent lacRrowman, C. P., and Goldstein, (1990. “Tiers in articulatory phonol-

; :0gy,” in Papers in Articulatory Phonology |: Between the Grammar and
qf C(_)rre]:spondence betwbeen aCOUStIC.parameter anddt.he dlfsghysics of Speecledited by J. Kingston and M. E. BeckméBambridge
tinctive features. As we begin to acquire an understanding of |, p " cambridge pp. 341-376.
the sources of variability in the acoustic manifestation of achen, M. Y.(1997. “Acoustic correlates of English and French nasalized
segment, it is hoped that the link between acoustic patternsvowels,” J. Acoust. Soc. Am102, 2360-2370.

and features will become more transparent, and that prinS"e™ M. Y-(2000. *Nasal detection module for a knowledge-based speech
recognition system,” in Proceedings 6th International Conference on Spo-

ciples governing variability can be better defined. ken Language ProcessitCSLP 2000, Vol. IV, pp. 636—639, Beijing,
Much further research is needed to fill out the details of China.

do not appear in the lexicon. Other models tend to dea
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