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SPEECH PRODUCTION

Speech is easy to take for granted. Most children acquire
speech easily, as though they spontaneously take lessons from
the spoken language of the adults around them. Because the
acquisition of spoken language is such a robust phenomenon,
some writers have concluded that it is based largely on ge-
netic mechanisms (1). Except for children who have impaired
hearing or some other unusual condition that prevents speech
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acquisition, speech is the earliest form of language expression
acquired. Even in languages with a signed form, speech is the
preferred means of communication (2). Most people use
speech so frequently, in fact, that it is one of the most com-
mon voluntary behaviors throughout the human life span.
Some regard the telephone as the most valuable patent ever
issued, and its importance derives from the centrality of
speech to human activities. The high frequency of speech be-
haviors certainly reflects the importance of communication in
human societies, but it also reflects the physiological ease of
speech production. For most people, speech is easy and natu-
ral. It is performed even as the arms and legs are used in
other tasks, and speech therefore accompanies and comple-
ments many human behaviors.

Speech is also decidedly efficient for communication, as
shown by studies that compare the efficiency of different sys-
tems including typewriting, handwriting, video, voice, and
their combinations (3). For example, when persons communi-
cating in a problem-solving task have access to voice, the time
to a solution is reduced by more than 50% compared to type-
writing. A similar advantage of speech is evident in studies
of equipment assembly tasks, for which interactive telephone
speech has a threefold speed advantage over keyboard com-
munication (4,5).

Although speech is arguably unique to humans in biologi-
cal comparisons, it is increasingly shared by machines. Com-
puter software enables machines to produce speech (speech
synthesis or machine speech), to perceive speech (automatic
speech recognition or machine speech recognition), and to rec-
ognize individual talkers (machine speaker recognition).
Human-machine speech communication is one facet of engi-
neering technology. If the rate of recent progress continues, it
is highly likely that within a few years, it will be rather rou-
tine for a person to call a machine, which will identify the
individual by his or her speech patterns (and therefore permit
access to privileged data), understand an inquiry for some
kind of information, retrieve the requested information, and
then transmit the retrieved data as synthetic speech. The ma-
chine may even be able to detect the speaker’s emotional state
and to adjust its speaking style accordingly.

Progress in speech technologies, such as speech synthesis
and speech recognition, depends partly on a firm understand-
ing of human speech, especially its relationship to linguistic
structures, its physiology, and its acoustics. The study of
speech is also important to progress in fields, such as cogni-
tive science, linguistics, and speech pathology.

PROPERTIES OF SPEECH

For all of its ordinariness, speech is a difficult subject to
study. Part of the difficulty derives from its complexity. Some
aspects of the complexity are summarized here:

1. Because speech is yoked to language, it must be under-
stood in part through reference to linguistic structures
and processes. A major question concerning speech qua
language is what is the basic unit of speech that relates
to language structure? Identification of this unit is a
fundamental issue in speech science that continues to
be investigated and debated. Although a clear consen-
sus on the basic unit is not at hand, most speech scien-

tists describe speech sounds with the symbols of the In-
ternational Phonetic Alphabet (IPA). This system is
designed to provide unambiguous transcriptions of
sounds in the world’s languages, and it is a convenient
symbol system to describe speech. Because several of
the IPA symbols are not represented on the conven-
tional keyboard, alternative keyboard-compatible sym-
bols have been described [e.g., the PHONASCII system
of Allen (6)]. The study of the relationships between
speech sounds and language structures is called linguis-
tic phonetics.

2. Speech is produced by a large number of structures,
principally those that constitute the respiratory system
and its various valves and passages (Fig. 1). It has been
estimated that over 100 muscles are used to produce
speech. How is this complex motoric system regulated
to produce a signal that is perceived at rates of 25
segments/sec? Physiological phonetics is concerned with
the physiological events and processes underlying
speech production.

3. Typically, speech is understood through the sense of
hearing. Therefore, auditory psychophysics is funda-
mental to understanding how speech is perceived. Fur-
thermore, because audition is a primary means of self-
monitoring speech production, hearing must be consid-
ered a factor in regulating speech. In what ways does
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Figure 1. The major components of speech production: respiratory
system, laryngeal system, and supralaryngeal (vocal tract) system.



the sense of audition determine the nature of the speech
signal? Perceptual phonetics addresses the processes by
which listeners reach phonetic decisions from the physi-
cal signal (usually acoustic, but visual information is
also used).

4. Given the primacy of the acoustic signal in speech com-
munication, the science of acoustics is essential to re-
veal how the movements of the speech organs are in-
volved in generating acoustic patterns and how the
acoustic patterns are perceived as a linguistic message.
How is the acoustic signal generated? Acoustic phonetics
is concerned with the acoustic signal of speech, its gen-
eration and informational content.

The study of speech, then, is an interdisciplinary under-
taking. Among the disciplines that have contributed to this
study are psychology, linguistics, speech science, speech pa-
thology, physics, biophysics, and various branches of engi-
neering. Because the concepts and techniques relevant to the
study of speech come from many disciplines, it is challenging
to integrate the accumulated information into a unified view.
This article summarizes some of the major issues and ap-
proaches. The acoustic signal is used as a special focus be-
cause this signal mediates between the speaker and the lis-
tener (and hence between the two major aspects of speech),
and because the acoustic signal of speech is sufficiently un-
derstood to be used both as a tool for investigating speech
and as a foundation for practical applications, such as speech
recognition by machine, speaker recognition, and speech syn-
thesis.

THE LINGUISTIC-PHONETIC STRUCTURE OF SPEECH

It is fitting to begin with a brief discussion of linguistic as-
pects because “Speech is a physical and behavioral manifesta-
tion of linguistic structures” (7, p. 244). Although speech can
be studied to a limited degree without recourse to the linguis-
tic message it mediates, the ultimate concern is to understand
how the properties of speech relate to the units and organiza-
tion of linguistic forms. Frequently, acoustic and physiological
studies of speech have simply assumed the relevance and ap-
propriateness of linguistic units to demarcate physical events
in speech production. But, as is discussed, the fit of such dis-
crete units to the continuous variables in acoustic and physio-
logic analyses is often unsatisfactory.

Vowels and Consonants

A fundamental and time-honored division of speech sounds is
into the two major classes of vowels and consonants. Vowels
are sounds produced with a relatively open vocal tract (the
sound-forming passage that extends from the larynx, or voice
box, to the lips or nostrils). Typically, vowels are voiced,
meaning that they are produced with vibratory energy gener-
ated in the larynx. However, vowels are also produced in
whispered speech. In typical voiced speech, vowels are the
most intense speech sounds and they form the nucleus of syl-
lables. With some exceptions, a vowel is needed as the essen-
tial element of a syllable. Consonants are sounds produced
with a relatively closed or narrowed vocal tract. The degree
of constriction actually varies from moderate to completely
obstructed. Compared with vowels, consonants are generally
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weaker and briefer. Usually, consonants combine with vowels
to form syllables, but a small number of consonants serve a
syllabic function (as in the second syllables of the words but-
ton and battle). The syllable is discussed in more detail later
in this article.

Phonemes and Allophones

Intuition tells us that speech is made of small sound units,
or segments. The general impression of speech, both to the
layperson and the specialist, is that it consists of a sequence
of sounds. In the study of phonetics, these units are called
phonemes or phonetic segments. Phonemes are abstract units
that are sufficient to contrast the words of a particular lan-
guage, that is, working with an inventory of the words in a
language, the phonetician seeks to determine the minimal set
of sound units that distinguish the words. For example, the
two words ray and way differ in their initial phonemes, /r/
versus /w/ (the slash or virgule is conventionally used to iden-
tify phoneme symbols). Minimal word pairs of this kind are
especially useful in establishing phonemic differences, that is,
sound differences that carry meaning in a language. But not
all sound differences affect meaning. For example, the word
pop begins and ends with the same phoneme, but this pho-
neme is produced in quite different ways. The initial /p/ is
necessarily produced with a release of the lips and an accom-
panying burst of noise. The final /p/ is produced (and heard)
simply as a closure of the lips, without a detectable release,
that is, the phoneme /p/ is produced as a released or unre-
leased variant. It is in this sense that a phoneme is a class or
family of speech sounds. The members of a phonemic family
are called allophones. These are essentially alternate realiza-
tions of the abstract phonemic unit. Allophones are the pro-
nounceable phonetic segments in a particular language. In
general, a phoneme is associated with two or more allo-
phones.

Words and Morphemes

Figure 2 shows the relationship among some important lin-
guistic units. Words are composed of morphemes, the minimal
units of meaning. Some morphemes are also words. For exam-
ple, dog is both a word and a morpheme because it cannot be
broken into smaller units of meaning. But not all morphemes
are words. The suffix s used to form plurals such as dogs and
cats is a morpheme because it signals pluralization (an aspect

Word: dogs

Morpheme 1: dog Morpheme 2: s

Phoneme 1:/d/ Phoneme 2:/a/ Phoneme 3:/g/ Phoneme 4:/z/

Figure 2. Hierarchy showing relationship among some major lin-
guistic units.
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of meaning) but cannot stand alone as a word. To relate mor-
phemes to speech, a first step is to identify the phonemes that
constitute a given morpheme. Phonemes are not directly pro-
nounceable because they are abstract descriptions of sounds.
Therefore, allophones are needed for a suitably detailed de-
scription of how the sounds in a word actually are produced.

Languages differ in the number of phonemes they use. En-
glish is an average language in this respect, as its 44 or so
phonemes is roughly modal for the phonemic inventories of
the world’s languages. Identification of phonemes is a first
basic step in understanding the sound patterns of a language.
The next step is to describe the variations within phonemic
families. Many of these variations relate to contextual adjust-
ments, or assimilation, that is, the way a phoneme is pro-
duced is often accommodated to the neighboring sounds.
These contextual adjustments account for many of the allo-
phones (variants) within a phoneme.

The term phonology means the study of sound patterns in
a language. It is directed toward identifying the regularities
by which sounds are combined. Some authors define phonol-
ogy as the study of sound patterns in words. As such, phonol-
ogy is an important interface between higher linguistic levels,
such as morphology, and the act of speech sound production.
It is commonly assumed that the output of the phonological
component of a grammar is the input to the speech production
system. This assumption is highly important because it is the
means by which speech as an observable motor behavior is
conjoined to the covert processes of language formulation.

Syllables

The syllable is a unit frequently used to describe phonological
patterns, events in speech production, and aspects of speech
perception. Although a syllable is difficult to define precisely,
the concept of syllable offers a number of advantages to pho-
nology and speech science. A useful definition of syllable is in
terms of its internal hierarchical structure. The onset and
rhyme are the two basic parts of a syllable. The onset is the
initial consonant or consonant cluster. The rhyme is the re-
mainder of the syllable and is further analyzed as a peak
(which contains the syllabic nucleus) and the coda (the final
consonant or consonant cluster).

Why is the concept of syllable important? Among other
things, syllabic structure constrains the possible sequences of
phonemes, controls allophonic variation, predicts stress pat-
terns in a language, and accounts for various phenomena in
speech perception.

Marcus and Syrdal (8) give an example of how syllables
constrain possible sequences. They point out that the pho-
nemes of American English form over 4 billion arbitrary se-
quences of one to six members. However, there are only
100,000 possible monosyllabic (one-syllable) words, and only
one tenth of these are actual monosyllabic words. To take the
statistical analyses a bit further, syllables also differ in their
frequency of occurrence. Dewey (9) determined from fre-
quency counts of human speech that the 12 most frequently
used syllables account for about a quarter of our verbal be-
havior, that only 70 different syllables make up half of our
speech, and that 1370 syllables are sufficient for over 90% of
what we say. Not surprisingly, syllables are attractive candi-
dates as units for speech analysis and for applications in
speech synthesis and machine speech recognition.

Syllables control allophonic variation because sound pat-
terns in a language are sensitive to syllabic position and syl-
labic structure. First, phonemes have different privileges in
syllabic formation. Some phonemes, such as the /N/ [for con-
venience, phonetic symbols are expressed here using the
PHONASCII system (6)] at the end of the word thing cannot
occur in syllabic-initial position. Others, such as the /h/ at
the beginning of the word hay cannot occur in syllabic-final
position. Onsets and codas have certain permissible conso-
nant sequences within a given language. For example, in
American English, the fricative /S/ (as in the word she) can
be combined with only one other consonant (for example, /r/
as in ray) to form an onset. (Words such as schlemiel and
schlepp are borrowed from Yiddish and do not accord with the
constraints of American English.) Table 1 shows a matrix
that specifies the possible two-element consonant clusters in
syllabic-initial position. Only a fraction of the possible clus-
ters are actually used in the language.

As one example of syllable-controlled allophonic variation,
voiceless stops in American English are produced as aspirated
allophones (meaning that they are produced with laryngeal

Table 1. A Matrix that Specifies the Possible Syllable-Initial Consonant Clusters in

American English®

w 1 r p t k m n f (6]
p - + + - - - - - - -
b - + + - - - - - - -
f - + + - - - - - - -
t + - + - - - - - - -
d + - + - - - - - - -
0 + - + - - - - - - -
k + + + - - - - - - -
g + + + - - - - - - -
s + + - + + + + + ? -
S + + + ? ? - ? ? - -

2The rows show the first element of the cluster and the columns, the second. A “+” indicates that the row/

“«_»

column pair forms an acceptable cluster, and a

indicates that the pair is not an acceptable cluster. A “?”

indicates some uncertainty, primarily because of rare occurrences, especially regarding borrowed non-English

words containing the pair.



noise) except when they follow /s/ in an onset. In words, such
as spot, stay, and ski, the voiceless stops are produced as un-
aspirated allophones (the laryngeal noise is absent). A num-
ber of syllable-based phonological patterns are discussed in
an influential thesis by (10). Fujimura and Lovins (11) note
that the majority of known allophonic variations can be de-
scribed with respect to intrasyllabic contextual factors.

Syllabic structure is sufficient to predict stress patterns of
words and to account for various tonal phenomena (12-15).
Stress holds particular importance for word recognition in
many languages. For example, in American English, about
90% of words begin with stressed syllables (16). This high
percentage of stressed syllables at word onset is a useful
property in speech perception because it helps to identify
word beginnings in the flow of speech. Stress pattern is im-
portant also because the level of stress on a syllable is a major
factor in determining syllabic duration and the properties of
articulatory movement within a syllable.

Syllables appear to play a role in the timing of speech
movements, both across and within syllables (17). It appears
that many movements in speech are defined with respect to
syllabic boundaries, so that the sequencing of movements is
often described with respect to intrasyllabic regularities. Syl-
lables therefore are useful in describing the temporal pattern
of articulation. This topic is discussed further in a following
section.

Phrasal Structures

Larger units such as phrases, sentences, and even discourse
also have been proposed as units to analyze speech. It is only
in larger units of this kind that some important phenomena
are identified and described. For example, declarative state-
ments in American English are typically produced with a vo-
cal pitch that exhibits a general falling pattern, that is, the
pitch is highest at the beginning of utterances and then falls
to lower values. This downdrift, or falling, pattern of intona-
tion for declarative statements contrasts with a final-rising
pattern typical of interrogative statements. Phrasal struc-
tures also are relevant for the study of several issues related
to stress or rhythm, which are often described relative to the
syllabic sequence of utterances. For example, it has been pro-
posed that American English has a strong-weak alternation
in its syllabic pattern, so that syllables with strong stress al-
ternate with syllables of weak stress (as exemplified in the
words telephone and refrigerator).

Segmentation

If intuition is correct, then it should be possible to segment
the speech signal, that is, to divide the signal into constituent
pieces corresponding to phonemes, allophones, syllables, or
other discrete elements. The assumption of segmentation,
however, is not easily demonstrated, and considerable effort
has been given to developing algorithms that segment a
speech signal into elements useful in reconstructing a speak-
er’'s words. This objective is central to many efforts in ma-
chine speech recognition, but it also pertains quite generally
to acoustic and physiological studies of speech, if only because
segments provide a reasonable way of organizing and inter-
preting multidimensional data. There are a number of factors
that contribute to the difficulty of segmentation. Many of the
factors are related to the biophysical properties of human
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speech production. To understand these factors, some basic
anatomy and physiology is needed.

THE PHYSICAL STRUCTURES OF
HUMAN SPEECH PRODUCTION

A useful simplification to describe speech production is to rec-
ognize the interaction of three major subsystems: respiratory,
laryngeal, and articulatory (Fig. 1). Although these subsys-
tems interact to produce speech, their principal functions are
different enough that they can be considered separately as a
first step in understanding speech production. Furthermore,
this tripartite approach is also advantageous for discussing
speech acoustics, considered later.

The respiratory subsystem, consisting of the lungs, chest
wall, and abdomen, provides the aerodynamic power of speech
(18,19). The air in the lungs is the means by which air pres-
sures and flows are generated to produce speech sounds. In
American English, speech is produced on the egressive (out-
flowing) air stream. Therefore, speech is essentially a modula-
tion of the expiratory phase of respiration. At least for adults,
the aerodynamic requirements of conversational speech are
modest and barely exceed the amount of air moved during
rest breathing (about 500 mL for an adult male). Greater vol-
umes of air are used for more forceful speech, such as in
shouting. Because speech is produced on the expiratory phase
of respiration, the temporal pattern of speech can be defined
in terms of the breath group (the syllabic group formed on a
single expiration). The breath group is an important unit in
many formulations of prosody. It is a convenient and natural
way to specify a group of syllables with a functional unity
imparted by the mechanics of the respiratory-laryngeal sys-
tem. For several purposes in speech analysis, the concept of
the breath group is a helpful initial step in determining the
linguistic-temporal structure of an utterance.

The laryngeal subsystem (or simply larynx), composed of
an intricate assembly of cartilages, muscles, and related tis-
sues, produces the basic vibratory energy of voice by valving
the airstream created by respiration. The larynx is popularly
called the voice box. Voice, or vibration of the vocal folds, is
produced as air from the lungs sets the folds into a self-sus-
taining oscillation involving the interaction of a mucosal trav-
eling wave and airflow through the glottis, or the opening be-
tween the vocal folds (20—22). Voice is important as a source
of energy for the voiced sounds and also as a carrier for pro-
sodic information, such as intonation. As noted previously, de-
clarative statements in English generally have a downdrift
pattern of vocal fundamental frequency. The fundamental fre-
quency is typically highest at the onset of the utterance and
then falls gradually until the end of the utterance (or breath
group). Deviations from the overall falling pattern are intro-
duced to mark stress or to produce emphasis. Vocal funda-
mental frequency is also varied along with loudness, speaking
rate, and other dimensions of voice quality to communicate
the emotional aspects of speech (23). In addition, the larynx
has an important role for voiceless sounds such as the /s/ in
the word see. For these sounds, the vocal folds are separated
so that air pressure from the lungs is developed behind a
point of articulatory constriction.

The articulatory subsystem is the upper part of the respi-
ratory airway, that part extending from the larynx to the
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Table 2. Major Articulators for the Production of English Consonants

Fricatives Glides
Stops Nasals or Affricate or Liquid

Both /p/ /b/ /m/ Iwl/

lips pay bay may way
Lips and T/ /D/ il

teeth thin this fat vat
Tongue n/ /d/ m/ /s/ /z/ un

tip tip dip nip sip Zip lip
Tongue /S/ S/ /dZ/ i/

blade shin chin gin yawn
Tongue &/ g/ /N/

dorsum cap gap rang
Glottis /h/

hay

openings at the lips or nostrils. Here most sounds are formed
using the energy of the respiratory and laryngeal subsystems
(24). Articulation generally means movement. As applied to
speech, articulation means movements that produce speech
sounds. The movements of primary interest are those of the
lips, tongue, jaw, soft palate, and pharynx and glottis. These
structures are called the articulators. They are semi-indepen-
dent in their movement capabilities. Therefore, they are use-
ful in describing how speech sounds are formed. Table 2
shows how these articulators are deployed to make the conso-
nants of American English. The articulators are not com-
pletely independent because they are mechanically coupled in
various ways. For example, the lower lip and tongue are
attached to the jaw and therefore are affected by jaw move-
ment. In addition, the tongue and palate are interconnected
by muscles and ligaments that impose a biomechanical link-
age. Even the larynx is interconnected to the tongue and jaw.
These linkages impose constraints and interactions on the
speech production system. Although the biomechanical prop-
erties of speech production are only partly understood today,
it is generally believed that a more thorough description of
these properties will help considerably in developing articula-
tory synthesizers (machines that produce speech with analogs
of human articulators).

To produce speech, the articulators move from position to
position. Because of inertia and the biomechanical linkages
described earlier, movements are noninstantaneous and in-
teractive. X-ray motion pictures of speech reveal that the ar-
ticulators are in nearly continuous motion. Furthermore, the
motions are complex in respect to the number of ongoing
movements and also their temporal organization. The articu-
latory movements for a given speech sound do not necessarily
begin and end at the same time. Therefore, speech takes on a
pattern of overlapping movements. This overlapping results
in coarticulation, the simultaneous adjustment of the articu-
latory system to two or more presumed control units. Because
of coarticulation, a given segment of speech is “flavored” by
the phonetic context in which it occurs. For example, in Amer-
ican English, vowels tend to be nasalized if they precede nasal
consonants, and many consonants are produced with lip
rounding if they precede rounded vowels. Coarticulation has
been a particular challenge in understanding the organization
of speech movements, and several theories have been ad-
vanced to explain its patterns (25-27).

A speaker’s sex and age determine some important charac-
teristics of speech, especially in its acoustic signal. These dif-
ferences are discussed in more detail in a following section,
but for the moment it should be noted that the vocal tract
grows in length roughly on the same schedule as the general
skeletal system. But the vocal tract also differs in its relative
configuration between children and adults and between
women and men. For example, men have a proportionately
longer pharynx than women or children. Individual differ-
ences in the anatomy of the speech production system contrib-
ute to the distinctiveness of different voices, and these ana-
tomical differences are a basis for speaker identification in
forensic and other applications. Individuals also differ in
learned patterns of speech, and these variations hold poten-
tial for forensics. For a discussion of speaker identification,
see Kent and Chial (28).

LEVELS OF OBSERVATION IN
STUDIES OF SPEECH PRODUCTION

Speech is described and understood in various ways, de-
pending on the methods and purposes of study. Figure 3 illus-
trates some examples. First, if the intent is to know how indi-
vidual muscles participate in speech production, then detailed

Muscle contraction
(electromyography)

Y

Articulatory movement
(movement transduction )

\
Areodynamic events
(air pressures and flows)

Y

Acoustic patterns
(spectrograms, waveforms)

Figure 3. Levels of observation in studies of speech production.



Figure 4. Midsagittal section of vocal tract, which extends as shown
by the dashed line from the vocal folds (arrow) to the lips.

information about the anatomy of muscles and associated tis-
sues is required. Second, if muscles can be neglected in favor
of an articulatory characterization, then it is sufficient to
identify the major movable structures and their movement
possibilities. Third, if the interest is in aerodynamic variables
in speech production, then only variables, such air volumes,
pressures, and flows need be considered. Finally, if the goal
is to understand the relationship between the vocal tract con-
figuration and the acoustic output, then only the length and
shape of the cavities need to be considered. The remainder of
the article summarizes some major issues pertaining to
acoustics, aerodynamics, and articulatory aspects of speech.

ACOUSTIC THEORY OF SPEECH PRODUCTION

The acoustic theory of speech production is found in an influ-
ential book by Gunnar Fant (29) published in 1960. The the-
ory stands out in speech communication research because it
provides a generally accepted account of how the speech
mechanism produces sound. Most, if not all other theories of
speech production are still under constant and vigorous de-
bate. Fant’s theory has undergone some minor modification
since its publication nearly 40 years ago and still encounters
challenges to certain of its assumptions and predictions. But
the broad outline of the theory and many of its specific as-
pects are the bedrock of the discipline of speech production re-
search.

A simple input-resonator-output model provides a sche-
matic summary of the theory’s account of vowel sounds. The
vocal tract, defined previously as the length of tube extending
from the glottis to the lips (see Fig. 4) is a resonator (or filter)
that is excited by the vibrating vocal folds. More specifically,
the filter function of the vocal tract tube shapes the spectrum
produced by the vibrating vocal folds. The frequency locations
of the multiple vocal tract resonances are determined by the
specific configuration of the tube, which is a function of articu-
lator (i.e., tongue, lips, jaw, pharynx, soft palate) positions.
The spectrum of the input is also determined systematically,
in this case by the specific details of vocal fold vibration.

Input (Source) Function

Vibration of the vocal folds, which serves as input to the vocal
tract resonating tube, is called phonation, or voicing. Phona-
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tion is initiated when the vocal folds, which are no more than
about 20—28 mm long in adults (30), are brought together by
muscular forces but are then blown apart by an aerodynamic
pressure differential across the closed glottis. Once set into
motion, the vocal folds go through a series of opening and
closing movements sustained by a complex interaction be-
tween aerodynamic and mechanical forces. Excellent summa-
ries of these motions and their sustaining forces are avail-
able (22,31).

The vibratory motions of the vocal folds consist of a series
of opening and closings which can occur at a wide range of
frequencies. The frequency of the vibration and the vibratory
mode are determined by the complex interplay of forces devel-
oped by a small set of muscles within the larynx (32,33). The
human vocal folds have a remarkable range of frequencies
and vibratory modes because of their unique histological
structure, uncovered in a series of studies by Hirano and his
colleagues. The point here is that the time- and frequency-
domain characteristics of the vocal fold input function depend
critically on the precise settings in the larynx. So our current
characterization of the input function uses a prototypical vo-
cal fold behavior. This behavior is referred to as modal phona-
tion, the type of vocal fold vibration used in everyday commu-
nication. Vibration of the vocal folds in modal phonation
involves relatively complex movements of the tissue which
generate a spectrum rich in harmonics. Another well-studied
phonatory mode is called falsetto (or loft; see Ref. 34), a type
of vocal fold vibration with very high longitudinal tension on
the vocal folds resulting in a rather simple, piston-like move-
ment of the folds. As might be expected, the relatively simple
vocal fold movements in falsetto phonation produce a rela-
tively simple spectrum, with greatest energy at the funda-
mental frequently (¥0: the primary rate of the vibration) and
little energy at higher harmonics. FOs in falsetto phonation
are typically much higher than those in modal phonation be-
cause of the high longitudinal, vocal fold tensions that define
the falsetto mode. Another frequently discussed but poorly
understood phonatory mode is called vocal fry, or pulse phona-
tion. Vocal fry is produced with very low FOs, typically well
below those associated with modal phonation, and is heard as
a characteristic popping sound (children sometimes produce
vocal fry when imitating a motorboat). As in falsetto, there is
high laryngeal tension in vocal fry, but in the latter case it is
a type of tension that squeezes, rather than stretches the
folds. Both falsetto and vocal fry are not normal types of pho-
nation for chronic voice production. When they are used
chronically, at least in most Western cultures, they are con-
sidered speech pathologies. Falsetto is used, however, as a
normal feature in singing (such as in yodeling, or in much of
the Motown sound of the 1960s and the subsequent music it
inspired), and vocal fry is often produced at the end of senten-
ces as part of the paralinguistic signaling of your turn in nor-
mal conversation.

Figure 5(a) shows three cycles of a glottal flow waveform
for an adult female whose vocal folds are vibrating at a fre-
quency of 200 Hz in the modal type of phonation. In living
humans it is essentially impossible to collect glottal flow di-
rectly, so these data must be obtained by sampling the flow
through the mouth opening and then removing the reso-
nances of the vocal tract from the collected signal (35). The
residual of this inverse filtering process is the glottal flow,
free of any influence from the vocal tract resonator. When the
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Figure 5. (a) Glottal flow (V,) waveform and (b) associated glottal
spectrum for a fundamental frequency of 200 Hz.

glottal flow signal is above the baseline, the vocal folds are
open, allowing flow from the trachea to the pharynx. When
the signal is on the baseline, the vocal folds are closed. In this
waveform the glottis is closed approximately 40% of the pe-
riod of vocal fold vibration. The opening phase of the glottal
flow cycle is shallower than the closing phase. The latter is a
good reflection of how rapidly the vocal folds snap shut at the
end of a cycle.

Frequency-domain analysis of the waveform shown in Fig.
5(a) produces a glottal spectrum like that shown in Fig. 5(b).
The spectrum consists of a consecutive integer series of har-
monics whose amplitudes decrease at roughly 12 dB/octave.
As shown by (36), the tilt of the glottal spectrum is very much
a function of the slope of the closing phase. The steeper the
closing phase, the less tilted (i.e., the flatter) the spectrum.

The spectrum shown in Fig. 5(b) is the input to the vocal
tract resonator. The actual time of primary excitation, when
the pressure wave is propagated from the vibrating vocal
folds through the vocal tract, occurs at the instant of closure
during each glottal cycle. This point is marked on Fig. 5(a) by
the upper pointing arrows. It is important to note that the
vocal tract resonances shape the spectrum generated by the
vibrating vocal folds, rather than responding to the forces ex-
erted by the puffs of air coming thorugh the folds. One of the
central tenets of the acoustic theory of speech production is
that the source and filter (the latter to be discussed in the
next section) are independent. At a coarse level of analysis,
this is true as evidenced by a speaker’s ability to change the
filter (the position of the articulators) without affecting the
vibratory rate of the vocal folds, or to change the vibratory
rate of the folds without changing the filter. It was known
many years ago, however, that details of the glottal waveform
were sensitive to the configuration of the vocal tract (37).
Over the past 25 years there has been a good deal of work on
the interactions between source and filter, and the effects of

those interactions on the source spectrum and perception of
voice quality; see Ref. 38 for a summary of some of this work.

Filter Function (Resonator)

The basic resonator model of the vocal tract for vowels is a
tube closed at one end. The closed end is at the glottis where
the excitation is supplied each time the vibrating vocal folds
snap shut, and the open end is at the lips. The vocal tract
responds to each of these repeating excitations with a set of
damped oscillations at the resonant frequencies of the tube,
determined by the configuration of the tube. The damped vo-
cal tract oscillations induced by successive excitations over-
lap. The running amplitude of the resonances at any time is
determined by the superimposition of new and decaying oscil-
lations. The phase relationships of these overlapped oscilla-
tions are of little importance in understanding the phonetic
behavior of vocal tract acoustics.

What is important is the way in which deformations of the
vocal tract result in shifts in the resonances, called formant
frequencies. If we take a tube closed at one end and with a
uniform cross-sectional area from end to end, the resonances
are determined by the quarter wavelength rule, namely, /. =
(2n — 1) X ¢/4l, where ¢ = the constant, speed of sound in air,
[ = the length of the tube, and n = the number of the reso-
nance. In actual speech production, the vocal tract is most
like a tube with uniform cross-sectional area when a schwa
(symbolized phonetically as /a/) is articulated, as in the first
sound of the word about. If the first three formant frequen-
cies, symbolized as F1, F2, F3, are measured for a schwa pro-
duced by an adult male, the agreement with the values pre-
dicted by the quarter-wavelength rule are quite good (F1 =
487 Hz, F2 = 1461 Hz, and F3 = 2435, assuming ¢ = 33,140
cm/sec and [ = 17 cm. The latter is selected because it is a
length typical for the adult male vocal tract). In speech pro-
duction, however, most vowels are produced with vocal tract
tube shapes that deviate markedly from a uniform cross sec-
tional area. For example, the vowel /i/ (as in the word feet) is
produced with a substantial constriction toward the front of
the vocal tract, whereas the vowel /a/ (as in the word hot) is
produced with a tight constriction in the back of the vocal
tract. Midsagittal vocal tract shapes for schwa (/a/), /i/, and
/a/, adapted from cineradiographic films traced by Perkell
(39), are shown at the top of Fig. 6. Underneath each vocal
tract shape is a tube resonator model simulating the cross-
sectional areas of the vocal tract from the closed end (the glot-
tis) to the open end (the lips). When a tube with uniform
cross-sectional area is deformed in the ways shown for /i/
and /a/ in the lower part of Fig. 6, the resonant frequencies
deviate in systematic ways from those predicted by the quar-
ter-wavelength rule. Specifically, when tubes are excited by
an acoustic source, the resonances are associated with fre-
quencies whose wavelengths are realized within the tube as
standing waves. These standing waves are understood in
terms of their pressure distributions, or their mirror-image
velocity distributions. Regions of high pressure within the
tube correspond to regions of low velocity, and vice versa. The
standing wave patterns for all tube resonances are present at
any instant, resulting in multiple locations of high pressures
(low velocities) and low pressures (high velocities) throughout
the tube. When a region of high pressure associated with a
particular wavelength or resonant frequency is constricted
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within the tube, the region becomes less compliant and the
resonant frequency increases. On the other hand, when a re-
gion of high velocity is constricted, the region is made more
inert, resulting in a decrease in the resonant frequency. Thus
deformations of the tube give rise to systematic changes in
the resonant frequencies predicted by the quarter-wavelength
rule for the uniform cross-sectional area.

This model of tube deformation and resulting resonant fre-
quencies explains, in large part, the relationship between ar-
ticulatory configuration and formant frequencies. Figure 7
shows the pressure distributions for the first two resonant
modes of the tube, below a tracing of the vocal tract. The
standing waves are shown separately, but of course are super-
imposed in the vibrating tube. The vertical dashed line to-
ward the open end of the tube, labeled /i/, shows the approxi-
mate location of the tongue constriction for this vowel. This
constriction occurs at a relatively low pressure (high velocity)
for the first mode and at a pressure maximum for the second
mode. According to the tube model, this constriction should

1l

|
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¢
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& resonant
— & mode

v::; Second

&
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Figure 7. Pressure distributions for the first two resonant modes of
an acoustic tube with constriction locations indicated for the vowels
/i/ (left dashed line) and /a/ (right dashed line). The horizontal
dashed lines indicate atmospheric pressure, and the approximate con-
striction locations are shown in the vocal tract tracing above the
tubes.
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Figure 6. Vocal tract shapes for the
vowels /o/, /i/, and /a/.

result in an F1 (first mode) and F2 (second mode) lower and
higher, respectively, than the F1 and F2 of the unconstricted
tube. Similarly, the constriction location for the vowel /a/
(right dashed line) occurs at a relatively high pressure for the
first mode and close to zero pressure for the second mode. For
this constriction, F1 and F2 should be higher and lower, re-
spectively, than the F'1 and F2 of the unconstricted tube. Ta-
ble 3 reports the F1 and F2 frequencies calculated previously
for a 17 cm long tube with no constrictions and data from the
literature for the vowels /i/ and /a/ produced by adult males.
The actual formant values measured for the vowels /i/ and
/a/, relative to the values calculated for the tube of uniform
cross-sectional area, are changed by the constrictions in the
directions predicted by the acoustic model previously de-
scribed. The model can be generalized and understood in ar-
ticulatory terms by viewing an F1-F2 plot for the corner vow-
els (/i/, /u/, /a/, /&/) of American English, produced by men,
women, and children (Fig. 8). This is a traditional way to plot
the acoustic consequences of vowel articulations at the ex-
tremes of vowel articulation (i.e., the corners of vowel articu-
lation within the vocal tract), and suggests certain broad
summary statements concerning the relationship between ar-
ticulatory dimensions and formant frequencies. For example,
the vowels /i/ and /u/ are both called high vowels, because
their major constrictions are located relatively high in the vo-
cal tract (i.e., the tongue is close to the palate and the mandi-
ble is in a relatively high position). These vowels define the
front and back boundaries of high vowels, along the dimen-
sion called tongue advancement: /i/ has the most forward con-
striction, and /u/ the most back constriction of these vowels.
Note that in the F1-F2 plot, the major acoustic variation
between /i/ and /u/ takes place along the F2 axis. The first
generalization, therefore, is that changes in the tongue ad-

Table 3. A Comparison of the First Two Formant
Frequencies for the Schwa“® and the vowels /i/ and /a/

F1 F2
/ol 487 1461
i/ 270 2300
/a/ 730 1100

“Computed from a straight-tube model of the vocal tract.
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Figure 8. F1-F2 plot for the corner vowels of American English, pro-
duced by men (circles), women (triangles), and children (boxes).

vancement dimension affect primarily F2, with more forward
constrictions resulting in higher F2’s. Tongue advancement
also has some smaller, but systematic, influences on F1: more
forward constrictions are associated with lower F'1’s. Both of
these effects are completely consistent with the predicted ef-
fects of constrictions along the pressure (flow) distributions
associated with the first and second vibratory modes of a tube
closed at one end. The vowel pairs /u/-/a/ and /i/-/e&/ define
the ends of the tongue height continuum in vowel production.
The F1-F2 plot shows that a good part of the acoustic varia-
tion along the tongue height dimension is in F1, which sug-
gests our second generalization: changes in tongue height af-
fect primarily F1. Higher vowels (those with a less open
mandible) have lower F1’s (see Fig. 8).

In addition to the mapping between these two tongue di-
mensions and vowel formant frequencies, the acoustic theory
of speech production also contains one other important gener-
alization concerning articulatory-acoustic relationships. The
configuration of the lips has a dramatic effect on the acoustic
output of the vocal tract, and in many languages is the distin-
guishing feature between two vowels with nearly the same
tongue configurations (e.g., Swedish has two vowels with high
front tongue positions [like the tongue position in English
/i/], one produced with rounded lips, the other with spread
lips). Within the framework of the model described pre-
viously, rounding of the lips is understood as a lengthening of
the tube, which lowers all the resonant frequencies. In the
case of the vocal tract, lip rounding has the most dramatic
influence on F2, but F1 and F3 are also affected.

Figure 9 presents an F1-F2 plot of actual formant fre-
quency data collected by Peterson and Barney (40) from chil-
dren of both genders and from adult men and women. Each
plotted point represents the coordinates for a single speaker’s
production of a given vowel, and the ellipses enclose the ma-
jority of points associated each vowel. Within each ellipse,
there is a good deal of variability in the F1-F2 values for a
particular vowel. Three questions can be raised about this
variability. First, why is there such a huge range of variation
in the important formants for a single vowel when there is a
highly deterministic relationship between articulatory con-
figuration and formant frequencies? Second, how can so many
different F1-F2 values be heard as the same vowel? And
third, how can two vowels with roughly the same formant fre-
quencies be heard as different vowels (e.g., note regions where
ellipses from two different vowel categories overlap)? The first

question is directly relevant to the theme of this article,
whereas the second and third are more appropriately dis-
cussed in the article on Speech Perception. Some speech pro-
duction and perception issues, however, are not easy to sepa-
rate, so we consider both issues.

First, the large range of variation in F1-F2 coordinates for
a given vowel is explained on the basis of speaker differences.
The most obvious one of these differences concerns speaker
gender, which is correlated with vocal tract length. Men have
longer vocal tracts than women, who have longer vocal tracts
than children. Much of the spread of the coordinate points
reported by (40) for a specific vowel reflects the different vocal
tract lengths among their pool of adult and child speakers.
Somewhat more subtle speaker effects are found in dialect
differences, which are often expressed in the details of vowel
production. Peterson and Barney (40) made no attempt to
control dialect among their speakers, which in fact is exceed-
ingly difficult to do even when birthplace, years of residence,
and other likely influences are not allowed to vary among
speakers. The issue of speaker variability has special rele-
vance for machine recognition of speech, the algorithms of
which must be sufficiently flexible to recognize the kind of
variability seen in Fig. 9 as within-, rather than across-, cate-
gory exemplars. A recent text (39) is devoted to the issue of
speaker variability as it affects various problems in speech
production, perception, and machine recognition.

In Peterson and Barney’s study (40), all vowels were pro-
duced in a simple and constant phonetic environment. When
the same vowel is produced in different phonetic contexts, at
different rates, with different levels of stress, or possibly even
in different speaking “styles” (e.g., formal versus informal),
there is also a good deal of variability in the formant patterns
(42—45). Thus in connected speech, where it is assumed that
all these factors vary simultaneously, there are multiple
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Figure 9. F1-F2 plot for the data of (40).



sources of variability affecting the formant patterns of a spe-
cific vowel.

There may even be other sources of variability in vowel
formant frequency data that represent measurement issues
and/or speaker-cohort effects. Hillenbrand et al. and (46) rep-
licated Peterson and Barney’s (40) experiment and found that
the degree of crowding in their F1-F2 space, the extent to
which some vowel categories seemed to overlap, was even
greater than that reported by the latter authors. Table 4 com-
pares the averaged formant frequencies of adult males and
females reported by (40) and (46). The major difference be-
tween the two data sets is in the vowels /¢/, /&/, /a/, and /a/.
As might be expected, the measurement techniques used in
these two studies, separated by forty years, were quite differ-
ent and could account for some of the reported differences.
Speaker-cohort effects, wherein changes in vowel pronuncia-
tion occur over time and result in subtle or easily noticeable
dialects for speakers from different generations, may also con-
tribute to the different findings. Surprisingly, even though
the F1-F2 space was more crowded in the Hillenbrand et al.
study (46), listeners’ ability to identify the spoken vowels was
equivalent to that reported by Peterson and Barney (40). This
result seems unexpected if the separation of vowel categories
in F1-F2 space is related more or less directly to the percep-
tual distinctiveness of vowels.

The issue of how within-category acoustic variation for a
particular vowel is ignored by listeners for phonetic identifi-
cation (i.e., identifying which vowel category has been pro-
duced) has been the subject of numerous investigations over
the last 25 to 30 years. Some summaries of the problems and
issues in this area are in the literature (47-50). The field has
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yet to embrace a particular account of how listeners accom-
plish this task. A partial answer to this problem, however,
has been proposed by Hillenbrand and Gayvert (50) and by
some other authors (47). Both Peterson and Barney (40) and
Hillenbrand et al. (46) used the standard approach to measur-
ing vowel formant frequencies by constructing a spectrum for
a relatively short-duration (~25 ms to 50 ms) window from
the temporal middle of the vowel. This acoustic representa-
tion of a vowel, however, ignores the formant frequency varia-
tion outside the measurement window, as demonstrated by
Hillenbrand and Gayvert (50). These authors performed dis-
criminant function analysis on the formant frequencies mea-
sured in the traditional way, from the temporal middle of the
vowel, and also by adding into the solution the formant fre-
quencies measured close to the onset and offset of the vowel.
The discriminant function was more successful in separating
the vowel categories with measurements from the three
points (onset, middle, onset) compared with the single mea-
surement (middle). Strange (47) has reported on a series of
studies in which vowel identifications obtained from listeners
are better when the entire vowel trajectory, rather than just
a single point in the middle of the vowel, is presented. More-
over, in several studies, listeners produce accurate vowel
identifications when the middle of the vowel has been edited
out of the overall trajectory, leaving just the onset and offset
portions of the trajectories. These kinds of acoustic and per-
ceptual findings (47,50) suggest that the dynamic information
across a vowel trajectory, rather than a static set of frequen-
cies from the temporal midpoint of a vowel, is critical for the
acoustic representation of vowels. In this view, the apparent
inconsistency between the findings of Hillenbrand et al. (46)

Table 4. Mean Data on Fundamental Frequency and the First Three Formant Frequencies for Vowels Produced by Adult

Male and Female Talkers®

A/ e e/ /el &/ la/ 1o/ o/ /a/ / /a/ 3/
Males
Fo
136 135 — 130 127 124 129 — 137 141 130 133
138 135 129 127 123 123 121 129 133 143 133 130
F1
270 390 — 530 660 730 570 — 440 300 640 490
342 427 476 580 588 768 652 497 469 378 623 474
F2
2290 1990 — 1840 1720 1090 840 — 1020 870 1190 1350
2322 2034 2089 1799 1952 1333 997 910 1122 997 1200 1379
F3
3010 2550 — 2480 2410 2440 2410 — 2240 2240 2390 1690
3000 2684 2691 2605 2601 2522 2538 2459 2434 2343 2550 1710
Females
Fo
275 232 — 223 210 212 216 — 232 231 221 218
270 224 219 214 215 215 210 217 230 235 218 217
F1
310 430 — 610 860 850 590 — 470 370 760 500
437 483 536 731 669 936 781 555 519 459 753 523
F2
2790 2480 — 2330 2050 1220 920 — 1160 950 1400 1640
2761 2365 2530 2058 2349 1551 1136 1035 1225 1105 1426 1588
F3
3310 3070 — 2990 2850 2810 2710 — 2680 2670 2780 1960
3372 3053 3047 2979 2972 2815 2824 2828 2827 2735 2933 1929

“The first entry in each cell is a value from (40). The second entry is from (46).
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and Peterson and Barney (40) for the temporal midpoint mea-
surements does not have the same kind of theoretical import
and may reflect no more than noise in the measurement and
speaker selection process.

THE INTERSECTION OF PHONOLOGY, SPEECH
ACOUSTICS, AND SPEECH MOVEMENTS

One particular offshoot of the acoustic theory of speech pro-
duction shows how the areas of speech motor control (i.e., the
neurophysiological control of articulatory movements), vocal
tract acoustics, and linguistics might be interrelated in a the-
ory of the sound structure of languages. K. N. Stevens (51-53)
has developed the quantal theory of speech production (see
also Ref. 54) which states that languages of the world seek
regions of the vocal tract for phoneme production where a cer-
tain amount of articulatory imprecision does not affect the
acoustic output. These quantal regions in the vocal tract are
favored by languages because they protect the acoustic integ-
rity of sound categories in the face of the inability to repro-
duce exactly tongue, jaw, and other articulator movements
each time a particular sound category is produced. Different
languages have different sound inventories, but certain
sounds appear in these inventories much more frequently
than other sounds. For example, Stevens (51-53) points out
the high frequency of occurrence of vowels such as /i/ and /a/
in languages of the world, and shows by acoustic modeling
how the vocal tract acoustic output for these vowels is not
sensitive to some aspects of articulatory variation. There are
also some tongue position data (55) consistent with Stevens’
claims.

The quantal theory is attractive because it attempts to join
several different levels of the sound production process, pre-
viously mentioned. Other theories of speech production, re-
viewed briefly here, have typically been less ambitious and
focused only on a particular level of the process. The quantal
theory is not without problems (53), however, and is probably
more valuable for the model it provides of what a speech pro-
duction theory should account for, than for what it actually
explains.

Nasals and Nasalization

The nasal consonants /m/, /n/, and /N/ (see Table 2) are pro-
duced with complete closure of the oral vocal tract and an
open velopharyngeal port. In /m/ the vocal tract seal is pro-
vided by the closed lips, in /n/ by placement of the tongue tip
against the alveolar ridge, and in /N/ by contact of the tongue
dorsum with the posterior part of the hard palate and ante-
rior part of the soft palate. With the velopharyngeal port open
and a complete closure in the vocal tract, the acoustic system
is different from that described above for English vowels, for
which the velopharyngeal port is closed. In the case of nasal
consonants, the main pathway for sound transmission to the
atmosphere is via the nasal cavities and through the nostrils,
but the closed vocal tract chamber contributes to the acoustic
output as well. Specifically, the closed vocal tract chamber
acts as a “trap” for acoustic energy at frequencies determined
by the its dimensions. Energy may also be trapped in the
closed resonators that are formed by the sinus cavities, which
branch off from the main nasal cavities (54,55). The trapped
energy in the closed, side-branch resonators of the vocal tract

and sinus cavities results in antiresonances in the spectrum
of the radiated signal, or regions where little energy is al-
lowed to pass into the atmosphere. Nasal consonants are
characterized by a series of resonances related to the dimen-
sions of the combined pharyngeal and nasal cavities, but the
antiresonances are a prominent feature of nasal consonant
spectra and are necessary for accurate synthesis of nasal con-
sonants and may play some role in speech perception by pro-
viding cues to which nasal consonant is being articulated (29).

The acoustic interval during which a nasal consonant is
articulated is often referred to as the nasal murmur. There
are also cases where both the vocal tract and velopharyngeal
port are open, resulting in a vowel sound that is nasalized.
The acoustics of nasalization are somewhat distinct from
those of nasal murmurs and are important for several rea-
sons. In some languages, such as French, the difference be-
tween nasalized and non-nasalized vowels is phonemic. In
English words such as meat and team the velopharyngeal port
remains open for a short time following the nasal consonant
(meat) or begins to open before the nasal consonant is actually
produced (team); this results in portions of the vowel adjacent
to the nasal consonant being nasalized, the acoustic conse-
quences of which can be used by listeners in decoding the
sound structure of a word. And finally, nasalization is impor-
tant because individuals with certain speech disorders, such
as those due to structural abnormalities of the speech mecha-
nism (as in cleft palate) or to a variety of neurological dis-
eases, may be unable to close the velopharyngeal port and
will therefore have chronically nasalized vowels. The spectra
of nasalized vowels have a distinct pattern in the 0 Hz to 1200
Hz range, which consists of a antiresonance in the region of
400 Hz, flanked by a lower-frequency resonance of the nasal
cavities and a higher-frequency resonance which is the first
formant of the oral vowel; this pattern is almost certainly a
critical cue to the perception of nasalization (56).

Antiresonance also occur in the spectra of stops and frica-
tives, as well as in some lateral sounds (as in /1/). For a full
treatment, see Fant (29).

SPEECH AERODYNAMICS AND OBSTRUENT PRODUCTION

The acoustic theory of speech production’s account of vowel
production is quite accurate. The account of consonant pro-
duction and particularly of the class of consonants requiring
a complete or nearly complete blockage of the airstream is
fairly good though somewhat less precise. This class of conso-
nants, called obstruents, has more complex sources and reso-
nance patterns than vowels and is also associated with much
higher frequencies. The latter point is important because
vowel frequencies (typically below 4.0 kHz) are consistent
with the assumption that pressure wave propagation in the
vocal tract is only planar, whereas many consonants have im-
portant frequencies (above 4.0 kHz) for which this assumption
is not valid. Typically, the match between theoretical and ob-
served spectral patterns is poorer in the case of obstruents,
compared with vowels.

An appreciation of the complex vocal tract behavior in obs-
truents is gained by considering some aspects of pressures
and flows associated with sounds, such as stops (/p/, /t/, /k/,
/b/, /d/, /g/) and fricatives (/f/, /0/, /s/, /{/, Iv/, /%], 2/, /3/).

For the nonsense utterances /ata/ and /asa/, Fig. 10 shows
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Figure 10. Acoustic waveforms, intraoral air pressure traces, and oral air flow traces for the
nonsense utterances /ata/ and /asa/. See text for additional details.

acoustic waveforms and synchronized time histories for in-
traoral air pressure P, and oral flow V,. The acoustic wave-
forms represent vocal fold vibration by a series of periodic,
complex pulses. These vibrations have been filtered out of the
pressure and flow waveforms. P, is typically measured with a
tube inserted through the mouth and around the teeth to pro-
trude roughly at the point where the oral and pharyngeal cav-
ities meet or via the nasal passages and across the nasal sur-
face of the soft palate to hang in the upper part of the
pharynx. P, is defined as the pressure measured behind the
point of constriction in the vocal tract but above the level of
the glottis. In the case of voiceless stops, for which the vocal
folds are open during the oral construction, P, is essentially
the same as the pressure in the lungs, because the volume of
air between the lungs and the constriction is continuous and
compressed uniformly, primarily by respiratory forces. For
voiced stops, the vocal folds are vibrating during the constric-
tion interval, and P, is therefore somewhat less than lung
pressure because of the significant pressure drop across the
larynx. V, is measured with a mask placed over the mouth
and reflects the volume exchange through the mouth per
unit time.

The closure interval for /ata/ and the fricative interval
for /asa/ are important in understanding how the aerody-
namic events shown in Fig. 10 are transformed into acoustic
sources. During the closure interval for the stop (Fig. 10, left),
pressure rises behind the complete constriction as shown in
the P, trace. The peak pressure is typically about 6 cm/H,0

to 10 cm/H,O (1 em/H,O to 1.5 em/H,0 less in the case of
voiced stops) and is reached after 60 ms to 100 ms, at which
time it is released suddenly when the constriction is broken
by muscular mechanisms (e.g., of the lips for stops /p/ and
/b/ or the tongue for stops /t/, /d/, /k/, /g/). The V,, which was
relatively low (~130 mL/s) during the vowel preceding the
closure interval and caused entirely by the valving action of
the vibrating vocal folds, drops to zero during the closure in-
terval and remains null until the pressure is released. The
large V, peak at the release of P, reflects the sudden release
of the stop constriction. When the vocal tract is fully con-
stricted for the closure interval, there is obviously no sound
source and thus no vocal tract output, as suggested by the
interval of no energy on the acoustic trace. The sudden re-
lease of the P, provides a transient acoustic source, called
shock excitation, that excites the vocal tract cavities with a
broadband, aperiodic spectrum. In the acoustic record, this
event usually lasts no more than about 10 ms to 15 ms and
is called the burst (see acoustic record, Fig. 10 left). Stop
bursts have been the object of a large research effort, largely
because their spectral content reflects place-specific (labial
(/p/, /b/) versus lingua-alveolar (/t/, /d/) versus dorsal (/k/,
/g/) shaping of the shock excitation source, which has often
been assumed an important cue for stop consonant identity in
theories of speech perception (55,59-61).

The fricative interval in the acoustic trace of /asa/ (Fig. 10,
right) shows an aperiodic waveform flanked by the two peri-
odic vocalic events. Fricatives are produced by forming a nar-
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row, but not complete, constriction between two vocal tract
structures. In the case of /s/, the tongue blade is pushed
against the maxillary arch and grooved slightly in the middle,
creating a narrow passageway between the tongue surface
and the hard palate. This constriction sits between two cavit-
ies, the back one relatively large and the front one relatively
small. As the narrow constriction is formed, the P, rises and
forces high air flow through the grooved passageway. When
the flow exits the constriction into the front cavity, it emerges
as a narrowly focused jet of gradually expanding laminar
streams. The boundaries of this jet are defined by a qualita-
tively different pattern of flow in the form of rotating air mol-
ecules. Thus the jet is surrounded by rotational flow, also
called turbulent flow. For some fricatives (like /s/) there is
another region of turbulence, induced when the teeth act as
an obstacle in the pathway of the laminar jet.

The acoustic result of turbulent flow is aperiodic energy
with spectral characteristics that depend largely on the na-
ture of the constriction from which the flow emerges and the
obstacles encountered along the flow pathway. This energy
serves as the source for fricatives, and it is shaped by the
cavities of the vocal tract. An excellent treatment of source
characteristics in fricative production is found in Shadle (62).

Fricative acoustics are important because they may pro-
vide insight to a class of sounds learned by children at an age
later than stops, and also because they are gaining increased
attention in theories of speech production. Now we turn to a
specific case of how fricative acoustics are used to explore cer-
tain aspects of speech production.

THEORIES OF SPEECH PRODUCTION: AN ABSTRACT

Theories of speech production have often been structured
around a sequence of processes leading to the movements of
the respiratory apparatus, larynx, and upper articulators and
the sound resulting from these movements. One level in this
process, very close to the output movements and sound, is
called the phonemic level. At this level the class of sound to
be produced (such as a /p/, /s/, or /u/) is represented, but not
the movements (or, in a more composite view, the vocal tract
shape) required for its production. For production of words
such as seat and suit, this phonemic representation is sequen-
tial (i.e., /sit/ and /sut/) only in the sense of ordering the
sound categories to be produced. In other words, the represen-
tation shows which sound in these words comes first, next,
and last, but provides no information on how the transition is
made from one sound category to another. A primary problem
in many theories of speech production has been to discover
how this discrete representation of successive sound catego-
ries is transformed into the continuous movements of the
speech mechanism.

As suggested earlier, speech scientists who have studied
the movements of the articulators find a lack of clear corre-
spondence between movement boundaries and these phone-
mic classes. In a word like seat, for example, it is very difficult
to identify a set of movements belonging exclusively to the
/s/, or the /i/, or the /t/. The articulators are in constant mo-
tion throughout for a word like seat, and contributing further
to this confusion is the typical observation that the vocal tract
movements at the beginning of the word, in the vicinity of
the /s/, are different if the /i/ is replaced by an /u/, making
the word suit. In this particular example, one difference be-

tween the two /s/’s is rather straightforward. The /s/ in seat
is produced with the lips spread apart, whereas the /s/ in suit
is produced with the lips rounded. However, there is another,
perhaps more subtle difference, which is a vowel-specific ad-
justment of the tongue configuration during the /s/ constric-
tion. The tongue position for an /s/ constriction is modified in
accordance with the tongue position requirements for the
vowel. In seat the constriction is slightly more forward in the
vocal tract, because of the forward articulation of the /i/,
whereas in suit the constriction is moved posteriorly, more
like the tongue requirements for the /u/.

All of these context-conditioned changes in the /s/ articula-
tion are seen in the acoustic output of the vocal tract. The
context-conditioned varieties of a given sound class are the
allophones discussed earlier in the chapter. As noted earlier,
the term coarticulation describes the modification of the artic-
ulatory characteristics of one sound by the articulatory char-
acteristics of another sound. Coarticulation is the central fo-
cus of many speech production theories.

How have speech production theorists attempted to ex-
plain coarticulation? One broad class of theories, sometimes
called t¢ranslation theories, holds that the phonemes repre-
sented at one level of the process are translated into a set of
motor commands that cause the articulators to move into the
positions required for a particular sound production, but that
certain special processes adjust the motor commands de-
pending on the context in which a sound is produced. The
most noteworthy version of this explanation is sometimes
called a look-ahead operator, wherein the ordered phonemes
are scanned from left to right to determine which articulatory
characteristics of later phonemes can be incorporated into
earlier phonemes [see review of this notion in (26)]. For exam-
ple, in the words seat and suit the formulation of the motor
commands involve the specific characteristics required for
the /s/ and also involve a forward scan that identifies the lip
configuration feature for the following vowel (spread lips for
/i/, round lips for /u/) and essentially superimpose that lip
setting on the /s/. In early versions of this kind of translation
theory, features could migrate from one segment to another,
as in the example given here, provided there was no conflict
between the features pulled from upcoming segments and
those produced for the current segment. In our seat—suit ex-
ample, an /s/ can be produced satisfactorily with any config-
uration of the lips, so a spread or rounded lip configuration
can migrate successfully from a later occurring phoneme (in
this case, the vowel /i/ or /u/) to the current phoneme (/s/),
produced primarily with the tongue and requiring no special
labial configuration. In a word such as boot, where the conso-
nant and vowel both require labial articulations, the migra-
tion of the vowel lip features may corrupt the consonant pro-
duction and would therefore be inhibited by the forward
scanning process.

An alternate explanation of the coarticulation phenomenon
discards the idea of translation between phonemic units and
motor commands, and holds that the units to be produced are
represented by the articulatory gestures themselves, not by
abstract phonological entities, such as phonemes (17,63). In
this view a particular sound category is represented as a set
of gestures for the tongue, jaw, soft palate, and so forth,
where the intergesture timing, the precise way in which the
gestures are phased relative to one another, determines the
exact nature of the sound category. Moreover, the succession
of two or more sound categories is realized by the phasing of



the gesture sets for the successive sounds. For example, in
the word suit the phasing of the rounding gesture for /u/ is
roughly cotemporal with the phasing of the tongue gesture
for /s/, but in the word boot the rounding gesture is likely to
be delayed relative to the lip closing gesture for /b/. Although
this is similar to the idea of feature migration described pre-
viously, there are some important differences between the two
views of coarticulation. Phonemes as representational units
have no temporal value, which therefore requires that a great
deal of ad hoc machinery be interposed between the represen-
tation and the observed behavior of the moving articulators.
After all, speech production behavior is inherently dynamic
behavior, and a useful theory should be able to deal with the
temporal interplay between the moving structures more di-
rectly. Gestures as representational units solve this problem,
because the units are defined across time, with specified on-
sets and offsets. This view is also appealing because when
gestures for successive sound categories compete for the
movement of the same articulator (as in the case of boot, for
which the lip gestures for the /b/ and /u/ compete for some
time interval) the theory may explain fine details of move-
ment timing. This is simply not possible when phonemes are
the representational units. The primary shortcoming of the
gesture formulation is that the phasing of gestures within a
sound category and across successive sound categories is de-
termined in a completely ad hoc manner.

Finally, it should be noted that one very useful outcome of
the gesture approach is the view of the articulators as a col-
lective, rather than a set of independent agents requiring in-
dependent control. Some early research efforts were con-
cerned with the actions during speech of individual
articulators, such as the tongue, lips, or jaw, and speech pro-
duction models were sometimes conceived with independent
control parameters for individual articulators or even individ-
ual muscles comprising an articulator. The gesture perspec-
tive has caused a reconceptualization of the control parame-
ters for articulatory behavior, in particular pursuing the idea
of vocal tract goals, not muscles or articulators, as the vari-
ables requiring control. For example, in the case of the
fricative /s/, the controlled variables are the place and degree
of constriction, which are realized by many different combina-
tions of muscular behavior and articulatory positions. The
term coordinative structure describes the collective of articula-
tory behaviors organized to achieve goals, such as constriction
location and degree (64). Coordinative structures are not
read-only devices ready for output at appropriate times, but
rather more like adaptable and evolving software, organized
and reorganized on the fly to meet the changing goals of artic-
ulatory behavior as speakers generate utterances. One of the
great challenges of continuing work in speech production the-
ory is to gain a deeper understanding of coordinative struc-
tures and to understand their role in speech development and
dysfunction (65-67).
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