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ABSTRACT

This thesis develops models of relationships between the physical attributes of
young children and the acoustic characteristics of their vocalizations. Two questions
are addressed. What are the acoustic characteristics of children’s speech? How can
acoustic data be used to describe the development of speech? Children’s vocalizations
exhibit a range of characteristics, becoming more adult-like as a child grows and de-
velops abilities in motor control and cognitive functioning. Developmental changes
which take place during childhood result from changes in the child’s anatomy and in
motor-control and cognitive abilities.

The physical attributes of a child’s vocal system and the constraints on motor
control must be known in order to construct models of the characteristics of children’s
speech. These attributes include the dimensions of the lungs, trachea, glottis, vocal
tract and head and the tissue properties of the glottal structure and vocal-tract walls.
Data on physical attributes of the speech production systems of young children are
summarized in the form of model parameters in this thesis.

A new model of the fundamental frequency of vocal-fold vibratici: is developed;
this model is based on the theory of bending beams. An important parameter of the
model is the ratio of vocal-fold thickness to length. This ratio affects the fundamental
frequencies which are calculated from the model.

Predicted durations rely on assumptions of the volume of air used in speech and the
airflow through the glottis and vocal tract. The predictions imply that children’s voiced
utterances can be longer than adults’ in spite of significantly smaller lung volumes, due
to differences in airflow through the glottis. On the other hand, children are predicted
to produce fewer consonant-vowel syllables in an utterance because the durations of
individual segments are usually longer.

Formant frequencies and bandwidths are predicted using parameter values appro-
priate for child-sized vocal systems and models which are similar to those for adult
speech. Values of frequency and bandwidth are not related to adult values by one
simple scale factor.

Measurements of young children’s vocalizations are interpreted with reference to
the models describing the relationships between acoustic characteristics and articula-
tory parameters. Developmental changes in vocal-tract characteristics, in respiratory
and articulatory control, and in phonological representation are inferred from acoustic
characteristics.

Thesis Supervisor: Louis D. Braida, H.E. Warren Professor of Electrical Engineering
Thesis Supervisor: Kenneth N. Stevens, C.J. LeBel Professor of Electrical
Engineering
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Chapter 1

Children’s speech

Children produce a wide variety of sounds. During the early weeks of a child’s life,
crying and the sounds of breathing and eating are prevalent. Within the first year,
babbling and other vocalizations begin to dominate. Children’s vocalizations exhibit
a range of characteristics, becoming more adult-like as a child grows and develops

abilities in motor control and cognitive functioning.

The common thread of change over time is apparent in nearly every report of
children’s utterances. Children begin to produce sounds at a very early age. Normal
children communicate with speech and language skills which approximate those of
adults by the age of two or three years (Wood, 1976). The developmental changes
which take place between these times result from changes in the child’s anatomy and
in motor-control and cognitive abilities. Each of these components constrains the
sounds produced by a child. Some of the acoustic characteristics of these sounds may
be a consequence of the size of the structures involved in speech production: the lungs,
the larynx, the vocal tract. Other characteristics may be influenced most by the motor-
control skills of a young child. The cognitive ability to form and manipulate mental
representations of words clearly has a significant influence on the sound sequences

produced by a child.

The problem of analyzing the development of speech is discussed in the following

paragraphs. A method of solution is outlined; arguments are presented in support of
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a method which compares model predictions to acoustic measurements. The applica-
bility of previously reported models and the need for additional data are described. A

summary of the research plan concludes the chapter.

1.1 The research problem

There are many questions that could be asked about the process of early develop-
ment of speech. During the first few years of life, a child’s speech changes from the
cries and babbles of an infant to adult-like words and phrases of a young child. We
could ask in what ways children’s speech is similar to adults’ speech. At what age does
a child begin to produce adult-like sounds? How does children’s speech change over
time? How does a child’s anatomy constrain speech? The ways in which vocalizing
relates to other behaviors could be studied, as could the ways in which adults respond
to children’s vocalizations. Questions about linguistic representations of words spoken
by children could be asked. These and other questions have been addressed by many
researchers from a variety of perspectives. However, the process of speech development

is still only partially understood.

One aspect of an examination of speech development is a description and a modeling
of the acoustic characteristics of children’s speech. Many studies which describe the
acoustics of speech have focused on the speech of adults; fewer have analyzed children’s
speech. Much of the literature on children’s speech describes sounds produced by one or
a few children. The completeness of this body of literature is limited by the difficulties
of collecting, analyzing and interpreting children’s vocalizations. Models which predict
the acoustic characteristics of adult speech are common in the literature, but few
models of children’s vocal systems can be found (see, however, Goldstein, 1980). Data
are available describing the anatomy, motor-control skills and cognitive abilities of
children, but the effects of each of these constraints on a child’s speech have not been
analyzed comprehensively. Analyses of acoustic models can provide insights into the
constraints imposed by a child’s anatomy and motor-control abilities on speech and

the physical bases for the development of speech. Currently, there is a need for a
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comprehensive examination of children’s speech with respect to the applicability of
adult models and, if needed, the development of new models which more accurately

predict the acoustic characteristics of children’s speech. -

This thesis develops quantitative analyses of the acoustic characteristics of chil-
dren’s speech and provides examples of using acoustic evidence to describe the devel-

opment of speech. The following questions are addressed:

1. What are the acoustic characteristics of children’s speech?

2. How can acoustic data be used to describe the development of speech?

Developmental changes in vocal-tract characteristics, in respiratory and articulatory
control, and in phonological representation can be inferred from acoustic characteris-
tics. Advantages of using acoustic data are the non-invasive nature of the measurement
procedure and the greater quantification provided by acoustic measurements than by
auditory evaluation. In addition, models of the speech of normal children would pro-

vide a basis for the evaluation of delayed or disordered speech.

1.2 Modeling children’s speech

The questions asked about children’s speech influence the choice of methods used
to determine answers. In order to answer the above questions concerning the acoustic
characteristics of children’s speech, models of the speech production capabilities of a
child have been formulated. The models, which are based on acoustic theory (Fant,
1960/70), incorporate known sources of constraint on speech production in terms of
model parameters, such as dimensions of the vocal tract and volume of the lungs.
The models predict temporal and spectral characteristics of sound segments as well
as of sequences of these segments. The predicted characteristics are compared with
data collected from children’s speech; these data consist primarily of acoustic measure-
ments. The choice of acoustic measurements as a representation of children’s sounds

is discussed below. In order to describe the development of speech, the acoustic data
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are analyzed with reference to the models for evidence of the developmental process.
The physical growth of a child, both in size and articulatory control, affects the acous-
tic characteristics which are apparent at different ages. The changes which cannot
be predicted from physical parameters are likely to be due to linguistic or cognitive

development.

1.2.1 Determination of model parameters

The parameters of the models are the dimensions and tissue properties of the
vocal structures and the rates of articulator movement of children. The models do
not include constraints imposed by cognitive and language skills, or differences in
perceptual abilities between children and adults. All of the model j;arameters are

determined from data reported in the medical and speech literature.

The anatomical parameters include the dimensions of the structures involved in
speech production: the lung volume, the dimensions of the larynx and vocal tract,
the area of the mouth and the size of the head. Tissue properties of the laryngeal

structures and vocal-tract walls complete the set of anatomical parameters.

The motor-control parameters describe respiratory and articulatory control. The
ability to maintain subglottal pressure and to control airflow influences respiratory
control. Articulatory control is measured in terms of rates and patterns of movement

of the articulatory structures.

1.2.2 Choice of a representation of children’s sounds

All methods of studying speech represent the sounds generated by a talker. The
most common representation is a transcription of speech as a series of phonetic sym-
bols. Transcription techniques assume that at some level speech consists of a sequence
of phonemes. This level may be a relatively low level of motor control or a higher level
of mental representation. Fant (1960/70) remarks that “the most common approach

[to speech analysis] has been to start with the linguistic criteria in terms of a phone-
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mic transcription and to impose this as a basis for divisions.” Descriptions in terms
of acoustic measurements are also common. Analyses of children’s sounds often use
the same acoustic measures as the ones used in studies of adult speech. In those cases
in which adult measures or representations appear inadequate because of the acoustic
differences between children’s and adults’ speech, other measures have been proposed

(e.g., Ferguson and Farwell, 1975; Velleman, 1983).

Broad labels for general characteristics of utterances are also used to describe
children’s vocalizations. Vocal stages and coding schemes are examples of broad de-
scriptors. Some researchers specify vocal stages to highlight abrupt changes in the
child’s ability to vocalize, such as the onset of the production of sequences of simi-
lar syllables. Coding schemes are used in a few studies to describe characteristics of
children’s vocalizations and to relate vocalizing to other activities. Coding schemes
do not specify details of sound production, but instead classify entire utterances as

“requesting” or “vegetative,” for example.

Transcriptions, although useful for describing sounds as they are perceived by adult
listeners, are not sufficient as a representation of children’s sounds. They do not

adequately describe details of early development of speech for the following reasons:

1. Transcription systems tend to exclude the sounds that do not correspond to
sounds in some language. Thus some sounds which could provide data on

child/adult speech differences may be eliminated from analysis.

2. A transcriber’s perceptual abilities influence phonetic transcriptions. Even a nar-
row transcription maps children’s sounds onto symbols for sounds in languages

known to the transcriber.

3. Conversion from sounds to phonetic symbols and diacritics collapses some details
of the variations within and among productions. The variability in children’s

productions can be evidence of the development of articulatory control.

Objections to the use of transcriptions are not new. In criticizing Irwin and his col-
leagues, Lynip (1951) took the extreme position that no useful data could be obtained
18




from transcriptions. Winitz (1960) countered with the argument that the contribu-
tions of “phonetic [transcriptions] and physical [spectrograms| were distinct” and that
a “certain degree of subjective judgment is present in all interpretations placed on
spectrogram records.” As he reminds us, “accuracy depends not only on ... smallness

of error ... but on correctness of interpretation.”

The results of studies of child language are consistent with the hypothesis that
children’s representations of words are in terms of phonemes and representations of
phonemes are in terms of distinctive features. Berko (1958) asked children to add
inflections such as plural endings and past tense to nonsense words. Children as young
as four years used the plural forms [-s], [-z] and [-1z] appropriately, depending on the
features [voiced|, [strident] and [coronal] of the last phoneme of the word. The age at
which a child develops phoneme-based or distinctive-feature-based representations is

unclear.

Transcriptions of young children’s speech differ among transcribers (Stockman et
al., 1981; Holmgren et al., 1983). The variability complicates the comparison of data
from various studies. Comparison of transcriptions in terms of distinctive features

reduces the differences among perceptual analyses (Holmgren et al., 1983).

Acoustic measurements are not constrained by the categorization inherent in a
transcription system. The acoustic signal can be analyzed directly from recordings
of a child’s speech and can show details of the structure of the sound in terms of
time-varying acoustic parameters. An acoustic analysis can provide a quantitative

description of the changes over time in the child’s productions of sounds.

The choice of a particular set of acoustic measures influences the process of speech
analysis. Using measures which describe differences which are linguistically distinctive
in the ambient adult language can impose on children’s speech a description which
captures only those characteristics which are most adult-like and can miss other char-
acteristics. A child’s producl;ions may differ from an adult’s in ways which are not
distinctive (e.g., the amplitudg of noise in vowels). However, the measurement of non-

distinctive attributes could provide useful information for the analysis of children’s
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speech. For instance, the amount of noise generated by a child during productions of
vowels could be used to determine the relative cross-sectional areas of the vocal-tract
configurations during the vowel productions. Also, in some cases children make an
acoustic distinction which is not the same as adults make (e.g., voice onset time for

the voiced/voiceless distinction (Kewley-Port and Preston, 1974)).

Abrupt changes in particular characteristics of a child’s vocal productions, such as
the change from a predominance of glottal closures to supraglottal closures, delineate
-stages of speech development. The mastery of a speech-like skill is a note-worthy event
in the development of speech. It can be argued, though, that any division of the devel-
opmental process into times before and after a specific event, such as the emergence
of recognizable forms of adult words, is arbitrary. Evidence in support of continuity
from vocalizations produced early in life through babbling and into speech (Oller et
al., 1975) is widely accepted. Vihman et al. (1985) review arguments concerning the
relationship between babbling and early speech. They report a “striking parallelism
between babbling and words within each child, across time and within time period.”
Locke (1983) found support from studies of babbling in various languages to support
this position. As Lieberman (1980) comments, “the hypothetical abrupt change in
behavior (Jakobson, 1941/68) that is supposed to occur between the babbling and
phonological stages of language acquisition thus may be a consequence of a different

frame of interpretation that the phonetician brings to bear.”

Transcriptions and acoustic measurements are more explicit than coding schemes
or stage identification and therefore are used in this thesis to represent sounds. For
the most part, the analyses utilize acoustic measurements. Particular measurement
procedures are chosen so as to be sufficiently detailed to reveal the mastery of dis-
tinct skills, yet sufficiently broad to group together productions which share particular
speech-like attributes. Transcriptions are used in a minor way, as labels of speech-like

characteristics.
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1.2.3 Data base of measurements of childr.en’s sounds

The accumulation of previous re;ports of sounds produced by children constitutes a
valuable source of data on children’s speech, which includes frequencies of occurrence
of vowels and consonants and acoustic measurements of fundamental frequency, for-
mant frequencies and segment durations. The present study includes measurements
of these characteristics plus formant bandwidths of vowels and durations of syllables
and utterances. Analyses of recordings of a group of several children who have been
followed over a period of years are sparse. In the present study, measurements were
made of vocalizations of a relatively large population (44 children); each child was

recorded for approximately two years.

The period of a few months of age through two and one-half years was chosen for
analysis because during this time period a child’s utterances change from apparently
unstructured vocalizations to adult-like speech. By the age of approximately two
and one-half years, normal children have progressed through babbling and one-word

utterances to the production of phrases and sentences.

1.2.4 Interpretation of evidence of speech development

The goal of this research is to understand the changes which occur in the sounds
produced by young children during early speech development. Models based on
anatomical and motor-control parameters attempt to account for the changes in a
child’s speech which are the direct result of growth and the development of control
of respiration and articulation. The identification of the changes in children’s speech
which are due to these constraints simplifies the analysis of development by restricting
the set of characteristics which must be accounted for in terms of the development of

cognitive and language skills.

The method used in this thesis is to compare the acoustic characteristics predicted
from models to acoustic measurements. Measurements of the speech of a child at

various ages provide data on developmental patterns. The changes in temporal and
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spectral characteristics of a child’s vocalizations which can be predicted from changes
in the parameter values of the models are interpreted as evidence of physical growth

or increased motor skill.

The changes in the sounds produced by children show various patterns. For in-
stance, in the course of development there might be a change from a random dis-
tribution of formant frequencies of vowel-like sounds over all of the vowel space to
clusters of formant frequency values. In contrast, development might be inferred from
evidence of a change from a single gesture being produced in all contexts to a variety
of gestures, dependent on context. Another pattern that has been observed is the
development of the ability to replicate a sound with relatively consistent spectral and
temporal characteristics on repeated attempts. Some of the patterns observed in the
acoustic measurements can be interpreted in terms of physical changes. If there does
not appear to be an explanation based on physical changes, then hypotheses need to
be formed in terms of linguistic development to account for the observed patterns. An

example of an argument for linguistic development is given in Chapter 4.

1.3 Related research

Other researchers have reported results which are useful in an analysis of speech
development. Of particular relevance are modeling studies of child-sized vocal tracts
(Nordstrém, 1975; Goldstein, 1980; Pearsall, 1985), discussions of the accuracy of
acoustic measurement of high-pitched speech (Lindblom, 1962; Monsen and Enge-
bretson, 1983; Glass, 1983) and reports of acoustic measurements of children’s speech
(e.g., Irwin and Chen, 1946; Irwin, 1948; Peterson and Barney, 1952; Eguchi and Hirsh,
1969; Keating and Buhr, 1978; Golub, 1980; Lieberman, 1980; Buhr, 1980; Stark,
1980; Oller, 1980; Kent and Murray, 1982; de Boysson-Bardies et al., 1981). Model-
ing studies demonstrate the effects on formant frequencies of scaling down vocal-tract
configurations; dimensions of children’s vocal structures can be inferred from formant
frequencies. Because children speak with a higher pitch than do adults, the effect of

higher pitch on the accuracy of acoustic measurements should be understood in order
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to assess the significance of differences among measurements reported in one or a group
of studies. Reports of acoustic measurements of children’s sounds consist primarily of
measurements of fundamental and formant frequencies and temporal measurements of
segment durations. The combination of existing data and new measurements repre-
sents a wide variety of children. Developmental patterns in these data are likely to be

independent of any particular data collection procedure.

1.3.1 Modeling studies of children’s vocal tracts

Computer models of vocal tracts have been used to predict and interpret formant
frequency patterns of children’s speech. Nordstrém (1975) investigated methods of
estimating formant frequencies from a scaled model of an adult-sized vocal tract. In
one experiment, he compared the effect of a uniform scaling of vocal-tract length with
the effect of scaling the lengths of the mouth cavity and the pharynx by different
factors. In a second experiment, he calculated formant frequencies from a vocal-tract
configuration in which both the length and cross dimensions were scaled by the same
factor. The values calculated in each experiment are in partial agreement with formant
frequencies reported in the literature, although neither experiment completely accounts

for the differences between formant frequencies of men, women and children.

Goldstein (1980) implemented a model of vocal-tract shape based on anatomical
data on children. The sizes of the articulatory structures at various ages affect vocal-
tract length and cross-sectional area. Formant frequencies were calculated from the
model by a computer program (Henke, 1966). Goldstein demonstrated that the vocal
tract of a child as young as one year old is capable of forming articulatory configurations

which correspond to the production of the vowels /i a u/.

Pearsall (1985) estimated vocal-tract configurations from formant frequencies of
vowels produced by young children. He attempted to determine configurations for
which the formant frequencies approximated those measured from children’s produc-
tions of /i/ and /a/. Pearsall’s algorithm created a configuration by perturbing a

uniform vocal tract at one or two locations. Formant frequencies were calculated from
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the vocal-tract area function using Henke’s program. The algorithm then selected a
new configuration based on the match between the calculated and measured formant
frequencies of children’s vowel productions. Pearsall was able to determine a vocal-
tract configuration for /i/; lack of convergence of his iterative procedure prevented the

determination of a configuration corresponding to the production of /a/.

1.3.2 Accuracy of measurement of children’s speech

In some ways, children’s speech is more difficult to measure reliably than adults’
and in other ways, equally difficult. Measuring formant frequencies and bandwidths
of vowels is particularly troublesome in children’s speech. Measuring fundamental
frequency, rates of abrupt change, and segment and syllable durations is no less difficult

than in adults’ speech.

The attribute of children’s speech which most seriously complicates the measure-
ment of acoustic characteristics is the high fundamental frequency present in most
children’s vocalizations. Procedures for measuring formants of vowels often rely on
the acoustic signal’s having a low fundamental frequency - low enough so that each
formant envelope covers several harmonics. The accuracy of formant frequency esti-
mation has been explored over a range of fundamental frequencies (Lindblom, 1962;
Monsen and Engebretson, 1983; Glass, 1983); this range overlaps the lower end of
the range of fundamental frequencies found in children’s speech (Keating and Buhr,
1978). While none of these studies identifies an optimal method of formant estima-
tion, the results provide some constraints on the accuracy of formant estimation by

commonly-used techniques.

An early study of accuracy of formant measurements (Lindblom, 1962) discusses
variability in formant estimation. Lindblom reports'that the mean error in formant
estimation from wideband spectrograms and wide- and narrowband spectra was ap-
proximately 40 Hz for vowels synthesized with a fundamental frequency typical of an
adult male. For vowels synthesized with a higher fundamental frequency, the mean

error ranged from about 40 Hz to one-fourth of the fundamental frequency.
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Monsen and Engebretson (1983) examined utterances with fundamentals in the
range of 100 to 500 Hz and determined the measurement accuracy to be within 60 Hz
for fundamental frequencies in the range of 100 to 300 Hz. For higher fundamentals,

they report that neither spectrographic estimation nor linear prediction is accurate.

Glass (1983) compared formant frequencies estimated from spectral representations
to the known formant frequencies of a synthesized neutral vowel. He estimated for-
mants from narrowband discrete Fourier transforms (DFT's), wideband DFTs, cepstrally-
smoothed spectra and 19-coefficient linear prediction (LPC) envelopes. The fundamen-
tal frequency of the vowel ranged from 50 to 500 Hz. He concluded that the wideband
DFT peaks correspond the most closely to actual formants for vowels with fundamen-
tal frequencies between 280 and 500 Hz. The accuracy of formant estimation depends
on the relative values of the fundamental and formant frequencies. For instance, for
fundamental frequencies in the range of 400 to 500 Hz, the formant frequency was
estimated to be approximately equal to the frequency of the harmonic nearest the

actual formant.

1.3.3 Previous acoustic analyses of children’s sounds

Children’s sounds have been analyzed by many researchers using a variety of tech-
niques. The sounds children produce from the earliest of ages are commonly thought
to provide evidence concerning speech development. A few of the more comprehensive
studies of children’s sounds are described below; these studies provide data on the

acoustic characteristics of children’s speech.

Analyses of the sounds produced by children typically focus on either cries or
vocalizations. In most reports, a vocalization is defined as an utterance which is
not a cry or vegetative sound. Measurements of acoustic characteristics of children’s
vocalizations have included both spectral measurements, such as fundamental and

formant frequencies, and temporal measurements, usually segment durations.

25




1.3.3.1 Cries

Cries of newboru children have been analyzed in detail (Wasz-Hdckert et al., 1968;
see also the review in Golub, 1980). The cry of a newborn is thought to be primarily
a reflexive activity, and therefore is a forerunner of speech in only a general sense.
Measurements of fundamental and formant frequencies of newborn cries are approxi-
mately equal to the frequencies measured in early vocalizations. For instance, Golub
reports an average fundamental frequency of 460 Hz during cry phonation, and first
and second formant frequencies of 1113 Hz and 3715 Hz, respectively. He defines the
phonation mode of crying as characterized by a fundamental frequency in the range of
200 to 600 Hz. Other modes of crying are less similar to vocalizing due to their very

high fundamental frequencies or lack of periodic excitation.

1.3.3.2 Vocalizations

The reports of Irwin and his colleagues (Irwin and Chen, 1946; Irwin, 1948) are
typical of studies of children’s vocalizations which rely primarily on transcriptions.
Irwin’s reports document the frequency of occurrence in children’s speech of each of
the vowels and consonants. In these studies, adult listeners transcribed utterances
produced by children of age one through thirty months. Maﬁy studies of children’s
speech have followed similar analysis procedures and provide a wealth of information

on the sounds and sound sequences which adults perceive in the vocal productions of

children.

Reports of acoustic measurements of children’s sounds are of more direct relevance
to this thesis than are analyses based on transcriptions. In a pioneering study of
vowels, Peterson and Barney (1952) included measurements of the formant frequencies
of vowels produced by children and perceptually identified by adult listeners. The
children in their study were able to read the list of test words and thus are assumed
to be older than three years. From graphs of the first formant frequency (F1) vs.
the second formant frequency (F2), they observed that the children’s vowel space was

shifted to higher frequencies (34 percent on the average) in comparison to the adults’.
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The formant frequency range over all vowels produced by men is 270 - 730 Hz for F1
and 840 - 2290 Hz for F2. For children, the range of F1 is 370 — 1030 Hz and of F2,
1060 - 3200 Hz.

Measurements of formant frequencies reported by other researchers are consistent
with the pattern of higher formant frequencies in children’s speech than in adults’.
Eguchi and Hirsh (1969) measured formants of vowels produced by children in an im-
itation task. Their data show that imitations of the adult vowels /i & u £ a 5/ were
well separated in the F1 vs. F2 vowel space by age three years. These data document
children’s ability to produce recognizable vowels by at least three years of age. In
related studies, Lieberman (1980) and Buhr (1980) report acoustic measurements of
young children’s vowel-like and consonant-like utterances. Buhr’s study focuses on
one child from age 14 to 64 weeks. Formants of vowels were measured and plotted
on an F1 vs. F2 graph. Each vowel-like utterance was classified by the researcher
and verified by listeners as an English vowel or as an unrecognizable vowel-like sound.
Lieberman reports similar data on the productions of five children aged sixteen weeks
to five years. Kent and Murray (1982) analyzed utterances produced by three-, six-
and nine-month-old children during one-hour sessions. They observed that the range
of formant frequencies of all of the vowels produced by each age group increases some-
what with age, although the center of the F1 vs. F2 space remains constant. For
three-month-olds, the first formant frequency falls between 500 and 1300 Hz, and the
second formant frequency falls between 1900 and 3800 Hz. At age nine months, the
range of formant frequencies used by the children has increased to 500 to 1600 Hz
for F1, and 1500 to 4000 Hz for F2. Bond et al. (1982) present data consistent with
the graphs of formant frequencies of Kent and Murray, Buhr, and Lieberman. They
observed overlap in transcribed vowel groups in the F1 vs. F2 space during months 17
through 26 and separation of these groups by month 29. Pearsall (1985) analyzed the
formant frequencies estimated from narrowband spectra of the vowels /i a u/ and con-
cluded that certain resonances are produced with more variability in Bark frequency
than others. In particular, resonances which require a Helmholtz-type vocal-tract con-

figuration (e.g., F1 of /i/ and /u/) are produced less precisely than those which do
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not (e.g., F2 of /i/, F1 and F2 of /a/).

Fundamental frequencies of children’s vocalizations have also been measured. Kent
and Murray (1982) found evidence of instability of laryngeal control in vocalizations
produced by children of ages three, six and nine months. They observed tremor and
abrupt changes in fundamental frequency (including doubling and halving). Keating
and Buhr (1978) observed a wide range of fundamental frequencies and various phona-
tion types in a study of fundamental frequencies of utterances produced by infants and
by children of ages eight months to three years. The range of fundamental frequencies
used by the children during modal phonation is 150 to 700 Hz. Although most of the
utterances were produced in modal register, phonations in fry and high register were

also observed.

Some studies have concentrated primarily on the temporal characteristics of chil-
dren’s babbling. Kent and Murray (1982) observed approximately the same durations
of children’s babbles as of syllables in adult speech. Stark (1980) observed that in
reduplicated babbling “sufficient control over phonation is needed to coordinate it
with repeated opening and closing of the vocal tract above the glottis.” Others have
defined acoustic properties of babbles (de Boysson-Bardies et al.,, 1981) and have ap-
plied the label “canonical babble” to sequences of repeated, similar syllables (Oller,

1985).

1.3.4 Developmental interpretations

Many researchers of children’s speech have documented changes which occur over
time. A few have focused on the interpretation of these changes in terms of the devel-
opment of a child’s anatomy, motor-control abilities, or phonological representation.
Buhr (1980) observed the differential development of the vowel space with age, with
front vowels appearing before back vowels. He notes that “there exists considerable
development of the vowel triangle during babbling” and relates his observations to
increased articulatory skill and general physiological changes such as lengthening of

the vocal tract. He remarks that it is surprising not to find a general lowering of the
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formants with age due to the increase in length of the vocal tract of the child. Lieber-
man (1980) notes that children produce vowels with “equivalent formant frequency
patterns [to those of adults]...scaled to shorter vocal tract lengths.” His formant data
show increasing separation by vowel group in the F1 vs. F2 vowel space until age three

years.

Some researchers focus on the onset of canonical babbling and regard this change
as a milestone in the development of speech. Holmgren et al. (1985) have hypothe-
sized that the regular timing component of canonical babbling might appear earlier in
children’s vocalizations than the onset of canonical babbling. This timing regularity
might appear in children at approximately the same age as other rhythmic behaviors

(Kent and Murray, 1982; Thelen, 1981).

Locke (1983) presents a comprehensive review of evidence of phonological devel-
opment in children from many different language backgrounds. Phonological develop-
ment can be assessed from evidence of the existence of a pattern in the mastery of
phonemes (Menyuk, 1972; Ferguson and Farwell, 1975). Certain features are preserved
in early word attempts, while others are not. Thus, one process in the development of
speech in children might be the acquisition of mental representations in terms of dis-
tinctive features. Holmgren et al. (1983) report that transcriber agreement is higher
when evaluated in terms of distinctive features than in terms of phonemes. These data
are consistent with the view that a child’s speech develops by mastering the production

of the acoustic correlates of distinctive features rather than whole segments.

1.4 Outline of the modeling process

The goal of this research is to understand the relationship between the physical at-
tributes of young children and the acoustic characteristics of their vocalizations. This
goal is pursued by constructing models of the relationship between articulation and
acoustic characteristics and by analyzing measurements of young children’s vocaliza-

tions. The emphasis is the development of speech. Patterns in the measured acoustic
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characteristics are interpreted in terms of growth of physical structures, changes in

articulatory control, and development of linguistic abilities.

In order to construct a model of the characteristics of children’s speech, the physical
attributes of a child’s vocal system and the constraints on motor control must be
known. These attributes include the dimensions of the lungs, trachea, glottis, vocal
tract and head and the tissue properties of the glottal structure and vocal-tract walls.
The ability of the child to control respiration and movement of articulatory structures
must also be known. Data on physical attributes and constraints which are available
in the literature on children’s anatomy and motor-control abilities are summarized
in Chapter 2. In the cases for which data on children are unavailable, parameter
values are inferred from adult data. Models which predict fundamental frequencies,
durations, and formant frequencies and bandwidths from the physical parameters are

presented in Chapter 3.

A selection of vocalizations, i.e., sounds which are not cries or vegetative sounds,
is analyzed in this research. The vocalizations are selected to exemplify the variety
of sounds produced by children but not to form an exhaustive inventory. Data con-
sisting of acoustic measurements reported by other researchers are used if available;
in addition, selected recordings of a group of forty young American and four young
Swedish children are analyzed. Oller (1985) has proposed guidelines for establishing a
useful relationship between transcriptions and acoustic analyses. These guidelines are

followed in this research.

The acoustic analyses are based on data measured from spectrograms and computer-
generated time waveforms and spectral displays (Zue et al., 1986). The relatively high
fundamental frequency of children’s speech influences the choice of analysis methods.
The acoustic characteristics of children’s speech which are similar to those of adults’
speech are used as bases for comparison of sounds produced at different stages of de-
velopment because the endpoint of the process is adult-like speech. Therefore, acoustic
measures which are commonly applied to the analysis of adult speech are used in this

research. The measurements are fundamental frequencies, formant frequencies and
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bandwidths, and durations of segments, syllables and utterances.

In Chapter 4, the measurements of young children’s vocalizations are interpreted
with reference to the models of the relationships between acoustic characteristics and
articulatory parameters. The adequacy of the models is assessed; possible refinements
of the models in terms of parameter selection and determination are proposed. The
results of the comparison of measured data to predicted acoustic characteristics are
discussed in terms of growth effects, individual variability, and phonological devel-
opment. The relationships between the various acoustic characteristics are analyzed
in Chapter 5. Areas in which further work is needed are outlined at the end of the

chapter.
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Chapter 2

Model parameters

The purpose of this chapter is to describe physical characteristics of the speech
production systems of young children. The models of acoustic characteristics of chil-
dren’s speech, which are described in Chapter 3, use parameters based on some of
these physical data. Some data not used for the calculations of model parameters are
included in this chapter in order to provide a more complete description of physical

characteristics with the hope that future analyses will find these data useful.

The models reflect the differences between the speech production systems of chil-
dren and adults. The parameters of the models include physical attributes, such as
dimensions and tissue properties, and dynamic constraints, such as rates of respiration
and articulator movement. Parameter values are determined from relevant medical and
speech literature. The collection of parameter values contained in the following sections
is not exhaustive. The listing simply serves to outline differences between children and
adults for the purpose of forming comparisons between the acoustic characteristics of

the speech of children and the speech of adults.

Vocal systems of children are described in Section 2.1. Dimensions of the lungs, the
subglottal airways and the vocal tracts of children and adults are summarized. Data
on tissue properties of the vocal system and subglottal pressure are presented. The
constraints imposed by children’s motor-control abilities are outlined in Section 2.2.

Rates of respiration and articulator movement are described, as are constraints on
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the precision of movement of articulatory structures. Values are assigned to parame-
ters corresponding to the ages one, two and three years and adult based on reported
measurements. In the cases in which no measurements are available at these ages,
parameter values are estimated. The parameter values are tabulated at the end of this

chapter.

2.1 Physical attributes

An obvious difference between children and adults is size. The dimensions of the
structures of the vocal system significantly influence the acoustic characteristics of
sounds. An understanding of the dimensional differences between the vocal structures
of children and adults aids in the development of a model of the acoustic characteristics
of children’s speech. In addition to differences in size, children differ from adults in
mechanical properties of vocal structures. Differences in subglottal pressure also affect

some of the characteristics of the speech of children and adults.

There is a great deal of variation in experimental procedures for measuring physical
attributes of individuals. Even within a single study, a wide range of values is often
observed in measurements of different subjects. Difficulties in comparing the results
of various studies arise due to differences in the ages of subjects and the scarcity
of measurements for children. Many values for adults and some for newborns are
reported. For children between the ages of a few months and a few years, data on
dimensions, tissue properties, and motor-control abilities are sparse. When the results
of a variety of studies are compared, monotonic increases or decreases with age are
usually observed in these measurements. Apparently, humans grow steadily, changing
relatively slowly in their physical characteristics. In light of this process of slow change,
attribute values at some ages were interpolated from experimental values which were

measured at other ages.
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2.1.1 Dimensions

Data on the dimensions of vocal structures, from the lungs through the airways
to the mouth, are summarized below. For each structure, information is given which
describes the dimensions which most directly influence the acoustic characteristics of

speech sounds.

2.1.1.1 Lungs: volumes

The function of the lungs in speech is to provide a reservoir of air. The lungs
consist of a large number of small air sacs, or alveoli, connected by a root-like system
of airways. The structure of the lungs can be neglected in calculations involving airflow;
only the volume of air which is available for speech and the overall compliance of the
lungs are important. The amount of air which is exhaled in a single breath during
normal breathing is called tidal volume. Another quantity of air is vital capacity, or
the maximum amount of air which can be exhaled after a maximum inspiration. Some
researchers have also measured phonation volume, the amount of air exhaled during a

. single sustained phonation.

Lung volumes can be measured directly by a spirometer or indirectly by a body
plethysmograph. A spirometer measures the volume of air rebreathed into a water-
sealed container. A body plethysmograph consists of an air-tight box and a pressure
gauge. A subject’s body is placed in the box with only the head exposed, and the box
is sealed around the base of the subject’s head. As the subject breathes, changes in
lung volume cause changes in body volume and therefore in the pressure in the sealed
box. Changes in lung volume are determined from changes in pressure based on a

constant product of pressure x volume (at constant temperature).

Tidal volume has been estimated by a number of researchers. Altman and Dittmer
(1971) report tidal volumes by age and by weight. Tidal volumes of newborns are
usually measured by a body plethysmograph. For children and adults, volumes are
measured by a spirometer. Average tidal volumes for children of ages one, two and

three years were converted from values reported by weight by using weight-by-age
34




standards (Broadbent et al., 1975). Altman and Dittmer’s average values and corre-
sponding ages are shown in Fig. 2.1. Hoshiko (1965) reports somewhat higher values of
tidal volume for adults than do Altman and Dittmer: 680 cm? for females and 770 cm?®
for males. The subjects in Hoshiko’s study were young adults. Standard textbook val-
ues for tidal volume of adult males range from about 500 cm? (West, 1974) to 750 cm?®
(Zemlin, 1968). The ranges of tidal volumes reported in the studies discussed above

are listed in Table 2.1 for children and adults.
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Figure 2.1: Tidal volumes of children and adults (from Altman and
Dittmer, 1971). Children’s values are shown by e’s (reported by age)
and o’s (reported by weight); adult males’, by @; and adult females’,

by &.

Vital capacity has been measured for both children and adults. An average value
of 1500 cm? for ten-year-old children is listed by Altman and Dittmer. This value
is based on data of different authors who used comparable methods. Beckett et al.
(1971) measured a value of 1447 cm® for seven-year-old children (ten boys and ten
girls). A spirometer equipped with a child’s breathing mask was used by Beckett
and his colleagues. Values of vital capacity ranging from 3520 cm? for adult females
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to 4800 cm?® (overall adult average) are found in Altman and Dittmer’s handbook.
Hoshiko reports somewhat smaller values for vital capacity of 2850 cm?® for young
adult females and 4410 cm® for young adult males. These measurements were made
with a spirometer; thirty males and thirty females participated as subjects. Zemlin’s
textbook cites vital capacities in the range of 3500 to 5000 cm® in adult males. Vital
capacities of children of ages one, two and three years were estimated by multiplying
the average vital capacity of an adult male by the ratios of tidal volume for young
children to that of an adult male. These values are shown in the parameter table at

the end of this chapter.

Table 2.1: Reported ranges of lung volumes of newborns; children,
and adults. (See text for sources.) Ages estimated from weight-by-
age tables are shown in parentheses. The letters ND indicate that no

data are available.

Age Lung volumes (in cm?)
tidal volume | vital capacity

newborn 16 — 22 ND

(1yr) 95 ND

(2 yr) 126 ND

(3 yr) 140 ND

5-7 yr 193 ND

7 yr 225 1447
adult (female) | 380 - 680 2850 — 3520
adult (male) 590 - 770 4410 - 5000

Estimates of phonation volume vary considerably between studies and appear to
depend on the measurement method. Beckett et al. measured phonation volume
in seven-year-olds who had been instructed to phonate the vowel /a/ for as long as

possible. Hoshiko, on the other hand, instructed his young adult subjects to phonate
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a vowel whenever they felt ready. It is not surprising that the values measured by
Beckett and his colleagues are considerably greater in relation to vital capacity than
are Hoshiko’s values. Beckett et al. report phonation volumes of 1069 cm?® for girls and
1310 cm? for boys, or on average 82% of vital capacity. Hoshiko found a much smaller
percentage of vital capacity to be used in phonation. He reports that on average
phonation volume is 20% of vital capacity. The results of these two studies suggest

upper and lower bounds on phonation volume with respect to vital capacity.

2.1.1.2 Subglottal airways: lengths and areas

The system of airways connecting the air sacs in the lungs to the vocal tract consists
of a series of branching tubes. The largest of these tubes is the trachea, which divides
into right and left main bronchi. Each bronchus divides into shdrter, narrower tubes,
which in turn further divide into even smaller tubes. The air in the trachea and the
bronchi is part of the air tract for speech while the glottis is open. Thus, the movement
of air in the subglottal airways can influence the acoustic characteristics of the speech

waveform.

Lengths and cross-sectional areas of the trachea and bronchi of children and adults
as reported by Altman and Dittmer (1971) are shown in Table 2.2. Ratios of children’s
dimensions to adults’ are shown in Table 2.3. The acoustic mass of an airway is
proportional to the ratio of length to area. The length-to-area ratio of the trachea
is approximately 6.5 cm™!, regardless of age. The length-to-area ratio of each main
bronchus ranges from approximately 12.6 cm™! for one-year-olds to 4.5 cm™! for adults.
A pair of bronchi has the same acoustic mass as one tube with a length-to-area ratio
of 6.3 cm™! in the case of one-year-olds, and 2.25 cm™! for adults. Thus for one-
year-old children, the acoustic mass of the bronchi is approximately the same as the
acoustic mass of the trachea. For adults, though, the acoustic mass of the trachea is

approximately three times as great as that of the bronchi.

Dimensional data on the smaller airways are scarce. Adult data indicate that the

ratio of length to area of each of the smaller bronchi is approximately the same as the
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ratio for the main bronchi. In light of the large numbers of smaller bronchi at each
level of branching, the acoustic mass of the system of these bronchi is negligible in

comparison to the acoustic mass of the trachea and the main bronchi.

Table 2.2: Average lengths and areas of the trachea and the main

bronchi of children and adults (from Altman and Dittmer, 1971).

Age Trachea Bronchi
length (in cm) | area (in ¢cm?) | length (in cm) | area (in cm?)
1-2 yr 4.5 0.67 2.9 0.23
2-3yr 5.0 0.80 29 0.31
3-4 yr 5.3 0.82 3.1 0.37
adult 12.0 1.91 5.4 1.20

Table 2.3: Scale factors for the trachea and the main bronchi of chil-

dren with respect to adults.

Age | Tracheal scale factors | Bronchial scale factors
length area length area
1-2 yr 0.38 0.35 0.54 0.19
2-3 yr 0.42 0.42 0.54 0.26
3-4 yr 0.44 0.43 0.57 0.31

2.1.1.3 Vocal folds: length, height and thickness

The dimensions of the vocal folds affect the pattern of vibration of the vocal folds.
The variation in glottal opening with respect to time is called the glottal area function.
During the production of some speech sounds, the glottis is open; for other sounds,
the vocal folds are vibrating and the glottal area function shows a pattern of open and

closed intervals. A few measurements of glottal area functions have heen reported for
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adults (for example, Childers et al., 1985); similar data for children are not available.
A glottal area function for a child can be estimated from data on the length and
tissue properties of children’s larynges in conjunction with a model of the vibration of

children’s vocal folds.

The length of the vocal folds has been measured for newborns, children and adults.
Several values are available for newborns and adults; fewer are reported for children
between the ages of one and seven years. Hirano et al (19805 report measurements
of vocal-fold length, including both the membranous and cartilaginous portions, for
males of various ages. Their measurements of the length of the membranous portion for
newborns, one-, two-, three-, four- and ten-year-olds are listed in Table 2.4. Lengths
for children and adults reported by Gedgoud (1900), Negus (1929), and Kahane (1975)
are summarized by Goldstein (1980). In each case, the measurements were made from
cadavers. Goldstein’s figure shows lengths of 4 to 7.5 mm for the total vocal-fold
length of children under the age of one year; these lengths most likely include both

the membranous and cartilaginous portions of the vocal folds.

The thickness of the mucosa of the vocal folds has been measured by Hirano and
his colleagues for newborns, children and adults. The vocal fold thickens somewhat
with age, but the change in thickness is not as great as the change in length. No direct
measurements of vocal-fold height are reported. The change in height is assumed to be
comparable to the change in thickness. The effective thickness and area of the vocal
folds were estimated, assuming a square cross-sectional area, from measurements of
the vibrating mass of the vocal folds (see Section 2.1.2.3), tissue density (1.1 g/cm?®)
and vocal-fold length.

2.1.1.4 Vocal tract: lengths and areas

Adjustments to the shape of the vocal tract alter the sound which is produced by
airflow in the glottis or in the vocal tract. The properties of the walls of the vocal tract
also modify the acoustic characteristics of sounds, but to only a minor degree compared

to the effect of the shape of the vocal tract. Certain articulatory configurations, such
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Table 2.4: Lengths of the rﬁembranous portion of the vocal folds of
children and adults (from Hirano et al., 1980).

Age Vocal-fold
length (in cm)

newborn 0.30
lyr 0.35
2yr 0.40
3yr 0.45
4yr 0.50
10 yr - 0.80
adult (female) 1.50
adult (male) 1.80

as a narrow constriction, cause sounds to be generated in the vocal tract. It is not
surprising that the acoustic characteristics of children’s speech differ from those of

adults’ speech given the smaller size of children compared to adults.

Data on vocal-tract lengfhs and cross dimensions are available from a variety of
sources, primarily the medical and dental literature. Measurements of the dimensions
of the vocal tract during speech are sparse. The cross-sectional area of the vocal
tract can be estimated from the positions of vocal structures during production of
speech sounds. Articulator positions of adults are commonly determined from X-ray
tracings. Due to the risks and difficulties involved in collecting data of these sorts,
direét measurements of the areas of children’s vocal tracts are unavailable. Areas can

be inferred from anatomical data and from modeled configurations.

Goldstein (1980) compiled data describing vocal-tract lengths of children and adults.
The data include oral-cavity, pharyngeal, and total vocal-tract lengths for a neutral
configuration. Table 2.5 shows lengths for children of ages one, two and three years,

together with values for adult males. Differences in lengths due to sex at age three
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years or younger are less than 3.1 mm, or 4% of the adult male vocal-tract léngth. In
light of the small differences between boys’ and girls’ lengths, an average length was

computed for each age as the mean of the girls’ and boys’ lengths.

Length scale factors were calculated as the ratio of child length to adult length.
Scale factors for ages one, two, and three years are shown in Table 2.6. The length of
the oral cavity of a young child more nearly approximates that of an adult than does
the length of the pharynx. The pharyngeal cavity of a three-year-old is less than half
as long as that of an adult; in contrast, the oral cavity is approximately three-quarters

as long as that of an adult.

Table 2.5: Lengths of vocal tracts of girls and boys at ages one, two,

and three years and of adult males (from Goldstein, 1980).

Age Vocal-tract lengths (in cm)

pharynx | oral cavity total
lyr 3.6 5.7 9.3
2 yr 4.0 5.9 10.0
3yr 4.3 6.1 10.4
adult 8.9 8.1 16.9

Table 2.6: Length scale factors, or ratios of vocal-tract lengths of a

child to those of an adult.

Age | Scale factors for vocal-tract length

pharynx | oral cavity | total tract
1yr 0.40 0.70 0.55
2yr 0.45 0.73 0.59
3yr 0.48 0.75 0.62

Goldstein also reports data describing various cross dimensions of children’s vocal
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tracts. From these data, she calculated vocal-tract configurations corresponding to the
productions of a neutral vowel by a newborn infant and by children of ages one and
three years. Cross-sectional areas of the oral and pharyngeal regions estimated from
Goldstein’s model of a vocal tract in the configuration of a neutral vowel are shown in
Table 2.7. The area of the mouth opening is assumed to be the same as the area of

the oral cavity.

Area scale factors, or ratios of the area of a child’s vocal tract to the area of an
adult’s, are shown in Table 2.8. It can be seen from these data that the cross-sectional
area of the oral cavity of a one-year-old child is approximately one-third as large as
that of an adult, while the pharyngeal area is about two-thirds as large. The average
cross-sectional areas of children’s vocal tracts are larger in comparison to adults’ than
would be predicted from simply squaring the longitudinal scale factor. Average heights
and widths of children’s heads (see discussion in the next section) are also larger
relative to adult dimensions than are vocal-tract lengths. The short pharynx of a child
accounts for most of the difference between scale factors for vocal-tract length and

cross dimensions.

Table 2.7: Cross-sectional areas of the pharynx and oral cavity of
children and adults for an assumed neutral-vowel configuration (from

Goldstein, 1980).

Age | Vocal-tract areas (in cm?)

pharynx oral cavity

1lyr 2.3 1.5
3yr 2.8 1.8
adult 3.5 4.2

Surface areas and volumes of the vocal tract can be estimated from data on lengths
and cross-sectional areas. For a neutral-vowel configuration, the vocal tract can be

approximated as a circular cylinder with a fixed cross-sectional area. The surface
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Table 2.8: Scale factors for vocal-tract areas of children with respect to adults.

Age | Scale factors for vocal-tract areas
pharynx oral cavity

1yr 0.66 0.36

3yr| 0.80 0.43

area of an adult-sized tube is approximately 126 cm? and the volume is 74 cm®. The
approximate surface area and volume of the vocal tract of a one-year-old child are
36 cm? and 14 cm?®, respectively. The surface area of the vocal tract of a one-year-old
is about one-fourth as large as the surface area of an adult tract, and the volume is

nearly one-fifth as large.

2.1.1.5 Head: height, width and depth

The relative sizes of the mouth and the head of a speaker influence the radiation
of the speech waveform. Head sizes can be estimated from outlines of dentofacial
structures, such as the Bolton Standards (Broadbent et al, 1975). Outlines of the
head of a three-year-old child are overlaid on outlines of an adult head in Fig. 2.2.
The maximum dimensions of the head were measured: the height, the width, and the
distance from the forehead to the back of the skull. These dimensions are listed in
Table 2.9. The width of the head for one-year-old children was estimated by mul-
tiplying the adult head width by the ratio of head depth for a one-year-old to that
of an adult. The width for two-year-olds was calculated in a similar manner. These
estimated widths are shown in the parameter table at the end of this chapter. The
ratio of linear dimension, on average, of a three-year-old child’s head to an adult’s is

about 0.9.
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18.8 : 23.6

head height
A

18.4 : 20.1 14.2 : 15.3
Head depth Head width

Figure 2.2: Outlines of a three-year-old’s head overlaid on outlines of
an adult’s (sketches are from the Bolton standards, Broadbent et al.,

1975). The dimensions are in cm.

2.1.2 Tissue properties

The mechanical properties of the structures of the vocal system can influence the
production of speech sounds. Although these properties play a lesser role compared
to the effects of the dimensions of vocal structures and the pressures and airflows
present in the vocal system, some tissue properties have an appreciable influence on
the acoustic characteristics of certain sounds. Properties for which data exist include
the compliances of the lungs, the vocal folds and the sub- and supraglottal-tract walls,

and the masses of the vocal folds and the vocal-tract walls; these data are limited.

2.1.2.1 Lungs: compliance

The pressure in the lungs and the airflow from the lungs depends in part on the
compliance -of the lung tissues as well as the dimensions of the airways above the
lungs. Lung compliance is defined as the ratio of the change in volume to the change in

pressure, Avolume/Apressure. In order to compare lung compliances of individuals of
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Table 2.9: Standard dimensions of the head of children and adults
" (from Broadbent et al., 1975) (ND: no data).

Age | Head dimensions (in cm)
height | width | depth
1yr | 178 | ND | 17.0
2yr 18.3 ND 17.9
3yr 18.8 14.2 18.4

adult | 23.6 15.3 20.1

different sizes, a normalized lung compliance is often used. One definition of normalized
compliance is the ratio of the change in volume divided by body weight to the change in
pressure, or (Avolume/weight)/Apressure. Lung compliance can also be normalized

with respect to tidal volume.

Lung compliance has been measured in newborns and in adults. An average value
of 2 cm®/kg/cm H,O for newborns is reported by Tooley (1975). He measured lung
volume using a body plethysmograph and calculated transpulmonary pressure as the
difference between airway pressure (measured at the mouth) and esophageal pressure.
Altman and Dittmer (1971) report compliances of 5.2 cm®/cm H,;0 for newborns,
45 cm3/cm H,O for five-year-olds, and 262 cm?®/cm H,O for adults. For average weights
of 3 kg for newborns, 21 kg for five-year-old children, and 70 kg for adults (Broadbent
et al.,, 1975), Altman and Dittmer’s values can be normalized to approximately 1.7,

2.1, and 3.7 cm?/kg/cm H,O for newborns, five-year-olds, and adults, respectively.

Tidal volume can also be used as a normalization factor for lung compliances. The
compliance measurements were normalized with respect to tidal volumes of 19, 185
and 680 cm?® for newborns, five-year-olds and adults, respectively. Lung compliances
normalized for volume were interpolated for ages one, two and three years from the
values for newborns and five-year-olds and are shown in the parameter table at the

end of this chapter.
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Lung compliances, normalized with respect to both body weight and tidal volume,
are shown in Table 2.10. These values indicate that children’s lung tissue is stiffer

than the tissue of adults’ lungs.

Table 2.10: Average values of lung compliance and values normal-
ized with respect to body weight and with respect to tidal volume of

children and adults. (See text for soufces.)

Age Lung compliance Normalized lung compliance
by weight by tidal volume
(in cm®/cm H,0) | (in cm®/kg/cm H,0) | (in (cm H,0)™!)
newborn 5.2 1.7 0.27
5yr 45.0 2.1 0.24
adult 262.0 3.7 0.39

2.1.2.2 Subglottal airways: mass of walls

The mass of the walls of the subglottal airways influences the frequencies of the
subglottal resonances, particularly the lowest resonance. When the glottis is relatively
open, the sub- and supraglottal tracts are coupled and the subglottal resonances are
weakly apparent in the speech spectrum. The mass of the walls of the subglottal
airways can be inferred from the input impedance of the subglottal system. Measure-
ments of the input impedance of adults’ subglottal systems have been reported in the

literature; similar data for children are not available.

Ishizaka et al. (1976) measured the input impedance of the subglottal system in
five laryngectomized subjects. A value for the effective mass per unit area of the
walls of the trachea and main bronchi can be calculated from the measurements of the
resonances of the subglottal system and from estimates of the acoustic compliance of
the air in the lungs and the subglottal airways. Ishizaka and his colleagues report a

value of 0.3 g/cm? for the effective mass per unit area of the subglottal airways. Fant
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et al. (1972) uéed the Ishizaka data in analyses of spectra of aspirated sounds. They
modeled the effective mass of the subglottal system with a lumped acoustic mass of
0.0037 g/cm?* and computed spectra which include extra formants due to coupling to
the subglottal cavities. These spectra are similar to spectra of aspirated intervals of

natural speech.

2.1.2.3 Vocal folds: mass and stiffness

The mass and stiffness of the vocal folds influence the pattern of vibration of the
folds. These physical parameters, as well as the dimensions of the vocal folds and
the pressure drop across the glottis, determine the shape of the glottal pulse and the

fundamental frequency of vocal-fold vibration.

The mass of the vocal folds depends on the density of the tissue and the dimensions
of the vocal folds. The composition of various tissues has been determined for adult
males (Allen et al, 1959). Muscle, tendon, ligament and epithelium have approxi-
mately the same density, 1.1 g/cm3. The structure of children’s vocal folds is different
from the structure of the vocal folds of adults. Hirano (1980) observes that no vocal
ligament is found in infants’ vocal folds. An immature vocal ligament is apparent in
children of age four years; the vocal ligament does not fully develop until after puberty.
The tissue composition of children’s vocal folds differs from that of adults’, but the
densities of both the muscle and epithelial layer of children’s vocal folds are approxi-
mately equal to the densities of the muscle, ligament and epithelial layer of the vocal
folds of adults. Thus, the density of the vocal folds of children can be assumed to be

approximately the same as the density of adults’ folds.

It is reasonable to assume that the vibrating mass of the vocal folds is proportional
to the combined mass of the thyroarytenoid (TA) and lateral cricoarytenoid muscles
(LCA) and the vocal ligament. Kahane and Kahn (1984) report the mass of these
muscles as 0.874 g for adults and 0.076 g for infants. These mass values are shown in
Table 2.11. Kaneko and his colleagues (1987) estimated a vibrating mass of 0.141 g

for adult vocal folds. Based on the ratio of the vibrating mass to the measured mass
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of the TA and LCA muscles for adults and the measured mass of the TA and LCA for
infants, the mass of the vibrating portion of the vocal fold was calculated for infants.
Values for one-, two- and three-year-old children were interpolated from the vibrating
masses of infants and adults and are shown in the parameter table at the end of this

chapter.

Table 2.11: Values of the mass of the vocal folds of infants and adults

(ND: no data). (See text for sources.)

Age Vocal-fold mass (in grams)

Muscle mass | Vibrating mass
infant 0.076 ND

adult (male) 0.874 0.141

The stiffness K of a particular volume of material is related to Young’s modulus,
E, and the area over which the force is applied and the length of the material in the
direction of the force. Young’s modulus is the ratio of stress to strain. Measurements
of longitudinal stress versus strain for vocal-fold tissue of young dogs and adult dogs
were performed by Perlman and Titze (1983). They found that the vocal-fold tissue of
young dogs is stiffer than the tissue of adult dogs. Using Perlman and Titze’s graphs
of stress vs. strain, values of 6.4 x 10° dynes/cm? for old tissue and 8.1 x 10° dynes/cm?
for young tissue were calculated. Young’s moduli are shown in Table 2.12. For young

tissue compared to old tissue, the ratio of Young’s moduli is 1.27.

During vocal-fold vibration, force is applied laterally to the vocal folds. For a

lateral force on the vocal folds, the stiffness K is given by

height x length

K=F
thickness

(2.1)

where height, length and thickness are dimensions of the vocal folds. An effective
vocal-fold stiffness of 7.4 x 10* dynes/cm has been reported for adult humans by

Kaneko and his colleagues. The Young’s modulus which corresponds to this stiffness
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for adult vocal-fold dimensions is 4.1 x 10* dynes/cm?. The modulus for children
is computed by multiplying the modulus for adult tissue by the moduli scale factor
calculated from the data of Perlman and Titze. The moduli assumed for children and
adults are listed in the parameter table at the end of this chapter. These values are
consistent with the range of transverse moduli of vocal-fold tissue reported by Kakita
et al. (1980). The effective stiffness of young vocal folds is the adult effective stiffness

multiplied by the scale factor for Young’s moduli and the dimensions of the vocal fold.

Table 2.12: Values of the Young’s moduli of the vocal folds of young
and adult dogs (from Perlman and Titze, 1983).

Age Young’s moduli (in dynes/cm?)
of vocal-fold tissue

young dog 8.1 x 10°
adult dog 6.4 x 10°

2.1.2.4 Vocal-tract walls: mass and compliance

The impedance of the walls of the vocal tract influences the frequencies of the res-
onances of-the supraglottal system. Direct measurements of the impedance of various
tissues at the surface of the body have been made. Franke (1951) measured the prop-
erties of the tissues of the thigh by means of a vibrating piston. Ishizaka et al. (1975)
used a similar procedure to measure the mass and compliance of the neck, cheek and
forearm. The mass of the walls of the vocal tract has also been determined indirectly
from measurements of the impedance of the vocal tract and from estimates of the
compliance of the air in the oral cavity (Fant et al., 1976). In all of these experiments,

data were collected for adult males only.

The direct and indirect measurements of the mass of the tissues surrounding the
vocal tract are in general agreement. Ishizaka and his colleagues determined values

for the mass of the neck and relaxed cheek of 2.4 and 2.1 g/cm?, respectively. Fant et
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al. estimated a value of 2 g/cm? for the mass of the tissue of the vocal-tract walls. An
average value of 2.2 g/cm? is listed in the parameter table at the end of this chapter.
Values for children are calculated by multiplying the adult value by a tissue-thickness

scale factor, or ratio of vocal-fold thicknesses of children and adults.

The only values reported for the stiffness of the vocal-tract walls are those of
Ishizaka et al. (1975). They report values of 8.5 x 10* dynes/cm?® for the cheek, and
4.9 x 10* dynes/cm?® for the neck.

2.1.3 Subglottal pressures

The pressure below the glottal opening is a factor in determining the airflow
through the glottis. Subglottal pressure can be measured most accurately in adults by
puncture of the throat. Direct measurements of subglottal pressure have been made

only infrequently because of the risks involved in throat puncture.

Measurements have been made of the pressures in the adult trachea and esophagus.
Kunze (1964) measured both of these pressures and found that intratracheal pressure
approximately equals esophageal pressure for moderate lung volumes. He measured
intratracheal pressures directly while subjects phonated the vowels /e a o v i/. Lieber-
man (1968) reiterates the argument of Bouhuys et al. (1966) that the difference be-
tween esophageal and subglottal pressure is due to the elastic recoil of the lungs.
His data show that at the beginning of an utterance, just after an inspiration, the
esophageal pressure is approximately the same as subglottal pressure. Lieberman’s
pressure recordings show values of 8 to 10 cm H,O for the subglottal pressure used
during speech. He measured an average intratracheal pressure of 6.1 cm H,O in ten
male subjects. Muta (1983) reports values of subglottal pressure ranging from approx-
imately 5 to 11 cm H,0, with an average of 8 cm H,0, during a 3-second interval of
phonation of a vowel. The range of subglottal pressures reported for adult speech is

shown in Table 2.13.

No measurements of subglottal pressure during vocalization are available for chil-

dren. Tooley (1975) reports values of subglottal pressure during lung inflation for
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infants. The range of subglottal pressures measured by Tooley is shown in Table 2.13.

Table 2.13: Ranges of subglottal pressures in infants and adults. (See'

text for sources.)

Age | Subglottal pressure
(in cm H,0)
newborn (during lung inflation) 2-20
adult (during speech) 5-11

Subglottal pressure can be estimated from values for lung compliance and the di-
mensions of the lungs. Measurements of the compliance of the lungs of children show
that children’s lungs are stiffer than adults’ lungs (see discussion in Section 2.‘1.2.1).
Therefore it is reasonable to expect that the pressure in children’s lungs is greater
than the pressure in the lungs of adults for the same conditions of lung inflation. Lung
compliance is the ratio of the change in volume to the change in pressure. Normalized
lung compliance is the ratio of the change in volume divided by the tidal volume to the
change in pressure. The scale factor for lung compliance (normalized by tidal volume)
can be used to estimate the subglottal pressure which children use during vocalizing
from the subglottal pressure which adults use during speech. Lung compliances nor-
malized by tidal volume for one-, two- and three-year-olds were interpolated from the
values for newborns and five-year-olds, which are listed in Table 2.10. Scale factors,
or ratios of lung compliance of a child to that of an adult, multiplied by an average
value of 8 cm H,O for the subglottal pressure of adults give subglottal pressures of

11.8, 12.1 and 12.4 cm H,O for one-, two- and three-year-olds, respectively.

2.1.4 Sound pressures

The sound pressure at a distance from a speaker is proportional to the total acoustic
volume velocity at the speaker’s mouth, nose and vibrating surfaces of the cheeks and

throat. Sound pressure levels due to various sources are reported by Beranek (1954).
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For an adult speaking in a normal voice, the overall level is approximately 63 dB re
0.0002 dyne/cm? at 1 m. Peak levels are as high as 73 dB, when read with a fast

C scale. Comparable data for young children are currently not available.

2.2 Motor-control constraints

Speech is in part a physical activity and as such is constrained by the limitations of
the motor-control system. Linguistic and cognitive factors impose further constraints
on the production of speech. Speech motor skills include control of timing, such as the
rate of respiration and of movement, and precision of movement, as in the positioning
of articulators. Neural and motor control in infants and young children appears to
develop gradually. This development can be related in general, descriptive terms to

improvements in skills needed for speech production (Netsell, 1981).

2.2.1 Rates of respiration

Breathing patterns of children and adults have been reported in terms of the num-
ber of breaths per minute and the volume flow of air per minute (Altman and Dittmer,
1971). The volume of air breathed in one minute by a newborn is approximately six
times less than the volume breathed by an adult. Tidal volumes of infants and adults
are shown in Table 2.1. A newborn takes approximately four times as many breaths
per minute as does an adult. By age five years, a child’s breathing rate has slowed to
about twice as fast as an adult’s. Typical rates of respiration for children and adults

are shown in Table 2.14.

2.2.2 Rates of crying

Cries and speech are both produced by controlling the respiratory system and
the laryngeal and oral structures, and are both subject to constraints of the motor-

control system. Much research has documented the characteristics of infant cries (see
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Table 2.14: Average rates of respiration and volume flow of children

and adults (from Altman and Dittmer, 1971) (ND:no data).

Age Rates of respiration

breaths/min | liters/min

newborn 48 1
5-7 yr 24 ND
adult 12 6

summaries in Stark and Nathanson, 1973; Sirvié and Michelsson, 1976; Michelsson et
al. (1982)). Golub (1980) reports measurements showing expiration intervals in the
range of 1.1 to 3.6 seconds for the cries of normal infants. From these data, the average

repetition rate of cry intervals is about 0.4 Hz or 24 per minute.

2.2.3 Rates of movement

Rates of movement can be measured in terms of the number of repetitions during an
interval of time or the velocity of the movement. Investigators of infant motor behavior
have observed a general tendency for movements to form repetitive patterns from an
early age. Patterns of limb movements involve relatively gross control; tasks such
as tapping or vocalizing involve finer control. Diadochokinesis, or syllable repetition,
is often used as an indicator of the ability to move oral structures. Dickson (1962),
though, argues that fast diadochokinetic rates do not necessarily imply articulatory
proficiency. However, the maximum rate of repetition at which a child can tap or
repeat a syllable relative to an adult rate is related in part to limitations of the motor-

control system.

Diadochokinetic rates, or rates of repetition of the syllables [pe], [to] or [ks] or
the string [pstoks], are frequently reported in the literature. Prins (1962) measured
diadochokinetic rates for a group of children of ages three to seven years: 3.5 Hz on
average for strings of [ps],[te] or [ke] and 3.3 Hz for repetitions of the syllables in the
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str'ing [patoks]. Irwin and Becklund (1953) report a rate of 3.4 Hz on average for strings
of [p9], [te] or [ks| for children of age six years. A rate of 2.9 Hz was found by Weiner
(1972) for children repeating strings of syllables with initial consonant sequences of
/p,t/, /k,t/ and /p,i,k/. Fletcher (1972) also reports data for children of age six years:
3.9 Hz for [p9], [t9] or [ks], and 2.9 Hz for [pstaks]. Older children are able to repeat
syllables at a fasier rate. Dworkin and Culatta (1985) tested a group of children whose
average age was 7.9 years and found an average rate of 4.7 Hz for strings of [p9], [t9] or
[ks]. Adults can repeat these syllables somewhat faster. For [ps], [t9] or [ks], Lass and
Sandusky (1971) report rates of 6.0 Hz. Fletcher (1972) measured 6.5 Hz; and Tiffany
(1980), 6.8 Hz. For repetitions of [pateka], rates of 7.5 Hz (Fletcher, 1972; Tiffany,

1980) have been measured. All of these diadochokinetic rates are shown in Fig. 2.3.
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Figure 2.3: Diadochokinetic rates of children and adults reported by
Irwin and Becklund (1953) are shown by o; Prins (1962), by &; Weiner
(1972), by ©; Lass and Sandusky (1971), by @; Fletcher (1972), by e;
and Tiffany (1980), by A.

The development of articulatory control can also be inferred from differences be-

tween children and adults in movement rates for other structures. Kent (in prepara-
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tion) reports Fenn’s (1938) observation that the maximum repetition rate “for speech
is similar to the maximum rate of cyclic movements for finger wagging or forearm
swinging.” Finger tapping skills have been measured by Irwin and Becklund (1953)
and Tingley and Allen (1975). Irwin and Becklund report a rate of 3.5 Hz at age six
years for tapping as fast as possible. Children are able to tap faster with increased age,
as shown in Figure 2.4. Tingley and Allen instructed children between the ages of five
and eleven years and adults to tap at a comfortable rate. They note that at five years
of age the average rate of comfortable tapping is slower than the average rate chosen
by adults. At ages seven and nine years, children chose progressively faster tapping
rates. By eleven years, children tapped at a rate which is within the normal adult
range. The speed of self-paced tapping changes with age. Five-year-olds tap slower
than older children and adults (Schellekens et al., 1984). Todor and Kyprie (1980)
found that adults could tap as fast as 6.6 Hz when tapping with the dominant hand.
Diadochokinetic rates for children of ages one, two and three years were estimated by

linear extrapolation from the rates for older children.

The rhythmic movements of the limbs that have been measured for children and
adults show no difference based on age. Rates of arm movements, calculated for the
task of placing pellets in a bottle as fast as possible, are reported by Prins (1962). He
found the average (both arms) rate of movement to be 0.6 Hz. The children in the
Prins study were between the ages of three and seven years. Thelen (1981) reports
movement rates for children as young as six weeks. Rhythmic movements such as
rocking and waving occur at rates in the range of 1-4 Hz for ages between 20 weeks
and one year. Activities such as kicking are performed at the rate of approximately

0.6 Hz.

The movement patterns of articulators and fingers all show increases in speed with
increasing age. From these data, it appears that young children are not able to move
their articulators as quickly as are adults. Average rates of repetition are listed in
Table 2.15. Oral repetition rates of 2.7, 3.0 and 3.2 Hz for one-, two- and three-year-
olds, respectively, were interpolated from the values for older children. These values

are listed in the parameter table at the end of this chapter.
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Figure 2.4: Tapping rates of children reported by Irwin and Becklund
(1953) are shown by x’s; rates of adults reported by Todor and Kyprie
(1980), by @.

Movements of the jaw, lips and tongue have been documented during production of
various sounds. Fujimura (1961) reports average values in the range of 40 to 90 cm/sec
over the first five milliseconds of opening of the lips for the initial consonants /p,b,m/.
For the tongue body, Ostry and colleagues report 7.5 cm/sec (1983). Folkins (1981)
reports a maximum of 8 cm/sec for jaw closing. Folkins and Linville (1983) show
movement profiles from which velocities can be estimated: 18 cm/sec for the lower
lip. Gay’s (1977) movement tracks imply somewhat greater velocities: 25 cm/sec for
the lower lip and 31 cm/sec for the tongue tip and body. Differences in experimental

procedure might explain the wide variation in these measured rates.

Sharkey and Folkins (1985) report that the variability of the duration of lip and
jaw opening is greater for children than for adults. The variability of lip displacement

also decreases with age, but the jaw movement was consistent across the age groups.
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Table 2.15: Average repetition rates of oral structures, fingers and

limbs of children and adults (ND: no data). {See text for sources.)

Age Rates of repetition (in Hz)
oral structures | fingers | limbs
lyr ND ND |0.6 -4.0
5yr 3.4 ND 0.6
6yr ND 3.5 1.0 - 4.0
adult 6.5 -17.5 6.6 ND

2.2.4 Precision of movement

Precision of movement is ar skill which children must develop in order to articulate
sounds. Arm and hand movements which require accuracy of movement have been
measured in children. Fruhling and Basmajian (1969) found that four- to five-year-
olds could be trained to consciously control individual motor units. Their training
procedure did not produce evidence of learning in children of ages two to three years.
Tingley and Allen (1975) found that consistency of finger tapping improves through
the age range of five to eleven years. Hay (1979) found that children of age five years
could point to within 5% of the distance to a moving target; this precision is close to
adult performance. This ability decreased to a 15% error by age seven years and then
improved to near an adult level of accuracy by age eleven years. Von Hofsten (1983)
tested children of age 35 weeks in a reaching task. The children in his study timed
their reaches within 50 msec of the arrival time of the target. Hofsten concluded that
the development of timing control needed to catch an object is developed early in life.
Apparently, the development of precision of execution of motor skills varies with type

of skill. Some abilities are mastered by age one year, while others continue to develop

throughout childhood.
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2.3 Summary of parameter values

Values for the dimensions and properties of the vocal system are shown in Table 2.16
for children of ages of one, two and three years and for adults. In the cases for which
data are not available at these ages, values were interpolated or extrapolated by the

methods described in the corresponding sections of this chapter.
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Table 2.16: Summary of parameter values of newborns, children, and

adult males. Estimated values are shown in parentheses. (See text

for sources.)

Parameter Age
1yr 2yr 3yr adult
male
Dimensions
Lungs: vital capacity (640) | (840) | (940) | 4550 | cm?®
tidal volume 95 126 140 680 | cm®
Vocal folds: length (membranous) 0.35 0.40 0.45 1.80 | cm
cross-sectional area | (0.048) | (0.058) | (0.063) | (0.073) | cm?
thickness (0.22) | (0.24) | (0.25) | (0.27) | cm
Vocal tract: length 9.3 12.0 104 169 | cm
cross-sectional area (1.9) (2.1) (2.3) (3.9) | cm?
surface area (45) (51) (56) | (118) | cm?
volume (18) (21) (24) (66) | cm?®
Head: height 17.8 18.3 18.8 23.6 {cm
width (12.9) | (13.6)| 142 | 153 |cm
depth 17.0 17.9 18.4 20.1 | cm
Tissue characteristics
Lungs: normalized compliance (0.27) | (0.26) | (0.26) 0.39 | (cm H,0)"!
Vocal folds: vibrating mass (0.018) | (0.025) | (0.031) | 0.141 |g
Young’s modulus (5.2) (5.2) (5.2) (4.1) | x10* dyne/cm?
effective stiffness (1.8) (2.1) (2.3) 7.4 | x10* dyne/cm
Vocal-tract walls: mass (1.80) | (1.94) | (2.05) 2.20 | g/cm?
Subglottal pressure (12) (12) (12) 8 | cm H,0
Articulator repetition rate (2.6) (2.8) (3.0) 6.0 | Hz
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Chapter 3

Model predictions

Some differences between children’s vocalizations and adults’ speech are due sim-
ply to differences in the size of the articulatory structures and control of articulation
and respiration. Others are due to the stage of development of the child’s linguistic
and cognitive systems, or to a combination of these factors. Differences in physical
characteristics of the speech production system between children and adults are dis-
cussed in Chapter 2. In this chapter, acoustic characteristics of children’s utterances
are predicted from parameters describing their speech production systems — the sizes
of children’s lungs, larynges and vocal tracts and their ability to control respiration

and articulator movement.

The frequency of vocal-fold vibration influences various characteristics of children’s
utterances. Airflow from the lungs is modulated by the glottal vibration, and thus the
maximum duration of airflow is determined in part by the pattern of glottal opening
and closing. The periodic vibration of the vocal folds is reflected in the harmonic
structure of the spectra of vowel-like and of some consonant-like sounds. Predictions of
children’s fundamental frequencies from models and physical parameters are developed

in Section 3.1.

Temporal characteristics of children’s vocalizations are influenced in part by the
ability of children to control and to coordinate the muscles of respiration and of the

laryngeal and supralaryngeal structures. By varying the degree of openness of the
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vocal tract in conjunction with appropriate control of respiration, a child can produce
speech-like sequences of relatively open or vowel-like vocalizations alternating with
lower amplitude, consonant-like sounds. The durations of a child’s utterances are
constrained by physical characteristics of the child’s speech production system and by
the linguistic and cognitive abilities of the child. In Section 3.2 durations of children’s
utterances are predicted from lung sizes and airflow rates, and consonant-like and

vowel-like intervals are predicted from rates of articulator movement.

Spectra of vocalizations can be predicted from acoustic theory given data on prop-
erties of the larynx and vocal tract. The dimensions of the vocal tract, including
lengths and cross-sectional areas, the attributes of the walls, and the characteristics
of the terminations of the vocal tract determine the spectral shape of speech sounds.
Section 3.3 develops predictions of formant frequencies and bandwidths of vowel-like

sounds of young children.

3.1 Fundamental frequency

Various models, including the vibrating string and spring-mass (fdr example, Ishi-
zaka and Matsudaira, 1968, and Flanagan and Landgraf, 1968), have been put forth
to account for the fundamental frequencies of speech. Actual values measured during
phonation are slightly higher than the natural frequencies of the vocal-fold structure

(Kaneko et al., 1987).

The models have been useful in predicting the natural frequencies of the vocal folds
of adults. The vibrating string and spring-mass models differ in their predictions of the
frequency of a child’s vocal folds compared to that of an adult’s. The vibrating string
model is one-dimensional; its parameters are vocal-fold length and tension. The model
predicts the general trend of higher fundamental frequencies of children’s speech than
adults’, due primarily to the differences in the lengths of children’s and adults’ vocal
folds. For the vibrating string model the scale factor S F,,ing, or ratio of fundamental

frequency of a child to that of an adult male, depends on vocal-fold length (L) and
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N

tension (T'):

Fo. L, |T. .
SFstring = E" - _Lj 'i,: . . (31)

The subscripts @ and ‘¢ refer to adult and child values, respectively. Assuming that
the tensions T, and T, of the vocal folds of children and adults are approximately the

same, S Fying & 5.1 for a one-year-old child.

Spring-mass models represent the vocal folds in terms of lumped elements for the
mass, stiffness and losses of the vocal-fold structure. These models have been successful
in predicting values for the fundamental frequencies of adult speech and for airflow
through the glottis during vocal-fold vibration. The effective mass and stiffness of the
vocal folds are the parameters used in spring-mass models. The scale factor for the

fundamental frequency predicted by a spring-mass model is

K, M,
SFspring—man: "K‘; Mc ’ (3.2)

where K is the effective stiffness of the vocal-fold tissue and M represents the vibrating
mass of the vocal fold. Solving for K in terms of the Young’s modulus E and the

dimensions of the vocal folds gives

8

Fo, [E. kL. b,

SFcpring—mau = F_Oa - Ea bc haLa Mc ’ (33)

where h and b are the vocal-fold height and thickness, respectively. Assuming the
same ratio of child to adult value for both cross dimensions A and b and substituting

pLhb for M, the scale factor for the spring-mass model reduces to

b, |E.
SFspring-—m.an = E’ 'E,— . (34)

c

For the values listed in Table 2.16, S Fypring—mass = 1.4 for the fundamental frequency

of a one-year-old child compared to an adult.

The laryngeal structure of a young child is different from an adult larynx in sev-
eral characteristics. The vibrating string and spring-mass models capture important
aspects of vocal-fold vibration, but fail to adequately model some aspects of the vocal-

fold anatomy. These models do not adequately reflect the structure of the larynx of a

62




child and are not as appropriate for children as they are for adults. Children’s vocal
folds are relatively shorter and thicker than adults’, as shown in Fig. 3.1a. The at-
tachments of the vocal folds to the arytenoid and thyroid cartilages can be expected
to affect the stiffness of the vocal folds of children more than for the adult case. The
vibrating string model does not take into account the effect of the cross dimensions of
the vocal folds on the stiffness of the structure. Another shortcoming of this model is
that discontinuities in slope at the juncture of the cartilages and the vocal-fold tissue
are allowed. The spring-mass model allows for discontinuities in both position and
slope at the endpoints of the vocal folds. The specification of boundary conditions is

important in analyses of the vibration of children’s vocal folds.

Figure 3.1: (a) Adult’s and child’s vocal-fold structures (not drawn

to scale). (b) Bending beam model of vocal folds.

A model of vocal-fold vibration which reflects the anatomical structure of children’s
vocal folds is the bending beam model (Bickley, in press). This model has been useful
for predicting the vibratory motion of relatively stiff structures which are attached
rigidly at their ends and vibrate a small amount in the transverse direction (Woodson
and Melcher, 1968). In order to model children’s vocal folds, the standard bending

beam model has been augmented by the addition of a distributed stiffness along one
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side. Figure 3.1b shows a bending beam which is fixed at both ends and which is
coupled to material on one side by means of a spring. The fixed ends model the
attachment of the vocal fold to the arytenoid and thyroid cartilages. The spring

models the lateral stiffness of the vocal-fold tissue.

The fundamental frequency w of the bending beam model results from solving the

_equation for transverse motion of the vocal fold,

B2\d¢ (, K \._
(T35) &+~ [~ 5m) £ =2 (5:)

where E represents the Young’s modulus of the vocal fold, K models the stiffness
of the vocal-fold tissue, b and h are the thickness and height of the vocal fold, p
is the density of the tissue, and £ is the transverse displacement of the fold. Four
boundary conditions are imposed: continuity of displacement and of slope at both
ends of the vocal fold. These conditions model the attachment of the vocal-fold tissue
to the arytenoid, thyroid and cricoid cartilages. The homogeneous solution is a linear
combination of trigonometric and hyperbolic functions. The values of w for which

equation (3.5) has a solution are given by

,_fCEeh K
=L TM T M (36)
where 3 satisfies
1
cosf@ — b p - 0 (3.7)

The variable § takes on discrete values which are found by graphical solution; the
lowest non-zero value of # is approximately 4.73. A derivation of these equations is
given in Appendix A. Numerical values for w can be found by substitution of the

dimensions and tissue properties of the vocal folds into equation (3.6).

Equation (3.6) can be written to show the combined. contributions of the beam and

the spring character of the vocal fold structure:

w=\/wi+w? . (3.8)

The first term under the square root in equation (3.8) is the square of the frequency
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of vibration due to the characteristics of the beam (assuming no lateral stiffness), or

_[B* Ebh
Wy = 12 L3M . (3.9)

The second term is the square of the frequency of the spring-mass model of the vocal

fold, or

K
we=\l37 - (3.10)

For small L, as in the case of a child’s vocal folds, the w; term dominates the
expression for w, and w = ws. The vibration of a child’s vocal folds is like that of a
bending beam. For a child-sized vocal fold with length 0.35 cm, height and thickness
0.22 cm, mass 0.018 g, and stiffness 1.8 x 10* dynes/cm, we find w;, = 2543 and
w, = 1000. The child’s fundamental frequency is thus 435 Hz.

In the adult male case, or for large L, the w, term dominates, or w &~ w,. The
vibration of adult-sized vocal folds is similar to the vibration of a mass coupled to
a spring. For an adult whose vocal folds are of length 1.8 crr.x,'height and thickness
0.27 cm, mass 0.141 g, and stiffness 7.4 x 10* dynes/cm, wy = 103 while w, = 724. The

corresponding fundamental frequency is 116 Hz.

The fundamental frequency of the bending beam model depends on the mass,
length, cross dimensions and Young’s modulus of the vocal-fold tissue and the bound-

ary conditions at the ends of the folds. The scale factor for the bending beam model

_ b, | E, [ peo Bbe !
S = B (B 1) (5 10)7 a1

The scale factor reflects differences in anatomical parameters between children and

is

adults. For adult vocal folds of length 1.8 cm and of thickness 0.27 cm, the term
(ﬂ;b‘i + 1)—1 = 0.986 ~ 1. Thus the scale factor reduces to

1722
414
S Fyuam = 9‘1\] L (ﬁ b 4 1) . (3.12)

b, \| E, \ 12L3

As a child grows, the term (% + 1) — 1 and SFj.om approximates SF,ping—mass-
For the dimensions and tissue properties of a one-year-old child and an adult male
(see Table 2.16), S Fyeqm = 3.7. By age three years, S Fy.om is 2.6.
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Scale factors for fundamental frequency are listed in Table 3.1 and compared in
Fig. 3.2. Each model predicts higher fundamental frequencies for a child’s vocal folds
than for the vocal foids of an adult. The models differ in the values of the scale factors
which are predicted. In the next chapter, these predictions are compared to values of
fundamental frequency measured from the speech of young children between the ages

. of one and three years.

6 —t—
' 5 T o
8 @)
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] 4 -+ O
P ¢ .
a 3 P
A °®
2 .
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1+ - &
} | i N
1 2 3 yr adult

Age
Figure 3.2: Scale factors for F'0. Values calculated from the vibrating
string model are shown by o’s. Scale factors predicted by the bending

beam model are shown by e’s. Values computed from a spring-mass

model of the vocal folds are shown by O’s.

3.2 Durations

The duration of a vocalization (an interval of sound bounded by inspiration or
by silence) is constrained by the amount of air in the lungs and by the control of
airflow through the glottis and vocal tract. The duration of a vowel-like or consonant-
like interval within a vocalization is inﬁuenced by a speaker’s ability to maintain a

vocal-tract posture and to move from one articulatory configuration to another. The
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Table 3.1: Predicted scale factors for the fundamental frequency of

voicing of children with respect to an adult male.

Age Scale factor
Vibrating | Spring- | Bending
string mass beam
1yr 5.1 1.4 3.7
2 yr 4.5 1.3 3.1
3yr 4.0 1.2 2.6

number of articulatory targets in an utterance is determined by the interplay between
the total amount of airflow available for speech and the speed with which a talker

changes configurations.

Voiced sounds require less airflow than voiceless sounds (Klatt et al,1968). The
waveform of the glottal area versus time, the frequency of vibration of the vocal folds,
and the subglottal pressure influence the average airflow which passes from the lungs
through the glottis during the production of voiced sounds. The airflow used in pro-.
ducing voiceless consonants depends on the cross-sectional area of the constriction and
the subglottal pressure. These factors and the amount of air in the lungs determine

the maximum duration of an utterance. A lesser amount of air in children’s lungs does

not necessarily imply that children’s utterances are shorter than adults’ utterances.

As shown in Section 2.1.1.1, the volume of air in children’s lungs is considerably
less than the volume of air in adults’ lungs. The percentage of lung capacity which
children use during vocalizing is unknown. It is possible (but unlikely) that children
use their entire vital capacity (the maximum amount of air which can be exhaled) when
producing sounds. A child might use this maximum amount of air during production
of a sound such as a cry, but probably uses somewhat less air during the production
of vocalizations such as babbling. Direct measurements of vital capacity for young

children are not available. Values for the vital capacity of children were estimated

67




from measured tidal volumes of children and the ratio of tidal volume to vital capacity
in adults. Estimated vital capacities for one-, two- and three-year-olds of 640, 840 and
940 cm?, respectively, are listed in Table 2.16. These values represent upper bounds

on the volume of air which young children have available for sound production.

In an early attempt at sound production, a child might use only the amount of
air used in breathing. Data on tidal volume in newborns, young children, and adults
are presented in Section 2.1.1.1 and are listed by age in Table 2.16. At an older age,
a child might learn to inhale a great:i amount of air in order to produce sounds, as
do adults when speaking. Phonation volumes ranging between approximately 20%
and 80% of vital capacity have been reported for older children and for adults (see
discussion of these data in Section 2.1.1.1). These percentages correspond to a range
of 910 — 3640 cm?® for the phonation volume of an adult male. Direct measurements
of phonation volume for young children are not available. Values for young children
can be estimated from the ratio of phonation volume to vital capacity for adults in
conjunction with the estimated vital capacities of young children. Ranges of volumes
which represent from 20% to 80% of the vital capacities of one-, two- and three-year-

olds are shown in Table 3.2, along with tidal volumes.

Table 3.2: Tidal volumes and estimated ranges of phonation volumes

for young children and adults. (See text for sources.)

Age Tidal | Estimated ranges of
volumes | phonation volumes
(in cm?) (in cm?)

lyr 95 128 - 512

2yr 126 168 — 672

3yr 140 188 — 752

adult 680 910 - 3640

During the production of voiced sounds, the average airflow through the glottis is

determined by the peak value of airflow, the shape of the glottal area during a cycle
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of vibration, and the frequency of vibration of the vocal folds. The peak airflow Upeqs

(in cm®/s) is given approximately by

Upear = Aq 25 ; (3.13)
p

where A, is the maximum area of the glottis, P,, is the subglottal pressure, and p is
the density of air. No direct measurements of glottal areas during a cycle of vocal-fold
vibration are available for children. A great deal of variation has been observed in the
shape of glottal areas for adults (Holmberg et al., in preparation). Holmberg and her
colleagues found that most speakers produced voiced sounds with a constant amount
of leakage flow through the glottis. The leakage flow might be due to flow through
the cartilaginous portion of the vocal-fold structure or to a laryngeal configuration
in which the arytenoid cartilages are held apart. Estimates can be made for glottal
areas for children which are similar to those observed for adults, but are scaled in size.
Sketches of estimated waveforms of a glottal area for a child and an adult are shown
in Fig. 3.3. The waveforms in Fig. 3.3a represent cases of minimum airflow per cycle.
The glottis is closed for as long as it is open and there is no leakage of air during
the closed interval. A schematized version of an estimated glottal cycle (shown in
Fig. 3.3b) represents a maximum-flow case. The glottis does not close during a cycle
of vibration and there is some amount of airflow even when the glottis is the least
open. A pattern in which the duration of the least-open interval is very short is more
common for women than for men. In this example, the area A,,;, during minimum
flow is equal to half the maximum area in the no leakage case shown in Fig. 3.3a. The
maximum area of the waveform with leakage flow is equal to three times the minimum
area. It appears reasonable to assume that a glottal configuration similar to that
shown in Fig. 3.3b is appropriate for children because the relative dimensions of the
laryngeal structure of a child are more similar to those of an adult female than to an

adult male. The amount of leakage flow which is appropriate for children is unknown.

A peak value for the glottal area of a child can be estimated from the vocal-fold
length, the maximum displacement of a fold from a rest position and the cross-sectional

shape of the glottis. For adults, the displacement 6, of a vocal fold from a rest position
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Figure 3.3: Sketches of glottal cycles (area of glottal opening with

respect to time) for an adult overlaid on those for a child of age two
years. Examples illustrate (a) no leakage and (b) leakage flow. (See

text for details.)

is the ratio of the applied force, P,y_sh,L,, to the stiffness of the vocal-fold tissue, Kj:

heL,

b= Py-a g™ (3.14)

or 0.051 cm for the values given in Table 2.16. For children, the displacement §, is
that of a beam of length L., thickness b, heigh‘t h. and Young’s modulus E, which is
subjected to a force P,y_.L.h.. The expression for the displacement reduces to

Le

61: = Psg—cm ’

(3.15)

and gives 0.020, 0.028 and 0.039 cm for one-, two- and three-year-old children, respec-
tively, for the values listed in Table 2.16. The derivation leading to equation (3.15) is
available in standard textbooks (for example, see Cook, 1984). The area of the peak
glottal opening A, is assumed to be approximately 1.56 L + A.,in, where A, is the
minimum area during a vibratory cycle. If there is no leakage through the glottis,
Amin = 0. Values for glottal areas of children and adults calculated from the length
and displacement of the vocal folds and the subglottal pressure are shown in Table 3.3
for the leakage-flow and no leakage cases corresponding to the waveforms shown in
Fig. 3.3b and a, respectively.
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Table 3.3: Estimated glottal areas during voicing of children and adult
males, assuming no leakage (middle column) and lgakage flow (right

column). (See text for details.)

Age | Maximum glottal area (in cm?)
no leakage with leakage

lyr 0.011 0.017

2yr 0.017 0.026

3yr 0.026 0.039

adult 0.140 0.210

Given values for P,y and the peak area A, the airflow U, can be calculated using
equation (3.13). For a glottal cycle with no leakage and closed and open intervals of
equal duration (as in Fig. 3.3a), the average flow is one-quarter the peak flow. For
the waveform shown in Fig. 3.3b, the average flow is four times greater due to the
leakage flow and the longer open interval. Values for the average ﬁow during voicing
(assuming glottal cycles as shown in Fig. 3.3a and 3.3b) are shown in Table 3.4. The
average adult value assuming no leakage is within the range of 100 ~ 150 cm?®/sec
reported by Klatt et al. (1968). Without leakage flow, the average airflow through a
child’s glottis is much smaller than the airflow through an adult’s, due primarily to
the differences in vocal-fold length between children and adults. Assuming a leakage
flow as in Fig. 3.3b for a child and no leakage for an adult, the average airflow for a
two-year-old child (76 cm?®/s) is approximately equal to one-half the average airflow

for an adult (138 cm3/s).

For an utterance which is produced entirely with a voiced source at the glottis,
the duration of the utterance is equal to the volume of air in the lungs divided by the
average glottal airflow. Table 3.5 lists ranges of the durations of voiced utterances of
children and adults based on both tidal volumes and phonation volume. The lower limit

of each phonation volume range in Table 3.2 and the average glottal airflows shown in
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Table 3.4: Estimated glottal airflows during production of voiced
sounds by children and adult males, assuming no leakage (middle

- column) and leakage flow (right column). (See text for details.)

Age | Average glottal airflow (in cm?®/s)
no leakage with leakage

lyr 12 48

2yr 19 76

3yr 30 120

adult 138 : 552

Table 3.4 were used in the calculations. For adults, the upper limit (corresponding to
no leakage) of the range based on phonation volume is probably the most applicable.
For children, the lower limit (corresponding to glottal leakage as shown in Fig. 3.3b)
of the tidal volume range is likely to be most appropriate. Predicted durations of
voiced utterances based on these assumptions are shown in Table 3.6. The durations
for children are based on tidal volume and assume a leakage flow; the adult values are

calculated from phonation volumes and assume no leakage flow.

The number of segments in an utterance can be predicted from the volume of air
available for speech and the amount required for individual consonant-like and vowel-
like sounds. In adult speech, a sequence of syllables consisting of voiceless consonants
followed by vowels uses approximately 100 cm® per consonant and 30 cm® per vowel
(Klatt et al., 1968). For a glottal flow of 138 cm3/s, the duration of a vowel would be
approximately 200 ms, within the range of the lengths of vowels produced in read or
conversational speech. House (1961) reports an average vowel duration of 100 — 400 ms.
A similar range is reported by Crystal and House (1982); they calculated a mean
duration of 102 ms for vowels in read sentences. For these volumes for consonants and
vowels and for phonation volumes of 910 — 3640 cm?, between seven and thirty syllables

per breath are predicted for an adult male. In a sample of read sentences (MIT, 1985),
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Table 3.5: Ranges of durations of voiced utterances for children and
adults based on phonation volume and on tidal volume. The lower
limit of each range corresponds to a glottal waveform with leakage

flow. The upper limit is based on no leakage through the glottis.

Age | Ranges of voicing duration (in sec)

(phonation volume) | (tidal volume)
lyr 3-11 2-8
2yr 2-9 1-7
3yr 2-6 1-5
adult |° 2-7 1-5

sentence durations ranged from 1.7 sec (seven syllables) to 3.1 sec (sixteen syllables).

In these sentences, average syllable durations ranged between 200 and 250 ms.

Alternations between open and closed vocal-tract configurations are required dur-
ing a diadochokinetic task, which consists of repetition of syllables such as [p9], [t?]
and [ks]. Children as young as five years of age have been tested on diadochokinetic
tasks. Rates for children and adults are discussed in Section 2.2.3. Table 2.16 lists
values of 2.7, 3.0 and 3.2 Hz for one-, two- and three-year-old children, respectively,
and 6.0 Hz for adults. The diadochokinetic rate for adults is somewhat faster than the
syllable rate of 4 — 5 Hz for the MIT read sentences. These data predict that children
younger than three years of age are able to produce syllables only about half as fast as
are adults. That is, children’s syllables are predicted to be on average about twice as

long as are syllables produced by adults, or approximately 400 — 500 ms in duration.

The volume of air needed to produce a vowel can be determined by estimates of
average airflow through the glottis and segment duration. For a vowel duration of
400 msec and average flow during voicing of 76 cm?/sec, a two-year-old child would

use 30 cm?® of air per vowel, about the same amount used by adults.

The airflow used by a child in the production of a voiceless consonant can be
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Table 3.6: Predicted durations of voiced utterances for children (based
on tidal volumes and glottal leakage), and for adults (based on phona-

tion volumes and no leakage).

Age Predicted durations of
voiced utterances (in sec)

lyr 2.0
2yr 1.7
3yr 1.2
adult 6.6

predicted from the subglottal pressure and area of the constrictions formed by the
child. In the simple case of only a vocal-tract constriction (wide-open glottis) or only
a glottal constriction (no vocal-tract constriction), the airflow U can be calculated
from

U= Acon 2}:"’ , (3.16)

where A.,, is the area of the constriction.

In the case of a fricative, a constriction is formed in the vocal tract. Children
might not be able to maintain a constriction in the vocal tract which is as narrow
in comparison to the maximum area as is the constriction formed by an adult. This
hypothesis is consistent with the data describing consistency of finger tapping (Tingley
and Allen, 1975). A child might only be able to form a constriction of about the same
area as an adult’s constriction. For an adult, the average volume increment for a
voiceless fricative is about 90 cm?. For a fricative of duration 200 ms, the airflow
would be 450 cm? and the corresponding Acon, 0.12 cm?. The airflow used by a child
differs from the airflow used by an adult due to the difference in subglottal pressure (if
the same A,,, is used). Using a constriction of area 0.12 cm?, a child would produce
an airflow of about 550 cm?®/s. In order to produce a fricative about twice as long as

an adult’s, a two-year-old child would use as much as 220 cm?, or somewhat more than
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the lower limit on phonation volume. A child would need to use a greater volume of air
from the lungs in order to produce consonant-vowel sequences in which the consonants

are voiceless fricatives.

During the production of some voiceless sounds, the area of the glottis determines
the airflow. The glottis of a child is considerably smaller than the glottis of an adult.
For an aspirated consonant (/h/) produced by an adult, the average volume increment
is 130 cm® (Klatt et al, 1968). A duration of 200 ms implies a flow of 650 cm?/sec.
Equation 3.16 gives a corresponding glottal opening of approximately 0.18 cm?, or
slightly greater than the peak glottal opening during voicing. It is possible that chil-
dren would also use a larger glottal opening in order to produce aspiration — an opening
which was comparably larger than the maximum glottal opening used during voicing.
For a two-year-old child, a peak glottal opening during voicing of 0.026 cm? is listed
in Table 3.3. Assuming the same ratio of aspirated opening to peak-voicing opening
for children as for adults, a glottal opening of 0.033 cm? is predicted during aspiration
for the child. The airflow would then be 150 cm®/sec. To produce an /h/ of duration
400 ms, the child would use 60 cm?® of air. According these predictions, two-year-old

children use about one-half the amount of air during aspiration as adults use.

For an average volume increment of 140 cm? per voiceless consonant (averaged over
fricatives and /h/) and 30 cm® per vowel, two-year-olds could produce only about one
syllable which consists of a voiceless consonant and a vowel by using tidal volume. By
using the maximum estimate of phonation volume, a child could produce about four
syllables with voiceless consonants on one breath. In contrast, a child could produce

about twice as many syllables consisting of voiced consonants and vowels.

The estimates of duration of voicing imply that children’s voiced utterances can be
longer than adults’ in spite of significantly smaller lung volumes, due to differences in
airflow through the glottis. On the other hand, children are predicted to produce fewer
consonant-vowelsyllables in an utterance because the durations of individual segments
are probably longer. The number of syllables consisting of voiceless consonants is

predicted to be even fewer since the airflow for voiceless consonants is relatively much
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greater than the airflow during voicing. In the next chapter, these values of duration

are compared ‘to measurements of vocalizations of young children.

3.3 Formants

Spectra of children’s vocalizations can be described in terms of formant frequencies
and bandwidths. A strength of this approach is its explanatory power — a spectrum can
be predicted from a description of a vocal-tract configuration and the impedances of
the walls, glottis and mouth opening, and, inversely, vocal-tract configurations can be
inferred from spectra. The range of formant frequencies dictated by the dimensions and
tissue properties oi' a child-sized vocal tract is explored in Section 3.3.1. The differences

in formant bandwidths between children and adults are analyzed in Section 3.3.2.

3.3.1 Formant frequencies

Formant frequencies depend on the vocal-tract shape and the characteristics of
the vocal-tract walls and terminations. Calculation of the resonant frequencies of a
child-sized vocal tract of an idealized shape is straightforward. The reactances due to
radiation, flexible walls, and glottal opening cause shifts in the peak frequencies from
those for the hard-wall, closed-glottis configuration with negligible radiation impedance
(unperturbed case). Formulas for calculating the contributions due to these reactive

components are available in the literature (Fant, 1960/70; Stevens, in preparation).

3.3.1.1 Uniform vocal tract

The vocal tract is unconstricted during the production of a neutral vowel-likesound.
A sketch of an idealized vocal tract with a uniform cross-sectional area is shown in
Fig. 3.4. For a uniform vocal tract of length 10 cm, corresponding to that of a two-
year-old child, the lowest three formant frequencies (1, F'2 and F'3) are 885, 2655 and
4425 Hz, respectively. These values were calculated assuming a closed glottis, hard

vocal-tract walls and no radiation. The effects of a glottal opening, flexible walls and
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radiation from the mouth perturb these frequencies and are analyzed independently

below.
[+t ; .
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Figure 3.4: Uniform vocal tract.

Radiation from the mouth causes a shift in the resonant frequencies to lower fre-
quencies than those calculated for the negligible-radiation case. The resonances w
which include the effects of radiation are solutions of

pc wl p08a
Acot . +w N =0 , (3.17)

where p is the density of air, ¢ is the speed of sound in air, £ and @ are the length
and radius of the vocal tract, and A is the corresponding cross-sectional area of the
vocal tract. The lowest three values of w correspond to formant frequencies (in Hz) of

approximately F1= §(1 - 9%), F2 = §(1 — ;43%;), and F3 = %(1 - ;282 Fora

two-year-old’s vocal tract of length 10 cm and radius 0.82 cm, the radiation reactance
causes the first formant to be shifted down by 54 Hz; the second formant, by 163 Hz;
and the third formant, by 272 Hz. The formant frequencies including the effects of
radiation are therefore 831, 2492 and 4153 Hz. These shifts represent approximately
6% of each formant frequency. For an adult-sized vocal tract of 16.9 cm in length
and 1.1 cm in radius, the frequency shift due to radiation is approximately 5%. The
shifts in formant frequency due to radiation change little with age during the years
one to three, due to the relatively constant relationship between length and radius of

the vocal tract during early childhood.

The reactance of the glottal opening causes the resonant frequencies to be higher

than for a vocal tract with a closed glottis. The frequencies for a uniform vocal tract
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with an open glottis are given by

A cot — wt + _______wMg
pc wiM? + RZ

=0 , (3.18):
where M, = %"g— g/cm* and R, = 'Xg:' dyne-s/cm®. In these expressions, the variable h,
represents the height of the glottal opening; A,, the average glottal area; and U, the
average airflow through the glottis. For an average glottal flow of 76 cm?3/s, average
glottal area of 0.017 cm? and the glottal dimensions of a two-year-old child, R? ~ 9x 10*.

For w = 27(885), w?M? ~ 8 x 10°. For these values, R} > w®M; and equation (3.18)

becomes
A wl wM,
A ot ¥ 10 . 3.19
pc T + R} (3.19)
The solution to equation (3.19) for low frequencies is F1 = £(1 + ”—jmﬁ-). Equa-

tion (3.18) has solutions for w which correspond to a second formant of F2 = 3¢(1 +
E:%guj and a third formant of F3 = (1 + 5—54,}—) For a two-year-old child’s vocal
tract, the shifts in the formant frequencies due to glottal opening are negligible (at
most 11 Hz, or 1.2% of the first formant frequency of the unperturbed vocal tract).

For vowel configurations of an adult, the shifts are also negligible.

Flexible vocal-tract walls also act to increase the formant frequency. The effect of
the walls is distributed along the length of the vocal tract and is due primarily to the
mass of the walls, which acts in parallel with the compliance of the air in the vocal
tract. Thus, the resonant frequencies of a uniform vocal tract with flexible walls are

solutions of

1 m2c?
2 _f_— —_) =
w (CM,, + i ) o , (3.20)

where C is the acoustic compliance per unit length of the air in the vocal tract and M,
represents the acoustic mass per unit length of the vocal-tract tissue. The low frequency
solution to equation (3.20) gives F'l = & (1 + -;,—}—,gm) The frequency of the second

formant is given by F2 = (1 + m) and the third, by F3 = % (1 + é?ﬁz_%'if:)
For the vocal tracts of both children and adults, the effect of flexible walls on the
formant frequencies of a uniform vocal tract is negligible. For a labial stop consonant

(closed vocal tract), the effect of the walls would be more significant.

Formant frequencies of a vocal tract with uniform cross-sectional area, such as
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that shown in Fig. 3.4, are shown in Fig. 3.5 as a function of vocal-tract length. The
lengths correspond to the vocal tracts of one-, two and three-year-old children (see
Section 2.1.1.4). Frequencies for a vocal tract with hard walls, closed glottis and no
radiation are shown by o’s. It can be seen that the lowest formant is at approximately
850 to 950 Hz, and that formant frequency spacing is approximately 1770 Hz for vocal-
tract lengths of young children. Formant values corresponding to an adult-sized vocal
tract are shown at the right for reference. Including the effects of radiation results
in lower frequencies; these frequencies are shown by e’s. A glottal opening causes
the formant frequencies to be slightly higher compared to the unperturbed case. The

reactive effect for both child- and adult-sized glottal openings is negligible.

kHz
6 . .
5 -—
o s
4 4 : *
[ ]
g‘ 3
g i
& ¢ e - A
T ’
1 T ) ) )
i l i N
9.3 10.0 10.4 169 cm
1 2 3 yr i adult male

Vocal-tract length
Figure 3.5: Formant frequencies as a function of vocal-tract length.
The values for the uniform tube are shown by o’s. The frequencies
due to the effects of radiation are shown by e’s. Those due to glottal

reactances are shown by O’s.

3.3.1.2 Moderately constricted vocal tract

During the production of most vowel-like sounds, the vocal tract is moderately

constricted in one or two places along its length. Sketches of several idealized config-
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urations are shown in Fig. 3.6. These configurations correspond to vocal tracts for a
low back vowel such as /a/ (Fig. 3.6a), a high front vowel /i/ (Fig. 3.6b), and a high
back vowel such as /u/ (Fig. 3.6d). Figure 3.6c corresponds to an unrounded high

back vowel.

(a) (c)

N L =

(b) (d) (\>

——— -

Figure 3.6: Idealized vocal-tract configurations with various constric-
tions: posterior (as in the vowel /a/), anterior (/i/), middle (w), and

middle and lips (/u/).

The formants of vowels produced with a vocal-tract configuration similar to the
idealized case shown in Figs. 3.6a or 3.6b can be found by treating the vocal tract
as coupled sections of uniform, but different, cross-sectional area. Acoustic coupling
causes the resonances of the configuration to differ from those calculated for the indi-
vidual sections separately. The minimum value of formant separation AF' for cavities

of equal length is found by solution of
pc wl  pc wl
— —coto— 4+ —tan— =0 3.21
A(, FO [ + A, an C ’ ( )
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where A, is the cross-sectional area of the back cavity and A; is the area of the front
cavity. Both cavities are assumed to be of the same length £. Solution of equa-
tion (3.21) gives AF ~ & 7‘}5 as the minimum separation (in Hz) between formants

for configurations in which A; > A;. For a configuration such as that shown in

Fig. 3.6a (A; > Ay), AF ~ £,/ 4s.

/a/-like configuration The formant frequencies of the configuration shown in Fig. 3.6a

are given approximately by the solution of
_ A cot why + tan w(ty +08as) _ 0
Ay c c

where ¢; is the length of the front cavity, A; and a; are the area and radius, respec-

, (3.22)

tively, and the back cavity length and area are £, and A;. Equation 3.22 includes the
effects of radiation and of coupling between the sections. The shifts in frequency due
to the reactances of the glottal opening and flexible walls are negligible. Values of the
lowest three formants for a front cavity of cross-sectional area 2.1 cm? and back cavity
area of 0.3 cm? are graphed as a function of front-cavity length in Fig. 3.7. The values
were calculated for the vocal tract of a two-year-old child. The e represents frequencies
affiliated primarily with the front cavity; the o’s show frequencies assoc.iated with the
back cavity. Due to the effects of coupling, F'1 and F'2 are separated by at least 800 Hz
in all cases, as predicted by the expression for AF shown above. A stable region in
which the values for F'1 and F'2 do not vary appreciably regardless of cavity length
is apparent in configurations in which the front-cavity length is approximately equal
to the back-cavity length. Due to the coupling of sections of a child’s vocal tract,
this stable region exists for over a variation in cavity length of approximately 2 cm.
For an adult vocal tract, th‘e effect of coupling is probably less, due to the assumed
ability of an adult to maintain a narrower constriction in relation to the maximum
cross-sectional area and therefore a smaller minimum spacing between formants. The

most stable region correspondingly extends over a smaller range of cavity lengths.

/i/-like configuration Figure 3.6b shows a vocal tract with a large back cavity and

narrow front cavity. The formants of this configuration are given by equation 3.22,
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Figure 3.7: Resonances of an /a/-like configuration. Front and back

cavity resonances are identified by e’s and o’s, respectively.

where A; is 2.1 cm? and A; is 0.3 cm?. For the first formant, however, the effects
of the walls are not negligible and a correction must be made, as indicated below.
The effect of the walls can be included in the calculation of the first formant of the
configuration shown in fig. 3.6b by estimating the first formant from the low-frequency
circuit model shown in Fig. 3.8. The element C, models the acoustic compliance of the
air in the back cavity; M, is the acoustic mass of the vocal-tract walls; R, dominates
the impedance of the glottal slit; and M, is the mass of the air in the narrow front
cavity. The first formant is given by F1 = m For a young child, the first
formant of this /i/-like configuration is greater than the F'1 for an adult, due primarily
to the differences in the volume of the back cavity. For a front-cavity length equal to
the back-cavity length, 1 = 364 Hz for a two-year-old child, which is close to the
average fundamental frequency for two-year-old children. Without including the effect
of the walls, the lowest value of F'1 would be approximately 397 Hz. For a similar
configuration for an adult, the frequency is 249 Hz. In the case of a very narrow front
cavity, My, > M., and F1 =~ m, resulting in a lower limit for the first formant of
approximately 213 Hz for vocal tract of a two-year-old child. For an adult, the lower
limit is approximately 171 Hz for the dimensions given in Table 2.16. The F'1 for a

child can be lower than the fundamental frequency, while the F'1 for an adult male
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usually falls well above the fundamental frequency.

Values for the lowest three formants of an /i/-like configuration are plotted with
respect to the length of the front cavity in Fig. 3.9. Dimensions and tissue properties
are typical of a two-year-old child. Cavity affiliations are indicated as in Fig. 3.7. The
effects of coupling cause the separation between F2 and F'3 to be greater than 800 Hz.

Co — M. || M, R,

Figure 3.8: Circuit model of a back cavity, including the masses of the
air in the constriction and of the walls, the resistance of the glottal

opening, and the compliance of the air in the cavity.
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Figure 3.9: Resonances of an /i/-like configuration. Front and back
cavity resonances are identified by e’s and o’s, respectively. Helmholtz

resonances are shown by <O’s.
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/wu/-like configuration The formant frequencies of a vocal tract with front and

back cavities of similar cross-sectional area separated by a constriction are given by

c wl wl ¢ w(; + 0.8a;)
S ot = = pan LT PR
4T Tt c

=0 . (3.23)

This configuration models an unrounded configuration. Figure 3.10 shows formant
frequencies of the configuration shown in Fig. 3.6¢c with cavities of area 2.1 cm? sepa-
rated by a constriction of length 2 cm and area 0.3 cm?. The length of the back cavity
is 8 — £; cm, where £; is the length of the front cavity.

For a very narrow constriction, the lower limit on F'1 is the same as that found for
the case of an /i/-like configuration. The only dimension which affects this lower limit

on F'1 is the radius of the back cavity.
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Figure 3.10: Resonances of an /w/-like configuration. Front and back

cavity resonances are identified by e’s and o’s, respectively. Helmholtz

resonances are shown by O’s.

/u/-like configuration For the /u/-like configuration shown in Fig. 3.6d, the low-
est two natural frequencies can be estimated from the circuit shown in Fig. 3.11. The
elements C; and C; represent the compliance of the air in the back and front cavi-
ties, respectively, and M; || My and M, || M, are the parallel combinations of the

acoustic masses of the walls and the air in the constrictions. Higher resonances are
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Figure 3.11: Circuit model of the lowest resonances of a coupled con-
figuration of front and back cavities and constrictions in the middle
and at the lips. The compliances of the air in the cavities are repre-
sented by C, and Cy; the masses of the air in the constrictions, by M;
and M;; and the masses of the walls, by M,,; and M,;,.

approximately equal to integral multiples of 207» and i, where £; and £; are the lengths
of the back and front cavities, respectively. The lowest three formant frequencies for a
configuration with constrictions of length 2 cm are shown in Fig. 3.12. The cavities of
the configuration have areas of 2.1 cm?; the constrictions are of length 2 cm and area

0.3 cm?. The length of the back cavity is 6 — £; cm.

3.3.2 Formant bandwidths

The major contributions to the bandwidths of formants are due to radiation, wall
resistance, viscosity, heat conduction, and glottal resistance. Formulas for calculating
each of these bandwidth contributions are shown in the left column of Table 3.7. These
formulas are those given in Stevens (in preparation) and are equivalent to the ones
in Liljencrants (1985) and, except for glottal losses, Fant (1972). In the right column

are ratios of frequency and dimensions; each ratio is proportional to the corresponding

bandwidth.

Bandwidth contributions due to radiation (B, ), wall resistance (B, ), viscosity (B, ),

heat conduction (Bs), and glottal resistance (B,) are shown as a function of frequency
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Table 3.7: Theoretical bandwidth contributions for a uniform tube of
cross-sectional area A and length £ are shown in the left-hand column
(from Stevens, in preparation). At the right are proportions of each

bandwidth to frequency (F') and dimensions.

B, = ﬂ%& | x F? radius2 length™!

B, = (%’L) %"} x F-? radius™!

B, = i\/g x VF radius!

By = %\/-’;—f\_f -« VF radius™'.

B, = xMR,,uﬁJz?M;/Rg) X aregyomi, length™' radius™?

for R, = 1000 g/s-cm?, X,, = 2w g/s-cm?,
g = 1.86 x 10* dynes-s/cm?, A = 5.5 x 10~° cal/cm-s-deg,
¢p = 0.24 cal/g-deg,

R, = %é- g/s-cm*, and M, = %‘L g/cm*.

86




kHz

)
Q
o
2
= 2T
O——p—=a
1_._
5—a—-=
—t—
2 4 cm

Front-cavity length

Figure 3.12: Resonances of an /u/-like configuration. Front and back
cavity resonances are identified by e and o, respectively. Resonances

due to the effects of coupling, based on Fig. 3.11, are shown by O’s.

in Figs. 3.13 and 3.14. Figure 3.13 shows radiation bandwidths for three different
mouth openings. The largest opening, A,, = 2.0 cm?, corresponds to an open mouth
of a two-year-old child. Figure 3.14 shows the bandwidth contributions due to heat,

viscosity, glottal opening and flexible walls.

The ratio of vocal-tract cross dimensions of a child relative to an adult is not the
same as the ratio of lengths. The scale factor for the radius of a cross section of
the vocal tract of a two-year-old child to an adult’s is‘approximately 0.73; the scale
factor for vocal-tract lengths is 0.59. The glottal dimensions scale differently from
either of these vocal-tract dimensions. For the dimensions of a two-year-old child, the
bandwidth contributions due to the effects of radiation are greater in comparison to
adults. Part of this increase is due to higher formant frequencies for the child (B, is
proportional to frequency?) and part is due to differences in vocal-tract dimensions
(an additional factor of radius?). For a uniform vocal tract of a two-year-old child,
the bandwidths of the first three formants are B1, = 8, B2, = 71 and B3, = 197 Hz.
Typical adult values are Bl, = 3, B2, = 27 and B3, = 74 Hz.

Losses due to glottal opening are greater for children than for adults if the glottal

configurations discussed in Section 3.2 are assumed. The bandwidths due to glottal
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Figure 3.13: Bandwidth contributions of radiation effects for three
mouth areas, 4,, = 2.0, 1.2, and 0.4 cm?, assuming a uniform tube
of length 10 cm. The largest bandwidth corresponds to the largest

mouth opening.

losses (assuming an average glottal opening of 0.017 cm? for a child and 0.035 cm? for
an adult) are B1, = 66 Hz for two-year-old children and 53 Hz for an adult. The effects
of flexible walls, viscosity and heat conduction on formant bandwidth are similar for
children and adults. Table 3.8 lists estimated bandwidths of child- and adult-sized
uniform tubes due to the combined effects of radiation, flexible walls, viscosity, heat

conduction and glottal opening.

Table 3.8: Predicted bandwidths for children and for adults. (See text for details.)

Age | Predicted bandwidths
of a uniform tube

| B1| B2 B3
2yr | 90| 132 246
adult | 72| 78 115
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Figure 3.14: Bandwidth contributions for a uniform tube of length
10 cm due to wall resistance (o), viscosity (<), heat conduction (O),

and glottal resistance (o).

3.4 Summary of predictions

In this chapter, a new model for vocal-fold vibration has been presented and exist-
ing models of duration and of formant frequency and bandwidth have been examined
using parameter values appropriate for child-sized vocal systems. The applicability
of the bending beam model can be judged by comparing the predicted fundamental
frequencies of the model with values of F'0 measured from the speech of young chil-
dren. The predicted ranges of durations of utterances, syllables and segments rely on
assumptions of the volume of air used in speech and the airflow through the glottis
and vocal tract. The different rates of growth of the lungs and the larynx and the
development of articulatory coordination are reflected in the predicted changes in du-

ration throughout early childhood. The existing model of formant frequencies and
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bandwidths, which has proven useful in analyses of adult speech, predicts values of
frequency and bandwidth which are not related to adult values by one simple scale
factor. Here again, differences are the result of non-uniform scaling of vocal-tract di-
mensions between children and adults. The predictions in each of these domains of
fundamental frequency, duration, and formant frequency and bandwidth are compared

to values measured from the speech of young children in Chapter 4.
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Chapter 4

Acoustic characteristics of

children’s speech

Measurements of recordings provided by the Language Indices Development (LIDS)
researchers and by the Jollerutveékling research team are analyzed in this chapter in
reference to the model predictions of Chapter 3. Children raised in (American) English-
speaking homes were recorded by the LIDS research team of Children’s Hospital in
Boston, Massachusetts. A description of the children and of the recording procedure
has been presented by LIDS researchers (Chesnick et al., 1983; Murphy et al., 1983).
Recordings of Swedish children were prepared by the Jollerutveckling research team of
St. Goran’s Children’s Hospital in Stockholm, Sweden. The procedures for recording
and transcribing the Swedish children’s utterances are described by Holmgren et al.

(1985).

The recording situations and procedures used by the two research teams are sim-
ilar. Recordings of the American children were made by speech clinicians in home
settings at two- to three-month intervals from age one month to three years. The
children’s vocalizations were transcribed by a speech clinician. Word attempts were
glossed during each recording session and later were confirmed by another clinician
listening to the session tapes. The word gloss was based on the therapists’ perception,

the context of the child’s utterance, and the mother’s reaction. Several physiologi-
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cal and speech/language scores were used by the LIDS team to describe the children.
The descriptors include premature/normal term, sex, physiological risk including otitis
media, Developmental Sentence score, Peabody Picture Vocabulary Test score, mor-
phology score at 29 months, mean length of utterance, phonology score at 29 months,
and lexical acquisition score. The recordings of forty of the children who tested nor-
mal in speech and language skills at age three years and for whom transcriptions were

prepared are analyzed in this chapter.

Recordings of the Swedish children were made in their homes at two-week intervals
between the ages of six weeks and eighteen months. Transcriptions were prepared by
graduate students of linguistics for most of the recording sessions (Holmgren et al.,
1985). Early words were glossed from notebooks written by the recording team during
each visit. All of these children appear to have developed normal speech. Recordings

of four of the Swedish children are also analyzed in this chapter.

4.1 Measurement techniques

The techniques used for measuring acoustic characteristics of the LIDS and Joller-
utveckling recordings are described in this section. The utterances were digitized
at 16 kHz. Spectrograms and computer-generated spectral and temporal displays of
the speech signal were used to measure the fundamental frequency, durations (utter-
ance, syllable, segment), and formants (frequency and bandwidth) of the children’s
speech. Computer displays were produced by an interactive speech analysis program,
SPIRE (Speech and Phonetics Interactive Research Environment) (Zue et al., 1986)
for the analyses of the utterances of all of the children. In addition, spectrograms
were prepared using a Voiceprint spectrograph of the vowels produced by the Ameri-
can children. Durations of the Swedish children’s utterances were measured using the

computer facilities of the Institute of Linguistics of Stockholm University.
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4.1.1 Fundamental frequencies

Fundamental frequencies were calculated from spectral displays by measuring the
frequency of a particular harmonic and dividing by the harmonic number. The har-
monic frequencies were determined from narrowband (78 Hz) discrete Fourier trans-
forms (DFT’s). The fundamental frequency of each vowel was measured at one point
in the middle of the vowel. Figure 4.1 shows an example of a narrowband spectrum of
the vowel /i/. In this example, the frequency of the tenth harmonic is divided by ten

to give a fundamental frequency of 362 Hz.

jo——  1sec —]

8kHz

0 f= 3615 8 kHz

Figure 4.1: Measurement of fundamental frequency of a vowel from a

narrowband DFT computed in the middle of the vowel.

The fundamental frequencies of approximately 1600 vowels produced by the Amer-

ican children were measured. Vowels were selected for analysis from words produced
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by children of ages 14, 19, 25 and 29 months. The number of words available at each
age varied due to the stage of language development of the individual children. For
14-month-old children, approximately 315 vowels were analyzed. At the ages of 19, 25
and 29 months, approximately 580, 540 and 165 vowels were measured. Fundamental

frequencies were averaged over each age group.

4.1.2 Durations

Durations were measured from spectrograms and waveform envelopes. In order
to eliminate the low-frequency background noise which was evident in many of the
recordings (typical of home environments), the utterances were high-pass filtered at
approximately 200 Hz. The waveform envelope was then computed for each filtered
waveform and smoothed with a low-pass filter (20 Hz). All durations were measured

to the nearest 5 msec.

Vowel durations were measured primarily from spectrograms. The duration of a
vowel was measured as the interval of relatively high amplitude and stable or slowly-
changing formant frequencies. An example of a measurement of vowel duration from
a spectrogram is shown in Fig. 4.2. The spectrogram shows the utterance “help me”
spoken by a two-year-old child.

Both spectrograms and waveform envelopes were used in the measurements of
syllable and utterance duration. The smoothed envelopes were analyzed for evidence
of vowel-like and consonant-like intervals of high and low amplitude. The interval of
time between vowel onsets was measured as the duration of a syllable. The duration
of an utterance was measured as the interval during which a child produced sound on

one breath. Silence or inspiration marked the endpoints of an utterance.

Durations of approximately 1140 utterances produced by 44 children between the
ages of six and 29 months were measured. Approximately half of these measurements
were of utterances produced at months 19, 22 and 25 months. Fewer recordings were

available at the younger and older ages. Durations were averaged by month.
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Figure 4.2: Example of a vowel-duration measurement from a wide-

band spectrogram of the vowel /i/, spoken a two-year-old child.
4.1.3 Formant frequencies

Formant estimation is problematic, even for speech with a low fundamental fre-
quency. Separating formants that are close in frequency, determining the frequency of
a bfoad-banci.width formant, and identifying spectral peaks which do not correspond to
vocal-tract resonances present difficulties. Speech with a high fundamental frequency

further complicates formant estimation.

The accuracy and the limitations of formant estimation of young children’s speech
were examined through an analysis-by-synthesis approach. The analyses are described

in detail in Appendix II. Formant estimation is influenced by the following factors:

1. The accuracy of formant estimation depends on the closeness of formants to each
other and the closeness of F'1 to F'0; thus no one method of formant estimation

is best for all vowel configurations.

2. Accuracy also depends on F'0 relative to each formant frequency; thus no one

method is best for all F'0 ranges.

In light of these interactions, formant frequencies were estimated using several rep-
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resentations of the speech signal. It appears that formant frequencies can only be
measured accurately to within a range of approximately half the fundomental fre-
quency above or below the formant frequency. Narrowband (78 Hz) discrete Fourier
transforms (DFT’s), spectrograms and 13-coefficient LPC envelopes were computed at
a few points near the middle of the vowel and displayed. Formant frequencies were de-
termined from LPC envelopes and the relative amplitudes of harmonics near a spectral

peak.

Formant frequencies of approximately 2000 vowels were measured. Vowels were
selected for analysis from productions covering an age range of approximately one
year for each child. The initial month was chosen as the recording session in which
the child produced at least five word attempts which contained one of the vowels /i
1u U a9o/. The measurements cover the ages of 12 through 29 months for the group
of American children. Formant values were averaged over three vowels groups (/i 1/,
/u u/, and /a 9/) at each month. Each average value represents between 30 and 170

measurements.

4.1.4 Formant bandwidths

Formant bandwidths were measured from steady-state portions of vowels produced
by one child. Little variation in bandwidth is expected between children because
children are probably similar to each other in terms of tissue properties. The vowels/i¢
& Au a/ were analyzed. Two tokens of /i/ and one of each of the others were measured.
Each vowel was filtered to isolate oscillations in the waveforms due to each of the
lowest three formants. The center frequencies of the filters were chosen to correspond
to the formant frequencies for each vowel. Formant frequencies were estimated from
narrowband (78 Hz) discrete Fourier transform and linear prediction spectra. The filter
bandwidths were in most cases 800 Hz, but were narrower (400 — 600 Hz) in the case of a
low first-formant frequency or closely-spaced formants. Relative amplitudes (compared
to the highest amplitude oscillation) were calculated for three or more periods at two

or three locations in each vowel (depending on the steady-state duration). The interval
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between peaks was noted. Assuming an exponential decay in amplitude of oscillation,
a value o = —In é’—;—fi/ At was calculated. The values y; and y;;, are amplitudes of
consecutive peaks in the filtered waveform and At is the duration of the interval
between peaks. Sample filtered waveforms of the vowel /i/ are shown in Fig. 4.3. An
average o for each vowel was calculated to give an average bandwidth 2 for each of

the lowest three formants of the vowels /i e 2 A u a/.

h e
Y2

At = 0.0012 ms

\/

At = 0.000265 ms

-At = 0.00023 ms

Figure 4.3: Bandwidth measurements from filtered waveform sections

for the vowel /i/.

4.2 Fundamental frequencies

The fundamental frequencies of vocalizations of young children have been measured
by several researchers. Eguchi and Hirsh (1969) report an average F0 of 298 Hz for
three-year-olds. For children between the ages of 8 months to approximately 3 years,
values hgmve been measured by Keating and Buhr (1978). They report average values

of 440 Hz at 67 weeks, 400 Hz at 109 weeks, and 410 Hz at 126 weeks. Robb and
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Saxman (1985) present average values of fundamental frequency for groups of children
within three-month age groups, covering the age range of approximately one to two
years. Their measurements show a trend of decreasing F'0 with age: 400 Hz at about
12 months, 363 Hz near 18 months, and 314 Hz near 24 months. These values are
shown in Fig. 4.4. Also shown are average values of fundamental frequencies of the
vowels /i 1 @ 9 u u/ spoken by the children in the LIDS study. In all reports of
fundamental frequencies of children’s vocalizations, there is a large range of values.
The measurements of the LIDS children are no exception. Fundamental frequencies
range between 100 and 1170 Hz, but very few measurements are near these extreme

values.

Overlaid on the measurements are values predicted by the string, spring-mass and
bending beam models for ages one, two and three years. Each fundamental frequency
for the string and spring-mass models is the product of an adult male fundamental
frequency of 116 Hz and a scale factor (see equations 3.1 and 3.2). The values shown
by e’s are the results of applying equation 3.8 of the bending beam model. It can be
seen that the predictions of the bending beam model most closely approximate the

average fundamental frequencies of these one- to three-year-old children.

4.3 Durations

Measurements of durations of children between the ages of six and 29 months
are presented in this section. The measured durations of utterances, syllables and
segments are compared to predictions based on lung size, airflow and motor-control

skills of children.

Average and maximum utterance durations are shown in Fig. 4.5. The longest
utterance produced by any one child within each age group is represented by the
symbol o. Some examples of long utterances include one of 5.5 sec at age 6 months,
3.3 sec at 8 months, and 3.0 sec at 10 months. The average utterance duration (shown

by e’s) decreases during months 6 through 12 and then slowly increases from 16 months
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Figure 4.4: Predicted (string: o; beam: e; spring-mass: 0) and mea-
sured values of F'0. Averages of values reported by Keating and Buhr
are shown by *’s; the values for three-year-olds of Eguchi and Hirsh,
by X; the values of Robb and Saxman, by +’s; and those of the LIDS
study, by x’s.

through 25 months. Utterances of children between the ages of 10 and 29 months are
about one second in duration. During younger months, utterance duration varies
considerably within the measurements for any one month. The measurements for

children older than about one year show a smaller range in duration.

Predicted utterance durations are shown in Fig. 4.5 by O’s and a solid line (see
also Table 3.6). The duration predictions were based on tidal volume and a glottal
airflow which includes a leakage flow (the corresponding glottal area is assumed to be
similar to that shown in Fig. 3.3b). Between the ages of one and two years, all of
the measured utterances are shorter than the predicted maximum utterance duration.
After age 16 months, a trend of increasing utterance duration is seen. This trend
might be evidence of increased control over respiration. At months 25, 27 and 29,
children produced utterances which are longer than the predicted durations. These
older children might have used a larger lung volume or a glottal area with less leakage

flow.
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Figure 4.5: Measured average (o) and maximum (o) utterance dura-

tions by age. Predicted maximum utterance durations are shown by

O’s.
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The changes in syllable duration (see Fig. 4.6) mirror those observed for utterance
duration between age six months and two years. As with utterance duration, a large
amount of variation in syllable duration is seen at younger ages. The durations of
syllables produced by children younger than approximately eight months range from
approximately 100 ms to more than 1 second. For ages older than approximately eight
months, syllable duration is more uniform. Syllables produced by children between
the ages of 10 and 19 months are approximately 300 — 400 ms long. Around two years
of age, syllable duration is seen to increase to over 500 ms. Shorter syllables dominate

again at months 27 and 29.

Children older than two years produce longer utterances consisting of more syllables
than younger ch.ildren. The measurements of syllable duration correspond to a syllable
rate of approximately 2 — 3 Hz. This rate remains relatively constant between the ages
of 10 and 29 months. Children of these ages speak about half as fast as adults. This
relationship is consistent with that seen for other rates of movement (diadochokinesis

and tapping) of children compared to adults.

The ability to produce sequences of syllables of approximately equal duration might
be evidence of the child’s developing awareness of .the syllable-structure of speech.
Holmgren et al. (1985) hypothesized that this regular timing component might ap-
pear shortly before the onset of canonical babbling (which typically appears around
eight months of age). The relationship between acoustic measures of syllable timing
and the onset of canonical babbling was investigated by Bickley et al. (1986). The
appearance of syllable-like units in children’s vocalizations might also be evidence of
the development of control of the tongue and lips as articulators. Holmgren et al
(1985) documented the appearance of acoustic evidence for supraglottal constrictions

in young children’s articulations at the age of approximately six months.

Most of the children’s utterances consisted of only a few syllables. The children
of ages six to 22 months produced approximately two syllables per utterance. Older
children (25 to 29 months) produced utterances containing on average three to four

syllables. These values are shown in Table 4.1 and are in general agreement with
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Figure 4.6: Measured average durations of syllables () by age.

the predictions of Section 3.2. The typical number of consonant-vowel syllables in an

L]

utterance was predicted to be between two and four for a two-year-old child.

Average durations of vowels produced by children between the ages of six and 29
months are shown in Fig. 4.7. The vowels produced by younger children were longer
than those produced by older children. Average vowelduration was relatively constant
at approximately 230 ms for children older than about one year. This value of average
duration is approximately twice as long as the average vowel duration measured by
Crystal and House (1982) for adults. In Section 3.2, vowel durations were predicted to
be approximately twice as long for children as for adults due to differences in the ability
to perform repetitive openings and closings of the vocal tract, as in a diadochokinetic

task.

In summary, the measurements of duration are in general agreement with the
predictions. Children’s utterances are typically shorter than adults’, but utterance

duration in general does not appear to be limited by respiratory or laryngeal control.

102



Table 4.1: Number of syllable-like units in children’s vocalizations.

Ages are shown in months.

Age | Average number
of syllables

6 2.4

8 2.0
10 2.1
12 1.9
14 2.2
16 2.1
19 2.0
22 - 2.0
25 2.6
27 3.5
29 3.5

The segments and syllables of children’s utterances are about twice as long as those

of adults.

4.4 Formants

4.4.1 Formant frequencies

In this section formant frequencies of the vowels /i a u/ produced by 25-month-
old children are compai'ed with the formant frequencies predicted from the simple
models of Section 3.3. Frequencies measured from words containing the vowel /a/ are
compared to the frequencies plotted in Fig. 3.7. A match between the measured and
predicted frequencies means that during vowel production a two-year-old child could
have used a vocal-tract configuration similar to that shown in Fig. 3.6a. Frequencies
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Figure 4.7: Measured average durations of vowels (o) by age.

measured from /i/-words are compared to those corresponding to Fig. 3.6b. The
frequencies of the /u/’s are compared to those of Figs. 3.6c and 3.6d. From each of
these comparisons, a match in frequency is taken as an indication of the vocal-tract

configuration of a two-year-old.

For /a/-words, average first and second formant frequencies of 1100 and 1950 Hz,
respectively, were measured for 25-month olds. The lines in Fig. 4.8 represent these
average values of F'1 and F'2; also shown are the predicted formant frequencies. For a
front-cavity length of between 4 and 5 cm and the /a/-like configuration of Fig. 3.6a,
the predicted first and second formant frequencies are approximately 1260 and 2090 Hz.
A possible explanation of the differences in frequency is that the vocal tracts of the
25-month-old children are slightly longer than the 10 cm used in the calculations of
Section 3.3. The match is the closest in the region of minimum spacing between F'1
and F'2. In this region, the length of the front cavity can vary as much as 2 cm with

minimal effect of the acoustic signal.
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Figure 4.8: Average values (shown by the lines) of measured first
and second formant frequencies of /a/ vowels overlaid on predicted

resonances of an /a/-like configuration.

For the vowel /i/, the average F'1 and F2 are 580 and 3090 Hz, respectively, for
the 25-month-old children. Measured values are plotted against the predicted values
of Section 3.3 in Fig. 4.9. The predicted F2 of 3050 Hz for a 5 cm front cavity is
about the same as the measured frequency. For the corresponding F'1, the prediction
of 410 Hz is not close to the measured average value. A front-cavity of twice the area
used in the predictions would result in a better match to the measured value of F1,
but a poorer match to F'2. In this case, the simple configuration of Fig. 3.6b is not as

adequate a model as is the /a/-like configuration.

The measured formants of /u/ are compared to both the rounded and unrounded
configurations of Figs. 3.6c and 3.6d in Figs. 4.10 and 4.11. The measurements of
650 and 1850 Hz for the first and second formant frequency match the values of 690
and 1820 Hz of the unrounded high front vowel-like configuration with a front-cavity
length of about 5 cm (see Fig. 4.10). The predicted formants for the rounded /u/-like

configuration do not provide a match to the measured data.

For each of the vowels, there is variation in the measured formant frequencies. Some
of the individual measurements agree quite closely with the predicted values. In other

cases, the measured and predicted values are dissimilar. At least two explanations are
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Figure 4.9: Average values (shown by the lines) of measured first
and second formant frequencies of /i/ vowels overlaid on predicted

resonances of an /i/-like configuration.
possible:

1. The simple models do not adequately represent the vocal-tract conﬁgurations

used by the children during production of the vowels /i a u/.

2. The measured formant frequencies differ from the actual values.

For some of the vowels, the second explanation seems likely. The difference between
the measured and predicted frequencies is often less than one-half the fundamental
frequency. This range of error is expected for the fundamental frequencies of the

speech of two-year-old children.

4.4.2 Formant bandwidths

Sample bandwidth measurements were made of vowels produced by a two-year-old
child. Bandwidths for each of the vowels are shown in Table 4.2; predicted bandwidths

for a uniform vocal tract are also shown for comparison with the measured values.

Other researchers have measured bandwidths of the vowels /i € 2 A u a/. Fant’s
(1972) measurements for /i€ 2 u a/ produced by males and measurements of House
and Stevens (1958) for /i € & A a/ are shown in Table 4.3. It can be seen that in
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Figure 4.10: Average values (shown by the lines) of measured first
and second formant frequencies of /u/ vowels overlaid on predicted

resonances of an /ur/-like configuration.

general these previously reported bandwidth values are quite a bit lower than those
listed for children’s speech. This difference was theoretically predicted in Section 3.3.
Fant’s bandwidths of /a u €/ are approximately one-quarter to one-fifth as wide as
those shown in Table 4.2. The second and third bandwidths of /a¢/ follow this same
pattern. The House and Stevens bandwidth measurements are more uniform than
those reported by Fant or those shown in Table 4.2. For the vowels /i € ® A a/,

bandwidth measurements of House and Stevens fall within the range 40 — 103 Hz.

According to the predictions of Section 3.3, radiation resistance;' and glottal losses
contribute the most to the bandwidths of children’s speech. As the proportions in
Table 3.7 show, the bandwidth component due to radiation (B,) is influenced by the
dimensions of the front cavity. An increase in the area of the mouth opening would
cause B, to increase proportionally. A decrease in the length of the front cavity would
also cause an increase in B,. For the back-cavity resonances, the bandwidth component
due to glottal losses (B,) is related to the average area of the glottal opening. An
increase in the average area would result in an increase in B,;. For the first formant,

the measured bandwidths would be consistent with a larger average glottal opening.
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Table 4.2: Measured bandwidths of a child’s vowels (ND: no data).

Vowél | Bl | B2 | B3
/i/ 71 | 668 | 284
/i/ | 180 180 | 520
/e/ | 119 | 270 | 426
J&/ | 342|290 | 364
/A/ 48 | 267 | 197
Ju/ | 239|265 |ND
/a/ | 163|159 | 384
predicted | 90 | 132 | 246

Table 4.3: Previously reported bandwidth measurements (from Fant

(1972) and House and Stevens (1958)).

Vowel B1 | B2 | B3
From Fant:
/i/ 72 | 35| 105
le] 41| 58119
=/ 37| 61| 89
Ju/ 63| 43| 42
/a/ 45| 42 | 100
From House and Stevens:
Ji/ 66| 75| 76
/] 67| 96| 88
/2] 73| 92 | 103
/A/ 40 | 47| 64
/a/ 53| 60| 66
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Figure 4.11: Average values (shown by the lines) of measured first
and second formant frequencies of /u/ vowels overlaid on predicted

resonances of an /u/-like configuration.

4.5 An example of using acoustic measurements in

analyses of the development of speech

Acoustic data can provide evidence of developmental patterns. In this section,
measurements of formant frequencies of vowels produced by a group of 14 children
are examined for patterns of change during a period in which the children began to
produce recognizable words. The measurements discussed in Section 4.4 indicate that
25-month-old children produce vowels which are acoustically distinct in terms of F1
and F'2 patterns. Their productions can be interpreted to correspond to articulatory
configurations which differ in tongue placement in terms of height and backing. In
this section, measurements of the acoustic characteristics of the speech of some of
these children at younger ages are examined in terms of F1 and F2 patterns. A
pattern in the acoustic measurements could be interpreted as evidence for growth of
the articulatory structures or for development of more precise articulatory skills. The

measurements could also reflect a child’s acquisition of a phonological system.

In this example, the analysis focuses on acoustic evidence for the acquisition of the

phonological distinctions of vowel height and backing (see Bickley, 1984, for further
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detail). The first formant frequency depends most directly on degree of mouth opening
and therefore corresponds to the height distinction for vowels. Low vowels are produced
with a relatively open mouth position; high vowels, with a more closed mouth. Acoustic
theory predicts a high value for the first formant of vowels produced with an open
mouth (the low vowels) and a low value for the first formant of high vowels. Control of
the second formant frequency corresponds to control of the body of the tongue in the
front-back d‘imension. The theory also predicts a relatively low value for the second
formant for the back vowels, resulting in F'2 being close to F'1, and a relatively high

value for front vowels, or a large F'2 — F'1.

Vowels were grouped into three pairs: /i/ and /1/ formed one pair, as did /u/ and
/u/; the low vowels /a/ and /o/ formed the third pair. Utterances were grouped by
target vowel according to the word gloss, not by transcribed vowel. For example, an
utterance which was glossed as “ball” was grouped with the /a o/ utterances, regardless
of whether it sounded like [bo] or [bi] or [ba]. For each child, the average formant
value was calculated for each vowel group at each month; the standard deviation was
calculated for groups of three or more as a measure of dispersion of formant value.
The F1 versus F2 vowel space was graphed for each child at each month (Peterson

and- Barney, 1952).

Graphs of F'1 versus F'2 for child BA are shown for months 14, 16, and 19 in
Fig. 4.12. In month 14 there is overlap in both the F'1 and F2 dimensions (although
one of the vowel pairs did not occur in that month). At month 16, the vowels are
separating along the F'1 axis. That is, /i/, /1/, /u/, and /u/ are almost separate from
/a/ and /o/ (high vowels are separating from low vowels), but the front vowels still
overlap the back vowels. By month 19 there is good separation of high from low vowels

and of front from back vowels; that is, /i/ and /1/ have separated from /u/ and /u/.

The trends of vowel differentiation along the F'1 and the F2 axes can be viewed
in another manner by averaging the formant values for each vowel pair for a child
by session. For this comparison, the first-formant frequencies and second-formant

frequencies were converted to a critical band or Bark scale. For each child, the average
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Figure 4.12: Frequency of F'1 plotted relative to F'2 for child BA. The
x’s represent /i,1/; the +’s, /u,u/; and the squares, /a5/. Two stan-

dard deviations about the average are shown by an elliptical outline.

first-formant and second-formant frequencies in Bark were calculated for each vowel
group at each selected month. The average value represents a “center value” for each
vowel group. The standard deviations were calculated for groups of three or more as
a measure of “tightness of clustering” along a dimension. Figure 4.13 shows the first
formant data for child BA represented in terms of averages and standard deviations
at each of five consecutive sessions (months 14, 16, 19, 22 and 25). The productions
of high and low vowels overlap in the F'1 dimension at month 14; this overlap was
also seen in Fig. 4.12 above as overlap of the vowel groups in the F'1 versus F'2 plane.
Separation of high from low vowelsis seen from 16 through 19 months. This separation

was seen in Figure 4.12 as separation along the F'1 axis in the F'1 versus F2 plane.

Figure 4.14 shows the development of backing for child BA as measured by the
difference between the second and first formant frequencies. ’The average values of
F2 — F1 and standard deviations are shown for each vowel group. The productions
of front vowels and back vowels are similar in F'2 — F'1 value at months 14 and 16.
Front vowels have separated from back vowels at month 19. Front and back vowels

are maximally separate at month 22.
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Figure 4.13: Averages and standard deviations of F'1 in Bark for child BA.

For each child, utterances with target high vowels /i/, /1/, /u/, or /u/ were com-
pared to those with target low vowels /a/ or /9/ by examining patterns in the data
represented in the F'1 versus F'2 plane and the averages and standard deviations of F'1
of the high group and of the low group. Development of the front vowels was compared
to that of the back vowels by examining the F'1 versus F'2 plane and the averages and
standard deviations of F2 — F'1. The data on acquisition of the height and backing
distinctions are displayed in the histogram in Fig. 4.15. This graph shows the number
of‘sessions between acquisition of the height and backing distinctions. Zero indicates
that the height and backing distinctions were acquired within too short a time interval
to be apparent from the data. It can be seen that in most cases in which it was possible
to observe a lag in time between acquisition of the two types of distinction the height
distinction preceded backing. Although the children differed in the age at which the
height and backing distinctions were acquired and the lag in time between distinction
acquisition, the order of acquisition was height before backing in seven of the fourteen

children and backing before height in only one child.

The data suggest that there does exist a pattern in the acoustic data which could

be interpreted as evidence for the development of vowel height preceding development
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Figure 4.14: Averages and standard deviations of the difference F'2 —

F1 in Bark for child BA.

of vowel backing. These data can be interpreted as evidence of increased articulatory
skills, acquisition of a distinctive feature based phonological system, or discovery of a

set of phonological rules, or as some combination of these.

It is likely that articulatory development consists of progressive mastery of a series
of subskills. The data shown above argue for articulatory development in terms of
the ability to control the degree of mouth opening (control of F'1) prior to the devel-
opment of the ability to control the anterior-poste?ior positioning of the tongue body
(control of F'2). In some sense, it seems that vowel height is more salient than vowel
backing. Perhaps the apparent control of vowel height is simply the result of young
children being able to control mouth opening. A partial explanation might also be
that visual information as well as auditory information is available to the child during
the perception of vowels that differ in height (Kuhl and Meltzoff, 1982), as is kines-
thetic information. Perhaps acoustic differences in F'1 values are perceptually easier

to recognize, or articulatory control of vowel height might be in some sense simpler.

An argument for the acquisition of a distinctive-feature-based phonological system

is also reasonable in light of the acoustic data. We assume that children at the age of

113




TIME BETWEEN ACOUISITION OF HEICHT ANO BACKING

T T 7T
ol T T T ]
aj- -
-
-
w
§ T ] )}
T e ] 7]
U.
uw S 7
i {
r 4
w
o
£ 3 .
2
n e _
T 0 1
bl I A WS S S SR N | il

[} 2
»

-4 -3 -2 -1 [ 1 2

NUMBER OF SESSIONS

Figure 4.15: Histogram showing the number of sessions between the

acquisition of the height and backing distinctions.

those in this study (one year of age and older) are sensitive to the acoustic correlates
of the vowel features of height, backing, and tensing (Trehub, 1973; Kuhl, 1979; Kuhl,
1977) and that children’s internal representations of morphemes exist in terms of some
kind of distinctive features (Chomsky and Halle, 1968). It is possible that children’s
feature markings are incomplete at this stage of development. A child may have
the articulatory skill but not the representation of appropriate phonological features.
Thus, the child would not produce distinctions corresponding to those features. An
incompletely marked vowel could be filled in across-the-board by a fixed value (for
instance, all vowels could be realized as [-back] during early development) or by a
random value (some vowel productions could be realized as [+back], others as [-back],
with no apparent pattern). Acquisition of a feature distinction is said to occur when
acoustic measurements of vowels indicate that a feature contrast is being controlled
with some degree of precision (for instance, the high vowels /i 1/ and /u u/ separate
~ from the low vowels /a o/ along the height dimension). It was seen that most of the .

children controlled the height dimension before the backing dimension.

The changes in formant patterns discussed above cannot be predicted based solely
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on grov;zth of the articulatory structures. Goldstein’s (1980) results indicate that the
dimensions of the vocal tracts of infants do not prohibit a child from forming /a/-
like, /i/-like and /u/-like configurations. The differential development of the ability to
produce utterances with distinct acoustic characteristics can be interpreted as evidence

of the development of a child’s phonological system.

4.6 Summary of measurements

In this chapter, measurements of the acoustic characteristics of children’s utter-
ances were compared to values predicted by models of fundamental frequency, dura-

tion, and formant frequency and bandwidth.

The bending beam model of the vocal folds reflects the anatomical differences be- -
tween the larynges of children and adults. Of the three models discussed in Section 3.1,
the bending beam model most closely matches the measurements reported in this the-
sis and by other researchers. The beam model is appropriate because a child’s vocal
fold is stiff due to its structure which is short and thick in comparison to an adult

vocal fold.

The durations of utterances, syllables, and vowels produced by young children
were compared to predicted values. The predicted and measured values of maximum
utterance duration are in good agreement, given the assumptions for children of a
glottal airflow with leakage and of an available lung volume equal to tidal volume. As
predicted, syllables and vowels of young children are approximately twice as long as

those of adults.

Formant frequencies of the vowels /i a u/ produced by 25-month-old children were
compared to resonances of simple configurations (similar in shape to those used to
model adult vowel productions). The match for /a/ is fairly close; the larger spacing
between F'1 and F'2 for children is consistent with a cross-sectional area of a vocal-tract
constriction which for children is wider in comparison to vocal-tract length than for

adults . For /i/, the predicted first formant differs from the measured average value
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by more than 100 Hz. An unrounded /w/-like configuration provides a close match to
‘the measured /u/ values. Formant bandwidths of vowels produced by a two-year-old
child agree with theoretical predictions of broader bandwidths for children. A mouth
opening and average glottal area which are larger in relation to vocal-tract length for
the child than for an adult would account for some of the broadening. Both duration

and bandwidth data support the hypothesis about average glottal area.

Developmental changes in acoustic characteristics of young children’s utterances
which cannot predicted from physical parameters alone motivate explanations in terms
of other factors, such as phonological development; an example of such an argument

is presented in Section 4.5.
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Chapter 5

Conclusions

Models which are based on physical parameters explain the anatomical and phys-
iological bases for some of the changes which occur in speech production during the
first few years of life. Components of the speech production system mature at different
rates throughout childhood - a child is not simply a small adult. For instance, the
vocal tract grows more in length than in radius during early childhood. A similar
relationship holds for vocal-fold lengthl relative fo vocal-fold thickness. Dimensions,
tissue properties and motor-control skills each influence the acoustic characteristics
of children’s speech in various ways. The data summarized in Chapter 2 document
aspects of the growth of the lungs, larynx, and vocal tract and the development of

speech motor-control skills.

Acoustic characteristics of children’s speech are predicted from models of children’s
speech production systems in Chapter 3. Parameter values for the models are selected
from the data describing physical characteristics. Predictions of the models are com-
pared in Chapter 4 to measurements of the acoustic characteristics of fundamental
frequency, duration, and formant frequency and bandwidth. Changes in these acous-
tic characteristics can be interpreted as evidence of the development of speech. Some
of the changes are the direct result of physical growth. Other changes cannot be pre-
dicted from the physical parameters alone and are therefore likely to be caused by

development of linguistic or cognitive skills.
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5.1 Summary of models

In Section 3.1, a new model of vocal-fold vibration is described. The fundamental
frequencies of the néw model are in closer agreement with those measured for young
children than are the fundamental frequencies predicted by existing models. The values
of a spring-mass model are too low, and values of a vibrating string model are too high.
The new model is an improvement because it captures aspects of the structure of the
vocal folds and the attachments of the vocal-fold tissue to the arytenoid and thyroid
cartilages, which were previously ignored. For example, a one-year-old’s vocal folds
are approximately one-fifth as long as an adult’s vocal folds, but only 10% thinner.
Such structural dissimilarities between children and adults call for a new model. The
model presented in Section 3.1 is based on the theory of bending beams. An important
parameter of the model is the ratio of vocal-fold thickness to length. This ratio affects

the fundamental frequencies which are calculated from the model.

Durations of utterances, syllables, and segments and the number of syllables in an
utterance are predicted in Section 3.2. If the durations of utterances are limited by the
total volume of air which a child has available for speech, then changes in utterance
duration could be explained in terms of lung volumes and airflows. The airflows are in
turn determined by the child’s subglottal pressure, glottal waveform and vocal-tract
configuration. These factors conspire to cause a child to use proportionally more air-
flow in relation to lung volume than an adult uses. Therefore shorter utterances are
predicted for children. The average measurements of utterance duration are much
shorter than the predicted maximum duration, though. Apparently physical param-
eters of the speech production system are not the limiting factor for the durations
of children’s utterances. In contrast, durations of syllables and vowels produced by
children are likely to be constrained by the child’s physical abilities. Longer syllables
and vowels for children than for adults are predicted from data on diadochokinetic

rates.

The duration analyses predict that children can produce only a few syllables per

utterance. The number of syllables which a young child can produce on one breath
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is limited by the amount of air available for speech, the airflow through the glottis
and vocal tract, and the number of vocal-tract openings and closings per second.
Measurements of some speech-like tasks indicate that children cannot change vocal-
tract configurations as quickly as can adults. If a child’s glottal airflow is characterized
by a relatively large amount of leakage flow, then the child would use about half the
amount of airflow during voicing as an adult uses. The airflow used by a child in the
production of voiceless fricatives is possibly greater than the airflow used by adults,
due to the child’s less well-developed motor-control abilities and to the differences
in subglottal pressure. A smaller lung volume, a relatively larger airflow and slower
articulatory movements cause children to produce fewer syllables per utterance than
adults. Utterances consisting of short sequences of syllables are commonly observed

in the speech of young children.

Section 3.3 includes calculations of formant frequencies and bandwidths from acous-
tic theory applied to simplified vocal-tract models with child-sized dimensions. Sim-
plified models of concatenated sections of uniform cross-sectional areas can be used
to account for acoustic characteristics of adults’ speech. Formant frequencies calcu-
lated from these sorts of models with children’s dimensions are also in good agreement
with measured formants. Formant frequencies are predicted to be higher for chil-
dren approximately in proportion to the ratio of vocal-tract lengths of adults and
children. The quantitative analyses of formant frequencies can be used to infer vocal-
tract configurations from acoustic measurements. Average formants measured from
productions of /i/ and /a/ by two-year-olds match the frequencies of configurations
which are adult-like in general shape (the lengths of the back and front cavities are
approximately equal). It appears that children, like adults, produce the vowels /i/
and /a/ using configurations which are the least sensitive to changes in location of
constriction. In the case of /u/, the frequencies corresponding to an unrounded con-
figuration are closer to the measured formant frequencies than those for the rounded

case.

The minimum spacing of formant frequencies is also correctly predicted for children

if certain assumptions are made. A less narrow comstriction in comparison to the
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widest area increases the minimum spacing between formants in configurations which
consist of constricted and unconstricted sections of the vocal tract. Researchers have
observed that young children tend to produce only front vowels. This perception might
be caused by a constraint for children on the minimum spacing between F'1 and F'2
in /a, o/ productions. The measurements of F'1 and F2 of two-year-olds show an
average spacing which is wider than the spacing which would be predicted if the ratio
of a child’s constriction area to an adult’s were the same as the ratio of vocal-tract
cross-sectional areas. The average difference between F'1 and F2 in /a/ productions
by two-year-old children was measured to be 830 Hz. For the frequencies of F'1 and F2
of these children, this difference corresponds to about 4 Bark. Productions with this
amount of spacing between the first and second formants are likely to be perceived as

front or mid vowels, regardless of the degree of backing of the tongue.

Formant bandwidths of children’s speech are predicted to be broader than the
bandwidths of adults’ speech. The larger ratio of vocal-tract area to length in children
compared to adults increases the contribution of the radiation component of formant
bandwidth. The broadness of the bandwidths of formants influences the measurement
of formant frequencies. For instance, a broad bandwidth of the lowest front-cavity
resonance in conjunction with a high fundamental frequency would cause the spectrum

of an /i/ to appear to have a single peak in the region of the second and third formants.

5.2 Interpretation

5.2.1 Acoustic characteristics of children’s utterances

The question “What are the acoustic characteristics of children’s speech?” was
posed in Chapter 1. One of the most obvious acoustic differences between the speech of
children and adults is the higher fundamental frequency of children. Measurements of
F0 are consistent with fundamental frequencies of the bending beam model described
in Section 3.1. The measurements of F'0 of speech productions by the forty LIDS

children are similar to those reported by others, and serve to augment the set of
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measurements of acoustic characteristics of young children.

Children’s utterances are typically shorter than adults’. The individual syllables
and segments are about twice as long as adults’, and children’s utterances usually
consist of only a few syllables. The durations of syllables and segments and the number
of syllables in an utterance are in line with the predictions of Chapter 4. The overall

utterance duration in not accounted for by the predictions.

The formant patterns of children’s vowels are similar to those of adults, but are
scaled to highér frequencies. In Section 3.3 a difference between the formant patterns
of children and adults in the minimum spacing is predicted. The data reported in
Chapter 4 show that children do produce formant patterns with less closely spaced
formants than do adults. A ratio of cross-sectional areas which is closer to unity for

children than for adults would explain the measured minimum spacing.

Another difference is that the bandwidths of formants tend to be much broader in
children’s speech than in adults’. The bandwidth contributions due to radiation and
glottal opening which are predipted in Chapter 3 account for much of the difference
between children and adults. Examples of a child’s vowels with broad bandwidths are

reported in Chapter 4.

5.2.2 -Acoustic evidence for the development of speech: mech-

anisms and processes

Patterns in acoustic measurements over time can be interpreted as evidence for the
growth of a child, the development of articulatory skill, the acquisition of a phonological
system, or a combination of these factors. The change in fundamental frequency during
the first few years of life reflects the increase in length of the vocal folds in relation to
the increase in thickness. The bending beam frequency is the dominant component of
the fundamental frequency for young children; the spring-mass frequency dominates
for adults. For older children, the fundamental frequency is influenced by the effects
of both the beam and spring-mass frequencies. The age at which the spring-mass

term becomes dominant might correspond to a time of abrupt change in fundamental
121




frequency.

An increase in the duration of utterances which a child produces is evidence of the
growth of the lungs and an increase in the ability to control the airflow through the
glottal and supraglottal constrictions. Development of the ability to change articu-
latory configurations more quickly would act to increase the number of syllables per
utterance which a child can produce and to decrease the durations of syllables and

segments.

The growth of the vocal tract in length is reflected in lower formant frequencies.
Narrower bandwidths in conjunction with lower fundamental frequencies create more
distinct formant peaks in the spectra of vowels. An increase in motor-control skills
results would result in the chilci being able to create a vocal-tract configuration with
a greater difference in cross-sectional areas between cavities. The growth of the oral
cavity in relation to the size of the tongue could also result in a greater difference in
cavity areas. Configurations which differ more in area correspond to fofmant patterns
with more closely spaced formant frequencies. The development of the ability to form
narrow constrictions thus results in the child’s ability to use more of the F1 vs. F2

vowel space.

5.3 Further work

Although some questions concerning the speech of young children have been an-
swered in this thesis, many areas of uncertainty remain. Additional anatomical and
physiological measurements are needed in most areas for young children. The mea-
surements which would most effectively augment the analysis of vocal-fold vibration
are the dimensions of the vibrating cross-sectional area of the vocal folds. The fun-
damental frequency of the bending beam model is highly dependent on the ratio of
vocal-fold thickness to length. Estimates of the glottal area during a cycle would be
useful in refining the model of vocal-fold vibration and in calculating airflows. Under-

standing the role of tension in controlling F'0 would be an important next step in the
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process of modeling vocal-fold vibration.

Measurements of phonation volumes of children are needed in order to permit
better estimates of typical and maximum durations of utterances. Current estimates
of utterance duration depend on assumptions of the shape of the glottal area through
a cycle of vibration, including the duration of the open and closed phases. Children’s
vocal folds might close for a very short period of time, or might not close at all
during a cycle of vibration. In either of these cases, the airflow through the glottis
would be increased and the predictions of utterance duration would be correspondingly

decreased.

Data are lacking for both children and adults on rates of movement of the artic-
ulators. In lieu of these data, diadochokinetic rates for younger than age ﬁve'years
would be useful. The production of stop consonants is influenced by the rate at which

articulators can be moved.

For the predictions of formant spacing and bandwidths, the cross-sectional areas
of the vocal tract during speech production are needed. As more data describing the
physical parameters of the speech production system of children become available, the
analyses of Chapter 3 will need to be reexamined. In particular, the mechanisms of

loss and the resulting prominence of spectral peaks deserve further attention.
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Appendix A

Derivation of the equation of

transverse motion of the vocal fold

A side view of a vocal fold displaced a small distance ¢ in the transverse direction

is shown in Fig. A.1. The vocal fold has thickness b cm.

Locally, there is no deformation of the vocal fold (see Fig. A.2). Therefore, the
displacement is the longitudinal direction &, can be written in terms of the change in

displacement in the transverse direction as

9
_51 = —zzngl' . (A,I)
By definition, the normal strain e;; is
aé
€11 = -a-;ll- o (AeZ)
i — 3
_’__——

Figure A.1: Displacement of a vocal fold. The longitudinal direction
is denoted by the variable z, (from Woodson and Melcher, 1968).
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Figure A.2: Geometry of a vocal fold displaced a small amount in the
transverse. It is assumed that the vocal fold is not deformed in the

region of interest (from Woodson and Melcher).

Assuming that the normal stresses T;; and Ty, are negligible, the elastic properties of
the material can be described in terms of the empirically-determined Young’s modulus

and the normal stress T}, and strain e, as

Tu = E €11 . (A.3)
Substituting for e;; gives
06
Tu. = Eg;:-l- . . (A.4)

Substituting for 6, gives a relationship between the transverse displace §, and the

elastic properties in terms of E:

a%¢
Tn = —Ezga—zf . (A.5)
Summing all forces gives
0%0m _ O0Tmn
P = 0z, (A.6)

Equation A.6 represents three equations by use of the summation convention; the

right-hand side of each equation consists of a sum of three terms.

In the longitudinal direction, acceleration is ignored. The force equation A.6 re-

duces to
8Ty | 8Ty _
3z, +—b-zz =0 . (A.7)
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Substituting for Ty, gives

8¢ 8T
s = 5,

Integrating over the transverse direction (dz,) gives

z2 33 : :
—2-2-E5$—§ + 9(51, t) = T12 ’ (AQ)

(A.8)

where g(z,,1) is specified by boundary conditions.

At the surface, there is no shear stress:
Twli% =0 . (A.10)

The shear stress in the longitudinal direction which meets these boundary conditions

is

_ 13- (3)* 8% |
I, = 5 Eazg . ] (A.11)

Applying the force equation A.6 in the transverse direction gives

6%, _ 9Ty , 9w

P52 = 3z, ' 9z, (A.12)
Once more integrating over dz, gives
9% r3 a4¢ 3 zg—(%)2
pé-zi- —% 52d172 = E-HE./;% ————2———dx2 + Tz . (A.13)
Assuming that locally there is no deformation,
\ :
[, brdm =t . (A.14)
Substituting ¢ into the transverse force balance equation gives
0%(b¢) 0% E (z3 b? s K¢
"e ~amz\3 47T (4.15)
Rewriting equation A.15 as a functicn of ¢ gives
9%¢é Eb*9%¢ K
a2 Y 12,928~ " IAS (A.16)
or
Eb? 94¢ 2 K)
ﬁ;&?—(w -3)E=0 , (A.17)

135




(i\\\\\
AN

NN

o N
(a3

Figure A.3: Vocal fold attached at the ends to cartilage and displaced

in the transverse direction.

where M = pbLh is the effective mass. Equation A.17 is the equation for transverse

motion of the vocal fold.

The boundary conditions describe the attachment of the vocal fold at the arytenoid
and thyroid cartilages, as shown in Fig. A.3. The displacement and the slope of the

displacement at the endpoints are zero:

£(0)=0 (A.18)
£&)=0 (A.19)
2(%?1 =0 (A.20)
aafif) —o (A.21)
Assume a solution of the form
& = Asinaz; + Bcosaz, + Csinhaz; + Dcoshaz, . (A.22)

Applying the boundary conditions specifies the constants:

C=-4A (A.23)
D=-B (A.24)
A—B (sin af + sinh af) (A.25)

"~ 7 (cos al — cosh ad)
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Figure A.4: Graph of solution for af.

The product af is specified by

cosal coshal=1 . (A.26)

Equation A.26 can be found by numerical methods or by graphical solution (see

Fig. A.4).

Substitﬂting the expression for £ into the equation of transverse motion gives
EYy ( , K ) '
- — —_—— =0 . .
12, a'é - (w i £ (A.27)
The frequeﬁcies of vibration are independent of £ and are given by

,_ (a)'E0? K

£412p pbeh (A.28)
Rewriting in terms of the effective mass M gives
2 _ (af)'Eb*h K
T 128M T (4-29)
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Appendix B

Analysis-by-synthesis approach to

formant estimation

A set of synthesized utterances representing typical examples of children’s speech
were generated; the utterances exhibited fundamental frequencies of around 400 Hz.
The formants of the synthesized utterances were measured by several formant estima-
tion methods. Measured formants were compared to formant parameters used in the

synthesis in order to assess estimation accuracy by the different methods.

Words were synthesized which included vowels with spectra representing a range

of problematic formant patterns. These patterns are:

F1 close to FO (/i,u/)

F2 close to F'1 (/a,u/)

F3 close to F2 (/i/)

In the first case (F'1 near F0), the spectrum usually exhibits a fundamental component
of high amplitude. The difficulty rests with determining whether F'1 is below or above
FO0, and by how much. In the other cases, two formants appear as one peak in the
harmonic structure,; sometimes a broad peak. Locating the individual formants within
the broad peak is trbublesome. An example of a vowel with a spectrum exhibiting
well-separated formants (/2/) was also examined.
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The synthesized utterances are based on words spoken by a two-year-old child.
Figure B.1shows a wideband spectrogram (top panel) of the word “piece.” Also shown
(bottom panels) are narrowband spectral slices computed (using a 25.6 ms window)
near the beginning, middle and end of the vowel /i/. Three additional monosyllabic

words were selected as models for synthesis: “blue,” “box” and “glass.”

The lowest four formant frequencies, the fundamental frequency, and waveform
amplitude were measured in each natural utterance to make an initial determination
of synthesis parameters. A first approximation was synthesized (using the Klatt (1980)
formant synthesizer in cascade mode) using these values and a standard set of default
values for formant bandwidths and glottal spectrum. In the case of /i/, FO was deter-
mined accurately from narrowband spectra at several points throughout the utterance.
The lowest four formants were traced on wideband spectrograms. The amplitude of
voicing was estimated from the shape of the waveform envelope. The product of the
radiation characteristic and the glottal spectrum was represented by appropriate real-
axis and low-frequency poles and zeroes. At each of several points throughout the
utterance, a narrowband spectral slice of the synthesized utterance was compared to
a corresponding slice of the natural utterance. Synthesis parameters were adjusted
and the synthesis-to-natural comparison repeated in an iterative manner until a ‘best-
match’ synthesis was obtained. A ‘match’ was defined as a set of synthesis parameters
which resulted in narrowband spectral slices in which harmonic amplitudes matched
those of the natural to within + 2 dB at each harmonic near a spectral peak (from
0-6 kHz). A ‘best match’ was selected based on smoothness of formant frequency,
formant bandwidth and glottal parameter tracks. An example of an utterance syn-
thesized from a ‘best-match’ set of parameters is shown in Fig. B.2. The wideband
spectrogram and narrowband spectral slices computed near the beginning,.middle and

end of the synthesized word “piece” are shown.

Figure B.3 shows additional comparisons of the natural and synthetic words. The
linear prediction (LPC) envelopes were computed with 13 coefficients (the sampling

rate was 16 kHz in all cases).

139




