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To aid the development of finer-grained measures of phonological competence
within a representation-based approach to phonology, two aspects of non-
symbolic phonological knowledge (knowledge of the acoustic/perceptual space
and of the articulatory/production space) were examined in 6 preschool-age
children with phonological disorders and 6 typically developing age peers. To
evaluate perceptual knowledge, gating and noise-center tasks were used.
Children with phonological disorders recognized significantly fewer words than
age peers on both tasks. To evaluate production knowledge, spectral and
temporal measures were obtained for CV sequences involving both lingual and
labial stop consonants. Group differences on this task (such as larger transition
slope values from lingual consonants to vowels for children with phonological
disorders) were also observed. These differerences were interpreted as indicating
that the children with phonological disorders were less able to maneuver jaw and
tongue body separately or that they used “ballistic” (i.e., less controlled) gestures
from lingual consonants to vowels than their age peers. These results suggest that
phonological knowledge is multifaceted, and that seemingly categorical deficits at
one level can be linked to less robust representations at other levels.
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The last decade and a half of research in phonology and phonologi-
cal development has seen the evolution of new characterizations of
phonological competence in terms of representations and the con-

straints that hold on them rather than in terms of derivational rules,
normalizing procedures, and other similarly transformational processes.
In this report, we begin to explore the implications of these new repre-
sentation-centered approaches for our understanding of phonological dis-
orders. This introductory section briefly reviews some of the evidence in
support of these approaches and discusses two representational domains
that must be understood in better detail in order for such an approach
to be applied to the gathering and analysis of data on typical and atypi-
cal development. The remainder of the report describes two preliminary
experiments to test some methods for exploring potential knowledge
deficits in these domains.

Representation-Based Approaches
Until recently, most phonological theories have assumed a modu-

lar demarcation between a purely symbolic cognitive component (“pho-
nological knowledge”) and a purely mechanical perceptual and motor
component (“phonetic performance”), with representations in the two
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components related by some kind of unidirectional map-
ping process such as derivational rule application (e.g.,
Anderson, 1981; Chomsky & Halle, 1968; Ohala, 1981;
Stampe, 1979). Models of phonological development that
were dominant in the 1980s also assumed this demar-
cation between discrete symbolic linguistic competence
and continuous extralinguistic performance (e.g.,
Ingram, 1974; Jakobson, 1971; Macken & Ferguson, 1983;
but also see Schwartz & Leonard, 1982, and Menn, 1983,
for alternative models that incorporated at least two
types of phonological representation in order to account
for variation within an individual child in symbolic be-
havior at different links in the speech chain). These tra-
ditional models of phonological competence invited a
similarly dichotomous taxonomy of age-inappropriate
patterns of functional misarticulation into patterns in-
dicating a properly cognitive phonological problem (e.g.,
the apparently categorical deletion of the “underlying”
/g/ in dog by a child who produces the stop medially in
the derivationally related form doggie cited in Dinnsen,
1984) and those indicating a problem in noncategorical
performance (e.g., the non-adult-like differentiation of
VOT values for voiceless as opposed to voiced stops char-
acterized as “phonetic” rather than “phonological” by
Gierut & Dinnsen, 1986). In this view of the child’s de-
veloping phonological competence, the most appropri-
ate tools for characterizing phonological disorder are the
traditional tools of the phonologist engaged in fieldwork.
Systematically examining careful alphabetic transcrip-
tions of elicited productions, the clinical phonologist asks:
What is the child’s system? What is the child’s inven-
tory of contrasts? What rules govern where these con-
trasts occur?

Evidence against such traditional approaches to
phonological competence comes from phenomena at the
interfaces between phonological representation of words
in the lexicon and two other components of phonological
knowledge. At the morphology-phonology interface, re-
cent research highlights the inadequacy of modular rule-
based models for capturing the many irregular, but pro-
ductive, morphological alternations that are observed
in English and other languages (see, e.g., Bybee & Moder,
1983; Cole & Coleman, 1992; Steriade, 1996). The emerg-
ing consensus from this work is that derivational pro-
cesses that transform unobserved underlying forms in
the mental lexicon must be replaced by some more di-
rect statement of the surface patterns. Salient phono-
logical generalizations that are only awkwardly captured
by the interaction of rules applied in sequence are now
stated directly as constraints or other similarly declara-
tive formulations of the observed regularities (e.g., Bird
& Klein, 1994; McCarthy & Prince, 1995).

At the interface with phonetics, there is also sub-
stantial evidence against the traditional assumption
that all language-specific phonological knowledge can

be captured by a bare specification of gross phonetic
categories. Phonologists and phoneticians working on
speech production have documented many cases of the
grammatical control of very fine phonetic differences
between instances of the same gross phonetic category
in different languages (e.g., Cohn, 1993; Kondo, 1996);
in different dialects of the same language (e.g., Fourakis
& Port, 1986; Fox & Terbeek, 1977); in different speak-
ers of the same dialect (e.g., Hillenbrand et al., 1995;
Perkell et al., 1995); and even within an individual
speaker in different speech registers or discourse con-
texts (e.g., Browman & Goldstein, 1990; de Jong,
Beckman, & Edwards, 1993). Other studies show the
intractability of using the older phonological model, with
its notions of a sparse memory trace and simple pat-
tern matching, to predict whether and when listeners
will perceive these fine differences in production
(Johnson & Mullenix, 1997; Strange & Bohn, 1995).

A closely related argument for adopting a richer
model of phonological knowledge comes from work on
phonological acquisition in the first 2 to 3 years of life.
Models that make a sharp distinction between language-
specific symbolic phonological competence and extra-
grammatical phonetic performance imply a similarly
clear demarcation in phonological development. It was
necessary to assume that acquisition is characterized
by an abrupt discontinuity that differentiates the
prelinguistic “phonetic” behavior of the babbling infant
from the linguistically structured “phonological” behav-
ior of the 18- or 24-month-old child (Jakobson, 1968). In
the last 15 years, however, a rapidly expanding litera-
ture on many different aspects of infant and child be-
havior has painted a different picture of phonological
development. The emerging evidence is that the very
young child is not a passive acquirer of phonological
knowledge and that phonological development is no
abrupt process. Research on infant behavior in response
to ambient speech during the first year of life suggests
an active engagement in social interactions and vocal
play that build progressively more detailed acoustic and
articulatory representations of language-specific vowel
and consonant properties, phonotactic sequences, and
prosodic structures (e.g., de Boysson-Bardies et al., 1989;
Jusczyk, Luce, & Charles-Luce, 1994; Kuhl & Meltzoff,
1996; Polka & Werker, 1994; Werker & Tees, 1984).

The same is true of the major phonological mile-
stones in the child’s second year: the productions of the
first words and the vocabulary spurt. Although these
might be characterized as qualitative changes in the
complexity of the child’s knowledge structure, neither
can be characterized as an abrupt discontinuity with
the child’s developing acoustic and proprioceptive expe-
rience with the sound of the ambient language. First
words are similar in phonetic composition to the child’s
concurrent babbling (Locke, 1989; Vihman et al., 1985).
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The child’s phonological knowledge of the shape of the
word does not involve a shift to a new, radically differ-
ent symbolic representation for alphabetic subcompo-
nents. Rather, it is a hierarchical reorganization of the
same detailed motor and perceptual representations that
the infant has practiced in babbling before associating the
word’s shape with its meaning. The later dual-structure
analysis of the vocabulary spurt that allows the acqui-
sition of many contrasting word-shapes also depends on
the mastery of two types of segmentation skill (Beckman
& Edwards, 1996; Lindblom, 1992). In production, the
child must acquire enough fine temporal control and
coordination among gestures to consistently differenti-
ate contrasting sequences and other arrangements of
gestures. In perception, the child must accomplish a
correspondingly fine decomposition of the acoustic sig-
nal in order to perceive that gestures have been
coproduced in a particular way or have been produced
sequentially in one or another order.

There is also evidence that neither set of prerequi-
site representations and related cognitive skills is com-
pletely in place at the time of these two phonological
milestones. Rather, the evidence suggests that even
much older children do not have the same degree of con-
trol over fine temporal coordination in production as do
adults (e.g., Kent & Forner, 1980) and that they also
have a less finely tuned (less “segmental”) perceptual
analysis of coarticulation in the acoustic signal (e.g.,
Nittrouer, 1992). Even after the child has begun to string
words together in more and more complex syntactic
structures, there are still many distinct degrees of pho-
nological competence in the progression toward a more
and more complex hierarchy of analyses. This is true
both in the chain of representations from lexical retrieval
to articulation at all levels of “phonological encoding”
(Levelt, 1992) and at all levels of “phonological decoding”—
from raw sensation to lexical access. The child contin-
ues to develop the motor representations necessary to
accommodate systematically and flexibly to a wider and
wider range of contextual perturbations and the
attentional structures necessary to tap knowledge of this
systematic variation in perceiving and parsing the pro-
ductions of other speakers.

This emerging picture of phonological knowledge
as a multilayered structure including several different
complex representational spaces and the mappings
among them suggests additional ways to describe and
characterize a phonological disorder. Rather than rely-
ing only on a symbolic characterization of the child’s
systemic knowledge on the basis of transcribed produc-
tions, the clinical phonologist must ask a more com-
plex set of questions. For example, we might ask: What
does the child who produces a non-adult-like differen-
tiation of VOT values know about initial /t/? Is there a
detailed acoustic representation of the relative timing

of different spectral components for aspirated stops, one
that is robust to differences in talker, prosodic context,
and speech rate? Is there a detailed motor representa-
tion of the component lingual and laryngeal gestures
and their phasing relative to each other and to the ges-
tures of the following vowel? How many words does the
child have that contrast these timing patterns with the
less-precise phasing required of initial /d/?

Work on “stimulability” (e.g., early work such as
Carter & Buck, 1958; Farquhar, 1961 and recent work
such as Powell, Elbert, & Dinnsen, 1991; Powell &
Miccio, 1996) points to the inadequacy of the traditional
characterization of phonological competence whereby all
phonological knowledge is symbolic, and hence any cog-
nitive deficit is similarly categorical. For example, if the
child who “substitutes” [T] for /s/ can be stimulated to
produce the errored sound (i.e., if the child can make an
imitative production of [s] in isolation that is perceived
as [s] by the clinician), the child must at some level
“know” how to produce the feature [strident] that dis-
tinguishes these two fricatives. The fact that some chil-
dren with phonological disorders are “stimulable” for
some error sounds suggests that phonological disorder
might encompass a considerable range of deficits in any
of several representational domains.

For example, researchers have observed that some
children with phonological disorders have subtle defi-
cits in the knowledge representations for speech per-
ception. Forrest (1993) found that children with phono-
logical disorders performed significantly more poorly
than their typically developing age peers in a picture
identification task. These group differences were more
pronounced in a multiple-speaker condition than in a
single-speaker condition. A relationship between specific
production problems and speech perception has been
found in other studies. For example, Rvachew and
Jamieson (1989) found that a subgroup of children with
functional articulation disorders were unable to discrimi-
nate between initial [s] and [S] in CVC words. In a later
study, Jamieson and Rvachew (1992) showed that per-
ception training to discriminate synthetic [S] from other
sounds improved production of /S/ in a small group of
children with phonological disorders who had percep-
tual problems, whereas perceptual training had no ef-
fect on /S/ production in another child without problems
in [S] discrimination. In another study that identified a
link between perception and production in Dutch-speak-
ing children, Raaymakers and Crul (1988) found that
children with phonological disorders who did not pro-
duce final /ts/ (an affricate in Dutch) could not distin-
guish between final /s/ and /ts/, whereas another group
of children with phonological disorders who did produce
final /ts/ could distinguish this contrast.

Other research suggests very subtle motor knowledge
deficits. For example, Towne (1994) found significantly
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slower diadochokinetic rates in children with phonologi-
cal disorders than in their typically developing age peers.
In addition, he found evidence that a subgroup of these
children had extreme difficulty in producing many of
the target sequences in a second condition with a fixed
jaw, suggesting that these children had no robust mo-
toric representation of how to move the tongue indepen-
dently of the jaw. Edwards (1992) also found that a sub-
group of children with phonological disorders had
difficulty in compensating for the effect of a bite-block
on vowel production, again suggesting problems in mov-
ing the tongue and jaw independently.

Both types of result are in keeping with a view of
phonological development in which the acquisition of a
category such as the /g/ of dog is not a single cognitive
step. The child necessarily passes through intermedi-
ate states in which knowledge of all aspects of perceiv-
ing and producing the /g/ is built incrementally. Simi-
larly, it is unlikely that two children of the same age
who differ in whether they correctly produce /g/ will dif-
fer in an all-or-none way such that the child who cor-
rectly produces /g/ has knowledge of the category and
the child who does not produce /g/ does not have this
knowedge. The child who does not produce /g/ probably
has some productive knowledge of /g/. However, this
knowledge is not as clearly encoded at one or more of
the many different levels of representation involved in
knowing /g/ as it must be for the child who produces the
sound recognizably and consistently. An adequate char-
acterization of the child’s knowledge deficit must be able
to account for the observation that a child produces a
recognizable /g/ in uttering doggie but does not do so in
uttering dog. However, the emerging picture of the de-
velopment of phonological competence as a protracted
and multifaceted process means that such observations
are only a small part of the puzzle, to be linked to obser-
vations of all other potentially related aspects of the
child’s knowledge of /g/.

We need to adopt finer measures of phonological
competence than the phonetic alphabet to address
knowledge at all levels of phonological representation.
In assessing motor representations for articulation, for
example, we need to use instrumental measures of tim-
ing, pitch, and timbre to compare the productions of
children with phonological disorders with productions
of typically developing children. Using such measures,
researchers already have demonstrated that the child
who seems to be substituting one phone for the other in
a minimal pair often maintains a “covert contrast” (i.e.,
a measurable distinction that is either perceptually not
reliable or at least too subtle to be recorded in an al-
phabetic transcription; e.g., Baum & McNutt, 1990;
Forrest et al., 1990; Gibbon, 1990; Gierut & Dinnsen,
1986; Maxwell & Weismer, 1982). For example, children
with “frontally misarticulated” /s/ maintain temporal,

amplitude, and spectral differences between “misarticu-
lated” /s/ and /T/ (Baum & McNutt, 1990).

Two Components of Continuous
Knowledge Representation

The present study is part of our larger search for a
set of measurements of phonological knowledge at sev-
eral levels of phonological encoding and decoding. Our
aim is to develop a practical methodology that can be
used for examining whether representations and
competences in groups of children with phonological dis-
orders differ in a significant and systematic fashion from
those of age-matched children with typical phonological
development. We divided nonsymbolic phonological com-
petence into three components, involving three repre-
sentational spaces or mappings that the child must build
to acquire an expanding production lexicon. These three
components are the acoustic/perceptual space, the ar-
ticulatory/production space, and the inverse mapping
between production and perception. In this study, we
report findings from tasks designed to compare children
with phonological disorders and their age peers on the
first two components. Results for the task that taps
knowledge in the third component, the inverse mapping
between production and perception, are reported in
Beckman and Edwards (1996).

The first component is the acoustic/perceptual space.
Before words can be learned, the infant must acquire
representations that allow the perceptual system to at-
tend to just those dimensions and patterns in the acous-
tic signal relevant for distinguishing the contrasting
consonants and vowels of the ambient language and for
parsing the language-specific rhythmic structures that
make particular temporal sequences of contrastive
sounds phonotactically acceptable or unacceptable (e.g.,
Jusczyk et al., 1994). Even after words are acquired,
the child must continue to tune the perceptual system
to be able to distinguish contrasting segments in many
different prosodic contexts, to parse rhythmic structures
from many different segmental strings, and to under-
stand productions by speakers with different voices and
dialects in various listening conditions.

To assess the robustness of representations in this
component of phonological competence, we adapted gat-
ing and noise-center word-recognition tasks from the
speech perception literature (e.g., Grosjean, 1980;
Strange et al., 1976). In the gating task, the end of a
real word is “gated” for presentation and subjects are
asked to identify the word on the basis of the incom-
plete acoustic information in that gated portion. Sev-
eral studies (e.g., Elliott, Hammer, & Evan, 1987; Walley,
1988) have demonstrated that young children need more
acoustic information (i.e., longer gates) to identify a word
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than do teenagers or young adults. The use of this para-
digm in the present study allows us to determine if chil-
dren with phonological disorders need even more acous-
tic information (even longer gates) than typically
developing children do for consonant recognition. The
noise-center (or “silent-center”) vowel identification task
is the same as the gating task except that it removes
acoustic information from the center of the stimulus to-
ken (i.e., from the medial vowel) rather than gating from
one end. Thus, this task focuses on the use of dynamic
information for vowel rather than for consonant identi-
fication. Using noise-center or silent-center tokens, re-
searchers have demonstrated that vowel quality can be
identified on the basis of dynamic acoustic information
in the form of formant transitions into and out of a vowel
in a CVC context (e.g., Diehl, McCusker, & Chapman,
1981; Strange et al., 1976). Here, we wanted to see if
children with phonological disorders can process these
dynamic cues in a manner similar to typically develop-
ing children or whether they require more “static” acous-
tic information (represented by the relatively steady-
state portion of the vowel).

We chose these two paradigms for several reasons.
First, young children with typical phonological devel-
opment can perform the tasks (Elliot et al., 1987;
Murphy, Shea, & Aslin, 1989; Walley, 1988). Second,
the stimuli can be created easily using digitized natu-
ral speech. We choose to use natural rather than syn-
thetic speech because the unfamiliar degradations in-
herent to synthetic speech may introduce artifacts into
the observed response patterns that are unrelated to
speech perception in normally degraded conditions (e.g.,
Luce, Feustel, & Pisoni, 1983). Third, the tasks are “eco-
logically” valid in that they mimic natural environmen-
tal disturbances such as door slams. Finally, the pro-
cessing load in these tasks is relatively low because the
subjects are asked only to identify familiar words. Thus,
group differences can be attributed to differences in
perception-related phonological representations and
processes rather than to differences in auditory work-
ing memory or other aspects of nonperceptual cogni-
tive processing. We modified the usual paradigm for
identifying stimuli in gating and noise-center tasks so
that the child responds by pointing to a picture rather
than by speaking.

A second component of phonological competence
that we need to assess quantitatively is the articula-
tory/production space. To acquire a production lexicon,
the infant must develop articulatory representations
relevant for contracting sets of muscles, interpreting
efferent feedback reliably in order to sustain and inter-
rupt phonation in sequence, rapidly shaping the vocal
tract into a changing succession of language-specific
articulatory constrictions, and finely coordinating the

articulations with each other and with the phonation
sequence in often highly language-specific patterns.
Even after being able to produce forms that adults can
recognize as the intended word or word sequence, the
child must continue to refine motor control, to be able
to produce contrasts ever more reliably (Nittrouer,
1995), and to produce words fluently in different
prosodic positions, while efficiently adjusting the rate
and overall clarity to the listener’s needs of the mo-
ment (Lindblom, 1990).

To assess the robustness of representations in this
component, we decided to look first for acoustic mea-
sures that might allow us to infer details of control of
the lip-jaw and tongue-jaw complexes. On the basis of the
results of a previous experiment (Fourakis et al., 1995)
and on common error patterns (e.g., errors on velar stops,
liquids, affricates, alveolar and palato-alveolar frica-
tives), we suspected that many children with phonologi-
cal disorders have particular difficulty in controlling and
coordinating tongue movement. Thus, we focused on the
articulation of the four lingual stop consonants (/d/, /t/,
/g/, and /k/) and on the coordination of movement from
the voiced stops to a following vowel.

We chose two measures for this analysis. First, we
adopted measures of vowel formant dynamics from the
literature on motor control dysfunction in productions
by adult speakers (Weismer et al., 1992; Weismer,
Tjaden, & Kent, 1995). The method uses characteristics
of the time-varying second formant frequency as an in-
dex of articulatory control. Second, we included an analy-
sis of two of the first four spectral moments (center of
gravity and skewness values) of the voiceless stop bursts
to examine the precision of the children’s lingual articu-
lations. We adopted this method from Forrest et al.
(1988), who found that classification criteria based on
spectral moment values for adult male talkers correctly
identified stops produced by female talkers. Spectral
moments analysis has shown that stop and fricative
productions in typically developing children are more
variable than in adults (Nittrouer, 1995) and that there
are differences in spectral moment values in productions
of target /k/ or /s/ in children with phonological disor-
ders who “substitute” [t] for /k/ (Forrest et al., 1990) or
[T] for /s/ (Baum & McNutt, 1990).

The purpose of this study was to develop method-
ologies to explore two components of nonsymbolic pho-
nological competence: the acoustic/perceptual space and
the articulatory/production space. Our emphasis in this
paper, however, was not primarily on the specific dif-
ferences observed between the two groups. More gen-
erally, the study was designed to begin to develop para-
digms for understanding phonological acquisition and
disorder within a representation-based approach to pho-
nological competence. Accordingly, in the sections that
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follow, we point out problems with our initial paradigms,
as well as describe methodology and results.

Method
Subjects

The subjects were 6 children with phonological dis-
orders and 6 typically developing children matched for
age (within 4 months). There were 3 boys and 3 girls in
each group. The mean age of the children with phono-
logical disorders was 4;4 (years;months. SD = 0;9, range
= 3;8–5;4), and their mean percentile ranking on the
Goldman-Fristoe Test of Articulation (GFTA, Goldman
& Fristoe, 1986) was 7 (SD = 7, range = <1 to 16). The
mean age of the typically developing children was 4;4
(SD = 0;8, range = 3;7–5;2 years), and their mean GFTA
percentile ranking was 93 (SD = 10, range = 75–99).
For the children with phonological disorders, phonetic
inventories were determined from their single-word pro-
ductions on the GFTA (see Table 1). All of the children
with phonological disorders had normal structure and
function of the peripheral speech mechanism, as deter-
mined from informal evaluation by a certified and li-
censed speech-language pathologist during the initial
diagnostic evaluation.

For the production tasks, 6 adult subjects were in-
cluded as well, in order to compare patterns of variabil-
ity and contrast in forms produced by fully matured
motor systems. All adult subjects were graduate stu-
dents in speech-language pathology or audiology with
no reported history of speech, language, or hearing prob-
lems. All of the subjects were monolingual speakers of
English and passed a pure-tone hearing screening at 20
dB HL at 500, 1000, 2000, and 4000 Hz.

Stimuli
Stimuli for Perception Task

For the gating task, we developed two sets of four
pictures (illustrating Pete, peep, peak, the letter P and
Kate, cape, cake, and the letter K) and a set of training
pictures (beet, beep, beak, and bee). For the noise-center
task, we also developed two sets of four pictures (cop,
cap, keep, cup and bad, bead, bed, bird) and a set of train-
ing pictures (big, beg, bag, bug). The pictures were ar-
ranged on an 8.5" by 11" sheet of paper divided into four
equal size units. The pictures were colored line draw-
ings made by a local artist. All of the intended picture-
names are familiar words for young children, according
to Moe, Hopkins, and Rush (1982). Picture identifica-
tion was tested with 5 typically developing preschool-
age children (none of whom was included in the control
group for the actual experiment). The experimenter
named the four pictures on each page and then asked
the children to point to each of the pictures, both after
immediate presentation and then about 5 minutes later.
The children were 93% correct even in the delayed identi-
fication task, showing that the task was not too difficult.

The picture-names were recorded by an adult male
speaker of American English, low-pass filtered at 4.5
kHz, and digitized at 10 kHz. For the gating task, the
speaker produced a citation form with a clear release
burst for all of the final voiceless stops. The gated and
noise-center stimuli were created using standard digital
editing techniques. For the gating task, four stimuli were
created from each base word, all of which were ramped to
0 dB over 5 ms at offset. The four stimuli represented (1)
the initial CV up to 40 ms before the onset of final conso-
nant closure; (2) the initial CV up to the onset of final
consonant closure; (3) the CVC up to 10 ms after the stop

Table 1. Descriptive information for children with phonological disorders.

Age (in
Subject Gender months) GFTAa PPVT-Rb Initial consonantsc Medial consonantsc Final consonantsc

P1 Female 44 <1 99 /m, p*, b, n, t, d, j, w/ /m*, p*, b, n*, t*, d/ /m*, p*, n, t*, d, l*, k/

P2 Female 45 <1 110 /p*, b, n, t, d, tS, j, w, h/ /m*, p*, b, f, n, t*, s*, l*/ /m*, p, b, n*, l*/

P3 Male 46 9 89 /m, p, b, f, v, n, t, d, s*, /m*, p*, b, f, v, t, d, l*, tS, /m, p, b, f, v, n*, t*, d, S,
tS, r*, j, k, g, w, h/ dZ, k, g/ tS, r, N*, k, g/

P4 Female 49 13 85 /m, p, b, f, n, t, d, s*, z, /m, p, b, f, v, D, n*, t, d, /m, p, b, f, v, n, t, d, s, z*,
l, S, tS*, dZ, k, w, h/ s, z, l, S, tS, dZ, j, n, k, g/ l, S, tS, dZ, N*, k, g/

P5 Male 63 16 118 /m, p*, b, f, D, n, t, d, s, /m, p, b, f, v, n, t, d, s, /m, p, b, f, v, n, t, d, s, z*,
z, tS*, dZ, j, k, g, w, h/ dZ, r, j, n, k, g/ l, tS, dZ, r, N, k, g/

P6 Male 64 <1 82 /m, b, T, n, t, d, j, k*, /m, p, b, f, n*, t*, d, l*, /m, p, b, n, t, d, z*, l, r,
g, w/ j, N, k, g*/ N, k, g/

aGoldman-Fristoe Test of Articulation (Goldman & Fristoe, 1986) percentile ranking; bPeabody Picture Vocabulary Test–Revised (Dunn & Dunn, 1981)
standard score; cphonetic inventory based on GFTA single word productions (*sound was produced, but not consistently).
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release burst; and (4) the whole word. For the two CV
words (P and K), the four conditions were (1) 60 ms be-
fore voicing offset for the vowel; (2) 40 ms before voicing
offset; (3) 20 ms before voicing offset; and (4) the whole
word. For the noise-center task four versions of each
stimulus were also created. Measurements were made
of the vowel duration, and then 70%, 50%, 30%, or 0% of
the central portion of the vowel was deleted and replaced
by speech-shaped noise. The vowel was smoothly ramped
leading in and out of the noise over 5 ms.

Stimuli for Production Task
For the formant slope analysis, we elicited repeti-

tive productions of the phrases baby dog and good baby.
These two phrases were chosen because they consist of
familiar words and they contain CV transitions with the
voiced stop consonants /b/, /d/, and /g/. For the spectral
burst analysis, we elicited repetitive productions of the
phrase Timmy picked up kitty, which contained both /t/
and /k/ in stressed syllables followed by the same vowel.

Procedure
All testing was done in a quiet room, either at a

local child care center or in the Ohio State University
Speech-Language-Hearing Clinic. For the children, the
tasks were run on three separate days. All children par-
ticipated in the production experiment on the first day
and in the two perception experiments on subsequent
days. The order of presentation for the two perception
tasks was randomly assigned. All subjects completed the
testing within a 4-week period. The same mode of presen-
tation (including instructions, type and amount of rein-
forcement, and guidelines regarding repetition of stimu-
lus items) was used for both groups of child subjects.

Procedure Specific to Perception Task
The stimuli were output from an Ariel digital-to-

analog IO board connected to a PC. The stimuli were
low-pass filtered at 4.5 kHz and were presented in a
quiet room over a Realistic portable amplified speaker
system (model number 32-2028) with a frequency re-
sponse of ±3 dB SPL from 100 Hz to 1000 Hz, and ±5 dB
SPL from 1000 Hz to 4500 Hz.

For both tasks, each set of four pictures was pre-
sented separately. For each set of pictures, there was a
picture-name instruction period that had three stages:
(1) Each picture was identified by name by the experi-
menter (e.g., “This is a bag. You carry things in a bag.”).
(2) The child was then asked to name all four pictures.
(If a child forgot a picture-name, the picture-name was
provided again and the child was asked to repeat it.) (3)
The child was asked to identify all four pictures as the

experimenter said the picture-names. (There was no
control for whether the child was looking at the pictures
or the experimenter’s face in this live-voice presenta-
tion.) In each task, the first set of pictures was a train-
ing set. Following the picture-name instruction period
for this set, the child was then trained to identify the
test stimuli for that task (gating or noise-center). Dur-
ing training, the child first heard each of the four test
picture-names, presented by the computer in the whole-
word condition, and was asked to identify the stimulus
by pointing to the picture. The child was then told that
the computer would sometimes “talk funny,” that the
child should continue to identify the stimulus, but that
he or she might have to guess when the computer “talked
funny.” For the training pictures, 10 trials were pre-
sented. The other eight pictures were test responses.
Following the picture-name instruction period for a test
set, each picture-name was presented four times, once
in each of the experimental conditions for that task (e.g.,
once at each gate for the gating task). The stimuli were
presented in random order, with the provision that a
stimulus with a more drastic reduction of a base token
always occurred before any stimulus that was a less
drastically reduced version of the same base token.

Procedure Specific to Production Task
The subjects were recorded saying each of the three

phrases repeatedly at a self-selected normal rate and
then at a self-selected fast rate. The experimenter elic-
ited the repetitive sequences by modeling an extended
sequence (e.g., good baby good baby good baby good baby)
for the subject to imitate. Three to five productions of
the repetitive sequence were elicited for each utterance
type at each rate. Productions were recorded using a head-
mounted microphone and a SONY portable DAT; digitized
on a PC computer at a 20 kHz sampling rate, with 16-bit
resolution, using an anti-aliasing filter with a cutoff fre-
quency of 8.7 kHz; and then transferred to a SUN
Sparcstation running the Waves+ software package.

Analysis for Perception Task
Two words (the letter names P and K) were not in-

cluded in the gating analysis because these words do
not have final consonants and had been included only
as foils. One word (cop) was removed from the noise-
center analysis because, in a separate experiment with
24 typically developing preschool children, fewer than
50 percent of the children correctly identified it in the
0% deleted condition (apparently because it was not a
highly familiar word). For the 12 children who partici-
pated in this experiment, all other pictures were identi-
fied correctly in the live voice condition (in the identifi-
cation stage of the picture-name instruction) 98% of the
time.
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Percent correct responses were tabulated for each
word and for each condition. For each task, a two-way
repeated measures ANOVA was run with group as the
between-subjects factor and gate (or percent vowel de-
leted) as the within-subjects factor.

Analysis for Production Task
For the acoustic analysis for each subject, we se-

lected the first productions that were free of extraneous
noises or interruptions for each phrase, up to a maxi-
mum of 10. For the formant movement analysis, we
analyzed utterances separately at the normal and fast
rates. (Not all subjects produced 10 productions at all
rates, and noisy recording conditions precluded the use
of some productions. Most children produced at least
five noise-free productions, but the recording of the old-
est child with a phonological disorder had no noise-free
productions at the normal rate.) For this analysis,
formant tracks were obtained using LPC analysis with
a 25-ms Hamming window moving in 5-ms steps. These

tracks were overlaid on a broadband spectrogram and
manually edited for formant tracking errors. (This edit-
ing was necessary for almost all of the utterances pro-
duced by children but for only a few of the utterances
produced by adults.) We extracted the second formant
transition out of the word initial stops in baby, dog, and
good and then calculated the transition extent in Hz,
the duration in ms, and the “slope” in Hz/ms. Following
the procedures of Weismer et al. (1992), we defined the
transition as the interval over which formant frequency
was changing by at least 20 Hz per 20 ms; see Figure 1.
The onset of the second formant was defined as the LPC
output point corresponding to the onset of a clearly iden-
tifiable second formant band on the spectrogram. The
transition extraction algorithm computed the difference
in Hz between any two points that were 20 ms apart,
and when this difference exceeded 20 Hz, set the first
point of the pair as the starting point of the transition.
Similarly, the endpoint of the transition was defined as
the first point of a pair later in the track for which the
change in Hz was less than 20 ms.

Figure 1. Spectrogram of dog produced by a typically developing child (left panel) and by a child with a phonological disorder (right panel)
at fast rate with F2 transition marked.
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For the spectral burst analysis, we had usable ut-
terances for 4 of the 6 children with phonological disor-
ders (saying the phrase repetitively was too difficult for
2 of the younger children), so we analyzed their utter-
ances, those of their 4 age controls, and those of 4 adults.
Two of these children consistently produced recogniz-
able [k]s, and 2 children “substituted” [t] for /k/ on some
productions. For this analysis, we analyzed only the ut-
terances produced at the fast rate. The spectrum was
computed by FFT at the burst of the word initial /t/ and
/k/ using a 20-ms Hamming window centered at the on-
set of the burst. The first four moments were computed

as described in Forrest et al. (1988) to get the center of
gravity of the spectral envelope, its standard deviation,
and normalized coefficients of skewness and kurtosis.

Results
Results for Perception Task

Figure 2 shows the mean percent correct responses
for each child and for each group for the four gating condi-
tions. Identification scores for the live voice stimuli from
the identification portion of the picture-name instruction

Figure 2. Percent correct word recognition for the typically developing children (top panels), the children
with phonological disorders (middle panels), and group means (bottom panels). Results for gating task on
left and results for noise center task on right.
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process are also shown for comparison (although these
data were not included in the statistical analysis). There
was a significant main effect of group [F(1, 10) = 7.71, p
< 0.05], a significant main effect of gate [F(3, 30) = 38.22,
p < 0.001], and a significant group × gate interaction
[F(3, 30) = 5.54, p < 0.005]. Post hoc paired comparisons
revealed that the interaction was due to the fact that
the children with phonological disorders differed from
their age peers for only two of the four conditions (“re-
lease + 10 ms” and the “whole word”). Individual data
as well as group data are shown so that the within-group
variability among the children with phonological disor-
ders can be observed. Several responded at the same
level of accuracy as their age peers. At the other extreme,
the 49-month-old child with a phonological disorder iden-
tified all test stimuli as either P or K, despite having
100% correct responses to the live voice.

Figure 2 also shows the mean percent correct re-
sponses for each child and group for the four noise-center
conditions. Again, the responses to the live voice stimuli
are included in the figure, but not in the statistical analy-
sis. There was a significant main effect of group [F(1,
10) = 6.51, p < 0.05], a significant main effect of percent
vowel deleted [F(3, 30) = 11.77, p < .001], and a signifi-
cant group × percent vowel deleted interaction [F(3, 30)
= 5.22, p < 0.01]. Post hoc paired comparisons revealed
that the interaction was due to the fact that the chil-
dren with phonological disorders differed from their age
peers for only two of the four vowel conditions (70% de-
leted and 50% deleted). Again, there was more within-
group variability for the children with phonological dis-
orders, particularly for the two vowel conditions on which
there was a significant difference between the two
groups.

Results for Production Task
Formant Tracking Analysis

Figure 3 shows vowel durations in the target CV
sequences produced by the three groups of subjects. The
durations show the expected relationship to vowel
height, with shortest values in the high vowel of good
and longest values in the low vowel of dog. For the adults,
there is little variability in duration both within and
across speaker, except that vowel durations are some-
what decreased at the fast rate as compared to the nor-
mal rate, as expected. By contrast, for both groups of
child subjects, there is considerable variability both
within and between subjects, as is typical of talkers of
this age (see, e.g., Kent & Forner, 1980). Because of the
large amount of within-group variability, individual sub-
ject data as well as group means are shown. The chil-
dren with phonological disorders show poorer control
over rate. This is most obvious in the low vowel of dog,
where the productions by the control group, but not those

by the children with phonological disorders, show dif-
ferences in duration between the fast and normal rates.
The two groups of children have similar durations for
the fast-rate productions, whereas the vowel durations
of the normal-rate productions for the children with pho-
nological disorders are generally shorter than their age
peers.

Figure 3 also shows the duration of the F2 transi-
tions for the same productions. The adults exhibit little
variability, either within or across speakers. By contrast
with the total vowel durations, the transition durations
in the adult productions did not decrease as much from
the normal to the fast rate. This suggests that the modi-
fication in rate was not affected simply by changing the
speed of the consonant-to-vowel opening gesture but by
changing the timing of the consonant-to-vowel gesture
relative to the vowel-to-consonant gesture. Also by con-
trast to the total vowel durations, the transitions in the
children’s productions were not substantially longer than
those for the adults at either rate. This suggests that
the durational differences between the children and the
adults (like the durational differences between the nor-
mal and fast rates for the adults) involve differences in
between-gesture timing and not simply differences in
articulator or gestural speed.

Figure 4 shows the transition slopes for the same
productions. For the adults, the largest values (and the
most variability) are in the transition slopes for baby,
where the labial closure need be only loosely coupled to
the dorso-velar gesture for the [e]. The slope values for
the adult productions here might thus reflect the inde-
pendence of the quick ballistic release of the labial clo-
sure superimposed on the slower, more careful lingual
gesture of the vowel. Slope values for the adults are
smaller for both CV transitions involving lingual conso-
nants, where the tongue is involved in both the conso-
nant and vowel articulation. Both groups of children
differ from the adults in having similar slope values for
labial stop in /be/ and the alveolar stop in /dA/. However,
the typically developing children, like the adults, have
slower transition rates for the velar stop in /gÁ/, as might
be expected for a more controlled (less “ballistic”) move-
ment from the velar stop into the vowel. By contrast,
the children with phonological disorders have large slope
values for all three CVs at both rates. The productions
by the two youngest children with phonological disor-
ders are particularly noteworthy. These two children
were perceived as “substituting” [t] for /k/ and [d] for /g/
on the GFTA. They show extremely fast slope values for
good at both normal and and fast rate. They seem to
have the most ballistic gestures of all talkers in this most
difficult CV sequence, and the lesser precision in posi-
tioning of the tongue-jaw complex could explain why
their velar stops were perceived and transcribed as
alveolars.
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Figure 4 also shows the starting frequency at the
beginning of each CV transition. The patterns here lend
independent support to our interpretation of the slopes.
Among the adults, the starting frequency is most vari-
able for productions of baby, particularly at fast rate, as
would be expected if the increase in speech rate was
accomplished in part by making a faster consonant ges-
ture, with less precise timing of the labial release rela-
tive to the formation of the lingual constriction of the
vowel. The adults also showed a consistent pattern of

different starting frequencies for fast versus normal rates
for the three CV contexts. For example, for dog, fast-rate
productions showed lower starting frequencies relative
to normal rate productions, suggesting that the tongue-
lowering gesture for the vowel had been initiated ear-
lier relative to the consonant gesture at fast rate. Al-
though there was more variability in the productions of
the typically developing children relative to those of the
adults, this same pattern of different starting frequen-
cies for fast versus normal rates was generally observed.

Figure 3. Mean vowel durations (top three panels) and transition durations (bottom three panels) for the
three subject groups for the three CV types. Error bars indicate plus one standard deviation. Open bars
show individual means for fast-rate productions; cross-hatched bars show individual means for normal-rate
productions. Dotted lines show group means for fast-rate productions; solid lines show group means for
normal-rate productions. Children with phonological disorders (rank-ordered by age) are shown in the left
third of each panel, age-matched controls are shown in the middle third of each panel, and adults are
shown in the right third of each panel. No data are shown at the normal rate for the oldest child with a
phonological disorder because he produced no noise-free productions at this rate.
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By contrast, for the productions of the children with
phonological disorders, no consistent pattern for normal
versus fast-rate productions was observed. Furthermore,
the starting frequencies for dog at the fast rate and good
at both rates are of particular interest. Higher starting
frequencies were generally observed for the children with
phonological disorders relative to age peers. This differ-
ence in starting frequencies can also be seen by compar-
ing the spectrograms of the two subjects in Figure 1.

The F2 onset frequency of dog for the child with a pho-
nological disorder relative to that of the typically devel-
oping child is higher and farther from the F2 steady
state for the /A/.

A final point of interest is the extreme variability
in starting frequencies for good productions by all of
the children. Although values were generally highest
for the two youngest children with phonological disor-
ders (in keeping with the percept of their [t, d] for /k, g/

Figure 4. F2 transition slopes (top three panels) and F2 starting frequency (bottom three panels) for the
three subject groups for the three CV types. Bars, lines, and arrangement of subjects’ values are as in
Figure 3.
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substitutions), almost all of the children had at least one
token with starting frequency within the range of values
produced by these two children, a result that accords with
the results for the spectral moments analysis.

Spectral Moments Analysis
Figure 5 plots the coefficient of skewness as a func-

tion of the mean (center of gravity) for the stops /t/ and /k/
for the three subject groups. Each of the panels for the
four adult speakers shows a clear separation along both
axes, with higher skewness values and lower mean val-
ues for /k/, reflecting the more compact lower-frequency
burst of the velar place of articulation. For 3 of the 4
typically developing children, productions also tend to-
ward more compact lower-frequency /k/ bursts. T2’s pro-
ductions are most adult-like, with a clear separation
between /t/ and /k/ on both axes. The productions of T1
and T6 both exhibit some overlap between /t/ and /k/,
with more overlap in skewness than in mean values.
The productions of T5 are anomalous. Although /t/ and /k/
are well separated, it is in the direction opposite to pre-
dicted, with lower mean and higher skewness values
for /t/ as compared to /k/. This reversal stems not just
from the rather fronted palatalized /k/ in her kitty, but
also from the lower /I/ (almost [”]) in her Timmy, appar-
ently because of the following nasal. (This difference in
neighboring vowel quality could affect the spectral mo-
ments of the burst either by changing the consonant lo-
cus or by lowering the resonant frequency in the aspira-
tion noise.) The productions by the children with
phonological disorders show complete overlap along both
axes. This subsumes both a within-subject pattern of
partial overlap for the two children who produce recog-
nizably velar /k/s and a more complete overlap for the
two children who have a [t] for /k/ “substitution.”

Discussion
Perception Task

The children with phonological disorders correctly
identified significantly fewer stimuli than their typically
developing age peers for both tasks. However, the pat-
tern of group differences varied across the two tasks.
For the gating task, the children with phonological dis-
orders did not perform significantly more poorly than
their age peers in the two conditions with the least acous-
tic information (“closure – 40 ms” and “closure”). In these
two conditions, the release burst had been deleted, and
both groups performed at a very low level. The children
with phonological disorders differed from their age peers
in the two conditions with the most acoustic informa-
tion (“release + 10 ms” and “whole word”), the two con-
ditions in which the release burst was present. The typi-
cally developing children performed almost at ceiling in

these conditions (with an average correct identification
of 92% across the two conditions), whereas the children
with phonological disorders had a much lower average
performance of 53%. We cannot attribute this poor per-
formance of the children with phonological disorders to
a general inability to distinguish among CVC words that
differ only in the identity of the final consonant, nor can
their poor performance in perception be directly related
to their error patterns in production (e.g., final conso-
nant deletion) for several reasons. First, all of the chil-
dren with phonological disorders performed as well as
age peers with the live-voice stimuli. Furthermore, only
P2 consistently deleted final stop consonants in produc-
tion, and her performance on the gating task did not
differ systematically from that of the other children with
phonological disorders who did not delete final conso-
nants. (This is not to say that perception and produc-
tion of final consonants are unrelated—a conclusion that
would be premature, given the small n of 6.) What is
especially interesting here is that the children with pho-
nological disorders had problems identifying final stop
consonants in digitized CVC words even when no time
portion of the acoustic signal had been deleted and only
the bandwidth was narrower than in the live-voice pre-
sentation. This result suggests that the perceptual rep-
resentation of final consonants for children with phono-
logical disorders is so fragile that, in situations when
perception is stressed by even such a seemingly small
degradation as a reduction in bandwidth (or perhaps
the loss of redundant visual cues), their performance
suffers.

A different pattern was observed in the noise-center
experiment. The children with phonological disorders per-
formed at a level similar to that of their age peers for the
two conditions with the most acoustic information (0%
and 30% of the vowel deleted). However, they identified
significantly fewer words than their age peers for the
two conditions with the least acoustic information (50%
and 70% of the vowel deleted). For the noise-center task,
the typically developing children performed at a very
high level for all four stimulus conditions, indicating that
they were able to use information from the CV and VC
transitions to identify the medial vowel. The significantly
poorer performance of the children with phonological
disorders in the two conditions with the least acoustic
information again suggests that they need more acous-
tic information to recognize segments.

The divergent patterns of group differences for the
two tasks are probably related to differences in the na-
ture of the acoustic cues for medial vowels and final
consonants. The two mutually redundant cues to me-
dial vowel identity (i.e., formant transitions and center
formant frequency) are well-integrated spectrally and
temporally and are reliably present in the acoustic sig-
nal. By contrast, the redundant cues to final consonants
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(i.e., VC transition and release burst) are not integrated
in time, and the burst is not reliably present. Thus, it
is not surprising that children with phonological disor-
ders often are observed to have difficulty with final stop
consonants in production. The current results suggest

Figure 5. The first spectral moment (center of gravity) plotted against the third spectral moment (skewness)
for the [t] and [k] bursts at the beginning of the words Timmy and kitty. Left panels show children with
phonological disorders, middle panels show the age-matched controls, and the right panels show the
adults. Squares stand for /t/ productions; circles stand for /k/ productions transcribed as [k]; and
triangles stand for /k/ productions transcribed as [t]. Data for subjects P3 and P4 (and their age controls)
are not shown because they had difficulty saying the target phrase repetitively.

that even after any observed production difficulties have
been resolved (or even in the absence of such difficul-
ties), their representations of final consonants can be
vulnerable to diminished redundancy in the acoustic
signal.
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closure production. Adopting Kent’s terminology, we can
characterize the children with phonological disorders
as producing generally “ballistic” movements even for
lingual gestures into vowels. As a group, the children
with phonological disorders were less able to speed up
at the fast rate, because they may have already been
speaking as fast as they could. They then apparently
tried to increase rate by making their movements even
more ballistic.

The differences between the labial and lingual con-
sonants for the typically developing children and the
adults further supports this interpretation of the differ-
ences between their productions and the phonologically
disordered productions. In fast-rate utterances, there is
an inherent conflict between making precise oral con-
figurations for the vowel and consonant place features
and making the particularly quick succession of alter-
nating stop and vowel manners required for the tempo.
In the sequences with /d/ and /g/—in contrast to those
with /b/—the tongue body cannot be positioned for the
vowel until late in the consonant articulation, because
of the conflicting configurational requirements of the
consonant. However, a speaker with a robust motoric
representation of the tongue-jaw complex can still use a
ballistic jaw-lowering to achieve the rapid manner al-
ternation even while positioning the tongue body slowly
and carefully for the vowel target. If the larger slope
values indicate a single ballistic movement for the rel-
evant articulator complex as a whole, then the typically
developing children and adults use this strategy only
for the transition out of the bilabial stop, whereas the
children with phonological disorders show the faster,
more ballistic movement even for the transitions out of
/d/ and /g/, where this strategy for speeding up the tempo
must sacrifice precision in the consonant and/or vowel
target. Furthermore, the two subjects who “substituted”
alveolar for velar stops exhibited extremely fast slope
values at both the normal and fast rates; the lesser pre-
cision involved in their more ballistic gestures could
explain why their velar stops were perceived and tran-
scribed as the more fronted alveolar constriction.

This interpretation is also consistent with the pat-
terns observed for the children with phonological disor-
ders in Figures 4 and 5. All of the children showed more
variability than the adults in the onset frequencies of
their transitions out of the velar stop in good. In keep-
ing with this greater variability, a spectral moments
analysis also showed considerable overlap between ve-
lar versus alveolar stop bursts for the first consonants
in kitty and Timmy, where the contrast occurs in osten-
sibly the same following vocalic environment. That is,
the overlap of /k/ and /t/ burst spectral moments values
indicates a less precise articulation of the velar stop place
in the children’s productions as a rule. The target end-
points of ballistic movements cannot be positioned as

Production Task
As a group, the children with phonological disor-

ders showed several differences relative to their age
peers indicative of poorer control over various aspects
of gestural timing. First, they were less able to vary over-
all duration in response to the instruction to vary rate.
Specifically, most of the children with phonological dis-
orders had faster durations than their age peers at the
normal rate, suggesting that they were already speak-
ing as quickly as they could. This interpretation is sup-
ported further by the second difference: The children
with phonological disorders had large and similar slope
values for the transitions out of labial, alveolar, and ve-
lar stops at both speaking rates. By contrast, the typi-
cally developing children had smaller slope values for
transitions out of velar, as compared to labial, stops.
Finally, the children with phonological disorders, as com-
pared to their age peers, had generally higher F2 onset
frequencies for lingual stops. This result suggests that
the children with phonological disorders, as a group,
seemed less able to maneuver jaw and tongue body sepa-
rately from the tongue tip to begin the vowel gesture sooner
relative to the release of the lingual closure. That is, at
lingual stop release, the children with phonological disor-
ders seemed to be just initiating the vowel gesture. By
contrast, at stop release, the typically developing children
were much closer to the steady-state F2 frequency of the
vowel, indicating that they had begun moving their tongue
body for the vowel during the consonantal closure.

This pattern of results suggests two interpretations,
not mutually exclusive, for the larger slope values of
the children with phonological disorders relative to age
peers. The fact that larger slope values and higher F2
onset frequencies were observed in the same contexts
(both rates for good and fast rate for dog) suggests that
they may be related; when a transition begins later rela-
tive to the stop release, its observable portion must cover
a larger frequency range. Thus, the larger slope values
may simply be because the children with phonological
disorders start the vowel gesture later relative to the
consonantal articulation, as compared to their age peers
(who are better able to coordinate tongue body and jaw
independently and thus can begin the vowel gesture
sooner relative to the release of the lingual closure).
Another possibility is that the children with phonologi-
cal disorders are producing more “ballistic” gestures
than their age peers. This explanation is reminiscent
of Kent’s (1992) “motoric analysis” of typologies of pho-
netic inventories, in which he relates the order of ac-
quisition of speech sounds to more general motor de-
velopment. In particular, he suggests that fricatives are
among the last sounds to be acquired because they re-
quire fine force regulation and cannot be produced with
the simpler “ballistic” movements appropriate for stop
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precisely, and there was considerably more overlap in
the phonologically disordered productions even for those
children who do not “substitute” [t] for /k/.

Conclusions
A limitation of this study is the small sample size

and the lack of homogeneity within the sample. The
subjects varied in terms of the severity of their phono-
logical disorder, with 3 subjects being more than three
standard deviations below the mean on the GFTA (with
scores below the first percentile), whereas the score of 1
of the other subjects was only one standard deviation
below the mean (16th percentile). Furthermore, 3 of the
subjects had accompanying language disorders (the 46-,
59-, and 64-months-old children), whereas the other 3
did not. With such a small sample size, we were unable
to examine whether the within-group variability for the
children with phonological disorders was systematically
related to severity of the phonological disorder or to the
accompanying language disorder. Clearly, a larger
sample size is needed in order to examine systemati-
cally the effects of severity of the phonological disorder
and accompanying language disorder on measures of
phonological competence.

Besides testing a larger number of subjects, we also
plan to try different stimuli for future production tasks.
For the formant-tracking analysis, we plan to maintain
the same vocalic context across all three stop consonants
(as in /baI/, /daI/, /gaI/, for example). For the spectral
moments analysis, we plan to use phrases that are less
difficult than “Timmy picked up kitty” turned out to be
for several of the children with phonological disorders.
The current study also highlighted for us the relation-
ship between choice of measure and the recording con-
ditions; spectral moments analysis and formant track-
ing, in contrast to other kinds of acoustic analysis such
as durational measurements, require noise-free record-
ings. A limitation of the perception experiments was the
small number of stimuli for each task. We plan to refine
this paradigm to evaluate word recognition with a larger
number of stimuli without requiring children to produce
the words (as in the usual gating tasks) and without
using a same/different paradigm that requires children
to hold words in auditory working memory.

Despite these limitations, the results of this study
(and that of Beckman and Edwards, 1996, who exam-
ined inverse mapping skills in this same group of chil-
dren with phonological disorders and age controls) sug-
gest that the general approach is fruitful. The children
with phonological disorders as a group clearly differ from
their age peers in all three of these aspects of phono-
logical competence: perception, production, and the in-
verse mapping between perception and production.

These patterns suggest that at least part of the knowl-
edge deficit that constitutes “phonological disorder” for
some children is a weak cognitive representation of the
redundant perceptual cues for speech sounds or of the
motor control structures necessary for producing and
coordinating gestures. These results are consistent with
the view that phonological contrast is a cognitive prop-
erty that emerges from the incremental acquisition of
robust representations of phonological knowledge at
many different levels—not just at the level of categori-
cal lexical contrast.

Clearly, more research is needed in order to exam-
ine in more detail the phonological knowledge deficits
of children with phonological disorders in all three com-
ponents of competence identified in this paper and to
begin to understand within-group variability in perfor-
mance on these tasks. In this study, we have explored a
few paradigms for examining several aspects of phono-
logical knowledge in young children. These paradigms
need to be refined and additional measures developed.
More research is also needed to develop a completely
specified model of phonological acquisition, in which
knowledge at different levels of phonology can be repre-
sented accurately, and categorical knowledge can be
modeled more precisely as a representational space that
emerges from the acquisition of these other spaces and
of the complex constraints that govern the mappings
within the continuous spaces and between them and
word meaning. The characterization of phonological dis-
order within such a representation-based approach to
phonological acquisition should account for the data
presented here in a more informative way than seems
possible in the dichotomous taxonomy of the traditional
rule-based approaches.
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