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A wide variety of acoustically based techniques have been developed for the assessment
of speech disorders. These techniques have
been designed to address one of three problems:
(1) differentiating between normal and a bnormal speech patterns, (2) quantifying the overall
severity of a speech-production
disorder, and
(3) providing detailed information about the
nature of a speech-production
disorder. The
purpose of this talk is to review the acoustic
techniques that have been developed to address
these problems. One problem of particular
interest concerns the application of acoustic
measurements to the quantification of speech
intelligibility for hearing-impaired
speakers.
Research on this problem has shown that a
relatively small set of acoustic measuresparticularly those associated with segmental
articulation-can
be used to predict speech
intelligibility with a fairly high degree of
accuracy. Acoustic techniques have also been
applied to the assessment of speech intelligibility in dysarthric speakers. For example,
research has shown that some relatively simple
acoustic measures correlate well with speech

intelligibility deficits associated with certain
neurologically based speech disorders. Another
area of interest has been the development of
acoustic techniques to assess specific speech
features such as voice-onset time, vowel production accuracy, consonant place-of-articulation accuracy, and nasalization. Techniques
have been developed that are designed to:
(1) provide a speaker with visual feedback as
part of a speech-training program, and (2)
track a speaker's progress throughout the
course of that treatment program. Despite
substantial progress that has been made in all
of these areas, acoustically based assessment
methods are not in common use in clinical
settings. This is due in part to the fact that
research has tended to focus primarily on a
limited set of technical issues, while ignoring
a variety of more mundane practical problems.
Two areas in which research is especially
needed are: (1) clinical efficacy studies designed
to determine how well some of these methods
work in clinical settings, and (2) developments
aimed at improving the accuracy, speed, and
ease-of-use of speech-analysis techniques.
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Our goal in this talk is to review some of the acoustic
techniques that seem to us to offer the greatest potential for aiding in the assessment of speech disorders.
Before turning to specific techniques, it might be useful
to consider exactly what we want our assessment
techniques to tell us. Viewed very broadly, there are
three general questions that any kind of assessment
technique might be designed to address.
1. Detection: The first problem is simply one of detection; that is, how do we go about differentiating
between normal and abnormal speech patterns?
This is by far the simplest type of assessment
problem.
2. Overall Severity: A second problem is the quantification of overall severity. Given that a problem
has been detected, what is the magnitude of that
problem? It is hard to overestimate the importance
of accurate measurements of overall severity since
they allow us to: (1) measure an individual's progress
throughout the course of a treatment program, and
(2) compare the relative effectiveness of different
treatment approaches. In some cases, crucial educational or vocational decisions are based on estimates
of severity.
3. "Diagnosis": By far the most difficult challenge in
this area is to design assessment techniques that
provide "diagnostic" information. We put this
term in quotes because we do not mean it in the
taxonomic sense, but in the very general sense of
providing information regarding the nature of the
problem rather than simply its severity. Although
the measurement of overall severity can be very
useful, there are some important things that this
type of measure can not tell us. For example, one
of the problems that we will discuss today is the
quantification of intelligibility. An important
limitation of global measures of intelligibility is
that they can not tell us anything about the source
of the intelligibility problem. A more powerful
assessment technique would be one that provided
diagnostic information about the specific characteristics of the talker's speech that are responsible
for the intelligibility deficit. Among other things,
this kind of assessment technique can provide
valuable guidance regarding treatment strategies.

Quantification

of Intelligibility

Hearing Impaired Speakers
The first problem that we will address is the one that
was just mentioned: How do we go about measuring
speech intelligibility? We will begin by reviewing some
work that has been done on the measurement of intelligibility for hearing-impaired speakers.
There is good agreement that intelligibility is a very
useful index of a hearing-impaired speaker's oral
communication skills (e.g., Subtelny, 1977: Monsen,
1981). However, there are several problems with the
perceptually based techniques that are commonly used
to measure intelligibility. These issues have been discussed in detail by several investigators (e.g., Kent et
al., 1989c; Metz et al., 1980; 1985; 1990; Samar and
Metz, 1988; Nickerson and Stevens, 1980; Subtelny,
1977; Subtelny et al., 1980).
The first systematic attempt to apply acoustic techniques
to address some of these problems was a landmark
study by Monsen (1978) at the Central Institute for
the Deaf. Monsen's goal was to predict intelligibility
from a relatively small set of acoustic measurements.
Three types of measures were used: measures of consonant production, measures of vowel production, and
prosodic measures.
One example of a consonant production measure was
the difference in voice-onset time (VOT) between a
voiced-voiceless pair such as Ib/-/p/. This measure was
included because some hearing-impaired speakers produce both voiced and unvoiced stops with short-lag
VOTs. The expectation was that relatively small differences in VOT would be associated with low intelligibility.
For vowel production, Monsen was trying to capture
differences in the size of the phonetic space in which
particular talkers produced vowels. Figure 1 shows
F1-F2 plots for two hearing-impaired speakers who
show very large differences in acoustic vowel space.
The expectation was that a relatively large vowel space
would be associated with high intelligibility, and that
a compressed vowel space would be associated with
low intelligibility. Monsen used the difference in F2
between IiI and loJI and the difference in F1 between
lal and Iii to capture these vowel-space differences.
A similar principle was applied to the production of
diphthongs. The spectrogram on the left in Figure 2 is
a normal production of the diphthong laU, showing
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Figure 2. Spectrograms of lall from two hearing-impaired
speakers (from Monsen, 1978).
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Figure 1. Vowel space diagrams for Iii, lal, and 1.)1 for two
hearing-impaired speakers (from Monsen, 1978).

large movements of both Fl and F2. The spectrogram
on the right is a poorly articulated laIl that is characterized by a relatively flat F2. Monsen used the change
in F2 in the diphthong to capture these differences.
The prosodic measures consisted of mean sentence
duration and mean fundamental frequency (Fo)' Mean
sentence duration was included because hearingimpaired speakers tend to speak more slowly than

Monsen used stepwise multiple regression to predict
perceived intelligibility from the acoustic measures.
The main result was that the relationship between
predicted and observed intelligibility was very strong
(r = 0.85). Furthermore, the solution that was derived
for the original group of 37 hearing-impaired speakers
worked equally well for a new group of 30 hearingimpaired speakers. Overall, the acoustic variables that
were most important were the ones associated with
segmental articulation: variables such as the VOT
difference between Idl and ItI, the F2 difference
between IiI and I..J/, and so on. The prosodic variables
added very little to the prediction of intelligibility.
Monsen's results have been replicated and extended
by Metz and his colleagues at the National Technical
Institute for the Deaf (Metz et aI., 1985). The general
approach of the NTID research is very similar to
Monsen's work. The NTID group used a slightly
expanded set of acoustic features; they also used a
statistical technique based on principal components
analysis in place of the multiple regression technique
used by Monsen. The NTID results also showed a very
strong relationship between predicted and observed
intelligibility, with correlations ranging from 0.73 to
0.96, depending on the method used to estimate
intelligibility. As with Monsen's work, the best
predictors were acoustic features associated with
segmental articulation.
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Acoustic techniques have also been applied to the
assessment of dysarthric speech. An example of this
research is illustrated in Figure 3, which shows results
from a recent study by Kent et al. (1989a). This figure
shows formant frequencies over time for the word
"wax" produced by two groups of ALS patients. Subjects in the top panel have intelligibility scores of 70%
or greater and subjects in the bottom panel have intelligibility scores of less than 70%. The most prominent
difference is substantially reduced F2 movement in the
poor intelligibility group. The reduction in F2 movement is almost certainly due to poor tongue mobility.

WAX: F1 & F2
AlS MALES OVER 70% INTELLIGIBLE
2500

N
I 2000

Figure 4, which is also from the Kent et al. study, shows
measurements of the slope of the second formant for
a single ALS patient. Small F2 slope values mean that
the second formants are relatively flat which, in turn,
suggests poor tongue mobility. The F2 slope measurements were taken repeatedly over time as the patient's
disease became progressively more severe. The numbers
near the data points are intelligibility measures. It can
be seen that this very simple acoustic measurement
provides a very good reflection of the state of progression of this patient's disease.

Acoustic Correlates
Features

of Specific Speech

Up to this point, the discussion has focused on global
. measurement of intelligibility. Acoustic techniques
have also been developed to assess very specific speech
features. The areas that have received the most attention are measures of: (1) voice onset time, (2) vowel
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Figure 3. Formant frequencies over time for the word
"wax" for two groups of speakers with ALS. Speakers in
the top panel have intelligibility scores of 70% or greater,
while subjects in the bottom panel have intelligibility scores
of less than 70% (from Kent et al., 1989a).
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Kent et a!., 1989a).
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production accuracy, (3) consonant place-of-articulation accuracy, and (4) nasalization.
VOT Analyzers
The measurement of VOT has received a good deal of
attention, in part because voiced-voiceless errors are
fairly common among hearing-impaired and dysarthric
speakers, children learning'their native language, and
speakers of English as a second language. A second
reason is that VOT differences are easy to display and
relatively easy to measure.
The most straightforward way to measure or visualize
the VOT interval is to examine either a spectrogram
or an oscillogram. The displays shown in Figure 5 were
produced by the GW Instruments MacSpeech Lab system, but there are many other ways to produce both
spectrograms and oscillograms (see Read et aI., 1990,
for a review).

••••

Figure 5. Spectrograms

,··,,!,87

of /ga/ (left) and /ka/ (right).

Several laboratories have designed systems to extract
VOT automatically in real time. Kalikow and Swets
(1972) passed a microphone signal through a 19channel filter bank. The release burst was detected at
the output of several high-frequency channels, and
voicing onset was detected by the filter output of a
channel centered near Fa (see also Stark, 1972).
VOT analyzers using very similar designs were developed independently by Till and Stivers (1981) and
Moeini et al. (1990). In both of these systems, a highpass filtered mouth microphone is used to detect the
release burst and a low-pass filtered throat microphone
is used to detect the onset of voicing. Digital displays
show the measured VOT value.

MONOGRAPH

Despite encouraging results that have been reported
for all of these systems, a VOT analyzer is not currently
available on the commercial market. In our opinion,
there are at least three things that will be needed in
order to bring these devices out of the laboratory and
into the clinic. First, although the accuracy of existing
devices is generally good, there are some technical
problems that will have to be solved in order to further
improve measurement reliability. In our view, the technical improvements that are needed are well within
reach. Second, clinical efficacy studies will be needed
to show what this kind of device could do for us in a
clinical setting (see KaJikow and Swets for some preliminary evidence regarding efficacy). Finally-and
in some ways this is the most important item on the
list-we need to capture the interest of an experienced
commercial developer in bringing a device such as this
to the commercial market.
Vowel Production Accuracy
Several systems have been designed to measure the
accuracy of vowel production using acoustic techniques. One example is a recently developed system
called the "Vowel Accuracy Module" from a very
interesting system designed by IBM called SpeechViewer.
The clinician begins by setting the system up to expect
a particular vowel. The speaker then attempts to produce that vowel while looking at a computer terminal
display showing a monkey on a tree. An evaluation
metric is generated by the system that measures the
distance between the vowel that is spoken and a stored
template for that vowel. If the distance is small, the
monkey climbs to the top of the tree. Large distances,
on the other hand, will cause the monkey to climb
only part way up the tree, or perhaps not move at all.
The distance metric uses a clustering technique based
on similarities and differences in spectral shape. One
very important feature of the system is that it is speaker
independent, meaning that separate templates are not
required for men, women, and children.
A different approach to the same kind of problem is
another very interesting system currently under
development at Old Dominion by Zahorian and
Venkat (1990). Figure 6 shows a tracing that we made
of the computer terminal display that is generated by
this system. The circles are vowel targets, and it can
be seen that they are arranged in a configuration that
closely resembles an articulatory vowel diagram. When
the speaker produces a vowel, a rectangle is displayed
on the screen that shows the position of the vowel in
relation to these targets. The methods that are used to
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Figure 6. Vowel targets used with the Zahorian and Venkat
(1990) vowel trainer.

map the acoustic signal into this space are quite complicated, but basically involve a transformation of
smoothed spectral shape into a two-dimensional
space that correlates with the frequencies of the first
two formants. (See Zahorian and Jagharghi, 1990,
for details; see also Povel and Wansink, 1986, for a
related approach). A particularly interesting feature
of this system is that, unlike the SpeechViewer module,
the display tells the speaker not only the size of the
vowel-production error, but also the direction in which
the speaker needs to move in order to hit the target.
Consonant Place of Articulation Accuracy
We focused most of our talk today on techniques that
are relatively well developed. The work that we will
describe next is in a fairly early stage of development.
We think the work is interesting, though, so we want
to take a few minutes to describe it. The basic idea of
this research is to find an acoustic metric that would
indicate how well a speaker is approximating a labial,
alveolar, or velar articulatory placement. This is not
an easy problem since the acoustic properties that are
associated with place of articulation are not nearly as
well understood as we would like.
Recent work on this problem by Forrest and her colleagues (1988, 1990) was motivated by a widely cited
series of studies by Stevens and Blumstein (1978;
Blumstein and Stevens, 1979; 1980). These studies
suggested that the spectrum sampled at the release of
the consonant showed a distinctive shape for each
place of articulation. The long-term goal of the Forrest
et al. work is to use this relationship between gross
58

spectral shape and place of articulation as a way to
measure place-of-articulation accuracy.
The method developed by Forrest et al. involves the
computation of a set of statistics called spectral moments.
The spectral moments are intended to capture gross
features of the onset spectrum, such as whether the
spectrum is diffuse or compact, whether energy is
primarily in the high, low, or mid-frequencies, and so
on. Using linear discriminant analysis, Forrest and
her colleagues have shown that spectral moments
allow for very accurate classification of the place of
articulation of voiceless consonants. They have also
shown that the classifier does not need separate
training models for male and female speakers. The
current effort is focusing on classification models for
children's speech (Forrest et aI., 1990). Work with
disordered speakers will also be needed to demonstrate that the distance metric that is generated agrees
well with listener judgments of phonetic quality.
Nasometry
The acoustic effects of opening the velopharyngeal
port (VPP) are complex and may vary significantly as
a function of phonetic context, degree of stress, and
speaking rate (Fujimura, 1962; Kent et aI., 1989b).
Because of these complexities, it has proven to be
difficult to obtain valid and reliable perceptual judgments of the degree of nasality and thus to assess VPP
function auditorily (Counihan and Cullinan, 1970). A
new microcomputer-based device marketed recently
appears to be a promising clinical tool for doing so
using acoustic methods. The Nasometer computes
"nasalance" based on the intensity of a band of
acoustic energy radiated from the nose relative to a
similar band radiated from the mouth. Band-pass
filters centered at 500 Hz, with 300 Hz bandwidths,
are used for both the nasal and oral signals. Nasalance
is typically based on the average values obtained in
8.3 ms intervals spanning sentence- or paragraphlength utterances. The nasometer can also be used to
assess more fine-grained aspects of articulation involving the VPP. Flege (1988) used a nasometer to examine
anticipatory and carry-o~er velar coarticulation in
consonant-vowel-consonant syllables with initial or
final nasals.
Nasalance is thought to be responsive to the acoustic
consequences of phonatory and articulatory gestures
relevant to the degree of perceived nasality. The more
nasal consonants there are in a speech sample, the
higher will be nasa lance for both adults (Dalston and
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Seaver, 1990b) and children (Fletcher et aI., 1989;
Watterson et aI., 1990; Seaver et aI., 1990). It appears
that nasa lance may vary according to dialect and
possibly gender (Seaver et aI., 1990; but d. Litzaw
and Dalston, 1990). Nasalance may increase slightly
with advancing age, at least in speech samples without
nasal consonants (Seaver et aI., 1990).
The Nasometer appears to be reliable (Seaver et aI.,
1990). Validity has been shown by agreement between
nasalance measures and VPP size as determined by
transillumination (Dalston, 1989) and pressure-flow
techniques (Dalston et aI., 1990b). As nasalance norms
become better defined, it may be possible to define
clinical deviancy in terms of degree of divergence from
norms (see Fletcher et aI., 1989). In fact, a recent
study showed that nasalance measures identified most
children in a test population who had inadequate VPP
closure resulting from oral-facial anomalies (Dalston
et aI., 1990b). The Nasometer was also successful in
diagnosing nasal airway impairment (i.e., hyponasality)
in adults (Dalston et aI., 1990a).
Nasalance was found to be correlated with the degree
of perceived nasality in two recent studies (Dalston
and Warren, 1986; Dalston et aI., 1990b). However,
a recent report by Watterson et al. (1990) revealed only
a moderate correlation between nasalance measures
and nasality ratings in a speech sample with no nasal
consonants in three children with craniofacial anomalies (r = 0.49). Even weaker correlations were obtained
for two samples that contained nasal consonants (r =
0.24 and 0.20). The authors suggested that nasalance
is too simple an index of the acoustic effects of VPP
opening to be of immediate clinical utility, especially
since it ignores acoustic effects of oral-nasal coupling
on frequencies above about 650 Hz.
The apparent discrepancy between results reported by
Dalston et al. and Watterson et al. may be due to the
use of sentence-length versus paragraph-length speech
samples, errors in segmentation, or possibly the lack
of a tight fit of the sound separator against the prolabium
in some children. But it may mean that the Nasometer
is less useful in assessing hypo- and especially hypernasality in children than adults (see also Dalston et aI.,
1990b). Additional research will be needed before the
Nasometer is adopted as a routine assessment tool. In
particular, there is a need for correlational studies
relating nasalance measures in speech samples of
varying length and nasality judgments given by panels
of trained and untrained listeners.
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Where Do We Go From Here?
We would like to end this talk with a brief discussion
of some of the directions that we think future work in
this area will need to take in order to move some of
these techniques out of the laboratory and into the
clinic. The main point that we want to make is that our
research has focused primarily on technical issues, and
we have tended to ignore a variety of what might be
considered more mundane, practical issues. There are
only two of these areas that we will have time to discuss.
Clinical Efficacy Studies
The first area is one that we mentioned briefly a minute
ago: in our opinion, we are badly in need of clinical
efficacy studies that will show us what some of these
techniques can and can not do for us in the treatment
of speech disorders. As one example, we mentioned
earlier that a hearing-impaired speaker's intelligibility
can be predicted from measures such as VOT differences between voiced-voiceless pairs. Does this finding
mean that a treatment program that focuses on remediating this deficit will result in a large improvement
in intelligibility? This mayor may not be the case. As
another example, how would a treatment program
that made use of a VOT analyzer compare with a
treatment program based on traditional methods? In
general, there are many questions of this type that
have not been addressed.
Improvements in Speech Analysis Techniques
A second area that we believe will have to be addressed
has to do with the time-consuming nature of some of
the measurement techniques. As anyone who has been
involved in acoustic studies can verify, a substantial
time investment can be required to obtain some of
these measurements. While there have been enormous
improvements recently in the quality and availability
of relatively low-cost speech-analysis systems, additional improvements will be needed before some of
these techniques will become practical for clinical use.
One area of particular concern has to do with the
measurement of formant frequencies and formantfrequency contours. These kinds of measurements
figure very heavily in many of the techniques that we
described today, but most speech analysis systems
either do not support these measurements at all, or
do not provide very efficient ways to obtain them.
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Figure 7 shows an example of a system that is currently
under development at RIT Research Corporation and
Western Michigan University. It allows very rapid
editing of formant frequency contours using a fairly
simple peak-following method (see also Gayvert and
Hillenbrand, 1988).

Blumstein, S., and Stevens, K. (1980). Perceptual
invariance and onset spectra for stop consonants in
different vowel environments. Journal of the Acoustical Society of America, 67, 648-662.
Counihan, D., and Cullinan, W. (1970). Reliability
and dispersion of nasality ratings. Cleft Palate Journal,
1,261-270.
Dalston, R. (1989). Using simultaneous photodetection
and nasometry to monitor velopharyngeal behavior
during speech. Journal of Speech Hearing Research,
32, 195-202.
Dalston, R., and Seaver, E.]., III (1990a). Nasometric
and phototransductive measurements of reaction times
among normal adult speakers. Cleft Palate Journal,
27,61-67.
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Figure 7. Graphics display for a formant frequency editor
that is currently being developed at RIT Research Corporation
and Western Michigan University.

One other area in which improvements are needed has
to do with expandability. Nearly all of the speech
analysis workstations on the market are "closed"
systems, meaning that there is no way to expand the
basic signal-processing capabilities. Since there is no
way for developers to anticipate all of the needs that
users might have-particularly users in research
settings-methods will have to be found that allow
user-defined signal-processing functions to be added
to an existing system. One system that incorporates a
simple and powerful software expansion utility was
described recently by Gayvert et aI. (1989).
These are just a few examples of the kind of work that
we think will be needed in this area. In general, we have
tended to have a relatively short attention span on some
of these problems. If we want to see some of these
methods put into practice, we will need to do a much
better job of testing their effectiveness in clinical settings
and addressing some fairly straightforward practical
and human engineering problems.

Dalston, R., and Seaver, E.]., III (1990b). The relative
value of various standardized passages in the nasometric
assessment of patients with velopharyngeal impairment. Journal of Speech and Hearing Disorders,
submitted.
Dalston R., and Warren, D. (1990). Comparison of
Tonar II , pressure flow and listener judgments of
hypernasality in the assessment of velopharyngeal
function. Cleft Palate Journal, 23, 108-115.
Dalston, R., Warren D., and Dalston, E. (1990a). The
identification of nasal obstruction using clinical judgments of hyponasality and nasometric assessment of
speech acoustics. American Journal of Orthodontics,
In press.
Dalston, R., Warren, D., and Dalston, E. (1990b). The
use of nasometry as a diagnostic tool for identifying
patients with a velopharyngeal impairment, Cleft
Palate Journal, in press.
Flege,]. (1988). Anticipatory and carry-over nasal
coarticulation in the speech of children and adults.
Journal of Speech and Hearing Research, 31,525-536.
Fletcher, S.G., Adams, L.E ., and McCutcheon, M.].
(1989). Cleft palate speech assessment through oralnasal acoustic measures. In K. Bzoch (Ed.) Communi-
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