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The vocal tract was excited transcutaneously at a point just above the glottis hy an e•ternal sweep-tone 
signal, in order to measure its transfer characteristics acoustically as continuous frequency functions. An 
analysis-by-synthesis procedure derived reliable data of vowels, in particular of the formant bandwidths, 
for three male and three female normal subjects. It has been shown for the closed glottis condition that the 
first formant bandwidths are higher for close vowels (typically 70 Hz for male subjects} than fnr semi-open 
vowels (typically 35 Hz for male subjects). Stationary consonantal articulations including stops, nasals, and 
nasalized vowels also have been studied, as well as the effect of opening the glottis on the vocal-tract transfer 
characteristics. The stop articulations give rise to a first-formant frequency slightly below 200 Hz. This fact 
and the high dissipation of the first formant is explained by assuming nonrigidness of the surrounding wall. 
Characteristics of nasalized vowels and nasal murmurs are also discussed hased on the data ol,tained in this 
experiment. 

II•ITRODUCTIOl•I 

Direct measurements of the vocal-tract transmission 

characteristics by use of sinusoidal waves as the excita- 
tion have been reported by van den Berg, who applied 
a sweeping pure-tone signal at the larynx of a hemi- 
laryngectomized subject. t Fant adopted a similar 
method to a normal subject by exciting his vocal tract 
through the skin near the larynx. His sound source was 
a small moving-iron-type transducer, and by applying 
the vibrating diaphragm directly on the outer surface 
of the throat somewhat above the larynx, he recorded 
frequency response curves of the vocal tract for different 
vowels and some nasalized vowels. By visual inspec- 
tions of the continuous response curves near formant 
peaks, he estimated the bandwidths of the formants 
under a closed-glottis condition• and derived a graph of 
the bandwidth values plotted against frequency over a 
frequency range up to above 4000 Hz. • 

These sweep-tone techniques as a method for explora- 
tion of the acoustic characteristics of the vocal tract are 
characterized by two major advantages. The continu- 
ous-frequency response curves that can be obtained by 
these methods can reveal all details of the transfer 

characteristics, whereas the harmonic structure of 
natural voiced speech samples obscures these spectral 

details. More important is that these measurements ex- 
clude the unknown factor of the source spectrum, which 
we usually, in the case of analyses of natural utterances, 
cannot separate from the transfer function. The source 
characteristics change depending not only upon indi- 
vidual subjects but also upon individual utterances or 
even different portions within the same stretch of voic- 
ing, in partial correlation with articulatory changes. a 
Particularly in the low-frequency range, we have lacked 
precise knowledge both of the voice characteristics and 
of the vocal-tract characteristics because they could not 
be measured separately. Several specific points concern- 
ing the fom•ant bandwidths of vowels, transfer charac- 
teristics of nasal consonants, and effects of nasalization 
and of subglottal coupling through an incomplete 
closure of the glottis, etc., are discussed in this paper. 

The sweep-tone methods cited above, however, also 
suffer from serious disadvantages. When we apply the 
vibration signal transcutaneously as in Fanifs experi- 
ment, we are not sure if the data are free from crucial 
errors caused by the non flatness of the transfer charac- 
teristics through the tissue and the cartilages, even if 
we could estimate the characteristics of the vibrator. In 

the case of van den Berg's experiment, we do not have 
this unknown factor, but we scarcely have a choice of 
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subjects or sufficient control of the experimental en- 
vironment, and we cannot expect sufficient data for 
drawing quantitative conclusions. Also, pathological 
cases may tend to be abnormal even when the physio- 
logical anomaly does not seem directly relevant to 
pertinent articulatory actions. In fact, the formant data 
obtained in his experiment show apparent inaccuracy 
even with respect to the number of formant peaks in 
a certain frequency range. 

Fortunately, these difficulties can be largely circum- 
vented by the experimental technique proposed here. 
In the case of the external excitation through the 
laryngeal wall, it is actually not necessary for us to 
assume a flat transfer characteristic of the body wall, in 
order to obtain accurate measurements of the frequency- 
response curves for various articulations. If we adopt as 
our starting hypothesis certain conclusions of the 
acoustic theory of speech production 4 and take a heuris- 
tic approach which is familiar to us in the analysis-by- 
synthesis experiments, a all we need here is a much 
weaker assumption that this transcutaneous transmis- 
sion characteristic remains constant during a compara- 
tively short period of an experimental session, for the 
set of different articulatory poses to be examined in the 
session. Furthermore, this assumption can to a large 
extent be tested in the experiments, as will be shown in 
this study. 

I. EXPERIMENTAL PROCEDURES 

A. Recording of the Vocal-Tract Response 

I:igure 1 illustrates the experimental setup for the 
recording of the response curves. The subject sits in an 
anechoic chamber and applies a vibrator to his throat. 
A high-quality moving-coil-type electromagnetic trans- 
ducer (manufactured by the Goodman Corporation, 
England, type V-47) is employed as the vibrator, and 
a special brass case with an internal lining of lead is 
nsed for the transducer in order to minimize the direct 

sound radiation to the free field. A conically shaped 
piece of plastic is attached to the transducer as the 
mechanical output ternfinal. This plastic piece has a 

BgK • 0 

FIG, 1. Schematic diagram of the data-recording procedure. 

flat circular area of about 1 cm in diameter at the top. 
The circular top of the moving part is surrounded by 
the neck of the container leaving a small gap, and the 
former outstands the latter by an adjustable difference 
in level, so that both fit to skin with appropriate 
pressures. 

A plaster model of the anterior part of the neck was 
cast for each subject in order to form a special clay 
adapter which was exactly fitted to the subject's neck. 
The clay thus filled in the space between the skin and 
the container of the vibrator over a comparatively large 
area. For some of the subjects this adapter was not 
made and, instead, a simple ring of model clay filled in 
the space between the neck and the container. This 
temporary setup was also used for selecting the optimal 
location of the vibrator before the clay adapter was 
made. The use of an adapter generally proved helpful 
in both eliminating the sound leakage and stabilizing 
the location of the vibrator on the throat. 

In the sessions of data acquisition a condenser micro- 
phone picked up the sound signal at the mouth opening, 
normally making a distance of about 1 cm from the 
lips to the closest edge of the microphone. The tip of the 
microphone, about 23 mm in diameter, was held verti- 
cally so that the effect of reflection of sound back to the 
vocal tract was minimized. A manual switch was pro- 
vided in order to let the subject choose either a buzz 
signal from a pulsetrain generator or a sinusoidal output 
of a beat-frequency oscillator as the input signal to the 
transducer. By using the buzz source for an artificial 
"voice" signal, the subject could listen to his "articula- 
tion," and when he judged he was ready for a run• he 
gave a cue to the experimenter by switching from the 
buzz to the sinusoidal tone. The experimenter outside 
the chamber monitored the microphone signal by an 
oscilloscope and, on observation of the switching, he 
started sweeping from 100 Hz. The subject held the 
intended articulation as constant as possible, normally 
with his glottis completely closed (see infra), until the 
tone had gone up to a high enough frequency. A sweep- 
ing from 100 to 5000 Hz took about 8.5 sec; this sweep- 
ing rate was selected by considering the stability of the 
articulatory pose and the sharpness of the vocal-tract 
resonances. Some preliminary tests were made on the 
stability and reproducibility of articulations under this 
condition, and this sweeping time proved appropriate 
both for the subjects and for the frequency resolution. 

The signal level from the microphone was recorded 
by a high-speed pen recorder (Brtiel & Kj•er, type 3304) 
as a function of frequency. The recording paper was 
driven in a mechanical link with the frequency dial of 
the oscillator (Brtiel & Kj•er in combination with the 
recorder above) at a paper speed of 10 mm/sec. The 
"writing speed" of the pen recorder was selected at 
500 dB/sec, using a 10-cm-wide paper roll for the full 
swing of 50 dB. 

The accuracy of recording the frequency response 
with the equipment employed and under the sweeping 
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condition above was empirically tested by simulating 
various resonant characteristics of the vocal tract by 
use of passive electrical circuits. For recording of the 
vowel curves, and in fact for any other articulatory con- 
ditions, as we shall see, the sweeping rate employed 
proved slow enough for recording the rapid changes in 
the frequency response curves with very rare exceptions 
(see infra). For the most difficult cases of high-fre- 
quency sharp resonances, a simple resonance with a 
half-power bandwidth of 40 Hz at 2000 Hz was recorded 
without error in the peak height, and for a bandwidth 
of 15 Hz at the same frequency the recorded peak was 
erroneous by slightly over 1 dB. Even in the latter case 
the bandwidth could be estimated accurately with 
appropriate correction charts (under the assumption 
that the peak represented a simple resonance). For the 
first-formant region, the correction was not necessary 
for the bandwidth down to 20 Hz. 

A high-frequency emphasis was given to the oscillator 
output (see Appendix A) in order to optimize the dy- 
namic range over the entire frequency range of interest 
in consideration of both nonlinear distortions of the 

vibrator output at a high level (in low frequencies) and 
the electric and acoustic noise caused by the microphone 
and other sources. The frequency response of the vibra- 
tor adopted was reasonably smooth and good for the 
frequency range from 100 to 5000 Hz. The exact fre- 
quency characteristics varied considerably, depending 
on the loading condition. The mechanical impedance 
looking into the body wall from outside is not well 
known. Therefore an accurate estimate has not been 
made of the characteristics of the vibrator under the 

actual loading conditions. In our study of the vocal- 
tract response, an assessment of the effective over-all 
characteristics including the vibrator and the body wall 
suffices our purpose, and this has been derived for indi- 
vidual recording sessions of each subject (see infra). 
Some supplemental measurements were also made with 
simulated loading conditions, in addition to free-field 
measurements. From these measurements with models, 
it has been concluded that under the real loading condi- 
tion the vibrator had a reasonable frequency response 
and the lowest resonance would be located slightly 
above 100 Hz and would be highly damped. 

The transmission characteristics through the body 
wall depend heavily on the choice of the location of the 
vibrator in application. In some cases, we obtain very 
irregular curves as the frequency response, but it has 
been possible for our subjects to improve and obtain 
reasonably smooth curves after some trials. Some typi- 
cal examples of the recorded curves are given in Fig. 2 
together with the high-frequency preemphasis charac- 
teristic employed in the data-recording procedure. The 
curves pertain to different vowel articulations. Clearly 
defined formants are observed up to the fourth formant. 
An apparent antiresonance occurs at some frequency 
near 4000 Hz (cf., e.g., the curve for [-½]). The location 
of this antiresonance is dependent on the position of the 
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Fro. 2. (a) Response curves for different vowels (female sub- 
ject). (b) The preemphasis characteristic employed in the data- 
recording process. 

vibrator. It seems that, at least in typical cases, this 
reflects a resonance of the part of the vocal system that 
stretches from the glottis up to the location of the 
effective sound source in the vocal tract. A side cavity 
like the sinus morgagni also mav be involved in this 
subsystem. It has been found that generally a high posi- 
tion of the vibrator gives rise to an antiresonance at an 
undesirably low frequency like 3000 Hz or even lower. 
When the vibrator is located too low and the effective 

source is created below the glottis, this mispositioning 
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can be discovered by an appreciable attenuation of the 
sound output that is observed when the subject closes 
his glottis. 

B. Spectral Matching for Vowels and Derivation 
of Consonantal Characteristics 

The data curves for vowels obtained in this manner 

have been matched against similarly recorded frequency- 
response curves of a vowel-synthesis circuit. The for- 
mant parameters of the circuit (see infra) were adjusted 
in a cut-and-try fashion until the circuit appeared to 
sinrelate the natural vocal-tract characteristics satis- 

factorily well. 
The purpose of this data processing for vowels, as 

in any analysis-by-synthesis study, is twofold. • One is 
to corroborate our theory and assumptions on which the 
design of the simulation system is based, and the other 
is to collect the most accurateh- estimated descriptions 
of the samples of the vocal-tract transfer characteristics 
in terms of the parameters that are used in the simulat- 
ing synthesizer. Bandwidth values for vowel articula- 
tions, under the closed-glottis condition, thus have been 
collected for three male and three female subjects. 
Having obtained an empirical corroboration about the 
validity of our assmnptions for vowels, we now can 
expand the range of application of the same technique, 
in order to obtain detailed data about consonantal 

articulations, which are less understood compared with 
vowels. 

For deriving the transfer characteristics of the vocal 
tract from the recorded data we assume the following 
two conditions: (1) Relewmt acoustic properties of the 
body wall at the throat--or, more exactly, we assume 
that the transmission characteristics from the electrical 

signal at the input of the vibrator to the effective sound 
(volume velocity) source in the vocal tract remain con- 
stant regardless of the articulatory differences within 
the series of samples among which comparisons are 
made; (2) the vocal-tract transmission characteristics 
for vowels, wheu the glottis is closed, are effectively 
given by the framework of the acoustic theory of speec• 
production. • Specificall)', the frequenQ'-response curve 
of the vocal tract is assmued to be completely simulated 
by a product of simple resonances, representing several 
fol•nants, and the so-called higher-pole correction. 

Thus we express the frequency function that we oh- 
lain in the form of recordcd data as: 

D(f) • ll' (j)- r(f)-R(D-?(D, 

where T(f) represents the mnplitude of the transfer 
function of the vocal tract (for pure imaginary fre- 
quency s= if); W (f) represents the tra nsJer characteristic 
of the system consisting of the transducer and the body 
wall; P(f) is the preemphasis function used in the re- 
cording session; and R(f) is the radiation characteristic 
that transfers the volume velocity at the vocal-tract 
outlet to the sound pressure at the microphone. Accord- 

ing to the acoustic theory of vowel production, T(f) for 
vowels can be expressed as: 

where 

4 

rift=re(f) II (2) 

f?+(B,'2)'- ,, (3) F,(f)= f?--[f+.J(B,/2)-] • 
Here fi and Bi stand for the frequency and the half- 
power bandwidth of the ith formant, respectively. 

The function R(f) can be assumed to be fixed apart 
from a numerical constant, and it is approximately pro- 
portional to f. We can absorb this function together 
with P(f) into a constant correction function and re- 
write Eq. 1 as 

O(J) = C(f). T(J), 

C(f)=W(f).R(f), (4) 

where T(f) is given by Eq. 2. The function H(f) in 
Eq. 2 is an approximate function that represents the 
effective influence of the higher formants (i= 5, 6, ß ß ß in 
Eq. 3) upon the vocal-tract transfer characteristic 
within the frequency range of interest. We limit this 
pertinent frequency range to that from 100 to about 
3000 Hz for conclusive data and for this we need to 

match the curves by adjusting f•'s at least up to the 
fourth (or fifth) formant, and B/s up to the third 
formant. 

If the subject is successful in maintaining a stationary 
articulation during the sweeping period, and if our 
assumptions made above are valid, then we should be 
able to match the recorded curves D(f) for different 
vowel articulations by use of one fixed frequency func- 
tion C(f) in Eq. 4. By adjusting the values of param- 
eters for T(f), namely f/s and B,'s and also a subsidiary 
parameter of H(f), we here try to obtain good matches 
for all vowel samples within one session by using the 
same C(f). The curve C(f) is unknoan and is derived 
from these matchings bv a method of successive 
approximation. Usually, one set of preliminary match- 
ings of sampled data for a new recording session is 
sufficient for deriving an appropriate function for C(f). 

For example, the curve for the vowel [• in Fig. 2 was 
simulated as shown in Fig. 3. First, the recorded curve 
is visually inspected and the formant frequencies a e 
approximately deter•nined. By adjusting the resonant 
frequencies and bandwidths of an electric circuit which 
is represented by Eq. 2 (see Appendix At, then we 
try to sinrelate the resonant characteristics in the 
vicinities of the peaks for the lowest four formants. The 
frequency response curve for this circuit is recorded by 
the same pen recorder with the same swccping condi- 
tions as in the acoustic data recording session (cf. Curve 
a in Fig. 3). 3'he difference (in decibels) between the two 
responses is plotted as a function of frequency. Similar 
preliminary matchings are attempted for other recorded 
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cm'ves in the same session. The difference functions thus 

derived are supposed to represent the function C(f) in 
Eq. 4 plus the constant frequency function for the high- 
frequency preemphasis represented by Curve b in Fig. 
2. Thus, if our assumptions for vowel samples are valid, 
we should be able to derive the same frequency function 
for the difference curves. Taking the average of the 
obtained difference curves, we derive a first approxima- 
tion to C(f). By addition (in decibels) to this function 
to T(f), we can readjust the formant frequencies and 
bandwidths for each vowel sample in order to obtain 
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Fio. 3. Decomposition of the sinrelating frequency response 
curve for the vowel sample [a-I in Fig.' 2. (a) Estimated vocal-tract 
response curve T(f) as generated by the simulating circuit. (b) 
The correction curve ½(f). (c) The sum of Curves a and b, viz. 
the simulated response curve C(J'). T(.f). (d) The difference curve 
D(f)- C(f). T(f), showing the amount of mismatch. 
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lqo. 4. (a) Synthesized curves for the vowel samples shown in 
Fig. 2 and the amount of mismatch (upper curves). (b) The "con- 
stant characteristic" used for matching of this series of samples. 

better matches. Taking the average of the difference 
curves for these matchings, we can obtain a second 
approximation to C(f). The resulting frequency func- 
tion for C(f) is shown in Fig. 3(b). By use of this 
curve as C(f), we record the sum (in decibels) of Curves 
a and b (i.e., Curve c), by use of a special selfadjusting 
circuit and the same recorder (cf. Appendix A). Over- 
laying this synthesized function C(f)--T(f) onto the 
recorded data curve D(f), we can estimate the dis- 
erepanty and draw a difference curve for this sample, as 
shown in Fig. 3(d), Figure 4 shows samples of such 
simulated curves for several different vowel articula- 
tions by a female Swedish subject. The difference func- 
tion is given in the upper portion of each curve. Slightly 
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different curves for the correction function C(f) are 
used for front vowels and back vowels Fcf., the solid 
and broken curves in Fig. 4 (b)]. The response data for 
these two groups of vowels were recorded in two sub- 
sessions of the same subject, separated by a short pause. 
The vibrator was reapplied after the pause with use of 
the same clay adapter. 

The electrical circuit for simulating T(f) consisted 
of a series connection of four simple-tuned inductance- 
resistancecapacitance (LRC) circuits, with buffer am- 
plifiers in between, plus (also in series) an effective 
fifth-formant (another well-damped LRC) circuit with 
a variable resonant frequency, and the higher pole cor- 
rection circuit with a few selective parameter vah]es. 4.7 
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Fz6. 5. "Correction functions C(f)'s" for different sessions 
different subjects. 

The selections of the last two subsidiary functions were 
meant for a good match in the high-frequency region, in 
particular the third-formant region, and had little in- 
fluence on the frequency region up to 2000 Hz. 

The function C(f) is an empirical semivariable curve, 
which, in general, varies from one data-collection session 
to another. In order to generate such ad hoc curves in 
simulation, one would consider the use of an interactive 
digital computer. In some practical considerations for 
this work at the time, we devised instead a special 
analog-type function generator which is suitable for 
use in combination with our oscillator-recorder appa- 
ratus. A description of this device is given in the 
Appendix A. In short, the device senses the width of 
the unpainted area on an optical program disk and lets 
the output level of the oscillator adjust itself instantane- 
ously and servomechanically in accordance to this 
specification of the prograzn pattern. 

The results of matchings in our experiment were 
acceptably good for selected subjects (see infra). For 
very close vowels, however, the signal level was some- 
times too low to outstand the noise level in the valleys 
of the curves (see also the results for stop consonants, 
infra). Another cause of difficulty was that a comparison 
of drastically different conditions of articulation, such its 
close vowels versus extremely open vowels or front 
vowels versus back vowels, made it difficult to maintain 
the same condition near the larynx, and the function 
C(f) did not remain constant as perfectly as in compar- 
ison between relatively similar articulations. 

In deriving the transfer functions of consonantal 
articulations, we compare the data curve with a not too 
different vowel articulation selected as the reference. A 

safe choice for a reference vowel is the neutral vowel 

[3], unless a vowel context is specified for the conso- 
nantal articulation. From matchings of the vowel sam- 
ples distributed among consonantal articulations within 
a session, we derive the curve C(f) and at the same time 
check the stability and reproducibility of the articula- 
tions. Then their correction function C(f) is used to 
derive the unknown T(f) from the recorded D(f) for 
the consonant in question. 

In principle, the correction function C(f) may be 
irregular and complex without invalidating the purpose 
of our study, as long as it remains unchanged for differ- 
ent samples within a session. Our equipment is in fact 
capable of handling these cases. In practice, however, 
it is obviously preferable to have curves for C(f) that 
are as smooth as possible, since it simplifies the process 
of successive approximation and avoids any possible 
ambiguity. Actual curves for C(f) obtained for our 
subjects are exemplified in Fig. 5. The sessions are 
identified by the mark at the upper left corner of each 
curve: bb-I and bb-II refer to two sessions of a female 

subject, 625-11 represents one of many sessions of a 
male subject, 2-22-S-I and 3-15-S refer to two sessions 
of another male subject, and finally K-III refers to a 
session of a different female subject. Each of these 
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curves was recorded by the Briiel & Kj•er pen recorder 
with the program disk while the synthesis circuit for 
T(f) was bypassed. The scale for the ordinate is given 
an arbitrary zero point for each curve, and a constant 
multiplication factor, i.e., any vertical translation of 
the curve, is disregarded in matching the data curves 
unless otherwise stated in this paper (see infra). 

II. EXPERIMENTAL RESULTS 

A. Vowels 

Approximately 250 articulatory samples have been 
analyzed by the process described above for three male 
and three female subjects. Consistent results have been 
obtained, and the assumptions described above for 
vowel articulations are largely supported by the present 
data. With appropriate selections of the formant fi-e- 
quencies and bandwidths, the differences between the 
observed and simulated curves were made for the most 
part to be less than q- 1 dB by the use of a fixed correc- 
tion function for typically about 10 samples within each 
recording session. Occasional deviations have been 
observed, particularly when the signal level was very 
low in frequency regions between fmTnants. The dy- 
namic range in better cases was found to be more than 
35 dB (cf. Fig. 4, for example). 

Accurate estimations of formant frequencies and 
bandwidths have been obtained in this way. For for- 
mant frequencies, this study does not attempt to collect 
data of standard articulations of any language, but 
articulations of various phonetic values have been ob- 
served. For example, an interesting case of an extremely 
low second formant at 427 Hz for Fu-] was found for a 
tall Swedish male subject. The first formant for this 
vowel articulation was located at 290 Hz. The highest 
value for the second formant frequency measured for 
the same subject in this experiment was 2100 Hz for an 
articulation of Fi]. The frequency range of the second 
formant for this subject is thus well above 2 oct. 

Another interesting case, which was discovered by 
this accurate estimation of the vocal-tract transfer 
function, is illustrated in Fig. 6. These data pertain to 
a tense and strongly rounded vowel [-y-] by the same 
subject. As seen in the curve, the second and the third 
formants are located very close to each other and this 
extreme proximity of the formants results in an appar- 

Fro. 6. An example of the re- 
corded response curve for a front 
rounded vowel. Note the merging 
of the second and the third for- 
mants into one apparent peak. 
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FIO. 7. Bandwidth values for the first formant plotted against 
the formant frequency. Each closed circle represents a vowel sam- 
ple of one of three male subjects, and an open circle represents a 
sample of one of three female subjects. Representative values are 
estimated by visual inspection of the plots, and curves are drawn 
for male and female subjects separately. Bandwidth values for 
articulations with bilabial closures by a male subject are also 
added in this graph (closed triangles). 

ent single peak even in this continuous response curve. 
The analysis-by-synthesis readily reveals that this 
peak actually consists of two formants, but an accurate 
estimation of the frequencies and bandwidths in such an 
extraordinary case is rather difficult partly because of 
the limitation in the frequency-time resolution of our 
recording system. It is highly probable, however, that 
at least one of the two formants is comparatively 
heavily damped. 

B. Formant Bandwidths 

The data of formant bandwidth values obtained in 

this experiment are of particular interest because 
accurate measurements are difficult in analyses of 
vowel samples produced by speech utterances. There 
have been reports on the formant bandwidths by 
several investigators using different measuring tech- 
niques, including a direct acoustic method by the use of 
an impulse excitation, but some appreciable disagree- 
ments between authors have been noted. s,ø For cases 

of lower first-formant frequencies, the estimation of the 
bandwidth value by spectral examination is particularly 
difficult. The impulse-excitation method, as reported by 
House and Stevens, also is not applicable for the close 
vowels. Apparently, however, it has been generally 
accepted that the formant bandwidth value can be 
approximated by either a monotonically.increasing 
function of the formant frequency or by a constant re- 
gardless of frequency in the first formant region, •ø but 
this experiment has clearly shown that this is far from 
the truth in the lowest frequency range. 

The data obtained in this study are compiled in Fig. 
7 for the first-formant bandwidth values of all the 

vowel samples analyzed in this study. Data for three 
male subjects are plotted with closed circles, each circle 
representing a vowel articulation. Similar plots are 
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given for three female subjects by open circles. An 
apparent difference is seen between the male and female 
subjects in distributions of both the formant frequencies 
and the bandwidths. Even though there is appreciable 
scattering of data, it is clear that the bandwidth values 
are generally high for low formant frequencies, i.e., for 
close vowels such as [i], [y-], [-u'-l, and [u-]. (Here, 
and below, [-u'-] represents IPA barred n.) Occa- 
sional scattering of data in the higher range of band- 
widths may have been due to failure in completely 
closing either the glottis or the velum, or due to differ- 
ence in some unknown conditions near the larynx. Slight 
movements of the articulators also would result in 

apparent broadening of the peak. Average cutw-es for 
male and female subjects are given in the figure by 
visual inspection of the data, ignoring apparent sporadic 
deviations toward higher values. It must be noted that 
these data pertain to the closed-glottis conditions and 
that the bandwidth values in the usual voicing condi- 
tions for vowel articulations are expected to be slightly 
higher, owing to the dissipation of sound energy in the 
subglottM system? 

The high dissipation of the low first formant is ex- 
plained by considering an appreciable participation of 
the surrounding soft tissues in the vibration of the 
acoustic system. In the low-frequency region, the wall 
surrounding the cavity acts as a highly dissipative mass 
that can be considered as connected in parallel to the 
radiation load at the mouth outlet. The contribution of 
this wall vibration to the bandwidth of the formant is 

greater when the impedance looking toward the outside 
through the mouth opening is higher, which is the case 
for closer vowels. The result is that we observe higher 
values of bandwidth for lower frequencies of our first 
formant. In these cases of comparatively low-frequency 
sounds, other sources of dissipation, e.g., the heat-con- 
duction loss and the frictional loss of the wall, are esti- 
mated not to be appreciable compared with the above- 
mentioned cavity wall, and the radiation loss at the 
orifice is also negligible. When the first formant is high 
in frequency, the radiation loss is expected to contribute 
several hertz to the bandwidth. n This would probably 
explain a slight rise of the bandwidth toward the right 
of the figure. 

The marked difference between the data for male 

subjects and female subjects indicates that the mass of 
the surrounding wall is significantly smaller for females 
than for males. The portion of the wall of the vocal tract 
that effectively yields to the low-frequency acoustic 
pressure may be a particular area that has a compara- 
tively small mass and a high compliance, most probably 
the glottal and supraglottal laryngeal areas. The actual 
system, in terms of its electrical analog (direct analog), 
has distributed branches of inductance with high dissi- 
pation connected to each other through compliances, 
and these would constitute a distributed parallel shunt 
circuit for the vocal-tract transmission network. In the 

lower-frequency range, the effect of this shunting net- 

work can be represented by a single lumped-constant 
inductance (and a large series capacitance) with a high 
damping factor, whereas the vocal tract with its radia- 
tion load can be approximated as a Helmholtz resonator. 

This model was proposed by Fant and Sonesson n in 
their study of degradation of vowel qualities in high 
ambient pressures. They observed that formant fre- 
quencies, particularly of the first formant, became con- 
siderably higher when vowel samples were pronounced 
in a high-pressure tank. Their data pertained to an 
atmospheric pressure as high as six. Consequently the 
effect of sound transnfission through the tissue structure 
surrounding the vocal tract was much more pronounced, 
owing to less abrupt change in characteristic impedance 
at the boundary between air and the flesh. 14 

In this connection, it is of particular interest to ob- 
serve the lowest resonance of the vocal tract when the 

mouth outlet is completely closed. Owing to the shunt- 
ing element, the first-formant frequency, with decrease 
of the mouth opening towards a complete closure, does 
not tend to zero but tends rather to a certain finite 

value. As discussed in a later section, we can measure 
the resonant frequency and also approximately estimate 
the bandwidth for this closure condition. The values for 

bilabial stops are represented in Fig. 7 by closed tri- 
angles (for male subjects). As expected from the shunt• 
ing model, the data for vowels can be continuously ex- 
tended to these stop conditions without showing any 
singularity. 

Similar data have been obtained for the second-for- 

mant bandwidth values (see Fig. 8). Scattering of data 
is observed to a larger extent than in the case of the 
first formant, and the dependence of the bandwidth on 
the formant frequency is less apparent. A minimum 
value of the second-formant bandwidth appears to be 
independent from the formant frequency, and it is 
about 35 Hz for male subjects and 40 Hz for female 
subjects. The difference of the bandwidth values 
between male and female also seems to be smaller in the 
case of the second fmxaant than for the first formant. 

There are some correlations of the bandwidth values 

with some particular articulatory features. The second- 
formant bandwidth appears to be generally higher for 
more-open vowels than for closer vowels. This is clear 
in the case of front vowels. Thus, if we compare 
[•e], and [a] (open circles in Fig. 8) with [iq, [e-l, [-q•-], 
etc. (filled circles), we can see that the former are 
clearly more distributed towards upper portions of the 
figure, compared with the plots for the latter at the 
comparative frequencies. It is also seen that on the 
average, and particularly for more-open vowels, the 
bandwidth value tends to rise as the formant frequency 
increases. Thus, the open back vowels I-a-] and I-a] have 
a typicM value of 40-45 Hz for male and 50-60 Hz for 
female subjects, and open or senfiopen front vowels [e-], 
[a•], and I-a-[ have values scattered mainly in the range 
50-70 Hz for male and 50-80 Hz for female subjects. 
The second-formant bandwidth values for close or semi- 
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TAaLE I. Typical bandwidths (in hertz) for the third formant. 
Values within parentheses are not reliable. 

Vowel i y u' e 4• • a a o u 5 

Male 110 75 40 115 45 135 120 90 (65) (50) 60 
Female 95 110 70 150 85 125 105 120 55 125 75 

close vowels, on the other hand, are seen to be more 
concentrated to lower values, typically 35-40 Hz for 
males and 40-60 Hz for females2 a When there is scatter- 

ing of data for the vowels of similar phonetic values, the 
lower values may be considered more reliable as data, 
because, as noted above, any deviation from a well- 
defined vowel condition, e.g., slight relaxation of either 
the glottal or velar closure or momentary fluctuations 
of the articulatorv gesture, would cause an apparent 
increase of the bandwidth values. Any error in the other 
direction is much more unlikely. 
'Apparently higher values are observed for the 

Swedish vowel [u'-I, which has a close front tongue posi- 
tion and a marked labial constriction without protru- 
sion. This point, which remains inexplicable at present, 
is particularly true in male samples and is true for both 
of the two Swedish subjects who contributed to the 
data plots. 

The generally higher values of bandwidth for more- 
open vowels and their increase with the formant fre- 
quency can be explained by appreciable contribution of 
the radiation loss. According to a calculation by Fant, • 
the contribution of the radiation loss to the formant 
bandwidth for a neutral vowel (uniform tube) is 3.4, 
43.6, 133, and 225 Hz for the first-, second-, third-, and 
fourth-formants, respectively. For a twin-tube model 
which simulates the vowel [I-l, the contributions are 
given as 0.3 Hz for F• (255 Hz), 5.5 Hz for F• (2045 Hz), 
40.1 Hz for Fa (2664 Hz), and 16.0 Hz for F• (4290 Hz). 
Thus, even though the radiation loss contributed very 
little to the first-fonnant bandwidth, its contribution 
can be quite significant for higher formants depending 
on the phonetic characteristics. Qualitatively, compact 
vowels with open lips have gradual widening of the 
vocal tract toward the free field, and the good acoustic 
impedance matching of the tract to the open field causes 
high dissipation of acoustic energy. 

It may be noted that all vowels covering a wide range 
of articulatory conditions have shown most of repre- 
sentative data of the second-formant bandwidth values 

within a range up to 70 Hz for males and 80 Hz for 
females. The smaller difference between male and female 

data in the case of the second formant can be explained 
by consideration of more appreciable contributions from 
the radiation loss and the air friction loss, both of which 
are less dependent on the physiological properties of the 
human body. 

Estimates of the bandwidths were also obtained for 

the third formant by the matching but the accuracy 
was not as high as the estinmtes for the lowest two for- 

mants, partly because of the effects of the higher for- 
mants and also because of a possible influence of a 
high-frequency zero. Typical values for various vowels 
are listed in Table I. 

C. Open-Glottis Conditions 

The vowel data above pertain to the dosed-glottis 
condition, which was assumed by the subjects2 ? Band- 
widths for natural speech data would be expected to be 
somewhat larger because of the partially open glottis 
during the phonation. It is hard to measure the depen- 
dence of the bandwidth on various degrees of opening of 
the glottis. Wide-open conditions for the glottis have 
been tried by some of our subjects and examples are 
given in Fig. 9. Curve a was obtained under the regular 
conditions of the glottis and the source location. The 
articulation is for the neutral vowel [-5]. In Curve b, 
the glottis was kept wide open. A significantly higher 
damping of the first formant is observed. The coupling 
of the subglottal system apparently causes some com- 
plexity of the curve. Thus, for example, a zero is ob~ 
served at about 700 Hz accompanied by a pole lust 
above it. Curve c was obtained also for the open-glottis 
condition. In this case, however, the vibrator was placed 
in a lower position. The effective location of the source 
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FiD. 8. Bandwidth values for the second formant for three male 
subjects (a) and three female subjects (b). Articulations of differ- 
ent vowels are categod2ed and represented by different marks, 
as shown in the figure. 
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Fzo. 9. Frequency response curves for a neutral vowel recorded 
under different conditions: (a) Regular response curve with the 
closed glottis (supraglottal source). (b) Open glottis, supraglottal 
source. (c) Open glottis, subglottal source. 

was just below the glottis. This was ascertained by ob- 
serving that the sound output was markedly reduced by 
closing the glottis. In order to see the reproducibility 
of the glottal condition, which was not felt obviously 
for the subject, the same trial was repeated and very 
similar curves were obtained for several trials2 a 

The subglottal system is coupled to the vocal tract 
through the orifice of the glottis in both of Cases b and 
c. The poles should consequently be the same. The 
zeros are different, and a very effective zero can be ob- 
served near 1000 Hz in the case of subglottal excitation. 
Evidently, this is caused by a tuning of the subglottal 
system (so-called antiresonance). Some more data are 

discussed later in connection with nasalization of 
vowels. 

By a graphical method similar to that one discussed 
in connection with nasalization of vowels, we can semi- 
quantitatively predict from the data above that the 
impedance singularity and zero will be found near 800 
and 1000 Hz, respectively, if we measure the impedance 
looking into the trachea from the glottis (without the 
glottal constriction). This compares very well with pre- 
liminary results of direct acoustic measurement with a 
laryngectomized subject? 

D. Stops 

As an extreme case of close vowels, we can apply our 
method to a study of stop consonants where we have a 
stationary and complete closure of the vocal tract at the 
point of articulation. In the case of natural utterances, 
it is known that the spectrogram of the outcoming 
sound shows only a weak low-frequency component, 
which often is called a buzz bar? The structures in 

higher-frequency regions are usually not observed in 
spectrograms. It should be kept in mind, however, that 
we cannot assume the source characteristic to be the 

same as that for vowels, because in this particular case 
of voicing the loading condition for the vocal vibration 
is extremely different. Some investigators apparently 
assume for voiced consonants even a motor control that 

is substantially different from that for vowels. 2' With 
our external source, there is no problem about the source 
characteristics. The present study has revealed that the 
peak level difference between the first and the second 
formants is not necessarily grossly greater in comparison 

FREOUENCY IN kH1 

Fro. 10. Comparisons between vowels with a very small labial 
opening and a bilabial stop consonant with approximately the 
same tongue articulation. The correction function for this set of 
data is given in Fig. 5 (2-22-SI). 
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TABLE II. The first-formant frequency (in hertz) and bandwidth 
(in hertz) by a male subject (average of three samples). 

u u' bu bu, 

Fx 295 266 204 189 
B• 56 57 62 73 

to that for vowels, the high formant being sometimes 
quite sharp. 

Figure 10 shows two samples of recorded curves of 
the bilabial stop in comparison with vowels that have 
approximately the same articulations as the correspond- 
ing bilabial stops except for the small labial opening for 
the latter. All the four data here were recorded in the 

same recording session under the same conditions in- 
cluding the amplifier gains. Three similar samples have 
been obtained for each of the bilabial stops, and the 
first-formant bandwidths values for the six samples 
were estimated by using the correction function that 
was obtained from matchings of the vowel curves. These 
data were included in Fig. 7 (triangles). The Swedish 
vowels [u• and {-u'-] have extremdy narrow lip openings 
but only the former has a marked labial protmsion. By 
closing the lips completely to make [b•], the second 
formant shifts downward very little in frequency. In 
the case of [-bu,] compared with [-u'•, the third formant 
remains at the same position whereas the second for~ 
mant shifts downward by about 250 Hz. The third 
formant of [-bu-] is obscured by some interference effects 
in the low signal level. The apparent heavy damping of 
the stops (apart from the visual artifact due to the loga- 
rithmic frequency scale) is partially due to the contri- 
bution of the damped resonance of the vibrator to the 
recorded curves (in the form of the correction function). 
The representative first-formant frequencies and band- 
widths are tabulated in Table II. The first-formant 

level is higher for the vowels than for the stops, as seen 
in Fig. 10. If we assumed a vowel production model for 
the stop articulations by using the formant data in 
Table II, we would predict by simple calculation that 
the first-formant levels of the stops in comparison with 
the corresponding vowels (of Fig. 10) would be on 
average about 12 dB higher than the actual values. 
This is, of course, not surprising because the formant 
frequency for a stop is not determined by an actual 
labial opening through which the sound is emitted. 

Similar level differences are observed for the second 
formant. The level difference between the vowel and 

the stop, as observed in Fig. 10, is on average about 25 
dB. From this fact we may conclude that the higher 
formants would not be observable in the spectra of 
natural voiced stops even if the buzz source waveform 
were maintained as in the case of vowels. 

Figrare 11 compares different palatal-velar conso- 
nants, i.e., [g]'s with different vowel coarticulations. 
Occasionally, particularly when there is an appreciable 
lip rounding, we can see a peak that apparently shows 

the resonance of the mouth cavity in front of the tongue 
closure (compare l-u-{ with {-w], for exmnple). The low- 
level signals in these stop articulations suffer from noise, 
and some peculiarities appear due to interferences of 
the sound transmitted through different portions of the 
subject's body and through leakage near the larynx. 

For estimations of formant data of the bilabial stop 
consonant, it is possible to obtain clearer curves by 
inserting the tip of a thin probe microphone inside the 
lip closure. u 

E. Nasalization 

The effects of nasalization of vowels have been dis- 

cussed both experimentally and theoretically by several 
authors2 .==-=• According to a model proposed by one of 
the present authors, the transfer functions of nasalized 

Fro. 11. Comparisons 
between [g]'s with dif- 
ferent vowel coarticula- 
tions. 
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F•g. 12. Simplified modal of tM acoustic system for production 
o• •liz• yowls. The deuce of narration is varied by cMng- 
ing the opening area of the coupling gate. 

vowels will be matched in the lower frequency region by 
the pr•ent analysis-by-synthesis meth• with a set of 
two iommnts and one antfformant in place of the first 
forerant of the oral vowel. 

This model of nasalization assumes that a compara- 
tively small opening at the •elum couples the nasal 
tract to the main vocal tract through a variable gate 
without changing the oral cavity area function. By con- 
sidering the dri•ng point admittances Bv, B•, and B, 
at the coupling point looking into the pharyngeal, the 
nail, and the oral passages, respectively (see Fig. 12), 
and assuming a lossless system for consideration of the 
formant-antifommnt confi•ration for the oral output, 
a somewhat detailed qualitative acoustic characteristic 
of slightly nasalized vowels can be theoretically 
predicted? • 

When we decrease the degree of coupling continuously 
from a finite coupling area to zero, each antiformant 
approaches one o• the formants of the combined vocal- 
tract system and the pair will finally be annihilated. 
Since we•assume that the change in the nasal-tract 
geometry'takes place only in its innermost portion, it 
can be shown that as the coupling is decreased, each 
pole of B,, that is, the antiformant of the nasalized 
vowel, moves downwards until it reaches a zero of 
This set of pole and zero of B, can be considered to be 
associated with each other. The zeros remain at the 

same positions as the deuce of nasalization is varied. 
This fact and the knowledge that both B• and 
+B, are monotonically increasing functions of fre- 
quency lead to several general rules concerning the 
behavior of the poles and zeros of the translet function 
by u• of a •aphical method (see Fig. 13). l'•t'•a Some 
the principal conclusions which are relevant here are: 

(1) Nasalized vowels, in general, have two kinds of 
forerants which we may call "na•l •o•ants" and 
"shifted-oral formants." Each nasal•formant is paired 
with an antifommnt, i.e., an antiresonance observed at 
the mouth opening? The pair o[ nasal formant and 
antiformant approach each other, and finally an 
annihilation results when the coupling of the nasal tract 

to the vocal tract reaches zero. When a vowel is heavily 
nasalized, however, the antiformant can be closer to one 
of the other formants than to its own mate. 

(2) The lowest formant of the coupled system can be 
either a nasal formant or a shifted oral formant. If the 

first formant of the nonnasalized vocal tract is of higher 
frequency than a certain critical frequency, the lowest 
formant is a nasal formant; and if the first formant is 
of low frequency, the lowest formant is an oral formant. 
Physically, the critical frequency is the lowest resonant 
frequency of the nasal-tract proper when it is closed at 
the coupling end? 

(3) All formants of a nasalized vowel shift monotoni- 
cally upwards as the degree of coupling increases. 

(4) A nasal formant always originates from the 
characteristic frequency of the nasal tract, and a shifted 
oral formant from one of the formants of the non- 

nasalized vowel with the same vocal-tract configuration. 
(5) When the degree of nasalization is increased, the 

formants will shift ripwards in the frequency domain in 
various ways, but no formant can meet or overtake 
another. 

(6) This invariance of order does not hold for the 
formant-antiforlnant set. There can, therefore, be an 
annihilation of the antiformant with a nonconjugate 
formant for a certain finite degree of nasalization. • 

(7) The location of the lowest formant of a nasalized 
vowel is always in between the lowest characteristic 
frequency of the nasal tract and the first-formant fre- 
quency of the nonnasalized vowel. Consequently, the 
range of frequencies in which this lowest formant of 
nasalized vmvels can be located is nmch more limited 

compared with the range of the first formant for differ- 
ent nonnasalized vowels. 

I I I 
500 1000 2000 
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1710. 13. Sketch of the driving-point susceptance of the nasal 
tract B• with two degrees of nasalization B,,i and B• n and the 
internal susceptance of the vocal tract B• (inverted). The vocal- 
tract configuration is appropriate for the vowel ra]. The zeros 
and poles of these functions in this example were estimated from 
unpublished data of analog experiments by House and Stevens. 
Ft, Fa represent first and second oral formants; Fx', Fa', shifted 
oral formants; F•", Fs •, nasal formants; and A •'% the antiformant 
to be observed in the output spectrum at the mouth. Double 
arrows indicate the characteristic frequencies of the nasal tract. 

552 Volume 49 Number 2 (Part 2) 1971 



SWEEP-TONE MEASUREMENTS OF THE VOCAl. TItACT 

In one recording session a subject articulated alter- 
nately nonnasalized and nasalized articulations of a 
neutral vowel [3-1. The session contained seven samples 
of the oral vowel and six samples of the nasalized vowel. 
The microphone was placed, as in the case of vowels, 
quite close to the lower lip. 

A typical pair of consecutive samples are shown in 
Figs. 14(a) and 14(b). Curve a represents a regular oral 
articulation. By an attempt at nasalizing the same 
vowel without changing the tongue articulation, Curve 
b (solid line) was obtained. The two curves, as well as 
other samples in the same session, were matched with a 
correction function derived from the matchings of the 
nonnasalized vowel samples, and satisfactory matches 
were obtained for the pair of samples with the following 
locations of the poles and the zero (in hertz, bandwidths 
in parentheses) (see Table III). 

Curve a was matched without any appreciable devia- 
tion. Curve b was matched perfectly well except in the 
frequency range from 700 to 1700 Hz. The mismatch is 
indicated by the overlaid broken line which is identical 
with part of Curve c. Curve c shows the synthesized 
curve with the settings of the parameters given above. 
The correction function for this session is shown in Fig. 
5 (Curve 625-II). 

l,¾hen we subtract the correction function from Curve 
c we obtain Curve d. This can be considered as the 

transfer function of the vocal tract without including 
the radiation transfer characteristic. 

A perfectly good match, as seen in Curve b, assures 
us that the formant-antiformant-formant (Fn-AF-Y 1', 
see supra) structure is satisfactory for describing the 
nasalized vowel in the lower-frequency region. Nasaliza- 
tion of different vowels has been studied similarly, and 
comparable results have been obtained. 18 The match in 
the second-formant region in Fig. 14(b) seems not bad 
when the damping factor is appropriately chosen, but 
this is not necessarily true for other tongue articulations. 
Theoretically, also, it is clear that a spectral complexity 
similar to that in the first-formant region must exist 
for the higher-frequency regions in the case of nasalized 
vowels in general. 

Figure 15 illustrates comparisons of recorded curves 
for another subject, showing effects of nasalization of a 
series of back vowels. The set of graphs also compares 
the effects of slightly opening the glottis. The details of 
spectral characteristics as shown here are hard to obtain 
from analyses of regular voiced samples. 

In the case of the close vowel [u], we find that the 
first peak of the nasalNed vowel is slightly lower than 

T•nLE Iit. Pole and zero frequencies for non-nasalized vowcl 
[3] and a nasalized vowel with approximately the same tongue 
articulation [•. 
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FzG. 14. Data of matching articulations of a neutral vowel with 

and without nasalization. (a) Recorded response curve for [-3]. 
(b) Same for [:•] (the broken line is an overhid tracing of Curve c. 
(c) Synthesized curve for [•]. (4) Same without the correction 
function (the correction function is given in Fig. 5, Curve 625-I I). 

the original first formant and above it there is a pair of 
a valley and a peak. According to the theoretical con- 
sideration given above, we interpret the first peak as 
appearance of the nasal formant, the valley as the anti- 
formant reflecting the resonance of the nasal shunt, and 
the second peak (which is influenced appreciably in its 
shape by the consecutive anliformant) as reflection of 
the shifted first formant, which is located slightly above 
its original (nonnasxlized) frequency. A similar com- 
plexity is observed in the third-fonnant region. The 
difference in frequency between the original first for- 
mant F• and the nasal formant Fx" is very sanall. In 
consideration of the theoretical conclusion above that 
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15. Comparisons of nonnasalized, open glottis, and nfl, Bgli2ed conditions• where "og" stand5 for open gloLti•. 

F• • is always located between the characteristic fre- 
quency and F•, we may assume that the characteristic 
frequency of the nasal tract of this Swedish male subject 
is located close to this frequency, somewhere between 
300 Hz and 400 Hz. When the first formant is higher, 
as in the case of the vowel [-03, the antifonnant occurs 
at the same frequency as in Fu-], showing the same 
degree of velum opening. This is true also for the nasal- 
ized open vowel Ifil, and it indicates reproducibility of 

the subject's articulatory gestures. The nasal formant 
for [-6] is slightly higher than for [-fi•, and for [-fi] it is 
still higher. The correlation between the location of the 
nasal formant and the first-formant frequency can be 
readily predicted from the graphical considerations. 
The shifted first fonmant is also, as predicted, always 
higher than the original formant position. 

The gross acoustic effects of nasalization of these back 
vowels are to complicate the spectral shape in the first- 

554 Volume 49 Number 2 (Part 2) 1971 



SWEEP-TONE MEASUREMENTS OF THE VOCAL TRACT 

formant region and to damp the second formant at the 
same time, thus causing an appreciable deviation from 
the vocalic F pattern and a spread of acoustic energy 
into the lowest frequency range. In this respect, the 
slight opening of the glottis is very similar in the effects 
to nasalization, except that the spread of energy into 
the lowest frequency range is not observed. The trachea 
system is nmch larger than the nasal tract, and the 
lowest resonance of the combined system is too low to be 
considered. The effect is probably more like introducing 
a free-field radiation through a small hole at the glottis, 
which substantially damps the formants. The combina- 
tion of nasalization and glottis-opening results in a 
suppression of any singling out peak, as demonstrated 
at the bottom of this figure for the three vowels. 

F. Nasal Consonants 

Nasalization of a stop consonant results in an articu- 
lation of a nasal consonant (nasal murmur). Compari- 
sons between the nasal murmurs and the nonnasalized 

stops with identical tongue articulations have been 
made by this sweep-tone method. Figure 16 illustrates 
some exmnples. 

It is noted that quite often we can relate a peak in 
the nasal curve to the second or the third formant of the 

corresponding stop. When this is true, it may be said 
that the nasal passages leading back to the velum can 
be regarded as a kind of well-damped probe tube for 
the frequency region. aø It is apparent, however, that the 
vocal-tract transfer functions for the nasal murmurs are 

substantially different from those of vowels. Even in 
the lowest frequency region up to 500 Hz, the envelopes 
obtained here for nasals with different coarticulations 

cannot be represented by a single pole. The middle- 
frequency range also entirely lacks characteristics of 
the F patterns for vowels. It is also noted that the 
transfer characteristics of nasal consonants obtained in 

this experiment varied greatly from subject to subject. 
Thus, the common gross features of nasals as a class in 
opposition to stops are found to be: (1) A marked but 
not necessarily simple low-frequency boost around 200- 
300 Hz; (2) a gross deviation from the vowel F pattern 
as an over-all pattern; and (3) a higher total energy 
both in the low-frequency boost and in the rest of the 
frequency domain compared with stops. These results 
compare with previous conclusions of analyses of 
natural utterances and also of synthesis experiments 
that have been reported by several different authors. •m 

The present data show that the transfer functions in 
details are, in fact, very complex and variable depending 
on both the subject and the articulatory characteristics, 
and there is not very much more to say for general 
accurate descriptions of the transfer characteristics. 
When the regular voice source is used for excitation, 
however, the spectral characteristics of the outcoming 
sounds in any case cannot be determined exactly, and 
details in spectral information are usually not of any 
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Fro. 16. Comparisons bet•-een nasals and stops with approxi- 
mately the same articulation except for lowering of the velum. 

immediate concern. In gross terms for practical con- 
siderations, particularly in comparison with vowels, an 
approximation by a damped-vowel F pattern (probably 
preferably with a slightly higher formant density) works 
well perceptreally when appropriate formant transitions 
can give strong enough cues in regard to the place of 
articulation? For a better approximation of spectral 
characteristics of nasal murmurs, however, introduction 
of a pole-zero pair in the middle-frequency range is 
required to account for the gross spectrum envelopes 
characterizing different nasal consonants. as The location 
of the antiformant constitutes a minimally simplified 
acoustic determinant of the place of articulation as far 
as the stationary murmur is concerned, but whether it 
is obviously identified in the isolated spectrum as a 
local characteristic depends on the over-all complexity 
of the spectrum? For nasalization of vowels, too, a 
similar spectral cmnplexlty will be expected when the 
degree of nasalization is comparatively high. 

IlL CONCLUDING REMARKS 

A new technique of estimating the vocal4ract trans- 
fer characteristics by direct acoustic measurements has 
been proposed, and it has been experimentally used for 
obtaining data that led to some new findings about the 
acoustic characteristics of the articulatory system. The 
method to some extent depended on the articulatory 
skill of the subjects. In contrast to the revealing curves 
for the vowel F patterns elicited by many subjects as 
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reported here, mostly without any special practice for 
this experiment, some subjects did not provide any 
comparative resonant curves. One common difficulty 
seemed to be in the control of the glottal conditions. 
Sometimes, the sepaxation of the glottal control from 
the velar control seemed to be particularly difficult. It 
is suspected that in some cases subjects might have 
tended to relax the esophagus opening in trying to 
close the glottis tightly. No attempt was made at the 
time of this experiment to monitor the laryngeal condi- 
tion but by listening to the acoustic effect by use of the 
external buzz excitation. 

Some data for Swedish fricative consonants have been 

collected from one of the male subjects in this experi- 
ment, but the data have been omitted from our analyses 
in this study. A combination of this method with stone 
other articulatory measurements, in particular radio- 
graphic observations, is also one of the themes for 
future studies. Observations of dynamic changes in 
articulation perhaps could be achieved by the same 
technique if we replace the sweep tone by a pulsetrain, 
and the level recording by a computational analysis of 
the output time function, a'• if the signal level could be 
high enough. 
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Appendix A. An Instrumentation for Spectrum-Matching Experiments 

In connection to the pole-zero analysis of the vocal- 
tract response curves, an optical programming device 
(function generator) has been developed and has proved 
useful for the pertinent purposes. The system is de- 
scribed here in some detail together with supple- 
mentary remarks on other relevant techniques of the 
experiment. a• 

The [Irael & Kj•er oscillator-recorder (type 3304) is 
employed for recording both the measured response 
curves and the synthesized response curves. The built-in 
compressor circuit is utilized in order to add (in the 
logarithmic scale) a constant frequency characteristic 
to the response curve. In the case of data recording, as 
shown in Fig. 1, the output voltage of the oscillator is 
fed into the compressor-input terminal through a. 
simple resistance-capacitance network, with the result 
that the signal level applied to the vibrator is a mono- 
tonically rising function of frequency [see Fig. 2(b)-I. 
This suppression of low frequencies is introduced in 
order to obtain a maximum signal power without dis- 
tortion, and at the same time a grossly flat average 
signal level at the microphone over the frequency range 
of 100-5000 Hz. A more exact correction for the con- 

stant characteristics, including the transmission charac- 
teristics through the body wall, is attempted in the 
synthesizing (matching) stage, rather than in the data 
recording, because these characteristics vary from sub- 
ject to subject and also from session to session, depend- 
ing on the condition at the throat of the subject. 

In the case of synthesizing frequency-response curves 
for matching, it is therefore necessary to generate com- 
plex semivariable frequency characteristics. For this 
purpose, an optical control system has been designed 
as an independent attachment to the Brtiel & Kja•r 
oscillator-recorder. A frequency function is specified in 
the form of a painted plexiglas disk, and the output level 
of the sinusoidal signal produced by the Br/iel & Kj,er 
oscillator is automatically adjusted exactly in accord- 
ance with this specification. A schematic diagram for 
this system is shown in Fig. A-1. 

The light flux that originates from a special light 
source transmits through the transparent portion of the 
program disk and is then measured by a special light 
sensor. The control disk is prepared by painting on the 

disk; any desirable curve can be given as the outer 
borderline of the unpainted transparent portion. This 
disk is then attached to the dial shaft of the oscillator 

through a toothed rubber band. In the mechanical link, 
the rotation angle is amplified by a factor of 3, so that 
360 ø rotation of the disk covers a frequency range from 
100 to 4500 Hz. The range of the radius available on 
the disk for programming is from 75 to 100 min. Three 
sinall incandescent lamps are embedded in a light guide 
of plexiglas to fonax the light source. One edge of this 
plexiglas light •fide transmits light with a nonlinear 
intensity distribution along the radius of the prograin 
disk. The shape of the plexiglas piece and the positions 
of the lamps as well as the voltages given to them are 
adjusted in such a way that the position of the boundary 
between the painted and transparent portions to the 
program disk gives directly a decibel scale for the mea- 
sured total flux. After some ad hoe trials, a dynamic 
range of 13 dB was attained, as shown in the calibration 
curve (see Fig. A-2). The width of the edge is 2 mm 
corresponding to about 2% of the frequency value with- 
in the dynamic range. 

The light intensity is received by the sensor unit that 
also consists of a plexiglas light guide and photosensitive 
diodes embedded iherein and the composite outpnt of 
the diodes gives the reference voltage for the oscillator 

.• EI&K OSCILLATOR 

Fro. A-1. Synthesis scheme for matching the response curves by 
the use of an optical program disk for the semivariable correction 
function. 
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"•' •. Fro. A-2. Calibration - curve for the optical con- 
0 . '-•-. troi system. 
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output level. A reasonably accurate and quite repro- 
ducible tracking is achieved by means of an electrical 
servosystem consisting of the built-in compressor circuit 
and an external transistorized comparator circuit. In 
the latter, the sinusoidal signal from the oscillator 
output terminal is comp•ed with and sliced by the 
reference voltage. This is done in a balanced form, 
mainly with the intention to eliminate the transient d.c. 
component (thump). Essentially, the central portion 
of the waveform is deleted and the remaining parts 
made abutted upon each other. The signal is amplified 
and fed into the compressor terminal, so that the output 
from the oscillator automatically follows, in the enve- 
lope, the specified value at each frequency. A calibration 
can be given on the absolute output levels for reference 
points in the program. A simple adjustment of the lamp 
voltage in reference to the absolute output level, in the 
beginning of a series of matchings, seems to guarantee 
a reproducibility with no observable variation in the 

rdative frequency curve, both within a session and 
among sessions on different days. Particular care has 
been taken in the transistor circuit-design in order to 
achieve this stability. The temperature dependence of 
transistors are largely taken care of by the circuit itself, 
and a possible slow change in the characteristics of the 
ac amplifiers after the comparison slicing is not sig- 
nificant because the circuit is put in a servo loop. 

The control disk is painted with a water-soluble 
black paint (casein color). Fine adjustments of the edge 
of the painted portion, which determines the frequency 
function, can be made by scraping part of the dry paint 
or by repainting, but the best is to use a thin adhesive 
black tape in order to define the boundary. A special 
radial ruler with a calibrated decibel scale has been 
made to facilitate drawing the frequency response curve 
on the disk. The result of the calibration is illustrated in 
Fig. A-2, where the amount of the signal reduction is 
plotted against the width of the transparent portion on 
the control disk. Note that, for the dsm,•rnic range to be 
covered for correction functions (as exemplified in Fig. 
5), the input-output relation is ahnost perfectly linear 
(the wiggle is due to the stepwise function of the servo- 
system in the Br•iel & Kjmr recorder). 

A•O. Fujimura and J. I.indqvist, "An Instrumentation for 
Spectrum-Matching Experiments," Speech Transmission Lab. 
Quart. Progr. Status Rep. No. 2, Royal Inst. Technol., Stockholm 
(1964), pp. 6-8. 
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