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A technique has been developed to obtain a
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quantitative measure of correlation between electromyographic

(EMG) activity of various laryngegal muscles, subglottal air pressure, and the fundamental frequency of

vibration of the vocal folds (F,). Data were

collected and analyzed on one subject, a native speaker of

American English. The results show that an analysis of this type can provide a useful measure of
correlaticn between the physiological and acoustical events in speech and, furthermore, can yield detailed
insights into the organization and nature of the speech production process. In particular, based on these

results, a model is suggested of F, control

present knowledge of laryngeal control and experimental evidence.

PACS numbers: 43.70.Bk

INTRODUCTION

This paper reports on one aspect of a continuing study
to determine the physiological correlates of the changes
tn fundamental voice frequency (F,) that carry the pro-
sodic or intonational aspects of language, In particular,
a technique s described that provides a quantitative
measure of correlation between the physiological factors
and the acoustic signal. It will be shown that such an
- analysis can yield detailed insights into the organization
and nature of the speech production process.

. Many experimental studies have investigated the phys~
lological factors controlling F,, These have included
electromyographic (EMG) studies of the laryngeal mus-
cles by Faaborg-Andersen (1965), Lieberman et af,
(1970), and Ohala (1970), as well asaerodynamic studies
of subglottal, transglottal, and oral air pressure by
Ladefoged (1962), Bouhuys, Proctor, and Mead (1966),
and Lieberman (1967). It is known that both laryngeal
and respiratory functions have an effect on Fy, but the
exact role of each is still not clear, With the exception
of some carefully conducted quantitative studies involv-
ing the effects of subglottal pressure on Fy (e.g., Lie-
berman, 1967; Ohala, 1970) and a recent study by
Flanagan ef al, (1976), which involved digital analysis
of laryngeal control functions' most studies in this area
have been analyzed subjectively as a result of data ac-
quisition and processing limitations, That is, the in-
vestigator looks for peaks in the physiological measure
that correspond to peaks in the acoustical data, in es-
sence performing a visual correlation, There are two
limitations to such an approach: First, no quantitative
measure of degree of correlation or relative ordering
of the factors is obtained; and, second, different ob-
servers may interpret the same results differently, This
paper addresses two basic questions; (1) Can a mean-~
ingful quantitative measure of correlation between F,
and the various physiological factors be obtained ?
(2) Does such a measure shed any new light on the speech
production process? :
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involving. laryngeal state. functions that seems to agree with

l. EXPERIMENTAL PROCEDURE
A. Speech material and data collection

Twenty repetitions of each of the 12 utterances in Ta-
ble I were obtained from a single native speaker of
American English, These utterances were chosen care-
fully to include various stress placements in both state-
ment and question frames, (Throughout this article,
underscoring indicates emphasis,) :

For each of these utterances, data were obtained for
seven variables as functions of time, Thege particular

. bhysiological factors were chosen because they have

0001-4966/78/6301-0211$00.80

" been implicated repeatedly in Fy control. The variables

are
Fy, fundamental frequenéy;
P,, subglottal pressure;
SH, averaged EMG data from the sternohyoid muscle;

LCA, averaged EMG data from the lateral cricoary-
tenoid muscle; »

V, averaged EMG data from the vocalis muscie;

TABLE I, List of test utterances,

Bev loves Bob,
Bev loves Bob.
Bev loves Bob.
Bev loves Bob.
Bev loves Bob ?
Bey loves Bob ?
Bev loves Bob?
Bev lovesiggp_ ?

He had plans to leave, (Blueprints to drop off.)

1
He had plans to leave, (To depart,)
He had plans to leave.

He had plans to leave.

Note: Superscript 1=main sentence stress.
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.CT, averaged EMG data from the cricothyroid mug-
cle; and . ' '

ST, averaged EMG data from the sternothyroid musg-
cle,

All these data were obtained at Hasking Laboratories,
New Haven, Connecticut, using the Haskins Pitch Extrac-
tion (PEX) program (Luketala, 1973). The EMG data
were obtained using hooked-wire electrodes (H irose,
1971) and processed on the Haskins EMG data processing
system (Port, 1971), At least 18 tokens of each utter-

cartilages (for details see Atkinson, 1973), Mean P,
was obtained by averaging, Figure 1 presents an exam-
ple of typical raw data, Figure 2 presents an example
of typical averaged data for one utterance, The funda-
mental frequency contour used represents the average
of several repetitions of each utterance,

B. Correlation analysis

All these data were sampled at a 60-Hz rateand stored
for processing by a Univac 1108 computer, Correlation
coefficients were calculated between all possible pairs
of these variables (e. g., Fo~SH, Fo~LCA,..., ST-P,)
using the Pea.rson-Product—Moment formula,

y < Zul =Xy, -F)
L0 NO‘,O’, ) ’

(1)

where 7, , is the correlation coefficient bétweep vari-
ables x aid ¥, %, and y, are the Jth sample of variables
%¥and y, X and Yare the mean of variables x and ¥, O,
and ¢, are the standard deviation of x and ¥, and N is the
number of sampleg,’ : '

The sampled and digitized data were stored in the Uni-
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FIG. 1.

Typical raw data from speaker JA for “Bev loves
Bob,” ' '
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FIG. 2. Typical averaged data from speaker JA for “Bev loves
Bob, ” ' '

vac 1108 computer as a sequence of successive samples

' representing each variable as a function of time, This

is shown schematically in Fig, 3, When the correlation
coefficient is calculated, the effective sample size (N)
can assume different values, depending on the method

of subdividing the data, The subdivisions were suggested
by known or suspected physiological, linguistic, or
acoustic evidence, : :
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FIG. 3. Data-storage array for correlation analysis,
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There are two points that deserve special mention
concerning the correlation analysis, First, it can be
seen in Fig. 2 that the physiological factors are all con-
tinuous functions of time, beginning before the onset of
phonation and continuing after the end of phonation. The
Fy contour, on the other hand, is a discontinuous func-
tion; it is nonexistent during both the voiceless inter-

"vals and silent periods when there is no periodic vibra-
tion of the vocal folds, During these periods, many of
the laryngeal muscles are involved with adducting and
abducting the vocal folds to assume the proper voice
state and bear no direct relation to Fo per se.” In view

- of this, only the voiced portions of the utterances were
used in calculating correlations, Second, when the cor-
relation between the EMG data and F, is performed, a
correction must be made to account for the fact that it

_takes a finite time for the muscle to contract fully after

' being innervated. This is because of the electrochemi~
cal transfer of energy, the stretching of tendons and *
other connective tissue, and the inertia of the muscle

. mass, Therefore, in order to correlate a muscle ac-
tion with the resultant acoustic effect, the muscle activ-
ity must be shifted forward in time relative to the acous-
tic event, Figure 4 shows this for a hypothetical exam-
ple.. . ' B

In ge‘neral, the amount of shift required to compensate
for muscle contraction time depends on the type of mus~
cle and its size (Sawashima, 1973), Although estimates
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TABLE II, Comparison of MRT with con~
traction time, :

: Othe;' studies

Atkinson

Muscle MRT (ms) CT (ms) Species
A\ 15 14-21 Cat, Dog
LCA 15 ‘14-16 Dog
cT 40 3044 Cat, Dog
SH 120 50 Cat

ST 70 No data

TH No data 52 ' Dog

are available for contraction time of various laryngeal
muscles from other species (e, g., cat, dog), no actual
data exist on human laryngeal muscles, To obtain a
measure of this time lag, a discrete form of cross cor-

relation was performed in which the averaged EMG data

for each muscle was shifted relative to the Fq data in
incremental steps, and the correlation coefficient was
calculated for each successive shift, '

Assuming a causal relationship between Fy and each
of the muscles, we would expect such an analysis to
yield correlation coefficients that increased to the point
at which the time shift equals the contraction time and
decreased with further time shifts, Figure 5 shows that
this is precisely what happened, In the figure the dif-
ferent muscles have different response times, The
smaller intrinsic muscles [cricothyroid (CT), lateral
cricoarytenoid (LCA), and vocalis (V)] are quite fast,

. whereas the larger extrinsic muscles [sternohyoid (SH)

and sternothyroid (ST)] are considerably siower, It
should be noted that the accuracy of these values must .
be limited to + 10 ms because of the time-shift-incre-
ment size used,

. We have termed the time lag measured in this way as
the mean response time (MRT), which is defined as the .
amount of time shift to yield maximum correlation be-
tween averaged EMG activity and Fy, . This is not truly
a measure of muscle contraction time as that term is
usually defined, Generally, muscle contraction time re-
fers to the impulse response, or twitch contraction time
of a single fiber to an impulse excitation (Sawashima,
1973). Nevertheless, good agreement can be seen be-
tween the MRT measured in this study and the muscle
contraction times measured in other studies and in other
species. Table Il shows this correspondence. These
data on contraction times are cited from Sawashima
(1973), as gathered from various sources,

CT (40 msec)

LCA (15 msec)

FIG, 5. Results of cross-correlation anal-
V (15 msec) ‘
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In particular, the intrinsic muscles (V, LCA, and CT)
show excellent agreement, Note that these muscles are
quite similar as to size and function in cat, dog, and
human, On the other hand, the extrinsic muscles show
considerable differences in size between these Species,
The SH, especially for cat, is much smaller than in hu-
man and, thus, we would expect it to have a much faster
contraction time, as Table IT indicates,

The results of this analysis are consistent with what
is already known from other studies, This procedure
Supports the claim that a cross-correlation analysis of
this sort does, in fact, offer a method of measuring in-
directly contraction times in human muscles, Such a
measure is not otherwise available and could be an im-
portant tool for future research in this area,

In the following paragraphs, all the EMG data have
been shifted by the MRT for each muscle before calcu-
lating correlation coefficients between muscle activity
and Fy, However, before proceeding to the results, it
is tmportant to note one final point, The laryngeal mus-~
cles are involved in many articulatory gestures not spe-
cifically related to regulating F,, Among these are ab-
duction and adduction of the vocal folds for the voiced—"
voiceless distinction and for periods of silence within an
utterance, Even within the voiced sounds, there is evi-
dence that various degrees of glottal opening may be in-
volved between different classes of sounds (e, g,, see
Atkinson, 1973; Lisker et al., 1969; Sawashima, 1973;
Hirose and Gay, 1972). All these gestures, as well
as general head, neck, and jaw movements involving the
extrinsic laryngeal muscles, which are not related to Fy
per se, can lower the degrees of correlation,. This
should be kept in mind in the following discussion when
interpreting the correlation coefficients obtained,

Il. RESULTS

A fundamental assumption in this study is that Fyis a
dependent variable and all the other factors measured
are independent variables that, singly or in combination,
are capable of causing changes directly in Fy. There
seems to be ample evidence to support this assumption,
namely, a direct causal relationship between CT activity
and F,, for example, has been shown in many studies,
This includes work with excised larynxes, both human'
(Van den Berg and Tan, 1959) and animal (Baer, 1975).
as well as in vivo EMG studies on humans (Faaborg-An-
dersen, 1965; Lieberman et al., 1970; Ohala, 1970;
Collier, 1975). ' g

Similarly, several studies have shown a general cor- ,
relation between v activity and F,, The most consistent
and convincing studies have involved singing or isolated
words (Gay and Harris, 1971; Hirano, Ohala, and Ven-
nard, 1969; Gay ef al., 1972). Studies involving
speech in longer utterances have shown a somewhat lower
correlation and greater variability (Gérding, Fujimara,
and Hirose, 1970; Hirose, Simada, and Fujimara, 1970;
Simada and Hirose, 1970). Although it is clear that
V is capable of causing changes in F,, exactly how and
to what extent remains less clear,

Primarily LCA is an adductor, but some studies have
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found a relationship between LCA activity and Fo, espe-
cially at high F, (Van den Berg-and Tan, 1959; Hirano,
Ohala, and Vennard, 1969; Ohala, 1970; Gay ef al. ,
1972), This has not been as consistent ag that of V or

CT, yet is clear that the LCA is capable of regulating
F,.

The extrinsic laryngeal muscleg (SH and ST in partic~
ular) have been found to be involved with lowering F.
These muscles also show increased activity at both very
low and very high F, (Faaborg-Andersen, 1965; Chala,
1970; Ohala and Hirose, 1970; Collier, 1975; Erick-
son, 1975), The exact nature of the involvement is un-
certain owing to the complex interrelationship between
these muscles, the intrinsic laryngeal muscles, and the
suprahyoid muscles. It appears that extrinsic muscles
are capable of causing F, changes (Sonninen, 1968; Kot-
by and Haugen, 1970; Ohala, 1972), but they are
also involved with other gestures not directly related to
Fy.

Finally, several recent studies have shown, all else
being equal, that Fy is related directly to P, (Van den
Berg, 1960; Ladefoged, 1962; Lieberman, '1967; Ohala,
1970; Atkinson, 1973; Collier, 1975). There is
some disagreement as to the sensitivity of F to pres-
sure changes (values from 2 to 20 Hz/cm H,O have been
obtained), but there is no dispute that P is capable of
causing directly F, changes,

These studies support the claim that the various mus-
cles and P, are capable of causing F, changes, Never-
theless, one must be careful in interpreting the results
of any correlation analysis, A high correlation coeffi-
cient between variables does not necessarily mean that
there is a causal relationship between them, They may
be only incidentally or stochastically related or there
may be a third unsampled variable to account for the ob-
served variationg, - Properly interpreted, however, a
correlation analysis offers strong supporting evidence
that can be very useful in quantifying and ranking the
variables involved, :

A. Averaging over all utterances

* The first step in the analysis was to calculate the cor-
relation coefficient between all factors averaged over all
12 utterances, The results given in Table Il show many
highly significant correlations with Fy, These results
are consistent with previous studies, The CT (the mus-
cle that has most consistently shown a direct relation
with Fy control) shows the highest Correlation, The SH
shows the next highest correlation and the fact that it is
negative agrees with the studies that indicate it is in-

TABLE III, Correlation matrix including all utterances.

Fy SH LCA Vv ' ¢T P, ST

1,00 —0,65 0,59 0.45 0.72 ~-0,19 =0.42 Fy
0.24 -0.24 —-0.40 - 0,26 0,25 SH
1.00 0,36 0 -~0.19 -0.24 LCA

1,0 0 0.01 -0,37 v
N=56% for P <0, 01 1,00 —=0.08 -0.37 CT
l#]1>0,11 for P <0, 1,00 0.15 P,

1.00 ST
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volved with Fg lowering, The LCA correlation is next
highest. The very high correlation between LCA and
CT (0.85), however, suggests that this may be due to
synergistic activity of those two muscles rather than a
direct causal relationship with F,. A moderate correla-
tion with Fy and also rather high correlations with both
the LCA and CT are shown by V, This suggests a gen-
eral synergy between all three of these intrinsic mus-
-cles and that they may act in combination to control Fq.

The moderately high negative correlation of the ST
with F, also is to be expected, Like the SH, it has often
been suggested as a pitch-lowering mechanism, The
low correlation between P, and F, initially was quite sur-
prising, However, this may be accounted for by thefact
that this analysis included both statements and questions
that have markedly different F, contours, The more de-
tailed analyses to follow indicate that in some cases
there are very significant correlations between F, and
P,

1

The relative magnitude and rank order of correlations
found in this overall analysis are consistent with expec-
tations based on related studies.

8., Rising versus falling F,

Many investigators have made a distinction (at least
implicitly) between mechanisms for raising and lowering
Fq le.g., Zemlin, 1968; Collier, 1975). Tensing the
intrinsic laryngeal muscles (particularly the CT) gener-
. ally has been considered the normal pitch-raising mech-
anism, Several possible mechanisms have been sug-
wested for pitch lowering., These most often involve re-
laxing the CT (Simada and Hirose, 1970; Lieberman,
1970), tensing the SH (Fromkin and Ohala, 1968;
Chala, 1970), or combinations of these and other fac-
tors.

A logical extension of our analysis was to subdivide
the data in terms of rising and falling F, calculate cor-
relation coefficients for each, and determine if different
mechanisms seemed to be involved To do this, the
slope of F, with respect to time was first calculated
This variable Fy was defined as

Foli) = Foli) = Fofi-1) .

Two correlation matrices then were computed, The
first included only data points corresponding to rising
Fo(e.g., Fg>0); the second, only the falling F, data
points (e.g., Fg<0), The results are given in Tables
IV and V. The factors with the highest correlation, CT

.

TABLE IV, Correlation matrix for msmg Fy including all
utterances,

Fy SH LCA v CT P, ST
.00 =0.39 0,63 0.43 0,71 =0,23 =0.37 F,
S~—~—__1,00 ~0,24 =~0,19 -0,37 0.07 0,08 SH

1.00 0.40 0.84 =-0,44 -—0,32 LCA
1,00 0,38 =0,18 =0,40 V

V=180 . ~0.36 CT
1yl >0,19 for P<0,01 0.45 P,
1.00 ST

James E. Atkinson: Physiological control of fundamental frequency
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P
TABLE V, Correlation matrix for falling F including all
utterances,
Fy SH LCA v CcT P, ST
1,00 ~0.65 0.36 0.39 0,68 0.46 =0,37 F,
1,00 -0,07 -=0,21 -0,39 =~0,42 0,23 SH
1,00 0,27 0.61 ~0,02 -0,03 LCA
N=370 g.gg: g.gs ~-0.29 V
{71 >0,14 for P<0.,01 : +29 =0.38 CT
0.03 . P,

1,00 - ST

and SH, show no significant differences between rislng
and falling Fy. This tends to refute any hypothesis that

. calls for functional specialization of these two muscles

into specific pitch-raising and pitch-lowering mecha-
nisms. The high correlations of these muscles suggests
they are actively involved in both rising and falling F,
patterns, The V and ST have somewhat lower correla-

" tions and, like the CT and SH, show no significant dif-

ferences between rising and falling F,. There is a sig-
nificant difference between rising and falling F, how-
ever, for P, and the LCA, P, has a significantly higher
correlation for falling F, (0.46 versus — 0,23), This
will be discussed more fully later, Conversely, the
LCA shows a significantly higher correlation for rising
Fy (0,63 versus 0.36), although this may be a result of
the higher synergistic correlation between LLCA and CT
for rising F, (0, 84 versus 0, 61).

Thus, although there are some dlfferences between
rising and falling Fy, the muscles most often implicated
by other studies as mechanisms for pitch raising and
pitch lowering (CT and SH) show no such differences
based on the data of this study.

C. Temporal and spectral vpartitioning

To this point, the results obtained have included all
the test utterances and, thus, represent an average over
many different F, contours, Since these different F,
contours may reflect unique physiological control pat-
terns, a more detailed analysis was necessary to refine
the results,

There are two convenient and logical dimensions in
which the data may be segmented to obtain finer resolu-
tions: the time domain and the frequency domain, The
units of division in the time domain correspond to sen-
tences, words, or syllables, whereas in the frequency
domain the data are divided into “bins” of F,.

There is a fundamental difference in the underlying .
assumption between time and frequency partitioning,
Segmenting by time inherently involves categorization
into linguistic units (e.g., sentences, words, syllables).
This implicitly assumes that the physiological corre-
lates of F, are organized or programmed at some higher
and, presumably, more abstract linguistic level, Seg-
menting by frequency involves an acoustical categoriza-
tion in terms of Fy intervals. This implicitly assumes
that the physiological control of F, is organized or pro-
grammed at this more concrete level,
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TABLE v1, Analysis by time partitioning into Sentences,

Test utterances F,SH F, LCA FoV.FCT FyP, F,sT

Bev loves Bob, ~0,83 -0,31 0,09 0,58 0.97 -0.29
Bev loves Bob, -0,48 0.51 0,69 0,93 0,95 0.16
Bev loves Bob, 0,81 ~g,37 0.45 0,72 0.89 0.10
Bev loves Bob, ~0,63 0.09 0,43 0,34 0.74 -0.09
Bev loves Bob? —¢, 70 0.54  0.42 0,65 -0.35 0,24
Bev loves Bob? 0,31 0.70 0,72 0,65 -0.76 -0.77
Bev loves Bob? -g, 89 0,73 0.73 0,74 ~0/24 -0,81:
Bevloves Bob? -0.75 0,84 ¢ 59 0.94  ~-0.52 -0.13

Since there is no clear justification g priori for choos-
‘ing one approach over the other,-both time and frequency
partitioning were investigated, We shail discuss more
fully the notion of linguistic versus acoustical program-

ming after those results are presented,

Regardless of whether the analysis involves time or
frequency partitioning, the proper choice of partition
size can be crucial and-often is difficult to determine,
Essentially we are filtering the data into several con-
tiguous bins of time or frequency, Such an operation is
optimized (i, e., the signal-to-noise ratio is maximized)
if the filter width is matched to the width of the signals
to be analyzed, The ideal filter, of Course, can be de-
termined only if the signal is known exactly, In this
study the signals to be analyzed are the prosodic features
of speech and, in particular, the changes in Fy (in both
time and frequency) that signify these features, The
temporal and spectral characteristics of these features
are not known exactly, but sufficient data exist to allow
reasonable approximationg to the ideal bin size to be de-
termined, As we shall see, statistical sampling limits
ultfmately impose a far more stringent restriction on
the choice of bin size (particularly in the time domain),

D. Linguistic analysis (time partitioning)

Thelogical (and, in fact, the only feasible) method of
segmenting in time involves breaking the data into lin-
guistic units for finer analysis, Thus, the first analy-
sis might partition the data into individual sentences,

In terms of the matched-filter concept, this would cor-
respond to matching the time bin to 2 phonetic feature
like [+ breath-group] (Lieberman, 1967, 1970) that en-
Compasses an entire phrase or sentence, The next -
(finer) analysis might subdivide each sentence into in-
dividual words or even syllables, This corresponds to
matching the time bin to 2 phonetic feature like [+ promi-
nence] (Lieberman,’ 1967, 1970) whose domain is the
syllable, An analysis using this resolution could be ex-
tremely interesting, Unfortunately, in analyzing each
syllable individually the sample size within each time
bin is reduced drastically, causing the variability to in-
crease, It, thereby, becomes impossible to interpret
with any confidence the significance of a particular cor-
relation coefficient. For this reason the finest time par-
titioning possible in thig study involved entire sentences,

For this analysis, only the “Bev loves Bob” utterances
from Table I were used, In this way, there wasan equal
number of statements and questions, and all the utter-
ances were composed of the same Segmental elements
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80 that the only difference was in intonation, which is
the factor of immediate interest, Furthermore, all the
Segmental phonemes in these utterances are voiced, thus
minimizing the perturbations in Fy caused by going from
the voiced to voiceless, or silent, state and vice versa,

Correlation matrices were computed for each of these
utterances and the results are tabulated in the Appendix,
Tables A-I-A-VTIL. These matrices encompass a
great deal of information, For convenience, the most
pertinent correlations (those involving Fy) have been
summarized in Table VI,

Looking down each column in Table VI, we see con-
siderable variability from sentence to sentence, Thig
suggests that all the factors interact in a complicated
fashion to produce the desired Fq pattern, but the exact
nature of the interaction is not clear from these data,
When these results are divided into two sentence types
(statements and questions), however,
to emerge. From the data in Table VI, the mean cor-
relation coefficients for the four statements and the four
questions were calculated, These are presented in Ta-
ble VII, - There are only two variables that show striking
differences between statements and questions. The LCA
shows a very high correlation with Fy in questions but
not in statements, P, shows just the reverse, a very
high correlation with Fy in statements but not in ques-
tions,? As might be expected, these results are very
similar to those of the preceding section where the data
were subdivided into rising versus falling Fo. Recalling
that the questions all involve a sharply rising F, contour
and the statements a generally falling Fy contour, we
see that the same two variables (LCA and P,) were the
only ones to show significant differences in each analy-
sis, and the results of the two analyses are consistent
with each other,

Apparently, there are significant differences between
the statement and question forms, The most striking
difference is seen in the correlation of F, with P, In
questions, there is no significant correlation between
Foand P, and it is clear that the intrinsic laryngeal
muscles (CT, LCA, and V) are controlling F,. How-
ever, in statements, P, has the highest correlation with
Fy, while CT and SH show lesser but still significant
convolutions,

It is quite clear from this that under different condi-
tions different physiological factors may play the domi-
nant role in determining Fy, presumably depending on-

-the nature of the Fy change involved,

TABLE VI. Correlation by sentence
type (statements versus questions),

Parameters Statements Questions
Fy SH -0.69 ~0.66
Fy LCA -0,02 0.70
Fyv 0.42 0.62
Fy CT 0,64 0,74
Fy Py 0.89 ~0.46
Fy ST =0.03 —-0.37
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TABLE VIII. Analysis by frequency partitioning.

Fundamental frequency (F) bins (Hz)

Parameters 100-120

80-100 120140 140-160
FySH 0.19 -0,60 -0,18 -0.10
Fy LCA 0.30 -=0.09 0,49 0,41
F v ~0.10 0,22 0.29 0,22
Fo CT 0.15 0.23 0,51 0.71
Fy Ps 0.59 0.22  -0.53  -0,51
Fy, ST -0.13 ~0,02 -0,30 0,33
lr} for P<0.01 0,23 0.15 0,35 0.30

In statements in which there is normally a level or
slowly falling F, contour, it is, in a sense, easier sim-~

_Ply to let Fy follow the normal P, pressure contour, How-

ever, statement contours also can be modified by mod-
erate F, rises (as on syllables with emphasis) and by
sharp falls immediately following emphatic syllables,
These changes must involve laryngeal adjustments, The
single most important factor in statements, however,
seems to be P;, In questions, on the other hand, sharp
rises in Fy are required that can be caused only by the
tensor and adductor muscles of the larynx (V, CT, and
LCA), For these utterances, P, plays.a minor role in
controlling F, and the laryngeal muscles predominate,

E. Acoustic analysis (frequency partitioning)

The frequency partitioning analysis subdivides thedata
in terms of the frequency rather than the time domain,
That is, bins of F, are established and correlation coef-

ficients are calculated within each frequency bin, The

choice of bin size represented a compromise between

the desire for fine resolution and the sample size re-
quired in each bin to yield statistically valid results, A
value of 20 Hz was chosen as the smallest bin size con-
sistent with these bounds, In terms of the matched-fil-
ter concept, this also represents a reasonable approxi-
mation to the frequency excursions required by this
speaker to signal the prosodic. features (Atkinson, 1973, -
1976).

The data from all the utterances were divided into four
frequency bins, each 20 Hz wide, and the various cor-
relation coefficients were calculated within each bin,
The results are presented in Table VII,

Scanning any one of the frequency bins reveals signifi-
cant differences between the physiological variables, de-
pending on the particular Fy bin, Similarly, scanning
across the frequency regions for any one of the physio-
logical factors reveals that the degree of correlation
with F, differs significantly from bin to bin, Different
combinations of physiological factors appear to be in-
volved for different ranges of F,. For low F, (80-100
Hz), by far the highest correlation with F, is obtained
for P;. In the midrange (100-120 Hz), the SH shows a
much higher correlation with F than any other factor,
At high Fy (above 120 Hz), there is little difference be-
tween the two F; bins,® CT and LCA both show high cor-
relations in this region.
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These interesting results suggest that different laryn-
geal modes (i, e., different physiological control mech-
anisms and/or different modes of vibration of the vocal
folds) may be involved in different Fy regimes, We
shall return to this point later,

The next logical extension of this analysis by frequency
partitioning would be to look within each Fy bin to see if
there is further differentiation in terms of rising versus
falling Fo, However, this further partitioning reduces
the sample size in some bins to the point where mean-
ingful correlation coefficients cannot be calculated, In
fact, the only bin having sufficient data points for hoth
rises and falls is the midrange (100-120 Hz), Correla-
tion coefficients for this range are presented in Table
IX, which shows no major qualitative differences between
rising and falling F;,, The SH has the highest correla-
tion with F, for both cases, It does not appear, then,
that there are specific mechanisms exclusively for pitch
raising or pitch lowering, at least in this F¢ range,

The implications of the results from this and the pré-
ceding sections will be discussed in the next section, and

- an attempt will be made to unify them into a cohesive hy-
" pothesis concerning the nature of F, control.

Hi.” DISCUSSION

~ Before we discuss the theoretical implications of this
study, a summary of the major results will be given,
For this purpose it is assumed that the degree of corre-

I

. lation between a laryngeal muscle and Fg is, in.some

way, a measure of the relative importance of that mus-
cle in controlling Fy. This will allow us to rank order
the various physiological factors, Using this metric,
we can summarize the role of each factor in rank order
as follows: :

* (1) Cricothyroid Muscle (CT), The CT shows the
highest and most consistent overall correlation with Fy,
{Table III), The correlation coefficient () is typically
around 0.7 and is positive. The CT seems to be equally
important in both raising and lowering F, (Tables IV and
V) and shows no significant difference between state-
ments and questions (Table VII), However, it does be~ -
have differently in different Fy ranges (Table VIIO). At
high F, (120~160 Hz for this speaker), it is the single
most important factor; while in the low and mid F,
ranges, it plays a much lesser role, and other factors
predominate,

TABLE IX, Correlation coefficients for
rising and falling £ within the mid F,
range (100-120 Hz).

Rising Falling
Parameters F, Fy
FySH -0,78 - 0,49
Fy, LCA 0, 00. -0.24
FyV -0.,01 0.34
F,CT 0.24 0.20
Fy P 0.25 0.23 .
Fy ST 0.28 -0,13
lr| for P<0,01 0.28 0.18
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(2) Sternohyoid Muscle (SH). The SH shows a high,
consistent, negative correlation with F, (r is typically
around - 0,6), No significant difference is seen be-
tween rising and falling F, (Tables IV and V) or between
statements and Questions (Table VII), Like the CT, the
SH shows significant differences as a function of Fy
range (Table VII), In the mid F, range (100~120 Hz for
this Speaker), it is the single most. important factor in
Fo control; while in the other Fy ranges, it has a low
correlation with Fo. This does not mean that it plays no

role in those ranges, only that it doeg not seem to regu-
late Fy directly,

- (3) Lateral Cricoarytenoid Muscle (LCA). In not one
of the analyses is the LCA the dominant factor, How-
ever, in general, LCA shows a high overall correlation
(re~0,6). 1t also shows significant differences between
rising and falling F, and between statements and ques-
tions because the LCA is involved quite heavily with ris-
ing Fy and with questions and very little with falling F,
and statements (Tables IV, V, and VII), Aga function
of Fy range, it is moderately involved at high 7, (120~
160 Hz), somewhat less at low F, (80~100 Hz), and not
at all for mid F, (100-120 Hz). However, in all cases
where LCA correlates highly with Fy, it also correlates
highly with CT, Thig suggests that in these cases the
LCA may actually ‘be Compensating for CT effect, per-
haps to maintain medial compression, rather than in
controlling F, per se. This interpretation requires fur-

ther. investigation but appears to be consistent with other
findings,

(4) Vocalis Muscle (V). The v has a moderate cor-
relation with Fy overall (r~ 0.4), shows no significant
difference between rising and falling Fy, or between
statements and questions, and slight differences as a
function of Fg range, Aside from some synergistic ac-
tivity with the LCA and CT, it appears to play a minor
role in controlling F in speech, - oo

(5) Sternothyroid Muscle (sT). Similarly, the ST
shows a moderate correlation with Fy (=~ -0, 4), is
never the dominant factor under any analysis condition,
and appears to play a minor role in F, control,

(6) Subglottal Pressure (Ps). P, has the most varied
relationship with Fo. Overall P, shows the lowest cor-
relation with Fy and would seem to be the least impor-
tant factor, P, shows a significant difference between
rising and falling Fy, being moderately high for falling
Fo and very low for rising Fy, and a dramatic difference
between statements and questions, In statements, p, is
easily the dominant factor and, in fact, shows the high-
est correlation obtained under any analysis condition;
in questions it plays no apparent role, In terms of F,
ranges, P, is the highest correlate in the low F, range
(80-100 Hz) and elsewhere is insignificant,

With regard to this summary, let us reiterate that g
high correlation does not necessarily prove a causal re-
lationship between two variables, However, in cases
where a high correlation exists and where it is known
from independent studies that the particular factor is
capable of causing the observed changes in Fy, it seems
reasonable to assume (as we have in this discussion)
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that this reflects more than a coincidental unrelated oc-
currence,

‘There are two particularly interesting aspects to these
results that will be discussed, The first is the fact that
different physiological factors Seem to be in control in
different F, ranges, This leads to the formulation of a
model of F, control involving “laryngeal state functions, ”
The second is the fact that when the data are split in

linguistic category (statement versus question), Thig
leads to a consideration, of the notion of linguistic ver-
Sus acoustical organization in programming the F, con-
tour, ’ '

A. Laryngeal state functions in the control of Fo

It seems clear from Table VIII that different physio-
logical factors serve to control F, over different Fy re-
glons, In each of the Fy ranges, there is a different fac-
tor that dominates by a clear margin, . At low F, (below
100 Hz), P, is the major factor, At mid F, (100-120
Hz), it is the SH; and at high F, (above 120 Hz), the
CT, aided by the LCA, predominated,  This suggests
that there may be distinct regions of F, within the nor-
mal speech range that correspond to different laryngeal
“states” (i, e., different modes of vibration of the vocal
folds and/or different physiological control mechanisms),
Within each of these states a particular set of physiolog-
ical factors predominates, :

These controlling state functions clearly are different
in the different regions, This reflects the fact that the
vocal folds must undergo dramatic changes in length and
tension to achieve the range of Fy required in normal
speech. Thus, to produce low Fy, the vocal folds must
be short, thick, and relatively slack. On the other hand,
to produce high Fy, the vocal folds must be long, thin,
and taut, To achieve thig wide range of conditions re-
quires the coordinated action of the extrinsic, as well
as the intrinsic, laryngeal muscles, The complex in~-
terconnected set of muscles that can, directly or indi-
rectly, affect the vocal folds must act as 3 system, The
intrinsic muscles, of course, have the most direct ef-
fect on vocal fold tension, However, they, in turn, are
affected and constrained by the extrinsic muscles, par-
ticularly at the extremes of this rangé, The results of
this study and the data from other studies, when inter-
preted in this light, suggest that the extrinsic muscles
play a crucial role in determining the gross laryngeal
configuration within which the intrinsics can function,
This concept is at the heart of the “external frame func-
tion” (Sonninen, 1968), .

The only consistent result from the various studies
on the SH (and for the most part the other strap mus-
cles) has been the finding that there is high activity at
low Fy and little or no activity at high F,, This refers
only to the normal speech range, not to very high F,(as
in singing) where other adjustments may be required,
It is particularly interesting in this study that the SH
shows a high correlation with Fy only in the mid F,
range (100-120 Hz), At low F,, it is very active but
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there is no correlation with Fo per se. At high Fy, it is
inactive and there again is no correlation with Fy. Thus,
it does not control F, directly (except possibly in the
mid Fy range, which we shall discuss in more detail
later), but it does seem to be setting up the gross con-
figuration, the laryngeal state required to allow F, to
be controlled within each of these ranges,

At low F,, then, the SH (and possibly other strap mus-
cles) is active and generally remains active for as long
as low Fy is required, The exact mechanism is not yet
clear, but several studies have suggested that this may
lower the larynx as a whole and may affect the horizontal
and/or vertical dimensions of the vocal folds as well as
their tension, The result is short, thick, and rather
slack vocal folds, Given this configuration, the tensor
muscles can cause changes in Fy by changing the length
and tension of the vocal folds, but always within the con-
straints imposed by the extrinsics. It also happens,
however, that given this configuration, the sensitivity
to P, is maximized owing to the aerodynamic forces act-
ing when the vocal folds are thick and slack, Van den
- Berg and Tan (1959) in their study on excised human
larynxes, indicate that in the low pitches of the chest

_voice the Bernoulli forces (and P,) predominate, Simi-
larly, Stevens (1963) in discussing laryngeal states, sug- .

gests that in the low-frequency region the vocal folds
are slack and Fy is more sensitive to P, than to vocal
fold tension, The data of the present study agree very
nicely with both of these statements. Table VIII shows
that P, at low F, is the major factor in controlling Fy by
"a clear margin, In statements involving generally low
and falling F,, Table VII shows that P, again is the ma-
jor factor,

On the other hand, in order to achieve high F,, it ap-
pears that the SH must be inactive in order to allow the
tensor muscles to make the vocal folds long, thin, and -
taut. It also happens that, given this laryngeal config-
umtion,‘ the sensitivity to aerodynamic effects (P,) is
minimized, This was seen in the present study by the
fact that at high F, only the CT and LCA showed signifi-
cant correlations with Fo, “Van den Berg and Tan (1959)
also support this result, They indicate that at high F,

the deformation forces (caused by the V, LCA, and CT) -

acting on the vocal folds and adjacent tissue predominate
in the control of Fy, Likewise, Stevens (1963) suggests
that in this region Fy is controlled primarily by vocal
fold tension and is insensitive to P, changes.

It is not clear from these data whether the mid Fy
range (100-120 Hz in this speaker) should be treated as
a separate state or merely as a transition region be-
tween the high F, and low F, states. Arguments can be
made for either approach, On the one hand, it has been
suggested (Atkinson, 1973, 1973) that in English there
may be only two states and that the midrange is simply
a transitional region, with the controlling mechanism
being the SH muscle, In this model, the SH is seen as
a binary state function (tense or lax) that sets the gen-
eral configuration of the larynx for either low F; or high
Fy,  Thus, when tense, SH does not control F, directly
(and hence has a low correlation with Fq), but it adjusts
the larynx to allow the low F, state, When lax, SHagain
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FIG, 6. Histogram of Fy distributions for various speakers.

shows no direct correlation with Fy, but sets the larynx
to allow the high F, state. The strong negative correla-
tion in the midrange indicates just such a state change
or transition, When going from the low Fy to the high
F, state, the SH is becoming lax and Fy is rising rapidly
as the state changes, When going from the high F, to
the low F, state, the SH is becoming tense and F, is fall-
ing. Thus, the strongest correlation is seen just in
these transitions between laryngeal states. The data of
this study and that of\,Van den Berg (1960) seem to sup-
port a two-state model of this type.

On the other hand, data from tone languages, like Thai
(Abramson, 1962 and Erickson, 1975), which employs
three distinct Fy ranges, might lead one to argue for a
three-state system, At this point we favor the two-state’
model, primarily because of the Van den Berg (1960)
data, but feel that we simply do not have enough data to
decide conclusively, ¢ : :

Clearly, the notion of laryngeal state functions sug~
gested here is still in its formulative stages and much
research remains to be done, However, there are sev-
eral points that seem to support such a model, First,
data from another study involving several speakers (At-
kinson, 1976) suggest that the occurrence of laryngeal
states within the normal voice range is a general phe-
nomenon and not idiosyncratic of the present subject,
Figure 6 presents histograms of Fy distribution for sev-
eral speakers, including the subject in the present study
(JA). Notice that every speaker has a bimodal or even
trimodal distribution involving fairly distinct regions of
Fo. This is consistent with the notion of different laryn-
geal modes (i, e,, different modes of vibration of the vo-
cal folds and/or different physiological control mecha-
nisms),

Perhaps the strongest supporting evidence comes from
the careful experiments on excised human larynxes by
Van den Berg (1960), In that study, two distinct modes
of operation were found involving different physiological
control functions within what is generally considered the
normal chest register, These were called the chest and
midregisters. The physiological factors involved and
the laryngeal characteristics seen in these registers are
in excellent agreement with the present findings,

In fact, on a larger scale, the whole notion of voice
registers (e, g., fry, chest, falsetto) suppoxjts the pres-
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TABLE X. Laryngeal state function characteristios,

Primary
Strap Fy con-
State Vocal folds muscles trol
Low F, Short, thick, slack Tense P,
High F, Long, thin, taut Lax GT
ent model, It is well known and has been verified ex-

different laryngeal configuration, and is controlled by .
different physiological factors, We are suggesting that
the same thing happens on a more limited scale within
at least one of these registers (chest), Within the nor-
mal register there are different laryngeal states cor-
responding to different Fy regions, Each state is char-
acterized by a different laryngeal configuration and is
controlled by different physiological factors. To avoid
confusion with the term “register, ” we have chosen to
call these laryngeal states and refer to the controlling
factors as state functions, Table X Summarizes the ma-
jor characteristics of this model of Fy control,

What we have proposed is based on limited data from
a single speaker, There surely are individual differ-
ences in terms of absolute Fq ranges, particular mus-
cles employed, and amount of overlap between states,

. Just as there are such individual differences regarding
the major voice registers, We have implicated the SH
rather heavily, based on this particular speaker, Thig
is not to say that all speakers would use the SH. The
ST or other extrinsic muscles may well be implicated
in other speakers, We also do not mean to imply that
there are sharp absolute Fy values delineating the states,
As with the major voice registers, we would expect '

~, Tather loosely defined boundaries between states and

“some overlap in terms of Fo range. 2

Finally, when we indicate a specific factor as control-
ling one state, this does not mean that other factors can-
not control F, in that range, For example, P, is the
major factor in low Fo, but surely the CT and other fac-
tors can and do affect Fo. The single highest correlate,
however, is P,, This presumably reflects the fact that
at low F, (or in statements) this is, in some sense, the
simplest, easiest way to produce the required F, con-
tour, This, of course, holds true for the factors in-
volved in the other Fq states as well,

B. Linguistic versus acoustic analysis

. It is interesting to Compare the results of the acous-
tical analysis in Tables IV, V, and VI, in which the
data were parsed in terms of Fy or its derivative, with
the results in Table VII, in which the data were parsed
in terms of the linguistic categories, statement or ques-
tion, Table XI consolidates these data, presenting the
highest correlation between each physiological factor
and Fy under the two criteria (acoustical and linguistic

- categorization) and indicates under what condition that

value was obtained, In every instance, the highest cor-
relation was obtained when the data were separated in
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terms of the linguistic variable (statement versus ques-
tion), :

guistic unit, such ag the breath group, It is not pro-
duced, nor (presumably) can it be perceived, as a se-
quence of units (of word op syllable length) to be pro-
cessed in a left-to-right sequence like so many beads on

a string, That is, the intonational features of speech,

like the segmental, are heavily encoded at a fairly ab-
stract linguistic level and are carried on the entire in-
tonation pattern, This idea has been discussed by Lie-
berman ( 1967), based on other evidence, in terms of the
#breath-group feature and is mentioned here only as an-
other interesting insight suggested by a correlation anal-
ysis, :

IV. CONcLUSIONS

In this paper a technique has been presented that al-
lows a quantitative measure of the relationship between
Fy and the various physiological factors that can control
Fo. Although the results are based on fairly limited da-
ta, the insights gained do emphasize the potential im-
portance and range of implications that may result from
the use of such a technique,

It is obvious from the results presented that there are
many ways of controlling F, and that many different mus-
cles (both laryngeal and respiratory) may be involved at
any given instant, This i strong evidence against any
one-~to-one mapping between phonetic features, articu-
latory implementation, and acoustic signal, The corre-
lations obtained indicate only a certain propensity toward
one particular mechanism, which in some senge is sim-
plest and, thus, used most often to achieve the desired
result,

The méjor results of this study are as follows:

(1) A correlation analysis can provide a quantitative
measure of the relationship between Fy and the various

" physiological factors that may control Fy. The results

agree with the general findings from other studies and
Seem plausible in terms of our knowledge of laryngeal
mechanisms, That is, no obviously erroneous results
were obtained,

(2) The technique employed produced an indirect mea-
surement of contraction time for the human laryngeal
muscles that agrees well with contraction times of the
Same muscles in other species,

TABLE XI, Cofnparison of acoustic versus linguistic partition-
ing.

Acoustic

Muscle Ling, (Sent) Fy bins Fy slope

SH ~0.69 (statements) —0,60 (mid Fg —0.65 (fall)
LCA 0,70 (questions) 0.49 (hi Fy) 0.63 (rise)
v 0,62 (questions) 0.29 (hi Fy) 0.43 (rise)
CcT 0.74 (questions) 0.71 (hi Fy) 0.71 (rise)
p, © 0,89 (statements) 0.59 (low Fy) 0,46 (fall)
ST = 0,37 (questions) =0.33 (i F)  ~0,37 (rise)
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. (3) The results indicate that P, seems to be the domi- TABLE A-II, Correlation matrix for “Bev loves Bob,”
nant factor in controlling Fy at low values of Fq and in
statements, Laryngeal tension, on the other hand, pre- Fo SH ea v CT P, ST
dominates at high F, and in questions. involving the .00 -0.81 -0.37 0.45 0,72 0.89 0.10 Fy
marked breath group, 1.00 0.69 -0,40 -0.55 ~0.74 =-0.12 SH
(4) The findings in this study led to speculation about 1.0 ~g' (2)(5) _g' ;Z —g';g :g'gi ‘I,'CA
a possible model of Fy control in terms of laryngeal state = N=38-45 - 1.00  0.55 -o0.22 CT
functions corresponding to different ranges of F,, anal- l71>0.39 for P<0.01 1,00 -0,03 P
A . . $
ogous to the differences between voice registers (like 1.00 ST
falsetto, chest), but occurring as substates within what
is considered as the _chest register, Basically, these TABLE A-IV. Correlation matrix for “Bev loves Bob,”
laryngeal state functions would adjust the larynx to ‘
achieve the desired Fy range and, depending on the re- F, SH LCA \ CcT P ST
sultxfxg laryngeal' conflgurat}on, w_)vould tend to be most 1,00 —0.63 0.09 0.43  0.34 0.74 —0.09 F,
sensitive to particular physiological factors, namely, 1.00 0,07 -0.32 0.05 -0.75 0.06 SH
P, at low Fg and laryngeal tensors at high Fy. The strap 1.00 0.30 0.58 -0,44 -0,33 LCA
muscles (in particular the SH in this speaker) seem to N=38 =45 1.00  0.06 0,22 0,07 V
play an important role in producing the different laryn- I71>0,39 for P<0, 01 1.00  0.03 -0.63 CT
geal states, 1.00 -0.11 P,
1.00 ST
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. ) ) . . .00  0.37 0,79 —-0,81 -0.69 LCA
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APPENDIX 1,00 ST
TABLE A-I, Correlation matrix for “Bev loves Bob,”
' TABLE A-VII, Correlation matrix for “Bev loves Bob ?”
Fy SH LCA vV et P, ST
- Fy SH LCA v CcT P, - ST
1,00 —0.83 =-0.31 0,09 0.58 0,97 ~0,29 F, -
0.62  ~0.30  —0.17 =-0,87 0.45.- SH 1,00 -0.89 . 0.73 0.73 0.74 ~0.24 -0.81 Fy’
1,00 0,10 0.03 —-0,46 =~0.04 LCA 1,00 ~-0.58 ~0,58 ~0,70 0,03 0.47 SH
. 1.00 —0.24 0.09 0.05 V 1.00  0.97 0,67 0,12 -0.71 LCA
N=35-40 " e : , 1,00 0,66 0,15 -0,70 'V
v 1.00 0.56 0,19 CT N=41—48 . . . .
Il >0.40 for P<0,01 1,00 —-0,16 -0.61 CT
1.00 -0,28 P . . .
: 100 S'sl‘ l#]| >0,37 for P<0,01 1. 00 0.08 P,
1,00 ST
TABLE A-II. Correlation matrix for “Bev loves Bob.” TABLE A-VIIL, Correlation matrix for “Bev loves Bob ?”
Fy  SH LCA V cT P, ST Fy SH LCA V CT P, ST
1.00 -0,48 0,51  0.69 0.92  0.95 0,16 Fy 1,00 =—0,75 0.8¢ 0.5 0.94 -0,52 =-0,13 F,
1,00 ~0,14 —-0.61 =-0,58 ~0.59 -0,64 SH 4 1,00 -0.53 -0,52 -0.59 0.18 =0.20 SH
1,00  0.55 0.57  0.52 =-0,33 LCA 1.00 - 0,87 0,98 -0.77 =-0.50 LCA
' . 1.00 0.8 0.63 0.32 V _ 1,00 0,78 -0.70 —-0.38 V
N=37-43 1,00 0,87 0.29 cr ~N=40-47 ‘ 0 0L 1,00 -0,70 -0.43 CT
lr!1>0,39 for P<0,01 L. 00 0.25 P, l7| >0.37 for P<0, 1.00 0.68 P,
1.00 ST 1,00 ST
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The excellent paper by Flanagan ef oy, (1976) is in many ways
similar to this current study on quantitative measures of
laryngeal control, It differs in the muscles studied, how-
ever, since they were more interested in the voiced—-voice-
less distinction and its application in Speech synthesis,
whereas this study is most interested in ¥, control,

This is an excellent example of why care must be taken in
interpreting the results of any correlation analysis. In this
case the correlation between Fo and Py in questions (-0, 46)
{s certainly significantly large in the statistical sense, 1If
we assumed a causal relationship, however, we would reach

. the absurd conclusion that, all else being equal, increasing
P causes Fy to decrease and decreasing P, causes Fy to in-
crease. Clearly this is impossible in the light of all known
physiological evidence,

"The only exception is the ST, which shows a negative correla-
tion between 120 and 140 Hz and positive between 140 and 160
Hz, It does not seem likely that this could have any major .
effect on the conclusions and no attempt will be made here to
explain this result. The high negative correlation with P, in
this region also is discounted,

‘Along these lines, however, we are continuing research, using
both Thai and English speakers, in an effort to resolve the
functions of the strap muscles in particular and the control
of Fy in general (e.g., Erickson and Atkinson, 1975).
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