Correlation analysis of the physiological factors controlling
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A technique has been developed to obtain a quantitative measure of correlation between electromyographic
(EMQ) activity of various iaryngeai muscles, subgiottal air pressure, and ihe 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
correlation between the physiological and acoustical events in speech and, furthermore, can yield detailed
insights into the organiution and nature of the spoech production process. In particular based on these

resulis, a model is suggested of 1',, control mw.uvmg uu'ynguu state functions that seems to agree wiin

present knowledge of laryngeal control and experimental evidence.

PACS numbers: 43.70.Bk

INTRODUCTION

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

Many experimental studies have investigated the phys-
iological factors controliing Fy. These have inciuded
electromyographic (EMG) studies of the laryngeal mus-
cles by Faaborg-Andersen (1965), Lieberman et al,
(1970), and Ohala (1970), as well as aerodynamie 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 F, (e.g., Lie-
berman, 1967; Ohala, 1970) and a recent study by
Flanagan et al. (1976), which involved digital analysis
of laryngeal control functions' most studies in this area
have been analyzed subjectively as a resuilt of data ac-
quisition and processing limitations, That is, the in-

vegticator laogks for neaks in the nhvainlogical meagsure

vestigator logks for peaks in the physiclogical 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 obiained; and, second, diffiereni ob-
servers may interpret the same results differently., This
paper addresses two basic questions: (1) Can a mean-
ingful quantitative measure of correlation between Fy
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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I. EXPERIMENTAL PROCEDURE
A. Speach 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,

sndanasnsninm indiandan armnhasia )
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For each of these utterances, data were obtained for
seven variables as functions of time, These particular
physiological factors were chosen because they have
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are
Fy, fundamental frequency;
» subglottal pressure;
SH, averaged EMG data from the sternohyoid muscle;
LCA, averaged EMG data from the lateral ericoary-
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TABLE I, List of test utterances.

Bev loves Bob.

Bev loves Bob.

Bev loves Bob.
Bev loves Bob.
Bev loves Bob?

Bav lovag Roh ?
eV 10708 200 {

Bev loves Bob?

Bev loves Bob?

He had plz;ns to leave,
1

He had plans to leave.
He had plans to leave.
He had plans to leave,

(Blueprints to drop off.)
(To depart,)

Note: Superscript 1=main sentence stress,
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CT, averaged EMG data from the cricothyroid mus-
cie; and

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

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

Subglottal pressure P, was measured directly us-

i
weill,

ing a catheter inserted between the cricoid and thyroid
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

af aarvaral nanatitinnag nf aanh
01 8€vera: repexiiions o1 ealan utteraﬂce.

B. Correlation analysis

All these data were sampled at a 60-Hz rate and 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,)
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where 7, is the correlation coefficient between vari-
ables x and y, % and y, are the jth sample of variables
x and y, X and Y are the mean of variables x and y, a,
and o, are the standard deviation of x and y, and N is the
number of samples,

The sampled and digitized data were stored inthe Uni-
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FIG. 1. Typical raw data from speaker JA for “Bev loves
Bob,” .
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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 vaiues, depending on the method

of subdividing the data, The subdivisions were suggested
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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
gseen in Fig, 2 that the physiological factors are all con-
tinuous functions of time, beginning before the onset of
phonation and eontinuing 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 Fy 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 musecle 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,

In general, 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 MR
traetion time,

T with con-

Other studies

Atkinson

Musecle MRT (ms) CT (ms) Species
\'4 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 la.g, a discrete form 01 ClUSS cvur~

relation was performed in which the averaged EMG data
for each muscle was shifted relative to the F; data in

incremental steps, and the correlation coeff1c1ent was
calculated for each successive shift,

‘ Assuming a causal relationship between F, 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.
smaller intrinsic muscles [cncothyrmd (CT), lateral
ericoarytenoid (LCA), and vocalis (V)] are quite fast,
whereas the larger extrinsic muscles [sternohyoid (SH)
and sternothyroid (ST) ] are considerably slower, 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,

[ o} "92N
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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-

furaan avarasrad DM ankviby and
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TWeen averaged Livia Qouivity anQ o g,

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 timeg measured in aother shidies and in other
species, Table II shows this correspondence, These
data on eontraction times are cited from Sawashima

(1973), as gathered from various sources,

0.6 \
/.'\ CT (40 msec)
o

4f \ LCA (15 msec)

V (15 msec)

FIG. 5. Results of cross—correlation anal-
ysis.
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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-

wwmmae Al dhars  ersn evemrsl A Avmmnnd $t o haesa o nassnh £fooaban
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contraction time, as Table II indicates,

The results of this analysis are consistent with what
is already known from other studies. This procedure
Sh‘ppﬁxw the claim that a cross-correlation a.ua.l.yrua 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 F,. However, before proceeding to the results, it
is important to note one final point. The laryngeal mus-
cles are involved in many a.rticulatory gestures not spe-

282 nalles sealabad Sa wmase A wn s e coa ama ol

Ciiicaily reiaved o x.!:gt.'u.al.uxs "0- Among these are ab-
duction and adduction of the vocal folds for the voiced—
voiceless distinetion 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 t6 Fy
. per se, can lower the degrees of correlation. This
should be kept in mind in the following digcussion when

interpreting the correlation coefficients obtained,

ll. RESULTS

A fundamental assumption in this study is that F; is a
dependent variable and all the other factors measured
are independent variables that, singly or in combination,
are capable of causing changes directly in F;, 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 ef al,, 1970; Ohala, 1970;
Collier, 1975).

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 (G8rding, 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 F,, espe-
cially at high Fy (Van den Berg and Tan, 1959; Hirano,
Ohala, and Vennard, 1969; Qhala, 1970; Gay ef al.,
1972) This has not been as consistent as that of V or

______ T,

yet is clear that the Lal.aﬂ is Lapame o1 regulaung

Fo.

The extrinsic laryngeal muscles (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; Qhala and Hirase, 1970; Collier, 1975; Erick-
son, 19'75) The exact nature of the involvement is un-
certain owing to the complex interrelationship between
these museles, the intrinsic laryngeal muscles, and the
suprahyoid muscles, It appears that extrinsic muscles

_______ Q= D, T~

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.

THrmnlle nernannl nanant obudiag hown aha SWn all alaa
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being equal, that F, 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,0 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 reiationship between them, They may
be only incidentally or stochastically related or there

mav bhe a third insamnlad variable to account for the ob-

Ay & WAlA WSS IS 1aio 10 &L 0unt 10 L O

served variations, 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

Tha finat ctan in tha analuaio waa $#n salaulata tha oan_
AJIG JIE00 OO LIl UIC QUIALY FL0 WaD W VALLVULALG uiv wul=

relation coefficient between all factors averaged over all
12 utterances, The results given in Table III show many
highly significant correlations with F,, These results
are consistent with previous studies, The CT (the mus-
cle that has most consistently shown a direct relation
with F, control) shows the highest correlation, The SH

bﬁUWb Iﬂe next mgnest Lorrelauon a.nu [ﬂe IaCl: Ina.l: lt I.S
negative agrees with the studies that indicate it is in-

TABLE III, Correlation matrix including all utterances.

Fy SH ICA V CT P, ST
1.00 —0.65 0.59 0.45 0.72 —0.19 —0,42 F,
1,00 -0,24 =—-0.24 —0,40 -0.26 0.25 SH
1.00 0,36 0.8 =0,19 =0,24 LCA
N=568 1,00 0,44 0,01 -0,37 V
- 1.00 =0,08 =-—0.,37 CT
| >0.11 for P<0,01 ° ¢
7l 1,00 0,15 P,

—~__1.00 ST
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volved with F; 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 Fa and also rather high correiations with both
the LCA and CT are shown by V. This suggests a gen-

eral synergy heprpn all three of thege intringic mua-

cles and that they may act in combination to control F,

T e mAncend alee L2 B PETN N F

The moderately high negative correlation of tt

with F; also is to be expected, Like the SH, it has
been suggested as a pitch-lowering mechani ,,_m= The
low correlation between P, and F, initially was quite sur-
prising. However this may be accounted for by the fact
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,.

The relative magnitude and rank order of correlations

found in this overall analysis are consistent with expec-

tations baséd on related studies.

B. Rising versus falling £,

Many investigators have made a distinction (at least
implicitly) between mechanisms for raising and lowering
Fy (e.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-
gested for pitch lowering, These most often involve re-

srivior tha M (Qinande ond Wins 107N, ¥ iahoannaoen
laxing the CT Simada and uuuse, 134v, nieoernmain,

1970), tensing the SH (Fromkin and Ohala, 1968;
Ohala, 1970), or combinations of these and other fac-
tors.,

A logical extension of cur 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 F, was defined as

Foli) =Fo(i) - Fofi-1) .

Two correlation matrices then were computed. The
first included only data ppints corresponding to rising
Fy{e.g., Fp>0); the second, only the falling F, data
points (e.g., Fy<0), The results are given in Tables

Iv and V. The factors with the highest correlation, CT

TABLE IV, Correlation matrix for rising Fy including all
utterances.

Fy SH LCA Vv cT P, ST
1.00 —0.59 0.63 0,43 0.71 —-0.23 -—0.37 Fy
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

N=180

1.00 =0,38 -0.36 CT
lr} >0.19 for PN 1.00 0.45 P,

T~ 1.00 ST
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TABLE V. Correlation matrix for falling Fy including all
utterances.

Fo SH ICA V er 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 1.00  0.54 0.08 =0, zg v
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and SH, show no significant differences between rising

and falling F,. 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 beiween rising and falling Fy. There is a sig-
nificant difference between rising and falling F,, how-
ever, for P, and the LCA, P, has a significantly higher
correlatlon ior 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 LCA and CT
for rising F, (0,84 versus 0,61),

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

C. Tamporal and spectr.

al nartitionina
- woral ar ectral partitioning

To this point, the results obtained have included all

ttaranoas and  thno
Llds,

T,

s

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,

woanraaant an avarars nuar

test represent an average over
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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 Fj.

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 abstraect linguistic level. Seg-
menting by frequency involves an acoustical categoriza-
tion in terms of F, 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 VI, Analysis by time partitioning into sentences.

Test utterances FoSH FoLCA FyV F,CT FyP, F,ST
Bev loves Boh, -—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 —0.37 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? -0.70 0.54 0.42 0,65 —0,35 0,24
Bev loves Rob? ~0.31 0.70 0,72 0.65 -0.76 =-0.77
Bev loves Bob? —0.89 0.73 0.73 0.74 -0.2¢4 —0.81
Bev loves Bcb? —0.75 0.84 0.59 0,94 —0.52 =-0.13

Since there is no clear justification a priovi for choos-
ing one approach over the other, both time and frequency
partitioning were investigated, We shall 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,
x:.sseﬁﬁauy we are Il.l[El'lng the data into severai con-
tiguous bins of time or frequency, Such an operation is
ontimiged (i_e_, the sional-to-noise ratio is maximized)

e ttilETE (e Tayg VAT S2pRai-LO0=N0LS0 LRLVEV IS ARl NSCY

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 F, (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
reasonabie approximations to the ideal bin size to be de-
termined, As we shall see, statistical sampling limits

ultimatelv imnose a far more stringont regtriction on
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the choice of bin size (particularly in the time domain).

D. Linguistic analysis {time partitioning)

The lorical {nryl

41T aUpats (&ae

in fnr‘i- the nn'lv feagibla) mathad of

segmenting in time mvolves breakmg 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 a 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 a phonetic feature like [1 promi-
nence] (Lieberman, 1967, 1970) whose domain is the
syllable, An analysis using this resolution could be ex-
tremely interesting. Unfortunately, in analyzing each
syliabie individuaiiy the sampie size within each time
bin is reduced drastically, causing the variability to in-

oranca
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with any confidence the significance of a particular cor-
relation coefficient. For this reason the finest time par-

titioning possible in this study involved entire sentences.

s 4o mnmlencd o o Ten Lo TR D PO o W T T ¥

E UL ully d.lld.l.ybl.ﬁ, Ullly l.l.lt: Dt:v I.UVUS DUU uLl.el ances
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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so 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 F, 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-VIII. These matrices encompass a
great deal of information, For convenience, the most
pertinent correlations (those involving F,) have been
summarized in Table VI,

Looking down each column in Table VI, we see con-
gsiderable variability from sentence to sentence, This
suggests that all the factors interact in a complicated
fashion to produce the desired F, pattern, but the exact

nnfiimn Af Fha fafavmantice ia nadk Alane fremne thana Anabna
I1ALULAT UL UIIT LILLGE ALLIUIL 10 UL Lital 11Ul UITOUT Uuata,

When these results are divided into two sentence types
(statements and questions), however, a pattern begins
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 jusi the reverse, a very
high correlation with F, in statements but not in ques-

A3 men oy

2 a mich avnantad dthama mamslia aza wanc
T10ns,

AD AAIIEII.I. bU UAPCDWU’ LIITOU L TOULLD axc vcr_y
similar to those of the preceding section where the data
were subdivided into rising versus falling F;,. Recalling’
that the questions all involve a sharply rising F, contour
and the statements a generally falling F, 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 resulis of the iwo anaiyses are consistent
with each other,

Apparently, there are significant differences between
the statement and question forms, The most striking
difference is seen in the correiation of F, with P,, In
questions, there is no significant correlation between
Fg and P,

and it is clear that the intringie 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 F,, presumably depending on
the nature of the F, change involved,

TABLE VIL. Correlation by sentence
type (statements versus questions).

Statements Questions
Fy SH -0,69 -0,66
Fy LCA —0.,02 0.70
Fa V 0.42 _0.62
Fy CT 0,64 0.74
P, 0.89 —0.46 '
Fy ST -0.03 ~3.37
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TABLE VIII. Analysis by frequency partitioning.

Fundamental frequency (Fg) bins (Hz)

Parameters 80-100 100120 120-140  140-160
Fy,SH 0.19 —0,60 -0,18 =0.10
F; LCA 0.30 -0,09 0,49 0,41
Vv -0,10 0,22 0.29 0.22
Fy CT 0,15 0.23 0,51 0.71
Fy Py 0.59 0.22 =—0.53  —0,51
Fy ST -0.13 -0.02 -0,30 0.33
{71 for P<0.01 0.23 G.15 G.35 5.30
Low F“ MldFo HighFo

In statements in which there is normally a level or
slowly falling F, contour, it is, in a sense, easier sim-
ply to let F, follow the normal P, pressure contour, How-
ever, statement contours also can be modified by mod-

nfa ' wionaa [ae an aollahlas with 5Y and he
UA ul—\- i o A410UV0 \QAD v E‘l’llﬂ.l}lcﬂ YW iLll clllpllﬂﬂlﬂ, ﬂ-ll\-l U_Y

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 F, are required that can be caused only by the
tensor and adductor musecles of the larynx (V, CT, and

TIAY

Tawn thana Harancsaa D nlawo o minar wala i
uvnj, ror uiese uweranies, r, piays a minor roi¢ in

controlling Fy and the laryngeal muscles predominate.

E. Acoustic analysis (frequency partitioning) Y,

The frequency partitioning analysis subdivides thedaia
in terms of the frequency rather than the time domain,
That ig, 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 resulis. A
value of 20 Hz was chosen as the smailest 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 intofour
frequency bins, each 20 Hz wide, and the various cor-
relation coefficients were calculated within each bin,
The results are presented in Table VIII,

Seanning any one of the frequency bing reveals signifi-

...... cquell

cant differences between the physiological variables, de-
pending on the particular F, 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, Diifferent
combinations of physiological factors appear to be in-
volved for different ranges of F,. For low F,; (0-100
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 F, (above 120 Hz) there is little difference be-

armAd TIYA T

dornnin 2 dezn TP lafos 3 L3,
LWKECIL Lilc LwU .f'o L, \.4 ]. aliu u\dﬂ pUuL QIIUW lll.sll 'uUl.-

relations in this region,
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These interesting results suggest that different laryn-
geal modes (i, e., different physiological conirol mech-
anisms and/or different modes of vibration of the vocal

fnlﬂa\ may b bha involved in different F, recimes, We
Voive: oerent g regimes, we

shall return to this point later,

The next logical extension of this analysis by irequency
partitioning would be to look within each F; bin to see if
there is further differentiation in terms of rising versus
falling F,. 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 both
rises and falls is the midrange (100-120 Hz). Correla-
tion coefficients for this range are presented in Table
X, which shows no major qualitative differences between
rising and falling F,. The SH has the highest correla-
tion with F‘_ for both cases

Al UL LaSTsS,

that there are specific mechanisms exclusively for pitch
raising or pitch lowering, at least in this F; range,

Tt doeg not anmear, then
=% NUTS LV arpeas, MRS

The implications of the results from this and the pre-
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.

INl. DISCUSSION

e AV AV _aEo I YOI Sy I & 181

Delol'e we alst.ubs e lﬂeUI‘el.l.bd.l. l.lIlpl.l.bd.l.lUIl::i Ol uIs
study, a summary of the major results will be given,
For this purpose it is assumed that the degree of corre-
lation between a laryngeal muscle and F, is, in some
way, a measure of the relative importance of that mus-
cle in controlling F,. This will allow us to rank order
the various physiological factors. Using this metric,
we can summarize the role of each facior in rank order
as follows:

(1) Cricothyroid Muscle (CT), The CT shows the
highest and most consistent overall eorrelation with Fg
{Table 111}, The correlation coefficient {»} is typically
around 0,7 and is positive. The CT seems to be equally
imnortant in both raiging 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 F, ranges (Table VII). 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

nunadaminata
prlcuoiiilialc,

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

Rising Falling
Parameters Fy Fy
Fy8H -0.78 -0.49
FyLCA 8.00 ~0.24
Vv -~0.01 0.34
F CT 0,24 0.20
Fy Py 0.25 0.23
Fy 8T 0.28 -0.13
iri for P<0.01 3,28 0.18
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(2) Sternohyoid Muscle (SH), The SH shows a high,
consistent, negative correlation with Fy {» 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 F,
range (Table VIII), In the mid F, range (100-120 Hz for
this speaker), it is the single most important factor in
Fq com:rm, while in the other Fj ranges, it has a low
correlation with F,, This does not mean that it plays no
role in those ranges, only that it does not seem to regu-

only that it does not seem to regu
late F directly."

AN
{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
{(r~0.6). It also shows significant differences between
rising and falling F, and between statements and ques-
tions because the LLCA is involved quite heavily with ris-
ing F, and with questions and very little with falling Fy
and statements (Tables IV, V, and VII}), As a function
of Fy, range, it is moderately involved at high F, (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 L.CA correlates h1gh_1v with Fg, it also correlates
highly with CT. This 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-F, overall (»=~0,4), shows no significant
difference between i‘isiﬁg and falling F gy OF between
statements and questions, and slight differences as a
function of F, range. Aside from some synergistic ac-
tivity with the LCA and CT, it appears to play a minor

role in controlling F, in speech,

(5) Sternothyroid Muscle (ST) Similarly, the ST
shows a moderate correlation with F (r~~0.4), is

never the dominant factor under any analysis cond1t10n,
and appears to play a minor role in Fy control.

(6) Subglottal Pressure (P,), P, has the most varied
relationship with F,. Overall P, shows the lowest cor-
relation with 7y and would seem to be the least impor-
tant factor, P, shows a significant difference between
rising and falling F,, being moderately high for falling
F, and very low for rising F, and a dramatic difference
between statements and questions. In statements, P, is
easily the dominant factor and, in fact, shows the high-

ast correlati shtai i iti
est correlation obtained under any analysis conditiong

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 a
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
P N B I T op pengey P P Y. | Ta o own oy e

capable of causing the observed changes in F,, it seems
reasonable to assume (as we have in this d1scuss1on)
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that this reﬂects more than a co1nc1denta1 unrelated oc-

curranca
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 fo the formulation of a
model of Fy, control involving ‘ ‘laryngeal state functions, ”
The second is the fact that when the data are split in
terms of the acoustic variable Fy or its derivative, lower
correlations are obtained than when the data are split by
linguistic category (statement versus question). This
leads to a consideration of the notion of linguistic ver-

sus acoustical organization in progr amming the Fy con-
tour.

A. Laryngeal state functions in the control of F,

It seems clear from Table VIII that different physio-
logical factors serve to control F, over different Fy re-
gions, In each of the F, ranges, there is a differentfac-
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 unaergo dramatic t.nanges in u-:ugl.u and
tension to achieve the range of F, required in normal
speech. Thus, to produce low F,, the vocal folds must
be short, thick, and relatively slack. On the otherhand,
to produce high F,, the vocal folds must be long, thin,
and taut, To achieve this 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 a 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 range, 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.

Nt 1o ad dhaa lhan - -~
llllD \.uu\.cyb i0 at uuve ucai‘t Uf thc

tion” (Sonninen, 1968).
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external frame func-
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The omy consistent resuit 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 F, and little or no activity at high F;,. This refers
only to the normal speech range, not to very high Fy(as
in singing) where other adjustments may be required.
1t is particularly interesting in this study that the SH
othseren n Nnoanmaladiae weid nerler fae

18
RUIUWD a lllsll vulLiTialivil wiul 1 0 Ulily 111 LH.U uu.u 1' 0

range (100-120 Hz). At low F,, it is very active but
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there is no correlation with F, per se. At high Fy, itis
inactive and there again is no correlation with F,., Thus,
it does not control F, directly (except possibly in the
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,

mid I’ manca
iU 17 g ralpgo,

Ad Vawe. 10 a4, QTY AL Voo X .
AL WOW g, Uicil, i€ on \d.uu POSSI1DLY ouer sSirap mus-

cles) is active and generally remains active for as long
as low F; is required, The exact mechanism ig 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 F, 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 voeal 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 Barnoulli forees {"‘!‘.d P ) p"‘.dommutc.

larly, Stevens (1963) in discussing laryngeal states, sug-
gests that in the low-frequency region the vocal folds
are slack and F, is more sensitive to P, than to voeal
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 F, by
a clear margin. In statements invoiving generaliy iow
and falling F,, Table VII shows that P, again is the ma-

Qivmai_
DRINL=

On the other hand, in order to achieve high F,, it ap-
pears that the SH must be inactive in order to ailow the
tensor muscles to make the vocal folds long, thin, and
taut, It also happens that, given this laryngeal config-
uration, the sensitivity to aerodynamic eifects (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 F,, Van den Berg and Tan (1959)
also support this resuit, They indicate that at high Fy
the deformation forces (caused by the V, LCA, and CT)

acting on the voceal folds and nr'hnrlnnf tigsue pradominate

cting e predoming
in the control of F,. Likewise, Stevens (1963) suggests
that in this region F; is controlled primarily by vocal
fold tension and is insensitive to P, changes.

1t is not clear from these data whether the mid F
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 ha hut it a.-h.m«-e

\anG nenée nas a OUt 1t

the larynx to allow the low F, state, When lax, SHagain

nce has a low correlation with Fa.)
10w COTTeiation Wit rgj,
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FIG, 6. Histogram of F distributions for various speakers,

shows no direct correlation with F,, 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 trangition, When going from the law F; to the high

F, state, the SH is becoming lax and F 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, 1562 and Erickson, 1575}, which employs
three distinct F, ranges, might lead one to argue for a
three-state gystem. 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-

anm-nslv that tha acsunnansa af lammaoaal
BUggCoL uiat uwie gédurrence oi LH—A,LIsCﬂ.I.

kinson, 1976)
states within the normal voice range is a general phe-
nomenon and not idiosyncratic of the present subject.
Figure 6 presents histograms of F, 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 iaryn-
geal modes (i. e,, different modes of vibration of the vo-
cal folds and/or different physiological control mecha-
nisms),

PO DU R " ¥ ) PN Sy

rerud.pr:s l.llc BL.l'Ullgt:bL uuppurtuxg ev l.u.elll..t: COMmeES Iirom
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,

n VTamenes nla 4k
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registers (e.g., chest, f
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alsetto) supports the pres-
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TABLE X. Laryngeal state function characteristics.

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

perimentally that each of these different registers cor-
responds to different F, regions, is characterized by a
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-

i iff 4 1 o 1 atat
mal register there are different laryngeal states cor-

responding to different F, 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 F, control.

What we have proposed is based on limited data from
a single speaker., There surely are individual differ-
ences in terms of absolute F, ranges, particular mus-
cles employed, and amount of overlap between states,
just as there are such individual differences regarding
the major voice regisiers., We have implicated the SH
rather heavily, based on this particular speaker, This
MTha

4 LIS

ST or other extrinsic muscles may well be implicated

in other speakers. We also do not mean to imply that
there are sharp absolute F; values delineating the states,
As with the major voice registers, we would expect
rather loosely defined boundaries between states and
some overlap in terms of F, range.

is not to say that all speakers would use the SH.

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 Fg, but surely the CT and other fac-
tors can and do affect Fy, The single highest correiate,
however, is P,. This presumably reflects the fact that

at law F. {ar in statamentg) thia ia

At A CtoaT
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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 F, 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 VII, in which the
data were parsed in terms of F, or its derivative, with
the results in Table VII, in which the data were parsed
in terms of the linguistic categories, statement or ques-
Table XJ consolidates these data, presenting the
highest correlation between each physiological factor
and Fg under the two criteria (acoustical and linguigtic
categorlzatlon) and indicates under what condition that
value was obtained, In every instance, the highest cor-

relation was obtained when the data were separated in

IO,
101,
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terms of the linguistic variable (statement versus ques-
tion),

Although we cannot explain this conclusively, it seems
to suggest that the F, contour for an utterance is pre-
programmed as a holistic event in terms of a larger lin-
guistic unit, such as the breath group. It is not pro-
duced, nor (presumably) can it be perceived, as a se-

quence of units \OI word or syliapie Lengm ) to be pro-

cessed in a left-to-right sequence like so many beads on
That ig

Las i,

the intonationa! 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,

(V. CONCLUSIONS

a gitringa
a string,

In this paper a technique has been presented that al-
TAatwres A mivnsdibalizen s mvaea | NN, P N PR ey
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F, and the various physiological factors that can control
Fﬁ_ Ali'hmm]\ the results are based on fairlv limited da-
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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 nresented that there are

VAL T 21X Collllo pIeatiiel UIAS Rl |I¢

many ways of controlling F, and that many different mus-
cles (both laryngeal and respiratory) may be involved at
any given instant, This is strong evidence against any
one-to-one mapping between phonetic features, articu-
latory implementation, and acoustic signal. The corre-
lations obtained indicate only a certainpropensity toward

w3 1 ™ hnn
Cnie paricuiar ulGCllauiSul,

2olaiabe fae femsaa e aen Do

'Vvlll\-ll 1l BULLIT DTIIDT 1D bllll—
plest and, thus, used most often to achieve the desired
result,

The major results of this study are as follows:

(1) A correlation analysis can provide a quantitative
measure of the relationship between F, and the various
physiological factors that may coniroi F,. The resuits

agree with the general findings from other studies and

Af 1o seeree amnl
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, Comparison of acoustic versus linguistic partition-
ing,

Acoustic
Muscle Ling. (Sent) Fy bins F, slope
SH —0.89 (statements) —0,80 {mid FO) —0,65 {fail)
LCA 0.70 (questions) 0.49 (hi Fy) 0.63 (rise)
v 0,62 (questions) 0.29 (hi Fy) 0.43 (rise)
CT 0.74 (questions) 0.71 (hi Fo) 0.71 (rise)
P 0. 89 (statements) 0.59 (low Fy) 0.46 (fall)
ST - 0.37 {guesticns) —=0.33 hi Fp) =0.37 {rise)
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(3) The results indicate that P, seems to be the domi- TABLE A-TII. Correlation matrix for “Bev loves Bob.”
nant factor in controiling F, at low values of F,, and in
statements, Laryngeal tension, on the other hand, pre- Fo SH ea v CcT Py ST
daominatag at hich F_ and in anactinne invaluvine tha 1 an —n a1 —_n 9 n oAe n no n aa n 0N
RQIULINRATS ac EA O g alill 1 QUOSLICHS AVeiving Wil 1,UU U, 0% U, 91 U, 20 U, ia U, QT Vedv L
marked breath group, 1,00 0.69 ~-0,40 -0.,55 —0,74 -0.12 SH
Lo e e e . e a4 . s 1.00 -0,25 —0.17 -—0.15 -0.05 LCA
\4) 1n€ 1indings in uiis stuay 1ed 1o specuiation aoouc 1,00 0. 84 0,27 -0.24 V
a possible model of F, control in terms of laryngeal state N =38-45 N 0.55 =—0.22 CT
functions corresponding to different ranges of F,, anal- I71>0.39 for P<0.01 1.00 -0.03 P,
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 F; range and, depending on the re- Fy SH ica v CT Py ST
sulting laryngeal configuration, would tend to be most 1.00 ~0.63 0,09 0.43 0.34 0.74 —-0.09 F,
sensitive to particular physiolggical factors, namely, ~— 1.00 0,07 ~0.32 0.05 —=0.75 0,06 SH
P, at low F, and laryngeal tensors at high F,. Thestrap 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- 17| >0.39 for P<0,01 1.00 0.03 -0.63 CT
geal states 100 —0.11 P,
. 1.00 ST
—
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. . . TABLE A-VI, Correlation matrix for “Bev loves Bob?”
to the 85th Meeting of the Acoustical Society of America orrelatio X ==
m Boston, ?viassachusetts, April 1973, All th_e correla- Fy SH LCA V cT P, ST
tion coefficients have been recalculated for this paper
using an improved algorithm. This has resulted in some 1.00 —(1)'(3;(1) g' :(5) g'gi g.'gi _g';g _g'g ‘S—" 1‘-)1
qx_xantltatl_ve differences between this .study ar-ld the l?asm 1.00 0.37 0.79 —0.81 -0.69 LCA
;hssertatlon. However, the two studies are in qualita- Nt 51 1.00 0.46 —0.73 —0.38 V
ive agreement. N 1.00 -0.71 -0.61 CT
I#1>0,36 for P<0,01 \,00 0.62 P,
APPENDIX 1,06 ST
o~ :
TABLE A-1. Correlation matrix for “Bev loves Bob,”
MADTIE A_YITT  Memnnladinm rmendwie fn $Dae lawras DAk 27
ANDD LI D=V, UL L LEVIL TILCRLL LA IVUL A AUVGR LU §
F, SH LCA Vv CT P, ST
—_—— — — — — — F, SH LCA v CT P, ST
1,U0 ~U,385 -U,JdL v, vz U, 00 V. J1 -V, &9 g
1,00 0.62 ~0,30 ~0.17 ~0.87 0.45 SH .00 -—-0.89 0.73 0.73 0.74 -—0.24 -~-0.81 F,
1.00 0.10 0.03 —-0.,46 =—0,04 LCA ™~ 100 =-0.58 -0.58 =0.70 0.03 0.47 SH
N=3 40 1.00 ~0,24 0.09 0.05 V . 1.00 0,97 0.67 0,12 ~0,71 LCA
—35— . . . .
1,00 0.56 0.19 CT —41 - 1.00 0.66 0.15 =070 V
I¥] >0.40 for P<0, 01 100 —-0.29 B, N .4:‘”‘?_’_ o PO b1 1.00 -0.16 ~0.61 CT
\- 00 ST i U, of IOY < VU, 1- 00 0. 08 P,
1.00 ST
TABLE A-II. Correlation matrix for “Bev loves Bob."” TABLE A-VII. Correlation matrix for “Bev loves Bob ?”
F, SH LcA Vv CcT P, ST F, SH LCA V CT P, ST
1,00 —0,48 0,51 0,69 0,92 0,95 0.18 Ky 1,00 -0.75 0,84 0,59 0.94 -0.52 -—-0.13 Fy
1,00 -0.14 -0.61 -0.58 =—0.59 =0.64 SH 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
an ~._1.00 0.86  0.63 0.32 V a0 i.00 0.78 -0.70 —0.38 V
’:"Iazog tor B<0.01 1.00 0.87 0.29 CT ‘:’ I420 ‘g’“P(o o1 .00 —0,70 —0.43 CT
ri=% ’ 1.00  0.25 P, rl =080t . 1.00  0.68 P,
~~__1.00 ST ~—~__ lL00 ST
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iThe excellent paper by Flanagan et al. (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 F control.

2This is an excellent example of why care must be taken in
interpreting the results of any correlation analysis. In this
case the correlation between Fy and P, in questions (- 0. 46)
is certainly significantly large in the statistical sense, If
we assumed a causal relaﬁommp, however , WE would reach
the absurd conclusion that, all else being equal, increasing
P, causes F; to deecrease and decreasing P, causes F to in-
crease. Clearly this is impossible in the light of all known
physiological evidence.

"Tha onlv axcantion ig the Q’I" whish ahowa a nasativa corrala-
40¢ Oluy SXCepuilll 35S Wit &ai, Wit BNOWS 4 NIEgalvVe CoOITCaw

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 alsao is diseounted.

4Along these lines, however, we are continuing research, using
both Thai and English speakers, in an effort to resolve the
functions of the strap muscies in particuiar and the eonirol
of F; in general (e.g., Erickson and Atkinson, 1975).
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