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GLOBAL AND LOCAL FUNDAMENTAL FREQUENCY VARIATION
AND LARYNX HEIGHT: SOME PRELIMINARY OBSERVATIONS

NIELS REINHOLT PETERSEN

The paper presents data on the relation between fun-
damental frequency declination and larynx height,

and between the stress determined fundamental fre-
quency variation and larynx height. The results can
be summarized as follows: a) Fo declination seems to
be accompanied by a concomitant declination of larynx
height, b) the Fo rise from stressed to the first
posttonic syllable in Standard Danish is accompanied
by two different patterns of larynx height variation:
in one the larynx rises, 1n the other it lowers.

The findings are discussed in the light of theories
for the production of Fo.

I. INTRODUCTION

The fundamental frequency (Fo) variation in a sentence may be
described as the composite result of the superposition of Fo
movements associated with units of greater or lesser temporal
scope, ranging from the text, through the utterance, sentence
and phrase to the prosodic stress group. The segmentally con-
ditioned Fo variation will not be considered here.

The more locally determined Fo variation is commonly agreed to
be caused by the activity of the intrinsic laryngeal muscles,
primarily the cricothyroid muscle (see e.g. Collier 1975,
Atkinson 1978, Honda 1983, and Ohala 1978, who gives an exten-
sive review of the literature), and to some degree assisted by
the extrinsic laryngeal muscles, i.e. the inferior extrinsic
muscles (the sternohyoid, sternothyroid, and thyrohyoid muscles)
for Fo lowering, and the geniohyoid muscle for Fo raising.
(See further Ohala 1970, Sawashima, Kakita, and Hiki 1973,
Collier 1975, Erickson and Atkinson 1976, Atkinson and Erick-
son 1977, Erickson, Liberman, and Niimi 1977, Atkinson 1978,
Honda 1983.)
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The physiological mechanisms that underlie the overall funda-
mental frequency declination, which seems to be universally
associated with terminal declarative utterances, are less
agreed upon by researchers, and they have indeed been subject
to less experimental research. One explanation was brought
forward by Lieberman (1967), who, within his theory that claims
subglottal pressure to be the major source of Fo variation,
associated this type of Fo declination with the subglottal
pressure declination which can be observed during such an
utterance. The theory in its general form is hardly tenable
(see Ohala 1978 for a review on the "larynx vs. lungs"-contro-
versy), but the results reported in Collier 1975, where the
EMG activity of a number of Taryngeal muscles were examined
together with subglottal pressure in Dutch sentences of vary-
ing stress patterns, indicate that the slow Fo declination
could only be accounted for by subglottal pressure (whereas
the local Fo variation superimposed upon it had to be - and
could be - explained in terms of the activity of the laryngeal
muscles examined). This explanation is repeated in Cohen,
Collier, and 't Hart 1982, but recently (Collier 1983) data
have been reported which suggest that it only applies under
certain conditions of stress distribution in the sentence.

Another explanation - although also referring to the pulmonic
system - has been advanced by Maeda (1974). On the basis of
the observation that the vertical position of the larynx -
like Fo - shows an overall decline over the utterance, it is
hypothesized that the decreasing lung volume causes a con-
tinuous lowering of the sternum, which via ligaments and mus-
cular tissue pulls the Tarynx downwards with a fundamental
frequency decline as the result. Other researchers, however,
have not found the larynx lowering reported by Maeda; on the
contrary, Gandour and Maddieson (1976) and Ewan (1979) report
that - if anything - the larynx rises during the utterance.

Maeda (1979) gives a modified version of the hypothesis. In
the material presented he also fails to find the Fo decline
to be accompanied by a larynx height decline!, but he finds
that the laryngeal ventricle shows an overall tendency to
shorten during the utterance. Under the assumption that
ventricle length can be used as an estimator of vocal fold
length, the following mechanism is hypothesized: The decreas-
ing lung volume exerts a pull upon the trachea. This pull is
transferred to the cricoid cartilage and - if the thyroid
cartilage is fixed - is thought to tilt the cricoid cartilage
in relation to the thyroid cartilage, whereby the vocal folds
are shortened and, consequently, Fo lowered.

Now, the explanations outlined above imply that gross funda-
mental frequency declination is an automatic consequence of
inherent properties of the speech production apparatus - or
more specifically, of the pulmonic system. The mere fact that
Fo declination is so widespread in terminal declaratives among
the languages of the world speaks in favour of this view. On
the other hand, there is evidence which quite convincingly
supports the notion that Fo declination is actively and pur-
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posefully controlled by the speaker: Fo declination can convey
information about sentence type and function as is the case

in Danish (Thorsen 1979, and 1980a) where terminal declarative
sentences have the steepest declination, syntactically and
lexically unmarked questions have no Fo declination, and non-
final periods and interrogative sentences with word-order in-
version and/or interrogative particle have intermediate degrees
of declination (cp. figure 1 below). The slope of declination
tends to be steeper in short than in long sentences (see e.g.
Maeda 1974, Sorensen and Cooper 1980, Thorsen 1980b and 1981).
This means, if declination were a by-product of the function
of the pulmonic system, that the expenditure of air per unit
time should be greater in short than in long utterances. This
is not very probable. Resetting (partial or complete) of the
declination Tine has been shown to take place without inter-
venigg inhalation (Sorensen and Cooper 1980, Thorsen 1980b and
1981).

The aim of the present paper is not to point at answers (let
alone decisive ones) to the questions of the nature of the
physiological mechanisms responsible for Fo declination, or
whether declination is actively controlled or not, but merely
to present a small corpus of data on grosser and finer Fo and
larynx height variation, which may be taken into account in
the further discussion of the questions.

IT. METHOD
A. MATERIAL

The point of departure for the design of the material was Thor-
sen's model for Danish intonation (see e.g. Thorsen 1980a)

which is reproduced in figure 1. It is seen that in declarative
sentences the prosodic stress groups are superimposed upon a
gradually declining line connecting the stressed syllables.

The prosodic stress group in Standard Danish is constituted
tonally by a relatively low stressed syllable followed by a
high-falling tail of unstressed ones.

The test word used was the nonsense word ['fi:fi] in which the
local Fo variation would be represented by the rise from the
stressed syllable to the first posttonic. The variation through
the sentence could be observed by inserting the test word in
different places in a carrier sentence. In order to make it
easier for the subjects, however, the test word was inserted

in three sentences as follows:

1) ¢ ['fi:fi] forkortes vokalen [i 'fiifi fa'gPpides vo'gh=?1p]
2) vokalen i ['fi:fi] forkortes [vo'gha?lp i 'fi:fi f£a'§"p:des]
3) vokalen forkortes ¢ ['fiifi] [vo'gh=?1n fA'&hn:gas R T

Since the three sentences were identical with respect to stress
distribution and vowel length pattern (the stressed syllables,
which are underlined, were all long), it was thought justified
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to use this procedure and yet be able to treat the data as if
they had been extracted from the first, second, and third
stress group of one and the same sentence.

semitones
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Figure 1

A model for the course of Fo in short sentences in ASC Danish.
l1: syntactically unmarked questions, 2: 1interrogative sen-
tences with word order inversion and/or interrogative particle
and non-final periods (variable), 3: declarative sentences.
The large dots represent stressed syllables, the small dots
unstressed ones. The full lines represent the Fo pattern as-
sociated with stress groups, and the broken lines denote the
Intonation contours. Zero on the logarithmic frequency scale
corresponds to 100 Hz. (Reproduced from Thorsen 1980b).

The sentences were arranged in eight random orders in a reading
st

B. RECORDING

The recording equipment consisted of a television camera (Sony
AVC-3250 CES) and a video-recorder (Sony U-Matic type 2630).
The frame frequency of the equipment was the normal 50 frames
per second. The speech signal was recorded on the sound track
of the video-tape via a Sennheiser MD 21 microphone placed
about 15 cm from the subject's mouth. In order to synchronize
speech and video signals a timer signal was recorded on the
video-tape using a timing device (FOR-A CO. type VTG 33). On
playing back the tape, the timer signal was displayed on the
monitor screen in minutes, seconds, and centiseconds and it
could, moreover, be registered together with the speech signal
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on an ink writer as pulses for seconds and centiseconds. In
this manner it was possible to relate each TV-frame to the
speech signal.

During recording the subject was seated in a dentist's chair
with a fixed head-rest. The camera was placed at the level of
the subject's thyroid prominence and at right angles to his
mid-sagittal plane at a distance which allowed the area between
the subject's chin and sternum to be covered by the field of
vision. For calibration purposes the recording of the speech
material was immediately preceded by a short recording of a
millimeter scale placed in front of the subject's thyroid
prominence in his mid-sagittal plane. Each subject read the
1ist once, so that eight repetitions of each test sentence was
obtained. Subjects were instructed to use a neutral declarative
intonation.

C. SUBJECTS

Recordings were made of three male speakers, PD, PM, and NR

(the author). PM and NR are phoneticians, and PD is an en-
gineer and member of the technical staff of the institute.

They are all speakers of Standard Danish, although PM, who has
grown up in Jutland, has some dialectal influence which, however,
did not seem to be reflected to any essential degree in his Fo
pattern.

D. REGISTRATION AND MEASUREMENTS

The following acoustic curves were made: duplex oscillogram,
two intensity curves, and an Fo curve. The timer signal was
also registered on the mingograph. Measurements of Fo and
larynx height were made at the midpoint of the stressed and the
first posttonic vowels of the test words. The locations on the
video-tape of the frames in which larynx height was to be meas-
ured were determined from the acoustic curves and the timer curve.
Since the interval between frames was 2 c¢s (the frame frequency
being 50 Hz), the temporal inaccuracy of a frame in relation

to the corresponding point of measurement as determined from
the acoustic curves was ¥ 1 cs. The video recorder was equip-
ped with a step function which made it possible during play-
back to "freeze" the picture and step forward frame by frame
and read off larynx height in the frames selected for measure-
ment. Larynx height was determined from a scale drawn on the
monitor screen on the basis of the millimeter scale which had
been recorded on the tape prior to the reading of the material.
The vertical position of the larynx could be measured with an
accuracy of ¥ 0.5 mm.
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Table I

Mean distances in cs of point of measurement from the beginning
of the sentence, mean fundamental frequencies in Hz, and mean
larynx heights in mm (arbitrary zero), with corresponding stand-
ard deviations, in stressed syllables ('V) and first posttonic
syllables (OV) in the three stress groups 1n the sentence.

Ist ~ 2nd 3rd

stress group | stress group | stress group

'V LV 'V LV 'V B ;

t b 4 27 47 82 102 154 177
s|1.246| 2.532 | 1.885| 1.669 | 4.234| 4.734

NR Fo.Y | & b 148 99 125 89 103
s| 5.685] 7.285 | 2.843| 4.999 | 1.769| 3.464

LH-Y 6.9 5.1 6.4 5.1 4.1 4.0

s| 0.835] 0.885| 1.061| 1.246 | 0.641] 0.0

% X 21 36 66 82 116 137
s|1.727 ] 1.727 | 4.241| 3.454 | 3.871| 4.309

pp | Fo X| 114 130 110 121 9/ 114
s|.5.089].5,9951] 9.376] 7.525] 2.78071 4.790

LH %4 32.9.1'35,9 33.4 | 35.5 3z.] 34.1
s| 1.126f 0.991 | 0.916| 1.069 | 0.641| 0.835

SR aR e 65 | 82 | 116 | 138
s| 1.188] 1.959| 1.069] 1.246 ] 1.832} 3.012

PM Fo-Y 114 1ol 103 119 94 108
s| 5.231 6. 7761 1.750] 2.840 1 -3.382] 5.89%4

LH.Y 22531241 21.6 | 24.3 19,5 }121.8

s| 0.463| 0.991| 0.916| 0.707 | 0.926| 1.581

11T, RESULTS

Mean fundamental frequency, larynx height and distance from
the beginning of the sentence are given in table I, and funda-
mental frequency and larynx height means are plotted in figure
2 as a function of time.

A, OVERALL Fo DECLINATION AND
LARYNX HEIGHT VARIATION

In order to obtain a quantitative estimate of the overall Fo
and larynx height variation, regression lines and correlation
coefficients of these variables versus distance from the be-
ginning of the sentence were computed. The computations were
made on the basis of the raw data, and stressed and first post-
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Figure 2

Fo and larynx height (in mm, arbitrary zero) as a function of

time through the sentence. Stressed syllables are indicated

by large and first posttonic syllables by small dots, and con-

nected by lines within each stress group. The least squares
regression lines, computed on the basis of the raw data and

for stressed and first posttonic syllables separately are also
shown, heavy lines for stressed syllables and light lines for

first posttonics.
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tonic syllables were treated separately. The regression lines
are shown in figure 2, and the slopes (in Hz and mm per second)
are given in table II together with the correlation coefficients.

Table II

Fundamental frequency and larynx height variation as a function
of time. Slopes in Hz/sec. and mm/sec., respectively, and
correlation coefficients for stressed and first posttonic syl-
lables. ++: p<0.01, no indication: p>0.05.

stressed Ist posttonic

syllables syllables

slope r slope r
NR Fo | -18 -0.927++| -33 -0.955++
LH -2.31-0.7964++| -0.9| -0.499++
PD Fo | -18 -0.737++| =15 -0.735++
LH -0.8| -0.318 -1.7 ] -0.607++
PM Fo | -21 -0.902++] -30 -0.906++
LH -3.0| -0.813++| =-2.5| -0.655++

The data show very clearly that fundamental frequency as well
as larynx height decline as a function of time through the
sentence. The correlation between Fo and time is high and
highly significant in all cases (p<0.01). The correlation be-
tween larynx height and time is generally lower but still sig-
nificant (p<0.01) in all cases but one, viz. PD's stressed
syllables, where p>0.05. There may be two reasons for the
lower correlation of larynx height with time. One is simply
the greater random variation of the data in relation to the
systematic variation attributable to differences of position
in the sentence and to stress. The other is the tendency,
which is seen with all subjects, for larynx height to decline
less between the first and the second prosodic stress group
than between the second and the third ones. This means that
larynx height declination is less adequately described by a
straight 1ine than is Fo declination. A curvilinear function
with an increasing negative slope would presumably give a
better fit.

B, LOCAL FO- AND LARYNX HEIGHT VARIATION

Whereas there is in all cases an evident Fo rise from the

stressed to the first posttonic syllable, the corresponding
larynx height variation follows two different patterns (see
figure 2). The two subjects PD and PM have a higher larynx
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position in first posttonic syllables than in stressed syl-
lables, i.e. their larynx height pattern closely matches their
Fo pattern. A one-tailed t-test showed the differences in all
cases to be statistically significant (p<0.01) for both Fo and
larynx height in stressed vs. posttonic syllable.

For the third subject, NR, the fundamental frequency is also
significantly higher in first posttonic syllables than in
stressed ones (p<0.01), but the larynx height differences go

in the opposite direction, the larynx being LOWER in first
posttonic than in stressed syllables. NR's pattern of larynx
height variation as a function of stress seems to be less con-
sistent than that of PD and PM. The differences are smaller
and could only be proved statistically significant in the first -
two stress groups (p<0.01 and p<0.05, respectively).

IV. DISCUSSION
A. FO DECLINATION

The data presented above suggest that slow, overall fundamental
frequency declination in terminal declaratives is somehow con-
nected with larynx height. But the very fact that the larynx
declines over the utterance makes it difficult to interpret the
results in relation to the possible explanations for Fo declina-
tion outlined in section I above.

In agreement with Maeda's original hypothesis (Maeda 1974) that
the decreasing Tung volume lowers the sternum which in turn
pulls upon the Tarynx via the muscular and ligamental connec-
tions between the two structures, the observed larynx lowering
could be seen as the primary cause of Fo declination. Larynx
lowering could also, under the subglottal pressure hypothesis,
be viewed as a secondary effect of the lung volume decrease
without direct influence on Fo. And, finally, if Fo declina-
tion is actively controlled, larynx lowering could be the re-
sult of activity in the inferior extrinsic laryngeal muscles,
which are known to be associated with Fo lowering. Thus, the
present larynx height data are compatible with any of these
hypotheses.

The finding of a larynx height decline seems to weaken Maeda's
(1979) tracheal pull hypothesis, since this hypothesis pre-
supposes that the thyroid cartilage be fixed for the tracheal
pull to be effective in shortening the vocal folds, which
means that larynx height should remain constant over the sen-
tence.

The possibility that overall Fo declination could be caused by
a declining tension of the vocal folds as a result of a gradual
decrease of overall activity in either the vocalis muscle or
the cricothyroid muscle may also be considered less likely.

A decrease of vocalis activity would hardly influence larynx
height, and a decreasing cricothyroid activity would either
have no effect on observed larynx height (i.e. the position of
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the thyroid prominence), if the cricoid cartilage moves as a
result of cricothyroid activity, or it would raise the observed
larynx position if it is the thyroid cartilage that moves.

Thus, although the observations presented im Lhis study cer-
tainly do not make it possible to accept any single one of the
hypotheses attempting to explain Fo declination and discard
the others, they may to some extent narrow the field of candi-
dates. But, of course, more research on the topic is needed,
particularly research focused on the behaviour of physio-
logical parameters under conditions which have been shown to
influence Fo declination, such as sentence length and type
(cp. section I above).

B. LOCAL FO VARIATION

Whereas there is good agreement among subjects with respect to
the relation between overall Fo declination and Tarynx height,
the Fo rise from stressed to first posttonic syllable is ac-
companied by two different patterns of larynx height variation,
two subjects (PD and PM) showing an upward and the third (NR)

a downward larynx movement.

Local Fo movements are primarily attributed to the activity of
the intrinsic laryngeal muscles, particularly the cricothyroid,
and assisted by the activity of the extrinsic laryngeal mus-
cles. In the case of NR, his downward larynx movement may
indicate that the Fo rise from stressed to first posttonic
syllable is to be explained in terms of cricothyroid activity
alone, since contraction of the cricothyroid muscle may cause

a lowering of the observed larynx position, under the condition,
of course, that cricothyroid activity rotates the thyroid
cartilage and not the cricoid cartilage. If the extrinsic
muscles were involved, an upward larynx movement should be ex-
pected.

The low-to-high Tarynx movement with subjects PD and PM can
hardly be accounted for by reference to the cricothyroid muscle
alone. The extrinsic laryngeal muscles will have to be taken
into consideration also, and here two possibilities present
themselves: either the low larynx - and Fo - of stressed syl-
lables is brought about by contraction of the inferior extrin-
sic laryngeal muscles which are known to be associated with
low or lowering Fo, or the high larynx - and Fo = in first
posttonic syllables is due to contraction of the geniohyoid
muscle, which can be active in Fo raising (cp. the references
in section I above).

It seems difficult to explain the occurrence in the material

of two distinctly different larynx height patterns. The con-
ditions of recording were the same for all subjects, and they
all used their normal speaking Fo range without displaying
extremely large or extremely small Fo excursions. If anything,
the greatest activity of the extrinsic laryngeal muscles, and
hence the greatest low-to-high Tarynx displacement, should be
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expected for speaker NR, who in fact showed the opposite
pattern, since he is the one who has the greatest Fo rises
from stressed to first posttonic syllables.

Thus, there seems to be no other explanation than the very
general one that speakers within certain limits use different
strategies producing the same acoustic pattern.

V. NOTE

1. Maeda gives Fo and larynx height curves for two utterances.
In one of them there is certainly no larynx height decline,

but in the other there seems - to my eye - to be a larynx

lowering of 6-8 mm over an utterance of about 1.5 seconds.
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