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A New Photo=Electrlc Glottograph

John Ohala

Thls is a report of our work on g device whlch is being develoPed;=
for use in research on laryngeal activity during speecho_.mhe device: is
conceptually similar to the apparatus used by Sonmesson (1959, 1960} in _
his important work on: the vibratory pattern of the vocal folds (Cf, Zerlin,
- 1959), We uhall follow vonesson and call this device a photo-electric

- {Cf, the terwinolog} of Fabre (1957B

: uonesgon s Pnparatus conslsted of e utrong DC light source
place ageinst the neck just below the larynx, the light from which

suffused the subglottal reglon and transilluminated the glottis. A
curved inflexible ITucite "1ight pipe” was pessed through the mouth and
into the throat and terminated at about the level of the epiglottis. It
was aimed at the glottis and transmitted the light coring through the
glottal chlnk to a light sensor outside the mouth, The light sensor
transduced the variations in light intensity into variations in electrical
voltage, thus providing a direct measure of the degree of opening and
cleosing of the glcttisu"The5e'variatioﬁs in electrical voltage could
be recorded in a variety of standard ways and then analyzed, Sonesson
limited his investigations to steadyv-state vowels nroduced with varying
piteh and loudness., Due to the rigid light pipe in the subject's mouth,
_studies of vocal cord vibrations during connected speech would have been
extremelv dlfflcult 1f not wholly 1rposvlb1eo - - '

An 1mprovenent .on Sonesson's technlque which- 1mmed1atelv suggested
itself, then9 was: 1nsert1ng the photo=electric pick-up into the throat
via the nose 50 that it would not interfere with the normal speech -
articulations of the tongwe and llpu thus permitting an examination:
of the vocal folds' sctivity during connected speech, Thanks to the
extreme mlnlaturlzatlon of electronlc cowponents these days, this 15
e851ly accempllshed S e e i - i

In a flexlble transParent plastlc catheter (hmn"o 0 D )9 sealeg
at one endg'a srall photo=resistive diode was encased so that it was
about 25 cr from the sealed end, (The light sensor was a Texas Instruments
LS-h00; 2mm dismeter; 13mm long,) The leads frorm the light sensor :
extended through the catheter and ermerged out the open end, " The catheter
was inserted into the throat and esoPhapus via the nasal passage so that
the light sensor was about 15=16 cm from the e external nares. The extra
length of catheter precedlng the 1ight: sensor and extending into the
esophagus not only helps to stabilize the position of the light sensor
relative to the glottis, but also adds irmeasureably to the comfort of the .
subject, since a loose tube dangling in the pharynx tends to trigger a . .
gag reflex, With this feature plus the catheter's pliancy and thinness
we obtained = device that ceused no  discomfort to the subjects and after
an initial 5 minute_peniOd*followingﬂinsbrtion.caused neo disruption
of the natural speech articulations.- Tepe recordings of subjects speaking
with and-without-the catheterfinctheir throata“were~in&istinguishableq

: An approach slwllar to Sonesson's was used by members of the
'Iasklns group before 1961 (Cooper 1964}, They reversed the position
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of light source and photo-electriec pick-up relative to the glottis,
having the light transrmitted to the supraglottal leryngeal csvity by

a thin fiber opltic inserted through the mouth, the light variations being
read by & photo=cell placed against the trﬂchea Just below the larwnx,

As early as 1964 they rentiocned the desirability of inserting the fiber
optic through the nasal passage (Lisker and Abramson, 19G4) ané achieved
this in 1966 (Atramson, 19653 Lisker, et al., 1966). A full description
of the liaskins' apparatus hus not yet been published, They do report
sorme difficulty in obitaining a comforteble veleo-pharyngeal closure,

: o The cirecuitry we used is very simple: a Ov pover supply, 2
resistor and the light sensor ere wired in series, as showvn in Figure A

The manufacturer indicates the light sensor's frequency response as flat

+ 2 dB., from IC to 90 kiz, ; with e 1000 ohr resistor. %e found that by
?hcreasing the resistance we could enhance the lipght sensor's sensitivity
at the expense of the frequency response, Ve therefore introduced a

switeh with which we cen choose one of two values of resistance depending

- on which cheracteristic of the sensor we are interested in most at the time,

At maxirur sensitivity, using a 68K ohm resistor, the frequency
response is flat + 2dB. from DC to 1200 llz; with a 6.0K ohr resistor,
the frequency response is extended to 6000 Iiz, with an approximately
10 dB drop’ in sensitivity relative to that obteined with the larger resistance.
The only other aspect of the electrical system worth mentioning is that
due to the relatively week signals obtained (with our apparatus, seldom
more than 10 v, ) all external leads nust be shielded and the subject grounded,

The light source is a lOO-watt incandescent lemp in an ordineary
spotlight housing with a 3" plano-convex lens; it is powered by & 120 v
DC power supply. The spotlight does not generate an uncomfortshle
~amount of heat upon the skin, Bubbing the throat beforehand with
-glycerine or Vaseline seems to be adequate for the subject's comfort,
In order that the position of the glottis remain in as constant a position
as possible relative to the spot on the neck where the light is shining,
the subject's head and the light must both be fixed. Even with this
precaution, though, the larynx still moves somewhat; changes in pitch,
changes in the pressure differential across the glottis, changes in
- tongue position, etc., all involve movements of the larynx. There is
also some movement of the light sensor relative to the glottis. This
is due mainly to the action of the velum upon which the catheter rests.
We know of no simple way of eliminating this. For the most part it
is not a serious problem, merely reglsterlng the glottal openings with
decreased amplltudea. -

Lhe types of records produced by the glottograph are 1illus=
-trated ‘in Figures 1-7, All were made of one subject, a2 24 year old male
speaker of the Midwestern dialect of American English., A glottogram
is a measure of glottal area as a function of time, evolving from left
to right., Thus a positive-sloped line represents an opening movement
- of the vocal cords, and a negative~sloped line, a closing movement,
In these figures there is no absolute calibration of the amplitude -of
the glottograms, i.e.; we have not attempted to guantify any given point
on the ordinate with respect to a particular glottal area., IHowever, in
any given glottogram, the relative amplitude levels are consistent.

The glottogram on the cover and Figures 1 through 6 were
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f=—10 msec.——f

Figure 1. Glottogram {(bottom) and éimultaneous microphone signal
{top) of vowel [a] produced with breathy voice; F, = 122 Hz,

= 2 msecle-

Figure 2, Glottogram (bottom) and microphone signal (top) of vowel
[@] produced with normal voice; F, = 1h2 Hz,



'“Ephotograohed from the screen of an oscilloscope. j“lgure T dis a spectrogram
- .made of & ﬂlottographlo signal tape recorded on an ordinery fape recorder
- vwhose freouencv response was flat + 2 4B down to 50 Hz the upper -
- frequenc response of the system was limited by the light seneorg noet
-~ the tape: recoroer9 at ahout 1500 iz, The simultaneous speech sound wave
_of:whloh uCCOP?&HlES ach glottogram was'plcked up by a microphone placed
. 10=15-cm in front of the mouth. The upper rart of Flguret. Isoa soectrom :
= gram of sreech roooroed bv aUCh a rloror‘honen - == ;

. copphrlgop og FlrurE° = ﬁna 2 Both o7 the ol [@], the
.?flrst one oroduoeo with breethv voice, ond the second with normal volce,
shows an obV1ous deoreaae and even disappearsnce of the closed period
”5Lbetween each successive ‘glottal opening ‘as one gages from normal voice
= e brehth"rv01ue¢. Although not evident from the figures because of
~ the lack of vertical calibration, the glottal openings during breathy
_voice were larger (roughly 5 times the glottal openings for normal voice)
~ and, furthermorea start from a higher "base llnenwnlndlcntlng that the
f’vooal cords do not closge ooroletelvs - Breathy voice has been descrlbed
~ elsewhere as 1nvolv1ng an incomplete closure of the voecal. cords (Moore
'ﬂ:_”196en Catford 1961Ls Jadefoged 196h) : = - '

*he geneval sh1pe of the glottoeramhlo pulseq durlng sustained
rv betwe : vy symmetrical to being quite :
_3aSJnmetr1uﬁ ;Wlth “the 01251ng phase belng shorter and more abrupt than
~ the opening phase., This latter shape of the glottal pulse, guite
53A;typ1cal for normal vo:_cee has been reported in or illustrated in Sonesson
- 1960}, CederlundB et al, (1960), Fant & Sonesson (1962), Miller (1959)
_lolmes '('19_6_2)g and Lindqvist (1965) (See below for justlflcatlon
: —of equa ing glottogranhlc pulse to glottal volume velocity wave forwg)
;L;_Sonesson ‘has shown that the degree of symmetry of the: plottal pulse
";15 strongly correlated w1th the relatlve 1nten51ty of v01cen

2 It can also be seen from Tigures 1.6 that the maxima in the
_jSpeech sound wave occur_dur_np m1n1wa in the glottal area curven

Thls agrees Wi =
. (1960), me “in 'tudles of the

ﬁglottal volume veloc1ty waveform obtalned by 1nverse f1q~er1ng found =

;that whlle formant l was exc1ted only once- ver glottal openlngB formants

. Flgure 3, of the vowel [i =
;phenomenon where the formant 2 has two amplltude

o ";F1n311y9 somethlng qulte obviousg any plottogram that is time

: eallbrated {by the scale on the face of an osollloscopewmobliterated
'Tjo-ln these reprodu tions=-or by a simultaneous sine wave of known frequenov)
: -and: unamblguously give a measure of the frequencv of
b vo:r.ee5 ot only durlng vowels9 ‘but during nasals and voiced fricatives
”Tfas well, It should be trivial point-to note that the frequencv'of

-~ the glottal v1brdt1ons eouels the frequency of the sound emitted fror

- the mouth; hovever Fabre (1957) shows some confusion about this, Hoting
:--that when h15 subject attempted to match his voice frequency to that
”-»of A - pure toneﬂ the frequenoy of his vocal cord vibrations was one
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Figure 3, (Retouched) Glottogram (bottom) and microphone signal
of vowel [i]; normel voice; F, = 9L Hz,

Figure 4. Glottogram (top) and microphone signel of steady-state
"creaky voice" (also known as "glottal fry" or "vocal fry").
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octave lower than the frequency of the tone, he concluded that "...le
glottogramme est deux fois plus lent en pé}iode'que la note émise.”

It is a problem for psychoacoustics to explain whyr subjects are soretimes
off’ by one octave in attempting to match the pitch of their voice to

the pitch of a pure tone; but acoustically the frequency of the vocal

cord vibrations and the fundarental frequency of the sound eritted from

the mouth are identical, In Fabre (1958} this nisconception is not repeated,

_ fabre's glottography differs fronm photo-electric glottography
in that it measures vocal cord rovements by ressuring the varietion in
the ﬁransglottal impedonce offered a weak, high=frequency electric current,
But a brief discussion of his findings is pertinent here because his
- results are completely at odds with our observations on three polints,
We have found=~along with those writers referred to above=~that:
1. In normel volce, during sustained pkonation, the closing phase

~ of the glottael pulse is typically shorter and rore abrupt than the

opening phase,

2, lfaxima in the speech sound wave correspond in time to minima,
i.e., closed phases, in the glottal area curve, (There is a causal
relationship between the first and second points, ) e i :

3., With increasing intensity of voice, the ratio of closed period
to open period becomes larger. (ecf. Sonesson, 1960, etc.)

Fatre (1957, 1958) finds the complete opposite:
1, The closing phase is typically longer and more gradual than
the opening phase, 2
2, The maxima in the speech sound waves correspond to cpening
phases of the glottis,
3. With increasing intensity of voice, the ratio of the closed
period to the open period becomes smaller,

There are several possible explanations for these serious
differences with our findings, among them differences in the subjects
used, or artifacts in the signal from the instruments used, However,
several anomalies in the glottograms printed in these two articles

- offer strong evidence that Fabre simply misread and thus misinterpreted
his data,

: A casuel inspection of the illustrations published in Fabre
(1958) will show conclusively that all the oscillographic displays
(glottograms plus simultaneous speech sound wave) in his Figure 1 were.
 printed with the time dimension reversed (the sound waves decay from
right to left as they are printed)., Vith the resulting re-interpretation
of these six glottograms, point #1 of Fabre {closing phase slower than
opening phase) is thus reconciled to our findings (opening phase slower
than closing phese), These glottograms 4o not offer the evidence :
Fabre claims they do for his point #2, and there is no variation in inten-
sity represented so point #3 is not involved,

In his Figure 2 in the same article, which is identical to
Figure 1 in the 1957 article, the time dirension is correct, but Fabre
misread the open vs, closed glottis polarity, i.€., what he lshelegd
"open glottis" ig really closed glottis and vice versa, With the resulting
re~interpretation of these glottograms they agree with our points
#1, 2, ana 3, - ' '
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Figure 3 1s more difficult to straighten out, but it appears
that both the time dimension and the open vs. closed glottis polarity
are reversed, with the exception of the left center glottogram, which
eppears to have the correct polarity in both dimensions, and which,
therefore, offers Visﬁai'evidence-whiéh is counter to Fabre's points
#1 and 2, The other five, furthermore, offer no obvious evidence for
his point #1. ' = : L :

A.sidemﬁy=side comparison of these glottograﬁs with those
printed in Fabre and Frei (1959), which have the correct polarity in
both dimensions, will quickly reveal the proper way to read the glotto-
grams, ' . -

This sort of misinterpretation is not surprising given Fabre's
apparently limited knowledge of acoustic phonetics., Fabre (1958, p., 773)
states: "...sur les courbes [of the speech sound wave] en dehors d'une
analyse harmonique instrumentale, 1'oeil ne distingue pas les fréquences
de résonance bucco-pharyngees mélees a toutes les autres vibrations
fournies par l'impulsion glottique.” In fact a visual inspection of
the speech sound wave in the top left corner of his Figure 3 is sufficient
for us to estimate that the first formant ig roughly %00 Hz: rmuch too
low for 1t to be the vowel 'A' [Fabre's syrbol] as it is labeled, but
is more appropriate for the vowel 'E', The top four speech sound waves
in his Figure 3 are thus mislabeled as to what vowel they represent,
Furthermore, the article by Fabre and Frei {1959) abounds with misin-
formation on acoustic phonetics, ;

Returning to the discussion of cur glottograms, Figure &4
shows a glottogram (top) and simultaneous microphone signal of steady-
state creaky voice (also-known as "glottal fry" or "vocal fry"), The
amplitude of the glottal openings here are roughly 1/10th of those
for normal voice, and the time scale here is much slower than before,
Von Leden and Moore (1958), using high-speech motion pictures of the vocal
cords, found the vibratory pattern of "glottal fry" to be charscterized
by & series of double glottal openings, separated from the next double
opening by a relatively long closed period, The second of the two
openings typically displayed a shorter duration, wider opening and a
more abrupt closing phase, Although the irregularities in the glottogram
in Figure U4 make any convincing-interpretatioq difficult, it seems
likely that the glottal openings marked A and B represent Just such
& double opening as von Leden and Moore reported, The glottal opening
B has a shorter duration, wider opening andarore abrupt closing phase,
Interestingly, only the second glottal cpening at the moment of closure
produces an acoustic pulse., The first glottal opening produces no sound
because its closing phase is too gradual and thus cannot excite the
vocal tract. If this interpretation is correct it explains why Wendahl,
Moore and Hollien (1963) in their investigation of the acoustic and
perceptual correlates of "vocal fry", found no evidence that double pulses
were essential characteristics of "vocal fry". The double glottal openings
do indeed exist in creaky voice, it seems, but the first of the palr
of openings need not have an acoustic correlate, We often observed
three glottal openings in quick succession, but agaein, only the last one
at the moment of closure preduced a sound rulse,

In Tigure 5 is shown a glottogram (with greatly reduced time
scale) of the sequence /a'pa/ abstracted from the larger sequence
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(Retouched) Glotto-
gram (top) and micro-
phone signal of
[a'pd].

(Retouched) Glotto-
gram (top) and micro-
phone signal of
[@'bal; same time
scale as Figure 5,

Figure 6
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/'pa'pa'pa’pa.../. For a /p/ in this environment it is clear that

during the voiceless period, i.e., the peried of non-vibration, the

vocal cords move apart such that the maximum glottal area is greater

than the maximum glottal area during vibration., The absolute size

of this meximum ares seems to vary as a function of the tempo of speech,
being larger for a slow rate of speeking. In the transition from vibrating
state to non-vibration, and vice versa, there are some vibrations of the
vocal cords which are not picked up by the microphone, This could be

due to the acoustic impedence of the lips which would drastically reduce
the amplitude of the sounds arriving at a microphone in front of the mouth,
or because these vibrations are too gradual and do not cause a pressure
change large enocugh and rapid enough to excite the vocal tract (ef,

Lisker & Abremson 1964 )

Figure 6 presents a glottogram for the sequence /a'ba/ taken
from the larger sequence /'ba'ba’ba.../. In this case the vibrations
continue throughout the durastion of the closure with a slight decrease
in their amplitude cdue to the reduction in the pressure differential
across the glottis,

Figures 5 and 6 are not necegsarily offered as evidence on the
state of the glottis during the English stops /p/ and /b/, but are merely
illustrations of the type of the measurements that can be made with the
glottograph. A systematic study of the siops of English and Korean
is now under way. : '

Figure 7 is a SFectroﬁrar of" the glottul area function,
It is basic to current acoustic phonetic theory that the shape of the
rlottal area wave is almost identical to the shape of the glottal
volume velocity wave (Flanagan 1962, 1965; Tant 1958), Thus we can trest
a glottographic signal as if it represented the original sound produced
by the glottis, unaffected by the resonances of the supra-glottal cavities,

Zeroes in the spectrur of the glottal wave (ef., Figure T)
have been noted by Miller (1959) and can be accounted for mathematically
by Fourier analysis of the glottal wave (ibid; Flanagan 1962a 19657,
Although there is sti1l great uncertainty as to how these zeroes affect
the perception of speech sounds and to what extent they contribute to
identifying the speaker, their acoustic effect on the speech output is
guite obvious as is shown bj’a'dompariSOﬁ of .the spectrograms”Of the
glottal source and the speech ontput for the word "sealed" in Figure 7,
The zero that occurs at the Tth harmonic (700 Hz) in the glottal source during
the vowel is also manifested in the speech output at the mouth (see
arrows),

Current acoustic phonetic theory is fairly well agreed that
any acoustic coupling tetween the supraglottal cavities snd the gloitis
is small and negligible, But our investigations did suggest that there
is a very important mechanical coupling between the glottis and the
supraglottal cavities, manifested every time the tongue or jaw is moved
and every time a closure or release of =z closure in the supraglottal
cavity causes a sudden change in the pressure drop across the glottis.
This mechanical coupling is responsible not only for changes in the
frequency of voecal cord vibration but also for very real dynamic changes
in the shape of the glottal wave and thus in the glottal spectrum.

This can be seen in Figure 7 in that part of the spectrogram corresponding



Spectrogram of the word
"sealed",

':SimultanEOus snectropram
- of the glottal wave,

Figure 7
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to the closure for /d/, in which the zero previously located at T00O Hz
now shifts downward to 620 Hz and a new zero becomes apperent at 350 Hz,
thus reflecting a change in the shape of the glottal wave.

Perhaps the moat useful feature of the photomelectric glotto=
graph is the simplicity of its construction and use, Compared with much
of the electronic gadgetry currently in use in speech research, the
glottograph is about as straightforward to use as a meter stick. And
as the necessity of sampling seversl physiological parameters of speech
simultaneously becomes ever more appearent, researchers in the field
will have to pay more attention in the design of their experiments to
the ease with which the date may be cbtained, recorded and anaslyzed,

I gratefully scknowledge the encouragement and helpful suggestions
of Peter Ladefoged, Hens von Leden and Norris McKinney, and the congiderable
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Figure A. Circuit diagram of glottograph.
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