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Variation of Electrolaryngographically Derived Closed 
Quotient for Trained and Untrained Adult Female Singers 
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Heslington, York, England 

Summary: The derivation of larynx closed quotient (CQ) measures from the 
electrolarynogograph output is discussed and data are presented for a group of  
trained and untrained adult female singers (N = 26) for a sung two-octave G 
major scale. Statistically significant trends are observed between the trained 
and untrained groups that suggest for the trained group: (a) CQ tends to be 
lower for pitches below D4 and higher for pitches above B4, and (b) the gra- 
dient [CQ/Iog(F0)] tends to correlate positively with the number of years sing- 
ing training/experience. These data are compared with those reported previ- 
ously for an adult male group, and it is suggested that CQ could be a useful 
parameter  to include in a real-time visual display for singing training. Key 
Words: Electrolaryngography--Singing--Vocal  efficiency---Closed quotient. 

The formal training of the singing voice is tradi- 
tionally associated with qualitative evaluation of the 
vocal output by a teacher who makes much use of 
imagery in various forms to achieve a particular 
sung sound. Whereas such techniques will continue 
to be basic to achieving the sung sound appropriate 
for a particular voice, increased awareness amongst 
those presenting themselves for vocal training of 
the physical nature of the vocal mechanism results 
in demands for further information to supplement 
the use of imagery. In practice, the responses to 
such demands are so often ill-informed since the 
craft of the singing teacher is usually based on ex- 
perience that has been handed down over many 
teacher-pupil generations. 

The introduction of microcomputers and nonin- 
vasive techniques for monitoring aspects of vocal 
output have meant that it is now possible to analyse 
large quantities of data without interfering with vo- 
cal production. More recent technological advances 
are enabling such analyses to be carded out in real 
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time, and visual displays of a number of quantifiable 
aspects of vocal output are becoming viable. As it 
becomes clearer which parameters vary as the pro- 
fessional voice develops, the possibility exists for 
the provision of real-time visual displays for use 
during the training process. Such displays will 
never replace the voice teacher since there are as- 
pects of their craft, such as musical expression, 
working with an accompaniment, stagecraft, confi- 
dence building, dramatic presence, making best use 
of the performance space acoustics, etc., that are 
by their nature, qualitative processes. 

This paper explores the nature of data derived 
from measures that could be gathered in real-time 
and used in visual displays. The data relate to elec- 
trolaryngographically derived closed quotient mea- 
sures for adult female trained and untrained singers. 
In particular, patterns of variation of closed quo- 
tient with fundamental frequency are discussed that 
have a high correlation with the number of years 
singing training/experience, and these are compared 
to previously reported data for an adult male group. 

BACKGROUND 

The electrolaryngograph (1) enables vocal fold 
contact area to be monitored noninvasively, giving 

163 

meli


meli


meli


meli
F0 - fundamental frequency for singing, the range typically varies by gender with men having a lower F0



164 D. M. HOWARD 

E OPl E 

Tx 

/ ~ a m p J  Minamp 

time 

FIG. 1. Example electrolaryngograph output waveform (Lx) 
showing the basis for the measurement of Tx and four methods 
for the measurement of closed phase (CP) and open phase (OP) 
from Lx. + 8, instant of maximum positive peak in differential of 
Lx; - 8 ,  instant of maximum negative peak in differential of Lx; 
Tx, fundamental period of Lx (F0 = l/Tx); CPI/OPI, method (b) 
of Davies et al. (21)----end of CP defined at instant of maximum 
rate of vocal fold opening; CP2/OP2, method (c) of Davies et al. 
(21)----end of CP defined at position where negative going Lx 
crosses the amplitude level at which the start of the CP has been 
defined for that cycle; CP3/OP3, method (a) of Davies et al. 
(21)---end of CP defined at position where negative going Lx 
crosses amplitude threshold set at 3:7 of that cycle's peak-to- 
peak amplitude; CP4/OP4, method of Orlikoff (22)-----end of CP 
defined at position where negative going Lx crosses amplitude 
threshold set at 1:4 of that cycle's peak-to-peak amplitude. 

a basis for the quantification of aspects of vocal fold 
vibration during voiced speech sounds and sung 
notes. Two electrodes are placed superficially on 
either side of the neck of the subject at the level of 
the larynx,  and a cons tan t  ampl i tude high- 
frequency voltage is applied. The electrolaryngo- 
graph monitors electrical impedance changes be- 
tween the electrodes as the vocal folds vibrate by 
detecting the current flowing between the elec- 
trodes. 

The electrolaryngograph output waveform (Lx) 
represents current flow between the electrodes, 
which will be greater as the vocal fold contact area 
increases and less as they part. Figure 1 shows a 
few cycles of Lx. This interpretation has been con- 
firmed by synchronous observation of the Lx wave- 
form alongside other techniques, for example: high 
speed larynx photography (2-4), an adapted high- 
voltage X-flash imaging system (5,6), and com- 
puter-simulated Lx waveshapes based on models of 
vocal fold vibration during phonation (7-9). It 
should be noted that the electroglottograph (EGG) 

output waveform, which is equivalent to Lx in 
terms of its experimental derivation, is usually plot- 
ted as the inverse. Comprehensive reviews of elec- 
trolaryngograph/EGG operation can be found in 
Baken (10) and Childers and Krishnamurthy (11). 

Appropriate interpretation of the Lx (or EGG) 
waveform enables aspects of the nature of vocal 
fold vibration to be investigated on a cycle-by-cycle 
basis, such as the fundamental period, and hence 
fundamental frequency (F0), the open and closed 
phases of each vibratory cycle, and the rate of glot- 
tal closing and opening. Examples of current appli- 
cations include the monitoring of vocal fold vibra- 
tory patterns in normal speech (12) and disordered 
speech (13), real-time F0 visual feedback systems 
(14,15). The provision of a real-time F0 input for 
assessment and rehabilitation of clients using ad- 
vanced speech pattern extraction hearing aids (16), 
reference F0 analysis (17), for example, for use in 
the development of microphone-based F0 estima- 
tion systems (18), and larynx closed-phase linear 
predictive coding (LPC) speech analysis techniques 
(19,20). 

This work makes use of Lx to provide a measure 
of electrolaryngographically derived larynx closed 
quotient (CQ), which is defined as the percentage of 
each cycle for which the folds are in contact.~ Its 
experimental derivation can be described with ref- 
erence to Fig. 1. The polarity of the Lx is first 
checked to ensure that positive changes reflect in- 
creased inter-electrode current flow. 2 The detection 
of the start of the closed phase is based on the as- 
sumption that the vocal fold contact area changes 
more rapidly when it is increasing than when it is 
decreasing (i.e., the folds snap together more rap- 
idly than they part). These points on the Lx wave- 
form can be readily located after time differentiating 
the Lx waveform, and finding the positive peaks. 
The time between these peaks is used to provide a 
measure of Tx (the fundamental period of Lx). 

The Lx (EGG) waveform represents changes in current flow 
between the electrodes that most agree is due to changes in vocal 
fold contact area. However, the waveform neither indicates 
whether the glottal area is zero nor whether the vocal folds are 
maximally apart. For the purpose of this work, CQ measure is 
defined in terms of its derivation from Lx and it should not be 
interpreted, for example, as a measure of the time in each cycle 
for which the glottal area is zero. 

2 The polarity of waveforms played back from different tape 
recorders is not always predictable depending on whether an odd 
or an even number of inverting amplifier circuits exist in the 
signal path. This can vary if, for example, different tape record- 
ers are used to play back data tapes on different occasions. 
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These points are also used to define the start of the i 
closed phase (CP) in each cycle, t 

Davies et al. (21) suggest three methods for sig- j I 
nailing the end of the CP in each Lx cycle: (a) the 
instant when the negative-going Lx waveform 
crosses a fixed ratio (3:7) of the current cycle's am- 
plitude, (b) the instant of the maximum negative 
peak in the time differential of the Lx waveform, 1 i i i  
and (c) the instant where the negative-going Lx 1 [-- 
waveform crosses the amplitude level at which the 

/ 

start of the CP has already been defined for that 
cycle. In this work, method (a) is used to define CP 
on a cycle-by-cycle basis. CQ is then found as 

CQ = [(CP / Tx) x 1001% 

Orlikoff (22) makes use of a measure of CP, 
termed contact phase, which is derived as follows. 
The maximum in the time-differentiated EGG 
waveform is used to indicate the instant of glottal 
closure, and the instant where the EGG wave 
crosses 25% of the current cycle's amplitude de- 
fines the instant of glottal opening. Since Orlikoff is 
making use of a Fourcin electrolaryngograph, pola- 
rising the output as is conventional for Lx, this cor- 
responds to method (a) of Davies et al. but with a 
different amplitude threshold. 

Krishnamurthy and Childers (19) used the mini- 
mum in the differentiated EGG waveform as the 
instant of glottal closure, and the maximum in the 
differentiated EGG waveform as the instant of glot- 
tal opening in order to define the CP for larynx 
closed-phase LPC of speech. This corresponds di- 
rectly with method (b) of Davies et al. They used a 
Fourcin electrolaryngograph and plotted their out- 
put with the polarity convention of EGG. Reliable 
closed-phase LPC analysis requires that the analy- 
sis window be defined only during the CP. The use 
of method (b) is more appropriate here, since it will 
generally find CP values that are slightly smaller 
than those from method (a). (This can be inferred by 
observation from Figs. 1 and 2.) 

Method (a) of Davies et al. generally provides the 
smoothest CP variation with time. This effect is 
demonstrated in Fig. 2 for the word "nine" spoken 
by an adult woman, which shows Tx and CP mea- 
sured by methods (a), (b), and (c) respectively. Al- 
though all three methods give similar patterns of CP 
change with time, methods (a) and (b) also give sim- 
ilar CP values, whereas method (c) gives CP values 
that are considerably lower. The use of an ampli- 
tude ratio in method (a) has the additional advan- 
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FIG. 2. Plots for "n ine"  spoken on a falling intonation (rising 
fundamental period) by a woman: (i) fundamental period against 
time; (ii) closed phase (CP) measured by method (b) of Davies et 
al. (21) against time---end of CP defined at instant of maximum 
rate of vocal fold opening [CPl/open phase (OP) I in Fig. 1]; (iii) 
CP measured by method (a) of Davies et al. (21) against t ime--  
end of CP defined at position where negative going Lx crosses 
amplitude threshold set at 3:7 of that cycle's peak-to-peak am- 
plitude (CP3/OP3 in Fig. 1); and (iv) CP measured by method (c) 
of Davies et al (21) against time---end of CP defined at position 
where negative going Lx crosses the amplitude level at which the 
start of the CP has been defined for that cycle (CP2/OP2 in Fig. 
1). (Tx ticks: 0.0, 2.5, 5.0, 7.5 ms; CP ticks: 0.0, 2.5, 5.0 ms.; 
Time axis calibration marker: 50 ms) 

tage that it can be adjusted to optimise the CQ mea- 
surement against other techniques. Increasing the 
amplitude ratio will tend to decrease the measured 
CP values. Orlikoff chose 25% as his baseline be- 
cause "this represented the lowest level that would 
ensure freedom from waveform artefacts often as- 
sociated with the EGG 'minimal contact phase.' " 
Davies et al., (21) chose 3:7 as their ratio based on 
"experimental work by one of the authors (A. J. 
Fourcin)," but quote 3:10 or 0.3 in their Fig. 1. 
Reference to their source code shows that the ratio 
they are actually using in practice is 3:7, as illus- 
trated in Fig. 1. 

In order to gain some validation of the CQ mea- 
surement  technique,  CQ values gained using 
method (a) of Davies et al. have been shown to 
correlate well with CQ data measured by hand an- 
notation of the output glottal flow waveform from 
an automatic speech pressure waveform inverse- 
filtering technique (23). In practice, if the only re- 
quirement is to look for trends in CQ, then the ac- 
tual ratio used is not important provided that it is 
kept constant. In this respect, Kitzing (24) reports 
that his closed-time EGG measurements could dif- 
fer by up to 15% from photoglottographic measure- 
ments. Childers et al. (25) report estimates of open 
quotient (OQ) values (OQ = 100 - CQ) measured 
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from the time differential of EGG (DEGG) and from 
ultra-high-speed laryngeal film glottal area in which 
the average difference between the two is 11% for 
their group of four normal speakers and 15.4% for 
their group of eight pathological speakers. OQ mea- 
sures from DEGG were generally lower than those 
from the film. Their results also suggest that these 
differences increase with loud or high-pitched 
voices. 

A pilot study (26) demonstrated that for four male 
singers there was a tendency for electrolaryngo- 
graphically derived OQ values to be lower (or CQ 
higher) with increased singing training/experience. 
A later study (23) considered data gathered from 18 
male singers with varying degrees of singing train- 
ing/experience and found a highly statistically sig- 
nificant increase in the measured CQ with increas- 
ing numbers of years singing training/experience. 
These measures were based on a two-octave as- 
cending and descending G major scale. 

Howard et al. (23) suggest that an increase in CQ 
with singing training/experience could be inter- 
preted in terms of a more physically efficient voice 
usage as follows: (a) the time for which an acoustic 
path to the lungs via an open glottis exists is re- 
duced, resulting in a reduction in the total acoustic 
energy transmitted to the essentially anechoic envi- 
ronment of the lungs (known as subglottal damping) 
where it would be lost to the listener, (b) less stored 
lung air is vented in each cycle due to the decreased 
open phase, thereby improving the efficiency of 
power source usage and enabling notes to be held 
for a longer time, and (c) the perceived voice quality 
is less breathy. 

The purpose of this paper is to report electro- 
laryngographically derived CQ measures for adult 
female singers with varying degrees of singing train- 
ing/experience. Reference is made to similarities 
and differences be tween the male and female 
groups. 

SUBJECTS AND DATA ANALYSIS 

Twenty-six adult female singers took part in the 
experiment (F1-F26). Each subject indicated the 
extent (in years) of her formal singing training 
(regular formal voice teaching, which for these sub- 
jects was in the Bel Canto tradition) and experience 
(professional or amateur performance experience 
as a soloist and/or in choirs). These are shown in 
Table 1. 

The data recorded were as follows: (a) name of 

subject and date of recording; (b) a read passage 
lasting - 2  min; (c) the following spoken with a fall- 
ing intonation: BOOED, BEAD, BAD, BUD, BED, 
BIRD, BARD, BOARD, MOON, MEAN, MAN, 
MUN, MEN, MERN, MARN, and MORN; (d) the 
utterances used in (c) sung on C (256 Hz), E (330 
Hz), C (512 Hz), and E (660 Hz); and (e) a two- 
octave ascending and descending G major scale 
from G (196 Hz) on the vowel of spa with each note 
lasting -I/3 s in which subjects could breath as de- 
sired. 3 

The output waveform from an electrolaryngo- 
graph (Lx) and the speech pressure waveform (Sp) 
from a Bruel and Kjaer reference I/2-inch condenser 
microphone were recorded on the two channels of a 
stereo digital audio tape (DAT) recorder (Sony 
TCD-D10) in a sound-isolated recording room at 
University College London. The use of a digital re- 
corder and a reference microphone ensured that the 
undesired effects of low-frequency phase distortion 
in the recording process were avoided (27). 

Appropriate electrolaryngograph electrode posi- 
tioning was ensured by means of viewing the Lx 
waveform on an oscilloscope during the recording. 
The electrodes were set on the subject's neck for 
maximum Lx signal amplitude. The oscilloscope 
display was monitored throughout the recording to 
ensure that the Lx amplitude remained as appropri- 
ate as possible given the wide pitch range employed 
in this recording. This was of particular importance 
since some of the untrained subjects made use of 
large vertical larynx movements in order to sing the 
higher pitches demanded, and the Lx waveform am- 
plitude was greatly diminished. In these cases, the 
electrodes were repositioned for the upper octave 
of the scale to maintain an appropriate Lx wave- 
form amplitude, and the subject was asked to sup- 
port the electrodes over their larynx by moving the 
electrodes with the larynx with the thumb and index 
finger of one hand. (The use of one hand ensures 
that any relative movement between that hand and 
the neck causes both electrodes to move together 
that is preferred to independent electrode move- 
ment.) For some of the untrained subjects, it was 

3 Some of  the less exper ienced singers were unable to sing 
accurately a two-octave G major scale because  of  ei ther the ex- 
t reme of  pitch range involved,  or  difficulties with intonation con- 
trol or  a lack o f  pi tch-matching skills. These  subjects  were en- 
couraged to produce notes  across  as wide a range as possible,  
which in most  cases  covered the pitch range o f  a two-octave  G 
major scale. The  lack of  intonation accuracy in the sung  scale 
was not  a drawback for this exper iment ,  s ince the requi rement  is 
for CP measures  across  a wide F0 range. 
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TABLE 1. Singing training~experience of all subjects and third octave analysis CQ data 

Subject No. of years No. of years 
no. training experience Band I Band 2 Band 3 Band 4 Band 5 Band 6 

FI 30 30 20.29 22.53 25.96 29.99 29.01 31.65 
(2.23) ( I. 98) (2.14) (3.31 ) (4.85) (3.01 ) 

F2 25 25 26.18 26.24 29.93 30.48 34.97 40.8 I 
(2.50) (1.83) (1.90) (2.50) (3.14) (3.61) 

F3 20 20 24.02 25.58 30.08 33.23 35.92 33.00 
(1.22) (2.14) (1.66) (1.58) (2.52) (3.27) 

F4 15 20 25.20 29.67 3 i. 20 32.40 36.42 34.69 
(2.38) (2.19) (3.76) (2.94) (2.94) (3.93) 

F5 12 12 27.75 33.36 36.99 45.18 53.55 60.94 
(3.16) (3.64) (5.61) (4.75) (3.03) (4.58) 

F6 8 10 17.82 21.71 23.82 25.70 29.87 29.26 
(1.67) (1.95) (1.70) (3.63) (2.66) (3.63) 

F7 8 8 29.67 19.90 20.70 23.37 29.72 38.00 
(4.48) (4.14) (2.22) (3.69) (2.09) (3.77) 

F8 7 20 30.32 34.97 41.51 49.79 54.28 49.16 
(2.76) (3.06) (3.03) (5.52) (4.84) (5.01) 

F9 7 17 16.53 2 !. 31 24.67 25.95 28.91 29.23 
(1.99) (2.89) (2.18) ( 1.95) (2.50) (2.65) 

FI0 5 7 28.90 33.01 39.56 42.34 34.03 35.18 
(4.33) (5.63) (3.27) (6.49) (3.24) (5.19) 

F11 5 5 28.15 30.08 34.99 41.40 50.12 56.79 
(1.46) (1.65) (2.11) (3.80) (3.59) (3.17) 

F12 2 3 25.89 27.17 27.04 27.64 31.01 28.36 
(2.84) (3.16) (3.03) (3.17) (4.32) (3.82) 

F13 0 13 23.91 28.00 3 I. 18 29.28 25.75 25.44 
(2.53) (1.52) (1.35) (3.16) (2.92) (4.93) 

FI4 0 10 29.81 30.07 29.79 30.78 26.21 22.35 
(3.73) (3.74) (3.14) (3.69) (3.36) ( 1.47) 

F15 0 8 27.92 27.93 29.71 24.24 25.01 17.00 
(4.26) (3.23) (3.10) (3.09) (3.85) (0.0) 

F 16 0 6 21.95 23.55 24.71 24.35 2 i .94 27.69 
(3.52) (3.89) (4.82) (5.47) (5.99) (6.39) 

FI7 0 4 27.46 27.93 27.37 25.25 19.69 23.78 
(3.31 ) (3.38) (3.01 ) (3.50) (5.33) (7.27) 

FI8 0 3 34.70 37.57 39.25 39.11 32.45 31.27 
(3.24) (2.24) (23.21) (2.64) (5.19) (4.64) 

F 19 0 3 32.36 34.47 30.80 28.72 23.65 17.83 
(3.32) (3.60) (5.04) (3.43) (4.91 ) (4.58) 

F20 0 2 29.15 30.63 28.00 28.08 28.96 31.06 
(3.31) (2.48) (2.54) (2.67) (1.55) (3.75) 

F21 0 2 24.98 27.55 30.33 30.98 29.32 24.67 
(2.95) (3.51) (5.01) (5.20) (6.28) (4.34) 

F22 0 0 29.33 30.62 31.85 27.61 37.49 54.41 
(7.82) (9.14) (10.69) (7.43) (9.98) (7.95) 

F23 0 0 26.20 28.94 35.05 42.10 5.00 37.01 
(4.43) (2.93) (7.00) (4.82) (6.13) (5.03) 

F24 0 0 31.02 36.20 37.27 35.64 31.06 34.50 
(3.29) (4.32) (4.68) (4.56) (4.10) (9.19) 

F25 0 0 24.43 40.32 41.50 43.51 40.86 38.99 
(13.88) (4.09) (3.09) (2.88) (4.20) (3.43) 

F26 0 0 27.00 29.22 30.65 27.88 22.73 30.40 
(3.81) (4.22) (5.68) (6.61) (5.61) (8.24) 

Wilcoxin TI 110 119 99 69 39 ~ 394 
Wilcoxin T2 58 49 ~ 69 99 129 129 

FI to FI2: trained subjects; F13 to F26: untrained subjects. 
Data are in hertz [mean(SD)]. 
a Significant T values. 

n o t  p o s s i b l e  to  o b t a i n  a u s a b l e  L x  r e c o r d i n g  to -  

w a r d s  t h e  u p p e r  e n d  o f  t h e  p i t c h  r a n g e .  T h e y  a r e  

i d e n t i f i e d  b e l o w .  

T r a i n e d  s u b j e c t s ,  o n  t h e  o t h e r  h a n d ,  t e n d  to  k e e p  

t h e i r  l a r y n x e s  l o w e r e d  t h r o u g h o u t  t h e  s u n g  r a n g e  

and  f o r  t h e m  it w a s  p a r t i c u l a r l y  i m p o r t a n t  to  o b -  

s e r v e  the  o s c i l l o s c o p e  a n d  se t  an  e l e c t r o d e  p o s i t i o n  

a p p r o p r i a t e  f o r  s ing ing  r a t h e r  t h a n  s p e a k i n g .  S o m e  
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trained subjects felt too constricted using the elastic 
neck band to support the electrodes, and they were 
instructed to support the electrodes with the thumb 
and forefinger of one hand. (This was found to be a 
particular problem during the sung scale, which 
made use of the widest pitch range.) 

There was no direct monitoring of sound pressure 
level during the recordings. Subjects were in- 
structed to sing at a level that they found to be 
comfortable for the task in hand. 

Data analysis was carried out with use of a real- 
time CQ analysis system implemented by Howard 
and Garner (28), which makes use of an Ariel PC- 
56D card in a PC-compatible computer. Data are 
captured to 14-bit accuracy at a sampling rate of 20 
kHz. CQ analysis is carried out by the Motorola 
56001 digital signal processor with use of method (a) 
of Davies et al. (21) and linear quantisation between 
samples either side of the 3:7 threshold to define the 
end of the CP. Results are sent to the host PC for 
storage and plotting. An example screen plot of 
log(F0) against time and CQ(%) against time is 
shown in Fig. 3 for an ascending two-octave scale 
for a trained subject (FI 1). Plots such as these, but 
with expanded time axes, were used to check the 
integrity of Lx data in the upper octave. 

RESULTS 

The data for all subjects were plotted as scatter- 
grams (Qx) of CQ(%) against F0 (log Hz). Figures 4 
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FIG. 3. A plot of  a two-octave ascending G major scale sung by 
a trained subject  (FI 1): log(F0) against  time (upper), and closed 
quotient  measured  by method (a) of  Davies et al. (21) against  
time (lower). 
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FIG. 4. Scat tergram of  closed quotient  (%) against  log(F0) for a 
two-octave ascending G major scale sung by a trained subject  
(FS). 

and 5 show example Qx plots for a trained (F5) and 
an untrained (F19) subject, respectively. All the Qx 
plots exhibited an overall pattern of variation with 
an essentially linear variation of CQ with log(F0) 

CQ 50× - : - • 

, , , : "  

. , , :  " 

I I i i l l l l  J I I I I l l  9× 
10Hz 100Hz FO l kHz 

FIG. 5. Scattergram of closed quotient (CQ, %) against log(F0) 
for a two-octave ascending G major scale sung by an untrained 
subject (Fl9). 
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with two F0 sub ranges approximately either side of 
G4. In order to enable a statistical investigation of 
differences between the trained and the untrained 
groups, two strategies were adopted: (a) a third oc- 
tave analysis of CQ mean values, and (b) a piece- 
wise linear CQ:F0 trend analysis within a high and 
low F0 sub range. These are described later. 

Third octave band analysis 
The CQ data for each subject was divided into six 

third octave bands. Third octave bands were cho- 
sen given their perceptual salience. The six bands 
were delimited by the following frequency bounds: 
196,247, 311,392,494, 622, and 784 Hz. A program 
was written in C to calculate the mean and standard 
deviation CQ values in each band, which are re- 
corded in Table 1. 

A one-tailed Wilcoxon's rank sum test was car- 
ried out for each band between the trained and un- 
trained groups. In Bands 5 and 6 the trained group 
have statistically significantly higher mean CQ val- 
ues than the untrained group (p < 0.025 in both 
cases). In Band 2, the untrained group have statis- 
tically significantly higher mean CQ values than the 
trained group (p < 0.05), a trend that is further re- 
flected in Band 1 but without statistical signifi- 
cance. This relationship is summarised graphically 
in Fig. 6 where the mean of CQ means is plotted in 
each band for both groups. 

CQ:F0 trend analysis 
The Qx scattergrams for all subjects were stud- 

ied, and a piece-wise linear trend analysis was car- 
fled out in the low octave (LO) and high octave (HI) 
as follows: 

(a) The F0 values were noted at which turning 
points occurred, and the mean and log stan- 
dard deviation values were calculated. The 
mean was 404 Hz (approximately G4), the 
lower standard deviation bound was 354 Hz 
(approximately F4), and the upper was 492 
Hz (approximately B4). 

(b) The CQ:F0 data were split for each subject 
into a LO and HI piece-wise linear F0 range, 
LO: 174-354 Hz; and HI, 492-880 Hz. Where 
necessary to maintain a piece-wise linear re- 
lationship, these bounds were fine-tuned on 
an individual subject basis. 

(c) Linear regression lines in the HI and LO 

U 
¢- 

E 

= 2 5 . 0 0  ''''~" 

~" 2 0 . 0 0  1 , 

- - o - - -  Tr  - - Q ' - -  Unt r  l 

j .  

O" f J "  

4 0 . 0 0  

:35.00 

30.00 

I I I I 

1 2 3 4 5 6 

third octave band 
FIG. 6. Mean of closed quotient (CQ) means in each third octave 
band for the trained (Tr) and the untrained (Untr) groups. (Sta- 
tistically significant differences exist between the groups for 
Bands 2, 5, and 6.) 

ranges were calculated for each subject using 
SPSS. The gradient {b = CQ/Iog(F0)}, and 
test statistic {t = b/(standard error of b), p < 
0.00005 in all cases} were recorded. 

(d) The HI data for three subjects whose Lx data 
were of too low an amplitude for reliable 
CQ:F0 analysis were rejected (see Table 2). 

The gradient values are recorded in Table 2. That 
the gradients associated with the trained group are 
higher than those of the untrained group with sta- 
tistical significance is shown by a one-tailed 
Wilcoxon's rank sum test: LO range (p = 0.025), 
and HI range (p < 0.025). Spearman's rank corre- 
lation coefficient was also calculated for each range 
for the subject group taken as a whole in order to 
assess whether greater years of singing training/ 
experience correlates with CQ/F0 gradient. Sub- 
jects were first ranked by number of years training 
and further subdivided by the number of years ex- 
perience. A statistically significant trend resulted: 
LO F0 range (p = 0.40551, n = 26, p < 0.05), and 
HI F0 (p = 0.33515, n = 23, p < 0.05). 

DISCUSSION AND CONCLUSIONS 

These results for women can be summarised 
within the two-octave pitch range considered as fol- 
lows: (a) CQ tends to be reduced for pitches below 
D4 and increased for pitches higher than B4 with 
training; and (b) the CQ/F0 gradient within the pitch 
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T A B L E  2. Singing training/experience of all subjects 
and high-octave (HI) and low-octave (LO) band CQ/log 

(FO) gradient analyses 

No. of  No.  o f  L O HI 
Subject  years  years  gradient  gradient 

no. training exper ience CQ/log(F0) CQ/Iog(F0) 

FI  30 30 25.08 91.44 
F2 25 25 13.84 71.32 
F3 20 20 38.51 ! 3.08 
F4 15 20 30.76 7.36 
F5 12 12 39.72 69.04 
F6 8 10 29.10 - 29.27 
F7 8 8 16.53 73.50 
F8 7 20 55.21 - 35.66 
F9 7 17 45.36 7.27 
FI0  5 7 51.56 - 14.96 
FI  1 5 5 26.33 76.57 
FI2  2 3 10.15 24.17 
FI3 0 13 37.15 - 3 0 . 1 5  
F14 0 10 5.58 - 27.27 
F15 0 8 12.16 - 5 1 . 3 3  
FI6  0 6 17.48 Lx  poor  
F17 0 4 7.435 Lx  poor 
FIB 0 3 22.39 - 49.59 
FI9  0 3 5.58 - 4 7 . 6 8  
F20 0 2 - 0 . 2 3  13.58 
F21 0 2 29.8 - 3 1 . 8 9  
F22 0 0 23.30 Lx  poor 
F23 0 0 30.15 - 9.44 
F24 0 0 34.26 - 28.83 
F25 0 0 29.16 - 8.17 
1726 0 0 24.38 - 6.45 

Wilcoxin T1 45 a 24 a 
Wileoxin T2 123 108 

CQ, closed quotient;  Lx ,  electrolaryngograph output  wave-  
form. 

a Statistically significant T values.  

ranges: G3 to G4, and B4 to G5 tends to correlate 
positively with the number of years singing training/ 
experience. 

In an equivalent investigation for adult men (n = 
18), Howard et al. (23) noted a significant difference 
between the mean CQ values for their trained and 
untrained groups (two-tailed Mann-Whitney U test, 
p = 0.001), and that CQ appeared to vary directly 
with log(F0) as a function of  singing training/ 
experience. Spearman's rank correlation coefficient 
for their male data (p = 0.7234, n = 18, p < 0.005) 
suggests that greater years of singing training/ 
experience correlates with higher CQ values. For 
moil, the following conclusions therefore suggest 
themselves: (a) CQ remains essentially constant 
with F0, and (b) CQ means tend to correlate posi- 
tively with the number of years singing training/ 
experience. 

The wide F0 range demanded of the singing voice 
as compared with the speaking voice results in the 
vocal folds adopting different modes of vibration to 

enable them to operate over a wide phonation fre- 
quency range. These modes of vibration are related 
to the notion of voice registers, for which "the ter- 
m i n o l o g y . . ,  is very confusing" (29). The notion of 
the voice registers is supported, for example, by 
what is heard when an untrained singer sings a se- 
ries of notes progressing upward or downward in 
pitch over a wide F0 range. There will be groups of 
adjacent notes that are heard as having very similar 
phonatory qualities, and abrupt changes may be 
heard between them at what are termed the "voice 
transition" or register "break"  points. There is of- 
ten a range of pitches for which registers overlap 
where singers can sing the same note using different 
registers. 

A number of female subjects exhibit turning 
points in their Qx plots (mean = 404 Hz, or approx- 
imately G4). This could be indicative of a chest- 
middle register break point. Sundberg (29, p. 51) 
gives the following values "in the neighbourhood of 
which" the ranges of register overlap occur for 
women: chest-middle, G (400 Hz); and middle- 
head, E (660 Hz). He further states that "These 
ranges of register overlap, and the register bound- 
aries vary substantially among individuals." One 
goal of singing teaching is to make the breaks be- 
tween vocal registers perceptually inaudible to the 
listener, and more experienced singers learn to 
"cover"  or "darken" the tone at or around their 
break points and also to modify their vowel sounds. 
To darken the tone, the volume of the pharynx is 
maintained by keeping the larynx in a lowered po- 
sition (29,30). 

By way of a summary, Fig. 7 shows idealised Qx 
plot shape tendencies based on a two-octave adult 
female and male data as a function of the number of 
years singing training/experience. The CQ data for 
the men increase with movement along the singing 
ability continuum, remaining essentially fiat with 
F0. The Qx shapes for the women increase in gra- 
dient with singing training/experience. All the gra- 
dients tend to be positive in the lower octave and 
those for the untrained tend to be negative in the 
higher octave, and the turning point occurs around 
G4. 

Although these data suggest that there are differ- 
ences in electrolaryngographically derived CQ with 
F0 in singing between subjects with varying degrees 
of singing training/experience, they cannot be a ba- 
sis for establishing whether these differences occur 
as a direct result of singing training/experience. 
Such confirmation will be gained only with longitu- 
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FIG. 7. Suggested idealised changes in closed quotient (CQ): 
log(F0) scattergram shapes with singing training/experience for: 
men (upper), and women (lower). 

dinal observations of subjects whose voices are be- 
ing trained (31). The suggestion that particular 
trends in these data may relate to voice "breaks"  
requires confirmation based on perceptual evalua- 
tion of the data by trained singers. An informal lis- 
tening by eight singing teachers to the scales sung 
by five of these subjects produced little consensus. 
The listening panel suggested that two-octave 
scales were not the most appropriate exercises to 
use. Further work in this area is required. 

One potential application of knowledge of CQ/F0 
variation with singing training is as a real-time vi- 
sual display for use in voice teaching. In addition, 
such a display could be used to develop stylistic 
techniques since the variation of CQ with F0 has 
been shown to change with singing style (32). It 
should be noted that there are other factors which 
cause changes in CQ, for example, changes in loud- 
ness, and the use of pressed phonation which is 
generally associated with a long larynx closed phase 
in each cycle (33), which must be taken into ac- 
count. Such a display would, for example, comple- 
ment other displays such as the SINGAD (SINGing 
Assessment  and Development)  system (34,35), 
which has demonstrated its usefulness as a real- 
time visual display in the classroom for the devel- 
opment of  conscious pitching ability for 5- to 
7-year-old children. 

Changes in CQ with F0 characterise just one as- 
pect of the professionally trained singing voice, but 
there are a number of other features that are 
equally, if not more important. Real-time visual dis- 
plays that quantify parameters of the trained pro- 
fessional singing voice and display their character- 
istics in a meaningful manner could be used by stu- 

dents to improve the efficiency of their practice. 
Their teachers will then be able to devote more time 
to the more qualitative aspects of the professional 
singer's training, such as stagecraft, communication 
with the audience, the development of musicality, 
and working with conductors, orchestras, and key- 
board accompanists, where experience and musical 
taste are the final arbiters. 
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