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B. LONGTERM-AVERAGE SPECTRUM ANALYSIS OF PHONATORY EFFECTS OF NOISE 
AND FILTERED AUDITORY FEEDBACK 
Johan Sundberg, Sten Ternstrom, William H. Perkins*, and Patricia 
Gramning** 

Abstract 
Using long-term-spectrum (LTAS) analysis of fluent speech, the 

effects of speaking in noise and of speaking with differently filtered 
auditory feedback as well as of voluntarily changing vocal intensity are 
analyzed in nine male adult singers and nonsingers. Three values in the 
LTAS are analyzed: the level of the main pedk near 500 HZ, of a second- 
ary peak near 2000 Hz and at the average fundamental frequency. The 
level at 500 Hz was highly correlated with the equivalent sound level, 
with the average fundamental frequency and with the level of the peak 
near 2000 Hz. The singers were found to produce a higher sound level 
than the nonsingers under all conditions, and their voices contained 
stronger high-frequency components. Also, unlike the nonsingers they 
reduced vocal intensity when reading in silence with enhanced high- 
frequency components in the auditory feedback. The LTAS effects of 
noise and of auditory feedback filtering was found to be similar to 
those of the voluntary changes of vocal intensity for both singers and 
nonsingers. When the high-frequency components of the auditory feedback 
was enhanced during reading in noise, bath subject groups reduced vocal 
intensity. 

Introduction 
The loudness of speech tends to increase with the ambient noise 

level (Lane & Tranel, 1971). With regard to vocal abuse, clinicians 
discourage speaking under noisy conditions; this implies that speaking 
lcudly may be detrimental to vocal health. Concert and opera singers, 
and stage actors, often use their voices at loudness and pitch levels 
that would render untrained voices hoarse; yet they do not normally 
suffer vocal damage. 

Cne technique which enables singers to he heard without amplifica- 
tion over orchestras in large auditoriums is their emphasis of high- 
frequency energy, the so-called "singer's formant" which is a spectrum 
envelope peak near 3 kHz (Sundberg, 1974; Cleveland & Sundberg, 1983; 
Ebssing, Sundberg & Ternstrom, 1986). This singer's formant is usually 
a pronounced spectrum feature of the trained voice. However, a high 
average level of spectrum components in, or close to, the frequency 
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range of the singer's formant can be achieved also in the untrained 
voice; as loudness of phonation is raised (in a healthy voice), the 
high- f requency components gain more than the low- f requency components . 
For example, if loudness of phonation is raised by 10 dB, the partials 
at 3 kHz may gain 15 dl3 in level (Gauffin & Sundberg, 1980). 

Gauffin & Sundberg (1980) investigated the difference between what 
they call "pressed" and "flow" phonation. A shift from pressed phona- 
tion towards flow phonation would be associated with a change in the 
glottal net adductive force (NAF), and obviously, this force affects the 
waveform of the transglottal airflow, i.e., of the voice source. Thus, 
in pressed phonation NAF must be relatively high, thereby reducing the 
amplitude of the glottal volume velocity pulses relative to subglottal 
pressure P Conversely, flow phonation must be associated with less ss ' 
NAF and greater volume velocity relative to P The effect of this 

sg ' 
difference can be illustrated by some data: in pressed phonation 70 dB 
SPL was obtained with PSg=14 cm H20 while in flow phonation, 76 dB SPL 
was obtained with PSg=8 cm H20 (Sundberg, 1981). 

These two types of phonation may be relevant to vocal fatigue 
effects. Muscular force is a major determinant of intramuscular pres- 
sure, which in turn is responsible for muscular fatigue. If untrained 
voices fatigue faster when used loudly than do trained voices, one 
would surmise that those with training use their voices differently: 
Trained voices can be expected to employ a mode of phonation that a- 
chieves a high SPL and a high level of the high-frequency components 
with less exertion of the vocal muscles than in untrained voices. The 
greater NAF of "pressed" phonation implies greater muscular contraction 
in the adductory muscles, although this has not been demonstrated. 

Both SPL and the level of the higher spectrum components are func- 
tions of the glottal voice source, which can be described in terms of 
its waveform, the flow glottogram. 

A flow glottogram depicts the glottal air pulses in terms of air- 
flow as a function of time. The relationship between the flow glottogram 
and the voice spectrum has been clarified both by measurements (Sundberg 
& Gauffin, 1979; Gauffin & Sundberg, 1980) and by a theoretical waveform 
model (Fant 1979; Fant, Liljencrants & Lin, 1985). It has been shown 
that the higher the peak-to-peak amplitude of the flow glottogram, the 
higher the amplitude of the voice source fundamental, and, also, the 
higher the peak amplitude of the differentiated flow glottogram (which 
normally is equivalent to the fall rate of the flow pulse), the greater 
the sound level, and the greater the dominance of the higher harmonics 
in the spectrum. 

On observing exceedingly high amplitudes of the differentiated 
glottogram in singers, Rothenberg (1981) has proposed that such high 
amplitudes arise when negative supraglottal pressure a d  positive sub- 
glottal pressure coincide just prior to closure (mike, 1981). Thus, he 
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has speculated that the resultant pressure differential may be the basis 
for the vocal power that singers achieve with relatively little vocal 
effort. The alternative technique for achieving the necessary pressure 
differential for loudness is by means of subglottal pressure. Increased 
subglottal pressure in combination with unchanged or reduced airflow 
implies increased NAF, and hence more pressed phonation. Presumably, 
this strategy is more characteristic of the untrained voice. 

The high-frequency components in the singer's auditory feedback are 
of interest, both because operatic singers strive to maintain the high- 
frequency singer's formant under all performance conditions, and also 
because of the "shower-stall effect": the voice seems "bigger" and 
easier to produce in a hard-walled shower with its high-frequency rever- 
beration than in a sound-treated room. Singers who perform profession- 
ally must maintain a prominent singer's formant against widely varying 
conditions of noise, acoustic feedback and instrumental accompaniment. 
Probably, they learn to monitor their performances successfully also by 
proprioception ("feel"). 

Long-term-average spectrum of running speech has been shown to 
reveal essential aspects of phonation (Hammarberg, Fritzell & Schi- 
ratzki, 1984; Kitzing, 1986). This method of analysis possesses import- 
ant advantages: it is non-invasive, it can be applied to running speech, 
and it is fast. Therefore, it seemed interesting to explore in more 
detail the application of this method with regard to more subtle phona- 
tion effects. 

The purpose of the present investigation was to study long-term- 
average spectrum effects of varying vocal effort on phonation in singers 
and nonsingers. 

Experiment 
The effects of various noise, loudness, and high-frequency feedback 

conditions on phonation in male singers and nonsingers were invest- 
igated. We report here the results obtained from fundamental frequency 
and long-term-average spectrum analysis (LTAS). We set out to study the 
effects of noise and high-frequency feedback on these aspects of the 
voice production: 

1. loudness, 
2. high-frequency spectral components, and 
3. lowest spectrum component, or the fundamental. 
We also tried to examine the differences between singers ard non- 

singers with respect to: 
4. reaction to the experimental conditions; 
5. spectral characteristics at maximum loudness level; and 
6. vocal fatigue. 
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Subjects 
Eighteen adult males with no history of voice disorders served as 

subjects. Nine were singers and nine were nonsingers. Che singer had 
only vocal training whereas the other eighthad performed professionally 
in opera and/or concert. k e  nonsinger had lectured extensively for 
years. 

Equipnt 
The experiment was carried out in an anechoic room. ?he sound was 

picked up by a Sennheiser MD 211 microphone 1 m in front of the sub- 
ject's mouth. A second microphone, an accelerometer, was fastened to the 
subject's neck just below the thyroid cartilage offering a signal suit- 
able for fundamental frequency analysis. As illustrated in Fig. 1, the 
signal from the front microphone was filtered by a 1/3 octave filter 
bank (General Radio 1925 multifilter) . 

Fig. 1. Block scheme of the experimental setup: THD denotes the head- 
phones, LM the sound level meter, LP the low-pass filter, NG 
the noise generator, and FB the filter bank. 
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The subject wore a calibrated headset (TDH 49P) with capsules 
tightly sealing off the ears from external sound. The sound level of the 
auditory feedback, obviously critical to the effect of the noise, was 
adjusted so that a vowel yielding a 90 dB SPL at 1 m distance generated 
a 105 dB SPL in the headset. This approximates the level at which the 
subjects would hear their own voices without the headset in an anechoic 
roan. 

The sound picked up by the microphone was recorded on a SONY F-1 
digital tape recorder. On a second track of the same tape recorder the 
signal from the accelerometer fastened to the subject's neck was re- 
corded. Before recording each subject, an SPL calibration was recorded 
on the tape: the experimentor phonated a sustained vowel producing a 90 
dB SPL at the microphone, as determined by a sound level meter (B&K 
2215). 

Conditions 
Three base-line and four experimental feedback coditions were used 

while reading discursive text material for at least 30 sec under each 
condition. Base-line samples were produced without earphones and uncler 
instructions to read at 

(N) - normal conversational loudness, 
(L) - a loudness level appropriate for an audience, and 
(LL) - the loudest level possible. 

Because high-frequency feedback is reduced in an anechoic room, 
base-line conditions approximated high-frequency suppression without 
noise (-HI?-N) . 

Experimental samples were obtained with earphones a d  under in- 
structions to read loudly enough to be heard through the noise, which 
was presented at 100 dB SPL. It consisted of a white noise signal that 
was filtered at 2.2 JcHz by an LP filter with a roll-off of 18 d~loctave, 
see Fig. 2a. The auditory feedback signal, picked up by a microphone in 
front of the mouth, was filtered in three different ways in the filter 
bank; the filters from 2 to 20 kHz were adjusted either to +15 dB, flat, 
or -15 dB for the various conditions of auditory feedback. Fig. 2b 
shows the effects of these filter settings on a sample of speech. Some 
subjects reported that they found these feedback variations similar to 
those they experienced when singing in various acoustic surroundings, 
although they found the differences a bit exaggerated. A total of four 
experimental feedback conditions were used: 

(+HF -N) - high-frequency amplification without noise, 
(+HF +N) - high-frequency amplification with noise, 
( FL +N) - flat feedback with noise, and 
( -HF +N) - high- frequency suppression with noise. 
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MASKING NOISE 

0.1 0.2 0.5 1 2 5 10 

FREQUENCY (kHz1 

AUDITORY FEEDBACK FILTERING 

FREQUENCY ( kHz )  

Fig. 2. Upper graph shows the frequency curve of the noise a s  
analyzed by means of a third-octave f i l t e r  bank. The 
lower graph shows the effects of the various filter-bank 
settings on an LTAS of normal speech. 

A l l  conditions were repeated one time, most of them in a different 
order, t o  t e s t  for order effects. Henceforth, the f i r s t  seven w i l l  be 
referred t o  as Trial One, and the las t  seven as Trial Two. The condition 
sequence during the experiments was the following: 

TRIAL I TRIAL I1 

NI L, LLI +EP-NI +HF+NI FL+NI -HF+Nl +HF+NI +HF-NI m N I  -HF+Nl NI L, LL. 
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Long-term-average spectrum analysis 
The contact microphone signal was fed t o  a fundamental frequency 

extractor which also measured the period time. The period time values 
were fed t o  a minicomputer converting them to fundamental frequency by 
means of a special program. This program displayed and plotted funda- 
mental frequency versus time ard fundamental frequency distributions in  
terms of histograms. Also, it computed the mean and the standard devia- 
tion of the fundamental frequency data. Using this program the average 
fundamental frequency was determined for each sample. Also, the stand- 
ard deviation was determined, even though this  information was not used 
in  the present investigation. 

A s  different speakers had differing mean fundamental frequencies, 
the relevant measure is the change in  each subject's mean fundamental 
frequency induced by the various experimental conditions. Therefore, 
this change was determined for each sample, and expressed in semitones. 

Long-term-average spectra were made of a l l  recorded samples. Basic- 
ally, the LTAS was obtained from a minicomputer statist ically operating 
on the output of an external 1/3 octave f i l t e r  bank. The length of the 
speech samples was a t  least 20 sec, which is sufficient for yielding 
reproducible, text-independent data of the reading. Before running the 
speech samples of a subject, the LTAS of the calibration tone a t  90 dB 
SPL was analyzed as a reference, thus enabling us to  make level compari- 
sons across subjects. 

In a normal vowel spectrum from speech, the main spectral energy 
resides a t  the f i r s t  formant frequency, while the spectrum levels a t  the 
other formant frequencies are lower. This means that the level of the 
partials near the f i r s t  formant are mainly responsible for the overall 
sound level of the vowel. In an LTAS of running speech the highest peak 
is normally found somewhere between 500 and 800 Hz; this peak must be 
associated with the f i r s t  formant. The center frequency of this peak 
was stable within most subjects and varied maximally in  one subject 
between 550 and 870 Hz. 

Another peak typically appeared near 2 kHz, in a few subjects just 
below this  frequency. Presumably it was associated with the third for- 
mant a d  the second formant of front vowels. 

Fig. 3 shows two examples of LTAS analysis of running speech. The 
examples were obtained when two s&jects deliberately contrasted reading 
in  flow and pressed phonation. The main peak near 500 Hz appears a t  a 
somewhat higher frequency in pressed phonation. Probably, this differ- 
ence reflects a higher average frequency of the first formant resulting 
from a higher larynx position. The level of the peak near 2 kHz is 
somewhat lower in  flow phonation than i n  pressed phonation. A t  low 
frequencies, on the other hand, below 500 Hz, the level is higher in the 
case of flow phonation. Presumably, this mirrors the higher level of the 
voice source fundamental that is characteristic of flow phonation. 
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I FLOW PC 

/'/\ PRESSED 

Fig. 3.  Typical LTAS for two subjects' reading with deliberately 
pressed and flowed phonation. 

LEVEL OF FUNDAMENTAL 
AS DETERMINED BY MEANS OF 

80 

1 Hz FILTERS 

Fig. 4. Correlation between the estimates of the spectral energy of 
the fundamental according to measurements using a third- 
octave f i l ter  barik and a narrow-band f i l ter  bank. 
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Initially, three dependent-variable measures were ass~rrnal to  he of 

interest from the LTAS (Gauffin & Sundberg, 1980): (1) L1401 the level 
in the 140-Hz-band. We tentatively adopted this as an estimate of the 
mean amplitude of the voice source fundamental, thus presumably reflect- 
ing W. (2 )  L500, the LTAS plateau nearest 500 Hz. A s  recently shown 
by Kitzing (1986), this measure correlates well with equivalent level 
(h), a measure that was provided by the computer prcgram. (3)  L2000, 
the level of the LTAS plateau nearest t o  2000 Hz. For a singer's voice 
this  can be regarded as a measure of the level of the singer's formant. 

It turned out that the subjects changed their voice pitch consider- 
ably depending on loudness of phonation. Therefore, the L140 was 
unacceptable as an approximation of the mean level of the voice source 
fundamental. A s  a second choice we measured the LTAS level in the fie- 
quency band corresponding t o  the fundamental frequency average as deter- 
mined by a separate measurement for each individual voice sample (Gram- 

ming & al., 1987). We w i l l  cal l  this  measure LFO. I n  cases where the 
mean corresponded t o  the boundary between two f i l ters ,  the higher of the 
two f i l t e r  levels was selected. 

The ideal measure of the mean level of the fundamental is the level 
corresponding t o  the area under an LTAS peak produced by the fundamental 
only. The standard deviation of fundamental frequency exceeded an 
octave in  many cases. Assuming a normal dis t r ibut ion and a standard 
deviation of only one third of an octave, the fundamental would reside 
in one third-octave f i l t e r  no more than 34% of the time. With a great 
standard deviation, the second partial may contribute to the level in 
the third-octave f i l t e r  band where the fundamental resides most of the 
time. Consequently, the LFO measure carries several reservations. 

If the LTAS analysis is performed with a narrow bandwidth, and i f  
the fundamental frequency variation is less than one octave, then the 
f i r s t  partial produces one single, clear peak which is separated from an 
adjacent pak produced by the second partial (Kitzing, 1986). In such an 
analysis, the level of the f i r s t  peak must represent a better estimate 
of the mean level of the fundamental than LFO. Therefore, we also used a 
Hewlett-Packard 356219 dynamic signal analyzer t o  obtain an LTAS with a 
linear f i l t e r  bank and an analysis bandwidth of 1 Hz. The level of this 

peak w i l l  be referred t o  as Lg. Mostly, the shap  of the peak was broad 
and f l a t  but showed a posit ive tilt i n  some instances of very loud 
reading. 

LFO and I,o are  compared in  Fig. 4. The narrow f i l t e r s  a re  less  
frequently excited and therefore give a lower level. More importantly, 

there are great discrepancies between the two measures. These would stem 
from cases where the peak correspnding t o  the LO was not f l a t  or when 
the mean fundamental frequency was close to  the boundary between two of 
the third-octave fi l ters.  For reasons given above, the was preferred 
to  the LFO as an estimate of the mean level of the fundamental. 
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All of these LTAS measures were expressed in dBl using the equi- 
valent level from the LTAS of the 90 dB tone as the reference. This does 
not yield measures of absolute sound pressure level, but it does convey 
information on how loudly the various subjects were phonating under the 
various conditions. 

Interdependencies of acoustic measures 
It is a well-established fact that higher spectral harmonics gain 

more in amplitude than the lower harmonics, when loudness of phonation 
is increased, due to the function of the voice source (Gauf fin & Sund- 
berg, 1980). In other words, an increase in L500 can be expected to be 
associated with a larger increase in L2000. Fig. 5 shDws an example of 
this relationship as observed in one subject. For this subject a linear 
regression yielded a correlation of ~0.98 ard a slope of 1.34. However, 
as seen in Table I, this relationship differed considerably among sub 
jects. For instance, the slope varied between 0.6 and 1.6 across sub- 
jects. Low slope values would be due to voice factors, such as glottal 
leakage or loudness-dependent shifts in the formant frequencies, perhaps 
associated with changes in larynx height. 

I I I I I 

SUBJECT JEJ I * 
- - 

- ** - * 
* 

it - - 
* 

* f f  - - 
it 

- I I I I 1 - 

Fig. 5. Interdependence of LcjO0 and the average fundamental fre- 
quency (left) and the L2000 (right) in one of the singer 
subjects. 
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This relationship is imprtant to the analysis of our results. It 
means that each value of L500 should normally be associated with a 
particular value of L2000. In order to observe other effects on this 
L2000 measure than those caused by loudness changes, the L2000 values 
need a normalization with respect to the L500. This normalization was 
made in the following way. 

We first computed, using linear regression, a straight line approx- 
imation of the relationship between LTAS peaks L500 and L2000 from each 
subject's normal, loud and loudest readings in the first and the second 
trials. This line represented the relationship between the LSo0 and 
L2000 values that normally were associated with changes in loudness of 
phonation for each subject. Then, for each L500 level observed in the 
various experimental conditions, we used this approximation to predict 
an expected value of L2000, which we swracted from the corresponding 
observed value. As a measure of the accuracy of this prediction we refer 
to the correlation coefficients listed in Table I. In this way we 
obtained a normalized value, henceforth L2000,N. This measure represents 
the residual effect of experimental conditions, when changes in loudness 
are taken into account. 

A similar correlation was expected for the Lg measure. For exam- 
ple, Fant (1960) reported that a 10 dB increase in the phonation level 
of nonsingers is typically associated with a 4 dB gain in the level of 
the fundamental, and Gauffin & Sundberg (1980) found the level of the 
fundamental to increase at the same rate as the SPL in a singer. Our 
data showed significant correlations, as expected, so a normalization 
for Lg similar to that made for the L2000 was applied. 

However, before this could be done, another correction had to be 
applied. For two purely acoustical reasons, the level of the fundamental 
depends on its frequency: (1) the energy of a signal is proportional to 
its frequency, other things being equal; and (2) the level of the funda- 
mental increases as it approaches the first formant. 

Given the variability in the frequencies of bath the first formant 
and the fundamental in fluent speech, the effect of the latter factor on 
LTAS levels is difficult to predict; instead, it was estimated from an 
experiment. Using the OVE text-to-speech synthesis system, speech was 
synthesized at three different pitch levels with a constant relative 
amplitude of the voice source fundamental, and a narrow band LTAS anal- 
ysis was made from each. The resulting values of % were then plotted 
against mean fundamental frequency. 

The resulting slope was found to be 13 d~loctave, as shown in Fig. 
6. This value was then used to compensate the measured IQ values for 
level changes induced by differences in mean fundamental frequency. When 
this correction had been applied, the normalization with respect to the 
L500 was made in the same way as in the case of L2000. The associated 
correlation coefficients are also listed in Table I. 



STL-QPSR 1/1987 

LTAS OF OVE SPEECH 

LTAS LEVEL SHIFTS 

CAUSED BY Fo SHIFT 

0 6 12 

SHIFT IN MFO 

Fig. 6. Graph to the left: LTAS of synthetic speech at the three 
different average fundamental frequencies shown. The 

graph to the right shows the changes in the induced by 
these changes in mean fundamental frequency. 

Fig. 7. Correlation between all data on L5O0 and the corresponding 

Leg 
values in the entire material. 
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TABLE I: Constants used for the prediction of expected values of LZOOO 
and $ from observed L500 values, based on the subjects' phonation in 
normal, loud and very loud voice level in bath trials. 

These various procedures gave us a set of seven values for each of the 
voice samples: 

Lesr the equivalent sound level 

Lot the level of the fundamental 

L500t the LTAS level at the peak near 500 Hz 

L2000' the LTAS level at the peak near 2000 Hz 

%,N, the normalized level of the fundamental 

L2000,N, the normalized level at the peak near 2000 Hz, and 
F'O the mean fundamental frequency. 

versus L500 
Slope Itcpt Qrr 

Coeff. 

0.269 20.2 0.943 
0.331 12.9 0.990 
0.445 5.2 0.939 
0.494 0.9 0.923 
0.540 -1.5 0.978 
0.246 23.2 0.878 
0.762 -16.9 0.951 
0.401 15.5 0.923 
0.296 20.6 0.669 

0.215 19.4 0.613 
0.327 13.8 0.925 
0.475 4.5 0.946 
0.461 5.0 0.806 
0.333 17.3 0.934 
0.650 -5.2 0.951 
0.162 24.0 0.902 
0.273 20.1 0.817 
0.284 20.6 0.928 . 

A 

Subjects 

Singers 
JEJ 

STEF 

ROB 
SCH 

SOL 
JOH 
ALF 
ROL 
BILT, 

Nonsirqers 
JAN 

MAEZTIN 
AND. A 
AND. F 

ERIK 

KROK . 
GODDY 
TCNI 

MICKE 

Above we saw that, due to the functioning of the voice source, the 

Lg and L2000 deperd on L500. There were also other interdependencies. 
In an LTAS of running speech, the peak near 500 Hz muld be 

produced mainly by the first formant, which is normally the daninant 

L2000 L500 
slope Itcpt Qrr. 

Coeff. 

1.384 -29.2 0.976 
1.447 -33.2 0.994 
0.919 3.9 0.932 
0.802 17.9 0.964 
1.603 -51.6 0.999 
1.015 -0.4 0.976 
1.257 -20.9 0.935 
1.160 -12.3 0.913 
0.759 10.1 0.964 

0.611 24.4 0.891 
1.073 -4.7 0.985 
1.352 -32.3 0.896 
1.545 -47.7 0.975 
1.307 -22.6 0.981 
1.231 -16.0 0.981 
1 .I25 -10.3 0.994 
1.088 -11 -6 0.940 
0.834 6.2 0.968 



STL-QPSR 1/1987 

Fig. 8 shows, as a  function Lq, the changes in average fundamental 
frequency from the value measured during the first normal reading. The 
correlation demonstrates that loudness affected voice pitch, as ex- 
pected: the louder the voice, the higher the voice pitch. Table I1 lists 
the correlation and the best straight-line fit for each subject. The 
correlation coefficient varies between 0.73 and 0.99. The slopes vary 
from 0.2 to 0.6 semit/d~. Thus, for a 10 dB increase in loudness of 
phonation, the subjects increased their mean fundamental frequency by 2 
to 6 semit. The increase tended to be slightly greater in the singers 
than in the nonsingers, possibly reflecting a wider range of convenient 
pitch variation in the case of the singers. 

peak in a vowel spectrum, as mentioned. Therefore, the level of this 
peak should correlate with the average SPL of the speech, or the equiva- 
lent sound level Leq Fig. 7 shows this correlation for the present 
material (~0.96); the coefficient is higher than most of those found 
by Kitzing (1986). 

Results 
1. Order effects 

The order of conditions was decided partly from the necessity of 

- -10 C 
a .  
Y 

'2- 

Z 
a 
W 
x 
z 
B 0 -  
Z < z 
-U 

, % 

A. - _ 

beginning and ending the experiment with unmasked reading in normal, 
loud and loudest voice. The loudest condition had to be last because a 
test of fatigue required a comparison of the loudest possible voice near 
the beginning and at the end of a stressful period of reading. It was 
decided not to counterbalance for order effect in each subject, because 
preliminary experimentation resulted in reports of considerable vocal 
fatigue already after using the two trials as they are reported here. 

. , - -20 -1 0 0 - 10 20 3 0 
. ' 

. , . . .  CHANGE IN Leq [dB] I 

I I I i 

- - ... 
. . .  . - .. . . . . . . . . .  . . . . . . . .  

.;; I?! :..: ......... . . .  .. . . . .  ... . I .  . . . .  :. 5 - .  ?: . . . . . .  . . - . . . .  : ! .:: . . . .  *. . .  .... - . ; : a .  , - . .*. * . . . . . . . .  .. . . . . . -. - . -  . ...... - .  . . .... - . . . . .  - .:. . . .  - -. . ... 
. :  

I I I , 

ERRATUM: p . 70 

I 

Fig. 8. Changes  i n  a v e r a g e  
fundalnental f r e q u e n c y  a s  a 
f u n c t i c n  o f Leq f o r  a l l  
s u b j e c t s  i n  t h e  e n t i r e  
material. 
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TABCE 11. Results of linear regression for each subject's relationship 
between mean relative fundamental frequency in semitones (st) and 
based on reading in normal, loud and loudest conditions and with masking 
noise including both Trials I and 11. 

Subject I Slope Intcpt Corr. 

Singers : 
JEJ 
STE 

W3B 
SCH 

SOL 
JOH 
ALF 
ROL 
BIL 

(st/d~) (st) 

Nonsingers : 
JAN 
MAR 

ANA 
ANE' 

ERI 
KRO 

GOD 
TON 
MIC 

slope corr. 
0.425 0.947 

-. 

- 

slope corr. 
0.411 0.963 

Singers 
mean 

Nonsingers 
mean 

Summarizing, this analysis of the interdependence of the various acous- 
tic measures left us with only three relevant long-term-average spectrum 
measures, namely: 

L5001 from which the Lq could be predicted 

%,N, the normalized level of the fundamental 

L2000,N1 the normalized level at the peak near 2000 Hz, 
plus 

FO the chan~e in mean fundamental frequency. 

The effects on FO have been described in detail elsewhere (Gramming, 
Surdberg, Temstrom, Leanderson & Perkins, 1987). Henceforth, we will 
concentrate on these spectrum measures. 
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To determine the effect of order, results for those corditions that 
appeared in different contexts in Trials I and I1 were compared (Table 
111). These differences were all far from being significant. We con- 
cluded that any effects of the order in which conditions were presented 
were too small to have affected the results. 

TABLE 111. Order effects as estimated by factor analysis of those stimu- 
li that occurred in different contexts in Trials I and 11. 

2. Fatigue 
A likely sign of fatigue is a shift of phonation towards the 

pressed extreme, possibly manifested as a drop in and an increase in 
L2000. AS mentioned earlier, singers could be expected to achieve loud- 
ness with less muscle contraction, e.g., by applying less NAF (such as 
in flow phonation) than nonsingers, for whom a more pressed phonation 

FACTOR 

Trial 
Trial*Ss 

was expected. 
As can be seen in Table IV, this expectation was not substantiated 

by the results. There is only one significant difference between 
trials, viz. a reduction in L2000. This analysis cannot reveal any 
differences between singers and nonsingers regarding the two normalized 

L L L AF 
500 0 IN 2000, N D 

A P A P A P A P  
dB dB dB semit . 
-1.3 NS -0.4 NS -0.6 NS -0.5 NS 
-1.2 NS +0.8NS W.8NS -0.2NS 

measures, i.e., L2000,N and Lg N, because the data used for the normali- 
zation (N, L, and U in Trials I and 11) are the same as those used in 
this test (vide supra). Instead, by means of a t-test, we tested the 
significance in this regard between the groups. The reduction of %000 
between Trials I and I1 was -0.3 and -0.4 dB for singers and non- 
singers, respectively, which is a nonsignificant difference. 
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TABLE IV. Effects of vocal fatigue a s  estimated by factor analysis of 
the f i r s t  three and the  l a s t  three experimental conditions (N, L, LL). 
A s  the observations from these three conditions constituted the data 
used i n  the  normalizations of Lg and L2000, no values could be obtained 
i n  these cases. 

An al ternat ive test for  phonatory fatigue is a Trial I1 - Trial  I 
comparison of the  loudest condition only. This comparison has been made 
i n  Table V. No trends can be observed, except t h a t  the subjects produced 
a s l ight ly  lower L2000 i n  Trial  11. This reduction was s l ight ly  greater 
i n  the singers, but t h i s  difference between the groups w a s  nonsignif- 
icant.  

FACEIR 

Trial 

Trial*Ss 

TABLE V. Effects of vocal fatigue for  singers and nonsingers a s  esti- 
mated from the difference between Trials  I and I1 for  the LL condition. 
Significance of difference between subject groups is tested by means of 
t-test . 

L L L 4F 
500 O , N  2000, N 0 

A P A P A P A P  
dB dB dB semit . 
0.8 NS -0.3 NS -1.4 >.99 0.3 NS 

NS - - NS 

The experimental conditions involving noise had a c lear  e f fec t  on the 
mean fundamental frequency, and i n  combination with noise, the  different  
auditory feedback conditions a lso  yielded an effect. The noise raised the 

voice pitch by 5-7 semitones (30-508). Hearing high- frequency components 
reduced t h i s  increase i n  voice pitch. There were no great differences be- 

tween the singers ard the nonsingers. However, the  singers showed a greater 

t 

SUaSECT 

Singers 
Nonsingers 
Difference 

increase i n  voice pitch than the nonsingers, when the high-frequency com- 
p n e n t s  w e r e  reduced i n  amplitude. I 1 

L L L AF 
500 O t N  2000, N 0 

A P A P A P A P  
dB dB dB s d t  . 
W.9 -0.3 -3.1 -0.1 
W.4 -0.5 -1.5 0.2 
-0.5NS 0.2NS -1.6NS 0.3 NS 
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3. Experimental conditions 
Fig. 9 shows the effect of the various corditions on the L 

eq' 
It 

can be seen that the singers were consistently louder than the non- 
singers in all conditions except reading with enhanced high-frequency 
feedback. Thus, unlike the nonsingers, the singers reduced their voice 
level when they heard their own voice with stronger high partials. 
However, when reading in noise, both the singers and the nonsingers 
raised their voice level when the high-frequency components in the 
auditory feedback were reduced. 

I I I 
- SINGERS - 
- -- N O N S I N G E R  

- - 

- : / !  / P /  ' - 

/ 
/ 

- d' - 

- - 

- - 

- - 

I I I 40 
L L L 

40 
NORMA? NORMAL +HF +HF F L -HF 

( -  N (-Nj - N  + N + N + I'i 

EXPERIMENTAL CONDITION 

Fig. 9. Effects of various experimental corditions on L eq' !The 
left graph shows the results observed when the subjects 
were asked to read at three different loudnesses (L = 

loud, LL = loudest possible). The right graph shows the 
corresponding data for different auditory feedback charac- 
teristics: HF = high frequency emphasis, FL = flat £re- 
quency characteristics, N = noise. 

Fig. 10 gives an overview of some of the effects of the experiment- 
al conditions on the averages of %, L500, a d  L2000 for the singers and 
nonsingers. The singers produced stronger high-frequency components than 
the nonsingers under all conditions except when reading in silence with 
enhanced high-frequency feedback. Thus, the singers* voices tended to 
contain more high-frequency energy except at a very soft voice level. 
The singers' was louder than that of the nonsingers in all cases of 
reading in silence except when the high-frequency component of the 
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auditory feedback was enhanced. When reading in noise; the nonsingers 
showed a higher level of the k. 

RAW SPECTRUM DATA 
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Fig. 10. Effects of various experimental coditions on h, LSo0 

and LzOo0. The left graph shows the results observed 
when the subjects were asked to read at three different 
loudnesses (L = loud, LL = loudest possible). The right 
graph slmws the corresponding data for different auditory 
feedback characteristics: HF = high-frequency emphasis, 
FL = flat frequency characteristics, N = noise. 

Fig. 11 shows averages of the normalized spectrum data for the 
various conditions. The graphs illustrate the fact that nearly all of 
the above observations can be explained by differences between the 
singers and the nonsingers regarding the L500. It is only in two cases 
where a small difference can be seen in the averages: when reading in 
silence with enhanced high-frequency components in the feedback, ard 
when reading in noise. In both these types of conditions, the singer's 

showed a lower relative level than the nonsinger's. 
The most obvious effect on these values is that of noise. When 

noise was added (switching from +HI?-N to +HF+N), L500 increased by more 
than 10 dB with concomitant increases in L2000 and for both singers 
and nonsingers. This increase was sustained under all noise conditions 
(F+N and -HF+N). Also the high-frequency components in the auditory 
feedback had a significant effect. Table VI shows that the effects of 
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Fig. 11. Effects of various experimental conditions on the normalized 
levels LOIN and L2000,N. The left graph shows the results 
observed when the subjects were asked to read at three differ- 
ent loudnesses (L = loud, LL = loudest possible). The right 
graph shows the corresponding data for different auditory 
feedback characteristics: HF = high-frequency emphasis, FL = 
flat frequency characteristics, N = noise. 

0 -  z :: 
N 

_1 

t- - 5 - 5  

U- 
s 

TABLE VI. Analysis of variance of the effects of noise and auditory 
feedback filtering on L500, klN1 L2000,N and dFo. 

1 I 1 I 

- 

* --4-- - - 
- 

W XORMAL L L L NORMAL 1-N) +HF - N  I- +HF +N --:: + N  F I -HF +N 

1 
-=L 
z 
a 

C O N 0  I T I O N  
0 

Noise 
Singers 
Non-singers 

Significance (all subjects) 

High frequency feedback 
Singers 
Non-singers 

Significance (all subjects) 

Z 

Z g g ;F/ :: 
0 

-I 

5 5 

AL AL AL AF 
500 O,N 2000, N 0 

dB dB dB semit. 

+12.00 -0.92 +0. 38 +5.24 
+12.64 -0.06 -0.25 +4.73 

.99 NS NS .99 

-3.17 -0.71 -0.58 -1.00 
-1.25 -0.43 -0.56 -0.34 

.99 .95 NS .99 

: 2---:--; 1 
- - 

I I I I I 

NORMAL L L L NORMAL +HF +HF F I -HF 
1-Nl -N +N + N + N 

C O N D I T I O N  
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These factors were significant both on LSo0 and Am, but not for  the 
normalized LOIN and L2000,N. The singers did not d i f f e r  s ignif icant ly 
from the nonsingers i n  these respects, which indicates t h a t  subjects' 
methods of generating high-frequency vocal energy w e r e  unaffected by 
feedback; instead, high-frequency energy was a function of loudness. 

Discussion and conclusions 
The use of  noise  i n  t h e  experiment was of  value because of  i ts  

known ef fec ts  on loudness. As expected, increased considerably , by 
more than 10 dB SPL on the average, when a 100 dB SPL LP f i l t e red  white 
noise was introduced. This increase provided the basis  fo r  determining 
high frequency feedback effects  a t  various loudness levels and fatigue 
ef fec ts  a f t e r  an intense period of vocal s t ress .  The rise i n  voice level 
with noise was s l ight ly  larger i n  the singers. 

A s  regards the difference between singers and nonsingers, an ob- 
vious and expected d i f fe rence  was found: t h e  s ingers '  phonation was 
louder when reading normally w i t h  a deliberately raised voice level, a d  
when reading i n  noise. Another clear  difference was found i n  the spec- 
trum balance. In the singers' voices the high-frequency components had a 
clearly higher level re la t ive  t o  LSo0 than the nonsingers. This would 
r e f l e c t  a combined e f f e c t  of  d i f fe rences  i n  voice source and i n  t h e  
frequencies of the higher formants. 

When reading i n  silence, the singers seemed somewhat more suscept- 
ible than nonsingers t o  auditory feedback characteristics.  This might 
ref lec t  their greater acquaintance with adressing an audience i n  differ- 
ent  acoustic surroundings. It  should be mentioned tha t  these singers 
had been trained not only t o  sing but a lso  t o  read. 

We had expected t o  find tha t  the singers would show less  spectrum 
signs of vocal fatigue. However, no such ef fec ts  w e r e  observed i n  this 
analysis. As m o s t  subjects showed i n  various ways tha t  the experiment 
involved vocal s t ress ,  we do not doubt the presence of fatigue. There- 
fore, it s e e m s  f a i r  to conclude t h a t  1,TA.S analysis does not reveal vocal 
fatigue efficiently.  Probably, the effects  might be found i n  the time 
domain rather i n  the frequency domain. An analysis of the periodicity 
of the voice source seems worthwhile. 

A s  mentioned, the level of the voice source fundamental is depend- 
ent  on the mode of phonation. In a flow mode of phonation, the funda- 
mental is m o r e  dominant than i n  a more pressed type of phonation. There- 
fore, we  had expected t o  find a higher level of % i n  singers than i n  
nonsingers a t  high vocal effort .  However, the o p p s i t e  resul t  was found. 
The reason for  t h i s  is not clearly understood. We believe tha t  the great 
changes i n  average fundamental frequency associated with changes of 
voice level might have concealed the expected effect.  The average r i s e  
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in fundamental frequency was greater in the singers than in the non- 
singers, probably because singers have trained their voices so that they 
possess a wider range of convenient fundamental frequency variation. In 
a long-term-average spectrum, a change in average fundamental frequency 
induces a change in the Lg. We attempted to compensate for this change 
by a model experiment on a speech synthesis equipment. However, if the 
resulting correction was not fully sufficient, the observed greater rise 
in the singers' mean fundamental frequency would cause an underestima- 
tion of the LOIN* 

These results do not seem to agree with the observations made on 
the two subjects who deliberately contrasted reading in pressed and flow 
phonation (cf. Fig. 3). They also appear to contradict those of Hammar- 

berg & al. (1984), where the average level of the fundamental was esti- 
mated from the LTAS level at the average fundamental frequency in speech 
produced by patients suffering from paralytic disphonia; the results 
showed a clear reduction of this LTAS level when the patients had been 
successfully treated. However, in both these cases, the average funda- 
mental frequency did not change substantially, neither when the subjects 
changed their voice quality, nor when the patients were successfully 
treated. Therefore, the LTAS level at the average fundamental frequency 
should offer a more reliable estimate of the level of the voice source 
fundamental in that case than in our case, where the fundamental fre- 
quency changed considerably. It seems that a more detailed analysis is 
needed of LTAS of running speech at different voice levels. 

An interesting finding is the relevance of the frequency character- 
istics of the auditory feedback to phonatory behavior. We have seen that 
this parameter influences the voice level of both singers and non- 
singers. The weaker the high frequency components are in the auditory 
feedback signal, the louder the subjects tended to speak. In a normal 
situation, the frequency characteristics of the auditory feedback is 
influenced by the room acoustics. As loud speech normally involves a 
straining of the voice, our finding suggests that high absorption at 
high frequencies in a room might entail vocal stress. 

The most striking results that we have presented here are the 
interdependencies of the various LTAS measures. The high correlation 
between the L500 and the Leq was expected. The fact that we found a 
slightly higher correlation than Kitzing (1986) is probably due to the 
fact that he used a filterbank with a linear spacing of the filters 
along the frequency scale; the shape of an LTAS is obviously highly 
dependent on the filterbank used. 

The high correlation between the L5.00 arfi the L2000 was expected, 
less so the great variability between spakers; for a 1 dB increase at 
500 Hz, the increase at 2000 Hz varied between 1.6 dB and 0.6 dB. It 
should be observed that the corresponding reasoning is not applicable in 
the case of the Lg, as this measure was obscured by the fact that the 
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mean fundamental frequency shifted when vocal loudness was changed. The 
high correlation between L and the mean fundamental frequency, com- eq 
mented in detail in Gramming & al. (1987), was high in both singers and 
nonsingers; the mean fundamental frequency increased by about 0.4 semi- 
tones per dB increase of Lq. It should be noted, however, that these 
observations can be expected to depend on the experimental instructions 
and does not indicate that pitch and loudness cannot be controlled 
independently. For instance, it is obviously possible to speak softly 
at a high pitch. 

?he high correlation we found between the LSo0 and the L2000 would 
also be interesting to compare with corresponding observations on dys- 
phonic patients. Hammarberg, Fritzell , Gau f f in & Sundberg (1986) studied 
this level difference and found it useful in detecting improvement in 
voice function. Our comparisons, however, were made within individual 
voices that phonated at varying loudnesses. This is different from the 
LTAS studies of dysphonic patients where different functional states of 
the voice are compared. Our results indicate that it is important to 
take phonation level into account in comparing LTAS data. 
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