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Abstract
Vocal effort changes induce various modifications to acoustic
characteristics of speech. In this paper we investigate the impact
of raised vocal effort on the speech spectrum. In particular, we
look at different spectral parameters and compare the changes.
The parameters we take into account are spectral tilt, spectral
center of gravity, energy ratio and spectral moments. We carry
out tests on the complete data set with all phonemes pooled
into one distribution and tests with the data divided into three
phoneme classes. Furthermore we run vocal effort classification
tests to verify our results from statistical analysis. The results
indicate significant changes for all parameters on the complete
distribution as well as for vowels and sonorants. For obstru-
ents we observe significant changes, too. But the modifications
are much smaller than those for the other two phoneme classes.
The parameters that are less affected by raised vocal effort are
energy ratio and second spectral moment.

Index Terms: vocal effort, spectral tilt, spectral moments, spec-
tral center of gravity, energy ratio

1. Introduction
The acoustic, articulatory and perceptional characteristics of
speech are influenced by changes of vocal effort. Vocal ef-
fort can be defined as the quantity a speaker changes his voice
when he adopts it to the demands of the communication situa-
tion. Such an adaptation might for example be necessary due to
background noise or great distance to the communication part-
ner. High vocal effort is associated with loud speech and low
vocal effort corresponds to soft speech.
The influence of vocal effort on acoustic, articulatory and per-
ceptional parameters has been investigated in several studies
(e.g. [1, 2]). In this work we focus on acoustic changes, in par-
ticular on changes of the speech spectrum. In general, raising
vocal effort leads to a shift of frequencies from lower to higher
frequency ranges [3]. This results in modifications of several
spectral features which rely on those frequency ranges. Stan-
dard features which characterize the spectrum are for example
spectral tilt, spectral balance or spectral moments. These and
other features are often described in literature (e.g. [3, 4]), but
they are not always defined in the same way. Hence, the differ-
ent studies are not comparable. Furthermore the preconditions
of the investigations differ. For example some use Lombard
speech1 [1] whereas others use loud speech induced by instruct-
ing the speaker to raise his voice [2] or by letting him get over
a distance to communicate with someone [3]. Other differences
might for example be obtained by variation of recording set-
tings, amount of data, gender of speaker, or usage of different
parameters.

1Lombard speech is generated when a speaker adopts his vocal effort
to background noise

To overcome this problem of non-uniform preconditions we de-
cided to set up a comparison of spectral tilt, spectral center of
gravity, energy ratio and spectral moments. One focus will be
the comparison of first spectral moment and center of gravity
as well as of third spectral moment and spectral tilt. The analy-
sis is made on the complete distribution including all phonemes
and, for deeper analysis, on the three phoneme classes vowels,
sonorants and obstruents separately.
To describe our experiments we first introduce the methods and
data we used (see section 2). Next we present the results in sec-
tion 3, which are divided into the description of experiments on
the complete data distribution and on the data divided into three
phoneme classes. In section 4 we verify our results from section
3 with the help of an automatic vocal classification framework.
At last we draw a conclusion and suggest future work.

2. Method
In this section we describe the preconditions for our experi-
ments including the data base, the calculation of spectral pa-
rameters and the statistical analysis.

2.1. The Corpora

In our experiments we used two corpora. For the statistical ana-
lysis in section 3 we used the Oldenburger Logatome (OLLO)
speech corpus which consists of data from 40 German speak-
ers with four dialects. It provides standard German, Bavar-
ian, East Frisian and Eastphalian. The speakers had to ar-
ticulate logatomes. Logatomes are three-phoneme sequences
with no semantic information. In the OLLO corpus logatomes
are realized as different vowel-consonant-vowel or consonant-
vowel-consonant combinations. The database includes speaker-
dependent variabilities like age, gender and dialect. Further-
more it contains speaker-independent variabilities like speaking
rate, speaking effort and speaking style [5].
For our investigation we used the normal- and high-effort
speech samples from male speakers. The high-effort speech was
invoked by instructing the speaker to raise the voice. For one of
our experiments the data has been divided into three phoneme
classes: vowels, sonorants and obstruents.
The available vowel phonemes are /a, a:, e, E, i, I, o, O, u, U,
@/. Plosives and fricatives are pooled together to one phoneme
class, the obstruents. The obstruents in the OLLO corpus are /b,
p, d, t, g, k, f, v, s, S, z/. As sonorants /l, m, n/ were available.
To certify the results of the statistical analysis we accomplished
a vocal effort classification which is done with the Pool 2010
corpus [6]. The Pool 2010 corpus contains spontaneous speech
from 106 german male and one female speaker. The data from
57 speakers were taken as training data, whereas the others
served as test data. For the test each speaker had 2 recordings,
one with normal and one with high vocal effort. Overall we had
100 test trials for the vocal effort classification.
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2.2. Spectral Parameters

The speech spectrum represents the energy of a signal at
different frequencies. When a speaker raises his voice, the
energy distribution in the speech signal changes. To investigate
the changes on the spectrum induced by raised vocal effort, we
have a closer look at different spectral parameters in normal
and high effort speech.
For all spectral parameters we compute a 512-point fast Fourier
transform.
As a first parameter we compute spectral tilt (ST), which
is defined in literature quite differently depending on the
author [1, 7]. In this study we calculate the regression line
over the speech spectrum and use the slope as measurement for
spectral tilt.
The next spectral feature we look at is spectral center of gravity
(COG). The COG represents the weighted mean of the speech
spectrum. To calculate the COG we use the numeric definition
as proposed in [8].
Another feature we investigate is energy ratio (ER), which was
used by Wenndt et al. [9] and Zhang and Hansen [10] to dis-
tinguish between different degrees of vocal effort. The energy
ratio results from the ratio of the energy of a high frequency
band (2800-3000 Hz) to the energy of a low frequency band
(450-600 Hz).
The last spectral parameters we take into account are spectral
moments as defined by Forrest et al. [11]. We compute the
first four moments, which are associated with mean, variance,
skewness and kurtosis. One focus when comparing the features
later on is the comparison of first moment and COG as wells
as the comparison of spectral tilt and third moment. We will
compare whether the different calculation methods lead to
different results. Spectral moments will be abbreviated with
Mom1-Mom4 or with Moments for all four moments.

2.3. Statistical Analysis

To evaluate our experiments we compared the mean values
of the distributions and made statistical significance tests.
Due to the fact that most of the distributions are not nor-
mally distributed we picked a non-parametrical test, the Mann-
Whitney test [12]. As significance level we defined a = 0.05
(Z=0±1, 95996).

3. Comparison of Spectral Features
In this section we describe the experiments we run on differ-
ently sorted data sets. For each degree of vocal effort we first
pooled together all data to one complete distribution. Then we
divided the resulting two complete distributions each into three
phoneme classes to further analyze the differences between nor-
mal and loud speech.

3.1. Complete Distribution

At first we look at the mean values of the complete distributions
for all spectral parameters. They are displayed in Table 1.
We see that nearly all spectral parameters change more than
10% when a speaker raises vocal effort. Only the mean value
of the second spectral moment is not changed that much. The
means of third and forth moment decrease whereas the other
mean values increase. Comparing the first spectral moment
and the COG, which both represent the weighted mean of
the spectrum, we see, as expected, the same trend. Both

are increased more than 10%. Overall the values for both
parameters do not differ much. Interestingly the third moment,
which is associated with the spectral tilt, does not show the
same trend as the spectral tilt. The third moment gets decreased
and the tilt increased. The values for both parameters are
completely different. Hence, we conclude that these parameters
are not redundant and further tests need to be done to check
whether additional information is included.

Table 1: Average mean values for different spectral parame-
ters over the complete distribution for normal (N) and loud (L)
speech. Changes of 10% or more are marked with an arrow
downwards for decreasing values and upwards for increasing
values.

Parameter Complete
Distribution

ST N -40.915 ↑
L -34.184

COG N 1123.806 ↑
L 1260.368

ER N 0.705 ↑
L 0.794

Mom1 N 1131.599 ↑
L 1268.147

Mom2 N 821856.848
L 863812.073

Mom3 N 1.482 ↓
L 1.182

Mom4 N 4.163 ↓
L 2.429

To further analyze the difference between loud and normal
speech we carried out Mann-Whitney tests for each of the
spectral parameters. We listed the resulting Z-values in Table
2. The changes induced by raised vocal effort are significant

Table 2: Z-values obtained by the Mann-Withney for different
spectral parameters over the complete audio data.

Parameter Complete Distribution

ST 15.9159
COG 25.3868
ER 11.7371

Mom1 25.3836
Mom2 9.8721
Mom3 -17.0732
Mom4 -16.7922

for all spectral parameters including the second moment, which
showed differences lower than 10% for the average mean value.
According to this low difference one can see in Table 2 that the
second moment shows lowest significance. The Z-values of the
parameters with decreasing means are negative and those of the
others positive.

3.2. Analysis of Phoneme Classes

The results on the complete distribution indicate great spectral
changes in high-effort speech. We want to go deeper into ex-
amination of the data in considering three phoneme classes in-
stead of the complete distribution. The average mean values
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of the spectral parameters for loud and normal speech over all
phoneme classes are presented in Table 3. For vowels and sono-

Table 3: Average mean values for different spectral parameters
over three phoneme classes for normal (N) and loud (L) speech.
Changes of 10% or more are marked with an arrow downwards
for decreasing values and upwards for increasing values.

Parameter Vowels Sonorants Obstruents

ST N -64.345 ↑ -59.051 ↑ -2.635 ↑
L -50.272 -36.214 -1.883

COG N 916.068 ↑ 733.178 ↑ 1470.844
L 1203.671 1026.592 1381.986

ER N 0.401 ↑ 0.258 ↑ 1.210
L 0.576 0.488 1.243

Mom1 N 923.876 ↑ 740.988 ↑ 1478.613
L 1211.479 1034.401 1389.707

Mom2 N 748854.9 ↑ 688175.7 ↑ 943691.6
L 839627.5 950578.3 909285.8

Mom3 N 1.934 ↓ 1.875 ↓ 0.740 ↑
L 1.301 1.136 0.944

Mom4 N 5.690 ↓ 3.276 ↓ 1.738 ↑
L 2.353 0.400 2.651

rants we observe the same patterns. The third and forth spectral
moment are decreased more than 10% whereas all other param-
eters get increased more than 10%. This confirms the results
obtained for the complete distribution, except for the second
spectral moment. The second spectral moment changes more
than 10% for vowels and sonorants. As for the complete distri-
bution, we monitor again same changes for COG and the first
moment and different trends for spectral tilt and the third mo-
ment.
The obstruents behave completely different. The third and forth
moment which decrease for vowels, sonorants and the com-
plete distribution get increased more than 10% for obstruents.
The spectral tilt is increased, too. The other mean values do
not show modifications greater than 10%. Especially the mean
value of the energy ratio seems to be just little affected by raised
vocal effort.
For obstruents the parameter pairs first spectral moment and
COG as well as third moment and spectral tilt each show same
modification. This is different to the findings of the other distri-
butions.
Looking at the Mann-Whitney tests for different phoneme
classes (see Table 4) we find again significant differences for
all measured parameters. The Z-values of obstruents are less

Table 4: Z-values obtained by the Mann-Whitney test for differ-
ent spectral parameters over three phoneme classes.

Parameter Vowels Sonorants Obstruents

ST 35.1518 10.9377 9.4189
COG 48.2942 10.3844 -6.5763
ER 25.007 3.7133 -2.7387

Mom1 48.2937 10.3844 -6.5796
Mom2 19.4614 9.1243 -4.2063
Mom3 -32.1066 -9.952 5.2644
Mom4 -27.3897 -9.8532 7.3907

significant than those of sonorants and vowels. This supports
our findings of changes in average mean values. Again, the en-

ergy ratio stands out, because the Z-values for obstruents and
sonorants are closest to the threshold Z = 0 ± 1, 95996 and
hence, less modified than the other spectral parameters.
When looking at Table 4 we see that the COG is affected the
most by changing vocal effort. To illustrate these modifica-
tions we plotted the distributions of COG for all three phoneme
classes in Figure 1. The first plot illustrates the obstruents’ COG
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Figure 1: COG distributions for the phoneme classes

values. Although the obstruents are less influenced by vocal ef-
fort for all spectral parameters investigated in this paper, we
observe some changes of the distribution for loud speech. But,
as expected, the modifications are not great. The overall shape
of the two distributions stays the same, too.
In contrast to the obstruents we expect great differences for
vowels and sonorants. This is supported by the other two plots
of sonorants and vowels. For vowels the shape of the curve does
not change much in loud speech, but for sonorants we monitor
a modification of the shape with different skewness for normal
and loud speech.
After presenting the parameter with most changes we now
demonstrate the parameter with fewest changes in Figure 2. As
you can see, changes induceed by loud speech are very small
for the energy ratio. Again obstruents are less affected than
sonorants and vowels. Although the changes are significant for
obstruents, we do not monitor great differences between the two
distributions of the energy ratio. For all distributions of the en-
ergy ratio we observe similar curves with a leptocurtic shape
and just one peak. For sonorants and vowels we see modifica-
tions when comparing normal and loud speech. But these mod-
ifications are much smaller than those of the COG (see Figure
1).

4. Automatic Classification of Vocal Effort
with Spectral Parameters

As shown in the previous section spectral parameters seem to
be able to distinguish between different degrees of vocal effort.
We have seen that some parameters deliver better discrimination
between normal and loud speech than others. In this section we
will present the usage of the described spectral features in vocal
effort classification. We will check whether the findings from
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Figure 2: ER distributions for the phoneme classes

Table 5: Results of vocal effort classification.

Feature Correct Detections

MFCC 94
ST 85

COG 90
ER 63

Mom1 90
Mom2 77
Mom3 82
Mom4 81

Moments 92
ST+COG+ER 95

Moments+COG+ST+ER 92

the previous section can be used in automatic classification of
spontaneous speech.
The classifier uses gaussian mixture models with 64 compo-
nents. As features we use the single spectral features, a combi-
nation of all spectral features and the standard Mel-Frequency
Cepstrum Coefficients (MFCC) features as baseline system.
The results can be seen in Table 5.
The first features in Table 5 are the standard MFCCs with 19
coeffients and without the zero’th-order coefficient, as proposed
by [12]. We will compare the performance of the other features
to each other and to the MFCCs. As you can see in the previous
section (see section 3), the energy ratio seems to be worst for
discrimination of vocal effort of all investigated features. This
is supported by the results of the vocal effort classification sys-
tem (see Table 5). Furthermore we can see from the Z-values
in Table 4 that the second spectral moment is not approriate to
distingiush between normal and loud speech, too. The results of
the classification process certify this. The Z-values of the COG
and the first spectral moment indicate, that these features are ap-
propriate to classify different degrees of vocal effort. Hence, we
monitor the highest number of correct detections when compar-
ing them to the other single spectral features. The combination
of all four spectral moments leads to a small improvement of
the results of the first spectral moment. Combining all other

features, except the spectral moments, we yield best results.
These features provide even better performance than the stan-
dard MFCC features. The combination of all spectral features
does not improve the result any further.

5. Conclusion
In this paper we presented a comparison of the influence of
raised vocal effort on different spectral parameters. The re-
sults showed that the complete distributions of loud and normal
speech differ significantly. The second spectral moment is in-
fluenced less than the other parameters. When dividing the data
set into three phoneme classes we found that the vowels and
sonorants behave more or less like the complete distribution,
whereas the obstruents show completely different patterns. The
obstruents are not changed as much as vowels and sonorants.
The comparison of different features demonstrated that the en-
ergy ratio and the second spectral moment are less affected by
vocal effort changes than the other spectral parameters. This
was certified by the automatic vocal effort classification.
As future work we propose to verify our results for female
speakers. Additionally one could check whether a combination
of MFCCs and spectral features for vocal effort classification
leads to further improvements.
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