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Abstract

In this paper, we investigate how vowels in utterance vary in
various noise environments, focusing on formant frequency
and amplitude on the spectrum. Noises that covered the for-
mants of each subjects was synthesized based on the uttered
voices recorded in the without any noise. We analyzed using
Praat and cepstrum analysis in order to investigate the dif-
ference between the formant frequency and amplitude when
several types of noise are presented, comparing with the case
without noise. As a result, when uttering vowels in noise en-
vironments, humans not only increase formant amplitudes of
their own voices against noise, but also change their vocal
tract shapes so that their own voices are not covered by noise
depending on the pattern of noise.

1. Introduction

Environment in daily life is full with various sounds.
When speaking in environments with noises such as crowded
places and streets with many cars, humans vary their
voices according to noise in order to improve intelligi-
bility of speech. This phenomenon is known as Lom-
bard effect[1]. Many researches have been done on Lom-
bard effect. Kubo et al.(2016) found that intelligibility of
speech is increased in noisy environments with Lombard
effect(Lombard speech)[2]. Stowe et al.(2013) found that
strength, duration, and F0 of uttered speech significantly in-
crease intelligibility under presentation of broadband noise
with the same frequency bands as speech. However, any
effect was not observed when using notch noise removing
most of the frequency band similar to that of speech[3]. This
means that Lombard effect changes its properties depending
on noise.

One previous report[3] shows that Lombard effect is sensi-
tive to frequency band of noise vital for speech.

However, details about which band is more influential on
the change of utterance are not clear. This study aims to inves-
tigate how humans vary formant frequencies and amplitudes,

when uttering speech in various noisy environments. Formant
frequency and amplitude are one of important parameters that
characterize vowels in speech communication and are closely
related to vocal tract shape and glottal vibration[4]. In this
paper, we investigate how Lombard effect varies in different
noisy environments from the viewpoint of speech production.

2. Variation of formant according to difference of noise

2.1 Noise synthesis

In this study, three Japanese vowels /a/, /i/, and /u/ are tar-
geted as speech to be investigated.

Formant frequencies, F1 and F2, are particularly important
for vowel characteristics. These vowels draw a triangle that
interpolates other vowels /e/, /o/ on the F1 - F2 plane as shown
in Figure 1. By examining vowels /a/, /i/ and /u/, it is possible
to understand behaviors of vowels’ formants. To understand
what kind of strategy each speaker is taking to enhance the
F1 and F2 in noisy environments, this study investigates how
spectra of the uttered vowels change when several types of
noise are presented, comparing with the case without noise.
We discuss relationships between the types of noises and the
spectrum changes systematically.

In this study, low-pass, high-pass, band-pass, and notch
noises are used to present as noises to cover the formants.
These noises are synthesised based on Equation (1). N is
noise to be synthesised, L is lower limit of noise frequency
band, R is higher end of noise frequency band, f is an ar-
bitrary frequency, sec is a time length, t is a sample time
sequence, and phi(f) is a randomized phase. f in phi(f)
changes corresponding to each noise pattern. For the notch
noise, low-pass and high-pass noises are mixed. The ampli-
tude was calibrated by the maximum amplitude value of the
wideband noise (1 - 22050 Hz) synthesized on the basis of
Equation (1) for all the synthesized noise.
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Figure 1: Second formant frequency(F2) versus first formant
frequency(F1) diagram of five Japanese vowels spoken by
children, youth and adults(After:[4]).

L ≤ f ≤ R

N =

R∑
f=L

sin(2πf ∗ t

sec
+ phi(f))

(1)

2.2 Recording utterances without noise

Presenting noises are prepared according to formant’s am-
plitudes and frequencies of each voice and speaker. To collect
these for each vowel and speaker, we recorded uttered vow-
els in noise-free condition. The recording environment at this
time is shown in Figure 2. Subjects are 2 adults (1 male and
1 female) in their twenties and have no obstacle to hearing
function. The subjects were given the role of speaker and lis-
tener. The subjects wear open headphones and the speaker
sat in front of a directional microphone. A panel on which
one of Japanese vowels is randomly written is shown to the
speaker. The task of the speaker is to read the vowel on the
panel with loud voice so that the listener could hear it. The
listener is given a task to write which vowel the speaker ut-
tered on a paper put on the desk. At that time, the listener
is instructed not to see the mouth of the speaker. The tasks
are divided into four sections, five tasks per section, total of
20 tasks were carried out. From these tasks we obtained 20
sound data per vowel. The sampling frequency was 44100
Hz.

Figure 2: Recording environment

Table 1: Analysis result of the formant frequency of the sub-
ject (female)

F1[Hz] F2[Hz] F3[Hz]
/a/ 676 1173 2972
/i/ 345 2591 3465
/u/ 378 1375 2455

2.3 Analysis of formant frequency

Formant frequencies of the recorded utterances are esti-
mated. For the estimation, we used the voice analysis tool
Praat. The analysis window length is set to 0.025 s and 25%
to 75% of the stable part of the utterance section is used as
the analysis section. Estimated values of the first formant fre-
quency(F1), the second formant frequency(F2), and the third
formant frequency(F3) for each speaker are estimated. Ta-
ble 1 shows the analysis results of the formant frequencies of
the female speaker. Numerical values in the table are mean
values of 20 analyzed results per vowel.

2.4 Synthesis of noise corresponding to formant frequen-
cies

Based on the results of the formant analysis, presented
noises are synthesized according to the frequency bands cor-
responding to the formant frequencies of each vowel and
speaker. The frequency band of the noise is set with the mid-
points of F1 - F2 and F2 - F3. As an example, Figures 3 to 6
show noise spectra for vowel /a/ of the subject (female).

For low-pass and high-pass noises, two patterns are pre-
pared with thresholds at the midpoints of F1 - F2 or F2 - F3.

3. Formant variation in noisy environments

3.1 Purpose and method of experiment

We investigate how formants in uttered vowels vary when
noise is presented, comparing these with the case without
noise presentation. Experimental conditions are the same as
those recorded for determining formant frequencies for each
vowel and speaker, and the subjects were the same in Section

Figure 3: Low-pass noise
corresponding to vowel
/a/

Figure 4: High-pass noise
corresponding to vowel
/a/
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Table 2: Noise condition corresponding to the formant of the
subject [female](fc = Cutoff frequency; fm = Midpoint fre-
quency; bw = bandwidth; fmr = center frequency to remove;
rw = removal width; LP = low-pass; HP = high-pass; BP =
band-pass; N = notch)

fc[Hz] fm[Hz] bw[Hz] fmr[Hz] rw[Hz]
LP(1) 925 - - - -
LP(2) 2072 - - - -
HP(1) 925 - - - -
HP(2) 2072 - - - -
BP - 1499 1148 - -
N - - - 1499 1148

2.2. This task is different from that in section 2.2. During the
period the speaker utters a vowel, we present one of noises
with headphones. The condition of the presented noises is
shown in Table 2. The task was divided into seven sections for
each noise condition (including cases when without noise),
and a total of 105 tasks were performed for 15 tasks per sec-
tion.

From these tasks, 20 sound data were obtained per each
condition.

3.2 Analysis of uttered vowels in noisy conditions

3.2.1 Variation of formant frequency

To investigate variations of the formant frequencies, we an-
alyze vowel utterances under noisy conditions using the voice
analysis tool Praat. Fifteen sound data per condition exclud-
ing the first utterance among tasks were used for analysis.
Analysis window length is set to 0.025 s, and 25 % - 75 %
of the steady-state part of the utterance section was used as
an analysis section. Figure 7 shows the analysis result of the
formant frequencies of subject(female) in the F1 - F2 plane.
Each point in the figure shows the mean value of 15 pieces
of audio data. Using one-way ANOVA analysis, variations of
the formant frequencies in cases without noise and with vari-
ous noises are analyzed for all types of vowels and formants
(F1, F2). As a result, a significant difference in the variation

Figure 5: Band-pass
noise corresponding to
vowel /a/

Figure 6: Notch noise
corresponding to vowel
/a/

Figure 7: Second formant frequency(F2) versus first formant
frequency(F1) diagram of 3 Japanese vowels spoken by the
subject(female)

of the formant frequency was confirmed under the condition
excluding the second formant of the vowel /u/. Figures 8 to
11 show formant frequency changes of vowels according to
noise conditions obtained by one-way ANOVA. They show
significant differences are found from Figures 8 to 11. In
Figure 8, F2 becomes higher when band-pass and low-pass
noises covering F2 of vowel /a/. In Figure 9, if there is notch
noise removing the band at the center of F2 and F3 from the
center of F1 and F2 of vowel /i/ and low-pass noise cover-
ing F2, F1 of vowel /i/ tends to be higher. In Figure 10, F2
of vowel /i/ decrease when bandpass and highpass noise cov-
ering F2 of vowel /i/ are presented. In Figure 11, if there is
notch noise removing the band at the center of F2 and F3 from
the center of F1 and F2 of vowel /u/ and low pass noise cov-
ering F2, F1 of vowel /u/ tended to be higher. In both cases,
the frequencies of the formants move away from the band in
which the noise exists.

Figure 8: Variation of F2 of
vowel /a/

Figure 9: Variation of F1 of
vowel /i/

3.2.2 Variation of formant amplitude

Variations of formant amplitudes are investigated by cep-
strum analysis. Between 25% and 75% of the stable portion
of uttered vowels was used as an analysis period. In addi-
tion, since this study uses stationary vowels as speech sounds,
Hanning window is applied to the whole analysis period. At
the time of analysis, the audio data was downsampled to 10
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Figure 10: Variation of F2
of vowel /i/

Figure 11: Variation of F1
of vowel /u/

kHz. The lifter cutoff was set to 20. One-way ANOVA was
performed for the average values of the amplitude values of
F1 and F2 of vowels uttered under each noise condition.

Multiple comparisons were also performed based on the
obtained results. As a result, in the conditions excluding
vowel /a/, a significant difference was confirmed between the
formant amplitude in the case where no noise is presented
and the formant amplitude in the case of presenting various
noises. Figures 12 to 15 show formant amplitude changes of
vowels according to noise conditions obtained by one-way
ANOVA. They show significant differences are confirmed
from Figures 12 to 15. From the figures, in F1 and F2, com-
pared with the case where no noise is presented, the amplitude
tends to decrease when various noise is presented.

Figure 12: Variation of
F1(amplitude) of vowel /i/

Figure 13: Variation of
F2(amplitude) of vowel /i/

4. Discussion

From the analysis results, it was found that the formant fre-
quencies and amplitudes are varied depending on the noises
as a strategy to prevent human’s own voice from being cov-
ered by noise. However, depending on the type of vowels,
some formant changes are not seen compared to that when no
noise is presented. Also, among the obtained results, F1 was
higher than that when no noise was presented, and some were
approaching the band where the noise was present. One of
considerable reason is that, since F1 is related to vibrations of

Figure 14: Variation of
F1(amplitude) of vowel /u/

Figure 15: Variation of
F2(amplitude) of vowel /u/

the vocal cords, it is conceivable that F1 got higher as a result
of attempting to enlarge their own voice against noise.

5. Conclusions

In this paper, we investigated how Lombard effect varies
due to differences in noise conditions from the viewpoint of
speech production. Noises with bands set in advance accord-
ing to the individual formant frequency were synthesized. We
investigated how the formants frequencies and amplitudes
are affected when these noises are presented as compared
with the case when without noise. As the analysis results,
it was found that the formant frequencies and amplitudes are
changed depending on the noises as a strategy to prevent hu-
man’s own voice from being covered by noise.
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