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Abstract—When people that live at the small altitudes (up to
400 m above the sea level) climb on the mountain, they are
exposed to the effects of an acute hypoxia. As a consequence,
theirs oxygen concentration decreases in the tissue. This paper
presents the analysis of the acute hypoxia effects to the speech
signal at the altitudes up to 2600 m above the sea level. For the
experiment, the articulation of vowels (A, E, I, O, U) from the
test group of persons was recorded at different altitudes, which
creates the speech signal database. The speech signal from
database is processed by the original algorithm. As the results,
the fundamental frequency and the energy of dissonant
intervals of speech signal are obtained. Furthermore, the acute
hypoxia effect to the energy distribution in the dissonant
intervals of the speech signal is analyzed. At the end, the
comparative analysis of the acute hypoxia effects shows that
the level of the hypoxia can be determined by the change of the
fundamental frequency and the energy of the dissonant
intervals of speech signal. Hence, it is possible to bring
conclusions about the degree of hypoxia, which in many
situations can be of importance for avoiding catastrophic
consequences.
Index Terms—speech analysis, speech processing, fundamental frequency, dissonant frequency, acute hypoxia.

can be determined. The dissonant ranges known as devils
intervals are defined by the theory of music [8-9].
In this paper, the hypoxia and dissonant frequencies are
explained. Furthermore, the original algorithm for the
calculation of fundamental frequency and dissonant
coefficients k F# , k B and k C# is given. This algorithm is
applied to the speech database. The speech database is
formed from the voices of speakers, which live at the small
altitudes (up to 400 m above the sea level). These speakers
pronounce the vowels: A, E, I, O, and U at the different
altitudes (up to 2600 m above the sea level). Speech is
recorded on PC. It is archived in the WAV format files on
hard disk. From the obtained results the relation between
the degree of hypoxia and dissonant coefficients is set.
The organization of the paper is the following. In Section
II hypoxia is described. In Section III definition of dissonant
frequencies is presented. In Section IV a new algorithm for
calculation of dissonant coefficients is described. In Section
V the testing results and the comparative analysis are
presented. Section VI makes conclusion.
II. HYPOXIA

I. INTRODUCTION
Hypoxia represents a condition of decreased
concentration of oxygen in blood, cells and tissues of an
organism [1]. The brain is the most sensitive organ, so the
condition of hypoxia causes disturbances of mental activities
(disturbances of memory, sight and speech, etc.). Among
other factors which can cause hypoxia there is inhaling the
air with lowered oxygen concentration. This circumstance
can occur in tunnels, during diving, during flights with
planes, and during stay on high mountains [2-4].
There are acute and chronic hypoxia conditions. Under
acute hypoxia we understand the situation when someone
whose natural environment is at low altitudes, is exposed the
stay on high mountains. In the period of adaptation we talk
about the acute hypoxia. Under the chronic hypoxia we
understand the condition of lowered amount of oxygen in
people whose natural environment is on high mountains. In
[3-4] it is shown that the fundamental frequency of the
speech signal changes due to hypoxia.
According to [5], the processing of the fundamental
frequency as well as its relation to the other frequencies in
spectrum can designate the emotional state of the speaker
(happiness, sadness, anger, anxiety, boredom, disgust, and
neutral) and the stress [6-7]. However, the major unknown is
the impact of the acute hypoxia to the energy in dissonant
spectral ranges. If there is a link, then degree of the hypoxia

Hypoxia is a condition of insufficient concentration of
oxygen in blood, cells and tissues. It causes functional
disorder of organs, the nervous system and cells. Due to
insufficient concentration of oxygen cells die off, tissues
decay or the function of many organs is disturbed: brain,
lungs, heart, blood vessels, liver, and kidneys.
Consequently, hypoxia can affect some organs, as well as
the whole organism. The brain is the most sensitive to
lowering and insufficiency of oxygen. Hence, studying of
this condition is in the focus. The causes for hypoxia can be
multiple: deficiency of oxygen in the atmosphere (staying
on high mountains, during incidents in mines in
underground pits, in aviation, cosmic flights, underwater
activities etc.), lung diseases, disorder of the breathing
center, diseases of the blood vessels, increased need of
tissues for oxygen during extreme work of mussels which
usually happen to sportsmen and physical workers.
Characteristics of the effect of hypoxia on the organism
are: a) lowering of mental activities (indicated through short
memory, forgetfulness, slow thinking, sleepiness, euphoria,
headache, nausea, sight and speech disturbances and finally
jerks, convulsions and coma), b) lowering of the working
capability of muscles (manifested in slow walk, feeling of
powerlessness, weak and slow reflexes, bad coordination of
motor movements, bad accommodation of eyes), and c)
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depression of the respiratory center (losing consciousness,
coma and death). Hypoxia affects the changing of total
functional state of an organism as well as the human speech
apparatus itself. Some investigations have been carried out
concerning the effect of hypoxia on the speech as a
consequence of changing the altitudes [3, 5]. Concentration
of oxygen in the atmospheric air is approximately 21%
when the pressure is 1 bar at the altitudes. With higher
altitudes the air density decreases and by that the quantity of
oxygen. With higher altitudes one gets less oxygen, i.e.
hypoxia intensifies. Investigations have shown that at 1600
m altitudes a considerable effect of hypoxia appears. For
that reason these altitudes are called the reaction threshold.
The highest altitudes where human settlements were formed
and survived are 5500 m altitudes [4]. This height is
considered to be the outmost limit of human adaptability
power. A healthy man, who is not accustomed to this height,
can preserve his full working ability and state of full
consciousness for about 30 minutes. However, a man can
adapt to this height and to stay there for a long time. On the
other hand, examinations have shown that on the height of
6700 m it is not possible to survive for a long time. Without
any adequate protective devices a man can survive for at
most 10 minutes.
Physical characteristics of the speech signal under the
influence of acute hypoxia have been analyzed in [3]. The
results of the fundamental frequency analysis in two test
groups have been presented, by those who live naturally at
400 m altitudes and by those who live at 1600 m altitudes.
The analyses have been made in order to investigate the
effect of acute and chronic hypoxia. The effect of the acute
hypoxia has been analyzed due to measurements of the
fundamental frequency on the tested persons who live at 400
m altitudes, and those who live at 1600 m altitudes.
Furthermore, the chronic hypoxia has been analyzed on the
tested persons who live at 1600 m altitudes. The
examinations have been performed in cases of separately
uttered vowels A, E, I, O and U. It was stated that it comes
to slight increase of the fundamental frequency because of
the acute hypoxia. Consequently, the effect of the chronic
hypoxia led to considerable increase of the fundamental
frequency, i.e. from 140 to 170 Hz. However, the effect of
hypoxia to dissonant spectral ranges of the speech signal has
not been analyzed in the literature so far. Hence, in this
paper the results of the analysis of energy distribution in
dissonant spectral ranges have been presented. In order to
determine the limits of dissonant spectral ranges of the
speech signal, the musicological definition of dissonant
ranges and the realized relation to the spectrum of the
speech signal has been described in the next chapter.
III. MUSICOLOGIC DEFINITION OF DISSONANT FREQUENCIES
The theory of music defines the fundamental features of
the sound: a) duration, b) intensity, and c) color. The
expression color applies to the sound in a metaphorical way,
which points out to the complexity of this feature of the
sound. The source of a sound generates a sound with the
fundamental frequency (the primary tone) as well as the
overtones (aliquoties in relation to the primary tone).
Different number of the present aliquoties and their relative
intensity within the total sounding, determine the color of a
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sound [9].
The frequency of the musically defined tones in relation
to the primary tone in an interval of one octave is
determined by:

Fk  F0  2

 k 12 

, k  0,1,...,12 ,

(1)

where F 0 is the frequency of the primary tone and F k the
frequency of the k-th halftone. In relation to the primary
tone half tones frequencies, which together with the primary
tone make consonances in all octaves within the audible
range, are defined as:

Fd  F0  2

 n  k 12 

, n  0, 1, ..., 7 ,

(2)

where F 0 is the frequency of the primary tone, n is the
number of the octave and k is the number of half tones in
individual octaves. If the tone C is considered as the referent
one, i.e as the primary tone, then its dissonant half tones are
F# (k=6), B (k=11) and C# (k=1) as well as their harmonics
in all the octaves.
IV. ALGORITHM FOR THE ESTIMATION OF DISSONANT
COEFFICIENT
The aim of the proposed algorithm is determination of the
dissonant energy in the spectrum depending on hypoxia
caused by the change of the altitudes. The proposed
algorithm consists of the following steps:
Step 1: The speech signal x(n), n = 1, ..., L is being
divided into frames. Theirs length is N, when the window
function w(n) with overlapping of frames N/4 is applied.
Step 2: For every frame the fundamental frequency F 0 is
being determined [10-12].
Step 3: The energy in the range of the fundamental
frequency harmonic is being determined.
Step 4: The energy in dissonant F#, B and C# ranges is
being determined.
Step 5: The dissonant coefficients k F# , k B and k C# are
being determined.
Dissonant coefficients k F# , k B and k C# indicate to the
percentage of the energy participation in dissonant spectral
ranges F#, B and C#. It is in relation to the energy around
the fundamental frequency and its harmonics. The lower
value of dissonant coefficients represents the increase of
dissonant energy.
Step 3 is realized in the following way:
FOR n = 1 TO 20 DO
(a) Determination of the range limits whose center is the
n-th harmonic of the fundamental frequency:
F
,

 NFFT
F
  nF   NFFT ,

k F0 _ bl  nF0 

w0
2

S

(3)

k F0 _ br

w0
2

S

(4)

0

(b) Determination of energy in the range of the n-th
harmonic of the fundamental frequency:

EF0 

K F0 _br



S 2 k  ,

(5)

k  K F0 _bl

where F 0 is the fundamental frequency, F S is the
sampling frequency, S = abs(FFT(x,NFFT)), NFFT is the
length FFT, w 0 is the width of the range of one halftone,
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k F0_bl and k F0_br are the limits of spectral components,
respectively.
END
Step 4 is realized in the following way:
FOR n = 1 TO 7 DO
(a) Determination of the dissonant frequency harmonics:

n 6 
FdF #  F0  2 12
 n 11 
F  F  2 12

,

(6)

,

(7)

 n  112

.

(8)

dB

0

FdC #  F0  2

(b) Determination of the range limits whose center is the
n-th harmonic of the dissonant frequency:
(b.I) The limits of F# range are:


  nF

k F #_ bl  nFdF # 

w0
2



w0
2

k F #_ br

dF #

F
,
 NFFT
F
.
 NFFT
S

(9)

S

(10)

and 2600 m altitudes (mountain Pelister, Macedonia). Every
tested person articulated the vowels A, E, I, O and U three
times on each height with a pause of 5 minutes between the
utterances. The speech signal was stored on the hard disc in
the form of wav file and thus the speech signals database
(F S =16 kHz) was formed.
B. Results
The algorithm was applied to the speech signals database
with the following parameters: a) Hamming window
function, b) N = 512, and c) NFFT = 2048.
The results are shown in Figures 1-6. Figure 1 presents
the trajectories of the fundamental frequency for different
persons at different heights. The mean value of the
fundamental frequency for vowels in the function of the
altitudes is shown in Figure 2. The mean value of dissonant
coefficients for vowels A, E, I, O and U is presented in the
following figures: a) k F# (Figure 3), b) k B (Figure 4), and c)
k C# (Figure 5). The mean value of dissonant coefficients for
all vowels is presented in Figure 6.
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(b.II) The limits of B range are:
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(b.III) The limits of C# range are:
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(c) Determination of energy in the range of the n-th
dissonant harmonic:
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Figure 1. Trajectories of the fundamental frequency for 200, 800, 1400,
1800, 2200 and 2600 m altitudes (vowel A).
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Figure 2. Mean value of the fundamental frequency for vowels in function
of the altitudes.

END
Step 5 Dissonant coefficients are:

90

k F #  EF0 EF # ,

(18)

k B  EF0 EB ,

(19)

kC #  EF0 EC # .

(20)

V. EXPERIMENTAL RESULTS AND ANALYSIS
A. The speech database
For testing the efficiency of the proposed algorithm for
estimation of dissonant coefficients, a test group was formed
composed of persons whose natural environment was at 200
m altitudes (Niš, Serbia). That test group was made of 5
persons (male from 18 to 50 years old). Further, the
measurements were performed at 200, 800, 1400, 1800, 2200,
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Figure 3. Mean value k F# for vowels in function of the altitudes.
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Figure 4. Mean value k B for vowels in function of the altitudes.
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Figure 5. Mean value k C# for vowels in function of the altitudes.
140

kF#
kB
kC#

Dissonant coefficients

120

In order to determine the degree of hypoxia the speech
signal has been analyzed. In the paper, a new method which
is based on the analysis of dissonant F#, B and C# spectral
ranges are proposed. The coefficients k F# , k B and k C# were
calculated for vowels A, E, I, O and U, articulated by the
group of tested persons at different altitudes (200, 800,
1400, 1800, 2200 and 2600 m). On the base of the analysis
of k F# , k B and k C# of dissonant coefficient, it is possible to
use them as indicators of hypoxia, and even for
determination of the degree of hypoxia.
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Figure 6. Mean value of dissonant coefficients k F# , k B and k C# for all vowels.

C. Analysis of the results
According to the analysis of the results presented in Figures
1-5 and the results from [5] the following conclusion can be
derived:
1. With the increase of the altitudes, the fundamental
frequency increases. In relation to 200 m altitudes, it
increases for 2.58% at 800 m altitudes, 9.95% at 1400 m
altitudes, 17.1% at 1800 m altitudes, 21.42% at 2200 m
altitudes and 25.25% at 2600 m altitudes. These values
agreed with the results given in [3].
2. With the increase of the altitudes the value of the
dissonant coefficient k F# increases. In relation to 200 m
altitudes, it increases for 13.76% at 800 m altitudes, 36.69%
at 1400 m altitudes, 57.76% at 1800 m altitudes 74.42% at
2200 m altitudes and 97.34% at 2600 m altitudes. Hence, it
comes to lowering of energy in dissonant F# ranges.
3. With the increase of the altitudes the value of the
dissonant coefficient k B decreases. In relation to 200m
altitudes, it decreases for 17.1% at 800 m altitudes, 26.53%
at 1400m altitudes, 41.87% at 1800 m altitudes, 48.21% at
2200 m altitudes and 53.31% at 2600 m altitudes.
Consequently, it comes to rising of energy in dissonant B
ranges.
4. With the increase of the altitudes the value of the
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dissonant coefficient k C# decreases. In relation to 200 m
altitudes it decreases for 2.87% at 400 m altitudes, 14.51%
at 1400 m altitudes, 23.01% at 1800 m altitudes, 27.94% at
2200 m altitudes and 30.24% at 2600 m altitudes. It comes
to raising of energy in dissonant C# ranges.
According to the analysis of dissonant coefficients k F# , k B
and k C# , it is possible to recapitulate about the degree of
hypoxia. Such data can be used in many situations. For
instance, during the flight on great heights the pilot’s mask
can fail or it can come to the decompression of the plane. In
such cases it is possible, on the base of processing of the
pilot’s conversation with the flight control, to discover signs
of hypoxia in its initial stage and take adequate measures in
order to prevent catastrophic consequences [3-4].
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