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Abstract

This paper deals with sensitivity of human auditory to changes in sound phase spectrum. Although the human auditory
system was considered “phase deaf” for a long time, nowadays a few recent studies proved that the change of sound
phase spectrum has a significant impact on auditory perception. The aim of this paper is to verify these mentioned claims.
To achieve this aim it is fundamental to perform listening tests with phase changed audio signals. The phase changes
were applied to two groups of audio signals — synthetic signals and real signals. Thus, the listening test consisted of six
different experiments and fourteen subjects participated in the listening test. The results of the test were statistically
analyzed by ANOVA and the effect of phase changes to human auditory perception was determined based on these results.
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Introduction

The sound phase spectrum was considered not very
significant for human auditory perception for many
years. The human ear was already designated phase deaf
in 1845 by Georg Simon Ohm [1]. Another experiments
based on Ohm’s assumption were made by Hermann
Helmholtz, who confirmed Ohm’s theory of zero effect
of phase changes to auditory perception [2]. However,
these claims were later disproved by several scientists
and recently has been noticed that humans are sensitive
to change in the phase spectrum, especially with
anechoic speech signals [3] and applause-type signals
[4, 5]. The phase spectrum of an audio signal is often
modified due to decorrelation, quantization and
downmixing [6].

But why was the theory of phase deaf human ears
thought to be correct for such a long time? The fact that
this assumption holds well for most of the audio signals
is believed to be the reason [7]. Several newer studies
proved that the phase change has the influence
especially on the timbre [6]. The effective method to
verify these claims is to perform psychoacoustic test
which consists of audio signals having various changes
in phase. Two groups of signals (synthetic and real) are
chosen for the experiment in this study. The parameters
of synthetic signals are taken from the study [6] which
used these signals to create auditory model for analysing
phase perception. In the second part of this study the real
signals are phase modified. The modification in this case

consists in replacement of the exact part of phase
spectrum by the exponential function. The aim of this
part is to discover the impact of these phase
modifications and to find out if the type of the real signal
has a significant effect on the results. Different parts of
phase spectrum were replaced by exponential function
to determine the frequency dependence of these phase
changes.

Human auditory system

The function of the human ear is to transform the
sound waves to auditory perception. The outer ear works
as pressure receiver of the sound. Due to this, the outer
ear function consists of transfer of the vibrations by the
ear canal and creation of eardrum movement. Next,
these vibrations are transmitted through the three
ossicles in the middle ear to the cochlea. [8] The cochlea
transforms mechanical vibrations into neural pulses of
hair cells located on the basilar membrane. The hair cells
sensitive to high frequencies are located closest to the
inner ear entrance. Conversely, the hair cells tuned on
lower frequencies are located farther from the upcoming
vibration. The frequency selectivity was found to follow
the equivalent rectangular bandwidth (ERB) [9]. Thus,
the effect of vibration in one bandwidth is shown as one
common neural response. As mentioned, the high
frequency cells respond earlier than the low frequency
cells. Hence, the frequency-dependent group delay is
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created. This delay is partly compensated during the
higher processing level. [10] Finally, hair cells transmit
the sound information through auditory nerve to the
brainstem.

Phase Perception Studies

Until these days several studies have been focused on
the effect of phase changes of audio signal spectrum.
[1, 2, 6] As mentioned, the earlier studies came up with
the opposite results than recent studies.

Ohm’s acoustic law

Georg Simon Ohm was the first scientist who came up
with the study of sensitivity of human auditory to
changes in phase spectrum. In his study called Uber die
Definition des Tones, nebst daran geknupfter Theorie
der Sirene und ahnlicher tonbildender Vorrichtungen
determined that the phase spectrum isn’t important for
auditory perception [1, 6, 11].

A few years later, Hermann Helmholtz performed an
experiment based on Ohm’s result. His experiment
consisted in the change of first twelve harmonics. He
imagined the cochlea as a spectrum analyzer and
claimed that the only factor, which has the effect on
auditory perception is the magnitude of particular
frequency component. In other words, his result
confirmed Ohm’s acoustic law [2, 6, 11].

Recent studies

In 1987 M. S. Patterson’s study showed that human
ears are not phase deaf. He supposed that acoustic
properties of a room could eliminate the existing
difference of phase modified signal. Following studies
also proved that changes of phase spectrum affect
auditory perception (Schroeder - 1959, Plomp and
Steeneken - 1969, Bilsen — 1973, Patterson - 1987,
Moore and Glasberg — 1989, Laitinen, Disch and Pulkki
-2013) [11].

The impact of the phase spectrum on the timbre
perception was studied by Plomp and Steeneken. The
results of the first part of their experiments proved that
the tones with alternating sine and cosine components
show a significant difference in the comparison to the
signals with only sine or cosine components. In the
second part of their study they focused on the
guantitative expression of the previous phase changes by
changing the slope of the magnitude spectrum of the
signals with only sine or cosine components. The effect
of the previous phase changes (alternating sine and
cosine components) was found to be quantitatively
smaller than the effect of changing the slope of the
magnitude spectrum by 2 dB/oct.

Other similar psychoacoustic experiments were
performed by Patterson. He used the same reference
signal (sum of the cosine components) as Plomp and
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Steeneken. His phase modifications consisted in the
phase shift of every second component by the same
amount D. The aim of this experiment was to discover
the amount D which represents the just noticeable
difference (JND) between reference and modified
signal. They found out that this amount of phase shift D
is dependent on the fundamental frequency of the signal.
In some cases already 15 degrees was determined as
JND but in some other cases more than 60 degrees was
needed to achieve JND.

Moore’s and Glasberg’s psychoacoustic experiments
were created to verify the ability to detect a phase
change of a single component in a harmonic complex
tone. These complex tones contained the first 20
harmonics. Only one harmonic was phase shifted in
order to find out the minimum amount of phase shift
which causes perceived difference. The amount of this
minimal phase shift which was determined 2—4 degrees.

Laitinen, Disch and Pulkki studied a human sensitivity
to phase changes in order to create an auditory model for
analysing phase perception. In the first part of this study
they performed many psychoacoustic experiments that
consisted of synthetic harmonic complex signals. Based
on the results of these tests, an auditory model was
developed. The aim of this study was to mimic the firing
rate of the neurons in the cochlea. It was found that the
crest factor of the neural firing rate (the ratio between
the loudest amplitude values and the mean amplitude
value) for different frequency bands can be used to
explain differences in the perception due to phase modi-
fications. The high crest factor at mid and high
frequencies of the tone indicates a perception of a buzzy
sound. At the lowest frequencies of the tone the high
crest factor indicates a perception of loud bass [6].

Listening tests

At first, the application for the psychoacoustic test
was created. This application was developed using The
Lazarus Integrated Development Environment. The
graphical user interface, which is represented in Fig. 1,
was used for all six experiments. The scaling method
was chosen for the evaluation of the phase modified
signals. According to this, the graphical user interface in
Fig. 1 provides the comparison of the reference signal
and the phase modified signals and evaluates the
difference between them on the scale from 1 to 5 with
the 0.1 step. Number 1 on the scale represents absolute
match with the reference signal, number 5 absolute
difference. Final evaluation of every tested signal was
obtain as average rating of all particular evaluations. The
testing subjects could arbitrarily and repeatedly play
reference or modified signal, as long as they were sure
of their evaluation. Hence, the duration of the test
depended on every subject’s speed of evaluation but the
total duration never exceeded ten minutes. The average
run of the test took about 5 minutes. The length of every
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synthetic signal is 2.5 seconds, applause type signal
4 seconds, and instrumental music and speech
4 seconds. The order of modified signals was
randomized for every test. Before beginning of the test,
all testing subjects were asked to fill a short form
containing questions about age, sex and experience with
psychoacoustic tests.

Psychoacoustic test took place at Faculty of Elec-
trical Engineering in Prague, Department of Radio-
electronics in the audiology room, which provides the
isolation of surrounding noise. The RME Fireface UC
sound card and Sennheiser HD650 headphones were
used for the test. Fourteen subjects, excluding the
author, participated in the listening test. First of all, the
evaluation method was explained to the subject.
Subsequently the subject was invited to try the trial test.
According to the fact, that the test consists of six
particular experiments, the subjects were allowed to take
a rest between the experiments if necessary.

Two groups of audio signals with phase modification
were prepared for the listening test. The first group
consists of synthetic signals, the second of real signals.

) Test = =
Reference
vzorek 1 Vzarek 2 Vzorek 3 vzorek 4 vzorek 5
Odlisné
-
»
»
»
»
Stejné
Dalif test
173

Fig. 1: The graphical user interface.

Synthetic signals

All synthetic signals were created using MATLAB as
the sum of cosines with different parameters. This
method and parameters of signals were taken from
Laitinen’s study [6]. All synthetic signals used for
listening test have sample frequency 48 kHz and were
created by following formula:

X(1) = G - Ty 2cos2mnfy (¢ = 7o) + $y), (1)

where G is the gain controlling the overall level of the
signal, g, is a frequency-dependent gain for controlling
the magnitude spectrum, n is the sequential number
of the harmonic, f, is the fundamental frequency
(100 Hz), t,, is a frequency-dependent delay, and ¢, is

a frequency dependent angle for controlling the phase
spectrum [6].

By using this method there were prepared three
experiments. Experiment 1 compared the effect of phase
and amplitude modification. Experiment 2 was focused
on the effect of phase shift of one harmonic and
Experiment 3 dealt with the effects of different levels of
the phase modification.

Real signals

Three types of audio signals were chosen for the phase
modification — speech, applause and instrumental music.
Every phase spectrum of signal was changed using
MATLAB. The modification in this case consists in
replacement of the exact part of phase spectrum by the
exponential function with the range from —z to 7. During
the preparation of signals for this experiment other
functions were tried (linear, sine, cosine, logarithmic,
sawtooth wave). The informal listening test proved that
there are not strong differences between signals whose
phase spectrums were replaced by different functions.
Thus, only one function was chosen for the
psychoacoustic experiment. Four modified signals were
created for every type of audio signal. Particular signals
of one type are different from each other by the
bandwidth of modified phase spectrum.
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Fig. 2: Example of phase spectrum modification by the
exponential function.

Experiments and results

The whole psychoacoustic test consists of six differ-
ent experiments. First three of them include a synthetic
signal, other three experiments include real signals. The
exact modification of phase spectrum of every signal we
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used is described in this section. The results of
evaluation are presented in the graphs. Every experi-
ment contains one of the tested signal which is the same
as reference signal. This signal is located at the first
place in the tables and graphs.

Statistical analysis

Analysis of variance (ANOVA) was used for the
statistical analysis of the results. Applying this analysis,
it is possible to verify the results gained from the
experiments and to determine if the phase change has
the real effect on the evaluation of the signals. The
significance level was set at the usual value 0.05.

Having completed Analysis of variance, Tukey’s
post-hoc multicomparative tests were performed. These
tests are applied to obtain if the differences between
evaluation of signals in one experiment are statistically
significant or not. Almost all 60 multicomparative tests
proved that there are statistically significant differences
between evaluations of the signals, except 5 pairs of
signals with a very low difference of evaluation. The

Table 1: Parameters of the signals used in Experiment 1.

results of ANOVA are always presented as F(dfg, dfw),
where F is the ratio of between-group variability and
within-group variability, df is the numerator degree of
freedom between the groups and dfw is the numerator
degree of freedom within the groups. The Fration is
compared with F_.;:;.; Which is table value in the
Fisher-Snedecor  distribution  chosen  for  the
signifycance level 0.05.

Experiment 1

This experiment compares the effect of phase and
amplitude modification. The parameters of the signals
we used are presented in Table 1. The function N in the
Table 1 means the normal distribution. Applying the
ANOVA to the results of Experiment 1 was obtained
F(4,65)=128.6;p < 0.05and F > F_ iticq- It follows
from this result, that at least one pair of signals has
a statistically significant difference of their evaluations.
The multicomparative tests proved that all differences of
all signal pairs are statistically significant. The results of
this experiment are presented in Fig. 3.

Signal fo (Hz) In on Tp(ms)
sigl_inphase 100 1 (i-1)-m/2 0
sig2_randomphase 100 1 ~U(0,2 ) 0
sig3_1dBstd 100 10%/2°,,~N(0,1) (i—-1)-m/2 0
sigd_2dBstd 100 10%/2°, . ~N(0,2) (i-1)-m/2 0
sig5_4dBstd 100 10%/2°, ,~N(0,4) (i—-1)-m/2 0
Experiment 1
5,0
4,0 3,5
(3]
< 3,0 2,6
@ 1,7
2,0 1,2 , .
1]0 — -
sigl_inphase sig2_randomphase sig3_1dBstd sig4_2dBstd sig5_4dBstd
signal

Fig. 3: The results of Experiment 1.

Experiment 2

Experiment 2 was focused on the effect of phase shift
of one harmonic. The phase shift was applied to the
harmonic at 3 kHz. This harmonic was chosen based
on the resonance of human ear which causes the
amplification of frequency range 3-4kHz. The
parameters of the signals are presented in Table 2.
Applying ANOVA to the results of the Experiment 2

was obtained F(4, 65) = 29.3; p <0.05 and F >
Feriticar-

According to the results gained by multicomparative
tests, a statistically significant difference was not
discovered just between two pairs of signals -
sigl_inphase and sig3_3dBboost, sig2_180shift and
sigs_9dBboost. The results of the Experiment 2 are
presented in Fig. 4.
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Table 2: Parameters of the signals used in Experiment 2.

Signal fo (Hz) In dn Tp(ms)
sigl_inphase 100 1 (i—-1)-m/2 0
. . (i—1)-m/2+m,i=30
sig2_180shift 100 1 (—1)-7/2, %30 0
L
sig3_3dBboost 100 1020, =3,i = 30 (i-1)-m/2 0
1, i#30
sigd_6dBboost 100 105, = 6,i = 30 (i—1)-m/2 0
sig5_9dBboost 100 10%.1 = 9,7 = 30 (i—1)-m/2 0
Experiment 2
5,0
4,0
= 3,0
g > 2,4 2,4
2,0 15
0w B o2 s
1,0 — [
sigl_inphase sig2_180shift sig3_3dBboost sig4_6dBboost sig5_9dBboost
signal

Fig. 4: The results of the Experiment 2.

Experiment 3

205.6; p < 0.05 and F > F,piticar- According to the

Experiment 3 dealt with the effects of different levels results gained by multicomparative tests, a statistically
of phase modification. The parameters of the signals are significant difference was not discovered just between
presented in Table 3. The function U in the Table 3 one pair of the signals - sig4_090degrees and
means the uniform distribution. Applying ANOVA to sigh_180degrees. The results of Experiment 3 are
the results of Experiment 3 was obtained F(4, 65) = presented in Fig. 5.

Table 3: Parameters of the signals used in Experiment 3.

Signal fo (Hz) In bn Tp(ms)
sigl_inphase 100 1 (i-1)-m/2 0
sig2_20degrees 100 1 (i-1)-n/2+~U(—m/9,1/9) 0
sig3_45degrees 100 1 (i—-1)-n/2+~U(—m/4,1/4) 0
sigd_90degrees 100 1 (i—-1)-n/2+~U(—m/2,1t/2) 0
sig5_180degrees 100 1 ~U(0,2 ) 0
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Experiment 3

5,0 4,6 4,5
4,0
@ 3,2
< 3,0
&
2,0 T 2,3
1,0 i [
sigl_inphase sig2_020degrees sig3_045degrees sig4_090degrees sig5_180degrees
signal

Fig. 5: The results of Experiment 3.

Experiment 4 obtained F(4, 65) = 161.7; p < 0.05 and F > Forisicar-

Experiment 4 contained real audio signals with According to the results gained by multicomparative
modified phase spectrum, as is described in section 4.2. tests, a statistically significant difference was discov-
The parts of the phase spectrum, which were replaced ered between all pairs of the signals used in this
by exponential function are presented in Table 4. experiment. The results of Experiment 4 are presented
Applying ANOVA to the results of Experiment 4 was in Fig. 6.

Table 4: Modified parts of the phase spectrum of the signals used in Experiment 4.

Signal music music_exp_If music_exp_mf  music_exp_mf2  music_exp_hf

Modified part of the phase

- 0-100 100 - 500 500 - 8000 8000 — 24000
spectrum (Hz)

Experiment 4

5,0 4,6
40 38
= 30 2
< 3, ,5
3 2,1
2,0
]
1,0
music music_exp_If music_exp_mfl music_exp_mf2 music_exp_hf
signal

Fig. 6: The results of Experiment 4.

E i t5 .
xperimen obtained F(4, 65) = 67.1; p < 0.05 and F > F_ iticai-

Experiment 5 contains real audio signals with According to the results gained by multicomparative
modified phase spectrum, as is described in section 4.2. tests, a statistically significant difference was not
The parts of the phase spectrum, which were replaced discovered just between one pair of signals -
by exponential function are presented in Table 5. applaus_exp_mf and applaus_exp_hf. The results of
Applying ANOVA to the results of Experiment 5 was Experiment 5 are presented in Fig. 7.

Table 5: Modified parts of the phase spectrum of the signals used in Experiment 5.

Signal applause applaus_exp_If applaus_exp_mf applaus_exp_mf2 applaus_exp_hf

Modified part of the phase

- 0-100 100-500 500-8000 8000-24000
spectrum (Hz)

127

Lekar a technika — Clinician and Technology 2017, vol. 47(4), pp. 122-129
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online)



ORIGINAL RESEARCH

Experiment 5

5,0
4,0
= 30
§ ' 2,3
2,0
T
1,0
applaus applaus_exp_If

Fig. 7: The results of Experiment 5.

Experiment 6

Experiment 6 contains real audio signals with
modified phase spectrum, as is described in section 4.2.
The parts of the phase spectrum, which were replaced
by exponential function are presented in Table 6.
Applying ANOVA to the results of Experiment 6 was
obtained F(4, 65) = 128.6; p < 0.05 and F > F_.iticai-

4,3
: I .

applaus_exp_mfl applaus_exp_mf2 applaus_exp_hf
signal

According to the results gained by multicomparative
tests, a statistically significant difference was not
discovered between two pairs of signals -
speech_exp_mf and speech_exp_mf2, speech and
speech_exp_If. The results of Experiment 6 are
presented in Fig. 8.

Table 6: Modified parts of the phase spectrum of the signals used in Experiment 6.

Signal speech speech_exp_If speech_exp_mf speech_exp_mf2  speech_exp_mf3
Modified part of the - 0-100 100-300 300-500 500-8000
phase spectrum (Hz)

Experiment 6

5,0 4.8

4,0
° 3,3 34
< 3,0
&

2,0 1,1 1’3

1,0 ——

speech speech_exp_If speech_exp_mf speech_exp_mf2 speech_exp_mf3

Fig. 8: The results of Experiment 6.

Conclusion

The aim of this study was to verify human ability to
perceive differences in sound due to the modification of
the phase spectrum. To accomplish this aim, the
psychoacoustic test was prepared. The psychoacoustic
test consisted of two groups of the signals — synthetic
signals and real signals. For every group, three sets of
signals were created. Thus, six psychoacoustic
experiments were prepared in total and fourteen subjects
participated in all experiments. The results of the

signal

psychoacoustic test verified the claim of recent studies
and proved that the human ear is not phase deaf and that
the change of the phase spectrum has a significant effect
on auditory perception.

Experiment 1 compared the effect of phase and
amplitude modification. The results of this experiment
(Fig. 3) showed that the randomization of the phase
spectrum has larger effect on auditory perception than
the randomization of the magnitude spectrum. As can be
seen in Fig. 3, the difference of auditory perception
increases with the size of the standard deviation of the
magnitude spectrum used in the test.
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Experiment 2 was focused on the effect of phase shift
of one harmonic. Due to the results in Fig. 4, Signal 2
(all the harmonics are in phase except the harmonic at
3 kHz, which is shifted by 180 degrees) was evaluated
the same different from the reference signal as Signal 5
(all the harmonics are in phase, but the magnitude of the
harmonic at 3 kHz is amplified by 9 dB). Hence, the
amplification of the harmonic component was noticed to
cause a similar effect as the phase shift of the harmonic.

Experiment 3 dealt with the effects of different levels
of the phase modification. It follows from Fig. 5 that two
signals with the largest level of randomization are the
mostdifferent from the reference signal. Specifically,
Signal 4 (the randomization is restricted to within £90°)
and Signal 5 (the phases are completely randomized).
Thus, we can claim that the size of perceptual difference
depends monotonically on the level of randomization.

These three experiment consisted of synthetic signals.
This method and parameters of these signals were taken
from the study [6], which used these signals to create
auditory model for analysing phase perception. The
results obtained from these experiments were similar to
the results obtained in the study [6] and also similar to
the output of the auditory model.

Experiment 4, 5 and 6 contained real audio signals
with modified phase spectrum. In these cases, parts of
the phase spectrum were replaced by the exponential
function. As can be seen from the results (Fig. 6, Fig. 7,
Fig. 8), in every experiment the biggest difference was
noticed between reference signal and the signals with
500-8000 Hz range of modified part of phase spectrum.
Particular results of these three experiments do not differ
from each other. The cause of this result is probably the
fact that applause and speech are known as the phase
sensitive signals (according to recent studies) and were
chosen for this psychoacoustic test. On the other hand,
the instrumental music proved similar results as these
two types of signals. In the upcoming study, the author
is going to test other types of real signals and try to
determine the just noticeable difference of phase
change.
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