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Applications of Changepoints Analysis
for Speech Signal and Fundamental Frequency

Abstract

The goal of this study is to separate the letters of Lithuanian words that are recorded in audio
files. In other words, split audio file tracks into intervals, where the beginning and end of each
interval indicate to the beginning and end of the letter. Two methods were used to do this:
application of changepoints analysis for speech signal and application of changepoints analysis for
fundamental frequency. First, all the letters of the words were marked manually in ,,Audacity*
program. The changepoints obtained using both methods were compared with the points of the
manually marked letters. Comparing the signal and the fundamental frequency, it can be said that
more accurate changepoints are determined in the signal.

Key words: changepoints analysis, the speech signal, the fundamental frequency, audio files.

Pasikeitimo tasky analizés taikymas
$nekos signalui ir pagrindiniam daZniui

Santrauka

Sio darbo tikslas yra atskirti lietuvisky Zodziy raides, kurie yra jra$yti j garso failus. Kitaip
sakant, padalinti garso faily jrasus j intervalus, kur kiekvieno intervalo pradzia ir pabaiga atitinka
raidés pradzig ir pabaigg. Tam atlikti buvo naudojami du metodai: pasikeitimo taSky analizés
taikymas Snekos signalui ir pasikeitimo taSky analizés taikymas pagrindiniam dazZniui. Pirmiausia,
visos tiriamy zodziy raidés buvo suzymétos rankiniu biidu ,,Audacity* programoje. Taikant abejus
metodus, gauti pasikeitimo taSkai buvo palyginti su rankiniu badu suzyméty raidziy taskais.
Atlikus signalo ir pagrindinio daZznio palyginima, galima teigti, kad signale nustatomi tikslesni
pasikeitimo taskai.

Raktiniai ZodZiai: pasikeitimo taskai, Snekos signalas, pagrindinis daznis, garso jrasai.
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1 Introduction

In the modern world of technology, voice technology is becoming increasingly important, such
as speech recognition, speech signal synthesis, and their combined variants.
There are two main applications of language technology:

e Speech signal synthesis - the computer speaks words according to the available word sound

patterns.

e Speech recognition - the computer recognizes alleged words according to the specified

dictionary.

Speech synthesis programs are relevant for users who prefer to listen to text rather than read e-
books from a monitor screen. For those who preserve their vision, who want to hear how words
and phrases sound in different languages.

Speech recognition systems identify words spoken by humans and convert them into text.
These systems cover a wide range of areas, such as: voice-guided user interfaces, dictation tools,
automatic telephone call processing, automatic voice translation from one language to another,
and stenography.

One of the many steps in the speech signal recognition process is speech signal segmentation.
The speech signal can be interpreted as the output of a linear system with abruptly changing
parameters. Speech segmentation can be applied to different languages but words recorded in
Lithuanian language will be used in this work. The Lithuanian language is little researched and for
example the methods used for English words are not suitable for Lithuanian words, therefore this
language is chosen for research. The aim of my work is to divide (segment) the audio signal into
certain intervals. Each of those subdivided intervals indicates the transition from one letter to
another.

In order to present the information clearly and comprehensibly, the work is divided into two
parts. One of them provides theoretical descriptions of speech signal, the fundamental frequency,
changepoints analysis. The next part is the research part, which describes the data used. Also there
are presented, analyzed and interpreted two different methods. At the end of the work, the obtained
results and conclusions are presented.



2 Signal and fundamental frequency
2.1 Signal

A signal - can be defined as an abstraction of any quantity that can be measured, which is
function of at least one independent variable (time or space). A signal is the functional
representation of a physical quantity or variable, and it contains information about the behavior of
the physical quantity.

Mathematically, a signal is represented as a function of an independent variable t. Most of the
time t stand for time. The mathematical notation of a signal is x(t). Depending on the continuity
of the contained information signals can be:

e Continuous time
e Discrete time

A continuous-time signal has a value for all instants in time or space. Mathematically, these
signals can be described by the functions of a continuous variable. As such signals an example is
the microphone output signal, temperature sensor signals, the voltage of a battery or the position
of a pendulum.
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Fig. 2.1. Continuous - time signal



A discrete-time signal has a value only at discrete moments in time. It can be obtained from
the analog signal by subtracting its values only at certain points in time. We can consider a discrete
signal as a sequence of numbers. An example of such a signal could be the weight of a human
measured early or the daily average temperature measure in a specific area.
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Fig. 2.2. Discrete - time signal

In this work there is analyzing speech signal. The speech signal, as it emerges from a speaker’s
mouth, nose and cheeks, is a one-dimensional function (air pressure) of time. Microphones convert
the fluctuating air pressure into electrical signals, voltages or currents, in which form we usually
deal with speech signals in speech processing. Perception of speech signal is influenced by three
factors: volume, pitch and timbre. Volume is a measure of sound intensity and corresponds with
the amplitude of the signal. Pitch is given by the fundamental frequency of the speech signal and
represents a measure of how a specific subject is perceiving the sound. Timbre is determined by
the harmonics of the sound and corresponds with frequency components of the signal spectrum.
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Fig. 2.3. Speech signal

The analysis of speech signals can be defined as the process of extracting relevant information
from the speech signal (i.e., from a recording). This process is mainly based on the speech
production mechanism, whose study involves multiple disciplines from linguistics and articulatory



phonetics to signal processing and source coding. In mathematics, Fourier transform method is the
most popular for speech signal analysis. Expression for Discrete Fourier Transform is:
N-1

X(k) = Z x(n)e ™2/ | =1,2,..,N,

n=0

where X(k) is the value of spectral component k, x(n) represents the signal sample n and N is
number of samples.[5] Each component X(k) is characterized by two real values: amplitude A,
and phase ¢, because the calculus is made in complex domain. Real values are described like:

Ax = XK, @ = arg(X (k).

2.1.1 The fundamental frequency

The fundamental frequency (often denoted by FO) — is defined as the lowest frequency of
periodic waveform. Typically, fundamental frequencies lie roughly in the range 80-450Hz, where
males have lower voices than females. The fundamental frequency is closely related to pitch,
which is defined as our perception of fundamental frequency. That is, the FO describes the actual
physical phenomenon, whereas pitch describes how our ears and brains interpret the signal, in
terms of periodicity.

FO is described by simply formula

FO =

N

where T is periodic.[8]

The fundamental frequency from audio file looks like:
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Fig. 2.1.1. The fundamental frequency (FO)

Analyzing Fig. 2.1.1. there we can see that FO is stable and random. Its help to identify vowels
(when FO — stable) and consonants (when FO — random).



3 Literature Review

Analyzing the sources, an attempt was made to search for information about speech signal
research, sound and letter separation in words or audio files. The information found in the sources
shows that researches were performed using various methods, such as: Functional principal
components analysis, empirical mode decomposition(EMD), classification, BeBe system method,
ect.

Speaking about EMD, it was used as a new tool for the analysis of nonlinear and nonstationary
data. This method was first time introduced by N.E. Huang (1998). The technique adaptively splits
the signal into oscillating components which correspond very well to the signal and can be used to
extract the resonant frequencies of the vocal tract.[9] Another method used classification algotihms
(Gausian Mixture Models, Support Vector Machines, Multiplayer Perception) which is compared
in order to detect the phonemes based on a manually established music phoneme database. In the
course of the study, 2244 phonemes from vocal popular music were manually marked and using
them was performed melody detection algorithms for reducing influences from accompanying
sounds.[10] One of the more interesting methods was using the Bebe system. BeBe’s activity
concerns what is traditionally termed the preprocessing stage of speech recognition, in which the
original sound waveform is converted to a phonemic digital representation. One of advantages that
Computation can be performed in real time and recognition is robust enough to adapt to different
speakers and changes in talking speed. The subjects were 4 male adults, all native American
English speakers. Each of them was given a page containing 5 lines of text. BeBeO was tested on
its recognition of 4 phonemes: /@/ as in bat, /R/ as in stir, /l/ as in fit, and /U/ as in should. The
results show that 83-100% of the assigned phonemes were identified correctly.[11]

Other authors used functional data analysis methods. One of most cmmonly used method is
Principal Components Analysis. In one work, functional data analysis is used as a tool to analyze
dynamic speech signal transitions. The aim of the work was to investigate whether two clusters s
and t can be distinguished by removing the vowel e from the word ,,sets*. Using principal
components analysis, it was found that the main st clusters are statistically significant, but it was
not determined whether they could be distinguished by removing the vowel e.[6] Methods of
functional data analysis were used to analyze the emotional language of a man and a woman when
the following emotions are neutral, sad, angry, happy. There was developed an “aperture function”
computation program which computes cross-sectional distances between the lower and upper
boundaries of the vocal tract in the midsagittal plane from the larynx to the lips. Two methods are
distinguished: 1) functional time alignment and 2) functional principal components analysis, which
were used to show that the tip of the tongue tip and rapid movements are the main parameters of
modulation related to emotional expression and trajectories of form are similar in terms of
emotions.[7]

The articles show that speech analysis is very popular among researches, but there are still a
lot opportunities to explore it further. Therefore, the goal of my work is to separate the letters in
an audio file. Lithuanian language words are used for this purpose, as this language is little
researched and the methods discovered and used in English language are not suitable for
Lithuanian language.



4 Changepoints analysis

Changepoint analysis for time series is an increasingly important aspect in both applied and
theoretical statistics. A changepoint is an instance in time where the statistical properties before
and after this time point differ. The first published article concerning changepoints was in 1954 by
E.S. Page. Over the decades, changepoint analysis has developed rapidly with multiple
changepoints, different types of data and other assumptions being considered. Changepoints
includes segmentation, structural breaks, break points, regime switching and detecting disorder.[4]
Changepoints analysis are considered from:

e Single changepoint method
e Multiple changepoint method

To define changepoint methods there are used time-series data y;., = (yq, ..., yn). For
simplicity the observation at each time t and y, is univariate data. Also there are number of
changepoint (which is marked m) and their positions: t,.,, = (74, ..., T;n). Each changepoint
position is an integer (1,..., n-1). Then  is define like: 7, = 0 and t,,4,; = n and assume that the
changepoints are ordered so that 7; < 7; ifi <j. The m changepoints split data into m+1 segments
and then the ith segment consist of data y;,  ,q.;,. FOr each segment there is a set of parameters

which are associated with ith segment and it is denoted 6;. So the likelihood function is
L(m, Tl:m' e1:m+1 ) = p(yl:nlm' Tl:m' e1:m+1 )'
where p(:|-) is a general conditional density function.

In order to understand the single changepoints method, there is close correspondence between
the likelihood-ratio test and the penalised likelihood approches. Both involve comparing the
maximum log-likelihood of the two models corresponding to one and no changepoint. A
changepoint is detected if the increase in log-likelihood under the one changepoint model is greater
than some threshold. The differences lie only in how this threshold is calculated.

The analysis of multiple changepoint models is computationally much more challenging, as the
number of possible positions of m changepoints increases quickly with m. For instance, with 1000
data points there are just 999 possible positions of a single changepoint, but 2x1023 sets of
possibilities for 10 changepoints. To understand multiple changepoint detection there were
suggested some of algorithms like: Binary Segmentation, Segment Neighbourhood Search,
Minimum Description Length and Bayesian Methods.

For Bayesian analysis there is needed to specify a prior for a number and position of
changepoints. Therefore, there are two suggestion. The first is to specify a prior on the number of
changepoints and then the prior for their position given the number of changepoints. The second
is to specify the prior for the number and position of changepoints indirectly through a distribution
for the length of each segment. The second suggestion is more natural in useful applications.[3]



5 Case study

5.1 Description of available dataset

Records collected by the Image and Analysis group of Data Science and Digital
Technologies institute were used for the research and it can be called “set of Lithuanian
words”. The file of words looks like:
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Fig. 5.1. Data set
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There are 111 different words and each of them was recorded in audio files. To make it clearer
there is presenting word ,,labai* scheme (Fig. 5.2.):

Word: ,Labai”

e &

Women (36) Men (26)

h i

Without noise; 10 files

P

Men (25)

¥

Man (1)

4

With noise (15dB): 10 files

Without noise; 10 files

Without noise: 13 files

With noise (20dB): 10 files

With noise (15dB): 10 files

With noise (15dB): 13 files

With noise (25dB): 10 files

With noise (20dB): 10 files

With noise (20dB): 13 files

With noise (30dB): 10 files

With noise (25dB): 10 files

With noise (25dB): 13 files

With noise (30dB): 10 files

With noise (30dB): 13 files

With noise (100dB): 10 files With noise {100dB): 10 files With noise (100dB): 13 files

= 36x60 = 2160 files for all women = 25x60 + 1x78 = 1578 files for all men

— e

2160+ 1578 = 3738 files for word

Fig. 5.2. Word scheme

The audio file of word ,,labai* was recorded by 36 women and 26 men. Each woman and man
repeated it in 60 files (just one man repeated it in 78 files). These files were without noise and with
noise. As we can see for one word there was recorded 3738 files. Therefore, data set are collected
from 414918 audio files (111 words x 3738 files).

5.2  Methods

To reach my goal there were used two methods in this thesis.
e First method: changepoints analysis in signal
e Second method: changepoints analysis in the fundamental frequency

5.2.1 Changepoints

In practical part, there were used two different changepoints analysis functions:
¢ Changepoint variance (cpt.var) from changepoint package in R
e Envcpt from Envcpt package ir R
Changepoint variance function is used to find changes in variance for data using the test statistic
specified in the test.stat parameter. The changes are found using the method supplied which can
be single changepoint (AMOC method), multiple changepoints (PELT or SegNeigh methods) or
approximate (BinSeg method). In this function there are used the main parameters like: penalty

11



(Choice of "None", "SIC", "BIC", "MBIC", AIC", "Hannan-Quinn", "Asymptotic", "Manual" and
"CROPS" penalties), pen.value (for instance 0.05 value when using ,,Asymptotic* penalty or a
vector of length 2(min,max) if using the CROP penalty), method (mentioned above).[1] For this
thesis was used ,,PELT* method, penalty ,,CROPS*, and pen.value which depends on the length
of the word. Changing the values of pen. value allows to most accurately segment the audio file.

Envcpt fits 12 models often used to represent climate and environmental time series and selects
which one provides the best fit to represent the time series. The simplest models for the time series
assume that the series is well represented by either a constant mean or a linear trend in addition to
a background white noise. Envcpt function can detect changepoints in mean and variance (not
separately), slopes (,,trends), and AR(1)/AR(2), as well as conveniently fitting various models
without changepoints. It automatically infers the number of changepoints. In this thesis was used
»trendept™ model. A trend with multiple changepoints in the regression parameters (Trend cpt),
represent the intercept and trend in each segment.[2]

The main reason why for signal and fundamental frequency are applied two different functions
is that changes in variance are clearly visible in the signal (there used changepoint variance
function) while FO does not have such fluctuations in variance but one can observe fluctuations in
trend, therefore there used envcpt function with trend model.

5.3 Results

For this research there was used R-studio and Audacity programs. There was decided to choose
five words of different length like: ,,darbas®, ,labai*, ,,akis“, ,,mokykla‘, ,,du*. For each word was

choose 36 audio files. (Fig. 5.3.1.)

¥ "

Women (2) ‘ ‘ Men (2) ‘
v \
Without noise: 5 files Without noise: 5 files
With noise (20dB): 4 files With noise (20dB): 4 files
With noise (100dB): 4 files With noise (100dB): 4 files

=9x2 = 18 files =9x2 = 18 files

—

| 18 + 18 = 36 files for one word |

Fig. 5.3.1. Word scheme

Graphics of all audio recordings will be presented in the following order:
e Letters marked in Audacity program (Fig. 5.3.2.):
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Fig. 5.3.2. Audio file in Audacity program

12



e Changepoints in signal (red lines mean changepoints) (Fig. 5.3.3.):
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Fig. 5.3.3. The signal graph in R

e Changepoints in FO (yellow lines mean changepoints) (Fig. 5.3.4.):

Trend cpt —|

Data —

0 20

T
40

60

|
80

Fig 5.3.4. The fundamental frequency graph in R

All these graphs have different x-axis values: there are seconds in audacity program, there are
numbers of sample in signal and there are centiseconds in fundamental frequency. However, all
results (changepoints) are given in seconds.

It is important to mention that in many files there are more changepoints that do not mean any
letters. This is because the word does not always start to be uttered from the beggining, only the
sound of audio records are heard in those place. Also, some of the graphs of the analyzed words
are given below, other graphs are given in the appendices.

Firstly, analyze word ,,akis*:
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Fig. 5.3.5. Changepoints by woman (without noise)
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Fig. 5.3.6. Changepoints by woman (without noise)
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Fig. 5.3.7. Changepoints by woman (with 20dB noise)
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Fig. 5.3.8. Changepoints by woman (with 100dB noise)
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Fig. 5.3.9. Changepoints by man (without noise)
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Fig. 5.3.10. Changepoints by man (without noise)
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Fig. 5.3.11. Changepoints by man (with 20dB noise)
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Fig. 5.3.12. Changepoints by man (with 100dB noise)

In the signal, the vowels ,,a“ and ,,i* are separated without reproaches. There are no dipthongs,
so there is no difficulty. The consonants ,.k* and ,,s* is unvoiced, however it can also be separated.
Changes were observed in audio recordings with 100dB noise. The consonants ,.k* and ,,s* are the
made of several changepoints and ,,s* merges with the end of the sound recording.

In the fundamental frequency, the first letter ,,a* is separated with one changepoint, however
other letters are more difficult to distinguish and it has several changepoints.
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Secondly, analyze word ,,darbas*:
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Fig. 5.3.13. Changepoints by woman (without noise)
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Fig. 5.3.14. Changepoints by woman (without noise)
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Fig. 5.3.15. Changepoints by woman (with 20dB noise)
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Fig. 5.3.16. Changepoints by woman (with 100dB noise)
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Fig. 5.3.17. Changepoints by man (without noise)
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Fig. 5.3.18. Changepoints by man (without noise)

weoTe e

we oo a

20



-20000 0 20000
1

0 1000 2000 3000 4000 5000 6000

©.000000 9.034145
0.034145 0.242748
0.242748 9.329711
0.329711 0.462022
0.462022 0.547918
0.547918 0.592200

Number of sample
4 ©.000000 0.023495
a 0.023495 0.314022
r ©.314022 ©.365079
b 9.365079 0.441348
3 0.441348 0.551685
S 9.551685 ©.590000

weoe o

Trend cpt
Data -
T T
0 10
0.000000 ©.034145
0.034145 0.242748
0.242748 0.329711
0.329711 0.462022
0.462022 ©.547918
0.547918 .592200

wWe o we o

20 30 40 50 60
©.000000 ©.060000
0.060000 ©.160000
©.160000 ©.240000
©.240000 0.460000
0.460000 0.540000
9.540000 0.600000

we 30 e
o

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

Fig. 5.3.19. Changepoints by man (with 20dB noise)

0 20000
L1

-30000
[

0.044029 8.173565
0.173565 2.340111
0.340111 ©8.394989
0.394989 2.474114
0.474114 ©9.542391
0.542391 ©8.708299

Number of sample

4 0.029276 0.162930

0.162930 0.322132
2 @.322132 0.391050
; 8.391050 8.462241

0.462241 8.518703
2 o.518703 0.589075
5 9.589075 0.710000

w e e o9ea

Trend cpt -
| A

T T T T T T T T

0 10 20 30 40 50 60 70
8. D608 2. 150000 d
©8.044029 9.173565 d g 150000 @.230000 a
08.173565 9.340111 a 9.230000 8.310000 a
8.340111 ©.394989 r 9.310000 9.370000 r
9.394989 9.474114 b ©.370000 9.450000 b
8.474114 9.542391 a ©.450000 9.530000 a
0.542391 0.708299 s 9.530000 0.650000 s
8. 650000 2.710e00 5

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

Fig. 5.3.20. Changepoints by man (with 100dB noise)
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In the signal, it can be seen that the mixed diphthong ,,ar* merges and it is inseparable or it can
be separated, however a vowel ,,a* and a consonant ,,r* have several changepoints. Also it is
important to mention that the consonant ,,s* is made of several changepoints in part of files.

In fundamental frequency, the first letter ,,d* is separated with one changepoint, the mixed
diphthong ,,ar* also difficult to separate and it have some of changepoints.

Thirdly, analyze word ,,labai“:
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Fig. 5.3.21. Changepoints by woman (without noise)
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Fig. 5.3.22. Changepoints by woman (without noise)
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Fig. 5.3.23. Changepoints by woman (with 20dB noise)
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Fig. 5.3.24. Changepoints by woman (with 100dB noise)
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Fig. 5.3.25. Changepoints by man (without noise)
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Fig. 5.3.26. Changepoints by man (without noise)
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Fig. 5.3.27. Changepoints by man (with 20dB noise)
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Fig. 5.3.28. Changepoints by man (with 100dB noise)

Voiced consonant ,,I is prounced very similar to vowels. In the signal, changepoints are set
inaccurately because the sounds of consonant ,,I and vowel ,,a* merges. There is also diphtongs
,»al*“ in the word, so the sounds of the vowels ,,a“ and ,,i* are difficult to separate. Specifically,
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changepoints are found and the letters are separated but the points do not coincide with the points
of marked letters.

In the fundamental frequency, there is the same situation like in the signal. However, it is
important to mention that more changepoints are needed to separate letters.

Fourthly, analyze word ,,mokykla*:
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Fig. 5.3.29. Changepoints by woman (without noise)
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Fig. 5.3.30. Changepoints by woman (without noise)
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Fig. 5.3.31. Changepoints by woman (with 20dB noise)
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Fig. 5.3.32. Changepoints by woman (with 100dB noise)
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Fig. 5.3.33. Changepoints by man (without noise)
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Fig. 5.3.34. Changepoints by man (without noise)
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Fig. 5.3.35. Changepoints by man (with 20dB noise)
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Fig. 5.3.36. Changepoints by man (with 100dB noise)

In the signal, the consonant ,,m* and the vowel ,,0* do not separate or innacurately separate.
The reason is that the consonant ,,m* like the consonant ,,1* is pronounced in the same way as
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vowels and sounds merge. The same situation is with the consonant ,,I“ and the vowel ,,a“ — the
sounds merge and the letters are separated inaccurately. It is also important to mention that the
consonant ,,k“ is inaccurately separated or has several changespoints because ,.k* IS unvoiced

consonant.

In the fundamental frequency, here is the same situation as in the signal but even more
changepoints are needed to separate the letters.

Fifth, analyze word ,,du‘:
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Fig. 5.3.37. Changepoints by woman (without noise)
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Fig. 5.3.38. Changepoints by woman (without noise)
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Fig. 5.3.39. Changepoints by woman (with 20dB noise)
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Fig. 5.3.40. Changepoints by woman (with 100dB noise)
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Fig. 5.3.41. Changepoints by man (without noise)
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Fig. 5.3.42. Changepoints by man (without noise)
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Fig. 5.3.43. Changepoints by man (with 20dB noise)
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Fig. 5.3.44. Changepoints by man (with 100dB noise)
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In the signal, the consonant ,,d* and the vowel ,,u* are separated but the meanings of the points
do not coincide at all with the points of the marked letters. Also it was quite difficult to mark the
letters accurately in the ,,Audacity* program, as the sounds merge when listening records. It can
be argued that when a word is momosyllabic, then it is difficult to accurately determined
changepoints of the letters.

In the fundamental frequency, there is the same situation like in the signal. However, it is
important to mention that more changepoints are needed to separate letters.
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6 Conclusion

In conclusion, it can be said that vowels and consonants can be separated when there are no
diphthongs and mixed diphthongs in the word. Letters are more difficult to distinguish when there
are diphthongs because then the sounds of both vowels merge or mixed diphthongs because then
the vowel and the consonant can be separated but their changepoints ar not exact. Much attention
is also allocated to unvoiced consonants as more than one changepoint is required to separated
them or for voiced consonants ,,I and ,,m*“ because the rules prevails that such consonants are
pronounced similarly as vowels in Lithuanians language.

These trends can also be seen in the graphs in the appendices, but there are individual cases
sometimes where the effect of noise on the separation of letters is felt in certain files. However, it
can be firmly stated that gender does not influence the achievement of the set goal.

Comparing the signal and the fundamental frequency, it can be said that more accurate and
clear changepoints are determined in the signal.
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Appendices
A R codes

#Audio files reading
require(readxl)
require(tidyverse)
library(tuneR)
library(writexl)
setwd("D:/Users/Desktop/Magistras/Magistras_I1_semestras/Magistro darbas/Data_wav")
pathName <- "D:/Users/Desktop/Magistras/Magistras_I1_semestras/Magistro darbas/Data_wav"
topicName <- list.files(path = pathName)
for(i in 1:length(topicName)) {
topicPath <- paste(pathName, topicName[[i]], sep ="")
files_to_read = list.files(
pattern = "*.wav',
recursive = TRUE,
full.names = TRUE
)
data_lIst <- list()
for(k in 1:length(files_to_read)){
data_Ist[[K]] <- readWave(files_to_read[K])
z <- attributes(data_Ist[[K]])$left
X <- as.data.frame(z)
write.csv(X, paste0("'D:/Users/Desktop/Magistras/Magistras_Il_semestras/Magistro
darbas/Data_excel/", topicName[[k]], ".csv"))

¥
¥

#Application of changepoints functions for speech signal and fundamental frequency
require(readxl)

library(changepoint)

library(EnvCpt)

#For speech signal

Duom?2 <- read.csv("D:/Users/Desktop/Magistras/Magistras_Il_semestras/Magistro
darbas/Data_excel/M001_03_010.wav.csv")

cpt_variancel <- cpt.var(Duom2$z,method="PELT",penalty="CROPS",pen.value=c(100,5000))
plot(cpt_variancel, ncpts=5, xlab= "Number of sample™)

#For fundamental frequency(f0)

#Excel files for fO were exported from Python program with ,,crepe* function

Duoml <- read.csv("'D:/Users/Desktop/Magistro_zodziai/Data_excel_f0/ M001_03 _010.F0.csv")
cngpoint <- envcpt(Duomi$frequency, models="trendcpt")

plot(cngpoint)
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Audacity program Audacity program fundamental frequency
7 Trend cpt
g ] Data -
il
T T T T T T
1] 10 20 30 40 50 60
9.020000 9.092000 d
©.890000 8.150000 a
.023255 2.093614 d 9081 0.023255 0.093614 d
0.0893614 0.306483 a 0.022974 . e d 0.093614 0.306483 a 2.150000 9.330000 a
0.306483 0. 356569 . 9.e9%0810 9.352929 a-r 0. 306483 0. 356569 ~ ©.330000 2.410000 "
0.356569 0.452569 b :'ng :'msaus: b 0.356569 0.452569 b ©.410000 0.470000 b
0.452569 9.559897 a : a 0.452569 0.559897 a ©.470000 ©.530000 a
0.559897 9.585537 s 0.541151 0.562226 s 0.559897 0.585537 s 0.530000 0.590000 s
8.590000 0.670000 s

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

54



-6000 0 6000
T T A T T

Number of sample
0.011498 0.047985
0.016110 0.070886 d  9.847985 0.973788
9.070886 9.252703 a 0.073788 0.244543
0.252703 0.301034 r o 0.244543 0.267992
0.301034 0.393554 b ©.267902 0.300405
©.393554 0.461678 a ©.300405 0.386235
0.461678 0.510930 s ©.386235 0.469258
0.469258 0.510000

weol3e a0

Trend cpt ~|

Data
T T T T T T
0 10 20 30 40 50
0.016110 0.070886 4 ©.000000 ©.060000
.070886 9.252703 a ©.060000 0.120000
0.252703 0.301034 r ©.120000 ©.200000
9.301034 9.393554 b ©.200000 ©.260000
0.393554 9.461678 a ©.260000 ©.370000
0.461678 9.510930 s ©.370000 ©.520000

oo e o

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

5000
1

-5000
1

0 2000 4000 6000
MNumber of sample
0.011528 9.101931 d 0.014347 9.105486
9.101931 8.339162 a 0.105486 9.327465
9.339162 9.402261 r 0.327465 9.386570
9.402261 9.510866 b ©.386570 8.587756
0.510866 9.610370 a 0.507756 9.613512
0.610370 8.672863 s 0.613512 9.670000

w e oT3e o

Trend cpt —
S~ ~——
Data
T T T T T T
[+] 10 20 30 50 a0 To
0.011528 0.101931 ¢ ©.000000 ©.090000
8.101931 0.339162 a ©.090000 2.150000
8.339162 0.402261 ~ 0.150000 8.350000
8.402261 0.510866 b ©8.350000 0.5a008e0
0.510866 0.610370 a2 9.500000 0.620000
8.610370 @.672863 s 9.620000 @, 630000

woe 3w oW o

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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By women with 20dB noise:

g - Trend cpt
o o
8 Data -
g ™7 T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 T T T T T T T
0 10 20 30 40 50 60
Number of sample
©.000000 9.112476 4 0.000000 0.102636 4 2.000000 0.112476 4 0.090000 0.150000 ¢
9.112476 8.325711 a  9.102636 0.325771 a 8.112476 9.325711 s 0.150000 0.220000 a
8.325711 0.379019 p 9.220000 0.100000 »
8.325711 8.379019 r 08.325771 ©.381532 " - - 0. 280099 0. 140000 -
8.379019 8.506726 b 0.381532 0.501848 b 8.379019 0.506726 b o 340000 0.410000 b
0.506726 9.537188 a 0.501848 0.544916 a 8.586726 9.537188 a a.410000 0. 490000 b
9.537188 0.649664 s 0.544916 0.650000 s 9.537188 9.649664 5 0.490000 0. 660000 a-
Letters points marked in Changepoints in signal Letters points marked in Changepoints in
Audacity program Audacity program fundamental frequency
g - Trend cpt
=T
g Data |
—
| S—
1 T I T T
0 20 40 60 80
2.000000 0.150000 d
8.150000 9.210000 a
0.000000 0.132765 4 ©.000000 0.125456 d | o.000000 9.132765 d 9 210000 0.320000
0.132765 0.381600 a 9128456 0.379805 2 | 0.132765 0.381600 a 4 . 2
0.379805 0.405131 r ©.320000 ©.400000 r
0.381600 9.434069 r .381600 09.434069 "
0.434069 0.553319 b Samn popbtoret o | e.a3a069 0.553319 b 9.400000 9.4706000 b
9.553319 0.692444 a g caseoz 0.60204% . | ©.553319 0.692444 a 0.470000 ©.530000 b
0.692444 0.881654 S 0692042 0.880000 . | e.692a44 0.881654 s ©.530000 0.600000 a
2.600000 0.660000 a
©.660000 0.760000 s
9.760000 ©.890000 H

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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-20000 0 20000
1

0 1000 2000 3000 4000 5000 6000 7000

0.978175 0.151360
©.151360 0.360381
8.360381 9.416933
©.416933 0.469604
0.469604 0.580490
0.580490 0.613202

Number of sample

d 2.079%042 9.154612
a  ©.154612 9.360395
r o ©9.360395 9,431122
b 9.431122 0.476171
2 e.476171 9.585459
S 9.585459 0.620000

e Oo%e o

Trend cpt
Data
T T
0 10
0.078175 0.151360
9.151360 9.360381
©.360381 9.416933
9.416933 8.469604
0.469604 9.580490
0.5804% 0.613202

LR - e BN - N

60
©.060000 0.150000
©.150000 2.230000
0.230000 ©.310000
©.310000 ©.380000
0.380000 ©.440000
0.440000 0.500000
0.500000 ©.560000
0.560000 ©.620000

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

e wYTe e O

By women with 100dB noise:

30000
1

0
1

-30000
11

0 1000 2000 3000 4000 5000 6000 7000

0.021089 0.107203
0.107203 9.333326
0.333326 ©9.388978
8.388978 @.585554
0.585554 ©.545975
0.545975 0.649664

Number of sample
d ©.816864 0.102636
a ©9.102636 0.325136
r ©.325136 0.381078
b ©.381078 0.5e1758
a 9.501758 0.547273
5 9.547273 8.650000

we o3 e o

Trend cpt

Data
1 T
0 10
@.0821089 @.107203
0.107203 0.333326
0.333326 0.388978
0.388978 8,505554
@.585554 8.545975
0.545975 0.649664

weoae o

0.000000 0.900000
0.290000 0.15e000
0.150000 0.220000
0.220000 0.290000
@.290000 @.350000
9.350200 0.410000
0.410000 0.450000
8.490000 9.600000
0.ce0000 0.660000

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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[=]
g i Trend cpt
o A
— D.u R
L 1 I 1 T
0 2000 4000 6000 8000 10000 T T T T T
of 1] 20 40 60 80
0.090000 9.150000 d
9.150000 0.210000 a
©8.020670 0.131970 d
soOS DI ygmn  enww o |omon  emom o awe  oae
0.384780 0.432479 0-125908 9.432900 ae; | B 301709 s 0000 " e.400000 0.470000
’ : T e.43290 .501758 b 0.432479 .552524 b 2 : "
9.432479 9.552524 b 0.470000 ©.530000 b
9.581758 ©.543431 a 9.552524 9.691649 a
9.552524 0.691649 2 osa3adn 0.696203 4 0.691649 0.763199 a 9.530000 0.600000 a
0.691649 0.763199 I £ : : 0.600000 0.660000 a
0.660000 ©.780000 s
0.780000 0.8%0000 s
Letters points marked in Changepoints in signal Letters points marked in Changepoints in
Audacity program Audacity program fundamental frequency
o
§ =1 Trend cpt
o~ ]
o -
§ - Data -
8 1 1 1 ] J
. T T T T T
0 2000 4000 6000 8000 o 20 0 0 o
Number of sample
0.060000 0.180000 d
0.180000 @.290000 a
0.118999 0.200341 4 e.11875 0.199952 PR i oo 9 o.200000 0. 360000 a
0.200341 0.426289 a  0.199952 0.429068 o | o azeaso o 477504 ® 0.360000 0.440000 r
9.426289 0.477504 r 0.429968 0.466251 " o 477504 6.S87466 ; 0.440000 9. 580000 b
2.477504 9.587466 b 9.466251 8.597761 b 0‘53?‘“ 9‘6929“ 0.580000 2. 690000 a
0.587466 0.692908 a  0.597761 0.696005 o | o eorses o.2e088 T 0.690000 0.780000 s
0.692908 ©.740358 s 09.696005 0.733827 s - - * o 730000 0. 840000 .

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in

fundamental frequency
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By men without noise:

0 15000

L1 1l

-20000

0 2000
0.000000 ©.116951
0.116951 0.390289
©.390289 0.437885
©.437885 ©.535797
0.535797 0.630309
©.630309 0.755419

4000
Number of sample

0.000000
0.100409
0.218033
©.378380
0.429576
0.529714
0.623092

weoe o

T T

6000 8000

0.100409
9.218033
©.378380
0.429576
0.529714
0.623092
0.750000

weoTe ea

Trend cpt
Data -
T
0 20
©.000000 0.116951
0.116951 0.390289
0.390289 0.437885
0.437885 9.535797
0.535797 0.630309
0.630309 .755419

2

N

ooooooose
§§§§§§§§§
LN - e B R O TN

we ose o

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

1

-20000 0 20000
1

0 1000
9. 000000 8.08428%
9.04289 0.231199
9.23119% 8.272511
0.272511 ©.354638
0.354630 0.442503
9.442503 0.558098

T T

Number of sample

0.000000
0.024284
0.219731
9.268752
0.347m21
9.448550

e o9 e

2000 3000 4000 5000 6000

9.024284
9.219731
9.268752
0.34721
0.440550
9.550378

we T3 e

o 10
0.002000 0.0428%
9.042890 0.231190
09.231190 0.272511
9.272511 0.354630
9.354630 0.442503
0.442503 0.558098

we o e Q

T

30 40 50 60
9.000000 9.060000
0.060000 8.110000
0.110000 0.180000
0.180000 0.240000
0.240000 8.330000
0.330000 0.470000
0.470000 0.590000

ﬂ.'ll.-ﬂ.
o

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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15000
1

(==

8 —d

o

B T T T T T T T T

' 0 1000 2000 3000 4000 5000 6000 7000

Number of sample

2.000000 0.131180 4 ©.000000 ©9.116074
8.131180 0.311265 a 0.116874 9.385502
9.311265 8.355567 r B.3085502 ©8.425303
©.355567 @.465459 b ©.425303 ©9.455481
8.465459 9.508835 a 0.455481 9.585928
9.508035 9.638639 s 0.505928 0.640000

we o9 e o

Trend cpt -
Data -
L} L)
o 10
0. 000000 0.131180
0.131180 0.311265
8.311265 8.355567
0.355567 0.465459
9.465459 8.588035
0.508035 0.638639

20 30 40 60
@.070000 8.130000

4 ©.130000 0.230000

a ©.230000 0.310000

r  ©8.310000 0.330000

b ©8.380000 8.448000

a  9.449000 8.518000

s 9.510000 0.580000
9.580000 0.640000

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

10000
1

-10000 0
[

T T T T

0 1000 2000 3000 4000 5000 6000 7000

0.000000 0.033820
0.033820 8.244505
0.244505 0.290522
0.299522 0.385885
8.385885 0.460733
0.460733 0.615420

Number of sample

0.000000 0.017910
d g.e17910 0.240233
3 9.240233 0.261615
; 0.261615 0.283363
o ©.283363 0.380407
o ©.380407 0.464840

9.464840 0.620000

w e o9 3e Q

Trend cpt
Data
T T
1] 10
0.000000 @.033820
9.033820 9.244505
9.244505 0.290522
9.299522 ©.385885
9.385885 0.4608733
0.460733 0.615420

LT - I -

30 40 50 60
0.000000 0.060000
0.060000 0.150000
@.150000 0.250000
0.250000 0.310000
0.310000 0.370000
8.370000 0.430000
0.430000 0.490000
©.490000 0.620000

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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o
§ - Trend cpt
g T T T T T T T Data -
0 1000 2000 3000 4000 5000 6000
T T T T T T T
Number of sample 0 10 20 30 40 50 60
.000000 0.0966951 d ©.000000 ©.927636 d | 0.000000 9.066951 d ©.000000 0.060000 d
0.066951 0.263619 a ©0.027636 0.198166 a | 0.066951 0.263619 a 0.060000 0.240000 a
0.263619 9.327955 r ©.198166 ©8.325565 r | 0.263619 0.327955 r ©0.240000 0.360000 r
8.327955 ©.467087 b ©.325565 0.440278 b | 0.327955 0.467087 b ©.360000 0.460000 b
0.467087 9.517823 a ©.440278 ©.525180 a | 0.467087 0.517823 a ©.460000 0.520000 a
0.517823 0.580590 s ©.525180 ©.580000 s | 0.517823 9.58059%0 s ©.520000 0.590000 s
Letters points marked in Changepoints in signal Letters points marked in Changepoints in
Audacity program Audacity program fundamental frequency
g - Trend cpt ~|
g
8 . Data -
g‘ - I 1 I 1 I I L
0 1000 2000 3000 4000 5000 6000 T T T T T T T
0 10 20 30 40 50 60
Number of sample
9.000000 0.060000 d
0.000000 9.935902 4 ©.000000 9.030735 d 9.000000 8.835902 d ©.060000 @.158000 a
@.035992 0.256211 a 0.030735 @.252817 a 0.035902 @.256211 a  9.150000 0.250000 a
9.256211 0.337263 r  ©.252817 0.341235 " 8.256211 0.337263 r 9.250000 8.310000 r
0.337263 0.483592 b ©.341235 0.465525 b | @.337263 0.483592 b o.310000 0.380000 "
0.483592 0.560292 a  0.465525 0.557458 a | @.483592 0.56a29) ® p.380000 0.460000 b
0.560292 0.603266 s 0.557458 0.600000 s | @.560292 0.603266 * 0.460000 0.550000 a
09.550000 0.610000 H

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in

fundamental frequency

61



g .
- 4 Trend cpt
1 1 I 1 L I I Data -
0 1000 2000 3000 4000 5000 6000 >
T T T T T T T
Number of sample 0 10 20 30 40 S0 60
0.000000 0.060000 d
0.000000 0.035045 d ©.000000 0.026458 d | ©.eee000 9.035045 d 0.060000 0.110000 a
0.035045 0.255773 a 0.026458 0.241659 a | ©.035045 9.255773 2 9.110000 ©.180000 a
0.255773 0.320109 r 0.241659 0.320672 r | 0.255773 0.320109 " 0.180000 0.320000 r
0.320109 0.473364 b ©.320672 0.456044 b | ©.320109 .473364  9.320000 0.470000 b
0.473364 0.558098 a 0.456044 0.559884 a | ©.473364 0.558098 3 9.470000 ©.530000 a
0.558098 0.580590 s 9.559884 ©.530000 s | ©-558098 058050 * 0.530000 0.590000 s
Letters points marked in Changepoints in signal Letters points marked in Changepoints in
Audacity program Audacity program fundamental frequency
8
S
o ] Trend cpt
8
% -
T T T T Data -
0 2000 4000 6000 N
1 L ] | | I L L
Number of sample 0 10 20 30 40 S0 60 70
0.000000 0.042680 d 9. 000000 9.832535 d @.900000 9.042680 d 2.000000 9.150000 d
0.042680 0.277420 a  0.832535 9.250163 a 2.942680 0.277420 a  9.150000 9.250000 a
0.277420 0.367174 r 9.250163 @.340385 r 8.277420 9.367174 r 9. 250000 0.320000 r
0.367174 2.499193 b ©.340385 0.473714 b 0.367174 0.490193 b 0.320000 0.490000 b
0.490193 8.579319 a  9.473714 9.561203 a 9.490193 0.579319 2 D.490000 8.550000 a
8.579319 8.696062 s 9.561203 9. 700000 s 98.579319 0.696062 5 9.550090 2. 700008 s

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency
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By men with 20dB noise:

0 20000
1

g
o
3 T T T T T
0 2000 4000 6000 8000
Number of sample
9.029353 0.168460 d ©.029276 0.162930 d
©.168460 0.330540 a 0.162930 0.322132 a
9.330e540 0.400732 r o 9.322132 ©.390959 r
©.400732 09.471561 b  ©.390959 0.462423 b
0.471561 0.541115 a 0.462423 0.518703 a
©.541115 0.622793 s ©.518703 0.587166 s

Trend cpt -
Data A
A
T T T T T T T T
0 10 20 30 40 50 60 70
0.060000 ©.150000
9.029353 9.168460 d 9.150000 0.230000
9.168460 ©.330540 3 9.230000 0.310000
©.330540 9.400732 " 0.310000 0.370000
9.400732 0.471561 b 9.370000 ©.450000
0.471561 9.541115 a
0.450000 0.530000
0.541115 0.622793 5 0.530000 0.650000
0.650000 0.710000

wWweose eo

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

-20000 10000
1

T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000

Number of sample
.000000 .103563 4 @.e0c000 ©.088896 d
2.103563 8.295730 a ©.08889 8.269507 a
.295730 8.336580 r  9.269507 9.334771 r
.336580 8.420581 b ©.334771 9.422667 b
©.420581 .497103 a  ©.422667 9.486385 a
8.497103 8.638639 s 0.486385 9.640000 s

Trend cpt
Data —

L 1

0 10
0000000 0.103563
0.103563 0.295730
8.295730 0.336530
0.336580 0.420581
9.420581 0.497103
8.497103 0.638639

w e o9 e o

30 40 50 60

0.070000 0.160000
8. 160000 @.220008
9.220000 9.420000
0.420000 9.500000
0.500000 0.640000
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Audacity program

Changepoints in signal
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-10000 20000
1

0 2000
0.000000 9.154651
8.154651 9.398344
8.398344 8.451945
8.461945 9.620613
0.620613 9.698943
0.698943 9.743129

4000 6000 8000
Number of sample
4 g.0e0000 0.143159
3 9.143159 0.383413
r @.383813 0.460637
b 9.460637 0.602441
3 9.602841 0.697007
S e.697007 0.740000

we T e a

Trend cpt
Data -
L) L]
1] 20
0.000000 0.154651
@.154651 0.398344
9.398344 0.461945
9.461945 0.620613
9.620613 0.698943
0.698943 0.743129

we o9 e 0

40 60
0.070000 0.160000
0.160000 0.220000
©.220000 0.3%0000
0.390000 0.510000
0.510000 0.630000
0.630000 0.690000
0.690000 0.750000

we oI

Letters points marked in
Audacity program

Changepoints in signal

Letters points marked in
Audacity program

Changepoints in
fundamental frequency

By men with 100dB noise:

-20000 10000
(]

T T

©.000000 0.101262
9.101262 9.292854
©.292854 0.338882
©.338882 ©.429787
©.429787 0.489624
0.489624 0.616201

T

0 1000 2000 3000 4000 5000 6000 7000

Number of sample

d 0.000000 ©.088896
a 0.088896 0.269507
r 0.269507 0.334771
b 0.334771 0.422667
a 0.422667 0.486476
s 0.486476 0.618185

weose o

Trend cpt -
Data -
T EE |
L] 10
©.000000 0.101262
0.101262 ©.292854
0.292854 ©.338882
0.338882 0.429787
0.429787 0.489624
0.489624 0.616201

weose o

30 40 50

0.070000 0.140000 d
©.140000 0.210000 a
©.210000 0.340000 r
©.340000 0.530000 b
0.530000 0.640000 s

Letters points marked in
Audacity program

Changepoints in signal
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Audacity program
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g 5l Trend cpt
g T Data
. T 1 1 1 T
0 2000 4000 6000 8000 : - : :
———— . 20 %0 60
0.070000 0.160000 d
0.036822 0.153312 ¢ 0.033328 0.143159 ¢ | ©-036822 0.153312 o s e .
0.153312 0.390310 2 0.143159 0.383413 s | 015312 0.390310 s o iootes
0.390310 0.471318 r 0.383413 0.460547 r | ©-390310 0.471318 i . et ;
0.471318 0.623961 b ©.460547 2.602531 b | 9471318 0.62391 b gpossicete P
0.623961 0.701621 a 0.602531 0.697007 a :'g:::g: :-mﬁg : :' . o': :
0.701621 0.742460 0.697007 ©.740000 - - -630000 -690000
* * 0.690000 0.750000 s
Letters points marked in Changepoints in signal Letters points marked in Changepoints in
Audacity program Audacity program fundamental frequency
o
o
§ T Trend cpt
o -
8 =3 Data |
§ ) 1 1 T Ll Ll
. T T T T T T T
0 1000 2000 3000 4000 5000 6000 o b 2 20 40 a6 o
Number of sample
0.000000 0.060000 d
©.000000 0.0842681 d ©.000000 0.013736 d | ©.000000 ©.942681 d 0.e60000 0.160000 a
0.0842681 0.261955 a 0.013736 0.316191 a | ©.042681 9.261955 a 0.160000 ©.240000 a
©.261955 ©.351585 r ©.316191 0.370953 r | ©.261955 .351585 * 9.240000 .370000 &
©.351585 0.464690 b ©.378953 9.441348 b 9.351585 9.464690 b 0.370000 0.460000 b
0.464690 0.544717 a 0.441348 0.551685 a | ©.4646% 0.544717 3 o 260000 2.530000 p
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