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Abstract

The thesis focuses on objective evaluation of disfluent speech of people who stutter. Stuttering
belongs among the main speech fluency disorders and is characterised by symptoms such as repeti-
tions of sounds, syllables, and words, prolongation of sounds, frequent pauses, revisions, incomplete
words. Even though that evaluation of the disorder is mainly performed on the basis of listening to
the speech recordings by experienced speech—language pathologist, the nature of this procedure is
subjective. Automatic methods relying on speech signal processing could help to current subjective
methods by bringing an objective view on speech disfluency. The main objective of the thesis is
to analyze disfluent speech by means of objective methods without manual intervention and find
out whether these methods can estimate the level of speech disfluency in recordings of different
speaking tasks.

The thesis is divided into four studies and the first one concentrates on read recordings of
disfluent speech. The study tries to determine whether the proposed measurements are able to
describe speech fluency in read recordings. It compares the measurements to the subjective eval-
uation of speech—language pathologists and attempts to select the most appropriate setting of the
algorithms. These measures analyze, for example, the amount of silence or the number of abrupt
spectral changes in a speech signal. All the measures were designed to take into account symptoms
of speech disfluency. In the study, 118 audio recordings of read speech of Czech native speakers
were employed. The results indicate that subjective assessment of disfluency in read speech can
be predicted by automatic measurements. The results also imply that there are measures that can
describe partial symptoms of speech disfluency (especially fixed postures without audible airflow).

The second study compares automated acoustic measures to behavioral measures of speech
fluency in two different speaking conditions (reading and spontaneous monologue) in the speech
of people who stutter. The main aim was to investigate the influence of the speaking tasks on
participants’ fluency levels. Participants were 92 adults (8 control speakers, and 84 stuttering par-
ticipants). Analysis of read and spontaneous recordings was undertaken by means of two automatic
measures selected according to the results on read recordings. The measures were able to estimate
the level of speech fluency in both speaking tasks (they correlate to evaluation of speech-language
pathologists with -0.83 and -0.52 in the reading and spontaneous task). In particular, the results in-
dicate that speakers with different degrees of disfluency react differently to the speaking conditions.
Fluent speakers, and participants with mild and moderate levels of disfluency tend to speak more
slowly when performing a spontaneous task compared with reading, while fluency of participants
with severe and very severe dysfluency was at the similar or slightly better level in spontaneous
condition.

The third study of the thesis describes experiments where automatic acoustic algorithms initially
intended to be used on stuttering Czech speakers were applied to recordings of stuttering German
speakers. The results suggest that it is basically possible to perform language—independent analysis
of disfluent speech. A short (fourth) part outlines an experiment on read recordings with delayed
auditory feedback.

All parts of the thesis together form a methodology that could assist to the present methods of
speech disfluency assessment by providing an objective instrument to measure the level of speech
disfluency in audio recordings of people who stutter.



Abstrakt

Prace zkoumé moznosti objektivniho hodnoceni neplynulosti fe¢i mluvéich trpicich koktavosti po-
moci automatickych algoritmu. Koktavost patii mezi poruchy plynulosti feéi, je charakterizovana
repeticemi (hlasek, slabik, nebo slov), prolongacemi hlasek, ¢etnymi pauzami v feéi a dalsimi pro-
jevy. Hodnoceni poruchy neplynulosti je zaloZzeno zejména na poslechu nahrévek zkusenymi 1ékari,
i presto je ale jeji zaklad subjektivni. Automatické metody zpracovani signalu by mohly pomoci
v soucasnosti pouzivanym metodam tim, ze by prinesly objektivni ndhled. Proto je hlavnim cilem
prace analyzovat neplynulou fe¢ mluvcich s koktavosti pomoci automatickych a objektivnich metod,
a zjistit, zda mohou odhadnout tdroven neplynulosti fe¢i v ruznych typech fe¢ovych tloh.

Préce je rozdélena na ¢tyfi ¢asti. Prvni studie se zaméruje na neplynulost ve ¢tenych prom-
luvach. Studie zkouma, zda navrzené algoritmy jsou schopny popsat neplynulost fe¢i ve ¢tenych
promluvéch, porovnava méfeni se subjektivnim hodnocenim lékai a zkousi nalézt nejvhodnéjsi nas-
taveni algoritmu. Algoritmy analyzuji napiiklad mnozstvi ticha v promluvé nebo pocet vyznamnych
nahlych zmén v fecovém signalu. VSechna méfeni byla navrzena tak, aby se zaméfovala na jed-
notlivé fecové projevy koktavosti. V této studii bylo pouzito 118 audio nahravek rodilych mluvéich
cestiny. Vysledky ukazuji, Ze automatické metody mohou velmi dobfe odhadnout droven neplynu-
losti uréenou 1ékaii ve Ctenych promluvach. Zaroven se ukazuje, ze nékterd méfeni velmi dobfe
popisuji jednotlivé symptomy neplynulosti feci (nejlépe ¢etné pauzy v teci).

Druh4 studie zkouma efekt fecové tilohy (¢teni a sponténni promluva) na neplynulost koktavych.
Cilem bylo zjistit moznosti algoritmti ve spontdnnich promluvéch a vliv fecové tlohy na tdroven
neplynulosti. V experimentu bylo pouzito 92 nahravek (8 kontrolnich a 84 koktavych mluvéich),
vSichni rodily mluvéi ¢éestiny. Pro analyzu étenych a spontannich nahridvek byla vybrana dveé
automatickd méfeni dle jejich vysledku na ¢tenych promluvdch a dvé standartni méfeni rychlosti
feci. Meéfeni jsou schopna odhadnout uroven neplynulosti v obou fecovych tlohdch. Korelace
s hodnocenim 1ékaiti dosahuji koeficientu -0.82 pro ¢tené a -0.52 pro sponténni promluvy. Vysledky
ale zejména ukazuji, ze mluvéi s riznym stupném neplynulosti reaguji rozdilné na fecovou tlohu.
Plynuli mluvéi, mluvél s mirnou a stfedni neplynulosti mluvi pomaleji a zhorsuji se pfi spontdnni
promluvé oproti ¢teni textu, zatimco mluvéi s vaznou a velmi vaznou neplynulosti zustdvaji na
stejné dirovni nebo se mirné zlepsuji ve spontanni tloze.

Treti cast prace popisuje experimenty, kde byla automatické méfeni, puvodné navrzend pro
ceské pacienty, pouzita pro promluvy némecky mluvicich koktavych. Vysledky naznacuji, ze
je mozné provadét analyzu neplynulé feCi nezavisle na jazyku, zde demonstrovano na Ctenych
promluvach némeckych mluvéich. Kratka ¢tvrtd ¢ast prace nastinuje experimenty provedené na
nahravkach koktavych pri pouziti zpozdéné sluchové vazby.

Vsechny ¢asti prace tvoii celek, ktery by mohl pomédhat v soucasnosti pouzivanym metoddm
hodnoceni neplynulosti tim, ze pfinasi objektivni nastroj pro méreni neplynulosti fe¢i v nahravkach
mluvéich s poruchou koktavosti.
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Chapter 1

Introduction

Stuttering belongs among the speech fluency disorders. It is characterized by impaired natural
fluency of speech production (Conture, 2001). The symptoms predominantly arise in speech: repe-
tition (of sounds, syllables, words, or phrases), prolonged sounds, interjections, revisions, incomplete
phrases, and broken words (Bloodstein and Bernstein Ratner, 2008). See Figures 1.1 and 1.2 for
examples of stuttering in speech signal. There is also an element of the disorder that influences
the psychological and social state of a person who stutters (Kalinowski, 2003; Ezrati-Vinacour and
Levin, 2004), and the disease has a notable adverse effect on the quality of life of a person who
stutters (Craig et al., 2009).

Although the pathophysiological mechanism of developmental stuttering has not been com-
pletely understood, there is agreement that the basal ganglia plays an important role (Alm, 2004;
Kubikova et al., 2014).Our incomplete understanding of the mechanism behind stuttering is prob-
ably the reason why its definition according to the World Health Organisation is quite general:
“Disorders in the rhythm of speech in which the individual knows precisely what he wishes to say
but at the time is unable to say because of an involuntary repetition, prolongation, or cessation of
a sound” (World Health Organization, 1977).

Stuttering occurs in the whole population regardless of education, economic level, or race.
Developmental stuttering typically starts between 2 and 7 years of age with a prevalence of about
5% in preschool children (Yairi and Ambrose, 1999; Mansson, 2000). Symptoms of stuttering in
most of the children disappear in the early years (Bloodstein and Bernstein Ratner, 2008). The
symptoms persist into adulthood in approximately 1% of the population. The ratio between females
and males is estimated to be 1:3 for 2-10 yr olds, and the ratio does not remain stable with age
(1:4 for 11-20 yr old, 1:2 between 21-49 yr, and 1:1.4 for the population over age 50) (Craig and
Tran, 2005; Bloodstein and Bernstein Ratner, 2008).

Beside developmental stuttering, the neurogenic (or acquired) stuttering can occur later in life
as the consequence of a head injury or neurological disease. This type of stuttering exhibits both
similarities and differences with developmental stuttering, and some cases seem to be indistinguish-
able from developmental stuttering (Alm, 2004).

The diagnostic of stuttering is usually based on the judgement of clinical experts. When per-
forming diagnosis, both the speech and also psychological state of a person are taken into account.
There exist several stuttering scales regarding the level of speech fluency performance, such as the
Stuttering Severity Instrument (Riley, 2009), the Lidcombe Behavioral Data Language of Stutter-
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Figure 1.1: Stuttered speech illustration. Repetition of a phoneme /p/ in a Czech word “splavem”
(weir).
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Figure 1.2: Stuttered speech illustration. Prolongation of a phoneme /1/ in a Czech word “listi”
(leaves).
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ing (Teesson et al., 2003), Kondas scale (Lechta and collective, 2004), or others, for example, scales
referred in Manning (2009). However, the evaluation methods are based on subjective assessment.

At the same time, automatic and objective methods can efficiently support the diagnosis of
fluency disorders and/or evaluation of therapy outcomes (Van Borsel et al., 2003), which could also
save time and effort of the speech-language pathologists (SLPs).

The study follows the previous research done by Ing. Petr Bergl, PhD, at the Faculty of Elec-
trical Engineering, Czech technical University in Prague (Bergl, 2010), who began to develop and
design automatic methods for stuttering and applied them to recordings of disfluent speech. The
current thesis aims to broaden the previous work by designing additional automatic methods (with-
out manual intervention), testing all the algorithms on read recordings, extending the experiments
to spontaneous recordings and evaluating the effect of the speaking tasks. Further, we had an
opportunity to try the algorithms initially designed for stuttering Czech speakers on recordings of
stuttering German speakers. Therefore, we would like to test the possible language—-independence
of the algorithms.

17



Chapter 2

The state of the art

This chapter gives a short state of the art in acoustic methods used in stuttering research and
related fields. It mentions the researches that were the most influential on the thesis. As the thesis
is divided into three main studies, more articles, thesis, and researches that are related to the
subject of the individual study are reported there.

2.1 Objectification of speech disfluencies

The current thesis builds on the previous thesis and research written and carried out by Ing. Petr
Bergl, PhD, who defended his doctoral thesis in 2010 under supervision of Doc. Ing. Roman Cmejla,
CSc. at the Department of Circuit Theory, Faculty of Electrical Engineering, Czech Technical
University in Prague. The outcomes of the research can be found in thesis (Bergl, 2010), and
research articles (Bergl, 2006; Bergl and Cmejla, 2007).

The aim of the study was to design algorithms that would be able to estimate automatically
and objectively the level of speech fluency disorder. The work is based on the assumption, that
there are no manual intervention in the processing of recordings and the recordings are processed
as a unit.

The experiments use 121 recording of read speech. The participants read a 70-word-long text
taken from the book Babicka (Grandmother) written by Bozena Nemcova, which is a part of
recommended literature for the 6-8th grade of grammar school in Czech Republic (children at the
age of 12-14 years). The range of age in the database was from 8 to 49 years. The highest number of
participant was at the age between 12 and 15 years. Also, all the levels of speech fluency disorder
were represented. Each recording was given an evaluation from two experienced speech fluency
experts who assessed the recordings independently, assigning grades from 0 (fluent) to 4 (very
severe disfluency).

The thesis presents several automatic and objective measures. They examine the ratio between
length of silence and speech parts, number of speech/silence segments, envelope of speech signal
energy, regularity of speech energy output, or voicing. Part of measures are based on detection of
significant abrupt spectral changes. Two abrupt spectral detectors were used: Bayesian Change—
point Detector (BACD), and detector based on GLR (General Likelihood Ratio). The analysis is
based on the number of changes made in a recording, and the distances between the changes or
their standard deviation. The measurements are independent on the length of the recording. It

18



should guarantee their wide use for different tasks in evaluation of stuttering speech.

The highest correlation achieved by the measures are: the average length of silence with suc-
cessive removal of short silent/speech parts of signal, 0.793 (evaluation of the first speech fluency
expert) and 0.722 (the second clinician), further, the extent of speech fluency (number of significant
abrupt spectral changes), -0.782 and -0.783 for the first and second clinical expert, respectively.
Also, very good results were reached by the measure derived from speech recognition tool HTK
(Hidden Markov Model Toolkit) based on HMM (Hidden Markov Model) with very simple grammar
enabling any repetition of sounds. The measure counted the number of transition between sounds
(boundaries between phonemes). The correlations were -0.795 and -0.746 for both speech-language
pathologists.

The measurements results were also analyzed with the Wilcoxon test to determine whether they
are able to distinguish between individual levels of disfluency. The best results were achieved by
the measure based spectral changes (HMM, BACD, and GLR) which were able to find significant
differences between all classes (significance level 0.05 and 0.01).

At the beginning of the experiment it was hypothesized that different algorithms would correlate
to different kinds of stuttering symptoms. This was confirmed and it suggests that the measures,
which correlate with different speech symptoms, can be combined to a single and more successful
parameter. The parameter composed of a smaller number of measures achieved very good results
(correlation up to 0.839), their deviation from subjective evaluation was lower than that of individ-
ual measures. For example, one experimental system proposed in the thesis classified about 70%
of the participants at the correct fluency level, the classification error higher than two classes was
observed only in two participants, see Figure 2.1.

Odchylka A} Odchylka A2

o} — o;! Pocet lo? — 6;* Pocet
0 87 (72%) 0 83 (69%)
1 32 (26%) 1 37 (31%)
2 2 (2%) 2 1 (1%)

Odchylka AI?

Odchylka Al?

12 - 2

oF’ —oj1| Pocet o} — 057 Pocet
0 76 (63%) 0 77 (64%)
0,5 21 (17%) 0,5 21 (17%)
1 22 (18%) 1 21 (17%)
1,5 1 (1%) 1,5 1(1%)
2 1(1%) 2 1(1%)

Figure 2.1: The table shows the number (and percentage) of participant correctly classified by the
experimental system composed from individual measures in comparison with subjective evaluations
of two speech language pathologists, (Bergl, 2010).

The current thesis and the thesis (Bergl, 2010) were carried out on the part of the database
employed in the research (Lastovka et al., 1998). The research applied following parameters to
evaluate stuttering: total reading time in seconds, total time of pauses, total speech time, number
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of speech segments, marginal density of pauses (normalised histograms considering eight intervals),
marginal density of speech segments (normalised histograms considering seven intervals), table
based on the duration of pause and speech intervals. The best results were achieved when the
parameters were classified by discrimination analysis and leave-one-out strategy, 95% of recordings
were classified correctly, the rest of the recordings were classified with the error 1, except for one
participant.

2.2 Rate of speech

Rate of speech is a measure which can indicate a speaker’s fluency, both in normal and disordered
speech. It could be represented in sounds, syllables, or words per minute. Speech rate of stutterers
has been extensively studied since the start of modern stuttering research. It has been found that
speech rate and pauses are potential perceptual cues for listeners attempting to discriminate the
speech of stutterers from that of nonstutterers (Prosek and Runyan, 1982).

2.2.1 Speech rate of stutterers and nonstutterers in different speaking task

One of the most influential research projects is the study made by Johnson (1961). The research
examined speech rate and disfluencies of female and male stutterers and nonstutterers. It was
carried out to address three issues: 1) to develop procedures of analysis; 2) to obtain normative
and comparative data; 3) to compare the achieved result to the other studies.

The experiment employed 50 male stutterers, 50 female stutterers, 50 male nonstutterers, and
50 female nonstutterers. Three speaking tasks were considered, spontaneous speech (at least 2
minutes, topic — job), description of a picture (at least 3 minutes), reading a 300—word passage.
The female stuttering participants were in the range from 17 to 41, with mean age 21.4, the male
stuttering participants were in the mean age of 19.6 years, the range was from 16 to 24 years. The
group of normal speakers ranged from 17 to 24 years, mean age of female and male group was 19.3
and 19.2 years, respectively. The majority of speakers were college students.

The following types of disfluencies were considered in the study: interjections of sounds, syl-
lables, words and phrases; part—word repetitions; word repetition; phrase repetitions; revision;
incomplete phrases; broken words; and prolonged sounds. Pauses were not considered in the re-
search due to the unsystematic naturel of judging what is a pause or not. The number of words
in a recording was also counted and used in combination with the length of the recoding to obtain
the rate of speech for each participant and task.

Each recording was assigned a score computed as a number of instances of each type of dis-
fluency. Also, the total score (considering the total number of instances) was calculated. This
constitutes the subjective evaluation. Recordings were scored by three investigators with a high
level of reliability (> 0.9).

The results of the speech rate study are presented in Figure (table) 2.2. The main findings
are: firstly, there are a significant differences in the rate of oral reading and the spontaneous task
(monologue, picture description). Secondly, fluent speakers as a group show higher rates, being
considerably more fluent, and more consistent than stutterers who reported a higher variability in
rate and were less fluent. The study also found an overlap of distribution of disfluency measures
(speech rate, number of disfluencies) between both groups in reading and spontaneous speech.
That means that some of the speakers who were considered as stutters are more fluent at least in
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certain aspects than some speakers who are regarded as normal speakers. The research pointed out
that there are some types of disfluencies that are considered as stuttering more than others, which
are perceived more as normal. The part—word repetition (repetition of sounds and syllables) are
perceived by listeners as to be more stuttering.

The overlap of the groups is considered as normal, because fluent speakers usually produce
some signs of disfluencies (Roberts et al., 2009), such that the number of normal disfluencies can
be even higher than of people with stuttering (Roberts et al., 2009). However, reports by Ingham
et al. (2012); Pinto et al. (2013) confirmed that the fluent speakers generally have a higher speech
rate (in syllables/minute) than stuttering participants in both speaking tasks. Simultaneously,
they observed that the difference between the speech rate in the read and spontaneous tasks is
more obvious in the group of control speakers and the speech rate of stuttering participants is very
similar in the oral reading and the monologue.

Tak Range I 4 ) ) 9
Jai
MS 24.7-184.4 ing 67.1 Bl4 908 1020 1085 130 1194
Fs 12.9-183.3 4.1 ] T05 R1.0 B9  104.0 1483 1702
MN 42.3-200.2 1054 1116 120.3 129.7 136.2 1%1.5 1456 158.1 160.0
| B 04.7-198 4 121.8 1301 135.7 1409 127.0 150.0 1548 1647 185.1
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MS 18.3-14846 204 480 442 TRE  BA.I 9lL8 1020 1119 1357
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Figure 2.2: The figures in the table show the ranges and deciles of distributions of values for
speaking and reading rates in words per minute, for each task for 50 male stutterers (MS), 50
female stutterers (FS), 50 male nonstutterers (MN), and 50 female nonstutterers (FN), (Johnson,
1961).

2.2.2 Relation between speech rate and severity of the fluency disorder

The research (de Andrade et al., 2003) analyzes relation between stuttering severity and speech
rate. The study was carried out among native adult Brazilian Portuguese speakers. There was
19 female and 51 male speakers, aged 18 years and older. Each of the recordings was evaluated by
Stuttering Severity Instrument (Riley, 1972). Speech samples were obtained during spontaneous
speech and contained at least 200 fluent syllables.

Results indicate that the speech rate decreases with the stuttering severity. The more stuttering
there was, the smaller number of items per minute was observed. The conclusion applies for both
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units, syllables and words per minute. The results are presented in Figure 2.3.

Further, the article discusses neurophysiological processing in stuttering and attempts to iden-
tify possible subtypes of stuttering. It discusses the hypothesis of an asymmetry in brain activation
among stutters and fluent speakers.

40

Words per minute

Normal Very mild Mild Moderate Severe/Very severe
complaint

Syllables per minute

Normal Very mild Mild Moderate Severe/Very severe
complaint

Severity index

Figure 2.3: Severity index and speech rate (upper part in words per minute, lower part in syllables
per minute), (de Andrade et al., 2003).

2.3 Stuttering recognition using Hidden Markov Models

The study (N6th et al., 2000) is devoted to detection of disfluencies by the HMM. The research
employs 16 stutterers and 16 nonstutterers, all German native speakers. The participants read the
text “Nordwind und Sonne” (North Wind and Sun). For each recording the number of disfluencies
was known.

The speech recognizer (its grammar) was adjusted to disfluent speech. These adjustments were:
after each phoneme a silence or filled pause can occur; each phoneme can be repeated; after each
phoneme the syllable can be restarted; after each phoneme the word can be restated; and also after
each hot spot the phrase can be restarted. The hot spot is a location where an increased number
of disfluencies can arise. These additional rules helps to track stuttered speech.

The results show that the recognizer with adjusted grammar can be successfully applied to
stuttered speech. The system reached a correlation of 0.99, see Figure 2.4 in comparison of au-
tomatic measure and subjective rating. Also, another parameter, phoneme error rate, was highly
correlated to the number of disfluencies (0.95). Another conclusion of the research was that, on av-
erage, no significant differences can be found between stutterers and nonstutterers in the duration
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Figure 2.4: Number of disflunecies (counted by therapist, x axis) and hypothesized disfluencies
(detected by algorithm, y axis), (N&th et al., 2000).

of phonemes. The same was found for words. The research also pointed out that pauses in speech
play an important role in distinction between stuttered and fluent speech.

Several authors also utilized HMM in stuttered speech research. For example, Wisniewski
et al. (2007a,b) uses this approach to reveal prolonged fricative phonemes and also blockades with
repetition of stop phonemes. The best result for the largest codebook was 80% of successful
recognition of prolongations of fricative phonemes. The experiments were performed with a small
database and the question remains how the algorithm would perform with a larger database.

2.4 Studies in other areas of speech research

The studies in different research areas of speech production, which have been influential for this
thesis, are introduced in this part of state of the art.
2.4.1 Second language learners’ fluency

Cucchiarini et al. (2000) investigated the quantitative assessment of second language learners’ flu-
ency by means of automatic speech recognition technology in reading. The research was conducted
with 20 fluent native and 60 non—native speakers of Dutch. The recordings were subjectively as-
sessed by nine experts. The automatic measures were based on the continuous speech recognizer.
The list of measures is specified below:

e Rate of speech (number of phonemes/total duration of speech including sentence—internal
pauses)

e Phonation/time ratio (100% x total duration of speech without pauses/total duration of
speech including sentence—internal pauses)

e Articulation rate (number of phonemes/total duration of speech without pauses)

e Number of silent pauses (number of sentence-internal pauses of no less than 0.2 s)
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Phoneticians Speech therapists 1 Speech therapists 2

NNS & NS NNS NNS & NS NNS NNS & NS NNS

Rate of speech 0.93 0.88 0.91 0.93 0.90 0.91
Phonation/time ratio 0.86 0.80 0.89 0.86 0.89 0.89
Articulation rate 0.88 0.82 0.85 0.86 0.81 0.79
Number of pauses —0.84 —0.82 —0.89 —0.89 —0.89 —0.90
Tot. duration of pauses —0.81 —0.79 —0.86 —0.86 —0.86 —0.87
Mean length of pauses —0.66 —0.50 —0.62 —0.52 —0.65 —0.55
Mean length of mns 0.85 0.81 0.86 0.84 0.88 0.89

Figure 2.5: Correlation among the fluency rating by the three rater groups and the quantitative
measures, for the whole group (n = 80) and for the non—native only (n = 60), NNS — non—native
speakers, NS — native speakers, (Cucchiarini et al., 2000).

Total duration of pauses (total duration of all sentence—internal pauses of no less than 0.2 s)

Mean length of pauses (mean length of all sentence—internal pauses of no less than 0.2 s)

Mean length of runs (average number of phonemes occurring between unfilled pauses of no
less than 0.2 s)

e Number of filled pauses (number of /uh/, /er/, /mm/, etc.)

e Number of disfluencies (number of repetitions, restarts, repairs)

The results of the research indicate that it is possible to obtain a reliable subjective rating of
fluency. Reliability was high for all three groups of experts (Cronbach’s alpha varied among 0.9
and 0.96). The automatic measures showed a very high correlations with the subjective rating.
Six of nine measures exhibited correlation in range between 0.81 and 0.91, see Figure 2.5 (table)
for more details. The rate of speech appeared to be the best predictor of perceived fluency, the
correlations with three groups of experts varied among 0.90 and 0.93. Also, all automatic measures
are strongly correlated with each other.

The research suggests that there are two important factors in perceiving fluency in read speech,
these being the rate at which speakers articulate and the number of pauses they make.

Cucchiarini et al. (2002) applied the automatic measures based on continuous speech recognizer
(same as in Cucchiarini et al. (2000)) for assessment of spontaneous speech in further continuation
of research on second language learners’ fluency. We can see comparison between results on read
and spontaneous recordings in the research. The read part of the database was the same as in
the first experiment (Cucchiarini et al., 2000). Recordings of a group of 57 non—native speakers of
Dutch constitutes the spontaneous part.

The main findings of the research are: 1) the automatic objective measures can be employed to
predict fluency rating, although the predictive power is stronger in read speech than in spontaneous;
2) the objective measures indicate that speakers appear to be less fluent in the spontaneous task
than in reading; 3) the nature of the task can influence the performance of the speakers. In
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addition to point 3, there were two proficiency groups in spontaneous database, beginners and
intermediate. Each group carried out different spontaneous tasks. The intermediate group had
to perform a longer and more advanced task, requiring a high cognitive load. Conversely, the
beginners group performed a shorter task with lower cognitive load. This resulted in the fact that
the intermediate group seemed to be less fluent than beginners group.

2.4.2 Speech of patients with Parkinson’s disease

Acoustical methods have been also applied as non—invasive biomarkers of Parkinson’s disease (Sapir
et al., 2010; Rusz et al., 2011). Study (Rusz et al., 2011) examined 46 Czech native speakers,
23 were with untreated early diagnosed Parkinson’s disease (PD). Each of the patient underwent
eight speech tasks: sustained phonation of /i/, rapid steady /pa/-/ta/-/ka/ syllables repetition,
sustained phonation of vowels /a/, /i/, /u/ (all on one breath), reading standard 136-word text,
approximately 90 s monologue, reading 8 sentences with varied stress pattern, reading 10 sentences
with specific emotions, rhythmical reading of text containing 8 rhymes.

The automatic acoustic measures aimed at one of the speech areas phonation, articulation, and
prosody. The list of measures in various tasks was reduced to 19 measures such as jitter, shimmer,
noise to harmonic ratio, harmonic to noise ratio (phonation), rate and regularity in rapid steady
repetition, vowel area, relative intensity range variation, robust formant periodicity correlation
(articulation), percent pause time, articulation in reading, rhythm measured by dynamical time
warping (prosody). The combination of the 19 measures was used as a classification tool of patients
with PD.

The main finding is that 78% of subjects with untreated early diagnosed PD show some vocal
impairment. The impairment was observed in three subsystems: phonation, articulation, prosody.
The impairment occurs not only separately in one subsystem but also frequently in combination
with others. Figure 2.6 shows percentage of patients with affected speech subsystems. The most
affected subsystem in PD patients was phonation, followed by articulation as the second most
affected subsystem.

22%

26%

Figure 2.6: Percentage of PD subjects with affected subsystems of speech. PH — phonation, PR —
prosody, and AR — articulation, (Rusz et al., 2011).

The effect of the speaking task in patients with PD has been studied on imprecise vowel artic-
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ulation in Rusz et al. (2013). As before, the patients were unmedicated and were cases of early
diagnosis. Patients performed four speaking tasks: sustained phonation, sentence repetition, read-
ing passage, and monologue. A group of 20 PD and 15 age—matched healthy control individuals
were examined. The vowels /a/, /i/, and /u/ were extracted from recordings of each task for each
participant according to strict criteria. The measurements were based upon first (F1) and second
(F2) formant frequencies, vowel space area, F2i/F2u, and vowel articulation index (VAI).

The main finding of the study is that the PD subjects manifest abnormalities compared to
healthy speakers in vowel articulation through the measurements F2u, vowel space area, F2i/F2u,
and VAI. Further, the measurements of imprecise vowel articulation can find differences in various
speaking tasks. The vowels extracted from monologue were the most sensitive for detecting abnor-
malities and difference between controls and PD patients, classification accuracy 80%. Sustained
phonation was found to be inappropriate for examining vowel articulation. The measurements
were able to find even minor abnormalities in speech. The research also pointed out that a certain
type of speaking task can be more useful in the search for difference between healthy and impaired
speech. More precisely, complex speech tasks such as monologue can demonstrate speech deficits
in the speech of Parkinson’s patients with greater frequency than other speaking tasks.

2.5 Objectives and hypothesis

This thesis aims to analyze disfluent speech of patients with stuttering by means of automatic
and objective measurements. The base of the thesis is formed as a collage of studies on automatic
objective measures of stuttering (Bergl, 2010; N6th et al., 2000), studies of speech rate in stuttering
(Johnson, 1961; de Andrade et al., 2003), research of second language learners’ fluency in read and
spontaneous recordings (Cucchiarini et al., 2000, 2002), and study of speaking task effect in speech
of patients with Parkinson’s disease (Rusz et al., 2013).

The main text of the thesis is divided into three studies and one short experiment. The first study
of the thesis focuses on read recordings of stuttered speech. It serves to introduce all automatic and
objective measurements which were designed to describe speeech disfluency and take into account
symptoms of stuttering occurring in speech. This part directly follows the previous thesis (Bergl,
2010). In the first study, the main questions was:

e Are the automatic measures able to describe fluency/disfluency in speech of stutterers?

Speech fluency has been studied from different points of view (Johnson, 1961; N6th et al., 2000;
Bergl, 2010) and in different areas of speech research (Cucchiarini et al., 2000). It has been shown
that fluency can be predicted by means of automatic measures. Therefore, we suppose that speech
fluency of subjects with stuttering can be estimated by automatic and objective measurements.

The second study extends the analyses to spontaneous recordings, it examines the effect of the
speaking task. It takes the findings of the first study and applies them to spontaneous recordings.
The main questions we would like to answer:
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e Are the measures able to estimate the level of speech fluency disorder in spontaneous record-
ings?

e How does stuttering speakers’ fluency differ in read and spontaneous speaking tasks?

e Does the level of speech fluency play a role in speaking task effect?

The hypothesis is that the algorithms are able to describe the level of speech disfluency in
spontaneous recordings of stutterers, however, we can expect that the results are better in read
recordings than in spontaneous (Cucchiarini et al., 2002). The second question refers to the effect
of the speaking task in stuttering. There exist several studies of speaking task effect (for example
a very extensive study (Johnson, 1961)), but there are only two of them which consider the divi-
sion of stuttering subjects into levels (Vanryckeghem et al., 1999; Blomgren and Goberman, 2008).
Therefore, we would like to broaden information about the speaking task effect with respect to lev-
els of speech fluency. Our assumption is that the control group as well as stuttering speakers will
be less fluent and speak at a slower speech rate in the spontaneous task and the difference between
individual groups of disfluency will fade. In the second part of the question, we hypothesized that
subjects across disfluency levels will be generally influenced to an equal extent. The study could
be compared to the research studies as Rusz et al. (2013) who studied effect of speaking task in
patients with Parkinson’s disease or study of subjects with Huntington disease (HD) (Rusz et al.,
2014). It also serves as a validation of the results from the read recordings.

The third part of the thesis applies previously obtained results and presents results of measures
on recordings of German native stuttering speakers. The measurements were designed to take into
account symptoms of stuttering and disfluent speech, they were originally proposed to be used for
Czech stuttering speakers but they do not take the specifics of the Czech language into account.
Therefore, the question we would like to answer is:

e Are some measures able to describe level of speech disfluency in different languages?

Because the majority of measures were designed in a way that does not take the specifics of
Czech language into account, they are not based either on dictionary or grammar, we can assume
that there would be an agreement between the measures and subjective evaluation of speech dis-
fluency in another language, in this German. However, there remains question how strong the
agreements are. The results of the measurements are compared to measurements aimed for Ger-
man language with stuttering—adapted grammar (N6th et al., 2000), since we had an opportunity
to work on the same databases of read recordings.

The short fourth part of the thesis concentrates on read recordings with Delayed Auditory Feedback
(DAF). We would like to find out whether it would be possible to use the objective measurements
in setting appropriate delay for the DAF device in individual patients.
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Chapter 3

Methods

This part of the thesis introduces two subjective evaluation scales used to assess the recordings by
speech—language pathologist (SLP) and the automatic measures of speech disfluency. More detailed
description of applied methods (participants, recordings, subjective rating) is given in individual
studies.

3.1 Subjective rating of recordings

A reliable expert rating is essential to verify whether a measure is suitable for evaluation (Cordes
and Ingham, 1994). Therefore we decided to use two evaluation scales to get more insight on
participants’ disfluency. The first one is the modified Kondas scale (Lechta and collective, 2004).
The second set of expert ratings was produced by means of the Lidcombe Behavioral Data Language
of Stuttering (LBDL) (Teesson et al., 2003).

3.1.1 Kondas scale

The modified Kondas scale is a standard system used by Czech speech therapists for rating stut-
tering (Lechta and collective, 2004). The discrete scale consists of 5 stages (from 0 to 4):

e 0 is normal healthy speech (without frequent signs of disfluency),
e 1 is mild disfluency (up to 5% disfluent words),

2 is moderate disfluency (6%-20% disfluent words),

e 3 is severe disfluency (20%—-60% disfluent words),

e 4 is very severe disfluency (more than 60% disfluent words).

The distribution of Kondas scale is rather logarithmic (Bergl, 2010; Cmejla et al., 2013), see
Figure 3.1.

The information for speech specialist who evaluated recordings and also the form are given in
section Appendices E and F (in Czech).
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Figure 3.1: Illustration of the Kondas scale, red curve represents logarithm of the number of
disfluencies, blue represents the level of speech disfluency on the Kondas scale, (Bergl, 2010; Cmejla
et al., 2013).

3.1.2 The Lidcombe Behavioral Data Language of Stuttering

The second set of expert ratings was produced by means of the Lidcombe Behavioral Data Language
of Stuttering (LBDL) (Teesson et al., 2003). We adopted the taxonomy in the experiment because
its results are valid and reliable when the system is used by experienced judges (Teesson et al.,
2003). The LBDL considers seven descriptors of stuttering symptoms:

e Syllable repetition (SR),

Incomplete syllable repetition (ISR),

Multisyllable unit repetition (MSUR),

Fixed posture with audible airflow (FPWAA),

Fixed posture without audible airflow (FPWOAA),

e Superfluous verbal behaviors (SVB),

e Superfluous nonverbal behavior (SNB).

We can also define summary descriptors. The individual categories form the overall category
which is subsequently normalised by the number of words in recording, which gives us a continuous
scale from 0 to 100. The number of words was counted by the evaluators. All the descriptors
are detectable in a speech signal except the descriptor SNB, which should be looked for in video
recordings. The descriptor SNB is not used in these experiments because the video recording was
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not available. The descriptors overall (all descriptors except SNB), repeated (SR + ISR + MSUR),
and fized (FPWAA + FPWOAA) are considered in this thesis.

The reasons why this taxonomy was adopted in the thesis are: 1) when the system is used by
experienced judges, the results are valid and reliable (Teesson et al., 2003), 2) this taxonomy is
easy to use, 3) when using the LBDL with all its categories the measures which fit the most for
particular descriptors can be found. An example of using the LBDL in a quite similar problem can
be seen in the research on stuttering symptoms in Parkinson’s disease (Goberman et al., 2010).

The information for SLPs, examples of individual symptoms, and also the form are given in
section Appendices E and F (Figure 3) (information are given in Czech).

3.2 Objective measures of speech fluency

This stage is dedicated to automatic and objective measures of speech fluency. Several measures of
fluency were introduced in Chapter 2. Many of them are based on the manual extraction of speech
parts (Yaruss and Conture, 1993; Robb et al., 1998; Healey and Gutkin, 1984; Hall and Yairi, 1992).
Also, several studies introduced measures that can automatically process the entire speech signal
without any external interference (Cucchiarini et al., 2000; Noth et al., 2000; Wisniewski et al.,
2007a).

The measures were designed to be independent of any manual intervention and they take stut-
tering speech symptoms into account. Several of the measurements introduced here were presented
in Bergl (2010). Three measures in Bergl (2010) were based on distribution of speech and silence
parts of speech (speech/silence rate, number of speech and silence parts, and average length of
silence), two on energy of speech signal (number of energy edges, histograms), regularity of speech
energy, regularity of voicing. Moreover, the study described measures based on frequency analy-
sis of the speech signal, in particular, analysis based on detection of abrupt spectral changes by
Bayesian change—point detector (BACD). These measures were: average number of abrupt spec-
tral changes, analysis of interval between spectral changes, variability of intervals between spectral
changes. Furthermore, the the measures were tested using different spectral changes detectors,
the first one, mentioned BACD, then GLR (General Likelihood Ratio), and HTK (Hidden Markov
Model Toolkit).

In the current study, we take the measures designed by Bergl (2010) as well three novel measures
and apply them to different recordings of disfluent speech. The automatic measurements designed
to estimate the level of the speech fluency disorder in this thesis are listed below:

e The average length of silence (ALS)

e The regularity of speech energy (RSE)

e The regularity of voicing (REV)

e The extent of speech fluency (ESF)

e The spacing when exceeding the threshold (SET)

e The standard deviation of 11 successive intervals (SDI11)

e The average number of spectral changes in short intervals (SCSI)
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e The number of spectral changes in speech segments (NSI)

e The rate of speech using continuous speech recognizer (ROS)

3.2.1 The average length of silence (ALS)

The first algorithm, the average length of silence (ALS), uses the voice activity detector (VAD)
and assumes that subjects with stuttering have more silence and pauses in speech than healthy
subjects do. The study (Prosek and Runyan, 1982) reported that pauses are potential perceptual
cues for listeners attempting to discriminate the speech of stutterers from that of non—stutterers.
When the placement, number and length of all silences in a speech signal are known, the average
duration of silent parts can be computed:

NsirL

> Tsipence(i), (3.1)

ALS =
Nsrr =

where Ts;ppvop(i) is the duration in seconds of the ith segment of silence and Ngjy, is the number
of segments of silence. See Figure 3.2, where in part (a), the speech signal, and in (b), the detected
voice activity are depicted. The final value of the ALS is modified by summing up with 1 (to avoid
the situation when the ALS equals 0) and then using the logarithm.

To make the difference between fluent and disfluent speech greater, an innovative procedure was
developed (Bergl, 2010). Short speech parts, such as repetition, superfluous verbal behaviour, and
parts of incorrectly pronounced words, could be removed by this method and the amount of silence
increased in a speech signal with such disfluencies. The procedure uses successive removals of short
segments of speech and silence. First, the speech segments shorter than 125 ms are removed (silent
segments shorter than 125/2 ms are removed at the same time), next, there follows 150 ms, and
this process continues up to the value 5000 ms. The procedure is demonstrated in Figure 3.2 (b)
and (c). In this example, the ALS (without taking the logarithm and adding 1) is approximately
0.2 s (in (b)) and after removing intervals shorter than 150 ms, the ALS rises to 1 s (in (c)). The
results presented in the results section are for the time limit values from 125 to 1500 ms.

3.2.2 The regularity of speech energy (RSE)

Changes in the tempo of speech are typical of disfluent speech, where the intervals of an ordinary
speech rate alternate with intervals of a low speech rate. This irregularity can be observed in the
irregular release of energy.

The following procedure calculates the regularity of speech energy (RSE): 1) square root of
signal samples En; 2) these values are successively added into the accumulator; 3) when the value
of the accumulator is lower than a threshold Th, then step 2) is repeated, in the opposite case
(a threshold has been exceeded, cumsum(En)= Th), the accumulator resets and the time of the
threshold exceeding is stored. See Figure 3.3 for an example of a speech signal (a), its accumulator
curve (b), and the positions of threshold exceeding (c). The process results in the series of the
indices indicating a threshold exceeding. Their average number, mean distance, or variation can
be examined. The RSE investigates the mean distance between the indices:
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Figure 3.2: Steps of the calculation of the measure ALS. (a) Speech signal, repetition of the Czech
word “k k kvitky” (flowers). (b) VAD detection. (c) Modified VAD output after successively
removing speech segments shorter than 150 ms and silences shorter than 150/2 ms.

Nacc—1

E= T 2
RS NAcc—l Z Aco(i (3.2)

where Nycc¢ is the number of indices and T4c¢ is the time in seconds between two successive
indices (see Figure 3.3 (c)). When we take the part of the signal in the figure as an example, the
RSE of this fluently pronounced word is 0.024.

Previous experiments showed that one threshold does not work for the whole database. There-
fore, an adaptive threshold is computed on the basis of the signal energy for each separate signal.
The procedure for its calculation includes: the square root of the signal samples are filtered by
a filter (an integrator with coefficient a= [1 -0.995]), then it is smoothed by a lowpass Butterworth
filter with cutoff frequency 30 Hz. The threshold value is determined as a fraction of the kth high-
est maximum of this energy curve. The tested input values were: for the multiplication constant,
from 0.25 to 2, and for the kth highest maximum, from 1 to 17. The best setting (1.5 for the
multiplication constant and k = 15) were obtained experimentally by comparison to the control
data and are presented in the result section.

3.2.3 The regularity of voicing (REV)

In the review section of the thesis several of the researches studied measurements based funda-
mental frequency (Healey and Gutkin, 1984; Healey and Ramig, 1986; Hall and Yairi, 1992). The
measurement reqularity of voicing (REV) attempt to use information derived from fundamental
frequency for assessment of disfluency.

The basic step in the procedure is detection of voiced intervals and computation of the funda-
mental frequency FO for these intervals. This part of procedure is calculated in Praat (Boersma,
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Figure 3.3: The procedure for calculating the RSE for the example of fluently pronounced “podzim”
(autumn). (a) Speech signal. (b) The curve of accumulated energy and the threshold. (c) Positions
of threshold exceeding.

2002). See the calculated fundamental frequency FO in the short time window in Figure 3.4 (up).
The data from Praat are later processed in Matlab script. Each value of F0 is added to the accumu-
lator (see Figure 3.4 (bottom)), when the value of the accumulator is exceeded the time point if the
exceeding is stored. These timestamps are then further processed. The procedure is very similar
to the measure RSE. The limit of the accumulator (threshold) is set individually for every speech
signal as median value of pitch period F0. The monitored variable is the variability of interval
length defined by threshold exceeding.

The information about FO enables calculation of many different measures as jitter or shimmer,
however, Bergl (2010) did not find relation between them and speech disfluency.
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Figure 3.4: An example of calculating the REV (Bergl, 2010). (top) Speech signal and value of
fundamental frequency FO for each segment. (bottom) The curve of accumulated FO with position
of threshold exceeding.
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3.2.4 The extent of speech fluency (ESF)

The speech rate has been found to be an important indicator of speech fluency (Johnson, 1961;
Ryan, 1992; de Andrade et al., 2003), and there have been experiments to automatically measure
the rate of speech connected to speech fluency (Cucchiarini et al., 2000). The measure, extent of
speech fluency, is very close to the speech rate. The significant abrupt spectral changes (AC) found
in a speech signal should correspond to the phoneme boundaries or transitions from speech to
silence (and vice versa). Therefore, the number of significant ACs should closely match the number
of phonemes. The Bayesian autoregressive changepoint detector (BACD) identified ACs in this
experiment. The detector is based on the analytical solution of the changepoint problem between
two autoregressive models (Ruanaidh and Fitzgerald, 1996). A detailed description is given in
Cmejla et al. (2013). The output curve of the detector shows the probability of a spectral change
in signal: the higher the probability, the higher the spectral change. The procedure of further
analysis is as follows: first, all spectral changes are found in a signal, followed by the selection of
those proved to be significant (i.e., which correspond to the phoneme boundaries). To distinguish
between significant and less significant ACs, a threshold is used. Following identification, the
procedures for the particular measures based on BACD start to differ.

The extent of speech fluency (ESF) counts the number of those significant ACs found by spectral
changes detector, here BACD, which are higher than the threshold and therefore they should
correspond to phoneme boundaries. The number of ACs is divided by the duration of the speech
signal, analogous to the speech rate. The ESF assumes that the disfluent speakers speak slower,
thus having a lower number of phonemes than fluent speakers (Johnson, 1961). In other words, the
more disfluent the signal is, the fewer ACs are found in the signal.

Because the BACD output curve includes both significant and less significant abrupt changes,
the following procedure is needed. The output of the BACD is filtered by a low—pass filter with the
cut—off frequency at 20 Hz (to smooth the BACD output curve). The local minima are calculated
in the smoothed output curve, thereafter the local maxima are found in the appropriate segments
(between two local minima). Many of those local maxima do not correspond to significant spectral
changes (phoneme boundaries) and they should be excluded. A threshold is utilized to separate
these maxima (Figure 3.5 (b)). Then, the significant abrupt changes are obtained (Figure 3.5 (c)),
their number is determined, and the ESF is calculated by the formula

S AC AC(i)

ESF =
TsianaL

(3.3)
where AC(i) is an abrupt spectral change, Nj¢ is the number of abrupt spectral changes, and
Tsranar is the length of the speech signal in seconds. For example, in the figure there are 27
abrupt changes and the duration of this part of signal is 3 s, so the ESF of this fluently pronounced
speech is 9.

The analysis, carried out on the detector outputs from different participants, showed that we
are not able to use one threshold for the entire database. Hence a method of adaptive threshold
extraction for each signal was used. The threshold is determined as a fraction of the kth highest
maxima (the height of the maximum plays an important role in this selection). Several algorithm
settings were tested: from 1 to 9 for &, and from 0.1 to 0.3 for the multiplication constant and their
results are shown in results section in comparison to speech specialist evaluation. The best setting
(k = 4 and 0.15 for the multiple) was established experimentally by comparison with the expert
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rating. The BACD of a sixth order AR model with a window length 60 ms was used in the whole
experiment (Cmejla et al., 2013; Bergl, 2010).

(a)

signal

BACD output
x local minima
O candidates of AC
O threshold

(b)

abrupt changes BACD output

LTI

Figure 3.5: Identifying abrupt spectral changes. (a) Speech signal, Czech sentence “ozdoba sadu
uschovana byla v komore” (garden adornment was kept in the pantry). (b) BACD output, local
minima, and candidates of abrupt spectral changes. (¢) Abrupt spectral changes.

3.2.5 The spacing between threshold exceeding (SET)

Two spectral changes define an interval of a certain length, and the difference in spacing of the
spectral changes could be examined to obtain additional information about the disfluency.

The start of the analysis is identical to the previous measure (ESF), here after identifying
the significant abrupt changes, the intervals between them are calculated. The histograms of the
intervals between spectral changes are obtained, and the relative number of occurrences is captured
(see Figure 3.6). The histograms are accumulated from left to right (the increasing line in the
figure). When the accumulator exceeds a stated threshold (in the figure, the dashed line at 0.8),
the value of the length of the intervals is stored: this value is a numerical representation of the
SET.

We experimentally examined several settings of the algorithm, including the input values of the
BACD and the threshold. The values were: from the second highest abrupt change to the sixth
highest abrupt change; multiplication constants 0.1, 0.15, and 0.2; and SET thresholds of 0.6, 0.7,
and 0.8. The best results, as determined by a comparison to the control data, were achieved using
the fourth highest maximum, a multiple of 0.15, and a SET threshold of 0.8, see the results in the
first study of the thesis.

There is an assumption that control (healthy) speakers accumulate faster (they have steeper
rises) than speakers with fluency disorder. The reason is that fluent speakers have more shorter
intervals, which is the opposite from speakers with the fluency disorder. This can be quantitatively
expressed by the interval where the accumulator crosses a threshold value. Figure 3.6 depicts the
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histogram and accumulator curve for a control participant (LBDL score 0%, Condas’s scale score 0,
SET value 0.15) and a participant with the speech fluency disorder (LBDL score 51.95%, Condas’s
scale score 3, SET value 0.43), to see the difference between fluent and disfluent speech.
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Figure 3.6: Histograms of spacings, the progress of the accumulator (steep line), threshold value
(dashed line), and the place where the threshold has been exceeded, for two speakers (control
speaker on the left, speaker with severe level of speech fluency disorder on the right).

3.2.6 The standard deviation of 11 successive intervals (SDI11)

Another approach to analyzing the intervals defined by abrupt spectral changes is to examine
their standard deviation. The measure called the speech fluency variability (SFV) was described
in Cmejla et al. (2013), and is defined as the logarithm of the standard deviation of the distances
between two successive spectral changes. The SFV computes the standard deviation at once, it
does not capture the order followed by the intervals. In other words, from the point of view of
SFV, it does not matter whether very short intervals follow very long ones, or vice versa, as we can
expect in disfluent speech. Their mutual and overall position does not play a role. The measure
standard deviation of 11 successive intervals (SDI11) take this into account.

The calculation of the measure is as follows: the first step is the identification of the relevant
spectral changes, then an 11-point moving average is used on the intervals between the identified
spectral changes (T4c). In more detail: the average of the first eleven intervals (T'ac(1),..., Tac(11))
is calculated; then one moves one interval ahead and the average of the intervals T4co(2),..., Tac(12)
is computed. The standard deviation is calculated for this set of averages. This can be expressed
by the equation

SDI11 = std{MAy1(Tac)}, (3.4)

where std means the standard deviation and M A;;, the 11-point moving average. The logarithm
is used for its final value. The tested settings of the algorithm were the same as for the ESF. The
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highest correlation with the control data was achieved by using the fourth highest maximum and
the multiplication constant 0.15, more in results of the first study of the thesis.

3.2.7 The average number of spectral changes in short intervals (SCSI)

In Chapter 1, it was mentioned that disfluent speech consists of many prolongations, frequent
pauses, and broken words. The average number of spectral changes in short intervals (SCSI) tries
to capture these phenomena by processing the BACD output in short windows. If the output of
the BACD is processed in short segments, the difference in the number of abrupt changes could
be significant for segments with speech activity as opposed to segments with silence, taking into
account the comparison of disfluent speech to healthy speech. For participants with disfluencies,
it is expected that more silence appears in stuttered than in fluent speech (the average number of
changes in the window is smaller). The number varies and in many cases is zero. Conversely, the
number of changes for healthy speakers is more stable and the average should be higher.

The procedure of analysis using the average number of ACs in a short interval begins with
identification of significant abrupt spectral changes. It is followed by the processing of the detector
output in a short window. The number of spectral changes is found in each window and the average
number of abrupt spectral changes in the windows is quantified. The logarithm is used for the final
value. An example of this calculation can be seen in Figure 3.7, where the value of the logarithm
of the SCSI is 0.84 (it is a part of a disfluent speech signal with severe disfluency) and the window
length is 2 s.

The tested window lengths were 1, 2, and 4 s, with half-overlap and all used window lengths
reached very similar results. The studied BACD settings were as for the ESF. The window length
2 s and all settings of BACD are presented in the results section.
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Figure 3.7: Procedure for calculating the average number of BACD changes in a short interval.
(a) Speech signal, a part of the Czech sentence “choméce starého listi buh vi kam” (bunch of old
leaves God knows where). (b) Modified output signal of Bayesian detector. (c) Processing by
means of a window with marked number of abrupt spectral changes.
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3.2.8 The number of spectral changes in speech segments (NSI)

This measure, the number of spectral changes in speech segments (NSI), makes the same assumption
as the ESF, and combines the BACD and VAD. The algorithm looks for significant spectral changes
which are higher than the threshold and within speech segments, then the number of these ACs is
divided by the length of the recording (analogous with the speech rate). A very important part of
the NSI algorithm is the successive removal of short speech segments, a procedure similar to the
ALS measure. The time limits used in this experiment varied from 100 up to 5000 ms in regular
intervals.

The beginning of the procedure is the same as in the previous BACD algorithms up to the point
of identifying the relevant spectral changes, at which point one then implements the following step:
applying the VAD and spectral changes in speech segments are identified. The number of spectral
changes in each of the speech segments is determined (the number of spectral changes in the ith
speech segments is labelled as NAc speecn (i) ) and finally the number of spectral changes in all
speech segments is summed up and divided by the length of the speech signal Ts;gnyar in seconds.
See Figure 3.8 for a short demonstration of the method. When N,eeqp, is the number of speech
segments, the measure NSI can be written as follows:

NS eec -
Ei pecch NAC speech(l)

NSI = logu TsiGNAL

(3.5)

There is also an additional step to this procedure, as at the measurement of the ALS, it is
the successive removal of short speech segments which increases the difference between fluent and
disfluent speech. The example in the figure shows a short part of the speech signal “Podzim na
starem belidle” (autumn at the old bleachery) where the value of the NSI would be 0.43. All tested
settings of the BACD are shown in the results section, the time limit for removing short speech
and silence segments is 1000 ms based on the ALS algorithm results.

3.2.9 The rate of speech (ROS)

The following measure, the rate of speech (ROS), uses the automatic recognizer of Czech phonemes
based on long temporal context (Schwarz, 2009). The measure is defined as the number of phonemes
found by the recognizer and divided by the duration of speech including utterance internal silences
(Cucchiarini et al., 2000). This measure as well as NSI and ESF should highly coincide with the
rate of speech measured as phonemes/time. The example of a recognizer output file is as follows:

0 1100000 pau
1100000 4100000 spk
4100000 5000000 p
5000000 5600000 o
5600000 6800000 d_z
6800000 7200000 i
7200000 8400000 n
8400000 8700000 a
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Figure 3.8: Calculation of the number of spectral changes in speech segments (NSI). (a) Speech
signal. (b) Speech activity output with successive removed speech and silence parts (1 — speech
activity, 0 — silence/pause). (c¢) Abrupt changes (dashed line) and ACs included in speech segments

(thick line).

where the first number represents the time of the beginning of the phoneme, the second number

the time of the end, and finally the phoneme (or event in the speech signal).

The very same measure was used in Bergl (2010), the difference between the previous measure
and the ROS is that a different speech recognizer is applied. The automatic recognizer of Czech
phonemes based on a long temporal context (Schwarz, 2009) is trained on larger database and is
tested in real situations; therefore the detection rate should be higher.
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Chapter 4

Analysis of speech fluency in read
recordings

The first study deals with the recordings of read speech of subjects with no speech fluency impair-
ment and participants with stuttering. Basically, it describes the first experiments on recordings
of disfluent speech.

The diagnosis and evaluation of the severity of a speech disorder are traditionally performed by
clinical experts. Several stuttering scales have been introduced, such as the Lidcombe Behavioral
Language of Stuttering (Teesson et al., 2003), Stutering Severity Instrument (Riley, 1972), but there
has been a need for automatic and objective methods. Such a method would be helpful in diagnosis,
the choice of treatment approach, and the evaluation of treatment progress and results (Metz et al.,
1983; Van Borsel et al., 2003).

The application of acoustical analysis could provide an objective and quantitative instrument
to mark the presence of stuttering symptoms and/or describe the severity, characteristics, and
progress of the disorder and its treatment (Kent et al., 1999). Studies (Di Simony, 1974; Metz
et al., 1983; Adams, 1987) have focused on the temporal characteristics of stuttered speech, inves-
tigating, for example, vowel duration and voiced stop consonant intervocalic intervals. The rate
of speech (manually measured) has been also recognized as a helpful tool for the evaluation of
stuttering (Johnson, 1961; Ryan, 1992; de Andrade et al., 2003).

Methods based on digital signal processing may offer insight into stuttered speech. A great ef-
fort has been devoted to studying the behaviour of formant frequencies, the fundamental frequency,
and the voice onset time (VOT). The transition of the second formant frequency has been studied
in Yaruss and Conture (1993), formant frequency fluctuation in Robb et al. (1998), fundamental
frequency and fluent VOT in Healey and Gutkin (1984), fluent VOT and phrase duration in Healey
and Ramig (1986), and fundamental frequency, jitter, and shimmer in Hall and Yairi (1992). Com-
puter programs can be efficiently applied to the objective analysis of pathological speech. The
computer system Multi-Dimensional Voice Program developed by Kay Elemetrics Corp. (Kay Ele-
metrics Corp., 2003), and the freely available PRAAT (Boersma, 2002), are among these programs
and provide several measures for speech evaluation. However, the disadvantage of these programs
is mostly the need for user control of the analysis. This can be avoided by using methods that
process the entire signal without user control. An approach simply using temporal characteristics
to find repetition and prolongation can be seen in Howell et al. (1986). Advanced digital signal
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processing methods have been employed for identifying manually selected stuttered parts of speech:
Mel Frequency Cepstral Coefficients in Ravikumar et al. (2009), and Linear Predictive Cepstral
Coefficients in Hariharan et al. (2012). Hidden Markov Models (HMM) have been utilized in N6th
et al. (2000); Wisniewski et al. (2007a,b) to reveal repeated or prolonged parts of disfluent speech.
A method does not have to look for symptoms of speech disorder: it could process the signal in
another way. Such a method could investigate the energy of the speech signal (speech envelopes)
(Kuniszyk-Jozkowiak, 1995, 1996) or could utilize Kohonen networks for the detection of speech
nonfluency (Szczurowska et al., 2009).

Research on other speech disorders and in different areas of acoustics could supply interesting
results and ideas. Maier et al. (2011) used automatic methods for evaluation of reading disorder in
children’s speech where the total reading time is one of the most useful feature. Articulation disorder
in children with a cleft lip or palate were investigated in Maier et al. (2009b), and patients who
have had their larynx removed due to cancer and children with a cleft lip or palate in Maier et al.
(2009a). Study (Godino-Llorente and Gomez-Vilda, 2004) has used short-term cepstral parameters
to identify vocal fold impairment due to cancer. Acoustical methods have been applied to non—
invasive biomarkers of patients with Parkinson’s disease (Sapir et al., 2010; Rusz et al., 2011).
Cucchiarini et al. (2000) applied a continuous speech recognizer to the quantitative assessment of
second language learners’ fluency. Nine automatic measurements based on temporal features of
speech, such as the rate of speech, articulation rate, or the total duration of the pauses, have been
employed.

The aim of the study was to determine whether the level of the speech fluency disorder can
be estimated by means of automatic acoustic measurements. Investigating recordings of read text
could be a step towards spontaneous speech which is more common in clinical practice, and clinical
experts would appreciate a method that could help with evaluating.

4.1 Method

4.1.1 Participants and recordings

The speech signal database, which the read recordings are part of, was formed in past several years
at the Department of Phoniatrics of the 1st Faculty of Medicine at the Charles University and the
General Faculty Hospital in Prague. The database is very large and not all the recordings could
have been included in the experiments because of their technical quality.

The read part contains recordings of 118 Czech native speakers (28 women and 90 men) with
different ages and levels of speech fluency disorder. The age structure of the database is as follows:
Mean age 18.1 yr [+standard deviation (SD), 9.9 yr|, the youngest participant was 8 yr old, the
oldest was 50 yr old. Fifteen recordings (5 women and 10 men) are utterances of speakers without
speech fluency disorder [mean age 27.37 yr (£SD, 7.4 yr)] and speakers with speech fluency disorder
were in age, mean 16.73 yr (£SD, 9.4 yr). See the distribution of participants’ age in Figure 4.1. All
participants read the standard text used by Czech speech therapists (Podzim na Starém bélidle),
the text is about 70 word—long, it is phonetically non—balanced, and it does not include tongue
twisters. The book is a part of recommended literature for the 6-8th grade of grammar school in
Czech Republic (children at the age of 12-14 years). The entire text can be seen at the end of the
document in section Appendices A. The average length of a recording is 66.1 s (£SD, 33.3 s).
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The utterances were recorded with a sampling frequency of 44 kHz. The signals were down—
sampled to 16 kHz for the subsequent analysis.

number of participants
©
T
|

| i |

5 10 15 20 25 30 35 40 45 50
age [years]

Figure 4.1: Histogram, distribution of participants’ age in the study on read recordings (118 par-
ticipants).

4.1.2 Subjective rating of read recordings

The evaluation of read recordings was performed by two professional speech pathologists using the
Kondas scale. The evaluators assessed recordings independently and according to the performance
of subject and the best knowledge of the evaluator. The two judgements of read recordings were
merged for further procedures. In the case that the ratings differed (for example, the first assigned
the level 2 and the second 3), the higher level was adopted. The structure of speech fluency disorder
according to the modified Kondas scale (merged judgement of two therapists) is as follows: the
groups of 0, 1, 2, 3, and 4 include 15, 24, 41, 31, and 7 recordings.

One evaluator listened to the read recordings and wrote down the number of occurrences of all
LBDL categories in each recording. The distribution of evaluation on read recordings is depicted
in Figure 4.2.

In addition to the two evaluation scales, we also consider the rate of speech. The rate of
speech [words/time] was obtained from the number of words counted during the LBDL evaluation
procedure and the length of recording.
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Figure 4.2: Histogram of the values of subjective evaluation made by means of the LBDL on read
recordings (118 participants).

4.1.3 Measures of speech fluency

Study 1 uses all measurement of speech fluency introduced in the Chapter 3 — Method. In addition,
the comparative measure the total reading time is also used. The measures are listed below:

e The average length of silence (ALS)

e The regularity of speech energy (RSE)

e The regularity of voicing (REV)

e The extent of speech fluency (ESF)

e The spacing when exceeding the threshold (SET)

e The standard deviation of 11 successive intervals (SDI11)

e The average number of spectral changes in short intervals (SCSI)
e The number of spectral changes in speech segments (NSI)

e The rate of speech using continuous speech recognizer (ROS)

e The total reading time (RT)
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4.2 Statistics

The ability to recognize levels of speech disfluency was examined using the Pearson product—-moment
correlation, the classification with the Linear Discriminant Analysis (LDA), and the statistical
method ANOVA with post hoc Bonferroni adjustment. Firstly, all settings of each algorithm are
examined by means of correlations and deviations with respect to the expert ratings. Secondly,
the ANOVA analysis is performed for one selected setting of each of the four acoustic measures
to find significant differences between fluency levels. Then, the relationship between the acoustic
measures and all categories of the LBDL is evaluated by the Pearson product—-moment correlation.
The Kolmogorov—Smirnov test was used to examine the normality of the distribution of the data.
To demonstrate how the algorithms are able to separate all subjects into disfluency levels,
the LDA is used. The LDA (Harrington and Cassidy, 1999), a statistical technique, takes the
knowledge that an element from training data set belongs to a certain group/level. On the basis
of the elements’ mean and standard deviation, the discriminant function is determined for each
group from training data set. These discriminant functions could then be used for classification of
a new element. Because the number of participants in the experiment is rather lower, especially
in peripheral levels 0 and 4, we decided to perform the leave-one—out cross—validation instead of
dividing the database into test and validation group. When using this method, all elements of the
data set except one serve as the training set and the one element is used as the validation data.
This is repeated for each element of the data set, thus each element is used as the validation data.
The deviation A is defined to assess the success of classification
N
A=Y (loi—ail). (4.1)

=1

where o; is the merged evaluation of SLPs for the ith subject in the database, 0; represents the
estimated level for the same subject, the difference o; — 0; represents the classification error for
one subject, and N is the number of subject in the database. When inspecting the results, we can
follow the theorem: the smaller deviation A, the better result of classification achieved.

4.3 Result

4.3.1 Reliability of subjective evaluation on read recordings

All the read speech recordings were evaluated by two evaluators using the modified Kondas’s scale
and by one evaluator using the LBDL. As appears from the Pearson correlation and Cronbach’s
alpha (standardised), the expert rating (the Kondas’s scale) shows a very high relationship between
both therapists, a correlation of 0.91 (p < 0.001) and Cronbach’s alpha 0.95. The evaluation made
by the speech therapists was also compared to the subjective evaluation made by means of the LBDL
(overall), and here the Pearson correlation coefficient was 0.93 (p < 0.001) for the first expert, 0.92
(p < 0.001) for the second, and for the merged evaluation: 0.93 (p < 0.001). The logarithm of the
LBDL evaluation was used because the Kondas’s scale is rather logarithmic (Cmejla et al., 2013).

The LBDL reports a high level of agreement in describing stuttering events and shows consistent
results for intra— and inter—judge agreement (Teesson et al., 2003). Thirty recordings (20% of the
118 recordings) were assessed twice to obtain the intra—judge agreement; the same 30 recordings
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were assessed by the second evaluator to obtain the interjudge agreement, similar to Goberman
et al. (2010). The lowest correlation coefficients across all descriptors for intrajudge agreement
were 0.87 (p < 0.001) and 0.89 (p < 0.001), the others exceeded 0.94 (p < 0.001). The results
for interjudge agreement also seem to show good results (> 0.76) except for descriptor superfluous
verbal behaviors (SVB). The agreement for descriptor SVB was 0.32 (p = 0.08). These events are
important but not as much so as the other events (repetition, prolongation, pauses), therefore we
decided to use this evaluation but the results related to the descriptor SVB are viewed carefully.

The results of the intra— and inter—judge reliability in the read experiment achieved a high level
of agreement, and we can conclude that the evaluation is reliable and applicable for the purpose of
this experiment.

4.3.2 Results of the ALS

Table I presents the correlation of the objective measurement ALS with the merged subjective eval-
uation (Kondas scale, levels 0-4), all tested settings of the algorithm are included in the table. The
ALS measure yielded the best correlation 0.64, the correlation rises with increasing time limit (the
scope of setting) achieving its top at 1000 ms followed by a slow decline. The trend of classification
deviation is the opposite; the deviation decreases with rising time limit (the classification is more
successful), one of the local minima is reached at the time limit 1000 ms A = 89, but the smallest
deviation is 82 at the time limit 1500 ms (for details, see Table I). According to the correlation
coefficients and classification results, we selected the setting with threshold 1000 ms, which is used
in the following experiments.

The typical values of the measurement and correlation with the second subjective rating are
presented in Table IX. We hypothesised that the ALS measurement would rise with level of speech
disfluency and Figure 4.3 supports our assumption. Correlations with the second set of subjective
evaluation according to the LBDL are presented in Table XXIII. The highest correlation can be
found between objective measures and individual categories FPWOAA (0.73), and summary cate-
gories fized (0.72) and overall (0.64). Agreement with other categories did not overcome coefficient
0.5.

The ANOVA analysis of the ALS measure found significant differences between levels moderate
and severe disfluency (2 vs. 3), severe and very severe (3 vs. 4) at the significance level 0.001
(details in Table XI). The measure classified 47 subjects into correct disfluency level, 53 subjects
were classified with 1-level error, and 18 subject were classified with 2-level difference from correct
class.

4.3.3 Results of the RSE

Correlation coefficients with Kondas scale and results of classification for all tested algorithm set-
tings are presented in Table II. The results show that the algorithm settings are robust, the
correlation for more than half of settings is similar (0.64 — 0.65, varying at the third decimal place).
The highest correlation reaches 0.65. Also, the classification results exhibit robustness, the classi-
fication deviation vary around 90 and the smallest is 87. According to the results, the setting with
k = 15 and ,multiplication constant 1.5 was selected for further analysis.

Typical values of the RSE measure and the measure’s dependency on the level of the disfluency
are shown in Table IX. See also the visual form of these values in Figure 4.4. The RSE grows with
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TABLE I: The Pearson correlation and results of classification using the LDA (the deviation A
from subjective evaluation) for all algorithm settings of the ALS in comparison to the merged
subjective evaluation, the time limit for successive removing of short speech and silence segments
is the subject of setting.

settings [ms| correlation (deviation A)

125 0.35 (172)
150 0.34 (153)
200 0.36 (146)
300 0.40 (123)
400 0.46 (124)
500 0.50 (121)
700 0.56 (109)
800 0.59 (105)
900 0.62 (94)
1000 0.64 (89)
1100 0.64 (91)
1200 0.62 (98)
1300 0.62 (102)
1400 0.62 (112)
1500 0.62 (82)

the rising level of speech disfluency. Table XXIII includes Pearson correlation of the RSE measure
with categories of LBDL taxonomy. High correlation can be observed for ISR (0.66), FPWOAA
(0.65), and summary categories repeated (0.67), fized (0.69), and overall (0.76).

The ANOVA, see Table XI, found significant differences for the RSE measure between levels
2 vs. 3 vs. 4 (moderate vs. severe vs. very severe disfluency) at the significance level 0.001. In the
classification task, the measure was able to correctly classify 44 subjects, 59 with error of 1 level,
and 12 with 2-level classification deviation.

TABLE II: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the RSE in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used.

multiplication constant, correlation (deviation A)
k 25 50 75 100 125 150 200
0 0.41 (150) 0.41 (149) 0.41 (149) 0.41 (149) 0.41 (149) 0.41 (149) 0.41 (149)
4 053(127) 053 (127) 053 (127) 0.53 (127) 0.53 (127)  0.53 (127)  0.53 (127)
9 059 (100) 059 (101)  0.60 (101) 0.60 (101) 0.60 (101)  0.60 (101)  0.59 (102)

12 0.64 (89) 0.64 (90) 0.64 (89) 0.64 (89) 0.64 (90) 0.64 (87) 0.64 (89)
14 0.65 (94) 0.65 (93) 0.65 (93) 0.65 (93) 0.65 (92) 0.65 (92) 0.65 (92)
16 0.64 (92) 0.65 (93) 0.65 (91) 0.65 (89) 0.65 (89) 0.65 (90) 0.65 (90)
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Figure 4.3: Comparison of the measurement ALS to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

4.3.4 Results of the REV

The comparison of all settings of measure REV and subjective evaluation of speech disfluency to
find the most suitable setting is given in Table III. The highest correlations ranges from 0.61 to
0.64 and classification deviations from 112 to 117. The setting marked as 0.50 seem to be the best
combination, correlation 0.64 and classification deviation 112. This setting was selected for further
analyses.

Table IX and Figure 4.5 show the typical values of the measure in read recordings and demon-
strate the trend of the measure with progressing disfluency. The REV increases with rising level of
the disfluency. A problem is that fluent speakers are, according to the measure, less fluent than the
mild disfluency group. Pearson correlation coefficients of the measure and second set of subjective
evaluation (LBDL) are presented in Table XXIII. We observed good correlations with ISR (0.55),
FPWOAA (0.66) and summary descriptors repeated (0.57), fized (0.65) and overall (0.68).

Table XTI includes the ANOVA analysis of the REV measurement. The analysis found significant
differences between levels 1 vs. 2 (significance level p = 0.05), 2 vs. 3 (0.01), and 3 vs. 4 (0.01).
The REV measure classified 45, 41, 25, and 7 with classification error 0, 1, 2, and 3, respectively.

4.3.5 Results of the ESF

To select the most suitable setting of the ESF algorithm, the correlation coefficients of the measure
and subjective evaluation (Kondas) are presented in Table IV. Several settings overcome coefficient
-0.7. The highest (-0.77) was found for £ = 4 and multiplication constant 0.15. This setting is
used for further analyses. Typical values for different levels of speech disfluency are presented
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Figure 4.4: Comparison of the measurement RSE to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

in Table IX and Figure 4.6. The measure decreases with the growing level of disfluency. Pearson
correlation coefficients of the measure and second set of subjective evaluation (LBDL) are presented
in Table XXIII. We observe good correlation with ISR (-0.51), MSUR (-0.4), FPWOAA (-0.67)
and summary descriptors repeated (-0.63), fized (-0.73) and overall (-0.76).

Table XI shows the ANOVA analysis of the ESF measurements. Significant differences were
found between levels 1 vs. 2 (significance level p = 0.001), 2 vs. 3 (0.001). Differences between
other levels were not significant. In classification task, the ESF classified correctly 57 subjects, 48
subjects were classified incorrectly of 1 level, and 13 participants missed their level of 2.

4.3.6 Results of the SET

Table V presents correlation coefficients of the all SET measure settings with subjective evaluation
on read recordings. According to the table, we selected an appropriate setting. The measure
exhibits robustness as several settings exceeded correlation of 0.7. The highest was 0.78 for the
threshold 80, k = 4, and multiplication constant 0.15, this setting is used for further analyses.
Table IX includes typical values of SET at various levels of speech disfluency for the selected
setting; a graphical interpretation of these results is in Figure 4.7. The measurement rises with
growing level of speech disfluency, the correlation coefficients are positive. The correlation of the
selected setting with LBDL scale are shown in Table XXIII. The highest correlation can be seen for
individual LBDL descriptors MSUR (0.56) and FPWOAA (0.74), while for summary descriptors
repeated (0.61), fized (0.79) and overall (0.77).

The ANOVA found significant differences between levels 1 vs. 2 (significance level p = 0.05)
and 2 vs. 3 (0.001). Differences between other levels were not significant. See Table XI for details.
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TABLE III: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the REV in comparison to the merged
subjective evaluation, the time limit for successive removing of short speech and silence segments
is the subject of setting.

settings [-]  correlation (deviation A)
0.01 0.32 (123)
0.05 0.61 (114)
0.10 0.63 (116)
0.20 0.64 (114)
0.30 0.63 (117)
0.40 0.63 (114)
0.50 0.64 (112)

TABLE IV: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the ESF in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used.

multiplication constant, correlation (deviation A)

k 0.10 0.15 0.20 0.25 0.30

1 -0.75 (85) -0.73 (95) -0.67 (98) -0.61 (105) -0.53 (126)
2 -0.76 (80) -0.76 (82) -0.72 (96) -0.65 (102) -0.60 (105)
3 -0.75 (74) -0.76 (79) -0.72 (102) -0.66 (120) -0.61 (135)
4 -0.75 (79) -0.77 (74) -0.73 (95) -0.68 (112) -0.62 (127)
5 -0.74 (74) -0.76 (72) -0.74 (92) -0.69 (111) -0.65 (121)
6 -0.74 (87) -0.77 (74) -0.75 (87) -0.70 (112) -0.66 (125)
7 -0.72 (97) -0.77 (73) -0.75 (86) -0.71 (106) -0.67 (121)
8 -0.72 (93) -0.76 (75) -0.76 (82) -0.73 (106) -0.68 (121)
9 -0.72 (83) -0.76 (75) -0.76 (82) -0.74 (101) -0.70 (108)
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Figure 4.5: Comparison of the measurement REV to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

In the classification task, the measure classified correctly 38 subjects, 60 with error 1 level, 20
subjects with error higher or equal 2.

4.3.7 Results of the SDI11

According to correlation coefficients of the measure and subjective evaluation (Kondas), which is
presented in Table VI, we selected the most suitable setting of the algorithm, & = 4, multiplication
constant 0.15. The mean and SD of the measure (selected setting) with respect to the level of
disfluency can be seen in Table IX or in Figure 4.8. The mean values increase with rising level
of speech disfluency. Table XXIII presents correlation of selected measure setting with continuous
LBDL scale. We observed good correlations in individual LBDL categories: ISR (0.52), MSUR
(0.52), and FPWOAA (0.65); while in summary descriptors repeated (0.61), fized (0.71) and overall
(0.74).

Significant differences between levels 1 vs. 2 (significance level p = 0.001) and 2 vs. 3 (0.001)
were found by means of ANOVA analysis (Table XI). Significant differences between other levels
were not found. The measurements was able to classify 43 subject into correct level, 63 missing
the correct level of one level, and 12 subjects was classified with error equal 2 levels.

4.3.8 Results of the SCSI

Table VII displays correlations of the SCSI measure and subjective evaluation by means of the
Kondas scale. According to the table, we chose one suitable setting which is presented in further
analyses. The setting uses a short—time window of the length 2 s, £ = 6 (sixth highest maxima in
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TABLE V: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the SET in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used.

threshold 60, multiplication constant, correlation (deviation A)

k 0.10 0.15 0.20

1 0.72 (94) 0.72 (77) 0.66 (91)
2 0.70 (110) 0.71 (89) 0.66 (111)
3 0.70 (117) 0.73 (92) 0.69 (106)
4 0.69 (117) 0.73 (94) 0.69 (101)
5 0.69 (110) 0.73 (107) 0.70 (102)

threshold 70

k 0.10 0.15 0.20

1 0.74 (89) 0.72 (93) 0.69 (104)
2 0.70 (106) 0.72 (102) 0.67 (106)
3 0.71 (105) 0.74 (98) 0.71 (107)
4 0.71 (107) 0.75 (103) 0.69 (106)
5 0.70 (113) 0.75 (104) 0.69 (107)

threshold 80

k 0.10 0.15 0.20

1 0.77 (98) 0.77 (90) 0.73 (103)
2 0.74 (114) 0.74 (104) 0.69 (115)
3 0.74 (114) 0.78 (103) 0.72 (118)
4 0.74 (107) 0.77 (105) 0.72 (116)
5 0.75 (104) 0.77 (106) 0.73 (114)

TABLE VI: The Pearson correlation and results of classification using the LDA (the deviation A
from subjective evaluation) for all algorithm settings of the SDI11 in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used.

multiplication constant, correlation (deviation A)

k 0.10 0.15 0.20 0.25 0.30

1 0.73 (77) 0.74 (83) 0.73 (96) 0.72 (98) 0.70 (98)
2 0.73 (77) 0.75 (82) 0.76 (84) 0.74 (96) 0.73 (110)
3 0.71 (82) 0.74 (89) 0.75 (92) 0.73 (103) 0.73 (101)
4 0.70 (83) 0.74 (87) 0.75 (88) 0.74 (95) 0.73 (102)
5 0.70 (84) 0.74 (79) 0.74 (89) 0.73 (98) 0.73 (97)
6 0.69 (84) 0.74 (78) 0.74 (90) 0.73 (93) 0.73 (97)
7 0.67 (79) 0.73 (78) 0.74 (92) 0.73 (95) 0.73 (104)
8 0.66 (80) 0.74 (79) 0.74 (88) 0.73 (95) 0.72 (101)
9 0.65 (78) 0.73 (78) 0.74 (88) 0.73 (94) 0.72 (100)
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Figure 4.6: Comparison of the measurement ESF to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

the BACD output), and multiplication constant 0.15. This setting reached correlation -0.77 and
classification deviation A = 75. The mean and SD of the measure in dependence on the speech
difluency level is presented in Table IX and Figure 4.9. The measure values decrease with increasing
level of speech disfluency. Table XXIII introduces the correlations of the selected measure setting
with continuous LBDL scale. Correlation coefficients higher than 0.5 were observed in: individual
LBDL categories -0.53 (ISR), -0.59 (MSUR), and -0.72 (FPWOAA); summary categories repeated
(0.65), fized (0.78) and overall (0.79).

Significant differences between levels mild, moderate, severe, and very severe disfluency were
found by ANOVA analysis, significance level p = 0.001), see Table XI). The only groups fluent vs.
mild disfluency were not distinguished. Fifty—five subjects were correctly classified in classification
task, 55 participants with error 1 level, and 10 subjects with error of 2 levels.

4.3.9 Results of the NSI

Table VIII presents the correlation of the NSI measure and subjective evaluation (Kondas scale).
We selected the most suitable setting of the measure according to this table. The results of the
algorithm are presented further with this setting. The ALS algorithm uses removal of short segments
of speech and silence, which was also subject of the setting. Because there exist a lot of possible
combinations and the tables would become very large, we present only results for threshold 1000 ms.
Further parameters of the algorithm setting are: & = 6 and multiplication constant 0.15. This
setting reached correlation -0.78 and classification deviation A = 64. Table IX and Figure 4.10
present mean and SD of the measure in dependence on the speech difluency level. The measure
values decrease with increasing level of speech disfluency. Table XXIII introduces correlation of
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Figure 4.7: Comparison of the measurement SET to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

selected measure setting with continuous LBDL scale. We observed correlations higher than 0.5 in:
individual LBDL categories -0.52 (ISR), -0.50 (MSUR), and -0.84 (FPWOAA); summary categories
repeated (0.63), fized (0.85) and overall (0.82).

The ANOVA analysis found significant differences between levels mild, moderate, severe, and
very severe disfluency at significance level p = 0.001), see Table XI). The ANOVA was not able
to find significant difference between levels normal speech and mild disfluency. In the classification
task, the NSI was able to classify 61 subjects correctly, 50 subjects with classification error 1 level,
and 7 subjects differing from the correct level of 2 levels.

4.3.10 Results of the ROS

The measure ROS does not have various setting of the algorithm. The correlation coefficient of
the measure and subjective rating by means of Kondas scale is -0.77 in read recordings. The
value of ROS decreases with a higher level of disfluency, see Table IX and Figure 4.11. The
measurement reached correlation -0.77 with merged evaluation of speech—language pathologists,
the overall classification error A = 70. The correlations of measure and all LBDL categories can
be seen in Table XXIII. Correlation higher than 0.5 were observed for individual categories SR
(-0.51), ISR (-0.56), MSUR (-0.56), and FPWOAA(-0.71) and summary categories repeated (-0.67),
fized (-0.75) and owverall (-0.79).

The ANOVA analysis found significant differences between levels 1 vs. 2 vs. 3 vs. 4 at significance
level p = 0.001), Table XI) shows all the figures. The ANOVA was not able to find significant
difference between levels 0 (normal speech) and 1 (mild disfluency). The ROS measure classified
correctly 54 subjects, 58 subjects with error of 1 level, and 6 participants were classified incorrectly
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TABLE VII: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the SCSI in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used, the window for processing is 2 s.

multiplication constant, correlation (deviation A)

k 0.10 0.15 0.20 0.25 0.30

1 -0.75 (82) -0.73 (88) -0.68 (112) -0.63 (120) -0.58 (120)
2 -0.76 (79) -0.76 (80) -0.72 (93) -0.67 (99) -0.62 (99)
3 -0.75 (80) -0.75 (83) -0.72 (105) -0.67 (120) -0.62 (134)
4 -0.75 (76) -0.77 (77) -0.73 (101) -0.69 (119) -0.64 (123)
5 -0.74 (75) -0.77 (76) -0.74 (92) -0.70 (111) -0.66 (122)
6 -0.74 (87) -0.77 (75) -0.75 (92) -0.71 (110) -0.67 (123)
7 -0.72 (100) -0.76 (77) -0.75 (89) -0.71 (114) -0.67 (118)
8 -0.72 (97) -0.77 (75) -0.76 (89) -0.73 (106) -0.68 (118)
9 -0.71 (104) -0.77 (78) -0.76 (82) -0.73 (105) -0.69 (111)

TABLE VIII: The Pearson correlation and results of classification using the LDA (the deviation
A from subjective evaluation) for all algorithm settings of the NSI in comparison to the merged
subjective evaluation, to set the algorithm the kth highest maximum and multiplication constant
are used, the time limit for successive removing of short speech and silence segments is set to

1000 ms.
multiplication constant, correlation (deviation A)

k 0.10 0.15 0.20 0.25 0.30

I ~0.77 (64) 0.77 (72) 0.74 (32) ~0.70 (39) ~0.66 (95)
2 -0.77 (65) -0.78 (68) -0.76 (69) -0.73 (82) -0.69 (93)
3 -0.76 (70) -0.77 (68) -0.76 (76) ~0.73 (87) -0.69 (94)
4 -0.77 (72) -0.78 (70) -0.77 (70) -0.74 (80) -0.71 (93)
5 -0.76 (68) ~0.77 (70) ~0.77 (73) -0.74 (80) 072 (91)
6 -0.76 (69) -0.78 (64) -0.77 (75) -0.75 (78) -0.73 (93)
7 -0.76 (71) -0.77 (66) -0.77 (75) -0.75 (82) -0.73 (95)
8 -0.76 (70) ~0.77 (66) ~0.78 (74) -0.76 (76) -0.74 (87)
9 -0.76 (68) -0.77 (64) -0.78 (73) 0.77 (77) -0.74 (84)
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Figure 4.8: Comparison of the measurement SDI11 to subjective evaluation made with LDBL
(left) and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled
by marks in the left figure. In the right figure, a marker indicates the mean value for the given
level of fluency, error bars represent SD.

with error 2 levels.

4.3.11 Results of the RT

Results of the measure total reading time are presented to have a comparison with the standard
measure used in clinical evaluation. There are no parameters to set. The correlation coefficient with
subjective evaluation is 0.77. The mean and SD of the the measure are presented in Table IX and
Figure 4.12, we can see that the measure values grow with rising level of disfluency. The correlations
among the LBDL and the objective algorithm are in Table XXIII. The measurement correlates
with merged evaluation of SLPs with coefficient 0.77, the overall classification error A = 64. The
correlation of measure and all LBDL categories can be seen in Table XXIII. Correlation higher than
0.5 were observed for individual categories SR (-0.54), ISR (-0.65), MSUR (-0.60), FPWOAA(-0.68)
and SVB (0.60) and summary categories repeated (-0.75), fized (-0.78) and overall (-0.86).

The analysis ANOVA found significant differences between levels mild vs. moderate (p = 0.05),
moderate vs. severe vs. very severe disfluency at significance level 0.001, see Table XI). The
ANOVA was not able to find significant difference between levels normal speech and mild disfluency.
The total reading time classified 59 subject into correct level, 54 subjects were classified with error
1 level, and 5 subjects with 2-levels error.

4.4 Discussion, read recordings

The study of read recordings presents automatic and objective measures applied to the analysis
of read audio recordings of stutterers. The main goal of this study is to find out whether the
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TABLE IX: The mean T and standard deviation SD of fluency measures.

ALS RSE REV ESF SET
T SD T SD T SD T SD T SD
Normal healthy speech (0) 0.19 0.06 0.11 0.02 14959 1274 7.46 1.4 0.16 0.03
Mild disfluency (1) 0.21 0.05 0.12 0.02 14371 1660 6.60 1.34 0.19 0.05
Moderate disfluency (2) 0.26 0.10 0.15 0.04 16330 2198 5.09 1.22 0.25 0.07
Severe disfluency (3) 0.38 0.11 0.20 0.06 18756 3180 3.79 0.80 0.34 0.11
Very severe disfluency (4) 0.60 0.26 0.27 0.07 22541 4388 3.32 0.41 0.37 0.09
SDI11 SCSI NSI ROS RT
T SD T SD T SD T SD T SD
Normal healthy speech (0) -1.44 0.12 1.23 0.08 0.87 0.06 8.71 1.09 34.8 8.0
Mild disfluency (1) -1.36 0.13 1.17 0.08 0.76 0.11 7.83 1.26 43.9 11.2
Moderate disfluency (2) -1.17 0.17 1.06 0.09 0.59 0.14 6.47 1.15 58.2 14.2
Severe disfluency (3) -0.96 0.19 0.95 0.09 0.42 0.15 5.16 1.08 92.0 25.7
Very severe disfluency (4) -0.88 0.11 0.90 0.04 0.14 0.35 3.84 0.34 140.0 40.3

56



€00 > d,.. ‘100 > d,, ‘1000 > d.
JureOYIUSIs j0u = GN

«a SN 4 SN SN SN SN el «d «a ¥ osag
*& *& *& *& *& *& *& i& *& *& € 'SA g
***& *Q *Qq *Q *m& ***Q *Qq ***@q mz mz N SA H
SN SN SN SN SN SN SN SN SN SN T 'sAQ
.80°09 LOTY L68°8V L£E°EV +20°8¢ 8¥'€T 8Ty e LCL'ST £26°LC (L1T 9)d VAONV
IM Sod ISN ISDS 11148 LHS ASH ATY Sy STV
Qlnseoua

"s8urp10291 snosuejuods pue pear I10j juourjsnipe
THoLIJuOg 20y 350d 9} Aq S[OAS] UDOMID( UOSLIRAUIOD M SISATRUR YAQNY oY} JO sueawn Aq 9ouedyIudis [eo1ys1yels X 4TdV.L

LL°0 LL°0- 8L°0- 2L°0- GL0 99°0 2L°0- c9'0 990 ¥9°0 (pobuows) sysywioads
98°0 6L°0- ¢80 6L°0- VL0 LL°0 9L°0- 89°0 9.0 89°0 11p4200
8L.°0 GL°0- G8°'0- 8L°0- 1.0 6.0 €L°0- g9°'0 690 cL0 paxyf
GL0 29°0- €9°0- g9°0- 19°0 19°0 €9°0- 190 1290 67°0 pagvada.
09°0 9€°0- 6¢°0- ¥€0- 6€°0 8¢°0 1€°0- ce0 LE°0 8¢'0 dAS
89°0 1L°0- ¥8°0- ¢L0- 99’0 VL0 29°0- 990 990 €L°0 VVOMdd
67°0 07°0- 8¢°0- Lv'0- 970 70 97°0- ¢co 6€°0 gco VVMdA
09°0 96°0- 09°0- 64°0- cq'0 9¢°0 ¥40- 6€°0 o 8¢°0 HNASIN
G9°0 9¢°0- ce0- €4°0- cso 67°0 16°0- geo 99°0 o YSI
¥<'0 16°0- 87°0- Lv'0- cro gv°'0 67°0- €0 €70 8¢°0 s
Y SOod ISN ISOS 1TIdS LHS ASH AHY Citel STV I107d1I089p

aJnseoua

‘syst8oroyyed ooads Jo uoryenyess aarydalqns padrow o) pue s103duosep T oY) 03 uosredwod UT 9INSLIU YO Jo Sur}les
Po399[as auo 10} (100°0 < d uaym sosor[juated UT) 90URIYIUSIS JO S[OAD] O} PUR SIUSIDIFO0D UOIJR[OLIOD UOsIedd o], X HTIVI

57



TABLE XII: Cross—correlation between all objective measurements on read recordings.
measure

measure RSE REV ESF SET SDI11 SCSI NSI ROS RT
ALS 0.75 0.69 -0.58 0.50 0.64 -0.61 -0.85 -0.70 0.69
RSE 0.77 -0.56 0.48 0.61 -0.59 -0.73 -0.69 0.75
REV -0.55 0.42 0.65 -0.60 -0.69 -0.65 0.68
ESF -0.86 -0.90 0.98 0.88 0.89 -0.77
SET 0.73 -0.88 -0.82 -0.77 -0.74
SDI11 -0.93 -0.82 -0.85 0.81
SCSI 0.90 0.88 -0.81
NSI 0.88 -0.81

-0.87

ROS
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Figure 4.9: Comparison of the measurement SCSI to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

automatic measurements are able to estimate the level of the speech fluency disorder in read
speech. Eventually, to find the most appropriate settings of algorithms which would correspond to
subjective rating in read recordings. A large part of the results presented here has been introduced
in Lustyk et al. (2014).

The expert ratings are very important when comparing automatic measurements to subjec-
tive assessments. To have more information about the extent of the speech fluency disorder, two
different evaluation scales were applied: the first is the modified Kondas’s scale (Lechta and col-
lective, 2004) and the second is the LBDL taxonomy (Teesson et al., 2003) (see section Chapter 3
— Method). All 118 audio recordings of read speech were evaluated by two experienced phoniatric
experts using the Kondas’s scale. The Pearson correlation coefficient and Cronbach’s alpha showed
a very high relationship between both speech therapists. The second subjective evaluation was
made by one evaluator who assessed all recordings by means of the LBDL taxonomy. The evalua-
tion of 30 recordings for the second time and by another judge was used for intra— and inter—judge
reliability. The same procedure was used in Goberman et al. (2010). The Pearson correlation
coefficient showed a strong agreement between the original and the repeated evaluation using the
LBDL, which is consistent with Teesson et al. (2003); Goberman et al. (2010), where very high
intra—judge agreement was achieved. When we consult the inter-judge agreement, the lowest cor-
relation (0.32) was found for superfluous verbal behaviors, the other categories of the LBDL report
significant positive correlations. Because of the low correlation of the characteristic superfluous
verbal behaviors, the results dealing with this characteristic are viewed carefully. When comparing
the individual or merged evaluations by experts (Kondas’s scale) and the descriptor overall of the
LBDL, the conclusion can be adopted that these two evaluations report very strong relationships
(the Pearson correlations for the individual experts and the merged evaluation with the LBDL
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Figure 4.10: Comparison of the measurement NSI to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.

surpasses 0.9), these results of assessment suggests that the expert ratings are reliable and useful
for the purposes of this experiment.

The main findings dealing with automatic measurements of audio recordings for the evaluation
of speech disfluency can be expressed as follows. First, the measures are able to indicate the overall
level of the speech fluency disorder. This finding is supported by the results where all measures
have magnitudes of the correlation coefficient with two experienced speech pathologists (Kondas
scale) higher than 0.62 and with the LBDL evaluation overall score exceeding 0.68. The highest
correlation with Kondas scale were achieved by NSI (-0.78), followed by ESF, SCSI, and ROS
(all -0.77). The comparative measure total reading time achieved very similar correlation (0.77
for speech experts, Kondas). Looking at the second set of subjective rating, the LBDL scale, the
highest correlation we reached by NSI (-0.82), followed by ROS and SCSI (-0.79). The comparative
measure total reading time (RT) reached correlation of -0.86.

The correlation are supported by results of classification using the Linear Discriminant Analysis
with the leave—one—out cross—validation, when the selected setting of the NSI algorithm classified 61
subjects (52%) into the correct level of the Kondas’s scale, 50 subjects (42%) with the classification
error 1 (the estimated level by algorithm differs by one level from the subjective evaluation), and
seven participant (6%) with classification error 2, the total deviation from the speech therapists
evaluation is 64 (the lowest of all measures). For comparison, the total reading time classified 59
subjects correctly (50%), 54 subjects with the classification error 1 (46%), and five subjects (4%)
with the classification error 2 (the total deviation from subjective evaluation is 64). Assessment of
group differences confirms that the measure NSI is able to find statistically significant differences
(p < 0.001) between the groups mild and moderate, moderate and severe, and severe and very
severe. The measures ALS, RSE, ESF, SET, SCSI, and ROS can separate one group less, they
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Figure 4.11: Comparison of the measurement ROS to subjective evaluation made with LDBL
(left) and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled
by marks in the left figure. In the right figure, a marker indicates the mean value for the given
level of fluency, error bars represent SD.
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Figure 4.12: Comparison of the measurement RT to subjective evaluation made with LDBL (left)
and Kondas scale (right) in read recordings. The individual levels of disfluency are labelled by
marks in the left figure. In the right figure, a marker indicates the mean value for the given level
of fluency, error bars represent SD.
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are usually able to find significant differences between groups mild and moderate (1 vs. 2, p <
0.001) and moderate vs. severe (2 vs. 3). In comparison, the total reading time can differentiate
levels moderate, severe, very severe (p < 0.001), and mild and moderate (p < 0.05). A major
problem is distinguishing between normal fluent speech and mild disfluencies: no measure is able
to recognize a statistically significant difference here (the similar phenomenon can be observed in
classification). This is probably caused by the definition of the levels of the modified Kondas’s
scale, where the level 0 (normal healthy speech—without frequent signs of disfluency) and the
level 1 (mild disfluency, up to 5% disfluent words) are very close. These two groups often overlap,
because normal fluent speakers usually exhibit some signs of disfluencies (Johnson, 1961; Yairi and
Clifton, 1972; Goberman et al., 2010) and it is difficult to recognize the difference (Onslow et al.,
1992).

Second, some measures are able to describe individual or summary characteristics of the LBDL.
The best results can be found for the fixed postures without audible airflow: five measures achieved
a Pearson product—-moment correlation higher than 0.7 in magnitude (the highest was 0.84 for the
measure NSI). This finding suggests that a large part of the fluency evaluation in read speech may
lie in the pauses, which is in line with Cucchiarini et al. (2000). Also No6th et al. (2000) found
pauses very important for automatic evaluation of stuttered speech. This finding led us to examine
the cross—correlations between all characteristics of the LBDL and a strong relationship between
overall and fixed postures without audible airflow was found (Pearson correlation of 0.81), which
means that pauses constitute a large part of the subjective evaluation of read speech at least in this
case. Thus, the measures which obtained a good agreement with the fixed postures without audible
airflow have a strong relation with the overall subjective evaluation based on the LBDL. On the
contrary, the total reading time has balanced results for all individual categories and manages to
achieve a very good results for the overall score. The results for the other individual categories of
LBDL do not reach those for pauses.

The total reading time was found distinctive for evaluation of disfluencies in read speech (Maier
et al., 2011). This measure was added to the experiment to have a comparison to other possibility
of how to measure stuttering severity. It turned out to be a very good instrument for the evaluation
even though it is very simple. The results are comparable and in some cases better than those of
introduced algorithms and it could be possible to replace the algorithms with the total reading
time. However, we would like to use these algorithms for evaluation of spontaneous speech where
the utterances are mostly limited by time and the total time of a recording will not be as influential
as in recordings of read speech.

Because of the basic method used for the larger part of the measures (the Bayesian abrupt
spectral changes detector), it is appropriate to investigate the relationships between these measures,
and a strong relationship can be expected, as in Cucchiarini et al. (2000). Examining these results
(Table. XII), we can see that all the measures based on the BACD are strongly correlated (some
of the coefficients exceed 0.9). In case of lesser correlation, there exists a high probability that
a combined measure created from less correlated measures will be more successful. An experiment
was carried out to see whether this is so, by a simple combination (summing up the normalised
values of measures ALS, ESF, SCSI, and NSI), and a correlation coefficient of 0.8 with speech
pathologists and 0.82 with the overall LBDL characteristic was achieved, which is higher than that
for any single measure. A suitable combination and selection of measures could be a future focus
of research.

A possible limitation of the algorithms is that they are able to describe fixed postures without
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audible airflow with good agreement and the other individual characteristics of the subjective eval-
uation, such as syllable and incomplete syllable repetitions or prolongations, to a limited extent.
The results of this study for these symptoms do not reach the results of N6th et al. (2000); Wis-
niewski et al. (2007a,b), but on the other hand, we are not aware of other studies concentrating
on automatically measured temporal speech characteristics in stuttered speech which do not use
Hidden Markov Models. The database could be considered a weak point of the present study, and
especially its gender imbalance and its distribution of participants across the levels of the disorder.
There were only a few participants at the very severe level, and most participants were located
at the mild, moderate, or severe levels. However, the database reflects the situation in common
practice (Yairi and Ambrose, 1999; Bloodstein and Bernstein Ratner, 2008).

An advantage of our methods could be the possibility to exchange one instrument for another.
In other words, it provides the opportunity to apply other reliable abrupt spectral changes detectors
or voice activity detectors. The BACD (Cmejla et al., 2013) applied in this study was tested using
synthetic and real speech signals (Bergl and Cmejla, 2007) or for stuttered speech (Bergl, 2010)
in comparison to other divergence metrics with very good results. Algorithms, from simpler ones
such as spectral or cepstral distance, to more complex ones, such as General Likelihood Ratio
(Appel and Brandt, 1983) and Kullback—Leiber divergence, could be employed. A great advantage
of BACD— and VAD-based measures could be that they are language independent, and there
is no need for a training database as in the case of systems based on Hidden Markov Models.
A possible language—independence of the algorithms is discussed in the section where the measures
were applied on the recordings of German stuttering speaker. The measures could be considered
for use in experiments with second language learning as in Cucchiarini et al. (2000, 2002); Maier
et al. (2009¢). Another VAD was also tested, one based on parameters (Atal and Rabiner, 1976) in
cooperation with the Support Vector Machine making the decision about speech vs. silence. When
this VAD was applied, very similar results were obtained.
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Chapter 5

Effect of speaking task in disfluent
speech

The study compares automated acoustic measures to behavioral measures of speech fluency in two
different speaking conditions (reading and spontaneous monologue) in the speech of people who
stutter. The main aim was to investigate the influence of the speaking tasks on participants’ fluency
levels. Participants were 92 adults (8 control speakers, and 84 stuttering participants). Analysis
of recordings of their reading and spontaneous speech was undertaken. The analysis was carried
out with two measurements (NSI and ROS), they were selected according to the results on read
recordings.

Automatic and objective methods can efficiently support the diagnosis of fluency disorders
and/or evaluation of therapy outcomes (Van Borsel et al., 2003). The methods should be versatile
and precise. Versatile methods could be applied in different speaking tasks that are typically used
(reading, narration, or monologue). A precise method would accurately reflect a speaker’s fluency
in different speaking conditions.

Acoustic analysis (Healey and Ramig, 1986; Yaruss and Conture, 1993) and/or advanced meth-
ods of signal processing (N6th et al., 2000; Wisniewski et al., 2007b; Esmaili et al., 2016) may
provide an objective and quantitative instrument for assessing speech fluency. In addition to tra-
ditional characteristics, Prosek and Runyan (1982) stated speaking rate and pauses as potential
perceptual cues for listeners attempting to differentiate the speech of people who stutter from that
of non—stutterers.

In a non—spontaneous task such as reading a passage, speakers produce ready—made text and
therefore can pay more attention to articulatory planning (Levelt, 1989). The spontaneous mono-
logue requires linguistic formulation and thus places greater demand on neural resources, which
might suggest that stuttering frequency would be greater in spontaneous tasks than in reading
(Armson and Stuart, 1998).

The effect of speaking task on the speech of people who stutter has been investigated in several
studies. Johnson (1961) studied speaking rate and disfluencies in people who stutter and those
with typical speech. Significant differences were noted between the two groups for rate of oral
reading, spontaneous monologue, and picture description. Fluent speakers, as a group, showed
higher rates and were more fluent and consistent than people who stutter. The study also found an
overlap in distribution of disfluency measures for both groups in reading and spontaneous speech.
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Reports by Ingham et al. (2012); Pinto et al. (2013) confirmed that fluent speakers generally have
a higher speech rate (in syllables/minute) than stuttering participants for both speaking tasks. At
the same time, they observed that the difference between the speech rate in the two tasks was
more obvious in the control group and the speech rate of stuttering participants was very similar in
both tasks. However, the literature is equivocal regarding the effect of speaking task on disfluency
(Armson and Stuart, 1998). Some report that the frequency of stuttering is greater in spontaneous
monologues (Johnson, 1961; Silverman, 1974), yet others Blood and Hood (1978) note no differences
in stuttering frequency during oral reading and spontaneous speech.

Studies of speaking task effect have compared the speech of fluent speakers with the speech of
people who stutter. Usually, the people who stutter have been treated as a homogeneous group
with no further subdivision, except in a few cases (Blomgren and Goberman, 2008; Vanryckeghem
et al., 1999).

Automatically measured temporal characteristics have been used to evaluate second language
learners’ fluency in reading (Cucchiarini et al., 2000), and further in reading and spontaneous speech
tasks (Cucchiarini et al., 2002). Spontaneous monologue was found to be the most sensitive of four
tasks for eliciting an articulatory deficit in patients with early diagnosed Parkinson’s disease (Rusz
et al., 2013).

This study aims to investigate whether automatic acoustic measures can estimate the level of
speech fluency in oral reading and spontaneous monologue. We hypothesize that the measures will
be more accurate for reading samples, and that it will be more difficult to determine the level of
fluency in spontaneous speech samples. Second, we investigated whether speakers’ performances
differ under different speaking condition, and if severity subgroups (mild, moderate, severe) are
equally affected. We assume that both control speakers and speakers who stutter will be less
fluent and speak at a slower rate in the spontaneous task and the difference between the severity
subgroups will fade. We hypothesized that speakers at all levels of fluency will be affected equally
by the speaking conditions.

5.1 Method

5.1.1 Participants and recordings

A group of 92 (16 women and 76 men) Czech native speakers with different ages and levels of speech
fluency disorder were recruited for the study of speaking task effect. For each of the 92 participants
both the read and spontaneous recordings are available.

The mean age 15.8 yr [+standard deviation (SD), 7.6 yr], ranging from 8 to 49 years old. Eight
speakers (one female and seven males) were subjects without any speech fluency disorder (mean
age 25.7 yr [£SD, 5.5 yr]) and 84 speakers with speech fluency disorder (15 women and 69 men)
were at a mean age of 14.8 yr [£SD, 7.1 yr|. See the distribution of participants’ age in Figure 5.1.

The reading task is the same as described in previous study in the thesis. Spontaneous mono-
logues were elicited through a picture description task. Two pictures were shown of a small town
in two different situations, the first one is positive (clean streets, calm people), the second one
is negative (people and streets in a mess). The duration of each recording was intended to last
90 s, with half of the allotted time for description of one picture. If the subject spoke longer, the
recording was shortened as close as possible to 90 s. The mean duration of recordings is 91.7 s
[£SD, 4.9 s].The pictures can be seen in section Appendices B and C.
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The recording took place in the clinic consulting room. All speech signals were recorded with
the sampling frequency 44 kHz, and the signals were subsequently down—sampled to 16 kHz for
analysis.

number of participants
[e )
T
|

| bl m

5 10 15 20 25 30 40 45 50
age [years]

Figure 5.1: Histogram, distribution of participants’ age in the study of speaking task effect (92 par-
ticipants).

5.1.2 Evaluation of recordings performed by speech language pathologists

The evaluation was obtained by means of the Lidcombe Behavioral Data Language of Stuttering
(LBDL) Teesson et al. (2003). The LBDL considers seven descriptors of stuttered speech char-
acteristics: syllable repetition, incomplete syllable repetition, multisyllable unit repetition, fixed
posture with audible airflow, fixed posture without audible airflow, superfluous verbal behaviors,
and superfluous non—verbal behavior. The superfluous non—verbal behavior was not counted be-
cause the behavior is only detectable through video recordings, which were not available. For the
evaluation procedure, SLPs listened to the recordings and wrote down the number of disfluencies
in individual categories followed by the total number of words. The sum of individual categories
together formed the overall category which was subsequently normalized by the number of words
in the recording, yielding a continuous scale (0 — 100%).

SLPs assessed recordings independently. They focused only on speech disfluency and did not
report other behaviors associated with a comprehensive assessment of stuttering. For the assessment
using the LBDL scale, one evaluator assessed the reading recordings. Five evaluators used the LBDL
to assess each spontaneous recording. After the analysis of inter-rater reliability, the evaluations of
spontaneous speech were merged for each recording to give a mean value.
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Apart from the LBDL evaluation scale, we considered speech rates in [words/min]| and [phonemes/min)]
for both speaking tasks. The first was obtained from the number of words manually counted during
the LBDL evaluation procedure (mean number of words from evaluators) and divided by the dura-
tion of the recording. The second comes from the number of phonemes in verbatim transcriptions
of recordings.

The distribution of subjective evaluation on read recordings is depicted in Figure 5.2, on spon-
taneous recordings in Figure 5.3. See also Figure 4 in section Appendices G where the histograms
for each of the five judges and the merged evaluation on spontaneous recordings is shown.

20

number of participants
>
|

2 —|_|_l_ |
0 10 20 30 40 50 60 70
subjective evaluation LBDL, overall [%]

Figure 5.2: Histogram, subjective evaluation made by means of the LBDL on read recordings
(92 participants) for study of speaking task effect.

5.1.3 Measures of speech fluency

The experiment closely follows previously published study Lustyk et al. (2014) that focused on read
recordings. The function of measurements was describe earlier in the thesis, therefore only the list
of measures follows:

e The number of spectral changes in speech segments (NSI)

e The rate of speech (ROS)

5.1.4 Statistics

The Pearson product-moment correlation reveals agreement between automatic measures and eval-
uation of SLPs. The difference between read and spontaneous recordings is evaluated by means
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Figure 5.3: Histogram, merged subjective evaluation made by using the LBDL on spontaneous
recordings (92 participants) for study of speaking task effect.

of non-parametric pair comparison (the Wilcoxon signed rank test (Wilcoxon, 1947)). Inspired by
Spaniel et al. (2016), we applied generalized linear model (McCullagh and Nelder, 1989) to answer
the question, if there is a different effect of the speaking task on speech fluency. The automatic
measurements were separately treated as dependent variables, while assessments of SLPs were mod-
eled as covariates and the tasks represented fixed factor. The linear model included intercept, and
factors of task, SLPs assessment, and interaction between speaking task and assessment. The han-
dling and statistical data analysis was performed in Matlab (Matlab R2011b, The Mathworks, Inc.
Natick, Massachusetts, USA) and SPSS software (IBM SPSS Statistics 22, IBM Corp., Armonk,
New York, USA).

5.1.5 Details of the generalized linear model

To analyze the effects of speaking condition (task) and evaluation based on judgments of speech-
language pathologists on automatic measurement we applied the generalized linear model. The
choice of Gamma turned out to be appropriate (data are continuous and nonnegative). The char-
acteristics of the measurements suggested that the relation between them and SLPs evaluation is
linear (link function). The model equation is:

measurement = By + BoconpirioNCONDITION + Brppr,LBDL (5.1)
+ Bconprrion, LBprCONDTION LBDL + €

where measurement in the response variable (in our case automatic measurements NSI, ROS
and manually measured speech rates), [y represents the model intercept, the CONDITION are
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Figure 5.4: Interjudge agreement of 92 spontaneous recordings in the experiment with speaking
task effect, evaluation scale — LBDL, 5 judges (J1, J2, J3, J4, and J6). Correlation coefficient
between individual judges.

predictor variables for the speaking conditions (read and spontaneous), Sconprrron are coefficients
for those predictors (dependence of the response on speaking conditions), LBDL are predictor
variables for the covariate (i.e. evaluation of speech-language pathologists, LBDL), Br.pps are
coefficients for those predictors (effect of the SLPs evaluation on dependent variable), the equation
element Sconprron, Lepr CONDITION LBDL represents interaction between speaking condition
and evaluation of speech-language pathologists, Sconprron, Lepr are coefficients for interaction.
The residuals are described by e. The applied model handled the measurements separately as
dependent variables. The linear model included intercept, and factors of task, SLPs assessment,
and interaction between speaking task and assessment.

When modeling, we proceeded from a simple model with only main effect of evaluation and
speaking conditions, adding interaction between model parameters, while looking for an improve-
ment in model description of the data.

5.2 Results

5.2.1 Reliability of recording evaluation made by speech-language pathologists

The group of 92 read recordings were assessed by one evaluator. To obtain the intra- and inter-
judge agreement a set of 27 recordings was selected. These recordings were evaluated for the second
time by the first evaluator and also once by the second evaluator. Similar procedure was used in
Goberman et al. 2010. The participants selected for the reliability assessment covered the entire
spectrum of disfluency. The correlation coefficients for intra- and inter-judge agreement in the
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TABLE XIII: The Pearson correlation coefficient and the level of significance (*when p > 0.001) for
automatic measures compared with the evalution of speech pathologists (overall LBDL descriptor)
and manually measured speech rate [words/min| and [phonemes/min] for both speaking conditions.
The Pearson correlation coefficients for manually measured speech rates in comparison to speech
language pathologist assessment.

measure
NSI ROS speech rate [words/min] speech rate [phonemes/min]

evaluation/task read spont read spont read spont read spont

LBDL —0.83 —0.52 —0.80 —0.52 —0.83 —0.72 —0.82 —0.58

speech rate [words/min] 0.87 0.61 098 0.73 - - 0.98 0.92

speech rate [phonemes/min] 0.87 0.62 0.98 0.71 - - - -

overall LBDL category reached 0.98 and 0.94 (p< 0.001), respectively.

Five judges independently evaluated all 92 recordings. The range of inter-judge agreement in the
overall LBDL among the judges varied between 0.86 and 0.93 (p< 0.001), see Figure 5.4. Twenty-
three recordings (25% of the 92 spontaneous recordings) were assessed twice by one evaluator to
determine intra-rater agreements, with a correlation of 0.98 (p< 0.001).

The results of intra- and inter-rater reliability showed a good level of agreement. Therefore, we
decided the evaluation made by SLPs were appropriate for the purpose of this experiment.

5.2.2 Analysis of agreement between measurements and evaluation of speech—
language pathologists

Because the results from read recordings were presented in the previous study (Lustyk et al., 2014),
the findings from spontaneous recordings are emphasized here. It is relevant to point out that the
results from read recordings in the previous study were obtained for 121 participants (92 recordings
are used in the current study), and hence the results may slightly differ.

The measures NSI and ROS decrease as the level of disfluency grows, see the Figure 5.5 that
shows the automated measures as a function of SLPs’ evaluation. The correlations of the automatic
measurements are given in the Table XIII. The correlations in spontaneous task reached -0.52
(ROS), -0.52 (NSI), p< 0.001. The higher correlations were found in read than in spontaneous
recordings (-0.80 for ROS, -0.83 for NSI).

Manually measured speech rates also decrease with increasing level of speech disfluency. The
speech rates highly correlate with assessment of SLPs, the coefficients for manually measured speech
rate in [word/min] are -0.83 and -0.72 in read and spontaneous conditions, respectively. Speech
rate measured in [phonemes/min]| yielded correlation -0.82 and -0.58 for read and spontaneous
recordings.

Because this study concentrates only on two automatic measures (NSI and ROS), it is inter-
resting to see the results of other measurements in spontaneous spech. Therefore, the results of
comparison of all measeurements and all LBDL descriptors (merged evaluation of speech-language
pathologists) in spontaneous recordings are presented in Appendices H.
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5.2.3 Analysis of the speaking task effect, pair test

A Wilcoxon signed-rank test showed that the different speaking condition (read and spontaneous)
elicit a statistically significant change in both automatic measurements of speech disfluency in
individuals with and without stuttering (for ROS, Z= -7.476 and NSI, Z= -5.681; p< 0.001). See
Table II. for detailed description of the comparison by the Wilcoxon signed rank test.

Figure 5.6 completes the results of pair test with the graphical representation of the difference
between fluency in read and spontaneous recordings. Even though that the difference was sta-
tistically significant we observe a trend in the data. The difference between fluency in read and
spontaneous conditions decreases as the level of speech disfluency increases.

Also, Wilcoxon signed-rank test revealed statistically significant difference for manually mea-
sured rate of speech in [words/min| (Z= -5.685, p< 0.001) and in [phonemes/min] (Z= -6.156, p<
0.001) in the same group of individuals as automatic measurements. The Figure 5.6 shows results
for the measure NSI, the figure supporting the results of pair test for ROS measurement and both
speaking rates can be seen in Figure 5.7 .

TABLE XIV: The mean T and standard deviation SD and median values for automatic measures
in read and spontaneous recordings. Wilcoxon signed rank test for measurements of speech fluency
to looks for difference read and spontaneous, descriptive statistics for 92 participants, automatic
measures and manually measured speech rates.

measurement
NSI ROS speech rate, speech rate,
manually manually
[words/min]  [phonemes/min]

mean read 0.74 6.32 77.8 379.6
spont 0.66 5.10 62.8 310.6
SD read 0.15 1.71 21.0 143.4
spont 0.11 1.33 22.8 115.3
median read 0.74 6.23 78.9 377.58
spont 0.66 4.96 58.6 285.0

7Z -5.681" -7.4767 -5.685™ -6.156™¢

*Asymt. Sig. (2-tailed),p < 0.001
a - based on positive ranks

5.2.4 Analysis of factors influencing disfluency: model results

The linear model revealed that there is a significant effect of the SLPs’ assessment (LBDL) on
automatic measurements NSI and ROS (p< 0.001). Also, the effect of the task on fluency measured
by means of automatic measurements was found to be significant (p<0.001). At the same time, the
coefficient for interaction between LBDL evaluation and speaking task was statistically significant
(p< 0.001), showing that the trend in both speaking conditions is different. This also confirms the
trends observed in the figures.

The models build for both speech rates convey similar information as the models for automatic
measurements (significant effect of speaking condition, SLPs evaluation and interaction between
them).
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Detailed analysis of the model parameters follows on the example of the NSI measurements.
The model intercept for spontaneous speaking condition is Syp= 0.738 (when a participant has the
evaluation from speech-language pathologists equal to 0 — fluent speech, her/his NSI value will
be in average 0.738). The NSI value in reading task is shifted of 0.130 (coefficient Sconprrion)
compared to spontaneous conditions for fluent participants [LBDL= 0] (in overall, model estimate
for fluent participant of the NSI measure value in reading is 0.868).

The trend in the spontaneous speaking condition (coefficient Srppr) is estimated to be -0.003.
The sign represents the direction of the change, here, with increasing level of speech disfluency in
LBDL the value of NSI decreases. A unit change in LBDL evaluation (fluency measured in LBDL
better of 1%) cause a drop of -0.003 in NSI measurement value.

The model parameter for interaction between task and speech-language pathologists’ evalu-
ation indicates that the trends in reading and spontaneous tasks are different. The coefficient
BconpiTion, LBpL is equal to -0.004, therefore, the slope in reading conditions is steeper than
in spontaneous task (in overall, slope in reading task is -0.007). Suggesting that the fluency of
participants at different levels is affected differently by speaking task, participants’ ability to speak
in spontaneous task is affected less by their level of speech disfluency than in reading. According
to model, for example, the NSI estimate for a fluent participant (LBDL = 0) in read conditions is
0.868, while in spontaneous conditions it is 0.738 (read > spontaneous). As the disfluency decreases
the relations changes. The NSI estimate for a participant with LBDL = 60% (severe disfluency) in
read would be 0.448, whilst in spontaneous 0.558 (read < spontaneous).

The slopes in both speaking conditions support conclusion obtained with correlations, that
the measurements are able to estimate level of speech fluency in both speaking tasks. The same
conclusion as for NSI measurements can be drawn for other measurements (ROS, speech rate
manually in [words/min] and [phonemes/min]), the change would be in parameter values (see
Table XV), the interpretations remain the same.

TABLE XV: Estimates of model parameters for automatic and manual measurements.

parameter value/measurement

model parameter P NSI ROS speech rate, speech rate,
manually manually
[words/min]  [phonemes/min)]
intercept [Bo] <0.001 0.738 6.105 83.26 391.2
task [51] <0.001 0.130 1.546 16.73 93.17
evaluation LBDL [fs] <0.001 -0.003 -0.033 -0.678 -2.568
interaction task*LBDL [fs3] <0.001 -0.004 -0.031 -0.415 -2.451

5.3 Discussion

In the current study, we analyzed the effect of oral reading and spontaneous monologue in a sample
of typical and disfluent speakers. The analysis was carried out using automatic objective measure-
ments. Several previous studies have considered stuttering individuals to constitute a homogenous
group. The current study broadens information about the speaking task effect with respect to the
level of speech fluency. The objective measures and their comparison with evaluation made by
experienced SLPs show that disfluency level has a significant impact on how speakers perform on
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different speaking tasks.

5.3.1 Speech-language pathologists’ evaluation of recordings

A reliable expert rating is essential to verify if a measure is suitable to effectively support the SLPs
evaluation (Cordes and Ingham, 1994). The LBDL taxonomy (Teesson et al., 2003) was employed
to examine how the automatic measures are able to describe fluency in disfluent recordings. The
set of evaluations in both speaking conditions showed very high inter- and intra-rater reliability,
which fits with Teesson et al. (2003); Goberman et al. (2010). Correlations did not drop below
0.86. The evaluation was considered to be adequate for the purpose of the study.

5.3.2 Measures as indicators of speech fluency

The comparison of automatic measurements with evaluation made by speech-language pathologists
showed that the measurements are able to detect fluency disorder and describe level of speech
fluency of people who stutter. Measurements indicated that the control participants are more
fluent and speak with faster rate than the participants with speech disfluency. These findings
agree with Johnson (1961); Ingham et al. (2012); Pinto et al. (2013). Fluency level of control and
stuttering participants overlap to some extent. The situation is affected by the fact that several of
the control speakers in this study exhibited disfluencies, it is common that fluent speakers produce
disfluencies (Roberts et al., 2009).

The findings are supported by correlation coefficients for the overall LBDL category in com-
parison to automatic measurements, they were -0.83 for oral reading and -0.52 for spontaneous
task. Also, the applied generalized model confirmed that the measurements reflect speakers’ level
of fluency.

To compare the automatic measurements with standard measure, the speech rate in [words/min]
and [phonemes/min| were applied. Both speech rates highly correlate with rating of speech-language
pathologists, confirming results of Prosek and Runyan (1982). Strong positive correlations were also
found between automatic measures and manually measured speech rates. The comparison of auto-
matic measurements results and inter-rater reliability of speech-language pathologists’ evaluation
suggests that the automatic measurements do not reach the correlations of inter-rater reliability
(mainly in spontaneous speaking task). However, the standard measurements (manually measured
speech rates) are as well at the similar level as the automatic measurements.

Cucchiarini et al. (2002) assessed the fluency of second language learners by means of automatic
measurements and noted lower correlations in a spontaneous speech task compared with reading.
Our results show a similarly reduced correlation. Possible reasons are that the SD of the entire par-
ticipants group in the spontaneous task is smaller compared with the reading task (values are more
compressed, trend in the spontaneous data is less distinct, Figure 5.5, Table XIV). Consequently,
the correlations decrease and differences between individual levels of disfluency fade.

The measurements are not only ableto describe general conclusions for the entire group of
speakers (especially with hlp of Wilcoxon signed rank test and generalized linear model), but
they can capture individal differences of participants. It can be seen mainly in the fires with
depicted differences for all participants. For example, we can see that there are participants who
have greater difference between read and spontaneous recording and aslo those who have small
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difference. Capturing these characteristic features of fluency for individual participants could be
benefitial for example in treatment.

5.3.3 Effect of speaking task

The pairwise comparison demonstrated statistically significant change in automatic measurements
induced by speaking conditions (read and spontaneous task). However, the data exhibit a trend (see
Figure 5.6) and it suggests that the speaking tasks has a different effect on participants at different
levels of speech fluency. The fluent participants and participants at lower levels of speech disfluency
in general display that their fluency is better in reading than in spontaneous task. While most of the
participants with severe disfluency showed the opposite. Additionally, the distinct effect of speaking
conditions on participants’ fluency was confirmed by linear model, the participants’ ability to speak
in spontaneous task is affected less by their level of speech disfluency than in oral reading.

The results do not confirm the hypothesis formulated at the outset of the project, i.e. that
participants of all levels of fluency would be affected to the same extent. With help of findings
of Johnson (1961); Pinto et al. (2013) we observed a disproportionate speaking task effect on
participants at different fluency levels. Two studies relate effect of speaking task and speech
rate to level of stuttering, but are in contradiction. One report (Blomgren and Goberman, 2008)
found that changes in speech rate affect speakers with less severe stuttering to a greater extent,
and a smaller effect was observed among severe stutterers. However, Vanryckeghem et al. (1999)
describes an opposite, smaller effect for those who stuttered the least and a higher effect for people
with severe stuttering. Studies Vanryckeghem et al. (1999); Blomgren and Goberman (2008) have
manipulated speech rate. However, speech rate is habitual and the complexity of the task (reading
vs. spontaneous) is changed in this study. The question arises as to whether their conclusions are
applicable to our case, they are likely caused by differences in applied methods. Nevertheless, our
results tend to the findings of Blomgren and Goberman (2008), i.e., that aspects related to speech
rate influence severely disfluent participants to a lesser extent than for more fluent speakers.

Accordingly, we have tried to confirm the reported phenomenon for automatic measures and
conformity with (Johnson, 1961; Prosek and Runyan, 1982) via manually measured speech rates.
The results were very similar, thus the analysis acknowledged the trends and conclusions found for
automatic measurements.

A similar phenomenon suggesting that performance of patients with severe speech impairments
is not substantially influenced by the nature of the speaking task was observed in patients with
Huntington’s disease (HD) (Rusz et al., 2014). In particular, the speech performance of patients
with HD tends to be similar in reading and monologue(Rusz et al., 2014), allowing reading-based
metrics to separate HD participants precisely from control individuals.

5.3.4 Limitation of the study

We are aware of limitations of the study. In the first place, there is different numbers of participants
at different levels of speech disfluency. A great part of the participants (about 80 participants in
both tasks) has the overall LBDL score up to 50%, the rest of the disfluency spectra is covered
by the smaller number of participants. It reflects the situation in common practice (Yairi and
Ambrose, 1999; Bloodstein and Bernstein Ratner, 2008): there are fewer people with very severe
stuttering.
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The unbalanced number of speech-language pathologists that evaluated recordings in reading
(1) and spontaneous (5) conditions was used. As we perceive the spontaneous task as more difficult
to evaluate, due to the study design and inappropriate timing of the project we recruited more
judges for spontaneous task. We understand that this could confine the study. Therefore, a very
reliable evaluation LBDL scale (Teesson et al., 2003; Goberman et al., 2010) was employed. The
analysis of inter- and intra-judge agreement confirmed a high reliability of the evaluation.

One limitation is linked to the capability of our automatic measurements to describe fluency
related to speech rate. If they were applied in clinical evaluation, they would have to be used in
conjunction with automatic measurements considering other symptoms of stuttering, for example
repetition (NGth et al., 2000) and prolongation (Wisniewski et al., 2007b) to obtain a comprehensive
picture of disfluency. This may suggest future research that could focus on individual symptoms
of stuttering in both speaking tasks with respect to the level of speech fluency.

5.4 Conclusion

The study described that the level of speech fluency in stuttering can be estimated by means of au-
tomatic acoustic measures in oral reading and spontaneous speech, though better conformity with
subjective evaluation was achieved in the reading task. The measurements indicated that partici-
pants with varying degrees of disfluency are differently affected by the speaking tasks. Specifically,
typical speakers (with no fluency problems) and those with mild and moderate disfluency speak
slower in spontaneous monologue compared to reading. While most of the severe stuttering par-
ticipants display the opposite, meaning that these participants reach on average similar or slightly
better fluency. The findings suggest that the measurements are able to reflect speech fluency and
hence may efficiently assist the existing methods by offering an automatic and objective evaluation
of speech disfluency.
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Figure 5.5: Comparison of fluency measures and evalution of SLPs — the overall LBDL category.
The upper two graphs show automatic algorithms values for each participants are marked with x
(read) and o (spontaneous), fitted linear lines show the trend the speaking tasks (blue and red color
for read and spontaneous speaking conditions, respectively). The lines are in accordance with the
applied linear model. The lower part presents the comparison of manually measured speech rate
in [phonemes/sec] and [words/sec].

76



04 i
03F i
g
& 02 i
= 1
b4
g
2 o1 | i
D
b4
4 I \wﬂ] ‘ l
s o I -
£
—01F i

| | | | | |
10 20 30 40 50 60 70 80 90
Order of the recordings

Figure 5.6: The difference between values of automatic measurement NSI in read and spontaneous
recording for all 92 participants. The participants are sorted according to the level of speech fluency
in LBDL from the fluent speakers (left side) to the most disfluency participants on the right side.
Positive value in NSI difference means that a participant was more fluent in read recording than in
spontaneous. Negative difference indicates that a person was more fluent in spontaneous speaking
condition than in reading.
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Figure 5.7: The difference between values of automatic measurement ROS, manually measured
speech rates, and LBDL in read and spontaneous recording for all 92 participants. The participants
are sorted according to the level of speech fluency in LBDL from the fluent speakers (left side)
to the most disfluency participants on the right side. Positive value in difference of ROS and
manually measured speech rates means that a participant was more fluent in read recording than
in spontaneous. Negative difference indicates that a person was more fluent in spontaneous speaking
condition than in reading. For LBDL the meaning is opposite.
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Chapter 6

Analysis of read recordings of
German stuttering subjects

The third study describes experiments where automatic acoustic algorithms initially intended to be
used on Czech stuttering speakers were applied to recordings of German stuttering speakers. Our
measurements mainly use prosodic characteristics to describe speech fluency. In some aspects they
are very similar to methods used for unsupervised speech segmentation (Scharenborg et al., 2010) or
methods looking for differences in speech of native speakers and people who are non—native speakers
(second language learners) (Cucchiarini et al., 2000, 2002; Scharenborg et al., 2012). Therefore, the
basis of the measurements could enable the evaluation of fluency in different languages.

There are differences in speech characteristic in different languages. Prosodic characteristics
such as rhythm, stress and intonation in speech convey important information regarding the identity
of the spoken language (Mary and Yegnanarayana, 2008). Therefore we could not expect as good
results as the language—dependent algorithms.

The nature of the two languages is different: Czech is a Slavic language, and German is a Ger-
manic one. In particular, the differences between Czech and German languages are lie in: German
has larger phonetic inventory than Czech, it also has more vowels (Matousek et al., 2002). For
consonants, there are more consonantal phonemes in Czech language, and Czech consonants are
influenced by the characteristic voiced /unvoiced much more than German. Some differences could
be found in prosodic features of both languages. The main difference lies in stress. However,
there exist some similarities between languages in general, therefore it is possible to find language—
independent features, for example: pauses, fundamental frequency, and others (Vaissiere, 1983).
For example, Czech and German languages distinguish short and long vowels.

The aim of this experiment is to find if it could be possible to perform analysis of speech
disfluency independently on language, here demonstrated on read recordings of German speakers.
One standard measure and four automatic measures of disfluency are applied to read recordings
and their results are discussed. The questions, we hope to answer, were: Are the measures able to
describe the level of speech fluency in different languages? If yes, how good they are? Is it possible
to classify fluent and disfluent recordings? How would the comparison between language—dependent
and independent measurements turn out?
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6.1 Method

6.1.1 Recordings and participants

The recordings of German native speakers were collected at the Pattern Recognition Lab, Depart-
ment of Computer Science 5 at the Friedrich—Alexander—University Erlangen—Niirnberg.

The database contains 34 recordings — 16 signals of stuttering speakers, 18 recordings of speakers
who do not have problems with fluency. All the subjects are males and German native speakers.
All participants read the same phonetically rich text Nordwind und Sonne (North Wind and Sun).
The entire passage is presented in the section Appendices D. The text is 108 word long and the
average duration of reading is 62.5 s (£SD, 26.1 s). The stuttering part of the database was used
in the research experiment published in N6th et al. (2000).

A great disadvantage is that the information about the age of participants in this experiment
is not known.

6.1.2 Subjective evaluation of German recordings

The evaluation of 16 read recordings of German speakers is composed of the number of disfluencies
found in individual recordings. These recordings and their score were used in the experiments (N6th
et al., 2000). One professional speech specialist assessed/counted the disfluencies. The recordings
of 18 fluent speakers did not contain any disfluencies. Figure 6.1 shows the histogram of subjective
evaluation (number of disfluencies).

number of participants

I_II_I_I_I ‘ ]

0 50 100 150 200 250
number of disfluencies

Figure 6.1: Histogram, distribution of subjective evaluation of German read recordings, 34 partic-
ipants.
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6.1.3 Measurements of speech fluency

The measurements were designed to take into account symptoms of stuttering and disfluent speech.
They were originally proposed to be used for Czech stuttering speakers but they do not take the
specifics of the Czech language into account. The list of all measures is given below:

e The average length of silence (ALS)
e The extent of speech fluency (ESF)
e Spectral changes in short interval (SCSI)

e The number of spectral changes in speech segments (NSI)

6.2 Results

To evaluate the performance of the algorithms with the German recordings, Pearson’s correlation
and statistical analysis ANOVA are utilized. The measures are compared to the number of disflu-
encies in utterance (subjective evaluation). The total reading time (RT) — the duration of recording
in second, a standard measure used to evaluate pathological speech Foundas et al. (2004); Maier
et al. (2011), is added and its results are displayed along with others.

First, the correlations between settings of the measures and the subjective evaluation are pre-
sented. These are ALS, ESF, SCSI, and NSI in Tables XVI, XVII, XVIII, and XIX, respectively.
The measures reveal good agreement with the subjective evaluation. The ALS (settings 900 and
1000 ms) reached the correlations of 0.81. The ESF has the worst performance of all measures, the
highest coefficient was 0.6, achieved by several settings of the algorithm. The moderate correlations
are recognized with the SCSI. Many settings have a correlation coefficient of about 0.65, with the
best performance at 0.72. The combination of spectral changes and voice activity detection brings
the best results. The measure NSI exceeded with several settings a correlation of 0.8, with the
highest at 0.85. The standard measure RT reached correlation 0.89, the highest in this study.

The range of values (mean and standard deviation) of each algorithm is given in Table XX for
two groups (0 - without any sign of stuttering or fluent, 1 - subjects with stuttering). The typical
values are followed by the results of the ANOVA analysis.

The ALS and comparative RT increase with the level of fluency disorder, on the other hand all
the BACD-based measures decrease with the level of speech fluency disorder.

According to the best performance (the highest correlation), the algorithm settings were selected
to be presented in ANOVA analysis.

1. ALS, time threshold for successive removal 900 ms;
2. ESF, multiplication constant 0.1, k = 2;
3. SCSI, multiplication constant 0.1, £ = 2, window length 2 s;

4. NSI, multiplication constant 0.1, & = 2, threshold for successive removal 900 ms.
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TABLE XVI: Pearson’s correlation for all settings of the ALS in comparison to the number of dis-
fluencies (subjective evaluation), setting of the measure: the time threshold for successive removal.

setting [ms] correlation

100 0.51
150 0.58
200 0.65
300 0.69
400 0.71
500 0.75
700 0.78
800 0.80
900 0.81
1000 0.81
1100 0.75
1200 0.74
1300 0.76
1400 0.77
1500 0.76

The measures ALS, ESF, and SCSI are able to find statistically significant differences between
fluent and disfluent speech at the level 0.01, while the measure NSI at the level 0.001, and the
comparative measure RT at the level 0.05.

Another view on the results is shown by Figure 6.2, where the NSI is compared to the subjective
evaluation. The range and dependency of the measure on the level of the disorder can be seen.

The classification using linear discriminant analysis and leave-one-out cross-validation was done
to validate the results of correlations and ANOVA analysis. The NSI algorithm classified 26 (77%)
of 34 recordings correctly, incorrectly 8 (23%, 5 disfluent, 3 fluent). The ALS, ESF, and SCSI
placed 24 (71%) recordings correctly, 10 (29%) incorrectly. The comparative measure assigned 24
(71%) speakers to the correct class.

TABLE XVII: Pearson’s correlation for all settings of the ESF in comparison to the number of dis-
fluencies (subjective evaluation), setting of the measure: k-th highest maximum and multiplication
constant.

multiplication constant, correlation

k 0.10 0.15 0.20 0.25 0.30
1 -0.60 -0.59 -0.54 -0.50 -0.50
2 -0.65 -0.60 -0.58 -0.55 -0.53
3 -0.60 -0.54 -0.52 -0.50 -0.46
4 -0.60 -0.54 -0.53 -0.51 -0.47
5 -0.60 -0.54 -0.53 -0.52 -0.47
6 -0.59 -0.52 -0.52 -0.50 -0.47
7 -0.59 -0.54 -0.52 -0.51 -0.48
8 -0.60 -0.55 -0.54 -0.53 -0.49
9 -0.59 -0.54 -0.53 -0.51 -0.50
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TABLE XVIII: Pearson’s correlation of the SCSI in comparison to the number of disfluencies
(subjective evaluation), setting of the measure: k-th highest maximum, multiplication constant,
and window length 2 s.

multiplication constant, correlation

k 0.10 0.15 0.20 0.25 0.30
1 -0.68 -0.66 -0.63 -0.59 -0.58
2 -0.72 -0.68 -0.57 -0.64 -0.61
3 -0.66 -0.61 -0.61 -0.58 -0.54
4 -0.67 -0.62 -0.61 -0.60 -0.55
5 -0.66 -0.62 -0.60 -0.60 -0.54
6 -0.65 -0.60 -0.60 -0.58 -0.55
7 -0.65 -0.59 -0.60 -0.59 -0.56
8 -0.67 -0.61 -0.62 -0.61 -0.58
9 -0.66 -0.61 -0.60 -0.59 -0.57

TABLE XIX: Pearson’s correlation of the NSI in comparison to the number of disfluencies (sub-
jective evaluation), setting of the measure: k-th highest maximum, multiplication constant, and
time threshold 900 ms.

multiplication constant, correlation

k 0.10 0.15 0.20 0.25 0.30
1 -0.84 -0.81 -0.77 -0.71 -0.68
2 -0.85 -0.81 -0.78 -0.74 -0.70
3 -0.83 -0.79 -0.76 -0.72 -0.67
4 -0.84 -0.80 -0.77 -0.73 -0.67
5 -0.84 -0.80 -0.78 -0.75 -0.69
6 -0.83 -0.80 -0.78 -0.74 -0.70
7 -0.83 -0.80 -0.78 -0.75 -0.71
8 -0.84 -0.81 -0.78 -0.76 -0.72
9 -0.84 -0.81 -0.78 -0.76 -0.72

TABLE XX: The mean T and standard deviation SD of fluency measures and statistical significance
by means of the ANOVA analysis with comparison between levels by the post hoc Bonferroni
adjustment.

ALS ESF SCSI NSI RT

T SD T SD T SD T SD T SD
Fluent (0) 0.21 0.05 7.89 0.98 1.23 0.05 0.94 0.05 51.8 8.1
Stuttering (1) 0.36 0.17 6.32 1.45 1.13 0.1 0.78 0.14 74.1 34.1

Comparison between the classes

ANOVA F(1, 33) 12.92* 11.29* 12.17* 17.417 7.05"
0wvs. 1 p <0.01 p <0.01 p <0.01 p <0.001 p <0.05
NS = not significant
*p < 0.001
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Figure 6.2: The comparison of the NSI with the number of all disfluencies (subjective evaluation).

6.3 Discussion

The study describes an experiment where four automatic and objective measures initially intended
to be used on Czech stuttering recordings were applied to German stuttering recordings of read
speech. The symptoms of stuttering were considered in the design of the measures. Moreover,
the algorithms which were used do not take specifics of any language into account. Therefore, the
main goal was to find out if it is possible to utilize these algorithms for evaluation of disfluency in
different languages, in other words to confirm their language—independence.

The experiment analyzes read recordings of 16 stuttering and 18 fluent native German speakers.
The number of disfluencies was counted in each recording and it constitutes the subjective evalua-
tion. These recordings were used in the study where speech recognition technology was applied to
look for stuttering events in recordings of read text N6th et al. (2000).

The main finding of this experiment is that the measures are able to describe the level of the
speech fluency disorder for read German speech. This finding is supported by the results where
two of four measures exceeded correlation coefficients with the reference evaluation of 0.8, the
highest is 0.85 (the number of spectral changes in speech intervals). The standard measure, the
total reading time, achieved a correlation of 0.89. The ANOVA analysis confirms the results: three
of the measures found statistically significant difference between fluent and stuttering recordings
at the level 0.01, for the number of spectral changes in speech segments even 0.001, while for the
standard measure, the total reading time, at the level 0.05.

To validate the results of correlation and ANOVA analysis, the classification using linear dis-
criminant analysis and leave-one—out cross—validation was carried out. The NSI algorithm classified
26 (77%) of 34 recordings correctly, 8 incorrectly (23%). The other measures as well as the total
reading time classified 71% into the correct class. The overlapping of the groups of normal fluent
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speakers and speaker at lower levels of disfluency (see Figure 6.2) should not be interpreted as
a failing of the algorithms; it is a common finding that speech of normal fluent speaker contains
disfluencies (Roberts et al., 2009), also, Johnson (1961) found a high overlap in the speech rate of
fluent speakers and participants who were classified as stutterers.

The standard measure, total reading time, was found distinctive for evaluation of pathology
in read speech Foundas et al. (2004); Maier et al. (2011). Also experiments with Czech stutter-
ing speakers acknowledged this statement Lustyk et al. (2014). The measure was added to the
experiment to have a comparison with the introduced measures. The results of the total reading
time turned out to be very good and in some cases better than those of the described methods
(correlation coefficient of 0.89). However, there is an advantage of the automatic algorithms over
the total reading time. The standard tasks in evaluation of stuttering (as clinical evaluation of
spontaneous speech; monologue, picture description) are usually limited by time Johnson (1961),
therefore the total duration of recordings would not influence the evaluation but the automatic
measures would be able to do the assessment.

We have found some similarities for experiments on current German recordings and previous
experiments on Czech recordings Lustyk et al. (2014). Firstly, the range of all measures (mean and
standard deviation) are very similar for both languages. Secondly, similar settings of the algorithms
performed well for both Czech and German recordings. The measures ESF and SCSI have got little
worse correlation for German recordings (0.65, 0.72 vs. 0.76, 0.80 on Czech recordings). The ALS
and NSI achieved higher correlations 0.81, 0.85 on German vs. 0.68, 0.82 on Czech recordings. We
can also conclude that the measures can be considered as robust, especially those based on Bayesian
change—point detection, because there are several settings which reached consistent results. The
same was observed for Czech recordings.

The stuttering part of the database in this experiment was used in Noth et al. (2000). One
can see that the results of current the experiment are not as good as in that research. The
highest correlation coefficient here is 0.85 (number of spectral changes in speech intervals) on the
contrary the previous study reported correlation of 0.99. The reasons for it could be, firstly, that the
measures are considered to be language—independent, they do not take specifics of German language
into account. Moreover, algorithms based on hidden Markov models were specially trained for the
German language, using the German—stuttering adapted grammar. The language—independence is
an advantage of introduced algorithms, although their performance on different languages could be
either better or worse in comparison to the language—dependent, because there are differences in
languages. Prosodic characteristics such as rhythm, stress and intonation in speech conveys some
important information regarding the identity of the spoken language (Mary and Yegnanarayana,
2008). However, there exist some similarities between prosodic features of languages, therefore
it is possible to find language—independent features, for example: pauses, fundamental frequency,
and others (Vaissiere, 1983). This would influence performance of the measurements. Probably,
different measurements settings would have to be used for different languages.

A weak point of this experiment is the database, which consists of only 34 speakers. Although
the entire spectrum of speech fluency disorder is represented, it would be preferable to have more
subjects on different levels.
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Chapter 7

Experiments on recordings with
delayed auditory feedback

The experiment on recordings with delayed auditory feedback (DAF) was carried out to find whether
it is possible to use automatic and objective measurements for setting appropriate delay of the DAF
device for individual patients.

The experiment was performed on a small group of participants, as was not extended to a larger
study, because there is a serious problem with the design of the study and character of the record-
ings. The problem with the study design lies in the nature of the task which the participants
underwent. The DAF task was performed as reading of one passage with eight different settings of
DAF. There exists effect on stuttering patients called adaptation effect, a reduction in stuttering
in successive reading of the same material by people with stuttering (Johnson and Knott, 1937,
1939; Bloodstein and Bernstein Ratner, 2008). The effect tends to be very marked during the first
few readings and becomes progressively less so, generally reaching its limit where there is little or
no further effect. Most of the reduction that is to take place is evident in most cases by the fifth
reading. Therefore, in the study of successive reading of the same material and applied DAF, we
are not able to distinguish what is the effect of adaptation or DAF.

Nevertheless, we manually evaluated recordings of 11 participants by means of subjective stut-
tering scale and then compared the results of automatic objective measures to subjective evaluation.
The experiment attempted to demonstrate that the measurements are able to track individual stut-
tering patient’s performance.

7.1 Method

7.1.1 Read recordings with delayed auditory feedback

The experiments with delayed auditory feedback were carried out on recordings of 11 speakers.
The recordings with DAF comes from the same database which was recorded at Department of
Phoniatrics, 1st Faculty of Medicine, Charles University and General Faculty hospital in Prague.
The delays chosen for the experiments were: none, 10, 20, 30, 40, 55, 80, and 110 ms. Two of
the speakers in this experiment were fluent, the rest of the participants were stutterers at different
levels of speech disfluency. The age of the two fluent participants was 31.1 and 29 years. The age
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TABLE XXI: The Kondas score (second column) and overall LBDL score (third to tenth column)
for all participants and recorded settings of DAF (delayed auditory feedback).

delay setting [ms]/overall LBDL

signal Kondas 0 10 20 30 40 55 80 110
number scale

74 0 0 0 0 0 0 0 1.35 6.67
75 4 125.81 65.79 36.84 36 32.43 4.05 5.41 4.05
76 3 29.27 2.7 0 1.35 0 2.74 0 1.35
7 1 2.7 0 0 0 0 0 0 2.7
78 3 31.17 8.11 2.74 1.35 5.41 13.7 13.51 0
80 4 55.56 32.39 32.39 22.22 16.42 8.57 4.62 5.8
81 2 17.11 10.81 9.46 15.15 4.05 4.05 4.05 12.16
82 3 35.21 8.57 8.57 4.29 2.86 14.29 2.86 8.57
83 0 0 0 0 1.35 0 1.35 1.35 5.41
84 2 10.53 1.35 1.35 8.11 4.05 0 0 2.7
85 3 57.33 - 25.68 - - 36 - 36.49

of stuttering participants was from 9.1 to 19.4 yr, the mean age is 13.8 yr, £SD 3.5 yr.

The participants repeatedly and successively read the same text Podzim na Starém belidle
with varied DAF. The passage was the same as in the study of read recordings. Patients had an
opportunity to rest for a short time between individual readings.

7.1.2 Subjective evaluation of read recordings with delayed auditory feedback

The group of 11 speakers is a part of larger database described in previous studies. All 11 partic-
ipants recorded the read recording without DAF, therefore subjective evaluation according to the
Kondas scale is available (the merged evaluation of two judges). The number of participants in
individual levels 0, 1, 2, 3, and 4 is 2, 1, 2, 4, and 2, respectively. For further analysis, recordings
with all settings of DAF for all participants were evaluated by one judge. Moreover, the rate of
speech [words/time] was obtained for each recording.

The overall score using the LBDL scale for all participants and recorded settings of DAF are
given in Table XXI together with the score assigned in the Kondas scale (second column).

7.1.3 Objective measurements

The experiments with delayed auditory feedback are presented only for one automatic measurement
(NSI). We carried out the experiments also with another measurements but because of the clarity
and simplicity of presentation, the results are described for the measurement NSI.

7.2 Results

The section presents results obtained for recordings with DAF. We compared the measurements to
subjective evaluation of each recordings with varied DAF. Figures 7.1, 7.2, and 7.3 show comparison
of the NSI measurement and subjective evaluation (overall LBDL category — upper part, and
manually measured speech rate [words/min| — lower part). In the best possible case the curves of the
measurement and subjective evaluation by means of Kondas scale would be identical. The course of
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the curves of automatic measure and manually measured speech rate are opposite. We calculated
the correlation coefficient of the objective measurement and subjective evaluation for individual
signal, see Table. XXII. Figures 7.1, 7.2 are examples where the agreement between automatic
and manual methods is high. Correlation for the recording with identification number 80 reached
0.90 (speech rate manually) and -0.94 (overall LBDL), the participant is from speech disfluency
level 4 (very severe disfluency). Another example is the recording 83, level 0 (no frequent signs of
disfluency), the agreement between automatic and manual methods is 0.97 and -0.89 for speech rate
(manually measured) and overall LBDL evaluation, respectively. Figure 7.3 displays the course of
both methods for recording with identification number 84 is an example where the agreement is
not that high. The correlation reached coefficient of 0.40 (speech rate manually) and -0.43 (overall
LBDL).

signal identification number: 80
3 . T 80

25

(0]

—— NS| measurement | |40
(O ' subjective evaluation

NSI measurement [-]
subjective evaluation
speech rate manually [words/min]

L 20
20 40 60 80 100 120

60

NSI measurement [-]
subjective evaluation, LBDL

L 0
0 20 40 60 80 100 120

Figure 7.1: The course of the objective measurement NSI and subjective evaluation (LBDL and
manually measured speech rate) for the participant with identification number 80 (0 — fluent
speaker). It illustrates a good agreement between objective and subjective methods.

7.3 Discussion

The original purpose of the experiment with delayed auditory feedback (DAF) was to find out
whether the automatic objective measurements could be used to set up a correct delay for individual
patients. However, at the beginning a serious problem with the design of the study was found. The
task in the DAF experiment was designed as reading of one passage with varied delay. The major
problem is that it was only one passage. In stuttering there exists an effect called adaptation effect
(Johnson and Knott, 1937, 1939; Bloodstein and Bernstein Ratner, 2008), in other words, an effect
when reader learns a text and it helps her/him to read the text with less problems (Bloodstein and
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Figure 7.2: The course of the objective measurement NSI and subjective evaluation (LBDL and
manually measured speech rate) for the participant with identification number 83 (4 — very severe
level of disfluency). It illustrates a good agreement between objective and subjective methods.

Bernstein Ratner, 2008) therefore more fluent. The DAF is a device to enhance fluency in people
who stutter. Thus, when there are two possible influences on speakers fluency we would not be
able to distinguish what impact is from DAF and what is from adaptation. The study would be
possible with different design (to cover all the possible situation with speakers). The groups would
be: participants who read the text repeatedly, repeatedly with DAF, with DAF but every time
a different text. Even though there was no other group of the subjects and the study design is
wrong, the signals were used, but only to demonstrate how the automatic algorithms are able to
track individual patients’ disfluency in recordings with DAF.

Each of the participants with all settings of DAF was compared to the subjective evaluation
made by means of LBDL. The scale is reliable when used by experienced judges (Teesson et al., 2003;
Goberman et al., 2010). The assessment was carried out by one evaluator who also assessed read
and spontaneous recordings (the reliability of the evaluation in read and spontaneous recordings
was considered as good for the study). Therefore, the second round of evaluation to get intra— or
inter—judge agreement was not carried out.

The results of the comparison between objective measurements and subjective evaluation show
that the measures are able to describe the level of speech fluency in recordings with DAF. For most
of the participants, the measurements mimic the results of subjective evaluation (Figures 7.1 and
7.2). Also, the table gives the overview of the agreement (correlations) between objective measures
and subjective evaluation for all participants and all DAF recordings. Results for six of eleven
participants reached a correlation higher than 0.9 either with manually measured speech rate or
subjective evaluation by means of LBDL. Correlations between subjective evaluation and objective
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Figure 7.3: The course of the objective measurement NSI and subjective evaluation (LBDL and
manually measured speech rate) for the participant with identification number 84 (2 — moderate
disfluency). It illustrates worse agreement between objective and subjective methods.

measures for another three participants were higher than 0.68. Agreement between subjective
evaluation and objective measures for recordings of two remaining participants did not overcome
absolute value of correlation coefficient of 0.46.

The limitation of the study has been mentioned at the beginning of the discussion (the design
of the study). Because of it we are not able to differentiate between the effect of adaptation and
DAF. However, it suggests one of the future directions of the research.

90



TABLE XXII: Correlation coefficient between measurements NSI and (delayed auditory feedback).

correlation
signal identification number speech rate LBDL  disfluency level
74 0.95 -0.75 0
75 0.97 -0.95 4
76 0.93 -0.77 3
7 0.95 -0.14 1
78 0.70 -0.51 3
80 0.90 -0.94 4
81 0.76 -0.46 2
82 0.68 -0.80 3
83 0.97 -0.89 0
84 0.40 -0.43 2
85 0.05 -0.46 3
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Chapter 8

Conclusions

The thesis focuses on objective evaluation of disfluent speech of people who stutter. The main
objective of the thesis has been to analyze disfluent speech by means of automatic and objec-
tive methods and find out whether these methods can estimate the level of speech disfluency in
recordings of different speaking tasks. The results confirmed that the automatic and objective
measurement can evaluate disfluenct speech of people who stutter. The thesis is divided into three
main studies and one short experiment and the following paragraphs provide a summary of the
thesis.

The first part of the thesis concentrates on read recordings of disfluent speech and the goal is
formulated in the question:

e Are the automatic measures able to describe fluency/disfluency in speech of stutterers?

The measurements showed a very good agreement with overall subjective evaluations made by
experienced speech—language pathologists (the highest correlation, 0.78). Strong correlations were
also found between measurements and individual symptoms of speech disfluency, especially fixed
postures without audible airflow (0.84). This finding suggests that it is possible to aim measure-
ments to different stuttering symptoms. In the case that there are measurements which correlate
with different stuttering symptoms, combination of these measurement could led to better results.
A simple combination of four measurements obtained correlations higher than that for any single
measure (0.80). Also, the ANOVA analysis revealed that the measurements are able to separate
different levels of speech disfluency, significant differences were found among all levels except fluent
and mild disfluency. These results were confirmed by the classification task, when the selected set-
ting of the NSI algorithm classified 61 subjects (52%) into the correct level of the discrete Kondas’s
scale, 50 subjects (42%) with the classification error 1, and seven participant (6%) with classifica-
tion error 2.

The second study extends the experiments made on read recordings to spontaneous recordings.
The aims of the second part are defined in the following questions:
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e Are the measures able to estimate the level of speech fluency disorder in spontaneous record-
ings?

e How does stuttering speakers’ fluency differ in read and spontaneous speaking tasks?

e Does the level of speech fluency play a role in the speaking task effect?

The results indicate that the evaluation of speech—language pathologists on speech disfluency
can be estimated by means of objective measurements in spontaneous recordings. However, the
agreement with the subjective assessment is lower than in read recordings (-0.82 and -0.52 in read
and spontaneous recordings, respectively). In particular, this part of the theisis compared read with
spontaneous recordings of people who stutter and thereby it broadens information about the speak-
ing task effect on persons with speech disfluency. We have found that the speech of participants
at different levels of disfluency is affected to various extent by the speaking tasks. Specifically, the
fluent participants and participants at lower levels of speech disfluency in general display that their
fluency is better in reading than in spontaneous task. While most of the participants with severe
disfluency showed the opposite. The participants’ ability to speak in spontaneous task is affected
less by their level of speech disfluency than in oral reading. The contribution of our research to this
issue consists in that the stuttering group was not taken as a homogeneous group but instead we
took various levels of speech fluency into consideration. The conclusion could have an implication
on the stuttering assessment procedure, since it points out that a higher distinctiveness is obtained
for read recordings (it applies for both subjective and objective methods). However, this does not
mean that the spontaneous speech should be left out of the evaluation procedure, it is an integral
part of the procedure which brings another perspective for speech—language pathologist observa-
tion.

The third part of the thesis analyzes a possible use of the objective disfluency methods in different
languages. The measurements were originally designed for Czech stuttering speakers but their
nature implied possible language—independence. The following question state the aim of the third
part:

e Are the measures able to describe the level of speech disfluency in different languages?

The experiment was carried out on read recordings of German stuttering and normal speakers.
The results suggest that the language—independent evaluation by means of automatic and objec-
tive measures is realistic. The measures showed impaired speech fluency in stuttering participants
and were able to find significant differences between typical speakers and people who stutter. Al-
though we observed a high correlation between subjective assessment and objective measurements,
the measurements did not reach the correlations obtained for language—dependent methods. This
means that the language—independent evaluation of speech disfluency is possible but better results
are reached by methods adapted to the selected language.

The fourth part of the thesis focuses on the recordings with delayed auditory feedback (DAF).
We analyzed eleven read recordings of stuttering participants with different settings of DAF. The
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goal was to find out whether the objective measurements would be a useful method in evaluation of
appropriate delay setting in the DAF device. The results indicate that the measurements are able to
track the individual settings of delay and evaluate correct delay setting for individual participants.
However, the results of this part have to be considered carefully because of the incorrect design of
the study which suggest one of possible directions in future research.

8.1 Future directions

Since the true nature of stuttering has yet to be found there is a space where to focus further
research. The automatic objective measures may be helpful in some aspects. Further research
dealing with automatic and objective measures could explore several topics:

e Although the study was carried out on a large sample of participants, it would be preferable
to confirm the results with a larger and more balanced sample of participants, i.e. more
balanced in terms of the number of participants at individual levels of disfluency.

e Tracking individual speakers for a longer time, evaluation of results and outcomes of speech
therapy (before, during, and after a therapy, after a longer time period). Individualization
of results, refraining from drawing general conclusion. Tracking time evolution of the speech
fluency disorder.

e One limitation of presented measurements is that they are primarily capable of describing
fluency related to speech rate. If they were applied in clinical evaluation, they would have to be
used in conjunction with automatic measurements considering other symptoms of stuttering,
for example repetition (N6th et al., 2000) and prolongation (Wisniewski et al., 2007b) to
obtain a comprehensive picture of disfluency. This may suggest that one direction of future
research could deal with individual symptoms of stuttering in both speaking tasks with respect
to the level of speech fluency.

e A correctly designed study for signals with delayed auditory feedback (DAF). There would
have to be more groups of participants to differentiate the effect of adaptation from the
effect of DAF, for example: Stuttering group — recordings with DAF, one text; stuttering
group — recordings with DAF, different texts; stuttering group — recordings without DAF,
one text; stuttering group — recordings without DAF, different texts; fluent participants —
one reading passage; fluent participants — different reading passages; fluent participants — one
reading passage with DAF; fluent participants — different reading passage with DAF. The
study would try to distinguish the influence of DAF and adaptation effect.

e Would it be possible to use the algorithms for differential diagnosis? Even though the results
and conclusions are made as general and are applied on people who stutter as a group or
divided according to the level of the disfluency), the measures indicate that there are partici-
pants who speak differently than the rest of the stuttering group. We observed this especially
for the rate of speech in spontaneous recordings. There were participants who had a very
severe level of disfluency but their speech rate was at a similar level as fluent participant
or participants at mild disfluency. This could suggest a different diagnosis/problem of these
participants.
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Appendices

A Passage used in read recordings (Czech)

The text used in recordings of the read speech consists of a passage from the book Babicka (Grand-
mother), Bozena Némcova. The text is composed of 74 words, it is phonetically non—balanced, and
it does not include tongue twisters.

Podzim na Starém bélidle

V okoli Starého bélidla zacinalo bijt smutno a ticho. Les byl svétlejsi, stran Zloutla, vitr a viny
odndsely chomdce starého listi buh vi kam. QOzdoba sadu uschovdna byla v komore. V zahrddce
kvetla astra, mésicky a umrlcéi kvitky. Na louce za splavem ruZovély se nahdcky a v noci provddéla
tam svétélka svoje rejdy. KdyZ babicka $la s détmi na prochdzku, nezapomnéli chlapci na papirové
draky, které pak na vrchu poustéli.
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B The first picture used in spontaneous speaking task

Figure 1: The first of the pictures that were described in the spontaneous speaking task. Positive
situation.
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C The second picture used in spontaneous speaking task

Figure 2: The second of the pictures that were described in the spontaneous speaking task.
Negative situation.
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D Passage used in read recordings (German)

A passage Nordwind und Sonne (North Wind and Sun) which was used when recording the read
speech of German speakers. The text is 108 words long and it is a standard text used in Germany.

Nordwind und Sonne

Einst stritten sich Nordwind und Sonne, wer von ihnen beiden wohl der Stirkere wdre, als
ein Wanderer, der in einen warmen Mantel gehillt war, des Weges daherkam. Sie wurden einig,
dass derjenige fir den Stirkeren gelten sollte, der dem Wanderer zwingen wiirde, seinen Mantel
auszuziehen. Der Nordwind blies mit aller Macht, aber je mehr er blies, desto fester hiullte sich der
Wanderer in seinen Mantel ein. Endlich gab der Nordwind den Kampf auf. Nun wdrmte die Sonne
die Luft mit ihren freundlichen Strahlen, und schon nach wenigen Augenblicken zog der Wanderer
seinen Mantel aus. Da musste der Nordwind zugeben, dass die Sonne von ithnen beiden der Stdirkere

war.
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E Instruction for speech specialist for evaluation of Czech record-
ings (in Czech)

Subjektivni hodnoceni neplynulych promluv

Pro hodnoceni neplynulych promluv je pouzit systém hodnoceni LBDL (the Lidcombe Behavioral
Data Language of Stuttering) a modifikovand Kondésova stupnice. Oba pouzité systémy zde budou
popsany kratce, ale snad dostatecné, vice o hodnoceni pomoci LBLD lze najit v ¢lancich [1, 2]
a o Konddsové stupnici v [3].

Nejdiive o LBDL. Duvody pro¢ pouzit toto hodnoceni jsou: 1) relativné snadno se dd pouzit
(pfi poslechu se vlastné délaji ¢arky za dané projevy); 2) dava informaci o tom, kde ma mluvéi
problém (neni to pouze celkova zndmka, vime jestli md hodné repetic/prolongaci/... a muzeme
zjistit, kterd automatickd méreni funguji, na které projevy); 3) také je spolehlivd (pouzivaji-li
hodnotitelé s praxi) a s celkem jasné danymi projevy (za co délat carky).

Kategorie a sedm charakteristik (descriptors), které se hodnoti (je to preklad, proto je pro
jistotu uveden i anglicky original s ptiklady popsanymi nize v ¢asti priklady a v nahravkach ve
slozce se stejnym jménem):

koktavost

e Opakované projevy (repeated movements)

1. repetice (opakovéni) slabik (syllable repetition)
2. repetice hldsek (necelych slabik) (incomplete syllable repetition)

3. repetice viceslabi¢nych vyrazu (multisyllable unit repetition)
e Fixované (strnulé) projevy (fixed postures)

4. fixované projevy se slysitelnym zvukem (prolongace) (fixed postures with audible airflow)

5. fixované projevy bez slysitelného zvuku (pauzy) (fixed postures without audible airflow)
e Nadbytecné projevy (superfluous behaviors)

6. verbdlni (dstni, mluvené) nadbyteéné projevy (superfluous verbal behaviors)

7. neverbdlni (nefecové) nadbytecné projevy (superfluous nonverbal behaviors)

Protoze pro urceni projevu 7 (nadbyte¢né neverbalni projevy) je nutnd videonahravka, je tento
projev vypustén a pouzivaji se zbylé, které je mozné urcit z audionahravek. Ve formuldfi mé kazdy
projev svoji kolonku, do které se délaji ¢arky (uslysi-li hodnotitel repetici “p p p podzim” udéld
se ¢érka u repetice hldsek (2)). Pro nékteré druhy udalosti, které se objevi v nahravkach je mozné
priradit vice druhu charakteristik z LBDL (véta z ¢lanku: Consequently, observers in the present
study were given the option of assigning multiple descriptors to stuttering events). Tedy pro nékteré
udélosti je mozné udélat vice ¢arek (do ruznych kolonek, napt. u tonoklonu “llL..1N1.. 1Mlisti” pFijde
¢érka k repeticim hldsek ale i k prolongacim). Také se muze objevit situace, kdy v jednom slovu
bude pfitomno vice druhu udélosti “p p po po pod ...(ticho) zim” (¢arky za repetici hlasek, slabik
a pauzu napiiklad).
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Pro dalsi zpracovani je tfeba urcit celkovy pocet slov v promluvé. Pocet slov pro vSechny
nahravky je znam z diivéjsiho zpracovani nahravek, ale pro kontrolu by bylo lepsi pokud by kazdy
hodnotitel urcil pocet slov, ktery zaznamenal.

Kondésova stupnice je bézné pouzivéana v CR a tak zde bude uveden pouze prepis emailu (ko-
munikace mezi Doc. Cmejlou a MUDr. Hrbkovou), ktery vée kratce vystihuje: Pro hodnocen{ jsme
zvolili 5-ti stupnovou klasifikaci (0 — 4), modifikaci Kondasovy stupnice koktavosti. V nasem pojeti
jde o hodnoceni pouze podle % neplynulych slov, nikoliv celkové hodnoceni narusené komunikacéni
schopnosti (viz [4] str. 331).

e 0 — zadné projevy neplynulych slov,

e 1 —lehka koktavost (balbuties levis), 1-5% neplynulych slov,
e 2 — stiedni koktavost (balbuties gradus medius), 6-20% neplynulych slov,
e 3 — tézka koktavost (balbuties gravis), 21-60% neplynulych slov,

e 4 — velmi tézka koktavost (balbuties gravis inaptus), nad 60% neplynulych slov ¢i dlouhé
prefonaé¢ni spazmy (bloky) v délce trvani 2 s a vice.

Vzhledem k tomu, Ze velké procento pacientii mélo problémy se ¢tenim at uz ve smyslu pouhého
prefeknuti ¢i dislexie, rozhodli jsme se po dohodé s Vami o hodnoceni dvoji: 1) pod oznac¢enim
koktavost je hodnoceni podle % zakoktanych slov — tedy pouze projevu koktavosti ve smyslu tonu
(napf. slovo “mama” — “mmmdéma’”), klonu (“mma-mma-mmmaéama”) & prefona¢nich spazmu
(neschopnost slovo vyslovit i pres viditelnou snahu). 2) pod oznac¢enim neplynulost je hodnoceni
podle % vsech neplynulych slov véetné technickych obtizi pii ¢teni, prostého prefeknuti ¢i projevu
specif. proruchy ¢teni (dislexie). Stupen ohodnoceni v kolonce koktavost a neplynulost tedy ¢asto
neodpovidé. Kolonka pozndmka je asi spiSe pro nés (oznaceni ”dlouhé” znamenda dlouhé prefonaéni
spazmy).

Snad email vystihuje pouzitou stupnici dostateéné, pokud ne, bylo by nejlepsi se s dotazy obratit
pifmo na MUDr. Hrbkovou nebo MUDr. Cerného, kteif jako prvni hodnotili nahravky (¢tené).
V tomto experimentu sta¢i vyplnit pouze znamku za neplynulost, dle definice, jak je uvedeno vyse
ve zpravé MUDr. Hrbkové. Ve formulaii kolonka pro tuto zndmku je posledni sloupec s oznacenim
znamka.

Vyplnéni formulare

Prvni sloupec formulaie obsahuje ¢isla nahravek, ¢isla odpovidaji signalium umisténym ve slozce
signaly. Daéle ndsleduji kolonky pro hodnoceni pomoci LBDL, oznaceny ¢isly od 1 (opakovén{
hldsek) az po 6 (nadbytecné verbalni projevy), kde lze zaznamenavat ¢arky za jednotlivé projevy
neplynulosti. Nésleduje kolonka pocet slov, kde hodnotitel vyplni pocet slov. Tyto tidaje slouzi pro
urceni celkového hodnoceni pomoci LBDL.

Posledni sloupec je kolonka znamka, zde hodnotitel vyplni zndmku dle modifikované Kondasovi
stupnice (0, 1, 2, 3 nebo 4). Zde by bylo dobfe upozornit, ze pocet neplynulosti (pocet carek
v kolonkach 1 az 6 u LBDL) nemusi neodpovidat po¢tu neplynulych slov, ze kterého se urcuje

109



znamka pomoci Kondégovi stupnice, protoze se v nékterych slovech muze vyskytnout vice neplynu-
losti nez pouze jedna.

Ukéazka vyplnéného formuléfe je umisténa v hlavni sloZce na ptilozeném DVD, soubor — ukazkaVy-
plnenyFormular.jpg.

Prilozené DVD, databaze signala a priklady

V nahravkach jsou spontanni promluvy, které vznikaly jako popis dvou obrazku (obrazky pouzivané
na Fon. Klinice, oba si jsou velmi podobné, v jednom piipadé jde ale o obrazek mésta — pozitivni
(lidé s davaji prednost, chodi po chodniku, chovaji se slugné), druhy — negativni (lidé se hadaji,
rozbiji véci)). Délka promluv se pohybuje ptiblizné okolo 90 s.

Vsech 150 signélt uréenych pro ohodnoceni je ulozeno ve slozce signaly. Ve slozce priklady 1ze
nalézt audio nahravky k piikladim uvedenym u hodnoceni LBDL a souvisejicich s ukdzkami uve-
denymi nize. V hlavni slozce je kopie tohoto dokumentu (hodnoceni.pdf) a formuléf pro vyplnéni,
které mohou byt v piipadé potieby vytisknuty (formular.pdf).

Priklady:

1. Repetice slabik - “kdyz ba... ba... babicka §la” (“where... where... where’s the ball?”);
ukézka je v souboru prikladl.wav (“vi...vitr”),

2. Repetice necelych slabik (hlasek) - “p... p... p... podzim” nebo “na S... S... S... Starém
Belidle” (“I went to S...S...Sydney...” ); nahravka priklad2.wav (“s p... p... p... plavem”),

3. Opakovéni viceslabiénych vyrazi - “zaci... zaéi.... zac¢inalo byt smutno ...” (“it’s a...it’s a it’s
a great...”, “what a great oper... oper... opertunity”); nahravka priklad3.wav (“les byl... les
byl”),

4. Fixované projevy se slysitelnym zvukem (prolongace) - “smmmmmutno” nebo “SSSSSSStarém”
(“mmmmmmy one” “fffffishy gone!”); nahréavka priklad4.wav (“byyyyla v komote”),

5. Fixované projevy bez slySitelného zvuku - “Podzim na ... (bez zvuku) Starém Bélidle...”
(“T....(no sound) bought...” ) ukazka v nahravce priklad5a.wav (pauza uvnitt slova “s...(ticho)
tran”) a priklad5b.wav (pauza mezi dvéma slovy, tam kde by neméla byt “kvetla ...(ticho)
astra”),

6. Nadbytecné fecové/mluvené projevy - “Podzim na—eh na—eh—oh—o na—eh na Starém Bélidle...”
zabruceni, mruceni, zachrochténi, ... (“I went—oh well-ah—oh well-I-well I went over...”,
grunting) ukazka v priklad6.wav (“(odkasldni)... e... eh.. eh...ee”),

7. Nadbytecné neverbdlni/nemluvené projevy — grimasy, zaskuby téla, tiky, a-dalsi (nutna video
nahravka) (tics, grimacing) bez ukazky (v tomto piipadé se nepouziva).

V mnoha piipadech se nejednd pouze o jednotlivé projevy, ale o kombinaci vice, a jak bylo
popsano vyse hodnotitelé maji moznost tyto kombinované projevy zaznamenat do vice kolonek (za
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jedno slovo, ve kterém se objevi vice projevu koktavosti napt. repetice a prolongace zaroven, udélat
dvé ¢arky). Zde jsou uvedeny mozné kombinace (nejsou zdaleka vsechny):

priklad7.wav (“bje—e bje—e bje—ee bélidla”) kombinace repetice slabik a nadbyte¢nych Fe¢ovych
projevu (je tedy mozné dat dvé ¢arky, jedna za repetice slabik a jedna za nadbytec¢né fecové pro-
jevy),

priklad8.wav (“ssss... sssstarého”) kombinace repetic hldsek a prolongace (tonoklon), tedy dvé
carky, jedna pro repetice hlasek a jedna pro prolongace,

priklad9.wav (“1...1..1es byl...les byl”) kombinace repetic hldsek a vice slabiénych vyrazu, je tedy
mozné piipsat ¢arku za repetice hldsek a opakovéani vice slabiénych vyrazu,

priklad10.wav (“na lll... na lll... na lllouce”) kombinace repetic viceslabi¢nych vyrazu a prolon-
gace, muzeme udélat ¢arku pro opakovani viceslabiénych vyrazu a ¢arku pro prolongace,

priklad11.wav (“e... vzahradce... (ticho) ...ee... kvetla”) spojeni pauzy a nadbyte¢nych Fe¢ovych
uddlosti, mozné dat jednu ¢arku za pauzu a jednu za nadbytecné projevy,

/////

priklad12.wav (“u... u... schoooovddddana byyyyla v komote”) toto je spise ukézka, jak muze
vypadat ¢ast hodnoceného signdlu, kde se objevi vice projevu zaroven, repetice, prolongace,...

U uvedenych piikladu a jim podobnym bych se spiSe klonil k tomu, aby byly zaznamendvany
takto vicendsobné, ale je na hodnotiteli, zda to bude délat (jak je uvedeno, je to pouze moznost,
neni to pozadovéno). V nékterych piipadech se muze stat, ze dand ¢ast signdlu nebude tplné
jednozna¢na a v tom piipadé je na hodnotiteli, aby se rozhodl, co 1ze zaznamenat a co ne.
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F Form for subjective evaluation
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Figure 3: Partly filled form for subjective evaluation of recordings.
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G Histograms of subjective evaluation of spontaneous recordings,
effect of speaking task
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Figure 4: Histogram of the values of subjective evaluation made by means of the LBDL on
spontaneous recordings (92 participants) for all judges and their merged evaluation.
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H Comparison of all measurements with evaluation of speech-
language pathologists (LBDL) in spontaneous recordings

TABLE XXIII: The Pearson correlation coefficients and the levels of significance (in parentheses
when p > 0.001) for one selected setting of each measure in comparison to the LBDL descriptors
in evaluation of speech-language pathologists.

measure

descriptor ALS RSE REV ESF SET SDI11 SCSI NSI ROS
SR 0.18 0.08 -0.08 -0.03 0.10 -0.07 -0.01 -0.22 -0.18
ISR 0.35 0.24 0.24 -0.16 0.25 0.12 -0.13 -0.33 -0.34
MSUR 0.29 0.19 0.13 -0.15 0.12 0.18 -0.14 -0.23 -0.23
FPWAA 0.36 0.34 0.25 -0.38 0.48 0.27 -0.36 -0.47 -0.41
FPWOAA 0.72 0.42 0.72 -0.57 0.38 0.55 -0.57 -0.72 -0.73
SVB 0.19 0.06 0.21 0.03 0.00 -0.01 0.04 -0.11 -0.26
repeated 0.33 0.20 0.10 -0.12 0.20 0.05 -0.10 -0.33 -0.31
fized 0.57 0.43 0.50 -0.53 0.51 0.44 -0.51 -0.65 -0.61
overall 0.52 0.33 0.38 -0.30 0.35 0.23 -0.28 -0.52 -0.52
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