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Fundamental Frequency Tracks of Question-word Questions
in Natural and Synthetic Speech
Kontury zakladni hlasivkové frekvence v dopliiovacich otazkach

v prirozené a syntetické feci

Jan Volin a Pavel Sturm

Univerzita Karlova, Filozoficka fakulta, Foneticky tstav — ndm. Jana Palacha 2, 116 38 Praha 1

The relationship between the prosodic feature of speech melody (intonation) and fundamental frequency (F0) of
voice is briefly introduced together with an overview of the communicative functions of the phenomenon. The core
of the study builts upon a sample of 448 sentences spoken by 28 Czech speakers and the same sentences produced
by the text-to-speech synthesis system of ARTIC, which is based on concatenation of variable-size units without
a special prosodic module. The differences in global statistic descriptors between human and synthetic production
of fundamental frequency tracks were sought together with information about cummulative slope index (CSI) and
the pattern provided by k-means cluster analysis of the sample. Relatively clear differences between statements

and question-word questions emerged.

1. Fundamental Frequency in Speech
1.1. General exploitation of FO in speech

The speech signal can be briefly characterized as a rela-
tively quickly changing complex sound. As such it gen-
erally serves communicative purposes — various configu-
rations of the rapid change of spectral properties can be
perceived as short units (known as words or morphemes)
and these units are assigned a content by convention: the
users of a given language agree with the referential mean-
ings ascribed to the individual configurations (i.e., words,
morphemes).

An important part of the coding system is the presence
or absence of the fundamental frequency (F0) in the com-
plex. Thus, a broad band of aperiodic higher frequencies
without FO is recognized as [s], while with the FO present
it will be [z]. Similarly, aperiodic noise with less power and
a lower centroid without FO will function as [f], while with
FO as [v].

However, F0O is used for other communicative purposes
as well. This is allowed by its prevalence in the speech
signal: all the vowels (like [e], [a] or [0]) and sonorant con-
sonants (like [m], [j] or [1]) occur with F0O in modal speech.
Given that languages of the world are always spoken in
syllables and a syllable must have a vowel or a sonorant
consonant in its nucleus, F0 is present in spoken utterances
most of the time. It can, therefore, serve as a carrier of
prosodic information, especially of speech melodies. Those
can signal differences between questions and statements or
between finished and unfinished utterances. Apart from
these obvious functions, speech melodies contribute sub-
stantially to the creation of word groupings that are es-
sential for effective decoding of the utterance meanings.
A chain of words has to be grouped into the so-called
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phrases, without which the decoding process becomes de-
manding, tiresome and sometimes even erroneous.

FO in speech is also the carrier of very important af-
fective meanings. On the level of emotions, it may signal,
e.g., anger, boredom, happiness or surprise. On the level of
immediate stances, which are more common in everyday
situations, it allows for signaling politeness, involvement,
reservation, willingness to co-operate, irritation, doubts,
decisiveness, sarcasm and many other states that are of-
ten more important than the actual words of an utterance
(see, e.g., [1]).

Last but not least, the melodic patterns resulting from
FO0 courses can reveal important sociophonetic or idiosyn-
cratic facts. This means that the geographic origin or the
socio-economic status of the speaker can be estimated to-
gether with the information concerning the age, health
condition, tiredness or intoxication. All of these, in com-
bination with individual unique features, can be used for
forensic purposes [2], [3].

1.2. Correlation of FO and speech melody

In many research and technological application tasks, it
is important to remember that FO values extracted from
speech cannot be simply equalled with pitch, and, more
importantly, FO tracks do not reflect the speech melody
directly. Human perceptual mechanisms are unable to
‘read’ the FO values objectively in hertz (Hz) in real time.
Rather, the melodic information seems to be retrieved only
in middle parts of the syllabic nuclei and the individual
values are then interpolated [4], [5]. Moreover, the melody
as such is perceived relatively or relationally, so even if the
mel scale is an established psychoacoustic instrument, the
speech melodies alone seem to be better reflected by semi-
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tone measures [6]. (Also, c¢f. alternative ERB measures in
[71.)

The account given here is only sketchy since a precise
model of speech melody perception has not been built yet.
For instance, speakers somehow normalize values depend-
ing on the vowel quality and vowel [i] requires higher ob-
jective FO to be perceived with the same pitch as the vowel
[a] (see, e.g., [8]). Also, longer vowels allow for perception
of pitch movements within the syllable nucleus (like rises
and falls in phrase-final positions), but how long exactly
a nucleus must be to allow for this and whether the effect
is influenced by global articulation rate still remains to be
investigated.

To summarize, currently accepted practice in estimating
phrasal speech melody from FO0 tracks rests in extracting
the mean values from the second third of every syllabic
nucleus and conversion of the values into semitones (ST).
Our methodology in the present study reflects that.

1.3. QW-questions in Czech

A well-known long-term tradition of dichotomic catego-
rization of sentences into statements and questions is
undisputed, and it is especially important in languages
where the only differentiating factor is the melody (in-
tonation) in speech and a question mark in writing. How-
ever, it should be remembered that languages often possess
more than just one type of questions. Two major types are
yes-no questions (e.g., Are you hungry? or Do you know
him?) and wh-questions (e.g., What time is it? or Where
is your car parked?). More generally, the wh-questions
should be called question-word questions (QW-questions)
since spelling in various languages does not indicate ques-
tion words with letters ‘wh’ (in Czech it is usually letter
‘k’: kde (where), kdy (when), kam (where to), kudy (which
way), kolik (how much), etc.), but the English termino-
logy is quite widely used across various language descrip-
tions. The yes-no questions are also called polar questions.

The typical melody used for polar questions in the Czech
language differs from that of QW-question. While polar
questions are signalled by rising intonation, QW-questions
display the opposite. Their typical intonation is falling.
However, if a typical statement melody is falling, is there
any difference between the contours on QW questions and
on statements? The accounts in the Czech most quoted
sources suggest that there is no difference (][9], [10], [11]),
although [11] admits variants. Generally, melodies in stan-
dard statements and QW-questions are supposed to be the
same.

Our observations of current intonation, however, sug-
gest otherwise, and no newer accounts of Czech question-
ing melodies exist to the best of our knowledge. There-
fore, an experiment was prepared to test the hypothe-
sis about the uniformity of Czech statements and QW-
questions (the null hypothesis) or their differentiation in
speech (the alternative hypothesis in this study). More-
over, naturally spoken utterances will be compared with

synthetic sentences (see below, Section 2.3) produced by
a system based on the pre-suppositions of [9], [10], [11], i.e.,
on the idea that melodies of statements and QW-questions
can be constructed by the same procedure.

2. Method

2.1. Speech material design

A set of 8 sentence pairs was created where one member
of a pair was a QW-question, while the other member was
a statement differing in just the initial phone (kam x tam),
syllable (jak x a) or, in just one pair, the initial two syl-
lables (odkud x tak uZ). An example of one of the pairs
follows:

QW-question: Kam pojedete v poledne? la
(Where will you go at noon?)

Statement: Tam pojedete v poledne. 1b
(There you will go at noon.)

The 8 target pairs together with several distractors
(other sentences and polar questions) were jumbled so
that the contrast between the statements and the ques-
tions was not obvious. We did not want the respondents
to adjust their natural speech habits to an explicit research
hypothesis. Moreover, the individual targets were supple-
mented by a lead-in phrase. For instance, the example 1a
above was preceded by a sentence Nekdy bych jel s vama
(I’d like to go with you some time), while the example 1b
was preceded by To ted nechte byt (Leave this alone now).
The individual members of a pair were kept separated from
each other by a large number of other sentences. All these
measures were taken because we did not want the respon-
dents to consciously portray the possible intonational con-
trast. It is highly recommended not to reveal the tested
hypothesis to the respondents.

2.2. Recording procedure

The list of jumbled items was given to 28 respondents
(14 men and 14 women), who were native speakers of
Czech without any speech, hearing or sight impairment.
The speakers were individually asked to read out the sen-
tences in a most natural manner. They were advised to
imagine a friend or family member of theirs and utter
each sentence as if they were saying it to them, not read-
ing it from a sheet of paper. Also, they were invited to
self-correct themselves if they thought that the rendering
of a sentence was not ‘good’, i.e., not sounding natural.
The sound-treated recording studio of the Institute of
Phonetics in Prague was equipped with a condenser mi-
crophone AKG C4500 B-BC, which was plugged directly
into an external soundcard SB Audigy 2 ZS. The sentences
were recorded with 32-kHz sampling rate and 16-bit reso-
lution and saved in an uncompressed format as WAV files.
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2.3. Synthetic speech material

In order to synthesize the target speech material we used
the ARTIC synthesis system (Artificial Talker in Czech,
see [12], [13]). Three features of the system should be men-
tioned. First, it is a text-to-speech (TTS) application, con-
verting input text to output speech. Second, it is based on
the principles of concatenation, where acoustic units are
selected from an extensive corpus of pre-recorded natural
speech, and joined together in a linear sequence. Impor-
tantly, the QW-questions are not treated as a special cate-
gory due to suggestions in [9], [10], [11], which we challenge
in the current study.

The corpus in ARTIC was built on more than 10 000 sen-
tences, which were annotated orthographically and pho-
netically and described in terms of various acoustic
parameters. The size of the concatenated units varies de-
pending on how much of the desired input text corre-
sponds to one of the database sentences (e.g., half of a sen-
tence can be used, one word, or just a diphone). Lastly,
the system is based on unit selection, where speech units
are selected from several alternatives to meet some specific
criteria, which can be local (e.g., spectral shape) or global
(e.g., prosodic position). Consequently, each synthesized
sentence has a certain overall ‘cost’ related to how well it
is assembled from the individual units.

Using the online ARTIC interface, we synthesized
the target sentences in a male voice (version ‘ar-
tic_.images/spkr_AJ.rev698.img’). The first offered alter-
native was always selected in order to provide consistency
and automaticity without human interference into the se-
lection process. Presumably, the first alternative should
be the best output of the system, but in some cases it
is normally worth selecting a lower-rated alternative if
the first contains any artefacts. The synthesized sentences
were saved as WAV files onto the computer and further
processed in the same fashion as the human-spoken sen-
tences.

2.4. FO tracks extraction and processing

Autocorrelation method built in the software analysis
package Praat [14] was used to extract the FO tracks of the
target sentences. The individual contours were built from
values extracted every 10 milliseconds. The FO tracks were
inspected and manually corrected where necessary for oc-
tave jumps (period doubling and period halving) and non-
modal phonation phenomena like creaky phonation.

The individual tracks were interpolated through the
voiceless regions (see above Section 1.2.) and several met-
rics of central tendency and data dispersion were ex-
tracted. In the presentation of the results in Section 3
below, the measures will be abbreviated as:

MN - arithmetic mean

MD - median

vSD — standard deviation

VAR - variation range (from maximum to minimum)

PER - 80% percentile range (from 10** to 90" percentile)
IQR - interquartile range (from 25" to 75" percentile)
CSI — cumulative slope index

GRD — gradient of a regression line

Most of the metrics are basic concepts of descriptive
statistics, but CSI and GRD perhaps deserve a comment.
Cumulative slope index summarizes differences in values
between all discrete points of measurements but normal-
izes the outcome with the duration of sentences in seconds
(or in number of syllables as in [15]). The gradient of a re-
gression line is calculated with the least-sum-of-squares
method through the FO contour. It is known that the gra-
dients of phrases and sentences are prevalently negative,
even if there is a final rise in FO [16]. All the differences
in the above-listed parameters are tested at the level of
a = 0.05.

K-means clustering of individual trajectories as one of
the exploratory methods was opted for because it has
a transparent capacity to group similar data points (tra-
jectory shapes) together and provide “centroid shapes”
with unproblematic interpretation. All the FO values were
normalized by the speaker’s mean before clustering, i.e.,
the mean was set to 0 ST. The deviation as such (as a cor-
relate of pitch range) was not normalized since the semi-
tone scale safeguards comparability of male and female
speakers [6].

3. Results
3.1. Descriptors of the FO Tracks

Generally, arithmetic mean and median are measures of
central tendencies, but in terms of FO they describe the
average level. Table 1 captures the trends in our data:
for both men and women the level for questions is higher
than for statements. In synthetic speech, however, this
trend is not present. The significance of the differences
was confirmed only for the mean but not median by
ANOVA for paired measures (Q vs. S of the same speaker):
F(2,214) = 647.6; p < 0.001 and Tukey HSD post-hoc test
revealed that the significance was achieved through the
male and female speakers, not the synthetic sentences.

Women Men Synthesis

Q S Q S Q S
Mean 233.4 214.2 1279 1196 121.8 122.3
Median 222.9 216.5 123.8 122.1 119.1 121.1

Table 1: Mean measures of FO central tendencies in Hertz
for questions (Q) and statements (S) produced by female,
male and synthetic speakers

Table 2 is organized analogically, but it is focused
on dispersion or, rather, variation within the FO con-
tours. Clearly, all metrics are higher for questions than
for statements when men or women talk, but slightly op-
posite (insignificantly) in synthetic speech. The signifi-
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cance of the differences was ascertained with ANOVA for
paired measures (Q vs. S of the same speaker) as follows:
F(2,214) =14.44; p < 0.001 for SD, F(2,214) = 5.37;
p < 0.05 for VAR, F(2,214) = 12.54; p < 0.001
for PER, F(2,214) =12.60; p < 0.001 for IQR, and
F(2,214) = 7.41 ; p < 0.01 for CSI. Tukey HSD post-hoc
test revealed that the significance was achieved due to the
male and female speakers, but not the synthetic sentences.

Women Men Synthesis

Q S Q S Q S
SD 44.6 273 232 153 214 220
VAR 10.5 8.5 10.4 83 114 211
PER 8.1 5.9 8.2 6.0 7.9 8.2
IQR 4.6 3.4 4.6 3.0 4.8 4.6
CSI 184 158 185 151 19.1 198

Table 2: Mean measures of FO variation for questions (Q)
and statements (S) produced by female, male and syn-
thetic speakers. For abbreviations see above Sect.2.4. SD is
in Hertz, VAR, PER and IQR in semitones, CSI is ST /sec

Finally, the differences between questions and state-
ments in the gradient of linear regression lines were tested.
Table 3 shows that the slopes are steeper for questions
than statements in both male and female speakers, but not
in synthesized sentences. The ANOVA test did not find the
differences significant (F(2,214) = 1.71; p = 0.193), but
when the synthetic sentences were discarded, the effect
became highly significant: F'(1,208) = 4.78; p < 0.001.

Women Men Synthesis
Q S Q S Q S
GRD —-6.13 —4.90 —591 —-437 —-5.11 -545

Table 3: Mean gradient in ST /sec. for questions (Q) and
statements (S) produced by female, male and synthetic
speakers

Obviously, the descriptors of FO tracks differentiate be-
tween Czech QW-questions and statements despite the
claims in some sources that the melodies are the same.
The difference was, however, found only for human speak-
ers. The synthesis does not display it for a simple reason:
its design was informed exactly by those sources that de-
nied the difference.

3.2. K-Means clustering

Given the magnitude of the sample, k-means clustering
was limited to 2-cluster, 3-cluster and 4-cluster solutions
only. Clustering to five or more groups might already lead
to artefacts. Moreover, our major concern was testing the
hypothesis of the identical melody for both the statements
and QW-questions (see above) and not to establish a num-
ber of potential contour types used in current Czech lan-
guage.

The null hypothesis would then predict equal number
of questions (Q) and statements (S) in each cluster delin-
eated by the clustering procedure. Conversely, if the Q to S
ratio in the established clusters differs from 1, then the null
hypothesis is not supported, and the alternative hypoth-
esis becomes more probable. Specifically in our case, this
would mean different behaviour of FO in QW-questions
and statements.

The results of the cluster analysis will be presented in
three sections according to the assigned number of clus-
ters.

3.3. Two-set clustering

Figure 1 displays the average outcome of clustering into
two sets. Each pair was clustered separately and the re-
sulting set with more actual questions in it was labelled
Q-type, while the set with more statements in it was la-
belled S-type. The null hypothesis would predict equal dis-
tribution of actual questions and statements in Q-type and
S-type clusters. This apparently is not the case.

200
180

» 160

E 140

<

)

o &0

E o0

: 40 PYT T —— .. rrrrer e
0

Q-type S-type

Figure 1: Distributions of questions (grey columns) and
statements (black columns) into two types of clusters (see
text)

The statistical significance of the difference between
balanced distribution and the observed outcome was cal-
culated with a chi-square test. The result returned very
high significance: x2(1) = 39.43; p < 0.001.

In terms of the individual pairs, the most clear-cut result
occurred for the pair Jak brzo videl vysledek? vs. A brzo
vidél vysledek (How soon did he see the result vs. And soon
he saw the result). The Q-type cluster contained 22 ques-
tions and 1 statement, while the S-type cluster contained
27 statements and 7 questions. Both synthetic sentences
ended up in the S-type cluster, although the synthetic
question had a greater distance from the cluster centroid.
Figure 2 shows the centroid trajectories. It is quite evident
that the Q-type has a prominent peak on the word brzo
(s2 and s3), which rises more than 4 ST above the mean
(i.e., 0 ST) and from the third syllable (s3) falls steadily
until the end. The S-type starts 2 ST below the mean,
rises moderately, stays around the mean for s3, s4 and s5,
and after that falls in similar fashion as the Q-type.
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Normalized FO in semitones

-e— Q-type .
—— S-type

sl s2 s3 sl4 Sl5 sé s7 SS

Figure 2: Centroid contours returned by k-means cluster-
ing method for one of the sentence pairs. The symbols s1,
s2, ..., s8 on the axis x stand for individual syllables of
the sentences. (For Q-type and S-type see text.)
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Figure 3: Distributions of questions (grey columns) and
statements (black columns) into three types of clusters
(see text)

3.4. Three-set clustering

Figure 3 portrays the mean outcome of clustering into
three sets. Similarly to the previous, the clusters with
prevalence of questions in them were labelled Q-type,
whereas the clusters with prevalence of statements were
labelled S-type. The remaining clusters were marked as
QS-type.

Contrary to the null hypothesis the ratio of questions
and statements in individual clusters varies considerably.
In the Q-type clusters the number of questions is more
than 5 times higher than the number of statements. The
S-type clusters contained more than twice as many state-
ments as questions. The QS-type is obviously more bal-
anced. The chi-square test confirmed the difference from
equalized distribution as highly significant: x2(1) = 99.20;
p < 0.001.

In terms of the individual pairs, the most straightfor-
ward result occurred for the pair Kdy nemdme Zddnou
zaruku? vs. My nemdme Zddnou zdruku (When do we have
no guarantee? vs. We have no guarantee).

The Q-type cluster contained 17 questions and 1 state-
ment, while the S-type cluster contained 26 statements
and 8 questions. The QS-type comprised 4 questions and
2 statements. Figure 4 shows the centroid trajectories. It
is quite evident that the Q-type and S-type are very simi-
lar to the types in Fig. 2: questions start with a high peak
on the second and third syllables (s2, s3) with a steady
fall afterwards, while statements have much flatter con-
tour mostly around and below the speakers’ mean pitch
(0 ST). The QS-type represents 6 items (i.e., questions)
with a high end, which do not sound particularly typical.

3
6
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g 4
=
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E 0
-
N -2
=
g 4
Z | o0 Qe )i
—=— S-type QS-type
-8
sl s2 s3 s4 s5 s6 s7 s8 s9

Figure 4: Centroid contours returned by k-means cluster-
ing method for one of the sentence pairs. The symbols s1,
s2, ..., 89 on the axis z stand for individual syllables of
the sentences. (For Q-type, QS-type and S-type see text.)

3.5. Four-set clustering

Figure 5 shows the mean outcome of clustering into four
sets. Analogically to the two-set and three-set clusterings,
the clusters with prevalence of questions in them were la-
belled Q-type, the clusters with prevalence of statements
were labelled S-type, and the remaining two clusters were
marked as QS-type and SQ-type depending on the ratio
of questions and statements in them.

It can be observed that the ratio of questions to state-
ment in individual types differs from each other. The Q-
type contains more than 6 times as many questions as
statements, and the number of statements in the S-type
is more than 5.63 times higher than the number of ques-
tions. The chi-square test confirmed high significance of
the observed differences: x?(1) = 251.80; p < 0.001.

Results for individual pairs produced the clearest pic-
ture for the pair Pro¢ vdam to mevyslo? vs. Moc vdm to



J. Volin, P. Sturm: Fundamental frequency tracks... © CsAS

Akustické listy, 25(3—4), prosinec 2019, str. 3-9

200

180
w160
E) 140
% 100
—
B 80 - —
g 60 -
= 40 -

0

Q-type QS-type  SQ-type  S-type
Figure 5: Distributions of questions (grey columns) and
statements (black columns) in four types of clusters (see

text)

nevyslo (Why didn’t it work? vs. It didn’t work much.).
The centroid trajectories are presented in Figure 6. Again,
the Q-type and S-type are very similar to the types in
Fig. 2 and Fig. 4.

This is encouraging, since although we observe different
questions of different contexts and different lengths, the
pattern is consistent: the questions have an initial high
peak triggered by the question word, while the statements
(S-types) are relatively flat with the final syllable in about
the same position as that of the questions, that is about
4 to 5 ST below the mean value. These outcomes are per-
tinent to the dilemma mentioned above in Section 1.3.

8
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2 Bl|-+- Qtype —— QS-type
-10/ - S-type  -¢- SQ-type \
-12
sl s2 83 s4 s5 s6

Figure 6: Centroid contours returned by k-means cluster-
ing method for one of the sentence pairs. The symbols s,
s2, ..., s6 on the axis x stand for individual syllables of
the sentences. (For Q-type, QS-type, SQ-type and S-type
see text.)

4. Conclusion

The descriptors in Section 3.1, which are global in that
they represent each sentence by one value only, showed
that both men and women produce the difference between
QW-questions and statements in a similar fashion. The
statistical significance of all the differences would be ac-
tually even higher than the one that is reported if the
synthetic sentences were excluded. (In this study we only
checked that for the variable GRD because the other sig-
nificances were high anyway.)

The clustering approach indicated that the original
claim of equal melodies for both statements and question-
word questions in Czech is unfounded. Moreover, the in-
creasing x2 criterion in three- and four-set clustering sug-
gests that the language offers more than just two types of
melodies, even if some seem to be more prototypical (or
common).

We should also remember that k-means clustering relies
on arithmetic measures of central tendencies, which may
obscure some uncommon, yet linguistically valid cases. To
ascertain those would be the task for the future analysis
of individual items in the follow-up research.

Furthermore, it should be kept in mind that we only
examined speech production at this point. That is just one
side of the communicative process. Perceptual testing will
have to follow to investigate how adequate the individual
contours sound to listeners.

As to synthetic items, their questions and statements oc-
curred in the same cluster in 22 out of 24 clustering steps,
even if with different distances from the centroid. (This
means that they did not have exactly identical melodies,
but they did not differ substantially enough to be classified
separately.) They fell into different clusters in two steps
only, but in these two steps, the result was contrary to the
desired outcome: the synthetic statement fell in the Q-type
cluster and the synthetic question fell into the S-type clus-
ter. This, of course, is no surprise, since the design of the
examined version of ARTIC system relied on older descrip-
tions of Czech intonation and did not incorporate any dif-
ference between statements and question-word questions.
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Méreni tempa reci u déti
Measuring Speech Rate of Children

Jan Vimr

Ceské vysoké uceni technické v Praze — Fakulta elektrotechnické, Technickéd 2, 160 00 Praha 6
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The issue of automatic measuring of speech rate by detecting syllable nuclei in utterances is discussed in this paper.
Automatic measurements are necessary for analysing large databases of utterances where manual measurement
would take significant time. A small database of 60 utterances by children in age group from 5 to 16 years was used
to compare number of syllables counted by human with selected methods for automatic detection of syllable nuclei,
namely Praat script, Recognizer VUT, Modified Recognizer VUT and our own detector. They are compared on
the basis of mean difference, standard deviation and Pearsons correlation coefficient. The conclusion is that the
most accurate of the tested methods for syllable nuclei detection is the Modified Recognizer VUT.

1. Uvod

Tempo Feci nebo také mluvni tempo (anglicky speech rate
nebo speaking rate) je ¢asto zkoumany parametr pti dia-
gnostice poruch feci nebo pii analyze veékové zavislosti feci.
Jeho odhad lze také vyuzit pro lepsi nastaveni fecovych
rozpoznavaci, které mohou mit problémy s velmi rych-
lymi nebo naopak velmi pomalymi promluvami. Tempo
fe¢i byva obvykle udavano jako pocet fecovych jednotek
za jednotku Casu, nejcastéji v slabikdach nebo fénech za
sekundu. Na rozdil od artikula¢niho tempa (anglicky ar-
ticulation rate) se urcuje v celé promluvé, ne jen v ply-
nulych tsecich. Tim padem jsou zapocitany i delsi pauzy,
hezitacni zvuky, prefeknuti, zakoktani apod.

Méfeni tempa Te¢i manualné je c¢asové velmi naroc¢né,
a proto byla navrzena fada metod, které maji za kol urcit
tempo Fe¢i automaticky. Algoritmy, které hledaji lokalni
maxima ve vyhlazeném pribéhu kratkodobé energie niz-
Sich kmitoc¢tovych pasem, byly navrzeny naptiklad v pub-
likacich [1,2]. Tyto postupy vychézeji z faktu, Ze energie
fecového signalu je typicky vyssi ve znélych tsecich, tedy
zejména v samohlaskach. Vzhledem k tomu, ze samohlasky
tvori jadra vétsiny slabik, bude pocet nalezenych lokalnich
maxim v priibéhu energie piiblizné odpovidat poctu slabik
v promluvé. Algoritmy lze rozsifit o zkoumani dalsich pa-
rametri fecového signdlu jako napiiklad kratkodoba am-
plituda, pocet prichodt nulou, kratkodoba autokorelace,
jak bylo ukézano v [3]. Volné dostupny algoritmus, ktery
kombinuje hledani lokdlnich maxim v kratkodobé inten-
zité signalu a pritomnost zdkladni hlasivkové frekvence,
napsany v programu Praat [4], byl publikovany v [5].

Pokrocilejsi metody pro automatické méfeni tempa
feci zahrnuji naptiklad natrénovani modelt Gaussovskych
smési (GMM) pro uréovani, do které kategorie tempa Feci
— pomala, stfedni, rychld — promluva patti, coz bylo pub-
likovano v [6]. Dal$i moznosti je vyuZziti neuronovych siti,
jak bylo ukdzéno v [7], kde jsou pomoci hluboké neuro-
nové sité (DNN) rozdélovény jednotlivé segmenty Fe¢i do
Ctyt kategorii — pomald, stfedni nebo rychléd fe¢ a ticho.
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Dalsim piikladem pokrocilejsi metody je algoritmus, ktery
hleda hranice jednotlivych fonému na zédkladé zmén v mel-
frekvencénim kepstru (MFCC), ktery je pouzit v [8].

Cilem tohoto ¢lanku je porovnat vybrané volné do-
stupné metody pro automaticky odhad tempa feci na da-
tabazi détskych promluv. Prvni z nich je jiz zminovany
Praat skript [5]. Déle byl vyuzit fonémovy rozpoznavac
navrzeny na VUT v Brng, publikovany v [9], jehoz vy-
stupem jsou jednotlivé fonémy promluvy, které byly dale
analyzovany dvéma zpusoby v prostfedi MATLAB [10],
coz je dale popsano v kapitole metody. Nakonec byl na za-
kladé postupt z publikaci [1-3, 5] navrzen vlastni detektor
slabi¢nych jader, ktery kombinuje vykon signalu a pocet
priichodt nulou.

2. Metody
2.1. Databaze

Pro testovani byly pouzity nahrané promluvy od 60 déti
(31 chlapci a 29 dévcat) ve véku od 5 do 16 let. Vybrany
byly z vétsi databaze tak, aby byly déti v uvedeném véko-
vém rozmezi zastoupeny pokud mozno rovnomeérné. Ob-
sahem nahravek je popis obrazku, ktery zobrazuje soubor
¢innosti malého chlapce pred cestou do skoly. U promluv
byl ru¢né spocitan pocet slabik, coz bylo pouzito jako re-
ference pro porovnani presnosti zkoumanych automatic-
kych metod. Pouzité promluvy jsou dlouhé nékolik desitek
sekund a obsahuji mezi 22 a 126 slabikami (medidn 51).
Promluvy neobsahuji pouze plynulou fec¢, ale jejich sou-
Casti jsou i Fecové pauzy, prefeknuti, hezita¢ni zvuky apod.

2.2. Manualni

Jako reference pro vSechny zkoumané metody na automa-
tické detekovani slabi¢nych jader bylo pouzito manualni
pocitani slabik v jednotlivych promluvach. To vyzadovalo
nékolikanasobny poslech vSech promluv s castym zasta-
vovanim. Hlavni nevyhodou této metody je velkd casova

Prijato 25. listopadu 2019, akceptovano 23. prosince 2019.
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naroc¢nost, kterd roste s velikosti databaze. Navic je mé-
feni ovlivnéno lidskym faktorem, kdy poslucha¢ rozumi
i zkomolenym sloviim apod.

Touto metodou byly spocitany vSechny slabiky, a to
vcetné téch, které byly soucasti prefeknuti, zakoktani
apod. Nasledné bylo vypocteno primérné tempo Tteci
v kazdé promluve ze zjisténého poctu slabik a znamé délky
promluvy. Udavano pak bylo jako pocet slabik za sekundu.
Na obrazku 1 jsou vyneseny vypoctené hodnoty, které jsou
prolozeny linedrnimi modely, zvlast pro chlapce a divky.
Na zakladé dvouvybérového t-testu nebyla prokazana za-
vislost na pohlavi ditéte: t(59) = 0,12; p = 0,91. Hodnoty
tempa Teci vykazuji zavislost na veéku ditéte. Pearsontiv
korela¢ni koeficient tempa Teci a véku bez ohledu na po-
hlavi ditéte vychéazi: r = 0,59; p < 0,001.

Zavislost tempa feci na véku ditéte
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Obrazek 1: Zavislost tempa Feci na véku

2.3. Praat skript [5]

Prvni zkoumanou metodou pro automatické méfeni tempa
feCi je skript pro detekci slabi¢nych jader napsany v pro-
gramu Praat [4], publikovany v [5]. Jelikoz jsou slabi¢na
jadra nejcastéji tvorena samohlaskami, jsou v signalu hle-
dany znélé tseky. Ty se vyznacuji zpravidla vyssi inten-
zitou a pritomnosti zakladni hlasivkové frekvence. Skript
proto zkouma pribéh intenzity v signalu rozdéleném na
segmenty o délce 64 ms s krokem 16 ms. V pribéhu inten-
zity jsou nalezena lokalni maxima, kterd presahuji zvoleny
prah, uréeny jako median ze vSech intenzit, a zaroven jim
predchazi pokles minimélné o 2 dB. Z nich jsou vybrana
pouze ta lokalni maxima, kterda se nachéazeji ve znélych
usecich signalu. To je vyhodnoceno na zakladé pritom-
nosti zakladni hlasivkové frekvence, hledané pomoci auto-
korelace jednotlivych segmentii o délce 100 ms s krokem
20 ms. Zbyld maxima jsou povazovana za slabi¢nd jadra.
Vystupem skriptu je textovy soubor, kde jsou zazname-
nany casy nalezenych slabi¢nych jader. Ze znamé délky
promluvy pak lze spocitat pramérné tempo fec¢i v pro-
mluve.

2.4. Rozpoznava¢ VUT [9]

Druhé testovand metoda vyuziva automatickou segmen-
taci signalu na jednotlivé fonémy pomoci fonémového roz-
poznavace zalozeného na dlouhém c¢asovém kontextu. Ten
vyuziva hybridni systém, ktery kombinuje skryté Mar-
kovovy modely (HMM) a umélé neuronové sité (ANN).
Vystupem z rozpoznavace pro kazdou promluvu je ta-
bulka udavajici jednotlivé fonémy a jejich casové roz-
mezi v dané promluvé. Urceni tempa feéi probihd pomoci
skriptu v prostiedi MATLAB [10], kam je nacten vystup
rozpoznavace. Z néj je nasledné urcen pocet rozpoznanych
samohlések v promluvé, ten ptriblizné odpovida poctu sla-
bi¢nych jader.

2.5. Modifikovany rozpoznava¢ VUT [9]

Dalsi metoda vychazi ze stejného fonémového rozpozna-
vace, nicméné interpretace jeho vystupu je rozdilna a vede
k vysledkim, které jsou o néco lepsi. Zavedenim nékolika
jednoduchych pravidel, viz tabulka 1, je zde korigovan cel-
kovy pocet nalezenych slabik v promluvé. Vychazi se zde
z predpokladu, ze vystup rozpoznavace nebude zcela bez-
chybny, a tedy celkovy pocet nalezenych samohlasek ne-
musi presné odpovidat poctu slabik. V rozpoznavaci nékdy
kvuli nepresné segmentaci dojde k rozdéleni samohlasky
na dvé, coz je tifeba korigovat. Podobné je nékdy dvoj-
hléska /au/ nebo /ou/ chybné rozdélena na dvé ¢asti, ale
je tfeba je pocitat jako jedno slabi¢né jadro.

Dalsim problémem je fakt, ze rozpoznavac neumi rozlisit
souhlasky /r/, /1/, /m/ od jejich slabikotvornych variant
/t/, /1/, /m/. Ty mohou v ¢eském jazyce tvofit jadro sla-
biky a proto je s nimi nutné pocitat. To je jeden z divodi,
pro¢ bylo zavedeno pravidlo, ze pokud jsou vystupem roz-
poznavace tii po sobé jdouci souhlasky, jsou zapocitany
jako slabika. Dalsim divodem je to, ze miiZe jit o chybu,
kdy rozpoznéavac neodhalil samohlasku. Toto pravidlo by
mohlo zptsobit problém u slov, kde se vyskytuji t¥i po
sobé jdouci souhlasky, které ale slabiku netvoti. Takova
slova se v pouzitych promluvach témér nevyskytovala, ale
pri dalsim pouziti této metody je to potfeba vzit v tivahu.

/VNV/) — /V/ Dvé po sobé jdouci stejné
samohlasky jsou brany jako
jedna samohlaska

Dvojice samohlasek ,au“ je
brana jako jedna dvojhlaska
Dvojice samohlasek ,ou” je
brana jako jedna dvojhlaska
Tt po sobé jdouci souhlasky
jsou brany jako slabika

Jau/ — Jau/
/Jou/ — Jou/

/CCC/ —s Jsyl/

Tabulka 1: Pravidla modifikovaného rozpoznavace
Pravidla jsou implementovana ve skriptu v prostredi

MATLAB [10], do kterého je nac¢ten vystup fonémového
rozpoznavace. Je zjistén celkovy pocet slabi¢nych jader
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jako pocet nalezenych samohlések, korigovany podle vyse
uvedenych pravidel.

2.6. Vlastni detektor slabiénych jader

Na zakladé postupti uvedenych v [1-3,5] byl navrzen
vlastni detektor slabi¢nych jader, naprogramovany v pro-
stfedi MATLAB [10]. Vychdzi z predpokladu, Ze vykon
fecového signalu je vyrazné vyssi u samohlasek, tedy po-
moci pribéhu kratkodobého vykonu lze nalézt jednotliva
slabi¢na jadra, ktera jsou nejcastéji tvorena samohlaskami.
Dalsim sledovanym parametrem je pocet priichodi nulou,
ktery je nejvyssi v neznélych c¢astech promluvy, zejména
u sykavek a v fecovych pauzach. Oba parametry jsou ¢asto
vyuzivany v ¢islicovém zpracovani signalt a jsou popsany
napiiklad v publikaci [11].

Recovy signél byl nejprve segmentovan na tseky o délce
10 ms s krokem 5 ms. V kazdém segmentu byl spocitan
vykon P; a pocet priichodt nulou Z;. Pribéhy P a Z byly
nasledné vyhlazeny medidanovym filtrem o délce 10 seg-
mentt. Poté byla hledana lokalni maxima v pribéhu P
vétsi nez zvoleny prah Py s tim, Ze v ivahu nebyly brany
tseky, kde hodnota Z byla vétsi nez prah Zi,. Tedy seg-
ment musel spliiovat podminku:

(P > Pth) & (Z > Zth)- (].)

U lokalnich maxim v prubéhu P, ktera splnovala pred-
chozi podminku, byl déle sledovan parametr D, ktery ur-
coval rozdil vykonu mezi maximem a minimem v tseku od
predchoziho maxima, viz obrazek 2.

Prabéh vykonu signalu v ¢ase

-17.8 D>0.1dB D<0.1dB
5-17.9
c
S-180
2
-18.1 O Maximum je slabiéné jadro
X Maximum neni slabi¢né jadro

-18.2 - '
0

0.1 0.2 0.3

Cas [s]

04 0.5

Obrazek 2: Parametr D

Aby bylo maximum povazovano za slabi¢né jadro, mu-
sela byt splnéna podminka:

D > 0,1(dB). (2)

Zavedeni tohoto parametru vyrazné prispiva ke zpfes-
néni algoritmu. Hrani¢ni hodnota byla urcena na zakladé
série experimenti, aby bylo dosazeno co nejvétsi presnosti
algoritmu.

Na obrazku 3 je naznacen princip vlastniho detektoru
v nékolika krocich. Na obrdzku 3 a) je zobrazen kratky
tsek promluvy s rucné oznacenymi hranicemi fonému. Na
obrazku 3 b) je vynesen vyhlazeny vykon signilu s naleze-
nymi lokdlnimi maximy. Na obrazku 3 ¢) je pribéh vyhla-
zeného poctu priichodtt nulou v jednotlivych segmentech
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Obrazek 3: Princip vlastniho detektoru

a na obrazku 3 d) jsou nalezend slabi¢né jadra, tedy ma-
xima z obrézku 3 b), kterd presahuji hodnotu Py, pied-
chézi jim pokles minimalné o 0,1 dB a hodnoty Z jsou
v daném useku mensi nez Ziy.

3. Porovnani metod

Vysledky pouzitych metod byly porovnany s ru¢né name-
fenymi hodnotami pomoci primérné odchylky A, stfedni
kvadratické odchylky o a Pearsonova korela¢niho koefi-
cientu r. Porovnavany byly pocty slabik nalezené v jed-
notlivych promluvach. Vysledky viz tabulka 2. Porovnani
jednotlivych metod je také vyneseno na obrazku 4.

Metoda A o r

Praat skript 3,57 10,13 0,82
Rozpoznava¢ VUT —2,60 6,46 0,94
Modif. rozp. VUT —-1,25 5,70 0,95
Vlastni detektor 0,18 8,64 0,85

Tabulka 2: Statistické porovnani metod

Pocty slabik nalezené pomoci Praat skriptu vychazeji
systematicky vyssi nez referenéni hodnoty a maji pomérné
vysoky rozptyl, viz tabulka 2. Pearsontv korelacni koefi-
cient vychazi r = 0,82, coz je méné nez hodnota r = 0,88,
kterou pro celé promluvy uvadéji autofi skriptu v [5]. Roz-
pouzity riizné promluvy v réiznych jazycich, a navic rizné
veliké databaze.

Vysledky rozpoznavace VUT vychézeji spis nizsi nez re-
ference. Hodnoty maji proti Praat skriptu mensi rozptyl
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a) Praat skript
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b) Rozpoznavac VUT
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d) Vlastni detektor
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Obrazek 4: Korelace automatickych méfeni s manualnim

a vyssi Pearsonuv korelacni koeficient. Modifikovany roz-
poznéavac navic dava jesté lepsi vysledky, jelikoz se pomoci
zavedenych pravidel podafilo snizit primérnou odchylku
i rozptyl a zvysit korelacni koeficient. Vysledky této me-

tody jsou tak nejblizsi hodnotam spocitanym ¢lovekem ze
vSech testovanych metod.

Vlastni detektor slabikovych jader ma sice nejmensi prii-
mérnou odchylku, ale co se tyce rozptylu a korelace vycha-
zeji o néco lepsi vysledky nez u Praat skriptu, ale horsi nez
u rozpoznavace VUT.

4. Zavér

Za nejpresnéjsi metodu muzeme prohlasit Modifikovany
rozpoznava¢ VUT, kde korelace s ru¢né zmérenymi hod-
notami vychazi r = 0,95. Dalsi v poradi je Rozpoznavac
VUT, dale vlastni detektor a nejhiife vychézi Praat skript.

7Z ru¢né méfenych dat je patrnd zavislost tempa Teci
na véku ditéte. Dalsim cilem ve vyzkumu této problema-
tiky by meélo byt podrobnéjsi zkoumani této zavislosti na
vétsich databazich promluv, k ¢emuz by bylo vhodné po-
uzit nékterou automatickou metodu. Z metod zkoumanych
v tomto ¢lanku by byl nejvhodnéjsi Modifikovany rozpo-

znavac¢ VUT, jelikoz jeho vysledky jsou nejblizsi rucné ode-
¢tenym hodnotam.
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