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ABSTRACT

In speaker identification, a forensic phonetician’s task often involves com-
paring voices of two or more speakers and assessing their similarity, but
also their typicality. For the latter, it is necessary to have background infor-
mation about the relevant speaker population. This paper introduces the
database of Common Czech which was compiled as a reference database,
and presents the first set of compiled statistics pertaining to fundamen-
tal frequency (F0). The population statistics are computed from a read-
ing task and spontaneous speech. The results confirm the superiority of
F0 baseline over mean or median values when assessing typicality and
demonstrate, in many speakers, a narrower intonation range in sponta-
neous speech than in reading. The role of FO in speaker comparison is
also discussed.

Key words: fundamental frequency, forensic phonetics, speaker identifi-
cation, Czech

1. Introduction

Voice comparison is probably the most frequent task within the large domain of
speaker identification (Jessen, 2012; Skarnitzl, 2014). This task consists in comparing, by
means of detailed acoustic and auditory analyses (Nolan, 1999), the voice in the unknown
recording (originating, for instance, from an anonymous telephone call) with that in the
known recording (obtained typically during a police interrogation). The determination
of identity or non-identity of the voices depends on the extent to which various acous-
tic features and phenomena determined by listening (see, e.g., Hollien & Hollien, 1995;
Hollien, 2002: 781L. for analytic approaches to auditory speaker identification) are similar
or different.

However, apart from looking for similarities and differences between the voices under
comparison, it is necessary to take into consideration the typicality of the observed values
(Jessen, 2012: 401L.). It is clear, for example, that a difference between two voices of 10 Hz
in the mean F2 frequency of the Czech vowel [u:] has a different explanatory power when
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the means are 780 and 790 Hz, and when they are 1280 and 1290 Hz. While the similarity
is practically meaningless in the former case, as this is very close to the mean F2 value of
the Czech [u:] (Skarnitzl & Volin, 2012 report 770 Hz for young Czech male speakers),
the latter situation would be considerably more interesting in forensic phonetic casework.
Such a high frequency of F2 in the [u:] vowel indicates substantial - and untypical -
fronting and/or de-labialization. If combined with other acoustic and auditory features,
a forensic phonetician’s conclusion may be that it is much more likely for such similarities
to arise when the voices under comparison originate from the same speaker than if they
were to originate from different speakers.

In order to be able to make judgements about the typicality of observed similarities
and differences in the measured values, these values must be related to the statistics of the
relevant population. In other words, we need to know the patterning of each feature in the
population: its mean or median value as a representative of the central tendency (i.e., the
770-Hz value of F2 for the [u:] vowel; see Volin, 2007a: section 3.3.1), standard deviation
(SD) or other measures of the feature’s variability (ibid: section 3.3.2), and possibly a more
detailed expression of the shape of its distribution. Only then can we determine whether
the observed similarities may speak for the hypothesis of identity of the voices.

Given the importance of population data for forensic practice, it should not be sur-
prising that recording databases of target populations and compiling population statistics
of various acoustic features rank among the most important tasks of forensic phonetic
research. While historically, to the best of our knowledge, some of the first reference data
were produced for German (Jessen, Koster & Gfroerer, 2005 for fundamental frequency;
Jessen, 2007 for articulation rate), it is currently Standard Southern British English (SSBE)
where the greatest advances are being made. The DyViS database (Dynamic Variability
in Speech; Nolan, McDougall, de Jong & Hudson, 2009) features recordings of 100 young
male speakers in various forensically relevant speaking tasks. Population statistics have
so far been presented for fundamental frequency (Hudson, de Jong, McDougall, Harrison
& Nolan, 2007), and less comprehensive data also exist for disfluency features (McDou-
gall, Duckworth & Hudson, 2015). The comparative lack of more available population data
serves to show how demanding the task of producing population data is — the require-
ments in terms of personnel and time are tremendous, and they are far from negligible
when it comes to technical and phonetic expertise.

The term “relevant” or “target” population has been used above, without going into
much detail. However, it is clear that the decision as to what is a relevant population
in a specific case is by no means trivial (Morrison & Ochoa, 2012). In fact, there is an
inherent paradox involved in this decision (Hughes & Foulkes, 2015): we are trying to
establish the population (speech community) relevant for the given speaker without
knowing the speaker’s identity. Forensically applicable databases typically feature male
speakers of one variety (determined regionally or socially), especially in languages with
high regional variability. The question is far less straightforward when it comes to the age
of the speakers. The above-mentioned DyViS database only includes speakers aged 18 to
25 years, presumably in part due to the relative accessibility of this age group at universi-
ties, but also due to the phonetic changes which SSBE is undergoing (de Jong, McDougall
& Nolan, 2007). On the other hand, the German database included speakers of a rather
wide age range, between 21 and 63 years.
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It should be pointed out that a database of the relevant population is necessary not only
in phonetic speaker identification, but also in automatic speaker identification, a factor
which often seems to be overlooked in casework (Svobodova, 2014, personal commu-
nication). Automatic approaches typically exploit GMM-UBM, where the UBM stands
for a universal background model; this represents the distributions of feature vectors of
a general population of speakers (Reynolds, Quatieri & Dunn, 2000; Reynolds & Camp-
bell, 2008), and it is clear that this population should correspond to some extent to the
speakers under investigation.

The objective of this paper is twofold: we will report on the compilation of a new
forensically applicable database of the Czech language, and we will present the first popu-
lation statistics; as in most other languages, this will involve population data of funda-
mental frequency (F0). FO distribution is a suitable parameter when beginning to create
population statistics, because it belongs to the most commonly used parameters in foren-
sic speaker comparison (Jessen, 2012: 67) and also thanks to the ease of its extraction.

2. Database of Common Czech

Until recently, there have been no forensically applicable population statistics for the
Czech language. Only a modest reference set of manually measured formant values had
been compiled for a small number of 27 male speakers by Skarnitzl & Volin (2012);
however, this database, besides being limited in terms of the number of speakers, is also
based only on a read text.

The choice of the variety for our database - Common Czech - was relatively straight-
forward. Common Czech is a supraregional, non-standard variety of Czech commonly
used in everyday communications. It is often referred to as an interdialect which, in
addition, has been affecting the standard variety (Krémovd, 2005; Chromy, 2014). Since
Common Czech is used habitually for casual oral communication with family, friends
or acquaintances, but it can also be encountered in more formal situations, it is the ideal
variety on which population statistics of Czech should be based.

The recordings for the database were acquired during 2015. The database includes
100 male speakers aged between 19 and 50 (mean age: 25.6 years, SD: 6.7 years); this is the
population which is most relevant in forensic phonetic contexts. Each person was record-
ed by a friend or an acquaintance to facilitate natural speech production. The recordings
were obtained in quiet environments via a professional portable recorder Edirol HR-09 in
a WAV format with 48-kHz sampling frequency. In order to gain a representative sample
of the target speakers’ speech performance, the recorded material covered several speak-
ing styles (the stylistic differentiation follows the structure of the VASST corpus, which
features predominantly older speakers from various regions of the Czech Republic). Every
speaker completed six speaking tasks which lasted between 45 and 60 minutes in total:
1) a structured interview which comprised a pre-defined set of general questions

(e.g., “What kind of music do you like?”, “At which occasions do you listen to it?”, “Do

you like sports?”), as well as demographically oriented questions (e.g., “Where did you

spend your childhood?”, “Have you moved a lot?”, “What foreign languages do you
speak?”)



2) a free, spontaneous interview taking approximately 25 minutes, in which the target
speaker was encouraged to talk freely about any topic; the experimenters had a set of
questions to get the speaker talking, but the speakers were free to choose any topic
they felt like talking about, so that their speech was as spontaneous as possible

3) reading a phonetically rich text of 150 words which includes all phonemes and their
context-dependent variants; the speakers were given time to familiarize themselves
with the text

4) a picture description task lasting approximately 6 minutes

5) reading specific phrases and sentences

6) a disguise task in which the speakers were asked to disguise their voice so that it is not
recognizable; they were given time to decide what kind of disguise they would use,
and then they read a text which contained similar word sequences as task 3 (see also
Ruzickova & Skarnitzl, 2017)

As of March 2017, the recordings have been cut into the six parts and downsampled to

32 kHz. Recordings of the read tasks (numbers 3 and 6 above) have been segmented using

the Prague Labeller, an HMM-based forced alignment tool (Pollak, Volin & Skarnitzl,

2007). In addition, the text of approximately 20 of the free interviews (task 2 above) has

been transcribed, and it is hoped that this work will continue. While none of the tasks

in the database were transmitted over a mobile phone, we plan to simulate mobile trans-
mission by compressing the signal using the GSM AMR codec (3GPP, 2012), the most

widespread codec in mobile telephones (Vankova & Boril, 2014).

3. Population statistics of fundamental frequency

Fundamental frequency (F0) is the acoustic correlate of the frequency of vocal fold
vibration, and as we have mentioned above, FO population statistics belong to those
which are available most frequently for a given language. There are several ways of cap-
turing the speaker-specific behaviour of FO (see Rose, 2002: Chapter 8, Jessen, 2012:
Chapter 3, or Skarnitzl & Hyvlova, 2014 for more details and also for methodological
issues related to using FO in forensic phonetic contexts). It is beneficial to be able to
determine a central value of FO for a given speaker, one which characterizes his or her
modal phonation behaviour; such a value has been called the speaking fundamental fre-
quency (SFF). Researchers have most frequently used the arithmetic mean or median
value to refer to SFE More recently, the so-called FO baseline has been proposed by Lindh
& Eriksson (2007) as a speaker’s neutral, carrier FO. This value, which is supposed to be
most robust vis-a-vis various technical and behavioural distortions, is computed as the
7.64th percentile of a speaker’s FO dataset. All these three expressions of SFF will be pro-
vided for Common Czech, along with measures of variability.

3.1 Method
Since both reading and spontaneous speech are typically used in police interrogations

to obtain speech samples for comparison, FO was examined in two of the speech styles
mentioned above: in the spontaneous interview (task 2; ca. one minute was selected from
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the central portion of the recording) and in ordinary reading (task 3, which typically
lasted between 60 and 75 seconds). One minute of speech has been shown to be sufficient
to determine a speaker’s SFF (e.g., Nolan, 1983: 123; Volin, 2007b).

FO values were extracted automatically using autocorrelation in Praat (Boersma
& Weenink, 2016), with the interval of 10 msec and extraction range being 60-350 Hz;
all other settings were kept at their default values. The extracted values were not correct-
ed manually, partly due to the vast amount of data, and also, more importantly, because
manual corrections are out of the question in actual forensic phonetic casework, which
tends to be severely time-constrained.

The raw FO data were processed in R (R Core Team, 2015) and visualized using the
package ggplot2 (Wickham, 2009).

3.2 Results and discussion

Table 1 shows the overall mean values of three SFF indicators in spontaneous male
Czech speech and in reading. As we can see, the mean and median values are lower in
spontaneous speech than in reading, and this difference is highly significant (t-test for
repeated measures for mean values: #(99) = 11.4, p < 0.0001; for median values: £(99) =
12.9, p < 0.0001). This result is in agreement with studies of FO in English (Hirson, French
& Howard, 1995; Hollien, Hollien & de Jong, 1997); interestingly, an opposite but insig-
nificant tendency has been observed in German (Jessen et al., 2005).

Perhaps a more interesting result, however, is the fact that the mean value of FO base-
line changes the least between the spontaneous interview and the reading task - the
difference is not significant: #(99) = 1.5, p > 0.1. This lends support to Lindh and Eriks-
son’s (2007) claim that this empirically derived indicator of FO central tendency is more
robust to changes in speaking style than the mean or median values.

Table 1. Indicators of speaking fundamental frequency and of FO variability among 100 male Czech
speakers in spontaneous and read speech.

spontaneous reading
mean (Hz) 117.3 129.3
median (Hz) 113.1 125.8
baseline (Hz) 95.4 96.8
SD (Hz) 15.0 15.9
varco (%) 12.8 12.3

The table also displays two variability measures, standard deviation (the most fre-
quently given measure) and coefficient of variation, or varco, which relates SD to the
mean and is thus more straightforward (although the benefit is marginal with the mean
FO values lying close to 100 Hz). These figures for all the speakers in our corpus indicate
that the overall variability does not change between spontaneous and read speech.

Next, we will consider the distribution of FO data in more detail. In order to be able
to compare our results with studies conducted on other languages, we will use the mean
value, but let us repeat our conviction that the baseline has a lot of potential in FO analy-
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sis; that is why baseline distributions will be described as well. Figure 1 shows the distri-
bution of the mean values of the 100 speakers in 10-Hz intervals, for both spontaneous
and read speech. Figure 2 shows the histograms for baseline values. The overall means
(cf. Table 1), as well as the = 1 SD and 10%-90t percentile ranges from the mean are
indicated in the figures.

Figure 1. Histograms of the FO mean values among 100 male Czech speakers in spontaneous speech (left)
and in reading (right); the overall mean and the range + 1 SD from the mean and the 10t-90t percentile
(pc) range are indicated in grey.
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We can infer from the histogram of mean FO0 values in spontaneous speech (top part
of Fig. 1) that mean FO is situated between 110 and 120 Hz in 25 speakers (i.e., 25 percent
of all speakers) and that more than two thirds (68%) of mean values are located in the
100-130 Hz range. Similarly, we can see from Fig. 2 that FO baseline is located within the
80-110 Hz range in more than three quarters of the speakers in spontaneous speech, as
well as in reading. It is these distributions which will allow forensic practitioners to judge
the relevance of the similarities or differences between analyzed voices: if SFF values of
two voices fall within the same range as most speakers in the population, the finding
cannot contribute to the hypothesis of identity or non-identity in any way; if, on the other
hand, the SFF of one or more of the voices under comparison falls below or above the
most typical 30Hz interval, the information may be relevant.

Figure 2. Histograms of FO baseline values among 100 male Czech speakers in spontaneous speech (left)
and in reading (right); the overall mean and the range + 1 SD from the mean and the 10-90t percentile
(pc) range are indicated in grey.
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The objective of the following analysis is to provide at least a small glimpse into the
variability of individual speakers. This was partly motivated by our preliminary results
based on 26 speakers from the current corpus which showed markedly lower FO varia-
bility in spontaneous speech than in reading (Skarnitzl & Vankova, 2015). The overall
difference in the entire dataset of 100 speakers, however, is negligible, with the mean
value of the coefficient of variation being 21.1% in spontaneous and 21.5% in read speech
(t-test for repeated measures: 1(99) = 0.6, p > 0.5).

Figure 3 provides a more detailed look at the behaviour of individual speakers, and
we can see that in many speakers the variability does appear to be lower in spontaneous
speech. Some speakers, on the other hand, produced an extremely wide range of F0 val-
ues, so that the differences therefore seem to average themselves out. It must be noted
that, first, outlier values are not plotted in Figure 3 for the sake of clarity and second, that
the FO tracking has not undergone manual correction, as noted above, and the FO extrac-
tion error rate may be greater for some speakers than others. A cursory inspection of
the recordings and FO tracks indicates that this does seem to be the case with the highest
values depicted in Figure 3.

Figure 3. Variability of FO in the individual speakers in spontaneous speech (top) and in reading
(bottom). The boxes indicate quartile ranges, whiskers denote +1.5 IQR from the quartiles; outlier values
are not plotted.
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We can also analyze the melodic variability by comparing the coefficients of variation
in reading and in spontaneous speech, as shown in Figure 4. We are interested especially
in the lower end of the scale, where we can see that, indeed, a greater number of speakers
manifests low varco values in spontaneous speech than in reading. We may thus tenta-
tively conclude that quite a lot of speakers in our database manifest a narrower intonation
range in spontaneous speech than in reading. Flatter intonation in many speakers’ spon-
taneous interviews is also the impression we have had when informally listening to them.
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Figure 4. Histogram of the coefficient of variation (varco) values among 100 male Czech speakers in
reading (dark grey) and in spontaneous speech (light grey).
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4. Role of FO in voice comparison

Fundamental frequency is one of the most frequently used parameters in forensic
voice comparison: according to Gold & French (2011), who surveyed 36 forensic phonet-
ic practitioners regarding their analyses, “all respondents routinely measure fundamen-
tal frequency” (p. 301), with various indicators of SFF being extracted most commonly.
There are definitive positive aspects of FO analysis: it is not affected by the lexical content
of the material so that lexical identity is not required (unlike in the analysis of vowel
formants). Although FO extraction algorithms are certainly not faultless, the median val-
ue should not be affected too much by outliers, and especially the baseline value should
be most robust in scenarios when manual corrections are not viable.

On the other hand, it is well known that fundamental frequency belongs to the most
variable features of a person’s voice. Our SFF is affected by a large number of factors,
which can be divided into three main groups (Braun, 1995; see also Skarnitzl & Hyvlova,
2014 for more details). Technical factors include voice disguise; indeed, our voices are
very plastic when it comes to the range of FO we are able to produce. Changing one’s SFF
has been repeatedly shown to be the most popular disguise strategy in actual casework,
and the same has been found in the database of Common Czech (see Ruzi¢kova & Skar-
nitzl, 2017 for more detail). Fortunately, it is generally easy to determine — using auditory
analysis — whether a speaker is producing an utterance with his or her natural pitch or
whether they are attempting to disguise their voice by shifting the SFE. Braun (1995)
mentions the effects of age, smoking or alcohol intoxication as physiological factors, while
psychological factors include especially various affective states or stress. Stress may obvi-
ously play a crucial role in forensic settings; in most speakers, stress has been shown to
increase SFF (Kirchhiibel, Howard & Stedmon, 2011; Giddens, Barron, Byrd-Craven,
Clark & Winter, 2013). In addition, Braun (1995) classifies under psychological factors
those which we may refer to as situational: vocal fatigue, time of the day, level of ambient
noise (where increased FO is caused by the so-called Lombard effect), or speech style.
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In light of the many influences on a speaker’s FO0, it is clear that one must be very cau-
tious when comparing SFF in different voices for forensic purposes. Researchers usually
agree that FO is useful in forensic settings, as long as the physiological and psychological
factors of the recordings under investigation are comparable (Hirson et al., 1995; Boss,
1996; Jessen et al., 2005). It is believed that since SFF tends to be higher in unknown
recordings, during which speakers usually experience some level of stress, the finding of
an SFF value lower than in the known recording obtained during interrogation should
speak for non-identity of the speakers (French, 2012, personal communication).

5. Conclusion

The first objective of this paper was to introduce the newly recorded database of Com-
mon Czech for forensic purposes, its current level of processing and future plans for its
development. The second, and more important objective was to present the first popu-
lation statistics based on this database; fundamental frequency was chosen as the first
parameter.

It is interesting to note once again that, despite all the above-mentioned drawbacks of
FO stemming mostly from the tremendous plasticity of our speech production, FO still
tends to be the most frequently available statistic for a given language. In other words, if
there are some population data available for a language, F0 is most probably included in
them. Undoubtedly, compiling population statistics of Common Czech for other acoustic
parameters typically employed in forensic casework is work which will continue in the
future.
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RESUME

Identifikace mluvciho je jednim z nejcéastéjsich tloh forenzniho fonetika. Pfi identifikaci mluv¢iho
C¢asto porovndvame nahravky hlasti dvou nebo vice mluv¢ich a cilem srovnéni je posoudit jejich podob-
nost, ale také typi¢nost. Je zfejmé, ze posuzovani typi¢nosti hlast a rozdilti mezi nimi je tfeba mit k dis-
pozici informace o populaci mluv¢ich. Porizovani databazi a kompilace statistik pro pouziti ve forenzné
fonetické praxi proto patii k dilezitym aspektiim soucasného vyzkumu. Clanek popisuje databdzi obecné
Cestiny, ktera byla porizena pravé s cilem, aby slouzila jako referen¢ni databaze pro forenzni téely, a zaro-
ven predstavuje prvni sadu populacnich statistik tykajicich se zdkladni frekvence (F0). Prezentované
udaje jsou zaloZené na ¢tené i spontdnni feci. Vysledky potvrzuji, Ze tzv. zakladni hladina FO navrzend
Lindhem a Erikssonem (2007) vystihuje idiosynkrati¢nost FO Iépe nez aritmeticky prameér ¢i median.
Naznacuji také, Ze velka ¢ast mluvcich ve spontannim projevu hovoii monoténnéji, tedy vykazuje nizsi
intona¢ni rozpéti. Clanek také rozebir roli zakladni frekvence ve srovnavani mluvéiho.
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