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ABSTRACT

Medium-term changes of speech parameters are
understudied, while forensic tasks often require the
comparison of non-contemporary speech samples.
The present study compares segmental features of the
same speakers’ speech recorded a decade apart.

Fi-F4 values of five vowels and four spectral
moments of five voiceless obstruents were measured
in Hungarian reading aloud tasks. The ratios of the
mean values were compared between-sessions, and
the possible group-level change was tested by LMM.
The relevance of the spectral features in speaker
verification was analysed using LDA within the first
and between the two recording sessions.

Most spectral features showed high intraspeaker
variability in terms of their change between the
sessions. The LDA-results showed that the sibilants
may have similar relevance in within- and between
sessions speaker verification, while vowels though
having the highest relevance in within-session
verification, lose on this in the case of between-
session comparisons. Stops had the lowest relevance.

Keywords: spectral changes, speaker comparison,
vowels, voiceless obstruents

1. INTRODUCTION

The most common task in forensic speaker
identification involves acoustic and auditory
comparison of several voice samples. Traditionally,
analyses primarily focus on voice parameters (mainly
fo and voice quality) and vowel formants [1, 2].
However, in studies of English spectral features of
consonants have also been involved in forensic
context recently [3]. Study of spectral parameters of
/m, n, 1, 1, s/ [4] found high speaker-specificity effect
of /m/ and /s/. Earnshaw [5] studied voiceless plosives
(t/, /x/ and /t/ & /k/combined) in terms of VOT,
closure duration, ratio, duration & VOT, VOT &
ratio, and all three combined. The best Likelihood
Ratio results were achieved using the combined /t/ &
/k/ data in the VOT & ratio system. A study of three
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sibilants /s, z, J/ focusing on both static features
(intensity, CoG, SD, skewness, and kurtosis) and
dynamic ones (CoG depending on F» vowel onset and
offset) [3] revealed high speaker-specificity of CoG,
SD, and intensity (while the latter highly depends on
the recording circumstances).

The comparison of temporally distant speech
samples, which is the topic of interest of the present
study, is relatively understudied, although this is the
typical setting in the context of forensic speaker
comparisons. The extent of the temporal gap between
recording sessions is different case by case, which
might vary from a couple of months to several years
(the longest documented interval is 27 years [6]).

The relatively long time lag between the first and
the second recordings of the speech can be interpreted
from the aspect of age-related speech changes
(disregarding here other factors, like speech mode,
health, sociophonetic variation, context, etc., that may
affect the variation of speech parameters). However,
age-related speech changes are not linear, they might
be abrupt and are influenced by several factors, e.g.,
the age of the speaker at the time of recording.

With respect to the comparison of non-
contemporary samples, Rhodes [2] studied 8 speakers
(6 men and 2 women) between the ages of 21 and 49,
in 7-year intervals. He reported large interspeaker
variation in all parameters. F; changed between the
analysed samples and decreased from 21 to 49 years
of age (for all but one vowel). However, the change
showed large individual differences. F» and F;
showed similar but less generalizable tendencies
within the 28 years but no clear tendencies were
found in the 7-year interval comparisons. Consonants
were compared both in contemporaneous and non-
contemporaneous pairs of speech samples in [5];
however, the exact temporal distance between the
latter ones is not known.

In the present study, we analyse speech samples
from two age groups, young and middle aged
speakers, i.e., the typical population of forensic
speaker analysis, and compare samples that were
recorded from them with a 10-year-long time lag.
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Within the age interval under analysis, i.e. in 10 years,
no large biological changes are expected due to aging,
although minor differences resulting from lifestyle,
work environment, smoking or hormonal changes
(especially in women) might appear.

The realization of segmental parameters in part are
language-dependent, which should be considered in
the methodology of forensic analysis [1]. In our
study, we analyse realizations of vowels and
consonants of Hungarian language which differs from
English in many respects [7].

The present explorative study raised the following
questions. Is there in group-level difference in vowel
or consonant realizations between speech samples
recorded with a time lag of 10 years? How reliably
can formant and spectral moment values be used in
non-contemporary speaker comparison?

2. METHODS

The speech of eight male and eight female speakers
was analysed. All of them participated in collection
of speech samples for ’BEA‘ database [§8], and
approximately ten years later in another for
“Longitudinal” database [9] (henceforward, ‘LD’).
LD was established in 2017, in order to investigate
non-contemporary speech variability and its effect on
speaker verification. All the recording circumstances
of the two databases were kept identical. The
speakers’ age varied between 20 and 34 years at the
first recording and between 30 and 44 years at the
second one.

Two reading tasks (15 separate sentences, and a
13-sentence long text) were used from the two
databases. 16 occurrences of five (interconsonantal)
vowels /v, a:, 1, €, e:/ and 8 (intervocalic) occurrences
of five consonants /s, [, p, t, k/ were selected. Target
sounds were manually labelled and automatically
measured in Praat [10]. In vowels, the first four
formants’ frequencies were measured at the midpoint
of the duration with the Formant (burg) algorithm of
Praat with the basic settings (5 formants in the range
of 0-5000 Hz for men, and 0-5500 for women). For
the consonants, the four spectral moments were
measured in the sound files resampled at 22 kHz in a
0.01 s window at the midpoint of the time interval of
the fricatives, and from the start of the release burst
of the stops. In the case of alternative realizations of
stops (spirantisation), the mid 0.01 s was selected for
measurement. Outliers were eliminated by speaker,
by vowel, and by recording session. The ratios of the
median spectral values in the LD to the BEA were
calculated (‘LD to BEA ratio’). The inter-database,
i.e. between-session differences were tested by linear
mixed models (LMM) [11, 12, 13, 14, 15]. The
dependent variable was one of the attested spectral
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features. After model selection (anova()), the fixed
effects were RECORDING (‘BEA’ vs. ‘LD’, GENDER,
and SPEECH SOUND allowing for their interaction, and
the model included random slopes only on
RECORDING by SPEAKERS. A simpler model was
selected for kurtosis, where the factors CONSONANT
and RECORDING were the fixed effects, and the model
only included random intercepts by SPEAKER. P-
values were obtained with  Satterthwaite-
approximation by anova().

We opted for LDA analysis [16], as in the context
of speaker comparison, this method is used “to assess
the speaker-specificity of a given variable and how
useful it might be as a parameter in forensic
casework” ([4]: 68). LDAs were run separately for the
speech sounds and genders using all four spectral
features measured for the specific speech sound.
Spectral features were Z-transformed within the
speech sound categories. A set of LDAs (2 speech
sound groups * 5 speech sounds * 2 genders) was run
within the first (‘BEA’) recording dividing the
datasets into training and testing sets (.6 : .4 ratio for
vowels, and .5 : .5 ratio for consonants for each
speaker randomly). Another set of LDAs was trained
on the dataset of the ‘BEA’ recordings, and tested on
the dataset of the ‘LD’ recordings. The true positive
and the true negative ratios were calculated over
speakers. True positive ratio is the ratio of the items
which were correctly classified to originate from the
specific speaker to all the items that originate from
the same speaker. True negative ratio is the ratio of
the items correctly classified as not originating from
a specific speaker to all the items that originate from
another speaker.

3. RESULTS
3.1. Between-database comparison of spectral features

Median formant frequency values compared between
the first (‘BEA’) and the second (‘LD’) recording
showed large variability across vowels, speakers, and
formants, and suggested no group-level changes over
time in the studied time frame (Fig.1). Fi-data in
women’s pronunciation and the first two formants in
men’s pronunciation would suggest some possible
change; however, these group-level differences did
not appear on the speaker level, but in different
speakers and vowels. No significant main effect of
RECORDING for F; was found (LMM: Tab.1.)
Although the interaction of the factors RECORDING
and VOWEL was significant, post hoc tests revealed no
significant Fi-shift tendency between recording
sessions. RECORDING played a role neither as main
effect, nor in any of the interactions on Fs. A general,
small, significant increase was found in F; (estimated
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means: 1329 Hz, 1338 Hz, which is a negligible ratio
of +0.006), and F4 (estimated means: 3787 Hz, 3821
Hz, which is a negligible ratio of +0.009). However,
post hoc tests for the significant threefold interaction
did not reveal any vowel- and/or gender-specific
tendency for any of these formants. This means that,
no group-level change was detected between the two
recording sessions for any of the formants in any of
the vowels.
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Figure 1: Change (%) of the formant values from the first
(‘BEA’) to the second (‘LD’) recording (in 10 years) of
the analysed vowels by gender.

F [ p F | p

fact
actor | F Fz

R F(1,14.0)=1.8, |n.s.
v F(4,2251.3)= |, 4s

1692.7
G F(1,14.0)=22.6 |***
R:V  F(4,2251.3)=9.6 |***
R:G  F(1,14.0)=0.02 |n.s.
V:G  F(4,2251.3)=14.8 | ***
R:V:G F(4,2251.3)=1.3 |ns.| F(4,2143.3)=3.5 | **.

Rin>=.693, R>=.789 Ri>=.756, R:>=.802

F(1,143)=7.6 | *
F(4.2143.00= |,
1688.1
F(1,14.03)=36.8 | ***
F(4,2143.3)=0.9 |ns.
F(1,143)=0.04 |n.s.
F(4,2143.0)=9.7 | ***

F3 F4

R F(1,14.0)=2.938, |ns. | F(1,14.0)=157 | *
F(4,2309.1)= |,y _ o

\% 64 F(4,2289.4)=14.3
F(1,14.0)=5.7 | *

G F(1,14)=33.3 |***
R:V  F(4,2309.2)=0.5 |ns.| F(4,2289.4)=1.7 |n.s.

R:G  F(1,14.0=0.03 |ns.| F(1,14.0=10.0 |n.s.

V:G  F(4,2309.2)=0.9 |ns.
R:V:G F(4,2309.2)=1.5 |ns.| F(4,2289.4)=3.5 | **
Rin’=.284, R:*>=.416 Rin?=.104, R*=.296

F(4,2289.4)=6.2 | **x

Table 1: The results of the linear mixed models for
the vowel formants. (R = recording, G = gender, V
= vowel. Grey cells = significant differences.)
(Sign. levels: ‘n.s.” = not significant, ‘*’ < .05, “**’
<.01, “**¥* < .001).
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Alternative realizations were found in some stops
(non-burst release, but a fricative-like opening, i.e.,
with lower intensity, or spirantization/constant leak
along the entire duration): in 10% of /p/, 2% of /t/, and
18% of /k/ sounds, altogether in the two databases.
The ‘LD to BEA’ ratio of CoG showed larger
interspeaker variability in the stops than in the
sibilants (Fig.2). SD for women showed similar
tendencies as CoG, but not for men. Between-session
differences in skewness and kurtosis showed larger
variability across speakers within the fricatives than
CoG and SD. LMMs (Tab. 2) found a significant
effect of RECORDING as main effect for skewness
(estimated mean and change: +3.77, +2.53, which
means a ratio of +1.67) and kurtosis (estimated mean
and change: +28.21, +45.98, which means a ratio of
+2.63). The interaction of the factors RECORDING and
CONSONANT also significantly affected skewness and
kurtosis. The post hoc test of these interactions found
a significant difference in skewness of /p, k/ and
kurtosis of /p, t, k/ between the two recording
sessions. RECORDING as main factor did not have a
significant effect on CoG and SD, while the
interaction of RECORDING and CONSONANT was
significant for these spectral moments, and the
threefold interaction for CoG. However, the post hoc
test of these interactions revealed no group-level
tendencies in the change of CoG and SD between the
two recording sessions.
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Figure 2: Median change of the spectral moments

of the analysed consonants from ‘BEA’ to LD’
(ratio).

3.2. Results of LDAs

The true negative ratios (TNR) did not considerably
change between the two LDA scenarios
(contemporary: 0.87-0.94, non-contemporary: 0.83—
0.91). The true positive ratios (TPR) for the vowels
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decreased  approximately to  their  halves
(contemporary: 0.33-0.61, non-contemporary: 0.10-
0.30), especially for men’s production. The TPRs for
the consonants were considerably lower than for the
vowels (contemporary: 0.11-0.3, non-contemporary:
0.11-0.32). In the contemporary tests /[/ for women
(0.29), and /s/ for men (0.38), in the non-
contemporary tests both sibilants for women (/[/:
0.32, /s/: 0.24) and /f/ for men (0.29) reached
considerably higher TPRs than the further consonants
which’s TPRs stayed below 0.2.

F [ p g [ p

factor CoG D
R F(1,14.1)=0.1 |ns.| F(1,14.0=0.3 |ns.
G | F(1,13.9)=153 | ** | F(1,14.0)=0.8 |n.s.
C F(4ilglli%2) 4% | F(4,1209.1)=19.8 | ***
R:G F(1,14.07)=2.6 |n.s.| F(1,14.0)=0.8 | n.s.
R:C | F(4,1186.0)=5.0 | ***|F(4,1209.2)=10.1| ***
G:C | F(4,1186.2)=16.8 | *** | F(4,1209.1)=2.8 | *
R:G:C| F(4,1186.0)=2.6 | * | F(4,1209.2)=0.9 | n.s.

Rn>=.844, R?=.859
Skewness
R F(1,14.3)=9.4 i

Ry2=.089, R>=318
Kurtosis
F(1,1228.2)=52.4 | ***

G | F(1,14.0)=0.73 |n.s.
C 53 F(4,1228.0)=40.1
R:G | F(1,143)=0.1 |n.s.

R:C F(4’11272§'°): k% | F(4,1228.1)=12.2 | #**
, F(4,1226.0)=

G:C 2.0, n.s.

. F(4,1226.0)=

R:G:C 09 n.s.

Rn?=.444, R:=.522

Table 2: LMM results for the non-contemporary
comparison of the spectral features (Sign. levels:
‘n.s.” = not significant, ‘*’> < .05, “***> < 01, “*¥*** <
.001).

Rmn?=.163, R:=.221

4. DISCUSSION AND CONCLUSIONS

The present paper discussed the relevance of speaker-
specific variability of eight spectral features’, namely
Fi-F4 of five vowels and the four spectral moments
of five voiceless obstruents between speech samples
of Hungarian from a decade apart.

F: of the low, and mid-low vowels in women’s
pronunciation, and F3, and F4 in men’s pronunciation
showed larger interspeaker variability in the change
between the two recordings. Only the F» and F4
differences between the two recordings were found to
be significant (LMM); however, their ratios of the
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estimated means were below 10%. As for the
consonants, the CoG of the stops in men’s

pronunciation, and the skewness and kurtosis for
most consonants showed large interspeaker
variability in the comparison of the two recording
sessions. Group-level change was found for the
skewness of /p, k/, and the kurtosis of /p, t, k/. The
low number and random occurrence of alternative
realizations of stops do not explain the results of
kurtosis and skewness.

= /p/ W /¢ A Ji/ e [fj o N/ — C -V

o Ja/ e Je/ * /s/ ¢ /p/ © /K

true negative true positive

0.751
0.50+
025+

o[eway

Ratio

0.751
0.50+
0.251

arewr

non-con-
temnporary

contem-
porary

non-con-
temnporary
LDA

contem-
porary

Figure 3: The true negative and the true positive values of
LDAs within ‘BEA’ and between the two databases.

The true negative rates of LDA results did not vary
considerably between the contemporary and non-
contemporary testing. Its values ranged quite high,
above 0.8 due to the relatively high number of
speakers (at least for LDA). The TPRs for LDA tests
using the spectral moments of the consonants were
low, but they were higher for sibilants than for stops.
These values did not change considerably between
the two LDA scenarios. The TPRs for vowels were
twice-trice higher in the contemporary than in the
non-contemporary LDA tests. In the non-
contemporary comparison, the TPRs for vowels and
sibilants were similar.

Based on these results, we conclude that our
hypotheses are not supported, as there is no
considerable difference among the LDA tests using
different speech sounds.

The limitations of our study are the relatively low
number of speakers, and the low number of obstruents
analysed. The results, however, suggest that the
interspeaker differences in the between-recording
variance in non-contemporary speech samples raise
difficulties in forensic tasks.
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