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Abstract: Speaker recognition systems often use mel-scaled cepstral coefficients
(MFCCs) as main features. In contrast to MFCCs, Godoy et al. (2015) proposed
a different type of short-term spectral analysis that provides features related to the
lower vocal tract (LVT). They are calculated as the ratio of the acoustic short-
time spectra during the closed and open phases of the glottal oscillation cycles
based on a pitch-synchronous analysis. These features were suggested to be partic-
ularly speaker-specific and might therefore be suitable to substitute or complement
MFCCs in speaker recognition systems. The present study investigated the benefit
of these features in an i-vector-based speaker recognition system. Using the LVT
features alone, the system achieved a speaker recognition rate of 92.3% with 63
enrolled speakers. When the LVT features were fused with conventional MFCC
features, the recognition rate was about equal to the recognition rate using MFCC
features alone (> 98%).

1 Introduction

Differences in vocal tract dimensions, vocal fold characteristics, and other parts of the speech
production system give each individual a unique voice. Speaker recognition systems attempt to
extract these speaker-specific features from the speech signal to identify the speaker [1]. Most
speaker recognition systems use short-term spectral features like mel-frequency cepstral coef-
ficients (MFCCs) [2], perceptual linear prediction coefficients [3], or linear predictive cepstral
coefficients [4]. Some systems also use prosodic features [5, 6] or voice source features [7, 8]
to supplement the short-term spectral features and to improve the recognition accuracy.

In addition to these commonly used features, there are other characteristics that might be
useful for speaker recognition. Titze [9] discovered in 1996 that the properties of the lower
vocal tract (epilaryngeal tube and piriform fossae) affect the formant frequencies of the vocal
tract in specific ways. Also Honda et al. [10] found that the resonances of the hypopharyngeal
cavity significantly impact the spectrum in the high frequency region. Since the shape of the
hypopharyngeal cavity is more or less unique for a specific speaker and relatively stable across
different phonemes, these characteristics might be useful features for speaker recognition. In
2015, Godoy et al. [11] proposed a type of short-term spectral analysis that reveals acoustic
features related to the lower vocal tract (LVT). The analysis determines the spectral difference of
the audio signal during the open and closed phases of the glottal oscillation cycle. This closed-
open spectral difference highlights the resonances of the epilaryngeal tube and the piriform
fossae, which are related to the speaker-specific sizes of these cavities [12].

In the present study we examined the benefit of these LVT features for text-independent
speaker recognition, both alone and in combination with conventional MFCC and delta-MFCC
features. As the classifier, we used the well-established i-vector model [13].
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2 Method

2.1 Corpora

The method to calculate the LVT features described below requires the determination of the
glottal closure instants (GCIs). There are multiple algorithms to estimate GClIs directly from
the audio signal [14], but they can be determined most accurately by means of the electroglot-
tography (EGG) signal [15]. To prevent potential errors of an audio-based GCI estimation to
bias the results of this study, we therefore decided to determine the GCIs from EGG signals.
Hence, we used speech corpora that contained both the audio and the EGG signal.

2.1.1 Winkler corpus

The Winkler corpus [16] was collected by Ralf Winkler for his dissertation and contains speech
material of 68 German speakers between 18 and 82 years old. The EGG and the audio signals
were digitally and synchronously recorded at a sampling rate of 44100 Hz and with 16-bit
quantization in a quiet room. The audio signal was recorded with a high-quality headset (AKG
C 410), and the EGG signal with the Laryngograph (Laryngograph Ltd).

The material of each speaker contains sustained speech sounds, different logatomes, a read
news text, and spontaneous speech (a description of a picture or of the previous weekend).
For the present study, the recordings of the read text (4 long sentences, spoken in 27-50 s)
and the spontaneous speech (with durations from 33-192 s) were used and manually split into
utterances (pseudo-sentences) of 3—9 s each. The splitting was performed at speech pauses
that do not necessarily coincide with the beginnings or endings of linguistic sentences. The
material of 9 speakers was omitted due to a low quality of the EGG signal or incomplete data.
From the remaining 59 speakers (26 male, 33 female), a total of 964 utterances were obtained.
For each speaker, 8 utterances were used for speaker enrollment and testing, with almost equal
proportions of read and spontaneous speech. The remaining 492 utterances were chosen for
training the universal background model (UBM, see below) of the speaker recognition system.

2.1.2  BITS Unit Selection corpus

The BITS Unit Selection corpus (BITS-US) contains EGG and audio recordings of read speech
of two female and two male German speakers [17] with 1683 sentences per speaker. The audio
signals were recorded with a close talk microphone (Beyerdynamic NEM 192) and the EGG
signal was recorded with the LaryngoGraph PCLX, both at a sampling rate of 48 kHz and
with 16 bit quantization. Sixteen randomly selected sentences from each speaker were used in
the present study: 8 sentences for the training of the UBM, and 8 sentences used for speaker
enrollment and testing. The durations of these partitions were similar to that of the Winkler
corpus.

In summary, the material used from both corpora comprised utterances of a total of 63
speakers, with an average of 100 s of speech per speaker.

2.2 Glottal closure instant detection

The glottal closure instant detection and the feature extraction based on this were implemented
with a custom-made script for Matlab R2021a. For all used utterances of both corpora, the
glottal closure instants were determined as the peaks of the first derivative of the corresponding
EGG signals [15]. To this end, the raw EGG signal of each utterance was first downsampled
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to the common sampling rate of 16 kHz using the function resample of Matlab. Then, low-
frequency noise was removed from the signal with a zero-phase finite-impulse-response high-
pass filter with a stopband from 0 Hz to 50 Hz, and a passband from 60 Hz to 8 kHz. The
first derivative of the filtered signal was approximated by finite differences. In the resulting
differentiated EGG signal (dEGG), all local maxima above a threshold of 20% of the maximum
positive value of the whole signal were considered as GCIs [18, 19]. The delay between the
EGG signals and the audio signals due to the sound propagation time from the glottis to the
microphone was compensated for in all recordings. As an example, Figures 1 (a) to (c) show
the high-pass-filtered EGG signal, the dEGG signal, and the time-aligned speech signal of 30
ms of voiced speech, where the dash-dotted lines are the detected GCls.

2.3 Feature extraction

Like the EGG signals, the speech signals of both corpora were first resampled to the common
sampling rate of 16 kHz. Then the MFCC and LVT features were extracted from the signals
using overlapping frames with a frame length of 30 ms and a step size of 10 ms. Only voiced
frames that contained at least three GCIs (i.e. two complete glottal periods) were used for
feature extraction. Although MFCCs can also be obtained for voiceless frames, this is not
possible for LVT features (see below). Hence, we omitted all frames for which we could not
determine the complete set of LVT and MFCC features.

For each valid frame, 20-dimensional MFCCs were extracted with the Matlab function
mfcc using a 512-point FFT, where the first coefficient was replaced by the log energy. In
addition, the delta MFCCs were calculated as the central difference between the MFCCs of the
following and previous frames.

The calculation of the LVT features is illustrated in Figure 1 (d—h). First, the fundamental
period between the two GCls around the middle of the frame was selected for the further anal-
ysis. This period of length Ty was split into two parts with the lengths CQ - Ty for the closed
phase of the glottis, and (1 —CQ) - Ty for the open phase of the glottis, where CQ is the assumed
glottal closed quotient, which is a hyperparameter in this study. Then, two Hamming windows
were applied to the closed and open phase segments, respectively. The windowed signals were
zero-padded to the length of 256 points to calculate the 128-point magnitude spectra of the
closed and open phases using the Fast Fourier Transform. The difference spectrum was then
calculated as the difference between the two spectra with logarithmic amplitudes (in dB). Fi-
nally, the Discrete Cosine Transform was applied to the difference spectrum to de-correlate the
data. The first 20 DCT coefficients were taken as the LVT feature vector. Finally, the MFCCs
and LVTFs were mean- and variance-normalized over a sliding window of three seconds.

2.4 Speaker recognition system

The well-established i-vector model [13] was used to investigate the closed-set speaker recogni-
tion performance for different combinations of the feature sets described above. In the i-vector
framework, the utterances of a speaker (and hence the speaker itself) are modeled as the proba-
bility density function of their feature vectors using a Gaussian Mixture Model (GMM) with a
fixed number of Gaussians. The means of the Gaussians are concatenated to form a supervector
s, which is in turn modeled as

s=m+7Tw, (D)

where m is the speaker- and channel-independent supervector (i.e., the UBM supervector [20]),
T is a matrix of bases spanning the subspace covering the speaker- and session-variability in
the supervector space, and w is a standard normally distributed latent variable. For each feature
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Figure 1 — An illustration of LVT feature extraction for a frame with 30 ms of voiced speech. (a) EGG
signal. (b) Differentiated EGG signal. (c) Speech signal (GCIs are marked with vertical lines). (d)
Speech signal of the middle glottal period with windows (red and green) for the closed and open phases
for CQ = 0.5. (e) Windowed and zero-padded signals of closed and open phases. (f) Log. magnitude
spectra of closed and open phases. (g) Closed-open spectral difference. (h) 20-dimensional DCT coef-
ficients.

vector sequence representing an utterance or speaker, the i-vector is a Maximum A Posteriori
(MAP) point estimate of w. The subspace of the i-vectors is usually much lower-dimensional
than the supervector space. Finally, a linear discriminant analysis (LDA) and within-class co-
variance normalization is used to compensate for the channel-dependent information in the
i-vector space. The dimension of the LDA is again lower than that of the i-vectors. To de-
termine the most-likely speaker of a given utterance, the cosine similarities of the i-vector of
the utterance and the i-vectors of the enrolled speakers (all projected into the LDA space) are
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calculated, and the speaker with the highest similarity score is selected.

Table 1 — Recognition accuracy (ACC) of i-vector systems with different features and configurations.

i-vector LDA

Features # Gaussians i ] ACC
Dim Dim

20 dim. LVTF 128 80 40 92.3%

20 dim. MFCC 64 80 40 97.0%

20 dim. MFCC + 20 dim. LVTF 64 80 40 98.6%

20 dim. MFCC + 20 dim. AMFCC 64 80 40 98.6%

20 dim. MFCC + 20 dim. AMFCC + 20 dim. LVTF 64 100 50 98.8%

2.5 Experiments

The system described above was used with five different sets of features, which are given in
the left column of Table 1. For each feature set, a full grid search was used to tune the hyper-
parameters of the recognition system. The hyperparameters and their tested values include the
closed quotient with CQ € {0.45,0.5,0.55}, the number of Gaussian components in the GMMs
€ {64,128,256}, and the dimensions of the i-vectors € {60,80,100}. The dimension of the
LDA space was always set to half the dimension of the i-vector space. The system performance
for each condition was evaluated using 4-fold cross-validation. In each iteration of the cross-
validation, 6 out of 8 utterances per speaker were used for enrollment (to determine the i-vector
of the speaker), and the remaining 2 utterances were used for testing.

3 Results and discussion

The experimental results are shown in Table 1. For each set of features, the 2nd to 4th columns
show the hyperparameter values that gave the best recognition rate shown in the rightmost col-
umn. The optimal value for CQ was 0.55 in all cases. Using LVT features alone, an accuracy
of 92.3% was achieved. This suggests that these features contain essential information that al-
lows speakers to be distinguished from one another. However, using MFCC features alone, a
recognition rate of 97.0% was achieved, which is 4.7% higher than that with LVT features. The
recognition accuracy with both LVT and MFCC features combined was 98.6%, slightly higher
than with only the MFCC features. However, this increase is too small to claim that adding
LVT features to the “conventional” MFCC features generally improves the speaker recogni-
tion performance. Instead, we have a ceiling effect here, where the accuracy based on MFCC
features alone is already so high that a potential benefit of the LVT features cannot be clearly
determined. The same holds when we include AMFCC features, as shown in the last two rows
of Table 1.

Finally, we compare the results obtained with the LVT features with some other studies
using “alternative” features for speaker recognition. For example, Jawarkar et al. [21] proposed
gammatone-frequency cepstral coefficients (GFCC) as features and achieved a recognition rate
of 93.91% on a corpus with 80 speakers. Daqrouq and Tutunji [22] proposed a method for
speaker feature extraction combining formants, wavelet entropy and neural networks. They
obtained a recognition rate of 90.09% on a corpus of 80 speakers using an only 12-dimensional
feature vector. More recently, Nassif et al. [23] proposed a speaker identification algorithm
based on computational auditory scene analysis (CASA) and a cascaded GMM-CNN classifier.
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In the neutral talking condition, they achieved a recognition rate of 95.4% on a dataset of 32
speakers. Our recognition rate of 92.3% with only the LVT features is quite comparable to these
other studies.

4 Conclusions

This study has shown that the pitch-synchronous spectral analysis proposed by Godoy et al. [11]
does provide speaker-specific information that is useful for speaker recognition. However, we
could not demonstrate that these new features increase the speaker recognition accuracy when
used in combination with conventional MFCC features, as performance based on MFCC fea-
tures alone was already near prefect. To show the potential benefit of including LVT features in
the future, the recognition performance of the MFCC baseline system would have to be lower.
This could be achieved by increasing the number of speakers to distinguish, or by increasing
the level of difficulty, e.g. by adding noise to the test samples. Finally, to use LVT features in
a real-life speaker recognition system, the glottal closure instants would need to be determined
from the audio signal without the need for the EGG signal.
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