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Abstract. The present paper investigates the analysis and synthesis of glottal-
ization phenomena in German-accented English. Word-initial glottalization was
manually annotated in a subset of a German-accented English speech corpus.
For each glottalized segment, time-normalized F0 and log-energy contours were
produced and principal component analysis was performed on the contour sets
in order to reduce their dimensionality. Centroid contours of the PC clusters
were used for contour reconstruction in the resynthesis experiments. The pro-
totype intonation and intensity contours were superimposed over non-glottalized
word-initial vowels in order to resynthesize creaky voice. This procedure allows
the automatic creation of speech stimuli which could be used in perceptual ex-
periments for basic research on glottalizations.
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1 Introduction

In the present paper glottalization is employed as a cover term, defining two major
speech phenomena: glottal stops and creaky voice. Glottal stops are produced by closing
and abruptly opening the vocal folds. Creaky voice is a more frequent and perceptually
equivalent phenomenon, consisting in irregular and low frequency vocal fold vibrations.

In some languages, such as Arabic, glottalizations can be phonemic, i.e. they can dif-
ferentiate word meaning. This is not the case in German and in English, however in both
languages glottalizations are relevant for speech communication. In German, glottaliza-
tions are very frequent at word-initial and morpheme-initial vowels [1,2], and are there-
fore relevant indicators of word and morpheme boundaries. In English glottalization of
word-initial vowels is less frequent and more likely to occur at phrase boundaries and
pitch accented syllables [3]. German learners of English could transfer their word-linking
habit of frequent word-initial glottalization to their English productions, which might
therefore sound jerking and overemphasizing to English native speakers [4].

The automatic analysis of glottalizations is seldom carried out [5] because large an-
notated speech databases and suitable algorithms are rarely available. Acoustic model-
ing of glottalization can improve Automatic Speech Recognition (ASR) performance
[6] since glottalizations can be good cues to word boundaries. Regarding speech syn-
thesis, glottalization modeling is considered useful in order to improve naturalness [5].
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Furthermore, given the different occurrences and linguistic functions of glottalizations
in different languages, their appropriate realization in synthesized speech is desirable.

Inserting a sudden drop in F0 in the target vowel is sufficient to elicit the perception
of glottalization [7], however, in order to synthesize glottalizations, it is preferable to
manipulate also spectral tilt and the duration of the glottal pulses. HMM-based speech
synthesis has been employed also for creaky voice. Csapó and Németh [8] used a syn-
thesis model with three heuristics: pitch halving, pitch-synchronous residual modula-
tion with periods multiplied by random scaling factors and spectral distortion. Raitio et
al. [9] presented a fully automatic HMM-based system for synthesis of creaky voice.

In the present paper, pitch and intensity analysis was performed on word-initial glot-
talizations in a German-accented English corpus, and Principal Component Analysis
(PCA) was employed to reduce the dimensionality of the analyzed intonation contours.
The component vectors were classified into clusters as glottal stops and creaky voice.
The cluster centroids were estimated and used for F0 and log-energy contours recon-
struction. The intonational and intensity contours of glottalizations were superimposed
on natural unglottalized speech and the acoustic characteristics of the resulting resyn-
thesized speech were evaluated by means of informal listening tests and comparison of
voice quality measures.

2 Acoustic Characteristics of Creaky Voice

Glottal stops are characterized by the closure of the glottal folds, visible as a silent
phase in the spectrogram, followed by its abrupt opening, after which some irregular
vocal fold vibrations at the onset of the following sound can appear.

Creaky voice is a mode of vibration of the vocal folds, in which they are more ad-
dicted together. This mode of vibration can affect some more adjacent segments or just
part of them, e.g. a single vowel can be realized as partly creaky and partly modal
voiced. Creaky voice does not significantly affect the formants of a sound, its more
typical characteristics are low F0, reduced intensity and also increased period to period
irregularities.

Automatic F0 and intensity measures are not always reliable indicators of creaky
voice. F0 detection algorithms are well known to fail in creaky stretches of speech, and
intensity can vary for other reasons besides voice quality, e.g. recording conditions or
speaker’s loudness level. The specific spectral structure of creaky voice can be more
useful to detect it than F0 and intensity [6].

For instance, spectral tilt, i.e. ”the degree to which intensity drops off as frequency
increases” [10], is reported to be more steeply positive for creaky than for modal phona-
tion. Accordingly, in creaky voice the amplitude of the second harmonic (H2) has been
found to be higher than the amplitude of the first harmonic (H1) [11].

3 Speech Database

The speech database employed in the present investigation consists in BBC news bul-
letins read by 4 male and 3 female German native speakers, studio recorded with 44.1
KHz resolution and then downsampled to 16 kHz and 16 bit. It has a total duration of
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3 hours and 13 minutes and is composed of 418 recorded sequences. In 102 of them,
about 38 minutes of speech, glottalization of word-initial vowels was manually labeled
by an expert phonetician (the second author).

The following categories were labeled: absence of glottalization (0), glottal stop (G),
creaky voice (CR), breathy voice (H) and sudden drop in F0 (L). Since a glottal clo-
sure can be followed by a longer stretch of creaky vowel, the criterion for labeling as
glottal stop was that the closure should have a duration of at least 2/3 of the whole
glottalization. If the closure was shorter, the segment was categorized as creaky voice.

4 Pitch and Intensity Analysis

In the present investigation, the approach by [12] was employed to analyze pitch in
the speech corpus. It is a hybrid pitch marking method that combines outputs of two
different speech signal based pitch marking algorithms (PMA) where the pitch marks
are combined and represented by Finite State Machine (FSM).

The most accurate pitch marks, those with the highest confidence score, are chosen
in the selection stage. The pitch marking was performed for each utterance in the BBC
corpus and the results were stored for further analysis.

Mel-cepstral analysis was performed with a frame rate of 5 ms and frame duration of
45 ms, with Blackman window applied, and the frequency band up to 16 KHz with 40
Mel DFT filters. The logarithm of the energy were calculated at each channel output.
The zero coefficients presented the log of energy of the analyzed frame and were stored
as intensity contours for each utterance for further statistical analysis.

In order to eliminate the speaker dependent variations in F0, energy and segment
duration, time normalization was performed on F0 and log-energy contours of the glot-
talized segments in the BBC corpus. For each glottalization label, the linear time nor-
malization was performed by producing a relative duration expressed as the percentage
of the label length (100 samples). Cubic spline interpolation was used in the normal-
ization by smoothing first and second derivatives throughout the curve. Subsequently,
the observed maximum was subtracted from the linear time normalized contours.
For the speech data employed, the predicted F0 value domain was set between 0-400 Hz.
The F0 analysis algorithm also produced negative values indicating unvoiced frames,
which were treated as absence of F0 and equaled to 0.

In this way, the mean F0 and log-energy values and their variation over the duration
of each glottalized segment can be observed in Tab. 1. This analysis procedure allows
the easy manipulation and generation of F0 and intensity contours for the resynthesis
of glottalization phenomena.

5 Principal Component Analysis

Principal Component Analysis (PCA) as an orthonormal transformation is widely used
in multivariate data analysis for dimension reduction and decorrelation. PCA is carried
out to capture most of the variation between the contours using a smaller number of new
variables (principal components), where each of these components represents a linear
combination of the contour parameters.
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Table 1. Mean and standard deviation of F0, intensity and segment duration for word-initial
creaky voice (CR), glottal stops (G) and non-glottalized vowels (0)

F0 in Hz Intensity in dB Duration in ms.

label counts mean (sd) mean (sd) mean (sd)

CR 572 124.62 (63.48) 7.23 (0.65) 80 (31)

G 307 26.76 (25.56) 6.15 (0.72) 90 (31)

0 174 157.30 (52.48) 7.30 (0.60) 58 (19)

The number of components that should be retained is chosen according to the cri-
terion of minimal total variance. After performing PCA on the contour set, it was ob-
served that in both cases retaining the first 5 components is enough to cover more of
90% of the variation (for F0, 90.35% and for the log-energy 98.42%).

Figure 1 presents the relationship between the first two components. Glottalization
phenomena – creaky voice, glottal stop and absence of glottalization – are clearly dis-
tinguished even by employing only the first two components.

(a) (b)

Fig. 1. PC1 vs PC2 for F0 (a) and log-Energy (b) for creaky voice (CR), glottal stops (G) and
non-glottalized vowels (V)

6 Synthesis of Glottalization Phenomena

Besides PCA analysis, non-parametrical statistical tests were performed over the F0 and
log-energy data sets confirming the existence of distinctive contour features between
the observed glottalization phenomena. The analysis of non-glottalized word-initial
vowels was included to provide comparison of the acoustic features in the
annotated segments. On Fig. 2, the F0 and intensity typical contours are presented.
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(a) (b)

Fig. 2. F0 (a) and intensity (b) typical contours for creaky voice (CR), glottal stops (G) and non-
glottalized word-initial vowels (V) used for the synthesis experiments

They are reconstructed using the centroid vectors obtained by means of the supervised
clustering procedure of the PCA components. The representative vectors of the first five
principal components were multiplied with the transposed transformation matrix. It can
be seen that the prototype contours express the distinctive features of the glottalization
phenomena.

For example, glottal closures larger than 2/3 of the segment duration are a character-
istic of the G labels (glottal stops), thus producing a large relative intensity drop in the
G prototype contour. In the case of CR, the pitch halving effect with small F0 variation
is noticeable, while the intensity reduction is relatively small and constant. For the non-
glottalized vowel, F0 and intensity are constant over the whole segment except in the
vicinity of the 10% duration from the boundaries, as a result of the consistency in the
manual labeling procedure.

Our main motivation to resynthesize glottalization phenomena was to automatically
generate stimuli for perception experiments on glottalizations. By means of resynthesis
it should be possible to create stimuli that differ only because of the presence or ab-
sence of glottalization and are identical in any other aspect. Resynthesis experiments
were conducted on short speech segments from the BBC corpus. The F0 and intensity
contours were superimposed on a part of an utterance selected from the BBC corpus.

The pitch analysis was performed using the hybrid method described in Sec. 4 with
10 ms shift and 45 ms frame width, and the maximal log-energy value was estimated
on the right boundary of the word-initial vowel. Furthermore, in order to increase nat-
uralness, jitter and shimmer were increased by randomly varying timing and amplitude
in the synthetic contours according to the following equation:

y(n) = x(n) + (−1)n · a · b(n) ·Rand(n), n = 1, ..N. (1)

Where x(n) is the value for the frame n of the prototype contour, b(n) is the corre-
sponding value of the standard deviation for a sample and Rand(n) is a random number
generated from a normal distribution. The intensity was modulated by random values
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up to a=0.1 (1 for F0) of the normalized value, since larger ones introduce unwanted
distortions. The F0 and intensity contours were superimposed and the resulting syn-
thetic speech was created by generating an excitation pulse train (lower frequencies)
and noise (higher frequencies), which were passed through Mel Log Spectrum Ap-
proximation (MLSA) filter. In Fig. 3, the spectrograms and the averaged spectra of an
example of synthetic speech with the three cases of word-initial vowel glottalizations
are presented: absence of glottalization (0), creaky voice (CR), and glottal stop (G).

The duration of the label is chosen to corresponds to the estimated mean duration
(80–90 ms) of the CR and G manual labels in the corpus.

(a) (b) (c)

Fig. 3. Spectrograms (top) and averaged spectra (bottom) of a speech segment synthesized in
three versions: with word-initial (a) non-glottalized vowel (0), (b) creaky voice (CR), and (c)
glottal stop (G).

The synthesized creaky voice exhibits acoustic characteristics typical for natural
creaky voice: lower energy as well as steeper spectral slope (H2-H1) than modal voice;
irregular periods are also visible in the spectrogram. The synthetic glottal stop shows
very low energy in its first part and a couple of irregular glottal pulses in its second part,
as it occurs in natural glottal stops.

In order to support the observations from the inspection of the spectrogram, voice
quality analysis was conducted using Praat. Jitter, shimmer, mean harmonics-to-noise
ratio (MHNR), H1 and H2 were measured in the original non-glottalized signal, and in
the corresponding synthetic signals with non-glottalized vowel, creaky voice and glot-
tal stop (see Tab. 2). The original non-glottalized segment has increased jitter (3.2%)
compared to the synthetic non-glottalized segment which indicates that the vowel in this
case is produced with lower quality. The reason is the influence of the the preceding con-
sonant, which was reduced after the resynthesis. Moreover, for accurate measurements
of vowel quality parameters, it is recommended to analyze longer vowel segments.

The non-glottalized synthetic segment, thus without F0 and intensity modification,
introduces lower jitter, increased shimmer and equal MHNR ratio compared to the orig-
inal one. The synthetic CR has much lower values for HNR and increased shimmer,
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Table 2. Voice quality analysis for the original non-glottalized vowel and for the three corre-
sponding synthetic signals: non-glottalized vowel, creaky voice and glottal stop

Jitter (%) Shimmer (%) MHNR (dB) H2-H1 (dB)

Original (non-synthetic) 3.2 6.9 11.8 1.5

Non-glottalized vowel (0) 2.3 10.4 11.8 4

Creaky voice (CR) 2.9 21.3 6.1 7.4

Glottal stop (G) 1.1 18.2 5.8 2

which applies to the G segment as well. Informal listening tests also indicated that
the synthetic glottal stops and creaky voiced vowels were easy to identify as such and
sounded similar to natural ones.

The approach proposed in the present paper can effectively manipulate stretches of
modal voice transforming them into glottalizations. It is just necessary to define the start
and end points of the segments that need to be glottalized. These should be long enough
– e.g. around 80 ms, the mean duration of G and CR labels in the corpus (see pag. 102)
– otherwise too much downsampling of the F0 and intensity prototype contours would
not deliver a good synthesis. This is especially valid for the synthesis of glottal stops
since the glottal closure cannot be realized properly if the segment is too short. For seg-
ments of sufficient length the manipulation delivers good quality glottalizations without
artifacts.

By informally comparing manipulated utterances with and without glottalization, the
impression is often that the glottalization inserts a stronger phrase boundary or empha-
sizes the target word, as it occurs with natural glottalizations in English. The proposed
method can thus create speech stimuli suitable for investigating the influence of glottal-
izations on speech perception.

7 Conclusions

In the present paper the analysis and synthesis of glottalization phenomena in
German-accented English are presented. Glottalizations of word-initial vowels were
manually annotated by a human expert in a small part of a German-accented English
speech corpus. Pitch and intensity analysis were performed on the annotated subset of
the corpus, and for each word-initial segment, labeled as glottal stop, creaky voice or
non-glottalized vowel, time normalized F0 and intensity contours were produced. The
contours describe the relative variation compared to the maximal observed values in the
segment. Multivariate statistical analysis was performed on the contour data sets in or-
der to find the principal components and to reduce the contour dimensionality (from 100
to 5). Clustering analysis of the PCs gave the centroid contours which were used in the
resynthesis experiments. The prototype contours were modulated with random values
in order to simulate the effects of jitter and shimmer. Such F0 and log-energy contours
were superimposed on natural non-glottalized word-initial vowels chosen from the cor-
pus. Qualitative analysis (spectrum observations and informal listening tests) as well
as quantitative analysis (voice quality measurements) indicated that the synthetic utter-
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ances indeed possess the desired glottalization phenomena characteristics. This proce-
dure could be employed for the automatic generation of speech stimuli for perceptual
experiments on glottalizations.
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