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Abstract: In this study three different prominence and context, indicating voice quality changes in the expreassio
speech melody related ffects on voice quality were of focus. Swerts and Veldhuis reported some evidence for
studied using an inverse filtering based method. The  correlation of FO and voice quality expressed by the first
hypothesis that prominence as a function of sentence harmonic amplitude dierence AH;,, or H1-H2) in the

and word stress is signaled with more pressed voice context of speech melody [13]. However, they also cited
quality was tested. The results indicated discrepancies  several other studies regarding FO and OQ, in which con-
in the parameterization results, and the original hy- tradictory views were presented, i.e. FO and OQ did not
pothesis could not be confirmed. Instead, it is suggested correlate, or exhibited negative correlation. Epsteitesta
that prominence is expressed with a more breathy voice  that speakers use voice quality, as expressed by LF model
quality. A possible physiological explanation for the parameter changes, to distinguish between prominent and

phenomenon is also provided. non-prominent words in declarative and interrogative sen-
Keywords:. voice inverse filtering, prominence tences [6].
The understanding of the behaviour of voice quality in
| INTRODUCTION expression of stress is limited to large extent by the lack

of relevant methodologies to analyze the glottal flow from

Local increase of the voice fundamental frequency and ontinuous speech. In order to address this issue, the cur-

attenuation of the respective changes elsewhere is use

. . . o ent study utilizes TKK Aparat, a unified voice inverse fil-
to signal prominence relations within utterances, phrases oino and parameterization package. Using this sophisti-
words, or series of utterances. Fundamental frequency

L . ) ) cated speech research tool, the authors further tested the
variation, however, is not the soléfect in the expression

; ] h hesis th r is expr with r VOi
of prominence. Several studies have reported spectral or ypothesis that stress is expressed with a pressed voice

lottalization changes as affect of prominence, suggest- quality. Hence, this study thends on the previous works
igng that the changges e due to rftenmﬂce qﬁali?y?n on the topic which have utilized only a handful of speakers

inent Is [6 with restricted utterances or model-based parameters. Thi
pr(;\rlnrl]nen r:/oli/ves,[ 1 iqinal definiti £ Voi i is performed using continuous speech and robust voice
though Laver's original definition of voice quality —¢q\,rce parameters together with statistical analyses.
[10] attributed it to be caused by both laryngeal and

supralaryngeal features of the voice production mecha- I
nism, it is nowadays often restricted to only reflect the la-
ryngeal settings of speech. The major physiological sourceSpeech of healthy, native Finnish speakers was recorded.
of these changes, in turn, is represented by the airflow gen-There were 11 speakers in total, of which 6 were women.
erated by the vibrating vocal folds, tlydottal flow. Un- The ages of the subjects ranged from 18 to 48 years, mean
fortunately, direct measurement of this major source of being 30 years. Two of the speakers smoked regularly or
voice quality is not possible from continuous speech due irregularly, while the others were non-smokers.
to the hidden position of vocal folds, located deep within ~ The recordings were performed in an anechoic chamber.
the larynx and surrounded by several vital organs. Hence,The speakers were standing, reciting the text from a paper
the only feasible means to estimate the glottal flow from attached on a sheet of cardboard.
speech is to use a technique calladerse filtering This The speakers were equipped with a headset microphone
implies that resonances of the vocal tract are cancelledconsisting of a unidirectional Sennheiser electret capsul
from the speech pressure signal by feeding it through anti- The microphone signal was routed through a microphone
resonances which have been defined from the underlyingpreamplifier and a mixer to iRiver iHP-140 digital audio
speech spectrum. The glottal flow is then parameterizedrecorder. Low-frequency phase distortion introduced by
using some time, amplitude, frequency, or model-basedthe digital recorder was corrected by acquiring the input
techniques to gather numerical data of the studied phenomimpulse response of the device using an MLS measurement
ena. [12] and convolving the recorded signals using a time-
Research on the function of the glottal flow has con- reversed version of the impulse response.
centrated mainly on isolated vowels. In contrast to this, The speech material consisted of three passages of
there is surprisingly little evidence on how the glottal flow Finnish text describing past weather conditions. The ma-
as the source of voice quality behaves in the sentence anderial was selected so that there were multiplg Jow-
word level in expression of stress. One such study was per-els with diferent levels of prominence suitable for inverse
formed by Gobl, who studied LF model parameter fitting filtering. The three dferent speech melody—and hence
in a sentence, the focus of which varied [7]. The excita- prominence—related conditions using a loapdr [ee] seg-
tion parameter Evalues were found to be larger in focal ment were chosen as follows: (1) A paragraph initial con-
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tent word with a relatively high FO in a lexically stressed lSO(n)
syllable (sentence stress condition). (2) The same segment

in a later repetition of the word (word stress condition). (3 Highpass

A long [a] in a lexically unstressed position. Each recita-  filtering 1 1

tion took about one minute, and was repeated three times. DAP
The middle recitation was chosen for further processing. s(n) WWW (order g) 7
Three vowels from each passage, a total of nine, were then
marked using Praat [4]. In total there were3- 11 = 99 DAP Hgo(2)
marked vowels. (order 1) 2 l

The phase-corrected recordings were high-pass filtered
to remove any low-frequency noise in the signal and then Hg (2) Inverse
cut into separate files containing only single vowels us- * filtering
ing the time instants marked in Praat. Further processing 8
of the segmented files was performed using TKK Aparat, Inverse sg2(n)
which is a comprehensive voice inverse filtering and pa- > filtering 3 ’ 1
rameterization software package, supporting twiedent
inverse filtering methods, a multitude of time, amplitude, T T sg1(n) Integration
frequency, and model-based glottal flow parameters, seam-
less interoperation with the MATLAB environment and v 9
easy exporting of data to statistical software packages [1] DAP uga(n) s

The separated vowel files were inverse filtered using (order p) 4
the iterative adaptive inverse filtering (IAIF) algorith@] |
The flow diagram of the current version of 1AIF, which Hyt1(2) DAP
is a slightly modified version from the previous ones, is (order 7)
shown in Fig. 1. Most notably, parametric spectral models v 1 O
used in various blocks of the flow diagram are computed Inverse Hya(2)
with the discrete all-pole modeling (DAP) method [5] in- > filtering k \_/\
stead of the conventional linear predictive analysis. This 5 l
reduces the bias of the harmonic structure of the speech g1(n)
spectrum in the formant frequency estimates. In block no. idddde %ﬂ‘t’:rriieg
1 of Fig. 1, the speech signal is high-pass filtered using 11

a linear-phase FIR filter to reduce any low frequency fluc- Inteerati .
tuations captured during the recordings. Stages 2—6 form tiegration 9(n) iddign
the first glottal flow approximation by making an estimate 6
of the vocal tract transfer function and inverse filtering th 91(n) .
signal with that estimate. The first approximation is used W\/Wl - Integration
as a basis for stages 7-12, which roughly repeat the process 1 2
of the earlier stages to yield the final glottal flow estimate.
The inverse filtering process vyields glottal flow esti- g(")l qviviviviv,

mates, an example of which is shown in Fig. 2. The glottal

flow parameters of the vowel segments were computed au-  Figure 1: The block diagram of the IAIF method for the
tomatically from the estimated glottal flow. Even though  estimation of the glottal excitatios(n) from the speech

all parameters implemented in TKK Aparat were acquired, ~ Signal s(n). For further details of the dierent stages,
further analysis was restricted to only NAQ and AQ pa-  Please refer to [3].

rameters. NAQ, the normalized amplitude quotient, and . - )
AQ, the amplitude quotient, measure time-domain charac-Were performed using the R statistical software environ-
teristics of the glottal closing phase from two amplitude- Ment[9]-

domain quantities [2]. AQ is defined as AQC’,*“A, where Il REsuLTs

Aqc is the maximum AC amplitude of the flow ardhin In general, inverse filtering analysis of continuous speech
is the_mlnm_mm of the rowSQenvatNe. C(_)rrespond_mgly, is problematic due to, for example, rapid changes in for-
NAQ is defined as NAQ= =, whereTy is the period  mant frequencies. In spite of these inherefiidlilties, the
length. Both AQ and NAQ correlate well to the pressed- analyses conducted in the current study were successful
ness of voice, which contributes considerably to the voice and reliable estimates of the glottal flow could be com-
quality. puted with the IAIF method for all the intended samples.

The dfect of various factors on the NAQ and AQ values Furthermore, during the inverse filtering process, a subjec
was tested using analysis of variance (ANOVA). First, the tive quality evaluation on a scale of 0—3 was given for each
values were log-transformed to correct the skew in param-glottal flow estimate using the general shape of the result-
eter distributions. Then, ANOVA was performed using the ing glottal flow estimate as the criterion. This evaluation
vowel running number, speaker sex, sentence stress, anglielded a mean value of 2.4, which is considerably higher
word stress as dependent variables and the log-transformethan in other inverse filtering studies conducted by the au-
AQ as the independent variable. All statistical treatments thors.
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Figure 2: A representative sample of the glottal flow, acquired froerttaterial of the current study. The sample represents an
[a] vowel of a male speaker with no sentence or word stress. Tdasuanes required for the computation of NAQ and AQ are
also illustrated.

First, NAQ parameter values were inspected. Box-plots males as well. In the case of sentence stress, the result was
summarizing the values are shown in the left half of Fig. 3. statistically significantf(1,51) = 14.0, p < 0.001], but
The mean value of the NAQ parameters computed for bothnot so in word stres$Hq(1,51) = 0.0762 p = 0.784].
genders was 0.108, while the standard deviance (std.dev)
equaled 0.024. The respective values for males and fe- IV' Concrusions
males were 0.102 (0.020) and 0.113 (0.025), i.e. the val-The NAQ values were higher in stressed than unstressed
ues were smaller for males. For males, in vowels without cases for both males and females, although for the ma-
and with sentence stress, the values were 0.098 (0.020) angbrity of cases, not statistically significantly so. Stithis
0.109 (0.019). Two-way ANOVA with word and sentence suggested that stress would be expressed using a breath-
stress as factors indicated that thiffelience was not sta- ier voice quality. This contradicted the original research
tistically significant F(1,42) = 3.65, p = 0.063]. For hypothesis predicting that stress would be expressed with
male vowels without and with word stress, the NAQ val- a pressed voice quality. Therefore, AQ values were in-
ues were 0.091 (0.016) and 0.107 (0.019), again indicatingspected as well. As shown by the results, the AQ values
higher values for stressed cases. This result was statistibehaved as expected, exhibiting smaller values in stressed
cally significant F(1,42) = 4.49, p = 0.040]. vowels. ANOVA analyses showed this result to be statis-

.. tically significant in the case of sentence stress, but not in
For females, the NAQ values were 0.109 (0.025) with- ’
out sentence stress, and 0.120 (0.025) with it. The re_the case of word stress. The authors suspect, however, that

spective values without and with word stress were 0.105 Since the word stress appears to behave in a similar manner

. as sentence stress in the box plots, the lack of significance
(0.020) and 0.117 (0.028). Again, the NAQ values were . . ! T
higher for stressed cases, but the results were not stail ANOVA is only due to the small amount of material in

o9, 2R the study.
tistically significant F(1,51) = 2.72 p = 0.105 and : : - )
F(L51)= 0.532 p = 0.469, respectively]. There is plenty of evidence which shows that chang

ing the glottal function from breathy towards pressed in
Due to the NAQ values behaving contrary to the re- sustained phonation is reflected by increase of FO and de-
search hypothesis (see Section IV for details), AQ pa- crease of both the absolute and the relative length of the
rameter values were also studied. The summary box-glottal closing phase [e.g. 8]. In terms of NAQ and AQ,
plots are shown in the right half of Fig. 3. The mean thisimplies that changing the phonation type from breathy
AQ values for males and females were 0.841 (0.134) andto pressed in sustained phonation results in decrease of
0.567 (0.123), respectively, the considerably higher val- both of the parameters [2]. Interestingly, the currentltesu
ues for males stemming mainly from the FGfdiences  on the glottal function in continuous speech showed a dif-
between males and females. For males, the values werderent trend according to which AQ decreased in stressed
0.890 (0.129) without sentence stress and 0.745 (0.087)owels in comparison to unstressed ones whereas the val-
with it. This difference was found statistically significant ues of NAQ increased. Hence, the initial hypothesis that
[F(1,42) = 16.0, p < 0.001]. For males without and stress is expressed with a relatively more pressed voice
with word stress, the values were 0.869 (0.126) and 0.828quality could not be supported in this study. This unex-
(0.138), respectively. This indicated lower AQ values in pected, yet highly interesting result might be explained
stressed cases for males. However, the result was not staby the behaviour of sub-glottal pressure. In sustained
tistically significant F(1,42) = 0.858 p = 0.360]. For phonation, namely, a speaker is able to produce a long
females, the values were 0.605 (0.114) and 0.489 (0.105)vowel by using a steady-state value of the sub-glottal pres-
without and with sentence stress, and 0.609 (0.103) andsure which, in parallel with glottal adductory forces con-
0.545 (0.128) without and with word stress, respectively. trolled by the cricothyroid and thyroarytenoid muscles, re
Hence, the values were smaller in the stressed cases for fesult in desired value of FO and voice quality. In continuous
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Figure 3: NAQ and AQ box-plots. In the labels, the letter 's’ standsdmtressed case and 'u’ for a unstressed one. The NAQ
values are higher in stressed than in unstressed caseglianates and females. The AQ values show a larffemince between
males and females due to the intrinsically higher fundaaidntquency of the females. Both in males and in females, AQ
exhibits lower values in stressed vowels than in unstressed

speech, however, the speaker has to adjust continuously th@rovides tools suitable for further research on the topic.
function of the vocal apparatus in order to produdéedi

ent utterances including both voiced and unvoiced sounds. ACKNOWLEDGEMENTS
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