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ABSTRACT

This paper investigates the potential role of syllabic
structure in characterising the informational content
of running speech using an energy-based measure
(the cochlea-scaled entropy, CSE index). We com-
puted the CSE and compared how it aligned to the
energy envelope for a corpus of English and Spanish
sentences. We also compared these measures to syl-
labic structure, which differs markedly between the
two languages. Results show that English exhibits a
clear difference between informational and energy
peaks in relation to the phonetic syllable nucleus,
defined here in terms of the temporal mid-point of
adjacent vowels. In contrast, in Spanish, both peaks
align. Further, energy peaks occur later in the syl-
lable in English, whereas they precede the nucleus
in Spanish. Evaluation of internal syllable timing
showed a more regular timing pattern in Spanish
than English, which we suggest could have an impli-
cation for automatic selection of information bear-
ing elements of speech.

Keywords: Speech Information, Speech perception,
Syllabic structure, Cross-language comparison.

1. INTRODUCTION

Speech unfolds in time and meaning is built up by
a complex aggregation of sequential speech sounds
and silences. But not all speech sounds or silences
make an equal contribution to meaning construction.
For example, silences typically carry little phonetic
information (not withstanding their potential prag-
matic importance in a conversation), and word be-
ginnings are more likely to inform the listener of
what is being said compared to word endings (since,
ambiguity decreases as more speech sounds becom-
ing available, see for example [10]).

Focussing on the segmental level, several stud-
ies have proposed that vowels carry more informa-
tion than consonants. The evidence for this has
typically been obtained using a noise replacement
paradigm in which differently categorized speech
segments are replaced with noise and the effect on
this on speech identification used as an index of in-

formation [4, 9]. Recently, a signal-based quan-
tification of information in speech has been pro-
posed, cochlea-scaled entropy (CSE) [14], one that
has been claimed to outperform traditional vowel /
consonant speech categorisation, while still bearing
a close relation with vowel sonority. The develop-
ment of this metric was inspired by information the-
oretic approaches [13] and on this view, informa-
tion is defined in terms of local changes in the audi-
tory transformed speech signal. That is, a region of
speech in which acoustic energy levels change over
time is argued to contain more information (and a
higher CSE index) than a region where acoustic en-
ergy levels are more constant. Although it was de-
veloped using spoken American English, this metric
can be applied to any language and it has been tested
with Mandarin [8].

From the brief description above, one might be
tempted to think that high-CSE regions will con-
sist of highly changing speech regions such as those
characterized by transitional phenomena (typical of
stop consonants), however, owing to the auditory
scaling that is implemented, changes in the lower
part of the spectrum are given more weight over
higher frequency regions, so high-CSE regions ac-
tually target vowels. Given this, it is interesting to
explore the relation between information levels as
measured by the CSE and the syllabic structure of
speech. Recently, in an effort to pin-down the fac-
tors responsible for the advantage of selecting CSE-
based regions in a noise replacement paradigm, a
contrast between the CSE index and acoustic energy
was conducted [2]. Here it was shown that there was
a difference in alignment between CSE and the en-
ergy peaks, with CSE peaks occurring consistently
earlier. Further, CSE peaks aligned with the syllable
nucleus while energy peaks occurred later. The cur-
rent study seeks to clarify the basis of this result by
performing a cross language comparison with Span-
ish, a language which markedly differs from English
in terms of syllabic structure. That is, in English,
the morphological composition of words has a clear
role in syllabic structure [3], whereas in Spanish
(and other languages such as French) follows more
closely the sonority hierarchy [6]. In particular, we



wanted to test whether the syllabic structure type had
any influence on the alignment of the CSE and en-
ergy peaks with the syllable nucleus, as this could
inform, through the analysis of the internal timing
of the syllables, the relative informational flow in
the two languages. Section 2 presents the two cor-
pora under study, detailing their syllabic annotation
and introduces the CSE metric as well as the energy
measure used. Results are presented in Section 3,
and implications for automatic characterisation of
imformation in speech are discussed in Section 4.

2. METHODS

2.1. Corpora

English sentences were uttered by a female Aus-
tralian speaker in her early twenties producing a 200
subset of the IEEE sentences [12]. Sentences were
automatically aligned and manually checked and
corrected. 180 sentences were retained for the cur-
rent study, the same as the ones used in [2]. Phono-
logical syllable boundaries were retrieved from the
Cambridge Online Dictionary 1.

Spanish sentences were taken from a 180 subset
sentences produced by the male talker of the Shar-
vard Corpus [1]. Forced alignment into phonemes
was perfomed using EasyAlign [7] and 20% of
the sentences were manually checked for correc-
tion. Phonological syllables boundaries were de-
rived from orthographic syllable boundaries pro-
vided by the EsPal corpus [5] using a custom built
Matlab script.

For both corpora, phonological syllable decom-
position into onsets, nucleus and coda (O, N and C
respectively) was determined automatically for each
syllable by labelling vowels as N and any non-vowel
as O if they occured to the left of the nucleus and
C when they occured to the right. Additionally,
aligned phoneme realisations for each sentence were
grouped into successive vowel or consonant sound
class clusters. This enabled to operationally define
phonetic nuclei and edges of syllables as vowel and
consonant cluster temporal mid-points respectively.
Table 1 summarises the annotation done on the cor-
pora.

2.2. Cochlea-Scaled Entropy and energy

The implementation of the CSE is defined as in [14]
as the running sum of Euclidean distance d between
successive 16 ms adjacent frames of auditorily-
transformed speech spectra:

Table 1: Word and syllable counts in the English
and Spanish corpora used in the study.

English Spanish
Sentences 180 180
Words 1410 1555
Phonological syllables 2424 1587
Phonetic syllables 4427 3188

(1) d2(t) =
F

∑
f=1

[ρ(t +1, f )−ρ(t, f )]2

(2) CSE(t) =
b/2

∑
k=−b/2

d(t + k)

where ρ(t, f ) is the output of an F = 33-channel
roex filter [11] at time t and at frequency f , with
centre frequencies covering the 26−7743Hz range,
linearly-spaced on the equivalent rectangle band-
width scale. b is the number of the adjacent frames
over which to sum. Following [14] we use b = 7
(i.e., 112 ms), which corresponds roughly to mean
vowel duration.

The metric for energy used here follows that used
in [2], namely the root-mean-square (RMS) of the
amplitude values over a frame size of 16 ms. The
running sum of this quantity is taken as the final
measure of energy, as for CSE (see Eq. 2).

3. RESULTS

This section shows how CSE and RMS signals re-
late to the syllabic structure of English and Span-
ish, by examining the alignment of CSE and RMS
peaks with phonetic syllable nuclei as defined in sec-
tion 2.1.

In a first step, the first six 112 ms regions sur-
rounding CSE and RMS peaks were incrementally
identified (cf. [14]). Then, only pairs of CSE and
RMS regions that overlapped were retained in order
to compare their relative alignment to the syllabic
structure. Finally, distance from the temporal mid-
point of both CSE and RMS regions (i.e., the peak)
and the closest phonetic syllable nucleus was cal-
culated. Figure 1 shows the resulting distance for
English and Spanish.

Individual t-tests on English and Spanish datasets
show that for English, RMS and CSE peaks occur
at significantly different points in time in relation
to the phonetic syllable nucleus [Two sample t-test:



Figure 1: Distance to phonetic nucleus of CSE
and RMS region peaks for English (N=1736) and
Spanish (N=1500). Error bars show 95% confi-
dence intervals.
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t(1695)=−5.08, p<.001], with CSE peaks aligning
with the syllable nucleus (mean=−1.58 ms) while
RMS peak occuring 8.93 ms later on average. In
contrast, for Spanish, both CSE and RMS peaks
align at −7.9 ms before the syllable nucleus [One
sample t-test: t(1499)=−8.55, p<.001], with the
two peak time points being identical [Two-sample
t-test, p=0.66].

Two questions arise from this result. First, why
is it that informational and energy peaks align in
one language but not in another? The second ques-
tion relates to the relative timing of the peaks: while
CSE aligns with the phonetic syllable nucleus in En-
glish and RMS is positively shifted, both CSE and
RMS peaks precede the nucleus in Spanish. As an
approach to answer these questions, the phonologi-
cal structure of syllables and their timing in the two
corpora were examined. To this aim, the temporal
center of gravity of each realisation of phonological
syllables was calculated as:

(3) CoG =
1

dN

N

∑
i=1

witi

where N is the number of segments in the syllable,
w the weight associated with each segment, here all
wi are set to 1 (all segments are given equal weight)
and t the temporal mid-point of each segment. d
is the total duration of the syllable, so that the cen-
ter of gravity is expressed as a value between 0 and
1. With this classical definition, a temporal center
of gravity greater than 0.5 will represent a syllable

with shorter segments towards its end. In contrast,
a syllable having a sequence of short segments fol-
lowed by longer ones will have a center of gravity
lower than 0.5.

Figure 2 shows the distribution of the temporal
center of gravity for the 7 most common syllable
structures in English and Spanish, while Table 2 de-
scribes all syllable types encountered in the two cor-
pora along with results of skewness tests.

Figure 2: Distribution of the temporal center of
gravity of the different syllable types in English
and Spanish. Note the difference in total counts
across syllable types.
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As can be seen on Figure 2 and Table 2, a number
of notable differences emerge between the two cor-
pora: first, while Spanish has a much greater number
of simple syllable type (N, ON), English has more



Table 2: Syllable types and their occurrence in
English and Spanish. Median of the temporal cen-
ter of gravity is shown as well as Agostino test for
skewness with its associated p value. Top panel:
most common syllable types, also represented in
Figure 2. Bottom panel: one-segment syllable (N)
as well as less frequent syllable types.

English Spanish
Syll. type N med. skew p N med. skew p

ON 380 .48 −.30 .016 * 1157 .48 .11 .133
NC 199 .54 −.32 .060 271 .50 .14 .326

ONC 450 .49 −.04 .708 599 .50 −.10 .308
NCC 58 .56 −.52 .087 0 - - -

OON 33 .44 .33 .383 98 .48 −.44 .065
ONCC 189 .53 −.49 .006 * 66 .55 −.50 .084

OONC 112 .48 .10 .640 64 .48 −.44 .127
N 99 .50 - - 168 .50 - -

OOON 2 .44 - - 0 - - -
NCCC 1 .52 - - 0 - - -

OONCC 30 .50 −1.04 .015 * 1 .46 - -
ONCCC 13 .53 .06 .901 0 - - -

OOONC 14 .47 −.07 .890 0 - - -
OOONCC 3 .44 - - 0 - - -

OONCCC 3 .43 - - 0 - - -

composed syllable types (e.g., NCC). Second, En-
glish syllables ON, ONCC, and OONCC center of
gravity show a significant negative skewness illus-
trating a ’late’ center of gravity while no such skew-
ness is observed in Spanish. This is confirmed by
the median values of the temporal center of gravity,
which on the main follows the phonological syllabic
structure, with the center of gravity being displaced
in the direction of the longest onset or coda.

4. DISCUSSION

Examination of the timing of syllables in both En-
glish and Spanish revealed a more symmetric pattern
of the temporal center of gravity in Spanish as shown
by an absence of skewness and a general alignement
of the center of gravity with the temporal midpoint
of the syllable. English data however displays more
complex syllable types, and a more diverse pattern-
ing of center of gravity alignment, whose net effect
is a global rightward shift of the temporal center of
gravity. Taken together, this patterning of results
provides a basis for the observed difference in terms
of CSE and RMS alignement difference in English
and Spanish.

It is interesting to note that while neither of the
two CSE and RMS metric are tied to linguistic de-
scriptions of the speech signal, their characterisation
of the speech signal in terms of their local maxima
shows a clear relation with linguistic constructs such
as syllable composition. In particular, the alignment

difference in English was found to be an explana-
tory factor in the performance difference observed
by replacing CSE vs RMS regions by noise in a
speech identification task [2], with CSE regions be-
ing slightly less disruptive than RMS regions.

On the basis of the current results one can hy-
pothesise that given the alignment of CSE and RMS
regions in Spanish, energy-based noise replacement
would be just as effective in disrupting speech per-
ception as one based on CSE. Further studies will at-
tempt to validate this hypothesis, with potential im-
portant implications for signal-based characterisa-
tion of information in speech: while the CSE metric
has been claimed to apply to languages universally,
the current study suggests that the syllabic structure
of the language could also play a role in determining
information bearing portions of speech. This in turn
has implications for designing algorithms to mod-
ify speech to enhance intelligibility, and in particular
highlights the necessity to consider higher-level lin-
guistic constructs such as word parts in understand-
ing how people perceive speech, particular in chal-
lenging conditions.
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