
Foot structure and Rhythm
• Organization of syllables into feet

• Language differences in rhythm
    (‘stress-timing’ vs. ‘syllable-timing’) 

• Isochrony of feet in stress-timed languages? No.

• Characteristics of languages that lead to impression:

• %V 
in syllable-timed lgs. a higher proportion of the 
speech signal is vocalic (voiced).

• Δ C
in stress-timed lgs, there is greater variability of the 
consonant interval durations.
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ABSTRACT 

It has been demonstrated that speech rhythm 
classes (e.g. stress-timed, syllable-timed) can be 
distinguished acoustically and perceptually on the 
basis of the variability of consonantal and vocalic 
interval durations. It has moreover been shown that 
even infants are able to use these cues to 
distinguish between languages from different 
rhythm classes. Here we demonstrate that the same 
classification is possible in the acoustic domain 
based simply on the durational variability of 
voiced and voiceless intervals in speech. The 
advantages of such a procedure will be discussed 
and we will argue that 'voice' possibly offers a 
more plausible cue for infants to distinguish 
between languages of different rhythmic class.  

Keywords: voice, speech rhythm, rhythm 
measures, infant speech perception, laryngography 

1. INTRODUCTION 

It has been demonstrated exhaustively from the 
1970s to the 1990s that the traditional 
classification of languages into rhythmic classes 
like stress-timed and syllable-timed is not 
manifested in isochronous inter-stress-intervals or 
isochronous syllable-durations, respectively, on an 
acoustic level. However, languages can be 
classified acoustically and perceptually into 
traditional rhythm classes on the basis of the 
variability of their consonantal and vocalic 
intervals (see [6] who defines a consonantal 
interval as the consonant/s between two vowels 
and a v-interval the vowel/s between two 
consonants). [6] found further that on an acoustic 
level this variability is reflected in the overall 
percentage over which speech is vocalic (%V) and 
the standard deviation of consonantal interval 
durations (!C). Plotting these two parameters 
along two dimensions shows that stress-timed 
languages cluster differently from syllable-timed 
languages (see Figure 1). The rationale underlying 
these measures is the assumption that speech 
rhythm is a product of the phonotactic complexity 
of a language. Languages traditionally classified as 

stress-timed show phenomena like vocalic 
reductions and complex consonant clusters. It is 
assumed that the presence of vocalic reductions in 
the speech signal leads to an overall lesser 
percentage over which speech is vocalic and that 
the presence of complex consonant intervals leads 
to a greater variability of consonantal interval 
durations.  

 

 
Figure 1: Results from [6] for cv-variability represented 

by !C and %V respectively: Stress-timed languages 
(EN: English, DU: Dutch, PO: Polish) can be 

distinguished from syllable-timed languages (SP: 
Spanish, IT: Italian, FR: French, CA: Catalan) 

 

[6] claimed that listeners use parameters like 
%V and !C to distinguish languages belonging to 
different rhythmic classes. They further argue that 
infants are able to distinguish different languages 
on the basis of this type of acoustic information 
before they actually have any knowledge of a 
language's phonological structure. 

In this paper we take a different approach. We 
argue that if infants are able auditorily to use 
acoustic information about the speech signal 
simply to distinguish different rhythmic classes 
from each other, then this information should even 
be less complex than 'vocalic' and 'consonantal'. 
Why should an infant for example for French be 
able to distinguish auditorily between a nasal 
(consonantal interval) and nasal vowel (vocalic 
interval)? We therefore assume that there are 
probably rhythmical aspects in the use of voice 
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consonantal and vocalic intervals. While there are 
only 4 voiced stretches in this signal there are 7 
vocalic intervals. The first voiced interval includes 
two consonantal and two vocalic intervals. The 
total number of voiced-intervals as opposed to 
vocalic-intervals is about 1 to 4 for all languages in 
the data. From this it can be concluded that there is 
a large quantitative and distributional difference 
between voiced and vocalic intervals.  

 

 
Figure 3: Cross plotted mean values for rate normalized 

variability of unvoiced intervals (varcoUV) and 
percentage over which speech is voiced (VO). 

 

2.2.2. Variability of voiced and unvoiced intervals 

In this section we process the variability 
measures %V and !C to voiced and unvoiced 
sections of the signal respectively and call it %VO 
(percentage over which speech is voiced) and !UV 
(standard deviation of unvoiced intervals). [4] 
showed that there is considerable variation of !C 
as an effect of speech rate and developed a rate 
normalized measure by calculating the variation 
coefficient of the standard deviation of consonantal 
intervals (!C*100/meanC; varcoC). Since a similar 
variability is expectable for voiced and unvoiced 
intervals the rate normalized variety of !C is used 
for monitoring the standard deviation of unvoiced 
intervals (varcoUV = !UV*100/meanUV).  

Figure 3 shows the rate normalized measure 
varcoUV as a function of %VO. The graph shows 
that a pattern can be observed that is like the one 
[6] obtained for consonantal and vocalic variability 

(!C and %V respectively). Languages traditionally 
classified as stress-timed languages (here: English 
and German) have a higher variability of unvoiced 
intervals than syllable-timed languages (here: 
French and Italian). Also, an overall shorter 
percentage over which speech is voiced can be 
observed for English and German compared to 
French and Italian. The total percentages for this 
parameter lie far higher than for the comparable 
parameter %V which is an effect of a large number 
of voiced consonants being part of %VO but not of 
%V. 

An ANOVA (univariate procedure) with %VO 
and varcoUV as the dependent variables shows 
that there is highly significant variability between 
the four distributions (F[3, 239]=17.41, p<0.001).  

A Tukey’s post-hoc test reveals details about 
within and between rhythmic class variability. For 
%VO within class comparison is represented by 
the pairs G-E and F-I which have p values of .717 
and .191 respectively, i.e. the variation between 
groups E and G is due to chance. This is not the 
case for between rhythmic class variability 
represented by G-F, G-I, E-F, and E-I which all 
have p values smaller than .001, i.e. there is highly 
significant variability between rhythmic class.  

For varcoUV we receive the same quality of 
results (ANOVA: F[3, 239]=5.17, p<0.005). P 
values from a Tukey’s post-hoc test reveal again 
non-significant within class variability (G-E: .839, 
F-I: .890), however, between class variability is not 
as clear: While G-F and E-F is significant at .009 
and .004 levels respectively, G-I and E-I are non-
significant at .467 and .232 respectively.  

In conclusion it can be said that, apart from the 
case of unvoiced interval variability in Italian, 
rhythmic classes are well separated in the data.  

3. Discussion 

The results of this research have shown that 
stress- and syllable-timed languages can be 
distinguished on the basis of voiced and unvoiced 
intervals. In the following we will discuss the 
advantages of such a segmentation procedure.  

The main advantage of the present method is 
that rhythmic classification of languages can be 
carried out with much less effort. Manual labeling 
of consonantal and vocalic intervals is labor 
intensive and because of the considerable level of 
phonological knowledge involved in this process 
(e.g. is a retroflex approximant /r/ vocalic or 
consonantal?) automatic procedures have so far 
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Causes for classification
• Phonotactics

• Possibility of consonant clusters of various lengths 
limit the likelihood of hearing “syllable-timing.”

• Foot-structure 

• Temporal consequences of on rhythm (observed in 
stress-timing languages):

• Greater length of stressed vs. unstressed syllables
(vowel reduction)

• Shortening of syllable durations in polysyllabic feet 



Polysyllabic Shortening

• Kim & Cole (2005)

• Radio News corpus

• 12 minutes of speech

Figure 1: Foot duration against the number of syllables in a foot.
-within-ip, -across-ip, -across-IP.

are not a simple mirror of syntactic boundaries. For exam-
ple, Fach [18] shows that due to rhythmic and other factors,
only 65% to 84% of syntactic boundaries are coded in prosodic
structure. This finding suggests that prosodic phrasing might be
more directly related to temporal regularization than syntactic
factors. Our study investigates whether the position of the foot
in the prosodic phrase structure interacts with foot-level timing.

3. Method
3.1. Materials

The speech used in this study is the lab news portion of the
Boston University Radio News corpus. This portion of the
corpus includes a manual prosodic transcription which marks
prosodic phrasing and pitch accent, following the ToBI labeling
standard [19]. In addition, this corpus includes segment-level
transcription, where primary and secondary lexical stresses are
marked. Lexical stress for content words is correctly annotated
in this corpus, but the assignment of lexical stress on function
words is found to be unreliable. We corrected the stress feature
of function words with manual re-coding, adopting Selkirk’s
[20] stress assignment principles. Monosyllabic function words
are not assigned stress unless they are pitch-accented, while bi-
syllabic and other polysyllabic function words are assigned a
primary stress. The analysis reported in this study was carried
out on twelve minutes of speech from the female speaker F2B.

3.2. Measurements

In this study the stress foot is equated with the interval from one
primary or secondary stress up to the following primary or sec-
ondary stress. The stress foot defined in this way may cross a
word boundary, and in this sense our notion of stress foot differs
from the notion typically invoked in phonological discussions of
word-level stress. Durational measures are taken of each stress
foot and its component stressed and unstressed syllables, and
each foot is coded for its prosodic context: i) within an interme-
diate phrase, ii) crossing an intermediate phrase boundary, or iii)
across an intonational phrase (henceforth, referred as within-ip,
across ip-and across-IP, respectively).

The interval of the foot was measured from the vowel onset
of the stressed syllable up to the vowel onset of the next stressed
syllable. The choice of the vowel onset as the left edge of the
foot, rather than the syllable onset (which may include the ini-
tial consonant or consonant cluster) is based on the understand-
ing of the syllable ‘p-center’ as the locus of syllable timing.

Figure 2: Mean syllable duration against the number of sylla-
bles in a foot. -within-ip, -across-ip, -across-IP.

Foot duration was automatically extracted from the sound files
based on the lexical stress labels in the segment-level transcrip-
tion. The number of syllables contained in each foot was also
extracted, through the identification of each labeled vowel as a
syllable nucleus.

Variation in foot duration was analyzed as a function of
the number of syllables in a foot, for each prosodic context.
In addition, the mean syllable duration for each foot was mea-
sured by dividing foot duration by the number of syllables in the
foot. The strength of the relationship between foot duration and
the number of syllables within the foot was assessed through
Kendall’s tau-b correlation analysis for each prosodic condi-
tion. The internal structure of the foot was examined through
measurements of rhyme duration in both stressed and unstressed
syllables, and these durations were analyzed as a function of the
syllable count within the foot and as a function of the prosodic
context of the foot. To control boundary effects such as domain-
initial and final lengthening, the rhyme duration measurement is
taken only from syllables that are in the medial position of an
intermediate phrase.

4. Duration of the foot
4.1. Hypothesis

According to the isochrony hypothesis, as the number of sylla-
bles in the foot increases, the duration of the foot is expected
to remain fairly constant with at most a weak increase, and
mean syllable duration is expected to decrease. Since physi-
cal isochrony has been rejected in many previous studies, our
main interest is to see how foot duration differs depending on
the prosodic context. If foot duration and the number of com-
ponent syllables are strongly correlated, we expect a higher cor-
relation coefficient between these two factors.

4.2. Results

The mean foot duration is plotted against the number of compo-
nent syllables in Figure 1. Each line represents foot duration in
a different prosodic context. Figure 1 shows that for all prosodic
contexts, foot duration increases as a function of the number of
component syllables. A 1-way ANOVA was performed for each
prosodic condition, comparing foot duration with the number of
component syllables as a factor. For each prosodic condition,
foot duration differed significantly at . (within-ip:
F(3, 934) = 489.785, across-ip: F(3, 133) = 55.222, across-IP:
F(3, 352) = 30.927)

• Port (1981)



Phonotactics vs. Foot structure
• Foot-structure effects expected in English, but not Spanish.

• English vs. Spanish (Nava et al, 2008)

• “The North Wind and the Sun”

• 30 English speakers read story in English

• 45 Spanish (Mexican) speakers read story in Spanish

• 20 less profiecient L1Sp/L2Eng read in English

• Measurement technique

• VR (Dellwo et al, 2007)

• Total voiceless duration / total voiced duration (within pauses)

• easy to automatically extract from large dataset

• correlates with impressionistic judgements of
syllable-timing (low VR) vs. stress-timing (high VR)



Results and TaDA modeling
• TaDA

• models English syllable 
structure and phonotactics

• no foot effects currently

• TaDA as Control
automatically generate 
“North Wind and Sun”:
• English TaDA

• Spanish TaDA 
(Parrell, Nava, Proctor et al)

• Results show effect of 
English phonotactics

• TaDA Models the behavior 
of L2 speakers with low 
prosodic proficiency
(no foot effects).
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 Coupling Graph Model of Foot Effects
• Adding hierarchical coupled oscillators to coupling graph

• English: foot-to-syllable coupling (λFS) >> syllable-to-foot (λSF)
where V is also S
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Polysyllabic shortening Simulation

3 syllables per 
foot

Time (s)

2 syllables per 
foot

Foot oscillator

  Syllable oscillator

3.1 s

2.5 s

F ω0F = 1

S ω0S = 2

λFS = 5 λSF = 1



Stress Asymmetry
• How can the differential durations of stressed and 

unstressed syllables be modeled?

• Hypothesize clock slowing gesture (µT) that is active at 
phases of Foot oscillator corresponding to stressed 
syllables.

• µT slows clock of Foot and Syllable oscillators (and all  
constriction gesture) in proportion to its activation 
level (aµ).

• Maximum strength of µT gesture will determine the 
degree or temporal asymmetry between stressed and 
unstressed syllables. 



2 syllables per 
foot

3 syllables per 
foot

Foot oscillator

  Syllable oscillator

Time

3.4 s         2.5 s      2.5 s      

Stress Asymmetry Simulation

4.3 s             3.1 s      

0

.5

aµ

2 syllables per 
foot

Foot oscillator

  Syllable oscillator

3.1 s3.1 s


