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ABSTRACT

The evidence for isochrony of stress timing is weak at best for or-
dinary prose, but this does not mean that the timing of stresses is al-
ways unaffected by global constraints. We asked subjects to con-
tinually repeat the phrase Take a pack of cards and to temporally
align the words take and cards with an auditorily presented stim-
ulus consisting of just the words take and cards repeated several
times. The phase of the cards stimulus relative to a reference cycle
defined by the take–take interval was varied over the range 0.3-0.65
in eight equal-sized phase steps. The distribution of actually pro-
duced phases for the vowel onset of the syllable cards, however,
was strongly trimodal. Subjects showed a powerful preference for
phases close to 0.5, and somewhat weaker preferences for phases
near 0.36 and 0.6. These values are close to (although systematic-
ally different from) 0.33 and 0.66 predicted by a simple harmonic
model for stress timing. The observed distribution had this form
whether the subjects were speaking along with the stimulus, or try-
ing to maintain the prescribed timing after cessation of the stimu-
lus. Furthermore, the observed phase was influenced by the phase
produced on previous trials, suggesting dynamic control with hys-
teresis between competing stable patterns of timing. These results
demonstrate strong rhythmic constraints on the timing of stresses
within a phrase, where the domain of ‘phrase’ in this artificial speak-
ing task is simply the repeated text. The rhythmic constraints are
similar to those observed for limb movements. Modeling these con-
straints should provide insight into the form of a general dynamic
control regime for global speech timing, and may allow improved
characterization of ‘natural’ timing patterns in English speech.

1. INTRODUCTION

The classification of languages as stress- or syllable-timed has an
anachronistic air today, as little or no empirical evidence of iso-
chrony has been found [4, 13, 11, 6]. In a ‘stress-timed’ language
such as English, interstress intervals are found to vary greatly and,
indeed, to exhibit as much or more variance as similar intervals in
a ‘syllable-timed’ language such as French [14, 18]. Numerous re-
searchershave been led to the conclusion that isochrony (or rhythmi-
city) in speech should be considered a perceptual phenomenon, de-
rived from the known bias of perceptual systems to regularize in the
face of noise [11, 15, 1]. This viewpoint is forcefully expressed by
Benguerel and d’Arcy [1], who claim:

It seems surprising that anyone interested in finding evid-
ence for perceptual regularity would expect measure-
ments (no matter how careful) of the acoustic signal to
provide such evidence : : : In our view, if there exists any
regularity or rhythmicity in speech, it is at the perceptual
level, and possibly at the pre-production level, but not at
the acoustic level. (p.244)

Nonetheless, there is evidence for the claim that interstress inter-
vals in English are governed in part by global constraints. For ex-
ample, Williams and Hiller [18] found that the “foot compression
effect” and a foot-dependent syllable shortening effect were nonran-
dom property of metrical feet, as opposed to random groups of syl-
lables. They conclude:

: : : it can now be stated that it is indeed worth attempting
to measure rhythmicality, as this has been shown not to
be random. (p.438)

One way to investigate the nature of these global constraints is to
devise a speech task which requires subjects to attempt to produce
a range of interstress intervals. In order to reduce as far as possible
the many uncontrolled variables associated with continuous speech,
we devised a phrase repetition task where subjects repeated a simple
phrase many times. The simplification of suprasegmental features
which results is somewhat akin to reiterant speech, in which seg-
mental variation within the syllable is controlled. By thus defining
a phrase repetition cycle, we were able to specify precisely the point
in time relative to this cycle at which subjects would attempt to place
a medial stress.

2. METHODS

For both stimuli and human data in the following experiment, we
needed to provide a definition of the ‘moment of occurrence,’ or
beat, of a syllable. This should be in approximate correspondence
with the time point in the syllable which a subject would use for
aligning one syllable with respect to another stimulus, and thus be
close to the syllable’s P-center. The optimal definition of a beat is an
empirical issue. In the context of this work, the beat’s function is to
provide a localized event associated with a syllable, which is treated
as the ‘time of occurrence’ of the syllable. Based in part on Scott’s



model for P-center location [16], and Marcus’ original model [12],
we used the following algorithmic definition of a syllable’s acoustic
‘beat:’

After recording the speech at 8000 samples per second directly onto
disk, it was passed through a simple auditory filtering model using
the Lutear software package. After initial preemphasis, the signal is
passed through a bank of six gammatone filters with center frequen-
cies in the range 300 to 2000 Hz. This range should ensure that most
of the energy from the first two formants is preserved in the filter out-
put, while F0 and high frequency frication are largely filtered out.
The six resulting filter outputs are smoothed and summed to yield
an estimate of total signal energy in this range. The signal is recti-
fied, and again smoothed using a simple lowpass filter. This gives
a smooth amplitude contour which might be interpreted as a con-
tinuous measure of ‘sonority.’ Any rise in this amplitude is associ-
ated with an acoustic beat. The moment of occurrence of the beat
is defined as the time point halfway between the local maximum
and the preceding local minimum. This beat is based purely on a
frequency-dependent amplitude increase in the acoustic signal, and,
strictly speaking, should be distinguished from the term P-center.
With our algorithm, beats are usually located very near the vowel
onset of a syllable.

Stimuli were constructed consisting of eight repetitions of the words
take and cards, produced consecutively. The stimuli were generated
with a flat intonational contour using commercial speech synthesis
software (Eloquence). The interval between the beats of successive
tokens of take was fixed at 1.5 seconds. The point in time at which
the beat of cards occurred was varied across trials. Defining a cycle
as the interval between two successive tokens of take, the phase of
the beat of cards was fixed for each trial at a value we will refer to
as �k (we use a phase convention specifying phase in the range 0–
1). Eight values of �k were used, ranging from 0:3 to 0:65 in incre-
ments of 0:05.

On each trial, subjects were presented with the stimulus over head-
phones. Their task was to try to repeat the phrase take a pack of
cards in time with the stimulus, such that their productions of take
and cards were temporally aligned with the stimulus. No instruc-
tions about the relative timing of the other words of the phrase were
given. They were asked to begin talking on the second repetition of
the stimulus (i.e. the second time they heard the word take), and to
continue speaking after the stimulus stopped. When they had com-
pleted seven repetitions of the phrase without accompanying stimu-
lus, they were signaled to pause for about three seconds, and then to
produce seven more repetitions, again trying to maintain the relat-
ive timing of take and cards given previously by the stimulus. Sub-
jects were not required to count the number of repetitions they pro-
duced, as they received visual signals from the experimenter indic-
ating when they should pause, and when they should stop. The per-
trial data thus fell into three groups—tokens produced together with
the stimulus, immediately after the stimulus, and after a short pause.
There were seven tokens in each group, giving 21 tokens per trial.
The eight target phases were presented in three conditions: one in
which the target value of �k increased from 0:3 to 0:65 across trials,
one in which it decreased, and one in which the target values of �k

were randomized. Subjects took a short break between conditions to
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Figure 1: Histogram of all observed phases of the medial stressed
syllable cards in repetitions of the phrase Take a pack of cards. Tar-
get phases are marked in black on the abscissa. Although there were
8 target phases, the overall distribution is clearly trimodal.

avoid fatigue. A total of six subjects were run, allowing the order of
the conditions to be counterbalanced across subjects. All subjects
were graduate students outside of the field of linguistics, and were
naı̈ve to the purpose of the experiment.

2.1. Measurement procedure.

From each group of seven productions, the first was discarded be-
cause all subjects showed some uncertainty, both in starting the re-
petitions, and immediately after the cessation of the stimulus. The
value of �k for the next five productions was measured, using the
above beat extraction process. The phase at which the beat of cards
occurred was measured relative to the preceding and following beats
associated with the subject’s productions of take. No measurement
was possible for the last production of the latter two within-trial
groups as they lacked a following take as a referent. For consistency,
then, we obtained five phase measurements per group, with three
groups per trial. As there were eight target phases per condition and
three conditions within six subjects, a total of 3�8�3�5�6 = 2160

data points were obtained.

3. RESULTS

The main results pooled across speakers, repetition sets and trial
blocks are shown in Figure 1 as a frequency histogram of the meas-
ured phase angle of cards. The first main finding was that subjects
could not produce all target phases equally well. Although the target
phase angles for the medial stress were equally probable at eight dif-
ferent phase angles, the produced phase angles show a well-defined
cluster around 0.5, and somewhat weaker clusters centered around
0.36 and 0.6. These values are close to 1

3
and 2

3
, predicted by a

simple harmonic model for stress location (although the consistent
deviation away from actual harmonic predictions merits further at-
tention).
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Figure 2: Observed phase of the vowel onset for cards as a func-
tion of target phase when target phases are increasing, decreasing
and randomized across trials. The line y = x is also included for ref-
erence. The sequence of trials in which phase increases from trial to
trial produces smaller mean phase values that with decreasing phase.

A second important finding is that the produced phase was influ-
enced by that produced on immediately preceding trials, as shown
in Figure 2. When phase increased from 0.3 to 0.65 across trials,
smaller average phase values were produced than when phase de-
creased across trials. Random target ordering yielded intermediate
phase values. Note that this figure shows mean values for what are
essentially multimodal distributions (see Figure 1), so that all means
are biased towards the strongestmode at 0.5. The effect of recent tar-
gets on the distribution of observed phases is potentially important
information for inferring the symmetry properties of the underlying
dynamic.

Contrary to our expectations, subjects’ attempts to reproduce the tar-
get phasewere no more accurate when speakingsimultaneously with
the prompt than they were immediately after its cessation or after the
three second delay.

These findings were substantiated by quantitative statistical ana-
lysis. A within-subject ANOVA was performed comparing the ef-
fects of target (8 levels), target presentation order (3 levels: as-
cending, descending and random) and repetition group (3 levels:
with stimulus, immediately after stimulus and after the pause) on
the mean difference between observed phase and target phase. The
only main effect which was significant was target [F (7; 35) =

23:126; p < 0:001]. The main effect of repetition group, which
compares accuracy with and without stimulus, was not significant
[F (2; 10) = 0:410; p > 0:4]. The only other significant effect
was the order by target interaction [F (14; 70) = 1:894; p < 0:05],
which reflects the dependency of observed phase on previous trials.

The data shown in Figures 1 and 2 are averaged across subjects,
which obscures considerable intersubject variability. The bias for
harmonic fractions can be seen more clearly when individual speak-
ers are examined. By way of example, Figure 3 shows some res-
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Figure 3: Sample data for one subject showing the mean and stand-
ard deviation for each trial. The two conditions plotted are the phase
increasing block and the phase decreasing block.

ults for a single subject. Each data point shows the mean observed
phase and standard deviation for repetitions within a single trial. As
in the previous figure, trials are grouped by block (targets are either
ascending or descending across trials). The random target present-
ation condition is not shown. For most target values, the ascending
function again lies to the right of the descending function, i.e. smal-
ler mean phases are produced. A clear example of bias for targets
at harmonic fractions can be seen in the ascending curve for targets
at 0.3, 0.35 and 0.4. All were imitated with the same output phase
at about 0.35. Then targets of 0.45, 0.5 and 0.55 were all produced
very close to 0.5. As the target changed from 0.4 to 0.45, the sub-
ject’s productions jumped discretely from 1

3
to 1

2
. It appears that the

actual phases produced by subjects are not only dependent on the
combination of target phase and nearby harmonic attractors. They
are also influencedby context (i.e. productions and/or targets on pre-
vious trials).

4. Discussion

This experiment has clearly demonstrated that, given an appropri-
ately constrained task, global timing constraints on stress place-
ment are directly observable from acoustic measurements. Thus
Benguerel and d’Arcy’s claim that regularity of stress timing is not
observable in the acoustic signal may be rejected. Of more interest,
however, is the relationship of this regularity to rhythm. Are these
global constraints on stress timing a direct manifestation of rhythm
in speech production?

We have argued elsewhere that the observed constraints share many
features with rhythmic patterns measured during cyclic activity of
the limbs in walking, tapping and waving [5]. Among the charac-
teristics of rhythmic organization are entrainment among constitu-
ents, as evidenced by stable, simple phase relations [8]. In our
speech data, we found strong preferences for the medial syllable to
be placed at roughly 1

3
; 1
2

or 2

3
of the overall repetition cycle. This

is consistent with the expected behavior of two coupled oscillatory



systems, one coextensive with the metrical foot and one with the re-
petition cycle.

Further evidence of a stable organization, characterized by coupling
between its components, comes from the rather surprising finding
that subjects were no more accurate in producing target phases when
speaking with the stimulus than they were after it was turned off, or
even after a further three second pause. It has often been sugges-
ted that one way to simplify the problem of coordinating a complex,
high degree of freedom system such as the motor system is to func-
tionally link action components, so that their mutual coordination is
assured and the number of degrees of freedom of the control prob-
lem is reduced [2, 9, 10]. We interpret the observed linkage between
metrical foot and phrase repetition cycles as just such a strategy. In
this light, it is not surprising that the linkage is manifested regardless
of the externally imposed constraint of the stimulus.

The tendency of produced phases to closely resemble those of
the preceding trials is further evidence of an underlying system
of coupled oscillatory processes. Both empirical observation of
coupled processes [3, 7] and mathematical models of coupled oscil-
lators [17] show that systems which have found a stable coupling
relationship will persevere in that coupling mode in the face of ex-
ternal perturbation (here, the changing target). This hysteresis is a
common property of multistable dynamic systems and is largely in-
dependent of the details of the underlying system components.

The experimental evidence presented here constitutes strong evid-
ence that stress timing in English speech is constrained by the
rhythmic coordination of cyclic processes. Given suitable elicit-
ation procedures such as the phrase repetition task this constraint
is directly observable in the acoustic signal. An understanding of
the global constraints which influence speech timing is an important
first step towards a characterization of ‘natural’ timing patterns of
speech.
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