
Prosody:  
 Temporal Structure



Functions of of Prosody

• Phrasing (Grouping)

• When you make hollandaise slowly, it curdles.  
When you make hollandaise, slowly it curdles. 

• Prominence (focus)

• She didn’t earn an A. (she earned a B).  
She didn’t earn an A. (but she got one by cheating). 

• How are these functions accomplished by 
speech system?

• Temporal structure
• Intonation



Prosodic Hierarchy
• Speech gestures are organized into larger units, beginning with syllables

• No agreement on exactly how many categories (e.g. intermediate 
phrase (ip).

What are the temporal 
signatures of phrase boundaries  
are how are they controlled?

What are the temporal 
signatures of foot structure 

are how are they controlled?
Mol, Carien & Chen, Aoju & Kager, Rene & Ter Haar, Sita. (2017). Prosody in birdsong: A review 
and perspective. Neuroscience and biobehavioral reviews. 81. 10.1016/j.neubiorev.2017.02.016. 



To keep in mind…

• Given the gestural score for a given syllable, 
what changes in the score could result in 
lengthening or shortening of the syllable?

clo

wide pharyngeal

clo

VEL

TT
TB

LIPS

time

wide

“mad”

• Changes in activation intervals 
• Changes in relative timing



Boundary-adjacent lengthening

• Vowels (and consonants) are longer at the end of phrase 
(or at the beginning of a phras)e) than within a phrase  
(in English and many languages.

• I gave a duck to Doug.  
I gave Doug a duck.

• What kind of boundaries produce lengthening?

• How is the lengthening controlled?  



Byrd & Saltzman (1998)



Results

• Subjects exhibit one or two levels of lengthening 
(compared to within-word).

• Relative lengthening of list, vocative, IP varies across 
speakers.

• How is it accomplished?

• Constrictions  approach their goals more slowly (appear 
to have greater stiffness).

• Activation intervals are longer. 



Gestural model of boundaries: π-gestures
• π-gestures are dynamical cognitive units that represent 

boundaries.

• Like other gesture they have extent in time (activation 
intervals) and dynamical parameters that govern how 
their strength waxes and wanes over time.

• Unlike other gestures, they have no articulators, but 
rather act vicariously to slow the clock that governs 
the activation dynamics of all the constriction gestures 
that fall within its scope.

• Slower activation results in:  
Gestures are lengthened 
Gesture onsets are delayed so overlap is reduced.

• Effects are proportional to π-gesture strength.

• Hierarchically higher boundaries will have stronger 
activations and consequently there will be more 
lengthening and less overlap than at lower 
boundaries, thus accounting for the empirical 
findings that boundary lengthening is cumulative. 
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Figure 2. Two schemas illustrating Byrd & Saltzman’s (2003) π-gesture model (inspired by figures 
3 and 6 therein).  (Left):  The arrangement of a phrase-final and a phrase-initial constriction 
gesture, spanned by a phrase boundary instantiated by a π-gesture.  The scope of the π-gestures 
effect is shown as the shaded area; this modulation effect strengthens as the activation of the π-
gesture waxes as the phrase edge approaches and weakens as the π-gesture activation wanes as 
the phrase edge recedes.  (Right):  Movement trajectories for two constriction gestures spanning 
a phrase boundary. The π-gesture is centered between the two constriction gestures, and the 
effect of its modulation on gestural activations, and consequently constriction position, is 
observed in the bolded trajectories. 
 
However, rather than representing an articulatory constriction event, this cognitive 
element acts to slow the timecourse of any constriction gestures ‘in play’ or active during 
the scope or domain of activation of the prosodic gesture.  See Figure 2 (right).  The term 
transgestural is used to describe this type of dynamical effect across all concurrently 
active gestures; transgestural effects do not permit the ‘skipping’ or ‘targeting’ of specific 
gestures within the scope of the modulating gesture.  This means that a phrase boundary 
is expected to affect all gestures co-active with the π-gesture.  The prosodic slowing of the 
central clock pacing the unfolding of vocal tract constriction gestures means that gestures 
co-active with the π-gesture will start temporally later, in addition to exhibiting the 
gestural lengthening created by depressing the gating-in of the intrinsic stiffness 
parameter.  Thus in consequence, the gestures become less overlapped.  It can also be the 
case that a constriction will be de-truncated (by the delay of an upcoming coarticulated 
gestures) and so exhibit less spatial undershoot, yielding a larger spatial magnitude.  It is 
via this complex of consequences that the multifaceted articulatory signatures of phrase 
boundaries are unified under the dynamical mechanism of the π-gesture. 
 
Within the π-gesture model, boundaries are represented gradiently rather than 
categorically or symbolically.  So, boundaries encoding greater disjuncture (for example 
in traditional terms, at an Intonational Phrase versus an Intermediate Phrase) have 
greater activation and thereby exert a greater slowing or ‘stretching’ of the concurrent 
gestural activations.  The π-gesture model makes no distinction between final (“]”) and 
initial (“[”) phrase edges; a single π-gesture spans a boundary, reaching transgesturally 
into both final and initial phrase-edge material.  (We will return below to the complicated 
issues of continuing investigation regarding one versus two π-gestures at a juncture and 
pausing.)  Krivokapić (2020) notes that while there may be a “difference in the amount of 
lengthening between phrase-final and phrase-initial position […due to the activation] 
shape of the π-gesture…there is no systematic, categorical, linguistically relevant 
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Strength

Byrd & Saltzman (2003)



Predictions of π-gesture model 
• Effect is local.

• All gestures within scope are affected; no gestures are skipped.

• Effect is greatest at the boundary and decreases at a distance 
from it.

• Lengthening effects all segments, but could interact with type 
of segment.

• No difference between “final lengthening” and “initial 
lengthening”

• Categories: no intrinsic differences between phrases of 
different types (ip) (IP) (e.g. Beckman & Pierrehumbert, 1986); 
only strength determines effect.

• Categories could result from multiple modal values of strength or 
From Boundary Tone Gestures (for IP, but not ip).  



π-gestures as grammatical element 
• Tempting to think of slowing as the speaker approaches 

the end of a phrase as a mechanical consequence of 
approaching a pause… slow down before stopping.

• But while evidence for boundary-related slowing has 
been found in several languages (e.g., English, French, 
Dutch, Greek, German, Spanish, Swedish), it is not 
universal by any means.

• In the eleven African tone languages from all over Africa 
in Downing & Rialland (2018):

• None have final lengthening in declarative IPs

• Shekgalagari (Botswana) and Tumbuka (Malawi) have 
penultimate lengthening (common in Bantu).



Reduction in overlap at boundaries
• Much phonetic variation is due to

• variation in the temporal overlap of invariant gestures

• Within a phrase, consonant gestures overlap across 
word boundaries in English.

• Overlapping gestures jointly determine the output 
sound,  so the acoustic output of a given gesture can 
vary depending on the gesture that overlaps it.

• Such effects are less likely to occur across 
boundaries.

• Reduction of activation intervals of gestures 
within a phrase can also result in truncation: the 
gesture doesn't reach its goal when speaking rate 
is fast.



C#C overlap in English vs. Russian

English

Russian



/t/ “deletion”:
“perfect memory” in three styles

Boundary Within-phrase Fast

/t/ sounds like it is deleted,  
but it is not 

Release is overlapped by  
lip gesture and is hidden. 

TT gesture is overlapped 
and truncated. 



• “Pack my”



Modeling prosodic variation:

• Phrase was generated automatically by TaDA/HLsyn, then π-gesture 
slowing effects were added.

• [d] release emerged automatically with slowing, due to decrease in overlap 
of Tongue Tip and Lip Gestures.

“told before”

Talker 15

11/38 Transcribers hear boundary

μbeam

[d] release

Tongue Tip 

Apertures:

Lip 

Talker 12

Only 2/38 Transcribers hear boundary

μbeam

Time (s)
0 1.397

0

5000
π-gesture

Time (s)
0 1.071

0

5000

TaDA:

NO π-gesture

No [d] audible



Palatalization of /s/
• /s/ within a phrase exhibits apparent change to 

[ʃ] before [j]

• “miss it” [mɪs]
• “miss you” [mɪʃ]

•  Example

• “I’m sure I’m gonna miss you”

•  What is going on here?

• We change alveolar fricative to palatoalveolar before [j]?

• More overlap in faster speech (within a phrase).



“miss.  you”

narrow
vel

wide

wide

crit
alv

clo
lab

narrow  mid
pal

narrow
pal

narrow
vel

wide

wide

crit
alv

clo
lab

narrow  mid
pal

narrow
pal

“miss you”

Overlap changes  
fricative acoustics

VEL

TT

TB

LIPS

GLO

VEL

TT

TB

LIPS

GLOZsiga (1995)



“confession”

“miss you”

Zsiga (1995)





Effect of Gestural overlap:  Synthesis 

VELUM

LIPS

TT

TB

GLOTTIS WIDE

 ALV FR

PALATAL NAR

STOP

VELAR NAR

WIDE

 PAL NAR

VELUM

LIPS

TT

TB

GLOTTIS WIDE

 ALV FR

PALATAL NAR

STOP

VELAR NAR

WIDE

 PAL NAR

SLOW

FAST



Place Assimilation: nasal

• Final /n/ is sometimes assimilated to the place 
of a following labial or dorsal stop:

• “can be”  
[kæ̃nbi]  slow  vs.  [kæ̃mbi]  fast



VELUM

LIPS

TT

TB

GLOTTIS WIDE

 ALV ST

LAB STOP

PAL WIDE
VEL ST

PAL NAR

WIDE VELUM

LIPS

TT

TB

GLOTTIS WIDE

 ALV ST

LAB STOP

PAL WIDE
VEL ST

PAL NAR

WIDE

“can be” SLOW “can be” FAST

Nasal Assimilation: Synthesis



• syntax: prosodic structure mediates  
Nespor & Vogel 1986/2007, Selkirk 1984, 2011)

• Directly controlled by syntax Cooper & Paccia-Cooper 
1980, Wagner 2005)

• Prominence — also use of clock-slowing?

• Coordination of PI gesture



Prominence and Focus

CF Prompt:         Is the botanist going to test the fly with the stripes?
Test sentence: No, the botanist will be testing the bee with the stripes.

NF Prompt:         What is the botanist going to test?
Test sentence: Oh, the botanist will be testing the bee with the stripes.

BF Prompt:         What is the botanist going to do?
Test sentence: Oh, the botanist will be testing the bee with the stripes.

UA Prompt:         Is it the zoologist who will be testing the bee with the stripes?
Test sentence: Oh, the botanist will be testing the bee with the stripes.

UF Prompt:         Who is going to test the bee with the stripes?
Test sentence: Oh, the botanist will be testing the bee with the stripes.



Results

bee Oh, the botanist will be testing the bee with the stripes.
baby Oh, his family will be visiting the baby with the long hair.

design Oh, Ellie’s office will be submitting the design for the new building.
melody Oh, Jonathan was praising the melody from the movie. 

banana Oh, the baby will be having the banana for lunch.
matinee Oh, the parents were attending the matinee by the sea.
military Oh, her cousin will be joining the military by the capital.

humanity Oh, the historian was applauding the humanity of the soldiers.
salmonella Oh, the teachers were discussing the salmonella for hours.



1. Formation duration (pairwise t-test)

All<*  
except for UA-UF

S1-S2*
S1-S3**
S2-S3 tr. .061

L2-L3**
L2-L4***

*** All** All***

L1-L3***
L2-L3*
L3-L4*

L2-L3***
L3-L4***

***

26

Results



2. Release duration (pairwise t-test)

All***
CF***
NF-BF n.s.
NF-UA tr. .057
NF-UF*
n.s. for others

All ***,
except L2-L4
         (.076)

* All*** All***

All***
L2-L3***
L3-L4***
L2-L4 tr. .051 ***

27



Modeling Prominence

• μ-gesture 

• Temporal modulation gesture

• Like π-gesture, but centered on stressed vowel



Stress and Foot structure
• Organization of syllables into feet

• Possible temporal consequences of foot-structure on 
rhythm (observed in Germanic languages):

• Shortening of syllable durations in polysyllabic feet 
(‘stress-timing’)

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

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

F F

s w s w
Foot composed of stressed syllable

and following unstressed ones



Polysyllabic shortening
• As syllables are added to a foot, 

the duration of the syllables 
decreases.

• Tendency to preserve the 
duration of the foot.

• This tendency is shown in 
languages that were traditionally 
called “stress-timed.” (e.g., 
Germanic languages)

• Not shown in “syllable-timed” 
languages in which syllable 
durations tend to be preserved 
(e.g., Romance languages)

Port (1981)

Interaction of:
Number of syllables
Vowel length
Voicing of coda C



Stress and Polysyllabic shortening

• Kim & Cole (2005) study 
of the BU Radio News 
corpus shows that 
polysyllabic shortening 
affects stressed syllables, 
but not unstressed ones.

• Stressed syllables are 
longer than unstressed 
ones

Figure 3: Mean duration of the rhyme of stressed syllables against the number of syllables in a foot. -when rhyme consists of one
segment, -when rhyme consists of two segments.

Correlation coefficients between the foot duration and the
number of syllables in the foot were significant for all prosodic
conditions at , but the correlation is strongest for
the within-ip condition (.629), while the across-ip condition
showed a weaker correlation (.598) and the across-IP condition
showed the weakest correlation (.315).

In Figure 2, the mean syllable duration is plotted against
the number of component syllables. It is shown that the mean
duration of syllables within a foot decreases as the number of
component syllables increases.

4.3. Discussion

The observed increase in foot duration as a function of an in-
crease in the number of component syllables suggests that there
is no general robust pattern of shortening that holds foot dura-
tion constant in the prosodic contexts considered here. How-
ever, we also observe that the mean duration of syllables de-
creases as a function of an increased number of syllables in a
foot, which may be indicative of a shortening effect. It is impor-
tant to note that as the number of component syllables increases,
the additional syllables are all unstressed. Given the general
observation of longer segments in stressed syllables compared
to unstressed syllables in English, a decrease of mean syllable
duration is expected with the addition of unstressed syllables,
even without any additional shortening effect in the foot. In
order to examine the source of the observed decrease in mean
syllable duration, we must look inside the foot. Specifically, we
must investigate whether the duration of stressed syllables, un-
stressed syllables or both decreases as a function of the number
of component syllables.

We note that foot duration values are different depending on
prosodic condition. The duration of the foot is shortest within-
ip, and increases in the order within-ip across- ip across-IP.
In addition, the correlation coefficient is highest for the within-
ip condition and lowest for the across-IP condition. One might
argue that longer duration of the foot in across-ip and across-IP
conditions is due to final lengthening and the presence of pauses
at phrase boundaries. Similarly, the lower correlation coeffi-
cient in across-ip and across-IP conditions can be interpreted as
reflecting variability in the lengthening and pause phenomena.
In order to investigate the difference between prosodic contexts
in terms of foot duration and its correlation with syllable count,
we compare the durational characteristics of stressed and un-
stressed syllables as a function of increased syllable count in
the foot, for different prosodic contexts.

In summary, the results shown in this section demonstrate

positive correlations between syllable count and foot duration.
The next section looks at durations of stressed and unstressed
syllables within the foot for evidence of shortening and for pos-
sible effects of prosodic context on shortening.

5. Internal structure of foot
5.1. Hypotheses

Evidence for a foot-level shortening effect will be in the obser-
vation of decreased duration of stressed or unstressed syllables
as a function of an increase in the number of syllables in the
foot. We formulate two hypotheses about the effect of prosodic
context on syllable duration.

Hypothesis 1: longer foot duration in across-ip and across-
IP conditions is due to final lengthening and the occurrence of
pause at boundary positions, and there is no interaction between
foot-level shortening and the prosodic context. Under this hy-
pothesis, we expect the effect of the syllable count on syllable
duration to be the same for each prosodic condition.

Hypothesis 2: longer foot duration in the across-ip and
across-IP conditions is due to the interaction between a short-
ening effect and the prosodic context. In other words, the extra
duration in across-ip and across-IP conditions reflects either a
weaker shortening effect or no foot-level shortening compared
to the within-ip condition. Under this hypothesis, adding more
syllables in the foot after a prosodic phrase boundary should not
affect the duration of the syllables in a foot.

5.2. Results

The mean duration of the rhyme of stressed syllables is plotted
against the number of component syllables in Figure 3. Each
panel represents a different prosodic condition. Since the du-
ration of the rhyme differs depending on the number of seg-
ments in the rhyme, rhyme duration is plotted separately for
rhymes with one and two segments. Figure 3 clearly shows
that stressed syllables are shortened only in the within-ip con-
dition. The results of 1-way ANOVA confirm that the mean
duration of the rhyme of stressed syllables is significantly dif-
ferent depending on the number of syllables in a foot only under
the within-ip condition (rhymes with one segment: F(3, 329)
= 17.988, , rhymes with two segments: F(3, 238) =
3.801, ). In stark contrast to this pattern for stressed syl-
lables, we observe that rhyme duration of unstressed syllables
does not decrease in any of the prosodic conditions, as shown
in Figure 4.

stressed

Figure 4: Mean duration of the rhyme of unstressed syllables against the number of syllables in a foot. -when rhyme consists of one
segment, -when rhyme consists of two segments. (Since the across-ip and across-IP conditions have only few tokens for rhymes with
two segments, those cases are not shown)

5.3. Discussion

Our first main finding in this section is that only stressed syl-
lables are shortened as a function of the increased number of
syllables in a foot. Thus, it is clear that the decrease of mean
duration of syllables found in section 4 reflects the reduced du-
ration of stressed syllables. As to the effect of prosodic context,
we found that stressed syllables are shortened only when the
foot occurs within the ip. Thus, the longer duration of the foot
that crosses ip and IP boundaries (Figure 1) is not only due to
lengthening or a pause at the boundary position, but also due
to the absence of stressed-syllable shortening as a function of
added syllables after the boundary.

6. Conclusion
To summarize, as the number of syllables in a foot increases, the
duration of the foot increases, but the duration of the rhyme of
stressed syllable in the foot is shortened. This finding suggests
that rhythmic regularization in American English is manifested
not in terms of isochronous foot duration, but through an adjust-
ment of the duration of stressed syllables. Another interesting
finding is that the shortening effect occurs only within the in-
termediate phrase, suggesting that prosodic structure plays an
important role in rhythmic organization in American English.
Taking these findings together, we claim that the foot within the
ip is a timing unit where a certain level of rhythmic stability
exists.

In ongoing work, we are examining evidence for foot-level
shortening in other speakers from the Radio News corpus. We
are also investigating the temporal patterning of larger prosodic
domains such as the interval between pitch accented syllables.
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Coupled Oscillator Model of Polysyllabic  
 Shotenimg

• Hierarchical Coupled Oscillators (O’Dell & Nieminen,
1999)

• Harmonically entrained Foot and Syllable oscillators

• N:1 entrainment: N syllable cycles per 1 foot cycle

• Hypothesized inter-level asymmetry of coupling strengths can 
produce polysyllabic shortening in languages that show it:

• ‘Stress-timed’ languages 

• foot-to-syllable coupling (λFS) >> syllable-to-foot (λSF)

• ‘Syllable-timed’ languages

• foot-to-syllable coupling (λFS) << syllable-to-foot (λSF)



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

Saltzman et al., 2008



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 (similar to π-gesture).

• 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



Asymmetry in Polysyllabic shortening
• Polysyllabic shortening affects stressed syllables more 

than unstressed ones.
• modulate coupling strength asymmetry as a function of phase of the foot 

oscillator

• STRESS: (λFS) > (λSF)

• UNSTRESS: (λFS) < (λSF)

where i = F  or σ ; and δ = .5 denotes the strength of the µT

–gesture and is proportional to the degree of slowing induced

in the oscillator ensemble. As in the previous section,

asymmetric interoscillator coupling strengths were used, with

λFσ , = 5, λσF , = 1.

The results of these simulations can be seen in Figure 9.

Syllable durations in the 2-syllable foot are 4.3s (stressed) and

3.1s (unstressed); syllable durations in the 3-syllable foot are

3.4 (stressed) and 2.5s (unstressed). As was the case without

the µT –gesture, adding syllables temporally expands foot

durations; and feet provide a temporally compressive “frame”

that reduce syllable durations as syllables are added.

Additionally, and crucially, the addition of the µT  –gesture in

the present simulation breaks the temporal symmetry of the

syllables nested within the foot cycles—stressed syllables are

longer than unstressed.

3.2.2. Modulation of inter-level coupling strength

In the previous section, we described simulations in which the

temporal properties of stressed and unstressed syllables within

a foot emerged from the interaction between the

asymmetrically coupled foot and syllable planning oscillators

(foot dominates syllable), and a temporal modulation (µT)

gesture that is active during the stressed syllable. Such results

were encouraging in that they provided an account of: a) foot

lengthening with increasing number of syllables; b) longer

duration of the stressed syllable compared to the unstressed

syllables; and c) shortened duration of the stressed syllable

with increasing number of syllable in the foot. However, it

also resulted in shortened durations of the unstressed syllables

with increasing number of syllables per foot, which is

contrary to the data patterns reported by Kim and Cole (2005,

2006). As was mentioned earlier, these researchers showed

that, although stressed syllables increasingly shorten within

feet as syllables are added, the durations of the remaining

unstressed syllables do not change with increasing numbers of

syllables per foot.

We interpret this phenomenon in the context of our model

as resulting from a weakening of the foot oscillator’s temporal

compression on the syllable oscillator for unstressed syllables

relative to the stressed syllable. In this section, we report the

results of recent simulations in which such within-foot

asymmetry in foot-to-syllable temporal compression is

implemented using a corresponding within-foot modulation of

the ratio of coupling strengths between the foot and syllable

oscillators. This modulation is viewed as a parameter-

dynamic process in which the coupling strength ratio, ε =

λFσ  /λσF , and the coupling strengths themselves, are

modulated as functions of the ongoing phase of the foot

oscillator, φF. We define the “target” coupling ratio for the

stressed syllable as εstress. To minimize the number of free

system parameters, we constrain the target coupling ratio for

the unstressed syllables, εunstress, to equal (1/εstress); in addition,

we yoke the phasing of ε(φF) to that of 
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above) as follows:

€ 

ε(φ
F
) = ε

stress
− 1

ε
stress

 
 
 

 
 
 

 

 
 

 

 
 aµ

T

(φ
F
)+ 1

ε
stress

 
 
 

 
 
 (13)

In the previous section, we used coupling strength values

(λFσ   = 5, λσF  = 1) and a coupling ratio (ε = [λFσ  /λσF ] = 5)

that remained constant throughout the simulation. In this

section, we adopt these coupling strength values as the target

coupling strengths for the stressed syllable, i.e., λFσ ,stress = 5,

λσF,stress = 1, giving εstress = 5; and  λFσ ,unstress = 1, λσF,unstress =

5, giving εunstress = 1/5 for the unstressed syllables. The

Figure 9. Steady-state patterns of (slow) foot and (fast)

syllable oscillators, with asymmetrical (foot-dominant)

coupling between foot and syllable oscillators, and a µT

-gesture added to the stressed syllable. Top panel: 2

syllables per foot; Bottom panel: 3 syllables per foot.

Horizontal axis = time (s); vertical axis = oscillator

position (arbitrary units). Each panel starts at φF = 0

rad. (See text for further details)

Figure. 10. Trajectory for the foot-syllable oscillator

coupling strength ratio, ε(φF) = λFσ(φF) /λσF (φF),

specified as a function of foot oscillator phase, φF, for

the 3-syllable foot. ε(φF) = 5 during the stressed

syllable, and = 1/5 during the unstressed syllables.

Since ωF = 1 rad/s, the period, TF, = 2π s. Horizontal

axis = φF (rad); vertical axis = ε(φF) (dimensionless

units).

Figure 11. Steady-state patterns of (slow) foot and

(fast) syllable oscillators, with coupling strength ratio,

ε(φF) varied between the stressed syllable and the

remaining, unstressed syllables, and with a µT -gesture

added to the stressed syllable. Top panel: 2 syllables

per foot; Bottom panel: 3 syllables per foot. Horizontal

axis = time (s); vertical axis = oscillator position

(arbitrary units). Each panel starts at φF = 0 rad. (See

text for further details)

where i = F  or σ ; and δ = .5 denotes the strength of the µT

–gesture and is proportional to the degree of slowing induced

in the oscillator ensemble. As in the previous section,

asymmetric interoscillator coupling strengths were used, with

λFσ , = 5, λσF , = 1.

The results of these simulations can be seen in Figure 9.

Syllable durations in the 2-syllable foot are 4.3s (stressed) and

3.1s (unstressed); syllable durations in the 3-syllable foot are

3.4 (stressed) and 2.5s (unstressed). As was the case without

the µT –gesture, adding syllables temporally expands foot

durations; and feet provide a temporally compressive “frame”

that reduce syllable durations as syllables are added.

Additionally, and crucially, the addition of the µT  –gesture in

the present simulation breaks the temporal symmetry of the

syllables nested within the foot cycles—stressed syllables are

longer than unstressed.

3.2.2. Modulation of inter-level coupling strength

In the previous section, we described simulations in which the

temporal properties of stressed and unstressed syllables within

a foot emerged from the interaction between the

asymmetrically coupled foot and syllable planning oscillators

(foot dominates syllable), and a temporal modulation (µT)

gesture that is active during the stressed syllable. Such results

were encouraging in that they provided an account of: a) foot

lengthening with increasing number of syllables; b) longer

duration of the stressed syllable compared to the unstressed

syllables; and c) shortened duration of the stressed syllable

with increasing number of syllable in the foot. However, it

also resulted in shortened durations of the unstressed syllables

with increasing number of syllables per foot, which is

contrary to the data patterns reported by Kim and Cole (2005,

2006). As was mentioned earlier, these researchers showed

that, although stressed syllables increasingly shorten within

feet as syllables are added, the durations of the remaining

unstressed syllables do not change with increasing numbers of

syllables per foot.

We interpret this phenomenon in the context of our model

as resulting from a weakening of the foot oscillator’s temporal

compression on the syllable oscillator for unstressed syllables

relative to the stressed syllable. In this section, we report the

results of recent simulations in which such within-foot

asymmetry in foot-to-syllable temporal compression is

implemented using a corresponding within-foot modulation of

the ratio of coupling strengths between the foot and syllable

oscillators. This modulation is viewed as a parameter-

dynamic process in which the coupling strength ratio, ε =

λFσ  /λσF , and the coupling strengths themselves, are

modulated as functions of the ongoing phase of the foot

oscillator, φF. We define the “target” coupling ratio for the

stressed syllable as εstress. To minimize the number of free

system parameters, we constrain the target coupling ratio for

the unstressed syllables, εunstress, to equal (1/εstress); in addition,

we yoke the phasing of ε(φF) to that of 
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(φF) (equation 11

above) as follows:
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In the previous section, we used coupling strength values

(λFσ   = 5, λσF  = 1) and a coupling ratio (ε = [λFσ  /λσF ] = 5)

that remained constant throughout the simulation. In this

section, we adopt these coupling strength values as the target

coupling strengths for the stressed syllable, i.e., λFσ ,stress = 5,

λσF,stress = 1, giving εstress = 5; and  λFσ ,unstress = 1, λσF,unstress =

5, giving εunstress = 1/5 for the unstressed syllables. The

Figure 9. Steady-state patterns of (slow) foot and (fast)

syllable oscillators, with asymmetrical (foot-dominant)

coupling between foot and syllable oscillators, and a µT

-gesture added to the stressed syllable. Top panel: 2

syllables per foot; Bottom panel: 3 syllables per foot.

Horizontal axis = time (s); vertical axis = oscillator

position (arbitrary units). Each panel starts at φF = 0

rad. (See text for further details)

Figure. 10. Trajectory for the foot-syllable oscillator

coupling strength ratio, ε(φF) = λFσ(φF) /λσF (φF),

specified as a function of foot oscillator phase, φF, for

the 3-syllable foot. ε(φF) = 5 during the stressed

syllable, and = 1/5 during the unstressed syllables.

Since ωF = 1 rad/s, the period, TF, = 2π s. Horizontal

axis = φF (rad); vertical axis = ε(φF) (dimensionless

units).

Figure 11. Steady-state patterns of (slow) foot and

(fast) syllable oscillators, with coupling strength ratio,

ε(φF) varied between the stressed syllable and the

remaining, unstressed syllables, and with a µT -gesture

added to the stressed syllable. Top panel: 2 syllables

per foot; Bottom panel: 3 syllables per foot. Horizontal

axis = time (s); vertical axis = oscillator position

(arbitrary units). Each panel starts at φF = 0 rad. (See

text for further details)
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