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Syllabification

• As Ladefoged notes, English speakers (and speakers of other 
languages) generally agree about the number of syllables in a word. 
Some problematic cases:

• (a) "prism, mysticism" 
(b) "peel, seal, pail,” 
(c) “fear, fire, hour”   
      “hire” vs. “higher” 
(d) "mediate, heavier, neolithic"

• How can syllables be defined phonetically?

• Sonority Peaks

• Jaw cycles

• Gestural Coordination
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Sonority Peaks

• The number of syllables corresponds to the number of distinct 
amplitude peaks in the acoustic signal. Why?

• Each peak corresponds to the nucleus of a syllable.

• Sonority principle can account for relatively clear cases.

• It could also explain the disagreements in (1). The "extra" syllable 
corresponds to a local peak of amplitude that is greater what 
precedes it, but is not as high as a typical nucleus. E.g,

3

“prism”



Problems for Sonority
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Jaw Cycles

• Frame-Content Theory (McNeilage & Davis)

• Speech develops in the infant initially through 
the oscillation of the jaw.

• Each cycle of the jaw oscillation corresponds 
to a syllable and is called by M&D  ‘the frame.’

• The individual consonants and vowels are “the 
content” and develop later.

• For adults, the nucleus corresponds to the 
downward phase of the jaw cycle, the onset 
and coda correspond to the upward phase.

• In careful speech, jaw behavior differentiates 
"support" from "sport." 

• However, for faster, more casual speech, the 
"extra" jaw deflection for "support" is absent.
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Organization of speech into syllables:
How are gestures coordinated in time?

wide

“mad”“ban”
• Relative timing of gestures carries 

information. 

• How is appropriate relative timing 
maintained?

• Timing needs to be systematic to preserve 
information  
fl


• Dynamical systems have these properties 

• The dynamical systems corresponding 
individual gestures are fi


fl

• What kind of dynamical system causes the 
gestures to be activated and deactivated in 
time?
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Dynamics of planning intergestural timing: 

• Each gesture is associated with a 
planning oscillator, or clock, 
responsible for triggering that 
gesture’s activation.

• A clock is a dynamical system:  
a different kind than the simple 
point attractor that controls 
individual gestures; it is a periodic 
attractor.

• Relative phase of clocks (and 
therefore time of triggering) is 
controlled by coupling the clocks to 
one another.

• Coupling means that the dynamical 
equation of one clock includes not 
only its current state, but the state 
of the clock it is coupled to.
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Why clocks and coupling?
• Clocks are oscillatory dynamical systems. 

They exhibit entrainment: 
They spontaneously synchronize with one another

Demo: Bahraminasab
http://www.youtube.com/watch?v=W1TMZASCR-I
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Huygens’ clocks
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Generality of Entrainment
• Applies to living systems, including humans.

• Entrainment of clocks within an individual or 
across individuals

• Coupling doesn’t have to be mechanical.
It can be informational (Saltzman, 1995).

occur; inaccessibility, meaning that values outside of the 
distinct states cannot be maintained reliably; sudden 
jumps, meaning that a slow change in the control param- 
eter may lead to a relatively rapid change in the order 
parameter; hysteresis, meaning that a sudden jump and 
its reverse do not occur at the same values of the control 
parameter; critical slowing down, meaning that the time 

taken by the order parameter to return after a perturbation 
to its value before a perturbation increases as the tran- 
sition point is approached; and critical fluctuations, 
meaning that the variance in the order parameter may 
become large as the transition point is approached. 

All of the preceding criteria have been observed in 

experiments by Scott Kelso, John Scholz (a psychologist 
and physical therapist currently at the University of Del- 
aware), and Gregor Schtiner, using a paradigm in which 
a person is required to oscillate the two index fingers (or 
two hands) at a common frequency (Kelso, Scholz, & 
Sch6ner, 1986; Scholz, Kelso, & Sch/Sner, 1987; Sch/Sner 
& Kelso, 1988). The phase relation, as noted earlier, is 
the order parameter, frequency is the control parameter 
varied by a metronome that the person tracks. Results 
show that there are only two steady states: in-phase and 
out-of-phase. With increasing frequency, out-of-phase 
coordination switches rapidly to in-phase. In-phase, 
however, does not switch to out-of-phase, and the out-of- 
phase to in-phase transition is not reversed by a reduction 
in frequency. Most significantly, the order parameter ex- 
hibits critical slowing down and critical fluctuations. 

Recently, Richard C. Schmidt, working in collabo- 
ration with myself and Claudia Carello (a psychologist, 
and Director of the University of Connecticut's Center 
for the Ecological Study of Perception and Action), studied 
spontaneous jumps in coordination when two limbs are 
connected optically between two people rather than an- 
atomically within a person (Schmidt, Carello, & Turvey, 
1990; see Figure 5). In these experiments, two seated 
people each oscillated a leg, with the goal of coordinating 
the two legs out-of-phase or in-phase as the frequency of 
the movement was increased. To satisfy the goal, the two 
people watched each other closely. As with the within- 
person case, the between-person case exhibited a sudden 
behavioral transition from out-of-phase coordination to 
in-phase, but not vice versa; it showed divergence, hys- 
teresis, and critical fluctuations (critical slowing down was 
not investigated). If the two people began their movements 
out-of-phase, and increased limb frequency simulta- 
neously at the same rate without watching each other, 
then no transition occurred. The phase transition de- 
pended on looking. 

The two cases of phase transition differ in many 
ways, most notably in the populations of neurons involved 
(the nervous systems of two people vs. the nervous system 
of one person) and the perceptual systems involved (the 
visual perceptual system in between-person coordination 
vs. the haptic perceptual system in within-person coor- 
dination). That these differences did not affect the major 
qualitative features of the phase-transition phenomenon 
suggests the possibility of an order-parameter dynamics 
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Figure 5. As frequency (f) is increased, a person coordinating 

his or her two index fingers in an out-of-phase absolute co- 

ordination will jump spontaneously to an in-phase absolute 

coordination. The evidence that this transition is similar to non- 

equilibrium phase transitions seen more generally in nature is 

provided in significant part by the amplification of fluctuations 

(SD) in the phase relation #k) just prior to the jump. The same 

sudden transition accompanied by critical fluctuations is seen 

when the coordination is between the limbs of two people who 

watch and follow each other's motions. 

that applies equally to the two kinds of neural and per- 
ceptual settings because, presumably, the interactions in 
these settings are only superficially different. The within- 
person case and the between-person case involve the same 
observable quantities related dynamically in the same 
way. As such, one and the same dynamics can be used to 
model the differential stability of the two coordination 
modes and the phase transition between them (see Figure 
6). In abstract but quantifiable dynamical terms, ana- 
tomical and optical connectives between rhythmic move- 
ments appear to be identical. 

Juggling and the "tiling" of time. As I remarked 
earlier, absolute coordination is pervasive. I will now con- 
sider an example of a highly skilled, learned activity in- 
volving an intricate coordination of the upper limbs that 
is close to absolute. The example is the cascade juggling 
of three balls in a figure-eight pattern (Figure 7) in which 
the juggler is catching a ball with one hand and tossing 
it to the other hand. The movements of the two hands 
mirror one another in the same time frame, but with a 
certain lag between their respective phases. Furthermore, 
the two hands move elliptically, through cyclical shoulder, 

948 August 1990 • American Psychologist 

Turvey, 1990

http://www.youtube.com/watch?v=4FNoIDgNE6o
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Speech entrainment across talkers
• Articulator kinematics from two talkers 

simultaneously.

• Talkers (1 M, 1F) sat 2 m apart facing one another

• M: “cop top cop top...” 
F ; “top cop top cop...”

Tiede,  Kroos, Bundgaard-Nielsen, Gilbert,  Attina,  Kasiopa, 
Vatikiotis-Bateson, Best (2010)
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BEFORE Entrainment AFTER Entrainment 
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Modes of coupling

• Systems of coupled oscillators exhibit discrete modes of 
synchronization:
• frequency-locking
• phase-locking

• These modes have been shown to underlie the 
coordination of movements of multiple limbs in human 
action. (e.g.,Turvey, 1990; Kelso, 1995).

• The same modes can be used to coordinate speech actions 
and form an account of syllable structure and account for 
generalizations about syllable structure.
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Syllable Structure: Combinations 
of segments and their gestures

• Two types of units:

• Consonant (C)
• Vowel (V)

• Cs and Vs form syllables. 

“stops”

Nucleus

ɑ
s t

Onset

p s

Coda

Rime

• Combinatorial generalizations:

• Universality: CV syllables only universal type

• Freedom:    
Onsets and Rime combine relatively freely in languages. 
Combinations within Onset and within Rime can be more 
constrained.

• Acquisition:  CV combinations acquired by child earlier than VC

• Weight: 
Onsets rarely contribute to weight. Codas frequently do

.



Synchronization modes for limb coordination: 
phase-locking

• Two relative phase modes 
(or attractors) are spontaneously 
available (require no learning) 
Haken, Kelso & Bunz, 1985

• 0˚  (in phase) most stable, 
accessible

• 180˚ (anti-phase)

180 ˚ 0 ˚

Turvey, 1990

• Oscillation frequency (rate) is a 
control parameter:

• Spontaneous transitions to most 
stable mode (0˚) as frequency 
increases.

• Fluctuations in phase during 
transition interval.
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Modes & Syllable Structure

• If a basic consonant constriction (C) gesture and a 
vowel (V) constriction gesture are to be coordinated in 
a spontaneously available mode, there are just two 
possibilities:

• in-phase

• hypothesized for C-V (onset) simplest, most stable, accessible

• anti-phase

• hypothesized for V-C (coda)
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Onset C and V gestures begin synchronously (Löfqvist & Gracco, 1999); 

Hypothesize that clocks are in-phase.

Coda C begins later than V; hypothesize that clocks are anti-phase.

T4DIST

T4y

T1DIST

T1y

LA

LLy

ULy

AUDIO

400 500 600 700 800 900 1000 1100 1200

“two back”
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Evidence for C-V and V-C modes



Universality of CV structure

• All languages have CV syllables, but not all languages have 
VC structures (e.g. Clements, 1990).

• This can be accounted for by the the fact that in-phase is 
the more accessible, more stable mode.
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Combinatorial Freedom

• Combination is free where the coupling mode 
is maximally accessible without learning (in-
phase).

• Combinations are most restricted where 
learning is required.

CV:
onset-rime

in-phase no learning

VC: 
nucleus-coda

anti-phase no learning, but less 
accessible

CC: 
within 

onset,coda
other

particular 
combinations must be 

learned

Fr
ee

do
m

A
cc

es
si

bi
lit

y
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Acquisition of syllable structure 
(Nam, Goldstein & Saltzman, 2009)

• Infants develop onsets (CV) before codas (VC) in all 
languages. (e.g.Vihman & Ferguson, 1987; Fikkert, 1994)

• Lag in acquisition of codas is shorter in languages 
that make more frequent use of VC (Roark & Demuth 
2000).


• These facts are predicted by a model of a learning 
agent that includes both:

• Greater accessiblity in-phase mode 

• Attunement to C<->V phase in the ambient language
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Planning model (Goldstein, Byrd, Saltzman, 2006)

• Phonological input to 
planning is a coupling graph: 

• NODES: Specification of 
gestures and the associated 
planning oscillators

• EDGES: coupling functions 
between pairs of planning 
oscillators.

LIP (lab clo) TT (alv clo)

TB (phar wide)

0o 180o

“bad”

•  At the beginning of planning 
process, oscillators are set 
into motion at random 
phases.

•  Coupling forces specific to 
graph cause the oscillators to 
settle at stabilized relative 
phases (Saltzman & Byrd, 
2000).

•  Once stabilized, timing 
oscillators trigger the 
activation of their associated 
gesture(s).
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Timing and lg-specific syllabification:  
CC clusters in onset

• If onset is defined by an in-phase relation between C 
gesture and V, then all onset C gestures should be 
synchronous with V (and therefore with each other).

• Multiple constriction gestures in onset cluster (e.g.,  
“spats”).

• Gestures must be at least partially sequential to afford 
perceptual recoverability.

• Some languages, (e,g., French) contrast /sp/ and /ps/

• What in the coupling graph identifies them as both in 
the onset??
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Competitive coupling hypothesis  
(Browman & Goldstein, 2000)

• Specifications in the coupling graph can 
compete with one another

• C-V coupling

• All C gestures in onset coupled in-phase with the 
V.

• C-C coupling

• C gestures also coupled sequentially (eccentric)

• These cannot both be realized, so coupling is 
competitive

C   C

V
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Add an additional coordination 
(C-C phasing)

But C-V phasing is preserved as 
global c-center

C-center

C-V and C-C phasings 
in competition

results of competition  
C1 shifts left 

Cn shifts right

C-V phasing

C

C

V

C

C

Consequences of competitive coupling

• Prediction: Observed coordination should reveal the presence of both  
couplings.  As Cs are added to an onset:

• Rightmost C (Cn) should shift later with respect to the vowel.

• Leftmost C (C1) should shift earlier with respect to vowel.



“pea spots”

Time

p ea s p o t s

Evidence for Rightward shift of Cn

Time
100 ms

Lip Aperture

Tongue Tip
Constriction

Tongue Body
distance
from
palate

p ea p o t s

15 mm

“pea pots”

p

a

p

s

a
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Example: “spat”

CLO REL

PHAR WIDE

ALV  CRIT ALV  CLO

WIDE

Lips

TB

TT

GLO

50 ms Time
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Rightward shift of Cn as diagnostic for 
complex onset?

• If a consonant sequence is syllabified as part of an 
onset, then it should exhibit rightward shift.

• Georgian and Tashlhiyt Berber are languages in 
which words can begin with sequences of 3 
obstruents.

• But they differ as in syllabification of such words:

• Georgian Cs are complex onsets

• Berber only allows a single C in onset, other Cs 
constitute nuclei of additional syllables.

• Georgian exhibits rightward shift, but Berber 
does not.
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Georgian: Rightward shift EMA data 
(Goldstein, Chitoran, Selkirk, 2007)�

   /karebi/   /tskarebi/   /ptskaredi/ /
riala/     /k’riala/     /ts’k’riala/  

C CC CCC

p<.001

Lag: Target (V) - Target (Cn)   

100

0

/p/ Lip Aperture 

/t/ Tongue Tip 
    Constriction Degree

/k/ Tongue Dorsum 
      Constriction Degree

/V/ Tongue Body 
      Constriction Degree

2 speakers
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Tashlhiyht Berber: Rightward shift EMA data�

C CC CCC

Lag: Target (V) - Target (Cn)   ms.

100

0

n.s.

2 speakers

/m/ Lip Aperture 

/t/ Tongue Tip 
    Constriction Degree

/s/ Tongue Tip 
      Constriction Degree

/V/ Tongue Body 
      Constriction Degree

   /mun/        /tmun/         /tsmun/



Evidence for complex onsets

• Differences between Georgian and Berber provide 
tentative support that c-center can be used as 
diagnostic for complex onset structures.

• Support from other languages:

• Italian: /sC/ vs. /Cl/ (Hermes, 2013)

• Moroccan Arabic (Shaw et al. 2010)

• Romanian (Marin 2012)

• Chinese  (tones & consonants) (Gao, 2008)
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Relation of ambiguous syllabification to 
gestural coordination (Tilsen & Cohn, 2016)

• Participants produced words like “peel, fire”and then 
gave syllable count judgements (using slider, they could 
choose value >1 but <2.

32

Tilsen and Cohn: Shared Representations Underlie Metaphonological  
Judgments and Speech Motor Control

Art. 14, page 8 of 33  

GXPP\�LWHP�KRZ�WR�SURGXFH�WKH�SKUDVH�ZLWKRXW�DQ\�PDMRU�SKUDVH�LQWHUQDO�LQWRQDWLRQDO� 
EUHDNV��7KH�HQWLUH�VWLPXOXV�VHW�ZDV�SURGXFHG�WZLFH�LQ�WKH�̊ UVW�SKDVH������VWLPXOLࢷ����UHSV� � 
����WULDOV���,Q�DOO�SKDVHV��VWLPXOL�ZHUH�SUHVHQWHG�LQ�D�SVHXGR�UDQGRPL]HG�RUGHU�WKDW�ZDV�
FRQVWUDLQHG�VXFK�WKDW�WDUJHW�ZRUGV�QHYHU�RFFXUUHG�RQ�FRQVHFXWLYH�WULDOV��1RWH�WKDW�GXULQJ�
WKH�̊ UVW�SKDVH��SDUWLFLSDQWV�ZHUH�XQDZDUH�WKDW�V\OODEOH�FRXQW�MXGJPHQWV�ZRXOG�EH�HOLFLWHG�
VXEVHTXHQWO\�
,Q�WKH�VHFRQG�SKDVH�RI�WKH�VHVVLRQ��SDUWLFLSDQWV�SURGXFHG�D�Լ�FRXQW�MXGJPHQW�IRU�HDFK�
VWLPXOXV��%HFDXVH�SUHYLRXV�VWXGLHV�VXJJHVWHG�WKDW�YDULDEOH�LQWXLWLRQV�PD\�EH�DVVRFLDWHG�
ZLWK�WKH�LPSUHVVLRQ�WKDW�D�ZRUG�FRQWDLQV�PRUH�WKDQ���V\OODEOH�EXW�QRW�TXLWH���V\OODEOHV��
Լ�FRXQW�MXGJPHQWV�ZHUH�HOLFLWHG�RQ�D�FRQWLQXRXV�VFDOH�ZLWK�D�PRXVH�JXLGHG�SRLQWHU��7KH�
VFDOH�UDQJHG�IURP�����WR�����DQG�WKH�YDOXHV���DQG���ZHUH�ODEHOHG�ZLWK�WLFN�PDUNV��VHH�
Figure 2���$W�WKH�VWDUW�RI�HDFK�WULDO�WKH�SRLQWHU�DSSHDUHG�DW�D�YDOXH�RI������7KH�SRLQWHU�ZDV�
FRQVWUDLQHG�WR�PRYH�RQO\�KRUL]RQWDOO\�DORQJ�WKH�VFDOH��3DUWLFLSDQWV�ZHUH�JLYHQ�XS�WR���VHF-
RQGV�WR�FOLFN�WKH�PRXVH�WR�LQGLFDWH�WKHLU�MXGJPHQW��RWKHUZLVH�QR�UHVSRQVH�ZDV�UHFRUGHG��
3ULRU�WR�EHJLQQLQJ�WKLV�SKDVH��SDUWLFLSDQWV�ZHUH�JLYHQ�LQVWUXFWLRQV�WKDW�UHDG�DV�IROORZV��
´,Q�WKLV�SDUW�RI�WKH�H[SHULPHQW��\RX�ZLOO�GHFLGH�ZKHWKHU�WKHUH�DUH�RQH�RU�WZR�V\OODEOHV�LQ�
D�ZRUG��1RWH�WKDW�LQ�VRPH�FDVHV�WKHUH�LV�QR�ULJKW�DQVZHU��SHRSOH�GLVDJUHH�RQ�KRZ�PDQ\�
V\OODEOHV�DUH�LQ�VRPH�ZRUGV��,Q�DGGLWLRQ��VRPHWLPHV�SHRSOH�IHHO�WKDW�WKH�QXPEHU�RI�V\OOD-
EOHV�LQ�D�ZRUG�LV�EHWZHHQ�ZKROH�QXPEHUV�µ�)XUWKHUPRUH��SDUWLFLSDQWV�ZHUH�LQVWUXFWHG�WKDW�
ZKHQ�D�ZRUG�DSSHDUHG�RQ�WKH�VFUHHQ��WKH\�VKRXOG�VLOHQWO\�VD\�WKH�ZRUG�EHIRUH�UHVSRQG-
LQJ��(DFK�ZRUG�ZDV�GLVSOD\HG�RQ�WKH�VFUHHQ�IRU�����VHFRQGV�EHIRUH�GLVDSSHDULQJ��DW�ZKLFK�
SRLQW�WKH�VFDOH�DSSHDUHG��3DUWLFLSDQWV�ZHUH�DOVR�H[SOLFLWO\�LQVWUXFWHG�QRW�WR�UHO\�RQ�KRZ�
ZRUGV�DUH�VSHOOHG��DQG�WROG�WKDW�WKH\�VKRXOG�UHO\�RQ�ZKDW�WKH\�KHDU�ZKHQ�WKH\�LPDJLQH�
VD\LQJ�WKH�ZRUG��WKH�VDPH�LQVWUXFWLRQV�ZHUH�JLYHQ�LQ�WKH�WKLUG�SKDVH��GHVFULEHG�EHORZ���$�
Լ�FRXQW�MXGJPHQW�ZDV�HOLFLWHG�RQFH�IRU�HDFK�VWLPXOXV�LQ�WKLV�SKDVH�
,Q� WKH� WKLUG�SKDVH�RI� WKH�VHVVLRQ��SDUWLFLSDQWV�SHUIRUPHG� WKH�SURGXFWLRQ�DQG�Լ�FRXQW�
MXGJPHQW� LQ� WDQGHP��RQFH� IRU� HDFK� VWLPXOXV��2Q�HDFK� WULDO�� WKH\�˚UVW�PDGH�D�Լ�FRXQW�
MXGJPHQW�IRU�D�ZRUG��DQG�WKHQ�SURGXFHG�WKDW�VDPH�ZRUG�LQ�WKH�FDUULHU�SKUDVH��1RWH�WKDW�
WKH�SURGXFWLRQV�LQ�WKH�WKLUG�SKDVH�ZHUH�PDGH�DIWHU�SDUWLFLSDQWV�ZHUH�DZDUH�WKDW�Լ�FRXQWV�
ZHUH�EHLQJ�LQYHVWLJDWHG��DQG�WKDW�IRU�HDFK�VWLPXOXV�ZRUG�WKH\�KDG�UHFHQWO\�SURGXFHG�WZR�

Figure 2: Sessions were organized into three phases: production, σ-count judgment, and produc-
tion with σ-count judgment. The first two phases comprise the sequential task; the third phase 
is the parallel task.



Syllable judgments
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Tilsen and Cohn: Shared Representations Underlie Metaphonological  
Judgments and Speech Motor Control

Art. 14, page 14 of 33  

3.2 Word- and task-specific variation in σ-count judgments
$QDO\VHV�RI�ZRUG�VSHFL˚F�YDULDWLRQ�LQ�Լ�FRXQW�MXGJPHQWV�VKRZHG�D�WHQGHQF\�IRU�OHVV�IUH-
TXHQW�ZRUGV�WR�EH�PRUH�OLNHO\�WR�UHFHLYH�!�Լ�MXGJPHQWV��Figure 5�VKRZV�H[SHULPHQW�
ZLGH�SURSRUWLRQV�RI�!�Լ�MXGJPHQWV�E\�ZRUG��)RU�GLSKWKRQJ�ULPHV��OHVV�IUHTXHQW�ZRUGV�
VXFK�DV�ELOH, YLOH, and S\UH�ZHUH�DVVRFLDWHG�ZLWK�D�JUHDWHU�QXPEHU�RI�!�Լ�MXGJPHQWV�WKDQ�
WKHLU�PRUH� IUHTXHQW� FRXQWHUSDUWV�˚OH, pile, ˚UH, and tire�� )RU�PRQRSKWKRQJ� ULPHV�� OHVV�
IUHTXHQW�YHDO and pier�ZHUH�DVVRFLDWHG�ZLWK�D�JUHDWHU�QXPEHU�RI�!�Լ� MXGJPHQWV� WKDQ�
PRUH�IUHTXHQW�FRXQWHUSDUWV�IHHO, EHHU, and IHDU��$�ORJLVWLF�UHJUHVVLRQ�RI�Լ�FRXQW�MXGJPHQWV�
ZLWK�ORJ�IUHTXHQF\�DV�D�SUHGLFWRU�VKRZHG�WKDW�ZRUG�IUHTXHQF\�ZDV�D�VLJQL˚FDQW�IDFWRU�LQ�
Լ�FRXQW�MXGJPHQWV��t� �������GI� ������p�����������$�QHJDWLYH�FRUUHODWLRQ�ZDV�REVHUYHG��
L�H���ORZHU�IUHTXHQF\�ZRUGV�ZHUH�DVVRFLDWHG�ZLWK�D�KLJKHU�SURSRUWLRQ�RI�!�Լ�MXGJPHQWV�
$Q�DOWHUQDWLYH� VRXUFH�RI� WKH�ZRUG�IUHTXHQF\�HˤHFW� FRXOG�EH�JUDSKHPLF� FRPSRVLWLRQ��
DOWKRXJK�ZH� FDQ� RQO\� DVVHVV� WKLV� DOWHUQDWLYH� LQ� WKH�PRQRSKWKRQJ� VWLPXOL�ZKHUH� ERWK�
VDPH�JUDSKHPH��IHHO, peel, EHHU��DQG�PL[HG�JUDSKHPH��YHDO, IHDU, pier��QXFOHL�RFFXUUHG��$�
ORJLVWLF�UHJUHVVLRQ�RI�Լ�FRXQW�MXGJPHQWV�ZLWK�ORJ�IUHTXHQF\�DQG�QXFOHXV�JUDSKHPH�FODVV�
�VDPH�� YV��PL[HG��� DV� SUHGLFWRUV� VKRZHG� WKDW� LQGHHG� WKHUH�ZDV� D� VLJQL˚FDQW� HˤHFW� RI� 
JUDSKHPH�FODVV�RQ�Լ�FRXQW�MXGJPHQWV�LQ�WKH�PRQRSKWKRQJV��t� �������GI� ������p� �������� 
+RZHYHU�� EHFDXVH� WKLV� DQDO\VLV� LV� EDVHG� RQ� MXVW� WKUHH�ZRUGV� LQ� HDFK� JUDSKHPH� FODVV��
DQG� EHFDXVH� WKHUH� LV� D� FRUUHODWLRQ� EHWZHHQ� JUDSKHPH� FODVV� DQG� ZRUG� IUHTXHQF\�� 
FDXWLRQ�VKRXOG�EH�ZDUUDQWHG�LQ�LQIHUULQJ�PRUH�JHQHUDO�HˤHFWV�RI�JUDSKHPLF�FRPSRVLWLRQ�
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Figure 4: Counts of >1σ judgments for variable-count rimes by participant, sorted for each rime 
by within-participant proportion. The prevalence of intermediate counts for diphthong-liquid 
rimes indicates word- and/or task-specific variation.
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p� ���������7KH�UHVXOWV�RI�WZR�VDPSOH�t�WHVWV��HTXDO�YDULDQFH�QRW�DVVXPHG��IRU�HDFK�ULPH�
DQG�PHDVXUH�DUH�VXPPDUL]HG�LQ�Table 7��DQG�WUDMHFWRULHV�RI��DLO��DUH�VKRZQ�LQ�Figure 9  
IRU� UHIHUHQFH�� 7KH� ˚JXUH� VKRZV� WKDW� WKH� )�� SHDN� RFFXUV� ODWHU� LQ� UHVSRQVHV� DVVRFLDWHG�
ZLWK�!�Լ�MXGJPHQWV�WKDQ�WKRVH�DVVRFLDWHG�ZLWK� �Լ�MXGJPHQWV��$OWKRXJK�WKHVH�HˤHFWV�
ZHUH�PRGHVW� LQ� VL]H³��� DQG� ���� RI� RSHQ� V\OODEOH� SHDN� WLPLQJ� IRU� �DLU�� DQG� �DLO���

F2 peak timing Δ% t (df) = p-value =
/ail/ 6% 2.2 (267) 0.030
/air/ 14% 2.7 (165) 0.008
F2 rise 
/ail/ 6% 9.9 (257) 0.002
/air/ 9% 1.1 (160) 0.005

Table 7: Effect sizes (Δ) as a percentage of open syllable F2 peak timing/rise and p-values from 
t-tests comparing normalized F2 peak timing and rise between σ-count groups for each  
diphthongal rime.

Figure 9: Comparisons of F2 peak timing and F2 rise in /ail/ responses by σ-count judgment. From 
top to bottom: F2 trajectories for responses associated with =1σ and >1σ judgments (sorted by 
F2 peak timing and scaled in amplitude for illustration); mean F2 trajectories ±2.0 s.e. normal-
ized within response category; distributions of normalized F2 peak timing and boxplots; distri-
butions of normalized F2 rise and boxplots.
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7KLV�FRQWURO�UHJLPH�LV�´LQWHUPHGLDWHµ�EHFDXVH�WKH�LQWHUQDO�IHHGEDFN�PRGHO�LV�QRW�VX˞-
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SUHWDWLRQ�LQ�VHOHFWLRQ�FRRUGLQDWLRQ�WKHRU\��PRUDLF�FRGDV�DUH�DVVRFLDWHG�ZLWK�FRGD�JHVWXUHV�
IRU�ZKLFK�FRPSHWLWLYH�FRQWURO�UHPDLQV�GRPLQDQW��HQWDLOLQJ�WKDW�IHHGEDFN�LV�QRW�VX˞FLHQWO\�
LQWHUQDOL]HG�WR�DOORZ�FR�VHOHFWLRQ��&RQVHTXHQWO\��RYHUODS�EHWZHHQ�WKH�FRGD�JHVWXUH�DQG�
SUHFHGLQJ�YRFDOLF�JHVWXUH�LV�OHVV�H[WHQVLYH��7KXV�WKH�PRGHO�SUHGLFWV�WKDW�IRU�VXEV\OODELF�
VWUXFWXUHV�WKDW�DUH�́ WULPRUDLFµ��L�H���WKH�OLTXLG�JHVWXUH�LV�FRPSHWLWLYHO\�VHOHFWHG���WKHUH�ZLOO�
EH�OHVV�RYHUODS�EHWZHHQ�WKH�OLTXLG�JHVWXUH�DQG�SUHFHGLQJ�YRFDOLF�JHVWXUH��&RQYHUVHO\��IRU�
VXEV\OODELF�VWUXFWXUHV�WKDW�DUH�´ELPRUDLFµ��L�H���WKH�OLTXLG�JHVWXUH�LV�FRRUGLQDWHG���WKHUH�
ZLOO�EH�PRUH�RYHUODS�EHWZHHQ�WKH�OLTXLG�JHVWXUH�DQG�WKH�SUHFHGLQJ�YRFDOLF�JHVWXUH�

Figure 12�LOOXVWUDWHV�WKH�PRGHO·V�SUHGLFWLRQV�ZLWK�K\SRWKHVL]HG�JHVWXUDO�VFRUHV�IRU�WZR�
YHUVLRQV�RI�WKH�ULPH��DLO���IURP�SURGXFWLRQV�DVVRFLDWHG�ZLWK� �Լ�DQG�!�Լ��UHVSHFWLYHO\��
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Figure 12: Gestural scores and formant trajectories predicted by the shared representations 
hypothesis. Shaded intervals represent the times during which pharyngeal, palatal, and  dorsal 
constriction gestures are active. The palatal constriction results in a rise in F2; the dorsal  
constriction associated with /l/ results in a fall in F2.

Dorsal gesture of /l/ overlaps vowel when it is in coda

Coupling graphs are presumably different



Principle 2: Coordination in onset vs coda in English 
Onset: all gestures composing a C begin 
synchronously
Coda: gestures composing a C can be sequential, with 
wider constriction leading

Velarization of /l/
• English /l/ is described as “dark” or 

“velarized” in coda, and “brighter” not 
velarized in onset.

• The gestures in the two positions are in fact 
very similar, but the timing is different.

• In coda, the retraction of the TB occurs first 
and contributes to the “velarized” percept.

• Pattern in very similar to that for nasals.

TB (l)

TT (l)

TB (V)

TB (l)

TT (l)

TB (V)

leap peel 1σ

?

Non-vocalic nuclei?



C and V gesture valences

• C and V gestures are differentiated by

• degree of constriction (V is wider)

• dynamic stiffness (V takes longer to get to target )

• activation interval  (V still active after C released)

• Nature of these differences is such that C and V 
gestures can be triggered synchronously and still be 
both be recoverable by listeners (Mattingly, 1981).

• These gestural properties, together with the stability 
of in-phase coupling gives rise to valence of C and V 
gestures -- they combine freely with each other in 
C-V structures.
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What gestures can serve as 
syllable nuclei?
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Is there a language in which any segment can be syllabic?

!  One such language is Tashlhiyt Berber (TB) (Dell & Elmedlaoui 
1985, Prince & Smolensky 1993, Zec 1995, Clements 1997).


Examples

"  Voiced fricative : 	/tsbGt/		 [ts.bGt]		 « you 

paint »

"  Voiceless fricative :	 /t-sti/	 	 [ts.ti]    		 « she 

chose »

Voiced stop :	 /t-g°ra/		 [tg°.ra]	 	 « she took »


"  Voiceless stop : 	 /tkmi/	 	 [tk.mi]	  	 « she 
smokes »


Voiceless vowel-less syllables: 
phonetic and phonological evidence from Tashlhiyt Berber 

Rachid Ridouane  
LPP - UMR 7018, 


CNRS – Sorbonne Nouvelle Paris III

19, rue des Bernardins 75005 Paris
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Figure 2. Audio signal and spectro of  one repetition of  [tfsxt] by A_R

Figure 1. Audio signal and spectro of  one repetition of  [sfqqst] by  R_R

40



• within one same subject and one same form. 

Schwa Unstable

Acoustic waveform and spectrogram of  two repetitions of  sfqqst « irritate him »  by E_M one with internal 
schwa (left) and one with final schwa (right).

41



• This same subject may realize long voiceless sequences with no vowel at all. 
This is the case for instance for the items fqqs, tfktstt and tftXtstt. 

Acoustic waveform and spectrogram of  one repetition of  [tftXtstt] « fadeaway »  by E_M.
42



Evidence for syllabication: Versification

• TB versification distinguishes between heavy and light 
syllables (Jouad 1983). 

• In TB poetry it is common for all the lines of  a piece to be 
sung to the same tune.  

• If  a tune is comprised of  n successive notes, a text with 
more than n syllables cannot be sung to it.


• (See Dell & Elmedlaoui 2002 and the references therein)
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1 2 3 4 5 6 7 8 9 10 11 12 13

L L L L L H H L L L L L L

im mi n na kf rab biG ta sa wa la wu li

tz* da tz dm ta g°md Glh ma wa la sm mi di

ad da ln sa sm mid wat sm ms tr fl la Gi

Sequences sung to a tune
I present below the parsing of  three lines of  Immi �nna “my dear mother” sung by Iznzarn (1970)

* This syllable and the following three are emphatic 44



• Any segment may appear appear as nucleus in Tashlhiyt Berber 
(Dell & Elmedlaoui, 1985).

• [tu.da]  ‘suffice‘              [tb.da]  ‘begin’

• Expected graphs?

In-phase C-C syllables in Berber?

TT
clo

σ σ

V

TT
clo

LA
clo

TT
clo

σ σ

V

TT
clo

V [tu.da] [tb.da]
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CC vs. CV syllables

Lip Aperture

Tongue Tip
Constriction

t u d a

10 mm

Time50 ms

Lip Aperture

Tongue Tip
Constriction

t b d a

10 mm
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CC syllables
• C gestures are not in-phase

• If they were,  they might not be able contrast in order 

• Alternative graphs: Note abstract syllable oscillator

TT
clo

σ σ

V
TT
clo V [tu.da]

TT
clo

σ σ

V
TT
clo

LA
clo [tb.da]
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CC in onset vs. coda: possible 
coupling graph differences and weight 

• Hypothesis: No competitive coupling in coda (for 
English)

C   C

VOnset
C   C

V
Coda

Why?

• Perhaps the weaker anti-phase 
coupling doesn’t attract the (more 
remote) as strongly as does the in-
phase coupling of onsets.
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Onset-Coda asymmetry in weight�
(Nam, 2007) 

• Onset Cs typically do not contribute to syllable weight.

• Coda Cs may or may not depending on the language

• If weight is related to (syllable) duration, then proposed 
coupling structures can account for the difference between 
onset and coda consonants in weight. 

• With synchronous onset coupling, effect of rightward shift 
is that adding a C to onset does not increase syllable 
duration by the duration of the C (more like one-half the C 
duration).  

Languages in which coda Cs do not bear weight are 
predicted to show competitive coda coupling (e.g., Malayalam, 
Broselow et al. (1997) 

C   C

VOnset
C   C

V
Coda
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C-Center in coda?�
(Marin & Pouplier, 2010) 

Organization of Complex Onsets and Codas in American English  381

be understood with reference to the syllable (Blevins, 1995). Tracing the phonetic 
correlates of syllable structure in articulatory and acoustic records of speech has 
proven dif!cult (cf. Krakow, 1999 for an overview), yet some headway has been 
made in work focusing on differences in the temporal coordination of articulatory 
gestures in onset and coda position (Browman & Goldstein, 1988; Byrd, 1995; Gick, 
2003; Giles & Moll, 1975; Goldstein, Nam, Saltzman, & Chitoran, 2008; Hermes, 
Grice, Mücke, & Niemann, 2008; Honorof & Browman, 1995; de Jong, 2003; 
Krakow, 1993; Shaw, Gafos, Hoole, & Zeroual, 2009; Sproat & Fujimura, 1993). 
This work has shown that both consonant-vowel timing and consonant-consonant 
timing in clusters differ in onset and coda position. Successive onset consonants 
overlap relatively less with each other and relatively more with the vowel compared 
with coda consonants. However, the results are, as shall be detailed below, partly 
contradictory and the timing patterns have only been investigated for a few speci!c 
cluster types. It is therefore unclear how general the differences in timing as a func-
tion of syllable position are. In this paper, we examine the temporal organization 
of syllable-initial (onset) and syllable !nal (coda) consonant clusters in American 
English over a wider range of onset and coda clusters, to investigate whether and 
how syllable structure governs articulatory timing.

The empirical observations of consonantal timing differences as a function of 
syllable position have led to the proposal that onset clusters are timed globally as 
an ensemble of articulatory gestures with the following vowel, so that the midpoint 
of the entire cluster, the so-called “c-center”, maintains a stable relationship with 
the vowel, regardless of onset composition (singleton or complex onset). Coda 
consonants on the other hand have been hypothesized to be timed locally with the 
preceding vowel, so that the left-most edge of the cluster is in a stable relationship 
with the vowel regardless of the number of consonants in the cluster (Browman 
& Goldstein, 1988, 2000). These predicted patterns are shown schematically in 
Figure 1 and will be referred to as the “C-center hypothesis”: After lining up both 
singleton (cab, back) and cluster (scab, backs) words with respect to a constant 

Figure 1 — Timing patterns for complex onsets and codas as predicted by the C-center 
hypothesis: onsets line up along the c-center landmark, codas line up along the left-edge, 
indicated by the dashed vertical lines. The lag represents the constant articulatory timing 
predicted by the C-center hypothesis. Boxes are schematic general temporal representations 
of consonant and vowel gestures (because vowel gestures are slower, hence longer, than 
consonant gestures, they have been arbitrarily pictured as twice the size of consonants).

• Predictions of coupling asymmetry model:

Onsets:

• c-center stability

• rightward shift

Codas:

• left edge stability

• no leftward shift
50
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!ve speakers in the coda-/l/ condition were excluded from the articulatory analysis, 
but they were included in the acoustics-only analysis.2

Timing Analysis: Consonant Shift Measurement and Vowel 
Duration Acoustic Measurement
For each experimental word, relative timing of the consonant gestures to the 
anchor point was calculated as the lag between the maximum constriction of the 
relevant consonant and maximum constriction of the anchor consonant (Lagmax 
= Consonant (Max)—Anchor (Max), cf. Figure 4b). These lags were averaged 
across repetitions for each subject, and relative consonant shifts were calculated to 
compare the average lags of single consonants with the average lags in consonant 
clusters. For example, in the case of onset /sk-/, shift of /k/ was calculated as the 
difference between /k/-lag to the anchor in scab and /k/-lag to the anchor in cab. 
This is illustrated in Figure 5. The same method was used for all other clusters, 
and the computations were done so that positive values indicated a shift toward 
the vowel, while negative values indicated a shift away from the vowel in the case 
of both onsets and codas. Recall that for the consonants of interest, singletons 
were recorded both in a vowel context (e.g., tea cab), and in a consonantal context 
(tease cab). Accordingly, two shift measures were computed for each cluster: one 

Figure 5 — Example of consonant shift measurement for cluster SK, as produced by 
Speaker 5 (singleton words are produced in the vowel context). The horizontal bars repre-
sent mean lag values (LagMax) from Max of the consonant to the anchor point (AnchorMax). 
Arrows indicate the temporal shift of the consonant in the cluster with respect to the control 
singleton consonant. This example shows a shift of /k/ toward the vowel in “scab” (67 ms), 
and almost no shift of /s/ in “bask” (9 ms).

•/s-stop/ support asymmetry
•clusters with liquids do not

(can be explained by a graph 
topology that explicitly incorporates 
multiple gestures for /l/)/

Results: shift

Organization of Complex Onsets and Codas in American English  391

was not anticipated, either on theoretical or empirical grounds: the only study (to 
our knowledge) that previously looked at the temporal organization of complex /l/ 
codas (Honorof & Browman, 1995) did not report a different organization pattern 
for /s/ and /l/ codas, possibly because they pooled /s/ and /l/ clusters together in 
their analysis.

Statistical analyses for the shift patterns in onsets and codas were limited to 
the /s/-clusters, because for the /l/-coda condition, articulatory measurements were 
available from only two subjects (recall that the other subjects produced coda /l/ 
with a reduced tongue tip constriction that could not be measured). The statisti-
cal tests were performed on the means across repetitions for each experimental 
word for each subject, separately on shifts calculated with respect to singleton 
consonants in the vowel context (e.g., /k/ in tea cab), and on shifts calculated with 
respect to singleton consonants in the consonant context (e.g., /k/ in tease cab). 
Mixed factorial ANOVAs were carried out on the consonant shift values averaged 
across repetitions, with !xed factors: Syllable Position (onset or coda) and Clus-
ter Type (SM, SK, SP), and random factor: Subjects. For the vowel context, the 
ANOVA was signi!cant for both main effects (Syllable Position: F(1, 6) = 50.894, 
p < .001; Cluster Type: F(2, 12) = 5.088, p = .025) and the interaction (Syllable 
Position*Cluster Type: F(2, 12) = 23.315, p < .001). For the consonant context, the 

Figure 7 — Average shift of consonant adjacent to the vowel in onset and coda clusters (7 
subjects for all /s/-clusters and /l/-onsets, 2 subjects for /l/-codas). Positive values indicate 
a shift toward the vowel; negative values indicate a shift away from the vowel. Shift of 
consonant in onset cluster is shown by light bars, shift in coda cluster by dark bars. For 
each cluster, the left-hand bar shows shift calculated with respect to singleton consonant in 
a vowel (V) context (e.g., tea cab); the right-hand bar shows shift calculated with respect 
to singleton consonant in a consonant (C) context (e.g., tease cab).
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consonant in onset cluster is shown by light bars, shift in coda cluster by dark bars. For 
each cluster, the left-hand bar shows shift calculated with respect to singleton consonant in 
a vowel (V) context (e.g., tea cab); the right-hand bar shows shift calculated with respect 
to singleton consonant in a consonant (C) context (e.g., tease cab).

TD /l/

TT /l/

LA /p/
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Timing stability in onsets vs. codas

Onset Coda

Timing between C gestures is more stable in 
onset clusters than in coda clusters (Byrd, 1996).

/sk/
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Simulation�
(Nam, 2007)

• Hypothesis: Loop topology of onsets adds stability 
(multiple paths) compared to chain.

• Add noise to simulations
• Noise source: ξi (t) = Gaussian, zero mean, unit variance
•   st.dev. of noise (“strength”), β, varied across conditions


• Result: Greater steady-state relative phase stability 
(lower standard deviation, σss ) for clusters in onsets 
than codas

C1     C2       V      C3    C4

Onset Coda

.05 .65.25 .45 .85

Onsets

Codas

std. of noise

std. of C-C phase
 (radians)

1.0

.05 .65.25 .45 .85

Onsets

Codas

std. of noise

std. of C-C phase
 (radians)

1.0
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