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The human experience is filled with rhythmicity. From coordinated motor 

movements to memory recollection, humans use rhythmic patterns to 

accomplish a multitude of activities. In addition to internally regulated 

rhythmicity such as locomotion, humans are capable of synchronization to 

outside rhythmic stimuli as well.  They use rhythm, both internal and external, 

in order to fine-tune common tasks of movement, perception, and memory. 

Rhythm is an integral part of language, manifesting as linguistic stress. 

Most of the world’s languages have a binary stress pattern, with an alternation 

of strong and weak beats. But there are a handful of languages that have been 

documented with a ternary stress pattern, where there is a lapse of two weak 

beats between strong beats. Linguists have tackled the question of how to 

theoretically represent ternary rhythm, but no one has answered the question 

why such a stark asymmetry between binary and ternary stress patterns exists in 

languages.  
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This dissertation addresses that question by investigating how speech 

production is influenced by binary and ternary rhythmic patterns. Four 

production experiments used tongue twisters to look at error rate in binary and 

ternary meter. The first experiment presented 12 syllable long tongue twisters 

that subjects read as quickly as possible. Participants produced significantly 

more errors on ternary meter tongue twisters than on binary (p = 0.0003). In 

the second experiment, binary and ternary tongue twisters were presented 

aurally, with the subject repeating the stimulus for 5 seconds. Participants again 

produced significantly more errors in ternary meter than in binary meter (p = 

0.021). In the third experiment, stress position was altered to first syllable, last 

syllable, or no stress. Ternary meter produced more errors than binary (p = 

0.038). In the fourth experiment, binary and ternary rhythmic patterns were 

combined with binary and ternary syllable sequences to make matched or 

mismatched stimuli. In this instance, subjects produced fewer errors in ternary 

than in binary meter (p = 0.054). The results of three of the four experiments 

point to a binary rhythm preference in motor planning and control for speech 

production. 
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Chapter 1: Introduction 

1.1 RHYTHMIC GROUPING IN LANGUAGE: STRESS AND PROSODIC MORPHOLOGY 

Linguistic stress is the relative prominence given to a syllable in a word 

(Hayes, 1985; Terken & Hermes, 2000). Experimental research has identified 

that prominent syllables that are stressed differ from unstressed syllables along 

four parameters: duration, overall intensity, fundamental frequency, and spectral 

reduction (de Jong, 1995; Fry, 1955; Gay, 1978; Lieberman, 1960). These cues 

can be emphasized in different ways to show prominence on a language specific 

basis (Berinstein, 1979; Chung, 1983; Fry, 1955).  

Acoustic and articulatory stress correlates are organized in different 

patterns to produce language-specific stress systems. Stress is hierarchically 

organized into rhythmic structures (Hayes, 1995; Liberman & Prince, 1977). 

This rhythmic organization arises from the tendency for syllables bearing the 

same level of stress to be equally spaced from each other, forming an alternating 

stressed-unstressed pattern (Selkirk, 1984).  

Stress placement is organized differently from language to language. 

Some languages have a lexical stress system in which stress can occur on any 

syllable of the word, regardless of syllable structure (Revithiadou, 2007). In 

fixed stress languages, stress falls a predictable distance from the word edge 

(Gordon, 2002). Some languages have iterative stress, which can be sensitive to 

syllable weight and structure, or can be completely insensitive to syllable weight 

(Hayes, 1995). This dissertation is concerned with the latter: quantity insensitive 

iterative stress.    
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 There are two types of stress patterns in quantity insensitive stress: binary 

alternating stress, and ternary alternating stress. Binary alternating stress has a 

fixed location for main word stress, and secondary stress is placed on every 

other syllable before or after. Ternary alternating has a fixed location for main 

word stress, and secondary stress placed on every third syllable before or after. 

There are two factors that determine the pattern for stress in a language. The 

first factor is the origin and the direction of the alternating pattern: does it 

originate at the right or the left of the word edge. The second factor is whether 

the pattern begins with a stressed or an unstressed syllable (Hayes, 1995).   

An example of iterative binary stress language is Pintupi, spoken in 

Australia, described by Hansen and Hansen (1969). In their description, primary 

stress occurs on the initial syllable of each phonological word. Words with more 

than three syllables has secondary stress, which falls on every other syllable 

after the main stress. Stress does not fall on final syllables.  An example of the 

stress pattern is illustrated below: 

Table 1. Pintupi stress examples 

Another example of binary iterative stress is Weri, a language spoken in 

Papua New Guinea, described by Boxwell and Boxwell (1966).  In Weri, primary 
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stress is located on the final syllable of the phonological word, and secondary 

stress falls on every other syllable preceding the main stress. 

Table 2. Weri stress examples 

The second pattern in quantity insensitive stress is ternary alternating 

stress. Ternary stress requires a lapse of two weak beats adjacent to a strong 

beat. Although many rhythmically binary languages employ ternary patterns, 

particularly at the word edge, true iterative ternary patterns are rare (Gordon, 

2002). An example of ternary iterative stress can be found in Cayuvava, a 

language spoken in Bolivia. Key (1961) describes main stress in Cayuvava as 

being word initial in disyllables, otherwise antepenultimate. Secondary stress 

falls on every third syllable after the main stress. The stress pattern is as follows: 
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Table 3. Cayuvava stress examples 

Ternary iterative stress is so rare across the world’s languages that Hayes 

(1995) notes there are only a handful of languages documented, some of which 

have been later contested as ternary (Gordon, 2002). There are so few languages 

with recorded iterative ternary stress that one can actually count them: 

Cayuvava, Winnebago, Chugach Alutiq, Gilbertese, Mantjiltjara, Walmatjari, and 

Kitja (McCartney, 2003). To contrast, the number of binary alternating stress 

patterns in languages is vast. A count of the binary stress languages in Gordon’s 

(2002) typology results in 263. This is just a small sampling of the world’s 

languages, but the difference in frequency between binary and ternary is clear. 

Couper-Kuhlen (1986) said it best, “[w]hether the tendency for strong and weak 

syllables to alternate with one another is ultimately physiologically or 

psychologically conditioned, there is reason to believe that rhythmic alternation 

is a universal principle governing the rhythms of natural language (p. 60).” 

In the many different theoretic frameworks and stress representations that 

linguists have used to describe stress placement, the one constant is binarity. 
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When stress was represented in tree form, the only type of allowable trees were 

binary-branching or unbounded (Hayes, 1995; Liberman & Prince, 1977). In 

metrical stress theory stress the stress foot is binary (Hayes, 1995; Kager, 1989, 

1993; Selkirk, 1980, 1984). Optimality Theory uses constraints that require 

binary feet, and penalize any stress foot that is not binary (Kager, 1999). Despite 

the continued debate among linguists over how best to represent stress in 

linguistic theory, there is one unifying thread throughout each theory—the 

special preference for binarity in stress rhythm. 

The binary asymmetry in language is so well documented that cases of 

ternarity, such as Cayuvava, have sparked an ongoing debate over the 

appropriate theoretic description. In metrical stress theory, Hayes (1995) uses 

binary feet to describe the ternary stress pattern of Cayuvava. Binary stress uses 

what Hayes defines as the unmarked foot parsing parameter Strong Local 

Parsing: “When a foot has been constructed, align the window for further 

parsing at the next unfooted syllable (p. 308).” In order to describe ternarity 

with binary feet, he defines a special parsing constraint called Weak Local 

Parsing. This constraint states: “When a foot has been constructed, align the 

window for further parsing by skipping over [a syllable], where possible 

(marked value of the parameter) (p. 308).” In Hayes’ theory, ternarity is a result 

of weak local parsing. The ternary stress pattern (CV́ CV CV) is represented by a 

binary foot (CV́ CV) followed by a skipped syllable, creating the ternary pattern 

(CV́ CV) CV (CV́ CV) CV. In Optimality Theory, ternarity is dealt with by an 

interaction of specific constraints with the FTBIN constraint (Elenbaas, 1999; 

Kager, 1994; McCartney, 2003). FTBIN states that “feet are binary under moraic 
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or syllabic analysis (Kager, 1999, p. 156).” FTBIN is the unmarked foot, and any 

foot that does not comply with binarity must rank some other constraint higher 

than FTBIN and violate it. Elenbaas (1999) and later McCartney (2003) go so far 

as to argue for ternarity being situation-specific manifestations of an otherwise 

binary pattern, noting that there are many cases of binarity within iterative 

ternary patterns.  

1.2 RHYTHM IN PHYSICAL ACTION 

Rhythm is not relegated to language alone. The human experience is 

filled with rhythmicity. From coordinated motor movements to memory 

recollection, humans use rhythmic patterns to accomplish a multitude of 

activities. In addition to internally regulated rhythmicity seen in such everyday 

tasks as walking and eye movement, humans are also capable of synchronization 

to outside rhythmic stimuli, commonly called entrainment. We use rhythm, both 

internal and external, in order to fine-tune common tasks of movement, 

perception, and memory. 

The most easily observable area where rhythmic patterns are used is in 

locomotion. Human beings, and most animals in general, use a regular rhythmic 

pattern to move from one destination to the next. During gait, the locomotor 

system moves the body, one stride after the next, in a regular fashion. To study 

the stability of gait rhythm, Hausdorff et al. (2001) measured the stride interval 

in 10 healthy, young men. Subjects were tasked to walk continuously on level 

ground at a self-determined rate for an hour. To measure the stride interval (the 

time from heel strike (initial contact) to heel strike of the same foot), an 

ambulatory recorder measured heel strike timing. It was found that the neural 



 7 

motor control system maintained the stride interval at an almost constant level 

(3% variation) for the entire hour period.  

The ability to maintain a steady rhythm is a sign of a healthy motor 

control system (Hausdorff, 2007; Hausdorff et al., 1997; Hausdorff, Rios, & 

Edelberg, 2001; Hausdorff, Zemany, & Goldberger, 1999). Conversely, variable 

stride interval is a sign of immature neural control (in children) (Hausdorff et 

al., 1999), advance age (Hausdorff, 2007; Hausdorff, Ashkenazy, et al., 2001), or 

a neurological disease (Hausdorff et al., 1997). In fact, the presence of gait 

abnormalities is often the physical manifestation of neural impairments such as 

Parkinson’s disease and cerebrovascular accidents. In such subjects, asymmetric 

stride time for both lower limbs is a defining characteristic of their walking 

(McIntosh, Brown, Rice, & Thaut, 1997). 

When optimal internal rhythm is unachievable and results in abnormal 

external movements, scientists have found that entrainment to an external 

rhythm can be an effective method of treating disorders. In patients with 

Parkinson’s disease, which is associated with the degeneration of the basal 

ganglia, rhythmic auditory stimulation was found beneficial (Thaut, McIntosh, 

Rice, Rathbun, & Brault, 1996). Fifteen Parkinson’s disease (PD) patients were 

trained to walk to music with a metronome pulse for three weeks. 

Electromyogram (EMG) patterns and stride parameters were assessed before and 

after training to evaluate changes in gait rhythms. These data were compared a 

control group divided into a self-paced group (n = 11) and a no-training group 

(n = 11). At the end of the training period, RAS patients had significantly (p 

<.05) improved their gait velocity (↑25%), their stride length (↑12%), and their 
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step cadence (↑10%) more than non-RAS patients, while patients who received 

no treatment had a decrease in gait velocity (↓7%) . The RAS group was even 

able to reproduce the approximate speed of the training sessions (within a 2% 

margin) when the rhythmic auditory stimulation was no longer present. Outside 

rhythmic entrainment has been shown to improve motor movement in a wide 

variety of neurological disorders (Hurt, Rice, McIntosh, & Thaut, 1998; Staum, 

1983) (Malcolm, Massie, & Thaut, 2009; Wang et al., 2013; Whitall, McCombe 

Waller, Silver, & Macko, 2000).  

Just as regular rhythm was an indicator of optimal locomotion, rhythm 

also positively affects speech production. To look more closely at how 

rhythmicity affects language, Tilsen (2011) investigated how repetitive metrical 

patterns influenced utterance production. Stimuli were sets of four trisyllabic 

non-words, which followed either a strong-weak-weak [SWW] or a weak-strong-

weak [WSW] syllable pattern. The four non-words could be organized in such a 

way that all four words had the same repeating rhythmic pattern [SWW SWW 

SWW SWW], or they could be organized so that the rhythmic pattern was not 

metrically regular [SWW WSW WSW SWW]. Eight native English speakers 

participated. The utterances were analyzed for duration and error/hesitation 

rates. It was found that combined error and hesitation rates were significantly 

lower in metrically regular utterances (41% vs. 20%, p < 0.001). Individual 

word durations were 50 – 200ms shorter in the metrically regular condition than 

in the metrically irregular condition. Thus, the results might be interpreted that 

metrical regularity increases speed of production and reduces error rate. 
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As was found in gross motor movement, outside metrical entrainment can 

greatly benefit those with speech deficits. For speakers with aphasia or 

dysarthria, intra- and inter-articulator timing in speech production are often 

disrupted, causing abnormal speech behaviors (Fromm, Abbs, McNeil, & 

Rosenbek, 1982; Hardcastle, 1987; M. Itoh, Sasanuma, Hirose, Yoshioka, & 

Ushijima, 1980). Examples of this include impairments in voice onset time 

(VOT) (Blumstein, Cooper, Goodglass, Statlender, & Gottlieb, 1980; Blumstein, 

Cooper, Zurif, & Caramazza, 1977; Hoit-Dalgaard, Murry, & Kopp, 1983), 

deviation from normal nasal articulation patterns (Motonobu Itoh & Sasanuma, 

1984; Motonobu Itoh, Sasanuma, & Ushijima, 1979), disturbed phase relations 

in the timing of laryngeal, velar, and labial movements to linguistic gestures 

(Ziegler & von Cramon, 1986c), and consistent delay in the initiation of 

anticipatory vowel gestures (Ziegler & von Cramon, 1986a). For these speakers, 

introducing outside rhythmic stimulation often results in marked improvement. 

Pilon et al. (1998) investigated the effects of external rate control for subjects 

with dysarthria due to traumatic brain injury. Three mixed spastic-ataxic 

dysarthria subjects participated, with language impairment ranging from mild to 

severe. Subjects read sets of 30 sentences, ranging from 5 to 15 words, aloud to 

a metronome, aligning each word to a beat. The measure of verbal intelligibility 

was measured by the percentage of total words in a speech sample that were 

correctly transcribed by a panel of 18 judges. Subjects saw an increase in 

average percent of intelligible words from 66% in the no-pacing category, to 

80% in the metronome-paced category (p < .05). Such effect have also been 

found to hold true for other neurological language deficits such as apraxia of 
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speech (Brendel & Ziegler, 2007; Wambaugh, 2002; Wambaugh & Martinez, 

2000) and stuttering (Brady, 1969, 1971; Fransella & Beech, 1965; Greenberg, 

1970). 

With so many different aspects of motor movement tied to rhythm, a 

logical next step would be for the brain to capitalize on such rhythmic 

regularity. Just such a case is seen in speech perception. Scientists conducted an 

experiment comparing the EEG patterns of metrically regular versus metrically 

irregular stress rhythms (Bohn, Knaus, Wiese, & Domahs, 2013). Using 

phonological phrases consisting of a noun and a phrasal verb, researchers 

manipulated the rhythmicity, so that utterances had a regular alternation 

between strong and weak beats or an irregular series of strong-strong or weak-

weak beats. Twenty-six native German speakers judged the prosodic naturalness 

of the stimulus by selecting one of four answers: natural, rather natural, rather 

unnatural, and unnatural. An electroencephalogram (EEG) was recorded during 

the trials. ERP results showed that metrically irregular, but entirely plausible 

rhythmic variations, had an early negativity and an N400 compared to the 

regularly rhythmic control sentences.  Bohn et al. claims,  

“the early negativity reflects error detection in rhythmical structure and 
supports the view that the brain is sensitive to subtle violations of 
rhythmical structure. A late positive component reflects the evaluation 
process related to the task requirements… The study shows that subtle 
rhythmical deviations from the Rhythm Rule are perceived and treated 
differently from well-formed structures during processing, even if the 
deviation in question is permitted and can therefore occur in language 
production (2013, p. 760).” 
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In English, research has shown that listeners use stress as a segmentation 

strategy (Cutler & Butterfield, 1992; Cutler & Norris, 1988; Norris, McQueen, & 

Cutler, 1995). Repeating patterns allow listeners to accurately segment words 

within a continuous stream. Repetitive stress patterns also help listeners identify 

phrase boundaries (Scott, 1982). Recent work has also shown that rhythmic 

auditory stimulation can positively affect the syntactic comprehension of specific 

language impairment (SLI) children (Przybylski et al., 2013). Such examples 

show the brain’s ability to use the rhythmicity inherent in speech production to 

aid in the perception of speech as well. 

Initially, it may be unclear how gross motor movement, fine motor 

movement, and speaking relate to rhythmic preferences in language. When one 

examines various aspects of the human experience, it becomes apparent that 

humans are predisposed to structures that are rhythmically organized (Bennett, 

2012). Rhythm “…may facilitate the development of effective motor programs 

by organizing movement in anticipatory time, space, and force pattern, therefore 

making movement trajectories more fluent, smooth and better timed (Hurt et al., 

1998).” The motor system uses recurring rhythmic patterns to more accurately 

and efficiently produce planned motor movements. 

1.3 THE PREFERENCE FOR BINARY RHYTHM 

With a good deal of evidence illustrating the benefits of regular rhythm 

for varying aspects of the human experience, we can now circle back to the 

original observation of asymmetry in binary and ternary rhythm. Is the noted 

asymmetry due to one rhythm being more beneficial than the other? This 

question is not so easily answered. To date there is no experimental work 
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conducted on the benefits of one rhythmic stress pattern over another in 

language. Thus, in order to investigate binary preference, we must turn to a field 

that is intricately linked to speech: music.  

In music studies, reports have been conflicting in terms of whether one 

meter is psychologically preferred, either through better performance in tasks or 

preferential looking in infants, than another. In a study involving both adults 

and children, Drake (1993) investigated whether binary or ternary musical 

rhythms were easier to reproduce. Eighteen musical rhythms were constructed, 

dividing the beat into simple binary [1:2 ratio] (one quarter note or two eighth 

notes per beat), simple ternary [1:3 ratio] (one and a half quarter note or three 

eighth notes per beat), complex binary [1:4 ratio] (one quarter note, two eighth 

notes, or four sixteenth notes per beat), and complex ternary [2:3 ratio] (one 

and a half quarter note, three eighth notes, or one quarter note + an eighth 

note).  An example of the rhythms is presented in below: 
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Figure 1. Four rhythm types used by Drake (1993) as stimuli: (sb = simple 
binary, st = simple ternary, cb = complex binary, and ct = 
complex ternary) 

In simple binary and ternary (1:2 and 1:3), the rhythms are organized around a 

regular beat, where (<) is the position of accent in the rhythm. Complex binary 

and ternary introduced an added duration ratio of 1:4 and 2:3 respectively to the 

simple rhythms. Thus simple rhythms contained only two different durations, 

while complex rhythms contained 3 different durations. Forty-eight participants 

heard each rhythm once and were asked to reproduce it on a drum.  The 

reproduction was considered correct if all the durations in the reproduction 

corresponded to those in stimuli (±10%), and/or all of the duration ratios of 
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successive events corresponded to those in the stimuli (±10%). An ANOVA on 

the percentage of correct scores by complexity was performed. It was found that 

the type of rhythm was statistically significant: binary subdivisions were 

produced correctly more often than ternary. 

In another study, 72 children between the ages of seven and twelve were 

asked to describe different rhythmic patterns (Upitis, 1987). Four different 

rhythmic patterns were presented: duple (binary) symmetrical (DS), triple 

(ternary) symmetrical (TS), duple (binary) nonsymmetrical (DN), and triple 

(ternary) nonsymmetrical (TN). In both symmetrical rhythms note annotation 

coincides with the musical notes; in the nonsymmetrical rhythms, the musical 

notes overlap the metric units. An example of symmetrical and nonsymmetrical 

rhythms is below. 

Figure 2. An example of Symmetrical and Nonsymmetrical rhythm from Upitis 
(1987) . F = figural and M = metric 

Children heard and replicated rhythms by clapping. When they had clapped the 

sequence correctly, they were told to describe the rhythm by “putting down 

whatever you think will help you remember the piece tomorrow or help 

 



 15 

someone else play it who isn’t here today (p. 45).” Children were rated on their 

ability to clap the rhythm from their own drawings. A score of 1 was when no 

errors were made, 2 was for a minor clapping error (e.g., hesitating on one of 

the events), and 3 was for major errors (e.g., missing more than three events in a 

sequence). Based on the scoring criteria above, Upitis found that fewer errors 

were made describing duple compared to triple meter.  

In another study, Bergson (2006) investigated the asymmetry between 

duple and triple meter in younger children. Thirty-two nine-month-old babies 

were tested to investigate whether listeners with minimal music experience 

showed a bias toward duple meter. Sequences of 10 pure tones, with the same 

melody in both conditions were divided into four measures of two beats for 

duple meter, or three beats for triple meter. Comparison patterns were made 

which differed from the standard pattern by one semitone pitch change 

(upward) on the third tone (e.g., from A to A#). The pitch change happened on 

a metrically weak but melodically strong tone in both binary and ternary meter. 

Infants were trained to turn to the sound source when they heard a change in 

the pitch. Using mean number of hits (i.e., head turns on change trials) and false 

alarms (i.e., head turns on no-change trials) transformed to d prime scores as the 

measure, it was found that babies had a significantly higher hit rate to false 

alarm rate (6.8 hits vs. 4.7 false alarms, p < .05) in the duple meter condition. 

This seems to indicate that the pattern in duple meter was easier to encode than 

the pattern in triple meter.  

Binary rhythm is so ingrained into the human experience that even when 

subjects here completely isochronous equitonal sequences, in which physically 
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identical tones occur at a constant rate, subjects hear the tones as unequal, 

imposing a binary metrical pattern (Bolton, 1894; Temperley, 1963). A recent 

study (Brochard, Abecasis, Potter, Ragot, & Drake, 2003) attempted to look for 

physiological evidence of this binary bias through ERP testing. A physically 

deviant tone (4 dB softer) was introduced in different locations of equitonal 

isochronous sequences. The deviant tone was placed on an expected strong or 

weak beat*. The listener was tasked to count the number of softer tones. ERP 

data showed that there were significant differences between responses to weak 

position and strong position deviant tones. The hypothetically strong position 

showed significantly (p < .01) larger amplitudes in the late positive parietal 

component of the ERPs. That there was a difference in the neural response to the 

deviant tones based on whether they fell on hypothetically strong or weak 

positions shows that the brain is not processing these equal sound events 

equally. That in fact, the brain is imposing a binary rhythm onto beats that have 

no inherent meter. 

On the other hand, there has been a study that found no distinction 

between the two meters. In a different study with infants (Phillips-Silver & 

Trainor, 2005), researchers tested whether babies were predisposed to duple 

meter over triple. The infants were trained by listening to an unaccented 

rhythmic pattern. During the training, half of the infants were bounced on every 

second beat, and half were bounced on ever third beat. The babies were then 

                                         
* The first tone of an auditory sequence has been shown to be perceptually salient (Thomassen, 
1982), thus the odd numbered tones in a sequence should correspond to strong beats and even 
numbered tones should correspond to weak beats. 
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presented with a duple rhythm and a triple rhythm. Infants showed no inherent 

preference toward either rhythm; they chose to listen longer to the rhythm that 

matched the beats they were bounced on (p = .001). Although the Phillips-

Silver and Trainor (2005) study found no preference towards either rhythm, it 

would be incorrect to say that the study contradicts the other binary bias 

findings in the literature. It would be more accurate to say that the study shows 

that there are other factors that affect infant preferences besides binarity.  

The evidence from the music literature seems to support a duple bias. In 

their seminal work on hierarchical structure in music, Lerdahl and Jackendoff 

(1983) note that a binary ratio of 1:2 is frequently considered to be the most 

frequent in music. One could postulate that the prominence of 1:2 ratio in music 

is the surface realization of a duple bias. Drake (1993) points out that “a beat 

may be subdivided in many ways, but researchers frequently consider binary 

subdivisions to be more perceptually salient than ternary subdivisions (p. 26).” 

This could be due to how humans experience the world—a regularly recurring 

beat becomes a duple rhythm when experienced through locomotion. When 

looking at the evidence in music and comparing it to the known asymmetries in 

language, it is safe to assume a duple bias, with the idea of testing such 

assumptions.  

1.4 THE HYPOTHESIS 

The literature on rhythm is vast, encompassing more fields than this 

introduction can cover. But one thing should be beyond doubt: humans use 

rhythm in many wide-ranging tasks in order to complete said task more 

effectively. Language production can be thought of as precisely timed motor 
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movement, and has been shown to benefit from regularly recurring rhythmic 

patterns as well. Within the framework of rhythm, it has been seen that there is 

a general bias towards the strong-weak alternation of duple meter. That same 

bias is seen in the typology of linguistic stress systems—binary iterative stress is 

much more common than ternary iterative stress. Could the rhythmic 

asymmetry found in language be due to a basic motor processing bias? 

The primary hypothesis of this dissertation is that binary stress groups are 

more efficiently produced than ternary stress groups. If it does turn out to be the 

case that there is a production bias for binary meter, a logical next step to posit 

is that the binary asymmetry in speech rhythm is linked to motor processing and 

control. While the human motor faculty is more than capable of producing 

ternary rhythms, the neuromotor systems that control the vocal tract and the 

articulators work more effectively in a binary organization. 
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Chapter 2: Experiment 1 – Tongue Twisters 

2.1 INTRODUCTION 

When looking at motor processing in speech production, an appropriate 

measure of production efficiency is articulatory ease. Articulatory ease can be 

assessed through the rate of speech errors produced. A speech error is any part 

of an utterance that does not correspond to what the speaker intends to say 

(Shattuck-Hufnagel, 1979).  

The accurate production of speech is an extremely complex process that 

rapidly unfolds over time. Although fluent speech often seems effortless, it is 

safe to reason that the multiple mental mechanisms that govern speech 

production are intricate and quite involved. This can easily be seen by how 

frequently speech production goes awry. Investigating the audible output of 

speech, specifically the errors, gives us a window into the neuromotor 

programming processes. According to Dell (1986) "the inner workings of a 

highly complex system are often revealed by the way in which the system breaks 

down (p. 284)."   

Speech errors can happen at any level of processing: semantic, lexical, 

morphemic, or phonemic (Fry, 1969), but errors at the phoneme level can 

inform about motor planning and the articulatory process. Some examples of 

phoneme level speech errors are:  

 a) week long race à reek long race (Fromkin, 1971) 

 b) also share à alsho share /ɔlʃoʊ ʃeɹ/ (Fromkin, 1971) 

 c) M-U values /ɛm juw væljuwz/ à M-(v)U /ɛm vjuw/ values  

  (Fromkin, 1971) 
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 d) optimal number à moptimal number (Fromkin, 1984) 

 e) specific à pacific (Fromkin, 1984) 

 f) isn’t working à isn’t woking /wɔkiŋ/ (Fromkin, 1984) 

 g) overinflated state à overinstated flate (MacKay, 1972) 

 h) speech production à peach seduction (Fromkin, 1984) 

There are specific factors that affect the probability of two sounds being 

involved in a speech error (MacKay, 1972): 1) Repeated phonemes frequently 

precede or follow transposed phonemes. That is to say, when a word or 

utterance has multiple recurring phonemes, there is more likely to be a 

transposition. An example might be: she sells sea shells à see sells shee shells. 

2) Sounds that switch are phonetically similar. Sounds that share many of the 

same distinctive features are more likely to produce an error, for example, skip 

one stage à stip one skage, where the difference between [k] and [t] is the 

place of articulation [+coronal]. 3) Sounds that switch are often in close 

proximity. Reversed phonemes most often occur in immediately adjacent 

syllables: Helena à Henela.  

 In seminal speech error research, slips of the tongue were used to 

substantiate linguistic theories and test the hypotheses of linguistic models 

(Fromkin, 1984; Lashley, 1951; McKay, 1970; Shattuck-Hufnagel, 1979). In 

more recent work, speech errors have been used to look at implicit language 

learning (Dell, Reed, Adams, & Meyer, 2000; Warker & Dell, 2006) as well as 

gestural units and the dynamical properties of these units and their coordination 

(L. Goldstein, Pouplier, Chen, Saltzman, & Byrd, 2007). In his study on how 
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rhythmic regularity affected language production, Tilsen (2011) used speech 

errors as a measure of difficulty of production. 

Speech errors have traditionally been studied through corpora of 

naturally-occurring errors called slips of the tongue (Bawden, 1900; Fromkin, 

1971; M. Goldstein, 1968; McKay, 1970; Meringer & Mayer, 1895; Shattuck-

Hufnagel, 1979). While slips of the tongue are completely naturalistic, they are 

often difficult to obtain; “[i]n only a negligibly small proportion of this vast 

number of words do errors occur…(Fry, 1969, p. 157).” There is another method 

that is known to induce a high number of speech errors: the tongue twister.  

A tongue twister is any phrase that is difficult to say without errors. This 

can include the alliterative phrase.  This phrase uses recurring sounds, normally 

initial consonants: Peter Piper picked a peck of pickled peppers. A tongue twister 

can also be an alternation of similar yet distinct sounds that creates speech 

errors. An example is: some shun sunshine (Kupin, 1980). The literature does not 

provide a well-articulated theory for why tongue twisters are difficult. The 

individual elements themselves do not induce errors, but rather the relationship 

among the sounds that cause the difficulties in production. Kupin (1980) argues 

that tongue twister errors develop in the motor planning phase of articulation. 

The use of tongue twisters in experiments to investigate language is called 

the tongue twister paradigm. This paradigm has been used previously to induce 

speech errors under experimental conditions in order to examine a number of 

research questions within spoken production processing (Goldrick & Blumstein, 

2006). The paradigm involves repeating a sequence of syllables or strings of 

words at a rate faster than normal speech (Goldrick & Blumstein, 2006; Wilshire, 
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1999). In order to optimally produce errors, a tongue twister will contain similar 

phonemes or phoneme repeats (e.g. Sam shines soldier shoes), or an ABBA† 

arrangement of phonemes (e.g. the sun shines on shop signs), or a combination 

of the two (Kupin, 1980; Wilshire, 1999).  As Wilshire (1999) notes,  

“…the potential of the technique [is exceedingly great], not only can the 
phonological composition of the targets themselves be manipulated in a 
myriad of ways, but so too can their suprasegmental qualities [e.g. stress], 
the properties of the strings themselves (whether long or short, whether 
meaningful or not), and the conditions under which the utterances are 
elicited (e.g., the rate of speech) (p. 58).” 

Tongue twisters have been used very successfully in obtaining speech 

errors, both at the acoustic as well as the articulatory level (Frisch & Wright, 

2002; Goldrick & Blumstein, 2006; Kupin, 1980; Mowrey & MacKay, 1990).  

They are also very conducive to the natural inclusion of both binary and ternary 

rhythms. 

The relative ease of stimulus manipulation and the ability to induce a 

high rate of errors makes the tongue twister paradigm an optimal choice for the 

subsequent production studies. 

                                         
† An ABBA syllable sequence normally refers to the initial consonant or consonant clusters of the 
syllables in a tongue twister. Thus, in an ABBA sequence the consonant in syllable 1 and syllable 
4 match and the consonants in syllables 2 and 3 match. 
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2.2  EXPERIMENTAL DESIGN: TONGUE TWISTER PRODUCTION 

2.2.1 Subjects 

Twenty adult speakers of English, five males and 15 females, were 

recruited from the University of Texas at Austin. The age of the participants 

ranged from 18 – 28, with the average age being 21. All of the speakers 

indicated fluency in American English. Subjects were asked on a questionnaire 

to indicate any secondary language and to indicate the level of fluency. Of the 

twenty speakers, six indicated fluency in a second language: three in Spanish, 

one in Mandarin, one in French, and one in German. When asked whether they 

had ever had any speech or hearing impairments, three subjects indicated that 

they had a speech impediment in early childhood that had been resolved, and 

one subject indicated tubes had been inserted in the middle ear during 

childhood. The subjects were not paid for their participation, although subjects 

received class credit. Two subjects’ data, one male, one female, were thrown out 

due to the participant not following directions.   

2.2.2  Materials 

The stimuli were created using three consonants: [s], [ʃ], and [f]. These 

consonants are all voiceless obstruent continuants that differ in place of 

articulation. Fricatives were chosen for ease of defining onset of the syllable and 

highlighting disfluent pronunciation. Wilshire (1999) notes that when segments 

share many of the same distinctive features, misordering errors are more likely 

to occur.  
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To form a syllable, these three fricatives were combined with either [i], 

[ɑ], or [u]. These three vowels were chosen as they are point vowels—spatially 

produced by the tongue as far from each other as possible. [i] is a high front 

vowel, [u] is high back, and [ɑ] is a low back vowel. Point vowels were chosen 

for the syllables because they are optimally distinguishable from each other and 

are easily produced without a lot of confusion in instruction. 

The consonants [s], [ʃ], and [f] were combined with the vowels [i], [ɑ], 

or [u] to create the two rhythmic patterns: binary (σ ́ σ) and ternary (σ ́ σ σ).  

Binary meter consisted of two syllables with stress on the first syllable; ternary 

meter consisted of three syllables with first syllable stress. These two rhythmic 

patterns were integrated into a tongue twister paradigm. Each tongue twister 

consisted of 12 syllables randomly combined into six binary (CV́ CV) or four 

ternary (CV́ CV CV) groups. The two rhythmic patterns were differentiated by 

orthographic means: the stressed syllable in each set was indicated by all capital 

letters. The syllables that comprised the tongue twisters were randomized. 

Table 4. Experiment 1: example of tongue twister by block and vowel 

An example of the randomized sentences used is shown in table 4. Both binary 

and ternary meters are shown, with each of the three vowels represented. Note 
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that the three consonants are completely randomized; there is no pattern to their 

placement within the binary or ternary meter. 

The experiment contained three blocks of stimuli, with only one vowel 

occurring in each block. A block consisted of 30 tongue twisters: 15 binary and 

15 ternary, 90 tokens total. The stimuli were presented visually and subject 

productions were recorded. 

2.2.3 Presentation 

Subjects were presented with instructions and example sentences at the 

beginning of the experiment.  The instructions stated: 

“You are about to start an experiment that will require you to say 
multiple syllables as fast as possible.  Before you begin, let's hear how 
they should be pronounced. 

*Audio examples of syllable pronunciations* 

The syllables can be combined in different pattern, like 'FEE shee' or 'FEE 
shee see'. 

The syllable that is capitalized has more emphasis than the lower case 
syllable. 

*Audio example of syllable combinations* 

You will see these three syllables combined in various ways on your 
screen.  Your goal is to say them as fast as possible. 

Once you have pronounced all the syllables on the slide, press any key to 
continue to the next slide. 

*Audio examples of full syllable strings* 
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Remember to say the syllables as fast as possible. 

Don't worry about making mistakes -- this is an extremely difficult task 
and errors are expected, just keep going!” 

Instructions and an initial familiarization phase were presented while the 

researcher was present in order to answer any questions or clarify the task. The 

familiarization phase contained auditory presentations of how the orthographic 

representations should be pronounced, auditory examples of the two different 

meter patterns, and one full example of a binary trial and one full example of a 

ternary trial. The researcher would stop and urge the participant to speak at a 

faster rate until satisfied that the participant understood the task and knew how 

fast the tongue twisters should be produced. The experimenter stopped the 

participant at the screen discussing the capitalized syllables being emphasized 

and verbally verified that the participant understood what this meant, and how 

the capitalized syllables should be produced. Before the subject started the 

recorded experiment, the researcher discussed the two different grouping 

patterns that the subject saw and emphasized the importance of producing the 

two different types of groupings when presented on the screen. A familiarization 

phase was presented before each subsequent block. The experiment was self-

paced. 

Subjects were randomly assigned to one of two experiment groups: 

vertical or horizontal presentation. In the vertical presentation group, subjects 

were presented the stimulus reading from top to bottom, with only two or three 

syllables per line, depending on whether the stimulus was binary or ternary.  
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Figure 3. Experiment 1: Example of vertical 
presentation group (binary meter) 

 

 

 

 

 

 

 

 

 

In the horizontal presentation group, subjects were presented the stimulus 

reading from left to right, with all of the syllables on a single line. 

Figure 4. Experiment 1: Example of horizontal presentation group (binary 
example) 

The horizontal presentation was added after a pilot study brought up the 

question of hesitation placement. It was possible that with the meter groupings 

on separate rows, subjects would place hesitations after each grouping due to 

visual separation of the lines. The pauses placed between groupings due to 

visual orientation would not be giving information on the difficulty of the 

tongue twister task, but rather an unrelated fact of reading.  
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The horizontal presentation eliminated the visual break up between meter 

groupings. When the horizontal presentation was tested, there was concern that 

it was difficult to easily read the full utterance because a subject could lose their 

place in the string. Since both presentation types had possible drawbacks, it was 

decided to use both to determine whether one induced more errors than the 

other. The author expected the horizontal version to produce more errors due to 

the difficulty of the string being on one line. 

Within each of the experiment groups, subjects were assigned to one of 

three trials. Each trial had a different order of presentation of the blocks to 

ensure that the order of presentation had no effect on error rate. 

2.2.4 Performance Measures 

All trials were coded for production errors by the author. Two general 

classes were identified: hesitation disfluencies and pronunciation errors.  

Hesitations were identified as any pause in speech greater than 250ms or any 

correct syllable that was unnecessarily repeated. In fast speech, hesitations are 

rare due to the rate constraint. It was decided that 250ms allowed for rapid 

inhalations to be ignored while identifying pauses that were due to disfluencies. 

This observation was based on pilot study data. An example of when an 

unnecessarily repeated syllable would be marked as a hesitation error is: “SUU 

shuu SUU fuu SHUU shuu” (target) à /sú ʃu  su…sú fu  ʃú ʃu/ (production).  

Two error types were categorized as pronunciation errors. 1) A syllable 

was produced with a different consonant phoneme than the one indicated in the 

orthographic stimulus script, or 2) an initial production of a consonant that 

differed from the orthographic script but correcting the consonant before 
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completing the syllable by producing the vowel.  An example of both types of 

error is: “FEE shee SEE see SHEE see…” (target)  à /fí si  sí ʃ..si  ʃí si/ 

(production). The question of counting vowel and stress errors arose during the 

initial annotation of the pilot experiment, but due to the low occurrence were 

not included. Both types of errors were subsequently monitored throughout the 

annotation process and found to have a very low occurrence rate. 

When hesitations occurred in tandem with errors, they were classified as 

errors if the error was followed by the hesitation, and were classified as 

hesitations when the hesitation preceded the error.  An example of this is: “FEE 

shee SEE see SHEE see…” (target) à /fí *si…ʃí si/ (production); counted as 

error. “FEE shee SEE see SHEE see…” (target) à /fí ʃi…*sí si/ (production); 

counted as hesitation. This error recording was implemented so that one 

disfluent sequence was not counted twice.  

Example spectrograms for binary and ternary productions and the 

annotation system for errors are shown in illustration 1 and 2. Tier one contains 

annotations for errors where a completely incorrect syllable was produced. Tier 

two contains annotations for consonant repair errors. Tier three contains 

annotations for hesitation errors. Errors on each tier were counted separately, so 

each tier began annotation at 1. An annotation line through all three tiers 

marked meter groups. If an incorrect syllable was subsequently corrected, the 

incorrect syllable was included as part of the meter grouping.  
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Illustration 1. Experiment 1: Example of binary meter from subject #2. Tier 1 is 
for complete syllable errors, tier 2 is for partial consonant error, 
tier 3 shows hesitation annotation. Utterance: SEE fee SHEE shee 
SHEE fee SHEE fee SEE shee SHEE see 

Illustration 2. Experiment 1: Example of ternary meter from subject #2. Tier 1 is 
for complete syllable errors, tier 2 is for partial consonant error, 
tier 3 shows hesitation annotation. Utterance: SAA faa shaa SAA 
faa faa SHAA saa saa SAA faa saa 

 

 



 31 

 There was no distinct hypothesis about error rate difference between 

hesitations and consonant errors, but it was decided to continue to separate 

them for future data analysis of pause placement and error type. Errors and 

hesitations were combined in the analysis because both reflect breakdowns in 

fluent production, and it is the frequency of such breakdowns that reflects the 

relative difficulty of articulation. The precedence of combining error and 

hesitation rate can be seen the methodology of Tilsen (2011). 

2.2.5 Hypotheses 

The disproportionality in rhythmic patterns found in language is due to 

an ease of production preference. Binary stress groups are more easily and 

efficiently produced than ternary stress groups. Based on the evidence seen in 

the binary vs. ternary music data (Drake, 1993; Upitis, 1987), where subjects 

made fewer errors when reproducing binary rhythmic patterns, the specific 

hypothesis for this experiment is that error rates would be lower for binary 

meter compared to ternary meter.  

2.3 RESULTS  

An initial assessment of the total disfluencies by meter type shows that 

more disfluencies were produced in ternary meter than binary meter. Looking at 

the breakdown by category, there are more disfluencies in both errors and 

hesitations in the ternary meter group compared to binary.  
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Table 5. Experiment 1: Total 
number of errors by meter type 

 

Figure 5 shows the mean number of combined errors per subject broken 

down by meter group.  Here the difference between binary and ternary meter 

becomes more apparent. The error bars represent one standard error. The mean 

difference (ternary – binary) between the two meters was 22.167 errors, with a 

standard error of 3.617. 

Figure 5. Experiment 1: Mean error rate per subject (±1 SE) by meter group 

In figure 6, the mean error rate per utterance is shown by subject. When 

error rate is broken down by participant, the same general pattern is seen across 

the majority of subjects; binary meter has fewer errors than ternary. In the three 
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cases where the subject produced more disfluencies in binary than in ternary, 

the difference in total errors between the two meters was less than 15 in all 

three cases. Neither subjects who indicated bilingualism nor previous speech and 

hearing impairments had a significantly different pattern of results. 

Figure 6. Experiment 1: Mean error rate per utterance by subject with standard 
deviation bars. Red boxes indicate instances of error rate that is 
greater in ternary meter than in binary meter. 

To analyze statistical significance, the statistical software Statview 5.0 

(PC Power Version) was used. Graphs and charts were created with the free 

statistical software RStudio (Version 0.98.983). A one-tailed paired t-test with 

the difference between the total number of disfluencies for binary stimuli and 
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the total number of disfluencies for ternary stimuli for each subject as the 

dependent variable. The paired t-test was used in order to factor out the 

irrelevant variation between subjects and focus on the difference between the 

two meter conditions across subjects. 

 

Table 6. Experiment 1: mean difference, degrees of freedom, t and p values for 
paired t-test 

The results of the paired t-test are shown in table 6. Based on the p-value 

(=0.0003), it is clear that there is a significant difference between binary and 

ternary meter. This follows the hypothesis that binary stress groupings are 

produced more efficiently than ternary stress groupings. 
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Chapter 3: Experiment 2 – Auditory Presentation 

3.1 INTRODUCTION 

The stimuli in experiment one were presented in written form. For most 

adults reading is relatively effortless, there are various perceptual and cognitive 

processes involved. Although many models of reading exist, it matters little 

which model is used to understand the varied and complex steps involved in the 

reading process. In the design seen in experiment one, there are several steps 

involved in producing the required utterances. A saccade and eye fixation is 

needed to process the visual stimuli; an initial encoding process takes the 

grapheme representation of a word and begins to associate it with the phonemic 

sound; an association of sounds with the lexicon; an oral pronunciation of the 

written word; and the subsequent shift to the next word to be read (these steps 

are taken from a model of reading in The Psychology of Reading (Rayner & 

Pollatsek, 2013)). There are two areas where there could be a break down in the 

reading process that could have affected error rate: the initial word processing, 

and the text representation phase. It is very possible that subjects could have 

produced errors due to misreading a syllable in the initial processing phase, thus 

making a pronunciation error. Errors or hesitations could also be made when 

shifting the attention to the next syllable if the subject is unsure whether the 

previous pronunciation was correct, or the upcoming syllable is problematic. By 

adding the requirement for increased speed of production (inherently increasing 

the requirement for speed of reading), it is possible that the visual presentation 

in the previous experiment could have affected the results. This follow-up 

experiment presents the stimuli aurally in order to test whether the binary-
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ternary differences seen in the first experiment were due to reading errors from 

the visual presentation. 

3.2 EXPERIMENTAL DESIGN: AUDITORY STIMULI 

3.2.1 Subjects 

Twelve adult speakers of English, ten females and two males, were 

recruited from the University of Texas at Austin. The age of the participants 

ranged from 20 – 42, with the average age being 25. All of the speakers 

indicated fluency in American English. Subjects were asked on a questionnaire 

to indicate any secondary language and to indicate the level of fluency. Of the 

12 speakers, six subjects indicating fluency in a second language: three in 

Spanish, one in Italian, one in German, and one in ASL. When asked whether 

they had ever had any speech or hearing impairments, one subject indicated 

speech and hearing impairment: a childhood lisp, and ear surgery in high school 

to reconnect ear bones. The subjects were not paid for their participation, 

although subjects received class credit.   

3.2.2 Materials 

Only two voiceless fricatives [s] and [ʃ] were used in both rhythmic 

patterns. Unlike in experiment 1, the consonant [f] was not included in the 

stimuli because it did not produce as many errors as [s] and [ʃ] in the first 

experiment. [s] and [ʃ] were kept because the rapid movement of the tongue 

between these two places of articulation resulted in substantially more 

pronunciation errors. The same vowels as in the previous experiment were 

paired with the consonants.  
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The stimuli for this experiment were recorded syllable sets that presented 

either a binary meter pattern (σ́ σ) or a ternary meter pattern (σ́ σ σ) with stress 

on the first syllable. The stimuli in this experiment differed from the stimuli in 

experiment one. In experiment one, the syllables within the utterance were 

random, so there was no discernable pattern except the meter pattern. In the 

current experiment, the syllable pattern was set as well as the meter pattern, so 

the subject was repeating a set of syllables for a specific length of time. Each 

stimulus type presented its own particular challenge for the speaker. 

Each tongue twister consisted of an auditory cue that contained one 

complete rhythmic pattern, either binary (CV́ CV) or ternary (CV́ CV CV). The 

combination of consonants and vowel was restricted to a single vowel per block.   

Table 7. Experiment 2: Example 
of the auditory cue that subjects 
heard and repeated 

 

The auditory cues were recorded by the author, a native speaker of 

English. Emphasis was placed on the first syllable, and then the acoustic cues of 

stress, increased vowel duration, pitch change, and intensity, were verified to be 

present on the first syllable in Praat.  

Each block contained both binary and ternary meter. The two syllables 

were combined such that the stressed syllable was always distinct from the 

unstressed syllable(s). The three blocks differed only in which vowel was used. 

The vowel remained constant throughout the block so that it was more likely 

that the consonant changes were inducing errors. This produced an equal 
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number of stimuli containing stressed [s] or stressed [ʃ] syllables in each block. 

The stimuli consisted of 2 consonant sequences * 2 meter patterns * 3 vowel 

blocks = 12 stimuli, each presented 15 times for each subject, for a total of 180 

tokens. 

Due to the auditory nature of the presentation, only one meter grouping 

for each trial was presented to subjects. The short length of the stimuli was due 

to constraints of working memory. It has been shown that there is a trade-off 

when the modality is auditory presentation instead of visual presentation: the 

demands on working memory are greater (Eysenck & Keane, 2000; Gathercole & 

Baddeley, 2014). Because auditory stimulus unfolds over time, the working 

memory must be activated in order to remember the entire utterance. In an early 

study investigating the limit of reproducing syllables from working memory, 

Miller (1956) found that the amount of information that can be held in working 

memory is limited to 7 items ± 2. The current experiment was designed to stay 

well below the upper limit of working memory by only presenting stimuli that 

were two or three syllables in length, depending on meter type. 

3.2.3 Presentation 

Subjects were presented with instructions and example auditory cues at 

the beginning of the experiment.  The instructions were similar to experiment 1, 

but included examples of how to replay the stimulus multiple times and when to 

begin and end the repetition: 

“During this experiment a set of syllables will be presented out loud.   
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When you see the green start sign, begin to say this combination 
repeatedly as fast as you possibly can.  

You may stop saying the combination once the stop sign appears on the 
screen.” 

Illustration 3. Experiment 2: Example of 3 slides presented for oral repetition of 
auditory stimuli 

Illustration 3 shows the three different screens that were presented for 

each trial. An audio recording of the binary or ternary stimulus would be 

presented with the accompanying slide stating how to listen to the sound again 

or how to precede to the repetition. The audio file could be repeated as many 

times as the subject required. Once the subject felt ready to produce the 
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repetition and pressed the appropriate key, the green sign immediately was 

presented and the subject began the repetition of the previous auditory cue. The 

stop signal was timed to appear 5 seconds after the start sign was presented. 

Instructions and an initial familiarization phase were presented while the 

researcher was present in order to answer any questions or clarify the task. The 

familiarization phase contained one example of each meter group and syllable 

order, with the start and stop indicators and the full 5-second timing phase. 

During the familiarization phase, the researcher would stop the subject and 

explain how to replay the stimulus or would urge the participant to speak at a 

faster rate until satisfied that the participant understood the task and knew how 

fast the tongue twisters should be produced. A familiarization phase was 

presented before each subsequent block. The experiment was self-paced. 

Subjects were randomly assigned to one of two experimental groups that 

varied the block presentation. The block orders were varied between the two 

groups in order to ensure that the presentation order of the blocks had no effect 

on error rate. 

3.2.4 Performance measures 

The same performance measures as in experiment 1 were used.  

3.2.5 Hypotheses 

Binary stress groups are more efficiently produced than ternary stress 

groups. This removed the reading requirement from the task by presenting all of 

the stimuli aurally. The hypothesis for this experiment was that error rates 

would be lower for binary meter than for ternary.  
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3.3 RESULTS 

An initial assessment of the total disfluencies by meter type shows that 

more disfluencies were produced in ternary meter than binary meter. Looking at 

the breakdown by category, there are more disfluencies in both errors and 

hesitations in the ternary meter group compared to binary.  

Table 8. Experiment 2: Total 
number of errors by meter 
type 

Figure 7 shows the mean number of disfluencies per subject broken down 

by meter group.  Here the difference between binary and ternary meter becomes 

more apparent. The error bars represent one standard error. The mean difference 

(ternary – binary) between the two meters was 177.33 errors, with a standard 

error of 40.109. 
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Figure 7. Experiment 2: Mean error rate per subject (±1 SE) by meter group 

In figure 8, the mean combined error rate per utterance is shown by 

subject. When error rate is broken down by participant, the same general pattern 

is seen across the majority of subjects; binary meter has fewer errors than 

ternary. Neither subjects who indicated bilingualism nor previous speech and 

hearing impairments had a significantly different pattern of results. 
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Figure 8. Experiment 2: Mean error rate per utterance by subject with 
standard deviation bars. Red boxes indicate instances of error rate 
that is greater in ternary meter than in binary meter. 

The same statistical software used in experiment one was used to analyze 

the data from experiment two. A one-tailed paired t-test with the difference 

between the total number of disfluencies for binary stimuli and the total number 

of disfluencies for ternary stimuli for each subject as the dependent variable. The 

paired t-test was used in order to factor out the irrelevant variation between 

subjects and focus on the difference between the two meter conditions across 

subjects. 
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Table 9. Experiment 2: mean difference, degrees of freedom, t and p values for 
paired t-test 

The results of the paired t-test are shown in table 9. Based the p-value 

(=0.0207), there is a significant difference between binary and ternary meter. 

This follows the hypothesis that binary stress groupings are produced more 

efficiently than ternary stress groupings. These results confirm that the 

presentation method was not the reason for the error rate bias, but rather the 

meter was.  
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Chapter 4: Experiment 3 – Variable Stress 

4.1 INTRODUCTION 

In the previous experiments, the feet in both binary and ternary meter 

have been trochaic, with the stressed syllable preceding the unstressed syllable. 

Experiment three investigates whether the binary/ternary distinction holds 

across both trochaic and iambic stress feet.  

When discussing stress and stress feet, one of the defining characteristics 

is whether the foot begins with a stressed or an unstressed syllable (Hayes, 

1995). If the foot begins with a stressed syllable, it is trochaic (strong ~ weak), 

while if it begins with an unstressed syllable it is iambic (weak ~ strong).  

Trochaic stress is more common among the world’s languages. In 

Gordon’s (2002) typology of quantity-insensitive binary patterns he finds that 

the number of languages that have a trochaic pattern is 31 compared to only 8 

languages with an iambic pattern. 

English stress can be produced on either the first syllable or the last 

syllable in disyllable words (e.g. récord vs. recórd) as well as trisyllabic words 

(e.g. volunteér vs. místiness). Despite the differing locations of stress, the English 

stress system is based on moraic trochees (Hayes, 1995, p. 181).   

Considering the frequency of trochaic stress in the world’s languages, as 

well as the fact that all of the subjects have experience with a trochaic stress 

system in English, there is a possibility that the heretofore seen binary 

preference is not for binary meter so much as for binary trochees. Looking at 

whether the binary preference remains in iambic stress patterns tests this.  
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4.2 EXPERIMENTAL DESIGN: VARIABLE STRESS 

4.2.1 Subjects 

Twelve adult speakers of English, six females and six males, were 

recruited from the University of Texas at Austin. The age of the participants 

ranged from 18 – 32, with the average age being 24. All of the speakers 

indicated fluency in American English. Subjects were asked on a questionnaire 

to indicate any secondary language and to indicate the level of fluency. Of the 

12 speakers, four subjects indicating fluency in a second language: one in 

Spanish, one in German, one in Korean, and one in Farsi. When asked whether 

they had ever had any speech or hearing impairments, one subject indicated a 

hearing impairment: one subject indicated tubes had been inserted in the middle 

ear during childhood. The subjects were not paid for their participation, 

although subjects received class credit. 

4.2.2 Materials 

The same two voiceless fricatives [s] and [ʃ] were used in both rhythmic 

patterns. The same vowels as in the previous experiments were paired with the 

consonants. The same consonant vowel combinations were used as in 

experiment two. 

Each tongue twister trial consisted of an auditory cue recorded by the 

author, a native English speaker. The auditory cue contained one complete 

rhythmic pattern, either binary (CV CV) or ternary (CV CV CV). Each trial 

contained one of three stress patterns: stress on the first syllable, stress on the 

last syllable, or no stress.  
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Table 10. Experiment 4: example 
of meter and stress placement 
combinations. Uppercase 
indicates stress placement. 

 

The author manipulated each recording in Praat. Vowel durations were 

manipulated by cutting and pasting or deleting one or more cycles in the sound 

wave. Each vowel duration was manipulated to match a pre-determined 

duration—an unstressed syllable was 110ms, a stressed vowel was two times 

longer at 220ms, and no stress vowel tokens were 165ms. Vowel duration was 

manipulated so that every token sounded the same based on stress location. The 

length of the unstressed vowel was found by taking the average duration of 

vowels in unstressed syllables produced in several trials of the recording. The 

duration of the stressed syllable was double the unstressed syllable, as it has 

been shown that longer vowel duration is a correlate of stress (Fry, 1955; 

Lieberman, 1960); the stressed vowel duration was chosen to make the 

distinction between stressed and unstressed easily identifiable. For no stress 

trials, all vowels were a midway duration between stressed and unstressed.   

Pitch excursion has been shown to be a correlate of stress (Fry, 1955; 

Gay, 1978; Lieberman, 1960; Morton & Jassem, 1965; Sluijter & van Heuven, 

1996). Because pitch is an indicator of stress, the pitch had to be manipulated in 

the no stress stimuli to remove an unintended stress indicator. The manipulation 

of pitch caused the no stress stimuli to sound considerably different from the 

stimuli where pitch remained. In order for all of the audio clips to sound similar, 

and one type of stress placement to not draw undue attention, the author 
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manipulated all the stimuli so that the only difference between the three 

different conditions was duration of the vowel. This was accomplished with the 

pitch manipulation feature of Praat. The pitch of all the trials was manipulated 

to be 226.6 Hz +/- 1Hz. This pitch was used because it was the average pitch 

over several trials.  

The combination of consonants and vowel was restricted to a single vowel 

per block. Each block contained both binary and ternary meter. The two 

syllables were combined such that the stressed syllable was always distinct from 

the unstressed syllable(s). The three blocks differed only in which vowel was 

used. The vowel remained constant throughout the block so that it was more 

likely that the consonant changes were inducing errors. Each block contained six 

rhythmic combinations: first syllable stress, last syllable stress, and no stress in 

binary and ternary meter groups. The two syllables were combined such that the 

stressed syllable was always distinct from the unstressed syllable(s). This 

produced an equal number of stimuli containing stressed [s] or stressed [ʃ] 

syllables in each block. Each auditory cue within a block was randomly 

presented five times, for a total of 60 tokens per block, 180 tokens total. 

4.2.3 Presentation 

Subjects were presented with instructions and example auditory cues at 

the beginning of the experiment.  Instructions were the similar to experiment 

two, adding instructions on the stress patterns: 

“These two syllables will be combined in multiple ways with different 
emphases.  Listen to the combination as many times as you need, and 
when you are comfortable with the combination, begin to repeat the 
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syllables, attempting to match the emphasis you heard until the stop sign 
appears on your screen.” 

 

The same three slides were used to present the auditory stimuli in 

experiment three as in experiment two (refer to illustration 3).  

Instructions and an initial familiarization phase were presented while the 

researcher was present in order to answer any questions or clarify the task. The 

familiarization phase contained one example of each meter group and stress 

position (minus the no stress option), with the start and stop indicators and the 

full 5-second timing phase. During the familiarization phase, the researcher 

would stop the subject and explain how to replay the stimulus, would urge the 

participant to speak at a faster rate, or correct stress errors until satisfied that 

the participant understood the task. The rate of speed varied from subject to 

subject, but each subject was told to speak as quickly as possible while still 

maintaining the ability to correctly produce the syllables. A familiarization 

phase was presented before each subsequent block. The experiment was self-

paced. 

Subjects were randomly assigned to one of two experimental groups that 

varied the block presentation. Blocks only varied in which vowel was used. The 

block orders were varied between the two groups in order to ensure that the 

presentation order of the blocks had no effect on error rate. 

4.2.4 Performance Measures 

Performance measurements were the same as for experiment two. Trials 

were also coded for correct stress by the author. All meter repetitions had to 
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have the correct stress placement in order to be considered correct. If the stress 

placement was not obvious to the author, the trial was deemed to have incorrect 

stress and not used. Trials where no stress was present in the auditory cue were 

considered correct when either first syllable or last syllable stress placement was 

used, as long as the same placement was used the entire trial.  

4.2.5 Hypotheses 

The overall hypothesis has not changed since the last experiment: binary 

stress groups are more efficiently produced than ternary stress groups. This 

experiment in particular looked at different stress locations on both rhythms. 

The specific hypothesis for this experiment is that binary meter would have 

lower error rates, regardless of stress placement, than ternary. The expected 

effect of stress position is that there will be fewer errors in trochaic stress 

patterns than in iambic patterns. 

4.3 RESULTS 

An initial assessment of the total disfluencies by meter type and stress 

location shows that more disfluencies were produced in ternary meter than 

binary meter, and more disfluencies were produced when the stress was on the 

last syllable than on the first. Looking at the breakdown by category, there are 

more disfluencies in both errors and hesitations in the ternary meter group 

compared to binary except in first syllable hesitations, where there were fewer 

hesitations in ternary meter. 



 51 

Table 11s. 
Experiment 3: 
Total number of 
errors by meter 
type and stress 
location 

Looking at the total number of disfluencies per utterance, the rate of 

errors is higher in ternary than in binary. It is also of note that disfluencies are 

considerably higher in the last syllable stress condition than in first position or 

no stress conditions.  

Figure 9. Experiment 3: Mean number of errors per attempt by stress location 
and meter type (± 1 SE) 
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In figure 10, the mean error rate per utterance is shown by subject, 

broken down by meter and stress location. When error rate is broken down by 

participant, the same general pattern is seen across the majority of subjects; 

binary meter has fewer errors than ternary. The trend for more disfluencies in 

last syllable stress condition than first syllable or no stress conditions is also seen 

for the majority of participants. Neither subjects who indicated bilingualism nor 

previous speech and hearing impairments had a significantly different pattern of 

results. 
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Figure 10. Experiment 3: Mean error rate per utterance by subject with standard 
deviation bars. Subject identification is on the right side. 
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The same statistical software used in experiment one was used to analyze 

the data from experiment three. A repeated-measures ANOVA was run on the 

data.  

Table 12. Experiment 3: Degrees of Freedom, sum of squares, mean squares, f 
and p values for repeated-measures ANOVA 

The results of the repeated-measures ANOVA are shown in table 12. 

There is a significant main effect for stress position (p = 0.0004). Because stress 

position has three levels, a Bonferroni post hoc analysis of the three stress 

locations was run. The difference in the error rate between last syllable stress 

and first syllable stress (P = 0.0001) and the difference between last syllable 

stress and no stress (p < 0.0001) categories was significant. Error rates were 

significantly higher in the last syllable stress condition. 

Table 13. Experiment 3: 
Mean difference, critical 
difference, and p value for 
Bonferroni post hoc analysis 

Meter was just shy of significance (p =0.077). There was not a significant 

interaction between the meter and the location of the stress (p = 0.483). The 
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lack of a significant interaction suggests that the two factors can be treated 

independently. By analyzing meter independently with a one-tailed paired t-test, 

binary meter has significantly fewer errors than ternary meter (p = 0.038). 

 

Table 14. Experiment 3: Mean difference, degrees of freedom, t and p values for 
one-tailed paired t-test of meter type 

Based on the statistical results of the repeated-measures ANOVA and the 

paired t-test, it becomes clear that the data supports the hypothesis. Binary 

meter was produced with fewer errors than ternary meter. Iambic stress feet 

were produced with more errors than trochaic stress feet.  
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Chapter 5: Experiment 4 – Conflicting Patterns 

5.1 INTRODUCTION 

A recent study, Katsika, Shattuck-Hufnagel, Mooshammer, Tiede, and 

Golstein (2014) investigated how meter grouping and syllable sequencing 

interacted. Syllable sequence describes the pattern that the targeted consonant 

or consonant cluster of each word in a tongue twister takes. The two most 

common sequential patterns are ABAB and ABBA. The A and B in these patterns 

represent different sounds in separate syllables. So A and B can repeat in an 

alternating binary fashion (ABAB) or in a more ternary fashion (ABBA). In the 

Katsika et al. study, a binary syllable sequence (top cop top cop) was overlaid on 

a binary meter group (σ σ) to produce a matched syllable and meter sequence 

(e.g., top cop top cop). The same binary syllable sequence was overlaid onto 

ternary meter group (σ σ σ) to produce a mismatched syllable/meter sequence 

(e.g., top cop top, cop top cop). Katsika et al. found that subjects made more 

speech errors in the mismatched syllable/meter condition than in the matched 

condition. 

Kupin (1980) has similarly noted that the ternary syllable sequence ABBA 

is more difficult to produce than an ABAB sequence. Again, this is a case of 

comparing mismatched meter/syllable sequence patterns to matched patterns. 

When referencing the syllable sequence ABBA for tongue twisters, this pattern is 

most often overlaid onto four syllables—a ternary syllable sequence on a binary 

or quadruple meter pattern (e.g., she sells seashells), while the ABAB pattern is 

also overlaid onto a binary or quadruple meter pattern (e.g., Santa shines small 
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shoes). Thus comparing a matched and mismatched pattern for level of 

difficulty. 

In both the experimental case (Katsika et al., 2014) and the observational 

data (Kupin, 1980), there is a confound. Kupin (1980) claims that a ternary 

syllable sequence is more difficult than a binary one, but only the ternary 

sequence is mismatched to the meter. Katsika et al. (2014) looked at binary 

syllable sequences, but only compared matched and a mismatched binary meter.  

The current experiment examines how syllable sequencing and meter 

pattern interact. Are mismatched patterns more difficult to produce than 

matched patterns? Is there a difference between binary and ternary mismatched 

sequences? 

5.2 EXPERIMENTAL DESIGN: CONFLICTING PATTERNS 

5.2.1 Subjects 

Twelve adult speakers of English, nine females and three males, were 

recruited from the University of Texas at Austin. The age of the participants 

ranged from 18 – 33, with the average age being 21. All of the speakers 

indicated fluency in American English. Of the twelve speakers, seven indicated 

fluency in a second language: five in Spanish, one in Mandarin and one in 

Korean.  None of the subjects indicated speech or hearing impairments. Bilingual 

subjects did not show a significantly different pattern of performance in the 

experiment compared to other subjects. The subjects were not paid for their 

participation, although subjects received class credit. One female subject’s data 

was not used due to the participant not following instructions. 
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5.2.2 Materials 

The same two voiceless fricatives [s] and [ʃ] were used in both rhythmic 

patterns. The same vowels as in the previous experiments were paired with the 

consonants. The same consonant vowel combinations were used as in 

experiment two and three. 

Twelve syllables were grouped into either a binary (σ ́σ) or a ternary (σ ́σ 

σ) meter structure. The syllable sequence could match the meter structure (AB) 

for binary meter and (ABB) for ternary. An example of match syllable sequence 

to meter structure is: binary – SHEE see SHEE see SHEE see and ternary – SHEE 

see see SHEE see see. The other option is to have the syllable sequence mismatch 

the meter pattern, (ABB) syllable sequence on a binary meter, or (AB) syllable 

sequence on a ternary meter. An example of the mismatched syllable sequence 

and meter pattern is: binary – SHEE see SEE shee SEE see and ternary – SHEE 

see shee SEE shee see. An example of the full twelve-syllable stimuli is shown in 

the table below.   

Table 15. Experiment 3: Examples of match/mismatch pattern stimuli 

In the match category of stimuli, the syllable sequence matches the meter 

pattern.  Thus, if the meter pattern is (σ σ), the syllable pattern will correspond 
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by having the same syllable sequence (AB). In the mismatch category, the meter 

pattern is overlaid by the opposite syllable pattern. So if the meter pattern is (σ ́

σ σ), the syllable sequence will be binary alternating in nature (AB). This can 

also be seen in the examples above. When the meter and the syllable patterns do 

not match, it takes a total of six syllables (3 binary meter groups or 2 ternary 

meter groups) to complete an entire syllable pattern and restart the pattern 

again. Thus a conflicting pattern in binary will have the syllable sequence: AB 

BA BB, and a ternary conflicting pattern will have the syllable sequence: ABA 

BAB. 

The stimuli were presented in three blocks, which varied only in the 

vowel that was combined with the consonants, with a total of four different 

patterns: binary match (binary syllable & binary meter), ternary match (ternary 

syllable & ternary meter), binary mismatch (ternary syllable & binary meter), 

and ternary mismatch (binary syllable & ternary meter). Each match and 

mismatch pattern was randomly presented a total of 8 times, for a total of 64 

tokens per block, 192 tokens total. 

5.2.3 Presentation 

The stimulus was presented visually due to the complexity of the 

mismatched stimuli. It was felt that the complex syllable patterns would tax 

working memory and confound the results if presented aurally. 

Subjects were presented with instructions and example auditory cues at 

the beginning of the experiment. The instructions were the same as in 

experiment one. 
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Instructions and an initial familiarization phase were presented while the 

researcher was present in order to answer any questions or clarify the task. The 

familiarization phase contained two examples of each meter group. During the 

familiarization phase, the researcher would stop and urge the participant to 

speak at a faster rate until satisfied that the participant understood the task and 

knew how fast the tongue twisters should be produced. A familiarization phase 

was presented before each subsequent block. The experiment was self-paced. 

Subjects were randomly assigned to one of two experimental groups that 

varied the vowel block presentation. The vowel block orders were varied 

between the two groups in order to ensure that the presentation order of the 

blocks had no effect on error rate. 

5.2.4 Performance Measures 

Performance measurements were the same as for the previous 

experiments.   

5.2.5 Hypotheses 

The overall hypothesis has not changed since the last experiment: binary 

stress groups are more efficiently produced than ternary stress groups. The 

overarching hypothesis that error rates will be lower for binary meter compared 

to ternary meter remains the same.  The experiment-specific hypotheses are that 

error rate will be higher for ternary than for binary in both the meter patterning 

as well as the segmental patterning. Mismatched syllable and meter sequences 

will have higher error rates than matched syllable and meter sequences. 
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5.3 RESULTS 

An initial assessment of the total disfluencies by meter pattern and 

syllable pattern shows that overall, more disfluencies were produced in binary 

meter than in ternary meter. Looking at the matched versus mismatched 

patterns, there were more disfluencies when meter and syllable sequence were 

mismatched. In the breakdown by category, there are more disfluencies in both 

errors and hesitations in the binary meter group compared to ternary meter 

group. 

 

 

 

Table 16. Experiment 4: Total number of errors by meter type and syllable type 

A visual representation of the differences (figure 10) in the four 

categories helps to clarify the numbers in table 16. 
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Figure 11. Experiment 4: Mean error rate per subject by meter type  and 
match/mismatch category (± 1 SE) 

In figure 12, the mean error rate per utterance is shown by subject, 

broken down by meter pattern and syllable sequence. When error rate is broken 

down by participant, the very obvious difference in match and mismatch 

categories is seen across subjects. The difference in error rate for meter pattern 

within the match category is difficult to discern, although a trend for more 

errors in binary is present. Neither subjects who indicated bilingualism nor 

previous speech and hearing impairments had a significantly different pattern of 

results. 
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Figure 12. 
Experiment 4: Mean 
error rate per 
utterance by subject 
with standard 
deviation bars. 
Subject identification 
is on the right side 
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It becomes obvious that there is a distinct difference in difficulty level 

between the match and the mismatch categories. The two meter groups have the 

same shape for errors, but in this experiment ternary meter group had less errors 

in both categories than binary meter. 

The same statistical software used in the previous experiments was used 

to analyze the data from experiment four.  A repeated-measures ANOVA was run 

on the data. 

Table 17. Experiment 4: Degrees of Freedom, sum of squares, mean squares, f 
and p values for repeated-measures ANOVA 

The results of the repeated-measures ANOVA are shown in table 17. The 

most significant results (p < 0.0001) was found between the match/mismatch 

category; when rhythmic pattern was overlaid by a contrasting syllable 

sequence, subjects found the task extremely difficult and produced a large 

number of errors. Meter was marginally significant (p = 0.054). There was not a 

significant interaction between the meter*match/mismatch (p = 0.247).  

The statistical results of the match/mismatch category support the 

hypothesis. The hypothesis of error rate for meter group was not supported in 

this experiment. 
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5.4 DISCUSSION 

The results from the conflicting pattern experiment are complex. The 

most robust finding of the experiment is that mismatched stimuli were more 

prone to disfluencies than matched ones. This is expected, as conflicting patterns 

should be more difficult to produce. The main effect of meter as well as the 

interaction of meter and match was not significant. This seems to be a case of a 

subtle factor being overwhelmed by a much stronger factor affecting the same 

measure.  

The current experiment looked at both syllable sequences in a 

mismatched condition and found that both syllable sequences were equally 

difficult for speakers to produce. The strong ABBA bias that is so frequently 

noted in the tongue twister literature disappears when compared to an ABAB 

sequence that is similarly mismatched.   
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Chapter 6: Discussion 

This is the first experimental work addressing the asymmetry of binary 

and ternary stress patterns found across language. Three of the four experiments 

showed a higher error rate when producing ternary meter compared to binary 

meter. The results provide evidence that the binarity asymmetry extends beyond 

stress distribution to speech production. 

There are various possibilities for why this might be the case. One 

possible reason for more errors in ternary meter is tempo. There is always a 

trade off between accuracy and speed of production. In experiment 1 and 4 

(tongue twister and conflicting patterns), the number of syllables was held 

constant at 12. When the durations of each utterance were averaged, the 

speaking rate was 4.26s per utterance for ternary meter and 4.61s per utterance 

for binary meter. In experiments 2 and 3 (auditory and variable stress) the time 

was held constant at 5s. When the average number of syllables produced was 

computed, subjects produced an average of 18.8 syllables in ternary and 16.5 

syllables in binary. This means that subjects were again producing ternary meter 

faster than binary meter. It is possible that the higher error rate is due to the 

faster production rate of ternary syllables. The faster production rate is likely a 

result of temporal compression: “[t]he longer the utterance in terms of number 

of segments, the shorter the absolute duration of any given segment…” (Lehiste, 

1972). This explanation would need to be tested in subsequent studies. One 

possible way of testing this would be to run an experiment where the stimulus 

presentation is visual, and then vary how many syllables were produced per 



 67 

utterance. Once temporal compression was factored out, the error rate by meter 

group could be assessed. 

Another possibility is that the higher error rate in ternary meter over 

binary meter is due to a language background bias. All of the subjects in the four 

experiments indicated fluency in English. As noted in experiment 3, English is a 

moraic trochee stress system (Hayes, 1995). This means that there is a definite 

possibility of an English language bias affecting the results. That is not to say 

that the results of the study are not valid, they would still provide information 

and insight into rhythmic biases in English. One way of testing this is to run the 

auditory production experiment on monolingual speakers of a language that 

does not have the same stress pattern as English. French speakers might be a 

good subject pool due to test, as French has mandatory stress on the last syllable 

of content words, and speakers of French show “stress deafness” (Dupoux, 

Pallier, Sebastian, & Mehler, 1997).  

Another stance, and the one taken by the author, is that the preference 

for binary rhythm is rooted in physiology. The binary bias could be rooted in 

our bipedal means of locomotion. It has been proposed that the bipedal walk of 

humans and the accompanying awareness of rhythm, has shaped our internal 

timing system (Trevarthen, 1999). Indeed, the connection of our rhythmicity to 

locomotion has long been pondered by authors like Morgan who states, “I would 

suggest that the psychological basis of the sense of rhythm might be found 

in…the organic rhythms of our daily life. We cannot walk nor breathe except to 

rhythm; and if we watch a little child we should obtain abundant evidence of 

rhythmic movements (1893, p. 290).” It is possible that the human brain 
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adapted and became adept at interpreting and analyzing the sounds produced by 

rhythmic locomotion in order to reduce the masking properties of movement in 

the environment (Larsson, 2014). It is not a stretch to imagine that as our brains 

adapted and evolved to a binary rhythmic pattern, the motor center controlling 

rhythmic movement in locomotion imposed the same binarity on other motor 

functions such as language. The findings of the experiments in this dissertation 

support such a theory. That is not to say that the brain is incapable of producing 

ternary rhythms, as evidenced by both ternary stress in binary patterns, and 

waltz step in locomotion. The results simply show a preference for binary meter 

over ternary due to motor processing, which in turn may explain why there is 

such a gross asymmetry of rhythmic patterns in the world’s languages. 
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