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Abstract 
 

Regardless of the language spoken, prosodic features of speech (including 
variations in amplitude and rhythm) are important for conveying emotional states and 
semantic meanings. Such differences in prosodic structure can allow for monotone versus 
demonstrative speech. Previous research has shown that features of speech including 
prosody often converge when pairs of speakers interact. However, few studies have 
investigated how convergence applies to speakers in bilingual conversations, despite 
bilingualism being prevalent globally. For example, in lingua receptiva situations, each 
speaker uses a preferred language that the other understands. Further, prior studies have 
found convergence to be related to rapport and have theorized it to be important for 
successful communication, but few studies have analyzed how either prosody or prosodic 
convergence are correlated with various forms of performance. This dissertation aims to 
contribute a stronger understanding of how hierarchical temporal structure—a novel 
feature of prosody—and convergence between these structures correlate with 
performance, as well as monolingual and bilingual conversations (i.e., intra- and inter- 
language interactions). 

Chapter 1 introduces the background behind hierarchical temporal structure and 
the method of quantification. Likewise, the background and method of measurement are 
described for the convergence of hierarchical temporal structures, known as complexity 
matching. Chapter 2 then investigates how infant and adult prosody and volubility 
correlate with lexical development, as reported by the caregivers using a vocabulary 
assessment. Likewise, complexity matching and volubility matching were measured 
between infants and adults, and the relationship between both forms of convergence and 
vocabulary size is explored. Following this, Chapter 3 examines if either hierarchical 
temporal structure or speaking rate are related to collaborative task performance with 
adult pairs. Chapter 4 next tests if any differences for hierarchical temporal structure, 
complexity matching, or lexical matching were observed by language condition (Spanish 
only, English only, or one speaker used Spanish only and the other English only). 
Chapter 5 closes with a discussion of the implications and limitations of the findings, 
along with proposed future directions of study. 

This dissertation, Hierarchical Temporal Structure and Convergence in 
Development, Performance, and Bilingualism, is submitted by Sara Schneider in 2021 in 
partial fulfillment of the degree Doctor of Philosophy in Cognitive and Information 
Sciences at the University of California, Merced under the guidance of dissertation 
committee chair Chris Kello. 
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Chapter 1 
 

Introduction 
 

1.1 Prosody and Communication 
 

Prosody has been deemed the “music of speech,” where it encompasses the way 
we style our sentences, rather than the specific words spoken (Erekson, 2010). When 
using identical words, the prosodic style used can drastically alter the meaning of the 
phrase. For example, the sentence “We’re going to the doctor,” may be said in a matter-
of-fact manner like when giving a reminder, it may be said fearfully, or it may be a parent 
saying it to an infant using a singsong voice. Prosody thus carries substantial semantic 
importance and is crucial for successful communication. Three acoustic features 
comprising prosody are fundamental frequency, intensity, and duration, which are 
perceived as pitch, loudness, and the length of units of speech (Patel, Niziolek, Reilly, & 
Guenther, 2011). Notably, different timescales of speech (e.g., syllables, words, and 
phrases) each contain a measurable fundamental frequency, intensity, and duration, 
indicating prosodic differences are not limited to a single timescale. 

In the following subsections, I first introduce prosody in early, performance-
based, and bilingual interactions, followed by a description of a feature of prosody 
explored throughout this study (hierarchical temporal structure) and how it is quantified. 
In the following section, I then discuss the convergence or alignment of prosody and 
other features of speech between speakers (again during early, performance-based, and 
bilingual interactions), followed by a corresponding description of the convergence 
between hierarchical temporal structures (complexity matching) and how it is quantified. 
 
1.1.1. Early Interactions 
 
 During some of the earliest interactions between caregivers and infants, prosodic 
structure already shows to be vital. When addressing infants, caregivers typically use 
more prosodically rhythmic, higher-pitched, and slower-paced speech, known as infant-
directed speech (IDS). These features of IDS are largely theorized to aid infants in 
language acquisition because they help to provide distinctions between vowels and 
syllables within and across utterances, (Kuhl et al., 1997; Leong, Kalashnikova, 
Burnham, & Goswami, 2014), making it easier for infants to understand the acoustic 
boundaries between them (Thiessen, Hill, & Saffran, 2005). One feature of prosody 
measured throughout this dissertation was hierarchical temporal structure, which is 
reflective of prosodic exaggeration, or more precisely variations in the amplitude and 
timing of acoustic events derived from the recorded speech sounds (a detailed description 
of the background behind hierarchical temporal structure and how it is quantified follows 
in Sections 1.1.4. and 1.1.5.). Slower speaking rates—which often go hand in hand with 
IDS—correspond to greater hierarchical temporal structure, which is depicted when 
plotted as having a steeper slope (Ramirez-Aristizabal, Médé, & Kello, 2018). Providing 
further confirmation of the relationship between hierarchical temporal structure and IDS, 
Falk and Kello (2017) demonstrated that mothers using IDS have greater hierarchical 
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temporal structure than speech directed toward adults, and in turn steeper slopes when 
plotted. Abney, Warlaumont, Oller, Wallot, and Kello (2017) also found that greater 
hierarchical temporal structure for utterance onsets (visualized as steeper slopes) 
corresponded to non-speech-related vocalizations, meaning sounds like crying and 
coughing, as compared to speech-related vocalizations. These findings together indicate 
that speech-related vocalizations and adult-directed speech are reflected through flatter 
slopes, or less hierarchical temporal structure. 

I first aim to use this dissertation to have a better understanding of the relationship 
between language development and hierarchical temporal structure. If hierarchical 
temporal structure is statistically predictive of language development, it may potentially 
pave the way for a new and useful methodology for developmental researchers, although 
studying developmental delays is outside the scope of the present work. To achieve this 
goal, I determine if (1) adult prosody is informative for infant lexical abilities, and/or if 
how lexically advanced infants are is linguistically reflected in the adult’s speech, (2) 
lexical ability is reflected through the features of prosody analyzed, where these features 
could be useful for testing for developmental delays in future studies, and (3) less 
advanced vocabularies are reflected through greater hierarchical temporal structure. 
 
1.1.2. Performance-Based Interactions 
 
 Thus far, I have established that prosody is an important feature of 
communication that helps allow for the expression of emotions and semantic meanings, 
or more demonstrative and performative communication. Although prior studies have 
analyzed relationships between adult prosody and infant language acquisition (Kuhl et 
al., 1997), I am aware of no studies that have explored how prosody correlates with joint 
task performance. Since the sex pairing and time course of experiments may generally 
allow for a variety of changes as participants become familiar with one another and the 
task (Harrison, Mohammed, McGrath, Florey, & Vanderstoep, 2003), it is unclear how a 
relationship between prosody and performance may vary, if at all, by these variables. 
 The next goal of this dissertation is to contribute a novel experiment that provides 
an initial understanding of how performance is reflected through prosody, particularly 
when mediated by the effects of time course and sex pairing. More specifically, since 
effectively conveying information is necessary for communication-based tasks, I was 
interested in exploring if two measures of prosody, hierarchical temporal structure and 
speaking rate, are reflective of how well or poorly pairs of adult speakers score on a 
collaborative difference-finding task (the Montclair Map Task; Pardo et al., 2019), and if 
the relationship was mediated by either the effects of epoch (beginning, middle, or end of 
the experiment) or sex pairing (female-female, male-male, or male-female). 
 
1.1.3. Bilingual Interactions 
 

While the literature so far has concentrated on different forms of “performance” 
for infants and adults, how prosody varies based on the language spoken has not yet been 
addressed, although multilingualism is common globally (Grosjean, 2010; Romaine, 
2012). A particularly interesting phenomenon of multilingual speakers is that 
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conversations sometimes occur with each speaker using a different language they are 
more comfortable with, but that both understand (ten Thije, 2013). It is currently unclear 
how prosodic structure might vary, if at all, during such circumstances. As described in 
the following sections, hierarchical temporal structure is measured independently of 
specific words spoken, allowing for the languages to be compared. One study has tested 
for hierarchical temporal structure across languages during professional TEDx talks, and 
found it was exhibited across the six languages analyzed (Kello et al., 2017), confirming 
prosodic structure is prevalent regardless of the language spoken. However, this speech 
was outside the context of a naturalistic conversation and situated in monolingual 
scenarios. 

Another goal of this dissertation is therefore to expand on the existing literature 
by exploring if prosody varies depending on the language spoken in Spanish-English 
bilingual conversations. To test this question, bilingual speakers engaged in three 
language conditions—only English, only Spanish, or an inter-language condition where 
each speaker used only one of the two languages—while discussing three conversational 
topics: music, movies, or television. 
 
1.1.4. Hierarchical Temporal Structure and Allan Factor Analysis 
 

A comprehensive description of hierarchical temporal structure and Allan Factor 
(AF) analysis are discussed in the current and following sections. I next discuss the 
literature surrounding the convergence of speakers’ hierarchical temporal structures, or 
complexity matching. I then describe my goals for studying prosodic convergence in the 
contexts of infant language development, task performance, and bilingual conversations, 
analogously to prosody in Sections 1.1.1 through 1.1.3. 

I define hierarchical temporal structure as a measure of prosody because prior 
studies have shown it to be related to duration and intensity (i.e., speaking rate and 
prosodic exaggeration), two of at least three crucial features for prosody (the third being 
fundamental frequency, which still needs to be analyzed by future studies in relation to 
hierarchical temporal structure). That is, faster speaking rates, a direct measure of 
prosody, corresponded to less hierarchical temporal structure, and slower speaking rates 
to greater structure (Ramirez-Aristizabal et al., 2018). Less hierarchical temporal 
structure corresponds to flatter Allan Factor (AF) functions, or slopes (see Section 1.1.5.). 
Providing further evidence that hierarchical temporal structure is a feature of prosody, it 
has shown to be reflective of prosodic exaggeration in adult-directed versus infant-
directed speech, where flatter AF slopes corresponded to adult-directed speech, and 
steeper slopes to infant-directed speech (Falk & Kello, 2017). More monotone speech 
used during formal presentations also corresponds to flatter AF functions, compared to 
conversational dialogues (Kello et al., 2017).  

Across all the following experiments, hierarchical temporal structure in speech 
was examined, which can be broadly understood as the amount of variability in nested 
clustering in speech at different timescales of analysis. Analyzing different timescales is 
relevant to prosody because prosody may theoretically be measured at different 
timescales of interest, given that the duration, intensity, and pitch of different sounds may 
vary within units across smaller to larger timescales (e.g., the features of these syllables 
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can differ, as could the features of words). Thus, neither prosody nor hierarchical 
temporal structure are limited to a single level of analysis. 

Hierarchical temporal structure was analyzed using AF analysis, a method for 
generally quantifying the variability of peak events. These binary peaks were derived 
from the original acoustic signal, where a peak occurred only if a sound occurred. This 
method is beneficial because most traditional measures analyze one or two levels of 
speech, such as syntax, whereas measuring hierarchical temporal structure captures 
multiple levels simultaneously, providing us with a fuller picture of the speech signal. 

AF analysis was introduced to the cognitive sciences by Lowen and Teich (1996), 
who measured hierarchical nested clustering (or temporal structure) in neuronal spikes. 
This methodology was later adopted by Abney et al. (2014) to measure hierarchical 
temporal structure in acoustic speech energy. In a study based on infant-directed and 
adult-directed speech, Falk and Kello (2017) determined that acoustic durations of 
linguistic units across multiple levels of analysis—including syllables, words, and 
phrases—were correlated with the degree of nested clustering of acoustic energy. 
Furthermore, they found that greater prosodic exaggeration used in infant-directed speech 
is displayed as greater nested clustering of acoustic speech energy, which can be 
visualized as a steeper AF slope when plotted. 

Variability in the nested clustering of peak events is measured in the amplitude 
and timing of the events. No sounds correspond to zero events, whereas the occurrence of 
a short sound corresponds to one event. Therefore, spoken sounds require many events, 
although the exact number depends upon the timescale of interest. Though this 
relationship still needs to be explored in future studies since AF analysis is not designed 
to quantify pitch, one could imagine glottal pulses, or the rate of opening and closing the 
vocal folds (Smith & Patterson, 2005), correlating with peak events. In other words, a 
glottal pulse could correspond to a peak event. Since the frequency of glottal pulses 
determines pitch (Harris & Nelson, 1993), where faster pulses are associated with higher 
pitches, the number of peak events within the windows of time analyzed may reflect pitch 
in addition to amplitude and timing. 

Peaks at the shortest timescale will typically contain very little clustering or 
variability, and peaks at the longest timescale contain a lot (for example, see the plot 
within Figure 1 where the lowest timescales on the left contain the least amount of 
clustering). This is because the sounds at the shortest timescales of speech, like 
phonemes, cannot be meaningfully broken down further, whereas longer units of speech 
like phrases can be divided into sentences, words, and syllables. When hierarchical 
temporal structure is plotted, minimal variability in values across timescales corresponds 
to flatter AF slopes and more monotonous speech, such as someone giving a TEDx talk 
versus engaging in a conversation (Kello et al., 2017), or when using adult-directed 
versus infant-directed speech (Falk & Kello, 2017). 
 
1.1.5. Quantifying Hierarchical Temporal Structure Using Allan Factor Analysis 
 

 To quantify hierarchical temporal structure, the Hilbert transform—a method for 
calculating the amplitude envelope—for each audio file was first downsampled to 11 kHz 
to reduce the quantity of data, and then passed through two thresholds to ensure that the 
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files were sufficiently sparse. The first threshold allowed only one peak to occur within 
±5 milliseconds of other peaks, serving as a type of low-pass filter, where this set the 
second threshold to have a maximum of 200 peaks per second. The second threshold 
required one peak for every 200 samples on average. The amplitude threshold derived 
from the second threshold was automatically set relative to each recording. Again, any 
amplitudes below the threshold were set to zero, helping to eliminate background noise 
(see the teal line in Figure 1). The thresholds were set to create sparse enough peak 
events that allowed for long occurrences of both peaks and silence per recording, thereby 
allowing for clusters of peak events across timescales. These threshold rules were 
consistent across recordings so that they were not individually altered. Further, both of 
these threshold rules have been used in prior literature surrounding AF analysis in speech 
(Kello et al., 2017; Schneider, Ramirez-Aristizabal, Gavilan, & Kello, 2020) and in the 
present studies, meaning that the thresholds have been held consistent. 

As displayed in Figure 1, each series of peak events was partitioned into non-
overlapping windows of different sizes, where the window sizes corresponded to each 
given timescale (T), and each timescale contained half as many windows as the next 
shortest timescale, so that if the largest timescale contained four windows, the next 
shortest timescale would contain eight. AF variance was quantified at 11 timescales 
ranging from milliseconds to seconds, with those values depending slightly based on the 
file lengths, and the number of peak events (N) were counted within each window for 
each timescale. AF variance at each timescale T was computed by taking the sum of the 
squared differences between neighboring window counts (N and Nt+1) and dividing by 
twice the mean. More clustering of peak events resulted in larger squared differences. 
Therefore, AF variance measured the average degree of clustering (or structure) in peak 
events at each timescale (or temporal hierarchy), meaning AF variance was a function of 
timescale T. If events are clustered across timescales, then A(T) > 1 and increases with 
each larger timescale. If events are random or evenly distributed, then A(T) ≈ 1 across 
timescales (AF analysis does not distinguish between random and periodic events). 

The degree of clustering or variance across timescales was quantified by fitting a 
regression line to each AF function in log-log coordinates. Across the first two chapters, 
the AF regression lines were fit only to the five longest timescales, and in the third this 
was also true, but the regression line was also fit to the six shortest timescales because we 
tested for differences in matching between the lines. We only used the longest timescales 
in the other two chapters so that the slopes of the regression lines computed from speech 
signals roughly corresponded to larger units of speech, like phrases and words, and 
therefore contained more reliable variability to be analyzed. Having less speech in the 
signal can notably produce a steeper regression line, or AF slope, because less available 
peak clustering amplifies the variability detected within infrequent clusters of peaks. 
However, if the quantity of speech is held relatively constant, then we can argue that 
steeper AF slopes correspond to more emphasis and prosodic variability such as that 
found in IDS (Falk & Kello, 2017), and conversely that shallower slopes correspond to 
more monotone speech (Kello et al., 2017). 
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Figure 1. An illustration of the acoustic event analysis derived from Kello et al. (2017). A 
sample 3.5 second waveform is presented in blue at the top, followed by the teal Hilbert 
envelope. The envelope provides the peak threshold (the green line), where only 
amplitudes falling above this threshold may be converted into red peak events. The 
number (N) of peak events are shown inside each window (T) for three different 
timescales (2T), timescales 5, 6, and 7, out of 11 timescales. The AF equation and plot of 
the output are also shown at the bottom. 
 

1.2. Convergence and Communication 
 

In monolingual adult interlocutors, it is common for interacting features of speech 
to become aligned, ranging from small units of speech like phonemes (Pardo, 2006) to 
larger units like prosodic exaggeration (Abney et al., 2014). The theory of interactive 
alignment argues that convergence of such linguistic representations must converge in 
order for communication to be successful (Garrod & Pickering, 2004; Pickering & 
Garrod, 2004a, 2006). For instance, if speakers unwittingly discuss different concepts 
while under the impression that they are discussing the same concept, information 
exchange will be awkward and generally unsuccessful until the discrepancy in 
understanding has been resolved. 
 
1.2.1. Convergence and Early Interactions 
 

Some studies have begun to test if the theory of interactive alignment extends to 
infant-adult interactions, and have primarily found that adults converge features of their 
speech towards their infant’s, but less so vice versa (Ko, Seidl, Cristia, Reimchen, & 
Soderstrom, 2016). However, infants are not entirely passive in these interactions either. 
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The age at which convergence between speakers begins remains a relatively open 
question, so aiming to answer this was one of my first goals surrounding convergence, 
where infants aged between 3 and 18 months were analyzed. 

My first goal of studying convergence is to better understand the process of 
interactive alignment by analyzing convergence in infant-adult interactions. Because 
prosody is important for expressing emotional states and semantic meanings, and infant-
directed prosody is broadly related to infant language acquisition, and convergence is 
required for successful communication, my next goal was to test whether prosodic 
convergence (measured as the hierarchical temporal structure between speakers, also 
known as complexity matching) between infants and adults was either potentially 
reflective of, or caused by, the infant’s lexical ability. In other words, I wanted to 
determine if more lexically advanced infants displayed greater convergence, as would be 
more similar to convergence between adult pairs, and if so, at what age this effect began 
to occur. 
 
1.2.2. Convergence and Performance-Based Interactions 
 

Greater convergence tends to correspond to stronger feelings of rapport 
(Valdesolo, Ouyang, & DeSteno, 2010), meaning speakers who sound more alike in 
various ways tend to feel more amiable towards each other. This has led some researchers 
to study the effects of different forms of convergence on different types of task 
performance, but these findings have been mixed, with greater convergence sometimes 
leading to better performance, sometimes worse, or no relationship at all (e.g., Manson, 
Bryant, Gervais, & Kline, 2013; Reitter & Moore, 2014). To my knowledge, only one 
study by Fusaroli, Abney, Bahrami, Kello, and Tylén (2013) has documented that 
complexity matching increases over time. The authors found their measure of 
performance (“collective benefit,” measured as the ratio of dyad’s slope versus the slope 
of the more sensitive member in the pair) did not correlate with matching until the second 
session, meaning that the relationship between convergence and performance did not 
occur immediately. 

The next goal was to use this dissertation to help determine if convergence was 
related to performance as a function of the prosodic measure of convergence, time 
course, or sex pairing. More specifically, since prosody and alignment both broadly 
correlate with successful interactions, and convergence correlates with rapport (with both 
of these features being important for task performance generally), I test if complexity 
matching is broadly related to performance on a difference-finding task, the Montclair 
Map Task. I aim to help broadly resolve discrepancies between studies by measuring two 
forms of prosodic convergence—complexity matching and speaking rate matching—to 
test whether the effects are similar or diverge, and how any potential effects may be 
moderated by other variables, including sex pairing and time course of the experiment. 
Extending from the research by Fusaroli et al. (2013), a final goal is to test if the temporal 
analyses replicate, where convergence increased over time, during our goal-oriented task. 
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1.2.3. Convergence and Bilingual Interactions 
 

Most studies of alignment and convergence are between monolingual adult 
speakers despite the global prevalence of bilingual speakers. In particular, few studies 
have analyzed alignment across bilingual speakers during inter-language situations, 
where each speaker uses a different language that both understand (e.g., Ni Eochaidh, 
2010). This is largely because it is more difficult to assess convergence when speakers 
use predominantly separate lexicons. However, understanding convergence in bilingual 
conversations is crucial for having a complete understanding of how the features of 
speech interact when the direct matching of words is largely unavailable. Since multiple 
levels of linguistic representation are necessarily not aligned in bilingual conversations, it 
seems that the theory of interactive alignment would predict for there to be less matching 
in inter-language conditions, as compared to intra-language conditions, where this would 
be possible. The final primary goal of this dissertation will therefore be to explore 
convergence during intra- and inter-language conversations. 
 
1.2.4. Complexity Matching of Hierarchical Temporal Structures 
 
 For each of the following studies, complexity matching was measured as the 
strength of the correlation between AF slopes, derived from the quantified hierarchical 
temporal structures (Abney et al., 2014, 2017; Kello et al., 2017; Ramirez-Aristizabal et 
al., 2018). The concept of complexity matching stems from theoretical work on complex 
networks and their interactions. West, Geneston, and Grigolini (2008) theorized that 
when complex networks interact by sending events back and forth to each other, the 
exchange of information is maximized when the networks share a common power law 
dynamic. Exchange of information was defined in terms of the mutual impact on each 
other’s peak event dynamics, and the power law was defined in terms of the time 
intervals between events, which partly describes their patterning in time. 
 West et al.’s analysis of complex networks was purely theoretical and abstracted 
away from human behavior, but other researchers applied their ideas to empirical studies 
of conversations and interpersonal coordination (e.g., Abney et al., 2014; Marmelat & 
Delignières, 2012; Schmidt & Richardson, 2008). The theory is that human behavior 
should conform to principles of complex networks to the extent that these principles hold 
across scales, and information exchange can be measured in the coupling of coordination 
dynamics, as a reflection of underlying dynamics in complex networks. Unlike 
measurements of one-to-one matching, with complexity matching parameters of the 
ensemble statistics of behavior are predicted to converge, particularly when those 
statistics are power law distributed. The theory of complexity matching can be applied by 
treating interacting people as interacting complex networks. 
 Abney et al. (2014) first proposed complexity matching as a theoretically 
motivated measure of coordination dynamics in speech that generalizes over phase and 
other temporal relations in speech dynamics. Abney et al. converted speech waveforms 
into temporal series of peak events that capture hierarchical temporal structure in the 
nested clustering of acoustic speech energy. The timescale of small clusters roughly 
corresponds with phonemes, larger timescales with syllables and words, even larger 
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timescales with phrases and sentences, up to the largest timescales that cover prosodic 
exaggeration and conversational turns. Clustering across timescales reflects the 
hierarchical nesting of phonemes within syllables, syllables within words, words within 
phrases, and so forth (for direct evidence of this, see Falk and Kello, 2017). Hierarchical 
temporal structure as displayed through AF slopes are indirect measures of power law 
dynamics to the extent that AF functions follow straight lines in log-log coordinates, and 
complexity matching can be measured in terms of conversational convergence in the 
exponent estimates for each speaker in a conversation. 

Abney et al. (2014) found evidence for complexity matching in conversations 
about friendly topics that allowed speakers to find common ground, but there was no 
evidence of matching in argumentative conversations about topics of disagreement. This 
study provided some of the first insights into complexity matching in speech, based on 
AF analysis. The methodology of complexity matching has been replicated in follow-up 
studies including Abney et al. (2017) and Schneider et al. (2019). 

Notably, we could extend the concept of prosody out from the individual’s speech 
to the dyad’s collective speech (Cummins, 2018), even when speakers don’t use identical 
words. Conversational turns may then be considered as part of the joint prosodic timing 
and rhythm between speakers, and would thus be influential for complexity matching. 
For example, in asymmetric conversations where one speaker dominates the interaction 
and there are few turns, complexity matching and other forms of convergence may not be 
detected. This issue of asymmetry motivated us to use the Montclair Map Task (Pardo et 
al., 2019) rather than the HCRC Map Task Corpus (Anderson et al., 1991) because the 
latter task had a leader-follower dynamic in which the leader primarily spoke across 
interactions, whereas the Montclair Map Task allowed both participants to engage more 
evenly. Future studies should continue to explore the relationship between matching and 
turn-taking, but turn-taking seems to be an influential mediator of matching. 

Correlations are useful for determining the strength of matching because of their 
built-in baseline of zero. In other words, a chance relationship of matching corresponds to 
a correlation of zero, removing the need for surrogate analyses. The one disadvantage of 
using correlations is that different measures of performance sometimes must be 
quantified during a specific period of time (here being either by month as infants age, or 
trial during a difference-finding task) rather than over time because it is not possible to 
quantify a correlational value per trial. We therefore computed matching per month or 
trial by taking the absolute value of the differences between each speaker’s AF slopes, 
where values nearing zero corresponded to the strongest possible matching and those 
toward one the least possible matching. We were then able to correlate these absolute 
difference measures of matching with their respective scores and test whether matching 
varied by trial or month. Other complementary forms of matching were analyzed in each 
experiment, but those are described within the separate methodology sections. 

 
1.3. Summary of Dissertation 

 
 Prosody and prosodic convergence are together reflective of speaker’s emotional 
states, semantic meanings, feelings of rapport, and successful communication. However, 
these measures have gone relatively untapped in the performative literature, despite their 
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potential to be highly informative for our understanding of effective interactions. Most of 
the literature surrounding convergence has also been focused on monolingual speech 
despite the global prevalence of bilingual conversations. Therefore, in this dissertation I 
analyze two measures of speech in three diverse contexts. These are hierarchical temporal 
structure (a measure of prosody), and the convergence between hierarchical temporal 
structures, known as complexity matching (a measure of prosodic convergence). The 
three contexts are infant language acquisition, task performance, and bilingualism. Each 
study also pairs hierarchical temporal structure and complexity matching with other 
forms of speech or convergence. 
 In Chapter 2, infant lexical ability is correlated with prosody and prosodic 
convergence, as well as volubility and volubility convergence. These additional measures 
of talkativeness were relevant because many prior studies test for differences in volubility 
when assessing infants or children with and without developmental disabilities (Rowe, 
2012). Furthermore, volubility provided a more traditional measure whereas hierarchical 
temporal structure is more novel. I test if the effects of these measures are mediated by 
infant age, where I expect convergence to become stronger, infants to become more 
talkative, and hierarchical temporal structures to become flatter as infants advanced in 
age and linguistic ability. 

Chapter 3 extends from the performative analyses between infant-adult pairs to 
adult-adult pairs. Here, I test whether pairs’ average score on a difference-finding task is 
reflected in two measures of prosody, hierarchical temporal structure and speaking rate, 
as well as the strength of convergence for each measure. Speaking rate is of interest since 
how fast one speaks can influence how well one performs (Haake, Hansson, Gulz, 
Schötz, & Sahlén, 2014). Intuitively, if a speaker is conveying information as quickly as 
possible, some information may be not registered properly. Conversely, slow and 
monotonous speech may cause a listener to discontinue paying attention, thereby also not 
allowing information to be effectively processed. Since prior experiments surrounding 
different forms of convergence and task performance have reported inconsistent findings 
within and across studies, analyzing complementary measures of prosody may help 
elucidate how and why such discrepancies occur. 

In Chapter 4, I move away from analyses of performance to study how the theory 
of interactive alignment extends to monolingual and bilingual conversations. I test if 
either complexity matching (a measure of physical acoustic convergence) or lexical 
matching (a measure of non-physical representations of the meanings of words) is 
affected by the use of two languages (Spanish and English) during two language 
conditions (inter- and intra-language conversations). In other words, pairs were asked to 
have three naturalistic conversations about simple topics when speaking English only, 
Spanish only, or a Mixed condition where one partner spoke Spanish while the other 
spoke English. These novel methods allow me to study convergence while working 
around the unavoidable issue of the lexicons not matching due to differences in lexicons. 
 Following this, in Chapter 5 I first summarize the primary findings from Chapters 
2 – 4 and interpret what these findings mean for each other, and the broader literature 
surrounding prosody and prosodic convergence in the contexts analyzed. Several future 
directions based on the limitations and interpretation of the studies are then proposed, 
followed by a conclusion of the full dissertation. 
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Chapter 2 
 

Hierarchical Temporal Structure and Language Acquisition 
 

2.1. Preface 
 

 In this chapter, I investigate the relationships between vocalization and 
vocalization convergence on infant language learning to determine whether infant’s 
lexical development at 18 months is reflected through infant-adult interactions at 3, 6, 9, 
and 18 months. Using naturalistic at-home recordings, vocalizations produced by adults 
and infants in the environment were encoded to test how two features of vocalizations 
(hierarchical temporal structure and volubility), and the strength of convergence between 
each, correlates with infant’s lexical abilities (measured as the number of words the 
caregivers reported the infant could produce at 18 months). Against my initial 
expectations, only the adult’s hierarchical temporal structure correlated with lexical 
ability and no convergence was found between infant-adult vocalizers (or “speakers”). 
The lack of convergence across ages may have been due to the highly naturalistic 
environment, where infants and adults may or may not have been interacting with one 
another although vocalizing nearby, or our sample of infants may not yet be converging 
with adults on these measures. These findings overall suggest that hierarchical temporal 
structure may be a better moderator of lexical ability than convergence, but additional 
research is needed to better confirm this hypothesis. This research is not under review 
and has not been published in any journals. 
 

2.2. Introduction 
 

 It has been well established that caregivers use infant-directed speech (IDS) when 
addressing infants, with IDS entailing a typically slower paced (Song, Demuth, & 
Morgan, 2010), higher pitched (Golinkoff, Can, Soderstrom, & Hirsh-Pasek, 2015), and 
more prosodically variable (Trainor, Austin, & Desjardins, 2000) form of speech, as 
compared to adult-directed speech (ADS). IDS often relates to better language acquisition 
under the theory that it promotes distinctions between different vowels and syllables 
(Kuhl et al., 1997; Leong et al., 2014; Peterson & Barney, 1952; Thiessen et al., 2005). 
Some literature has also focused on the infant’s own early vocalizations because they are 
theorized to relate to later language ability and developmental issues. Much of this work 
has focused on consonant use (Fasolo, Majorano, & D’Odorico, 2008; Stoel-Gammon, 
1991; Watt, Wetherby, & Shumway, 2006) and some on exploring volubility, or the rate 
of vocalizing per some unit of time (Iyer, Denson, Lazar, & Oller, 2016). However, few 
studies have tested if a relationship exists using acoustic features of infant vocalizations. 

We therefore first analyze correlations between two measures of infant and adult 
speech and the infant’s vocabulary at a later age to assess if either speaker’s vocalizations 
statistically predict the infant’s measurable vocabulary size. These features are 
vocalization durations and hierarchical temporal structure, with the former being a more 
traditional measure of volubility and the latter a newer measure of speech acoustics. If 
either feature is related to vocabulary for adults, this might suggest adults could alter their 
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speech to better aid the infant, i.e. by generally speaking more or using IDS more often. 
Conversely, rather than the adult’s speech influencing the infant’s, it is also possible that 
adults alter their speech in response to their infant’s abilities, where they might for 
example verbalize more or use more advanced speech when addressing infants with 
stronger lexical abilities. For infants, a correlation could suggest that these may be 
meaningful measures for developmental studies, including those which test for verbal 
delays, although developmental delays are outside the scope of this study. 

In addition to the individual patterns of speech, several studies surrounding adult 
pairs have explored what is sometimes known as convergence, synchrony, or alignment 
between various features of speech (and bodily movements). The widely accepted theory 
of interactive alignment argues that for communication to successfully occur between 
speakers, their linguistic representations must be shared across multiple interacting levels 
(Garrod & Pickering, 2004; Pickering & Garrod, 2004a, 2004b). Examples of alignment 
have been demonstrated such as phonetic convergence, where a pair’s phonemes become 
more alike while interacting as compared to before their conversation, and to a lesser 
extent following their interaction (Kim, Horton, & Bradlow, 2011b; Pardo, 2006). 
Another example is language style matching, in which pairs converge on the same 
categories of words when digitally messaging one another (Yilmaz, 2015). Some studies 
have tested for convergence in infant-adult pairs and found that adults converge to the 
infants more than vice versa, but infants are still active in these interactions (Abney et al., 
2017; Ko et al., 2016). 

More convergence between adult pairs also broadly relates to stronger feelings of 
rapport toward one another, meaning that pairs who either speak or move more similarly 
rate their partner more positively than those who do not converge (Manson et al., 2013; 
Valdesolo et al., 2010). This phenomenon also extends to infant-adult pairs in their 
movements. In Cirelli, Einarson, and Trainor (2014), infants were held by an assistant 
and bounced in synchrony with another experimenter to a musical beat. Those bounced in 
synchrony behaved more altruistically than those bounced asynchronously towards the 
experimenter when they later pretended to accidentally drop an object and need help 
retrieving it. Analogous results were found in Cirelli, Wan, and Trainor (2014), but the 
altruistic task changed to the infants being given several toys and being asked by the 
experimenter if they could have one. 

Since convergence is meaningful for successful interactions and is related to 
stronger feelings of rapport, some researchers have explored its relationship with autism 
spectrum disorder and turn-taking dynamics in infant-adult pairs. Warlaumont, Richards, 
Gilkerson, and Oller (2014) analyzed the timing of infant and caregiver vocalizations, 
and reported that infants with autism tend to produce less vocalizations overall, less 
speech-related vocalizations (“speech-related" meaning non-cry, non-vegetative, and 
non-laugh vocalizations), and lead interactions less than typically-developing infants 
(Warlaumont et al., 2014). Meanwhile, adults are more likely to produce responses 
contingent upon speech-related than non-speech related vocalizations, together creating a 
weaker social feedback loop. The typical expectation is therefore that more convergence 
would relate to better language ability, but the findings for both adults and infants have 
been mixed, suggesting that the relations between interactive alignment and language 
acquisition (and other forms of task performance in adult pairs) are complex and context 
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dependent. In another study, Jaffe, Beebe, Feldstein, Crown, and Jasnow (2001) found 
greater vocal rhythm coordination between infants and adults at 4 months was associated 
with higher cognitive scores. Further, an analysis of day-long recordings for infants who 
were hard of hearing reported that the number of conversational turns between infants 
and adults at two years was positively correlated with stronger language abilities when 
the infant was two and three years old (Ambrose, VanDam, & Moeller, 2014). Expanding 
on such research, the present study thus secondly aims to explore if convergence in either 
the vocalization durations or hierarchical temporal structures are found between infant 
and adult vocalizations, and if so, if convergence at earlier ages relates to the infant’s 
vocabulary later on. 

In sum, the goals of the present study are to (1) analyze the relationships between 
infant’s and adult’s volubility and hierarchical temporal structures on infant vocabulary, 
(2) test for convergence between infant’s and adult’s levels of volubility and also their 
hierarchical temporal structures, and (3) analyze the relationships between both forms of 
convergence and vocabulary. The following sections will first describe the literature 
surrounding adult vocalizations and infant language acquisition, followed by an 
analogous section on infant vocalizations and language acquisition. We then discuss 
vocalization convergence in adults and infants, and its relationship with language 
acquisition in a proceeding section. Our experimental methodology follows, and we 
finish with a discussion of our findings and how they impact the current theories 
surrounding infant language acquisition, convergence, and “performance” more broadly. 
 
2.2.1. Adult Vocalizations and Infant Language Acquisition 
 
 It is intuitive that a greater quantity of adult speech—or greater volubility—
relates to better infant and child language abilities, such as having stronger vocabularies 
(Rowe, 2012; Sultana, Wong, & Purdy, 2020). On the most extreme spectrum, we 
remember from cases of neglect like Genie how detrimental extreme isolation and silence 
can be for developmental growth (Curtiss, 1977). However, simply listening to a greater 
quantity of speech alone is not enough to acquire language, which is why an infant cannot 
be left in front of a radio or television and be expected to learn how to speak (Golinkoff 
et al., 2015). In one elucidating study, Rowe (2012) found that increased volubility was 
most important for language learning at 18 months, but by 30 months, the diversity of the 
parent’s vocabulary became more important than volubility alone. This demonstrates that 
both the quantity and quality of the caregiver’s speech matter for language development.  
 Another notable quality of the caregiver’s speech is IDS. While some debate 
exists regarding the functionality or purpose of IDS and the mechanisms involved (e.g., 
McMurray, Kovack-Lesh, Goodwin, & McEchron, 2013), many researchers have found 
that this style of speech is useful for aiding infants in language acquisition and 
comprehension (Golinkoff et al., 2015; Graf Estes & Hurley, 2013). This is at least in 
part because the prosodic emphasis of IDS differs from ADS, with IDS having more 
hierarchical temporal structure or effectively prosodic stress, even when reading the same 
stories and singing the same songs (Falk & Kello, 2017). This increased emphasis on 
vowels and syllables has been theorized to help infants distinguish between speech 
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sounds, allowing parents to actively aid in or help direct language learning, whether 
intentionally or not (Thiessen et al., 2005). 

From the comprehension perspective, Kuhl et al. (1997) found that when using 
IDS, mothers across the United States, Sweden, and Russia stressed their vowels, 
simplifying the auditory process of creating vowel categories or distinctions between 
them (such as the differences between “heed,” “hid,” and “head”; Peterson & Barney, 
1952). Another study found that changes in ADS were syllable-dominant modulations, 
whereas IDS modulations were stress-dominant, meaning that more prosodic stress is 
used when producing syllables in IDS (Leong et al., 2014). In other words, adults can 
hear a monotone voice in ADS and still distinguish between sounds, whereas this would 
be a considerably more challenging task for an infant. These findings suggest that while 
other reasons for IDS use likely also exist and are sometimes concurrent—such as 
expressing IDS to display one’s emotional state (Trainor et al., 2000) or gaining the 
infant’s attention (Zangl & Mills, 2007)—caregivers aid in their infant’s language 
development. However, whether or not IDS or ADS is used may notably be reflective of 
the infant’s own vocalizations and abilities. Since adults eventually transition to using 
ADS instead of IDS, meaning that ADS is used towards more advanced speakers, ADS 
use towards infants seems more probable for those with stronger vocabularies. 
 Some researchers have demonstrated the benefits of IDS for infant vocalization 
production via computational models. In one such study, de Boer and Kuhl (2003) used 
recordings of mothers speaking to either their infants using IDS or ADS to test which 
type of speech is more easily learnable. The model’s goal was to learn the positions of 
three vowel categories (/i/, /a/, and /u/) from a set of corresponding target words 
(“sheep,” “sock,” and “shoe”), spoken in either IDS or ADS. A learning algorithm called 
“expectation maximization of a mixture of Gaussians,” was used to implement statistical 
pattern recognition to learn to classify the different datasets, or establish the distribution 
of each vowel category in acoustic space. The authors acknowledged that the algorithm 
was less powerful than real human learning capabilities, but despite this disadvantage, the 
vowel positions were still learned more accurately when the model was fed the target 
words in IDS compared to ADS. 

In a complementary study, a computational model learned how to produce basic 
words from three languages based only on caregiver responses. Howard and Messum 
(2014) had English, German, and French speakers act as “caregivers” to an unsupervised 
learning model, which acted as an infant learner (named Elija) who could produce 
movements that corresponded to sounds. Elija first learned to produce sounds based on 
his motor outputs alone and was then allowed to interact with a caregiver. The caregivers 
were instructed to close their eyes, imagine they were speaking to a human infant, and 
only respond to Elija when it felt natural to do so, which Elija detected. Although not 
explicitly instructed to do so, the caregivers typically responded to more speech-like 
sounds and would reformulate the utterances into better formed versions of words in their 
first language. Elija then retained any motor patterns that produced sounds the caregivers 
responded to and discarded the ignored sounds. After several repetitions of these 
interactions, the caregivers were allowed to try to teach Elija a few words of their 
choosing. By detecting the sounds produced by the caregiver and mapping it onto 
previous outputs, and perhaps going through some repetitions of this final process, Elija 
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was able to say at least a few simple words in each language. This study was meaningful 
because the caregiver’s responses to Elija’s sounds and motor outputs allowed the model 
to begin learning three distinct languages, further suggesting that adult inputs are 
important for infant language production. 

In sum, caregiver responses are beneficial for infant language comprehension and 
production. Although Falk and Kello (2017) determined differences exist in the 
hierarchical temporal structures of IDS and ADS, they did not explore the impacts of 
hierarchical temporal structure on vocabulary or other measures of language ability. As 
mentioned, it is also possible that the infant’s vocabulary may conversely affect the 
adult’s prosodic structure, meaning that more advanced infants may be addressed using 
ADS instead of IDS. The present study therefore collectively expands upon these theories 
by exploring the association between hierarchical temporal structure and lexical 
acquisition. As a complementary measure, adult and infant volubility are also analyzed in 
relation to the infant’s vocabulary strength. If either volubility or hierarchical temporal 
structure are related, this may indicate that caregivers could either try to speak more often 
or with either more or less prosodic exaggeration to better assist their infant. (Changes as 
small as using different toys to interact with can increase adult volubility; Sosa, 2016). 
 
2.2.2. Infant Vocalizations and Infant Language Acquisition 
 
 Testing for a relationship between infant vocalizations and later language 
capabilities is of interest to developmental researchers in large part because vocalizations 
provide a noninvasive way to predict developmental delays. This a particularly promising 
area of research because a relationship between vocalizations and abilities has been 
broadly shown to exist (Marchman & Fernald, 2008; Roe, 1975; Stoel-Gammon, 1991). 
While much of this research has focused on developmental delays, it is also interesting to 
analyze these relationships in typically developing children to better understand what 
early acoustic skills are reflected in more successful communication later on. Although 
the literature is slightly mixed, several studies have found that more infant volubility 
(Camp, Burgess, Morgan, & Zerbe, 1987; Patten et al., 2014) and speech-related 
vocalizations (Overby, Belardi, & Schreiber, 2020) are related to better vocalization 
quality or ability. Additionally, Fernald, Perfors, and Marchman (2006) found that faster 
and more accurate performance by 25-month-old infants on a spoken word recognition 
task was related to better grammatical and lexical development from 12 to 25 months. 
Language development was reported using the MacArthur-Bates Communicative 
Development Inventory, a standard measure of assessment also utilized in the present 
study to measure vocabulary. 

In contrast to typically-developing infants, those born with autism spectrum 
disorder (Patten et al., 2014; Warlaumont, Richards, Gilkerson, & Oller, 2014) or later 
diagnosed with apraxia of speech (Overby et al., 2020) tend to be less voluble and 
produce less speech-related vocalizations. However, infants born prematurely tend to be 
as voluble as typically-developing infants, though they produce speech-related 
vocalizations less consistently (Oller, Eilers, & Steffens, 1994). As described earlier, a 
repercussion of such speech-related issues is that parents are less inclined to respond to 
non-speech-related vocalizations, or those with a poorer quality, creating fewer 
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opportunities for such infants to engage in feedback loops that are important for language 
development (Warlaumont et al., 2014). We therefore expect for our measure of infant 
volubility to be related to vocabulary, where more volubility correlates with stronger 
vocabularies. 
 While volubility and vocalization type are more popular measures of vocal 
development, few studies to our knowledge have analyzed hierarchical temporal 
structure, with two exceptions being Abney et al. (2017) and Ritwika et al. (2020). In 
Abney et al. (2017), hundreds of day-long, naturalistic recordings of infants and their 
environments ranging in age from 11 days to 2 years and 5 months were created. 
Vocalizations and the silence between them were considered to be binary events, where 
“interevent intervals” were the temporal durations between events. Diverging slightly 
from the present study, hierarchical temporal structure was measured using interevent 
intervals derived from the original audio file, rather than using the original audio file 
itself. Greater hierarchical temporal structure—or when plotted this may be seen as 
steeper slopes—corresponded to non-speech-related vocalizations. With the findings 
from Falk and Kello (2017) also in mind (where IDS corresponded to greater hierarchical 
temporal structure), it seems possible that less advanced infant vocalizations correspond 
to more hierarchical temporal structure, or steeper slopes, by both speakers. We therefore 
expect to find that for both infants and adults, greater volubility and less hierarchical 
temporal structure will relate to stronger infant vocabularies. 
 
2.2.3. Convergence in Adult and Infant Vocalizations 
 

Across numerous studies, pairs of adult speakers have often converged or become 
aligned across interacting levels of linguistic representations when communicating 
(Pickering & Garrod, 2004a). Such alignment has been demonstrated as syntactic 
convergence, where the pair’s use of active or passive phrases (Bock, 1986) or other 
syntactic structures like tree depth and sentence length (Xu & Reitter, 2016) converge. 
Another example of convergence has been observed at the phonetic level (Pardo, 2006), 
where speaker’s phonemes were judged by independent listeners as sounding most like 
their partner’s when interacting with one another, as compared to how their phonemes 
sounded before the task. Following alignment during the conversation, speakers 
phonetically converged the next most strongly post-task when not interacting, suggesting 
convergence can linger. Beyond these two forms, lexical (Brennan & Clark, 1996; 
Fusaroli et al., 2012) and categorical convergence (Manson et al., 2013; Yilmaz, 2015) 
are other commonly studied examples. Convergence has been theorized to be crucial for 
successful communicative interactions (Garrod & Pickering, 2004) and is also related to 
stronger feelings of rapport or positivity towards the other speaker (Valdesolo et al., 
2010). 

Moving past this more established work, some studies have analyzed infant-adult 
convergence as it might relate to predicting developmental delays. While the author 
found no studies specifically proposing so, such experiments could provide a timeline as 
to when and how interactive alignment begin to occur. It is possible that vocalization 
convergence begins at a young age since infants have been recorded becoming more 
coordinated in their behaviors with their parents beginning around 3-6 months (Feldman, 
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2007), with more primitive behaviors such as sleep cycle and heart rate perhaps 
becoming synchronized between mother and fetus in the third trimester (Feldman, 2006). 
Some weaker levels of pitch convergence have been found between parents and infants as 
early as 3 months, and as infants become older and more linguistically advanced, 
convergence becomes stronger (McDaniel, 2020). As mentioned earlier, convergence is 
even important for establishing rapport for infant-adult pairs, in that moving in synchrony 
together to a musical beat makes infants behave more altruistically, i.e. by picking up an 
object the experimenter pretended to drop and needed help retrieving it (Cirelli, Einarson, 
et al., 2014) or offering a toy (Cirelli, Wan, et al., 2014). This suggests that even for 
young infants, convergence of different forms plays an early and important role in 
parental interactions. 

In addition to this work, caregivers have been recorded altering features of their 
own vocalizations to become more similar to their infant’s. In one naturalistic study, 
infants ranging from 12-30 months and their mothers were recorded across an average of 
3.85 days (Ko et al., 2016). When the mothers responded to their child’s vocalizations, 
positive correlations were found between the child’s and mother’s pitch. On the other 
hand, this effect lessened when the child responded to the mother, suggesting that 
mothers adapt their speech more to their children’s vocalizations versus their children 
adapting their vocalizations to their mother’s speech. However, the children did still 
make some small adaptations to their voices to become more similar to their mother’s, 
suggesting they do play an active role in early interactions. 
 Abney et al. (2017) also analyzed naturalistic data which analyzed a few forms of 
vocalization convergence. This included cluster-based coordination, or the amount of 
coordination between binary temporal events derived from the original speech signals, 
also known as hierarchical temporal structure. Rate-based coordination was also 
measured as convergence in volubility between the infants and adults. In line with Ko et 
al.’s findings, as infant age increased caregivers adjusted their hierarchical temporal 
structure to match their infant’s structure, with this relationship being asymmetric. For 
rate-based coordination (or volubility convergence), both the infant and adult converged 
their volubility rates toward the other, thus again demonstrating that infants play an active 
role in their early interactions with their caretakers. 
 These results show the importance of infant-caregiver convergence in 
vocalizations, and while infants are less advanced compared to adult speakers, they are 
still at least somewhat active in their interactions with caregivers. These findings also 
reflect how adults adapt features of their speech to converge toward the infants’ 
vocalizations. Like Abney et al. (2017), the present study tested for convergence in 
hierarchical temporal structure and volubility, although there were differences in how 
hierarchical temporal structure was quantified. The following section discusses the 
potential importance of convergence between infants and adults for infant language 
acquisition. 
 
2.2.4. Vocalization Convergence and Infant Language Acquisition 
 
 Considering that convergence is important for a stronger sense of rapport, and the 
ability to achieve more symmetric convergence seems to be a meaningful milestone for 
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children, it seems probable that convergence would be influential for different forms of 
performance, namely task performance in adults and language ability in infants. To better 
understand the existing literature, we must first discuss adult pairs because more research 
on convergence and performance has been situated in these speakers performing joint 
tasks. Perhaps due to the diverse nature of the tasks, task goals, or levels of analysis, the 
findings have been mixed, with some studies reporting positive, negative, or no 
correlations. For instance, Fusaroli et al. (2012) found mixed results within the same 
experiment. Participants separately viewed two sets of Gabor patches and independently 
select the set which contained a smaller, different patch. If they agreed they progressed to 
the next trial, but if they disagreed, they spoke to come to a joint decision. Expressions of 
confidence, such as “to think,” or “to be sure,” were used to analyze linguistic 
convergence, or the probability of each participant transitioning to using their partner’s 
expression following their use of it. Joint or collaborative performance was measured as 
the collective benefit of the dyad, meaning that the dyad performed better together than 
the more sensitive member of the pair would have alone. On a trial-by-trial basis, 
linguistic convergence positively correlated with collective benefit, but when the full 
repertoire was analyzed, linguistic convergence negatively correlated with collective 
benefit. This suggests that task-relevant vocabularies are related to better joint actions, 
but other types of linguistic alignment are not, indicating that only some vocabularies 
may be used to optimize the relationship between convergence and performance. 
 Analogously to adult pairs, the literature on infant-adult convergence and 
language development have also presented mixed results. The more common finding 
overall is that increased convergence or synchrony of different kinds, such as emotional 
convergence (Yirmiya et al., 2006) and movement synchrony (Fitzpatrick et al., 2016), 
relate to typically developing infants, or those with stronger language abilities. Quigley, 
McNally, and Lawson (2016) demonstrated one such example where infants at either 
high or low risk for autism (based on whether or not the infant’s sibling had autism) were 
recorded interacting with their mothers during 20-minute sessions across 3 and 12 
months, and a follow-up visit at 18 months. By 12 months, both pitch and prosodic 
intensity converged for infant-adult pairs for typically developing infants. However, for 
infants with autism, only pitch convergence was found during the 18-month visit, 
suggesting that the process of convergence may take more time to develop. As also 
mentioned, Jaffe et al. (2001) and Ambrose et al. (2014) respectively found greater vocal 
rhythm coordination and greater conversational turns at earlier ages were correlated with 
stronger cognitive and language abilities at later ages. 

In contrast to these findings, older children with and without autism have been 
found to syntactically (Hopkins, Yuill, & Keller, 2016) and lexically (Branigan, Tosi, & 
Gillespie-Smith, 2016) align their speech with others similarly. Even in infancy, 
convergence has surprisingly not always been found to be related to language capability. 
A study by Seidl et al. (2018) recorded infants with and without a high risk for autism 
over the course of a day, and found pitch and volubility convergence were similarly low 
for both groups. Although neither measure related to autism spectrum disorder, volubility 
and turn count alone did correlate, where typically developing infants produced greater 
numbers of words and turns throughout the day. The reasoning behind these mixed 
findings is unclear, but the mixed nature of the findings suggests that how convergence 
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relates to language development is complex and may only sometimes be reflected in 
alignment between the two speakers. 
 
2.2.5. Current Experiment 
 
 In the present study, we explored the relationships between two features of adult 
and infant vocalizations, the convergence between these features, and the infant’s 
vocabulary at 18 months. These features were volubility, as quantified by the vocalization 
duration for each speaker, and hierarchical temporal structure, an acoustic measure of the 
vocalizations. Vocabulary was parentally reported using the MacArthur-Bates 
Communicative Development Inventory, a standard method for quantifying language 
ability. We tested for these effects when the infant was 3, 6, 9, and 18 months old, 
although the vocabulary assessment was at 18 months only, since this is an age at which 
infants can often say several words. Based on the existing literature, we expected for 
more volubility and less hierarchical temporal structure to relate to better lexical abilities, 
while the expected association between convergence and language ability were less clear. 
 

2.3. Methods 
 

2.3.1. Participants 
 

Sound data were collected from 29 infants (17 male, 12 female) at 3, 6, 9, and 18 
months of age, as part of a larger study (Pretzer, 2019; Ritwika et al., 2020) in which 
recordings from 58 participants were collected (11 did not complete the study). Only 
participants who completed the entire study were analyzed here. Further, only 
participants whose audio files had been fully encoded by researchers were analyzed 
(described in Section 2.3.2.4.). If the duration of total audio produced by either the infant 
or adult alone was less than 20 seconds, the audio file was omitted, leaving 216 of 348 
files, and discarding 132 files, or nearly 38% of the data. 

Participants were recruited from the San Joaquin Valley of California through 
word of mouth, community events, pre-birth hospital tours, and flyers hung around local 
areas, including the university campus, Merced College, and a local hospital. 
Demographic information was collected as part of the larger study but was not analyzed 
here. To give a sense of the participant demographics, out of the 29 infants analyzed, four 
were born in 2015, 12 in 2016, 12 in 2017, and one in 2018. Six of them were exposed to 
at least some Spanish around the household, and one of these six infants was also 
exposed to German, and another Portuguese on occasion. Caregivers reported 15 infants 
being Hispanic/Latino or Hispanic/Latino/white, nine white, four Asian/white, and one 
Hispanic/Latino/Native American/Black. Caregivers were an average of 32.3(±8.7) years 
old with a minimum age of 15, maximum of 64, and median of 32. Caregivers were 
relatively evenly split among socioeconomic status (seven reported a household income 
of less than $30,000, seven were in between $30,000-60,000, six were between $60,000-
90,000, and nine reported over $90,000). 
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2.3.2. Procedures 
 
2.3.2.1. Recording Procedure 
 

Families were lent Language ENvironment Analysis (LENA) recorders 
(https://www.lena.org/) and at least two vests that contained pockets to secure the 
recorders. Research assistants and other experimenters involved on the larger project 
physically provided these materials to the families, or materials were mailed to the 
participants. These recorders captured and classified all of the sounds in the environment, 
including the infant’s vocalizations and any adult vocalizations. Caregivers were 
instructed to have the infant wear the vest containing the recorder from 8 AM or earlier, 
until 7 PM or later, requiring a minimum of 10 hours of audio data. Caregivers were 
allowed to pause the recording for privacy reasons as needed for a maximum of an hour 
but were otherwise encouraged to not pause the recording. We would also remove 
portions of the audio files if participants forgot to pause the recording and retroactively 
decided they wanted it removed for privacy reasons. Caregivers were compensated with 
$20 for the 3-month recording, $30 for the 6-month, $40 for the 9-month, $60 for the 18-
month, and an additional $40 during a final visit in which they were given a summary of 
LENA’s breakdown of what vocalizations occurred during each recording session. 
 
2.3.2.2. Vocabulary Assessment: The MacArthur-Bates Communicative Developmental 
Inventory 
 

During the last recording at 18 months, caregivers were asked to complete three 
questionnaires on the same day as the recording: the MacArthur-Bates Communicative 
Developmental Inventory (MCDI), the Ages and Stages Questionnaire (ASQ), and the 
StimQ questionnaire (the latter questionnaires were also completed during the three prior 
recording sessions). The MCDI is the only relevant questionnaire for the current study, 
and is a widespread method of measuring infant vocabularies and language abilities (e.g., 
Fernald et al., 2006; Lopez, Walle, Pretzer, & Warlaumont, 2020; Makransky, Dale, 
Havmose, & Bleses, 2016), sometimes used for assessing children with disabilities 
(Heilmann, Ellis, Evans, & Hollar, 2005; Luyster, Lopez, & Lord, 2007). For this 
questionnaire, caregivers were instructed to review 22 categories with 680 total available 
words, such as “animal (real or toy),” which lists specific words, like “dog.” If the infant 
could say the word or something similar that carried the correct semantic meaning, the 
caregivers were to fill in the corresponding bubble. Researchers then counted the number 
of bubbles filled in to gauge the infant’s vocabulary strength. It is possible caregivers 
may have either overreported or underreported their child’s vocabulary, but this has 
previously been shown to be a reliable measure of assessment (Skarakis-Doyle, 
Campbell, & Dempsey, 2009). 
 
2.3.2.3. Audio File Selection 
 

The LENA Pro software first processed the audio recordings and classified 
several types of sounds in the environment: infant vocalizations, vocalizations by other 
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children, male adult speech, female adult speech, silence, noise, electronic sounds, and 
vocalizations overlapping with another sound source. Using the infant vocalization 
classification, we automatically extracted the number of infant vocalizations contained 
within five-minute durations across the entire file. We then checked that these segments 
were a minimum of 30 minutes apart from one another. Researchers also checked that the 
LENA software did not misinterpret other sounds for the infant—such as another child in 
the environment—when extracting the number of infant vocalizations, which could lead 
to few real vocalizations. Finally, we checked that the infant’s mouth was not blocked for 
the duration of the file, such as when feeding. If the files were less than 30 minutes apart, 
if the software misinterpreted the audio, or if the infant’s mouth was obstructed, we chose 
the next most voluble five-minute file until there were three files per infant. 
 
2.3.2.4. Encoding Procedure 
 

Researchers were trained to encode infant and adult vocalizations in each file, 
marking the start and stop times of each utterance, along with the type of vocalization 
produced. The infant’s vocalizations were broken down into four categories: canonical, 
non-canonical, reflexive laughing, and reflexive crying. As described by Buder, 
Warlaumont, and Oller (2013), canonical vocalizations are those which contain a 
consonant, vowel, and speech-like timing, whereas non-canonical sounds contain more 
primitive speech-like vocalizations, which may, for instance, only contain a vowel sound. 
No vegetative sounds were encoded, which include hiccups, burps, and other bodily 
sounds. 

All adults in the environment were classified as one speaker, or in other words, 
adult speakers were not differentiated. Teenagers or older children who were acting as 
caregivers to the infant were also encoded as adults. Adult speech was categorized first 
by whether or not their utterances were directed towards the infant. Regardless of 
directionality, all spoken words were transcribed. If an adult was speaking to the infant, 
the type of speech used was encoded, such as prohibitive speech and imitation. Teenagers 
or older children who were acting as caregivers to the infant were also encoded as adults. 
Researchers were unaware of the participant’s identification when encoding these files, 
helping to ensure they were not biased by knowledge of the infant’s age at the time of the 
recording. 

For the present study, only the start and stop times of each utterance for both 
infants and adults were utilized due to the varying sparseness of the audio files. 
Participants were only selected for analysis here if researchers had fully encoded all 12 of 
each infant’s audio files (three five-minute files deriving from recordings at 3, 6, 9, and 
18 months). 
 
2.3.2.5. Data Preprocessing for Allan Factor Analysis 
 

Since the recorders only contained one stream of audio and we were interested in 
analyzing the infants’ and adults’ vocalizations separately (to the extent that the 
vocalizations were not overlapping, where any overlaps were uncontrolled for and a 
limitation of the present study), we used the start and stop times from each encoded 
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utterance to create two separate streams of audio for each speaker in MATLAB R2020b 
(9.9.0.1467703). Any adults in the environment were treated as a single speaker since 
they were not encoded separately, and any sounds in the audio stream that did not 
correspond to the designated speaker were muted. The total duration of the infants’ and 
adults’ vocalizations were then calculated. 
 
2.3.2.6. Hierarchical Temporal Structure and Allan Factor Analysis 
 

As described in detail within Chapter 1, hierarchical temporal structure in speech 
was measured using Allan Factor (AF) analysis. Hierarchical temporal structure was 
quantified as the variability of acoustic events (or degree of nested clustering) across 
timescales. To remind the reader, clusters of peaks at the shortest timescale contain very 
little clustering or variance, whereas those at the longest timescale contain a lot. This is 
because the shortest units of speech provide minimal clusters as they are already at their 
smallest state, but longer units of speech like phrases can be broken down into sentences, 
words, and phonemes. Little clustering or variance across timescales corresponds to 
flatter AF slopes and more monotone speech (Kello et al., 2017), whereas steeper slopes 
relate to more prosodically variable speech. This methodology is beneficial for use 
because it uniquely allows speech variability to be quantified across timescales 
simultaneously, regardless of how linguistically advanced the speaker is. The description 
for how hierarchical temporal structure is measured using AF analysis is also described in 
Chapter 1, with the only specific note for the present study being that we used audio 
durations of exactly 5 minutes, and the 11 timescales of AF variance thus ranged from 
approximately .01 to 13.13 seconds. The AF regression lines were fit only to the 5 
longest timescales, ranging from 0.82 to 13.13 seconds. 
 
2.3.2.7. Complexity Matching Measures 
 

Complexity matching was measured as the strength of the correlation between AF 
slopes, derived from the quantified hierarchical temporal structure at each timescale 
(Abney et al., 2014, 2017; Kello et al., 2017; Ramirez-Aristizabal et al., 2018). As a more 
exploratory but relevant analysis, complexity matching was also measured as the strength 
of the correlation between the durations of vocalizations, measured in milliseconds. 
Again, correlations are useful for determining the strength of either form of matching 
because of the automatic correlational baseline of zero, removing the need for surrogate 
analyses. The aforementioned disadvantage of using correlations is that they require more 
than a single score per pair, so they cannot quantify the relationship between matching 
and MCDI score for each pair at each month. We therefore computed matching per 
month by taking the absolute value of the differences between each speaker’s AF slopes, 
or each speaker’s volubility, where values nearing zero corresponded to the strongest 
possible matching (Schneider et al., 2020). We then correlated these absolute differences 
with MCDI scores, and whether this form of matching varied by month. 

All statistical analyses and plots were conducted using R (version 3.6.3 (2020-02-
29) – “Holding the Windsock”), and packages lme4, lmerTest, and ggplot2 (Bates, 
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Mächler, Bolker, & Walker, 2015; Kuznetsova, Brockhoff, & Christensen, 2014; 
Wickham, 2016, respectively). 
 

2.4. Results 
 

2.4.1. Summary of Hypotheses and Analyses 
 

In the following sections, we first tested for differences in infant and adult AF 
slopes by the infant’s age to determine if any changes to hierarchical temporal structure 
occurred. We next tested if either speaker’s AF slopes related to the infant’s MCDI score, 
a measure of verbal ability (M = 64.67 words, SD = 64.36, see Figure 2). Steeper adult 
AF slopes were initially hypothesized to predict MCDI score, since steeper slopes 
correspond to more infant-directed speech (Falk & Kello, 2017), which has been 
proposed across many studies to aid in language acquisition (e.g., Kuhl et al., 1997; 
Leong, Kalashnikova, Burnham, & Goswami, 2014). However, since adult-directed 
speech corresponds to flatter slopes, it was also possible that adults may use more adult-
directed speech towards more verbally advanced infants, or more verbally advanced 
infants may simply have caregivers who use more adult-like speech. For infants, we 
hypothesized that slopes would become flatter over time since this corresponds to more 
adult-like speech. Similarly to these analyses for AF slope, we next tested for differences 
in vocalization durations by both speaker types (infant or adult) and infant age. 
Vocalization durations were of interest because they had the potential to be unbalanced 
between speakers and reflective of volubility. We also tested if volubility related to 
MCDI score, and expected that for either speaker at any month, greater volubility or 
longer vocalization durations would predict higher scores. 
 Analogously to the above tests, we next investigated if complexity matching in 
AF slopes or volubility matching in vocalization durations occurred between speakers, 
and if this varied by infant age. Finally, we tested if either form of matching related to 
MCDI scores. We expected increased matching in AF slopes and volubility to relate to 
better MCDI scores, under the theory that vocalizing more similarly could reflect 
stronger verbal abilities. Infants who speak in more adult-like patterns presumably have 
stronger vocabularies than those who do not, and caregivers using more variable patterns 
of speech is suggestive of attending to and perhaps aiding the infant in their language 
learning (whether consciously or not). 
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Figure 2. MCDI score was plotted as a histogram, where each infant had one score which 
was reported at 18 months. 
 
2.4.2. Allan Factor Analysis, Volubility, and MCDI Score 
 
 We were first interested in testing if there was a relationship between AF slope 
and volubility to determine if less speaking could lead to increased clustering, or steeper 
AF slopes. Using two linear mixed effects regressions (LMER), we predicted volubility 
on AF slope for infants and for adults, with participant identification as the random 
effect. This supported our hypothesis that steeper AF slopes would correlate with less 
volubility (adults: β = -0.66, t(213.60) = -12.76, p < .001, infants: β = -0.51, t(214) = -
8.65, p < .001). Despite this, we know from Falk and Kello (2017) that when utterances 
are held constant, adults display steeper AF slopes when using infant-directed speech 
(versus adult-directed speech), suggesting that prosodic variability is influential on this 
measure nonetheless. These effects did not vary for adult speakers by infant age when the 
interaction between volubility and month was added to each model (all p > .05) but 
varied slightly for infants (see Figure 3A). For 3-month-old infants only, no relation 
between AF slopes and volubility was detected, β = -0.01, t(205.82) = -1.41, p = .16 (see 
Figure 3B), and this effect was significantly different from the other 3-month conditions 
(interaction at 3 and 6 months: β = 0.44, t(205.38) = 3.07, p = .002; 3 and 9 months: β = 
0.51, t(207.13) = 3.06, p = .003; 3 and 18 months: β = 0.46, t(207.89) = 2.72, p = .007). 
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Figure 3. A. Adult vocalization durations (or volubility) predicted adult AF slopes across 
months. B. Infant vocalization durations predicted infant AF slopes except at 3 months. 
Note: All plots of regressions shown here do not include error terms for better visibility 
and because the plots differ minimally from the outputs which include error terms. 
Volubility was also standardized in the statistical models, but not in the plot for easier 
interpretation. 
 

We next tested if AF slopes differed by adult and infant speakers using a two-
sample t-test. AF slopes significantly differed by adult and infant speakers, t(418.78) = 
3.03, p = .003, with adults having steeper slopes (M = 0.80, SD = 0.30) than infants (M = 
0.72, SD = 0.25). To determine whether this difference was due to adults speaking less 
than infants, we ran another two-sample t-test on infant and adult volubility and found no 
reliable difference, t(419.13) = 0.23, p = .82. Steeper slopes could therefore reflect more 
infant-directed speech, since flatter slopes are associated with adult-directed speech, as 
previously shown in Falk and Kello (2017). Using a one-way repeated measures 
ANOVA, we found that neither adult nor infant slopes varied reliably by infant age 
(adults: F(1,28) = 0.01, p = .91; infants: F(1,28) = .06, p = .81; see Figure 4), although 
infants descriptively had flatter slopes at 3 and 18 months. While the meaning of this 
finding is less clear at 3 months, at 18 months we can speculate that vocalizations are 
becoming more adult-like or advanced. 
 

 
 
Figure 4. Average AF slope by month for adults (A) and infants (B). Adults had a higher 
mean slope than infants overall. Infants had flatter slopes at 3 and 18 months compared to 
6 and 9 months. 
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 We next tested if either speaker’s AF slope was related to MCDI score, where we 
initially expected that steeper adult slopes and flatter infant slopes would relate to higher 
scores, although we could imagine reasonable hypotheses being proposed in opposing 
directions too. We used a linear model here with no random effects, rather than a LMER 
with random effects, because the model failed to converge using the latter model. Thus, 
using a linear model with the standardized slope as the predictor value and MCDI score 
as the predicted value, we found that infant AF slopes were not related to MCDI score 
across months, β = -3.97, t(214) = -0.90, p = .37. We next tested if this effect varied by 
month by adding an interaction term between slope and month to the model. Infant AF 
slopes also did not predict MCDI within months, all p > .05 (see Figure 5B). However, 
the relationship trended such that steeper slopes at 3 and 6 months, and flatter slopes at 9 
and 18 months, related to better MCDI scores, meaning that the infant’s vocalizations 
might be predictive of their future and current vocabulary at those respective months with 
more power. 

Using the same models with adult rather than infant data, when the data were 
averaged across months, adult AF slope was marginally related to MCDI score, β = -9.79, 
t(214) = -2.25, p = .03, with flatter slopes correlating with stronger scores. In other 
words, more monotone adult speech correlated with better scores, which may be 
reflective of this type of speech affecting infants’ vocabularies, since MCDI scores have 
been reported to be a reliable assessment of language ability in prior literature (Skarakis-
Doyle et al., 2009). Although this effect trends the same way across all months, it is not 
reliable when broken down as such, all p > .05 (see Figure 5A). For both models, flatter 
slopes or more monotone and adult-like speech descriptively related to better scores, and 
perhaps with more power these effects would become reliable. 
 
 

 
 
Figure 5. A. Adult AF slope predicted MCDI score when the data were collapsed across 
all months, but lost power and became nonsignificant when broken down by month. B. 
Infant AF slope did not statistically predict MCDI score, but the 9- and 18-month slopes 
trended similarly to the adults’ slopes, where flatter slopes related to better scores. 
 

To ensure that the effect of adult AF slope predicting MCDI score was not due to 
adult volubility, we created a similar linear model with adult vocalization duration 
predicting MCDI score. No effect was found over all months, t(214) = 0.43, p = .67. 
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When broken down by month, the adults’ vocalizations when the infants were 3 months 
differed marginally from 18 months, β = 26.26, t(208) = 2.04, p = .04, but there was no 
effect for either month, all p > .05 (see Figure 6A). The lack of an effect overall suggests 
more monotone adult speech related to better infant scores since volubility did not 
correlate with MCDI scores, but AF slopes did. (Infant volubility also did not relate to 
MCDI score over all months, β = 1.96, t(214) = 0.45, p = .66., or by month, all p > .05; 
see Figure 6B.) 
 

 
 
Figure 6. A. Adult vocalization duration (or volubility) did not predict MCDI score when 
the data were collapsed across all months or broken down by month, although the 3- and 
18-month slopes marginally differed from each other. B. Infant vocalization duration did 
not statistically predict MCDI score. 
 
2.4.3. Complexity Matching, Volubility Matching, and MCDI Score 
 

We anticipated that we would replicate the general effect of complexity matching 
found in prior studies (Abney et al., 2014; Schneider et al., 2020). We used a LMER to 
test if this effect was found across all months, with adult slope predicting infant slope and 
the random effect of participant identification, and found no such effect, β = 0.01, 
t(208.46) = 0.14, p = .89. When the interaction between adult slope and month was added 
to the model, no effects were found by month (all p > .05, see Figure 7A), raising the 
question of at what age matching begins to occur. Likewise, we were also curious if 
volubility matching could be observed. Using a similar model with adult volubility 
predicting infant volubility, no matching was observed here either across months, β = 
0.03, t(210.2) = 0.39, p = .70, or within months, all p > .05 (see Figure 7B). To the 
author’s knowledge, this is one of the first times complexity matching has not been 
observed between speakers (other than during argumentative conversations; Abney et al., 
2014), suggesting that complexity matching and volubility matching are neither arbitrary 
measures nor phenomena. 
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Figure 7. Adult and infant AF slopes (A) and vocalization durations (B) were not 
correlated at any month, meaning complexity matching and volubility matching were not 
detected, respectively. 
 

Despite the post hoc knowledge that there was no matching between speakers, we 
still tested if there was a relationship between matching and MCDI scores, our primary 
question of interest. To determine the strength of matching at each month, we used the 
absolute difference between infant and adult slopes, where zero corresponded to the 
strongest possible matching. We then created a linear model predicting complexity 
matching on MCDI score without a random effect, because a LMER with a random effect 
failed to converge. Again going against our initial expectations, there was no relationship 
between matching and MCDI scores across all months, β = -20.01, t(214) = -1.96, p 
= .29. After adding the interaction term between matching and month, there was no 
relationship between months either, all p > .05 (see Figure 8A). Using analogous models, 
there was also no relationship between volubility matching and MCDI score across 
months, β = -0.07, t(214) = -0.47, p = .64, or by month, all p > .05 (See Figure 8B). These 
null results were anticipated post hoc since there was no matching at any age, but this 
went against our original hypothesis that more matching would be predictive of better 
MCDI scores. 
 

 
 
Figure 8. Complexity matching was measured here as the absolute difference between 
infant and adult AF slopes (A) and absolute difference between infant and adult 
vocalization durations (B). Neither form of matching significantly correlated with MCDI 
score. 
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2.5. Discussion 
 

In this study we examined the effects of adult and infant volubility, volubility 
convergence, hierarchical temporal structure, and complexity matching (or the 
convergence between the speaker’s hierarchical temporal structures) on the infant’s 
vocabulary strength to determine if these vocalization features or the alignment between 
them were related to vocabulary size at 18 months. Out of these analyses, only adult 
hierarchical temporal structure predicted vocabulary. These largely null effects for 
individual vocalizations were surprising given the amount of literature relating greater 
volubility (Overby et al., 2020; Warlaumont et al., 2014) and other features of speech 
(Fernald et al., 2006; Rowe, 2012) to typically developing or stronger later language 
outcomes. Since the effects of convergence were grounded in mixed findings from prior 
literature (e.g., Quigley et al. (2016) versus Seidl et al. (2018)), our hypotheses were 
more exploratory. However, this was notably one of the first times complexity 
matching—at least as measured by hierarchical temporal structure—was lacking between 
speakers, except during argumentative conversations between adults (Abney et al., 2014). 
The general lack of effects may be due to the measures themselves not being predictive 
of these later outcomes, having too small of a sample size, the naturalistic character of the 
experiment, or perhaps because the vocabularies were self-reported by caregivers. 
 
2.5.1. Less Adult Hierarchical Temporal Structure Correlates With More Advanced 
Vocalizations 
 
 The primary significant finding was that the adult hierarchical temporal structure 
marginally predicted vocabulary across all months, where flatter AF slopes or less 
hierarchical temporal structure correlated with stronger vocabularies. However, this 
effect vanished when broken down by month, suggesting that this effect was either weak 
or more data were required. One significant limitation was that no files containing >20 
seconds of vocalizations were utilized to help ensure the data were rich enough to be 
analyzed, but this omitted a large portion of the dataset. Since Falk and Kello (2017) 
found that flatter AF slopes correspond to ADS, and ADS corresponds to more advanced 
and adult-like speech, these findings suggest that adults adjusted their prosodic structure 
to be more similar to more lexically advanced infants who vocalize with flatter slopes. In 
other words, perhaps once infants begin to sound more adult-like and speculatively use 
more advanced speech-related vocalizations, adults align their speech to the infant to also 
become more adult-like. 

On the less likely hand, these findings could stand in contrast to the majority of 
the literature arguing that IDS is more helpful than ADS for language learning (e.g., de 
Boer & Kuhl, 2003; Golinkoff et al., 2015; Thiessen et al., 2005). Perhaps using more 
ADS in one’s speech models more mature language for the infant to use, allowing for 
stronger vocabularies. Since hierarchical temporal structure can vary based on volubility, 
we can imagine one arguing that the AF slopes are flatter because adults spoke more 
instead of using ADS, but this is unlikely since volubility was not related to vocabulary 
whereas hierarchical temporal structure was. However, we should again remind the 
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reader that regardless of either explanation, this effect was marginal, and we are therefore 
cautious about overinterpreting our findings. 

In addition to the marginal nature of these findings, we are also hesitant to 
overinterpret them since the measure of vocabulary was self-reported by the caregivers. 
Although this method of reporting vocabulary was found to be reliable in past studies 
(Skarakis-Doyle et al., 2009), it is still plausible that caregivers may either overreport or 
underreport their child’s vocabulary size, particularly since they filled out the 
questionnaire without researcher supervision, although they did receive written 
instructions from a researcher beforehand. Another limitation is that an infant’s 
vocabulary size is not the only measure of language capability, and other qualities of 
vocalizations including the vocalization type may be informative or relate more strongly 
to volubility and hierarchical temporal structure (Pretzer, 2019). Other measures of 
language ability should therefore continue to be analyzed in relation to hierarchical 
temporal structure and volubility. 
 
2.5.2. Less Infant Hierarchical Temporal Structure Descriptively Relates to 
Stronger Vocabularies 
 
 While infant hierarchical temporal structure did not significantly correlate with 
vocabulary, the plots of these trends are compelling because for the younger 3- and 6-
month-olds, steeper AF slopes descriptively related to stronger vocabularies at 18 
months, and the opposite trend occurred for the two older groups (see Figure 5B). This 
finding is descriptively interesting because it falls in line with findings from Abney et al. 
(2017), where AF slopes were flatter for more advanced speech-related vocalizations and 
steeper for non-speech-related vocalizations. These results together suggest that more 
advanced vocalizations are reflected in flatter AF slopes, whether that may be for ADS 
(Falk & Kello, 2017), speech-related vocalizations (Abney et al., 2017), or perhaps infant 
vocabulary. On the other hand, steeper slopes correspond to IDS, non-speech-related 
vocalizations, and perhaps poorer vocabulary scores. Future studies should continue to 
investigate if hierarchical temporal structure relates to different language abilities, as it 
might potentially prove to be another noninvasive measure to predict developmental 
delays. 
 
2.5.3. Volubility Did Not Significantly Relate to Vocabulary Size 
 
 Going against our initial hypotheses, we were surprised to find null effects of 
adult and infant volubility on vocabulary given both how intuitive this effect is and 
because it has been demonstrated in prior studies (e.g., Hirsh-Pasek et al., 2015; Sultana 
et al., 2020). However, the association between vocabulary size and volubility may have 
been reduced by including all adult and infant vocalizations, where some sounds like 
infant cries and adult vocalizations directed towards others in the environment (“other-
directed speech”) may have been less associated with vocabulary size. Specifically, 
other-directed speech has been excluded from prior studies (Ramírez-Esparza, García-
Sierra, & Kuhl, 2014) or found to not be associated with language learning (Weisleder & 
Fernald, 2013). One insightful explanation proposed by authors including Golinkoff et al. 
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(2015) and Sperry, Sperry, and Miller (2019) is that both the quantity and quality of adult 
vocalizations are important, rather than the quantity alone. Rowe (2012) also proposed 
this rationale: When assessing infants of different ages, volubility was predictive of 
vocabulary ability in 18-month-old infants, but by 30 months, vocabulary diversity 
became the better predictor. While these findings still stand somewhat in contrast to our 
own since our sample of infants were 18 months old and younger, it may still be the case 
that the quality of the vocalizations mattered more than the quantity of them. It is also 
possible that there is another measure of volubility or feature of vocalizing that is a better 
predictor of vocabulary. For example, while we used the total amount of time vocalizing 
to determine volubility, one could also measure the total number of utterances. It would 
additionally be useful for future research to focus on the specific types of utterances used, 
such as only those that were speech-related or non-speech-related. We did not have the 
power needed to analyze parsed utterances by type, but we can imagine this being 
informative for later vocabulary size. 
 
2.5.4. Neither Complexity Nor Volubility Matching Related to Vocabularies 
 

Even though adults tend to align their voices to infants more than vice versa 
(Abney et al., 2017; Ko et al., 2016), we still expected to find some levels of complexity 
or volubility matching between the pairs, especially by 18 months. In contrast to our 
predictions neither form of matching was found at any age. The lack of complexity 
matching was notable since it has been observed across languages and during most 
friendly adult conversations (Schneider et al., 2020), and only less so during infant-adult 
interactions (Abney et al., 2017) and not during argumentative conversations (Abney et 
al., 2014). This finding therefore demonstrates that complexity matching is indeed a 
meaningful measure of matching that is not guaranteed. Further, this result leaves the 
question of when complexity matching begins to occur open for future studies to continue 
exploring, though our preliminary findings did not detect it between 3 and 18 months. 
 
2.5.5. Limitations 
 

Although infant and adult volubility were not reliably different from one another, 
it is possible the interactions were still rather asymmetric, in that either speaker could 
have vocalized for the majority of the first half of the recording and the other for the 
second half, for example. Since the recordings were also in naturalistic environments, it is 
plausible infants and adults were in the same room and vocalizing at the same time, but 
not to one another, such as if the caregiver were addressing someone else while the infant 
vocalized separately. Furthermore, the caregiver was often the primary person being 
encoded by researchers, but not always; researchers were instructed to encode any adults 
in the environment. This carried the benefit of including all adult sounds the infant heard, 
but these sounds were not required to be directed toward them (researchers did parse the 
data by directionality, but the data were again sparse enough we chose to include all 
vocalizations). It would also be valuable for future studies to measure interrater reliability 
for researchers who encoded the vocalization durations. 
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While using naturalistic recordings had many benefits, future experiments aiming 
to explore convergence might find it useful for the experiments to be more contrived so 
that a specific goal may be given, such as by directly instructing the caregivers to interact 
with the infants. This cannot guarantee the infant will respond in a symmetric manner, 
but it does guarantee that the caregiver is addressing the infant. Such a study would be 
useful for continuing to test when convergence between children and parents starts, so as 
to better inform the theory of interactive alignment. For example, in a study by Newman 
et al. (2016), mothers and their seven-month-old infants played with a standard set of toys 
(e.g., plush animals, a baby doll) while their vocalizations were recorded. Once the 
infants turned two years old, the parents completed a standard vocabulary assessment 
using the MCDI, similarly to the present study. Although the number of words spoken by 
the parents to the infants was analyzed, hierarchical temporal structure and measures of 
convergence were not, leaving such a study open for future research. 
 
2.5.6. Conclusion 
 
 In sum, only the adult’s hierarchical temporal structure or style of speech showed 
a relation to the infant’s vocabulary size, but the infant’s hierarchical temporal structure 
trended such that a correlation may potentially exist for infants too. Conversely, neither 
complexity nor volubility matching related to lexical ability. These findings together 
suggest that an individual’s vocalizations are a better predictor of later vocabulary ability 
than the matching between features of each person’s vocalizations. However, the 
limitations of our study should encourage future researchers to explore these questions, 
including what vocalization features are predictive of later language learning and at what 
age interactive alignment begins to occur.
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Chapter 3 
 

Hierarchical Temporal Structure and Performance in the Montclair Map Task 
 

3.1. Preface 
 

In this chapter, I assess the relationships between speech and speech convergence 
on task performance to determine if stronger or poorer performance is reflected through 
emotive (or performative) features of speech. Using audio data from the Montclair Map 
Task Corpus, I test whether performance on a difference-finding task correlates with two 
measures of prosody (hierarchical temporal structure and speaking rate), or the strength 
of convergence between each measure (complexity matching and speaking rate matching, 
respectively), as functions of epoch and sex pairing. I found that male-male pairs spoke 
faster to each other and had more speaking rate matching than female-female or male-
female pairings, but there was no effect of pair sex on hierarchical temporal structure or 
complexity matching, indicating these are distinct measures of analysis. Only male-male 
pairs showed a relationship between better task performance, more hierarchical temporal 
structure, and slower speaking rates, suggesting these pairs performed better when they 
spoke more slowly with more prosodic exaggeration. Somewhat analogously to the 
findings from the previous chapter, performance was again better moderated by 
hierarchical temporal structure than forms of convergence. A version of this manuscript 
is under review and was co-authored by Chris Kello, Jennifer Pardo, and Kathleen 
Coburn. 

 
3.2. Introduction 

 
3.2.1. Prosody and Effective Communication 
 

Prosody is essential for effective communication across spoken and signed 
languages (Brentari & Crossley, 2002; Dachkovsky & Sandler, 2009; Greiser & Kuhl, 
1988; Grünloh, Elena, & Michael, 2011; Ito & Mester, 2013). The features composing 
prosodic structure include speaking rate, amplitude, pitch, rhythm, and intensity 
(Culpeper, 2011; Erekson, 2010; Zhu & Penn, 2006). Prosodic structure helps inform the 
listener of the speaker’s semantic meanings, intents, emotions (Culpeper, 2011; House, 
2007), aids in word recognition (Cutler, Dahan, & van Donselaar, 1997; Kim & Sumner, 
2017) and also helps with listener comprehension (Frazier, Carlson, & Clifton, 2006; 
Speer & Ito, 2009). Prosody therefore seems to act as a communicative tool during verbal 
exchanges, helping the speaker to convey information to the listener (Erekson, 2010; 
House, 2007; Selting, 2010). 

Despite prosody’s importance for successful communication, little research to the 
author’s knowledge has analyzed features of prosody for individual adult speakers in 
relation to performance on collaborative tasks. However, as described in the previous 
chapter, many studies have examined features of adult prosody in relation to infant 
language acquisition. The majority of this literature has found young infants prefer the 
more prosodically exaggerated speech used when addressing infants as compared to 
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adults (Cooper & Aslin, 1990), and that this form of speech helps infants learn vowel 
categories and word boundaries (de Boer & Kuhl, 2003). For example, Thiessen, Hill, 
and Saffran (2005) found that infants can differentiate between artificial words and part 
words (or the syllables between words boundaries, including “ty ba” in “pretty baby”) 
after being exposed to them in infant-directed speech, but not in adult-directed speech. 
This form of speech may help to grab an infant’s attention because it is less monotone 
than adult-directed speech (Falk & Kello, 2017; Kello et al., 2017). Another study by 
Haake, Hansson, Gulz, Schötz, and Sahlén (2014) found 5- to 6-year-old children 
performed better on a grammatical test when it was spoken to them using slower 
speaking rates. On the other hand, our own findings from Chapter 2 indicated that more 
monotone adult speech was related to better speech ability in infants, suggesting that 
these findings may be somewhat mixed. While these studies lie in the context of infants 
and children, the findings overall suggest that prosody is important for some forms of 
understanding and learning, which may potentially also be applicable to adults, such as 
how more prosodically exaggerated speech is less monotone and thus perhaps more 
reflective of greater task engagement. On the other hand, more monotone speech may 
indicate that the speakers are either bored or taking the task very seriously. 
 
3.2.2. Measures of Prosody and Performance 
 

Since the use of prosody is important for expressing one’s meanings and emotions 
clearly, we predicted that the use of prosody would relate to performance. In the present 
study, we first examined two different measures of prosody, hierarchical temporal 
structure and speaking rate, and how they related to performance on a collaborative task 
that required verbal communication. The former is a more novel measure of variability in 
the amplitude and timing of speech as seen through the nested clustering of acoustic 
speech energy, whereas the latter is a more traditional measure of analyzing words per 
second. The data come from a previously published study of dyadic speech interaction 
(Pardo et al., 2019) in a variant of the well-known HCRC Map Task (Anderson et al., 
1991), which involved one participant guiding another through a map, where the leader 
was shown a visible path but the follower was not. Since we have only thus far drawn 
analogies from infant studies, and these findings were somewhat mixed, we expected that 
either monotone or prosodically exaggerated speech would relate to task performance, 
although we were unsure of the directionality of any potential effects. We tested if these 
relationships depended on the epoch (beginning, middle, or end of the experiment) or the 
sex pairing of the interlocutors (male-male, female-female, or mixed male-female) since 
prior analyses of the present corpus (Pardo et al., 2019) and other studies (Manson et al., 
2013) have found sex differences, and testing for the effects of practice is standard in the 
behavioral sciences (Harrison et al., 2003; McGregor, Eden, Arbisi-Kelm, & Oleson, 
2020; Wesnes & Pincock, 2002). 

As described in the following sections, we also tested whether the pairs’ speaking 
rates and Allan Factor (AF) functions converged or became aligned, and whether the 
degree of convergence related to map task performance. Like hierarchical temporal 
structure and speaking rate, we tested if any such relationships with performance 
depended on the pair sex or epoch. Sex differences have been found on the HCRC map 
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task corpus and during other conversations, motivating these analyses (Bilous & Krauss, 
1988; Leaper & Ayres, 2007; Mulac, 1989; Pardo et al., 2019; Vogel, Lopes, & Esposito, 
2017). 

Hierarchical temporal structure and speaking rate were chosen in part because 
each reflects differing but complementary features of prosody. AF analysis relates to 
prosodic exaggeration as shown through variability in hierarchical temporal structure 
caused by changes in emphasis and amplitude, whereas overall speaking rate may vary 
independently of changes in emphasis and amplitude (although both measures were 
averaged over the duration of the conversation). For example, one could increase or 
decrease their speaking rate while remaining monotone, or one could speak either loudly 
or quietly without changing their speaking rate. Further, speaking rate is a more direct 
measure of analysis. In contrast, the use of AF analysis allows us to analyze prosodic 
variation across timescales, providing a wider scope of analysis than, say, amplitude 
alone, though measuring amplitude would be interesting for future studies. 
 
3.2.2.1. Hierarchical Temporal Structure 
 

Hierarchical temporal structure, or the nested clustering of acoustic speech 
energy, was measured using Allan Factor (AF) analysis, the details surrounding which 
are described in the introductory chapter. To summarize this methodology, Falk and 
Kello (2017) found that the prosodic exaggeration of infant-directed speech manifests as 
greater hierarchical temporal structure. More specifically, they found that the variability 
in acoustic durations of linguistic units—including syllables, words, phrases, and 
speaking rate—was correlated with the degree of hierarchical temporal structure as 
measured by AF analysis, but only the longer timescales were analyzed here. This is to 
say that hierarchical temporal structure a feature of prosody that is reflective of prosodic 
exaggeration. Along similar lines, Kello et al. (2017) found that speakers in a 
conversation displayed greater hierarchical temporal structure than those giving a TEDx 
talk for an audience, where speech is more monotone. These results served as the basis 
for using AF analysis in the present study to assess hierarchical temporal structure, or 
prosodic exaggeration. 
 
3.2.2.2. Speaking Rate 
 

Speaking rate was measured as the mean number of linguistic units produced per 
time unit, such as the mean number of words or syllables per second. It can vary 
depending on factors like the degree of speaker excitation (Koolagudi & Krothapalli, 
2011; Yildirim et al., 2004), and faster speaking rates may also result in less variability 
(Dellwo & Wagner, 2003; Ramirez-Aristizabal et al., 2018). That is, when speaking 
faster, more syllables can be packed into phrases, reducing the number of phrases overall 
(D’Imperio, Gorka Elordieta, Prieto, & Vigário, 2005; Jun, 2003) because faster speaking 
rates may come at the cost of less accurate and shortened phonemes where more short 
utterances can fit into a phrase than long utterances (Hilton, Schüppert, & Gooskens, 
2011). While faster speech may be more monotone, it has often been found to correspond 
with increased social attractiveness, liveliness, and confidence (Buller, LePoire, Aune, & 
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Eloy, 1992; Jiang & Pell, 2017; Mariooryad, Kannan, Hakkani-Tür, & Shriberg, 2014; 
Weiss & Burkhardt, 2010). This may be because faster speakers are perceived as being 
more decisive and energetic, but this effect may also be due to the reduced variability in 
speech, lessening the cognitive load of the listener (Francis & Nusbaum, 1996). However, 
speaking quickly is not always beneficial because speaking slower can aid in listener 
comprehension (Robinson, Sterling, Skinner, & Robinson, 1997). 
 
3.2.3. Convergence and Performance 
 
 In spoken interactions, behaviors ranging from postural sway (Shockley, Santana, 
& Fowler, 2003), to gaze (Richardson, Dale, & Tomlinson, 2009), to various levels of 
speech (Bock, 1986; Pardo, 2006), often converge between interlocutors. This 
phenomenon is also frequently referred to as alignment, matching, and coordination. 
Different forms of prosodic convergence have also been observed in prior studies 
(Gorisch, Wells, & Brown, 2012; Manson et al., 2013; Schneider et al., 2020). For 
instance, individuals have varying baseline speaking rates, but when two individuals 
speak together, their speaking rates often converge toward their mean rate (Giles & 
Baker, 2008). Further, in early verbal interactions between mothers and their infants, 
mothers often adjust features of their speech to converge toward their children (Abney et 
al., 2017; Ko et al., 2016). Other forms of convergence in speech also exist, such as 
phonetic convergence (Nielsen, 2011; Pardo, 2006) and syntactic convergence (Bock, 
1986; Healey, Purver, & Howes, 2014), which respectively measure the alignment of 
phonemes and syntax between speakers. 

The communicative role of convergence in verbal interactions is open to 
investigation (Falk & Kello, 2017; Giles, 1973; Giles & Baker, 2008; Staum Casasanto, 
Jasmin, & Casasanto, 2010), but convergence across interacting levels of representations 
has been theorized to be crucial for successful communication (Garrod & Pickering, 
2004; Pickering & Garrod, 2006). For example, at the level of semantic representations, 
if one speaker is referring to a “note” as in a musical note, but the other is referring to a 
“note” in a textbook (Ullmann, 1974), their semantic representations are not aligned, and 
the interaction would be confusing until the representations became aligned and 
participants were colloquially on the same page. 

There is also evidence for the involvement of convergence in either establishing, 
or perhaps resulting from, common ground and increased rapport. Rapport is a term used 
to express positive sentiments between people, such as feelings of connectedness, 
closeness, or prosocial behavior (Valdesolo et al., 2010). When pairs or groups of people 
experience heightened feelings of rapport, researchers have theorized that they display 
increased behavioral coordination (Bernieri, 1988; Lakin & Chartrand, 2003; 
Vacharkulksemsuk & Fredrickson, 2012), and while the literature has been somewhat 
mixed (e.g., Carmody, Mateo, Bowers, & McCloskey, 2017), previous studies have 
mostly supported this hypothesis. In a study of Japanese telephone conversations, greater 
convergence in pitch and intensity were correlated with greater speaker engagement and 
amiability (De Looze, Scherer, Vaughan, & Campbell, 2014). Another study examined 
hierarchical temporal structure convergence, or complexity matching (Abney et al., 
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2014), and found convergence across timescales only during affiliative or friendly 
conversations, but not during argumentative conversations. 
 Evidence for prosodic convergence as a communicative function has led some 
researchers to investigate whether aspects of prosodic convergence, as well as other types 
of convergence, might relate to performance when speakers must work together towards 
a common goal (Coco, Dale, & Keller, 2018; Fusaroli et al., 2013; Pardo, 2006; Pardo et 
al., 2013; Pardo, Jay, & Krauss, 2010; Reitter & Moore, 2014; Weber, Christiansen, 
Indefrey, & Hagoort, 2018). The results of prior studies have been generally mixed, 
suggesting that relationships with performance, if they exist, are subtle and may depend 
on a variety of contextual factors yet to be determined. In an example where more 
convergence was related to better performance, Reitter and Moore (2014) analyzed 
syntactic alignment and score in the classic HCRC Map Task Corpus (Fay et al., 2018; 
Mushin, Stirling, Fletcher, & Wales, 2003; Reitter & Moore, 2014). As briefly described, 
an instruction giver (leader) verbally communicated information about a path on a map to 
an instruction receiver (follower). The instruction giver was shown a path on their map, 
but the instruction receiver was not shown a path on their otherwise identical map, and 
the pair could not see each other’s maps (Anderson et al., 1991). Therefore, the 
instruction giver verbally guided the instruction receiver from start to finish on the map. 
More syntactic alignment between speakers correlated with better dyadic performance on 
the task. In another study, male-male pairs, but not female-female pairs, who had more 
co-laughter counts and proportions were more likely to cooperate on a prisoner’s 
dilemma task (described in more detail in the following section; Manson et al., 2013). 

Using less standard methods of analyses, Fusaroli et al., (2013) analyzed a study 
(Bahrami et al., 2010) in which pairs of participants viewed Gabor patches and 
independently selected the patch that was different from the rest. If the pair disagreed 
about which patch was different, they discussed the trial until coming to a joint 
agreement. Speech convergence in their discussions was measured by complexity 
matching, or convergence in the temporal features of speech across a range of timescales. 
This convergence was found to positively correlate with dyadic visual discrimination, as 
did convergence in confidence ratings (Fusaroli et al., 2012). Fusaroli and Tylén (2016) 
also conducted a similar study and found alignment of repeated prosodic entropy across 
pairs, as measured by cross-recurrence quantification analysis (CRQA), which is a 
method for essentially quantifying nonlinear cross-correlation patterns. Thus, while there 
is evidence for a positive relationship between task performance and convergence, 
performance may be better reflected in measures of convergence like complexity 
matching or CRQA, that go beyond alignment to capture other kinds of non-linear, 
interactive relationships. 
 In contrast, convergence sometimes exhibits a negative correlation with measures 
of task performance. For example, Ireland and Henderson (2014) studied how dyads 
negotiate over instant messenger about what to do on an imaginary vacation, with 
priorities for the vacation given in advance, and cash incentives for winning the 
negotiations. The words spoken by participants were placed into nine categories using the 
Linguistic Inquiry and Word Count (LIWC) text analysis program, which places words 
into meaningful categories organized by various aspects of social, affective, and 
cognitive processes (Francis & Pennebaker, 1993; Tausczik & Pennebaker, 2009). Dyads 
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who aligned their language styles in terms of LIWC categories were less likely to come 
to an agreement with their partner. In a differing movement-based study, Coco, Dale, and 
Keller (2018) asked pairs of individuals to determine if they were viewing the same 
picture or not without seeing each other’s picture. When dyads freely engaged in 
conversation, broadening their visual attention through less gaze alignment led to better 
task performance, perhaps using more of a divide-and-conquer strategy. 

These broad differences across studies are likely due to engaging in different tasks 
or analyzing different levels of convergence. Within studies, some differences in 
convergence and its relation to task performance may also change over the course of the 
interaction. Some studies have found that convergence increases over time (Fusaroli et 
al., 2013; Natale, 1975; Pardo, 2006), while others have observed a decrease (Matarazzo, 
Wiens, Saslow, Dunham, & Voas, 1964; Ray & Webb, 1966). For example, Pardo (2006) 
found phonetic convergence in a slightly modified version of the HCRC map task, and 
this convergence was observed in the first half of the conversation, but was stronger in 
the second half. Additionally, prosodic alignment across a range of timescales was found 
to increase over time in a task where participants were to determine which Gabor patch 
was different from the rest (Fusaroli et al., 2013). At a much longer timescale, Ray and 
Webb (1966) analyzed convergence in the lengths of questions and answer at news 
conferences with President John Kennedy, and found that across the course of several 
years, the correlation between question and answer length increased. However, when the 
authors analyzed the same correlation within conferences, the correlation decreased from 
the first, to the second, to the third segment of each conference (also see Levitan and 
Hirschberg, 2011). 
 
3.2.4. Measures of Convergence: Complexity Matching and Speaking Rate 
Matching 
 
 In the present study, complexity matching was measured as the degree of 
correlation between two speaker’s AF slopes. Thus, this measure reflects the degree of 
convergence in prosodic exaggeration between paired speakers. Described in the 
introductory chapter, this convergence is referred to as complexity matching (Abney et 
al., 2014), where in theory, more alignment should be indicative of better information 
exchange (West et al., 2008), more successful communicative interactions (Garrod & 
Pickering, 2004; Pickering & Garrod, 2006), and stronger feelings of rapport (Valdesolo 
et al., 2010). While complexity matching has been observed across friendly adult 
conversations (Schneider et al., 2020), it has not been shown in argumentative 
conversations (Abney et al., 2014) or in recordings of adult and infant speakers, as shown 
in Chapter 2. We therefore expected more complexity matching to be correlated with 
higher scores or better performance. However, since other studies have found divergence 
to sometimes be more beneficial for performance depending on the task and level of 
analysis (Coco et al., 2018; Ireland & Henderson, 2014), we could reasonably imagine 
this effect going in the opposite direction. Due to the built-in nature of correlations, 
where a value of zero is equivalent to matching up speakers by chance, no surrogate 
analyses were required. 
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We measured speaking rate matching as the degree of convergence between each 
talker’s speaking rates, or words per second. Like other levels of speech, speaking rates 
often converge when people converse (Giles & Baker, 2008; Kousidis et al., 2008), and it 
has been hypothesized that convergence in speaking rates may enable convergence at 
other levels of speech (Fusaroli & Tylén, 2012; Garrod & Pickering, 2009; Pickering & 
Garrod, 2004b). For example, Manson et al. (2013) asked triads of participants to interact 
freely for 10 minutes, and then afterwards each participant played a one-shot prisoner’s 
dilemma game with each of their two partners. Participants were given $3 from the 
experimenter if they chose to defect, keeping their money for themselves, whereas if 
everyone chose to cooperate and transfer their money, everyone’s payoff would double. 
Cooperators who encountered defectors lost their money. Therefore, a higher payoff 
indicated more mutual cooperation. After completing the game, participants rated how 
warm and competent they felt their partner was using a slider as a measure of rapport, 
and convergence was measured in each pair’s speaking rate. Results showed that 
speaking rate, but not rapport, predicted increased cooperation. This indicates that speech 
rate matching could reflect cooperation, enable friendlier exchanges, and perhaps reduce 
the cognitive load of the interaction. Like the correlational measure of complexity 
matching, no surrogate analyses were required to determine that no speaking rate 
matching would correspond to a value of zero. 
 
3.2.5. Current Experiment 
 
 In the present study, we investigated relationships between communicative 
performance and the two measures hierarchical temporal structure and speaking rate. We 
also analyzed convergence of these measures over the course of the spoken interactions. 
We investigated these phenomena in naturalistic conversations elicited during the 
Montclair Map Task (Pardo et al., 2019), which is a variant of the HCRC Map Task 
(Anderson et al., 1991). The HCRC map task corpus has been a boon to studies of speech 
communication and performance, but the asymmetrical nature of the task results in 
unbalanced conversational contributions. That is, those in the instruction giver (leader) 
role typically produce twice as much speech as those in the instruction receiver (follower) 
role (Pardo, Jay, & Krauss, 2010; Pardo et al., 2019). To resolve this issue, Pardo et al. 
(2018) modified the task so that both participants had a path, and the maps differed in the 
composition of the landmarks. The new goal of the Montclair Map Task was to identify 
the differences between the participants’ two maps and to indicate the locations of the 
missing landmarks on their own maps (see Figure 9). Further, unlike the original task 
where one participant gave instructions and the other received instructions, participants 
were assigned identical roles, which engaged them more evenly in their interactions. 
 We also investigated the degree to which relationships between performance, our 
measures of prosody, and convergence vary as a function of the measure (speaking rate 
versus hierarchical temporal structure), pair sex (male-male, female-female, or mixed), 
and amount of practice (epoch). To our knowledge, only one other study has documented 
the time course of prosodic convergence (Fusaroli et al., 2013), and no prior studies have 
examined how adult performance and prosody co-vary over time, or vary depending on 
pair sex. Given that the phenomenon of convergence is commonly theorized to be related 
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to communication accommodation (Gallois & Giles, 2015), and that performance on 
nearly any task tends to improve over time (Feinstein, Brown, & Ron, 1994; Roediger & 
Karpicke, 2006; Sawyer et al., 2011), we expected both forms of convergence to increase 
over time. 
 Regarding pair sex, males and females have been found to have both different 
(Anders, Hovy, & Søgaard, 2015; Holmes, 1995; Leaper & Ayres, 2007; Puts, Hodges, 
Cárdenas, & Gaulin, 2007) and similar (Hancock & Rubin, 2014; Mehl, Vazire, Ramírez-
Esparza, Slatcher, & Pennebaker, 2007) qualities to their speech (Palomares, 2009), 
although such findings are not always straightforward or consistent (Byrne, Dillon, & 
Tran, 1994; Leaper & Ayres, 2007). For example, Leaper and Ayres (2007) conducted a 
meta-analysis and found that males speak more than females overall, but only when the 
female was a stranger or a spouse, and not if she was a friend. This difference was 
strongest in task-oriented as opposed to free-form conversations. In other studies, males 
have been found to sometimes dominate conversations by speaking more than females 
(Brescoll, 2011; Leaper & Ayres, 2007; Puts et al., 2007). Notably for our dataset, Pardo 
et al. (2019) found that males spoke more than females overall, and both greater verbosity 
and increased speaking rate were related to decreased performance among same-sex male 
pairs. However, pairs with female members showed the opposite trend, where faster 
speech was associated with higher scores. These effects suggest that pair sex may be a 
factor in convergence and its possible relationship to communicative performance. 
 

3.3. Methods 
 

3.3.1. Participants 
 

Speech data were analyzed from a study by Pardo et al. (2019) in which 48 pairs 
of participants were recruited from Montclair State University (mean age = 21, SD = 2.8 
years). Participants were randomly paired together in one of three sex pairings—female-
female (FF), male-male (MM), or a mixed female-male condition (MX)—totaling 16 
pairs in each condition. All participants reported being native English speakers, and 26 of 
them reported proficiency in a second language, but the experiment was entirely in 
English. Participants were not acquainted with one another prior to the experiment, and 
they were compensated $20 for participation. Demographic and other information about 
participants can be found in Pardo et al. (2019). The Allan Factor (AF) analyses reported 
in the introduction required recordings to be at least 3.5 minutes long, and as a result five 
pairs were omitted from analyses, as four or more of six trial recordings were <3.5 
minutes long. Of the remaining 43 pairs (14 FF, 16 MM, 13 MX), 25 trials were omitted 
for being <3.5 minutes long. 
 
3.3.2. Procedures 
 
3.3.2.1. Conversational Task 
 

Participants engaged in a modified version of the well-known Edinburgh HCRC 
map task (Anderson et al., 1991), called the Montclair Map Task (Pardo et al., 2019). The 
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original goal of the Edinburgh map task was to have pairs engage in a leader-follower 
interaction where the leader verbally guided the follower through a drawn map, and the 
path could only be seen by the leader. Because the asymmetric task goals made studying 
convergence more difficult, Pardo et al. (2019) designed the Montclair Map Task to be 
like the original Edinburgh map task in that pairs were still given similar but slightly 
different maps, and they were required to speak to resolve discrepancies between their 
maps. However, in the Montclair Map Task, pairs had the different goal of finding the 
differences in landmarks on their maps, and were both provided with the same path as a 
reference point (for example, see Figure 9), which meant that neither participant should 
necessarily act as a leader or a follower. The Montclair Map Task was thus a more 
symmetric task than the original Edinburgh HCRC map task. 

Each pair of participants sat in a soundproof booth at a small table with a divider 
that prevented visual interaction between them. Dyads were evenly paired by sex among 
three combinations: male-male (MM), female-female (FF), and mixed female-male 
(MX). Pairs were given six sets of maps to engage in six difference-finding trials, and the 
maps each had five shared and five distinct landmarks, or a total of five shared and ten 
different landmarks between the two maps. For each map, both participants were 
instructed to determine and locate the five landmarks that were missing from their own 
maps but were present on their partner’s maps. Each map was printed on an 8.5” x 11” 
piece of paper and participants could not see each other’s maps. The assignment and 
ordering of map pairs was randomized. We grouped the six maps or trials into three 
epochs (beginning, middle, and end), with two trials per epoch, to test for differences 
over time. The pair’s goal was to find all five differences per map, or 10 differences 
altogether. Once a missing feature was found, the participant used a pencil to draw where 
they believed the absent landmark was located on their partner’s map, using verbal 
communication only. Each pair decided without researcher intervention when they had 
found all the missing features for each set of maps and when to move on to the next trial. 
Additional details regarding the materials, equipment, and recordings can be found in 
Pardo et al. (2019). 

The trials were recorded as one continuous waveform, so each trial was extracted 
by hand and analyzed separately. Recordings contained little crosstalk or noise between 
the channels separating partner vocalizations, and the Audacity™ software was used to 
remove what slight noise there was. A noise profile was chosen based on crosstalk 
examples selected from a visual and auditory review of the speech waveform by the 
researchers, and the noise profile chosen was applied to the entire waveform, and 
therefore across all trials, to ensure the selection process was minimally subjective but 
still adequately filtered. 
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Figure 9. An example of one set of maps, where one participant would be assigned map 
A and the other map B. Five features are shared between the maps: the pyramid, remote 
village, tall mountain, footbridge, and crest falls. Ten features are different between the 
two maps. In A, the landmarks missing are the country road, old truck, dead tree, 
poisoned stream, and meadow. In B, these are the telescope, baboons, north square, 
temple, and milk bar. All sets of maps contained the same number of shared and different 
features. 
 
3.3.2.2. Task Performance Scoring 
 

Two independent raters scored performance on each map based on five 
categories: correctly marked location of missing feature (20 points); incorrect mark 
adjacent to the correct location and on same side of path (15 points); incorrect mark near 
the correct location or on other side of path (10 points); incorrect mark distant from a 
correct location (>2 inches, 5 points); and no corresponding mark (0 points). The 
maximum score for each map was thus 100 points since there were five missing features, 
and the final participant’s scores used the average of both raters’ scores. Pardo et al. 
(2019) reported inter-rater reliability to be high (r = 0.84). This scoring methodology is 
analogous to that originally used by the aforementioned Anderson et al. (1991), who 
superimposed a 1cm-by-1cm grid and scored the participants based on how closely the 
actual and drawn paths matched. 
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3.3.2.3. Speaking Rate and Hierarchical Temporal Structure Measures 
 

Speaking rate was measured as words per second during each trial, including time 
spent pausing during a speaking turn, but not time between turns. As described in detail 
in Chapter 1, hierarchical temporal structure was quantified using AF analysis (Kello et 
al., 2017; Ramirez-Aristizabal et al., 2018; Schneider et al., 2020); please return there for 
a more informative description. However, to provide a brief reminder, more hierarchical 
temporal structure as seen by steeper slopes relates to more prosodically variable speech, 
such as when engaging in a conversation as opposed to giving a TEDx talk, where little 
hierarchical temporal structure corresponds to monotone speech and flatter AF slopes 
(Kello et al., 2017). This methodology is useful because it concurrently allows variability 
in speech to be measured across timescales rather than only studying one level of 
analysis. Like Chapter 2, the present audio durations were exactly five minutes long, so 
the 11 timescales of AF variance ranged from approximately .01 to 13.13 seconds, and 
the AF regression lines were fit only to the five longest timescales, also ranging from 
0.82 to 13.13 seconds. 
 
3.3.2.4. Speaking Rate Matching and Complexity Matching Measures 
 

Speaking rate matching was measured as the strength of correlation between 
paired speaking rates. As also described in Chapter 1, complexity matching was 
measured as the strength of correlation in the slopes of AF functions (Abney et al., 2014, 
2017; Kello et al., 2017; Ramirez-Aristizabal et al., 2018). As a reminder, the use of 
correlation has the advantage of obviating the need for surrogate analyses, or a control 
group, because a chance relationship necessarily corresponds to zero correlation. 
However, when analyzing the relationship between either complexity matching or 
speaking rate matching and the dyad’s average score on the task, we needed a measure of 
complexity matching for each trial to correspond with the scores that were observed. 
Correlations can only be computed across trials, so we could not relate them to 
performance on each separate trial. Instead, we computed per-trial measures of matching 
by taking the absolute value of the difference between speaking rates or slopes for each 
trial. We then correlated these absolute differences with measures of performance, and 
tested whether absolute differences varied with epoch or pair sex. 

All statistical analyses and plots were conducted using R (version 3.6.3 (2020-02-
29) – “Holding the Windsock”), and packages lme4, lmerTest, and ggplot2 (Bates, 
Mächler, Bolker, & Walker, 2015; Kuznetsova, Brockhoff, & Christensen, 2014; 
Wickham, 2016, respectively), with the exceptions of the left two plots for Figure 10, 
which were created using MatLab_R2020B (9.9.0.1467703). 
 

3.4 Results 
 

3.4.1. Summary of Hypotheses and Analyses 
 

In the following sections, we first tested if task performance was related to 
hierarchical temporal structure, as reflected by AF slopes, to see if steeper slopes (or 
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greater hierarchical temporal structure, consistent with greater prosodic exaggeration) 
corresponded to better task performance. Because prosody reflects emotional states like 
feeling enthused or uninterested, and hierarchical temporal structure is reflective of 
prosodic structure (Falk & Kello, 2017; Kello et al., 2017), we expected greater 
hierarchical temporal structure to relate to better scores. As a second measure of prosody, 
we also tested if faster speaking rates were related to performance, as might be predicted 
if faster speech relates to either better information exchange by rapidly producing words 
efficiently, or worse information exchange by rushing through the task. Both hypotheses 
were possible and therefore entertained. 

As complementary analyses, we also tested if convergence in either AF slopes 
(complexity matching) or speaking rates (speaking rate matching) related to performance. 
Convergence was of interest in part because it has been theorized to be required across 
levels of representation in order for successful communication to occur (Garrod & 
Pickering, 2004; Pickering & Garrod, 2004a, 2004b). Also, stronger degrees of 
convergence are often related to stronger feelings of rapport (Manson et al., 2013; 
Valdesolo et al., 2010), which may additionally be indicative of task performance. In 
other words, pairs who converge more either tend to feel more positively towards the 
other (although the causality of this effect is unknown), and we therefore hypothesize that 
greater complexity and speaking rate matching will be related to higher scores. We first 
determined if convergence effects replicated previous studies, and next if the degrees of 
either form of matching were related to task performance. For all analyses, we tested 
whether the effects were dependent upon epoch or pair sex to check if the mixed results 
of past studies may be explained by the complex relationships between task performance, 
hierarchical temporal structure, speaking rate, and both forms of matching. While we did 
not have clear predictions about the directionality of effects when broken down by pair 
sex or epoch, it seemed possible that these conditions would be influential for matching 
strength. 
 
3.4.2. Basic Findings by Epoch and Pair Sex for Participant Accuracy, Hierarchical 
Temporal Structure, and Speaking Rate 
 

Participants were relatively accurate in finding the missing landmarks: 74.5% 
scored 90 points or more across all 6 maps, with only 9.7% scoring 80 points or less (M = 
91.5 points; SD = 9.5). The average amount of time spent completing each trial was 
almost 6 minutes (347 seconds), ranging from approximately 3.5 to 13 minutes (212 and 
770 seconds, respectively). Using a one-way within-subjects ANOVA, score was found 
to increase over time, with an average of 89 (±10) points in the beginning epoch and 93 
(±9) points in the middle and end, F(2, 160) = 15.94, p < 0.001. Time to complete the 
task did not vary as a function of pair sex, F(2, 40) = 0.45, p = .64, nor did score vary by 
pair sex, F(2, 40) = 0.85, p = .44. 

We next tested if AF slopes varied by either epoch or pair sex. For both models 
the predicted variable was AF slope, the predictor variable was either epoch or pair sex, 
and the error term was individual participant identification (ID). AF slopes were not 
significantly different for either epoch or pair sex (all p > .05, see Figure 10). The lack of 
AF effects for epoch or pair sex, compared with the large and reliable effects for speaking 
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rate, show that they are different prosodic measures that can reflect different aspects of 
spoken communication. In this case, speaking rate was sensitive to differences in 
conditions whereas hierarchical temporal structure was not. 

The average speaking rate was 3.04 (±.41) words per second. A linear mixed 
effects regression (LMER) was first used to test for differences in speaking rates by 
epoch, where epoch was the predictor variable, speaking rate was the predicted variable, 
and ID divided by epoch was the error term. Results showed that speaking rate generally 
decreased from the beginning to the end of the experiment (see Figure 10), where 
speaking rate was fastest in the beginning epoch (beginning: M = 3.09, SD = 0.42; 
middle: M = 3.02, SD = 0.41; end: M = 2.99, SD = 0.40). The beginning had faster 
speaking rates than the end, β = 0.18, t(152.06) = 3.27, p = .001, and descriptively faster 
rates than the middle, β = 0.10, t(152.19) = 1.69, p = .09. The middle and end were not 
significantly different from each other, β = 0.09, t(152.68) = 1.48, p = .14. In a similar 
model, to test for pair sex differences, we replaced epoch with pair sex, and changed the 
random effect to participant ID. Male-male (MM) pairs spoke significantly faster than 
both female-female (FF) pairs, β = 1.00, t(82.61) = 4.74, p < .001, and mixed male-
female (MX) pairs, β = 0.71, t(83.44) = 3.32, p = .001 (MM: M = 3.26, SD = 0.37; FF: M 
= 2.86, SD = 0.35; MX: M = 2.99, SD = 0.41). FF and MX pairs did not speak at 
significantly different rates, β = 0.28, t(82.47) =-1.28, p = .20. 

AF slopes and speaking rates were negatively correlated across all participants 
and averaged over trials, r(84) = -.28, p = .008, which was expected given prior results 
showing that faster speaking rates correspond to flatter AF functions (Ramirez-
Aristizabal et al., 2018). Since MM pairs spoke faster than FF and MX pairs, we were 
curious if the correlation between AF slope and speaking rate varied by pair sex. We used 
a LMER with AF slope as the predictor variable, speaking rate as the predicted variable, 
the interaction between AF slope and pair sex as a fixed effect, and individual participant 
ID as the random effect (these data were not averaged over trials). Contrary to our 
hypothesis, no significant effects or interactions between pair sexes were found (all 
p > .05; see Figure 11). 
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Figure 10. (Left) Mean AF variances are plotted as a function of timescale for the three 
different epochs and sex pairings in log-log coordinates. All regression lines were fit to 
the five longest timescales. Mean speaking rates are shown as a function of epoch and 
pair sex with standard error bars. (Right) Mean speaking rates are shown as a function of 
epoch and pair sex with standard error bars. 
 

 
 
Figure 11. AF slope (the predictor variable) is plotted against speaking rate (the predicted 
variable) as a function of sex pairing, with regression lines for each condition. Note: All 
regression plots presented here do not reflect error terms for clearer visibility and because 
the plots differ minimally from the outputs which include error terms. 
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3.4.3. Hierarchical Temporal Structure (AF Slope) and Performance 
 

We were interested in testing if hierarchical temporal structure was related to 
performance because this structure is reflective of prosodic exaggeration or the lack 
thereof. Since prosody allows speakers to display feelings of excitement, frustration, and 
boredom, it is important for successful communication, and one can therefore imagine it 
being important for tasks that require verbal interactions. Hierarchical temporal structure 
was displayed through AF slopes and performance was measured by the spatial accuracy 
and number of true differences found. Expectations for the degree of hierarchical 
temporal structure are based on its correlation with prosodic emphasis, including steeper 
AF slopes correlating with more prosodic exaggeration and vice versa. Steeper AF slopes 
have been found when adults speak to infants as compared to other adults (Falk & Kello, 
2017) or when having a conversation compared to giving a professional talk for an 
audience (Kello et al., 2017). Exaggeration could reflect either the excitement of finding 
and confirming differences or frustration towards poor communication that impedes 
success, and monotone speech might reflect boredom or a serious tone about completing 
the task. 

We tested our primary question of whether hierarchical temporal structure 
correlated with average dyad scores first by creating a LMER with AF slope as the 
predictor variable, score per trial as the predicted variable, the interaction between AF 
slope and trial as a fixed effect, and dyad as the random effect. A non-significant 
correlation was found between slope and score, β = 0.58, t(430.57) = 0.94, p = .35, but 
when we switched the interaction term from AF slope and trial to AF slope and epoch, so 
that the data were broken down into three groups instead of six trials, this new correlation 
ranged from being marginal to significant (beginning: β = 1.23, t(459.05) = 1.97, p = .05; 
middle: β = 1.96, t(457.13) = 2.71, p = .007; end: β = 1.55, t(458.54) = 2.49, p = .01; all 
interactions had p > .05; see Figure 12A). This finding suggests that more exaggerated 
speech correlated with higher scores and that the relationship was relatively consistent 
across epochs. On the other hand, these findings together indicate that the discrepancy 
between the models was due to the grouping of trials and initially a lack of power, but 
future studies should attempt to replicate this effect to ensure that it is consistent across 
studies. 

We next tested whether this correlation depended on sex pairing by replacing the 
epoch term in the above model with pair sex. No effects were found for FF or MX pairs 
(all p > .05), whereas better performance corresponded with higher AF slopes for MM 
pairs only, β = 4.07, t(456.40) = 7.18, p < .001 (see Figure 12B). MM pairs differed from 
FF pairs, β = 4.20, t(456.78) = 5.16, p < .001, and MX pairs, β = 4.95, t(455.90) = 5.08, p 
< .001. These results show that more hierarchical temporal structure—or prosodically 
exaggerated speech—was correlated with better performance, but primarily for male-
male interactions. This seems to indicate that when male speakers engaged with other 
males (but not females), their scores were reflected through their speech, where it might 
be that having more monotone speech displays boredom or a somber attitude and more 
exaggerated speech displays excitement about engaging in the task itself or doing well. 
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Figure 12. The predictor AF slope is plotted against the predicted averaged dyad score as 
a function of epoch (A) and pair sex (B), with regression lines for each group. Higher 
scores were found across epochs, but only for MM pairs with steeper AF slopes, or 
greater hierarchical temporal structure. 
 
3.4.4. Speaking Rate and Performance 
 

We next tested if speaking rate and score were related where one can imagine the 
rate of information transferal being important for task performance. More specifically, 
faster speaking rates could lead to better performance if this meant that more words 
produced in a shorter duration of time conveyed more useful information, but this may 
alternatively mean the opposite if faster rates reflect rushing through the experiment, 
indicative of a speed/accuracy tradeoff. 

To test this relationship we created a LMER with speaking rate for the individuals 
as the predictor variable, score per trial as the predicted variable, the interaction between 
speaking rate and trial as a fixed effect, and dyad as the random effect. A negative 
correlation was found with slower speaking rates corresponding to higher scores, β = 
1.58, t(440.41) = 2.50, p = .01. With the current findings and those from the above 
section in mind, it appears that speaking rate did display a speed/accuracy tradeoff in 
rushing through trials, whereas AF slopes generally expressed the excitement of finding 
and confirming differences. These findings broadly demonstrate that these two measures 
of prosody are distinct from one another. 

We next tested whether this correlation with score varied over time by adding the 
interaction between epoch and speaking rate into the prior model. Speaking rate was 
found to correlate with score at the end, β = -1.81, t(458.19) = -2.69, p = .007, and 
marginally at the middle, β = -1.26, t(457.43) = -1.83, p = .07, but not at the beginning, 
p > .05 (the beginning was different from the end, β = -2.08, t(457.75) = -2.28, p = .02; 
see Figure 13A). This suggests that the relationship between speaking rate and score grew 
over time, and slower speaking rates were statistically predictive of higher scores and 
vice versa by the end of the experiment. This further implies that speaking rate was 
sensitive to epoch whereas hierarchical temporal structure was not. In other words, the 
detrimental effect of rushing through trials was strongest at the end, whereas participants 
expressed their performance through hierarchical temporal structure more consistently 
over epochs. 
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Like the prior section, we tested whether correlations with score depended on the 
pairing of sexes by replacing the epoch term in the above model with pair sex. No effects 
were again found for FF or MX pairs (all p > .05), but there was a strong negative 
relationship for MM pairs, β = -3.21, t(457.02) = -4.57, p < .001 (see Figure 13B). The 
interactions or differences between MM versus FF (β = 4.04, t(456.53) = 3.97, p < .001) 
and MM versus MX pairs (β = 4.11, t(455.72) = 3.74, p < .001) were reliable. Thus, the 
results from the present and above sections show that slower speaking rates and more 
exaggerated prosody, or greater hierarchical temporal structure, were correlated with 
better performance but primarily for male-male interactions. 

 

 
 
Figure 13. The predictor speaking rate is plotted against the predicted averaged dyad 
score as a function of epoch (A) and pair sex (B), with regression lines for each group. 
Higher scores were found across epochs but only for MM pairs with steeper AF slopes, or 
greater hierarchical temporal structure. 
 
3.4.5. Complexity Matching 
 

We next tested if we replicated the general effect of complexity matching found 
in prior studies, and expected we would do so (Abney et al., 2014; Ramirez-Aristizabal et 
al., 2018; Schneider et al., 2020). We used a LMER to predict the standardized AF 
regression slope for the more talkative speaker of each pair based on the regression slope 
of their less talkative partner, with dyad as the random effect. The slope of the more 
talkative speaker was found to significantly correlate with the slope of the less talkative 
speaker, β = 0.26, t(230.34) = 4.41, p < .001, meaning we found complexity matching. 
This replicates prior studies showing that the degree of hierarchical temporal structure in 
longer timescales of speech converges during vocal interactions (Schneider et al., 2020). 

As in the prior models, we next tested if matching varied over time by adding the 
interaction between epoch and the predictor AF slope to the above model. Complexity 
matching was reliable across all three epochs (beginning: β = 0.25, t(216.68) = 2.63, p 
= .009; middle: β = 0.36, t(213.73) = 3.55, p < .001; end: β = 0.23, t(212.64) = 2.84, p 
= .005; see Figure 14A), with no marginal differences between epochs, all p > .05. In 
other words, matching was present across epochs and did not significantly vary between 
them. To test if matching depended on sex pairing, we replaced the interaction between 
AF slope and epoch with AF slope and pair sex. Convergence was found across the 
different sex pairings (FF: β = 0.26, t(221.03) = 2.63, p = .009; MM: β = 0.25, t(226.91) 
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= 2.64, p = .009; MX: β = 0.29, t(227) = 2.26, p = .03) and there were no interactions 
between these conditions, all p > .05 (see Figure 14B). Therefore, complexity matching 
was found across all epochs and pair sexed conditions. 
 

 
 
Figure 14. The predictor AF slope (the more talkative speaker) is plotted against the 
predicted AF slope (the less talkative speaker) as a function of epoch (A) and pair sex 
(B), with regression lines for each condition. 
 
3.4.6. Speaking Rate Matching 
 

Analogously to the above section on complexity matching, we expected to 
replicate the general effects of speaking rate matching (Cohen Priva, Edelist, & Gleason, 
2017; Manson et al., 2013; Street, 1984). To test for matching, we used a LMER to 
predict the speaking rate for the more talkative speaker participant of each pair based on 
the speaking rate of their less talkative partner, with dyad as the random effect. As 
anticipated, speaking rates converged across the full dataset, β = 0.21, t(228.27) = 3.85, p 
< .001. Therefore, the effects of speaking rate matching were also replicated. To test if 
speaking rate matching varied over time, the interaction between epoch and the predictor 
speaking rate was added into the above model. Like complexity matching, rate matching 
was reliable across all three epochs (beginning: β = 0.25, t(214.22) = 3.79, p < .001; 
middle: β = 0.16, t(211.9) = 2.24, p = .03; end: β = 0.16, t(213.7) = 2.19, p = .03; see 
Figure 15B), and these values did not significantly vary from one another, all p > .05. 

Finally, to test if these effects depended upon sex pairing, we again replaced 
epoch with pair sex. Unlike our findings for complexity matching, there was significant 
matching for MM pairs only, β = .30, t(226.99) = 3.10, p = .002 (p > .05 for FF and MX 
pairs), although matching for MM pairs did not interact with, and was therefore not 
reliably different from, matching for FF or MX pairs (β = 0.16, t(224.01) = 1.25, p = .21; 
β = 0.14, t(220.15) = 1.03, p = .30). It is descriptively interesting that there was no 
interaction because the scatter plot shows MM pairs to be different from both MX and FF 
pairs (see Figure 15B). Further, we previously found that MM pairs spoke faster than the 
other sexed pairs. To determine if the surprising lack of difference was due to the error 
term, we conducted an additional linear model where we averaged the speaking rates for 
each participant over all trials without an error term. Here, we found that convergence 
interacted between paired sexes and was stronger for MM versus MX pairs, β = 0.53, 
t(227) = 4.20, p < .001, and for MM versus FF pairs, β = 0.41, t(227) = 2.87, p = .005. 
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This suggests the discrepancy between the plot and findings was indeed due to the error 
term, and with the plot and other findings regarding speaking rate in mind, this suggests 
that MM pairs did indeed converge more than FF or MX pairs. 
 

 
 
Figure 15. The predictor speaking rate for the more talkative speaker is plotted against 
the predicted speaking rate for the less talkative speaker as a function of epoch (A) and 
pair sex (B), with regression lines for each condition. 
 
3.4.7. Measure of Matching 
 

To summarize, we have shown thus far that task performance was reflected in the 
hierarchical temporal structures and speaking rates of individual male speakers when they 
were paired together. We have also seen that complexity matching occurred across all sex 
pairings and epochs, and speaking rate matching was found across all epochs, but only 
for MM pairs. These findings prepare us to investigate whether convergence in either 
measure is related to performance, where greater convergence is broadly related to 
greater feelings of rapport (Manson et al., 2013; Valdesolo et al., 2010) and thus may be 
related to the pair’s ability to perform well. 

To investigate these hypotheses, we needed a measure of complexity and 
speaking rate matching for each trial to analyze the average score per trial. Per-trial 
complexity matching was measured as the absolute difference between partner’s AF 
slopes per trial, and likewise for speaking rate matching (with AF slopes being replaced 
by speaking rates). Before testing against the relationship to performance, we first 
checked if the matching measures were correlated by averaging each one over trials per 
participant, and then correlating the averages over dyads. The average per-trial measures 
of rate matching and complexity matching were not correlated with each other, r(231) = -
0.06, p = .38, suggesting they reflect different, possibly complementary processes. 
 
3.4.8. Complexity Matching and Performance 
 

To test for a relationship between complexity matching and performance, we first 
ran a LMER with complexity matching as the predictor variable, average dyad score as 
the predicted variable, and dyad as the random effect. Complexity matching was not 
found to be statistically predictive of lower scores (β = -0.75, t(208.26) = -1.64, p = .10), 
although the plots trended such that better performance was reflected in greater 
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complexity matching. To be consistent with past models, we next tested if the null effect 
varied over time by adding the interaction between the predictor variable and epoch into 
the model. Matching was marginally more predictive of score for the beginning epoch, β 
= -1.25, t(204.22) = -1.90, p = .06, where the relationship descriptively reversed by the 
last epoch, β = 0.33, t(195.06) = 0.45, p = .65, but these effects were not statistically 
different from one another, p > .05 (see Figure 16A). We last tested whether the 
relationship between matching and performance varied by pair sex by replacing the 
interaction between matching and epoch with matching and pair sex, but found no 
significant effects, although more matching in the plot can be seen as relating to higher 
scores across pairs (see Figure 16B). 
 

 
 
Figure 16. Predictor complexity matching as measured by the absolute difference 
between AF slopes for each pair are plotted against predicted average dyad score as a 
function of epoch (A) and pair sex (B), with regression lines for each group. Here a 
smaller difference indicates greater complexity matching. As with prior plots, pairs were 
divided into more talkative versus less talkative speakers. 
 
3.4.9 Speaking Rate Matching and Performance 
 

All of the models run here were identical to the above section, but complexity 
matching was replaced with speaking rate matching. Like complexity matching, speaking 
rate matching was also not predictive of lower scores (β = 0.74, t(230.16) = 1.31, p 
= .19), but the plots trended such that better performance can be seen reflecting less rate 
matching. Therefore these measures descriptively related to performance in opposing 
ways. Also in contrast to complexity matching, rate matching was negatively related to 
lower scores across epochs, but again not significantly so (beginning: β = .90, t(219.91) = 
1.01, p = .27; middle: β = 0.50, t(217.53) = 0.64, p = .53; end: β = 0.56, t(213.82) = 0.72, 
p = .47; see Figure 17A). Together, these findings visually show that in the beginning 
epoch, there were contrasting—albeit non-significant—effects between speaking rate 
matching and complexity matching, where more speaking rate matching related to lower 
scores, and more complexity matching related to higher scores, but by the last epoch both 
forms of matching related to lower scores. Pair sex was again found to not be related to 
score, all p > .05, but in contrast to the findings for complexity matching, less speaking 
rate matching in the plot descriptively related to higher scores across sexes (see Figure 
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17B). Thus, there were no reliable effects overall, but the relationships between matching 
and performance descriptively varied in opposing directions by both pair sex and epoch. 
 

 
 
Figure 17. Predictor speaking rate matching as measured by the absolute difference 
between speaking rates for each pair are plotted against predicted average dyad score as a 
function of epoch (A) and pair sex (B), with regression lines for each group. A smaller 
difference is indicative of more matching. As with prior plots, speakers were divided into 
more talkative versus less talkative with respect to each pairing. 
 

3.5. Discussion 
 

Prosody is an important feature of communication that allows for clarity in 
meanings and emotional states. However, the relationship between prosody and 
performance on communicative tasks have gone relatively unexplored in prior studies, 
but correlations found between features of adult prosody and infant language acquisition 
are quite common. In contrast, convergence in spoken interactions is often observed, 
including in the literature surrounding complexity matching, speaking rate matching, 
lexical matching, and other forms of matching (Falk & Kello, 2017; Garrod & Pickering, 
2009; Giles & Baker, 2008). Studies have more often analyzed various forms of 
convergence and found mixed results where it either aids, hinders, or is not related to 
different forms of task performance (Carmody et al., 2017; Fusaroli & Tylén, 2016; 
Ireland & Henderson, 2014; Manson et al., 2013).  

In the present study, we examined prosody and prosodic convergence by 
comparing two different measures, both known to exhibit convergence, but neither 
bearing an established relationship to joint task performance. We measured hierarchical 
temporal structure and speaking rate as two different measures of prosody, the former 
based on variability across timescales, and the latter based on an average tendency. We 
replicated prior studies in that both measures converged during cooperative spoken 
interactions (Abney et al., 2014) like other demonstrations of alignment in language 
interactions (Giles & Baker, 2008; Pickering & Garrod, 2006; Schneider et al., 2020). 
 
3.5.1. Summary and Interpretation of Results 
 

We found that the two measures differed depending on who was interacting. 
Males spoke faster to each other while communicating to find their map differences, and 
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their speaking rate matching was stronger, compared with females or mixed pairs. In 
contrast, no such effect of pair sex was observed for mean AF slopes and complexity 
matching. These results indicate that our two measures of prosody reflect different and 
possibly complementary aspects of communication. In further support of this conjecture, 
AF slopes became steeper and speaking rates became slower as males in same-sex pairs 
performed the task better (especially in the first epoch), but no such relationship was 
observed for the other pair types. Together, these complementary patterns indicate that 
males performed better when they spoke more slowly and with more prosodic emphasis 
(or greater hierarchical temporal structure). Given that MM pairs were faster to speak 
overall, and they did not perform better than the other two groups, the lower performing 
males appeared to speak overly fast, enough to diminish prosodic emphases used to 
signal communicative information (Pardo et al., 2019; Yuan, Liberman, & Cieri, 2006). 
Some males may tend to speak faster while trying to dominate the conversation, which 
would appear to detract from task performance (Brescoll, 2011; Leaper & Ayres, 2007; 
Puts et al., 2007). These findings are similar to those from Manson et al. (2013) in that 
MM pairs differed from FF pairs, but our findings differed in that Manson et al. reported 
co-laughter convergence for MM pairs correlated with cooperation on the prisoner’s 
dilemma task, whereas we found no statistically reliable effect of convergence on 
performance. Manson et al. (2013) also found speaking rate matching across speakers— 
though this effect did not appear to have been tested as a function of pair sex—whereas 
we only found this form of matching for speakers in MM pairs. 

The complementary relationship between speaking rate and hierarchical temporal 
structure was further supported by descriptively (but not significantly) converse 
relationships between task performance, complexity matching, and speech rate matching. 
In the beginning epoch, more complexity matching was correlated with better task 
performance and more rate matching was correlated with worse task performance. By the 
end, less complexity matching and speaking rate matching correlated with higher scores. 
While we cannot overinterpret these findings due to their lack of statistical significance, 
this indicates that more convergence might be helpful in some respects for supporting 
effective information exchange in collaborative tasks, whereas less convergence is 
helpful in other respects, particularly at the end of a collaborative exchange. With the 
relatively mixed prior literature also in mind, finding these converse relationships in two 
different measures of prosody suggests effective communication may benefit from a 
balance of convergence and independence, so that partners resonate with each other but 
also independently contribute to the interaction and task (see also Abney et al., 2014; 
Fusaroli & Tylén, 2016). 
 
3.5.2. Limitations and Future Directions 
 

Convergence is a process that presumably must develop over the course of a 
spoken interaction when pairs are meeting each other for the first time. In our experiment, 
each partner needed to first gauge the prosody of the other in order to make adjustments 
that resulted in convergence. Therefore, we expected complexity and speaking rate 
matching to develop over epochs, but instead analyses yielded results that were 
significant across epochs (and were not significantly different from one another). We 
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speculate that matching developed quickly while participants talked during the first 
minute or two of the first trial. Our understanding of convergence and its role in 
communication would benefit from further investigation into the time course of different 
measures of matching depending on their temporal resolution. 

Another direction for future research would be to examine gender roles instead of 
sex at birth. Gender identity information was not collected for the Montclair Map Task, 
as this was relatively uncommon at the time of data collection in 2013-2014, but studies 
have shown that interpersonal dynamics during spoken interactions can depend on gender 
roles (Bortfeld, Leon, Bloom, Schober, & Brennan, 2001; Leaper & Ayres, 2007; Yuan et 
al., 2006), and gender roles are not necessarily tied to sex at birth, e.g. for gender non-
binary and transgender participants (Matsuno & Budge, 2017). Future studies could 
include LBGTQIA+ participants to test whether the present results generalize to other 
gender identities, and to better examine the role of gender identity in prosody, prosodic 
convergence, and their roles in communication. 
 
3.5.3. Conclusion 
 

In conclusion, our findings reinforce the impression from prior studies that the 
relationships between prosody, prosodic convergence, and performance are complex and 
sometimes conflicting. Our study contributes to resolving prior opposing results by 
demonstrating how the relationship between speech and task performance depends on the 
measure of speech and the conditions of interaction. This dependence is important 
enough that even opposite relationships can be observed at times. We suggest that 
complementarity may underlie some of the complexity of findings in the literature. That 
is, performance can benefit from a simultaneous mixture of convergence and 
independence as a way of balancing the needs for pairs to resonate and adapt to one 
another, while still maintaining their identities and making independent contributions to 
the interaction. Our results also show the importance of identity in terms of sex and 
possibly gender roles, which has not been accounted for in many studies of convergence 
and performance to date. Theories of spoken communication will likely benefit from 
incorporating the complex dynamics indicated by the results herein.
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Chapter 4 
 

Hierarchical Temporal Structure and Convergence in Spanish-English 
Conversations 

 
4.1. Preface 

 
In the previous chapters, I tested the relationships between different forms of 

speech and speech convergence on two forms of “performance,” the first being the 
infant’s vocabulary score, and the second being pairs’ combined scores on a difference-
finding task. For both studies, the prosodic feature of hierarchical temporal structure was 
found to be a better moderator of performance than the measures of convergence tested. 
Extending from analyses of performance, this chapter assesses how speech and speech 
convergence vary by language condition. Spanish-English bilingual speakers were asked 
to engage in three conversational topics (movies, music, or television) using three 
language conditions (English only, Spanish only, and an inter-language condition where 
one participant spoke Spanish and the other English). With these conversations, I tested if 
hierarchical temporal structure, the convergence between hierarchical temporal structures 
(complexity matching), or lexical matching varied by language condition, conversational 
topic, or conversational order. For complexity matching, I also analyzed the timescales of 
analysis (short or long) within and across speakers. Across speakers, hierarchical 
temporal structure and measures of matching were consistent for all language conditions, 
and there were no effects of topic or order. Since this effect occurred when speakers were 
using different languages, this suggests convergence may be independent of one-to-one 
word alignment, where alignment may occur at the level of semantic representations. 
Complexity matching was only found at the long timescales for between-speaker 
matching, but was found at both timescales within speakers, suggesting hierarchical 
temporal structure is reflective of one’s prosodic style of speech. A version of this 
chapter was published as an open-access manuscript, permitting unrestricted reuse and 
reproduction (see Schneider, S., Ramirez-Aristizabal, A. G., Gavilan, C., & Kello, C. T. 
(2020). Complexity Matching and Lexical Matching in Monolingual and Bilingual 
Conversations. Bilingualism: Language and Cognition, 23(4), 845–857). 
 

4.2. Introduction 
 

More than half of the global population has been estimated to speak more than 
one language (e.g., Bialystok, Craik, & Luk, 2012; Grosjean, 2010; Romaine, 2012), and 
native or nearly native fluency can often be achieved when bilingual language learning 
starts at an early age (Perani et al., 2003). This allows proficient multilingual speakers to 
switch between languages when conversing with other speakers of the same languages 
with little difficulty (Fricke & Kootstra, 2016; Toribio, 2004). Sometimes the use of each 
language is asymmetric between speakers, where both speakers are bilingual in the same 
languages but each prefers using a different language (e.g., one speaker using Spanish 
while the other uses English). For example, in immigrant families the elder members may 
prefer to speak their heritage language whereas the younger members may prefer the 
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language of their new community, but each can understand what the other says (e.g., Park 
& Sarkar, 2007). This phenomenon of communicating in two different languages 
concurrently is known as lingua receptiva, and is a relatively normal mode of bilingual 
communication (Bahtina-Jantsikene & Backus, 2016; Bahtina, ten Thije, & Wijnen, 
2013; ten Thije, Gooskens, Daems, Cornips, & Smits, 2017; ten Thije, 2013). 
 The prevalence of lingua receptiva raises the question of whether principles of 
language interaction in monolingual speech may apply to bilingual interactions as well. 
One of the most well-established principles of monolingual interaction is interactive 
alignment (Pickering & Garrod, 2004b), which broadly refers to the alignment or 
convergence of interacting levels of representation when speakers interact. For instance, 
one speaker in a conversation may use the more specific word “penny loafer” to refer to a 
shoe, and the other person may choose to use the same word or the more basic form of it, 
“shoe” (Brennan & Clark, 1996). If the person chose to converge on the same word 
usage, alignment would have occurred. Convergence can also occur at other levels of 
speech including, but not limited to, phonetic features (Kim, Horton, & Bradlow, 2011; 
Pardo, 2006), syntactic structures (Bock, 1986), and prosodic structure (Abney et al., 
2014; De Looze et al., 2014; Xia, Levitan, & Hirschberg, 2014). 
 In the present study, we investigate speech convergence in open-ended 
conversations using two measures of matching that can be applied to Spanish-English 
bilingual speakers using either the same language or two different languages. 
Conversations were spoken in English, Spanish, or in a “Mixed” condition where one 
person spoke English and the other Spanish. The study of convergence in Mixed 
conversations is challenging because there are unlikely to be many direct 
correspondences between the surface forms of linguistic units or features, given different 
lexicons are used. To avoid this issue, we use complexity matching (Abney et al., 2015, 
2014), a recent measure of speech convergence. Complexity matching can be directly 
applied to acoustic speech signals without any linguistic coding or translation required, 
allowing it to be equally applicable for measuring convergence in either the same or 
different languages. We also use a complementary measure of lexical matching (Brennan 
& Clark, 1996; Brennan, Kuhlen, & Charoy, 2018; Garrod & Anderson, 1987; 
Niederhoffer & Pennebaker, 2002) to determine if the semantic representations of 
speakers became aligned within and across languages. Our measure of lexical matching 
can be applied to open-ended conversations without a one-to-one matching of words, but 
it did require a degree of translation to estimate the semantic correspondences of lemmas 
used across languages. 
 We therefore aimed to compare our measures of matching within and across 
languages using two different measures: an acoustic measure of the physical speech 
signals produced, and a linguistic measure of the non-physical, semantic representations. 
Prior studies lead us to predict that both kinds of matching should occur in Spanish-only 
and English-only conversations, provided that speakers are sufficiently fluent in the 
language, but we are unsure whether conversations across languages might exhibit 
weaker signs of matching due to translation, or if matching is more basic to spoken 
interactions as a form of convergence. 
 In the following section, we review prior studies of convergence within and 
across languages, noting the need for measures spanning different levels of analysis that 
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may be applied more generally to open-ended conversations. We then describe our 
measures of complexity matching and lexical matching. Our experiment follows, and we 
end with a discussion of the implications of our results for theories of bilingualism, 
convergence, and language interaction. 
 
4.2.1. Monolingual and Bilingual Speech Convergence 
 
 Whether bilingual pairs use the same or different languages, conversations are 
coordinated interactions where speakers lead, follow, and echo each other as they 
exchange ideas. For example, phonetic features like vowel quality and voice onset time 
often become more similar between conversational partners. This phenomena has been 
coined phonetic convergence and has been observed in monolingual conversations 
(Pardo, 2013; Pardo, 2006; Pardo, Gibbons, Suppes, & Krauss, 2012), and has been 
indirectly explored in at least one bilingual study (Sancier & Fowler, 1997). Phonetic 
convergence was measured by Pardo (2006) and Pardo et al. (2012) by having listeners 
judge the similarity of each speaker’s phonetic production before, during, and after the 
conversation, with the most convergence occurring during the conversation but some 
convergence lingering post-interaction. In another example, Nielsen (2011) found that 
phonetic convergence depends on factors such as word frequency and voice onset time. 

Extending from these monolingual studies, convergence in voice onset time has 
also been used to measure bilingual phonetic imitation (Tobin, Nam, & Fowler, 2017). 
For example, Balukas and Koops (2015) analyzed words spoken in conversational 
interviews by Spanish-English bilinguals from New Mexico. The words analyzed 
contained an initial /p/, /t/, or /k/ sound in both languages. Spanish was most participant’s 
first language, and participants speaking Spanish were found to have voice onset time 
values within the normal range for monolingual Spanish. However, when speaking 
English, the voice onset times fell within the low range of monolingual English. 
Therefore, participants appeared to adjust phonemes of their non-dominant language 
towards the dominant language near code-switching events. 
 At more grammatical levels of language processing, syntactic priming is another 
form of convergence where speakers tend to produce (Bock, 1986; Healey et al., 2014) 
and comprehend (Branigan, Pickering, Liversedge, Stewart, & Urbach, 1995) new 
sentences using syntactic structures recently produced or heard. Syntactic priming is 
well-established in both monolingual conversations (Hardy, Messenger, & Maylor, 2017) 
and bilingual conversations since languages often share common syntactic constructions 
(Hartsuiker, Pickering, & Veltkamp, 2004). This makes syntactic convergence a popular 
and relatively easy measure to study in both monolingual and bilingual conversations. 
 While researchers have found evidence for syntactic convergence across 
languages, the language tasks used are often contrived and sometimes require 
confederates (Fleischer, Pickering, & McLean, 2012; Hartsuiker et al., 2004), though 
recent corpus-based studies on bilingual syntactic priming have provided a more 
naturalistic source of evidence (Gries & Koostra, 2017). For example, Hartsuiker et al. 
(2004) had Spanish-English bilingual participants talk about cards in English with a 
bilingual confederate who spoke in Spanish. Participants who heard a passive sentence in 
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Spanish were more likely to respond using a passive sentence in English, suggesting the 
integration of syntactic representations across languages. 
 Speech convergence has been theorized to benefit language interactions by 
helping to establish common ground (Brennan & Clark, 1996), affiliation (Manson, 
Bryant, Gervais, & Kline, 2013; Pardo et al., 2012), and better comprehension (Branigan 
et al., 1995; Schober & Clark, 1989). Convergence may either stem from domain-general 
processes of imitation (De Looze, Oertel, Rauzy, & Campbell, 2011; van Baaren, 
Holland, Steenaert, & van Knippenberg, 2003), possibly implemented through links 
between speech and language perception and production (Buchsbaum, Gregory, & Colin, 
2001; Tian & Poeppel, 2012), or on-the-fly processes that arise to support convergence 
and understanding (Brennan & Hanna, 2009). 

Findings of convergence in bilingual speakers suggest that similar mechanisms of 
matching underlie both bilingual and monolingual conversations (Fricke & Kootstra, 
2016; Kroll, Dussias, Bogulski, & Kroff, 2012), which may or may not be symmetric 
between spoken languages (Blumenfeld & Marian, 2007). This rationale can be explained 
through the theory of interactive alignment (Garrod & Pickering, 2004; Pickering & 
Garrod, 2004b) where convergence stems from the alignment of language representations 
across multiple interacting levels of processing. To the extent that convergence is found 
across languages, interactive alignment argues that representations from each language 
must be aligned for communication to be successful. Representational structures may 
have direct correspondences across languages in some cases, such as shared discourse 
processes stemming from one culture with multiple languages. In other cases, alignment 
may require some degree of translation, as between Spanish and English lexicons. Costa, 
Pickering, and Sorace (2008) note that convergence may be weaker if speakers are less 
proficient in a language, and one could imagine a similar weakening if speakers need to 
maintain activation of two languages simultaneously while interacting. 

The present study expands the current literature on speech convergence by 
applying complexity matching and lexical matching to conversations within and across 
languages. In the following two sections, we explain each measure and how they can be 
applied to these language conditions. 
 
4.2.2. Hierarchical Temporal Structure and Complexity Matching 
 
 Complexity matching has been recently investigated in both speech and physical 
movements when pairs interact (Abney et al., 2014; Marmelat & Delignières, 2012; West 
et al., 2008). As detailed in Chapter 1, West et al. (2008) theorized that when complex 
networks interact by sending events back and forth to each other, the mutual impact on 
each other’s peak event dynamics was maximal when the networks shared similar time 
intervals between events. In other words, information exchange was maximal when the 
network’s power law dynamics were shared. While this founding concept was abstracted 
away from the behavior of humans, Abney et al. (2014) theorized that interactions 
between people should conform to the principles of complex networks, and found 
supporting evidence for this theory in conversations of agreement, but not disagreement. 

The precondition of power law clustering across languages was supported in a 
recent study by Kello, Dalla Bella, Médé, and Balasubramaniam (2017). They measured 
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hierarchical temporal structure in TEDx talks spoken in six different languages, including 
English and Spanish, and found all sampled languages showed the same power law 
pattern. This result reflects the fact that speech is always comprised of phonemes nested 
within syllables nested within words and phrases and so on, regardless of the particular 
phonemes, syllables and words. Although the authors did not test for matching in this 
study, the observed similarity across languages suggests that complexity matching is not 
only possible, but predicted, in bilingual conversations. 

The study of convergence in bilingual conversations is an opportunity to advance 
our understanding of both bilingualism and theories surrounding convergence. Bilingual 
conversations raise the question of whether convergence may occur in the sounds of 
speech, even when the phonemes, syllables, and words do not match. The fact that 
different languages employ different sounds and words does not prohibit the chance for 
complexity matching to occur, making this measure particularly valuable. Complexity 
matching has been measured as convergence in the hierarchical clustering of speech 
sounds, rather than individual units of sound or meaning at specific levels of analysis. As 
long as clustering is power law distributed across timescales, the theory of complexity 
matching predicts that the estimated exponents should converge within or across 
languages. 

Complexity matching differs from other measures of matching in conversations in 
two important ways: (1) Complexity matching measures convergence in statistical 
ensemble measures, such as hierarchical temporal structure, rather than direct 
correspondences in linguistic units or features produced; and (2) Complexity matching 
has the precondition that statistics are power law distributed due to underlying network 
structures. In the present study, these distinguishing properties lead us to investigate 
complexity matching in monolingual versus bilingual conversations. 
 
4.2.3. Word Frequency Distributions and Lexical Matching 
 

In contrast to complexity matching, where convergence is measured between each 
speaker’s hierarchical temporal structure based on physical acoustic speech sounds, 
lexical matching measures convergence between the nonphysical semantic 
representations of words. Lexical matching is a more traditional measure of convergence, 
where several past studies have found lexical matching in the words or referents speakers 
choose throughout conversations (Anderson, Garrod, & Sanford, 1983; Brennan & Clark, 
1996; Clark & Brennan, 1991). As briefly mentioned, Brennan and Clark (1996) found 
that speakers formed “conceptual pacts” by converging on certain words, even if a word 
was more specific than its more common form, such as “penny loafer” versus “shoe.” To 
measure lexical convergence, the authors quantified the probability of target words being 
produced when cued from trial to trial. 

Lexical convergence has also been found in more open-ended speech exchanges. 
For instance, Nenkova, Gravano, and Hirschberg (2008) measured lexical convergence in 
conversations by measuring similarities in the proportions of times interlocutors (or pairs 
of speakers) used particular words. Levitan, Benus, Gravano, and Hirschberg (2015) also 
measured the convergence of turn-taking behaviors between speakers using Kullback-
Leibler Divergence, which measures the degree to which one probability distribution is 



 

 
 

60 

contained within another. Levitan et al. (2015) compared Kullback-Leibler Divergence 
between conversational partners and surrogate pairs, and found less divergence—or more 
convergence—between partners than surrogate pairs. 

While informative, we cannot apply the above methods to measure lexical 
matching between different languages in the present study because there would not be a 
clear mapping between their respective lexicons since different words are spoken. In one 
study, Ni Eochaidh (2010) found lexical convergence across languages by using a highly 
constrained English-Irish bilingual naming task that allowed for unambiguous mappings 
between the different referents. There are otherwise few empirical studies testing lexical 
convergence across languages, although a study by Bortfeld and Brennan (1997) suggests 
that less experience with a second language may not entirely interfere with the effect—
they found lexical convergence to occur equally for language interactions in which 
speakers were more or less proficient in the language spoken. 

In the present study, the phrase “lexical matching” refers to convergence in the 
frequencies of lemma usage, where lemmas abstract over the surface forms of words, and 
provide a more consistent basis for translation across languages. For example, variants of 
the word “run,” including “ran,” “runs,” and “running,” would each be counted as one 
instance of the root word “run.” We used a variant of Kullback-Leibler Divergence 
known as Jensen-Shannon Divergence (JSD), which is a symmetric version of Kullback-
Leibler Divergence. JSD is normalized so that a value of zero indicates identical 
probability distributions, whereas a value of one indicates non-overlapping distributions, 
meaning no lemmas shared by interlocutors. This measure requires a correspondence 
between words, which is likely to occur when conversational pairs are speaking the same 
language. To avoid this requirement becoming problematic when two different languages 
were spoken, we measured overlap by translating the lemmas of one language into those 
of the other. Lexical matching was then measured as significant differences from a 
baseline for conversations using the same and different languages. Therefore, lexical 
matching was based on both direct correspondences in the intra-language conditions and 
translations based on corresponding semantics in the inter-language conditions. 
 

4.2.4. Current Experiment 
 

In the present study, we investigated convergence in speech during naturalistic 
conversations in three language conditions using two diverse measures. These conditions 
were only English, only Spanish, or a Mixed condition where one speaker used English 
and the other used Spanish. We measured convergence as complexity matching and 
lexical matching, the former of which is a more novel acoustic measure, whereas the 
latter is a more linguistically traditional measure. We compared the degrees of matching 
across these conditions to test if the pure English condition replicated prior findings, or if 
the theories surrounding convergence could be extended to another language or inter-
language condition, as reflected respectively through the pure Spanish and Mixed 
conditions. Although our sample of speakers came from a relatively homogenous 
participant pool, we analyzed if being dominant or non-dominant in Spanish and English 
had an effect on convergence when Spanish was spoken. We last tested whether the 
strength of complexity or lexical matching was correlated with each other, and we 
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expected that there would be a positive relationship under the hypothesis that they share a 
common basis via alignment across interacting levels of speech. 
 

4.3. Methods 
 

4.3.1. Participants 
 

Sixty participants (males = 8, females = 52; mean age = 19.45) were recruited in 
pairs through the University of California, Merced SONA participant pool for course 
credit. Two pairs were omitted from analyses due to technical difficulties with the audio 
recordings, leaving 28 pairs (5 males, 51 females; mean age = 19.35) and a sample size 
comparable to prior studies that analyzed speech convergence in pairs (Abney et al., 
2014; Falk & Kello, 2017; Marmelat & Delignières, 2012; Pardo et al., 2012; Pardo et al., 
2019). Only three pairs reported knowing one another prior to the experiment, and these 
dyads were acquaintances. Participants filled out a questionnaire about their language 
proficiency and background (see Appendix A). Their native languages were reported as 
being Spanish (n = 24), English (n = 5), or both Spanish and English (n = 17). One 
participant listed Punjabi as their second language. Participants rated which language 
they used most comfortably on a daily basis, and 30 reported English, 14 both Spanish 
and English equally, 7 Spanish, and 5 had no response. Participants reported their native 
countries of origin as the United States (n = 39), Mexico (n = 13), El Salvador (n = 2), 
and both Mexico and the United States (n = 2). See Table 1 for additional details. A 
Spanish-English bilingual researcher confirmed that all participants were 
conversationally fluent in both languages. 
 
Table 1. 
Average proficiency ratings (with standard deviations in parentheses) for English and 
Spanish. Participant’s self-reported reading, writing, and speaking proficiency scores 
were rated with a maximal score of 10, corresponding to strongest fluency. Frequency of 
use expresses how often each language is used weekly, where both languages could be 
rated as being used every day in a typical week, or 100% use per language. Non-
dominant language corresponded to the participant’s “second” language or L2, as self-
reported on the first questionnaire (the single participant whose L2 was Punjabi was 
omitted from this table). 
 

 
 

 English Spanish 
Age of acquisition 4.5 (3.2) 1.0 (1.6) 
Reading proficiency 9.0 (1.2) 8.2 (1.5) 
Writing proficiency 8.6 (1.4) 7.1 (1.9) 
Speaking proficiency 9.3 (1.1) 8.6 (1.4) 
Frequency of use for dominant language 88.2% (20) 77% (24.2) 
Frequency of use for non-dominant 
language 

81.8% (25.6) 61.8% (23.6) 
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4.3.2 Apparatus 
 
 Paired participants sat in a small experimental room (8.5’ by 7’) at a table while 
facing one another (approximately 2.5’ apart). Participants wore two Shure SM10A 
headset microphones while discussing three conversational topics. The conversations 
were recorded using these headsets, an M-Audio Mobile Pre-amp, and the Audacity 2.0.2 
audio software (www.audacityteam.org). 
 
4.3.3. Procedures 
 

Participants were first asked to read and sign a consent form explaining that they 
would be participating in an approximately 20-minute-long study, but they could opt out 
and end the study at any time without penalty. After signing, participants either silenced 
or turned their cell phones off to avoid any disruptions. Participants next filled out a short 
questionnaire with demographic and language background questions (see Appendix A). 
Pairs were informed that they would be having three five-minute conversations with each 
other about three popular topics: either movies, music, or television (the order was 
randomized). One of the conversations was to be spoken in all English, one in all 
Spanish, and the other in a Mixed condition where each speaker was randomly assigned 
to one of the two languages for the duration of the conversation. 
 After completing the consent form and questionnaire, pairs were asked to 
introduce themselves to one another to help ease into the conversations as the researcher 
tested the audio quality and adjusted the input gain on the microphones so that they were 
relative to each speaker. Although no specific directions were given to do so, the initial 
conversations were all in English. To avoid confusion, the conversational and language 
conditions were written on pieces of paper and hung on the walls each speaker faced 
during every trial (e.g., Spanish movies). Once the researcher said either “begin” or 
“start,” participants engaged in each of the conversational trials. The researcher stayed in 
the room with the participants, but did not engage with them during the conversations and 
faced away from them towards the monitor to ensure the audio data were properly 
recorded. After the trials were completed, participants filled out a second questionnaire 
about how comfortable they felt communicating in each language on a Likert scale from 
1-5, with 5 being the most comfortable (see Appendix B). 

The conversations were each recorded to an uncompressed stereo WAV file, with 
the output of one microphone sent to the left channel and the other to the right. Although 
the input gain level was adjusted for each participant to ensure adequate recording levels 
while minimizing crosstalk between the microphones, some crosstalk occurred 
nevertheless. To help remove crosstalk, we used the audio software Audacity. We 
selected a noise profile based on crosstalk examples chosen manually from a visual 
display of the speech waveform and the experimenter listened to confirm these examples 
were crosstalk. The selected noise profile was applied to the whole recording to filter out 
acoustic energy that resembled crosstalk. For Audacity’s filtering function, the sensitivity 
parameter was consistently set to 25 and the frequency smoothing parameter to 3. 

The Spanish and English speech from each recording was transcribed using 
TranscribeMe (www.transcribeme.com). Two researchers reviewed all the transcriptions 
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for quality control. Researchers confirmed that on average, dyads in the Mixed condition 
only accidentally switched languages about twice, and corrected themselves quickly 
thereafter. In the Spanish only condition, five dyads made one mistake each, and no 
participants made any mistakes in the English condition. 
 
4.3.4. Hierarchical Temporal Structure and Complexity Matching 
 

For each speaker, hierarchical temporal structure was measured as the amount of 
variance across timescales in peak amplitude events, where the events were derived from 
the original speech signal. A detailed explanation of hierarchical temporal structure and 
the methodology for measuring it (Allan Factor analysis) can be found in Chapter 1. 
While it is recommended the reader return to that chapter, to provide a brief summary 
here, the following operations were performed. Each waveform was converted into a 
series of acoustic peak events using two thresholds set to hold the number of peaks per 
sample constant across speakers. A log-log Allan Factor (AF) function was then 
computed for each event series, which quantifies the change or variance in peak 
clustering across timescales. AF was computed for 11 timescales ranging from 
approximately 20 ms to 20 sec, where these values varied slightly depending on minor 
differences in audio durations due to manually stopping the recording at the five-minute 
mark. Hierarchical temporal structure was quantified in both the shorter (1-6) and longer 
timescales (7-11) by fitting a regression line to each half of the AF function. The shorter 
timescales roughly corresponded to variability in the timing of smaller units of speech, 
such as phonemes, syllables, and words, whereas the longer timescales roughly 
corresponded to variability in the larger units of speech, like phrases and sentences. 

Convergence between the slopes for each speaker’s AF function, known as 
complexity matching, was measured as the strength of the correlations between slopes. 
Complexity matching was only observed at the longer timescales, where the durations of 
the units of speech roughly correspond to prosodic structure (Falk & Kello, 2017). Using 
correlations to measure complexity matching eliminated the need for surrogate analyses 
because correlations inherently have a baseline of zero to indicate when there is no linear 
relationship. A more detailed explanation of complexity matching may also be found 
above in Chapter 1. 
 
4.3.5. Jensen-Shannon Divergence Analysis and Lexical Matching 
 

Lexical matching in the probability distributions over each pair’s word usage was 
measured. We quantified matching as the overlap in the probability distributions of the 
frequency of the words used by the speakers in each pair. Words were coded in terms of 
their underlying lemmatized roots using English and Spanish lemma dictionaries that 
replaced inflected words with their roots (derived from www.corpora.heliohost.org). If a 
word was not in the lemma dictionary, its originally transcribed form was preserved. For 
participants assigned to speak Spanish in the Mixed condition, one Spanish-English 
bilingual researcher listened to each conversation and translated the individual Spanish 
lemmas into their closest probable English counterparts. A second bilingual researcher 
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reviewed these translations and resolved any discrepancies in the translations with the 
other researcher. 

For every lemma spoken, its probability of occurring was computed as its token 
frequency divided by the total number of lemma tokens used by that person in that 
conversation. As an illustrative example, Table 1 shows the 20 most frequent lemmas for 
one example dyad in the English-only language condition, and the same dyad in the 
Spanish-only condition. The number of unique English words in either the English or 
Mixed condition was significantly higher (M = 136.63, SD = 32.37) than the number of 
unique Spanish words in either the Spanish or Mixed condition (M = 116.30, SD = 
27.76), t(162.23) = 4.37, p < .001. 

The degree of overlap between each participant’s lemma distribution was 
quantified using Jensen-Shannon Divergence (JSD), which is a symmetric, normalized 
extension of Kullback-Leibler divergence. The formula to compute JSD is as follows: 

 

𝐽𝐽𝐽𝐽𝐽𝐽(𝐴𝐴,𝐵𝐵) =
1
2
𝐾𝐾𝐿𝐿(𝐴𝐴 ∥ 𝐴𝐴𝐵𝐵) +

1
2
𝐾𝐾𝐿𝐿(𝐵𝐵 ∥ 𝐴𝐴𝐵𝐵) 

𝐾𝐾𝐿𝐿(𝑃𝑃 ∥ 𝑄𝑄) = −∑ 𝑃𝑃𝑖𝑖𝑖𝑖  ln 𝑃𝑃𝑖𝑖
𝑄𝑄𝑖𝑖

. 
 
JSD is the average Kullback-Leibler divergence (KLD) for each participant’s probability 
distribution, A and B, relative to their combined probability distribution AB. JSD = 1 is 
reflective of totally non-overlapping frequency distributions, and JSD = 0 means the 
distributions are identical. Since this analysis was not correlational, JSD values were 
compared against a baseline to determine if the lemma distributions for a given dyad 
overlapped more than expected by chance. A surrogate JSD value was determined for 
each participant in each trial by pairing the individual’s lemma frequency distribution 
with that of all other participants in a different dyad, but in the same language and topic 
condition. Surrogate JSD values were averaged and compared per dyad. 
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Table 2. 
Two example conversations from one dyad, with one conversation spoken in all English 
and the other all Spanish. The 20 most frequently used lemmas are listed, and the lemmas 
spoken by both speakers are bolded. 

English Spanish 
Participant A Participant B Participant A Participant B 

Lemma Frequency Lemma Frequency Lemma Frequency Lemma Frequency 
I 29 be 30 que 18 no 12 

be 18 I 26 y 16 gustar 9 
it 18 not 20 de 12 pero 9 

like 17 that 16 sí 11 que 8 
the 16 it 16 escuchar 10 me 8 

movie 14 the 13 lo 9 en 7 
yes 12 have 13 comer 9 mucho 6 
of 9 a 12 el 8 entender 6 

one 9 and 11 yo 8 de 5 
that 8 movie 11 a 8 música 5 
not 8 like 11 no 8 y 5 

have 7 really 9 porque 7 su 5 
do 6 so 9 pero 7 escuchar 5 

know 6 to 9 ese 7 ser 4 
you 5 one 9 ir 7 o 4 

because 5 but 8 me 6 se 4 
but 5 yes 8 ser 6 tener 4 
they 5 do 7 estar 6 también 3 

many 5 you 7 todo 5 bien 3 
watch 5 good 6 tierra 5 he 3 

 
4.4. Results 

 
4.4.1. Hierarchical Temporal Structure and Allan Factor Analyses 
 

The mean AF functions for each of the three language conditions are shown in 
Figure 18. The nearly straight lines indicate roughly self-similar nested clustering across 
timescales. The bend in the functions suggests that clustering was more nested in the 
shorter timescales, as reflected in a steeper slope to the curve on left side compared with 
the right. 
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Figure 18. Averaged AF functions displaying the mean amount of hierarchical temporal 
structure at each timescale for the three language conditions. 
 

We first analyzed if the slopes of AF functions differed by language condition or 
timescale. We ran a two-way repeated measures ANOVA with language (English, 
Spanish, Mixed) and timescale (short, long) as independent variables, the slope of the AF 
function as the dependent variable, and individual participants as the random variable. 
Slopes did not differ as a function of language, F(2,324) = 0.41, p = .67, MSE = 0.01, but 
they were steeper in the shorter timescales, F(1,324) = 122.97, p < .001, MSE = 4.07, 
confirming our visual inspection of Figure 18. No interaction between language and 
timescale was found, F(2,324) = 0.18, p = .83, MSE = 0.006. 
 To test for effects of order and conversation type, we ran a three-way repeated 
measures ANOVA with trial number, conversational topic, and timescale as the 
independent factors, slope as the dependent factor, and dyad as the random factor. No 
main effect was found for either trial or topic, and no interaction was found between the 
three independent factors (all p > .05), indicating that the effect of timescale did not 
influence effects of trial or topic. 
 
4.4.2. Complexity Matching 
 

We next analyzed overall complexity matching in AF functions across both 
timescales using a linear mixed effects regression (LMER), with one speaker’s AF slope 
predicting their partner’s. Dyad was set as the random effect with a random intercept and 
random slope. A reliable effect of overall complexity matching was found, B = 0.87, 
t(52.8) = 18.35, p < .001.  

To test how complexity matching related to timescale, the interaction between 
timescale (short or long) and the predictor AF slope was added to the above model. 
Matching was reliable in the longer timescales, B = 0.54, t(87.4) = 6.77, p < .001, but not 
the shorter timescales, B = 0.18, t(136.55) = 1.05, p = .3, though the interaction with 
timescale was only marginally reliable, B = 0.36, t(126.7) = 1.87, p = .06 (see Figure 
19A). In a similar model, we switched the interaction between the predictor slope and 
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timescale to be slope and language condition, and found complexity matching did not 
vary as a function of language condition (all p > .2; see Figure 19B). In two similar 
models, with only the interaction term adjusted, we also did not find effects of either 
conversational order or topic (all p > .05). 
 

 
Figure 19. Predictor AF slopes plotted against predicted AF slopes as a function of 
timescale, either short or long (A), and language condition (B). 
 

The results so far suggest that complexity matching does not require participants 
to speak the same language or to use the same words for their hierarchical temporal 
structures to become aligned. Therefore, in theory, complexity matching should be 
applicable to the same person compared with themselves speaking in the two different 
conversations because hierarchical temporal structure reflects the prosodic style of a 
person’s speech, regardless of language or conversation. We consider this possibility 
because AF variance removes information about specific clusters of peak events, 
including the semantic meanings of the words spoken, and instead gauges their variance 
in cluster and duration sizes. Therefore, variance in clustering or hierarchical temporal 
structure might be comparable in an individual’s speech across different languages, even 
though different units of speech are produced. 

We tested within-speaker matching by running a LMER to statistically predict 
each participant’s AF slopes from the English and Spanish conditions with their AF 
slopes in the Mixed condition. Half of the participants spoke English and the other half 
spoke Spanish in the Mixed condition. Each participant therefore provided one data point 
speaking the same language (English and Spanish were merged for this analysis), and one 
data point speaking different languages. AF slopes were correlated within individual 
speakers across different conversations, B = 0.77, t(37.96) = 15.63, p < .001, displaying 
within-speaker matching. The predictor slope did not reliably interact with language 
condition or timescale (all p > .05), suggesting within-speaker matching was not affected 
by the language spoken or timescale of interest, the latter being unlike our findings across 
speakers. In sum, these results indicate that speakers exhibit patterns of nested peak 
clustering across all measured timescales that are consistent with themselves across 
languages and conversations. 

We next tested whether complexity matching varied as a function of language 
experience or background. Speakers varied in how they used the ratings scale, and the 
ratings were mostly subjective. Therefore, we instead focused on a simple binary 
categorization: If both members of a dyad listed Spanish as a native language and English 
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as a secondary language, the dyad was categorized as being Spanish primary (13 dyads), 
and otherwise English primary (15 dyads). Similarly to the above models, we used 
another LMER to predict the speaker’s AF slope with their own AF slope, and included 
the fixed interaction between the binary variable of experience with the predictor AF 
slope. For the Spanish and Mixed conditions, the degree of complexity matching was not 
reliably affected by language experience, B = 0.10, t(17.08) = 0.65, p = .53, suggesting 
language fluency did not vary enough in our sample of participants to affect complexity 
matching. This likely reflects that our participants had similar language backgrounds 
overall, in that they were native Californians from families with largely Mexican heritage 
who spoke a Californian dialect of Spanish and used it on a regular basis. 
 
4.4.3. Jensen-Shannon Divergence and Lexical Matching 
 

We tested for matching in lemma usage using a three-way mixed design ANOVA, 
with language condition (English, Spanish, or Mixed) and JSD type (original or 
surrogate) as independent within-subjects factors, language experience as an independent 
between-subjects factor, JSD value as the dependent variable, and dyad as the random 
effect. A significant main effect of JSD type was found, F(1,150) = 11.76, p < .001, MSE 
= 0.02, indicating differences between the original and surrogate JSD values. Figure 20 
shows that the original JSD values were less divergent than surrogates, meaning there 
was an overall effect of lexical matching for the original pairs, but not the surrogate pairs. 
This effect cannot be attributed to using words that are common to a given topic of 
conversation because the JSD surrogates were drawn from the same conversational topic 
as their corresponding originals, where there would presumably be differences in the 
conversations even if the topic was similar, like discussing different television shows. 

There was also a main effect of language condition, F(2,150) = 81.42, p < .001, 
MSE = 0.11, reflecting that JSD values were most divergent (or least convergent) in the 
Mixed condition, followed by Spanish, and then English. This effect may be due to 
differences in the lemma dictionaries used, or inevitable issues with translation. The 
differences between original and surrogate values were importantly not reliably different 
for the Mixed versus pure language conditions. 

We used the same ANOVA to test whether lexical matching (i.e., the difference 
between original and surrogate JSD values) interacted with or varied as a function of 
language condition (English, Spanish, or Mixed), and found no reliable difference, 
F(2,150) = 0.38, p = .68, MSE < 0.001, further confirming matching was observed during 
the Mixed and was not significantly different from the other two conditions. 
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Figure 20. Mean Jensen-Shannon Divergence values (with standard error bars) for 
original versus surrogate pairings by language condition. 
 

We also tested for effects of conversation order and topic on lexical matching 
using two additional three-way ANOVAs. To test for order effects, the trial number, 
language experience, and JSD type were set as independent variables, score as the 
dependent variable, and dyad as the random factor. The same ANOVA was used to test 
for conversational topic, where topic simply replaced trial number as an independent 
variable. Neither trial nor topic interacted with JSD type, all p > .05. In summary, like 
complexity matching, lexical matching appears to be robust to both intra- and inter-
language interactions, and unaffected by variations in language experience in our 
participant sample. 

Finally, we tested whether JSD score varied as a function of language experience 
and JSD type (original participant or surrogate). We again focused on a simple binary 
categorization: If both members of a pair listed Spanish as a native language and English 
as a secondary language, the pair was categorized as Spanish primary (13 pairs), and 
otherwise English primary (15 pairs). A three-way ANOVA tested the interaction 
between language experience (Spanish native or not Spanish native), JSD type (original 
or surrogate), and language condition (Spanish or Mixed). No interaction was found 
between these three conditions, nor was there a main effect of language experience, all 
p > .05. We therefore found no evidence of an effect of language experience, consistent 
with the similar lack of effect for complexity matching (see above), which may have been 
due to homogeneity of language fluency in our participant sample. 
 
4.4.4. Relationship Between Complexity and Lexical Matching 
 

To summarize, our results so far indicate that both complexity matching and 
lexical matching occur in inter-language Spanish-English conversations (i.e., the Mixed 
condition), with no reliable difference in the magnitude of matching compared with 
purely English or purely Spanish conversations. We last examined whether complexity 
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and lexical matching have a common basis by correlating their magnitudes. JSD 
difference values (original minus surrogate) are a direct measure of convergence in word 
usage for each given conversation, but we have so far only measured complexity 
matching at the aggregate level through AF slope correlations. 

To provide a per-trial measure of complexity matching for each conversation, we 
computed the absolute differences of AF slopes in the longer timescales produced by 
each pair, which is inversely related to JSD difference scores. We ran a LMER with 
complexity matching as the predicted variable, the negative of the JSD difference scores 
(to undo the inverse relationship) as the predictor variable, and dyad as the random effect. 
Lexical matching was found to predict complexity matching and vice versa, B = .74, 
t(82.0) = 3.71, p < .001. 

We next tested if the relationship between complexity and lexical matching was 
mediated by language condition by adding the interaction between JSD matching and 
language condition as a fixed effect into the above model. A marginal interaction was 
found for the Spanish and English conditions only, B = 0.40, t(78) = 2.06, p = .04. Upon 
further investigation, we found that the correlation between lexical matching and 
complexity matching was slightly stronger for only English, B = -0.95, t(26) = -9.15, p 
< .001, than only Spanish, B = -1.36, t(26) = -7.75, p < .001. The reason for this marginal 
effect is unclear and its unexpectedness warrants further investigation. 

The observed relationship between complexity and lexical matching does not 
appear to be directly causal because word durations are mostly shorter than the second or 
greater timescales of complexity matching, and because surface forms of words are not 
directly matched in the Mixed condition. Therefore, overlap in the sounds of words was 
not the cause of complexity matching or vice versa. Instead, it appears that convergence 
may have an underlying basis that gives rise to both complexity and lexical matching. 
 

4.5. Discussion 
 

Bilingualism appears to be as natural and common to language development as 
monolingualism, suggesting that language processes have evolved to generally handle 
both linguistic conditions. This perspective led us to ask whether common principles and 
mechanisms apply to both cases. In the present study, we examined whether complexity 
matching—or the convergence of hierarchical temporal structure in speech sounds—
occurs in monolingual or mixed bilingual conversations. We also tested if convergence 
occurs in the distributions of word usage. Our results provided clear evidence for both 
types of convergence in Spanish and English, as well as across the two languages. No 
effects of topic or order of the conversations were found, together demonstrating the 
robust and general nature of convergence in conversation. 
 
4.5.1. Summary and Interpretation of Findings 
 
 Our primary finding was that both lexical and complexity matching were found 
across languages, and these effects were not modulated by either conversational order or 
topic. We also found that both forms of matching were correlated, suggesting they stem 
from common processes of convergence. For complexity matching, convergence was 
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only observed in the long timescales, but not the short timescales. This finding is 
consistent with prior studies indicating that prosodic and discourse processes may be 
more variable, and therefore more malleable to convergence. Since the longer timescales 
were in the range of hundreds of milliseconds to tens of seconds, whereas the shorter 
timescales ranged from tens to hundreds of milliseconds, AF slopes may be too coarse to 
detect any fine-grained effects of convergence between speakers like the voice onset 
times used in Balukas and Koops (2015). However, within-speaker complexity matching 
(or matching with one’s self using different or the same languages) was found at both the 
long and short timescales within and across languages. This demonstrates how 
hierarchical temporal structure is reflective of one’s style of speech rather than specific 
words, since different lexicons were used across languages, and complexity matching 
captures this convergence. In other words, we found participants matched with their own 
style of speech at both short and long timescales, but matching across speakers was only 
found at the long timescales, and we speculate that this difference is due to features of 
speech being more easily adjustable and more easily observed at the long timescales, at 
least for AF analysis. 

The lack of differences observed for matching across languages is consistent with 
the cross-cultural phenomenon of lingua receptiva, where one bilingual speaker uses one 
preferred language and the other speaker uses the other available language (ten Thije, 
2013). This suggests the processes underlying convergence appear to generalize over 
languages despite lexicon and structural differences. Lingua receptiva situations and 
code-switching while speaking are together relatively common experiences for bilingual 
speakers, where both languages are used interchangeably, and were likely also common 
experiences for our sample of Californian Spanish-English bilingual participants. 

This observed equivalence of speech convergence can be explained in terms of 
interactive alignment theory, which proposes that interacting levels of representations 
converge when pairs speak with one another (Garrod & Pickering, 2009; Pickering & 
Garrod, 2004b; Trofimovich, 2016). This hypothesis seems to predict less matching 
across languages since some representations may not be directly aligned, and somewhat 
consistently with this, we found the timescales of analysis were affected differently. For 
example, prosodic style including voice quality and perhaps speaking rate may be similar 
across languages, which would allow complexity matching to be unaffected by using 
different languages. On the other hand, the use of different lexicons means that some 
aspects of speech, like phonological representations, cannot always become aligned 
during inter-language interactions. Since we found convergence across languages, our 
results seem to suggest that convergence is either a process independent of direct word 
alignment, or perhaps proficient speakers have learned how to share language processes 
and representations across languages (Guo & Peng, 2006; Kantola & van Gompel, 2011; 
Kroll, Bobb, & Hoshino, 2014; Marian & Spivey, 2003).  
 
4.5.2. Future Directions and Limitations 
 

Beyond direct lexical alignment, it is possible for language use to converge in the 
probability distributions of word usage and other levels of representation. Specifically, 
Zipf’s law refers to the phenomenon of ranking word usage—theoretically in either 
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written or spoken text—and the frequencies of use producing a power law distribution. If 
we assume that speakers broadly produce such power law distributions (Zipf, 1935), as 
found in prior studies across different languages (e.g., Peterson, Tenenbaum, Havlin, 
Stanley, & Perc, 2012), then we may expect the shape of the power law, or its exponent, 
produced by one speaker to bend towards their conversational partner’s and vice versa. 
However, since our trials were too short with too few words spoken, we could not test 
this hypothesis in the present study. With more data collected through longer interactions, 
it should be possible to analyze lexical matching using Zipf’s law. 

It would also be interesting to test both lexical and complexity matching in 
bilingual interactions between pairs of languages that vary in their phonological, 
grammatical, and lexical similarity. While we did not find any effects of language 
experience on complexity or lexical matching, because our participants were drawn from 
a fairly homogenous population of Spanish-speaking Californians with family roots 
primarily in Mexico, future studies should aim to analyze convergence in a wider range 
of language fluencies and backgrounds of speakers. With the results from Chapter 2 in 
mind, where flatter AF slopes corresponded to better speech production, we are curious if 
flatter AF slopes also correspond to more proficient speech.  

One limitation of using AF analysis is that approximately four to five minutes of 
speech are required in order to accurately measure hierarchical temporal structure. 
Therefore, while we found no conversational order effects on either type of matching, we 
are unsure of exactly when complexity matching began within the first conversation. JSD 
likewise requires an entire word distribution over the course of each conversation, 
meaning it is also unclear when lexical matching began within the first conversation. 
Future studies should aim to pair these measures with more fine-grained measures of 
temporal analysis so that the time course of convergence can be better understood. 
 
4.5.3. Conclusion 
 

The present study explored speech convergence using two measures, complexity 
matching and lexical matching, during inter- and intra-language conversations. Our 
findings demonstrate that these forms of matching are robust to different language 
interactions. These measures of convergence appear to reflect basic principles of social 
interaction and shared processes of inter- and intra-language interactions. 
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Chapter 5 
 

General Conclusions 
 

5.1. Overview of Findings 
 
 Prior studies have established that prosody provides significant contributions to 
communication, and that forms of speech convergence including prosodic convergence 
often occur between speakers. However, few studies overall have explored the 
correlations between prosody, prosodic convergence, and various forms of performance, 
despite the potential for meaningful relationships. Furthermore, few studies have 
investigated how convergence is affected by different languages spoken. I therefore 
aimed to use this dissertation to analyze how prosody and prosodic convergence either 
vary by or are correlated with early language interactions (Chapter 2), task performance 
(Chapter 3), and bilingual conversations (Chapter 4). 
 To provide a summary of the primary results, in the second chapter, only the 
adult’s hierarchical temporal structure was correlated with infant lexical ability, where 
less hierarchical temporal structure (visualized as flatter AF slopes) related to stronger 
lexicons. This conceptually replicates the findings from Abney et al. (2017), who found 
more advanced speech-related vocalizations were correlated with flatter AF slopes, as 
compared to non-speech-related vocalizations. Though not reliably so, the correlation 
between the infant’s hierarchical temporal structure and their own vocabulary score 
trended in the same way for the two older age groups (9 and 18 months), but not the 
younger age groups (3 and 6 months), so that older infants displayed flatter AF slopes. In 
contrast, neither volubility, volubility matching, nor complexity matching were 
statistically predictive of vocabulary strength. 
 In Chapter 3, individual hierarchical temporal structure and speaking rate were 
correlated, but this effect was mediated by pair sex, where it was only observed for male-
male pairs, but not female-female or mixed-sex pairs. Speaking rate was also moderated 
by epoch. Somewhat like Fusaroli et al. (2013), who found a correlation between 
complexity matching and their measure of performance in the second session, but not the 
first session, our correlation between score and speaking rate only became significant by 
the second epoch. These findings together demonstrate that it may take time for such a 
relationship to develop. We also found complexity matching between speakers, broadly 
replicating prior studies of convergence (Abney et al., 2014). Some speaking rate 
matching was found, but only between male-male pairs and not female-female or mixed-
sex pairs. This broadly replicates and extends from the prior findings by Manson et al. 
(2013) who generally found speaking rate convergence, but also found differences 
between pair sexes, where male-male pairs had more laughter convergence than female-
female pairs. In contrast to the findings with individual hierarchical temporal structure 
and speaking rate, neither form of matching was significantly related to score, but the 
relationships were descriptively in contrast, suggesting they reflect different forms of 
convergence despite both being prosodic measures of convergence. 
 Finally, in Chapter 4 I expanded on the current literature surrounding interactive 
alignment and bilingualism by analyzing convergence in inter- and intra- language 



 

 
 

74 

conditions. Hierarchical temporal structure was found whether participants were speaking 
English, Spanish, or speaking either language while their partner spoke the other (the 
Mixed condition). Both complexity matching and lexical matching were also observed 
regardless of the language spoken. This is particularly meaningful because the linguistic 
units themselves could not have been aligned during the Mixed condition, implying 
convergence must have been occurring at other levels, including the semantic level of 
representation observed via lexical matching. No effects of conversational topic were 
observed whether analyzing prosody or either form of convergence. However, 
complexity matching was only found at the longer timescales, and not at the shorter ones 
across speakers, but was found at both timescales within speakers when using different 
languages. This suggests hierarchical temporal structure is reflective of prosodic style of 
speech within speakers, but that complexity matching (at least as currently measured) 
may not be sensitive to convergence across speakers at the smaller units analyzed. 
 Across these chapters, several contributions to the existing literature were made. 
First, I found hierarchical temporal structure to be robust across conversations regardless 
of the conversational topic, pair sex, epoch, or language spoken. Building off of prior 
studies (Falk & Kello, 2017; Kello et al., 2017; Ramirez-Aristizabal et al., 2018), 
hierarchical temporal structure was again shown to be reflective of one’s prosodic style 
of speech because complexity matching at the short timescales was found only within 
speakers. In other words, speakers matched with themselves, but not with others, at this 
level of speech. 

Chapters 2 and 3 together demonstrated that greater hierarchical temporal 
structure is correlated with more prosodically exaggerated speech. That is, Chapter 2 
showed greater hierarchical temporal structure when either addressing or speaking near 
less lexically advanced infants (the speaker directionality was not guaranteed since the 
recordings were created over the course of several hours as participants went about their 
day normally), and Chapter 3 showed greater hierarchical temporal structure was used by 
higher performing speakers in male-male pairs only. In more colloquial terms, this 
suggests more prosodic exaggeration is used when addressing young infants, and when 
excited about performing well on a collaborative task, at least for male speakers working 
with other males. 

Hierarchical temporal structures were found to converge—or exhibit complexity 
matching—at the longer timescales across adult speakers, regardless of the language 
condition, pair sex, or conversational topic. Notably, all of the topics analyzed (find the 
differences, movies, music, and television) were relatively friendly, whereas 
argumentative conversations have been shown to not display complexity matching 
(Abney et al., 2014). Extending from adult conversations, infant-adult interactions were 
also shown to not display either complexity matching or volubility matching, which was 
surprising by the time infants reached 18 months. However, this null effect may have 
been due to the naturalistic character of the recordings. This leaves the question of what 
age interactive alignment between speakers begins to occur open for future studies to test.  

While hierarchical temporal structure was at least somewhat predictive of both 
measures of “performance” (lexical ability or task performance), complexity matching 
was not related to either form. Furthermore, volubility matching was not related to lexical 
ability, nor was task performance related to speaking rate matching. Therefore, against 



 

 
 

75 

my expectations, convergence as a whole does not appear to be a particularly good 
measure of performance, though exceptions like co-laughter exist (Manson et al., 2013). 
Therefore, future studies may either find it useful to focus on individual measures of 
prosody in relation to performance, or to explore different types of tasks and measures of 
performance to continue to determine why convergence seems to be less related than the 
individual measures. 
 

5.2. Future Directions and Limitations 
 

 This dissertation leaves several research questions open for future experiments. 
As mentioned above, the age at which interactive alignment begins to occur between 
children and caregivers (or others) is still unclear because we did not observe either 
complexity or volubility matching between them. However, this null effect may have 
been due to the fact that infants and caregivers may not have been addressing one 
another, despite both vocalizing near one another within the same period of time. To 
clarify the reason behind the lack of an effect, future studies may to some extent benefit 
from using more contrived tasks like Newman et al. (2016), simply so that researchers are 
certain of the directionality of the speech used by adults. Also briefly stated, it may be 
beneficial for future studies to continue to explore if the lack of a relationship between 
convergence and performance are specific to only the tasks described here, or if it 
extends to other tasks, like the prisoner’s dilemma (Manson et al., 2013). 
 Since less hierarchical temporal structure (or flatter AF slopes, and less prosodic 
exaggeration) is related to infants with greater vocabulary sizes, speech-related 
vocalizations (Abney et al., 2017), and more advanced adult-directed speech as compared 
to infant-directed speech (Falk & Kello, 2017), it would be interesting to test if more 
proficient bilingual speakers also display less hierarchical temporal structure. If so, this 
would further confirm that more monotone speech is used either by or directed toward 
more advanced speakers. Likewise, it would be interesting to test if any relationships 
between hierarchical temporal structure and performance vary by the language spoken or 
linguistic situation (like a lingua receptiva scenario). 
 One limitation of using AF analysis to measure hierarchical temporal structure is 
that it requires at least a few minutes of audio data in order to be analyze the longer 
timescales. In turn, I was unable to study the time course of matching on a fine-grained 
temporal scale, meaning how convergence unfolded during the first few minutes of the 
interactions. It would be beneficial for future studies to pair AF analysis with 
complementary analyses that are more temporally friendly. Another limitation of using 
AF analysis is that its relationships with measures of pitch—and to some extent turn-
taking—are less understood, and future studies should explore if and how AF analysis is 
affected by these two measures. 
 A final limitation of this dissertation is that while we know hierarchical temporal 
structure measured through AF analysis is related to variances in speaking rate and 
amplitude, it is unclear how pitch does or does not influence this measure. Thus, it would 
also be useful for future studies to pair analyses of hierarchical temporal structure with 
the fundamental frequencies of the speakers to better inform our understanding of this 
measure. 
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5.3. Conclusion 

 
 Prosody is a useful communicative device for studying measures of performance, 
but has gone relatively unanalyzed in prior studies. Considering several features compose 
prosodic structure, and that many measures of individual and collaborative performance 
are possible, this area of research is still rich for future exploration. Likewise, though I 
did not observe any relationship between the analyzed forms of prosodic convergence 
and performance, prior research did observe such relationships, indicating this area of 
research is still broadly complex and sometimes inconsistent. Hierarchical temporal 
structure is of particular use when studying prosody and prosodic convergence because it 
is indifferent to diverse language conditions and linguistic ability, making it a useful 
measure for acoustic data that may otherwise be difficult to compare.
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Appendix A: Pre-Experiment Language History Questionnaire 

1. SONA ID: 
 
2. Gender: 
 
3. Age: 
 
4. Do you have any visual and/or hearing problems? If yes, what are they? 
 
5. What is your native country/ies? 
 
6. What is your native langue(s)? 
 
7. What language is spoken in your household? 
 
8. At what age(s) did you start to learn each language, and for how many years? 
 
9. What would you consider to be your primary second language? 
 
10. What language are you most comfortable using on a daily basis? 
 
11. On a scale of one to ten, with ten being the highest level of confidence, please mark 
your proficiency in the following areas: 
 
 a. English reading 

1 2 3 4 5 6 7 8 9 10 
 b. English spelling 

1 2 3 4 5 6 7 8 9 10 
 c. English writing 

1 2 3 4 5 6 7 8 9 10 
 d. English speaking 

1 2 3 4 5 6 7 8 9 10 
 e. English speech comprehension 

1 2 3 4 5 6 7 8 9 10 
 
12. On a scale of one to ten, with ten being the highest level of confidence, please mark 
your proficiency in the following areas: 
 
 a. Spanish reading 

1 2 3 4 5 6 7 8 9 10 
 b. Spanish spelling 

1 2 3 4 5 6 7 8 9 10 
 c. Spanish writing 

1 2 3 4 5 6 7 8 9 10 
 d. Spanish speaking 
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1 2 3 4 5 6 7 8 9 10 
 e. Spanish speech comprehension 

1 2 3 4 5 6 7 8 9 10 
 
13. Estimate, in terms of percentages, how often you use your dominant language and 
other languages per week (in all weekly activities combined, circle which range best 
applies): 
 
 Dominant language: 0% 0-25%  50-75% 75-100% 
 Second language:     0% 0-25%  50-75% 75-100% 
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Appendix B: Post-Experiment Questionnaire 
 

1. Have you ever met your partner before today? If so, are you just acquaintances, or 
friends? 
 
2. On a scale of 1 to 5, how easy was the conversation in which you both spoken English, 
with 5 being the easiest? 

1 2 3 4 5 
 
3. On a scale of 1 to 5, how easy was the conversation in which you both spoke Spanish, 
with 5 being the easiest? 

1 2 3 4 5 
 
4. On a scale of 1 to 5, how easy was the conversation in which you spoke two different 
languages, with 5 being the easiest? 

1 2 3 4 5 
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