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ABSTRACT

Caregivers alter the temporal structure of their utterances when talking and singing to infants compared
with adult communication. The present study tested whether temporal variability in infant-directed reg-
isters serves to emphasize the hierarchical temporal structure of speech. Fifteen German-speaking moth-
ers sang a play song and told a story to their 6-months-old infants, or to an adult. Recordings were
analyzed using a recently developed method that determines the degree of nested clustering of temporal
events in speech. Events were defined as peaks in the amplitude envelope, and clusters of various sizes
related to periods of acoustic speech energy at varying timescales. Infant-directed speech and song
clearly showed greater event clustering compared with adult-directed registers, at multiple timescales
of hundreds of milliseconds to tens of seconds. We discuss the relation of this newly discovered acoustic
property to temporal variability in linguistic units and its potential implications for parent-infant com-
munication and infants learning the hierarchical structures of speech and language.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Adults provide infants with “exaggerated” sound structure
when speaking or singing with them compared to adult communi-
cation. For example, pitch is higher, corner vowels are hyperartic-
ulated, pitch range is larger and pauses are longer (e.g., Fernald
et al., 1989; Kuhl et al., 1997; Trainor, Clark, Huntley, & Adams,
1997). Preverbal infants are highly attracted to infant-directed
(ID) expressions and prefer to listen to infant- over adult-
directed (AD) speech and song (Cooper & Aslin, 1990; Pegg,
Werker, & McLeod, 1992; Trainor, 1996). There is also evidence
that participating in ID conversations boosts infants’ language
learning by speeding up vocabulary growth and enhancing speech
processing (e.g., Saffran, Aslin, & Newport, 1996; Weisleder &
Fernald, 2013). However, some modifications in ID registers and
their functions are matters of recent debate. One area of dissent
is the function of increased variability in ID registers, as found
for example in ID vowel structure (e.g., Eaves, Feldman, Griffiths,
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& Shafto, 2016; Martin et al., 2015). Another area is the temporal
structure of ID registers (Martin, Igarashi, Jincho, & Mazuka, 2016).

Temporal structure in ID and AD speech is typically investigated
by examining durational properties and the timing of speech units
at particular timescales such as segments, syllables, phrases or
utterances. Studies of ID speech following this approach show
mixed evidence. For example, some studies have found longer
durations of segments and syllables in ID vs. AD registers (e.g.,
Albin & Echols, 1996; McMurray, Kovack-Lesh, Goodwin, &
McEchron, 2013), while other studies failed to do so (Lee,
Kitamura, Burnham, & Todd, 2014; Wang, Seidl, & Cristia, 2015).
As noted by McMurray et al. (2013), altered temporal characteris-
tics of segments and syllables in ID expressions may be a bypro-
duct of more global temporal prosodic phenomena (e.g., slower
tempo, greater phrase-final lengthening, or enhanced stress pat-
terns; Bernstein-Ratner, 1986; Fernald & Simon, 1984; Fernald
et al.,, 1989; Trehub & Trainor, 1998). On the other hand, local phe-
nomena also impact global characteristics. For example, slower
cadence in ID expressions has recently been identified as depend-
ing on phrase-final lengthening (Martin et al., 2016).

These results reveal the need for examining and understanding
temporal variation in ID and AD communication across multiple
timescales (e.g., Leong & Goswami, 2015). Moreover, these time-
scales are nested within each other (e.g. see Cummins, 2002;
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Tilsen & Arvaniti, 2013). At shorter timescales, we observe phone-
mic variations (e.g., ~20-100 ms), which are nested within sylla-
bles and words (e.g., ~100-500 ms), which are nested within
phrases (e.g., ~500-4000 ms), which are nested within utterances
(~1000-6000 ms). As a consequence, rather than examining any
one or two particular measures of duration, the present study aims
to capture the hierarchical organization of temporal variation in ID
versus AD speech across timescales. In particular, we test whether
ID temporal variation may serve to emphasize the hierarchical
organization of speech.

Our approach is based on recent studies showing that the acous-
tic energy in speech signals can be expressed as clusters of varying
duration that are nested over a range of timescales (Abney, Paxton,
Dale, & Kello, 2014; Luque, Luque, & Lacasa, 2015). These clusters
emerge when analyzing patterns of “temporal events”, that is, dis-
crete points in time when a significant modulation of acoustic
energy occurs. Several temporal events in close vicinity form a clus-
ter which is delineated by gaps in time between more distant
events. Several of these clusters will form a new cluster on a larger
timescale, and thus, a nested structure of clusters emerges. Abney
et al. (2014) quantified the degree of nested clustering in conversa-
tional speech using Allan Factor (AF) analysis (Allan, 1966; see
below). They found robust nested clustering of temporal events in
conversation, and the degree of clustering depended on whether
the conversation was friendly or contentious (e.g., a debate about
abortion). These results indicate that AF analyses of temporal event
clustering are sensitive to differences in speech style.

Given these results, we examine in the present study whether
ID and AD styles also exhibit differences in their degree of nested
clustering of temporal events across timescales. Moreover, if tem-
poral variation in ID expressions has the function to emphasize
hierarchical organization, then we expect to find greater nested
clustering in ID than in AD expressions. We tested this hypothesis
in two major forms of ID communication, ID speech (i.e., story
reading) and ID play song. In addition, to elucidate the connection
between nested clustering and hierarchical linguistic structure, we
measured temporal variability in linguistic units at multiple hier-
archical levels, and used regression analysis to relate these mea-
sures to nested clustering.

2. Methods
2.1. Participants

Fifteen native German-speaking mothers (mean age=
31.8 years, SD = 3.2 years) with their infants aged 6 months (9 f,
6 m, M =5.8 months, SD = 0.9 months) from German households
in the Munich area volunteered to participate in the study. Infants
were all born on term and showed normal development. Mothers
gave informed consent to participate in the study and received a
small gift for their participation.

2.2. Stimuli and procedure

Mothers read a German variant of the story “Three little pigs”
and sang a variant of a popular German play song (“Bibabutze-
mann”) in the presence of their infant (ID) or to the experimenter
(AD). During ID recordings, infants were seated or lying on their
mother’s lap or they were in close vicinity to the mother. During
AD recordings, the infant was in another room, either sleeping or
being cared for by another person. In ID story reading, a pause
was offered to the mothers after half of the stimuli recording to
avoid fuzziness of the infant during long stretches of reading. For
the analyses in these cases, both parts of the recordings were con-
catenated. Recordings were done at the mother’s home using an

Audio Technica Lavalier Microphone and a Zoom H4-N recorder
at 44,100 Hz and a 24-bit sampling rate.

2.3. Analyses

Analyses comprised three main steps: Converting speech
recordings to series of temporal events, determining the degree
of nested clustering of these events by computing Allan Factor
(AF) functions, and comparing AF functions between ID and AD
conditions. The process of extracting temporal events is illustrated
in Fig. 1. To identify events, we chose peaks in the Hilbert ampli-
tude envelope (Rao, Prasanna, & Yegnanarayana, 2007). Peak
events are different from the onset events used by Abney et al.
(2014), but both serve to demarcate clustering in acoustic
energy—in fact, preliminary analyses showed that the same results
are obtained using either type of event.

Each recording (Fig. 1A) was downsampled to 11,025 Hz to
remove energy above ~5500 Hz. Waveforms were then passed for-
wards and backwards through a bank of 4th order Butterworth fil-
ters. The lowest filter was <50 Hz, the highest was >4525 Hz, with
14 additional passband filters spanning the intermediate frequen-
cies, each one half octave in width (Drullman, 1995). Filters made
envelopes and events interpretable with respect to frequency, and
half-octave bands helped even out power across frequencies. The
Hilbert envelope was computed for each frequency band (Fig. 1B)
and all peaks within +10 ms were extracted (i.e. peak rate was
set to 100 Hz). Peak thresholding was done before combining the
events of all bandpass signals into one event series (Fig. 1C). The
threshold was set for each recording such that ~55 peaks per sec-
ond were retained, on average. The threshold was chosen to be
high enough to yield stable estimates of variances across all the
measured timescales (Lowen & Teich, 2005). Moreover, this proce-
dure normalized the number of peaks relative to recording levels.
(Results were not sensitive to moderate changes in these parame-
ters, and the same patterns held when the event threshold was set
to yield the same number of events for all recordings, i.e. the grand
mean for the above analysis.)

Clustering in event series was measured using Allan Factor (AF)
variance, which has been similarly used to analyze neuronal spike
trains, eye movements, and heart rate (Rhodes, Kello, & Kerster,
2014; Teich & Lowen, 1994; Viswanathan, Peng, Stanley, &
Goldberger, 1997). AF variance is computed by tiling a given signal
with windows of size T, and counting the number of events N
within each window I (see Fig. 1D). AF variance at timescale T
was computed as the average squared difference in counts
between adjacent windows, divided by twice the mean count,

((N; = Niz1)?)
2(N)

AF variance acts like a coefficient of variance in event counts,
but specifically with respect to adjacent time windows. AF variance
relates to clustering precisely because of this adjacency—higher
variance means counts are not evenly distributed across windows.
AF variances were computed over the range of available timescales
T, where T is varied as a power of 2. The longest timescale that can
be measured is limited by time series length, and the shortest by
resolution. If there is no clustering of events beyond chance (i.e.
events are Poisson distributed), then A(T) ~ 1 for all T. If events
show nested clustering across timescales, then A(T) should be >1
and scale up with A(T) ~ T*, where o > 0.

Finally, we measured the degree of nesting using the slope of a
regression line fit to the A(T) function in log-log coordinates.
Greater nesting corresponds to steeper slopes. One AF function
was computed for each recording, where the largest AF timescale
was 1/16th the length of each recording, and each smaller time-

A(T) =
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Fig. 1. Example waveform for 5.5 s from one mother reading a story to her infant (A), with corresponding Hilbert envelopes for a sample of three half-octave bands starting at
200 Hz (green), 400 Hz (red), and 800 Hz (turquoise) (B), and peak amplitude events (C). Clustering was measured based on event counts N; across adjacent windows of size T

(three example timescales shown) using Allan Factor variance (see text below) (D).

scale was half the previous one, down to 12 timescales analyzed for
each recording.

2.4. Results

ID and AD story recordings were on average 355 and 302 s long,
respectively (t(14) = 4.99, p < 0.001), and ID and AD songs were 270
and 261 s long (p > 0.05). Hence, the shortest timescales analyzed
was 10 ms and the largest 22 s, on average. An example of both
ID and AD event series is given for a story excerpt in Fig. 2.

AF variances and timescales were averaged across participants
within each condition, and mean AF functions are plotted in
Fig. 3A in log-log coordinates, for story and song recordings in ID
and AD conditions. The mean AF functions show little or no cluster-
ing below 50 ms (A(T) ~ 1), indicating random timing of events at
this very small timescale. Clustering beyond chance began around
100 ms as A(T) increased above one and continued to increase
across timescales.

Fig. 3A also shows that AF functions differed by AD versus ID
register, and speech versus song. Differences began around the
200-500 ms range of timescale, visible in the overall rate of
increase in AF variance. Differences were tested by fitting a regres-
sion line to each AF function for each recording, and running t-tests
on the slopes. Slopes were steeper for ID speech compared with AD
speech in story recordings, Mp = 0.48 (CI = +0.069) vs Map =0.34
(CI=+0.035), t(14)=3.95, p ~ 0.001, d = 1.35, and in song record-
ings, M;p=0.44 (CI=2%0.054) vs Map=0.31 (CI=20.030), t(14)
=523, p<0.001, d=1.66. Thus, clustering of events was more
nested in ID compared to AD speech and song. Slopes also
appeared to be steeper for story-reading compared with singing,
but given that the linguistic and phonetic contents were different
between these two conditions, we cannot attribute any possible
effect to singing or speaking per se.

AF results were consistent with our hypothesis that hierarchical
temporal structure is enhanced in ID registers, which can be mea-
sured in terms of nested clustering of temporal events in amplitude

envelopes. Differences between ID and AD registers spanned a
wide range of timescales, suggesting that a number of factors
may have contributed to the overall consistent effect on hierarchi-
cal temporal structure. Next we investigate some of these factors
to gain a better understanding of the main result.

AF variance is affected by the pattern of gaps between event
clusters (Abney et al., 2014), which led us to test for potential
pause effects that may affect results. First, we ruled out the possi-
bility that the break in ID story-telling caused the results. We
repeated AF analysis using only the first halves of each ID and
AD recording, and results basically were the same (Mjp=0.41
(CI =+0.043) vs. Map=0.33 (CI=20.036), t(14)=5.39, p<0.001,
d=1.16). Second, we tested two other possible confounding
effects, one deriving from longer pauses in ID vs. AD registers
(Fernald et al.,, 1989), the other from infant sounds during ID
speech. We inspected the original sound recordings and removed
all pauses longer than 150 ms at intermediate and full intonational
phrase boundaries as well as audible infant sounds in the first half
of the story reading condition (waveforms were abutted at cut
points with a 10 ms pause left in between). This process removed
large amounts of recording for three mothers, who were excluded
from subsequent analyses (i.e., the remaining recordings were too
short). Peak events were extracted and AF analyses done on the
remaining trimmed sound data. Results showed the same effects
(Fig. 3B): Slopes were steeper for ID versus AD speech, Mjp = 0.33
(CI=+0.032) vs Mup=0.26 (CI=20.038), t(11)=3.45, p ~0.005,
d=1.25.

The observed AF differences support the idea of enhanced hier-
archical temporal structure in ID vs. AD registers, but the relation
to linguistic hierarchical structure remains unclear. As an initial
investigation, we measured temporal variation across several
levels of the linguistic hierarchy for ID and AD speech, and investi-
gated whether they explained parts of the variance in ID vs. AD
slopes.

As phrase-final lengthening typically differs in ID vs. AD regis-
ters (Albin & Echols, 1996; Martin et al., 2016), we chose six disyl-
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Fig. 2. Example waveforms and event series for one mother telling 15 s (starting at the same point in time) the three little pigs story (German variant). The ID version is
displayed on top (A), the AD version underneath (B). Greater clustering can be seen in the ID condition, along with greater nesting i.e. clusters within clusters. At the bottom in
green is a randomized (Poisson) event series for comparison, with the same event rate as the data (C).

labic words as test items occurring in utterance-final and non-final
positions in each ID and AD story recording (i.e. resulting in 24
items per participant). Associated nested durations (i.e., of the
word’s stressed vowel ~100 ms, its stressed syllable ~200 ms,
the word itself ~400 ms, and of the syntactic phrase in which it
occurred ~1500 ms) were segmented using Praat (Boersma,
2001). The coefficient of variation (CV) was computed for each of
the four durational measures. In addition, the global mean speech
rate of each entire story (syllables/s, including pauses) was calcu-
lated as well as a ratio representing pre-final lengthening (PFL,
i.e., utterance-final word duration/non-final word duration), and
its variability (SD). Overall, there was a tendency for higher tempo-
ral variability in ID vs. AD speech, particularly in overall PFL vari-
ability and variability at the phrasal constituent level (see
Supplementals).

Linear regression models (one model for utterance-final, one for
non-final measures) were fitted using difference scores between
the ID and AD measures per participant as predictors and differ-
ence scores between ID and AD slopes as the dependent variable.
Utterance-final predictors from syllable to phrase level (except
vowel CV) explained more variance in AF slopes (i.e., 93%, best-
fitting model; see Table 1) than non-final predictors. Non-final pre-
dictors were not reliably related to AF slopes (in this model, only
PFL variability was a significant predictor). These results show that
temporal variability related to utterance-final positions at multiple
levels of linguistic structure as well as speech rate in ID vs. AD
speech jointly contributed to the overall pattern of nested cluster-
ing as measured by AF slopes.

3. Discussion

The present findings provide first evidence that hierarchical
temporal structure is enhanced in ID registers, and that nested
clustering of temporal events corresponds with temporal variabil-
ity at hierarchical levels of linguistic structure. Using a recently
developed method of acoustic analysis, we show that temporal
events in the amplitude envelope of ID speech and song exhibit
greater clustering than AD expressions, particularly for timescales
longer than about 200-500 ms. Initial evidence also indicates that
nested clustering in temporal events relates to durational, phrase-
final variability in speech at different hierarchical levels, spanning
from syllables (about 200 ms) to phrasal constituents (about 1.5 s),
and to overall tempo. That is, ID speech and singing to infants at
the age of 6 months display more variable durations of
utterance-final linguistic units at different time-scales, which,
together with global tempo characteristics, appear to generate
more nested clustering of acoustic energy in time. Thus, these
novel acoustic measures help to effectively reveal clear differences
between the rhythmic structures of AD and ID speech and singing
which emerge from the interplay of several aspects of temporal
variation in speech and song.

Our analysis of variations in linguistic unit durations indicated a
primary role for utterance-final variations, which aligns well with
previous research on the special role of phrase-final elements in
infants’ perception of auditory signals. Boundary positions are
privileged in attracting infants’ attention (Aslin, Woodward,
LaMendola, & Bever, 1996; Jusczyk, 1999; Trainor & Adams,
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Fig. 3. Panel A: Mean AF functions for ID and AD conditions when mothers were
either singing a song or reading a story to their infants, or to an adult (T in seconds).
Panel B: Results on ID - AD story reading, when the break between recording
sessions was removed from analyses, and when pauses longer than 150 ms and
infant sounds were removed. If events occurred randomly (i.e. like a Poisson
process), then A(T) functions would be flat at A(T) = 1.

2000). Several studies show that infants are more likely to segment
and remember words at pre-final boundaries (Seidl & Johnson,
2006; Shukla, White, & Aslin, 2011). As adults tend to place impor-
tant words and concepts before boundaries, this feature of ID com-
munication is likely to reinforce infant’s memory and learning of
words (Fernald, 2000; Fernald & Mazzie, 1991). Generally, speakers
make prosodic information (such as boundaries and accents) more
prominent at times when listeners have minimal chances to fore-

see the semantic content and information status of upcoming com-
munication (Aylett & Turk, 2004; Kakouros & Rdsdnen, 2016).
Adults may unconsciously follow this principle when communicat-
ing with infant listeners who have only marginal knowledge of the
ambient language. As an acoustic outcome of these infant and
adult preferences, ID communication becomes heavily “bound
ary-oriented” (Wang et al., 2015). In spontaneous ID-speech, adults
produce more prosodic boundaries, especially at higher hierarchi-
cal levels (i.e., the utterance; Martin et al., 2016). This leads to
the well-described effects that ID utterances are shorter and dis-
play more pre-final lengthening, prosodic complexity is reduced
(i.e., fewer hierarchically embedded prosodic constituents), and
pauses are more frequent than in AD utterances (e.g., Albin &
Echols, 1996; Martin et al., 2016; McMurray et al., 2013; Trainor
et al., 1997; Wang et al., 2015).

Our study extends these results by showing that greater nested
clustering of acoustic energy over time, a novel measure of tempo-
ral organization, is also a marker of the boundary-oriented style of
ID communication. Temporal clustering is sustained, at least
partly, by increased durational variability and contrast of hierar-
chically nested linguistic units, from the syllable level on. At first
glance, this increased variability seems at odds with the idea that
ID registers serve the goal of making linguistic content more pre-
dictable and accessible to infants. However, Stern (1974) argued
that ID communication fulfills the social function to maintain “an
optimal range” of infants’ attention and arousal during interaction.
Infants quickly disengage and lose interest when sensory informa-
tion becomes too familiar and predictable to them (Sokolov, 1963).
Variability and contrast help to make the stimulus more interest-
ing and enhance infants’ arousal levels. For example, these effects
are clearly visible in the pitch domain, when adults use expanded
pitch contours in ID speech to arouse and entertain the infant
while using compressed and less variable contours to soothe and
reduce arousal (Falk, 2011; Papousek, Papousek, & Symmes,
1991). At the same time, pitch variability is not random as it is con-
strained by a limited repertoire of meaningful contours (Fernald,
1989). Thus, infants can still benefit from higher arousal levels
through enhanced variability while simultaneously identifying
and extracting the well-known melodic contour. Similarly, greater
nested temporal clustering may highlight prominence contrasts
and movement over time in the acoustics of ID registers. More con-
trastive temporal patterns could help infants both to stay tuned to
the interaction and to enhance the salience or discriminability of
the hierarchical structure of these patterns (de Diego-Balaguer,
Martinez-Alvarez, & Pons, 2016; Delavenne, Gratier, & Devouche,
2013). Future research could investigate in more detail how nested
temporal clustering relates to nested linguistic units and whether
it may help infants discover and building hierarchical representa-
tions of language (e.g., via mechanisms of auditory grouping or sta-
tistical learning, cf. Echols, 1993; Hawthorne, Mazuka, & Gerken,
2015).

First indications for a social function of nested temporal cluster-
ing come from a recent study of Abney, Warlaumont, Oller, Wallot,
and Kello (2016) demonstrating that, in naturalistic interactions,
adults adapt the amount of nested clustering in their speech to the

Table 1
Utterance-final predictors of AF slope differences between AD and ID story.
B SE t p

Constant 0.016 0.010 1.606 0.143
Syllable duration (CV) 0.293 0.063 4.632 0.001"
Word duration (CV) —0.369 0.067 —5.516 <0.001"
Phrasal constituent duration (CV) 0.438 0.070 6.299 <0.001"
PFL (SD) 0.140 0.029 4.747 0.001"
Speech rate (syll/s) —0.076 0.013 —5.830 <0.001"

Model: Adjusted R? = 0.936, F(5,9) = 42.17, p < 0.001, BIC: —69.36.
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clustering found in infant vocalizations. Further evidence points in
the same direction showing that nested temporal clustering varies
with different social and communicative contexts. In AD speech,
Abney et al. (2014) found that the degree of nested clustering of
acoustic onset events distinguished between two different types
of adult conversations. In particular, contentious conversations with
stricter turn-taking also had greater nested clustering in timescales
of seconds and longer compared with friendly conversations. Thus,
hierarchical temporal structure may also provide cues to distinguish
different mother-infant contexts (e.g., teaching vs. caregiving con-
texts, play vs. soothing contexts, dyadic vs. social interactive con-
texts, etc.; e.g. Falk, 2011; Trainor, 1996). Besides testing a
potential link between arousal and higher temporal nested cluster-
ing, future research could also investigate whether nested clustering
in ID registers is involved in conveying positive affect to infants who
are highly attracted and reactive to happy-sounding vocal stimuli
(Corbeil, Trehub, & Peretz, 2013; Kitamura & Burnham, 1998;
Nakata & Trehub, 2011; Singh, Morgan, & Best, 2002).

Finally, further work is needed to investigate how nested clus-
tering of temporal events is related to neural processing of speech
signals. Recent neuroscientific findings support the basic premise
that adult brains possess a dynamic, multiscale speech envelope
tracking mechanism (Zoefel & Van Rullen, 2015). The mechanism
is characterized as a system of hierarchically organized neural
oscillations that phase-lock to nested temporal scales of the acous-
tic envelope in speech (mostly between 1 and 9 Hz; for a review
see Morillon, Hackett, Kajikawa, & Schroeder, 2015). Gross et al.
(2013) report that “temporal edges”—a type of acoustic event—
support dynamic phase adjustments of neural oscillations, and
increased hierarchical coupling across frequency bands of neural
oscillations. The authors propose that this increased coupling could
reflect a process that aligns phases of neural excitability to salient
events in speech to help process corresponding linguistic informa-
tion. Little is known about the development of these neural mech-
anisms in infancy, or whether they are preferentially engaged by
nested clustering in ID speech. Research along these lines may help
to illuminate neural mechanisms that underlie sequential and rela-
tional processing during language acquisition (Gervain, Berent, &
Werker, 2012).
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