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Infants have greater difficulties processing speech in the presence of competing sounds 

than adults. The mature auditory system solves this task in part by separating sounds that have 

different acoustic characteristics such as onset, temporal envelope or fundamental frequency. 

The current work evaluated whether 3- and 7-month-old infants use two different acoustic 

characteristics, onset asynchrony and temporal envelope, similarly to adults in the segregation of 

concurrent vowels. To this end, listeners were presented with superimposed vowels, consisting 

of 2 concurrent vowels spoken by two different-sex talkers, and were trained to respond to one 

specific target vowel. Three studies were conducted to evaluate infants’ use of 1) onset 

asynchrony, 2) envelope differences, and 3) combined onset asynchrony and envelope 

differences. The results indicated that 3-month-old infants were better able to segregate vowels 

with different onset, but not with different envelopes or a combination of onset and envelope 



 

differences. In contrast, by 7-months of age, infants used isolated and combined differences in 

onset and envelopes to the same extent as adults. Thus, after 7-months of age, an inability to use 

differences in onset and temporal envelopes cannot account for infants’ difficulties processing 

competing speech sounds. 
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CHAPTER 1 INTRODUCTION  
 

It is well documented that separating speech from competing sounds presents greater 

difficulties for infants than for adults (Leibold, Bonino, & Buss, 2016; Newman, 2005; Newman 

& Morini, 2017; Nozza, Rossman, Bond, & Miller, 1990; Oster & Werner, 2017; Werner, 2013). 

The reasons for infants’ difficulties are not well understood. Processing competing sounds is a 

complex problem since the frequency components from all the sound sources in the environment 

arrive at the ear as a sound mixture. However, frequency components that originate from the 

same source have similar acoustic characteristics, such as fundamental frequency, temporal 

envelope or onset. Research in adults has shown that successfully separating competing sounds 

relies on at least three processes: 1) accurate encoding of sound components, 2) grouping 

components that have similar acoustic characteristics and segregating those that differ, and 3) 

auditory attention. It appears clear that the ability to encode auditory information accurately 

cannot account for infants’ difficulties, since spectral and temporal encoding is quite mature 

early in infancy (Buss, Hall, & Grose, 2012). For simple stimuli, where infant-adult differences 

are relatively small, nonsensory factors such as listening strategy or inattention can largely 

account for age-related differences (Bargones, Werner, & Marean, 1995; Werner & Bargones, 

1991; Werner & Boike, 2001). In contrast, the large infant-adult differences in performance with 

complex stimuli such as detecting a tone amidst variable frequency components (e.g., Leibold & 

Werner, 2006) or processing speech in competing speech (e.g., Leibold, Taylor, Hillock-Dunn, 

& Buss, 2013), cannot fully be explained by those factors. It is possible that in these cases, age-

related differences are due to infants’ (in-)ability to use acoustic characteristics, also known as 

auditory cues, to effectively group and segregate the frequency components of competing sounds 

(Leibold, 2012).  
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Despite a number of studies that have evaluated infants’ auditory cue use, a cohesive 

account of its development has yet to be established. Prior investigations have primarily focused 

on spectral cues, have not systematically varied cues, have used methods that preclude the 

inclusion of different age groups, and have almost exclusively used non-speech stimuli (e.g., 

Bendixen, Haden, Nemeth, Farkas, Torok, & Winkler, 2015; Demany, 1982; Folland, Butler, 

Payne, & Trainor, 2015; Folland, Butler, Smith, & Trainor, 2012; Winkler, Kushnerenko, 

Horváth, Čeponienė, Fellman, Huotilainen, Näätänen, & Sussman, 2003). 

The goal of the current work was to expand knowledge on auditory cue use development 

in infancy and on how it might contribute to the age-related differences observed in the 

processing of competing sounds. To this end, infants’ ability to use two temporal cues, onset 

asynchrony and envelope cues, in the segregation of concurrent speech sounds was evaluated. 

The studies reported here used a single behavioral method, the observer-based procedure, which 

allows the inclusion and direct comparison of infants and adults (Werner, 1995). In the 

experimental task, listeners were presented with two different concurrent vowels, spoken by a 

male and a female talker. Listeners were trained to respond to one specific target vowel, either 

male /u:/ or male /i:/. The ability to detect this target vowel was compared between conditions in 

which the competing vowels had either similar or different temporal cues. For 3-month-old 

infants an increase in the proportion of infants who learned the task with a temporal cue 

compared to the proportion who learned the task without was taken as evidence that the cue 

supported vowel segregation. For 7-month-old infants and adults an increase in performance, 

measured in d', with a temporal cue over performance without a temporal cue was taken as 

evidence that the cue supported vowel segregation. Three separate studies, each addressing a 

different set of research questions, were conducted. 
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The first study investigated whether 3- and 7-month-old infants use onset asynchronies to 

segregate competing vowels and whether cue use improved with age and onset asynchrony 

duration. Since onset asynchrony is a reliable cue for adults (e.g., Hall, Buss, & Grose, 2006; 

Hedrick & Madix, 2009; Lentz & Marsh, 2006; Summerfield, Culling, & Fourcin, 1992; 

Valentine & Lentz, 2012) and is available to infants (Bendixen et al., 2015), it was expected that 

all listeners would gain a benefit from this cue. An increase in onset asynchrony was expected to 

improve performance (Lentz & Marsh, 2006), but more for infants than for adults given that 

children tend to require larger acoustic cues to achieve adultlike segregation (Sussman, Wong, 

Horvath, Winkler, & Wang, 2007).  

The second study investigated whether 3- and 7-month-old infants use envelope cues in 

concurrent vowel segregation, and whether 7-month-olds use them to the same extent as adults. 

Adults were expected to gain a benefit from differences in amplitude envelopes (Moore & 

Gockel, 2012). In contrast, infants were expected to gain little benefit from envelope cues, given 

their insensitivity to amplitude modulation (AM) (Horn, Hutton Gerhards, & Werner, 2016; 

Werner, 2006; Werner, Folsom, Mancl, & Syapin, 2001) and the finding that children seem to 

gain little benefit from envelope cues (Hall, Buss, & Grose, 2008).   

The last study evaluated the use of combined onset asynchrony and amplitude envelope 

cues. The results were compared to those with isolated onset asynchrony and envelope cues. 

Based on children’s combined temporal cue use in sound segregation (Hall et al., 2008) and 

reported infant-adult cue-use differences in speech perception (Cabrera & Werner, 2017; Cooper 

& Aslin, 1994; Seidl & Cristia, 2008), it was hypothesized that the contribution of individual 

cues would be different for infants and adults and that infants may gain a greater benefit from 

combined cues than either cue in isolation.   
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CHAPTER 2  INFANTS’ USE OF ONSET ASYNCHRONY CUES 
(Oster, M.-M. and Werner, L. A. (under review). Infants use onset asynchrony cues in auditory 
scene analysis. Journal of the Acoustical Society of America, Manuscript submitted for 
publication.) 

I. INTRODUCTION 

A major developmental task in infancy and early childhood is the acquisition of language. 

Infants learn spoken language by listening to and interacting with their caregivers (e.g., Ramirez-

Esparza, Garcia-Sierra, & Kuhl, 2017). However, typical daycare and home environments are 

noisy, requiring infants to segregate speech from competing sounds (Alston & James�Roberts, 

2005; McAllister, Granqvist, Sjölander, & Sundberg, 2009). Prior research has shown that 

infants have greater difficulties than adults with this task, but the reasons are not well understood 

(for a review see Buss et al., 2012; Leibold, 2017). 

Segregating competing sounds is a complex task. The sounds from competing sources 

arrive as a sound mixture at the ears. The combined sound is encoded in the periphery into a 

series of overlapping frequency bands. Frequency bands with similar spectral, temporal and 

spatial location characteristics are grouped; those with differing characteristics are separated. 

Auditory attention supports and guides this process. The acoustic characteristics that allow 

grouping and segregation are referred to as auditory cues (Bregman, 1990). 

The ability to encode sound is mature early in life, and thus cannot account for infants’ 

difficulties segregating competing sounds (for a review see Buss et al., 2012). However, whether 

infants are able to use auditory cues to group and separate frequency components is less clear. 

The results of several studies suggest that infants are able to use frequency separation (Demany, 

1982; Winkler et al., 2003), harmonicity (Bendixen et al., 2015; Folland et al., 2015; Folland et 

al., 2012), and spatial location cues (Nozza, 1988). However, the results of these studies fail to 

provide a cohesive account of the development of sound segregation for several reasons.  
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First, only a limited number of auditory cues has been studied. Notably, temporal cues, 

some of the strongest cues in adults (Bregman, 1990), have not been systematically investigated. 

Furthermore, the auditory cue is rarely systematically varied in developmental studies. Instead, 

infants are presented with a cue that is large enough to allow adults to easily segregate the 

sounds involved (e.g., Bendixen et al., 2015; Winkler et al., 2003).  Although this approach 

demonstrates that infants can use a specific cue, it does not provide a way to assess how 

efficiently infants use that auditory cue relative to adults. In fact, developmental effects in sound 

source segregation are typically not investigated directly. Most studies have not included infants 

at different ages, and the methods used preclude testing adults. 

Another issue is that infants’ ability to use auditory cues to segregate competing sounds is 

primarily investigated with non-speech stimuli (but see Leibold et al., 2013; Newman & Morini, 

2017). The benefit of such stimuli is that they are easily controlled. However, for adults cue use 

with non-speech stimuli or synthetic speech does not always predict how auditory cues are used 

to segregate naturally produced speech (e.g., Nittrouer, 2004). This may be the case for infants as 

well.  

Finally, electrophysiological methods are commonly used to investigate infants’ ability to 

use an auditory cue to segregate sounds (e.g., Bendixen et al., 2015; Folland et al., 2015; Winkler 

et al., 2003). While such studies suggest that infants have access to a cue, they don’t provide 

information about how infants use that cue.  

The current study expands the number of isolated cues studied in infants by focusing on 

infants’ use of one temporal cue, onset asynchrony. Onset asynchrony is a particularly strong cue 

for adults (Bregman, 1990), understandably because sounds from different sources rarely begin 

or end simultaneously.  Its benefit is dependent on onset asynchrony duration (Hedrick & Madix, 
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2009; Lentz & Marsh, 2006; Valentine & Lentz, 2012). A small number of studies has 

investigated onset asynchrony cues in children. These studies indicate that introducing onset 

asynchrony improved tone detection in paradigms involving across-frequency processing, such 

as informational masking (Hall, Buss, & Grose, 2005; Leibold & Neff, 2007) and comodulation 

masking release (Hall et al., 2008), for both children and adults with little evidence of age-related 

improvement in the use of asynchrony cues. Although infants’ use of onset asynchrony cues has 

not been systematically investigated, Bendixen et al. (2015) provided some evidence that 

newborns are sensitive to onset asynchrony. In this study, onset asynchrony plus a mistuning of 

one component of a harmonic complex lead to a different event-related potential morphology 

than mistuning alone. Although that is not evidence that the onset asynchrony contributed to the 

segregation of the mistuned harmonic, the results suggest that infants have access to this auditory 

cue. 

Unlike most previous work, this study used speech sounds as stimuli. Although recent 

studies have used natural speech to investigate infants’ ability to use talker gender to segregate 

competing speech, the stimuli used make it difficult to determine which cues were important for 

segregation (Leibold et al., 2013; Newman & Morini, 2017). For example, Newman & Morini 

(2017) played an ongoing speech stream and presented infants with short sentences from a talker 

of the opposite sex. In this study infants had access not only to voice differences but also to onset 

cues, offset cues and cues related to spectro-temporal variation. To avoid this problem, the 

current study used vowels. The spectro-temporal characteristics of vowels can easily be 

controlled and characterized, making it possible to investigate isolated auditory cues. 

The current study addresses the remaining limitations discussed above by using a single 

behavioral method to test infants of different ages as well as adults. We developed an 
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experimental paradigm in which two different vowels are presented simultaneously and listeners 

are trained to respond to one specific vowel. While the paradigm here is similar to the double-

vowel paradigm (e.g., Assmann & Summerfield, 1990), it differs from the double-vowel 

paradigm in several ways. First, naturally produced vowels from two different sex talkers are 

used to maximize the likelihood that infants will be successful in this task. Typically, double-

vowel paradigms use synthetic vowels to control spectral cues to sound segregation. Second, 

concurrent vowels are presented at age specific target-to-masker ratios (TMR). Pilot work 

showed that infants require a positive TMR to prevent floor effects and adults require a negative 

TMR to prevent ceiling effects. Typically, double-vowel paradigms present the two concurrent 

vowels with a 0 dB TMR. Third, listeners are presented with a train of concurrent vowels and 

learn to respond when a specific target vowel is detected. Listeners in a traditional double-vowel 

paradigm are asked to identify the two vowels heard in a single presentation. 

The aims of the current study were to investigate whether 3- and 7-month-old infants use 

onset asynchronies to segregate competing vowels and whether this ability improves with age as 

well as with onset asynchrony duration. To this end, two experiments were conducted. 

Experiment 1 investigated whether 7-month-old infants and adults were better able to segregate 

concurrent vowels with an onset asynchrony compared to vowels with synchronous onset. It was 

hypothesized that infants would receive a benefit from onset asynchrony, but that this benefit 

would be smaller than in adults. Onset asynchronies of 100 and 200 ms were chosen because 

results by Lentz and Marsh (2006) showed that adults tested in a similar task received a larger 

benefit from 200- than 100-ms asynchrony. It was predicted that increasing onset asynchrony 

duration would improve performance more for infants than for adults, given previous work 

showing that children require larger acoustic cues to achieve adultlike segregation (Sussman et 
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al., 2007). Experiment 2 was conducted to investigate whether 3-month-old infants use onset 

asynchrony cues to segregate concurrent vowels. The approach used in Experiment 1 was 

modified to assess the conditions under which 3-month-old infants could perform the task. It was 

predicted that more 3-month-old infants would be able to segregate concurrent vowels with an 

onset asynchrony than without and that more 3-month-olds would succeed with 200- than with 

100-ms onset asynchrony.  

II.  EXPERIMENT 1 

A. Method 

Design 

 Participants heard a series of vowel pairs, temporally aligned, superimposed vowels 

spoken by a male and a female talker. They learned to respond when they heard a target vowel, 

/i:/ or /u:/, spoken by the male talker. A mixed design was employed. Each participant in the final 

sample provided data in both a baseline condition (synchronous vowels) and an asynchrony 

condition. Half of the subjects heard each target vowel. In the asynchrony condition, half of the 

participants heard the competing vowel begin 100 ms before the target vowel; and half heard the 

competing vowel begin 200 ms before the target vowel. The target-to-masker ratio (TMR) 

expected to produce a d' = 1 in the synchronous onset condition for each age group was 

determined in pilot testing. All participants in an age group heard the same TMR. A benefit of 

asynchrony would be taken as an increase in d' in the asynchronous onset condition relative to 

the synchronous onset condition. 
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Participants 

A total of 44 7-month-old infants and 31 18- to 30-year-old adults participated. Inclusion 

criteria included full-term birth, passing newborn hearing screening (infants, per parental report) 

or passing hearing screening on the test day (adults), no family history of congenital hearing loss, 

no recent treatment for otitis media, no risk factors for hearing loss, passing tympanometric 

screening with a 1-kHz probe tone (infants) or 226 Hz probe tone (adults) on each test day, and 

no prior experience in psychoacoustic experiments. Because the stimuli were American English 

vowels, only native English speakers or infants from homes where English is the dominant 

language were included. Participants were recruited through the University of Washington 

Communication Studies Participant Pool, a facility maintaining a database of individuals willing 

to participate, or to have their child participate, in research. Some adults were recruited through 

flyers and newspaper ads. All participants were paid for their participation. Infants completed 

testing in 1 to 3 visits, adults completed testing in 1 visit.  

Data were only included in the analyses if a participant completed both experimental 

conditions with d' ≥ 0.81 in at least one condition, resulting in a final sample of 24 infants (mean 

age 30 wk, SD = 2.3) and 24 adults (mean age 22 yr, SD = 3.7). The data of 27 participants were 

excluded from analyses. Of those, 15 infants and 8 adults reached training criteria but did not 

complete two conditions with at least one d' ≥ 0.8. Another 5 infants and 3 adults did not reach 

training criteria. 

Stimuli 

The American-English vowels /i:/, /u:/, /ʊ/, /æ/, /ɛ/, / ɔː/ and /ɪ/ were the stimuli. They 

were recorded by one male and one female native speaker in a professional recording studio 

                                                
1 If an observer responded “yes” randomly on each trial, the probability of obtaining a d' ≥ 0.8 on 30 trials is less 
than 0.05, assuming a binomial process with p = 0.5. 
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using a high-quality condenser microphone. Recordings were digitized at a resolution of 32 bits 

and a sampling rate of 44.1 kHz. The recordings were processed using PRAAT (Boersma & 

Weenink, 2017) to produce the final stimuli. The duration of each vowel was shortened to 400 

ms. The pitch contour from one representative vowel from each talker was extracted using the 

PSOLA algorithm and applied to all of the vowels of that talker. The fundamental frequency (F0) 

of vowels ranged from 83 to 123 Hz for the male talker and from 219 to 235 Hz for the female 

talker. Figure 1 shows the position of each vowel in F1/F2 space. The male /i:/and /u:/ were 

chosen as targets because, as Figure 1 indicates, the 1st and 2nd formants of these vowels are 

separated from those of the masker vowels. This is expected to reduce, but not eliminate, 

energetic masking of the target formants by masker formants. The root-mean-square (RMS) 

amplitudes of each talker’s vowels were equated using the scale intensity function in PRAAT.  

15-ms on- and off-ramps were included. The level of the masker (female) vowels was set at 60 

dB SPL for all listeners in all conditions. The level of the target (male) vowels was set to 75, 72, 

60, 50 or 40 dB SPL, depending on the test phase and age of the listener.  

 

 

 
 
 
 
 
 
 
 

 

 

Figure 2-1: F1/F2 space for the vowels used in experiments 1 and 2.  

F1 and F2 were obtained at 100 ms for each vowel. Male talker vowels  are plotted in 

black, female talker vowels in grey. 
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The male and female vowels were combined offline to create the final stimulus set. The 

two vowels in a pair were always different, and the masker vowel was never the target vowel, 

e.g. when /u:/ was the target vowel, it was not included as a masker in any vowel pair. Therefore, 

of the 49 possible vowel pairs, 7 were eliminated because they contained matching vowels and 6 

were eliminated because they contained the target vowel in the masker. This left a total of 36 

vowel pairs: 30 with no target and 6 with a target vowel. In the synchronous onset condition, the 

vowels were aligned with simultaneous onset and offset. In the asynchronous onset conditions, 

the target-talker vowels were shortened to the appropriate durations by deleting either 100 or 200 

ms at the end of the vowel. Off ramps of 15 ms were imposed on the shortened vowel. The levels 

of these shortened target-talker vowels were scaled to 75, 72, or 40 dB SPL, depending on the 

test phase and age of the listener. Zeroes were added to the beginning of the file to equate the 

length of the target-talker and masker vowels before the files were combined, resulting in 

simultaneous offsets. This process was completed for each TMR used in the experiment.  

Procedure 

The observer-based psychophysical procedure was used to assess infant sensitivity 

(Werner, 1995). Infants were seated on their caregiver’s lap in a single-walled sound-attenuated 

booth. An assistant was seated to the infant’s left and manipulated quiet toys to keep the infant 

engaged during the test session. A tower with dark plexiglass boxes containing mechanical toys 

and a video monitor, the “visual reinforcer”, was located to the infant’s right. The observer was 

seated outside of the sound booth and watched the infant through an observation window. 

Throughout the test session, the double-vowel pairs were presented repeatedly with an ISI of 

1200 ms from a loudspeaker (JBL; Professional Control 1) located at the front of the sound 

booth. The caregiver, assistant and observer heard a continuous stream of double-vowels 
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presented over insert earphones or headphones to prevent them from hearing the sounds 

presented to the infant. When the infant appeared attentive, the observer initiated a trial. On each 

trial, the infant heard the target vowel (“target trial”) or a non-target vowel (“no-target trial”), 

paired with a masker vowel. Target and no-target trials occurred in pseudorandom order, with 

constraints as described below. Target and non-target vowel pairs were randomly selected from 

the available pairs of each type. The observer was blind to trial type and judged whether or not 

the target vowel had been presented on each trial, based on the infant’s behavior. The observer 

had 4 s after trial onset to record a response. The observer received feedback after each trial. 

When the observer correctly identified a target trial, the mechanical toy or video was turned on 

for 4 s, to reinforce the infant’s response. The assistant in the booth also delivered “social 

reinforcement” to the infant when the toy or video was activated. When the observer’s judgment 

was incorrect or when the observer correctly identified a no-target trial, no reinforcement was 

provided. 

Each session began with a demonstration phase to familiarize the infant with the target 

vowel and the procedure. Vowel pairs were presented with simultaneous onsets. The TMR was 0 

dB for all non-target vowel pairs; the TMR was +15dB for target vowel pairs. The probability of 

a target trial was 0.8. The visual reinforcer was activated 2 s after a target vowel pair was 

presented, regardless of the observer’s response. The demonstration phase continued until the 

infant-observer team was correct on 4 of the last 5 target trials and 1 no-target trial, until the 

infant’s state precluded further testing, or until 20 trials had been presented. 

The session continued with a training phase to teach the infant that a response was 

required to activate the visual reinforcer and to teach the observer what infant responses to target 

vowels might be. Vowel pairs were still presented with simultaneous onsets, but the TMR was 
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+15 dB for all vowel pairs. The probability of a target trial was 0.5. The reinforcer was activated 

only when the observer correctly identified a target trial. The training phase continued until the 

infant-observer team correctly identified 4 of the last 5 target trials and 4 of the last 5 no-target 

trials (training criterion), until the infant’s state precluded further testing, or until 40 trials had 

been presented. 

Infants who reached training criterion in the training phase completed two testing phases, 

one in the synchronous onset condition and one in an asynchronous onset condition, order 

counterbalanced across participants. During the testing phases the TMR was +12 dB for all 

vowel pairs on target and no-target trials. Thirty-six trials were presented in 2 blocks. One block 

contained 7 target trials and 7 no-target trials; the other contained 8 target and 8 no-target trials2. 

In addition, both blocks contained 3 probe trials, target trials with +15 dB TMR. Probe trials 

were included to ensure that infants were still engaged in the task. Within each block, the trial 

types were presented in random order. The block order was counterbalanced across participants. 

The infant only received reinforcement when the observer correctly identified a target or a probe 

trial. Testing was discontinued if the observer missed 3 probe trials or if the infant’s state 

precluded further testing. Otherwise testing continued until all 36 trials were completed.  

If an infant did not reach criterion in the training phase during a visit, the next visit began 

with a demonstration phase. If an infant completed the training phase and/or one testing phase, 

subsequent visits began with a few “reminder” trials from the demonstration and training phases 

before beginning the next testing phase. Some infants completed training and one testing phase 

within one visit and the other testing phase in a separate visit. However, most infants completed 

training and the two testing phases in separate visits. 

                                                
2 In the block with 7 target vowel pairs, the target vowel was combined with the competing vowels /æ, ʊ, ɔː, ɪ, æ, ʊ, 
and i: or u: (whichever vowel was not the target vowel)/. In the block with 8 target vowel pairs, the target vowel was 
combined with the competing vowels  /ɛ, ɪ, æ, ʊ, ɔː, ɛ, ɪ, and i: or u:(whichever vowel was not the target vowel)/. 
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Adults were tested in a similar procedure. Adults were seated alone in the test booth. 

They were instructed to raise their hand when they heard the sound that “makes the toy come 

on”. Adults completed all phases in a 1-hour visit with a short break between the two testing 

phases. The stimuli in the demonstration phase were the same for infants and adults. However, 

for adults the TMR was -10 dB in the training phase and -20 dB TMR in the testing phases.  

B. Results 

The measure of performance was d'. Perfect hit and false-alarm rates were adjusted by 

1/n, where n is the number of trials. Target vowel, order of condition, and order of experimental 

blocks did not affect d'. Thus, results were collapsed over target vowel and order of presentation.  

 

Figure 2 plots d' in the synchronous and asynchronous onset condition for individual 

subjects in each age group. The overall level of performance is variable, which is not surprising 

given that listeners in each age group were tested with a fixed TMR. While the benefit of 

asynchrony is also variable, 14 of 24 infants and 15 of 24 adults performed better in the 

asynchronous than in the synchronous onset condition.  
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Figure 2-2 Individual d' scores for infants and adults.  

Scores are ordered by performance in the synchronous onset condition and divided by onset-

asynchrony duration. Squares represent d' in the synchronous onset condition, triangles represent 

d' in the asynchronous onset condition. The lines connect data points from the same participant. 

 

Figure 3 shows average d' for infants and adults as a function of condition.  As intended, 

average d' in the synchronous onset condition was approximately 1, with a range of 0.8 to 1.4, 

across groups. Comparing performance between the synchronous onset and onset asynchrony 

conditions, both infants and adults performed better with asynchronous than with synchronous 

onsets for both asynchrony durations. No differences in performance are apparent between the 

100- and 200-ms onset asynchrony conditions within age group.   
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Figure 2-3 Average d' in each condition by age group.  

The dotted line represents above chance performance. Error bars represent +/- 1 standard error  

of the mean 

 

To statistically evaluate these observations a mixed models analysis was performed using 

Generalized Estimating Equations (GEE) assuming an exchangeable correlation structure and 

robust standard errors. The full model included the dependent variable d' and the independent 

variables asynchrony (synchronous onset, asynchronous onset), duration (100 ms, 200 ms), age 

(7-month-old infant, adult), and all possible interactions. The results are summarized in Table 1. 

All three main effects reached statistical significance, but because the interaction between age 

and onset asynchrony duration also reached statistical significance, this interaction is interpreted 
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first. Post-hoc analysis showed that for infants, the effect of duration was nonsignificant (z = 

0.63, p = 0.529) and that for adults, the effect of duration just missed statistical significance (z = 

-1.91, p = 0.056). Note that adult performance was actually better at the 100- than at the 200-ms 

onset asynchrony. Thus, although the main effect of duration was significant, it is clear from the 

preceding analysis that duration only influences performance in adults in an unexpected 

direction. In contrast, the main effect of age seems to hold in all conditions. Given that the age 

effect was not specific to the asynchrony conditions, there is no evidence that the benefit of onset 

asynchrony is different between infants and adults.  

 

Table 2-1 Results of mixed models GEE statistical analysis of d'. 

Predictor B SE B (robust) z p 95% Confidence interval 
age -0.53 0.19 -2.85 0.004 -0.9 – -0.17 
asynchrony 0.41 0.19 2.14 0.032 0.03 - 0.78 
duration -0.51 0.24 -2.12 0.034 -0.98 - -0.04 
age x asynchrony 0.15 0.23 0.63 0.529 -0.32 - 0.63 
age x duration 0.77 0.32 2.38 0.017 0.14 - 1.4 
age x asynchrony x duration -0.63 0.41 -1.53 0.126 -1.43 - 0.18 
 

C. Discussion 

The results of Experiment 1 show that 7-month-old infants gain a similar benefit from 

onset asynchrony as adults in the segregation of concurrent vowels. In fact, infants and adults 

were remarkably similar in their use of onset asynchrony. The same number of infants received a 

benefit from the asynchrony cue as adults. The variability in performance is similar between the 

age groups. Within each age group, increasing duration does not improve performance. We 

believe that the trend for decreased performance between 100- and 200-ms onset asynchronies 

for adults is likely the result of sampling error.  
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Not all subjects showed a benefit from onset asynchrony. It should be noted that 

variability in benefit is commonly noted in the literature (Hall et al., 2008; Hill & Darwin, 1996; 

Leibold & Neff, 2007; Lentz & Marsh, 2006; Singh & Bregman, 1997). It might also be the case 

that the TMR used was not sufficient to support detection in either condition for some listeners. 

In addition, day-to-day (or minute-to-minute) variability in performance is a natural feature of 

untrained listeners, and the small number of trials used here exacerbates the problem. Thus, the 

failure to find benefit of onset asynchrony in some listeners probably doesn’t mean that those 

listeners are unable to use onset asynchrony cues.  

Contrary to expectation, asynchrony duration did not lead to an improvement in 

performance in either age group. There are differences in stimuli and procedures between this 

study and those demonstrating a duration effect. However, it should be noted that while 

performance in concurrent vowel segregation generally improves with improving onset 

asynchrony (Lentz & Marsh, 2006), not all studies find an improvement between these two 

asynchrony durations (Valentine & Lentz, 2012). It is possible that the lack of a positive duration 

effect in this study is due to the high variability in performance, small sample size, and small 

number of trials.  

III.  EXPERIMENT 2 

While Experiment 1 focused on 7-month olds and adults, Experiment 2 evaluated onset 

asynchrony cue use in 3-month-old infants. Given the dramatic changes in the auditory system in 

the first 6 months of life (Eggermont & Moore, 2012), and the fact that newborns have access to 

but may not use onset asynchrony cues (Bendixen et al., 2015), it might be expected that infants 

younger than 7 months of age do not use onset asynchronies to the same degree as older infants 
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or adults. Furthermore, it might be predicted that infants younger than 7 months require longer 

asynchronies to segregate concurrent vowels. 

Unfortunately, initial test results showed that 3-month-old infants were unable to 

complete the test phases that provided estimates of d' in each condition. Of the 22 3-month-old 

infants initially tested, only 9 were able to complete both the synchronous and asynchronous 

onset cue conditions with above-chance performance in at least one condition. However, 14 

reached criterion in the training phase in the synchronous onset condition. Thus, to get 

information about 3-month-olds’ use of onset asynchrony cues in vowel segregation, different 

groups of infants were tested with synchronous vowel onset, 100-ms onset asynchrony and 200-

ms onset asynchrony, respectively. The proportion of infants reaching the training criterion in 

each condition was taken as a measure of task difficulty. If more infants are able to reach 

criterion in an asynchronous onset condition compared to the synchronous onset condition, this 

was taken as evidence that onset asynchrony provides a benefit in vowel segregation. This 

approach is not unlike that used in many other developmental studies (e.g., Cabrera & Werner, 

2017; Kuhl, 1979; Polka & Bohn, 2003). It was hypothesized that a larger proportion of infants 

would be able to reach criterion with asynchronous vowel pairs. It was furthermore hypothesized 

that a larger proportion of infants would reach criterion with a 200-ms onset asynchrony 

compared to a 100-ms onset asynchrony. 

A. Methods 

Participants 

A total of 67 3-month-old infants (mean age: 12 weeks, SD = 0.7) participated in this 

experiment. The 22 infants who were initially trained in the synchronous onset condition were 

included. In addition, 22 infants provided data in the 100-ms asynchronous onset condition and 
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23 infants provided data in the 200-ms asynchronous onset condition. The inclusion criteria were 

identical to those of Experiment 1. An additional two infants were excluded, 1 infant due to 

excessive fussiness on both test days (synchronous onset condition) and 1 infant who failed 

tympanometry screening (100-ms asynchronous onset condition). 

Stimuli 

The stimuli used in Experiment 2 were the same as those used in the demonstration and 

training phases for infants in Experiment 1, except that vowel pairs in the training phase of 

Experiment 2 could have synchronous onset, a 100-ms onset asynchrony, or a 200-ms onset 

asynchrony.  

Procedure 

The demonstration and training phase procedures described in Experiment 1 were used in 

Experiment 2, with the exception that infants were assigned to one of three different asynchrony 

conditions in the training phase: synchronous onset, 100-ms onset asynchrony, or 200-ms onset 

asynchrony. 

A test session continued until the infant reached criterion; the infant became unresponsive 

due to fussiness, hunger, or sleepiness; or until the maximum number of trials in a phase had 

been presented. If a session was aborted prior to reaching criterion or the maximum number of 

trials, a second session was attempted in the same visit, if the infant was willing. This procedure 

was followed on each of 2 visits to the lab. An infant was only judged to have failed to reach 

criterion if at least 2 sessions were attempted and only if the 2 sessions were attempted at 

different visits. 
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B. Results 

Fourteen of 22 infants (64%) reached criterion in the synchronous onset condition, while 

21 of 22 infants (95%) reached criterion in the 100-ms asynchronous onset condition and 20 of 

23 infants (87%) in the 200-ms asynchronous onset condition. 

Three analyses were performed to evaluate 3-month-old infants’ use of onset asynchrony 

cues. The first analysis tested whether the number of infants who successfully reached criterion 

in each condition was greater than would be expected by chance. The second analysis tested 

whether infants in the asynchronous onset conditions were more likely to reach criterion than 

infants in the synchronous onset condition. The third analysis tested whether the proportion of 

infants reaching criterion differed between the two asynchronous onset conditions. 

In the first analysis, a simulation of 10,000 infants was performed to determine the 

proportion of infants who would reach criterion if the observer guessed on every trial. The 

simulation followed the same rules as the test procedure in terms of target probability, maximum 

number of trials, and maximum number of sessions attempted. Two parameters were determined 

from the test data and included in the simulation: 1) the rate at which the observer judged that a 

target trial had occurred in each phase, regardless of trial type and how many trials were 

completed in a session, and 2) the probability that a session was aborted due to infant state. The 

“target” response rate was 0.67 in the demonstration phase and 0.59 in the training phase. The 

proportion of aborted sessions was 0.12 for 1st sessions, 0.09 for 2nd sessions, 0.04 for 3rd 

sessions, and 0 for 4th sessions. Based on this simulation, the proportion of infants expected to 

reach criterion by chance was 0.44. One-sided exact binomial tests showed that the proportion of 

infants reaching criterion was greater than expected by chance in the 100- and 200-ms 

asynchronous onset conditions (p < 0.001). In the synchronous onset condition, the one-sided 
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exact binomial test just missed statistical significance (p =  0.051), suggesting that segregating 

synchronous vowels was difficult for 3-month olds.  

The second analysis evaluated whether onset asynchrony provided a benefit in concurrent 

vowel segregation. A one-tailed statistical test of proportions showed that the proportions of 

infants reaching criterion in the 100- and 200-ms asynchrony condition were significantly greater 

than in the synchronous onset condition (100 ms: z = -3.06, p =  0.0054; 200 ms: z = -1.82, p = 

0.0344). 

The third analysis evaluated whether asynchrony duration influenced concurrent vowel 

segregation in 3-month-old infants.  A one-tailed statistical test of proportions showed that the 

proportion of infants reaching criterion in the 200-ms asynchronous onset condition was not 

greater than in the 100-ms asynchronous onset condition (z = 1.71, p = 0.9568).  

C. Discussion 

The results of Experiment 2 suggest that 3-month old infants benefit from onset 

asynchrony cues in concurrent vowel segregation. Contrary to expectation, the duration of onset 

asynchrony did not influence the proportion of 3-month olds reaching criterion. The potential 

reasons for the failure to find a duration effect are the same as those discussed in Experiment 1. 

It is also possible that the proportion of infants reaching criterion is not a sensitive enough 

measure to detect differences between 100- and 200-ms onset asynchrony durations.  

A direct comparison between 3-month olds, 7-month olds and adults is not possible, 

because the measure of sensitivity used in Experiment 1, d', is different from that in Experiment 

2, the proportion of infants reaching criterion. However, d' in the synchronous onset and 

asynchronous onset conditions are available for nine 3-month-old infants. This subset of 3-month 

olds who were able to provide data in both experimental conditions is likely biased toward the 
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best performers, given that segregation of vowels with synchronous onset appears to be a 

difficult task for 3-month-old infants. Nonetheless, for this subset of infants, average d' in the 

asynchronous onset conditions (mean = 1.13, SD = 0.27) was higher than in the baseline 

condition (mean = 0.88, SD = 0.34), suggesting a benefit of the onset asynchrony cue. The 

benefit 3-month olds experienced appears slightly smaller than in 7-month olds and adults, but 

for obvious reasons it is difficult to draw an strong conclusions about age-related improvement 

on the basis of this comparison. Clearly, whether sensitivity to onset asynchrony develops 

between 3 and 7 months of age cannot be determined without further procedural adjustments to 

allow a greater number of 3-month-old infants to provide sensitivity data. 

IV. GENERAL DISCUSSION 

The current study provides the first behavioral evidence that 3- and 7-month-old infants 

use onset asynchrony cues to group and segregate the components of speech sounds. In fact by 7 

months of age infants use onset asynchrony similarly to adults when performance is equated in 

synchronous vowel segregation. Although not enough data were obtained from 3-month-old 

infants to directly compare age groups, the available sensitivity scores suggest that 3-month-old 

infants may be less efficient than both 7-month olds and adults at using onset asynchrony cues. 

Another outcome of this study was that increased duration did not lead to an improvement in 

performance within any age group. It seems likely that this result is due to the presence of 

additional cues to sound source segregation, those based on voice characteristics. However high 

variability in performance, small sample size, and small number of trials probably also contribute 

to the lack of duration effect. Similarly, the nonsignificant trend of decreased performance with 

100- and 200-ms onset asynchronies in adults is most likely a result of sampling error.  
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By combining the results of this study with those of prior studies, we might speculate on 

the possible developmental timeline of onset asynchrony use in sound segregation. Newborns 

have access to onset asynchrony, but may not yet use this cue to segregate sounds (Bendixen et 

al., 2015). By 3 months of age infants use onset asynchrony to segregate concurrent vowels. 

However, the use of onset asynchrony may become more efficient between 3 and 7 months. By 7 

months of age, infants seem to gain as much benefit from onset asynchrony cues as adults. The 

large variability observed in this and other studies may indicate that the use of onset asynchrony 

cues may develop more slowly in some children (Hall et al., 2005; Hall et al., 2008; Leibold & 

Neff, 2007). Thus, while onset asynchrony does not appear to be a major contributor to infants’ 

and children’s difficulties segregating competing sounds, it may contribute for some infants and 

children.  

 While the current study demonstrated that 3- and 7-month-old infants can segregate 

concurrent vowels, it should be noted that infants required a +12 dB TMR to achieve a d' of 1 in 

the synchronous onset condition, whereas adults only required a -20 dB TMR. The fact that 

infants required a greater TMR is not surprising. For example, infants consistently require a 

greater TMR than adults in tone or speech-sound detection in broadband noise (Nozza et al., 

1990; Nozza & Wilson, 1984). The age-related difference in required TMR increases with 

increasing variability of the stimuli. However, even in informational masking paradigms, where 

masking cannot be explained by peripheral processes alone and large developmental effects are 

observed, the age-related TMR difference is not as great as that observed in the current study 

(Leibold & Werner, 2006). However, the age-related TMR difference in the current study is 

similar to that reported in other studies of speech-on-speech detection. For example, Leibold et 
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al. (2013) found that the average threshold TMR difference between infants and adults was 27.5 

dB SPL, compared to 32 dB SPL here. 

The large age-related threshold TMR difference indicates that infants and adults use 

different cues to segregate speech sounds in the absence of temporal cues. Two recent studies 

have suggested that infants do not use voice characteristic cues to segregate speech from speech. 

Leibold et al. (2013) found that while adults’ detection thresholds improved when the target and 

competing speech were produced by different-sex talkers, infants’ detection thresholds were not 

influenced by the sex mismatch. Similarly, Newman and Morini (2017) found that 16-month 

olds’ word recognition in a speech masker was not influenced by a talker-sex mismatch between 

the target and masker. That infants use temporal cues, but not voice characteristic cues, is 

consistent with the idea that infants listen selectively in time (Werner, Parrish, & Holmer, 2009), 

but not in frequency (Bargones & Werner, 1994). If infants do not use voice characteristic cues, 

then infants in the synchronous onset condition would have to rely on intensity cues to segregate 

competing vowels. Since their intensity resolution is immature (Bull, Eilers, & Oller, 1984; 

Sinnott & Aslin, 1985), this might provide yet another explanation for the large positive TMR 

required by infants. However, until the cues to sound segregation have been investigated in 

isolation—for example, by using synthetic vowels— it is not possible to determine which cues 

infants use. 

In summary, these results show that by 3 months of age, infants can use onset asynchrony 

in the segregation of competing vowels, but hint that younger infants may be less efficient at 

using this cue than adults. Nonetheless, to the extent that immature sound source segregation 

contributes to infants’ difficulties processing speech in the presence of competing sounds, an 

inability to use onset asynchrony is probably not a major contributor.  
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CHAPTER 3 INFANTS’ USE OF ENVELOPE CUES  
 

I. INTRODUCTION 

Speech processing in the presence of competing sounds is immature in infants and develops 

well into childhood (Leibold, 2017). The ability to segregate sound sources depends in part on 

accurate auditory encoding. Since auditory encoding is largely mature by 6 months of age (Buss 

et al., 2012), it cannot explain infants’ and children’s difficulties dealing with competing sounds. 

However, sound source segregation also depends on specialized bottom-up and top-down 

mechanisms. Bottom-up mechanisms capitalize on the fact that frequency components emitted 

from the same sound source are related to each other in their spectral, temporal and location 

characteristics. For example, all frequency components from one sound source start and stop 

together and carry similar changes in amplitude over time. The auditory system uses these 

auditory cues to group frequency components that have similar acoustic characteristics and to 

segregate those that differ (Bregman, 1990).  This process is supported and guided by top-down 

mechanisms, such as auditory attention (Shinn-Cunningham, 2008). Hence, the prolonged 

development of the ability to separate competing sounds may be related to immaturities in the 

mechanisms underlying sound source segregation. To evaluate this possibility the current study 

focuses on infants’ ability to use auditory cues in sound source segregation.  

Infants’ use of auditory cues in sound source segregation has received limited attention to 

date. The existing studies have shown that infants can segregate competing sounds that differ in 

frequency separation and harmonicity (Bendixen et al., 2015; Demany, 1982; Folland et al., 

2015; Folland et al., 2012; Winkler et al., 2003), as well as location cues (Nozza et al., 1990). 

Oster & Werner (under review) recently showed that infants can use a temporal cue, onset 
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asynchrony, to segregate sounds. However, variations in the temporal envelope, another 

temporal cue, has not been studied in the context of sound segregation in infants.  

It is clear from the adult literature that amplitude modulation improves detection, 

discrimination, and speech reception in the presence of competing sounds. The majority of these 

studies have introduced modulation in the masker (Bernstein & Grant, 2009; Brungart, 2001; 

Grimault, Bacon, & Micheyl, 2002; Nie & Nelson, 2015). Although improvements in 

performance with masker modulation might be due to envelope cue-based sound segregation 

(e.g., Hall et al., 2006; Hall et al., 2008), they can also be explained by listeners’ glimpsing the 

target during masker minima or by other mechanisms (Bernstein & Grant, 2009; Borrill & 

Moore, 2002; Brungart, 2001; Cooke, 2006; Fogerty, Xu, & Gibbs, 2016; Füllgrabe, 

Berthommier, & Lorenzi, 2006; Miller & Licklider, 1950). Fewer studies have examined the 

effect of target modulation, but those studies demonstrate that adults can use differences between 

amplitude envelopes to segregate competing sounds (Moore & Gockel, 2012; but see 

Summerfield et al., 1992). However, how effective differences in modulation are appears to 

depend on a complex interaction of envelope cues and spectral characteristics of competing 

sounds (Hall et al., 2006; Hall et al., 2008). 

While infants’ use of envelope cues in sound source segregation has not been studied, results 

from related studies suggest that infants and children may be limited in their use of such cues. 

First, infants seem insensitive to amplitude modulation (AM), requiring greater modulation depth 

to detect AM, despite adultlike temporal resolution (Horn et al., 2016; Werner, 2006; Werner et 

al., 2001). Second, infants’ and young children’s detection and discrimination improves less as a 

result of masker modulation than adults’ (Grose & et al., 1993; Hall, Buss, & Grose, 2014; Hall, 

Buss, Grose, & Roush, 2012; Hall, Grose, & Dev, 1997; Stuart, 2005; Stuart, 2008; Werner, 
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2013). That envelope cues may not be salient cues for infants is further supported by the finding 

that infants do not notice asynchrony between the auditory and visual envelopes of speech 

(Lewkowicz & García Coll, 2010), and that differences in envelopes only lead to small 

improvements in performance in 4- to 11-year-old children (Hall et al., 2008). Note, however, 

that Cabrera and colleagues (Cabrera, Bertoncini, & Lorenzi, 2013; Cabrera & Werner, 2017) 

showed that infants use envelope information as well as adults to discriminate between 

consonants in quiet and in noise.  

The ability to use envelope cues in sound segregation may be particularly relevant for 

infants and children with cochlear implants (CIs). While spectral and location cues are degraded 

in CIs, temporal cues, including envelope cues, are well represented. The utility of envelope cues 

in sound segregation in adult CI listeners has been demonstrated (Chatterjee, Sarampalis, & Oba, 

2006; Pierzycki & Seeber, 2014). If the ability to use envelope cues in sound source segregation 

is late to develop, special efforts may be necessary to allow infants and children with CI to 

segregate sounds. Thus, understanding the development of envelope cue use is of some 

importance. 

The current study evaluates the development of envelope cue use in infants. To this end, two 

experiments were conducted. The first experiment investigated envelope cue use in 7-month-old 

infants and adults. It was hypothesized that 7-month-olds would segregate competing sounds 

with different amplitude envelopes better than competing sounds with similar envelopes, but that 

this effect would be smaller than in adults. The second experiment investigated envelope cue use 

in 3-month-old infants. Since the first 6 months of life are a time of rapid auditory development 

(Eggermont & Moore, 2012), it was of interest to investigate whether differences would be 

observed in the use of envelope cues in 3- and 7-month-old infants.  
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II. EXPERIMENT 1 

A. Method 

Design 

Experiment 1 employed a mixed design to measure the effect of envelope cues. Listeners 

heard a train of superimposed vowel pairs. One vowel in each pair was spoken by a man, the 

other was spoken by a woman. Listeners learned to respond to one of two target vowels: male /i:/ 

or male /u:/. An equal number of listeners heard each target vowel. Participants in the final 

sample provided data in two experimental conditions: the baseline condition, in which the 

amplitude envelopes of the vowels in a pair were similar, and the envelope cue condition, in 

which the amplitude envelopes of the vowels in a pair were different. The vowel pairs were 

presented at age specific target-to-masker ratios (TMR) that produced a d' = 1 in the baseline 

condition in pilot testing. An increase in d' in the envelope cue condition relative to the baseline 

condition was interpreted as a benefit of the envelope cues. 

Participants 

A total of 12 7-month-old infants (mean age: 30 weeks, SD = 1.8) and 13 young adults 

(mean age: 21 years, SD = 2.7) provided data in both experimental conditions. Inclusion criteria 

included normal hearing (infants: passing newborn hearing screening per parent report, adults: 

passing hearing screening at 20 dB HL at octave frequencies between 250 and 4000 Hz), normal 

development, no family history of congenital hearing loss, no risk factors for hearing loss, no 

recent treatment for otitis media, passing tympanometry screening on each test date (1-kHz probe 

tone for infants, 226 Hz probe tone for adults), English as the dominant language in the home, 

and no prior experience in psychoacoustic experiments. Participants were recruited through the 

Communication Studies Participant Pool at the University of Washington, which maintains a 
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database of individuals who are willing to participate in research or who are willing to have their 

child participate in research. Some adult participants were recruited through flyers and 

newspaper announcements.  

An additional 13 participants were enrolled in this study but excluded for the following 

reasons: failed tympanometry screening (2 infants), inability to learn the task (4 infants), 

inability to complete 2 experimental conditions (2 infants), below chance performance in both 

experimental conditions3 (2 infants and 2 adults), and ceiling performance in the baseline 

condition (1 adult). 

Stimuli 

Sound source segregation in infants has been primarily investigated using non-speech 

stimuli (e.g., Bendixen et al., 2015; Demany, 1982; Folland et al., 2015; Folland et al., 2012; 

Winkler et al., 2003). Although those stimuli allow for precise characterization and manipulation 

of auditory cues, they do not always accurately predict how listeners use auditory cues to 

segregate speech from competing sounds (Nittrouer, Lowenstein, & Tarr, 2013; Sussman et al., 

2007). For that reason, speech sounds were used as stimuli in this study, but the speech sounds 

used were relatively manageable vowels. 

The 7 American-English vowels /i: u: ʊ æ ɛ ɔː ɪ/ were used to generate double-vowel 

pairs. The vowels were recorded by a male and by a female talker in a professional recording 

studio using a high-quality condenser microphone. Recordings were digitized at 32 bits and a 

sampling rate of 44100 Hz. Only vowel tokens with relatively flat envelopes were selected for 

further processing. Using PRAAT (Boersma & Weenink, 2017), all vowels were shortened to 

400 ms. The pitch contour of one vowel from each talker was extracted using the PSOLA 

                                                
3 If an observer responded “yes” randomly on each trial, the probability of obtaining a d' ≥ 0.8 on 30 trials is less 
than 0.05, assuming a binomial process with p = 0.5. 
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algorithm and applied to all vowels from that talker, respectively. The range of fundamental 

frequencies (F0) was 219 to 235 Hz for the female talker and 83 to 123 Hz for the male talker. 

The first two formant frequencies of the vowels are listed in Table 1.  

The vowels from each talker were scaled in root-mean-square (RMS) amplitude with 15-

ms on- and off-ramps using the scale intensity function in PRAAT. The level of the female 

vowels was always 60 dB SPL. The level of the male vowels was 40, 50, 60, 72, or 75 dB to 

generate TMRs of -20 and -10 dB for adults and +12 and +15 dB for infants.  

 
Table 3-11st and 2nd formant (F1, F2) of all vowels from each talker. 

 /i:/ /u:/ /ɔː/ /ɛ/ /ɪ/ /æ/ /ʊ/ 
Female 
talker 

F1 449 Hz 440 Hz 724 Hz 874 Hz 564 Hz 983 Hz 689 Hz 
F2 2518 Hz 1129 Hz 1115 Hz 1782 Hz 2068 Hz 1733 Hz 1308 Hz 

Male 
talker 

F1 316 Hz 343 Hz 653 Hz 571 Hz 430 Hz 666 Hz 517 Hz 
F2 2113 Hz 1390 Hz 1189 Hz 1553 Hz 1854 Hz  1423 Hz 1274 Hz 

 
 
 

Using these stimuli, vowel pairs were created by superimposing 2 different vowels, one 

from each talker. The male /i:/ and male /u:/ were selected as target vowels because their first 

two formants are separated from those of the masker (female) vowels, reducing energetic 

masking (see Table 1). The target vowel was never included among the competing vowels; that 

is, if /i:/ was the target vowel, /i:/ was not included in the masker vowels. In this way 36 vowel 

pairs were created for the baseline condition at each TMR, 30 vowel pairs without a target vowel 

and 6 vowel pairs with the target vowel. 

For the envelope cue condition, the female vowels were the same as in the baseline 

condition. However, the amplitude envelopes of the male talker’s vowels were modified to 

represent those found in infant-directed speech. To this end, the male talker was instructed to 

record vowels as if speaking to an infant. From these tokens, vowels with 3 different amplitude 
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envelopes were selected and shortened to 400 ms. The 3 amplitude envelopes are schematically 

represented in Figure 1.  

 
 

 

 

 

 

 

 

 
 

Figure 3-1 schematic representation of double-vowel pairs.  

The dotted line represents the envelope of 1 female vowel. The solid line represents male 

vowels scaled to a RMS of 72 dB SPL (7-month-old infant stimuli), the dashed line 

represents male vowels scaled to a RMS of 40 dB SPL (adult stimuli).  

 
 
Using Matlab (MATLAB 2014a, The MathWorks, Natick, 2014), the amplitude envelopes were 

extracted by computing the Hilbert envelope and low-pass filtering with a 2nd order butterworth 

filter with a 30-Hz cutoff frequency two times, forward and backward. A 30-ms raised-cosine 

onset and offset ramp was applied. Given that the male vowels in the baseline condition had 

some natural level variation, the central third of each baseline vowel was selected and elongated 

to 400 ms using the PSOLA algorithm in PRAAT. These vowel tokens were then multiplied by 
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the three different amplitude envelopes, resulting in 21 male vowels for the envelope cue 

condition. The average level of these vowels was scaled to 40, 72, and 75 dB SPL to produce 

TMRs of -20, +12 and +15 dB, respectively. Vowels were combined as in the baseline condition, 

resulting in a total of 36 vowel pairs at each TMR and for each amplitude envelope, 30 without a 

target vowel and 6 with a target vowel 

Procedure 

All listeners were tested using the observer-based procedure (Werner, 1995), which 

allows for the inclusion and direct comparison of infants and adults. Testing was conducted in a 

sound attenuated booth. The sound booth contained a visual reinforcement tower, consisting of 2 

boxes that concealed mechanical toys behind dark plexiglass and a small video monitor to show 

short video clips. All auditory stimuli were presented from a loudspeaker (JBL, Professional 

Control 1 or FOSTEX, Digital Personal Monitor 6301D) located at the front of the sound booth.  

During testing, the infant was seated on the caregiver’s lap. The reinforcement tower was 

two the infant’s right. An assistant was seated to the infant’s left. The assistant manipulated quiet 

toys to keep the infant engaged and facing forward. An observer was seated outside the sound 

booth and watched the infant through an observation window. The caregiver, assistant and 

observer listened to double-vowel pairs presented without inter-stimulus-interval over insert 

earphones or circumaural headphones to prevent them from hearing the sounds in the sound 

booth.  

The vowel pairs were played throughout the test session with a 1200-ms interstimulus 

interval. When the infant was facing forward and appeared attentive, the observer initiated a trial. 

During a trial, the infant either heard a vowel pair containing the target vowel (target trial) or a 

vowel pair that didn’t contain the target vowel (no-target trial). From trial onset, the observer had 
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4 s to judge whether or not a target trial had occurred. The observer was blind to trial type. 

Observer judgments were based solely on the infant’s behavioral response. Some typical infant 

responses indicating target trials included head turns towards the reinforcement tower, eye 

widening, or brief cessation of motor activity. The observer received feedback after each trial. 

When the observer correctly identified a target trial, a mechanical toy or a video was activated as 

visual reinforcement. Additionally, the assistant in the sound booth provided “social 

reinforcement” by clapping, smiling, and verbally praising the infant. When the observer 

incorrectly identified a target trial or correctly identified a no-target trial, no reinforcement was 

provided. 

All listeners completed 4 test phases: a demonstration phase, a training phase, a baseline 

test phase and an envelope cue test phase. Target vowel and the order of test phase presentation 

were counterbalanced across listeners.  

The demonstration phase served to introduce the target vowel and the task. The vowels in 

a pair had baseline amplitude envelopes. Vowel pairs with no target were presented at 0 dB 

TMR; target vowel pairs were presented at +15 dB TMR. A maximum of 20 trials were 

presented in the demonstration phase, with target and no-target trials occurring at a ratio of 5:1. 

The visual reinforcer was activated 2 s after target-trial onset, regardless of the observer’s 

response. The demonstration phase was complete when the infant-observer team correctly 

identified 4 of the last 5 target trials and 1 no-target trial. The demonstration phase was 

discontinued if the infant’s state precluded further testing or when 20 trials had been presented. 

The infant only continued to the second phase if the demonstration phase was completed. 

The second phase, the training phase, served to teach the infant that a behavioral response 

was required for reinforcer activation and to familiarize the observer with the infant’s responses. 
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The vowels in each pair had baseline amplitude envelopes and were presented at +15 dB TMR. 

Target and no-target trials occurred with equal probability. Reinforcement was only provided 

when the infant-observer team correctly identified a target trial. The training phase was complete 

when the observer correctly identified 4 of the last 5 target and 4 of the last 5 no-target trials. The 

training phase was discontinued if the infant’s state precluded further testing or until a maximum 

of 40 trials had been presented. 

Infants who completed the training phase completed two test phases: one in the baseline 

condition and one in the envelope cue condition. Each test phase consisted of 36 trials: 15 target 

trials, 15 no-target trials and 6 probe trials. On probe trials, the target-vowel pair was presented 

at +15 dB TMR, as a check that the infant was still engaged in the task. All other vowel pairs 

were presented at a +12 dB TMR. Trials were presented in 2 blocks: one block consisted of 7 

target and 7 no-target trials, the other of 8 target and 8 no-target trials4. The order of block 

presentation was counterbalanced across listeners. Each test phase was continued until all 36 

trials were completed, until infant state precluded further testing, or until an infant failed to 

                                                
4In the baseline condition, the block with 7 target vowel pairs used the target vowel with the competing 

vowels /æ, ʊ, ɔː, ɪ, æ, ʊ, and i: or u: (whichever vowel was not the target vowel)/. The block with 8 target vowel 

pairs used the target vowel with the competing vowels /ɛ, ɪ, æ, ʊ, ɔː, ɛ, ɪ, and i: or u:(whichever vowel was not the 

target vowel)/. In the cue conditions, the envelopes were also preselected. The block with 7 target vowel pairs 

contained target+envelope 1 with the competing vowels /æ, ɪ/, target+envelope 2 with the competing vowels /ʊ, and 

i: or u: (whichever vowel was not the target vowel)/, and target+envelope 3 with the competing vowels /æ, ʊ, ɔː/. 

The block containing 8 target vowel pairs presented target+envelope 1 with the competing vowels / ʊ, ɔː, i: or 

u:(whichever vowel was not the target vowel)/, target+envelope 2 with the competing vowels /ɛ, ɪ, æ/, and 

target+envelope 3 with the competing vowels /ɛ, ɪ,/. 
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respond to 3 probe trials. The test phase in one condition had to be completed before beginning 

the test phase in the second condition. 

Infants completed all testing in 2-3 visits to the lab. Generally, the test phases for the two 

experimental conditions were completed on 2 separate visits to the lab. If testing was 

discontinued before reaching the training criterion, the next visit started with the demonstration 

phase. If testing was discontinued before completing a given test phase, the next visit began with 

a few reminder trials from the demonstration and training phases.  

Adults were tested with the same procedure with some age-related adjustments. Adult 

listeners were seated in the sound booth by themselves and were instructed to raise their hand 

whenever they heard the sound “that makes the toys come on”. The observer watched through 

the observation window and recorded the responses. Adults completed the same phases infants 

completed, but TMRs were adjusted to prevent ceiling performance: The TMR in the training 

phase and on probe trials in the test phase was -10 dB, the TMR in the test phases was -20 dB. 

Adults completed all testing in one 1-hour visit to the lab with a short break between the two test 

phases.  

B. Results 

The measure of performance was d'. Perfect hit and false-alarm rates were adjusted by 

1/n, where n is the number of trials.  

Figure 2 depicts individual d' scores in the baseline and envelope cue conditions. As 

intended, most adults’ d' was approximately 1 in the baseline condition. In contrast, most infants’ 

d' was below 1, in fact below chance performance, in the baseline condition. Variability in 

baseline performance is not too surprising given that listeners were tested with a fixed TMR that 

may not have been appropriate for every individual listener. Nonetheless, 9 out of 12 infants and 
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10 out of 13 adults appear to perform better in the envelope cue condition than in the baseline 

condition.  

 

 

Figure 3-2 Individual d' scores in the baseline and envelope cue condition.  

Individual subjects are listed along the x-axis, ordered by level of performance in the baseline 

condition. Squares represent performance in the baseline condition, triangles represent 

performance in the envelope cue condition. Each subject’s d' scores in the two conditions are 

connected by a solid line.  

 
 

Descriptive statistics suggested target vowel and order of test block presentation did not 

affect d'. While the descriptive statistics suggested that order of condition (baseline, envelope 

cue) may have interacted with age and cue condition, including it in the statistical model did not 

change the results. Thus, results were collapsed over target vowel, test block order and condition 

order. 
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Figure 3-3 Average d' in the baseline and envelope cue conditions 

for infants and adults. Error bars represent +/- 1 standard error of the mean. 
 
 

Figure 3 shows average d' in the baseline and envelope cue condition for both age groups. 

It is apparent that average d' in both conditions is lower for infants than for adults. However, 

both infants and adults seem to perform better in the envelope cue than in the baseline condition. 

To statistically verify these observations, a mixed models analysis using Generalized 

Estimating Equations (GEE) assuming an exchangeable correlation structure and robust standard 

errors was employed. The model included the dependent variable d' and the independent 

variables cue (baseline condition, envelope cue condition), age (7-month-old infant, adult), and 

their interaction. The results are summarized in Table 2. Only the main effects of age and cue 

reached statistical significant. Controlling for cue, average d' was 0.48 lower in infants than in 
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adults. Controlling for age, average d' was 0.62 higher in the envelope cue condition than in the 

baseline condition. That the cue X age interaction did not reach significance leads us to conclude 

that the benefit of the envelope cue was no different for infants than for adults. 

 
Table 3-2 Results of mixed models analysis: the effect of age and envelope cue on d'. 

Predictor B SE B (robust) z p 95% conf. Interval 

age -0.48 0.15 -3.22 0.001 -0.78 – -0.19 
cue 0.62 0.19 3.21 0.001 0.24 – 0.99 
age x cue -0.2 0.24 -0.81 0.418 -0.67 – 0.28 
 
 

C. Discussion 

The results of Experiment 1 show that while 7-month-old infants, on average, had lower 

d' than adults in both experimental conditions, the improvement in performance associated with 

differences in envelopes was similar in the two groups.  

Considering infants’ immature AM sensitivity, these results are somewhat surprising. It is 

possible that infants’ benefit appears adultlike only because performance in the baseline 

condition is so poor for most infants. If that were the case, a correlation between d' in the two 

conditions would be expected. However, that was not the case [r(10) = 0.0008, p = 0.998]. 

Because infants in a previous study (Oster & Werner, under review), as well as pilot subjects, 

achieved a d' of about 1 in the same baseline condition used here, it is likely that sampling error 

is responsible for the poor baseline performance observed in this study. 

That infants receive adultlike benefit of an envelope cue in sound source segregation 

suggests that their poor AM sensitivity is not the result of imprecise representation of the 

amplitude envelope in the auditory pathway. Werner (2013) came to the same conclusion based 

on the fact that increasing modulation depth of a modulated masker did not improve infants’ 
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masked vowel discrimination performance. Also consistent with that conclusion is the fact that 

infants’ as young as 3 months of age appear to be able to use amplitude envelope information to 

discriminate between consonants in vocoded speech (Cabrera et al., 2013; Cabrera & Werner, 

2017). Infants’ poor performance in detecting envelope cue in noise may well result from task-

related nonsensory factors. 

That adults in the current study gained a benefit from the envelope cue appears to conflict with 

the results of Summerfield et al. (1992). Using similar vowel pairs to the ones used here, 

Summerfield and colleagues reported that listeners’ thresholds for detecting a target vowel did 

not improve as a result of imposing different sinusoidal AM rates on the two competing vowels. 

However, Summerfield et al. did not test the condition used here, in which the target was 

modulated while the masker was unmodulated. They did report a benefit of coherent frequency 

modulation when the target was modulated in an unmodulated masker, even though no benefit 

was observed when target and masker were both modulated at different frequency modulation 

rates. A similar situation may hold for amplitude envelopes, as reported here. Clearly, this issue 

requires further systematic investigation. 

III. EXPERIMENT 2 

Since the first year of life is marked by rapid auditory development (Eggermont & Moore, 

2012; Moore & Linthicum, 2007), it might be expected that younger infants do not use envelope 

cues to the same extent as 7-month-old infants and adults. To address this question, 3-month-old 

infants’ use of the same envelope cues used in Experiment 1 was investigated in Experiment 2. 

Ideally, 3-month-old infants would be tested using the same procedures as 7-month-old infants 

and adults to evaluate age effects in sensitivity. Although many 3-month-old infants were able to 

learn the task, most were unable to complete enough trials to obtain d’ in two experimental 
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conditions. Thus, to gain some insight into 3-month-olds’ use of envelope cues, we asked 

whether more infants can learn the vowel “identification” task with envelope cues than without. 

In addition, we evaluated whether 3-month-olds require fewer trials to learn the task with than 

without envelope cues. This approach is similar to that used in other developmental studies (e.g., 

Cabrera & Werner, 2017; Kuhl, 1979; Polka & Bohn, 2003). Infants recruited for Experiment 2 

were only tested in the envelope cue condition. Performance was compared to that of 3-month-

olds tested in the baseline condition in a previous experiment (Oster & Werner, under review). 

A. Method 

Participants 

A total of 22 3-month-old infants (mean age: 12 weeks, SD = 0.7) participated in the 

envelope cue condition. Inclusion criteria were identical to those in Experiment 1. One additional 

infant was excluded due to a failed tympanometry screening. The 22 3-month-old infants (mean 

age: 12 weeks, SD = 0.7), who provided data in our previous experiment, met the same inclusion 

criteria (Oster & Werner, under review). 

Stimuli 

The stimuli used in Experiment 2 were the envelope cue vowel pairs used in Experiment 

1, presented at the TMRs used in the demonstration and training phases of Experiment 1. 

Procedure 

Infants participated in the demonstration and training phases described in Experiment 1, 

using the same passing criteria. Testing was completed in 1 or 2 visits to the lab. During each 

visit, testing was continued until the infant reached the 80% correct criterion in the training 

phase, until infant state precluded further testing, or until the maximum number of trials had 
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been reached. If a session had to be discontinued prior to reaching criterion, a second attempt 

was made during the same visit. Infants were only judged to have failed to reach criterion if they 

were unsuccessful in at least 2 attempts in each of 2 visits. 

B. Results 

Two measures of task difficulty were considered 1) the proportion of infants reaching 

criterion with and without the envelope cue, and 2) the number of trials required to reach 

criterion with and without the envelope cue.  

Percentage of infants reaching criterion 

In the baseline condition, 14 of 22 (64%) infants reached criterion. In the envelope cue 

condition, 16 of 22 (73%) infants reached criterion.  

Two analyses were performed to evaluate whether the proportion of infants who 

successfully reached criterion was greater than would be expected by chance and whether the 

proportion was greater in the envelope cue condition than the baseline condition.  

 The first analysis simulated the proportion of infants who would reach the 80% correct 

criterion by chance. The simulation was based on 10,000 infants and assumed that the observer 

guessed on every trial. The same rules as the test procedures were used for each test phase: target 

probability, maximum number of trials, and maximum number of attempted sessions. From data 

in both conditions, the observer’s response rate (# responses/# trials) in each phase was 

calculated. A “response” was defined as the observer having judged that a target trial had 

occurred, regardless of the trial type. The response rate in the demonstration phase was 0.68, in 

the test phase it was 0.58. The probability of aborted test sessions due to infant state was also 

included in the simulation. In the 1st session, the proportion of aborted sessions was 0.13, in the 

2nd session 0.08, in the 3rd session 0.05, and in the 4th session 0. Based on this simulation, 44% of 



 

 

43 

infants would be expected to reach criterion by chance. One-sided exact binomial tests showed 

that the proportion of infants reaching criterion was greater than expected by chance in the 

envelope cue condition (p = 0.006), but just missed statistical significance in the baseline 

condition. (p = 0.051). 

The second analysis evaluated whether the proportion of infants reaching criterion with 

the envelope cue was greater than the proportion of infants reaching criterion in the baseline 

condition. A one-tailed statistical test of proportions showed that the proportions of infants 

reaching criterion did not differ between conditions (z = -0.65, p = 0.259). 

Number of trials required to reach criterion 

The number of trials required to reach criterion in the training phase was determined for 

each infant who reached criterion. To capture stimulus exposure, all trials, including those 

obtained from unsuccessful sessions, were included. Figure 4 shows a box-and-whisker plot of 

number of trials required to reach criterion in both conditions. A two-sided t-test showed that the 

number of trials infants required to reach criterion did not differ between the envelope cue and 

baseline condition [t(28) = -0.29, p = 0.747].  
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Figure 3-4 Box-and-whisker plot of trials-to-criterion as a function of cue condition. 

The median number of trials is indicated by the horizontal lines inside the boxes. The upper and 

lower edges of each box represent the 75th and 25th percentile, respectively.  Whiskers represent 

the minimum and maximum. Dots represent outliers. In the envelope cue condition, n = 16; in the 

baseline condition, n = 14. 

 

C. Discussion 

Experiment 2 showed that the proportion of 3-month-old infants learning the 

experimental task did not differ between the baseline condition and the envelope cue condition. 

For those infants who successfully reached the training criterion, learning the task appeared to be 

no less difficult in the envelope cue than in the baseline condition, based on the number of trials 

required to reach criterion. In other words, we find no evidence that 3-month-olds take advantage 

of modulation to separate a target vowel from a masker vowel. 
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The current results are similar to those of previous studies of 3-month-old infants in the 

number of trials required to reach criterion (e.g., Cabrera & Werner, 2017; Lau, Lalonde, Oster, 

& Werner, 2017). Moreover, Oster & Werner (under review) found that a higher proportion of 

infants learned to respond to one vowel of a pair when the onset of the target was delayed 

relative to that of the masker than when the onsets of the target and masker were synchronous. 

Thus, it is not the case that a relatively small proportion of infants can learn this task in any 

condition. One possibility that remains to be explored is that 3-month-olds are distracted by AM, 

and that distraction counteracts any benefit of AM for sound source segregation. A similar 

argument has been made to account for the reduced benefit of masker modulation and the failure 

to find benefits of temporal cues in tone detection among 7-month-olds (Werner, 2013; Werner 

et al., 2009). 

IV. GENERAL DISCUSSION 

The experiments reported provide the first results bearing on infants’ use of envelope cues in 

sound source segregation. Three-month-old infants show no evidence of using differences in 

amplitude envelopes to segregate competing vowels. In contrast, although previous studies 

suggest that AM is not a salient cue for infants, the current results show that 7-month-olds gain 

an adultlike benefit of target AM in a segregation task.  

Given that 3- and 7-month-old infants show similar sensitivity to AM (Werner, 2006), the 

results from these experiments suggest that it is the ability to use differences in the amplitude 

envelopes in sound source segregation that matures over this age range. The neural circuitry 

directly subserving sound source segregation is certainly developing in the first six months 

(Eggermont & Moore, 2012; Gorga, Kaminski, Beauchaine, Jesteadt, & Neely, 1989; Ponton, 

Moore, & Eggermont, 1996). Another explanation is that infants have to learn to use envelope 
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cues. Infants may initially require more salient cues, such as onset asynchrony, to segregate 

sounds and through experience learn to use less salient correlated cues, such as envelope cue. A 

similar model has been offered in explanation of age-related changes in the cues used for speech 

discrimination (Mayo & Turk, 2005; Nittrouer & Lowenstein, 2014; Seidl & Cristia, 2008). 

Seven-month-olds’ AM processing has been variously characterized as dreadful (AM 

detection; Werner, 2006) to inefficient (vowel discrimination in a modulated noise masker; 

Werner, 2013) to adultlike (vowel segregation; current study). It is likely that these different 

tasks engage different mechanisms. It is also likely that infants’ responses depend to some extent 

on the stimuli—tones, noises, speech— involved. Taken together, the results of the studies of 

AM processing by infants suggest that infants have access to envelope information, but that 

whether they use that information is highly dependent on the context. 

A related consideration is whether TMR in the vowel pairs in the envelope cue condition 

could have varied sufficiently over the course of the stimulus to allow listeners to focus on 

periods of relatively advantageous TMR and thereby improve their performance. In other words, 

does AM as used here actually improve sound source segregation as opposed to allowing a dip-

listening strategy? To address this question, the 3 amplitude envelopes of the target vowels, for 

infants and for adults, are plotted along with that of the masker vowels (Figure 1). Note that the 

TMR for Envelope 1 was about 2 dB higher than the average TMR during the first 200 ms of the 

vowel pair. Similarly, the TMR for Envelope 2 was about 3.5 dB higher and Envelope 3 about 4 

dB higher than the average TMR in the middle of the vowel pair. Thus, one might predict that 

listeners would perform better with Envelopes 2 and 3 than with Envelope 1.  However, no 

differences in performance among envelopes were found in either infants or adults. Thus, 
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transitory increases in TMR are likely not the primary mechanism leading to improved 

performance in the envelope cue condition.  

A related issue is whether the envelope cue was functionally an onset asynchrony.  If the 

TMR was low enough near the beginning of the vowel pair, the target-talker vowels may only 

have become audible after about 150 ms (e.g., Envelopes 2 and 3). However, two facts argue 

against that idea. First, if listeners had primarily relied on onset-asynchrony cues, they would be 

expected to show less evidence of segregation for vowels with Envelope 1, which introduced the 

least amount of onset asynchrony. This pattern was not observed in either age group. Second, 3-

month-old infants identified target vowels better with onset-asynchrony cues than without (Oster 

& Werner, under review), but did not perform better with envelope cue cues than without 

(current study). Although this makes it unlikely that listeners relied on asynchrony rather than 

envelope cues, a systematic evaluation of this question is warranted.  

To summarize, the results of this study suggests that the ability to use differences 

between the amplitude envelopes of competing speech sounds undergoes rapid development 

between 3 and 7 months of age. While 7-month-old infants do not segregate concurrent vowels 

as efficiently as adults in general, envelope cues improve segregation to the same extent in 7-

month-olds and adults. Thus, by 7 months of age, immature envelope cue use does not appear to 

be a major contributor to infants’ difficulties processing one sound in the presence of others. 

Based on the results of this study, it would be predicted that infants with CI will develop the 

ability to use envelope cues in sound segregation, as long as these cues are consistently available 

to them. This prediction should be tested in future research. 
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CHAPTER 4 INFANTS’ USE OF COMBINED ONSET 
ASYNCHRONY AND ENVELOPE CUES 
 

I. INTRODUCTION 

Infants’ ability to process speech in competing sounds is immature for reasons that are poorly 

understood (Werner, 2017). Research over the past decades has shown that auditory encoding is 

mature early in infancy and, thus, cannot explain infants’ difficulties processing competing 

sounds (Buss et al., 2012). However, sound source segregation does not only rely on accurate 

encoding but also on similarities and differences in the acoustic characteristics between 

competing sounds. How infants use sound characteristics to segregate competing sounds has not 

been established. 

The spectral, temporal or spatial location characteristics that support sound segregation in 

adults are well documented. For example, adults are better able to segregate sound sources with 

different fundamental frequencies or onsets (Bregman, 1990). Although existing studies have not 

systematically examined infants use of such auditory cues in sound source segregation, their 

results suggest that infants can use frequency separation and harmonicity (e.g., Bendixen et al., 

2015; Demany, 1982; Folland et al., 2015; Folland et al., 2012; Winkler et al., 2003), spatial 

location (Nozza et al., 1990), onset asynchrony (Oster & Werner, under review), and envelope 

cues (Oster & Werner, in preparation). However, all of these studies investigated infants’ use of 

auditory cues in isolation, a scenario that is only found in the laboratory.  In natural situations, 

the components of sounds coming from different sources are likely to differ along multiple 

dimensions.  

Importantly, the adult literature shows that not all cues that are simultaneously available 

contribute equally to sound source segregation. For example, Hall et al. (2006) examined the role 
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of onset asynchrony and envelope cues in the detection of a 2-kHz narrow-band noise masked by 

flanking narrow noise bands. Threshold for the target band depended on a complex interaction of 

envelope cues, onset asynchrony and variability in flanking band frequency. Moreover, the 

specific effects of these variables were different for different listeners. That age also influences 

thresholds in this situation was demonstrated by Hall et al. (2008). In that study, 4- to 11-year-

old children were found to exhibit smaller threshold improvements than adults when an envelope 

cue was available, but about the same threshold improvement as adults when an onset 

asynchrony cue was available. Furthermore, while for children the effect of an onset cue was the 

same whether or not the envelope cue was also available, for adults the effect of an onset cue 

was reduced when an envelope cue was also available.  

We have previously shown that 7-month-old infants were able to use onset asynchrony 

cues and envelope cues to segregate concurrent vowel pairs as well as adults (Oster & Werner, 

under review; Oster & Werner, in preparation). In addition, we found that 3-month-old infants 

were better at segregating concurrent vowel pairs with an onset asynchrony than without, but that 

they were no better at that task with an envelope cue than without. The current study asks how 7- 

and 3-month-old infants segregate concurrent vowel pairs when both onset asynchrony and 

envelope cues are available. While no previous studies have addressed this question directly, the 

results of several studies indicate that infants may use different cues from adults (Cabrera & 

Werner, 2017; Mayo & Turk, 2005; Nittrouer & Lowenstein, 2014) or that they require more 

cues than adults (Cooper & Aslin, 1994; Seidl & Cristia, 2008) to speech discrimination. Hall et 

al.’s (2008) results with older children also suggest that infants may be different from adults in 

the way they combine auditory cues in sound source segregation.  
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Two experiments were conducted to determine how infants use a combination of onset 

asynchrony and envelope cues. The first experiment measured the benefit of combined onset 

asynchrony and envelope cues in concurrent vowel segregation in 7-month-old infants and 

adults. The second experiment evaluated 3-month-old infants’ use of these combined cues in 

concurrent vowel segregation. The results from both experiments were compared to those of our 

prior experiments to evaluate the contribution of the individual cues to the benefit gained from 

combined cues.  

II. EXPERIMENT 1 

A. Method 

Design 

Listeners were presented with a train of “double-vowel” pairs. One vowel in the pair was 

spoken by a man, the other by a woman. Listeners were trained to respond to one target vowel, 

either the male /i:/ or male /u:/. Experiment 1 employed a mixed model design to measure the 

benefit, in d', of combined temporal cues to concurrent vowel segregation. Results were also 

compared to those obtained in 2 prior experiments that measured the benefit, in d', of isolated 

onset asynchrony and isolated envelope cues. In all experiments the double-vowel pairs were 

presented at the same age specific target-to-masker ratios (TMRs), which had produced a d' of 

approximately 1 in the baseline condition in pilot testing. An increase in d' in the combined cue 

condition over the baseline condition was taken as evidence that listeners gained a benefit from 

combined temporal cues. The difference in the size of the benefit between combined and isolated 

temporal cues was taken as a measure of how much individual cues contributed to the combined 

benefit.  
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Participants 

Infants’ families and adult participants were recruited through the Communication 

Studies Participant Pool at the University of Washington, flyers, and newspaper announcements.  

A total of 13 7-month-old infants (mean age: 30 weeks, SD = 2.3) and 12 young adults 

(mean age: 21 years, SD = 2.3) completed testing in both experimental conditions.  The inclusion 

criteria for infants included passing newborn hearing screening, normal development, no family 

history of congenital hearing loss, no risk factors for hearing loss, no treatment for otitis media 

within 2 weeks of testing, passing tympanometry screening with a 1000 Hz probe tone on each 

test date, English as the primary language in the home, and no prior experience with 

psychoacoustic experiments. Inclusion criteria for adults were identical except that adults were 

required to pass a hearing screening bilaterally at 20 dB HL at octave frequencies between 250 

and 4000 Hz during the first visit, and tympanometry screening was performed with a 226 Hz 

probe tone. 

An additional 6 participants were excluded for the following reasons: failed 

tympanometry screening (2 infants), below chance performance in both experimental conditions 

(1 infant and 1 adult), failed hearing screening (1 adult), and prior participation in 

psychoacoustic experiments (1 adult). 

Stimuli 

The 7 American-English vowels /i: u: ʊ æ ɛ ɔː ɪ/ were used to create double-vowel pairs. 

Vowels were recorded by a male and a female talker in a professional recording studio with a 

high-quality condenser microphone. A sampling rate of 44100 Hz was used and recordings were 

digitized at 32 bits. One exemplar of each vowel with relatively flat temporal envelope was 

chosen from both talkers. The vowels from each talker were further processed in PRAAT 
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(Boersma & Weenink, 2017). All vowels were shortened to 400 ms, including 15-ms long on-

and off-ramps. For each talker, one vowel was chosen and the pitch contour extracted using the 

PSOLA algorithm in PRAAT. This pitch contour was applied to all vowels from that talker. 

Fundamental frequencies (F0) of the female vowels ranged between 219 and 235 Hz, F0s of the 

male vowels ranged between 83 and 123 Hz.  Vowels were then scaled in root-mean-square 

(RMS) amplitude using the scale intensity function in PRAAT. Female vowels were scaled to 60 

dB SPL, male vowels were scaled to 40, 50, 60, 72, and 75 dB SPL. The male talker was always 

the target talker, and the vowels /i:/ or / u:/ were the target vowels. Target vowels were selected 

because their first and second formants had minimal overlap with the first and second formants 

of the female vowels.   

These vowels were used to create double-vowel pairs. Each vowel pair consisted of 2 

different vowels, 1 from the male and 1 from the female talker. The target vowel was never used 

as a competing vowel; that is, if the target vowel was /i:/, then the female /i:/ was not included 

among the competing vowels. Thus, 7 male and 6 female vowels were used to generate a total of 

36 vowel pairs, 6 of which contained a target vowel. Since the male vowels had 5 different 

intensities, double-vowel pairs with 5 different TMRs were created: -20, -10, 0, +12, and +15 

dB. 

For the combined cue condition, the male vowels were further processed before being 

combined with the female vowels. First, the male vowels were shortened by selecting the central 

300 ms of each vowel token. This vowel segment was then multiplied by 3 different amplitude 

envelopes, which had been obtained from vowel tokens spoken by the same male talker in infant-

directed speech. The modulated vowel tokens were shortened to 300 ms using the PSOLA 

algorithm in PRAAT. The amplitude envelopes were extracted in Matlab (MATLAB 2014a, The 
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MathWorks, Natick, 2014), by computing the Hilbert envelope and low-pass filtering with a 2nd 

order butterworth filter with a 30-Hz cutoff frequency, forward and backward. Then a 30-ms 

raised-cosine onset and offset ramp was applied and vowels were scaled to 40, 72 and 75 dB 

SPL. Last, zero padding was added to the beginning of the vowels to equate them in length to the 

female vowels. In this manner, 7 male vowels were created at each of three intensities and with 

each of the 3 male vowel envelopes.  

The combined cue male vowels were combined offline with the female vowels in the 

same manner as described above. The result was a total of 90 vowel pairs without a target vowel 

and 18 vowel pairs with a target vowel at TMRs of -20, +12 and +15 dB. A schematic 

representation of combined cue vowel pairs at +12 dB TMR is depicted in Figure 1.  

 
Figure 4-1 schematic representation of vowel pairs in the combined cue condition.  

The dotted line represents one female vowel, the solid line one male vowel. The 3 different envelopes 

are represented in the 3 panels. 
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Procedure 

All listeners were tested using the observer-based psychoacoustic procedure (Werner, 

1995). During testing, the infant was seated on the caregiver’s lap inside a sound-attenuated 

booth. In front and to the left of the infant was an assistant who manipulated quiet toys to keep 

the infant engaged. In front and to the right of the infant was a visual reinforcement tower. The 

visual reinforcement tower consisted of 2 stacked boxes containing a light bulb and a mechanical 

toy, concealed behind dark plexiglass, and a small TV monitor. A loudspeaker was located 

directly in front of the infant (JBL; Professional Control 1 or FOSTEX, Digital Personal Monitor 

6301D). The caregiver and the assistant wore headphones and listened to masking sounds, 

consisting of double-vowel pairs presented with no silent interval between pairs. The observer 

was seated outside the sound booth and was able to view the infant, caregiver and assistant 

through an observation window. The observer listened to the same masking sounds over 

headphones and controlled the experiment via a custom computer program. 

Throughout the test session, the infant was presented continuously with double-vowel 

pairs at a rate of 1 vowel pair every 1.6 seconds. Regardless of the test phase, the observer 

started a trial whenever the infant appeared ready. During a trial, the infant was either presented 

with a vowel pair containing a target vowel (target trial) or a vowel pair not containing a target 

vowel (no-target trial). The observer was blind to trial type and judged whether a target trial had 

been presented based on the infant’s behavior. Typical infant responses taken as evidence of a 

target trial included head turns toward the reinforcer toys, eye widening, or brief cessation of 

motor activity. 

The infant was introduced to the target vowel and experimental task during the 

demonstration phase. No-target vowel pairs were presented with a 0 dB TMR; target vowel pairs 

were presented with a +15 dB TMR. All vowel pairs had simultaneous onset and similar 
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amplitude envelopes. Target and no-target trials were presented at a ratio of 5:1. The observer 

had 2 s from trial onset to judge trial type. If the observer correctly identified a target trial, one of 

the visual reinforcers was activated, and the assistant provided social reinforcement. If the 

observer missed a target trial, the infant received reinforcement at the end of the 2 s observation 

window. The demonstration phase was completed if the infant-observer team correctly identified 

4 out of the last 5 target trials and 1 no-target trial, but otherwise continued until infant state 

precluded further testing or until 20 trials had been presented. 

After successful completion of the demonstration phase, infants completed the training 

phase. Here, all vowel pairs were presented with a +15 dB TMR, had simultaneous onset and 

similar temporal envelopes. The training phase was intended to teach the infant that a response 

was required to activate the visual reinforcer and to teach the observer what infant responses to 

target vowels might be. During a trial, target and no-target trials were equally likely. After trial 

onset, the observer had 4 s to judge trial type. The infant only received visual and social 

reinforcement when the observer correctly identified a target trial. When the observer’s judgment 

was incorrect or when the observer correctly identified a no-target trial, no reinforcement was 

provided. The training phase was completed once the infant-observer team correctly identified 4 

out of the last 5 target and 4 out of the last 5 no-target trials. If an infant did not reach criterion 

within 40 trials or if infant state precluded further testing, the session ended.  

After successful completion of the training phase, the infant was presented with two test 

phases: a baseline test phase and an auditory cue test phase. Vowel pairs were presented with a 

+12 dB TMR. Target and no-target trials were equally likely to occur. In addition 6 probe trials, 

target trials with +15 dB TMR were presented. The purpose of the probe trials was to ensure that 

infants were still attending to the task. The observer had 4 s after trial onset to judge trial type, 
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and reinforcement was only provided on correctly identified target trials. The infant completed a 

total of 36 trials: 15 no-target, 15 target and 6 probe trials. Target, no-target and probe trials were 

grouped into 2 blocks, each containing 3 probe trials. One block contained 7 target and 7 no-

target trials, the other block contained 8 target and no-target trials5. The target vowel pairs in 

each block were preselected to ensure that all listeners were presented with the same target-

vowel pairs. The no-target vowel pairs were randomly chosen from the available no-target vowel 

pairs. The test phase continued until the infant completed all 36 trials, until an infant missed 3 

probe trials or until infant state precluded further testing. 

If testing was discontinued before the training criterion was reached, the next session 

began with the demonstration phase. Otherwise the next session started with a few reminder 

trials from the demonstration and training phase. Infants completed all testing in 2-3 visits to the 

lab.   

Adults were tested in essentially the same way, except that they were seated in the sound 

booth by themselves and were instructed to raise their hand whenever they heard “the sound that 

makes the toy turn on”. Adults were tested at different TMRs than infants: -10 dB in the training 

phase and -20 dB in the testing phase. The age specific TMRs were chosen because they 

produced a d' of approximately 1 in the baseline condition in pilot testing and in previous studies. 

Adults completed all testing in 1 visit to the lab.  

                                                
5 In the baseline condition, the block with 7 target vowel pairs used the target vowel with the competing vowels /æ, 
ʊ, ɔː, ɪ, æ, ʊ, and i: or u: (whichever vowel was not the target vowel)/. The block with 8 target vowel pairs used the 
target vowel with the competing vowels /ɛ, ɪ, æ, ʊ, ɔː, ɛ, ɪ, and i: or u:(whichever vowel was not the target vowel)/. 
In the cue conditions, the envelopes were also preselected. The block with 7 target vowel pairs contained 
target+envelope 1 with the competing vowels /æ, ɪ/, target+envelope 2 with the competing vowels /ʊ, and i: or u: 
(whichever vowel was not the target vowel)/, and target+envelope 3 with the competing vowels /æ, ʊ, ɔː/. The block 
containing 8 target vowel pairs presented target+envelope 1 with the competing vowels / ʊ, ɔː, i: or u:(whichever 
vowel was not the target vowel)/, target+envelope 2 with the competing vowels /ɛ, ɪ, æ/, and target+envelope 3 with 
the competing vowels /ɛ, ɪ,/. 
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Target vowel, order of block presentation in the test phase, and order of experimental 

condition were counterbalanced. Note that 5 of the 6 adults who were tested in the baseline 

condition first provided data for a prior study before completing the combined cue condition. 

Data were only included in the final analysis if listeners performed above chance in at least one 

experimental condition. Assuming a binomial process with p =  0.5, the probability of a d'  > 0.8 

with 30 trials would be less than 0.05 if an observer responded “yes” randomly on every trial.  

B. Results 

Performance was measured in d'. Cases of perfect hit and/or false-alarm rates were 

adjusted by 1/n, where n is the number of trials. Descriptive statistics suggested that neither the 

target vowel nor the presentation orders of experimental blocks or condition affected d'. 

Consequently, results were collapsed over these categories for the following analyses. 

Combined onset asynchrony and envelope cues  

Figure 2 shows d’ in the baseline and combined cue conditions for individual listeners. 

Performance is highly variable in both age groups and in both conditions. 8 of 13 infants and 7 of 

12 adults performed better in the combined cue condition than in the baseline condition.  
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Figure 4-2 Individual d' scores in the baseline and combined cue conditions 

for 7-month-old infants and adults. Individual subjects are listed along the x-axis, ordered 

by baseline d'. Individual scores in the baseline condition (squares) and in the combined 

cue condition (triangles) are connected by a solid line.   

 
 

Figure 3 depicts average d' in the baseline and combined cue conditions for 7-month-old 

infants and adults. As intended, performance in the baseline condition appears similar in infants 

and in adults. On average, both age groups perform better in the combined cue than in the 

baseline condition. 
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Figure 4-3 Average d' in the baseline and the combined cue conditions. 

for infants and adults. Error bars represent +/- 1 standard error of the mean. 
 
 

To verify these observations, a mixed models analysis was performed employing 

Generalized Estimating Equations assuming an exchangeable correlation structure and robust 

standard errors. The final model included the dependent variable d' and the independent variables 

age (infants, adults), cue (presence or absence), and their interaction. Table 1 summarizes the 

results. The only effect reaching statistical significance was cue: Regardless of age, average d' 

was 0.38 higher in the combined cue condition than in the baseline condition. The age X cue 

interaction failed to reach statistical significance, indicating that adults and infants gained a 

similar benefit from the addition of combined asynchrony and envelope cues. 
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Table 4-1 Results of mixed models analysis: the effect of age and combined cues on d' 

Predictor B SE B (robust) z p 95% conf. Interval 

age -0.14 0.17 -0.81 0.415 -0.48 – 0.2 
cue 0.38 0.18 2.17 0.03 0.04 – 0.73 
age x cue -0.21 0.22 -0.93 0.352 -0.64 – 0.23 

 

Combined cues versus isolated cues 

 Two prior experiments had been conducted using identical procedures and the same 

vowel stimuli. In one a 100-ms onset-asynchrony cue was introduced (Oster & Werner, under 

review); in the other, the envelope cue used here was introduced (Oster & Werner, in 

preparation). Performance in those experiments was compared to that in the present experiment 

to answer the following questions: 1) Does performance improve more when onset asynchrony 

and envelope cues are combined compared to presenting either cue in isolation? and 2) If such an 

effect exists, does it depend on age? A mixed models analysis using Generalized Estimating 

Equations assuming an exchangeable correlation structure and robust standard errors was 

performed. The model included the dependent variable d' and the independent variables age 

(infants, adults), cue (presence or absence), experiment (combined cues, envelope cues, onset-

asynchrony cues), and all possible interactions. The results of this analysis are summarized in 

Table 2.  Only the main effect of cue reached statistical significance: Average d' was higher in 

the cue condition than the baseline condition, regardless of cue or age. These results are 

graphically summarized in Figure 4. The combined cues led to no better performance than either 

the asynchrony or the envelope cue. 
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Table 4-2 Results of mixed models analysis: the effect of age, presence and type of cue on d'. 

Predictor B SE B (robust) z p 95% conf. Interval 

age -0.27 0.16 -1.66 0.098 -0.58 – -0.05 
cue 0.44 0.17 2.58 0.01 0.11 – 0.78 
experiment -0.1 0.08 -1.21 0.228 -0.27 - 0.06 
ageXcue -0.22 0.21 -1.05 0.296 -0.63 - 0.2 
experimentXage -0.02 0.12 0.18 0.859 -0.22 - 0.26 
experimentXcue 0.01 0.12 0.48 0.628 -0.18 - 0.3 
experimentXcueXage 0.04 0.15 0.25 0.804 -0.26 - 0.34 
  

 

 

Figure 4-4 Average d' for infants and adults in three experiments.  

Black bars represent baseline performance; grey bars represent performance with temporal cues. Error 

bars represent +/- 1 standard error of the mean. 
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C. Discussion 

 The results of Experiment 1 show that infants and adults gain a similar benefit from 

combined temporal cues in concurrent vowel segregation. This benefit was no greater than that 

gained from isolated onset asynchrony or envelope cues.   

  Both the infants’ and the adults’ results parallel those reported by Hall et al. (2006). 

Recall that in that study adults detected a narrowband noise centered at 2 kHz in the presence of 

flanking masker bands with variable frequency, a situation similar to competing speech. 

Conditions in which an envelope cue, an onset asynchrony cue, and a combination of envelope 

and asynchrony cues were tested. Hall et al. found that combining envelope cues and onset 

asynchrony cues did not improve target detection over that observed with onset asynchrony cues 

alone. As in that study, the effects of both isolated and combined cues varied across listeners. 

Although in a subsequent study, Hall et al. (2008) found that both 4- to 11-year-olds and adults 

performed better with a combination of envelope and asynchrony cues than they did with either 

cue alone, the frequencies of the flanking bands in that study did not vary from trial-to-trial. In 

that condition, adults also appear to use both asynchrony and envelope cues in the combined cue 

condition.  

 The results are not consistent with the prediction that additional cues would be 

particularly beneficial for infants’ segregation. Is it possible that infants in the current study did 

not gain more benefit from combined cues than from isolated cues because their performance 

with isolated cues was at ceiling? We know that infants, on average, do not achieve perfect 

performance, even in the easiest conditions, due to inattentiveness. While infants’ asymptotic 

performance on this particular task has not been established, if infants were as inattentive as 

previously reported in tone or noise detection, with asymptotic performance averaging 85% 
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correct (e.g., Bargones et al., 1995), they should be able to achieve an average d' of 2.1 in the 

easiest conditions. Average infant performance with isolated and combined cues was well below 

that value, leading to the conclusion that ceiling effects cannot account for infants’ failure to 

perform better with combined cues than with isolated cues.  

The effects of combined envelope and onset asynchrony cues observed here are no 

different in adults and 7-month-old infants. However, it is still possible that the individual cues 

contribute differently to the combined benefit in infants and adults. For example, infants could be 

using the envelope cue, while adults use the asynchrony cue. However, since previous studies 

have shown that onset asynchrony is a particularly strong cue for both adults and children (Hall 

et al., 2006; Hall et al., 2008), it is more likely that onset asynchrony is driving the combined cue 

benefit in both age groups. 

III. EXPERIMENT 2 

Experiment 2 evaluated how 3-month-old infants use combined cues in concurrent vowel 

segregation. Younger infants appear to require more cues than older infants in speech perception 

tasks (Cooper & Aslin, 1994; Seidl & Cristia, 2008). Thus, 3-month-old infants might be 

expected to segregate competing vowels better with combined cues compared to the individual 

cues. However, our prior experiments showed that 3-month-old infants’ vowel segregation 

improved with onset asynchrony cues but not with envelope cues (Oster & Werner, under 

review; Oster & Werner, in preparation). The most straightforward prediction, then, would be 

that 3-month-olds will benefit from the combined cues to the same extent as from onset 

asynchrony cues alone. In previous experiments, 3-month-old infants were unable to complete 

enough trials to obtain the same sensitivity measures used in Experiment 1. Therefore, 

Experiment 2 evaluated two variables reflecting the ease with which 3-month-olds learn to 
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respond to a target vowel in a vowel pair when both onset asynchrony and envelope cues are 

available. First, the proportion of infants reaching the 80% correct criterion in the training phase 

was assessed. Additionally, the number of trials required to reach the 80% correct criterion was 

used as another measure of task difficulty. Both measures have been used successfully in other 

developmental studies with young infants (e.g., Cabrera & Werner, 2017; Kuhl, 1979; Lau et al., 

2017; Polka & Bohn, 2003). Given that these measures differ from those in Experiment 1, they 

do not allow for a direct comparison of 3-month-olds, 7-month-olds and adults.  

A. Method 

Participants 

A total of 23 3-month-old infants (mean age: 12 weeks, SD = 0.9) provided data in 

Experiment 2. The inclusion criteria were identical to experiment 1. An additional 22 3-month-

old infants (mean age: 12 weeks, SD = 0.7) provided data in the baseline condition in a previous 

experiments (Oster & Werner, under review). The inclusion criteria were identical to those 

reported here. 

Stimuli and Procedures 

The passing criterion and stimuli in the demonstration phase were identical to those in 

Experiment 1. While the passing criterion in the training phase remained identical to that of 

Experiment 1, the stimuli were pairs with the combined onset asynchrony and envelope cues, 

rather than baseline pairs. In other words, the combined cue stimuli from the test phase in 

Experiment 1 were presented in the training phase in Experiment 2. As in Experiment 1, the 

TMR in the training phase was +15 dB, and the maximum number of trials was 40. 

Once an infant met criterion in the demonstration phase, testing continued in the training 

phase. If a session had to be discontinued due to infant state before the maximum number of 
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trials or 80% correct criterion was reached, a second session was attempted during the same visit 

if the infant appeared able to continue. Infants were only judged to be unable to reach the 

training criterion if it was not reached within 2 sessions in 2 visits to the lab. 

B. Results 

Percentage of infants reaching criterion with combined cues 

The number of infants reaching criterion was 14 out of 22 (64%) in the baseline condition 

and 18 out of 23 (78%) in the combined cue condition. 

Two analyses were performed to evaluate 1) whether more infants reached criterion with 

combined temporal cues than would be expected by chance, and 2) whether more infants reached 

the criterion in the combined cue condition than in the baseline condition. 

The first analysis simulated the proportion of 10,000 infants who would reach training 

criterion if the observer guessed on every trial in the baseline and combined cue condition. The 

simulation used the same target probability, maximum number of trials and maximum number of 

attempted sessions as the test procedure in each test phase. Additionally, the observer’s response 

rate in each phase was included in the model. This response rate was calculated from the data by 

dividing the number of times the observer judged that a trial had occurred, regardless of the trial 

type, by the total number of trials. The response rate in the demonstration phase was 0.67, in the 

test phase it was 0.6. The probability of aborted test sessions due to infant state was also included 

in the simulation. In the 1st session, the proportion of aborted sessions was 0.14, in the 2nd session 

0.09, in the 3rd session 0.05, and in the 4th session 0. Based on this simulation, 43% of infants 

would be expected to reach criterion by chance. One-sided exact binomial tests showed that the 

proportion of infants reaching criterion was greater than expected by chance in both 

experimental conditions (baseline:  p = 0.0416, combined cue: p = 0.0006).  
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The second analysis, using a one-tailed statistical test of proportions, showed that the 

proportion of infants reaching criterion in the combined cue condition was not significantly 

greater than the proportion in the baseline condition (z = -1.04, p = 0.15).  

Number of trials required to reach criterion 

 A secondary analysis evaluated whether the number of trials required to reach criterion 

differed between experimental conditions. This approach provides an alternative measure of task 

difficulty: presumably more trials are required to learn a more difficult task.  

 

Figure 4-5 Box-and-whisker plot of trials to criterion with and without combined cues. 

The median number of trials required to reach criterion is indicated by the horizontal line inside 

boxes. Lower and upper edges of the box represent the 25th and 75th percentile, respectively. 

Whiskers represent the minimum and maximum number of trials required to reach criterion, and dots 

represent outliers.  
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As can be seen in Figure 5, the number of trials to reach the 80% correct criterion was similar 

between conditions. This observation was confirmed by a two-sided t-test [t(30)= 0.75, p = 

0.4586]. This indicates that for infants who were able to reach the criterion, the task was 

similarly difficult in baseline and combined cue conditions.  

C. Discussion 

Contrary to expectation, the results of Experiment 2 do not provide any evidence that 

combined onset asynchrony and envelope cues support concurrent vowel segregation in 3-

month-old infants. Interestingly, for those infants who reached criterion, learning the task 

appeared similarly difficult with and without the two temporal cues. 

Since our previous studies demonstrated that 3-month-old infants were better able to 

segregate concurrent vowels with onset asynchrony but not with envelope cues, these results do 

not support the notion that 3-month-old infants segregate competing speech sounds better with 

more cues. In fact, more infants appear to learn the task with only onset asynchrony cues than 

with asynchrony and envelope cues combined. The availability of envelope cues appears to have 

a detrimental effect on concurrent vowel segregation when an onset asynchrony cue is also 

available. One explanation could be that envelope cues “distract” 3-month-old infants, 

counteracting the benefit of onset asynchrony cues. The possibility that an auditory cue distracts 

infants and might detract from their performance has been discussed in previous work (Oster & 

Werner, under review; Werner, 2013; Werner et al., 2009). For example, Werner et al. (2009) 

reported that 7-month-olds’ tone detection was not improved by the addition of an auditory cue 

signaling when the tone might occur. However, using the “listening window” paradigm, Werner 

et al. also showed that both infants and adults had come to expect that the tone would occur at a 

particular interval following the same cue. One explanation offered for these apparently 
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conflicting findings was that while the cue was clearly pointing the infants’ attention to the 

correct point in time, any benefit of knowing when to listen was offset by the distracting effect of 

the cue. In the current experiment, amplitude envelopes were extracted from infant-directed 

speech, a stimulus that is known to attract infants’ attention. The “distraction hypothesis” might 

be tested by varying the degree to which the auditory cue is attractive to infants. 

IV. SUMMARY AND CONCLUSIONS 

The current results provide a first account of combined onset asynchrony and envelope 

cue use in infants. Three-month-old infants do not show evidence of improved vowel segregation 

with combined cues, whereas 7-month-old infants receive a benefit similar to that seen in adults. 

Additionally, the contributions of the individual temporal cues to the benefit derived from the 

combined cues depended on the listener’s age. In 3-month-olds, envelope appears to counteract 

the benefit of onset asynchrony, while it might be speculated that in 7-month-olds and adults the 

benefit of the cue combination is driven by the onset asynchrony cue.  

Although providing some insights into combined temporal cue use in infants, these 

results generate more questions than answers. First, temporal cue use in 3-month-olds can 

currently not be directly compared to that in 7-month-olds and adults, given differences in the 

measures of sound segregation. To fully understand the development of temporal cue use in 

infancy, methodological and procedural changes have to be made so that more 3-month-olds are 

able to provide sensitivity data comparable to that obtained from older listeners. Second, the 

current results cannot definitively answer the question to what extent each cue contributes to the 

benefit of combined temporal cues. Answering this question would require the development of 

methods suitable to evaluate cue weighting in infants. Lastly, it is not clear how top-down 

mechanisms influence sound source segregation in infants. It might be assumed that adults use 
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different strategies than infants. For example, as soon as adults learn that the target vowel is 

always spoken by the male talker, adults may use that information to actively ignore the female 

talker. Generalizing from the fact that infants do not listen selectively in the frequency domain 

(Bargones & Werner, 1994), they may not use this strategy. It would be informative to alter 

experimental procedures to include a measure of selective auditory attention. One might, for 

example, include target vowels spoken by the female talker and evaluate infant and adult 

responses to those target vowels. If adults indeed selectively attend to the male talker and infants 

do not, then adults, but not infants, would be expected to respond less to target vowels spoken by 

the female than the male talker. 

 In conclusion, while the current results raise many new questions, they do suggest that 

immature use of temporal cues, individually or in combination, is not a major contributor to 

infants’ difficulties segregating competing speech sounds after 7 months of age.  
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CHAPTER 5 CONCLUSIONS AND FUTURE DIRECTIONS 
 

The results of these experiments suggest that by 3-months of age, infants use onset 

asynchrony as a cue to sound source segregation. In fact, by 7-months of age infants appear to 

gain as much benefit from onset asynchrony cues as adults. In contrast, we did not find any 

evidence that 3-month-old infants use differences between amplitude envelopes to segregate 

competing sounds. Yet, by 7 months of age, infants receive as much benefit from envelope cues 

as adults. This difference in envelope cue use between 3- and 7-month-old infants is rather 

surprising, given that sensitivity to AM is similar in both age groups. This might suggests, that 

the ability to use envelope cues develops between 3- and 7-months of age. When onset 

asynchrony and envelope cues are combined, 3-month-old infants show no evidence of improved 

vowel segregation. Thus, the benefit 3-month-olds gained from onset asynchrony seems to have 

been counteracted by the presence of envelope cues. Seven-month-old infants, on the other hand, 

gained as much benefit from combined cues as adults. This benefit was not different from that 

obtained with onset asynchrony or envelope cues alone. The combined cue results are similar to 

those of prior research demonstrating that onset asynchrony drives the combined cue benefit 

(Hall et al., 2006), leading to the speculation that onset asynchrony dominated combined cue use 

in both 7-month-old infants and adults. 

Taken together, the results from this work indicate that infants’ ability to use onset 

asynchrony cues likely does not limit their ability to process competing sounds. In contrast, 

envelope cues may limit infants’ concurrent sound segregation in the first 6 months of life. 

However, these results also generate a host of new questions that warrant further systematic 

investigation. 
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1. The procedures used here were not suitable to obtain sensitivity data from 3-month-old 

infants. In order to directly compare auditory cue use across development, experimental 

paradigms need to be developed that allow the inclusion of participants of different ages. 

2. The current work provides indirect evidence that infants and adults differ in their use of 

voice characteristic cues. This evidence is derived from the age-related TMR difference in 

the absence of temporal cues. Since competing vowels were produced by a female and a 

male talker, it stands to reason that adults used the difference in voice characteristics to 

segregate the vowels even at large negative TMRs. Infants on the other hand required a 

large positive TMR, likely because they did not use voice characteristic cues to segregate 

the concurrent vowels. This conclusion is similar to that reached by two prior studies that 

investigated the use of voice differences in infants and toddlers (Leibold et al., 2013; 

Newman & Morini, 2017). However, how much voice characteristic cues contributed to 

infants’ and adults’ performance and how they interacted with the provided temporal cues, 

is not apparent from the current results. This question could be answered by using synthetic 

speech sounds and systematically varying auditory cues.  

3. The results of the current work are also limited by the type of AM used. Envelopes found 

in naturally produced infant directed speech were chosen under the assumption that if 

infants use envelope cues, they would be more likely to use those that are naturally 

available to them. It is possible that other envelope cues would produce different results. 

4. The approach used in this work did not allow for the direct comparison of individual 

auditory cues. How much different auditory cues are used could for example be evaluated 

by deriving psychometric functions or measuring weighting functions.   
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5. Lastly, it is not clear how auditory attention influenced the current results. For example, it 

might be assumed that infants and adults directed their auditory attention differently. 

Adults may have selectively attended to the male talker using for example fundamental 

frequency cues. Infants on the other hand do not listen selectively in frequency and may 

have distributed attention broadly to all frequency components (Bargones & Werner, 

1994). One way to assess the influence of attention in this task would be to include a block 

of trials where the target and competing talkers switch. If infants do not direct attention in 

the same way as adults, they may not experience a detriment in performance, whereas 

adults would be expected to perform worse in the “probe attention” block. 

 
Finally, the current work provides a basis for the evaluation of auditory cue use in infants and 

children with cochlear implants. While spectral and location cues are degraded in CIs, temporal 

cues, including onset and envelope cues, are well represented. Prior research has demonstrated 

that adults with CI use both temporal cues in sound segregation (Carlyon, Long, Deeks, & 

McKay, 2007; Chatterjee et al., 2006; Kwon & Perry, 2014; Pierzycki & Seeber, 2014). From 

the current results it would be expected that as long as infants and children with CI have access 

to onset asynchrony and envelope cues, they should be able to use them in concurrent sound 

segregation. Whether this is indeed the case should be evaluated in future work.  
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