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Speech Perception

Speech perception refers to the ability to perceive linguistic structure in the acoustic speech signal. During the course of acquiring
a native language, infants must discover several levels of language structure in the speech signal, including phonemes (speech
sounds) which are the smallest units of speech. Although phonemes have no meaning in themselves, they are the building blocks
of higher-level, meaningful linguistic units or structures, including morphemes, words, phrases and sentences. Each of the higher-
level units are composed of units at the next lower level using rules that are specific to each language (i.e., phonology, morphology,
grammar or syntax). Thus, sentences are made up of phrases, phrases are composed of words, and words are made up of
morphemes. Each of the meaningful units are composed of one or more phonemes. In a very real sense, the ability to perceive differ-
ences between and categorize phonemes provides the underlying capacity for the discovery of the higher levels of language structure
in the speech signal. In this way, infants’ speech perception abilities play a fundamental role in language acquisition. Although
infant speech perception has traditionally focused on discrimination and categorization at the phoneme level, research over the
past two decades has shown that infants are also beginning to become sensitive to a variety of higher-level linguistic structures
in speech. This chapter outlines the current state of knowledge about how infants begin to perceive linguistic structure in speech
during the first year of life, and the methods used to study infant speech perception.

Why Speech Perception Is Difficult

Infants’ discovery of language structure in speech is not a trivial task because phonemes lack acoustic invariance. That is, the acoustic
properties of specific phonemes in fluent speech can vary dramatically based on several factors. The acoustic characteristics of speech
sounds that listeners use in perception directly reflect the acoustic resonance properties of the vocal tract, which in turn are deter-
mined by moment to moment changes in the shape of the vocal tract during speech production. In addition, because the size and
shape of speakers’ vocal tracts vary, so do the specific acoustic properties of any specific phoneme. The rate at which speech is
produced also introduces variations in the characteristics of speech sounds. Specifically, as the rate of speech increases, speakers’
articulatory gestures (the movement patterns of articulators, such as the tongue tip) fail to reach the positions attained with slower
rates of speech. This means that the vocal tract shape associated with a speech sound varies as a function of speech rate. Finally,
although speech unfolds over time, speech sounds are not produced in a strictly serial manner. Rather, the production of speech
sounds overlap in time due to a phenomenon referred to as coarticulation. One example of coarticulation can be seen when the
word “two” is spoken. The vocal tract movements for the vowel /u/ in “two” include lip movement called rounding. However, it
is common to see this lip movement occur throughout the word. Lip movement occurs during the /t/ even though it is not a normal
part of the production of the that phoneme, nor is it necessary, since the word “two” can be produced without lip rounding during
the /t/. One result of this coarticulation is that the sound of the /t/ is different when the lips are protruded compared to when they
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are not. In general, because coarticulation is common in fluent speech production, the acoustic information that specifies any partic-
ular speech sound is highly context dependent. That is, the acoustic properties of speech sounds can depend significantly on the
speech sounds that precede and follow it. Surprisingly, very young infants are sensitive to coarticulation effects (Fowler et al.,
1990). Coarticulation, speaker, speaking rate and other sources of variation in the speech signal mean that there is no absolute
acoustic signature (acoustic invariance) for any speech sound. In language acquisition, this lack of invariance in the acoustic spec-
ification of speech sounds is a complicating factor in speech perception. Additionally, it must also complicate the development of
speech production, because infants’ and young children’s vocal tracts cannot physically produce many of the specific acoustic
patterns they hear in adult speech.

Methodologies for Studying Infant Speech Perception

The limited behavioral repertoire of infants kept their ability to perceive speech unstudied until appropriate methods were devel-
oped beginning in the 1970s (Eimas et al., 1971). Unlike the case of vision, where observable behaviors, such as direction of eye
gaze, are reliable indicators of perception, there is no overt behavior that indicates listening. Researchers interested in infants’ audi-
tory and speech perception capabilities had to develop methods that used behaviors infants had under their control as indirect
measures of perception. For example, by coupling the presentation of speech (or other sounds) to behaviors that infants can control,
such as sucking at a certain rate or pressure (e.g., Eimas et al., 1971) or fixating a visual target (Horowitz, 1975), these behaviors can
be used as indices of infants’ interest in the sounds. When infants look at a visual target more to listen to one sound playing longer
than another, it is inferred that the greater looking is related to more interest in the sound. Thus, the duration of looking (or the
amount of sucking) is used as an index of infant listening or attention to the sounds. Procedures that use contingencies between
infant behavior and sound presentation are sometimes referred to as “infant-controlled” procedures because the infant controls
the duration of sound presentation on each trial. There are other procedures used to study infants’ speech perception that do
not use contingencies, and thus are not infant-controlled. However, these procedures still require infants to produce an observable
behavior, such as turning their head in a specific direction to either choose between two sounds, or to indicate they heard a change
in the sound that was playing.

The focus of this chapter is on two aspects of infant speech perception: 1) infants’ ability to discriminate between different speech
sounds or categories of speech sounds; 2) infants’ preference to listen to some forms of speech, or speech with specific types of struc-
ture, over others. Both sucking and gaze patterns have been used as behavioral indices in each of these approaches to infant speech
perception. The next section describes several approaches to infant speech sound discrimination. A later section describes infant
speech preference procedures and their uses in studying the development of speech perception.

Infant Speech Discrimination Procedures

Infants’ ability to discriminate or categorize speech sounds has often been studied using procedures that involve habituation. These
procedures are typically divided into two phases, habituation and test. Early studies of infant speech perception exploited infants’
sucking reflex as a response measure in the High Amplitude Sucking (HAS) procedure (e.g., Eimas et al., 1971). In this procedure,
infants suck on a non-nutritive nipple attached to a pressure transducer, which measured the amplitude of the sucking. Spontaneous
sucking levels without sound presentation are measured during an initial period to establish each infant’s baseline sucking ampli-
tude. After the baseline is established, the habituation stimulus is presented contingent on the infants maintaining a sucking ampli-
tude greater than the mean of the baseline period. In a major methodological advance, Best et al. (1988) introduced gaze as
a response measure to the study of infant speech perception by adapting procedures previously used to study auditory discrimina-
tion (Horowitz, 1975) and perceptual constancy (Miller, 1983). In this case, infants are presented with a simple image, such as
a checkerboard, as a visual target. When the infant fixates the target, the habituation stimulus is presented contingent on the infant
maintaining fixation. When the infant breaks fixation for a period greater than 1 or 2 s, stimulus presentation stops and the trial ends
(see Oakes, 2010 for a discussion of how habituation is instantiated in different infant testing situations).

For both sucking and gaze measures, a criterion is used to determine when infants have habituated. When sucking is the behav-
ioral response, the criterion is typically a decline in the sucking rate by 20% for 2 consecutive minutes. When gaze is the behavioral
response, the criterion is usually set at 50% of average looking on the first two trials, or the two longest trials. Habituation occurs
when the behavioral response is below the criterion (e.g., 50% of the average of the first two trials) on two consecutive trials. Once
the behavioral response indicates habituation, the habituation stimulus is changed to the test stimulus on the subsequent trial.

Consider an example in which a researcher wishes to test infants’ ability to discriminate between two syllables differing in their
initial consonant, such as [ba] and [pa], using the visual habituation procedure. During the habituation phase, infants would be pre-
sented with either a single token or multiple tokens of the habituation stimulus (e.g., [ba]) repeated at a short interval (e.g., 500 ms).
When the infant fixates the visual target, the habituation stimulus is presented. Typically, a trial continues until the infant stops the
target behavior for a specified duration (e.g., looks away for greater than 1 s) or the trial reaches a maximum time (e.g., 20 s). Because
stimulus presentation is contingent on the infant maintaining fixation, the duration of the trial is taken as an index of their interest in
the stimulus being presented. Over several trials the infant becomes more familiar with the stimulus and habituation occurs, resulting
in less looking at the visual target. The looking time on each trial is compared to the predetermined habituation criterion. When the
criterion is reached on consecutive trials, the test phase begins and the test stimulus (e.g., [pa]) is presented on the next trial. The
number of trials in the test phase varies. Often only two or three trials are presented, but testing can also continue until the infants
are habituated to criterion on the test stimulus.
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Mean looking times for the last two habituation trials and the test trials are calculated for each group of infants. If infants noticed
the difference between the habituation stimulus and the test stimulus, the expectation is that they will look (or suck) more to hear
the novel (unhabituated) stimulus. An increase in looking during the test phase relative to the end of the habituation phase indi-
cates response recovery, or dishabituation. To establish that discrimination did or did not occur, a comparison is made between the
last two trials from the habituation phase and the first two trials from the test phase. Discrimination is inferred if infants look more
to listen to a novel stimulus than they look to listen to the familiar stimulus. If their looking to the two stimuli is not statistically
different, failure to discriminate is inferred. Because infants can exhibit some degree of spontaneous recovery after several short stim-
ulus presentations, such as the final trials of the habituation phase, a no-change control group is often employed. Infants in the
control group continue to hear the same stimulus after reaching habituation criterion. Thus, a second important comparison is
between the test trials of infants in the test and control groups. To rule out the possibility that infants in the test group exhibited
spontaneous recovery, their looking times in the test phase must be statistically greater than the no-change control group, as well as
their own final habituation trials.

The Visually Reinforced Head Turn (VRHT) procedure differs from the HAS and infant gaze procedures in that it does not involve
habituation and is not infant-controlled (Eilers et al., 1977; Kuhl, 1985). Rather, it requires infants to notice a sound change in a contin-
uous stream of recurring syllables and look toward a visual reinforcer within a brief time window after the sound change. This proce-
dure typically involves first training infants on the procedure, then testing them on the stimulus comparison of interest. During the
training phase, a visual reinforcer, usually an animated toy in a smoked plexiglass box, is used to train infants to produce a head
turn when a change occurs in a repeated background sound (e.g., from a high tone to a low tone). During training, the visual reinforcer
is activated just prior to a sound change. Over the course of training, the interval between the sound change and activation of the rein-
forcer is reduced and finally reversed, so that activation occurs after the sound change. When the infant reliably anticipates activation of
the reinforcer by turning toward the reinforcer after a sound change, but before the reinforcer is activated, the testing phase can begin
with the stimuli of interest. During testing, the infant is distracted from the visual reinforcer by a research assistant displaying an inter-
esting object. This reduces false positive responses, in which the infant looks to the reinforcer when no sound change has occurred.

Each of these procedures has both advantages and disadvantages. The habituation approach works well from the neonatal period
into the second year of life. However, the sucking measure works best with infants up to 4-months of age, after which infants are
prone to rejecting the nipple. The visual fixation method works well across a wide range of infant ages and is now the generally
accepted method of choice. The Visually Reinforced Head Turn procedure requires adequate head, neck and postural control
from the infant, and therefore does not work well with infants younger than about 4 months. In addition, some subjects fail to
provide usable data because they do not reach criterion during the training phase. However, this procedure has the advantage of
providing reliable data for individual infants, whereas the habituation procedures can only be used for group comparisons.
Although it may be possible to modify habituation procedures to provide individual data, attempts to do so have not proven
successful at this time.

Infants’ Phonetic Discrimination

In order to understand important issues involved in the study of infant speech perception, it is helpful to have a bit of background
on how speech sounds are made and classified (see Ladefoged, 1975 or Ladefoged and Johnson, 2015 for details of speech produc-
tion). Speech sounds are produced by complex coordinated interactions among the components of the vocal tract. During speech
production, air from the lungs induces the vocal folds to vibrate, producing a buzz-like sound source that is filtered by passing
through several cavities in the vocal tract, including the pharyngeal, oral and nasal cavities. Speech production involves movement
of the vocal tract articulators, including the tongue, velum and lips, which change the sizes and shapes of the cavities, altering their
resonance properties. It is the resonance properties of these cavities that filter the sound source and account for most of the differ-
ences in the sounds used in speech.

Phonetics, the study of how speech is produced and perceived, generally distinguishes between two classes of phonemes, conso-
nants and vowels. One basis for this distinction is related to differences in how these sounds are produced. Vowels are produced
with a relatively open and unobstructed vocal tract, which allows air and sound to move freely through the vocal tract. Changes
in the height and front-back position of the tongue, along with rounding or spreading of the lips, produce most of the differences
in vowels in English. Other languages also distinguish vowels based on whether air flows only through the oral cavity, or through
the nasal cavity, which results in a nasalized sound. Vocal fold vibration (voicing) occurs throughout vowels.

In contrast to vowels, consonants are produced by introducing a constriction of the airflow. Consonants can be classified by the
type and location of the vocal tract constriction used in their production. Many types of constrictions, or manners of articulation, are
used in languages around the world. The most common types involve a complete closure or one of several kinds of partial closure.
Stop consonants (e.g., /p/ or /d/), are produced with a full closure of the vocal tract that results in a complete stoppage of air flow,
whereas fricatives (e.g., /s/) involve a less-than-complete degree of constriction that results in a turbulent air flow. There are several
other manners of articulation, some of which are not used in English. Two manners of articulation not used in English are click and
ejective. Clicks are used in Zulu and some related languages in Southern Africa. Production of clicks involves a suction type closure
and release (Ladefoged and Maddieson, 1996). Another common manner of articulation is called ejective. Ejectives are produced
using a closure of the vocal tract in the mouth and also squeezing the vocal folds together. Air that is trapped between the vocal tract
closure and vocal folds is compressed by moving the larynx upward. When the closure in the oral cavity is released, the built-up air
pressure is released with a distinctive sound.
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Each manner of articulation can be produced at various places within the vocal tract and can involve the tongue, lips, teeth, hard
and soft palate, as well as other parts of the vocal tract. One common constriction location involves a closure at the lips and is
referred to as bilabial. Examples of other common closures involve the tongue and any of several locations along the roof of the
mouth, including the teeth (interdental), the ridge behind the teeth (alveolar), the hard palate (palatal) or the soft palate (velar).

Consonants are also classified as being either voiced or voiceless. Voiced means vocal fold vibration occurs during the constric-
tion or constriction release. This contrasts with voiceless (or unvoiced) consonants, where vocal fold vibration begins some time
after the constriction is released. The difference in when the vocal folds begin to vibrate is referred to as Voice-Onset-Time
(VOT), or the time from when the constriction is released until the vocal folds begin to vibrate. In English, voiced consonants
have a VOT from about 0 to 40 ms (or thousandths of a second), meaning the onset of vocal fold vibration can be simultaneous
with, or up to 40 ms after, release of the closure or constriction (e.g., /b/ or /z/). In unvoiced consonants, vocal fold vibration begins
from about 60 to 100 ms after the constriction is released (e.g., /p/ or /s/). Thus, the consonant inventory of a language is dependent
on which combinations of articulatory features, including voicing, manner of articulation and places of articulation, are used. The
phoneme inventory of languages differ substantially in the number of vowels and consonants that are used. Anyone acquiring
a language must be able to distinguish among the phonemes, as well as produce them.

Infants’ Discrimination of Phonemes

Early research on infant speech perception focused mainly on the ability of young (e.g., 1 to 6 months), English-learning infants
to categorize and discriminate between pairs of speech sounds from the phonetic inventory of English. These early studies estab-
lished that young infants are very good at discriminating a wide variety of speech sounds. Later research investigated how infants
perceive speech sounds that do not occur in their native language (e.g., Werker and Tees, 1984; Best et al., 1988), the discrimination
of longer segments of speech (e.g., Karzon, 1984), and the role of visual information in infants’ speech perception (Rosenblum
etal., 1977).

Eimas and his colleagues (Eimas et al., 1971) reported the first study of infant speech perception. This study used the HAS
method described previously to show that infants between 1 and 4 months of age were able to discriminate between two stop
consonants that differed in VOT ([ba-pa]). Other studies soon followed that investigated infants’ discrimination of sounds differing
in place of articulation. These studies showed infants discriminated [ba]-|ga], [bae]-[dae], [fa]-[#a], [va]-[#a], and [ma]-[na]. Infants
were also shown to discriminate between sounds that differ in the manner of articulation, including [ra]-[la], [ba]-[wa], and [ba]-
[ma] (see Jusczyk, 1997 for an in-depth review).

After several early studies demonstrated that infants could discriminate various consonant contrasts, other researchers investi-
gated infants’ perception of vowels (Trehub, 1973; Swoboda et al., 1976; Kuhl, 1983). These studies showed that 1- to 4-
month-old infants also discriminate among a variety of vowels, including [a]-[I] (e.g., hod vs. hid), [I]-[i] (e.g., hid vs. heed),
|a]-[aw] (e.g., hod vs. hawed). Thus, young infants also appear to be very good at discriminating among vowels. As noted earlier,
the lack of acoustic invariance in speech sounds is a potential problem in discrimination, since the same sound produced by
different talkers will have different acoustic characteristics. Several experiments by Patricia Kuhl and her colleagues have shown
that infants are able to categorize and discriminate among vowels, even when they are spoken by different speakers (e.g., males
and females; Marean et al., 1992), or have irrelevant acoustic variation (e.g., pitch contour; Kuhl and Miller, 1982).

Overall, these early studies established that young infants up to about 6 months of age are able to perceive the differences
between consonants that differed along articulatory dimensions including VOT, place of articulation and manner of articulation,
as well as discriminate between many vowels. Initially, infants’ discrimination of consonants was tested with syllables that differed
in their initial consonants (e.g., [ba]-[pa]). Other studies showed that infants could also perceive differences between syllables that
differed in their final consonants, or when consonants were between two vowels, and in multi-syllable contexts. For example, young
infants were shown to discriminate consonants in syllable-final position (e.g., pat vs. pad), between two vowels (e.g., [aba] vs.
|apa]), and in two-syllable sequences (daba vs. daga]) (see Jusczyk, 1997). In order to more closely approximate natural speech,
discrimination of consonants embedded in longer stretches of speech was also investigated (e.g., Goodsit et al., 1984). In a study
by Karzon (1984), 1- to 4-month-old infants were shown to discriminate between sequences of three syllables when only a single
consonant differed (e.g., [marana] vs. [malana]).

Categorical Perception

As noted earlier, the acoustic properties of the same speech sound can vary significantly when produced by different speakers, or by
the same speaker in different phonetic contexts. Faced with this variation, human perceivers “categorize” speech sounds. That is,
they are able to ignore irrelevant acoustic variation and focus on the properties that identify a phoneme as a member of a specific
speech sound category. Because attention is focused on similarities among items of the same category, discrimination of different
tokens or versions of a speech sound that are within a single category is usually difficult compared to speech sounds that are from
different phonetic categories. That is, two spoken versions of [ba] sound more alike and are thus more difficult to discriminate than
a [ba] and a [pa].

The sounds [ba] and [pa] in English differ in many ways, but one of most prominent differences is VOT. When producing [ba],
the vocal folds begin to vibrate almost simultaneously with the opening of the lips, whereas with [pa] there is a noticeable lag in the
onset of vocal fold vibration. It is possible to produce a VOT continuum of equal steps (e.g., 10 ms) from zero (i.e., vocal fold vibra-
tion simultaneous with lip opening) to 80 ms (i.e., vocal fold vibration starts 80 ms after lip opening). On such a continuum, the
endpoints (i.e., zero and 80 ms) are heard clearly as [ba] and [pa], respectively. When native English-speaking adults are asked to
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label each token from the continuum, they typically show a rather abrupt shift from one category to another rather than a gradual
change. That is, they may label items up to 40 ms as [ba], and items over 60 ms as [pa], while items at 50 ms might be labeled as [ba]
half the time and [pa] half the time. Thus, a category boundary appears to exist between 40 and 60 ms. If asked to discriminate
between pairs of sounds at 20 ms intervals along the continuum, it will be difficult to distinguish between two tokens on the
same side of the category boundary, such as +10 and +30 ms, but easy to discriminate tokens that are from different sides of
the boundary, such as +40 and +60. In other words, discrimination is poor within categories (e.g., two [pa]’s or two [ba]’s), but
good when the pairs cross a category boundary (i.e., one [ba] and one [pa]), even when the physical difference between the items
in the two pairs is equal. The degree to which native-language phonemes are perceived categorically varies. For example, stop conso-
nants are usually perceived very categorically, while vowels are perceived less categorically (see Repp, 1984 for a detailed review of
categorical perception).

Early studies showing young infants’ ability to discriminate among various speech sounds were often followed by studies of cate-
gorical perception of the same sounds (reviewed in Miller and Eimas, 1983). These studies suggest that young infants, like adults,
seem to have categorical perception of consonants that differ in voice-onset-time, place of articulation and manner of articulation.
However, it should be noted that the procedures for establishing categorical perception are necessarily somewhat different for adults
and infants, because infants are unable to directly identify speech sounds. Thus, the conclusion that infants perceive speech cate-
gorically relies on results showing that infants have more difficulty discriminating items that are within the adult categories than
items that fall across category boundaries.

Audio-Visual Speech Perception

Speech is usually considered to be an acoustic event, and speech perception is typically seen as perceiving the acoustic structure of
speech. However, there is strong evidence that under some circumstances, visual information from the face of a speaker can influ-
ence the perception of speech. Two kinds of influences of visual speech information have been studied in infants. In some studies
infants have been shown to look longer at a video of a speaking face that matches a speech sound than at a face that is mismatched.
For example, 6-month-old infants have been shown to look longer at a matching face for some consonant-vowel syllables (MacKain
etal., 1983), even when the distinction is not in the native language (Pons et al., 2009). Four- and six-month-old infants have been
shown to look more to a face that matches spoken vowels from the native language (Kuhl and Meltzoff, 1982; Patterson and Werker,
2003), and at least one study suggests the ability to match visual and acoustic speech information may be present at birth or very
early in the post-natal period (Aldridge et al., 1999).

A second way visual information can influence speech perception is to alter how speech sounds are perceived. When a video of
a speaker’s face saying [ba] is combined with audio [ga], many (though not all) adults and children perceive [da] or [tha]. Thus, the
auditory and visual information have been integrated to form a novel percept. Other combinations are also possible. This phenom-
enon was first demonstrated by Harry McGurk and John MacDonald (McGurk and MacDonald, 1976), and is referred to as the
McGurk Effect.

A fascinating study by Larry Rosenblum and his colleagues (Rosenblum et al., 1977) demonstrated that five-month-old infants
also appear to show the McGurk Effect. Rosenblum and his colleagues habituated infants with video clips that contained a matched
face (visual) and voice (auditory) saying [va], and then tested them on three kinds of trials that paired different auditory informa-
tion with the original visual [va]: 1) the original auditory [va]; 2) auditory [ba]; 3) auditory [da]. Infants differed in the rate at which
they habituated to the three test stimuli. They were slower to habituate to audio [da] paired with visual [va] (perceived as [da] by
adults) than when either auditory [va] or [ba] was paired with the visual [va] (both perceived as [va| by adults). These results suggest
that the infants perceived the auditory [da] with visual [va] as different from either of the other two. That is, it appears the infants
heard the visual [va] and auditory [da] as something other than [va], just as adults do, though it is unclear from these results that
they heard the same thing ([da]) that adults hear. Other studies have confirmed that infants appear to be susceptible to the McGurk
Effect (e.g., Burnham and Dodd, 2004). Thus, this form of auditory-visual speech perception appears to emerge early in infancy.

Infants’ Perception of Non-native Speech Sounds

Early studies of infant speech perception clearly demonstrated that infants are quite adept at discriminating and categorizing a wide
range of speech sounds. Some hypothesized that infants’ speech perception acumen was evidence of an innate ability (e.g., Eimas
etal., 1971). However, as a wider range of phoneme contrasts, language environments and ages of infants were studied, it became
clear that infants didn’t always discriminate all speech contrasts. For example, several studies (e.g., Eilers, 1977; Eilers et al., 1977)
suggested that infants have difficulty distinguishing between some fricative sounds, although others reported success with some of
these same fricative contrasts as young as 2-months of age (Levitt et al., 1988). Other studies found that some speech contrasts were
discriminated by infants in one language environment but not another, such as the English [ba]-[pa] contrast which is well discrim-
inated by English-learning infants, but not by infants learning Kikuyu (Streeter, 1976). Still other studies clearly show that infants
can discriminate between some speech sounds not present in their ambient language environment which adult speakers of their
native language could not discriminate (e.g. Trehub, 1976). Thus, the accumulating evidence suggested that the speech perception
abilities of young infants must eventually become attuned to their native language. Beginning in the 1980s, the issue of how infant
speech perception develops from a language-general ability that prepares infants to acquire any language to a language-specific
ability became a central theme of research.
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In a seminal series of experiments, Janet Werker and her colleagues (Werker and Tees, 1984; Werker and Lalonde, 1988) showed
that infants’ attunement to their ambient language environment begins by the end of the first year of life. Werker and Tees (1984)
tested English-learning infants between 6 and 12 months of age on a native language phonetic contrasts ([ba] vs. [da]), as well as
two non-native phonetic contrasts that adult and child native-English speakers could not discriminate. One of the non-native
contrasts included two stop-consonants from Hindi. The phonemes were [ta], with a dental place of articulation (similar to English
[ta]), and [ta] which has a more posterior place of articulation referred to as retroflex. Also included was a velar-uvular ejective
contrast, [K'ae] vs. [q'ae], from the Native American language Nthlakapmx (also referred to as Puget Salish). The 6- to 8-month-
old English-learning infants discriminated all three contrasts. However, the 8- to 10-month-old infants discriminated the non-
native sounds less well than the younger infants, and the 10- to 12-month-old infants were generally unable to distinguish the
non-native sounds. Both groups of older infants retained the ability to discriminate the native language [ba]-[da] contrast. This
showed that infants’ sensitivity to at least some non-native speech contrasts declines significantly by 10-12 months.

These findings initially seemed to suggest that the decline in discriminability was due to a lack of experience with the speech
sounds (Aslin and Pisoni, 1980). That is, while young infants could discriminate speech sounds that did not occur in their native
language, exposure or experience with the speech sounds seemed to be necessary to maintain that ability. However, research by
Catherine Best and her colleagues has shown that the decline in perceptual sensitivity at 10 to 12 months only occurred for
some non-native speech sounds. In one study (Best et al., 1988), English-learning infants from 6 to 14 months of age, and
English-speaking adults, were tested on their ability to discriminate click contrasts from the Zulu language. The Zulu click sounds
are very different from anything in the inventory of English speech sounds, and thus represent an example of speech sounds that
English-learning infants and English-speaking adults would never experience in a speech context. The results of this study showed
that native English-speaking adults were able to discriminate among several click consonant contrasts. Both older and younger
infants were tested on a subset of the clicks the adults discriminated and were also able to discriminate the clicks. Thus, although
it seems clear that exposure to language influences the development of speech perception, the results with the Zulu clicks demon-
strated convincingly that it is not necessary to have experience with specific speech sounds in order to be able to continue discrim-
inating them. The results of this study reframed the issue of the development of speech perception to why discrimination of some
non-native speech sounds declines, while others continue to be well discriminated.

Best and her colleagues have investigated this question in a series of studies, in which the discrimination abilities of younger and
older infants were compared to that of adults on a variety of non-native speech contrasts (Best and McRoberts, 2003; Best et al.,
2001; Best et al., 1995). In these studies, the discrimination pattern for adults is usually established first, followed by infant tests.
To establish the pattern of discrimination ability, each infant was tested three times, using two non-native phonetic contrasts, and
a native-language contrast. Across several studies, English-learning infants and English-speaking adults have been tested on a wide
variety of non-native sounds, including several additional Zulu contrasts (lateral voiced-voiceless fricatives [za]-[ta]; voiceless aspi-
rated velar stop-ejective [k"a]-[K'a]; plosive-implosive bilabial stop [b]-[b#]), a bilabial-alveolar ejective distinction from Tigrinya
(Ethiopian) ([p’a]-[t'a]), the Nthlakapmx velar-uvular ejective contrast [K'ae] vs. [q'ae] from Werker's earlier study (Werker and Tees,
1984), as well as English bilabial-alveolar stop consonants [ba]-[da] and English alveolar voiced-voiceless fricatives [sa]-[za].
Younger infants discriminated all of the non-native contrasts. Older infants discriminated the clicks and fricatives from Zulu, the
Tigrinya ejectives, and the stop-consonants and fricatives from English. They failed to discriminate the Nthlakapmx velar-uvular
ejective contrast, confirming Werker's earlier results. However, even among the contrasts that were discriminated at both ages,
the younger infants performed better than older infants on all tests except the Tigrinya [p’a]-[t'a] and the English [ba]-[da], which
were discriminated equally well at both ages.

Infants’ perception of non-native vowels has been studied less than non-native consonants. Discrimination of two non-native
vowels by English-learning infants has been reported by 10 months of age (Polka and Werker, 1994). However, the development of
vowel perception proceeds differently from the pattern seen for consonants. One difference is that the influence of the native
language environment on vowel perception may occur as early as 6-months of age (Kuhl et al., 1992; Polka and Werker, 1994),
whereas similar effects for consonants do not typically emerge until 10 to 12 months. In addition, there appear to be directional
asymmetries in vowel discrimination (Polka and Bohn, 1996, 2003) that are not commonly reported with consonants (but may
nonetheless exist). These asymmetries reflect the fact that infants discriminate better when they are habituated to one vowel
(e.g., vowel A) and tested on a second vowel (e.g., vowel B), compared to when habituated to vowel B and tested on vowel A.
As described earlier, different English vowels are produced by changing the height and front-back position of the tongue, as well
as rounding, protruding or spreading the lips. A vowel space can be defined based on the extremes of tongue and lip positions.
For example, for /i/ (as in “heed”) the tongue is high and to the front of the oral cavity, and the lips are spread. The vowel /u/
(as in “who’d") is produced with the tongue high and to the back of the oral cavity, with the lips rounded and protruded. The vowels
/ae/ (asin “had”) and /a/ (as in “hod”) are produced with the tongue low (on the floor of the oral cavity), and more to the front and
back of the oral cavity, respectively. Other vowels are produced with less extreme positions. The vowels /i/, /u/, /ae/, /a/ define the
limits of the English vowel space, and are thus considered most peripheral (i.e., nearest the periphery) in the space. There is some
evidence that the asymmetries in vowel discrimination are related to the degree of peripherality within this vowel space. Vowels that
are more peripheral in the space appear to act as reference points, so that discrimination is easier when infants are habituated to
vowels that are less peripheral in the space and then tested on more peripheral vowels.

Tone languages use tone levels and patterns in addition to consonants and vowels to differentiate between words. This use of
tone to differentiate lexical items is sometimes referred to as lexical tone to distinguish it from the use of prosodic changes in pitch,
such as rising intonation for questions. Tone languages are common, especially in Asia and parts of Africa (Ladefoged and
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Maddieson, 1996). The development of infants’ perception of lexical tone has begun to receive research attention in the last decade.
For example, Mattock and her colleagues (Mattock et al., 2008; Mattock and Burnham, 2006) demonstrated that discrimination of
Thai tones declined between 6 and 9 months of age for infants learning English and French, non-tone languages, but not for infants
learning Chinese, a tonal language. Thus, the developmental trajectory of tone appears to be similar to other aspects of phonetic
perception in infants.

In conjunction with earlier studies, research on the perception of non-native phonemes show that infants enter the world as
“language-general” speech perceivers, able to discriminate among most of the speech sounds of the world’s languages, and over
the first year or so of life, become attuned to many of the specifics of their language environment to become “language-specific”
speech perceivers. Several theoretical models have been proposed to account for the results of infant non-native speech perception
studies, including Kuhl’s Native Language Magnet models (Kuhl, 1993, 2004; Kuhl et al., 2008), Jusczyk's Word Recognition and
Phonological Structure Acquisition model (Jusczyk, 1997) and Werker's Processing Rich Information from Multidimensional
Representations model (Werker and Curtin, 2005; Curtin et al., 2011). The model that most adequately accounts for the results,
especially with non-native consonants, is Catherine Best’s Perceptual Assimilation Model, or PAM (Best et al., 1988; Best, 1993;
Best, 1994, Best, 1995). This model assumes listeners hear non-native speech sounds in terms of their native language phonetic
categories whenever possible. This is called perceptual assimilation; that is, listeners assimilate non-native speech sounds into their
native language phonological categories whenever there appears to be a reasonable fit. Within PAM, listeners can assimilate non-
native phoneme contrasts into their native categories in several ways. Two contrasting non-native speech sounds can: 1) be assim-
ilated into a single native language category (Single Category, or SC assimilation); 2) be assimilated into two different native
language phonetic categories (Two Category, or TC assimilation); 3) be assimilated into two native language categories, but
with different degrees of goodness (Category Goodness, or CG assimilation); 4) fail to be assimilated into any native language cate-
gory (Non-Assimilable, or NA). Based on the earlier discussion of categorical perception, it should be clear that discrimination for
SC assimilation will be very difficult (at or near chance levels) under most circumstances, but discrimination will be quite easy (near
ceiling levels) in TC assimilation. In the case of CG assimilation, discrimination is intermediate between SC and TC. Finally, when
non-native speech sounds are so different from any native language phoneme that assimilation does not occur (i.e., a Non-
Assimilable or NA contrast), discrimination will be very good because the sounds will be perceived as non-linguistic, allowing
perceivers to compare them on acoustic dimensions that would be irrelevant or unavailable in phonetic perception. Predictions
from PAM about the degree of discriminability of non-native sounds (especially consonants) have been tested extensively with
English-speaking adults, who have also provided descriptions of their assimilations of non-native phonemes into native language
categories. In general, the predictions have been upheld. Although older infants often show the same pattern of discrimination as
adults, Best and her colleagues believe that infants’ speech sound categories are not fully developed by the end of the first year.
Rather, they suggest that infants’ perception of speech sounds becomes increasingly sensitive to information about how the sounds
are produced (i.e., phonetic or articulatory information). Thus, near the end of the first year of life, infants are beginning to perceive
many, but not all, of the details that specify how native language speech sounds are produced. Therefore, their pattern of discrim-
ination (assimilation) of non-native speech sounds is becoming increasingly adult-like, but further development occurs as more
fine-grained phonetic detail is achieved through infancy and into early childhood (Best et al., 2016).

Speech Preferences in Infancy

The research on phonetic discrimination abilities provides clear evidence of infants’ underlying speech perception capabilities, as
well as the timeline of some of the developmental processes involved in acquiring a native language phonology. The development
of infants’ speech perception from language-general to language-specific over the course of the first year focuses attention on the
early influence of the ambient language environment on language development. One question of interest is whether infants attend
preferentially to some aspects of the language environment over others. This is tested using the auditory preference procedure,
which differs from the discrimination procedures described earlier. Rather than assessing infants’ ability to detect differences
between smaller units of speech, such as phonemes or syllables, preference procedures allow researchers to study how infants
respond to longer samples of speech that more realistically approximate what they normally hear. As a result, studies of infant
speech preferences have taken a significant role in research on the development of speech perception and language development.
Early studies of speech preferences focused on infants’ preference to listen to speech over non-speech sounds, and Infant-Directed
Speech (IDS, or Child-Directed Speech, CDS) over Adult-Directed Speech (ADS). Other studies used speech preferences to investi-
gate the development of sensitivity to various aspects of language structure in speech.

Auditory and Speech Preference Procedures

Auditory preferences in infants were first demonstrated by Bernard Freidlander (1968). The procedure involved an apparatus with
two large knobs, a speaker and an activity recorder. By manipulating the knobs, infants could activate one of two recorded audio
samples. The activity recorder collected the amount of time each sample was played. Infants aged 11 to 15 months showed a pref-
erence by listening more (longer) to some sounds, such as their mothers’ voice, over other sounds, such as simple musical passages.
Friedlander’s apparatus was later modified for use with younger, less mobile infants. Anne Fernald (1985) developed a related
procedure, that could be used with young infants. This procedure required only a head-turn response to activate sounds that played
from speakers located to the infant’s right and left. No contingency was required to continue sound presentation. Eventually, infant-
controlled variants were developed using both gaze and sucking.
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Two versions of the auditory preference procedure are in common use today. Both are infant-controlled procedures that use gaze
as the behavioral measure. In one variant, a single visual target is located directly in front of the infant (Central or Single Fixation
Preference; Cooper and Aslin, 1990). The other approach is a direct descendent of Fernald’s procedure (Fernald, 1985), and requires
a head turn to one of two visual targets located on the infant’s right and left (Head-Turn Preference Procedure, or HPP; Kemler
Nelson et al., 1995). In the central fixation procedure, infants fixate a centrally presented visual target, such as a checkerboard. Stim-
ulus sounds are played through a speaker located directly below the visual target. Sound presentation on each trial is contingent on
maintaining fixation of the target. When fixation is broken for more than one or 2 s, the sound ends, the visual target is removed,
and the trial ends. After a brief delay, the visual target returns, signaling the availability of the next trial.

The head turn procedure is somewhat more complicated than the central fixation procedure. It uses two speakers, each 90° to the
infants’ right and left. Small red lights are usually placed near the speakers, and directly in front of the infant. A test typically begins
with several presentations of stimuli from each speaker to familiarize infants with the procedure and train them to turn toward the
lateralized lights and speakers in order to initiate a trial. Trials begin with the central red light flashing. When the infant orients to the
flashing light, it is extinguished and one of the lateral lights blinks to indicate a stimulus is available. Stimulus types can be asso-
ciated with a specific side or can be randomized to either side. Infants are required to make a criterial head turn (e.g., at least 45°) to
initiate a trial, and they must maintain the head turn to continue sound presentation on each trial.

Both procedures are infant-controlled, and typically have trials evenly divided between two types of speech presented on
alternate or randomized trials. As in the discrimination procedures discussed previously, fixation time on each trial is used
as an index of interest or listening. Fixation times are averaged across trials of each stimulus type, resulting in a mean for
each stimulus type.

Although both procedures are in current use, the central fixation procedure seems to have several advantages over the head turn
procedure: 1) it eliminates the effects of lateral biases evident in some infants; 2) it does not require training or familiarizing infants
with head-turning to initiate trials; 3) observers are not required to judge whether infants maintain a sufficient degree of head-turn
to continue a trial; 4) it can be used across a wider age range (newborns to 2 years or older).

Infants’ Speech Preferences

The first study to address young infants’ speech preferences was performed by Anne Fernald (1985), who investigated 4-month-old
infants’ listening preference for IDS by female speakers compared to speech by the same speakers to another adult, or ADS. Fernald
used the non-contingent head turn procedure described earlier. Her results showed that infants turned to the side that activated the
IDS speech samples more often than the ADS speech samples. In other studies infants have showed more positive affect when
listening to IDS than ADS (e.g., Fernald, 1993; Werker et al., 1994).

Other studies have explored a variety of aspects of infants’ preference for IDS over ADS. For example, it appears that infants’
preference for IDS is present from very early in the post-natal period (e.g., Cooper and Aslin, 1990). And although some studies
suggested that the preference for IDS might decline or disappear in older infants (Hayashi et al., 2001; Newman and Hussain,
2006), more recent studies show that infants as old as 14 months of age continue to show a preference for IDS over ADS
(McRoberts et al., 2009). Still other studies have demonstrated that infants will attend to IDS in an unfamiliar language over
ADS from the same language (Werker et al., 1994), and also prefer male speakers’ IDS over the same speakers’ ADS (Werker
and McLeod, 1989).

The acoustic basis for infants” preference for IDS over ADS is somewhat in dispute. An early study (Fernald and Kuhl, 1987)
showed that 4-month-old infants listened more to sine-wave analogues of the FO contours of IDS than ADS, but not to sine-
wave analogues of the amplitude envelope or temporal structure of IDS. Thus, it appeared that the higher FO, wider FO range,
and expanded intonation contours typical of IDS were the acoustic basis of infants’ preference. Several recent studies have noted
that early studies of IDS preference often confounded the prosody of IDS with affect, because IDS typically contains expressions
of positive emotion. These studies have shown that IDS prosody by itself, in the absence of expressions of positive affect, is not
sufficient to result in a preference by infants at 6-months of age (Singh et al., 2002; Kitamura and Burnham, 1998). In addition,
when prosodic factors such as FO range are controlled, infants prefer to listen to ADS containing positive affect over IDS that
does not contain positive affect. Thus, it appears that by 6 months of age, infants may be attending to the positive affective expres-
siveness of IDS, even if other prosodic characteristics of IDS are absent. Nonetheless, in spontaneous interactions with infants, the
typical prosodic characteristics of IDS, including higher FO and wider FO range, will normally be highly correlated with positive
affect. It is also possible that the basis for infants’ IDS preference changes as infants mature and become more sophisticated
perceivers of speech.

The possibility that the basis for IDS preferences changes over the first year of life was investigated by McRoberts and his
colleagues in a series of experiments testing infants at several ages with IDS directed to younger (4-6 months) and older (12-
14 months) infants vs. ADS by the same speakers (McRoberts et al., 2009). The stimuli were contiguous utterances from naturally
produced, spontaneous speech by mothers interacting with their infants (IDS) and another adult (ADS). In two initial experiments,
6-, 10- and 14-month-old infants preferred IDS directed toward younger infants. In addition, 4-, 8-, 10- and 14-month-old infants
preferred IDS directed toward older infants. However, in both experiments six-month-old infants failed to prefer IDS to older
infants. One difference between speech to older and younger infants is the frequency of repeated utterances, which appears to reach
a maximum between 4 and 6 months of age (e.g., Stern et al., 1983). The IDS stimuli to older infants was manipulated (digitally
edited) to have the same frequency of repeated utterances as IDS directed toward younger infants. A third experiment revealed that
6-month-old infants preferred this repetition-enhanced IDS over the ADS by the same speakers. The manipulation that produced
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the repetition-enhanced IDS in this experiment confounded verbal repetition and prosodic repetition. In a final experiment, new
IDS stimuli were produced that contained verbal repetition without prosodic repetition. Two new stimulus sets were constructed
from this IDS. One set contained immediately repeated utterances (e.g., AABBCCDDEE) and one contained the same utterances
without immediate repetition (e.g., ABCDEBCAD). Six-month-old infants preferred the IDS that contained immediately repeated
utterances compared to the same IDS utterances presented without immediately repeated utterances. However, 4-month-olds did
not demonstrate a preference. Thus, between 4- and 6-months of age infants shift their attention from prosodic aspects of IDS to
linguistic structure in the form of repeated utterances. The results also confirm that older infants continue to listen preferentially
to IDS.

Beyond establishing infants’ preference to listen to IDS over ADS, auditory preference procedures have been used to study
infants’ detection of a wide variety of linguistic structures in speech, such as patterns of lexical stress (e.g., pres’-ent vs. pres-ent’)
(Jusczyk et al., 1993), locating words in sentences (Jusczyk and Aslin, 1995), sensitivity to rthyming (Braze, etal., 2011), and native
language phonotactic patterns (Frederici and Wessels, 1993). Preference studies have also demonstrated very young infants’ ability
to perceive differences between languages based on prosodic patterns. Several studies have shown that newborn infants listen longer
to speech from languages that have rhythmic patterns that are similar to their ambient language (e.g., French) over languages with
different prosodic patterns (e.g., Russian) (e.g., Mehler et al., 1988). However, not until 4-5 months do infants show a preference
for a familiar language over languages with similar prosodic structure (e.g., English vs. Dutch; Nazzi et al., 2000).

Another use of the preference procedure is to pair it with familiarization to stimuli for which infants initially have no preference.
Peter Jusczyk and Richard Aslin (1995) used this approach in a landmark study showing that by 7.5 months of age, infants begin to
segment words from fluent speech. In their initial study, infants were familiarized with a repeated list of single words spoken in
isolation (either cup or bike). The infants were then tested for a listening preference with sentences containing the familiarized
word (e.g., cup) and similar sentences containing the unfamiliar word (e.g., bike). Although 6-month-old infants showed no pref-
erence, 7.5-month-old infants preferred the sentences containing the familiarized word. Follow-up experiments reversed the proce-
dure, familiarizing the infants with the sentences that contained the word, and then testing on the familiarized word versus the
unfamiliar word, each repeated in isolation. The outcome confirmed the initial results, showing that infants listened longer to
the familiarized words. Additional experiments showed that infants failed to prefer words that differed from the familiarized target
by one phoneme, such as “zeet” and “gike” instead of “feet” and “bike” (Jusczyk and Aslin, 1995). Taken together, these results
provide evidence that soon after the middle of their first year, infants can extract and remember phonetic strings that occur in
running speech.

Both speech discrimination studies and speech preference studies provide important insights into how infants become attuned
to the properties of their native language. Perhaps as early as birth, infants can distinguish their native language and similar
languages from others based on prosodic patterns. Over the course of the first year, infants become attuned to the acoustic and likely
to the articulatory aspects of their native language. By the middle of the first year, infants begin to attend to the linguistic structure of
speech at the level of utterances and begin to extract potential words. In general, research over the past 40-plus years demonstrates
both how competent even young infants are at perceiving speech and how rapidly their speech perception capabilities develop over
the first 12 to 18 months.
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Relevant Websites

Haskins Laboratories, http://haskins.yale.edu.

University of British Columbia Infant Studies, http://infantstudies.psych.ubc.ca.

Juscyk Lab Final Report, http://hollich.psych.purdue.edu/Jusczyk.

Patricia K. Kuhl, Ph.D., http://ilabs.uw.edu/institute-faculty/bio/i-labs-patricia-k-kuhl-phd.

Stanford University Center for Infant Studies, https://web.stanford.edu/group/centerinfstudies.

The McGill Infant Development Centre, http://www.psych.megill.ca/labs/bebe/english/index.html.

Professor Catherine (Cathi) Best, https://www.westernsydney.edu.au/marcs/our_team/researchers/professor_catherine_best.
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